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‘Restoration ecology is an expensive self-indulgence for the upper classes, a New Age substitute for 

psychiatry. It distracts intelligent and persuasive people from systematic initiatives’ Kirby (1994) 

‘Unless someone like you cares a whole awful lot, Nothing is going to get better. It’s not’  

The Lorax, Dr.Seuss (1971) 
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Abstract 

Restoration ecology continues to become ever more relevant as legislation demands we 

prevent biodiversity losses. Post-industrial restoration sites pose a number of additional 

challenges, including balancing ecological need with logistical and financial constraints. In 

the North of Scotland, one such site is the Dounreay Nuclear Power Plant, now 

undergoing decommissioning. The intention is to restore cliff-top habitat with native 

vegetation, blending in with its surroundings and necessitating minimal maintenance. The 

overall objective of this PhD research was to help develop a plan for the restoration of 

the site. A key challenge in this particular case was the residual low level radioactivity at 

depth in some areas, and a restoration layer is required to prevent contamination of 

bioreceptors at the surface, however, topsoil availability is limited.  

The cliff top site, and exposure to salt spray driven by strong winds, meant the 

identification of suitable vegetation communities for different areas could be crucial to its 

success. Vegetation and soil surveys across nine reference sites along the North coast of 

Scotland identified five non-peat vegetation communities suitable for Dounreay’s 

restoration. 

To test what combination of substrates and topsoils would support better germination a 

controlled experiment in a growth chamber, followed by an in situ vegetation trial plot 

experiment, was carried out. Vegetation germinated without topsoil on fine grade crushed 

rocks, though cover, richness, diversity and biomass were all lower in treatments without 

topsoil than where topsoil was present, mostly due to lower soil moisture and nutrient 

levels. The level of cover continued to increase throughout the three years of the trial 

plots when topsoil was absent, and in time levels for these variables may become equal. 

Invertebrate richness and diversity within the trial plots were compared with neighbouring 

reference sites. Our results suggest that a functional invertebrate community was rapidly 

restored to the tested treatments. 

The exclosure of part of the site for up to 300 years means that the site will be left to 

develop for a long time without further human intervention: therefore, the effects of 

climate change should to be taken in to account in the selection of species to include in 

the restoration. A search through herbarium specimens revealed no loss of those species 

from the north of Scotland in the past ca. 150 years, despite changes in regional 

temperatures. Projected changes in temperature during the coming 50 years show a 

dramatic shift in space likely to be occupied by species found there now.  
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This prompted the development of a novel concept: that of utilising restoration sites as 

“protorefuges” or “protorefugia”, i.e. restoration sites where threatened species at the 

leading edge of climate change can be translocated ahead of the climate changing. There, 

they would be joined by individuals of the wider population naturally dispersed as the 

climate shifts. 

Overall, these results enabled the development of a refined restoration plan for Dounreay, 

which takes into account the particular setting, constraints and timelines involved. With 

the decommissioning of an increasing number of nuclear sites across Britain and Europe 

taking place in the coming years, this research should be developed further. In particular 

our novel concept of protorefugia could even be put into practice, benefiting both 

restoration and conservation. 
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Chapter 1 

1 Introduction to project and concepts 

Coastal sites around Scotland, the United Kingdom and other parts of the globe have 

become eroded and degraded for a number of different reasons including habitation, 

tourism and industry (e.g. Guilcher & Hallégouë 1991; Sawtschuk et al. 2012; Shiflett et al. 

2013). Ecological restoration may be undertaken in order to return some of this land to a 

more natural state. To do so with the greatest chance of success, it is important to 

understand the historic, recent and planned use for the land (Foster et al. 2003), as well as 

how consequences of climate change may impact on species distribution (e.g. Pitelka 

1997; Choi 2008; Bradley et al. 2009; Lavergne et al. 2010; Chen et al. 2011; Ferrarini et al. 

2016). Ecological restoration can take ‘active’ and ‘passive’ forms. Active restoration 

involves an often high level of human intervention through the removal of buildings, soil 

amendments or species introductions. Passive restorations, or natural regeneration, relies 

on little to no active human intervention, save perhaps the creation of an exclusion zone 

around the site (Zahawi et al. 2014), e.g., they may be fenced off temporarily, while passive 

restoration takes place (Sawtschuk et al. 2011). Industrial sites that have been heavily 

polluted, or for other reasons are considered to contain a persistent threat to the health 

and wellbeing of the public, will be inaccessible for an appropriate length of time until the 

site is considered safe after active restoration is completed.  

Dounreay Nuclear Power Development Establishment in Caithness, northeast Scotland 

(Figure 1.1) is one such example of an industrial site that has been degraded through 

industrial activity. This site, which is currently being decommissioned prior to remediation 

of the land, will be inaccessible for a set time, and is the focus of this PhD research. 

Commissioned in 1955, and having successfully developed fast breeder reactor 

technology in the following decades, reactors were all closed by 1994. Decommissioning 

started in that year, and is expected to continue until ca. 2033 until an Interim End State 

(IES) is achieved – it will remain exclosed until it reaches the Final End State (FES), 

current estimates suggests this will be in 2333, when it will again be safe for public use.  

The aim of the project is to develop a restoration plan with a low ecological impact and 

minimal cost. This project evaluates different restoration options for the site post-

decommissioning. The restoration will be limited by a number of constraints: (i) 

contamination of the soil (upon which a restoration layer/capping layer will need to be 
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added prior to it being vegetated); (ii) scarcity of topsoil in the area – a problem if required 

by the restoration; (iii) the exposure of the site to salt-laden ocean spray sent up by the 

strong winds experienced on the site; (iv) no information about the flora which was on 

the site prior to its development; and (v) no knowledge of species which will persist into 

the coming centuries of rapid climate change. Indeed, which species should be sown on 

site to persist in to the future, became an evolving theme of this project.  

 

Figure 1.1. Outline maps showing location of Dounreay in the far north of Scotland 

1.1 Restoration Ecology in context 

Human impact on natural systems has occurred more or less continuously during our 

evolution. As populations have increased and technologies have developed, the impact 

has become greater. Socio-economic experiments from all sides of the political spectrum 

have tried to create progress through transformation of habitats. The diversion of the 

Amu Darya and the Syr Darya from the Aral Sea for irrigation (Micklin 1988), the deep 

ploughing of the prairies in the southern United States in the 1930’s for crops (Phillips 

1999), the draining of huge areas of peatland in Kalimantan for rice growing (Aldhous 

2004) have all led to ecological disaster. The respective results were a shrinking sea, loss 

of topsoil, fires, and hugely degraded habitats. These examples are massively greater in 

scale than most restoration projects have to deal with, but globally there is a recognition 

that all degraded sites, regardless of size, need ameliorated in some way to improve their 

functionality and to protect habitats or species threatened by this degradation. In Scotland 

and the rest of the United Kingdom the effects of habitat degradation and associated 

problems have been recognized for many years (Crampton 1911; Tansley 1949; Hester et 

al. 1996; Fyfe et al. 2003).  

Over the past 30 years, the rise of restoration ecology as a scientific discipline shows the 

increasing importance this topic has obtained (Higgs 1997). Searches in ‘Google Scholar’ 



CHAPTER 1                                                                                                 INTRODUCTION 
 

15 
 

for the key words ‘restoration ecology’ show an increase in results returned from 997 in 

1980 to some 30,000 in 2016 – although some increase will have been driven by increase 

in journal numbers, this reflects the expansion of and interest in, the topic globally. With 

this increase have come more critiques on the discipline, including an awareness of the 

need for increased discourse between scientists and practitioners, which may be hindering 

restoration processes (Dickens & Suding 2013). Restoration projects involving brownfield 

sites (Doick et al. 2009), chemical spillages (Simpanen et al. 2016), farmland (Wade et al. 

2008), grasslands and heathlands (Bakker & Berendse 1999), peatlands (Rochefort & 

Andersen 2016) and cliff-tops (Sawtschuk et al. 2010; Sawtschuk et al. 2012), have all been 

studied in the past decades, with transferable knowledge between studies, regardless of 

starting point, ecosystem, location, or desired end point. 

What we understand by the term ‘restoration’ will help in interpreting what the aims of a 

particular restoration project are. In the past decades, the definition of restoration has  

evolved from an “attempt to restore to historic states and species”, often not applicable 

because of losses of keystone species from sites (Choi 2007) and projected changes in 

climate. Restoration is now often focused on ecological rehabilitation/remediation in 

order to reinstate ecosystem functionality (Choi 2004; Bullock et al. 2011). Baker and 

Eckerberg (2016) set out eight rationales for restoration: the restoration of Dounreay falls 

primarily under their rationale to ‘address environmental damage’ considering ‘visual 

appearance of landscape, pollution containment, and safety’. Other rationale driving this 

restoration includes ‘restoring ecosystem function’ and ‘promoting novel ecosystems for 

climate change adaptation’. 

1.2 Setting restoration goals 

Restoration goals vary depending on the starting conditions and prerequisites of the site. 

The desired outcomes (driven by funding bodies and site management), site substrates, 

soils, climate, local availability of species (both fauna and flora), species present in the 

seed-bank, and the potential for recruitment of seed to the site through seed rain will all 

impact on the successional process of reaching that restoration goal. Management of the 

site in the short, medium and long term, and what is interpreted as best restoration 

practice at the time, will affect the development of the restoration. Higgs (1997) expanded 

the view that restoration is not purely a technical matter reliant on a combination of 

‘structural replication, functional success and durability’ but calls for the process to incorporate 

the ‘diverse perspectives of interested stakeholders’. Stakeholder priorities may include the 

efficiency with which restoration is carried out in terms of costs and materials, as well as 
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the ‘expanded conception’ of ‘historical, cultural, social, political, moral and aesthetic’ awareness. In 

recent years both the views of stakeholders and the work of scientific researchers have 

been more seriously considered on large scale restoration projects (Nellemann & 

Corcoran 2010; Suding 2011). 

Almost regardless of the goals set, an ecosystem capable of providing valuable ecosystem 

services is often one of the desired results of a restoration project. These services can be 

divided in to five broad groups: provisioning (e.g. of food), regulating (e.g. climate), 

habitat (e.g., for invertebrates), amenity and science (de Groot et al. 2010). Assessment of 

the site can show how well a restored ecosystem is performing, and if intervention is 

required, Figure 1.2. It is often the case that the background factors influencing the 

ecosystem go unobserved and it is the end result, such as food production or potable 

water, that is measured (Wallace 2007). Frequently, in restoration, there will be a change 

in land use, e.g. when farmland is being restored to a wooded habitat, and land is degraded 

to the extent that it is not suitable for food production, then measurements of amenity 

use or the physical and chemical environment quantify the services provided (de Groot et 

al. 2002).  

 

Figure 1.2. Flow chart of the processes of ecological restoration. Regarding the restoration for Dounreay, this 
thesis focuses on the pale green boxes. The pale red boxes either have been completed or are ongoing. The 
white boxes are the future work, from the restoration itself, down to the ’successful restoration’ (green), or 
‘incomplete restoration’ (amber), at which stage adaptations will need to be made. After Dickens and Suding 
(2013). 
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Long-term monitoring, (>10 years), allowing for full evaluation of projects, has seldom 

occurred in the past, though to understand if a restoration is succeeding should be 

considered (e.g., Menges 2008; Galatowitsch 2012; Dickens & Suding 2013). Through 

implementing a step-by-step approach, as shown in Figure 1.2, it is possible to know if 

and when goals have been met, and if not how to rectify the situation to get the restoration 

back on track through adaptive management (McLaughlin & Jordan 1999; Doick et al. 

2009). 

The restoration goals are set by a variety of different drivers within any project, and can 

be summed up in to three main categories: socio-economic drivers, biological drivers and 

abiotic drivers, all of which will feed in to the desirable direction of a restoration project. 

The biological and abiotic drivers are often very closely interlinked, and although the 

direct impact of one driver on above ground plant growth may not be clear, taken 

holistically there is evidence of the effect (Suding et al. 2004). The biological and abiotic 

drivers ultimately define the limits of the ecosystem services and ecosystem functionality 

derived from a restoration project. 

1.3 Socio-economic drivers 

The country a restoration site is located in, and its previous use, will often be the main 

reason for variations to the socio-economic drivers of a restoration project. In the 

developed world, there is greater opportunity to satisfactorily restore degraded sites: the 

greater levels of wealth allow this and we have come to expect our governments to look 

after our shared ecosystems. In less wealthy countries, there may still be a great desire 

amongst much of the population to restore sites; however, a greater conflict of interest 

occurs between what money should be spent on – shelter, human health, infrastructure, 

and the immediate needs of wellbeing will likely be prioritised (Conway & Mustelin 2014).  

Planning consents for restoration of industrial sites have been in place in the UK since 

the mid-20th Century with the introduction of the Mineral Workings Act 1951, which 

required funds to be set aside for restoration purposes (British Geological Survey 2014). 

Problems are sometimes encountered due to the liquidation of holding companies, and 

the subsequent realisation that funds in the form of bonds are insufficient to pay for the 

required process (Friends of The Earth Scotland & RSPB 2013), with the burden of clear-

up passed on to the taxpayer. In the strategic plan for biodiversity 2011-2020 (CBD 

Secretariat 2010) the target of restoring 15% of the world’s degraded ecosystems was set. 

Environmental targets and policy in Britain are legislated for by The Environment Agency 
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(in England), The Environment Agency Wales (in Wales) and the Scottish Environmental 

Protection Agency (in Scotland). One of the major pieces of legislation they are 

responsible for implementing is the Environment Act 1995 (UK Government 1995), 

which includes measures outlined in Agenda 21 from the Rio Earth Summit of 1992 

(United Nations 1992), part of which concern the restoration of land degraded by 

industry. The economics of restoration really come down to the question of who is 

obliged – either by planning consents or international agreements – to fund it. To meet 

the obligations of the United Nation’s Convention on Biological Diversity (CBD) 

Secretariat global policy, individual country’s policies should promote, and if necessary 

legislation should force, restoration. The funds to achieve this should have been 

obligatorily raised by ensuring adequate bonds are held by companies, or through bonds 

held by governments derived from taxation. Without such measures it is unlikely the goals 

set by the CBD secretariat will be met, and local populations will lose out. 

In towns and cities where there is a desire for more accessible green space (English Nature 

2006), such as through the restoration of brownfield sites, the drive comes from the 

resident population. Although the general public is by far the largest group of 

stakeholders, and in particular the local population around a restoration site, their input 

into how policies develop has not always been clearly understood (Monnikhof & 

Edelenbos 2001). The key groups who in the past have had the most influence include 

the client, contractors, councils, or on larger projects government agencies. These have 

now come to include environmental non-governmental organizations (NGOs) and the 

general public (Higgs 1997). The personal opinions of individuals will be unlikely to alter 

the direction of progression of a project, but can influence directions taken, where 

multiple options are available. Discussions with stakeholders help form agreements of 

plans and methods used in development and allow for a clear understanding of the project 

put to them (Alker et al. 2000). The possibility at an early stage to discuss what the varying 

end results may be can enable tensions to be reduced between different stakeholder 

groups, allowing for the smoother completion of projects (Janssen 2010). The input of 

the local community needs to be heard and responses to any queries should be as 

complete as possible. These people will be living near the restored site(s) and the resultant 

success of a particular project needs to have had their input. 

So what should the end state of a restoration project be? Human alterations to landscapes 

have been ongoing for different lengths of time, e.g. for thousands of years in the UK 

since ice retreated at the end of the last glacial maximum (Crampton 1911). Hence a choice 
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needs to be made as to what is the appropriate state to restore the site to. In 1970s 

Germany there was a school of thought that set about trying to restore sites toward their 

ancient botanical past, using data from pollen found in the area as a reference (Gilbert & 

Anderson 1998). In light of differences in climate and surrounding vegetation, this seems 

erroneous, as the establishment of historic species in a habitat under differing pressures 

is likely to have the increased potential for mortality. On the Fulltofta Estate in Scania, 

Sweden, consideration of a pre-human forest landscape was accounted for in the 

restoration plan, along with the realistic continuous changes in land use over the past few 

hundred years (Lindbladh et al. 2007). Paleo-ecological data helped determine those 

species that were present and locations they were likely to have persisted on the estate, 

allowing for the creation of a restoration that would provide the services desired from the 

landscape in as natural a way as possible. Rogers-Martinez (1992) (in Light & Higgs 1996) 

also describes the social challenges facing the restoration of the Sinkyone Tribal Park in 

northern California. People there lived for millennia before massive land use changes were 

brought about in the last few centuries. Clearly, restoration includes a strong societal 

element, which often existed outside the constraints of some ecological restorations.  

The scientific knowledge that we accrue during our research efforts into any project at 

some stage encounters problems during planning or implementation. Common sense 

should prevail as to what the end state should be, though there will often be a conflict 

between the desired outcomes of what science dictates and what is societally acceptable, 

leading to a trade-off in the project’s implementation. Whether the restored ecosystem 

provides the increase in biodiversity as well as producing the ecosystem services desired 

may be one such consequence (Bullock et al. 2011), though the two are frequently 

positively correlated (Perrings et al. 2010). Sklar et al. (2005) describe the efforts to restore 

the Everglades in Florida - uncertainties in financial costs, ecological benefits, and future 

conditions, meant that it was not possible for that project to set priorities in stone prior 

to starting. Trade-offs between what is ecologically optimal and what is societally 

acceptable remain a dilemma to be resolved. 

While the general public often form an involved and active group of stakeholders, 

restoration projects are often limited by financial and time constraints placed on 

practitioners and scientists (Drayton & Primack 2012). The result of this is that often 

projects do not receive the amount of attention they require post completion, and long 

term monitoring is not done. Even if they are monitored, if recognizable goals are not set 

to provide a benchmark to evaluate success it will remain unclear if the project has truly 
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succeeded (Ruiz-Jaen & Aide 2005). The best methods to use to keep a project on track 

is made harder by the difficulty of obtaining information about projects that have gone 

wrong (Suding 2011), as despite success being achieved in only 33% of projects, 

publications point to over 75% being successful (Drayton & Primack 2012). Different 

methods have been used to assess the change in vegetation post restoration in an effort 

to more accurately measure success (Poulin et al. 2013; González et al. 2014) so that now 

progress toward a restoration target may be known within a few years. The surveying for 

target species can be aimed at higher, often more easily recognizable taxa, and with 

refining of techniques for different habitats, financial constraints become less 

burdensome, and better understanding of other drivers of restoration project can become 

the focus. 

A recent set of globally applicable standards for restoration were published for the Society 

for Ecological Restoration in 2016 (Mcdonald et al. 2016), and provide a series of 

recommendations about how to implement a successful restoration project. This updates 

and extends the 2004 recommendations (SER 2004) with the evidence gained in the 

intervening years, providing a more robust framework to adhere to. Described here under 

the ‘socio-economic’ driver heading, as indeed their ability to be implemented may be a 

result of factors within this setting, they relate to the overall restoration process. Six key 

concepts are selected as underpinning best practices: i) use of ‘appropriate native reference 

ecosystem, taking environmental change into account’; ii) ‘identify key attributes of target ecosystems’; iii) 

‘assist natural recovery processes’; iv) ‘seek ‘highest and best effort’ progression towards full recovery’; v) 

‘draw on all relevant knowledge’; vi) ‘early, genuine, and active engagement with stakeholders underpins 

long-term restoration success’ (Mcdonald et al. 2016). The levels of success are then rated up to 

a ‘five star’ level, with the recommendation that former utilities and infrastructure on a 

semi-natural area (as Dounreay is) should be aiming for a ‘five star’ recovery, and 

achieving at a minimum a ‘three start’ recovery. 

The breakdown of these objectives in a simplified recovery wheel, allowing for easy 

evaluation of ‘species composition, structural diversity, ecosystem function, external exchanges, absence 

of threats, and physical conditions’ (Mcdonald et al. 2016) means that all restorations can be 

comparatively evaluated at a simplified level. This will allow progress to be maintained, 

thus benefitting future restoration projects. 
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1.4 Biological drivers 

To assess the potential for site restoration, information on flora and fauna from historical 

datasets relating to a particular site, and surveys of reference sites in the vicinity of the 

area to be restored, are commonly used (White & Walker 1997; SER 2004). Changes in 

climate and surrounding land use may mean that the historical data on the species that 

once persisted there are no longer relevant, and caution with respect to historical data 

should be taken. A site may also need to be landscaped to prevent toxins coming into 

contact with plant, fungal, insect or animal receptors on the surface (Maschinski et al. 

2012), which could affect the site’s suitability for some desired species. 

The major biological drivers are seed/spore availability (for plants) and the dispersal of 

species on to sites (Hölzel et al. 2012), with subsequent establishment success a result of 

abiotic factors and species competition. The position of the site in the surrounding 

landscape will affect this: if the site is small and is surrounded by the vegetation and animal 

species required for its restoration, there will be fewer challenges to overcome. More rigid 

ecosystem boundaries that separate a restoration site from the closest habitat to be 

replicated increase the difficulties in achieving success, and determine the ease of 

movement in and out (Ehrenfeld & Toth 1997). Seed/spore availability varies between 

species, with the size of seed affecting numbers produced, e.g. for Poa annua L. thousands 

of inflorescences with the potential to produce seed have been recorded (Law 1979) while 

species such as Juniperus communis L. ssp. communis will produce 1-3 seeds per cone, with 

potentially many hundreds of cones per plant, though many larger seeds may be predated 

upon predispersal (Garcia et al. 2000). Seed size is often a good indicator of dispersal 

mechanisms, with small seed carried by the wind over long distances, while larger seeds 

generally require a vector, such as birds, to transport them. Knowing what dispersal 

mechanisms are required for different species, as well as knowing their pollinating or 

reproduction methods, will allow for species to be prioritised when seeding a site.  

Newly restored sites will take time to achieve the complex mosaic of species recorded 

from established sites, whether they are woodland, heathland or grassland areas. However, 

restoration can be used to create a habitat capable of supporting species which may be in 

decline or threatened (Gilbert & Anderson 1998). The recent rise in the connectivity of 

landscapes and the creation of habitat corridors means that some of these seed dispersal 

limitations should be reduced providing they are well designed (Beier & Noss 1998). 

Corridors are used for movement of fauna, with some beneficial for flora through their 

use by seed carrying birds (Damschen et al. 2006), although depending on plant species 
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and time of year these benefits may vary (Evans et al. 2013). There is still often a need to 

assist in the initial stages of a restoration project such as topsoil translocation (Tozer et al. 

2012) or reintroduction of endangered species (Kaye 2008), although natural 

recolonization still occurs successfully and provides knowledge which can be used to help 

in the restoration process of similar sites (Hugron et al. 2011). This more passive level of 

restoration may, however, not always return the outcome desired (Prach & Hobbs 2008). 

The timing of other species arrival, particularly invertebrates, on a restored site is still not 

fully understood, with the possibility that they wait for flora to establish a viable habitat, 

or whether they can survive in a cleared site prior to the flora establishing (Gilbert & 

Anderson 1998). For wetland restoration the ‘Field of Dreams’ hypothesis seems to hold 

true, that if the restoration holds the requisite conditions, the invertebrates will arrive 

(Palmer et al. 1997). This has also held true for restored mires in Finland, with specialist 

species returning as the mires returned to their former state (Noreika et al. 2015). This can 

be measured using habitat affinity indices, used in grassland restoration to measure the 

numbers of desired species on restored sites, and measured successful responses well, and 

within a short (<2 yrs) time frame, while evidence of success was inconclusive from 

species richness measurements (Déri et al. 2011).  

Target plant species may be sown, but will have to compete with species in the soil 

seedbank, seed rain, and animal dispersed seed. Which species are in the soil seedbank 

may be unknown at the start, though a reasonable assessment can be made if the origins 

of the soil are known. It is more difficult to assess which species would be likely to 

disperse on to site, but it can be informed by measuring frequency and cover of species 

in the surrounding area. Through the identification of the seedbank and incoming species 

pools, it is possible to predict interactions with the sown species, and tailor the sown seed 

mix to maximise target species success. In theory, this would help to maintain the desired 

direction of ecological succession towards the desired end point. 

Community succession and community assembly are principles which have been 

developed further within restoration ecology in recent years (Young et al. 2001). Clements 

(1905) wrote that the development of the field of community succession would be based 

on ‘the application of known principles of succession, and by working out new ones’. The field has 

developed, with assembly rules seen as the key to developing new techniques in restoring 

damaged ecosystems with improved chances of success (Temperton et al. 2004). 

Adaptations to the assembly rules framework, to create one designed for restoration 

ecology projects, which includes comparisons between the species pools at the start, how 
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constraints can be improved, and what monitoring needs to be done to assess restoration 

success, have been made (Bonn et al. 2016), making it easier to follow the trajectory of a 

restoration. 

Drayton & Primack (2012) state that greater importance should be put on monitoring 

long term population establishment, rather than monitoring for a short, set period of time, 

as colonization and subsequent succession of many species is a largely unpredictable 

process in the short term (Hodge & Harmer (1995) in Gilbert & Anderson (1998)). The 

maintenance of life-history traits within species used for restoration, and the importance 

of using seed from local provenance where possible, is something which may need to be 

considered in cases of ecological restoration (Smith 2002). Variation in seed dormancy 

and germination rates for Lotus corniculatus L. seeds of different provenances has been 

recorded (Schröder et al. 2013), hence in the ‘wrong’ location species have the potential 

to flower, and thus provide food, for invertebrates prior to emergence of invertebrates in 

this location, potentially resulting in food shortages for higher trophic levels. Commercial 

seed mix may have the consequence of altering the floral composition on a restored site 

in comparison to the surrounding area. This could have a knock-on effect on the 

invertebrate community, though if ecological functionality remains perhaps this does not 

matter. Collecting seeds of a local provenance, as opposed to buying in commercially 

available seeds, would keep flowering times as they were and not alter the composition, 

but the costs are often prohibitive.  

Soils – as a biological driver 

In addition to the above, the soil microbial communities are increasingly being added to 

the ecologist’s restoration toolkit (Mcdonald et al. 2016). When a suitable community is 

present in a soil they may accelerate the recovery of degraded systems (Harris 2009), and, 

where necessary, adding microbes to a degraded soil may restore functional equilibrium 

in the microbe community (Singh 2015). The microbial organisms which dwell in the soil 

underneath the plants have a major effect on plant structure and diversity above ground 

(Reynolds et al. 2003; Van Der Heijden et al. 2008). These organisms can access nutrients 

in different chemical forms to those accessible to plants. The increased availability of 

nutrients can initially lead toward decreased plant diversity, however it may in turn create 

a negative feedback to the more dominant species, providing an opportunity for an 

increase in diversity of previously out-competed species (Bezemer et al. 2006).  
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1.5 Abiotic drivers 

Soils – as an abiotic driver 

Although accepting that soils are not strictly an abiotic driver, a key question this thesis 

sets out to answer is whether or not soil nutrient availability (measured as soil chemistry) 

is a limiting factor on plant species growth. As soil provides the physical medium from 

which plants grow, and although already discussed as a biological driver, the abiotic 

component of the soil needs to be considered in terms of how this will impact on both 

the vegetation growth and as a habitat for the soil microbes.  While the abiotic soil drivers 

will likely have less of an effect on plant species diversity than biotic drivers, the nutrient 

availability in the soil will impact on the rates at which different parts of the plants form, 

e.g. N deficits can cause increase growth rates in roots to help increase their absorption 

capacity, which could in turn benefit shoot growth (Aerts & Chapin 1999). Levels of 

nutrients present in soils will have a major impact on the species that can grow there. 

Species have evolved to grow within tolerable limits for required resources, of which 

nutrients are one group of such resources. There will be an optimum level of each nutrient 

to maximise plant productivity, and deficiency in any one nutrient, particularly the 

essential macro nutrients (N, P and K) will have a significant impact on the plant’s health 

and ability to survive (Silva & Uchida 2000). Other essential nutrients to plant health are 

Ca, S and Mg (Campbell et al. 1999). Other elements may, at elevated concentrations, kill 

or prevent plant growth, potentially arising from sudden increases in concentrations, e.g. 

through industrial spillage of chemicals. The nutrients within the soil are not all readily 

accessible to the plants. There is a total (within soil) concentration, a bioavailable 

concentration (accessible to plants), and a water-soluble concentration (which may be 

washed away by precipitation). The form in which the nutrients/elements are held in the 

soil will influence the ability of a species to grow there. The main inputs of nutrients into 

soil are through precipitation and leaf litter decay (Chuyong et al. 2000).  

Soil structure and pH also have a direct impact on soil quality, partially through provision 

of required habitat for microbial communities. Rainfall can impact on the variation in 

below ground microbial communities depending on the amount of precipitation and 

compaction or waterlogging caused, so combined these factors cause changes in above 

ground plant communities (de Vries et al. 2012). In terms of restoration processes, it may 

be necessary to transfer soil to a site. Comparisons should be made with other soils to 

select a soil that will support the plant community desired. If soil transfer is required, 
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effort should be made to take this soil from a site that is being worked on where there is 

excess soil rather than degrade an intact site (Sawtschuk et al. 2012).  

Water 

Water can reach the land surface by two means – precipitation falling directly or via 

overland flow, and upwelling from the ground via groundwater streams. The water in 

both of these processes will contain a range of nutrients, minerals and other dissolved and 

particulate compounds in different concentrations, which can aid or abet desired plant 

growth. Rates at which groundwater reaches the surface will vary according to, amongst 

other factors, the morphology of the rock, the hydraulic properties of the soil and 

subsoils, and topography (Keery et al. 2007). This will allow for greater or lesser interaction 

between below and above ground water and changes in the concentrations of solutes will 

occur at these places (Dahm et al. 1998). Once near the surface or above ground, the 

water, now containing altered concentrations of solutes, will reach biological receptors, 

including plants. The groundwater will vary less rapidly in the different concentrations of 

solutes it contains compared to precipitation. On areas with a restoration layer, the 

quantity of groundwater reaching the surface will be much reduced if it is constructed of 

largely free draining rocks. The availability of nutrients there, when compared to 

surrounding areas, will thus be altered (Runhaar 1996), and could affect the growth of 

species on an elevated free draining layer.  

Precipitation has the potential to produce greatly different concentrations of macro-

nutrients used by plants in short periods of time (Cryer 1976). Concentrations measured 

in rainwater over periods of up to three years showed a twofold variation in 

concentrations of potassium, while concentrations of sodium in the same period showed 

a six fold variation (Allen et al. 1968). The ability of the plant species to use these nutrients 

efficiently will depend on the requirements of the species, but plasticity has been shown 

within species (Boerner 1984), and this plasticity may increase with time, an important 

attribute with respect to climate change (Gholz et al. 1985).  

1.6 Climate 

Climate is possibly the biggest abiotic driver influencing species distribution on the planet. 

Moving from one region to another the climate changes, and so do species, even where 

there is connectivity for dispersal. Models show that we can match distributions to climate 

fairly well at a broad scale (Pearson et al. 2004), and that plant species, along with bird 

species, are more aligned to climate than reptiles and amphibians (Araújo et al. 2005).  
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Climate change is widely acknowledged as one of the greatest threats facing biodiversity 

during the 21st century (Sala 2000; Rosenzweig et al. 2008). Consequently, predictive 

bioclimatic models, which are used to estimate climate change impacts, play an 

increasingly important role in the evidence base for conservation (Chen et al. 2011; 

Thomas et al. 2011). Bioclimatic models project shifts in suitable climate space (Bakkenes 

et al. 2002; Berry et al. 2002; Thuiller et al. 2005), and combined with the constraints 

imposed by habitat loss and fragmentation (Schwartz 1992; Travis 2003), have suggested 

species extirpation or extinction resulting from an inability to effectively track a changing 

climate (Malcolm et al. 2002). The conservation paradigm continues to shift accordingly, 

from protection of the status quo, i.e., spatial and temporal continuity of species and 

habitats (resistance), to a focus on resilient landscape conservation, enabling a dynamic 

species and community response (Heller & Zavaleta 2009). 

Humanity currently faces the prospect of a sixth mass extinction event (Thomas et al. 

2004), the first that could be avoided, and the first that ‘bears our name’ (Pievani 2014), 

as a result of changes in climate. Globally, data have been analysed and targets produced 

to provide an overarching plan within which biodiversity targets can be set to help prevent 

a catastrophe. The Aichi biodiversity targets, set out in 2010 at the 10th Conference of the 

Parties (COP) in Nagoya, provide an internationally acceptable framework within which 

actions are expected to be taken to preserve biodiversity and ensure continued functioning 

of ecosystems and delivery of the associated services they provide to society. 

From Aichi’s twenty targets, set within five strategic goals, targets 5, 10 and 12 state that, 

respectively, ‘fragmentation and degradation of natural habitats is significantly reduced’, 

‘by 2020 multiple anthropogenic pressures […] on vulnerable ecosystems […] are 

minimized, so as to maintain their integrity and functioning’ and ‘by 2020 the extinction 

of known threatened species has been prevented and their conservation status, 

particularly of those most in decline, has been improved and sustained’ (CBD Secretariat 

2010). The Aichi targets provide the framework within which regional targets can be set, 

and policy agreed. As size of area within any region being considered for conservation 

diminishes, the legislation agreed tends to reflect national and then local habitats and 

species’ requirements. A prevailing constraint to implementation of local and regional 

policy is often financial, and despite the willingness of many, it remains difficult for 

NGOs, scientists and practitioners to implement the necessary actions in terms of 

restoration and conservation, especially in the current context of global climate change 

(Dawson et al. 2011).  
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Discussed in the next section are some of the problems facing plant conservation, and I 

argue that improved strategies in restoration ecology could help to overcome the 

challenges posed in terms of achieving biodiversity targets and halting species loss. I 

propose a new concept of “proto-refugia” and “proto-refuges” that integrates 

conservation of threatened species with restoration, in particular of industrial sites.  

Impacts of climate change 

Despite efforts put in place to prevent it, a rise in average global temperature of over 2°C 

above pre-industrial levels, as a consequence of anthropogenic activity, is highly likely 

(Jordan et al. 2013), with upper limits projected to be as high as 6°C by the end of the 21st 

Century (Pachauri & Reisinger 2007). With climate changing faster than would be 

expected naturally and the rate of warming increasing in the long-term, anthropogenic 

influences are significantly contributing to continued biodiversity losses. Changes in 

climate can directly lead to alterations in species distributions, expanding range if the 

change is beneficial to ecological need, contracting it where change is detrimental, or 

shifting latitudes polewards. Rapid range expansion can lead to the natural creation of 

hybrid or novel ecosystems, while range contraction can force species into refugial space, 

where this is available, or lead to the loss of species from an area. This is particularly true 

for plant species that, for the most part, are only able to shift location once in a generation 

(e.g. seed or spore dispersal), but are otherwise sessile. To assist with species survival we 

therefore need to be able to predict and understand the likely limits of distribution and 

limiting factors for individual taxa (Pearson & Dawson 2003). 

Refugia and refuges– definitions and scope 

The terms ‘refugia’ and ‘refuges’ have been much used in recent years, with crossovers 

between terms occurring (Keppel & Wardell-Johnson 2012) – pertinent definitions for 

these, as well as other associated terms, are presented in Table 1.1. As climate oscillates 

from warmer interglacial periods to the glacial maxima, refugia change, as do the species 

within them. Refugia can be hotspots for diversity, hosting a combination of species 

previously found there, alongside species pushed to the limit of their range by other 

events. However, refugia seldom act as hotspots for evolutionary change (Petit et al. 2003). 

Large areas across which climate and habitat are suitable may be termed macrorefugia 

(Leal 2001) while smaller areas are referred to as microrefugia (Rull 2009). 

The species residing in these refugial types are determined by prior species distributions 

and overall ecological traits (Bhagwat & Willis 2008). The identification, and appropriate 
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management of refugia holds promise, if selected effectively, in helping combat species 

loss as a result of climate change (Keppel et al. 2015). 

Table 1.1. Definitions of key concepts relevant to both species conservation and restoration ecology. Novel 

terms ‘protorefuge’ and ‘protorefugium’ are defined. 

Concept Definition Reference 

Historic ecosystem 
Ecosystem present prior to 'disruption' [human intervention]; 
ecosystem present prior to European discovery (new world) 

(Jackson & Hobbs 
2009) 

Hybrid ecosystem 
Historic characteristics remain, composition or function now outside of 
former natural variability - caused by limited changes in biotic and/or 
abiotic conditions 

(Hobbs et al. 
2009) 

Novel or 'no-analog' 
ecosystem 

Species composition/function completely transformed from historic 
system - caused by significant changes in biotic and/or abiotic conditions 

(Hobbs et al. 
2009) 

Refugium 

Areas where extensive changes, most typically as a result of changing 
climate, have not occurred, and in isolation from the surrounding 
landscape, e.g. mountain summit 

(Allaby 1994) 

Often applied when range contracts, as do reductions in a species 
abundance 

(Bennett & 
Provan 2008) 

Macrorefugium Large areas with continuous populations of refugial species (Leal 2001) 

Temperate refugium 
Areas closer to the equator where temperate species are pushed during 
glacials 

(Stewart et al. 
2010) 

Inter-glacial refugium 
Areas closer to the poles where cold-adapted species are pushed during 
inter-glacials 

(Stewart et al. 
2010) 

Microrefugium 

A small area with local favourable environmental features, in which 
small populations can survive outside their main distribution area, 
protected from the unfavourable regional environmental conditions. 
These can be natural, in-situ isolates that may be ‘distal or remote', i.e., 
few at a large distance from macrorefugium, 'diffuse or widespread', 
occurring frequently throughout inhospitable areas, or 'proximal or 
ecotonal', with isolates close to the edge of macrorefugia 

(Rull 2009) 

Ex-situ microrefugium E.g., botanical gardens, seed banks (Rull 2009) 

Protorefugium 

Suitable sites where species are translocated to, which will preserve 
species at the trailing edge of climate change, i.e., with a contracting 
range, that will become a microrefugium or part of a macrorefugium. By 
definition, protorefugia are hybrid or novel assemblages of species. 

This thesis 

Refuge 

A 'microhabitat providing spatial and/or temporal protection from 
disturbances or advantages in biotic interactions'. Often over a single or 
few generations, e.g. edible plants growing amongst spiny plants to 
protect from herbivory 

(Keppel et al. 
2012) 

Protorefuge 

Suitable sites where species are translocated to, which will act as a 
refuge, becoming integrated into the larger habitable space for a species 
at the leading edge of climate change, i.e., with an expanding range. By 
definition, protorefuges are hybrid or novel assemblages of species. 

This thesis 

 

Within Europe, during the last glacial maximum (LGM), there were refugia across 

southern Europe for temperate plant species, whose distributions have since re-spread 
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northwards during the interglacial period. Many of the native species in the British Isles, 

for example, would have arrived prior to the flooding of Doggerland, the land bridge that 

connected Britain with mainland Europe, some 8200 years ago (Weninger et al. 2008); 

although some species would have been able to disperse over long distances (Darwin 

1859) and may have arrived naturally since then. The short time over which the southern 

front of the LGM ice sheet retreated, combined with the disappearance of Doggerland, 

largely accounts for the relative paucity of today’s British flora (Lusby & Wright 1996). 

Following the British Isles’ disconnection with other European landmasses and a rapidly 

warming climate, arctic/alpine species there had increasingly finite options for further 

(northward or altitudinal) dispersal and distribution.  

Refuges would have provided safety for a short time, maybe few generations, protected 

from competition until the space was finally lost. The very north of Scotland, and the high 

plateaus of Britain (including the Cairngorms), thus became refugia for such species 

(Stewart et al. 2010). The polar and altitudinal spread of more temperate species would 

have been assisted by some longer distance dispersal in to a refuge. This would have 

supported temperate species until the main population of the species became more 

frequent and the refuge became part of the larger vegetation matrix. 

These refugia sit within the bioclimatic envelope required by a species in order for it to 

survive, however, this does not account for the full distribution of a species (Braidwood 

& Ellis 2012). Factors including soil type, habitat niche, local micro-climate and 

competition (Luoto et al. 2007) will also continue to limit species survival in new locations. 

Shifts in bioclimatic envelopes will likely result in one of three options for plants: i) failure 

to adapt and loss from the location in which they presently exist; ii) ability to survive 

where they are as a result of phenotypic plasticity, or genetic adaptation; iii) dispersal at a 

rate that allows continued survival in a new location (Dawson et al. 2011) (Figure 1.3). 

Identification of suitable locations (e.g. through climate modelling or transplant studies) 

within which plant species will survive in the future is now recognised as beneficial to 

long-term plant survival (Keppel et al. 2012). 
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Figure 1.3. Theoretical changes in plant species assemblages because of climate change. Large circles show 
present, changing and future climate space/bioclimatic envelope. Small circles show species of different 
origin with different abilities to adapt. Hashed arrows pointing to grey circle indicate natural dispersal; arrows 
pointing to open (white) circles indicate translocation. Adapted from Harris et al., (2006). 

Linking restoration and conservation 

The potential shrinking of refugia for plant species, in association with a warming climate, 

means that human intervention may be required if we desire to conserve species within 

such refugia and minimise wider species/biodiversity loss. Wiens and Hobbs (2015) have 

discussed how the disciplines of conservation biology and restoration ecology differ and 

yet complement one another as the climate changes, and, that better integration between 

these disciplines may be necessary as the predictability of a particular species’ ability to 

survive in a location becomes less certain. One purpose of conservation is to prevent 

further degradation of ecosystems, aiming to maintain their functionality within a broad 

range of historical natural conditions, even though this is likely to be outside their once 

‘pristine’ condition. Restoration, meanwhile, is likely to start with an already heavily 

degraded ecosystem - the aim being to bring it back to a state where it bears some 

resemblance to historical conditions. Climate change will likely create as yet unseen 

ecosystems and species assemblages, with matrices of species growing alongside each 

other for the first time on record. How restorations should progress in light of predicted 

climate change, and how historic, hybrid and novel ecosystems could (or should) be 

developed, remains an often debated issue (e.g. Perring et al. 2015). Ultimately, restoration 

can create both hybrid and novel ecosystems that, while restoring degraded areas, could 

also provide habitats that specifically conserve climate vulnerable species, as well as 

future-proof ecosystem functions. Whilst levels of adaptability exist within natural 



CHAPTER 1                                                                                                 INTRODUCTION 
 

31 
 

systems, diverse communities with a diverse genetic mix within species are desirable to 

build in resilience and enable systems to persist into new states.  

Building resilience to threats through translocation has long been accepted as a method 

to help conserve species - providing them with the space and habitat required to survive 

(Richardson et al. 2009; Ferrarini et al. 2016). This may be of significant long-term benefit, 

as long as best practice is applied and associated dangers of translocations are minimized 

by following appropriate codes (e.g. ‘Best practice guidelines for conservation 

translocations in Scotland’ (National Species Reintroduction Forum 2014) and 

‘Guidelines for translocation of plant species at risk in British Columbia’ (Maslovat 2009). 

Translocations are most often used for threatened species, but are more recently being 

specifically aimed to conserve species threatened by projected anthropogenic climate 

change scenarios (Vitt et al. 2010). Such translocations, occurring outside of a species 

historic distribution, have been known as ‘conservation introductions’ and ‘assisted 

colonisations’ (Chauvenet et al. 2013). Botanic gardens, best known for their ex-situ 

conservation, are ever more involved with restoration through in-situ conservation 

projects such as these (Miller et al. 2016). 

A high proportion of plant species, 58 ± 2.6% (median ± SD), have been projected to 

lose suitable climate conditions within European protected areas by 2080 (Araújo et al. 

2011). These areas were often set up specifically to preserve just a single ‘at risk’ species 

(which, in future climate scenarios, may be placed at even greater risk). In the past, a lack 

of sufficient knowledge regarding the impacts of future climate change means that species 

are now being lost from areas designed to protect them. As a result, translocations of 

these species to new areas containing a suitable climate are becoming necessarily more 

frequent to aid conservation (Baron et al. 2008). Appropriate site selection also remains 

problematic when there may be little knowledge regarding the potential impact of an 

introduction (Thomas 2011), or, of how a species of a particular provenance will interact 

with the population at the translocation site (Bucharova 2016). Better and more frequent 

use of species distribution models (SDMs) (also called ecological niche models (ENMs)) 

when planning conservation projects/preservation areas, and in particular, when planning 

translocations, could improve success in long term species survival and conservation 

(Guisan et al. 2013). Bio-informatic database availability, holding significant volumes of 

previously difficult to obtain information, can help facilitate data access for such models 

(Jetz et al. 2012). Further assistance toward this can come from the knowledge held in 
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botanic gardens, where expertise can help direct species choices, often a complex decision 

(Heywood 2015).  

Protorefuges, protorefugia and restoration goals 

Here, we suggest that the translocation of species could/should be more closely and 

routinely integrated within the early stages of restoration and reclamation project design. 

This type of “future proofing” would not only improve the likelihood that ecosystem 

function would be maintained long term, it may also offer enhanced potential for 

conservation by targeting (in particular) endangered species for translocation. In other 

words, such restoration sites would effectively act as ‘man-made’ micro-refuges and 

microrefugia before a shift in the bioclimatic envelope occurred, and they are forced from 

their present day locations. For sites where translocations such as these are made, we 

propose the terms “protorefuge” and “protorefugium” respectively (Table 1.1, Figure 

1.4). In practice, this “future proofing” could be aligned with the IPCC aims of limiting 

temperature increases to 2°C by 2100, and could take advantage of industrial sites that 

will need reclamation or restoration.  

Most species for which a translocation is considered will be of conservation concern (i.e., 

Near Threatened or worse according to the IUCN Red List of species), or known to be 

in decline. It is then mandatory, desirable, or both, to assist with their conservation (IUCN 

Global Species Programme 2015). Species being pushed out of habitable space (i.e., at the 

trailing edge of a climate shift), and those moving into that space (i.e., at the leading edge 

of the climate shift) need to be considered. Many species at the leading edge of their 

bioclimatic envelope are steadily expanding their range as long as there is a large enough 

population present. Translocation of threatened species into protorefuges (as part of 

restoration) would allow them to establish a foothold ahead of the en masse movement of 

competitors. It would also facilitate the provision of a mix of genetic diversity – 

strengthening a species’ chance of survival as the bulk of its population occupies the 

region in which the protorefuge sits. Sites could further act as protorefugia by providing 

space for species near the trailing edge of a shifting climate, provided that they are 

projected to become refugia in the future (Figure 1.4). 
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Figure 1.4. Schematic showing changes in occupation of space by plant species over time. On the left 
temperate species are confined to glacial macrorefugia in the main, with a small amount of space available to 
them in microrefugia. As the ice caps retreated more space has become available to the temperate species, 
and (i) former glacial refugia are now enveloped by wider habitable space. (ii) Inter-glacial microrefugia 
remain for the cold-adapted species, e.g. mountain tops. Increasing rates of climate change (present day) 
make adaptations to the new climate harder. Translocations (from source sites) to (iii) protorefuges and (iv) 
protorefugia, e.g. restoration sites, provide space for both temperate species “in advance” as future habitable 
space grows, and for cold-adapted species to survive in space projected to become macrorefugia or 
microrefugia. Further warming will continue to reduce the amount of space available for cold-adapted 
species, forcing them into limited refugial space. Dates given for induced increase in warming (1850) and 
reduced rate of warming (2100) are best projections based on current knowledge and accuracy of hindcasts 

/forecasts. 

More tightly combining conservation within restoration will allow the limited resources 

for such work to go further, providing joint benefits to both researchers and practitioners. 

Restoration sites may at times also hold a number of aces over ‘natural’ (e.g. existing 

conservation areas) refugial translocation sites. For example, options for soil amendments 

(or other habitat management options) to benefit translocated species may be available; 

and, there is likely to be far less opposition to ‘new’ species being introduced into an 

industrial restoration site than there is in a presumed ‘natural’ area. Translocations to 

restoration sites for conservation can improve restoration outcomes such as functional 

integrity (Hobbs & Norton 1996) increasing economic feasibility, both of which are 

desirable. However, wider social (stakeholder) acceptance remains unclear, and would 

need to be investigated further. 
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Site availability 

Globally there are numerous sites in need of restoration or remediation, many of which 

will have good potential to act as protorefuges or protorefugia. Brownfield sites (sites that 

have had previous development on them), quarries and other mineral extraction sites, 

completed landfill sites, and industrial sites, such as power plants (including both fossil 

fuel and nuclear plants) could provide desired space in urban, agricultural and natural 

landscapes. Sites closer to built-up areas are more likely to be developed (industrial or 

housing), and in the short to medium-term are suited to act as protorefuges. Sites that will 

act as long term protorefugia are harder to identify due to the uncertainty in long term 

climate projections (Pachauri & Meyer 2014). 

As an example, many of the nuclear power plants constructed in the mid to late twentieth 

Century are now coming to, or have reached, the end of their productive lives. Across 

Europe, there are 78 reactors at 38 sites, including Dounreay, already closed or in 

SAFSTOR (an intermediate ‘safe storage’ decommissioning state), with a further 126 

reactors at 52 sites scheduled to be closed by 2025 (World Nuclear Association 2015) 

(Figure 1.5). These are of particular interest because in most cases they will be restricted 

in terms of post-decommissioning human activities on site – probably for decades and 

possibly for centuries, ensuring minimal disturbance. A further 64 remain scheduled to 

remain open past this date (this does not include those in the planning or construction 

phase) (World Nuclear Association 2015). 

In areas viable for plants and animals, and safe enough for planting activities, this lack of 

further human disturbance will provide the longevity required for the stabilisation of 

translocated plant populations. Minimised external stressors will enhance their viability as 

some of the most suitable protorefuge sites. 
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Figure 1.5. Map of Europe showing the locations of nuclear power plants and the status of their reactors 
(World Nuclear Association 2015). These sites have the potential to become protorefuges or protorefugia for 

threatened species. Map produced in ESRI ArcMap™ 10.0, Redlands, CA.  

Potential restoration/remediation sites will range in size from less than an acre (where 

single buildings are demolished), to hundreds of acres where power plants and mineral 

extraction sites are restored. Brownfield sites are currently underutilised for development, 

while each year upwards of 1000 km2 of greenfield sites (previously undeveloped areas, 

usually amenity or agricultural land) across Europe are threatened by development 

(Science for Environment Policy 2013). The expedient use of brownfield sites would put 

them to good use for conservation purposes, and preserve more habitats that are natural. 

There may not be ‘corridor’ connectivity between such sites, but, they could act as 

‘stepping stones’ or ‘islands’ - in other words, they could provide new, albeit disconnected, 

spaces for species to colonize. The combined use of these sites could create a set of 

widespread and diffuse niche habitats. This is not to suggest that this alone is sufficient 

to conserve species, and further efforts must still remain in place to protect areas of good 

quality habitat (Hodgson et al. 2009) from which the larger population may disperse. Wind 

and animal dispersed seed or spores would eventually reach restoration sites unassisted, 

and invertebrates, particularly flying species, will also reach them. However, certain plant 

species are less likely to reach these spaces without assistance and would benefit the most 

from assisted migration: for instance species with large seeds, or rarer species, such as 

those classified as near threatened, vulnerable or endangered, which have smaller 

populations, hence depleted genetic pools (Loss et al. 2010). 
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Before considering using restoration sites for conservation in the aforementioned way, 

thought needs to be given to the best seed provenance for restoration projects (in light of 

a changing climate). This may include using different sub-populations as a source of 

propagules/seed for a given restoration project to maximise genetic diversity (Hufford & 

Mazer 2003). As we do not yet have full knowledge regarding all species plasticity, 

competitive interactions, limits of biotic and abiotic needs, etc., it has been suggested that 

the best source of seed for restoration is that sourced as locally as possible (Bucharova 

2016). This may be possible for restoration towards a historic state that is already 

represented by the local reference flora, but will not be possible for distant translocations 

aimed at creating future proofed and long-term ecologically functional ecosystems. 

Relying solely on species with local provenance may unintentionally lead to a genetic dead 

end for some if they are unable to adapt to the new climate scenario in which they exist 

(Harris et al. 2006). Understanding the potential consequences of intraspecific 

hybridization between the local and translocated populations, e.g. outbreeding depression, 

needs to be accounted for (Hufford & Mazer 2003). Shifting species beyond their range 

limits to test limiting factors on their distribution has been tried (e.g. Marsico & Hellmann 

2009; Stevens & Emery 2015), with both these experiments finding that species 

distribution was dispersal limited. Finally, with respect to this, we would concur with 

Bucharova (2016) that we do indeed need to experimentally test species we are aiming to 

conserve in their potential new locations, ideally using large scale field trials where 

possible.  

Conclusions regarding climate 

Increased provision of space for threatened species, through a better use of restoration 

projects on industrial sites undergoing decommissioning to suit species needs will be of 

benefit for their conservation in the face of climate change. Although we accept that this 

is not a simple process (Anderson 2013), more and more studies use climate projections 

to forecast the likely conditions that will occur at a given restoration site. Combining these 

projections with species distribution models (Franklin et al. 2013) should form part of the 

design of sites that have a strong potential to become protorefuges or protorefugia (Figure 

1.6). Assuming the rate of climate change continues at its current pace (or faster), such 

sites could be protorefuges, providing space for species with an expanding range in the 

short to medium term. If the rate of climate change reduces in the future, it will become 

easier to match species to sites that will act as refugia, allowing for the creation of 

protorefugia through translocations. By ameliorating restorations to suit the requirements 
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of particular threatened species, conservation and biodiversity can be boosted, and the 

outcome of restoration projects enhanced. At the outset, there will be the need to create 

greater acceptance among stakeholders that restoring a functional ecosystem may not 

always mean that the site will return to its pristine or historic state. It does mean, however, 

that within protorefuges and protorefugia, species composition will be engineered to 

facilitate the long-term ecological functionality of such sites, while simultaneously 

benefitting conservation of threatened species and going some way towards reaching 

globally desirable biodiversity targets. 

 

Figure 1.6. Conceptual model for assessing suitability of species to be integrated in to the novel species pool, 
and to remain in the restored species pool. Evaluating the limitations of the species from reference sites, and 
those threatened by climate, will allow for the right selection of species to be made which will not 
outcompete/be outcompeted by other species. 

 

1.7 Dounreay – a brief history 

The larger site on which the Dounreay nuclear plant sits was first developed towards the 

end of 1942 as an advance base for allied operations against occupied Norway. However, 

by the time the airfield had been completed in 1944 it was no longer required and it was 

mothballed. Subsequently, in 1955, the site was developed to host an experimental fast 

breeder nuclear reactor. Experiments were undertaken to develop and test this technology 

with a view to generating electricity. This led to the construction of numerous 
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buildings/facilities that were associated with the reactor on a site spanning 74 ha (182 

acres) (Figure 1.7).  

 

Figure 1.7. Google Earth image of Dounreay with borders outlining the main areas. ‘Dounreay Site Licence 
Area’ contains the three reactors and associated buildings, ‘Low Level Waste Vaults’ are where the low level 
waste is disposed of, ‘Airfield’ is the WWII construction of the airfield, and ‘Vulcan NRTE’ (Vulcan naval 
reactor test establishment) is the location of the naval test reactors. 

Following the closure of the research facility in 1994, it has now become Scotland’s largest 

nuclear decommissioning, demolition, remediation and restoration project. Two other 

sites in Scotland are undergoing a similar process of decommissioning, Chapelcross (in 

Dumfries and Galloway) and Hunterston A (in Ayrshire) (Nuclear Decommissioning 

Authority 2013), both of which have an as yet less refined end state plan (Magnox Limited 

2014; Magnox Limited 2016). The site is managed by Dounreay Site Restoration Limited 

(DSRL), whose aim is to leave the site and its environment in a condition that will be safe 

for future generations. In order to achieve the interim end state (IES), facilities are being 

decommissioned and demolished, and large-scale remediation and restoration is being 

undertaken. The site closure is recognised as one of the most complex in Europe, and 

although an interesting topic in itself, it lies largely outside the remit of this thesis, whose 

focus is on the establishment of suitable vegetation on the remediated land.     

The small packet of land being restored at Dounreay (when compared to the surrounding 

landscape), and the historic nature of its use, mean that most of the goals set for the 

restoration are within a simple ecological context. Access to some parts of the site will be 

restricted for up to 300 years because of the nuclear legacy - specifically residual low-level 



CHAPTER 1                                                                                                 INTRODUCTION 
 

39 
 

radioactivity at depth – and as such, the restoration goals and expectations are realistically 

relatively uncomplicated. As on other restoration sites, the site boundary is also the 

ecosystem boundary, and hence will impact on the biotic communities the site can 

support (Ehrenfeld & Toth 1997). Nevertheless, the ecological context and restoration 

goals must be set, and three options for the restoration remain.  

The three options for the IES at Dounreay, set out in 2016, are described in the landscape 

plans for the site (CH2M 2016). They are briefly set out here to provide the context of 

the restoration in terms of cost. Some more detail on these options is given in the 

discussion chapter (chapter 6), and although a significant factor in any restoration project, 

this PhD focuses on the ecological context of the restoration. The options are as follows: 

i) Meet the minimum legal requirements to leave the site. This includes leaving 

roads and floor slabs for buildings in place. Ground remediation where required. 

Capital cost of this is £3-4m, and annual cost of £200-250k. 

ii) Remove roads and floor slabs. Ground remediation where required. Site ready 

for change in use once declared safe. Capital cost of this is £5-7m, annual costs 

£50-70k 

iii) Remove contaminated material, develop the site to suit potential future users 

(unknown at present). Remediation of ground where needed. Capital cost £11-

13m, annual cost £120-180k. 

Although a firm decision on which option to take has not yet been made, there is a 

likelihood that it will be option 2. Should this be the case, is the key goal simply the 

successful germination and establishment of seedlings to produce successful offspring? 

The self-sustainability of the population over generations of plants? A visually 

aesthetically pleasing landscape? The dispersal of seed to neighbouring areas, and/or the 

successful recruitment of a diverse insect population and other fauna on to the site? This 

decision will need to be made for the final plan. 

Site restoration 

A major factor to consider in relation to Dounreay’s restoration is its location. It sits on 

the low cliff-tops, subjected to the salt spray from the sea, capable of influencing 

vegetation ‘some distance inland’ (Doody & Rooney 2015). Experiments from the Lizard 

Peninsula, in south-west England, show that some influence of sea spray is carried several 

kilometres inland (Malloch 1972), though beyond one mile (1.7 km) up to about 4 miles 

(6.8 km) inland the effect of salt deposition does not significantly reduce (Edwards & 
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Claxton 1964). The result of this spray is that some of the vegetation communities within 

these limits are rare, have scattered distributions, or both (Sawtschuk et al. 2010). Clearly 

salt spray will affect the species occurring at Dounreay, which sits within 500 m of the 

sea.  

Some knowledge of recent species from the site is known. In 2002, a terrestrial ecology 

baseline report was prepared (Atkins 2002) which provided habitat and species data for 

flora and fauna within the Dounreay site, with a further similar survey in 2016. There is a 

need to provide a safe ground surface to facilitate continued monitoring of the site in the 

years ahead (when some areas will be fenced off to the public). This involves filling in 

cavities/voids and the subterranean footprints of buildings that have been/will be 

demolished. There is ongoing work to assess how much material is available on site for 

this, and how much material will need to be imported. If additional material is required, 

some may be available as a by-product from construction of further low-level waste vaults, 

or else will be extracted from quarries. Once these voids are filled, the land must be made 

reasonably level in order to allow for safe access, and there will be a landscaping layer of 

~1m added to areas where there is contamination below ground. This depth of 

landscaping layer has been agreed as a suitable barrier height by the Highland Council in 

terms of reducing the potential transfer of contaminants (which may be present in the 

underlying soil) to the surface (Henderson 2013).  

Wherever any required additional material comes from, if possible, it should be free of 

any invasive species (either highly competitive or non-native to the area).  

Recommendations that these invasive species should be ‘thoroughly removed’ from 

restoration sites (Kedzierski 2013) may not always be possible, depending on the scale. 

What would then be required is for some remedial work to remove species if they appear, 

and are proving detrimental to the success of the plan. Using material of local origin for 

the restoration should minimise the risk of invasive species. The site will ideally be seeded 

with a bespoke restoration mix representative of species currently found in the Caithness 

vice county (VC 109) – the ultimate aim being to provide a habitat similar to those of 

appropriate reference sites, including the Local Biodiversity Action Plans (LBAP) species 

Primula scotica Hook., found only in coastal sites of Sutherland, Caithness and Orkney. 
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1.8 Thesis outline 

Initially, there were a wide range of options as to how to progress the PhD research. 

Knowing the steps to be overcome, the background of the site, and what parts of the 

project were pre-requisites, all helped to refine the options. Socio-economic constraints 

were beyond the scope of the project, and as such this aspect plays little further part in 

this thesis. Plant species, soil, and/or soil amendments were key elements to be decided 

upon, and were therefore kept as a central element of the thesis. Climate change, 

establishment of species in the long term, and conservation of threatened species, also 

needed to be included, due to the necessary long exclosure of the site. Understanding the 

historic and reference ecosystems was also going to be crucial to understanding how this 

restoration plan could be taken forward. This reference ecosystem will, at least in part, be 

a likely target measure against which the success of the restoration is assessed  (Bernhardt 

et al. 2007), however the ecological success will often fit within a range of targets, reflecting 

the dynamics of nature (Young et al. 2001; Ruiz-Jaen & Aide 2005; Suding 2011). 

Following this introduction chapter, the thesis continues by providing an evaluation of 

species that would be expected on the site, in Chapter 2. This will involve the 

establishment of a reference system based on surveys and soil analyses from a selection 

of cliff-top sites on the north coast of Scotland. Chapter 3 presents the results of a short-

term pot experiment that tested different species mixes and substrate combinations to 

identify what should be tested on the vegetation trial plots. These trials are the focus of 

Chapter 4, presenting data collected over three years (plant, invertebrates, soil), from the 

trial plots that were constructed in situ at Dounreay. In Chapter 5 the results are framed 

within a longer timescale, by presenting an analysis of herbaria collections (species present 

in the past) and testing which species would likely persist in the future involved mapping 

species distributions on to the projected climate for the area. In Chapter 6 the thesis ends 

with a general discussion, bringing together the findings from all the chapters, and 

provides recommendations for the large-scale restoration of Dounreay and future 

research ideas. The thesis structure is summarised schematically in Figure 1.8.



 

 

4
2 

 

 

Figure 1.8. Diagram summarising the conceptual framework of a restoration project (shaded boxes) and the steps taken in this thesis (open boxes). This shows the different types of 
data (vegetation/soil/invertebrate) collected in the different data sets, where comparisons were made, and the relevant chapter number (in brackets).  
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Chapter 2 

2 Reference sites 

2.1 Introduction 

The vegetation that was present on Dounreay prior to its industrialisation is unrecorded, 

and the current objectives of restoration at Dounreay include creating a site which blends 

in with existing local coastal habitats. To provide reference analogues to the potentially 

desired restored state of the Dounreay site, areas were selected along the north coast of 

Caithness and Sutherland to be surveyed. The Society for Ecological Restoration (SER) 

suggest that ‘Information collected on the reference includes both biotic and abiotic components’, and 

that, typically, the ‘reference represents a point…somewhere along the intended trajectory of the 

restoration’ (SER 2004). The intention here was not solely to collect data that fitted the 

desired end state of the restoration, but also to identify which species were distributed 

with sufficient frequency that their seeds might naturally be dispersed onto the site, and 

hence may not need to be sown on the restoration areas. 

Comparisons with reference ecosystems have been used regularly in recent years to track 

restoration trajectories to a desired state, and to allow management intervention to take 

place should this be considered necessary. The information about reference sites may be 

both qualitative and quantitative, but quantitative data, regarding e.g. species area cover 

and frequency, is needed to make any qualitative information, e.g. description of 

appearance of a site, usable and useful (Gatti et al. 2015). Studies have occurred across a 

range of habitats, considering both biotic and abiotic components, including vegetation 

(Poulin et al. 2013) and water chemistry (Gaffney 2016) in northern peatlands; biotic 

interactions in Jarrah forests in western Australia (Grant 2006); cliff-top restoration sites 

in Brittany, France (Sawtschuk et al. 2010); or soil properties in alkaline mine restoration 

sites (Cross & Lambers 2017), to name but a few. The knowledge gained from vegetation 

surveys on reference sites not only provides the necessary information as to which species 

should be seeded or transplanted on to a restoration project, but it also provides the data 

required to help evaluate its success (Suding 2011). 

Background 

Habitats surrounding Dounreay consist of cliff-tops with heathland or grassland exposed 

to varying degrees of salt spray. Analogues of the potentially desired restoration state for 
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the Dounreay site, and sites where seed recruitment may come from, were selected along 

the North coast of Scotland to provide current and comparable data regarding vegetation 

species distributions. This will in turn allow an assessment of the progress of the restored 

area.  

The cliffs along the north coast of Scotland provide a large area of high conservation 

value habitat, much of it listed as ‘Sites of Special Scientific Interest’ (SSSI), and some as 

‘Geological Conservation Review’ sites (GCR). SSSIs are awarded to areas where there is 

the best representation of ‘natural heritage – its diversity of plants, animals and habitats, 

rocks and landforms, or a combination of such natural features’ (Scottish Natural Heritage 

2017); and GCRs are sites considered for their conservation value as having contributed, 

or making a contribution to, Earth heritage (Joint Nature Conservation Committee 2015). 

The data collected in relation to this project (both biotic and abiotic) will enhance existing 

data sets  available for these sites. The vegetation data have already been sent to BSBI 

county recorders for the relevant vice-counties (Caithness, VC109, and West Sutherland, 

VC108), which will benefit the BSBI Atlas 2020, the third atlas of the British and Irish 

Flora. 

Aims and objectives 

The aim of the reference site surveys was to assess the vegetation assemblages across 

reference sites in similar habitats to that found on the low cliff tops at Dounreay. The 

species mixes in these areas are influenced not only by the soil and by soil parent material, 

but also by the exposure to salt spray that they are subjected to on a regular basis as well 

as by historical and current management (e.g., grazing).  

The main objectives of this part of the study are to answer the following questions: 

i) Do different vegetation communities occur along the clifftops of northern 

Scotland? Hypothesis: there will be several distinguishable vegetation 

communities along these cliff tops. 

ii) Does the vegetation change over distance from the sea? Hypothesis: there will 

be a change between the vegetation community found closest to the cliff edge 

and that found further inland. 

iii) Are different vegetation communities associated with a particular set of the 

soil physical and chemical properties? Hypothesis: different vegetation 

communities will be associated within a defined set of physical and chemical 

constraints.  
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2.2 Materials and methods 

Site selection 

Ordnance Survey Landranger Maps numbers 9 to 12 were consulted to find areas that 

may be suitable in the first instance and, where necessary, greater detail was obtained using 

data obtained from Digimap (2014). This provided an estimation of the land use and 

substrates at the different sites. The Botanical Society of the British Isles former vice 

county recorder for Caithness, Ken Butler, suggested other sites that may be suitable 

(pers. comm.). Initial visits were made to these sites to ascertain their suitability as 

reference sites, i.e., were they of suitable size, had land-use changed since images of the 

areas had been taken, and were they heavily grazed (if they were they would be unsuitable 

as reference sites for a no grazing to limited grazing restoration site). Accessibility was 

also needed, as all soil samples and reference material pertaining to the vegetation would 

have to be carried to a road.  Finally, suitability meant an agreement with the land 

managers of the sites for the desired surveys to be carried out.  Figure 2.1 shows the initial 

sites that were selected to be surveyed during 2014 (1-4 and 8-10), and the two further 

sites that were surveyed during the summer of 2015 (5 and 7), adjacent to Dounreay (6). 

Variations in grazing management, altitude, and underlying bedrock are all factors which 

impact vegetation found on the reference sites, with comparison between bedrock and 

vegetation visible in Figure 2.2, and these are summarised below (Table 2.1), along with 

the dominant vegetation occurring on each site when they were surveyed. The distances, 

east or west of Dounreay, are given.  

 

 

Figure 2.1. Map showing Dounreay (centre, no. 6) and the sites surveyed during the summers of 2014 (sites 1 

– 4 and 8 – 10) and 2015 (sites 5 and 7). 
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Figure 2.2. Google Earth image with the reference site quadrats mapped on to them. The change in the 
underlying geology shows itself with the change in the vegetation it supports, seen here as more brown, 
peatland vegetation in the west (on Neoproterozoic Moine), and greener agricultural vegetation towards the 
east (on Devonian sandstone). 

The total distance between the sites at the extremities is 56 km. The greatest distance 

between any two survey sites is 14.0 km between Strathan, the western most site, and 

Rubha an Aird Bhig. The shortest distance between any two sites was between Isauld 

Farm and Borrowton Maines, at 2.3 km.  

Table 2.1. Description of the reference sites surveyed. 

 

Vegetation surveys 

Once selected, each site was walked over to select appropriate locations for setting 

vegetation transects. The gradsect (gradient directed transect) method was used, with 

transects set perpendicular from the sea along an environmental gradient of decreasing 

sea spray influence. Developed by Robert Whittaker in the 1960s (Whittaker 1960; 

Whittaker 1967), this method is effective in recording the overall distributions and 

variation in biota, and the data recorded from them can be meaningfully analysed 

statistically (Gillison & Brewer 1985).  

Site
Distance (km) 

from Dounreay

Mean elevation 

(m)
Underlying bedrock

Dominant 

vegetation
Management

Strathan 34 West 49 Lewisian hornblende rocks (east of Moine thurst) Heathers Common grazing land

Rubha an Aird Bhig 20 West 70 Moine schists Heathers Common grazing land

Rubha na Cloiche 12 West 57 Intrusive igneous and Moine schists Heathers Common grazing land

Red Point 5 West 53 Old red sandstone, Caithness flagstone group Heathers Common grazing land

Isauld Farm 1.5 West 11 Old red sandstone, Caithness flagstone group Grasses Regulated farm grazing

Borrowston Mains 1 East 20 Old red sandstone, Caithness flagstone group Grasses Regulated farm grazing

Ushat Head 6 East 26 Old red sandstone, Caithness flagstone group Grasses Regulated farm grazing

Holborn Head 12 East 85 Old red sandstone, Caithness flagstone group Grasses Regulated farm grazing

Dunnet Head 22 East 46 Upper old red sandstone Heathers Common grazing land
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The main limiting factor restricting locations was the distance that could be travelled 

inland before a change in land use. The ideal minimum was a distance of around 500 m, 

as this is the approximate distance of the furthest inland areas on the Dounreay site (which 

will require a remediation layer). The most frequent change observed prior to the surveys 

was from an ungrazed/occasionally grazed area of land to a frequently grazed area of land 

where agricultural intervention was very noticeable. Since changes in microclimes have 

the potential to alter species presence (Scherrer & Körner 2011), I also attempted to 

restrict transect locations to areas with relatively flat topography, though this was not 

always possible. 

Each transect was made of ten sampling points. A 2 m x 2 m (4 m2) quadrat was used for 

the surveys. This is only about half the size recommended for dwarf-shrub heath surveys 

by Mueller-Dombois & Ellenberg (1974), though is the size recommended by Rodwell 

(2006). Having tested the method at one of the reference sites (Ushat Head), it was 

decided to keep this size of quadrat, as the payback of additional information for extra 

effort diminished rapidly during that trial. Once an appropriate position for a transect had 

been located, a 2 m x 2 m quadrat was placed as close to the sea as safely possible, either 

close to the cliff edge, or on occasion, in a gully running down to the sea. Then, a line was 

walked inland until there was a clearly observed change in vegetation, or for 30 m, 

whichever came first. Specifically, recording changes in vegetation allowed us to maximise 

the number of communities sampled, and maximise the within-site variability of our 

dataset. The second point on the transect was set with the quadrat placed 2 m to the left 

or right of the walked line. From the third point onwards, the maximum distance between 

points was increased to 50 m from the previous point. The sampling points were placed 

closer together at the start of the transect than further inland as it was anticipated that the 

influence of the sea spray would be greater in the first 100 m, as shown at other coastal 

sites (Edwards & Claxton 1964; Malloch 1972). The tenth and final sampling point in 

each transect was near the 500 m mark inland. For each site, two further transects roughly 

100 m apart from the first were set, as shown on Figure 2.3. The intention was for there 

to be three transects at each site, with ten quadrats along each transect. 
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Figure 2.3. Sample points along three 500m long transects, running inland from the sea, approximately 100 m 
apart. Black boxes represent where quadrats were placed for the surveys. 

 

In each 2m x 2m quadrat, all vascular plants were recorded as percent cover classes 

following the Braun-Blanquet scale, as described by Wikum & Shanholtzer (1978). 

Bryophytes and lichens were recorded from a 1m x 1m sub-section of the quadrat, which 

was randomly selected at the start of each transect (e.g., all bryophytes and lichens 

recorded along a particular transect were from the North East corner of the 2 x 2 quadrat). 

Field guides were taken out to help identify species, though if species were not identifiable 

in the field, a specimen was collected and taken back to the lab to identify at a later stage. 

Field guides used were the new revised edition of ‘The Wild Flower Key’ (Rose 2006), 

‘The Vegetative Key to the British Flora’ (Poland & Clement 2009), ‘Mosses and 

Liverworts of Britain and Ireland, a Field Guide’ (Atherton et al. 2010), ‘Lichens, An 

Illustrated Guide to the British and Irish Species’ (Dobson 2005), ‘Sedges of the British 

Isles (Jermy et al. 2007), ‘Grasses’ (Hubbard 1968) and ‘Grasses of the British Isles’ (Cope 

& Gray 2009). Help from staff at the Royal Botanic Garden Edinburgh is hereby 

acknowledged: assistance was given with the identification of, and confirmation of names 

for, a small number of vascular plant species, several bryophytes, and a lichen. 

The number of quadrats recorded in all nine sites was 246, 24 short of the anticipated 270 

from 30 quadrats at each site. Three soil samples were lost from Ushat Head (transect 2, 

samples 3, 4 and 5), while at Isauld Farm (n=18) and Borrowston Mains (n=21), there 

was a sharp change in the vegetation as the transects ran into fields that had a more intense 

level of management (than the rough grazing land observed on other sites prior to 

reaching 500 m inland). This change is visible in the middle and right hand plots on the 

middle row of Figure 2.4, Isauld Farm and Borrowston Mains respectively. 
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Figure 2.4. The locations of the quadrats plotted on each site. From left to right, top row, Strathan, Rubha an 
Aird Bhig, Rhuba na Cloiche, middle row Red Point, Isauld Farm, Borrowston Mains, bottom row Ushat 
Head, Holborn Head, Dunnet Head. 

Different amounts of exposed rock are visible in the group of images presented in Figure 

2.4. Several lines of exposed rock, running approximately east to west, can clearly be seen 

at Holborn Head (middle image, bottom row). The site with the greatest variation in 

topography was Strathan, seen in the left hand plot on the top row (Figure 2.4).  

Ancillary data 

Along with vegetation, a series of ancillary data were collected from each quadrat. The 

variables measured in the field are all given in Table 2.2. 

 

 

 

 



CHAPTER 2                                                                                    REFERENCE SITES 

50 
 

Table 2.2. Variables measured in the field for each quadrat. 

  
Variable Field measurements - Method 

Location 
Handheld GPS receiver (Garmin High sensitivity Etrex, (Garmin 2014)). Recorded as latitude 
and longitude 

Altitude 
Handheld GPS receiver (Garmin High sensitivity Etrex, (Garmin 2014)). Recorded as metres 
above mean sea level (m amsl) 

Slope Estimated slope by eye, recorded as degrees off horizontal 

Soil depth Hand held soil depth probe, marked at 10 cm intervals to depth of 100 cm 

Volumetric water 
content 

Fieldscout®
 TDR 100 Soil Moisture Probe (Spectrum® Technologies, Inc., 2014). Uses Time 

Domain Reflectometry (TDR) technique (Full details in Menziani et al, 1996) 

Vegetation cover Braun-Blanquet cover method 

 

Soil Analysis 

The soil preparation and analysis described here, down to Table 2.5 (p.67), are the 

methods that were used for all soil sample analysis within this thesis. Statistical analyses 

of the obtained data are described within each chapter.  

Soil samples weighing about 300 g were collected from each quadrat using a trowel. The 

top layer of vegetation was removed with the sample taken from directly below, down to 

a maximum depth of 20 cm. Once the soil had been collected it was stored in a zip-lock 

plastic bag. The vegetation was put back in place in order to limit the impact of the survey 

as much as possible. After the sample was collected, the trowel was wiped using vegetation 

in that quadrat. At the next quadrat the trowel was dug into the soil there to ‘acclimatise’ 

it, and wiped again using vegetation at that quadrat, prior to collecting the next sample of 

soil. This helped to ensure that contamination between quadrats was avoided. The soil 

samples were then stored in a freezer (ca. 8 months) until they were analysed in the 

laboratory. In the week preceding analysis of the soils in the laboratory, they were 

removed from the freezer to thaw on a shelf in an unheated shed.  

Soil properties 

These same analyses were carried out for all soil samples in this project: reference sites, 

pot experiments, vegetation trial plots prior to seeding in 2014, and vegetation trial plots 

at the end of the 2016 growing season. A range of physical and chemical properties were 

measured on the soil samples, and are summarised in Figure 2.5. 
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Figure 2.5. Schematic showing the different analyses that were conducted on soil samples, showing 
approximate quantities used. The red circles indicate analyses conducted on oven dried soils, blue circles 
indicate those samples that required inductively coupled plasma optical emission spectrometry (ICP-OES) 

analysis, the green circle surrounds the sample used for nitrate analysis.  

Soil moisture content 

Subsamples of ca. 100 g – 200 g were placed in aluminium trays, weighed to 2 d.p. and 

placed in a drying oven set to 120° C (to drive off free and combined moisture) until there 

was no further reduction in weight through loss of moisture. The time for this was 

between 24 hrs and 72 hrs depending on soil type. To ensure the soils were indeed dry a 

subset of the trays were removed from the oven, weighed, and returned to the oven for 

2 to 4 hours. These were then reweighed and if there had been no further loss in weight 

the trays were all removed from the oven, placed on a bench to reach room temperature, 

and weighed (within 30 minutes). The soil moisture content was calculated using Equation 

1 and is expressed as a percentage. 

Equation 1. Calculation of the soil moisture content 

𝑆𝑜𝑖𝑙 𝑚𝑜𝑖𝑠𝑡𝑢𝑟𝑒 𝑐𝑜𝑛𝑡𝑒𝑛𝑡 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑜𝑖𝑙−𝐷𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑜𝑖𝑙

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑜𝑖𝑙
 𝑥 100   

The dried material from these trays was then used for loss on ignition (LOI), particle size 

analysis and total digests. 

Organic matter content - Loss on ignition 

The organic matter content of the soils was calculated using a loss on ignition (LOI) 

method modified from Ball (1964). Approximately 2 g of soil was added to a crucible of 
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known weight (in grams to a precision of 4 d.p.) and placed in a drying oven at 105° C 

for a minimum of 2 hours. It was then placed in a desiccator for 30 minutes to let it cool 

to room temperature and reweighed, before being heated in a muffle furnace for 8 hours 

with the temperature set to 450° C. Once cool enough it was moved back to a drying 

oven for 2 hours and then to a desiccator for 30 minutes and reweighed. The organic 

matter content was then calculated as the loss on ignition using Equation 2 and expressed 

as a percentage. Samples are shown in Figure 2.6. 

Equation 2. Calculation of the loss on ignition 

𝐿𝑂𝐼 =
𝑃𝑟𝑒𝑓𝑢𝑟𝑛𝑎𝑐𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑜𝑖𝑙−𝑝𝑜𝑠𝑡𝑓𝑢𝑟𝑛𝑎𝑐𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑜𝑖𝑙

𝑝𝑟𝑒𝑓𝑢𝑟𝑛𝑎𝑐𝑒 𝑤𝑒𝑖𝑔ℎ𝑡 𝑜𝑓 𝑠𝑜𝑖𝑙
 𝑥 100   

 

Figure 2.6. Soil samples stored on shelf in the shed after removal from freezer storage (left). Crucibles 
containing soil samples once they had been removed from the furnace.  

Particle size analysis 

Pre-treatments to aid with the disaggregation of particles in soil can be used, such as 

addition of hydrochloric acid (HCl), which can eliminate carbonates holding particles 

together (Gee and Or 2002). Further chemical pre-treatments such as the addition of 

hydrogen peroxide (H2O2) can help to break up organic matter within the soils, aiding 

with dispersal of particularly the finer clay portion of the soil (Kilmer & Alexander 1949). 

These pre-treatments can be time consuming and although beneficial for complete soil 

analysis, one of the important factors being considered here was nutrient bioavailability 

from the soil, and this will in large part be related to the proportion of finer clay/silt 

particles in the soil (i.e., particle sizes below 62 µm). These pre-treatments were thus not 

used in the preparation of the soils here. Such fine fractions have a high active surface 

and interlayer (in the case of clays) surface area along with a high cation exchange capacity 

(in comparison to coarser, sand/gravel fractions). As such, they have a high capacity to 

bind and retain ions from soil solution (i.e., elements/nutrients) which may then be 

available (long term) for plant nutrition. Further particle size classification below 62 µm 
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was only available to this project using a 45 µm (dry) sieve or 38 µm (wet) sieve. Detail 

below this level would have required laser granulometry (not available) and/or 

sedimentation/hydrometer based methods (see Gee & Or 2002).   

Particle size analysis was conducted for those samples that contained less than 50% 

organic matter (OM). Samples with >50% OM were classified as peat based on values in 

the literature. Peat has variously been described as containing over 30% OM (Joosten & 

Clarke 2002), over 50% OM (Huang et al. 2009) and over 80% OM (Radford 1969), and 

this was considered a simple way to separate soil types here into two groups without 

further analysis of data or interpreting descriptive classifications (Bridgham et al. 1996). 

Peat samples were not analysed for particle size as this would certainly require pre-

treatment (to disaggregate), and such organic soil is rarely found adjacent to Dounreay 

(i.e., in just 2 of 39 samples). Peat would also be an inappropriate soil type to use at 

Dounreay as the land is largely well drained and the functioning/carbon storage 

capabilities of peat are greatly decreased/lost when drained (Limpens et al. 2008).  

Particle size analysis was either done by dry or wet sieving (depending on soil 

type/texture) (Figure 2.7), with nine sieves of different aperture sizes in each sieve stack, 

as given in Table 2.3. The maximum size of aperture was 2000 µm, with the size separation 

of particles under this being of most interest as it is from these particles that the majority 

of bioavailable nutrients are derived (Christensen 2001). Oven dried soil samples, 

weighing between 105 g and 615 g, were used for this analysis. Although some 

reservations were held about the particle size analysis (i.e., no chemical disaggregation had 

preceded sieving and the finer fraction was not investigated in detail), the data were 

considered fit for purpose in the sense that a consistent approach was taken within this 

study and data was not compared to that of other studies (which may have used different 

methods).     

Table 2.3. Size of aperture in the different sieves used for both wet and dry sieving, and the stack order given 
by the sieve number. In dry sieving the finest material (<45 µm) was kept to be weighed, in wet sieving the 
finest material (<38 µm) was lost down the sink. 

 

Dry sieving 

For the samples containing just crushed rock (samples from the trial plots with no topsoil) 

dry sieving was carried out using a Retsch® vibratory sieve shaker. The LOI in these 

Sieve number 1 2 3 4 5 6 7 8 9 10

Dry sieving 

Aperture µm
2000 1000 500 250 180 125 90 63 45 0

Wet sieving 

Aperture µm
2000 1000 500 250 180 125 90 63 38 Sink
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instances was <2% apart from in a single instance. An oven dried, representative sample, 

of known weight, was poured into the first sieve, and the sieves set to run at an amplitude 

of 0.5 for 30 minutes. The sieves and their contents were weighed, these data were added 

to the Gradistat v8 grain size statistics program (Blott & Pye 2001) and the results 

recorded for further analysis. 

 

Figure 2.7. Fritsch Analysette wet siever (left). Soils of different origins awaiting their turn to be sieved – either 

dry sieved (yellower samples on low pile), or wet sieved (browner soils in higher stack of samples) (right).  

Wet sieving 

Where more clay/silt rich material was present wet sieving was used in order to help 

disaggregate the soil and separate different sized material. The method is similar to dry 

sieving but after the sample was dried/weighed, it was then soaked in water for 24 hours 

prior to adding to the sieves (as a simple disaggregation pre-treatment). The wet sample 

was then sieved on a Fritsch Analysette 3 pro vibratory wet sieve shaker. Water was 

sprayed on the material in the top tray throughout the sieving process, with material 

smaller than 38 µm being washed out as waste. Samples were sieved for a minimum of 30 

minutes at an amplitude of 0.5, or until the water draining through the sample to the waste 

ran clear. The sieves were then placed in an oven to dry, the sieves and their contents 

were left to cool on the lab bench for 30 minutes, and then weighed. These data were 

then added to the Gradistat program, and the results recorded for further analysis. 

Preparation for measuring pH, conductivity, nitrate and water soluble 

elements 

A “water soluble” extract was undertaken by adding 30 ml of Milli-Q® water to a 50 ml 

centrifuge tube (Fisher Scientific, UK) containing 10 g of fresh, non-oven-dried, soil. The 

mixture was shaken for 30 minutes at 250 rpm on a flatbed orbital shaker (IKA®KS 260 

basic). It was then put into a centrifuge (Thermo Scientific IEC CL30R) at 2500 rpm for 

20 minutes to help produce a supernatant solution which was then filtered for subsequent 
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total oxidised nitrogen (TON) analysis (nitrate+nitrite) and to measure water soluble 

elements using ICP-OES. About 12 ml of the supernatant was filtered into a new 15 ml 

centrifuge tube (Greiner Bio-One polypropylene) using a disposable 45 µm syringe filter 

(30 mm Kinesis KX) attached to a 5 ml syringe (Figure 2.8). 7 ml of this filtrate was 

pipetted into a second 15 ml tube, 0.3 ml of concentrated nitric acid (HNO3) (Fisher 

scientific, trace metal grade) was added to preserve/stabilise, and this was set aside to 

measure water soluble trace elements using ICP-OES analysis. The remainder of the 

filtered sample was analysed for TON content immediately, or, put in a fridge to be 

analysed within 24 hours. The remaining unfiltered solution was then used to measure pH 

and conductivity. For every ten samples prepared, one was made which contained 10 ml 

of Milli-Q® water instead of 10 g of soil (to act as a blank).  

 

Figure 2.8. Samples being filtered through the 45 µm syringe filter on a vacuum pump (left). The AQ2 discrete 

analyser used to measure TON (right). 

pH and conductivity 

The pH of each sample was measured using a Jenway 3345 pH meter/probe, with 

readings recorded to 2 d.p. Conductivity was measured using a HANNA® HI991300 

meter/probe, and the reading recorded.  

Water soluble TON analysis 

Samples were analysed using a Seal Analytical AQ2 discrete analyser (AQ2) (Figure 2.8) 

which utilises a ‘cadmium coil’ reduction (reducing all nitrate present to a measurable 

nitrite form) followed by a sulphanilamide reaction in the presence of N-(1-

naphthylethylenediamine) dihydrochloride according to the method EUR 611-A Rev 0, 

equivalent to EPA-127-A Rev 8 (http://www.seal-analytical.com). This technique 

effectively measures nitrate + nitrite (otherwise known as “total oxidised nitrogen” - 

TON) content in mg/L (detection limit 0.003 mg N/L). Individual samples, once mixed 

with a pH buffer, are passed through a cadmium coil. The nitrate is chemically reduced 

to nitrite in the coil, and is then mixed with a colour reagent, prepared in dilute phosphoric 

http://www.seal-analytical.com/
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acid. This nitrite then reacts with sulphanilamide forming diazonium compounds. The 

species is then coupled with N-(1-naphthyl)-ethylenediamine dihydrochloride forming a 

reddish-purple azo dye. The colour intensity (proportional to nitrite concentration) of this 

is then measured using ultraviolet-visible (UV/Vis) spectroscopy, at 520 nm, which allows 

for levels of nitrite to be calculated (Seal Analytical 2010). Under oxic conditions in 

soils/water, most oxidised nitrogen will be present in the more stable/oxidised form, 

nitrate (i.e., TON will be approximately equal to nitrate/very little nitrite will be present). 

Under more anoxic conditions, nitrite (also a more toxic form of oxidised nitrogen) may 

be more prevalent. Certified reference material (Canadian river water MAURI-09 lot #913 

and lot#815, Environment Canada) and Milli-Q blanks were included to verify that the 

sampling runs were within the accepted limits. 

Acid digest for total element levels 

To measure total element levels present in the soil using ICP-OES, acid digests of soil 

samples were prepared following similar methods to those described by Manjusha et al. 

(2007) adapted to take into account the different materials being tested in this instance. 

This is ostensibly a “pseudo-total” element digest, as full digestion using hydrofluoric acid, 

although possible, was considered excessive (for the purposes of this work) and comes 

with significant safety risks. Here, it was not considered essential to create a true “total” 

digest (i.e., one where even residual/highly insoluble silicates were taken into solution). 

For every 10 soil samples prepared/digested, a digest vial containing a known weight of 

a certified reference material (CRM) and a vial containing Milli-Q® water (procedural 

blank) was included (Table 2.4). Four different CRMs were used during the analysis.  

Table 2.4. The different materials used as certified reference materials and procedural blanks are given below 
with the quantities used for the acid digest. The quantity of soil sample is also given. Although the figures 
given here are to 1 d.p. the weights of the samples and CRMs were recorded to 5 d.p.  

 

Oven dried soil (approx. 0.3 g weighed to 5 d.p) was added to a pure quartz test tube 

thoroughly pre-cleaned in baths with dilute Decon 90® then 10% HNO3 solution, after 

which it was rinsed several times with Milli-Q®. Three millilitres of HNO3 were added to 

the soil and the solution was then shaken carefully on a vortex mixer (Clifton cyclone 

vortex mixer), and then left to pre-digest for 48 hours at room temperature (with the 

CRM CRM CRM CRM
Procedural 

blank

Material tested 

and reference 

number

Soil sample
Soil                     

NCS DC 73321

Bush, branches 

and leaves        

NCS DC 73348

Hay powder     

BCR-129

Lichen                

BCR-482

MilliQ ultrapure 

water

Quantity used 0.3 g 0.2 g 0.3 g 0.3 g 0.3 g 0.3 ml
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samples shaken periodically if required – i.e., if excess foaming occurred). The test tubes 

were then added to an aluminium heating block (Stuart SBH200D) (Figure 2.9) and the 

temperature set to 100° C. Some bubbling and fuming occurred, and as this lessened the 

temperature was raised in 10° C increments to 140° C and left for a minimum of one 

hour, or, until visible fuming stopped. The vials were then removed from the heat and 

placed in a stand to cool for ten minutes; 0.5 ml of H2O2 (Fisher scientific, trace analysis 

grade) was then added.  

The vials were returned to the heating block at 100° C and the oxidation reaction 

observed. When the initial reaction had visibly died down, the temperature was raised in 

10° C increments until it reached a temperature of 140° C again. If the reaction became 

too aggressive during these temperature increase steps the vial was removed briefly from 

the heating plate until the reaction settled, and if necessary, briefly shaken on the cyclone 

mixer before being placed back in the heating block. When all tubes were reacting calmly 

at 140° C they were left on the heating plate for a further one hour. 

The vials were then removed and left to cool, and after five minutes a 0.2 ml aliquot of 

H2O2 was added to them. The vials were then placed in a UV digestor (705 UV Digester 

Metrohm, Switzerland) for ten minutes, removed for a minute, another 0.2 ml aliquot of 

H2O2 was added, with this step repeated until a total of 1.0 ml of H2O2 had been added 

and there was a reasonably clear/colourless digested sample (with only fine residual 

insoluble silicates remaining). Three millilitres of Milli-Q® were then added and the 

samples returned to the UV digester for 10 minutes to re-dissolve any precipitate residues 

on the inner glass surface, then, the tubes were removed and left to cool for 10 minutes.  

The samples were then decanted from the quartz tubes into 14 ml PP centrifuge tubes 

and the sides of the quartz digest vials were rinsed several times with Milli-Q® (into the 

centrifuge tube). The centrifuge tube was filled to the 14 ml mark with Milli-Q® and then 

these were set aside for analysis using ICP-OES. 

 

Figure 2.9. Samples being digested on the heating block (left) prior to analysis on the Varian ICP-OES (right). 
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Mehlich 3 extraction for plant available elements 

A soil sample extract was prepared to provide a measure of plant available trace elements 

(also measured using ICP-OES analysis). These were prepared using methods adapted 

from those available (Mehlich 1984; Zhang et al. 2014).  

A soil sample (< 2 mm fraction) of 2 g (weighted to 2 d.p.) was added to a 50 ml centrifuge 

tube. A 20 ml aliquot of Mehlich-3 extract solution (preparation method below) was 

added to the tube, and within two minutes this was placed on an orbital shaker at an 

amplitude of 200 rpm for five minutes. Within three minutes of this finishing the sample 

was filtered using medium porosity filter paper (Whatman No. 2 equivalent) into a 50 ml 

centrifuge tube. The filter paper was held in a disposable plastic funnel and several 

samples were processed at a time. Ten millilitres of filtered solution were then pipetted 

into a 14 ml centrifuge tube and 0.5 ml of concentrated HNO3 was added to 

preserve/stabilise the solution until analysis using ICP-OES. For every ten samples made 

up with soil, a sample was also made using 2 ml of Milli-Q® (instead of 2 g of soil) and 

processed as per above – this was used as a procedural blank. 

The Mehlich 3 extract solution was prepared using a high density polyethylene (HDPE) 

carboy calibrated to 8 L. 3.2 L of Milli-Q® water was poured into this, a 2-inch magnetic 

stirring rod was placed at the bottom, and 160 g of NH4NO3 (ammonium nitrate, Sigma-

Aldrich®, reagent grade) was added. The solution was placed on a magnetic stirring plate 

(Jenway 110) for 20 minutes until the NH4NO3 had dissolved. Following this, 4.448 g of 

NH4F (ammonium fluoride, Sigma-Aldrich®, ACS reagent grade) was added and the 

solution was stirred for a further 60 minutes. Then, 2.336 g of EDTA-H4 

(ethylenediaminetetraacetic acid, Sigma-Aldrich®, reagent grade) was added to dissolve 

for a minimum of 3 hours, and 92 ml of CH3COOH (acetic acid, Fluka™, trace analysis 

grade) was added, followed by 6.56 ml of HNO3. The stirrer was turned off and the carboy 

was filled to the 8 L calibration mark with Milli-Q. This was stirred for 20 minutes and an 

aliquot taken from the tap to measure pH. The pH should be 2.5 ± 0.1 pH units, and can 

be lowered using 1 M HCl or raised using 1 M NH4OH (ammonium hydroxide) as needed. 

The pH of the first solution was measured at 2.587, and the final solution was measured 

at 2.572. As such, no alterations were required to raise or lower the pH. 

ICP-OES analysis of all samples, CRMs and procedural blanks 

The samples prepared through filtration (water soluble fraction), the acid digests and the 

Mehlich 3 extracts were all measured for trace elements using an ICP-OES (Varian 720-
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ES) (Figure 2.9). Runs of up to 240 samples (minimum number on a run was 142) were 

made up of soil extracts/digests, CRMs and procedural blanks. Solutions were poured 

into ICP auto-sampler tubes which were loaded onto the auto-sampler system (Varian, 

Inc. SPS3 sample preparation system). To calibrate the instrument, five standard solution 

mixtures were made, including one blank, using the quantities of certified pure element 

solutions given in Table 2.5.  

A trial ICP run showed that some of the readings for the digested samples were above 

the constructed calibration curve – as such, these were diluted 1:15 with Milli-Q®. Each 

soil sample therefore generated four sets of ICP data: undiluted digest data, 1:15 diluted 

digest data, filtered (water extract) data, and Mehlich 3 extract solution data. 

The samples were randomly ordered prior to ICP analysis (within one of the 4 sample 

sets – i.e., the 4 distinct sample sets were not “mixed”). At the start and the end of the 

entire run the ICP ran a full calibration set using a prepared blank and the mixed standards 

outlined in Table 2.5. After every 15 samples a blank and an intermediate (number 3) 

standard were measured to help monitor any drift in sensitivity and as a working “check” 

on the instrument function (i.e., aspiration line blockages or other instrument issues are 

simple to detect if a standard check is tested periodically throughout the run). As there 

were no CRMs within the filtered water or Mehlich 3 extract sets, at least one of the 15 

samples tested was a Milli-Q® procedural blank which had been prepared in exactly the 

same way as the soils had been (simply replacing the weight of extracted soil with water 

and following the normal extract process). Where there was a single procedural blank 

available this was positioned at number 8 out of 15, where there were two blanks, they 

were positioned at numbers 4 and 12 out of 15. Within the acid digest runs – for every 15 

samples tested there was always one Milli-Q® blank and one CRM. The blank was always 

positioned at number 8 out of 15 and the CRM was randomly positioned within one of 

the other spaces.



 

 
 

6
0
 

Table 2.5. Dilutions for intermediate standards and calibration standards for ICP-OES. Absorption lines are given (nm), essential mineral elements (EME) and beneficial mineral 
elements (BME) are also shown. The samples prepared by UV digestion had a higher HNO3 content than the other samples and the standards for these had a HNO3 content of 10.3%. 

The standards for the other three preparations had a HNO3 content of 2.5%. Table adapted from French (2015) 

 

 

Trace element standards at 1000mg/L 

concentration

Trace element volume 

in intermediate 50 ml 

standard (ml)

Intermediate standard mg/L Standard 1 Standard 2 Standard 3 Standard 4 Standard 1 Standard 2 Standard 3 Standard 4

As 188.980 0.250 5.0 100 200 300 500

Cd 214.439 0.275 5.5 110 220 330 550

Co 228.615 BME 0.125 2.5 50 100 150 250

Cr 267.716 0.250 5.0 100 200 300 500

Cu 327.395 EME 2.800 56.0 1120 2240 3360 5600

Mn 259.372 EME 6.500 130.0 2600 5200 7800 13000

Mo 202.032 EME 0.125 2.5 50 100 150 250

Ni 222.486 EME 0.125 2.5 50 100 150 250

Pb 220.353 0.125 2.5 50 100 150 250

Se 196.026 BME 0.125 2.5 50 100 150 250

Ti 368.520 1.250 25.0 500 1000 1500 2500

Zn 202.548 EME 2.500 50.0 1000 2000 3000 5000

Total volume standards 14.450

Volume remaining to dilute to 50 ml 35.550

Volume acid required for 2.5% 

acidification of intermediate std. (ml)
0.889

Volume of MilliQ to dilute to 50 ml 34.661

Single element standards mg/L Standard 1 Standard 2 Standard 3 Standard 4 Standard 1 Standard 2 Standard 3 Standard 4

Al 237.312 0.5 1 1.5 2.5 10000 20000 30000 50000

Ca 318.127 EME 1 2 3 5 20000 40000 60000 100000

Fe 259.940 EME 0.4 0.8 1.2 2 8000 16000 24000 40000

K 404.721 EME 2 4 6 10 40000 80000 120000 200000

Mg 285.213 EME 0.6 1.2 1.8 3 12000 24000 36000 60000

Na 568.821 BME 2 4 6 10 40000 80000 120000 200000

P 177.434 EME 1 2 3 5 20000 40000 60000 100000

S 181.972 EME 0.7 1.4 2.1 3.5 14000 28000 42000 70000

Intermediate standard 1 2 3 5

Total volume stds. (ml) 9.2 18.4 27.6 46

Total vol remaining to dilute to 50 ml (ml) 40.8 31.6 22.4 4

Vol. acid required for 2.5% acidification of 1.02 0.79 0.56 0.1

vol. MilliQ dilution to 50 ml (ml) 39.78 30.81 21.84 3.9

Vol. acid required for 10.3% acidification of 4.92 4.69 4.46 4

vol. MilliQ dilution to 50 ml (ml) 35.88 26.91 17.94 0

Conc. In ICP-OES calibration standards (ppb)Volume added to ICP-OES calibration standard (ml)

As above for intermediate standard

Intermediate standard 

Volume in ICP-OES calibration standard (ml)

1 2 3 5

Conc. In ICP-OES calibration standards (ppb)
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Statistical analysis 

Statistical analysis of the data were performed using  R version 3.3.1 (R Core Team 2016) 

in RStudio (Version 0.99.903 (RStudio Team 2015)). The methods closely follow those 

used by Hugron et al. (2011), where a large number of sites, in that instance borrow pits, 

were compared to assess different community assemblages, and then test the effects of 

the soil on the make-up of the plant communities within them. 

The methods for the surveys focussed on ascertaining the occurrence of more frequently 

occurring species than the rarer ones. Species with an average occurrence of < 5%, were 

therefore omitted from these analyses, though the mean level of cover may have been 

>5%. This omission of the rarer species at the 5% level has been used with a similar 

number of relevés (299 by Hugron et al. 2011), while others have set a 10% frequency of 

occurrence threshold (Sawtschuk et al. 2010). This reduction in species tested left 67 taxa 

remaining in the analysis from the original 153 taxa identified on the reference sites. 

In some samples, the concentration of water soluble TON was below the limit of 

detection (LOD). There are a number of ways to deal with data such as this, i.e., by 

replacing <LOD values with ‘0’, or, a fraction of the LOD, often 0.5 x LOD (Croghan & 

Egeghy 2003). In this instance, as there were a large number of samples (n = 243), some 

of which had very elevated levels (>50 µg/g n=27), the few samples below the LOD (n 

= 7) were simply replaced with ‘0’.  

Clustering analysis 

Clustering analysis allows for communities of similar species to be grouped, and can be 

visualised in a dendogram. The dendogram can then be separated into clusters, groups of 

sites sharing similar species. A choice needs to be made as to how many clusters can be 

identified, the maximum number possible being the number of data sets entered into the 

analysis at the start (n = 246). The aim is to minimize the total intra-cluster variation, or 

the ‘within-cluster dispersion for g groups around g centroids’ (Grimm 1987) and the ‘elbow’ 

method was used to help find the most suitable number of clusters. This plots the 

potential number of clusters against the total within-clusters sum of squares, and where 

an ‘elbow’ is seen, i.e., a reduction in the gradient of the line, this may be the optimal 

number of clusters to use. There is a level of subjectivity around the number of clusters 

selected, though the clusters should be ecologically meaningful in helping to resolve the 

question being asked. 
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The species data, entered as percentage coverage, were transformed (Hellinger 

transformation) to give less weight to the multiple ‘0s’ (absence of species) present in the 

dataset. Cluster analysis using the function ‘h.clust’ and method ‘Ward.D2’ function, which 

follows Ward’s methods and minimizes the error between clusters, was used (Murtagh & 

Legendre 2014). A dendogram of all the vegetation communities was then plotted, and 

the selected numbers of clusters was added to this using the function ‘rect.hclust’. 

Forward selection and redundancy Analysis 

To identify which environmental variables were shaping the vegetation assemblages, a 

redundancy analysis (RDA) was used. This was preceded by a forward selection to target 

variables exerting the greatest influence on the vegetation. I used the ‘forward.sel’ function 

in the package ‘adespatial’ (Dray et al. 2017), and 49,999 Monte Carlo permutations, to 

select the most important variables from the pool of geographic variables and physical 

and chemical characteristics of the soil (Table 2.6). This method applies the stopping 

criteria of Blanchet et al. (2008), preventing overestimation of the explanatory variable, 

and keeping the R2 values of the selected model below those of the global model, assisting 

further in reducing type I errors. Holm’s correction (Holm 1979) was made on the results, 

which sequentially rejects those variables which do not have an effect on the outcome 

until it can reject no more. An ANOVA was used to test the significance of explanatory 

variables, and those with a p<0.05 were retained to be used in the RDA. 

Table 2.6. Variables used in the global model for the forward selection. Analysis extraction method for 
nutrients is given: M3 = Mehlich 3 extract; ws = water soluble extract; dig = acid digest extract. 
Transformation (if any) of the variables are given in parenthesis. The variables with grey background were 
excluded from the forward selection model. 

Global model (unit measured) {extraction method} [transformation] 

Latitude (decimal degrees) VWC (%) [log]   Cu (ppb) {M3} [log] 

Longitude (decimal degrees) LOI (%) [log] Pb (ppb) {M3} [sqrt] 

Altitude (m amsl) TON (µg N/g soil) {ws} [log] Mn (ppb) {M3}[log] 

Distance inland (m) P (ppb) {M3} [log] Mo (ppb) {dig} [log] 

Soil depth (cm) K (ppb) {M3} [sqrt] Na (ppb) {ws} [sqrt] 

Soil moisture (%) S (ppb) {M3} [log] Ni (ppb) {M3} [log] 

pH Ca (ppb) {dig} [sqrt] Ti (ppb) {dig} [log] 

Conductivity (µS m-1)  [log] Mg (ppb) {ws} [log] Zn (ppb) {M3} [log] 

  

The RDA was performed (function ‘rda’ in the package ‘vegan’ (Oksanen et al. 2016)) on 

vegetation data which had been Hellinger transformed, constrained by the 16 variables 

retained by the forward selection (Table 2.6). The RDA was plotted, and the function 

‘Ordiellipse’, using a 90% CI, was used to plot the site cluster ellipses. To calculate how 
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much variation could be attributed to the two groups of variables (geography or soil 

properties), I conducted variation partitioning. This was achieved by running a partial 

RDA using only the four geographic variables (latitude/longitude/ altitude/distance 

inland) and another one with the remaining 12 physico-chemical variables (Peres-Neto et 

al. 2006). 

2.3 Results 

The surveys at the 9 reference sites provided vegetation and soil data from a total of 246 

quadrats. The surveys identified 153 taxa, split between 107 angiosperms (19 grasses, 88 

non-grasses), 3 pteridophytes, 36 bryophytes and 7 lichens. The reduction in the number 

of species used in the analysis (because of selecting only species occurring in >5% of 

quadrats) reduced this number to 67 taxa, made up of 52 angiosperms (6 grasses, 46 non-

grasses), 13 bryophytes, and 2 lichens (Table 2.8). Those species occurring with a 

frequency of <5% are given in Appendix Chapter 2, Table 7.1. 
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Table 2.7. Species recorded in ≥5% of the reference sites, and used in the cluster analysis and subsequent 
analysis of the references sites. The frequency and cover are values across all 246 relevés surveyed. 

Abbreviations are only given for the species whose names are abbreviated later on in the chapter. 

 

 

 

  

1 3 4 5 7 2 6 8

Angiosperm Arm_mar Armeria maritima  (Mill.) Willd. 7.3 0.5 ± 0.1 7 67 9 3

(non-grass) Bellis perennis L. 11.0 0.5 ± 0.1 25 6 67 19

Cal_vul Calluna vulgaris  (L.) Hull 68.7 36.2 ± 2.1 8 64 38 44 100 98 100

Carex 39.0 4.3 ± 0.6 8 14 22 57 19 38 56 52

Car_nig Carex nigra  (L.) Reichard 15.0 3 ± 0.6 71 29 6 14 9 17 8

Carex pulicaris  L. 8.1 0.4 ± 0.1 4 43 6 48 3 4

Cerastium fontanum  Baumg. 11.0 0.5 ± 0.1 33 39 43 9

Cochlearia danica L. 5.3 0.3 ± 0.1 50 5 6 2

Dactylorhiza fuchsii  (Druce) Sóo 16.3 0.5 ± 0.1 17 43 6 9 29 6 25

Emp_nig Empetrum nigrum  L. 37.4 7.4 ± 0.9 8 21 11 14 78 67 20 49

Erica cinerea  L. 19.9 1.2 ± 0.2 7 5 3 33 26 40

Eri_tet Erica tetralix  L. 57.3 4.1 ± 0.3 13 64 11 5 47 83 82 8

Eri_ang Eriophorum angustifolium  Honck. 32.9 7.7 ± 1 3 83 78 33

Euphrasia  agg. 27.2 1.2 ± 0.1 25 43 67 71 31 21 21

Hypochaeris radicata  L. 8.5 0.4 ± 0.1 29 17 19 13 5

Juncus squarrosus  L. 6.1 0.6 ± 0.2 6 4 12 10

Lot_cor Lotus corniculatus  L. 22.4 2.2 ± 0.4 58 21 28 67 13 4 24

Luzula multiflora  (Ehrh.) Lej. 9.3 0.4 ± 0.1 33 17 19 6 6 5

Luzula  spp. 8.9 0.4 ± 0.1 13 14 10 25 4 8

Narthecium offifragum  (L.) Huds. 8.5 0.4 ± 0.1 7 0 25 26 2

Pedicularis sylvatica  L. 5.7 0.2 ± 0.1 13 21 13

Pilosella officinarum  F.W.Schultz & Sch. Bip. 7.3 0.9 ± 0.4 29 21 10 6 6

Pinguicula vulgaris  L. 6.1 0.2 ± 0.1 43 13 4 6

Plantago coronopus  L. 5.3 0.2 ± 0.1 13 44 6

Pla_lan Plantago lanceolata  L. 23.2 1.1 ± 0.2 46 21 50 95 28 8

Pla_mar Plantago maritima L. 21.1 2.1 ± 0.4 42 14 94 33 19 4 14

Polygala  serpyllifolia Hosé 6.9 0.2 ± 0.1 4 7 6 19 9 12 2

Pot_ere Potentilla erecta  L. 61.4 3.9 ± 0.3 54 57 17 48 88 50 62 73

Primula scotica  Hook. 6.1 0.3 ± 0.1 4 7 33 14 9 2

Prunella vulgaris  L. 10.6 0.4 ± 0.1 8 14 11 62 13 5

Ranunculus acris  L. 5.3 0.5 ± 0.1 38 14 11

Ranunculus repens  L. 10.2 1 ± 0.3 38 14 6 48 6 2

Rumex acetosa  L. 7.7 0.8 ± 0.2 50 14 16

Salix repens  L. 16.3 1.4 ± 0.2 33 29 10 6 17 8 25

Scilla verna  Huds. 6.9 0.4 ± 0.1 21 7 33 5 6 3

Scorzoneroides autumnalis  (L.) Moench 6.1 0.3 ± 0.1 4 6 38 6 5

Succisa pratensis Moench 13.0 0.5 ± 0.1 36 24 9 13 6 21

Thymus polytrichus  A.Kern. Ex Borbás 7.7 0.5 ± 0.2 8 7 11 19 31

Trichophorum germanicum  Palla 16.3 2.8 ± 0.6 6 17 58 10

Tri_rep Trifolium repens  L. 20.3 1.3 ± 0.2 58 7 50 62 38 2

Viola  spp. 13.4 0.7 ± 0.1 17 21 17 43 28 4 5

Angiosperm Agrostis capillaris  L. 21.1 2.1 ± 0.4 17 7 44 38 59 19

(grasses) Agrostis stolonifera  L. 6.1 0.7 ± 0.2 42 14 6 6 0

Ant_odo Anthoxanthum odoratum  L. 30.5 2.7 ± 0.4 17 36 11 100 75 13 2 24

Cyn_cri Cynosurus cristatus  L. 6.5 1.1 ± 0.3 54 10 3

Danthonia decumbens  (L.) DC. 12.2 0.7 ± 0.1 13 14 11 29 25 13 10

Deschampsia flexuosa  (L.) Trin. 13.8 1.2 ± 0.3 4 7 16 4 10 33

Fes_ovi Festuca ovina  L. 37.4 5.9 ± 0.8 33 14 67 90 72 17 8 32

Festuca rubra  agg. 6.5 1.1 ± 0.4 25 7 33 3 3

Hol_lan Holcus lanatus  L. 24.0 2.2 ± 0.3 25 14 22 90 66 2 10

Mol_cae Molinia caerulea  (L.) Moench 27.6 4.9 ± 0.9 50 93 5 3 42 30 25

Nardus stricta  L. 23.2 3.4 ± 0.6 4 21 5 66 17 12 33

Txonomic groupAbbreviation Species (or higher taxon)
Mean 

frequency (%)

Mean cover ± 

SE (%)

Frequency of occurrences (%) by cluster
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Table 2.7. (Cont.) Species recorded in ≥5% of the reference sites, and used in the cluster analysis and 
subsequent analysis of the references sites. The frequency and cover are values across all 246 relevés surveyed. 

Abbreviations are only given for the species whose names are abbreviated later on in the chapter. 

 

The most frequently occurring species was Calluna vulgaris (L.) Hull, recorded from 69% 

of the quadrats, and with the highest mean cover of 36%. Other frequently occurring 

vascular species were Potentilla erecta L. (61%), Erica tetralix L. (57%), Empetrum nigrum L. 

(37%). Festuca ovina L., with 37% frequency, and Anthoxanthum odoratum L. (31% 

frequency), were the two commonest grasses. Bryophytes frequency was high for Hypnum 

jutlandicum Holmen & E.Warncke (33% frequency) and Dicranum scoparium Hedw. (22%), 

with Rhytidiadelphus squarrosus (Hedw.) Warnst. present in 18% of quadrats. Two lichen 

species, Cladonia portentosa (Dufour) Coem. and Cladonia uncialis (L.) F.H.Wigg. subsp. 

biuncialis (Hoffm.) M.Choisy were present in 29% and 20% of quadrats respectively. 

In looking forward to the restoration there is known to be a limited supply of topsoil in 

the area, and minimising topsoil use will aid in reducing the environmental impact of the 

restoration. Assessing which species grow in shallow soil (<10 cm depth) showed that 13 

of the 22 most frequently occurring species have been sown on the trial plots, Table 2.8. 

The surveys did reveal the presence of an angiosperm species rarely recorded in the area. 

Hypericum perforatum L., recorded at Rubha na Cloiche in 2014, in two relevés (Figure 2.10). 

H.perforatum is very distinguishable due to the multiple translucent glands on the leaves. 

The lichen Cladonia cornuta (L.) Hoffm., seen on Dunnet Head (T3, Q7) (Figure 2.10), is 

the first record of this species in Caithness since 1977, with one other previous record for 

its presence in Caithness in 1960. These occurrences show that the survey method 

selected did indeed cover the mix of vegetation in enough detail to collect records of rarer 

species. 

 

1 3 4 5 7 2 6 8

Bryophyte Dicranum scoparium  Hedw. 22.4 1.2 ± 0.2 14 5 9 21 52 29

Hylocomium splendens  (Hedw.) Schimp. 5.3 0.8 ± 0.3 13 10 6 2 8

Hypnum cupressiforme  Hedw. 6.9 0.6 ± 0.2 14 3 4 16 8

Hyp_jut Hypnum jutlandicum  Holmen & Warncke 32.5 5.7 ± 0.8 14 28 38 92 22

Kindbergia praelonga  (Hedw.) Ochyra 12.6 1.2 ± 0.3 8 7 11 10 34 4 6 14

Plagiothecium undulatum  (Hedw.) Schimp. 11.0 0.6 ± 0.1 14 5 9 8 20 14

Pleurozium schreberi  (Willd. Ex Brid.) Mitt. 7.7 0.5 ± 0.1 21 0 16 4 12 6

Pohlia nutans (Hedw.) Lindb. 8.1 0.4 ± 0.1 24 22 4 4 8

Pseudoscleropodium purum  (Hedw.) M.Fleisch. 9.8 0.7 ± 0.2 29 24 6 4 8 13

Racomitrium lanuginosum  (Hedw.) Brid. 8.9 0.5 ± 0.1 3 13 26 8

Rhytidiadelphus loreus  (Hedw.) Warnst. 8.1 0.8 ± 0.2 4 29 6 19 16 8 4 2

Rhytidiadelphus squarrosus  (Hedw.) Warnst. 18.3 1.8 ± 0.4 21 14 11 29 63 10 8

Sphagnum spp. 13.8 2.9 ± 0.7 7 3 25 44 6

Lichen Cla_por Cladonia portentosa  (Dufour) Coem. 28.5 5.4 ± 0.9 21 6 3 96 60 19

Cla_biu Cladonia uncialis  (L.) F.H.Wigg. ssp. biuncialis 

(Hoffm.) M.Choisy

19.9 4.8 ± 0.9

36 3 88 28 13

Frequency of occurrences (%) by cluster
Txonomic groupAbbreviation Species (or higher taxon)

Mean 

frequency (%)

Mean cover ± 

SE (%)
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Table 2.8. Most frequently occurring species in the shallow soil quadrats (<10 cm) of the reference sites that 
were also sown on the vegetation trial plots. The mean cover is an approximation based on banding from the 

Braun-Blanquet survey. 

 

 

Figure 2.10. H.perforatum, flower (left) at Rubha na Cloiche, and leaf (middle [from Wikimedia Commons]), 
showing clear translucent spots on the leaf that light penetrates.  C.cornuta (right) at Dunnet Head. Evidence 

that less frequently occurring species were recorded using the broad sweep survey method used. 

Cluster dendogram 

The cluster dendogram was split into eight clusters, ranging in size from 14 to 63 relevés 

(Figure 2.11). A clear split between vegetation communities dominated by C.vulgaris, lower 

three clusters (id. no.s 2, 6, and 8), totalling 137 relevés, and those dominated by other 

species, top five clusters (id. no.s 1, 3, 4, 5 and 7), totalling 109 relevés is seen. The eight 

different clusters are described below.  

 

 

 

Species Frequency Mean cover (%)

A.capillaris 11 7

A.maritima 9 7

A.odoratum 16 14

B.perennis 10 4

C.danica 6 5

F.ovina 18 22

H.radicata 7 5

L.corniculatus 15 14

P.lanceolata 17 5

P.maritima 14 12

P.vulgaris 9 4

T.polytrichus 6 10

T.repens 14 6



 

 
 

6
7
 

 

Figure 2.11.  Dendogram of and descriptions of the eight ecologically meaningful plant communities identified from the reference sites using Ward’s minimum distance clustering 
analysis. The plant community number given here is the same as that used in the RDA plot (Figure 2.21). The sum of relative cover means gives the amount of cover relative to the 
Cladonia Calluna heath community (id no. 2). All communities except for the maritime community (id no. 4) had ≥ 100% mean cover on the Braun-Blanquet scale. Abbreviated 

species names are used here, full species names are given in Table 2.7. Figure based on that of Hugron et al. (2011).
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Plant community descriptions 

1) The ‘Carex Lotus’ community (Figure 2.12) was dominated by the presence of 

Carex nigra (L.) Reichard, present in 71% of the 24 quadrats in this cluster, 

sometimes covering up to 75% of the ground. Also frequently present were Lotus 

corniculatus L., Trifolium repens L. (both in 58% of the quadrats, and covering up to 

50% and 25% of the ground respectively) and Cynosurus cristatus L. and P.erecta  

(both in 54% of the quadrats and covering up to 50% of the ground). Other 

frequently occurring vascular plants were Molinia caerulea (L.) Moench and Rumex 

acetosa L. (both in 50% of quadrats and covering up to 25% of the ground). 

R.squarrosus and Hylocomium splendens (Hedw.) Schimp. were both present (21% and 

12.5% of quadrats respectively, with the former reaching up to 75% cover).  

This community ranged in distance from 50 to 350 m from the sea, and was 

generally at a low altitude (< 30 m), but up to 80 m on one occasion. This cluster 

was particularly prevalent at Isauld Farm and Borrowston Mains, adjacent to 

Dounreay. All but one of the soil samples from this cluster was mineral. 

 

Figure 2.12. Photograph of a quadrat in the ‘Carex Lotus’ community (transect 2, quadrat 2, at Ushat Head). 

2) The ‘Cladonia Calluna heath’ (Figure 2.13) was the vegetation community with 

the greatest ground cover, with the dominant species on the quadrats being 

C.vulgaris, present on all of the 24 quadrats in this group, and generally covering 

between 25% and 75% of the ground. Below this was a lichen layer, made up of 

C.portentosa and C.uncialis subsp. biuncialis. This layer was in 90% of the quadrats, 

and frequently covered over 50% of the ground. Amongst the lichen there were 

the bryophytes H.jutlandicum in 40% of quadrats, and Sphagnum spp. in 25%, 

though both with low mean cover of <5%. Other vascular plants occurring in this 

community were Eriophorum angustifolium Honck. and E.tetralix, present in 83% of 

the quadrats, but with lower mean cover of 23% and 4% respectively.  
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This community was mostly found on peaty soils (mean pH 4.7, between 80 m 

and 500 m from the coast). All but three soils in this cluster were peat. 

 

Figure 2.13. Photograph of a quadrat in the ‘Cladonoia Calluna Heath’ community (transect 1, quadrat 10, at 

Red Point) 

3) M.caerulea was the dominant species in the ‘Molinia caerulea’ cluster (Figure 2.14), 

the smallest cluster, totalling 14 quadrats. The species occurred in 93% of them 

and had a mean cover of 44%. The heathers C.vulgaris and E.tetralix were found 

in 64% of quadrats, with mean covers of 12% and 5% respectively. P.erecta 

occurred in 57% of these quadrats, and there were also other less frequently 

occurring species, including Euphrasia agg. and Dactylorhiza fuchsia (Druce) Sóo in 

43% of the quadrats. 

The pH in this cluster had a mean of 5.9, and was, with the Cladonia Calluna 

heath, found furthest from the sea, at an average distance of 316 m from the sea. 

There were no peat soils in this cluster. 

 

Figure 2.14. Photograph of a quadrat in the ‘Molinia caerulea’ community (transect 2, quadrat 10, at Holborn 
Head). 
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4) The ‘Maritime’ community (Figure 2.15) was dominated by Plantago maritima L., in 

94% of the 18 quadrats covering around 15% of the ground. Euphrasia agg., 

Armeria maritima (Mill.) Willd., and F.ovina were in 66% of the quadrats, but with 

ground cover of 3%, 6%, and 28% respectively. Other species associated with the 

cliff edges found here were Plantago coronopus L. (44% occurrence) and Primula 

scotica Hook. (33% occurrence). This community had the lowest mean ground 

cover, although it was still at around 99%.  

The Maritime community had the highest soil pH of all clusters, with a mean of 

6.63, and a mean distance inland of 64 m. All but one of the soils samples in this 

cluster were mineral. 

 

Figure 2.15. Photograph of a quadrat in the ‘Maritime’ community (transect 1, quadrat 3, at Ushat Head). 

 

5) The ‘Grassland’ community (Figure 2.16) was dominated by A.odoratum in all 21 

quadrats in this cluster. F.ovina and Holcus lanatus L. were in 90% of the quadrats, 

with Plantago lanceolata L. in 95%. Euphrasia agg. and L.corniculatus present in 71% 

and 67% of quadrats respectively, with mean covers of 3% and 7%. There were 

different bryophytes found in this community, with R.squarrosus in 29% of 

quadrats, and Pseudoscleropodium purum (Hedw.) M.Fleisch. and Pohlia nutans 

(Hedw.) Lindb. in 24% of quadrats. All three of these bryophytes only occurred 

on small patches with a mean cover of around 1%. 

The mean pH of the soil for this community was 6.36, with a higher level of water 

soluble TON (104 µg N/g soil) than in other communities. All but two of the soil 

samples in this cluster were mineral. 
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Figure 2.16. Photograph of a quadrat in the ‘Grassland’ community (transect 1, quadrat 5, at Holborn Head). 

 

6) The ‘Hypnum heath’ (Figure 2.17) was one of the largest clusters made up of 50 

quadrats. It had a large number of bryophytes on it, with H.jutlandicum the most 

dominant, occurring in 92% of the quadrats with a mean cover of 24%. 

D.scoparium was present in 52% of quadrats, with a low mean cover of 3%, with 

Sphagnum spp. in 44% of quadrats, with a higher mean cover of 12%. Vascular 

plants dominating this community were C.vulgaris, E.tetralix and P.erecta, occurring 

in 98%, 82% and 78% of quadrats respectively, with respective mean ground 

cover of 61%, 5%, and 18%. 

The Hypnum heath had the lowest pH of all the communities clustered, at 4.37, 

and one of the wettest soils, with a VWC of 80%. It was generally found further 

inland, at a mean distance of 262 m from the sea. All but one soil sample in this 

cluster was classified here as peat (> 50% LOI). 

 

Figure 2.17. Photograph of a quadrat in the ‘Hypnum Heath’ community (transect 1, quadrat 6, at Rubha an 
Aird Bhig). 
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7) P.erecta and E.nigrum were dominant in the ‘Potentilla Empetrum’ community 

(Figure 2.18). These two species occurred in 88% and 78% of quadrats 

respectively, covering a respective 6% and 26% of the ground. These were 

followed in frequency on quadrats by the five grasses A.odoratum. F.ovina, 

H.lanatus, Nardus stricta L. and Agrostis capillaris L., ranging from 75% down to 60% 

cover. The bryophyte R.squarrosus occurred in 63% of the quadrats with a mean 

cover of 6%, and another bryophyte, Kindbergia praelonga (Hedw.) Ochyra was 

present in 36% of the quadrats. 

The Potentilla Empetrum community was found at a mean distance of 58 m from 

the sea. The community occurred on soil with a relatively low pH, of 5.14. The 

soils were mixed in this cluster, with 13 peat soils and 19 mineral soils.  

 

Figure 2.18. Photograph of a quadrat in the ‘Potentilla Empetrum’ community (transect 1, quadrat 2, at 

Strathan). 

 

8) The ‘Calluna Erica’ community (Figure 2.19) was the most common one found, 

with 63 quadrats in this cluster. It was dominated by C.vulgaris, present in every 

quadrat, with E.tetralix in 79% of quadrats. C.vulgaris had a mean ground cover of 

66%, with a drop in cover for E.tetralix to 7%. P.erercta was also found in 73% of 

quadrats with a lower cover of 4%. D.scoparum was the most common bryophyte 

recorded in this community, being in 29% of quadrats, with a cover of 2%, and 

the lichens C.portentosa and C.uncialis subsp. biuncialis occurred in 19% and 13% of 

quadrats respectively, both with a mean cover of 2%. 

This community was found at a mean distance of 200 m from the sea, with a mean 

pH of 4.72. There were 19 mineral and 44 peat soil samples in this cluster. 
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Figure 2.19. Photograph of a quadrat in the ‘Calluna Erica’ community (transect 1, quadrat 2, at Rubha an 

Aird Bhig). 

The spread of community clusters across the different sites ranged from just three 

communities at two of the sites (Isauld Farm comprised of ‘Potentilla Empetrum’, 

‘Molinia caerulea’ and ‘Carex Lotus’, and Dunnet Head comprised of ‘Calluna Erica 

heath’, Hypnum heath’ and ‘Potentilla Empetrum’) (Figure 2.20). The site with the 

greatest number of different communities recorded was Ushat Head, with just one 

community absent, the ‘Hypnum heath’. Five of the sites had a dominant cluster, which 

made up over half of the relevés surveyed in that site. Rubha an Aird Bhig was dominated 

by ‘Hypnum heath’, Red Point by ‘Cladonia Calluna heath’, Isauld Farm by ‘Carex Lotus’, 

Holborn Head by ‘Grassland’, and Dunnet Head by ‘Calluna Erica Heath’. Strathan was 

divided largely between ‘Calluna Erica heath’ and ‘Hypnum heath’, Rubha na Cloiche by 

‘Hypnum heath’ and ‘Potentilla Empetrum’, and Ushat Head by ‘Maritime’ and ‘Calluna 

Erica heath’.  
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Figure 2.20. Distribution of communities across the reference sites. The pie charts show the proportion of 
each of the vegetation communities at each site. Note there were fewer relevés at Isauld farm (n=18), 
Borrowston Mains (n=21) and Ushat Head (n=27) than the other six sites (n=30). The numbers in parenthesis 

after each plant community name match those in the descriptions over the previous pages. 

Splitting the groups of communities into two, the three ‘heaths’ (frequent presence of 

C.vulgaris, peat soils) and the five others, there are some angiosperm species (of the 52 

used in the analysis) absent from over 95% of relevés in each group. Three species were 

absent from all five non-heath communities, and four species were absent from four of 

them. There were a further twenty taxa which were present in fewer than 5% of all three 

‘heath’ communities (those with a peat substrate), and another seven which occurred in 

fewer than 5% in two of them (Appendix 7.1, Table 7.2).   

Forward selection and Redundancy analysis 

The global model explained 31.3% of variation in vegetation using the 25 variables tested. 

The forward selection reduced the number of variables that were significant (p<0.05) to 

16. These variables, listed in Table 2.9, resulted in the first axis of the RDA explaining 

13.0% of the variance in the model (P<0.001), with the second axis explaining 3.2% of 

the variance (p<0.001). A further eight axes were significant (p<0.05), explaining between 

2% (third axis) to just 0.4% (tenth axis). The first two axes are plotted here (Figure 2.21). 

Variation partitioning of the data showed that 17% of the variation was explained by the 

soil characteristics, 5.8% was explained by the geographic characteristics, and 8.5% was 

explained by a combination of these two groups with 68.7% of the variation that remained 

unexplained by the model. 
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Table 2.9. Significant variables used in the RDA chosen by forward selection. Method for sample extraction 
for analysis is given: ws = water soluble; M3 = Mehlich 3 extract; dig = acid digest. 

Variable Partition group Cumulative adjusted R2 F p 

pH Soil 0.125 35.89 <0.001 

Distance inland Geography 0.165 12.70 <0.001 

Altitude Geography 0.192 9.29 <0.001 

TON (ws) Soil 0.211 6.67 <0.001 

Soil moisture Soil 0.225 5.43 <0.001 

Conductivity Soil 0.238 5.08 <0.001 

Latitude Geography 0.249 4.64 <0.001 

Longitude Geography 0.266 6.51 <0.001 

Ti (dig) Soil 0.277 4.38 <0.001 

P (M3) Soil 0.284 3.31 <0.001 

Na (ws) Soil 0.290 3.08 <0.001 

Mn (M3) Soil 0.294 2.42 0.003 

VWC Soil 0.298 2.31 0.006 

K (M3) Soil 0.303 2.76 <0.001 

Ca (dig) Soil 0.308 2.66 <0.001 

S  (M3) Soil 0.313 2.61 <0.001 

 

The vegetation from the reference site was split along the first axis of the RDA, defined 

strongly by soil pH and VWC, with conductivity, Ti, P, Mn and TON also exerting an 

influence along this axis. Specifically, the ‘heath’ communities (Cladonia Calluna heath 

(group 2), Hypnum heath (group 6), and Calluna Erica heath (group 8)) all sit to the left 

of the other communities on RDA1. These are characterised by lower pH (mean <4.7) 

than the other communities (mean > 5.1), higher VWC (mean >72%) than other 

communities (mean <64%), as well as generally lower levels of conductivity, and lower 

concentrations of Ti, P, Mn and TON (Appendix 7.2, Table 7.3). The heath communities 

had almost universal occurrence of C.vulgaris on them (absent from just one of the 137 

relevés), a lower occurrence and cover of grasses, and a higher occurrence of bryophytes 

and lichens.  

Distance from the sea and concentrations of K, as well as, to a lesser extent, conductivity 

and soil moisture separated the vegetation assemblages along the second RDA axis. The 

communities toward the top of the plot tended to be further from the sea, with both the 

Cladonia Calluna heath (group 2) and the Molinia caerulea (group 3) communities found 

on average furthest from the sea (mean distance 316 m). The communities higher up 

RDA2 generally had lower concentrations of bioavailable K, with its concentration lowest 

in the Molinia caerulea community (mean = 125 ppb).  
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Figure 2.21. Plot of the RDA performed on the 16 forward selected variables on the first and second axis. The 
length of the black arrows represent strength of 16 environmental variables along the two RDA axes, the 
direction of the arrow is to an increased value for each (i.e. pH more alkaline; TON, Ti, P, Mn, Na, K, Ca, S 
higher concentrations; conductivity, increase; vwc and soil moisture to wetter soil; latitude to N; longitude to 
W; altitude increase; distance from sea further inland). Soil variables (n=12) are pH, TON (µg N/g soil), 
Conductivity, VWC (volumetric water content), Soil moisture (laboratory measurement), Ti, P, Mn, Na, K, 
Ca, S (ppb). Geographic variables (n=4) are Latitude, Longitude, Altitude and Distance from Sea. Red crosses 
represent the different taxa tested (n=67). Four of the species that were spread further from the centre were 
C.vulgaris, E.angustifolium, M.caerulea and F.ovina (with red arrow pointing to cross). The ordiellipses 
shown are at the 90% CI for the eight preselected species clusters. The numbers in the square boxes within 
each ordiellipse are the id. no. for the plant community (1:Carex Lotus; 2:Cladonia Calluna heath; 3:Molinia 
caerulea; 4:Maritime; 5:Grassland; 6:Hypnum heath; 7:Potentilla Empetrum; 8:Calluna Erica heath). There 
were none of the 246 quadrats tested that sat outside these ellipses, though the individual ellipses did not all 
contain just the quadrats clustered into their groups. 

The schematic of cluster partitioning, based upon means of key influential variables 

(Figure 2.22), provides an overview of the drivers of these splits, indicating niche 

requirements for the eight communities. The separation of the communities focusses on 

the differences between the non-heath communities (as the heath communities occurred 

on highly organic soils which will not be used in the Dourneay restoration). The data on 

which this schematic is based are in Appendix 7.1, Table 7.3. 

 



 

 
 

7
7
 

 

Figure 2.22. Schematic showing the main variables associated with the different clusters. Note these splits are derived from the means of each cluster, and thus this provides a general 
overview rather than being a key to each clusters identity. The dendogram has been compressed for clusters ‘8’, ‘2’ and ‘6’ (on the left, the ‘heaths’), and stretched for the other five 
clusters (on the right). The numbers in circles, given above the descriptive boxes, match the numbers in the clusters in the dendogram, and are those used in association with each 
cluster in this chapter.   
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2.4 Discussion 

Building a reference database for Dounreay cliff-top restoration 

The aim of the research within this chapter was to gain an understanding of the species 

that are growing along the cliff tops of Caithness and Sutherland. Specifically, the surveys 

set out to assess whether or not there were distinctive vegetation communities along the 

cliff top habitats and whether they were a result of geographical gradients, a result of the 

physical and chemical properties of the soil that they occurred in, or, a combination of 

these two. They also aimed to record the species present and the frequency of occurrence. 

Those species occurring with a frequency above a set threshold (possibly 20% though 

talked about further in Chapter 6), may not need to be seeded on the restoration site. The 

answers to these questions will help in the final recommendations for the layout of the 

restoration layer at Dounreay. 

With respect to vegetation data collection, the method used here was the gradsect method 

(Gillison and Brewer, 1985), which samples along gradients influencing the biota, and is 

similar to that used in previous studies (e.g. Poulin et al. 2013). In their study, however, 

reference data were collected from 1 m2 (as opposed to 4 m2 used in this study) quadrats 

set equidistant along a transect, as opposed to set where an observed change in 

community occurred. Setting the distance between quadrats was possible in that study 

because data were for restoration to a peatland, and the reference sites were peatland 

vegetation.  The reference data therefore allowed for evaluation of restoration success 

over an eight-year period, and showed the successful increase of peatland vegetation on 

restored sites. In the Caithness reference sites, identifying the target vegetation 

community for the restoration at Dounreay from all the possible communities was one 

of the objectives of the surveys, as this helped in understanding the ‘variation in 

ecosystems and landscapes’ (White & Walker 1997). Collecting data at observed changes 

in vegetation along the transects, instead of using set distances, therefore made ecological 

sense. Additionally, having quadrats four times the size (4 m2) provided more opportunity 

to capture relevant data. These data would indicate what the restoration target 

communities should be, and contribute to the reference benchmark. The benchmark 

would be used to evaluate success in the medium to long-term, post-restoration, bearing 

in mind the levels of natural variability that exist in natural systems (Landres et al. 1999). 

From the data collected, these variables could be richness or diversity, though where 

available, other studies have used biomass and plant height (Ruiz-Jaen & Aide 2005). 

Although more accurate sampling results (e.g., with respect to rarer species) may be 
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obtained using other survey approaches (such as crossed designs), this would only be 

required if there were reasons to believe that the sites had easily overlooked plants or 

sparsely distributed plants (Buckland et al. 2007).  

These surveys captured 153 taxa, of which 67 (occurring with >5% frequency) were used 

in the analysis. This is in line with other studies: i.e., for a borrow pit study in Canada 

(Hugron et al. 2011), they recorded 36 species at >5% frequency, and in a study on 

peatlands they recorded 116 species at >10% frequency (Poulin et al. 2013). Many other 

studies using reference sites to evaluate restoration outcomes do not explicitly give details 

of the numbers of species used in their analyses, or the numbers recorded from reference 

sites, e.g, studies regarding the Rhône River channel restoration (Henry et al. 2002), or, 

for cliff-top restoration in Brittany (Sawtschuk et al. 2010; Sawtschuk et al. 2012). Of 

course, observer effect can impact on the quality of the data (Iknayan et al., 2014), but 

using a single observer, and a ‘dummy run’ at the Ushat Head site, helped eliminate 

potential errors and aided with identification of the local flora. Quadrat size will also 

impact on the data’s reliability, with historical bias to larger quadrat sizes than used here 

observed in a meta-analysis of the topic (Chytrý 2001).  The data provide a good overview 

of the species present across the north coast of Scotland, which is what was desired, and 

this data set will act as the reference in the short to medium term to help assess the success 

of the restoration.  

Defining “target communities” for Dounreay 

From all the species recorded, eight different vegetation communities were distinguished 

that appeared ecologically meaningful – ‘Hypnum heath’, ‘Cladonia Callun’, ‘Calluna 

Erica, ‘Maritime’, ‘Grassland’, Potentilla-Empetrum’, ‘Carex Lotus’ and ‘Molinia caerulea’. 

Both geographic and edaphic factors appeared to shape these communities, and 

combined explained 31.3% of the variation in the dataset (17% edaphic, 5.8% geographic, 

8.5% a combination of the two).  

The first obvious separation, by soil pH, split the three heath communities from the five 

non-heath communities. These five were in turn split between a group of three and a 

group of two. The group of three was separated into individual clusters based on the 

distance they were from the sea, and the other two were separated by the concentration 

of water soluble TON. From a restoration perspective, the heath communities were 

strongly associated with high-organic matter or peaty soils, which is not a material 

considered desirable (or available) for the restoration layer at Dounreay. As a result, the 
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plant communities on these heaths, though not necessarily all the individual species, do 

not qualify as a suitable “target” for the restoration. Therefore, I did not separate these 

any further, and in other chapters when reference has been made to the reference soils, I 

have largely excluded the samples that were classified as peat.  

The separation of the non-peat/non-heath clusters, based on distance from the sea, is 

however important to consider. The whole area to be restored at Dounreay spans from 

ca. 40 m to 500 m from the sea, therefore, based on our results, it seems likely that 

different communities should be targeted in different locations. For instance, our study 

suggests that species within the ‘Maritime’ and ‘Potentilla Empetrum’ communities 

should be present close to the sea (<100m), those of the ‘Grassland’ and ‘Carex Lotus’ 

communities should be considered between 100 m and 250 m from the sea, and species 

of the ‘Molinia caerulea’ and again the ‘Grassland’ communities should be the aim further 

inland (>250 m from the sea). Applying these results to a restoration plan, with respect 

to which species should be seeded where on the site, will not only allow the site to blend 

in better with the surrounding area, but will also be more likely to be successful in the 

long term – something these reference data can be used to help assess.  

These communities could be shaped by other environmental variables that weren’t 

measured, such as exposure, functional traits of individual species – including competitive 

ability, mycorrhizal interactions, and land-use change (e.g. Mayfield et al. 2010; Pakeman 

2011; Dubuis et al. 2013; Pellissier et al. 2013). A small subset of the variables that were 

exerting the greatest influence on the vegetation community may be useful “defining” 

variables to test in the future. A similar, but more rigorous approach, would have been 

achieved by running a multivariate regression tree, as described by De’Ath (2002), and 

used in the interpretation of species occurrence (e.g. Hugron et al. 2011; Goodyer 2014). 

However, the relevant archived R package (mvpart) was not accessible and I used a similar 

approach. I believe that this sort of approach would be invaluable at the planning stage 

for the large-scale landscaping at Dounreay, as it would clearly signpost which particular 

community may be more suited as a target, based on initial conditions. 

2.5 Conclusion  

The vegetation communities along the cliff-top were analysed and classified in a way that 

provides a suitable reference framework to inform and assess restoration at Dounreay, 

across a relevant range of distances from the sea. The first hypothesis tested was accepted, 

that there are distinguishable vegetation communities along the cliff tops of the north of 
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Scotland, and the separation of these communities confirmed the second hypothesis that 

these communities occur at different distances from the sea. Combined with species data 

for the different communities, it will therefore be possible to decide which groups of 

species should be seeded where on the restoration. With the third hypothesis also 

accepted, that there were defined sets of the physical and chemical constraints within the 

soil as to where the communities occurred, there may be a need for different materials 

used on the restoration layer to support these communities. The next steps involve 

identifying which species should be included in the restoration, for instance which ones 

need to be sown, or which are likely to disperse naturally to the site. This is discussed 

more in the vegetation trial plot chapter (Chapter 4) and the discussion section (Chapter 

6). In Dounreay, where restoration planning has to look 300 years into the future, a further 

important consideration is likely changes in climate at the site, and their implication for 

species selection. The opportunity to use this and other industrial restoration sites as 

protorefuges is discussed in Chapter 1 (from a theoretical point of view) and in Chapter 

5 (from a practical point of view).  
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Chapter 3 

3 Pot Experiments 

3.1 Introduction 

Soil quality is an important factor affecting the outcome of restoration projects by 

providing a suitable medium in which plants can grow. Restoration “success” is often 

evaluated by measuring species diversity, vegetation structure and ecological processes 

(Ruiz-Jaen & Aide 2005), without evaluations specifically targeting the state of the 

possibly degraded soil itself (Callaham et al. 2008). A number of projects termed “technical 

restorations” involve moving material onto bare substrata: for instance, in quarries, 

contaminated areas after chemical spills, and decommissioned industrial areas. This type 

of restoration, more akin to ecosystem “construction”, differs to that relying on more 

spontaneous natural succession, such as on former afforested or agricultural land (Prach 

& Hobbs 2008). Notably, the desired end-of-restoration outcome in technical restoration 

projects, be that amenity grassland, forest, etc., will determine what capping materials are 

suitable to support the desired biota, which may not be the same as the pre-industry one. 

Indeed, some deviation from the physicochemistry of the locally prevailing soil material 

may be acceptable if: i) the capping soil is still able to support the local/desired biota 

(enabling the site to return to its recent historic state, or, the state found in local reference 

sites), or, ii) the soil will support a functioning ecosystem that will provide the desired 

ecosystem services (as a hybrid or novel ecosystem).  

At Dounreay, some areas have been identified as being contaminated due to historic land-

uses. Following removal of contaminated material, the plan is to instate a 1 m remediation 

layer (on top of these areas) to prevent contaminants reaching bioreceptors on the surface. 

In order to maximise cost-efficiency, this remediation layer will be constructed using 

rubble or excavated and crushed rock from the Dounreay site where possible. While 

complete remediation is still decades away, it is essential to understand whether this 

approach can work on this site, and, whether suitable plant communities can be effectively 

grown.  

Numerous factors influence the success of a revegetation programme, from the texture 

of the soil/substrate material, the configuration of the waste/remediation mound, the 

prevailing substrate pH, grazing pressure (Hall 1957) to seed availability. When restoration 
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intervention doesn’t effectively account for, permit and encourage soil and vegetation 

development processes, e.g., by rebalancing soil pH and soil chemistry to that which is 

similar to the surrounding land and by seeding suitable plant species - degraded sites often 

retain low levels of biodiversity and conservation value following restoration (Roberts et 

al. 1981). On the other hand, using a variety of techniques, even waste rock from 

metallurgic mine sites can be revegetated - despite highly elevated metal contamination 

and sometimes low levels of essential nutrients. Other tailings may act as a parent material 

rather than a soil, though, as they have elevated levels of minerals (Li & Huang 2015). For 

instance, by crushing material/reducing particle size, controlling drainage, and applying 

fertilizers, initial revegetation can be aided (Van Straaten 2006). The use of 

phytostabilisation and phytoextraction can also help provide the correct substrate and 

habitat for successional species to survive on more stable, less polluted ground (Wong 

2003). In the case of mine degraded soils, Wong (2003) also states that ‘maintaining a 

good topsoil is a must’ for successful restoration. Restoration directly onto subsoil, often 

with its associated deficiencies in nitrogen and phosphorous, has led to slower 

recovery/development of functioning ecosystems (Handley et al. 1978, in Bloomfield et 

al. 1982) in comparison to sites where good quality topsoil has been used as part of 

restoration (Bloomfield et al. 1982). Inputs of pulverized refuse fines (Chu & Bradshaw 

1996) and fertilizer (Bloomfield et al. 1982) have had positive impacts on vegetation cover 

on colliery spoil and on urban brownfield sites (but this obviously increases costs 

significantly).  

The soils present across much of northern Europe have only formed since the retreat of 

ice sheets following the last glacial maximum (LGM). For the western Scottish Highlands, 

this retreat is dated to around 11.6 ka BP (Golledge et al. 2007), with the Shetlands ice 

sheet likely to have retreated prior to this, sometime between 16 – 20 ka BP (Golledge et 

al. 2008). Soils in the northern Highlands are likely to have begun their formation at some 

point between these times, and while they are continuously forming/developing, they are 

still subject to high prevailing weathering rates. In particular, coastal areas are vulnerable 

to weathering and erosion as there is often no shelter from onshore winds and storms. In 

such coastal areas, plant species have evolved to grow with very little/no organic topsoil. 

Essential minerals are then obtained directly from the weathering of the 

crushed/degraded rock in which they grow or are washed in from run-off across the 

surrounding land or come directly through precipitation. Some plants can also exhibit a 

level of parasitism on plants growing adjacent to them, e.g., Rhinanthus minor L. (Gibson 
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& Watkinson 1989), while others might exhibit strong halophytic and/or xerophytic traits. 

Many species suited to these conditions produce deep roots, providing a secure hold, 

greater potential access to nutrients and hence a greater chance of survival in challenging 

conditions. 

Soil depths on the Dounreay site are in places under 0.5 m, shallower than in surrounding 

lowland areas of Caithness and Sutherland, and more commensurate to depths found in 

more mountainous regions (NERC 2017). In places, there are areas completely devoid of 

topsoil where continued weathering has regularly broken the substrate (creating unstable 

conditions) and therefore inhibited long term soil formation. In other areas, topsoil depth 

is kept shallow by the slow rates of vegetation accumulation, and hence little decomposing 

material to add to the top soil layer. It is further subjected to continual mechanical 

weathering, and only a few centimetres have accumulated (Figure 3.1). 

    

Figure 3.1. Images from two of the reference sites where soil was very shallow, or absent in parts. At Ushat 
Head (transect 2, quadrat 1) the soil was 10 cm deep where measured (l) and at Holborn Head (transect 2, 
quadrat 6) the soil was 6 cm deep where measured (r).  

Few studies have been published regarding cliff-top habitat restoration (Sawtschuk et al. 

2010; Sawtschuk et al. 2012); little work has been done on different aspects of cliff-top 

conservation (e.g., a special issue of the Journal of Coastal Conservation, Planning and 

Management; Doody & Rooney 2015); and no published work currently exists on the 

restoration of industrial sites in coastal/cliff-top locations (Google scholar search). With 

this lack of evidence on how to proceed, and the potential costs associated with large-

scale landscape design and re-habilitation, a first step towards restoration at Dounreay 

was the development of a small-scale pilot study. Small-scale plant growth trials, using 

chambers or greenhouses to trial materials and/or seed mixes that could be used in 

restoration projects, are not frequently published. In one example, Chu and Bradshaw 

(1996) trialled pulverized refuse fines (PRF) as a growth medium for perennial ryegrass. 

Therein, the bioavailability of nitrogen in PRF, combined with reduced heavy metal 
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uptake in vegetation, led to PRF being used to revegetate colliery spoil. Graf and 

Rochefort (2010) also trialled fen bryophytes in greenhouse experiments and in the field 

for future restoration of industrially impacted peatlands. Their tests regarding water and 

shading requirements/limitations, and the effects of nurse plants on the fen bryophytes, 

allowed for restoration recommendations, including provision of suitable microclimate 

and soil mineral conditions – regulated by water level, to be made.  

At Dounreay, the first small-scale trial to take place was a pot experiment during which I 

tested the germination success of selected seed mixes sown onto different substrate 

combinations which could then be scaled-up to larger field trial plots.  

Objectives 

The overall objective was to determine the most promising combinations of substrate and 

seed mix to use for the field based vegetation trial plots at Dounreay - including the need 

to: 

i) Identify how substrate material might impact soil water and nutrient (or 

toxicant) availability 

ii) Consider the optimal use of available onsite materials that could support 

vegetation growth – i.e., utilising rubbilised building materials, subsoils, 

and/or gravel/rock at/near the restoration surface 

iii) Test whether soil amendments were necessary to promote germination 

iv) Compare the performances of two low maintenance and readily available seed 

mixes 

The null hypothesis tested was that there are no differences between the treatments 

provided for seedling growth with respect to their effect on water availability and seed 

performance. 

3.2 Materials and methods 

Pot experiment set-up 

A pot experiment was conducted where two types of subsoil were compared (a finer 

crushed rock - 6F1 - fitting through a 35 mm square mesh; and a coarser rock - 6F2 - 

fitting through a 90 mm square mesh), two levels of topsoil (with or without), and two 

seed mixes (a coastal seed mix and a dry meadow (MG5) seed mix (species mix given in 

Appendix 3) in a full factorial replicated design, giving a total of eight different treatment 

combinations (Table 3.1). The pots used for the trial were 20 cm high, tapering from an 
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area of 225 cm2 (15 cm x 15 cm) at the top to 121 cm2 (11 cm x 11 cm) at the base. The 

material used for the subsoil and topsoil was sourced from material excavated during 

construction of the low level waste facility (LLW) vaults adjacent to Dounreay (as some 

material for the final restoration layer may also be extracted from here). Rock from these 

excavations was crushed (on site) to different grades and the required amount was 

collected for use in our experiments. Vegetation was removed from available topsoil 

(from the LLW area) and sufficient topsoil collected for the experiment. Seeds were 

sourced from Scotia seeds (http://www.scotiaseeds.co.uk/) and sown at a density of 

15g/m2 (the species sown is given in Appendix 7.2, Table 7.4). This was higher than the 

3g/m2 recommended by the supplier, as the objectives were to measure germination in 

different treatments in the short term, rather than assess which individual species would 

be suitable for restoration in the long term, and inform the design of the trial plots for 

both seed mixes and materials. 

Should the treatment with just fine rock (6F1 material) on the surface be able to support 

seedling germination without topsoil, this treatment could then justifiably be used on the 

trial plots. It was assumed that the 6F2 material would not allow any of the seeds to 

germinate, and was used as the negative control. Testing topsoil only without the addition 

of one of the seed mixes could have acted as a further control, and the differences in rates 

of germination and germination success could have been compared between this 

treatment and the sown topsoil, and hence provided some idea of how much seed was in 

the soil seed bank. At the time of the pot trials the source of the topsoil to be used in the 

trial plot treatments was not known, so the extra data would have not had a beneficial 

impact.   

Table 3.1. Treatments used in the pot experiments. The ‘X’ signifies the treatment described on the left was 
used in the combined treatments, numbered ‘1’ to ‘8’.  

 

Subsoil and topsoil (if present at ca. 5 cm depth) were placed in the pots and were then 

left to settle for four days in a phytotron growth chamber (Weiss Gallenkamp Fitotron® 

SGC 120) so that they could achieve a comparable level of moisture. Once the different 

treatments had settled in the pots, the soil surface sat at around 4 cm from the top of the 

1 2 3 4 5 6 7 8

Coarse x x x x

Fine x x x x

Present x x x x

Absent x x x x

Coastal x x x x

MG5 x x x x

Treatment

Substrate 

rock

Topsoi l

Seed mix

http://www.scotiaseeds.co.uk/
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pot, where the pots were 13 cm across, giving a surface area of 169 cm2 (volume of 

material ca. 2300 cm3). The pots were then watered in-line with the levels of precipitation 

found in Caithness on the 15th of May - the date I expected field trial plots would be ready 

to be seeded (to give as much parity to the larger scale field trial plots as possible). Climate 

data (temperature, precipitation, and relative humidity) used were based on the 30 year 

average from 1981 – 2010 obtained from the Met Office (2013). The temperatures, hours 

of daylight, relative humidity and watering regime used in the phytotron (based on the 30 

year averages) are shown below Table 3.2. The temperature, length of ‘daylight’ and 

relative humidity were updated as necessary on a weekly basis. Watering was done by hand 

using tap water and a garden sprayer. 

Table 3.2. Climate regime for the pot experiments in the phytotron. These figures are based on those from 
the 1981 – 2010 30 year average from the Met Office. While the experiment was run over the winter (November 
2013 – February 2014), the conditions in the phytotron replicated a growing season (May - August) in terms 
of daylight hours and precipitation regime. 

 

Data collection 

Two holes were drilled in the sides of the pots, around 100 mm below the top, prior to 

filling to allow soil moisture content to be measured (without disturbing the germinating 

seed) using a soil moisture meter (Fieldscout TDR 100, Spectrum® Technologies, USA). 

Soil moisture measurements were made prior to watering on the same days the numbers 

of seedlings were counted. Prior to the start of the experiments, before the topsoil and 

subsoil were added to the pots, three samples of each were collected and tested for pH 

and conductivity (n=6). At the end of the experiment a sample was collected from each 

of the pots containing crushed rock and/or topsoil (n=30), but not from the pots with 

the coarse rocks and no topsoil (n=10). Samples were collected with a small trowel and 

placed in a ziplock plastic bag, used for determining the soil physico-chemical levels. The 

analysis was done in the following days. 

Week of 

experiment

Date of 

experiment

Experimental 

'date'

Temp. in 

phytotron (°C) 

'daytime'

Temp. in 

phytotron (°C) 

'nighttime'

Relative 

humidity (%)

Hours of daylight in 

phytotron 

(hours:mins)

Watering regime 

(mm) (3 times a 

week)

1 18/11/2013 May-15 9 5.5 82 16:51 3.7

2 25/11/2013 May-22 9 5.5 82 17:19 3.7

3 02/12/2013 May-29 9 5.5 82 17:44 3.7

4 09/12/2013 Jun-05 11 8 84 18:04 4.1

5 16/12/2013 Jun-12 11 8 84 18:16 4.1

6 23/12/2013 Jun-19 11 8 84 18:22 4.1

7 30/12/2013 Jun-26 11 8 84 18:20 4.1

8 06/01/2014 Jul-03 13 10 86 18:10 5

9 13/01/2014 Jul-10 13 10 86 17:54 5

10 20/01/2014 Jul-17 13 10 86 17:33 5

11 27/01/2014 Jul-24 13 10 86 17:06 5

12 03/02/2014 Jul-31 13 10 86 16:36 5

13 10/02/2014 Aug-07 13 10 85 16:04 4.6
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As the material to be used in the final restoration in still unknown, the focus of the soil 

analysis was on the major physical constituents of the material used, as well as key macro-

elements required by plants, and two potentially toxic elements that commonly occur in 

soils within industrialised sites. These were the pH, conductivity, vwc, loi, TON, P, K, S, 

Ca, Mg, Cu (essential, though at elevated concentrations toxic to plants) and Pb (toxic to 

plants). These were analysed using the methods described in Chapter 2.  

Seedling numbers were recorded once a week and classified as either monocotyledons 

(monocots) or dicotyledons (dicots), providing an estimate of the numbers of grasses or 

non-grasses, respectively. The seedlings in each group were counted up to a maximum of 

30. The pots were removed from the phytotron to do this, and after counting they were 

replaced in a random order. This was necessary to account for any uneven distribution of 

light and temperature within the phytotron. 

Data analysis 

Analyses of soil chemistry focussed on the three main essential macro-nutrients, TON, P 

(bioavailable) and K (digest), as well as three further macro-nutrients, S (digest), Ca 

(digest) and Mg (water soluble), and two elements that might have toxicological effects 

on plant growth, Cu (bioavailable) and Pb (bioavailable). Also included in the analysis 

were the soil pH, vwc, LOI and conductivity.  

Where required, the dependent variable data (as listed above) were transformed to 

improve normality of distribution and to remedy heteroscedasticity. Some data points sat 

as outliers and were winsorized (Ghosh & Vogt 2012) to bring the high outliers within 

the 95th percentile (TON – two outliers) or both the low and high outliers within the 5th 

and 95th percentiles (Pb – one at each extreme), this was carried out using Microsoft Excel 

(2016). Further transformations and analysis was carried out using R (version 0.99.903, (R 

Core Team 2016)) package vegan 2.4-1 (Oksanen et al. 2016). The data, with the four 

winsorized points, was then log transformed for all dependent variables, with one 

exception, pH. A MANOVA (multivariate analysis of variance) was used to help reduce 

the risk of Type I errors (Warne 2014), given that all the dependent variables were 

measured from a single sample and thus inter-related. The summary of the univariate 

statistics for each dependant variable were checked to see if there was a significant 

difference (at the 5% level, i.e. p<0.05), and if there was, which independent variable(s) 

this related to. Where there was a significant difference, a post-hoc test was conducted 
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separately on each dependant variable using the individual or combined independent 

variable(s) (as the results deemed necessary). 

The data for seedlings and water content were also analysed using R. Here, I quantified 

the following dependent variables: (i) the mean numbers of seedlings recorded during the 

course of the experiment; (ii) week of emergence; (iii) maximum number of individuals; 

(iv) weeks to reach maximum number; (v) length of time at maximum number; (vi) rates 

of emergence; and (vii) week of decline from maximum number of seedlings. Analyses 

were carried out using ANOVAs (analysis of variance), followed by Tukey post-hoc tests 

to determine differences between treatments. These tests were run separately for 

monocots and dicots and the packages ‘lsmeans’ (Lenth 2016) and ‘multcompView’ 

(Graves et al., 2015) were used to assign letters that illustrated significant differences 

between treatments. 

Seedling responses, separated into rate of growth, weeks at maximum number, week of 

decrease from maximum number, and mean number of seedlings, were tested for 

correlations against physical and chemical properties of the soil. Some of the data sets 

were not normally distributed and the sample size was small. Kendall’s Tau correlation 

test was used in preference to Spearman’s rank in this instance as it performs better for 

these distributions of data (Thomas et al. 2017). Kendall’s Tau correlation was performed 

using the ‘cor.test’ function in R’s ‘vegan’ package.  

3.3 Results 

Seedlings 

After 17 weeks, seeds had germinated and seedlings had grown in all replicates of the four 

treatments which had topsoil, and in the two treatments which had fine subsoil and no 

topsoil. No seedlings grew in any of the replicates that had coarse subsoil and no topsoil 

to grow on, as seed were washed away through the course strata onto the pot saucers 

(Figure 3.2 and Figure 3.3).  

The treatments with topsoil had significantly higher mean numbers of monocots (F = 

7.55, p = 0.011), dicots (F = 16.62, p < 0.001) and the combined numbers of seedlings (F 

= 29.73, p < 0.001) during the trials (Figure 3.3, Table 3.3). The presence of topsoil 

brought forward the week of emergence of monocots significantly (F = 15.47, p < 0.001), 

and allowed the seedlings to remain for longer (F = 11.26, p = 0.003), leading to a later 

time at which the seedling numbers declined (F = 14.89, p < 0.001). A faster rate of 
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emergence of dicots (F = 6.56, p = 0.017) and an increase in their maximum numbers (F 

= 12.27, p = 0.002), was also a result of topsoil being present, Table 3.3. 

Table 3.3. Seedling response across different treatments. In the ‘Plants’ column M=monocots, D=dicots, 
B=both. Figures given are ‘mean (standard error)’. Where there was a significant difference in responses 
between variables letters are given. Treatments that share a letter along each row are not significantly different 
from one another. The significant difference was always between those with or without topsoil.  

 

 

 

Figure 3.2. Images of the replicates in the pot experiments ordered by treatment. These are in the same order 
(left to right) as the results given in Figure 3.3. For the description of the treatments, ‘C’ and ‘MG5’ are the 
coastal and MG5 seed mixes respectively, ‘coarse’ and ‘fine’ are the subsoils. 

P
la

n
ts

Measured response

C, coarse,     

no 

topsoil

MG5, 

coarse, 

no 

C, fine,           

no topsoil

MG5, 

fine,      

no topsoil

C, coarse, 

topsoil

MG5, 

coarse,  

topsoil

C, fine,            

topsoil

MG5, 

fine,       

topsoil
M Mean number NA NA 21.7(2.9)b 23.2(1.2)b 24.3(1.2)a 21.5(1.2)a 26.6(0.2)a 26.4(0.3)a

M Week of emergence NA NA 2.8(0.08)b 2.8(0.04)b 1.8(0.08)a 2.8(0.13)a 1.2(0.04)a 1.6(0.05)a

M Maximum number NA NA 29.6(0.1) 30.0(0.0) 30.0(0.0) 30.0(0.0) 30.0(0.0) 30.0(0.0)

M Weeks at max. number NA NA 10.2(0.6)b 9.8(0.3)b 11.8(0.3)a 9.4(0.2)a 14.8(0.04)a 14.0(0.1)a

M Seedling emergence rate NA NA 8.2(0.3) 9.5(0.1) 8.2(0.2) 7.7(0.2) 9.5(0.1) 9.5(0.1)

M Decrease from max. number NA NA 14.6(0.4)b 13(0.2)b 15.6(0.2)a 13.6(0.6)a 18(0.0)a 17.2(0.1)a

D Mean number NA NA 1.8(0.7)b 2.8(0.8)b 3.5(1.2)a 1.7(0.5)a 5..7(0.8)a 5.5(0.9)a

D Week of emergence NA NA 7.0(0.0) 7.0(0.0) 7.4(0.1) 7.0(0.0) 7.0(0.0) 7.0(0.0)

D Maximum number NA NA 4.0(0.2)b 7.0(0.2)b 9.2(0.6)a 3.8(0.1)a 11.0(0.2)a 10.2(0.3)a

D Weeks at max. number NA NA 2.4(0.3) 1.6(0.1) 2.8(0.2) 3.6(0.3) 3.0(0.3) 2.2(0.1)

D Seedling emergence rate NA NA 0.5(0.03)b 0.9(0.03)b 1.0(0.07)a 0.4(0.01)a 1.3(0.04)a 1.0(0.02)a

D Decrease from max. number NA NA 10.4(0.3) 11.4(0.2) 12.8(0.4) 13.8(0.4) 13.2(0.3) 13.0(0.3)

B All seedlings NA NA 23.4(3.5)b 26.0(1.8)b 27.7(2.1)a 23.3(1.6)a 321.3(0.8)a 32.0(1.0)a
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Figure 3.3. Plot of mean number of seedlings (separated by monocots, dicots, and all individuals) from each 
treatment  ± one standard error. Where letters above the groups are the same there was no significant 
difference (at the 5% level) between treatments for the measurements recorded. Letters were derived from a 
Tukey post-hoc test on the six treatments for which seedlings were recorded (i.e., treatments with no topsoil 

and coarse rock were omitted from the tests). 

In terms of soil properties, volumetric water content (VWC) and water soluble total 

oxidised nitrogen (TON) were the two parameters which correlated most consistently 

with seedling responses (Table 3.4). Levels recorded are shown in Figure 3.4. The VWC 

was positively correlated with all seedling responses, and with the exception of the rate of 

monocot growth, this was significant at p < 0.05 in all cases. Most water was retained in 

both topsoil plus fine subsoil treatments - though the only significant difference in VWC 

was between treatments with and without topsoil (p < 0.001) (Figure 3.4 and Table 3.5). 

TON was negatively correlated with all seedlings responses (though not significantly 

different for dicots, Table 3.4, with a significant difference between treatments with fine 

subsoil and those with coarse subsoil (p < 0.001) (Figure 3.4). 
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Table 3.4. Soil properties that correlated with seedling responses. The soil properties in the table are ones 
that, in at least one instance, showed a correlation at p < 0.05 (here with one ‘*’ after the number). Significance 
at p < 0.01 is shown by two ‘**’, and p < 0.001 is shown by three ‘***’. Values given are the Kendall’s tau 
coefficient. The abbreviations are as follows: vwc – volumetric water content; TON – total oxidised nitrogen. 

 

 

Figure 3.4. Volumetric water content (left) and total oxidised nitrogen (right) boxplots for the different 
treatments. The letters above the boxes denote groupings, where the letters are the same there was no 
statistical difference between the treatments.  

The soil/subsoil mixes used had a number of differences in terms of the levels of essential 

macro- and micro-nutrients recorded between treatments (Table 3.5), with these 

differences as a result of presence or absence of topsoil in the treatments or related to the 

subsoil component. The seed mix did not have an effect on the physicochemical 

properties of the soil at the end of the experiment.   

The pH, and levels of K and S (both pseudo-total), and Mg (water soluble) were higher 

in the crushed rock subsoil + no topsoil treatment than in the treatments with topsoil (F 

= 7.64, p = 0.011; F = 11.38, p = 0.003; F = 16.50, p < 0.001; F = 29.61, p < 0.001 

respectively). The percent LOI, and levels of P (bioavailable), Ca (pseudo-total), Cu and 

Pb (both bioavailable) were all highest in the treatments made up of coarse subsoil and 

topsoil (F = 27.53, p < 0.001; F = 16.92. p < 0.001; F = 12.26, p = 0.002; F = 22.84, p < 

0.001; F = 9.93, p = 0.004 respectively). The highest water content was recorded in the 

vwc TON

Monocots 0.333 *  -0.339 *

Dicots 0.369 ** -0.228

All plants 0.367 **  -0.339 **

Monocots 0.567 ***  -0.432 **

Dicots 0.412 ** -0.042

Monocots 0.530 ***  -0.376 **

Dicots 0.403 ** -0.073

Monocots 0.560 ***  -0.416 **

Dicots 0.501 *** -0.218

All plants 0.608 ***  -0.368 **

Mean number

Response

Rate of growth

Weeks at maximum 

number

Week of decrease from 

maximum number
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treatments with topsoil and fine subsoil (F = 29.58. p < 0.001). There was not a significant 

difference in conductivity between the treatments at the end of the experiments.  

Table 3.5. Soil chemistry across different treatments. Figures given are 'mean (standard error) grouping', 
values that share the same letter were not significantly different from one another. The groupings are for levels 
in the topsoil, except for N (TON), Ca and Cu which are grouped by statistical differences resultant as levels 
found in the subsoil. 

 

3.4 Discussion 

The pot experiment was set up to help inform the next step (the construction of larger 

scale field trials) by measuring the success of seedling germination success (using two seed 

mixes) in different treatments (i.e., substrates with different physical/chemical 

characteristics). The results for seedling germination showed that there was a clear 

separation between the treatments, with topsoil benefitting plant growth during the short 

period of the experiment. Results showing similar splits in responses between sites with 

and without topsoil have also been recorded previously, for restoration trials after alien 

invasion and mining activity (Holmes 2001), so they come as no surprise, however provide 

useful information as to what these differences may be caused by.  

The treatments with topsoil in the experiment held more water than those with fine 

subsoil alone, aiding with the breaking of dormancy (Bewley 1997) and seed germination 

(Bradford 1990). This could also be the reason why the monocots germinated sooner in 

the treatments with topsoil (although there was no difference in timing of seedling 

emergence for the dicots) (Table 3.3). This lack of difference in the timing of dicot 

emergence may come down to the food storage and growth mechanism of dicots. With a 

longer wetting time of the seed case required to break the dormancy, despite the brief 

drying out time some seeds may have experienced where topsoil was absent, this may 

have led to them emerging during the same week. Following germination, a continuation 

of growth requires continued access to water and (once food reserves in the embryo are 

Soil measurement
C, fine,                              

no topsoil

MG5, fine,                     

no topsoil

C, coarse,                   

topsoil

MG5, coarse,  

topsoil

C, fine,                           

topsoil

MG5, fine,       

topsoil

pH 8.71(0.08)b 8.42(0.07)ab 8.37(0.02)a 8.23(0.06)a 8.24(0.10)a 8.46(0.11)a

Conductivity (µS/m) 340.0(76.6) 631.8(89.9) 568.8(37.2) 682(54.3) 575(56.2) 522(120.5)

vwc (%) 1.90(0.36)a 2.42(0.39)a 3.60(0.47)b 3.32(0.84)b 6.39(0.91)b 6.30(1.20)b

Loss on ignition (%) 0.79(0.05)a 0.80(0.08)ab 2.25(0.03)c 2.08(0.07)bc 1.30(0.10)a 1.03(0.06)ab

TON (µg/g soil) 

(subsoil)
0.109(0.028)a 0.098(0.019)a 0.261(0.036)b 0.316(0.074)b 0.094(0.010)a 0.081(0.005)a

P (ppb) 506.0(34.1)a 520.6(19.4)a 836.2(34.6)b 901.1(34.5)b 648.9(25.8)b 654.0(58.1)b

K (ppb) 3588.2(346.5)b 3857.0(590.1)b 1978.0(282.8)a 2082.0(233.1)a 1904.9(217.2)a 2882.0(271.3)a

S (ppb) 5385.4(400.2)b 5429.6(605.0)b 1745.1(641.0)a 1442.4(279.6)a 3457.2(518.7)a 3508.3(250.6)a

Ca (ppb) (subsoil) 54809.7(5698.9)a 55522.1(3141.4)a 66067.3(1256.7)b 65262.8(2005.8)b 58826.1(1680.4)a 57706.2(1231.6)a

Mg (ppb) 22309.4(1341.1)b 23441.7(1099.9)b 9596.4(467.9)a 11186.2(603.6)a 16772.6(1058.5)a 18001.2(1180.3)a

Cu (ppb) (subsoil) 26.55(1.23)a 26.99(0.62)a 29.36(0.89)b 37.96(1.99)b 26.86(1.38)a 26.49(2.68)a

Pb (ppb) 32.6(11.4)a 20.5(1.2)a 36.9(1.6)a 31.5(8.0)a 26.7(1.5)a 26.3(2.6)a
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used up) access to essential/beneficial nutrients and light. The continued availability of 

these will ultimately depend on the nature of the substrate that the plants are growing in, 

with some of the nutrients being present in higher available quantities in the soil than in 

the fine crushed rock, even if total quantities may be higher in the latter. The physical 

nature of the soil will also clearly play a role, in that very coarse material with large pores, 

few fines (silts/clays) and little organic matter are unlikely to be able to retain nutrients 

(any that are present on the surface of large particles will merely be washed to depth once 

water interacts with them).  

Levels of water soluble total oxidised nitrogen (TON) could have been expected to be 

greater in the topsoil material than in the fine crushed rock material, with the differences 

observed here indicating a significant difference due to subsoil (specifically elevated levels 

of TON in fine rock subsoil) and not topsoil, despite the higher levels of total/bulk 

nitrogen likely to be present in the topsoil (not measured here). Total bulk N in topsoil 

can be increased by nitrogen fixing plants, especially legumes, through their interaction 

with rhizobia (Schultz & Kondorosi 1998) and also as invertebrates such as earthworms 

recycle organic material deposited on soil by plants (Svensson et al. 1986). That TON was 

seen to be at higher concentrations in treatments with coarse subsoil + topsoil mix (rather 

than fine subsoil + topsoil) may relate to discrepancies in the sampling of these. One likely 

possibility is that for the coarse subsoil mix, more topsoil, containing more soluble N, 

was included in the sample, and for the fine subsoil mix, little topsoil was included. 

Although there may be readily available soluble nitrogen in some of the fines on the 

subsoil, this would likely be more readily available in the finer crushed material.  

Ideally further knowledge about levels of N in the subsoil may help in creating a more 

nutrient rich medium for growth at the commencement of any restoration, though uptake 

of N by coarse material will not happen. The soil, and creation of new soil on the rock, 

will allow for N fixation by vegetation, and its subsequent release in to the rhizosphere, 

through decaying vegetation within the soil and breakup of coarser material by the plant 

roots. Available levels also depend on individual species growth forms, ways of accessing 

nutrients, and longevity of the N pool will depend on their requirements. Arable fields of 

central England may have nitrogen levels an order of magnitude greater than found here, 

with great variability in soil characteristics across a short distance (Lark et al. 2004; Miller 

et al. 2007), hence a requirement for species that are suited to nutrient limited 

environments such as the north coast of Scotland. 
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Phosphorous and potassium, two other essential nutrients, were both available in higher 

concentrations in the treatments with topsoil (Table 3.5). Although K was measured as a 

pseudo-total level in the soil, P was measured as levels that are bio-available, and both will 

confer advantages on the vegetation growing in these substrates than those with no top-

soil. Some amendment to the non-topsoil treatment with P fertilization may help to close 

the gap between plant responses between treatments – however, ultimately a lack of 

organic matter and finer particle size material (as provisioned through topsoil addition) 

may make P fertilisation a relatively inefficient/short term solution (as the P retention 

capacity of the substrate will likely still be quite limited). 

Three further essential nutrients, S, Mg, and Ca, were in two instances (S and Mg) at 

higher concentrations in the non-topsoil treatments, with S measured as a pseudo-total 

concentration within the material, and Mg as water soluble. Concentration of S in the 

samples here (1442 – 5429 ppb) is significantly lower than that recorded in agricultural 

regions, e.g. 204,000 ppb in the Czech Republic (Sager 2012) and upwards from 17,000 

ppb in the Mongolian Steppe (Chen et al. 2001). In this experiment, it is not known how 

detrimental this low level may have been to the plants, and though animals have a need 

for sulphur, for foragers this is gained through plants, this experiment tested for growth 

of vegetation, and the restoration is not to a grazed field, thus these low levels may not 

have an effect in the long run. Lower levels of Mg availability can have an effect on how 

plants grow and utilise other resources, e.g. increasing efficiency of leaf water-use, but 

also increases oxidative stress (Tränkner et al. 2016), stresses which can seriously weaken 

a plants ability to survive. The short time in which this experiment was run for, and the 

reason for running it – to gain information regarding the construction of the trial plots – 

did not allow for a deeper investigation in to reasons for the plants demise. The third 

nutrient to discuss here, Ca, occurred at highest concentrations in the coarse subsoil + 

topsoil treatments (Table 3.5). It is possible that, as with nitrogen (TON), there was some 

mix of both topsoil and substrate within the fine subsoil + topsoil mix, hence 

concentrations in those samples was slightly lowered, and that concentrations should have 

been more equal in the topsoils. Regardless of this being the reason or not, Ca has long 

been known to be crucial for plant cell wall rigidity, though Ca is ‘rarely limiting in field 

conditions’ (Hepler 2005).  

The two potentially toxic elements tested, both as bioavailable elements, were Cu and Pb. 

The concentration of Cu was significantly elevated in the coarse subsoil + topsoil 

treatment, while concentrations of Pb were elevated in the treatments with topsoil (Table 
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3.5). EC directive 86/278/EEC allows for total levels of Cu and Pb on agricultural land 

to be 200 mg/kg (at a pH >7.1 as these soils were) and 300 mg/kg respectively. These 

equate to far in excess of the levels recorded from the pot experiment, and although the 

data from the experimental analysis is bioavailable rather than total, they are well within a 

safe level, and not going to be detrimental at these levels to the vegetation growing on 

them based on the EC directive. 

It was noted that both seed mixes responded in the same way in the pot experiment (no 

significant differences in seedling responses), which may be a consequence of species 

overlap between mixes (14 of the 22 dry meadow mix species were also within the 24 

species of the coastal mix). Seed mixes with fewer common species might have given a 

different outcome. The results here showed that if greater levels of information are sought 

for the restoration of the cliff tops then a wider number of species should be used, with 

potentially fewer overlaps between species. Groups of species are often delineated by 

zonation, as has been recognised in the literature (Tansley 1953;  Rodwell 2000), and is 

evident to those walking through areas where there is a change in the soil structure. Some 

species are more tolerant of a drier, less nutrient rich substrate than others, and the 

evidence here suggested that it would be worth trialling these in the trial plots.  

This small scale experiment helped to improve our understanding of how the trial plots 

should be developed. Although the trial plots themselves are a further investigative stage, 

it has been shown that by carrying out this experiment, a more successful field trial can 

follow. This is through the elimination of treatments which contain just coarse rock and 

no topsoil, and increasing the species mixes used. Steps such as this have the ability to 

prevent costs of time and money through heading in to bigger stages unprepared.  

To answer why it may not be possible to simply use plants which act as phytoremediators 

on the land, one must look to where the toxic elements taken up by these species go. 

Some of them are taken up rapidly, by hyperaccumulators, with the plant roots, stem and 

leaves then contaminated. This does not resolve the issue entirely, however, as although 

some of the contaminants are broken down by the plants to be harmless, others are 

converted to a more toxic form, e.g. AsV to AsIII (Finnegan & Chen 2012). The 

subsequent grazing on this vegetation, and consumption of these species, and 

bioaccumulation of heavy metals (Heikens 2001), firstly by invertebrates and then up 

through the food chain, can, though not always, have serious health consequences on the 

animals concerned (Reglero et al. 2009). There still remain an estimated 137,000 km2 within 

Europe for which some level of remediation is required (Tóth et al. 2016).  
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3.5 Conclusion 

The two treatments combining coarse substrate and no topsoil did not produce any 

seedlings; the seeds were simply washed through the rocks with watering. Although this 

is clearly not surprising, it has informed the future design of the field trial plots: i.e., it was 

decided that all treatments in the field trials should include a top layer of fine subsoil, and 

that underneath the topsoil on the coarse subsoil, a thin layer of fine subsoil infill would 

help reduce vertical downward erosion of the topsoil. Where possible, running short, 

fairly simple experiments such as this one, should be done prior to larger field trials. The 

likelihood is that savings in time and/or money will result in the medium term. 
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Chapter 4 

4 Vegetation trial plots 

The trial plots were set up to build on the knowledge gained from the pot experiments 

(chapter 3) – to obtain larger, longer-term data sets recorded from the correct location 

(i.e., at Dounreay) with the same prevailing environmental conditions under which 

landscape scale restoration would ultimately occur.  

4.1 Introduction 

Restoration and remediation of degraded sites is understood to be challenging. 

Appropriate goals need to be set initially, and a good understanding of key functions 

desired of the restoration is required. Then, with the required physical and environmental 

conditions in place, and an ability to “nudge” restoration trajectory back “on track” in the 

short- to medium-term (if necessary), the long-term return to functionality of a restored 

ecosystem can be made more likely (Bernhardt et al. 2007; Sawtschuk et al. 2012). The 

better this knowledge is, the more likely a successful restoration will result, hence trialling 

of different methods for restoration of desired species to sites is a recommended process 

(Smith et al. 2014), and so following on from the laboratory trials, field trials were set up.  

The field trials provided an opportunity to measure in-situ plant responses within the 

“real” environment (complexity that simply can’t be replicated in the laboratory). For 

example, how plants respond to frost, storms, heavy rain, or grazing can all be recorded 

in the field, as well as interactions between vegetation and other biota.   

In the case of Dounreay, in order to establish a suitable landscaping design with minimal 

manipulation, it is also essential to investigate which on-site materials/combinations can 

best promote the return of cliff-top vegetation. Understanding how soil geochemistry and 

soil properties influence initial establishment and growth of vegetation, and understanding 

how plants interact together to shape communities over the short-term (0-3 years), can all 

help to inform longer-term strategies.  

Aims 

At Dounreay, in order for site restoration to comply with environmental legislation and 

satisfy the requirements of stakeholders (from individuals to government), several 

considerations need to be taken into account. The site is expected to blend into, or 

enhance, the local environment and landscape – and to achieve this, a suitable substrate 
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for native vegetation needs to be provided. With respect to the restoration itself,  the site 

should also be ‘remediated to a level that is suitable for its future use’ (The Highland 

Council 2015). More specific constraints, including legislative and commercial ones, that 

need consideration, are: 

i) The site should maintain or enhance the local biodiversity and provide suitable 

habitat for micro and meso-fauna in the area, delivering multiple ecosystem 

functions. 

ii) The chemical makeup of the landscape layer should not detrimentally affect the 

surrounding habitat through run-off or leaching of minerals from it. 

iii) The restoration recommendations should include potential environmental costs 

(i.e., of moving material to the required areas) as well as the economic costs. 

iv) There should be no need for maintenance of the restored vegetation over the 

coming decades to centuries while the site is in its interim end state (IES). 

v) The current remediation and landscape design assumes that the restoration layer 

will be 1000 mm deep and will cover an extensive area (363,816 m2).   

To form the final restoration layer, a wide variety of material may be available for use - 

including rock and topsoil excavated from the new low-level waste facility (NLLWF), 

material from buildings that are being demolished on site, and material from local quarries 

off-site.  

With all of the above in mind, the overall aim of the vegetation trial plots was to compare 

different options for the restoration substrate and seed mix and therefore inform the 

landscape design of the Dounreay site. More specifically, the trials aimed to provide 

answers to four key questions: 

i) Is a top soil layer required to maintain vegetative growth and species diversity on 

the restoration layer in the field? Hypothesis: A higher level of cover and a higher 

level of diversity will occur on the treatments that contain topsoil. 

ii) Does grading of subsoil impact upon vegetation growth and species diversity on 

the restoration layer in the field? Hypothesis: there will be higher levels of cover 

and diversity with a 6F1 (fine) subsoil than a 6F2 (coarse) subsoil, all other factors 

being equal. 

iii) How do seed mixes vary in their establishment, survival and growth of vegetation? 

Hypothesis: a difference in species composition will be maintained between seed 

mixes within treatments, but cover, growth and diversity will be the same. 
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iv) Will different components of the treatments, including resultant levels of 

vegetation cover, impact on the return of a functional ecosystem, measured 

through numbers and diversity of invertebrates? Hypothesis: There will be a 

greater number of individual invertebrates, and these will be from a greater 

number of taxonomic groups, on treatments that provide higher levels of cover 

and diversity. 

Objectives 

The main objective of this chapter is therefore to compare different combinations of 

subsoil (coarse, fine), topsoil (present, absent) and seed mixes (Coastal, MG5) with local 

reference sites. More specifically, vegetation cover, diversity and composition were 

compared among treatment combinations and between treatments and reference sites. It 

was hypothesised that there would be higher levels of cover and diversity where topsoil 

was present, and that the cover and diversity indices would reach levels recorded on the 

reference sites by the end of the third growing season. It was also anticipated that the 

composition would continue to be different between the seed mixes used on the 

treatments, and that species composition in the trial plot would overlap with that found 

on the reference sites especially where soils are similar in their physico-chemical 

composition.   

Invertebrate communities present were also evaluated and contrasted them among 

treatment combinations, and between treatments and reference sites. It was hypothesised 

that diversity and individual numbers would be higher on plots with high vegetation cover. 

It was also hypothesized that diversity and individual numbers would be broadly similar 

between trial plots and reference sites. 

Soil physico-chemical properties were compared between treatment combinations and 

between treatments and reference sites. It was hypothesised that treatments with topsoil 

would have higher nutrient, organic matter and moisture levels. It was thought that soil 

physico-chemical properties would be similar between vegetation trial plots and reference 

sites with matching underlying bedrock.  

4.2 Materials and Method 

Overview of design 

The trial plots were located just outside the boundary of the Dounreay nuclear licenced 

site (Figure 4.1). Site location options for the trial plots were limited, with much of the 
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surrounding land owned by neighbouring farms or tenanted to them, developed (e.g., at 

the Vulcan naval reactor test establishment; NRTE, formerly HMS Vulcan), or used as 

access areas to the site or parking for cars. The trials were located approximately 600 m 

from the sea, about 100 m further inland than the most inland parts of the site that will 

require a restoration layer. 

 

Figure 4.1. Location of the vegetation trial plots at Dounreay. Also shown are the other areas invertebrate data 
were collected – Zone 1B restored meadow (within the site licence area) and from Borrowston Mains farm 
(one of the reference sites used for vegetation surveys as well). Each area is located within the boundary line 
of the same colour as its label – the trial plots being the small rectangle just above the yellow label. Map data 
©2016 Google. 

The vegetation trial plots were constructed using rock from the quarry at Spittal, 20 miles 

from the site, crushed to the desired size. They were completed in June 2014, and seeding 

of the plots took place in July 2014. The seed mixes were adapted from Scotia Seeds MG5 

meadow (MG5) and coastal meadow (Coastal or C) mixes (species lists are given in 

Appendix 7.3, Table 7.5). The species within the standard mixes that had not been 

recorded from the Caithness vice county, VC109, were omitted, and after speaking to 

staff from the Royal Botanic Garden Edinburgh, Plant Life and Scottish Natural Heritage, 

additional species were added to complement the flora of the region. A total of 6 

replicated blocks were constructed and treatments were assigned randomly using a full 

factorial design combining seed mixes (Coastal or MG5), topsoil (absent or present) and 

underlying crushed rock (material grade 6F1 or 6F2) giving a total of 8 treatments. The 
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topsoil was salvaged in situ during construction, and reallocated to appropriate plots.  Each 

treatment plot within each replicate block was a 3 m by 3 m square, with 2 m gaps between 

the blocks (Figure 4.2). 

 

Figure 4.2. Schematic showing the plan layout of the replicate blocks of the vegetation trials. The key for the 
different treatments is given above. All plots had a base layer of 300 mm of 6F2 rocks, the first figure given in 
the key on the top left is the rock grade (placed from 300 mm to ca. 950 mm above the base); the material into 
which the seed was sown (50mm depth) is that given just before the seed mix.   

The original vegetation on the trial plot consisted mostly of grasses, the most dominant 

being H.lanatus, though with F.rubra, A.odoratum, and some F.ovina present. Other non-

grass species present prior to clearing the plot and in the surrounding area include 

C.arvense, C.palustre, B.perennis, H.radicata, P.lanceolata, R.obtusifolius, T.repens, T.pratense, and 

U.dioica. These are the species that were not only very likely to be part of the original soil 

seed bank on the trial plots, but also due to their frequent occurrence in the surrounding 

are likely to have had seeds blown in from elsewhere too. Other species may have 

occurred on the site prior to clearing, but were not recorded systematically in a survey. 

Testing the topsoil on its own would have provided information about the species within 

the soil seed bank and their viability, as well as improving knowledge about those species 

that are recruited through wind-blown seed on to the site. At the time the trial plots were 

set up, and indeed through to the end of this project, the origin of the topsoil to be used 
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on the restoration area at Dounreay remained unknown. As a restoration plan develops 

in the future, and the source of the topsoil to be used becomes known, testing the topsoil 

for the seedbank may allow for a reduction in the number of species that require being 

sown.   

Construction 

The trial plots aimed to replicate the likely physical conditions that would be experienced 

at the final end state, with a major concern being the loss of water.  With bedrock lying 

300 mm below the soil surface, it was decided that the ground level for the area selected 

for the vegetation plot trials would be raised by 700 mm above the surrounding ground 

level. This allowed the constructed trial plots to be the expected height of 1000mm from 

base to surface, while minimising potential moisture loss from their edges through the 

construction of a soil batter.  

The plan layout of the trial plots (Figure 4.2) and the design of the individual blocks 

(Figure 4.3) are shown. Construction of the plots started with the removal of vegetation 

(scraped off by excavators using buckets). The topsoil was then removed down to the 

bedrock at a depth of 300 mm and stored at the side of the construction area until 

required. Coarse crushed rock (6F2), which fitted through a 90 mm mesh, was laid to a 

depth of 300 mm across the entire area on which the plots were to stand. On top of this, 

gabion baskets measuring 3000 mm x 1000 mm x 700 mm deep were placed, three for 

each of the replicates. These were then filled with the material allocated to them as per 

the treatment plan, either the 6F2, or a finer grade material (6F1) fitting through a 30 mm 

mesh. Images of the construction process (Figure 4.4) and a cross section (Figure 4.5) are 

shown below. Note that, following on from the observations in the pot experiments, the 

key differences in the use of materials in the trial plots are the addition of a layer of 6F1 

(fine) on top of all the 6F2 (coarse) material, including below the topsoil.  

The removed topsoil amounted to ca. 180 m3 and was placed in a pile on one side of the 

construction area. The soil at depth in this storage pile would have experienced greater 

compression than that at the surface, possibly leading to changes in its physical 

characteristics, as well as it becoming anaerobic in places during the two weeks of storage. 

The soil used for the treatments, ca. 20 m3, was the first to be used (prior to any of the 

batters being constructed) and would have been subjected to conditions similar to that of 

the soil in the surrounding area, i.e. it was that from the surface of the pile, and would not 

have been stored at a depth of >500 mm. Although not empirically tested here, changes 



CHAPTER 4                                                                    VEGETATION TRIAL PLOTS 
 

104 
 

in soil biota during this time, and the quality of the soil seed bank, particularly considering 

the shallow depth the soil was taken from, are likely to have been minimal. Impacts and 

significant changes to the soil’s state are more commonly reported after years of storage 

(e.g. Koch 2007) rather than days (Lauber et al. 2010).   

When all gabion baskets were filled, a batter was constructed using remaining rock and 

soil material to prevent material sliding out of the gabion baskets, and to help prevent 

desiccation at the plot edges. The material was packed down using the bucket of the 

excavator to try and compact it as much as possible. Water was hosed across the plots to 

aid with downward dispersal of loose material. This meant that prior to sowing seeds, the 

area was as stable as possible. Top soil or 6F1 was added to treatments, as per the plan, 

and seeds were sown (at a density of 3 gm-2) shortly after construction was completed, in 

July 2014 (Figure 4.4 and Figure 4.5). Once the treatments were completed, and prior to 

sowing, a sample of the topsoil or 6F1 material topping each treatment was collected with 

using a trowel, placed in a ziplock plastic bag, and analysed on return to the laboratory (as 

described in Chapter 2, Soil Analysis section). This material is in essence the donor site 

soil, though is classified below as the topsoil from the start of the vegetation trial plots. 

 

Figure 4.3. Schematic showing sizes of individual block ‘D’. Total dimensions of blocks are 12 m x 6 m, within 
which are eight 3 m x 3 m plots. Within each of these, the central 1 m x 1 m, shown here with a thick black 
line around the numbers, were surveyed and data collected from within. The numbers in the boxes in this 
figure match up to the key given in Figure 4.2. 

The 6F1 material was classified as gravel or sandy gravel (Blott and Pye, 2001), with 

median grain size ranging from 2181 µm to 2318 µm, and a mean median size of 2252 

µm. The mean pH of the 6F1 material used was 8.79, and mean conductivity of 150.92 

µS m-1. It had a very low water holding capacity (measured as volumetric water content) 

at 1.53%, and a low organic matter content (measured as loss on ignition) of 0.80%. Most 

of the topsoil material was classified as gravelly muddy sand, with some replicates as 

gravelly mud and muddy sandy gravel (Blott & Pye 2001), with median grain size ranging 
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from 57 µm to 507 µm, with a mean median size of 156.52 µm. The mean pH of the 

topsoil used was 8.79, and mean conductivity of 123.29 µS m-1. It had a higher water 

holding capacity than the 6F1 material (measured as volumetric water content) at 12.35%, 

and a higher organic matter content (measured as loss on ignition) of 4.83%. 

 

Figure 4.4. Construction of the trial plots. From top left across rows: scraping off vegetation, excavating to 
bedrock, infilling with 6F2, placement and filling of gabion baskets, infilling between blocks (replicate E6 is 
on the left of the picture), topping off the gabion baskets with required material (replicate A1 and A5 at the 
front), blocks A, B and C completed (replicate C3 at bottom right of picture with topsoil), the batters around 
the plots, seed being sown on the plots (replicate E6).  
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Figure 4.5.  Trial plots schematic showing the 8 possible treatment combinations used – as a cross section (treatment coding (top) gives seed mix, then fine/coarse for 50-700mm 
substrate, then 0/1 for without/with topsoil). The undisturbed bedrock is shown in black at the base of the schematic, the surrounding topsoil/broken bedrock can be seen to either 
side, next to which batters were set up to help enclose the above surface level structure and prevent loss of material through the gabion baskets. The base layer across all of the plots 
was the same, 6F2, above which was either 6F1 or 6F2. These were topped with 6F1 and/or top soil, on to which one of the seed mixes was added. Note the difference in the horizontal 
and vertical scale on the figure.
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Data collection 

Overview 

Data (described below) were collected regarding the vegetation in order to know which 

treatments were successful in providing a suitable substrate for vegetation establishment 

and growth. Soil samples were collected to provide further context to, and understand 

potential limiting factors for, vegetation growth. Data were also collected on invertebrate 

assemblages in order to assess whether re-vegetation strategies would allow other 

ecosystem functions to recover, and to measure the early trajectory of the remediation 

strategies. To frame this within the range of natural variation, these same variables were 

compared with reference site data.  

Vegetation 

Vegetation recording in each of the 48 individual plots (6 replicate blocks x 8 treatment 

combinations) started on the 8th August 2014 and continued until 27th September 2016. 

From September 2nd 2014, surveys were conducted weekly for 7 weeks, and subsequently 

4 weekly (October – March) or fortnightly (April – September).  Therefore, the vegetation 

dataset is made up of 43 survey weeks of 48 replicate blocks (2064 data collection points). 

For each of these points, vegetation species and their coverage were recorded in the 

central 1m x 1m of each plot using the Braun-Blanquet relevé method, which gives a value 

or symbol according to the amount and coverage of a species: 

 ‘r’ for a single individual (here given a value of 0.1), 

 ‘+’ for few individuals (here given a value of 0.5), 

  ‘1’ for many individuals but < 5% cover, 

 ‘2’ for 5 – 25%, 

 ‘3’ for 25 – 50%,  

 ‘4’ for 50 – 75%  

 ‘5’ for 75 – 100%.  

The values given above, ranging from ‘0.1’ to ‘5’, are acceptable for use in the statistical 

analyses that follow (Lepš and Šmilauer 2003).  

During the growing season of 2015 (April-October) flowering heights of two species 

(Bellis perennis L. (Daisy) and Rhinanthus minor L. (Yellow Rattle)), which were in both seed 

mixes, were measured. For each treatment and each collection date, the total cover, the 

richness and Shannon’s H diversity indeces were calculated for all the treatments to 

compare the evolution of the plots over time. Trends in the distribution of the species 
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were searched for based on their potential origin: seed mix (either belonging to coastal 

only, to MG5 only or to both) or incoming (wind dispersed or from the soil seed bank). 

In September 2016, one half of each of the plots had the vegetation cut to ground level, 

and the fresh and dry weights were recorded to assess if there were measurable differences 

in above-ground biomass between treatments. The cutting also effectively mimicked what 

would happen if grazing occurred at a greater intensity than that occurring at present.  

Invertebrates 

Pitfall traps were set up to sample the invertebrates on each of the replicate blocks, within 

zone 1B, and on Borrowston Mains reference site. This method has been used 

consistently and successfully for the trapping of terrestrial arthropods since at least the 

early 1930s (Barber 1931), its simplicity leading to extensive use. Although concerns that 

the traps really tell us about the movement of arthropods through, rather than abundance 

in, any particular habitat, they remain extensively used (Matalin & Makarov 2011).  Each 

trap consisted of a plastic beaker sunk in to the ground so that the lip of beaker was level 

with the ground surface. Any invertebrates travelling in the direction of the beaker have 

a chance of being trapped, where a preserving agent (propylene or ethylene glycol) would 

prevent them from decomposing. A lid was placed over the beakers to avoid over-filling 

when it rained (Figure 4.6). The traps were emptied every 2 weeks, with a total of 12 

collections made covering an entire growing season (see Table 4.1). The entire season was 

made up of the second part of a season in 2015 (July – September) and the start of the 

growing season the following year in 2016 (April – July), a time set used in other studies 

(Yanahan & Taylor 2014). 

 

 

Figure 4.6. Schematic showing set up of pitfall traps (l), and an image of the plastic beakers used with the 
chicken wire for 'mammal escape'. 
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Table 4.1. Dates of sample collections from pitfall traps from trial plots and zone 1B, and the order in which 
samples were used for analysis.  

 

Once the traps were emptied, the invertebrates were sorted and identified into taxonomic 

orders, which were then classified into functional groups based on dietary preferences 

(carnivores, herbivores, detritivores, and generalists). As individuals were not identified 

to species level, this functional grouping is a best estimate according to ecological 

information provided by Tilling (2014).  From 20 orders identified and used in this part 

of the analysis, these were split into four groups: carnivores (Coleoptera, Lithobiomorpha, 

Araneae, Opiliones and Neuroptera), herbivores (Dermaptera, Hymenoptera, Hemiptera, 

Pulomnata, Lepidoptera and Prosobranchia), detritivores (Collembola, Oligochaeta, 

Polydesmida, Isopoda, Julida, Siphonaptera and Trichoptera), and generalists (Acari and 

Diptera). Identification of invertebrates to this higher taxonomic level still provides the 

details required for meaningful comparisons of treatments (Biaggini et al. 2007). A 

comparison was made between the total number of orders, number of individuals within 

the functional groups, and diversity between all treatments over the time of the trials. 

These were compared to data collected from one of the reference sites, Borrowston Mains 

farm, adjacent to Dounreay, and to traps set up on zone 1B, within the site-licenced area. 

Soil 

Soil samples were collected from each replicate at the start of the trial plot project, in 

August 2014, and a further sample was collected from each replicate at the end of the 

third growing season, in September 2016 (i.e., at a similar time in the growing season). 

Soil from each replicate was collected using a small trowel and placed in a ziplock plastic 

bag prior to analysis. Vegetation was removed from the surface of the plot prior to 

collection, and soil collected to a depth of up to 10 cm, but before the change in materials 

used on the different layers. These samples were analysed using the methods described in 

Chapter 2. 

Soil from the reference sites was collected during the vegetation surveys that were carried 

out during the summer of 2014 (Chapter 2). The total number of soil samples analysed 

and compared was 329. 

Order in 

thes is  figures
1 2 3 4 5 6a 6b 7 8 9 10 11

Date of 

col lection
10 May 24 May 7 June 21 June 5 July 19 July 16 July 5 Aug. 19 Aug. 1 Sept. 15 Sept. 29 Sept.

Year of 

col lection
2016 2016 2016 2016 2016 2016 2015 2015 2015 2015 2015 2015

Collection date from pitfall traps and order used
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Statistical analysis 

Statistical analyses of the data were performed using  R version 3.3.1 (R Core Team 2016) 

in RStudio (Version 0.99.903 (RStudio Team 2015)).  

Richness, Diversity and Cover 

In order to compare vegetation establishment at the end of the trials, richness (total 

species number), diversity (Shannon’s H) and cover (sum of cover values from Braun-

Blanquet relevés) were calculated using data from the third growing season (13 data sets 

collected every two weeks from 12 April 2016 to 27 September 2016) only. The means 

for these (n = 13) were calculated for each replicate of each treatment, using the functions 

“specnumber” (richness) and “diversity” (Shannon’s H diversity index), from the vegan 

package (Oksanen et al. 2012), and “rowSums” (cover). To assess for normality of 

distribution of data, Q-Q plots of the residuals were created, homoscedasticity was tested 

for, as was collinearity. These plots were checked to make sure that the data conformed 

to the requirements needed to run an ANOVA, with some allowance given for the 

robustness of data used in ANOVAs to violate the normal distribution assumption 

(Schmider et al. 2010). The data generated for richness, diversity and cover were then 

tested for differences between treatments using the ‘lsmeans’ function ‘aov’ (Lenth 2016).  

Community assemblages were compared as a whole by using permutational multivariate 

ANOVA using the function ‘adonis’, also from the vegan package. To prevent matching 

absences of a species having the same weight in the analysis as matching presence, the 

data were transformed using the function “decostand”, using method “hellinger” in the vegan 

package in R (Oksanen et al. 2012) prior to the permutational multivariate ANOVA. The 

Hellinger transformation reduces the influence of rare species, specifically, of matching 

‘0s’ in the data set. Without this transformation, sites where the species are absent (as is 

often found when conducting ecological surveys) at the same time may appear similar 

despite not sharing species that are present. 

Species changes over time 

To compare changes in vegetation assemblages between treatments over time, principal 

response curves (PRC) were used. This is a multivariate method allowing for the temporal 

changes within the data to be compared to a selected reference (Van den Brink & Ter 

Braak 1998; Van den Brink & Ter Braak 1999). This method provides a way of specifically 

testing the interaction between time and treatment, displayed as a deviation from a 

reference set a priori. The analysis also highlights which of the response variables (plant 
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species) are more strongly related to the temporal trend. The treatments were split by seed 

mix in order to assess how the substrates affected species composition.  The graphical 

output from the PRC shows the changes in species composition over time measured 

against a control. The control used in these analyses is often data collected during the 

same time frame from a reference site (Poulin et al. 2013). For this study, the treatment 

with no topsoil and coarse subsoil was used as the reference, as this was the assumed 

“minimal intervention” treatment which could be used in a landscape design scenario. 

Deviation from this “reference” would thus highlight benefits that further intervention 

may provide (i.e., finer grading or top soil addition). Further, only species which were 

present in ≥ 10% of all records (Poulin et al. 2013), were used for assessing temporal 

changes in community composition. For the MG5 seed mix this resulted in 11 species 

being omitted from the analysis, with 29 species remaining. For the Coastal seed mix there 

were 5 species omitted from the analysis, with 27 species remaining.  

Above ground biomass and height 

Fresh and dry weights for the treatments, and species heights of B.perennis and R.minor 

from treatments, were compared using three-way ANOVAs, appropriate for the split-

block design.  

Invertebrates 

Richness, Diversity and Cover 

Richness (total species number) and diversity (Shannon’s H) were calculated using data 

for the numbers of individual species, excluding those in the order Amphipoda. The 

Amphipoda were excluded from the analysis of individual numbers because they occurred 

in just one set of traps on the reference site, and when present were frequently in large 

numbers, with over 100 individuals trapped on 12 occasions.  

To assess for normality of distribution of data (in order for ANOVAs to be valid), Q-Q 

plots of the residuals were created, homoscedasticity was tested for, as was collinearity. 

These plots were checked to make sure that the data conformed to the requirements 

needed to run an ANOVA, with some allowance given for the robustness of data used in 

ANOVAs to violate the normal distribution assumption (Schmider et al. 2010). The data 

generated from the calculations for richness, diversity and cover were then tested for 

differences between treatments using the ‘lsmeans’ function ‘aov’ (Lenth 2016).  

Orders were subdivided into functional groups, according to feeding preference, to assess 

how this varied across treatments. As above, these data were checked for normality of 
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distribution and ANOVAs were run to test for differences in distribution of orders 

between treatments, and groupings of treatments were generated using the ‘lsmeans’ 

function (Lenth 2016).  

For the invertebrate analyses, the invertebrate data from the restored meadow in zone 1B 

were also included, so that a comparison could be made between the treatments and a 

restored, on site area. The range in numbers of invertebrates from the reference site at 

Borrowston Mains were then added to the plots to visually assess how the treatments 

compared. 

Soil  

Principal component analysis (PCA) was used to display how the topsoil and non-topsoil 

treatments on the trial plots differed from one another, and also how they differed from 

the soils found on the reference sites. Principal component analysis was originally 

developed by Pearson (1901), however, only with the availability of computers did this 

method become more frequently adopted by ecologists (Prentice 1980). PCA reduces the 

dimensionality of the dataset, enabling similarities and/or dissimilarities between groups, 

in this instance soil properties, to be compared. This multivariate analysis method 

summarises the variation described by the many variables to the ‘principal components’ 

(PCs). These new variables, the PCs, each orthogonal to the previous one, reduce the 

multidimensionality of the data, allowing it to be plotted with little loss of useful 

information. The resultant scores of the PCA were plotted for the first two axes (PC1 and 

PC2), with a 95% CI ellipse around the mean.  

The PCA was carried out using data collected for the three key essential macro-elements 

required by plants, N (from water soluble TON), P (bioavailable Mehlich 3 extraction) 

and K (acid digest), as well as three further essential elements required by plants, Mg 

(water soluble), Ca (acid digest) and S (acid digest). Two further potentially toxic elements, 

Cu (bioavailable) and Pb (bioavailable), were included as well to see if these differed 

between treatments. When a full data set was available, bioavailable levels of nutrients 

were used, with a second preference for water soluble, and finally for digested soil. The 

data set used depended upon the success of the analysis through the ICP, and if there 

were >10 (of the 246 samples) that were below the LOD the subsequent data set was 

used. Other soil properties included in the PCA were pH, loss on ignition (a proxy for 

organic matter), conductivity and volumetric water content.  
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To search for any significant differences between the sites/treatments, ANOVAs were 

run on the principal components that explained over 10% of the variance. Comparisons 

were then made using the ‘lsmeans’ function (Lenth 2016) to assign letters to the 

groupings of the sites/treatments. To compare soil chemistry from the start of the trials 

and at the end of the trials, ANOVAs were run. 

Summary tables of the soil data are provided in the appendix (Table 7.8). 

4.3 Results 

Vegetation 

Overall, vegetation cover, total number of species and Shannon diversity were 

consistently and significantly higher in the plots with topsoil compared with the plots 

without topsoil (Figure 4.7). The other factors (seed mix and underlying layer) have less 

pronounced effects (Figure 4.7, Table 4.2), though the no topsoil/coarse subsoil/MG5 

treatments had fewer species and less cover than all other treatments. As well as higher 

numbers of species, cover and diversity in the top soil treatments, larger changes were 

observed between seasons in total cover and number of species in the topsoil treatments, 

while the plots with no topsoil showed a steadier increase in coverage, with less seasonal 

difference, during the trials. In the first year, the number of species was still increasing 

after the end of the April – September growing season. The paired groups that each 

treatment was in, for cover, richness, and diversity, are given in Table 4.3. 

Table 4.2. Summary of differences between the treatments for diversity, cover, richness and composition of 
vegetation during the 3rd growing season. Where there were significant differences (p<0.05) the p values are 

shown in bold. 

 

The images of the replicate treatments on the trial plot (Figure 4.8) illustrates clearly the 

difference in cover between treatments, though the comparative levels of richness and 

diversity between treatments are unclear from these images 

Treatment (df) F p F p F p F p

Seed (1) 0 1.000 0.605 0.44116 0.618 0.436 27.833 <0.001

subsoil (1) 5.765 0.021 1.047 0.31227 4.603 0.038 1.95 0.104

topsoil (1) 71.707 <0.001 416.225 <0.001 108.868 <0.001 39.51 <0.001

Seed x subsoil (1) 1.751 0.193 0.613 0.43831 1.194 0.281 0.469 0.819

Seed x topsoil (1) 3.877 0.056 8.344 0.00622 1.253 0.270 3.219 0.02

Subsoil x topsoil (1) 9.21 0.004 7.555 0.00893 8.285 0.006 1.285 0.25

Seed x sub x top (1) 4.615 0.038 3.316 0.07609 5.69 0.022 0.821 0.499

Residual 40 40 40 40

VEGETATION      CompositionDiversity Cover Richness
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Table 4.3. Treatment grouping derived from the analyses. The higher the number in the ‘Veg cover’, ‘Veg 
richness’ and ‘Veg diversity’ columns also relate to higher levels of these attained. 

 

 

 

 

 

 

Seed Subsoil Topsoil/6F1 Veg  cover Veg  richness Veg  diversity

MG5 Coarse 6F1 1 1 1

Coastal Coarse 6F1 1  2 2 2

MG5 Fine 6F1 2 2 2

Coastal Fine 6F1 2 2 2

MG5 Coarse Topsoil 3 3 3

Coastal Coarse Topsoil 3 4 3 3

MG5 Fine Topsoil 3 4 3 3

Coastal Fine Topsoil 4 3 3
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Figure 4.7. Changes in vegetation during the course of the vegetation trials. Panel ‘a’ shows the change in the 
total number of species recorded on the plots; panel ‘b’ shows changes in ground cover by the vegetation; and 
panel ‘c’ shows changes in diversity. The sections of the plots highlighted show the ‘growing season’, April 
to September. All plots with topsoil had a greater number of species, more ground cover, and a higher diversity 
index score than those without topsoil until the end of the trials in September 2016. For each measurement 
shown the mean and mean ± standard deviation are given for the reference sites for comparison. The 
treatments were factorial combinations of two seed mixes (coastal (C) and grassland (MG5)) two types of 
subsoil (crushed rock (Coarse) fine crushed rock (Fine)), and two types of topsoil options (topsoil (1), no 

topsoil (0)). 



 

 
 

1
1
6
 

 

Figure 4.8. Photographs of each of the replicates (n=48) from the vegetation trial plots in June 2016. The whitish squares, with an often grey looking stone on them, just left of centre 
in most images, are the wooden coverings of where the pitfall traps were set. The images show most of the 3 m x 3 m replicate treatments, and it was the central 1 m x 1 m that was 
surveyed for vegetation during the trials. 
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Comparison of sown species by treatments 

The topsoil and seed mix had a significant effect on the community composition of the 

vegetation (Table 4.2). In other words, each treatment favoured the growth of particular 

species. This is illustrated in Figure 4.9 which presents the contribution of the species 

sown and not sown, i.e., either in the soil seed bank initially (where top soil is present), 

or, dispersed there over the time of the trials. All treatments favoured the species exclusive 

to them (either coastal or MG5) as opposed to the species exclusive to the alternate seed 

mix. Species recorded from the vegetation trial plots for each of the treatments are 

summarised in Appendix 7.3, Table 7.6 & Table 7.7. 

 

Figure 4.9. Make up of species numbers according to presence or absence in the two seed mixes used. Each 
of the 8 treatments has been divided up into the mean number of species recorded on the replicate blocks at 
the end of September for each of the three years of 2014, 2015 and 2016. These were the broken down into one 
of 4 categories: species in MG5 seed mix; species in Coastal seed mix; species in both MG5 and Coastal mix; 
and species which were in neither seed mix. 

The species that remained most consistently within the treatment in which they were sown 

included A.millefolium, H.radicata, L.vulgare, Prunella vulgaris, R.acetosa and T.pratensis 

(exclusive to the MG5 seed mix), and C.danica, D.carota, S.dioica, S.latifolia and S.uniflora 

(exclusive to the Coastal seed mix). There was no observed difference in the distribution 

of the grasses between the treatments, although there were just three grass species that 
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were exclusive to the different seed mixes (F.ovina and P.pratense in the MG5 seed mix and 

P.pratensis in the coastal seed mix (Appendix 7.3, Table 7.5).  

Richness 

For 2014 and 2015 there were, on average, fewer species growing in all treatments without 

topsoil (mean number of species for years are 5.1 and 15.0 respectively), compared to 

treatments with topsoil (mean number of species for years are 6 and 15.6 

respectively)(Figure 4.7). By the end of the 2016 growing season, the number of species 

on treatments without topsoil was much higher, with a mean of 10.4 species in non-

topsoil treatments, compared to 15.6 on treatments with topsoil. 

Flower heights 

Heights of flowering stems of B.perennis were only recorded in the treatments where 

topsoil was present as during the measurement period there were no flowers in the no-

topsoil treatments (although non-flowering individuals were observed in these 

treatments). There was no significant difference in the stem heights of B.perennis between 

the four treatments in which it was recorded, though the blocks were shown to be 

significantly different (F = 12.05, p < 0.001). R.minor was recorded flowering in all of the 

different treatments, though not on every replicate of the treatments. When it did flower, 

the fewest flowering stems were recorded in the treatments with no topsoil/coarse 

subsoil/coastal seed mix (n=7), with the greatest numbers recorded in the topsoil/fine 

subsoil/MG5 seed mix (n=84). There were significant differences in the flowering stem 

height of R.minor between treatments with topsoil (mean height 320 mm) and without 

topsoil (mean height 125 mm) (Figure 4.10), (F = 70.99, p < 0.001). The stem heights for 

R.minor were also shown to be significantly different between blocks (F = 3.94, p < 0.001), 

with taller plants in replicate block ‘D’, to the northeast of the trial plot. 
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Figure 4.10. Boxplot showing range of flowering heights of Rhinanthus minor across different treatments. 
Treatments which share a letter above the boxes did not differ significantly from each other, while treatments 
with different letters are significantly different (p <0.05). 

Biomass 

There was greater biomass on the plots with topsoil than those without. The mean fresh 

and dry weights from the with topsoil treatments were 481.2 g and 149.5 g respectively, 

compared to 72.9 g  and 26.8 g respectively for the treatments without topsoil. The 

difference was significant for fresh weight (F = 116.3, p < 0.001) and for dry weight (F = 

122.2, p < 0.001). The subsoil and seed mixes did not have a significant effect on the 

above ground biomass recorded between treatments. The blocks also tested differently 

for dry weight at the 0.05 level (F = 2.6, p = 0.040), and was equal to the threshold for 

fresh weight (F = 2.5, p = 0.050). 

Comparison to reference sites 

The frequency of occurrence on the non-peat reference quadrats (i.e., those quadrats in 

which the soil sample contained <50% organic material) of the species sown on the trial 

plots is shown in Figure 4.11. Six species occurred in over 25% of these reference 

quadrats, two grasses (F.ovina and A.odoratum), two Plantago species (P.lanceolata and 

P.maritima), one clover (T.repens) and Bird’s foot Trefoil (L.corniculatus). The two grasses 

above (F.ovina and A.odoratum), along with two further grasses (C.cristatus and F.rubra) and 

one sorrel (R.acetosa), all had an average cover of >10% when they occurred. 
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Figure 4.11. Frequency of occurrence of seeded trial plot species on non-peat reference quadrats, grouped by 
seed mix. The frequency (bar chart) shows the percentage of occurrence of these species on non-peat 
reference sites (n=109). Average cover is also shown as square with ± SE. 

Composition 

Temporal patterns in vegetation composition are shown in the PRC as changes in distance 

from the zero line in Figure 4.12 (a) and (b). The zero line represents the “reference 

treatment” (i.e., no-topsoil/coarse subsoil) for each of the seed mixes (MG5 and coastal). 

The temporal patterns in vegetation cover were significantly different between the 

reference treatment (MG5/coarse subsoil/no topsoil) and the other treatments with an 

MG5 seed mix that this was tested against (PRC axis 1 = 18.4%, F = 381.9, p = 0.001; 

Figure 4.12 (a)). In the MG5 seed treatments, the topsoil particularly favoured T.repens, 

H.radicata, T.pratense, R.repens, A.odoratum, H.lanatus, A.millefolium, P.lanceolata and 

S.procumbens, all of which were correlated with the temporal changes in species 

composition (scores > 0.5). During the winter months (October – March) the differences 

between the reference treatment and the topsoil treatments was less pronounced, with 

greater decoupling between these lines seen during the growing seasons. At the other end 

of the scale, C.fontanum and the collection of unidentified grasses (indet monocots 

(‘indmon’ on Figure 4.12)), and to a lesser extent the Primulas and C.danica, were all more 

closely associated with the reference treatment – i.e. more likely to occur on treatments 

with no topsoil than on treatments with topsoil. 

The MG5 no-topsoil, fine subsoil treatment tended to vary very little from the reference 

line, fluctuating very slightly above and below it during the first two years until 2016. 
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From this time, it remained above the reference line, on the same side as the topsoil 

treatments, and further to this it varied in the same direction as the topsoil treatment lines 

as they fluctuated (Figure 4.12).  

 

 

Figure 4.12. Principal response curves for vegetation composition for treatments with the MG5 grassland seed 
mix (a) and coastal seed mix (b). The lines (representing treatments) deviating from the 0 line (the no-
topsoil/coarse subsoil treatment) show behaviour of the other treatments over time, with greater distance 
between them and the reference equating to greater dissimilarity in terms of species composition. On the 
right are the species (abbreviated names) which are creating these differences, and their scores, representing 
correlations, are on the left axis. Those scores > 0.5 or < -0.5 are shown in bold. Species with a positive score 
are positively correlated with the treatments above the line, 0 = no correlation, and negative scores are 
negatively correlated with the treatments above the 0 line. Sections of the figure with a grey background show 
the growing seasons (start of April to end of September).  

The interaction between time and treatment was also significant for the Coastal seed mix 

(PRC axis 1 = 22.0 %, F = 510.6, p = 0.001; Figure 4.12 (b)). For the treatments with 

coastal seed mixes, 18 species were positively correlated with the temporal trajectory in 

composition of species, and more frequently found on the topsoil treatments than the 

reference. Seven of these species, T.repens, H.lanatus, R.repens, A.odoratum, P.lanceolata, 
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B.perennis and S.procumbens, with scores > 0.5, were driving the differences between 

treatments with topsoil vs the reference. As with the MG5 treatments, there was a 

tendency for the topsoil treatments to be more similar to the reference in the winter 

months, as vegetation died away, with the greatest difference between topsoil treatments 

and the reference line in September 2015. During the 2016 growing season the topsoil 

treatments did not diverge away from the ‘0’ line, indeed as the growing season of 2016 

ended the topsoil treatments tended toward the reference line (as for the MG5 mix). 

Negative values for C.danica, S.uniflora, S.dioica, the Primulas and the unidentified grasses 

(‘indmon’), Figure 4.12 (b), indicate that these species had higher cover in treatments 

without topsoil (including the reference) than in treatments with topsoil. The no-

topsoil/fine subsoil treatment varied very little in relation to the reference treatment, 

fluctuating very slightly to either side of it.  

For both seed mixes, very little effect of the different subsoils (fine or coarse) is shown 

in the PRCs. It is also worth noting that although there were further RDA axes that 

showed a significant effect, the quantity of variance explained by the second axis dropped 

to 2.6% for the MG5 seed mix and to 4.6% for the coastal see mix, and so were not 

investigated further. The PRCs, for both seed mixes, show that although there is a small 

curve at the end towards the reference, there remains a large difference in species 

composition between those treatments with topsoil and those without topsoil.  

Invertebrates 

Over the course of the invertebrate surveys, 20483 invertebrates were trapped and 

identified. The greatest number of invertebrates were in the order Coleoptera (7596 

individuals), followed by Amphipoda (3328 individuals) and Collembola (2132 

individuals). Sorted by location, 12503 individuals were trapped on the trial plot pitfall 

traps (n=48), in zone 1B on the restored meadow 2098 individuals were trapped (n=12), 

with a further 5882 individuals trapped in the Borrowston Mains reference site traps 

(n=16). 

Richness 

For the trial plot treatments, when topsoil was present there were more individuals (mean 

= 31.9) and orders (mean = 5.9) than when topsoil was absent (mean individuals = 11.5, 

mean orders = 4.2), (Find =43.8, p < 0.001 and Forder =69.8, p < 0.001). Neither of the other 

variables (subsoil type or seed mix) had an effect on the numbers of individuals or orders 

of invertebrates on the trial plots. 
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With the inclusion of the data from the restored meadow in zone 1B, the analysis showed 

that the numbers of individuals and orders of invertebrates on the restored meadow 

grouped more often with those found in the no-topsoil treatments than the topsoil 

treatments. In other words, there was no significant difference between treatments with 

no topsoil and the restored meadow (Figure 4.13 and Figure 4.14 (a)). Overall, however, 

there were differences in invertebrate numbers and orders between the different 

treatments and the restored meadow, and these differences were significant (Find =6.46, p 

< 0.001 and Forder =10.01, p < 0.001 respectively). 

When also considering the reference site at Borrowston Mains, more individuals and 

orders were recorded close to the sea (i.e., within 10 m of it), and these numbers were 

more similar to the treatment plots with topsoil. Fewer individuals and orders were 

trapped further inland (65-230 m from the sea), where numbers were more similar to 

those recorded on treatments without topsoil. 

 

Figure 4.13. Boxplots of numbers of individual invertebrates recorded on the trial plots and the zone 1B 
restored meadow. Groupings given (letters above boxes) are for a direct comparison between all treatments, 
without separating out the make-up of treatments. The grey bands across the two figures show the mean ± 
se of numbers of invertebrates collected from the reference site at Borrowston Mains (split between the traps 

within 10 m of the sea, and those further inland, between 65 m and 230 m from the sea). 

There were members of all four functional groups recorded from all of the different 

treatments (Figure 4.14 (b)). There were differences in the mean numbers of orders 

belonging to different functional groups between the treatments, however this was only 

significant for the detritivores (F = 3.43, p = 0.003). Specifically, more orders classified as 

detritivores were recorded from treatments with topsoil, where there was greater 

vegetation biomass.  
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Figure 4.14. (a) Boxplots of numbers of orders of invertebrates recorded on the trial plots and the zone 1B 
restored meadow. Groupings given (letters above boxes) are for a direct comparison between all treatments, 
without separating out the make-up of treatments. The grey bands across the figure show the mean ± se of 
invertebrates collected from the reference site at Borrowston Mains (split between the traps within 10 m of 
the sea (top band), and those further inland, between 65 m and 230 m from the sea (bottom band)). (b) 
Separation of invertebrates by functional groups, based on feeding preference, shown as mean number of 

orders per trap recorded during the collecting season. 

Further to this, there were differences in the diversity of orders found between treatments, 

with a higher invertebrate diversity on the topsoil treatments than the no-topsoil 

treatments (F = 17.77, p < 0.001). There were also differences in the composition of 

orders between treatments, i.e. different orders were associated with different treatments. 

The difference was significant between topsoil/no topsoil treatments (F = 5.75, p = 

0.001), and between treatments with different seed mixes (F = 3.37, p = 0.003), Table 4.4.  

Table 4.4. Summary of differences in diversity, individual and order richness, and composition of invertebrates 
based on the treatments. Where there were significant differences the p values are shown in bold. 

 

 

 

 

 

Treatment (df) F p F p F p F p

Seed (1) 0.001 0.972 0.446 0.508 0.052 0.821 3.3748 0.003

subsoil (1) 0.642 0.423 0.237 0.629 0.086 0.771 1.0276 0.417

topsoil (1) 17.77 <0.001 43.828 <0.001 69.756 <0.001 5.7532 0.001

Seed x subsoil (1) 0.32 0.572 0.031 0.862 0.345 0.56 1.0227 0.411

Seed x topsoil (1) 0.025 0.875 1.897 0.176 0.665 0.42 0.4701 0.795

Subsoil x  topsoil (1) 0.019 0.889 0.145 0.705 0.776 0.384 0.5342 0.731

Seed x sub x top (1) 2.282 0.131 0.008 0.931 0.613 0.438 1.2516 0.293

Residual (40)

CompositionINVERTEBRATES Diversity Richness individuals Richness Orders
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Soil 

Principal component analysis 

The soil PCA showed the first three principal components explained 69% of the variance 

in the soil physico-chemical data, with 39.2% (F 211.2, p <0.001) on the first axis, 19.2% 

(F 8.655, p<0.001) on the second axis (Figure 4.15), and 10.8% (F=8.03, p<0.001) on the 

third axis. 

 

Figure 4.15. Principal component analysis for the soil chemistry from the trial plots (divided here between 
those with topsoil and those without – and at the start (2014) and end of the trial (2016)), and the reference 
sites. The loadings illustrate which of the soil properties are most associated with each other, and the 
directions in which they are associated with the sites. For each site, the plot shows the mean and 95% 
(standard error CI) ellipses for the soil chemistry. There are obvious groupings of sites according to soil 

chemistry, with the trial plots also showing changes in soil chemistry during the period of the trials. 
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Along the first axis of the PCA (Figure 4.15) sites were divided between those with higher 

concentrations of soil water, organic matter (LOI), S and Pb (on the left of the figure), 

and those with higher pH, Ca, K and Cu to the right. The second axis followed a gradient 

of N, P, Mg and conductivity, with sites with higher values for these further up the axis. 

Sites that had peaty soils (51.6% of the sites classified as peat), where vegetation was often 

dominated by heathers, grouped together (Strathan, Rubha na Cloiche, Rubha an Aird 

Bhig, Red Point and Dunnet Head). Sites which had a higher mineral content in the soils, 

and a small proportion of peaty soils (5.6%), but where vegetation was often dominated 

by grasses, also grouped together (Isauld Farm, Borrowston Mains, Ushat Head and 

Holborn Head). The trial plot treatments with topsoil were closer to this second group of 

sites both at the start and at the end of the trial. Decreases in TON, Mg and levels of 

conductivity between the start and the end of the trials shifted the VTP treatments lower 

down PC2 (Figure 4.15, Table 4.5). The no-topsoil treatments sat further to the right of 

PC1, indicating higher pH levels, and higher concentrations of K and Ca, with lower 

concentrations of VWC and less organic matter (LOI). Again, as with the topsoil 

treatments, there was a change in the physicochemical composition during the trials, with 

increases in organic matter (LOI) and VWC, shifting the group to the left along PC1, and 

lower concentrations of Mg and K shifting these treatments down PC2 (Figure 4.15, Table 

4.5). 

Concentrations of key nutrients in the soil 

The measured levels of the different soil properties are given in the following four Figures, 

Figure 4.16, Figure 4.17, Figure 4.18, and Figure 4.19. At the start of the trial, the 

treatments with topsoil had greater concentrations of N, P and K, greater than the median 

level found in the non-peat reference sites, with the treatments without topsoil with 

concentrations below the reference medians (Figure 4.16). This remained true at the end 

of the trials, with the exception of levels of N in the topsoil treatments, which decreased 

by 98% over the period of the trials, bringing levels below that of the reference site 

median.



 

 
 

1
2
7
 

Table 4.5. Changes in the physico-chemical properties of the soil in the topsoil and no-topsoil treatments of the trial plots. The properties in the table are the same as those used for 
the PCA and the boxplots (apart from particle size – added to this table). Changes during the course of the trial that were significant (at 95%) are shown in bold. There were three 
missing samples in the analysis of the no-topsoil treatments, hence fewer residuals. [Analysis: Digest is soil pseudo-total acid digest; Filtered is water soluble extraction from soil; M3 
is Mehlich 3 extraction process measuring bioavailable content of soil nutrients]. 

 

Component pH vwc LOI cond TON P K Ca S Mg Pb Cu

Analysis* Filtered M3 Digest Digest Digest Filtered M3 M3

Measurement (%) (%) µS/m µg/g soil µg/g soil µg/g soil µg/g soil µg/g soil µg/g soil µg/g soil µg/g soil µm

median at start 6.09 12.12 4.78 114 16.05 56.25 2387.2 1971.7 431.7 9.4 0.9 5.3 121.2

median at end 6.48 27.64 5.30 29 0.34 64.67 1817.4 2223.5 376.7 1.6 1.1 6.7 74.2

% change 6.41 128.05 10.94 -75 -97.85 14.98 -23.9 12.8 -12.7 -83.0 28.1 25.9 -38.8

F  value 7.933 766.07 19.04 120.78 51.03 3.446 120.76 4.090 21.4 1.860 3.6 6.7 12.1

p  value 0.008 < 0.001 < 0.001 < 0.001 < 0.001 0.072 < 0.001 0.051 < 0.001 0.181 0.066 0.014 0.001

residuals 35 35 35 35 35 35 35 35 35 35 35 35 35

median at start 8.79 1.57 0.77 143 0.41 1.38 4040.9 61645.0 556.4 20.3 0.4 7.9 2248.0

median at end 9..09 4.57 1.01 73 0.42 2.35 3173.8 67642.1 501.6 9.7 0.3 6.2 2246.7

% change 3.52 191.08 31.54 -49 2.96 70.03 -21.5 9.7 9.9 -52.3 -37.2 -21.8 -0.1

F  value 19.06 737.62 1.58 78 1.496 3.19 28.7 5.9 1.2 6.0 528.9 125.2 1.2

p  value < 0.001 < 0.001 0.219 < 0.001 0.23 0.084 < 0.001 0.021 0.273 0.02 < 0.001 < 0.001 0.28

residuals 32 32 32 32 32 32 32 32 32 32 32 32 32

5.77 53.90 22.57 218 1.03 23.77 2611.2 1496.8 1421.4 8.5 0.8 2.9 257.9

Textural 

group †

Gravelly 

muddy 

sand/ 

gravelly 

mud/ 

muddy 

sandy 

gravel

Gravel/ 

sandy 

gravel

Median 

particle size

Fine crushed 

rock (6F1)

Topsoil

Non-peat refsite median

* Digest = acid digest extract (pseudo total soil  content), Filtered = water soluble extract, M3 = Mehlich 3 Extract (bioavailable). † Textural group from Blott & Pye (2001)
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Figure 4.16. Distribution of the three key macronutrient elements required by plants for growth, N (top), 
measured here as water soluble total oxidised nitrogen (nitrate+nitrite), P (middle – Mehlich 3 extract), and 
K (bottom – acid digest). Note that the y-axis for N and K is on a log scale.  The pale grey box highlights the 
two trial plot treatments (topsoil/no-topsoil) at the trial start (May 2014) and the darker grey box highlights 
these at the trial end (September 2016). The solid line parallel with the x-axis and the two dashed lines (one 
above the solid line and one below) show the median ± 95% CI of the non-peat reference soils. Peat dominated 
reference sites are those Strathan, Rubha an Aird Bhig, Rhuba na Cloiche, Red Point (four on the left) and 
Dunnet Head (on the right), non-peat dominated sites are Isauld Farm, Borrowston Mains, Ushat Head and 
Holborn Head. 

Volumetric water content (VWC) and organic matter content (LOI), for both topsoil and 

no topsoil treatments, were below the median levels in the reference sites throughout the 

trials, and indeed were below the mean levels found in any of the reference sites, although 

these increased during the period of the trials (Figure 4.17). The VWC increased in the 

topsoil treatments by 128% and in the no-topsoil treatments by 191%, while the 



CHAPTER 4                                                                    VEGETATION TRIAL PLOTS 

129 
 

percentage of organic material (LOI) increased by 11% and 32% in the topsoil and no-

topsoil treatments respectively. The mean level of conductivity for the topsoil treatments 

decreased by 75% during the trials, with the mean starting close to that found in the 

reference sites, but falling below all of the reference sites by the end. Conductivity in the 

no-topsoil treatments dropped from a median of 143 µS/m to 73 µS/m, a 49% decrease, 

sitting just below the lowest levels found in the reference sites. 

 

Figure 4.17. Distribution of volumetric water content (top), loss on ignition (middle), and conductivity 
(bottom). Note that the y-axis for conductivity is on a log scale. The pale grey box highlights the two trial 
plot treatments at the trial start (May 2014) and the darker grey box highlights these at the trial end (September 
2016). The solid line parallel with the x-axis and the two dashed lines (one above the solid line and one below) 

show the median ± 95% CI of the non-peat reference soils. 
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The concentrations of five of the nutrients tested (P, K, Ca, S, Mg) in the topsoil remained 

fairly stable during the course of the trials, with a greater drop in levels of N compared to 

the others. This drop did not take it outside of the range of levels recorded in the reference 

sites, though at some sites there was a wide range of values, particularly at Holborn Head, 

with a generally more mineral (than peat) soil make-up. The levels of P were higher than 

at the reference sites at the start of the trial, and increased during the trial. Levels of K fell 

slightly, to levels below that found in most of the reference sites with more mineral soils, 

Figure 4.16. 

Concentrations of S decreased slightly during the trials in the topsoil treatments (- 12.7%), 

while they rose slightly in the no-topsoil treatments (+ 9.9%). In all instances, they 

remained below the levels found on the non-peat reference sites (Figure 4.18). The 

concentrations of Ca in the no-topsoil treatments (median 61,645 µg kg-1)  remained 

above anything found in the reference sites (median 1591 µg kg-1), and increased slightly 

(+ 9.7%) during the course of the trials. Levels of water soluble Mg recorded in the soils 

in topsoil and no-topsoil treatments decreased during the trials (down 83% and 52% 

respectively), though remained close to the low concentrations found in most of the 

reference soils (reference site mean = 15.5 µg kg-1). 

The pH levels in the no-topsoil treatments (median pH 9.09 at end of trials) were much 

more alkaline than those found in the surrounding reference sites (median pH 5.84), 

Figure 4.19. The pH values in the topsoil treatments (median pH 6.48 at end of trials) 

were closer to, but slightly higher than, those of the reference sites, having increased 

slightly during the time of the trials. Concentrations of the potentially toxic elements Pb 

and Cu were both found at very low bioavailable levels in the surrounding reference sites, 

and at similarly low levels within the different treatments at the trial plots. Pb was lowest 

in the no-topsoil treatments, and decreased during the trials. In the topsoil treatments the 

levels were very slightly above the median of the reference sites. Cu was found in higher 

concentrations in the topsoil and no-topsoil trial plot treatments, though remaining < 10 

µg kg-1 throughout. 
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Figure 4.18. Distribution of the essential macro elements S (top), Ca (middle), and Mg (bottom). The pale 
grey box highlights the two trial plot treatments at the trial start (May 2014) and the darker grey box highlights 
these at the trial end (September 2016). The solid line parallel with the x-axis and the two dashed lines (one 

above the solid line and one below) show the median ± 95% CI of the non-peat reference soils. 
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Figure 4.19. Levels of pH (top), and the concentrations of potentially toxic elements Pb (middle), and Cu 
(bottom). Note that the y-axes for pH, Pb and Cu are on a log scale. The pale grey box highlights the two 
trial plot treatments at the trial start (May 2014) and the darker grey box highlights these at the trial end 
(September 2016). The solid line parallel with the x-axis and the two dashed lines (one above the solid line 
and one below) show the median ± 95% CI of the non-peat reference soils. 

A summary of the soil data is given in the appendix, Table 7.8. 
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4.4 Discussion 

This chapter has assessed how the restoration objectives may be fulfilled by trialling 

different treatments and comparing them to the surrounding reference sites. Specifically 

to answer the questions of whether topsoil will aid the establishment of vegetation, and 

increase the levels of diversity and cover of vegetation, increase the diversity of 

invertebrates, and if the treatments will be more similar to those reference sites with 

similar soils. The trials have provided answers to many of these questions, and progressed 

our understanding of opportunities of adding a restoration layer without topsoil present. 

Vegetation 

Compositional variation, cover and interactions 

There were differences in the composition of the vegetation between the different 

treatments. Particularly at the start of the trial, the numbers of species, cover and diversity 

increased quickly on the treatments with topsoil. The fluctuations over the seasons 

remained more pronounced on these topsoil treatments, though during the course of the 

trials these became less pronounced.  This suggests that although topsoil is not “required” 

to support vegetation growth, it does enhance the rate of its establishment and growth 

(cover), allowing it to reach levels recorded on the reference sites by the second growing 

season. This was true regardless of the seed mix used. Obtaining more rapid cover is often 

desirable for large restoration sites (Luken 1990; Perrow & Davey 2002, in (Prach & 

Hobbs 2008). Here, the main site, and particularly the vegetation growing on it, will be 

hard to see from the main road some 500 m away. Nonetheless, some areas through the 

site will become accessible, and a close interest in its progress will be maintained by key 

stakeholders – in this instance those tasked with carrying out the restoration, those living 

in the local community, and those using a proposed visitors walkway to access historic 

buildings in the vicinity of the site. 

The success of the vegetation in providing the level of cover recorded has come about 

not just from the survival of perennials, such as the Silene spp, Trifolium spp., L.vulgare, 

A.millefolium and P.lanceolata, but also from the successful regeneration of annuals such as 

R.minor and H.radicata. The dispersal of seed to neighbouring treatments will increase the 

presence of a community that has a greater diversity. However, between areas that were 

sown with the different mixes, there will come a time when differences in composition 

are greatly reduced. The successful dispersal of plants and seeds across treatments will 

lead to some species experiencing greater competition from the successful dispersers, and 
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hence a likely reduction in the cover of the less competitive species, though which species 

these are has not been ascertained. This creation of a more species diverse community, 

though not a homogenised community, across the site, will help provide the site with the 

natural look that will help it blend in with the surrounding area. This was one of the 

objectives set out in the restoration plan, and the continued separation of species 

according to treatment – particularly those with and without topsoil - visible on the PRCs 

(Figure 4.12), suggests that selection of suitable seed species for different treatments 

selected for the restoration needs to be made. 

This sets out the opportunity to seed just parts of the restoration layer, as islands or strips, 

and allow the local dispersal of seed over the medium term. ‘Strip-seeding’ or ‘spatially-

patterned’ seeding, is the seeding of a proportion of the area to be vegetated, and allows 

for savings in seed costs and time spent sowing them (Rayburn & Laca 2013). This 

method has proved successful for both meadow restoration (Jongepierová et al. 2007) and 

industrial reclamations (Paschke 2008), and could be applicable at Dounreay. The seed 

from the trial plots are evidently dispersing, and this method could allow for a more 

blended mix of species on the unseeded areas, although this method may take a longer 

time to establish. The spaces will also be available to species from further afield, and as 

Figure 4.11 shows, there are desired species occurring at a level of cover and frequency 

that should allow them to be sown at a low density, or possibly omitted from the seed 

mix, due to their likely dispersal ability. A potentially limiting factor to the viability of 

waiting for windblown species is that there may be the need to weed out undesirable 

species from the unsown areas in the first few years (Rayburn & Laca 2013). 

Seasonal and annual variability and growth rates 

More rapid establishment of species in the treatments with topsoil, and higher growth 

rates in the growing seasons, resulted in greater dieback in winter, showing as greater 

seasonal variation (Figure 4.7). This was noticeably later at the end of the first growing 

season as the richness, cover and diversity continued to rise through October 2014, 

whereas in the second season, there was a reduction prior to the end of the growing 

season. This is explained by the late sowing of the seeds, hence very little competition at 

this stage, and a mild late summer in 2014, with temperatures between 1°C and 1.5°C 

above the 1981-2010 average (Met Office 2015) allowing for an extended growing season. 

As a measure of restoration success, vegetation cover is often considered easier to test 

(than, for example, fauna), as it tends to have lower seasonal variation (Ruiz-Jaen & Aide 

2005). In this particular case, seasonality was quite strong, therefore, in the early stages of 
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landscape scale restoration, it would be better to carry out monitoring during the growing 

season, and if only once a year, at the same time every year, to allow for success to be 

measured. The overall difference between the topsoil and no-topsoil treatments is 

possibly clearest when looking at the above ground biomass differences, showing a large 

difference after three years, and the flowering heights of the species tested also imply that 

there are fewer growth constraints where topsoil is present. 

A driver for this strong seasonality may also be location. All species have their ecological 

limits, and areas such as northern Scotland have a climate that allows only very limited 

growth during the winter, when mean temperatures are < 5°C, and daylight hours are 

reduced to little over 6 hrs in December (in contrast to the growing season (as defined 

here – April to September) when daylight hours ranged from 12 to > 18 hrs and mean 

temperatures were ~ 13°C; Met Office, 2013). Winds, bringing in sea spray, will also have 

a detrimental effect on species survival in winter, and lead to higher levels of dieback than 

may be seen in climates that are more clement.  

A reduction in inter-annual variability, seen for richness, cover and diversity across all 

treatments, could in part come from the shelter provided by some of the more resilient 

species, which then provide a microhabitat for other species to grow in (and be sheltered 

from the worst of the winter weather). These very fine scale microhabitats occur in a 

range of habitats, from forests (Ellis et al. 2015) to mires (Goodyer 2014), and here 

amongst coastal grassland vegetation. As well as more resilient species providing shelter, 

the older stems and litter also provide shelter, allowing cover and diversity to increase 

over time. 

Although many species trialled in the plots grew successfully during the short time of the 

trials, some species were only starting to flower towards the end of the study. Different 

species take different lengths of time to establish, and in the second and third year of the 

trials, C.nigra, T.polytrichus, and Primula veris L. were starting to become established. The 

length of time a seed spends in dormancy will vary between species and prevailing 

environmental conditions. Dormancy for P.veris, for example, seems to be broken by 

exposure two winters prior to germination (Milberg 1994).  

Through sowing of target species, akin to the ‘fast-forward’ method of restoration 

whereby succession and ecosystem development are accelerated (Hilderbrand et al. 2005), 

greater levels of detail in the community interactions have been able to be observed, and 

an increase in species numbers and levels of cover and diversity recorded (Figure 4.7). In 
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other coastal restoration projects, which did not have large industrial activities on them, 

passive restoration is more normal. Here successional dynamics occur over longer time 

frames (Shiflett et al. 2013; Sawtschuk et al. 2010) and the longer term trajectory of the 

vegetation on the trial plots at Dounreay remains unknown.  

Grassland creation, an endpoint for some of these coastal projects (more similar in species 

composition to the MG5 seed mix used here than the Coastal mix), can create a very 

stable community. Fenced off, passive restoration sites on Brittany’s coast progressed to 

grassland or, sometimes via a grassy heathland intermediate state, to heathland (Sawtschuk 

et al. 2010). The succession to heathland is unlikely at Dounreay, largely due to the thin 

top soil depth likely to be used on the restored area, the higher pH levels and freer draining 

in the expected restoration substrates than compared to that found in most heathlands 

(Roem et al. 2002).  

Invertebrates 

Although in many instances it is just the return of vegetation that is measured in a 

restoration (Ruiz-Jaen & Aide 2005), others have considered that biodiversity monitoring 

could be construed as ineffective if invertebrate surveys are not included (Andersen et al. 

2004). In this instance a returning ecosystem was deemed important, and tested for in the 

hypothesis. Many publications on invertebrates focus on a single, or a few, orders or 

families, and their habitat, e.g., Lepidoptera (butterflies and moths) (Weibull et al. 2000), 

soil dwelling invertebrates (Stork & Eggleton 1991), or Formicidae (ants) (Andersen et al. 

2004). This has suited the requirements of those projects, however, in our particular case, 

it was not known if there was a single or a few key orders that could be studied more 

closely to understand how invertebrates would respond to restoration treatments. Using 

pitfall traps, although best suited to Carabidae, it was possible to gather a large collection 

of specimens from a wide range of orders for comparison. Sweep netting was considered 

at the start as an option to trap taxa less likely to fall into pitfall traps, though the scale of 

the trial plots did not lend itself to producing reliable results based on treatment 

preference, and it was not used.  

There were, overall, more individuals, orders and a higher level of diversity on treatments 

that included topsoil. These results mirrored findings on treatments in which vegetation 

richness, cover and diversity were also higher (Figure 4.13), though with traps at close 

proximitiy a definitive conclusion is difficult to draw from this study. The trial plot area 

was very heterogeneous compared with its surroundings, and this might have contributed 
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to the elevated numbers of invertebrates found in the plot traps when compared to the 

numbers recorded in the restored meadow and on the reference site. Heterogeneity at the 

small and medium scale has previously been shown to be positively correlated with 

invertebrate numbers and diversity (Weibull et al. 2000; Noreika et al. 2015), though at a 

larger scale, e.g., at a forest stand level (Barsoum et al. 2014), it may have little impact on 

invertebrate communities.    

All but two orders, Dermaptera (earwigs) and Opiliones (harvestmen), occurred more 

frequently on the topsoil treatments. The Dermaptera and Opiliones both tend to be 

nocturnal, with a preference to seek out protective crevices during the day (Tilling 2014), 

so despite the small distance between traps, the results appear ecologically meaningful. 

On the treatments with topsoil, there were also approximately three times the number of 

individuals of Collembola (springtails) than on the non-topsoil treatments. As they are 

detritivores, this result may also be assumed to correctly indicate a preferential habitat, 

i.e., a preference for plots with more vegetation litter. With more vegetation on the topsoil 

treatments attracting both herbivores and detritivores, these areas will also encourage the 

omnivorous and carnivorous species too.  

The trial has shown that even in the first few years, invertebrate species returned to 

numbers commensurate with the reference/restored sites on all treatments, and that those 

with topsoil exceeded these numbers. The use of invertebrates to assess short term habitat 

recovery is possible due to their abundance and timely response to changes in 

microclimate and microhabitat (Déri et al. 2011), whereas vegetation, and the return of 

meso- and macro- fauna, will often take much longer. With a mix of materials used for 

the restoration, heterogeneity of vegetation, and the resultant invertebrate community, 

should remain for the short to medium term. Over the 300-year interim end state period, 

however, there will inevitably be increases in the level of homogeneity across the restored 

area. The size of the restored area, some 900 times larger than the trial plots, should be 

able to provide suitable habitat for a diverse range of invertebrate species. Within this, it 

is possible that certain plant species, if sown, could attract particular, even desired, 

invertebrates.  

There are two invertebrate species of concern in the north of Scotland due to ongoing 

declines in their population. Bombus distinguendus Morawitz, the great yellow bumblebee, 

has suffered a large decline in numbers in recent years, of around 70%, and is now 

restricted to northern and western Scotland (Joint Nature Conservation Committee 

2010a). Much has been done to understand the genetics and ecology of the species in 
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recent years (Charman et al. 2010), and it is known to forage mostly on legumes, and in 

particular T.repens. A second species, Cupido minimus Fuessly, the small blue butterfly, is 

also occasional in the north of Scotland (Joint Nature Conservation Committee 2010b), 

and tends to be strongly associated with areas in which Anthyllis vulneraria L., kidney vetch, 

is found (Bourn & Warren 2000). T.repens is in both seed mixes, however A.vulneraria was 

absent from both. Including this species in a restoration mix could well benefit floral 

diversity and attract the small blue butterfly. 

Implications beyond invertebrates    

The successful re-establishment of an invertebrate community also has implications 

beyond the micromanagement of vegetation. Other animals, including mice, voles, rabbits 

and bats will all include invertebrates in their diet, as will a large number of bird species. 

Of particular note (due to its cliff top location) is that this habitat is often used as a feeding 

area by wading birds, e.g., with Vanellus vanellus L. (lapwing), Numenius arquata L. (Eurasian 

curlew), and Haematopus ostralegus L. (oystercatcher) all recorded within Dounreay (Atkins 

2002). Hence, as well as monitoring invertebrates, it would also be useful to keep track of 

numbers of small mammals and birds that may benefit from invertebrate 

diversity/numbers following large-scale restoration. 

Soil  

By measuring the concentrations of nutrients and other variables in the topsoil and fine 

rock top layer in the VTPs and the reference sites, it was possible to assess their suitability 

as growing media for the vegetation targeted for the restoration. This comparison then 

allows recommendations to be made as to what, if any, soil amendments may be required 

to aid establishment of vegetation on the site. 

When compared to an additional pool of reference soils from across Caithness (including 

agricultural land), the concentrations of several of the nutrients (Ca, P, Mg, K, Na, - for 

which there were data) were lower on the trial plots and from the reference sites than 

elsewhere (Paterson et al. 2011). The soil pH, however, was higher than that generally 

found in reference soils across Caithness. The generally low nutrient soils along the coast 

would thus appear well matched to the materials tested, and making sure that any material 

used in the restoration has low levels of bioavailable nutrients will assist in being able to 

target the desired species mix. Losses of nutrients from the plots will occur, as minerals 

are leached out through run-off (Donald et al. 1999) or taken up by plants. 
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The treatments without topsoil stood out with respect to two elements required by plants. 

There were much lower levels of P on these treatments, and there were much higher levels 

of Ca. Although the low levels of P recorded did not prevent vegetation growth, it may 

be that this is one of the limiting factors affecting the rate of vegetation growth on these 

treatments (Chapin et al. 1986). 

Implications for restoration layer 

The remediation of the Dounreay site will require material to be imported from elsewhere, 

even if some on site or low level waste vault site material can be used for the construction 

of the subsoil layer. Suding (2011) states that ‘recovery relative to reference sites often occurs […] 

where soils and physical features remain largely intact’, and although this will be a newly 

constructed layer, being able to use material as close to that of the area will assist with the 

recovery of desired vegetation. The length of time this recovery may take depends on the 

methods involved, but in passive restorations, where areas have been fenced off from 

access,  this will likely be >10 years (Sawtschuk et al. 2010) – even on sites that were 

damaged largely by walkers, not industry. Often restoration projects occur when either i) 

heavy contamination of the soil has occurred, e.g., after mining (Mench et al. 2003; Wong 

2003), or accidental spillage of contaminants (Taggart et al. 2004), or ii) farming on the 

land has ended (Pywell et al. 1995; Wade et al. 2008). These two types of restoration will 

either require additional material to be brought onto a site – if contaminated – or left to 

recover naturally/with minimal assistance – as with non-contaminated land change of use. 

The importation of topsoil to the site from elsewhere will have environmental impacts 

(i.e., on the site it is removed from/due to transportation). If possible, providing the soil 

is suitable, it could be taken from sites where construction work is already going on or is 

planned. The development of wind farms in the area, and their associated requirements 

for substations/turbine base pads/access roads, etc., may provide an opportunity to 

relocate unwanted local topsoil to Dounreay. 

Constraints to design 

A set of trial plots along a transect running inland from the sea could have shown how 

the species from the different seed mixes would have reacted to higher concentrations of 

salinity from sea spray. This would demonstrate if there were clear ecotones that existed 

within which certain species were viable. The limited space/resources available for trials, 

the continued high levels of activity across the site (actively undergoing 

decommissioning), and the construction underway on other parts of the site (i.e., at the 
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low level waste facility) all meant that this final location selected for the trial plots was the 

only realistic option at the time. 

Elevating the design above the surrounding vegetation, i.e., so that the top of the trial plot 

was 700 mm above the surrounding ground level, will also have had some impact on the 

water retention within the treatments (i.e., due to greater exposure to wind and the 

imposed hydraulic gradient). The end state plan at Dounreay involves a 1m elevation in 

the remediation area, this area will be many time larger and will not have as much of an 

abrupt “edge” effect as the trial plots did, decreasing overall levels of exposure to drying 

winds. Nevertheless, since vegetation grew on all of the different treatments, it suggests 

that access to water did not prohibitively affect the success of the trial plot experiments.   

Treatment options 

A wider range of treatments, including non-sown control plots, others with a further mix 

of species, and treatments that had a mix of coarse and fine subsoil, could also have been 

useful to test. In particular, un-seeded control plots in a different area would have allowed 

us to identify species that could colonise naturally (i.e. windblown, or, from the existing 

soil seedbank). Although we know which non-sown species do this, we do not know if 

sown species that occurred in treatments that they were not sown in are dispersing across 

a larger distance, or from adjoining treatments. Due to space limitation and anticipation 

that the remediation scenario does not include a “no sowing” option, these were not 

trialled. Interestingly, it was possible to show (Figure 4.9) that the numbers of non-sown 

species remained steady in the treatments with topsoil, while on the no-topsoil treatments, 

they increased during the course of the trials, particularly during the third season. 

It is likely that during the course of the first two years there remained very little in the way 

of material on the no-topsoil treatments to hold moisture, hence preventing the growth 

of vascular plants, which are generally intolerant to desiccation from the winds, 

accelerated here by the salt spray associated with coastal clifftops. As soil particles are 

blown in, however, they become trapped in rock crevices and any vegetation present, 

including some tolerant poikilohydric organisms such as bryophytes, some of the first 

successors on bare rock (Seppelt et al. 2016) and observed on the trial plots. These in turn 

trap moisture and dispersed seeds, allowing for their successful germination, and hence 

an increase in non-sown species. Although this leads to an increase in non-sown species, 

some of which may be undesirable on the site,  the inclusion of these species increases 
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the level of naturalness in the restoration, which is often a desirable outcome (Prach & 

Pyšek 2001). 

Materials options 

With regard to the materials used within the treatments, a choice of where materials 

originated from had to be made prior to construction. The rock used, Devonian 

sandstone (from the quarry at Spittal) matched the underlying geology at Dounreay better 

than the Neoprotozoic Moine sedimentary rocks (from the quarry at Melvich, to the west 

of Dounreay). Should the final design have a mix of crushed material from demolished 

on-site buildings within it, this will likely have some impact on the physical and chemical 

make-up of the combined material. Presently, the quantity of such material likely to be 

available is still unknown, and there may be none, as such material may yet be used to 

backfill site voids (i.e., below ground levels in existing buildings) before being set aside to 

be used in a restoration layer.     

Replicate size 

The plots for each treatment were necessarily small, just 3 m x 3 m, and the top panel in 

Figure 4.7 shows the convergence in the numbers of different species occurring in the 

different treatments over time, just as the PRCs (Figure 4.12) show a slow convergence 

of the treatments over the years, though differences obviously remain. Plot proximity will 

also have had an impact on the invertebrate community, as with a distance of 3 m between 

pitfall traps it is not possible to say if those individuals trapped inhabited that area 

preferentially, or, were simply traversing from one treatment to get to another. For this 

reason, pitfall traps are often set up with a greater distance between them (Borchard et al. 

2014). Nevertheless, it is believed that it was better to have more replicates of a slightly 

smaller plot size than fewer replicates of a larger size - as this was a compromise which 

maximised the analytical power while still being ecologically valid, within the constraints 

of space and time that were faced. Overall the design was entirely justified and 

appropriate. 

4.5 Conclusions to the trial plot experiment 

This chapter has attempted to answer a number of questions regarding the best materials 

and seed mix to use on a restoration layer, and the subsequent establishment of a restored 

ecosystem of vegetation and invertebrates on the site. 

It has been possible to show that with the seed mixes/substrates used, vegetation was 

established, and restoration could (at least in part) replicate plant communities typical of 
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those recorded locally from VC109 (Caithness) – and as such, the restoration could fit in 

with its surroundings. Although the species trialled are local species, they tend not to be 

seen together in the way they have been trialled (personal observation), they nonetheless 

are able to support an invertebrate community comprising a range of functional groups, 

and benefitting the species diversity in the region. Casual observations of toads, 

oystercatchers and stoats have been made on the trial plots, as well as plenty of evidence 

of rabbits (pellets and attempts to burrow), indicating that there are higher trophic levels 

benefiting from the trial plots. 

The levels of the nutrients tested (N, P, K, S, Ca and Mg) within the material used in the 

trials means that there should be no concerns regarding leaching leading to elevated 

nutrient or, for Pb and Cu, contaminant levels, in surrounding soils. The materials to be 

used should have levels of nutrients that fit within the ranges found in local reference sites 

to prevent any runoff being detrimental to the surrounding. Levels of N and S (all 

treatments) and P (no-topsoil treatments) were below that found in the reference sites by 

the end of the trials. The key concerns regarding the nutrients here are the rapid depletion 

of measured (water-soluble) TON from the treatments with topsoil, and the low levels of 

P in the no-topsoil treatments. Competition from soil microbes could reduce levels of N 

available to the plants (Schimel & Bennett 2004), and combined with leaching this could, 

in the medium to long term, threaten the success of a restoration using this method. The 

nitrogen fixing legume T.repens is included in both seed mixes, and over the course of the 

trials has established very successfully, though it is anticipated that at times this species 

may be outcompeted by others, particularly grasses. If levels of N drop too much, these 

other species will suffer and die back, creating space for T.repens to establish in higher 

number again, helping replenish soil N levels, leading to a cyclical process (Ledgard & 

Steele 1992). 

Overall, our first hypothesis that ‘a higher level of cover and a higher level of diversity 

will occur on the treatments which contain topsoil’ - was therefore accepted. In testing 

H2 -  ‘there will be higher levels of cover and diversity with a 6F1 (fine) subsoil than a 

6F2 (coarse) subsoil, all other factors being equal’ – this was rejected for three pairs of  

treatments with coarse and fine subsoil (coastal topsoil/coastal no-topsoil/MG5 topsoil), 

but accepted for the MG5/no-topsoil treatment, where there was greater cover with the 

fine subsoil. H3 hypothesised that ‘a difference in species composition will be maintained 

between seed mixes within treatments, but that cover, growth and diversity will be the 

same’. Results showed that there was indeed a difference in species composition between 
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the seed mixes, but that presence or absence of topsoil also had an effect on the 

composition over the time of the trials, with levels of cover, growth rates, and diversity 

different between treatments. H4 hypothesised that a higher number of invertebrate 

orders and individuals would occur where there were greater levels of vegetation cover 

and diversity, and this held true. 

Further research 

The results here were inconclusive in terms of whether or not vegetation cover on a no-

topsoil treatment will reach (and stabilise at) the levels recorded on those plots with 

topsoil. Continuing to monitor this for the growing season of 2017 will provide evidence 

as to whether this progress has stalled, or, is continuing. Continuation of monitoring, to 

see how the cut plots respond compared to the non-cut plots, will allow suitable 

recommendations to be made with respect to the effects grazing. Returning to the plots 

after 7 and 10 years to get a further insight into slightly longer-term progress would allow 

for amendments to be recommended if required, which will allow the restoration 

trajectory to be nudged towards the desired end state. Ideally, large-scale trials – for 

example in a phased approach to remediation – could be used to test the ‘strip-

seeding’/’island seeding’ experimentally. 
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Chapter 5 

5 Climates: past and future 

5.1 Introduction  

Implications for Scotland 

Temperature increases across the Scottish mainland between 1800 and 2006 were in the 

region of 1.25°C, of which 0.8°C has occurred since 1980 (Jenkins et al. 2008), indicating 

a rapid increase in the rate of change. Changing sea levels, projected to be between 0.3 m 

and 1.9 m (Vermeer & Rahmstorf 2009), will impact on different organisms that inhabit 

shorelines (Jackson & McIlvenny 2011), and have the potential to impact on interactions 

between organisms that inhabit regions adjacent to these areas – i.e., by causing a potential 

increase in competition between species. With specific relevance to the north coast of 

Scotland, land managers are preparing/prepared for low level changes in temperature (i.e., 

under the projected 2°C), and are working to adapt agricultural, forestry and water supply 

practices; but, resilience toward increases within the high-end climate change (HECC) 

scenario, i.e., those projections over 4°C (Dunn et al. 2017), is lacking. Even if changes as 

extreme as the HECC projections do not occur, lower level changes in climate could have 

serious impacts on species distributions across the region, as species are forced beyond 

the limits of suitable habitat distribution. In consideration of historical and contemporary 

records of plant species and the predicted increases in temperature for the region, it is 

essential to evaluate the implications of potential changes in species distributions for the 

remediation of Dounreay.  

Aims & Objectives 

Aim – to assess how restored industrial sites, such as Dounreay, could be used as a 

protorefuge for species within VC109 that are currently at risk of losing habitat because 

of climate change, and for those outside of VC109 predicted to move northwards. This 

will direct the seed mix selection to use within restoration at Dounreay. 

Objectives – i) compare current species in VC109 to those which were in VC109 

historically; ii) assess what the impacts of climate change may be on the seeded species, 

mapping a subset of them; iii) search for species that may be candidates for assisted 

migration/translocation during the interim end state (IES) at Dounreay. 
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The hypotheses to test are H1: there has been a change in species within VC109 since the 

mid – late 19th Century, and H2: Dounreay will be a suitable candidate location to act as 

a protorefuge for the translocation of threatened species at the leading edge of the 

approaching climate envelope. 

5.2 Methods 

Collation of historical plant species distribution data 

Data were collected from specimens at two herbaria, the Robert Dick Museum Library 

Thurso (THO) and Edinburgh (E). Herbarium collections from Caithness were made in 

the 19th Century by ‘Victorian icon’ Robert Dick (1811-1866) (Mercer & Sexton 2007) a 

local baker, with an interest in botany and geology. The specimens are held in THO at 

Thurso’s ‘Caithness Horizons’ museum, and are complemented by the later Victorian 

collections of Richard Lindsay (dates unknown) and Mrs Horne of Stirkoke (1868 - 

unknown). The specimens at THO have an associated museum reference number on the 

herbarium sheets, as well as up to two other numbers, one of which may have been a 

collection number. The other number is a reference to the species name given in The 

London Catalogue of British Plants (seventh edition) (Watson 1881). The specimens are 

not kept in any particular order (following neither taxonomic nor collection/museum 

number), and in order to simplify the collection of data from them, the specimens were 

photographed so that digital images could be used. There are around 3000 specimens that 

belong to the Dick collection, 182 in the Lindsay collection, and 240 in the Horne 

collection.  

The likelihood is that the vast majority of the specimens held in the THO collection are 

from Caithness, however, it was very common at the time for exchanges of botanical 

specimens to occur, leading to the creation of organisations such as the Botanical Society 

of London in 1839 (Chatterley 1839). The digitised images were therefore searched to 

find reference to a location in Caithness, or, the mention of the word Caithness itself on 

the herbarium sheet (to confirm that the specimen was indeed collected in the county). 

The name of the species, location of collection, name of collector and date collected (if 

present) were recorded from the herbarium sheet into a spreadsheet, with these steps 

repeated for the images of all specimens associated with a Caithness location. Some sheets 

contained two or more specimens, sometimes of the same species, but not always; hence, 

care had to be taken to make sure that the labels were recorded correctly (Figure 5.1). 
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When it was noticed that a specimen had been misidentified, an identification was made 

where possible. 

 

Figure 5.1. Examples of specimens held in Robert Dick’s collection. The labels in the square red box at the 
top are enlarged images of the labels circled in red on the sheet. The number in the pale blue oval is the 
Caithness Horizons museum accession number. The numbers in the yellow circles are those relating to the 
species names in the London Catalogue of British Plants. The number in the dark blue circle to the top right 
of each sheet is of unknown origin, and possibly relates to an earlier attempt to categorise the collection. The 
left hand image shows a collection made of Alchemilla alpina L., from Morven, the highest hill in Caithness. 
The right hand image shows 2 collections, the bottom one is Sedum rosea (L.) Scop. (with the collection 
name given as both Sedum rhodiola DC. and Rhodiola rosea L.), and was collected along the ‘coast of 
Caithness’, and the top specimen is of Sedum telephium L. and was collected in Fakenham, Norfolk. 

British herbarium specimens at E are organised within the Angiosperm Phylogony Group 

III (APG III) system (The Angiosperm Phylogeny Group 2009), with the British 

specimens separated from the others. Within the families, genera are separated into 

species, and then ordered by vice county. A search was made through the specimens 

which matched those sown in the trial plots, and when a specimen from VC109 was 

found, the relevant data, as described above, were recorded, (Figure 5.2). The numbers of 
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specimens of each species ranges from the tens to the hundreds. As an example P.scotica, 

with its confined distribution, is represented by 92 specimens held at E, of which 29 are 

from VC109. 

 

 

Figure 5.2. Example of specimens held in the herbarium of the Royal Botanic Garden Edinburgh. The label 
in the square red box (in the middle of the sheet) is the enlarged image of the label circled in red on the sheet, 
and reads ‘Primula scotica Caithness_[illegible] Hooker!’. The number in the pale blue oval is the RBGE 
herbarium digitisation number. The printed label at the bottom right of the sheet reads ‘Primula scotica was 
first described by William J. Hooker, later the first director of Kew Gardens, during a Scottish tour about 1810, 

he collected this Scottish endemic in Caithness.’ Image copyright © Royal Botanic Garden Edinburgh 2013. 

The herbarium specimens were then compared to the others to calculate: (i) how many 

species were present in all historic collections; (ii) how many species were recorded from 

reference sites; (iii) how many were sown on the trial plots; and (iv) how many matched 

up to the 1015 records for unique species held by the Botanical Society of Britain and 

Ireland (BSBI) from the year 2013 for VC109. Those that matched were then compared 

to the five time series BSBI records held (pre-1929, 1930-1969, 1970-1986, 1987-1999, 

2000 onwards) to see how recently the species were recorded from VC109.  
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Nomenclature 

As species distributions change over time, so can names. A single taxon could have been 

named many times, e.g. in the past multiple taxonomists discovered a new species, named 

it, and published the names at the same time in different publications, and a single taxon 

would have more than one name in the literature. In compliance with the ‘International 

Code of Nomenclature for algae, fungi and plants’ (ICN) only one scientific name is 

acceptable for a single taxon, hence over time some names become obsolete (synonyms) 

and the accepted name must be sought. In this thesis the primary source for accepted 

names has been Stace’s ‘New Flora’ third edition (2010), and used for plants from Britain 

and Ireland by the BSBI. For names that are not in that book, a search was made on ‘The 

Plant List’ website (2013) and those names were used instead.  

Creation of distribution maps 

Species selection 

To assess the potential shift in habitable space, four species were focussed on, three of 

which are presently found in VC109: P.scotica, (Scottish primrose), Aster tripolium L. (Sea 

aster), S.uniflora (Sea campion), and one that has a more southerly distribution Juncus 

compressus Jacq. (round-fruited rush). P.scotica is of concern for conservation already, while 

the other three are not currently considered to be of conservation concern. 

P.scotica is one of the axiophyte species of Caithness, meaning that it is one of the indicator 

species of valuable conservation habitat or rich biodiversity of ‘rock cliffs, ledges and 

shores habitat B3’ (Butler 2013). It is also one of the Scottish biodiversity list species 

endemic to Scotland and deemed important for conservation by the public (Blake 2005). 

P.scotica is found within a limited number of habitats, so further restrictions on available 

climate space in the future will need to be offset by habitat availability to help with its 

continued survival. The species is found only within about 1.5 km from the coast, but 

outside the region of greatest salt exposure, and within four main habitat types; (i) coastal 

calcareous sand links or machair, (ii) coastal limestone, (iii) northern maritime sedge heath, 

and (iv) gritty schists with Saxifraga oppositifolia L. present. A suitable grazing regime also 

needs to be in place for this species to survive, with overgrazing leading to an inability to 

flower and reproduce, and too little grazing leading to taller swards and the influx of 

coarser vegetation with which the plants cannot compete. Historically, the species was 

found further inland than at the present time, but pressures from agriculture have pushed 

it seawards (Bullard et al. 1987; Lusby & Wright 1996). 
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A.tripolium is a coastal species that is an axiophyte of the marine infra-littoral rock habitat, 

found coastward of agricultural fences (Butler 2013). It grows from muddy sea ditches up 

to exposed coastal cliffs, with just two records held by the BSBI for occurrences in 

Caithness since 1987. This species is mostly found within about 10 km of the coast. 

S. uniflora is a largely coastal species found around much of the UK within about 10 km 

of the coast, with occasional occurrences inland and by streamsides on mountains (Stace 

2010).  

The fourth species to be considered is J.compressus, another coastal species. J. compressus 

inhabits marshes, wet meadows and pastures. This species has not been recorded in 

VC109, with the climate presently not matching its current British distribution. It is 

considered here as the climate is projected to suit its needs within the next 20 to 50 years, 

and there is potential that the Dounreay site could act as a protorefuge for the species. 

This will work if it is dispersal limited and is able to tolerate the current climate of 

Caithness.   

I also assessed distributions of four further species not found in Caithness, one species 

found infrequently in Caithness, and the other 39 species sown on the trial plots (Table 

5.1), n = 48. The potential distributions for these were calculated, though maps are not 

included in this thesis for all the species tested. 

Data selection 

Current distribution maps were created for the species sown on the trial plots. The current 

distributions were based on the data available on the National Biodiversity Network’s 

Gateway (NBN Gateway) (2016) at the 10 km x 10 km scale, for the years 1981 - 2016. 

Climate average data (temperature only) for 5 km x 5 km grid squares were from the Met 

Office’s United Kingdom’s Climate Projections (UKCP09) for the years 1961 – 1990 (Met 

Office 2013), and here we acknowledge the provision of a ready to use data set from Dr 

Steve Carver, the director of the Wildland Research Institute at the University of Leeds.  

Precipitation data were omitted from this step, as although they were included (along with 

relative humidity) in the climate parameters for the pot experiments (Chapter 3), this was 

possible as these were from historic records and are verified data. The idea for the 

projections was to prepare a ‘first sweep’ for projected distributions. The IPCC reports 

show greater confidence in the likely changes in temperature in the future than they do 

for the changes in precipitation levels, with less reported on humidity (Pachauri & Meyer 

2014). The ‘Precipitation: Technical Report’ produced by The University of Edinburgh 
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regarding Scotland’s climate further concurs with the IPCC findings (ClimateXChange 

2017), and notes the lower level of confidence in the precipitation levels than the 

temperature. Further to this, the site specific temperature and precipitation data at the 

locations for the restored areas are presently unavailable, and though this downscaling has 

been achieved in other areas (e.g. in the USA (Flint & Flint 2012)) allowing for 

topographic complexity to be taken in to account, until this is achieved for the area of 

concern little further may be gained by including extra parameters. 

For the current distribution maps, the temperature (as a proxy for overall climate, though 

termed ‘climate’ below) data from the 5 km grid squares were converted to match the 10 

km resolution distribution data for temperature only. This was done by averaging the four 

data points within each 10 km square. The grid squares for Britain for  the species 

distribution data set and the UKCP09 data set were then aligned, and a value (‘1’) given 

for those squares with a species present. The temperature data from the grid squares 

where a species was present then became the assumed limits of its climate tolerance for 

the purpose of this study. The temperature data for the grid squares where a species was 

absent were then compared to the climate (temperature) tolerance, to determine whether 

the climate was suitable and that species could theoretically exist there. Thus, for each of 

the 15 variables tested (maximum, minimum and mean temperature annually and for each 

of the four seasons), if the temperature fell within the climate tolerance limit, it was 

assumed that the climate space was suitable, and other factors were responsible for the 

lack of a species record, and a value of ‘0.5’ was given to that grid square. Where a species 

was absent and at least one of the variables fell outside of the limits, a value of ‘0’ was 

given. These steps were completed in Microsoft excel 2016.  

Maps were then created of projected future distributions of each species whilst accounting 

for some of the effects of climate change. I used climate projections from the Met Offices 

Hadley Centre Coupled Model version 3 (HadCM3) - an atmosphere-ocean general 

circulation model (AOGCM) for 2031 – 2060, at 10 km x 10 km grid square resolution. 

We considered how the current species distribution would change in relation to the 

projected future temperature distributions for each grid square. In this case, the outcome 

could only be ‘1’ when the 15 temperature variables in a grid cell fell within the climate 

tolerance boundaries for the species being tested, or ‘0’ when one or more variables did 

not match one of the 15 criteria variables tested. The resultant outcome of this is that all 

three initial ‘states’ (‘0’, ‘0.5’ and ‘1’) could, depending on the climate variables projected, 

become either of the two projected states (‘0’ or ‘1’).  
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Mapping process 

Maps were then created using existing/current and projected datasets using ArcGIS 

software (ESRI 2011). For current distributions, three colours were used to signify 

presence (pale grey), suitable climate space but unrecorded (mid-grey), and unsuitable 

climate space (black). For projected distributions, two colours were used, mid-grey to 

signify suitable climate space, and black to indicate unsuitable climate space. An outline 

map of the British Isles at 200 m resolution was imported into ArcMap that was then 

used to clip the 10 km grid squares to. 

Using kriging (spatial analysis tool) to create more realistic maps matching the coastlines, 

the 1981-2016 distribution and the projected distribution datasets were used as the input 

point features and an output cell size was set at 200 m (to match the UK coastline map 

to be used). The kriged data were then reclassified, using the reclassify (spatial analysis) 

tool, with the number of classes set to three (one to include ‘0’, a second to include ‘0.5’ 

and the third to include ‘1’) to match the number of variables in the current distribution 

dataset, or, to two classes (one to include ‘0’ and the other to include ‘1’) for the projected 

distribution dataset. A conversion was then made on the data to change it from a raster 

dataset to a polygon dataset, using the ‘raster to polygon’ conversion tool. The ‘clip 

analysis’ tool was then used to clip the 10 km grid square blocks to the British coastline. 

The colour of the resulting map was then changed to produce the maps in the shades 

shown.   

ArcGIS ArcMap was used to refine the maps to account for the habitat limits within 

which species can survive. For example, in the case of P. scotica a map of the outline of 

Britain at a 200 m resolution was opened in ArcMap, and onto this was added a 1.5 km 

buffer zone around the coast, the inward limit of which defined its natural coastal 

range/habitat (using the buffer tool).  

The data generated were then compared to measure changes in the three different present 

day categories (inhabited, suitable climate, unsuitable climate) versus the two future 

categories (projected suitable space, projected unsuitable space), with maps providing a 

visual aid to see where changes may occur.  

5.3 Results 

Historic material 

There were a total of 288 specimens from the Dick collection, 67 specimens from the 

Lindsay collection, and 42 specimens from the Edinburgh herbarium that were identified 
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as being collected from Caithness. These specimens represent 218 different taxa. Within 

the Dick collection held at THO, 168 unique species/higher taxa were recorded from 

Caithness and identified as such. Of these, 165 have a current name which is accepted by 

Stace (2010), and the other three are names recognised and accepted by The Plant List 

(2013). The collections of Lindsay has 67 specimens with a recognisable Caithness place 

name, of these 67 specimens, 66 are unique species names, 65 of which are recognised by 

Stace (2010), and one of which is recognised as an accepted name by The Plant List (2013). 

The Horne collection, despite having a full date and brief description of habitat, did not 

give any location data, and were therefore omitted from further analysis as they could not 

be confirmed as having been collected from Caithness. The specimens from E contained 

18 unique names, of which, eight were considered historic specimens (>100 years old), all 

with names recognised by Stace (2010). These included a type specimen of P.scotica 

collected by William J. Hooker (b. 1785 - d. 1865, the first director of the Royal Botanic 

Gardens, Kew) from the Caithness coast (Figure 5.2). All eight have a current name which 

is accepted by Stace (2010). The other ten specimens had been collected within the last 

100 years and were not used in conjunction with the older historic material. 

Within all collections, one species was held in all three collections, and 22 species were 

held in two collections (Appendix 7.4, Table 7.9). Sixteen of the specimens matched 

species sown on the trial plots (n=40), (Appendix 7.4, Table 7.10). There were 31 species 

from the collections that matched species recorded on the reference sites (Appendix 7.4,  

Table 7.11). There were 18 species from the historical collections that were not recorded 

in the BSBI dataset for VC109, and two of these species have not been recorded in 

Caithness since 1930 (Oxytropis halleri Bunge ex W.D.J.Koch and Vaccinium oxycoccos L.). 

Two species were recorded on more than 100 occasions (Comarum palustre (L.) Scop. (184 

records) and Carex leporina L. (101 records)). The frequencies of recordings of species, and 

frequencies split across different time frames, are shown in Figure 5.3. 

Of the 218 taxa represented in the historic specimens, the two not present in the BSBI 

VC109 records since 1930 account for < 1% of these. However, 43 taxa in the historic 

collections (19.7%) have not been recorded since 2000, and a further 24 taxa (11%) have 

not been recorded since the 1970 – 1986 time period. 
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Figure 5.3. Frequency that numbers of species from the historic collections assessed have been recorded in 

VC109, a) combined since 1930 (left) and b) separated by BSBI time frame groupings.  

Species mapping 

Present and projected maps were created for S.uniflora (Figure 5.4), A.tripolium (Figure 

5.5), P.scotica (Figure 5.6), and J.compressus (Figure 5.7); and habitat is shown in Figure 5.8. 

Based on projected temperature change only (i.e., an average 1.75°C increase across 

Britain, 1.67°C increase in Scotland, and 1.68°C increase at Dounreay), we observe a 

forcing northwards of available projected climate space in the second half of the 21st 

Century for the four species mapped. At least some climate space that is currently 

inhabited (initial scoring ‘1’) by our test species was projected to be lost for all 48 species 

tested across Britain between the baseline (1961 – 1990) and the future (2031 – 2060) 

(Table 5.1). These losses ranged from 27% (S.uniflora) to as much as 87% (J.compressus). 

Further, there was a predicted loss in suitable climate space (that which is/could be 

inhabited now versus that which is projected to be suitable in future, initial scoring ‘0.5’), 

for all 48 species tested. These losses ranged from 36% (Tripleurospermum maritimum) to 

85% (Silene viscaria).   

In Scotland only, presently inhabited space (prior score of ‘1’) was lost for nine of the 48 

species. In five instances the lost space was less than 1% (Knautia arvensis, Campanula 

rotundifolia, Primula veris, Rhinanhtus minor, and Succisa pratensis); for another species (Potentilla 

rupestris) it was up to 67%. There was also a predicted loss in suitable climate space (prior 

score of ‘0.5’) for seven species (S.viscaria, P.rupestris, Ligusticum scoticum, Primula veris, 

Campanula rotundifolia, R.minor, and S.pratensis), no change for 19 species, and increases in 

space for 22 species ranging from 0.09% (Vicia cracca and Viola tricolor) up to 176% 

(J.compressus). 
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Figure 5.4. Distribution maps of a widely distributed species, Silene uniflora, showing how in present day 
climate (top left) all climate space is suitable, apart from a small patch on the Cairngorms. Projected climate 
change (top right) shows the loss of suitable climate space in the southern half of Britain and the gaining of 
the climate space in the Cairngorms. The lower maps show the areas within which S.uniflora is found, i.e., 
within 10 km of the coast, and that in the north of Scotland there will be no loss of suitable climate space 
within the projected time scales here. 
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Figure 5.5. Distribution maps of a coastally distributed species, Aster tripolium, showing how in present day 
climate (top left) there are significant patches of Scotland where the climate is not suitable. Projected climate 
change (top right) shows the loss of suitable climate space in the southern half of Britain, but shows how 
much of the climate space is now suitable across Scotland. The lower maps show the areas within which 
A.tripollium is found, i.e. within 10 km of the coast, and that there will, in the north of Scotland, be a gain in 
suitable climate space within the projected time scales here. 



CHAPTER 5                                                            CLIMATES: PAST AND FUTURE 

156 
 

 

 

Figure 5.6. Distribution maps of a scarcely distributed endemic species, Primula scotica, showing how in 
present day climate (top left) much more climate space is suitable than that occupied by the species. Projected 
climate change (top right) shows the loss of any suitable climate space in the southern half of Britain, but 
shows how much of the climate space is suitable in Scotland. The lower maps show how the present day 
distribution of the species is threatened by changes in climate, and how this could lead to the loss of the 
species from Orkney and a reduced distribution on the mainland. 
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Figure 5.7. Distribution maps of the more southerly distributed species, J.compressus, showing how in 
present day climate (top left) much more climate space is suitable than that occupied by the species, but that 
this tends to  be mostly in England and Wales, with only southern Scotland displaying suitable climate. 
Projections for the 2031 – 2060 timescale (right) show how much of the space in southern England may be 
lost, but there is a gain across Scotland, particularly in coastal regions in the more northerly parts of the 
country, with all Caithness projected to be suitable climate space.  
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Figure 5.8. Map of the coastal regions of the north of Scotland showing the different habitats found there 
within 10 km inland of the coast (a), and within 2 km of the coast (b). Habitat data from EUNIS Land Cover 
Scotland (https://data.gov.uk/dataset/eunis-land-cover-scotland). 
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Table 5.1. Counts of 10 km grid cells showing for 1961 – 1990 inhabited space (1), suitable climate space (0.5), 
and unsuitable climate space (0), and for projections for 2031 – 2060 suitable climate space (1) and unsuitable 
climate space (0). Results are given for Britain as a whole, and for Scotland on its own. The percentage loss 
of currently inhabited climate space and the percentage change in suitable climate space are also given. In 
the columns for Scotland the shaded numbers signify a loss in space and numbers in bold signify an increase 
in space. The seven species at the top of the list were not sown on the trial plots, the remainder (in bold) were 
sown on the trial plots.  
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1 0.5 0 1 0 1 → 0 
1 & 0.5 

→ 1
1 0.5 0 1 0 1 → 0 

1 & 0.5 

→ 1

Aster tripolium 667 1959 165 1651 1140 44.53 -37.13 259 642 159 1052 8 0.00 16.76

Echium vulgare 1036 1740 15 1677 1114 67.76 -39.59 110 935 15 1060 0 0.00 1.44

Juncus compressus 331 1550 910 1206 1585 87.31 -35.89 6 247 807 698 362 0.00 175.89

Knautia arvensis 1696 1047 48 1652 1139 61.03 -39.77 177 839 44 1053 7 0.56 3.64

Potentilla rupestris 7 932 1852 189 2602 85.71 -79.87 3 461 596 180 880 66.67 -61.21

Silene viscaria 22 1326 1443 204 2587 72.73 -84.87 16 572 472 195 865 62.50 -66.84

Viola tricolor 1552 1231 8 1630 1161 43.43 -41.43 512 547 1 1060 0 0.00 0.09

Achillea millefolium 2758 33 0 1677 1114 40.32 -39.91 1029 31 0 1060 0 0.00 0.00

Agrimonia eupatoria 1817 888 86 1676 1115 59.22 -38.04 235 740 85 1060 0 0.00 8.72

Armeria maritima 1158 1633 0 1677 1114 30.74 -39.91 644 416 0 1060 0 0.00 0.00

Bellis perennis 2780 11 0 1677 1114 40.04 -39.91 1051 9 0 1060 0 0.00 0.00

Campanula rotundifolia 2246 540 5 1650 1141 38.07 -40.78 826 234 0 1052 8 0.48 -0.75

Centaurea nigra 2639 152 0 1677 1114 41.95 -39.91 916 144 0 1060 0 0.00 0.00

Cochlearia danicus 1366 1339 86 1677 1114 64.06 -38.00 186 788 86 1060 0 0.00 8.83

Daucus carota 1828 866 97 1677 1114 59.30 -37.75 331 632 97 1060 0 0.00 10.07

Galium verum 2490 301 0 1677 1114 41.97 -39.91 874 186 0 1060 0 0.00 0.00

Hypericum perforatum 1874 900 17 1650 1141 57.04 -40.52 278 770 12 1052 8 0.00 0.38

Hypochaeris radicata 2741 50 0 1677 1114 40.50 -39.91 1015 45 0 1060 0 0.00 0.00

Lathyrus pratensis 2499 290 2 1677 1114 44.26 -39.87 788 270 2 1060 0 0.00 0.19

Liguisticum scoticum 332 949 1510 745 2046 61.14 -41.84 328 462 270 633 427 60.67 -19.87

Lotus corniculatus 2782 9 0 1677 1114 40.01 -39.91 1052 8 0 1060 0 0.00 0.00

Plantago lanceolata 2791 0 0 1677 1114 39.91 -39.91 1060 0 0 1060 0 0.00 0.00

Plantago maritima 1273 1510 8 1676 1115 25.69 -39.78 744 310 6 1060 0 0.00 0.57

Primula scotica 29 1202 1560 611 2180 48.28 -50.37 28 384 648 491 569 46.43 19.17

Primula veris 1672 1103 16 1628 1163 61.06 -41.33 172 884 4 1045 15 0.58 -1.04

Primula vulgaris 2652 137 2 1676 1115 40.54 -39.91 980 80 0 1060 0 0.00 0.00

Prunella vulgaris 2768 23 0 1677 1114 39.99 -39.91 1048 12 0 1060 0 0.00 0.00

Ranunculus acris 2756 34 1 1677 1114 39.77 -39.89 1046 14 0 1060 0 0.00 0.00

Rhinanthus minor 2588 199 4 1652 1139 39.57 -40.72 985 75 0 1053 7 0.51 -0.66

Rumex acetosa 2778 13 0 1677 1114 39.99 -39.91 1052 8 0 1060 0 0.00 0.00

Silene dioica 2478 311 2 1677 1114 43.58 -39.87 790 268 2 1060 0 0.00 0.19

Silene latifolia 1880 906 5 1677 1114 54.79 -39.81 373 682 5 1060 0 0.00 0.47

Silene uniflora 887 1890 14 1677 1114 27.06 -39.61 510 538 12 1060 0 0.00 1.15

Succisa pratensis 2615 172 4 1652 1139 38.55 -40.72 1038 22 0 1053 7 0.58 -0.66

Thymus polytrichus 2199 592 0 1677 1114 31.92 -39.91 1000 60 0 1060 0 0.00 0.00

Trifolium pratense 2725 66 0 1677 1114 40.70 -39.91 1000 60 0 1060 0 0.00 0.00

Trifolium repens 2785 6 0 1677 1114 39.96 -39.91 1055 5 0 1060 0 0.00 0.00

Tripleurospermum maritimum 903 1682 206 1665 1126 40.20 -35.59 380 485 195 1048 12 0.00 21.16

Vicia cracca 2616 173 2 1676 1115 42.01 -39.91 905 154 1 1060 0 0.00 0.09

Agrostis capillaris 2726 65 0 1677 1114 40.35 -39.91 1012 48 0 1060 0 0.00 0.00

Alopecurus pratensis 2370 416 5 1676 1115 45.49 -39.84 693 365 2 1060 0 0.00 0.19

Anthoxanthum oderatum 2766 25 0 1677 1114 39.70 -39.91 1053 7 0 1060 0 0.00 0.00

Cynosurus cristatus 2729 62 0 1677 1114 40.45 -39.91 1011 49 0 1060 0 0.00 0.00

Festuca ovina 1882 907 2 1676 1115 44.63 -39.91 498 562 0 1060 0 0.00 0.00

Festuca rubra 2201 582 8 1677 1114 47.48 -39.74 604 448 8 1060 0 0.00 0.76

Festuca rubra ssp. 163 2112 516 1399 1392 79.14 -38.51 16 631 413 938 122 0.00 44.98

Phleum pratense 2333 453 5 1676 1115 46.29 -39.84 659 399 2 1060 0 0.00 0.19

Poa pratensis 1967 815 9 1677 1114 51.30 -39.72 435 616 9 1060 0 0.00 0.86

2031 - 20601961 - 1990

Britain Scotland

1961 - 1990 2031 - 2060
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5.4 Discussion 

The aims of this study were twofold: i) to assess how restored sites might beneficially 

support the conservation of threatened species, and ii) understand how changes in species 

distribution over time might influence restoration design. We have introduced the novel 

concept of protorefugia and protorefuges to demonstrate how restoration sites could be 

designed in a way that both ensured their longer-term viability (future-proofing) and 

enhance their role for conservation of threatened plant species. To achieve the second 

aim, I first looked at changes in species presence over time, from the 19th Century to the 

present day, and then assessed how future climate change may influence distributions 

through climate projection mapping. I have not been able to evaluate fully the changes in 

species composition between the early to mid-19th Century and today, due to not having 

a complete data set for all species that were present in VC109 in the past. What has been 

done, however, is to build upon those data held in herbaria to help advance potential for 

conservation of species (Donaldson 2009). The available information from historic 

specimens for VC109 has been collated, and this information used as a starting point for 

assessing the changes in distributions that have occurred, and hypothesising why changes 

have occurred. It has been shown, furthermore, that there will be a change in suitable 

climate space (as predicted by temperature) in Britain during the latter half of the 21st 

Century that is likely to have a significant impact on where species will survive in to the 

future. We have also shown that Dounreay is a suitable candidate site to act as a 

protorefuge, as its climate in the mid-term is one that will warm in a similar way to its 

surroundings. 

Potential for conservation 

This research has helped highlight the differences between those spaces that can act as 

protorefuges (sites that will form part of an expanding climate space) and protorefugia 

(sites that will remain outside of the enveloping climate space) during the coming decades 

to centuries as climate changes, and how these can be used beneficially for conservation. 

The potential for industrial restoration sites to more closely link with the conservation of 

rare and threatened species should be looked upon as an opportunity to be taken up fully, 

with the space available at Dounreay, and elsewhere, having the scope to be adapted to 

species’ specific needs. Dounreay will become warmer in the coming decades, and can 

therefore become a protorefuge for some of the southern species which will expand their 

range northwards. The selection of species will need to be based on their individual 

requirements, and on considerations of the threats they face at present, to make the most 
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of this opportunity. Amelioration of the materials used in the restorations physical make 

up may be required in order for them to support some of these species, including grading 

of materials, inclusion of topsoil, and altering nutrient availability. 

In the scientific world, a shift in perceptions of ‘hybrid’ and ‘novel’ ecosystems is still 

happening as it becomes accepted that ‘altered’ does not equate to ‘degraded’ (Miller & 

Bestelmeyer 2016). However, from talking to stakeholders this does not seem to be the 

case for people who may be more connected with the history of a particular place. 

Unnoticed alterations may have happened to the composition of species in a locality 

during the working life of e.g. a power station or mine, but perceived memories of the 

halcyon days prior to development often persist.  

In sites where an extreme change in ecosystem is suggested, e.g. from woodland to 

grassland, this will not go unnoticed. The alteration by the addition of a handful of new 

species, however, is unlikely to be noticed, and providing ecosystem function is 

maintained, ecosystem health, if not the ecosystem integrity, will also remain (Hobbs 

2016). On a wider scale, across Britain, the changes in agricultural practices have come to 

be accepted as progression, allowing us to produce more food. These gains in production 

are balanced by losses in taxa, with around half of plant species from these habitats 

experiencing declining populations (Robinson & Sutherland 2002). In terms of the 

restoration processes that are taking place, it is important to keep stakeholders engaged 

in the process, and ensure that they fully understand the reason for any changes. These 

changes are not because those restoring the site do not care about the integrity of the 

restoration or the history of the site, but because they want the restoration to succeed in 

becoming a functional ecosystem that fulfils the desired requirements of the restoration 

project. 

Maintaining the ecosystem health may require assisted migration of species, which can be 

improved further through combined efforts to improve levels of connectivity. 

Restorations, aided by parallel interests in conservation as an outcome, will increase 

metapopulation connectivity of the desired species. The selection of these species is still 

an area that will require effort to decide. Red lists and biodiversity action plans can be 

used as a starting point, which will often contain some level of ecological requirements of 

the species. The full details of these requirements may not be known, however, even if 

distribution of the species is known. This leads to two further steps: firstly a categorisation 

of a species’ requirements, and secondly an estimation of the projected species 

distribution models as best we are able (Anderson 2013). 
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Historic collections 

The variation in the number of recent species records (since the year 2000) for Caithness 

that match those of the historic records (mostly > 130 years ago) may be accounted for 

through changes in recorder effort during these times. Many more taxa have been 

recorded since these historic collections, though conversely some species found in the 

historic collections have not been recorded recently, indeed with 18 species absent from 

the BSBI records. There are several explanations which can contribute to this 

phenomenon. First, concerted efforts to collect and record plants (or other species) can 

be made at any particular time and place. The choices made by the individual/group 

collecting data, with considerations made to suit their specific taxonomic interests and 

requirements, as well as accessibility to a particular locality, all contribute to levels of 

species presence data, something recognised by many researchers (Lobo 2008).  It is not, 

therefore surprising that some of the species collected by, or at least accumulated in 

herbaria, by a handful of people over a few years in the 19th C have no recent records, as 

the focus of recorder effort changes. Then, combining these data to categorise shifts in 

populations over time can have further complications, coming from misidentifications 

and taxonomic confusion (Newbold 2010) to poor locality information (Braidwood et al. 

2014). Finally, some species may have genuinely been lost or their population may have 

declined to the extent that they have not been recorded more recently.  

Populations of some species, such as A.githago, are now much scarcer due to the increased 

use of herbicides, and have become a casual species persisting for only a short period of 

time (Stace 2010), becoming less likely to be recorded during surveys.  These losses in 

habitat space through agricultural change can be looked on as analogous to loss of habitat 

as a result of climate change. Other ‘missing’ species do not have recent records north of 

Inverness (Camelina sativa (L.) Crantz), or north of Glasgow (Carex acuta L.). Carex flava L. 

is a very rare species in Britain from two known localities in England, however several 

taxa are in the C.flava group, including Carex lepidocarpa Tausch, Carex demissa Hornem. 

and Carex oederi Retz. (Stace 2010), all found in the VC109. As further critical examination 

of the specimen has not been carried out, it has been treated as part of the taxon it is 

named as on the sheet. Records of Anagallis arvensis L. (Scarlet pimpernel) are known from 

Orkney, and on the mainland further south near Brora (on the east Sutherland coast, just 

south of the Caithness). This species was collected in VC109 by Dick, but despite its wide 

distribution across Britain remains rare in northern Scotland (Stace 2010). 
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The much larger number of taxa represented by the BSBI species records compared to 

the historic records is due to two main factors. The timescale during which these records 

have been accumulated and directed targeting to increase knowledge of species that are 

present. Large-scale projects, such as the Atlas 2020 (http://bsbi.org/atlas-2020), 

organised by the BSBI (the third in a series to map British and Irish flora) allow us to 

move closer to gaining fuller species presence records for a region. Dick, for whom ‘science 

was a pleasure, the pursuit of it his habit’ (Smiles 1878), Lindsay, and Horne may all have been 

thorough at seeking out what they desired, but information on methodology for 

collections is absent. The absence of much complimentary habitat information from the 

historic collections, and of precise locality, means that the reasons some of the species 

have not been recorded since will remain unknown.   

Map projections 

These maps provide a simple visualisation of what “may” happen to distributions of 

species as climate changes, with the proviso that all else remains equal. They show a clear 

shift in distributions northwards as climate changes, with increased temperature leading 

to a loss of space in the south of Britain. This brings with it the associated implication 

that species with a more southerly distribution will, at the very least, have more climate 

space opening up to them in the northerly parts of Britain. This change in climate space 

will potentially alter the suite of species that will make up the floral composition in the 

region in the future. Data points for distributions came solely from the UK, not 

accounting for wider European or global distributions of any of the species, and is likely 

to have curtailed projected distributions. The maps provide overall a conservative (or 

worst case) scenario regarding near future changes in distribution. 

Of course, there is likely to be a large amount of inherent genetic plasticity (related to 

ability to adapt to warming temperatures, dispersal systems and competitive ability) within 

the different species considered – permitting them to survive in areas outside their current 

UK distribution. The reality is bound to be even more complex – as changes in 

temperature may affect the way in which species grow and compete, which may transfer 

beneficial advantages or detrimental disadvantages to different species. Likely changes to 

habitat have also not been mapped, and it is not known if the other vegetation and 

invertebrates (with which the species grow), will move at the same rate. Likewise, no 

account has been made for shifts in soil status – including changes in soils nutrients, soil 

microbes, carbon storage, weathering rates, and nutrient bioavailability as this was beyond 

the scope of this preliminary assessment.   
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Planning for the unexpected allows us to manage/mitigate against it (Janssen 2010). 

Although climate change is now expected, many of its associated effects are still to be 

predicted with accuracy. Ensuring that ecosystem services are preserved is as important, 

if not more so, than merely ensuring the right numbers of species return to restoration 

sites (Harris et al. 2006; Jackson & Hobbs 2009), though often high levels of biodiversity 

help ensure that those services remain. Changes from historic ecosystems to hybrid and 

novel ecosystems (even if they can maintain ecosystem services) should not mean that no 

effort should be made to maintain the long functioning ecosystems we still have and 

preserve all that we can (Hobbs et al. 2014). Naturally evolved ecosystems, 

adapted/formed over many millennia will always be more robust and function far better 

than any hybrid/novel ecosystem that can be devised or “constructed” by man (over often 

very short timescales).  

The concept of shifting species outside of their recent historical natural range has often 

evoked negative thoughts in those working in this field, despite the potential to bring 

beneficial services to communities (Schlaepfer et al. 2011). The precautionary principle is 

often quite rightly used to persuade people to hold back on unnecessary large-scale 

translocations of species (Ricciardi & Simberloff 2009). However, once species are 

translocated, in particular to restoration sites, their effect on the surrounding habitat will 

be dependent on their location and nature. For example, sites surrounded by agricultural 

land are more likely to contain translocated species within the fixed restoration area 

(provided species are carefully selected/are not highly invasive by nature), as ploughing 

and grazing should limit slow and steady “invasion”. In urban environments, there is often 

little space outside restoration area(s) where species can move into. In less fragmented 

locations, management regimes may be required to prevent any intrusion into the wider 

environment if this is undesirable. Ultimately, carefully planned translocation, targeting 

very specific locations with a well-considered set of species should prevent negative 

impacts occurring in the first instance. Careful identification of species suitable for 

translocation (which may in themselves be threatened/warrant preservation) matched 

with suitable site selection (where restoration projects are being delivered) will be 

challenging (Wiens & Hobbs 2015) but in light of the current level of threat to 

biodiversity, new/novel approaches are now needed. 

5.5 Conclusion 

The potential to improve restoration projects at industrial sites to assist with the 

conservation of threatened species has been shown here to be, at least theoretically 
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possible. The hypothesis that Dounreay could act as a protorefuge has been upheld with 

the projections for future climate space showing that its temperature will indeed become 

more like that presently found to the south, and so it could protect translocated threatened 

species from that region in the short to medium term. Dounreay is in an area that will see 

a rise in temperatures over the coming decades, and would be a good candidate site to act 

as a protorefuge for more southerly species in Britain. The change in species records from 

the region over the past 130 – 160 years has been, at least partly, due to habitat loss, often 

a result of changes in agricultural practices, and the change is possibly not there as we do 

not have a full set of accurate records. It is difficult, therefore, to accept fully the 

hypothesis that there has been a change in species composition since the mid-late 19th 

Century, as there are high levels of data deficiency within the data sets used, though the 

data suggest that some species may be less frequent.  Accepting changes in species 

compositions as being beneficial, as opposed to detrimental, is the direction in which we 

must now travel. The implementation of the ideas discussed in the introduction, backed 

up by projections in this chapter, means that translocating species to suitably amended 

restoration sites is the sensible proactive next step in the evolutionary process of 

restoration ecology. 
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Chapter 6 

6 Restoration plan and Discussion 

6.1 Introduction and Summary of findings 

In Chapter 1 it is stated that ‘The aim of the project is to develop a restoration plan with a low 

ecological impact and minimal cost. This project evaluates different restoration options for the [Dounreay] 

site post-decommissioning. The restoration will be limited by a number of constraints’. The constraints 

include i) contaminated soil, ii) scarcity of topsoil in the locality, iii) salt-laden ocean spray, 

iv) no data of vegetation previously on site, v) no knowledge of species which will persist 

through changing climate.  

The soil contamination across some parts of the site will require a remediation layer to 

prevent contaminants from reaching bioreceptors at the surface. The main problems 

associated with this are that if the original topsoil is not present there will be an alteration 

from the desired soil seed bank should the topsoil come from elsewhere. Where there is 

no topsoil ‘microflora, and fauna essential for nutrient cycling’ are absent, and there is an 

associated decrease in levels of ‘water absorbing and holding capacity’ (Holmes & Richardson 

1999). The pot experiments, followed by the larger scale trial plots, showed that despite 

these limitations vegetation was able to grow successfully on areas that did not have 

topsoil. Although levels of cover where topsoil was absent have remained below those on 

the treatments with topsoil during the first three years, in part because of lower levels of 

soil moisture, organic matter and nutrients (N and P), vegetation cover continued to 

increase, and at an increased rate (Figure 4.7). It is anticipated that within a further 2 – 5 

years that cover on the no topsoil treatments may be similar to that where topsoil is 

present. This suggests that not using topsoil on some of the restoration layer may not be 

a major issue, and would simply allow cover to develop more gradually. Therefore 

concepts such as ‘strip seeding’/‘island restoration’ (Longland & Bateman 2002; Grygiel 

et al. 2009) could be explored at Dounreay. 

The salt spray, brought inland on the regular strong winds in the north of Scotland, mean 

that there are frequent changes in plant species found in the first few hundred metres 

from the coast. The lack of data about species that were on the site prior to its 

development meant a reliance on herbarium specimens to fill this gap. Having access to 

a large collection of specimens from THO and E has allowed for some of this knowledge 



CHAPTER 6                                                  RESTORATION PLAN AND DISCUSSION 
 

167 
 

gap to be filled. Herbarium specimens have been infrequently used for restoration 

projects, with no examples found for industrial restoration sites, despite 

recommendations that they be used when there is no prior species inventory for the site 

(SER 2004; Miller et al. 2016). The specimens from THO have been used for the first time 

here for such a scientific endeavour, and have led to a better understanding of the species 

that were present in Caithness in the past. The location data on the specimens was 

generally poor, however, and meant that it is not possible to say exactly where specimens 

are from in Caithness. The data have allowed for comparisons with species occurring in 

the recent past, as recorded in BSBI data sets, and shown that there has been no species 

loss since the 1930 BSBI records, with just two of the 19th Century herbarium species 

absent up to then, though they are still present in the neighbouring vice counties of West 

Sutherland (VC108) and East Sutherland (VC107).  

Therefore, assemblages of species similar to what might have been found on Dounreay 

today, had it not been developed, were identified through surveys along the coast, on 

reference sites to the west and east of Dounreay, and will be used to inform the seed 

mixes to use for restoration. The trial plots provided data about the two bespoke seed 

mixes used at a distance of 600m from the sea, and through combining these data with 

those from the reference sites it will be possible to create suitable restoration seed mixes. 

However, given that some parts of the Dounreay sites will be exclosed for 300 years, it is 

essential that the seed mix design also takes into account how climate may influence the 

desired communities. 

Climate projections are becoming a more commonly used tool within restoration projects, 

and recommendations that climate change is considered in restorations have been made 

more frequently in the recent past (Harris et al. 2006; Miller & Hobbs 2007; Mawdsley et 

al. 2009). Introduced in this thesis is the novel concept of protorefuges and protorefugia, 

a space/site which species can be translocated to ahead of the future climatic regime. This 

will open up space for the conservation of both already threatened species, and those 

species that may become threatened, and bridges some of the gap between restoration 

ecology and conservation biology. Available future climate space was projected for the 

species sown on the trial plots, and for species that are considered potential candidate 

species for translocations to the site. This showed that Dounreay could indeed act as a 

protorefuge for species from a more southerly climate. Providing there is consensus 

between site operators and other stakeholders, the translocation of species from out with 

the site’s vice-county is highly desirable. Not only would the conservation of plant species  



CHAPTER 6                                                  RESTORATION PLAN AND DISCUSSION 
 

168 
 

(which currently lose out to the conservation of animal species by a factor of nearly 4:1 

(Young 2000)) benefit, but long-term ecological functionality of the site would improve. 

Perhaps a good way to approach this restoration design, then, is to view it as long-term 

experiments until we gain a full understanding of what will happen in any particular set 

of circumstances (Cooke & Johnson 2002). Despite the continued knowledge we gain, 

many restoration sites have a unique set of obstacles to overcome, and Dounreay is no 

different. Using the knowledge gained through the literature and directly from this thesis 

it is nonetheless possible to recommend a restoration plan for the Dounreay site. 

6.2 Restoration plan 

Vegetation community location 

From the data collected from reference sites, eight different clusters of plant communities 

were identified. The communities were then separated using geographic and soil variables, 

which allowed for the creation of a decision tree (Figure 2.22). From a practical 

perspective, the most useful starting point for creating a restoration plan is to know where 

these communities exist on the reference sites in relation to the distance from the sea, and 

hence where they could and should be located on a theoretical site, Figure 6.1, and on the 

actual site, Figure 6.2. 

 

Figure 6.1. The distances from the sea at which the different communities (identified in chapter 2) were 
recorded from the reference sites. This geographic feature is the first level to use for a restoration plan. The 
colours represent different communities, and the lighter shaded areas represent the crossing over of 
communities from one to the other, and should be blended between the two adjacent communities, rather 
than there being a direct step change. 

Zonation by different plant groups occurs naturally, with some coastal species being more 

xerophytic or halophytic than others (Tansley 1953; Rodwell 2000) - hence differences in 
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species composition will occur across the site as levels of exposure to salt decrease with 

distance from the sea, as observed on reference sites. 

 

Figure 6.2 Potential locations of different vegetation communities on the Dounreay site. Letters within the 
‘restoration layer’ boundaries denote different zones identified within the Dounreay site (Dounreay 2013).  

Species in communities  

The second step in this process is to decide upon suitable species that will form part of 

each distinct community. There is little in the literature to suggest how restoration seed 

mixes for recolonization are created, or how reference site data are interpreted, in order 

to create bespoke seed mixes. Much is reported on the effect of treatments/materials 

being seeded on (e.g. Ballesteros et al. 2012; Maiti & Maiti 2015), and provenance of the 

seed and effects on phenology (e.g. Mitchley et al. 2012; Buisson et al. 2016). Research into 

contrasts between seed mixes and sowing densities trialled have tended to show that 

higher levels of richness are achieved, along with greater restoration success, with higher 

diversity in the seed mix sown at a denser rate (Carter & Blair 2012; Kirmer et al. 2012; 

Barr et al. 2017). An almost ‘perfect’ replicate of the seed mix can be obtained through 

mowing a site that contains the desired species mix, and then strewing the green hay on 

to the restoration area, and is often used in meadow recreation (Coiffait-Gombault et al. 

2011). This option is not available for this restoration, however, as there are not known 

available areas to mow at present, and a sensible interpretation of the data from the 

reference sites and trial plots is required.  
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From the reference quadrat data (Table 2.7, p.71), those species that occurred with a 

frequency of over 20% of the quadrats surveyed within a community, or with a mean 

cover across the quadrats in a community that was > 5%, are species that are considered 

an integral part of it. For example A.maritima occurred in four communities, but only at 

over 20% frequency in the Maritime community, hence it may only be integral to that 

seed mix. Species that occurred at a frequency below 20% may be considered as 

“complimentary species” to the communities, and although they may be an important to 

the community, there is not the evidence to suggest that they are required for the 

foundation of the communities (Coiffait-Gombault et al. 2012). There is evidence showing 

that the other species occurring within the communities should be included, with richer 

seed mixes producing better restoration diversity and cover. Further to these species, we 

identified a number of other species that grew successfully on the trial plots. Although 

they were infrequent on the reference sites, or even absent from them, they have been 

included within the seed mixes to help boost cover and diversity (Table 6.1).  

The proportions of species within a seed mix needed to achieve the desired end cover are 

difficult to calculate with certainty. There is currently a paucity of data concerning this, 

though many seed mixes are supplied with 80% grass seed and 20% wild flower seed by 

weight, (e.g., Scotia seeds (http://www.scotiaseeds.co.uk/seed-mixtures/); Meadow-

mania (https://www.meadowmania.co.uk/); EmorsgateSeeds (https://wildseed.co.uk/). 

Indeed the seed mixes used on the vegetation trial plots (from Scotia seeds) were both 

80% grasses and 20% wildflowers, and produced a level of richness, cover and diversity 

commensurate with that found on the reference sites. It is recommended that these 

proportions are kept for four of the communities. The exception is the ‘Maritime’ 

community, which with fewer species of grasses included, should be 30% wildflowers and 

70% grasses. The sowing density recommended by these commercial mixes ranges from 

3g to 4g m-2. In the studies discussed previously the seeding density is given as number of 

pure live seeds (PLS) m-2, ranging from 9700 PLS m-2 for a grass seed mix (Kirmer et al. 

2012), through 1600 PLS m-2 for a shortgrass steppe restoration seed mix (Barr et al. 2017), 

down to 344 PLS m-2 for a grassland restoration seed mix (Carter & Blair 2012). These 

are all the highest richness and higher density seed mix levels tested as they proved to be 

the most effective in creating the desired vegetation cover. These mixes also hosted the 

fewest undesirable exotics at the end of their respective monitoring of the trial sites, 

though high diversity and high density sowing does not always prevent this (Larson et al. 

2011).   

http://www.scotiaseeds.co.uk/seed-mixtures/
https://www.meadowmania.co.uk/
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Table 6.1. Candidate species for sowing on the restoration areas at Dounreay, separated by vegetation 
community. 

 

 

Maritime
Potentilla 

Empetrum

Carex 

Lotus
Grassland

Molinia 

caerulea

Wildflowers (% seed mix) 30 20 20 20 20

Achillea millefolium L. Gr

Anthyllis vulneraria  L. 1 Mar PE CL

Armeria maritima  (Mill.) Willd. Mar PE Mc

Bellis perennis L. Mar PE CL Gr

Calluna vulgaris  (L.) Hull PE CL Gr Mc

Carex nigra  (L.) Reichard Mar PE CL Gr Mc

Carex pulicaris  L. Mar PE CL Gr Mc

Cerastium fontanum  Baumg. Mar PE CL Gr

Cochlearia danica L. Mar PE Gr

Dactylorhiza fuchsii  (Druce) Sóo Mar PE CL Mc

Daucus carota  L. CL Gr

Empetrum nigrum  L. Mar PE CL Gr Mc

Erica cinerea  L. PE Gr Mc

Erica tetralix  L. Mar PE CL Gr Mc

Eriophorum angustifolium  Honck.

Euphrasia  agg. Mar PE CL Gr Mc

Galium verum  L. Mar PE Gr

Hypochaeris radicata  L. Mar PE CL Gr

Juncus squarrosus  L. PE

Leucanthemum vulgare  Lam. Gr Mc

Lotus corniculatus  L. Mar PE CL Gr Mc

Luzula multiflora  (Ehrh.) Lej. Mar PE CL Gr

Narthecium offifragum  (L.) Huds. PE Mc

Pedicularis sylvatica  L. CL Mc

Pilosella officinarum  F.W.Schultz & Sch. Bip. CL Gr Mc

Pinguicula vulgaris  L. Mc

Plantago coronopus  L. Mar PE CL

Plantago lanceolata  L. Mar PE CL Gr Mc

Plantago maritima L. Mar PE CL Gr Mc

Polygala  serpyllifolia Hosé Mar PE CL Gr Mc

Potentilla erecta  L. Mar PE CL Gr Mc

Primula scotica  Hook. Mar PE CL Gr Mc

Primula veris  L. PE CL

Primula vulgaris  Huds. PE CL Mc

Prunella vulgaris  L. Mar PE CL Gr Mc

Ranunculus acris  L. Mar PE CL Mc

Ranunculus repens  L. Mar CL Gr Mc

Rhinanthus minor  L. CL Gr Mc

Rumex acetosa  L. PE CL Mc

Salix repens  L. CL Gr Mc

Scilla verna  Huds. Mar PE CL Gr Mc

Scorzoneroides autumnalis  (L.) Moench Mar PE CL Gr

Silene dioica  (L.) Clairv. 2 CL Gr Mc

Silene latifolia  Poir. 2 CL Gr Mc

Silene uniflora  Roth Mar PE

Succisa pratensis Moench PE Gr Mc

Thymus polytrichus  A.Kern. Ex Borbás Mar PE CL Gr Mc

Trichophorum germanicum  Palla Mar

Trifolium dubium  Sibth. CL Gr

Trifolium pratense L. 3 PE CL Gr Mc

Trifolium repens  L. Mar PE CL Gr Mc
1 Species added for conservation of C.minimus , the Small Blue butterfly
2 Sspecies not recoreded from reference sites but successful on trial plots and frequently seen in VC109
3 Added to variety of communities to aid conservation of Bombus distinguendus , the Great Yellow Bumblebee

Bold font- species selected through cluster communities > 20% frequency

Normal font - species selected through frequency and cover on trial plots. Either > 1% cover or > 10% frequency

Red font - species occurring below the 20% frequency level and below 5% cover

Species >10% frequency on ref sites AND average cover > 2.5%

Species growing frequently on shallow soil

Vegetation community
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Table 6.1. Cont. Candidate species for sowing on the restoration areas at Dounreay, separated by vegetation 

community. 

 

Included in the seed mixes, therefore, are all the species recorded from each of the 

reference site vegetation communities, as this should ensure the greatest likelihood of 

successful recreation of these. What remains unclear at this stage is how the quantities of 

seed required within the wildflowers and grasses are apportioned, and which species, if 

any, could be excluded from the seed mix as they are commonly found in the surrounding 

vegetation, or perhaps included but at much reduced density. Some species, if included in 

the seed mixes, may become dominant early in grassland restorations, e.g., H.lanatus  

(Lawson et al. 2004), and so could be detrimental to the success of other sown species. 

This species, with due to its almost ubiquitous presence on the trial plots (Appendix 4, 

Tables 4.7 & 4.8) could be removed from the seed mix as it has been shown to be readily 

present in the soil seedbank or an effective disperser.  

Other species that could be omitted from the final seed mix, or included at reduced 

density, include several other species that occur frequently in the surrounding reference 

sites. Species occurring at the >20% frequency in the reference sites could be sown at a 

reduced density as the assumption is that they are already well dispersed/established 

species in the area and likely to be producing sufficient seeds to colonise locally. 

Windblown seed often does not disperse further than a few metres, though can at times 

travel much further (Sheldon & Burrows 1973; Chambers & Macmahon 1994).  Even 

species that have evolved seed with a pappus for wind dispersal, such as many in the 

Asteraceae (Compositae) family, show a marked decline in number of seed travelling over 

5 metres from an established population (Donath et al. 2003). Although these species are 

Maritime
Potentilla 

Empetrum

Carex 

Lotus
Grassland

Molinia 

caerulea

Grasses (% seed mix) 70 80 80 80 80

Agrostis capillaris  L. Mar PE CL Gr Mc

Agrostis stolonifera  L. Mar PE CL Gr Mc

Anthoxanthum odoratum  L. Mar PE CL Gr Mc

Cynosurus cristatus  L. PE CL Gr Mc

Danthonia decumbens  (L.) DC. Mar PE CL Gr Mc

Deschampsia flexuosa  (L.) Trin. PE CL Mc

Festuca ovina  L. Mar PE CL Gr Mc

Festuca rubra  agg. Mar PE CL Mc

Holcus lanatus  L. Mar PE CL Gr Mc

Molinia caerulea  (L.) Moench PE CL Gr Mc

Nardus stricta  L. PE CL Gr Mc

Poa trivialis  L. PE CL Gr Mc

Bold font- species selected through cluster communities > 20% frequency

Normal font - species selected through frequency and cover on trial plots. Either > 1% cover or > 10% frequency

Red font - species occurring below the 20% frequency level and below 5% cover

Species >10% frequency on ref sites AND average cover > 2.5%

Species growing frequently on shallow soil

Vegetation community
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also found in the cliff-top communities of interest here, the dispersal limit remains 

unknown for most species and was not a focus of this project. Understanding the optimal 

distance for cliff-top species dispersal would be an interesting topic for future research 

and could be incorporated or designed in the landscape scale restoration. 

With the knowledge that long-distance dispersal is likely to be limited, but that short 

distance dispersal is evident, the opportunity for strip seeding could be taken to help 

reduce associated costs with seed purchase or collection and sowing. Whether this 

opportunity is taken for all of the suggested communities, or with a subset of them, 

depends upon not only the traits of the individual species within each of the communities, 

but also on the restoration substrate. When topsoil is present there is a ready seedbank, 

which can easily establish.  When soil is from a similar location, or species in imported 

soil are adaptable to the new location, and are desirable within it, leaving topsoil unsown 

may be an option. Topsoil presence resulted in higher numbers of non-sown species 

establishing readily on the trial plots compared to on no topsoil treatments (Chapter 4, 

Figure 4.9). What is unknown, is the identity of the species in the soil seed bank, and more 

importantly for the restoration, the proportion of desired species within the soil seedbank 

that might not need to be sown where topsoil is used. Caution may be needed if topsoil 

is left bare, however, as the batters (supporting sides) at the trial plots were not seeded, 

and quickly became colonised by broad leaved and curly docks (Rumex spp.) and thistles 

(Cirsium spp.). 

With the plan to remediate the site on a zone by zone basis, there is further opportunity 

to gain knowledge with respect to how wide unsown strips should be, and amend them 

for the future zones. The unsown crushed rock paths, 2m to 3m wide, between the trial 

plot replicates have become steadily vegetated during the time of the trials. A 

recommended distance of 5m between sown areas could be colonised by desired species 

from the surrounding vegetation, with the likelihood these will reach similar levels of 

cover to the sown areas within 5 years. For areas where topsoil is present, and there is 

greater opportunity for invasive species, a smaller distance of up to 2m may be desirable 

for the restoration of the earlier zones being restored, which could be increased for the 

following zones if it supports the desired species.  

Topsoil also provides access to more adequate levels of required nutrients and moisture, 

which accelerate the germination, growth and expansion of the vegetation. Both pot 

experiments and field trials showed that when topsoil is absent, and the material is just 

crushed rock, the opportunities for establishment are greatly diminished. Seeds, when 
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they are sown on such a substrate, are at risk of being blown away or washed down if they 

are not secure in-between stones, and at risk of drying out as there is less water holding 

capacity. Should the seeds remain and germinate, the nutrients are likely to be accessible, 

though either at much elevated or diminished levels than that found in reference habitats 

(Table 4.5), and consequently there was a slower rate of growth and cover achieved 

(Figure 4.7). 

Finally, with respect to seed mixes used, using the site as a protorefuge, for threatened 

species conservation, is recommended here. The species that should be included still need 

to be identified, and they will need to fulfil certain criteria prior to being selected. These 

criteria range from making sure that there is an appropriate genetic mix within the species 

to be translocated, to understanding the biology and ecology of the species (Maschinski 

et al. 2012). Although there is a wealth of material available about species attributes, 

including the list of British plant species Ellenberg values (Hill et al. 1999) and their 

distribution (Kew Royal Botanic Gardens 2017), the way individual species may react 

when they are translocated and incorporated within a selected community will remain 

unknown until trialled. The climate projections for all of the species tested in Chapter 5 

(Table 5.1) showed a loss in available climate space in Britain by 2060, for all 48 species 

tested. In Scotland, however, there was a loss in space for just seven of these, with no 

change in space for 19, and an increase in available space for 22 species. This increasing 

level of space suggests strongly that Dounreay could successfully act as a protorefuge for 

suitably targeted species to aid with long-term conservation.  

Materials used for restoration layer 

The materials used for the restoration, and amendments to these materials, will only help 

in assisting the successful growth of vegetation if the species selected are suitable, and are 

sown in the correct location. An important finding of our studies was that although there 

was a difference between treatments with a coarse or a fine substrate when no topsoil was 

added, a mix combining both the coarse and fine material could lead to a more stable and 

supportive base layer to the restoration layer. This will prevent some washing through of 

the finer material and topsoil, but it will also provide a greater level of water retention 

than the coarse material on its own, and provide more space for the roots of the plants 

to access nutrients and water.  

From the results obtained in the field trial, it can be suggested that a proportion of the 

Maritime community could be sown on a treatment that does not contain any topsoil, and 
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is comprised just of the crushed rock. This is due to the higher levels of cover, and high 

levels of occurrence, achieved by a number of the species on the no-topsoil treatments at 

the trial plots (see Appendix 4.B. for details), including C.danica, C.fontanum, P.lanceolata, 

R.minor, S.uniflora, and the grasses F.ovina and F.rubra. Other species recorded from the 

reference sites for this community are often found in relatively shallow soil, e.g., 

A.maritima and T.repens, and may be more tolerant of a no-topsoil habitat than species 

recorded form deeper soils. While not all the area that is to be seeded with the Maritime 

seed mix should have topsoil added to it, exactly how much could remain without topsoil 

and still provide the desired level of cover remains untested, though consideration of the 

information above suggests up to 50% could remain without topsoil. 

For the other four communities suggested, there was a lower percentage of species 

recorded growing on shallower soils than in the Maritime community, though all but six 

species (P.sylvatica, Pinguicula vulgaris, R.acris, R.minor, A.stolonifera and P.trivialis) were 

recorded on soils that were under 10 cm deep. It is therefore recommended that some of 

the areas supporting the other four communities could be supported by no-topsoil 

treatments, though the percentages of these areas without topsoil will need to be decided, 

and will need to be lower than the 50% recommended for the Maritime community, 

possibly 10 – 20%. This level of non-topsoil cover, if incorporated in the same manner 

as the strip seeding, would provide a greater likelihood of success, and as with the strip 

seeding itself could be amended as zone by zone restoration takes place. A plan of how 

this may work in the restoration of part of the site is given (Figure 6.3). One problem to 

overcome will be the establishment of species on the areas without topsoil. The trial plots 

recorded levels of P in the crushed rock much lower than those on the topsoil, and indeed 

lower than those from the reference sites, and some level of amelioration to enhance these 

levels may provide the opportunity for the seedlings to grow larger and stronger faster. 

This need to use resources efficiently has evolved widely in plants to adapt them to these 

environments (Funk & Vitousek 2007). 

It is interesting to note that the mean levels of some of the key physico-chemical variables 

measured on the trial plots, both with and without top soils, were outside of the ranges 

found on the reference sites, but that the majority of the species desired within the 

restoration communities still grew successfully on the trial plots. For instance, the levels 

of pH within the communities was only greater than a pH of 6 for two communities 

(‘Grassland’ and ‘Maritime’); in contrasts with the pH measured in the trial plot soils (6.5 

and 9.1; topsoil and no-topsoil at the end). The mean levels of other variables in the trial 
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plots (for topsoil treatments conductivity, K, and S: for no-topsoil treatments 

conductivity, vwc, P, K, and S) were also outside of the range recorded within the 

reference site communities.  

 

Figure 6.3. Plan of how part of the site with a restoration layer could be set out. A small proportion of the area 
has no topsoil added to it, running within the boundary of the main body of a particular community. Areas 
that remain unseeded are shown in white in the figure. 

This is of course because the ranges from the reference sites here do not represent the 

outside limits on which these species can grow. In other words, the reference sites 

represent the realised niche of the species in the region, with the fundamental niche a 

larger space (Maschinski et al. 2012) that has not been investigated in its entirety. 

Monitoring 

There are a wide range of methods by which a restoration can be monitored (SER 2004), 

but generally incorporate one or more of the following nine attributes: i) similar diversity 

and structure to reference sites; ii) indigenous species; iii) functional groups required for 

long-term stability; iv) a physical environment that will sustain reproducing populations; 

v) normal functioning; vi) integration with landscape; vii) elimination of potential threats; 

viii) resilience to natural disturbance; and ix) self-sustainability. When restoration success 

is monitored there are usually only a small number of attributes that are tested, though in 

reality in many instances restoration success is not measured at all. A 2005 analysis 

revealed than fewer than 15% of restorations were monitored once seeding or planting 

had been carried out (Ruiz-Jaen & Aide 2005). Where monitoring was occurring post-

implementation, the most commonly used method was assessing vegetation success, with 

almost all of those measuring at least two attributes of success (Brudvig 2011; Ruiz-Jaen 

& Aide 2005). 

The SER attributes listed above were augmented in 2016 with the development of the 

‘recovery wheel’ (Mcdonald et al. 2016), allowing for a restoration progression to be 
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evaluated for the different factors under consideration. These can now be assessed using 

a marking system to grade the restoration success from 0 and 5 stars, under the broad 

groupings of: i) absence of threats; ii) physical conditions; iii) species composition; iv) 

structural diversity; v) ecosystem functionality; vi) external exchanges. These provide a 

level of flexibility within which to work, so that the model can be adapted to a wide variety 

of restoration projects, starting from different states of degradation, allowing for easier 

comparability across projects and ecosystems, but will still require a suitable level of 

monitoring for this to work. 

During the time of the vegetation trial plots being monitored, a number of the former 

attributes (SER 2004) were tested for in order to measure their success when compared 

to a reference ecosystem, Table 6.2. As was found in the previous analysis much of this 

related to vegetation success, rather than the success of invertebrates or the supporting 

abiotic system, though these too were measured during the trials. 

Table 6.2. Restoration attributes tested on the vegetation trial plots 

 

Using the recovery wheel the six main sections can be divided into smaller sub-attributes 

and the projection of the restoration can then be analysed this way, Figure 6.4. The 

measurements made during the time of the trials allow for many, though not all, of these 

attributes to be given a rating as to how successful they have been over the three years 

the trials have been in place. In the longer term, for the final restoration of the site, the 

attributes can be compared against previous years’ levels to ascertain where more effort 

may need to be put in, and a table can be compiled of the attributes for easier comparison.    

Tested in trials Topsoil No topsoil

y - vegetation yes  s imi lar divers i ty no - lower cover and divers i ty

y - invertebrates no - greater divers i ty yes  - s imi lar divers i ty

y - vegetation yes   - sown and dispersed yes  - sown and dispersed

y - invertebrates yes  - dispersed yes  - dispersed

not tested directly Likely to be there Likely to be there

y - invertebrates yes  - key groups  present yes  - key groups  present

iv
Sustaining phys ica l  environment for 

regeneration
y - vegetation

yes  - annuals  reappeared, though 

nutrient avai labi l i ty a l tered during 

tria ls

yes  - annuals  reappeared, though 

nutrient avai labi l i ty a l tered during 

tria ls

v Normal  functioning
y - vegetation and 

invertebrates

yes  - seeds  germinated, plants  

grew, res i l ient to low levels  of 

herbivory, invertebrates  present

yes- seeds  germinated, plants  

grew, res i l ient to low levels  of 

herbivory, invertebrates  present

y - vegetation yes  - species  dispersed on to s i te yes  - species  dispersed on to s i te

y - invertebrates yes  - invertebrates  present yes  - invertebrates  present

vii El imination of potentia l  threats n - threats  not present

viii Res i l ience to dis turbance
y - vegetation cut in 

September 2016 Tested * Tested *

ix Sel f-susta inabi l i ty y - vegetation yes  - regeneration of annuals yes- regeneration of annuals

* Results  wi l l  be known in October 2017

i

iii

vi

Attributes

ii

Integration with landscape and biotic 

exchange

Functional  groups  for long-term stabi l i ty

Indiginous  species

Simi lar divers i ty and s tructure (to 

reference)
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Figure 6.4. The SER recovery wheel, split into six main sections, each subdivided into three further parts. The 
success or otherwise of the restoration can be graded up to a ‘5-star’ recovery for the separate parts within the 
wheel, allowing for practitioners and scientists to amend the restoration plan for a project in order to help 
achieve the highest level of recovery (Mcdonald et al. 2016). 

In most instances, during the short time the trial plots were monitored, the results showed 

that there had been success in the trial restoration when compared to the reference 

ecosystems of the reference sites, though not in all cases, e.g., diversity and structure of 

vegetation when topsoil was absent. Some results remain unknown, such as the response 

to heavy herbivory, which was mimicked through grass cutting of sections of each 

replicate treatment, though these will be known in October 2017. Elimination of potential 

threats could not be tested in the trials, as the main threat to be overcome, identified prior 

to the trials, is the prevention of contamination by low level radionuclides to bioreceptors 

at the surface of the restoration layers above the contaminated soil, and this will not be 

known until the site is restored. The other potential threat is climate, and that is something 

that can be monitored from the short to long term, assessing firstly the short to medium 

term success of integrating translocated species on to the site, utilising it as a protorefuge, 

then in the medium and long term the adaptation of those species to climate change. This 

will be monitored not only against climate change as a threat, but also by assessing the 

ongoing functionality of the vegetation and invertebrate community on the site. 

Continued self-sustainability of the site is obviously crucial for a minimally managed site, 

and during the trials this too was deemed to be a success. 
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Applying the recovery wheel to these measurements, the trials have shown that there is 

largely an absence of threats (partially because on the trials these were absent to start with) 

though there may be some threat from invasive species such as thistles (Cirsium spp.) and 

some grasses (H.lanatus), and this section sit around a three star recovery level, as some 

level of threat remains from these species. The physical conditions, in particular the 

substrate, are largely artificial when compared to the surroundings, with the chemical 

substrate also slightly different from the reference sites, though neither are detrimental to 

the biota on site. The water chemo-physical state will have been affected to an extent, in 

that the plots were raised, and as such the vegetation will not be experiencing the same 

conditions as those on the reference sites. Despite these, the conditions for growth have 

been maintained, and characteristic biota were recorded, affording this attribute between 

three and four stars. The species composition contains a subset of desirable native species 

occurring on the reference sites, though with some threat from undesirable species 

remaining. The first two factors from this attribute are at a higher recovery level than the 

last, reaching a three star recovery. The structural diversity has provided the likely 

vegetation strata found on the reference sites, with a range of trophic levels observed on 

the plots (including mammals and birds), and particularly with the different topsoil and 

6F1 surface layers there is a good spatial mosaic on the plots. This is reaching for a four 

star level of recovery, as although much complexity exists it is not quite as the reference 

ecosystems appear. Ecosystem functionality shows evidence of productivity and cycling, 

evidenced through the range of invertebrate groups recorded, with resilience and 

recruitment from previous years annual species, and interactions with surrounding 

habitats clear from further external recruitment of species on to the site. This attribute is 

again reaching a four star recovery. External exchanges are occurring, though are harder 

to quantify using the data presented in the previous chapters. There appear, with the 

invertebrate flows, and some vegetation flows, evidence of the overall landscape flows 

and habitat links. Gene flow with the wider population was not tested. This sixth attribute 

shows some level of connectivity with it reaching a two to three star level of recovery.  

The standards recommend all restoration projects aim, rightly, for a five star level of 

success, though in situations such as Dounreay, categorised as ‘utilities and infrastructure’ 

in the 2016 document, and situated in a semi-natural area, it should be restored to ‘ideally 

5-star and at least a 3-star’ level (Mcdonald et al. 2016). Amelioration of the recovery wheel 

is encouraged to allow it to fit in with an individual project, and when the restoration on 



CHAPTER 6                                                  RESTORATION PLAN AND DISCUSSION 
 

180 
 

the Dounreay site starts in earnest, it would be beneficial to adapt this to suit the needs at 

the time. 

Once the Dounreay site is restored, monitoring for similar responses to those tested on 

the trial plots is recommended, as these have fitted in with the current SER 

recommendations. The initial aim was to restore the site with native (indigenous) 

vegetation that integrated in to the natural landscape, (attributes ii and vi). This will be 

achievable in the short to medium term, after which natural succession may have a greater 

role in the trajectory of the restoration than the initial set up. Further to this the 

elimination of potential threats (attribute vii) is the reason for the restoration layers being 

constructed, and this will require regular monitoring during the first few years to decades 

after construction. With functional groups present on the site, long-term stability should 

be possible (attribute iii), and this could incorporate the vegetation as well as the 

invertebrates (already assessed from the trial plots). Finally, self-sustainability (attribute 

ix) in the short to medium term should ensure the longer term success of the restoration. 

I recommend that these are the foci of the monitoring in the short to medium term (1 – 

20 years) after restoration, at which stage restoration success can be evaluated. If needed, 

adaptive management interventions (Figure 1.2, p.24) can be applied before the trajectory 

has skewed too far from the desired state. Within the first few decades to half century 

ecosystems are usually able to recover from whatever blow they have been dealt (Jones & 

Schmitz 2009).    

Costs 

As well as consideration from the restoration of the cliff top communities, the ecological 

and financial cost implications of the different implementation options can be calculated 

and used to inform the restoration plan. The three options being considered, outlined in 

Chapter 1, mention the capital costs of implementation, and the associated annual 

maintenance costs of each. The option considered most ecologically sound would be the 

second option in that list, which involves the removal of roads and floor slabs, 

remediation of the ground, and returning the site as much as possible to the state it was 

in prior to development. This development programme leaves the site in a state where 

there is not any above ground visual impact of the development on the site remaining, 

with drains removed and drainage requirements returned to natural underground 

channels, or creation of suitable above ground run-off. This will allow for the creation of 
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a mix of habitat areas to support higher taxa found on the site, including otters (Lutra lutra 

L.) and ground-nesting birds. 

There remains the need to construct the requisite restoration layer over areas with residual 

low-level radioactivity. The use of both fine crushed and coarse crushed rock within the 

majority of the restoration layer, as opposed to fine only, will save energy by not crushing 

all material to a fine grade. Using the fine material instead of topsoil on a proportion of 

the restoration layer will itself help prevent ecological damage to donor sites, and if this 

material can come from the low level waste disposal site, then carbon emissions from 

transportation will be greatly reduced. Further to this, any subsequent reduction in topsoil 

requirement will lead to further carbon savings if less loads of topsoil are required.  

Estimates of financial cost savings can be calculated, as approximate quantities of 

different materials required are already known. It has been estimated that for the 

implementation of the option discussed above, were topsoil and organic amendments 

required across all parts of the site, including the restoration layers, this cost would cost 

around £1.6m, with seed mixes costing £530k (CH2M 2016). Assuming a higher 

percentage of the restored areas have topsoil, and just 10% overall does not have topsoil 

or organic matter improvements, this still could represent a saving in the region of £160k. 

With a strip-seeding design also implemented, leaving again just 10% unseeded, this 

represents a further cost saving of £53k, bringing potential minimum savings from 

implementing the suggested design to £213k. 

Further savings to this may be made, as should areas prove successful for the first zone 

restoration in the short term, it will be possible to increase the proportion of areas without 

topsoil and/or sow at a lower density. The results from the trial plots suggest that this is 

highly probable. Although in the grand scheme of the total cost of the decommissioning 

and remediation project at Dounreay, ranging from £2.5b - £3b, this saving is tiny, the 

potential savings should more than cover the cost of the research into the best method 

to restore the site, and for the required monitoring in the medium term. Without the 

research, the options would likely to have diminished to restoring with topsoil across all 

the site, and the use of an off-the-shelf restoration seed mix that would be unlikely to 

fulfil the desired parameters for the site.     
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6.3 Future work and highlights of research 

Below are outlined three areas of future research that would be beneficial to helping 

realising the potential of some of the ideas proposed, and helping to fill some of the 

knowledge gaps identified in this research. 

Determine likelihood of species dispersal 

The literature includes results of abilities of some species to disperse, often relating to 

single species (e.g., Law 1979), within a particular habitat (e.g., Rees 1995), or within a 

single site (Donath et al. 2003). Extrapolating data from studies such as these, where 

evidence is strong, and combining it with species attributes such as seed size, seed number, 

and morphology, and even prevailing weather conditions in an area, could create a useful 

database of likely dispersal scenarios for a large number of commonly used species in 

restoration ecology. 

Climate modelling 

Understanding the likely locations within which species will prevail into the future is 

probably one of the most important issues being dealt with in restoration ecology at the 

moment. In this thesis it has been shown that there is likely to be a loss of climate space 

within the UK for all of the species tested, and although this was done at a broad scale of 

climate, using ecological niche models will provide much more accurate data than 

presented here, and will be of more use to a wider number of people. As above, the 

creation of a database of the species tested, and with associated maps, would allow all 

restoration scientists and practitioners to have easy, ready access to this information. 

Combining this with already largely accessible ecological data about the species would 

help in allowing restoration ecologists to create the most resilient and functional 

vegetation community for their site. The species targeted for this should be those 

frequently used in restoration practice, as well as targeting those that are on biodiversity 

action plans (BAPs), both national and local. This would allow for the BAP species to be 

included as translocated species in protorefuges or protorefugia when possible. 

Development of methods 

Over the coming years, as the site at Dounreay is restored on a zone by zone basis, there 

is the opportunity to collect much needed empirical data with respect to the most suitable 

distance between areas that have been sown in strip seeded experiments. Being able to set 

up in situ experiments with different distances between the sown areas will provide the 

information that is missing from the literature at present. This knowledge will help with 
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reducing costs of restoration – if the unseeded strips are too far, and become occupied 

by undesirable (exotic, or even invasive) species, the costs of remedial action are often 

very high. If they are omitted from a project, potential savings will have been lost – so 

getting the distance right is paramount to this working well. 

Testing a mixed substrate, as suggested above, will allow us to know if this will provide 

the outcomes desired. These are to provide a substrate that is less likely to fail (through 

down washing of the top layer of fine material or topsoil), and having a higher water 

holding capacity (which should aid with plant growth and access to nutrients, particularly 

when topsoil is absent).  

Developing a best seed mix for each of the vegetation communities based on data from 

the reference sites is needed. The lack of literature on how quantities of seed, or even 

which species are included in seed mixes, based on reference site data, means that often 

there is best estimates of what ‘should work’ on a site over what will work. Creating a 

template of how to develop such a mix based on frequency and cover on reference sites, 

dispersal ability, and knowledge of what is desired on the final restoration should be 

possible. 

Research highlights 

The research for this thesis has progressed the knowledge required to carry out 

restorations, with a particular focus on the north of Scotland, and industrial sites, though 

some of the findings are applicable across the field of restoration ecology. The research 

has:  

 Identified eight discernible vegetation communities present on the cliff-tops of 

the north of Scotland, five of which are associated with low organic matter, more 

mineral soils, and three associated with high organic matter, low mineral soils 

 Measured the responses of two different vegetation mixes to four levels of 

experimental treatments, and the responses of invertebrates to the combined eight 

levels of treatment, in a bid to aid with successfully restoring native vegetation to 

a complex restoration site 

 Identified through a study of herbarium specimens species that were present in 

Caithness in the 19th Century, and through climate projections which species may 

be threatened during the 21st Century 

 Identified the novel concept of utilising restoration sites, industrial and non-

industrial, as protorefuges and protorefugia, for threatened species, with the 
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potential to aid with conservation biology and gaining improved ecological 

functionality in the long term 

The thesis concludes with recommendations and a plan, derived from the evidence gained 

during the research carried out, of how to best achieve the desired goals for the restoration 

of Dounreay – namely restoring native vegetation to the site in a way that it blends in with 

the surrounding landscape. 
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7 Appendix 

7.1 Appendix for Chapter 2 

Table 7.1. Species recorded from reference sites occurring with a frequency of <5%. 
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Table 7.1. (Cont.) Species recorded from reference sites occurring with a frequency of <5%. 

 

 

Table 7.2. Species absent from over 95% of the relevés. The communities the species were absent from is 
given above the group of species, and the number of groups they were absent from is also given. 

 

 

 

 

 

 

Absent from 3 heaths Absent from 3 heaths Absent from 2 heaths (cont.)

A.stolonifera R.repens P.officinarum

A.maritima R.acetosa P.lanceolata

B.perennis S.verna P.maritima

C.pulicaris S.autumnalis

C.fontanum T.polytrichus Absent from 5 non-heaths

C.danica T.repens E.angustifolium

C.cristatus Viola sp. E.cinerea 

F.rubra N.ossifragum

H.radicata Absent from 2 heaths Absent from 4 non-heaths

P.coronopus A.capillaris D.flexuosa

P.scotica H.lanatus J.squarrosus

Prunella vulgaris L.corniculatus Pinguicula vulgaris

R.acris P.sylvatica T.germanicum
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Table 7.3. The minimum, maximum and mean values for 14 of the 16 variables used in the RDA. The two 
missing variables are latitude and longitude. The percentage of peat soils within each cluster is added to this 

table under the ‘Mean’ heading. 

 

 

 

 

 

 

 

 

Community name

Cluster 4 5 7 1
Min Max Mean Min Max Mean Min Max Mean Min Max Mean

Variable
No. quadrats 18 21 32 24
Altitude (m amsl) 11 82 23 28 94 78 10 70 37 9 85 19
Distance inland (m) 10 400 64 10 400 109 0 320 58 30 350 174
Soil moisture (%) 16 100 66 21 67 46 25 75 53 21 93 63
pH 5.2 8.0 6.6 5.4 7.0 6.4 2.3 7.2 5.1 4.3 6.7 5.7

Conductivity(µS m
-1

) 89 982 491 135 768 323 87 450 220 55 1030 246
VWC (%) 23 82 50 21 68 54 33 84 64 26 94 56

TON (µg TON/g soil) < LOD 255 36 < LOD 538 104 < LOD 461 32 < LOD 706 54
P (ppb) 6 213 47 7 47 25 8 229 44 8 176 44
K (ppb) 26 734 274 26 1170 315 26 819 266 26 1094 230
S (ppb) 25 655 170 34 337 82 37 251 104 32 732 128
Ca (ppb) 854 6721 2826 1001 8751 5032 486 7092 2282 557 6786 1794
Mn (ppb) 3 141 41 4 111 56 2 116 26 2 132 30
Na (ppb) 83 565 318 114 503 297 52 713 255 48 708 254
Ti (ppb) 209 1327 437 217 1699 404 34 1080 320 86 508 300
% peat soils 6 5 41 4

Community name

Cluster 3 6 2 8
Min Max Mean Min Max Mean Min Max Mean Min Max Mean

Variable
No. quadrats 14 50 24 63
Altitude (m amsl) 13 88 46 24 90 67 27 86 62 20 88 48
Distance inland (m) 20 500 316 40 500 262 80 500 316 10 500 201
Soil moisture (%) 43 75 59 58 73 68 43 76 65 30 89 61
pH 5.0 6.8 5.9 3.4 4.9 4.4 4.3 5.6 4.7 3.4 6.5 4.7

Conductivity(µS m
-1

) 100 274 162 90 244 146 77 222 129 62 541 161
VWC (%) 34 71 58 62 90 80 58 89 81 40 88 72

TON (µg TON/g soil) < LOD 118 15 1 8 2 < LOD 3 1 < LOD 4 1
P (ppb) 5 88 24 4 88 15 5 80 17 5 87 18
K (ppb) 18 385 125 26 1256 287 26 538 225 66 710 303
S (ppb) 43 187 76 65 536 228 43 541 205 28 419 134
Ca (ppb) 353 9041 2511 956 4338 2685 1021 4665 3030 622 5471 2597
Mn (ppb) 2 72 22 1 83 13 1 51 8 1 156 13
Na (ppb) 50 564 202 126 617 256 94 663 347 66 628 261
Ti (ppb) 208 1116 376 48 492 158 32 368 115 28 707 174
% peat soils 0 98 88 70

Cladonia Calluna heath Calluna Erica heath

Maritime Grassland Potentilla Empetrum Carex Lotus

Molinia caerulea Hypnumn heath
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7.2 Appendix for Chapter 3 

Table 7.4. Species and quantities tested in the pot experiments. 

 

 

 

 

 

 

 

 

 

Binomial Common name Coastal Mix (%) MG5 Mix (%)

20.0 20.0

Agrimonia eupatoria L. Agrimony 5.0

Anthyllis vulneraris L. Kidney Vetch 1.0 1.0

Armeria maritima (Mill.) Willd. Thrift 0.2

Campanula glomerata L. Clustered Bellflower 0.2 0.5

Centaurea nigra L. Common Knapweed 3.0

Centaurea scabiosa L. Greater Knapweed 0.5 0.6

Daucus carota  L. Wild carrot 1.0

Echium vulgare L. Vipers Bugloss 1.0 1.0

Galium verum  L. Lady's Bedstraw 3.0 3.0

Helianthemum nummularium (L.) Mill. Rock Rose 0.2 1.0

Hypericum perforatum  L. St. John's wort 1.0

Ligusticum scoticum  L. Scot's lovage 3.0

Lotus corniculatus  L. Birdsfoot trefoil 0.5 0.5

Malva sylvestris L. Common Mallow 0.5 0.5

Papaver rhoeas L. Corn Poppy 2.0

Pimpinella saxifraga L. Burnet Saxifrage 0.4 0.3

Plantago maritima  L. Sea plantain 0.2

Primula veris  L. Cowslip 1.0 1.0

Prunella vulgaris  L. Selfheal 1.0

Rumex acetosella  L. Sheep's sorrel 1.0

Scorzoneroides autumnalis (L.) Moench Autumn Hawkbit 0.5

Silene dioica  (L.) Clairv. Red campion 1.0

Silene latifolia  Poir. White campion 1.5 1.0

Silene vulgaris (Moench) Garcke Bladder campion 0.3 0.5

Stellaria holostea L. Greater Stitchwort 0.1

80.0 80.0

Agrostis capillaris  L. Common Bent 10.0 10.0

Alopecurus pratensis  L. Meadow foxtail 3.0

Cynosurus cristatus  L. Crested dog's tail 19.0 30.0

Festuca ovina  L. Sheep's Fescue 30.0

Festuca rubra  L. Red Fescue 33.0

Phleum pratense  L. Timothy grass 10.0

Poa pratensis  L. Smooth-stalked meadow grass 15.0

Species in seed mix and quantities used in pot experiments

Grasses

Wildflowers



                                                                                                                    APPENDIX 
 

189 
 

7.3 Appendix for Chapter 4 

Table 7.5. Species and quantities tested on vegetation trial plots 

 

 

 

 

 

 

Binomial Common name Coastal Mix (%) MG5 Mix (%)

20.0 20.0

Achillea millefolium L. Yarrow 1.0

Agrimonia eupatoria L. Agrimony 2.0

Armeria maritima (Mill.) Willd. Thrift 0.2

Bellis perennis L. Daisy 0.1 0.1

Campanula rotundifolia L. Harebell 0.1 0.1

Centaurea nigra L. Common Knapweed 2.0 1.0

Cochlearia danica L. Danish Scurveygrass 1.0

Daucus carota  L. Wild carrot 1.0

Galium verum  L. Lady's Bedstraw 3.0 2.0

Hypericum perforatum  L. St. John's wort 1.0

Hypochaeris radicata  L. Cat's ear 0.5

Lathyrus pratensis  L. Meadow vetchling 1.0

Leucanthemum vulgare  Lam. Ox-eye daisy 1.0

Ligusticum scoticum  L. Scot's lovage 3.0

Lotus corniculatus  L. Birdsfoot trefoil 1.0 0.5

Plantago lanceolata  L. Ribwort plantain 1.9 1.3

Plantago maritima  L. Sea plantain 0.2

Primula veris  L. 1.0 1.0

Primula vulgaris  Huds. Primrose 0.5

Prunella vulgaris  L. Selfheal 1.0

Ranunculus acris  L. Meadow buttercup 1.0

Rhinanthus minor  L. Yellow rattle 1.0 1.0

Rumex acetosa  L. Sheep's sorrel 1.0

Silene dioica  (L.) Clairv. Red campion 1.0

Silene latifolia  Poir. White campion 1.0

Silene uniflora  Roth Sea campion 0.5

Succisa pratensis  Moench Devil's-bit scabious 1.2

Thymus polytrichus  A.Kern. Ex Borbás Wild thyme 0.5

Trifolium pratense  L. Red clover 0.3

Trifolium repens  L. White clover 1.0 0.5

Tripleurospermum maritimum  (L.) W.D.J.Koch Sea mayweed 1.0

Vicia cracca  L. Tufted vetch 0.5

80.0 80.0

Agrostis capillaris  L. Common Bent 5.0 10.0

Alopecurus pratensis  L. Meadow foxtail 3.0 2.0

Anthoxanthum odoratum  L. Sweet vernal grass 10.0 12.0

Cynosurus cristatus  L. Crested dog's tail 19.0 15.0

Festuca ovina  L. Sheep's Fescue 15.0

Festuca rubra  L. Red Fescue 28.0 21.0

Phleum pratense  L. Timothy grass 5.0

Poa pratensis  L. Smooth-stalked meadow grass 15.0

Species in seed mix and quantities used in vegetation trial plots

Wildflowers

Grasses
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Table 7.6. Summary table of data from the vegetation trial plots sown with the Coastal seed mix. Sums of 
percentage cover and frequency for each of the different species recorded from replicates of the trial plots for 

the 43 weeks on which recordings were made.  

 

 

  

Coastal seed mix Cover Frequency Cover Frequency Cover Frequency Cover Frequency

Species (or higher taxon)

Achillea millefolium L. 1 2 0.5 1 29 13 36 24

Agrimonia eupatoria L. 0 0 0 0 0 0 0 0

Armeria maritima  (Mill.) Willd. 0.2 2 0 0 3.5 3 1 2

Bellis perennis L. 9 14 6.8 12 238.5 205 190.3 191

Campanula rotundifolia  L. 0 0 0 0 0.1 1 0 0

Carex nigra  (L.) Reichard 0 0 0 0 0 0 0.1 1

Centaurea nigra L. 5 2 3 2 9.8 18 10.6 18

Cerastium fontanum  Baumg. 124 108 182.1 165 118.2 117 152.1 157

Cirsium arvense (L.) Scop. 2.5 1 0 0 3.1 19 0.3 3

Cirsium palustre  (L.) Scop. 0.9 5 0.6 2 18.7 6 16.2 5

Cirsium vulgare  (Savi) Ten. 0 0 0 0 5.9 27 0.7 7

Cochlearia danica L. 216.9 213 194.5 205 155.1 105 60.9 80

Crepis capillaris  (L.) Wallr. 0 0 0 0 1.5 3 1.1 3

Dactylorhiza purpurella (T. & T.A.Stephenson) Sóo  0 0 0 0 0.5 1 1.5 3

Daucus carota  L. 17.5 31 15.1 23 80.7 115 121.9 151

Equisetum  spp. 0 0 0 0 1.4 10 0.3 3

Fumaria officinalis  L. 0 0 0 0 18.9 13 1.2 12

Galium aparine  L. 0 0 0 0 0 0 0 0

Galium verum  L. 39.9 51 34 48 128.1 129 108.3 107

Hypericum perforatum  L. 0 0 0 0 0 0 0 0

Hypochaeris radicata  L. 0.1 1 3 2 41.3 41 21.1 23

Lathyrus pratensis  L. 0 0 0 0 0 0 0 0

Leucanthemum vulgare  Lam. 0.5 1 0 0 23.7 21 5 6

Ligusticum scoticum  L. 0 0 0 0 0.5 1 0.5 1

Lotus corniculatus  L. 41 50 55.7 65 466.8 177 439.7 172

Luzula  spp. 0 0 0 0 0.5 1 0 0

Myosotis arvensis  (L.) Hill 0 0 0.1 1 0 0 0.1 1

Persicaria maculosa  Gray 0 0 0 0 0 0 0.7 7

Pilosella officinarum  F.W.Schultz & Sch. Bip. 0.6 2 0 0 0.2 2 0.6 2

Plantago lanceolata  L. 88.2 102 57.5 91 1625.8 252 1091.9 253

Plantago major  L. 0 0 0 0 0 0 0 0

Plantago maritima L. 1.6 4 1.4 6 0 0 0 0

Plantago media  L. 2.5 1 2.5 1 38.2 4 37.6 2

Polygonum aviculare  L. 0 0 0 0 0.2 2 0 0

Primula  spp. 102 112 129.5 107 9 18 6.6 14

Primula veris  L. 0 0 0 0 0 0 0 0

Primula vulgaris  Huds. 0 0 0 0 0 0 0 0

Prunella vulgaris  L. 19.7 17 10.9 17 28.9 49 11.8 26

Ranunculus acris  L. 0 0 0 0 20.6 22 1.5 3

Ranunculus repens  L. 4 4 2.5 5 295.5 192 324.1 211

Rhinanthus minor  L. 56.6 58 136.7 106 1010.7 149 1107.6 141

Rumex acetosa  L. 18.8 24 6.5 13 30.9 45 53.7 69

Rumex crispus  L. 0 0 0 0 14.8 20 33.5 26

Rumex obtusifolius L. 0 0 0 0 13.1 11 20.7 27

Sagina procumbens  L. 18.5 21 33.5 23 545.4 182 466.6 151

Scorzoneroides autumnalis  (L.) Moench 0.5 1 0.5 1 33 66 64.1 129

Senecio jacobaea  L. 0.1 1 0.6 6 0.1 1 0 0

Senecio vulgaris  L. 0.5 1 0.7 3 0.2 2 0.6 2

Silene  spp. 3.7 13 4.7 11 3 6 3.1 7

Silene dioica  (L.) Clairv. 164.9 152 360.9 178 119.9 118 78.4 120

Silene flos-cuculi  (L.) Clairv. 0 0 0 0 0 0 0 0

Silene latifolia  Poir. 109.3 76 227.7 137 84 96 45.9 63

Silene uniflora  Roth 682.7 200 634.6 230 193.6 180 134.3 139

Sonchus asper  (L.) Hill 4.8 20 4.1 13 15.3 49 14.1 61

Spergula arvensis  L. 0 0 0 0 2.1 9 0 0

Succisa pratensis Moench 0 0 1 2 1.6 4 2.7 7

Taraxacum officinale  agg. F.H.Wigg 0 0 0 0 0 0 0 0

Thymus polytrichus  A.Kern. Ex Borbás 1.2 4 0 0 0 0 0 0

Trifolium dubium  Sibth. 0 0 0.1 1 74 31 277.6 50

Trifolium pratense L. 0 0 0 0 468.6 89 63.5 26

Trifolium repens  L. 7.5 7 38.2 29 4579 252 4129.7 259

Urtica dioica  L. 0 0 0 0 0 0 1.3 13

Veronica serpyllifolia  L. 6.1 13 5.2 12 21.6 44 40.6 66

Vicia cracca  L. 0 0 0 0 0 0 0 0

No topsoil Topsoil

Coarse Fine Coarse Fine
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Table 7.6. (Cont.) Summary table of data from the vegetation trial plots sown with the Coastal seed mix. Sums 
of percentage cover and frequency for each of the different species recorded from replicates of the trial plots 
for the 43 weeks on which recordings were made. The species on this continuation of Table 7.6 are the grass 
species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Coastal seed mix Cover Frequency Cover Frequency Cover Frequency Cover Frequency

Species (or higher taxon)

Grasses

Agrostis capillaris  L. 0 0 165 45 127.5 41 7.5 3

Agrostis stolonifera  L. 0 0 30 12 1 2 0 0

Alopecurus pratensis  L. 0 0 3 2 5.5 3 2.5 1

Anthoxanthum odoratum  L. 224 66 2074 220 1969 200 226.5 68

Cynosurus cristatus  L. 53.5 23 368.5 73 635 88 83 37

Festuca  spp. 447 106 1200 110 1288 121 370.5 108

Festuca ovina  L. 177.5 21 0 0 3 2 98.5 16

Festuca rubra  agg. 110.5 20 225.5 26 300.5 41 26.5 13

Holcus lanatus  L. 124.5 42 2561.5 212 2562.5 190 201 51

Lolium perenne  L. 2.5 1 5.5 3 18.5 4 0 0

Phleum pratense  L. 0.5 1 0.1 1 2.5 1 0 0

Poa annua  L. 18 3 293.1 89 119.6 53 8.1 9

Poa pratensis  L. 0 0 48.5 20 19.5 11 0.5 1

Poa trivialis  L. 1 2 242.5 55 171 43 2.5 1

No topsoil Topsoil

Coarse Fine Coarse Fine
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Table 7.7. Summary table of data from the vegetation trial plots sown with the MG5 seed mix. Sums of 
percentage cover and frequency for each of the different species recorded from replicates of the trial plots for 

the 43 weeks on which recordings were made. 

 

 

 

 

 

  

MG5 seed mix Cover Frequency Cover Frequency Cover Frequency Cover Frequency

Species (or higher taxon)

Achillea millefolium L. 12.6 26 66.4 100 605.5 228 690.5 235

Agrimonia eupatoria L. 0 0 0 0 0 0 0 0

Armeria maritima  (Mill.) Willd. 0.5 1 0 0 0 0 1 2

Bellis perennis L. 47.1 87 94.7 93 252.5 217 341.2 240

Campanula rotundifolia  L. 0 0 0 0 0.5 1 0.5 1

Carex nigra  (L.) Reichard 0.5 1 0.6 2 0.5 1 0 0

Centaurea nigra L. 2.5 1 4.6 10 5.2 12 6.5 5

Cerastium fontanum  Baumg. 189.3 193 276.3 247 151.6 152 161.8 134

Cirsium arvense (L.) Scop. 0 0 0 0 2.8 12 1 6

Cirsium palustre  (L.) Scop. 0 0 0 0 0 0 1 2

Cirsium vulgare  (Savi) Ten. 0 0 0 0 0.4 4 0.5 5

Cochlearia danica L. 23.9 59 34.3 71 7.8 18 9.7 21

Crepis capillaris  (L.) Wallr. 0 0 0 0 0.8 8 0 0

Dactylorhiza purpurella (T. & T.A.Stephenson) Sóo  0 0 0 0 0 0 0.1 1

Daucus carota  L. 1.6 4 6.7 11 17.2 28 12.1 25

Equisetum  spp. 0 0 0 0 0 0 0.7 7

Fumaria officinalis  L. 0 0 0 0 4.8 8 110.5 10

Galium aparine  L. 0.2 2 0 0 0.6 2 0 0

Galium verum  L. 16.1 41 46.6 62 81.6 84 90.7 95

Hypericum perforatum  L. 0 0 0 0 2.5 1 2.5 1

Hypochaeris radicata  L. 11.2 32 5.5 19 468.6 243 615.1 243

Lathyrus pratensis  L. 0 0 0 0 0 0 0 0

Leucanthemum vulgare  Lam. 27.9 35 11.4 22 264.1 139 200 113

Ligusticum scoticum  L. 0 0 0 0 0 0 0 0

Lotus corniculatus  L. 16.6 34 24.2 50 284.7 141 315 129

Luzula  spp. 0 0 0 0 0 0 3.5 11

Myosotis arvensis  (L.) Hill 0.6 2 0.1 1 1.7 9 0 0

Persicaria maculosa  Gray 0 0 0 0 0 0 0 0

Pilosella officinarum  F.W.Schultz & Sch. Bip. 1.9 7 2.8 8 3.2 8 0.1 1

Plantago lanceolata  L. 69.9 54 88.5 97 853.3 243 570.2 207

Plantago major  L. 0 0 0 0 1.3 9 0 0

Plantago maritima L. 0 0 0 0 0.6 2 0.6 2

Plantago media  L. 0 0 0 0 0.8 4 0 0

Polygonum aviculare  L. 0 0 0 0 0 0 0 0

Primula  spp. 25 34 70.5 73 2.5 5 0 0

Primula veris  L. 0 0 0 0 0 0 0 0

Primula vulgaris  Huds. 0.5 1 0.5 1 0 0 3 2

Prunella vulgaris  L. 21.3 29 18.3 31 17.4 22 43.5 51

Ranunculus acris  L. 0 0 0 0 10 8 5.5 7

Ranunculus repens  L. 20.1 33 28.8 48 370.3 220 336.7 226

Rhinanthus minor  L. 87.9 115 184.8 135 1327 131 1002.6 134

Rumex acetosa  L. 26.4 48 101.1 101 135.5 114 54.5 69

Rumex crispus  L. 2.2 6 1 2 123 42 2.5 1

Rumex obtusifolius L. 2.7 15 0 0 226.1 37 0 0

Sagina procumbens  L. 37.5 39 45.5 43 491.6 179 496.9 164

Scorzoneroides autumnalis  (L.) Moench 0 0 0 0 34.5 65 54 104

Senecio jacobaea  L. 0 0 0 0 54.3 38 1.1 3

Senecio vulgaris  L. 0 0 3.6 12 1.9 7 2.1 9

Silene  spp. 1.5 7 2.6 6 0.1 1 12 16

Silene dioica  (L.) Clairv. 2.1 9 4.3 11 13.8 22 7.6 8

Silene flos-cuculi  (L.) Clairv. 0 0 1.9 7 0 0 0.3 3

Silene latifolia  Poir. 0.1 1 10.1 13 1 2 4.8 8

Silene uniflora  Roth 0 0 3 6 15.1 2 16 3

Sonchus asper  (L.) Hill 7.1 19 4.7 15 24.3 34 27.7 60

Spergula arvensis  L. 0 0 0 0 0 0 0 0

Succisa pratensis Moench 1.6 4 0.7 3 3 2 2.5 5

Taraxacum officinale  agg. F.H.Wigg 0 0 0 0 0 0 0.1 1

Thymus polytrichus  A.Kern. Ex Borbás 4.6 10 25.7 53 0.2 2 0.6 2

Trifolium dubium  Sibth. 0 0 0 0 273.5 31 185.6 39

Trifolium pratense L. 0 0 1 2 1050.7 177 1117.5 175

Trifolium repens  L. 13.5 19 58.1 57 3845.1 244 3066.6 240

Urtica dioica  L. 0 0 0 0 0 0 0 0

Veronica serpyllifolia  L. 2.5 5 3.1 7 28.1 53 36.2 70

Vicia cracca  L. 0 0 0 0 0 0 2.5 1

No topsoil Topsoil

Coarse Fine Coarse Fine



                                                                                                                    APPENDIX 
 

193 
 

Table 7.7. (Cont.) Summary table of data from the vegetation trial plots sown with the MG5 seed mix. Sums 
of percentage cover and frequency for each of the different species recorded from replicates of the trial plots 
for the 43 weeks on which recordings were made. The species on this continuation of Table 7.7 are the grass 
species. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MG5 seed mix Cover Frequency Cover Frequency Cover Frequency Cover Frequency

Species (or higher taxon)

Grasses

Agrostis capillaris  L. 10.5 5 0 0 135.5 49 144 45

Agrostis stolonifera  L. 0 0 0 0 25 10 36.5 12

Alopecurus pratensis  L. 15 1 2.5 1 18 3 15 1

Anthoxanthum odoratum  L. 164.6 40 291 91 2113.1 196 1906 198

Cynosurus cristatus  L. 59.5 17 77 34 487 73 454 64

Festuca  spp. 531.5 90 731 94 1332.5 103 1368.5 120

Festuca ovina  L. 356.5 50 248 34 18.5 4 87.5 10

Festuca rubra  agg. 204.5 36 168 51 291 52 228 27

Holcus lanatus  L. 320 78 212 76 2419.2 193 2597.5 196

Lolium perenne  L. 0 0 0.5 1 2.5 1 0 0

Phleum pratense  L. 16 8 31.5 15 1 2 21 5

Poa annua  L. 27 13 2.5 5 167.5 35 360.1 76

Poa pratensis  L. 0 0 0 0 5.5 3 3.5 3

Poa trivialis  L. 5 6 45 8 283.5 67 240.5 59

No topsoil Topsoil

Coarse Fine Coarse Fine
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Table 7.8. Summary of soil characteristics, including the textural group determined by particle size analysis. The sample name is the name of the site, followed by the transect number 
(T) and quadrat number (Q), or for the vegetation trial plots (Vtp) the replicate plot (Rep.) is given, followed by the treatment (treat), and if the sample was from the start or end of the 
trials. For some samples the sieving failed (SF in the ‘Median particle size’ column and ‘unknown’ in the ‘textural group’). Those samples with > 50% loss on ignition were classified as 
peat and were not sieved (‘NA’ in the ‘Median particle size’ column, and ‘peat’ in the ‘textural group’ column). ‘na’ in tables means ‘not available’ – either sample failed in the analysis or 
samples (x3 from Ushat Head) were misplaced; ‘<lod’ means ‘less than the limit of detection’ (only for the nitrate analysis).   

 

 

 

 

Sample name

Soil 

depth 

(cm)

pH
Conductivit

y (µS/m)

Moisture 

content 

(%)

Loss on 

ignition 

(%)

Median 

particle 

size 

(µm) 

Textural group

Total 

oxidised 

Nitrogen 

(µg/g soil)

Phosphate 

(ppb) 

(Mehlich 3 

extraction)

Potassium 

(ppb) (acid 

digest 

extraction)

Calcium 

(ppb) (acid 

digest 

extraction)

Sulfur     

(ppb) (acid 

digest 

extraction)

Magnesium 

(ppb) (water 

filtered 

extraction)

Copper     

(ppb) 

(Mehlich 3 

extraction)

Lead          

(ppb) 

(Mehlich 3 

extraction)

Borrowston Mains T1 Q1 10 7.39 919 73.6 42.4 1248.9 Muddy Sandy Gravel 6.08 179.78 3527.68 6721.04 4843.36 26.56 5.55 1.49

Borrowston Mains T1 Q2 15 7.77 240 53.6 23.7 na na 2.02 45.73 2551.69 3571.16 1884.40 9.30 3.70 0.62

Borrowston Mains T1 Q3 10 7.37 290 30.7 6.7 468.0 Muddy Sandy Gravel 1.96 32.18 3796.13 1634.40 535.75 3.08 1.71 0.17

Borrowston Mains T1 Q4 15 6.88 127 29.4 7.2 167.4 Gravelly Muddy Sand 1.08 5.95 3441.40 854.18 439.32 6.06 1.57 0.47

Borrowston Mains T1 Q5 85 5.86 337 65.6 23.3 2108.0 Muddy Sandy Gravel 0.99 32.22 3062.17 1535.54 1872.08 10.82 2.92 0.56

Borrowston Mains T1 Q6 50 5.43 340 58.5 17.8 1955.6 Muddy Sandy Gravel 0.49 17.58 2070.82 879.79 1090.87 18.28 1.63 0.65

Borrowston Mains T1 Q7 45 5.34 218 66.9 25.6 1354.3 Muddy Sandy Gravel 0.68 25.22 2106.55 1207.14 1401.05 15.41 2.82 0.98

Borrowston Mains T1 Q8 30 5.16 212 52.3 17.1 273.1 Gravelly Muddy Sand 0.29 47.56 3985.94 2356.63 2495.21 13.75 14.28 2.16

Borrowston Mains T2 Q1 35 6.24 728 68.8 20.1 690.3 Gravelly Muddy Sand 1.70 46.33 4510.92 2929.81 2118.38 181.89 6.09 1.13

Borrowston Mains T2 Q2 60 5.10 1030 75.9 14.3 2037.0 Muddy Sandy Gravel 1.08 155.16 2020.83 3580.47 6461.50 26.99 4.16 1.60

Borrowston Mains T2 Q3 80 5.67 337 77.6 40.0 2322.4 Gravel 5.36 44.56 1686.45 1189.44 1623.17 13.45 2.89 0.76

Borrowston Mains T2 Q4 80 5.58 241 73.0 27.2 1007.2 Muddy Sandy Gravel 0.61 72.51 1446.55 2909.13 3894.90 24.33 5.05 2.57

Borrowston Mains T2 Q5 60 4.48 264 82.4 60.6 na Peat 0.96 20.11 2608.43 2250.36 1203.94 27.76 2.86 0.39

Borrowston Mains T2 Q6 55 6.03 274 67.7 19.0 110.3 Slightly Gravelly Muddy Sand 0.63 21.83 2373.37 932.05 2446.92 10.57 3.18 1.18

Borrowston Mains T2 Q7 100 4.43 352 71.3 36.3 747.0 Muddy Sandy Gravel 0.70 15.19 4756.42 2665.00 1313.76 6.36 4.14 1.85

Borrowston Mains T3 Q1 75 7.15 298 46.9 14.0 374.9 Muddy Sandy Gravel 3.98 29.15 4264.52 1125.42 1384.19 14.67 1.80 0.46

Borrowston Mains T3 Q2 15 5.51 453 54.0 16.5 127.6 Slightly Gravelly Muddy Sand 3.27 21.00 2638.56 964.23 1787.13 26.26 1.98 0.62

Borrowston Mains T3 Q3 70 5.31 541 58.5 18.8 233.6 Gravelly Muddy Sand 0.31 11.08 1439.67 922.40 826.26 3.23 1.83 0.40

Borrowston Mains T3 Q4 35 6.07 212 56.6 15.7 167.8 Gravelly Muddy Sand 0.50 12.99 3174.55 1611.49 1174.88 7.04 2.52 0.57

Borrowston Mains T3 Q5 55 6.27 182 63.6 15.4 234.6 Gravelly Muddy Sand 0.65 26.84 1993.46 586.37 833.64 4.00 2.76 0.48

Borrowston Mains T3 Q6 55 6.02 171 51.9 15.1 229.5 Gravelly Muddy Sand 7.60 31.51 2177.49 873.30 1062.14 8.98 1.93 1.01
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Table 7.8. (cont.) 

 

 

Sample name

Soil 

depth 

(cm)

pH
Conductivit

y (µS/m)

Moisture 

content 

(%)

Loss on 

ignition 

(%)

Median 

particle 

size 

(µm) 

Textural group

Total 

oxidised 

Nitrogen 

(µg/g soil)

Phosphate 

(ppb) 

(Mehlich 3 

extraction)

Potassium 

(ppb) (acid 

digest 

extraction)

Calcium 

(ppb) (acid 

digest 

extraction)

Sulfur     

(ppb) (acid 

digest 

extraction)

Magnesium 

(ppb) (water 

filtered 

extraction)

Copper     

(ppb) 

(Mehlich 3 

extraction)

Lead          

(ppb) 

(Mehlich 3 

extraction)

Dunnet Head T1 Q1 46 5.19 223 74.8 73.4 na Peat 1.69 26.02 1318.45 3629.94 3829.30 16.71 3.46 3.13

Dunnet Head T1 Q2 70 4.67 127 76.0 79.2 na Peat 1.55 10.67 1148.97 2538.29 2258.55 3.28 4.08 1.47

Dunnet Head T1 Q3 53 4.58 158 79.1 86.4 na Peat 0.94 6.48 1253.82 3584.39 4036.80 4.80 4.86 1.38

Dunnet Head T1 Q4 40 4.46 150 78.6 78.6 na Peat 1.15 18.08 1533.47 3366.76 4576.03 8.64 5.66 1.75

Dunnet Head T1 Q5 11 4.27 154 69.0 83.4 na Peat 1.52 6.99 1346.77 3366.85 2818.63 4.52 4.27 0.73

Dunnet Head T1 Q6 12 4.52 143 79.2 78.5 na Peat 2.59 5.42 1173.42 3135.45 4075.85 11.04 3.47 2.04

Dunnet Head T1 Q7 100 4.40 175 78.0 88.3 na Peat 2.22 5.26 709.93 2431.17 3800.59 10.08 2.78 1.49

Dunnet Head T1 Q8 32 4.48 130 81.3 90.4 na Peat 7.18 7.09 836.66 3439.27 5354.85 12.88 4.24 3.96

Dunnet Head T1 Q9 23 4.68 82 75.8 87.9 na Peat 0.69 5.81 942.15 2265.94 2873.50 4.12 2.89 1.80

Dunnet Head T1 Q10 100 4.50 62 77.8 93.0 na Peat 1.05 5.79 572.30 3446.50 5655.56 1.92 2.84 1.62

Dunnet Head T2 Q1 70 4.84 322 72.6 60.5 na Peat 0.78 54.50 1330.90 2487.35 4145.46 6.09 4.84 2.12

Dunnet Head T2 Q2 49 4.45 139 75.4 83.9 na Peat 0.54 28.95 1169.16 2522.88 2492.21 5.36 4.12 1.12

Dunnet Head T2 Q3 82 4.42 152 79.1 73.6 na Peat 0.82 17.66 1692.87 2777.49 4075.69 10.74 7.71 1.01

Dunnet Head T2 Q4 40 4.61 125 81.4 73.6 na Peat 2.30 228.57 1287.49 4703.61 2668.10 5.96 5.49 2.17

Dunnet Head T2 Q5 17 4.03 209 70.0 NA 952.3 Muddy Sandy Gravel 1.08 86.54 921.17 3747.44 3136.50 7.69 2.82 na

Dunnet Head T2 Q6 40 4.46 123 78.2 90.0 na Peat 3.82 7.46 1365.75 3241.84 3855.37 7.67 4.86 1.79

Dunnet Head T2 Q7 56 4.22 146 80.2 87.8 na Peat 1.69 7.87 841.07 3274.60 5375.44 16.15 4.21 1.95

Dunnet Head T2 Q8 22 4.53 86 79.9 86.6 na Peat 1.04 7.09 972.99 3160.14 3886.62 4.32 3.19 0.75

Dunnet Head T2 Q9 67 4.42 119 82.6 94.3 na Peat 1.28 8.98 1035.92 3434.52 3799.96 6.62 3.86 2.69

Dunnet Head T2 Q10 83 4.74 72 86.1 95.2 na Peat 2.30 18.15 599.25 5341.74 9018.46 6.76 5.19 1.34

Dunnet Head T3 Q1 48 4.52 324 62.0 26.5 2069.5 sandy gravel 4.22 161.37 1716.76 1590.92 1819.45 12.65 2.43 0.35

Dunnet Head T3 Q2 62 3.64 235 72.5 53.4 na Peat 1.23 70.85 1867.60 1099.66 2960.42 8.47 5.84 1.25

Dunnet Head T3 Q3 51 3.45 171 72.2 70.5 na Peat 0.61 6.69 2034.77 5070.29 3856.71 6.22 2.24 0.55

Dunnet Head T3 Q4 12 3.45 144 80.4 89.9 na Peat 0.54 10.95 1223.04 3689.80 5011.85 9.16 3.58 2.00

Dunnet Head T3 Q5 36 3.49 126 73.7 72.5 na Peat 0.58 6.21 1473.53 2590.94 5113.26 5.75 3.70 1.34

Dunnet Head T3 Q6 28 3.36 92 81.3 88.6 na Peat 0.93 9.75 974.70 2792.77 4233.77 5.87 3.98 1.67

Dunnet Head T3 Q7 22 3.43 90 77.9 89.5 na Peat 0.58 6.07 1094.57 2730.81 4265.80 3.21 3.21 0.72

Dunnet Head T3 Q8 100 3.41 103 87.9 95.7 na Peat 1.72 13.81 1073.10 3111.99 2818.25 12.24 7.80 4.03

Dunnet Head T3 Q9 100 3.38 88 79.5 92.4 na Peat 0.78 7.11 406.25 3854.17 6968.12 3.40 3.85 0.63

Dunnet Head T3 Q10 24 3.72 129 67.1 59.2 na Peat 0.64 8.04 1594.01 2021.93 2861.74 8.75 2.46 0.76



 

 
 

      1
9
6
 

Table 7.8. (cont.) 

 

 

Sample name

Soil 

depth 

(cm)

pH
Conductivit

y (µS/m)

Moisture 

content 

(%)

Loss on 

ignition 

(%)

Median 

particle 

size 

(µm) 

Textural group

Total 

oxidised 

Nitrogen 

(µg/g soil)

Phosphate 

(ppb) 

(Mehlich 3 

extraction)

Potassium 

(ppb) (acid 

digest 

extraction)

Calcium 

(ppb) (acid 

digest 

extraction)

Sulfur     

(ppb) (acid 

digest 

extraction)

Magnesium 

(ppb) (water 

filtered 

extraction)

Copper     

(ppb) 

(Mehlich 3 

extraction)

Lead          

(ppb) 

(Mehlich 3 

extraction)

Holborn Head T1 Q1 28 6.53 135 49.1 17.2 146.8 Slightly Gravelly Muddy Sand 1.21 13.40 4956.92 2624.16 1254.90 3.97 2.71 0.30

Holborn Head T1 Q2 34 5.37 713 54.2 22.7 244.9 Slightly Gravelly Muddy Sand 5.84 41.02 4434.43 5214.09 1970.32 212.11 4.71 0.75

Holborn Head T1 Q3 10 6.41 217 53.3 20.9 151.1 Slightly Gravelly Muddy Sand 2.69 21.46 3915.23 2835.71 1291.35 8.85 3.76 0.59

Holborn Head T1 Q4 4 6.05 513 56.6 46.2 579.5 Gravelly Muddy Sand 5.75 39.43 2315.22 6785.67 2499.14 56.29 4.37 1.33

Holborn Head T1 Q5 6 6.53 422 53.0 49.6 632.5 Gravelly Muddy Sand <lod 36.76 2155.37 6932.45 2667.53 6.11 5.00 1.24

Holborn Head T1 Q6 6 6.54 184 51.3 33.4 257.9 Gravelly Muddy Sand 0.85 23.74 3239.01 3690.28 1731.96 6.07 3.79 1.27

Holborn Head T1 Q7 11 6.66 168 54.5 34.3 298.2 Slightly Gravelly Muddy Sand 4.66 46.96 2019.92 6436.84 1700.36 7.76 8.25 1.81

Holborn Head T1 Q8 43 5.62 100 68.2 33.3 na na 1.13 29.70 2997.30 801.28 1421.40 1.84 3.83 1.40

Holborn Head T1 Q9 20 4.78 107 45.4 41.1 113.1 Slightly Gravelly Muddy Sand 0.32 31.75 1439.51 1397.03 1475.49 3.55 2.55 1.18

Holborn Head T1 Q10 17 6.47 73 47.6 18.1 74.9 Slightly Gravelly Muddy Sand 0.47 13.47 3651.38 2299.07 1026.16 2.63 4.00 0.89

Holborn Head T2 Q1 20 6.77 326 52.4 19.6 298.2 Gravelly Muddy Sand 4.16 17.31 5276.13 5842.88 1759.88 17.17 5.31 0.38

Holborn Head T2 Q2 12 6.33 322 56.6 22.5 na na 5.00 23.66 3411.10 4664.59 1651.81 25.48 5.10 0.58

Holborn Head T2 Q3 8 6.77 316 64.0 30.5 440.5 Gravelly Muddy Sand 7.47 40.81 3350.28 5599.56 2149.66 17.99 5.75 0.79

Holborn Head T2 Q4 4 6.89 330 59.5 49.9 1545.2 Muddy Sandy Gravel 4.38 21.88 1724.59 8382.56 2685.54 19.63 4.59 1.21

Holborn Head T2 Q5 NA 6.24 161 51.2 27.9 221.8 Gravelly Muddy Sand 3.66 16.20 3938.90 2957.31 1248.39 6.89 3.41 0.97

Holborn Head T2 Q6 6 6.42 234 66.8 52.1 na Peat 3.67 24.45 2580.52 6739.19 2499.05 15.17 4.59 1.26

Holborn Head T2 Q7 19 4.90 163 81.1 81.5 na Peat 1.62 80.12 1684.62 3850.11 4445.70 33.36 5.65 2.12

Holborn Head T2 Q8 331 4.88 87 56.1 26.1 163.2 Slightly Gravelly Muddy Sand 0.35 19.78 1433.41 828.63 1347.86 2.09 3.23 1.19

Holborn Head T2 Q9 41 5.10 130 58.5 36.1 na na 0.36 22.72 2153.62 1165.82 1258.91 6.55 2.75 1.14

Holborn Head T2 Q10 37 5.65 100 70.7 32.8 216.5 Gravelly Muddy Sand 0.52 5.25 2991.32 1476.52 1467.92 6.29 2.72 0.16

Holborn Head T3 Q1 37 6.42 402 48.9 20.3 926.9 Muddy Sandy Gravel 2.26 22.31 5093.38 6204.54 1838.74 38.29 5.39 0.61

Holborn Head T3 Q2 14 6.07 379 58.1 23.8 500.3 Gravelly Muddy Sand 3.94 36.24 4416.50 5255.43 1713.40 53.10 6.08 0.88

Holborn Head T3 Q3 9 6.67 238 58.4 22.6 1263.6 Muddy Sandy Gravel 4.89 38.58 4923.92 4438.02 1363.25 14.94 3.94 1.10

Holborn Head T3 Q4 8 6.52 185 59.2 24.7 398.7 Gravelly Muddy Sand 2.53 23.30 3786.30 3483.37 1508.20 7.97 4.08 0.94

Holborn Head T3 Q5 9 6.61 183 51.4 30.4 681.8 Gravelly Muddy Sand 1.07 13.79 3736.03 3089.65 1530.63 3.24 3.69 0.95

Holborn Head T3 Q6 5 7.02 247 63.0 46.6 1322.5 Muddy Sandy Gravel 4.21 17.66 2897.47 7196.11 2056.22 14.71 6.19 1.16

Holborn Head T3 Q7 5 6.23 260 57.6 55.7 na Peat 3.61 31.22 3356.47 5802.27 2946.17 9.31 6.08 1.01

Holborn Head T3 Q8 23 5.05 153 53.9 20.6 769.8 Gravelly Muddy Sand 0.02 64.67 2605.85 687.55 1652.34 6.00 3.33 1.18

Holborn Head T3 Q9 29 5.63 86 58.2 23.6 1489.2 Muddy Sandy Gravel <lod 22.88 4446.13 1021.29 1218.10 2.53 2.44 0.63

Holborn Head T3 Q10 71 6.63 129 67.9 20.1 59.5 Slightly Gravelly Sandy Mud 0.12 13.92 3278.43 6442.91 1715.30 20.64 4.80 0.80
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Sample name

Soil 

depth 

(cm)

pH
Conductivit

y (µS/m)

Moisture 

content 

(%)

Loss on 

ignition 

(%)

Median 

particle 

size 

(µm) 

Textural group

Total 

oxidised 

Nitrogen 

(µg/g soil)

Phosphate 

(ppb) 

(Mehlich 3 

extraction)

Potassium 

(ppb) (acid 

digest 

extraction)

Calcium 

(ppb) (acid 

digest 

extraction)

Sulfur     

(ppb) (acid 

digest 

extraction)

Magnesium 

(ppb) (water 

filtered 

extraction)

Copper     

(ppb) 

(Mehlich 3 

extraction)

Lead          

(ppb) 

(Mehlich 3 

extraction)

Isauld Farm T1 Q1 35 6.46 74 43.4 13.3 265.1 Gravelly Muddy Sand 0.40 8.48 2233.92 1028.32 747.43 2.72 1.76 0.45

Isauld Farm T1 Q2 55 5.52 114 56.2 16.0 225.2 Gravelly Muddy Sand 0.20 58.67 2618.24 645.72 943.26 4.63 2.46 0.69

Isauld Farm T1 Q3 25 5.63 88 48.6 11.3 116.4 Gravelly Muddy Sand 0.36 61.51 1439.90 934.68 1094.97 3.12 2.22 0.76

Isauld Farm T1 Q4 50 6.17 67 46.9 12.5 170.0 Gravelly Muddy Sand 0.54 14.21 1803.40 1327.84 680.58 1.20 2.99 0.57

Isauld Farm T1 Q5 30 5.71 71 53.0 14.6 118.4 Gravelly Muddy Sand 0.43 22.30 2816.63 1346.16 1217.13 2.44 2.67 0.57

Isauld Farm T1 Q6 30 6.70 55 45.1 10.7 177.5 Gravelly Muddy Sand 4.63 49.82 1911.87 2409.83 846.63 2.31 3.30 0.68

Isauld Farm T1 Q7 25 5.18 129 46.3 17.4 206.5 Gravelly Muddy Sand 3.07 38.37 1347.08 2488.44 1319.99 16.10 10.18 0.85

Isauld Farm T2 Q1 10 6.61 112 42.0 11.1 157.7 Gravelly Muddy Sand 2.31 18.44 2825.15 1919.54 758.88 1.07 3.94 0.86

Isauld Farm T2 Q2 70 5.94 80 94.0 8.4 144.6 Gravelly Muddy Sand <lod 92.06 2169.33 557.36 669.53 6.35 na 5.13

Isauld Farm T2 Q3 25 5.02 133 81.3 76.8 na Peat <lod 26.51 1884.47 4233.60 6480.89 7.88 4.81 0.91

Isauld Farm T2 Q4 25 4.82 153 73.3 25.2 2007.3 Muddy Sandy Gravel <lod 19.53 2041.31 1143.13 1682.23 9.96 2.46 0.95

Isauld Farm T2 Q5 25 5.11 132 61.3 29.3 703.1 Gravelly Muddy Sand 1.44 18.64 1505.27 1488.37 1782.09 6.24 2.07 0.82

Isauld Farm T2 Q6 35 4.98 228 33.7 7.2 128.6 Gravelly Muddy Sand 1.82 88.18 1790.43 1053.09 538.92 36.79 2.84 0.35

Isauld Farm T3 Q1 20 6.32 55 33.0 7.9 111.6 Gravelly Muddy Sand <lod 14.32 2358.90 810.22 402.99 na 1.56 0.35

Isauld Farm T3 Q2 30 5.58 94 64.1 24.1 261.5 Slightly Gravelly Muddy Sand <lod 30.28 1698.46 772.31 1144.92 2.30 2.54 0.57

Isauld Farm T3 Q3 35 5.25 101 46.9 13.1 215.3 Slightly Gravelly Muddy Sand <lod 16.34 2345.40 486.11 998.13 2.74 1.31 0.31

Isauld Farm T3 Q4 30 5.30 170 41.2 10.4 236.1 Slightly Gravelly Muddy Sand 30.52 55.33 2893.59 1473.85 1134.41 139.71 2.55 0.85

Isauld Farm T3 Q5 30 4.34 369 39.8 11.9 171.0 Slightly Gravelly Muddy Sand 3.59 175.95 2454.66 790.78 940.96 79.98 2.91 0.49
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Sample name

Soil 

depth 

(cm)

pH
Conductivit

y (µS/m)

Moisture 

content 

(%)

Loss on 

ignition 

(%)

Median 

particle 

size 

(µm) 

Textural group

Total 

oxidised 

Nitrogen 

(µg/g soil)

Phosphate 

(ppb) 

(Mehlich 3 

extraction)

Potassium 

(ppb) (acid 

digest 

extraction)

Calcium 

(ppb) (acid 

digest 

extraction)

Sulfur     

(ppb) (acid 

digest 

extraction)

Magnesium 

(ppb) (water 

filtered 

extraction)

Copper     

(ppb) 

(Mehlich 3 

extraction)

Lead          

(ppb) 

(Mehlich 3 

extraction)

Red Point T1 Q1 31 5.76 172 65.2 23.1 278.9 Slightly Gravelly Muddy Sand 0.72 23.79 2511.43 1406.33 2177.85 3.63 2.88 2.01

Red Point T1 Q2 63 4.37 298 84.3 86.8 na Peat 1.64 12.07 1778.30 2647.89 3746.04 56.11 5.25 11.45

Red Point T1 Q3 100 4.69 199 76.0 54.5 na Peat 0.75 13.52 1360.66 1718.82 5390.18 12.07 2.80 3.58

Red Point T1 Q4 100 4.84 209 85.0 64.3 na Peat 1.33 12.17 1270.59 1760.71 3958.82 25.47 5.27 na

Red Point T1 Q5 100 4.47 202 79.3 91.9 na Peat 0.82 7.82 774.94 4664.92 4375.14 14.32 3.33 1.97

Red Point T1 Q6 100 4.46 118 80.1 95.7 na Peat 1.06 4.92 762.48 4257.47 5653.50 6.77 3.67 4.07

Red Point T1 Q7 100 4.32 112 82.2 94.3 na Peat 0.53 5.44 875.02 3643.88 4395.54 10.02 4.02 2.58

Red Point T1 Q8 100 4.64 89 83.3 95.2 na Peat 0.92 7.71 911.36 3696.37 3592.82 5.92 5.14 3.00

Red Point T1 Q9 100 4.87 92 86.8 86.5 na Peat 1.94 12.09 850.11 4416.16 8850.85 11.01 6.25 1.20

Red Point T1 Q10 100 4.92 79 88.2 93.9 na Peat 2.75 10.52 644.13 2902.70 3971.29 6.07 6.49 3.25

Red Point T2 Q1 8 6.29 470 40.9 6.1 200.2 Slightly Gravelly Muddy Sand 60.90 43.75 1686.43 968.02 408.94 11.32 1.84 0.52

Red Point T2 Q2 36 5.17 417 49.9 18.1 275.2 Slightly Gravelly Muddy Sand 72.89 36.87 1634.80 1139.57 1256.98 14.87 1.82 0.82

Red Point T2 Q3 52 5.01 129 81.7 68.0 na Peat 2.05 31.32 1370.27 2452.11 6742.41 7.39 3.63 1.21

Red Point T2 Q4 29 5.01 223 75.2 49.6 468.5 Gravelly Sand 0.12 11.98 1674.01 2198.75 4139.01 11.74 3.01 3.26

Red Point T2 Q5 100 4.77 252 83.8 89.6 na Peat 0.77 7.06 926.15 5426.71 6241.70 23.35 4.20 5.65

Red Point T2 Q6 100 4.63 222 83.8 92.6 na Peat 0.96 7.20 824.52 4176.01 5539.21 25.32 3.75 na

Red Point T2 Q7 100 4.78 142 87.3 93.2 na Peat 1.73 16.49 731.67 3509.96 9258.94 10.57 6.76 3.35

Red Point T2 Q8 100 4.44 117 84.8 96.5 na Peat 2.14 5.52 876.41 2856.02 4737.80 8.60 4.14 0.81

Red Point T2 Q9 100 4.68 82 87.3 96.6 na Peat 1.58 6.63 802.40 3438.78 4658.46 4.61 4.60 1.51

Red Point T2 Q10 100 4.68 77 86.5 95.2 na Peat 1.34 7.84 678.14 3226.36 6016.57 4.79 5.07 1.77

Red Point T3 Q1 26 5.34 163 40.7 25.4 na na 0.61 13.35 2501.80 1210.50 1854.81 3.66 1.46 0.91

Red Point T3 Q2 60 4.35 450 61.3 35.8 367.9 Gravelly Muddy Sand 93.52 82.40 1662.58 1379.87 2400.25 88.72 2.91 na

Red Point T3 Q3 61 4.90 149 77.0 69.1 na Peat 2.12 12.81 1219.19 2621.34 3303.55 5.69 2.82 0.87

Red Point T3 Q4 92 5.21 167 80.0 71.1 na Peat 1.62 13.22 1342.50 1719.84 3318.95 9.53 3.16 0.93

Red Point T3 Q5 25 5.28 217 78.1 78.0 na Peat 0.66 44.15 1182.66 4570.52 2922.86 17.36 2.98 2.07

Red Point T3 Q6 100 4.69 150 82.9 92.0 na Peat 0.29 6.55 1243.64 3579.42 4284.26 7.25 5.16 0.96

Red Point T3 Q7 100 4.41 136 84.9 93.7 na Peat 0.42 7.62 1022.06 3237.27 5363.40 15.04 5.45 2.28

Red Point T3 Q8 100 4.91 128 87.6 93.3 na Peat 0.46 18.48 712.62 4111.38 6555.60 14.49 6.53 4.31

Red Point T3 Q9 100 4.90 82 89.3 95.2 na Peat 0.42 13.66 758.76 2739.50 5044.30 10.38 6.31 2.35

Red Point T3 Q10 100 4.64 90 86.9 95.1 na Peat 0.86 11.24 683.11 2739.18 4948.94 8.63 5.49 2.56
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Sample name

Soil 

depth 

(cm)

pH
Conductivit

y (µS/m)

Moisture 

content 

(%)

Loss on 

ignition 

(%)

Median 

particle 

size 

(µm) 

Textural group

Total 

oxidised 

Nitrogen 

(µg/g soil)

Phosphate 

(ppb) 

(Mehlich 3 

extraction)

Potassium 

(ppb) (acid 

digest 

extraction)

Calcium 

(ppb) (acid 

digest 

extraction)

Sulfur     

(ppb) (acid 

digest 

extraction)

Magnesium 

(ppb) (water 

filtered 

extraction)

Copper     

(ppb) 

(Mehlich 3 

extraction)

Lead          

(ppb) 

(Mehlich 3 

extraction)

Rubha an Aird Bhig T1 Q1 32 4.78 148 74.9 68.2 na Peat 1.59 41.27 1333.66 2688.61 2614.49 5.48 3.55 1.15

Rubha an Aird Bhig T1 Q2 34 4.63 156 80.2 59.2 na Peat 1.33 18.74 1150.55 1665.31 2876.70 10.81 6.13 0.79

Rubha an Aird Bhig T1 Q3 31 4.54 131 73.8 5.2 676.7 Gravelly Sand 0.54 10.33 1099.27 1259.23 2718.62 6.14 3.13 0.90

Rubha an Aird Bhig T1 Q4 36 4.23 153 84.5 92.4 na Peat 1.58 22.04 1164.33 2994.42 3720.46 13.59 9.57 0.57

Rubha an Aird Bhig T1 Q5 50 4.56 143 83.7 91.6 na Peat 2.08 20.15 809.97 2530.94 6166.75 31.36 7.05 1.01

Rubha an Aird Bhig T1 Q6 100 4.43 180 82.9 91.9 na Peat 4.53 24.14 573.65 2711.55 8269.74 13.03 6.31 0.92

Rubha an Aird Bhig T1 Q7 40 4.48 159 81.0 91.8 na Peat 4.53 13.76 641.79 2465.35 6081.53 7.34 5.66 1.71

Rubha an Aird Bhig T1 Q8 37 4.33 200 83.6 93.4 na Peat 1.18 15.01 890.17 3337.02 7239.43 19.61 4.54 1.68

Rubha an Aird Bhig T1 Q9 57 4.21 128 76.6 93.3 na Peat 2.47 6.24 708.98 1332.61 3238.69 5.18 2.77 0.38

Rubha an Aird Bhig T1 Q10 72 4.30 124 81.5 95.1 na Peat 0.66 14.15 497.28 1466.31 3896.37 2.72 4.80 0.67

Rubha an Aird Bhig T2 Q1 93 4.47 156 70.9 45.2 631.7 Gravelly sand 0.28 23.82 1454.00 1070.25 2536.04 6.63 2.91 1.12

Rubha an Aird Bhig T2 Q2 100 4.93 165 85.8 80.1 na Peat <lod 87.75 1020.60 2025.90 5545.66 7.33 8.00 1.12

Rubha an Aird Bhig T2 Q3 40 4.42 139 75.5 59.5 na Peat <lod 9.21 1083.23 1237.86 2340.22 9.29 4.02 1.52

Rubha an Aird Bhig T2 Q4 35 4.26 187 75.0 70.7 na Peat 0.33 20.64 644.05 2109.37 7684.46 19.33 4.05 1.56

Rubha an Aird Bhig T2 Q5 31 4.42 191 79.4 93.8 na Peat 0.78 16.08 464.53 2005.91 2969.24 18.52 4.50 1.87

Rubha an Aird Bhig T2 Q6 33 4.29 135 81.4 93.7 na Peat <lod 9.45 1610.38 2559.37 5311.90 12.25 3.88 1.66

Rubha an Aird Bhig T2 Q7 63 4.27 143 76.3 92.2 na Peat 0.30 6.12 1299.46 2421.24 5695.90 6.94 2.65 0.79

Rubha an Aird Bhig T2 Q8 26 4.42 127 80.9 92.2 na Peat 0.69 5.56 860.90 2614.29 4308.01 7.22 4.18 0.81

Rubha an Aird Bhig T2 Q9 33 4.39 157 82.2 93.5 na Peat 0.28 11.81 815.66 2192.07 3942.02 12.37 4.96 1.84

Rubha an Aird Bhig T2 Q10 21 4.58 154 74.0 88.1 na Peat 1.42 19.40 770.45 2167.05 4074.75 5.35 2.84 1.51

Rubha an Aird Bhig T3 Q1 42 5.16 195 75.7 42.0 658.2 Gravelly Sand 0.84 72.83 1422.91 872.15 2501.62 6.32 3.14 0.44

Rubha an Aird Bhig T3 Q2 48 5.43 102 40.7 8.6 290.5 Slightly Gravelly Sand 0.11 32.83 3773.88 352.74 533.88 0.75 2.53 0.45

Rubha an Aird Bhig T3 Q3 40 5.26 124 63.5 30.6 na na 0.23 26.78 1282.86 672.98 1274.00 2.57 2.93 0.53

Rubha an Aird Bhig T3 Q4 47 4.78 137 84.0 71.9 na Peat 0.63 20.97 870.62 1872.56 4439.83 7.76 4.03 1.26

Rubha an Aird Bhig T3 Q5 56 4.41 144 77.0 68.2 na Peat 0.72 13.35 659.47 955.77 2174.92 10.11 4.01 1.42

Rubha an Aird Bhig T3 Q6 62 4.51 123 78.1 87.2 na Peat 0.48 9.50 803.40 2011.51 4614.78 5.40 3.63 1.07

Rubha an Aird Bhig T3 Q7 43 4.30 95 78.0 92.7 na Peat 0.68 13.45 516.68 1974.72 4141.59 2.59 4.12 1.58

Rubha an Aird Bhig T3 Q8 50 4.65 113 85.5 95.8 na Peat 0.33 40.85 1352.57 2981.68 5966.11 6.80 6.13 1.45

Rubha an Aird Bhig T3 Q9 43 4.33 147 79.9 94.9 na Peat 1.31 11.15 451.04 1733.33 4652.29 7.83 3.53 0.98

Rubha an Aird Bhig T3 Q10 30 4.39 106 82.8 95.2 na Peat 0.54 7.97 1069.28 2917.34 4717.07 8.77 5.01 0.72
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Sample name

Soil 

depth 

(cm)

pH
Conductivit

y (µS/m)

Moisture 

content 

(%)

Loss on 

ignition 

(%)

Median 

particle 

size 

(µm) 

Textural group

Total 

oxidised 

Nitrogen 

(µg/g soil)

Phosphate 

(ppb) 

(Mehlich 3 

extraction)

Potassium 

(ppb) (acid 

digest 

extraction)

Calcium 

(ppb) (acid 

digest 

extraction)

Sulfur     

(ppb) (acid 

digest 

extraction)

Magnesium 

(ppb) (water 

filtered 

extraction)

Copper     

(ppb) 

(Mehlich 3 

extraction)

Lead          

(ppb) 

(Mehlich 3 

extraction)

Rubha na Cloiche T1 Q1 11 6.16 334 56.9 31.8 366.0 Slightly Gravelly Sand 3.78 174.61 2374.40 2381.73 3238.16 6.02 1.93 0.77

Rubha na Cloiche T1 Q2 23 5.61 250 60.5 32.9 423.6 Gravelly Muddy Sand 11.22 28.12 2384.29 1537.20 2572.72 2.73 2.68 0.58

Rubha na Cloiche T1 Q3 31 4.90 205 74.9 52.5 na Peat 37.40 75.39 1665.58 1615.45 2576.73 14.08 4.41 1.12

Rubha na Cloiche T1 Q4 32 4.67 137 73.2 81.2 na Peat 2.26 12.00 1145.37 3459.62 2514.32 5.75 5.02 1.09

Rubha na Cloiche T1 Q5 100 4.51 184 78.4 73.8 na Peat 1.82 10.48 1285.21 2015.50 2325.64 14.62 5.91 0.49

Rubha na Cloiche T1 Q6 73 4.48 165 81.2 87.7 na Peat 1.06 8.32 1505.06 3288.58 4095.08 11.70 5.90 1.16

Rubha na Cloiche T1 Q7 58 4.68 102 77.2 91.5 na Peat 0.84 4.51 1263.23 3237.49 3650.38 2.47 3.18 1.15

Rubha na Cloiche T1 Q8 67 4.52 106 82.8 90.2 na Peat 2.09 12.02 836.02 2338.67 2718.71 6.90 6.33 0.83

Rubha na Cloiche T1 Q9 45 4.50 187 82.1 93.5 na Peat 1.43 11.93 603.54 1772.23 5654.27 13.79 5.39 0.93

Rubha na Cloiche T1 Q10 100 4.34 159 83.6 93.8 na Peat 1.49 13.92 925.06 3076.33 6835.52 14.21 6.89 1.77

Rubha na Cloiche T2 Q1 19 6.61 278 72.9 28.3 173.5 Slightly Gravelly Muddy Sand 13.81 13.31 2195.97 7092.20 2407.54 12.11 7.76 0.35

Rubha na Cloiche T2 Q2 10 2.25 185 46.4 9.7 98.5 gravelly mud 0.42 17.07 3475.58 1916.54 529.62 4.00 3.08 0.51

Rubha na Cloiche T2 Q3 41 5.13 151 62.3 25.4 378.2 Gravelly Sand 0.57 33.37 2069.09 596.09 1549.16 2.53 2.50 0.41

Rubha na Cloiche T2 Q4 28 4.51 155 69.5 86.4 na Peat 1.10 8.05 1241.39 4905.21 2910.79 4.70 5.91 0.64

Rubha na Cloiche T2 Q5 100 4.33 219 74.0 55.3 na Peat 0.97 7.27 2175.88 1479.10 4517.21 21.55 3.34 0.97

Rubha na Cloiche T2 Q6 100 4.56 207 84.6 72.9 na Peat 2.42 22.21 1275.95 1569.09 3552.29 17.32 7.81 2.72

Rubha na Cloiche T2 Q7 95 4.37 149 79.1 93.4 na Peat 1.05 7.16 999.96 3474.48 5561.62 7.42 3.94 0.84

Rubha na Cloiche T2 Q8 38 4.54 99 78.2 93.6 na Peat 0.79 4.86 1108.20 3774.55 5046.24 2.76 2.45 1.21

Rubha na Cloiche T2 Q9 40 4.42 139 80.1 77.8 na Peat 0.79 12.36 944.50 2580.41 4911.37 7.07 4.33 0.89

Rubha na Cloiche T2 Q10 56 4.33 NA 81.7 92.1 na Peat 1.17 6.45 807.50 3024.11 5920.31 7.54 3.59 1.94

Rubha na Cloiche T3 Q1 10 8.02 493 24.1 2.4 194.0 Gravelly Muddy Sand 1.22 9.26 3093.48 2983.51 215.31 42.34 4.38 0.58

Rubha na Cloiche T3 Q2 8 4.89 413 33.5 11.0 188.0 Slightly Gravelly Muddy Sand 185.78 37.08 3194.74 1986.86 825.07 67.37 2.34 0.53

Rubha na Cloiche T3 Q3 11 5.72 264 57.4 26.6 242.3 Slightly Gravelly Muddy Sand 109.93 30.61 1502.42 2990.07 1132.67 41.33 3.36 0.69

Rubha na Cloiche T3 Q4 18 5.88 87 40.7 13.2 224.3 Slightly Gravelly Sand 0.98 16.78 1310.21 526.65 608.23 na 2.13 0.48

Rubha na Cloiche T3 Q5 42 4.48 151 75.6 69.6 na Peat 2.71 13.12 1408.85 2233.22 4155.28 16.11 3.45 1.28

Rubha na Cloiche T3 Q6 100 4.33 151 81.0 91.8 na Peat 0.81 7.36 1294.26 3722.59 5290.13 17.01 4.12 1.97

Rubha na Cloiche T3 Q7 100 4.74 136 88.5 91.6 na Peat 1.57 14.31 664.55 3820.18 7806.50 19.99 7.56 3.12

Rubha na Cloiche T3 Q8 62 4.47 113 81.2 93.1 na Peat 1.17 4.93 520.02 2519.53 6676.74 11.14 2.87 0.75

Rubha na Cloiche T3 Q9 100 4.36 90 83.6 95.2 na Peat 1.67 5.99 996.18 3165.39 4396.66 8.62 4.39 1.51

Rubha na Cloiche T3 Q10 30 4.33 139 85.2 94.5 na Peat 2.67 15.81 870.74 3136.14 4847.42 37.85 4.36 1.65
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Sample name

Soil 

depth 

(cm)

pH
Conductivit

y (µS/m)

Moisture 

content 

(%)

Loss on 

ignition 

(%)

Median 

particle 

size 

(µm) 

Textural group

Total 

oxidised 

Nitrogen 

(µg/g soil)

Phosphate 

(ppb) 

(Mehlich 3 

extraction)

Potassium 

(ppb) (acid 

digest 

extraction)

Calcium 

(ppb) (acid 

digest 

extraction)

Sulfur     

(ppb) (acid 

digest 

extraction)

Magnesium 

(ppb) (water 

filtered 

extraction)

Copper     

(ppb) 

(Mehlich 3 

extraction)

Lead          

(ppb) 

(Mehlich 3 

extraction)

Strathan T1 Q1 57 4.60 192 73.8 91.3 na Peat 0.67 5.23 855.46 5042.33 3919.26 5.66 2.71 0.58

Strathan T1 Q2 68 4.95 390 80.9 83.1 na Peat 1.78 18.39 1348.48 4603.39 4539.68 14.07 4.55 0.99

Strathan T1 Q3 71 4.97 131 78.2 94.9 na Peat 1.43 6.62 996.68 4313.75 3497.11 3.31 4.43 0.83

Strathan T1 Q4 32 4.89 175 82.2 93.5 na Peat 2.15 8.81 855.27 5471.50 4868.56 11.63 4.95 2.00

Strathan T1 Q5 70 4.82 136 82.7 92.2 na Peat 2.00 11.27 1501.68 3881.05 7332.22 7.53 3.43 1.28

Strathan T1 Q6 8 5.01 80 52.9 27.0 229.8 Slightly Gravelly Muddy Sand 1.07 10.88 888.84 872.21 615.66 0.95 1.44 0.38

Strathan T1 Q7 100 4.67 155 84.1 95.7 na Peat 1.94 26.69 688.22 3473.11 3922.30 10.93 4.91 1.63

Strathan T1 Q8 72 5.21 204 77.8 78.8 na Peat 1.54 9.12 1085.49 2350.26 4924.36 5.10 2.66 0.11

Strathan T1 Q9 42 4.91 124 90.3 84.3 na Peat 2.32 15.42 1528.63 2721.34 4039.51 13.34 7.69 0.42

Strathan T1 Q10 21 4.45 224 76.6 91.5 na Peat 1.60 10.75 1114.98 4338.33 4137.56 2.85 4.39 1.46

Strathan T2 Q1 14 6.15 245 52.1 22.6 393.7 Gravelly Sand 1.61 32.32 2972.62 2166.90 1599.33 1.46 2.35 0.32

Strathan T2 Q2 20 5.29 182 54.4 29.4 491.1 Gravelly Sand 0.83 28.24 2932.73 1479.06 1712.79 1.32 2.67 0.48

Strathan T2 Q3 10 4.93 173 70.0 54.5 na Peat 0.42 12.09 1214.25 2228.25 2438.62 4.79 3.11 0.75

Strathan T2 Q4 8 4.89 258 70.1 59.4 na Peat 0.05 10.21 1796.05 2231.92 1599.62 12.56 2.57 0.86

Strathan T2 Q5 83 4.52 244 84.7 88.1 na Peat 1.38 18.89 1100.26 3140.82 5361.07 31.42 5.61 1.70

Strathan T2 Q6 30 4.49 149 79.3 94.0 na Peat 0.58 7.72 1132.74 4148.59 4721.50 9.84 4.68 1.37

Strathan T2 Q7 14 4.65 129 70.9 69.8 na Peat 0.86 8.05 1187.03 4367.50 3433.80 4.79 5.00 1.25

Strathan T2 Q8 40 4.30 162 81.6 93.7 na Peat 1.56 23.48 1090.05 3026.49 2218.62 7.73 5.90 1.79

Strathan T2 Q9 15 5.38 390 68.3 45.6 281.0 Slightly Gravelly Muddy Sand 271.58 19.99 2918.50 8750.74 3790.07 120.61 6.26 0.37

Strathan T2 Q10 30 4.37 114 87.0 95.1 na Peat 5.74 13.22 877.54 2764.50 3474.08 14.37 10.66 0.97

Strathan T3 Q1 30 5.32 221 71.0 51.1 na Peat 11.28 14.12 1753.87 3047.46 3337.56 9.32 2.23 0.33

Strathan T3 Q2 27 4.56 194 77.4 68.6 na Peat 1.40 9.07 1216.36 2710.89 4538.82 8.87 4.01 1.02

Strathan T3 Q3 26 4.43 105 76.2 87.2 na Peat 1.17 3.99 1221.17 3720.00 4315.80 4.09 2.79 0.20

Strathan T3 Q4 79 4.19 152 61.6 93.4 na Peat 0.30 3.54 1232.40 4073.26 5191.56 5.86 1.74 0.70

Strathan T3 Q5 18 4.48 114 75.6 84.5 na Peat 0.23 10.90 1580.76 3725.81 4365.58 7.04 4.20 1.78

Strathan T3 Q6 30 4.35 143 81.2 93.7 na Peat 5.37 8.01 1125.34 3086.06 3804.02 18.64 4.44 2.09

Strathan T3 Q7 67 4.58 135 87.9 94.0 na Peat 6.03 55.76 547.64 2949.02 9186.14 13.77 8.32 1.67

Strathan T3 Q8 40 4.05 165 83.2 95.5 na Peat 0.63 12.32 1106.24 2855.82 3290.68 21.00 5.19 0.64

Strathan T3 Q9 100 5.16 89 81.9 56.7 na Peat 10.91 20.61 1401.00 5785.55 4952.21 3.92 6.92 0.12

Strathan T3 Q10 100 4.66 134 82.6 84.6 na Peat 5.04 20.24 950.93 1643.78 6922.90 7.14 5.21 0.16
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Table 7.8. (cont.) 

 

 

Sample name

Soil 

depth 

(cm)

pH
Conductivit

y (µS/m)

Moisture 

content 

(%)

Loss on 

ignition 

(%)

Median 

particle 

size 

(µm) 

Textural group

Total 

oxidised 

Nitrogen 

(µg/g soil)

Phosphate 

(ppb) 

(Mehlich 3 

extraction)

Potassium 

(ppb) (acid 

digest 

extraction)

Calcium 

(ppb) (acid 

digest 

extraction)

Sulfur     

(ppb) (acid 

digest 

extraction)

Magnesium 

(ppb) (water 

filtered 

extraction)

Copper     

(ppb) 

(Mehlich 3 

extraction)

Lead          

(ppb) 

(Mehlich 3 

extraction)

Ushat Head T1 Q1 9 6.34 695 56.1 32.9 301.8 Gravelly Muddy Sand 0.66 55.53 3233.36 5041.34 3797.67 23.21 4.93 1.60

Ushat Head T1 Q2 6 7.59 197 22.7 5.0 1135.5 Muddy Sandy Gravel 2.53 6.37 4793.85 1672.32 380.46 6.06 3.53 0.54

Ushat Head T1 Q3 19 6.79 423 47.4 15.8 190.0 Slightly Gravelly Muddy Sand 6.06 12.02 3205.71 1851.17 918.14 21.04 2.61 0.43

Ushat Head T1 Q4 27 5.73 943 72.6 37.0 490.7 Gravelly Muddy Sand 8.19 213.21 2359.94 2920.59 4855.87 205.32 5.39 2.21

Ushat Head T1 Q5 20 5.63 196 42.2 17.6 150.4 Slightly Gravelly Muddy Sand 0.11 11.45 3131.30 1116.85 891.66 4.23 1.61 0.38

Ushat Head T1 Q6 30 5.78 364 26.4 6.3 102.9 Gravelly Muddy Sand 0.14 9.61 3244.39 793.82 619.00 14.24 1.65 0.88

Ushat Head T1 Q7 22 5.89 155 43.4 14.0 117.2 Gravelly Muddy Sand 0.24 11.14 2464.55 1451.91 888.62 5.33 1.88 0.71

Ushat Head T1 Q8 35 5.60 65 48.8 16.2 236.7 Gravelly Muddy Sand 0.30 28.47 1749.64 622.18 590.59 1.02 1.71 0.65

Ushat Head T1 Q9 40 6.75 124 50.8 8.7 75.6 Gravelly Muddy Sand 0.17 6.28 1824.98 2214.74 877.41 8.48 3.52 1.19

Ushat Head T1 Q10 16 4.59 147 73.7 63.0 na Peat 0.55 67.65 1538.36 1984.51 3731.72 20.49 4.92 1.54

Ushat Head T2 Q1 10 7.21 763 51.6 17.6 305.8 Muddy Sandy Gravel 0.23 55.15 6066.78 3495.96 3418.43 30.95 6.25 0.68

Ushat Head T2 Q2 30 6.60 642 67.4 29.8 323.8 Gravelly Muddy Sand 0.51 45.72 4022.06 3125.49 3796.16 32.19 8.80 0.59

Ushat Head T2 Q3 70 Sample lost na na na na na na na na na na na na na

Ushat Head T2 Q4 20 Sample lost na na na na na na na na na na na na na

Ushat Head T2 Q5 48 Sample lost na na na na na na na na na na na na na

Ushat Head T2 Q6 37 6.03 361 39.2 11.5 85.7 Slightly Gravelly Muddy Sand 0.23 10.47 3363.13 1481.62 1102.81 15.95 2.00 0.79

Ushat Head T2 Q7 84 6.29 238 69.1 23.5 161.6 Slightly Gravelly Muddy Sand 0.47 14.09 4185.81 2675.29 1926.06 17.20 4.36 1.31

Ushat Head T2 Q8 27 5.49 94 53.0 15.6 161.0 Slightly Gravelly Muddy Sand 0.23 13.15 2991.51 962.56 912.06 3.32 2.04 0.58

Ushat Head T2 Q9 29 5.09 96 52.4 25.1 224.6 Slightly Gravelly Muddy Sand 0.21 22.18 2264.68 1036.70 891.91 3.88 2.33 0.73

Ushat Head T2 Q10 18 4.58 151 63.0 42.5 236.4 Slightly Gravelly Muddy Sand 0.33 31.84 2426.17 1274.68 2023.53 12.53 2.73 1.27

Ushat Head T3 Q1 6 6.94 310 40.5 31.6 413.5 Gravelly Muddy Sand 1.84 32.12 4769.96 3413.18 2028.61 4.75 2.77 0.84

Ushat Head T3 Q2 29 6.03 363 48.6 16.4 70.6 Slightly Gravelly Muddy Sand 0.07 13.99 4750.28 1255.23 1131.36 6.99 1.88 0.56

Ushat Head T3 Q3 31 6.22 395 49.2 19.0 182.9 Slightly Gravelly Muddy Sand 0.14 18.36 3781.72 1722.31 1460.33 10.59 2.53 1.33

Ushat Head T3 Q4 20 6.28 982 66.8 36.9 228.7 Slightly Gravelly Muddy Sand 0.12 18.88 5239.78 3487.78 5342.65 90.02 3.64 1.18

Ushat Head T3 Q5 31 5.46 768 21.3 4.6 72.0 Gravelly Mud 3.66 7.39 2650.84 1000.62 770.04 72.62 1.53 2.26

Ushat Head T3 Q6 23 5.67 249 40.4 14.1 155.3 Slightly Gravelly Muddy Sand 0.18 17.71 4662.51 1026.54 1020.99 6.07 1.58 0.63

Ushat Head T3 Q7 85 5.17 114 63.8 29.4 284.5 Gravelly Muddy Sand 0.53 23.82 2709.54 1505.18 1609.76 6.32 2.65 0.73

Ushat Head T3 Q8 19 5.62 152 61.3 23.1 293.1 Gravelly Muddy Sand 0.27 37.63 2156.37 1265.64 1272.63 9.11 2.88 0.94

Ushat Head T3 Q9 16 5.84 114 47.6 13.9 224.8 Gravelly Muddy Sand 0.23 26.14 3962.67 1268.99 903.51 5.60 2.71 1.08

Ushat Head T3 Q10 44 6.73 138 69.8 28.9 na na 0.32 9.07 1451.82 9040.56 3306.87 18.22 3.27 0.98
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Table 7.8. (cont.). The treatments for the vegetation trial plots were 1) coarse subsoil/fine crushed rock top layer/coastal seed mix; 2) fine subsoil/topsoil/coastal seed mix; 3) coarse 
subsoil/topsoil/MG5 seed mix; 4) fine subsoil/fine crushed rock top layer/MG5 seed mix; 5) coarse subsoil/topsoil/coastal seed mix; 6) coarse subsoil/ fine crushed rock top layer/MG5 
seed mix; 7) fine subsoil/topsoil/MG5 seed mix; 8) fine subsoil/ fine crushed rock top layer/coastal seed mix. 

 

 

 

 

 

 

Sample name

Soil 

depth 

(cm)

pH
Conductivit

y (µS/m)

Moisture 

content 

(%)

Loss on 

ignition 

(%)

Median 

particle 

size 

(µm) 

Textural group

Total 

oxidised 

Nitrogen 

(µg/g soil)

Phosphate 

(ppb) 

(Mehlich 3 

extraction)

Potassium 

(ppb) (acid 

digest 

extraction)

Calcium 

(ppb) (acid 

digest 

extraction)

Sulfur     

(ppb) (acid 

digest 

extraction)

Magnesium 

(ppb) (water 

filtered 

extraction)

Copper     

(ppb) 

(Mehlich 3 

extraction)

Lead          

(ppb) 

(Mehlich 3 

extraction)

Vtp Rep. a, treat 1, start NA 8.91 149 0.9 0.9 2289.3 gravel 1.40 4.95 477.26 64730.26 655.59 15.58 6.62 0.45

Vtp Rep. a, treat 2, start NA 5.86 118 12.5 4.8 133.5 gravelly muddy sand 15.66 61.67 734.62 1798.46 505.49 8.96 5.49 0.93

Vtp Rep. a, treat 3, start NA 5.62 114 12.1 4.9 81.3 gravelly muddy sand 21.36 68.31 738.92 1218.26 402.00 6.95 5.43 0.97

Vtp Rep. a, treat 4, start NA 8.98 143 2.2 0.8 2191.7 sandy gravel 0.22 1.38 474.36 57631.81 547.34 20.06 7.91 0.41

Vtp Rep. a, treat 5, start NA 5.42 149 13.9 4.5 84.6 gravelly muddy sand 9.85 57.06 747.78 1550.17 454.25 12.29 5.01 1.00

Vtp Rep. a, treat 6, start NA 8.85 157 1.2 0.8 2248.1 sandy gravel 0.76 1.38 480.56 65853.94 666.74 20.84 6.71 0.42

Vtp Rep. a, treat 7, start NA 7.21 168 13.3 5.4 115.1 gravelly muddy sand 12.37 62.61 736.58 9548.48 492.36 18.32 5.85 0.83

Vtp Rep. a, treat 8, start NA 9.05 139 2.1 0.8 2212.1 sandy gravel 0.23 1.38 728.87 65061.68 552.77 18.77 8.39 0.39

Vtp Rep. b, treat 1, start NA 8.68 172 0.9 0.8 2276.7 gravel 0.51 1.38 474.43 42710.06 na 22.09 6.53 0.44

Vtp Rep. b, treat 2, start NA 6.40 169 11.1 4.4 158.8 gravelly muddy sand 28.49 50.31 714.10 5037.31 434.40 17.74 4.64 0.87

Vtp Rep. b, treat 3, start NA 6.54 117 10.1 4.8 89.3 gravelly mud 11.34 56.06 686.75 1783.05 459.58 9.63 4.78 0.91

Vtp Rep. b, treat 4, start NA 8.68 226 1.8 0.7 2212.6 sandy gravel 0.21 1.38 486.66 48832.02 685.88 33.27 8.24 0.42

Vtp Rep. b, treat 5, start NA 5.91 103 12.1 4.6 385.0 gravelly muddy sand 16.31 56.30 693.75 1429.37 408.75 7.00 5.08 0.97

Vtp Rep. b, treat 6, start NA 8.63 185 1.2 0.6 2318.4 gravel 0.56 3.72 510.54 56354.05 576.10 24.49 8.06 0.45

Vtp Rep. b, treat 7, start NA 6.33 161 13.7 5.1 108.6 gravelly muddy sand 8.81 48.95 669.81 4824.33 431.26 13.22 5.66 0.90

Vtp Rep. b, treat 8, start NA 8.46 149 2.3 0.7 2201.9 sandy gravel 0.30 1.38 501.37 67168.70 460.06 17.12 7.85 0.44

Vtp Rep. c, treat 1, start NA 8.60 156 1.0 0.5 2306.5 gravel 0.52 3.01 437.26 80574.45 381.55 18.66 7.87 0.46

Vtp Rep. c, treat 2, start NA 6.88 201 8.5 3.1 255.3 muddy sandy gravel 15.64 50.82 589.20 23162.55 381.72 22.94 5.01 0.80

Vtp Rep. c, treat 3, start NA 5.25 119 11.9 5.4 95.3 gravelly muddy sand 29.68 58.23 717.46 1483.82 456.08 9.91 5.22 0.93

Vtp Rep. c, treat 4, start NA 8.64 206 2.0 0.7 2211.9 sandy gravel 0.26 1.38 463.40 69670.33 500.27 28.81 8.12 0.37

Vtp Rep. c, treat 5, start NA 5.71 92 10.0 4.7 127.6 gravelly mud 12.05 53.54 669.39 3441.52 403.16 4.53 4.88 0.89

Vtp Rep. c, treat 6, start NA 8.54 265 1.0 0.6 2288.4 gravel 0.47 1.38 487.53 55223.58 527.51 29.30 7.15 0.38

Vtp Rep. c, treat 7, start NA 7.02 210 9.0 4.6 507.4 muddy sandy gravel 21.71 43.92 874.49 5753.26 438.64 23.52 5.57 0.77

Vtp Rep. c, treat 8, start NA 8.76 165 1.9 0.7 2228.2 sandy gravel 0.27 1.38 532.28 53561.70 880.43 21.74 8.47 0.38
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Table 7.8. (cont.). The treatments for the vegetation trial plots were 1) coarse subsoil/fine crushed rock top layer/coastal seed mix; 2) fine subsoil/topsoil/coastal seed mix; 3) coarse 
subsoil/topsoil/MG5 seed mix; 4) fine subsoil/fine crushed rock top layer/MG5 seed mix; 5) coarse subsoil/topsoil/coastal seed mix; 6) coarse subsoil/ fine crushed rock top layer/MG5 
seed mix; 7) fine subsoil/topsoil/MG5 seed mix; 8) fine subsoil/ fine crushed rock top layer/coastal seed mix. 

 

 

 

 

 

 

Sample name

Soil 

depth 

(cm)

pH
Conductivit

y (µS/m)

Moisture 

content 

(%)

Loss on 

ignition 

(%)
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particle 
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(µm) 
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(µg/g soil)

Phosphate 

(ppb) 

(Mehlich 3 
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Potassium 

(ppb) (acid 

digest 

extraction)

Calcium 

(ppb) (acid 

digest 

extraction)

Sulfur     

(ppb) (acid 

digest 

extraction)

Magnesium 

(ppb) (water 

filtered 

extraction)

Copper     

(ppb) 

(Mehlich 3 

extraction)

Lead          

(ppb) 

(Mehlich 3 

extraction)

Vtp Rep. d, treat 1, start NA 8.59 85 1.6 0.9 2247.9 sandy gravel 0.36 2.84 469.29 61601.39 2629.27 19.53 7.37 0.47

Vtp Rep. d, treat 2, start NA 7.09 223 11.2 4.3 244.9 muddy sandy gravel 55.98 57.60 704.07 17074.89 592.08 27.42 6.09 0.71

Vtp Rep. d, treat 3, start NA 5.12 171 15.4 6.2 127.3 gravelly muddy sand 93.20 68.09 793.01 1729.19 432.23 26.57 4.64 0.77

Vtp Rep. d, treat 4, start NA 8.79 118 1.9 0.7 2216.3 sandy gravel 0.45 1.38 489.09 67929.36 959.33 19.47 8.18 0.45

Vtp Rep. d, treat 5, start NA 6.08 114 15.1 6.3 298.9 muddy sandy gravel 39.29 88.79 1071.53 2355.44 476.01 10.64 5.60 0.83

Vtp Rep. d, treat 6, start NA 8.76 143 1.4 0.9 2296.3 gravel 2.94 1.38 502.22 61688.63 429.57 23.90 7.80 0.44

Vtp Rep. d, treat 7, start NA 6.14 95 14.1 5.2 168.8 gravelly muddy sand 34.46 99.18 1219.16 2425.09 446.41 8.45 5.65 0.70

Vtp Rep. d, treat 8, start NA 8.87 127 1.8 0.8 2269.8 gravel 0.85 1.38 492.80 65581.57 560.09 21.86 7.92 0.42

Vtp Rep. e, treat 1, start NA 8.73 162 1.3 1.1 2246.0 sandy gravel 13.85 4.84 467.73 55546.90 347.30 19.47 7.45 0.48

Vtp Rep. e, treat 2, start NA 6.03 75 13.8 4.5 95.4 gravelly muddy sand 19.53 55.76 702.35 1251.33 424.15 7.62 5.00 0.88

Vtp Rep. e, treat 3, start NA 6.08 63 11.4 5.0 57.4 gravelly mud 13.96 42.84 709.45 2917.30 333.65 4.25 6.30 1.81

Vtp Rep. e, treat 4, start NA 8.85 139 1.6 0.8 2236.2 sandy gravel 5.49 1.38 445.94 64220.01 531.86 23.46 8.38 0.37

Vtp Rep. e, treat 5, start NA 5.84 69 14.2 5.0 80.0 gravelly muddy sand 15.79 56.81 688.87 1390.15 406.85 5.16 5.45 1.10

Vtp Rep. e, treat 6, start NA 8.87 110 0.8 0.8 2314.3 gravel 0.26 3.98 524.89 67387.72 383.04 18.79 7.16 0.40

Vtp Rep. e, treat 7, start NA 6.89 97 10.9 4.3 131.4 gravelly muddy sand 11.49 72.99 738.17 9971.67 405.80 8.45 5.95 0.89

Vtp Rep. e, treat 8, start NA 8.98 137 2.0 0.9 2181.8 muddy sandy gravel 0.21 2.85 491.13 60426.55 751.83 23.44 8.14 0.40

Vtp Rep. f, treat 1, start NA 8.78 126 0.9 0.8 2305.9 gravel 0.53 3.57 505.97 59667.34 492.33 20.08 7.18 0.42

Vtp Rep. f, treat 2, start NA 6.10 79 14.4 4.3 79.4 gravelly mud 19.11 54.17 742.71 1727.87 421.84 9.17 5.15 1.02

Vtp Rep. f, treat 3, start NA 5.54 83 14.5 4.7 105.6 gravelly muddy sand 28.26 53.04 684.24 1386.92 420.82 7.83 5.61 0.95

Vtp Rep. f, treat 4, start NA 9.07 112 2.0 0.7 2223.0 sandy gravel 0.20 1.38 501.48 74583.45 448.87 19.24 8.48 0.44

Vtp Rep. f, treat 5, start NA 6.64 71 11.7 4.6 96.3 gravelly muddy sand 15.73 56.19 766.90 1379.48 413.99 4.84 5.05 0.89

Vtp Rep. f, treat 6, start NA 8.94 108 1.5 1.4 2272.1 gravel 0.16 1.38 420.89 56025.92 638.88 18.48 7.46 0.43

Vtp Rep. f, treat 7, start NA 6.72 98 11.4 5.2 129.3 gravelly muddy sand 13.63 52.14 735.77 2144.91 443.67 9.79 5.06 0.84

Vtp Rep. f, treat 8, start NA 8.95 143 1.7 0.9 2261.6 sandy gravel 0.27 2.78 494.41 58934.60 719.78 0.00 7.92 0.44
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Table 7.8. (cont.). The treatments for the vegetation trial plots were 1) coarse subsoil/fine crushed rock top layer/coastal seed mix; 2) fine subsoil/topsoil/coastal seed mix; 3) coarse 
subsoil/topsoil/MG5 seed mix; 4) fine subsoil/fine crushed rock top layer/MG5 seed mix; 5) coarse subsoil/topsoil/coastal seed mix; 6) coarse subsoil/ fine crushed rock top layer/MG5 
seed mix; 7) fine subsoil/topsoil/MG5 seed mix; 8) fine subsoil/ fine crushed rock top layer/coastal seed mix. 

 

 

 

 

Sample name

Soil 

depth 

(cm)

pH
Conductivit

y (µS/m)

Moisture 
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(%)
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digest 
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(ppb) (water 

filtered 
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(ppb) 

(Mehlich 3 

extraction)

Lead          

(ppb) 

(Mehlich 3 

extraction)

Vtp Rep. a, treat 1, end NA 9.17 65 4.6 1.5 2248.9 sandy gravel 1.02 3.47 392.07 65190.67 308.45 7.66 5.58 0.26

Vtp Rep. a, treat 2, end NA 6.76 25 27.9 4.9 72.3 gravelly mud 0.44 71.59 526.38 1842.24 355.20 2.35 7.52 1.29

Vtp Rep. a, treat 3, end NA 6.09 38 27.1 5.2 73.8 gravelly mud 1.41 82.20 602.19 1501.06 379.28 2.09 8.19 1.13

Vtp Rep. a, treat 4, end NA 9.19 70 5.1 0.8 2158.7 sandy gravel 0.00 1.64 402.57 79195.25 402.16 7.66 7.15 0.29

Vtp Rep. a, treat 5, end NA 6.18 30 22.2 5.2 72.4 gravelly mud 0.13 67.72 563.65 1529.68 381.72 0.96 6.66 1.21

Vtp Rep. a, treat 6, end NA 8.87 78 4.6 1.0 2306.5 gravel 0.57 3.65 489.36 69019.59 360.41 7.99 5.83 0.31

Vtp Rep. a, treat 7, end NA 6.72 33 28.5 5.3 64.6 gravelly mud 1.03 40.14 548.10 4781.17 371.87 2.90 3.78 0.81

Vtp Rep. a, treat 8, end NA 8.96 81 3.6 1.1 2279.5 gravel 0.31 0.77 440.01 81692.99 443.04 7.70 6.25 0.27

Vtp Rep. b, treat 1, end NA 9.23 75 4.5 0.7 2214.9 sandy gravel 1.00 2.33 374.17 73290.48 551.99 10.53 6.55 0.27

Vtp Rep. b, treat 2, end NA 6.93 36 26.4 5.2 72.1 gravelly mud 0.25 67.93 674.09 3087.56 383.87 3.84 7.45 1.22

Vtp Rep. b, treat 3, end NA 6.07 23 26.0 5.3 73.1 gravelly mud 0.10 78.18 536.78 2164.63 410.36 0.70 6.53 1.21

Vtp Rep. b, treat 4, end NA 8.95 66 4.9 1.2 2208.4 sandy gravel 0.09 1.55 373.82 77099.02 11454.50 9.55 6.32 0.28

Vtp Rep. b, treat 5, end NA 6.53 22 27.9 5.2 80.5 gravelly muddy sand 0.13 21.00 525.35 2595.21 411.47 1.89 2.52 0.49

Vtp Rep. b, treat 6, end NA 9.05 72 4.9 1.3 2241.1 sandy gravel 0.10 1.83 482.02 na 294.17 9.39 6.23 0.31

Vtp Rep. b, treat 7, end NA 6.74 37 27.8 5.2 91.4 gravelly muddy sand 0.24 59.89 525.52 2797.79 365.62 3.63 7.13 1.27

Vtp Rep. b, treat 8, end NA 9.13 71 4.4 1.0 2235.8 sandy gravel 0.22 0.77 436.22 na 474.37 10.76 4.95 0.25

Vtp Rep. c, treat 1, end NA 9.24 66 3.9 1.0 2258.8 sandy gravel 1.17 1.92 415.19 78762.30 768.84 10.01 6.17 0.27

Vtp Rep. c, treat 2, end NA 6.72 28 27.1 5.0 68.4 gravelly mud 0.14 61.09 485.66 3017.46 374.03 2.12 6.91 1.16

Vtp Rep. c, treat 3, end NA 6.34 36 27.7 5.6 59.7 gravelly mud 0.30 63.48 553.90 2069.50 494.54 2.32 6.73 1.07

Vtp Rep. c, treat 4, end NA 9.29 61 4.2 0.8 2265.2 sandy gravel 0.13 1.81 415.71 73182.93 1423.45 9.13 6.12 0.26

Vtp Rep. c, treat 5, end NA 6.30 23 28.0 5.8 62.5 gravelly mud 0.32 68.55 616.67 1499.57 366.92 0.96 6.87 1.17

Vtp Rep. c, treat 6, end NA 9.29 63 4.6 1.0 2245.2 sandy gravel 0.64 2.62 368.66 66914.76 534.79 8.81 5.64 0.27

Vtp Rep. c, treat 7, end NA 6.79 27 27.9 5.3 71.7 gravelly mud 0.63 61.49 551.85 1618.20 384.32 1.80 6.39 1.04

Vtp Rep. c, treat 8, end NA 8.93 79 4.7 1.6 2259.7 sandy gravel 0.51 3.29 432.75 71850.16 327.68 10.11 4.72 0.27



 

 
 

      2
0
6
 

Table 7.8. (cont.). The treatments for the vegetation trial plots were 1) coarse subsoil/fine crushed rock top layer/coastal seed mix; 2) fine subsoil/topsoil/coastal seed mix; 3) coarse 
subsoil/topsoil/MG5 seed mix; 4) fine subsoil/fine crushed rock top layer/MG5 seed mix; 5) coarse subsoil/topsoil/coastal seed mix; 6) coarse subsoil/ fine crushed rock top layer/MG5 
seed mix; 7) fine subsoil/topsoil/MG5 seed mix; 8) fine subsoil/ fine crushed rock top layer/coastal seed mix. 

 

 

 

Sample name

Soil 

depth 

(cm)

pH
Conductivit

y (µS/m)

Moisture 

content 

(%)

Loss on 

ignition 

(%)

Median 

particle 

size 

(µm) 

Textural group

Total 

oxidised 

Nitrogen 

(µg/g soil)

Phosphate 

(ppb) 

(Mehlich 3 

extraction)

Potassium 

(ppb) (acid 

digest 

extraction)

Calcium 

(ppb) (acid 

digest 

extraction)

Sulfur     

(ppb) (acid 

digest 

extraction)

Magnesium 

(ppb) (water 

filtered 

extraction)

Copper     

(ppb) 

(Mehlich 3 

extraction)

Lead          

(ppb) 

(Mehlich 3 

extraction)

Vtp Rep. d, treat 1, end NA 8.59 87 4.2 1.0 2254.0 sandy gravel 0.06 2.10 538.63 73602.91 416.86 10.72 6.05 0.27

Vtp Rep. d, treat 2, end NA 7.09 45 23.0 4.9 128.5 gravelly muddy sand 0.25 64.17 535.49 2866.18 303.65 3.26 4.82 0.58

Vtp Rep. d, treat 3, end NA 6.87 44 27.6 6.5 119.2 gravelly muddy sand 9.16 132.39 848.61 3538.17 428.91 1.80 6.78 1.06

Vtp Rep. d, treat 4, end NA 9.29 71 4.7 23.3 2161.7 sandy gravel 0.04 0.77 421.52 73205.40 446.26 11.13 6.31 0.30

Vtp Rep. d, treat 5, end NA 6.71 42 29.9 8.6 100.6 gravelly muddy sand 0.74 118.13 949.74 3289.88 432.48 1.10 6.93 0.89

Vtp Rep. d, treat 6, end NA 8.89 70 5.3 1.3 2236.5 sandy gravel 0.80 4.87 414.38 67163.92 367.03 8.74 7.28 0.29

Vtp Rep. d, treat 7, end NA 6.59 33 29.0 6.2 128.5 gravelly muddy sand 3.00 122.91 1433.16 4580.76 431.98 0.64 6.95 0.82

Vtp Rep. d, treat 8, end NA 9.11 81 3.8 0.7 2261.4 sandy gravel 0.61 2.85 422.56 64655.64 740.67 11.49 5.44 0.27

Vtp Rep. e, treat 1, end NA 9.16 88 3.8 1.3 2275.2 gravel 2.29 4.01 417.72 66409.01 1128.63 10.12 6.61 0.28

Vtp Rep. e, treat 2, end NA 6.32 26 27.3 4.9 70.3 gravelly mud 5.13 78.65 542.96 1410.67 385.46 0.91 6.36 1.20

Vtp Rep. e, treat 3, end NA 6.43 21 24.7 5.4 54.7 gravelly mud 0.18 42.08 601.47 2282.27 334.72 0.54 7.12 1.86

Vtp Rep. e, treat 4, end NA 9.14 62 4.1 0.9 2248.1 sandy gravel 0.10 1.81 362.80 62616.96 607.81 9.24 5.74 0.26

Vtp Rep. e, treat 5, end NA 6.13 25 27.6 5.6 78.6 gravelly muddy sand 1.61 63.93 530.38 1371.75 365.46 0.69 6.14 1.14

Vtp Rep. e, treat 6, end NA 8.72 88 4.6 1.1 2216.3 sandy gravel 1.07 6.47 439.23 56161.30 745.50 11.10 6.22 0.25

Vtp Rep. e, treat 7, end NA 6.17 33 29.1 5.8 104.9 gravelly muddy sand 0.26 25.56 540.53 1474.81 412.26 1.38 2.89 0.43

Vtp Rep. e, treat 8, end NA 8.81 82 4.9 0.9 2216.6 sandy gravel 0.32 3.04 368.75 56109.83 373.41 9.54 6.59 0.27

Vtp Rep. f, treat 1, end NA 9.08 72 4.9 1.2 2240.0 sandy gravel 0.93 11.45 406.42 53008.23 595.42 9.70 5.78 0.24

Vtp Rep. f, treat 2, end NA 6.32 18 26.2 5.4 88.4 gravelly muddy sand 1.09 65.17 462.81 1140.41 336.39 1.03 5.99 1.17

Vtp Rep. f, treat 3, end NA 6.13 20 27.1 5.4 83.1 gravelly muddy sand 1.98 76.93 482.92 1018.30 333.22 1.39 6.82 1.20

Vtp Rep. f, treat 4, end NA 8.88 78 4.5 0.7 2249.9 sandy gravel 0.06 2.28 354.41 61657.51 319.89 11.11 5.83 0.27

Vtp Rep. f, treat 5, end NA 6.35 21 29.0 5.4 74.5 gravelly mud 0.37 57.38 470.99 2475.37 335.20 0.76 5.46 1.08

Vtp Rep. f, treat 6, end NA 8.99 73 5.0 1.2 2167.5 sandy gravel 0.93 2.37 375.80 61982.65 501.58 9.76 6.65 0.28

Vtp Rep. f, treat 7, end NA 6.86 51 29.4 5.1 78.5 gravelly muddy sand 0.30 47.90 478.31 2296.65 357.14 2.52 4.20 0.70

Vtp Rep. f, treat 8, end NA 9.12 65 3.8 0.9 2274.1 gravel 0.25 2.76 376.25 68120.29 381.07 8.62 6.50 0.32
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7.4 Appendix for Chapter 5 

Table 7.9. Species present in more than one herbarium/collection. 

 

Table 7.10. Species present in herbaria/collections and also sown on the vegetation trial plots 

 

 

 

 

 

 

Species

Agrimonia eupatoria  L. Lindsay E

Anthyllis vulneraria  L. Lindsay E

Armeria maritima  (Mi l l .) Wi l ld. Dick Lindsay E

Blysmus rufus  (Huds .) Link Dick Lindsay

Calamagrostis stricta  (Timm) Koeler Dick Lindsay

Campanula rotundifolia  L. Dick Lindsay

Carex maritima  Gunnerus Dick Lindsay

Digitalis purpurea  L. Dick Lindsay

Ficaria verna  Huds . Dick Lindsay

Geum rivale  L. Dick Lindsay

Geum urbanum  L. Dick Lindsay

Ligusticum scoticum  L. Dick E

Lotus  corniculatus  L. Lindsay E

Lysimachia nemorum  L. Dick Lindsay

Pinguicula vulgaris  L. Dick Lindsay

Plantago coronopus  L. Dick E

Potamogeton gramineus  L. Dick Lindsay

Primula scotica  Hook. Lindsay E

Primula vulgaris  Huds . Dick Lindsay

Pseudorchis albida  (L.) Á.Löve & D.Löve Dick Lindsay

Ranunculus aquatalis  L. Dick Lindsay

Scrophularia nodosa  L. Dick Lindsay

Trollius europaeus  L. Dick Lindsay

Herbaria/Collection

Species

Agrostis capillaris  L. Dick

Anthoxanthum odoratum L. Dick

Armeria maritima (Mi l l .) Wi l ld. Dick Lindsay E

Bellis perennis L. Dick

Campanula rotundifolia L. Dick Lindsay

Daucus carota L. Dick

Primula vulgaris Huds. Dick

Succisa pratensis Moench Dick

Agrimonia eupatoria L. Lindsay E

Galium verum L. Lindsay

Ligusticum scoticum L. E

Lotus corniculatus L. E

Plantago lanceolata  L. E

Prunella vulgaris  L. Lindsay

Silene latifolia Poir. Lindsay

Vicia cracca L. Lindsay

Herbaria/Collection
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Table 7.11. Species present in herbaria/collections and also recorded from reference sites 

 

 

 

 

 

 

 

 

Species

Agrostis capillaris  L. Dick

Anthoxanthum odoratum  L. Dick

Anthyllis vulneraria  L. Lindsay

Arctostaphylos uva-ursi (L.) Spreng. Dick

Armeria maritima  (Mi l l .) Wi l ld. Dick Lindsay E

Bellis perennis  L. Dick

Campanula rotundifolia  L. Dick Lindsay

Carex binervis Sm. Dick

Carex flacca  Schreb. Dick

Cirsium palustre (L.) Scop. Lindsay

Cirsium vulgare  (Savi ) Ten. Lindsay

Drosera anglica  Huds . Dick

Drosera rotundifolia  L. Dick

Erica cinerea  L. Lindsay

Erica tetralix  L. Lindsay

Eriophorum vaginatum  L. Dick

Galium verum  L. Lindsay

Lotus corniculatus  L. E

Luzula multiflora  (Ehrh.) Lej. Dick

Melampyrum pratense  L. Dick

Myrica gale  L. Dick

Parnassia palustris  L. Dick

Pedicularis sylvatica  L. Dick

Pinguicula vulgaris  L. Dick Lindsay

Plantago coronopus  L. Dick E

Plantago lanceolata  L. E

Potentilla anserina  L. Lindsay

Primula scotica  Hook. E

Prunella vulgaris  L. Lindsay

Schoenus nigricans  L. Dick

Scilla verna  Huds . Dick

Herbaria/Collection
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