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What lesson for mine closure we can learn from unassisted
soil and ecosystem development
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Abstract

We used chronosequences of post-mining sites combined with long-term observation of individual sites to
compare soil and ecosystem development in post-mining sites undergoing unassisted ecosystem
development, and sites reclaimed by various reclamation technologies in different climatic conditions. Using
these approaches that allow comparison of individual trials over long periods of time is essential, as in many
cases early stage ecosystem development may not be a good indicator of long-term trends. Here, the
overview of major mechanisms that determine soil formation and ecosystem development in various climatic
conditions are given. We also explore soil formation under various restoration technologies. In suitable
climatic conditions, on no toxic overburden, spontaneous processes have the potential to produce valuable
ecosystems. In many types of landscapes, namely those with intensive agriculture such as the many parts of
Europe, spontaneous recovery of post-mining sites brings a unique opportunity to restore natural habitats.
Post-mining landscapes have very high potential for soil carbon sequestration, and in suitable situations, soil
formation can be rapid, resulting in development of 10 cm deep A horizon in several decades. Studies of
spontaneous processes can be useful for improving reclamation technologies, namely the selection of proper
target vegetation and reconsidering or modification of some operations during reclamation.

1 Introduction

Mining causes the severe disturbance of ecosystems, particularly during open cast operations where large
areas of land are obliterated, by being either mined out or covered by waste rock or tailings. In many places,
however, spontaneous re-growth of vegetation has occurred on post-mining land (Prach et al. 2001; Frouz et
al. 2008; Mudrdk et al. 2010; Pietrzykowski 2008; Skousen et al. 1994; Dickinson et al. 2016). The study of
these situations may by interesting for several reasons. We may ask if the sites developing by succession
possess any specific quality for which we may want to allow succession in some post-mining sites.
Comparing reclaimed sites and succession sites gives us an idea about the effect of our restoration measures
(how much they speed up ecosystem development in comparison with situation we would do nothing).
Finally deeper insight in to succession and comparing individual processes in succession and reclaimed sites
may inspire improvement of existing reclamation technologies. The likelihood of succession and the
outcome of its comparison with various reclamation measures depends on many factors such as climatic
condition, substrate and the nature of restoration. This paper examines the successional development of an
ecosystem with reclamation technologies and focusses on the lessons we can learn, namely, in the selection
of proper target vegetation and the modification of some reclamation approaches. There will be particular
focus on soil development as successful recovery of soils is basic precondition for restoring functional
ecosystems (Frouz et al. 2001; Tibbett 2010; Spain et al. 2015; Spain & Hollingsworth 2016).

2 Succession

Ecological succession describes processes that allow the natural reestablishment of ecosystems after
disturbance. Individual organisms gradually migrate to the disturbed area; some establish themselves and
interact with other colonies. Beside interaction between organisms, the organisms also alter abiotic
environment. Altered environmental conditions in turn affect species migration, establishment,
competition and other interaction between species. Plant succession is determined mainly by abiotic site
conditions, the species pool and interspecific competition (Glenn-Lewin et al. 1992). However, complex
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interaction between various trophic levels proved to strongly effect community organisation and
ecosystem development during succession (De Deyn et al. 2003; Frouz et al. 2008; Thompson et al. 1993).
During succession, the overall carbon and nitrogen stocks in the ecosystem gradually increased as they are
accumulated via biological processes from the atmosphere. On the other hand, some rock derived
elements, namely P, but also Ca, Mg (and others), are gradually transferred into the biomass. This is closely
related to soil changes that largely determine ecosystem changes (Frouz et al. 2008). It is generally
accepted that vegetation changes during succession are crucial for the successional development of an
ecosystem, including soil formation. Plants can affect soil directly or they can modify the soil biota
community which in turn may effect soil formation and plant growth (Frouz et al. 2008). Beside roots, plant
litter forms the bottom of the food web and also plays a principal role in the formation of the physical
structure of the habitat by the organic matter entering the soil. The organic matter entering the soil affects
soil biota that feeds directly or indirectly on that litter. Soil biota affects the rate of organic matter
decomposition and nutrient re-release which in turn affects nutrient availability. Soil biota also affects the
distribution of organic matter and aggregate formation which in turn affects sorption capacity and the
water holding capacity of soil. All this affects soil formation and modifies the soil as a habitat for plants
(Ma et al. 2003; Makulec 2002; Scheu & Parkinson 1994; Thompson et al. 1993). In soil poor with nutrients,
plant conserve most of the nutrients in their body; they have evergreen foliage with thick leaves or needles
that produces litter with low nutrient content and low decomposability. Decomposition of such litter is
slow, bioturbation effect of fauna is low, and most of the litter is slowly decomposed on soil surface. In this
way developed humus form caled mor. If the soil contains nutrients, plants have thin leaves with high
turnover and higher nutrient content. Soil is supplied by easy decomposable litter with low carbon to
nitrogen (CN) ratio. Litter decomposition is fast and intensive soil fauna bioturbation results in the
incorporation of litter into soil. This resulted in formation of humus form called mull (Frouz & Tajovsky
2007; Frouz et al. 2008; Ponge 2003). Level of bioturbation and resulting humus form are also related to the
composition of soil biota communities. The low CN ratio and mixing of the organic layer into the mineral
soil promotes a low fungal bacterial ratio, while high CN ratio and accumulation of litter on the soil surface
promotes a high fungal bacterial ratio (Frouz et al. 2008, 2009, 2013a, 2013b; Ponge 2003). This
corresponds to the degree of higher N immobilisation in high CN ratio, and vice versa N mineralisation in
low CN ratio (Figure 1). This clearly shows that besides the dominant role of vegetation soil biota, including
soil fauna, ecosystem engineering is essential for post-mining soil development (Boyer & Wratten 2010).

Foliage CN ratio above 60 below 25
Bioturbation low high
organic matter stay on organic matter
soil surface mixed into soil
Food web fungal driven bacteria driven

Figure 1 This conceptual model describes the relationships between the tree effect and fauna effect on
soil properties. Carbon to nitrogen (CN) ration (dimensionless) of foliage, level of bioturbation
and type of foodweb is given. When the fauna effect is small, litter tends to remain on the soil
surface, when the Oe horizon is thick, the A horizon is thin, microbial respiration is high, and soil
C storage is low, the food web is mostly fungal driven. When the fauna effect is large, litter
tends to be transported into the soil, and the Oe horizon is thin, the A horizon is thick, microbial
respiration is low, and soil C storage is high and the food web is mostly bacterial driven
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When we compare soil and ecosystem development in reclaimed and unreclaimed sites we can see in
parameters, such as the thickness of A horizon accumulation of soil organic matter, development of plant
biomass and others that, in young reclaimed sites the recovery of these parameters is much faster during
the 10-15 years of ecosystem development. However, when we compare sites which are 20 years or older
the differences disappear and/or succession sites reach higher values than that of the reclaimed sites
(Frouz et al. 2001, 2008, 2015a), (Figure 2). This highlights needs for long-term observation of post-mining
sites, as ecosystem development shortly after establishment may not be a good indicator of long-term
trends.
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Figure 2 (a) Development of woody biomass, and (b) thickness of top soil layers, in reclaimed alder
plantation and unreclaimed sites overgrown by spontaneous succession in post-mining sites
near Sokolov (Czech Republic), based on (a) Frouz et al. 2015a and (b) Frouz and Tajovsky 2007

Most sites demonstrating achievable successional development of ecosystems come from a temperate
climate, which were on non-toxic soil, and where overburden was kept rough and loose after dumping (Prach
et al. 2001; Broring & Wiegleb 2005; Frouz et al. 2008; Tropek et al. 2010, 2012; Frouz & Franklin 2015).

Numerous studies, generally conducted in Europe, also conclude that post-mining sites, mainly unreclaimed
ones overgrown by succession, may harbour a large number of endangered species in the surrounding
landscape (Prach et al. 2001; Broring & Wiegleb 2005; Tropek et al. 2010, 2012). This mainly occurs in
situations where intensive agriculture substantially decreases diversity of surrounding landscapes. In such
situations post-mining sites, which are less supplied by nutrients and offer the variety of specific habitats,
may serve as a refuge for many rare species. In such instances it is clearly wise to use the opportunity and
allow succession to create a new wilderness, or at the very least, a valuable replacement habitat for rare
and endangered species. However, it should be emphasised that this applies to cultural landscapes where
diversity is already reduced by agriculture and other human activities.

3 Succession versus major reclamation approaches

In many cases, post-mining sites are heaped in such a way resulting in a terrain with a wavelike appearance.
These waves promote the appearance of spatial heterogeneities in the soil's physical and chemical
properties, e.g. by washing clays and ions downhill (Frouz et al. 2011). Some of the heterogeneity is even
apparent after levelling. Levelling enables a site to become more homogeneous in terms of soil physics and
chemistry, as well as more logistically accessible for machinery that later can bring seeds, seedlings,
fertiliser etc. However, the initial heterogeneity may prove beneficial. For example, seeds of air-born
species can be trapped on the leeward side of these waves, and the establishment of air-born trees and
shrubs may fare much better in wave-like terrain than in levelled sites (Frouz & Velichova 2011).
Heterogeneity can also promote specific microsites with faster soil development (Topp et al. 2001). On the
other hand, levelling may cause soil compaction which may tend to support grasses and suppress the tree
growth (Ashby 1997). The benefits of levelling are likely to prevail if topsoil is applied and if the site is
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dedicated to agricultural production or the restoration of a grassland-dominated ecosystem. For forest
restoration risks and the benefits of levelling, sites should be evaluated on a case-by-case basis.

Minimisation of surface heterogeneity can be both an advantage and a disadvantage, as it eliminates many
microhabitats that would allow a more rapid establishment of woody vegetation, and faster soil
development in unreclaimed sites (Topp et al. 2001).

The advantages and benefits of substrate levelling need to be carefully evaluated for local conditions and in
exploring possible new technologies. These may include techniques that allow substrate levelling with a
minimal compaction or heaping materials in such a way that results in a surface which can be used for
planting, and also offer a level of spatial heterogeneity.

The application of topsoil substitutes, or even more complex covers consisting of several layers, is a very
complex reclamation approach. This operation instantly improves soil condition and allows for a rapid
establishment of highly productive vegetation (Boruvka et al. 2012; Rohoskova et al. 2006). It may increase
primary productivity to a level that could be reached naturally after decades or even centuries. Application
of topsoil or topsoil substitutes is irreplaceable in restoring agricultural land or in restoring extreme,
specific toxic substrates. The more complex cover is often used with the bottom layer consisting of clay or
gravel, which separates the toxic layer from the fertile topsoil placed on top. Topsoil spreading is a costly
operation and, besides the clear advantages mentioned above, it may also bring some disadvantages; soil
spreading may promote soil compaction and the release of nutrients. Compaction may also negatively
affect the rooting of plants, especially trees (Ashby 1997, 1998). The release of nutrients may support
grasses and promote the competition of grasses over trees (Ashby 1997). Several studies also have shown
lower plant diversity on topsoil sites in comparison with sites either without topsoil or with reduced topsoil
applications (Bowen et al. 2005; Prach 1987). The effect of topsoil may be closely connected with the
technologies used, which may vary from direct transfers of undisturbed soil blocks, including associated
vegetation, to removing topsoil, stockpiling and then spreading it. The transfer of undisturbed blocks gives
excellent results in ecosystem recovery, but it represents an extremely costly and logically complex
operation (Boyer et al. 2010). Other techniques are associated with the disturbance of the soil structure
during soil handling (Boyer et al. 2010). Furthermore, the stockpiling of topsoil causes the formation of
anaerobic conditions in the pile, which may lead to eradication of soil fauna and changes in the soil
microbial community. Changes in the microbial community during stockpiling and spreading may lead to a
loss of organic matter and future degradation of the soil structure (Ingram et al. 2005; Wick et al. 2009).
These effects are more severe in the deeper layers of the stockpile, and may potentially be lessened by a
reduction of stockpile heights to under 2-3 m (Boyer et al. 2010). Development of more conservative and
economically sound methods of topsoil application, plus a combination of different approaches, as well as a
careful evaluation of the topsoil for particular future uses of post-mining landscapes, represent a promising
field for future research.

The introduction of seeds or seedlings is a basic restoration technique that speeds up succession and soil
development. Planted vegetation affects soil development, especially litter qualities such as the CN ratio.
Soil development and C soil storage may not closely correlate with the above-ground production or litter
input (Frouz et al. 2008). Trees which produce easily decomposable litter promote higher carbon storage
and faster A horizon formation inputs (Frouz et al. 2008). On sites with trees producing litter with a low CN
ratio (the deciduous species), the organic Oe layer was narrow or absent and a thick organomineral A layer
was evident. On sites with trees producing litter with a high CN ratio (the evergreen species), in contrast, a
thick Oe layer and a thin A layer were evident.

Besides CN ratio, earthworm abundance and earthworm bioturbation activity are the strongest predictors
of A layer thickness and C accumulation in the mineral topsoil. The greatest effect of trees on soil may be
indirect, i.e. may result from the effect of tree litter on the bioturbation activity of soil fauna. Bioturbation
changes not only the biomass and activity of microorganisms but also the composition of the soil microbial
community. When soil fauna are not abundant, most organic matter resides in litter and in the Oe horizon.
When soil fauna is abundant, most organic matter is moved into the mostly mineral A horizon. This shift
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substantially changes the conditions for microbial activity and may be an important driver of microbial
activity (Frouz et al. 2013a).

However, trees affect site development over the long-term, for example beech (Fagus silvatica) seedlings
are more successful on unreclaimed sites covered by willow and birch than on alder plantations (Frouz et
al. 2015b). The alder plantations are generally assumed to be beneficial for soil development as a nitrogen
fixer. Accumulation of nitrogen in the ecosystem drives the speed of succession and ecosystem recovery.
Nevertheless, this example shows that one should be careful, as adding too much nitrogen may change the
succession trajectory, rather than speeding up the existing one.

4 Effect of substrate

We still do not have enough comprehensive information to draw an overall pattern on how post-mining
site succession depends on substrate. This section focuses on substrate properties that may be most
adverse for successional ecosystem development in post-mining sites. Post-mining substrates (overburden)
show apparent differences from recent soils (Bradshaw 1993, 1997). Overburden typically do not have soil
aggregates as we know it from recent soils, they often have extreme texture (e.g. too much sand and gravel
or too much clay), substrate can repel water (hydrophobic) and may be toxic for plant and soil biota for
various reasons. Pyrite weathering, commonly occur, which decrease pH. Low pH increased mobility of
some heavy metals, as well as other toxic elements in the soils (Bradshaw 1993; Frouz et al. 2005; Jener &
Janssenmommen 1993; Sample & Suter 2002). The high content of salts, is another reason for toxicity of
post-mining sites (Frouz et al. 2005). Overburden toxicity can be estimated using biological tests or
chemical analysis of the soil. The pH is useful and affordable parameters to measure to indicate
toxicity: sites with a pH below 3.5 are very likely to be toxic; sites with pH below 5.5 should be tested for
potentially toxic elements (As, Se etc.). Sites close to a neutral or slightly alkaline are usually suitable but
should be checked for conductivity to exclude salinity problems (Frouz et al. 2005), (Figure 3). In some
cases toxicity problems such as high salt content may not appear in freshly excavated overburden but
rather later during weathering. The texture of the overburden may by dominated by a few grain sizes due
to the material separation in geological time. Here successional development of ecosystems is particularly
slow in the substrates consisting from slowly weathering stones and gravel (Rydgren et al. 2013). Clay
substrates, on the other hand, have a higher water holding capacity and cation exchange capacity and
usually more nutrients (Sourkova et al. 2005). In these substrates soil development may be fast. For
example in some unreclaimed soils, a 10 cm deep A horizon can develop within 40 years. But on the other
hand nutrient availability may cause problems, in some cases namely in forest restoration when grass tree
competition become more severe as nutrient content increases.

Clay soils may also suffer from unsuitable soil structure which results in poor drainage (Scullion & Malik
2000). However, quite often clay-rich overburden have form of shales or mudstones, where the clay is
more or less consolidated and impregnated either with carbonates or various types of organic matter such
as kerogen (Kfibek et al. 1998). As a result of this only a small fraction of such materials disintegrates into
physical clay during the weathering. The bulk of the mudstones disintegrates into silt or sand size fragments
which result in suitable soil texture. For example, Kuraz et al. (2012) show that in mudstones which contain
70 per cent clay most of that clay can be bounded by carbonates and kerogen into clay-rich concretions and
only 16 per cent of the clay was released by material weathering during 50 years. The effect of adverse
substrate may be enhanced by unsuitable climatic conditions, namely by dry or cold climates where soil
development is very slow.
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Figure 3 Population growth of potworm Enchytraeus crypticus in overburden substrates of various pH in
laboratory tests. Population growth is expressed in relation to control meadow soil (control soil
would have vale 1), based on Frouz et al. 2005

5 Effect of climate

We are still far from understanding how the post-mining ecosystem development handles various climatic
conditions and how the effect of individual reclamation measures vary with climatic conditions. This section
explores the effect of climate on ecosystem development and particular reclamation technologies.

It has been mentioned that trees that produce litter with low CN ratio support intensive bioturbation which
yield in C accumulation in the soil and fast C storage (Frouz et al. 2009, 2013a). However, extensive
metaanalysis (Vinduskova & Frouz 2013) shows that this pattern may vary with climate. The rate of soil
organic matter accumulation in sites planted with conifers tend to be higher in colder climate. The opposite
is true for sites with grasslands. Soil organic matter accumulation under deciduous forests show no
significant correlation with temperature (Figure 4). This relationship between temperature, soil organic
carbon (SOC) storage, and vegetation type corresponds with the natural distribution of grassland,
coniferous forest, and deciduous forest (Brown & Gibson 1983). This indicates that for reclamation of
post-mining sites, the planted vegetation should be typical for the particular biome in which the post-
mining site occurs. In other words, grasses should be planted at warmer sites, conifers at colder sites, and
deciduous trees at intermediate sites.
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Figure 4 Sequestration of soil organic matter in post-mining sites in the northern hemisphere in relation to
the type of vegetation used in reclamation and mean annual temperature, mean value for
individual types of vegetation are in the inserted bar graph, based on Vinduskova and Frouz, 2013

Another example of how the speed of recovery and the effect of individual reclamation techniques vary
with climate is illustrated by the comparison of post-mining sites recoveries in the southeast to northwest
gradient across USA, in four post-coal mining areas: Tennessee (TN), Indiana (IN), lllinois (IL), and Wyoming
(WY). The higher temperature mean annual temperature/annual precipitation was 14.1°C/1,092 mm in the
southeast and the lowest in the northwest 6.7°C/380 mm. Climax vegetation was represented by hardwood
forest (TN and IN) or by tall grass prairie (IL), in the eastern part of gradient, and by shortgrass prairie in the
western part (WY) (Table 1). The shortgrass prairie soil community contained abundant root-feeding
organisms which may establish quicker than the more saprophagous soil biota that was abundant at the
other sites. There was almost no apparent succession of the soil community on post-mining sites in the
shortgrass prairie ecosystem of WY. Even the young restoration sites were closer to the climax stage in
shortgrass chronosequence than in the other chronosequences — in contrary to eastern sites where more
complex succession development was observed. In eastern chronosequences, heading towards forest and
tallgrass prairie bioturbation played an important role in topsoil formation. This resulted in a complex soil
profile development compared. In the contrary, the restored shortgrass prairie did not have many changes,
in the soil profile, happen after topsoil application. This may contribute to faster recovery communities in
shortgrass prairie in comparison with tall grass prairie and forest (Frouz et al. 2013c). In agreement with
requirements of Surface Mining Control and Reclamation Act (SMCRA), topsoil or topsoil substitutes were
applied in the reclaimed sites. When we compare soil recovery in reclaimed and unreclaimed sites,
contrasting results were observed in the eastern and western states. In the eastern part of USA there was
no or little difference in the development of reclaimed and unreclaimed forest sites (Frouz & Franklin
2015). In these sites, extensive compaction associated with site preparation during restoration measure
may negatively affect the development of a forest ecosystem (Ashby 1998). In contrary to the shortgrass
prairie in Wyoming where reclaimed sites with topsoil application approach very quickly to climax, there is
little or no development of soil and soil biota communities in unreclaimed sites. This indicates that topsoil
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application is essential to the restoration of grassland ecosystem in dry climates. While restoring forest in
wet conditions, the benefits of reclamation may be less pronounced.

Tablel Comparison of development in various post-mining sites along the climatic gradient across the
USA (Frouz et al. 2013¢)

Parameter Wet sites in eastern USA Dry sites in western USA
Climatic condition 14.1°C/1,092 mm 6.7°C/380 mm

Climax vegetation Deciduous forest or tallgrass prairie Shortgrass prairie

Soil food web Complex, mostly based on plant litter Simpler, mostly derived from

root and root exudates

Invertebrate soil Feeds of plant/mix litter soil contribute to Create burrows for nesting
ecosystem engineers the formation of organomineral soil
aggregates and A horizon

Recovery after topsoil ~ Development is complex, goes through Fast 10 year old site had very
application many stages with gradual development of similar soil community as climax
topsoil layers. Twenty years still differ from
climax but 40-50 years are similar to climax

Recovery during Fast, 40 year old sites are comparable to Forty year old sites show slow
succession reclaimed sites; some parameters may be very little development
even more advanced

6 Conclusion

Successional development of post-mining sites may, in some cases, lead to the development of valuable
ecosystems. In many types of landscapes, namely those with intensive agriculture such as many parts of
Europe spontaneous recovery of post-mining sites, bring unique opportunities to restore natural habitats.
In young sites, the development of succession sites are significantly slower compared to reclaimed sites,
but this difference decreases with age. Early ecosystem evaluation may not be a good predictor of
long-term ecosystem development. This emphasises the need for more research about the long-term
development of post-mining ecosystems. Beside vegetation, soil biota plays a principal role in soil
formation and ecosystem development. The post-mining sites have large potential for carbon storage both
in soil and biomass. Vegetation close to local climax vegetation may help to maximise this potential.
Individual restoration measures may substantially change with climatic conditions. This may be important,
not only for transferring reclamation knowledge from one place to another, but also for modifying
reclamation practices to adapt to ongoing climatic change.
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