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Abstract  

 

Atmospheric nitrogen deposition is a major threat to biodiversity and ecosystem service 

provision around the globe. It is known that nitrogen enrichment affects various chemical 

and biological processes involved in carbon cycling and storage in soil. This is especially 

significant as soil carbon storage is an essential form of climate change mitigation. However, 

there is a lot of uncertainty regarding the impact of nitrogen accumulation on terrestrial 

carbon storage. Determining the impacts of nitrogen addition on soil carbon is crucial to our 

understanding of how soil can be managed as a carbon sink. Evidence suggests that the 

chemical form of nitrogen may affect how grasslands respond to nitrogen enrichment. In 

addition, nitrogen has both direct and indirect (via plant community change) effects on 

carbon. In order to understand how nitrogen affects carbon storage, these different effects 

must be disentangled.  

 

By using two seven-year field nitrogen addition experiments, a microcosm incubation, and a 

two-year mesocosm study, this thesis aimed to investigate the effects of nitrogen addition 

on carbon cycling and storage in acid grasslands. Results show that reduced nitrogen is likely 

to have the strongest long-term effects on carbon storage, due to decreases in soil pH and 

potentially adverse effects of ammonium accumulation. Moreover, nitrogen addition was 

found to have a negative effect on soil respiration, possibly via nitrogen-enhanced carbon 

and phosphorus limitations, as well as possible effects of nitrogen-induced acidification. 

Results also suggest that nitrogen addition may have different direct and indirect effects on 

soil carbon. Indirect effects, driven by plant community change, strongly influenced inputs of 

fresh carbon to soil. However, direct effects of nitrogen could alter the storage of older, 

mineral-associated soil carbon. Finally, this thesis highlights the need for more long-term 

(over ten-year) studies in order to determine the true effects of nitrogen on soil carbon 

storage.  
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General Introduction  

 

1.1  Why is carbon important?  

 

In a world where the expression ‘climate change’ has become part of a popular 

nomenclature, the significance of carbon (C) is not easily overlooked. Global warming and 

the mitigation of greenhouse gas emissions are priority issues worldwide, and have come to 

be perceived as focal points in our understanding of future conditions on earth. A large 

variety of policies, measures, instruments and approaches developed over the years are 

available to national governments in order to limit the emission of greenhouse gases (Metz, 

2007). These include regulations and standards, taxes and charges, tradable permits, 

voluntary agreements (VAs), and subsidies and incentives such as direct payments or tax 

reductions (Metz, 2007). Due to its pressing nature, the subject of climate change remains 

high on the international political agenda. This is evidenced by the occurrence of high profile 

events such as the annual United Nations Framework Convention on Climate Change. This 

conference was attended by 189 Parties, and aimed to provide the basis for concerted 

international action to mitigate climate change and to adapt to its impacts (Blobel et al., 

2006).  

Pre-industrial concentrations of carbon dioxide (CO2) in the atmosphere were around 280 

ppm, considerably less than the 402 ppm recorded in 2016 (Dlugokencky and Tans, 2016). 

Combustion of fossil fuels has rapidly increased the atmospheric concentration of CO2 over 

the last 250 years, and continues to do so to this day. Between 1970 and 2004 for example, 

total annual anthropogenic greenhouse gas emissions rose by 70% (Solomon, 2007). A major 

consequence of this is that global temperatures are also increasing. From 1956 to 2005, 

global temperatures increased on average by 0.13°C per decade, and eleven out of the 

twelve years between 1995 and 2006 had been ranked among the twelve warmest years on 

record since 1850 (Pachauri and Reisinger, 2007). Recently, researchers have predicted that 

within the next two decades, half of the world's population will regularly experience regional 

summer mean temperatures that exceed those of the historically hottest summer (Mueller 

et al., 2016). This temperature increase has led to numerous different effects including 

changes to terrestrial biological systems (the behaviour of many species of plants and 

animals), human health problems and sea level rise (average of 3.1 mm per year between 

1993 and 2003) (Pachauri and Reisinger, 2007).  
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Depending on the different emission scenarios used, estimates for atmospheric CO2 

concentrations in 2100 range between 730 and 1090 ppm, and the resulting range of global 

mean temperature changes between 1990 and 2100 is estimated at 1.4 to 5.8°C (Solomon, 

2007). Consequences of global warming are likely to be more severe in sensitive regions such 

as the poles. Average Arctic temperatures have increased at almost twice the global average 

rate in the past 100 years (Pachauri and Reisinger, 2007), as demonstrated by the decreasing 

extent of Arctic sea ice (Stroeve et al., 2007) and the thawing of large areas of permafrost 

observed over the years (Schuur et al., 2008). Although once again, estimates depend on the 

emission scenarios used, models predict that during the last two decades of the 21st century, 

annual mean surface air temperature change in the arctic could be as high as 8°C (Solomon, 

2007). In addition, patterns of precipitation are also very likely to change, causing more 

extreme weather events leading to increased frequency of floods and droughts (Solomon, 

2007). It must be noted however, that any predictions of this kind involve a huge amount of 

uncertainty (Stainforth et al., 2005).  

If we wish to minimise the consequences of climate change, then it is necessary to moderate 

the volume of C being released into the atmosphere. It is widely understood that the 

combustion of fossil fuels acts as the primary source of emitted C (as CO2) (Metz, 2007), and 

that therefore it is beneficial to either implement methods that would restrict C emissions 

during such processes, promote efficient use of fossil fuel derived energy, or to invest in 

alternative power supply systems. However, the planet also possesses its own mechanisms 

for extracting C from the atmosphere. Two methods include absorption by the oceans, and 

sequestration by terrestrial ecosystems.  

Only 45% of all current anthropogenic CO2 emissions remain in the atmosphere. Of the 

remaining 55%, 30% is taken up by terrestrial ecosystems and 25% by the oceans (Erisman et 

al., 2011). Globally, terrestrial systems contain approximately 2100 Gt of C (De Deyn et al., 

2008), of which around 80% is stored in soils (Bardgett and Wardle, 2010). It is this ability of 

soil to act as a major C sink that makes it essential to climate change mitigation. 

Nonetheless, we still know remarkably little about what factors regulate the fluxes of C to 

and from soil (Bardgett and Wardle, 2010), which is why it is so important that research be 

carried out to try to understand and thus protect soil C storage.  
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Figure 1.1: The Carbon Cycle. Carbon, as CO2, is taken out of the atmosphere via photosynthesis by 

plants, or by diffusing into the oceans. Plants store C in their tissue, which can be passed to animals 

when they feed, or released into the atmosphere if the plants are burned. Living plants and animals 

respire CO2 into the atmosphere, and when they die, microbes decompose their tissue, while also 

respiring CO2 or CH4. Leftover organic C is stored in the soil or at the bottom of the oceans. Over time, 

soil organic C and ocean sediments are buried, thus applying pressure and heat, and slowly turning 

them into sedimentary rocks or fossil fuels. Humans now burn these fossil fuels, releasing old carbon 

deposits back into the atmosphere as CO2.  

  

1.2 Why has reactive nitrogen input increased and why is this important?  

 

Nitrogen (N) is highly abundant as di-nitrogen gas (N2), which makes up 78% (by volume) of 

the Earth’s atmosphere (Galloway et al., 1995). However, N is naturally limited in its reactive 

forms, which include oxidised and reduced N compounds such as nitrate, nitrite, ammonia, 

ammonium, nitric acid and organic N compounds (Bobbink et al., 2010). It is only in these 
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various reactive, or ‘fixed’ forms that N is useable to most plants and animals (Ashman and 

Puri, 2002). N is essential to plant growth (Erisman et al., 2011), and as a result, crop 

production is commonly limited by N availability. Processes such as lightning, wildfires and 

biological N2 fixation by organisms like cyanobacteria and Rhizobium in legumous plants 

provide ecosystems with a constant input of reactive N (Ashman and Puri, 2002). However, 

natural N fixation alone is not enough to fully sustain modern human agricultural practices.  

By the end of the 19th century, increased demand for food to support a growing human 

population created an unprecedented demand for reactive N that could not be met by 

traditional practices (Sutton, 2011). Since the invention of the Haber-Bosch process in the 

1950s however, Man has been able to manufacture relatively cheap N fertiliser from N2 gas 

on an industrial scale (Gorman, 2013). The Haber-Bosch process has allowed the human 

population to expand beyond the soil’s natural means. In fact, the European Nitrogen 

Assessment (Sutton, 2011) describes the invention of the Haber-Bosch process as “the 

greatest single experiment in global geo-engineering that humans have ever made”. Without 

the cheap production of fertiliser for agriculture, humanity could never have produced 

enough food to sustain the growth of our population to what are now over 7 billion people 

(Sutton, 2011).  

However, agricultural practices (including animal husbandry) have proven to be wasteful and 

inefficient, and every year a copious amount of N is lost to the environment via processes 

such as surface runoff, leaching, and volatilisation (Galloway et al., 2008; Sylvester Bradley, 

1993). In the year 2000 it was estimated that 100 Tg of reactive N were released each year 

from N fertilizer spread on farmlands around the world (Fields, 2004). In 1996 the IPCC 

defined a default amount of applied N that is lost through leaching and runoff in agriculture 

of 30% (Houghton, 1997). If this is the case, then the amount of reactive N released from 

agricultural leaching and runoff could be as high as 30 Tg per year.  

Compared with pre-industrial levels, global production of reactive N has more than doubled 

(Galloway et al., 1995; Manning et al., 2006; Sutton, 2011), and human processes now 

convert more N2 into reactive N than is produced naturally in the entire world (Erisman et 

al., 2011; Galloway and Cowling, 2002; Rockstrom et al., 2009). Fossil fuel combustion also 

contributes to the global N cycle by producing large amounts of oxidised forms of N, which 

also end up in the environment via atmospheric N deposition (Galloway et al., 1994; 

Galloway et al., 2008; Holland et al., 2005; Howarth, 1998).  
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The amount of synthetically produced reactive N is now so large that it has altered the global 

N cycle, leading to a series of serious environmental issues. Such problems include nitrate 

pollution (and thus eutrophication) of waters, emissions of nitrous oxide (a powerful 

greenhouse gas), NOx and ammonia to the atmosphere (creating human health problems), 

and N accumulation in terrestrial systems (Galloway et al., 1995; Rockstrom et al., 2009). 

This N accumulation is causing massive impacts on biodiversity and ecosystem processes 

worldwide (Bobbink et al., 2010; Bobbink et al., 1998; Galloway et al., 2003).  

Policies have been put into place in order to restrict the amount of reactive N being released 

into the environment. The main sources of N pollution as recognised by governmental 

bodies are combustion (NOx by industry, power plants and traffic), waste waters (dissolved 

and particulate N in discharges by industry and households) and agriculture (NH3 and N2O to 

air, NO3 to groundwater and dissolved and particulate N to surface waters) (Sutton, 2011). 

The severity of the effects of N pollution depend on the duration, total amount, and N form 

of the inputs, as well as the sensitivity of both the biotic and abiotic components of the 

affected ecosystems (Bobbink et al., 2010). Policies are therefore designed to address 

different sources, N compounds, regions and receptors (Sutton, 2011). Important policies 

that deal with N pollution include the 2008 Directive on Industrial Emissions concerning 

Integrated Pollution Prevention and Control (IPPC), the 2001 National Emission Ceilings 

Directive, the 2008 Ambient Air Quality Directive, the 2000 Water Framework Directive, the 

1991 Urban Waste Water Directive, the 1991 Nitrates Directive and the 2006 Groundwater 

Directive (Sutton, 2011).  

Nonetheless, these measures are arguably not enough. Although evidence for decreases in 

oxidised N emissions suggests a relative success of current policies (Carslaw et al., 2016; Li et 

al., 2016b; Skalska et al., 2010), N critical loads are still exceeded across the globe, and the 

ecological status of many systems (especially regarding eutrophication) still remains below 

the set targets (RoTAP, 2012; Sutton, 2011). Moreover, while emissions of oxidised N have 

decreased in recent years, efforts to mitigate the release of reduced N have not been so 

successful (Li et al., 2016b). Emissions of ammonia from agriculture have been the least 

affected by environmental policies (Sutton, 2011), and projections for future N deposition 

predict an increase in the proportion of reduced N pollution (Dennis et al., 2010; Engardt and 

Langner, 2013). It is expected that global N deposition rates will increase another two- or 

threefold before reaching a plateau (LeBauer and Treseder, 2008). However, Rockström et 

al. (2009) suggest that artificially produced reactive N input should be reduced to 35 million 
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tonnes per year, around a quarter of all current emissions in order to avoid major impacts 

from this pollution.  

 

Figure 1.2: The Nitrogen Cycle. Natural processes such as bacterial fixation (by both symbiotic and 

non-symbiotic bacteria) and lightning turn N2 gas into available forms of N (NH4
+
 and NO3

-
). These can 

be taken up by plants, then eaten by animals, and stored in plant and animal tissue as organic N. 

When they die, plant and animal tissue is decomposed by bacteria, which mineralise organic N into 

NH4
+
. NH4

+
 can then either be taken up by plants again, volatilised into NH3 gas, or it can undergo 

nitrification by nitrifying bacteria, turning it into NO2
-
, then NO3

-
, which can then be taken up by plants 

or leached from soil into water bodies. NO3
-
 can also undergo denitrification by denitrifying bacteria, 

turning it back into NO2
-
, then NO and N2O, and then N2. Human burning of fossil fuels and 

manufacture of artificial fertilisers is releasing huge quantities of reactive N into the environment.  
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In recent years, researchers have acknowledged the importance of considering the links 

between increased reactive N levels and the C cycle. Although this field is still full of 

uncertainty, knowledge of how reactive N addition may affect C cycling, and thus climate 

change is rapidly expanding. As a key component of amino acids (Barrett, 1985), the ‘building 

blocks’ of all proteins, N is essential for the functioning of all living things. Consequently, N 

addition is known to affect the growth, activity and community composition of plants and 

soil microorganisms through various direct and indirect pathways (Bardgett et al., 1999; 

Bardgett and Wardle, 2010; LeBauer and Treseder, 2008; Rousk et al., 2011; Stevens et al., 

2010). This in turn affects how C is stored and cycled in the soil. It is this alteration of the 

terrestrial CO2 sink that is especially significant (Erisman et al., 2011). Since the soil’s ability 

to store C is vital for climate change mitigation, any change to the amount of C stored in soil 

could have substantial global consequences. Early research projected that N deposition 

would increase the potential for C storage in terrestrial ecosystems due to additional 

photosynthetic conversion of CO2 into organic C (Galloway et al., 1995). Estimates for the 

total amount of C potentially stored as biomass due to N addition ranged from 0.2 all the 

way up to 9 Pg yr-1 (Galloway et al., 1995). However, studies have also shown that other 

consequences of N fertilisation can include increased decomposition rates (Fenn, 1991; Hunt 

et al., 1988), which can therefore potentially offset the amount of C stored due to increased 

plant growth. To this day, estimates of how much C sequestration can be stimulated by N 

addition vary enormously (Erisman et al., 2011), thus highlighting the need for further 

research in this field of study.   

 

1.3  The effects of nitrogen deposition on carbon cycling in soil  

 

The effects of increased reactive N input on C cycling in soils are intricate, varied, and often 

occur at different spatial and temporal scales. Consequently, it is exceedingly challenging to 

determine the full nature and extent of these effects, let alone to quantify their exact 

impacts on C pools. It is also difficult to trace whether one process or interaction is directly 

connected to another, especially since a lot is still uncertain about how soil biota functions 

(Coleman, 2011). The task of differentiating between the effects of N deposition on C cycling 

is further complicated by the existence of both direct and indirect effects. For example, soil 

acidification caused by N addition has a direct inhibitory effect on plant growth (Asner et al., 

2001), however, acidification can also cause plant community change through the exclusion 

of plant species not tolerant of acidic conditions (Bobbink et al., 2010), thus leading to 
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indirect effects on soil C via differences in plant traits. In order to manage soils effectively, it 

is important to recognise which processes contribute most to changes in C pools, and 

therefore which to focus on when determining management schemes. A few studies 

(Manning et al., 2006; Manning et al., 2008) have championed the idea that decoupling 

direct and indirect effects of N deposition on C cycling is crucial to understanding exactly 

how the soil system functions when it is exposed to increasing levels of reactive N. 

Nonetheless, in order to effectively decouple different effects of N addition requires heavily 

synthetic methods, and thus remains a problem when attempting to relate findings to ‘real 

world’ situations. In addition, it is difficult to know whether any short-term effects will be 

similar to the long-term effects of N deposition on C cycling in soils. However, long term 

experiments over one to two decades have shown that thresholds for significant N effects 

may be lower with increased duration of treatment (Bobbink et al., 2010).  

 

1.3.1 Direct effects  

1.3.1.1 Nitrogen effects on carbon mediated by soil chemistry  

 

N addition causes an increase in rhizosphere acidity (Bardgett et al., 1999; Houdijk et al., 

1993; Hruska et al., 2012; Zhang et al., 2012), especially after the nitrification of ammonium 

in weakly buffered systems (Bobbink et al., 1998). In a meta-analysis carried out by Lu et al. 

(2011a), it was found that N addition significantly decreased soil pH by 3.5% across various 

ecosystems. A high degree of acidity leads to numerous problems. If soil pH falls below 5.5 

for example, it can lead to high concentrations of Al3+ in solution (Ashman and Puri, 2002), 

which can in turn inhibit cell division and root elongation in plants (Ashman and Puri, 2002). 

Decreased soil pH can also make other potentially toxic metals soluble, and render essential 

nutrients such as phosphorous insoluble (Ashman and Puri, 2002). Consequentially, N-

induced acidification can cause decreases in plant productivity (Asner et al., 2001), thus 

reducing the amount of C stored as plant biomass. In addition, several threatened plant 

species prefer higher soil pH and lower levels of Al3+ (Bobbink et al., 1998). Changes in pH 

also affect the soil’s microbial community. Many fungi thrive under slightly acidic conditions, 

while bacteria prefer a higher soil pH (Ashman and Puri, 2002). Lu et al. (2011a), suggest that 

increased acidity may limit microbial biomass growth, thus potentially restricting C 

accumulation in this particular soil pool.  
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N deposition can also cause chemical changes in the soil that can be detrimental to the 

development of both plants and soil microbes (de Vries et al., 2012; Houdijk et al., 1993). 

This could lead to reduced C uptake and storage in these two system components. A change 

in the balance between ammonium and nitrate has been known to affect the performance 

of several plant species, including rare grassland species such as Arnica montana, Cirsium 

dissectum and Thymus serpyllum (Bobbink et al., 1998; Houdijk et al., 1993). High NH4
+/NO3

- 

ratios (ammonium accumulation) can be detrimental to such plant species due to an effect 

on cation uptake, especially if mineralisation rates are low (Bobbink et al., 1998). In addition, 

N leaching caused by high N inputs can capture and transport cations, leading to base cation 

impoverishment (Asner et al., 2001; Horswill et al., 2008). This in turn can be exasperated by 

soil acidification, which may indirectly lead to further exchangeable base cation losses 

(Bobbink et al., 2010; Houdijk et al., 1993). Increased N availability has also been shown to 

create an imbalance between N and other essential nutrients such as Mg and P, leading to 

detrimental changes in plant nutrition (Drenovsky and Richards, 2004; Lomsky et al., 2012; 

Mellert et al., 2004; Prietzel et al., 2008). Lomský et al. (2012) examined young Norway 

spruce (Picea abies) stands in the Jizera Mountains suffering from chronic N deposition, and 

found that their needles contained disturbed N:Mg and N:P ratios. It was determined that 

the trees were taking up too much N and too little Mg and P, thus causing Mg and P 

deficiency and stunting the trees’ growth.  

 

1.3.1.2 Nitrogen effects on carbon mediated by plant growth and tissue quality  

 

As plant growth is often limited by reactive N availability (Bardgett and Wardle, 2010; 

LeBauer and Treseder, 2008), its addition normally causes an increase in plant primary 

productivity (and thus CO2 fixation), especially in nitrophilic species (Bobbink et al., 1998; 

Erisman et al., 2011; Foster and Gross, 1998; Galloway et al., 1995; Gough et al., 2000; 

Shaver et al., 2001). The subsequent C accumulation via biomass gain is demonstrated in 

numerous studies (Gough et al., 2000; Kinugasa et al., 2012; LeBauer and Treseder, 2008; 

Shaver et al., 2001; Vitousek et al., 1997); however, the magnitude of this response to N 

input varies greatly. In their meta-analysis, Lu et al. (2011a) warn that although N addition 

usually stimulates plant growth, it is unclear whether this can lead to net C storage in soil. 

Indeed, the issue of how much C storage is actually brought about by N stimulation of 

biomass gain is still highly controversial. This debate is exemplified by the stand-off between 

Magnani et al. (Magnani et al., 2007) and de Vries et al. (2008) in Nature, where the former 
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argue that for every kg of N deposited, the forest ecosystems studied (temperate and 

boreal) sequestered an average of 470 kg of C. However, the latter group say that this is a 

massive over-estimation of the amount of C uptake, and that the actual value is more likely 

to be around 30-70 kg C per kg N deposited. A follow-up paper by Sutton et al. (2008) 

conducted a re-analysis of Magnani et al. (2007)’s findings, stating that when dry as well as 

wet N deposition is accounted for, along with the effects of intersite climatological 

differences, actual C retention values are indeed likely to be a lot smaller than suggested. A 

later paper by de Vries et al. (2009) also emphasised this idea by reporting that calculations 

made using data collected from field experiments as well as ecosystem model outputs 

indicated a total C sequestration range of 5-75 kg C/kg N deposition for forests and 

heathlands, with a most common range between 20 and 40 kg C/kg N.  

C uptake and storage via plant growth cannot be considered without the inclusion of C loss 

through decomposition. N is known to accelerate rates of litter decomposition (Wang et al., 

2010) due to increased litter quality. N deposition can lead to the improvement of litter 

quality by lowering the C:N ratio in plant tissue (Manning et al., 2008). Substrate quality has 

long been considered a critical factor in determining rate of decay (Melillo et al., 1982). 

Detritus with a higher N concentration decomposes more easily, leading to faster turnover of 

plant material (Martinez et al., 2013). Although C release due to N-enhanced decomposition 

could potentially offset C uptake via increased plant growth, this is not the case in many 

situations. In their Ecotron experiment, Manning et al. (2006) demonstrate that after five 

plant generations, net ecosystem productivity (NEP) increased under high N deposition, and 

that this was enough to offset the loss of C through augmented decomposer activity. 

However, this was a highly synthetic study using only a limited number of plant species, thus 

lacking a good range of plant functional diversity. Research carried out in the field under 

more life-like conditions has presented different results. Morecroft et al. (1994) for example, 

examined calcareous and acidic grasslands in the Peak District, UK, and found that N-induced 

increases in plant productivity had a negative effect on overall C storage, as growth was 

limited by other nutrients and environmental factors. Also, in a study by Soudzilovskaia et al. 

(2005) conducted on lichen-rich alpine tundra in the north-west Caucasus, Russia, an 

increase in vascular plant biomass caused by N (and P) fertilisation was counterbalanced by a 

large decrease in the lichen population, resulting in no overall change in aboveground 

biomass.  

Higher quality plant tissue is also more palatable to herbivores (Bardgett and Wardle, 2010), 

which can increase the impacts of grazing on plant vitality as well as trampling. In contrast, 



Chapter 1 

 

 12 

higher rates of grazing may also lead to greater investment in belowground growth by plants 

(Bardgett and Wardle, 2010), therefore increasing vital belowground C inputs. Nonetheless, 

research has shown that intensive grazing has a negative effect on soil C storage (van der 

Wal et al., 2007). 

Root biomass is also affected by changing N inputs to soils. When plants have access to a 

large supply of N, they tend to allocate most C uptake to aboveground rather than 

belowground growth (Beets and Whitehead, 1996). This is because less effort (decreased C 

cost) is needed in order to collect nutrients (i.e. N) from the soil, but more energy is required 

to increase foliage area so as to out-compete other fast-growing species for light (Beets and 

Whitehead, 1996; Wang and Feng, 2005). Therefore, when N fertilisation occurs, a reduction 

in plant root biomass can occur (Ringwall et al., 2000). This phenomenon is observed in 

Bardgett et al. (1999), where N addition to soil collected from temperate upland grasslands 

in North Wales caused a decrease in the root biomass of all plant species investigated 

(Lolium perenne, Agrostis capillaris, Holcus lanatus and Festuca rubra). Less allocation of C to 

roots is also known to lead to decreased root exudation (Johnson, 1993), which is an 

important source of C for soil microbes. Reduced allocation of C to belowground growth is 

especially significant because direct C input to the rhizosphere is critical for soil C 

sequestration (Balesdent and Balabane, 1996). This importance is stressed in the meta-

analysis of Lu et al. (2011a), where it is stated that soil organic C (SOC) storage across the 

studies considered was significantly correlated with the quantity of belowground organic 

matter inputs, but not with aboveground input.  On the other hand, a study by Manning et 

al. (2006) found that after five generations, plants adapted to high N availability had a 

greater root biomass than those adapted to low N inputs. This result denotes the importance 

of considering different timescales when assessing the impacts of N deposition on C storage. 

However, it must be noted that in this experiment plant communities were manipulated in 

order to artificially create species compositions similar to what could probably occur 

naturally over time in a high N environment. So even though this method enabled Manning 

et al. to accelerate the effects of time, one must be wary of how synthetic this study was.   

 

1.3.1.3 Nitrogen effects on carbon mediated by soil microorganisms  

 

It has been suggested that N addition may have a direct inhibitory effect on the soil 

community (Bardgett et al., 1999). Indeed, a meta-analysis by Treseder (2008) reveals that 

microbial biomass declined 15% on average under N fertilisation, and that this decline was 
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more evident in studies of longer durations and with higher total amounts of N added. This 

negative effect of N on microorganisms is strongest for decomposers and mycorrhizal fungi, 

and occurs through the repression of enzyme activity and the build-up of recalcitrant and 

toxic compounds (Bardgett et al., 1999). Enzymes mediate the decomposition of litter, the 

breakdown of OM and the mineralisation of N and P (Suding et al., 2008). Consequently, 

interference with the production of these enzymes could potentially deregulate key 

processes linked to the cycling of C. N enrichment is known to have direct and differential 

impacts on extracellular enzymes involved in decomposition processes (Bardgett and 

Wardle, 2010). According to Lu et al. (2011a), N fertilisation tends to accelerate the 

degradation of easily degradable litter, but may slow the decomposition of recalcitrant litter 

through the stimulation or repression of different sets of microbial extracellular enzymes. 

This view is supported by Xu et al. (2004), who state that N additions significantly accelerate 

the decomposition of light soil C factions, but stabilise soil C compounds in heavier, mineral-

associated factions. Saiya-Cork et al. (2002) also find that N deposition can enhance litter 

decomposition, but reduce soil organic matter degradation through its effects on 

extracellular enzymes. However, studies have shown that N addition can enhance, reduce, or 

have no effect on decomposition rates (Keeler et al., 2009; Manning et al., 2006; Xu et al., 

2004). A possible explanation for this divergence in results is that perhaps the effects of N on 

decomposition vary over time. It has been suggested that N deposition may initially 

accelerate plant decay, but slow it down during its later stages, particularly during the 

decomposition of lignin (Berg and McClaugherty, 2008; Xu et al., 2004). This idea is 

expressed in the findings of Magill and Aber (1998), whose long-term (seven-year) N-

addition experiment resulted in decreased decomposition rates and increased lignin 

accumulation in the litter collected from treated plots. If this is the case, then it is possible 

that C would accumulate in the soil over time.  

 

1.3.2 Indirect effects  

 

1.3.2.1  Nitrogen effects on carbon mediated by plant community change  

 

Recently, attention has been drawn to the effects of N deposition on plant community 

change. Research has shown that N accumulation is the main driver of changes to plant 

species composition across a whole range of different ecosystem types (Bobbink et al., 

2010). In the UK and in Europe for example, it is known that species richness has been 
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significantly reduced by long-term, chronic N deposition (Stevens et al., 2004; Stevens et al., 

2010). As N is a growth limiting nutrient, its addition to the environment can favour species 

that are better suited to high nutrient levels (Stevens et al., 2004; Wang and Feng, 2005). 

These nitrophilic species are usually fast-growing and thus rapidly dominate other species, 

causing species diversity loss and leading to changes in plant community structure over time 

(Bobbink et al., 2010; Galloway et al., 1995; Gough et al., 2000). In the Park Grass experiment 

at Rothamsted, UK, which has been running since 1856, N addition has caused a significant 

reduction in species diversity due to dominance by a few grasses as well as soil acidification 

(Bobbink et al., 1998).  

Bryophytes and forbs tend to be competitively excluded by grasses under N fertilisation 

(Bobbink et al., 1998; De Deyn et al., 2011a). The susceptibility of mosses is also stressed in 

Bobbink et al. (1998), who state that due to N addition, many characteristic mosses (and 

lichens) have disappeared from calcareous grasslands. It is these slower growing species 

however, that are probably best for ecosystem C sequestration. This is because tissue from 

these plants usually decomposes more slowly and is a poor food source for soil microbes (De 

Deyn et al., 2011a). Moss-rich vegetation for example, has a slow rate of C respiration and a 

high C:N ratio. Therefore, it is possible that mosses play a key role in C sequestration in 

grasslands, especially during times when vascular plant growth ceases (autumn-early spring) 

(De Deyn et al., 2011a). Altered plant communities may also lead to changes in C allocation 

to different organic matter factions. In their investigation, Manning et al. (2006) found that 

while plant composition had no significant effect on C storage in the fine particulate organic 

matter (POM) fraction (500-53 µm), C storage in the mineral-associated POM fraction (<53 

µm) was reduced under a community adapted to high N input. This is particularly significant 

as the mineral POM fraction is known to have longer residence times (Puget et al., 2000).  

Timescales must also be considered when making assumptions about N effects on C storage 

mediated by changes in plant species composition. In some cases, N deposition may not 

have an immediate effect on plant community composition, but can instead cause sudden 

shifts in species dominance after an initial ‘resilience period’. This is exemplified by Suding et 

al. (2008), who carried out a long term (six-year) field study on an alpine moist-meadow in 

Colorado, USA. In their experiment, N addition caused the sudden decline of Geum rossii, 

one of the two dominant species present at the site, after a four-year resilience period. This 

in turn facilitated the other dominant species, Deschampsia caespitosa via competitive 

release, causing a community-wide drop in diversity. Moreover, this change in species 

composition also decreased overall aboveground biomass, as Deschampsia caespitosa was 
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not able to grow enough to make up for the loss of Geum’s biomass due to phosphorus 

limitation.  

Increased evapotranspiration caused by N-induced plant growth can significantly lower soil 

moisture content and water through-flow (Manning et al., 2006). Microorganisms are 

sensitive to changes in soil moisture, and this phenomenon has been linked to a decrease in 

decomposer activity (Manning et al., 2006). On the other hand, increased plant growth can 

also induce higher rates of microbial activity through greater litter production (Hernandez 

and Hobbie, 2010; Manning et al., 2006). Plant community change can also exacerbate any 

effects on decomposition rates caused by the improvement of litter quality (as previously 

mentioned in section 1.3.1.2), thus potentially leading to the acceleration of C cycling. As 

nitrophilic species slowly dominate over slow-growing plants, they can produce larger 

quantities of high quality litter, stimulating microbial activity (Manning et al., 2008). 

However, this may not be the case overall, as the size and activity of the soil microbial 

community is known to be lower under high-fertility conditions (Bardgett et al., 1999).  

 

1.3.2.2 Nitrogen effects on carbon mediated by changes in the soil microbial community 

 

Alterations to plant species composition can also bring about changes in the soil microbial 

community structure, potentially even altering microbial functional diversity (Hartmann et 

al., 2009; Zak et al., 2003). In an experiment by Bardgett et al. (1999) on temperate upland 

grassland soil, microbial activity showed greater responses to individual plant species than to 

N additions. This was due to plant-specific differences in the amount and patterns of root 

exudation, as well as changes in nutrient competition between the plants and rhizosphere 

microbes. Root exudation is also an important source of C input to soil (5–33% of daily 

photoassimilate), especially in actively growing plants (De Deyn et al., 2008). Consequently, 

any alterations made to this process can have large impacts on C storage. Smith et al. (2008; 

2003) for example, showed that cessation of mineral fertilizer use coupled with the seeding 

of target plant species in managed grassland sites led to enhanced species richness (primarily 

through an increase in legumes) as well as an increase in soil fungi and the abundance of 

fungi relative to bacteria. When De Deyn et al. (2011b) carried out the same grassland 

restoration treatments, they found that these procedures also enhanced soil C and N 

storage. In addition, the treatments reduced the activities of key enzymes involved in the 

degradation of recalcitrant organic matter. This suggests that fungi may be especially 

important for C sequestration in soil. It also implies that ecosystem management that 
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promotes fungi over bacteria, such as the cessation of fertilizer application, could promote C 

sequestration by soil (De Deyn et al., 2011a).  

Arbuscular mycorrhizal fungi (AMF) are a key component of the soil community. AMF 

symbiotically colonise plant roots, forming associations with 80% of plant species, and are 

found in nearly every habitat in the world (Treseder and Allen, 2000). Chitin, which is not 

readily decomposed, can contribute up to 60% of fungal cell walls. AMF also produces 

glomalin, a compound that can account for 30-60% of C in undisturbed soils (Treseder and 

Allen, 2000). Mycorrhizal fungi can act as N ‘miners’ for the plants that they have a symbiotic 

relationship with (Hobbie et al., 2013). Therefore, when N availability is raised, plants 

allocate less C to these fungi (Treseder, 2004) as they are no longer dependent on them for 

N collection. This reduced investment causes alterations in the community of mycorrhizal 

fungi (due to C limitation), which can have important consequences for C storage in live 

hyphal tissue and/or its residual soil organic matter (OM) due to variances in the chitin 

content and growth rate of different mycorrhizal groups (Treseder and Allen, 2000). In 

addition, increased N availability may also increase the turnover rates of fungal tissue 

(Treseder and Allen, 2000).  

A decline in the fruiting bodies of ectomycorrhizal (ECM) fungi has already been documented 

in European forests (Cairney and Meharg, 1999). Also, studies have shown that species 

composition of ECM fungal communities on root tips in different forest systems shift upon 

long-term N fertilisation (Johnson, 1993; Taylor and Alexander, 1990). The same can occur 

with AMF communities, as was recognised by Egerton-Warburton and Allen (2000). They 

analysed a natural N deposition gradient in southern California coastal sage scrub and found 

that spores of Scutellospora and Gigaspora species became less prevalent with increasing N 

deposition, while spores of certain Glomus species (e.g. G. aggregatum, G. leptotichum and 

G. geosporum) proliferated under the same conditions. An example of the repressive effects 

of N addition on AM fungi is documented by Klironomos et al. (1997). This study found that 

AM hyphal lengths increased with CO2 concentrations under a low N treatment, but not 

under high N. In a meta-analysis by Treseder (2004), mycorrhizal abundance decreased by a 

mean of 15% under N fertilisation. However, there are other studies where the same does 

not occur. In their experiment using hybrid poplar saplings, Lussenhop et al. (1998) found 

that under elevated atmospheric CO2 levels, arbuscular mycorrhizal root mass was twice as 

great when in high-N soil. Changes in mycorrhizal fungi communities have been shown to 

have significant impacts on C accumulation. In Manning et al. (2006), high N treatments and 

high N plant communities decreased C storage in the mineral-associated fraction of POM. 
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They suggest that this was perhaps mediated by AM fungi, as they produce glycoproteins, 

and were significantly less abundant in plant communities adapted to high N deposition.  

It must be noted that changes in soil microbial structure caused by increased N availability 

can facilitate plant community shifts through soil feedback mechanisms. This is exemplified 

by the study of Suding et al. (2008). As mentioned in section 1.3.2.1, N addition in this 

experiment caused the sudden decline of Geum rossii after a 4-year resilience period. The 

authors propose that a shift in the soil microbial population may have led to this abrupt 

change via the elimination of Geum’s associated microbial feedbacks. It is suggested that 

high N availability, and the resulting decrease in belowground C allocation, may have 

decreased microbial biomass and activity, thus making Geum more vulnerable. Such shifts in 

plant species may have important consequences for C storage in soils (section 1.3.2.1), thus 

making this relationship between plants and their associated microorganism communities 

especially significant.  

 

1.4 Emphasis on: Grasslands  

 

Temperate grasslands occupy an area of around 15 x 106 km2, or 11% of the earth’s land 

surface (Chapin et al., 2001). Grasslands occur in almost all continents (Chapin et al., 2001) 

and over a wide range of temperate zones where seasonal droughts and fire, or regular 

removal of aboveground plant biomass by grazing or mowing prevent forest development 

(De Deyn et al., 2008).  

Grasslands can harbour high levels of plant species diversity (Michalcova et al., 2014). The 

grasslands of Pampa in southern South America for example, contain more than 400 species 

of grass alone (Chapin et al., 2001). This of course does not include the multitude of 

microorganisms present in grassland soils, an area which is still greatly understudied.  

Relatively few studies concerning the effects of N deposition on soil C cycling have been 

carried out on grasslands. Most research so far has been focused on forest ecosystems, due 

to large potential for C accumulation in woody tissues. However, grasslands are also massive 

potential C sinks (Soussana et al., 2007; Ward et al., 2016; Xu et al., 2004). In grassland 

systems, most C accumulation occurs in soil. Soil C pools are a lot larger than those in 

aboveground vegetation due to high belowground C allocation, lack of persistent woody 

structures aboveground, and generally higher decomposability of shoot than root tissue (De 

Deyn et al., 2008). In addition, grasslands have an exceptionally high microbial biomass C 
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pool (Ashman and Puri, 2002). Temperate grasslands have high soil organic C concentrations, 

often exceeding that of temperate forests (De Deyn et al., 2008), and should therefore be 

studied in much greater depth.  

 

1.5 Thesis objectives  

 

It is clear that human alteration of the N cycle can have important effects on C cycling in 

terrestrial ecosystems. This in turn can affect the potential for C storage in these systems, an 

essential form of climate change mitigation. The overall aim of this thesis was to tackle some 

of the large uncertainties in how N enrichment affects ecosystems’ ability to store C, 

specifically by investigating the effects of N addition on acidic grasslands.  

This thesis was funded by Natural Environment Research Council, and used two seven-year N 

addition experiments to investigate how N enrichment affected C and N cycling and storage 

in species rich acid grassland systems. In addition, a two-year mesocosm experiment was 

used to investigate the differences between the direct and indirect (via plant community 

change) effects of N deposition on grassland C cycling and storage. This thesis consists of a 

methods chapter followed by four experimental chapters designed to address the following 

questions:  

(1) How N addition affected C and N pools in a Norwegian acidic grassland (Chapter 3);  

(2) How N addition affected soil respiration and temperature sensitivity in a Norwegian 

acidic grassland (Chapter 4);  

(3) How low levels of N addition affected C and N pools in a Welsh acidic grassland (Chapter 

5); and  

(4) How plant community composition affected the impacts of N addition on C cycling and 

storage in grassland mesocosms (Chapter 6).  

Chapter 7 provides a summary of the key findings from each experimental chapter, their 

implications, and the potential for future work in this field of study.  
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Methods  

 

2.1 Field site descriptions  

 

2.1.1 Norway (Chapters 3 and 4).  

 

The experimental site is located in Revna (Fusa municipality, Hordaland), Norway. The site 

was chosen due to its relatively low background N deposition (ca. 6.1 kg N ha-1 yr-1, see table 

2.1), and is classified as a species-rich Nardus grassland (Violion caninae alliance 

(Schwickerath, 1944)). Vegetation is dominated by grasses such as Agrostis capillaris, 

Anthoxanthum odoratum, and Festuca rubra. The dominant bryophyte is Rhytidiadelphus 

squarrosus, and some common forbs present include Cardamine pratensis, Leontodon 

autumnalis, Ranunculus acris, Ranunculus repens and Rumex acetosa.  

 

At the start of the experiment in 2007, average species richness was 14.9 species per 2 × 2 m 

plot for vascular plants and 2.7 for bryophytes (Dorland et al., 2013). The soil is shallow (ca. 

13 cm), with a pH in the range 5.0-5.5. The grassland was traditionally managed for 

haymaking with annual mowing, and grazing by sheep in spring and autumn until 2005 when 

grazing was discontinued. Prior to the year 2000, low levels of fertiliser were applied. The 

field was probably used for potato and arable farming before ca. 1940. See table 2.1 for a 

summary of site and meteorological characteristics.  
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Table 2.1: Summary of site and meteorological characteristics. Table adapted from Dorland et al. 
(2013). The meteorological data are averages over the period 1971-2000. (1) Average values at 
weather station at Bergen (http://retro.met.no). (2) Data from http://www.climatedata.eu. (3) 
Calculated using EMEP-based IDEM models (Pieterse et al., 2007). 

 

Site Characteristics 

Coordinates 
60o 09’ 29.6’’ N  
5o 44’ 34.6’’ E  

Altitude (m asl) 160 

Average background N-deposition  
(kg-1 ha-1 yr-1)  (3) 6.1 

Climate Characteristics (1) 

Mean annual temperature (oC) 6-8 

Mean maximum daily temperature (oC) 9.6 

Mean minimum daily temperature (oC) 4.2 

Mean annual rainfall (mm) 1773.4 

Mean annual sun hours 1186 (2) 

Mean number of rainfall days (>1mm) 202 (2) 

Soil Characteristics 

Bedrock Green schist/mica schist 

Soil depth (cm) 13 

Mean Olsen P (g m-2 for 10 cm depth) 0.020 

Mean Total P (g m-2 for 10 cm depth)  19.71 

 

2.1.2 Wales (Chapter 5)  

 

The experimental site is located in Trefor (Gwynedd, Wales), UK. The site was chosen due to 

its relatively low background N deposition (ca. 9 kg N ha-1 yr-1, see table 2.2), and is classified 

as a species-rich Nardus grassland (Violion caninae alliance (Schwickerath, 1944)). It consists 

of a dense sward, with vegetation dominated by grasses such as Agrostis capillaris, Agrostis 

vinealis, and Festuca ovina. The dominant bryophytes are Rhytidiadelphus squarrosus and 

Pseudoscleropodium purum, and some common forbs present include Hieracium 

umbellatum, Hypochaeris radicata, Potentilla erecta, and Rumex acetosa.  

 

At the start of the experiment in 2007, average species richness was 16.6 species per 2 × 2 m 

plot for vascular plants and 3.0 for bryophytes (Dorland et al., 2013). The site sits on a slight 

slope at the top of sea cliffs, and has a soil pH in the range 5.0-5.5. The grassland is a former 

heathland, and has been managed for extensive grazing of sheep for many years. See table 

2.2 for a summary of site and meteorological characteristics.  

 

 

http://retro.met.no/
http://www.climatedata.eu/
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Table 2.2: Summary of site and meteorological characteristics. Table adapted from Dorland et al. 
(2013). The meteorological data are averages over the period 1971-2000. (1) Calculated using CBED 
(RoTAP, 2012), (2) Average values for weather station ‘Valley’ (http://www.metoffice.gov.uk).  

Site Characteristics 

Coordinates 
52° 59’ 55.2” N 
4° 25’ 57.5” W 

Altitude (m asl) 40 

Average background N-deposition  
(kg-1 ha-1 yr-1)  (1) 9 

Climate Characteristics (2) 

Mean annual temperature (oC) 9.5-10.5 

Mean maximum daily temperature (oC) 13.1 

Mean minimum daily temperature (oC) 7.5 

Mean annual rainfall (mm) 827.9 

Mean annual sun hours 1621.4 

Mean number of rainfall days (>1mm) 140.9 

Soil Characteristics 

Soil depth (cm) 15 - 65 

 

 

2.2 Experimental design and sampling procedures   

 

2.2.1 Norway (Chapter 3)  

 

The experiment at Revna, Norway was set up in 2007. 2 x 2 m plots were set up in a 

randomised block design in five replicate blocks. Blocks were set up at least 2 m apart with 1 

m between plots. Plots were fenced to exclude grazing by red deer. N treatments consisted 

of 0 kg N ha-1 yr-1 (control, N0-C0), 35 kg N ha-1 yr-1 as NH4NO3 (N1-C0), and 70 kg N ha-1 yr-1 as 

NH4NO3 (N2-C0), NaNO3 (N2-OX) and NH4Cl (N2-RED). N was applied in solution using 

watering cans five times per year during the growing season (May-September). N addition 

was ceased at the end of 2014. All plots received an annual biomass cut in July, and all cut 

vegetation was removed.  

 

Aboveground vegetation and soil sampling in Revna, Norway were carried out in July 2013. 

For each plot, all vascular plants and bryophytes were identified to species level. Biomass 

samples were collected from 50 x 50 cm subplots (cut to 3 cm above soil level) and 

separated into grasses, forbs, bryophytes and litter. A soil core (15 cm depth, 5.2 cm 

diameter) was taken from each plot. Subsamples were taken from 0-5, 5-10 and 10-15 cm 

depth, and the remaining 0-10 cm depth soil was sieved to 2 mm. These samples were used 
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to determine pH, total C and N content, C and N content of different soil fractions, soil 

microbial biomass C and N, fungal and bacterial biomass, and C and N content at different 

depths. In July 2015 additional soil (0-10 cm depth) was collected from each plot in Revna, 

Norway using an auger (3 cm diameter). This soil was sieved (2 mm), and analysed for 

dissolved organic C (DOC), dissolved organic N (DON), plant available N and N mineralisation 

rate.  

 

2.2.2 Microcosm (Chapter 4)  

 

Intact soil cores (10 cm height, 3.2 cm diameter) were taken from the field site in Revna, 

Norway in July 2014. Four cores were taken from each experimental plot, making four sets of 

twenty-five cores. No vegetation was included. Soil water content was adjusted by placing 

the cores on a sand table at -50 cm suction with cling film on top to stop water loss via 

evaporation. Cores were weighed daily in order to determine the water equilibration point, 

which was reached after 2.5 weeks.  

One set of cores was spiked with P by adding NaH2PO4 dissolved in deionised water. N1-C0 

cores received 0.95 g NaH2PO4, and N2-C0, N2-OX and N2-RED cores received 1.90 g 

NaH2PO4. Control cores in this set were not spiked with P. Instead, 0.92 g NaCl was added in 

order to account for the Na in the NaH2PO4 added to the other cores. The amount of P added 

to each core was based on the work of Harpole and Suding (2011), and was intended to 

remove any P limitation.  

Each core was placed into a 1 L Kilner jar fitted with a septa. Three sets of jars were then 

placed at either 10, 16 or 22⁰C with the lids slightly open to allow for some air flow. The set 

spiked with P was placed at 16⁰C. All cores were incubated in the dark. The cores were left to 

equilibrate to their incubation temperatures for four days before gas sampling was initiated. 

Two gas samples were collected from each jar on the 5th, 7th and 15th day of incubation. The 

first sample (T0) was taken as soon as the jar lids were shut, and the second sample (T1) was 

taken 6 hours later. Each time, 10 ml of gas was taken using a syringe to pierce the septa. 

Gas samples were analysed using a gas chromatograph (PerkinElmer instruments, 

AutoSystem XL; FID and ECD at 350°C) in order to determine CO2 and N2O concentrations.  
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2.2.3 Wales (Chapter 5)  

 

The experiment at Trefor, Wales was set up in 2007. 2 x 2 m plots were set up in a 

randomised block design in five replicate blocks. Blocks were set up at least 2 m apart with 1 

m between plots. Plots were fenced to exclude grazing by sheep. N treatments consisted of 0 

kg N ha-1 yr-1 (control, N0-C0), 4.3 kg N ha-1 yr-1 as NH4NO3 (N1-C0), 8.6 kg N ha-1 yr-1 as 

NH4NO3 (N2-C0), and 4.8 kg N ha-1 yr-1 as NH4Cl (N2-RED)1. N was applied in solution using 

watering cans four times per year during the growing season (April-August). All plots 

received an annual biomass cut in July, and all cut vegetation was removed.  

 

Aboveground vegetation sampling in Trefor, Wales was carried out in July 2013. For each 

plot, all vascular plants and bryophytes were identified to species level. Biomass samples 

were collected from 50 x 50 cm subplots (cut to 3 cm above soil level). Soil sampling in 

Trefor, Wales was conducted on two separate dates. In May 2013 a soil core (15 cm depth, 

5.2 cm diameter) was taken from each plot. Subsamples were taken from 0-5, 5-10 and 10-

15 cm depth, and the remaining 0-10 cm depth soil was sieved to 2 mm. These samples were 

used to determine pH, total C and N content, fungal and bacterial biomass, and C and N 

content at different depths. In September 2014 additional soil (0-10 cm depth) was collected 

from each plot using an auger (3.4 cm diameter) and sieved to 2 mm. These samples were 

used to determine the C and N content of different soil fractions, soil microbial biomass C 

and N, dissolved organic C (DOC), dissolved organic N (DON), and plant available N. CO2 flux 

measurements were taken at Trefor, Wales on four different days in 2013 (in May, June, 

September and October) using infrared gas analysers (IRGAs).  

 

2.2.4 Mesocosm (Chapter 6)  

 

The experiment consisted of nine monoculture treatments (M1-9, one for each species used) 

and six different species mixture treatments (S1-6), as well as a bare soil control treatment 

(B). Each of these treatments received two levels of N addition: 0 and 35 kg ha-1 yr-1. This 

level of N addition was chosen because it represents the top end of current atmospheric N 

deposition in the UK (RoTAP, 2012). Every treatment was replicated three times.  

 

                                                                 
1
 Originally, N1-C0 was supposed to receive 35 kg N ha

-1
 yr

-1
, and N2-C0 and N2-RED were supposed to 

receive 70 kg N ha
-1

 yr
-1

, but a miscalculation at the beginning of the experiment meant that the N 
doses applied were actually much lower.  
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The criteria for plant species selection was a) that the species must belong to the species-

rich Nardus grassland community (Violion caninae alliance (Schwickerath, 1944)) and b) that 

the species must be identified in literature as being positively associated with either high or 

low levels of N deposition. One grass, two forb and one legume species were selected for 

both the high and low N communities. The high N community species consisted of Festuca 

ovina, Leontodon hispidus, Achillea millefolium and Trifolium repens (De Deyn et al., 2009; 

Grime and Hunt, 1975; Rodwell, 1997; Stevens et al., 2011a). The low N community species 

were Anthoxanthum odoratum, Plantago lanceolata, Campanula rotundifolia and Lotus 

corniculatus (De Deyn et al., 2009; Grime and Hunt, 1975; Rodwell, 1997; Stevens et al., 

2011a; Stevens et al., 2004). It was also decided that the grass species Agrostis capillaris 

would be present in all species mixtures due to its central role in defining the acid grassland 

community being studied.  

 

Table 2.3 describes the design for each species mixture treatment, and table 2.4 shows how 

many plants of each species were used for each treatment. Treatments differed in their N 

community prevalence (dominated by either high or low N-associated species), in the 

number of species present (either 5 or 9 species), and in their functional group evenness 

(either dominated by grass species or not). The treatments designed to be dominated by 

grasses were planted with twice as many grass as non-grass individuals (see table 2.4).  

 

Table 2.3: Design for each species mixture treatment.  

 HIGH species 
number 

LOW species number   

HIGH N community 
prevalence 

 S1 – High N species, 
grasses not 
dominant  

HIGH functional 
group evenness 

S3 – Mixture, grasses 
dominant  

S2 – High N species, 
grasses dominant  

LOW functional 
group evenness 

LOW N community 
prevalence 

S6 – Mixture, grasses 
not dominant  

S4 – Low N species, 
grasses not 
dominant  

HIGH functional 
group evenness 

 S5 – Low N species, 
grasses dominant  

LOW functional 
group evenness 
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Table 2.4: Number of plants of each species used for each species mixture treatment.  

 Treatment 
S1  

Treatment 
S2 

Treatment 
S3 

Treatment 
S4 

Treatment 
S5 

Treatment 
S6 

A. capillaris  9 12 11 9 12 6 

F. ovina  8 12 11 - - 5 

L. hispidus  6 4 3 - - 2 

A. millefolium 7 4 3 - - 2 

T. repens  6 4 2 - - 2 

A. odoratum - - 2 8 12 6 

P. lanceolata - - 2 7 4 5 

C. rotundifolia  - - 1 6 4 4 

L. corniculatus  - - 1 6 4 4 

SUM 36 36 36 36 36 36 

Grasses:non-
grasses 

17:19 24:12 24:12 17:19 24:12 17:19 

 

Seeds were sown in John Innes no. 2 compost in August 2013, transplanted into plug trays in 

September and October 2013 and planted into 36 x 36 x 38 cm (LxWxH) planter pots in 

November 2013. The pots were filled with a soil made from two parts soil (pH = 6.93; NH4
+ = 

0.22 ppm; NO3
- = 3.35 ppm), one part peat (pH = 3.83). Each pot also contained a bottom 

layer of gravel (around 8 cm deep) in order to maintain a good level of drainage. The pots 

were kept inside unheated solar domes until April 2014, when they were moved to an open-

air enclosure at the Lancaster University Field Station (54°00'51.2"N 2°46'27.0"W, N 

deposition = 19.32 kg N ha-1 yr-1 (2012-2014 data, APIS)). The pots were arranged into three 

replicate blocks using a randomised layout. N was applied as NH4NO3 dissolved in 0.5 L 

deionised water every two weeks from April to July 2014 and from March to June 2015 

(eight applications per year). Mesocosms were weeded throughout the experiment in order 

to maintain the original species mix. In June and September 2014, aboveground vegetation 

was cut 5 cm above soil level and removed in order to simulate the typical management of 

grasslands and meadows in the UK, which tend to be harvested in the summer and grazed in 

the autumn.  

 

CO2 flux measurements of the mesocosm pots were conducted in May 2015 using infrared 

gas analysers (IRGAs). Aboveground vegetation sampling was conducted in July 2015. Plants 

were cut at soil level and were separated by species. Roots were sampled in July 2015 by 

taking three cores (5.3 cm D, 10 cm H) from each pot. Soil sampling was conducted in July 

2015. Three cores (5.3 cm D, 10 cm H) were taken from each pot and sieved to 2 mm.  
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2.3 Vegetation analysis methods  

 

2.3.1 Aboveground biomass  

 

Aboveground biomass was determined by weighing plant matter after drying at either 70⁰C 

for 48 hours (Chapter 3), or 55⁰C for 72 hours (Chapters 5 and 6).  

 

2.3.2 Litter bags  

 

Litter bags (5x5 cm, 1 mm nylon mesh, filled with ~1 g pre-weighed vegetation taken from 

the Trefor, Wales 2013 control plots’ biomass harvest) were installed in Trefor, Wales on the 

19th of May 2014. The bags were secured onto the soil surface of each plot, and then left 

until they were collected on the 10th of September 2014. Root intrusions were carefully 

removed with tweezers, and remaining litter biomass was determined after drying at 60⁰C 

for 48 hours.  

 

2.3.3 Root ingrowth cores  

 

Root ingrowth cores were installed in Trefor, Wales on the 19th of May 2014. Soil for the 

ingrowth cores was collected with a 15 cm high, 5 cm diameter core. The soil was then 

sieved (4 mm) in-situ and carefully re-packed into a custom-made ingrowth core (15 cm 

length, 5 cm diameter, 1 mm nylon mesh). This mesh core was then placed back into the 

hole from which the soil was removed in order to allow roots to grow back into the core. 

Cores were carefully collected on the 10th of September 2014, using a sharp knife to cut 

around the core in the ground in order to sever the roots that had grown into the core 

before pulling it out.  

 

2.3.4 Root biomass 

 

Roots were carefully washed with warm tap water using either a 200μm sieve (root ingrowth 

cores, Chapter 5), or a 710μm sieve (root samples, Chapter 6) in order to prevent root loss 

during washing. Root biomass was determined by weighing washed root matter after drying 

at either 60⁰C for 48 hours (Chapter 5), or 55⁰C for 48 hours (Chapter 6).  
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2.3.5 Vegetation C and N  

 

Aboveground vegetation C and N concentrations in Chapter 3 were determined by placing 4 

mg dried, homogenised plant material into tin cups and then combusting in a CNS elemental 

analyser (Model EA NA1500; Carlo Erba Instruments, Milan, Italy). Aboveground vegetation, 

litter and root C and N concentrations in Chapters 5 and 6 were determined by placing 15 mg 

dried, homogenised plant material into tin cups and then combusting in a CN analyser 

(elementar, vario EL III).  

 

2.3.6 Vegetation P  

 

Vegetation P concentrations were determined by digesting 200 mg dried, homogenised 

samples in sealed Teflon vessels in an Ethos D microwave lab station Terminal 20 (Milestone 

Pharmatech, New Brunswick, NJ, USA) with 4 ml nitric acid (65% v/v) and 1 ml hydrogen 

peroxide (30% v/v), and then analysing the digests using Inductively Coupled Plasma 

emission spectrophotometry (ICP, Iris Intrepid II; Thermo Fisher Scientific, Waltham, MA, 

USA).  

 

 

2.4 Soil analysis methods  

 

2.4.1 Bulk density  

 

Bulk density was determined using metal cores 6 cm deep and 5.8 cm in diameter. The soil 

collected was dried at 105⁰C for 24 hours and weighed. To calculate bulk density, the dry 

mass of the soil collected in the core was divided by the volume of the core. If any large (>0.2 

cm) stones were found in the bulk density samples, they were removed, and their volume 

(calculated via water displacement) was subtracted from the volume of the core.  
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2.4.2 Soil pH  

 

Soil pH was determined by placing 10 g sieved fresh soil (0-10 cm depth) in 25 ml of 

deionised water, mixing thoroughly on an orbital shaker for 30 minutes, leaving for 12 hours 

and then measuring at the soil-water interface using a Mettler Toledo, Seven Compact pH 

meter (Allen, 1989).  

 

2.4.3 Soil C and N  

 

Total soil C and N content (0-10 cm depth), and soil C and N content at different depths (0-5, 

5-10 and 10-15 cm) were determined by placing 30 mg dried (55⁰C for 48 hours), ground soil 

into tin cups and then combusting using a CN analyser (elementar, vario EL III).  

 

2.4.4 Soil fractionations  

 

Physical soil fractionations were conducted using either air-dried (Chapter 3), or fresh 

(Chapters 5 and 6) soil (0-10 cm depth) according to the method of De Deyn et al. (2011b). 

The soil was separated into three size fractions: coarse, 2mm-200 μm; fine, 200-50 μm; and 

very fine, 50-0.45 μm. 1 L of deionised water was poured into a large bowl with a 200 μm 

sieve inside. 10 g dry weight-equivalent of soil was placed onto the sieve and gently broken 

up using a spatula. Once the soil had been sufficiently broken up, what was left on the sieve 

was transferred into a beaker. The total volume of deionised water in the beaker was made 

up to 40 ml and the beaker was then sonicated for 10 minutes using a sonic bath. In the 

meantime, the content of the bowl was poured into a large beaker, making sure to rinse all 

soil particles in the bowl into the beaker. A 50 μm sieve was then placed into the bowl and 

the contents of the large beaker was poured over it, again making sure all soil particles were 

transferred. The 200 μm sieve was then placed on top of the 50 μm sieve and the contents 

of the sonicated beaker was poured over both sieves. The soil left on both sieves was then 

rinsed into two separate pre-weighed beakers and dried at 40⁰C for 48 hours. The remaining 

content of the bowl was then poured into a 2 L volumetric flask and deionised water was 

used to make up the volume of water to 2 L. This liquid was then thoroughly mixed and a 

150 ml subsample was filtered through a pre-weighed 0.45 μm cellulose filter over a Buchner 

funnel. The filter (along with the soil collected on it) was then dried at 40⁰C for 48 hours and 

the filtrate was analysed for dissolved organic C (DOC) content on a total organic carbon 
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analyser (Shimadzu, TOC-5000A). The three dried solid fractions were then ground up using a 

ball mill and analysed for C and N content by placing 30 mg soil into tin cups and then 

combusting using a CN analyser (elementar, vario EL III). Unused cellulose filters were also 

ground and analysed for C and N content in the same way in order to calculate the C and N 

content of the 50-0.45 μm fraction (as this was ground up along with the filter).  

 

2.4.5 DOC and DON  

 

Dissolved organic C and N (DOC and DON) were measured using fresh soil (0-10 cm depth). 

35 ml of deionised water was added to 5 g of soil, mixed on an orbital shaker for 10 minutes, 

and then filtered through a Whatman No. 1 filter. DOC was measured by running some of 

the filtrate on a total organic carbon analyser (Shimadzu, TOC-5000A). 3 ml of 0.165M 

potassium persulphate was then added to 1 ml of the filtrate in a McCartney bottle, and 

autoclaved at 127⁰C for 20 minutes. The original filtrate and the digested filtrate were then 

analysed for NH4
+ and NO3

- content using an auto analyser (SEAL Analytical, AA3). In order to 

determine DON, the total N content of the original filtrate was subtracted from the total N 

content of the digested filtrate.  

 

2.4.6 Plant available N and Mineralisation rate  

 

Plant available N and potential actual N mineralisation rate were determined using fresh soil 

(0-10 cm depth). 25 ml 1M KCl was added to 5 g of soil, mixed on an orbital shaker for 1 

hour, and filtered through a Whatman No. 1 filter. Plant available N was determined by 

analysing the filtrate for NH4
+ and NO3

- content using an auto analyser (SEAL Analytical, AA3). 

Another 5 g of soil was weighed into a plastic bottle that was covered with a piece of 

polythene secured with a rubber band, and incubated at 24(+/-1)⁰C for 14 days. This 

incubated soil was then extracted with KCl and analysed for NH4
+ and NO3

- content as 

described above. N mineralisation rate was calculated by subtracting the plant available N 

from the N content of the incubated soil.  
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2.4.7 Olsen P 

 

Olsen P was determined using air-dried soil (0-10 cm depth) according to the method of 

Olsen et al. (1954). 100 ml of 0.5M NaHCO3 was added to 5 g of soil, mixed on an orbital 

shaker for 30 minutes, and filtered through a Whatman No. 42 filter. The filtrate was then 

analysed for PO4
3- content using an auto analyser (SEAL Analytical, AA3).  

 

2.4.8 Total soil P  

 

Total P was measured using the method of Allen (1989). 0.20 g of ground, air-dried soil (0-10 

cm depth) was weighed into a digest tube. A pinch of anti-bumping granules was added 

before adding 4.4 ml of a pre-mixed digest reagent (0.42 g selenium, 14 g lithium sulphate, 

350 ml hydrogen peroxide, 420 ml concentrated sulphuric acid). The digest tube was then 

slowly heated to 350⁰C in a heating block and left for 4 hours until the digest had cleared. 

Once cooled, 1 ml of the digest was diluted with 5 ml of deionised water and filtered using a 

Whatman No. 44 filter. The filtrate was then analysed for PO4
3- content using an auto 

analyser (SEAL Analytical, AA3).  

 

2.4.9 Soil microbial biomass C and N  

 

Soil microbial biomass C and N were measured using fresh soil (0-10 cm depth), via the 

chloroform fumigation method described by Vance et al. (1987). 5 g of soil from each sample 

was weighed into beakers and placed inside a vacuum desiccator lined with slightly damp 

paper towels. A beaker containing amylene stabilised chloroform and a few boiling chips was 

placed in the desiccator, which was then evacuated until the chloroform started to boil. The 

samples were left in the evacuated desiccator at room temperature for 18-24 hours. The 

desiccator was then opened in order to remove the paper towels and the chloroform beaker 

before the desiccator was re-evacuated and vented six times in order to remove any 

chloroform from the soil samples. These fumigated soil samples were then transferred into 

plastic bottles. Another 5 g of the original un-fumigated soil samples were weighed into 

plastic bottles. 25 ml of 0.5M K2SO4 was added to each soil sample (both fumigated and un-

fumigated), mixed for 30 minutes on an orbital shaker, and filtered through a Whatman No. 

1 filter. In order to determine the total dissolved C content of each sample, some of the 

filtrate was analysed using a total organic carbon analyser (Shimadzu, TOC-5000A). In order 
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to determine the total dissolved N content of each sample, 3 ml of 0.165M potassium 

persulphate was added to 1 ml of the filtrate in a McCartney bottle, autoclaved at 127⁰C for 

20 minutes, and analysed for NH4
+ and NO3

- content using an auto analyser (Bran Luebbe, 

AutoAnalyzer3, Chapter 3; SEAL Analytical, AA3, Chapters 5 and 6). Microbial biomass C and 

N were calculated by subtracting the C and N contents of the un-fumigated soil from the C 

and N contents of the fumigated soil.  

 

2.4.10 PLFAs  

 

Fungal and bacterial biomass were determined using phospholipid fatty acid (PLFA) analysis, 

using the Bligh and Dyer method (1959) adapted by White et al. (1979) and described by 

Bardgett et al. (1996). This method consists of three stages.  

 

Stage 1 – Extraction: 

1.5 g of ground, freeze-dried soil (0-10 cm depth) was weighed into a plastic, CHCl3 -rinsed 

50 ml tube. 1.5 ml of citrate buffer (15.76 g of citric acid in 450 ml MilliQ water, adjusted to 

pH4 using NaOH pellets, and made up to 500 ml), 1.9 ml CHCl3, 3.8 ml MeOH and 2 ml Bligh 

and Dye (CHCl3:MeOH:citrate buffer, 1:2:0.8 v/v/v) were added to the soil (in this order). The 

tubes were capped and vortexed for one minute, left to separate for 2 hours, vortexed again 

for one minute, then centrifuged at 650 RCF for 10 minutes. The supernatant was then 

transferred to a glass, CHCl3 -rinsed 40 ml tube using a glass Pasteur pipette. The soil pellet 

was washed again using 2.5 ml of Bligh and Dye, vortexed for one minute, centrifuged at 650 

RCF for 10 minutes, and the supernatant was transferred again as above. 3.1 ml of CHCl3 and 

3.1 ml of citrate buffer were added to the glass tube, vortexed for one minute and left 

overnight to separate. The following day, 3 ml of the lower phase was transferred into a 15 

ml CHCl3 -rinsed glass tube using a glass Pasteur pipette, and evaporated under a stream of 

N2 in a sample concentrator.  

 

Stage 2 – Lipid fractionation:  

An isolute column was placed in a holder above a metal tray and activated with 2.5 ml of 

CHCl3. The dry lipid material from stage 1 was then dissolved in 0.5 ml CHCl3, vortexed for 5 

seconds, and then transferred immediately to the column using a glass Pasteur pipette. This 

step was then repeated three times. Once all the lipid material had been transferred, 5 ml of 

CHCl3 was added to the column to elute the neutral lipids. Then, 20 ml of acetone was added 
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to the column in 5 ml portions in order to elute the glycolipids. Once all the acetone had run 

to waste, a MeOH-rinsed 15 ml glass tube was placed under the column. 5 ml of MeOH was 

then added to the column in order to elute the phospholipids into the tube. Once the 

column had stopped dripping, the solvent in the tubes was evaporated under a stream of N2 

in a sample concentrator with the heating block on at 40⁰C.  

 

Stage 3 – Mild alkaline methanolysis  

The dried sample from stage 2 was dissolved in 1 ml MeOH:toluene (1:1 v/v), and 1 ml 0.2M 

KOH (dissolved in MeOH) was added before the tube was capped and incubated in a water 

bath at 37⁰C for 15 minutes. Then 2 ml hexane:CHCl3 (4:1 v/v), 0.3 ml 1M acetic acid and 2 

ml milliQ water were added, and the tube was vortexed for 1 minute and centrifuged at 650 

RCF for 5 minutes. The upper (organic) phase was then transferred to a hexane-rinsed 15 ml 

glass tube using a glass Pasteur pipette. The lower layer was then washed with 2 ml of 

hexane:CHCl3 (4:1 v/v), vortexed, and centrifuged as before, and again the upper phase was 

transferred to the 15 ml glass tube. Finally, 30 μl of a C13 standard (5 mg in 10 ml hexane) 

and 30 μl of a C19 standard (5 mg in 10 ml hexane) were carefully added to the tube and the 

now spiked phase was evaporated under a stream of compressed N2 in a sample 

concentrator. 150 μl of hexane was then added to the tube, vortexed for 1 minute, 

transferred to a GC vial insert using a glass Pasteur pipette, and evaporated under a stream 

of N2 in a sample concentrator. This was repeated five times in order to ensure complete 

sample transfer to the GC insert. The sample was then re-suspended in 25 μl of hexane for 

immediate analysis on a gas chromatograph (Agilent Technologies, 6890N).  

 

The fatty acids 18:2ω6,9 and 18:1ω9 were chosen to represent fungal fatty acids, and i15:0, 

a15:0, 15:0, i16:0, 16:1ω7, i17:0, a17:0, 7,cy-17:0, 18:1ω7 and 7,8cy-19:0 to represent 

bacterial fatty acids (De Deyn et al., 2011a). Total PLFA was used as a measure of active 

microbial biomass (Bardgett and McAlister, 1999).  
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2.5 CO2 flux analysis methods  

 

2.5.1 Chapter 5  

 

Net CO2 flux and respiration rate measurements were made with portable infrared gas 

analysers (IRGAs; 2 minute closure time; EGM-4, PP Systems) using a light and dark chamber 

method (Ward et al., 2013). The chambers were made from plastic bell cloches secured to 

PVC rings. The dark chambers were covered with a dark plastic in order to block out all light. 

These custom-built light and dark chambers (30 cm diameter, 35 cm high, volume of 19,000 

cm3) included 5L tedlar sample bags to maintain a stable pressure inside the chamber 

throughout sampling. Base rings (10 cm high, 30 cm diameter) were installed at 5 cm depth 

in each plot in April 2013 so that the chambers could be placed over them during sampling 

(secured and made air-tight using rubber rings). The IRGAs were coupled with a PAR sensor 

(ACS009, PP Systems) for use with the light chamber, and with a soil temperature probe 

(STP-1, PP Systems) for use with the dark chamber. Air temperature was recorded (Tinytag, 

View 2) and three soil moisture readings were also taken from the area around the chamber 

in each plot using a moisture probe (Delta-T Devices, HH2).  

 

Before statistical analysis, the IRGA data was checked for outliers and corrected for collar 

area, enclosure volume and air temperature. Net primary productivity (NPP) was measured 

as the net CO2 flux obtained with the transparent chamber, and gross respiration as the flux 

when the chamber was darkened to exclude light. 

 

2.5.2 Chapter 6  

 

Net CO2 flux and respiration rate measurements were made with portable infrared gas 

analysers (IRGAs; 2 minute closure time; EGM-4, PP Systems) using a light and dark chamber 

method (Orwin et al., 2014). The chambers were made with Liteglaze acrylic sheet (92% light 

transmission) fitted to a polypropylene base. The dark chambers were covered with a dark 

plastic in order to block out all light. These custom-built light and dark chambers (36x36 cm 

base, 35 cm high, volume of 46,800 cm3) were designed to attach to the rims of the plant 

pots using clamps, and included 5L tedlar sample bags to maintain a stable pressure inside 

the chamber throughout sampling. The IRGAs were coupled with a PAR sensor (ACS009, PP 

Systems) for use with the light chamber, and soil temperature measurements were taken 
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with a probe (Tinytag, View 2) for use with the dark chamber. Air temperature was recorded 

at the site’s weather station (Hazelrigg weather station) and three soil moisture readings 

were also taken from each pot using a moisture probe (Delta-T Devices, HH2).  

 

Before statistical analysis, the IRGA data was checked for outliers and corrected for pot area, 

enclosure volume and air temperature. Net primary productivity (NPP) was measured as the 

net CO2 flux obtained with the transparent chamber, and gross respiration as the flux when 

the chamber was darkened to exclude light. 

 

 

2.6 Data analysis methods  

 

2.6.1 Chapter 3  

 

Data were analysed using R version 3.2.4 (R Core Team, 2016). All variables were tested for 

normality, and log or logit transformations were applied, as required, prior to analysis. One-

way ANOVAs (using block as a random effect) with Tukey post-hoc tests were used to 

determine whether there were differences between N treatments (both between N addition 

treatments and the control plots and between N addition treatments) for each variable.  

 

2.6.2 Chapter 4 

 

CO2 and N2O fluxes were calculated by subtracting concentrations at T0 from those at T1. Q10 

values were calculated using the following first-order exponential equation:  

Q10 = (C2/C1)^10/(T2-T1)  

Where T1 and T2 denote the temperatures (10⁰C and 22⁰C) at which the incubations were 

conducted, and C1 and C2 represent the CO2 fluxes at those temperatures.   

Data were analysed using R version 3.2.4 (R Core Team, 2016). All variables were tested for 

normality, and log transformations were applied, as required, prior to analysis. Two-way 

ANOVAs (using N treatment and temperature/P addition as fixed effects, and block and 

incubation day as random effects) with Tukey post-hoc tests were used to determine 

whether there were differences between N treatments (both between N addition 
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treatments and the control plots and between N addition treatments) for gas flux data. One-

way ANOVAs (using N treatment as a fixed effect and block and incubation day as random 

effects) were used to determine whether there were differences between N treatments for 

Q10 data.  

 

2.6.3  Chapter 5 

 

Data were analysed using R version 3.2.4 (R Core Team, 2016). All variables were tested for 

normality, and log or logit transformations were applied, as required, prior to analysis. One-

way ANOVAs (using block as a random effect) were used to determine whether there were 

differences between N treatments for each variable. IRGA data was analysed using mixed 

model ANOVAs with the ‘lme4’ package in R.  

 

2.6.4 Chapter 6 

 

Data were analysed using R version 3.2.4 (R Core Team, 2016). All variables were tested for 

normality, and log transformations were applied, as required, prior to analysis. Data were 

analysed using mixed model ANOVAs with the ‘nlme’ package in R (using block as a random 

effect). Tukey post-hoc testing was conducted on significant monoculture data using the 

‘lsmeans’ package in R.  

 

For the monoculture treatments, the independent variables used were ‘plant species’ 

(species identity) and ‘N addition’ (0 or 35 kg N ha-1 yr-1). Degrees of freedom were 31, 

except for the fungal:bacterial and the Gram positive:Gram negative bacterial ratios, which 

had 26 degrees of freedom (due to missing data) and NPP and respiration, which had 33 and 

32 degrees of freedom (due to extra explanatory variables). For the species mixture 

treatments, the independent variables used were ‘community prevalence’ (dominated by 

species associated with either high or low N deposition), ‘species number’ (either 5 or 9 

species), ‘evenness’ (either dominated by grasses or not), and ‘N addition’ (0 or 35 kg N ha-1 

yr-1). Degrees of freedom were 29, except for the fungal:bacterial and the Gram 

positive:Gram negative bacterial ratios, which had 27 degrees of freedom (due to missing 

data) and NPP and respiration, which had 28 and 27 degrees of freedom (due to extra 

explanatory variables).  
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Chapter 3: Investigating the effects of atmospheric nitrogen deposition on carbon 

and nitrogen pools in a Norwegian acidic grassland 
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Investigating the effects of atmospheric nitrogen deposition on carbon and nitrogen pools 

in a Norwegian acidic grassland 

 

3.1 Abstract  

 

Since the 1950s, global emissions of reactive forms of nitrogen have become so large that 

atmospheric nitrogen pollution is now a major issue facing ecosystems worldwide. 

Grasslands are one such system threatened by nitrogen deposition. Nitrogen enrichment is 

known to affect various plant, microbial and soil processes (and their interactions) in 

grasslands, which can have consequences for carbon and nitrogen cycling. Although these 

effects are well researched, studies often report contrasting results. This is a problem 

especially regarding the effects of nitrogen inputs on long-term carbon storage. It is not clear 

for example, how nitrogen pollution may affect grasslands’ ability to sequester and store 

carbon, and therefore mitigate climate change. In addition, there is evidence to suggest that 

the chemical form of nitrogen may affect how grasslands respond to N enrichment. This is 

especially important as experts predict that reduced nitrogen forms are likely to dominate 

future nitrogen pollution. Current research on possible differences between the effects of 

oxidised and reduced nitrogen forms is limited. Using a seven-year nitrogen addition 

experiment in Norway, this study examines the effects of different forms of nitrogen on acid 

grassland carbon and nitrogen pools.  

 

Our results show that although nitrogen addition did not significantly alter the amount of 

aboveground biomass produced at this site, it did decrease the C:N ratio of the vegetation. 

Decreased soil fungal:bacterial ratio in the NH4Cl plots compared with control plots indicates 

that reduced nitrogen addition changed the microbial community in these plots by favouring 

bacteria over fungi. Moreover, a trend for lower total PLFA biomass suggests that nitrogen 

addition may have reduced the active microbial biomass at this site. Although 70 kg ha-1 yr-1 

of nitrogen addition as NH4Cl and NH4NO3 decreased soil pH, no changes were observed in 

overall soil carbon and nitrogen pools for any treatment. However, there was a decrease in 

DOC in all the 70 kg N ha-1 yr-1 treatments and a decrease in very fine fraction carbon in the 

70 kg ha-1 yr-1 NH4NO3 treatment, suggesting that changes to soil carbon pools may have 

begun occurring. Increased vegetation N:P ratios indicate that this system may be 

phosphorous limited, and so perhaps this could be limiting the effects of nitrogen addition. 

Overall, results suggest that this acid grassland is more resilient to nitrogen enrichment than 
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previously thought. However, it must be noted that this experiment was only run for 

seven/eight years, which may not be enough time for long-term effects of nitrogen addition 

to be observed.   

 

3.2 Introduction  

 

It is estimated that human activities now generate more reactive N (Nr) than is produced 

naturally in the entire world (Erisman et al., 2011; Galloway and Cowling, 2002; Vitousek et 

al., 1997). The main sources of atmospheric Nr pollution include the combustion of fossil 

fuel, the dominant source of oxidised forms of N, and agricultural activities such as the use of 

artificial N fertilisers and animal husbandry, the dominant sources of reduced forms of N. 

Atmospheric N deposition has become a major problem for some semi-natural ecosystems. 

In these systems N can limit plant growth, so large inputs of Nr deposition can increase 

productivity (Erisman et al., 2011; Gough et al., 2000; Morecroft et al., 1994; Shaver et al., 

2001). N addition also tends to lower plant tissue C:N ratios, which leads to the production 

of higher quality (i.e. more readily decomposable) litter (Manning et al., 2008). Increasing 

the amount of Nr available to plants in grasslands is also known to alter the species 

composition of grassland communities (Bobbink et al., 2010). N addition promotes 

dominance by fast-growing species such as grasses (Stevens et al., 2009), as these species 

are better able to profit from the extra N availability. This can lead to lower species richness 

and plant community change (Bobbink, 1991; Bobbink et al., 1998; Stevens et al., 2004; 

Stevens et al., 2010). Consequently, competition under high N levels switches from 

belowground competition for nutrient acquisition to aboveground competition for light 

(Hautier et al., 2009; Stevens et al., 2011a). Increased N availability and plant community 

changes also have an impact on soil microorganisms. Higher N levels are known to favour 

bacteria over fungi (Kirchmann et al., 2013), and dominance by fast-growing plant species 

may encourage changes to the soil microbial community via plant-specific differences in the 

release of root exudates and alterations in nutrient competition between plants and 

microorganisms (Bardgett et al., 1999).  

 

N deposition can also alter soil chemistry. Nr is known to increase available forms of N and 

lower soil pH (Houdijk et al., 1993). Moreover, depending on the form of N most prominent 

in the deposition at a site, N addition can change the NH4
+:NO3

- ratio in the soil. Studies have 

shown that a change in this ratio can affect the health and performance of some plants, and 
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that high NH4
+:NO3

- ratios (NH4 accumulation) can be detrimental due to an effect on cation 

uptake (Bobbink et al., 1998; De Graaf et al., 2009; Houdijk et al., 1993; van den Berg et al., 

2005). Plant species are also known to display preferential uptake of NH4
+ or NO3

- (van den 

Berg et al., 2016). Despite strong reasons to expect that reduced and oxidised N forms may 

differ in their impacts (Stevens et al., 2011b), research into the differences between the 

effects of reduced and oxidised N is still relatively limited. Nonetheless, differential effects of 

N form are set to become an important issue, as projections for future N deposition predict 

an increase in the proportion of reduced N pollution (Dennis et al., 2010). This is due to 

changes in land use, technology, and arguably most importantly, policy. Although relatively 

successful policies have been put into place in order to restrict the amount of Nr being 

released into the environment, most of these are designed to curb emissions from fossil fuel 

combustion (oxidised N). Reduced N pollution largely comes from agricultural sources, and it 

is this area of industry that has been the least affected by environmental N policies (Sutton, 

2011).  

 

Grasslands are important carbon (C) sinks (Tian et al., 2016b). Temperate grasslands store an 

estimated 12.3% of global C, making them the third largest global store of C in soils and 

vegetation after wetlands and boreal forests (Royal Society, 2001). Consequently, grassland 

C storage plays a significant role in climate change mitigation, and it is vital that grasslands 

maintain their ability to sequester and store C. Although the impact of N deposition on 

grassland processes is well researched, it is less clear how these changes might affect the 

ability of grasslands to store C (Lu et al., 2011b). Studies examining the effects of N addition 

on C storage often report contrasting results. In some systems, N addition has been shown 

to significantly increase soil C (Hyvonen et al., 2008; Pregitzer et al., 2008), whereas in other 

systems, the opposite is observed (Khan et al., 2007; Mack et al., 2004). Estimates for C 

sequestration are highly variable (even within the same ecosystem type) and they typically 

depend on the geographical location of the site studied, as well as how long the system has 

been exposed to N. Erisman et al. (2011) compared different studies on the effects of N 

addition on C sequestration (aboveground biomass and soil organic matter), and found that 

most studies ranged between 35 and 65 kg C sequestered per kg N. In another study, a 

meta-analysis conducted by Lu et al. (2011b), it was found that although N addition did 

significantly increase plant C pools, it did not change C storage in forests and grasslands (in 

both organic horizon and mineral soil). Though a lot of research supports the idea of higher C 

sequestration due to N-induced increases in primary productivity (LeBauer and Treseder, 

2008; Magnani et al., 2007; Zaehle et al., 2010), these increases may not lead to greater soil 
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C storage. Higher litter quality could potentially increase soil organic matter (SOM) 

decomposition rates (Gong et al., 2015), which could increase the rate of C turnover. N-

induced changes to plant and microbial communities may also exacerbate these processes 

by further altering the amount and quality of the litter produced (Hossain et al., 2010). In 

addition, it has been suggested that the way in which N alters decomposition rates may 

differ for different SOM fractions, as these vary in the energy required for their breakdown 

(Neff et al., 2002).  

 

This study aimed to evaluate the effects of N addition on the C and N pools of acid 

grasslands, and to determine whether this has any implications for long term C storage. In 

addition, this study aimed to ascertain whether any effects of N fertilisation on C and N pools 

differ with the application of varying forms of N. This was accomplished by studying a 

replicated seven-year N addition experiment in Revna, Norway, an area with low background 

N deposition.  

 

It was hypothesised that:  

1. The N content of both the plant biomass and the soil would increase with N addition, 

and that these increases would be highest for plots receiving the most N (70 kg ha-1 

yr-1).  

2. N addition would increase C present as plant biomass, but that this would not cause 

an increase in soil C content due to a decrease in plant biomass C:N ratios and 

changes to soil microbial activity and community composition.  

3. If soil C were to decrease, these changes would be most apparent in the treatments 

containing high levels of ammonium (N2-RED and N2-C0) due to decreases in soil pH 

and potential negative effects of high ammonium levels in soil.  

4. N addition would increase the proportion of bacteria in the microbial community 

(lower fungal:bacterial ratio). 

5. Species richness was projected to decrease with N addition, as grasses were 

expected to begin dominating the plots.  

 

In order to test these hypotheses, various soil and vegetation samples were collected from 

the experimental site and analysed in depth in the laboratory.  
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3.3 Results  

 

3.3.1 Soil pH  

 

Results show that soil pH (Figure 3.1) was significantly different between treatments 

(p<0.001). pH was lower in the high combined N and reduced N treatments (henceforth 

referred to as N2-C0 and N2-RED respectively) than it was in the control and oxidised N 

treatments (N0-C0 and N2-OX respectively). In addition, N2-RED was also significantly lower 

than the low combined N treatment (N1-C0).  

 

 
Figure 3.1: Soil pH for each treatment. Letters above boxplots represent significant differences 
(p<0.05) between treatments as measured using a Tukey post-hoc test. 

 

3.3.2 N pools  

 

Both aboveground and belowground N pools were examined in order to test the hypothesis 

that N addition would increase the amount of N present in vegetation and in the soil. 

Aboveground biomass N (total, grass, forb and bryophyte as g m-2) was not found to be 

significantly different between treatments (p=0.58, 0.38, 0.77 and 0.53 respectively), 

although a non-significant trend for increased total biomass N can be observed. However, 

when total aboveground biomass N concentration was analysed (mg g-1, Figure 3.2c), there 

were significant differences between treatments (p<0.001). N2-C0, N2-OX and N2-RED all 

had significantly higher biomass N (mg g-1) than the control plots (N0-C0). In addition, 

biomass N (mg g-1) in N2-RED was also significantly higher than in N1-C0. Microbial biomass 

N (mg m-2 for 10 cm depth) was not significantly different between treatments (p=0.41). Soil 
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total N content (kg m-2) was also not significantly different between treatments. This was 

true for total N (0-10 cm depth, p=0.11, Figure 3.2d) and for total N at different depths (0-5 

cm, p=0.68, 5-10 cm, p=0.41, 10-15 cm, p=0.25). No significant difference between 

treatments was observed for the N content of the coarse, fine or very fine soil fractions, both 

as kg m-2 (p=0.28, 0.88 and 0.64 respectively) and as proportions of total N stocks (p=0.09, 

0.76 and 0.33 respectively). Soil dissolved organic N (DON, mg m-2 for 10 cm depth), available 

N (mg m-2 for 10 cm depth) and N mineralisation rate (mg m-2 week-1 for 10 cm depth) were 

not significantly different between treatments (p=0.56, 0.92 and 0.69 respectively).  

 

3.3.3 C pools  

 

To test the hypothesis that N addition would increase vegetation C, but not soil C, both 

aboveground and belowground C pools were studied. Aboveground biomass C (total, p=0.32, 

grass, p=0.19, forb, p=0.26, and bryophyte, p=0.59, as g m-2) and microbial biomass C (mg m-2 

for 10 cm depth, p=0.82) were not significantly different between treatments. Soil C content 

(kg m-2) was also not significantly different between treatments. This was true for total C (0-

10 cm depth, p=0.08, Figure 3.2b) and for C at different depths (0-5 cm, p=0.49, 5-10 cm, 

p=0.49, 10-15 cm, p=0.27). Coarse (2mm-200 μm) and fine (200-50 μm) soil fraction C 

contents were not significantly different between treatments, both as kg m-2 (p=0.21 and 

0.76 respectively) and as proportions of total C stocks (p=0.20 and 0.71 respectively). 

However, very fine (50-0.45 μm) soil C was significantly lower in the N2-C0 treatment than it 

was in N0-C0, both as kg m-2 (p<0.05) and as a proportion of the total C stock (p<0.05). Soil 

dissolved organic C (DOC, mg m-2 for 10 cm depth) was significantly different between 

treatments (p<0.01). DOC was lower in the N2-C0, N2-OX and N2-RED treatments than it was 

in N0-C0 (Figure 3.2a).  
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Figure 3.2: DOC (a), total soil C (b), log total biomass N in mg/g (c) and total soil N (d) for each 
treatment. Letters above boxplots represent significant differences (p<0.05) between treatments as 
measured using a Tukey post-hoc test.  

 

3.3.4 C:N ratios  

 

C:N ratios were tested in order to assess the quality of the organic matter present in this 

system, and therefore the potential for N-induced changes to microbial activity and 

decomposition rates. Total aboveground biomass C:N ratios (Figure 3.3a) were significantly 

different between treatments (p<0.001). Biomass C:N ratios were lower in N2-C0, N2-OX and 

N2-RED than they were in N0-C0 (and N2-C0 and N2-RED were also lower than N1-C0). Grass 

biomass C:N ratios (Figure 3.3b) were significantly lower (p=<0.001) in N2-C0, N2-OX and N2-

RED than they were in N0-C0 and N1-C0. Forb biomass C:N ratios (Figure 3.3c) were 

significantly lower (p=<0.01) in N2-RED than they were in N0-C0 and N1-C0, and bryophyte 

biomass C:N ratios (Figure 3.3d) were significantly lower (p=<0.01) in all N treatments when 

compared to N0-C0. Microbial C:N ratio (p=0.96), total soil C:N ratios (0-10 cm, p=0.21, 0-5 

cm, p=0.74, 5-10 cm, p=0.08, and 10-15 cm depth, p=0.18) and soil fraction C:N ratios 

(coarse, p= 0.27, fine, p=0.23, and very fine, p=0.62) were not significantly different between 

treatments. However, the mean C:N ratios of the very fine fraction were slightly lower (~0.7) 

in the N1-C0 and N2-C0 treatments compared with N0-C0.  

a) c) 

b) d) 
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Figure 3.3: Log C:N ratios for total (a), grass (b), forb (c) and bryophyte (d) biomass for each treatment. 
Letters above boxplots represent significant differences (p<0.05) between treatments as measured 
using a Tukey post-hoc test. 

 

3.3.5 Plant and microbial community structure  

 

Plant community structure was studied in order to test the hypothesis that N addition would 

lead to an increase in the dominance of grasses, thus accelerating C and N cycling at this site. 

Total aboveground biomass (g m-2) was not significantly different between any treatments 

(p=0.06, Figure 3.4). However, there was a trend for total biomass to be lowest in the N2-

RED plots. Grass, forb, bryophyte and litter biomass (as proportions of total biomass) were 

also not significantly different between treatments (p=0.13, 0.55, 0.58 and 0.18 

respectively). Nonetheless, some trends could be observed: N2-C0 had the lowest mean 

proportion of grass biomass, and all 70 kg N ha-1 yr-1 treatments (especially N2-RED) had 

higher mean proportions of litter biomass than N0-C0. Species richness was not found to be 

significantly different between treatments (p=0.27); however, mean values decreased by 

around 2 species when comparing the control plots (N0-C0) to the N2-CO and N2-OX plots 

(and 1 species loss for N2-RED plots).  

 

a) b) 

c) d) 



Chapter 3 

 

 46 

 
Figure 3.4: Log total aboveground biomass for each treatment. 

 
Total, grass, forb and bryophyte aboveground biomass P (g m-2) were not significantly 

different between treatments (p=0.18, 0.19, 0.56 and 0.69 respectively). However, grass and 

forb P potentially show slight trends to decrease with N addition. Total and grass 

aboveground biomass N:P ratios (Figure 3.5) were significantly different between treatments 

(p<0.05 and p<0.001 respectively). Total biomass N:P ratios were significantly higher for N2-

C0 and N2-RED than for N0-C0. Grass aboveground biomass N:P ratios for N2-C0, N2-OX and 

N2-RED were significantly higher than that of N0-C0 (and N2-OX was significantly higher than 

N1-C0). Forb and bryophyte aboveground biomass N:P ratios were not significantly different 

between treatments (p=0.18 and 0.09 respectively).  

 

  
Figure 3.5: Log N:P ratios for total (a) and grass (b) aboveground biomass for each treatment. Letters 
above boxplots represent significant differences (p<0.05) between treatments as measured using a 
Tukey post-hoc test. 

 
Microbial community structure was studied in order to test the hypothesis that N addition 

would increase the proportion of bacteria compared with fungi in the soil. Total PLFA 

biomass (μg g-1 dry soil, Figure 3.6a) was not significantly different between treatments 

(p=0.17). However, there was increased variability (higher standard deviation) in all N 

a) b) 
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addition treatments compared to N0-C0, and there was a trend of lower total PLFAs with N 

addition (especially for N2-RED). The same trends were observed for total fungal (p=0.14), 

total bacterial (p=0.23), Gram positive (Gram+, p=0.24) and Gram negative (Gram-, p=0.22) 

bacterial PLFAs. The soil fungal:bacterial ratio (Figure 3.6b) was significantly different 

between treatments (p<0.05). The fungal:bacterial ratio was significantly lower for N2-RED 

than it was for N0-C0 and N2-C0, and although the Gram+:Gram- ratio was not significantly 

different between treatments (p=0.66), variability did increase with N addition.  

 

 
Figure 3.6: Log total PLFA biomass (a) and log fungal:bacterial ratio (b) for each treatment. Letters 
above boxplots represent significant differences (p<0.05) between treatments as measured using a 
Tukey post-hoc test.  

 
 

3.4 Discussion 

 

3.4.1 Effects of N addition on N pools  

 

N addition significantly increased the aboveground biomass N concentration of all three high 

N (70 kg ha-1 yr-1) treatments, a trend that had already been apparent in a previous study of 

this site (Dorland et al., 2013). This effect was strongest in the N2-RED treatment. The reason 

why plants growing under ammonium chloride addition had the highest N concentration 

may be the fact that NH4
+ requires lower energy outputs than NO3

- in order to be assimilated 

(Bloom et al., 1992). Biomass N concentration of the N1-C0 treatment on the other hand, did 

not significantly differ from the control vegetation except in bryophyte biomass. N1-C0 plots 

received half the amount of N addition of the other three N treatments, thus implying that 

35 kg-1 ha-1 yr-1 of N was not enough to alter the chemistry of vascular plants at this site. As N 

addition did not seem to alter any other N pools in the N1-C0 treatment either, this could 

indicate high levels of N loss from the system perhaps due to leaching. Substantial N leaching 

coupled with the annual removal of plant biomass containing increased amounts of N could 

a) b) 
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also explain why soil N content (total, at different depths, in different fractions, plant-

available and DON) did not significantly differ between N treatments. In addition, plant-

available N and DON were sampled in the first year after N addition was terminated, and 

therefore this was another likely cause for the lack of difference in these variables between 

treatments. Phoenix et al. (2003) conducted a study of an acid grassland in the White Peak 

area of Derbyshire and found that only up to 38% of the simulated additional N deposition 

(35 or 140 kg N ha-1 yr-1 as NH4NO3) was accumulated in this system. They found that the 

major fluxes of N loss from this grassland were via the removal of aboveground biomass and 

through N leaching, and that both the losses through biomass removal and leaching were 

increased by N addition. It must be noted that the acid grassland studied by Phoenix et al. 

received very high levels of background N deposition (35+ kg-1 ha-1 yr-1), whereas the site in 

Revna, Norway receives around 6 kg-1 N ha-1 yr-1. However, a recent study by Tian et al. 

(2016a) suggests that grassland ecosystems are more susceptible to N saturation by chronic 

atmospheric N deposition, so perhaps even low levels of deposition can have an impact over 

time.  

 

Despite increases in biomass N, there was no significant increase in the overall vegetation N 

pool because there were no significant differences in the amount of biomass at each 

treatment. Ammonium chloride may even have had a slight detrimental (although not 

significant) effect on the amount of aboveground biomass in the N2-RED plots. This could 

potentially be due to adverse effects of soil acidity, or perhaps toxicity effects of ammonium 

accumulation (de Graaf et al., 1998; Lucassen et al., 2003). Lack of plant growth despite an 

increase in plant biomass N concentration suggests that N is not limiting at this site. Similar 

results were reported by Carroll et al. (2003) when they studied acid grassland plots 

receiving 35, 70 and 140 kg N ha-1 yr-1 as NH4NO3 and 140 kg N ha-1 yr-1 as (NH4)2SO4 over a 

period of six years. In this study, N addition did not affect plant growth, however, it did 

increase shoot tissue N, especially in the (NH4)2SO4 treatment. Carroll et al. also propose that 

in the long-term, accumulation of ammonium ions in the soil could lead to possible toxic 

effects on plant growth.  

 

3.4.2 Effects of N addition on C pools  

 

Contrary to expectations, no significant difference was found in total biomass C between 

treatments. This lack of effect of N addition on biomass C is unexpected, as many studies 
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report a positive effect of N fertilisation on plant growth (Baer and Blair, 2008; LeBauer and 

Treseder, 2008; Semmartin and Oesterheld, 2001; Zhang et al., 2015). It is possible that N 

addition did not have a significant effect on plant biomass C because of N-induced P 

limitation at this site. Several studies describe the importance of N and P co-limitation as a 

constraint on primary production (Carroll et al., 2003; Harpole et al., 2011; Phoenix et al., 

2003; Tampere et al., 2015). Elser et al. (2007) for example, not only found widespread 

evidence for strong positive synergistic effects of combined N and P enrichment, but also 

that fertilisation with only N or P quickly induced limitation by the other nutrient. Indeed, 

N:P ratios for total aboveground biomass were significantly higher for N2-C0 and N2-RED 

treatments compared with control plots, and grass N:P ratios were significantly higher for 

N2-C0, N2-OX and N2-RED treatments. These decreases in the amount of P compared to N in 

plant biomass along with the fact that extractable soil plant-available P was very low at this 

site (see table 2.1 in methods) support the idea that P limitation may be limiting the effects 

of N addition (Phoenix et al., 2012). However, it must be noted that the short Norwegian 

growing season coupled with annual biomass removal and potentially high leaching may also 

have had an effect on how aboveground biomass responded to N addition.  

 

N addition decreased the C:N ratio of all the dominant functional plant groups in all the high 

N treatments, thereby increasing the quality of the litter produced. This effect was strongest 

in the N2-RED treatment. The N1-C0 treatment did not significantly differ from the control 

vegetation except in the bryophyte biomass C:N ratio. Litter quality is known to affect 

decomposability (Nicolardot et al., 2001), which has implications for C cycling. However, due 

to the annual biomass removal carried out at this site, litter is of limited importance in this 

system. Nonetheless, although not significantly different, the mean proportion of litter 

biomass in all 70 kg N ha-1 yr-1 treatments increased compared to control plots, which could 

be indicative of either earlier senescence (as samples were collected in July), or perhaps 

increased late summer growth the previous year.  

 

There was no significant difference in soil C content between treatments. This was true for 

total soil C, as well as C at different depths. Large changes in soil C after seven years of 

experimental N addition were not expected, as studies have shown that N addition is likely 

to have only minor effects on grassland soil C storage (Lu et al., 2011a). Nonetheless, it was 

surprising that no differences were found for N2-RED and N2-C0 treatments, where soil pH, 

plant C:N ratios and fungal:bacterial ratios in N2-RED were negatively affected by N inputs. It 

was expected that the effects of lower pH and higher quality litter might change the soil 
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microbial community and thus alter rates of organic matter decomposition (Allison et al., 

2013; Pietri and Brookes, 2009). However, even in N2-RED, where lower fungal:bacterial 

ratio suggests a change in the microbial community of these plots, no significant changes to 

C pools were observed, thus implying that overall decomposition rates remained unaltered. 

Several studies have suggested that N addition may not always have an effect on 

decomposition rates, and can actually inhibit litter decomposition. A study by Aerts et al. 

(2003) showed that long-term nutrient addition did not lead to increased decomposition 

rates in grasslands. They suggest that N is more likely to affect ecosystem C balance via 

effects on litter production rather than by affecting decomposition rates. Peng et al. (2014) 

report that high rates of N addition (both reduced and oxidised forms) to a semi-arid 

temperate grassland inhibited litter mass loss after one and two years. They propose that N 

addition can exhibit neutral or inhibitory effects on grassland litter decomposition, as any 

stimulatory effect of N on the decomposition of labile C may be offset by direct N 

suppression of the decay of more recalcitrant organic matter. Peng et al. suggest that such 

inhibitory effects of N on recalcitrant litter are not caused by changes to biomass C and N 

concentrations. Instead, potential underlying mechanisms could include N addition induced 

C limitation for microbial degradation, reduced microbial diversity and activity, and 

suppression of certain lignin-degrading enzymes. They also add that N enrichment can 

produce recalcitrant compounds by reacting with litter components. At Revna, there is an 

additional possibility that any potential effects of N on soil C were affected by P limitation 

constraints on primary productivity. Also, as previously mentioned, the annual biomass 

harvest may have negated the effects of reduced biomass C:N ratios on C cycling at this site.  

 

Coarse and fine soil fraction C did not show any significant differences between treatments. 

However, the very fine (mineral-associated) soil fraction C content of the N2-C0 treatment 

was significantly lower than that of the control plots. As the mineral fraction is associated 

with the longest soil C residence times, these results imply that over the course of 7 years, 

70 kg/ha/yr of N deposition as ammonium nitrate may have negatively affected the soil’s 

capacity for long-term C storage. If this is the case, then changes could be observed in the 

soil C pool if the experiment were to run for more years. This finding is contrary to the work 

of Neff et al. (2002), who state that while long-term (10+ years) N addition accelerates the 

decomposition of light soil C fractions, it also stabilises soil C compounds in the mineral-

associated fractions of an alpine dry meadow. They speculate that this may have been due to 

some plant material moving directly into stabilized, mineral-associated SOM pools. However, 

Manning et al. (2006) also reported a decrease in C storage in the mineral-associated soil 
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fraction with N deposition (44 kg ha-1 yr-1), which they thought could have been due to 

changes in arbuscular mycorrhizal fungi (which were less abundant under high N deposition). 

It must be noted though, that this experiment was a highly artificial mesocosm study, and 

may therefore be less comparable to a natural system. Although no differences were 

detected in total soil C pools, soil DOC was significantly lower in N2-C0, N2-OX and N2-RED 

treatments compared with control plots, despite it being measured in the first year after N 

addition was terminated. While DOC is known to decrease at lower pH (Evans et al., 2012), 

this cannot be the reason for the observed decreases in DOC, as N2-OX did not exhibit lower 

soil pH. Instead, perhaps lower DOC is indicative of a decrease in available substrate C. This 

might suggest a possible C limitation, which could help to explain why N did not increase 

plant biomass. N addition has been shown to decrease the root C pool in grasslands (Zeng et 

al., 2010). Therefore, it might be possible that a C limitation could have been at least partly 

prompted by decreased root exudation.  

 

3.4.3 Effects of N addition on plant and microbial community structure 

 

There was no indication of any significant changes to plant community structure at this site, 

as none of the biomass proportions of the different functional groups showed any significant 

changes. This was not the case in a previous study of this site, where the N2-RED treatment 

had been found to reduce forb biomass (Dorland et al., 2013). Even species richness was not 

found to have changed significantly with N addition, although N2-C0 and N2-OX lost two 

species on average. These findings were unexpected, as many studies report a negative 

effect of N enrichment/deposition on grassland plant species richness and diversity (Dupre 

et al., 2010; Humbert et al., 2016; Roth et al., 2013; Stevens et al., 2004). However, effects of 

N addition in areas with low background N deposition can take many years to become 

apparent, and are likely to be cumulative (Dupre et al., 2010). 

 

Although there were no observable changes to plant biomass, N2-RED displayed a significant 

decrease in the fungal:bacterial PLFA ratio. This indicates that the microbial community in 

these plots may have shifted to become more dominated by bacteria. Bacteria are known to 

favour the decomposition of high quality litter (Lange et al., 2014). This would be expected 

to have negative implications for soil C storage, as unlike fungi, bacteria tend to promote 

faster C turnover rates due to their shorter life cycle and preference for more labile C 

(Moore et al., 2003), but no differences in soil C pools were observed. A decrease in 
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fungal:bacterial ratios with increased N addition is also reported in the work of de Vries et al. 

(2006), and was mainly attributed to a decrease in fungal biomass. Despite not being 

significant, there were trends for decreasing total, fungal and bacterial PLFAs with N 

deposition (especially for N2-RED). This suggests that N deposition may be reducing the 

active microbial biomass at this site, thus possibly reducing the potential for decomposition 

of organic matter. These results are in contrast with those of Manning et al. (2008), who 

found that N deposition positively affected total, fungal and bacterial PLFAs in their 

mesocosm experiment. However, Rousk et al. (2011) examined the long-term N fertilisation 

Park Grass experiment and found that total, fungal and bacterial PLFAs were lower with high 

N application. They suggested this could potentially be due to reduced soil organic carbon 

quality. Johnson et al. (1998) also report that 7 years of N addition may reduce microbial 

biomass and activity in P-limited grasslands. Other measures of microbial biomass and 

activity (microbial biomass C and N, and N mineralisation rate) were not significantly 

different between treatments, but these measures are less likely to pick up on subtle 

changes to the microbial community at this site.  

 

Although results suggest that the microbial communities in the N2-RED plots may have been 

altered, this did not result in any changes to total soil C pools. This could indicate that 

changes to the microbial communities had a neutral effect on organic matter decomposition 

rates. It is interesting to note that although soil pH was significantly lower in both the N2-

RED and N2-C0 treatments than in control plots, the fungal:bacterial ratio was only 

significantly lower in N2-RED. N2-RED plots had the lowest mean soil pH (4.39), but this was 

not significantly different from the soil pH of the N2-CO plots (4.71). Therefore, the lack of 

change in the fungal:bacterial ratio in the N2-CO plots could indicate that perhaps it was the 

high level of ammonium addition of the N2-RED treatment, rather than the pH change, that 

caused an increase in bacteria relative to fungi. The significance of N form over that of pH for 

grassland processes has been described in the work of van den Berg et al. (2016), who 

propose that N form may have a more important role than pH in driving the relationship 

between N deposition and plant species richness across various UK ecosystems.  

 

3.5 Conclusions 

 

N addition affected some aspects of vegetation and soil chemistry, as well as microbial 

community structure. Biomass C:N ratios of N2-C0, N2-OX and N2-RED, soil pH of N2-C0 and 
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N2-RED and the fungal:bacterial ratio of N2-RED all decreased with N fertilisation. However, 

despite these alterations, there were no significant differences in soil (and vegetation) total 

C and N pools between treatments. The lack of change observed in soil C and N could be due 

to nutrient co-limitation restrictions on primary productivity, N leaching, or perhaps simply 

because the experiment had not been running long enough for significant changes to soil C 

to occur. Indeed, decreases in soil DOC in all three high N treatments, and lower very fine 

fraction C in N2-C0 could indicate that changes were beginning to occur.  

 

Although most effects observed were strongest for the N2-RED treatment, there is no 

evidence to suggest that there were significant differences in the effects of reduced N 

compared to oxidised N deposition on overall C and N pools. However, given that N2-RED 

was the only treatment that displayed a significant change in the microbial community, this 

could potentially lead to effects on C and N cycling and storage over longer periods of N 

addition (decades).  

 

Although few changes were observed after seven years of N addition, other studies have 

shown that even low levels of N can have impacts over longer periods of time (Phoenix et al., 

2012). The large declines in soil pH with reduced N additions in particular could have 

important consequences in the long term, especially for plant community composition and 

therefore the indirect effects of N on C storage (Kleijn et al., 2008). 
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Chapter 4: Seven years of nitrogen addition reduce CO2 emissions from Norwegian 

acidic grassland soil 
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Seven years of nitrogen addition reduce CO2 emissions from Norwegian acidic grassland 

soil 

 

4.1 Abstract  

 

Due to increasing human consumption of fossil fuels, artificial fertilisers and animal-derived 

products, atmospheric nitrogen (N) deposition has become a major problem for ecosystems 

worldwide. It is known that the carbon (C) and N cycles are very closely linked. As a major C 

sink, soil is essential for climate change mitigation. Determining the impacts of N addition on 

soil C storage is crucial to furthering our understanding of how soil can be managed as a C 

sink.  

In this study we wanted to examine the effects of N addition on soil respiration and 

temperature sensitivity. In 2007, a replicated N-addition experiment was set up on a species-

rich, acid grassland site in Revna, Norway. Until 2014, N was added in three doses (0, 35 and 

70 kg N ha-1 yr-1) and three forms (NaNO3, NH4Cl and NH4NO3). In July 2014, intact soil 

cores were collected from Revna; three sets of cores were incubated in jars at either 10, 16 

or 22⁰C. A fourth set was spiked with phosphorous (P) and incubated at 16⁰C. Gas samples 

were collected on the fifth, seventh and fifteenth day of incubation. Carbon dioxide (CO2) 

and nitrous oxide (N2O) concentrations were determined using a gas chromatograph.  

Overall CO2 fluxes were found to be lower for N treatment cores compared with control 

cores (p<0.001), suggesting that N addition may have inhibited soil microbial activity at this 

site. This could be due to N-enhanced C limitations, which may be constraining 

decomposition. Although N2O emissions and temperature sensitivity did not significantly 

differ between treatments, P addition caused a significant increase in CO2 (and to some 

extent N2O) fluxes. This indicates that the effects of N addition may be mitigated by P 

availability. This study shows that grassland soil C pools may be more resilient to N addition 

than previously thought. However, multiple nutrients must be considered when studying the 

impacts of N pollution and climate change on soil C storage. 
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4.2 Introduction  

 

Since the 1950s, human influence has had a profound impact on the global nitrogen (N) 

cycle. Due to activities such as artificial fertiliser production, fossil fuel combustion and large-

scale livestock farming, human processes now account for the conversion of more N2 into 

reactive N (Nr) than is naturally produced in the world per year (Erisman et al., 2011; 

Galloway and Cowling, 2002). This extra Nr production is causing serious environmental 

problems, one of which is N accumulation in terrestrial systems (Galloway et al., 1995; 

Rockstrom et al., 2009). Due to atmospheric deposition, volatilised N from farms, cities and 

roads is transported to many ecosystems that would normally be N limited. This N 

enrichment is having a major impact on biodiversity and soil processes (Bobbink et al., 2010; 

Bobbink et al., 1998; Galloway et al., 2003). 

In recent years, researchers have acknowledged the importance of considering the links 

between increased Nr levels and the carbon (C) cycle. Although this field is still full of 

uncertainty, knowledge of how Nr addition may affect C cycling, and thus climate change is 

rapidly expanding. N is known to affect the growth, activity and community composition of 

plants and soil microorganisms through various direct and indirect pathways (Bardgett et al., 

1999; Bardgett and Wardle, 2010; LeBauer and Treseder, 2008; Rousk et al., 2011; Stevens et 

al., 2010). This in turn can affect how C is stored and cycled in the soil. It is this potential 

change in the terrestrial C sink that is especially significant (Erisman et al., 2011). Only 45% 

of all current anthropogenic CO2 emissions remain in the atmosphere. Of the remaining 55%, 

30% is taken up by terrestrial ecosystems and 25% by the oceans (Erisman et al., 2011). 

Globally, terrestrial systems contain approximately 2100 Gt of C (De Deyn et al., 2008), of 

which around 80% is stored in soils (Bardgett and Wardle, 2010), thus making soil essential 

to climate change mitigation.  

Depending on how N may be affecting soil C storage, it could have substantial consequences 

for climate change. Early research projected that N deposition would increase the potential 

for C storage in terrestrial ecosystems due to additional photosynthetic conversion of CO2 

into organic C (Galloway et al., 1995). Estimates for the amount of C potentially stored as 

biomass due to N addition ranged from 0.2 to 9 Pg Yr-1 (Galloway et al., 1995). However, 

research has shown that in some circumstances, other consequences of N fertilisation 

include increased decomposition rates (Fenn, 1991; Hunt et al., 1988), which could offset the 

amount of C stored due to increased plant growth.  
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As temperatures rise, it is expected that soil respiration, and therefore soil CO2 emissions, 

will increase (Schlesinger and Andrews, 2000). However, the combined effects of warming 

plus N addition on C loss via CO2 emissions may not be so straightforward. Graham et al. 

(2014) reported that soil warming (3⁰C) and N addition (50 kg ha-1 yr-1) increased soil 

respiration by 41% and 12% respectively in an experimental tussock grassland. In addition, 

these effects were additive under combined warming and nitrogen addition. Conversely, Tao 

et al. (2013) found that although temperature (10⁰C increase) had a positive effect on CO2 

production in wetland soil, N addition (0.1, 0.2 and 0.5 mg N g−1 sample) had the opposite 

effect. This contrast in the effects of N on respiration could be due to differences in the two 

habitats studied, especially differences in water availability and plant communities, but it 

exemplifies the need for further research in this area.  

Another important greenhouse gas emission that can be altered by N addition is nitrous 

oxide (N2O). Although the volume of N2O emitted worldwide is much smaller than that of 

CO2, N2O has a global warming potential 310 times greater than that of CO2 (IPCC, 1996). N2O 

is created via the process of denitrification, which is when denitrifying bacteria (mostly 

anaerobic) reduce nitrate (NO3
-) to nitrite (NO2

-), then to N2O and nitric oxide (NO), then 

finally to molecular nitrogen (N2). N addition to soil can lead to increased emissions of N2O 

(Clayton et al., 1997; Davidson, 2009; Galloway et al., 2003), thus adding to climate forcing. 

Furthermore, temperature rises are predicted to increase soil emissions of N2O due to 

enhanced soil respiration (Smith, 1997).  

The rate at which soil CO2 emissions increase with temperature could also be influenced by N 

addition. Again, contrasting results have been published regarding the effect of N 

fertilisation on soil temperature sensitivity. In their work on an alpine meadow, Zhang et al. 

(2014) found that two years of N addition (9.2 g and 2.3 N m−2 yr−1) caused a significant 

decrease in Q10 (the factor by which the rate of reaction changes as temperature increases 

by 10⁰C) compared to the control during the non-growing season. However, no such 

difference was found during the growing season. Hu et al. (2010) found that although N 

addition (50, 100 and 150 kg N ha−1 yr−1) reduced soil respiration, it increased the 

temperature sensitivity of the soil in a northern subtropical deciduous broadleaf forest. 

Cusack et al. (2010) also found that N fertilization (50 kg N ha−1 yr−1) significantly increased 

the temperature sensitivity of slowly cycling C pools in two tropical forests.  

Anthropogenic Nr creation is expected to increase as global populations rise, so assuming 

they reach a peak in around 2050, this will mean increasing Nr pollution for at least another 
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35 years (Galloway and Cowling, 2002). This increase, coupled with potential temperature 

rise could have severe consequences. Moreover, although current policies have been 

successful in reducing the emission of oxidised forms of N, a lot less has been achieved for 

reduced N (Sutton et al., 2011). This could mean that in the future, the proportion of NOx to 

NHy could change. This is significant because there is evidence to suggest that different 

forms of N have differential effects on plant and soil processes (Stevens et al., 2011b). 

Nutrient co-limitation must also be considered when assessing the effects of N deposition on 

C cycling in soil. Several studies have described the importance of N and P co-limitation as a 

constraint on primary production (Carroll et al., 2003; Elser et al., 2007; Harpole et al., 2011; 

Phoenix et al., 2003; Tampere et al., 2015). If P is a constraint to the effects of N on plant 

growth, then this could affect the microbial community and therefore soil respiration. It is 

crucial that research is conducted into soil responses to different nutrient additions as well 

as temperature rise in order to deal with all this uncertainty.  

This study aimed to evaluate whether seven years of N addition have changed respiration 

rates, N2O production and temperature sensitivity of soil from a Norwegian acid grassland. In 

addition, the experiment examined whether any effects on gas fluxes differed with the 

application of varying forms of N, as well as with the addition of P.  

It was hypothesised that:  

1. N addition would increase soil respiration (CO2 emission) due to increased microbial 

activity.   

2. N addition would increase N2O emissions from soil due to soil N accumulation.   

3. N addition would increase the temperature sensitivity (Q10) of the soil due to 

changes in the microbial community (higher proportion of bacteria, see Chapter 3).  

4. P addition would further increase both CO2 and N2O emissions, as it would remove 

any constraints on decomposition caused by P limitation.  

 

In order to test these hypotheses, various intact soil cores were collected from a long-term N 

addition experiment, incubated at different temperatures and gas samples were collected 

over two weeks.  
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4.3 Results  

4.3.1 Effects of long term N addition on CO2 and N2O fluxes 

4.3.1.1 CO2 fluxes  

 

On days 5 and 7 the mean amounts of CO2 released were 0.55 and 0.54 mg CO2-C kg-1 hr-1 

respectively, but by day 15 the quantity of CO2 released had slightly decreased to a mean of 

0.47 mg CO2-C kg-1 hr-1. Nonetheless, CO2 fluxes were not significantly different between 

sampling days (p=0.05). CO2 fluxes significantly increased with temperature (p<0.001), with 

mean CO2 emissions being 0.31, 0.40 and 0.85 mg CO2-C kg-1 hr-1 at 10, 16 and 22⁰C 

respectively. Overall, CO2 fluxes were significantly different between N treatments (p<0.001). 

N0-C0 (control) cores exhibited the highest overall CO2 fluxes (mean = 0.72 mg CO2-C kg-1 hr-

1). The second highest fluxes generally came from the N2-OX cores, followed by the N1-C0 

cores, and finally the N2-C0 and N2-RED cores (mean = 0.58, 0.51, 0.41 and 0.37 mg CO2-C 

kg-1 hr-1 respectively). CO2 fluxes were significantly lower in N1-C0, N2-C0, N2-OX and N2-RED 

compared with N0-C0 cores (p<0.001, <0.001, <0.01 and <0.001 respectively; Figure 4.1). In 

addition, CO2 fluxes were lower in N2-RED cores compared with N1-C0 and N2-OX cores 

(p<0.01 and <0.001 respectively), and in N2-C0 compared with N2-OX (p<0.001; Figure 4.1). 

There were no significant interactions between N treatment and temperature (p=0.879).  

 

Figure 4.1: Log soil CO2 fluxes for each treatment across all incubation days (5, 7 and 15) and 
temperatures (10, 16 and 22⁰C). Letters above boxplots represent significant differences (p<0.05) 
between field N addition treatments as measured using a Tukey post-hoc test.  
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4.3.1.2 N2O fluxes  

 

N2O emissions were significantly different between sampling days (p<0.001). Mean N2O 

emissions were 10.81 and 9.72 μg N2O-N kg-1 hr-1 on days 5 and 7 of the incubation 

respectively, but had decreased to 3.33 μg N2O-N kg-1 hr-1 by day 15. N2O emissions 

significantly increased with temperature (p<0.001). Mean N2O emissions were 2.81, 8.86 and 

12.20 μg N2O-N kg-1 hr-1 at 10, 16 and 22⁰C respectively. N2O emissions were not significantly 

different between N treatments (p=0.81; Figure 4.2). Mean N2O emissions were 8.10, 7.04, 

7.73, 7.74 and 9.16 μg N2O-N kg-1 hr-1 for N0-C0, N1-C0, N2-C0, N2-OX and N2-RED 

respectively. However, there was a significant interaction between treatment and 

temperature for N2O emissions (p<0.05).  

 

Figure 4.2: Soil N2O fluxes for each treatment across all incubation days (5, 7 and 15) and 
temperatures (10, 16 and 22⁰C). Circles represent outliers.  
 

4.3.2 Effects of long term N addition on temperature sensitivity  

 

There were no significant differences between the Q10 values of the different N treatments 

(p=0.28). Mean Q10 values calculated from the CO2 fluxes of cores incubated at 10 and 22⁰C 

were 2.22, 2.45, 2.59, 2.49 and 2.92 for N0-C0, N1-C0, N2-C0, N2-OX and N2-RED 

respectively. However, there was a very slight (non-significant) trend for increasing Q10 

values with N addition (Figure 4.3).  
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Figure 4.3: Log Q10 values for each treatment calculated from cores incubated at 10 and 22⁰C across 
all incubation days (5, 7 and 15).  
 

4.3.3 P effects on CO2 and N2O fluxes  

4.3.3.1 CO2 fluxes 

 

All cores that were spiked with P emitted significantly more CO2 than the cores that were 

incubated at the same temperature but did not receive any P (p<0.001; Figure 4.4). Control 

cores with added NaCl did not significantly differ from control cores incubated at the same 

temperature, but without NaCl (p=0.74; Figure 4.4). Mean CO2 emissions of cores spiked 

with P (and control cores spiked with NaCl) were 0.68, 0.99, 0.86, 0.75 and 0.85 mg CO2-C kg-

1 hr-1 for N0-C0, N1-C0, N2-C0, N2-OX and N2-RED respectively. CO2 emissions of cores 

spiked with P were significantly higher for N1-C0, N2-C0 and N2-RED than for control cores 

(p<0.001, <0.01 and <0.01 respectively; Figure 4.4). Mean CO2 emissions of cores incubated 

at 16⁰C that did not receive any P were 0.60, 0.42, 0.28, 0.38 and 0.31 mg CO2-C kg-1 hr-1 for 

N0-C0, N1-C0, N2-C0, N2-OX and N2-RED respectively. CO2 emissions of cores incubated at 

16⁰C that did not receive any P were significantly lower for N1-C0, N2-C0, N2-OX and N2-RED 

compared with control cores (p<0.05, <0.001, <0.05 and <0.001 respectively; Figure 4.4). 

There was a significant (p<0.001) interaction between P addition and N treatments for CO2 

fluxes.  
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Figure 4.4: Log soil CO2 fluxes for each treatment across all incubation days (5, 7 and 15). Dark grey 
boxes represent cores incubated at 16⁰C, while light grey boxes represent cores incubated at the 
same temperature, but spiked with P (except for N0-C0, which was spiked with NaCl). Letters above 
boxplots represent significant differences (p<0.05) between treatments as measured using a Tukey 
post-hoc test.  

 

4.3.3.2 N2O fluxes 

 

Mean N2O emissions of the cores spiked with P (and control cores spiked with NaCl) dropped 

from 37.54 and 37.18 μg N2O-N kg-1 hr-1 on days 5 and 7, to 6.79 μg N2O-N kg-1 hr-1 on day 15. 

In contrast, the mean N2O emissions of cores incubated at 16⁰C that did not receive any P 

remained consistent throughout the incubation period (8.32, 9.75 and 8.50 μg N2O-N kg-1 hr-1 

on days 5, 7 and 15 respectively). Due to this, N2O emissions from days 5 and 7 were 

analysed separately from day 15.  

On days 5 and 7, mean N2O emissions of cores spiked with P (and control cores spiked with 

NaCl) were 24.42, 27.74, 29.68, 70.76 and 34.20 μg N2O-N kg-1 hr-1 for N0-C0, N1-C0, N2-C0, 

N2-OX and N2-RED respectively. On days 5 and 7, mean N2O emissions of cores incubated at 

16⁰C that did not receive any P were 9.50, 8.25, 6.03, 12.53 and 8.89 μg N2O-N kg-1 hr-1 for 

N0-C0, N1-C0, N2-C0, N2-OX and N2-RED respectively. Although overall N2O emissions on 

days 5 and 7 were significantly higher in cores spiked with P compared with cores incubated 

at the same temperature (p<0.001), the only treatment that showed a significant increase in 

N2O emissions with P addition was N2-OX (p<0.001; Figure 4.5a). Due to this, there was a 

significant interaction between P addition and N treatment (p<0.01).  
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All significant effects of P addition and N treatment on N2O emissions were lost by day 15 of 

the incubation (Figure 4.5b).  

 

Figure 4.5: Soil N2O fluxes for each treatment on days 5 and 7 (a) and on day 15 (b) of the incubation. 
Dark grey boxes represent cores incubated at 16⁰C, while light grey boxes represent cores incubated 
at the same temperature, but spiked with P (except for N0-C0, which was spiked with NaCl). Letters 
above boxplots represent significant differences (p<0.05) between treatments as measured using a 
Tukey post-hoc test.  

 

 

a) 

b) 
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4.4 Discussion  

4.4.1 Effects of N addition on CO2 fluxes 

 

N addition led to a significant decrease in soil CO2 fluxes, indicating that N may have 

suppressed microbial activity at this site. The negative effect of N application on microbial 

respiration has been documented in several N fertilization studies (Burton et al., 2004; 

DeForest et al., 2004; Fisk and Fahey, 2001; Fog, 1988; Knorr et al., 2005; Liu and Greaver, 

2010; Olsson et al., 2005; Pregitzer et al., 2008; Ramirez et al., 2010; Treseder, 2008). In 

addition, Ramirez et al. (2010) tested the effect of different forms of inorganic N addition 

(NH4NO3, KNO3, NH4Cl, (NH4)2SO4, Ca(NO3)2) on microbial respiration in grassland soil. As in 

our study, they found that all N forms had a negative effect on microbial respiration. 

However, Ramirez et al. did not find differences in the magnitude of the decrease between N 

forms. Contrastingly, in this study the treatments receiving high levels (70 kg N ha-1 yr-1) of 

reduced N (N2-RED and N2-CO) showed a larger decrease in respiration than the treatment 

receiving only oxidised N (N2-OX). This suggests that high levels of ammonium addition may 

have had an especially detrimental effect on soil microbial activity at this site. Interestingly, 

the pattern observed for CO2 fluxes was the same as that of soil pH at this site (pH was 

lowest in N2-RED followed by N2-C0, and highest in N0-C0 and N2-OX, see Chapter 3), which 

suggests that CO2 fluxes may have been affected by reduced N-induced acidification. Indeed, 

Chen et al. (2016) conducted a long-term (12 year) N addition experiment on a semi-arid 

grassland and found that reductions in microbial respiration were more strongly controlled 

by N-induced acidification than by N availability.  

Although microbial biomass C and N were not significantly different between treatments at 

this site (see Chapter 3), there was a non-significant trend for decreased total PLFA biomass 

with N addition, especially in the N2-RED treatment (see Chapter 3). As total PLFA biomass is 

regarded as a measure of active microbial biomass (Bardgett and McAlister, 1999), this helps 

to support the idea that N addition (especially reduced N) may be suppressing microbial 

activity. There was also a trend for decreased fungal:bacterial ratio with N addition at this 

site, however N2-RED was the only treatment that displayed a significantly lower 

fungal:bacterial ratio (see Chapter 3). This suggests that N addition (especially reduced N) 

may have caused a shift in the microbial communities at this site, favouring bacteria over 

fungi. Ramirez et al. (2012) propose that N addition decreases microbial respiration by 

changing bacterial community composition, thus yielding communities that are less capable 

of decomposing more recalcitrant soil C pools. In their study of the Park Grass experiment, 
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Rousk et al. (2011) also note a decrease in the fungal:bacterial PLFA ratio with N fertilisation, 

as well as a decrease in respiration with increased N addition. However, they attribute this to 

a decrease in soil organic carbon (SOC) availability, and state that the negative impact of N 

on soil respiration was largely unrelated to changes in the actively growing microbial 

population, and instead C availability directly influenced soil respiration. Eberwein et al. 

(2015) also state that C availability regulated the respiration response of their soil 

incubations to N and temperature. Indeed, despite no significant differences between the 

total soil C contents of the different treatments (see Chapter 3), soil at the Revna site 

showed a significant decrease in DOC with N addition (see Chapter 3). This could indicate 

that N fertilisation has reduced available SOC at this site, thus potentially driving the 

decrease in soil microbial respiration. Reduced microbial respiration with increased N 

fertilisation has been attributed to the suppression of the activity of enzymes required for 

the mineralisation of recalcitrant litter fractions (Berg and McClaugherty, 2008; Fog, 1988), 

resulting in an increased proportion of low-quality C in the SOC.  

4.4.2 Effects of N addition on N2O fluxes 

 

N addition did not lead to any significant changes to soil N2O fluxes. This may have been due 

to the lack of N accumulation in the soil at this site, as demonstrated by the lack of 

significant change in soil N pools between treatments at this site (see Chapter 3). It is also 

possible that most N2O emissions occurred soon after the field N application, and therefore 

were not captured by this lab incubation. Clayton et al. (1994) for example, found that N2O 

fluxes peaked five days after N fertilisation. Conversely, the absence of an effect of N 

addition on N2O production may have, like CO2, been constrained by SOC availability. In their 

laboratory soil incubations, Liang et al. (2015) found that labile C as well as reactive N 

additions regulated both N2O and CO2 fluxes due to controls on decomposition rates. In 

addition, Bouwman et al. (2002) report that N2O emissions increase with N application rates 

as well as with higher soil organic C content.  

4.4.3 Effects of N addition on temperature sensitivity  

 

Despite a very slight trend for increasing Q10 with N addition, N fertilisation did not lead to 

any significant changes to the soil’s temperature sensitivity. Similarly, Zhu et al. (2016) found 

that N addition did not affect the temperature sensitivity of soil respiration in a semi-arid 

grassland. In addition, Qian et al. (2016) found that seasonality, rather than N addition, 

influenced the temperature sensitivity of microbial respiration in soil from five different 
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systems (including a grassland). It is possible that the effect of N addition on temperature 

sensitivity may have been constrained by SOM availability. Karhu et al. (2014) collected soils 

along a climate gradient from the Arctic to the Amazon to investigate how microbial 

community-level responses control the temperature sensitivity of soil respiration. They 

found that the strongest enhancing responses were observed in soils with high C:N ratios. In 

addition, Gershenson et al. (2009) found that increased substrate availability had a 

significant positive effect on the temperature sensitivity of soil respiration. It is also possible 

that temperature sensitivity effects may have been constrained by P limitation, as available P 

at this site was very low (mean of 0.020 g m-2 for 10 cm depth). A study by Elser et al. (2007) 

for example, found widespread evidence that fertilisation with only N or P quickly induced 

limitation by the other nutrient.  

4.4.4 Effects of P addition on CO2 and N2O fluxes 

 

P addition significantly increased soil CO2 production for every N treatment. This result 

strongly suggests that the soil at this site is P-limited, and that this limitation is potentially 

mitigating the effects of N addition on CO2 emissions. If this is truly the case, it has 

implications for the C-storing capacity of acid grasslands. Indeed, some studies have put 

forth the idea that increased N deposition has created an imbalance between N and P, and 

has led to a shift from N to P limitation in some ecosystems (Penuelas et al., 2012; Vitousek 

et al., 2010). However, in contrast to our results, Li et al. (2010) found that N and P additions 

to a semi-arid grassland did not affect soil respiration. Peng and Thomas (2010) also found 

that P addition reduced microbial respiration in a northern hardwood forest subjected to N 

deposition. N0-C0 cores spiked with NaCl did not differ significantly from the N0-C0 cores 

incubated at the same temperature, but with no NaCl. This shows that the NaCl added as 

part of NaH2PO4 probably did not have any effects on the soils’ response to P. The significant 

interaction between P addition and N treatments for CO2 fluxes suggests that there may be 

implications for temperature sensitivity when N and P are both added to this site.  

P addition did not significantly change soil N2O production for all treatments except for N2-

OX. In tropical soils however, where P is often a limiting nutrient, P addition has been found 

to reduce N2O emissions by increasing respiratory efficiency (Mori et al., 2016). When P was 

added to N2-OX cores, it significantly increased N2O emissions compared with N2-OX cores 

incubated at the same temperature. This could indicate that denitrification may have been 

the most important process for N2O production in the soil from this site. Indeed, in their 

experiment, Anderson and Levine (1986) found that the highest N2O production came from a 
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denitrifying bacterial species, and Firestone et al. (1980) found that increasing 

concentrations of nitrate enhanced production of N2O relative to molecular nitrogen during 

denitrification in soils. Increased N2O emissions with N and P enrichment in acid grasslands 

could have implications for climate forcing, as N2O is a powerful greenhouse gas (Lashof and 

Ahuja, 1990). However, the variability for these fluxes was very high, and the effect was lost 

after 15 days of incubation. Overall, results suggest that the effects of N addition on N2O 

emission at this site might be constrained by P availability, but that this is likely to depend on 

the N form. In addition, N2O emissions may peak quite soon after P addition.   

 

4.5 Conclusions  

 

Seven years of N addition have had a significant negative impact on soil respiration rates. 

This reduced microbial activity is probably due to a combination of N-enhanced C and P 

limitations, as well as possible effects of N-induced acidification. It must be noted that 

treatments containing high levels of ammonium tended to display the strongest reductions 

in CO2, which could become important if reduced forms of N do become dominant in the 

future. Although N2O emissions and temperature sensitivity did not significantly differ 

between treatments, there is a possibility that this might not be the case if P was not a 

limiting factor. This study shows that it is important to consider multiple nutrients when 

accessing the impacts of N deposition on C and N cycling in grassland soils.  
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Chapter 5: Investigating the effects of low levels of nitrogen deposition on carbon 

and nitrogen pools in a Welsh acid grassland 
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Investigating the effects of low levels of nitrogen deposition on carbon and nitrogen pools 

in a Welsh acid grassland  

 

5.1 Abstract  

 

Atmospheric nitrogen deposition is a major threat to biodiversity and ecosystem service 

provision around the globe. Through processes such as eutrophication and soil acidification, 

increased availability of reactive forms of nitrogen can lead to alterations of terrestrial 

nitrogen and carbon cycling. Research over the past couple of decades has enabled the 

establishment of thresholds for nitrogen impacts to different ecosystems. Although 

thresholds vary between systems, one common value used is 10 kg ha-1 yr-1. Given that this 

value theoretically represents the rate at which nitrogen deposition starts to have an effect 

on ecosystem functioning, a common criticism of nitrogen addition experiments is that they 

often employ unrealistically high nitrogen addition rates (sometimes as high as 200 kg ha-1 

yr-1). Consequently, such large nitrogen applications have the potential for overestimating 

the effects of atmospheric nitrogen deposition. Long-term nitrogen addition experiments 

have shown that even low nitrogen applications (under 10 kg ha-1 yr-1) can alter ecosystem 

processes. Atmospheric nitrogen deposition is predicted to continue increasing over the next 

few decades, meaning that systems currently under the threshold could be more severely 

impacted in the future. It is therefore imperative that more research is carried out at the 

lower ranges of nitrogen deposition in order to fully understand its consequences for 

ecosystems worldwide.  

 

Using a nitrogen addition experiment in North Wales, UK, this study examines the effects of 

low levels of nitrogen (4.3, 4.8 ad 8.6 kg ha-1 yr-1) on acid grassland nitrogen and carbon 

pools. Results show no significant effects of nitrogen treatments on any carbon and nitrogen 

pools after 6/7 years of applications, suggesting that nitrogen deposition under 10 kg ha-1 yr-1 

is not enough to alter the nitrogen and carbon cycles at this site. However, it must be noted 

that as this experiment was only run for 7 years, this may not have been enough time for 

long-term effects of low levels of N addition to be observed.  
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5.2  Introduction  

 

Anthropogenic activities such as fossil fuel burning, artificial nitrogen (N) fertiliser 

manufacturing, and animal husbandry produce over 180 Tg of reactive N (Nr) every year 

(Erisman et al., 2011). Consequently, humans now generate more Nr than is produced 

naturally in the whole world (Galloway and Cowling, 2002; Galloway et al., 1995). This huge 

influx of Nr has changed the global N cycle (Vitousek et al., 1997) and has led to the problem 

of atmospheric N deposition. Ecosystems around the globe that had previously adapted to 

low levels of Nr are now being exposed to regular inputs of this essential nutrient. Research 

has shown that atmospheric N deposition affects various ecological processes. Broadly, the 

main impacts of N deposition on terrestrial ecosystems are (1) eutrophication, (2) 

acidification, (3) direct foliar impacts, and (4) increased susceptibility to secondary stress 

factors (Bobbink et al., 1998).  

 

In systems where N is a limiting factor, N addition often leads to increased primary 

productivity (Erisman et al., 2011; Gough et al., 2000; Morecroft et al., 1994; Shaver et al., 

2001). In addition, higher plant biomass N content can lead to the production of higher 

quality litter, which is known to be more readily decomposable (Manning et al., 2008). N 

deposition is also known to reduce plant species richness (Stevens et al., 2010) and to affect 

plant community composition by favouring fast-growing plant species such as grasses 

(Stevens et al., 2009; Suding et al., 2005). N addition can also affect soil microbial activity and 

community composition. Higher N levels are known to promote bacterial activity and 

suppress fungi (Kirchmann et al., 2013), and dominance by fast-growing plant species may 

encourage changes to the soil microbial community via acidification, plant-specific 

differences in the release of root exudates and alterations in nutrient competition between 

plants and microorganisms (Bardgett et al., 1999). All these effects can lead to changes to 

the N and C cycles of the affected systems.  

 

N deposition in the UK can range from around 5 kg ha-1 yr-1 in remote areas of Northern 

Ireland and Scotland, up to over 30 kg ha-1 yr-1 in areas with high levels of road traffic or 

intense agricultural activity (RoTAP, 2012; Stevens et al., 2004). In other European countries 

such as the Netherlands and Germany, N deposition can be even higher, with levels reaching 

over 40 kg ha-1 yr-1 (Stevens et al., 2010; Sutton, 2011). Although these levels are high, many 

experiments apply even larger rates of N addition (Carroll et al., 2000; Rousk et al., 2011; 

Tampere et al., 2015; Zeng et al., 2010). Such high N experiments are useful as they produce 
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results in relatively short amounts of time, however they also face criticism for not being 

representative of actual deposition levels and thus potentially overestimate the effects of N 

addition (Phoenix et al., 2012). A widely used threshold for N deposition impacts (or critical 

N load) is 10 kg ha-1 yr-1 (Sutton, 2011). Although in-depth research has shown this value 

does vary between ecosystems (Bobbink and Roelofs, 1995; Tipping et al., 2013), 10 kg N ha-1 

yr-1 can sometimes be regarded as a rough general level above which changes in sensitive 

natural ecosystems may occur (Dentener et al., 2006).  

 

Long-term N addition experiments have shown that even very low nitrogen applications 

(under 10 kg ha-1 yr-1) can alter ecosystem processes. Phoenix et al. (2012) for example, show 

that long term N applications at levels as low as 7.7 kg ha-1 yr-1 (as ammonium sulphate) can 

alter plant productivity, lichen abundance and flowering patterns in a lowland heath. Nr 

production continues to increase every year (Galloway et al., 2008), meaning that systems 

currently under their N effects threshold could be more severely impacted in the future. It is 

therefore imperative that more research is carried out at the lower ranges of nitrogen 

deposition in order to fully understand its consequences for ecosystems worldwide. In 

addition, projections for future N deposition predict an increase in the proportion of reduced 

N pollution (Dennis et al., 2010), which is emitted largely due to agricultural practices. 

Enhancing current knowledge of the effects of low levels of reduced N on ecosystem 

functioning is therefore essential to our understanding of future effects of N deposition.   

 

This study aimed to evaluate whether 6/7 years of low levels of N addition (4.3, 4.8 and 8.6 

kg ha-1 yr-1) have changed the C and N pools of a Welsh acid grassland. This ecosystem was 

chosen because grasslands are found across a wide range of temperate zones, are important 

for biodiversity and provide a number of ecosystem services, one of which is carbon (C) 

storage (Ward et al., 2016). In addition, the experiment investigated whether there were 

differences in the possible effects of low level N addition when NH4Cl was applied compared 

with NH4NO3.  

 

It was hypothesised that:  

1. Overall changes to vegetation C and N pools would not be significant. However, N 

addition would lead to slight increases in plant N content and aboveground biomass, 

especially in the higher ammonium nitrate treatment.  



Chapter 5 

 

 72 

2. No changes would occur in soil C and N pools, although N addition would slightly 

reduce soil pH in the ammonium chloride and the higher ammonium nitrate 

treatments.  

3. N addition would lead to a small increase in the proportion of bacteria in the 

microbial community (lower fungal:bacterial ratio).  

4. N addition would slightly increase whole system respiration rates and net primary 

productivity (NPP) in the higher ammonium nitrate treatment.  

 

In order to test these hypotheses, CO2 flux measurements and various soil and vegetation 

samples were collected from the experimental site and analysed in depth in the laboratory.  

 

5.3 Results 

 

5.3.1 Soil pH  

 

Soil pH was not significantly different between treatments (p=0.22) (Figure 5.1a).  

 

5.3.2  N pools  

 

No significant differences between treatments were found for any above or belowground N 

pools. Total aboveground biomass N (as g m-2 and as mg g-1) was not found to be significantly 

different between treatments (p=0.51 and 0.08 respectively). However, there is a trend for a 

slight increase in biomass N (as mg g-1) with N addition (Figure 5.1b). Root biomass N (mg g-1) 

was also not significantly different between treatments (p=0.70). Microbial biomass N (mg 

m-2 for 10 cm depth) was not significantly different between treatments (p=0.43), and 

neither was soil total N content (kg m-2). This was true for soil total N (0-10 cm depth, 

p=0.97, Figure 5.1c) and for total N at different depths (0-5 cm, p=0.58, 5-10 cm, p=0.21, 10-

15 cm, p=0.22). No significant differences between treatments were observed for the N 

content of the coarse, fine or very fine soil fractions (both as kg m-2 (p=0.64, 0.05 and 0.98 

respectively) and as proportions of total N stocks (p=0.82, 1.00 and 0.98 respectively)). 

However, there was a trend for higher fine fraction N (kg m-2) in the N2-C0 treatment (Figure 

5.1d). Soil dissolved organic N (DON, mg m-2 for 10 cm depth) and available N (mg m-2 for 10 
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cm depth) were not significantly different between treatments (p=0.98 and 0.41 

respectively).  

 

 
Figure 5.1: Soil pH (a), aboveground biomass N in mg g

-1
 (b), total soil N (c) and fine fraction soil N (d) 

for each treatment. N treatments consist of 0 kg N ha
-1

 yr
-1 

(N0-C0), 4.3 kg N ha
-1

 yr
-1 

as NH4NO3 (N1-
C0), 8.6 kg N ha

-1
 yr

-1
 as NH4NO3 (N2-C0), and 4.8 kg N ha

-1
 yr

-1
 as NH4Cl (N2-RED).  

 

5.3.3 C pools  

 

There were no significant differences found between treatments for any above or 

belowground C pools. Total aboveground biomass C (as g m-2, p=0.20), rate of litter biomass 

loss (% month-1, p=0.69), rate of root growth (g m-2 month-1 for 15 cm depth, p=0.16) and 

root biomass C (mg g-1, p=0.36) were not significantly different between treatments. 

However, there was a slight trend for lower root C in the N2-RED treatment (Figure 5.2a). 

Although microbial biomass C (mg m-2 for 10 cm depth, p=0.24) was not significantly 

different between treatments, there was a trend for increased microbial C in the N2-C0 and 

N2-RED treatments compared with control plots (Figure 5.2b). Soil C content (kg m-2) was 

also not significantly different between treatments. This was true for total C (0-10 cm depth, 

p=0.98, Figure 5.2c) and for C at different depths (0-5 cm, p=0.51, 5-10 cm, p=0.44, 10-15 

cm, p=0.28). Coarse (2mm-200 μm), fine (200-50 μm) and very fine (50-0.45 μm) soil fraction 

C contents (as kg m-2, p=0.48, 0.08 and 0.77 respectively) and as proportions of total C stocks 

(p=0.72, 0.60 and 0.54 respectively) were not significantly different between treatments. 

a) b) 

c) d) 
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However, there was a trend for slightly higher fine fraction C (kg m-2) in the N2-C0 treatment 

compared with control plots (Figure 5.2d). Soil dissolved organic C (DOC, mg m-2 for 10 cm 

depth) was not significantly different between treatments (p=0.97).  

 
 

 
Figure 5.2: Root C (a), microbial biomass C (b), total soil C (c) and fine fraction soil N (d) for each 
treatment. N treatments consist of 0 kg N ha

-1
 yr

-1 
(N0-C0), 4.3 kg N ha

-1
 yr

-1 
as NH4NO3 (N1-C0), 8.6 kg 

N ha
-1

 yr
-1

 as NH4NO3 (N2-C0), and 4.8 kg N ha
-1

 yr
-1

 as NH4Cl (N2-RED).  

 

5.3.4 C:N ratios  

 

No changes to C:N ratios were observed. Although total aboveground biomass C:N ratio 

(Figure 5.3a) was not significantly different between treatments (p=0.09), there was a slight 

trend for lower biomass C:N ratios with N addition. Root biomass C:N ratios (Figure 5.3b) 

were also not significantly different between treatments (p=0.77). Microbial C:N ratio 

(p=0.62), total soil C:N ratios (0-10 cm, p=0.75, 0-5 cm, p=0.19, 5-10 cm, p=0.50, and 10-15 

cm depth, p=0.21) and soil fraction C:N ratios (coarse, p= 0.29, fine, p=0.44, and very fine, 

p=0.87) were not significantly different between treatments. However, there was a trend for 

slightly lower 10-15 cm depth soil C:N ratios in the N2-C0 and N2-RED treatments compared 

with control plots.  

 
 

a) b) 

c) d) 
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Figure 5.3: C:N ratios for aboveground (a) and root (b) biomass for each treatment. N treatments 
consist of 0 kg N ha

-1
 yr

-1 
(N0-C0), 4.3 kg N ha

-1
 yr

-1 
as NH4NO3 (N1-C0), 8.6 kg N ha

-1
 yr

-1
 as NH4NO3 

(N2-C0), and 4.8 kg N ha
-1

 yr
-1

 as NH4Cl (N2-RED).  

 

5.3.5 Plant and microbial community structure  

 

N addition did not lead to any significant changes to plant and microbial community 

structures. Total aboveground biomass (g m-2) and species richness were not significantly 

different between treatments (p=0.20 and 0.67 respectively). Total PLFA biomass (μg g-1 dry 

soil, Figure 5.4a) was not significantly different between treatments (p=0.17). However, 

there was a trend for N2-C0 to have lower total PLFA biomass compared with control plots. 

Total fungal (p=0.32), total bacterial (p=0.30), Gram positive (Gram+, p=0.47) and Gram 

negative (Gram-, p=0.45) bacterial PLFAs were also not significantly different between 

treatments. Neither the soil fungal:bacterial ratio (Figure 5.4b), nor the Gram+:Gram- ratio 

were significantly different between treatments (p=0.92 and 0.72 respectively).  

 
 

 
Figure 5.4: Total PLFA biomass (a) and fungal:bacterial ratio (b) for each treatment. N treatments 
consist of 0 kg N ha

-1
 yr

-1 
(N0-C0), 4.3 kg N ha

-1
 yr

-1 
as NH4NO3 (N1-C0), 8.6 kg N ha

-1
 yr

-1
 as NH4NO3 

(N2-C0), and 4.8 kg N ha
-1

 yr
-1

 as NH4Cl (N2-RED).  

 
 

a) b) 
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5.3.6 NPP and respiration  

 

NPP values were highest in September and lowest in May, and respiration values were 

highest in June and lowest in October. However, neither NPP nor respiration were 

significantly different between treatments (p= 0.25 and 0.73 respectively, Figure 5.5).  

 

 
Figure 5.5: Net primary productivity (a) and respiration (b) for each treatment across all sampling 
days. N treatments consist of 0 kg N ha

-1
 yr

-1 
(N0-C0), 4.3 kg N ha

-1
 yr

-1 
as NH4NO3 (N1-C0), 8.6 kg N ha

-1
 

yr
-1

 as NH4NO3 (N2-C0), and 4.8 kg N ha
-1

 yr
-1

 as NH4Cl (N2-RED).  

 
 

5.4 Discussion 

 

5.4.1 Effects of N addition on N pools  

 

None of the measures of N pools displayed any significant difference between treatments. 

This suggests that N addition in the range 4.3-8.6 kg ha-1 yr-1 was not high enough to have 

any observable effects on N cycling at this acid grassland, despite indications that this site is 

very N-limited (available N was found to be extremely low, with most plots displaying values 

of between 0 and 2 mg N m-2). Background N deposition at Trefor is 9 kg ha-1 yr-1, which is 

higher than the experimental N applications. This could mean that any changes observable at 

low N levels may already have occurred under regular N deposition at this site. Alternatively, 

a) b) 
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it is also possible that the experiment had not been running long enough for the effects of 

such low N doses to occur.  

 

Despite the lack of significant effects, a few trends were observed. There was a trend for a 

slight increase in biomass N (as mg g-1) with N addition, which could indicate that changes to 

vegetation chemistry were starting to occur. Pwllpeiran acid grassland in North Wales 

showed an increase in foliar %N after 15 years of N addition at a rate of 20 kg ha-1 yr-1, but 

not at 10 kg ha-1 yr-1 (Phoenix et al., 2012). Foliar %N is known to respond relatively quickly 

to N addition in many systems, even at fairly low levels (UKREATE, 2008). However, these 

effects were found to be less pronounced in grassland experiments in a review by UKREATE 

(2008). In this experiment though, changes in foliar %N would be unlikely to have substantial 

effects on soil N (and C) pools, even in the long term. This is because biomass at this site was 

removed every year, and thus litter was not an important factor in this system. There was 

also a trend for slightly higher fine fraction N (kg m-2) in the N2-C0 treatment, suggesting that 

N may be starting to accumulate in this soil fraction under 8.6 kg N ha-1 yr-1. Indeed, N 

addition has been shown to increase the stability of recalcitrant organic matter by 

suppressing certain lignin-degrading enzymes (Peng et al., 2014). There was also a trend for 

slightly lower 10-15 cm depth soil C:N ratios in the N2-C0 and N2-RED treatments compared 

with control plots, which could suggest N accumulation further down the soil profile. 

 

5.4.2 Effects of N addition on C pools  

 

As with the N pools, none of the measures of C pools displayed any significant difference 

between treatments. A study by Wedin and Tilman (1996) found that total ecosystem C 

increased with low N addition rates (10 and 20 kg ha-1 yr-1) in two C4 dominated fields, but 

not in a C3 dominated field (such as those common in the UK). Although the lack of changes 

to soil C pools had been predicted, it was thought that perhaps N addition would increase 

vegetation biomass (and thus the aboveground biomass C pool). However, this also did not 

occur. According to Phoenix et al. (2012), Pwllpeiran acid grassland also did not show any 

increases in productivity with N addition (10 and 20 kg ha-1 yr-1).  

 

At Trefor, there was a slight trend for lower aboveground biomass C:N ratios with N addition. 

This suggests that even N doses between 4.3 and 8.6 kg ha-1 yr-1 could potentially lead to an 

increase in the litter quality at this site. Nonetheless, due to the annual biomass harvest, this 



Chapter 5 

 

 78 

is unlikely to have significant effects on soil C pools. Root growth rates and biomass C:N 

ratios also displayed no significant differences between treatments, and were therefore 

unlikely to have affected decomposition rates in the soil. However, there was a potential 

trend for lower root biomass C in the N2-RED treatment. N addition is known to reduce plant 

C allocation to roots due to a reduction in the need for nutrient mining (Zeng et al., 2010). 

Perhaps this effect might have begun to happen in the N2-RED treatment because 

ammonium uptake by plants is less energy intensive than oxidised N (which consists of 50% 

of the N addition in N1-C0 and N2-C0) and therefore easier for plants to absorb without 

investing in their root systems (Bloom et al., 1992). NPP and respiration were also not 

significantly different between treatments, which is probably due to the lack of change in 

plant biomass.  

 

There was also a trend for increased microbial biomass C in the N2-C0 and N2-RED 

treatments compared with control plots. This could suggest that these treatments have 

somewhat stimulated labile organic matter decomposition. This is in line with other studies 

that suggest high N addition increases the decomposition of labile organic matter (Neff et al., 

2002; Xu et al., 2004). However, a possible trend for slightly higher fine fraction C (kg m-2) in 

the N2-C0 treatment compared with control plots was also observed. This might suggest an 

increase in recalcitrant organic matter C with N additions of 8.6 kg ha-1 yr-1. At high N 

addition rates, N has been shown to produce recalcitrant compounds by reacting with litter 

components (Peng et al., 2014).  

 

5.4.3 Effects of N addition on plant and microbial community structure 

 

There were no effects of N addition on plant or microbial community structure, as results 

showed that N did not significantly affect species richness or the fungal:bactierial and 

Gram+:Gram- ratios between treatments. This is in contrast to a study by Clark and Tilman 

(2008), which showed that even N additions of 10 kg ha-1 yr-1 led to a 17% decrease in plant 

species richness in a heathland, though this was a long-term (23 year) experiment. Zong et 

al. (2016) on the other hand, found that species richness did not respond to N addition 

treatments (0, 10, 20, 40, and 80 kg ha-1 yr-1) in an alpine meadow. However, they also found 

that changes to plant cover started to occur at the lowest rates of N addition.  
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There was a trend for N2-C0 to have lower total PLFA biomass compared with control plots. 

This suggests that 8.6 kg N ha-1 yr-1 may have been enough to begin reducing the active 

microbial biomass pool in these plots. This could potentially have repercussions for 

decomposition over longer time periods. At higher N addition rates, it has been shown that 

N can reduce total PLFA biomass, perhaps as a consequence of reduced soil organic carbon 

quality (Rousk et al., 2011).  

 

 

5.5 Conclusions  

 

Low levels (under 10 kg ha-1 yr-1) of N addition did not have any significant effects on 

acidification, plant and microbial community compositions, or C and N pools at this acid 

grassland site. This suggests that a critical load for acid grasslands of 10 kg ha-1 yr-1 may be 

applicable at this site. In addition, there were no observable differences between the effects 

of N when applied as NH4NO3 or as NH4Cl at these doses. Tipping et al. (2013) estimate that 

the threshold for acid grasslands is 7.9 kg N ha-1 yr-1. Although the application of N at 8.6 kg 

ha-1 yr-1 did not produce any observable effects after 6/7 years, it is possible that this may 

not have been enough time for any long-term effects of N addition to occur.  
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Chapter 6: An in-depth assessment of direct and indirect effects of nitrogen 

deposition on carbon cycling and storage in grasslands 
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An in-depth assessment of direct and indirect effects of nitrogen deposition on carbon 

cycling and storage in grasslands 

 

6.1 Abstract  

 

In order to determine the effects of atmospheric nitrogen (N) deposition on carbon (C) 

cycling and storage in grasslands, it is necessary to differentiate between the direct effects of 

N fertilisation on soil and the indirect effects mediated by N-induced changes to plant 

community composition. By setting up a mesocosm experiment, we were able to manipulate 

species identity, number and functional group evenness in order to investigate the effects of 

community diversity on C cycling and storage in depth, and how this might be affected by N 

fertilisation. In addition, by using plant species identified as being associated with either high 

or low N environments, changes that might occur due to long term shifts in species 

composition caused by N deposition could also be assessed.  

 

Community composition (especially the prevalence of species associated with either high or 

low N environments) significantly altered above and belowground biomass and chemistry, 

soil pH, microbial community composition, N mineralisation rate, ecosystem respiration and 

coarse soil fraction C storage. However, these effects were greatly affected by the presence 

of two dominant species, Lotus corniculatus and Plantago lanceolata. N addition altered 

ecosystem net primary productivity, microbial biomass N and C storage in the finer, mineral-

associated soil fractions. Results suggest that while plant community composition had a 

much stronger influence on C storage in vegetation and microbal community structure, thus 

being the most important factor affecting fresh C input and decomposition in these systems, 

N addition may have had a more important role in the long-term storage of C in soil. In 

conclusion, both direct and indirect effects of N addition were important for C cycling and 

storage in these model grassland communities. This study further accentuates the need to 

take both effects into consideration when assessing the impact of N pollution on C stocks in 

grasslands.  
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6.2 Introduction 

 

There is now compelling evidence that nitrogen (N) deposition affects the plant community 

composition of grassland environments (Bobbink et al., 1998; Dupre et al., 2010; Maskell et 

al., 2010; Stevens et al., 2011a; Stevens et al., 2010; van den Berg et al., 2011). N enrichment 

tends to favour fast growing, nitrophilous species such as grasses, often at the expense of 

slow growing species, leading to decreased plant species richness and diversity (Stevens et 

al., 2004). This evidence has led to a realisation among the scientific community that the 

impacts of N addition must be measured both in terms of its direct effects on soil chemistry 

and plant growth as well as on its indirect effects which are mediated by plant community 

change (Manning et al., 2006).  

 

Although the effects of N on plant community composition have been clearly documented, 

what is less certain is how these altered plant communities will affect carbon (C) cycling and 

storage in soil. N-induced changes to diversity such as decreased species richness and 

functional evenness have been shown to alter aboveground productivity, root growth and 

turnover, and microbial diversity and biomass in grasslands (Cerabolini et al., 2010; Geisseler 

et al., 2016; Hector et al., 1999; Lamb et al., 2011; Lange et al., 2014; Steinbeiss et al., 2008; 

Tilman et al., 1996; Van der Krift and Berendse, 2002). Fast growing plant species such as 

grasses typically produce larger quantities of high quality litter, while slow growing species 

tend to be more conservative with nutrient use and thus have higher nutrient retention 

capabilities (Grime, 2001). By increasing the dominance of fast growing plant species, the 

indirect effects of N have the potential to speed up C and N cycling, which can lead to 

changes in the system’s ability to store C. Therefore, in order to ascertain the effects of 

changes in plant community composition on C cycling and storage, it is necessary to 

differentiate between the direct and indirect effects of N deposition on soil.  

 

A few studies have attempted to decouple the direct and indirect effects of N such as 

Manning et al. (2006; 2008), who developed plant communities under high and low N levels 

and then investigated what effects these different communities had on the soil. Another 

study by De Deyn et al. (2009) investigated the effects of N on different species mixtures by 

planting various combinations of three functional groups (grasses, forbs and legumes) into 

improved and unimproved soils. Although these studies yielded interesting results, the 

artificial nature of the experiments as well as the huge variability associated with this kind of 

research mean they must be built upon in order to determine what may be occurring in such 
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systems. Due to the complexity of the processes involved in plant-soil interactions, as well as 

the timescales involved, it is very difficult to determine whether any given process has an 

impact on soil C pools. Consequently, the use of highly controlled mesocosm experiments 

provides a relatively easy and cost-effective method of examining the processes involved in 

soil C storage in depth. Due to the issues surrounding the artificiality of these experiments, 

the extrapolation of results must be undertaken cautiously. However, useful information can 

be gathered about the minutiae of plant-soil interactions.  

 

In order to obtain a clearer representation of the complex effects of N deposition on soil C, 

information must be gathered from research employing methods that attempt to replicate 

real life more closely by studying more sophisticated plant species mixtures. This mesocosm 

experiment seeks to build upon the foundations created by studies that have used 

experimental design focused on the importance of certain species identities and mixtures. 

However, rather than investigating systematic species mixtures such as those in De Deyn et 

al. (2009), it attempts to explore the interactions that occur within grassland plant 

communities when different aspects of plant community composition are altered. Rather 

than assessing species diversity as a whole, species identity, number and functional group 

evenness (in this case, dominance by grasses) are aspects of community diversity that have 

been manipulated in order to investigate diversity in depth. By examining these factors 

together, this experiment investigates how they interact, and whether any is more important 

with regards to C cycling and storage. In addition, by using plant species identified as being 

associated with either high or low N deposition (De Deyn et al., 2009; Payne et al., 2013; 

Stevens et al., 2011a; Stevens et al., 2004), changes that might occur due to long term shifts 

in species composition caused by N deposition can also be assessed.  

 

Mesocosms were used to address the following hypotheses:  

 

1. Species composition (indirect effects of N) would exert a stronger overall effect on C 

cycling and storage than N addition (direct effects of N), especially in soil.  

2. Individual plant species would differ in their effects on C cycling and storage, and 

species associated with high N deposition would respond more efficiently to N 

addition, leading to stronger effects on C pools.  

3. Plant communities dominated by species associated with either high or low N 

deposition would differ in their effects on C cycling and storage, and the effects of N 
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addition on C pools would be stronger for communities associated with high N 

deposition.  

4. Communities containing species associated with both high and low N deposition (i.e. 

with a higher number of species) would be more beneficial for C storage and would 

be less affected by N addition than communities containing only one of these 

groups.  

5. Communities with lower functional group evenness (i.e. dominated by grasses) 

would be less beneficial for C storage and would be more affected by N addition 

than communities with high evenness.  

 

6.3 Results  

 

6.3.1 Vegetation parameters  

 

6.3.1.1 Monoculture treatments (Table 6.1) 

 

Total aboveground biomass, and total aboveground biomass C (see Figure 6.1) and N were 

significantly different between plant species (p<0.0001 for all). However, these effects were 

highly dependent on N addition, as demonstrated by the significant interactions present 

between plant species and N addition for these variables (p<0.001 for all). N addition 

significantly increased the aboveground biomass, and aboveground biomass C and N of A. 

capillaris, F. ovina, A. millefolium and A. odoratum. Significant differences between species 

for aboveground biomass and aboveground biomass C were only found in the monocultures 

that did not receive N (with the exception of C. rotundifolia, which had significantly lower 

biomass and biomass C than other species even under N addition). The species with 

significantly higher biomass and biomass C without N addition were L. corniculatus, P. 

lanceolata and T. repens. The same three species also had the highest total aboveground 

biomass N without N addition. When N was added, the species with the highest biomass N 

were L. corniculatus and T. repens.  
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Figure 6.1: Total aboveground biomass C for monocultures with (light grey bars) and without (dark 
grey bars) N addition. Bars represent means, and error bars represent 1 standard deviation from the 
mean. Monoculture species are A. capillaris (M1), F. ovina (M2), L. hispidus (M3), A. millefolium (M4), 
T. repens (M5), A. odoratum (M6), P. lanceolata (M7), C. rotundifolia (M8), and L. corniculatus (M9).  

 
 

Total aboveground biomass C:N ratio (see Figure 6.2) and N as mg per g (henceforth referred 

to as aboveground tissue N) were significantly different between species (p<0.0001 for 

both), but not between the levels of N addition. However, there were significant interactions 

between species and N addition for both these variables (p<0.05 for C:N and p<0.01 for 

aboveground tissue N). F. ovina had the highest C:N ratio and the lowest tissue N, but only 

when N was not added. The species with the lowest C:N ratios and the highest tissue N were 

T. repens and L. corniculatus, followed by A. millefolium with added N. Total aboveground 

biomass C as mg per g (henceforth referred to as aboveground tissue C) was significantly 

different between species (p<0.0001). There was also a significant interaction between 

species and N addition for this variable (p<0.05). The species with the highest tissue C were 

L. corniculatus and C. rotundifolia, followed by F. ovina with added N.  
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Figure 6.2: Total aboveground biomass C:N ratios for monocultures with (light grey bars) and without 
(dark grey bars) N addition. Bars represent means, and error bars represent 1 standard deviation from 
the mean. Monoculture species are A. capillaris (M1), F. ovina (M2), L. hispidus (M3), A. millefolium 
(M4), T. repens (M5), A. odoratum (M6), P. lanceolata (M7), C. rotundifolia (M8), and L. corniculatus 
(M9).  

 
Total root biomass and root C (see Figure 6.3) and N were significantly different between 

species (p<0.0001 for all), but these effects were dependent on N addition, as demonstrated 

by the significant interactions present between plant species and N addition for these 

variables (p<0.05 for all). N addition led to a significant increase in root biomass and root C 

for A. odoratum, and to a significant increase in root N for A. millefolium. Under no N 

addition, the species with the highest root biomass and root C were A. millefolium and L. 

corniculatus, and the species with the highest root N was L. corniculatus. Under N addition, 

the species with the highest root biomass and root C was A. millefolium, the species with the 

lowest root biomass and root C was T. repens, and the species with the highest root N were 

L. corniculatus and A. millefolium.  
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Figure 6.3: Total root C for monocultures with (light grey bars) and without (dark grey bars) N 
addition. Bars represent means, and error bars represent 1 standard deviation from the mean. 
Monoculture species are A. capillaris (M1), F. ovina (M2), L. hispidus (M3), A. millefolium (M4), T. 
repens (M5), A. odoratum (M6), P. lanceolata (M7), C. rotundifolia (M8), and L. corniculatus (M9).  

 
 

Root C:N ratio (see Figure 6.4) and root N content as mg per g (henceforth referred to as 

root tissue N) were significantly different between species (p<0.0001 for both). However, 

these effects were dependent on N addition, as demonstrated by the significant interactions 

present between plant species and N addition for both variables (p<0.001 for the C:N ratio 

and <0.01 for root tissue N). N addition significantly decreased the root C:N ratio and 

significantly increased root tissue N in A. millefolium.  The species with the highest root C:N 

ratio (and lowest root N content) were A. capillaris, F. ovina and also A. millefolium when it 

did not receive N. The species with the lowest root C:N ratio (and highest root N content) 

were L. corniculatus and T. repens, followed by C. rotundifolia. Root C as mg per g 

(henceforth referred to as root tissue C) was only significantly different between species 

(p<0.0001). The species with the highest root tissue C was T. repens, and the species with the 

lowest root tissue C was A. millefolium.  
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Figure 6.4: Root C:N ratios for monocultures with (light grey bars) and without (dark grey bars) N 
addition. Bars represent means, and error bars represent 1 standard deviation from the mean. 
Monoculture species are A. capillaris (M1), F. ovina (M2), L. hispidus (M3), A. millefolium (M4), T. 
repens (M5), A. odoratum (M6), P. lanceolata (M7), C. rotundifolia (M8), and L. corniculatus (M9).  
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Table 6.1: Plant species and fertiliser effects on vegetation parameters. p-values in bold indicate 
significant results.  

 

Variable  Independent Variable F-value p-value  

Total aboveground 
biomass (g pot-1) 

Plant species 
N addition  
Plant species:N addition 

22.58 
70.91 
4.89 

<0.0001 
<0.0001 
<0.001 

Total aboveground 
biomass C (g pot-1) 

Plant species 
N addition  
Plant species:N addition 

23.01 
71.73 
5.06 

<0.0001 
<0.0001 
<0.001 

Aboveground biomass 
tissue C (mg g-1) 

Plant species 
N addition  
Plant species:N addition 

18.00 
6.00 
2.00 

<0.0001 
<0.05 
<0.05 

Total aboveground 
biomass N (g pot-1) 

Plant species 
N addition  
Plant species:N addition 

35.74 
64.61 
5.71 

<0.0001 
<0.0001 
<0.001 

Aboveground biomass 
tissue N (mg g-1) 

Plant species 
N addition  
Plant species:N addition 

76.21 
3.27 
3.34 

<0.0001 
0.08 
<0.01 

Total aboveground 
biomass C:N Ratio  

Plant species 
N addition  
Plant species:N addition 

76.59 
2.09 
3.00 

<0.0001 
0.16 
<0.05 

Root biomass (g pot-1 for 
10 cm depth) 

Plant species 
N addition  
Plant species:N addition 

30.79 
29.10 
2.38 

<0.0001 
<0.0001 
<0.05 

Total Root C (g pot-1 for 
10 cm depth) 

Plant species 
N addition  
Plant species:N addition 

30.39 
29.70 
2.50 

<0.0001 
<0.0001 
<0.05 

Root tissue C (mg g-1) Plant species 
N addition  
Plant species:N addition 

20.00 
0.00 
1.00 

<0.0001 
0.65 
0.21 

Total Root N (g pot-1 for 
10 cm depth) 

Plant species 
N addition  
Plant species:N addition 

21.97 
40.61 
2.37 

<0.0001 
<0.0001 
<0.05 

Root tissue N (mg g-1) Plant species 
N addition  
Plant species:N addition 

146.34 
27.41 
3.52 

<0.0001 
<0.0001 
<0.01 

Root C:N Ratio Plant species 
N addition  
Plant species:N addition 

52.73 
28.02 
5.27 

<0.0001 
<0.0001 
<0.001 

 

6.3.1.2 Species mixture treatments (Tables 6.2 and 6.3) 

 

Total aboveground biomass was only significantly affected by N community prevalence, and 

not by species number, functional group evenness, or N addition. Total biomass was found 

to be significantly higher in ‘low N’ communities than in ‘high N’ communities (p<0.0001). 

However, aboveground biomass was strongly positively correlated with the percentage of 
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total biomass made up of the two ‘low N’ species L. corniculatus and P. lanceolata (R2=0.73, 

p<0.0001). Together, these two species tended to make up a large percentage (often over 

50%) of the aboveground biomass of all communities they were present in. L. corniculatus 

especially tended to dominate most of the pots where it was present.  

 

 
 
Figure 6.5: Total aboveground biomass C for high and low N communities (a) and its relationship with 
the percentage of total aboveground biomass made up of L. corniculatus and P. lanceolata biomass 
(b); Total root C for communities with high and low species numbers (c) and its relationship with the 
percentage of total aboveground biomass made up of P. lanceolata (d); Total aboveground biomass 
C:N ratios for high and low N communities (e) and its relationship with the percentage of total 
aboveground biomass made up of L. corniculatus (f); Total root C:N ratios for high and low N 
communities (g) and its relationship with the percentage of total aboveground biomass made up of L. 
corniculatus and P. lanceolata biomass (h).  

 
Total aboveground biomass C (see Figure 6.5a) and N, aboveground tissue N, and biomass 

C:N ratio (see Figure 6.5e) were also only significantly affected by N community prevalence. 

Total aboveground biomass C and N and aboveground tissue N were significantly higher in 

‘low N’ communities than in ‘high N’ communities (p<0.0001 for all), and biomass C:N ratio 

was significantly lower in the ‘low N’ communities (p<0.001). Total biomass C (see Figure 

6.5b) and N were positively correlated with the percentage of total biomass made up of L. 

corniculatus and P. lanceolata (p<0.0001 for both, R2=0.74 and 0.81 respectively), while 

aboveground tissue N was most strongly positively correlated with the percentage of total 

biomass made up of L. corniculatus only (p<0.0001, R2=0.79). Biomass C:N ratio was most 

strongly negatively correlated with the percentage of total biomass made up of L. 

a) b) c) d) 

e) f) g) h) 
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corniculatus (p<0.0001, R2=0.78; see Figure 6.5f). Aboveground tissue C was significantly 

affected by N community prevalence and by functional group evenness. Aboveground tissue 

C (see Figure 6.6) was significantly higher in both ‘low N’ communities (p<0.0001) and in 

mixtures with lower functional group evenness (p<0.05). There was also a significant 

interaction between N community prevalence and N addition for this variable (p<0.05). 

Aboveground tissue C was most strongly positively correlated with the percentage of total 

biomass made up of L. corniculatus (p<0.0001, R2=0.66).  

 

 
Figure 6.6: Aboveground tissue C for each species mixture treatment (S1-6). Dark grey boxes 
represent 0 kg N ha

-1
 yr

-1
, light grey boxes represent 35 kg N ha

-1
 yr

-1
. Letters above boxplots represent 

significant differences (p<0.05) between treatments as measured using a Tukey post-hoc test.  

 
Total root biomass and root biomass C (see Figure 6.5c) were only significantly affected by 

species number. In addition, the effect of N addition on these variables was only marginally 

non-significant (p=0.05 for both). Root biomass and root C were significantly lower in 

mixtures with high species number (p<0.05 for both), and there was a trend for higher root 

biomass and root C with N addition. It was also found that root biomass and root C (see 

Figure 6.5d) were significantly negatively correlated with the percentage of total biomass 

made up of P. lanceolata (p<0.01, R2=0.26 for both), and significantly positively correlated 

with the percentage of total biomass made up of A. millefolium (p<0.05, R2=0.16 for both) 

and A. capillaris (p<0.05, R2=0.12 for both).  
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There were trends for total root N to be higher in ‘low N’ communities as well as to increase 

with N addition. These trends were only marginally non-significant (p=0.06 and 0.07 

respectively). Root tissue N and root C:N ratio (see Figure 6.5g) were only significantly 

affected by N community prevalence. Root tissue N was significantly higher and root C:N 

ratio was significantly lower in the ‘low N’ communities (p<0.0001 for both). Both root tissue 

N and root C:N ratio (see Figure 6.5h) were significantly correlated (positively and negatively 

respectively) with the percentage of total biomass made up of L. corniculatus and P. 

lanceolata (p<0.0001, R2=0.58 for both). A significant positive correlation was also found 

between root tissue N and aboveground tissue N (p<0.0001, R2=0.50). No such correlation 

was found between root tissue C and aboveground tissue C. No significant effects were 

found for root tissue C.  

 

Table 6.2: Plant community treatment and fertiliser effects on aboveground vegetation parameters. p-
values in bold indicate significant results.  

 

Variable  Independent Variable  F-value p-value  

Total aboveground 
biomass (g pot-1) 

Community prev. 
Species number 
Evenness  
N addition 

29.44 
2.21 
1.62 
0.20 

<0.0001 
0.15 
0.21 
0.66 

Total aboveground 
biomass C (g pot-1) 

Community prev. 
Species number 
Evenness  
N addition 

30.09 
2.28 
1.74 
0.24 

<0.0001 
0.14 
0.20 
0.63 

Aboveground tissue C 
(mg g-1) 

Community prev. 
Species number 
Evenness  
N addition 
Community : N addition 

25.00 
2.00 
3.00 
5.00 
6.00 

<0.0001 
0.12 
<0.05 
0.13 
<0.05 

Total aboveground 
biomass N (g pot-1) 

Community prev. 
Species number 
Evenness  
N addition 

33.35 
2.56 
2.92 
0.06 

<0.0001 
0.12 
0.10 
0.81 

Aboveground tissue N 
(mg g-1) 

Community prev. 
Species number 
Evenness  
N addition 

17.98 
1.43 
2.95 
1.25 

<0.001 
0.24 
0.10 
0.27 

Total aboveground 
biomass C:N Ratio  

Community prev. 
Species number 
Evenness  
N addition 

17.05 
1.34 
2.77 
1.48 

<0.001 
0.26 
0.11 
0.23 
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Table 6.3: Plant community treatment and fertiliser effects on belowground vegetation parameters. p-
values in bold indicate significant results.  

Variable  Independent Variable  F-value p-value  

Root biomass (g pot-1 for 
10 cm depth) 

Community prev. 
Species number 
Evenness  
N addition 

0.99 
4.21 
0.64 
4.05 

0.33 
<0.05 
0.43 
0.05 

Total Root C (g pot-1 for 
10 cm depth) 

Community prev. 
Species number 
Evenness  
N addition 

1.02 
4.44 
0.63 
4.15 

0.32 
<0.05 
0.43 
0.05 

Root tissue C (mg g-1) Community prev. 
Species number 
Evenness  
N addition 

0.10 
0.00 
0.30 
0.30 

0.79 
0.97 
0.62 
0.60 

Total Root N (g pot-1 for 
10 cm depth) 

Community prev. 
Species number 
Evenness  
N addition 

3.91 
1.40 
0.00 
3.66 

0.06 
0.25 
0.99 
0.07 

Root tissue N (mg g-1) Community prev. 
Species number 
Evenness  
N addition 

44.09 
1.70 
2.68 
0.24 

<0.0001 
0.20 
0.11 
0.63 

Root C:N Ratio Community prev. 
Species number 
Evenness  
N addition 

42.56 
1.67 
2.44 
0.29 

<0.0001 
0.21 
0.13 
0.59 

 
 

6.3.2 Soil properties and microbial parameters  

 

6.3.2.1 Monoculture treatments (Table 6.4) 

 

Soil pH was only significantly affected by plant species (p<0.0001). The species with the 

highest soil pH was F. ovina, while the species with the lowest soil pH was L. corniculatus. 

However, the treatment with the lowest overall pH was the bare soil with added N. The soil 

fungal:bacterial ratio was significantly affected by both species and N addition (p<0.05 for 

both). When N was added to the legumes (i.e. T. repens and L. corniculatus), the 

fungal:bacterial ratio tended to decrease, whereas for other plant species the opposite 

tended to occur. Although individual species did not significantly differ from one another (as 

per the Tukey post hoc test) the lowest fungal:bacterial ratios tended to be in the bare soil 

treatments, as well as in the soil for A. capillaris and F. ovina (but only when N was not 
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added to these two species). No significant effects were found for soil Gram+:Gram- 

bacterial ratios, or total soil C and N. However, total soil C and N both tended to increase 

with N addition to legumes (and to the bare soil treatments), but decrease with N addition 

for all other species.  

 

The total soil C:N ratio on the other hand, was significantly affected by plant species 

(p<0.01). The lowest C:N ratio was in the soil of the T. repens monocultures (especially when 

N was added). Microbial biomass C was significantly affected by plant species (p<0.05), 

whereas microbial biomass N was significantly affected by N addition (p<0.01). N addition 

significantly increased microbial biomass N. Although individual species did not significantly 

differ from one another (as per the Tukey post hoc test), the soil of the A. millefolium, T. 

repens and L. corniculatus monocultures tended to have lower microbial C, whereas the soil 

of the C. rotundifolia monocultures tended to have the highest microbial C. The microbial 

biomass C:N ratio was significantly affected by plant species (p<0.01). Once again, the 

individual species did not significantly differ from one another with regards to microbial C:N 

ratios. However, the lowest ratios tended to be in the soil of the L. corniculatus and T. repens 

monocultures.  

 

Plant available N and N mineralisation rate were both significantly affected by plant species 

(p<0.001 for both). The highest levels of available N were present in the soil of the T. repens 

and the L. corniculatus (without N addition) monocultures, as well as in the bare soil 

treatment with N addition. N mineralisation rate was extremely low, with the exception of 

the soil from the T. repens and L. corniculatus monocultures. Soil DOC and DON were only 

significantly affected by plant species (p<0.0001 and <0.001 respectively). However, the 

effect of N addition on DOC was only marginally non-significant (p=0.06). The lowest DOC 

was in the soil of the L. corniculatus and T. repens monocultures, and although individual 

species did not significantly differ from one another (as per the Tukey post hoc test), the 

lowest DON tended to be in the soil of the L. corniculatus, T. repens, and A. millefolium, as 

well as the P. lanceolata (with added N) monocultures.  
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Table 6.4: Plant species and fertiliser effects on soil properties and microbial parameters. p-values in 
bold indicate significant results.  

 

Variable  Independent Variable F-value p-value  

pH Plant species 
N addition  
Plant species:N addition 

8.81 
2.13 
0.62 

<0.0001 
0.15 
0.75 

Fungal:Bacterial Ratio  Plant species 
N addition  
Plant species:N addition 

2.68 
5.84 
1.49 

<0.05 
<0.05 
0.21 

Gram+:Gram- Bacterial 
Ratio 

Plant species 
N addition  
Plant species:N addition 

1.60 
0.00 
1.14 

0.17 
0.98 
0.37 

Microbial biomass C (mg 
pot-1 for 10 cm depth) 

Plant species 
N addition  
Plant species:N addition 

2.42 
1.25 
0.11 

<0.05 
0.27 
1.00 

Microbial biomass N (mg 
pot-1 for 10 cm depth) 

Plant species 
N addition  
Plant species:N addition 

0.92 
11.28 
0.95 

0.51 
<0.01 
0.49 

Microbial biomass C:N 
Ratio 

Plant species 
N addition  
Plant species:N addition 

3.48 
2.36 
0.54 

<0.01 
0.13 
0.81 

N mineralisation rate (mg 
pot-1 week-1 for 10 cm 
depth) 

Plant species 
N addition  
Plant species:N addition 

18.07 
1.52 
1.20 

<0.001 
0.23 
0.33 

Plant available N (mg 
pot-1 for 10 cm depth) 

Plant species 
N addition  
Plant species:N addition 

26.67 
0.60 
1.96 

<0.001 
0.44 
0.09 

Total soil C (g pot-1 for 10 
cm depth) 

Plant species 
N addition  
Plant species:N addition 

1.51 
0.22 
1.35 

0.19 
0.64 
0.26 

Total soil N (g pot-1 for 10 
cm depth) 

Plant species 
N addition  
Plant species:N addition 

1.58 
0.01 
1.50 

0.17 
0.90 
0.20 

Total soil C:N Ratio Plant species 
N addition  
Plant species:N addition 

3.50 
0.45 
0.63 

<0.01 
0.51 
0.75 

DOC (mg pot-1 for 10 cm 
depth) 

Plant species 
N addition  
Plant species:N addition 

20.84 
3.68 
1.64 

<0.0001 
0.06 
0.15 

DON (mg pot-1 for 10 cm 
depth) 

Plant species 
N addition  
Plant species:N addition 

5.45 
1.44 
1.26 

<0.001 
0.24 
0.30 
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6.3.2.2 Species mixture treatments (Tables 6.5-6.8) 

 

Soil pH was only significantly affected by N community prevalence. pH was significantly 

lower in ‘low N’ communities than in ‘high N’ communities (p<0.01). pH was also found to be 

significantly negatively correlated with the percentage of total biomass made up of L. 

corniculatus (p<0.01, R2=0.21). The soil fungal:bacterial ratio was significantly affected by N 

community prevalence, with it being higher in the ‘low N’ communities than in the ‘high N’ 

communities (p<0.01; see Figure 6.7a). The fungal:bacterial ratio was also found to be 

significantly negatively correlated with soil DOC (p<0.001, R2=0.34) and with soil DON 

(p<0.05, R2=0.18), as well as significantly positively correlated with total root biomass N 

(p<0.05, R2=0.16). Soil Gram+:Gram- bacterial ratio was significantly affected by species 

number, with the ratio being significantly higher for communities with high species number 

(p<0.05; see Figure 6.7b).  

 

 

 
Figure 6.7: Soil fungal:bacterial ratios for high and low N communities (a), and soil Gram positive:Gram 
negative bacterial ratios for communities with high and low species numbers (b). 

a) b) 
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Figure 6.8: Total soil C (0-10 cm depth) for each species mixture treatment (S1-6). Dark grey boxes 
represent 0 kg N ha

-1
 yr

-1
, light grey boxes represent 35 kg N ha

-1
 yr

-1
.  

 
 

Although N mineralisation rate was very low (between 0 and 0.8 mg per pot per week for 10 

cm depth), it was also significantly affected by species number, with the rate being higher in 

communities with high species number (p<0.05). Microbial biomass N was significantly 

affected by N addition, with N addition significantly increasing this variable (p<0.05). No 

significant effects were found for microbial biomass C or C:N ratios, or for total soil C (see 

Figure 6.8), N or C:N ratios. However, there was a trend for soil C:N ratios to be higher for 

communities with high species number (p=0.07). No significant effects were found for plant 

available N, DOC or DON. However, there were trends for both DOC and DON to be lower for 

‘low N’ communities than for ‘high N’ communities (p=0.06 and 0.07 respectively).  
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Table 6.5: Plant community treatment and fertiliser effects on soil properties and microbial 
parameters, PART 1. p-values in bold indicate significant results. 

 

Variable  Independent Variable F-value p-value  

pH Community prev. 
Species number 
Evenness  
N addition 

9.10 
1.07 
0.19 
0.15 

<0.01 
0.31 
0.67 
0.70 

Fungal:Bacterial Ratio  Community prev. 
Species number 
Evenness  
N addition 

8.78 
1.54 
0.87 
0.15 

<0.01 
0.23 
0.36 
0.70 

Gram+:Gram- Bacterial 
Ratio 

Community prev. 
Species number 
Evenness  
N addition 

3.28 
5.02 
0.13 
0.24 

0.08 
<0.05 
0.72 
0.63 

Microbial biomass C (mg 
pot-1 for 10 cm depth) 

Community prev. 
Species number 
Evenness  
N addition 

1.57 
0.02 
0.41 
0.53 

0.22 
0.88 
0.53 
0.47 

Microbial biomass N (mg 
pot-1 for 10 cm depth) 

Community prev. 
Species number 
Evenness  
N addition 

0.32 
0.13 
0.12 
7.44 

0.58 
0.72 
0.73 
<0.05 

Microbial biomass C:N 
Ratio 

Community prev. 
Species number 
Evenness  
N addition 

1.33 
0.03 
0.08 
1.91 

0.26 
0.87 
0.78 
0.18 

N mineralisation rate (mg 
pot-1 week-1 for 10 cm 
depth) 

Community prev. 
Species number 
Evenness  
N addition 

0.01 
5.53 
0.00 
0.70 

0.93 
<0.05 
0.98 
0.41 

Plant available N (mg 
pot-1 for 10 cm depth) 

Community prev. 
Species number 
Evenness  
N addition 

0.08 
0.61 
0.15 
0.01 

0.78 
0.44 
0.70 
0.92 

Total soil C (g pot-1 for 10 
cm depth) 

Community prev. 
Species number 
Evenness  
N addition 

1.47 
1.54 
0.08 
1.21 

0.24 
0.23 
0.78 
0.28 

Total soil N (g pot-1 for 10 
cm depth) 

Community prev. 
Species number 
Evenness  
N addition 

1.03 
2.35 
0.00 
0.47 

0.32 
0.14 
0.95 
0.50 

Total soil C:N Ratio Community prev. 
Species number 
Evenness  
N addition 

0.01 
3.52 
0.00 
0.09 

0.92 
0.07 
0.97 
0.77 
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Table 6.6: Plant community treatment and fertiliser effects on soil properties and microbial 
parameters, PART 2. p-values in bold indicate significant results. 
 

Variable  Independent Variable F-value p-value  

DOC (mg pot-1 for 10 cm 
depth) 

Community prev. 
Species number 
Evenness  
N addition 

3.99 
0.81 
0.06 
1.12 

0.06 
0.38 
0.81 
0.30 

DON (mg pot-1 for 10 cm 
depth) 

Community prev. 
Species number 
Evenness  
N addition 

3.48 
0.00 
0.55 
0.08 

0.07 
0.96 
0.46 
0.78 

 

 

Soils collected from the species mixture treatments were also separated into three size 

fractions (coarse, 2mm-200 μm; fine, 200-50 μm; very fine, 50-0.45 μm) in order to assess 

whether the species mixtures and the N addition had led to more subtle changes to soil C 

and N stocks. Coarse fraction C was significantly affected by N community prevalence, with C 

being higher in the ‘low N’ communities (p<0.05; see Figure 6.9a). Although no significant 

effects were found for coarse C as a proportion of total C stock, there was a trend for this 

variable to be higher in ‘low N’ communities (p=0.06; see Figure 6.9d). Fine fraction C on the 

other hand, was significantly affected by N addition, with C being higher with N addition than 

without (p<0.05; see Figure 6.9b). Fine C as a proportion of total C stock was also 

significantly affected by N addition, with this variable being higher with N addition as well 

(p<0.01; see Figure 6.9e). No significant effects were found for very fine fraction C (see 

Figure 6.9c), however, very fine C as a proportion of total C stock was significantly affected 

by N addition, with this proportion decreasing with N addition (p<0.05; see Figure 6.9f). DOC 

of the fractionation water and DOC as a proportion of total C stock were significantly 

affected by N addition, with both being lower with N addition than without (p<0.001 and 

<0.01 respectively).  
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Figure 6.9: Coarse fraction C for high and low N communities (a); fine (b) and very fine (c) fraction C 
for 0 (N0) and 35 kg ha

-1
 yr

-1
 (N1) N addition; coarse C as a proportion of total C stocks for high and 

low N communities (d); fine (e) and very fine (f) fraction C as a proportion of total C stocks for 0 (N0) 
and 35 kg ha

-1
 yr

-1
 (N1) N addition.  

 
No significant effects were found for both coarse fraction N and coarse N as a proportion of 

total C stock. However, there was a trend for higher coarse N in ‘low N’ communities 

(p=0.06). Fine fraction N was significantly affected by N addition, with fine N increasing with 

N addition (p<0.01). No significant effects were found for fine N as a fraction of total N stock, 

very fine fraction N, or very fine N as a proportion of N stock. No significant effects were 

found for the coarse fraction C:N ratio, or for the very fine fraction C:N ratio. However, fine 

fraction C:N ratio was significantly affected by N addition, with the ratio decreasing with N 

addition (p<0.05). Also, there was a trend for very fine fraction C:N ratio to decrease with N 

addition (p<0.08).  

 

 

 

a) b) c) 

d) e) f) 



Chapter 6 

 

 101 

Table 6.7: Plant community treatment and fertiliser effects on soil physical fractionation results. All 
fractionation results were measured in g pot

-1
 to 10 cm depth, PART 1. p-values in bold indicate 

significant results.  

 

Variable  Independent Variable F-value p-value  

Coarse C (g pot-1 for 10 
cm depth) 

Community prev. 
Species number 
Evenness  
N addition 

4.98 
0.01 
0.34 
0.61 

<0.05 
0.93 
0.56 
0.44 

Fine C (g pot-1 for 10 cm 
depth) 

Community prev. 
Species number 
Evenness  
N addition 

1.28 
0.38 
0.03 
7.41 

0.27 
0.54 
0.87 
<0.05 

Very fine C (g pot-1 for 10 
cm depth) 

Community prev. 
Species number 
Evenness  
N addition 

0.97 
1.94 
0.39 
2.90 

0.33 
0.17 
0.54 
0.10 

DOC (g pot-1 for 10 cm 
depth) 

Community prev. 
Species number 
Evenness  
N addition 

0.06 
0.10 
0.00 
15.16 

0.82 
0.76 
0.97 
<0.001 

Proportion coarse C Community prev. 
Species number 
Evenness  
N addition 

3.80 
0.44 
0.50 
0.78 

0.06 
0.51 
0.48 
0.39 

Proportion fine C Community prev. 
Species number 
Evenness  
N addition 

1.04 
0.87 
0.41 
8.93 

0.32 
0.36 
0.53 
<0.01 

Proportion very fine C Community prev. 
Species number 
Evenness  
N addition 

2.41 
0.76 
0.24 
4.54 

0.13 
0.39 
0.63 
<0.05 

Proportion DOC Community prev. 
Species number 
Evenness  
N addition 

0.06 
0.78 
0.14 
8.32 

0.82 
0.39 
0.71 
<0.01 

Coarse N (g pot-1 for 10 
cm depth) 

Community prev. 
Species number 
Evenness  
N addition 

3.98 
0.05 
0.03 
0.24 

0.06 
0.83 
0.86 
0.63 

Fine N (g pot-1 for 10 cm 
depth) 

Community prev. 
Species number 
Evenness  
N addition 

1.32 
0.13 
0.00 
8.24 

0.26 
0.73 
0.98 
<0.01 

Very fine N (g pot-1 for 10 
cm depth) 

Community prev. 
Species number 
Evenness  
N addition 

0.07 
0.05 
0.57 
0.18 

0.79 
0.83 
0.46 
0.68 

 



Chapter 6 

 

 102 

Table 6.8: Plant community treatment and fertiliser effects on soil physical fractionation results. All 
fractionation results were measured in g pot

-1
 to 10 cm depth, PART 2. p-values in bold indicate 

significant results.  

 

Variable  Independent Variable F-value p-value  

Proportion coarse N Community prev. 
Species number 
Evenness  
N addition 

2.23 
0.00 
0.24 
0.04 

0.15 
0.96 
0.63 
0.84 

Proportion fine N Community prev. 
Species number 
Evenness  
N addition 

0.26 
0.02 
0.43 
1.86 

0.61 
0.89 
0.52 
0.18 

Proportion very fine N Community prev. 
Species number 
Evenness  
N addition 

0.63 
0.06 
0.34 
1.30 

0.44 
0.81 
0.56 
0.26 

Coarse C:N ratio Community prev. 
Species number 
Evenness  
N addition 

1.23 
0.19 
0.36 
0.09 

0.28 
0.67 
0.55 
0.77 

Fine C:N ratio Community prev. 
Species number 
Evenness  
N addition 

0.46 
0.04 
0.26 
5.15 

0.50 
0.84 
0.62 
<0.05 

Very fine C:N ratio Community prev. 
Species number 
Evenness  
N addition 

1.12 
1.08 
0.18 
3.39 

0.30 
0.31 
0.67 
0.08 

 

 

6.3.3 Ecosystem net primary productivity and respiration   

 

6.3.3.1 Monoculture treatments (Table 6.9) 

 

Ecosystem net primary productivity (NPP) was significantly affected by N addition (p<0.01). N 

addition significantly increased overall NPP (i.e. the amount of C sequestered by the 

monoculture treatments). Although not significantly different from the other species, there 

was a trend for higher NPP in the A. millefolium (with N addition) and L. corniculatus 

(without N addition) monocultures. Ecosystem respiration rates were significantly affected 

by plant species as well as N addition (p<0.001 for both). There was also a significant 

interaction between species and N addition for respiration rates (p<0.01). N addition led to a 
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significant overall increase in ecosystem respiration for the monoculture treatments. 

Without N addition, the species with the highest respiration were L. corniculatus, P. 

lanceolata and T. repens. With N addition the differences between species were smaller, but 

A. millefolium, followed by L. corniculatus and T. repens tended to display the highest 

respiration rates.  

 

Table 6.9: Plant species and fertiliser effects on ecosystem net primary productivity (NPP) and 
respiration. p-values in bold indicate significant results.  

Variable  Independent Variable F-value p-value  

NPP (mg CO2-C m-2 hr-1) Plant species 
N addition  
Plant species:N addition 
PAR 

0.98 
7.72 
1.13 
4.63 

0.47 
<0.01 
0.37 
<0.05 

Respiration (mg CO2-C m-

2 hr-1)  
Plant species 
N addition  
Plant species:N addition 
Soil moisture 
Soil temperature  

8.93 
43.92 
3.79 
0.65 
0.01 

<0.001 
<0.001 
<0.01 
0.43 
0.95 

 

6.3.3.2 Species mixture treatments (Table 6.10)  

 

Ecosystem net primary productivity (NPP) was significantly affected by N addition (p<0.05; 

see Figure 6.10a). N addition significantly increased the amount of C sequestered by the 

species mixtures. There was also a significant correlation between NPP and total 

aboveground biomass (p<0.05, but only when PAR was used as a co-factor). Ecosystem 

respiration was significantly affected by N community prevalence (p<0.001; see Figure 

6.10b). Respiration rates were significantly higher in the ‘low N’ communities. This effect was 

likely driven by total aboveground biomass (which is higher in ‘low N’ communities), as the 

two variables were significantly positively correlated (p<0.0001, R2=0.58).  
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Table 6.10: Plant community treatment and fertiliser effects on ecosystem net primary productivity 
(NPP) and respiration. p-values in bold indicate significant results.  

 

Variable  Independent Variable F-value p-value  

NPP (mg CO2-C m-2 hr-1)  Community prev. 
Species number 
Evenness  
N addition 
PAR 

2.80 
0.00 
0.01 
5.72 
16.14 

0.11 
0.97 
0.94 
<0.05 
<0.001 

Respiration (mg CO2-C m-

2 hr-1)  
Community prev. 
Species number 
Evenness  
N addition 
Soil moisture 
Soil temperature 

21.48 
0.14 
0.55 
0.01 
1.39 
0.50 

<0.001 
0.71 
0.47 
0.93 
0.25 
0.49 

 

 

 

 
 
Figure 6.10: Net ecosystem primary productivity (NPP) for 0 (N0) and 35 kg ha

-1
 yr

-1
 (N1) N addition 

(a), and ecosystem respiration for high and low N communities (b).  

 
 
 
 
 
 
 
 
 
 

a) b) 
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6.4 Discussion  

 

6.4.1 The direct effects of N   

 

6.4.1.1 Monocultures 

 

All above and belowground biomass variables with the exception of root tissue C showed 

significant interactions between plant species and N addition. Although N addition only 

significantly increased the biomass of A. capillaris, F. ovina, A. millefolium and A. odoratum, 

there was a trend for most species to gain biomass with N fertilisation.  The only exceptions 

were the two legumes and P. lanceolata. The lack of effect of N on L. corniculatus and T. 

repens was likely due to these species’ ability to fix N, therefore providing enough N for 

growth even without fertilisation. The ability of legumes to produce high levels of biomass 

via N2 fixation is described by Craine et al. (2002). The lack of growth response to N addition 

from P. lanceolata contrasts with the findings of Berendse (1983), who found that N addition 

increased P. lanceolata biomass in monocultures. However, as P. lanceolata produced large 

quantities of aboveground biomass, one reason why N addition did not affect this species’ 

biomass could have been due to a limitation by another nutrient. Nutrient co-limitation as a 

constraint on plant growth has been described by Harpole et al. (2011). This meant that 

without N addition, L. corniculatus, T. repens and P. lanceolata clearly had the largest 

aboveground biomass, but once N was applied this difference was no longer so apparent.  

 

The positive impact of N addition on plant biomass is presented in many studies (Baer and 

Blair, 2008; LeBauer and Treseder, 2008; Semmartin and Oesterheld, 2001; Zhang et al., 

2015). The results of this experiment suggest that N addition is most beneficial to the 

biomass of grasses, as well as the forb A. millefolium. This positive effect of N addition on 

grass biomass has been described in previous studies. In their meta-analysis, De Schrijver et 

al. found that N addition significantly increased the biomass of graminoid species, but did 

not elicit a response from forbs. Aboveground tissue chemistry of the different species was 

also dependent on N addition. F. ovina for example, had the highest tissue C:N ratio without 

N addition, but this was not the case when N was applied.  

 

Root biomass of different species was also dependent on N addition. Although there was a 

trend for most species’ root biomass to increase with N addition (the exceptions being the 
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legumes), the only significant increase was in the A. odoratum monocultures. This result is in 

line with the work of Manning et al. (2006), who found that N addition increased root 

biomass. There was also a trend for most species’ root C:N ratios to decrease with N 

addition, however this decrease was only significant for A. millefolium. As the species with 

the largest root biomass, A. millefolium’s decrease in root C:N ratio with N addition could 

mean that N fertilisation may have a large effect on the quality of belowground organic 

matter input in communities where this species is abundant. This could have an impact on 

soil C storage and cycling, as lower root C:N ratios are known to increase root decomposition 

rates (Silver and Miya, 2001).  

 

In the monoculture treatments, the only microbial parameters significantly affected by N 

addition were microbial biomass N and the fungal:bacterial ratio. In addition, there were no 

significant interactions between species and N addition for any soil or microbial variables 

measured. This suggests that N addition did not have strong direct effects on the soil or the 

microbial communities of the monoculture treatments.  

 

N addition has been shown to increase both NPP and respiration rates in grasslands (Verburg 

et al., 2004; Zhou et al., 2014), and this is what occurred in the monoculture treatments. 

Furthermore, the effect of plant species on respiration was dependent on N addition. 

Without N addition, the highest respiration rates occurred in the L. corniculatus, T. repens 

and P. lanceolata monocultures. This was probably due to the higher biomass of these 

species. With N addition however, this difference became much less clear, and A. millefolium 

became the species with the highest respiration rates. By increasing respiration rates and 

NPP in the monocultures, N addition increased rates of C cycling in vegetation.  

 

Overall, the productivity and chemistry of several grass and forb species depended on 

whether N was added or not. This suggests that the direct effects of N addition may have an 

important role in how species identity affects soil C storage and cycling via plant material 

input into the system. This result is in line with the work of Manning et al. (2006), who found 

that the direct effects of N on plant growth dominate ecosystem response to N addition. 

However, N addition had very little effect on how species identity affected any measured soil 

and microbial properties. This may have been because the experiment was running for too 

little time, or perhaps because the effects of species identity were strong enough to override 

the influence of N addition on soil biotic and abiotic factors, despite its effect on vegetation. 

It was expected that the species selected for being associated with high N environments 
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would have a larger effect on C cycling and storage with N addition due to higher 

aboveground productivity and increased tissue quality. However, this was not the case, as 

the effects of ‘high N’ and ‘low N’ species on C cycling and storage in monocultures were not 

clearly distinguishable.  

 

6.4.1.2 Species mixtures  

 

N addition did not significantly affect any above or belowground vegetation variables 

measured in the species mixture treatments. The lack of effect of N on the aboveground 

biomass of species mixture treatments was unexpected, as many studies have reported the 

positive effects of N fertilisation on aboveground plant biomass (Baer and Blair, 2008; 

LeBauer and Treseder, 2008; Semmartin and Oesterheld, 2001; Zhang et al., 2015). However, 

this effect was likely due to the fact that L. corniculatus and P. lanceolata, two species that 

were not affected by N addition in the monocultures, drove the biomass in these 

communities. There were nonetheless, marginally non-significant trends for root biomass, 

root C and root N to increase with N addition. Contrastingly, Bardgett et al. (1999) found that 

N addition (100 kg ha-1) significantly reduced root biomass in temperate upland grassland 

species. Zeng et al. (2010) also found that N addition (200 kg ha-1 yr-1) decreased the root C 

pool in a semi-arid grassland. Data suggests that the direct effects of N addition may have 

had a limited impact on C cycling and storage in the vegetation biomass of the species 

mixture treatments.  

 

In the species mixture treatments the only microbial parameter measured that was 

significantly affected by N addition was microbial biomass N. These findings are in contrast 

with those of Bardgett et al. (1999), who found that N addition significantly altered the 

structure of the microbial community in favour of fungi in a temperate upland grassland. 

However, Bardgett et al. also concluded that overall, plant traits (and therefore plant 

identity and community composition) were more important than N fertilisation for 

determining microbial activity and possibly diversity. These results indicate that the direct 

effects of N only had a minor influence on the soil microbial community in the species 

mixture treatments. One reason for this could be that soil microorganisms are affected more 

by variations amongst plant species in root exudation patterns than by N addition (Bardgett 

et al., 1999).  
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Although N addition did not affect any overall soil C and N pools in the species mixture 

treatments, it was found to significantly affect the finer soil C and N fractions. These finer soil 

fractions typically contain older, more stable mineral-associated C, and are therefore 

arguably more important for long term C storage (De Deyn et al., 2011b; Puget et al., 2000). 

By increasing the amount and proportion of C stored in the fine soil fraction, N addition may 

have had a positive effect on soil C stocks. However, by decreasing the proportion of C 

stored in the very fine soil fraction, N addition may have also had a negative effect on long-

term C storage. This result is in line with Manning et al. (2006), who found that mineral-

associated C (defined as <53 μm) was lower under high N addition (44 kg N ha-1 yr-1). Song et 

al. (2014) on the other hand, found that 9 years of N addition to a semiarid grassland 

increased C in the soil fraction associated with labile C, but did not affect the more stable, 

recalcitrant soil C.  

 

In the species mixture treatments N addition positively affected ecosystem NPP. This is in 

line with the work of Manning et al. (2006), who found that N addition increased NEP in their 

experiment. NPP is known to increase with N addition in grasslands (Semmartin et al., 2007). 

By increasing NPP, N addition increased the amount of C entering the species mixture 

treatments via the vegetation. This suggests that N addition may play an important role in 

vegetation C uptake. In their terrestrial ecosystem model for example, McGuire et al. (1992) 

found that N-induced increases in NPP more than offset increased plant respiration in North 

America.  

 

Overall, results suggest that unlike in the monoculture treatments, the direct effects of N did 

not affect vegetation productivity or chemistry in the species mixture treatments. They also 

had minor effects on soil microbial biomass and no effects on total soil C and N pools. 

However, N addition directly affected NPP and the finer soil C and N fractions, which could 

have implications for long-term C storage.  
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6.4.2 The indirect effects of N 

 

6.4.2.1 Plant species identity (monocultures)  

  

All above and belowground biomass variables measured were significantly different between 

plant species monocultures. However, as mentioned in section 5.5.1.1, all but root tissue C 

were also dependent on N addition. Nonetheless, the highest potential for C input from 

aboveground plant litter came from the legumes L. corniculatus and T. repens, and the forb 

P. lanceolata, and the highest quality litter came from the legumes. The results for L. 

corniculatus are in line with the findings of De Deyn et al. (2009), who found that L. 

corniculatus consistently stored the most C and N in vegetation compared with other 

grassland species monocultures.  

 

However, it must be noted that because aboveground biomass was removed from the 

mesocosms, the most important plant input came from root turnover and exudation. Root 

biomass input is known to depend on species identity (Rees et al., 2005). The most 

productive species belowground was A. millefolium, and therefore this species could have 

had the highest belowground soil C inputs. However, the highest quality root tissue was 

found in the L. corniculatus and T. repens monocultures, so these species may have had a 

strong effect on the rate of soil C cycling. These findings are once again in accordance with 

the work of De Deyn et al. (2009), who found that A. millefolium produced the most root 

biomass and that L. corniculatus and T. repens had the lowest root C:N ratios. 

 

Despite significant differences between species in both above and belowground growth and 

chemistry, total soil C and N stocks did not differ between monocultures. Large changes to 

total soil C and N pools were not expected due to the short-term nature of this experiment. 

However, the legume monocultures were expected to have some positive effects on total 

soil C and N as previous studies have shown that some legume species (including L. 

corniculatus and T. repens) can lead to increases in soil C and N stocks (De Deyn et al., 2009; 

De Deyn et al., 2011b). The lack of change in soil N may have occurred due to high uptake by 

plants, and the lack of change in soil C could have been because two growing seasons were 

not enough for changes to total soil C stocks to occur, especially given that plant 

aboveground biomass was harvested.  
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However, soil C:N ratios were significantly different between species, with the T. repens 

monoculture soil having the lowest ratio. This was likely due to N fixation by T. repens. Soil 

available N and N mineralisation rates were also different between plant species. Both 

variables were very low for all species monocultures except for those of T. repens and L. 

corniculatus, which was probably due to the legumes’ ability to fix N. Craine et al. (2002) 

describe how non-legume species monocultures that can sustain large amounts of biomass 

tend to have low extractable inorganic nitrogen and N mineralization in their soils. Soil pH 

was also lower in the soils of the two legume monocultures, and this can probably be 

attributed to the higher levels of available N and N mineralisation in these soils (as 

nitrification releases H+ ions (Bolan et al., 1991)).  

 

Soil DOC and DON were found to be different between plant species. DOC in particular was 

noticeably lower in L. corniculatus and T. repens monocultures, which could be related to 

lower soil C:N ratios (van den Berg et al., 2012). Interestingly, microbial biomass C was found 

to be lowest in the soils of three of the most productive species (L. corniculatus, T. repens 

and A. millefolium). This suggests high levels of competition for C between plants and 

microbes. Indeed, it has been suggested that some microorganisms may be negatively 

affected by plants with a high N uptake rate (Moreau et al., 2015). The soil fungal:bacterial 

ratio was significantly affected by both species identity and N addition, with the lowest ratios 

occurring in the A. capillaris and F. ovina monocultures (with no N addition), and in the bare 

soil pots. These changes to the soil microbial community could have consequences for soil C 

storage in the long run. Bardgett et al. (1999) also found that soil fungal:bacterial ratios were 

significantly different between grassland plant species. They attributed these effects of 

species identity on soil biota to specific plant physiological traits, independent of 

environmental factors.  

 

Overall, above and belowground vegetation was affected by species identity, although it 

must be noted that this often depended on N addition (as described in section 5.5.1.1). 

Therefore, the indirect effects of N mediated by species identity are likely to be less 

important than the direct effects of N on plant growth and chemistry. Soil and microbial 

variables on the other hand, were strongly affected by species identity, and apart from 

microbial biomass N and the fungal:bacterial ratio, were not affected by N addition. 

Therefore, the indirect effects of N mediated by species identity are likely to have an 

important effect on soil biotic and abiotic processes.  
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6.4.2.2 High vs. low N-associated communities  

 

See Figure 6.11 for diagram of C fluxes and pools for these communities. N community 

prevalence was the most important aspect of community composition for aboveground 

biomass. However, the effects of N community prevalence on aboveground biomass were 

strongly driven by the influence of two ‘low N’ species (L. corniculatus and P. lanceolata), 

which dominated the biomass of the communities in which they were present. Dominant 

plant species are thought to have a disproportionate influence on ecosystem processes via 

the “mass ratio” effect, as they contribute most of the biomass that actively controls fluxes 

of energy and matter through the system (Cerabolini et al., 2010; Grime, 1998). In this 

experiment, total aboveground biomass, biomass C and biomass N were all higher in the ‘low 

N’ communities, but they were also highly positively correlated with the percentage of total 

biomass made up of L. corniculatus and P. lanceolata. In addition, the biomass C:N ratio was 

lower in the ‘low N’ communities, and this was strongly negatively correlated with the 

percentage of total biomass made up of L. corniculatus. A similar result was encountered by 

De Deyn et al. (2009) in their mesocosm experiment, whereby L. corniculatus corniculatus 

was the most productive species by far, consistently stored the most C and N in vegetation, 

and along with T. repens, also had the lowest biomass C:N ratio.  

 

Unlike aboveground biomass, root biomass was not affected by N community prevalence. 

However, the root C:N ratio was lower in ‘low N’ communities, and this was negatively 

correlated with the percentage of total biomass made up of L. corniculatus and P. lanceolata. 

This indicates that root tissue quality in the ‘low N’ communities was higher than in the ‘high 

N’ communities. Studies have shown that better quality root litter has a higher rate of 

decomposition (Silver and Miya, 2001). Therefore, it is possible that the rate of root C 

turnover was greater in the ‘low N’ communities.  
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Figure 6.11: C pools and fluxes in the high and low N-associated communities. Writing in bold 
indicates significant differences (p<0.05) between communities. Writing in brackets indicates 
significant effects of N addition and direction of effect.  
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Despite changes in root tissue quality, microbial biomass C and N were not affected by N 

community prevalence, however, the fungal:bacterial ratio, a measure of microbial 

community structure, was higher in ‘low N’ than ‘high N’ communities. This result contrasts 

with the work of Habekost et al. (2008), who found that improved resource quality (defined 

as lower litter C:N ratios) enhanced bacterial growth at the expense of fungi in an 

experimental grassland. However, Manning et al. (2006) also found that fungi abundance 

was higher in ‘low N’ communities. The fungal:bacterial ratio was also significantly negatively 

correlated with DOC and DON, and positively correlated with total root N. This suggests that 

although root tissue quality did not affect microbial biomass, it may have affected microbial 

community structure by increasing the proportion of fungi relative to bacteria. This could 

have led to effects on soil C storage in the long run, as research shows that increased fungal 

activity is associated with increased soil C (Bailey et al., 2002). The correlations between the 

fungal:bacterial ratio and DOC and DON could indicate that a microbial community with a 

higher proportion of fungi may be better at mineralising organic forms of C and N. Research 

shows that fungi play an important role in gross N mineralisation (Balser and Firestone, 

2005). The fungal:bacterial ratio was not significantly correlated with the proportions of L. 

corniculatus or P. lanceolata biomass, despite the fact that the functional characteristics of 

dominant plant species are known to be important determinants of soil biological properties 

(Bardgett et al., 1999).  

 

pH was found to be significantly lower in the ‘low N’ communities. This was probably due to 

the presence of L. corniculatus, as legumes are known to decrease soil pH (Dakora and 

Phillips, 2002). There were also marginally non-significant trends for DOC and DON to be 

lower in the ‘low N’ communities, likely due to higher uptake caused by greater plant 

biomass. Orwin et al. (2014) also found that communities dominated by L. corniculatus lost 

the least DOC and DON in leachates. Although total soil C and N were not affected by N 

community prevalence, coarse fraction C was found to be significantly higher in ‘low N’ 

communities. Coarse C is known to be comprised of young, plant matter-derived C that 

typically has a relatively short turnaround period of a few years (Puget et al., 2000). It is 

possible that this increase in coarse fraction C may have been affected by the dominance of 

L. corniculatus in the ‘low N’ communities, as increasing the proportion of legume species in 

a grassland community has been shown to lead to increases in soil C storage (Li et al., 

2016a).  
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Ecosystem respiration rates were found to be significantly higher in the ‘low N’ communities, 

and highly positively correlated with total aboveground biomass. Research shows that 

ecosystem respiration is highly linked to plant aboveground biomass (Flanagan and Johnson, 

2005). This suggests a higher rate of C loss from vegetation in ‘low N’ communities as a 

consequence of increased C stored as aboveground biomass.  

 

The prevalence of ‘low N’ species (driven by L. corniculatus, and to a lesser extent, P. 

lanceolata) led to higher C and N stocks in aboveground biomass, but it also increased the 

quality of both the above and belowground plant tissue in the system as well as the rate of 

ecosystem respiration. These changes to biomass decomposability and the increase in C loss 

via respiration could have led to an acceleration of the C cycle in the ‘low N’ communities. In 

addition, the prevalence of ‘low N’ species lowered soil pH, increased the proportion of fungi 

in the microbial community, and increased coarse fraction C, meaning that community 

composition also altered soil biotic and abiotic properties. Therefore, it is possible that 

community composition may have had an impact on C storage via altered inputs from 

vegetation. Changes to microbial community composition could also have had larger 

implications for C storage over time.  

 

It was hypothesised that the ‘high N’ communities would cause greater changes to the C 

cycle when exposed to N than the ‘low N’ communities. However, only one significant 

interaction was found between an aspect of community composition and N addition: an 

interaction between N community prevalence and N addition for aboveground tissue C (see 

Figure 6.6). This variable only increased with N addition in treatments that did not include L. 

corniculatus (species mixture treatments 1 and 2). Although this effect was not present in 

the other species mixture treatments, the ‘low N’ communities displayed higher overall 

aboveground tissue C content regardless of N addition. This suggests that N addition did 

have a greater effect on ‘high N’ communities for aboveground tissue C content, but that 

‘low N’ communities, driven by L. corniculatus (as confirmed by the significant correlation 

between aboveground tissue C content and the percentage of total biomass made up of L. 

corniculatus), still had a larger impact on C regardless.  

 

In this experiment, L. corniculatus and P. lanceolata drove vegetation aboveground biomass, 

and vegetation aboveground chemistry was driven by the N-fixing ability of L. corniculatus. 

This dominance affected C cycling via input from vegetation, and may even have had a part 

in altering soil biotic and abiotic properties (such as microbial community structure, soil pH, 
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and coarse soil fraction C storage). A previous study by Bezemer et al. (2006) reveals that it is 

possible for species identity to affect both abiotic and biotic soil properties within a short 

period of time (two growing seasons). Real grasslands are not dominated by species such as 

L. corniculatus and P. lanceolata, and these species only became dominant due to the 

artificial nature of this experiment. Although the dominance of L. corniculatus and P. 

lanceolata illustrates how far removed from reality these communities were, their effects 

demonstrated the impact of dominant species on ecosystem processes, particularly when 

one of these species is a legume. Research has shown that N2 fixation by legumes may be a 

major driver of soil C (and N) storage (Cong et al., 2014).  

 

6.4.2.3 High vs. low species number  

 

Many studies report positive correlations between aboveground productivity and species 

richness in grasslands (Cardinale et al., 2007; Cong et al., 2014; Hector et al., 1999; Roscher 

et al., 2005; Spehn et al., 2005; Tilman et al., 1996), which are frequently attributed to 

increased trait variability, leading to greater niche differentiation and superior exploitation 

of resources. However, in this study species number did not have a significant effect on 

aboveground biomass (nor did it affect ecosystem NPP or respiration), as biomass was 

strongly determined by two dominant species (L. corniculatus and P. lanceolata).  

 

Belowground biomass on the other hand, was negatively affected by species number. This 

result is contrary to the works of Mommer et al. (2010) and of Mulder et al. (2002), who 

report positive effects of species richness on belowground biomass. For Mommer et al. the 

increase in root biomass with richness was driven by increased root biomass of A. odoratum. 

Mulder et al. suggest that increased root biomass was a consequence of greater growth 

rates in communities with high species richness. They also add that although the percentage 

of legume biomass aboveground had a very strong effect on aboveground biomass (as 

occurred with L. corniculatus in the species mixture treatments), it did not affect root 

biomass.  

 

As previously mentioned however, species number did not affect the aboveground 

productivity of the species mixture treatments. In addition, neither A. odoratum, nor L. 

corniculatus or T. repens percentage aboveground biomass were significantly correlated with 

root biomass or root C. However, both root biomass and root biomass C of the species 
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mixture treatments were significantly negatively correlated with the percentage of total 

aboveground biomass made up of P. lanceolata. Also, there was a marginally non-significant 

(p=0.06) trend for species mixtures with higher species number to have a larger percentage 

of their aboveground biomass made up of P. lanceolata. This could therefore suggest that 

the decline in root biomass and root C with increased species number could at least partly be 

due to the increased presence of P. lanceolata in the high species number mixtures. A 

possible reason for this could be that by dominating aboveground biomass, and therefore 

probably restricting the growth of other species, P. lanceolata may have limited the 

belowground productivity of the other species, including that of A. millefolium, which had 

the highest belowground productivity.  

 

Species number did not significantly affect any measured soil properties. However, species 

number did significantly affect two microbial parameters. Higher plant species number was 

expected to benefit the diversity of soil biota as it included more plants differing in root 

morphology and root chemical composition (Habekost et al., 2008). Although 

fungal:bacterial ratios were not affected by species number, mixtures with high species 

number had significantly higher Gram+:Gram- bacterial ratios. Studies have indicated that 

Gram-positive bacteria use more soil organic matter-derived C sources, while Gram-negative 

bacteria prefer plant biomass and fresh organic material inputs (Bird et al., 2011; Habekost 

et al., 2008; Kramer and Gleixner, 2008; Reinsch et al., 2014). As aboveground biomass was 

removed at the end of both growing seasons in this experiment, the impact of litter inputs to 

the soil was minimised and belowground organic matter inputs became even more 

important for plant-soil feedbacks. Therefore, the decrease in the proportion of Gram-

negative bacteria with higher species number could be associated with the aforementioned 

decrease in root biomass and root biomass C in mixtures with a higher species number. 

However, it must be noted that no significant correlation was found between the 

Gram+:Gram- bacterial ratio and root biomass (p=0.28) or root C (p=0.25).  

 

N mineralisation rate was also significantly affected by species number, with the rate being 

higher in communities with high species number. This finding is in line with the work of Zak 

et al. (2003), who reported greater N mineralisation rates with increasing plant species 

richness. They proposed that one mechanism behind this effect was that increasing plant 

richness also led to greater microbial activity. Mueller et al. (2013) also found that plant 

species richness increased N mineralisation, but they suggest that the strongest driver of N 

mineralisation in their long-term experiment was root N concentration. Neither microbial 
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biomass C, nor root tissue N were found to be significantly correlated with N mineralisation 

rate (p=0.52 and 0.19 respectively). In addition, although the monoculture treatments 

showed that the highest N mineralisation rates by far were in the soils of the legume species 

(which also had the highest root N concentrations), no significant correlation was found 

between N mineralisation and the proportion of total biomass made up of L. corniculatus 

and T. repens in the species mixture treatments (p=0.44).  

 

Due to the relatively high turnover rates of roots (Van der Krift and Berendse, 2002), 

decreasing root biomass and total root C in the high species number treatments could have 

led to decreased organic matter input into the soil. The decrease in the proportion of Gram- 

bacteria found in high species number mixtures also suggests a decrease in fresh plant 

matter inputs to the soil. This may have had long-term negative consequences for soil C 

stocks for these communities, especially given that a large proportion (up to 80%) of total 

plant biomass in temperate grasslands can be attributed to belowground biomass (Jackson 

et al., 1996). In the work of Steinbeiss et al. (2008) for example, higher species richness 

significantly increased both root biomass and C stocks after four years. Although the authors 

state that greater plant material input was not a simple cause of increased soil organic C, the 

implication is that it is still likely to play an important role in this process. Increased N 

mineralisation rates with higher species number on the other hand, could have led to greater 

soil available N stocks, which could have a positive effect on aboveground productivity (and 

thus aboveground C stocks) in the long-term.  

 

6.4.2.4 High vs. low functional group evenness  

 

Functional evenness and its opposite, functional dominance, are increasingly recognised as 

important factors in the regulation of ecosystem processes which include C storage 

(Hillebrand et al., 2008). In this experiment it was expected that lower functional group 

evenness would lead to increased aboveground productivity, and decreased root growth and 

microbial diversity. However, functional group evenness had the least effect on C cycling and 

storage out of all three measures of diversity (functional evenness, species number and N 

community prevalence). In fact, the only variable that was significantly affected by functional 

group evenness was total aboveground tissue C. The reason why evenness did not affect C 

cycling and storage in this experiment was probably the fact that by the final harvest, the 

percentage of total biomass made up of grasses did not significantly differ between high and 
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low evenness mixtures (p=0.85). This means that the experimental design was ultimately 

unsuccessful in its attempt to simulate differences in functional group evenness. 

 

 

6.5 Conclusions  

 

Species identity affected several processes involved in C storage and cycling in the 

monoculture treatments due to differences in above and belowground biomass and 

chemistry, which led to changes in microbial activity and community composition. However, 

the effect of species identity on most vegetation variables measured depended on whether 

N was added or not (i.e. the direct effects of N). In addition, the effects of ‘high N’ and ‘low 

N’ species on C cycling and storage in monocultures were not clearly distinguishable.  

 

Of the community composition aspects manipulated in the species mixture treatments, the 

most important was N community prevalence. Many above and belowground vegetation 

variables, as well as soil biotic and abiotic properties were affected by N community 

prevalence. This led to changes in C cycling and storage that tended to be stronger in the 

‘low N’ communities. However, this effect was overwhelmingly driven by the presence of 

two dominant ‘low N’ species, L. corniculatus and P. lanceolata. Nonetheless, a significant 

increase in coarse fraction C in the ‘low N’ communities indicates that community 

composition had the greatest effect on fresh C storage in these systems. These results 

contrast with Manning et al. (2006), who found that direct effects on plant growth dominate 

ecosystem response to N deposition. Aside from having a negative effect on root biomass, 

species number had a limited effect on C cycling and storage. The functional group evenness 

treatments in this experiment were unsuccessful.  

 

Due to the short-term nature of this experiment, it was expected that species composition 

would exert a stronger overall effect on C cycling and storage than N addition, especially in 

the soil. However, results suggest N addition played a more important role in C cycling and 

storage in the species mixture treatments than was anticipated. Despite community 

composition exerting a much stronger effect on above and belowground vegetation in 

species mixture treatments, N addition increased ecosystem NPP. In addition, the direct 

effects of N may have been more important for older soil C storage, as N addition 

significantly altered finer, mineral-associated fraction C.  



Chapter 6 

 

 119 

 

In conclusion, both direct and indirect (via plant community change) effects of N addition 

were important for C cycling and storage in these model grassland communities. This study 

further accentuates the need to take both effects into consideration when assessing the 

impact of N pollution on C stocks in grasslands.  
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Chapter 7: General Discussion 
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General Discussion  

 

Terrestrial ecosystems are important C sinks, thus making them indispensible for climate 

change mitigation. Increasing levels of atmospheric N deposition are known to affect various 

chemical and biological processes that contribute to C cycling. However, there is still much 

uncertainty regarding the true impact of N enrichment on terrestrial C storage. The 

overarching aim of this thesis was, with a focus on acidic grasslands, to investigate how N 

addition affects ecosystem C cycling and storage.  In order to address this aim, above and 

belowground C and N pools and gas emissions were measured in a series of field, mesocosm 

and microcosm studies. This chapter discusses the key findings of this thesis, their 

implications, and the potential for future work in this field of study.  

 

7.1 Reduced N is likely to have the strongest long-term effects on C storage in acid 

grasslands (Chapter 3)  

 

Soil and vegetation were sampled from a seven-year N addition experiment in Revna, 

Norway. N was added to experimental plots as NH4NO3 (35 and 70 kg ha-1 yr-1), NaNO3 (70 kg 

ha-1 yr-1) and as NH4Cl (70 kg ha-1 yr-1).  

 

Reduced N as NH4Cl led to the largest decreases in soil pH and aboveground biomass C:N 

ratios compared with control plots. In addition, only the reduced N treatment significantly 

lowered the soil fungal:bacterial ratio compared with control plots, and there was a non-

significant trend for this treatment to decrease total aboveground biomass. These findings 

support the work of van den Berg et al. (2016), who found that acid grasslands appear to be 

more sensitive to reduced rather than oxidised N deposition.  

 

Although no changes to the total soil C pool were found, these results indicate that reduced 

N addition could lead to changes in C storage over time, potentially by changing rates of 

organic matter decomposition via increased litter quality (Nicolardot et al., 2001) and 

increased proportion of bacteria in the microbial community (Six et al., 2006). In addition, 

lower soil pH (and perhaps toxic effects of ammonium) may eventually lead to changes in 

plant growth and community composition (de Graaf et al., 1998; Kleijn et al., 2008; Lucassen 

et al., 2003), and therefore to indirect effects of N on C.  
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These findings are especially significant as forecasts for future atmospheric N deposition 

predict an increase in the proportion of reduced N (Engardt and Langner, 2013). Emissions of 

NH3 from agriculture have been the least affected by environmental policies (Sutton, 2011), 

and must therefore be targeted by current and future policy-makers in order to reduce the 

effects of N deposition on terrestrial ecosystems. Results from Chapter 3 highlight the 

importance of incorporating the differential effects of N form in future research into the 

effects of N addition on C storage.  

 

7.2 N addition has had a negative effect on microbial respiration in an acid grassland 

(Chapter 4)  

 

Intact soil cores taken from a seven-year N addition experiment in Norway were incubated at 

10, 16 and 22°C for two weeks. A set of cores was also spiked with P before the start of the 

incubation. Gas samples were collected and analysed for CO2 and N2O content.  

 

N addition had a significant negative impact on soil respiration rates in this acidic grassland. 

This finding is consistent with several studies such as Ramirez et al. (2010), Treseder (2008) 

and Liu and Greaver (2010). Decreases in microbial respiration indicate that N addition had a 

negative impact on microbial activity at this site. We propose that this may have been due to 

a combination of N-enhanced C and P limitations (Harpole et al., 2011; Penuelas et al., 2012; 

Rousk et al., 2011), as well as possible effects of N-induced acidification (Chen et al., 2016). 

Given that the NH4Cl treatment produced the largest reductions in CO2 emissions, these 

findings also strengthen the idea put forth in Chapter 3 that reduced N may play an 

especially important role in soil C storage.  

 

As microbial respiration is a major pathway for C loss from a system (Raich and Schlesinger, 

1992; Ryan and Law, 2005), our results suggest that N addition may have a long-term 

beneficial effect on soil C storage. However, this might not be the case in systems where P is 

not a limiting nutrient/is also added. Adding P to cores led to an increase in respiration 

compared with cores incubated at the same temperature without P. This suggests that the 

negative effects of N on respiration could be dependent on whether P is a limiting nutrient 

or not. Other studies have also noted the effect of N addition on P limitation. Elser et al. 

(2007) for example, found widespread evidence that fertilisation with only N or P quickly 
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induced limitation by the other nutrient. Future research and C models should consider the 

effects of multiple nutrients on terrestrial C storage.  

 

7.3 Effects of low levels (under 10 kg ha-1 yr-1) of N addition on C cycling and storage in an 

acid grassland were not observable after seven years (Chapter 5)  

 

Soil and vegetation samples were collected from a seven-year low N addition experiment in 

Trefor, Wales. N was added to experimental plots as NH4NO3 (4.3 and 8.6 kg ha-1 yr-1) and as 

NH4Cl (4.8 kg ha-1 yr-1). No significant effects of low doses of N addition were found for this 

acid grassland site. This could indicate that a critical load of 10 kg ha-1 yr-1 may be applicable 

for this site.  

 

However, long-term N applications have been shown to alter vegetation growth and 

phenology at levels as low as 7.7 kg ha-1 yr-1 in a lowland heath for example (Phoenix et al., 

2012). In fact, Tipping et al. (2013) estimate that the critical load for acid grasslands is 7.9 kg 

ha-1 yr-1. Tipping et al. used plant species richness data from an N deposition gradient across 

the UK to calculate this critical load, and therefore the sites had likely been exposed to N 

deposition for many years. This suggests that the effects of low levels of N addition take a 

long time to be observed, and therefore data from short-term (under 10-year) N addition 

experiments should be used with caution when determining critical loads. In addition, the 

field site in Wales had a background N concentration of 9 kg ha-1 yr-1. This means that the 

effects of very low levels of N addition may have already occurred at this site.  

 

Overall, results suggest that short-term effects of low level N addition on C cycling and 

storage cannot be observed, and therefore that long-term N addition experiments are crucial 

in order to understand the real consequences of chronic N addition, even at low levels. 

Furthermore, additional research is needed in areas with the lowest levels of background N 

deposition in order to investigate the effects of low levels of N addition on ‘pristine’ 

environments.  
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7.4 Direct and indirect effects of N addition may differ for young and old C storage 

(Chapter 6)  

 

Aspects of plant community diversity were manipulated and subjected to N addition (35 kg 

ha-1 yr-1 as NH4NO3) in a mesocosm experiment set up at Lancaster University Field Station.  

 

Plant community composition (i.e. the indirect effects of N addition) had the strongest 

influence on C storage in vegetation and on microbial community structure. This result 

contrasts with the work of Manning et al. (2006), who found that direct effects on plant 

growth dominate ecosystem response to N deposition.  Community composition also 

significantly altered coarse soil fraction C, which is known to be comprised of young, plant 

matter-derived C that typically has a relatively short turnaround period of a few years (Puget 

et al., 2000). Therefore, plant community composition was the most important factor 

affecting fresh C input, decomposition and storage in the mesocosms. However, it must be 

noted that many of these effects were driven by two dominant ‘low N’ species (L. 

corniculatus and P. lanceolata). Although this highlights the artificial nature of this 

experiment, it also demonstrates the impact of dominant species on ecosystem processes.  

 

The direct effects of N addition on the other hand, may have had a more important role for 

the storage of older C in soil. N addition led to an increase in fine fraction C (and in the 

proportion of total C stored in this fraction). N also significantly decreased the proportion of 

total soil C stored in the very fine soil fraction, and it must be noted that very fine soil 

fraction C was also the only soil C pool significantly affected by one of the N treatments (70 

kg ha-1 yr-1 NH4NO3) in Chapter 3. Research suggests N addition accelerates the degradation 

of easily degradable litter and light soil C fractions, but may slow the decomposition of 

recalcitrant litter and stabilise C compounds in mineral-associated soil fractions (Lu et al., 

2011a; Xu et al., 2004). Although the observed effects of N on fine C were positive, the 

negative effects on the proportion of total C stored in very fine soil fraction suggest that C 

storage could be negatively affected in the long term.  

 

These results suggest that both direct and indirect effects of N are important for C cycling 

and storage in acid grasslands, and that both effects have to be taken into consideration in 

further research.  
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7.5 Summary diagram  

 

Figure 7.1 illustrates the overall effects (both direct and indirect) of N addition on C cycling 

and storage as reported in this thesis.  

 

Reduced N addition (70 kg ha-1 yr-1 NH4Cl) decreased pH, which in turn may have contributed 

to the trend for lower aboveground biomass in this treatment (Chen et al., 2013) (Chapter 3). 

All forms of N addition had inhibitory effects on microbial activity (Chapter 4), potentially via 

the effects of reduced pH (Chen et al., 2016), N-enhanced C and P limitation (Harpole et al., 

2011; Penuelas et al., 2012; Rousk et al., 2011) or even via direct inhibitory effects of N 

(Ramirez et al., 2010).  

 

N addition reduced aboveground biomass C:N ratios (Chapter 3), and although there were 

no observed effects of N on aboveground biomass, there was a trend for a decline in 

biomass with reduced N addition (Chapter 3). Decreased biomass C:N ratios would have led 

to lower C:N ratios in the plant litter.  

 

The ‘high N’ communities had higher aboveground and root C:N ratios than the ‘low N’ 

communities (Chapter 6), although this was due to dominance by L. corniculatus. There was 

also a marginally non-significant trend for N addition to increase root biomass in the 

mesocosms (Chapter 6).  

 

N addition increased NPP, but did not affect ecosystem respiration (Chapter 6). Plant 

community composition did not affect NPP, but the ‘high N’ communities had lower rates of 

ecosystem respiration than the ‘low N’ communities (Chapter 6). This was due to increased 

biomass in the ‘low N’ treatments, which was driven by two dominant species (L. 

corniculatus and P. lanceolata).  

 

No effects (direct or indirect) were observed for soil microbial biomass C. However, soil 

fungal:bacterial ratios were lower in ‘high N’ communities than in ‘low N’ communities 

(Chapter 6). In addition, lower fungal:bacterial ratios observed in the 70 kg ha-1 yr-1 NH4Cl 

treatment in Norway may have been mediated by increased litter quality (Lange et al., 2014) 

(Chapter 3). Lower species number led to a decrease in soil Gram+:Gram- bacterial ratios 

(Chapter 6). N addition had a negative effect on microbial respiration (Chapter 4). Soil 

respiration was not measured in the mesocosms.  
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Neither direct nor indirect effects of N addition affected total soil C. However, N addition to 

the mesocosms led to an increase in fine fraction C (and in the proportion of total C stored in 

the fine fraction) and to a decrease in the proportion of total C stored in the very fine soil 

fraction (Chapter 6). The 70 kg ha-1 yr-1 NH4NO3 treatment in Norway also led to a decrease in 

very fine fraction C (and in the proportion of total C stored in the very fine fraction) 

compared with control plots (Chapter 3). Coarse fraction C was lower in ‘high N’ 

communities than in ‘low N’ communities (Chapter 6). DOC was found to be lower in all 70 

kg ha-1 yr-1 treatments in Norway (Chapter 3). There were marginally non-significant trends 

for DOC to be higher in ‘high N’ communities than in ‘low N’ communities (Chapter 6).  
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Figure 7.1: The effects of N addition on C cycling and storage in acid grasslands. Solid arrows represent 
direct effects of N, dashed arrows represent indirect effects of N. ‘NE’ stands for ‘no effect’, ‘+’ stands 
for positive effect and ‘-‘ stands for negative effect. Question marks are used where effects were not 
clear/significant.  
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7.6 Future Work  

 

While the information obtained from this thesis will help to understand the mechanisms by 

which N affects C storage in terrestrial ecosystems, many challenges still remain.  

 

Firstly, there is a great need for more long-term N addition experiments such as those 

described by Phoenix et al. (2012). Due to the long turnover times associated with C, 

experiments are likely to need decades in order to provide reliable long-term data for the 

effects of N on C. Therefore, more studies of the effects of N on C storage should be carried 

out on already existing long-term N addition experiments.  

 

Secondly, isotopic labelling studies would enable an in-depth understanding of C allocation 

to different soil C pools, and would be especially useful for differentiating between the direct 

and indirect effects of N on C storage. An example of how isotopic labelling can be used to 

track soil C allocation under N addition can be found in Finn et al. (2016).  

 

Thirdly, more N addition experiments should take into account both the effects of different 

N forms, and the effects of other limiting nutrients. A good example of an experimental 

design that incorporates different nutrients is the ‘Nutrient Network’, or ‘NutNet’, which 

incorporates nitrogen, phosphorous, potassium and other micronutrients in a fully factorial 

design (Hautier et al., 2014).  

 

Finally, it must be noted that grasslands are by no means the largest soil C sinks. Ecosystems 

such as peatlands and bogs hold huge quantities of C, and are often at most risk from the 

effects of climate change. Research into the effects of N addition on C storage, how this 

might change with warming, and how direct and indirect effects might differ in these 

systems is essential.  

 

 

 



 

 129 

Bibliography  

 

Aerts, R., H. De Caluwe, and B. Beltman, 2003, Plant community mediated vs. nutritional 

controls on litter decomposition rates in grasslands: Ecology, v. 84, p. 3198-3208. 

Allen, S. E., 1989, Chemical analysis of ecological materials, Blackwell Scientific. 

Allison, S. D., Y. Lu, C. Weihe, M. L. Goulden, A. C. Martiny, K. K. Treseder, and J. B. H. 

Martiny, 2013, Microbial abundance and composition influence litter decomposition 

response to environmental change: Ecology, v. 94, p. 714-725. 

Anderson, I. C., and J. S. Levine, 1986, Relative rates of nitric-oxide and nitrous-oxide 

production by nitrifiers, denitrifiers, and nitrate respirers: Applied and 

Environmental Microbiology, v. 51, p. 938-945. 

Ashman, M. R., and G. Puri, 2002, Essential soil science : a clear and concise introduction to 

soil science: Oxford, Blackwell Science. 

Asner, G. P., A. R. Townsend, W. J. Riley, P. A. Matson, J. C. Neff, and C. C. Cleveland, 2001, 

Physical and biogeochemical controls over terrestrial ecosystem responses to 

nitrogen deposition: Biogeochemistry, v. 54, p. 1-39. 

Baer, S. G., and J. M. Blair, 2008, Grassland establishment under varying resource availability: 

A test of positive and negative feedback: Ecology, v. 89, p. 1859-1871. 

Bailey, V. L., J. L. Smith, and H. Bolton, 2002, Fungal-to-bacterial ratios in soils investigated 

for enhanced C sequestration: Soil Biology & Biochemistry, v. 34, p. 997-1007. 

Balesdent, J., and M. Balabane, 1996, Major contribution of roots to soil carbon storage 

inferred from maize cultivated soils: Soil Biology & Biochemistry, v. 28, p. 1261-1263. 

Balser, T. C., and M. K. Firestone, 2005, Linking microbial community composition and soil 

processes in a California annual grassland and mixed-conifer forest: 

Biogeochemistry, v. 73, p. 395-415. 

Bardgett, R. D., P. J. Hobbs, and A. Frostegard, 1996, Changes in soil fungal:bacterial biomass 

ratios following reductions in the intensity of management of an upland grassland: 

Biology and Fertility of Soils, v. 22, p. 261-264. 

Bardgett, R. D., J. L. Mawdsley, S. Edwards, P. J. Hobbs, J. S. Rodwell, and W. J. Davies, 1999, 

Plant species and nitrogen effects on soil biological properties of temperate upland 

grasslands: Functional Ecology, v. 13, p. 650-660. 

Bardgett, R. D., and E. McAlister, 1999, The measurement of soil fungal : bacterial biomass 

ratios as an indicator of ecosystem self-regulation in temperate meadow grasslands: 

Biology and Fertility of Soils, v. 29, p. 282-290. 



 

 130 

Bardgett, R. D., and D. A. Wardle, 2010, Aboveground-belowground linkages : biotic 

interactions, ecosystem processes, and global change: Oxford, Oxford University 

Press. 

Barrett, G. C., 1985, Chemistry and biochemistry of the amino acids: London, Chapman and 

Hall. 

Beets, P. N., and D. Whitehead, 1996, Carbon partitioning in Pinus radiata stands in relation 

to foliage nitrogen status: Tree Physiology, v. 16, p. 131-138. 

Berendse, F., 1983, Interspecific competition and niche differentiation between plantago-

lanceolata and anthoxanthum-odoratum in a natural hayfield: Journal of Ecology, v. 

71, p. 379-390. 

Berg, B., and C. McClaugherty, 2008, Plant litter : decomposition, humus formation, carbon 

sequestration: New York ; London, Springer. 

Bezemer, T. M., C. S. Lawson, K. Hedlund, A. R. Edwards, A. J. Brook, J. M. Igual, S. R. 

Mortimer, and W. H. Van der Putten, 2006, Plant species and functional group 

effects on abiotic and microbial soil properties and plant-soil feedback responses in 

two grasslands: Journal of Ecology, v. 94, p. 893-904. 

Bird, J. A., D. J. Herman, and M. K. Firestone, 2011, Rhizosphere priming of soil organic 

matter by bacterial groups in a grassland soil: Soil Biology & Biochemistry, v. 43, p. 

718-725. 

Blobel, D., N. Meyer-Ohlendorf, C. Schlosser-Allera, and P. Steel, 2006, UNFCCC, 2006, 

United Nations Framework Convention on Climate Change: Handbook, 

Technographic Design and Print Ltd, Halesworth, UK, Produced by 

Intergovernmental and Legal Affairs, Climate Change Secretariat. 

Bloom, A. J., S. S. Sukrapanna, and R. L. Warner, 1992, Root respiration associated with 

ammonium and nitrate absorption and assimilation by barley: Plant Physiology, v. 

99, p. 1294-1301. 

Bobbink, R., 1991, Effects of nutrient enrichment in Dutch chalk grassland: Journal of Applied 

Ecology, v. 28, p. 28-41. 

Bobbink, R., K. Hicks, J. Galloway, T. Spranger, R. Alkemade, M. Ashmore, M. Bustamante, S. 

Cinderby, E. Davidson, F. Dentener, B. Emmett, J. W. Erisman, M. Fenn, F. Gilliam, A. 

Nordin, L. Pardo, and W. De Vries, 2010, Global assessment of nitrogen deposition 

effects on terrestrial plant diversity: a synthesis: Ecological Applications, v. 20, p. 30-

59. 



 

 131 

Bobbink, R., M. Hornung, and J. G. M. Roelofs, 1998, The effects of air-borne nitrogen 

pollutants on species diversity in natural and semi-natural European vegetation: 

Journal of Ecology, v. 86, p. 717-738. 

Bobbink, R., and J. G. M. Roelofs, 1995, Nitrogen critical loads for natural and semi-natural 

ecosystems: The empirical approach: Water Air and Soil Pollution, v. 85, p. 2413-

2418. 

Bolan, N. S., M. J. Hedley, and R. E. White, 1991, Processes of soil acidification during 

nitrogen cycling with emphasis on legume based pastures: Plant and Soil, v. 134, p. 

53-63. 

Bouwman, A. F., L. J. M. Boumans, and N. H. Batjes, 2002, Emissions of N2O and NO from 

fertilized fields: Summary of available measurement data: Global Biogeochemical 

Cycles, v. 16, p. 13. 

Burton, A. J., K. S. Pregitzer, J. N. Crawford, G. P. Zogg, and D. R. Zak, 2004, Simulated chronic 

NO3- deposition reduces soil respiration in northern hardwood forests: Global 

Change Biology, v. 10, p. 1080-1091. 

Cairney, J. W. G., and A. A. Meharg, 1999, Influences of anthropogenic pollution on 

mycorrhizal fungal communities: Environmental Pollution, v. 106, p. 169-182. 

Cardinale, B. J., J. P. Wright, M. W. Cadotte, I. T. Carroll, A. Hector, D. S. Srivastava, M. 

Loreau, and J. J. Weis, 2007, Impacts of plant diversity on biomass production 

increase through time because of species complementarity: Proceedings of the 

National Academy of Sciences of the United States of America, v. 104, p. 18123-

18128. 

Carroll, J. A., S. J. M. Caporn, D. Johnson, M. D. Morecroft, and J. A. Lee, 2003, The 

interactions between plant growth, vegetation structure and soil processes in semi-

natural acidic and calcareous grasslands receiving long-term inputs of simulated 

pollutant nitrogen deposition: Environmental Pollution, v. 121, p. 363-376. 

Carroll, J. A., D. Johnson, M. Morecroft, A. Taylor, S. J. M. Caporn, and J. A. Lee, 2000, The 

effect of long-term nitrogen additions on the bryophyte cover of upland acidic 

grasslands: Journal of Bryology, v. 22, p. 83-89. 

Carslaw, D. C., T. P. Murrells, J. Andersson, and M. Keenan, 2016, Have vehicle emissions of 

primary NO2 peaked?: Faraday Discussions, v. 189, p. 439-454. 

Cerabolini, B., S. Pierce, A. Luzzaro, and A. Ossola, 2010, Species evenness affects ecosystem 

processes in situ via diversity in the adaptive strategies of dominant species: Plant 

Ecology, v. 207, p. 333-345. 



 

 132 

Chapin, F. S., III, O. E. Sala, and E. Huber-Sannwald, 2001, Global biodiversity in a changing 

environment : scenarios for the 21st century: New York ; London, Springer. 

Chen, D. M., Z. C. Lan, X. Bai, J. B. Grace, and Y. F. Bai, 2013, Evidence that acidification-

induced declines in plant diversity and productivity are mediated by changes in 

below-ground communities and soil properties in a semi-arid steppe: Journal of 

Ecology, v. 101, p. 1322-1334. 

Chen, D. M., J. J. Li, Z. C. Lan, S. J. Hu, and Y. F. Bai, 2016, Soil acidification exerts a greater 

control on soil respiration than soil nitrogen availability in grasslands subjected to 

long-term nitrogen enrichment: Functional Ecology, v. 30, p. 658-669. 

Clark, C. M., and D. Tilman, 2008, Loss of plant species after chronic low-level nitrogen 

deposition to prairie grasslands: Nature, v. 451, p. 712-715. 

Clayton, H., J. R. M. Arah, and K. A. Smith, 1994, Measurement of nitrous-oxide emissions 

from fertilized grassland using closed chambers: Journal of Geophysical Research-

Atmospheres, v. 99, p. 16599-16607. 

Clayton, H., I. P. McTaggart, J. Parker, L. Swan, and K. A. Smith, 1997, Nitrous oxide emissions 

from fertilised grassland: A 2-year study of the effects of N fertiliser form and 

environmental conditions: Biology and Fertility of Soils, v. 25, p. 252-260. 

Coleman, D. C., 2011, Understanding soil processes: one of the last frontiers in biological and 

ecological research: Australasian Plant Pathology, v. 40, p. 207-214. 

Cong, W. F., J. van Ruijven, L. Mommer, G. B. De Deyn, F. Berendse, and E. Hoffland, 2014, 

Plant species richness promotes soil carbon and nitrogen stocks in grasslands 

without legumes: Journal of Ecology, v. 102, p. 1163-1170. 

Craine, J. M., D. Tilman, D. Wedin, P. Reich, M. Tjoelker, and J. Knops, 2002, Functional traits, 

productivity and effects on nitrogen cycling of 33 grassland species: Functional 

Ecology, v. 16, p. 563-574. 

Cusack, D. F., M. S. Torn, W. H. McDowell, and W. L. Silver, 2010, The response of 

heterotrophic activity and carbon cycling to nitrogen additions and warming in two 

tropical soils: Global Change Biology, v. 16, p. 2555-2572. 

Dakora, F. D., and D. A. Phillips, 2002, Root exudates as mediators of mineral acquisition in 

low-nutrient environments: Plant and Soil, v. 245, p. 35-47. 

Davidson, E. A., 2009, The contribution of manure and fertilizer nitrogen to atmospheric 

nitrous oxide since 1860: Nature Geoscience, v. 2, p. 659-662. 

De Deyn, G. B., J. H. C. Cornelissen, and R. D. Bardgett, 2008, Plant functional traits and soil 

carbon sequestration in contrasting biomes: Ecology Letters, v. 11, p. 516-531. 



 

 133 

De Deyn, G. B., H. Quirk, S. Oakley, N. Ostle, and R. D. Bardgett, 2011a, Rapid transfer of 

photosynthetic carbon through the plant-soil system in differently managed species-

rich grasslands: Biogeosciences, v. 8, p. 1131-1139. 

De Deyn, G. B., H. Quirk, Z. Yi, S. Oakley, N. J. Ostle, and R. D. Bardgett, 2009, Vegetation 

composition promotes carbon and nitrogen storage in model grassland communities 

of contrasting soil fertility: Journal of Ecology, v. 97, p. 864-875. 

De Deyn, G. B., R. S. Shiel, N. J. Ostle, N. P. McNamara, S. Oakley, I. Young, C. Freeman, N. 

Fenner, H. Quirk, and R. D. Bardgett, 2011b, Additional carbon sequestration 

benefits of grassland diversity restoration: Journal of Applied Ecology, v. 48, p. 600-

608. 

de Graaf, M. C. C., R. Bobbink, J. G. M. Roelofs, and P. J. M. Verbeek, 1998, Differential 

effects of ammonium and nitrate on three heathland species: Plant Ecology, v. 135, 

p. 185-196. 

De Graaf, M. C. C., R. Bobbink, N. A. C. Smits, R. Van Diggelen, and J. G. M. Roelofs, 2009, 

Biodiversity, vegetation gradients and key biogeochemical processes in the 

heathland landscape: Biological Conservation, v. 142, p. 2191-2201. 

de Vries, F. T., E. Hoffland, N. van Eekeren, L. Brussaard, and J. Bloem, 2006, Fungal/bacterial 

ratios in grasslands with contrasting nitrogen management: Soil Biology & 

Biochemistry, v. 38, p. 2092-2103. 

de Vries, F. T., P. Manning, J. R. B. Tallowin, S. R. Mortimer, E. S. Pilgrim, K. A. Harrison, P. J. 

Hobbs, H. Quirk, B. Shipley, J. H. C. Cornelissen, J. Kattge, and R. D. Bardgett, 2012, 

Abiotic drivers and plant traits explain landscape-scale patterns in soil microbial 

communities: Ecology Letters, v. 15, p. 1230-1239. 

de Vries, W., S. Solberg, M. Dobbertin, H. Sterba, D. Laubhahn, G. J. Reinds, G. J. Nabuurs, P. 

Gundersen, and M. A. Sutton, 2008, Ecologically implausible carbon response?: 

Nature, v. 451, p. E1-E3. 

de Vries, W., S. Solberg, M. Dobbertin, H. Sterba, D. Laubhann, M. van Oijen, C. Evans, P. 

Gundersen, J. Kros, G. W. W. Wamelink, G. J. Reinds, and M. A. Sutton, 2009, The 

impact of nitrogen deposition on carbon sequestration by European forests and 

heathlands: Forest Ecology and Management, v. 258, p. 1814-1823. 

DeForest, J. L., D. R. Zak, K. S. Pregitzer, and A. J. Burton, 2004, Atmospheric nitrate 

deposition, microbial community composition, and enzyme activity in northern 

hardwood forests: Soil Science Society of America Journal, v. 68, p. 132-138. 



 

 134 

Dennis, R. L., R. Mathur, J. E. Pleim, and J. T. Walker, 2010, Fate of ammonia emissions at the 

local to regional scale as simulated by the Community Multiscale Air Quality model: 

Atmospheric Pollution Research, v. 1, p. 207-214. 

Dentener, F., D. Stevenson, K. Ellingsen, T. van Noije, M. Schultz, M. Amann, C. Atherton, N. 

Bell, D. Bergmann, I. Bey, L. Bouwman, T. Butler, J. Cofala, B. Collins, J. Drevet, R. 

Doherty, B. Eickhout, H. Eskes, A. Fiore, M. Gauss, D. Hauglustaine, L. Horowitz, I. S. 

A. Isaksen, B. Josse, M. Lawrence, M. Krol, J. F. Lamarque, V. Montanaro, J. F. Muller, 

V. H. Peuch, G. Pitari, J. Pyle, S. Rast, J. Rodriguez, M. Sanderson, N. H. Savage, D. 

Shindell, S. Strahan, S. Szopa, K. Sudo, R. Van Dingenen, O. Wild, and G. Zeng, 2006, 

The global atmospheric environment for the next generation: Environmental Science 

& Technology, v. 40, p. 3586-3594. 

Dlugokencky, E., and P. Tans, 2016, NOAA/ESRL,Trends in Atmospheric Carbon 

Dioxide, http://www.esrl.noaa.gov/gmd/ccgg/trends/. 

Dorland, E., C. J. Stevens, C. Gaudnik, E. Corcket, S. Rotthier, K. Wotherspoon, M. Jokerud, V. 

Vandvik, M. B. Soons, M. M. Hefting, P. A. Aarrestad, D. Alard, M. Diekmann, C. 

Dupre, N. B. Dise, D. J. G. Gowing, and R. Bobbink, 2013, Differential Effects of 

Oxidised and Reduced Nitrogen on Vegetation and Soil Chemistry of Species-Rich 

Acidic Grasslands: Water Air and Soil Pollution, v. 224, p. 13. 

Drenovsky, R. E., and J. H. Richards, 2004, Critical N : P values: Predicting nutrient 

deficiencies in desert shrublands: Plant and Soil, v. 259, p. 59-69. 

Dupre, C., C. J. Stevens, T. Ranke, A. Bleeker, C. Peppler-Lisbach, D. J. G. Gowing, N. B. Dise, E. 

Dorland, R. Bobbink, and M. Diekmann, 2010, Changes in species richness and 

composition in European acidic grasslands over the past 70 years: the contribution of 

cumulative atmospheric nitrogen deposition: Global Change Biology, v. 16, p. 344-

357. 

Eberwein, J. R., P. Y. Oikawa, L. A. Allsman, and G. D. Jenerette, 2015, Carbon availability 

regulates soil respiration response to nitrogen and temperature: Soil Biology & 

Biochemistry, v. 88, p. 158-164. 

Egerton-Warburton, L. M., and E. B. Allen, 2000, Shifts in arbuscular mycorrhizal 

communities along an anthropogenic nitrogen deposition gradient: Ecological 

Applications, v. 10, p. 484-496. 

Elser, J. J., M. E. S. Bracken, E. E. Cleland, D. S. Gruner, W. S. Harpole, H. Hillebrand, J. T. Ngai, 

E. W. Seabloom, J. B. Shurin, and J. E. Smith, 2007, Global analysis of nitrogen and 

phosphorus limitation of primary producers in freshwater, marine and terrestrial 

ecosystems: Ecology Letters, v. 10, p. 1135-1142. 

http://www.esrl.noaa.gov/gmd/ccgg/trends/


 

 135 

Engardt, M., and J. Langner, 2013, Simulations of future sulphur and nitrogen deposition 

over Europe using meteorological data from three regional climate projections: 

Tellus Series B-Chemical and Physical Meteorology, v. 65, p. 14. 

Erisman, J. W., J. Galloway, S. Seitzinger, A. Bleeker, and K. Butterbach-Bahl, 2011, Reactive 

nitrogen in the environment and its effect on climate change: Current Opinion in 

Environmental Sustainability, v. 3, p. 281-290. 

Evans, C. D., T. G. Jones, A. Burden, N. Ostle, P. Zielinski, M. D. A. Cooper, M. Peacock, J. M. 

Clark, F. Oulehle, D. Cooper, and C. Freeman, 2012, Acidity controls on dissolved 

organic carbon mobility in organic soils: Global Change Biology, v. 18, p. 3317-3331. 

Fenn, M., 1991, Increased site fertility and litter decomposition rate in high-pollution sites in 

the San-Bernardino mountains: Forest Science, v. 37, p. 1163-1181. 

Fields, S., 2004, Global nitrogen - Cycling out of control: Environmental Health Perspectives, 

v. 112, p. A556-A563. 

Finn, D., K. Page, K. Catton, M. Kienzle, F. Robertson, R. Armstrong, and R. Dalal, 2016, 

Ecological stoichiometry controls the transformation and retention of plant-derived 

organic matter to humus in response to nitrogen fertilisation: Soil Biology & 

Biochemistry, v. 99, p. 117-127. 

Firestone, M. K., R. B. Firestone, and J. M. Tiedje, 1980, Nitrous-oxide from soil denitrification 

- factors controlling its biological production: Science, v. 208, p. 749-751. 

Fisk, M. C., and T. J. Fahey, 2001, Microbial biomass and nitrogen cycling responses to 

fertilization and litter removal in young northern hardwood forests: 

Biogeochemistry, v. 53, p. 201-223. 

Flanagan, L. B., and B. G. Johnson, 2005, Interacting effects of temperature, soil moisture 

and plant biomass production on ecosystem respiration in a northern temperate 

grassland: Agricultural and Forest Meteorology, v. 130, p. 237-253. 

Fog, K., 1988, The effect of added nitrogen on the rate of decomposition of organic-matter: 

Biological Reviews of the Cambridge Philosophical Society, v. 63, p. 433-462. 

Foster, B. L., and K. L. Gross, 1998, Species richness in a successional grassland: Effects of 

nitrogen enrichment and plant litter: Ecology, v. 79, p. 2593-2602. 

Galloway, J. N., J. D. Aber, J. W. Erisman, S. P. Seitzinger, R. W. Howarth, E. B. Cowling, and B. 

J. Cosby, 2003, The nitrogen cascade: Bioscience, v. 53, p. 341-356. 

Galloway, J. N., and E. B. Cowling, 2002, Reactive nitrogen and the world: 200 years of 

change: Ambio, v. 31, p. 64-71. 



 

 136 

Galloway, J. N., H. Levy, and P. S. Kashibhatla, 1994, Year 2020 - consequences of population-

growth and development on deposition of oxidized nitrogen: Ambio, v. 23, p. 120-

123. 

Galloway, J. N., W. H. Schlesinger, H. Levy, A. Michaels, and J. L. Schnoor, 1995, Nitrogen-

fixation - anthropogenic enhancement-environmental response: Global 

Biogeochemical Cycles, v. 9, p. 235-252. 

Galloway, J. N., A. R. Townsend, J. W. Erisman, M. Bekunda, Z. C. Cai, J. R. Freney, L. A. 

Martinelli, S. P. Seitzinger, and M. A. Sutton, 2008, Transformation of the nitrogen 

cycle: Recent trends, questions, and potential solutions: Science, v. 320, p. 889-892. 

Geisseler, D., P. A. Lazicki, and K. M. Scow, 2016, Mineral nitrogen input decreases microbial 

biomass in soils under grasslands but not annual crops: Applied Soil Ecology, v. 106, 

p. 1-10. 

Gershenson, A., N. E. Bader, and W. X. Cheng, 2009, Effects of substrate availability on the 

temperature sensitivity of soil organic matter decomposition: Global Change Biology, 

v. 15, p. 176-183. 

Gong, S. W., R. Guo, T. Zhang, and J. X. Guo, 2015, Warming and Nitrogen Addition Increase 

Litter Decomposition in a Temperate Meadow Ecosystem: Plos One, v. 10, p. 14. 

Gorman, H. S., 2013, Learning from 100 Years of Ammonia Synthesis Establishing Human-

Defined Limits through Adaptive Systems of Governance: Gaia-Ecological 

Perspectives for Science and Society, v. 22, p. 263-270. 

Gough, L., C. W. Osenberg, K. L. Gross, and S. L. Collins, 2000, Fertilization effects on species 

density and primary productivity in herbaceous plant communities: Oikos, v. 89, p. 

428-439. 

Graham, S. L., J. E. Hunt, P. Millard, T. McSeveny, J. M. Tylianakis, and D. Whitehead, 2014, 

Effects of Soil Warming and Nitrogen Addition on Soil Respiration in a New Zealand 

Tussock Grassland: Plos One, v. 9, p. 8. 

Grime, J. P., 1998, Benefits of plant diversity to ecosystems: immediate, filter and founder 

effects: Journal of Ecology, v. 86, p. 902-910. 

Grime, J. P., 2001, Plant strategies : vegetation processes and ecosystem properties: New 

York ; Chichester, Wiley. 

Grime, J. P., and R. Hunt, 1975, Relative growth-rate - its range and adaptive significance in a 

local flora: Journal of Ecology, v. 63, p. 393-422. 

Habekost, M., N. Eisenhauer, S. Scheu, S. Steinbeiss, A. Weigelt, and G. Gleixner, 2008, 

Seasonal changes in the soil microbial community in a grassland plant diversity 



 

 137 

gradient four years after establishment: Soil Biology & Biochemistry, v. 40, p. 2588-

2595. 

Harpole, W. S., J. T. Ngai, E. E. Cleland, E. W. Seabloom, E. T. Borer, M. E. S. Bracken, J. J. 

Elser, D. S. Gruner, H. Hillebrand, J. B. Shurin, and J. E. Smith, 2011, Nutrient co-

limitation of primary producer communities: Ecology Letters, v. 14, p. 852-862. 

Harpole, W. S., and K. N. Suding, 2011, A test of the niche dimension hypothesis in an arid 

annual grassland: Oecologia, v. 166, p. 197-205. 

Hartmann, A., M. Schmid, D. van Tuinen, and G. Berg, 2009, Plant-driven selection of 

microbes: Plant and Soil, v. 321, p. 235-257. 

Hautier, Y., P. A. Niklaus, and A. Hector, 2009, Competition for Light Causes Plant Biodiversity 

Loss After Eutrophication: Science, v. 324, p. 636-638. 

Hautier, Y., E. W. Seabloom, E. T. Borer, P. B. Adler, W. S. Harpole, H. Hillebrand, E. M. Lind, 

A. S. MacDougall, C. J. Stevens, J. D. Bakker, Y. M. Buckley, C. J. Chu, S. L. Collins, P. 

Daleo, E. I. Damschen, K. F. Davies, P. A. Fay, J. Firn, D. S. Gruner, V. L. Jin, J. A. Klein, 

J. M. H. Knops, K. J. La Pierre, W. Li, R. L. McCulley, B. A. Melbourne, J. L. Moore, L. R. 

O'Halloran, S. M. Prober, A. C. Risch, M. Sankaran, M. Schuetz, and A. Hector, 2014, 

Eutrophication weakens stabilizing effects of diversity in natural grasslands: Nature, 

v. 508, p. 521-+. 

Hector, A., B. Schmid, C. Beierkuhnlein, M. C. Caldeira, M. Diemer, P. G. Dimitrakopoulos, J. 

A. Finn, H. Freitas, P. S. Giller, J. Good, R. Harris, P. Hogberg, K. Huss-Danell, J. Joshi, 

A. Jumpponen, C. Korner, P. W. Leadley, M. Loreau, A. Minns, C. P. H. Mulder, G. 

O'Donovan, S. J. Otway, J. S. Pereira, A. Prinz, D. J. Read, M. Scherer-Lorenzen, E. D. 

Schulze, A. S. D. Siamantziouras, E. M. Spehn, A. C. Terry, A. Y. Troumbis, F. I. 

Woodward, S. Yachi, and J. H. Lawton, 1999, Plant diversity and productivity 

experiments in European grasslands: Science, v. 286, p. 1123-1127. 

Hernandez, D. L., and S. E. Hobbie, 2010, The effects of substrate composition, quantity, and 

diversity on microbial activity: Plant and Soil, v. 335, p. 397-411. 

Hillebrand, H., D. M. Bennett, and M. W. Cadotte, 2008, Consequences of dominance: A 

review of evenness effects on local and regional ecosystem processes: Ecology, v. 89, 

p. 1510-1520. 

Hobbie, E. A., A. P. Ouimette, E. A. G. Schuur, D. Kierstead, J. M. Trappe, K. Bendiksen, and E. 

Ohenoja, 2013, Radiocarbon evidence for the mining of organic nitrogen from soil by 

mycorrhizal fungi: Biogeochemistry, v. 114, p. 381-389. 



 

 138 

Holland, E. A., B. H. Braswell, J. Sulzman, and J. F. Lamarque, 2005, Nitrogen deposition onto 

the United States and western Europe: Synthesis of observations and models: 

Ecological Applications, v. 15, p. 38-57. 

Horswill, P., O. O'Sullivan, G. K. Phoenix, J. A. Lee, and J. R. Leake, 2008, Base cation 

depletion, eutrophication and acidification of species-rich grasslands in response to 

long-term simulated nitrogen deposition: Environmental Pollution, v. 155, p. 336-

349. 

Hossain, M. Z., A. Okubo, and S. Sugiyama, 2010, Effects of grassland species on 

decomposition of litter and soil microbial communities: Ecological Research, v. 25, p. 

255-261. 

Houdijk, A., P. J. M. Verbeek, H. F. G. Vandijk, and J. G. M. Roelofs, 1993, Distribution and 

decline of endangered herbaceous heathland species in relation to the chemical-

composition of the soil: Plant and Soil, v. 148, p. 137-143. 

Houghton, J. T., 1997, Greenhouse gas inventory reference manual: Bracknell, IPCC. 

Howarth, R. W., 1998, An assessment of human influences on fluxes of nitrogen from the 

terrestrial landscape to the estuaries and continental shelves of the North Atlantic 

Ocean: Nutrient Cycling in Agroecosystems, v. 52, p. 213-223. 

Hruska, J., F. Oulehle, P. Samonil, J. Sebesta, K. Tahovska, R. Hleb, J. Houska, and J. Sikl, 2012, 

Long-term forest soil acidification, nutrient leaching and vegetation development: 

Linking modelling and surveys of a primeval spruce forest in the Ukrainian 

Transcarpathian Mts: Ecological Modelling, v. 244, p. 28-37. 

Hu, Z.-h., H.-m. Li, Y.-p. Yang, S.-t. Chen, C.-z. Li, and S.-h. Shen, 2010, Effects of simulated 

nitrogen deposition on soil respiration in northern subtropical deciduous broad-

leaved forest: Huan jing ke xue= Huanjing kexue / [bian ji, Zhongguo ke xue yuan 

huan jing ke xue wei yuan hui "Huan jing ke xue" bian ji wei yuan hui.], v. 31, p. 1726-

32. 

Humbert, J. Y., J. M. Dwyer, A. Andrey, and R. Arlettaz, 2016, Impacts of nitrogen addition on 

plant biodiversity in mountain grasslands depend on dose, application duration and 

climate: a systematic review: Global Change Biology, v. 22, p. 110-120. 

Hunt, H. W., E. R. Ingham, D. C. Coleman, E. T. Elliott, and C. P. P. Reid, 1988, Nitrogen 

limitation of production and decomposition in prairie, mountain meadow, and pine 

forest: Ecology, v. 69, p. 1009-1016. 

Hyvonen, R., T. Persson, S. Andersson, B. Olsson, G. I. Agren, and S. Linder, 2008, Impact of 

long-term nitrogen addition on carbon stocks in trees and soils in northern Europe: 

Biogeochemistry, v. 89, p. 121-137. 



 

 139 

IPCC, 1996, Revised IPCC Guidelines for National Greenhouse Gas Inventories: Reference 

Manual, London, U.K. 

Jackson, R. B., J. Canadell, J. R. Ehleringer, H. A. Mooney, O. E. Sala, and E. D. Schulze, 1996, A 

global analysis of root distributions for terrestrial biomes: Oecologia, v. 108, p. 389-

411. 

Johnson, D., J. R. Leake, J. A. Lee, and C. D. Campbell, 1998, Changes in soil microbial biomass 

and microbial activities in response to 7 years simulated pollutant nitrogen 

deposition on a heathland and two grasslands: Environmental Pollution, v. 103, p. 

239-250. 

Johnson, N. C., 1993, Can fertilization of soil select less mutualistic mycorrhizae: Ecological 

Applications, v. 3, p. 749-757. 

Karhu, K., M. D. Auffret, J. A. J. Dungait, D. W. Hopkins, J. I. Prosser, B. K. Singh, J. A. Subke, P. 

A. Wookey, G. I. Agren, M. T. Sebastia, F. Gouriveau, G. Bergkvist, P. Meir, A. T. 

Nottingham, N. Salinas, and I. P. Hartley, 2014, Temperature sensitivity of soil 

respiration rates enhanced by microbial community response: Nature, v. 513, p. 81-

+. 

Keeler, B. L., S. E. Hobbie, and L. E. Kellogg, 2009, Effects of Long-Term Nitrogen Addition on 

Microbial Enzyme Activity in Eight Forested and Grassland Sites: Implications for 

Litter and Soil Organic Matter Decomposition: Ecosystems, v. 12, p. 1-15. 

Khan, S. A., R. L. Mulvaney, T. R. Ellsworth, and C. W. Boast, 2007, The myth of nitrogen 

fertilization for soil carbon sequestration: Journal of Environmental Quality, v. 36, p. 

1821-1832. 

Kinugasa, T., A. Tsunekawa, and M. Shinoda, 2012, Increasing nitrogen deposition enhances 

post-drought recovery of grassland productivity in the Mongolian steppe: Oecologia, 

v. 170, p. 857-865. 

Kirchmann, H., M. Schon, G. Borjesson, K. Hamner, and T. Katterer, 2013, Properties of soils 

in the Swedish long-term fertility experiments: VII. Changes in topsoil and upper 

subsoil at orja and Fors after 50 years of nitrogen fertilization and manure 

application: Acta Agriculturae Scandinavica Section B-Soil and Plant Science, v. 63, p. 

25-36. 

Kleijn, D., R. M. Bekker, R. Bobbink, M. C. C. De Graaf, and J. G. M. Roelofs, 2008, In search 

for key biogeochemical factors affecting plant species persistence in heathland and 

acidic grasslands: a comparison of common and rare species: Journal of Applied 

Ecology, v. 45, p. 680-687. 



 

 140 

Klironomos, J. N., M. C. Rillig, M. F. Allen, D. R. Zak, M. Kubiske, and K. S. Pregitzer, 1997, Soil 

fungal-arthropod responses to Populus tremuloides grown under enriched 

atmospheric CO2 under field conditions: Global Change Biology, v. 3, p. 473-478. 

Knorr, M., S. D. Frey, and P. S. Curtis, 2005, Nitrogen additions and litter decomposition: A 

meta-analysis: Ecology, v. 86, p. 3252-3257. 

Kramer, C., and G. Gleixner, 2008, Soil organic matter in soil depth profiles: Distinct carbon 

preferences of microbial groups during carbon transformation: Soil Biology & 

Biochemistry, v. 40, p. 425-433. 

Lamb, E. G., N. Kennedy, and S. D. Siciliano, 2011, Effects of plant species richness and 

evenness on soil microbial community diversity and function: Plant and Soil, v. 338, 

p. 483-495. 

Lange, M., M. Habekost, N. Eisenhauer, C. Roscher, H. Bessler, C. Engels, Y. Oelmann, S. 

Scheu, W. Wilcke, E. D. Schulze, and G. Gleixner, 2014, Biotic and Abiotic Properties 

Mediating Plant Diversity Effects on Soil Microbial Communities in an Experimental 

Grassland: Plos One, v. 9, p. 9. 

Lashof, D. A., and D. R. Ahuja, 1990, Relative contributions of greenhouse gas emissions to 

global warming: Nature, v. 344, p. 529-531. 

LeBauer, D. S., and K. K. Treseder, 2008, Nitrogen limitation of net primary productivity in 

terrestrial ecosystems is globally distributed: Ecology, v. 89, p. 371-379. 

Li, L. J., D. H. Zeng, Z. A. Yu, Z. P. Fan, and R. Mao, 2010, Soil microbial properties under N 

and P additions in a semi-arid, sandy grassland: Biology and Fertility of Soils, v. 46, p. 

653-658. 

Li, Q., P. J. Yu, G. D. Li, and D. W. Zhou, 2016a, Grass-legume ratio can change soil carbon and 

nitrogen storage in a temperate steppe grassland: Soil & Tillage Research, v. 157, p. 

23-31. 

Li, Y., B. A. Schichtel, J. T. Walker, D. B. Schwede, X. Chen, C. M. B. Lehmann, M. A. Puchalski, 

D. A. Gay, and J. L. Collett, 2016b, Increasing importance of deposition of reduced 

nitrogen in the United States: Proceedings of the National Academy of Sciences of 

the United States of America, v. 113, p. 5874-5879. 

Liang, L. L., J. R. Eberwein, L. A. Allsman, D. A. Grantz, and G. D. Jenerette, 2015, Regulation 

of CO2 and N2O fluxes by coupled carbon and nitrogen availability: Environmental 

Research Letters, v. 10, p. 8. 

Liu, L. L., and T. L. Greaver, 2010, A global perspective on belowground carbon dynamics 

under nitrogen enrichment: Ecology Letters, v. 13, p. 819-828. 



 

 141 

Lomsky, B., V. Sramek, and R. Novotny, 2012, Changes in the air pollution load in the Jizera 

Mts.: effects on the health status and mineral nutrition of the young Norway spruce 

stands: European Journal of Forest Research, v. 131, p. 757-771. 

Lu, M., X. H. Zhou, Y. Q. Luo, Y. H. Yang, C. M. Fang, J. K. Chen, and B. Li, 2011a, Minor 

stimulation of soil carbon storage by nitrogen addition: A meta-analysis: Agriculture 

Ecosystems & Environment, v. 140, p. 234-244. 

Lu, M., X. H. Zhou, Y. Q. Luo, Y. H. Yang, C. M. Fang, J. K. Chen, and B. Li, 2011b, Minor 

stimulation of soil carbon storage by nitrogen addition: A meta-analysis: Agriculture 

Ecosystems &amp; Environment, v. 140, p. 234-244. 

Lucassen, E., R. Bobbink, A. J. P. Smolders, P. J. M. van der Ven, L. P. M. Lamers, and J. G. M. 

Roelofs, 2003, Interactive effects of low pH and high ammonium levels responsible 

for the decline of Cirsium dissectum (L.) Hill: Plant Ecology, v. 165, p. 45-52. 

Lussenhop, J., A. Treonis, P. S. Curtis, J. A. Teeri, and C. S. Vogel, 1998, Response of soil biota 

to elevated atmospheric CO2 in poplar model systems: Oecologia, v. 113, p. 247-251. 

Mack, M. C., E. A. G. Schuur, M. S. Bret-Harte, G. R. Shaver, and F. S. Chapin, 2004, 

Ecosystem carbon storage in arctic tundra reduced by long-term nutrient 

fertilization: Nature, v. 431, p. 440-443. 

Magill, A. H., and J. D. Aber, 1998, Long-term effects of experimental nitrogen additions on 

foliar litter decay and humus formation in forest ecosystems: Plant and Soil, v. 203, 

p. 301-311. 

Magnani, F., M. Mencuccini, M. Borghetti, P. Berbigier, F. Berninger, S. Delzon, A. Grelle, P. 

Hari, P. G. Jarvis, P. Kolari, A. S. Kowalski, H. Lankreijer, B. E. Law, A. Lindroth, D. 

Loustau, G. Manca, J. B. Moncrieff, M. Rayment, V. Tedeschi, R. Valentini, and J. 

Grace, 2007, The human footprint in the carbon cycle of temperate and boreal 

forests: Nature, v. 447, p. 848-850. 

Manning, P., J. E. Newington, H. R. Robson, M. Saunders, T. Eggers, M. A. Bradford, R. D. 

Bardgett, M. Bonkowski, R. J. Ellis, A. C. Gange, S. J. Grayston, E. Kandeler, S. Marhan, 

E. Reid, D. Tscherko, H. C. J. Godfray, and M. Rees, 2006, Decoupling the direct and 

indirect effects of nitrogen deposition on ecosystem function: Ecology Letters, v. 9, 

p. 1015-1024. 

Manning, P., M. Saunders, R. D. Bardgett, M. Bonkowski, M. A. Bradford, R. J. Ellis, E. 

Kandeler, S. Marhan, and D. Tscherko, 2008, Direct and indirect effects of nitrogen 

deposition on litter decomposition: Soil Biology & Biochemistry, v. 40, p. 688-698. 



 

 142 

Martinez, A., A. Larranaga, J. Perez, A. Basaguren, and J. Pozo, 2013, Leaf-litter quality effects 

on stream ecosystem functioning: a comparison among five species: Fundamental 

and Applied Limnology, v. 183, p. 239-248. 

Maskell, L. C., S. M. Smart, J. M. Bullock, K. Thompson, and C. J. Stevens, 2010, Nitrogen 

deposition causes widespread loss of species richness in British habitats: Global 

Change Biology, v. 16, p. 671-679. 

McGuire, A. D., J. M. Melillo, L. A. Joyce, D. W. Kicklighter, A. L. Grace, B. Moore, III, and C. J. 

Vorosmarty, 1992, Interactions between carbon and nitrogen dynamics in estimating 

net primary productivity for potential vegetation in North America: Global 

Biogeochemical Cycles, v. 6, p. 101-124. 

Melillo, J. M., J. D. Aber, and J. F. Muratore, 1982, Nitrogen and lignin control of hardwood 

leaf litter decomposition dynamics: Ecology, v. 63, p. 621-626. 

Mellert, K. H., J. Prietzel, R. Straussberger, and K. E. Rehfuess, 2004, Long-term nutritional 

trends of conifer stands in Europe: results from the RECOGNITION project: European 

Journal of Forest Research, v. 123, p. 305-319. 

Metz, B., 2007, Climate change 2007. Mitigation of climate change : contribution of Working 

Group III to the Fourth assessment report of the Intergovernmental Panel on Climate 

Change: Cambridge, Cambridge University Press. 

Michalcova, D., M. Chytry, V. Pechanec, O. Hajek, J. W. Jongepier, J. Danihelka, V. Grulich, K. 

Sumberova, Z. Preislerova, A. Ghisla, G. Bacaro, and D. Zeleny, 2014, High Plant 

Diversity of Grasslands in a Landscape Context: A Comparison of Contrasting Regions 

in Central Europe: Folia Geobotanica, v. 49, p. 117-135. 

Mommer, L., J. van Ruijven, H. de Caluwe, A. E. Smit-Tiekstra, C. A. M. Wagemaker, N. J. 

Ouborg, G. M. Bogemann, G. M. van der Weerden, F. Berendse, and H. de Kroon, 

2010, Unveiling below-ground species abundance in a biodiversity experiment: a test 

of vertical niche differentiation among grassland species: Journal of Ecology, v. 98, p. 

1117-1127. 

Moore, J. C., K. McCann, H. Setala, and P. C. De Ruiter, 2003, Top-down is bottom-up: Does 

predation in the rhizosphere regulate aboveground dynamics?: Ecology, v. 84, p. 

846-857. 

Moreau, D., B. Pivato, D. Bru, H. Busset, F. Deau, C. Faivre, A. Matejicek, F. Strbik, L. 

Philippot, and C. Mougel, 2015, Plant traits related to nitrogen uptake influence 

plant-microbe competition: Ecology, v. 96, p. 2300-2310. 



 

 143 

Morecroft, M. D., E. K. Sellers, and J. A. Lee, 1994, An experimental investigation into the 

effects of atmospheric nitrogen deposition on 2 seminatural grasslands: Journal of 

Ecology, v. 82, p. 475-483. 

Mori, T., D. Yokoyama, and K. Kitayama, 2016, Contrasting effects of exogenous phosphorus 

application on N2O emissions from two tropical forest soils with contrasting 

phosphorus availability: Springerplus, v. 5, p. 8. 

Mueller, B., X. B. Zhang, and F. W. Zwiers, 2016, Historically hottest summers projected to be 

the norm for more than half of the world's population within 20 years: 

Environmental Research Letters, v. 11, p. 15. 

Mueller, K. E., S. E. Hobbie, D. Tilman, and P. B. Reich, 2013, Effects of plant diversity, N 

fertilization, and elevated carbon dioxide on grassland soil N cycling in a long-term 

experiment: Global Change Biology, v. 19, p. 1249-1261. 

Mulder, C. P. H., A. Jumpponen, P. Hogberg, and K. Huss-Danell, 2002, How plant diversity 

and legumes affect nitrogen dynamics in experimental grassland communities: 

Oecologia, v. 133, p. 412-421. 

Neff, J. C., A. R. Townsend, G. Gleixner, S. J. Lehman, J. Turnbull, and W. D. Bowman, 2002, 

Variable effects of nitrogen additions on the stability and turnover of soil carbon: 

Nature, v. 419, p. 915-917. 

Nicolardot, B., S. Recous, and B. Mary, 2001, Simulation of C and N mineralisation during 

crop residue decomposition: A simple dynamic model based on the C : N ratio of the 

residues: Plant and Soil, v. 228, p. 83-103. 

Olsen, S. R., C. V. Cole, F. S. Watanabe, and L. A. Dean, 1954, Estimation of available 

phosphorus in soils by extraction with sodium bicarbonate: USDA Circular, v. 939. 

Olsson, P., S. Linder, R. Giesler, and P. Hogberg, 2005, Fertilization of boreal forest reduces 

both autotrophic and heterotrophic soil respiration: Global Change Biology, v. 11, p. 

1745-1753. 

Orwin, K. H., N. Ostle, A. Wilby, and R. D. Bardgett, 2014, Effects of species evenness and 

dominant species identity on multiple ecosystem functions in model grassland 

communities: Oecologia, v. 174, p. 979-992. 

Pachauri, R. K., and A. Reisinger, 2007, Climate Change 2007: Synthesis Report. Contribution 

of Working Groups I, II and III to the Fourth Assessment Report of the 

Intergovernmental Panel on Climate Change. 

Payne, R. J., S. J. M. Caporn, C. J. Stevens, J. A. Carroll, J. L. Edmondson, D. J. Gowing, and N. 

B. Dise, 2013, Inferring nitrogen deposition from plant community composition: 

Ecological Indicators, v. 26, p. 1-4. 



 

 144 

Peng, Q., Y. C. Qi, Y. S. Dong, Y. T. He, S. S. Xiao, X. C. Liu, L. J. Sun, J. Q. Jia, S. F. Guo, and C. C. 

Cao, 2014, Litter decomposition and the C and N dynamics as affected by N additions 

in a semi-arid temperate steppe, Inner Mongolia of China: Journal of Arid Land, v. 6, 

p. 432-444. 

Peng, Y. Y., and S. C. Thomas, 2010, Influence of Non-nitrogenous Soil Amendments on Soil 

CO2 Efflux and Fine Root Production in an N-Saturated Northern Hardwood Forest: 

Ecosystems, v. 13, p. 1145-1156. 

Penuelas, J., J. Sardans, A. Rivas-Ubach, and I. A. Janssens, 2012, The human-induced 

imbalance between C, N and P in Earth's life system: Global Change Biology, v. 18, p. 

3-6. 

Phoenix, G. K., R. E. Booth, J. R. Leake, D. J. Read, J. P. Grime, and J. A. Lee, 2003, Effects of 

enhanced nitrogen deposition and phosphorus limitation on nitrogen budgets of 

semi-natural grasslands: Global Change Biology, v. 9, p. 1309-1321. 

Phoenix, G. K., B. A. Emmett, A. J. Britton, S. J. M. Caporn, N. B. Dise, R. Helliwell, L. Jones, J. 

R. Leake, I. D. Leith, L. J. Sheppard, A. Sowerby, M. G. Pilkington, E. C. Rowe, M. R. 

Ashmorek, and S. A. Power, 2012, Impacts of atmospheric nitrogen deposition: 

responses of multiple plant and soil parameters across contrasting ecosystems in 

long-term field experiments: Global Change Biology, v. 18, p. 1197-1215. 

Pieterse, G., A. Bleeker, A. T. Vermeulen, Y. Wu, and J. W. Erisman, 2007, High resolution 

modelling of atmosphere-canopy exchange of acidifying and eutrophying 

components and carbon dioxide for European forests.: Tellus, v. 59B, p. 412-424. 

Pietri, J. C. A., and P. C. Brookes, 2009, Substrate inputs and pH as factors controlling 

microbial biomass, activity and community structure in an arable soil: Soil Biology & 

Biochemistry, v. 41, p. 1396-1405. 

Pregitzer, K. S., A. J. Burton, D. R. Zak, and A. F. Talhelm, 2008, Simulated chronic nitrogen 

deposition increases carbon storage in Northern Temperate forests: Global Change 

Biology, v. 14, p. 142-153. 

Prietzel, J., K. E. Rehfuess, U. Stetter, and H. Pretzsch, 2008, Changes of soil chemistry, stand 

nutrition, and stand growth at two Scots pine (Pinus sylvestris L.) sites in Central 

Europe during 40 years after fertilization, liming, and lupine introduction: European 

Journal of Forest Research, v. 127, p. 43-61. 

Puget, P., C. Chenu, and J. Balesdent, 2000, Dynamics of soil organic matter associated with 

particle-size fractions of water-stable aggregates: European Journal of Soil Science, v. 

51, p. 595-605. 



 

 145 

Qian, Y. Q., F. P. He, and W. Wang, 2016, Seasonality, Rather than Nutrient Addition or 

Vegetation Types, Influenced Short-Term Temperature Sensitivity of Soil Organic 

Carbon Decomposition: Plos One, v. 11, p. 14. 

R Core Team, 2016, R: A language and environment for statistical computing., 

https://www.R-project.org/, R Foundation for Statistical Computing, Vienna, Austria. 

Raich, J. W., and W. H. Schlesinger, 1992, The global carbon-dioxide flux in soil respiration 

and its relationship to vegetation and climate: Tellus Series B-Chemical and Physical 

Meteorology, v. 44, p. 81-99. 

Ramirez, K. S., J. M. Craine, and N. Fierer, 2010, Nitrogen fertilization inhibits soil microbial 

respiration regardless of the form of nitrogen applied: Soil Biology & Biochemistry, v. 

42, p. 2336-2338. 

Ramirez, K. S., J. M. Craine, and N. Fierer, 2012, Consistent effects of nitrogen amendments 

on soil microbial communities and processes across biomes: Global Change Biology, 

v. 18, p. 1918-1927. 

Rees, R. M., I. J. Bingham, J. A. Baddeley, and C. A. Watson, 2005, The role of plants and land 

management in sequestering soil carbon in temperate arable and grassland 

ecosystems: Geoderma, v. 128, p. 130-154. 

Reinsch, S., A. Michelsen, Z. Sarossy, H. Egsgaard, I. K. Schmidt, I. Jakobsen, and P. Ambus, 

2014, Short-term utilization of carbon by the soil microbial community under future 

climatic conditions in a temperate heathland: Soil Biology & Biochemistry, v. 68, p. 9-

19. 

Ringwall, K., M. E. Biondini, and C. E. Grygiel, 2000, Effects of nitrogen fertilization in leafy 

spurge root architecture: Journal of Range Management, v. 53, p. 228-232. 

Rockstrom, J., W. Steffen, K. Noone, A. Persson, F. S. Chapin, E. F. Lambin, T. M. Lenton, M. 

Scheffer, C. Folke, H. J. Schellnhuber, B. Nykvist, C. A. de Wit, T. Hughes, S. van der 

Leeuw, H. Rodhe, S. Sorlin, P. K. Snyder, R. Costanza, U. Svedin, M. Falkenmark, L. 

Karlberg, R. W. Corell, V. J. Fabry, J. Hansen, B. Walker, D. Liverman, K. Richardson, P. 

Crutzen, and J. A. Foley, 2009, A safe operating space for humanity: Nature, v. 461, 

p. 472-475. 

Rodwell, J. S., 1997, British plant communities. Vol. 3, Grasslands and montane communities: 

Cambridge, Cambridge University Press. 

Roscher, C., V. M. Temperton, M. Scherer-Lorenzen, M. Schmitz, J. Schumacher, B. Schmid, 

N. Buchmann, W. W. Weisser, and E. D. Schulze, 2005, Overyielding in experimental 

grassland communities - irrespective of species pool or spatial scale: Ecology Letters, 

v. 8, p. 419-429. 

https://www.r-project.org/


 

 146 

RoTAP, 2012, Review of Transboundary Air Pollution: Acidification, eutrophication, ground 

level ozone and heavy metals in the UK, Ediburgh, Centre for Ecology and Hydrology. 

Roth, T., L. Kohli, B. Rihm, and B. Achermann, 2013, Nitrogen deposition is negatively related 

to species richness and species composition of vascular plants and bryophytes in 

Swiss mountain grassland: Agriculture Ecosystems & Environment, v. 178, p. 121-

126. 

Rousk, J., P. C. Brookes, and E. Baath, 2011, Fungal and bacterial growth responses to N 

fertilization and pH in the 150-year 'Park Grass' UK grassland experiment: Fems 

Microbiology Ecology, v. 76, p. 89-99. 

Royal Society, 2001, The role of land carbon sinks in mitigating global climate change, Royal 

Society. 

Ryan, M. G., and B. E. Law, 2005, Interpreting, measuring, and modeling soil respiration: 

Biogeochemistry, v. 73, p. 3-27. 

Saiya-Cork, K. R., R. L. Sinsabaugh, and D. R. Zak, 2002, The effects of long term nitrogen 

deposition on extracellular enzyme activity in an Acer saccharum forest soil: Soil 

Biology & Biochemistry, v. 34, p. 1309-1315. 

Schlesinger, W. H., and J. A. Andrews, 2000, Soil respiration and the global carbon cycle: 

Biogeochemistry, v. 48, p. 7-20. 

Schuur, E. A. G., J. Bockheim, J. G. Canadell, E. Euskirchen, C. B. Field, S. V. Goryachkin, S. 

Hagemann, P. Kuhry, P. M. Lafleur, H. Lee, G. Mazhitova, F. E. Nelson, A. Rinke, V. E. 

Romanovsky, N. Shiklomanov, C. Tarnocai, S. Venevsky, J. G. Vogel, and S. A. Zimov, 

2008, Vulnerability of permafrost carbon to climate change: Implications for the 

global carbon cycle: Bioscience, v. 58, p. 701-714. 

Schwickerath, M., 1944, Das Hohe Venn und seine Randgebiete. : Pflanzensoziologie  v. 6, p. 

1–278. 

Semmartin, M., and M. Oesterheld, 2001, Effects of grazing pattern and nitrogen availability 

on primary productivity: Oecologia, v. 126, p. 225-230. 

Semmartin, M., M. Oyarzabal, J. Loreti, and M. Oesterheld, 2007, Controls of primary 

productivity and nutrient cycling in a temperate grassland with year-round 

production: Austral Ecology, v. 32, p. 416-428. 

Shaver, G. R., S. M. Bret-Harte, M. H. Jones, J. Johnstone, L. Gough, J. Laundre, and F. S. 

Chapin, 2001, Species composition interacts with fertilizer to control long-term 

change in tundra productivity: Ecology, v. 82, p. 3163-3181. 

Silver, W. L., and R. K. Miya, 2001, Global patterns in root decomposition: comparisons of 

climate and litter quality effects: Oecologia, v. 129, p. 407-419. 



 

 147 

Six, J., S. D. Frey, R. K. Thiet, and K. M. Batten, 2006, Bacterial and fungal contributions to 

carbon sequestration in agroecosystems: Soil Science Society of America Journal, v. 

70, p. 555-569. 

Skalska, K., J. S. Miller, and S. Ledakowicz, 2010, Trends in NOx abatement: A review: Science 

of the Total Environment, v. 408, p. 3976-3989. 

Smith, K. A., 1997, The potential for feedback effects induced by global warming on 

emissions of nitrous oxide by soils: Global Change Biology, v. 3, p. 327-338. 

Smith, R. S., R. S. Shiel, R. D. Bardgett, D. Millward, P. Corkhill, P. Evans, H. Quirk, P. J. Hobbs, 

and S. T. Kometa, 2008, Long-term change in vegetation and soil microbial 

communities during the phased restoration of traditional meadow grassland: Journal 

of Applied Ecology, v. 45, p. 670-679. 

Smith, R. S., R. S. Shiel, R. D. Bardgett, D. Millward, P. Corkhill, G. Rolph, P. J. Hobbs, and S. 

Peacock, 2003, Soil microbial community, fertility, vegetation and diversity as targets 

in the restoration management of a meadow grassland: Journal of Applied Ecology, 

v. 40, p. 51-64. 

Solomon, S., 2007, Climate change 2007 : the physical science basis : contribution of Working 

Group I to the fourth assessment report of the Intergovernamental Panel on Climate 

Change: Cambridge, Cambridge University Press. 

Song, B., S. L. Niu, L. H. Li, L. X. Zhang, and G. R. Yu, 2014, Soil carbon fractions in grasslands 

respond differently to various levels of nitrogen enrichments: Plant and Soil, v. 384, 

p. 401-412. 

Soudzilovskaia, N. A., V. G. Onipchenko, J. H. C. Cornelissen, and R. Aerts, 2005, Biomass 

production, N : P ratio and nutrient limitation in a Caucasian alpine tundra plant 

community: Journal of Vegetation Science, v. 16, p. 399-406. 

Soussana, J. F., V. Allard, K. Pilegaard, P. Ambus, C. Amman, C. Campbell, E. Ceschia, J. 

Clifton-Brown, S. Czobel, R. Domingues, C. Flechard, J. Fuhrer, A. Hensen, L. Horvath, 

M. Jones, G. Kasper, C. Martin, Z. Nagy, A. Neftel, A. Raschi, S. Baronti, R. M. Rees, U. 

Skiba, P. Stefani, G. Manca, M. Sutton, Z. Tubaf, and R. Valentini, 2007, Full 

accounting of the greenhouse gas (CO2, N2O, CH4) budget of nine European 

grassland sites: Agriculture Ecosystems & Environment, v. 121, p. 121-134. 

Spehn, E. M., A. Hector, J. Joshi, M. Scherer-Lorenzen, B. Schmid, E. Bazeley-White, C. 

Beierkuhnlein, M. C. Caldeira, M. Diemer, P. G. Dimitrakopoulos, J. A. Finn, H. Freitas, 

P. S. Giller, J. Good, R. Harris, P. Hogberg, K. Huss-Danell, A. Jumpponen, J. Koricheva, 

P. W. Leadley, M. Loreau, A. Minns, C. P. H. Mulder, G. O'Donovan, S. J. Otway, C. 

Palmborg, J. S. Pereira, A. B. Pfisterer, A. Prinz, D. J. Read, E. D. Schulze, A. S. D. 



 

 148 

Siamantziouras, A. C. Terry, A. Y. Troumbis, F. I. Woodward, S. Yachi, and J. H. 

Lawton, 2005, Ecosystem effects of biodiversity manipulations in European 

grasslands: Ecological Monographs, v. 75, p. 37-63. 

Stainforth, D. A., T. Aina, C. Christensen, M. Collins, N. Faull, D. J. Frame, J. A. Kettleborough, 

S. Knight, A. Martin, J. M. Murphy, C. Piani, D. Sexton, L. A. Smith, R. A. Spicer, A. J. 

Thorpe, and M. R. Allen, 2005, Uncertainty in predictions of the climate response to 

rising levels of greenhouse gases: Nature, v. 433, p. 403-406. 

Steinbeiss, S., H. Bessler, C. Engels, V. M. Temperton, N. Buchmann, C. Roscher, Y. Kreutziger, 

J. Baade, M. Habekost, and G. Gleixner, 2008, Plant diversity positively affects short-

term soil carbon storage in experimental grasslands: Global Change Biology, v. 14, p. 

2937-2949. 

Stevens, C., C. Dupre, C. Gaudnik, E. Dorland, N. Dise, D. Gowing, A. Bleeker, D. Alard, R. 

Bobbink, D. Fowler, V. Vandvik, E. Corcket, J. O. Mountford, P. A. Aarrestad, S. 

Muller, and M. Diekmann, 2011a, Changes in species composition of European acid 

grasslands observed along a gradient of nitrogen deposition: Journal of Vegetation 

Science, v. 22, p. 207-215. 

Stevens, C. J., N. B. Dise, J. O. Mountford, and D. J. Gowing, 2004, Impact of nitrogen 

deposition on the species richness of grasslands: Science, v. 303, p. 1876-1879. 

Stevens, C. J., C. Dupre, E. Dorland, C. Gaudnik, D. J. G. Gowing, A. Bleeker, M. Diekmann, D. 

Alard, R. Bobbink, D. Fowler, E. Corcket, J. O. Mountford, V. Vandvik, P. A. Aarrestad, 

S. Muller, and N. B. Dise, 2010, Nitrogen deposition threatens species richness of 

grasslands across Europe: Environmental Pollution, v. 158, p. 2940-2945. 

Stevens, C. J., P. Manning, L. J. L. van den Berg, M. C. C. de Graaf, G. W. W. Wamelink, A. W. 

Boxman, A. Bleeker, P. Vergeer, M. Arroniz-Crespo, J. Limpens, L. P. M. Lamers, R. 

Bobbink, and E. Dorland, 2011b, Ecosystem responses to reduced and oxidised 

nitrogen inputs in European terrestrial habitats: Environmental Pollution, v. 159, p. 

665-676. 

Stevens, C. J., L. C. Maskell, S. M. Smart, S. J. M. Caporn, N. B. Dise, and D. J. G. Gowing, 2009, 

Identifying indicators of atmospheric nitrogen deposition impacts in acid grasslands: 

Biological Conservation, v. 142, p. 2069-2075. 

Stroeve, J., M. M. Holland, W. Meier, T. Scambos, and M. Serreze, 2007, Arctic sea ice 

decline: Faster than forecast: Geophysical Research Letters, v. 34, p. 5. 

Suding, K. N., I. W. Ashton, H. Bechtold, W. D. Bowman, M. L. Mobley, and R. Winkleman, 

2008, Plant and microbe contribution to community resilience in a directionally 

changing environment: Ecological Monographs, v. 78, p. 313-329. 



 

 149 

Suding, K. N., S. L. Collins, L. Gough, C. Clark, E. E. Cleland, K. L. Gross, D. G. Milchunas, and S. 

Pennings, 2005, Functional- and abundance-based mechanisms explain diversity loss 

due to N fertilization: Proceedings of the National Academy of Sciences of the United 

States of America, v. 102, p. 4387-4392. 

Sutton, M. A., 2011, The European nitrogen assessment : sources, effects, and policy 

perspectives: Cambridge, Cambridge University Press. 

Sutton, M. A., O. Oenema, J. W. Erisman, A. Leip, H. van Grinsven, and W. Winiwarter, 2011, 

Too much of a good thing: Nature, v. 472, p. 159-161. 

Sutton, M. A., D. Simpson, P. E. Levy, R. I. Smith, S. Reis, M. van Oijen, and W. de Vries, 2008, 

Uncertainties in the relationship between atmospheric nitrogen deposition and 

forest carbon sequestration: Global Change Biology, v. 14, p. 2057-2063. 

Sylvester Bradley, R., 1993, Scope for more efficient use of fertilizer nitrogen: Soil Use and 

Management, v. 9, p. 112-117. 

Tampere, M., K. Kauer, I. Keres, E. Loit, A. Selge, R. Viiralt, and H. Raave, 2015, The effect of 

fertilizer and N application rate on nitrogen and potassium leaching in cut grassland: 

Zemdirbyste-Agriculture, v. 102, p. 381-388. 

Tao, B. X., C. C. Song, and Y. D. Guo, 2013, Short-term Effects of Nitrogen Additions and 

Increased Temperature on Wetland Soil Respiration, Sanjiang Plain, China: Wetlands, 

v. 33, p. 727-736. 

Taylor, A. F. S., and I. J. Alexander, 1990, Demography and population-dynamics of 

ectomycorrhizas of sitka spruce fertilized with N: Agriculture Ecosystems &amp; 

Environment, v. 28, p. 493-496. 

Tian, D. H., H. Wang, J. Sun, and S. L. Niu, 2016a, Global evidence on nitrogen saturation of 

terrestrial ecosystem net primary productivity: Environmental Research Letters, v. 

11, p. 9. 

Tian, Z., X. Q. Wu, E. F. Dai, and D. S. Zhao, 2016b, SOC storage and potential of grasslands 

from 2000 to 2012 in central and eastern Inner Mongolia, China: Journal of Arid 

Land, v. 8, p. 364-374. 

Tilman, D., D. Wedin, and J. Knops, 1996, Productivity and sustainability influenced by 

biodiversity in grassland ecosystems: Nature, v. 379, p. 718-720. 

Tipping, E., P. A. Henrys, L. C. Maskell, and S. M. Smart, 2013, Nitrogen deposition effects on 

plant species diversity; threshold loads from field data: Environmental Pollution, v. 

179, p. 218-223. 

Treseder, K. K., 2004, A meta-analysis of mycorrhizal responses to nitrogen, phosphorus, and 

atmospheric CO2 in field studies: New Phytologist, v. 164, p. 347-355. 



 

 150 

Treseder, K. K., 2008, Nitrogen additions and microbial biomass: a meta-analysis of 

ecosystem studies: Ecology Letters, v. 11, p. 1111-1120. 

Treseder, K. K., and M. F. Allen, 2000, Mycorrhizal fungi have a potential role in soil carbon 

storage under elevated CO2 and nitrogen deposition: New Phytologist, v. 147, p. 

189-200. 

UKREATE, 2008, Terrestrial Umbrella: Effects of Eutrophication and Acidification on 

Terrestrial Ecosystems,  CEH Contract Report C03425, Defra Contract No. AQ0802. 

van den Berg, L. J. L., E. Dorland, P. Vergeer, M. A. C. Hart, R. Bobbink, and J. G. M. Roelofs, 

2005, Decline of acid-sensitive plant species in heathland can be attributed to 

ammonium toxicity in combination with low pH: New Phytologist, v. 166, p. 551-564. 

van den Berg, L. J. L., L. Jones, L. J. Sheppard, S. M. Smart, R. Bobbink, N. B. Dise, and M. R. 

Ashmore, 2016, Evidence for differential effects of reduced and oxidised nitrogen 

deposition on vegetation independent of nitrogen load: Environmental Pollution, v. 

208, p. 890-897. 

van den Berg, L. J. L., L. Shotbolt, and M. R. Ashmore, 2012, Dissolved organic carbon (DOC) 

concentrations in UK soils and the influence of soil, vegetation type and seasonality: 

Science of the Total Environment, v. 427, p. 269-276. 

van den Berg, L. J. L., P. Vergeer, T. C. G. Rich, S. M. Smart, D. Guest, and M. R. Ashmore, 

2011, Direct and indirect effects of nitrogen deposition on species composition 

change in calcareous grasslands: Global Change Biology, v. 17, p. 1871-1883. 

Van der Krift, T. A. J., and F. Berendse, 2002, Root life spans of four grass species from 

habitats differing in nutrient availability: Functional Ecology, v. 16, p. 198-203. 

van der Wal, R., S. Sjogersten, S. J. Woodin, E. J. Cooper, I. S. Jonsdottir, D. Kuijper, T. A. D. 

Fox, and A. D. Huiskes, 2007, Spring feeding by pink-footed geese reduces carbon 

stocks and sink strength in tundra ecosystems: Global Change Biology, v. 13, p. 539-

545. 

Vance, E. D., P. C. Brookes, and D. S. Jenkinson, 1987, An extraction method for measuring 

soil microbial biomass-C: Soil Biology &amp; Biochemistry, v. 19, p. 703-707. 

Verburg, P. S. J., J. A. Arnone, D. Obrist, D. E. Schorran, R. D. Evans, D. Leroux-Swarthout, D. 

W. Johnson, Y. Q. Luo, and J. S. Coleman, 2004, Net ecosystem carbon exchange in 

two experimental grassland ecosystems: Global Change Biology, v. 10, p. 498-508. 

Vitousek, P. M., J. D. Aber, R. W. Howarth, G. E. Likens, P. A. Matson, D. W. Schindler, W. H. 

Schlesinger, and D. Tilman, 1997, Human alteration of the global nitrogen cycle: 

Sources and consequences: Ecological Applications, v. 7, p. 737-750. 



 

 151 

Vitousek, P. M., S. Porder, B. Z. Houlton, and O. A. Chadwick, 2010, Terrestrial phosphorus 

limitation: mechanisms, implications, and nitrogen-phosphorus interactions: 

Ecological Applications, v. 20, p. 5-15. 

Wang, C. Y., X. G. Feng, P. Guo, G. M. Han, and X. J. Tian, 2010, Response of degradative 

enzymes to N fertilization during litter decomposition in a subtropical forest through 

a microcosm experiment: Ecological Research, v. 25, p. 1121-1128. 

Wang, M.-L., and Y.-L. Feng, 2005, Effects of soil nitrogen levels on morphology, biomass 

allocation and photosynthesis in Ageratina adenophora and Chromoleana odorata: 

Zhiwu Shengtai Xuebao, v. 29, p. 697-705. 

Ward, S. E., N. J. Ostle, S. Oakley, H. Quirk, P. A. Henrys, and R. D. Bardgett, 2013, Warming 

effects on greenhouse gas fluxes in peatlands are modulated by vegetation 

composition: Ecology Letters, v. 16, p. 1285-1293. 

Ward, S. E., S. M. Smart, H. Quirk, J. R. B. Tallowin, S. R. Mortimer, R. S. Shiel, A. Wilby, and R. 

D. Bardgett, 2016, Legacy effects of grassland management on soil carbon to depth: 

Global Change Biology, v. 22, p. 2929-2938. 

Wedin, D. A., and D. Tilman, 1996, Influence of nitrogen loading and species composition on 

the carbon balance of grasslands: Science, v. 274, p. 1720-1723. 

White, D. C., W. M. Davis, J. S. Nickels, J. D. King, and R. J. Bobbie, 1979, Determination of the 

sedimentary microbial biomass by extractable lipid phosphate: Oecologia, v. 40, p. 

51-62. 

Xu, X. L., H. Ouyang, G. M. Cao, Z. Y. Pei, and C. P. Zhou, 2004, Nitrogen deposition and 

carbon sequestration in alpine meadows: Biogeochemistry, v. 71, p. 353-369. 

Zaehle, S., A. D. Friend, P. Friedlingstein, F. Dentener, P. Peylin, and M. Schulz, 2010, Carbon 

and nitrogen cycle dynamics in the O-CN land surface model: 2. Role of the nitrogen 

cycle in the historical terrestrial carbon balance: Global Biogeochemical Cycles, v. 24, 

p. 14. 

Zak, D. R., W. E. Holmes, D. C. White, A. D. Peacock, and D. Tilman, 2003, Plant diversity, soil 

microbial communities, and ecosystem function: Are there any links?: Ecology, v. 84, 

p. 2042-2050. 

Zeng, D. H., L. J. Li, T. J. Fahey, Z. Y. Yu, Z. P. Fan, and F. S. Chen, 2010, Effects of nitrogen 

addition on vegetation and ecosystem carbon in a semi-arid grassland: 

Biogeochemistry, v. 98, p. 185-193. 

Zhang, C. P., D. C. Niu, S. J. Hall, H. Y. Wen, X. D. Li, H. Fu, C. G. Wan, and J. J. Elser, 2014, 

Effects of simulated nitrogen deposition on soil respiration components and their 



 

 152 

temperature sensitivities in a semiarid grassland: Soil Biology & Biochemistry, v. 75, 

p. 113-123. 

Zhang, D., Z. H. Zhou, B. Zhang, S. H. Du, and G. C. Liu, 2012, The effects of agricultural 

management on selected soil properties of the arable soils in Tibet, China: Catena, v. 

93, p. 1-8. 

Zhang, Y. H., J. C. Feng, F. Isbell, X. T. Lu, and X. G. Han, 2015, Productivity depends more on 

the rate than the frequency of N addition in a temperate grassland: Scientific 

Reports, v. 5, p. 12. 

Zhou, L. Y., X. H. Zhou, B. C. Zhang, M. Lu, Y. Q. Luo, L. L. Liu, and B. Li, 2014, Different 

responses of soil respiration and its components to nitrogen addition among biomes: 

a meta-analysis: Global Change Biology, v. 20, p. 2332-2343. 

Zhu, C., Y. Ma, H. Wu, T. Sun, K. J. La Pierre, Z. Sun, and Q. Yu, 2016, Divergent Effects of 

Nitrogen Addition on Soil Respiration in a Semiarid Grassland: Scientific Reports 6, 

33541; doi: 10.1038/srep33541. 

Zong, N., P. L. Shi, M. H. Song, X. Z. Zhang, J. Jiang, and X. Chai, 2016, Nitrogen Critical Loads 

for an Alpine Meadow Ecosystem on the Tibetan Plateau: Environmental 

Management, v. 57, p. 531-542. 

 


