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Abstract 

Upland grasslands comprise a large proportion of the UK’s land area and are 

primarily used to graze sheep. These grasslands store large quantities of carbon (C). 

Changes in land use or climate could affect the ability of these soils to store C and 

the fluxes of other greenhouse gases associated with agricultural soils, nitrous oxide 

(N2O) and methane (CH4). Grazing substantially changes the cycling of C and 

nitrogen in grassland ecosystems, particularly through the deposition of rapidly 

degrading excreta, both dung and urine, on the soil. The major non-enteric 

greenhouse gas emissions associated with this type of extensive farming of ruminants 

are the emission of N2O and CH4 from soils affected by the animal’s excreta.  

This PhD project has investigated the cycling of sheep dung in two upland 

soils of different management regimes to investigate the effects imposed by the plant 

community. Dung incorporation was measured by capitalising on the natural 

difference in natural 13C abundance (δ13C ratios) between maize and native British 

vegetation, which permitted maize-derived sheep dung to be used as a 13C tracer of 

dung incorporation into soil. A physical and chemical soil fractionation methodology 

was used to isolate the distinct soil organic carbon (SOC) pools and ascertain the 

location of the dung C. There were differences between soils in dung C cycling, with 

more dung C being measured in semi-improved soils at experiment’s end. 

Throughout the one year timeframe of this experiment, most of the dung C was 

recovered in the particulate organic matter fraction. Changing the plant community 

did not have a measurable effect on dung C cycling within the experimental period.  
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Urine patches in grazed pastures represent a major source of agriculture’s 

N2O emissions. The N2O, CH4 and CO2 fluxes from chambers treated with synthetic 

urine, synthetic urine and dung, or dung, and an untreated control in randomised 

block design at two sites were measured over one year. Relevant soil parameters 

were also measured at each sampling point. From this data N2O emission factors for 

sheep excreta at these sites were calculated. N2O emission factors were significantly 

different between sites, were different for dung and urine, and in all cases were less 

than the current default value used by countries utilising a Tier 1 methodology, 

according to the IPCC, to inventory N2O emissions derived from grazing livestock.  

Dietary manipulation has been proposed to increase certain components in 

urine that are thought to inhibit N2O emission with the aim of reducing livestock 

greenhouse gas emissions. One such urinary component is hippuric acid. Soil to 

which synthetic urine with incrementally increased quantities of hippuric acid were 

added were incubated, as were soils to which dung only and dung and synthetic urine 

had been added, as well as an untreated control. No significant effect of hippuric acid 

concentration was observed. N2O emissions from the dung only and dung and urine 

treatments were unusually high and surpassed those of the urine only treatments. 

This has been hypothesised to be due to fungal denitrification in the dung treatments 

or suppression of microbial activity due to ammonia toxicity in the urine-treated 

soils.  

The key conclusions from this PhD work are that the effect of dung 

deposition on SOC cycling may be quite small and appears to result in substitution of 

native SOC with dung C, rather than an increase in SOC; N2O emissions from sheep 
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dung and urine deposition in semi-improved grasslands is likely to be very low and 

much lower than the current IPCC default value; and that in our incubation 

experiment there was no discernible impact of hippuric acid on N2O emissions, but it 

is possible that this is an experimental artefact.  
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Lay summary 

Upland grasslands comprise a large proportion of the UK’s land area and are 

primarily used to graze sheep. These grasslands store large quantities of carbon. 

Changes in land use or climate could affect the ability of these soils to store carbon 

and it would be emitted to the atmosphere as carbon dioxide. Grazing by sheep and 

cattle substantially changes how carbon and nitrogen move through grassland 

ecosystems, particularly through converting the vegetation they eat into excreta 

(dung and urine), both of which decompose more rapidly than the original vegetation 

would. The primary greenhouse gas associated with farming of ruminants (sheep, 

cattle and goats) is the methane produced within their digestive systems (enteric 

methane), but there are also important amounts of the greenhouse gases nitrous oxide 

and methane emitted from grassland soils affected by the livestock’s excreta.  

This PhD project investigated how sheep dung becomes part of the soil 

organic matter in paired, contrasting soils: a fertilised agricultural grassland with a 

commercial grass species (improved) and a mostly unfertilised, grassland with native 

vegetation (semi-improved) at two Scottish upland sites.  The effect on this process 

imposed by the plant community was also investigated in each case by leaving it 

intact, removing it entirely, or replacing it with a standard commercial grass species. 

The rate at which the dung became part of the soil organic matter was measured 

using the ratio between the heavy (13C) and light (12C) stable (i.e. non-radioactive) 

carbon isotopes. Carbon is a major component of organic matter. Dung was secured 

from animals that had been fed only maize, a plant which naturally has more heavy 

(13C) isotopes than the native vegetation at our study sites. At 1 month, 4 months, 

and 12 months after dung was applied, the soils in this experiment were fractionated 
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(split into distinct components) and the ratio of heavy to light isotopes compared 

between those soils that had had dung added and those that hadn’t. The measured 

differences in the ratio of heavy to light isotopes allowed the amount of carbon from 

the dung in the soil to be calculated. Different amounts of dung carbon were found to 

have accumulated in the soils, with more dung carbon present in those soils from the 

semi-improved grassland soils than in the fertilised, improved grassland soils. The 

amounts of carbon in the soils treated with dung were not different from those which 

had not been treated with any dung, suggesting dung carbon replaced soil carbon 

rather than adding to it. Most of the dung was recovered as independent particles of 

organic matter within the soil. There was no measureable effect within this 

experimental period (1 year) of changing the plant community on the amount of dung 

organic carbon in the soil at any site.  

Urine patches in grazed pastures represent a major source of agriculture’s 

nitrous oxide emissions. This was investigated at two semi-improved upland 

grassland sites. The net emissions of nitrous oxide, methane, and carbon dioxide 

were measured from areas of soil treated with synthetic urine, dung, or both synthetic 

urine and dung, and a control soil without any treatment over a year. The data from 

this experiment showed that at these sites a very small percentage of the nitrogen 

applied in the forms of urine or dung is given off as nitrous oxide: much less than the 

default value used by the UK in national greenhouse gas inventories to estimate 

nitrous oxide from grazed livestock. Methane is emitted from the dung, but the soils 

mostly take up small amounts of methane.  
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Changing the diet of livestock has been proposed to increase certain 

components in urine that are thought to reduce the amount of nitrous oxide given off 

by urine patches. One of these components is hippuric acid. The ability of hippuric 

acid to reduce nitrous oxide emissions was tested by adding synthetic urine with 

incrementally increasing concentrations of hippuric acid to soil under controlled 

laboratory conditions and measuring the amount of nitrous oxide produced over a 50 

day period. Additional treatments of dung and both dung and urine were included. 

Changing the concentration of hippuric acid in the urine added to the soils had no 

statistically significant difference on the quantities of nitrous oxide emitted from 

those soils. In this experiment unusually high nitrous oxide emissions were measured 

from the dung-treated soils and the soil treated with both dung and urine. Suggested 

explanations for this are large amounts of fungal denitrification or a toxic effect of 

high soil ammonia concentration on the soil microbes.  

The primary conclusions of this PhD work are that dung deposition does not 

change soil organic carbon levels to a measureable extent within 1 year, but dung 

carbon does get incorporated into the soil in measureable amounts; nitrous oxide 

emissions from sheep excreta is likely to be very low and much lower than the 

current value used in national greenhouse gas inventories; and that in our experiment 

there was no discernible impact of hippuric acid on nitrous oxide emissions, but it is 

possible that this is a flaw in the experimental setup.  
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1. Introduction 

1.1. Grasslands in the UK 

In the UK grassland soils are significant reserves of carbon (C), second only 

to peat bogs in magnitude, and storing 32 % of soil organic carbon (SOC) (Ostle et 

al., 2009). Appropriate management is necessary to maintain these C stocks at their 

current levels and there is some potential to increase them both in the UK and across 

Europe (Jones & Donnelly, 2004; Soussana et al., 2010; Skiba et al., 2013). 

Grassland may be considered improved or unimproved in an agricultural context 

based on the extent to which its soil characteristics and vegetation have been 

modified by humans. An improved grassland refers to one in which soil nutrient 

status and pH have been optimised for grass growth and the natural vegetation has 

been replaced with cultivars of fast-growing grass species that can produce optimal 

yields under these conditions (Grayston et al., 2004; Kennedy et al., 2005; Rooney et 

al., 2006; Millard & Singh, 2009). An unimproved grassland by contrast is one in 

which there have been no management practices to alter soil nutrient status or 

vegetative community, other than those induced by extensive grazing (Grayston et 

al., 2004; Kennedy et al., 2005; Rooney et al., 2006; Millard & Singh, 2009). As 

there is a gradient between these two extremes, a third term has also been used: semi-

improved grassland. Semi-improved grassland has broadly been defined, and will 

continue to be here, as grassland with natural vegetation which has been improved to 

some extent by the addition of lime and fertiliser (Grayston et al., 2004; Weigelt et 

al., 2005; Millard & Singh, 2009). Three of the dominant grass species found in 
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semi-improved grasslands throughout upland Great Britain are Festuca ovina, 

Agrostis capillaris, and Holcus lanatus (National Vegetation Classification - U4b) 

(Rodwell, 1998), whereas an improved grassland in Britain has typically been 

reseeded with Lolium perenne, the persistence of which is subsequently ensured by 

application of fertiliser and lime to maintain optimal growth conditions (Grayston et 

al., 2004; Weigelt et al., 2005; Millard & Singh, 2009). In Scotland, grasslands are 

particularly important agriculturally, with approximately 59% of the agricultural area 

classed as ‘rough grazing’ (meaning unimproved and semi-improved grasslands), 

most of which is upland grassland used predominantly for sheep production (Rural 

and Environmental Science and Analytical Services, 2013). 

The extent of semi-improved grasslands in the UK has been declining 

throughout the 20th and into the 21st centuries (Ridding et al., 2015). The major 

drivers in loss of semi-improved grassland have been afforestation and grassland 

improvement. The conversion of semi-improved and unimproved grasslands to 

forestry, mostly commercial plantation forestry, but also rewilding efforts, is driven 

partly by Scottish government policy to increase the quantity of forested land and 

partly by the better commercial returns of plantation forestry when compared to 

traditional hill farming (SAC Consulting, 2014). Afforestation implies major changes 

in the soil cycling of C and N and often leads to significant losses of SOC in the 

initial years after planting due to soil disturbance during site preparation (Don et al., 

2009). A meta-analysis by Guo and Gifford (2002) has suggested a net negative 

effect of -10% on SOC stocks due to conversion of grassland to plantation forestry, 

although another by Laganière et al. (2010) suggested that accounting for the organic 

surface layer in coniferous plantations reduces the perceived negative SOC trend. 
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The number of livestock in Scotland’s upland and highland areas has decreased, 

resulting in reduction and even cessation of grazing in some areas (SAC Consulting, 

2008), however, a change in focus from grazing sheep on the open mountain, which 

entails higher labour costs and lower productivity can lead to more intensive grazing 

of semi-improved grasslands.  Increases in grazing intensity lead to changes in SOC 

cycling as a result of alteration in vegetation community composition and the relative 

proportions of plant litter and grazing returns as C inputs (Marriott et al., 2005; 

Vaieretti et al., 2013). This may also be accompanied by other management 

practices, including liming and fertilisation, ultimately moving the grassland towards 

the improved end of the spectrum. Grazing, or excretal, returns is the term used for 

nutrients returned to the pasture as dung and urine by the animal while grazing. In 

the face of ongoing land use change and the likelihood of future climate change, it is 

necessary to understand more about the current GHG balance of semi-improved 

grassland soils before the consequences of land use change can be understood. 

 

1.2. Soil C cycling 

Initially C enters the grassland ecosystem through fixation of atmospheric 

carbon dioxide (CO2) during photosynthesis and incorporation into plant matter. The 

fixed plant C may enter the soil directly via root exudates (rhizodeposition), through 

decomposition of plant matter, or indirectly as excreta from herbivores. Dung decays 

at a faster rate than the same plant material would undigested (Yoshitake et al., 

2014), meaning herbivores can have a significant influence on SOC cycling. Losses 
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of C from soil can occur through leaching (Kindler et al., 2011), erosion, and 

consumption of SOC and its respiration as CO2 by the soil microbial community.  

Soil organic matter (SOM) is generally regarded as being stabilised within the 

soil through a combination of three different mechanisms: chemical recalcitrance; 

physical protection in aggregates; and adsorption to mineral surfaces, particularly 

clays (Lutzow et al., 2006). Chemical recalcitrance, typically suggested to be due to 

aromaticity or a low C:N ratio, is no longer considered to be a strong indicator of a 

long residence time within the soil (Dungait et al., 2012). Indeed a number of studies 

have demonstrated that supposedly chemically recalcitrant materials can be readily 

decomposed upon addition of a labile substrate (Kuzyakov & Bol, 2004; Fontaine et 

al., 2007; Marschner et al., 2008), the so called ‘priming effect’. A priming effect 

refers to the facilitation of decomposition of SOM through input of labile C sources 

and/or nutrients to the soil. One hypothesis to explain this suggests that as soil 

microbes are often energy limited, labile C sources may serve as co-metabolites 

facilitating the production of various hydrolytic or oxidative enzymes used to break 

down macromolecular components of SOM to access other nutrients (Fontaine et al., 

2007). Priming effects have been observed after the input of labile C from root 

exudates (Bird et al., 2011; Shahzad et al., 2015) and from dung (Bol et al., 2003b; 

Kuzyakov & Bol, 2006), both of which are increased along with increasing grazing 

intensity. Nonetheless, Shahzad et al. (2012) demonstrated a reduction in priming 

under multiple grass species caused by an increase in soil N availability and an 

induced change in the soil microbial community structure away from saprophytic 

fungi which are believed to play a key role in SOM mineralisation.  
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Unprotected particles of SOM are referred to as particulate organic matter 

and are largely chemically unmodified relative to the original C input. Occlusion of 

SOM within the physical structures of soil aggregates reduces SOM decomposition 

by limiting microbial access and by preventing diffusion of either microbial enzymes 

or oxygen into the aggregate structure (Lutzow et al., 2006). Aggregates are formed 

by the binding together of soil particles by organic compounds including microbial 

secretions, fungal hyphae, and fine plant roots (Six et al., 2000).  The chemical 

characteristics of intra-aggregate SOM are widely variable suggesting material of 

varying degrees of recalcitrance and of varying degrees of decomposition (Wagai et 

al., 2009). In grassland soils aggregates can be vulnerable to disturbance of the soil 

structure by land management practices such as cultivation during pasture renewal, 

causing loss of SOM (Six et al., 2000; Murage et al., 2007; Paul et al., 2013). SOM 

may also be stabilised in the soil by the formation of organo-mineral complexes with 

clay minerals and metal ions (particularly aluminium and iron oxy/hydroxides) 

(Lutzow et al., 2006). This can be the most important mechanism quantitatively in 

stabilising SOM within soils (Schrumpf et al., 2013), which is why soil texture, 

namely clay content, strongly influences a soil’s potential for SOC storage (Six et al., 

2002; Plante et al., 2006). 

Although soil respiration is usually most strongly correlated with soil 

temperature and moisture, increases in soil respiration have also been observed to 

result from increased grazing (Cao et al., 2004; Ward et al., 2007), liming (Rangel-

Castro et al., 2005; Fuentes et al., 2006) and organic manure application (Jones et al., 

2006). The soil microbial biomass plays a key role in soil respiration and the 

transformation of SOM, controlling C turnover and, in unfertilised soils, the supply 
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of nutrients. Grasslands of different productivity tend to have distinctly different soil 

microbial communities and different rates of C turnover. A general trend moving 

from a fungal-dominated microbial community in unimproved or low productivity 

grassland soils to a bacterially dominated one in improved grassland soils has been 

observed by many authors (Bardgett et al., 2001; Grayston et al., 2004; Millard & 

Singh, 2009; Breulmann et al., 2011). This has been postulated to be due to an 

increase in the amount of labile C released to the rhizosphere by more productive 

grass and legume species leading to a more rapid, and bacterially-dominated 

decomposition cycle (Grayston et al., 2004) or to a higher potential N availability 

linked to higher decomposition rates and nutrient turnover (Breulmann et al., 2011). 

Grassland management practices that have significant effects on SOC cycling 

are higher stocking rate (number of livestock per unit land area)(Conant et al., 2001; 

Ward et al., 2007; Ziter & MacDougall, 2013); application of mineral fertilisers 

(Conant et al., 2001; Ziter & MacDougall, 2013); pasture renewal (cultivation and 

reseeding with more productive grass species)(Necpálová et al., 2013; Drewer et al., 

2016); or application of organic fertilisers (Jones et al., 2006). Consumption of the 

plant canopy by herbivores allows greater radiative energy to reach the soil and 

reduces evapotranspiration (Piñeiro et al., 2010), having the combined effect of 

creating a warmer and wetter soil microclimate, more conducive to SOM 

decomposition. Ultimately, under a specific set of conditions SOC stocks will reach 

an equilibrium value at which there is an effective SOC saturation (Stewart et al., 

2007; Chung et al., 2010; Powlson et al., 2012), therefore management to increase 

SOC stocks will be most effective in those that can be considered unsaturated, 

perhaps due to past loss of SOC as a result of inappropriate management.  
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1.3. Greenhouse gas fluxes from grazed upland 

grasslands 

There have been significant anthropogenic increases in the atmospheric 

concentrations of the greenhouse gases CO2, methane (CH4), and nitrous oxide 

(N2O). CH4 and N2O are emitted to the atmosphere in much lower quantities than 

CO2, but because they are more effective at absorbing infrared radiation they have 

global warming potentials over a one hundred year period that are respectively 28 

and 265 times greater than that of CO2 (Stocker et al., 2013), making their role in 

climate change disproportionately significant to their absolute quantity. One strand of 

this PhD project has looked at how the return of nutrients by ruminant grazers in the 

form of excreta may affect the emissions of CH4 and N2O with the aim of 

contributing to the creation of a baseline GHG balance of upland grassland soils as 

currently used for extensive grazing. 

Grassland soils can be both highly significant sources and sinks of CH4 (Chan 

& Parkin, 2001; Le Mer & Roger, 2001). About a third of CH4 emissions to the 

atmosphere come from soils, but nonetheless soils globally provide an annual sink 

for an estimated 27 Tg, or between 3 and 9 % of the removal rate of CH4 from the 

atmosphere (Smith et al., 2000). Dung emits a relatively small CH4 flux in the days 

after deposition due to continued activity by enteric methanogens (Jarvis et al., 1995; 

Flessa et al., 1996; Holter, 1997; Penttilä et al., 2013), but the CH4 flux associated 

with extensive sheep grazing is dominated by that produced by the animal itself 

during enteric fermentation (Worrall & Clay, 2012).  
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Agriculture is responsible for over 75 % of total N2O emissions in the EU 27 

and the U.K. (EEA, 2015), with greater emissions from grazed grassland than arable 

land (Smith et al., 1998). Besides being a major contributor to global climate change, 

N2O is now also considered to be the primary stratospheric ozone-depleting 

substance (Ravishankara et al., 2009). A major source of the N2O emissions from 

grazed grasslands is animal excreta. Only 3-15 % of the nitrogen (N) ingested by 

grazing livestock being utilised by the animal, with the rest returned to pasture in the 

form of dung and urine at localised N-deposition rates of up to 600-1000 kg N ha-1 

(Whitehead, 1995; Moir et al., 2011; Welten et al., 2013). Over 40 % of the N2O 

emissions associated with livestock systems are derived from these excretal returns at 

pasture (Oenema et al., 2005). This is particularly true of extensively managed 

grasslands which are not fertilised. Grazer behaviour and the distribution of grazing 

returns are influenced by the topography of upland grasslands. Higher rates of both 

dung and urine deposition occur in so called ‘camping spots’, typically flat, sheltered 

areas in a pasture where cattle or sheep spend a disproportionate amount of their time 

resting and/or ruminating (Saggar et al., 1990). The deposition of both dung and 

urine in the same location poses the possibility of enhanced N2O emission due to the 

availability of both dung-derived labile C and urinary N, or due to an increased rate 

of oxygen consumption, leading to more anaerobic soil conditions (Van Groenigen et 

al., 2005). Denitrification may be further increased in these areas by soil compaction 

due to greater animal traffic, particularly under wet soil conditions (Ball et al., 2012; 

Treweek et al., 2016).  
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1.4. Thesis aims and overview 

This thesis aims to explore that portion of the GHG budget of extensive sheep 

grazing in upland grasslands associated with soil and grazer interactions. This 

focuses on one of the key ways in which grazers modify C and N cycling in 

grassland ecosystems, the acceleration of C and N cycling by consumption of plant 

material and conversion of it to more bioavailable dung and urine.  

This PhD focused on two main research questions: how does dung C interact 

with and cycle into the underlying SOC and what are the N2O emissions derived 

from sheep excreta in upland semi-improved grassland environments? Chapter 2 

describes the Scottish hill farms which provided the setting for the field research in 

this PhD and the soils for the ex-situ work.  

The first research chapter of this thesis (Chapter 3) describes a multifactorial 

experiment to investigate the effect of dung deposition on the SOC stock of the 

underlying soil using a novel combination of two existing soil research methods to 

track the incorporation of the dung into and between discrete SOC pools of the soil. 

Differences in how dung C cycles within improved and semi-improved grassland 

were investigated by comparing intact soil cores from paired improved and semi-

improved grasslands at two Scottish hill farms. The effect of vegetation was also 

investigated.  

The subsequent two chapters focus on N2O emissions from sheep excreta. 

Chapter 4 describes an incubation experiment to investigate whether N2O emissions 

from urine patches can be suppressed by increasing the concentration of hippuric 
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acid in the urine excreted by the animal. This is achieved by comparing N2O 

emissions from incubated soils amended with urine of incrementally increasing 

hippuric acid concentration. N2O fluxes of incubated soils amended with dung and a 

combination of dung and urine was also measured. Chapter 5 describes a field 

experiment to measure the emissions of N2O from sheep urine and dung, and the 

combination of both, at two upland semi-improved grassland sites over the course of 

a year after excreta application. This allowed calculation of an emission factor which 

is compared to the default values currently used by the UK in annual inventories of 

GHGs. The inclusion of a treatment of combined dung and urine application allows 

the potential for interactive effects of co-deposition to be investigated.  

         

  



13 

 

2. Site description 
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2.1. Boghall Glen 

Boghall Glen (BG) is in the south east of Scotland (see Figure 1-1, 

55°52’43.9”N; 3°13’6.9”W) and has a mean annual precipitation of 980.3 mm yr-1 

and mean daily temperatures of 14.3 °C in July and 3.3 °C in January. The grasslands 

from which soils were sourced for the experiments described in Chapters 3 and 4, 

and on which the field experiment described in Chapter 5 was carried out, are located 

on the south-facing slope from BG up to Caerketton hill. BG is located within 

Boghall Farm, which is in turn a component of the SRUC Bush Estate research farm.  

BG is dominated by humus-iron podzols and brown earths of the Bemersyde 

association, derived from a parent material of rhyolites, trachytes, and allied rocks 

(Soil Survey of Scotland Staff, 1987). The semi-improved soils used in Chapter 3 

and Chapters 4 and 5, despite being located ca. 20 m apart, were a humic ranker and 

brown ranker respectively. Rankers are a class of shallow soils with solid or 

fragmented non-calcareous bedrock found within 30 cm depth. Humic rankers have 

very high organic matter content (but are better drained than a peaty ranker) and a 

brown ranker is free draining with brown coloured mineral topsoil. The improved 

soil at BG used in Chapter 3 was a brown earth. All soils were free-draining.  

The semi-improved grassland site is mid-slope on Caerketton Hill, at an 

altitude of 365 metres above sea level (m.a.s.l.). and is currently unfertilised and 

unlimed, although these activities are thought to have been carried out in the past (> 

20 years ago). The plant community at the semi-improved grassland at BG 

corresponds to type U4 (dominated by F. ovina, A. capillaris and Gallium saxatile) 

according to the National Vegetation Classification (Rodwell, 1998), is typically 
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species poor, and may have a high moss cover. There were some local patches of 

Poa pratensis and Anthoxanthum odoratum also in the area used in Chapters 4 and 5. 

The improved grassland is in a field with altitude sloping from 280 to 265 m.a.s.l. 

This field was reseeded with perennial ryegrass (L. perenne) and white clover 

(Trifolium repens) in the 1980’s and still has a large proportion of L. perenne in the 

sward. Fertiliser and lime are applied occasionally. Sheep and cattle are grazed on 

both grasslands beginning in April and continuing to October. 

The necessity to change the location of the experiment described in Chapter 5 

means that the experiment does not incorporate a high organic matter (humic) soil as 

intended, rather two predominantly mineral soils, and direct comparisons between 

sites with humic and mineral soils are not possible. 

 

2.2. Kirkton & Auchtertyre Farm 

Kirkton and Auchtertyre Farm (KAF) is in the southern Highlands (see 

Figure 1-1, 56°25’24.9” N; 4°40’29.4” W) and has a mean annual precipitation of 

2528.2 mm yr-1 (1991-2010 20 year average) and mean annual temperature of 7.9 °C 

(2007-2016 10 year average). 

At KAF the soils are of the Gaerlie series, derived from Dalradian mica-schist 

bedrock (Soil Survey of Scotland Staff, 1987). The improved soil used in Chapter 3 

was a previously cultivated, brown earth, located at an altitude of 162 m.a.s.l. and 

predominantly derived from alluvial sediments. The semi-improved grassland soil 
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used in Chapter 3 was a podzolic ranker at altitudes of 180 to 185 m.a.s.l. (samples 

were taken from a number of different locations within the field). Due to the 

presence of livestock throughout the winter in the semi-improved field used in 

Chapter 3, it was unsuitable for the experiment described in Chapter 5 which 

required that there be no urine or dung deposited on the soil for a period of several 

months beforehand. The semi-improved grassland ultimately used in Chapter 5 was 

in the Dyke’s End field, at an altitude of 190 m.a.s.l. and had a podzolic ranker soil. 

The change in site did not have any negative implications for the experiment. 

KAF is primarily used for grazing a flock of Scottish Blackface and Lleyn 

ewes and in recent years a small herd of ~20 crossbred Aberdeen Angus cows. Silage 

is also harvested from some of the improved grasslands. Those parts of the semi-

improved grasslands accessible to a tractor have received some lime and fertiliser in 

the past (> 20 years), but not recently. As per BG, they have a U4 plant community 

as described by Rodwell (1998), with the presence also of Rumex acetosella. The 

improved grassland was reseeded with a commercial grass mix (Primarily L. 

perenne) in the 1980’s and receives inputs of fertiliser every year and lime every 

three years.  
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3. Use of maize-derived dung as a natural abundance 

13
C stable isotope tracer to elucidate soil 

incorporation of dung C 

 

3.1. Introduction 

3.1.1. Cycling of dung C in grassland soil 

The presence of large grazers leads to an increased rate of grassland C and N 

cycling, partly due to the change in C input from often recalcitrant plant litter to 

labile dung and urine (Medina-Roldán et al., 2012; Yoshitake et al., 2014). The focus 

of this experiment was the cycling of dung C in grassland soils and its influence on 

SOC stocks. Mineralisation of dung on the soil surface has been found to be broadly 

similar even in soils with quite different characteristics (Leiber-Sauheitl et al., 2014) 

and affected by many parameters including rainfall, water content, temperature, and 

invertebrate activity (Dickinson et al., 1981; Dickinson & Craig, 1990; Gittings et al., 

1994). In addition to the actions of fungi and bacteria at the cellular level, 

copraphagous detritivores such as various species of dung beetles, flies, and 

earthworms, fragment and aerate the dung mass and physically incorporate it into the 

soil (Lee & Wall, 2006; Iwasa et al., 2015). Dung addition has been shown to affect 

SOC cycling by accelerating litter decomposition (Bloor, 2015), with lower quality 
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litters (low N concentration, higher C/N ratios) disproportionately affected (Liang et 

al., 2017)   

The C:N ratio of dung will vary according to diet and animal age, for 

example Van der Weerden et al. (2011) measured C:N ratios ranging from 8.4 to 

17.6. The solid component of both slurry and dung consists of undigested plant cell 

wall polysaccharides (cellulose and hemicellulose) and lignin (Dungait et al., 2005), 

with the chemical composition and rate of infiltration into the soil varying with 

differing particle size fractions (Fangueiro et al., 2007; Grilo et al., 2011).  

 The labile component of dung may induce a priming effect leading to 

enhanced decomposition of SOM (Kuzyakov & Bol, 2006; Fangueiro et al., 2007; 

Ma et al., 2013). As defined by Kuzyakov et al. (2000), “priming effects are strong 

short-term changes in the turnover of soil organic matter caused by comparatively 

moderate treatments of the soil”. Predominantly this is hypothesised to occur by the 

stimulation by labile C input of microbial extracellular enzyme production in an 

initially C-limited soil and subsequent decomposition by these enzymes of SOM, 

releasing N and other limiting nutrients (Fontaine et al., 2007; Murphy et al., 2015), 

rather than by a sudden increase in the size of the microbial community (Rousk et al., 

2015). Fungi and actinomycetes have been suggested as the primary agents of SOM-

priming (Fontaine et al., 2011; Garcia-Pausas & Paterson, 2011). Conceivably the 

magnitude of priming might therefore potentially be greater in unimproved or semi-

improved grasslands where the soil microbial community is dominated by fungi and 

actinomycetes (Grayston et al., 2004), than in bacterially-dominated improved 

grassland soils.  
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3.1.2. The use of stable C isotopes in elucidating SOM cycling 

processes 

The most abundant stable isotope of C is 12C (98.89 %), followed by 13C 

(1.11 %). The 13C isotope can be used as a tracer to track the path of organic C from 

plants into the soil by artificially elevating the δ13C value of the CO2 available to the 

plant, either continuously or in pulses, and therefore the C fixed by the plants during 

photosynthesis, or by using natural variation in the abundance of 13C in plants or the 

derived SOM. The stable isotope of N, 15N, has also been used as a tracer to 

investigate SOM cycling (Glaser et al., 2001). The ratio of 13C to 12C is usually 

expressed in the form of a δ13C value, which is the deviation of the sample isotope 

ratio relative to the Vienna Pee Dee Belemnite (VPBD) standard as follows: 

 1000.13

Sample

VPDBSample

R

RR
C




(‰) 

3.1 

where R is the ratio of 13C to 12C in the sample and VPDB standard 

accordingly. The ratio of 14N to 15N can be expressed similarly as a δ15N value, with 

in this case the international standard being that of N in air.  

Natural abundance 13C labelling mainly relies on the different degrees of 

discrimination against atmospheric 13CO2 by plants using the different C3 and C4 

photosynthetic pathways: so called because the molecules produced during 

photosynthesis contain 3 and 4 C atoms respectively. C3 plants produce a 

carbohydrate (phosphoglycerate), whereas C4 plants produce either aspartic or malic 

acid. Although both C3 and C4 plants discriminate against atmospheric 13CO2 (with a 
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δ13C value of ca. -8 ‰ (Ehleringer et al., 2000)) this is more pronounced in C3 

plants, leading them to form plant matter considerably more depleted in the 13C 

isotope (δ13C ≅ -26 ‰) than that of C4 plants (δ13C ≅ 13 ‰). The δ13C value of a 

soil will reflect the predominant SOC input, although the effects of fractionation 

within the plant during secondary metabolism means that different parts of the plant 

may have different isotopic signatures and therefore the SOM may be 

disproportionately affected by the isotope ratio of those plant parts that most 

contribute to SOM formation (e.g. roots) (Ehleringer et al., 2000; Rasse et al., 2005). 

Therefore in soils that have uniquely had either C3 or C4 vegetation growing in 

them, organic matter from the other photosynthetic pathway, in the form of plant 

litter or growing plants, can be used as a natural abundance tracer to elucidate 

turnover of SOC (Vanhala et al., 2007; Blagodatskaya et al., 2011; O’Brien et al., 

2011; Ghee et al., 2013). Generally, 13C enrichment of soil has been observed with 

decreasing particle size (Amelung & Zech, 1999) and with increasing depth 

(Ehleringer et al., 2000), although exceptions to the latter have been observed (Cross 

& Grace, 2010). The soil microbial biomass has also been measured to be naturally 

13C enriched relative to C3 soils (Dijkstra et al., 2006).  

The natural abundance 13C tracer method can also be used to investigate the 

pathways by which the C in dung cycles into and through the soil. This is primarily 

done by feeding livestock (cattle, pigs and sheep have been used) with the forage 

crop maize to obtain dung or slurry with δ13C values ranging from -12.6 ‰ to -21.3 

‰ (see Table 3-1 for summary of published studies) depending on the proportion of 

maize in the diet. For comparison, the C3-vegetated soils to which these dungs were 

applied had bulk δ13C values of -28.26 to -28.85 ‰ (see Table 3-4). The natural 
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abundance 13C method is particularly advantageous when no significant difference in 

SOC content is observed after dung addition (e.g. Glaser et al., 2001).   

Incorporation of dung into a pasture soil was shown to be increased by the 

presence of earthworms, particularly when multiple species were present, by Schon 

et al. (2015). A number of other studies have looked at the effect of C4 dung 

application on the δ13C values of bulk soils at different depths and soil leachates. Use 

of C4 slurry as a natural abundance tracer demonstrated that slurry application 

significantly increased the quantity of water soluble organic C (WSOC) in soil (Bol 

et al., 2003b) and was a major contributor to the DOC in soil leachate (Bol et al., 

1999). As well as formation of WSOC, Bol et al. (2003a) observed rapid (within 2 

hours) incorporation of C4 slurry-derived C into the soil microbial biomass after 

application.  

Significant changes in bulk soil δ13C values have been measured after as little 

as 2 hours in the 0-2 cm soil depth (Glaser et al., 2001), and as much as 150 days 

after dung application in the 0-5cm depth (Bol et al., 2000). Physical fractionation 

methods including mechanical fractionation (Bol et al., 2004b) and particle size 

fractionation to obtain coarse sand, fine sand, silt, clay, and fine clay fractions (Bol et 

al., 2004a) have been used to elucidate the incorporation of dung into soil. 

Mechanical fractionation by Bol et al. (2004b) suggested that inter-aggregate storage 

of dung played an important role in short-term C dynamics in the pasture soil 

studied, while particle size fractionation of the same soil indicated that of the 40 % of 

C4 dung C incorporated in the soil after 2 weeks, most was in the coarse sand 

fraction (Bol et al., 2004a). 
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Table 3-1 Summary of published studies using C4 dung to track dung carbon incorporation into 

soil.  

 

Specific plant compounds can have δ13C values distinct from the bulk plant 

material, for example lignin (a plant component largely unaffected by digestion and 

therefore a major ruminant dung component) is typically 2 to 9 ‰ enriched relative 

to the whole woody biomass (Schweizer et al., 1999; Dungait et al., 2008). Sauheitl 

et al. (2005) used compound-specific isotope analysis (CSIA) to demonstrate the 

 δ
13

C of dung (‰)  Application rate Fraction Timescale 

(Bol et al., 

1999) 

-15.4 ± 0.1 (cattle) 2.55 kg C m
-2

 Soil leachate  

(Bol et al., 

2000) 

-15.4 ± 1.1 (cattle) 1.5 kg dung pat 

per 450 cm
2
 

Total Soil 1-5 cm 150 days 

(Glaser et al., 

2001) 

-21.3 (cattle)  110g C m
-2

 Total soil (0-2 cm )  2 weeks 

(Bol et al., 

2003b) 

See Glaser et al. 

(2001) (cattle) 

 2000 kg C ha
-1

 or 

200 g m
-2

 

Respired CO2  

(Bol et al., 

2004b) 

See Glaser et al. 

(2001) (cattle) 

110g C m
-2

 Soil macroaggregates 

(1-5 cm ) 

 

(Kristiansen et 

al., 2004) 

-13.74 (sheep) 
 

Respired CO2  224 days 

(Dungait et al., 

2005) 

-12.6 ± 0.3 (cattle) 1.5 kg dung (C 

unknown) pat per 

450 cm
2
 

0-5 cm topsoil 112 days 

(Sauheitl et al., 

2005) 

  Arabinose, fucose, 

xylose, rhamnose 

 

(Angers et al., 

2007) 

-20 ± 0.2 

(pig) 

68.4 g C m
-2

 Respired CO2  

(Fangueiro et 

al., 2007) 

-21.54 ± 1.0 (cattle) 2 g C per 329 g 

wet soil 

(incubation) 

Respired CO2  

(Dungait et al., 

2009) 

-12.6  (-10.8 for 

monosaccharides) 

(cattle) 

 Carbohydrates 

(monosaccharides) 

56 & 372 

days 

(Leiber-

Sauheitl et al., 

2014) 

-13.1 ± 0.1 (sheep)  Respired CO2 21 days 
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rapid incorporation of specific C4 slurry-derived sugars into the upper soil layer (0-2 

cm), and that the subsequent decline of this compound in the 0-2 cm soil layer was at 

least partly due to microbial processing rather than just leaching. Mean residence 

times of less than a year have been found for dung-derived carbohydrates (Dungait et 

al., 2009) and lignin (Dungait et al., 2008), however dung-derived C may still persist 

in the soil after microbial processing in organo-mineral associations, as has been 

observed for other plant-derived organic matter (Bol & Poirier, 2009).  

Several of the papers cited in Table 3-1 also applied C3 dung to soil as a 

control for microbial isotopic discrimination in the soil. Ultimately no difference in 

δ13C values was observed between control (no slurry) and C3 slurry treatments, 

suggesting that a control (no dung) treatment and C4 dung treatment may be directly 

comparable (Bol et al., 2000; Glaser et al., 2001; Kuzyakov & Bol, 2004). 

 

3.1.3. Vegetation effects on dung C cycling 

This experiment also aims to elucidate the effect of plant community on dung 

cycling. Plants that are adapted to live in suboptimal environments, such as Scottish 

upland grasslands with their (usually) nutrient-poor acid soils and short growing 

season, have evolved to conserve acquired resources, often have lower growth rate 

and longer lifespan, and differ in chemical composition from those with relatively 

high growth rates and greater photosynthetic capacity (De Deyn et al., 2008). 

Increases in SOC may be driven by both ends of this spectrum, by either plants with 

high primary productivity and therefore high C input, or those with low primary 



24 

 

productivity and input of smaller quantities of C in the form of more recalcitrant 

compounds. Plants also mediate priming of recalcitrant SOC through rhizodeposition 

(input of labile C from plant roots) to mine limiting nutrients (Shahzad et al., 2015). 

The improved and semi-improved grassland soil cores used in this study have 

existing native plant communities that respectively represent an exploitative resource 

use strategy, with attendant bacterially-dominated rapid nutrient cycling, and a 

conservative nutrient use strategy, with a slow-cycling fungally-dominated microbial 

community (Grayston et al., 2004). In this study, the role of the plant community in 

dung C cycling was explored by killing and removing the vegetation and reseeding 

with an L. perenne-dominated commercial grass seed mix to create a ‘standard’ 

vegetation treatment or maintaining the soil vegetation-free and comparing changes 

in total C concentration and δ13C value in these soils with those of unmodified soil 

cores.  

 

3.1.4. Soil fractionation  

SOM has long been studied by separating it into fractions or pools with 

distinct chemical and physical characteristics, referred to generally as soil 

fractionation. SOM may be physically fractionated by aggregate or particle size, 

density, or combinations of these. Density fractionations are particularly useful for 

separating SOM of different degrees of mineral association due to the contrasting 

densities of mineral and organic matter (Sohi et al., 2001; Crow et al., 2007). A 

single density fractionation allows separation of a free light fraction (also called 
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particulate organic matter (POM)) from a mineral-associated heavy fraction (e.g. 

Crow et al., 2007), however the addition of a second stage involving aggregate 

disruption through sonication or shaking with glass beads enables the isolation of a 

third fraction, the SOM stored within soil aggregates, known variously as the mineral 

associated Light fraction (m-LF), occluded LF, intra-aggregate LF or aggregate-

protected POM (Sohi et al., 2001; Wagai et al., 2009). The Zimmermann et al. 

(2007b) method achieves aggregate disruption by sonicating the bulk soil in water, 

particle size fractionation by wet filtration stage, which isolates mineral-associated 

SOM in the clay and silt size fraction (and unusually, a DOC fraction), and finally a 

density fraction of the remaining larger particle fraction (> 63 μm). 

The POM fraction is primarily composed of relatively unmodified, plant-

derived particulate matter and as a result generally has the highest C:N ratio, closely 

reflecting that of the plant litter. C:N ratio is lower for the SOM within aggregates 

and the mineral-associated SOM, both of which are more likely to have been 

modified by the microbial community (Poirier et al., 2005; John et al., 2005). The 

mineral associated fractions typically are also 13C enriched relative to the lighter 

POM fractions (Crow et al., 2006; Sollins et al., 2009). The C:N ratio of bulk soil 

also usually decreases with depth (Gregory et al., 2016). 

Chemical fractionation may be based on the solubility, hydrolysability, or 

resistance to oxidation of SOM (e.g. Zimmermann et al., 2007a; O’Brien et al., 

2011). The latter two methods are thought to indicate how vulnerable the SOM is to 

enzymatic degradation by the soil microbial community (O’Brien et al., 2011).  
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Fractionation methods have been developed to isolate soil pools suitable for 

use with models of SOC turnover or to relate measurable SOC pools to conceptual 

ones with different turnover rates (Sohi et al., 2001; Six et al., 2002; Zimmermann et 

al., 2007b). In this project the method described by Zimmermann et al. (2007b) 

which incorporates a size-based separation, density fractionation, and a chemical 

fractionation (see Figure 3-1) was used. Zimmermann et al. (2007b) describe a 

combined size, density and chemical fractionation method and demonstrate it to be 

relatable to the SOC pools in the RothC (Rothamstead Carbon) model of SOC 

turnover for a large number (n = 123) of arable, grassland and alpine pasture soils. 

The RothC model has been used to estimate SOC stock under different land 

management strategies in sheep grazed grasslands in Scotland (Smith et al., 2014) 

and Australia (Liu et al., 2011), although in neither case does the role of dung input 

Figure 3-1 Schematic outlining the fractionation methodology used by 

Zimmermann et al. (2007b). s+c = silt and clay, DOC = dissolved organic 

carbon, rSOC = resistant soil organic carbon, S+A = sand and stable 

aggreagates, and POM = particulate organic matter.  
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seem to have been explicitly considered. Soil fractions obtained using the method 

described by Zimmermann et al. (2007b) have been used to provide inputs to the 

RothC model and combined with 13C isotopic ratios of the fractions to investigate 

changes in SOC due to cultivation of former arable land with the C4 grass 

Miscanthus (Poeplau & Don, 2014). 

 

3.1.1. Experimental description and aims 

The key objective of this experiment was to trace the SOC pools into which 

dung C is incorporated over time. This was achieved using C4 dung as a natural 

abundance 13C tracer and by fractionating the soil using the method described by 

Zimmermann et al. (2007b) to recover tracer C in the discrete SOC pools isolated. 

Whilst reviewing literature for this experiment, no published C4 dung studies that 

used a density fractionation to separate particulate organic matter from mineral-

associated organic matter were encountered, nor any that combined physical and 

chemical fractionation, suggesting that the experiment described in this Chapter will 

be the first to do so. The uptake of dung C by vegetation was also measured although 

this is expected to be minimal.  

Additionally, this experiment utilises a multifactorial design to investigate the 

effects of different management histories and plant communities and the resultant 

soil microbial community, on soil dung C cycling. Intact soil cores from paired 

improved and semi-improved grasslands from the two sites described in Chapter 1 

were collected and the vegetation modified to investigate the effect of reseeding the 
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existing vegetation with a L. perenne-dominated commercial grass seed mix and the 

effect of complete vegetation removal relative to unmodified vegetation. We intend 

to use intact soil cores to minimise disruption to the soil and soil structure prior to 

dung addition. Homogenisation of the soil would reduce the variability between 

cores but would also lead to SOM mineralisation (Moberg et al., 2013) and therefore 

lead to an unrealistic picture of how dung and SOC interact. 

 

3.2. Materials and methods 

3.2.1. Soil core collection and treatment application 

Intact soil cores were collected from both semi-improved and improved 

grasslands at two experimental farms in two separate regions in Scotland differing 

with respect to climate and soil conditions. The soil parameters NO3
-, NH4

+, pH and 

bulk density (0-5 cm) were measured at the time of soil core collection at each site. 

Intact soil cores were collected by hammering lengths of HDPE pipe, the 

lower end of which had been chamfered to create a cutting surface, into the soil until 

a 1 cm lip remained above the soil surface. Cores were taken to 8 cm from the semi-

improved grasslands due to the shallow soils and 15 cm from the improved 

grasslands. The cores were then dug out with a spade and a plastic bag attached to 

the base of the core to keep soil within the core during transport from the field. In the 

laboratory, excess soil was cut from the base of the core and nylon mesh was 

attached to the base of each core with duct tape to contain any loose soil, while still 
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allowing unimpeded drainage. Cores were stored at 4°C prior to being transported to 

the rooftop of the James Clerk Maxwell Building at the King’s Buildings campus of 

the University of Edinburgh in September 2014, where they were held for the 

duration of the experiment. Climate data was available due to the presence of a 

weather station on this building maintained by University of Edinburgh staff 

(http://www.ed.ac.uk/geosciences/weather-station). Water was applied with a 

watering can at a rate of 33 mm m-2 during periods of greater than 5 days without 

rain. Cores were placed in metal basins with drainage hole to reduce potential for 

wind damage and netting was suspended above the cores to prevent access by birds 

(see Figure 3-2). Three vegetation treatments were applied to cores: 1) retention of 

the original vegetation, minus any non-graminoids; 2) application of a commercial 

pre-prepared glyphosate solution to kill the vegetation, removal of dead vegetation 

and litter, and reseeding with an improved grass seed mix (primarily Lolium 

perenne); and 3) application of glyphosate solution to kill the vegetation after which 

regrowth was prevented by ad hoc weeding and covering the soil surface with several 

layers of a green, plastic mesh which allowed passage of air and water. A full matrix 

of treatment combinations is shown in Appendix B. Vegetated cores were ‘grazed’ 

by cutting vegetation back to a height of 6 cm at intervals of 6-8 weeks. Non-

graminoid plants (primarily Ranunculus sp. and Rumex acetosella from the semi-

improved grassland cores and Trifolium repens from the improved grassland cores) 

were removed from the vegetated treatments.  

Due to the difference in core height, cores from semi-improved and improved 

grasslands were kept separately for the duration of the experiment. Equal numbers of 

cores of each treatment combination type (farm x veg. treatment x dung application) 
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were randomly assigned to each block with the aim of being able to remove a 

replicate from each block at each sampling point. An error in the distribution of soil 

cores between blocks while setting up the experiment meant that this was not 

possible throughout the entire experiment. There were no serious implications of this 

error, however the statistical methods initially proposed to evaluate differences 

between treatments (ANOVA) had to be abandoned in favour of one which allowed 

for an unbalanced design (REML). This is not thought to reduce the robustness of the 

conclusions drawn from the experiment.  

 

 

Figure 3-2 The soil cores in place on the rooftop of the James Clerk Maxwell Building, where 

they remained for the duration of the experiment. They are covered in netting to deter birds.  
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3.2.2.  Sourcing and application of natural abundance 
13

C 

dung tracer 

The possibility of using dung from dairy cows in the SRUC Crichton herd 

that were being fed a ration (δ13C = -23.7 ‰) composed of one third maize silage 

was considered, but ultimately discarded due to there being an inadequate difference 

between the δ13C value of the dung (-24.4 ‰) and the soils at field sites (-28.2 ‰) 

reducing the likelihood of a measureable result. It was therefore decided to obtain 

wholly maize-derived dung. This was achieved by feeding three Scottish Blackface 

‘mule’ (with respect to sheep a mule refers to the popular practice of crossbreeding a 

hill breed (in this the Scottish Blackface) with a lowland breed, usually the Blue-

faced Leicester to produce a hardy commercial sheep) wethers (castrated male sheep) 

a 100% maize silage diet for a period of two weeks. Dung was collected only in the 

second week and was frozen immediately after collection. Inevitably dung derived 

from sheep fed maize will not be fully representative of the dung found in upland 

pastures, where the sheep are feeding predominantly on the natural vegetation, but 

the alternative to maize-derived dung would require isotopically labelling sufficient 

upland grassland plants to feed several sheep for two weeks and would have greatly 

increased the cost of this experiment. Dung was thawed and sieved (< 4 mm) to 

homogenise it and remove large pieces of undigested maize stover prior to 

application to the soil cores in September 2014. 15 ± 0.01 g of dung was weighed 

into a plastic cup and applied to each core to be treated, with any residue washed out 

from the pot using a wash bottle. This equates to an application rate of 0.45 kg m-1  
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Table 3-2 The dry matter content, C and N concentrations, C and N isotopic ratios, and 

concentrations of mineral N species  in the maize-derived sheep dung used in this study.  

 

3.2.3.  Sampling periods 

Randomly selected subsamples of cores were sacrificially sampled at 1 week, 

5 weeks, 4 months, 6 months, 1 year, 18 months, and 2 years. Three replicates of 

each treatment combination were sampled at each time point. The two-year sampling 

point was ultimately abandoned. This was partly because bulk soil 13C isotope ratio 

measurements at 1 year indicated that in three of the four soil types, the amount of 

dung C in the soil was already declining relative to the previous sampling point and 

partly due to resource and time limitations. The soil fractionation process in 

particular was more time consuming than anticipated.  

 

3.2.4.  Soil fractionation 

Vegetation was removed from sampled cores, dried at 60°C, and weighed. 

Remaining dung on the soil surface was removed as fully as possible. This was more 

Parameter Method Value 

Dry Matter (%) Oven drying 29.2 

Total C (% Dry matter)  42.6 

δ
13

C (‰) EA-IRMS -13.57 ± 0.07  

Total N (%) Kjeldahl 0.65 

δ
15

N (‰) EA-IRMS 8.04 ± 0.25 

Ammonia-N (%) 
Water extraction and 

continuous flow colorimetry 
0.032 

Nitrate-N (%) 
Water extraction and 

continuous flow colorimetry  
< 0.01 
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straightforward in vegetated cores, particularly in those with a significant litter layer, 

as in unvegetated cores the boundary between the dung and soil became increasingly 

difficult to discern over time as invertebrates, rainfall, and possibly other factors 

mixed it with the soil. The soil was removed from the plastic core, sieved (< 2mm), 

roots were removed (dried at 60°C and weighed) and air-dried before being bagged 

for storage.  

The soil was fractionated according to the method described by Zimmermann 

et al. (2007b). This consisted of a wet filtration stage, a density separation, and 

chemical hydrolysis. 30 g of the air-dried soil was mixed with 162 ml of deionised 

water and sonicated at full power in a Soniprep ultrasonic probe for 90 seconds, 

imparting 22 J ml-1, to disrupt soil aggregates prior to wet filtration with deionised 

water through a 63 μm sieve. The > 63 μm particles collected thus were dried at 

40°C and weighed prior to separation on the basis of density to obtain a particulate 

organic matter (POM) light fraction and a sand and stable aggregates (S+A) heavy 

fraction. Density fraction was in a solution of sodium polytungstate (SPT) at a 

density of 1.8 g cm-3. SPT was added to the dried > 63 μm fraction, 90 ml for mineral 

soils and approximately double this amount for organic soils due to their much larger 

volume, and then gently swirled to mix and remove air pockets. A wash bottle 

containing SPT was used to rinse down the sides of the container and equilibrate the 

masses of the bottles prior to centrifuging. The mixture was centrifuged at 4500 rpm 

for 20 minutes in Sorvall centrifuge and then the floating particles removed using a 

suction apparatus powered by a vacuum pump. As much SPT as possible was 

removed from the remaining S+A fraction by rinsing with deionised water (usually 

three rinses in ca. 150 ml deionised water). The POM fraction was separated from 
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the SPT by vacuum filtration through a 5 μm filter paper, followed by rinsing with 

deionised water (usually 250 - 500 ml, more for the very large POM fraction in the 

BG semi-improved soils). The POM fraction was rinsed from the filter paper into a 

pre-weighed petri dish and oven-dried at 40°C. The centrifuge bottle containing the 

S+A fraction was refilled with deionised water, agitated, and after the S+A had 

settled the supernatant was either decanted or removed with the suction apparatus 

described previously and discarded. This was repeated a total of three times, after 

which the S+A fraction was rinsed into a pre-weighed petri dish and oven-dried at 

40°C. The S+A fractions were oven-dried for at least a week, then re-weighed. 

 The < 63 μm filtrate was centrifuged at 6000 rpm for 6 min in a Sigma 

centrifuge or 4500 rpm for 15 min in a Sorvall centrifuge in a pre-weighed centrifuge 

bottle and the supernatant decanted to leave a solid silt and clay (s+c) fraction at the 

base of the bottle. The centrifuge bottle and remaining s+c fraction were dried at 

40°C for at least a week and then re-weighed. The supernatant was collected and 150 

ml filtered under vacuum through a 0.45 μm filter paper to obtain the DOC fraction. 

The resulting DOC fraction was frozen until later freeze-drying for analysis. The 

filter paper was weighed before and (once dry) after filtration to quantify any of the 

s+c fraction remaining in suspension.  

To obtain the chemically resistant SOC fraction (rSOC) a 1 g subsample of 

the s+c fraction was placed in a pre-weighed 50 ml test tube. To this was added 45 

ml sodium hypochlorite (NaOCl) adjusted with HCl to be at pH 8. Initially 5-7 ml 

NaOCl is added, this is mixed with the s+c subsample using a vortex mixer, and then 

the remainder of the 45 ml added and the test tubes left covered with pierced 
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parafilm (to allow sufficient oxygen for the reaction to occur) for 18 hours. After 18 

hours, the test tube was capped, centrifuged, and the supernatant was decanted. 5-7 

ml deionised water was added, mixed with a vortex mixer and then topped up to 45 

ml. This mixture was again centrifuged and the supernatant decanted. At this point 

the oxidation procedure was repeated from the beginning. This was repeated three 

times in total. After the third time the samples are oven-dried at 40°C and re-

weighed.   

 

3.2.5.  Isotopic analyses 

3.2.5.1. Sample preparation 

Vegetation and root material from the ‘Original Vegetation’ subset of 

samples from the 4 month sampling point were coarsely chopped with scissors and 

ground in a stainless steel ball mill (Retsch MM200). Subsamples were submitted for 

C and N isotopic analysis to the NERC Life Sciences Mass Spectrometry Facility 

(LSMSF) in Lancaster.  

The s+c and some POM fractions were ground for isotopic analysis with an 

agate pestle and mortar. The bulk soil subsamples, larger POM samples, rSOC and 

S+A fractions were ground in a stainless steel ball mill (Retsch MM200). The DOC 

fraction was freeze dried in a Christ Alpha 1-4 LO freeze drier. Due to the high cost 

of isotopic analysis, isotopic analysis was initially restricted to bulk soils of all 

vegetation treatments from the 1 month, 4 months, and 12 months sampling points, 



36 

 

and based on the results from this, soil fractions from the ‘Original Vegetation’ 

treatment from 1 month, 4 months, and 12 months sampling points. 

 

3.2.5.2. Isotopic analysis 

All samples were analysed by the Natural Environment Research Council, 

Life Sciences Mass Spectrometry Facility, at CEH Lancaster. After drying at 105ºC 

for 1 hour and cooling in a desiccator, a mass appropriate to the C content of the 

sample was accurately weighed out using a high precision microbalance (Sartorious 

Ltd.) and sealed into a 6x4mm tin capsule. Samples were combusted using an 

automated Eurovector elemental analyser coupled to an Isoprime Isotope Ratio 

Mass-Spectrometer (Elementar UK Ltd.) to determine 13C/12C and 15N/14N isotope 

ratios. Concentrations of C and N were simultaneously determined. An in-house 

working standard of soil, calibrated against certified reference materials IAEA-

N1(NIST no. 8547) and Sucrose-ANU (NIST no. 8542) was analysed after every 

twelfth sample resulting in an analytical precision for natural abundance samples of 

0.23‰ for 𝛿13C and also 0.23‰ for 15N (this increased to 4.26‰ for the 15N 

enriched samples encountered). 

 

3.2.5.3. Calculation of dung-C incorporation 

The percentage of total SOC that was composed of C from the isotopically 

distinct maize-derived dung was calculated using Equation 3.2, where δ13CFinal is the 
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δ13C of the soil at the time of sampling, δ13CControl that of the soils to which no dung 

had been added, and δ13CDung, that of the dung tracer. 

 100(%)
1313

1313







ControlDung

ControlFinal

CC

CC
CDung

 

3.2 

Values used for δ13CFinal and δ13CControl were the means of all three replicates 

for each paired dung-amended and unamended (Control) treatment combination 

respectively. 

 

3.2.6.  FT-IR spectroscopic analysis 

Samples were prepared for FT-IR in the same manner as for isotopic analysis, 

i.e. grinding to a fine powder, either in a ball mill or agate mortar and pestle. FT-IR 

spectra were obtained for subsamples of the bulk soils and the full suite of soil 

fractions (POM, S+A, s+c, rSOC, and DOC) from the 4 month sampling point at the 

James Hutton Institute using a Bruker Vertex 70 FT-IR spectrometer (Bruker, 

Ettlingen, Germany) fitted with a potassium bromide beam splitter and a 

deutroglycine sulphate detector (Artz et al., 2008; Palacio et al., 2014). 

‘‘Transmission-like’’ spectra were produced with a Diamond Attenuated Total 

Reflectance (DATR) sampling accessory, with a single reflectance system. The 

samples were placed directly onto a DATR/KRS-5 crystal, and a flat tip powder 

press was used to achieve an even distribution and contact. Spectra were acquired by 

averaging 200 scans at 4cm-1 resolution over the range 4000 – 370 cm-1. To allow for 

differences in depth of beam penetration at different wavelengths, a correction was 
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made to the ATR spectra using OPUS software (Bruker, Ettlingen, Germany, version 

6.0). The spectra were also baseline corrected, although no correction was required 

for water vapour and CO2 as the spectrometer was continuously flushed with dry air. 

 

3.2.7.  Statistical analyses 

Values are reported throughout this thesis plus or minus the standard error of 

the mean (SEM). Changes in Total C, Total N, δ15N, and δ13C were investigated as a 

mixed model using the REML (REstricted Maximum Likelihood) algorithm. REML 

was chosen over ANOVA because it is not dependent on balanced data. An error in 

the distribution of soil cores between blocks while setting up this experiment had 

resulted in a slightly uneven distribution of treatments between blocks, resulting in 

an unbalanced design, i.e. at a few time points, the replicates for each treatment 

combination are not evenly distributed between blocks. Farm (BG or KAF), 

Grassland (i.e. semi-improved or improved grassland) and dung treatment (Y/N) 

were set as fixed effects and Block as a random effect. Effects were tested using the 

Wald statistic and for all analyses α = 0.05. Statistical analyses were carried out 

using the Genstat v16.0 statistical software package (VSN International). 
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3.3.  Results 

3.3.1. Climate data 

Across the two year duration of the experiment, annual precipitation was 

1547 mm in the year period from 1st September 2014 to 31st August 2015 and 1240 

mm in the period from 1st September 2015 to 31st August 2016. The accuracy of 

these results is in considerable doubt however. Logbook notes indicate that at certain 

points unrealistically high precipitation values were recorded due to high winds, e.g. 

January 2015 with 547 mm precipitation, and it is possible that this problem was 

more widespread. For comparison, precipitation measured at the Edinburgh Botanic 

Garden, just over 5 km away, was 612 mm and 878 mm during the same periods. 

Across the two year period mean temperature measured at the JCMB weather station 

was 9.3°C, ranging from 26.6°C to -4.1°C. 

 

3.3.2. Preliminary soil measurements 

The bulk densities of the KAF soils were 0.59 ± 0.05 at the semi-improved 

grassland and 0.66 ± 0.08 at the improved grassland. At BG, bulk densities were 0.32 

± 0.04 at the semi-improved grassland and 0.74 ± 0.08 at the improved grassland. At 

KAF, mean NH4
+ concentrations were 49.0 and 33.6 kg ha-1 and mean NO3

- 

concentrations were 48.3 and 68.8 kg ha-1 for the semi-improved and improved 

grasslands respectively. At BG, mean NH4
+ concentrations were 113 and 26 kg ha-1 

and mean NO3
- concentrations were 8.3 and 32 kg ha-1 for the semi-improved and 
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improved grasslands respectively. Concentration of NH4
+-N and NO3

--N were 

obtained by extraction from the soil in 2M KCl solution and using the colorimetric 

Skalar San++ method. Values for pH were 4.6 and 5.7 for the semi-improved and 

improved grasslands at KAF respectively. Values for pH were 5.1 and 5.7 for the 

semi-improved and improved grasslands at BG respectively.  

 

3.3.3. Soil fractionation 

3.3.3.1. Quality control 

The percentage mass change between the initial soil sample weighed out and 

the final combined masses of the soil fractions are given in Figure 3-4. It can be seen 

that mass loss predominated, but a minority of soil samples showed some mass gain. 

There are several sources of error that may have resulted in mass loss. Firstly some 

mass loss, while stringently avoided throughout, will have occured: through small 

spills of liquid fractions, small portions of dried fractions being blown from the petri 

dish, or interference from other lab users. Secondly, in keeping with lab practice 

oven-dried fractions were placed in a desiccation chamber prior to being weighed to 

prevent absorption of ambient humidity by the cooling soil fraction. The weighing 

out of the soil sample to be fractionated was done however with soil in equilibrium 

with ambient humidity and therefore higher water content, thus introducing a 

potentially significant discrepancy between the initial and final (summed) sample 

masses. This could perhaps have been avoided by allowing soil fractions to reach 

ambient humidity after drying. The key impact resulting from this discrepancy 
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between initial masses at ambient humidity and the final summed masses of soil 

fractions is that the mass loss of soil during the fractionation process will have been 

overestimated. This should not affect any of the conclusions drawn from this 

experimental data as these depend on the comparability of different soils and 

fractions, all of which were treated identically. Another potential source of mass loss 

is mobilisation of C within the SPT solution, attributed by Crow et al. (2007) to be 

responsible for loss of between 17 % and 26 % of total soil C and N. However, in the 

fractionation methodology used in this experiment, a dissolved organic carbon 

(DOC) fraction is collected first during the wet filtration stage meaning that most 

soluble C will already have been removed, adn the scale of loss via this mechanism 

at least have been reduced, if not eliminated. 

A potential source of mass gain is the difficulty (noted by other authors, e.g. 

Crow et al. (2007)) in ascertaining that SPT has been wholly rinsed from the POM or 

S+A fractions, and although large volumes of water were used (up to 1500 ml for the 

BG semi-improved POM fractions) it is conceivable that SPT residue may have 

introduced a mass increase in some samples. This may explain the rare increases in 

sample masses observed across the fractionation procedure.  

The mass loss appears to have had a disproportionate effect on C loss during 

the fractionation process and may suggest that mass loss was the result of loss of soil 

material, rather than just differences in soil moisture. The disproportionate loss of C 

may indicate that loss of particularly C-rich fractions (i.e. POM) may be responsible 

or may indicate a flaw in weighing out a subsample of bulk soil that somehow 

discriminates against the POM or s+c fraction in the soil. Very small clay and 
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organic particles do become electrostatically charged and this may have led to their 

underrepresentation in the bulk soil subsample weighed out for soil fractionation. 

The volume of water used during the wet filtration stage has been shown to 

significantly affect the quantity of DOC extracted during this method of fractionation 
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Figure 3-4 A histogram of the difference (% ) measured between the final, summed soil 

fraction masses and the original bulk soil subsample. Negative values indicate mass 

loss, positive a mass gain.  
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Figure 3-4 A histogram of the difference (% ) measured between the summed C 

content of the soil fractions and that calculated for the original bulk soil used. 
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(Poeplau et al., 2013), and the recommended minimum amount (2000 L) was not 

used in all instances in this experiment. This will have had a negligible effect on 

overall C loss during the procedure, as DOC accounts for a very small proportion of 

total SOC.  

 

3.3.4. Leaf and root material 

3.3.4.1. C isotopic ratio 

No significant difference in either root (P = 0.655) or vegetation (P = 0.186) δ13C 

value was observed between dung-amended or unamended soil cores at the 4 month 

sampling point. A statistically significant relationship (P < 0.001) was measured 

between root δ13C and farm (i.e. BG or KAF). It can be seen in Table 3-3 that it is the 

root δ13C values of the improved grasslands that differ most from each other, while 

the comparable values from the semi-improved grasslands are quite similar. This 

relationship was not observed for above ground vegetation, but a significant 

relationship (P = 0.045) was observed for the Grassland*Farm interaction and leaf 

δ13C. Leaf and root material had significantly different mean δ13C values (P < 0.001). 

 

Table 3-3 Mean δ
13

C, δ
15

N values and C:N ratios for leaf and root material ±at each site. Values 

are given plus or minus the standard error of the mean (SEM).  

 
Leaf Root 

 
δ

13
C δ

15
N C:N δ

13
C δ

15
N C:N 

BG – I -30.56 ± 0.40 3.59 ± 0.40 21.7 ± 1.7 -30.29 ± 0.25 4.07 ± 0.19 33.4 ± 1.1 

BG – SI -29.52 ± 0.39 2.22 ± 0.41 20.3 ± 1.1 -29.09 ± 0.23 1.76 ± 0.15 30.8 ± 0.8 

KAF - I -30.05 ± 0.26 3.75 ± 0.56 21.0 ± 0.9 -28.49 ± 0.14 3.35 ± 0.26 36.4 ± 3.3 

KAF – SI -30.10 ± 0.39 3.71 ± 0.32 20.2 ±1.5 -29.31 ± 0.10 3.45 ± 0.31 28.3 ± 2.1 
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3.3.4.2. N isotopic ratio 

No significant relationship (P = 0.145) was found between dung amendment 

and δ15N value or total N concentration of aboveground vegetation (leaves) or roots 

at the 4 month sampling point. The factors Farm and Grassland had significant 

effects (P = 0.037 and P < 0.001 respectively) on root δ15N values, but not on leaf 

δ15N values (P = 0.073 and P = 0.117 respectively). Mean values and SEMs are 

given in Table 3-3. It can be seen that the semi-improved grassland at BG has 

pronouncedly lower leaf and root δ15N values than all other sites. Leaf and root 

material did not have significantly different mean δ15N values (P < 0.400). 

 

3.3.5. Bulk soils 

3.3.5.1. Soil total C and δ13C 

The REML predicted means and SEM for total C and N concentrations, and 

δ13C and δ15N values are given in Table 3-4. Total soil C concentration did not differ 

significantly (P = 0.387) between different sampling points, but δ13C was 

significantly different (P < 0.001) over time.  The factors Farm and Grassland both 

exerted strongly significant influences (P < 0.001 at all sampling points) over bulk 

soil total C concentration. The factors Farm and Grassland had significant effect on 

δ13C at the 1 month (P = 0.001) and 12 (P = 0.002) month sampling periods 
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respectively. The interaction Farm*Grassland had a significant effect on total C 

concentration at 4 months (P = 0.010), but not at either of the other two sampling 

points. No significant effect of dung amendment on Total C was noted for either the 

1 month (P = 0.395), 4 month (P = 0.134), or 12 month sampling points (P = 0.413). 

There was a statistically significant interaction between Farm*Grassland*Dung on 

δ13C at 4 months (P = 0.004).  

 

Table 3-4 REML predicted mean values for bulk soil total C (% C), total N (% N), and δ
13

C and 

δ
15

N values. SED is the standard error of differences. The acronyms BG and KAF refer to the 

Boghall Glen and Kirkton and Auchtertyre farms respectively, I and SI to improved and semi-

improved grasslands, and Y and N indicate whether the soil was treated with C4 dung or not 

(Yes or No). 

  %C %N δ
13

C δ
15

N 

BG I N 8.36 0.678 -28.85 5.941 

Y 7.71 0.663 -28.67 5.799 

BG SI N 40.38 2.105 -28.26 2.947 

Y 43.35 2.554 -28.10 3.014 

KAF I N 3.73 0.294 -28.38 5.026 

Y 3.91 0.318 -28.17 5.163 

KAF SI N 10.65 0.737 -28.50 4.680 

Y 10.16 0.742 -28.15 4.809 

SED  0.8530 0.01336 0.1031 0.1621 

 

Dung was found to have a significant effect on the δ13C value of bulk soils at 

the 4 month (P = 0.007) and 12 month (P = 0.011) sampling points, but not on the 

first 1 month sampling point (P = 0.079). As there was no statistically significant 

difference in C content or δ13C between vegetation treatments, data from all 

vegetation treatments were pooled for bulk soil statistical analyses according to farm 

and grassland to give larger (n = 9), more statistically robust datasets. Most bulk soils 

δ13values increased from the first to the fourth month, after which they either stayed 
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stable or decreased, the exception being the improved grassland at KAF, which 

declined from the first to fourth month period, before increasing by the 12 month 

sampling level to a δ13C value slightly above that of the first month. The mean 

percentage incorporation of dung-C into bulk soils are shown for each site and each 

time point in Figure 3-5. As can be seen in Figure 3-6, different soil types retained 

differing quantities of dung C over time, with all soils having peak dung-C content at 

the 4 month sampling point, with the exception of the KAF improved grassland. 

There are greater masses of recovered dung C in the semi-improved soils at 4 and 12 

months than in the improved soils, perhaps due to slower processing of dung C in 
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Figure 3-5 The proportion of SOC that is derived from applied dung, as calculated on 

the basis of differences in the isotopic ratios of dung amended and unamended control 

soils at each sampling point. The acronyms I and SI indicate improved or semi-

improved grassland, while BG and KAF indicate the two farms used in this 

experiment. 
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these soils.  

 

3.3.5.2. Soil total N concentration and δ15N value 

There were significant differences in δ15N (P = 0.039) between sampling 

points, but not in total N (P = 0.598). As with bulk soil total C, the factors Farm and 

Grassland both had highly significant effects (P < 0.001 for both factors in each case) 
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Figure 3-6 The mass of dung C recovered in each soil type at each sampling time 

point. This figure has been calculated according to the measured differences in δ
13

C 

values between dung-treated and untreated soils. The acronyms I and SI indicate 

improved or semi-improved grassland, while BG and KAF indicate the two farms 

used in this experiment. 
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on bulk soil total N concentration at every sampling point. Farm had a highly 

significant effect on δ15N values at the 4 month and 12 month sampling points (P = 

0.044 and P < 0.001 respectively) and the factor Grassland had a significant effect (P 

< 0.001) on δ15N at all sampling points. Unsurprisingly therefore, the interaction of 

Farm*Grassland also had a highly significant effect on δ15N at every sampling point 

(P < 0.001).  

Dung addition had a statistically significant effect (P = 0.011) on Total N at 

the 4 month sampling point only and a significant effect (P 0.013) on δ15N at the 12 

month sampling point only.  Calculated values of percentage dung N incorporation 

were highly variable, often negative and sometimes improbably large (see ) and 

therefore are not thought to be a useful dataset. 

 

Table 3-5 The proportion of dung N (% ) incorporated into bulk soil and the soil fractions 

particulate organic matter (POM), dissolved organic N (DON), silt and clay (s+c), and sand and 

stable aggregates (S+A) calculated according to the differences in δ
15

N values between soils that 

were and were not treated with dung.  

 
BG I BG SI KAF I KAF SI 

Month 1 4 12 1 4 12 1 4 12 1 4 12 

Total N 0.1 -3.2 3.2 -0.2 -0.3 -2.8 4.2 11.3 4.6 2.3 5.4 12.3 

DON -43.0 -62.7 19.1 0.8 -154.5 -86.7 2.5 -14.6 -19.0 -15.8 10.3 22.1 

s+c -1.0 5.7 -7.4 5.9 -18.0 0.1 -4.3 6.5 -0.1 -2.7 0.6 5.5 

S+A 15.6 4.1 23.5 7.2 -21.6 661.4 48.9 6.1 167.9 -0.7 -1.1 17.3 

POM -19.9 12.8 22.4 2.0 -18.1 3.4 -2084 1.4 0.0 200.7 4.6 21.9 
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3.3.5.3. Effects of vegetation treatment on bulk soil parameters 

The vegetation treatments (bare soil, reseeded, and original veg.) did not have 

any significant effect on bulk soil δ13C (P = 0.163), total C (P = 0.502) or total N (P 

= 0.515) concentration values at any point. There were a number of single, 

statistically significant effects related to vegetation treatment that are likely to be 

type I errors (incorrect rejection of the null hypothesis) due to their inconsistency 

with other observations and the large number of parameters and factors examined. 

Specifically, these are the effect of vegetation type (Veg_type) on δ15N at 1 month (P 

= 0.007), of the interaction Farm*Grassland*Veg_type on C:N ratio at 1 month (P = 

0.008), and of Veg_type*Dung on δ15N at 4 months. 

 

3.3.6. Soil fractions 

3.3.6.1. Sample mass 

The proportion of the whole soil mass which each fraction comprises varies 

amongst the different sites (see Figure 3-7). The soil at the BG semi-improved site is 

unusual from those at the other three sites as the POM fraction comprises over 70% 

of the whole soil by mass at each sampling point. This is because the soil at the BG 

semi-improved site used in this experiment was a humic ranker with a very high 

organic matter content, whereas all other soils were mineral soils. The S+A fraction 

is the majority (> 50 %) component of soil by mass at all other sites, with the s+c 

fraction as the second largest component by mass (see Figure 3-7).  
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There were statistically significant changes in the masses of the POM (P < 

0.001), s+c (P = 0.010), and DOC (P = 0.003) fractions over time. In the case of 

POM, the interaction between dung amendment and sampling point 

(Dung*Sampling_Point) was also statistically significant (P = 0.002), although dung 

itself only had a significant effect on POM fraction mass at the 4 month sampling 

point (P < 0.001). Dung also had a significant effect on the S+A fraction mass at the 

4 month sampling point (P < 0.001).  
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Figure 3-7 Proportions (% ) of total soil mass made up of different soil fractions  at 1, 4 

and 12 month sampling points. Fractions are particulate organic matter (POM), sand 

and stable aggregates (S+A), silt and clay (s+c), and dissolved organic carbon (DOC). 

It can be seen that DOC accounts for a very small portion of SOC. The labels BG I, 

BG SI, KAF I, and KAF SI stand for Boghall Glen (BG) Improved (I) and Semi-

improved (SI), and KAF Improved and Semi-improved.  
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3.3.6.2. Total C and δ13C values 

Soil fractions had significantly different (P < 0.001) δ13C values according to 

the REML algorithm. The DOC were most distinct and considerably depleted 

relative to the other fractions isolated (see Table 3-6). The δ13C values of the rSOC 

fraction were also significantly different (P < 0.001) from those of the s+c fraction it 

is derived from, with consistent enrichment of up to 1 ‰.  

 

Table 3-6 REML-derived mean δ
13

C values for each soil fraction at each site.  

Site Grassland DOC POM S+A s+c rSOC 

BG 
Improved -28.17 -28.72 -28.99 -28.69 -29.74 

Semi-improved -27.16 -28.23 -28.03 -28.09 -29.42 

KAF 
Improved -27.53 -28.58 -27.77 -28.32 -28.56 

Semi-improved -27.39 -28.57 -28.36 -28.25 -29.32 

SED = 0.1215      

 

Figure 3-8 shows the percentage of total SOC that each fraction contains. It 

can be seen that the POM fraction is the major contributor to total SOC in the BG 

semi-improved grassland soils, but in all three other soils the s+c fraction is the 

single largest contributor to SOC. The large SEM for the s+c fraction at the 1 month 

KAF semi-improved grassland sampling point is due to a single, very low mass 

recorded for s+c from one replicate at this point. All REML-derived P-values and 

estimated means are available in Appendix C. REML analysis indicated that the 

interaction of Farm and Grassland (Farm*Grassland) had a consistent, statistically 

significant effect on the parameters sample mass, δ13C (0.023 ≥ P < 0.001) and total 

C concentration (0.019 ≥ P < 0.001) for the POM, s+c, and S+A fraction for all time 
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points. With respect to the DOC fraction, Farm*Grassland had a consistently 

significant effect on sample mass (0.007 ≥ P < 0.001) and δ13C (0.016 ≥ P < 0.001) at 

all time points. Individually, the factors Farm and Grassland each had consistently 

significant effects on the total C concentration of the POM and s+c fractions at every 

time point (0.006 ≥ P < 0.001). The S+A fraction total C concentration was 

significantly affected by the factors Farm and Grassland at 4 month (P < 0.001 in 

both cases), but at 1 month just Farm (P = 0.029), not Grassland (P = 0.063) was 

significant according to the REML algorithm. Grassland had a significant effect 

(0.025 ≥ P < 0.001) on δ13C in the S+A, DOC and s+c fractions at most time points 

(the exception is S+A at 4 months (P = 0.714)), whereas it only had a significant 

effect on the δ13C value of the POM fraction at the one month sampling point (P < 

0.001). The amount of s+c that was vulnerable to oxidation ranged between 62 and 

87 %, with a significant effect on percentage C loss of Farm*Grassland at the 12 

month sampling point only (P = 0.010) (See Appendix A, Table 10-4). Grassland had 

a significant effect on the percentage C lost by oxidation in the 1 and 4 month 

sampling points (P = 0.018 and P < 0.001 respectively), whereas Site had a 

significant effect only at the 12 month sampling point (P = 0.006). 

The factor Farm had a significant effect (0.044 ≥ P < 0.001) on the δ13C for 

the S+A and DOC fractions at all time points. ‘Farm’ only had a significant effect on 

s+c at the 4 month sampling point (P = 0.004) and never had a significant effect on 

POM. 
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The dung treatment had a statistically significant effect on POM δ13C values 

(P = 0.028) at 1 month; POM, S+A, s+c, and DOC δ13C values at 4 months (0.033 ≥ 

P < 0.001); and POM and DOC δ13C values at 12 months (0.007 ≥ P < 0.001). 

Although dung addition did not have a statistically significant effect on bulk soil C 

concentration, it did have a statistically significant effect on s+c C concentration at 4 

months (P = 0.031) and POM C concentration at 12 months (P = 0.037). The POM 

fraction contained the highest mass of dung at each site at the 12 month sampling 

point. This was not the case at 1 and 4 months, at which points the amount of dung C 

present in the POM fraction was to varying extents matched or exceeded by the S+A 
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Figure 3-8 Proportions (% ) of total soil C made up of soil fraction C at the 1, 4, and 

12 month sampling points. Fractions are particulate organic matter (POM), sand and 

stable aggregates (S+A), silt and clay (s+c), and dissolved organic carbon (DOC). The 

labels BG I, BG SI, KAF I, and KAF SI stand for Boghall Glen (BG) Improved (I) 

and Semi-improved (SI), and Kirkton and Auchtertyre (KAF) Improved and Semi-

improved.  
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and s+c fractions at all sites except the BG semi-improved grassland (see Figure 

3-10).  As a proportion of fraction C content, the POM and DOC fractions were most 

affected by dung addition (see Figure 3-9). Dung did not have a significant effect on 

the percentage of C in the s+c fraction that was vulnerable to oxidation; neither did it 

have a statistically significant effect on the δ13C value of the resulting rSOC fraction.  

The interaction between Farm, Grassland, and Dung (Farm*Grassland*Dung) 

only had a statistically significant effect on either  δ13C and total C concentration for 

the DOC fraction at the 12 month time point, at which point it affected both (P = 

0.044 and P = 0.044 respectively). 
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Figure 3-9 Proportions of C in soil fractions derived from dung C percentage (%  of 

total soil C) at the 1, 4, and 12 month sampling points and for each si te. Fractions are 

particulate organic matter (POM), sand and stable aggregates (S+A), silt and clay 

(s+c), and dissolved organic carbon (DOC). The labels BG I, BG SI, KAF I, and KAF 

SI stand for Boghall Glen (BG) Improved (I) and Semi-improved (SI), and Kirkton 

and Auchtertyre (KAF) Improved and Semi-improved.  
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3.3.6.3. Total N and δ15N values 

All REML-derived P-values and estimated means are available in Appendix 

C. As was observed for C, analysis with REML indicated that the interaction of Farm 

and Grassland (Farm*Grassland) had a statistically significant effect on δ15N and 
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Figure 3-10 Mass dung C recovered in soil fractions at each site and at each time 

point. Fractions are particulate organic matter (POM), sand and stable aggregates 

(S+A), silt and clay (s+c), and dissolved organic carbon (DOC). The labels BG I, BG 

SI, KAF I, and KAF SI stand for Boghall Glen (BG) Improved (I) and Semi-improved 

(SI), and Kirkton and Auchtertyre (KAF) Improved and Semi-improved. The number 

indicates the sampling point, i.e. at 1, 4, and 12 months. 
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total N concentration on the POM fractions at all time points (0.029 ≥ P < 0.001 and 

0.016 ≥ P < 0.001 respectively) and in the s+c fraction at all time points for δ15N (P < 

0.001) and the 4 and 12 month time points (P < 0.001 respectively) for total N 

concentration. The interaction Farm*Grassland had a significant effect on the S+A 

fraction δ15N at months 1 and 4 (P < 0.001) and total N concentration at months 4 

and 12 (P = 0.039 and P < 0.001). 

The factors Farm and Grassland individually had highly significant effects on 

total N concentration in POM (bar one, Farm at 4 months, P = 0.120) and s+c at all 

time points (P always < 0.001). Farm did not usually have a significant effect on 

δ15N values in the POM fraction, with the exception being at the 12 month sampling 

point (P = 0.028). Grassland had a significant effect on POM δ15N at the 4 and 12 

month time points (P < 0.001).  

Analysis with REML indicated that dung addition had sporadic statistically 

significant effects on the parameter δ15N, for the S+A fraction at 1 month and the 

POM fraction (P = 0.006) at12 months. As observed for C, the interaction between 

Farm, Grassland, and Dung (Farm*Grassland*Dung) only ever had a statistically 

significant effect on the DOC fraction at the 12 month time point for both δ15N (P = 

0.006) and total N concentration (P = 0.012).  

 

3.3.6.4. C:N ratio 

The fractions have highly significantly (P < 0.001) different mean C:N 

values, supporting their classification as distinct SOC pools. Mean C:N ratios are 
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highest in the POM fraction, followed in descending order by the S+A, s+c and DOC 

fractions (see Table 3-7). The BG semi-improved grassland s+c fractions were 

notably higher than the s+c fractions at other sites. The C:N ratio is highly correlated 

within most fractions (R2 values of 0.70 to 0.98), with the exception of the 

DOC/DON fraction which has a Pearson’s R2 value of 0.24 (see Figure 3-12). Plots 

of total C concentration plotted against δ13C (see Figure 3-12) or total N 

concentration plotted against δ15N (Figure not shown) show that there are no 

consistent relationships between isotope ratio and either C or N concentration unique 

to individual fractions, rather total C concentration for example changes 

significantly, but the ranges of δ13C values overlap to a very large degree.  

 

Table 3-7 REML-predicted mean C:N values for soil fraction with or without added dung. The 

fractions are particulate organic matter (POM), dissolved organic matter (DOM), sand and 

stable aggregates (S+A), silt and clay (s+c), and resistant soil organic carbon (rSOC). The 

average standard error of differences (SED) was 0.8783. 

Farm Grassland Dung DOM POM S+A s+c rSOC 

Boghall Glen 

Improved  
N 6.50 17.41 11.19 10.15  

Y 6.73 17.06 11.26 10.26  

Semi-

improved 

N 7.31 19.34 14.74 16.66  

Y 8.02 19.02 14.55 16.22  

Kirkton and Auchtertyre Farm 

Improved  
N 5.84 17.93 13.34 10.24  

Y 5.84 17.82 13.31 10.54  

Semi-

improved 

N 7.13 15.65 14.22 12.73  

Y 7.22 15.66 14.26 13.06  

Mean   6.82 17.38 13.32 12.37  
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Figure 3-12 Total C concentration graphed against δ
13

C values for individual soil 

fractions. POM = particulate organic matter, DOC = dissolved organic C, s+c = silt 

and clay, and S+A = sand and stable aggregates.  
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Figure 3-12 Total N concentration (% ) graphed vs total C concentration (% ) showing 

the C:N ratios of individual soil fractions: dissolved organic matter (DOM), silt and 

clay (s+c), sand and stable aggregates (S+A), and particulate organic matter (POM). 
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3.3.7.  FT-IR 

3.3.7.1. Bulk soils 

FT-IR absorption bands were assigned as per Artz et al. (2008) and Palacio et 

al. (2014). The FT-IR spectra of bulk soils from all sites, with and without dung-

amendment, are shown in Figure 3-13 with the major absorption bands annotated. 

Bands in the region of 3300-3400 cm-1 are due to stretching of OH bonds and are 

likely due to cellulose in this instance. This peak can also indicate kaolinite clay, but 

kaolinite is unlikely to occur in these soils. 2920 cm-1 and 2850 cm-1 correspond to 

stretching of C=O bonds and characterise aliphatic compounds (i.e. fats, lipids, 

waxes). The pronounced absorption at all sites at the 1630 to 1650 bands is due to 

C=C stretching and in this context is likely to be due to lignins or other aromatics or 

aliphatic carboxylates. There is absorption at a number of bands between 1030 and 

950 cm-1, which may be attributable to polysaccharides and similar compounds 

(1030-1080 cm-1) and Si-O bond stretching (1100-950 cm-1). Absorption below 

approximately 900 cm-1 is predominantly attributable to clay and mineral bonds 

(Haberhauer & Gerzabek, 1999). Absorption at the 3300 cm-1, 2920 cm-1, 2850 cm-1 

and 1630-1650 cm-1 are all more intense in the semi-improved grassland soils than 

those of the improved grasslands at both farms. The bands 1400-1460 cm-1 and 1350-

1400 cm-1 were only evident at the semi-improved grassland sites and are assigned to 

stretching of C-O or deformation of O-H bonds in carboxylic/carboxylate structures, 

such as humic acids and 1350-1400 cm-1 to C-H deformations (specifically 1371 cm-

1) of phenolic or aliphatic structures.  



60 

 

Bulk soil FT-IR spectra largely did not differ between dung-amended and 

unamended soils at the improved grassland sites (see Figure 3-13). Some divergence 

between dung-amended and unamended soils in the area of the 3400 cm-1 peak were 

apparent for the semi-improved grassland sites, but this was inconsistent, with the 

dung-amended soil having a more pronounced peak at BG, and the converse at KAF 

(see Figure 3-13).  There is possibly a slight reduction in absorption at the 3400 cm-1 

wavelength in dung-amended soil also at the KAF improved grassland site, which 

would be consistent with what was observed at the KAF semi-improved grassland 

site.  

 

3.3.7.2. Particulate organic matter 

Relative to the bulk soils FT-IR spectra, the POM fractions show a decline in 

the bands between 950-1050 cm-1, possibly due to a decline in silicate content in this 

fraction, and increases in the bands 2920 cm-1, 2850 cm-1, 1710 cm-1, 1630-1650 cm-

1, 1400-1460 cm-1 and 1350-1400 cm-1 (see Figure 3-15). This would imply that 

aliphatic, aromatic, phenolic and carboxylic/carboxylate compounds are more 

concentrated in this fraction relative to the bulk soil. Bar some slight variation in the 

intensity of absorption at the 3400 cm-1 band, there were no discernible differences 

between POM of soils that were or were not treated with dung (see Figure 3-15). 
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Figure 3-13 FT-IR spectra of bulk soils for all sites and dung treatments, with key wavelength 

assignments indicated. Lines indicate the assignations of some of the main absorption bands.  

KAF = Kirkton and Auchtertyre Farm, BG = Boghall Glen, SI = semi-improved grassland, I 

= improved grassland, Y = dung amended, and N = no dung. 

01,0002,0003,0004,000

Wavelength (cm-1) 

KAF SI N KAF SI Y KAF I N KAF I Y

BG SI N BG SI Y BG I N BG I Y
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Figure 3-14 FT-IR spectra of the particulate organic matter (POM) fraction for all sites and 

dung treatment. Lines indicate the assignations of some of the main absorption bands. KAF = 

Kirkton and Auchtertyre Farm, BG = Boghall Glen, SI = semi-improved grassland, I = 

improved grassland, Y = dung amended, and N = no dung. 

01,0002,0003,0004,000

Wavelength (cm-1) 

KAF SI N KAF SI Y KAF I N KAF I Y

BG SI N BG SI Y BG I N BG I Y
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3.3.7.3. Sand and stable aggregates 

 In the FT-IR spectra of the S+A fraction (see Figure 3-16) there is 

minimal absorption in the 3400-3300 cm-1 bands relative to the bulk soil or POM 

fractions, implying less hydroxyl bonds in this fraction. There is some absorption at 

the 1630-1650 cm-1 bands, but greatly reduced relative to the bulk soil. The 

absorption at both the 3400-3300 cm-1 and 1630-1650 cm-1 bands is least pronounced 

at the KAF improved grassland and most pronounced at the semi-improved 

grasslands (both farms). There is an intense absorption in the 950-1050 cm-1 bands, 

which is most likely to indicate Si-O bond stretching and the large proportion of 

silicate minerals in this fraction. There is minimal difference attributable to dung-

amendment in the S+A spectra of semi-improved soils, although the absorption in 

the 950-1050 cm-1 bands is potentially more intense in the S+A fractions of dung-

treated soils (see Figure 3-16).  
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01,0002,0003,0004,000

Wavelength (cm-1) 

KAF SI N KAF SI Y KAF I N KAF I Y

BG SI N BG SI Y BG I N BG I Y

Figure 3-16 FT-IR spectra of the sand and stable aggregate (S+A) fraction for all sites and dung 

treatments. Lines indicate the assignations of some of the main absorption bands.  KAF = 

Kirkton and Auchtertyre Farm, BG = Boghall Glen, SI = semi-improved grassland, I = 

improved grassland, Y = dung amended, and N = no dung. 
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3.3.7.4. The silt and clay and resistant SOC fractions 

The FT-IR spectra of the s+c fraction is similar to that of the S+A fraction 

(see Figure 3-17), but absorption at the 3400-3300 cm-1, 2920 cm-1, 2850 cm-1, and 

1630-1650 cm-1 bands is more pronounced and that at the 950-1050 cm-1 bands 

reduced. There is no discernible difference between the s+c spectra of those soils that 

were and were not treated with dung.  

The FT-IR spectra for the rSOC fractions (see Figure 3-18) are more variable 

than those for other fractions. There are apparent increases in the intensity of 

absorption at the 950-1050 cm-1 bands for the rSOC fraction of dung-treated relative 

to untreated soils at the KAF sites. The converse is true of the BG sites, where both 

the improved and semi-improved grasslands have apparent decreases in intensity at 

these bands.  

The spectra is comparable to that of the s+c fractions (see Figure 3-17), but 

there are relatively increased absorption intensities at the 950-1050 cm-1. This band is 

associated with polysaccharides or silicates, the former of which is likely to have 

decreased in concentration during NaOCl hydrolysis and the latter of which should 

have been unaffected (Zimmermann et al., 2007a). Potentially there is a relative 

increase in silicate mineral concentration due to the decrease in SOC concentration 

overall.  
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Figure 3-17 FT-IR spectra of the silt and clay (s+c) fraction for all sites and dung treatments. 

Lines indicate the assignations of some of the main absorption bands.  KAF = Kirkton and 

Auchtertyre Farm, BG = Boghall Glen, SI = semi-improved grassland, I = improved grassland, 

Y = dung amended, and N = no dung. 

01,0002,0003,0004,000

Wavelength (cm-1) 

KAF SI N KAF SI Y KAF I N KAF I Y

BG SI N BG SI Y BG I N BG I Y
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Figure 3-18 FT-IR spectra of the resistant soil organic carbon (rSOC) fraction for all sites and 

dung treatments. Lines indicate the assignations of some of the main absorption bands. KAF = 

Kirkton and Auchtertyre Farm, BG = Boghall Glen, SI = semi-improved grassland, I = 

improved grassland, Y = dung amended, and N = no dung. 

01,0002,0003,0004,000

Wavelength (cm-1) 

KAF SI N KAF SI Y KAF I N KAF I Y

BG SI N BG SI Y BG I N BG I Y
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3.3.7.5. Dissolved organic carbon fraction 

The DOC  fraction FT-IR spectra had strong absorption bands, with clear 

peaks, at the 3400-3300 cm-1, 2920 cm-1, 2850 cm-1, and 1630-1650 cm-1, 1550 cm-1 

(combined with the absorption bonds which suggest carboxylates, this indicates 

proteinaceous compounds such amino acids), 1350-1400 cm-1, and 1024-1030 cm-1 

bands (see Figure 3-19). As well as the proteinaceous compounds which were not 

discernible in other soil fractions, the DOC fraction has higher concentrations of 

aliphatic carboxylates, phenolics, and aromatic compounds than other fractions and 

an absorption intensity at the 3400-3300 cm-1 band comparable to that of the POM 

fraction.  

The DOC fraction FT-IR spectra are largely similar between dung-amended 

and unamended soil fractions, with the exception of the semi-improved soils in 

which the peak about 3300 cm-1 (see Figure 3-19) is more pronounced. This is 

probably an analytical artefact as the baseline of the spectra is slightly awry at that 

end of the spectrum in each case.  
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Figure 3-19 FT-IR spectra of the dissolved organic carbon (DOC) fraction for all sites and dung 

treatments. Lines indicate the assignations of some of the main absorption bands.  KAF = 

Kirkton and Auchtertyre Farm, BG = Boghall Glen, SI = semi-improved grassland, I = 

improved grassland, Y = dung amended, and N = no dung. 

01,0002,0003,0004,000

Wavelength (cm-1) 

KAF SI N KAF SI Y KAF I N KAF I Y

BG SI N BG SI Y BG I N BG I Y
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3.4. Discussion  

3.4.1. Leaf and root material 

3.4.1.1. Carbon 

No 13C isotopic enrichment of leaf or root material was observed due to dung 

addition. This is not unexpected because although some dung-derived amino acids 

could be taken up by plant roots (Streeter et al., 2000; Lipson & Näsholm, 2001), this 

C contribution would be negligible relative to the amount of atmospheric C being 

incorporated by the plant during photosynthesis, thereby diluting any potential 

isotopic signal. There were significant differences between leaf and root δ13C values, 

with the former being more 13C depleted relative to the root matter at all sites. This is 

in accordance with the observations of other studies, and due to fractionation effects 

occurring in biosynthesis of compounds during secondary metabolism (Ehleringer et 

al., 2000; Badeck et al., 2005), and very relevant to SOC isotopic composition 

because of the greater input and considerably longer residence time within the soil of 

root C relative to shoot C (Rasse et al., 2005).  

The occurrence of a significant statistical relationship between Farm and leaf 

δ13C is potentially indicative of a historical effect of locally variable atmospheric 

CO2 δ13C values. BG is located in the Pentland Hills Regional Park, adjacent to the 

urban area of Edinburgh and its suburbs, and a higher proportion of atmospheric CO2 

will likely be derived from fossil fuel consumption (with δ13C value of ca. -28 ‰ 

(Zondervan & Meijer, 1996)), whereas KAF is located 55 km from Stirling, the 
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nearest large urban area, and fossil fuel consumption can be expected to be the 

source of much less atmospheric CO2. This concurs with the observed lower overall 

mean δ13C value for all soils without C4 dung observed at BG (-28.66 ± 0.07 ‰) 

than at KAF (-28.34 ± 0.05 ‰). Variations in the amount of fractionation during CO2 

fixation can also occur in C3 plants due to stomatal constraints as a result of water 

deficits (Farquhar et al., 1989) or may vary between species (Balesdent et al., 1993). 

This can be considered less likely as an explanation of the significant difference 

between farms observed here. Firstly because even at the site with lower rainfall 

(BG), water deficits are likely to occur only for short periods of the growing season, 

and secondly because this type of fractionation would be expected to result in a less 

negative δ13C value (more enriched in 13C) at the drier site, rather than a relatively 

depleted one as observed here.   

 

3.4.1.2. Nitrogen 

Root δ15N values were significantly affected by the factors Farm and 

Grassland, as were bulk soil δ15N values. That the factors Farm and Grassland or 

their interaction had no significant effect on leaf δ15N is quite possibly due to a 

higher degree of variability in leaf δ15N values (see Table 3.2).While the δ15N values 

of root and leaf material differed, they were not significantly different. Significant 

differences in N isotopic composition between different plant structures have been 

observed and occur as a result of N fractionation during NO3
- reduction or secondary 

plant metabolism (Hogberg, 1997).  
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The δ15N values of both root and leaf material from the BG semi-improved 

grassland site are notably different from those, not just at KAF, but also at the BG 

improved grassland, being considerably lower than all. This reflects the δ15N values 

measured in the bulk soils at each site, although in each case the root and leaf 

material is approximately 1 ‰ depleted relative to the soil. This implies that while 

the δ15N root and leaf material reflect that of the soil in which it grew, either a slight 

fractionating effect has occurred during plant N uptake (Hogberg, 1997) or that the 

plant and soil δ15N values diverged after the growing season ended (the 4 month 

sampling was in January). 

The variation in leaf and root δ15N values between sites is likely the product 

of between site variation in both the types and the isotopic composition of the N 

inputs at each site, their quantity, and the relative influences of N cycling processes 

that can affect soil N isotope ratio. This will be discussed further in Section 3.4.2.1. 

 

3.4.2. Bulk soils and soil fractions 

3.4.2.1. Site effects 

As evinced by the predominantly statistically significant effects of the factors 

Farm and Grassland, and their interaction Farm*Grassland, the individual research 

sites impose a strong imprint on the relative sizes, total C concentration, δ13C value, 

total N concentration, and δ15N value of individual soil fractions. It is to be expected 

that the interacting factors of climate, management practices, and edaphic conditions 

will have had a controlling effect on the type of vegetation growing at each site and 
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the rate at which litter from that vegetation and SOM derived from it are mineralised. 

Hand texturing indicated that soil textures were similar at all sites with mineral soils. 

The significance of the factor Grassland also implies that there are distinct 

characteristics that separate the improved and semi-improved grasslands and that are 

shared at each farm. The similar management and plant communities at both 

improved grasslands may account for all or some of this distinction, as the soils of 

the semi-improved grasslands at each farm have less in common, notably the 

exceptionally high SOM content at BG, but also pH and N speciation.  

The improved grasslands at both farms are dominated by L. perenne, which 

produces labile, rapidly broken down litter and has a high rate of rhizodeposition, 

whereas the A. capillaris and F. ovina dominated semi-improved grasslands produce 

more recalcitrant litter (Mawdsley & Bardgett, 1997; Bardgett et al., 1998b). Tighter 

grazing of improved swards will also mean less plant matter returned to the soil as 

litter and more as dung. A comparison of the bulk soil FT-IR spectra of the improved 

and semi-improved grasslands (see Figure 3-13) demonstrates this difference, with 

pronounced absorptions at wavelengths indicative of cellulose, (3300-3400 cm-1), 

aliphatic compounds (2920 and 2850 cm-1) and carboxylates and aromatics, such as 

lignin (1630-1650 cm-1) in the semi-improved grassland spectra which particularly in 

the case of the BG semi-improved grassland, bear some resemblance to FT-IR 

spectra for peat soils (Artz et al., 2008). While these peaks are also present in the 

improved grassland spectra, particularly the BG improved grassland, they are less 

intense than in the semi-improved grassland spectra, indicating the greater proportion 

of these organic compounds in the makeup of semi-improved grassland soils. The 
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improved grassland FT-IR spectra are similar to those obtained by Gerzabek et al. 

(2006) for an improved grassland in Sweden.  

On its own, the slight, but statistically significant effect of the factors Farm 

and Grassland on soil δ13C value may have been attributable to differences in the 

composition and decomposition of litter inputs (i.e. relative proportions of root to 

leaf matter) or rates of SOC cycling, each of which would have some effect on the 

overall SOC δ13C value. However, the additional presence of significant effects from 

Farm and Grassland on leaf δ13C value lends credence to a difference in CO2 input to 

each site. As discussed in Section 3.4.1.1, the proximity of the urban area of 

Edinburgh and its suburbs to the BG farm, and subsequent higher proportion of 

atmospheric CO2 derived from fossil fuel consumption (with relatively depleted δ13C 

value of ca. -28 ‰ (Zondervan & Meijer, 1996)), may explain the observed lower 

overall mean δ13C value for all soils without C4 dung observed at BG (-28.56 ‰) 

compared to those at KAF (-28.44 ‰), which is not near to any large population 

centres or other sources of fossil fuel-derived CO2. Addition of lime to soils (calcium 

carbonate) has previously not been found to have a significant effect on bulk soil 

δ13C (Rangel-Castro et al., 2004). 

The differences in total N concentration between improved and semi-

improved grasslands are unsurprising as the former receive N fertiliser and have the 

presence of N-fixing T. repens in the sward, while the latter will be reliant primarily 

on atmospheric N deposition and perhaps some N fixation. An effect of N fertiliser 

on soil δ15N is possible, but without sampling the specific fertilisers used it is 

impossible to quantify whether this would be a positive or negative effect δ15N 
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values, which range from -2 ‰ to 2 ‰ for N fertilisers (Bateman & Kelly, 2007). 

Overall however, soil N cycling processes do have fractionating effects and these are 

likely to be the predominant influence on soil δ15N value. For example, during 

nitrification and denitrification the heavier 15N isotope is discriminated against, 

producing isotopically-depleted end products, an effect that is most pronounced 

when N is abundant (Hogberg, 1997; Perez et al., 2001; Li & Wang, 2008). 

 

3.4.2.2. Dung incorporation in bulk soil and the potential for a 

‘priming effect’ 

FT-IR suggests some compositional differences in both SI grassland soils due 

to dung addition, but this was not observed for the improved grassland soils. These 

differences are very inconsistent however, which hinders attempts at their 

interpretation. For example, FT-IR spectra suggest an increase in absorption at 3400 

cm-1 at the BG semi-improved site, but a decrease at the KAF semi-improved site 

and increases in the peak area associated with polysaccharides at the KAF semi-

improved site, but less at both the KAF improved site and BG semi-improved site. 

There is more dung-derived C present in both semi-improved soils at the 12 month 

sampling point suggesting slower cycling of dung C in the semi-improved soils. 

Previous research has indicated that semi-improved grasslands have microbial 

communities with a higher predominance of fungi and slower rates of SOM turnover 

(Grayston et al., 2001, 2004; Brodie et al., 2002; Kennedy et al., 2005; Breulmann et 

al., 2011).  
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Analysis of bulk soil δ13C values with REML indicated a statistically 

significant effect due to dung addition at the 4 and 12 month sampling points, but not 

at the 1 month sampling point. After application of C4 cattle slurry, Glaser et al. 

(2001) measured changes in bulk soil δ13 value in as little as 2 hours in the 0-2 cm 

depth of soil and Bol et al. (2000) after 1 week in the 0-5 cm depth of soil. In each 

case these studies were analysing soils from quite shallow depths. As the 

incorporation of dung C decreases with depth (Balesdent et al., 1993; Dungait et al., 

2005),  combination of  soil from a greater depth range to obtain a bulk soil sample, 

as in this study, will effectively dilute the dung’s isotopic impact. Probably for 

similar reasons, the increases in bulk soil δ13C as a result of C4 dung application 

measured here (0.16 - 0.35 ‰) after 4 months are lower than the 0.7 ‰ increase 

measured by Bol et al. (2000) after 150 days, again at a depth of 1-5 cm. It is quite 

possibly for this reason that no significant effect of dung addition was measured at 1 

month, despite this having been done so by other studies using shallower soil 

profiles. Peak dung incorporation was measured by Dungait et al. (2005) to occur at 

56 days after dung application. The temporal resolution of our sampling does not 

allow for a direct comparison with this, but the highest level of dung incorporation 

for soils from most sites was at the 4 month sampling point (the exception being the 

improved grassland at KAF).  

No significant change in soil total C concentration as a result of dung 

application was detected during this study. A number of other authors have observed 

a comparable lack of significant change in soil total C concentration after dung 

application (Bol et al., 2000; Glaser et al., 2001; Yoshitake et al., 2014). Dung has 

been observed to have a positive priming effect by Ma et al. (2013), leading to a 
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decrease in SOC. Bloor (2015) observed increases in total soil C and N four months 

after dung application, but that was in a 3 year old reseeded grassland, which may 

have been subject to soil disturbance and subsequent loss of SOC. The grasslands in 

this study have not been cultivated in several decades or never (in the case of the 

semi-improved grasslands) and are likely to have reached a state of equilibrium with 

respect to C inputs and outputs (the soil cores selected for soil fractionation had their 

original, intact vegetation) and saturation with respect to the long term storage of 

SOC by mineral interaction (Stewart et al., 2007; Chung et al., 2010; Powlson et al., 

2012). The measured changes in bulk soil δ13C values do however indicate 

incorporation of dung C in the soil. The absence of a concurrent significant change in 

bulk soil total C concentrations implies that either the additional dung C contribution 

is too small to be detected using the total C concentration method or that 

incorporation of dung C is balanced by an increase in mineralisation of C.  

The observed changes in 13C isotope ratios and implied turnover may indicate 

some degree of priming of SOC that was then replaced with incoming dung C, a 

phenomenon observed in other studies. Using C4 dung as a natural abundance tracer, 

Dungait et al. (2009) measured changes in δ13C values of soil carbohydrates 

indicating incorporation of dung C, but no net change in the concentrations of these 

carbohydrates between the control and treated soils suggested the replacement of 

existing pools of SOC and a limited ability to sequester additional C in that soil. 

Similarly, no net change in SOC content in a peat soil was measured after application 

of C4 dung to a peat soil by Leiber-Sauheitl et al. (2015), but in that case soil δ13C 

values were not measured (just CO2 efflux), therefore an effect such as that observed 

in this study cannot be discounted. It is conceivable that dung addition could still 
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have an indirect positive effect on SOC as the nutrient input that dung represents also 

has a positive effect on plant growth and therefore future plant C input 

(Bhattacharyya et al., 2009). 

 

3.4.2.3. Dung C cycling within soil fractions 

3.4.2.3.1. Particulate organic matter 

The FT-IR spectra of POM fractions from the four different sites do not differ 

in the types of peaks observed, rather in the intensity of those peaks, and are similar 

to those recorded for similar fractions in the literature (Poirier et al., 2005). Peaks at 

the 900-1030 cm-1 wavelength are more pronounced in the improved grasslands than 

in the semi-improved grasslands, perhaps indicating more polysaccharides or similar 

compounds in the makeup of the improved grassland POM fractions, which are 

characteristic of the higher quality litter inputs in improved grasslands (Mawdsley & 

Bardgett, 1997; Bardgett et al., 1998b). Peaks indicative of aliphatic, carboxylic, 

aromatic, phenolic, compounds are most pronounced in the BG semi-improved 

grassland POM fraction, representative of the plant litter inputs at upland semi-

improved sites (Grayston et al., 2004; Fornara et al., 2011). POM C:N ratios were 

highest in the BG semi-improved grassland (19), but lowest in the KAF semi-

improved grassland (15). Both improved grasslands had POM C:N ratios of 17. 

These are comparable to values recorded for similar fractions (i.e. free SOM) by 

John et al. (2005) for soil from silty grasslands, but much lower than those measured 

in a silty-clay-loam arable soil Fr-SOM by Poirier et al. (2005). In common with 
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other studies the POM fraction had a notably higher C:N ratio than the mineral-

associated fractions (Crow et al., 2007). Like in other studies the POM fraction 

mostly had more depleted δ13C values relative to the mineral associated fractions 

(s+c and S+A) (Crow et al., 2006; Sollins et al., 2009). 

Dung addition had a significant effect on POM δ13C values at all times. The 

dung C found in the POM fraction is unlikely to have been subject to microbial 

processing, rather this fraction is likely to be composed of small dung particles that 

have been incorporated into the soil by invertebrates (Bang et al., 2005; Schon et al., 

2015) or other physical actions, such as percolating via macropores with rainwater. 

Dung solids are primarily composed of lignin and undigested plant cell wall 

polysaccharides (cellulose and hemicellulose) (Dungait et al., 2005; Fangueiro et al., 

2007). The FT-IR spectrum for the POM fraction shows that both lignin-like 

compounds and polysaccharides are already major components of this fraction (see 

Figure 3-15), perhaps explaining the lack of apparent differences in the FT-IR 

spectra between the dung-amended and unamended soils. There is possibly a slight 

decrease in the absorption about the 3400 cm-1 band assigned to O-H bond stretching 

and potentially attributable to cellulose and hemicellulose in dung-treated soils at 

both of the KAF grasslands. In addition to other demonstrated priming effects (Bol et 

al., 2003b; Fangueiro et al., 2007), dung addition was found to accelerate specifically 

cellulose and hemicellulose loss in litter decomposition by Liang et al. (2017).  

Despite its high C concentration in soils from all sites, the POM fraction is 

only the majority SOC pool in the BG semi-improved grassland’s organic soil 

because in the other three mineral soils it accounts for a relatively small proportion 
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of the whole soil by mass (< 10 %). At the 12 month sampling point, both semi-

improved grassland POM fractions contained a greater mass of dung C than the 

improved grasslands at their respective farms, indicating a slower rate of turnover 

than in the improved grasslands. Although the mineralisation of dung on the soil 

surface has been observed to be similar even in soils of differing characteristics, 

slower cycling of the plant (and dung) derived matter that makes up the POM 

fraction is supported by the greater mass of the POM fraction at both semi-improved 

sites. The dung C within the POM fraction at the improved grassland sites accounted 

for a greater proportion of all POM C, indicative of the smaller POM pool existing in 

these soils.  

 

3.4.2.3.2. Sand and stable aggregates  

Despite being 50-60 % of the mineral soils by mass, the S+A fraction 

accounts for less SOC than either the POM or s+c fraction at both KAF grasslands 

and exceeds the POM fraction and is second in SOC content only to the s+c fraction 

at the BG improved grassland. The FT-IR spectrum from the S+A fractions is 

dominated by a large, intense absorption peak at 900-1030 cm-1. This may be 

indicative of C-O stretching in polysaccharide or similar compounds, but given the 

mineral character of this fraction is probably predominantly Si-O stretches in silicate 

minerals. A slight absorption at the wavelength assigned to aliphatic compounds 

(2920 and 2850 cm-1) is present in the spectra of the semi-improved grassland soils, 

but not those of the improved grasslands. Otherwise, there are few differences in the 

FT-IR spectra of the S+A fractions from different sites.  
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According to the REML algorithm, dung had a significant effect on the S+A 

fraction only at the 4 month sampling point. This is also the point at which bulk soil 

dung C incorporation was measured to be at its highest. When the mean S+A δ13C 

values are compared between those treated and untreated with dung for each site at 

the 4 month sampling point, the dung treated soils had higher values in each case, but 

when judged on the basis of the SED, only those for the semi-improved grassland at 

BG were significantly different. SOC in the S+A fraction is largely composed of 

microbially processed compounds on mineral surfaces (Poirier et al., 2005) and SOM 

within stable aggregates. It is likely that all mineral surfaces that might stabilise dung 

C are saturated with existing SOC, but perhaps there is some potential for transient C 

stabilisation on mineral surfaces or short term occlusion of dung C within stable 

aggregates (Bol et al., 2004a), for example those produced from invertebrate excreta. 

As the S+A fraction at the BG semi-improved grassland soil is proportionally much 

smaller than those in the other soils it will also be more susceptible to a significant 

change in δ13C value due to contamination by some POM and although efforts were 

taken to prevent this, the extreme size of the POM fraction in this soil means it 

cannot be discounted.  

 

3.4.2.3.3. Silt and clay 

The s+c fraction accounts for 50-60 % of all SOC in all three mineral soils, as 

observed in other studies (Zimmermann et al., 2007b), but < 15 % at the BG semi-

improved grassland’s humic ranker soil, which is dominated by the large POM 

fraction. The FT-IR spectra would suggest the composition of the s+c fraction is 
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more alike that of the POM fraction, than that of the S+A fraction, despite both being 

predominantly composed of mineral particles. The s+c fraction has a more 

pronounced peak at the 900-1030 cm-1 wavelength, suggesting either more 

polysaccharide and similar compounds or more Si-O bonds, i.e. silicates, which 

would be expected to be common in a fraction composed of silt and clay. The study 

by Thevenot et al. (2010) and their review of others suggests stabilisation of lignins 

by interaction with clay minerals. There is a strong absorption in all s+c fraction FT-

IR spectra at the wavelength assigned to lignins and similar compounds (1630-1650 

cm-1) which supports this as a significant component of the s+c fraction.  

Dung treatment only had a significant effect on s+c δ13C value at the 4 month 

sampling point, at which point it also has a significant effect on s+c total C 

concentration (although there is no significant change in bulk soil total C 

concentration at this or any other time). The absence of a significant effect on either 

s+c δ13C value or total C concentration at the 12 month sampling point implies that 

the measured influx of dung C to the s+c fraction has turned over and been removed 

from the s+c fraction. Unlike the bulk soil, where significant changes in δ13C value, 

without accompanying changes in total C concentration imply a turnover of native 

SOC and its replacement with dung C, the dung C in the s+c fraction does not seem 

to displace pre-existing SOC in this pool. Fangueiro et al. (2007) found that > 50 % 

by dry mass of sieved cattle slurry was < 45 μm. Fresh dung will have a different 

particle size distribution to stored slurry such as this (Møller et al., 2002), but a 

substantial proportion will still be in this size range and larger particles will be 

broken down during decomposition. Should these dung particles percolate or be 

incorporated by invertebrates into the soil, they would be sufficiently small (< 63 
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μm) to be categorised as part of the s+c fraction during the wet sieving process. This 

may effectively then create a < 63 μm POM fraction composed of unmodified 

material, unlike the majority of the s+c fraction which is microbe rather than plant-

derived compounds and mineral-associated (Poirier et al., 2005). Potentially this 

could be remedied by imposition of an additional density fractionation stage, 

although this understandably would increase the labour and cost of this methodology, 

possibly for small benefit. Rearranging the methodology used here to include the 

particle size fractionation stage after the density fractionation, may not allow for 

collection of a DOC fraction.  

 

3.4.2.3.4. Resistant SOC 

The percentage C loss in the s+c fraction due to oxidation by NaOCl in this 

study is comparable to that reported by other authors: 63-91 % (Zimmermann et al., 

2007a) and 49-81 % (Mikutta et al., 2005). In the case of the BG semi-improved 

grassland, the small quantity of s+c available for some samples means that a full 1 g 

was not available for oxidation in all cases. It was a cause for concern that the 

smaller masses of samples may have been subject to somewhat higher oxidation as, 

while the amount of NaOCl used was less, it was not necessarily reduced exactly in 

proportion to the reduced mass. The results obtained do not suggest this however, 

with smaller samples showing the same percentage oxidation as larger ones of the 

same type. No significant difference in δ13C values occurred due to dung addition, 

implying that any dung C that existed in this fraction was very oxidisable. The δ13C 

values measured in the rSOC fraction were significantly higher than those of the s+c 
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fractions from which they were derived. Other studies have shown a tendency 

towards higher δ13C values measured in mineral-associated SOC pools (Crow et al., 

2006; Sollins et al., 2009), which may imply that the rSOC is more mineral-

associated than the s+c pool at large, which may also be composed of silt and clay 

sized free organic matter particles.  

Reduced absorption is visible in the bands indicative of carboxyl, aromatic 

and aliphatic functional groups indicating loss of these groups with oxidation as 

noted elsewhere (Mikutta et al., 2005; Zimmermann et al., 2007a). There was a 

pronounced reduction in peaks at 3000+ cm-1, as per previous studies (Mikutta et al., 

2005; Zimmermann et al., 2007a), and suggested to be indicative of NaOCl cleaving 

of methine, methylene and methyl groups, as well as most aromatic structures. The 

reduction in absorption at bands 3000+ cm-1, has resulted in the absorption peak 

indicative of aliphatic compounds being more pronounced in the rSOC fraction than 

in the s+c fraction.  

 

3.4.2.3.5. Dissolved organic carbon 

The FT-IR spectrum of the DOC fraction indicates the presence of typical 

compounds associated with this fraction. Polysaccharides and similar compounds 

may be microbial metabolites or root exudates. The presence of proteinaceous 

compounds (amino acids) in the DOC fractions also supports the presence of 

microbial metabolites. The FT-IR spectra also indicate elevated concentrations of 

aliphatic carboxylates, phenolics, and aromatic compounds relative to the other soil 

fractions, which are likely to be the products of decomposing SOM or plant litter 
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input. The DOC δ13C values were more enriched relative to other fraction and bulk 

soil δ13C values, irrespective of dung addition, possibly indicative of preferential 

microbial processing of isotopically light organic compounds.  

The impact of dung addition on the isotopic composition of the DOC fraction 

only became statistically significant at the 4 month sampling point, but continued to 

be at the 12 month sampling point. Bol et al. (2000) reported that δ13C values in 

leachates from C4 dung-amended soil remained more positive than those from 

control or C3 dung amended soils for 150 days. This study indicates that a more 

prolonged influence of dung C on the DOC fraction can occur. 

Other authors have reported up to tenfold increases in organic C fluxes in 

leachates after dung addition (Bol et al., 1999, 2000), with peak organic C flux at 21-

26 days (Bol et al., 2000). Shand & Coutts (2006) found DOC concentration peaked 

at day 112 after sheep dung application. In this study however, dung addition had a 

significant effect on DOC total C concentration only at the 12 month sampling point. 

The lack of a significant effect on DOC concentration at the 4 month sampling point 

may be in part because this sampling point was in January, a time at which microbial 

activity was greatly reduced and leaching high due to high rainfall. Given the 

increase in organic C fluxes in leachates that other authors have observed as a result 

of dung deposition, the lack of a significant effect of dung treatment on DOC δ13C 

value at the 1 month sampling point is somewhat unexpected. It is possible that the C 

content of the DOC fraction was dominated by native soluble SOC due to a priming 

effect caused by input of labile dung C or a dung-mediated increase in soil pH, and 

therefore in SOC dissolution (Aarons et al., 2009; Yoshitake et al., 2014). While it is 
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conceivable that elevated SOC-derived DOC for either of these reasons might 

obscure any effect on DOC δ13C that dung addition would have at this sampling 

point, the resultant increase in SOC would cause dung addition to have had a 

significant effect on DOC concentration at this sampling point, which it did not. This 

then lends credence to the simpler conclusion that at this point there was very little 

dung contribution to the DOC fraction, perhaps because the labile dung C component 

was still immobilised by the microbial community. 

 

3.4.2.4. Cycling of dung N within the soil 

It was not a primary objective to investigate N cycling, particularly given the 

small difference in isotope ratios that existed between all soils and the C4 dung 

applied (ca. 4 ‰), but changes in soil and fraction N content that might result due to 

dung application are of interest. Soil δ15N values are also reported, but the multiple 

fractionating processes that can occur, multiple inputs of differing and variable δ15N 

value and the fact that soil δ15N can vary significantly across the growing season 

(Marriott et al., 1997), obfuscate changes related to the application of dung to soils.  

The δ15N values of soil fractions are nonetheless also reported here to 

investigate whether there might be significant differences in N isotope ratio between 

different fractions indicative of some type of fractionation during microbial 

processing of C inputs, but this does not seem to be the case and there is in fact little 

difference in δ15N between fractions.  
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3.4.2.5. Comments on soil fractionation 

That the soil fractionation method described by Zimmermann et al. (2007b) 

isolates chemically distinct SOC pools is confirmed by the significantly different 

C:N ratio of different soil fractions, that the C:N ratio was similar between the same 

fractions from different soils, and that the FT-IR spectra are consistently similar for 

fractions of the same type from different soils, and different from other fraction 

types. Furthermore the differential incorporation of dung-derived 13C into the 

fractions indicates that the different pools of SOC cycle at different rates, reaffirming 

the utility of fractions obtained using this method in the modelling of SOC cycling 

and turnover 

 

3.4.3. Vegetation treatment effects on soil C and N cycling 

There was generally a lack of any significant effect of vegetation treatment 

on all of the parameters measured (δ13C, δ15N, total C, total N, and C:N ratio) at all 

time points. The rare statistically significant effects of vegetation treatment, either 

solo or in interaction with other factors, on δ15N and on one occasion on C:N ratio 

can be considered likely to be falsely significant results (Type I errors), as they are 

contradictory to the trends of the majority of related analyses. With α = 0.05, some 

Type I errors are to be expected when conducting a large number of analyses.  

The absence of differences in total C or N concentrations or isotope ratios 

between the original vegetation treatment and reseeded treatment is not so 

remarkable in the improved grassland cores, which were already primarily L. 
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perenne dominated, however some observable difference may have been expected in 

the semi-improved grassland cores as a result of the change from a plant community 

with a conservative nutrient use strategy (Festuca ovina, Agrostis capillaris) to one 

with a fast-growing, exploitative nutrient use strategy (L. perenne). This result is 

however in agreement with that observed by Bloor (2015). The experiment by 

(Bloor, 2015) compared three grass species with differing nutrient acquisition 

strategies, two fast-growing, species, Dactylis glomerata, and L. perenne, and one 

slow-growing Festuca rubra, and although dung addition increased soil N and C, no 

clear link between soil dung cycling and plant nutrient acquisition strategy was 

observed. Perhaps within this time frame the microbial community was not 

sufficiently altered by the change in vegetation composition to have a pronounced 

effect on dung C cycling.  

The lack of a measureable difference in soil C and N concentration or isotope 

ratios between the vegetated and unvegetated cores is more surprising. Conceivably 

the cessation of new, photosynthesis-derived C inputs via rhizodeposition to the soil 

will have been balanced to some extent by the decomposition and incorporation into 

the soil of any root material from the plants killed with glyphosate, resulting in no 

net change in total SOC concentration. Plant roots typically decay slower and 

contribute more to SOM formation (Rasse et al., 2005). Dead plant matter and litter 

were removed from the de-vegetated (and reseeded) cores to avoid such an 

experimental artefact, but it was not practically feasible to remove roots. This effect 

would be more pronounced in the shallow, semi-improved grassland soils which had 

a greater root density as is expected for this type of grassland (De Deyn et al., 2008). 

Another factor which may have undermined attempts to assess the influence of the 
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plant community and attendant soil microbial community on soil C processing is the 

variable presence of larger invertebrates capable of modifying SOC cycling, most 

significantly earthworms (Lubbers et al., 2013; Schon et al., 2015) and root-feeding 

cranefly larvae (Tipula sp.) (Treonis et al., 2005), both of which were encountered in 

many soil cores. The effects of macroinvertebrates will have been variable and 

largely confined to those soil cores in which they were present at the time the core 

was collected.  

Isotope fractionation can occur during degradation of fresh soil litter (Yang et 

al., 2016), mineral-associated and POM fractions (Crow et al., 2006), and DOC 

(Bengtson & Bengtsson, 2007). Detection of any isotopic fractionation which may 

have occurred in the bulk soils of unvegetated cores during decomposition of the root 

material left after removal of above ground vegetation would have been hampered 

both by the issues with macroinvertebrates mentioned previously, but also by 

dilution of this isotopic change within the larger SOC pool.  

 

3.4.4. Sources of error and variability 

As in any experiment a number of potential sources of error exist, some of 

which only become apparent during or upon conclusion of the experiment, others of 

which represent a trade-off between competing priorities. This section will discuss 

those errors in this study or areas in which there is deemed to be room for 

improvement in future work of this nature.  
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There is a possibility of fractionation occurring during decomposition of the 

C4 dung applied in this experiment as a natural abundance tracer, which would then 

complicate the calculation of dung C incorporation. A study by Kristiansen et al. 

(2004) found CO2 from  incubations of either maize residues or maize-derived dung 

decomposing in either soil or sand was depleted relative to the C4 substrate, 

implying fractionation during decomposition and implying an enrichment of the 

remaining dung material. Isotopic analysis of the dried C4 dung removed from the 

soil surface may indicate whether this happened and if so to what extent. It is worth 

noting that the maize-derived dung used in this experiment, naturally bears some 

compositional differences to that from sheep grazing the improved or semi-improved 

grasslands at my field sites, but to obtain isotopically distinct C3 dung would require 

artificial isotopic enrichment of C3 forage crops to be fed to the sheep and would be 

prohibitively expensive. Forage fibre analysis by Dungait et al. (2005) indicate that 

the major components of both C3 and C4 cattle dungs in their study was cellulose 

and hemicellulose, but that the C4 dung contained 11 % more hemicellulose and 7 % 

more cellulose than the C3 dung. The fat and lignin contents of the C3 and C4 dungs 

were similar.  

Sources of variability between soil cores include: the presence of earthworms, 

leatherjackets (Tipula sp.) and other macroinvertebrates that may have had a 

significant effect on individual cores; natural soil variability; variation in grass 

species composition; and the presence of stones within some cores reducing soil 

volume. The cores taken from improved and semi-improved grasslands differed in 

depth due to the naturally shallower soils at both semi-improved grasslands. 

Conceivably this will have led to a greater dilution of dung C within a greater soil 
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volume at the improved grassland sites. This issue is complicated (or ameliorated) by 

the much greater SOC content of the semi-improved grassland sites.  

Inevitably the soil cores were sampled at different times of the year, which 

will have meant sampling at times of differing plant growth and microbial activity 

dynamics. This could have been avoided by carrying out the experiment under more 

controlled temperature and lighting conditions, but with the resources available to us 

that would have entailed carrying out the experiment in a glasshouse setting, which 

preliminary trials had demonstrated to have an adverse effect on both the plants and 

invertebrates in these upland soils.   

 

3.4.5. Future work 

There is an additional set of soils sampled 18 months after dung addition that 

could be subject to analysis in the future. Resource and time constraints made this 

unfeasible within the timeframe of this PhD. 

The increased availability and feasibility of compound-specific isotope 

analysis (CSIA) allows the tracking of a C tracer into the microbial biomass through 

the isotopic analysis of individual phospholipid fatty acids (PLFA), which are 

characteristic of living organisms as they rapidly decay in the environment (Paterson 

& Sim, 2013), or of specific compounds into the soil (Sauheitl et al., 2005; Dungait 

et al., 2008, 2009). It was hoped to carry out a 13C-PLFA analysis on a subset of the 

dung-amended soils in this experiment to identify soil microorganisms involved in 

the processing of dung C and to investigate differences in microbial utilisation of 
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dung C between soil types (i.e. improved vs. semi-improved), however funding 

issues arose and this line of inquiry had to be discontinued. Possibly CSIA could also 

be used to overcome the issue with dilution by the wider SOC pool of fractionation 

effects during, for example decomposition of plant roots (Dungait et al., 2009), and 

could eliminate the potential for overestimation of dung C incorporation caused by 

the persistence of dung lignin, a plant compound that is often 13C enriched relative to 

the bulk plant biomass (Schweizer et al., 1999) and which decays relatively slowly.  

Analysis of the 14C isotopic signature of individual soil fractions would give 

insight into their age and allow calculation of mean residence times of individual 

SOC pools within the soil. The combination of 14C with 13C in a dual isotope 

approach would also allow for better quantification of dung C input to and turnover 

in the soil. It was intended to carry out 14C analysis and some preliminary work was 

carried out to ascertain if it would be feasible (see Appendix A). 

The information on dung C cycling within soils and soil fractions could be 

input into the RothC model to investigate the longer term effects of dung C input on 

these grassland soils.  

 

3.5. Conclusions  

Although changes in δ13C values provided clear evidence of incorporation of 

dung C within the soil, there was no evidence for an increase in either bulk soil total 

C concentration or a persistent increase in the total C concentration of individual soil 
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fractions. This suggested that all four of these soils have reached an equilibrium state 

with respect to SOC content, with all available mineral surfaces that might stabilise 

incoming dung C saturated.  

Within the relatively short timescale (1 year) of this experiment, the POM 

fraction has been the fraction in which the most dung C has persisted. Changes in the 

δ13C values of the s+c fraction proved temporary, either indicating the potential for 

rapid cycling of mineral-associated SOC in this fraction, or perhaps more likely a 

flaw in the fractionation procedure which allocates relatively unmodified, labile 

material (more akin to POM) of size < 63 μm to the s+c fraction. This is supported 

by the complete removal of any dung C from the rSOC fraction, implying that none 

of it had formed the type of mineral-association which might have protected it from 

oxidation. 

Changes in the δ13C values of the DOC fraction were also observed indicating 

that dung C is still being actively cycled within the soil 12 months after application 

Modification of vegetation led to no significant changes in dung C 

incorporation in the soil after 4 months. This timescale may be insufficient to 

observe the changes in microbial community necessary to observe a significant 

change in SOC cycling. There were some apparent differences in dung C cycling 

between improved and semi-improved grasslands, with a greater mass of dung C 

retained in the POM fractions in semi-improved grasslands. 
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4. An incubation experiment to investigate the effect 

of hippuric acid on nitrous oxide flux from grazing 

returns 

4.1.  Introduction 

One proposed method of controlling livestock N2O emissions from pasture is 

to control the composition of excreta, particularly urine, through dietary 

manipulation. There is some evidence to suggest that hippuric acid (HA), a natural 

component of ruminant urine, has an inhibitory effect on denitrification and possibly 

also nitrification, leading to reduced N2O emissions when concentrations in the urine 

are high (Bertram et al., 2009). Urinary HA concentration is a function of dietary 

intake and has been linked to diets with higher contents of crude protein (Martin, 

1970; Kreula et al., 1978) and aromatic acid precursors (Martin, 1970). This is 

particularly pertinent to upland agriculture as forage from biodiverse permanent 

upland pastures has been demonstrated to have a higher phenolic content than 

lowland pastures (Reynaud et al., 2010), and could potentially lead to naturally high 

concentrations of HA in the urine of livestock grazing in these environments. The 

apparent inhibitory effect of HA is thought to be in part due to the presence of 

benzoic acid, a breakdown product of HA (Kool et al., 2006b), known to inhibit 

enzymes and microbial activity in general (Fenner et al., 2005). All published 

laboratory incubation studies carried out to investigate the role of HA concentration 

have observed reduced N2O emissions with increased HA concentrations (Kool et al., 
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2006a; Van Groenigen et al., 2006; Bertram et al., 2009), in contrast to two in-situ 

field studies, in New Zealand and Ireland, which observed no significant effect of 

either HA or benzoic acid concentrations on N2O fluxes (Clough et al., 2009; Krol et 

al., 2015). These laboratory incubation studies were performed with soil 

temperatures between 16°C and 18°C, higher than is typical of the temperate 

maritime climate found in the UK, and higher than the soil temperatures recorded 

during either of the reported field studies.  

The specific objectives of this study were 1) to quantify N2O, CH4, and CO2 

emissions from sheep urine and sheep dung individually applied to a semi-improved 

grassland soil for 50 days under laboratory temperature and moisture conditions 

typical of a temperate maritime climate, 2) to investigate the possibility of increased 

N2O emissions where urine is co-deposited with dung under these same conditions, 

and 3) to measure the effects of incremental increases in urinary HA concentrations  

on cumulative N2O fluxes from a semi-improved grassland soil. Incubation 

conditions were selected to be typical of those found at a local upland field site, but 

also conducive to microbial denitrification.  
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4.2.  Materials and methods 

4.2.1. Experimental setup 

A fully replicated randomised experiment was designed to allow 

measurement of GHG emissions from incubation jars containing the following soil 

treatments (See Table 4-1 and Table 4-2 for details): 1. Synthetic sheep urine with 

medium HA concentration (SUM); 2. Sheep dung (Dung); 3. Synthetic sheep urine 

deposited along with sheep dung (Dung+SU); 4. Synthetic sheep urine with high HA 

concentration (SUH); 5. Synthetic sheep urine with low HA concentration (SUL); 6. 

Soil only (Control). Treatments were replicated five times and applied to soil in 

modified kilner jars with a surface area of 63.6 cm2. This resulted in a total of 30 jars 

which were randomly distributed within the incubator. The soil used in the 

incubation experiment was collected from a depth of 0-12 cm from a free draining, 

semi-improved upland (365 m above sea level) grassland site at BG. See Chapter 2.1 

for further description of this field site. The soil was homogenised by mixing and 

sieving (< 4 mm). 225.8 g of soil was packed into each 500 ml glass Kilner jar to a 

depth of 3 cm to achieve a bulk density of 0.9 g cm-3 (to match the typical bulk 

density found in the field for this soil type). Subsamples of the collected soil were 

taken and gravimetric soil moisture contents determined, after oven drying overnight 

at 105°C. 

The water-filled pore space (WFPS) of the collected soil was calculated using 

the measured gravimetric soil moisture content, the bulk density of the soil, and an 

assumed particle density of 2.65g cm-3 (Venterea et al., 2009). A desired soil WFPS 
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of 75 % was chosen for all soil/treatment combinations in the experiment to control 

for this variable when assessing the impact of the different treatments, and to achieve 

conditions conducive for nitrification and denitrification. A total of 38 ml liquid 

(either as synthetic urine or de-ionised (DI) water) was added to each jar to bring the 

experimental WFPS to this desired value of 75 %.  

Collection of real sheep urine was not practically feasible, but synthetic urine 

has been demonstrated capable of inducing soil respiration responses and N2O fluxes 

that are not significantly different from those of real urines (Kool et al., 2006a; Bell 

et al., 2015). The use of synthetic urine also permitted adjustment of hippuric acid 

content. Preparation of synthetic urine followed Whitehead (1995) and Bristow et al. 

(1992) with variation in the precise composition to obtain the three formulations of 

SUL, SUM and SUH while maintaining total N at a constant 7.6 g N L-1 for each 

formulation (See Table 4-1). All synthetic urine contained 14.2 g L-1 KHCO3, 10.5 g 

L-1 KCl, 0.4 CaCl2 g L-1, 1.2 g L-1 MgCl, and 3.7 Na2SO4 g L-1 to give it a chemical 

composition more comparable to real urine (Kool et al., 2006a). The urine was 

refrigerated at 4°C prior to application. Fresh sheep dung was collected from BG, 

homogenised by manual mixing, and frozen prior to application to the soils. A 

subsample of defrosted dung was taken just prior to dung application and analysed 

for total N content, NH4
+-N, NO3

--N, total C, and percentage dry matter (% DM). 

The dung contained 0.95 % total N. The NH4
+-N content of the dung was 0.034 % 

and NO3
--N content was < 0.001%. The dung was 21.7 % DM of which total C 

accounted for 38.5 %. This equated to an N application rate for dung of 47.0 g N m-2. 

Measured characteristics were the same for fresh and defrosted Boghall dung and the 
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composition of the dung used was generally similar to dung used in other studies 

(e.g. van Groenigen et al., 2005; van der Weerden et al. 2011). 

 

Table 4-1. The relative proportions of N-containing ingredients in three synthetic urine 

formulations with 3 different concentrations of hippuric acid (HA): low HA (SUL), medium HA 

(SUM) and high HA (SUH). 

 Low HA (SUL) Medium HA (SUM) High HA (SUH) 

Urea (g L
-1

) 86.6 84.6 82.6 

Allantoin (g L
-1

) 4.5 4.4 4.3 

Hippuric Acid (g L
-1

) 2.6 4.9 7.1 

Creatine (g L
-1

) 5.4 5.3 5.2 

Creatinine (g L
-1

) 0.5 0.5 0.5 

Uric Acid (g L
-1

) 0.3 0.3 0.3 

 

Table 4-2. Quantities of synthetic urine (SUL, SUM, and SUH), deionised water, and dung 

added per individual jar for each treatment type and the resultant N application rate in gN m
-2

. 

Treatment Water added (ml) 
Synthetic urine 

added (ml) 
Dung added (g) 

N application rate 

(g N m-2) 

SUM 13 25 0 30 

Dung 38 0 31.5 41 

Dung + SUM 13 25 31.5 71 

SUH 13 25 0 30 

SUL 13 25 0 30 

Control 38 0 0 0 

 

The soil was packed into the jars and 13 ml of DI water added three days 

before treatment application to reduce the influence of soil disturbance and water 

addition on measured GHG fluxes. The jars were placed into the incubator for this 

three day pre-incubation period at 10°C. In the actual experiment the jars were 

incubated for a total period of 50 days at 10°C (representative of the mean annual air 

temperature for the site from which the soil was collected). Treatments were applied 

on the third day in the quantities described in Table 4-2. 
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4.2.2. Soil GHG flux measurements  

Gas samples for the analysis of N2O, CO2 and CH4 were extracted from the 

headspace of each jar via a sampling port with a three-way tap, added to the 

otherwise air-tight lid. The frequency of gas sampling was designed to best 

characterise peak emissions with the time and resources available. Previous field 

experiments indicated peak N2O emissions from dung and urine would occur in the 

initial two to three weeks after N application, declining to background levels shortly 

after (Williams et al., 1999a; Van Groenigen et al., 2005; Luo et al., 2008).  Samples 

were taken on three occasions per week in the initial weeks, with the intention to 

decrease sampling frequency as the N2O flux declined. This sampling frequency was 

continued for the duration of the experiment due to a consistent high flux throughout. 

Between GHG sampling events, jar lids were kept closed to reduce water loss (a 

container of water was also kept in the incubator to minimise soil moisture loss), but 

with sampling ports open to permit gas exchange. Prior to gas sampling, each jar was 

opened and a battery powered fan used to equilibrate the air in the jar headspace with 

the ambient air. A syringe was used to take a 50 ml gas sample from each jar before 

sampling ports were closed (t0) and 60 minutes after closure (t60). Jars were returned 

to the incubator in the time interval between t0 and t60. Gas samples were stored in 

pre-evacuated 20ml glass vials, purposefully over-filled so as to maintain the 

samples under positive pressure.  

Concentrations of N2O, CO2 and CH4 at t0 and at t60 were determined using an 

Agilent 7890A headspace gas chromatograph (GC) fitted with an electron capture 

detector, thermal conductivity detector, and flame ionisation detector. For each run, 
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the gas peak areas were calibrated using 4 certified standard gas mixtures (see Table 

4-3). The machine was set to use linear calibration curves for CO2 and CH4 and a 

quadratic calibration curve for N2O. The N2O limit of detection was 0.025 ppm. 

Average retention times were approximately 1.12 minutes for CH4, 1.76 minutes for 

CO2, and 2.14 minutes for N2O.  

 

Table 4-3. Concentrations of N2O, CO2, and CH4 in the standard gas concentrations used in GC 

analysis. 

Standards N2O (ppmv) CO2 (ppmv) CH4 (ppmv) 

S1 0.35 390 2 

S2 1.1 1093 9.7 

S3 5.1 5262 5.2 

S4 10.7 10100 22.1 

 

The changes in gas concentrations for each of the respective GHGs over the 

closure period were calculated by subtracting the gas concentrations at t0 from those 

at t60. Gas flux rates for the 60 minute closure period were then calculated assuming a 

linear increase in gas over this time period, based on evidence collected in previous 

experiments (Ambus et al., 2007; Schaufler et al., 2010; Marsden et al., 2016). Jar 

headspace, the ideal gas law, air temperature in the incubator, and exact jar closure 

time were then used to calculate the daily GHG flux rates for each jar according to 

Equation 4.1,  
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where ρ is the gas density, V is the chamber volume, A is the base area of the 

chamber, ΔC/Δt is the change in concentration with time, and T is the temperature in 

Kelvins. Cumulative fluxes for the full 50 day experimental period were calculated 

with the trapezoidal rule, which approximates the definite integral to interpolate the 

flux between sampling points. Each cumulative N2O flux was translated into an 

emission factor (EF) according to Equation 4.2 to compensate for the varying amount 

of N added in each treatment, and to allow comparison with other EFs reported in the 

literature.  
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4.2. 

 

where MT and MC are the mean treatment and mean control cumulative N2O 

emissions respectively in kg N2O-N, and NApplied is the rate of N applied for that 

treatment in kg N. Reporting an EF value rather than a cumulative flux value also 

allows assessment of the appropriateness of using the IPCC Tier 1 methodology in 

inventories when calculating N2O emissions from sheep dung and urine. When 

estimating the contribution of grazing returns from sheep, the IPCC’s Tier 1 

methodology uses a generic value of 1 %, a figure derived from a limited number of 

research studies from across the world, for both dung and urine. Given that N2O 

production from grazing returns will be affected by regional differences in climate 
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and the resultant effects on soil moisture and temperature, many countries may 

benefit from using a ‘Tier 2 methodology’ which uses locally measured experimental 

data and modelling to calculate a more accurate EF value. Furthermore a Tier 2 

methodology allows the N2O from dung and urine to be calculated separately, 

reflecting their very different chemical compositions and fates on pasture after 

deposition.  

 

4.2.3. Soil analyses 

Post-incubation, replicate soil samples (n=3) from each jar were homogenised 

by mixing and sieving (<4 mm). 20 g soil was placed in a polyethylene pot, 40 ml 

deionised water added (2:1 ratio by weight), the pot placed in an orbital shaker for 30 

min, and finally decanted into a 45 ml centrifuge tube. The pH and electrical 

conductivity (EC) of the soil solution are then measured using a calibrated pH meter 

and electrical conductivity meter respectively.  

Inorganic N was extracted from 10 g of soil place in a 150 ml polyethylene 

pot by adding 20 ml 2 M KCl (2:1 extractant to soil ratio by weight) and placing on 

an orbital shaker for 1 hour. The soil/extractant mixture was decanted into disposable 

15 ml centrifuge tubes, centrifuged at 8000 rpm for 10 min, and the supernatant 

decanted into a 10 ml polystyrene test tube. NH4
+-N and NO3

-/NO2
--N concentrations 

were measured by colorimetric analysis with a Skalar San++ segmented flow 

analyser. The samples were sealed within an airtight plastic bag and refrigerated at 

4°C until analysis. The Skalar San++ is a continuous flow analyser. Aliquots of each 
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sample are placed in an auto-sampler and must be turbidity free. NH4
+ is chlorinated 

to monochloramine, which reacts with salicylate to form 5-aminosalicylate. After 

oxidation and oxidative coupling a green coloured complex is formed, the absorption 

of which is used to calculate the NH4
+ concentration. NO3

- is reduced to NO2
- in a 

cadmium metal-packed tube, reacted (along with any pre-existing NO2
- in the 

sample) with sulfanilamide and ethylenediamine to produce a colour change, the 

absorbance of which is used to calculate the combined NO3
- and NO2

- concentration. 

Although this method produces a combined NO3
- and NO2

- concentration, for the 

purpose of clarity the obtained result will be referred to as NO3
- concentration alone 

henceforth. Six standard solutions are used for calibration (0, 2, 4, 6, 8 and 10 mg L-1 

NH4
+-N and 0, 1, 2, 3, 4 and 5 mg L-1 NO3

--N + NO2
--N) and if the sample is outside 

of this range, it is diluted with 2 M KCl solution and re-analysed.  

Microbial biomass extractable C (CMic) contents were calculated using the 

chloroform fumigation-extraction method (Vance et al., 1987). Two 15 g replicates 

of post-incubation soils were taken from each incubation jar, one was extracted 

immediately with 0.5 M K2SO4 and the other fumigated overnight with chloroform 

and then similarly extracted. Blanks (no soil, three replicates for non-fumigated and 

fumigated treatments) were also prepared. DOC concentrations in the extracts were 

determined using a Rosemount-Dohrmann DC-80 TOC Analyser and CMic calculated 

from the difference in DOC between the fumigated and non-fumigated extracts using 

a KEC (factor indicating the fraction of microbial C rendered extractable by 

fumigation) of 0.45 (Joergensen, 1996). 
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4.2.4. Statistical analyses 

The data were visually checked for normality and transformed where 

required. Cumulative fluxes of N2O and CO2 were transformed using the natural 

logarithm. Square root transformation was used for cumulative CH4 fluxes after 

addition of a constant of 45.1 (the minimum value required to make all data positive) 

to compensate for negative data. The standard and robust statistical method one-way 

ANOVA was carried out to test for statistically significant differences between 

treatments for cumulative GHG emissions, pH, CMic and mineral N changes after the 

50 day incubation period, followed by post-hoc analysis using Tukey’s Comparison 

Method. For all analyses α = 0.05. Statistical analyses were carried out using the 

Genstat v16.0 statistical software package (VSN International).  

 

4.3.  Results  

4.3.1. N2O fluxes  

Daily mean N2O fluxes from synthetic urine treatments all followed a similar 

trend: low N2O emissions until day 8 at which point the rate of N2O flux began to 

increase, a peak in flux between days 19 and 25 at values between 2.45 – 3.68 mg 

N2O-N m-2 day-1, and a subsequent decline to relatively constant fluxes for the 

remainder of the incubation period with most values between 1.0 and 2.5 mg N2O-N 

m-2 day-1 (Figure 4-1a and b). Both Dung and Dung+SU treatments followed a 
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pattern of low N2O fluxes until day 20 after which there was a steady increase in 

fluxes from both treatments for the remainder of the incubation period.   

Cumulative fluxes were 10.8 mg N2O-N m-2 for the control, 119 mg N2O-N 

m-2 for SUL, 96.1 mg N2O-N m-2 for SUM, and 89.6 mg N2O-N m-2 for SUH. 

Cumulative N2O fluxes from the Dung treatment (6566 mg N2O-N m-2) were both 

significantly greater, and an order of magnitude higher, than those from the 

Dung+SU treatment (636 mg N2O-N m-2) (see Table 4-4). There was a significant (P 

< 0.001) treatment effect on cumulative N2O fluxes.  All synthetic urine treatments 

had significantly higher (P < 0.001) cumulative fluxes than the control and 

significantly lower than either of the dung treatments (P < 0.001). 

The mean N2O emission factors (% of N applied emitted as N2O-N) 

calculated for each treatment in this experiment are as follows: 13.9 ± 3.7 % for the 

Dung treatment, 0.81 ± 0.15 % for Dung+Urine, and 0.30 ± 0.06 for all urine 

treatments (range 0.21 to 0.45 %).  

 

4.3.2. CO2 and CH4 fluxes 

As shown in Figure 4-1c, there was an immediate spike in daily CO2 flux 

after application of all synthetic urine treatments. Daily CO2 fluxes responded more 

slowly to dung application. There was a significant treatment effect on cumulative 

CO2 fluxes (P < 0.001), with all treatments being significantly higher than the 

control. The Dung+SU had the highest cumulative CO2 flux (1761 g CO2-C m-2), 
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followed by the Dung treatment (1052 g CO2-C m-2). The SU-only treatments were 

all in the range 552 to 632 g CO2-C m-2. 

There was a significant treatment effect on cumulative CH4 fluxes (see Table 

4-4) (P < 0.001), with Tukey’s test indicating that all treatments were significantly 

different from the control. The mean cumulative CH4 flux from the Dung+SU 

treatment was the highest at 218 ± 41 mg CH4-C m-2, and was indicated by Tukey’s 

test to be different from all other treatments, followed by 8.87 ± 5.26 mg CH4-C m-2 

for dung and -2.10 ± 0.68 mg CH4-C m-2 for SUL. 
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Table 4-4 Mean values for soil properties and cumulative gas fluxes from replicated (n = 5) soil jars treated with sheep dung, sheep dung and synthetic 

urine (Dung+SU) and synthetic urine with low (SUL), medium (SUM) and high (SUH) hippuric acid concentration. 

    Cumulative greenhouse gas flux 

 
EC  

(μS cm
-1

) 
pH 

NO3
-  

(g kg
-1

) 

NH4
+  

(g kg
-1

)
 

CMic  

(g kg
-1

) 

√CH4  

(mg CH4-C m
-2

) 

Log N2O  

(mg N2O-N m
-2

) 

Log CO2  

(mg CO2-C m
-2

) 

Control 148 5.83 0.0092 0.009 48.1 2.11 2.37 11.87 

Dung 969 6.30 0.1255 0.119 69.2 7.31 8.63 13.79 

Dung+SU 4486 7.53 0.1084 1.393 70.3 16.03 6.40 14.37 

SUL 4839 6.46 0.2912 0.871 56.7 6.56 4.76 13.21 

SUM 4100 6.57 0.2424 0.927 46.2 6.67 4.56 13.26 

SUH 4571 6.61 0.2329 0.903 53.6 6.52 4.49 13.36 

P < 0.001 < 0.001 < 0.001 < 0.001 0.008 < 0.001 < 0.001 < 0.001 

SED
a
 150.4 0.1017 0.03197 0.0559 7.21 0.887 0.2158 0.1408 

LSD
b 

310.5 0.2099 0.06597 0.1154 14.88 1.830 0.4455 0.2905 
a
 Standard error of difference of means (5 replicates, d.f. = 24) 

b
 Least significant difference (α = 0.05, d.f. = 24)
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Figure 4-1. Variations in daily fluxes of N2O (a & b), CO2 (c) and CH4 (d) across the 50 day soil 

incubation period. Daily fluxes of N2O have been graphed separately for synthetic urine treatments 

(a) and dung treatments (b) due to the difference in scale of over two orders of magnitude observed. 

Error bars indicate standard error of the mean (n = 5). 
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4.3.3. Post-incubation soil pH, electrical conductivity, mineral 

N and microbial biomass 

Figure 4-2 compares the soil pH, CMic, NO3
--N, and NH4

+-N concentrations 

of the treated soils post-incubation. There was a significant (P < 0.001) treatment 

effect on the pH of post-incubation soils (see Table 4-4). Tukey’s test indicated that 

all treatments were significantly different from the control and that the Dung+SU 

treatment was significantly different from the dung, but not the urine-treated soils. 

There was a significant (P = < 0.001) treatment effect also on soil EC, with all 

treatments having a significantly higher EC than the Control. All synthetic urine 

Figure 4-2 Figure illustrating differences in a) pH, b) 

microbial biomass C (CMic), c) NO3
-
-N concentration, 

and d) NH4
+
-N concentration between treatments.  
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treatment soils (including Dung+SU) had broadly similar mean ECs (4100 – 4839 μS 

cm-1), much higher than the values observed in the Dung or Control treatments (See 

Table 4-4). 

The mean NO3
--N concentration of the unamended soil prior to the incubation 

was 0.4 mg kg-1. The NO3
--N concentrations of post-incubation soils were 

significantly (P < 0.001) affected by treatment (see Table 4-4). Tukey’s test indicated 

that the highest NO3
- concentrations, measured in the urine-treated soils (233 – 291 

mg kg-1) were significantly different from both the dung-treated soils, which were in 

turn significantly different than the unamended control soil (9.2 mg kg-1).  

The mean concentration of NH4
+-N in the unamended soil prior to the 

incubation was 23 mg kg-1. Treatment had a significant (P < 0.001) effect on soil 

NH4
+-N concentrations. Soils from the Dung treatment had a mean NH4

+-N 

concentration an order of magnitude higher than the control (9 mg kg-1) and soils 

from all other treatments had a mean NH4
+-N concentration two orders of magnitude 

higher (see Table 4-4). 

The soils treated with dung had the highest CMic concentrations with 69.21 ± 

4.85 mg kg-1 for Dung and 70.26 ± 4.40 mg kg-1 for Dung+SU. The soil CMic 

concentrations of all synthetic urine treatments were in the range 46.18 – 56.70 mg 

kg-1, comparable to the control soil mean CMic concentration of 48.09 ± 6.91 mg kg-1. 
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4.4. Discussion 

4.4.1. Soil N2O fluxes from grazing returns 

Although there was a stark difference between the pattern and quantity of 

N2O emission fluxes from the synthetic urine and dung treatments there was no 

immediate peak in N2O emissions from any treatment, despite this being observed in 

other studies (Williams et al., 1999a; Van Groenigen et al., 2005; Luo et al., 2008). 

This peak has been hypothesised to be caused by addition of readily available C in 

dung or urine promoting denitrification of native NO3
- in the soil. Absence of this 

peak here may be due to the low level of NO3
- initially present in the unamended 

Boghall soil (0.4 mg kg-1). The measured increases in N2O emissions from the SU-

only treatments after ca. 15 days are consistent with the observations of Thomas et 

al. (1988) who hypothesised that after urine application to the soil, urea hydrolysis 

and subsequent nitrification take approximately 15 days and then denitrification 

begins. Anger et al. (2003) suggested this delay prior to N2O emission to be due to an 

initially inactive nitrifier population in soils that do not regularly receive N input. 

The percentage of applied N emitted as N2O by the urine only-treated soils is slightly 

lower than that observed by Van Groenigen et al. (2005) and an order of magnitude 

lower than observed by Bertram et al. (2009) in the same time period. This may be 

due to the lower incubation temperature, combined with inhibition of nitrification 

caused by a build-up of NH3 in the headspace of the incubation jars. The high post-

incubation soil NH4
+ concentrations observed for all urine-treated soils suggests that 

limited nitrification has occurred (relative to e.g. Bertram et al. (2009)). We suggest 

this may be due to high initial NH3 volatilisation rates and a build-up of NH3 
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concentrations in the jars, caused by the partial covering of the jars to reduce water 

loss, or the relatively low temperature at which the soils were incubated relative to 

other studies (Van Groenigen et al., 2005; Bertram et al., 2009). The slow rate of 

escape of the initial volatilised NH3 from the jars will have reduced the rate of further 

NH3 volatilisation, explaining the build-up of NH4
+ in the soils. The high pH would 

also have shifted the ionic equilibrium in the soil between NH4
+ and NH3 to favour 

the more toxic NH3, thus allowing NH3 toxicity to occur, which would in turn inhibit 

nitrification, and thereby production of N2O (Clough et al., 2003).  

Fluxes of N2O from dung treatments were minimal until day 19, after which 

point they continued to display an increase in mean daily fluxes without sign of 

abatement over the 50 day incubation period. The pattern and magnitude of N2O 

fluxes (16 % of applied dung N)  observed from the Dung treatment is quite unlike 

that reported in the majority of previous studies (Van Groenigen et al., 2005; Van der 

Weerden et al., 2011; Bell et al., 2015), despite comparable dung composition. One 

exception is the field experiment described by Wachendorf et al. (2008) in which 

N2O emissions from dung greatly exceeds that from either the control or urine treated 

soil, hypothesised to be because the higher C and moisture content of the dung 

relative to the urine-treated soil during the experimental period was more conducive 

to denitrification. One explanation we posit for the unexpectedly high N2O flux from 

the Dung treatment is the occurrence of fungal denitrification. Although N2O 

production was previously thought to be the preserve of bacteria, research has shown 

that fungi can also produce N2O (Mothapo et al., 2013), to the extent that in some 

soils application of a fungicide was more effective in reducing N2O emissions than 

application of a bacterial suppressant (Yanai et al., 2007; Crenshaw et al., 2008). The 
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contribution of N2O by fungal denitrification could be quite significant as N2O 

reductase is not present in fungal cells, thereby impeding further reduction of N2O to 

N2. That conditions in the dung-amended soils were conducive to fungal activity was 

evinced by the appearance of a significant quantity of white mycelia on their surface 

(removed due to concern that it would interfere with headspace gas measurements). 

Decomposition processes in a semi-improved, unfertilised grassland soil, such as 

used in this study, would be expected to be dominated by fungi rather than bacteria 

(Bardgett et al., 2001; Grayston et al., 2004). It has also been observed that addition 

of cattle excreta to soil can result in an increase in fungal diversity and biomass 

(Jirout et al., 2011), perhaps partly due to the addition of available C in the excreta, 

but also due to the persistence of faecal fungal anaerobes in the soil (Elhottová et al., 

2012).  The predominance of fungi in this experiment may be the result of a ‘bottle 

effect’ (e.g. Deng et al., 2009), specifically high humidity and an anaerobic period 

that may have occurred after dung application acting in favour of the endogenous 

dung fungal community (Jirout et al., 2011). The large difference in N2O fluxes 

between the Dung and Dung+SU treatments must arise through inhibition of N2O 

flux by some urinary component or its degradation product. Veverka et al. (2007) 

found urea, the primary component of the synthetic urine used in this experiment, to 

be highly toxic to a number of species of fungi. In addition, and as has previously 

been noted, the possibility of NH3 accumulation in the jars after urea hydrolysis must 

be considered, which when combined with the high pH, could have led to 

accumulation of NH3 to toxic levels, inhibiting N2O production relative to the Dung 

treatment. It is notable that all three studies that observed reductions in N2O fluxes 

associated with increased HA concentrations were at relatively high temperatures of 
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16-18°C (Kool et al., 2006b; Van Groenigen et al., 2006; Bertram et al., 2009) 

compared to those observed in the field studies carried out by (Krol et al., 

2015)(14°C decreasing to < 7°C across the experimental period) and Clough et al. 

(2009) ( mean of 8.6°C), and in this incubation study (10°C). Relative to the 

experiment described by Bertram et al. (2009), the soils in this experiment had a 

higher pH and reduced rate of NH3 volatilisation over time, evinced by the higher 

post-incubation soil NH4
+ concentrations. The accumulation of NH3 concentration, 

and resultant NH3 toxicity, could have masked any inhibition of N2O emission due to 

HA toxicity.  

 

4.4.2. Effects of urinary hippuric acid on soil N2O fluxes 

Variation of urinary HA concentration had no significant effect on N2O 

fluxes. It has been reported that the antimicrobial activity of HA and benzoic acid 

may be inhibited by a high soil pH as the latter dissociates to a benzoate form less 

toxic to bacteria under basic conditions (Chipley, 2005). The pH of the unamended 

control soil in the experiment described by Clough et al. (2009) was quite high (6.9), 

but this was not so for Krol et al. (2015) who reported a soil pH of 5.4-5.7 for 

unamended control soils, yet still neither experiment observed inhibition of soil N2O 

fluxes after addition of urinary HA or BA. However, Bertram et al. (2009) did report 

a reduction in N2O fluxes associated with urinary HA concentrations despite a soil 

pH (5.8) comparable to that of Krol et al. (2015). That the vegetation and associated 

microbial communities present in the field studies of Krol et al. (2015) and Clough et 
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al. (2009) accelerated decomposition of HA and BA (as discussed by Clough et al. 

2009) may be a more plausible explanation for the apparent lack of a HA inhibitory 

effect. It would be expected that the efficacy of HA as an inhibitor of N2O 

production during nitrification will also be at least partly undermined by the inherent 

large pH increase in urine-affected soils (cf. Figure 4-2) due to hydrolysis of urea to 

NH4
+. 

 

4.4.3. Response of soil CO2 and CH4 fluxes and soil properties 

to grazing returns 

It has been suggested by Thomas et al. (1988) that after application of urine 

treatments to soil, hydrolysis of urea to NH4
+ takes approximately one day. This is 

consistent with the immediate peak in CO2 emissions observed in this experiment 

after application of all synthetic urine treatments (cf. Figure 4-1c). Dung-treated soils 

had the highest CO2 emission due to mineralisation of dung-derived labile C 

(Soussana et al., 2004) as evinced by the high CMic measured in these soils (cf. Figure 

4-1a). That the highest cumulative CO2 flux was observed from the Dung+SU 

treatment is not surprising, given that both urea hydrolysis and mineralisation of 

dung-derived labile C could occur.  

The Dung+SU treatment showed considerably higher CH4 fluxes than the 

Dung treatment (cf. Figure 4-1d). As the WFPS and any potential sealing of the soil 

surface by dung were identical in both treatments, it would seem unlikely that the 

apparent inhibition of CH4 oxidation is caused solely by the creation of anaerobic 
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conditions linked to treatment application, and instead must be linked to a chemical 

effect of the synthetic urine treatment. The significantly higher pH of the Dung+SU 

treatment in comparison to the Dung treatment may have reduced CH4 oxidation, as 

suggested by Ma et al. (2006), it is perhaps more likely that the combined presence 

of both NH4
+-N and CH4 served to limit both CH4 oxidation and nitrification due to 

competition for oxygen as an electron acceptor and because the requisite enzymes 

methane monooxygenase (MMO) and ammonia monooxygenase (AMO), can 

catalyse oxidation of both CH4 and NH4
+ (Keener & Arp, 1993). The elevated 

concentration of NH4
+-N in the Dung+SU treated soil could therefore be attributable 

to competition between NH4
+ with CH4 for MMO and AMO, the creation of a more 

anaerobic soil environment relative to the other synthetic urine treatments as a result 

of the applied dung sealing soil pores and reducing gas diffusivity, or to NH3 

toxicity. An anaerobic soil environment would obstruct nitrification, but not 

denitrification, explaining the low NO3
- concentration in the Dung+SU treatment 

relative to the other urine-treated soils (cf. Figure 4-1). 

 

4.5. Conclusions 

This laboratory study quantified GHG emissions from sheep excreta applied 

to a semi-improved grassland soil and confirmed significant differences in the N2O 

fluxes between synthetic sheep urine, sheep dung and a combined dung and urine 

treatment (Dung+SU).  
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Incremental variation of urinary HA concentration did not have any 

significant effect on soil N2O fluxes from the upland grassland soil studied here. It is 

likely NH3 toxicity inhibited nitrification and therefore N2O emission, which may 

have precluded any HA effect. 

The unusually elevated N2O fluxes from the Dung and Dung+SU treated 

soils, relative to urine treated soils, are quite unlike those reported in previous 

studies. The unexpectedly and unusually high N2O emissions from the Dung 

treatment rendered it difficult to ascertain to what, if any, extent the combined 

application of dung and urine could affect N2O fluxes. Given the potential 

demonstrated in this study for dung to make a significant contribution to grassland 

N2O fluxes, we conclude that further research to accurately quantify these fluxes are 

needed, as are recommendations for dung laboratory incubation studies to ensure that  

a common approach is used and the potential generation of artefacts by experimental 

conditions is avoided. Specific recommendations are that container design be 

standardised to avoid experimental artefacts. It is likely that container design, 

specifically partially covering the containers to reduce soil moisture loss, contributed 

to accumulation of soil NH3, possibly leading to NH3 toxicity inhibiting nitrification, 

yet other studies mentioned covering incubation containers to prevent moisture loss 

(Bertram et al., 2009) indicating that there must have been differences in 

experimental setup that cannot be ascertained from the brief descriptions available in 

the typical research paper. The addition of other variations, i.e. in temperature, soil 

moisture, and the use of both intact soil cores and repacked soil, homogenised by 

sieving, provide useful insight, but are perhaps hampered by a lack of any common 

factors to aid comparison between studies.  
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While it may be worth carrying out further experiments to confirm it, the 

apparent neutralisation of any inhibitory effect of HA on N2O emissions under field 

conditions (Clough et al., 2009; Krol et al., 2015) suggests that as a method of 

mitigating pasture N2O emissions, dietary manipulation to increase HA in urine is 

likely to be ineffective, although its potential utility in unvegetated stand-off pads 

(areas in which cattle are out-wintered, often covered in woodchip) remains 

unassessed. There is benefit in further isolating the mechanisms by which HA is 

apparently rendered ineffective under field conditions to facilitate selection or design 

of future potential nitrification or denitrification inhibitors.   
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5. Measurement of greenhouse gas fluxes from 

grazing returns at two Scottish upland grassland 

sites 

5.1.  Introduction 

Scotland’s upland grasslands are predominantly used for the grazing of sheep, 

but also lesser numbers of cattle and both wild and farmed deer. They may be grazed 

outdoors year round, with supplemental feed provided in the winter months as 

required, or housed indoors for part of the winter. Grazing or excretal returns refer to 

the direct return of nutrients to the agroecosystem in the form of dung and urine by a 

grazing animal at pasture. The N deposited by livestock onto these soils in excretal 

returns provides a highly concentrated input that far exceeds plant requirements 

(Zaman et al., 2009), and as such is prone to being lost from the system, including as 

N2O. As a signatory to the Kyoto protocol the UK is required to inventory its GHG 

emissions on an annual basis, including direct N2O emissions from grazing returns. 

Direct N2O emissions from excretal returns are quantified in the UK by 

multiplication of activity data by a default EF of 2% for cattle excreta and 1 % for 

sheep excreta (IPCC, 2006a). The lower value for sheep excreta is because, although 

the N concentration is similar (Hoogendoorn et al., 2010), sheep urinate in smaller 

quantities and more frequently than cattle (Betteridge et al., 2010), thereby 

increasing the likelihood of N being retained in the soil or vegetation. The 

appropriateness of this application of this EF in the UK is questionable, as it is based 
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on evidence from a relatively small number of countries and does not take into 

account the regional soil and environmental conditions, including temperature, soil 

drainage and texture, SOC content, precipitation, and pH, which control N2O 

production (Dobbie & Smith, 2003; Stehfest & Bouwman, 2006). Additionally, some 

studies have identified an influence of topography on EF which may be relevant to 

the sheep grazed upland areas of the UK (Luo et al., 2013; Saggar et al., 2015). The 

application of default IPPC values is referred to as a ‘Tier 1’ approach and can be 

supplanted by a Tier 2 approach, which relies on measured experimental data and 

modelling, to calculate a country-specific EF (Skiba et al., 2012), as has already been 

successfully done in New Zealand (Luo & Kelliher, 2010). Something that a shift 

towards a Tier 2 methodology would also permit is the disaggregation of the 

currently single EF applied to sheep excreta into separate EFs for sheep urine and 

sheep dung, justifiable due to the differences in availability of the N in each form of 

excreta.  

The primary aim of the experiment described in this chapter is to contribute 

data towards the calculation of a country-specific EF for the UK by providing 

experimentally determined EFs for two upland grassland sites in Scotland. This was 

achieved by application of sheep dung and urine with known N content and 

measurement of the resultant N2O emissions over a period of one year. Other 

parameters relative to N2O production were also measured, as were fluxes of the 

greenhouse gas CH4. The potential for enhanced emission of N2O due to co-

deposition of both dung and urine has been recognised by a number of authors (Van 

Groenigen et al., 2005; Hyde et al., 2016), but there remains a limited body of work 

on this topic. Dung and urine are not deposited uniformly within a pasture or 
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rangeland, rather there is disproportionate deposition in areas where livestock spend 

large amounts of time, sometimes referred to as ‘camping areas’ (Saggar et al., 1990; 

Iyyemperumal et al., 2007; Betteridge et al., 2010).  

Finally, the N2O emissions measured in this study are related to local soil 

structure to investigate the possibility of this having an effect. Soil compaction can 

exacerbate soil N2O emission by reducing porosity and pore connectivity, and 

thereby increasing the incidence of anaerobic conditions conducive to denitrification 

within the soil (Ball et al., 2012) and by influencing the denitrifying community 

within the soil (Treweek et al., 2016). Visual evaluation of soil structure (VESS) is a 

method which allows relatively rapid, qualitative assessments of soil structure to be 

made by non-specialist individuals (Ball et al., 2007, 2016) and it is this method that 

was employed in this study to investigate its utility in investigating this type of 

question. 

 

5.1.1. Objectives of this study 

In summary, this experiment aimed to test three primary hypotheses: i) that 

the N2O EFs of dung and urine are significantly different from the IPCC guideline 

EF of 1 %, ii) that the N2O emission factors of dung and urine are significantly 

different and sufficiently so to merit their disaggregation, and iii) that there is an 

additive effect when co-deposition of dung and urine occurs. Measured cumulative 

soil N2O emissions were also compared to VESS scores to investigate a possible 

link.  
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5.2.  Materials and methods 

5.2.1. Experimental setup 

Field experiments were established on semi-improved upland grasslands on 

two experimental farms in two different regions of Scotland with differing soil and 

climatic conditions in late April (BG) and early May (KAF) 2015. These sites are 

described in greater detail in Chapter 2. Daily precipitation measurements were 

obtained from the Met Office weather station located at KAF and the SRUC weather 

station at Cow Loan, the nearest available weather station to the field site, located on 

the Easter Bush research farm. 

The experiments were initiated in spring prior to livestock turnout to ensure 

that there would have been no recent dung or urine deposition on the site. At BG, it 

was necessary to change the planned site of the experiment to an adjacent field due to 

the earlier than anticipated spring turnout of a herd of cows to the field in which the 

intended experimental area was located. At each field site a stratified sampling 

procedure was followed, with 5 replicate blocks of PVC chambers (20 chambers in 

total) of 40 cm diameter established on areas that were free-draining, grass-

dominated, and free of rocks that would obstruct insertion of the chambers. The 

degree of chamber replication required was calculated based on the measured 

variance in a preliminary gas sampling campaign (see Appendix A) and using the 

‘Generate a standard design’ function in Genstat (v.16). To encourage standardised 

and best practice methodology in the measurement of N2O flux, methodological 

guidelines have been published by the Global Research Alliance on Greenhouse 
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Gases covering criteria such as chamber design, site disturbance, frequency of 

sampling, treatment replication, chamber closure time, and flux calculation (de Klein 

& Harvey, 2012).  The method described here meets these criteria.  Chambers were 

inserted to a depth of at least 5 cm 24 hours in advance of the first gas sampling. 

Within each block treatments were randomly assigned to a chamber. An additional 

chamber was placed next to and paired with each of the four original chambers and 

subject to the same treatment for the purpose of monitoring changes in soil chemical 

parameters throughout the experiment without impacting on GHG flux. All 40 

chambers at each site were fitted with a lid made of ~2.5 cm gauge diagonal wire 

mesh to prevent grazing and to prevent grazing or wildlife and lambs sheltering 

within the chambers. Foliage was removed from the chambers using scissors to cut to 

an approximate height of 5 cm when it reached a height that interfered with chamber 

sealing. Previous work has indicated that vegetation in chambers does not have a 

significant effect on headspace volume or calculation of N2O flux (Winning, 2014). 

Removed foliage was oven-dried at 60°C and weighed to obtain the dry mass. 

 

Table 5-1. Dry matter content, total carbon (C) and nitrogen (N) concentration, and mineral N 

concentrations in the dung collected from Boghall Glen (BG) and Kirkton and Auchtertyre 

Farms (KAF). 

 Dry matter 

(%) 

Total C (% dry 

matter) 

Total N (% dry 

matter) 

NH3
+
-N (% dry 

matter) 

NO3
-
-N (% dry 

matter) 

BG 21.0 40.7 0.82 0.028 < 0.010 

KAF 19.1 38.0 0.83 0.043 < 0.010 

 

Sheep dung was collected from a nearby grazed field at each site the day 

prior to application within the chambers, homogenised by actively mixing to a paste 
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within a plastic bag, and stored at 4°C overnight. Subsamples were taken and 

analysed for total N content, Ammonia-N (NH4
+- N), Nitrate-N (NO3

--N), total C, 

and percentage dry matter (% DM) (see Table 5-1). Synthetic urine (SU) was used 

due to practical obstacles to the collection of real sheep urine and previously 

published experimental evidence which has evinced that it is capable of inducing soil 

respiration responses and N2O fluxes that are not significantly different from those of 

real urine (Kool et al., 2006a; Bell et al., 2015). The SU was formulated exactly as 

for the incubation experiment described in Chapter 4. The SU was prepared two days 

prior to its field application and stored at 4°C prior to that point. The dung was 

applied in paste form as evenly as possible across the entire soil surface area 

enclosed within the chamber (0.125 m2) at an application rate of 5 kg m-2, which 

equated to the application of 410 kg-N ha-1 at BG and 415 kg-N ha-1 at KAF. 

Similarly, 500 ml SU was poured evenly across the entire soil surface area within the 

chamber, equating to an application of 300 kg-N ha-1. The Dung+Urine treatment 

consisted of an application of SU first, followed by dung at the same rates as for the 

individual Urine and Dung treatments.  

 Figure 5-1. An example of the randomised block design used to allocate treatments to gas 

sampling chambers. The treatments and dung and urine application rates are given in 

each chamber. The central four chambers (darker blue) are the gas sampling chambers. 

Each of the four treatments is randomly allocated to one of these chambers. An additional 

chamber to the side of the gas sampling chamber was treated identically so that soils 

samples could be taken throughout the experimental period. 
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5.2.2. Gas measurement 

Gas sampling was undertaken immediately prior to the application of the 

excreta treatments to provide a background measurement of GHGs. It has been 

shown that insufficiently frequent gas sampling can significantly reduce the accuracy 

of cumulative N2O flux estimation (Parkin, 2008). Due to time and resource 

constraints a high resolution of gas sampling could not be maintained throughout the 

entire experimental period. Previous field experiments indicated peak N2O emissions 

from dung and urine would occur in the initial two to three weeks after N 

application, declining to background levels shortly after (Williams et al., 1999a; Van 

Groenigen et al., 2005; Luo et al., 2008). On this basis, it was decided that a gas 

sampling schedule of four times per week for the first three weeks, once every two 

weeks for the subsequent ten weeks, and once monthly thereafter would best 

characterise peak emissions with the time and resources available. Gas sampling was 

undertaken at 13:00 ± 1.5 hrs. Previous studies have indicated little diel variability of 

N2O flux (Imer et al., 2013).  

An established static (non-steady state) chamber methodology was used to 

measure N2O fluxes (Clayton et al., 1994). The static chamber methodology was 

chosen over other methodologies with better temporal frequencies such as eddy 

covariance because it allowed for concurrent comparison between replicated 

treatments, is low cost, and because it is a commonly used methodology that meets 

the criteria for comparability between studies described by de Klein & Harvey 

(2012). Chambers were sealed with aluminium lids which had been fitted with a 

commercial draught excluder strip to create an airtight seal (t0). A syringe was used 
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to take a 50 ml gas sample from each chamber via a sampling port with a three-way 

tap 40 minutes after closure (t40). The lack of headspace mixing in static chambers 

has been identified as a source of error by some authors (Christiansen et al., 2011), 

and discounted by others (de Klein & Harvey, 2012; Winning, 2014). In this 

experiment air from the chamber was pumped in and out of the sampling syringe 

four times to create some turbulence, and thereby some gas mixing, within the 

chamber prior to taking the gas sample. The 50 ml sample was injected into a 20 ml 

pre-evacuated glass vial, purposefully over-filled so as to maintain the samples under 

positive pressure relative to ambient air pressure. 50 ml ambient air samples were 

taken before chamber closure (n = 5) and after the conclusion of gas sampling (n = 5) 

on each sampling occasion. As it has been previously indicated that it does not 

introduce a consistent bias in flux calculations (Chadwick et al., 2014), ambient air 

samples were used as a surrogate for t0 headspace samples taken from each chamber 

to streamline sample collection and reduce the laboratory analysis burden. Although, 

gas accumulation within a chamber is theoretically non-linear due to the decreasing 

concentration gradient as the gas accumulates within the chamber, linear 

accumulation can usually be assumed for short closure periods of < 60 minutes as 

observed by Chadwick et al. (2014) after examination of 1970 cases where linearity 

of headspace accumulation was measured. Nonetheless, two chambers were 

randomly selected and gas samples taken from each at 10 minute intervals for one 

hour to test this assumption of linear accumulation of N2O in the chamber headspace 

on each sampling occasion (de Klein & Harvey, 2012). Air temperature was 

measured at ground level and in the shade at three locations at each field site on each 
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sampling occasion. Soil temperature was measured at each sampling point at three 

locations.  

Concentrations of N2O, CO2 and CH4 were determined using an Agilent 

7890A headspace gas chromatograph (GC) fitted with an electron capture detector, 

thermal conductivity detector, and flame ionisation detector (Agilent Technologies, 

Berkshire, UK). GC response was calibrated using certified standard gas mixtures. 

Although samples were sometimes stored for a period of up to several months prior 

to analysis due to competing demands on operator time and for use of the GC, 

published work (Rochette & Bertrand, 2003) and a test undertaken whereby standard 

samples were stored for 100 days prior to GC analysis to investigate the integrity of 

vial seals (Cloy et al., unpublished data) indicated that storage should not affect 

sample integrity. The change in gas concentration for each of the respective GHGs 

over the closure period was calculated by subtracting the mean gas concentration of 

the ambient samples from that at t40. Chamber headspace, the ideal gas law, air 

temperature, and chamber closure time were used to calculate the daily N2O flux rate 

for each jar according to Equation 4.1. Chamber headspace volume was calculated 

for each individual chamber by using the measured height of chamber wall 

remaining above the soil surface at two points directly across from each other and the 

known chamber radius.  

Cumulative fluxes for the full experimental period were calculated by linear 

interpolation between sampling points (Chadwick et al., 2014). Cumulative N2O 

fluxes were translated into EFs according to Equation 4.2 (see section 4.2.2) to 

compensate for the varying amount of N added in each treatment, and to allow 
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comparison with other EFs reported in the literature. The EFs calculated in this 

experiment corresponds to the EF3PRP,SO as defined by (IPCC, 2006b), which is the 

EF for dung and urine deposited on pasture, range and paddock by sheep and ‘other 

animals’ (i.e. excluding cattle, poultry and pigs).  Reporting the EF values observed 

in this experiment rather than just the cumulative fluxes also allows assessment of 

the appropriateness of using the IPCC Tier 1 methodology in inventories when 

calculating emissions from sheep dung and urine. 

 

5.2.3. Soil analyses 

Before installing gas sampling equipment, background soil samples from the 

gas sampling area at each site were taken for characterisation (pH, EC, mineral N). A 

bulk soil sample (n = 25) was taken with an auger to 10 cm depth in a Z-shaped 

transect across each site at each gas sampling point. On each gas sampling day, bulk 

soil samples were also taken in the same way for determination of gravimetric water 

content (GWC). In the laboratory soils were homogenised by sieving (< 4 mm) and 

10 g subsamples (n = 3) weighed out into pre-weighed foil trays for calculation of 

soil moisture content by the gravimetric method. 

Samples were taken from the soil sampling chambers at monthly intervals 

and homogenised by mixing and sieving (<4 mm). At the end of the experimental 

period soil samples were also taken from within each gas-sampling chamber to 

measure NH4
+-N and NO3

--N concentrations and microbial biomass extractable C 

(CMic) according to the methodologies described in section 4.2.3. The pH and 
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electrical conductivity of a 2:1 w/w deionised water to soil mixture were determined. 

To measure NH4
+-N and NO3

--N   concentrations, soil subsamples were mixed with 

2 M KCl in a 2:1 ratio by mass and the obtained extracts analysed by colorimetric 

analysis using a Skalar SAN++ segmented flow analyser as described in greater 

detail in section 4.2.3.  

 

5.2.4. Soil fractionation 

A subsample of the soil excavated from each chamber to 10 cm after 

conclusion of the field experiment was air-dried. 25 g subsamples of each air-dried 

soil were pooled and mixed to give homogenised composite samples for each 

treatment at each site. Subsamples of these soils were fractionated as described 

previously in section 3.2.4, 15 – 20 mg subsamples of the obtained soil fractions 

were analysed for Total C and N content using a Thermo Scientific Flash 2000 

elemental analyser, with the exception of the DOC fraction which was quantified 

with a Rosemount-Dohrmann DC-80 TOC Analyser. 

 

5.2.5. Bulk density and VESS 

Two bulk density samples were taken at 0-5 cm depth from within each gas 

sampling chamber at the conclusion of the experiment and soil structure was visually 

assessed (Ball et al., 2007). The stainless steel bulk density rings were inserted to just 

below the soil surface (0-5 cm) and then dug out. Vegetation and extraneous soil 
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were removed with a serrated knife and the remaining soil within the ring bagged for 

transport. Within the laboratory the total mass of the wet soil and bulk density ring 

was obtained, the sample dried overnight at 107°C, and then the total mass of the dry 

soil and bulk density ring obtained, and the mass of the bulk density ring alone. This 

information was used to obtain GWC for each sample and to calculate bulk density 

(g cm-3) according to the equation  

 

 

BDR

DS

V

M
BD 

 

5.1 

 

where BD is bulk density (%), MDS is the mass dry soil (g), and VBDR is the 

volume of the bulk density ring (cm-3).  

Visual Evaluation of Soil Structure (VESS) within each gas sampling 

chamber was carried out at the conclusion of the field experiment according to the 

method described in Ball et al. (2007). In brief, a flat-faced spade approximately 20 

cm wide is used to extract a block of the soil. The block is carefully broken by hand 

to feel the firmness of aggregates and to visualise any layers of differing structure 

throughout the block profile as appropriate. The thickness of each layer is measured 

and the block is gently manipulated by hand to reveal any clods or cohesive slabs of 

soil. Larger clods or aggregates are broken apart and a cross-section of their internal 

structure assessed. Each discrete soil layer is then assigned a soil quality score based 

on the ease with which it is broken up, size and appearance of aggregates, roots and 
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visible porosity, and by comparison of its appearance after break-up with a pictorial 

guide (Ball et al., 2007, 2016). An overall soil quality score is obtained by averaging 

the scores for each layer in proportion to their thickness relative to the entire soil 

block depth. Pictures of each soil block, unbroken and broken, were taken for future 

reference.  

 

5.2.6. Statistical analyses 

Statistical analyses were carried out using the Genstat v16.0 statistical 

software package (VSN International). Dixon’s Q test was applied to the ambient 

samples used as the t0 measurement for calculation of soil gas flux to identify upper 

or lower outliers. The frequency distribution for cumulative flux data was non-

normally distributed, thereby violating the assumptions for analysis of variance. To 

meet the assumptions of ANOVA, the cumulative flux data was log(x+a) 

transformed prior to statistical analysis, with the parameter a being included to 

account for the presence of negative flux values. The values of a were 350 and 4100 

for CH4 and NO2 respectively. The arithmetic mean fluxes are reported for each 

treatment for ease of interpretation and as use of the lognormal mean does not allow 

for the inclusion of negative values (Velthof & Oenema, 1995). Values for N2O EFs 

were increased by 0.06 to account for negative values and then the square root 

obtained to better conform to assumptions of normality of residuals required for 

ANOVA. pH values were converted to non-log H+ concentrations for statistical 

analysis, after which the resulting mean and SEM values were reconverted to pH 
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values for graphical display and ease of comprehension and comparison. One way 

ANOVA was carried out to test for statistically significant differences between 

treatments for the calculated one year cumulative GHG emissions, pH, CMic and 

mineral N changes, followed by post-hoc analysis using Tukey’s Comparison 

Method. Where one or more data points were removed for analytical purposes as 

outliers, the Unbalanced ANOVA function in Genstat was employed. For all 

analyses α = 0.05. General linear regression was used to evaluate the influence of 

WFPS, NO3
- concentration, NH4

+ concentration, pH, EC, and soil temperature on 

fluxes of N2O, CH4, and CO2. Stepwise regression was used to optimise the model in 

each case. 

 

5.3. Results 

5.3.1. Climatic conditions 

Daily rainfall at KAF is shown in Figure 5-4 and at BG in Figure 5-5. The 

period during which the experiment ran was one of unusually high precipitation at 

both sites. The Cow Loan weather station, that nearest to BG, recorded an annual 

precipitation from 28/4/2015 to 28/4/2016 of 1563 mm. This is compared to a 20 

year average precipitation of 980.3 mm from the nearby Penicuik weather station 

(Met Office, 2016). The weather station at KAF recorded precipitation of 3207 in the 

period between 20/5/15 and 20/5/16, compared to a 20 year mean of 2528 mm. 
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5.3.2. Soil NH4
+
 and NO3

 -
  

Due to the loss of a folder containing laboratory recording sheets, data for 

soil NH4
+ and NO3

- concentration prior to the dates 26/5/15 in the case of BG and 

1/6/15 for KAF are unavailable. This date corresponds to day 28 at BG and day 12 at 

KAF after treatment application.  

At BG on the earliest available sampling points (days 28 and 42), the NH4
+-N 

concentrations were significantly higher (P < 0.001, P = 0.005 respectively) in the 

soils under the Dung+Urine treatments than in the Control or Dung soils (see Figure 

5-2b). A similar pattern is observed at KAF (see Figure 5-3b), where over the first 3 

sampling points (days 12, 22 and 61) the soil NH4
+-N concentrations for the 

Dung+Urine treatment were significantly higher (P < 0.001, P = 0.001, P = 0.003) 

than those in the Control or Dung treatments. The Urine treatment is not significantly 

different from the Dung+Urine treatment across these three sampling points, but is 

significantly different (P = 0.001) from the Control and Dung treatments only on day 

22. There were significantly (P = 0.003) elevated soil NO3
--N concentrations at BG 

for the Urine and Dung+Urine treatments on day 42 (see Figure 5-2a). There were 

significant increases in NO3
--N concentration at KAF for the Dung+Urine treated soil 

on days 61 (P = 0.031) and at BG for the Dung+Urine treatment on day 42 (P = 

0.003) concurrent with the observed decrease in NH4
+-N concentrations. Later 

apparent increases in NO3
--N concentrations in the Dung and Dung+Urine treated 

soils relative to the Control soils at both sites appeared to be independent of NH4
+-N 

concentrations and are attributed to mineralisation of organic N within the dung. 

These are predominantly not significantly different to the NO3
- concentrations under 



134 

 

other treatments, with the exception of at KAF on day 282 for the Dung+Urine 

treatment.  

Based on available data, ANOVA indicated that neither soil NH4
+-N nor 

NO3
--N concentrations were significantly affected by treatment at either site at the 

conclusion of the one year experiment.  
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Figure 5-2 a) Soil NO3
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-N concentration and b) soil NH4
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-N concentration across the experimental 

period at the Boghall Glen field site. 
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5.3.3. N2O flux and emission factors  

Prior to treatment application, a mean background N2O flux of -1.06 ± 2.76 g 

N2O-N ha-1 day-1 was measured at BG. At KAF a mean background N2O flux of -

1.03 ± 2.34 g N2O-N ha-1 day-1 was measured. Mean daily fluxes are shown in Figure 

5-4b for KAF and in Figure 5-5b for BG. Both sites had peak N2O emissions 

between 10 and 70 days after treatment application. N2O fluxes from all treatments 

declined to the levels observed from control soils at just over 80 days after 

application. There is a further spike in N2O at KAF from the Urine and Dung+Urine 

treatments on day 140.   

Mean one-year cumulative N2O fluxes for both sites are shown Figure 5-6. 

Lower mean cumulative fluxes were observed from the BG field site, with values of 

49.4 ± 179 g N2O-N ha-1 for the Control, -104 ± 114 g N2O-N ha-1 for the Dung 

treatment, 468 ± 158 g N2O-N ha-1  for the Dung+Urine treatment, and 115 ± 252 g 

N2O-N ha-1 for the Urine treatment. Mean one-year cumulative N2O fluxes at KAF 

were 63.1 ± 79.7 g N2O-N ha-1 for the Control treatment, 119 ± 58.3 g N2O-N ha-1 

for the Dung treatment, 930 ± 341 g N2O-N ha-1 for the Dung+Urine treatment, and 

923 ± 244 g N2O-N ha-1 for the Urine treatment. ANOVA of cumulative N2O flux 

from both sites indicated that site was a highly significant variable (P = 0.002) in 

predicting cumulative N2O flux. ANOVA indicated that there was no significant 

difference in cumulative N2O flux between treatments at BG (P = 0.214). In contrast, 

ANOVA indicated a highly significant difference (P < 0.001) between treatments at 

KAF. Subsequent application of Tukey’s Comparison Method indicated that the 

treatments fell into two pairs (Control and Dung; and Dung+Urine and Urine) which 
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were not significantly different from each other, but were both significantly different 

from the other pair.  

The calculated one year EFs for each treatment are shown in Figure 5-7. 

Calculated EF values were 0.002 ± 0.001 and -0.001 ± 0.0005 for the Dung 

treatment, 0.050 ± 0.022 and 0.108 ± 0.048 for the Dung+Urine treatment, and 0.015 

± 0.0006 and 0.140 ± 0.063 for the Urine treatment at BG and KAF respectively in 

each case. ANOVA of N2O EFs indicated similar results, with no significant 

relationship between EF and treatment at BG (P = 0.79) and a significant interaction 

between EF and treatment at KAF (P = 0.003). As per the cumulative flux data, 

Tukeys Comparison Test indicated the Dung+Urine and Urine treatments were 

significantly different from the Dung treatment (the Control EF is by default at 0. See 

Equation 4.2, Section 4.2.2). 

An ANOVA in which cumulative CH4 flux was included as a co-variate, 

indicated a significant relationship (P = 0.01) between cumulative N2O flux and the 

covariate at the Block level, but not at the level of individual chambers (accounting 

for differences in treatment). This would suggest general site conditions had an effect 

on CH4 flux, but not soil conditions specific to individual chambers.  
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Figure 5-6 Mean cumulative N2O fluxes for the measurement period per treatment at 

each site. Error bars indicate the standard error of the mean. 
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5.3.4. CH4 fluxes 

Background CH4 fluxes at BG prior to treatments application were mostly 

negative with a mean value of -4.31 ± 5.72 g CH4-C ha-1 day-1. At KAF, all measured 

background CH4 fluxes were negative with a mean of -5.92 ± 2.65 g CH4-C ha-1 day-

1. Large positive CH4 fluxes were observed from dung treatments immediately after 

application, but over time these fluxes returned to the same small, predominantly 

negative fluxes observed for the Urine and Control treatments (see Figure 5-8a and 

b). The mean cumulative CH4 fluxes at BG were -3030 ± 380 g C-CH4 ha-1 for the 

Control, 593 ± 591 g C-CH4 ha-1 for the Dung treatment, 2336 ± 870 g C-CH4 ha-1 

for the Dung+Urine treatment, and -2559 ± 394 g C-CH4 ha-1 for the Urine treatment. 

At KAF, the mean cumulative CH4 fluxes per treatment were -1528 ± 118 for the 

Control treatment, 4183± 1167 g C-CH4 ha-1 for the Dung treatment, 5457 ± 1607 g 

C-CH4 ha-1 for the Dung+Urine treatment, and -1217 ± 316 g C-CH4 ha-1 for the 

Urine treatment. 

At both sites, ANOVA indicated that treatment had a highly significant effect 

on CH4 flux (P = 0.002 for BG and P < 0.001 for KAF). Post hoc application of 

Tukey’s test indicated that at both sites the Dung and Dung+Urine treatments were 

significantly different from the Control treatment. The Urine treatment was not 

significantly different from the Control treatment at either site however and was also 

not significantly different from the Dung and Dung+Urine treatments at BG.  

ANOVA and a Tukey’s multiple comparisons test were carried out on 1 

month and 2 month CH4 cumulative fluxes also as these were the time periods within 
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which the major CH4 flux (1 month) and all positive CH4 fluxes (2 month) were 

measured (see Figure 5-8). This was to investigate the possibility of a possible 

negative effect on CH4 oxidation rate (negative CH4 flux) of the N applied in the 

urine, which was suggested by a visual appraisal of the mean data. For both the 1 and 

2 month analyses, there was a significant difference between treatments at each site 

and Tukey’s multiple comparison test indicated that dung-treated soils (Dung and 

Dung+Urine) were significantly different from the non-dung-treated soils (Urine and 

Control treatments),  but that there were no differences within these subgroups.  

 

5.3.5. CO2 fluxes 

Mean cumulative CO2 fluxes at BG were 10.11 ± 0.67 t C-CO2 ha-1, 11.83 ± 

0.48 t C-CO2 ha-1, 12.47 ± 1.32 t C-CO2 ha-1, and 13.71 ± 1.60 t C-CO2 ha-1 for the 

Control, Dung, Dung+Urine, and Urine treatments respectively. At KAF, mean 

cumulative CO2 fluxes were 12.27 ± 0.62 t C-CO2 ha-1, 12.97 ± 0.69 t C-CO2 ha-1, 

14.62 ± 0.99 t C-CO2 ha-1, and 12.48 ± 0.50 t C-CO2 ha-1 for the Control, Dung, 

Dung+Urine, and Urine treatments respectively.  

Treatment had a significant effect on cumulative CO2 flux at BG (P = 0.004) 

across the measurement period. A Tukey’s multiple comparison test indicated that 

only the Dung+Urine treatment was significantly different from the Control, 

although it was not significantly different from either the Urine nor Dung treatments. 

No significant difference (P = 0.051) was observed between treatments at KAF using 



145 

 

ANOVA, however removal of a single value with a high residual and application of 

an unbalanced ANOVA did indicate a significant difference (P = 0.005).  

 

5.3.6. Soil physical parameters 

5.3.6.1. Bulk density 

Mean BD at BG was 0.86 ± 0.14. At KAF the mean BD was 0.77 ± 0.10. 

Inclusion of bulk density as a covariate in ANOVA of cumulative N2O flux indicated 

no significant interaction between the two variables. ANOVA indicated that there 

was not a significant relationship between bulk density and treatment (P = 0.051). To 

investigate the possibility of excessive influence of a single outlying value which had 

high residuals, this value was removed from the analysis and an Unbalanced 

ANOVA applied which yielded a higher P value, confirming the non-significance of 

this relationship.  

 

5.3.6.2. Visual evaluation of soil structure (VESS) 

The mean soil quality score for the entire soil block according to the VESS 

method at BG were 2.32 ± 0.04 (between Good/Moderate and Moderate) with soils 

being described as dry, stony, red-orange in colour, and of variable depth. At BG, the 

upper layer was scored as 2.5 in every case, and the mid/lower layer scored as 2 in all 

but 3 cases, which were each 1.5. At KAF overall mean VESS scores were 1.69 ± 
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0.05 (between Good and Good/Moderate), with soils generally being described as 

dry, with a dark peaty layer overlying an orange-coloured layer. The upper layer was 

scored as 2 in every case and the mid/lower layer as 1.5 in each case bar one in 

which it was scored as 1. Soils were shallow with depths in the range 7 – 16 cm at 

KAF and 12 -18 cm at BG.  

BD and overall VESS soil quality score exhibited a very weak correlation at 

BG (R2 = 0.20) and no correlation at KAF (R2 = 0.0002). No significant relationship 

existed between VESS score and treatment (P = 0.907). 

 

5.3.7. Other soil parameters 

5.3.7.1. Water filled pore space (WFPS) 

Measured WFPS was between 50.7 and 59.2 % at KAF. At BG, values were 

between 23.1 and 49.8 %. Unfortunately GWC measured on sampling trips up to and 

including the 02/06/2015 were lost when a lab folder containing these records was 

misplaced. WFPS is graphed for BG in Figure 5-5 and for KAF in Figure 5-4. 

 

5.3.7.2. Microbial biomass carbon (CMic) 

Visual assessment of field site CMic data suggested a similar pattern of 

elevated concentrations for dung-treated chambers at BG to that observed in Chapter 
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4 (see section 4.3.3), but ANOVA revealed no significant difference in 

concentrations of CMic between treatment types at either BG (P = 0.333) or KAF (P = 

0.969). Mean values were higher at KAF (177 ± 6.1) than at BG (142 ± 5.2). 

 

5.3.7.3. Soil pH and EC 

As per soil NH4
+ and NO3

- concentration, data is unavailable for pH and EC 

prior to the dates 26/5/15 in the case of BG and 1/6/15 for KAF due to loss of a 

folder containing laboratory recording sheets. This date corresponds to days 28 and 

12 after treatment application at BG and KAF respectively.  
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Figure 5-9. Mean soil microbial biomass carbon (mg C kg
-1

) by treatment type 

at each field site. 
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Figure 5-10 shows the trends in EC and pH at BG (Figure 5-10 a and b 

respectively) and at KAF (Figure 5-10 c and d respectively). AT KAF, soil pH under 

the Urine and Dung+Urine treatments was significantly elevated relative to the 

control on day 22 (P = 0.005), but returned to values comparable to those of the other 

treatments by day 29. The soil under this treatment began to demonstrate significant 

differences to the Control soil again on days 330 (P = 0.018) and 386 (P = 0.033). 

The comparable period in which a spike may have been observed at BG is 

unfortunately within the time period for which the records for pH and EC were lost. 
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Figure 5-10. Bar charts of a) soil electrical conductivity (EC) at BG, b) soil pH at BG, c) soil EC at KAF, and d) 

soil pH at KAF for each treatment type. The error bars show the standard error of the mean. 
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At no sampling point was there any significant difference between treatment pH 

values at BG. 

The soil EC at KAF was significantly higher under the Dung+Urine treatment 

on days 12 to 61, while there was also a significantly elevated EC under the Urine 

treatment relative to the control on days 12 and 22. There was a significant difference 

between the soil EC values under the Dung+Urine and Urine treatments on day 22, 

visible as a spike in values in Figure 5-10d. The soil EC values under the 

Dung+Urine treatment are significantly different again on 282 and 300. The soil EC 

under the Dung+Urine treatment at BG is significantly higher than the control 

beginning on day 48 and continuing to day 148. On day 148 the soil EC under the 

Urine treatment is also significantly elevated relative to the control (P = 0.010). 

 

5.3.7.4. Soil texture 

The results of a soil textural analysis are given in Table 5-2. When the soil 

profile at KAF was visually assessed bleached sand grains were evident in the 

otherwise dark brown/black coloured soil indicating podsolization. Although the 

dominant BG field site soil classification was humic ranker, the soil at the area used 

in this field site was classified as a freely draining, lithic ranker. 
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5.3.7.5. Soil fraction C/N values 

The total %C in a composite sample of soils from each treatment type at each 

site is shown in Figure 5-11a. The %C of the whole soil at each site was used with 

bulk density data to calculate SOC stocks, assuming a soil depth at each site of 15 

cm, of 86 Mg C ha-1 at BG and 104 Mg C ha-1. Soil fractions obtained from 

composite samples of bulk soils from the gas sampling chambers are shown as a 

proportion of the total soil C in Figure 5-11b. The mean %C contents and C to N 

ratios of individual soil fractions and bulk soils for each site are given in Table 5.3. 

Mean mass loss of sample across the fractionation process was 3.74 ± 1.84 % 

of total bulk soil. Mean mass loss of SOC was 1.57 ± 0.15 %. 

 

Table 5-2 Textural class and particle size (%  by weight) of soils at the Boghall Glen (BG) and 

Kirkton and Auchtertyre Farms (KAF) field sites.  

 Soil textural class 
Sand 

(2 – 0.063 mm) 

Silt  

(0.063 – 0.002) 

Clay  

(< 0.002) 

BG Sandy Loam 67 22 11 

KAF Loamy Sand 79 16 5 

     

 

Table 5-3 Carbon to nitrogen ratio (C:N) and carbon concentration (% C) for the particulate 

organic matter (POM), sand and stable aggregates (S+A), and silt and clay (s+c) fractions and 

whole soils for each site. 

 POM  S+A  s+c  Bulk Soil 

 C:N Stdev C:N Stdev C:N Stdev C:N Stdev 

BG 15.5 0.5 12.3 0.4 11.9 0.2 12.6 0.1 

KAF 14.2 0.1 13.9 0.4 13.9 0.6 14.1 0.4 

 %C Stdev %C Stdev %C Stdev %C Stdev 

BG 21.7 1.5 3.9 0.4 8.0 0.6 6.7 0.2 

KAF 24.8 1.5 5.2 0.5 10.9 1.7 9.0 0.6 
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5.3.8. General linear regression  

The results from both the full and reduced models are shown in Table 5-4 for 

KAF and Table 5-5 for BG. Full datasets are regrettably not available for NO3
-1/NO2

-

1-N, NH4
+-N, GWC, EC, soil temperature, and pH, so the regression was carried out 

on a subset of data for which all necessary parameters were available 

0

1

2

3

4

5

6

7

8

9

10

C
o
n
tr

o
l

D
u
n
g

U
ri
n
e

D
u
n
g

+
U

ri
n
e

C
o
n
tr

o
l

D
u
n
g

U
ri
n
e

D
u
n
g

+
U

ri
n
e

Boghall Kirkton

S
o

il
 o

rg
a

n
ic

 c
a

rb
o

n
 (

%
) 

a) 

Figure 5-11. a) The percentage total carbon (C) in a composite sample of bulk soils taken from within 

all chambers of each treatment type at each site and b) the quantity of C (g) in each soil fraction: 

particulate organic matter (POM), sand and stable aggregates (S+A), silt and clay (s+c), and dissolved 

organic carbon (DOC) In practice the contribution of the DOC fraction is small enough so as to 

prevent the fraction being visible on the graph.  
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Table 5-4. Full and reduced multiple linear regression models for gas fluxes from the Kirkton and Auchtertyre Farm (KAF). Variables assessed were NO3
-

1
/NO2

-1
-N, NH4

+
-N, %  gravimetric water content (GWC), electrical conductivity (EC), soil temperature, and pH. CV is the coefficient of variance, SE is 

the standard error. Significance levels are denoted as follows: * P < 0.05, ** P < 0.01, *** P < 0.001. 

 

Soil variable 

N2O Model CH4 Model  CO2 Model 

Full model Reduced model Full model Reduced model Full model Reduced model 

CV s.e. CV s.e. CV s.e. CV s.e. CV s.e. CV s.e. 

NO3
-
-N -0.0429 0.0513   0.135 0.108   -360 518   

NH4
+
-N 0.00540 0.00429 0.00705* 0.00339 0.03109*** 0.00904 0.02532*** 0.00655 -31.9 42.9   

pH 0.01 1.26   -8.26** 2.67 -7.66*** 2.01 -1626 12123   

EC 0.01813*** 0.00286 0.01772*** 0.00208 0.00413 0.00578 0.00726 0.00438 5.9 26.3   

GWC 0.134 0.130   0.239 0.274 0.355 0.193 -63 1245 0.06163*** 0.00652 

Soil Temp. 0.0739 0.0735   0.038 0.155   5127 698 3.9216*** 0.0673 

Constant -7.07 8.38 0.380 0.559 36.2 18.5 28.6* 2.20 3391 83249   

 

F P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 P < 0.001 

R
2
 0.71 0.72 0.38 0.49 0.58 0.66 
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Table 5-5. Full and reduced multiple linear regression models for gas fluxes from the Boghall Glen (BG). Variables assessed were NO3
-1

/NO2
-1

-N, NH4
+
-N, 

%  gravimetric water content (GWC), electrical conductivity (EC), soil temperature, and pH. CV is the coefficient of variance, SE is the standard error. 

Significance levels are denoted as follows: * P < 0.05, ** P < 0.01, *** P < 0.001. 

Soil 

variable 

N2O Model CH4 Model  CO2 Model 

Full model Reduced model Full model Reduced model Full model Reduced model 

CV s.e. CV s.e. CV s.e. CV s.e. CV s.e. CV s.e. 

NO3
-
-N -0.2691** 0.0809 -0.2217** 0.0702 -0.063 0.132   -364 648   

NH3
+
-N -0.0027 0.0172   0.0138 0.0275   258 154 280 145 

pH -1.99 1.09 -2.404* 0.902 3.94* 1.79 5.39** 1.93 -13757 10149 -21179*** 4931 

EC 0.00428 0.00391 0.00642* 0.00273 -0.01065 0.00630 -0.01725* 0.00726 -31.8 38.5   

GWC -0.0090 0.0570   0.0039 0.0871   1754*** 429 1815*** 417 

Soil Temp. -0.1172 0.0899 -0.1014 0.0702 -0.377* 0.149 -0.358*** 0.101 5351*** 734 5503*** 646 

Constant 13.33* 5.88 13.62** 4.53 -24.27* 9.41 -30.89** 9.27 -29 51008 28944 31262 

 

F P = 0.091 P = 0.008 P = 0.043 P = 0.004 P < 0.001 P < 0.001 

R
2 

0.18 0.25 0.23 0.32 0.66 0.67 
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5.4. Discussion 

5.4.1. Soil NH4
+
 and NO3

- 
concentration 

Soils subjected to the Urine and Dung+Urine treatments demonstrated 

elevated NH4
+-N concentrations in the earliest available measurements (day 12 and 

28 at KAF and BG respectively), that subsequently declined to the levels of the 

Control and Dung treatment. This concurs with other published studies and is 

hypothesised to be the result of urea hydrolysis (Thomas et al., 1988; Van der 

Weerden et al., 2011; Yoshitake et al., 2014). The decline in soil NH4
+-N 

concentration shortly precedes increases in soil NO3
--N concentrations at both sites, 

but in each case this is of an order of magnitude lower than the initial NH4
+ 

concentration implying that nitrification is occurring, but also that only a minority of 

the nitrified NH4
+-N remains in the soil as NO3

-. The timing of urine application in 

this study in late spring coincides with peak grass growth, and therefore peak N 

demand, so plant N uptake will account for some soil mineral N reduction. The high 

rainfall at KAF in the weeks after treatment application would be very conducive to 

NO3
- loss through leaching, which was the process postulated by Wachendorf et al. 

(2008) to partially explain N loss in their study. Additionally, the high rainfall may 

have elevated WFPS and created conditions conducive to denitrification.  

Soil concentrations of NH4
+-N were higher for Dung+Urine treatments at 

both field sites relative to those of Urine alone, similar to what was observed in the 

incubation experiment described in Chapter 4. This could conceivably be due to the 
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higher N application rate for this treatment, but the fact that the NH4
+-N 

concentrations greatly exceed the additive values for the individual Dung and Urine 

treatments would suggest another cause, such as competition with CH4 from the dung 

for binding sites on ammonia monooxygenase, the enzyme responsible for NH4
+ 

oxidation (Keener & Arp, 1993).  

This experiment concurs with others in finding no long term effect of dung 

amendment on soil mineral N concentration (Lovell & Jarvis, 1996a; Van der 

Weerden et al., 2011). By late autumn, NO3
--N concentrations under dung patches 

exceeded those in urine-treated soils for several months at both sites, likely due to 

mineralisation of organic N in the dung. Yamulki et al. (1998) observed elevated 

concentrations of NH4
+-N under dung pats for up to 60 days after application. Van 

der Weerden et al. (2011) observed similar patterns of elevated NO3
--N 

concentrations relative to control soils under dung patches at their experimental sites.  

 

5.4.2. N2O fluxes 

The period during which this experiment ran was one of unusually high 

precipitation at both sites. Despite this, the WFPS was never measured to exceed 59 

% at KAF or 50 % at BG, confirming that both sites have free draining soils. This 

characteristic, combined with the coarse texture of the soil at each site would suggest 

a high risk of NO3
- leaching, something that would have been exacerbated by the 

unusually high precipitation observed.  



156 

 

The one year cumulative N2O fluxes observed for control soils at both sites 

are below the mean background flux of 0.64 kg N2O-N ha-1 yr-1 calculated for UK 

agricultural soils by Kim et al. (2013). Unlike at KAF, where urine treatments had 

significantly higher cumulative fluxes relative to the control or dung-only treatment, 

cumulative fluxes at BG were not significantly affected by treatment.  There were 

substantial differences between sites in mean cumulative N2O emissions across the 

measurement period, with emissions generally lower from the BG site. NH3 

volatilisation has been shown to increase with increasing temperature (Sommer et al., 

1991) and decreased water solubility of NH3
 (Lockyer & Whitehead, 1990; 

Whitehead & Raistrick, 1992). This is therefore likely to have been a more 

significant pathway for N loss at BG relative to KAF as temperatures were generally 

higher and the mean precipitation just half of KAF. The EFs for loss of N from urine 

patches through NH3 volatilisation can be an order of magnitude higher than losses 

as N2O (Fischer et al., 2016) and so could have reduced the pool of N available for 

N2O production and may explain the lack of a significant difference in cumulative 

N2O flux from urine-treated soils at the BG site.  

There were no significant differences in either cumulative N2O flux or 

calculated EFs between the Urine and Dung+Urine treated soils at either site. This is 

contrary to the incubation experiment by van Groenigen et al. (2005), also using 

synthetic urine, where a significantly (P < 0.001) different EF of 7.88 ± 1.05 % from 

a combined dung and urine treatment relative to an EF of 0.92 ± 0.07 % from a 

urine-only treatment was observed over a 100 day incubation period, using artificial 

urine in both cases. The field experiment by Hyde et al. (2016) across a 180 day 

measurement period had a comparable result to the experiment reported here, with 
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statistically insignificant differences between the Dung and Control treatments and 

between the Dung and Dung+Urine treatments. Van Groenigen et al. (2005) did not 

have a dung only treatment in their incubation experiment, therefore in the absence 

of a cumulative flux value for a dung-only treatment it is not possible to say whether 

the increased EF they observed from the combined dung and urine treatment was an 

additive or multiplicative effect. The result of this experiment suggests there is no 

multiplicative effect of dung addition on the urine cumulative N2O flux and the 

statistically insignificant flux from the Dung only soils relative to the controls over 

the one year measurement period precludes any attempt to investigate an additive 

treatment beyond suggesting that the apparent Dung contribution to that additive 

effect is zero.  

At neither site was an immediate peak in N2O emissions after urine 

application observed, as in some other studies (Van Groenigen et al., 2005; Krol et 

al., 2015), rather there was an increase in N2O emissions from urine treatments after 

ca. 10 – 15 days, consistent with the flux patterns observed in other studies (Flessa et 

al., 1996; Bell et al., 2015). Thomas et al. (1988) hypothesised that after urine 

application to the soil, urea hydrolysis and subsequent nitrification take 

approximately 15 days and then denitrification can begin. N2O flux from the dung-

only treatment did not differ substantially from the untreated control flux. 

In this experiment, peak N2O production was observed to occur concurrently 

with the decline in soil NH4
+-N concentrations at both sites suggesting that 

nitrification may have been the dominant source of N2O. This is very likely to be the 

case at the BG site, at which WFPS was 27.5 % on the day peak N2O emissions were 
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measured (day 42) and was never measured to exceed 50 %, much lower than the 60 

% WFPS threshold identified for large N2O fluxes from denitrification by various 

other studies (Dobbie & Smith, 2001, 2003; Ruser et al., 2006). Additionally, on day 

42 peak N2O emissions at BG coincided with a decrease in soil NH4
+-N 

concentrations, further suggesting the occurrence of nitrification. General linear 

regression of N2O flux and associated soil parameters described just 25 % of 

variation in N2O flux, perhaps because there was not any soil mineral N 

concentration data available until day 28 after a large proportion of the cumulative 

N2O emissions had already occurred.  

The occurrence of denitrification at KAF initially appears more likely. The WFPS 

measured at KAF between days 13 and 61 during which the majority of N2O flux 

occurred was between 50 and 59 %. This is only marginally lower than the 60 % 

threshold beyond which large N2O fluxes from denitrification tend to occur (Dobbie 

& Smith, 2001, 2003; Ruser et al., 2006). However, neither the KAF nor BG soil is a 

fine-textured soil (sandy loam and loamy sand respectively), with the abundance of 

capillary pores within aggregates, that is conducive to the retention of water and 

formation of anaerobic microsites within which denitrification can take place 

(Stehfest & Bouwman, 2006), therefore it seems unlikely that even WFPS values 

close to the 60 % threshold would lead to sufficiently anaerobic conditions to sustain 

denitrification. Further evidence indicating the occurrence of nitrification and its 

dominant role in N2O production at KAF is the concurrent decrease in soil NH4
+-N 

concentrations and subsequent increase in soil NO3
--N concentration during the 

period of peak N2O emission (days 19 – 43). Subsequent fluctuations in NO3
--N 

concentrations do not coincide with fluctuations in N2O emissions at this site. A 
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general linear regression of N2O and soil parameter data for this field site (see Table 

5-4) indicated that 72 % of variation in N2O flux at the KAF site could be described 

by soil EC and NH4
+-N concentrations, which would support nitrification as the 

predominant process by which N2O is produced. 

Fluxes of N2O from dung-treated soils did not substantially differ from those 

of control soils throughout the experiment. Van Groenigen et al. (2005) attributed 

this to the low mineral N content in dung and the possible immobilisation of mineral 

N during C decomposition. The one year cumulative N2O fluxes observed also 

reflect this (see Figure 5-6). 

There were unusually high annual precipitation levels at both sites during the 

experimental period: 1563 mm at BG compared to the 20 year average of 980.3 mm 

and 3207 mm at KAF compared to the 20 year average of 2528 mm.  It could 

reasonably be inferred that if denitrification did not occur under these conditions, it 

would be equally or more unlikely to occur in years with more representative 

precipitation.   

 

5.4.2.1. Sources of error in N2O measurement and flux calculation 

The area of soil influenced by urine-N application, and therefore the area of 

urine-N derived N2O emission, is not confined to the area that is directly wetted 

during application due to diffusion of the N within the soil (Lantinga et al., 1987; 

Marsden et al., 2016) and therefore measurement of N2O fluxes from the urine-

wetted application area alone, could lead to an underestimation of the urine EF 
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(Marsden et al., 2016).  In this experiment, the entire soil surface within the chamber 

was treated with synthetic urine, without allowance for the formation of a diffusional 

area potentially leading to such an underestimation. Mitigating information with 

respect to this is that the range of WFPS values (26 – 50 %) measured at BG are 

close to or below the WFPS value (50 %) at which no significant change in 

calculated EF was observed by Marsden et al. (2016). There is more doubt with 

respect to the KAF range of WFPS values which were between  50 and 59 %, 

between the point at which non-significant (at 50 % WFPS) and significant (at 70 % 

WFPS) changes in EF value resulted due to consideration of the diffusional area 

(Marsden et al., 2016).  A higher WFPS facilitates a faster lateral movement of 

solutes within the soil (Marsden et al., 2016) and potentially more rapid transport of 

NO3
- to anaerobic microsites where denitrification can occur (Luo et al., 1999).  

 

5.4.2.2. N2O emission factors 

A very minor proportion of the N applied in the excreta was directly emitted 

as N2O, and much less than the default 1% EF given by IPCC guidelines. From this it 

might be concluded that a lower EF for sheep excreta in free-draining upland areas 

would be justifiable.  

Although, we calculated dung N2O EFs based on the observed flux relative to 

that from the control soils, the statistically non-significant differences between the 

cumulative flux from the dung and control treatments could be interpreted as 

indicating a dung EF of 0. The significant difference between urine-only and dung-
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only treatments at KAF concurs with other work in the UK (Yamulki et al., 1998; 

Bell et al., 2015) and New Zealand (Van der Weerden et al., 2011; Luo et al., 2013) 

and supports the disaggregation of EFs for sheep dung and urine. The EFs for dung-

only and urine-only treatments at BG were not significantly different however.  

A weakness of this approach of EF calculation in general is that the ultimate 

fate of much of the applied N remains unknown and could be indirectly emitted as 

N2O after leaching as NO3
- or volatilisation as NH3. A more thorough mass balance 

approach to N cycling within grazed grasslands accounting for transport in soil water 

may be necessary to accurately calculate how much of the N deposited in grazing 

returns will be converted to N2O.  

 

5.4.3. CH4 fluxes 

The significant differences in cumulative CH4 fluxes between dung-treated 

soils (Dung and Dung+Urine) and soils not treated with dung (Control and Urine) are 

as expected based on previous published studies (e.g. Yamulki et al., 1998). The 

elevated CH4 emissions from dung-treated soils are caused by the presence of a large 

reservoir of labile C, initially anaerobic conditions, and an existing population of 

enteric methanogenic bacteria within the dung. Fluxes of CH4 peaked immediately 

after application of dung treatments, with the majority of CH4 emissions occurring 

within the first 3 days, and declined thereafter until reaching the baseline negative 

flux, implying CH4 oxidation, in a similar pattern to that observed by other authors 

(Jarvis et al., 1995; Flessa et al., 1996; Holter, 1997; Penttilä et al., 2013). The 
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colder, wetter months (October to April) typically trended towards lower values of 

CH4 uptake at both sites (see Figure 5-8c and d), in line with other observations 

(Saggar et al., 2007). Cumulative CH4 emissions were higher for dung-treatments at 

KAF despite a lower total C content in the KAF dung and higher (i.e. less negative) 

for the Control and Urine treatments, probably due to the measured higher soil 

WFPS  values which would both facilitate methanogenesis and inhibit CH4 oxidation 

(Price et al., 2004; Li & Kelliher, 2007).  Soil physicochemical factors other than 

WFPS that exert an influence on the rate of CH4 oxidation are soil temperature (Price 

et al., 2004) and pH (Price et al., 2004; Ma et al., 2006). General linear regression to 

investigate factors controlling CH4 fluxes at each field site revealed that at KAF, 49 

% of variation in CH4 flux could be described by the variables pH and NH4
+-N 

concentration, whereas at BG it was only possible to describe 32 % of variation with 

pH, EC, and soil temperature.  

Flessa et al. (1996) measured a maximum CH4 flux of 30 mg m-2 hr-1 on the 

first day after a dung application rate of 21.2 kg dung m-2 in southern Germany, 

compared to calculated hourly fluxes of 3.2 and 6.3 mg CH4-C m-2 hr-1 with 5 kg 

dung m-2 at BG and KAF respectively in this study. Despite the highly different 

climatic conditions, Mazzetto et al. (2014) measured similar fluxes of 2.8 and 9.9 mg 

CH4-C m-2 hr-1 in subtropical Brazil. Saggar et al. (2008) gives examples ranging 

between 0.64 and 1.93g CH4-C kg dung-C-1
 (converted from values given in g CH4 

kg dung-C-1), all for studies carried out on cattle or sheep dung under New Zealand 

conditions, and very comparable to the range of values observed in this study when 

expressed in this metric (between 0.90 and 2.50 g CH4-C kg dung-C-1). 

Unfortunately all the examples cited by Saggar et al. (2008) are from reports for the 
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New Zealand Ministry of Agriculture and Forestry, which if not unpublished are at 

least not available online prohibiting further investigation of these studies.  

CH4-oxidising bacteria may be sensitive to the addition of N to the soil due to 

competition between CH4 and NH4
+ for binding sites on the enzyme MMO (methane 

monooxygenase, nearly identical to the enzyme for ammonia oxidation, ammonia 

monooxygenase (AMO)) (Bedard & Knowles, 1989). Addition of N has been shown 

to depress CH4 oxidation rates in some forest (Price et al., 2004) and grassland soils 

(Lovell & Jarvis, 1996b; Li & Kelliher, 2007). Li & Kelliher (2007) observed this 

effect for up to 2 months in a New Zealand intensive pasture. Conversely other 

studies have shown no effect of N addition on CH4-oxidisation rate (Jarvis et al., 

1995; Yamulki et al., 1999). No significant difference in mean cumulative CH4 

fluxes was observed across the measurement period between urine-treated soils and 

their directly comparable equivalents (i.e. Urine compared to Control, or Dung 

compared to Dung+Urine), contrary to the significantly different CH4 fluxes 

measured from the Dung and Dung+Urine treated soils in the incubation experiment 

described in Chapter 4. Additional ANOVAs of cumulative CH4 fluxes were carried 

out at the 1 and 2 month marks to further investigate the possibility of a urine-N 

caused depression of CH4 flux, but again indicated no significant difference between 

urine-treated and urine-untreated soils. The 1 and 2 month cumulative fluxes were 

chosen because these were the periods within which the majority and all, 

respectively, of the positive CH4 fluxes occurred, and because Li & Kelliher (2007) 

indicated that 2 months was the upper limit to the inhibitory effect of NH4
+ on CH4 

oxidation in their experiment.  
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The cumulative negative CH4 fluxes measured from Control and Urine 

treated soils at BG were -3.0 and -2.5 kg CH4-C ha-1 yr-1 respectively and those from 

KAF were -1.5 and -1.2 kg CH4-C ha-1 yr-1.  These are within the range of values 

used by Boeckx & Van Cleemput (2001), who calculated an average CH4 uptake for 

European grasslands of 2.5 kg CH4
 ha-1 yr-1. The proportion of a pasture affected by 

dung deposition will depend on stocking rate, but some literature examples for 

intensive pasture are that 6.4 % (Bol et al., 2000) or 3.75 % (Lantinga et al., 1987) of 

the pasture area is affected by dung deposition.  

 

5.4.4. CO2 fluxes 

Although widely used, linear regression to calculate CO2 flux is not regarded 

as the optimal method (Kutzbach et al., 2007). In this case CO2 was observed to 

accumulate linearly within the chambers every time with R2 values always > 0.95 

and usually > 0.99. As CO2 flux was not an important parameter in this experiment 

(it was analysed as standard during GC analysis to measure N2O concentration), 

linear regression was deemed an adequate method for this experiment. This 

experiment did not include bare soil plots to obtain a baseline flux for soil respiration 

and therefore the CO2fluxes discussed here are combined fluxes due to plant and soil 

respiration. Treatment had a significant effect on CO2 flux at both sites. At BG, 

Tukey’s test indicated that the Dung+Urine treatment cumulative CO2 flux was 

observed to be significantly different from the Control soil, albeit not from either the 



165 

 

Dung or the Urine treatments. This may indicate a slight additive effect of the Urine 

and Dung co-deposition.  

There is an immediate peak in CO2 emission after the application of the Urine 

and Dung+Urine treatments. This is probably a combination of CO2 emission due to 

hydrolysis of urea and short-term stimulation of the microbial community due to 

dissolution and increased availability of SOC caused by pH changes. 

There is a strong seasonal pattern to CO2 flux, with CO2 flux declining at 

both sites from September to its lowest point around December/January, followed by 

a rapid increase from February onwards. The CO2 flux pattern mirrors the variation 

in soil temperature, a variable that has been demonstrated to be a controlling factor 

on both plant and microbial growth and respiration.  

 

5.4.5. C and N content of soil fractions 

Due to financial constraints it was elected to carry out soil fractionations on 

composite samples made up of equal amounts of the bulk soils taken from each gas 

sampling chamber (n = 5), rather than fractionate each chamber soil sample 

individually. This gives a reasonably representative indication of the C concentration 

in each soil and each soil fraction, but prohibits the drawing of any robust 

conclusions as to the effect of treatment on these parameters.  

The differing contributions of each soil fraction to total SOC at each site are 

reflective of the differences in soil texture and type between sites. Generally a high 
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s+c fraction positively correlates with SOC content (Plante et al., 2006), however 

here, despite lower silt and clay content, KAF’s soils have a higher SOC content than 

BG soils overall (see Figure 5-11a). This is because the KAF site has podzol soils 

which while clay-depleted due to eluviation, have almost twice the mass of POM, the 

most C rich fraction (Table 5.3), which contributes disproportionately to SOC stocks.  

There are apparent increases in SOC under the Dung-only treatment at each 

site, which might be expected due to this large addition of C. This is not apparent 

however in the Dung+Urine treated soils, perhaps because the apparent increase in 

the Dung-treated soil is not statistically significant, or because the simultaneous 

addition of N-rich urine stimulated more rapid decomposition of dung C or even 

native SOC (Chen et al., 2014). 

 

5.4.6. Bulk density & VESS 

It was thought that bioturbation resulting from increased invertebrate activity 

beneath dung-treated soils could have led to an increase in soil permeability or 

porosity (Bang et al., 2005; Nichols et al., 2008) and thereby affect either BD or 

VESS, but no treatment effect was observed for either.  

Better (i.e. lower) VESS soil quality scores for lower soil layers at both KAF 

and BG may indicate a degree of surface compaction resulting from either livestock 

traffic or are potentially a sampling artefact caused by the dryness of the soil. A dry 

soil can be more difficult to dig out without altering the soil structure and blocks can 

be more difficult to break apart, affecting the strength and firmness of soil aggregates 
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being assessed, and potentially influencing VESS scoring (Ball et al., 2007). On the 

day of sampling the mean GWC was 39.1 ± 10.3 % at BG and 54.7 ± 9.9 % at KAF. 

Both sites are grazed by sheep, but the BG site is also grazed for much of the 

summer by Limousin cross cows which would be more likely to cause soil 

compaction, and may contribute to why this site had poorer VESS scores overall. 

Unlike other studies (Guimarães et al., 2013; Pulido Moncada et al., 2014), 

no correlation between VESS score and BD was observed. This is thought to be due 

to the relatively small variability of VESS between chambers and the inherent 

imprecision in a quick, qualitative methodology such as this which was designed for 

assessing soil structure in improved managed grasslands rather than relatively 

shallow, semi-improved grasslands like those encountered at this study’s field sites. 

As the BD sample was taken from the upper layer, it would be logical to investigate 

potential correlations between the VESS score of this layer and BD, but this was 

rendered pointless in this study by the near total homogeneity of soil quality scores in 

this layer across all chambers. Similarly, the small variation of VESS scores between 

chambers inhibits any meaningful linkage of VESS soil quality scores to N2O 

emissions in this study, despite its demonstrated utility as a broad indicator of soil 

structural conditions that contribute to elevated soil N2O emissions, e.g. soil 

compaction of intensively managed arable and grassland soils, in other studies with 

more diverse soil structural conditions (Ball et al., 2013).  
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5.4.7. Other soil parameters 

5.4.7.1. Soil pH and EC 

Dung pats have been shown to affect the underlying soil (0 – 10 cm) by 

increasing pH (Aarons et al., 2009; Yoshitake et al., 2014) and EC (Aarons et al., 

2009). Yoshitake et al. (2014) observed soil pH under dung pats to decrease to the 

level of the control soil within 3 months, whereas the effect remained for over 17 

months in the clay loam, ferrosol studied by Aarons et al. (2009). Treatment had no 

significant impact on BG soil pH, but did have a significant and persistent impact on 

soil EC for up to 300 days after treatment application, particularly for the 

Dung+Urine treatments. The short term increase in soil pH after application of urine 

observed at KAF is comparable to that observed in soils at other Scottish upland 

grassland sites (Williams et al., 1999b) and is a product of the hydrolysis of urea to 

NH4
+. There is a significantly higher pH at KAF under the Dung+Urine treatment at 

300 and 330 days which is possibly due to mineralisation of dung organic N in spring 

and generation of NH3, which is a weak base.  

The work by Yoshitake et al. (2014) revealed an increase in pH values along 

a transect from the centre to the edge of the dung pats. This was not considered in 

this experiment and soil samples were taken from across soil beneath the dung pat, 

without any intentional pattern, potentially introducing an extra element of variability 

into measurements of pH and other soil parameters such as mineral N and soil EC. 
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5.4.7.2. Soil microbial biomass 

Although, short term increases in soil microbial biomass after urine addition 

may occur due to solubilisation of SOC due to changes in soil pH (Monaghan & 

Barraclough, 1993) or to an increase in soil water content (Lovell & Jarvis, 1996b), 

the lack of significant long-term (after 1 year) differences in CMic between treated 

and untreated soils we observed concurs with other published studies (Lovell & 

Jarvis, 1996a; b; Wachendorf & Joergensen, 2011). Additionally, some studies report 

no increase in CMic at any point after urine application (Williams et al., 2000; Rooney 

et al., 2006). 

Addition of dung to a soil can boost soil microbial biomass and respiration 

(Bardgett et al., 1998a). Soils which regularly receive high dung inputs, such as 

livestock camping areas, typically have higher CMic than the soils of the surrounding 

pasture (Iyyemperumal et al., 2007). A single surface application of dung has been 

shown to have increased CMic in dung-amended relative to control soils in some 

studies (Hatch et al., 2000; Aarons et al., 2009; Wachendorf & Joergensen, 2011), 

but also to not have had any significant difference in others (Lovell & Jarvis, 1996a; 

Bol et al., 2003a). Our study falls into the latter category with no significant 

difference being observed between dung-treated and untreated soils. This may be 

because the slow breakdown of  dung meant that the nutrients it contained were not 

released to the soil microbial community at a sufficient concentration to cause a 

measureable effect, as suggested by Lovell & Jarvis (1996b). 
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5.4.8. General comments on gas measurement methodology 

5.4.8.1. Linearity of gas accumulation 

In this experiment, the coefficient of determination (R2) was used to ascertain 

the linearity of gas accumulation within the chamber. In those chambers where 

multiple measurements were taken across the closure period, linear accumulation 

was usually observed according to this metric, particularly for larger fluxes. Non-

linear fluxes were typically those that were either at zero (within the range of 

ambient values) or potentially so low as to be obscured by instrumental imprecision. 

A better criterion for filtering non-linear from linear fluxes may be the standard 

deviation of the residuals. The assumption of linear accumulation for all chambers in 

this study may have led to slight bias towards underestimation in flux calculation 

(Levy et al., 2011; Chadwick et al., 2014).   However, although slightly less accurate 

than non-linear models, linear regression has been suggested as best for investigating 

relative differences in fluxes arising due to treatment effects because of the lower 

variability with this method (Venterea et al., 2009).  

 

5.4.8.2. Negative N2O fluxes 

Some negative N2O fluxes were also observed in this experiment and have 

been observed in many others (Velthof & Oenema, 1995; Li et al., 2011; Horrocks et 

al., 2015). Some authors have in the past considered this an artefact of the 

measurement method whereby an apparent reduction in concentration is due to 
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samples of effectively identical concentration that are apparently different due to the 

effect of method and/or instrumental error. This may be true for some of the smaller 

negative fluxes observed in this study, but others clearly exceed the calculated limits 

of detection for our GC (0.025 ppmv) and do appear to indicate N2O concentration 

decline within the chamber. It has been demonstrated however that both denitrifiers 

and nitrifiers can utilise N2O as a substrate and reduce it to N2 (see the review by 

Chapuis-Lardy et al., 2007) and this may be responsible for at least some of the N2O 

uptake frequently observed during this experiment. If N2O uptake is occurring at the 

BG and KAF field sites it is mostly likely occurring through nitrifier denitrification 

or aerobic denitrification, as soil moisture conditions are not suited to anaerobic 

denitrification.  

Uptake of N2O through dissolution of N2O in soil water and drainage to 

surface or groundwater may also occur (Heincke & Kaupenjohann, 1999; Well et al., 

2001) and presents an additional pathway by which N2O could be transported from 

the soil and indirectly emitted elsewhere (Clough et al., 2006). 

  

5.5. Conclusions 

This Chapter presents the first dataset for soil GHG fluxes from excretal 

returns to Scottish (or UK) semi-improved grassland soils, and thereby will 

contribute to more accurate calculation of the GHG emissions associated with 

livestock agriculture in this ecosystem. This will be particularly relevant in Scotland 

and other parts of Britain and Ireland due to the prevalence of semi-improved or 
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rough-grazing by sheep in upland areas. The EFs calculated here are significantly 

different from the IPCC default EF of 1 % for sheep excretal returns, supporting use 

of a Tier 2 methodology and application of a country-specific EF. Additionally the 

significant differences between dung-only and urine-only EFs found in this study 

support the application of separate EFs to each of these N sources. No evidence was 

found for an additive or multiplicative effect of co-deposition of urine and dung 

under field conditions at either site.  

Evidence from soil NH4
+ and NO3

- concentration patterns and soil 

environmental variables strongly suggested the predominant role of nitrification in 

the emission of soil N2O in these free-draining, semi-improved upland grasslands.  

A clear area of insufficient information is the long term fate of the urine N 

applied in UK semi-improved grasslands. The results of this experiment indicate that 

little N is being emitted directly as N2O at either of these sites. However, NH3 

volatilisation in the time period immediately after urine deposition can be high 

(Fischer et al., 2016) and the high precipitation at both sites and in UK upland 

environments generally also made leaching likely, both pathways which could have 

led to indirect N2O emissions elsewhere. Future research that quantifies these and 

other forms of N loss with a comprehensive mass balance approach is to be 

recommended.  
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6. Discussion and conclusions 

This research set out to investigate the contribution of sheep excreta and soil 

interactions to the overall GHG budget of extensive sheep grazing at two Scottish hill 

farm sites.  

The incorporation of dung C into the SOC pools of the underlying soil has 

been quantified for the first time using a natural abundance 13C tracer combined with 

a physical and chemical fractionation methodology. Results indicated no 

measureable change in total SOC concentrations after one year, but did show clear 

evidence in the form of changes in δ13C values of the presence of dung C in 

particular soil fractions. This is not unexpected as these grasslands have been grazed 

for many decades and would be expected to have reached a state of equilibrium with 

respect to dung and grass C inputs. This implies that dung C is replacing native SOC 

as it mineralises, a process possibly enhanced by priming with labile dung C.  

Grasslands are a major SOC reservoir in the UK and this should be borne in 

mind when evaluating potential changes in management or land use. Existing studies 

indicate that there is higher SOC and biomass storage in upland grasslands with low-

level, extensive grazing (Marriott et al., 2010; Smith et al., 2014), sometimes under 

no grazing (Smith et al., 2014), or after restoration of graminoid-dominated upland to 

heathland by reducing grazing intensity (Quin et al., 2014). A meta-analysis by Guo 

& Gifford (2002) found that conversion of grassland to coniferous plantation had a 

negative effect on SOC stocks of -12 to 15 %, however a later meta-analysis of 33 

studies by Laganière et al. (2010) suggested the effect on SOC stocks was not 

negative when the surface organic layer is accounted for.  Both authors suggested 
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afforestation with broadleaf species had a greater potential for C sequestration (Guo 

& Gifford, 2002; Laganière et al., 2010), but afforestation with broadleaf trees is 

relatively rare in upland areas for commercial and soil quality reasons. This would 

suggest that in upland grasslands on mineral soils, maintenance of SOC stocks need 

not be concern given the current trend towards reduced grazing, although no grazing 

may be less benign, or future land use change to plantation forest.  

The work described in Chapter 4 to investigate the effect of HA concentration 

on N2O emission, did not observe any effect of HA addition, but may have been 

marred by an experimental artefact leading to inhibition of N2O flux instead by high 

soil NH3 concentrations or a bottle effect favouring fungal denitrification in dung-

treated soils. This highlights the disparity between incubation experiments and field-

based experiments, and that while the former are useful to elucidate biogeochemical 

processes, the latter remain necessary to evaluate them under realistic conditions.  

The work described in Chapter 5 has quantified for the first time the N2O and 

CH4 fluxes from urine and dung patches in upland semi-improved grasslands. The 

EF calculated from these results differs significantly from the IPCC default values 

currently used by the UK for grazing returns in annual GHG inventories and supports 

an approach whereby different EFs are used for urine- and dung-N. The results 

described here can contribute to the future calculation of a country-specific EF for 

sheep grazing returns. It can be seen that the N2O EF for dung differs greatly from 

that measured in the incubation experiment described in Chapter 4. This will be 

partly due to the fact that conditions in the laboratory were designed to be optimal for 

N2O production and partly because dung decomposition rates and GHG fluxes under 
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field conditions will have been influenced by the presence of soil fauna, the presence 

of living plants, and more variable drainage and climatic conditions. We found no 

evidence for significantly different emissions from urine co-deposited with dung, 

compared to urine alone under the same field conditions at either site.  

The minimal N2O emissions associated directly with sheep excreta, suggest 

that the majority of the GHG footprint of extensive sheep farming lies with the sheep 

itself in the form of enteric CH4 emissions, as per previous studies (Ledgard et al., 

2011; Worrall & Clay, 2012; Jones et al., 2014). The high rainfall at upland sites 

makes leaching of N from urine patches highly likely however, and therefore indirect 

N2O emissions may be occurring elsewhere. Treading and compaction of peat can 

actually reduce CO2 emissions by decreasing aerobicity within a peaty soil (Clay & 

Worrall, 2013), but may have adverse effects on N2O and CH4 fluxes. It is possible 

that N2O fluxes from urine patches in semi-improved grassland soils may increase in 

line with predicted increased mean annual temperatures due to climate change 

(Cantarel et al., 2010). 
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8. Appendix A 

8.1. Introduction 

The radioactive C isotope 14C, or radiocarbon, is present in terrestrial plants 

in equilibrium with the atmosphere. As the exchange of C between the plant and 

atmosphere ceases with death, the ratio of 14C to 12C declines due to radioactive 

decay of 14C, which has a half-life of 5730 ± 30 years (Godwin, 1962). Obtaining a 

radiocarbon date for a bulk soil provides an apparent mean age for the SOM, but 

does not account for the diverse mix of SOM in soils, which accumulate and decay at 

variable rates. Radiocarbon dating has sometimes therefore been combined with soil 

fractionation to verify hypothesised differing stabilities and therefore ages of 

physically or chemically defined SOM pools within the soil (Crow et al., 2007; 

Sollins et al., 2009). Measurements of δ13C and Δ14C can be combined in a dual-

isotope approach to more accurately elucidate the turnover rate of different SOM 

fractions (O’Brien et al., 2011) or Δ14C and δ15N (Meyer & Leifeld, 2013). 

The presence of carbonate minerals can complicate radiocarbon 

measurements as the C contained within is vastly older than the SOM. This is 

problematic outside of areas with geologically derived carbonate minerals in the soil, 

as calcium or magnesium carbonate may be added in the form of lime to agricultural 

soils to maintain soil pH within an optimum range for plant growth and nutrient 

cycling. Carbonate C may be removed however by acidification with hydrochloric 

acid in the vaporous or aqueous phases (Komada et al., 2008). Hydrochloric acid 

vapour could also conceivably react with SOC. To support an application to the 
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NERC Radiocarbon facility at East Kilbride for material assistance in the form of 

Δ14C analyses, I undertook a short experiment to investigate this possibility. 

 

8.2. Loss of SOC mass during carbonate removal 

8.2.1. Methodology 

Replicate samples of bulk soils from both KAF sites, the historically limed 

semi-improved grassland and the never limed unimproved grassland were subject to 

the acid-fumigation method routinely used in the NERC Radiocarbon Facility to 

remove carbonate from DOC samples.  

 

8.2.2. Results and discussion 

Repeated tests using duplicate samples indicated no change in the C 

concentration and a small positive weight change as a result of exposure of the 

unimproved and semi-improved grassland soils to hydrochloric acid vapour. The lack 

of change in the C concentration implies no mass loss of C from either organic or 

carbonate sources, indicating little carbonate concentration in the soils. This implies 

that Δ14C values for bulk soils or soil fractions from the KAF field sites would be 

unaffected by acid fumigation. This is in accordance with other studies which 

showed no loss of water-soluble C during HCl fumigation (Harris et al., 2001; 
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Komada et al., 2008). The small weight gain is hypothesised to be due to retention of 

Cl within the soils through the formation of hygroscopic chloride minerals. 

 

Table 8-1 Mass changes in bulk soil samples subject to acid fumigation to remove carbonates.  

 

Pre-fumigation 

soil- freeze-dried 

(mg) 

Post-fumigation 

soil- freeze-dried 

(mg) 

Mass change due to 

fumigation (mg) 

Weight 

loss % 

Unimproved 1 49.54 50.93 -1.39 -2.8 

Unimproved 2 47.06 48.17 -1.11 -2.4 

Semi-improved 1 48.56 50.99 -2.43 -5.0 

Semi-improved 2 48.47 51.41 -2.94 -6.1 

 

 

8.3. Contamination with C from laboratory chemicals 

The possibility of C contamination was investigated during the soil 

fractionation procedure by placing measured quantities of two standards of known 

δ13C, Δ14C, and C concentration in contact with the primary chemicals used in the 

soil fractionation procedure. The oxidation step with NaOCl was omitted because of 

the very small quantity of standard available and the likelihood of large mass loss. 
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8.3.1. Methodology 

A weighed quantity of each standard was added to a proportionate amount of 

sodium polytungstate (SPT) and swirled for 1 minute, centrifuged, and the SPT 

removed by vacuum filtration. The filtrate was rinsed with deionised water in the 

vacuum filtration apparatus and then rinsed from the filter paper into a petri dish in 

which it was oven-dried at 40°C. 

 

8.3.2. Results and discussion 

The barley mash standard was 14C enriched to the consensus value of 116.35 

% modern and had a lower C concentration than expected (~ 45 %) (see Table 8-2). 

The anthracite standard also had a lower C concentration than expected (~ 80 %), but 

a higher 14C concentration compared to the normal background contamination 

observed in the analysing lab (0.17 %), indicative of some contamination (see Table 

8-2).  

 

Table 8-2 The δ
13

C, Δ
14

C, and C concentrations of two laboratory standards used as method 

blanks for the soil fractionation procedure.   

Material type 
off-line 

δ
13

C 
% modern 

% modern 

1 sigma 

error 

CO2 

recovered 

(ml) 

% C 

B1 - barley mash -26.5 122.11 0.56 5.02 22.2 

A1 - anthracite -23.3 1.09 0.01 9.53 21.2 
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The lower concentrations of C after being exposed to the fractionation 

chemicals, could be ascribed to a combination of the loss of some soluble C in the 

SPT or deionised water rinsing stage and difficulties in thoroughly removing all of 

the SPT mass from the sample. In retrospect an attempt could have been made to 

quantify C loss due to dissolution in SPT by measuring the C concentration of a 

subsample of the SPT solution before and after the density fractionation. The very 

small quantities of standard used created practical difficulties with respect to carrying 

out the procedure with the equipment available, which was designed for larger 

sample volumes.   
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9. Appendix B 

Table 9-1 All treatment combinations applied to the intact soil cores from each farm and the 

total number of soil cores remaining at each sampling point. 
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10. Appendix C 

Table 10-1 REML-derived statistical significances (as P values) of the factors Farm, Grassland, 

and Dung, and their interactions Farm*Grassland and Farm*Grassland*Dung, on the 

parameters Mass, C concentration (% C), N concentration (% N), δ
13

C, and δ
15

N, for each soil 

fraction, estimated means and standard error of the difference (SED) of same for the 1 month 

time point. BG = Boghall Glen, KAF = Kirkton and Auchtertyre Farm, I = improved grassland, 

SI = semi-improved grassland, Y = dung added, and N = dung not added. 

 Particulate organic matter (POM) Sand and stable aggregates (S+A)  

 Mass %C %N δ
13

C δ
15

N Mass %C %N δ
13

C δ
15

N 

REML derived P values       

Farm < 

0.001 

< 

0.001 

0.003 0.691 0.104 0.002 0.029 0.038 < 

0.001 

0.091 

Grassland  < 

0.001 

< 

0.001 

0.008 < 

0.001 

0.317 < 

0.001 

0.063 0.142 0.007 < 0.001 

Dung 0.445 0.116 0.285 0.028 0.657 0.378 0.151 0.512 0.201 0.005 

Farm*Grassland < 

0.001 

< 

0.001 

0.005 0.086 0.029 0.002 0.872 0.569 < 

0.001 

< 0.001 

Farm*Grassland*

Dung 

0.967 0.437 0.185 0.711 0.802 0.246 0.119 0.417 0.413 0.045 

REML estimated means, SED, and LSD. 

BG I 
N 1.487 26.02 1.540 -29.41 5.507 18.17 4.573 0.4467 -29.25 6.207 

Y 1.277 31.91 1.873 -28.83 5.003 16.98 4.013 0.3667 -28.95 6.493 

BG SI 
N 22.275 41.08 2.340 -28.42 3.067 1.44 2.977 0.5567 -28.20 3.220 

Y 20.124 44.73 2.277 -28.24 3.167 6.61 12.477 1.1300 -28.27 3.565 

KAF I 
N 0.517 28.89 1.683 -29.19 4.625 17.12 0.473 0.0367 -27.97 4.737 

Y 0.429 27.90 1.693 -28.71 4.910 18.21 0.960 0.0800 -27.99 6.535 

KAF SI 
N 4.011 27.41 1.597 -28.54 4.925 15.29 3.577 0.2500 -28.42 5.140 

Y 2.208 29.05 1.740 -28.64 6.493 15.60 3.693 0.2633 -28.40 5.120 

SED 2.713 3.045 0.1915 0.2345 1.329 2.949 3.141 0.4084 0.1797 0.3876 

           

 Silt  and clay (s+c) Dissolved organic carbon (DOC) 

 Mass %C %N 

(Log) 

δ
13

C δ
15

N Mass %C %N δ
13

C δ
15

N 

REML derived P values       

Farm 0.134 0.080 < 

0.001 

0.110 0.043 < 

0.001 

0.758 0.209 0.034 < 0.001 

Grassland  0.003 < 

0.001 

< 

0.001 

0.002 < 

0.001 

< 

0.001 

< 

0.001 

0.487 < 

0.001 

0.131 

Dung 0.594 0.817 0.189 0.224 0.478 0.331 0.711 0.697 0.220 0.199 

Farm*Grassland 0.516 0.284 0.701 0.008 < 

0.001 

< 

0.001 

0.383 0.638 0.016 0.672 

Farm*Grassland*

Dung 

0.486 0.849 0.601 0.465 0.226 0.666 0.807 0.242 0.832 0.765 

REML estimated means, SED, and LSD. 

BG I 

N 
9.460 9.43 -

0.0241 

-29.01 0.7759 0.0970 29.44 6.133 -28.48 0.6388 

Y 
10.711 9.02 -

0.0482 

-28.67 0.7745 0.1001 30.37 6.737 -28.35 0.3220 

BG SI 
N 4.743 33.97 0.4813 -28.29 0.4807 0.1932 37.47 6.650 -27.70 0.8192 

Y 5.320 33.52 0.2932 -28.16 0.5790 0.2085 37.10 6.023 -27.51 0.8386 

KAF I 

N 
11.669 5.67 -

0.2477 

-28.39 0.7252 0.0602 31.48 7.227 -27.91 0.2086 

Y 
10.689 5.72 -

0.2694 

-28.43 0.7157 0.0606 30.03 7.160 -27.75 0.1064 

KAF SI 
N 6.835 21.70 0.1506 -28.36 0.6950 0.0973 36.18 6.307 -27.71 0.6547 

Y 8.576 18.12 0.0741 -28.33 0.6902 0.0990 34.88 7.070 -27.59 0.7939 

SED  9.299 0.0500 0.1804 0.0374 0.0125 2.895 0.8479 0.2322 0.2132 
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Table 10-2 REML-derived statistical significances (as P values) of the factors Farm, Grassland, 

and Dung, and their interactions Farm*Grassland and Farm*Grassland*Dung, on the 

parameters Mass, C concentration (% C), N concentration (% N), δ
13

C, and δ
15

N, for each soil 

fraction, estimated means and standard error of the difference (SED) of same for the 4 month 

time point. BG = Boghall Glen, KAF = Kirkton and Auchtertyre Farm, I = improved grassland, 

SI = semi-improved grassland, Y = dung added, and N = dung not added. 

 Particulate organic matter (POM) Sand and stable aggregates (S+A)  

 Mass %C %N δ
13

C δ
15

N Mass %C %N δ
13

C δ
15

N 

REML derived P values       

Farm < 0.001 < 0.001 0.120 0.103 0.327 < 

0.001 

< 

0.001 

0.103 < 

0.001 

0.606 

Grassland  < 0.001 < 0.001 < 

0.001 

0.821 < 

0.001 

< 

0.001 

< 

0.001 

0.116 0.714 < 

0.001 

Dung < 0.001 0.723 0.845 0.003 0.687 < 

0.001 

0.327 0.704 0.022 0.190 

Farm*Grassland < 0.001 < 0.001 0.016 0.889 < 

0.001 

< 

0.001 

< 

0.001 

0.039 < 

0.001 

< 

0.001 

Farm*Grassland

*Dung 

0.004 0.333 0.059 0.486 0.060 0.552 0.112 0.276 0.077 0.366 

REML estimated means, SED, and LSD. 

BG I 
N 0.677 29.17 1.547 -28.52 5.167 16.30 0.5135 0.2900 -29.12 6.173 

Y 1.089 28.50 1.563 -27.95 5.533 16.23 0.5517 0.3333 -28.90 6.250 

BG SI 
N 18.589 42.41 2.085 -28.22 3.910 2.11 0.1567 0.1149 -28.04 3.478 

Y 23.436 41.67 2.247 -28.24 3.163 1.02 0.4983 0.3633 -28.15 2.573 

KAF I 

N 
0.470 29.98 1.530 -29.02 4.103 17.30 -

0.3279 

0.0365 -27.47 4.068 

Y 
0.410 32.73 1.670 -28.03 4.157 16.75 -

0.3051 

0.0367 -27.36 4.380 

KAF SI 
N 1.813 29.79 1.993 -29.11 4.470 17.34 0.6825 0.3567 -28.68 5.050 

Y 1.893 27.86 1.723 -28.18 4.633 16.38 0.5391 0.2467 -27.98 5.017 

SED 0.6278 2.282 0.1355 0.3677 0.3001 0.4933 0.1361 0.1390 0.2398 0.3376 

           

 Silt  and clay (s+c) Dissolved organic carbon (DOC) 

 Mass %C %N δ
13

C δ
15

N Mass %C %N δ
13

C δ
15

N 

REML derived P values       

Farm < 0.001 < 0.001 < 

0.001 

0.004 0.017 < 

0.001 

0.621 0.631 0.124 < 

0.001 

Grassland  < 0.001 < 0.001 < 

0.001 

< 

0.001 

< 

0.001 

0.004 0.267 0.925 0.010 0.088 

Dung 0.673  0.031 0.136 0.001 0.129 0.638 0.174 0.995 0.033 0.201 

Farm*Grassland < 0.001 < 0.001 < 

0.001 

0.003 < 

0.001 

0.022 0.682 0.632 0.007 0.634 

Farm*Grassland*

Dung 

0.406 0.088 0.084 0.118 0.074 0.249 0.209 0.180 0.167 0.586 

REML estimated means, SED, and LSD. 

BG I 
N 16.30 9.46 0.950 -28.76 6.117 0.1134 31.90 4.973 -28.26 5.057 

Y 16.23 9.49 0.947 -28.62 6.227 0.0892 32.35 4.763 -27.93 3.187 

BG SI 
N 2.11 37.55 2.203 -28.21 3.790 0.1874 38.29 4.772 -27.05 6.835 

Y 1.02 42.91 2.703 -28.20 3.027 0.2396 29.76 5.290 -27.39 4.973 

KAF I 
N 17.30 6.13 0.615 -28.43 5.077 0.0425 30.96 4.930 -27.73 1.577 

Y 16.75 6.06 0.597 -28.24 5.270 0.0550 29.95 5.480 -27.25 0.633 

KAF 

SI 

N 17.34 12.89 1.067 -28.46 5.063 0.0689 33.77 5.460 -27.79 1.787 

Y 16.38 12.86 1.007 -28.04 5.080 0.0646 32.42 4.693 -27.22 2.433 

SED 0.4933 1.452 0.1462 0.1052 0.1810 0.0389 3.285 0.7212 0.2669 1.419 
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Table 10-3 REML-derived statistical significances (as P values) of the factors Farm, Grassland, 

and Dung, and their interactions Farm*Grassland and Farm*Grassland*Dung, on the 

parameters Mass, C concentration (% C), N concentration (% N), δ
13

C, and δ
15

N, for each soil 

fraction, estimated means and standard error of the difference (SED) of same for the 12 month 

time point. BG = Boghall Glen, KAF = Kirkton and Auchtertyre Farm, I = improved grassland, 

SI = semi-improved grassland, Y = dung added, and N = dung not added. 

 Particulate organic matter (POM) Sand and stable aggregates (S+A)  

 Mass %C %N δ
13

C δ
15

N Mass %C %N δ
13

C δ
15

N 

REML derived P values       

Farm 
< 0.001 < 0.001 0.006 0.799 0.028 

< 

0.001 
0.617 0.260 0.015 0.852 

Grassland  
< 0.001 < 0.001 

< 

0.001 
0.366 

< 

0.001 

< 

0.001 
0.104 0.652 

< 

0.001 
0.431 

Dung 
0.509 0.037 0.780 

< 

0.001 
0.006  0.102 0.249 0.141 0.530 0.451 

Farm*Grassland 
< 0.001 < 0.001 0.002 0.012 

< 

0.001 

< 

0.001 

< 

0.001 

< 

0.001 

< 

0.001 
0.109 

Farm*Grassland

*Dung 
0.493 0.985 0.627 0.523 0.090 0.312 0.127 0.178 0.927 0.822 

REML estimated means, SED, and LSD. 

BG I 
N 2.475 27.34 1.678 -28.84 5.034 16.89 3.907 0.3300 -28.87 5.781 

Y 1.927 26.17 1.633 -28.27 5.713 17.19 4.840 0.4067 -28.83 6.477 

BG SI 
N 25.824 43.91 2.340 -28.19 2.997 0.53 2.360 0.1267 -27.83 5.933 

Y 26.738 43.46 2.316 -27.87 3.326 8.25 1.175 0.0850 -27.68 13.396 

KAF I 
N 0.505 29.04 1.683 -28.76 4.951 16.93 0.913 0.0700 -27.94 12.602 

Y 0.818 28.08 1.630 -27.80 4.977 16.51 1.203 0.0867 -28.08 4.883 

KAF SI 
N 3.293 26.82 1.809 -29.02 4.091 16.94 4.257 0.2967 -28.31 5.141 

Y 3.381 26.53 1.903 -27.95 4.970 18.34 5.603 0.3900 -28.36 5.537 

SED 1.200 1.055 0.1280 0.2668 0.3301 2.668 0.9804 
0.0689

5 
0.1380 2.894 

           

 Silt  and clay (s+c) Dissolved organic carbon (DOC) 

 Mass %C %N δ
13

C δ
15

N Mass %C %N δ
13

C δ
15

N 

REML derived P values       

Farm < 0.001 0.006 < 

0.001 

0.814 0.038 0.004 0.217 0.043 0.044 < 

0.001 

Grassland  < 0.001 < 0.001 < 

0.001 

< 

0.001 

< 

0.001 

< 

0.001 

< 

0.001 

0.175 < 

0.001 

0.100 

Dung 0.256 0.193 0.391 0.792 0.542 0.266 0.007 0.123 0.007 0.666 

Farm*Grassland < 0.001 < 0.001 < 

0.001 

< 

0.001 

< 

0.001 

0.008 0.152 0.174 < 

0.001 

0.335 

Farm*Grassland*

Dung 

0.141 0.275 0.252 0.703 0.969 0.184 0.042 0.012 0.044 0.006 

REML estimated means, SED, and LSD. 

BG I 
N 10.828 9.19 0.873 -28.53 5.946 0.0885 33.13 4.033 -27.79 3.229 

Y 9.704 10.13 0.940 -28.55 5.817 0.1257 37.29 4.273 -28.21 4.123 

BG SI 
N 0.567 41.01 2.293 -27.87 3.130 0.3109 39.50 4.787 -27.01 5.707 

Y 0.200 37.95 2.105 -27.71 3.190 0.2545 41.41 3.205 -25.83 3.514 

KAF I 
N 11.562 5.35 0.490 -28.17 5.213 0.1204 37.61 4.950 -27.24 2.892 

Y 12.042 5.31 0.493 -28.26 5.237 0.0656 36.65 4.763 -27.14 1.627 

KAF 

SI 

N 8.440 11.42 0.857 -28.15 4.627 0.1468 37.81 4.270 -27.38 1.872 

Y 6.707 11.07 0.853 -28.18 4.817 0.1232 41.66 4.370 -26.69 3.060 

SED 0.9538 1.626 0.1041 0.1582 0.2963 0.0449 1.566 0.3653 0.2250 0.8399 
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Table 10-4 REML-derived statistical significances (as P values) of the factors Farm, Grassland, and Dung, and their interactions Farm*Grassland and 

Farm*Grassland*Dung, on the parameters C concentration (% C), N concentration (% N), δ
13

C, and the %  C loss by oxidation, REML-estimated means, and 

standard error of the difference (SED) for the rSOC soil fraction at the 1, 4 and 12 month time points. BG = Boghall Glen, KAF = Kirkton and Auchtertyre 

Farm, Y = dung added, and N = dung not added. 

 

1 month 4 month 12 month 

% loss 

C 
%C δ

13
C %N 

% loss 

C 
%C δ

13
C %N 

% loss 

C 
%C δ

13
C %N 

Farm 0.871 <0.001 <0.001 0.088 0.088 <0.001 0.027 <0.001 0.006 <0.001 <0.001 <0.001 

Grassland 0.018 <0.001 0.003 0.009 <0.001 <0.001 0.292 <0.001 0.956 <0.001 <0.001 <0.001 

Dung 0.331 0.915 0.435 0.785 0.303 0.036 0.085 0.022 0.966 0.089 0.335 0.251 

Farm *Grassland 0.275 <0.001 <0.001 0.225 0.815 <0.001 <0.001 <0.001 0.010 <0.001 0.003 0.338 

Farm * Grassland*Dung 0.750 0.734 0.145 0.901 0.538 0.021 0.042 0.012 0.921 0.110 0.691 0.070 

BG Improved 
Y -80.68 2.28 -30.02 0.0600 -71.50 3.257 -29.53 0.10.67 -79.52 2.203 -29.60 0.06308 

N -79.95 2.26 -29.82 0.0600 -73.05 3.110 -29.62 0.1000 -80.04 2.493 -29.86 0.07667 

BG Semi-improved 
Y -76.12 30.74 -29.58 0.3667 -62.20 25.225 -28.87 0.6995 -83.65 17.120 -29.87 0.15333 

N -77.42 31.39 -29.85 0.3133 -63.05 33.993 -28.56 1.0500 -85.67 9.650 -29.76 0.09794 

KAF Improved 
Y -87.18 1.16 -28.46 0.0233 -76.19 1.637 -28.79 0.0274 -79.71 1.654 -28.38 0.02361 

N -79.59 1.34 -28.69 0.0233 -76.73 1.593 -28.52 0.0367 -78.76 1.240 -28.54 0.02000 

KAF Semi-improved 
Y -75.72 8.84 -29.50 0.1467 -63.68 5.900 -29.28 0.1400 -74.85 3.987 -29.19 0.06719 

N -73.24 7.74 -29.54 0.1267 -68.04 5.077 -29.32 0.1100 -74.78 3.387 -29.11 0.06333 

SED 4.741 2.79 0.2143 0.1320 3.574 1.886 0.1553 0.06805 3.108 2.226 0.1620 0.01758 
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