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1.
Introduction

One of the undesirable legacies of industrialization has been the creation of damaged land that cannot be used productively without major improvement. The definition of derelict sites used by government in assessing the extent of dereliction and their eligibility for grant aid to offset the costs of restoration is, “sites so damaged by industrial or other development that they are incapable of beneficial use without treatment”. In most cases industrial processes produce waste and in many instances, in the past at least, it has remained on site, often preventing the return of the land to its former or an alternative use. The waste resulting from slate quarrying and mining is but one example of a multitude of different types of waste materials (often, unlike slate, contaminated with toxic constituents) which overlie formerly productive or environmentally valuable land. This review focuses on the ecological restoration of such waste materials; especially those arising from slate extraction but also other quarry and mining wastes. 

Until quite recently the presence of waste tips was generally taken for granted and their presence tolerated as an inevitable result of productive industrial activity. More recently, with the decline of the traditional industries that produced the waste and the fragmentation of the communities of people who made their livelihood from them, there has been a sea change in attitude. Especially since the Second World War, removal or restoration and rehabilitation of industrial waste materials has been demanded and much research and development has been undertaken to improve the technology available to achieve such improvements. The nature of this research has depended on the desired objectives of restoration, which include: industrial/cultural; productive agriculture/forestry; conservation/biodiversity; landscape/amenity. Of course in practice there are often multiple objectives, for example a site may be restored to forestry but with enhanced biodiversity and recreational use as additional potential benefits. Initially research was mainly focused on the development of engineering solutions, with little attention being paid to restoring natural ecosystem function. Often the desired endpoint was the creation out of dereliction of land that could be used productively, mainly for agriculture or forestry, but also for recreation purposes such as urban parks and sports pitches (Barr, 1969). Latterly there has been a shift of emphasis towards ecological restoration in which the key aim is the development of functioning, and hence largely self-sustaining ecosystems appropriate to the site and requiring the minimum amount of intervention for their creation and maintenance. Many successful current schemes fall somewhere between these two extremes, effectively marrying engineering and ecological approaches (Department of the Environment, 1996).

Successful ecological restoration depends either on patience, i.e. preparedness to leave sites to nature and allow natural successional processes to take their course, or intervention to speed up and sustain ecosystem development. Essential aspects of intervention on all sites are the management of water and nutrients. If water supply is either inadequate or excessive for prolonged periods satisfactory plant establishment and growth is unlikely. Similarly, shortage of essential nutrients may severely inhibit plant establishment and growth even if all other factors are favourable. A combination of poor soil water relations and inadequate nutrient provision has in the past been the principal reason for failure of restoration schemes. On many sites, particularly those where growth is likely to be slow to establish, control of grazing may also be very important, especially in the early phases. Woody vegetation is generally particularly prone to grazing damage, even when well established. 

Little of the research and development on land reclamation has been devoted to the restoration of quarry wastes, which have generally been considered a minor problem compared with the huge backlog of waste from coal and metal mining requiring reclamation. However, much of the research on reclamation of coal and metal mining wastes is relevant to reclamation of quarry wastes, including slate, and as a result it is covered in some detail here.  

The need to re-use or to restore and rehabilitate waste materials has received added momentum recently with the widespread adoption of sustainable development as a mantra for all aspects of human activity. If we are to achieve sustainable development, the argument goes, we must reverse the profligacy of the past and husband resources for the future. As a part of this process we need to restore and rehabilitate damaged land. The scale of the problem is indicated by the estimate by Daily (1995) that approximately 43% of the Earth’s terrestrial vegetated surface has diminished capacity to supply benefits to humanity as a result of recent, direct impacts of land use. 

1.1
Previous reviews
The first major review on reclaiming derelict and disturbed land was by Whyte & Sisam (1949) covering the UK, USA, Germany, France, S. Africa, and Cyprus. This was followed by reviews by: Limstrom (1953), USA stripmines; Knabe (1958), German mine wastes; Funk (1962), USA stripmines; UK Ministry of Housing (1963), UK derelict land; Civic Trust (1964), UK damaged land; Knabe (1965), world-wide survey; Barr (1969), general survey of UK; Goodman & Bray (1975), world-wide survey; Bradshaw & Chadwick (1980), general; Jordan et al. (eds.)(1987), scientifically and geographically wide ranging; Department of the Environment (1987), UK contaminated land; Department of the Environment (1995), slate waste tips and workings in Britain; Urbanska et al. (eds.) (1997), scientifically and geographically wide ranging; Fox et al. (eds.)(1998), very wide ranging.

Of particular relevance to the current project is the report by Richards, Moorhead and Laing to the Department of the Environment (1995) on Slate Waste Tips and Workings in Britain. This comprehensive report provides technical guidance on the approaches and methods available for rehabilitating workings and in-situ waste tips, and examines the environmental consequences of removing slate waste for use elsewhere. It includes seven case studies drawn from North Wales, the Lake District and Scotland. These valuable case studies illustrate issues such as:

· planning control and site restoration;

· conflicts with wildlife and valued landscapes;

· quarries as sources of secondary minerals, and the environmental consequences of extraction;

· tourism, industrial archaeology and conservation;

· waste disposal;

· reclamation and long-term management;

· informal uses, including woodland, walking, climbing and abseiling. 

The section of the report detailing with reclamation and rehabilitation of slate waste includes sections on scheme funding and the costs of site works as well as more detailed information on reclamation techniques including handling of the waste material, design of drainage systems, establishment of vegetation (including trees) and the need for continued management. The report ends with a useful chapter setting out a framework for the assessment of the land use and reclamation potential of slate workings developed during the case studies which can, with advantage, be used generally.   

8. Substrates and their reclamation

Substrates requiring reclamation fall into two categories, natural and re-creatable substrates, and man-made substrates. 

2.1
Natural and re-creatable substrates

These are substrates which are entirely natural in origin (such as those exposed by mineral extraction, including slate) and which continue to be exposed through mineral activity today, e.g. chalk and limestone and sand and gravel workings. These may be valuable both for the pioneer plant and animal communities which they support (e.g. chalk and limestone quarries, Davis, 1979) and for their plagio-climax plant communities which may mirror important habitats in the wider countryside. Many older pits and quarries support habitats analogous to those on virgin land (Davis, 1979).

2.1.1.
Slate waste

True slates, that is to say rocks of sedimentary or volcanic origin possessing the property of slate cleavage, are widely distributed within older, folded geological strata of the northern and western areas of the united kingdom (Crockett, 1975) as well as in other western European countries, notably N.W. Spain. 

The traditional use for slate was as roofing tiles, but the material also finds application for other architectural purposes. Crushed slate is sold as a filler and coarser granulated slate is used in road building and in a range of building applications. 

Slate is produced from open quarries or, exceptionally, from underground mines. Methods used for removal of slate from the working face are conditioned by the need to reduce the amount of waste produced. This includes overburden, which may have to be removed to get to the slate, and slate waste that is material that is not suitable for use in primary products such as roofing slate. The production of large quantities of slate waste in the past has stimulated a search for possible markets, particularly in the form of crushed slate. This is now the major market. Dressing of slate for roofing purposes can be mechanised to some degree, but there is still a need for skilled manual labour which keeps the cost of roofing slates high. 

Production of slate in the UK in 1998 was 425,000 tonnes (Hillier et al., 2000), about two thirds of its peak of 650,000 tonnes a century earlier in 1898 (Crockett, 1975). However, whereas the 1898 figures refer to the output of directly usable slate only, mostly for roofing tiles and damp proof courses (Crockett, 1975), the 1998 production figures include slate waste used for constructional fill, powder and granules used in industry. These alternative uses of slate now account for more than 80% of production (Hillier et al., 2000). In 1999 there were 49 working slate mines and quarries in the UK, 31 in England, 13 in Wales, and 5 in the Isle of Man. Together these 49 operations employed 605 people (Hillier et al., 2000). 

The legacy of slate waste tips from earlier operations is considerable; 500 million tonnes in N. Wales alone in 1974 (Gutt et al., 1974). While there have been several major slate restoration schemes, for example in Blaenau Ffestiniog, Dinorwig and Corris since 1974, which have had a major beneficial impact on landscape and environment, they will have reduced this backlog of waste only very slightly, but figures are not available.

Slates vary somewhat in their mineral composition but the most important mineral constituents are invariably Sericite mica (38-40%), quartz (31-45%), chlorite (6-18%), haematite (3-6%), and rutile (1-1.5%). Pyrites, pyrrholite, limonite, magnetite, ilemnite, graphite, calcite and other minerals may additionally be present, generally in very small quantities (Crockett, 1975). 

The gross chemical composition of slates resulting from their mineral composition is fairly constant: SiO2 (45-65%), Al2O3 (11-25%), FeO (0.5-7%), Na2O (1-4%), K2O (1-6%), MgO (2-7%), TiO2 (1-2%)(Crockett, 1975). Thus they contain very little or no phosphorus, nitrogen, calcium or sulphur, which with potassium (which is present in substantial amounts) are the major nutrients required for plant growth.  This creates problems when trying to revegetate slate waste.

2.2
Man-made substrates

These include such materials as brick rubble, smelter wastes; wastes from chemical processing such as lime wastes, pulverised fuel ash (PFA). While they may be re-creatable where the materials continue to exist and/or the processes continue to take place, these materials are unnatural and thus different from the natural substrates. Many of these man-made substrates, particularly when old, support unusual pioneer communities, rich in species. An example is the industrial lime waste from the now obsolete Solvay and Leblanc processes at the Nob End SSSI in Bolton, Lancashire, UK, which is noted for its abundant population of orchids and other calcicoles, which are not found elsewhere in the locality  (Gemmell, 1982; 1985). Some wastes of the chemical industry, however, such as spent oxide or chromate, can be extremely toxic and will never be colonised by plants or animals unless covered with an inert material. Gemmell (1985) describes the advantages of using other locally available, relatively inert materials, such as colliery spoil, to cap toxic wastes of this kind. Work by Shu & Bradshaw (1995) suggests that even on very toxic wastes such a layer need probably not be more than 30-50 cm deep to ensure that the surface is well isolated from metal contamination. It is worth noting that another potential advantage of using other locally available, inert material, such as colliery spoil to cover toxic wastes is that it can result in two reclamation problems being solved in one operation. 

Metalliferous spoils may be colonised in time by a range of plants, some of which have been shown in some cases to comprise metal-tolerant plant communities. A well-known and well researched example is Parys Mountain in Anglesey, N. Wales, which was mined intermittently, primarily for copper from Roman times until the early twentieth century. Copper tolerant clones of several grass species have been identified there, but in addition part of the site is notified as an SSSI because of the important lichen communities that it supports. These pioneer communities found on man-made substrates provide a valuable resource not only for nature conservation but also for research into the processes of natural succession and evolution, the latter as a result of insights which can be gained from studying the selection of metal-tolerant ecotypes on metal-contaminated waste materials.

2.3
Evaluating soil resources and soil development

It is important during the essential site investigations prior to development of detailed plans for restoration, to assess the amount and quality of soil and soil forming materials on site and nearby (Department of the Environment, 1996). Importing these materials, especially topsoil, from a distance is always costly and may be unnecessary. Often perfectly acceptable materials for plant growth are available nearby or lie buried relatively shallowly below waste materials. With the use of large-scale earthmoving machinery these materials can easily be exposed and used. A good early example was the use of poor quality subsoil from adjacent areas to cap chromate smelter waste tips and allow their revegetation without expensive chemical amendment (Gemmell, 1972). It may be possible to identify the presence of these materials through knowledge of the past history of the site, which may be gleaned from site records, or perhaps from correspondence or discussion with people who have worked on the site. Once survey work is completed maps and an inventory of soil resources should be compiled to give guidance on the location, quantities and characteristics of on-site materials and their suitability for different after-uses. Guidance should also be given on discarding useless materials, safeguarding others, and also on the feasibility of fulfilling after-use objectives with resources available.  

2.3.1
Topsoil availability, characteristics and use

Where topsoil is available on site or nearby it should be treated with special care, its eventual use (placing, depth, cultivation) being given careful consideration so that its value is optimised. This is because as a result of its good structure compared with subsoil or soil-forming materials, notably its organic matter content and the intimate mixing of this and the mineral element, topsoil has improved water and nutrient supply characteristics and is easier to cultivate. Hence it is more hospitable to plant growth. Because of this it is best used where vigorous plant growth is most required and potential wear and tear on vegetation is likely to be greatest. Target areas for topsoil are therefore likely to be those devoted to agriculture, sports pitches, and areas likely to experience heavy foot traffic in parks or other recreation areas. Even a 100 mm deep layer of topsoil is often sufficient to greatly improve growth of re-vegetated ground in such areas, particularly if the underlying material is of reasonably good quality. The use of topsoil in ecological restorations needs careful consideration, unless it is the material that covered the site prior to industrial activity. This is because the high fertility of topsoil can easily hinder rather than help the development of semi-natural vegetation (Bradshaw, 1977b).  

In order for topsoil to deliver its full potential for improved plant growth it must retain its advantageous chemical, physical and biological properties (Visser et al., 1984). Adverse effects resulting from removal and storage often greatly reduce its potential value. Factors including the technique used for stripping, placement in the heap, storage time, and management of the topsoil often determine the degree of damage. Generally during mining and quarrying activities, topsoil is stripped off and stored in stockpiles until the site is ready for restoration, which may be many years. Although the topsoil is usually separated from subsoil and stored separately it is unusual for the different horizons within the topsoil to be separated and respread in the correct order. But research on restored bauxite mines in Australia (Grigg et al., 1998) suggests that this is crucial if optimal vegetation growth is to be achieved. The most important consideration is that the surface ‘A’ horizon is kept separate from the rest and respread on the surface. Accurate topsoil replacement was found by Grigg et al. (1998) to promote the development of healthy, productive plant communities with associated nutrient cycling capabilities.  

Storage period of topsoil in stockpiles varies considerably, ranging from less than 1 year to more than 10 years. During extended periods of storage anaerobic conditions are created in the deeper layers of the topsoil mound  (Johnson et al., 1991), and decreases in microbial activity and mycorrhizal infection potential are common (Stark & Redente, 1987). Stark & Redente (1987) showed that these negative effects could depend on vegetation buried in the stockpiled soil and depth of burial. In stripping off the surface layers prior to stockpiling of topsoil, most vegetation present is generally destroyed or placed at the bottom of the storage mound. With it goes much of the carbon and nitrogen that would otherwise be utilised by soil micro-organisms. In a study of biomass in stockpiled soils, Williamson & Johnson (1990) found significant amounts present, but most microbes were non-viable or dead. There were often large numbers of bacterial spores accounting for the biomass. 

Decreases in microbial activity in surface layers of stockpiled soils, measured by respiration rates, were found within one to two months of storage. Microbial activity remained higher at greater depths in the stockpiled soil, but was still lower than in undisturbed soils (Visser et al., 1984). Looking in more detail at the nature of the microbes at different depths in stored topsoil, Johnson et al. (1991) found that the number of aerobes decreased with depth, while the number of spore forming bacteria increased.

Recent studies on reclaimed bauxite mine spoil surfaced with topsoil in Australia suggest that recovery of soil biological activity is a good indicator of reclamation success (Jasper et al., 1998). These workers compared the use of remotely sensed spectral data and soil microbial biomass, as contrasting approaches for estimating plant productivity of re-establishing woodland, and thus, site fertility and reclamation success. Normalised difference vegetation index (NDVI) values for rehabilitated bauxite mines increased rapidly from year 1 and reached a peak between years 4 to 6. Soil microbial biomass increased substantially from year 4 to year 8, when it was equivalent to that in undisturbed forest. The relationship of soil microbial biomass with plant productivity suggested that soil microbial biomass can be used as an indirect measure of revegetation success. However, remote sensing of spectral characteristics allows plant performance to be assessed earlier and over larger areas.

To summarise, the number of bacteria, fungi, actinomycetes, and algae are reduced in stored soil when compared to undisturbed sites (Miller & Cameron, 1976). Biomass carbon content of stockpiled soils is significantly lower (Abdul-Kareen & McRae, 1984). All this can lead to reduced soil quality indicated by breakdown of the soil crumb structure (dis-aggregation), reduced nutrient cycling and lower availability of nutrients. The result is a soil which is more prone to compaction and waterlogging (Edgerton et al., 1995), and which is less good as a medium for the establishment and growth of vegetation (Stark & Redente, 1987).

2.3.2
Mycorrhizal fungi in topsoil

The vesicular-arbuscular mycorrhizal fungi (VAM) retained in stored topsoil may be important for re-establishment of some plant species. These symbiotic fungi increase uptake of phosphorus and in some cases nitrogen, and help regulate water uptake by infected plant roots. In return they depend on the host for reproduction (Miller et al., 1985). 

Duration and methods of topsoil storage may affect the survival of VAM fungi and their spores (Miller et al., 1985). There is generally little decrease in viable VAM potential during the first two years of topsoil storage (Miller et al., 1985), but viability decreases considerably after that, possibly to levels only one tenth those of undisturbed soils (Rives et al., 1980). Miller et al. (1985) also found that soil water potential is a significant factor affecting mycorrhizal viability. Drier stockpiles retained greater infection rates, higher moisture content leading to decreased survival.  Miller et al. (1985) demonstrated that in drier conditions activity of the VAM fungi and spore germination are inhibited, thereby increasing survival. They suggested that soils be stored where possible such that water potentials remain below 2 MPA to optimise VAM re-infection at reclamation sites. 

Mycorrhizal propagule densities remain low immediately after reclamation on sites which have not been artificially inoculated with them, but re-establish themselves after a period of two years (Williamson & Johnson, 1991; Gould et al., 1996). This coincides with the appearance of host plants, which are conducive to mycorrhizal colonization. Mycorrhizal propagules existing in the topsoil may be stimulated by the presence of suitable host plants, though more research is needed to elucidate this effect clearly. This is an important effect because it indicates that microbe populations persist in stored soil and can be stimulated into action following reclamation by growing suitable host plants. If topsoil is not available, adding organic amendments may enhance the formation of mycorrhizas (Johnson & McGraw, 1988; Haselwandter, 1997). Inorganic fertilizer additions have no such stimulatory effect on mycorrhizal fungi (Haselwandter, 1997). However, in cases where the indigenous populations of mycorrhizal fungi are inadequate, inoculation with mycorrhizal fungi may be required to achieve successful restoration (Jasper, 1994). Jasper et al. (1992) argue that inoculation may be necessary even for rehabilitation of soils which are not severely disturbed, but in which the return of mycorrhizal fungi would be too slow to ensure establishment of a diverse range of plant species before canopy closure. It may be felt that such costly intervention would only be justified where the desired endpoint of the restoration process is a very specific, biodiverse ecosystem. Another case where inoculation might be justified is on sites where heavy metals are present in sufficient concentrations to inhibit plant growth. It seems that mycorrhizal infection may play a key role in enabling plants to overcome these toxicities (Haselwandter et al., 1994).

2.3.3
Colonization by soil fauna

Compared with the large amount of information concerning the colonization of reclaimed soils by higher plants, very little is known about the succession of soil fauna. Clearly, the development of a community of soil organisms is very important for soil development, and we know that colonization by soil organisms is very much dependent on the accumulation of soil organic matter. Soil fungi are particularly important in helping to develop soil structure. By their growth, fungal hyphae bind soil particles together into crumbs. The long-chain organic molecules, such as polysaccharides and waxes, which are produced by both soil fungi and bacteria, also facilitate the development of crumb structure. 

Once the process of soil formation through fungal and bacterial activity has begun there is a rapid build-up in soil fauna, which feed on the fungi and bacteria as well as on the plant organic matter, and each other. Through their activity decomposition is further enhanced (Majer, 1997), and by their movement through the soil they open it up, improving soil drainage and aeration and hence the quality of the soil for plant growth.  Majer (1997) concludes that soil invertebrates can influence the outcome, possibly even the success or failure, of a restoration programme. He also suggests that knowledge of the way in which the invertebrate fauna is developing can provide valuable information on the efficacy of restoration attempts. However, the efficacy of this approach is limited at present by incomplete knowledge of the roles of the different invertebrate taxa and their interactions with each other and with other soil organisms. 

2.3.4
Re-establishment of earthworm populations

Because of their overriding impact on soil development and fertility, first noted by Darwin (1881), earthworms are likely to be of special importance in restoration ecology. This has been shown to be the case for soils replaced after mining and quarrying (Vimmersted, 1983; Stewart et al., 1988), and on calcareous brick waste in urban re-development areas (Bradshaw, 1983). It is therefore important in planning site working and subsequent rehabilitation to consider how recovery of earthworm populations may be encouraged. 

In a mature soil there can be more than 1 million earthworms ha-1, but it can take a long time for populations to build up in restored soils. Soil stripping, storage and reinstatement practices all adversely affect earthworm populations (Scullion, et al., 1988) and various studies in Britain (Armstrong & Bragg, 1984; Rushton, 1986) showed that recovery in earthworm populations following soil replacement may take longer than had been expected; up to 20 years. These authors noted that the rate of recovery appeared to vary from one earthworm species to another. Small, surface dwelling species such as or Allolobophora chlorotica, which have relatively little effect on soil development, tend to dominate in the early years, while larger deep-burrowing species such as Lumbricus spp. May not become numerous until 5-10 years after soil replacement (Figure 2.1). Scullion (1991) reported attempts to accelerate the development of these advantageous, deep-burrowing species. He found that absence of an effective innoculum appeared to be the major factor limiting recovery, although subsequent management of the site was also important. Effective soil drainage to prevent waterlogging was essential while provision of regular and adequate supplies of food for the earthworms was also necessary. Establishing a high level of vegetation cover and then maintaining it was the most effective means of providing this food source.  Techniques have now been developed and patented in the UK for culturing earthworms and introducing them into restored soils (Butt et al., 1997; Frederickson & Frederickson, 1997). 
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Figure 2.1 The influence of age of site after reinstatement on numbers of Lumbricus species (() and Allolobophora chlorotica (() at former opencast coal sites in Derbyshire (UK). (after Armstrong & Bragg, 1984).

2.3.5
Recommended methods for handling topsoil

It follows from what has been written above that it is important when removing layers of soil with heavy plant to keep the different layers as separate as possible. Topsoil can be much reduced in value for restoration work if deeper layers of subsoil are mixed with it. Unfortunately it is often costly to remove the topsoil layer separately, but every effort should be made to do so. 

In order to reduce its water content and hence maintain its microbial activity, topsoil should ideally be handled only when reasonably dry and should be placed and stored in such a manner as to minimize compaction and subsequent waterlogging. Passage of heavy plant over the storage mounds should be kept to an absolute minimum. Simple things like placing topsoil mounds where excess water will tend to drain away rather than accumulate can also help to reduce excess water accumulation. Temporary revegetation of stockpiled soil mounds also appears to improve surface soil texture and may aid nutrient retention (Good & Hornung, 1984); it also reduces the effects of wind and water erosion and is now generally recommended (Department of the Environment, 1996). Having said all this, the most helpful thing that can be done to retain the quality of topsoil is to keep storage times to a minimum. On some opencast coal sites a programme of ‘rolling restoration’ is practised whereby one part of the site is being restored with newly stripped topsoil from elsewhere on the site. This is generally much more difficult to achieve in quarry restoration where the working life of the quarry is often many decades.

2.4
Soil development on degraded land

Topsoil is often unavailable or in short supply when revegetating degraded land. Even where available its use may be eschewed in some ecological restoration schemes because its high fertility may hinder rather than help the development of sustainable semi-natural ecosystems. When trying to establish vegetation on restored waste material without topsoil maintaining adequate water, oxygen and nutrient supplies to the roots is often the most difficult problem (Bradshaw, 1997b). The waste materials concerned unlike topsoil usually have a poor structure. In particular the mix of coarse and fine particles which characterises fertile soils is generally slow to develop, there being a far higher proportion of coarse particles in most spoil materials. This is particularly true of slates and other slow-weathering granitic spoil materials. Many sedimentary materials, including soft limestones and colliery shales break down quite rapidly on exposure to the air (Table 2.1), thus allowing the processes of soil development and plant colonization to commence (Richardson, 1957).  

Particle size (mm)
A 4 years
B 10 years
C 18 years

<2
100
172
269

2.0 – 6.4
172
250
200

6.4 – 12.7
131
156
140

>12.7
145
125
94

Available water (%)
9
12
14

Table 2.1 Particle sizes in the top 7.5 cm (3 in) layer of Durham coal spoil heaps A (aged 4 years), B (aged 10 years), C (aged 18 yrs). The amounts are calculated with reference to the volume of particles of less than 2 mm occurring in uncolonized spoil A (4-year-old), which is arbritarily ascribed the value 100 (Richardson, 1957).

By 18 years pit heap C in Table 1 carried an open plant community; there was a high proportion of fine particles, and the surface soil was beginning to show some structure. The water holding capacity of the soil also showed an improvement compared with that of the ‘younger’ pit heaps (14% compared with 9% at age 4yr and 12% at age 10yr), with no loss of porosity. It is interesting to note, however, that in a later study of a coal pit heap in Durham, Greenwood (1963) found that even though weathering was quite rapid at the surface, there was no evidence from deep holes dug into the heap either that fine surface material had been washed down in great quantities into the lower layers, or that any appreciable weathering had taken place at depth. While there are no comparable data for rate of weathering of harder materials such as hard slates and igneous materials it is clear from observation that it is much slower. The author has observed that when old slate tips (up to 100 years old) are broken into there is generally no indication of weathering and the coarse, unweathered slate contains large voids mainly devoid of fine material, much as when freshly tipped. There is no doubt that this very slow rate of weathering explains much of the long delay which takes place in plant colonization on slate and similar waste materials. It is these recalcitrant materials which provide the greatest challenge in trying to establish and maintain vegetation cover.

While pit heaps left to themselves rarely develop problems associated with soil compaction, notably waterlogging and associated soil anoxia, restored sites generally do, unless special measures are taken to prevent compaction or alleviate its effects. As well as ‘ripping’ to loosen soil compaction, insertion of a drainage system is routine. The techniques for soil loosening are covered excellently in a review by Spoor & Foot (1998). The nature and subsequent stability of soil disturbance produced by different types of loosening tine, under different soil and weather conditions are identified and recommendations are made for optimizing the effectiveness of the loosening operation. Spoor and Foot (1998) also review requirements for improving the assessment for soil profile conditions and checking the effectiveness of subsoiling (loosening) operations. 

In a study of the efficacy of drainage systems installed during restoration of opencast coal sites, Bragg (1983) found no evidence that the drainage of reinstated land worked any less effectively than that of neighbouring undisturbed land. In the same study he noted that dipwells provide unreliable data about water table levels where zones of compaction are present in restored soils. Examination of the soil profile was essential as it enabled an experienced soil scientist to determine the nature of compaction (depth, thickness, and intensity) and hence explain puzzling drainage deficiencies more effectively.

The increase in water holding capacity with spoil age noted in the above studies is reflected in a reduction of run-off from grassed as compared with bare colliery spoil heaps (Table 2.2). Although the effect depends on both the intensity and amount of rainfall, it is not unusual to find the run-off from bare colliery spoil is three times as great as on grassed areas (Chadwick, 1975). This reduction of run-off is a very important attribute of vegetation; for lost along with the run-off water are much of the minerals newly released by the weathering process. Once run-off has been reduced there is the opportunity for the development of cycling of nutrients within the developing soil and vegetation which is essential for sustainable ecosystem development.

Rainfall over period (mm)
Percentage run-off  (grassed)
Percentage run-off (bare)

2.03
3.35
9.85

5.84
3.42
3.42

17.27
3.94
10.42

18.54
3.56
10.00

19.41
4.74
79.27

Table 2.2. Percentage run-off from grassed and bare colliery spoil sites (Chadwick, 1975)

However, while a degraded or skeletal soil-forming material may be improved in this way, without human intervention the process is likely to take a very long time.  For example, a comparison of potassium, calcium and phosphorus supply in an acid colliery spoil reclaimed ten years previously and a Douglas-fir forest ecosystem indicates the much higher proportions of the active pools of these nutrients, especially phosphorus in the forest soil (Table 2.3).

Colliery spoil

K
Ca
P


Precipitation
0.56
3.53
0.19


Vegetation
1.00
1.00
1.00


Soil
0.10
4.24
1.61

Forest
Precipitation
negligible
0.01
Negligible


Vegetation
1.00
1.00
1.00


Soil
1.06
2.23
58.70

Table 2.3 Nutrient supply represented by annual precipitation supply and available soil nutrients compared with the nutrient content of the standing crop for vegetated acid colliery spoil and a second growth Douglas-fir ecosystem (data from Cole et al. 1969 and Chadwick 1975, quoted in Chadwick, 1975).

2.4.1
Re-establishing nutrient cycles in restored soils

Nutrient cycling is very closely linked to soil microbial activity. Carbon and nitrogen cycles in particular are disrupted as soil microbe populations decline and must be re-established during reclamation. 

a.
Carbon cycle

Build up of organic matter and its microbial fraction is a key component of successful ecosystem restoration, since many soil properties such as structure, water retention, nutrient availability, and microbial activity are a function of soil organic matter content (Doran & Parkin, 1994; Nambiar, 1996). Organic carbon fuels the metabolic activity of many soil microbes and the low microbial activity in stored topsoil has been found to be primarily due to depleted organic soil carbon (Visser et al., 1984; Williamson & Johnson, 1991). The loss of soil carbon is greatest in the surface layers of stockpiled soils (Visser et al., 1984), perhaps due to mixing of the rich topsoil with underlying mineral soils and oxidative decomposition. Amending soil with shredded tree bark (Elkins et al., 1984), or fertilizing and planting ryegrass (Williamson & Johnson, 1991) provided bacteria with enough organic carbon to stimulate metabolic activity, as measured by increased microbial carbon.  

b. 
Nitrogen cycle

Nitrogen can be taken up by plants as ammonium or nitrate. Soil nitrogen is usually in the form of ammonia or ammonium but can be oxidized to nitrate by nitrifying bacteria. Removal or storage of topsoil does not greatly affect nitrogen availability which remains high throughout the first year of storage and may be even higher than in undisturbed soil (Visser et al., 1984). Some nitrogen continues to be available through nitrification activity after 2-3 years of storage (Sorensen & Fresquez, 1991). Significant levels of ammonium may accumulate in the deep anaerobic zones of stored soil that result in high nitrification potential when exposed to oxygen after respreading (Visser et al., 1984: Williamson & Johnson, 1990). Plants grown in this soil generally show good growth during the first year after soils are respread. However, Davies et al. (1998) showed that after respreading stockpiled soil, which in this case had been in the heap for 12 years, nitrogen loss both as nitrate and organic-N was considerable. Over the two-year monitoring period, 2449 kg ha-1 of nitrogen was lost from the soil profile. Ninety percent of this was not accounted for either in the soil or in the runoff of drainage water as mineral-N and was presumed to have entered the atmosphere or aquatic environment as organic-N. In the latter case there could be serious point source pollution of watercourses and static water bodies. More needs to be known about the fate of nitrogen emanating from topsoiled restoration sites in order to assess the risk of nitrogen pollution of freshwaters, and if necessary develop preventative measures. In arid and semiarid climates soil ammonium may accumulate in stored soils to toxic levels. If the soil is highly saline as well this may result in severe problems for revegetation.

2.4.2
Soil amendments as an aid to development of nutrient cycling

In addition to the problems associated with lack of sufficient fine mineral particles, spoil materials almost invariably lack the organic matter component which accumulates in normal soils as a result of the decay of above-ground litter and roots and which becomes intimately mixed with the mineral fraction to form soil. Organic matter not only improves the structural characteristics of soil, improving its water holding capacity while reducing any tendency to waterlogging, it also holds the key to soil fertility, especially with regard to nitrogen. Organic material well decayed becomes humus which, when intimately mixed with the fine mineral fraction stores essential plant nutrients, notably phosphorus and nitrogen in forms which are readily available to plant roots. Equally important, the nutrients are released slowly and steadily at rates appropriate for plant uptake. This soil organic store of elements is not, however, essential for plant growth, since all of them can be replaced by nutrients supplied artificially as fertilizers. But it is not easy to supply them in the slow progressive manner achieved by organic matter so repeated applications are generally necessary. 

The most important nutritional role of soil organic matter is nitrogen supply, indeed in the absence of added fertilizers organic matter is the only source of soil nitrogen. This is because nitrogen does not occur in rocks except where these contain strata derived from organic materials such as oil and coal, as in the case of some carboniferous shale. Developing a satisfactory proportion (2% or more) of integrated soil organic matter and adequate associated nitrogen content (800-1000 kg N ha-1) in the rooting zone, and maintaining it is generally the most difficult task when establishing any vegetation, including trees on quarry waste materials (Kendle & Bradshaw, 1992).

 The use of various soil amendments to achieve this was extensively researched for various types of waste material in the 1960’s and 1970’s (see review by Humphries & Bradshaw, 1977), including for slate waste (Sheldon, 1975; Sheldon & Bradshaw, 1976). These studies mostly compared natural materials (Table 2.4). 

                                                Composition (%)

Material
N
P
K
Organic matter
Special problems

Farmyard manure
0.6
0.1
0.5
24
can be toxic applied directly to plants

Pig slurry
0.2
0.1
0.2
 3
high water content

Poultry manure
2.0
0.7
1.0
50
high levels of ammonia

Sewage sludge (air dried)
2.0
0.3
0.2
45
possible toxic metals

Peat (partly dried)
0.1
<0.01
<0.01
50
variable, especially calcium content

Mushroom compost (dried)
2.8
0.2
0.8
95
none except high lime content

Domestic refuse (municipal)
0.5
0.2
0.3
65
miscellaneous objects

Straw
0.5
0.1
0.8
95
adverse C/N ratio

Table 2.4 Typical levels of plant nutrients and organic matter in a range of materials which can be used for reclamation work (after Bradshaw & Chadwick, 1980).

The use of sewage sludge, either alone or amended with other materials, has been quite widely researched, as much in the search for an acceptable on-land disposal option for this abundant material as to determine its benefits in land reclamation. For example, Atkinson et al. (1991) evaluated sewage sludge composted with straw on colliery spoil, gravel quarry waste and London clay. The composted sewage sludge was generally difficult to spread but it did significantly enhance dry matter yield of grass/clover mixtures on all three sites. Generally application of composted sewage sludge also increased weed growth. In another study in South Wales (Moffat et al., 1991), digested liquid sewage sludge was applied to Japanese larch (Larix kaempferi) trees growing on a restored opencast coal site where there was no topsoil or subsoil available to amend the carboniferous shales used as soil forming material. Following a single application of sludge in 1988, tree height increment increased linearly with sewage sludge application rate (max. 250 m 3 ha –1) in the following two growing seasons. Foliar nitrogen and phosphorus concentrations were also dramatically increased in the sludge treated plants, while sludge additions also increased the rate of ground cover development with beneficial consequences for soil formation. There was no follow-up to this study and there appear to be no other studies where the longer-term effects of sewage sludge application have been monitored. 

In a more recent study (Leiros et al., 1996) the effectiveness of cattle slurry was compared with inorganic fertilizer in aiding soil development on opencast lignite waste in Northwest Spain. They showed that cattle slurry was more effective as measured by the soil’s capability for supporting plant growth and promoting organic matter humification 3 years after application. The organically fertilized minesoil was closer to the biochemical equilibrium characteristic of high-quality natural soils of the region. It was also noted by Leiros et al. (1996) that using cattle slurry for recovery of degraded soils would also contribute to solving the environmental problem of how to dispose of this agricultural waste. 

Another source of organic carbon and a small amount of nitrogen is de-inking sludge from paper recycling. In a recent study recent Fierro et al. (1999) investigated the effect of applying de-inking sludge on ecosystem function in an abandoned sandpit in Quebec De-inking sludge (>45% carbon by dry weight, C:N ratio 40) was incorporated into soil at rates of 0 and 105 dry tonnes per hectare, supplemented with nitrogen at three rates ( 3, 6 and 9 grams per kilogram of sludge) and phosphorus at two rates (0.5 and 1.0 grams per kilogram of sludge). Standing biomass of sown tall wheatgrass (Agropyron elongatum) increased in the presence of sludge after both the first and second full growing seasons. High nitrogen application rates further increased yield, more importantly in the second season. The high P rate improved grass establishment in all cases. Ground cover increased with time and doubled in the presence of sludge whereas it declined in the absence of sludge. Phosphorus and N uptake was improved consistently in the presence of sludge. Sludge application also improved soil water retention and cation exchange capacities, and gave an increase in pH and bulk density of sandpit minesoil, all of which may have accounted for the significant improvement in plant responses. Levels of soil C and N suggested that this reconstructed system was approaching sustainability. It was clearly demonstrated that adequate N and P supplements would accentuate the positive influence of de-inking sludge on revegetation.

Other studies have investigated the usefulness of pulverised refuse fines (PRF) as a soil improver in the reclamation of colliery spoil and urban clearance areas with degraded soils in the UK (Chu & Bradshaw, 1996a, 1996b). This material is potentially available in unlimited quantities at a cheap price, hence the interest in its use in soil restoration. Chu & Bradshaw (1996a) found that substrates spread with a 20 cm depth of PRF gave higher yields of perennial ryegrass. (Lolium perenne) than the same substrates with topsoil or fertilizer. The concentration and uptake of nitrogen in the ryegrass was highest in the PRF plots. Despite the relatively high C:N ratio (38) of PRF, mineralization of nitrogen occurred readily and supplied sufficient nitrogen for plant uptake within the 13-month study period. This suggested that the organic nitrogen in PRF is in an easily decomposable form. The potential of PRF to supply available nitrogen was approximately 6-13 times that of the topsoil used. In lysimeter studies at the same sites Chu & Bradshaw (1996b) showed the importance of early establishment of the ryegrass cover in limiting nitrate leakage from applied PRF. They also showed that phosphorus losses were substantially less from PRF-treated materials than from those amended with topsoil. These findings, combined with the sustained plant growth on PRF, suggested that PRF could supply adequate nutrients through mineralization and retain them effectively against leaching. Chu & Bradshaw (1996b) concluded that PRF is an effective soil amendment in land restoration permitting the establishment of a fully functional and retentive ecosystem. 

One of the consequences of spoil materials generally being coarse and devoid of organic matter is their susceptibility to drought. Slate is particularly bad in this respect, especially when tipped on steep slopes because fine material that is formed by weathering or deposited by wind or water is soon washed out of the surface layers in which plant roots have to grow. Often natural establishment of vegetation on such steep tips occurs only towards the bottom of the slope where any fine material and organic matter accumulates, and which remain relatively well supplied with water during droughts. Flowering plant species commonly found growing in such situations include ericaceous shrubs which are tolerant of low levels of nutrients such as Calluna vulgaris, Empetrum nigrum, Vaccinium myrtillus and V. vitis-idaea, similarly tolerant grasses such as Agrostis canina and Deschampsia flexuosa, and trees and shrubs such as Betula pubescens and Salix spp. Ferns such as Cryptogramma crispa, Cystopteris fragilis and various Dryopteris species are often prominent and on the coarsest material mosses such as Lycopodium selago and (often commonly) Rhacomitrium lanuginosum. Nitrogen-fixing species are generally notable by their absence on nutrient poor hard rocks because there is insufficient phosphorus and calcium.

2.4.3
The value of nitrogen-fixing plants in restoring soil fertility

Assessing the value of nitrogen-fixing plants in developing the nitrogen ‘capital’ required to ensure sustainable vegetation development on waste materials has been a consistent strand of restoration research. White and red clover (Trifolium repens L., T. pratense L.) can fix 100 kg N ha-1 yr-1, which is equivalent to the application of 500 kg ha-1 yr-1 of a nitrogenous fertilizer such as sulphate of ammonia (NH4)2SO4 (Bradshaw et al., 1995). Legumes sown either as a mixture with other herbaceous plants to establish vegetation cover, or in a tree planting area can therefore ensure long-term nitrogen supply, provided they receive an adequate phosphorus supply and the pH is not too low (pH >6). In a trial on pulverised fuel ash (PFA) in S. Wales clover stimulated response of three tree species, especially Acer pseudoplatanus (Figure 2.2), indicating that the nitrogen it had fixed did become available to the trees. However, the decreasing magnitude of tree growth with time indicates there was insufficient nitrogen being recycled to maintain the initial rate of growth. This was probably due in part at least to the shading out of the clover by the developing tree canopies. It should also be noted that where legumes are sown between trees, especially if in combination with grasses, they may compete with the trees for water and nutrients in the short term, so they must be kept away from the rooting zone of trees with herbicides or mulches. 
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Figure 2.2 Height growth of sycamore (Acer pseudoplatanus) grown on a pulverised fuel ash site in South Wales in the presence or absence of clover.

 Fast-growing nitrogen fixing plants developed for agricultural use, such as clovers require adequate phosphorus and calcium if they are to thrive. However, nitrogen accumulation can be achieved on most sites, albeit at a reduced rate, without fertiliser applications using less vigorous nitrogen fixers such as Medicago lupulina and Lotus corniculatus. Another alternative is to use faster-growing legumes such as lupins (Lupinus polyphyllus, L. arboreus) and vetches (Vicia sativa, V. sylvatica) to establish rapid, albeit probably unsustainable vegetation cover; in effect ‘green manuring’. Provided the organic matter and nutrients, especially nitrogen in this material can be kept on site, subsequent vegetation, including planted trees and shrubs will benefit from the soil improvement that has taken place.

As well as using herbaceous nitrogen fixers, tree species which are themselves nitrogen fixers, such as alders (Alnus spp.) and false acacia (Robinia pseudoacacia L.) may be used. They are likely to grow much faster than non-fixing tree species and if planted in mixed stands will enhance both the nitrogen content in the soil and the growth of non-fixing species (Tarrant, 1961; Hodgson & Buckley, 1975; Binkley, Lousier & Cromack, 1984) (Figure 2.3). However, as with the case of herbaceous nitrogen fixers this nitrogen ‘nursing’ effect may be delayed for some years because of the initial slow rate of release of the fixed nitrogen from woody tissues (Kendle & Bradshaw, 1992). This disadvantage may be offset by the fact that nitrogen-fixing trees and shrubs, unlike herbaceous nitrogen fixers will continue to input nitrogen to the site after canopy closure and hence continue to stimulate the growth of companion species. This is indicated clearly in Figure 4 where sycamores growing close to alder were still accelerating their growth nine years after planting. This is good because nitrogen-fixing woody species suitable for planting on restored industrial sites are generally short-lived and the aim should be to use them to give longer-lived species requiring more fertile soil a good start. However, achieving successful nursing by nitrogen-fixing trees is not guaranteed and they may in fact be counter-productive if they compete directly with the trees they are meant to stimulate. Hodgson & Buckley (1975) planted Sitka spruce (Picea sitchensis) in mixtures with three nitrogen-fixing species (Alnus glutinosa, Eleagnus angustifolia and Robinia pseudoacacia) on PFA. They found that the more rapidly growing nitrogen-fixing species shaded the spruces, negating any beneficial nitrogen fertilisation effect. They suggest that matching species with complementary growth form to take maximum advantage of available light and planting them at densities which allow the nursed trees to compete with the nitrogen fixers while benefiting from the nitrogen they produce is necessary. This requires good silvicultural knowledge and may need regular intervention to maintain a balance between the different tree species. Bearing these thoughts in mind, woody nitrogen-fixing species which have been shown in many studies to be valuable for interplanting on infertile sites in Western Europe include Alnus glutinosa, A. incana, A. cordata, Robinia pseudoacacia, Cytisus europaeus, Hippophae rhamnoides, Elaeagnus angustifolia, Lupinus arboreus and Ulex europaeus (Bradshaw et al., 1995).
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Figure 2.3 The performance over 10 years of alder and of sycamore growing on a poor substrate at various distances from a nitrogen-fixing species, alder (redrawn from Kendle & Bradshaw, 1992).
3.
Ecological restoration

The main aim of ecological restoration is rebuilding damaged ecosystems. Ecosystems comprise the complex of biological and non-biological elements occurring together in a particular area. Damage to either or both elements can result in diminished ecosystem function, for which there are various indicators including reduced nutrient cycling and reduced biomass production and breakdown. In extreme cases biological activity may be reduced almost to zero and in the absence of restorative intervention it may take a long time (perhaps decades or centuries) before activity is fully restored. Diminished ecosystem function is generally associated with damage to ecosystem structure. This will generally involve such drastic activities as removal of topsoil and subsoil, or at best their retention in an altered form which is generally inferior to that prior to disturbance. This is likely to be associated with disruption, or in extreme cases destruction of plant, animal and soil and aboveground microbial communities. Altered biological diversity, especially reduction in the presence of characteristic species associated with the ecosystem prior to disturbance, is one of the classic symptoms of ecosystem damage. 

Being able to restore ecosystems effectively requires sound understanding of the fundamental processes controlling ecosystem structure and function and how they are affected in damaged sites. Only then can the most effective actions be taken to aid restoration of ecosystem structure and function (Bradshaw & Chadwick, 1980; Cairns, 1988; Bradshaw, 1997a). The options available to the restoration ecologist have been presented graphically by Bradshaw (1987, 1997a)(Figure 3.1) with ecosystems structure and function as the axes. Both structure and function will have been damaged and will need to be restored. Rehabilitation, in which progress is made towards complete ecosystem restoration but the original ecosystem state is not achieved, and reclamation, to something different, are represented in this figure.

When considering the restoration of ecosystems it is necessary to appreciate that they are never static, but in a state of  (variably) dynamic equilibrium. Thus in aiming to restore a particular, prescribed ecosystem we may need to work against natural processes rather than with them, which is contrary to good ecological restoration practice. In many situations it will be more appropriate to aim to restore a working ecosystem with acceptable characteristics rather than spend a great deal of time and money trying to re-establish a particular ecosystem because of preconceived ideas about what the restored site should, rather than could be like. In many restoration projects it is also necessary to consider the costs of maintaining the restored ecosystem, which again will be greater the more artificial the desired end point. Thus if it is desired to halt an ecological restoration project at a certain stage of succession, 

e.g. before scrub develops to a point where it excludes other habitats, this will require

regular maintenance. This requires both continued planning and the indefinite 

allocation of resources.
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Figure 3.1. The different options for the improvement of a degraded ecosystem expressed in terms of the two major characteristics of structure and function. (after Bradshaw, 1997a).


Fortunately, there is a great potential for recovery inherent in even the most degraded ecosystems. Almost any waste heap, unless it contains high concentrations of toxic substances, will sooner or later acquire vegetation and eventually develop into a functioning ecosystem, albeit perhaps a relatively impoverished example of what might develop under more favourable conditions on the same site. But such ecosystem development may take a very long time, which might not be acceptable, while applying modern ecological understanding and technological aides it may be possible to reduce the waiting time very considerably. Alternatively, these techniques may be used to produce quite different, but acceptable outcomes. 

3.1
Planning ecological restoration

Box (1996) emphasises the need to set clear objectives for ecological restoration and habitat creation schemes, because the processes involve human intervention in combination with natural factors operating over time. Objectives are required for both management and monitoring in order to enable measurement of success or failure. Increasingly there is a demand for this information to be placed in the public domain. 

The most effective way to achieve high-quality restoration and creation schemes is to define the output of the process, be it a habitat, vegetation type, or biological community. The better the definition of the output, the greater the need to define the inputs and the nature of the intervening processes. Box (1996) emphasises that ecologists and environmental managers have a key role to play in establishing the degree of definition necessary in order to achieve a particular objective

Successful reclamation of any site requires a realistic approach, clear thinking by people with the requisite knowledge and experience, and careful planning. Accurate diagnosis of the constraints that exist and the development of appropriate strategies for ameliorating ground conditions to meet afteruse objectives are crucial. The possibility that even following treatment severe limitations may still exist should be considered, and possible implications for future land use options be identified. Poor choices of options or failure to deal appropriately with site conditions can result in reduced benefits to the community and increased maintenance costs. The latter is an important consideration since, while the costs of reclamation are normally eligible for grant aid, long-term management costs are borne by the landowner. This can place a substantial financial burden on a company or local authority with many sites to maintain. Site investigation is the first stage in assessing the potential for revegetation to ‘green’ after-uses and the problems likely to be encountered. 

Doubleday (1991) and Samuel (1991) stress the importance of carefully planning each restoration scheme individually. There may be a demand for the land to be returned to productive use, whether this be housing, industrial development or manicured urban greenspace. Alternatively, the requirement may be for low input ecological restoration to produce natural areas. Doubleday (1991) stresses the need to involve local people in making these decisions, either directly or through their representatives, if schemes are to have long term potential. For example, if football pitches or areas for bike riding are what is required, then it is no good creating manicured parkland areas or natural areas for wildlife requiring privacy to thrive. 

As part of the pre-planning process it is essential to carry out a full investigation to identify the location, nature and quantity of physical problems, services and resources of all sorts on site. Surveys should also extend to the surrounding environment to assess the landscape context as well as social and ecological factors Department of the Environment, 1996). Assessments of this kind enable the feasibility and cost effectiveness of alternative after-use strategies to be properly evaluated from the outset.  For example, revegetation costs may be substantially reduced by utilising existing resources such as naturally colonizing vegetation, and where land values are low and there are no hazards on site this may be the most acceptable as well as the most cost-effective option. Planned reclamation can lead to the creation of new habitats offering opportunities for enjoyment and education as well as wildlife conservation. Equally, through natural colonisation, many older areas of damaged land have developed valuable plant assemblages and may support regionally and even nationally rare species and habitats (Greenwood & Gemmell, 1978; Davis, 1979; Department of the Environment, 1996). A considerable number of these sites have been designated as Sites of Special Scientific Interest (SSSI). In the Department of the Environment guidance document on reclamation of damaged land for nature conservation (Department of the Environment, 1996) plant communities are sub-divided according to the substrates on which they are found.

As well as harbouring rare plants, damaged sites often provide habitat for uncommon or threatened animals. Slate and igneous rock quarries, and old metal mines such as those in Wales, often provide important breeding sites for birds such as peregrine falcon and chough (Martin et al., 1994). Quarries, drift mines and shafted mines also provide valuable sites for bats, invertebrates, such as cave spiders and for rare mosses and ferns. Thus removal, or restoration and artificial revegetation of waste materials can sometimes be damaging to nature conservation. This is especially likely to be true in industrial areas where derelict land may provide the only opportunity for the natural development of volunteer plant and animal communities. 

The steps involved in the development of a successful reclamation scheme as envisaged in the early days of restoration ecology are summarized in Figure 3.2 (Bradshaw & Chadwick, 1980). Note that at this time it was normal practice to use seeds or plants obtained from outwith the site to establish vegetation cover. Now there would be greater emphasis on encouraging natural revegetation wherever possible (Bradshaw, 1997a). As well as early consideration of the ultimate land use it is essential that proper exploratory work take place, including experiments as well as analyses, if required. Feedback from this exploratory work should be fed into the reclamation planning process, as it may be necessary to revise the aims. Monitoring the reclamation itself, including fauna as well as flora wherever resources permit, and the effectiveness of the aftercare are both important, not only for the particular site under consideration, but also to improve future success rates.



 Figure 3.2 The steps involved in the development of a successful restoration scheme. At a number of stages feedback may lead to alterations in the programme (after Bradshaw & Chadwick, 1980).

3.2
Mapping and evaluation of flora and fauna

Good mapping and evaluation of existing vegetation on restoration sites can highlight existing areas of high nature conservation value (Department of the environment, 1996). While less attention is generally paid to existing fauna, this too should be surveyed as it may add to the interest of the site or even prove to be the main reason for wishing to safeguard it. Careful assessment of plant community structure will give good guidance on the likely animal communities present, since animal communities reflect vegetation composition and architecture (Stinson & Brown, 1983; Holmes & Robinson, 1984; Stork, 1987). More often areas of relatively natural vegetation will be discovered which support an unexciting fauna. While not meriting protection these areas may form the basis for valuable natural areas. These may require only minimal intervention to enhance their wildlife values, such as introduction of species which would normally be present in the ecosystem concerned but which for reasons such as isolation may not yet have colonized (Bradshaw, 1998). Such areas can also sometimes provide appropriate material for creating “nature” areas on similar substrates elsewhere on site. If the site investigation can be extended beyond the site boundaries it may be possible to enhance the nature conservation value of the site, and perhaps its landscape value, by integrating natural areas either present on the site or planned as part of the restoration, with similar areas in the surroundings. This can also aid the colonization of the natural areas on the restored site by missing species through the establishment of wildlife corridors. Also, increase in site size is, other things being equal, normally associated with increased biodiversity – bigger sites are better. Careful manipulation of on-site landform and substrates as described later in this review can also be used to provide a diverse range of interlinked habitats with additional benefits for visual amenity, informal recreation and education.

3.3
Successional processes on restored land

Understanding successional processes in order to be able to control them more effectively is one of the key requirements in restoration ecology. We have already seen how a wide range of factors, including the nature of the waste material, the availability of topsoil and its handling, the development of soil fertility and the control of soil air and water content determine the suitability of reclaimed sites for revegetation. However, there is much that can only be learned by studying natural successional processes in the field. 

In a study of natural succession on regraded placer mine spoil in Alaska, Densmore (1994) identified three successional patterns on the basis of plant community characteristics using cluster analysis, and which were related to substrate characteristics. First, a riparian plant community with vigorous Salix alaxensis and Alnus crispa grew rapidly on topsoil that had been spread over the regraded spoil. Second, a similar plant community with less vigorous S. alaxensis developed more slowly on unprocessed spoil and spoil amended with a small amount of topsoil. Third, processed spoil remained almost bare of vegetation, although S. alaxensis was able to establish and persist in a stunted growth form. In contrast, Alnus crispa had difficulty establishing on processed spoil, but the few established seedlings grew well. Several substrate variables, including the proportion of silt and clay vs. sand, total nitrogen, and water retention capacity, were good predictors of the rate and pattern of succession. Total nitrogen was the best single predictor for the number of vigorous S. alaxensis.

In an earlier study, Densmore (1992) had investigated succession on an Alaskan tundra disturbance with and without assisted revegetation by grass. In comparison with the no-grass treatment, the grass treatment inhibited or delayed establishment and growth of native plants. Many species, particularly non-legume forbs such as Epilobium latifolium, failed to establish on the grass treatment; establishment of other non-legume forbs and some shrubs was delayed; and growth of the dominant shrub Salix alaxensis was inhibited. In contrast, legumes such as Astragalus alpinus established and grew equally well on both treatments. Grass treatment effects were attributed to the very dense shallow root system of the planted grass and to higher moss cover, which probably reduced soil moisture in the upper portion of the soil profile, decreased the number of “safe sites” for seedling establishment, and competed for limited nutrients.

In another more recent study, ecological succession on opencast coal sites was studied by comparing processes on naturally revegetated chronosequences of 1, 7, 17, 30 and 45-year old sites and on sites that were regraded, received topsoil, and were fertilized and seeded (Wali, 1999). In both cases, vegetation and soils of adjacent, relatively undisturbed areas were also studied for comparison. Plant species richness was lowest at the 1-year old site (26 species) and highest at unmined sites (114 species); species richness increased with site age, which was shown to be the most important factor influencing species richness and abundance. On the younger sites, the environment was characterized by unleached parent materials high in electrical conductivity, SO4, Mg, Ca, and Na and plants growing there were non-native, annual pioneers. At about 30 years, the edaphic conditions had moderated somewhat, and the species complex had a greater number of native species. However, even after 45 years, there were clear differences among mined and unmined sites both in species composition and edaphic conditions. Apart from site age, topographic variables had the greatest influence on plant community composition and biomass. Aspect was shown to be the main influencing topographic factor with soil organic carbon and nitrogen accumulation being greater on north facing slopes than on south facing slopes, as was the accumulation of organic nitrogen.

On both the abandoned chronosequence mine sites and the managed sites, dispersal of seeds (immigration) seemed to be more important in determining the composition of the flora than seeds in the topsoil. But in contrast to abandoned mined sites, the managed sites showed (a) a very rapid replacement of pioneers, (b) three to five times faster rates of leaching of ions capable of diminishing plant growth, (c) 5-8 times faster rates of mineralization of ions that promote growth. The comparison of abandoned and managed systems clearly showed that the rehabilitation process could be achieved many decades sooner with human assistance.

3.3.1
Assembly rules

A strong current theme in ecological theory relating to successional processes, based on an earlier paper by Connell & Slatyer (1977), is that of ‘assembly rules’. The suggestion is that a given community or ecosystem can only be assembled satisfactorily if the species are introduced in a particular order. Within assembly rule theory there are three possible models of species interaction in succession: facilitation, inhibition, tolerance (Connell & Slatyer, 1977). Facilitators are said to assist the establishment of other species, for example nitrogen fixers enabling colonization by other species.  Inhibitors are believed to exclude or restrict the establishment or growth of other species, for example coarse grasses preventing the establishment of slower-growing forbs. Tolerators are assumed to have little or no effects on other species. 

While all of these interactions probably occur in ecological restoration schemes and some, notably facilitation by N-fixers, are of obvious importance, Bradshaw (1998) considers that restoration ecologists should not be too concerned about assembly rules. He considers that in most cases species can all be introduced or allowed to arrive together, uncertainty as to the end result being the only concern, and one which should be acceptable in most circumstances. Of course, as he points out, this is not the case if the desired end result is a particular prescribed community or ecosystem. In that case more attention must be given to the control of succession, for example by sowing or planting particular species and/or by translocating communities wholesale. These approaches are discussed in more detail elsewhere in section 5.

3.4
Establishing trees and woodland on restoration sites

Restoration involving tree planting is given a special place here because trials of tree establishment on slate waste is a major component of the current LIFE project. 

3.4.1
Requirements for successful tree growth

The basic requirements of trees may be divided into aboveground and belowground components. Aboveground trees need air and light for photosynthesis and respiration. Belowground roots need water to replace that lost from the canopy, oxygen for respiration, an adequate supply of essential nutrients, and good contact with the soil to provide a firm anchorage. The means of achieving these requirements in restoration projects are discussed throughout this review. Moffat & Bending (1992), referring to restoration to woodland on restored opencast coal sites suggested the minimum standards for soil-forming materials shown in Table 3.1.

Bulk density

Stoniness

pH

Electrical conductivity

Iron pyrite content

Heavy metal content concentrations

Organic contaminants
<1.5 g cm-3 to at least 50 cm depth

<1.7 g cm-3 to 1 m depth

<40% by volume. Few stones >100 mm in size

4.0-8.0

<0.2  S m-1 (soil: water suspension)

<0.005%

Not excessively over ICRCL* (1987) threshold trigger

Not exceeding ICRCL (1987) action trigger concentrations  

Table 3.1. Minimum standards for soil-forming materials acceptable for woodland establishment (from Moffat & Bending, 1992)

*ICRCL: UK Inter-departmental Committee on the Redevelopment of Contaminated Land

3.4.2
Treeplanting in ecological restoration projects

The value of using nitrogen-fixing trees and shrubs to build up soil nitrogen capital and enhance the growth of other non-fixing tree species planted on restoration sites has already been referred to. Here I draw attention to research indicating the value of tree planting in restoration projects, both in re-establishing woodland and encouraging native woodland biodiversity.

In a chronosequence study, in New Zealand, the success of restoration plantings in restoring indigenous forest vascular plants and ground invertebrates was assessed on previously grass-covered sites (Reay & Norton, 1999). The composition and structure of grassland, three different aged restoration plantings (12, 30 and 35 years old), a naturally regenerating forest (100 years old), and a remnant of the original old-growth forest of the area were measured. Despite the domination of the restoration plantings by a tree (Olearia paniculata) which was not native to the area, indigenous forest invertebrates and plant species were present in all of the three restoration sites. The sites became compositionally more similar to the naturally regenerating and mature forest with the passage of time. The presence of regeneration of key plant species in all three of the restoration plantings indicated that the functional processes that initiate regeneration, such as dispersal, are present. Without restoration, colonization of grassland by forest plants was very slow in the study area and the restoration plantings studied were considered to have been successful because they had considerably accelerated the return to forest at these sites.

In a similar forest regeneration study, but in this case on bauxite-mined lands in the Brazilian Amazon, Parrota & Knowles (1999) compared forest structure and plant species composition in undisturbed primary forest, naturally regenerated forest, and artificially regenerated forest. The artificial treatments were: mixed commercial species plantings of mostly exotic timber trees; direct seeding with mostly native, early successional tree species; mixed native species plantings of more than 70 tree species (the current operational restoration treatment at this site). With the possible exception of the stands of mixed commercial species, which were superior to all others in terms of tree basal-area development but relatively poor in species richness, all treatments were structurally and floristically diverse, with a high probability of long-term restoration success. Of these, the mixed native species plantings appeared to be at least risk of arrested succession due to the dominance of a broader range of tree species of different successional stages or expected life spans. In all treatments, several locally important families of primary forest trees were markedly underrepresented due to a combination of poor survival of initial plantings and limitations on seed dispersal from the surrounding primary forest.

In a similar study in Puerto Rico, Lugo (1997) investigated the effectiveness of re-establishing species richness on degraded lands with tree monocultures. It was found that high species richness could occur under the shade of monocultural stands. A similar result was found by Good et al. (1990) in Kielder Forest, Northumberland, UK, where the species composition of ground vegetation was influenced primarily by light levels reaching the ground and not by tree species planted. Similar ground flora was found beneath the exotic evergreen conifer Sitka spruce (Picea sitchensis)  and native broadleaved species when the spruce was thinned sufficiently to allow comparable light levels to those found in native broadleaved woodland. Lugo (1997) proposed that planted tree monocultures are effective in increasing species richness because the forest manager can match tree species to particular site conditions and thus overcome limiting factors that prevent the regeneration of species-rich forests on degraded sites. Once a forest canopy is established, microsite conditions change and wildlife is attracted. Animals are likely to disperse tree species from surrounding forest patches.

Hodge & Farmer (1996) carried out a survey of forty-six unmanaged urban and ex-industrial sites in southern Britain to relate site factors with natural colonisation by trees and shrubs. The factors observed included: type and texture of substrate; the predominant type of vegetation; aspect; the presence of parent trees in the near vicinity of the site; and the numbers and species of colonising woody plants. The extent of colonisation was very variable and despite an average stocking density of 1500 stems ha –1, only 19 % of the land surveyed was colonised to what the UK Forestry Commission regards as an acceptable woodland standard. Woodland produced by natural colonisation was species poor with an average of three species per site; the most abundant species were ash (Fraxinus excelsior), birch (Betula pendula, B. pubescens), goat willow (Salix caprea) and hawthorn (Crataegus monogyna).These species made up 85% of the colonisation recorded. The presence of the species nearby was usually the most important factor associated with its colonisation of a site. In general colonisation occurred most freely on subsoil, small stony substrates such as gravel and ballast, and with a weak grass sward. Conversely colonisation was less successful on loam soils, sand, unfractured rock/concrete substrates, and sites with grazed swards or no vegetation

3.4.3
Treeplanting on slate waste

Little research has been done specifically on tree planting on slate waste compared to the large amount done on tree establishment and growth on restored derelict and brownfield land generally (see Bradshaw et al., 1995 for an excellent practical compendium of research in this field). Early research in the UK, which has not been superseded, demonstrated the severe problems resulting from the coarse structure and physical instability of slate waste compared with most other waste materials. However, procedures were developed which enabled satisfactory establishment and early growth and these are described in more detail below (Sheldon, 1975; Sheldon & Bradshaw, 1976; Humphries & Bradshaw, 1977). It should be noted, however, that most of the trees described in these studies growing in a trial at Penrhyn Quarry, N. Wales had disappeared 20 years after planting, and most of the survivors had migrated downslope with the moving slate and were stunted, probably in part at least as a result of repeated root damage (Good, personal observation).

3.4.4
Tree planting stock quality

Planting stock quality and its handling prior to planting is of crucial importance when trying to establish woody plants on restored ground (Insley, 1980; Kendle  et al., 1988; Dutton, 1991; Dutton & Bradshaw, 1982). Nevertheless, planting stock quality is often given insufficient attention by those supplying the plants and those doing the planting. A study of planting stock of birch and beech in the UK ‘as delivered’ from 12 different commercial suppliers revealed considerable variation in performance (mortality, dieback and shoot extension) and characteristics (moisture content, root/shoot ratios, and total dry weight) of the stock (Kendle et al., 1988). These differences were reflected in significantly increased mortality and die-back in the year after transplanting of trees grown under bad nursery  conditions (Dutton, 1991). Insley (1980) showed that moisture loss on site prior to planting greatly increased mortality for all species tested, but that some species (e.g. birch, Betula pendula) were more adversely affected than others (e.g. oak, Quercus petraea). The sensitivity of birch compared with oak is probably related to its high proportion of fine roots, which can dry out rapidly. The simple expedient of keeping the transplants enclosed in plastic bags until planting overcame the problem completely. 

I t would be nice to have simple ways of determining whether planting stock is of good quality, but this is currently not possible. Many bad things may happen to even good quality stock between leaving the nursery and being planted on site which can adversely affect its survival and growth. The stock may be held for too long in cold store, or may be stored badly. If heeled in while awaiting delivery to the transplanting site the roots may not be properly covered with soil, or the soil may be too dry or too wet. Stock may be subjected to severe overheating, which may be fatal, for example in the back of a metal box van on a hot day. 

Although percentage water content has been shown to give some guidance to the likely survival of stock, it makes no allowances for the possibility that, in practice, re-wetting may have occurred after a damaging period of desiccation (Bradshaw,  et al., 1995). There is some indication from research that plants with higher root:shoot ratios survive best, but this effect is not clear. However, it does seem to be the case that stock with an extensive root system survive better than those with poorer root systems, provided the extensive root system has not been disproportionately damaged in lifting, as can easily occur (Bradshaw,  et al., 1995). There is evidence from research on fruit trees that transplants leaving the nursery with well developed root systems and a good store of carbohydrates and mineral nutrients are likely to establish and grow best (Atkinson & Ofori-Asamoah, 1987). 

Because of the decline in stock quality which takes place during storage and the difficulties trees often face in adapting to drought in the first summer after transplanting, it is always best in temperate regions to plant trees in the autumn rather than the spring. The best time, if the stock can be obtained then, is immediately after leaf fall, because root activity is still quite high at that time and the plant is fully stocked with carbohydrate and nutrients As a result root establishment occurs before the trees come into leaf. Kendle et al., (1988) showed that sycamore and birch planted in the autumn produced more than twice the length of new roots by the time of leaf extension as those of the same batch planted in spring.

3.5
The relevance of provenance and ecotypic selection in restoration ecology

Little research has been done to determine the influence of provenance of planted plant material on the success of restoration projects. While we know that in natural communities a very high degree of genetic diversity exists within each species, and this may be precisely partitioned amongst different microhabitats (Turkington & Harper, 1979), we have no understanding of how important such variation may be for the successful development of an ecosystem and for its long-term stability (Edwards et al., 1997). This being the case until more information is available it is sensible to continue to operate the precautionary principle and use native genotypes wherever possible. It is not probably appropriate, however, to eschew the use of all plant material not native to a site, particularly in parts of the world where most ecosystems have been strongly influenced by man. 

In an interesting recent paper Lesica and Allendorf (1999) present a conceptual framework for making decisions on choice of native plant material. They consider that two attributes of the site to be restored play an important role in determining which genetic source will be most appropriate: degree of disturbance and size of the disturbance. They argue that local provenances that ‘match’ the habitat to be restored are best where the degree of disturbance is low. But that mixtures of genotypes from different sources may be better for restoring highly disturbed sites to which local plants are not necessarily adapted. Cultivars that have been modified by selection are considered to have serious drawbacks, except perhaps for re-vegetation of small, highly disturbed sites. No experimental evidence is presented in support of these judgements or any clear indications of how non-native provenances might best be selected. 

In relation to the use of selected ecotypes for restoration of difficult sites, Good et al. (1985) compared survival and growth of selected clones of birch (Betula spp.) and willow (Salix spp.) obtained from degraded land, with that of unselected commercial nursery stock of the same species, when planted on a range of restored opencast coal sites throughout Britain. They found that some selected clones of each genus, but not all, had higher survival than the unselected controls, the greatest gains occurring on the least fertile sites. Generally the selected clones had lower growth rates than the unselected controls, confirming the observations of others (Goodman, 1969; Chapin, 1983; Clark, 1983) that ecotypes of a range of species obtained from low-nutrient sites grow more slowly than high-nutrient adapted ecotypes, even when nutrient supply is limited. It seems that in this way the low-nutrient adapted ecotypes are able to conserve nutrients, maintaining a slow rate of growth throughout periods of shortage. High-nutrient ecotypes, on the other hand, are liable to gradually run out of nutrients during periods of shortage, death resulting if low levels continue indefinitely (Clarkson, 1967; Grime, 1979; Rorison, 1968).

One way in which local genotypes of trees and shrubs can be used effectively and at low cost is by direct placing of cuttings. This technique only works reliably for species which root readily from hardwood cuttings, such as willows (Salix spp.) and poplars (Populus spp.). It is widely used wherever these and similar species are needed for plantations (including biomass plantations) and shelterbelts but has not been used much in restoration projects. Cuttings are normally taken towards the end of winter when the donor plants are dormant but renewed growth is not long delayed. Cuttings, which can be quite large, are pushed into the ground, which may or may not have been previously prepared depending on the nature of the substrate. Once the cuttings have rooted and new growth has been produced they may be cut back (‘stooled’) to encourage branching from the base.

4.
General techniques for site restoration 

The most important considerations in the practical aspects of site restoration are the careful handling of soil and soil-forming materials during creation of landforms and installation of drainage, the maintenance and where necessary enhancement of soil fertility, and the establishment and maintenance of vegetation. Griffiths (1991) highlights technological advances that are of particular relevance: 

· improved plant, machinery and equipment for site investigation, chemical analysis, earthmoving, drainage installation, soil preparation, hydroseeding, tree planting, transplanting of mature trees, and site maintenance;

· new products such as geotextiles, geogrids, tree tubes, and water absorbent gels;

· microbiological techniques for dealing with contamination, and for improving plant growth (e.g. tree inoculation with mycorrhizal fungi);

· chemical techniques for neutralising contaminants;

· methods of encapsulation of contamination to remove it from circulation;

· regimes for control and management of vegetation, including grazing regimes and biomass generation for use as fuel or other purposes.

4.1
Landforms and drainage

With the heavy earthmoving equipment now available it is possible, literally, to move mountains. Spoil heaps may be regraded to fit in with local topography and contours. Wetland areas may be created where none previously existed. Whole habitats threatened by industrial activity may be moved elsewhere. 

In the case of waste tips, especially those resulting from old deep mined coal, china clay and slate activities, there may be huge volumes of waste material, but little or no soil or soil-forming materials. These waste tips are much more challenging than modern examples where provision is made for the planned removal and storage of soil and soil-forming materials for subsequent reuse during restoration. In many instances, for example on most opencast coal sites, restoration is now carried out as a rolling process, minimising the damage to soil and soil-forming materials during storage. 

Landform replication is now generally employed in restoration schemes, using heavy machinery to move materials and create landforms that replicate those in the surrounding countryside and hence minimise intrusiveness. In the case of hard-rock quarries where backfill (overburden and spoil) is usually in short supply, more innovative means have been devised for replicating landforms.  This involves the construction by restoration blasting of varied slope sequences of rock screes, buttresses and headwalls with cliffs and ledges, which can be selectively vegetated if required or left to recolonise naturally. In a paper by Bailey & Gunn (1991) the effective use of this technique in the restoration of limestone quarries in Derbyshire, England, is described. Although there is no record of landform replication being used in slate quarries, there is no reason why it should not be equally successful there. 

The simplest way of providing good drainage to a site is by creating a landform with slopes, which will balance surface water run-off and infiltration (Department of Environment 1992). Generally this balance is achieved at an optimum slope angle of between 1.5o (1 in 40) and 1.1o (1 in 50), depending on the soil type. These slopes can take the form of domes, ridges, furrows or a single slope across the site. Slopes leading to a closed drainage system should be avoided. On many schemes, however, the requirements of the after-use will dictate the extent or variation in the slope. For example, slopes of 3o (1 in 20) are generally ideal for agricultural purposes, whilst for forestry a slope of 6o (I in 10) is more likely to provide the right drainage conditions. Similarly the mineral type itself can dictate gradient, with slate and colliery spoil heaps often having slopes as much as 11o (1 in 5) or even 18o (I in 3). Thus on many sites the theoretical optimum is not always practically obtainable and problems may arise, namely:

· On slopes steeper than 2o (1 in 30) - surface water run-off and erosion;

· On slopes slacker than 1.1o (1 in 50) - waterlogging and impeded drainage. 

These will necessitate additional measures either to provide surface water drainage or under drainage. 

The nature of the material is not the only important factor in determining drainage requirements. Although slate waste generally contains a major component of large rock fragments and might therefore be assumed always to be freely draining, when compacted by heavy earthmoving machinery it may become surprising impervious to rain, especially on level surfaces. Simply consolidating the material can greatly increase the proportion of fines, which may result in surface waterlogging and perched water tables. This is of course much more common in finer wastes where avoidance of undue consolidation and/or its relief by ripping after landforming is of critical importance for successful restoration.

4.2 Soil movement and storage

During handling soils may be damaged in three main ways:

· mixing and loss of soil;

· compaction caused by heavy machinery;

· smearing caused by wheel slippage and blades of the excavator

There has been much research on the ways of limiting damage to soils during stripping and replacement. Many of the recommendations have now become standard practice for mineral working sites and are embodied in planning conditions. Standard practices include:

· separate stripping and storage of topsoil, subsoil and overburden (soil-forming material);

· limiting soil movements to dry conditions;

· use of appropriate machinery and techniques.

More details relating to each of these practices can be found in Department of the Environment (1992). 

Detailed information on the adverse changes occurring in soil during storage have been described in section 2.3 of this review. Techniques that limit such damage require that (Department of the Environment 1992):

· different soil types should be stored separately;

· soils should be moved and stored in a friable state;

· unnecessary passes with heavy equipment should be avoided;

· stockpiles, particularly those consisting of heavy soils, should be kept as low as practicable;

· soil mounds should be cultivated to preserve structure and fertility;

· accurate records should be kept of soil movements and storage.

The last point is particularly important. Accurate records should be kept of the location of soil stores and the types, textures and treatments of the soils contained, since respreading may take place many years after initial storage.

4.3 Optimal use of the soil resource

The depth of soil restored will depend on the amount of soil available, the underlying mineral substrate and the requirements of the proposed end use. On sites where there is little topsoil available this should be used where soil fertility is a requirement, such as in the creation of grassed areas intended for intensive use. Subsoil or amended soil-forming material may be adequate or even preferable in areas where soil fertility is less important, for example in places designed primarily for nature conservation.

4.4 Techniques for ameliorating soils and soil-forming materials

Many effective techniques have been devised for improving soils and soil-forming materials on restoration sites. These include improvements to the soil’s physical properties and fertility.

4.4.1
Improving the physical properties of soils 

A restored soil that is suitable for plant growth has a number of key characteristics. It should not be compacted, it should be able to retain adequate water whilst not becoming waterlogged, and should provide a medium for root anchorage and growth. Techniques to improve the physical structure of soils and soil-forming materials include (Department of the Environment, 1992):

· ripping

· crushing

· addition of organic matter

a. Ripping

Some compaction is almost inevitable when moving soils and in most situations deep cultivation (ripping) will improve structure. Loosely tipped, coarse material such as slate waste is an exception. All materials that have been compacted by more than 12% or have a bulk density greater than 1.4 g cm-2 will benefit from some cultivation even when a low maintenance or wild area is proposed (Coppin & Bradshaw, 1982). A great deal of research has been done in co-operation with machinery manufacturers to determine the most effective designs for ripping tines by determining their effects on such soil characteristics as water infiltration capacity, bulk density and resistance to plant root penetration (Humphries & Whittington 1988; Binns &. Fourt 1980, 1981).

b. Crushing

Very coarse materials such as slate waste and coarse shales may benefit from crushing to provide a surface layer of finer material to allow plant rooting and to retain moisture. This technique has been used effectively by the Welsh Development Agency in the reclamation of slate waste tips, for example at the Dinorwic pumped storage electricity generating station in North Wales (Welsh Development Agency,1985). Following major regrading, the surface of the slate was prepared for grass seeding by repeated passes of grid rollers which produced a structure fine enough for grass germination without the use of soil. A tree-planting medium was produced by passing fine selected slate through a mobile quarry stone crushing and screening plant. It was estimated that on this scheme the crushed slate plus fertiliser cost about one third of the cost of imported local topsoil. 

4.5 Improving soil fertility

4.5.1 Soil pH

The pH range of soils on restoration sites varies from about 8.0 on limestone/chalk materials to 2.5 on raw weathered colliery soil. Alkaline pH is not generally a problem for plant growth. Low pH must, however, be ameliorated if vegetation is to be successfully established. Excessive acidity can reduce the availability of essential plant nutrients while legumes used to enhance soil N by fixing atmospheric nitrogen (see section 2.4.3) generally require a pH greater than 5.5. Only when the aim is to create heathland or acid grassland need there be no concern about soil acidity, although even these communities may not flourish at pH 2.5. The usual way of raising pH is by adding lime and tables have been produced for estimating the approximate amounts of lime required to produce a particular rise in pH (Coppin & Bradshaw, 1982; Ministry of Agriculture, Fisheries and Food, 1981). 

4.5.2 Soil fertility

Physical amendments to improve soil structure and reduce compaction can significantly improve soil fertility, notably the provision of nitrogen by reducing denitrification that occurs in anaerobic soil. Also, as seen in section 4.5.1, amending soil pH can enhance fertility. Other principal ways of increasing soil fertility are amendment with fertilisers and organic matter. 

All raw rock materials will have little or no organic matter content and will be extremely deficient in nitrogen. Even if there is topsoil available this may have lost substantial amounts of nutrients, especially nitrogen, during storage. In some cases low nutrient status can be overcome without soil amendment by the use of plant species tolerant of infertile soil and this is often the best approach from the ecological point of view. Especially useful are nitrogen fixers with low requirements for other soil nutrients, such as European gorse (Ulex europaeus) and Tree lupin (Lupinus arboreus)(Jeffries et al., 1981; Marrs et al., 1982; Moffat et al., 1989). 

a. Fertilisers

Where it is necessary to increase soil fertility artificially this may be achieved by application of either inorganic or organic fertiliser. Inorganic fertilisers have the advantages of being cheap, readily available and easy to apply using conventional equipment. However, immediate-release inorganic fertilisers are often lost rapidly by leaching while slow-release inorganic fertilisers are a good deal more expensive and generally require to be mixed into the soil for optimal effect. 

b. Organic matter

A wide range of organic materials has been used for ameliorating soil conditions and improving fertility. These materials are particularly useful for rock wastes, including slate, as they can enhance soil structure and moisture retention as well as providing nutrients in a slow-release form (see Table 4, section 2.4.2). Techniques have been developed for the effective application of a wide range of organic materials including farmyard manure, poultry manure, sewage sludge (widely used in restoration to forestry), mushroom compost, and wood and paper processing wastes. Organic materials high in carbon and low in nitrogen may require N-addition either before application or as a supplement to facilitate their breakdown by soil microbes. On sites that have reasonable soil cover green manuring with N-fixing plants, that is growing a crop and then turning it into the soil, may be an option for increasing fertility.  Not only is soil N level enhanced but soil organic matter content is also enhanced by the decomposition of the plant remains. 

4.6 Herbaceous vegetation establishment

The choice of plant species and methods of herbaceous vegetation establishment will be governed by the proposed after-use and the specific site conditions (Table 4.1). Where areas are required to be returned to productive agriculture, or are likely to receive heavy wear, such as sports pitches, the primary requirement will be to manipulate the site conditions to ensure the survival of productive and/or hard-wearing species, typically predominantly grasses. This is likely to be a high input strategy using all the soil amelioration techniques mentioned above. Alternatively, where productivity or wear tolerance are not of primary concern it is generally much more cost effective to choose species (and where available ecotypes) that will tolerate the prevailing site conditions. This ecological strategy is likely to be the most appropriate for the majority of amenity reclamation schemes. In some cases it may be possible to rely totally or in part on natural regeneration of vegetation either from the seedbank or from incoming propagules, but this may take a long (and unpredictable) period of time. The use of trees and other woody plants in restoration schemes has been covered in section 3.4.

Input
Strategy
Typically appropriate after-uses
Appropriate mineral types

High input
Total amelioration of site conditions leading to the planting of standard mixes
Agriculture, sports pitches, golf courses, intensively used public open space
Anywhere where a substantial topsoil/subsoil depth is available

Low/medium input
Use of ecological principles and processes to guide species choice and planting
Backdrop landscapes, public open space/country parks and areas of habitat creation or reconstruction
Any mineral types where minimal or no topsoil/subsoil cover is available

No input
Natural colonisation
Natural areas and areas out of general public view/use
Any mineral types where minimal or no topsoil/subsoil cover is available

Table 4.1 Alternative strategies for herbaceous vegetation establishment (Department of the Environment 1992).

4.6.1 Choice of grassland species

Standard texts and research literature describe and list the species most suitable for use on reclamation sites. For example, Coppin & Bradshaw (1982) list 25 grasses and 16 legumes and give details of their life cycle, tolerance of temperature, drought, pH, plant habit, role, land use, persistence, cultivation and soil requirements. Some researchers have suggested that a wider range of species could be used and that the use of specially selected or bred cultivars should be considered. The problem in adopting the latter approach is that the seed trade is unwilling to market large numbers of species/cultivars, many of which may not be used sufficiently widely to justify production costs. They also argue that sufficient tried and tested species and cultivars are already available to put together a successful seed mix for any site. 

4.6.2
Hydroseeding

Hydroseeding is now a well-developed technique for establishment of vegetation on sites that are too steep for conventional seeding. Hydroseeding involves applying seed to the surface to be restored suspended in a liquid mixture containing an organic mulch, a stabilizer, and nutrients. Hydroseeding is comparatively expensive compared with more traditional methods of seed sowing, but it can be very effective. It has been used a good deal in reclamation of quarries.  An early successful development of hydroseeding for accelerating colonisation of the headwall cliffs and ledges in Derbyshire (UK) limestone quarries was described in Coppin & Bradshaw (1982) and Byrom & Bradshaw (1989). Sewage slurry containing seeds of appropriate flora, including trees, was pumped over the top of the cliffs and allowed to run down. Much more vegetation established on the treated cliffs compared with the control areas, including a range of tree species. Roberts & Bradshaw (1985) tested the effects of different mulches with and without complete (NPK) fertilizer on the establishment of grass and clover in a grass/clover seed mixture applied hydraulically onto kaolin sand wastes in Cornwall, UK. They found considerable variation, some mulches giving little or no improvement over controls, others doubling the number of seedlings produced. Best were sewage sludge and mulches made from organic fibres and alginates. Fertilizer generally had an adverse effect, especially on clover. One of the main problems with hydroseeding is that the seed is effectively laid on the surface of the material being restored and hence germination and seedling establishment is at the mercy of the weather, the surface conditions, and the possible toxic effects of the nutrients which surround it (Bradshaw, 1997b).  

9. Techniques for ecological restoration

Most restoration schemes of any appreciable size cannot be realistically attempted without applying technological solutions. Unfortunately ecologists have not always embraced technology, fearing that the ‘high-tech’ solutions discussed above will take insufficient account of ecological principles. Concern about the use of  ‘tools’ such as heavy earthmoving plant, geotextiles, herbicides etc. can blind ecologists to the tremendous advantages that technology can offer. As a result too many restoration projects have been dealt with either by environmental engineers, applying all the latest technological fixes to engineer desired restoration objectives, or by ecologists seeking to minimize artificial intervention. This is now changing as ecologists and environmental engineers work ever more closely together, using technology positively in many different ways. For example, using heavy machinery it is possible, as discussed earlier, to loosen compacted soil and thus make it more amenable to plant roots, or create freshwater lakes almost in an instant. Geotextiles can be used to stabilize soil surfaces against erosion and accelerate succession. Herbicides, if used intelligently, can aid the development of desired vegetation by curbing competition from vigorous competing weeds in the early stages of site restoration.

5.1
Translocation of vegetation

Translocation of vegetation may be regarded as the ‘Rolls-Royce’ of ecological restoration techniques. It is generally very costly, but if it works well it results in the re-creation of the whole ecosystem, including much of the fauna as well as the flora. This is significant because restoration of animal (including soil animal) communities is often neglected when revegetating disturbed land. 

Because of the high costs involved translocation is usually considered only when a site of high ecological value is threatened by development, such as occurs sometimes when extracting underlying minerals (Baines, 1989; Anderson, 1995; Helliwell, 1996). There may also be an opportunity for translocation when extension of an active site is taking place and the soil and vegetation overlying the mineral resource must be moved. Anderson (1995) carried out a thorough review of translocation experiments, while Helliwell (1996) reviewed in more detail a number of major schemes in which he was involved. His conclusions are that for optimal habitat transference it is necessary to move the whole of the soil profile, either intact or in separate layers, unless the soil at the receiver site is similar in all major respects (depth, texture, drainage characteristics, pH, nutrient status) to that at the donor site. It is also important to move soil and vegetation direct from the donor to the receiver site without storage.  Helliwell (1996) considers that if the receiver site is closely similar to the donor site, movement of the upper layer, which contains plants and seeds, may be all that is needed. 

A range of vegetation types have been moved with varying degrees of success, including herb-rich grassland  (Rawes & Welch, 1972; Park, 1989; Worthington & Helliwell, 1987; Anderson, 1989, Good et al., 1999), marshland (Worthington & Helliwell, 1987) and heathland (Grigg et al., 1998). While translocation of mature woodland has not been attempted, for obvious reasons, at least one quite successful attempt to transfer woodland vegetation by relocating woodland soil has been described (Helliwell et al., 1996). 

5.1.1
Herb-rich grassland

Translocation of herb-rich grassland has been attempted more often than that of any other vegetation type. Generally speaking the greatest problem has been matching site conditions in the donor and receiver areas (Anderson, 1989; Helliwell, 1996; Good et al., 1999). However, even if this is not possible, provided re-establishment of precise vegetation types and species is not of overriding importance, very acceptable replacement herb-rich grassland can be achieved. Care in the collection, transport, re-spreading and aftercare of the translocated material is, however, essential, and this requires careful on-site supervision by experienced restoration ecologists who are independent of the company doing the work.

5.1.2
Marshland

The main problem likely to be encountered in transferring marsh vegetation is the requirement for the receiver site to have a high groundwater level (Worthington & Helliwell, 1987; Helliwell, 1996, Good et al., 1999). If this is not naturally the case or can not be engineered there is no point in proceeding. Even if an engineering solution is possible, it is likely to be difficult and/or expensive to control the water table adequately at all times. Helliwell (1996) found that by manipulating site water level it was possible to maintain a suite of marshland species at one site for several years with very few species being lost. However, changes in the hydrology of the site were associated with marked changes in the number of species per m2.

5.1.3 Heathland

Where heathland is the required vegetation type at the end of a restoration project the usual approach is to obtain propagules (seed, dormant seed-bank, plant fragments) of the range of species required from donor heathland communities rather than translocating the heathland itself, although this has been done effectively. Details of the techniques to be used in different circumstances are given in the comprehensive review by the University of Liverpool Environmental Advisory Unit (British Gas, 1988) while Grigg et al. (1998) give details for the establishment of heathland on china clay waste, describing the various approaches to harvesting propagules. These  are:

· A tractor mounted vacuum collector, passing over the undisturbed vegetation to harvest seeds and seed capsules: time of year determines species collected;

· Cutting of the top growth to harvest seed capsules; again the time of year is critical;

· Removing small turves or plugs of surface soil and litter, spaced so that the overall damage to the donor area is limited;

· A combination of cutting and vacuuming of the ground surface to harvest the litter, containing (hopefully) a substantial seed-bank. Lightly scarifying the surface before vacuuming increases the yield of propagules;

· Cutting, rotovating the surface (80 mm depth) and removing the surface soil/litter, seed-bank and plant fragments.

Clearly there is a trade-off between the quality of the harvested material for habitat re-creation and damage to the donor area.

The collection procedures described above can only be practised on any appreciable scale where the terrain carrying donor vegetation is relatively even, allowing the use of tractor power. In more hilly and mountainous areas it is not possible, but in some cases, including the N. Wales site of the current LIFE-Slate project, there is heathland vegetation on site which is available for translocation because of the need to remove it for quarry extension. Trials are being made at this site to re-establish heathland vegetation removed with its peaty soil (50 cm depth) and placed on receiver sites. It is too soon to assess the success of this operation. A review of previous research and practice (British gas, 1988) suggests that transfer of heath turves is most likely to succeed if the operation is carried out in early spring or autumn, when transpiration rates will be lower than in summer. Ideally, turves containing young plants of Calluna vulgaris and Erica spp (4-10 years old) should be used as root damage is more likely for older plants. It is important to get as much of the root systems intact and this normally means removing a turf depth of at least 0.25 m and preferably 0.3-0.5 m. Clearly, the less disturbance there is to root systems the more likely there is to be successful regeneration. 

In most situations it may be more appropriate to use heathland topsoil for heathland restoration rather than translocating turf intact. Heathland topsoil has been used successfully in restoration of lowland and lowland heath in a variety of sites and situations. Normally topsoil is removed to a depth of 50-100 mm and replaced either without further treatment or after breaking up mechanically. Successful regeneration was achieved on china clay waste in Cornwall, UK, where heather moorland topsoil was spread at a depth of approximately 150 mm. It is recommended (British Gas, 1988) that when heathland topsoil is spread onto a bare mineral substrate, particularly if this is coarse, that a mineral subsoil of fine particle size is spread over the coarse substrate before applying the topsoil. This will increase the potential mineral nutrient reservoir through greater cation exchange capacity, and will also provide a potentially larger soil moisture reservoir to prevent the peaty topsoil drying out. 

10. Aftercare and management

In the early days of restoration of mineral workings it was not unusual for the site to be left to itself after the initial restoration work had been completed. Sadly, this is by no means unheard of today, although the reasons may be different. Before the requirements for the sustained growth of vegetation, and the ability of mine wastes to provide them were understood it was often assumed that if vegetation was established and sufficient fertiliser applied, all would be well. We now know, of course, that in many instances this is not the case and it is more often lack of inclusion of prescriptions and tied funding for aftercare, rather than lack of knowledge, that result in neglect.

In drawing up prescriptions for aftercare, just as in planning the initial stages of a restoration scheme, it is essential that the characteristics of the site are fully understood and the objectives of restoration are clear. On many sites maintaining fertility until nutrient cycling becomes fully established is a key requirement. This may require continuing additions of nutrients whether as inorganic fertilisers or through organic sources such as mulches. Management of water may also be a continuing requirement, whether alleviating the potential for drought, or waterlogging. Perhaps surprisingly, both can happen at the same site since soils with poor structure may be difficult to drain but may also tend to shed water, particularly when dry. 

6.1
Fencing, grazing and cutting

During restoration a decision will need to be made on whether or not to fence the site to exclude grazing animals. In many instances, particularly where trees and shrubs are a major component of the restoration scheme, it will be essential to fence out some if not all types of potential grazers. Deciding what to exclude is important because the cost of fencing varies considerably with the type of fence required (see section 7). Also, it will be necessary to inspect the fence regularly and repair or replace it when required. In some situations it may be possible to use controlled grazing by domestic animals such as sheep or cattle to maintain a desired balance in the vegetation, but this requires careful and continuing management and monitoring. Trees and shrubs are particularly vulnerable to livestock during periods of severe weather and much damage can be done in a few hours. If grazing animals are excluded then it may be necessary to cut vegetation to maintain its vitality and to prevent ground vegetation competing with woody plants. A decision will then need to be taken on whether to leave the cut material on site or remove it. From the ecological point of view it will always be best to retain all litter on site as this will aid the development of soil nutrient cycling, but there may be objections on grounds of amenity or nuisance, particularly where the site is adjacent to housing. 

6.2
Use of herbicides

The use of herbicides may be appropriate for spot weeding around trees and shrubs or to control the growth of noxious volunteer weeds such as thistles and docks that may be a nuisance to adjacent landowners or homeowners. But care is necessary in the application of herbicides, which should only be done by skilled operatives; the author has observed more damage to otherwise healthy trees and shrubs growing on restoration sites by carelessly applied herbicides than any other single cause. 

6.3 Management of successions

Vegetation left to itself will change, often in unpredictable ways, due to successional processes. In the absence of continuing management the speed and direction of change will be determined by a number of factors, notably site characteristics, the actions taken during restoration and the composition and productivity of the resultant vegetation, and less controllable factors such as climate. Stochastic events such as fire, landslip, unpredictable species invasions, pests and diseases may also have far-reaching effects.  In the case of restoration to managed grassland it is relatively easy to control successional processes through regular cutting and application of fertilisers. If, however, an ecological approach has been applied and there is a desire to ‘steer’ succession in a particular direction, this is likely to require periodic or continuous intervention, which may not be popular with site operators. For example, management of grazing animals as outlined above, or removal of undesirable invading species may require not only continuing financial inputs but employment of ecologists who can advise on what management is appropriate where, and when. If woodland is the desired endpoint of restoration there may be a need to thin stands as they develop, which can be costly and difficult to do on sites, such as many mineral waste tips, where steep slopes are common. Clearly it is essential that all these possible aftercare costs be discussed fully at the planning stage.   

7.
Assessing the cost and effectiveness of restoration schemes 

It is generally relatively easy to estimate the initial costs of restoring a site provided the scheme is relatively straightforward and involves the use of established techniques employing available machinery. Costs for earthmoving, site drainage, soil preparation, planting or translocation of vegetation, and (where necessary) fencing, are easy to calculate. It is also generally reasonably straightforward to assess the initial effectiveness of the scheme, for example by determining the diversity and abundance of flora and fauna measured against a predetermined requirement. It is much more difficult to estimate the final costs and long-term effectiveness of a scheme. Running costs depend largely upon site maintenance requirements, which in turn depend on the size and complexity of the site, the types of vegetation established, and the flexibility with regard to accepting change with time. Trying to perpetuate particular types of vegetation may require frequent intervention, pushing up costs (see section 3.3 on successional processes). Accepting (within reason) changes in the vegetation with the passage of time is both easier and cheaper and, from the ecological point of view, more satisfactory. 

Details of costs of restoration to particular end uses may be found in a number of publications (Department of the Environment, 1992; Welsh Development Agency, 1995; Edwards & Abivardi, 1997). At current (2002) prices costs range from  approximately £5000 ha-1 for simple ecological restoration schemes involving minimal intervention and aftercare to >£200,00 ha-1 for schemes involving importation of large amounts of topsoil, installation of complex drainage systems, and frequent and costly aftercare management. One general conclusion from Edwards and Abivardi (1997) is that restoration often costs more than the potential value of the restored land. This is relatively easy to determine where the end use is for agriculture, forestry or urban development, but in the case of restoration primarily to end uses such as wildlife habitat, landscape enhancement and amenity it may be difficult or impossible to agree a value and hence make this calculation. 

The effect of scale on the cost of restoration are often considerable, smaller sites always costing more per unit area to restore than larger ones.  The reasons for the higher costs on smaller sites include: difficulty of access and working for contractors, perhaps including the need to use smaller, less efficient machinery; the need to buy materials (including soil and soil-forming materials, plants and seeds, fencing materials) in smaller quantities; and increased costs of fencing and other protection for small areas.

One possible way of reducing costs in some cases is to use volunteer labour, for example to remove invading species, but this will require careful consideration, especially on hazardous sites where it may be difficult to meet health and safety at work requirements.
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