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SUMMARY 
~ ~~ ~ 

The rehabilitation of degraded soils, such as those associated with post-mining sites, requires 
knowledge of the soil ecosystem and its physical, chemical, and biological composition in order for 

rehabilitation efforts to fulfil the long-term goal of reconstructing a stable ecosystem for 
rehabilitated mine soil. This study addresses the need for appropriate assessment criteria to 

determine the progress of rehabilitation and subsequently the success of management practices. 

Significant contributions made by this investigation included the establishment of minimum 
and maximum values for microbial community measurements from two case studies of 
rehabilitated coal discard sites. Furthermore, it was shown that there was no relationship between 
changes in microbial community function and structure and the rehabilitation age of the sites. 
Following this, the considerable impact of management practices on microbial communities was 
illustrated. 

The first part of the study investigated the temporal changes in microbial community 

function and structure in a chronosequence of rehabilitated coal discard sites aged 1 to 11 years. 
The most important observation made during the investigation of the microbial communities in the 

different aged soil covers of the rehabilitated coal discard sites, was that there was no relationship 
between rehabilitation age and microbial activity or abundance of certain microbial groups. What 
was responsible for a clear differentiation between sites and a shift in microbial community 
attributes was the management practices applied. 

A comparison of two chronosequences of rehabilitated coal discard sites was achieved by an 
application of the 'space-for-time' hypothesis. Sites of different ages and at separate locations 
('space') were identified to obtain a chronosequence of ages ('time'). The two chronosequences 

included sites aged 1 to 11 years (chronosequence A) and 6 to 17 years (chronosequence B), 
respectively. Sites in the same chronosequence were managed identically, while there was a 
distinct difference in management practices applied to each chronosequence. The long-term effect 
of the different management regimes on the soil microbial community function and structure was 
investigated. Again, there was no relationship between rehabilitation age and microbial community 
measurements. Fluctuations of selected microbial properties occurred in both chronosequences and 
similar temporal trends existed over the rehabilitation periods. However, the less intensively 
managed chronosequence (8) seemed more stable (less fluctuation occurred) over the 
rehabilitation period than the more intensively managed chronosequence (A). It was therefore 
concluded that the microbial communities in the less managed sites maintained their functional 

and structural integrity within bounds in the absence of management inputs or disturbance. While 
there was similarity in the trends over time for individual microbial community measurements, the 
seemingly more stable conditions in chronosequence 6 are important in terms of the goal of 
rehabilitation. 

Key terms: chronosequence; coal discard; enzymatic activity; management; microbial community; 
phospholipid fatty acid; rehabilitation. 



OPSOMMING 
~~ ~ 

Die rehabilitasie van gedegradeerde grond, soos die grond wat geassosieer word met terreine waar 
voorheen mynbedrywighede plaasgevind het, vereis 'n grondige kennis van die grondekosisteem 

en die fisiese, chemiese, en biologiese samestelling daarvan. Indien hierdie kennis afwesig is, mag 
rehabilitasie praktyke dalk nie die lang termyn doel van 'n stabiele en volhoubare ekosisteem vir 
gerehabiliteerde myngrond bereik nie. Hierdie studie spreek die behoefte vir toepaslike 

assesseringskriteria om die progressie van rehabilitasie en gevolglik die sukses van 
bestuurspraktyke te bepaal aan. 

Belangrike bydraes wat deur hierdie ondersoek gelewer is, sluit in die vasstelling van 
minimum en maksimum waardes vir mikrobiese gemeenskapsmetings afkomstig van twee 
gevallestudies van gerehabiliteerde steenkoolafvalterreine. Verder, is daar getoon dat geen 
verhouding bestaan tussen veranderinge in mikrobiese gemeenskapsfunksie en -struktuur en die 

rehabilitasie ouderdom van die terreine nie. Gevolglik is die beduidende impak van 
bestuurspraktyke op mikrobiese gemeenskappe ge'illustreer. 

Die eerste gedeelte van die studie het die temporale veranderinge in mikrobiese 
gemeenskapsfunksie en -struktuur in 'n chronovolgorde van gerehabiliteerde 
steenkoolafvalterreine van ouderdomme 1 tot 11 jaar ondersoek. Die belangrikste waarneming wat 
tydens hierdie ondersoek gemaak is, is dat daar geen verhouding was tussen rehabilitasie- 
ouderdom en mikrobiese aktiwiteit of die voorkoms van sekere groepe mikroorganismes nie. Daar 

kon we1 'n duidelike onderskeid getref word tussen die mikrobiologiese eienskappe van die terreine 
op grond van die bestuurspraktyke wat toegepas is. 

'n Vergelyking tussen twee chronovolgordes van gerehabiliteerde steenkoolafvalterreine is 
gemaak deur 'n toepassing van die 'ruimte-vir-tyd' hipotese. Terreine van verskillende 
ouderdomme en met verskillende liggings ('ruimte') is ge'identifiseer om 'n chronovolgorde van 
ouderdomme ('tyd') te verkry. Die twee chronovolgordes het terreine ingesluit met ouderdomme 
van 1 tot 11 jaar (chronovolgorde A) en 6 tot 17 jaar (chronovolgorde B), respektiewelik. Terreine 
in dieselfde chronovolgorde is identies bestuur, terwyl daar 'n pertinente verskil was in die 
bestuurspraktyke wat op elke chronovolgorde toegepas is. Die lang termyn effek van die 

verskillende bestuurswyses op die grondmikrobiese gemeenskapsfunksie en -struktuur is 
ondersoek. Weereens, was daar geen verband tussen rehabilitasie-ouderdom en mikrobiese 
gemeenskapsmetings nie. Fluktuasies in geselekteerde mikrobiese eienskappe het in beide 
chronovolgordes voorgekom en soortgelyke temporale tendense is oor die rehabilitasieperiodes 
waargeneem. Nogtans, het die chronovolgorde onder minder intensiewe bestuur (chronovolgorde 
B), meer stabiel voorgekom (minder fluktuasie het plaasgevind) oor die rehabilitasieperiode as 
chronovolgorde A wat meer intensief bestuur is. Om hierdie rede is daar tot die gevolgtrekking 
gekom dat mikrobiese gemeenskappe op die terreine van chronovolgorde B (minder intensiewe 
bestuur) hulle funksionele en strukturele integriteit binne perke kon handhaaf in die afwesigheid 
van bestuursinsette of versteuring. Terwyl daar ooreenkomstigheid was in die tendense oor tyd vir 

individuele mikrobiese gemeenskapsmetings, is die klaarblyklik meer stabiele toestand in 
chronovolgorde B van belang in terme van die doel van rehabilitasie. 

Sleutelterrne: bestuur; chronovolgorde; ensiematiese aktiwiteit; fosfolipied-vetsuur; mikrobiese 
gemeenskap; rehabilitasie; steenkoolafval. 
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CHAPTER I 

INTRODUCTION 

"Vapor from the sea; 
rain, snow, and ice on the summits; 
glaciers and rivers - these form a wheel that grinds the mountains thin and 
sharp, 
sculptures deeply the flanks, 
and furrows them into ridge and canyon, and crushes 
the rocks into soil. 
on which the forests and the meadows and gardens and fruittiil 
vine and tree and grain are growing" 

- John Muir, John of the Mountains: The Unpublished Journals ofJohn Muif 



Chapter 1 H Introduction 

1. BACKGROUND 

1.1. The Importance of Microorganisms in the Maintenance of Soil Qualitj 

Soil is a vital natural resource that is non-renewable on a human time-scale (Tate. 2000) 

and should thercfore be preserved and if possible, its quality and productive capacity must 

be improved (Izq~~ierdo el ul.. 2005). It is a key component of the biosphere and soil 

quality is intrinsically linked to overall environmental quality and ultimately, sustainability 

(Iblarcote et a/., 2001). In recent years. the interconnected and mutually dependent 

relationship of soil quality to water and atmospheric quality has been recognised and 

research has focussed increasingly on sustaining and/or improving the quality of soils 

(Karlen er irl., 2003). The capacity of soil to function in a manner that upholds vital soil 

processes dcpends on the health or quality of that soil. According to Harris and Bezdicek 

(1994), the terms 'soil quality' and 'soil health' are often used in the same contcst in 

literature with scientists generally giving preference to soil quality and producers to soil 

health. The two terms are also sometimes used without qualification. Use of the term soil 

health depicts soil as a living, dynamic organism as opposed to soil quality, which rather 

gives a description of the physical, chemical. and biological characteristics (Doran and 

Satlcy, 1997). Although the literature provides a profusion of explanations for 'soil 

quality', a widely accepted definition is that of Doran and Safley (1997): "Soil yuulity is 

the cupaci~y of u soil lo ,firnction wilhin eco.Yystenl und lund-use boirrttlaries. to susfuin 

hiologicul protlm~rrvify, muinloin environmentul yuulily trnd promole ~ I L I I I I ,  animal, and 

humun hed~h" .  Soil functions to produce plant biomass: maintain animal and human 

health: reqcle nutrients: store carbon: partition rainfall: buffer anthropogenic acidit): 

remediate added animal and human wastes; and regulate energy transformations (Doran 

and Safley, 1997; I'ascual et ul., 2000: Ruf et al., 2003). Soil quality is influenced by a 

suite of physical, chemical, and biological properties that affect each other and the overall 

state of quality in the soil ecosystem (Karlen cr trl.. 2003). 

Soil quality assessments indicate three possible temporal trends, namely aggrading, 

sustaining, or degrading (Figure 1.1)  (Karlen el ul., 2003). It is important to note that the 

soil ecosystem is still dynamic and functioning, irrespective of which of these states it 

occupies. Honever. the level at which soil processes are maintained may be significantly 

compromised. In a degrading state, soil function would be impaired and may become 

increasingly compromised, while soil in an aggrading state tends to shorn enhanced 

function. A stable ecosystem would be one capable of sustaining its homeostatic state 
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within bounds - a fimction that could be attributed to the degree of resistance and/or 

resilience of that s>strrn (Beedlow el 0 1 ,  1988; Orwin and Wardle, 2004). 

Aggrading 
- - _ _ - -  _ - -  _ _ - -  _ _ - -  _ _ - -  

. - 
_ _ - -  - - Sustaining 

.... ... , 

'.. ......, 

Degrading 

I Time 
b 

Figure 1.1. Possible temporal trends in dynamic soil quality assessments (Karlen eta/., 2003) 

Resilience refers to the ability of the system to return to a state of equilibrium after it has 

been disturbed. in othcr words, to regain functional and structural characteristics that may 

have been subjected to stress or disturbance and return to a pre-disturbance level. On the 

other hand, resistance describes the amount of change caused by a disturbance and the 

ability of the system to maintain functional and structural equilibrium under conditions of 

stress (Figure 1.2) (SER, 2004: Ritz rr trl.. 2003; Orwin and Wardle, 2004). Considering 

the frequency of disturbance to the soil environment - whether natural or anthropogenic, it 

is clear that resilience and/or resistance in soil ecosystems are essential in order for these 

systems to maintain a certain degree of normal functionality. The relationship between 

ecosystem stability and microbial function is complcx and the focal point of much 

contemporary research. What is obvious. is that microbial populations are of great 

significance in the maintenance of several fundamental soil processes and overall soil 

quality (Doran and Zeiss: 2000: Ritz er a / ,  2003). 

Microorganisms are interlaced into all the systems that support life on earth 

(Hawksworth. 1996) and microbial communities fulfil unique functional roles that are vital 

to the upholding of fundamental soil processes. Together with exocellular enzymes and 

other soil biota. they conduct all known metabolic reactions in the soil they inhabit. Soil 

microorganisms that produce trace gases (such as methane). can be applied as biocontrol 

3 
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tools and are part of the food chains and food webs on which all macroorganisn~s depend 

(Richards, 1994: Ashman and Puri. 2002). 

PERTURBATION 

Time 

Figure 1.2. Graphical representation of trajectory of resistance and resilience in perturbed systems. Broken 
line shows time course of response variable in unperturbed (control) systems, solid line shows response 
following perturbation. Resistance is measured as the degree of impairment of response relative to control; 
resilience as the rate and extent of recovery. Recovery may be incomplete within the measured timescale 
(Ritz et dl., 2003). 

Soil microbial con~munities are also central to processes of nutrient cycling; maintenance 

of soil structure: degradation of pollutants: and aspects pertaining to human, plant, and 

animal health (Doran and Zeiss, 2000; Ritz rt t d ,  2003). They play crucial roles in the 

biogeochemical cycling of C, N, P, and S (Bandick and Dick, 1999; Masciandaro and 

Ceccanti, 1999; Aon and Colaneri. 2001). Physical and chemical soil properties, such as 

pH. cation exchange capacity. salinity, solubility of soil mineral components. and 

aggregate stability are constantly being altered by the activities of soil microorganisms 

(Tate, 2000). I t  is understood that at least some minimum number of species are essential 

for ecosystem functioning under steady conditions and that high species diversity is 

probably essential for maintaining ecosystem stability (Nannipieri et al., 2003). 

Consequently, the loss of functional groups of microorganisms performing essential 

ecological roles will lead to ecosystem modification (Hawksworth, 1996). It therefore 

follows that soil microbial communities are of great importance in restoring fertility in 

degraded soils (Harris and Birch, 1989) and the balue ot'a diverse, resilient soil microbial 
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community in the development of s~~stainable soil ecosystems has been recognised for 

some time (Tate and Rogers. 2002). 

1.2. The Impact of Environmental Disturbance on Soil Ecosystems 

Land degradation has become a problem of global concern. Soil has been recognised for its 

value as a natural resource and accordingly, serious concerns exist regarding anthropogenic 

activities, including ci\il engineering programmes (such as opencast coal mining) and 

intensive agriculture that causes environmental degradation (Harris, 2003). The past half a 

centurq has seen considerable losses in terms of healthy soil ecosystems worldwide. Of the 

8.7 billion hectares of agricultural land, permanent pastures, forests. and woodlands, 

around 2 billion hectares have been degraded (Arshad and Martin, 2002). In 1999. the 

National State of the Environment Report for South Africa indicated the average soil loss 

as 2.5 tonnes per hectare per annum. At that stage. the rate of soil loss in South Africa was 

estimated at eight times that of the rate of soil formation - a clearly unsustainable situation 

(DEAT, 2007). Although more recent estimates are unawilahle, it can only be expected, 

~ i t h  regard to land-use practices and thc diflicultics associated with restoration of 

damaged environments, that the situation has at best stayed unchanged. 

Mining in South Africa provides a vast contribution to the economy. both in terms of 

the actual materials that are mined and in the creation of literally hundreds of thousands of 

jobs, with benefits to many aspects of socicty (Mining Review Africa, 2003). However, 

mining activities inherently hold extensive a d ~ e r s e  effects for the biophysical, social. and 

economic environment and results in severe disturbance of large land areas (Milton, 2001; 

Mummey e/ ul.. 2002a). The natural grassland biome of South Africa is poorly conserved 

and its fragmentation by an abundance of mine tailings and discard sites leads to 

degradation of environtncntal quality and eventually affects human living standards (Van 

Wyk, 2002). Tailings material is processed at a rate of n~illions of tonnes per year (Rosner 

ei 01.. 2001) and massive tailings dams originating from coal. gold, and base metal mining 

litters the South African landscape. In 1996, the mining industry was responsible for the 

production of 377 million tomes of tailings (Van Wyk, 2002) and is still the principal 

contributor to the solid naste stream (72.3%) (DEAT: 2007). Cyanide compounds, heavy 

metals. radionuclides, and asbestos are all possible components of mine waste. I f  mine 

waste is not managed properly. it represents a potential hazard for surrounding ecosystems 

and public health in nearby communities (Moskin. 2003). Other impacts of mining include 
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destruction of land and vegetation. pollution, and changes in surface drainage. As a result. 

environments are prone to increased soil erosion. compaction, changes in topsoil 

characteristics, and a reduced capacity to support vegetation growth (Arendse and 

Wilkinson, 2002). Although mines are expected to provide for and apply rehabilitative 

measures before closure is granted (Milton. 2001), it is much more complicated than 

simply restoring the disturhed area. The consequence of mining activities is a soil 

environment typified by poor physical characteristics. such as poor textural material 

properties: combined with the effect of the slopes of the discard sites (Van Wyk. 2002); 

low levels of plant nutrients and organic matter: pH extremes; and the presence of heavy 

metals (Mining Review Africa, 2003). The processing of mine tailings and discard material 

usually results in an elevated topography which means that these discard sites are 

particularly exposed to the adverse effects of wind and water erosion (Van Wyk, 2002). 

These aspects, often accompanied by harsh climatic conditions characteristic to the arid 

and semi-arid areas of southern Africa. deter thc establishment of permanent self- 

sustaining vegetation cover (recegetation) on mine discard and tailings (Milton. 2001; 

Mining Review Africa, 2003). Often in mining projects, topsoil has to be stripped from 

mining sites and stored (stockpiled), with subsequent adverse changes in the structure. 

physical and chemical characteristics, and biology of soils (Harris and Birch, 1989). The 

heaps of spoil material produced during npen-cast coal mining operations typically 

contains low amounts of organic matter and display low soil biological activity (Frouz et 

a/., 2001 ; Frouz and Novakovi. 2005). This can havc serious consequences for soil quality 

and the rehabilitation of land disturbed by opencast mining. 

Changes in plant diversity not only affects aboveground ecosystem functioning. but 

also havc implications for belowground communities (Bartelt-Ryser el ul., 2005). The 

quantity and quality of plant inputs. such as litter, root turnover, root exudation, and plant 

productivity are coupled to soil microbial community function and structure (Grayston el 

al., 2001: Rutigliano el O I . :  2004). Due to the effect of belowground communities on 

dccomposition of organic material and the mineralisation of nutrients, feedback effects 

may be caused on the plant community (Bardgett el ul., 2005). It has been indicated that 

such feedback mechanisms between plants and microbial communities can last for a year 

or even longer. Hence, the importance of microbial communities with regard to ecosystem 

development might be a more important factor than previously assumed (Bartelt-Ryser ei 

(11.. 2005). Vegetation cover decline has also been linkcd with changes in the nitrogen 

cycle, lower urease and protease activity (Garcia ei 01.. 2002). and considerable soil losses 
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by wind and water erosion (Castillo and Joergensen, 2001). Virtually 91'1.0 of South Africa 

is situated within the United Nations definition of 'affected drylands' (UNCCD, 1994). 

These terrestrial ecoslstems are extremely dry areas where rainfall is low and potential 

evaporation is high. Dryland systems are fragile and need to be managed carefull). The 

loss of vegetation cover from such areas poses an increased risk of erosion, the outcome 

being soil with a reduced capacity to support vegetation (DEAT, 2007). 

The depletion of natural resources that result in the transformation and fragmentation 

of natural habitats leads to changes in the number and type of species that occur there and 

inevitably. to impaired ecosystem functioning (Hawksworth, 1996). Soil microbial 

communities are critical to the ecological functioning of terrestrial ecosystems (Bandick 

and Dick, 1999: Aon and Colaneri, 2001) and exhibit great sensitivity to changes in their 

physical and chemical environment (Ibekwe et al., 2002). Therefore. disturbance of the soil 

ccosystem that disrupts normal microbial con~munity function and structure. is potentially 

detrimental to short- and long-term ecological stability (Mumniey c /  ul.. 2002a.b) and 

places enormous strain on the resilience of soil and natural processes to maintain global 

balances of energy and organic matter (Doran and Safley. 1997). 

The Society for Ecological Restoration (SER) defines ecological restoration as "the 

destroyeJ' (SER. 2004). Rehabilitation and restoration share a fundamental focus on pre- 

existing ecosystems as references, but the two activities encompass different goals and 

strategies. While the goals of restoration include the re-establishment of pre-existing biotic 

integrity in terms of species composition and community structure, rehabilitation 

emphasises the reparation of damaged ecosystem functions, with the primary goal of 

raising ecosptem productivity for the benefit of society (SER, 2004). Soil is a natural 

resource essential to lifc, making its preservation and the restoration of already damaged 

environments critical in achieving sustainable development and feeding the growing world 

population (Arshad and Martin, 2002). It is fundamental in the functioning of ecosystems. 

as an economic resource, and as a platform for infrastructural development (Rapport e/ d. 

1997). The ultimate objective of all rehabilitation decisions should be to minimise 

environmental degradation and to establish stability in disturbed ecosystems. According to 

IIarris and Birch (1989). a key feature of successful rehabilitation is the interaction 

between improvement in soil structure and recovery of soil microbial communities. 

Furthermore, for rehabilitation attempts to be successful i t  is necessary to realisc that soil is 

a dynamic resource with both inherent qualities and characteristics resulting from 
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disturbance which should be monitored and managed. Even when ecological rehabilitation 

have been adequately defined, the central question facing the land manager attempting to 

remediate or restore degraded land is how to measure the success or failure of 

rehabilitation efforts on a particular site or landscape (Harris, 2003). Vegetative 

stabilisation appears to be the answer to achieving rehabilitation success on mine discard 

sites (Carroll et trl.. 2000) and traditionall? attention was focused on vegetation 

development on discard dumps. However, re-establishment of ecosystem function in post- 

mining landscapes calls for a reconstruction of soils a process to which soil biota are key. 

It therefore follows that since soil is the growth medium for all vegetation, the 

rehabilitation of mining discard sites is unlikely in the absence of soil organic matter 

accumulation and microbial activity (Frouz et ul.. 2001; Frouz and Novakova, 2005). 

Accordingly. it is of the essence to tind suitable methods to assess and improve the quality 

of this growth medium. Research should thus be focused on an integrated approach that 

takes physical, chemical. and biological properties and their interactions into account. The 

need for timely indicators of trends in ecosystem recovery is an important component of 

this (Harris. 2003). 

1.3. Assessing Soil Quality 

Soil properties are changed by anthropogenic influences and this alters the ability of the 

soil to sustain equilibrium in the environment. It is therefore vital that these properties 

should be measured and the measurements understood i n  order for discussions concerning 

effective management or environmental issues to be founded on exact infonnation 

(Rowell, 1994). 

"A.s the cor~~plexi~y o f  rhe issucs involving managent~w und stewcrrdship of soil 

sy.~tetns continue to increase, the need to assess the status and,tirnctiun of .soil micr.ohia1 

communitie.\. i r  bccvnting more acute. Whrther the need is to e~~uluate the quality of 

~~gricultural  soil.^, the impact of unthropogenic intrusion (e.g., chemicul pollution), rhe 

sttrtus of nutrient cycling in native .cy.c-tmis. or the results uf reclunttrtion management. 

uccurate and reproducihlc iru1icutor.c vf  soil microbial community .srr.ettrinability or 

resilience are essentiu1,fnr achievement ufpruject goals and developnrt~rrt uf appropriate 

(round) .roil .st~~u~urd.thipplatt.e" (Tate and Rogers, 2007). 

Considering the multitude of physical, chemical, and biological properties that 

influence soil ecosystem stability, it is clear that soil quality cannot be measured directly. 
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Instead. assessment should be focused on the use of key components or processes as 

indicators that would provide a simplified mechanism to signify the degree to which an 

ecosystem is performing. In the case of soil quality. an indicator should be a measurable 

soil attribute that reflects soil functionality (Schoenholtz rt a/ . ,  2000), or indicates whether 

a specific management strategy has a positive or negative influence on soil quality. In other 

Lvords. i t  should be able to guide management efforts. The selection of suitable indicators 

is complicated for a number of reasons. I t  is important to realise that results obtained from 

the individual measurements of soil ecosystem components represent the summed response 

of the whole system (Elliot: 1997). In order to achieve a comprehcnsive assessment of soil 

quality it is necessary to take into account both the numerous dimensions of soil function, 

such as productivity and environmental fitness. and the assortment of physical, chemical, 

and biological factors which control biogeochemical processes; and their variation in 

intensity over timc and space (Doran and Safley. 1997). 

'Traditionally, criteria for judging the success of rehabilitation have focuscd on 

visually distinguishable aboveground indicators, such as soil erosion, vegetation cover, and 

diversity of vegetation. However. these criteria fail to account for the composition of the 

soil microbiota, which are the basis of terrestrial ecosystems (Mummey e f  ul., 7002a). 

Other properties applied in the characterisation of soil include physical and chemical soil 

analyses and for a long time. these propertics formed the foundation for the majority of 

management decisions. The occurrence of certain morphological phenomena, such as loss 

of organic matter, water and wind erosion. salinisation, acidification, poor drainage, and 

structural deterioration are important signs of degradation in soil quality (Doran and 

Safley. 1997). However. the response of physical and chemical parameters can only be 

~neasured effectively over an extensive period (Pascual et al., 2000). Furthermore. soil is a 

very complex ecosystem and physical and chemical characterisation does not allow insight 

into the biological structures and functions within the soils (White et d .  1996: Widmer et 

01.. 2001). 

The significance of microbial communities in sustainable soil ecosystems has been 

acknouledged for some time and an essential element for evaluating impacts of 

management regimes is the accurate assessment of microbial community function and 

structure (Tate and Rogers. 2002). Accordingly, soil microbial properties have often been 

proposed as timely and sensitive indicators of soil ecological stress or restoration processes 

(Randick and Dick. 1999; Badiane et 01.. 2001; lbekwe et a l .  2002). According to llarris 
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(2003). analysis of the soil microbial community meets all five criteria against which the 

potential o f a  particular ecosystem metric could be judged. These include: 

It should be relevant to the ecosqstem under study and to the objectives of the 

assessment programmes. 

It should be sensitive to anthropogcnic changes. 

It should provide a response that can be dilf'erentiated from natural variation. 

It should be environmentally benign. 

It should be cost effective to measure. 

(Andreasen el a1 . 2001) 

Some of the methods used to investigate soil microorganisms include cultivation- 

dependent techniques and cultivation-independent comnlunity profiling methods. The 

latter can be divided into biochemical, physiological, and molecular approaches (Leckie. 

2005). However, assessing the status of microbial community function and structure has 

been problematic and indices in this regard are still lacking. This is especially true for post- 

mining landscapes and is complicated by the myriad of different and often unique 

environments land managers and researchers deal with. 

The classification and identification of microorganisms based on morphological traits 

is complicated bccause microorganis~ns arc small and lack conspicuous external features 

(Muyzer. 1999). Until recently. the analysis of soil microbial communities relied 

extensively on cultivation-dependent techniques using a variety of enriched culture media 

and direct viable counts (Kirk ct a/ . ,  2004). These techniques are fast and inexpensive: 

however. they are insensitive and providc little insight into the nutritional andlor 

environmental status in situ (Hill el ul.. 2000). T\vo main reasons for the insensitivity of 

these tcchniq~~es can be identified. First. it is difficult to extract microorganisms from soil. 

Even after multi-stage extractions using chcmical and physical dispersion treatments. large 

proportions of microorganisms remain associated with soil particles. Second, thc isolated 

microorganisms are restricted to those that can grow on the medium of choice (Peacock ct 

a/.> 2001: Taylor er 01.. 2002). According to Hill er 111. (2000), it has been estimated that 

less than 0.1% of the microorganisms found in typical soil environments are cultivable 

using modem culture media iixmulations. This can bc attributed to the lack of knowledge 

concerning culture conditions under \chich microorganisms thrive in their natural 

encironment (Muyzer, 1999). Cultivable microorganisms recovered from environmental 

samples therefore represent only a fraction of the extant microbiota (White el 01.. 1996). 

I'hus, bias exists touards those organisms that can be grown successfully in the laboratory 
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(Leckie. 2005) and towards fast growing individuals and fungal species that produce large 

quantities of spores (Kirk et ul., 2004). 

Other traditional analyses include the measurement of non-viable microbial biomass 

by the chloroform fumigation-extraction (CFE) or chloroform fumigation-incubation (CFI) 

methods (Bailey el id., 2002a). The use of CFE or CFI provides a direct measurement of 

total soil biomass (Wang et 01.. 2003) and has the advantage of not requiring direct counts 

and size conversions (Elliot, 1997). These methods give an indication of the filnction of 

microbial life as a pool, but pro\ide no information on community structure (Alef and 

Nannipieri, 1995; Peacock et ul., 2001). Other negative aspects include different extraction 

efficiencies for different soils and difficulties in separating root from microbial biomass 

(Elliot, 1997). 

Soil enzyme activity may be associated tvith various biotic and abiotic components, 

including proliferating cells, latent cells. cell debris, clay minerals, humic colloids, and the 

soil aqueous phase (Bums, 1982). The assay of' a variety of soil enzymes gives an 

indication of the diversity of functions that can be assumed by the microbial community 

(Brohon et ul., 2001). Several studies have suggested the use of soil enzyme assays to 

investigate biochemical soil processes and to reflect the status of biological activity (Dick, 

1991; Bandick and Dick. 1999; Aon er ul., 2001; Knight and Dick, 2004). Enzymatic 

activities. such as that of dch~drogenase. p-glucosidase, urease, and phosphatase show 

significant correlation with total organic carbon, total nitrogen, water-filled pore space, and 

heterotrophic bacterial and fungal biomass (Aon and Colaneri, 2001). Numerous studies 

indicate the sensitivity of these enzymes to management practices and disturbance (Dick et 

ul.. 1996: Dickl 1997: Aon et ul.. 2001; Badianc e l  ul., 2001) and they are frequently used 

lo estimate changes in soil quality (Bandick and Dick, 1999; Masciandaro and Ceccanti. 

1999: Gil-Sotres et ul.. 2005). 

Dehydrogcnose is present in all microorganisms (Dick. 1997) and dehydrogenase 

activity is regarded as an accurate measure of the microbial oxidative capacity of soil and 

therefore of viable microorganisms (Dick, 1994; Taylor cr 01, 2002). According to Smith 

and Pugh (1979). the dehydrogenase assay can provide a valid indication of soil microbial 

activity and c o ~ ~ l d  be valuable in ecological investigations. Measures of dehydrogenase 

activity have been applied to cstimate the degree of recovery of degraded soils (Gil-Sotres 

er 01.. 2005). 

B-Glucosidase (EC 3.2.1.21, P-D-glucoside glucohydrolase) activity is very useful in 

the monitoring of soil ecosystems for several reasons. It shows low seasonal variability 

11 
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(Knight and Dick, 2004); plays a central role in the cycling of organic matter, is the most 

abundant of the three enzymes involved in cellulose degradation. and is rarely substrate 

limited (Turner el 0 1 ,  2002). Soil management effects on P-glucosidase can be detected 

within relatively short time periods (1-3 years) and it is possible to perform the assay on 

air-dried soil, making this assay more accessible for routine soil quality testing (Bandick 

and Dick. 1999). Several studies have fo~uld P-glucosidase to be sensitive to soil 

management and it has been proposed as an indicator for soil quality (Bandick and Dick, 

1999; Ndiaye el ul.. 2000: I'ascual el ul., 2000; Vepsd i inm el (11.. 2001). .A study by 

Hayano and Katami (1977) found that fungi were the primary source for P-glucosidase 

assayed in their study. In contrast, Waldrop el ul (2000). hund  correlations between D- 

glucosidase activity and signature lipid biomarkers for Gram-positive and Gram-negative 

bacteria in soil. 

Phosphomonoesterases are involved in organic phosphorus transformations in soil 

(Nannipieri e /  01.. 2002). They have low substrate specificity and are the predominant 

phosphatases in most soils. They are classified as acid phosphatases (E.C. 3.1.3.2, 

orthophosphoric-nionoester phosphohydrolase) and alkaline phosphatases (E.C. 3.1.3.1, 

orthophosphoric-monoester phosphohydrolase), depending on the pH-optima of activity. 

Suil microorganisms produce alkaline phosphatases. while acid phosphatases arc mainly 

attributed to plant roots (Criquct er ul.. 2004). Phosphatase activity measured in soil has 

been used to evaluate the q ~ ~ a l i t y  of soil or to describe the functioning of the ecosystem 

(Aon and Colaneri. 2001: Brohon er ul., 2001). It is influenced by management practices 

(Aon et ul., 2001). biotic and abiotic factors (Criquet et ul.. 2004) and the soil microclimate 

(Kramer and Green, 2000). The scnsitivit? of these enzymes to soil pH was utilised by 

Dick er al. (2000) to determine the optimum soil pH for crop production. The study 

showed the potential of using the ratios of alkaline phosphatase to acid phosphatase 

(AlkPIAcdP) instead of chemical methods to assess effective soil pH. A study by Lim el 01. 

(1996), found that osmotic stress resulted in increased alkaline phosphatase activity in 

bacteria and it has been suggested that an increase in alkaline phosphatase activity may 

reflect a stress response to unfavourable environmental conditions (Criquct et ul., 2004). 

Acid phosphatase activity is also uscful as an indicator for recovery of degraded soils due 

to its association with organic matter content (Gil-Sotres el al., 2005). 

The hydrolysis of urea is catalysed by the enzyme urease (EC 3.5.1.5, urea 

amidohydrolase). Although urease occurs in bacteria, fungi, algae, and higher plants 

(Samborska e/ (11.. 2004): urease activity in soil has been correlated with microbial 

12 
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biomass. This suggests the microbial origin of urease in soil (Klose and Tabatabai, 2000). 

Urease activity is often measured due to its importance in the nitrogen cycle and it has 

been widely used to evaluate changes in soil quality due to soil management (Gil-Sotres el 

ul. _ 2005). 

According to Knight and Dick (2004), a variety of environmental factors and soil 

characteristics a fkc t  the activity of microbial communities or uptake of nutrients by plants. 

Furthermore, the presence of abiontic enzymes also moderates the reflection of microbial 

community dynamics. As a result. enzyme assays often do not correlate with microbial 

activity nor do they predict nutrient availability to plants. Data interpretation can be 

difficult due to niistures of active and inactive populations and the accumulation of 

stabilised enzymes, which may or may not contribute to ecosystem function (Tate and 

Rogers, 2002). Results for enzymatic activities are highly variable and thresholds for 

interpreting enzyme assays as soil quality indicators are unavailable. However. enzymatic 

assays may provide valuable infonilation of microbial community function if applied for 

the monitoring of trends over time (Bandick and Dick, 1999: Aon and Colaneri, 2001: 

Hinojosa el t r l .  2004: Gil-Sotres er ul.: 20053. 

A comprehensive assessment of soil microbial community characteristics is one Mia> 

in which to address the incomplete picture of soil status that current methods provide 

(Flarris, 2003). Phospholipid fatty acid (PLFA) analysis allows phenot)pic fingerprinting 

of soil microbial communities (Leckie, 2005) and has been found to be a reliable tool for 

distinguishing ecosystem types and for assessing management effects on soil microbial 

community structure (Tate and Rogers, 2002). The use of a cultivation-independent 

method: such as PLFA analysis is a powerful means to examine in silu microbial 

community structure. This techniquc, also known as signature lipid biomarker analysis, 

circumvents man) of the problems frequently associated with con\entional cultivation- 

based techniques (Pinkart et 01.. 1998; Waldrop e t  al., 2000). The analyses provide a 

quantitative description of the microbial community in the particular environment sampled 

at a given time. Fatty acids arc extracted directly from soil samples with organic solvents - 

a total or representative extraction. The microbial lipid extract is thcn fractionated into 

neutral lipids. glycolipids. and phospholipids by silicic acid chromatography. The 

phospholipid fraction is subjected to mild alkaline niethanolysis to produce fatty acid 

methyl esters (FAMEs) for quantitative analysis by capillary gas chromatography and gas 

chromatography-mass spectrometr) (Guckert et id. 1985; White and Ringelbcry. 1998). A 

sample prolile represents the abundance of each of the extracted PLFAs. Prebious studies 
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have indicated correlations of PLFA analyses with enzymatic activities (Waldrop cr trl.. 

2000), acridine orange direct counts, ATP content (Balkwill et 0 1 . .  1998), microbial 

community metabolic profiles (BiologTM). and DNA analyses ('d'idmer et ul.,  2001). 

Phospholipid fatty acids can be classified into ester-linked (esterified) PLFAs (EL- 

PL.FAs) and non-ester linked (non-esterified) PLFAs (NEL-PLFAs). The EL-PLFAs 

comprise 60-90% and the NEL-PLFAs 10-400.4 of the total PLFAs. A schen~atic 

representation of the classification of PLFAs is provided in Figure 1.3. Ester-linked PLF..\s 

are divided into ester-linked unsubstituted fatty acids (EL-UNFAs) and hydroxyl 

substituted fatty acids (EL-HYFAs). The EL-UNFAs are further subdivided into saturated 

(EL-SATFA). monounsaturated (EL-MUFA). and polyunsaturated (EL-PUFA) fatty acids. 

T\ \o  subgroups. branched chain fatty acids (BRANCs) and straight chain fatty acids 

(STRAs) constitute the EL-SATFAs. Non-ester linked PLFAs include the unsubstituted 

(NEL-UNFA) and hydroxy substituted (NEL-HYFA) kitty acids. Hydroxy substituted fatty 

acids that are localised in the lipopolysaccharide portion of the cell wall in Gram-negative 

bacteria are designated as LPS-HYFA (Zelles, 1999; Kaur rr ul , 2005). 

PLFA 

EL-PLFA NEL-PLFA 

EL-UNFA EL-HYFA 

I 
1 

NEL-UNFA NEL-HYFA +- 
EL-SATFA EL-MUFA EL-PUFA 

STRA BRANC 

Figure 1.3. Classificat~on of phospholipid fatty acids (PLFAs) (Kaur eta/., 2005). 

Signature lipid biomarker analysis is based on the variability of fatty acids present in the 

cell membranes of different organisms. The composition of PLFA profiles in 

microorganisms is determincd by fatt) acids of varying chain length, saturation, and 
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branching and can therefore be used as 'fingerprints' of the soil community (Steer and 

Harris, 2000; Leckie, 2005). It is also affected by the metabolic state of the organism, 

environmental factors, and exposure to toxic substances (Frostegird et al., 1997). 

Accordingly, when bacteria arc cultured under standardised conditions, they maintain a 

constant fatty acid composition unique to specific groups of microorganisms (Keweloh and 

Heipieper, 1996). PLFAs are easily extracted from soil and the technique is optimised for 

phospholipid molecules, so that other free fatty acids are not detected. Therefore, it 

provides insight into a greater portion of the whole community con~position than 

cultivation-based practices would (Hill et ul., 2000; Peacock et al., 2001). 

The ccll membranes of all living microorganisms contain PLFAs, which function to 

maintain cell fluidity. enable transport of nutrients into the cell, and eliminate metabolic 

products (Ponder and Tadros. 2002). Since PLFAs are not associated with storage 

functions, they represent a constant portion of the cell mass. Following cell death, PLFAs 

are rapidly degraded and therefore does not exist cxtracellularly (Zelles et ul., 1992). This 

makes them valuable as signature molecules and indicators of viable microbial biomass 

(Calderon. el ul , 2000: Riitters et 01, 2002). In addition, the physiological status and 

community structure of microbial populations can be inferred from lipid profiles 

(Steenwerth et 01.. 2003) since certain fatty acids respond to environmental disturbances 

and are unique to specific groups of organisms (White el al., 1996). Subsequently, PLFA 

profiles can signify changes in the bacterial andlor fungal composition of a soil (Ibekwe 

and Kennedy. 1998: Hill el al., 2000). The major PLFA groups associated with the 

membranes of various microorganisms are indicated in Table 1.1. 

The use of PLFA analysis to differentiate between bacterial and fungal biomass, is 

very useful since other techniques, such as substrate induced respiration and direct 

microscopy, is time-consuming and sometimes imprecise (Biith and Anderson. 2003). 

Lipids unique to fungi and bacteria. respectively, can be summed as indices of each of 

these groups of soil microorganisms. creating a fungal to bacterial (F:B) ratio of living soil 

microbial biomass (Bardgett and McAlister, 1999). The quantity of 18:2o)6c is used as an 

indicator of fungal biomass. since i t  is mainly of fungal origin (Federle: 1986; Merila et ul., 

2002). As an index of bacterial biomass. Frostegird and Biith (1996) suggested the use of 

the sum of the following P1,FAs considered to be predominantly of bacterial origin: il5:0: 

a15:0, 15:0, i16:0, 16:10)9, 16:lo7t, i17:0, a17:0, 17:O. cy17:0, 18:107, and cy19:O. 

According to Bailey et ul. (2002b). the F : H  biomass ratios obtained from PLFA analysis 

can be compared to those obtained by selective inhibition of substrate-induced respiration 

15 
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to assess the relative dominance of fungi over bacteria in a set of soil samples. A F:B 

activity ratio (as determined by substrate induced respiration) of 1.0 indicates an equal 

contribution of fungi and bacteria to the microbiological activity in the soil sample. When 

using PLFA analysis to determine F:R ratios, the ratio is usually less than 1.0 since the 

saturated fatty acids included in the prokaryotic lipids are ubiquitous and found in most 

organisms (Bailey. e /  ul , 2002b). 

Table 1.1. Major phospholipid fatty acid (PLFA) groups associated with the membranes of various 
microorganisms (Guckert etal., 1985; Olsson, 1999; Ponder and Tadros, 2002; Peacock, 2005). 

PLFA Structure Group Fatty Acids General Classification 

Normal saturated 14:0, 15:0, 16:0, 17:0, 18:0, A general microbial biomarker found in both 
20:0, 21:0, 22:0, 23:0, 24:O the prokaryotic and eukaryotic (polyenoic 

fatty acids) kingdoms; a relative increase has 
been shown to correlate with decreased 
diversity. 

Monounsaturated 14:lw5c, 15:1, 16:109c, 
16:lw7c, 16:lw7t, 16:lw5c, 
17:lw8, cy17:0, 17:1, 
18:3w6, 18:3w3, 18:lw9c, 
18:lw7c, 18:lw7t, 18:lw5c, 
19:lol2c, 19:lw12, cy19:0, 
20:lw9c, 2O:lo9t, 22:lw9cr 
22:lwgt 

Indicative of predominantly Gram-negative 
bacteria, which is fast-growing, utilise many 
carbon sources and adapt quickly to a variety 
of environments; may also be found in the 
cell membranes of obligate anaerobes such 
as sulphate or iron-reducing bacteria; an 
increase in the amount and type of carbon 
sources has been shown to increase this 
marker. 

Terminally-branched i14:0, i15:0, a15:0, i16:0, Common to Gram-positive bacteria, including 
saturated i17:0, a17:0, i18:O Arthrobacter and Bacillus spp. Many of these 

types of bacteria can be spore formers and 
can exist in environments that are lower in 
overall organic carbon content. 

Mid-chain branched ilOMel5:0, alOMelS:O, Primarily indicative of Actinomycete type 
saturated brl5:0a, 10Me15:0, brl6:0a, bacteria in surface soils. It has been 

brl6:0b, brl6:0c, 10Me16:0, hypothesised that since these bacteria grow 
llMe16:0, 12Me16:0, br17:0, hyphae they are able to better survive in 
2Me17:0, 10Me17:0, harsh environments due to their ability to 
12Me18:O span interstitial spaces to collect water and 

nutrient sources. 

Polyunsaturated 18:2w6, 18:303, 20:206, Representative of fungi and other 
20:5w3 microeukaryotic organisms; this marker too 

shows significant differences due to land-use. 

Ratios of F:B biomass derived from PLFA analysis have been used to measure recovery of 

soil. In a study conducted by Bardgett and McAlister (1999). F:B ratios were found to be 

indicative of ecosystem self-regulation. Results from the study suggest that the ratio of F:B 
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PLFAs is higher in soils that are unimproved, in contrast to soils that have been fertilised 

and show a lower ratio of F:B PLFAs. Similarly, native soil systems show a tendency to be 

characterised by high ratios of fungi to bacteria compared to managed systems (Bardgett 

and McAlister, 1999). The ratio of F:B biomass was also positively correlated to soil pH 

(Biith and Anderson. 2003). 

According to Kieft el ul. (1994). bacteria alter their membrane fatty acid components 

in response to environmental stress. thereby generating characteristic PLFA stress 

signatures. In this regard, increased ratios of saturated to unsaturated fatty acids, increased 

ratios of tran.r- to cis- monoenoic fatty acids, and increased ratios of cyclopropyl fatty 

acids to their monoenoic precursors are known as stress signatures. The growth rate, 

medium composition, and environmental factors under which microorganisms grow. 

influence the relative amounts of trans fatty acids present in the cells. Accordingly, the 

measurement of the trun.s/cis ratio of 16:l fatty acids and 18:l fatty acids are applied as a 

general measure of stress or starvation to determine the physiological status of the 

microbial population (Kieft et ul., 1994; Keweloh and Heipieper, 1996). The concentration 

of irons monoenoic fatty acids usually increases during nutrient deprivation, while the 

concentration of cis monoenoic fatty acids decline (Guckert el ul., 1986). Trans/cis ratios 

greater than 0.1 are considered indicative of starvation or exposure to toxins (Guckert et 

al.. 1986; Keweloh and Heipieper, 1996). In contrast, non-stressed microbial communities 

are generally considered to have ratios of 0.05 or less (White et ul., 1996). Stress on 

microbial populations can also result in physiological changes that show an increased 

concentration of cyclopropyl fatty acids (Guckert et al., 1991). Such changes may be 

stimulated by starvation, high temperatures, high magnesium ion concentrations, and low 

pII (Guckert et a/.. 1986). Therefore. increases in cy17:O and cy19:O relative to their 

respective metabolic precursors, 16:lw7c and 18:lw7c, may rather indicate physiological 

stress in microbial communities than a change in the community composition (Leckie, 

2005). The cyclopropanelmonoenoic PLFA ratio usually falls within the range of 0.05 (for 

log phase) to 2.5 or greater (stationary phase) (Guckert et 01.. 1985; Guckert el u l ,  1986). 

According to Smith et al. (2000). a ratio of greater than 0.1 is indicative of nutritional 

stress. while cells in the exponential growth phase have ratios of less than 0.05. 

In spite of the value of PLFA analysis. some restrictions of this technique should be 

taken into consideration. In a number of cases, a specific fatty acid present in a soil sample 

cannot be linked with a specilic microorganism or group of microorganisms, because 

appropriate signature molecules are not known for all organisms (Hill et a/ . ,  2000). 
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Different microbial species can share various fatty acids, therefore PLFA profiles cannot 

be used to identify species within a community (Hill et 01.. 2000; Ibekwe el ul., 2002). 

1.4. The Space-for-Time Hypothesis 

It is widely accepted that the most reliable manner to measure change in an ecosystem and 

to gain an understanding of the basic structure and function of that ecosystem. is by long- 

term study employing appropriate spatial and temporal scales. In terms of obtaining a 

realistic ecological assessment of a restoration project, this implies monitoring the same 

site through time (Michener. 1997; Sparling er a / ,  2003). However, with respect to 

ecological function and structure, "long-term" often represents decades to centuries 

(Michener. 1997). Soil recocery (in terms of soil formation) takes thousands of years 

(Eijsackers, 2004), topsoil components such as organic matter may take hundreds of years 

to reach equilibrium (Sparling et a / .  2003), and even the repopulation of soil by microflora 

can take up to a decade (Eijsackers, 2004). It is thus clear, that "long-term" with respect to 

ecological function and structure implies timescales that are beyond the scope of typical 

investigations. Studies of biological soil communities are frequently restricted to seasonal 

or other types of short-term investigations or even sampling at only a single point in time 

(Mummey er 01.. 2002b: Taylor et 01.. 2003; Hinojosa et al., 2004; Zhang er al., 2006). 

This is especially true for rehabilitation projects where time and expense must be kept to a 

minimum. Rehabilitation projects in the South African mining environment arc 

implemented and managed by mining companies in order to restore a disturbed area 

according to a mine closure plan. Often these projects have been in progress for a number 

of years before scientists become involved and an opportunity arises to evaluate biological 

soil properties. Even if biological properties arc evaluated at the start of a rehabilitation 

project, it is improbable that such monitoring will be conducted consistently over a long- 

term period due to difficulties associated with funding and collaboration with mining 

companies. In addition, there are other research constraints linked to restoration studies. 

These include uncontrollable events that cannot be replicated or studied using traditional 

experimental approaches and statistical analyses (Michener, 1997). Complications such as 

thcse and a general difficulty in monitoring soils over long periods have necessitated the 

use of alternative investigative approaches to monitoring through time in order to 

quantitatively evaluate the success of an ecological restoration activity and to advance 
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restoration ecolog! as a scientilic discipline. One such approach is a substitution of 'space' 

for 'time' (Michener. 1997; Sparling ei al., 2003). 

According to Pickett (1989), one of the most commonly encountered techniques in 

ecology is inferring a temporal trend from a study of different aged sites. This techniquc is 

called space-for-time (SFT) substitution. and rcsults in a chronoscquence. The SFT 

approach assumes that sites in different locations \+ere initially similar, and that 

simultaneous sampling of different sites of increasing age is equivalent to resampling the 

same site through time. Therefore. \vhen applying this approach, sites of different ages and 

stages of development at separate locations ('space') are identified to obtain a 

chronosequence of ages ('time') (Sparling ei al., 2003). Due to the extensive periods 

associated with recovery of ecosystems from disturbance. extrapolation of temporal trends 

from chronosequences (sites or samples of different ages) that are obtained by sampling 

certain environmental Lariables may be a practical alternati\e to long-term studies. 

especially where general or qualitatike trends are sought (Pickett, 1989: hl~chener, 1997). 

Space-for-time substitution has mostly been applied to vegetation studies (Pickett, 

1989; Molnar and Botta-Dukat, 1998: Le DLIC er al., 2000). including studies of primary 

and secondary succession. In this context, SFT substitution has been found useful for 

illustrating general trends and regional variability in composition and community structure 

in some systems; and to expose patterns of functional characteristics through succession 

(Pickett, 1989). Other applications of SFT substitution include the folloning 

investigations: comparati\e plant successional studies on topsoiled mining-spoils 

(Martinez-Ruiz and Femandez-Santos. 2005); changes in soil microbial community 

structure in a tallgrass prairie chronosequence (Allison el al., 2005); vegetation response to 

longer-term climate shifts (Scanlon et ul.. 2005): as a surrogate for a long-tcrm study on 

ant succession (Dauber and Wolters, 2005): and as a reliable approach to assessing topsoil 

recovery after landslip erosion in New Zealand (Sparling e/ 111.. 2003). Studies on the 

biological impact of acid deposition, recovery of stripmines, dynamics of debris dams, and 

disturbance in landscapes have also employed SFT substitution (Pickett, 1989). 

From a review by Pickett (1989), it is clear that the applications of SFT substitution 

cover a wide range of systems, ":from aquaric ro ierrestrial, ' o m  [hose huvirlg fust 

dynuniics to those having slow dynamics, und.fror17 rich lo poor implicutions qf'thr pusf". 

Furthermore, it is apparent that there are different strategies for studying the past of an 

ecological system. Diffcrent approaches to ecological studies (e.g. long-term study and 

SFT substitution) expose different levels of detail and address different characteristics of 
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systems. Therefore. the manner in which SFT substitution is applied relies on the 

objectives of the relevant study and the workings of the sytern to which it is applied 

(Pickett. 1989). 

2. PERSPECTIVZ, AIMS, AND OUTLINE OF THESIS 

Although mining companies are expected to provide for and apply rehabilitative measures 

bciore closure permits are granted, thc rehabilitation of areas disturbed by mining activities 

is a complicated and multit:~cetcd process. Past rehabilitative management strategies that 

relied extensively on the rehabilitation of disturbed areas by application of agronomic 

approaches, proved unsuccessful in the semi-arid and arid areas of southern Africa (Milton. 

2001). Furthermore. the rehabilitation process is complicated due to the lack of suitable 

assessment criteria for restoration success. It seems that vegetative stabilisation is the most 

successful answer to achieving sustainable rehabilitation of mine discard sites (Carroll el 

01.. 2000) and since soil is the growTh medium for all vegetation, it is important to find 

suitable methods to assess and improve the quality of this growth medium. Soil quality and 

the associated success of rehabilitation effbrts are diffic~ilt to measure because soil and its 

functions are an ecologically complex phenomenon that cannot be readily assessed by any 

single soil parameter. Research should thus be focused on a more integrated approach that 

takes the physical. chemical, and biological properties and their interactions into account. 

A preliminary investigation to the current study was conducted to ascertain whether 

microbial enumeration techniques, assays of enzymatic activities, and analysis of signature 

lipid biomarkers (I'LFA analysis) could be applied to differentiate between the soil cover 

layers of coal discard sitcs of varying rehabilitation ages that were managed in an identical 

manner. The most significant findings of this study will be briefly discussed here, while the 

article containing the results of thc investigation (Claassens rr ul., 2006) is included in 

Appendix A. 

The investigation was conducted on sewn revegetated coal discard dumps in South 

Africa varying from 1 to 8 years in rehabilitation age at the time of the investigation. In 

this preliminary investigation as w-ell as in the current study, the tern 'rehabilitation age' 

refers to the time since the first application of a soil cover layer and subsequent 

amelioration and revegetation of a specific coal discard dump. 

Statistical analysis of thc microbial counts indicated no significant differences (1) - 

0.05, Tukey's test) between soil covers of discard sites based on microbial enumeration 
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using a variety of culture media. Significant differences @ = 0.05, Tukey's test) between 

sites of varying rehabilitation ages could be observed based on assays of enzymatic 

activities (dehydrogenase, p-glucosidase, acid and alkaline phosphatases, and urease) as 

well as analyses of PLFA profiles. The relationship between soil physico-chemical 

properties, vegetation cover, and microbial properties was investigated using multivariate 

statistical techniques. These included ordinations of principal components analysis (PCA) 

and canonical correspondence analysis (CCA). Discard dumps with relatively higher 

vegetation cover and organic C content had a positive association with enzymatic activities 

and microbial biomass. Organic C content correlated significantly with P-glucosidase (r = 

0.80, p < 0.05); urease (r = 0.96, p < 0.05); acid phosphatase (r = 0.76, p < 0.05); 

dehydrogenase (r = 0.69, p < 0.01); and microbial biomass (r = 0.73, p < 0.01). Results 

obtained from the multifactorial analysis of microbial properties illustrated their 

interconnectedness with physico-chemical soil properties and vegetation cover. It also 

seemed that there was a relationship between the progress of rehabilitation and r- and K- 

strategic microorganisms, with r-strategists favouring younger dumps or dumps under 

fertiliser treatment and K-strategists favouring more stable environments. 

The conclusion drawn from this preliminary investigation, was that microbial 

community function (enzymatic activities) and structure (PLFA analyses) was sufficiently 

sensitive to differentiate between coal discard dumps of varying rehabilitation ages and 

could be applied in a more comprehensive spatial and temporal investigation to assess the 

progress of rehabilitation on coal discard sites. 

The aim of the current investigation was to apply aspects of microbial community 

function and structure in a spatial and temporal assessment of the status of the soil covers 

of seven coal discard sites of different rehabilitation ages (managed by Mining Company 

A). Specific objectives included ascertaining the relationship between rehabilitation age 

and microbial community function and structure; and determining whether information 

obtained from the assessment of these microbial properties could be used in soil 

monitoring programmes for the rehabilitation of coal discard sites. 

Another objective was to apply 'space-for-time' (SFT) substitution as a tool to 

facilitate the comparison of long-term effects of management practices on rehabilitated 

coal discard sites. It was hypothesised that the application of SFT substitution would be a 

successful approach to obtain two chronosequences of rehabilitation ages and to compare 

long-term microbial community dynamics that would otherwise not have been possible. 

The two chronosequences of coal discard sites were managed by different mining 
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companies (Mining Company A and Mining Company B, respectively). The coal discard 

sites constituting chronosequence A, were aged 1 to 1 1  years and those constituting 

chronosequence B, 6 to 17 years. The specific objectives of the application of SFT 

substitution was to determine whether distinctive management practices had different long- 

term effects on the microbial communities in the soil covers of the discard sites; and to 

establish minimum and maximum values for microbial activity and abundance 

measurements in these rehabilitated ecosystems. 

Multivariate statistical analysis was performed on data from all coal discard sites to 

investigate the relationship between the respective sites, soil physical and chemical 

characteristics, vegetation cover. and microbial community function and structure. 

Chapter 2 contains a description of the sites (at Mine A and Mine B, respectively); 

sampling procedures; materials and methods used; and statistical analyses performed 

throughout the study. 

Chapter 3 describes the spatial and temporal investigation into the functional 

diversity of the microbial communities of the seven coal discard sites sampled at Mine A. 

Functional diversity was assessed by assaying the activities of the major enzymes 

representative of the main steps of soil hiogeochemical nutrient cycles, i.e. C (B- 

glucosidase), N (urease), and P (acid and alkaline phosphatases). Dehydrogenase activity 

was assayed as an indicator of overall microbial activity. 

Chapter 4 describes the spatial and temporal investigation into the structural diversity 

of the microbial communities at the seven coal discard sites sampled at Mine A. Soil 

microbial community structure was determined by means of analysis and quantification of 

specific signature lipid biomarkers (PLFA analysis). 

Chapter 5 describes an application of the SFT hypothesis. Two chronosequences of 

rehabilitation ages from coal discard dumps under different management regimes (Mine A 

and Mine B) were compared in terms of microbial community function and structure to 

assess the long-term effects of different management practices. 

Finally, the results of Chapters 3 to 5 are summarised and discussed in Chapter 6. 
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CHAPTER 2 

GENERAL MATERIALS AND METHODS 

%s ~011s are depleted, human health, vitality and intelligence go with them. " 

- Louis Bromfield 
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1. SITE DESCRIPTION 

The study was conducted on coal discard sites of varying rehabilitation ages located lvithin 

the grassland biome of South Africa (average annual rainfall of 700 mm). Fourteen coal 

discard sites that were managed by two different mining companies (seven sitcs from each 

mine) were investigated. Both mining companies followed an ameliorative approach to 

revegetation. This approach relies on achieving optimum conditions for plant grov.th by 

the application of cover materials or by improving the physical and chemical nature of 

mine wastes using organic matter, fertilisers, and lime (Johnson er ul., 1994). However. 

each mining company had a distinct approach to the rehabilitation programmes applied to 

the respective coal discard sites under their management. 

The first part of the study was conducted on seven revegetated coal discard sites 

under rehabilitation and managed by Mining Company A. At the start of the investigation 

(2002), discard sites sampled at Mine A varied in rehabilitation age from 1 to 8 years 

(Table 2.1). In this stud), the term 'rehabilitation age' refers to the time since the first 

application of a soil cover layer and subsequent amelioration and revegetation of a specific 

coal discard site. Since the soil cover layers applied to discard material differed in 

thickness for sites managed by different mining companies, the soil cover thickness was 

considered part of the management practices for the purpose of this investigation. The 

same sites were resampled in 2004 and 2005 to obtain a chronosequence of rehabilitation 

ages ranging from I to I I years (chronosequence A). 

For the rehabilitation of coal discard sites. Mining Company A applied a soil cover 

layer of 10-15 cm to discard material before ameliorating the soil cover with lime. 

fertilisers (nitrate and super-phosphate), and organic material in the t'orm of manure. 

Dumps were then revegetated with a grass seed mixture. The soil used as cover was 

excavated from adjacent borrow pits or stripped from the sites before mining (stockpiled). 

The grass seed mixture applied to the sites included the following commercially available 

grasses: annual teff [Errgrostis l e f  (Zuccagni) Trotter]; weeping lovegrass [Erugvsri .~ 

curvula (Schrader) Nees]: Rhodesgrass (Chlor~s Kuyann Kunth); common fingergrass 

(Digituriu erianlhu); Bemiudagrass [Cymdon riuctylon (L.) Pers. var. ductylon]: and 

kikuyu grass [Penni.ser~im clumfestinum Chiov]. 

As part of the management regime, all sites werc defoliated by means of cutting and 

baling at the end of each growing season until and including 2002. Sites werc treated with 

variable amounts of lime. inorganic fertilisers. and well-cured manure so that conditions 
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would be optimal for vegetation growth after amelioration. From 2003, the cutting and 

baling practice was discontinued and grazing was applied to all sites. Subsequent 

amelioration of soil cover layers was conducted annually according to lime requirements, 

fertiliser recommendations. and organic carbon content, based on the results of soil 

physical and chemical analyses obtained by standard procedures. Macro-elements (Ca. Mg, 

and K) were always added as nitrates and phosphorus was supplemented using super- 

phosphate. In 2002, it was envisioned that new management practices would stabilise sites 

and that fertiliser application \\-ould be ceased after five years (2007). Therefore. 

application of fertilisers and organic material \\as reduced by the mining company over the 

study period. 

Due to the nature and location of the study sites. the continuous use of reference sites 

to compare rehabilitated sites to was not possible during this study. The coal discard sites 

under investigation take up large areas of land (several hectares) and are surrounded by 

other anthropogenically disturbed areas (roads, fam~s, urban areas). Furthemlore, these 

sites have a topography (slopes) unlike natural areas that intluences vegetation growth and 

subsequen~ly microbial communities. Reference sites sampled initially (2002). were 

located on farms adjacent to the study sites. Although these sites were representative of 

soil not directly impacted by mining activities, they could not be confidently applied as 

references to natural, undisturbed soils. After 2002. the same reference sites were no longer 

available due to expanded agricultural activities. The results obtained from the 

characterisation of the microbial community function and structure at these reference sites 

are discussed in Chapter 6. 

During the second part of this investigation, soil samples were also obtained from 

coal discard sites (6 to 17 years old) from another coal mining site (managed by Mining 

Company B). As in the case of rehabilitation practices followed by Mining Company A. 

Mining Company A applied a soil cover layer to discard material before ameliorating the 

soil cover with lime, fertilisers (nitrate and super-phosphate), and organic material in the 

fomi of manure. However, the soil cover layer applied to the coal discard sites managed by 

Mining Company B was thicker (30-60 cm) than that applied by Mining Company A (10- 

15 cm). The soil used as cocer was excavated from adjacent borrow pits or stripped from 

the sites before mining (stockpiled). Discard sites were revegetated with the same grass 

seed mixture applied at Mine A. 

There were also differences in the management regimes applied by the two mining 

companies after the initial revegetation of the discard dumps. Mining Compnnj A applied 
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more intensive management in the form of defoliation (cutting and baling, replaced by 

grazing in 2003) combined with the annual amelioration of soil cover layers according to 

lime requirements. fertiliser recommendations, and organic carbon content. In contrast. 

Mining Company I3 followed a less intensive management regime and applied no 

amelioration after initial revegetation. Sites were also grazed by livestock as for Mining 

Company A. 

Thc two coal mines (Mine A and Mine R) chosen for this investigation ol'fered an 

opportunity to apply space-for-time (SFT) substitution and in this way to compare the 

long-term effect of different rehabilitative management regimes on the microbial 

community function and structure of coal discard dumps. When applying this approach, 

sites of different ages and stages of development at separate locations ('space') are 

identified to obtain a chronosequences of ages ('time') (Sparling et al., 2003). In this 

manner, a temporal trend is inferred from a study of different agcd sites (refer to Chapter I 

for a discussion on the SFT hypothesis). 

The site identities and rehabilitation ages of the coal discard sites sampled at the two 

mines to derive chronosequence A and chronosequence B, respecti~dy, are presented in 

Table 2.1. 

Table 2.1. Coal discard s~tes sampled to derive the two chronosequences of rehabilitation ages ranging from 
1 to 11 years and 6 to 17 years, respectively. 

Rehabilitation Aae 

Site 1 x x x 

Site 2 x x x 

Site 3 x x x 

Site 4 x x x 

Site 5 x x x 

Site 6 x x x 

Site 7 x 

Mine B 

Site 1 x 

Site 2 x 

Site 3 x 

Site 4 x 

Site 5 x 

Site 6 X 
Site 7 x 
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At Mine A. se\en discard sites that varied between 1 and 8 years old in 2002, were 

sampled in 2002, 2004. and 2005 to obtain a chronosequence of rehabilitation ayes ranging 

from 1 to 11 years (chronosequence A). At Mine B. seven discard sites between the ayes of 

6 and 17 years old. were sampled in 2006 (chronosequence B). For those ages with data 

from several sites (replicates), mean values and standard errors were calculated (Martinez- 

Ruiz and Fernindez-Santos. 2005). 

Table 2.2. Locations of coal discard sites sampled to derive the two chronosequences of rehabilitation ages. 

Grid Reference 
-- - -~ ~p~ ~- - - - -- - -~ -- - - -- - 

Mme A 
Site 1 26°10.80'S 2g021.20'E 

Site 2 26O29.41'S 29'45.34' E 

Site 3 26'20.40's 29'53.19' E 
Site 4 25O53.42'5 29°10.27' E 

Site 5 25O54.35'5 29'11.21' E 
Site 6 26'01.22's 29'06.06' E 

Site 7 27O51.14' S 29'57.23' E 

Mine 8 

Site 1 26'42.30' 5 27'59.71' E 
Site 2 26O41.65'S 27'59.32' E 

Site 3 26O41.76' E 27O59.56' E 

Site 4 2G041.87'S 27'59.32' E 

Site 5 26O42.33'5 27'58.83' E 

Site 6 2G041.33'S 27O58.83' E 

Site 7 26°41.17' 5 27O58.59' E 

(Grid) LatiLon hdddomm.mmm' (Datum) wGS 84 

2. SAMPLING PROCEDURE 

A random sampling design was ~ ~ s e d  to obtain three composite samples per site (five cores 

per composite sample) of the soil cover layers from all coal discard sites 0 7  = 21 for Mine 

A and Mine B. respectively). All sites were sampled during summer, within one month 

after the first rainfall of the season. Samples were collected in the same quadrates used for 

the assessment of \egetation growth. A soil auger was used to obtain volume samples with 

a minimum of 1 kg of soil per sampling area. The top 0-10 cm of the soil cover layer was 

sampled since most of the discard dumps at Mine A had an effective soil cover thickness of 

only 5 15 cm. Although dumps from Mine B had thicker soil cover layers (at least 30 cm) 

than dumps from Mine A, only the top 0-10 ctn of the soil cover layer was sampled to 

facilitate comparison between the two chronoseqnences 
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Samples were obtained using aseptic techniques and subsamples (+ 200 g) of each sample 

were kept at 4°C for enzymatic assays to preserve biological propcrtics. For lipid analyses, 

separate subsamples (+ 200 g) were sealed in plastic bags, frozen on site using dry ice and 

transported on dry ice to the laboratory. where it was stored at -80°C until lyophilisation. 

Composite (consolidated) samples were mixed thoroughly to contain equal weights of 

individual samples. Each consolidated sample was analysed for enzymatic activity within 

five days of sampling. 

3. ESTIMA TION OF VEGETA TION COVER 

The ground and crown vegetation cover of all the sites were estimated in three 1 m' 
2 quadrates randomly placed over a 50 m transect. All plants rooted in a 1 m quadrate were 

included in the estimation per plot. The ground cover included all living and non-living 

organic material on the ground surftace per area and the crown cover was regarded as the 

canopy cover spread of all grass species over a fixed area. A quantitative value 

(percentage) was attributed to every plot and both values (ground and crown cover) were 

expressed as a percentage per m' surface area (Van Rensburg er d., 2004). 

4. PHYSICAL AND CHEMICAL SOIL ANALYSIS 

Physical and chemical analyses of soil samples were conducted by an independent 

laboratory according to standard procedures. 

A 1 :2 (vlv) water extraction procedure was conducted as described by Peech (1965) 

for the determination of the water-soluble basic cation fraction (Ca. Mg. K, and Na). 

Quantification was done by means of atomic absorption spectrometry with a Spectr. AA- 

250 (Varian. Australia) using acetylene-air for determining the basic cations (Ramiriz- 

Munoz. 1968). 

The exchangeable cation concentration was measured by replacement of the 

exchangeable cations with ammonium by adding excess ammonium acetate solution to the 

soil samples (Thomas. 1982) and analysed with a Specrr. AA-250 (Varian, Australia). The 

exchangeable-ion status of the soil samples was used to quantify the percentage base 

saturation, which expresses the content of exchangeable bases as a percentage of the cation 

exchange capacity (CEO.  measured at pH 7.0 or 8.2. In equation form this becomes: 
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~vhere: Xh = sum of exchangeable bases (Ca, Mg. K, and Na) 

CEC - cation exchange capacity. 

The anions (Cl, NO3, and SOd) were quantified by means of ion chromatography 

(Metrohm 761 Compact IC, Switzerland). Concentrations of NH4 were quantified by 

means of the ammonia-selective electrode method (Banwart et a/., 1972). The pH value 

and electrical conductivity (EC) of the soil was determined in the 1:2 extract with a 

calibrated pH1conductivity meter (Radiometer PHM 80, Copenhagen) at 25'C after a 12 h 

equilibration period with intermittent stirring. 

A P-Bray 1 analysis byas also conducted to quantitL the P concentration as described 

by Bray and Kurtz (1945) and organic carbon was determined according to the Walkley- 

Black procedure (Walkley and Black. 1934). 

Quantification of the particle-size distribution of all soil samples was conducted 

according to the procedures advocated by the American Society for Testing and Materials 

(ASI'M, 1961). 

5. ASSA YS OF ENZYMA TIC ACTIVITIES 

Before analyses. consolidated soil samples were passed through a 2 mm sieve. For the 

determination of dehydrogenase activity. soil was kept at field water content, while air- 

dried samples were used for determination of B-glucosidase (B-D-glucoside 

glucohydrolase, EC 3.2.1.21), urease (urea aniidohydrolase. EC 3.5.1.5). acid phosphatase 

(orthophosphoric nionoester phosphohydrolasc. EC 3.1.3.2_ pH 6.5) and alkaline 

phosphatase (orthophosphoric monoester phosphohydrolase, EC 3.1.3.1. pH 1 1 .O) 

activities (Alef and Nannipieri. 1995; Dick e/ (11.: 1996). Soil water content was determined 

gravimctrically after drying soil samples at 1 0 5 T  overnight (Alef and Nannipieri. 1995). 

All analyscs were carried out in triplicate. 

5.1. Dehydrogenase Activity 

Dehydrogenasc activity was assayed according to the method of Von Mersi and Schinner 

(1991) described in Alef and Nnnnipieri (1995). The method is based on the incubation of' 



Chapter 2 . Materials & Methods 

soil with the substrate iodonitrotetrazoliu~n chloride (INT) at 40°C for 2 h followed by 

colorimetric estimation of the reaction product iodonitrotetrazolium violet-formazan (INF). 

Field moist soil (1.0 g) was weighed into a 50 ml screw-cap Erlenmeyer tlask and 

incubated in the dark for 2 h at 40°C with 1.5 ml Tris (hydroxymethy1)-aminomethane 

(THAM) buffer and 2 ml INT solution. Controls were performed with sterilised soil (I .0 g 

samples, autoclaved at 121°C for 20 min). The reaction was tenninated by the addition of 

10 ml jYN-dimethylformamidelethanol (1:  I vlv) extraction solution and shaking at 20 min 

intervals for I h. 'The soil suspension was filtered through Whatman no. 2 filter paper and 

the absorbance of the filtrate was measured at 364 nm. 

A calibration curve was prepared by pipetting 0. 1, 2. and 5 ml of INF solution into 

test tubes and adding 13.5 ml of extraction solution to each test tube. The calibration 

concentrations were: 0, 100, 200, and 500 pg INF per test. 

l'he dehydrogenase activity is expressed as pg INF g-' dry weight 2h.' and calculated 

as follows: 

where: S ,  = INF (pg) of the test 

so = INF (kg) of the control 

dwi = dry weight of 1 g moist soil 

5.2. B-glucosidase and Phosphomonoesterase Activities 

B-glucosidase, acid phosphatase. and alkaline phosphatase activities were all bascd on p- 

nitrophenol release after cleavage of a synthetic substrate @-nitrophenyl glucoside and p- 

nitrophenyl phosphate, respectively) (Alef and Nannipieri. 1995: Dick er d., 1996). These 

procedures were first described by Eivazi and Tabatabai (1977). Tabatabai (1982). and 

Tabatabai and Brcmner (1969). 

For the B-glucosidase assay, 1.0 g soil (air dried) was placed in a 50 ml screw-cap 

Erlenmeyer flask and incubated for 1 h at 37°C with 0.25 1111 toluene, 4 ml modified 

universal buffer (pH 6.0) and 1 ml p-nitrophenyl-p-D-glucoside. The reaction was 

terminated by thc addition of 1 ml 0.5 M calcium chloride and 4 nil 0.1 M I'IiAM buffer 

(pH 12.0). Controls were performed by adding substrate immrdiatcly after incubation, 

before the addition of calcium chloride and THAM buffer. The soil suspension was filtered 
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through Whatman no. 2 filter paper and the absorbance of the filtrate was measured at 410 

nm. 

A calibration curve was prepared with I ml of standard p-nitrophenol solution, 

diluted to 100 ml with distilled water in a volumetric flask. Aliquots (0, 1. 2, 3, 4, and 5 

ml) of this diluted standard solution were pipetted into Erlenmeyer flasks (50 ml) and the 

volume adjusted to 5 nil by the addition of distilled water. The procedure for p-nitrophenol 

analysis of the incubated sample was then followed. 

B-glucosidase activity was expressed as pg p-nitrophenol g-l dry weight h-' and 

calculated as follows: 

where: C = measured concentration ofp-nitrophenol (pg rill-I filtrate) 

du,r = dry weight of 1 g moist soil 

1' = total volume of the soil suspension in ml 

SCI' = weight of soil sample used (1 g) 

i = incubation time in hours. 

Phosphomonoesterase assays differed from the above only in the choice of buffer. 

Modified universal buffers, pH 6.5 and pH 11.0. were used for acid and alkaline 

phosphomonoesterase. respectively. Phosphatase activity was expressed as pg p- 

nitrophenol g-' dry ueight h-' and calculated as above. 

5.3. Urease activity 

Urease activity was assayed using the procedure of Kandeler and Gerber (1988) as 

described by Alef and Nannipieri (1995). The method is based on the colorimetric 

determination of released ammonia after the incubation of soil samples with urea solution 

for 2 h a t  37°C. 

Air-dried soil (5.0 g) was mixed with 2.5 rnl urea solution and 20 rnl borate buffer in 

an Erlenmeyer flask (100 ml) and incubated at 37°C for 2 h. After the incubation, 30 ml of 

1.0 M potassium chloride solution was added and the flask was shaken for 30 rnin. After 

filtering the soil suspension through Whatnian no. 2 filter paper, the filtrates were analysed 

for the ammonium content. Controls were prepared with 2.5 ml distilled water and the urea 
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solution was added at the end of the incubation, immediately before the addition of the 

potassium chloride solution. 

For ammonium determination. 1 ml clear filtrate was added to an Erlenmeyer flask 

(50 ml) and mixed with 9 nil distilled water. 5 ml sodium salicylatelsodium hydroxide 

solution, and 2 ml sodium dichloroisocyanide solution. The mixture was left to stand at 

room temperature for 30 min prior to measuring the optical density at 690 nm. 

A calibration curve was prepared as follows: ammonium standard solution I (0.0, 1.0, 

1.5, 2.0, and 2.5 ml) was diluted with 100 ml potassium chloride solution to prepare 

ammonium standard solution 11. Ammonium standard solution TI ( I  ml) was diluted with 9 

mi distilled water and the ammonium dete~mination performed as above. The ammonium 

concentrations were 0. 1 .  1.5, 2. and 2.5 pg NH4-N ml-'. 

Urease activity was expressed as pg NHI-N g-' dry weight 2 h.' and calculated as 

follows: 

where: du.1 = dry weight of 1 g moist soil 

1- = total volume of the extract (52.5 ml) 

10 = the dilution factor 

5 = weight of soil used in the assay. 

LIPID EXTRACTION, FRACTIONATION, AND ANALYSIS 

Microbial biomass was estimated as the total extractable phospholipid fatty acids (PLFAs) 

(McKinley r /  01.. 2005) and microbial community composition was analysed on relative 

concentrations (mole percentages) of individual fatty acids. 

Glassware for lipid analysis was freed of lipid contaminants by washing with non- 

phosphate containing soap and then heating in a muffle furnace at 450°C for 4 h. 

Total lipids were extracted from 5 g lyophilised soil according to a modified Bligh 

and Dyer procedure (Peacock er a/., 2001) using a single-phase chloroform-methanol- 

aqueous buffer system in a ratio of 1 :2:0.8 (vlvlv). 

Silicic acid column chromatography (Guckert er ul., 1985) was used to fractionatc 

the total lipid extract into neutral lipids, glycolipids, and polar lipids. The polar lipid 

fraction was transesterified to fatty acid methyl esters (FAMEs) by mild alkaline 
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methanolysis (Guckert ct al., 1985). 

FAMEs were analysed by capillary gas chromatography with flame ionisation 

detection on an Agilent 6890 series 11 gas chromatograph, using a 60 m SPB-I column 

(0.250 mm I.D., 0.250 pm film thickness) with the injector and detector maintained at 

270°C and 290°C. respectively. Hydrogen was used as the carrier gas and sample injection 

was splitless. The colunln temperature was programmed to start at 60°C for 2 min. 

?"C. Gas flow increased at a rate of 10°C min.' to 1 50°C, then increased at 3°C inin-' to 3 1; 

was at a constant pressure of 300kPa. Methyl nonadecanonate (19:O) was used as a 

q~~antitative internal standard and definitive peak identification was made for 

representative samples by gas chroniatography/mass spectrometry using an Agilent 6890 

series 11 gas chromatograph interphased with an Agilent 5973 mass selective detector 

under the same column and temperature programme described. Mass spectra were 

determined by electron impact at 70eV (McKinley el  a[., 2005). 

Fatty acid nomenclature is in the form of A:BoC: where " A  is the number of carbon 

atoms in the chain, "B" is the number of double bonds, and "C" is the position of the 

double bond from the methyl end of the molecule; cis and /ram geometries are indicated 

by the suffixes "c" and -'t". respectivelj. The prefixes "i", "a". and "me" refer to iso. 

anteiso, and niidchain methyl branching. respectively, with "cy" indicating a cyclopropyl 

ring structure and "br" indicating a branched fatty acid with unknown branching 

configuration (Guckert et al.. 1985; .4llison et ui., 2005). 

The sum of the following PLFAs was used as a measure of the bacterial biomass: 

il5:0, a15:0, l5:0, i16:0, 16:1(1)9: 16:lo)7t, i17:O. a17:0, 17:0, cy17:0, 18:10)7, and cy l9:O 

(Frostegard and BiAth, 1996). The PLFA 18:2a6 was used as a measure of fungal biomass 

(Federle. 1986: Frostegjrd and BSSth. 1996). The ratio of iso to anteiso branched PLFA 

\\ids calculated as (i15:O + i17:0/a15:0 + a17:O) and Gram positive PLFA markers were 

il Omel6:O. i I5:O. a15:0, i16:O. and 17:O (McKinley e l  a/. ,  2005). 

7. STA TISTICAL ANAL YSIS 

Statistical analyses were perfomied and graphs generated using Statistics 7.1 (Statsoft lnc.. 

Tulsa, Oklahoma, USA), SigmaPlot 10.0 (Systat Software Inc.. San Jose. California, 

USA). GraphPad Prism 4.0 (GraphPad Software Inc., San Diego, California, USA), and 

Canoco for Windows 4.5 (Riomrtris - Plant Research International, Wageningcn, The 

Netherlands: Ter Braak and Sniilauer. 1998). 
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Data of physical and chemical characteristics. enzymatic activities, and PLFA composition 

of samples were subjected to analysis of variance (ANOVA) followed by Tukey's test for 

mean separation where significant differences 0, = 0.05) were indicated. 

Principal components analysis (PCA) and canonical correspondence analysis (CCA) 

(Canoco for Windows 4.5) were performed to investigate the relationships between sites. 

soil physical and chemical properties, and microbial community function and structure. 

Chronosequence data for Mine A and B were analysed using the Time Series 

Analysis module in Statistica 7.1 (Statsoft lnc., Tulsa, Oklahoma, USA). Missing data 

(missing ages) embedded in either time series was replaced by using the predicied vulues 

from linear trend regres.sion option in Statistica. With this option. Statistica fits a least- 

squares regression line to the time series. The missing data is then replaced by the values 

predicted by this regression line. This method implies that the strongest feature of the 

series is its linear trend across time and was chosen as the most reliable option to predict 

missing values in the time series even though the data was fitted with nonlinear regression. 

Other options predict missing data simply by connecting data points on either side of the 

missing value with a straight line (interpolation) or by replacing missing values with the 

overall mean of the series or by the meadmedian of adjacent points. Linear regression may 

be viewed as just a simpler case of nonlincar regression and is not fundamentally different 

from nonlinear regression. Any nonlinear regression programme can be used to fit to a 

linear model and the results will be the same as if you had chosen linear regression 

(Motulsky and Christopoulos, 2005). 

Curve fitting was performed in GraphPad Prism 4.0 (GraphPad Software Inc.. San 

Diego, California. USA) by using nonlinear regression. Due to the method chosen for 

predicting missing data points in the chronosequences, curve fits were also performed with 

linear regression. The p values obtained from both linear and nonlinear regressions after 

applying the F-test were then compared to determine whether there was consistency in the 

conclusions regarding the significant differences between the curve fits. Similarity or 

dissimilarity of fitted curves based on the F-test is expressed in terms of an F-ratio and 

corresponding p value. I f p  < 0.05: a statistically significant difference between the curves 

was depicted (Motulsky, 2007). 
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CHAPTER 3 
SOIL MICROBIAL COMMUNITY FUNCTION 

I N  A POST-MINING CHRONOSEQUENCE 

'Fopulation must increase rapidly, more rapid& than in former times, and ere 
long the most valuable of all arts will be the art of deriving a comfortable 
subsistence from the smallest area of soil." 

Abraham Lincoln 
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1. INTRODUCTION 

Soil has been rccognised for its value as a natural resource and accordingly, serious 

concerns exist regarding anthropogenic disturbances such as mining activities that cause 

environmental degradation (Harris, 2003). The natural grassland biome of South Africa is 

fragmented by an abundance of mine tailings and discard sites. Revegetation 

(rehabilitation) of these areas are complicated by the poor physical and chemical soil 

characteristics associated with miniug disturbed areas as well as difficult climatic 

conditions characteristic to the arid and senii-arid areas of southern Africa (Milton, 2001). 

Traditionally. physical and chemical soil analyses and visually distinguishable 

aboveground indicators, such as vegetation. formed the foundation for the majority of 

management decisions in rehabilitation. However, these parameters fail to account for soil 

microbiota, which are the basis of tetrestrial ecosystems (Pascual et ul.. 2000; Murnmey et 

ul., 2002). The significance of microbial communities in sustainable soil ecosystems has 

been acknowledged for some time and an essential element for evaluating impacts of 

management practices is the accurate assessment of microbial community function and 

structure (Tate and Rogers. 1002). In this chapter. the assessment of microbial community 

function based on assays of potential enzymatic activities is discussed. The assessment of 

microbial community structure is addressed in Chapter 4. 

blicrobial activity is fundamental in the processes that make energy and nutrients 

available for recycling in the ecosystem and soil microorganisms play crucial roles in the 

biogeochemical cycling of C. N, and P (Bandick and Dick, 1999). The assa! of a variety of 

soil enzymes gives an indication of the diversity of functions that can be assumed by the 

microbial community (Brohon ct  d., 2001; Hinojosa et a/., 2004). Enzymatic activities are 

also a direct expression of the soil microbial community to metabolic requirements and 

available nutrients. The capacity of soil microbial communities to maintain functional 

diversity of critical soil processes through disturbance. stress, or succession could 

ultimately be more important to ecosystem stability than taxonomic diversity (Caldwell, 

2005). Several studies indicate the sensitivity of enzymatic activities to management 

practices, disturbance (Dick, 1997: Aon et ul., 2001: Badiane r t  ul .  2001), and soil quality 

(Gil-Sotres et ul., 2005). Enzyme assays are performed under optimised reaction conditions 

that give an indication of the potential (maximum) enzymatic activity in a soil sample 

(Tale: 2002). Rather than assaying actual enzymatic activity, the use of buffered and 

optimised methods have the advantage of standardising environmental factors, which 
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allows for comparison of soils from different geographical locations and environmental 

conditions (Schloter et ul., 2003). 

During this investigation, the temporal changes in microbial community function in a 

post-mining chronosequence of coal discard sites (managed by Mining Company A) of 

varying rehabilitation ages (1  to 11 years) were studied. The objective was to determine 

whether temporal changes in microbial community function (enzymatic activities) were 

related to rehabilitation age and whether assays of enzymatic activity could indicate 

progress of rehabilitation. The enzymatic activities assayed included dehydrogenase. P- 
glucosidase. acid and alkaline phosphatases, and urease 

2. MA TERIA LS AND METHODS 

Refer to Chapter 2 for a comprehensive site description and discussion of all materials and 

methods used in this imestigation. 

2.1. Site Description and Sampling 

This investigation was conducted on seven revegetated coal discard sites under 

rehabilitation. At the start of the investigation, discard sites sampled at Mine A varied in 

rehabilitation age from 1 to 8 years. The same sites were resampled in 2004 and 2005 to 

obtain a chronosequence of rehabilitation ages ranging from 1 to 11 years (chronosequence 

A) (site identities and rehabilitation ages are presented in Table 2.1, Chapter 2). 

During rehabilitation of coal discard sites, Mining Company A applied a soil cover 

layer that was ameliorated and revegetated with a mixture of commercially available 

grasses. As a management practice, all sites were defoliated by means of cutting and baling 

at the end of each growing season until and including 2002. From 2003, this practice was 

discontinued and grazing was applied to all sites. Amelioration of soil cover layers was 

conducted annually according to lime requirements. fertiliser recommendations, and 

organic carbon content, based on the results of soil physical and chemical analyses. 

A random sampling design was used to obtain three composite samples per site (tive 

cores per composite sample) of the soil cover layers from seven coal discard sites. The top 

0-10 cm of the soil cover layer was sampled since most of the discard dumps had an 

effective soil cover thickness of only 5 15 em. Samples were obtained using aseptic 

techniques and subsamples (f 200 g) were kept at 4°C (for enzymatic analyses) to preserve 

biological propcrtics. Each sample was analysed for enzymatic activity within five days of 
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sampling. 

2.2. Estimation of Vegetation Cover 

The ground and crown vegetation cover of all the sites were estimated in three 1 m' 

quadrates randomly placed over a 50 m transect. The ground cover included all living and 

non-living organic material on the ground surface per area and the cro\vn cover was 

regarded as the canopy cover spread of all grass species over a fixed area. Both values 

were expressed as a percentage per m' surface area (Van Rensburg et al., 2004). 

2.3. Physical and Chemical Soil Analysis 

The ektraction and analysis procedures Sor the physical and chemical characterisation of 

soil samples were conducted by an independent laboratory according to standard 

procedures (see Chapter 2).  

2.4. Assays of Enzymatic Activities 

Before analyses, consolidated soil samples were passed through a 2 mm sieve. For the 

detemination of dehydrogenase activity, soil was kept at field water content. while air- 

dried samples were used for the determination of P-glucosidase, urease, and acid and 

alkaline phosphatase activities. Soil water content was determined gravimetrically after 

drying soil samples at 105°C overnight ( A M  and Nannipieri. 1995). 

Dehydrogenase and urease activities were assayed according to the procedures 

described in Alef and Nannipieri (1995). B-glucosidase as well as acid and alkaline 

phosphatase activities were based on p-nitrophenol release after cleavage of a sqnthetic 

substrate (pnitrophenyl glucoside and p-nitrophenyl phosphate, respectively) (Alef and 

Nannipieri, 1995: Dick rr ol.. 1996). Modified universal buffers pH 6.5 and pH 1 l .0 were 

used for acid and alkaline phosphomonoesterase. respectively. 

2.5. Statistical Analysis 

Statistical analyses were performed and graphs generated using Statistics 7.1 (Statsoft Inc.. 

Tulsa, Oklahoma, USA). Sigmaplot 10.0 (Systat Software Inc., San Jose. California, 

USA), and Canoco for Window-s 4.5 (Biometris - Plant Research ln~cmational, 

Wageningen. The Netherlands; Ter Braak and ~ m i l a u e r ~  1998). 



Chapter 3 . Microbial community function in a post-mining chronosequence 

Data of physical and chemical characteristics. as well as enzymatic activities of samples 

were subjected to analysis of \ariance (ANOVA) followed by Tukey's test for mean 

separation where significant differences (p = 0.05) were indicated. A principal components 

analysis (PCA) (Canoco for Windows 4.5) was performed on the physical and chemical 

characteristics to determine whether there was differentiation between sites based on these 

variables. 

3. RESULTS AND DISCUSSION 

Throughout this discussion. coal discard sites are referred to in tenm of their rehabilitation 

ages, with the site name and sampling year indicated in brackets (e.g. Site 12002) .  Refer 

to Table 2.1 (Chapter 2) for names and rehabilitation ages of all coal discard sites. 

3.1. Physical and Chemical Soil Properties 

Results from the physical and chemical characterisation of the soil cowr layers showed 

few significant differences (p < 0.05) between sites of different rehabilitation ages (Table 

3.1). A PCA (Figure 3.1) based on the physical and chemical properties of soil covers 

indicated only two outliers - one of the 4-year old sites (Site 12005)  and the I 1-year old 

site (Site 72005) .  The separate positions of these sites on the PCA could not be attributed 

to individual soil properties and may be due to the combined effect of the soil physical and 

chemical properties. No trends consistent with the rehabilitation ages of the respective 

discard sites were apparcnt from this investigation. The similarity in physical and chemical 

soil properties between sitcs of different rehabilitation ages is due to the homogeneity of 

the soil cover layers as well as the slow rate of soil evolution and therefbre the time-scale 

of this investigation will not have a significant impact on these properties. This 

homogeneity of soil physical and chemical properties is important to facilitate the 

comparison of different aged sites in terms of microbial community function and structure 

and to assess the temporal effect of the applied management regime. 

All sites showed an increase in P, organic C, and NOj-N from 2002 to 2005, with the 

exception of Site 3, which showed a decrease in NO3-N from 2002 to 2005 (Table 3.1 ). In 

addition, this site consistently had the highest P over the study period. These observations 

could be attributed to the variable applications of fertilisers and organic material (manure) 

to the sites. Application of fertilisers and organic material tvas performed by the mining 

company to ensure optimum vegetation growth. The soil pH varied between 5.51 and 7.81 
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and a general increase in pH was observed from 2002 to 7005 in sites of all rehabilitation 

agcs (Table 3.1). However, differences in pH were not statisticall! significant ( p  > 0.05). 

Soil pH would not directly affect enzymatic activities assa)ed since the assays are 

performed using buffers at their optimal pH (Hinojosa et al., 3004). Houever. the long- 

term effect of pH can cause shifts in the microbial comniunit\. structure that would 

translate into a functional (enzymatic) response. 

Figure 3.1. Principal components analysis ( P a )  ordination diagram illustrating the relationship between coal 
discard sites based on physical and chemical soil properties. Each site is indicated according to the name of 
the site, followed by the time of sampling and the rehabilitation age in brackets, e.g. Site 1 sampled in 2002 
was 1 year old: 1-2002 (1). 

A general decrease in percentage ground and crown cover from 2002 to 2005 was 

observed. The only increases were observed in Site 1 (crown cover): Site 2 (crown cover), 

and Site 6 (ground cover) (Table 3.1). This could be attributed to a change in the 

management practices applied. Until 2002, sites were defoliated by means of cutting and 

baling of the grass: this was replaced by grazing of the sites by livestock. Initially (at the 

start of rehabilitation). fertilisers and organic material were applied at high rates to 

masimise vegetation growth but was optimised over the rehabilitation period to achieve 

stabilisation in vegetation growth. 
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Table 3.1. Physico-chemical properties and vegetation cover of soil cover layers obtained from the coal discard sites managed by Mining Company A. 

Site-1 Site-2 Site-3 Site-4 Site-5 Site-6 Site-7 

Rehabilitation age (years) 1 3 4 4 4 4 8 
Ca (mg kg~') 25.10 (9.72)a 7.36 (0.27)a 3.73 (1.68)a 2.92 (0.53)a 3.13 (0.27)a 5.65 (1.29)a 49.30 (13.04)a 
Mg (mg kg~') 7.89 (4.41)a 2.08 (0.22)a 1.47 (0.64)a 0.92 (0.18)a 0.98 (0.16)a 1.22 (0.49)a 15.77 (3.40)a 
K (mg kg') 5.90 (1.96)a 5.31 (0.78)a 25.08 (8.32)a 4.92 (1.26)a 12.59 (6.51)a 24.59 (9.31)a 6.29 (1.71)a 
Na (mg kg-') 1.56 (0.44)a 1.85 (0.12)a 1.21 (0.44)a 0.93 (O.12)a 0.87 (0.27)a 1.21 (0.17)a 2.08 (0.30)a 
SO, (mg kg ' )  122.04 (71.69)a 28.27 (2.17)a 13.77 (4.72)a 25.62 (12.2l)a 26.34 (6.06)a 32.62 (15.90)a 239.00 (72.57)a 
NO3-N (mg kg-') 6.38 (5.15)a 6.38 (1.30)a 16.19 (6.59)a 1.31 (0.16)a 6.05 (3.50)a 11.45 (7.31)a 2.45 (1.23)a 
NH,-N (mg kg') 0.30 (0.04)a 0.26 (0.07)a 0.73 (0.23)a 0.43 (0.09)a 0.64 (0.07)a 0.47 (O.2l)a 0.39 (0.07)a 
CI (mg kg') 5.35 (0.71)a 12.75 (5.20)a 5.71 (1.96)a 1.69 (0.32)a 4.01 (1.35)a 3.03 (1.03)a 2.59 (0.18)a 
P (P-Brayl) (mg kg') 18.23 (9.75)a 5.60 (0.84)a 146.43 (65.07)a 27.37 (7.27)a 38.13 (16.77)a 96.77 (17.27)a 18.97 (7.53)a 
Organic carbon ( O h )  0.31 (0.16)a 0.52 (0.10)a 2.20 (0.74)a 0.32 (0.08)a 0.67 (0.01)a 2.72 (1.36)a 0.69 (0.14)a 
pH 7.41 (0.44)a 6.20 (0.26)a 7.03 (0.03)a 7.15 (0.50)a 6.24 (0.41)a 6.90 (0.37)a 5.51 (0.27)a 
EC (mS m ' )  37.00 (4.36)a 21.67 (4.10)a 29.00 (6.27)a 26.33 (2.03)a 18.67 (6.23)a 35.00 (8.02)a 117.33 (46.25)a 
CEC (cmol(+) kg ' )  7.06 (1.77)a 17.55 (1.92)a 9.34 (1.56)a 4.19 (0.61)a 4.90 (1.01)a 9.92 (3.95)a 24.34 (1.60)a 
Base saturation (%) 112.29 (17.54)a 70.13 (12.70)a 98.94 (15.35)a 96.49 (13.94)a 61.28 (13.34)a 6.90 (0.37)a 54.33 (3.07)a 
Sand (%) 58.70 (1.00)a 39.80 (2.62)a 68.18 (2.53)a 61.23 (1.62)a 68.12 (2.61)a 67.46 (0.91)a 79.22 (5.53)a 
Sit (%) 34.27 (1.54)a 42.66 (1.76)a 23.42 (2.84)a 26.27 (2.61)a 20.93 (2.92)a 25.25 (2.83)a 8.46 (1.96)a 
Clay (%) 7.02 (1.63)a 17.55 (0.86)a 8.39 (0.51)a 12.51 (1.10)a 10.95 (1.75)a 7.29 (2.26)a 12.31 (3.81)a 
Ground Cover ( O h )  41.57 (15.67)ab 63.21 (23.72)a 71.25 (19.10)cd 28.92 (12.30)ab 86.75 (16.59)d 60.91 (14.97)bcd 77.42 (17.71)abc 
Crown Cover (%) 45.71 (15.97)a 38.75 L12.36)b 80.13 (12.95)b 42.50 (22.l l)a 84.83 (14.27)b 65.91 (19.98)ab 56.29 (19.85)b 

Rehabilitation age (years) 3 5 6 6 6 6 10 
Ca (mg kg-') 18.95 (2.91)a 25.00 (5.62)a 5.49 (1.22)a 13.51 (3.64)a 9.17 (6.96)a 7.56 (1.82)a 82.39 (19.82)ab 
Mg (mg kg~') 3.67 (0.57)a 7.52 (1.58)a 1.96 (0.51)a 1.83 (0.39)a 3.52 (2.95)a 2.69 (0.99)a 9.68 (3.13)a 
K (mg kg~') 8.25 (0.81)a 5.92 (2.41)a 18.98 (6.31)a 9.78 (2.61)a 12.34 (7.96)a 25.57 (13.55)a 12.47 (5.57)a 
Na (mg kg~') 0.81 (0.19)a 3.76 (2.69)a 1.68 (0.37)a 1.04 (0.43)a 1.39 (0.67)a 2.37 (0.93)a 5.27 (5.76)a 
SO4 (mg kg~') 42.29 (2.53)a 27.52 (11.54)a 10.75 (4.87)a 50.51 (11.47)a 45.31 (39.51)a 22.47 (10.97)a 28.17 (7.01)a 
NO,-N (mg kg-') 1.72 (0.19)a 9.83 (8.70)a 10.28 (3.39)a 2.81 (1.44)a 6.30 (3.26)a 28.11 (11.35)a 10.14 (3.00)a 
NH4-N (mg kq-') 1.13 (0.45)a 0.95 (0.83)a 1.02 (0.28)a 0.82 (0.33)a 0.57 (0.09)a 0.55 (0.13)a 3.04 (1.02)b 
CI (mg kg~') 9.99 (0.93)a 17.3 (8.19)b 4.86 (1.64)a 4.91 (1.37)a 2.90 (0.96)a 2.59 (0.89)a 16.95 (9.19)b 
P (P-Brayl) (mg kg~') 15.37 (4.97)a 9.47 (1.06)a 149.34 (37.46)~ 18.20 (5.06)a 53.61 (20.5)b 118.45 (15.12)~ 30.07 (19.45)a 
Organic carbon (YO) 0.58 (0.05)a 0.67 (0.05)a 2.42 (0.24)a 0.78 (0.08)a 1.08 (0.27)a 2.33 (1.86)a 1.54 (0.36)a 
pH 7.81 (0.15)a 7.32 (0.13)a 7.12 (0.31)a 6.57 (0.22)a 6.58 (0.36)a 6.86 (0.37)a 5.85 (0.28)a 
EC (mS m')  47.33 (1.78)a 60.67 (25.26)a 36.33 (5.07)a 46.67 (6.68)a 43.67 (26.40)a 50.83 (18.00)a 60.00 (28.20)a 
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Standard error values are ind~cated in brackets Data in rows with the same letters indicate no significant difference, whlle those wlth different letters indicate slgnlficant difference at p < 0.05 
(Tukey's HSD). 
EC: Electrical conductivity; CEC: Cat~on exchange capacity. 
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3.2. Enzymatic Activities 

Enzyme assays were selected to represent microbial activity and a range of processes 

involved in decompositiotl and nutrient cycling (Hinqjosa el al.. 2004). A correlation 

matrix (not shown) indicated significant correlations ( p  < 0.05) of dehydrogenase with 

NO, (r  = 0.79) and microbial biomass (r = 0.79); P-glucosidase with organic C (r = 0.841 

and microbial biomass (r = 0.78); and alkaline phosphatase with NO, (r = -0.84) and 

organic C (r = -0.89) in 2002. In 2004, dehydrogenase correlated with NO, (r = 0.92) and 

ground cover (r = 0.78): and acid phosphatase with NO, ( r  = -0.80). In 2005. 

dehydrogenase correlated with P (r  = 0.931: 13-glucosidase with P (r = 0.93) and ground 

cover (r = 0.83); alkaline phosphatase with NH4 (r = 0.86); acid phosphatase with P (r = 

0.83) and ground cover (r = 0.78): and urease with NH4 (r = 0.84). 

The correlations between enzymatic activities and vegetation cover is to be expected 

since an increase in plant biomass production is likely to stimulate soil microbial activity 

through the increased availability of carbon and energy. thereby resulting in stimulation of 

C and N cycling enzymes (Tate. 2002). In spite of the significant correlations of 

dehydrogenase and P-glucosidase with microbial biomass often indicated in soil studies 

( A m  and Colaneri. 2001; Taylor t.1 al.. 2002: Knight and Dick. 2004), correlations of these 

enzymes with viable microbial biomass were only observed in 2002. This could be related 

to changes in microbial community composition since microbial activities are not constant 

for a given amount of biomass (Waldrop et ol., 2000). 

B-glucosidase activity can indicate changes in soil management within 1-3 years and 

is a consistent indicator of soil quality (Bandick and Dick. 1999; Ndiaye el al., 2000). 

Dehydrogenase, acid phosphatase, and alkaline phosphatase are directly involved in the 

transformation of soil organic matter (Sicardi el al., 2004). The average enzymatic 

activities for dehydrogenase, P-glucosidase, and acid and alkaline phosphatases were 

higher in 2004 and 2005 than in 2002 for all sites, irrespective of rehabilitation age (Figure 

3.2). Previo~~s studies ha\e indicated a relationship between decreased vegetation cover 

and decreased microbial activity (Aon t.1 al., 2001; Garcia el ul., 2002). The results 

obtained during this investigation, however, are more consistent with observations by 

Masto et (11. (2006), which indicated increases in dehydrogenase and phosphatase activities 

with optimum and balanced application of fertiliscrs. 
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Figure 3.2. Enzymaticactivities of topsoil covers from the coal discard sites (MineA) for 2002, 2004, and
2005: (a) dehydrogenasel, (b) ~-glucosidase, (c) acid phosphatase, (d) alkaline phosphatase, and (e) urease.
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:\lkaline phosphatase activity was lower than acid phosphatase activity for some sites, 

irrespective of rehabilitation age (Figures 3.2 (c) and (d)). While alkaline phosphatase 

activity in soils is derived solely from microorganisms, acid phosphatase can also be 

produced by plant roots (Kramer and Green, 2000: Criquet et a/ . ,  2004) and therefore 

would be more abundant in sites where vegetation is present. According to Lim et al. 

(1996), alkaline phosphatases may be produced by microorganisms as a stress response to 

unfavourable environmental conditions (Criquet et al., 2004). Howevcr. the phospholipid 

fatty acid stress ratios determined during this investigation (discussed in Chapter 4) did not 

correspond to higher alkaline phosphatase activities. Inhibition of phosphatase activity has 

been shown in soil with low cation exchange capacity (CEC) and organic matter content 

(Hinojosa el ul.. 2004). Results for Site 4 were consistent with this observation by 

exhibiting the lowest acid and alkaline phosphatase activities (Figures 3.2(c) and id)) while 

also having lower CEC and organic C than the other sites (Table 3.1). 

Urease activity has been shown to correlate with microbial biomass and is therefore 

considered to be of microbial origin (Klose and Tabatabai, 2000). indicating changes in 

soil quality associated with the N cycle (Gil-Sotrcs et al., 2005). There was a general 

decrease in urease activity from 2002 to 2005 in all sites, with the exception of Site 3 .  

which showed an increase in 2005. Although a correlation was found betueen ureasc 

activity and NH4-N ( p  < 0.05, r = 0.84) for the 2005 data, the trend in ureasr activity could 

not he explained by the chemical data for the respective sites and may be related to 

changes in microbial community composition. 

4. CONCLUSIONS 

This investigation showed no relationship between microbial activity and rehabilitation 

ages of the coal discard sites. Rather, management practices (including thickness of soil 

cover. fertiliser application. and method of defoliation of sites) caused similar changes in 

microbial community function in all sites, irrespective of the period of rehabilitation under 

which a specific site has been. This observation stresses the importance of finding suitable 

assess~nent criteria to assist land managers in decision-making and implementation of 

correctike mnnagcment inputs. 

The characterisation of microbial community function by assays of enzymatic 

activit) could he used as part of a soil monitoring programme to determine the 

rehabilitation status of coal discard sites. Enzyme assays are relatively simple and 
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inexpensive and in the context of rehabilitation programmes managed by mining 

companies, these assays could be a useful tool to assist in the assessment of rehabilitation 

progress on rehabilitated sites. What should be kept in mind is that the evaluation of only 

one or some soil properties, gives an incomplete picture of the status of the soil ecosystem. 

l o  obtain an accurate representation of soil quality, it would therefore be most sensible to 

use a polyphasic approach - combining physical. chemical. and biological properties to 

assess the soil environment. Another important consideration \\,hen faced with the question 

of assessing rehabilitation progress is the establishment of a range of actual values o f  

microbial activity and abundance from case studies of rehabilitated mining sites with 

\vhich to compare sites under rehabilitation. This is especially critical in the absence of 

suitable refercncc sites as is the case on most mining disturbed sites in South Africa. 
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CHAPTER 4 

SOIL MICROBIAL COMMUNITY STRUCTURE 
I N  A POST-MINING CHRONOSEQUENCE 

"The most important characteristic of an organism is that capacity for self 
renewal known as health. There are two organisms whose processes of self 
renewal have been subjected to human interference and control. One of these 
is man himself The other is land. " 

- Aldo Leopold (1949) 

Part of this material has been published in Water, Air, and Soil Pollution 174:355-366 (2006) by the 
authors 5. Claassens, P.J. lansen van Rensburg, & L. van Rensburg. 

Part of this material has been submitted for publication to Water, Air, andSoilPollution. 
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1. INTRODUCTION 

A comprehensive assessment of soil microbial community characteristics is one way in 

which to address the incomplete picture of soil status that traditional methods have 

provided (Harris. 2003). Until recently, the analysis of soil microbial communities relied 

extensively on cultivation-dependent techniques using a variety of enriched culture media 

and direct viable counts (Kirk et al., 2004). Although these techniques are rapid and 

inexpensive, they are insensitive and do not give an accurate representation of in situ 

microbial community dynamics (Hill et 01.. 2000). 

Phospholipid fatty acid (PLFA) analysis allows phenotypic fingerprinting of soil 

microbial communities and is a reliable tool for distinguishing ecosystem types and for 

assessing management effects on community structure (Tate and Rogers, 2002; Leckie, 

2005). Although PLFA profiles cannot identify microbial species within a community 

(Ibekwe er a/ . ,  2002), it provides for a quantitative, cultivation-independent manner to 

describe the microbial community in a particular environment at a given time. In addition, 

this technique offers the opportunity to gain insight into the metabolic state of the 

microbial community. This is accomplished by studying ratios of certain fatty acids that 

are formed as a response to environmental stress, thereby generating characteristic PLFA 

stress signatures. 

During this investigation, the temporal changes in microbial community structure in 

a post-mining chronosequence of coal discard sites (managed by Mining Company A) of 

varying rehabilitation ages ( I  to 11 years) was studied by means of PLFA analysis. The 

objective was to determine whether temporal changes in microbial community structure 

were related to rehabilitation age and whether PLFA analysis of community structure could 

indicate progress of rehabilitation. 

2. MA TERIALS AND METHODS 

Refer to Chapter 2 for a comprehensive site description and discussion of all materials and 

methods used in this investigation. 

2.1. Site Description and Sampling 

The study was conducted on the same seven revegetated coal discard sites discussed in 

Chapter 3 (managed by Mining Company A). All areas were under rehabilitation and at the 
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start of the investigation (2002), discard sites sampled at Mine A varied in rehabilitation 

age from 1 to 8 years. The same sites were resampled in 2004 and 2005 to obtain a 

chronosequence of rehabilitation ages ranging from 1 to 11 years (chronosequence A) (site 

identities and rehabilitation ages are presented in Table 2.1, Chapter 2). For lipid analyses, 

subsamples (k 200 g) of each sample were sealed in plastic bags, frozen on site using dry 

ice and transported on dry ice to the laboratory, where it was stored at -80°C until 

lyophilisation. 

2.2. Estimation of Vegetation Cover 

The ground and crown vegetation cover of all the sites were estimated in three 1 m2 

quadrates randomly placed over a 50 m transect. The ground cover included all living and 

non-living organic material on the ground surface per area and the crown cover was 

regarded as the canopy cover spread of all grass species over a fixed area. Both values 

were expressed as a percentage per m2 surface area (Van Rensburg et al., 2004). 

2.3. Physical and Chemical Soil Analysis 

The extraction and analysis procedures for the physical and chemical characterisation of 

soil samples were conducted by an independent laboratory according to standard 

procedures (see Chapter 2). 

2.4. Lipid Extraction, Fractionation, and Analysis 

Total lipids were extracted from 5 g lyophilised soil according to a modified Bligh and 

Dyer procedure (Peacock et al., 2001). Silicic acid column chromatography (Guckert et al., 

1985) was used to fractionate the total lipid extract into neutral lipids, glycolipids. and 

polar lipids. The polar lipid fraction was transesterified to fatty acid methyl esters 

(FAMEs) by mild alkaline methanolysis (Guckert et al., 1985). The FAMEs were analysed 

by capillary gas chromatography with flame ionisation detection on an Agilent 6890 series 

11 chromatograph fitted with a 60 m SPB-1 column (0.250 mm LD., 0.250 pn film 

thickness). Definitive identification of peaks was undertaken using gas chromatography- 

mass spectrometry of selected samples using an Agilent 6890 series I1 chromatograph 

interphased with an Agilent 5973 mass selective detector. Methyl nonadecanonate (C19:O) 

was used as the internal standard and the PLFAs were expressed as equivalent peak 
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responses to the internal standard. Microbial biomass was estimated as the total extractable 

PLFAs (McKinley et al., 2005) and microbial community composition was analysed on 

relative concentrations (mole percentages) of individual fatty acids. Standard fatty acid 

nomenclature was used (Guckert et al., 1985; Allison et al., 2005). 

2.5. Statistical Analysis 

Statistical analyses were performed and graphs generated using Statistics 7.1 (Statsoft Inc., 

Tulsa, Oklahoma, USA), SigmaPlot 10.0 (Systat Software Inc., San Jose, California, 

USA), and Canoco for Windows 4.5 (Biometris - Plant Research International, 

Wageningen. The Netherlands; Ter Braak and Smilauer, 1998). 

Data of physical and chemical characteristics, as well as enzymatic activities of 

samples were subjected to analysis of variance (ANOVA) followed by Tukey's test for 

mean separation where significant differences ( p  = 0.05) were indicated. A principal 

components analysis (PCA) (Canoco for Windows 4.5) was performed on the physical and 

chemical characteristics to determine whether there was differentiation between sites based 

on these variables. 

3. RESULTS AND DISCUSSION 

Throughout this discussion, coal discard sites are referred to in terms of their rehabilitation 

ages, with the site name and sampling year indicated in brackets (e.g. Site 1-2002). Refer 

to Table 2.1 (Chapter 2) for names and rehabilitation ages of all coal discard sites. 

3.1. Physical and Chemical Soil Properties 

See "Physical and Chemical Soil Properties", Chapter 3 for the discussion of results 

obtained fiom physical and chemical soil analysis of samples from the seven coal discard 

sites that this investigation pertains to. 

3.2. Phospholipid Fatty Acid Analysis 

The PLFA ratios and mole percentage (mol%) fractions of the major PLFA groups are 

summarised in Table 4.1 indicating the variation in the lipid contributing communities 

between coal discard sites of different rehabilitation ages. Differential changes in the mol% 

values of the individual ester-linked PLFAs indicate that the relative abundance of some 
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functional groups within the microbial community had increased while others had 

declined. The concentration of total PLFA provides a quantitative measure of the soil 

viable (active) microbial biomass (Balkwill et al., 1998) and PLFA profile analysis 

indicated changes in microbial community structure over time as well as differences 

between sites. Although there were significant differences (p < 0.05) between sites of 

different rehabilitation ages (Table 4.1), there were no trends in PLFA data related to the 

rehabilitation ages of the sites. A correlation matrix (not shown) indicated significant 

correlations (p < 0.05) of microbial biomass with NH4 (r = 0.83) and P (r = 0.90) in 2002. 

In 2004. microbial biomass correlated with P (r = 0.79) and organic C (r = 0.90) and in 

2005 mid-chain branched saturated fatty acids correlated with NH4 (r = -0.75). 

A general increase in normal saturated fatty acids has been shown to correlate with 

decreased diversity (Peacock, 2005) and such a general increase was observed in all the 

sites after 2002 (Table 4.1). This increase was consistent with the change in management 

practices from defoliation by means of cutting and baling to grazing of the sites. 

Monounsaturated fatty acids are indicative of Gram-negative bacteria and terminally 

branched saturated fatty acids of Gram-positive bacteria (McKinley et al., 2005). From 

2002 to 2005, there was a decrease in Gram-negative bacteria and an increase in Gram- 

positive bacteria in sites of all rehabilitation ages (Table 4.1). The proportion of the total 

community comprised of Gram-positive bacteria (Gram (+) / Total PLFA) also increased 

(Table 4.1, Figure 4.1). Increased proportions of Actinomycete biomarkers (mid-chain 

branched saturated fatty acids) were also observed in Sites 1, 4, 5, and 6. A study by 

Peacock et al. (2002), found that microbial biomass and biomarkers for microeukaryotes 

(polyunsaturated fatty acids) and Gramnegative bacteria decreased with increasing 

disturbance and soil compaction along an anthropogenic disturbance gradient. At the same 

time, they found an increase in the proportions of Gram-positive and Actinomycete 

biomarkers. Gram-positive bacteria grow slowly and are able to tolerate stress (Waldrop et 

al., 2000), while Gram-negative bacteria are fast-growing, utilising many carbon sources 

and being able to adapt quickly to a variety of environments (Ponder and Tadros, 2002). 

While the Gram-positives are considered K-strategists, the Gram-negatives are classified 

as r-strategists - copiotrophic microorganisms that experience rapid reduction when 

resources become scarce (Sarathchandra et al., 2001). This shift in the microbial 

communities may therefore be an indication of a reduced availability of nutrients as a 

consequence of the reduced application of fertilisers and manure over the study period. 
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Site-1 Si te 2 Site-3 Site-4 Site-5 Site-6 Site-7 
2005 
Rehabilitation age (years) 4 6 7 7 7 7 11 
Viable microbial biomass (pmol g-' 7463.66 3681.70 10705.62 6346.01 14815.28 12996.82 8412.09 
dry weight) (1947.99)a (1258.93)a (2624.10)a (857.26)a (2000.09)a (1813.81)a (1969.81)a 
PLFA Group (mol%) 

Normal saturated 29.53 (1.78)ab 28.43 (0.75)ab 31.24 (0.51)ab 30.53 (1.29)ab 26.81 (0.54)a 29.64 (1.05)ab 33.08 (2.62)b 
Mid-chain branched saturated 3.03 (0.27)a 3.08 (0.28)a 2.72 (0.11)a 3.76 (0.45)ab 4.96 (0.46)b 3.62 (0.34)ab 2.38 (0.40)a 
Terminally branched saturated 28.93 (2.57)a 28.96 (5.02)a 26.94 (1.68)a 27.04 (3.80)a 30.26 (2.99)a 29.03 (2.06)a 27.80 (1.97)a 
Monounsaturated 31.53 (4.56)a 31.77 (5.14)a 32.70 (1.48)a 32.83 (4.59)a 31.80 (2.24)a 31.38 (2.55)a 30.01 (4.30)a 
Polyunsaturated 6.43 (0.80)a 5.26 (0.85)a 5.69 (0.59)a 5.42 (0.77)a 5.63 (1.06)a 5.80 (0.35)a 5.20 (0.38)a 

Ratios 
Fungal / Bacterial' 0.09 (0.01)a 0.07 (0.02)a 0.10 (0.02)a 0.11 (0.04)a 0.09 (0.02)a 0.11 (0.03)a 0.09 (0.04)a 
Saturated / Unsaturated2 2.02 (0.38)a 1.87 (0.40)a 1.87 (0.14)a 1.95 (0.77)a 1.97 (0.98)a 2.01 (0.35)a 2.12 (0.48)a 
Gram (+) /Total PLFA3 1.53 (0.35)a 1.67 (0.58)ab 1.59 (0.13)ab 1.16 (0.40)b 1.88 (0.87)ab 1.41 (0.11)ab 1.57 (0.23)ab 
Iso /Anteiso4 0.19 (0.06)a 0.21 (0.04)a 0.20 (0.03)a 0.20 (O.Ol)a 0.23 (O.02)a 0.21 (0.04)a 0.19 (0.07)a 
16:lw7t / 16:lw7c 0.05 (0.Ol)a 0.13 (0.09)a 0.03 (0.OO)a 0.06 (0.02)a 0.07 (0.01)a 0.07 (0.00)a 0.06 (0.02)a 
18:lo7t / 18:lo7c 0.69 (0.03)a 0.72 (0.15)a 0.33 (0.2O)a 0.74 (0.07)a 0.62 (0.23)a 0.50 (0.01)a 0.73 (0.22)a 

Standard error values are indicated in brackek. Data in rows with the same letters indicate no significant difference, while those with different letters indicate significant difference at p < 0.05 
(Tukey's HSD). 
' Fungi: 18:206 (Federle, 1986; Frostegerd and Wth, 1996), Bacteria: sum of i15:0, a15:0, 15:0, i16:0, 16:109, 16:lo7t, i17:0, a17:0, 17:0, cy17:0, 18:lw7, and cy19:O (Frostegard and Math, 
1996). 
Normal saturated to monounsaturated PLFA (McKinley etal., 2005). 
Gram-positive PLFA markers (ilOmel6:0, i15:0, a15:0, i16:0, and 17:O) to total PLFA (McKinley etal., 2005). 
' Is0 to anteiso branched PLFA (i15:O + i17:0/a15:0 + a17:O) (McKinley etal., 2005). 
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Figure 4.1. Ratiosof fungalto bacterialPLFA(Frostegrd and BMth, 1996) in the coal discard sites (MineA)for
2002 (a), 2004 (c), and 2005 (e), and Gram-positive PLFAmarkers to total PLFAfor 2002 (b), 2004 (d), and
2005 (t). Gram-positivebacteria were i10me16:0, i15:0, a15:0, i16:0, and 17:0 (McKinleyet al, 2005).
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A decrease in polyunsaturated fatty acids (indicative of fungi) was observed in all sites 

from 2002 to 2005 (Table 4.1). The ratio of fungal to bacterial (F:B) abundance was 

calculated using PLFA 18:2w6 for fungi (Federle, 1986; Frosteghd and Bath ,  1996) and 

PLFAs i15:0, a15:0, 15:0, i16:0, 16:1m9, 16:lo7t, i17:0, a17:0, 17:0, cy17:0, 18:1m7, and 

cy19:O for bacteria (Frostegird and Biith, 1996). Fungi are essential to ecosystem 

functioning and soil quality and the relative abundance of fungi has been shown to increase 

with reduced disturbance and mineral fertiliser inputs (Bardgett and McAlister, 1999; Stahl 

et al., 1999; Zeller et al., 2001). Furthermore, the absolute fungal biomass is more sensitive 

than the total soil microbial biomass to detect the effect of management abandonment in 

grassland soils (Zeller et al., 2001). This is of great value when comparing the long-term 

effects of management or environmental changes on otherwise similar sites (Bailey et al., 

2002). An increase in the amount of F:B PLFA was reported with increasing soil pH by 

B s t h  and Anderson (2003). The results from the current investigation did not correspond 

with this observation and instead showed a decrease in F:B ratios from 2002 to 2005 for all 

sites (Table 4.1) despite an increase in pH (Table 3.1, Chapter 3). As for Gram-negative 

bacteria, the decrease of fungal biomass in this study may be related to the reduction of 

inputs of fertilisers and manure. However, it is suggested that the earlier high abundances 

of fungi and bacteria may have been due to the initial high application rates of fertilisers 

and organic material (manure) - stimulating vegetation growth and microbial community 

responses. 

Assuming that the lipid composition of the microorganisms reflects a phenotypic 

response of the organisms to their environment, the physiological status of the microbial 

community can be assessed from ratios of specific biomarkers (Ponder and Tadros, 2002). 

Increased ratios of iso to anteiso, saturated to unsaturated, and trans to cis-monoenoic fatty 

acids have been associated with nutritional stress, disturbance, or changes in community 

composition (Kieft el al., 1994; Peacock el al., 2001; Fierer et al., 2003; McKinley et al., 

2005). Trandcis ratios greater than 0.1 are indicative of unfavourable growth conditions 

for microbial communities (Guckert et al., 1986). There was an increase in saturated to 

unsaturated PLFAs and in trans/cis ratios from 2002 to 2004 with a slight decrease from 

2004 to 2005 (Table 4.1). The trans/cis ratios were greater than 0.1 in 2004 and 2005, 

indicating stress in microbial communities. However, there was a considerable decrease in 

the ratios of iso to anteiso PLFA (indicative of nutritional stress). This shows that 

unfavourable growth conditions for microorganisms are caused by a stressor other than 

nutritional limitation and could be related to the influence of grazing of the sites by 
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livestock. Grazing has been shown to impact microbial community structure, although 

observations about the increases and/or decreases of certain microbial groups are not 

conclusive (Clegg. 2006). 

4. CONCLUSIONS 

In the absence of reference soils, as is often the case when studying mining disturbed 

environments in South Africa, it is important that revegetated sites be monitored over the 

long-term to determine trends in these ecosystems. When assessing the progress of 

rehabilitation on mining disturbed soils, microbial community function and structure can 

reveal effects of management that may not be apparent through other methods of 

evaluation. The coal discard sites in this investigation varied in rehabilitation ages from 1 

to 1 l years among sites and over the study period (2002 to 2005). As in the case of the 

functional data (Chapter 3), no trends consistent with rehabilitation age could be observed 

in the structural data, with similar changes in microbial community structure occurring in 

all of the sites. This absence of trends related to rehabilitation age demonstrates the 

considerable impact of management practices on these ecosystems. The high cost of 

rehabilitation of coal discard sites requires effective management practices that reach the 

goal of a stable ecosystem in a shorter period. In turn, such practices can only be effective 

if a reliable assessment of prevailing conditions can be made. Additional studies are 

required to establish methods for using microbial community properties in assessments of 

rehabilitated mining areas. Such investigations would have to determine the relationship 

between microbial community dynamics and specific management practices such as the 

thickness of the applied soil cover layer; the manner in which the soil is ameliorated; the 

grass seed mixture used; and the intervals at which fertilisers are applied. Future 

investigations will also have to account for more environmental factors that could 

influence microbial community function and structure and should seek to include other 

types of post-mining sites, such as areas disturbed by gold or platinum mining. 
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CHAPTER 5 

MICROBIAL MEASURES OF 
REHABILITATION SUCCESS I N  TWO POST- 

MINING CHRONOSEQUENCES 

"To conthe any longer as blind consumers of life, without learning to be 
visionary restorers of life, will likely insure an end to both opportunities - 
sooner than most of us would like to look at. Yet to fully look, in search of 
what is true, must surely be the first step. " 

- Donald A. Weaver 

This material has been submitted for publication in Journal of Env~ronmei~tdl Quality. 
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1. INTRODUCTION 

Restoration projects in the South African mining environment usually consider vegetative 

stabilisation as a means to achieve rehabilitation of mine discard sites. However. 

revegetation of mining disturbed areas is often deterred by adverse clin~atic conditions 

characteristic to the arid and serni-arid areas of southern Africa (Milton, 2001). Assessing 

the progress of rehabilitation (success of n~anagement practices) based merely on 

aboveground indicators has therefore been problematic. For rehabilitation attempts to be 

successful it is necessary to realise the dynamic nature of soil as a resource and to consider 

the interaction betw-sen abovrground and belouground communities (Harris and Birch. 

1989; Bartelt-Ryser t.r ul.. 2005). 

The central question facing the land manager attempting to rehabilitate land 

disturbed by mining activities is how to measure the success or failure of managen~ent 

practices applied to a particular site (Harris, 2003). It is widely accepted that the most 

reliablc manner to measure change in an ecosystem and to gain an understanding of the 

basic structure and function of that ecosystem, is by long-tern1 monitoring employing 

appropriate spatial and temporal scales. With reference to obtaining a realistic ecological 

assessment of a rehabilitation project. this implies monitoring the same site through timc 

(Michener. 1997: Sparling et 01.. 2003). The inherent difficulties associated with the 

monitoring of rehabilitation processes combined with the fact that these investigations 

often occur over the short-term and cannot be replicated or studied using traditional 

experimental approaches and statistical analyses (Michener. 1997): have necessitated the 

use of alternative investigative approaches to monitoring through timc in order to 

quantitatively assess the success of rehabilitation. 

One such approach is 'space-for-time' (SFT) substitution (Michener, 1997; Sparling 

rt  01 ,  2003) - a technique used to infer a temporal trend from a study of different aged 

sites (I'ickett, 1989). The SFT approach assumes that sites in different locations \\ere 

initially similar, and that simultmeous sampling of different sites of increasing aye is 

equivalent to resampling the same site through time. Therefore, when applying this 

approach. sites of different ages and stages of development at separate locations ('space') 

are identified to obtain a chronosequence of ages ('time') (Sparling cl  ul.. 2003). 

Applications of SFT substitution include studies on ecosystem dynamics (Purtauf el  01.. 

2004; Dauber and U'oltcrs: 2005: Martinez-Ruiz m d  FemBnde7.-Santos. 2005) and 

investigations of recovery of ecosystems from Jarious forms of disturbance (Pickett. 1989: 
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Sparling rt 01.. 2003). 

The objective of this investigation mas to apply the 'space-for-time hypothesis to 

two chronosequences of coal discard sites under different management regimes. This 

included sites aged 1 to 17 years constituting two chronosequences of rehabilitation ages 

from 1 to 1 1  years and 6 to 17 years, respectively. The long-term effect of the different 

management regimes on the soil microbial communities was investigated in terms of 

microbial community function (enzymatic activities) and structure (signature lipid 

biomarker analysis). 

2. MA TERIALS AND METHODS 

Refer to Chapter 2 for a comprehensive site description and discussion of all materials and 

methods used in this investigation. 

2.1. Site Description and Sampling 

The two coal mines chosen for this stud) offered an opportunity to apply SFT substitution 

and in this way to compare the management regimes of the coal discard sites. The 

differences in management regimes applied by the two mining companies included the 

application of soil cover layers of different depths. For rehabilitation of coal discard 

dumps, both mines applied a soil cover layer to discard material hefore revegetating the 

sites with a grass seed mixture. However, the soil cover applied at Mine B was deeper (30- 

60 cm) than that applied at Miue A (10-15 cm). Management practices applied after the 

initial revegetation of the discard sites also differed. Mining Company A applied 

management in the form of cutting and baling, which was replaced by grazing (in 2003) as 

well as annual amelioration of soil cover lakers. In contrast. Mining Company B followed 

a less intensive management regime and only applied grazing to all sites with no 

application of fertilisers or organic material afier initial revegetation. 

At Mine .4, seven discard dumps that varied between 1 and 8 years old in 2002. were 

sampled in 2002, 2004 and 2005 to obtain a chronosequetice of ages ranging from 1 to 1 I 

years (chronosequence A). At Mine B, seven discard dumps between the ages of 6 and 17 

years old, were sampled in 2006 (chronosequence B) (Table 2.1. Chapter 2). For those ages 

with data from several sites (replicates), mean values and standard errors were calculated 

(Martinez-Ruiz and Feniindez-Santos. 2005). 
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A landom sampling design \\as used to obtain three composite samples per site (five cores 

per composite sample) of the soil coter layers from all coal discard sites. Although sites 

from Mine B had deeper soil cover layers (30-60 cm) than sites from Mine A (10-15 cm), 

the top 0-10 cm of the soil cocer layer was sampled to facilitate con~parison between the 

two chronosequences. 

2.2. Estimation of Vegetation Cover 

The ground and crown \.egetation cover of all the sites were estimated in three 1 m2 

quadrates randomly placed over a 50 m transect. The ground cover included all living and 

non-living organic material on the ground surface per area and the crown cover was 

regarded as the canopy cover spread of all grass species over a fixed area. Both values 

were expressed as a percentage per m2 surface area (Van Rensburg ef al., 2001). 

2.3. Physical and Chemical Soil Analysis 

The extraction and analysis procedures for the physical and chemical characterisation of 

soil samples mere conducted by an independent laboratory according to standard 

procedures (see Chapter 2). 

2.4. Assays of Enzymatic Activities 

Before analyses. consolidated soil samples were passed through a 2 mm sieve. For the 

determination of dehydrogenase activity, soil was kept at field water content, while air- 

dried samples were used for determination of 0-glucosidase, urease, and acid and alkaline 

phosphatase activities. Soil water content was determined gravimetrically after drying soil 

samples at 1 0 5 T  overnight (Alef and Nannipieri, 1995). 

Dehydrogenase and urease activities nere assayed according to the procedures 

described in Alef and Nannipieri (1995). B-glucosidase, acid phosphatase. and alkaline 

phosphatase activities were based on p-nitrophenol release after cleavage of a synthetic 

substrate @-nitrophenyl glucoside and p-nitrophmyl phosphate, respectively) (Alef and 

Nannipieri, 1995; Dick el ul., 1996). Modified universal buffers, pH 6.5 and pH 11.0, were 

used for acid and alkaline phospholl~onoesterase, respectively. 
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2.5. Lipid Extraction, Fractionation, and Analysis 

Total lipids were extracted from 5 g lyophilised soil according to a modified Bligh and 

Dyer procedure (Peacock rr nl., 2001). Silicic acid column chromatography (Guckert er ul., 

1 9 8 )  was used to fractionate the total lipid extract into neutral lipids, glycolipids. and 

polar lipids. The polar lipid fraction was transesterified to fatty acid methyl esters 

(FAMEs) by mild alkaline metl~anolysis (Guckert n al., 1985). The FAX4Es were analysed 

by capillary gas chromatography with flame ionisation detection on an Agilent 6890 series 

I1 chromatograph fitted with a 61) m SPB-I column (0.250 mm I.D.. 0.250 prn film 

thickness). Definitive identification of peaks was undertaken using gas chromatography- 

mass spectrometry of selected samples using an Agilent 6890 series I1 chromatograph 

interphased with an Agilent 5973 mass selective detector. Methyl nonadecanonate (C19:O) 

was used as the internal standard and the phospholipid fatty acids (PLFAs) were expressed 

as equivalent peak responses to the internal standard. Microbial biomass was estimated as 

the total extractable PLFAs (McKinley et 01.. 2005) and microbial conlmunity composition 

was analysed on relative concentrations (mole percentages) of individual fatty acids. 

Standard fatty acid nomenclature was used (Guckert r /  al., 1985; Allison el al., 2005). 

2.6. Statistical Analysis 

Statistical analyses were performed and graphs generated using Statistica 7.1 (Statsoft Inc., 

Tulsa. Oklahoma, USA), SigmaPlot 10.0 (Systat Software Inc., San Jose, California. 

LISA), GraphPad Prisrn 4.0 (GraphPad Software Inc., San Diego. California, USA), and 

Canoco for Windows 4.5 (Biometris - Plant Research International, Wageningen, The 

Netherlands: Ter Braak and ~milauer,  1998). 

Data of physical and chemical characteristics, enzymatic activities. and PLFA 

composition of samples were subjected to analysis of variance (ANOVA) followed by 

1.ukey.s test for mean separation where significant differences ( p  = 0.05) were indicated. 

Chronosequence data for Mine A and B were analysed using the Tirne Series 

Anul?/si.s module in Statistica 7.1 (Statsoft Inc., Tulsa. Oklahoma, USA). Missing data 

(missing ages) embedded in either time series was replaced by using the predicted values 

f i o m  lineor. Irenu' regressio~~ option in Statistica. With this option; Statistica fits a least- 

squares regression line to the time series. The missing data is then replaced bl- the values 

predicted by this regression line. This method implies that the strongest feature of the 
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series is its linear trend across time and was chosen as the most reliable option to predict 

missing values in the time series even though the data was fitted with nonlinear regression. 

Curve fitting was performed in Grophl'ad Prism 4.0 (GraphPad Software Inc.. San 

Diego. California, USA) by using nonlinear regression. Due to the method chosen for 

predicting missing data points in the chronosequences, curve tits were also performed with 

linear regression. l'he p values obtained from both linear and nonlinear regressions after 

applying the F-test were then compared to determine whether there was consistency in the 

conclusions regarding the significant differences between the curve fits. Similarity or 

dissimilarity of fitted curves based on the F-test is expressed in terms of an F-ratio and 

corresponding p value. I f p  < 0.05, there is a statistically significant difference between the 

curves (Motulsky, 2007). 

A canonical correspondence analysis (CCA) (Canoco for Windows 4.5, Biometris - 

Plant Research International, Wagetiingen, The Netherlands) was performed to investigate 

the relationship between the sites from both chronosequences. enzymatic activities 

(microbial community function). and PLFA groups (microbial community structure). 

3. RESULTS AND DISCUSSION 

Results from the physical and chemical characterisation of the soil cover layers, as well as 

percentage vegetation cover for all sites from Mine B, are su~nmarised in Table 5.1 (refer 

to Table 3.1, Chapter 3 for the physico-chemical properties and vegetation cover for sites 

froni Mine A). As in the cast: of Mine A, few of these properties showed significant 

differences between sites O, < 0.05. Tukey's test) and no trends consistent with the 

rehabilitation ages of the respective sites were apparent from this investigation. The 

similarity in physical and chemical properties between sites was important in the 

application of SFT substitution to obtain chronosequences of rehabilitation ages. The 17- 

year old site from Mine B showed the highest percentage organic C of all sites sampled at 

this mine. It was also the oldest site sampled at either of the two mines during the 

investigation. However, the highest percentage organic C for all sites sampled from both 

mines was observed at the 1 I-year old site from Mine A. Although sites from both mines 

were grazed, sites from Mine A generally had higher organic C contents than sites froni 

Mine B and this could be attributed to the addition of manure to sites managed by Mining 

Company A. Another observation that could be attributed to the different management 

regimes was that concentrations of P and NO;-N varied less between sites from Mine B 
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(Table 5.1) compared to the large variations between sites from Mine A (see Table 3.1, 

Chapter 3). 

Overall, sites managed by Mining Company B with a lcss intensive management 

regime (only grazing applied), had higher percentages of vegetation cover (Table 5.1) than 

sites managed by Mining Company A. which applied annual amelioration and grazing 

(Table 3.1. Chapter 3). This was particularly obvious with regard to ground cover. 

En~ymatic assays for dehydrogenase, P-glucosidase, acid and alkaline phosphatase, 

and urease activities were performed for all sites from Mine B as for sites from Mine A 

(see Chapters 1 and 3 for discussions on the underlying principles and associated 

indications of individual enzynlatic activities). 

Characterisation of microbial communities for sites from Mine B was carried out in 

the same manner a s  for sites from Mine A by means of PLFA analysis. The PLFA ratios 

and mole percentage (molYo) fractions of the major PLFA groups are summariscd in Table 

5.2. The sum of extracted PLFAs in each sample provides a quantitative measure of the 

viable microbial biomass. Variation in n~icrobial community structure between sites is 

determined by PLFA profile analysis. Refer to chapters I and 3 for discussions o n  PLFA 

profiling. 

A correlation matrix (not shown) indicated significant correlations ( p  < 0.05) of 0- 
glucosidase with NO3 (r  = 0.97); alkaline phosphatase with pH (r = 0.76); polyunsaturated 

fatty acids with organic C (r = -0.79); and microbial biomass with NH4 (r = 0.78) and 

organic C (r = 0.95). 



Chapter 5 H Microbial measures of rehabilitation success 

Table 5.1. Physico-chemical properties and vegetation cover of soil cover layers obtained from the coal discard sites managed by Mining Company B 

Site-1 Site-2 Site-3 SiteQ Site-5 Site-6 Site-7 
Rehabilitation aqe (years) 6 7 10 11 15 16 17 - .. 
Ca (rng kg~') 9.15 (5.OO)b 3.43 (1.61)a 2.02 (1.40)a 10.58 (4.17)ab 2.21 (0.12)a 2.67 (0.71)a 2.22 (0.75)a 

Mg (mg kg-') - 7.64 (2.36)b 3.18 (1.91)ab 4.65 (2.38)ab 5.14 (1.74)ab 2.38 (0.57)ab 2.01 (0.12)a 2.28 (O.22)a 

K (mg kg*)  4.03 (1.94)a 3.64 (1.14)a 6.39 (4.52)ab 17.11 (8.08)a 3.44 (0.53)b 4.62 (0.13)ab 3.04 (0.73)a - 
Na (mg kg~') 4.63 (2.06)b 1.09 (0.18)a 1.39 (0.98)ab 0.29 (0.07)a 0.46 (0.14)a 1.74 (0.56)ab 2.08 (0.24)b 

5% (ms k9~') 0.72 (0.01)a 2.42 (0.01)a 0.72 (0.25)a 0.73 (001)a 4.34 (0.49)ab 3.04 (0.66)~ 10.63 (1.07)bc 

NO3-N (mg kg') 0.46 (0.01)a 0.47 (O.02)a 1.72 (0.53)a 1.71 (0.51)b 0.38 (0.11)a 1.55 (0.19)a 1.25 (0.18)a 

NH,-N (mg kg')  0.32 (O.05)a 0.33 (0.06)a 0.32 (0.22)a 0.31 (0.05)a 0.27 (0.00)a 0.32 (0.06)a 0.41 (0.02)a 

Cl (rng kg-') 5.71 (1.53)a 1.87 (0.33)a 3.03 (1.14)a 2.49 (047)a 1.15 (0.28)a 2.31 (0.39)a 3.39 (0.22)a 

P (P-Brayl) (mg kg') 7.32 (0.34)a 7.30 (0.44)b 7.06 (2.99)a 5.95 (0.57)a 7.44 (0.54)a 10.83 (3.22)a 9.89 (0.49)a 

Organic carbon (%) 0.38 (0.14)a 0.33 (0.03)a 0.71 (0.24)a 0.93 (0.15)ab 0.35 (0.06)a 0.81 (0.27)a 1.58 (0.11)b 

pH 6.17 (0.93)a 5.28 (0.53)a 5-(0.49)a 5.63 (0.12)a 5.20 (0.57)a 5.28 (0.13)a 5.38 (0.03)a 

EC (m5 n i l )  0.26 (0.09)b 0.08 (0.02)ab 0.10 (0.04)ab 0.19 (0.07)ab 0.06 (0.01)a 0.07 (0.00)a 0.06 (O.02)a 

Sand (%) 80.10 (3.11)ab 81.13 (2.04)a 82.87 (8.59)a 71.30 (1.46)bc 76.26 (2.73)ab 85.23 (1.14)a 66.63 (3.54)C 

Silt (%) 6.87 (1.2O)a 3.97 (1.02)a 6.20 (3.48)a 13.94 (1.98)b 9.83 (2.02)ab 6.23 (1.06)a 890 (1.l l)ab 

Clay (%) 13.03 (2.05)a 14.90 (1 .81)~~ 10.97 (2.75)a 14.77 (1.23)a 13.9 (1.27)a 8.53 (0.94)a 24.50 (3.80)b 

Ground Cover (%) 45.00 (4.04)a 48.00 (7.60)a 66.67 (5.76)b 78.30 (2.88)b 43.30 (4.08)a 50.00 (0.OO)a 43.33 (4.08)a 

Crown Cover (%) 58.00 (2.80)bc 63.00 (5.70)ab 78.33 (2.87)a 97.30 (2.51)d 45.00 (8.66)~ 65.00 (5.00)ab 76.67 (8.16)a 

Standard error values are ~ndicated in brackets. Data in rows with the same letters indicate no significant difference, whlle those with d~fferrnt letters indicate significant difference at p < 0.05 
(Tukey's HSD). 
EC: Electrical conducbvity 
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Table 5.2. Phospholipid fatty acid (PLFA) composition and ratios of soil cover layers obtained from the coal discard sites managed by Mining Company 8. 

Site-1 Site -2 Site -3 Site -4 Site -5 Site -6 Site -7 
Rehabilitation age (years) 6 7 10 11 15 16 17 
Viable microbial biomass 4534.06 6136.43 10950.92 12569.54 4247.11 10874.47 16318.15 
(pmol g '  dry weight) (1015.35)a (2484.26)ab (2276.17)ab (3589.17)ab (608.23)a (4882.96)ab (3600.29)b 
PLFA Major Group (mol%) 

Normal saturated 33.10 (18.23)a 41.83 (13.96)a 39.94 (2.96)a 41.46 (3.72)a 40.56 (1.69)a 38.93 (0.57) a 39.76 (1.85)a 
Mid-chain branched saturated 2.39 (0.41)a 3.00 (0.59)a 2.79 (0.30)a 3.76 (0.3'Qa 2.66 (O.12)a 4.13 (1.09)a 3.86 (0.71) a 
Terminally branched saturated 15.97 (3.28)a 25.94 (11.13)a 30.81 (4.16)a 28.82 (5.47)a 23.16 (0.80)a 31.36 (3.08)a 29.07 (0.94)a 
Monounsaturated 40.20 (10.73)b 24.80 (10.54)a 22.55 (0.70)ab 26.44 (1.17)ab 22.46 (3.59)ab 27.87 (3.62)ab 29.26 (1.55)ab 
Polyunsaturated 5.21 (3.81)a 7.98 (3.64)a 2.97 (2.52)a 1.41 (0.55)a 7.84 (1.72)a 2.36 (0.98)a 0.79 (0.54)a 

Ratios 
Fungal / Bacterial' 0.14 (0.07)ab 0.09 (0.04)ab 0.09 (0.07)ab 0.04 (0.01)a 0.23 (O.05)b 0.06 (0.02)ab 0.02 (0.01)a 

2.73 (1.04)a 3.14 (0.07)a 2.66 (0.2O)a 2.84 (0.51)a 2.83 (0.70)a 2.35 (0.17)a Saturated / unsaturated2 1.22 (0.76)a 
0.16 (0.02)a 0.25 (0.09)a 0.25 (0.12)a 0.21 (0.13)a 0.30 (0.01)a 0.26 (0.01)a Gram (+) /Total PLFA' 0.12 (0.01)a 

Iso /Anteisoq 0.00 (0.00)a 2.07 (0.01)a 3.76 (0.88)ab 3.01 (0.12)ab 2.69 (0.33)ab 7.26 (2.81)b 3.01 (0.11)ab 
0.00 (0.OO)a 0.03 (0.01)a 0.00 (0.00) a 0.03 (o.oO)a 0.01 (0.00)a 0.00 (0.00)a 16:lo17t/ 16:lm7C 0.02 (0.01)a 

18:1cr7t 1 1 8 : 1 ~ 7 c  0.04 (O.02)a 0.01 (0.00)a 0.02 (0.OO)a 0.03 (O.02)a 0.05 (O.02)a 0.06 (0.01)a 0.00 (0.00)a 

Standard error values are indicated in brackets. Data in rows with the same letters ind~cate no significant difference, while those wlth different letters indicate Significant difference at P < 0.05 

Table 5.2. Phospholipid fatty acid .. -. . ., - ~ - . ~ ~ ~ 

Site-1 Site -2 Site -3 Site -4 Site -5 Site -6 Site -7 
Rehabilitation age (years) 6 7 10 11 15 16 17 
Viable microbial biomass 4534.06 6136.43 I n o w  a? 17569 54 4247.11 10874.47 16318.15 
(pmol g '  dry weight) (1015.35)a (2484.26)a 
PLFA Major Group (mol%) 

Normal saturated 33.10 (18.23)a 41.83 (13.96)a 39.94 (2.96)a 41.46 (3.72)a 40.56 (1.69)a 38.93 (0.57) a 39.76 (1.85)a 
Mid-chain branched saturated 2.39 (0.41)a 3.00 (0.59)a 2.79 (0.30)a 3.76 (0.3'Qa 2.66 (O.12)a 4.13 (1.09)a 3.86 (0.71) a 
Terminally branched saturated 15.97 (3.28)a 25.94 (11.13)a 30.81 (4.16)a 28.82 (5.47)a 23.16 (0.80)a 31.36 (3.08)a 29.07 (0.94)a 
Monounsaturated 40.20 (10.73)b 24.80 (10.54)a 22.55 (0.70)ab 26.44 (1.17)ab 22.46 (3.59)ab 27.87 (3.62)ab 29.26 (1.55)ab 
Polyunsaturated 5.21 (3.81)a 7.98 (3.64)a 2.97 (2.52)a 1.41 (0.55)a 7.84 (1.72)a 2.36 (0.98)a 0.79 (0.54)a 

Ratios 
Fungal / Bacterial' 0.14 (0.07)ab 0.09 (0.04)ab 0.09 (0.07)ab 0.04 (0.01)a 0.23 (O.05)b 0.06 (0.02)ab 0.02 (0.01)a 

2.73 (1.04)a 3.14 (0.07)a 2.66 (0.2O)a 2.84 (0.51)a 2.83 (0.70)a 2.35 (0.17)a Saturated / unsaturated2 1.22 (0.76)a 
0.16 (0.02)a 0.25 (0.09)a 0.25 (0.12)a 0.21 (0.13)a 0.30 (0.01)a 0.26 (0.01)a Gram (+) /Total PLFA' 0.12 (0.01)a 

Iso /Anteisoq 0.00 (0.00)a 2.07 (0.01)a 3.76 (0.88)ab 3.01 (0.12)ab 2.69 (0.33)ab 7.26 (2.81)b 3.01 (0.11)ab 
0.00 (0.OO)a 0.03 (0.01)a 0.00 (0.00) a 0.03 (0.00)a 0.01 (0.00)a 0.00 (0.00)a 16:lo17t/ 16:lm7C 0.02 (0.01)a 

18:1cr7t 1 1 8 : 1 ~ 7 c  0.04 (O.02)a 0.01 (0.00)a 0.02 (0.OO)a 0.03 (O.02)a 0.05 (O.02)a 0.06 (0.01)a 0.00 (0.00)a 

,c Standard error values are 
(Tukey's HSD). 
I Fung~: 18:2w6 (Federle, 1986; Frostegard and Ba8th, 1996), Bacteria: sum of i15:0, a15:0, 15:0, 116:0, 16:lw9, 16:lo7t, i17:0, a17:0, 17:0, q17:0, 18:lw7, and cy19:O (~rostegard and Baath, 
1996). 

Normal saturated to monounsaturated PLFA (McKinley etal., 2005). 
' Gram-positive PLFA markers (ilOme16:0, i15:0, a15:0, i16:0, and 17:0) to total PLFA (McKinley e ta / .  2005). 

Is0 to anteiso branched PLFA (i15:O + i17:0/a15:0 + a170  (McKinley etal., 2005). 
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The intrinsic complexity associated ~ i t h  the monitoring of rehabilitated mining areas over 

the long-term, combined with the limitations of traditional statistical analyses calls for lhe 

application of alternativc ilpproachcs that describe temporal trends in these ecosystems. An 

example of such an approach, SFT substitution, was applied to the different aged sites 

sampled in separate locations at Mine A and Mine B, respectively. to obtain two 

chronosequences of reclaimed post-mining sites. Considering prior mining activities 2nd 

prevailing en\.ironmental conditions. the sites included in each of these chronosequences 

were considered to be comparable rehabilitations of different ages. 

Graphical representations of selected microbial properties over time for the two 

chronosequenccs (Mine A and Mine B) are shown in Figures 5.1 to 5.7. The Y-axes were 

scaled according to the highest activities or values observed for indicidual samples during 

the study period. The embedded line graphs represent fitted curves (nonlinear regression 

only) for the relevant dala indicated on the graph for each chronosequence. Curves were 

fitted with GraphPad Prism 4.0 (GraphPad Software Inc., San Diego, California, USA) and 

a comparison of curves was performed between chronosequences to determine the best fit 

for each data set. In those cases where the same type of tit was indicatcd as the preferred 

model for both curves. the F-test was performed to compare the curves. Models fitted to 

the data by linear regression are not shown on the graphs and are only discussed in those 

instances where opposing conclusions pertaining to s~gnificant differences @ = 0.05) 

occurred. In the majority of the cases. however. models fitted by linear and nonlinear 

regression gave the same result regarding the similarity of the fitted curves. What should 

be kept in mind. is that conclusions drawn from cunes  fitted by a computer programme 

must be considered w i h  respect to the rclevant research (Motulsky and Christopoulos. 

2005). It would be inappropriate to base conclusions on curve fits while ignoring the 

scientific principles andlor known features of the context in which the investigation is 

taking place. 

According to ivfotulsky and Christopoulos (2005), one must turn the question about 

comparing curves into one about coniparing models when attempting to compare curves 

derived from different data sets. In this contest, the first model will be baaed on two 

distinct cunes  - separate curves are tit and the overall sum-of-squares (SS) is defined as 

the total SS for each separate curve. The second model uses global fitting - all the data is 

fir at once. finding one shared valued of the measured parameter. In this way. the F-test can 

be applied to evaluate diffcrcnt curves and a conlparison is possible between entire curves 

instead of only between single parameters. The F-test is an adaptation of ANOVA and is 
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based on the difference between the SS of two models (in this case, the two

chronosequences). The question is whether the difference between SS values is greater

than you would expect to see by chance. It also takes into account the number of data

points and the number of parameters of each model. The result is expressed as the F-ratio

from which a p value is calculated. The p value tests the null hypothesis that there is no

difference between the two curves overall and any observed difference is due to chance. If

all variability was random - in other words, if the two chronosequences really were the

same and differences between them are due to chance, F would be near 1.0. In this case,

the resulting p value would not be significant (p > 0.05) and a conclusion can be made that

the curves did not differ in a statistically significant manner (Motulsky and Christopoulos,

2005; Motulsky, 2007).
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Figure 5.1. Changes in dehydrogenase activity during rehabilitation in the chronosequences from Mine A and

B, respectively. The embedded graph indicates the curve fits for each chronosequence.

Dehydrogenase activity (Figure 5.1), which is an indicator of overall microbial activity

(Taylor et al., 2002), fluctuated in both chronosequences with higher activities observed in

older sites of chronosequence A (Mine A) when compared to younger sites within the same

chronosequence. Chronosequence B (Mine B) sites had higher activities during the first

half of the rehabilitation period. Chronosequence A had higher dehydrogenase activities
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and more pronounced fluctuations than chronosequence B, which may be related to the

input of fertilisers and lime that is characteristic of the management regime applied at Mine

A. A comparison of curve fits (nonlinear regression) indicated a second order polynomial

(y = a + bx + cx2)as the preferred model for data sets from both chronosequences. The F-

test was applied to the two fitted curves and indicated no significant differences between

these fits (F = 1.98;P = 0.18). It could therefore be concluded that the temporal trends in

these two data sets were essentially similar.

Figure 5.2. Changes in (3-glucosidase activity during rehabilitation in the chronosequences from Mine A and

B, respectively. The embedded graph indicates the curve fits for each chronosequence.

B-glucosidase activity (Figure 5.2) was assayed for its relevance to the C cycle (Turner et

aI., 2002). Activities for chronosequences A and B were in the same range (84.45 - 295.33

f..lgPNP g-l h-l and 84.53 - 319.54 f..lgPNP g-l h-l, respectively), with the exception of the

II-year old site in chronosequence B. Fluctuations in this chronosequence was less

pronounced than those in chronosequence A. As in the case of dehydrogenase activity, the

temporal variations in ~-glucosidase activity can be ascribed to management inputs.

Grazing was applied to sites from Mine B and the increased activity observed for the 11-

year old site in this chronosequence may be due to higher organic C content of the sample

as a result of manure at this location due to grazing by livestock. The preferred model for
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both chronosequences was a second order polynomial. No significant differences existed

between the two fits based on the F-test (F = 1.20 and p = 0.36). Similar temporal trends

thus seem to exist in both chronosequences.

The changes in alkaline and acid phosphatase activities during rehabilitation in

chronosequences A and B are shown in Figures 5.3 and 5.4, respectively. Phosphatases are

involved in organic phosphorus transformations in soil (Nannipieri et al., 2002) and their

activities are sensitive to management practices (Aon et al., 2001) and soil pH (Dick et al.,

2000). Alkaline phosphatases are produced by microorganisms, while acid phosphatases

are mainly attributed to plant roots (Criquet et al., 2004).

o 2 . I I W U U U U
Rehabllltdon age C)'88r.»

o

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

Rehabilitation age (years)

Figure5.3. Changes in alkalinephosphatase activityduring rehabilitationinthe chronosequences from Mine

A and Bf respectively. The embedded graph indicates the curve fits for each chronosequence.

Alkaline phosphatase activity (Figure 5.3) showed fluctuations over the rehabilitation

period for chronosequence A, with higher activities observed in the older sites compared to

younger sites. Conversely, the activities for chronosequence B decreased with increasing

age of the rehabilitation and only showed an upward tendency again in the 17-year old site.

When related to the microbial origin of alkaline phosphatase, these trends may indicate the

sensitivity of the microbial community to management practices. As in the case of the

other enzymatic activities, a second order polynomial was indicated as the preferred curve
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fit for data from both chronosequences. The curve fits obtained by nonlinear regression,

visually appeared different and although the p value calculated from the F-ratio for these

data was close to 0.05, strictly no significant differences existed between the two fits based

on the F-test (F = 3.49 and p = 0.06). Linear regression models fitted to the two

chronosequences indicated that there was a 0.14% chance of randomly choosing data

points with slopes as different as these. The conclusion was that the difference between the

slopes was significant (p = 0.001). Considering all information obtained for these data, the

conclusion may be drawn that the trends that occurred in these chronosequences differed

during the period of rehabilitation.
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Figure 5.4. Changes in acid phosphatase activity during rehabilitation in the chronosequences from MineA
and B, respectively.The embedded graph indicates the curve fits for each chronosequence.

Chronosequence A showed clear changes in acid phosphatase activity (Figure 5.4) over the

rehabilitation period, whereas activities for chronosequence B varied to a lesser extent and

was higher over the rehabilitation period. Curve fit comparisons for acid phosphatase

activity indicated different models as the preferred fits for each chronosequence.

Chronosequence data from Mine A was fitted to a second order polynomial, while a third

order polynomial (y = a + bx + cx2+ dx3)was fitted to data from Mine B. Accordingly, the

temporal trends that existed in these data was different for the two chronosequences. The
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higher vegetation cover observed at Mine B (compare Table 3.1, Chapter 3 and Table 5.1)

and the association of acid phosphatase activity with plant roots, may be the reason for

these dissimilar trends. This clearly shows the sensitivity of acid phosphatase activity to

management practices. Two distinct management regimes result in two types of vegetation

cover and are reflected in two sets of data with markedly different trends over the long-

term.
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Figure 5.5. Changes in urease activityduring rehabilitationin the chronosequences from Mine A and B,

respectively.The embedded graph indicatesthe curve fitsfor each chronosequence.

Urease activity (Figure 5.5) in soil has been correlated with microbial biomass (Klose and

Tabatabai, 2000) and is measured for its relationship to the N cycle (Gil-Sotres et af.,

2005). As in the case of the other enzymatic activities assayed, the changes in urease

activity were greater for chronosequence A than for chronosequence B, which had

relatively stable urease activities over the rehabilitation period. This could be attributed to

the application of fertilisers, specifically nitrates, to sites at Mine A compared to Mine B

where no fertiliser inputs occurred. Even though sites from Mine B had lower urease

activities, the minimum activities for these sites were similar to the minimum activities for

sites from Mine A. Despite the dissimilarity in urease activities between the two

chronosequences, a comparison of curve fits indicated a second order polynomial as the
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preferred model for data sets of both chronosequences. The F-test was applied to the two

fitted curves and indicated no significant differences between these fits (F = 0.61; p =

0.63). This shows similar tendencies in urease activity for the different chronosequences.

Figure 5.6. Changes in microbial biomass during rehabilitation in the chronosequences from Mine A and B,

respectively. The embedded graph indicates the curve fits for each chronosequence.

The estimation of microbial biomass by means of PLFA analysis is a reliable manner in

which the viable microbial community can be quantified (Calderon, et aI., 2000; Riitters et

al., 2002). In addition, PLFA profiles can signify changes in the bacterial and fungal

composition of a soil (Ibekwe and Kennedy, 1998; Hill et al., 2000) and the ratio of fungal

to bacterial PLFA (F:B ratio) has been applied to measure soil recovery (Bardgett and

McAlister, 1999).

Estimations of viable microbial biomass varied markedly between sites in individual

chronosequencesover the rehabilitationperiod- especiallyin chronosequenceA (Figure

5.6). The biomass abundance in both chronosequences varied within a comparable range

(1656.22 - 16277.30 pmol g-I dry weight for Mine A and 4247.11 - 16318.51 pmol g-I dry

weight for Mine B) and curves fitted to biomass data from the respective chronosequences

indicated a second order polynomial as the preferred model for both. An application of the

F-test to these data indicated no statistically significant differences between the data sets
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from Mine A and Mine B (F = 0.39; p = 0.77). It may therefore be concluded that the

temporal trends observed for microbial biomass in the two chronosequences were also

similar.
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Figure 5.7. Changes in the fungal to bacterial ratio during rehabilitation in the chronosequences from Mine A

and Bf respectively. The embedded graph indicates the curve fits for each chronosequence.

The changes in the ratio of fungal to bacterial PLFA in chronosequence A and B over the

rehabilitation period is shown in Figure 5.7. Chronosequence A showed a decreasing trend

in the F:B ratio, while the same ratio was higher in the older sites than in the younger sites

from chronosequence B. A comparison of curve fits indicated a second order polynomial

as the preferred model for chronosequence A and a third order polynomial as the preferred

model for chronosequence B. This translates to there being a significant difference

between the temporal trends for the two chronosequences. On the contrary, models fitted

by linear regression indicated no significant difference between the slopes (F = 3.05; p =

0.11) of the two data sets. In the context of the investigation and considering that those

values in the data that cause the difference in temporal trends are real data and not

predicted missing values (missing values were predicted with linear trend regression), it

was decided that the curve fit comparison obtained by the nonlinear regression model was

valid.
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The first inclusive observation that can be made from the graphs in Figures 5.1 to 5.7 is 

that fluctuations in enzymatic activities and abundances of microbial communities occur in 

both chronosequences, despite different management regimes. It seems that the initial input 

of fertilisers, organic material (manure), and lime at the onset of rehabilitation brings about 

an increase in microbial activity and biomass. After approximately three years. activities 

and abundances of microorganisms decrease and without additional management inputs 

should reach an equilibrium level characteristic of the specific environment (in this case a 

mining disturbed area under rehabilitation). The prevalence of certain functional and 

structural characteristics of the microbial communities at the respective sites may be 

explained by the classification of microorganisms as r-strategists or K-strategists 

(Claassens rt trl., 2005). While r-strategic microorganisms thrive in environmenls where 

nutrients are readily available. K-strategists depend on physiological adaptations to 

environmental resources for survival. These microorganisms are often successful in 

resource-limited situations (Atlas and Rartha. 1998). Therefore, decreases in enzymatic 

activities or biomass abundances do not necessarily signify deterioration in these 

ecosystems, but rather a change in the composition of the microbial comnlunities. 

The implication of the similarity in trends for the selected microbial community 

properties discussed here should be clarified. While similar trends exist in both 

chronosequences for individual microbial community measurements, the suggestion is not 

that the effect of the management practices on the microbial communities is exactly the 

same. It simply means that the common denominator in both these chronosequences is 

fluctuation. Similarity in temporal trends does not signify that the prevailing conditions in 

the two ecosystems are the same. For example. when considering microbial biomass 

(Figure 5.6), it means there is fluctuation in the amount of biomass over the rehabilitation 

period in both the chronosequences as opposed to one chronosequence having an upward 

(increasing) or do\\nward (decreasing) trend in microbial biomass while the other one 

shows fluctuation. What does differ in these chronosequences is the amount of fluctuation 

- chronosequence B showed less variability in microbial community function and 

structure. While chronosequence B contained some older sites than chronosequence A, 

statistical analysis did not indicate any relationships b e h e e n  microbial properties and 

rehabilitation ages of sites. This translates into fluctuation being a reflection of 

management, which is why sites managed in the same \Yay group together for the 

respectibe chronosequenccs when subjected to canonical correspondence analysis (CCA) 
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(Figure 5.8), despite the similarity in trends observed for the individual microbial

properties.

o TBSats..-
I

-1.0 1.0

Figure 5.8. Canonical correspondence analysis (CCA)diagram illustratingthe relationship between the coal
discard sites based on enzymaticactivities and phospholipidfatty acid (PLFA)groups. Eigenvaluesfor the first
two axes were 0.068 and 0.014, respectively.Total observed variance of the first two axes of the CCAwas
77.1%. Each site is indicated according to the chronosequence to which it belongs (A or B) followed by the
rehabilitation age of the site. Keyto abbreviations: DHA:dehydrogenase; B-glu: j3-glucosidase;Acid-P:acid
phosphatase; Alk-P:alkaline phosphatase; Nsats: normal saturated fatty acids; TBSats: terminally branched
saturated fatty acids; MBSats:mid-chain branched saturated fatty acids; Polys: polyunsaturated fatty acids;
Monos:monounsaturated fatty acids.

Eigenvalues for the first two axes were 0.068 and 0.014, respectively. Total observed

variance of the first two axes of the CCA was 77.1%. The cumulative percentage variance

of the species-environment relation was 71.6, 86.8, 99.8, and 100.0%, respectively for the

four axes. The first axis was significant in explaining the variation in enzymatic activities

(p = 0.0020), as were all four axes together (p = 0.0020). The first canonical axis correlated

most strongly with normal saturated fatty acids (r2 = -0.7678) and the second axis with

87
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terminally branched saturated fatty acids (? = -0.6897). 

4. CONCLUSIONS 

Fluctuations for chronosequence A were more pronounccd than those for chronosequence 

B and can be related to the more intensive management regime applied at Mine A. 

Although the enzymatic activities and microbial abundance measurements indicated lower 

overall values for chronosequence B, the trends over time of rehabilitation are similar to 

those observed for chronosequence A. In general there was less fluctuation in 

chronosequence B than in chronosequence A? which is related to the regular management 

inputs that occurred at sites from chronosequence A. In other words, the microbial 

communities in the less intensively managed sites maintain their functional and structural 

integrity within bounds in the absence of management inputs or disturbance, without 

evidence of an upward or downward trend. 

The fluctuations in microbial properties observed for sites from Mine A and Mine B, 

indicate that a final hypothetical equilibrium stage exists for each chronosequence and that 

hc t ional  and structural aspects of microbial populations will tend towards these 

equilibrium stages unless this propensity is altered by management inputs. A comparison 

of thc two chronosequences based on minimum and maximum values and temporal trends 

for individual microbial community measurements indicated no bias towards management 

regime over the long-term. This situation might change onIy if management practices 

affected vegetation lo such an cxtcnt that the feedback mechanisms that exist between 

aboveground and belowground communities resulted in long-term effects on microbial 

community function and structure. 

What is important to consider in tenns ofrehabilitation of mining disturbed sites and 

the management thereof, is that the goal of rehabilitation is to obtain a stable ecosystem. 

Thus, while distinct management regimes may lead to similar long-term trends in 

rehabilitated discard sites, the question of stability remains. Since post-mining sites such as 

these could never reach the same status as natural soils in terms of biological communities, 

the goal of a stable ecosystem defined in the context of the particular environment in 

question is much more realistic. However, the first step in determining whether the 

ecosystem under management is a stable one, would be to stop interfering in that 

ecosystem by means of management inputs in the short term. Only in the absence of 

management inputs it would become obvious whether a specific ecosystem has reached a 



Chapter 5 W Microbial measures of rehabilitation success 

state of equilibrium where biological parameters do not fluctuate beyond certain minimum 

and maximum limits. Of course, mining companies cannot simply cease all management 

practices at the risk of the managed ecosystems disintegrating, which is why monitoring of 

appropriate environmental parameters is very important in management decisions. 

The possibility of achieving a stable ecosystem while lessening the amount of 

management inputs will translate into significant economic implications for mining 

companies, which is another critical aspcct of rehabilitation in the South Afiican mining 

context. In the end, the question that mining companies would have to answer is what the 

true cost of rehabilitation over the long-term is in tenns of the management practices they 

favour. 
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CHAPTER 6 

GENERAL DISCUSSION AND CONCLUDING 
REMARKS 

"What greater stupidity can be imagined than that of calling jewels, silver, and 
gold precious,'and earth and soil 'base'? People who do this ought to 
remember that if there were as great a scarcity of soil as of jewels or precious 
metals, there would not be a prince who would not spend a bushel of 
diamonds and rubies and a cartload of gold just to have enough eaith to plant 
a jasmine in a little pot, or to sow an orange seed and watch it sprouc grow, 
and produce its handsome leaves, its fragrant flowers, and tine hit, It is 
scarcity and plenty that make the vulgar take things to be precious or 
worthless; they call a diamond very beautiful because it is like pure water, and 
then would not exchange one for ten barrels of water." 

- Galileo Galilei (1564 - 1642) 
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1. GENERAL DISCUSSION OF RESULTS 

In a preliminary investigation to the current study. it was found that assays of enzymatic 

activities (dehydrogenase, P-glucosidase, urease, and acid and alkaline phosphatases) and 

analyses of phospholipid fatty acid (PLFA) profiles could discriminate between the soil 

covrrs of coal discard sites of different rehabilitation ages. During this investigation, coal 

discard dumps constituting two chronosequences of rehabilitation ages were investigated. 

These chronosequences were each managed by a different mining company and were aged 

I to 1 I years (chronosequence A) and 6 to 17 years (chronosequence B), respectively. All 

sites constituting a chronosequence were managed identically but chronosequence A was 

under more intensive management than chronosequence B. 'fhe more intensive 

management entailcd annual amelioration of sites combined with defoliation (cutting and 

baling which was replaced by grazing). The mining company managing sites of 

chronosequence B applied grazing to sites but no amelioration after the initial revegetation 

of the sites. To determine thc extent to which different management practices favoured 

microbial development, the relationship between the age of the rehabilitated soil covers of 

the two chronosequences and their microbial community function (enzymatic activities) 

and structure (PLFAs) was studied. 

1.1. Microbial Community Function and Structure in a Post-Mining 
Chronosequence 

The first part of the study investigated the temporal changes in microbial community 

function and structure in chronosequence A (aged 1 to 1 1  years) obtained by sampling 

seven coal discard sites in 2002. 2004. and 2005. 'lhe objecti1.e was to ascertain the 

relationship between rehabilitation age and microbial properties and to determine whether 

microbial communities could be applied to indicate the progress of rehabilitation. 

The most important observation made during the investigation of the microbial 

communities in the different aged soil covers of the rehabilitated sites, was that there was 

no relationship between rehabilitation age and microbial activity or abundance of certain 

microbial groups. What was responsible for a clear differentiation between sites was the 

management practices applied. The change in management (after 2002) from defoliation 

by cutting and baling to grazing of the sites. caused a shift in the microbial communities 

that was e\fident in the data obtainzd from the enzymatic assays as well as PLF.4 analysis. 

A correlation matrix (not sho\bn) indicated few correlations between enzymatic 
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activities and PLFA data. The only significant correlations ( p  < 0.05) was observed in 2002 

between microbial biomass and dehydrogenase ( r  = 0.79) and microbial biomass and p- 

glucosidase (r = 0.78). The absence of a clear relationship in this study between enzymatic 

activities and PLFA data may be attributed to the functional redundancy of soil 

~nicroorganisms (Marschner el ul.. 2003). Ilowcvcr, it is important to note that 

compositional changes in microbial communities may very well be accompanied by 

changes in their functional capabilities in spite of functional redundancy (Waldrop et ul.. 

2000). Therefore, functional attributes of the microbial communities in this study may be 

linked to community coniposition although a direct correlation is not evident. 

A canonical correspondence analysis (CCA) (Figure 6.1) was performed to 

investigate the relationship betxveen the sites, enzymatic activities (microbial community 

function), and PLFA groups (microbial community structure). Eigenvalues for the first two 

axes were 0.107 and 0.013: respectively. Total observed variance of the first two axes of 

the CCA was 56.2%. The cumulative percentage variance of species-environment relation 

was 85.0, 95.6. 99.7: and 100.0%. respectively for the four axes. The first axis was 

significant in explaining the variation in enzymatic activities ( p  = 0.0020), as were all four 

axes together ( p  = 0.0020). The first canonical axis correlated most strongly with 

terminally branched saturated fatty acids (r2 = -0.7992) and the second axis with mid-chain 

branched saturated fatty acids (rL = -0.1230). 

Results obtained t?om ordination diagrams such as this one do not indicate direct 

relationships or correlations between specitic variables and from a traditional statistical 

perspective are often considered too descriptive while lacking statistical accuracy. 

However, results obtained from multidimensional ordination is key to facilitate the use of 

complex data such those obtained from measurements of microbial communities (Harris. 

2003). Furthennore, these ordinations can reveal tendencies or patterns in data not shown 

by traditional statistical approaches. This is well illustrated by the CCA ordination diagram 

presented in Figure 6.1, indicating a clear separation of sites sampled in 2002 from sites 

sampled in 2004 and 2005 based on the combined data obtained from the characterisation 

of microbial community ]'unction and structurc. The grouping of discard sites in this 

ordination indicates the influence of the change in management practices - from 

defoliation by means of cutting and baling to grazing, combined with the optimised 

application of fertilisers and organic material. Clearly, management of the sites. rather than 

the period of rehabilitation. had a significant impact on soil enzyme activities and the 

abundance of different soil microbial groups. even though there was little differentiation 
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between the sites based on physical and chemical soil characteristics (see Figure 3.1,

Chapter 3 for the principal components analysis (PCA) ordination diagram).

o

o
~

I

-1.0 0.8

Figure 6.1. Canonical correspondence analysis (CCA) diagram illustrating the relationship between the coal

discard sites based on enzymatic activities and phospholipid fatty acid (PLFA) groups. Eigenvalues for the first

two axes were 0.107 and 0.013, respectively. Total observed variance of the first two axes of the CCA was

56.2%. Each site is indicated according to the name of the site, followed by the time of sampling and the

rehabilitation age in brackets, e.g. Site 1 sampled in 2002 was 1 year old: C2002 (1). Symbols represent the

same site at different sampling times (2002, 2004 and 2005). Keyto abbreviations: DHA: dehydrogenase; B-
glu: 13-glucosidase; Acid-P: acid phosphatase; Alk-P: alkaline phosphatase; Nsats: normal saturated fatty

acids; TBSats: terminally branched saturated fatty acids; MBSats: mid-chain branched saturated fatty acids;

Polys: polyunsaturated fatty acids; Monos: monounsaturated fatty acids.

In 2002, sites were associated with polyunsaturated fatty acids (fungi), monounsaturated

fatty acids (Gram-negative bacteria), and urease activity. A shift in the microbial

community occurred after 2002, and in 2004 and 2005 sites showed a relationship to

normal saturated fatty acids (a general microbial biomarker), terminally branched saturated

fatty acids (Gram-positive bacteria), mid-chain branched saturated fatty acids

(Actinomycetes), dehydrogenase, p-glucosidase, and acid and alkaline phosphatase

95
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activities. Both Gram-positives and Actinomycetes are able to function in environments 

with limited nutrient resources (Olsson. 1999: Waldrop et 01 . .  2000) and the shift towards 

these microbial groups is prohahly related to the reduced applications oS Scr~iliser and 

organic material over the rehabilitation period (refer to Chapter 2). 

1.2. The Assessment of Reference Sites 

For a comprehensive discussion on thc sampling and availability of the reference sites 

referred to in this section, see Chapter 2. In brief, the nature and location of the study sites 

made the continuous use of reference sites during this study impractical. Comparison with 

rehabilitated sites was complicated by the unavailability of natural, undisturbed areas to 

use as reference sites. The results obtained from a once-off sampling and characterisation 

of the microbial community function and structure at these reference sites (Table 6.1) are 

briefly discussed here. However. these results were only obtained at one point in time and 

do not represent a chronosequence or changes over timc. 

Table 6.1. Enzymatic activities, phospholipid fatty acid (PLFA) composition, and PLFA ratios of soil samples 
obtained from reference stes in 2002. 

Reference 1 Reference 2 Reference 3 
Enzymatic activities 
Dehydrogenase (pg INF q ~ '  2h~') 482.38 (143.22)a 337.50 (60.27)a 302.62 (62.95)a 
O-Glucosidase@g PNP $' h~ ' )  356.21 (79.41)a 433.03 (153.60)a 262.386 (84.21)a 
Alkaline Phosphatase (gg PNP g ~ '  h-') 718.684 (248.11)a 675.312 (146.89)a 564.435 (323.36)a 
Acid Phosphatase (pg PNP q 1  h ' )  1294.30 (680.54)a 1239.76 (95.82)a 1358.86 (30.54)a 
Urease (ug NH,-N g-' 2h-') 30.62 (5.50)a 20.36 (7.33)a 16.25 (1.09)a 
PLFA Groups 
Normal saturated 31.56 (2.37)m 30.80 (5.03)m 39.38 (3.41)m 
Mid-chain branched saturated 3.72 (0.29)m 2.56 (0.65)m 1.20 (0.14)m 
Terminally branched saturated 33.54 (1.30)m 33.90 (1.25)m 33.17 (0.98)m 
Branched monounsaturated 0.00 (0.OO)m 0.00 (0.00)m 0.00 (0.00)m 
Monounsaturated 26.08 (2.23)m 27.95 (3.99)m 21.64 (2.45)m 
Polyunsaturated 3.98 (0.55)m 3.23 (0.56)m 3.08 ( 0.16)m 
Viable microbial biomass (pmol g '  49676.68 39854.20 29503.79 
dry weight) (31515.69)n (29537.01)mn (8519.65)mn 
Ratios . -~ 
Fungal / Bacterial1 0.08 (0.04)n 0.04 (0.03)m 0.03 (0.00)m 
Saturated / unsaturated2 2.41 (0.46)op 2.07 (0.36Jnop 3.20 (0 .82)~ 
cy17:O / 16:lm?c 0.99 (0.17)m 0.96 (0.03)m 3.03 (1.80)m 
cy19:O / 18:10,7c 1.71 (1.26)m 1.20 (1.60)m 5.51 (1.60)m 
16:la,7t / 16:l<o7c 0.10 (0.02)m 0.09 (0.03)mn 1.03 (0.14)n 
18 :1~7 t  I 18:1m7c 0.17 (0.02)m 0.08 (0.01)m 0.29 (0.23)m 

Standard error values are lndlcated in brackets. Data in rows with the same letters indcate no significant dfference, while 
those with d~fferent letters indicate significant difference at p < 0.05 (Tukey's HSD). 
' Fungi: 18:2w6 (Fedeile, 1986; FrostegBrd and Bl th ,  1996). Bacteria: sum of 115:0, a15:O. 15:0, i16:0, 16:lw9, 16:lo7t, 
i17:O. a17:0, 17:0, cy17:0, 18:lw7, and cy19:O (FrosteyBrd and BBBth, 1996). 
' Normal saturated to monounsaturated PLFA (McKinley etai., 2005). 
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Enzymatic activities for alkaline and acid phosphatases assayed for the reference sites were 

in the same range as those sampled for the coal discard sites from both chronosequences 

(see Chapters 3 and 5). Dehydrogenase and p-glucosidase activities were slightly higher in 

the reference sites than in the rehabilitated sites from both chronosequences. Urease 

activity was higher in the rehabilitated sites from chronosequence t\ than in the reference 

sites. The urease activities obtained for the discard sites from chronosequence B, however, 

were similar to those of the reference sites. 

Similar mole percentage (mol?6) fractions of the major PLFA groups were obtained 

for the reference sites and discard sites from both chronosequences (sec Chapters 4 and 5). 

Ratios of PLFA stress signatures indicated stress in microbial communities in reference 

and rehabilitated sites. The reference sites had higher concentrations of microbial biomass 

and lotver fungal to bacterial (F:R) ratios than the discard sites. The lower abundance of 

fungi in the reference sites are in contrast with observations by other authors which has 

shown an increase in the relative abundance of fungi with reduced disturbance and in soils 

returning to a more natural state (Bardgett and McAlister, 1999; Stahl el al.. 1999; Zeller et 

al., 2001: Peacock et a[., 2002). However, it should be kept in mind that these reference 

sites, although not directly impacted by mining activities were not representative of 

natural, undisturbed soils. It is likely that the influence of agricultural activities at these 

sites may have caused similar effects on microbial communities than management 

practices on the rehabilitated sites. It would be advisable to investigate the influence of 

specific management practices on microbial communities in depth and to make direct 

comparisons between different types of management regimes. 

1.3. The Comparison of Two Chronosequences 

A comparison of two cluonosequenees of rehabilitated coal discard sites was achieved by 

an application of the 'space-for-time' (SFT) hypothesis. Sites of different ages and at 

separate locations ('space') were identified to obtain a chronosequence of ages ('time') 

(Sparling et al., 2003). The two chronosequences included sites aged 1 to I I years and 6 to 

17 years: respectively. Sites in the same chronosequence were managed identically. while 

there was a distinct difference in management regimes applied to each chronosequence. 

The long-term effect of the different management regimes on the soil microbial community 

function and structure was investigated. Minimum and maximum values of microbial 

activity and abundance obtained from individual sites of chronosequences A and B differed 
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for some properties but were within comparable ranges (Table 6.2). Fluctuations of 

selected microbial properties occurred in both chronosequences and similar temporal 

trends existed over the rehabilitation periods (Chapter 5 ) .  However, there was less 

fluctuation in chronosequence B over the rehabilitation period than in chronosequence A. 

It was therefore concluded that the microbial communities in the less managed sites 

maintained their functional and structural integrity within bounds in the absence of 

management inputs or disturbance. While there was similarity in the trends over time for 

individual microbial community measurements. the seemingly more stable conditions in 

chronosequencc B is important in terms of the goal of rehabilitation. 

Table 6.2. Minimum and maximum values for enzymatic adivities, phospholipid fatty acid (PLFA) 
composition, and PLFA ratios of obtained from individual sites of chronosequences A and B over the study 
period (2002 - 2005). 

The importance of considering the sum of microbial measurements in the context of any 

investigation of this nature has to be stressed. Here, multidimensional ordinations and other 

statistical approaches, such as neural network analysis, are of great value in facilitating the 

interpretation of microbial community measurements (Harris, 2003). While similar trends 

in individual microbial community properties may give the impression that different 

management practices give the same result, an ordination diagram that accounts for 

functional and structural rneasurcments as well as sites from both chronosequences, 

indicated a distinction based on management regimes (Figure 5.8, Chapter 5) .  With regard 
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to the effect of management on microbial community function and structure and the 

attainment of ecosystem stability, the partiality in these two case studies was towards the 

less intensively managed chronosequence (B). The key here is that this chronosequcnce 

was the one to which a deeper soil cover was applied at the start of rehabilitation. It would 

seem that an ameliorated soil cover of sufficient depth applied at the start of rehabilitation 

might make the need for further amelioration unnecessary. Conversely, if the application of 

a soil co\er is not done properly. management inputs during rehabilitation might not lead 

to a stable ecosystem. It is thus of the essence that mining companies will make 

management decisions based on more comprehensive monitoring information. 

2. CONCLUDING OBSERVA TIONS 

"..in>, .s~rut~gy intended to twiluate reclamation success qfdisturhed 1and.c  require.^ criteria 

,for judging resrorntion progress. ~ ~ I C . S L '  criteriu s h ~ u l d  r</lect ecosystem viability cmd 

l o n g - t ~ ~ m  sfuhili~y. " (Mumnley ef ul.. 2002a). 

Even with the application of microbial community properties. which meet the criteria 

required for indicators of soil quality. assessing the sustailiability of the soil environment 

has been problematic and indices in this regard is still lacking. This is especially true for 

post-mining landscapes and is complicated by the myriad of different and often unique 

environments that need to be rehabilitated andlor monitored. According to Mummey et al. 

(2002b), a complete understanding of the regulation of soil microbial cornmunit) 

abundance and functional relationships in rehabilitated ecosystems will ultimately require 

analysis at a multitude of spatial and temporal scales. Even in terms of natural soils, it is 

difficult to answcr the question of which criteria have to be met in order for soil to be 

considered of good quality. Some authors are of the opinion that the qucstion cannot be 

answercd objectively due to "rhe lack qf'common under.stunding o f  what .coil community is 

1 0  he eyxcted in 'nor~nul'. undisturbed soi1.s" (De Ruiter, 2004). In addition to the need 

for indicators. land managers and researchers are faced with the fact that many ecological 

dynamics occur over time-scales that are well beyond the duration of conventional 

experiments or observations. Yet, major research items are derived from the observation of 

fluctuations in numbers and activities in space and time (Eijsackers, 2004). Thus, in order 

to overcome this limitation and obtain useful information on the mechanisms behind 

natural dynamics in anthropogcnic gradients. the limitations associated with approaches 

such as SFT substitution, have to he overlooked (Fukami and Wardle; 2005). 
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During this investigation, the application of microbial community measurements in a 

manner that explored temporal trends in artificial chronosequences. proved successf~~l  in 

revealing dominant trends as well as minimum and maximum values in rehabilitated coal 

discard sites of different ages. The tendencies observed in these data illustrated the 

prominent influence of management practices on rehabilitated sites while at the same time 

indicating no correlations between microbial community properties and rehabilitation age. 

These observations unan~biguously show the potential application value of niicrobial 

communities to assess rehabilitation. Nevertheless. at this point in time such applications 

still depend on the use of threshold values and long-term monitoring. To moderate the 

requirement for long-tenn monitoring, more case studies are needed to compare 

management effects and to determine threshold values. Typically, threshold values for any 

indicator of rehabilitation success are determined in comparison ni th  nearby undisturbed 

sites that are biologically stable. However, the pre-disturbance condition as a benchmark 

for evaluation of reclanlation success of drastically disturbed ecosystems is questionable 

because many attributes of the pre-disturbance condition may be unattainable (Mummey et 

01.. 2002a). Threshold implies levels beyond which a system undergoes significant 

negative change and according to Schjonning (2005), ibcus should be on thresholds rather 

than on rejirences, huseline.~, or henchr~rar.ks, often employed in the literature on soil 

quality indicators because thresholds have an intimate association with resilience. Thus, 

while it is acknowledged that some benchmark for rehabilitation is necessary, it is 

important that minimum and maximum values obtained from case studies of rehabilitated 

environments also be taken into consideration in order to determine thresholds. These 

thresholds will help to indicate the stability, resilience, and resistance of a system over 

time. 

The observations made during this investigation emphasises the importance of 

evaluating and monitoring rehabilitated ecosystems even in the absence of reference soils 

or specific indices. It is of the essence that practical applications for microbial 

measurements be implemented in rehabilitation monitoring programmes without the 

primary goal being the search for an index of soil quality. These monitoring programmes 

should employ an integrated approach because land managers and policy makers perceive 

soil only at the highest level of integration - the generic responses of the soil system 

(Eijsackers, 2004). There is a need for a change in focus towards the effects of 

management. While management cannot be addressed without evaluating certain attributes 

of the rehabilitated soil ecosystem, there must be a shift from assessing soil quality to 

100 
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managing soil quality. While many investigations have been conducted to assess soil 

environments. there has been little practical iniplernentation of soil assessments to assist 

management decisions. A combination of the knowledge on soil functions and properties 

that include thresholds: with that derived from case studies on the effects of specific 

management practices may lead to mnnngtJmen/ thre.sholds. In other words. what 

management inputs are required to obtain stability in a rehabilitated site. As an example. 

regard soil acidity. Soil pH is a soil quality indicator for which a threshold can be 

established: while the rate of liming (e.g. kg CaC03 ha.' year.') required to maintain the pH 

at scme prescribed level represents the management threshold (Schjonning, 2005). 

3. CLOSING REMARKS AND RECOMMENDA TIONS 

This study is a step in the right direction in terms of assessing or monitoring the progress 

of rehabilitation on post-mining sites. However, much research is still needed to find 

applicable measures for rehabilitation success. Significant contributions made by this 

investigation include the establishment of minimum and maximum d u e s  of microbial 

activity and abundance from two case studies of rehabilitated coal discard sites (Table 6.2). 

Contrary to expectation. the rehabilitation ages of the sites did not show any relationship 

with changes in microbial properties. Furthermore, the considerable impact of management 

practices on microbial community function and structure was illustrated. This shows that 

\\hen assessing the progress of rehabilitation on mining disturbed soils. microbial 

community function and structure can reveal effects of management that may not bc 

apparent through other methods of evaluation. It also shows that microorganisms in 

environments will distribute along gradients of relcvant parameters. In other words, if the 

effect of management practices was the dominant factor guiding the development of the 

microbial community. instead of rehabilitation age, then management will cause the 

distribution gradient. Identifling these gradients of relevant parameters is  of the utmost 

importance if environments under rehabilitation are to be understood and managed 

effectively. 

Further study is required to establish assessment criteria as a practical tool that will 

be applicable for land managers in mining environments and that will assist in decision- 

making and implementation of corrective inputs. Recommendations for future 

investigations include the following: 
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Specific management practices with recorded details of quantifiable management 

inputs have to be compared in terms of the effect of the different management 

practices on the rehabilitated ecosystems. These management practices include the 

depth of the applied soil cover layer; the manner in which the soil is ameliorated; the 

grass seed mixture used; if sites are defhliated and by what methods: and the intervals 

at which fertilisers are applied. 

Investigations should be conducted on comparable sites with different soil cover 

depths for which a replicate site is available; for example, two or three rehabilitated 

sites with a thick soil cover should be compared to two or three sites with a thin soil 

cover. 

More case st~ldies of management regimes have to be evaluated and information 

should be made available to the managing companies in order for assessments to 

contribute knowledge to practice. 

Threshold or baseline values from case studies of rehabilitated sites have to be 

established and the information provided by these values have to be combined with 

benchmark values for natural areas in order to obtain a realistic reference for 

rehabilitation. 

Investigations will have to account for more environmental factors that could 

influence microbial communities and vegetation such as rainfall and temperature. 

Different types of post-mining sites. such as areas disturbed by gold or platinum 

mining. sllould be investigated to determine whether rehabilitation practices on these 

sites are comparable. 
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Microbial community function and structure on coal mine discard under rehabilitation 

S. Claassens*, K.J. Riedel, L. Van Rensburg, J.J. Bezuidenhout and P.J. Jansen van Rensburg 
School of Environmental Sciences and Development. North-West University, Potchefstroom Campus. Private Bag X6001, Potch- 

efstroom. 2520, South Africa. 

The rehabilitation of coal mine discard is problematic, especially since the lack of measures to evaluate the suc- 
cess of rehabilitation in terms of the self-sustainabil~ty of soil ecosystems established on these sites. In this 
study, the potential for using microbial community function and structure as such a measure was investigated 
using enzymatic assays (dehydrogenase, l&glucosidase, urease and acid and alkaline phosphatase) and sig- 
nature lipid biomarkers (PLFAs). Samples from seven coal discard sites in South Africa currently under rehabil- 
 tati ion. were investigated and the relationship between soil properties, vegetation cover and microbial properties 
analysed using PCA and RDA ordination techniques. Although the discard sites had different rehabilitation ages 
(one to eight years), no statistically significant differences existed between these sites based on physical and 
chemical characteristics. Differentiation was possible based on enzymatic activities and PLFA profiles. Sites 
with relatively higher vegetation cover and organic carbon content had a positive association with enzymatic 
activities and microbial biomass. Organic carbon content correlated significantly with 8-glucosidase (r = 0.80, 
P<0.05), urease (r = 0.96. P<0.05), acid phosphatase (r = 0.76, Pc0.05). dehydrogenase (r = 0.69, P<0.10) and 
microbial biomass (r = 0.73, P<0.10). The characterisation of microbial community function and structure holds 
potential for evaluating rehabilitation progress on mine discard sltes. 

Keywords: Coal discard. Enzymatic activity, Microbial community. PLFA. Rehabilitation 
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Introduction 

South African legislation, such as the Environment Conserva- 
tion Act (7311989) (Anonymous. 1989) and the Minerals Act 
(5011991) (Anonymous, 199 I). requires developers to reha- 
bilitate damaged environments. One of the more critical 
aspects o f  the rehabilitation process i s  the improvement o f  
mine discard material to sustain plant growth hy the creation 
o f  a suitable growth medium. A control measure frequently 
applied for the containment o f  coal discard material is the 
application of a soil cover layer. which assists in the preven- 
tion o f  further sulphur oxidation and facilitates the subse- 
quent revegetation o f  the site. I n  spite of the annual addition 
o f  fenilisers. establishment of self-sustaining vegetation on 
most mine waste sites is prohlematic. 

The characterisation o f  soil quality requires the selection 
o f  properties most sensitive to management practices and 
environmental stress. Microbial communities are critical to 
soil function (Mummey, Stahl & Buyer. 2002) and are 
responsive to small changes due to soil ecological stress or 
restoration processes (Badiane et 01, 2002). Assessment of 
soil microbial propenies and microbial diversity can therefore 
be used as sensitive irldicators o f  both short and long-term 
changes (Hil l  el ul., 2000) that occur in the soil environment. 
Studies in agricultural environments hwe shown that enzy- 
matic activities give an indication o f  the dibersity of functions 
that can be assumed by the microbial community (Bandick & 
Dick. 1999; Aon & Colaneri, 2001; Rrohon. Delolme & 
Gourdon, 2001). The use o f  a culture-independent method 
(Hi l l  el dl., 2000). such as phospholipid fatty acid (PLFA) 
analysis circumvents many ofthe problems tiequently associ- 
ated with conventional culture dependent techniques and pro- 
vides a more comprehensive view of the structure of con~plex 
microbial communities (Ibekue & Kennedy, 1998; Pinkart, 
Deveraux & Chapman, 1998). Recent studiea suggest that 

PLFA profiles could be used as 'fingerprints' indicative of 
successful restoration of soil comniunities and as indicators 
o f  responses to management practices and changes in  soil 
quality, and that changes in PLFA profiles could reflect past 
and present management practices (Ponder & Tadros, 2002: 
Steenwerth er 01,2003). 

This study was undertaken to detennine whether micro- 
hial enumeration techniques, enzymatic assays. and PLFA 
analysis of microbial community structure could differentiate 
between coal discard sites o f  varying rehabilitahn ages. 

Mater ial  a n d  methods  

Site details 

The atudy was conducted on seven vegetated coal discard 
sites under rehabilitation and managed by Ingwe Mine Clo- 
sure Operations. lngwe Mines, South Africa (site identities 
are presented in Table I ). The soil used as cover was exca- 
vated from adjacent borrow pits or stripped from the sires 
before mining. Al l  the coal discard sites were vegetated with 
a grass seed mixture mostly dominated by the following com- 
mercially nailable grasses: annual r e f  [Erogrostis fe,f(Zuc- 
cagni) Trotter]; weeping lovegrass [Erug~r,srir curvulri 
(Schrader) Nees]; rhodesgrass (Chloris g a y m  Kunth): com- 
mon fingergrass (Digiluria el-iunthu); bermudagrass [Cjno- 
dun duch.1011 (L.) Pers. tar. durnlou]; and Kikuyu grass 
[Pennisrrrirn dande,rrinum Chiov]. As a management prac- 
tice, all sites are defoliated at the end ofeach growing season. 
Amelioration o f  soil covers was conducted according to lime 
requircments. fert i l iser recommendations. and organic carbor~ 
content, based on the results o f  soil physical and chemical 
analyses obtained by standard procedures (Van Rensburg ef 
01.. 1998). Macro-elements (Ca. M g  and K )  were always 
added as nitrates and phosphorus was supplemenred using 
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Table 2 Average application rates (kg. ha.') of fertlliser 
amendments per site over a four year period. -- 

AMENDMENT APPLICATION RATE (ke. ha-') ~~ -~ . .. 

C3N03 121.00+ 17.62 

MBNO? 15.90 i 7.48 
KNOl R~.10*21.27 
Super-phasphale 153.75 129.79 
Manure 6361.11 12362.71 

Lime 6800.00i 31 17.69 
"All values 5 SEM. 

Sampling procedure 

A random sampling design was used to obtain three compos- 
ite samples per site (five cores per composite sample) of the 
soil cover from seven coal discard sites (n = 2 1) (Alef & Nan- 
nipieri, 1995; Dick, Breakwell & Turco, 1996). 411 samples 
were obtained mid-summer (November) in the samc quad- 
rates used for the assessment of vegetation growth. A soil 
auger was used to ubtai~i volume samples with a niinimum of 
1 kg of soil per sampling area. The top 0.10 cm of the soil 
cuver layer was sampled since most of the discard sites had 
an effective soil cover depth of only 15 cm. Samples were 
obtained using aseptic techniques as described by Dick et a/ .  
(1996). Soil samples were placed in tightly sealed plastic hags 
and kept at 4°C (for enzymatic analyses) to keep them at field 
water content and to preserve biological properties. For lipid 
analyses, samples were sealed in plastic bags, frozen on site 
using dry ice and transported on dry ice to the laboratory, 
where it was stored at -86°C. Composite (consolidated) sam- 
ples were mixed thoroughly to contaln equal weights of indi- 
vidual samples (Alef 8. Nannipieri, 1995) Each consolidated 
sample was anaiysed for enzymatic activity within five days 
of sampling. Subsamples (i 200 g) of each sample were 
lyophilised before PLFA extraction, fractionation, and analy- 

Chemical a n d  physical analysis 

The extraction and analysis procedures fur the chemical char- 
actsrisation of soil samples was conducted according to 
standard procedures that have previously heen extensively 
described (Van Rensburg et ol., 199R: Van Rensburg & 
Maboeta. 2004). Quantification of the particle-size distribu- 
tion was conducted according to the procedures advocated by 
the American Society for Testing and Materials (ASTM, 
1961). Soil water content was determined gravimetrically 
after drying soil samples at 105°C iAlef & Nannipieri, 1995). 
Organic carbon was determined according to the Walkley- 
Black procedure described by Nelson & Sommers (1982). 

Estimation of vegetation cover 

The ground and crown vegetation cover of all the sites were 
esrimated in three 1 m2 quadrates randomly placed over a 50 
m transect. The ground cover included all living and non-li\- 
ing organic material on the ground surface per area and the 
crown cover was regarded as the canopy cover spread of all 
grass species over a fixed area. Both values are expressed as a 

percentage per m2 surface area (Van Rensburg, Maboeta & 
Morgenthal, 2004). 

Microbial counts 

Viable bacterial and fungal populations were determined by 
plating the dilution series onto selective media. Total hetero- 
trophic bacteria were enumerated using cycloheximide agar, 
R2A, and soil extract agar (SEA). Sodium pyophosphate 
(Na2PO4.7HJO; pH 7.0) (0.1% mlv) solution was used as 
diluent for the bacteria (Frederickson & Balkwill, 1998). Soil 
extract agar and R2A are selective media for oligotrophic and 
copiotrophic heterotrophic bacteria, respectively (Taylor et 
nl., 2002). Soil extract agar was prepared specifically tor each 
of the seven sites using soil from the relevant sites. Fungi 
were enumerated by plating the dilution series onto ruse ben- 
gal-streptomycin (RBS) agar (Fredrickson & Balkwill, 1998). 
Dextrin (0.2% m/v) and dextrose (0.2% mlv) solutions ncre 
used as diluents for suspension and dilution of the soil, 
respectively (Alef & Kannipieri, 1995). All inoculated media 
were incubated at room temperature (2213°C) for ca. 4-10 
days. All microbial cnumcrations were carried out in dupli- 
cate. Data are reported as CFU g-' dry soil. 

Soil enzymatic activities 

Behrc analyses, consolidated soil samples were passed 
through a 2 mm sieve. For the determination of dehydroge- 
nase activity, soil was kept at field water content, while air- 
dried samples were used for determination of D-glucosidase 
(EC 3.2.1.21). urease [urea aniidohydrolase. EC 3.5.1.5). and 
acid (orthophosphoric monoester phosphohydrolase, EC 
3.1.3.2, pH 6.5) and alkaline (orthophosphoric monoester 
phosphohydrolase, EC 3.1.3.1. pH 1 1 .O) phosphatase activi- 
ties (Alef & Nannipieri, 1995). All analyses were carried out 
in triplicate. 

Dehydrogeoase and urease activities were assayed accord- 
ing to the procedure described by Alef & Nannipieri (1995). 
R-glucosidase as well as acid and alkaline phosphatase activi- 
ties were all based on o-nitro~henol release eflrr cleavage of - 
a synthetic substrate @-nitrophenyl glucoside and p-nitrophe- 
nyl phosphate, respectively) (Alef & Nannipieri, 1995; Dick 
er al., 1996). Modified universal buffer pH 6.5 and pH 11.0 
wcre used for acid and alkaline phosphomonoesterase. 
respectively. 

Total lipid extraction, fractionation, and analysis 

All glassware uscd for lipid analyses was washed with phos- 
phate-free soap, rinsed five times with tap water and five 
times with distilled water. then air dried and heated in a muf- 
fle furnace at 450°C for a minimum of 4 hours to remove any 
lipid contaminants. Total lipids were extracted from 5 g 
lyophilised soil according to a modified Bligh and Dyer pro- 
cedure (White & Ringelberg, 1998). Silicic acid column chro- 
matography (Cucksrt et u l ,  1985) was used to fractionate the 
total lipid extract into neutral lipids, glycolipids, and polar 
lipids. The polar lipid fraction was transesteritied to the fatly 
acid methyl esters (FAMEs) by mild alkaline methanolysis 
(Guckert el a/., 1985). The FAMEs were a~~alysed by capil- 
lary gas chromatography with flame ionisation detection on a 
Hewlen-Packard 6890 series I1 chromatograph fined with a 
60 m SPB-I column (0.250 mm I.D., 0.250 m film thickness). 
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Definitive identification o f  peaks was undertaken using gas 

chromatography-mass spectrometry o f  selected samples 

using a Hewlett-Packard 6890 series II chromatograph inter- 

phased wi th a Hewlett-Packard 5973 mass selective detector. 

Methyl  nonadecanonate (C19:O) was used as the internal 

standard and the PLFAs were expressed as equivalent peak 

responses to the internal standard. Standard fatty acid nomen- 

clature was used (Ibekwe & Kennedy. 1998). 

Statistical analys is  

A l l  samples ( n  = 21) were analysed in triplicate. The relation- 
ship hetxeen soil physical and chemical characteristics, the 
microbial and the vegetation variables was investigated usins 
Principal Components Analysis (PCA) and Redundancy 
Analysis (RDA)  multivariate ordination techniques using 
Canoco (Canoco for Windows Version 4.5. GLW-CPRO < ? I .  
Principal Components Analyses were conducted on the soil 

physical and chemical variables, as wel l  as on the vegetation 
cover and microbial properties analysed to determine how 
these variables were interrelated. A n  R D A  was subsequently 
perfornied w i th  the activities o f  the five enzymes assayed, the 
microbial counts obtained using conventional techniques, and 
the percentage ground and crown cover az species dependent 
\nriahles and thr most significant soil properties as independ- 
m t  environmental factors. The most significant soil physical 
and chenlical variables were selected through the forward 
selection procedure provided i n  Canoco, thereby ensuring 
that only the most pertinent environmental gradients were 

investigated. 

Results and discussion 
Results from the physical and chemical characterisation o f  
the soil samples. as wel l  as the percentage vegetation cover 
are summarised i n  Table I. The results obtained f rom the 

chemical analyses, showed high standard error values for 

most o f  the elements, indicating the heterogeneous nature o f  

the topsoil layer or possible mix ing o f  topsoil wi th underlying 

discard material. A Principal Components Analysis (PCA) 
(not shown) indicated that the soil used as cover varied mark- 

edly between sites based on physical and chemical character- 

istics. although this variation was not statistically s iq i f i can t .  

The variation observed could have a significant impact on the 

structural diversity o f  the bacteria and fungi present, as well  

as on the rehabilitation and establishment o f  a self-sustaining 
vegetation cover at these sites. 

Grass species showed great variation i n  their growth form 

- some had a small basal (ground) cover but a large crown 

cover (Table I ) .  The dominance of tufted grasses wi th a 

higher crown cover and a lower basal cover at Bethal and 

Witbank I. could be the reason for the low percentage g o u n d  

vegetation cover (41.57%) observed at these sites. A 
degraded plant cover generally results in lower soil organic 

matter content. Our results correspond wi th observations bv  

other authors (Ann et 01.. 2001; Garcia rr r r l . .  2002) that 
decreased availability o f  organic matter relates to lower 

microbial activity. Bethal was characterised by a lower per- 

centage vegetation cover 145.7 1%) and related to lower enzy- 

matic activity (Table 3 )  and estimated viable biomass (Table 

4) compared to the other sites. 

Table 3 Microbial counts and enzymatic activity of topsoil covers obtained from the seven coal discard sites. 

PROPERTIES SITES 
- 

Nrneastle Ermelo Hendrina Bethal Witbank I Witbank 2 Ogies 

\lierobial counts 

(log CFL p1 dry soil) 

Soii extract agar* h . 2 9 * 6 . 0 5 Y 5 . 3 * 4 . 8 4 "  6.li*6.(lS' 5 . 1 7 i l . k 2 ~ . 3 5 t h . 0 9 ' ~ . 1 8 i 5 . 8 9 ~ . 8 h t h . 7 5 d  

R?A* 7.03 i 6 . 6 9 V . 2 h i  1 . 0 5 ~ . 6 1  i 7.39' 7.70 i 7.34" 6.67 * 660a 7.33 + 7.30a 6.56 + 62h" 

C~clohcximide* b.66 * 647-6.8 fi- 6 . 4 9  7 7 0 i  7.49" 7.30 i 7.16" 8 3 7 i  X . 1 9 ~ . 0 P i 6 . 7 ? ~ . 6 3  + 6.57" 

Rose Ben& 4 . J 9 * 1 . 1 5 ~ . 8 2 * 3 . 4 7 V 4 5 4 + 3 . 3 4 "  10Ji 3.27" 3.13-2.38.' 3.28 t2.66" 3.82 k . 4 7 '  

Streptomycin agar' 

Encvmatic activities 

(mp PNP g-l h ~ ' )  64.85' 32.16'~ 4 1.83" 2 ~ . 3 6 ~  4 7 . ~ 7 ~  12.66' 63.62" 
Alkaline Phosphatase** 352.11 i 453.55 i- 264.64 f 3'1 1.20 i 221.37+ 223.29 i 428.73 + 
(mg PNP p '  lht l 33.04" 68.878h 55.24'" 28..ilah 18.07ac 30.25'' 3 l3.57+ 
Acid Phosphatase*' 430.06 i 343.46+ 569.53 + 343.38 + 404.60 i 344.11? 687 22 i 

(mg PhP g ~ '  h-'I 14Y.32r 43.71" 8 0 . 4 0 ~ ~  54.49" 117.25" 51.33' lS?.05a 

Crease** J9.2U ? 58.95 i 58.48 ? 34.5') i 41.90f 31.93 + 66.94 + 
i g  NH4-N g-l ? h t  I 1.371 25.112~~ 8 . 6 ~ " ~  5.03"' l 1.22" 3.q2" 1 5 . ~ 6 " ~  

'411 values i SEM represents the rcsults obtamcd from three independent sample, (n=3l at a samplhig depth of 0-10 cm. 

h'~ignificant a1 P=0.05 prnhahilfty lcvrl 
'**Significmr at P=O.OI probability level 
"~ i tcs  aith ihe same combination of s~lperrcript alphabetic letters indicate no significant ditYsrmces among sires. 

'INF: iodonitrotetrlralium chloride-fonnazan: PNP: para-nitrophenol 
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Table 4 Percentage fractions of PLFA groups, estimated viable biomass and ratios of specific lipid biomarkers from samples taken at 

the different coal discard sites. 
SITES 

PLFA Major Group Newcastle Ermelo Hendrina Bethal Witbankl Witbank 2 Ogies 

Normal saturated 27.85 i 0.77' 22.35 + 1 . 3 5 ~ ~  23 44 i 0.b3bC 20.46 +0.2S3 23.69f 0.57'' 26.01 I 1.08~' 3 .13  i 0.63'~ 

Mid-chain branched 
~aturated 2.32 + 0 . 1 6 ~ ~  3.08 c 0.27~ 2.1 I f novr  2.98 + 0.29"~ 2.59 +n.n6ab' 2.61 + 0.20'b~ 

Terminally branched 

saturated 22.57 f 13 .28~  ?4.09+ i 1 . 77~  22.84 ? O.?ih 18.13 ?0.64a 25.25 + 0 . 7 2 ~  25.47 t 1 . 6 8 ~ ~  

Branched monoun 
s a t ~ r s t ~ d  3.24 L 0 . 2 0 ~ ~ ~  2.90 i 0 . 2 0 ~  2.77 t 0 . 0 8 ~  2.00 i n O l a  3.1 I ? 0 . 1 0 ~ ' ~  3.35 * 0 . 1 0 ~ ~  

Monounsaturated 33.51 +2.09' 35.12 f 0.40' 41.82 f 1.11' 39.32 +0 .17 '~  35.78f 0.82" 34.09i0.25" 

Polyunsaturated 10.40 + ~ 1 . 7 7 ~ ~  12.05 f 0.42' 6.89 i 0.67~ 1 7.05 f 0.40~ 9.57 + 0.65~' 8.47 + 0 . ~ 3 ~ ~  

Estimated viable 
biomass (pmal g-l 16277.30* 10315.14 i 29850 $6 + 7108 01 + 12043,Y7+ 15368.61 + 
dry xeizhtl 5704.01'" 474.73= 91 10.88"~ 1692 12" 4417.18"~ 3357.3dab 

Ratios ~~~~ ~.~ 

Fungal I Bacterial ~ 
cy17:O /16:lw7r 0.52 ? 0.05" 0.49 f 0.05' 0.46 + 0.04a 0.50 + 0.07' 0.57 i 0.12a 0.62 t 0.07' 

ry19:OI 18:lo7c 0.44 f 0.37' 0.36 2 0 2 I V  66 ? 0.38' 0 . 3 7 i O . 1 3 ~ . 7 2  i 0 . 2 8 ~ , 6 8  i OWa 

Saturated / 
Unssturated 1.45+0.27~~'  1.33 t0.13" L09f 0.04a I.Il0f 0.07' 1.29+0.01" 1.45 i0.01"' 

16:lw7t /16:lw7c O.OU+U.(lOr 0.00fO.0(i" 0.03LO.OP 000+0.0Or 0.00+fl.(l(l' 0.0?+0.0l" 

18:1m7tl18:lw7r 0.03 + 0.04a 0.01 f U.02"(105 t 0 OZa 0 0 0 i  0 . 0 0 V . 0 0  I 0.00' 0.04 + 0.03" 

All balues i SEM represenls lhc rcsulls obtalned from three independent samplr, (n-3) at a sampling depth of0-10 cm. 

b ~ i t r s  with the same combmatlon of superscript alphabetjc letters indicate no significant differences among sms. 
C* Calculated accord~ng to trostegaard and BBarh ( 1996) 

Statistical analysis of the microbial counts indicated no sig- 

nificant d~fferences (P>0.05) between sites based on micro- 

bial enumeration using a variety of culture media (Table 3). It 
is hypothesised that the abundance of microorganisms in the 

different sites could he classified along an r-K gradient. The r- 
strategists rely upon high reproductive rates for survival 

within a community and prevail in environments where nutri- 
ents are readily available (copiotrophic), whereas the K-strat- 

egists depend upon physiological adaptations to the 
environmental resources (Atlas & Bartha, 1998). When 

resources beconte scarce, r-strategists experience rapid reduc- 

tion, whereas K-strategists tend to be successful in resouice- 

limited situations (oligotrophic) (Sarathchandra er a/., 1001). 

Enzymatic activities 
The average activities of the enzymes assayed are prescntcd 

in Table 3. The results indicate a lack of  relationship between 
the type ~Cphosphatase and soil pH. This suggests that a vari- 

ation in pH (H20)  (5.5 1 - 7.41) was not a critical factor gov- 

erning the predominance of acid or alkaline phosphatasz 

activity in these ecosystems. An RDA ordination diagram 

illustrating the association between the dominant environ- 

mental variables, microbial enzymatic activit~es, microbial 
counts. and percentage ground and crown cover is presented 
in Figure 1 .  Eigenvalues for the tirst two axes were 0.53 1 and 
0.256, respectively. Total observed variance oF the first tu,o 
canonical axes was 78.7?6 The first canonical axis correlated 
strongly with percentage organic carbon (%Cl (? = 0.8815) 

and the second axis correlated with hH4+ (2  = 0.78173. 
According to  a Monte Carlo Permutation test conducted with 

499 permutations the tirst canonical axis was not stattstically 

significant (P= 0.054). The overall eKect of the chosen envl- 
ranmental variables on the microhial enzymatic activities, 

however, was statistically significant (P= 0.0060). 

Figure 1 Redundancy Analysis (RDAI ordination diagram illus- 
trating the relationship betueen the dominanr m\irortn,rotal var- 

iables. vegetation corer. and soil microbial and enrymatlc 
properties of thc scven discard sites. The environmental physicall 
chemical parameters are represented by hold vectors. 
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Dehydrogenase activity was assayed as an estimation of over- 
all microbial activity due to its presence in all microorgan- 
isms (Taylor et a/., 2002). R-glucosidase activity is related to 
the carbon cycle. fulfils a central role in the cycling of organic 
matter, is the most abundant of the three enzymes involved in 
cellulose degradation, and is rarely substrate limited (Turner 
rt a/ . ,  2002). Urease and phosphatase are often measured 
because of their importance i n  the nitrogen and phosphorus 
cycles, respectively (Aon & Colaneri, 2001). Enzymatic 
activities in relation to the cycling of nitrogen (ammonifica- 
tion, nitrification, denitrification) or phosphorus (release of 
inorganic phosphorus) in soil have been used to evaluate the 
fertility of the soil or to describe the functioning of the eco- 
system (Aon & Colaneri, 2001; Brohon etol., 2001). 

The Hendrina, Newcastle, and Ogies sites were grouped 
to the right of the first ordination axis (Figure 1 )  and were 
associated with higher overall enzymatic activity and vegeta- 
tion cover. This may be attributed to the higher organic car- 
bon content (0.69%) (Table I )  present in these sites in 
comparison with the sites grouped to the left of the ordination 
diagram. The Bethal and Witbank 1 sites were characterised 
by lower organic carbon content (0.32%) and associated 
lower ground cover (41.57%). The RDA also showed these 
sites to have a negativelweak association with enzymatic 
activities. These results correspond with observations of Aon 
el al. (2001) and Garcia et a / .  (2002), which indicated a rela- 
tionship betueen reduced aboveground plant diversity, lower 
soil organic matter, and decreased microbial diversity. The 
observation that organic carbon content had a significant cor- 
relation with 8-glucosidase (r = 0.80. P<0.05), acid phos- 
phatase (r  = 0.96, P<0.05) and urease ( r  = 0.76, P<0.05) 
(results nor shown), emphasises the importance of organic 
maner as soil amendment during rehabilitation. 

Phospholipid fatty acid (PLFA) analyses  

The mole percentage (mol?4) fractions of the major PLFA 
groups are summarised in Table 4. Results revealed differ- 
ences in the PLFA compositions and in turn, indicated the dif- 
ferences in the microbial community structures present in the 
study sites. The estimated viable biomass ranged from 7 
108.01 to 29 850.56 pmol g ~ '  dry weight (Table 4). 

Frostegird 8; Bi&h (1996) suggested the use of the sum 
of PLFAs considered to be predominantly of bacterial origin 
(i15:O. a15:0, il6:O, 16:lw9, 16:lw7t, i17:0, a17:0, 17:0, cy 
17:O. 18: l w7 and cy 19:O) as an index of the bacterial bio- 
mass (BactPLFA). The quantity of  18:2w6 was used as an 
indicator of fungal biomass (FungPLFA), since it is mainly of 
fungal origin (Merila, Striimmer & Fritze. 2002). The results 
indicate significant differences beween sites based on F:B 
ratios (Table 4). All the discard sites investigated showed F:B 
ratios of 4 . 0 ,  with the highest ratio observed at the Bethal 
site, thus corresponding with the observation that this site had 
the highest concentration of polyunsaturated fatty acids. 

Previous studies have indicated increased ratios of satu- 
rated to unsaturated fatty acids (Guckert, Hood & White. 
1986) increased ratios of trans- to cis-monoenoic fatty acids 
(Keweloh & Heipieper, 1996; White. Stair & Ringelberg, 
1996) and increased ratios of cyclopropyl fatty acids to their 
monoerioic precursors to be indicative of stress in natural 
microbial communities (Guckert rt a/. ,  1986; Kieft, Ringel- 

berg & White. 1994). Ratios greater than 0.1 are considered 
indicative of stress (White et a[.. 1996), while non-stressed 
microbial communities in the exponential growth phase have 
ratios of less than 0.05 (Smith el 01, 2000). Based on these 
ratios, the results indicate stress in all the sites sampled. 

An RDA triplot illustrating the association between the 
dominant environmental variables, microbial PLFA profiles, 
and percentage ground and crown cover is presented in Fig- 
ure 2. Eigenvalues for the first two axes were 0.454 and 0.237 
respectively. Total observed variance of the first two canoni- 
cal axes was 69.1%. The first canonical axis correlated 
strongly uith NH4+(; = -0.6132) and the second axis with P 
(? = 0.7276). According to a Monte Carlo Permutation test 
conducted with 499 permutations the first canonical axis was 
not statistically significant ( P  = 0.314) and neither was the 
overall effect of the chosen environmental variables on the 
phospholipid fatty actd groups (P: 0 088) 

Figure 2 Redundancy Analysis (RDA) ordination diagram illus- 
tratinp the relationship between the dominant environmental 
variables, vegetation cover, and major PLFA groups of the seven 
discard sites. The environmental physicalkhemical parameters 
are represented by bold vectors. Key to major PLFA groups: 
Nsats (normal sahlraled), MBSats (mid-chain branched), 
TBSats (terminally branched saturated), Bmonos (branched 
monounsaturated). Monos (monounsaturated). Polys (polyun- 
saturated). 

Estimated viable biomass had a significant correlation with 
NH4' (r=0.83, P<0.05), P(r=0.90.  P 4 0 5 ) . N 0 3  (r=0.74,  
P <0.1) and %C (r = 0.73, P <0.1). The Hendrina site was 
associated with all these environmental variables and was 
characterised by the highest viable biomass, n~onounsaturated 
fatty acids. and high ground cover. Monounsaturated fatty 
acids are indicative of gram-negative bacteria (Ratledge & 
Wilkinson, 1988) and the RDA shows this group as the pre- 
dominant contributor to the biomass abundance. The high 
biomass abundance in the Hendrina site could be attributed to 
the response of r-strategists to the presence of excessive nutri- 
ents due to the current management practices applied. I t  is. 
however, evident that this condition is not sustainable, and 
that the microbial community within this site would experi- 
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