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Abstract 

The potential of compost, limestone and growth of Leucaena leucocephala (Lam.) de wit, Senna siamea (Lam.) 
H.S Irwin & Barneby, and Eucalyptus grandis W. Hill ex Maid for the restoration of rhizospheric bacterial 
functional diversity of pyrite soil and copper tailings was assessed in the field. Pyrite soil and copper tailings 
were amended with limestone, compost followed by planting of experimental trees after homogenisation. The 
experimental setup was of split block design with site as a blocking factor; amendment application and growth of 
trees as the treatment factors. After 12 months of growth, background and rhizospheric pyrite and copper tailings 
were sampled and their physico-chemical characteristics analysed. The Community Level Physiological Profiles 
(CLPP) of the same samples were determined using Biolog EcoPlate™. The functional diversity was assessed 
from the Biolog data using various indices including Average Well Colour Development (AWCD), substrate 
richness (S) and Shannon-Wiener index (H).  

Background and rhizospheric untreated pyrite and copper tailings were extremely acidic, with low organic matter 
content, available phosphorous, total nitrogen, and relatively higher concentrations of available heavy metals and 
low bacterial functional diversity. Application of amendments and growth of the tree species effectively 
increased the pH, organic matter content, available phosphorous, total nitrogen, growth of understory plant 
species, bacterial functional diversity and lowered the available concentrations of heavy metals. AWCD, 
bacterial species diversity and richness were higher in rhizospheres of leguminous tree species than the non 
leguminous Eucalyptus grandis, suggesting the suitability of the former for remediation of pyrite and copper 
tailings.  

Keywords: efficacy, compost, restoration, bacterial functional diversity, rhizosphere, Biolog Ecoplate™ 

 

1. Introduction 

Copper mining activities in Kilembe that lasted for close to 30 years from 1956 to 1982 generated 1.13 million 
metric tonnes of cobaltiferous pyrite wastes which were stockpiled near Kasese town 11 Km east of the mines 
(Oryem-Origa et al. 2007). Flotation tailings to the tune of 15 million metric tonnes from the mines were 
dumped in four different areas in Kilembe valleys in which the fast flowing River Nyamwamba is located 
(Muwanga et al. 2009). After definitive closure of the mines in 1982 both the cobaltiferous stockpile and the 
tailings dams were abandoned. They consequently inflicted a wide range of catastrophic environmental impacts 
in parts of Queen Elizabeth Conservation Area (QECA) and the environs of the tailings dams respectively, 
through heavy metal pollution and acid mine drainage. Soil contamination with heavy metals is currently the 
most serious environmental hazard in the area, which according to Lin et al. (2010) is very costly to remediate.    

 

Heavy metal pollution exerts a negative impact on soil microbial activity, which greatly alters nutrient cycles 
(Valsecchi et al. 1995). They negatively affect microbial activity and growth by damaging proteins and/or by 
disrupting cell membranes (Leita et al. 1995). Soils contaminated with heavy metals associated with mining 
activities usually lack a proper structure and aeration and have low fertility and organic matter (OM) content that 
result in a low microbial biomass in these soils (Clemente et al. 2006), together with poor plant growth potential. 
It is generally accepted that accumulated heavy metals reduce the amount of soil microbial biomass (Brookes 
and McGrath 1984; Chander et al. 1995) and various enzyme activities, leading to a decrease in the functional 
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diversity in the soil ecosystem (Kandeler et al. 1996) and changes in the microbial community structure 
(Frostegard et al. 1993; Pennanen et al. 1998). Many microbial processes are affected by heavy metal 
contaminants (Leyval et al. 1997) including carbon and nitrogen mineralisation (Doelman et al. 1986), general 
organic matter turnover rates (Chandler and Brookes 1991) (Chandler 1991) heterotrophic and autotrophic 
nitrogen fixation (Brookes et al. 1986). Since heavy metals are non-biodegradable, their presence in the soil 
presents a permanent threat to the functioning of soil ecosystem, most likely through the disturbance of the 
microbial community (Jia et al. 2013). 

Microbial activities and diversity are crucial components of ecosystem function, as they are important driving 
forces between biological, physical and geochemical systems (Finlay et al. 1997). The productivity of soil 
system is known to depend greatly upon the structure and functions of soil microbial communities, which 
regulate and influence many ecosystem processes such as nutrient transformation, litter decomposition, soil 
structure and plant health (Garllardo and Schlesinger 1994; Kennedy 1999; Zak et al. 2003; Garbeva et al. 2004). 
The synergistic impacts of plant-associated bacteria in a phytoremediation process have been reported by 
different authors. Several of the plant-associated bacteria can play a significant role in accelerating 
phytoremediation in heavy metal-contaminated soils by promoting plant growth and health (Ma et al. 2009; 
Compant et al. 2010; Dary et al. 2010). Rhizosphere microbial communities carry out fundamental processes 
that contribute to nutrient cycling and plant growth (Wang et al. 2007). The rhizosphere microbial community is 
an important factor in determining the survival and sustainable growth of plants (Zhang et al. 2011). Therefore, 
restoration of heavy metal-contaminated environments requires a functional microbial community for successful 
plant community establishment, soil development, and biogeochemical cycling (Moynahan et al. 2002), yet they 
are non-existent in such environments. This rendered development of cost effective and ecologically sound 
techniques for bacterial functional diversity revitalization in phytoremediation paramount.  

In the current study, the focus was on testing locally available limestone, compost from domestic organic food 
wastes and locally growing selected tree species. Organic amendments have been found to immediately decrease 
heavy metal bioavailability, provide a slow release of mineral nutrients and to serve as a microbial inoculum 
(Mendez et al. 2007). Lime application can improve soil pH and ultimately the reestablishment of vegetation 
(Oryem-Origa et al. 2007) and recolonization of mine waste polluted habitats. It is well known that different 
plant species can associate with microbial communities with unique characteristics (Chen et al. 2002; Viketoft et 
al. 2005), probably due to differences in amount and quality of root exudates (Nguyen 2003). It was hoped that 
the growth of particular tree species would re-enforce the recolonization of the polluted soils by different 
bacterial species through the production of root exudes that attract them. One localized leguminous tree species 
Leucaena leucocephala (Lam.) de wit. (Family Fabaceae), one exotic leguminous tree species Senna siamea 
(Lam.) H.S Irwin & Barneby (Family Fabaceae) and one non leguminous timber tree species Eucalyptus grandis 
W. Hill ex Maid (Family Myrtaceae) were experimented on in the field to assess their effectiveness in boosting 
bacterial functional diversity. Leucaena leucocephala is a legume capable of enhancing nitrogen fixation hence 
improving soil fertility of the nutritionally impoverished tailings and polluted soils. Eucalyptus grandis is known 
to exhibit great environmental plasticity with ability to grow in impoverished soils (Arriagada et al. 2004) while 
Senna siamea is a non nodulating woody legume (Fagbola et al. 1998), growing vigorously within the 
environmental settings of the area, tolerant to both limestone and moderately acid soils (Hossain 1999) and 
capable of growing on degraded infertile soils (Jøker 2000). Despite use of trees in aided phytoremediation 
gaining popularity, their contribution to microbial functional diversity restoration is not known. We aimed at 
assessing the changes in the physico-chemical characteristics of pyrite soils and copper tailings and bacterial 
functional diversity following amendment application and growth of the selected tree species. 

 

2. Materials and Methods 

2.1 Description of study site 

The study area comprised of the pyrite trail in Queen Elizabeth Conservation Area (QECA) located at the 
geographical coordinates of latitude 0° 8'53.03"N, longitude 30° 4'27.53"E and altitude of 949 meters above sea 
level and the four tailings dams in the vicinity of Kilembe Town area located at latitude of 0°11'16.12"N, 
longitude of 30° 1'11.43"E and altitude of 1243 meters above sea level (Figure 1).  
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Figure 1. Location of the experimental sites at the tailings dams in Kilembe and the pyrite trail in QECA 
 

It experiences a tropical climate with rainfall which is bi-modally distributed with the wetter periods occurring 
from March to May and August to November. During the study period the temperatures for pyrite trail site 
showed mean minimum temperature of 18.5 ⁰C and a mean maximum temperature of 30.8 ⁰C. Records of 
temperatures for the Kilembe tailings dams were not available, but being located at higher altitude it is always 
cooler than the pyrite trail site. The tailings dams are flattened at the top, characterised by longitudinal rows of 
depressions and elevations that were formed during the dumping process and gullies formed as result of water 
erosion. The flattened top is characterised on the surface with very fine polluted powdery soils that are easily 
transferred into nearby gardens and River Nyamwamba by eolian dispersal during the dry season. The pyrite trail 
is characterised by bare patches dotted with shrubs of Capparis tormentosa Lam., tree species of Acacia 
gerrardii Benth and Balanites aegyptiaca (L.) Del. and islets of vegetation composed of Phytolacca dodecandra 
L Hérit, Fimbristylis ferruginea (L.) Vahl, Imperata cylindrica (L.) P.Beauv, Sporobolus pyramidalis P. Beauv., 
Typha latifolia L. Cynodon dactylon covers most of the regenerated part of the pyrite trail. The surrounding 
vegetation consists largely of Acacia savannah woodland.  

2.2 Experimental design 

The study area was categorised into four study sites coded as Kilembe tailing dams site (KTDS), low polluted 
pyrite trail site (LPPTS), highly polluted pyrite trail site (HPPTS) and unpolluted site (UPS). The categorisation 
was based on the results of the baseline geochemical survey of the eight zones that were mapped out covering 
the entire study area. A split block experimental design was used with site as a blocking factor and amendment 
types categorised into unamended (UA), limestone (LS), compost (Comp) and limestone+compst (LS+Comp) 
and the tree species grown as treatment factors. Establishment of plots, amendment application in the sub-plots 
and planting of experimental tree species was done as per the description of Ssenku et al. (2014). 

2.3 Soil sampling technique  

After one year of amendment application in November 2012, three separate collections of soil samples were 
made. Each soil sample was collected from the rhizosphere of particular species growing under a given treatment 
(sub-plot). From each sub-plot three sub-soil samples were collected from the rhizosphere of three randomly 
selected plants from the interior of a sub-plot using a sterile trowel. The subsamples were thoroughly mixed to 
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form a composite sample for a particular sub-plot. Approximately 10g of the composite sample was transferred 
into an autoclaved MacKateney bottle that was immediately sealed off and transferred to a cold box maintained 
at 40C to avoid any changes in the microbial community structure. Upon completion of sampling from a 
particular sub-plot the trowel was sterilized by dipping it in 100 percent ethanol and heated strongly. The 
remaining portion of the composite sample was packed in a polythene bag and taken to the laboratory for 
physico-chemical characterization. 

2.4 Physico-chemical characterization of rhizosphere soil samples 

Physico-chemical characterisation of the soil samples was done at National Agricultural Research Laboratories 
(NARL) at Kawanda following standard procedures. Soil pH (soil: deionised water=1:2.5 w/v) was determined 
with a calibrated pH meter (Orion 550 Bench pH meter) and organic matter content by Walkley-Black potassium 
dichromate wet oxidation (Nelson and Sommers 1982) as described in Okalebo et al. (2002) while total nitrogen 
by the semi-micro Kjeldahl method (Bremner and Mulvaney 1982). Extraction of available phosphorous and 
heavy metals was done using Mehlich 3 extractant. The available phosphorous in the extract was determined 
following Ammonium Molybdate-Ascorbic acid method (Knudsen and Beegle 1988) using a UV/Visible 
spectrophotometer at 860 nm while available heavy metal concentrations by using an atomic absorption 
spectrophotometer (SHIMADZU AA-6800). 

2.5 Determination of functional diversity of bacterial communities in the rhizosphere of selected tree species 

The pattern of potential carbon source utilization by soil microbial communities under different amendments and 
plant species was assessed by Biolog EcoplatesTM system containing triplicates of 31 different environmentally 
relevant carbon sources and control well (Biolog Inc., CA, USA, (Choi and Dobbs 2003; Douterelo et al. 2010; 
Chakraborty et al. 2011). The wells also contain an indicator substance; tetrazolium dye, that changes colour 
with substrate consumption. The reduction of the tetrazolium dye due to cell respiration turns the contents of the 
wells purple. The Biolog EcoplatesTM are based on the capacity of bacteria to utilize different substrates and thus 
leaving a metabolic fingerprint providing information on functional biodiversity in the soil over time (Preston-
Mafham et al. 2002). The analysis was performed with the protocols described by (Classen et al. 2003). In brief, 
a soil suspension was prepared by votexing 1.5 g of soil (on dry weight basis) in 15 ml of sterile phosphate 
buffered saline (BPS) and allowed to settle for 2 hours. The supernatant was serially diluted to obtain 10-3 
dilution which was used to inoculate the Biolog EcoplatesTM. Aliquots of 150 µl of the 10-3 dilution for each 
sample was inoculated to each well of Biolog Ecoplate using multi 8-channel pipette and later incubated in oven 
at 280C. Colour development of each well was measured as absorbance (A) at 590 nm with the Biolog 
microplate reader (BioTeK ELx800) at 24 hour intervals for until 168 hours. 

2.6 Ecoplate data analysis 

Individual absorbance values of the 31 single substrates were corrected by subtraction of the blank control value 
(raw difference). Well optical density values that were negative or under 0.06 were adjusted to zero (Classen et 
al. 2003). To minimize the effects of different inoculum densities, data were normalized by dividing the raw 
difference values by their respective average well colour development (AWCD) values. The number of active 
wells on a given plate was determined by quantification of the number of positive wells (>0.06 absorbance units 
above the time zero reading) in each sample (Li et al. 2011). The microbial activity in each microplate was 
expressed as the Average Well Colour Development (AWCD) that was determined using the expression below 
(Frac et al. 2012): 

∑=
31

iOD
AWCD            (1) 

Where OD1 is the optical density value from each well. The Shannon-Wiener Diversity Index (H) was calculated 
using the OD of 0.06 as threshold for positive response using the following expression (Harch et al. 1997; Yan et 
al. 2000; Fowler et al. 2006; Frac et al. 2012).  

 

∑
=

−=
N

i
ii ppH

1

ln           (2) 

Where pi, in this case, is the proportion of AWCD of a particular substrate to the AWCD of all substrates of a 
particular sub-plot.  
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2.7 Quality assurance  

Prior to use, all solutions, transfer equipment, and glassware were sterilized with an autoclave. Weighing of soil 
samples, serial dilutions and plate inoculation was done under a laminar-flow hood to minimize the risk of 
contamination from the surrounding. For heavy metal analysis, the glassware used was thoroughly cleaned and 
all the reagents were of analytical grade. Double distilled water was used throughout the analysis.  

2.8 Data analysis 

All analyses were performed using R statistical package 2.13.2 (R Development Core Team 2011) and STATA 
9.0. Prior to statistical analysis, data distributions were checked for normality and homogeneity of variances. 
Data with strong deviations from the normal distribution and/or that were heteroscedastic were log-transformed. 
Analysis of variance (ANOVA) was used to evaluate the effects of treatments and site on Community Level 
Physiology Profiles (CLPP) followed by separation of means by a post-hoc test (Tukey’s Honest Significant 
Multiple Comparison) with means considered to be significantly different at p ˂ 0.05. In addition, Principal 
Component Analysis (PCA) on correlations matrix of substrate utilization patterns was carried out to cluster the 
microbial status of the different soil types. Leguminous tree species were each compared with non-leguminous 
tree species with respect to AWCD, substrate diversity (Shannon-Wiener) and substrate richness (S) using the 
student t-test of paired samples.  

3. Results 

3.1 Soil physico-chemical characteristics 

The physico-chemical characteristics of soils varied widely across the study area. In background and unamended 
copper tailings and pyrite soils the pH values were very low ranging between 1.9 and 4.5 (Table 1). Application 
of amendment materials significantly raised the pH values (Tukey’s HSD test, p<0.05) to a range of 4.6 to 8.3 
that was relatively higher than that of unpolluted soils. Organic matter content, total nitrogen and available 
phosphorous were also generally lower in untreated and unamended pyrite soils and copper tailings. These 
improved upon treatment for all tree species and at all sites most especially with the compost and 
limestone+compost amendment application. Application of compost to pyrite soils and copper tailings led to a 
significant rise in available phosphorous at all sites and under tree species grown (Tukey’s HSD test, p<0.05) to 
levels that were higher than those of unpolluted soils. With the exceptional case of Eucalyptus grandis plot at 
LPPTS and Senna siamea at HPPTS compost amendment lead to a significant rise in total nitrogen while for 
organic matter the rise was significant for all study plots (Tukey’s HSD test, p<0.05). A regression analysis of 
organic matter content with total nitrogen and available phosphorous revealed their dependence on organic 
content (R2=0.61, p<0.001) and (R2=0.23, p<0.01) respectively (Figure 2). 
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Figure 2. Relationship between organic matter content and total nitrogen and available phosphorous content 

Background and unamended pyrite soils and copper tailings were characterised with significantly higher 
available concentrations of heavy metals at all polluted sites as compared to the unpolluted soils (Tukey’s HSD 
test, p<0.05). Amendment applications led to a reduction in their concentrations at all sites. The abundance of 
heavy metals in the entire study area was in the order of cobalt>copper>nickel>lead. However copper was more 
abundant than cobalt in the tailings at KTDS while cobalt was more abundant than copper in pyrite soils at both 
LPPTS and HPPTS. 
 
 
3.2 Bacterial functional diversity 
3.2.1Average well colour development (AWCD) 
The microbial activity as expressed by AWCD varied significantly across amendments applied to the copper 
tailings and pyrite soils (ANOVA, p<0.001). Rhizospheric soil samples from the unpolluted site and amended 
copper tailings and pyrite soils showed higher microbial activity than those from background and unamended 
polluted sub-plots (Figure 3). Amongst the treated soils, the mean average well colour development for Senna 
siamea was in the range of 0.355±0.088 to 0.881±0.115 for compost and limestone+compost treated soils at 
LPPTS respectively. Amended soil samples from Leucaena leucocephala plots had AWCD in the range of 
0.222±0.037 to 0.844±0.116 for limestone treated and compost treated soils at HPPTS and LPPTS respectively. 
The microbial activity of the treated soils for Leucaena leucocephala at the HPPTS was generally lower than that 
of their respective counterparts at the KTDS and LPPTS ((Tukey’s HSD test, p<0.05). For Eucalyptus grandis, it 
ranged between 0.303±0.050 to 0.683±0.151 for compost treated and limestone+compost treated soils at LPPTS 
and KTDS respectively. The highest activity for treated soils of each tree species was higher than that shown by 
the unpolluted soils of their respective species but were not significantly different (P>0.05). The two soil samples 
with relatively much higher AWCD were from the plots of the two leguminous tree species Senna siamea and 
Leucaena leucocephala but there was no significant differences between the  AWCD of the respective 
leguminous tree species and the non-leguminous Eucalyptus grandis (t-test, P>0.05). Similarly, there was no 
significant overall effect of tree species on AWCD (ANOVA, F=1.98, p>0.05), but site (F=3.46, p<0.05) and 
treatment (F =17.71, p<0.001) significantly affected it. The interaction of site*species (F =1.36, p>0.05), 
site*treatment (F =0.61, p>0.05) and species*treatment (F =0.56, p>0.05) didn’t have significant effect on 
AWCD. 
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Figure 3. Mean Average Well Colour Development (n=3) measured at 96 hours for different soil samples. Bars 
followed with different letters are significantly different at p<0.05 (post hoc Tukey’s HSD test). 
 
 
3.2.2 Substrate diversity and richness 
Bacterial species diversity as expressed by substrate diversity and richness were lower in the background and 
untreated soils at all sites (Table 2). Their treatment boosted them at all sites and for every species. For 
Eucalyptus grandis plots, diversity varied slightly and the variations were not significantly different at all sites. A 
similar trend is reflected for substrate richness. The unpolluted soils had the highest diversity of 2.850±0.04 but 
it was not significantly higher than the diversity of all the treated soils (p>0.05). Diversity was highest in treated 
soils at LPPTS for Senna siamea but not significantly higher than that of the unpolluted soils (p>0.05). However, 
substrate richness was higher in the unpolluted soils than in any other amended soils. The trend was similar with 
soils from Leucaena leucocephala plots but the highest value was observed in limestone+compost plots at KTDS 
and was higher than that of Senna siamea. Substrate richness was highest in unpolluted soils. Substrate diversity 
and richness for rhizospheric soils from the plots of leguminous tree species Senna siamea and Leucaena 
leucocephala were not significantly different (t-test, p>0.05), but significantly different for each leguminous 
species from those of non-leguminous Eucalyptus grandis (t-test, p>0.05) .  
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Table 2. Values (mean+SEM, n=3) Shannon-Wiener Diversity Index (H) and Substrate richness(S) calculated 
from Biolog data measured at 96 hours of incubation  

  Experimental tree species 
Site Treatment Eucalyptus grandis Senna siamea Leucaena  leucocephala 
  H S H S H S 
KTDS Back ground 1.375±0.12bcd 11±0.00c 1.212±0.17cd 9±1.15ef 1.099±0.04c 5±1.00ef 
 Unamended 1.539±0.26ce 9±1.00ce 2.223±0.08ab 11±2.08df 2.453±0.08ab 13±1.52dg 
 Limestone 2.426±0.12ae 18±2.65ab 2.963±0.07b 20±0.57abc 3.017±0.15b 22±2.00ab 
 Compost 2.058±0.41abe 19±2.31ab 2.987±0.12b 22±2.00abc 2.823±0.22b 26±1.73bc 
 LS+Comp 2.195±0.15ade 17±2.30a 2.740±0.544b 22±1.00abc 3.363±0.13b 23±1.53ab 
        
LPPTS Back ground 1.117±0.02bc 4±1.15de 0.735±0.02c 4±1.15f 0.772±0.27c 4±0.57ef 
 Unamended 0.920±0.02c 3±0.57d 2.330±0.14ab 10±1.00df 1.677±0.05ac 10±3.00fg 
 Limestone 2.677±0.37a 18±2.10ab 2.600±0.31ab 22±4.32abc 2.967±0.16b 22±3.06ab 
 Compost 2.413±0.11ae 18±3.06ab 3.046±0.13b 25±3.21bc 3.067±0.21b 23±3.51ab 
 LS+Comp 2.810±0.09a 21±1.15ab 3.033±0.24b 24±1.52abc 3.007±0.21b 24±3.06ab 
        
HPPTS Back ground 1.483±0.28bc 7±1.00cd 0.854±0.09cd 4±0.57f 0.960±0.07c 5±1.15ef 
 Unamended 1.200±0.12bc 8±1.15cd 1.733±0.06ac 7±2.51d 0.853±0.03c 2±0.00e 
 Limestone 2.710±0.19a 19±2.31ab 2.657±0.35ab 16±1.73ade 2.730±0.07b 19±1.53ad 
 Compost 2.807±0.15a 21±2.65ab 2.593±0.41ab 21±2.31abc 2.660±0.14ab 21±2.31ab 
 LS+Comp 2.797±0.32a 23±1.15b 2.750±0.36b 18±2.51bd 2.777±0.15b 21±4.04ac 
        
UPS  2.850±0.05a 23±3.21b 2.993±0.06b 28±1.00c 2.983±0.12b 28±1.53b 

Means with different letters within a column for a particular species and site indicate significant difference 
between values at p<0.05; post hoc Tukey’s HSD test. 
 
There were significant differences in substrate diversity across the species of the trees (ANOVA, F=7.78, p<0.01) 
and treatment (F=52.55, p<0.001) and no significant variation across sites (F=2.21, p>0.05). Test for the impact 
of interaction of factors on substrate diversity revealed a significant effect of site*species (F=3.39, p<0.05) but 
no significant effect of site*treatment (F=2.59, p>0.05) and species treatment (F=1.86, p>0.05). With the 
exceptional case of site that had no significant effect on diversity, all the other factors and their interactions had 
the same effect on substrate richness as that of substrate diversity.  Substrate richness varied significantly across 
sites (F=11.15, p<0.001), species (F=10.81, p<0.01) and treatment (F=138.96, p<0.001). Test for interactive 
effects revealed significant effect of site*species (F=5.87, p<0.01) and no significant effects of site*treatment 
(F=2.18, p>0.05) and species*treatment (F=0.78, p>0.05). 
 
3.3 Relationship between AWCD, S, H and soil physico-chemical characteristics. 
Soil microbial activity and soil physico-chemical properties were very much interrelated. Speramans rank-order 
tests between soil physico-chemical characteristics and AWCD, S and H values calculated from Biolog 
EcoplatesTM readings. The latter values were positively and strongly correlated with pH, organic matter, total 
nitrogen, and phosphorous and strongly and negatively correlated with available heavy metal concentrations 
(p<0.01) (Table 3). 
 
Table 3. Pearson correlation coefficients (r) between soil physico-chemical characteristics of soil and AWCD, 
substrate richness and Shannon-Wiener diversity index for the Ecoplates 

Parameter AWCD Shannon-weiner 
diversity index (H) 

Substrate richness (S) 

pH 0.779*** 0.739*** 0.670*** 
Organic matter 0.431** 0.499*** 0.591*** 
Total nitrogen 0.557*** 0.631*** 0.709*** 
Phosphorous 0.681*** 0.669*** 0.765*** 
Copper -0.584*** -0.579*** -0.585*** 
Cobalt -0.676*** -0.593*** -0.656*** 
Nickel -0.494*** 0.467*** -0.485*** 
Lead -0.706*** 0.646*** -0.634** 

Values marked by ** and *** are significant at p<0.01 and p<0.001 levels of significance testing. 
 
Principal Component Analysis (PCA) to identify similarity/dissimilarity in utilization of carbon sources showed 
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two clear cut clusters of soils (Figure 4). The first principal component axis (PC1) explained 55.5% of the 
overall variance in the data while the second principal component axis (PC2) explained 13.42%. Substrate 
utilization patterns were largely separated on the PC1 axis. All the treated and unpolluted soil samples were 
distributed on the positive terminal of PC1 along with available phosphorous, total nitrogen, pH and organic 
matter content whereas all the background and untreated soils were distributed to the negative terminal of the 
axis along with the heavy metals. Along PC2 axis the samples from HPPTS were majorly drawn to the positive 
terminal while majority of the samples from KTDS, LPPTS and UPS were drawn to the negative terminal. 

 
Figure 4. PCA correlation of carbon substrate utilization patterns with physico-chemical characteristics of soil 
samples. Soil types defined in order by site (HP-highly polluted, LP-lowly polluted,KT-Kilembe tailings dams 
and BK-Background),  species (S-Senna siamea, Leucaena lecocephala and E-Eucalyptus grandis) and 
treatment (UA-unamended, LS-limestone, CO-compost and LC-limetsone+compost). 
 
3. Discussion 

3.1 Physico-chemical characteristics of rhizospheric pyrite soils and copper tailings 

Background and rhizospheric unamended pyrite soils and copper tailings had extremely low pH and relatively 
higher concentrations of available heavy metals. This was due to the exposure of pyretic material (metal sulphide) 
to air and water leading to its oxidation and hydrolysis ultimately causing the acidification and solubilisation of 
heavy metals (Simón et al. 2001). The mean pH range determined in this study for background and unamended 
rhizospheric soils respectively falls within the range characterised to be extremely acid (USDA 1998), associated 
with increased metal toxicities and reduced populations of nitrogen fixing bacteria (Sheoran et al. 2010). The pH 
values recorded are in agreement with those determined for a site of comparable nature in the range of 2.8-4.8 
(Anawar et al. 2013) and those reported in earlier studies at the study site by Oryem-Origa et al. (2007) and 
Muwanga et al. (2009).  

After amendment applications, soil pH significantly increased, with limestone and limestone+compost 
application showing higher impact relative to lone compost application. All Limestone treated soils and 
unpolluted soils were in the range of 6.1-7.5 classified as being neutral (USDA 1998) whereas majority of the 
limestone+compost treated soils were within the neutral range and very few slightly alkaline. For lone compost 
application regime, the variability in pH values were wide ranging from acid through neutral to slightly alkaline. 
This variability is indicative of inefficiencies that may arise with application of compost alone in 
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phytoremediation process. Such inefficiency of compost in the control of soil pH has also been reported Walker 
et al. (2004). The acidity may have been developed with time after compost application due to the mineralisation 
of the labile organic matter in compost which altered the redox state of the soils to less oxidizing conditions thus 
minimizing the oxidation of sulphide to sulphate and consequently further acidification (Walker et al. 2003). 
Therefore, monitoring the physico-chemical characteristics of soils following organic matter application is vital, 
as changes occur with time, due to microbiologically-mediated transformations of organic compounds 

Available concentrations of heavy metals were lower in unpolluted soils and treated pyrite soils and copper 
tailings with high pH and organic matter content relative to the unamended pyrite soils and copper tailings with 
extremely low pH and organic matter content. Soil pH is the most important parameter influencing metal 
solution and soil surface chemistry and determines the cation and anion adsorption onto mineral oxides (Bradl 
2004). The availability of heavy metals is usually high at low pH because most metals exist in a free ionic state, 
as opposed to precipitates of oxides, hydroxides and oxyhydroxides (Wakelin et al. 2012). The rise in pH and 
reduction in available concentrations of heavy metals could have been due to the release of hydroxyl ions by 
hydrolysis of CaCO3 (Lee et al. 2004) and precipitation of metals as carbonates (Khan and Jones 2008). 

The organic matter content majorly increased due to amendment with compost and was at the time of sampling 
still higher than in the background, unamended and limestone treated pyrite soils and tailings, despite probable 
mineralization of its easily degradable component. This may be attributed to the presence of understory plant 
cover that emerged after amendment application and growth of trees that compensated carbon losses through 
mineralization by organic inputs such as root exudates and plant remains (Santibanez et al. 2012). Regressing 
total nitrogen and available phosphorous with organic matter revealed a significant positive relationship. In such 
nutrient poor soils, revitalisation of microbial activity after amendment application could have enhanced the 
supply of growth limiting N and P to both understory plants and tree species (Van der Heijden et al. 2008), 
leading to their robust growth and further supplies of organic matter. In such pyrite soils and tailings with 
nutrient deficiency, up to 90% of N and P for plant growth might be provided by soil microbes, hence their 
importance for plant productivity in such soils (Van der Heijden et al. 2008). Organic matter was significantly 
and positively correlated with AWCD (r=0.431, p<0.01), bacterial species diversity (r=0.499, p<0.001) and 
richness (r=0.591, p<0.001). This may be ascribed to the abundance and quality of food resources availed to the 
bacterial communities by organic matter and the efficient immobilisation of heavy metals by strong binding to it 
(Stefanowicz et al. 2012).  

3.2 Bacterial functional diversity 

The average well colour development was used to assess the bacterial activity while the Shannon-Weaner index 
and substrate diversity were used to reflect on the diversity and homogeneousness of the rhizospheric bacterial 
communities. Generally, AWCD, bacterial diversity and richness were higher in unpolluted than in the pyrite and 
copper tailings. It is indeed a usual trend for indigenous microbial communities associated with mine tailings to 
often show limited density and diversity, relative to the undisturbed sites (de la Iglesia et al. 2006) and mainly 
corresponding to iron-/sulphur-oxidizing bacteria (Diaby et al. 2007). The PCA correlation analysis revealed a 
strong association between higher concentrations of heavy metals with background, unamended pyrite soils and 
copper tailings samples with low bacterial activity. Further still, AWCD, S and H were significantly and 
inversely correlated with all heavy metals understudy (p<0.001). Most probably, heavy metals pose a restraint 
effect to the natural revitalisation of microbial activities in the pyrite soils and tailings. Similarly, the extremely 
acid condition that characterise the untreated pyrite and tailings do have a similar effect.  

 Average well colour development (AWCD) measures the overall potential for heterotrophic microbial activity 
(Wakelin et al. 2012). Microbial utilization of the substrates in the Biolog plates was to some extent also 
observed for background and unamended rhizospheric pyrite soils and copper tailings. This indicates potential 
for heterotrophic processes (Wakelin et al. 2012), despite low total nitrogen and low available phosphorous 
levels they contain. Their low content could have been due lack or presence of minimal amounts of the organic 
substratum to be mineralised and elevated concentrations heavy metals that are known to have largely 
deleterious effects on microbial processes associated with the cycling of C and N(Bååth 1989). Their utilisation 
of substrates also further suggests the existence of bacterial species that can thrive in extremes of low soil pH 
and higher heavy metal concentrations. This is supported by earlier studies by Oryem-Origa et al, (2007) at the 
same site who isolated bacterial strains from extremely acid pyrite soils. Bacteria can persist in such media with 
low pH and elevated concentrations of heavy metals by forming organic metal-complexing agents (Higham et al. 
1984) and precipitation or redox transformation of metals (Southam 2002)  
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Using the Biolog EcoPlate™ assay with carbon substrates allowed detection of the changes in the bacterial 
functional diversity after application of limestone, compost and growth of trees on pyrite soils and copper 
tailings. The treatment factor had a significant effect on AWCD, bacterial species diversity and richness. The rise 
in pH and decrease in the heavy metal soluble concentration could be responsible for the increase in the 
rhizospheric microbial activity and diversity (Mench et al. 2006; Perez-de-Mora et al. 2006). The difference in 
spatial distribution amongst soil samples in the PCA indicates that bacterial functional diversity of pyrite soils 
and copper tailings was largely influenced by application of amendments.  All the amendment regimes 
significantly increased the average well colour development for a particular species and site relative to their 
respective background and unamended pyrite and copper tailings. Soil pH is a key factor in determining soil 
microbial community structure (Xue et al. 2010) and it had strong positive correlation with AWCD, H and S. 
Thus the change in pH following amendment application could have led to an influx of diverse arrays of 
bacterial species into the pyrite soils and copper tailings.  

Several studies have demonstrated that root exudation is a major factor controlling microbial activity and 
community structure in the rhizosphere (Kuzdroj and van Elisa 2000; Baudoin et al. 2003; Kumpiene et al. 
2009). Bacterial species richness and diversity for each of the leguminous tree species as measured by BiologTM 
was significantly higher than that of Eucalyptus grandis (t-test, p<0.05). Nevertheless, AWCD was relatively 
higher in leguminous tree species than in Eucalyptus grandis but not significantly different. The response of 
rhizospheric bacterial communities to AWCD, S and H denotes higher functional diversity of leguminous tree 
species than the non leguminous tree species. This is supported by earlier studies in which rhizodeposits of 
leguminous Pisum sativum promoted a greater microbial abundance and activity than rhizodeposits of non-
leguminous Triticum valgare (Castaldi et al. 2009). Bacterial communities can play a cardinal role in the 
regeneration of soil functional qualities through recycling of nutrient and nutrient enrichment. Thus the 
efficiency demonstrated by the leguminous tree species Senna siamea and Leucaena leucocephala is suggestive 
of their potential for phytoremediation of the site.  

Even though we sampled targeting the rhizosphere of the tree species, probable influence of plants that grew 
close to the trees can’t be overlooked. Diversity of plant species has been shown to have a positive effect on the 
amount of soil bacteria (Han et al. 2011). The number of plant species determines available inhabitation, food 
and energy for microbes in the soil (Wardle et al. 2004; Ushio et al. 2008), thus, the rich plant species can 
produce a high diversity of litter and consequently, lead to the high amount of soil bacteria (Bartelt-Ryser et al. 
2005), that may inhabit the rhizospheres of the trees. These plants could ensure the presence of moisture that is 
crucial in shaping microbial community structure (Rasche et al. 2010; Brockett et al. 2012). Therefore besides 
the probable influence of rhizodeposits, the disparity in emergence of understory plant species could have also 
contributed to the difference. Legumes were observed to support a higher diversity of understory plant species as 
opposed to Eucalyptus grandis due to its allelopathic influence. Plants have been reported to substantially 
influence the chemistry of soil solution, making local sources of nutrients (or toxins) available or unavailable to 
soils microorganisms (Hinsinger et al. 2006). However plant species show varying abilities to modulate the soil 
chemical characteristics. Thus higher diversity of understory plant species of leguminous tree species could have 
generated higher biochemical diversity and in the process maintaining more diverse and presumably better 
functioning microbial communities (Stefanowicz et al. 2012).   

5. Conclusions 

Bacterial functional diversity of pyrite soils and copper tailings was poor due to their physico-chemical 
characteristics that have both direct and indirect adverse effects on bacterial populations. Despite extremely 
acidic conditions and relatively higher availability of heavy metals, some bacterial strains capable of 
heterotrophic activities as revealed by the utilisation of some carbon sources do inhabit pyrite soils and copper 
tailings. Bacterial functional diversity is under control of a multitude of factors with pH being the major one due 
to its direct and indirect effects mediated through its influence on other factors involved in the control. 
Rhizospheric soils for leguminous Senna siamea and Leucaena leucocephala had relatively higher AWCD, 
species diversity and richness than the non-leguminous Eucalyptus grandis. These results are suggestive of 
higher efficacy for revitalisation of bacterial functional diversity by leguminous species than the non-leguminous 
Eucalyptus grandis and thus revealing their suitability for phytoremediation of the site. Soil amendments 
significantly restored bacterial functional diversity regardless of site but their stability in controlling the physico-
chemical characteristics of tailings and pyrite soils with time needs to be monitored. The metal-tolerant bacteria 
that can survive in heavily contaminated habitats have shown great potential for the bioremediation of 
contaminated soils and need to be characterised in future studies. 
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