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ABSTRACT 
 

Climate change models predict an increased risk of future extreme weather events and increased 

risk of fluvial flooding. This has led to increased interest in natural flood mitigation solutions. The UK 

uplands provide natural flood mitigation, absorbing and storing rainfall and slowing the flow of 

water to lowland catchments. Infiltration is key to this ability of uplands to absorb precipitation. 

While studies have shown a link between upland land use management and changes to soil 

hydrology, the nature of this link remains unclear. There is conflicting evidence about the effects of 

upland grassland management on infiltration. In lowland catchments there is also increased interest 

in grass species that can adapt to extreme climate conditions. This is a relatively new area of 

research and further insight is needed into the effects of flooding on novel grass varieties 

A glasshouse experiment established novel grass varieties within mesocosms and investigated the 

impacts of flooding on the growth of these plants, including changes in infiltration and CO2 flux. No 

differences were found in responses of the different grass varieties to flooding, but the study 

highlighted the impacts of flooding on grass and soil, and the need for effective flood mitigation. 

Field studies on upland grassland sites in mid Wales explored the impact of management including 

grazing, hay cutting, fertiliser inputs and liming application, on water regulation, CO2 flux and 

biodiversity. Data collection revealed different management treatments did impact on these 

ecosystem services. Hydraulic conductivity was higher in improved grassland, which was maintained 

by fertiliser and liming inputs, compared to grassland without inputs. There were seasonal changes 

in management impacts, which were affected by wet winters and a dry summer. 

An investigation into the impacts of sheep grazing and hay cutting on soil compaction in upland 

grassland found that these management processes caused soil compaction and that infiltration rates 

decreased when they were applied. Management to improve infiltration was explored. Mechanical 



 
 

aeration of soil improved infiltration rates in the short term, while results suggested that grazing 

exclusion and management for earthworms provide a more sustainable long-term solution. 

The effects of liming on upland grassland were investigated and the results highlighted the 

importance of liming to maintain earthworm populations and infiltration rates.  A comparison of 

grassland sites with variable dates of last lime application showed that grassland sites that had been 

improved and limed in the past but were now declining had lower infiltration rates than those limed 

regularly. The results suggested fertiliser inputs and liming on improved grassland could improve 

infiltration.  

The results from these studies demonstrate that infiltration rates are higher on improved upland 

grassland, where stocking rates are carefully managed, than on declining grassland. Compaction 

from sheep grazing can reduce infiltration rates, but grazing exclusion can allow rates to recover. 

The results highlight the importance of earthworms in maintaining infiltration and demonstrate that 

liming is a key to maintaining soil pH on improved grassland and supporting earthworm populations. 

The findings have implications for future management of the uplands for flood mitigation. 
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CHAPTER 1. UPLAND FLOOD MITIGATION BY MANAGING SOIL 

INFILTRATION – Literature Review 

1.1 CLIMATE CHANGE AND FLOODING 

 

Global climate change models predict an increase in the frequency and intensity of extreme weather 

events, leading to a greater risk of river and coastal flooding (Hoegh-Guldberg, Jacob and Taylor, 

2018). Predictions suggest that both the magnitude and frequency of flood events are likely to 

increase in the future both globally (Jiménez and Decaëns, 2004) and in the UK (HM Goverment, 

2017).  

Impacts of climate change are complex and there are uncertainties over the extent of effects, but 

most agree there will be an increase in extreme events, and some suggest that models are even 

underestimating future increases in temperature and precipitation (World Economic Forum 2018) 

both within the UK and globally. In the UK, an average rainfall increase of 10-20% is estimated over 

the next 30 years (Environment Agency, 2011), while other models suggest that winter monthly 

rainfall totals could be 20-30% higher (HM Government, 2016).   

The incidence of extreme weather events has become more likely and more frequent as a result of 

climate change (WMO, 2016), and the impacts of climate change on weather patterns are already 

being observed. An increase in severe flooding events has been observed globally in the 20th Century 

(Milly et al., 2002). In the UK, the frequency of prolonged rainfall events has increased in some 

regions. The magnitude and frequency of fluvial flooding is growing (Hannaford and Marsh, 2008) 

and the average annual river flood discharge in the UK increased by approximately 12% between 

1960 and 2010 (Blöschl et al., 2019). Six of the 10 wettest years for the UK in a series from 1862 have 

occurred since 1998 (Kendon et al., 2020) and February 2020 was the wettest since records began in 

1872 (Met Office, 2020), leading to a number of flooding events. 
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Economic impacts of floods can be high, damaging properties, businesses and infrastructure. It is 

estimated that around 5.2 million properties in England are at risk of flooding (Environment Agency 

2009).  Damage from flooding (both coastal and fluvial) in England and Wales has an estimated 

annual cost of £1,040 million and this is expected to increase over next 50 years (Foresight, 2004). 

Damage from 2013-2014 winter floods in the UK are estimated to have cost around £19 million to 

the agricultural sector (NFU, 2016).  

Flooding events and their associated damage have led to re-examining of flood defences and an 

increased interest in natural environmental flood control (HM Government, 2016). The UK 

Government has a responsibility to manage flood risk through the UK Flood and Water Management 

Act 2010, which encourages working with natural processes wherever possible as a method of 

reducing flood risk. Despite the increased interest in natural solutions, there is still disagreement 

over the best approach, and over the degree to which changes in land management can realistically 

affect flood risk. Progress is perceived as slow, and the Government has been criticised by the media 

for lack of response to flash flooding (BBC, 2016). A considered and holistic approach is needed, with 

better understanding of the impacts of upland management on soil hydrology and of the full 

capacity offered by natural flood mitigation. There is a need for scientific research and evidence to 

build on existing understanding, and for a multi-disciplinary approach to include factors such as 

ecology, hydrology and climate. 

 

1.2 TYPES OF FLOODING 

There are three main types of flooding which can occur: fluvial flooding from rivers, groundwater 

flooding from a rising water table and coastal flooding (Environment Agency, 2011). While all three 

are a risk to agricultural land, this study will focus on fluvial flooding and on potential upland 

management treatments to reduce this. 
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Fluvial flooding is flooding associated with rivers overflowing their banks, generally following high 

rainfall events upstream. This can be caused by a number of factors: firstly, prolonged rainfall causes 

the ground to become saturated and unable to absorb water. Once the ground reaches saturation 

point, further rainfall will not be able to infiltrate the ground, leading to increased surface runoff, 

and an increase in the level of river discharge (Hannaford and Marsh, 2008; Posthumus, Morris and 

Holman, 2008). Secondly, short bursts of heavy rainfall can fall at such rapid rates the water will not 

infiltrate the ground. This often leads to a rapid increase in surface runoff and can lead to a flash 

floods (Gilman, 2002). Finally, melting snow and ice can lead to large increase in river discharge 

(Bookhagen and Burbank, 2010).  

 

1.3  IMPACTS OF FLOODING 

 

Fluvial flooding can lead to extensive soil structure damage, reduced soil health and fertility and can 

result in decreased availability of oxygen in soil (Faulkner and Richardson, 1989), as well as loss of 

nutrients (Rafael Sánchez-Rodríguez et al., 2017), reduction of soil infiltration capacity (Holman, 

Hollis and Thompson, 2002), reductions in microbial biomass and lowered agricultural productivity. 

Turbid flood water can also block sunlight from reaching plants under water. The resulting decrease 

in agricultural food productivity from floods can also cause a rise in food prices and increase 

pressure on land for food production (Pacetti, Caporali and Rulli, 2017). 

Shortly after flooding, oxygen is consumed by microorganisms and plant roots, leaving only a narrow 

zone of available oxygen at the water-air interface (Ponnamperuma, 1984). This results in anoxic 

conditions within 24 hours of flooding (Ponnamperuma, 1984), with the soil dissolved oxygen 

content dropping rapidly (Tanji et al., 2003) and remaining low throughout the period of inundation. 

These anaerobic conditions can lead to a number of changes in soil including changes in microbial 

communities from aerobic to anaerobic, leading to production in CH4 (Freeman et al. 2001; Freeman 
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et al., 2004). Nitrogen mineralisation can be interrupted, which can lead to a build-up of ammonium 

(Unger, Motavalli and Muzika, 2009). Floods can lead to an increase of emissions of greenhouse 

gases including nitrous oxide (N2O) and methane (CH4) from the soil (Hou et al., 2000). Changes in 

nutrient cycling can lead to loss of nutrients, denitrification and the production of N2O (Baldwin and 

Mitchell, 2000).  

Soil pH can also change, rising in acidic soil and falling in alkaline soil (Ponnamperuma, 1972). Redox 

potential decreases in anaerobic conditions increasing the availability of Iron (Fe) and Manganese 

(Mn), which can rise to toxic levels (Ponnumperuma 1972). Further damage to vegetation can occur 

through the production of substances such as hydrogen sulphide and acetic acid which are toxic to 

plants. These products can remain even in the soil after it has dried (McKee and McKevlin, 1993). 

Flooding can damage soil structure and result in the breakdown of aggregates and reduction of soil 

aggregate stability.  Loss of structure can further reduce movement of water and air through the soil. 

Under very deep flooding, the weight of flood water on soil may cause compaction (Pivot and 

Martin, 2002), which may also damage soil structure and can subsequently reduce infiltration rates. 

If groundwater is elevated, soils can remain waterlogged and unable to absorb further water for 

many weeks (Posthumus et al. 2008). This decrease in infiltration rate can lead to increase surface 

run off and exacerbate the risk of future flooding 

Flooding can have large economic impact on agriculture (Posthumus et al. 2008), can result in the 

loss of crops or livestock, reduce crop viability and or lead to the loss of grassland for grazing 

(Twining, 2014). The varying impacts of flooding, both directly by damage to crops or pasture or 

indirectly by damage to the soil, can reduce productivity. This has led to increased interest in grass 

varieties that can adapt to changing climate conditions (Humphreys 2011; Humphreys et al. 2014). 

An example of novel grass varieties being investigated is Festuloliums (Kopecký et al., 2016) hybrids 

between any ryegrass (Lolium) and fescue (Festuca) species. These varieties are designed to combine 

the high yields from Lolium and resilience to abiotic and biotic stress from Festuca (Humphreys et 
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al., 2014). The extensive root systems may allow then to survive flooding stress (Marshall et al., 

2016). This is a relatively new area of study and provides one way to potentially mitigate the impacts 

of flooding, alongside natural flood mitigation. 

 

1.4 UPLAND GRASSLAND 

 

An estimated 45% of UK is upland, often referred to as Less Favoured Areas (LFA), and in Wales this 

level rises to 80% (Armstrong, 2016) (Figure 1.1). Uplands play an important role in flood mitigation, 

storing or delaying water from reaching lowland flood-vulnerable areas. The UK uplands receive 

more frequent heavy rainfall than lowland areas  (Murphy et al., 2019)and within the UK rainfall 

levels are higher in the west of the country than the east (Murphy and Washington, 2001), so Welsh 

uplands receive proportionally more rainfall than many areas within the UK. 

Much of the UK uplands is used for livestock grazing, and this is also true in Wales (Fuller and Gough, 

1999).  Sheep and cattle farming supports business in Wales and further afield; it is estimated that 

the red meat industry is worth over £1 billion/ year to the Welsh economy (Business Wales, 2021). 

Food provision is a factor of rising prominence given increased interest in food security due to 

climate change (Schmidhuber and Tubiello, 2007). 
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Figure 1. 1. Map of upland areas within the UK (Bunce et al 2018), derived from the ITE land classification 
(Bunce et al. 2007). 

 

Farming in the UK uplands has undergone a number of changes throughout the recent decades due 

to incentives to improve productivity. The Common Agricultural Policy (CAP) encouraged farmers in 

the uplands to increase livestock numbers, principally sheep (Acs et al., 2010). Landowners also 

carried out measures such as drainage, ploughing and re-seeding and hedgerow removal to improve 

grassland and boost production(Beven et al., 2004), but these actions can reduce biodiversity, 

damage soil structure, increase soil erosion and decrease soil infiltration rates. This reduction in the 

ability of soil to absorb and store water can increase surface run off, increase the rate at which rivers 

reach peak flow and increase flood risk (Beven et al., 2004). 
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Due to EU subsidies introduced in 1975, the number of sheep in the UK rose from approximately 30 

million in 1980 to just under 45 million in 1990 (Zayed, 2016), and the rise was particularly evident in 

Wales (Fuller and Gough 1999). While payments have since changed, resulting in a drop in livestock 

numbers, more recently they have begun to rise again (Welsh Government, 2016).  In 2019, there 

were a total of 9.5 million sheep and lambs in Wales (Welsh Government, 2019).  

Well managed grazing can have ecological benefits in grassland ecosystems, supporting biodiversity 

(Isselstein, Jeangros and Pavlu, 2005; Bilotta et al., 2007). Grazing was found to produce less 

greenhouse gas emissions than mowing at farm-scale, due to differences in carbon uptake between 

mowed and grazed grassland (Koncz et al., 2017). Grass also provides low-cost forage for livestock. 

Understanding how best to manage grass for livestock production can have financial and 

environmental benefits, as it cuts down on importing extra feed such as soya (Eisler et al., 2014). 

However, grazing can be damaging to both vegetation and soil structure, causing compaction and 

reducing soil surface infiltration rates. Overstocking can reduce biodiversity, cause soil erosion, and 

increase both the speed and volume of surface run off (Sansom, 1999) which can lead to river levels 

rising faster, increasing flood risk. With the increased risk of extreme rainfall events, poorly managed 

grazing could exacerbate flooding effects. 

Due to negative impacts of intensive grazing, there is increased interest in extensive farming and 

rewilding (Pettorelli et al., 2018).  Extensive grazing can promote biodiversity of vegetation, 

invertebrates and birds (García and Fraser, 2019; Marriott et al., 2004; Morgan, McLean and Davies, 

2008; Pavlů, Pavlů and Fraser, 2020). However, land abandonment can also reduce biodiversity 

(Marriott et al., 2004; Plantureux, Peeters and McCracken, 2005), and effects can vary depending on 

site conditions (Marriott et al., 2004) therefore some site-specific management may still be required. 

Research needs to focus on ways that agriculture can maintain food production while minimising 

environmental impacts. 
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1.5 IMPACT OF GRAZING ON SOIL 

 

Livestock grazing affects vegetation and the properties of soil through defoliation, excreta, and 

physical trampling. Intensive grazing can degrade both vegetation and soil (Evans, 1997; Bilotta et 

al., 2007) changing vegetation cover and composition and reducing rooting depth (Sansom, 1999) 

and root growth (Greenwood and Mckenzie, 2001).  

The physical pressure of trampling exerted by sheep or cattle can compact the soil, decreasing pore 

space (King and Hutchinson, 1976) and increasing bulk density in the top layers of soil (Greenwood 

et al. 1997; Greenwood & McKenzie 2001) as well as reducing plant growth. Compaction from sheep 

is usually limited to the top few centimetres of soil (Alderfer and Robinson, 1947; Greenwood, 

MacLeod and Hutchinson, 1997) 

Livestock treading may cause a reduction in soil water infiltration rate and increase in surface run-off 

(Langlands and Bennett, 1973; Rauzi and Smith, 1973; Mccalla, Blackburn and Merrill, 1984; Nguyen 

et al., 1998; Meyles et al., 2006). Compaction can affect earthworm populations, which can further 

decrease infiltration as earthworms provide channels for root growth and help to improve 

infiltration (Hills, 1971; Clements, Murray and Sturdy, 1991). The degree of compaction will depend 

on a number of factors including soil type, moisture, density and organic matter (Greenwood and 

McKenzie 2001), as well as land management. It may also depend on climatic conditions, causing 

wetting and drying and/or freezing and thawing cycles (Greenwood and McKenzie 2001). 

Grazing can reduce root growth (Whalley, Dumitru and Dexter, 1995) and rooting depths (Schuster, 

1964; Sansom, 1999). Root density may be greater near the soil surface under pastures with higher 

sheep stocking densities (Greenwood and Hutchinson, 1998), possibly due to changes in vegetation 

composition (Greenwood, MacLeod and Hutchinson, 1997). Roots play an important role in soil 

water movement and function, providing passages for water to move into soil, and encouraging 

macroporosity (Greene, Kinnell and Wood, 1994). They may also help to reduce the impacts of 
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compaction (Soane, 1990; Muhandiram et al., 2020). Changes in root size and loss of root density 

can therefore affect soil infiltration rates (Gradwell, 1960; Archer et al., 2013). 

Higher stocking densities (20-35 sheep/ha, compared to 2.5-10 sheep/ha, or 1.8 acres per yearling 

calf compared to 4.14 ha per yearling) have been shown to cause a greater degree of damage, 

corresponding with increased soil bulk density and decreased infiltration rates (Langlands and 

Bennett, 1973; Rauzi and Smith, 1973; Gifford and Hawkins, 1978; Mccalla, Blackburn and Merrill, 

1984; Greenwood, MacLeod and Hutchinson, 1997). Higher stocking rates have also been found to 

cause greater compaction damage (Greenwood and McKenzie 2001), although differences that are 

initially present between stocking densities may become insignificant over long time periods, as 

impacts from grazing may cumulate over time (Greenwood et al. 1997). Some studies have found 

that stocking rates do not affect either infiltration or surface run off, when  grazed with cattle at 0.1- 

0.5 steers/ha (McIvor, Williams and Gardener, 1995). 

Livestock move around pasture, creating patterns of compaction. Greenwood and McKenzie (2001) 

estimated that over a year, an area stocked at 10 sheep/ha would be trampled an average of 25 

times. However, sheep tend to follow particular pathways, putting more pressure along trails, or 

around gateways and troughs (Sheath and Carlson, 1998; Gilman, 2002). In wet soils, this can cause 

poaching, further reducing infiltration (Nguyen et al., 1998). Wet soils are more vulnerable to 

compaction, so effects of trampling can be exacerbated as the lack of infiltration increases soil 

moisture leading to increased susceptibility. Climatic conditions can also have an impact; therefore, 

increases in rainfall may increase the likelihood of compaction issues. 

To reduce the impacts of grazing and allow soil recovery, livestock can be excluded from areas on a 

rotational basis. Excluding grazing for six months or more can help to restore soil structure, 

increasing hydraulic conductivity and reducing bulk density (Nie et al., 1997; Greenwood and 

Hutchinson, 1998) and can improve infiltration rates (Heathwaite, Burt and Trudgill, 1989; Nguyen et 

al., 1998; Ford et al., 2012). Soil response to compaction and its recovery can depend on its stability 
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or structural resilience (Kay, 1990). Full recovery can take many years. In addition, grazing exclusion 

can have negative impacts on nutritive value (Schönbach et al., 2012) and has also been shown to 

decrease plant biomass and therefore productivity (Chen et al., 2016; Yin et al., 2021). This should 

be considered when balancing the needs of flood mitigation against food production. 

Vegetation type and structure may also affect the impact of grazing. Management for intensive 

grazing removes tall scrub vegetation and hedgerows in favour of grass mixed dominated by Lolium 

perenne (Davies, 2010). Dense mats of vegetation, such as those found in unimproved grassland, 

may cushion the impacts of trampling. Tussock-forming species have been found to be resistant to 

human trampling (Sun and Liddle, 1993), along with species that grow in a rosette form, are bunched 

or are low-spreading (Willard and Marr, 1970; Liddle, 1975). These species may be more resistant to 

soil compaction and help to promote infiltration. Taller scrub vegetation will also intercept rainfall 

better than many grass species, reduce the impact of rainfall striking the soil (Sansom, 1999; Orr and 

Carling, 2006) and may increase surface roughness to reduce surface run-off (Madi, Mouzai and 

Bouhadef, 2013). 

Animal excretions provide nutrient inputs to the soil, which may reduce the impacts of compaction 

thanks to the action of soil macrofauna pulling organic material into the soil (Lull, 1959; Soane, 

1990), increase infiltration and benefit soil fauna such as earthworms. The pattern of droppings 

often creates localised patches of nutrients (Auerswald, Mayer and Schnyder, 2010) and of nutrient-

loving plant species such as Urtica dioca (Pigott, Taylor and Taylor, 1964) which may influence 

surface roughness, interception and therefore run-off. 

 

1.6 IMPACT OF GRAZING ON SURFACE WATER RUN-OFF 

 

Reductions in soil water infiltration will lead to an increase in surface run off and corresponding 

flood risk (Meyles et al., 2006). Peak flows may occur faster from agriculturally improved land than 



23 
 

from unimproved grassland, due to faster run-off (McIntyre and Marshall, 2010) and flood peaks 

from improved land may be higher (Wheater et al., 2008). Stocking rates have been linked to higher 

rates of surface run off, while excluding stock can reduce run off (Heathwaite, Burt and Trudgill, 

1989; Nguyen et al., 1998; Marshall et al., 2014) 

Trampling by livestock can expose bare soil, increasing rates of soil erosion (Evans, 1997; Sansom, 

1999), and leading to increased levels of sediment, nitrogen and phosphorus in catchment waters 

(Nguyen et al., 1998; Peukert et al., 2014). Sediment from run off can impact on flooding patterns by 

changing the shape and location of river channels, or blocking them, and this can have an impact on 

local flooding risks, sometimes a to a greater extent than climate (Lane et al., 2007). Large volumes 

of sediments cause ‘muddy floods’, which can cause more damage to infrastructure (Boardman, 

2010), and flooding can also result in heavy metal contamination of floodplains, creating a potential 

risk to agriculture and to human health (Dennis et al., 2003). 

 Sediment can also reduce water quality, reducing freshwater biodiversity and causing an increase 

cost for water treatment works. Run-off regularly washes sheep droppings and pathogens into 

estuaries and coastal waters with impacts that include closure of shell fisheries (CEFAS, 2013) and 

exceedance of safe limits for faecal coliforms under the Bathing Waters Directive (McDowell, 2006) 

A mixture of different vegetation in the landscape can increase surface roughness and reduce 

surface run-off and erosion (Madi, Mouzai and Bouhadef, 2013). Taller or tussock-forming plants, 

such as rushes, as described above, could contribute to reducing run off. It has been suggested that 

grazing exclusion may also produce this result through increased plant biomass (Marshall et al., 

2014), improving flood mitigation provided by the natural landscape. 

Studies have demonstrated the benefits of planting trees or shrubs for promoting infiltration and 

reducing surface run-off (Carroll et al., 2004; Wheater et al., 2008). Infiltration rates tend to be 

higher beneath woodland than grassland (Archer et al., 2016), although some have shown run off to 

be greater from woodland than pasture (McIvor, Williams and Gardener, 1995) and there is some 
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disparity in results due to the different tree species studied. There can also be initial negative 

impacts on soil from large-scale tree planting that utilises heavy machinery and or destructive 

methods such as ploughing. Tree planting may not be an appropriate measure in the uplands, where 

climate and soil can make conditions unsuitable for tree growth. There is a need to explore other 

management options for the uplands that can enhance infiltration, reduce surface run-off and 

reduce flooding risks. 

 

1.7 OTHER FACTORS INFLUENCING INFILTRATION 

 

In addition to grazing, there are a number of factors that can impact on infiltration, which are 

important to consider for more a more thorough understanding of the impact of land use and 

management on flooding. 

Infiltration can be affected by physical conditions such as soil type, stoniness of soil (Cerdà, 2001; 

Mandal et al., 2005), the size and number of soil macropores, and pore connectivity (Wahl et al., 

2003; Bens et al., 2007; Marshall et al., 2009). If there are few macropores and they are not well 

connected, this decreases infiltration (Bens et al. 2007) and can increase surface run-off (Alderfer 

and Robinson, 1947).  

Infiltration rates also change seasonally under different climatic conditions (Prieksat, Kaspar and 

Ankeny, 1994) and are influenced by soil moisture (Trojan and Linden, 1992). Wet soil has higher 

hydraulic conductivity, as there are no air pockets to provide resistance to water flow. This can 

encourage subsurface flow (Weiler and Naef, 2003). Infiltration can also be affected by biotic factors 

including plant growth (Prieksat et al. 1994), root growth and the interactions between root and soil 

(Gregory, 2006). 
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Soil biota including fungi, microbes and earthworm populations can influence infiltration rates 

(Weiler and Naef, 2003). Earthworms and other invertebrates can increase infiltration rates 

(Clements, Murray and Sturdy, 1991; Spurgeon et al., 2013) through provision of passages for water 

both into and through soil (Mckenzie and Dexter, 1988). They also influence microbial activity 

through the breakdown of organic material (Medina-Sauza et al., 2019). 

Many fungal species produce hydrophobic compounds, increasing soil repellency and influencing 

infiltration rates (Ritz and Young, 2004). Fungi help to support soil structure and stability (Spurgeon 

et al., 2013). Soil compaction and increased bulk density can result in the loss of some mycorrhizal 

fungi (Entry et al., 2002) or decreased fungal growth (Toyota, Young and Ritz, 1996) through the 

direct impacts of compaction on mycorrhizal roots or through indirect effects on the plant shoots, 

which alter carbon allocation to mycorrhizas. Land use can also influence fungi (Whalley, Dumitru 

and Dexter, 1995), with a higher proportion of fungi found in ungrazed or lightly grazed areas 

compared to arable or heavily grazed land (Linn and Doran, 1984; Taboada, Rubio and Chaneton, 

2011).  This may be due to a variety of factors including distribution of soil Carbon and Nitrogen 

(Huhe et al, 2017), changes in species diversity within the grassland (Cassman et al. 2015) and 

distribution of nutrients within plants (Yang et al. 2021). 

Microbial activity can block soil pores and reduce infiltration (Seki, Miyazaki and Nakano, 1998) and 

is also affected by soil structure. While some studies have shown that compaction can reduce 

microbial activity (Torbert and Wood, 1992), there have been relatively few studies on the direct 

relationship between grazing and soil biota (Greenwood and McKenzie, 2001) or on the impact of 

compaction on soil microbiology in grassland (DEFRA, 2007).  

Slope angle can affect infiltration (Fox, Bryan and Price, 1997), although how rates change with 

steepness is disputed. Some have found a positive relationship between infiltration and slope angle 

(Poesen, 1984; Chen and Young, 2006), others a negative one (Fox, Bryan and Price, 1997). This 

contradiction suggests a more complex relationship between slope and infiltration which requires 
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further investigation. The relationship is also influenced by other factors such as soil type, texture 

and surface roughness (Trojan and Linden, 1992). 

With these many factors influencing infiltration, it becomes difficult to tie the impacts of land use 

change directly to infiltration rates without careful survey design and data collection. 

 

1.8 IMPACT OF GRASSLAND MANAGEMENT 

 

The impact of sheep grazing on soil is further influenced by land management. Measures such as 

clearing of scrub, drainage, sowing grass seed and the addition of fertiliser can all affect the extent 

of impact of livestock on soil hydrology. 

Land that has been improved through fertiliser application and re-seeding may have more rapid 

surface runoff, producing a faster response to precipitation and reducing the time to peak flows 

(McIntyre and Marshall, 2010). Nitrogen applications can increase root mass (Lorenz and Rogler, 

1967) and porosity (Douglas, Koppi and Moran, 1992)  thereby improving infiltration rates. However, 

improvements also allow higher stocking rates of livestock, which can reduce infiltration, as 

discussed above. Some studies have also found fertiliser applications make no significant difference 

to soil hydraulic conductivity, water content or compaction (Intrawech et al., 1982). It is also worth 

noting that without soil fauna such as earthworms, applications of fertiliser may have no effect on 

factors such as soil organic matter content, infiltration rate and soil moisture content (Clements, 

Murray and Sturdy, 1991). 

Farm machinery can also cause soil compaction. Wheeled traffic is often heavier than livestock, can 

cause greater damage and its impacts will extend to further depths in the soil. Wheel tracks reduce 

hydraulic conductivity (Coutadeur, Coquet and Roger-Estrade, 2002), while tramlines from wheels 

provide pathways for surface run-off (Pattison and Lane, 2011). Wheel slip can result in more 
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compaction (Davies, Finney and Richardson, 1973). Wheel traffic also increases the potential of 

nitrate pollution and damage to the soil structure can cause nitrous oxide emissions (Ball et al., 

1997).  

Seasonal timing of traffic is important, for example ploughing in winter or on wet soils will cause 

greater damage and can further increase run-off (Davies, Finney and Richardson. 1973). As discussed 

above, wet soils are more vulnerable to compaction effects. Stopping or removing vehicle access can 

allow soil to recover (Douglas, Koppi and Crawford, 1998), although compaction at lower depths 

appears to remain in place (Bullock, Newman and Thomasson, 1985). 

Mechanical solutions have been suggested to ameliorate the impacts of compaction and boost 

infiltration rates (Critchley and Kirkham, 2011; Newell Price and Chambers, 2012). These include sub-

soil loosening, spikes and blades. As discussed above, timing of work is important to reduce 

compaction on wet soil. Some heavier mechanical measures may not suit many upland areas due to 

issues of access and practicalities of working on steeper slopes. No research has been undertaken to 

investigate mechanical solutions to compaction in the UK uplands. 

Re-sowing pasture with particular species can improve soil structure and hydrology compared to 

unimproved grassland. Different plant species can impact on soil hydrology (Hu et al., 2009) and 

affect hydraulic conductivity (Gregory et al., 2010). Sowing grasses can increase plant density and 

productivity, and certain grass species can be more effective than mechanical efforts in improving 

grassland productivity and promoting recovery from poaching (Johnson, Mccallum and Thomson, 

1993). Some new grass hybrids have also been investigated, with the aim of selecting of traits that 

could help to mitigate flooding, or survive flooding stress, through improved root structure (Macleod 

et al., 2013; Marshall et al., 2016). 

Other plant species can also help to improve the soil and may mitigate the impacts of compaction. A 

DEFRA report found that plants such as red clover (Trifolium pratense L.) and bird’s foot trefoil (Lotus 

corniculatus L.) have the potential to promote soil recovery from compaction(Critchley and Kirkham, 
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2011). These have been shown to be effective in restoring the structure of soil (Carof et al., 2007) 

and some legumes have been found to increase infiltration rates (Fischer et al., 2014), but there has 

been little research on the potential of use of species in upland pasture (Newell Price and Chambers 

2012). 

 

1.9 LIMING AND SOIL ACIDIFICATION 

 

The UK upland soils mainly have a low pH and are becoming more acidic over time. This affects soil 

structure, chemistry and ecology. Low pH can impede plant growth, reduce the availability of 

nutrients such as calcium and magnesium and reduce the activity of earthworms. Soil acidification 

causes the mobilisation of aluminium and manganese ions, which can be toxic and impede root 

growth. Changes in aluminium mobilisation can occur relatively rapidly (Blake et al., 1999). 

Acidification can cause non-reversible impacts on soil structure and quality and reduce cation 

exchange capacity (Sverdrup et al., 1995; Blake et al., 1999). 

Regular liming can combat acidity. This can have many benefits, such as promoting grass growth in 

pastures and improving soil structure (Haynes and Naidu, 1998). When used appropriately along 

with suitable management, lime applications can boost biodiversity, encourage desired species 

(Morgan, McLean and Davies, 2008), and enhance microbial and fungal activity (Bardgett and 

Leemans, 1995). However, it may reduce biodiversity and species richness under some conditions 

(Kirkham et al., 2008). 

Lime may help to improve infiltration rates, although there are some disparities over its impact. In 

some soils it can decrease infiltration or permeability (de Brito Galvão, Elsharief and Simoes, 2004) 

while others have found it increases infiltration rates and decreases erosion (Castro and Logan, 

1991). In clay soil, it can decrease surface cracking and increase soil moisture (Hoyt, 1981) which 

could decrease infiltration rates. In some tropical soils, lime can decrease permeability through 
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increasing clay dispersion and reducing aggregate stability (Castro and Logan, 1991; Roth & Pavan 

1991; Tama & El-Swaify, 1978) It can also cause formation of surface crust which reduces infiltration 

(Tama & El-Swaify 1978). 

Long term effects of liming can cause CO2 efflux, which can impact on the global carbon cycle. Liming 

increases soil biological activity, thereby increasing rates of soil CO2 respiration, causing a loss of soil 

carbon (Badalucco et al., 1992; Brady and Weil 2002; Biasi et al., 2008). Soil CO2 losses can be also 

associated with the dissolution of lime (Biasi et al., 2008), although others have shown that liming 

was associated with a long term increase carbon sequestration in permanent grassland (Fornara et 

al., 2011). 

Liming increases soil pH and can increase earthworm activity (Bolan, Adriano and Curtin, 2003) and 

numbers (Stockdill and Cossens, 1966), due to their sensitivity to soil pH (Satchell 1983; Edwards, 

2004). Earthworms are of key importance to promoting infiltration (Clements, Murray and Sturdy, 

1991), creating passages in soil for water, promoting root growth, breaking down organic matter to 

promote plant growth and reducing bulk density (Whalley et al. 1995). They are generally not found 

in soil below pH 5, Earthworms may also help to restore compacted soil (Capowiez et al., 2012) or 

degraded soil (Scullion and Malik, 2000). 

The use of lime is becoming less common, due to the costs involved in its use, and this is causing 

agricultural soils to revert to their natural acidity. A recent study suggested that 57% of grassland 

soils are below the recommended pH of 6 and insufficient lime is being applied (Goulding, 2016). The 

drop in lime applications could affect grass growth and earthworm numbers in grassland. This could 

affect soil infiltration rates and therefore flooding risk. The potential impact of soil acidification on 

flood risk in the UK has not been studied in detail. 
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1.10 LAND USE AND FLOODING 

 

While impacts of land use, management and grazing have been demonstrated at field scale, the 

impacts on a larger, catchment scale are harder to demonstrate. Finding strong links between land 

use and flooding risk remains a challenge. 

Studies have found it difficult to establish a link between land use, management and flood risk 

(Robson et al., 1998; O’Connell et al., 2004; Lane et al., 2007; Beven et al., 2008). There are many 

factors that can influence the response of a catchment to rainfall, and complex relationships exist 

between these. Any long-term fluctuations in flooding patterns in an area coincide with a number of 

other changes within an area, not just in land use or management. Effects from land use change are 

difficult to tie down to specific flooding events, or to flooding trends (Pattison and Lane, 2011). 

Characteristics such as soil type, geology, land cover and climate can all have large effects on 

catchment flooding, and possibly greater impacts than land use change (Orr and Carling, 2006; 

McIntyre and Marshall, 2010). Impacts of land use may also differ at different distances downstream 

(Bloschl et al., 2007) and amounts of sediment in the watercourse will vary, which can change river 

patterns and responses (Lane et al. 2007).  

Each catchment is unique, with its own features and characteristics, and will differ in its reaction to 

rainfall events (Beven, 2000). Rainfall events themselves can vary, falling at different times, in 

different locations and for different durations. It is thought that the impact of land use on flood risk 

is greater for storms of higher intensities (Bens et al., 2007), but the majority of rainfall in the UK is 

more moderate, so effects may not be observable. 

Flooding can be influenced by factors which are difficult to incorporate into larger scale models, such 

as microtopography, depth of water table (Langhans, Govers and Diels, 2013) or soil macropores 

(Grayson, Moore and McMahon, 1992). A model will generalise features in a landscape, which 
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makes small-scale features such as these challenging to represent. Models can be tailored to suit a 

particular catchment but applying these on a larger scale can then raise complex issues. 

However, while a link between land use and flood risk has not been proved, this does not mean it 

does not exist, and studies have suggested a connection between the two (O’Connell et al., 2004, 

2007; Hess et al., 2010; Pattison and Lane, 2011).  Long-term research at Plynlimon in central Wales 

demonstrated significant differences in response between upland forested and grass catchments, 

with reduced river flows from the forested areas (Hudson, Gilman and Calder, 1997). 

Some research has been able to establish general links, such as a relationship between soil 

degradation and increased run off rate found within the Yorkshire Ouse catchment (Holman et al., 

2003). In Pontbren, in Wales, long-term experimental models were able to show that trees generally 

reduce flooding and that improvements to soil drainage and storage could have an impact on small 

and medium rainfall events (Wheater et al., 2008). A review of a number of different models found 

that they agreed a general trend between grazing and increased catchment flow, although the actual 

predicted effects were very variable (Bulygina, McIntyre and Wheater, 2013). 

While the impacts of land use on flooding have been shown in certain conditions, further data 

collection and monitoring is needed in order to investigate this possible connection and to enhance 

understanding of the relationship. While there are uncertainties associated with models, they are 

likely to improve over time and data collected through this study will become more valuable as 

models become better at predicting impacts of land use on flood risk. This will help efforts to find 

the best measures to improve and maximise natural flood mitigation. 
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1.11 KNOWLEDGE GAPS 

1.11.1 NEW GRASS VARIETIES AND THEIR RESILIENCE TO FLOODING 

Flooding can damage soil and vegetation, and there is renewed interest in novel grass varieties that 

are adapted to extreme climate events including flood and drought. There has been limited research 

into these new plant varieties and a need to build understanding of the impact of flooding. This can 

help to identify grass varieties or traits that are more resilient to flooding. 

1.11.2 IMPACTS OF MANAGEMENT ON INFILTRATION WITHIN UPLAND GRASSLAND 

Studies of the impacts of grazing on soil and soil hydrology have found contrasting results. The exact 

impacts that management treatments can have is unclear. Research is needed to understand 

impacts of upland grazing and grassland management, including seasonal changes in the effects 

observed. This highlights a need for a long-term study which can investigate changes over at least a 

year. 

As discussed in 1.8, Fertiliser inputs have been shown to have contrasting impacts on infiltration 

rates. This highlights a need to investigate this area further and build understanding, comparing 

fertilised and unfertilised areas of upland grazed grassland. 

1.11.3 IMPACTS OF LIMING 

There are a number of benefits and issues associated with liming soil to maintain pH. A recent study 

highlighted that insufficient lime is being applied on grassland. This may affect soil pH, earthworm 

abundance and infiltration rates. Research is needed into the possible issue of soil acidification in the 

uplands and the implications for flood mitigation. 

1.11.4 METHODS FOR IMPROVING INFILTRATION RATES AND FLOOD MITIGATION 

A number of methods for improving infiltration have been trialled in studies, including grazing 

exclusion and mechanical aeration. However, there have been contrasting results from these studies 
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and there has been limited research in upland settings. There is a need to investigate practical 

solutions for improving upland flood mitigation 

 

1.12 AIMS OF THIS STUDY 

 

The aim of this study is to investigate impacts of upland management on soil hydrology. It focuses on 

management of improved upland grassland and its effects on infiltration rates and considers 

solutions to improve infiltration. The proposed workflow is represented by four main research 

questions, and subsequent chapters will address each of these. These four main research questions 

were: 

1. What are the main impacts of flooding on productivity, water infiltration and C losses in 

mesocosms planted with novel grass varieties? 

2. What are the impacts of upland grassland management (including sheep grazing, hay 

cutting, liming and fertilisation) on infiltration? 

3. Can mechanical manipulation of soil improve infiltration? 

4. How does liming regime affect infiltration rates? Is there an issue of insufficient lime being 

applied on the uplands? 
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1.13 CHAPTER GUIDE 

 

Chapter 2 – The impacts of flooding on Festulolium and a high sugar rye grass grown in 

monocultures and clover mixes 

 

This chapter describes an experiment growing novel grass varieties in glasshouse mesocosms and 

submerging these under water for 3 weeks. The study focuses on the impacts of flooding on plant 

growth, CO2 flux and infiltration rates and examines potential differences in response between the 

different grass varieties.  

 

Chapter 3 – The impacts of upland grassland management on Ecosystem Services 

 

This field study investigates impacts of management on hydraulic conductivity, carbon stocks and 

biodiversity. This study also examines seasonal changes in hydraulic conductivity and temporal 

changes in the impacts of management. The chapter examines potential conflicting impacts of 

management on the provision of ecosystem services. 

 

Chapter 4 – Investigating Management approaches to ameliorate compaction and improve 

infiltration rates in upland grazed grasslands  

 

This chapter investigates the impacts of grazing and hay cutting management on soil compaction 

and infiltration rates. Different methods of improving infiltration are explored including aeration 

using nails and a mechanical aerator, as well as grazing exclusion cages. The role of earthworms in 

maintaining infiltration is explored. 
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Chapter 5 – Upland acidification and impacts on infiltration and earthworm abundance 

 

This study focuses on earthworm surveys carried out on upland field sites in mid Wales that were 

limed at different times in the last 50 years. The relationship between liming and soil pH is explored, 

and the effects of liming on earthworms and infiltration.  

 

Chapter 6 – Discussion  

 

The final chapter discusses how the preceding chapters have answered the research questions posed 

at the end of Chapter 1 and summarises key findings from each chapter. The discussion also 

addresses the limitations of the work performed and suggests future areas of research that have 

arisen from the studies.  
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CHAPTER 2. IMPACT OF FLOODING ON FESTULOLIUM AND A HIGH 

SUGAR RYEGRASS, GROWN IN MONOCULTURES AND CLOVER 

MIXES 

2.1. ABSTRACT 

 

Climate change is predicted to cause an increase in extreme weather events and flooding. Flooding 

can affect lowland grassland, causing loss of or damage to vegetation and soil. There is increased 

interest in new grass varieties such as Festuloliums, which can show resilience to stressors such as 

drought and flooding. However, these deeper-rooted grasses may be susceptible to flooding. 

Two Festulolium varieties and a high sugar variety of Lolium perenne, were grown in mesocosms 

within a glasshouse in a randomized factorial design under four treatments: +/-clover, +/- flood.  (A 

total of 12 subjects). Mesocosms were established in June 2017 and allowed to grow for a year 

before the flooded treatments were flooded from above and covered in 5cm depth of water for 3 

weeks from June- July 2018. 

Before flooding, dry weight was significantly higher in clover mix mesocosms than grass only 

treatments. Net Ecosystem Exchange (NEE) was higher under clover mix mesocosms and infiltration 

rates were significantly higher under mesocosms with clover. 

Post flooding, aboveground plant biomass and percentage cover decreased. All three grasses 

showed some resilience to flooding, and plant cover returned to 80% in the majority of mesocosms 

24 days after treatment. There were no differences in response to flooding between the three 

grasses studied. However, the presence/absence of clover had a more significant effect on overall 

mesocosm response to flooding than grass variety. Clover was more sensitive to flooding than the 

grass varieties. Percentage cover of clover was reduced to an average of 30% in flooded mesocosms, 

compared to 75% in unflooded mesocosms. In contrast, the percentage cover of grass in flooded 

mesocosms decreased to approximately 70% within grass only mesocosms. 
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After flooding, infiltration rates decreased in all flooded mesocosms and respiration increased 

causing CO2 efflux. 37 days after flooding there were no significant differences in CO2 exchange or 

infiltration rate between the different treatments. The study shows the resilience of Festuloiums and 

ryegrass to flooding. It highlights the importance of clover in improving productivity and increasing 

infiltration where flooding does not occur, but also demonstrates the sensitivity of clover to 

flooding.  

 

2.2. INTRODUCTION – Flooding and Novel Grass Species 

 

As discussed in section 1.1., extreme weather events are becoming more frequent due to climatic 

change. Evidence suggests that flooding in the UK is becoming more frequent due to a higher 

incidence and duration of rainfall events in some regions (Fowler and Kilsby, 2003). The magnitude 

and frequency of fluvial flooding is growing (Hannaford and Marsh, 2008) and average annual flow in 

most UK rivers has increased over the last 50 years (HM Government, 2016). 

Damage from flooding has a large economic cost in the UK (FORESIGHT, 2004) and can decrease 

agricultural productivity (Posthumus et al. 2008). Flooding can lead to loss of crops or livestock, 

reduce crop viability and or result in loss of grassland for grazing (ADAS, 2014). Damage from 2013-

2014 winter floods in the UK are estimated to have cost around £19 million to the agricultural sector 

(NFU, 2016). The resulting decrease in productivity can also cause a rise in food prices and increase 

pressure on land for food production (Pacetti et al. 2017). 

Flooding impacts on grasslands include a decrease in the availability of oxygen (Faulkner and 

Richardson, 1989), loss of nutrients from the soil (Sánchez-Rodríguez et al. 2018), reductions in 

microbial biomass and lowered productivity. It can affect soil structure, health and fertility and 

turbid flood water can also block sunlight from reaching plants under water. Consequently, this has 

adverse impacts on forage yield. 
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In anaerobic conditions, nitrogen mineralisation is interrupted, and this can lead to a build-up of 

ammonium (Unger et al., 2009). Floods can change microbial communities from aerobic to 

anaerobic, leading to production in CH4 (Freeman et al., 2001; Freeman et al., 2004). Soil pH can also 

change, rising in acidic soil and falling in alkaline soil (Ponnamperuma 1972). Redox potential 

decreases in anaerobic conditions increasing the availability of Iron (Fe) and Manganese (Mn), which 

can rise to toxic levels (Ponnumperuma 1972). Further damage to vegetation can occur through the 

production of compounds such as hydrogen sulphide and acetic acid which are toxic to plants. These 

products can remain even in the soil after it has dried (McKee and McKelvin, 1993). 

Timing and duration of flooding can affect the impacts observed. Timing is particularly important, as 

different impacts have been observed at different growth stages (Shao et al. 2013). Summer floods 

can destroy crops ready for harvest (Posthumus et al 2008). Floods of longer duration have larger 

impacts on vegetation and soil and can result in long term changes in soil function (Niu et al. 2014).  

Temperature can also affect the impacts of flooding. Flooding under increased temperatures can 

increase loss of nutrients from soil (Sánchez-Rodríguez et al., 2019). At higher temperatures, 

chemical and biological soil reactions accelerate and redox potential decreases further (Vaughan, 

Rabenhorst and Needelman, 2009). This exacerbates impacts of flooding on plant growth 

(Posthumus et al 2008). While models predict drier summers and wetter winters (Met Office 2019), 

there is also evidence suggesting of heavy summer downpours becoming more frequent (Kendon et 

al., 2014) likely to lead to summer flooding. 

Flooding can damage soil structure and result in the breakdown of aggregates and reduction of soil 

aggregate stability.  Loss of structure can further reduce movement of water and air through the soil. 

Under very deep flooding, the weight of flood water on soil may cause compaction (Pivot and 

Martin, 2002), which may also damage soil structure and can subsequently reduce infiltration rates. 

If groundwater is elevated, soils can remain waterlogged and unable to absorb further water for 



39 
 

many weeks (Posthumus et al. 2008). This decrease in infiltration rate can lead to increase surface 

run off and exacerbate the risk of future flooding 

Macrofaunal communities including earthworms will also decrease after flooding due to the lack of 

oxygen (Plum, 2005), although worms have been shown to survive long periods of flooding, and 

responses differ between species (Zorn, Van Gestel and Eijsackers, 2005; Kiss et al., 2021). 

Earthworm burrows can be lost after flooding (Zorn, Van Gestel and Eijsackers, 2005) due to loss of 

worms and blocking of burrows by sediment. As burrows can increase water infiltration (Lavelle et 

al., 2006), so the loss of these can result of decrease infiltration rates exacerbating future flood risk. 

With these impacts of flooding and an increasing risk of extreme weather, there is increased interest 

in grass varieties that can adapt to changing climate conditions. Plants with increased rooting 

systems may be more able to adapt to drought conditions. One variety under investigation is 

Festulolium grasses, hybrids between any ryegrass (Lolium) and fescue (Festuca) species. These 

combine high yields from Lolium together with added resilience to abiotic and biotic stress from 

Festuca (Humphreys et al., 2006, 2014) and have a more extensive root system than Lolium perenne 

(Marshall et al. 2016). Festuloliums have been suggested as a way of reducing flood risk by reducing 

surface run-off, and water storage capacity, due to root growth and senescence (Macleod et al. 

2013). Through increased root biomass, Festuloliums may also contribute to carbon cycling and 

sequestration(Bardgett, Mommer and De Vries, 2014). While these traits may increase the resilience 

of this grass variety to extreme climatic conditions, there have been limited studies on the impact of 

flooding on Festuloiums (Kandel, Elsgaard and Laerke, 2017) and little evidence that they can 

withstand flooding, therefore research on the flood resilience of this grass is required. 

Alongside grasses, legumes may also provide a method of adapting to changing climate and are 

often grown in mixes within pastures. One of the most important perennial legumes in these mixes 

is white clover Trifolium repens L.  (Abberton and Marshall, 2005). Clover mix pastures are important 

grassland systems for production (Ledgard et al., 1990) as they have a high yield potential and 
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feeding value and can support high stocking rates, depending on site conditions (Wilkins et al. 2002). 

Clover adds nitrogen (N) to grassland system through N fixation (Chalk, 1991; Peoples and Craswell, 

1992; Carlsson and Huss-Danell, 2003) which can be transferred to grass and reduce the need to use 

N fertiliser (Andrews et al., 2007; Cong et al., 2017).  

White clover has been shown to be vulnerable to flooding, and more vulnerable than grass species 

(Low and Piper, 1960). Responses can vary between species, and Trifolium repens (L) has been 

shown to be more tolerant of water logging than other clover species (Rogers and West, 1993), but 

is still liable to decreased growth, loss and yellowing of leaves (Heinrichs, 1970). Pugh et al (1995) 

studied clover under waterlogging and their results suggested that the species could adapt over time 

to long-term waterlogging, but reacts poorly to sudden changes in moisture (Pugh et al., 1995). 

However, variety in morphological traits can change how white clover responds to flooding (Huber, 

Jacobs and Visser, 2009) and newer varieties have been developed with increased flood tolerance 

(Humphreys, 2005). 

Different plant species can impact on soil hydrology (Hu et al. 2009) and affect hydraulic conductivity 

(Gregory et al. 2010). Some legumes have been found to increase infiltration rates (Fischer et al., 

2014). Clover has been associated with increased infiltration (Mytton, Cresswell and Colbourn, 1993; 

Van Eekeren et al., 2009) and with increased earthworm populations or activity (Nuutinen et al., 

1998; Van Eekeren et al., 2009). Grass legume mixes can therefore have positive impact on soil 

infiltration and may change response of soil to flooding. It is important to consider the impact of 

flooding on clover mixes as well as grass monocultures. 
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2.2.3 AIMS 

The aim of the study was to investigate the impact of flooding on Festulolium and a high sugar rye 

grass grown both in monocultures and as grass-clover mixes. The following research hypotheses 

were investigated: 

1. Flooding will adversely affect all plant growth. Plant biomass and plant cover will be 

lower in flooded mesocosms. 

2. Net Ecosystem Exchange (NEE) will be higher in unflooded mesocosms due to efflux of 

CO2. 

3. Clover will be less resilient to flooding than grasses. Biomass and plant cover will 

decrease in clover after flooding more than in the grass varieties. 

4. Infiltration will be lower under flooded mesocosms and higher in unflooded clover mix 

mesocosms. 
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2.3. METHOD 

2.3.1. EXPERIMENTAL DESIGN 

 

This experiment formed part of the Climate Smart Grass project (http://www.nrn-lcee.ac.uk/climate-

smart-grass/), funded by the National Research Network for Low Carbon Energy and Environment 

(NRN-LCEE). This collaborative project, ran in partnership with Bangor University, Aberystwyth 

University and Centre for Ecology and Hydrology (CEH), investigated the responses of improved 

grasslands to environmental stressors including flooding and drought. 

A total of 48 heavy duty plastic 125 litre grey containers (0.5 m x 0.5 m width x 0.75 m height) were 

placed on wooden pallets (4 containers per pallet) and filled with soil excavated from a permanent 

(Denbigh soil series) ryegrass-clover pasture at Gogerddan, near Aberystwyth (SN626837). This soil 

would not have experienced flooding previously. Topsoil (0-15 cm) and subsoil (> 15cm) were 

stripped and processed separately. Soils were sieved (< 15 mm) to remove large stones. A 5 cm layer 

of gravel (5 – 10 mm) was placed in the bottom of the containers to facilitate drainage and covered 

in a membrane (ProGro capillary matting). Subsoil to a depth of 20 cm and then topsoil to a depth of 

15 cm were added so that the surface of the soil was 10 cm below the top of the container. 

The containers were fitted with drainage taps 2.5cm above the bottom of the base, which were left 

open to allow drainage but could be closed on flooded mesocosms for the duration of the flood.  

Three varieties of grass were identified for the mesocosms: AberWolf, Bx511 and Bx509. Bx509 

(Lolium perenne x Festuca marei) and Bx511 (L. perenne x F. arundinacea Schrub.) are Festulolium 

drought-tolerant introgression lines and AberWolf a high sugar diploid commercial variety of Lolium 

perenne, bred to express elevated concentrations of water-soluble carbohydrates. These were 

seeded both as monocultures and in a mix with white clover (Trifolium repens variety Aran), both 

seeded to give similar planting densities. Grasses were sown at 3g/m2 (equivalent of 30kg/ha) and 

clover at 0.15g/m2 (1.5kgs/ha).  

http://www.nrn-lcee.ac.uk/climate-smart-grass/
http://www.nrn-lcee.ac.uk/climate-smart-grass/
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Plants were seeded in June 2017 and the mesocosms were put into a glasshouse at the Gogerddan 

campus of Aberystwth University (SN631835). The containers were laid out in a randomized factorial 

design (Figure 2.1). Once swards had established, regularly weeding took place to ensure that only 

the target grass species were growing in the mesocosms. The grass/clover mixes were monitored to 

ensure each mesocosm had approximately the same cover of clover. The mesocosms were watered 

daily to maintain field capacity and fertilised every 12 weeks with nitrogen fertiliser (7.5g/m2) up 

until June 2018. 

Vegetation was cut every 1 to 2 months as required to simulate grazing and were cut on 12 June 

2018 approximately 2 weeks before the start of flooding. 

The experimental design involved four treatments:  +/- flooding and +/- clover with four replicates of 

each treatment combination for the 3 grass species (total of 12 subjects, 48 containers). Half of the 

mesocosms were randomly selected for the flooding treatment. Flooding commenced in June 2018 

and was achieved by watering from above and closing drainage taps until the soil surface was 

covered by 5 cm of water. Water levels were checked regularly, and water was added to maintain 

5cm depth on flooded mesocosms. Flooding took place for 3 weeks from 29th June to 20th July 

2018. 
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Figure 2. 1 . Layout of mesocosms within glasshouse at Gogerddan, Aberystywth. Grass varieties indicated by: 
AW (AberWolf)/509/511.  Treatments: C=control (unflooded) F= Flooded (grass only). CM= clover mix 
(unflooded). FM= Flood + clover mix 

 

During the two weeks before the flooding treatment daytime air temperatures ranged from 14.0 - 

17.6oC. During and after flooding temperatures averaged 25.6oC, with a range 23.9 – 28.1oC 

(Appendix I, Table A.1.). Equivalent temperatures for soil, measured using at 0-10 cm depth were 

19.7oC and 16.2- 25.2oC. 

Flooding stopped on 20th July 2018 and the taps were opened to allow water to drain. The 

mesocosms were checked daily to see if taps were still dripping. Three days after taps were opened 

no further drips were observed and it was decided that gravitational drainage had stopped. Soil 
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moisture was measured with a probe three days after taps were opened and no significant 

differences were found between the flooded and unflooded mesocosms (Appendix I, Table A.2.). 

 

2.3.2. VEGETATION DRY WEIGHT (BIOMASS) 

 

Vegetation was cut to 2cm height and weighed before and after drying for 24 hours at 80oC to 

record fresh and dry weights. In 2018 vegetation was cut in January, March and May, then 2 weeks 

before flooding on 12 June 2018. After flooding, cuts took place 25 days post-flood on 15 August and 

14 weeks after flooding in November 2018. Vegetation was split into clover and grass only from May 

2018 onward. Before May, only total vegetation weight was measured. 

 

2.3.3. INFLORESCENCE 

 

Inflorescence was measured pre flooding in June, 7 days post flooding in July and 21 days post 

flooding in August using a chlorophyll fluorimeter Handy-PEA+ (Hansatech Instruments, King's Lynn, 

UK). On each mesocosms, 2 readings were taken and averaged to reduce variability. Where 

mesocosms consisted of clover and grass mix, 2 readings were taken on grass and 2 on clover. The 

Fv/Fm ratio was recorded as an indicator of plant photosynthetic performance (Maxwell and 

Johnson 2000, Baker and Oxborough 2004). 

 

2.3.4. VEGETATION COVER 

 

To measure the impact of flooding on percentage vegetation cover, digital photos were taken of 

containers. A grid superimposed across the pictures was used to estimate percentage vegetation 
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cover of grass and clover. Photos were taken every week during flooding then 3, 27 and 34 days 

after flooding.  

 

2.3.5. CO2 FLUX  

 

CO2 exchange was recorded, in order to calculate net exchange of carbon from the mesocosms, in 

the months preceding flooding in March, May and June 2018. After this, measurements were taken 

3 days, 23 days, 39 days and 51 days post-flood 

An Environmental Gas Monitor (EGM-4) and CPY-4 Canopy Assimilation Chamber (PP Systems, 

Amesbury, USA) was used in sunlight to measure Net Ecosystem Exchange (NEE) of vegetation and 

soil within each mesocosm, then used with a black fabric collar to block sunlight to measure 

respiration. Air temperature, soil temperature and PAR were also recorded.  Air temperature was 

recorded using a Voltcraft PL120 T1 Thermometer (Voltcraft, Hirshau, Germany), soil temperature by 

a probe (Omega, Stamford, USA) and Photosynthetically Active Radiation (PAR) measured using a 

PAR Quantum Sensor (Skye Instruments, UK). Measurements were taken between 10:00 and 14:00. 

Repeat measures were taken at each mesocosm and averaged to reduce variability. CO2 

(assimilation) rate was recorded by the EGM-4 in gCO2m-2hr-1 and converted to µmolCO2m-2s-1.  

Photosynthesis, or Gross Primary Productivity (GPP), was calculated from Net Ecosystem Exchange 

(NEE) and Respiration (Resp) (Equation 2.1) 

Equation 2. 1. Calculation of Gross Primary Productivity (GPP) 

NEE=Net Ecosystem Exchange, Resp = Respiration 

GPP = NEE – Resp 
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2.3.6 INFILTRATION  

 

Infiltration was measured using single infiltration ring (11cm width, 16.5 cm height) (Figure 2.2). Due 

to the size constraints within the mesocosms double ring infiltration rings could not be used. Single 

rings were placed to a depth of 40mm and filled to a height of 10cm. Mesocosms were not watered 

for three days before infiltration measurements were taken to ensure soil was close to field capacity 

and that soil moisture was approximately equal during each measurement. A simplified ‘constant 

head’ method was adapted, recording decrease in water height every 2 minutes and refilling to a 

height of 10cm. Infiltration rate was recorded for a total of 30 minutes, volume of water used was 

recorded and infiltration rate calculated in cm/hr. 

Measurements of infiltration rate were taken in months preceding flooding and then at the 

following points after flooding (over a number of days as 2 - 3 days required to complete all 

measurements): 3-5 days post-flood, 19-21 days post-flood, 37- 39 days post-flood and 51-54 days 

post-flood. 

 

Figure 2. 2 Single infiltration ring in place on mesocosm 
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2.3.7 DATA HANDLING AND STATISTICAL ANALYSIS 

 

The experimental design was factorial. Three-way Analysis of Variance (ANOVA) was used to 

compare the impacts of grass variety, clover and flooding on plant biomass, CO2 flux and infiltration. 

Where multiple data points had been collected from mesocosms, averages were used to avoid 

pseudo-replication. Data were analysed for significant outliers using box plots and tested for an 

approximate normally distribution using Shapiro-Wilk test. Data variance was investigated using 

Levene's Test of Homogeneity of Variance.  

Where significant interactions were found, one-way ANOVA was used to compare the impact of 12 

different subjects and four broader treatments (+/-flood, +/-clover) on plant biomass, CO2 flux and 

infiltration. Analyses which showed significant differences were analysed by post-hoc Tukey’s tests. 

Where variances were unequal, Welch’s ANOVA was used, with a Games-Howell post hoc test. If 

data did not fit a normal distribution, a Kruskall-Wallis test was carried out. 

One-way repeated measures analysis of variance (ANOVA) compared data from within the same 

plots over time, to investigate seasonal changes in factors. When assumption of sphericity was not 

met, as tested by Mauchly's Test of Sphericity, Greenhouse-Geisser correction was used.  

Graphical interpretations of data were produced using R-studio (Rstudio, Inc). Statistical analysis was 

carried out using SPSS Statistics 25 (IBM, USA). 
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2.4. RESULTS 
 

2.4.1 VEGETATION DRY WEIGHT 
 

Repeated measures ANOVA showed no significant differences in average dry weight between 

September 2017 and March 2018 (p>0.05). Dry weight did change significantly over time from 

March 2018 to November 2018 (F=32.8, p<0.001) with the highest average dry weight recorded in 

August 2018 (Figure 2.2). Differences in dry weight between the 12 subjects were found pre-flooding 

in August 2017 and post-flooding in July and August 2018 (Table 2.1). 

Before flooding, total dry weight was significantly higher in mesocosms with clover than in those 

without in both May (F=40.5, p<0.001) and June (F=47.8 p<0.001) (Figure 2.3). 

There were significant differences in dry weight between grass varieties before flooding in October 

2017 only. Dry weight was 8% higher in the AberWolf mesocosms than in the Bx511 mesocosms 

(F=3.74, p<0.05). There were no significant differences between varieties in other months. 

Average total dry weight increased significantly from June (pre flood) to August 2018 (post flood). 

Clover accounted for 90% of the total dry weight found in unflooded clover mix mesocosms. Dry 

weight then decreased significantly from August to November 2018. 

Significant differences in total dry weight between the 12 different subjects were found before 

flooding in June 2018 and after flooding in August 2018 (Table 2.1).  There were no differences 

between the three grass varieties, and the main differences were found between the broader 

treatments (+/- flood, +/-clover). In both June and August 2018, the total dry weight of Bx511 with 

clover mix was higher than all grass only treatments (both flooded and unflooded). 
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Table 2. 1 Total dry weights in mesocosms under 12 different subjects. Three different grass varieties, AW= 
Aber Wolf. Highlighted columns show months where significant differences were found between the 12 
subjects. Different letters show significant differences between subjects (p<0.05) Treatments: G= Grass only. 
GF= Grass + Flood. GC= Grass + Clover. GCF= Grass + Clover + Flood 

 Pre flood Post flood 

 Aug 2017 6 Sept 
2017 

25 Sept 
2017 

Oct 2017 Jan 2018 June 
2018 

Aug 2018 Oct 2018 

AW G 61.5 b,c 

± 2.63 

37.9 

± 0.54 

41.6 

±1.00 

42.1 

± 1.58 

40.2 

± 1.74 

11.8b,d 

± 2.11 

16.4b,d 

±3.08 

19.3 

± 2.53 

AW GF 63.2 b,c 

± 1.07 

41.3 

± 0.85 

42.6 

±1.33 

45.0 

± 1.75 

42.2 

± 1.76 

16.9a,b,c,d 

± 2.77 

31.7b,c,d 

± 3.16 

18.9 

± 1.67 

AW GC 56.0 b 

± 1.36 

37.6 

± 0.74 

41.3 

± 1.50 

43.6 

± 1.75 

42.4 

± 2.05 

60.3a,b,c,d 

± 14.9 

89.6b,c, 

± 8.25 

15.7 

±2.10 

AW GCF 56.3 b 

± 2.61 

39.2 

± 0.93 

42.4 

± 0.99 

46.9 

± 1.08 

42.9 

± 1.30 

40.0a,b,c,d 

± 6.80 

40.0a,b,c,d 

± 8.62 

21.3 

± 3.34 

Bx509 G 71.2 a,c 

± 1.90 

40.8 

± 1.10 

41.8 

± 1.25 

42.3 

± 1.51 

40.9 

± 0.86 

12.9b,d 

± 1.14 

21.6b,c,d 

± 3.88 

21.3 

± 3.53 

Bx509 GF 63.5b,c 

± 0.47 

40.3 

± 1.09 

39.1 

± 0.78 

41.6 

± 2.34 

39.7 

± 0.96 

9.30b,d 

± 1.04 

31.1b,c,d 

± 2.50 

20.4 

± 2.52 

Bx509 GC 63.8a,c 

± 2.41 

39.3 

± 0.69 

37.7 

± 0.35 

42.4 

± 0.53 

40.2 

± 0.74 

26.0a,b 

± 4.10 

63.1a 

± 1.35 

17.8 

± 4.15 

Bx509 GCF 65.3a,c 

± 1.67 

38.8 

± 0.63 

39.9 

± 2.54 

41.3 

± 1.42 

39.6 

± 1.67 

35.0a,b,c 

± 3.16 

42.0a,b,c,d 

± 4.49 

21.1 

± 4.01 

Bx511 G 74.3a,c 

± 1.78 

39.0 

± 0.71 

38.8 

± 1.50 

41.2 

± 2.04 

41.6 

± 2.13 

12.0b,c,d 

± 3.04 

25.3b,d 

± 1.91 

24.9 

± 3.45 

Bx511 GF 74.1a,c 

± 3.59 

38.3 

± 1.06 

40.3 

± 1.57 

42.2 

± 0.70 

42.1 

± 1.01 

11.8b,d 

± 1.30 

35.0a,b,c,d 

± 8.10 

17.3 

± 1.54 

Bx511 GC 65.1a,b,c 

± 1.98 

40.4 

± 0.86 

38.9 

± 0.34 

42.5 

± 1.12 

43.4 

± 0.63 

34.0a,b 

± 1.60 

84.6a,c,d 

± 7.12 

17.1 

± 2.52 

Bx511 GCF 72.5a,b,c 

± 1.31 

39.2 

± 1.85 

40.9 

± 1.26 

39.2 

± 1.51 

42.2 

± 1.01 

27.7a,c,d 

± 4.55 

46.3a,b,c,d 

± 7.06 

19.5 

± 1.54 

 P<0.01     P<0.01 P<0.001  
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Figure 2. 3 Average total dry weight (g) of grass and clover per mesocosm pre flood (May and June 2018) and 
post flood in (August and November 2018). Data shows average dry weight of all three grass varieties (+/- 
standard error). Treatments: G= Grass, GF= Grass + Flood, GC= Grass+ Clover, GFC= Grass+ Clover + Flood.  
(n=48) 

 

25 days post flooding there were no significant differences in total dry weight of vegetation between 

flooded and unflooded mesocosms. However, average dry weight of grass was significantly lower in 

the flooded than the unflooded treatments (Mann-Whitney U: 488, p<0.001). For the treatments 

with clover, the dry weight of clover was also significantly lower in the flooded mesocosms 

compared to the flooded treatments (t= 10.2, p<0.001). 
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There was a significant clover effect 2 weeks before flooding (F=47.8, p<0.001) and 25 days after 

flooding (F=77.9, p<0.001). In both cases, the total dry weight of all vegetation was significantly 

higher in mesocosms with clover than those without.  

Clover often out-competed grass in the ‘grass+ clover’ treatments, which was shown by significant 

differences in weight of grass between treatments with clover and without clover in both August 

(t=3.21, p<0.01) (Figure 2.4) and November 2018 (t=17.8, p<0.001).  In both months, dry weight of 

grass was higher in the ‘grass only’ treatments than in the grass-clover mix treatments.  

Three- way ANOVA did not find significant interactions between variety x flooding x clover. However, 

there was a significant 2- way interaction between clover and flooding 25 days after flooding 

(F=41.2, p<0.001).  

In November, there was a significant two-way interaction between clover and flooding for grass dry 

weight (p<0.05). Within the mesocosms with clover, grass dry weight was higher under flood + 

clover mesocosms than under grass + clover pots. This suggested that clover growth had been 

reduced by flooding and allowed grass growth to increase in these mesocosms. 
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Figure 2. 4 Total dry weight (g) of vegetation taken from cuts to 2cm height in August 2018 (50 days post 
flood). Data from three different grass varieties: AberWolf (AW), Bx509 and Bx511 (Festuloliums) under 4 
different treatments (+/- standard error). Different letters show significant differences between means 
(p<0.05). Treatments: G= Grass, GF= Grass + Flood, GC = Grass + Clover, GCF = Grass + Clover + Flood (n= 48). 

 

2.4.2. INFLORESCENCE 

 

There were no significant differences found between inflorescence before or after flooding 

(Table2.2). 

Table 2. 2. Inflorescence (Fv/Fm ratio) under main management treatments 

 Pre-flood Post -flood 

 June July August 

Grass 0.68 ±0.02 0.76±0.02 0.74 ± 0.01 

Grass + Flood 0.66 ±0.02 0.73±0.01 0.75 ± 0.004 

Grass + Clover 0.69 ±0.01 0.77±0.01 0.76 ± 0.01 

Grass + Clover + Flood 0.73 ±0.01 0.75±0.01 0.76 ± 0.01 
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2.4.3. VEGETATION COVER 
 

Differences in percentage cover were similar to those seen in dry weight and demonstrated the 

impacts of flooding on plant growth (Figure 2.5). Three days after flooding, the average total 

percentage cover within mesocosms was 70%, and was significantly lower within flooded treatments 

than in unflooded (χ2 = 36.3, p<0.001). Percentage cover increased to 86% but remained significantly 

lower 24 days after flooding (Kruskall-Wallis, χ2 =30.2, p<0.001).   

Percentage cover of clover was significantly lower in flooded pots than unflooded pots 24 days after 

flooding (t=15.4, p<0.001). Average clover cover in flooded pots remained at approximately 30% 24 

days after flooding, compared to 78% in unflooded pots. 

In the unflooded clover mix mesocosms, clover became dominant and had significantly higher 

percentage cover than grass. Grass cover was significantly lower under ‘grass + clover’ than in ‘grass 

+ clover + flooded’ (χ2=41.2, p<0.001). Clover was more vulnerable to flooding and percentage cover 

of clover fell sharply (from 80 to 30%) in flooded mesocosms, compared to grass cover which fell 

from 80 to 50%. Flooding created conditions which allowed grass to become more dominant. 

Stress effects from flooding were observed in flooded mesocosms in change in coloration of plants, 

yellow leaves could be seen in grass and clover plants 3 days after flooding had stopped (Figure 2.6). 
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Figure 2.5 - Average percentage cover of grass and clover (+/- standarrd error) within mesocosms at 3, 17 and 
24 days after flooding. Different letters indicate significant differences in cover (p<0.05) on each day after 
flooding. Treatments: G= grass only. F= Grass+ Flood, GC= Grass + Clover, GCF= Grass+Clover+Flood (n=48) 
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Flooded 

Day 3 

 

Day 24 

 

Unflooded 

Day 3 

 

Day 24 

 

 

Figure 2.6 – Changes in vegetation cover within a Bx509 Grass + Clover + Flood mesocosm vs non flooded 
Grass + Clover mesocosm at 3 and 24 days after surface flooding 
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2.4.4. CO2 FLUX 

 

2.4.4.(i) Photosynthesis/ Gross Primary Productivity (GPP) 

 

Before flooding, during May, Gross Primary Productivity (GPP) was higher within mesocosms with 

clover than those without (χ2=5.38, p<0.05) (Table 2.3).  After flooding, no significant differences in 

GPP were found, either between the 12 subjects or between the four main management treatments 

Three-way ANOVA found no interaction effects between variety, flood and clover. 

 

Table 2.3. Photosynthesis/GPP (µmolm-2s-1) before and after flooding in mesocosms under 4 main treatments. 
No significant differences between three grass varieties, so averages for all three varieties shown (+/- standard 
error). Different letters show where averages are significant different (p<0.05).  

 Pre flood Post flood 

 May June 3 days 20 days 39 days 54 days 

Grass 11.5a 

±0.94 

 

11.6 

± 0.78 

 

12.3 

± 1.00 

 

12.8 

± 1.07 

 

11.4 

± 0.57 

 

11.2 

± 0.71 

 

Grass + Flood 11.8a 

±1.37 

 

11.7 

± 1.39 

 

10.8 

± 0.35 

 

13.1 

± 0.89 

 

11.3 

± 0.83 

 

10.1 

± 0.64 

 

Grass + Clover 14.9 a,b 

±1.00 

 

13.3 

± 1.15 

 

13.7 

± 0.91 

 

11.7 

± 0.73 

 

10.4 

± 0.60 

 

11.0 

± 0.89 

 

Grass + Clover 
+ Flood 

15.4b 

±1.10 

13.1 

± 1.53 

12.2 

± 0.55 

12.5 

± 0.96 

11.0 

± 0.73 

9.89 

± 0.45 

 p<0.05      
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2.4.4.(ii) Respiration 

 

3 days after flooding, respiration was higher under GCF (grass + clover + flooding) treatments than 

under unflooded treatments (both with and without clover).   

Three-way ANOVA found no interactions, but there was a flood effect 3 days after flooding (F=11.7, 

p<0.01) and 20 days after flooding (F=8.99, p<0.01). At both times, respiration was higher in the 

flooded treatments than in the unflooded treatments (Table 2.4). 

 

Table 2.4. Respiration in 4 main management types (+/flood, +/- clover). No significant differences between 
three grass varieties, so averages for all three varieties shown (+/- standard error) Different letters show 
averages that are significantly different (p<0.05). 

 Pre flood Post flood 

 May June 3 days 20 days 39 days 54 days 

Grass 7.74 

± 0.94 

 

6.72 

± 0.50 

 

7.17b 

± 0.55 

 

7.78 

± 0.70 

 

5.81 

± 0.56 

 

6.46 

± 0.60 

 

Grass + Flood 7.42 

± 1.03 

 

6.29 

± 0.53 

 

7.90a,b 

± 0.30 

 

10.1 

± 0.78 

 

7.56 

± 0.74 

 

5.68 

± 0.60 

 

Grass + Clover 8.78 

±1.03 

 

5.65 

± 0.38 

 

6.33b 

± 0.60 

 

6.82 

± 0.95 

 

6.76 

± 0.96 

 

5.79 

± 0.49 

 

Grass + Clover + 

Flood 

8.43 

±1.16 

5.74 

± 0.58 

9.09a 

± 0.36 

8.52 

± 0.66 

6.79 

± 0.79 

5.26 

± 0.488 

   p<0.01    
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2.4.4.c Net Ecosystem Exchange (NEE) 

 

Before flooding there was a significant difference between NEE in mesocosms with and without 

clover, both in May (F=9.66, p<0.01) and June (F=5.14, p<0.05). In both months, NEE was higher 

within mesocosms with clover (Table 2.5) 

After flooding, significant differences in NEE between the 12 subjects were found only 3 days after 

flooding stopped (Welch’s ANOVA: 7.48, p<0.001). There were no significant differences between 

grasses, the main differences observed were between unflooded clover mix and all flooded 

treatments. Three days after the end of flooding, NEE was higher in Bx511 unflooded clover mix and 

in Bx509 unflooded clover mix than in all flooded mesocosms (Table 2.6). There were no significant 

differences at any other time; NEE rapidly recovered and in all mesocosms rates returned to reach 

similar values to those seen before flooding (Figure 2.7). 

Three-way ANOVA found no interaction effects between variety, flood and clover, but a significant 

flooding effect was observed 3 days after flooding (F=7.43, p<0.05). NEE was 40% lower in flooded 

mesocosms than unflooded mesocosms (Table 2.5). There were no significant flooding effects during 

any other months. 
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Table 2.5. NEE (µmolm-2s-1) in 4 main management types, showing average exchange for all three varieties (+/- 
standard error). Different letters show where averages are significant different (p<0.05).  

 Pre flood Post flood 

 May June 3 days 20 days 39 days 54 days 

Grass -3.73a 

±0.77 

4.94 

± 0.59 

5.14a,b 

± 0.90 

4.97 

± 0.63 

4.26 

± 0.37 

4.70 

± 0.27 

+ Flood 4.40a,b 

±0.72 

5.42 

± 0.94 

2.88b 

± 0.25 

3.03 

± 0.30 

3.99 

± 0.34 

4.47 

± 0.33 

Grass + Clover 6.15a,b 

±1.00 

7.59 

± 1.02 

7.36a 

± 0.78 

4.84 

± 0.64 

4.32 

± 0.43 

5.23 

± 0.64 

+ Clover + 

Flood 

6.99b 

±0.78 

7.39 

± 1.22 

3.07b 

± 0.34 

4.09 

± 0.38 

3.91 

± 0.28 

4.16 

± 0.34 

  
p<0.05  p<0.01    
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Table 2. 6. Net Ecosystem Exchange (NEE) (µmolm-2s-1) in mesocosms 3 days post flooding. Three different 
varieties: AberWolf (AW) and Festuloliums (Bx509 and Bx511). Data shows average NEE +/- standard error. 
Different letters show where averages are significant different (p<0.05).  There were significant differences 
between unflooded clover + grass mix Bx509 and Bx511 and all flooded mesocosms  

Treatment NEE (µmolm-2s-1) 

AW 4.43 ± 0.55a,b 

AW + Flood 2.61 ± 0.52b 

AW + Clover 5.23 ± 1.82a,b 

AW + Flood + Clover 3.47 ± 0.90a,b 

Bx509 6.39 ± 2.61a,b 

Bx509 + Flood 2.98 ± 0.31b 

Bx509 + Clover 8.77 ± 0.77a 

Bx509 + Flood + Clover 2.56 ± 0.46b 

Bx511 4.60 ± 1.03a,b 

Bx511 + Flood 3.04 ± 0.53b 

Bx511 + Clover 8.07 ± 0.59a 

Bx511 + Flood + Clover 3.18 ± 0.36a 

 p<0.01 
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Figure 2. 7. NEE (µmolCO2m-2s-1) in mesocosms from May- September 2018, before and after flooding. 
Flooding took place from June- July (red line shows end of flooding). Treatments: G=Grass only, F= Grass + 
Flood, GC= Grass + Clover, GCF= Grass + Clover +Flood 

 

 

2.4.5. INFILTRATION 
 

Repeated measures ANOVA showed a significant difference in infiltration rate over time from June 

(pre-flooding) to 51 days post flooding (F=11.9, p<0.001). After flooding, average infiltration rates 

were lower 5 days after flooding than at any other time, except for 21 days after flooding. There 

were no significant changes in infiltration rate over time before flooding. There were no significant 

differences in infiltration rates between different grass varieties at any time. 

Before flooding, there was a significant clover effect in June (F= 5.78, p<0.05). Average infiltration 

rates were higher in pots with clover (31.5±0.90) than without clover (28.5 ±0.83), a percentage 

increase of 10.5% (Table 2.7). There were no significant clover effects after flooding. 
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There was a significant flooding effect 5 days (F=24.4, p<0.001) and 21 days after flooding (F=27.8, 

p<0.001). Infiltration rates were lower in flooded mesocosms. 5 days after flooding, infiltration rates 

were on average 25% lower in flooded mesocosms than flooded mesocosms. 21 days after flooding, 

infiltration rates were on average 23% lower. Infiltration rates in the flooded mesocosms then 

increased over time and there were no significant differences between treatments from 37 days 

after flooding onwards. 

There were significant differences between +/-flood and +/-clover up to 21 days after flooding 

stopped (Table 2.7).  Infiltration rates were higher in unflooded mesocosms with clover than in the 

flooded mesocosms (both with and without clover). This difference was significant 5 days after 

flooding ended (χ2=20.2, p<0.001) and 21 days after flooding (χ2=20.3, p<0.001).  

Three-way ANOVA (variety x clover x flood) found no significant interaction effects before or after 

flooding. 
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Table 2. 7. Summary of average infiltration rates (cm/hr) under 4 main treatments (+/- standard error). There 
were no differences between grass varieties, so the average of main treatments are shown. Different letters 
indicate significant differences between means (p<0.05) 

 Pre flood  Post flood    

 May June 5 days 21 days 37 days 51 days 

Grass 29.0 

±1.24 

 

28.5 

±1.08 

 

26.8a,c 

±1.25 

 

29.0a,c  

±1.24 

 

28.5 

±1.67 

 

28.0 

± 1.13 

 

Grass + Flood 26.5 

±1.73 

 

28.5 

±1.31 

 

21.5b,c 

±1.16 

 

23.5b,c  

±1.16 

 

27.0 

±0.90 

 

26.5 

± 0.89 

 

Grass + Clover 30.0 

±1.48 

 

32.0 

±1.35 

 

28.0a  

±1.13 

 

30.5a 

±1.56 

 

30.0 

±1.28 

 

29.5 

± 1.16 

 

Grass + Clover 
+ Flood 

28.5 

±1.50 

 

31.0 

±1.24 

 

19.3b,c  

±1.63 

 

21.5b,c  

±1.16 

 

27.5 

±0.98 

 

27.5 

± 0.89 

 

p value   p<0.001 p<0.001   
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2.5. DISCUSSION 
 

The aim of the study was to investigate the impact of flooding on grasses including Festulolium and a 

high sugar rye grass grown both in monocultures and as grass-clover mixes. The following 

hypotheses were investigated: 

1. Flooding will adversely affect all plant growth. Plant biomass and plant cover will be 

lower in flooded mesocosms. 

2. Net Ecosystem Exchange (NEE) will be higher in unflooded mesocosms due to efflux of 

CO2. 

3. Clover will be less resilient to flooding than grasses. Biomass and plant cover will 

decrease in clover after flooding more than in the grass varieties. 

4. Infiltration will be lower under flooded mesocosms and higher in unflooded clover mix 

mesocosms. 

This study shows that differences in grass variety does not influence the impact of flooding on 

vegetation cover, CO2 flux or infiltration. However, the results do demonstrate that clover can 

impact on all three factors and that flooding had a greater impact on clover than on the grass 

varieties. 

Results from pre-flooding demonstrate the impact of clover on infiltration and Net Ecosystem 

Exchange (NEE).  Before flooding, NEE was higher in the clover mix mesocosms (Table 2.5). This 

would be expected as clover has been shown to increase productivity (Rasmussen et al. 2012; Finn 

et al. 2013). The typical contribution of N from clover can reach 300 kgNha−1 yr−1 (Zanetti et al., 

1997; Nyfeler et al., 2011). There were no clover effects after flooding, possibly because clover cover 

was reduced in the flooded mesocosms, or due to seasonal reduction in growth (Bolger et al., 1995). 

Before flooding, infiltration rates were higher under the clover mesocosms (Table 2.7). Clover has 

been associated with increased infiltration, which may be due to improvements in soil structure 
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(Mytton et al. 1993; van Eekeren et al. 2009). This study supports these findings, although the exact 

mechanism is unclear. Further research is needed on impact of clover on infiltration. 

Results show that flooding did adversely affect plant growth, therefore hypothesis 1 can be 

accepted. After flooding, plant biomass decreased (Figure 2.3), but impacts were short term and the 

majority of mesocosm recovered. The results from dry weight and percentage cover show the three 

grass varieties used in this study did show resilience to flooding and were able to recover from a 3-

week flooding event. Flooding for 3 weeks did reduce dry weight and percentage cover of all 

vegetation but did not result in complete plant death. Grass percentage cover was reduced to 65% 

after flooding, before increasing to 80% after 45 days.  

In contrast, clover was less resilient to flooding, the percentage cover of clover in flooded 

mesocosms fell to an average of 24%, compared to 80% in the unflooded mesocosms. Therefore 

hypothesis 3 can be accepted. There was a large proportion of yellowing leaves in the flooded 

mesocosms (Figure 2.5) indicating plant stress (Heinrichs, 1970). Clover recovered slightly following 

flooding, but recovery was slow and average percentage cover was 30% after 45 days (Figure 2.5). 

This is supported by other studies which have also demonstrated the vulnerability of white clover to 

flooding (Low & Piper 1960). 

Despite observing differences in coloring of leaves, there were no significant differences in 

inflorescence found before or after flooding (Table 2.2). This may be due to the method used for 

measuring inflorescence which require the leaf clips to be attached to intact leaves and is likely to 

have increased the chance of selecting healthier leaves. 

The percentage cover of clover in the unflooded mesocosms was higher than that seen in grazed 

pastures, particularly in established grassland pastures. In August, 24 days after flooding, in the 

Grass + Clover unflooded mesocosms, the average dry weight of clover was an average 90% of total 

dry weight. Fertiliser application stopped in the weeks before flooding, which also would have 
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benefitted clover. The dominance of clover may have also been due to a lack of selective grazing that 

would usually take place in pastures. 

There was an increase in total dry weight from before flooding to after flooding. This may have been 

due to timing of cutting. Before flooding, cuts took place every 4 weeks, while after flooding the first 

cut took place 6 weeks after flooding and allowed for a large amount of regrowth. A large proportion 

of the increase in dry weight came from the unflooded clover mesocosms. 

Following flooding, GPP and respiration decreased in flooded mesocosms (Tables 2.3 and 2.4), 

although rates recovered quickly, and no significant differences were found 20 days after flooding. 

Net Ecosystem Exchange decreased in flooded mesocosms due to efflux of CO2 (Figure 2.7), 

supporting hypothesis 2. These results are expected, due to flood stress to plants, vegetation decay 

and increased respiration from the soil and support findings from other studies which have also 

shown efflux of CO2 following flooding (Hou et al., 2000). 

Results from NEE suggest a possible interaction between variety and clover 20 days after flooding, 

with NEE higher in Bx509 clover mix mesocosms, while other mesocosms showed lower NEE in 

clover mix mesocosms. This may be due to an interaction between Bx509 and clover. Further 

research would be required to investigate this possible interaction. 

Flooding decreased infiltration rates, which has been shown in other studies (Ghazavi et al., 2010). 

Hypothesis 4 could be accepted. The effects of flooding on infiltration were significant for 21 days, 

demonstrating the long-term impacts of flooding events and potential impacts on productivity and 

yields. There were no differences in response in the soil under different grass varieties. However, 

infiltration rates in unflooded clover mesocosms remained significantly higher than those in flooded 

mesocosms, illustrating the role of clover in improving infiltration.  

A very low number of macroinvertebrates (such as earthworms) were found after flooding 

(observational), suggesting few macroinvertebrates were present in the mesocosms before flooding. 
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Therefore, changes in infiltration would not have been due to any changes in numbers of 

invertebrates or loss of burrows or channels. Dead plant material was also observed on the surface 

of the mesocosms which could reduce the passage of water into the soil. The decrease in infiltration 

rates that were observed would likely be likely to due to changes in root biomass, changes in 

microbial communities or damage to soil structure. 

 

2.6. SUMMARY 
 

This glasshouse experiment carried out on Festuloiums and a high sugar grass investigated the 

impact of flooding on productivity, water infiltration and C losses in novel grass varieties. Four 

hypotheses which were investigated: that flooding will adversely affect plant growth, NEE will be 

higher in unflooded mesocosms, clover will be less resilient to flooding and infiltration will be lower 

under flooded mesocosms. All four hypotheses were accepted.  

The results demonstrate the resilience of Festuloiums and a high sugar ryegrass to 21 days flooding. 

While photosynthesis and vegetation growth decreased following flooding, cover of grass species 

recovered to pre-flood levels. The study highlights the importance of clover in improving 

productivity and increasing infiltration and demonstrates the vulnerability of clover to flooding. The 

findings are relevant for management of UK grassland in flood vulnerable areas and show the 

potential impacts of summer flooding on grasslands. The results also demonstrate the need to 

investigate natural flood mitigation, which will be investigated in the subsequent chapters. 

 

 

 

 



69 
 

CHAPTER 3. THE IMPACTS OF UPLAND GRASSLAND MANAGEMENT 

ON ECOSYSTEM SERVICES 
 

3.1 ABSTRACT 

 

Uplands provide a range of ecosystem services including biodiversity, carbon storage, and flood 

mitigation. There have been suggestions that one ‘blanket’ management approach can benefit all 

ecosystem services, but the reality is more complicated. Management regimes can have conflicting 

impacts on different ecosystem services. If governments issue payments for ecosystem services, 

there is a need to know how land management affects these services. 

This study, carried out in March 2017- December 2018, investigated how a range of different 

management regimes affected ecosystem services of a long-term upland grassland in mid-Wales. 

Vegetation diversity, C stocks and water regulation (in the form of relative hydraulic conductivity), 

were assessed on a long-term grassland experiment investigating how different management 

practices affect productivity. Seven management treatments were investigated: one treatment was 

grazed and received annual fertiliser and regular lime applications. The six others had no fertiliser 

inputs for 25 years and were managed by three alternative regimes: only grazing, only hay cutting, 

or hay cutting with aftermath grazing (each treatment ± lime to alter soil pH). 

Results showed that management regimes can have conflicting impacts on ecosystem services. Plant 

species richness was lower within the fertilised, limed and grazed (FLG) plots, and higher in the hay 

cut plots with aftermath grazing. In contrast, relative saturated hydraulic conductivity (representing 

water regulation) was higher on the FLG grassland although differences were mainly observed 

during the growing season (May-September). There were no significant differences in conductivity 

during winter months when soil moisture was high and during the summer drought of 2018, when 

soil moisture was low. There were no differences in soil carbon stocks or Net Ecosystem Exchange 

(NEE) between the different management treatments. 
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The study suggests that allowing reversion of previously improved upland grassland could increase 

biodiversity but would have little impact on carbon stocks and have negative impact on water 

regulation. This has implications for future land use in the uplands, particularly in the UK where 

changes are proposed for agricultural land use.  

 

3.2 INTRODUCTION – Uplands and Ecosystem Services 

 

As the global population rises, and climate changes, there is increased pressure on land to meet food 

production and security needs (Schmidhuber and Tubiello, 2007) whilst also supporting natural 

services such as carbon sequestration, water storage and biodiversity.  An ecosystem services 

approach provides one method of promoting and protecting natural resources (UNEP,2020). 

However, there are contrasting ideas of which services should be prioritised and potential conflicts 

can arise between meeting a range of needs (Zhang et al., 2007; Bullock et al., 2011). This has led to 

an increase interest in land management that can support a range of environmental benefits (OECD 

2019; European Commission 2013). 

UK uplands provide a range of services including water storage, maintaining water quality, carbon 

storage, food production, biodiversity and tourism (Natural England, 2009; Beniston, 2012; Smith et 

al., 2013). The main land use in the uplands is sheep grazing (Sansom 1999), which provides a key 

service of food.  Carefully managed grazing with livestock can benefit biodiversity (Hodgson and Illius 

1996; Olff and Ritchie, 1998) and has been shown to be beneficial to plant species richness (Pykala, 

2003) Different livestock can have different benefits, such as the use of cattle to reduce the spread 

of Molinia (Grant et al., 1996), or the use of horses to manage heathland (Rosa García et al., 2013). 

However, poorly managed intensive grazing can be detrimental to ecosystem services such as 

biodiversity, water regulation and flood mitigation. 
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Farming in the UK uplands has changed throughout recent decades in response to varying 

government incentives. The Common Agricultural Policy (CAP) encouraged farmers in the uplands to 

increase livestock numbers (Acs et al. 2010). Measures such as drainage, ploughing and re-seeding, 

liming and hedgerow removal were implemented to improve grassland and boost production 

(O’Connell et al., 2004). Now, changes in subsidies have led to reduced inputs, changes in land use 

and increasing economic pressure on upland agriculture (Gaskell et al., 2015).  

A 25 year ‘environment plan’ was launched by UK government in 2018, aiming to improve the 

environment ‘within the next generation’ (HM Government, 2018). Sweeping changes in agriculture 

policy are expected with the forthcoming exit from the EU, leading to changes in the financial 

support available to farmers (UK Parliament 2019). In 2020, the UK Government passed a new 

Agriculture Bill, aiming to introduce payments to farmers for providing ‘public goods’ such as 

environmental services (Coe and Finlay, 2020). However, there are fears over the impact of changes 

on food production and survival of farms, and landowners face uncertainty over details of the new 

measures (Financial Times, 2019).  Clear information on the impact of land management regimes will 

be required to guide suitable policy decisions. To decide on land use policy, there is a need to 

prioritise ecosystem services, in order to focus on those of highest importance.  

 

3.2.1. Upland Grassland Biodiversity 

 

One key service supported by UK uplands is biodiversity. Globally and nationally, many species are 

declining and being lost to extinction. According to the State of Nature Report, 56% of the UK's wild 

species declined between 1970 and 2013, and more than one in ten species faces extinction (State 

of Nature Partnership, 2019).  Uplands provide a range of habitats and support a variety of species 

(JNCC, 2015). Suitable upland management is required to preserve and promote species diversity. 

Supporting sheep grazing in the uplands has often led to intensification through nutrient input, 
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liming and reseeding of grasslands. This management has been linked to reduced biodiversity 

(Benton et al., 2003; Plantureux, Peters and McCracken, 2005). Intensive grasslands are re-seeded 

with a mix that is often dominated by one or two species (usually Lolium perenne and Trifolium 

repens. L). This reduces diversity of plants, as well as other species including birds and invertebrates 

(García and Fraser, 2019). However, well-managed grazing can promote species diversity by 

decreasing the abundance of dominant species and increasing the richness of rarer species 

(Isselstein et al. 2005; Bilotta et al. 2007) and can benefit earthworms and bird species that rely on 

earthworms, such as the lapwing (Mccallum et al., 2016). 

Due to negative impacts of intensive grazing, there is increased interest in extensive farming and 

rewilding (Pettorelli et al., 2018).  Extensive grazing can promote biodiversity of vegetation, 

invertebrates and birds (Marriott et al. 2004; Morgan et al. 2008; Pavlu et al., 2014; García and 

Fraser, 2019). However, land abandonment can also reduce biodiversity (Marriott et al., 2004; 

Plantureux et al, 2005), and effects can vary depending on site conditions (Marriott et al., 2004) 

therefore some site-specific management may still be required. There is a need to balance 

sustainability of upland farming businesses and communities, and the benefits that grazing can 

provide for biodiversity. 

 

3.2.2. Carbon capture and storage 

 

UK uplands capture and store carbon, an important ecosystem service for mitigating climate change. 

Most terrestrial carbon is held in soil (Lal, 2004). In the UK, grassland soils have the highest carbon 

stock across the range of broad habitat types (National Ecosystem Assessment, 2011). Grasslands 

can act as sources or sinks of carbon, but most permanent semi-natural grasslands in Europe 

generally act as sinks (Soussana et al., 2007).  
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Grazing can affect carbon flux through trampling and manure inputs, which can influence the ability 

of plants to store carbon and the amount of plant material transferred into soil organic matter 

(Klumpp, Soussana and Falcimagne, 2007). Grazing, and management such as re-seeding, can also 

impact on plant communities, which in turn can alter the amount and type of organic material going 

into the soil (Kuzyakov and Domanski, 2000; Ostle et al., 2009). 

Management treatments, such as adding manure, reducing tillage or shifting towards extensive 

agricultural practices can improve soil carbon stocks (Paustian et al., 2000; Smith et al., 2000; 

Srivastava et al., 2012), but land management changes can take time to have an impact and may 

reduce in effectiveness over time. Soussana et al. (2004) found changes in carbon sequestration 

rates resulting from land use change are often more rapid in initial years before slowing to reach 

equilibrium (Soussana et al., 2004). 

Measures to increase soil carbon stocks can vary in effectiveness and will depend on soil physical 

conditions (Post and Kwon, 2000; Gaiser, Abdel-Razek and Bakara, 2009), hydrology (Olsson et al., 

2009), soil pH and topography (Yoo et al., 2006; Hancock, Murphy and Evans, 2010). Climate has a 

major influence on carbon stocks ((Conant, Paustian and Elliott, 2001), which can increase with 

precipitation and decrease with temperature (Jobbágy and Jackson, 2000). Seasonal changes in 

precipitation, temperature, and radiation also affect leaf growth and associated Net Ecosystem 

Exchange (NEE) (Suyker and Verma, 2001), therefore influencing CO2 uptake. 

Fertiliser application has been suggested as a method of increasing carbon uptake (Xia, Niu and Wan, 

2009). The exact effects can depend on soil features including fertility (Bardgett and Wardle, 2003) 

and water availability (Harpole, Potts and Suding, 2007). Nitrogen can increase the ability of soil to 

store carbon through increasing microbial activity (de Vries, Kuyper and Bloem, 2009). Net 

Ecosystem Exchange rate relies on the availability of nitrogen (Flanagan, Wever and Carlson, 2002) 

and has been found to be higher on fertilised than on unfertilised grassland (Gilmanov et al., 2010).  

However, some studies have shown that nitrogen inputs can increase carbon efflux on calcareous 
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soils (Zamanian, Zarebanadkouki and Kuzyakov, 2018). Intensification can also increase carbon 

outputs through ploughing (Lal, 2004). 

Improving soil carbon storage potential has been shown to have other benefits, including improved 

soil quality, increased water infiltration and retention, and preventing soil erosion (Abiven, 

Menasseri and Chenu, 2009; Johnston, Poulton and Coleman, 2009). Soils which have been 

improved for carbon storage can have increased agricultural yields (Srivastava et al., 2012; 

Stockmann et al., 2013). Increasing biodiversity has also been shown to be beneficial for increasing 

soil carbon storage, particularly in grasslands containing C4-legume mixes (Fornara and Tilman, 

2008). This is due to both higher root biomass and greater root biomass accumulation resulting from 

the presence of these highly complementary functional groups (C4 grasses and legumes). Therefore, 

management to improve carbon storage could have positive impacts on other ecosystem services 

and appears to have many advantages.  

 

3.2.3. Water Regulation 

 

A key service provided by the uplands is water storage and flood mitigation. Flooding is thought to 

be the greatest threat to the UK from climate change. (HM Government, 2017). Climate change 

models predict an increase in the frequency and intensity of extreme weather events (WMO, 2016), 

leading to a greater risk of river flooding (IPCC, 2012). As a result, there is increased interest in 

natural environmental flood control (HM Government, 2016).  Uplands provide natural flood 

mitigation by storing and delaying water from reaching lowland flood-vulnerable areas (Beniston, 

2006; Jackson et al. 2008). Improving this ability of uplands to absorb and store water can reduce 

surface water runoff and reduce downstream flooding. 

Poorly managed grazing can cause compaction and reduce soil surface infiltration rates. Higher 

stocking densities (20-35 sheep/ha, compared to 2.5-10 sheep/ha, or 1.8 acres per yearling calf 
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compared to 4.14 ha per yearling) have been associated with increased soil bulk density, decreased 

infiltration rates and increased compaction compared to grasslands stocked with lower densities 

(Rauzi & Smith 1973; Langlands & Bennett 1973; Gifford & Hawkins 1978; Mccalla et al., 1984; 

Greenwood et al., 1997; Greenwood & McKenzie 2001). An increase in stocking rates has been 

found to correspond with a decrease in infiltration rate in the range of 30%-50%, depending on soil 

type (Rauzi & Smith 1973; Gamougoun et al.1984; Warren et al. 1986; Nguyen et al. 1998). 

Overstocking can increase both the rate and volume of surface run off (Heathwaite et al., 1989; 

Sansom, 1999) leading to a corresponding increase in flood risk (Meyles et al., 2006).  

However, studies have found that stocking rates can have varying impacts on soil properties. Du Toit 

et al. (2019) found light grazing had a positive impact on infiltration and compaction in arid soil, 

possibly due to the action of grazing animals breaking up the topsoil (du Toit, Snyman and Malan, 

2009). Others have found no significant differences between different stocking rates (Gifford and 

Hawkins, 1978; Gamougoun et al., 1984; Greenwood, MacLeod and Hutchinson, 1997). This may be 

because initial impacts on soil from grazing can be high, but compacted soil is then less susceptible 

to further treading (Mulholland and Fullen 1991). The start of grazing can cause a significant rise in 

bulk density, but this is often followed by minor subsequent increases (Federer et al., 1961; Mullen, 

Jelley and Mcaleese, 1974; Kelly, 1985). 

Differences that are initially present between stocking densities may also become insignificant over 

long time periods. Greenwood et al. (1997) found no difference in infiltration rates between 

pastures grazed for 30 years at different stocking rates, and concluded that soil physical properties 

of grazed pastures all approach a common state of infiltration over the long term.  

Fertiliser applications can influence soil hydrology on grazed sites. Fertiliser application and re-

seeding may increase surface runoff, producing a faster response to precipitation compared to 

unimproved grassland, reducing the time to peak flows in catchments (McIntyre & Marshall 2010). 

Improvements allow higher stocking rates of livestock, which can cause soil compaction and reduce 
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infiltration, as discussed above. However, nitrogen applications can increase root mass (Lorenz and 

Rogler 1967) and porosity (Douglas et al. 1992) thereby improving infiltration rates.  Some studies 

have also found fertiliser applications over periods of 10 years or more make no significant 

difference to soil hydraulic conductivity, water content or compaction (Intrawech et al. 1982). 

There is therefore conflicting evidence over the impact of land management on infiltration rates. 

Further investigation is required into the effects of different land management on upland soil 

hydrology, in order to highlight optimal management approaches for improving absorption and 

storage of water and the ability of uplands to mitigate flood risk. 

 

3.2.4. Grassland management to meet conflicting needs in the uplands 

 

With contrasting ecological needs, and conflicting information on impacts of management on 

ecological benefits, it does not appear that there is a ‘one size fits all’ solution to upland 

management which could promote all ecosystem services. It has been suggested that extensive 

grassland management can provide many benefits including biodiversity, carbon storage and flood 

mitigation (Hopkins and Holtz, 2006) However, other services such as food production should also be 

supported. With UK leaving the EU, policy changes are expected and decisions on future policy 

direction need to be made with an understanding of management impacts. 

This study tests the impact of extensive grazing management on upland ecosystem services. The aim 

is to investigate suitable management approaches for supporting a range of ecosystem services on 

upland grassland, and to explore whether maintaining improved pasture, or reverting to semi-

natural vegetation is more beneficial for water regulation, carbon stocks and biodiversity. 
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The following hypotheses will be tested: 

1. Biodiversity will be lower under ‘FLG’ (Fertilised, Limed, Grazed) plots compared to extensive 

grazed and hay cut grassland. 

2. There will be no difference in soil carbon stocks between treatments 

3. Hydraulic conductivity will be lower under ‘FLG’ treatment than under the extensive 

grassland treatments, due to more intensive grazing rates in fertilised grassland  
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3.3 METHOD 

3.3.1 SITE 

 

Research was undertaken at an upland grassland site (350 m elevation) at Brignant, Pwllpeiran in 

Mid Wales, UK (SN755756) (Figure 3.1). The site is managed by Aberystwyth University 

(https://www.aber.ac.uk/en/ibers/research-and-enterprise/pwllpeiran/). The experiment was 

established in 1994 on previously improved grassland to investigate the long-term effects of 

extensive upland grazing management on grassland productivity and in achieving reversion of 

improved permanent pasture to semi-natural vegetation. The soil is acidic, free-draining, and loamy 

often with a peaty surface horizon (Manod series).  

The site consists of three blocks, each split into plots sized 0.08 – 0.15 ha, and assigned one of seven 

treatments in a randomised block design (Figure 3.2). (The difference in size is due to ‘hay cut’ plots 

being split in half to include +/- lime treatments). The plots were established on pasture dominated 

by Lolium perenne that had been last ploughed and reseeded in 1973. 

The treatments include one fertilised, limed and grazed plot (FLG) which is grazed annually, receives 

annual application of fertiliser at 60 kgNha-1, 30 kgPha-1 and regular liming to maintain soil pH at 6, 

broadly continuing previous management. The other six treatments have been unfertilised since 

establishment in 1994: grazing, hay cutting, and hay with aftermath grazing, each with and without 

lime (Table 3.1). Since 1994, the unfertilised plots have received no inputs and unlimed plots have 

received no lime.  

Grazed plots were continuously stocked, usually with Welsh mountain sheep, from May to 

September every year at 2 to 5 sheep per plot (13- 33 sheep/ha), and numbers adjusted to maintain 

sward height of 4-6cm (Table 3.2). Hay plots were cut annually in late July with aftermath grazing 

occurring from August onwards. 

 

https://www.aber.ac.uk/en/ibers/research-and-enterprise/pwllpeiran/
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Figure 3. 1 – Location of Brignant plots within Wales from d-maps.com and Digimap (EDINA, 2020). Square 
within lower map makes location of plots (SN755756). 

 

Aberystwyth 

Brignant plots 
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Table 3. 1. Details of management treatments on Brignant plots, Pwllpeiran. See Figure 3.2 for plot plan.  FLG = 
Fertlised, Limed, Grazed. Gr= Grazed only, Hay = hay cut only, Hay/Gr = Hay cut with aftermath grazing. +/- 
denoted whether lime is added to increase soil pH 

 

 

Figure 3. 2. Plot plan of management treatments at Brignant, Pwllpeiran (SN755756). Treatments: CM= 
‘Conventional Management’ with grazing, lime and fertliser application. Gr = Grazing, Hay = Hay cut. Hay/Gr = 
Hay cut with aftermath grazing.   + indicates lime applied to maintain soil pH. – indicates no lime applied.   
Full details of treatments in Table 3.1 

Treatment  Sheep grazing Hay cut Last 

Limed 

Fertiliser pH 

FLG (Fertlised, 

Limed, Grazed) 

May-Sept No 2016 Annual application: 

60 kgN/ha, 30 kgP/ha 

6.06 

Gr + May-Sept No 2016 No 6.21 

Gr- May-Sept No 1984 No 5.01 

Hay+ No July/Aug 2016 No 6.04 

Hay- No July/Aug 1984 No 4.91 

Hay/Gr+ Aftermath grazing, 

July-Sept 

July/Aug 2016 No 5.85 

Hay/Gr- Aftermath grazing, 

July-Sept 

July/Aug 1984 No 4.96 
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Table 3. 2 – Average stocking density of sheep (per ha) within each treatment plot on Brignant during 2017 
and 2018 

Month Gr+ Gr- CM 

May 2017 13 13 20 

June 2017 20 20 27 

July 2017 13 13 20 

August 2017 13 13 20 

Sept 2017 13 13 13 

    

May 2018 13 13 20 

June 2018 20 20 27 

July 2018 13 13 20 

August 2018 13 13 13 

Sept 2018 13 13 13 

 

 

3.3.2 CLIMATE 
 

Climate data, including temperature and precipitation were collected from a meteorological station 

located at Pwllpeiran Upland Research Platform (SN775741), approximately 1km from the 

experimental site. Daily readings were used to calculate average monthly temperature (oC) and 

average total monthly precipitation (mm).  

 

3.3.3 VEGETATION COVER 
 

Vegetation surveys were undertaken during April, July, and October in 2017 and 2018. 50cm x 50cm 

quadrats (0.25m2) were placed randomly at three sample sites within each plot and percentage 

cover of species was recorded. The sites were marked with marker flags and revisited. 
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3.3.4 SOIL CARBON  
 

In September 2019, soil cores were from the Brignant plots to measure soil carbon. Three cores 

were taken at random locations within each treatment plot, excluding the Hay+ treatment. Cores 

were taken to stone layer with corer of 1.8cm diameter (area of core was 2.55cm2). The aim was to 

sample the full soil depth to the stone layer (approximately 20cm depth). However, depth of 

sampling varied due to variability in the stone layer. Depth of sample varied between 12 and 22 cm. 

While soil carbon will exist in stone layer, this level of sampling provided an estimate of soil C in 

surface layers. Level of stones within the layer was estimated at more than 60% and only a limited 

number of roots were observed.  

 Samples were split by depth into organic and mineral layers and analysed separately for percentage 

Carbon (C) and Nitrogen (N). Analysis was carried out on elemental analyser. Percentage carbon and 

total soil mass were used to calculate stocks. Initially data was calculated as gC per core, this was 

then converted to tC/ha.  

 

3.3.5 NET ECOSYSTEM EXCHANGE 
 

CO2 flux was measured monthly from May 2017 to December 2018 using an Infra-red Gas Analyser 

(IRGA). An Environmental Gas Monitor (EGM-4) and CPY-4 Canopy Assimilation Chamber (PP 

Systems, Amesbury, USA) was used in sunlight to measure Net Ecosystem Exchange (NEE) of 

vegetation on every plot and then used with a black fabric collar to block sunlight to measure 

respiration. Air temperature, soil temperature and PAR were also recorded. Measurements were 

taken between 10:00 and 14:00. Repeat measures were taken at each sample site and averaged to 

reduce variability. CO2 (assimilation) rate was recorded by the IRGA in gCO2m-2hr-1 and converted to 

µmolCO2m-2s-1.  
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Photosynthesis or Gross Primary Productivity (GPP) was calculated from Net Ecosystem Exchange 

(NEE) and Respiration (Resp) (Equation 2.1). 

 

3.3.6 HYDRAULIC CONDUCTIVITY 
 

Between March 2017 and December 2018, Decagon Mini Disk Infiltrometers (Decagon, Pullman, 

USA) were used to measure relative saturated hydraulic conductivity (Ks).  The Mini Disk 

Infiltrometer was selected as these use small volumes of water (100ml), introduce minimal soil 

disturbance and can be used on slopes. A porous stainless-steel contact plate is placed on the soil, 

suction can be adjusted to suit the soil type, and volume of water within the main tube is recorded 

over time (Decagon, 2016).  Suction was set at 2mm. 

The Zhang method (1997) was used to calculate relative saturated hydraulic conductivity from the 

raw data, as recommended by previous research (Fodor et al., 2011; Wine et al., 2012). Three 

measurements (mm/hr) per replicate plot were undertaken and the mean saturated hydraulic 

conductivity was calculated. Locations were marked with marker flags and revisited monthly. 

 

3.3.7 SOIL MOISTURE  
 

Soil moisture was measured monthly, as wetter soils are more vulnerable to compaction and 

moisture can affect hydraulic conductivity. Soil samples were taken from the top 5cm, alongside the 

points where hydraulic conductivity measurements were taken, before conductivity measurements 

were carried out. These samples were weighed, dried in an oven at 105o for a minimum of 16 hours 

and reweighed to calculate percentage soil moisture content. 
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3.3.8 DATA HANDLING AND STATISTICS 
 

The experimental design involved comparing different management treatments and was not 

factorial, so one-way Analysis of Variance (ANOVA) was used to compare the impacts of 

management regimes on hydraulic conductivity, carbon stocks and vegetation diversity. Where 

multiple data points had been collected from treatment plots, averages were used to avoid pseudo-

replication. Data were analysed for significant outliers using box plots and tested for an approximate 

normally distribution using Shapiro-Wilk test. Data variance was investigated using Levene's Test of 

Homogeneity of Variance. Analysis which showed significant differences were analysed by post-hoc 

Tukey’s tests. Where variances were unequal, Welch’s ANOVA was used, with a Games-Howell post 

hoc test. If data did not fit a normal distribution, a Kruskall-Wallis test was carried out. 

One-way repeated measures analysis of variance (ANOVA), compared data from within the same 

plots over time, to investigate seasonal changes in factors. When assumption of sphericity was not 

met, as tested by Mauchly's Test of Sphericity, Greenhouse-Geisser correction was used.  

Regression analysis was used to investigate potential relationship between two factors, such as 

hydraulic conductivity and soil moisture. 

Graphical interpretations of data were produced using R-studio (Rstudio, Inc). Statistical analysis was 

carried out using SPSS Statistics 25 (IBM, USA).   
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3.4 RESULTS 
 

3.4.1 CLIMATE 

 

Monthly precipitation in 2017 (Figure 3.3) was higher in June, July and September than the 20-

year average, based on data from 1981-2010 (Met Office, 2019b), and monthly average 

temperatures in 2017 were generally 19% higher than the 20-year average.  

2018 began with a wet winter and higher precipitation in January, March and April, compared to 

the 20-year average. A polar continental air mass in March 2018, brought cold weather from the 

east and caused a period of low temperatures and snowfall (Met Office, 2018a). This was 

followed by period of drought in June and July. Drought conditions occurred throughout the UK 

in 2018 (CEH, 2018). The lowest total monthly precipitation at Brignant occurred in July 2018, 

when total rainfall was 13.5mm, 85% below the long-term average.  

 

Figure 3. 3. Average monthly temperature (oC) and monthly total precipitation (mm) recorded from weather 
station at Pwllpeiran 
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3.4.2 VEGETATION COVER 

 

A total of 24 species were recorded on the Brignant plots. One-way ANOVA found significant 

differences in the overall average percentage cover (from 15 months of surveying, April 2017 – 

October 2018) of both grass (p<0.001), and forbs (p<0.001) between the different management 

treatments (Table 2). There was a higher percentage cover of grass species, predominantly Agrostis 

capillaris (L.) and Festuca rubra (L.) in the grazed plots (FLG, Gr+ and Gr-) compared to the ungrazed 

plots. A higher percentage cover of forbs, including Ranunculus repens and Plantago lanceolata were 

found in the Hay/Grazed and Hay cut plots compared to the grazed plots (species list - 

supplemental). 

Percentage cover of clover was significantly higher in Grazed and Hay/Gr plots compared to other 

treatments (p<0.01), but percentage cover of clover was relatively low, and averaged 2% within 

Grazed and Hay/Grazed plots (Table 3.3). 

Species richness was significantly different between the management treatments (Welch’s ANOVA, 

F=11.6, p<0.001), and was higher under Hay/Gr and Hay plots than in FLG and Grazed plots (Table 

3.4) 

Table 3. 3. Average percentage cover of grasses, forbs and moss, and average species richness, over 15 months 
April 2017-Ocotber 2018 within plots on Brignant, Pwllpeiran. Columns with the same letters show averages 
that were not statistically significant at 5% level 

 Grass Forbs Clover Species richness 

FLG 97.0±0.30a 2.26±0.02a 0.57±0.18 a,b 11.0±0.41a 

Grazed 91.6±1.97a 1.70±0.80a 2.06 ±0.42b 12.3±0.62a 

Hay 44.8±3.15b 50.1±3.33b 0.17±0.11a 18.6±0.38b 

Hay/Gr 40.8±3.58b 55.5±3.84b 1.95±0.39b 20.7±0.35b 

P value <0.001 <0.001 <0.01 <0.0001 

 



87 
 

Table 3. 4 Average percentage cover of vegetation species on Brignant plots, Pwllpeiran. Average cover 
calculated from 6 surveys taken in April, July and October in 2017 and 2018. Treatments: FLG= Fertilized, 
Limed, Grazed, Gr = Grazed, Hay=hay cut, H/Gr= Hay cut with aftermath grazing, each with lime applied to 
maintain pH (+) or no lime (-) 

    Plot    

Species FLG Gr+ Gr- Hay + Hay - Hay/Gr+ Hay/Gr- 

A.odoratum 2.068743 9.849912 13.80619 9.682282 9.611641 8.573229 6.207434 

A.capillaris 41.78845 31.42432 34.02811 9.299999 17.46576 13.71395 13.67411 

C. criastus 0 0.876202 0.530291 1.405366 1.030886 2.581914 0.953809 

F.rubra 33.50239 21.87642 15.81828 15.39999 9.909273 13.34123 11.87747 

H. lanatus 11.62718 8.289099 5.614929 5.330689 3.298732 5.061751 3.212778 

H. mollus 0 0.119445 0 2.895495 1.067672 0.00025 0.018052 

L. perenne 2.982786 0.44612 4.713991 0 0.058167 0.263687 0.0295 

P.pratensis 4.968725 22.82409 12.8351 2.509602 2.035793 1.187616 1.620418 

T. repens 0.616136 1.718901 2.559982 0 0.364422 2.481526 1.212397 

C. pratensis 0 0 0 0.407207 0.32467 0.843863 0.923976 

C.fontanum 0 0 0 0.300625 0.597804 0.347646 0.525179 

C.capillaris 0 0 0 4.415689 2.123672 3.12525 4.511533 

L. autumnalis 0 0 0 2.750452 4.718358 0.71983 0.370022 

H. radicata 0 0 0 0 0 0.677139 4.443244 

P.erecta 0 0.2 0 0 0 0 0 

P. lanceolata 0 0 0 7.932365 12.50922 17.0906 21.74598 

R. acris 0 0.062405 0.78 2.558694 1.451149 3.2192 5.151997 

R. repens 0.191395 0.110031 0.770574 16.94832 12.75978 12.1014 9.784652 

R. minor 0 0 0 0.830176 2.483245 0.638132 3.7038 

R. acetosa 1.314788 0.347144 1.251441 13.23715 11.59809 10.48795 6.940114 

Taraxacum 
spp. 0 0 0 0.348873 0.444068 1.159586 1.631147 

U. dioica 0.801495 0.135756 0 0 0 0 0 

Moss 0.017312 1.536366 7.125418 3.538625 6.05113 2.284468 1.418153 
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3.4.3 SOIL CARBON 

 

Average soil carbon stock across all treatments was 21.6 tC/ha in the organic layer and 89.4 tC/ha in 

the mineral layer (assuming no stones). There were no significant differences between management 

treatments in either layer (Table 3.5) 

A block effect was observed, soil carbon was higher in Block 1 than in Block 2 in the organic layer 

(χ2=17.7, p<0.01), while in the mineral layer, carbon stocks were significantly higher in Block 2 than 

in both Block 1 and Block 3 (F=31.2, p<0.01). 

Table 3. 5 Average carbon soil stocks (tC/ha) in organic layer, mineral layer (and total) under different 
management treatments across Brignant plots, Pwllpeiran 

 

 Organic layer Mineral layer Total 

FLG 18.3±1.68 90.2 ± 12.4 108.5 ± 11.2 

Grazed 21.7±2.74 89.2 ± 8.39 110.8 ± 7.77 

Hay 20.2±3.21 84.5 ± 10.1 104.7 ± 7.54 

Hay/Grazed 23.7±1.63 91.8 ± 7.15 115.5 ± 8.81 

 

3.4.4. CO2 EXCHANGE (NEE) 

 

Net Ecosystem Exchange (NEE) changed seasonally, increasing during May-July 2017 and decreasing 

to close to zero during winter (Figure 3.4). In 2018, there was a large increase in NEE during June 

which then decreased in July 2018. The overall average rate of NEE over 20 months (May 2017 – 

December 2018) was 1.28 µmolCO2m-2s-1, suggesting the Brignant plots act as a small carbon sink. 

Repeated measures ANOVA, with Greenhouse-Geisser adjustment, showed that there were 

significant changes in NEE over time (p<0.01). There were significant differences in NEE between 

June 2018 and every month except August and September 2018. 
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There were no significant differences in NEE between management treatments in any individual 

months, and no significant differences between management treatments in the overall average NEE 

calculated over 20 months of data collection (p>0.05).  

A block effect was observed for NEE (χ2=7.43, p<0.05), which was higher in Block 2 (1.50 ± 0.12 

µmolCO2m-2s-1) than Block 1 (1.15 ± 0.10 µmolCO2m-2s-1) and Block 3(1.18 ±0.11 µmolCO2m-2s-1). This 

corresponds with total carbon stocks which were higher in Block 2 than Block 1.  

Regression analysis was used to investigate a potential relationship between NEE and temperature. 

No significant relationship was found, although there was a positive linear relationship between 

temperature and both PPS and respiration (Appendix II, Figure A.1.). 

 

Figure 3. 4. Average Net Ecosystem Exchange (NEE) (µmolCO2m-2s-1) on upland grassland plots under different 
management, Brignant plots Pwllpeiran recorded from March 2017 to December 2018 
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3.4.5 HYDRAULIC CONDUCTIVITY 
 

Relative saturated hydraulic conductivity (Ks) changed seasonally, generally rising in summer and 

falling in winter (Figure 3.5). Repeated measures ANOVA showed that Ks changed significantly over 

time (p<0.001), although there were no significant changes in NEE between October 2017 and 

March 2018. 

In 2017, Ks increased from spring into summer (May – July), and decreased through autumn into 

winter (September-December). Significant differences (One-way ANOVA) in Ks were found between 

management treatments during May (F=2.91, p<0.05), July (F=3.08 p<0.05), September (F=2.89, 

p<0.05) and October (F=3.29, p<0.05). Post-hoc analyses showed that Ks was consistently highest 

under FLG (Fertilised, Limed, Grazed) plots. 

In 2018, Ks increased from March to May but then declined during drought in June and July (Figure 

3.5). Conductivity subsequently increased from September onwards. The lowest average rates of 

hydraulic conductivity (2.36 mm/hr) were recorded in July 2018. Significant differences between 

treatments occurred in 2018 only during April (F=4.17, p<0.05) and November (F= 3.28, p<0.05). In 

both months, hydraulic conductivity was higher in the FLG plots, and lowest in the Hay + Grazed 

plots. 

There was also a significant difference between treatment blocks (χ2=10.2, p<0.01). Hydraulic 

conductivity was lower in Block 1 (2.35±0.05 mm/hr) than in Block 3 (2.67± 0.07).  

Across all 21 months of data collection (March 2017 to December 2018), there were significant 

differences in saturated hydraulic conductivity between the management treatments (χ2 = 34.0, 

p<0.001). Ks was higher in the FLG plots than in all other management treatments and was higher 

under Grazed plots than Hay + Grazed plots (Table 3.6). 
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Figure 3. 5. Relative saturated hydraulic conductivity (mm/hr) under different management treatments on 
Brignant plots, Pwllpeiran. March 2017- December 2018 

 

Table 3. 6. Average Relative hydraulic conductivity (mm/hr) under different management treatments on 
Brignant plots, Pwllpeiran from March 2017- December 2018. Different small letters above the means mark 
differences between treatments that were statistically significant (p<0.05) 

 

Treatment Ks (mm/hr) 

FLG 3.04 ± 0.12a 

Grazed 2.59±0.07a,c 

Hay 2.36±0.06b,c 

Hay/Grazed 2.35±0.06b 
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3.4.6 SOIL MOISTURE 
 

Average soil moisture within the Brignant plots changed significantly over time (F=89.1, p<0.001). 

Soil moisture showed some variation in 2017, within a range of 19-28%. A larger variation in average 

moisture occurred during 2018 (Figure 3.6).  The highest average percentage soil moisture (34%) 

occurred in the Hay cut plots in February 2018. Percentage soil moisture decreased in June and July 

2018 and lowest level was recorded within the grazed plots (14.3%) in July 2018. Soil moisture then 

increased at the end of the drought in August 2018. 

There were no significant differences in percentage soil moisture between management treatments, 

either in individual months, or in the overall average soil moisture. However, there was a block 

effect. Average soil moisture was significantly higher (p<0.01) in Block 1 (30.4±0.58) than in Block 2 

(27.6± 0.57) and Block 3 (25.7±0.55). This difference in soil moisture between treatment blocks 

corresponds with lower hydraulic conductivity in Block 1. Regression analysis was used to investigate 

a relationship between hydraulic conductivity and soil moisture. No significant relationship was 

found. 
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Figure 3. 6. Average percentage soil moisture under different management treatments on Brignant plots 
Pwllpeiran. March 2017- December 2018 
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3.5 DISCUSSION 
 

The aim of this study was to investigate suitable management approaches for supporting a range of 

ecosystem services on upland grassland, and to explore whether maintaining improved pasture, or 

reverting to semi-natural vegetation is more beneficial for biodiversity, carbon stocks and water 

regulation. The study has implications for future land policy, to decide on suitable land management 

to support ecosystem services. The following hypotheses were tested: 

1. Biodiversity will be lower under ‘FLG’ (Fertilised, Limed, Grazed) plots compared to extensive 

grazed and hay cut grassland. 

2. There will be no difference in soil carbon stocks between treatments 

3. Hydraulic conductivity will be lower under ‘FLG’ treatment than under the extensive 

grassland treatments, due to more intensive grazing rates in fertilised grassland  

Species richness was highest on the Hay/Grazed plots (haycut with aftermath grazing) and lowest on 

the ‘FLG’ (fertilised, limed, grazed) plots (Table 3.2). This supports findings from other studies on 

these plots which found diversity was higher under Hay/Grazed treatments (Pavlů, Pavlů and Fraser, 

2014). Hypothesis 1 can be accepted. The haycut plots had a greater percentage of forb species, 

dominated by Plantago lanceolate, Rhinanthus minor and Ranunculus acris (Table 3.4) These 

flowering species are likely to support a range of invertebrates and pollinators, supporting further 

ecosystem services. A study on these plots found arthropod communities were more abundant and 

diverse in the Hay and Hay/Gr plots (García and Fraser, 2019).  This demonstrates that extensive 

grazing, along with hay cutting, can support higher biodiversity than intensively grazed grassland.  

Management treatments on the Brignant plots did not affect carbon stocks (Table 3.5), which 

supports hypothesis 2. There were no significant differences in NEE between different management 

treatments. CO2 exchange followed a seasonal pattern (Figure 3.4), increasing during the growing 

season and decreasing in winter. Conditions during the time of data collection were not ‘typical’, 

there were extreme conditions including a wet winter, cold spring and dry summer in 2018. Further 
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data collection would indicate the average NEE rates over ‘average’ conditions. However, the plots 

appear to act as a small sink for carbon. There are no measurable effects of disturbance from the 

establishment of the plots in 1994.  

There was a large increase in CO2 efflux in June/July 2018 which corresponds with drought 

conditions during the summer. There was a positive correlation between photosynthesis/respiration 

and temperature (Figure A.1). This suggests that abiotic factors including temperature and rainfall 

can have a stronger influence on CO2 exchange than management, which has been demonstrated in 

other studies (Byrne and Kiely, 2006). Differences between the land management treatments 

described in this study did not have a significant impact on carbon sequestration on this site. 

However, there were differences in carbon stocks and NEE between the treatment blocks. This also 

suggests that variability in site conditions can impact on soil carbon.  Literature has shown that 

management to increase soil carbon stocks can depend on soil physical conditions (Post & Kwon, 

2000; Gaiser et al., 2009), hydrology (Olsson et al., 2009), and topography (Yoo et al., 2006; Hancock 

et al.,2010). Further investigation into site conditions such as geology could uncover the spatial 

variability in soil carbon observed in the study. 

Hydraulic conductivity (Ks) was on average higher on the FLG plots (Figure 3.3) and was higher under 

both fertilised and unfertilised grazed plots than hay cut plots. This contradicts what would be 

expected from literature, and hypothesis 3 was rejected. Previous studies have shown that intensive 

livestock grazing decreases infiltration (Rauzi and Smith 1973; Gamougoun et al.1984; Warren et al. 

1986; Nguyen et al. 1998) and higher stocking densities (20-35 sheep/ha, compared to 2.5-10 

sheep/ha) have been shown to cause a greater degree of damage to soil structure (Langlands & 

Bennett 1973; Mccalla et al., 1984; Greenwood & McKenzie 2001). However, very importantly in the 

current study, stock was carefully managed to reduce potential compaction and stocking rates were 

lower than the high stocking rates described by Langlands and Bennet (1973) (Table 3.2) This may 

have reduced the impacts of grazing on hydraulic conductivity. It is also possible that fertiliser inputs 
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had a positive effect on hydraulic conductivity. Studies have shown that nitrogen applications can 

increase root mass (Lorenz and Rogler 1967) and porosity (Douglas et al., 1992). This could cause the 

observed increase hydraulic conductivity, although the exact mechanism is unclear. 

The FLG plots had, on average, higher stocking density than the unfertilised grazed plots (Gr+ and 

Gr-), but there were no differences in hydraulic conductivity between these management 

treatments. It is also possible that the differences in stocking rate were relatively small, and the 

stocking rates during drought were also reduced. However, other studies have also found no 

significant differences in infiltration between different stocking rates (Gifford & Hawkins 1978; 

Gamougoun et al., 1994; Greenwood et al., 1997).  Greenwood et al. (1997) showed that differences 

in infiltration between stocking densities can become insignificant after 30 years and concluded that 

soil physical properties of grazed pastures all approach a common state over the long term. This may 

have happened in this long-term experimental site which has been in place for 25 years.  

Average hydraulic conductivity was lower under the hay cut plots (Table 3.6). This may be due to the 

impact of hay cutting machinery on the soil. In the hay plots, hydraulic conductivity decreased in 

September 2017 following hay cutting in August (Figure 3.5). Other experiments conducted on this 

plot also found infiltration decreased following hay cutting (Chapter 4). Annual hay cutting takes 

place using farm machinery, which can cause compaction (Bailey, Nichols and Johnson, 1988) and 

reduce hydraulic conductivity (Coutadeur, Coquet and Roger-Estrade, 2002). 

Hydraulic conductivity varied seasonally and was affected by changes in weather conditions, such as 

the drought during summer 2018. While there was no direct relationship between soil moisture and 

conductivity, a decrease in hydraulic conductivity during June and July 2018 did correspond to a 

decrease in soil moisture due to drought conditions.  

Differences in conductivity between the management treatments were not significant during the 

drought, or during winter months. This suggests that any changes in grassland management may 

have caused significant differences in conductivity during the growing season but have little impact 
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on water regulation during extreme wet or dry weather. Under decreased soil moisture, air within 

soil pores in soil can prevent the movement of water through the soil. 

Winter precipitation during November 2017- January 2018 was 36% higher than the long-term 

average, and this corresponded with period of high soil moisture and low hydraulic conductivity. 

Current climate models predict wetter winters in the UK (Met Office, 2019), which could increase 

soil moisture, reduce water holding capacity, increase surface run-off and affect the flood mitigation 

potential of uplands at a time when flood risk is higher.  

 

3.6 SUMMARY 
 

The study demonstrates that there is not one single solution to supporting ecosystem services, no 

‘one size fits all’. In this study, extensive grazing with hay cutting improved biodiversity but reduced 

hydraulic conductivity and had no impact on soil carbon stocks or NEE. There is therefore a need to 

debate the importance of different ecosystem services and to adapt land management to suit these. 

The study also suggests that maintaining a variety of different managements across the uplands 

could be the most suitable solution to ensure a wide range of ecosystem services are maintained. It 

would be valuable to identify areas where services could be improved or supported the most 

effectively and target these sites in order to get the most benefit. 

In the current changing political landscape, it is important to recognize the impact that a shifting 

agricultural policy may have on ability of UK uplands to provide ecosystem services. This study 

demonstrates the potential impact of policy changes on a range of ecological benefits and shows 

that management benefits some services to the detriment of others. Policy decisions are therefore 

needed to prioritise ecosystem services before then determining suitable land management to 

promote these. 
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CHAPTER 4 – INVESTIGATING MANAGEMENT APPROACHES TO AMELIORATE 

COMPACTION AND IMPROVE INFILTRATION RATES IN UPLAND GRAZED 

GRASSLANDS 

 

 

4.1. ABSTRACT 
 

To investigate livestock treading in an upland grassland, soil penetration resistance and infiltration 

rates were measured on upland grazing sites in mid Wales. Practical solutions for reducing 

compaction and improving infiltration were explored. The impacts of grazing and hay cutting on soil 

penetration resistance (compaction) and infiltration rates were measured during spring/summer 

months (April – August) in 2017 and 2018. Natural recovery from compaction was explored using 

grazing exclusion cages to prevent grazing and investigating the impact of earthworm activity on 

infiltration rates. 

Different mechanical aeration treatments were applied to grassland plots to improve infiltration 

rates. The first aeration treatment was the creation of ‘fine’ holes using nails of different sizes (5cm x 

2.5mm and 7.5cm x 4mm) during the grazing season (May – August 2017). The second treatment 

was creating ‘coarse’ holes (using a mechanical aerator (CAMON LA25 Lawn Aerator) with solid tines 

of 10mm width x 100mm length. Aeration took place before grazing (April 2018), during grazing 

(June 2018) and after hay cutting (August 2018). 

Penetration resistance at 2.5cm depth was higher under the grazed sites. Infiltration rates did not 

correlate with penetration resistance but were significantly lower within grazed plots in May 2018 

and higher within Hay + Grazed plots in August 2018 than in the other treatments. 

Penetration resistance rates under the grazing exclusion cages began to decrease after cages had 

been in place for 15 months. After 12 months, infiltration rates within the exclusion cages increased 

by an average of 10% compared to areas outside the cages. 
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Aeration from nails increased infiltration rates by an average of 25% after 3 days and significant 

effects on infiltration were observed for approximately 8 days. Aeration using a mechanical aerator 

promoted infiltration by an average of 90% after 3 days. Effects declined over 21 days and became 

non-significant 28 days post treatment. During the grazing season, 21 days after aeration, infiltration 

rates were higher in ungrazed grassland, compared to grazed grassland. This suggests livestock could 

impact on effectiveness of aeration treatments. Mechanical aeration did not have a significant 

impact on penetration resistance.  

An earthworm survey found a positive linear relationship between earthworm casts and infiltration 

rates. An increase in cast density (from 25m-2 to 50m-2) correlated with an increase in infiltration of 

31%, demonstrating the key role of earthworms in improving infiltration rates. 

Mechanical solutions can improve soil infiltration but only in the short term (3 weeks) and would 

require regular repetition. They could alleviate severe compaction events, but do not appear to be a 

lasting solution to improving upland infiltration, unless regular aeration is a viable option. More 

long-term solutions could include management to supporting earthworm populations, or exclusion 

of grazing but for a minimum of a year to allow soil to recover. 

 

 

4.2 INTRODUCTION – Upland Grassland Grazing, Compaction and Infiltration 
 

UK upland environments provide a number of ecosystem services including carbon storage, water 

storage, and flood mitigation. Flood mitigation is likely to become a more significant service in the 

future, due to predicted increases in extreme weather events and flooding brought about by climate 

change (IPCC, 2012). 

Sheep grazing is a major land use on the marginal landscape of the UK uplands (Sansom 1999), and 

in Wales (Fuller and Gough, 1999).  Well managed grazing can have ecological benefits in grassland 

ecosystems, supporting biodiversity (Isselstein et al. 2005; Bilotta et al. 2007). However, intensive 
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grazing can also be damaging to both vegetation and soil structure, causing compaction and 

reducing surface infiltration rates (Warren et al., 1986). Compaction can be a limiting factor to 

increasing infiltration rates and reducing surface run off. There are a range of factors that can 

contribute and mitigate soil compaction (Figure 4.1). 

 

 

Figure 4. 1. Causes of and measures to mitigate compaction. Created with BioRender.com 

 

Increased stock densities have been linked with increased soil compaction (Greenwood, MacLeod 

and Hutchinson, 1997). This compaction commonly occurs in the top 5cm of soil under livestock 

(Scholefield and Hall, 1985; Greenwood, MacLeod and Hutchinson, 1997), while compaction from 

vehicles can reach 0.5m depth (Soane et al., 1980). Moist soils are often much more susceptible to 

compaction than dry soils (Lull, 1959; Edmond, 1964). The effects of livestock treading can be more 
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damaging to soil structure during winter months when rainfall is higher (Warren et al., 1986; 

Greenwood and Mcnamara, 1992). 

Livestock compaction can lead to reduced soil pore space (Langlands and Bennett 1973), reduced 

macroporosity (Greenwood and McNamara 1992) and increased bulk density (Scott, 1963; Langlands 

and Bennett, 1973). Reduced pore space can inhibit plant growth (Gradwell, 1960: Cannell 1977) and 

reduce water availability (O’Sullivan and Ball, 1993; Miller et al., 2002).  

Overstocking can also reduce biodiversity, cause soil erosion, and increase both the speed and 

volume of surface run off (Sansom 1999) which can lead to river levels rising faster, increasing flood 

risk in lowland catchments. Ball et al (1997) found compaction on grassland soils increased surface 

run-off due to reduced macro-porosity and infiltration (Ball et al., 1997). Land management 

associated with grazing, such as field drainage channels and removal of hedgerows, can also 

exacerbate flooding risk (O’Connell, 2004). 

Soil macrofauna including earthworms, are negatively affected by compaction (Radford et al., 2001; 

Drewry and Paton, 2005). Earthworms can increase infiltration rates (Hills, 1971; Clements, Murray 

and Sturdy, 1991; Joschko et al., 1991; Spurgeon et al., 2013) through provision of burrows and 

passages for water into and through soil (Mckenzie and Dexter, 1988). They can increase macro-

porosity (Lee and Foster, 1991) and reduce soil compaction (Capowiez et al., 2009). A reduction in 

earthworm population can result in a decrease in infiltration rates, causing an increase in rates of 

surface water runoff and in corresponding flood risk (Meyles et al. 2006). 

Farm machinery can also cause compaction and damage soil (Chyba et al., 2014). Wheeled traffic is 

often heavier than livestock, can cause greater damage and the impacts will extend to further 

depths in the soil, up to 50cm below the surface (Bhogal et al., 2011). Wheel tracks reduce hydraulic 

conductivity (Coutadeur, Coquet and Roger-Estrade, 2002), while tramlines from wheels provide 

pathways for surface run-off (Pattison and Lane 2011). Wheel slip can result in shear (Davies et al. 

1973). Damage increases on wet soil due to reduced strength (Kirby and Kirchhoff, 1990). Machinery 
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exclusion can allow soil to recover, but can take time, in one experiment of excluding machinery, 

recovery took three years (Ball et al., 1997). 

Despite the issues associated with sheep grazing, it remains an important agricultural land use, a 

source of income and of food production. The Welsh red meat industry was worth an estimated 

£690 million in 2018 and to support over 200,000 people across Wales through agriculture and food 

supply chain (Hybu Cig Cymru, 2020). The challenge remains to maintain agricultural productivity in 

the uplands while minimising environmental impacts. There are many potential methods of 

improving upland flood mitigation. Careful management of stock to avoid the damaging impacts of 

overgrazing can help soil recovery. Excluding grazing for six months or more can help restore soil 

structure, increasing hydraulic conductivity, improving infiltration rates (Heathwaite et al., 1989; 

Nguyen et al., 1998; Ford et al., 2012) and reducing bulk density (Nie et al. 1997; Greenwood et al. 

1998). The recovery time needed to restore soil after grazing exclusion can depend on a range of 

factors including soil type, and climate (Braunack and Walker, 1985). Some studies have found only a 

few months is needed for recovery (Abdel-Magid, Schuman and Hart, 1987; Nie et al., 1997) whilst 

others have suggested that 2-3 years is required (Greenwood and McKenzie, 2001). Gifford and 

Hawkins (1978) studied rangelands in USA and found that that infiltration rates could still be 

increasing 13 years after grazing had stopped, as soil was still recovering.  

Managing earthworm numbers or activity may provide a solution to improve infiltration and 

reducing compaction. Populations can be encouraged by adding organic matter  (Andersen, 1979; 

Lee, 1985) or by liming acidic soil to increase soil pH (Stockdill and Cossens, 1966). Earthworm 

abundance and distribution can be affected by soil pH  (Staaf, 1987) and worms generally prefer soil 

of neutral pH (Allee et al., 1930). Populations can be encouraged by adding organic matter or by 

liming acidic soil to increase soil pH, which has been shown to increase earthworm populations and 

activity (Bolan et al. 2003). Liming is a regular practice on improved grassland. Other practices on 

improved grassland, such as reseeding with clover, can also encourage earthworm numbers. White 
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clover has been shown to be associated with a larger number of earthworm burrows than in 

grasslands without clover (van Eekeren et al, 2009). 

Mechanical solutions have been suggested to ameliorate the impacts of compaction and boost 

infiltration rates (Critchley & Kirkham 2011; Newell Price & Chambers 2012). These include sub-soil 

loosening, spikes and blades (Bhogal et al., 2011). Timing of work is important to reduce compaction 

on wet soil. Little research has been undertaken to investigate mechanical solutions to compaction 

in the UK uplands (Newell Price and Chambers, 2012). 

There is therefore a need to explore the impact of land management on infiltration and soil 

compaction in upland grassland environments, and to investigate possible methods for restoring soil 

following compaction, including grazing exclusion/natural recovery and mechanical interventions. 

This study aims to establish the extent of the issue of compaction on upland grassland, to investigate 

whether impacts differ between different management treatments and explore possible solutions to 

compaction. The following hypotheses will be investigated: 

1. In the top 5cm of soil, penetration resistance will be higher under grazed plots than 

ungrazed plots 

2. Infiltration rates will be lower in grazed plots following the start of grazing (May) and will be 

lower in hay cut plots following mechanical hay cutting (August) 

3. Infiltration rates will increase, and penetration resistance decrease under areas of grazing 

exclusion, as soil recovers from impacts of grazing 

4. Infiltration rates will increase following mechanical aeration treatments, compared to 

control areas without aeration 
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4.3. METHOD 
 

4.3.1. SITE 
 

This research took place on a long-term grazing experimental site, the ‘Brignant’ plots, at Pwllpeiran 

Upland Research Centre, Cwmystwyth, managed by Aberystwyth University (Aberystwyth University, 

2019). The experiment was established in 1994 to investigate the long-term effects of extensifying 

upland grazing management on biodiversity (Chapter 3). The treatments investigated for this study 

have all been unfertilised since 1994. These six treatments are: grazing only, hay cut only, and hay 

with aftermath grazing, each with and without lime (Table 4.1). 

Grazed plots were stocked with Welsh mountain sheep continuously from May to September at 2 to 

5 sheep per plot (13- 33 sheep/ha), to maintain sward height of 5cm (Chapter 3, Table 3.2). Hay plots 

were cut annually in late July with aftermath grazing occurring from August onwards. Stocking 

densities were lower in July and August 2018 compared to 2017 due to drought conditions which 

reduced vegetation growth. 

Table 4. 1. Details of management treatments on Brignant plots, Pwllpeiran.  
FLG = Fertlised, Limed, Grazed. Gr= Grazed only, Hay = hay cut only, Hay/Gr = Hay cut with aftermath grazing. 

+/- denoted whether lime is added to increase soil pH 

  

Treatment  Sheep grazing Hay cut Last Limed Fertiliser pH 

 

Fertilised, Limed, 
Grazed (FLG) 

 

May-September No 2016 Yes 6.20 

Gr + May-September No 2016 No 6.21 

Gr- May-September No 1984 No 5.01 

Hay+ No July/Aug 2016 No 6.04 

Hay- No July/Aug 1984 No 4.91 

Hay/Gr+ Aftermath grazing, 
July-Sept 

July/Aug 2016 No 5.85 

Hay/Gr- Aftermath grazing, 
July-Sept 

July/Aug 1984 No 4.96 
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4.3.2. EXPERIMENTAL DESIGN 
 

The Fertilised, Limed and Grazed (FLG) plots which form part of the Brignant plots (Table 4.1) were 

not used for this study. This study investigates whether impacts differ between different 

management treatments. Excluding the FLG plots allowed a closer investigation into the impacts of 

grazing, hay cutting and liming on infiltration and penetration resistance. 

To investigate differences in penetration resistance between the soil treatment plots, and potential 

seasonal changes in these factors, penetration resistance was measured every month between May 

2017 and September 2018.  

Infiltration rates were measured within the plots from May to July in 2017 and from May to 

September in 2018. Aeration treatments took place inside the Brignant plots during May, June and 

July in 2017 and in April, June and August 2018. Infiltration rates were measured before aeration and 

at 3 days, 7 days, 14 days and 21 days after aeration.  

To study the impact of grazing exclusion, measurements of infiltration and penetration resistance 

were made within and outside grazing exclusion cages in May 2017 and then at 3 monthly intervals 

after this up until December 2018. 

The earthworm cast survey and corresponding infiltration measurements took place on the Brignant 

plots in September 2019 to investigate the role of earthworms in promoting infiltration. 

 

4.3.3. GRAZING EXCLUSION 
 

To investigate potential natural recovery of soil from livestock treading, areas of grazing exclusion 

were created. In May 2017, ten grazing exclusion cages sized 50cmx50cmx50cm (excluding an area 

of 0.25m2) were placed in 10 random locations in an area of improved grassland at Pwllpeiran 
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research centre (Appendix III, Figure A.2.), in an area neighbouring the Brignant plots which is 

extensively grazed (Figure 4.2). Vegetation within the exclusion cage was left undisturbed. 

Penetration resistance and infiltration rate measurements were taken before the cages were put in 

place, and a vegetation survey completed. Every 3 months from establishment, from May 2017 – 

December 2018, penetration resistance and infiltration rate were measured, and vegetation surveys 

were carried out within the cages and in an area selected at random outside each cage, within 2m 

from the cage. The site outside the cage was marked with a marker flag, so that the same site was 

used for each measurement. 

In June 2020, numbers of earthworm burrows within each cage were recorded, to estimate 

earthworm activity within each exclusion cage. 

 

 

Figure 4. 2. Grazing exclusion cage in place on Pwllpeiran 

 

4.3.4. MECHANICAL MANIPULATION – Fine holes 
 

Holes were created in the ground using nails of varying widths, depths and spacing. Nails of length 

5cm x width 2.5mm and length 7.5cm x width 4mm. This was to investigate the impact of hole size, 

and to approximate the size of burrows made by earthworms. The burrows of Lumbricus rubellus 
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and Aporrectodea caliginosa are on average 2.5-3.0mm in diameter, while burrows of Allolobophora 

longa are 5.0mm in diameter (Springett, 1983; Francis et al., 2001). 

Different spacing between holes was used to investigate the effect of different hole frequency on 

infiltration rate. Nails were placed at grid spacing of either 5cm or 10cm within a 1m2 area. A 50cm 

template was created from Perspex to position the nails (Figure 4.3). This template was then used to 

create a treated area of 1m2 area. 

The treatments were numbered as follows: 

• Treatment 1: Nails length 7.5cm x width 4mm at 5cm spacing (64 holes per m2) (or total area 

of holes: 805mm2 per m2) 

• Treatment 2: 7.5cm nails at 10cm spacing (36 holes per m2) (total area: 453mm2 per m2) 

• Treatment 3: Nails length 5cm x width 2.5mm at 5cm spacing (64 holes per m2) (total area: 

314mm2 of holes per m2) 

• Treatment 4: Nails length 5cm x width 2.5mm 10cm spacing (36 holes per m2 or total area: 

177mm2 of holes per m2) 

 

Infiltration rates were measured before and after driving in nails and compared to adjacent control 

area within the plot which received no manipulation. Rates were recorded 3 days, 7 days and 14 

days after manipulation.  The experiment was carried out in May 2017 and repeated on different 

randomly selected site within each plot June and July 2017. During this time sheep grazing took 

place on the ‘grazed’ plots. Total monthly precipitation in May, June and July was 84mm, 171mm 

and 161mm respectively. Total monthly rainfall in June and July was 28% higher than long term 

average (Section 3.4.1, Figure 3.3). 
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Figure 4. 3. Nails in place in Perspex, creating a template for use when aerating soil to ensure equal spacing 
between nails 

 

 

  

 

4.3.4. MECHANICAL MANIPULATION – Mechanical aeration/coarse holes 
 

Mechanical aeration of soil was carried out on Brignant plots in 2018 using a mechanical aerator to 

create larger holes. Aeration treatments were applied using a CAMON LA25 Lawn Aerator with solid 

tines of 10mm diameter and 100mm length, creating holes every 10cm (Figure 4.4). This created an 

approximate density of 100 holes/m2. 

Figure 4. 4 – Mechanical aerator on Brignant plots 
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Sites used within each plot were randomly selected, and an area of 2m2 was aerated. The mechanical 

manipulation took place once on each plot during April (before grazing commenced), June (during 

sheep grazing) and August 2018 (after hay cutting and start of aftermath grazing). Infiltration rates 

were measured in the middle of the 2m2 aerated area and in an untreated area 5 metres away from 

the area of aeration. The process of measuring infiltration rates within all the plots took two days. 

Rates were measured before aeration and at 3-4 days, 7-8 days, 14-15 days and 21-22 days after 

treatment. 

 

 

4.3.5. EARTHWORM CAST SURVEY 
 

To investigate the impact of earthworm surface activity on infiltration, numbers of earthworm casts 

were counted within randomly selected areas (40cmx40cm) inside each plot on Brignant. Infiltration 

measurements were then carried out on the same areas. The survey took place in September 2019, 

as earthworms are mainly active in spring and autumn (Edwards and Bohlen, 1996). Total number of 

casts per quadrat were recorded, and numbers converted to calculate an approximate number of 

casts per m2. 

The sites of the grazing exclusion cages were examined for earthworm burrows in June 2020, to 

estimate earthworm activity in soil under the grazing exclusion cages and to explore whether 

earthworm activity could contribute to differences (or lack of differences) in infiltration rates 

between areas within and outside the grazing exclusion cages.  

 

4.3.6 PENETRATION RESISTANCE (COMPACTION) 
 

Penetration resistance was measured using a Field Scout penetrometer (Spectrum Technologies, 

Aurora, USA) to assess the impacts of management on compaction and examine differences in 



110 
 

compaction at varying depths. The penetrometer records compaction in KPa every 2.5cm depth. 

Stones in the soil caused large variability in measurements at depth, therefore results presented are 

limited to top 10cm depth. 20 random measurements were taken monthly (May 2017-September 

2018) within each plot on the Brignant experiment, and 5 random measurements were taken within 

and outside grazing exclusion cages every 3 months. 

 

4.3.7. INFILTRATION  
 

A single infiltration ring method was used to record infiltration rates. While double infiltration ring 

measurement is more commonly used for such measurements (Chowdary et al. 2006), a single 

infiltration ring (40cm diameter, 15cm height) was used in this study due to remote nature of the 

site and requirements of transporting the larger volumes of water required for double ring 

infiltration measurements. While a double ring does reduce lateral flow of water and provide a more 

accurate measurements, some have found an outer ring makes no significant differences to 

infiltration rate data (Tricker, 1978). The use of  a single ring allowed relative differences in 

infiltration between different management treatments to be compared. 

Measurements took place monthly from May to July 2017 and from April to September in 2018. Due 

to time constraints, a constant head method was used, the height of water within the infiltration 

ring was maintained at 100mm height, the fall in height was measured every 2 minutes and water in 

the ring was refilled to 100mm height. Measurement continued for a total of 20 minutes. This gave a 

basic infiltration rate in mm/min which was converted into cm/hr.  

 

4.3.8. DATA HANDLING AND STATISTICAL ANALYSIS 
 

The experimental design was factorial, investigating the impacts of management (hay, grazing, hay + 

grazing) and liming on penetration resistance and infiltration. Two-way Analysis of Variance (ANOVA) 
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was used to determine if there was an interaction effect between management treatments and 

liming on penetration resistance and infiltration. Where multiple data points had been collected 

from treatment plots (e.g. for penetration resistance), averages were used to avoid pseudo-

replication. 

When investigating the impacts of aeration treatments and grazing exclusion on infiltration and 

penetration resistance, independent sample t-tests were used to compare treated and control plots. 

Data were tested for significant outliers using box plots and tested for an approximate normally 

distribution using Shapiro-Wilk test. If the data was not normally distributed, it was transformed. If 

transformation did not create a normal distribution a Mann-Whitney U-test was carried out. 

One-way repeated measures analysis of variance (ANOVA), compared data from within the same 

plots over time, to investigate seasonal changes in factors from month to month. When assumption 

of sphericity was not met, as tested by Mauchly's Test of Sphericity, Greenhouse-Geisser correction 

was used.  Post hoc analysis with a Bonferroni adjustment analysed differences between months. 

Regression analysis investigated potential relationships between different factors, such as 

penetration resistance and infiltration. 

Data was recorded and analysed using Microsoft Excel (Microsoft, USA) and SPSS Statistics (IBM, 

USA). Graphs and figures were created using R studio (RStudio, Inc., USA).  
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4. 4 RESULTS 
 

4.4.1. PENETRATION RESISTANCE (COMPACTION) 
 

Monthly measurements within the Brignant plots showed seasonal changes in penetration 

resistance at all depths (Figure 4.5). Repeated measures ANOVA, with Greenhouse-Geisser 

adjustment, showed a significant change in penetration resistance over time at all depths: 0cm 

(F=23.3,p<0.01), 2.5cm (F=30.5, p<0.01), 5cm (F=22.2, p<0.01), 7.5cm (F=25.0, p<0.01) and 10cm 

(F=5.86, p<0.01). 

The impact of management treatments can be observed in changes in penetration resistance that 

occurred at the time of management. An increase in penetration resistance at 2.5 depth and 5cm 

depth during May 2017 and May 2018 corresponds with the start of grazing, which took place May- 

September (Figure 4.5). At 2.5cm depth, penetration resistance under grazed plots increased by 21% 

from April 2018 to May 2018. At 5cm depth, penetration resistance under grazed plots increased by 

17 % from April 2018 to May 2018. Repeated measures ANOVA for May – September 2017 only and 

April – September only show significant changes in penetration resistance over time at 2.5cm and 

5cm depth (p<0.05). 

The impact of hay cutting during the year could also be seen by an increase in penetration resistance 

at 7.5cm and 10cm depth in the months of August 2017 and September 2018 (Figure 4.6).  Average 

penetration resistance under haycut plots (both Hay cut and Hay + Grazed) increased by an average 

of 23.6% at 7.5cm depth and 8% at 10cm depth from July 2017 to August 2017 following hay cutting 

in July 2017. In 2018, after hay cutting in August 2018, penetration resistance in hay cut plots 

increased by an average of 34.0% at 7.5cm depth and 32.2% at 10cm depth. 

A decrease in penetration resistance occurred across most depths during June and July 2018. This 

corresponded to a period of dry weather, which reduced soil moisture (Chapter 3). 
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1 3 2 
Figure 4. 5  Penetration Resistance (KPa) at 0 cm, 2.5 cm and 5 cm depth on Brignant plots, 
Pwllpeiran from May 2017- September 2018. Vertical lines show timings of management: 

1. Hay cutting July 2017. 2. Grazing starts May 2018. 3. Hay cutting August 2018 
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Significant differences in penetration resistance between management treatments were found in a 

number of months during data collection. At 2.5cm cm depth, significant differences between 

management treatments were found during 2017 in July (F=7.57, p<0.01), August (χ2=6.92, p<0.05) 

September (F=10.2, p<0.01), and October (F=6.97, p<0.01). During 2018, significant differences were 

found in May (F=3.75, p<0.05), August (F=10.8, p<0.01) and September (F=5.00, p<0.05). In the 

majority of these months, penetration resistance was higher within grazed only plots. However, in 

September 2017, October 2017 and September 2018 (following hay cutting), penetration resistance 

was higher at 2.5 cm depth in the Hay cut plots. 

 

 

Figure 4. 6 Penetration Resistance (KPA) at 7.5cm and 10cm on Brignant plots under 
different management, March 2017 – September 
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Two-way ANOVA was used to investigate interaction effects between liming and management 

treatments. Analysis showed significant liming x management interaction effects during three 

individual months: May 2017 at 5cm depth and February 2018 at 0cm and 5cm depth and March 

2018 at 5cm depth (p<0.05).  Post hoc analysis showed a significant interaction effect between 

liming and hay cutting.  In February (at both 0cm and 5cm depth) and March 2018, penetration 

resistance within the hay cut plots was significantly higher under unlimed plots than in limed plots 

(p<0.05). The opposite effect was observed in May 2017, penetration resistance within Hay+Grazed 

plots was lower under unlimed plots than limed plots. No other significant interaction effects were 

observed. 

Over 17 months of data collection, the average penetration resistance at 5cm depth was higher 

under ‘grazed only’ plots than ungrazed plots (F=4.12, p<0.05).  Two-way ANOVA was used to 

investigate interactions effects between liming and land management treatments on average 

penetration resistance from May 2017 to September 2018. While no interaction effects were found, 

there was a significant liming effect at 5cm depth (p<0.05). Penetration resistance was higher under 

unlimed soil (690KPa ± 9.03) than limed soil (664KPa ± 8.65).  

 

4.4.2. INFILTRATION 
 

Average infiltration rates were measured in May, June and July 2017 and from April to September 

2018. No significant differences in infiltration rates were found in 2017. In 2018, seasonal changes in 

infiltration rates were observed (Table 4.2). Average infiltration rates decreased in July 2018 

compared to previous months, and then rose in August and September. A repeated measures 

ANOVA determined that average infiltration rate changed significantly between months (F = 42.4, p 

< 0.001). Post hoc pair-wise comparisons showed that average infiltration rates were lower in June 

2018 compared to all other months, except July 2018. The decrease in infiltration may have been 
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due to low rainfall in June and July 2018 which reduced soil moisture (Chapter 3) and created 

drought conditions (CEH, 2018). 

Significant differences in average constant water infiltration were observed between land 

management treatments in May 2018 (F=3.76, p<0.05) and in August 2018. (F= 5.83, p=0.01).  

During May 2018, infiltration rate was lower under grazing only plots compared with ungrazed plots 

(Table 4.2). In August 2018, following hay cutting, the infiltration rate was higher in Hay + Grazing 

plots than in ‘Hay only’ and ‘Grazing only’ plots. No differences between management treatments 

were found during other months of the year. 
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Table 4. 2. – Average final infiltration rate (cm/hr) under different management treatments, April- September 
2018. Means with common letter do not differ at 5% significance, *=p<0.05. 

Treatment April May June July Aug Sept 

 

Grazed  47.0 

±1.63 

44.0 

±1.08a 

34.5 

±1.22 

26.5 

±0.82 

30.0 

±0.71a 

 

50.0 

±0.41 

 

Hay cut  46.0 

±3.56 

48.0 

±0.71b 

34.0 

±0.82 

29.5 

±1.08 

33.5 

±1.08a 

 

46.5 

±1.22 

Hay + Grazed 45.5 

±0.41 

48.5 

±0.41b 

37.5 

±1.41 

27.0 

±0.71 

40.0 

±1.47b 

46.0 

±1.47 

p value  <0.05   <0.05  

 

The average infiltration rates over 9 months (May 2017- September 2018) were analysed together 

Two-way ANOVA was used to investigate interaction effects between liming and land management. 

No significant interaction effects were found, and there were no significant management effects. 

However, there was a significant liming effect (p<0.05). Overall average infiltration rate was higher in 

limed plots (43.2 ±0.85 cm/hr) than within unlimed plots (40.5 ±0.97cm/hr). 

Regression analysis was carried out to test for a relationship between penetration resistance and 

infiltration rates. Analysis tested average infiltration rates against average penetration resistance 

(from 9 months of data collection) at 0cm, 2.5cm, 5cm, 7.5cm and 10cm depth. No statistically 

significant relationships were found. Regression analysis was also carried out in individual months, to 

test whether a significant relationship could be found at particular times during the season, such as 

after management techniques were applied. However, no statistical relationships were found. 
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4.4.3. GRAZING EXCLUSION 
 

4.4.3. (i) Penetration Resistance 
 

Significant differences in average penetration resistance were found between the areas inside and 

outside the exclusion cages at 5cm depth in September 2018 (t =2.51, p<0.05) and in December 

2018 (t=2.68, p<0.0.5). In both cases, penetration resistance was lower within the cage than outside 

the cage (Table 4.4). 

There were significant differences in vegetation height during March to September. Average sward 

height was higher under the exclusion cages (18.5cm±2.92) compared to outside the cages (7.44 

cm±3.16). 

Table 4. 3 Average compaction rates (KPa) in soil at 0-5cm depth at sites inside and outside grazing exclusion 
cages at Pwllpeiran. Rates were recorded every 3 months from March to December 2018. Data shows averages 
+/- standard error.  Significant differences marked by: *=p<0.05  

Depth(cm) 

Mar 2018 0 2.5 5 

Inside cage 422 ± 13.1 656 ± 12.2 851 ± 16.0 

Outside cage 427 ± 13.5 697 ± 20.0 917 ± 26.3 

    

June 2018 0 2.5 5 

Inside cage 385 ± 13.1 618 ± 12.6 702 ± 15.4 

Outside cage 405 ± 19.8 651 ± 13.8 724 ± 12.0 

    

Sept 2018 0 2.5 5 

Inside cage 422* ± 16.7 635 ± 14.0 743 *± 21.6 

Outside cage 499 *± 19.8 667 ± 17.3 826 * ± 24.7 

    

Dec 2018 0 2.5 5 

Inside cage 401 ± 16.4 675 ± 15.5 783 *± 21.6 

Outside cage 427 ± 13.5 650 ± 8.97 861 * ± 16.8 
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4.4.3 (ii) Infiltration 
 

There were no differences in infiltration between areas within and outside the grazing cages during 

the first 12 months after the cages were put in place. Differences between areas within and outside 

the grazing cages were significant during the months of May, September and October during 2018 

(Table 4.3). Infiltration was significantly higher under excluded areas than under grazed areas in May 

2018 (t=2.85, p<0.05), September 2018 (t=3.02, p<0.05) and October 2018 (t=2.70, p<0.05). There 

were no significant differences in other months during 2018. 

 

Table 4. 4. – Infiltration rates (cm/hr) inside and outside grazing exclusion cages at Pwllpeiran, January- 
November 2018. Data shows averages +/- standard error.  Significant differences marked by *=p<0.05 

 

4.4.3. (iii). Earthworms 
 

Earthworm burrows under grazing exclusion cages were recorded to estimate earthworm activity in 

soil under exclusion cages. Earthworm burrows were found under 6 cages. In cages where burrows 

were observed on the soil surface, the average number of earthworm burrows was 3 (Table 4.5). 

Regression analysis was carried out to investigate a relationship between the number of earthworm 

burrows within each cage and average infiltration rates inside each cage, but no significant 

relationship was found (r2=0.48). 

 

 

 Jan Feb Mar Apr May June July Aug Sept Oct Nov 

 
Inside 
cage 

 
34.6 
±2.69 
 

38.6 
±2.08 
 

42.8 
±2.34 
 

44.6 
±3.01 
 

47.3* 
±2.07 
 

39.6 
±2.78 
 

27.5 
±2.61 
 

36.0 
±3.67 
 

40.3* 
±2.15 
 

37.8* 
±1.96 
 

 
35.1±
2.08 
 

 
Outside 
cage 

31.3 
±1.45 

39.6 
±2.47 

38.1 
±1.88 

43.2 
±2.24 

41.6* 
±2.92 

36.8 
±2.31 

26.7 
±1.99 

32.2 
±2.81 

36.0* 
±1.77 

33.5* 
±2.25 

 
33.2±
2.66 
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Table 4. 5 Average number of earthworm burrows observed on soil surface within grazing exclusion cages 
(locations shown in Figure A4), surveyed during June 2020 at Pwllpeiran 

 

Cage number Number of burrows 

1 0 

2 3 

3 2 

4 4 

5 0 

6 4 

7 3 

8 0 

9 2 

10 0 

 

 

 

4.4.4. MECHANICAL MANIPULATION – Fine holes (nails) 
 

Mechanical manipulation of the soil took place in May, June and July 2017. Aeration increased 

infiltration under all four different treatments within the first two days, and significant differences 

were found between aerated and unaerated sites after 8 days on all four treatments (Figure 4.7). 

After 14 days there were no significant differences between aerated and control sites. On average, 

the largest increase in infiltration was observed in Treatment 1: plots aerated with larger (7.5cm) 

nails on closer spacing (64 holes/m2). An increase of 25% occurred after 3 days, and an increase of 

8.3% after 8 days.  

Average infiltration rates were significantly higher under Treatment 1 than Treatment 3 after 3 days 

(F=4.01, p<0.05) and after 8 days (F=3.72, p<0.05). 
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Two-way ANOVA was used to investigate any interaction effects on infiltration between aeration 

treatment and land management treatment (Hay cuts and grazing), but no significant effect was 

found (p=0.34). 

Regression analysis was used to investigate a potential relationship between infiltration rates and 

the total area of hole per metre. No significant relationships were found, either using the combined 

data or during the individual months of May (r2=0.09), June (r2=0.33) or July (r2=0.34). 

 

 

 

  

Figure 4. 7. Percentage change in infiltration rates under different aeration 
treatments using nails in May, June and July 2017 on BrigNant plots, Pwllpeiran. 
Percentage change plotted against days after aeration treatment applied. 
Treatment details described in Section 4.3.4 
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4.4.5. MECHANICAL MANIPULATION – Coarse holes (mechanical aeration) 
 

Three separate treatments of mechanical aeration were applied in April, June and August 2018 to 

the Brignant plots. In April the ‘grazed’ plots did not contain sheep and had been ungrazed for 6 

months at time of aeration. In June, aeration took place while the ‘grazed only’ plots were stocked 

with 2 sheep per plot (Table 3.1). Aeration in August took place after hay cutting in Hay and Hay/Gr 

plots.  

The aeration treatment had a significant impact on infiltration rates in all three months for 21 days 

(Figure 4.8). Infiltration rate increased post aeration treatment, and significant differences were 

found after 3, 7, 14 and 21 days. Infiltration rates increased by an average of 91% after 3 days, 63% 

after 7 days, 33% after 14 days and 20% after 21 days. After 28 days there were no significant 

differences between the aerated and control sites. In August, differences between aerated and 

unaerated sites became non-significant after 21 days. 

Infiltration rates within the control sites did not significantly change over time (p>0.05). 
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In June 2018, there was a significant difference in infiltration rates, following aeration, between 

grazed and ungrazed plots. 21 days after aeration, infiltration rates were higher in ungrazed 

Figure 4. 8 Infiltration rates (cm/hr) on days following mechanical aeration with 
mechanical aerator in April, June and August 2018 on BrigNant plots, Pwllpeiran. 
Different letters show significant differences between infiltration rates at each data 
point after aeration (p<0.05) 
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compared to grazed plots (F=3.11, p<0.05) (Figure 4.9). The presence of grazing animals possibly 

reduced the effectiveness of the mechanical treatment. In April and August, there were no 

significant differences between different land management treatments at any time after aeration 

(p>0.05).  

No differences in compaction rate were observed between the aerated and untreated areas. 

 

 

 

 

  

* 

Figure 4. 9 Infiltration rates (cm/hr) after mechanical aeration on grazed and ungrazed 
plots in June 2017 on Brignant plots, Pwllpeiran, compared to rates within control 

(unaerated) sites. Treatments: Control G = control on grazed sites. Control U = control on 
ungrazed sites. After 21 days, there was a significant difference in infiltration rates 

between grazed and ungrazed aerated sites (marked by *) (p<0.05) 
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4.4.6. EARTHWORM SURVEY 
 

There were no differences in the number of earthworm casts found within different management 

treatment plots (Appendix III, Table A.3.) 

Average final infiltration rates were higher under sites with higher number of earthworm casts 

(Figure 4.10).  Regression analysis showed a weak but significant linear relationship between number 

of earthworm casts per m2 and infiltration rate (r2=0.57).  An increase from 3 casts per quadrat (33.3 

casts per m2) to 5 casts per quadrat (55.5 casts per m2) resulted in a 20% increase in average final 

infiltration rate. 

 

 

y = 0.2614x + 28.596 

r² = 0.57 

 

Figure 4. 10. Infiltration rates (cm/hr) plotted against number of earthworm casts per 
m2 recorded on BrigNant plots, Pwllpeiran in September 2018 
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4.5. DISCUSSION 
 

The aims of this chapter are to establish the extent of the issue of compaction on upland grassland, 

investigate whether the impacts on compaction and infiltration differ between different 

management treatments, and to explore possible solutions to compaction.  

The following hypotheses were investigated: 

1. In the top 5cm of soil, penetration resistance will be higher under grazed plots than 

ungrazed plots 

2. Infiltration rates will be lower in grazed plots following the start of grazing (May) and will be 

lower in hay cut plots following mechanical hay cutting (August) 

3. Infiltration rates will increase, and penetration resistance decrease under areas of grazing 

exclusion 

4. Infiltration rates will increase following mechanical aeration treatments, compared to 

control areas without aeration 

 

Data from this study shows the impact that land management, in form of livestock grazing and 

machinery, has on soil compaction (Figure 4.5). On grazed plots, penetration resistance was 

significantly higher than ungrazed plots in the top 5cm of soil. Significant differences mainly occurred 

during grazing season (May- September). This demonstrates the issue of surface soil compaction 

caused by grazing livestock, which has been highlighted in other studies (Scholefield et al., 1985; 

Greenwood et al., 1997). Significant differences did not occur over winter months, suggesting that 

soil may recover from compaction during this time. This may be due to lack of grazing, or due to 

changes in temperature or moisture within the soil causing freezing/thawing or wetting/drying 

cycles. Hypothesis 1 can be partly accepted, as penetration resistance was significantly higher in 

grazed grassland in the top 5cm of soil, but only during the grazing season. 
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At lower depths of 7.5 cm and 10 cm, penetration resistance was higher under hay cut plots (both 

Haycut only and Hay+Grazed) than uncut plots, showing the impact of hay cutting machinery on the 

soil (Figure 4.6). This demonstrates that soil compaction from machinery reaches deeper in the soil 

than compaction from grazing (Blackwell et al., 1986). Significant differences at7.5cm and 10cm 

depths occurred during the majority of the study, there were few seasonal changes at these depths. 

This supports findings from other studies which have also demonstrated that compaction at depth 

can last longer than surface compaction (Ball et al, 1997). 

A decrease in penetration resistance occurred in June/July 2018, during a time of low rainfall and 

drought conditions (Met Office, 2018b). This may have caused the soil to become more resistant to 

compaction (Batey, 2009). Stock numbers also reduced during this time (Table 3.2) due to reductions 

in available fresh vegetation for grazing, and this is likely to have reduced trampling effects. 

This study did not find a direct relationship between penetration resistance and infiltration, which 

was expected as soil compaction has been shown to reduce infiltration (Gregory et al., 2006). 

However, there were significant differences in infiltration rate between management treatments at 

times when management treatments were applied (Table 4.1). For example, infiltration rates were 

significantly lower under grazed plots than ungrazed plots in May 2018 at the start of grazing. This 

was expected, as studies have shown trampling from grazing can reduce infiltration (Warren et al., 

1986). The initial differences found in May then became insignificant in later months, conceivably 

due to the drought conditions reducing soil moisture, as discussed above, or perhaps due to the 

impacts from grazing reducing over time, which has been shown in other studies (Greenwood et al. 

1997). 

During August 2018, infiltration was higher under the Hay + Grazed plots (Table 4.2). This contradicts 

an expected reduction in infiltration due to compaction caused by hay cutting machinery. A possible 

explanation for this is that machinery disturbed the soil and created small cracks which and caused a 

short-term increase in infiltration, although no cracks were observed. In September, following the 
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hay cut, infiltration rates did decrease under hay cut plots. This suggests machinery can impact 

infiltration rates, but that effects may take time to cause measurable differences. Hypothesis 2 can 

be partly accepted, as infiltration rates were lower in grazed plots following the start of grazing, but 

initially higher in hay cut plots following mechanical hay cutting. 

Differences in infiltration rates under grazed plots that were observed in May 2018 became 

insignificant in later months. Infiltration rates decreased in June and July 2018 during the period of 

drought and were lowest during July. Infiltration rates can reduce in dry soil as air pockets in the soil 

can prevent the passage of water through the soil (Wang et al., 1998). No differences in infiltration 

rates between management treatments were observed during the drought, which suggests that 

abiotic factors, such as weather and soil moisture can have a stronger influence on infiltration rates 

than land management techniques. This is supported by the findings from Chapter 3, where 

hydraulic conductivity decreased during drought and differences between management techniques 

became insignificant. 

Over all 9 months, there were significant differences between infiltration rates on limed and unlimed 

plots. Average infiltration rates were higher on limed plots. Liming can promote grass growth in 

pastures, improve soil structure (Haynes and Naidu, 1998) and increase infiltration (Castro and 

Logan 1991). The difference may be therefore due to changes in soil structure or in soil macrofauna 

including earthworms. Liming also increases earthworm activity (Bolan et al., 2003) and numbers 

(Stockdill and Cossens 1966). As earthworms are of key importance to promoting infiltration 

(Clements, Murray and Study 1991), this may also attribute to the differences observed between 

limed and unlimed plots. 

The results show that land management treatments can impact on infiltration rates, but these 

effects are limited to times when management, such as grazing or hay cutting starts or is applied. 

The results suggest that abiotic factors including soil moisture can influence infiltration and that 

liming may increase infiltration rates. 
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Solutions to compaction were investigated through the use of grazing exclusion cages and 

mechanical aeration. Infiltration rates in areas within exclusion cages did increase compared to areas 

outside the cages, therefore hypothesis 3 could be accepted. Differences between grazed areas and 

exclusion cages were only significant after 12 months (Table 4.3). This demonstrates that several 

months without grazing are required for soil to recover. These results consistent with findings of 

other studies that have shown at least six months grazing exclusion is required to observe significant 

differences in hydraulic conductivity (Nie et al. 1997; Greenwood et al. 1998) or infiltration rates 

(Heathwaite et al., 1989, Nguyen et al., 1998; Ford et al., 2012).  

Infiltration was significantly higher under excluded areas than under grazed areas in May, September 

and October during 2018. There were no significant differences in June, July or August. This may 

have been due to the drought conditions in summer 2018, as discussed above. The drought may 

have reduced any effects of the cage on soil hydrology. After the drought, differences in infiltration 

rate were observed again in September 2018. This does suggest that grazing exclusion could provide 

a lasting increase in infiltration rates. However, it is not clear how long improvements to infiltration 

rates would last if exclusion cages were removed and highlights a potential area of further research. 

 

Mechanical aeration treatments caused a short-term increase in infiltration rates for both aeration 

treatments (Figures 4.7 and 4.8). This supports hypothesis 4. Aeration using finer holes created by 

nails caused a significant increase in infiltration rates for an average of 8 days, but differences 

became insignificant after 14 days. Treatments using larger and longer nails at smaller spacing 

(length 7.5cm x width 4mm at 5cm spacing) to create a larger density of holes was the most effective 

method of improving infiltration using only fine holes (Figure 4.7), but even using this method, 

significant differences lasted only 8 days. With nail lengths up to 7.5cm length, this treatment and 

would be unlikely to impact the effects of compaction at depth. 
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The mechanical aerator (CAMON LA25 Lawn Aerator) created larger holes of 10mm diameter and 

100mm length, creating holes every 10cm and was a more effective method of increasing 

infiltration. The treatment caused significant differences between aerated and unaerated sites, and 

differences remained significant for 21 days (Figure 4.8). The effects were larger than when using 

nails, causing an average increase in infiltration rates of 90% compared to 25% increase from nails, 

and lasted longer than the fine holes, remaining significant after 21 days compared to 8 days. Larger 

holes therefore corresponded to a larger increase in infiltration rates. However, the treatment 

would have to be repeated to remain effective. 

The two aeration treatments do not reflect a likely mechanical treatment that would be applied to 

grassland. However, they do demonstrate the impact that aeration can make on infiltration rates. 

The size of hole made using nails is similar to the size of burrows made by earthworms (Section 

4.3.4), so this experiment also highlights the positive impact that earthworm burrows can make on 

infiltration rates. 

During the grazing season in June 2018, there was a significant difference between infiltration in the 

grazed and ungrazed plots after 21 days. Infiltration rates in the aerated sites were higher in 

ungrazed plots compared to the grazed plots (Figure 4.9), demonstrating the impact of grazing 

animals on infiltration and on mechanical treatments. Trampling may have caused aeration holes to 

close, reducing infiltration on the grazed plots. The effect of compaction on aeration has been 

observed in earthworm burrows (Ligthart, 1997; Jégou et al., 2002). The results suggest that grazing 

management and control of stock can have an impact on the effectiveness of aeration treatments. 

Aeration treatments can be more effective and are likely to last longer when grassland is ungrazed. 

This chapter demonstrates that mechanical aeration can increase infiltration, but that repeated 

treatments would be needed, and needed more often on grazed grassland due to trampling 

reducing the effects of aeration. The mechanical aerator was labour intensive as it required 

transportation of equipment to site and use of machinery on steep slopes. Due to stony soil, the 
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spikes did not always reach 10cm depth, which could impact on effectiveness of treatment. This 

could be inefficient in terms of input required to achieve the effect of increased infiltration rates. For 

upland grassland areas, mechanical aeration currently remains an impractical solution to improve 

infiltration. 

 

The findings from the earthworm survey demonstrated that increased earthworm activity was 

associated with infiltration rates (Figure 4.10). Earthworms are ‘ecosystem engineers’ (Jones et al., 

1994), creating and maintaining channels that allow water to pass into the soil (McKenzie and Dexter 

1998). They have been associated with increased infiltration rates (Hills 1971; Clements et al., 1991; 

Joschko et al. 1992; Spurgeon et al. 2013), and the results from this chapter support these findings. 

Management to support and maintain earthworm populations could provide a more sustainable and 

low-cost solution for improving infiltration on upland grassland than repetitive mechanical aeration. 

Liming can increase earthworm populations (Stockdill and Cossens 1966). This study did not find an 

effect of liming on earthworm burrows, but average infiltration rates at Brignant were higher in 

limed plots compared to unlimed plots. This may have been due to earthworm activity or to 

improved soil structure. Liming could provide one method of increasing earthworm population or 

earthworm activity and maintaining infiltration. The role of liming and the impacts of earthworms on 

infiltration is explored further in Chapter 5. 

The results suggest that promoting or maintaining earthworm populations could be a more long-

term solution to improving infiltration rates on upland grassland, as earthworms create and 

maintain infiltration channels, reducing the need to use mechanical aeration. 
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4.6. SUMMARY 
 

This study investigated the extent of the issue of compaction on upland grassland, whether impacts 

differ between different management treatments and possible solutions to compaction. The results 

from this study supported two hypotheses: that infiltration rates will increase, and penetration 

resistance decrease under areas of grazing exclusion; and that infiltration rates will increase 

following mechanical aeration treatments, compared to control areas without aeration. 

Grazing and hay cutting machinery both caused soil compaction and did reduce infiltration rates 

within select months. In the top 5 cm of soil, compaction was higher under grazed grassland, while 

at 10cm depth compaction was higher in hay cut grassland. 

The study did not find a clear correlation between compaction and infiltration rates but did show 

that infiltration rates decreased due to management treatments being applied. Weather conditions 

also had a strong effect on infiltration, and rates decrease during summer drought conditions. 

Mechanical intervention through the creation of holes helped to increase infiltration rates on upland 

grassland, but the benefits were short-term, lasting a maximum of 21 days.  Mechanical aeration 

requires maintenance to remain effective and would have to be repeated regularly to keep 

infiltration rates at higher levels. 

Natural recovery by grazing exclusion increased infiltration rates, after approximately 12 months of 

exclusion. The percentage increase under grazing exclusion cages was lower than the increases in 

infiltration rates found after mechanical manipulation, but effects increased over time. Grazing 

exclusion could therefore offer a more effective long-term solution. 

A positive linear relationship was found between earthworm casts and infiltration rates. Natural 

recovery through grazing exclusion cages or promoting earthworm populations is a more 

sustainable, long term solution to aid soil recovery from compaction and improve upland infiltration.  
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CHAPTER 5 – UPLAND ACIDIFICATION AND IMPACTS ON INFILTRATION 

AND EARTHWORM ABUNDANCE 
 

5.1 ABSTRACT 
 

Climate change models predict an increased risk of extreme weather and flooding. This has 

highlighted the importance of natural flood mitigation, including the ability of upland soil to absorb 

and store water, slowing the flow of water to lowland catchments. 

Earthworms can increase soil infiltration and improve the ability of upland soil to absorb water. 

Earthworm abundance and activity depends on soil pH and both are lower in acidic soils such as 

those found in the uplands. Many upland grasslands were limed 30-40 years ago supported by 

subsidies, but with this funding removed, liming has not been maintained and these soils are 

becoming increasingly acidic.  This acidification could reduce earthworm populations, infiltration 

rates and the ability of uplands to absorb water, leading to increased flood risk. 

This study was carried out on grassland sites with a range of soil pH (from 4.8-6.0) in upland areas of 

mid Wales, UK. Infiltration rates were measured, and earthworm surveys carried out in October 

2018, April 2019 and September 2019. Soil pH decreased with time since liming and there was a 

positive relationship between pH with both earthworm abundance and infiltration rates. As time 

since lime was last applied on a site increases, the abundance of earthworms and infiltration rate 

decreased. Areas not limed for >35 years had the lowest infiltration rates. This has implications for 

soil quality and for flooding. Habitat and topographical mapping of study catchments indicated that 

previously improved grassland was concentrated on steeper slopes accentuating the likelihood of 

surface runoff where infiltration is lower and enhancing the contribution towards flood risk from 

these sites. The study demonstrates the importance in maintaining soil pH in order to maintain 

infiltration rates and the range of ecosystem services supported. 
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5.2. INTRODUCTION – Liming, Infiltration and Earthworms 
 

Natural flood mitigation depends on the ability of soil to absorb and store water. UK uplands play an 

important role in flood mitigation, accepting, storing or delaying water from reaching lowland flood-

vulnerable areas. The UK uplands receive more frequent heavy rainfall than lowland areas (Burt and 

Ferranti, 2012). The ability of the uplands to provide flood mitigation relies on the ability to absorb 

water through infiltration, which in turn depend on a number of factors including soil structure, 

topography and land use. 

Infiltration rates can be affected by a number of physical and chemical factors such as soil texture 

and structure, vegetation and rainfall, as well as invertebrates such as earthworms. Earthworms are 

commonly called “ecosystem engineers” (Stork and Eggleton, 1992; Jones, Lawton and Shachak, 

1994; Lavelle et al., 2006) due to this ability to affect soil structure and construct burrow systems. 

They can increase infiltration rates (Clements et al., 1991; Bardgett et al., 2001; Spurgeon et al. 

2013) through provision of passages for water both into and through soil (Mckenzie and Dexter, 

1988; Weiler and Naef, 2003). 

Earthworms are generally divided into three ecological groups (Bouché 1977): epigeics (surface 

dwellers), endogeic (mineral soil dwellers creating horizontal burrows), and anecic species (vertical 

burrowers). The anecic species have been shown to have a significant impact on soil water 

infiltration through the creation of vertical burrows which reach depths up to 2m deep (Shuster, 

Subler and McCoy, 2002). It has also been suggested that the horizontal burrows of endogeic 

species, which can connect to main burrows can also influence infiltration by allowing passage of 

water further through the soil (Capowiez et al. 2014). 

Earthworms provide further benefits to soil through the breakdown organic material, improving soil 

health and structure, increasing plant growth (Edwards, 1981), influencing microbial activity (de 

Vries, Kuyper and Bloem, 2009) and reducing bulk density (Whalley et al., 1995). The presence of 
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earthworms can also support other vulnerable species in the uplands which rely on earthworms for 

food, such as lapwing (Mccallum et al., 2016). 

Earthworms can increase the water holding capacity of soils, through the creation of aggregates 

(Edwards and Lofty, 1977; Clements et al., 1991) and may help to restore compacted soil (Capowiez 

et al., 2009). This ability could help restore grassland compacted by livestock grazing. By producing 

casts, earthworms can also increase surface roughness and reduce surface run-off (Le Bayon and 

Binet, 2001). These improvements in both infiltration and water holding capacity, plus reduction in 

surface run-off, can all reduce the speed at which rainfall reaches water courses and therefore 

reduce flood risk in downstream catchments. 

A reduction in earthworm population can result in a decrease in infiltration rates, causing an 

increase in rates of surface water runoff and in corresponding flood risk (Meyles et al., 2006). 

Maintaining earthworm numbers or activity may provide a solution to improve infiltration and 

reducing flood risk. Earthworms can be affected by soil pH (Satchell ,1983; Edwards, 2004), so 

populations can be encouraged by adding organic matter or by liming acidic soil to increase soil pH, 

which has been shown to increase earthworm populations and activity (Bolan, Adriano and Curtin, 

2003).  

Plant species can influence earthworm populations. For example, in upland grassland, white clover 

shown to be associated with larger number of earthworm burrows (van Eekeren et al., 2009). 

Gastine et al. (2003) found significantly higher earthworm diversity and density of epigeic 

earthworms in the presence of legumes than with grass only (Gastine, Scherer-Lorenzen and 

Leadley, 2003). They suggested this was due to higher N tissue content in legumes, which may 

increase legume litter palatability compared with grasses or forbs. Their results suggested that 

respond positively to litter quality, which has also been demonstrated in other studies (Bouché, 

1977; Wardle and Lavelle, 1997). 
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UK upland soils mainly have a low pH and are becoming more acidic over time. This affects soil 

structure, chemistry and ecology. Low pH can hamper plant growth, reduce the availability of 

nutrients such as calcium and magnesium and reduce the activity of earthworms. Soil acidification 

causes the mobilisation of aluminium and manganese ions, which can be toxic and impede root 

growth. This mobilisation can occur relatively rapidly (Blake, Johnston and Goulding, 1994) and can 

leach from the soil resulting in damage water course pollution (Stigliani, 1991). Acidification can 

cause non-reversible impacts on soil structure and quality (Sverdrup et al., 1995; Blake et al., 1999).  

Regular liming can combat acidity, and as discussed above, can increase earthworm numbers. The 

presence of earthworms themselves can also affect effectiveness of lime as they can carry lime 

applied to the surface into the soil (Springett, 1983) 

Liming has a range of other benefits, such as promoting grass growth in pastures and improving soil 

structure (Haynes and Naidu, 1998). When used appropriately along with suitable management, lime 

applications can boost biodiversity (Morgan et al., 2008) and enhance microbial and fungal activity 

(Bardgett and Leemans, 1995). It has also been shown to to increase infiltration rates and decrease 

erosion (Castro and Logan, 1991), although there are some disparities over its impact and effects can 

vary depending on soil type. 

The use of lime is becoming less common, due to the costs involved in its use, and this is causing 

agricultural soils to revert to their natural acidity. A recent study suggested that 57% of grassland 

soils are below the recommended pH of 6 and insufficient lime is being applied (Goulding, 2016). 

This drop in lime applications could affect grass growth, soil structure, productivity and earthworm 

numbers in grassland. A reduction in earthworm numbers could affect soil infiltration rates and 

therefore flooding risk. The potential impact of soil acidification on flood risk in the UK has not been 

studied in detail. 
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This study aims to investigate the impact of liming regimes on soil pH, infiltration and earthworm 

populations in upland grassland in mid Wales. The following research questions will be investigated: 

1. Does date of liming impact soil pH? 

2. Does soil pH affect earthworm abundance and infiltration? 

3. Is there a correlation between earthworm abundance and infiltration? 

4. What is the main topography of the landscape within the catchment area of the study sites, 

and what does this suggest for flood risk? 
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5.2 METHOD 

5.2.1 SITE SELECTION 
 

Two main study areas were selected in mid Wales. Study area 1 was based at Pwllpeiran Upland 

Research Centre, managed by Aberystwyth University (SN775746). The sample sites in this area vary 

from 230m to 385m above sea level. The soil is acidic, free-draining, and loamy often with a peaty 

surface horizon (Manod series). Study area 2 was an upland grassland farm near Machynlleth, Powys 

(SH761060). (Figure 5.1). The sample sites in this area vary in elevation from 130m to 280m. The soil 

is acidic, free draining and loamy (Hafren series). Both sites are upland grassland managed for 

livestock grazing, mainly sheep but occasionally cattle. 

A number of study sites within these areas were sampled for soil pH. Reliable farm management 

records were obtained from land managers to build a picture of liming regimes including liming rates 

and dates when liming was applied. 24 sample sites were selected to represent a range of soil pH 

and liming regimes, including improved grassland and unimproved areas of grassland that had never 

been limed (Appendix IV, Table A.4). 

 

Figure 5. 1 – Main study area site locations. Maps from d-maps.com and Digimap (EDINA, 2019) 
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5.2.2. SITE SURVEYS 
 

Study sites were surveyed in October 2018, April 2019 and September 2019, to coincide with times 

when earthworms were likely to be active (Edwards and Bohlen, 1996). 

For analysing results based on soil pH, sites were split into three main groups: ‘Low pH’ ‘medium pH’ 

and ‘high pH’ (Table 5.1). Sample sites were also split into four groups depending on when they were 

last limed (Table 5.2). The groups included unimproved grassland sites that have never had inputs of 

lime or fertiliser. 

Table 5. 1. Definitions of sites by soil pH 

Soil pH pH group name Number of sites 

<5 Low pH 8 

5-5.5 Medium pH 7 

>5.5 High pH 8 

 

 

Table 5. 2. Definitions of sites by date when site was last limed 

Date last limed Years since 
liming 

Number of sites Average pH 

Never (Unimproved) 

 

N/A 5 4.78 

 

1970-1985 

 

35-50 years 6 5.02 

 

1986-2000 

 

20-34 years 7 5.38 

 

After 2000 <20 years 6 5.96 
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5.2.3. INFILTRATION RATES  
 

A single infiltration ring was used to record infiltration rates (as described in Section 4.3.7). 

The single infiltration ring was secured approximately 3cm into soil and filled with water up to 10cm 

height. Height of water in mm was recorded at start and end of 2-minute intervals and water refilled 

to 10cm if required. This was repeated for a total of 20 minutes.  

Total volume of water used was calculated and used to find the average infiltration rate in cm/hr. 

 

5.2.4. EARTHWORM SURVEY 
 

At each sample site, 3 pit surveys were carried out in an area of 5mx5m (25m2). A vermifuge was 

created using Colman’s mustard powder, as recommended (Earthworm Society of Britain, 2019). 25g 

of mustard powder was added to 0.75l of water and applied to soil within an area of 25cmx25cm 

width. After applying the vermifuge, the solution was given 10 minutes to take effect and any 

earthworms that came to surface were placed in trays for recording.  

Following this, a soil pit was dug within same area, 25cmx25cm width and approximately 15cm 

depth. Soil was removed and hand sorted to locate earthworms. The numbers of adults (identifiable 

by clitellum or ‘saddle’) and juveniles found in each pit were recorded. Juveniles were released back 

on site, while adult earthworms were preserved in ethanol for later identification using FSC key (FSC 

2018) 

An average number of earthworms per pit was calculated from the three pit surveys. This was then 

used to estimate an abundance of earthworms/m2. 
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5.2.5 CLOVER PRESENCE/ABSENCE 
 

Studies have suggested a relationship between the presence of white clover (Trifolium repens L.) and 

an increase in infiltration rates and between clover and earthworm abundance (Nuutinen et al., 

1998; Van Eekeren et al., 2009). Presence or absence of clover was therefore recorded at each site.  

 

5.2.6 HABITAT AND SLOPE MAPPING 
 

Habitat data from Wales’ Terrestrial Phase 1 habitat map 2007 (Jones et al., 2003; JNCC, 2007) was 

accessed via Wales Map Portal (Welsh Government 2020) and used alongside Ordnance Survey 

Terrain Map topography data from Digimap (EDINA, 2020) to create maps of improved and 

unimproved grassland and associated slopes. The main catchment area surrounding the study sites 

was identified and analysed for main land use and slope in order to highlight areas of grassland that 

could be vulnerable to high surface run off (Figure 5.2). 

The Agricultural Land Classification (ALC) system was used as a basis to organise topography data 

into categories based on slope angle.  While the ALC system is based primarily on areas where 

machinery can be safely operated, it also recognises the risk of soil erosion and therefore run-off 

from steeper slopes (MAFF, 1988). The original ALC categories split into four classes (Table 5.3). 

However, there was a very low proportion of land in the final category (>18o). Therefore, the final 

category was ignored, and the third category (land 11-18o) was broadened to include all land above 

11o (Table5.3). 
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Table 5. 3. Original ALC classification and new classification used for habitat maps in study area, based on 
angle of slope 

Original ALC 
Classification 

New Classification 

0-7o 0-7o 

7-11o 7-11o 

11-18o >11o 

>18o >11o 

 

 

 

Figure 5. 2. Example of map showing main catchment area and drainage channels (blue) surrounding 
Machynlleth study site (yellow). The catchment boundary was used to define the area used for identifying 

habitat and slope characteristics 

 

  



143 
 

5.2.6 DATA HANDLING AND STATISTICAL ANALYSIS 
 

The study design focused on differences between soil pH (low, medium and high’) and liming date 

groups. Where multiple samples had been taken place, e.g., for earthworm surveys, an average 

abundance was calculated for each study ‘plot’ and used for analysis to reduce variability between 

sample points. 

One-way ANOVA was used to investigate differences in earthworm abundance and infiltration 

between the different groups. Data were analysed for normal distribution using Shapiro-Wilk test 

and for equal variances using Levene’s test. Where data was not normally distributed, e.g. 

infiltration, it was log transformed. If this did not change the distribution, a non-parametric Kruskall-

Wallis test was used. Where data was normal but variances not equal, Welch’s ANOVA was used. 

Regression analysis was used to investigate potential relationship between different factors, such as 

liming date and earthworm abundance. Data were tested for normal distribution and transformed 

where required. 

Data was recorded using Microsoft Excel (Microsoft, USA) and analysed SPSS Statistics (IBM, USA). 

Figures were created using R studio (RStudio, Inc., USA). Maps of habitat and slope data were 

created using QGIS (QGIS Development Team, 2020). 

 

  



144 
 

5.3. RESULTS 
 

5.3.1 SOIL PH 
 

5.3.1 (i) Soil pH and earthworms 
Ten species of earthworm were found at the sample sites, the majority of these were endogeic 

species (Appendix IV, Table A.5). Two anecic earthworm species were recorded: Aporrectodea longa 

(Ude, 1885) and Lumbricus terrestris (Linnaeus, 1758). Most earthworm species had significantly 

higher abundance in the sites with higher soil pH (Figure 5.3).  However, abundance of Dendrodrilus 

rubidus (Savigny, 1826) decreased under sites with higher pH. 

  

Figure 5. 3. – Average abundance of different species, with error bars showing +/- standard error, under soils 
with low (pH<5), medium (pH 5-5.50) and high pH (pH >5.50) 

 

Overall, average earthworm abundance was significantly different between sites of low, medium 

and high pH. Data was not normally distributed, and was log transformed. However, as data still did 

not fit a normal distribution, a non-parametric Kruskall-Wallis test was used (χ2=36.3, p<0.001). 
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Average abundance of adult earthworms was significantly higher under sites with high pH than 

under the sites with medium and low pH (Table 5.4).  The abundance of anecic earthworms was 

significantly higher under soil with high pH than in soils of medium and low pH (χ2=14.6, p<0.001). 

The average abundance of earthworms in sites with high pH was almost double that of sites with low 

pH. 

 

Table 5. 4. – Average abundance (individuals/m2) of adult earthworms and anecic earthworms, and average 
infiltration rates(cm/hr) in sites of low, medium and high pH (n= 1,339). Data shows averages +/- standard 
error. Different letters show significant differences between means (p<0.05).  

 Average abundance adult 
earthworms (all sp.) 

Average abundance 
anecic earthworms 

Infiltration rates 

Low pH  

(<5) 

 

36.2±1.21a 6.50±0.68a 29.9 ± 0.91a 

Medium pH 

(5-5.50) 

 

50.3±3.69b 9.59±1.14a 32.6 ± 0.84a 

High pH 

(>5.50) 

68.6±3.17c 14.1±1.59b 37.0 ± 0.86b 

p value p<0.001 p<0.001 p<0.001 

 

 

5.3.1 (iii) Soil pH and infiltration 
Average infiltration rates were significantly higher in sites with high soil pH sites than in sites with 

low and medium pH (χ2=23.0, p<0.001) (Table 5.4). Infiltration rates were on average 19% lower in 

sites of low pH compared to sites of high pH. 

Regression analysis showed a positive linear relationship between log10 average infiltration rates and 

soil pH (r2=0.57) (Figure 5.4). 
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Figure 5. 4. Log10 Average infiltration rate (cm/hr) on all sample sites plotted against soil pH 

 

Figure 5. 5. Soil pH of all sample sites in October 2018, plotted against time since last lime application (years 
from 2019) 
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5.3.1 (iii) Soil pH and liming 
Soil pH decreased with time after liming and had a significant negative linear relationship with 

the time since last lime application (Figure 5.3). (r2=0.66). As the time since sites were last limed 

increased, soil pH decreased. Soil pH decreased by an average of 0.24 every 10 years since lime 

application. 

 

 

5.3.2 LIMING DATES 
 

5.3.2 (i) Liming and earthworm abundance 
Sites were split into four different liming regimes depending on the years since site was last applied 

(Table 5.2). There were significant differences in the average abundance of earthworms (Welch’s 

ANOVA F= 22.7, p<0.001) and in average abundance of anecic earthworms (χ2=19.5, p<0.001) 

between sites limed at different times. Average abundance of earthworms and anecic earthworms 

was higher under more recently limed sites than under unimproved sites that had never been limed 

and those limed in 1970-85 (Table 5.5).  

Table 5. 5. Comparison of main factors in sites limed at different times: average pH, average abundance of 
adult earthworms (individuals/m2) and average anecic earthworm abundance (individuals/m2). Different 
letters show significant differences between means (p<0.05) 

Date of last liming Average pH Average abundance all 
earthworm sp. 

(inds/m2) 

Average abundance 
anecic earthworms 

(inds/m2) 

Never 4.78 

 

36.2±1.90a 6.89±1.13a 

1970-85 5.02 

 

37.9±1.64a 6.11±0.61a 

1986-2000 5.38 

 

57.3±3.87b 12.6±1.15b 

>2000 5.96 69.5±3.83b 13.5±1.71b 

p value  p<0.001 p<0.001 
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Regression analysis was carried out to compare the average abundance of adult earthworms against 

time since sites were last limed. There was a significant negative relationship between years since 

last lime treatment and earthworm abundance. Data for adult abundance was not normally 

distributed, so was log transformed, and a linear relationship was found (r2=0.57). As the time since 

lime was last applied increased, average earthworm abundance decreased (Figure 5.6). 

There was a significantly higher abundance of anecic earthworms in the more recently limed sites 

than in sites limed between 1970-85 or never limed nor cultivated (Table 5.4). Although regression 

analysis did find a relationship between liming dates and pH and between pH and earthworm 

abundance, there was no significant relationship between anecic earthworm abundance and year of 

liming (r2=0.35). 

 

Figure 5. 6. Earthworm abundance (Individuals/m2) plotted against time since sites were last limed (years since 
2019) 
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Figure 5. 7. Average infiltration rates (cm/hr) plotted against years since sites last limed (since 2019) 

 

 

5.3.2 (ii) Liming dates and infiltration 
Average infiltration were also significantly higher in more recently limed sites than in those sites 

never limed (F=13.1, p<0.001). Regression analysis was carried out to investigate a relationship 

between average infiltration rates and years since sites were limed. There was a significant negative 

relationship (r2= 0.57) (Figure 5.7), showing that infiltration rates decrease as the years since liming 

increase. 

Average infiltration rates were significantly higher in sites limed after 2000s than in sites never limed 

and those limed in 1970-85 (Figure 5.8). Average infiltration rates were lowest within sites limed in 

1970-85 and were significantly lower than in sites limed in 1985-2000 and limed after 2000. Average 

infiltration rates within sites limed in 1970-85 were 23% lower than those limed after 2001. 

There was no significant difference between sites limed in 1970-85 and those never limed. 
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Figure 5. 8. Average infiltration rates (cm/hr) measured in sites limed at different dates. Different letters show 
significant differences between means (p<0.05). For average pH of each site see Table 5.2 

 

 

5.3.3 EARTHWORMS AND INFILTRATION 
 

Regression analysis was carried out to compare average earthworm abundance against average 

infiltration rate. There was no significant relationship between abundance of adult earthworms and 

infiltration rate for all species (r2=0.47), and no significant relationship between endogeic species 

and infiltration (r2=0.38). When focusing only on anecic species (L.terrestris and A.longa), a 

significant positive linear relationship between log10(abundance) and infiltration rate was found 

(r2=0.54)  suggesting that anecic earthworms do have a positive effect on infiltration rates (Figure 

5.9). An increase in log abundance causes an increase of 33% in average infiltration rate. 
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Figure 5. 9. Average infiltration rates (cm/hr) plotted against log10 average abundance of anecic earthworm 
species (individuals/m2) 

 

5.3.3 CLOVER PRESENCE/ABSENCE 
 

Clover was present in 12 out of 23 sample sites (52%). The percentage of sites with clover increased 

as pH increased, and time from liming decreased (Table 5.6). No clover was found on sites that had 

never been limed. No statistical tests were undertaken on the percentage of sites with or without 

clover, as only presence/absence of clover was recorded. 
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Table 5. 6. Percentage of sites with clover (out of 23 sample sites) under low, medium and high pH, and under 
sites limed at different times 

pH low medium high  

% sites with 
clover 

13 57 87.5  

     

Liming never 1970-85 1986-2000 >2000 

% sites with 
clover 

0 33 75 83 

 

 

Abundance of earthworms was compared between sites with/without clover (Table 6). Data was 

not normally distributed, so non-parametric Mann-Whitney U test was used to analyse 

differences. There were significant differences in average abundance of adult earthworms (U = 

307, p<0.01) and abundance of anecic abundance of earthworm species (U=321, p<0.01). Both 

were higher under sites where clover was present. Average infiltration rates were also 

significantly higher on sites with clover (U=306, p<0.001).  

 

Table 5. 7. Average earthworm abundance, anecic species abundance (individuals/m2) and average infiltration 
rates (cm/hr) on sites where clover was present or absent. Different letters show averages that are significant 

different (p<0.05) 

Clover Earthworm 
abundance (ind/m2) 

Anecic sp. 
Abundance (ind/m2) 

Average Infiltration 
Rate (cm/hr) 

Present 

 

58.9±3.11a 12.7±1.24a 35.3±0.77a 

Absent 44.0±2.87b 7.19±0.63b 30.8±0.81b 

 

P value 

 

P<0.01 

 

P<0.01 

 

P<0.05 
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5.3.4 HABITAT MAPPING 
 

Habitat data from Wales phase 1 habitat map were combined with slope data to create maps 

showing areas of improved and unimproved grassland on slopes of different slope angles (see Table 

5.3 for slope categories). The maps (Figure 5.10 and 5.11) show the percentage of grassland on 

varying slope classes. There was a large percentage of woodland cover in both catchment areas. The 

percentage of grassland cover was therefore calculated from total grassland cover, excluding 

woodland areas. A large percentage of improved grassland within the Machynlleth (67%) was on 

slope > 11o. Using this method, it was also possible to focus on land in the immediate surrounding 

area of the study sites (Figure 5.12). This more local view applied on the Machynlleth sites showed 

70% of grassland was defined as improved grassland on steep slopes (Table A.6.). 

Some areas were categorised as ‘mosaic’ within the habitat map (figures 5.10 and 5.11). This 

referred to grass/heath mosaic and was not included as grassland when calculating percentage cover 

of improved and unimproved grassland. 

The data is based on 2007, some land use may have changed since this time, but field observations 

within the study area suggest these changes have not been extensive. 

Table 5. 8. Percentage land cover of each land category within the catchment area of each study site – 
categorised by main land use and slope. Cover calculated as a percentage of grassland area (woodland areas 

were excluded) 

Category Pwllpeiran Machynlleth 

Improved <7o 12.28 19.33 

Improved 7-11o 8.39 8.56 

Improved >11o 11.59 67.23 

Unimproved <7o 7.66 1.20 

Unimproved 7-11o 7.30 3.56 

Unimproved >11o 41.6 0.18 
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Figure 5. 10.  Main habitats within Pwllpeiran catchment classified by slope. ’Mosaic’ habitat refers to 
grass/heath mosaic 

 

Figure 5. 11. – Main habitat within Machynlleth catchment classified by slope. ’Mosaic’ habitat refers to 
grass/heath mosaic 
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Figure 5. 12. Habitat and slope classes in more local area surrounding study site near Machynlleth. This map 
shows the location of the study sites at the edge of the catchment area. 

 

5.4 DISCUSSION 
 

The aim of this study was to investigate the impact of liming on soil pH, infiltration and earthworm 

populations in upland grassland in mid Wales. The results demonstrate the importance of continuing 

liming on improved grassland to maintain pH and suggest that grassland is at risk of reduced 

infiltration without this maintenance.  However, further research is required to establish whether 

declining grassland sites should be limed to increase soil pH, or if it is more suitable to allow these 

sites to decline further 

The time since sites were last limed did affect soil pH, as expected (Figure 5.5). Soil pH fell as time 

since liming increased. At around 25-30 years after liming, pH fell below 5, which has been 

highlighted as a key cut off point for many earthworm species (Lavelle et al., 1995). The fall of soil pH 
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with time from liming corresponded to decreasing earthworm species. The rate of decrease of pH 

after liming is likely to depend on a number of factors including soil type, land use, etc (Goulding, 

2016). While key land use and soil type was recorded during this study, further research would be 

needed to fully understand the rate at which soil pH falls in years after lime applied. 

The majority of earthworm species were found in higher abundance in soil with soil pH>5.5 (Figure 

5.3).  This is supported by other research which has also shown that earthworm abundance and 

activity can be affected by soil pH (Edwards, 2004) and that increasing soil pH can increase 

earthworm abundance (Bolan et al. 2003). Earthworm abundance was almost double in sites of high 

soil pH (>5.5) than under lower pH (<5.0) (Table 5.4). This is likely to have affected both infiltration 

rates, but also soil health and structure and reducing bulk density (Whalley et al. 1995). 

Infiltration was also higher under sites of higher soil pH and there was a positive linear relationship 

between soil pH and infiltration rates (Figure 5.4).  The increased infiltration under high soil pH may 

be due to increased earthworm activity but could also be due to improved soil structure due to 

liming (Haynes and Naidu, 1998). The results do suggest liming can be beneficial to improving 

infiltration rates and increasing the ability of upland soils to absorb water. 

 

The relationship between soil pH and earthworm abundance was reflected in the relationship 

between earthworm abundance and liming date. As date since last lime increased, earthworm 

abundance decreased (Table 5.5, Figure 5.6). There was no significant relationship between anecic 

earthworms and date of liming, however the data did show a trend of decreasing abundance (Figure 

A4). Infiltration also decreased as date from liming increased. While there was no significant 

difference between sites never limed and those limed between 35-50 years ago, the lowest average 

infiltration rates were found in sites last limed from 1970-85 (Figure 5.8). 
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This did suggest, as supported by the findings, that liming applications affected pH, which in turn 

affected earthworm abundance and infiltration. It also suggests that the areas of grassland in this 

study are in danger of a loss of earthworm abundance, decreased infiltration and a decreased ability 

to absorb rainfall. This has implications for flood mitigation in the uplands both in the study areas 

here and further afield throughout the UK. As research has suggested that many areas are ‘under-

limed’ (Goulding, 2016) it is possible that other upland grassland sites could be in similar condition. 

The study raises an area of further research which is needed to establish whether ‘declining’ 

grassland should be improved or left to decline further. During this study, previously improved 

grassland were compared against unimproved grassland that has never been limed. However, only a 

limited number of unimproved sites were found for this study, making a clear comparison difficult. 

Further research is required using a greater number of unimproved and improved grassland sites to 

find if the patterns observed in this study are repeated in other upland grasslands. 

It is worth noting that the ‘never’ limed sites may not be completely free from liming application. 

There is a chance that they have been affected by liming drifting from neighbouring sites. 

 

There was a positive relationship between earthworm abundance and infiltration, which has been 

demonstrated by other studies (Clements et al. 1991; Bardgett et al. 2001; Spurgeon et al. 2013). 

The significant positive relationship between anecic earthworms and infiltration (Figure 5.9) 

demonstrates the important role by anecic earthworms in creating vertical burrows which allow the 

passage of water into the soil (Edwards and Bohlen 1996).  

The study has implications not only for infiltration rates but for soil health and structure, as 

earthworms have been shown to be beneficial to soil through increases in organic matter (Edwards 

and Lofty 1977) and increased plant growth (Edwards 1981) and reduced bulk density (Whalley et al 

1995). 
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The habitat maps demonstrate a high percentage of improved grassland on steep slopes of more 

than 11o in the areas surrounding the study sites (Table 6, Figures 8,9). Without maintenance liming, 

these areas of improved grassland are at risk of reduced infiltration rates and increased run-off. 

Simple GIS tools have been used to identify these ‘at risk’ areas and this analysis could be expanded 

to cover other areas within the UK. This could allow management to be targeted to specific areas 

and potentially reduce flood risk. 

However, the management of infiltration is only one part of flood mitigation. For effective flood 

mitigation, the storage capacity of soils is also important. Future research could be expanded to look 

at this capacity and consider geology and depth of soil alongside topography. 

The phase 1 habitat map used in this survey was from 2007 and land use illustrated in the maps may 

have changed since this time, although field observations concluded that Habitat map did represent 

the grassland sites within the study. Phase 2 habitat map was unavailable for this study but could be 

used with permission to create a more accurate picture of ‘at risk’ areas and this would be beneficial 

if expanding the mapping applications to a larger area. The Wales Phase 1 habitat map was found to 

be on average 80% accurate when compared to Phase 2 habitat map (Lucas et al., 2011).  

Absence and presence of clover was also recorded on sites (Table 5.7). The data did suggest a 

relationship between clover and both earthworms and infiltration. However, the surveys were 

carried out in spring and autumn, which is outside the main growing season for white clover. Clover 

presence was recorded more often on sites of higher pH, infiltration and higher earthworm 

abundance. Clover has been associated with increased infiltration (Mytton et al., 1993; van Eekeren 

et al. 2009) and Chapter 2 also found increased infiltration rates in mesocosms where clover was 

present. Clover is also associated with increased earthworm populations or activity (Nuutineu et al. 

1998; Yeates et al., 1998; Van Eekeren et al., 2005), so it is unclear whether the increased infiltration 

rates observed here were due to the action of clover or earthworms, or a combination of both. 
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Clover growth is limited by soil pH (Lowther, 1980; Voigt and Staley, 2004) and could provide a 

method of identifying areas of lower/higher pH. Remote sensing could be used to identify clover in 

grassland and provide an estimate of soil pH. An attempt at this was made during this study but was 

unsuccessful due to the small size of fields studied. Future research could focus on this, along with 

ground field work, and could provide a method of identifying grassland where pH is declining. 

The study does highlight a potentially high area of grassland sites that are declining, where soil pH 

and earthworm populations are decreasing. It is possible that these sites are approaching a ‘tipping 

point’, where pH falls below 5 and earthworm abundance and activity is likely to decrease further. 

Beyond this ‘tipping point’ the impact of liming may be limited. This has implications for upland flood 

mitigation, alongside grassland productivity. Further research is needed to explore this issue further 

 

 

5.5. SUMMARY 
 

This study was carried out on grassland sites in spring and autumn months from 2018 and 2019. It 

demonstrates the importance of liming regimes to maintain soil pH and showed a strong 

relationship between liming and soil pH. Increased soil pH was associated with higher infiltration 

rates and higher earthworm abundance. A number of study sites within the survey had not been 

limed for more than 30 years, and these sites may be at risk of decreased earthworm populations 

and infiltration. The issues of decreasing infiltration described here may be occurring within other 

UK upland areas if liming regimes have not been maintained. This has important implications for 

maintaining upland flood mitigation. 
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CHAPTER 6 – DISCUSSION 

 

6.1. MAIN FINDINGS 
 

The aim of the study was to investigate the impact of upland grassland management on soil 

hydrology. The four main research questions are listed below: 

1. What are the main impacts of flooding on productivity, water infiltration and C 

losses in mesocosms planted with novel grass varieties? 

2. What are the impacts of upland grassland management (including sheep grazing, 

hay cutting, liming and fertilisation) on infiltration? 

3. Can mechanical manipulation of soil improve infiltration 

4. How does liming regime affect infiltration rates? Is there an issue of insufficient lime 

being applied on the uplands? 

The chapters of this study focused on glasshouse and field experiments which set out to answer 

these research questions. There were a number of main findings from the results of these studies, 

which are described below. 

 

6.1.2 IMPACTS OF FLOODING ON SOIL AND PLANT GROWTH 
 

Firstly, results showed the impact of flooding on soil and plant growth and established the need for 

research into natural flood mitigation. This was demonstrated in Chapter 2, which investigated 

impacts of flooding on different grass varieties. While there were no significant differences in 

response between different grass varieties, the study did show flooding can reduce infiltration rates, 

reduce plant growth and reduce CO2 flux. Flooding involved 3 weeks of submergence (Chapter 2) and 

results show that these conditions in grasslands would damage pasture, decrease growth and reduce 

productivity. The impacts are similar to those observed from flooding on agricultural land in the UK. 
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Flooding events have resulted in the loss of crops or livestock, reduce crop viability and or led to the 

loss of grassland for grazing (Twining, 2014). The study demonstrated the role played by clover in 

improving infiltration, as well as indicating the vulnerability of clover to flooding. Chapter 2 

highlights both the need to investigate natural flood mitigation and to further explore grass varieties 

which can adapt to climate extremes. 

 

6.1.3. IMPACTS OF UPLAND GRASSLAND MANAGEMENT ON INFILTRATION 
 

This study demonstrated the impact that grassland management can have on infiltration and other 

ecosystem services. In Chapter 3, hydraulic conductivity was consistently higher in fertilised, limed 

and grazed grassland than in grassland that had not had fertiliser inputs for 25 years. This contradicts 

what would be expected from literature, which has shown that livestock grazing decreases 

infiltration (Warren et al., 1986; Nguyen et al., 1998). Although nitrogen applications have been 

shown to increase porosity (Douglas et al., 1992) thereby improving infiltration rates and may have 

increased root growth. The exact mechanisms through which fertiliser improved infiltration in the 

sites is not clear. 

Liming has been shown to increase infiltration rates, by findings from both Chapters 4 and 5, where 

results showed a significant and positive relationship between liming applications and infiltration. 

This is supported by findings in the literature (e.g. Castro and Logan, 1991). 

The results suggest that regular fertiliser and liming inputs, alongside careful stock management, can 

increase hydraulic conductivity. 

Findings from Chapter 3 also highlighted the impacts of grassland management on other ecosystem 

services provided by the uplands including biodiversity and carbon storage. The results showed 

contrasting impacts of management, such as on the extensively grazed grassland which supported a 

high vegetative biodiversity but had lower hydraulic conductivity than more intensively grazed 
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grassland. These findings have implications for upland management and for the need to balance 

contrasting ecological and economic needs. The Welsh uplands cover approximately 800,000ha, 

around 80% of the land area of Wales (Armstrong, 2016). Suitable management of this large area 

could provide a range of ecosystem services. The findings from this study can contribute to 

understanding impacts of management on upland grassland to improved provision of ecosystem 

services. 

The impacts of grassland management on infiltration were further demonstrated in Chapter 4 which 

examined the impacts of grazing and hay cutting on compaction and infiltration. Both grazing and 

hay cutting were associated with reductions in infiltration which were significant for approximately 

one month. The study showed that impacts from compaction can reach different depths of soil. 

Under grazed grassland, compaction was higher in the top 5cm, while compaction under plots cut by 

machinery was higher at 10cm depth. Although results suggested that compaction did reduce 

infiltration, there was no significant relationship between these two factors. 

 

6.1.4 MECHANICAL MANIPULATION V NATURAL RECOVERY 
 

After demonstrating impacts of management on infiltration, Chapter 4 investigated methods to 

improve infiltration through mechanical aeration. Infiltration rates were improved following 

aeration, but effects were short term and lasted a maximum of 21 days. The methods used were 

also intensive and would require repetition, creating a costly and time-consuming management 

option.  

The use of grazing exclusion cages demonstrated a more sustainable solution. The effects of 

exclusion took longer to be observed and were not significant until 12 months of exclusion, but 

effects lasted longer and there were significant differences in infiltration 15 months after cages were 

put in place. The results suggested this would be a more suitable and sustainable solution to 
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improving infiltration. Results also demonstrated a relationship between earthworm activity and 

infiltration rates and suggested maintaining earthworm populations could improve soil hydrology. In 

comparison to mechanical manipulation, grazing exclusion or managing for earthworms, provide a 

‘low-cost’ solution to maintaining infiltration. 

 

6.1.5 MAINTAINING GRASSLAND MANAGEMENT 
 

The results from the data collected on upland grassland sites show the importance of maintaining 

grazed grassland once it has been improved by reseeding, liming and fertiliser. In Chapter 3, as 

discussed above, hydraulic conductivity was higher in grassland that was fertilised and limed, 

compared to grassland that had not been fertilised for 25 years. This suggests that maintaining 

fertiliser applications can be beneficial to soil and improve infiltration.  The fertiliser application may 

also have improved root growth, allowing for increased infiltration rates. Improving grassland can 

allow for increased stocking rates, which can then lead to increased compaction and reduced 

infiltration rates. However, in this study, stock was carefully managed to reduce potential 

compaction and grazing rates were not intensive (Table 4.1). This may have reduced the impacts of 

grazing on hydraulic conductivity.  

Chapter 5, which focused on liming in improved grassland, also emphasised this issue. The study 

showed a reduction in infiltration rates within sites that had not been limed for more than 30 years. 

Soil pH and earthworm abundances were lower in sites which had been improved but are now in 

decline. Sites with lower soil pH and lower earthworm numbers were also associated with a 

reduction in infiltration. There are concerns over the current rate of liming in the UK (Goulding, 

2016), and the results from this study highlight a potential ‘danger area’ for flood risk. If these sites 

continue to decline, infiltration rates may continue to fall leading to increase surface run-off and 

flooding. 
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Maps of the catchment area surrounding the study areas in Chapter 5 identified a high percentage of 

grassland on steep slopes which are vulnerable to high surface run-off. Without appropriate 

management, high surface run-off from these grassland areas could contribute to increased flood 

risk in lowland catchment.  The study suggested these areas could be focused on for maintaining soil 

conditions that improve infiltration. The used of GIS could be implemented in further studies to 

identify grassland in ‘high risk’ areas within other catchments. 

The impacts of improvements on sites that are classified as ‘declining’ does require investigation, to 

guide decisions on whether these areas should be improved or allowed to decline further. 

 

6.1.6. SEASONAL CHANGES IN INFILTRATION 
 

This study showed seasonal changes in weather conditions can affect infiltration and the impacts of 

management on grassland hydrology. In Chapter 3, seasonal changes in hydraulic conductivity were 

observed (Figure 3.3). Rates of conductivity decreased during wetter weather in winter and 

increased on average in the summer months. During drought conditions in 2018, the dry conditions 

also caused a decrease in hydraulic conductivity. In Chapter 4, the same pattern was observed. 

Infiltration rates fell in the summer months during the drought.  This seasonal variation in soil 

hydraulic properties has been shown in other studies (Prieksat et al. 1994; Logsdon and Jaynes 

1996).  

During periods of extreme high and low soil moisture there were no significant differences between 

the management treatments, either in Chapter 3 or Chapter 4, suggesting that abiotic factors had a 

stronger influence on hydraulic conductivity.  

The observed changes in hydraulic conductivity and infiltration may have been due to variations in 

soil moisture. As soil moisture increases, holding capacity of soil decreases and infiltration can 

decrease (O’Geen et al., 2010). Whilst during drought when soil moisture decreases, air pockets in 
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the soil can prevent the passage of water through the soil (Wang et al., 1998). In the UK, over the 

last 35 years precipitation has become more intense in the winter and less intense in the summer 

(Maraun, Osborn and Gillett, 2008), and this pattern is expected to continue (Met Office, 2019a), 

suggesting the UK may experience wetter winters and drier summers. The findings highlight a 

decrease in capacity of soil to absorb water during these extreme wet and dry events and suggests 

limits to the impacts of management techniques on soil hydrology during extreme weather. 

 

6.1.7. EARTHWORMS AND INFILTRATION 
 

Findings from this study emphasised the role played by earthworms in improving and maintaining 

infiltration. The decrease in hydraulic conductivity during winter described in Chapter 3 may have 

been due to changes in soil moisture and water holding capacity but may also have been due to 

reduction in earthworm activity, as earthworms are usually inactive in winter (Edwards and Bohlen, 

1996). 

Earthworms have been associated with increased infiltration rates (Hills 1971; Clements et al., 1991; 

Joschko et al. 1992; Spurgeon et al. 2013) and the findings from the field studies supported this. In 

Chapter 4, a positive relationship was found between the number of earthworm casts and 

infiltration rates.  

Chapter 5 showed a strong relationship between soil pH, earthworm abundance and infiltration. A 

positive relationship was found between earthworm abundance and infiltration. The chapter 

highlighted the importance of maintaining earthworm abundance. Together, chapters 4 and 5 show 

that management to maintain earthworms could provide a low maintenance approach to improving 

infiltration in upland grassland. 
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6.1.8 IMPLICATIONS FOR LAND MANAGERS 

 

A number of implications are raised by the study for landowners. Firstly, it is important to regularly 

monitor soil pH. The results demonstrated the importance of soil pH for maintaining earthworm 

populations and increasing infiltration rates.  Regular monitoring of soil pH will help to inform 

management decisions. 

Secondly, when soil pH is below 5, in areas that have not been improved, no management should be 

applied. However, if previously improved land has a soil pH which has fallen below 5, landowners 

should consider applying lime if conditions are suitable. This could help to maintain earthworm 

populations, increase infiltration, and reduce flood risk, although results will depend on soil type, 

topography, and land use. 

In upland grazed grasslands it is important to maintain a balance ecosystem services such as food 

production, biodiversity and carbon storage. The investigation into the impacts of upland grazing 

management on ecosystems services showed that measures to improve productivity can have 

negative impacts on biodiversity. Therefore, a balance is required, and it is recommended that 

landowners focus on productivity within suitable areas, but carefully manage stock numbers to avoid 

over-grazing. Other grassland areas that are less productive could be kept at lower stocking rates to 

maintain biodiversity. This mixture of stocking rates could support a range of ecosystems services. 

Landowners should also consider allowing areas to recover from grazing, as this will reduce 

compaction, increase infiltration and reduce flooding risks. However, total removal of livestock from 

upland grasslands is not recommended. This study has shown that carefully managed grazing can 

maintain high infiltration rates, and under low stocking rates, grassland biodiversity can be 

supported. 
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6.2. STUDY LIMITATIONS AND SCOPE OF FUTURE STUDY 
 

This study found high heterogeneity within data collected in the field, which made potential 

differences in impacts of management difficult to determine. Both biotic and abiotic factors can be 

highly heterogeneous in soil over scales ranging from hectares to millimetres (Ettema and Wardle, 

2002). Soil hydraulic properties can have high spatial variability (Gülser et al., 2016) and high 

variability was observed in data collected in these studies (e.g. Figure 3.5).  

Variability can be caused by changes in factors including soil depth, soil texture, soil moisture and 

stone content. The methods used in collecting data for infiltration and hydraulic conductivity were 

only able to sample a small area within study plots of fields and may have inadvertently targeted 

‘atypical’ conditions. Repeat sampling did reduce this variability and further research could include a 

higher number of sample sites for better representation of management effects. However, there are 

issues associated with this both in practicality and in increased risk of statistical error. 

As discussed above, seasonal changes in infiltration were observed during this study. While this 

provided an example of the impacts of drought on upland grassland, it was not possible to observe 

whether patterns in hydraulic conductivity observed during 2017 were repeated during 2018. The 

results also did not find significant links between rainfall or temperature and infiltration. Further 

study over a number of years could look at longer term trends in soil hydrology and the impacts of 

weather conditions. This could also aid understanding of the impacts of future climate change on 

upland soil and the impacts of management on upland grassland. 

There were some issues associated with the use of a single infiltration ring for measuring infiltration 

(Chapters 4 and 5), such as over estimation of infiltration rates (Chowdary et al. 2006). Accessing 

remote sites put limits on water volume that could be carried and eliminating the use of a double 

infiltration ring. The single ring was appropriate in this study as it provided a method of comparing 

relative changes. However, infiltration rings only measure under saturated conditions and do not 

reflect the flow of water through the soil under rainfall (Elrick et al. 1995; Gerard-Marchant et al. 



168 
 

1997). A more accurate reflection of the response of soil to water could have been obtained by using 

a rainfall simulator, which have been extensively used in hydrological research (De Ploey, 1983; 

Lusby, 1977; Cerdà et al. 1997). This method was not practical given access issues and transportation 

of large volumes of water but does suggest an area of future study and a method of providing more 

accurate infiltration data. 

GIS and remote sensing provided tools to estimate areas of major land use in this study and identify 

improved grassland on steep slopes. There were some limits to this method, as it was based on a 

2007 habitat map. While no major changes in land use were observed in the study sites, other sites 

within the catchment area may have changed, making estimation of land use inaccurate. 

However, the use of GIS for habitat and slope mapping is relatively simple to apply and could be 

expanded to show land use throughout the UK and could identify other areas of risk of high run-off. 

These areas could be targeted for suitable management to improve infiltration. The work could be 

expanded by the use of remote sensing to map specific vegetation, such as clover, which is sensitive 

to soil pH. An attempt at identifying clover using remote sensing was made during this study but 

could not be achieved due to small field sizes. With larger sample areas and supporting data from 

the ground, a method for using remote sensing to detect clover could be investigated, this could be 

used to estimate soil pH. Changes in clover from year to year could also identifying sites of declining 

soil pH where it is likely that earthworm populations and infiltration rates will also be decreasing. 

While the study identified impacts of management on hydrology and identified grassland areas at 

risk of higher run-off within catchments, further work is needed to be able to link land use changes 

to flood risk on a catchment scale. 

This study has demonstrated the impacts of upland grassland management on some aspects of soil 

hydrology. The study was limited geographically to a relatively small area of mid-Wales. As soil 

conditions vary depending on biotic and abiotic factors, the impacts of management on soil 

hydrology observed in this study may not apply to other areas of the UK. Flood mitigation will 
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require targeted and effective management in suitable settings, which entails understanding of 

management impacts in a range of locations. Further research could expand on the findings of this 

study to investigate other upland areas within the UK and build understanding on the impacts of 

upland management on soil hydrology. 

 

6.3. MAIN CONCLUSIONS 
 

Flooding can decrease infiltration, reduce plant growth and reduce CO2 flux. Climate change models 

predict an increased flood risk in the future and there is an increased need to understand the 

potential for upland flood mitigation, and management impacts on the ability of uplands to absorb 

water through infiltration. 

Upland grazing reduces infiltration rates, although careful stock management can diminish the 

effects. Mechanical aeration can increase infiltration rates but only in the short term. Results suggest 

maintaining earthworm populations or excluding grazing is a more sustainable solution to improving 

infiltration. 

Maintenance of improved grassland, through regular liming and fertiliser application, increased 

infiltration rates compared to areas of declining grassland. Liming was associated with increased 

earthworm abundance and higher infiltration. This suggests improved grassland can improve soil 

hydrology. The study highlighted potential grassland areas at risk of increased run-off as possible 

areas to target future management. 

The results demonstrate the impact of management on upland hydrology and have implications for 

future management and policy decisions to improve upland flood mitigation. 
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APPENDIX I – Supplementary information for Chapter 2 
 

Table A. 1. Ambient and soil temperatures (oC) recorded in glasshouse using thermometer, on dates when 
other data collection (infiltration rates, CO2 flux) was being carried out 

Date Ambient 
temperature (oC) 

Soil temperature 
(oC) 

26-Mar-18 15.8 9.5 

27-Mar-18 16.2 10 

14-May-18 25.4 13.1 

15-May-18 29.8 15.5 

25-Jun-18 33.5 23.2 

26-Jun-18 36 25.2 

Post flooding 

23-Jul-18 26.4 16.2 

24-Jul-18 28.1 18.9 

13-Aug-18 27.8 19.3 

14-Aug-18 25.4 19 

29-Aug-18 24.3 16.2 

30-Aug-18 24.6 16.5 

10-Sep-18 24.4 16.2 

19-Sep-18 23.9 15.7 

 

Table A.2. Average volumetric soil moisture measured by soil probe within flooded and unflooded mesocosms, 
three days after flooding 

 Percentage moisture (%) 

Flooded 51.7 

Unflooded 48.6 
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Figure A. 1 

APPENDIX II: Supplementary Information for Chapter 3 
 

 

Figure A. 2 Photosynthesis and Respiration rates (µmolCO2m-2s-1) vs average temperature (oC) on Brignant 
plots, Pwllpeiran. Data collected from May2017- December 2018. Average temperature calculated from 

temperature taken during readings of CO2 flux 
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APPENDIX III – Supplementary Information for Chapter 4 
 

 

 

 

 

 

Table A.3. – Average number of earthworm casts (casts/m2) on plots under different management, surveyed 
during September 2018 on Brignant plots, Pwllpeiran 

 

Management Average number of casts per m2 

FLG (Fertilised, Limed, Grazed) 26.7 ± 2.88 

Gr+ 30.7 ± 4.35 

Gr- 22.7 ± 3.93 

Hay+ 32.0 ± 5.66 

Hay- 26.7 ± 2.18 

Hay/Gr+ 24.0 ± 1.86 

Hay/Gr- 20.0 ± 4.99 

 

 

  

Figure A. 3. Location of grazing exclusion cages placed in May 2017 on grazed grassland at 
Pwllpeiran. Map from digimap (EDINA 2020) 
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APPENDIX IV – Supplementary Information for Chapter 5 
 

Table A. 4. Site descriptions of survey sites used for earthworm sampling and infiltration rate measurements at 
Pwllpeiran and site north of Machynlleth 

Site name Date 
last 
limed 

pH pH ‘class’ Management Clover X co-
ordinate 

Y co-
ordinate 

Pwllpeiran        

Brignant Gr- 1984 5.01 medium Improved 
Declining 

no 275461 275749 

Brignant 

Hay- 

1984 4.89 low Improved 
Declining 

no 275485 275723 

Brignant 
Hay/Gr- 

1984 4.93 low Improved 
Declining  

no 275434 275761 

Brignant CM 2015 6.06 high Improved no 275403 275772 

Brignant Gr+ 2015 6.21 high Improved no 275575 275718 

Brignant Hay+ 2015 5.84 high Improved no 275494 275752 

Brignant 
Hay/Gr+ 

2015 6.04 high Improved yes 275545 275725 

Brignant 
exterior 

1990 5.06 medium Improved yes 275394 275696 

Pwll 1 never 4.86 low Unimproved no 275752 275581 

pwll2 never 4.9 low Unimproved no 275791 275638 

Pwll3 1980 5.37 medium Improved 
Declining 

no 276007 275594 

Pwll 4 1990 5.1 medium Improved yes 277488 274637 

Lower Caebont 1996 5.42 medium Improved yes 277347 274026 

Top Caebont 2002 5.8 high Improved yes 277817 274207 

        

Machynlleth        

Ceinws 1 none 4.66 low Unimproved no 277349 305739 

Ceinws 2 none 4.81 low Unimproved no 277363 305735 

Ceinws 3 none 4.69 low Unimproved no 277369 305743 

Ceinws 4 1970 4.91 low Improved 
Declining 

no 276548 305617 

Ceinws 5 1970 5.02 medium Improved 
Declining 

no 276518 305710 

Ceinws 6 1987 5.47 medium Improved no 276620 305873 

Ceinws 7 1988 5.43 medium Improved yes 276746 305831 

Ceinws 8 1996 5.56 high Improved yes 276447 305008 

Ceinws 9 1997 5.61 high Improved yes 276335 305087 

Ceinws 10 2007 5.83 high Improved yes 276062 305788 
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Figure A. 4. Log10 Abundance of anecic earthworms (individuals/m2) plotted against years since lime was last 
applied (since 2019) 

 

Table A. 5. – List of all earthworm species, and average abundance of each species from all sites 

 Soil pH 
Species <5 5-5.5 >5.5 

A.chlorotica 5.11 9.14 11.1 

A.calignosa 5.44 6.98 10. 78 

A.rosea 2.89 4.95 7.33 

D.rubidus 3.67 2.03 1.22 

E.tetraedra 1.11 1.40 1. 56 

L.rubellus 5. 89 6.98 9. 78 

L.castaneus 2. 44 4.19 5. 89 

O. cyaneum 1.8 9 3.17 3. 44 

S.mammalis 0 0 0. 78 

A.longa 2.11 4.83 9.11 

L.terrestris 5. 56 6.60 7. 56 

 

 

Table A. 6. Percentage land cover of each land category – categorised by main land use and slope – in the local 
land area surrounding study sites (approximately 1000ha) 

Category Pwllpeiran Machynlleth 

Improved <7o 21.10 11.98 
Improved 7-11o 15.93 15.33 
Improved >11o 27.39 71.14 

Unimproved <7o 5.16 0 
Unimproved 7-11o 6.68 1.37 
Unimproved >11o 23.75 0.18 
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