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Abstract 

In mine tailings facilities, phytostabilisation is an attractive technology for long-term 

remediation. We tested the effect of the addition of biosolids combined with a native 

arbuscular mycorrhizal inoculum (AMF) on growth of a eucalypt (E. cladocalyx), and 

on trace element stabilization of sulphidic gold mine tailings. A glasshouse trial was 

established using four substrates: tailings (T); tailings with a layer of 5 cm topsoil (TS); 

tailings amended with 100 dry t ha-1 biosolids (LB), and tailings amended with 500 dry t 

ha-1 biosolids (HB). Half pots were inoculated with a mixture of Glomus sp. (WUM51 - 

9227), Scutelaspora aurigloba (WUM51 - 53) and Acaulospora levis (WUM46) culture 

mix, and others were uninoculated controls. Two seeds per pot were sown in the pots 

and after 30 days all pots were uniformly thinned to 1 plant/pot. Plants were 

destructively harvested at 150 days after the sowing. Leaf and stem weights, leaf area 

and plant height were measured for each plant. Nutrients and trace element 

concentrations in leaves and stems were also determined. Addition of biosolids 

significantly increased mycorrhizal colonization (both ectomycorrhizal (ECM) and 

arbuscular mycorrhizal) in roots compared with the other treatments. Biosolids clearly 

improved the establishment and growth of the eucalypts. At low biosolid doses, 

mycorrhizal inoculum increased plant biomass production and the effectiveness of 

nutrient uptake. Trace element concentrations in trees of the biosolid-amended pots 

were in general high. It is therefore important to reduce the uptake of toxic elements by 

plants, which can be done successfully by adjusting amendment addition and the use of 

mycorrhizal inoculation, and then monitoring trace element contents of different taxa 

growing in the affected area.  
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Introduction 

Many current gold mining operations exploit very deep ore bodies which invariably 

generates very large volumes of waste tailings which are often finely crushed sulphidic 

minerals. Due to the current high value of the gold even low grade deposits containing < 

5 mg/kg are very profitable to mine and process. Wastes are often saline and contain 

toxic guest elements such as cadmium, lead, manganese, and particularly arsenic and 

invariably cyanide, which is used to solubilize the fine deseminated gold particles. 

Many Gold Mines in Victoria (Australia) are currently mining deep ores which contain 

arsenopyrite in which As has been detected in concentrations of up to 4000 mg kg-1, 130 

times the maximum allowable concentration for a ‘clean’ soil (ANZEC/NHMRC 1992). 

Currently, a number of approaches, such as phytostabilisation, are being investigated as 

remediation mechanisms for low value, highly contaminated land such as mine tailings 

(Cunningham et al. 1995).  

For phytostabilisation purposes, plants must demonstrate suitability for growth on 

tailings; this waste material has poor soil structure, minimal nutrient content and is 

extremely saline. Root development provides greater stability within the substrate, 

while above ground biomass helps to prevent eolian dispersion of contaminants 

(Cunningham et al. 1995). Root development also facilitates dehydration of tailings and 

can immobilise contaminants through sorption (Mendez and Maier 2008). In this sense 

the use of organic amendment might improve the quality of the tailings favouring the 

establishment of plants. The addition of organic matter into the surface layers of the 

tailings improves soil physical properties such as water retention capacity, bulk density 

and aeration (Entry et al., 1997). Moreover, the application of organic amendments 

increases soil nutrient and soil biochemical status (Pérez de Mora et al., 2005).  
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However, in As rich tailings there is also the concern that this metalloid which is similar 

to phosphorus, may be taken up by plant roots and cause toxicity. Phytostabilisation 

using plants that can exclude As concentrations uptake in stems, leaves and tips will 

greatly reduce the risk of food-chain transfer (Mendez and Maier 2008). Furthermore, as 

a long-term contaminated land management solution, its viability relies on 

understanding of As-plant interactions over an extended period of time (Tordoff et al. 

2000).  

There are currently very few studies on the use of woody species for phytostabilisation 

of As rich soils hence the knowledge of As tolerance and uptake in woody species is 

scarce. Many woody species exhibit rapid growth of deep root systems, providing 

increased stability, thus emphasising the importance of investigating their use in 

contaminated land management (French et al. 2006). Ideally, phytostabilisation should 

utilise species endemic to the region where the contaminated site occur. The choice of 

these endemic species reducing inherent risks associated with introduced species. This 

may also help to minimise long-term after care requirements. In Australia, the 

predominant tree species are from the genus Eucalyptus which contains approximately 

600 species, diversified across a wide range of habitats. Thus, Eucalyptus is very 

attractive as a potential resource for rehabilitation given the wide range of environments 

contaminated with As (Smith et al. 2003). Several Eucalyptus species, including E. 

cladocalyx, E. melliodora, E. polybractea and E. viridis, exhibit tolerance of harsh 

environmental conditions and suitability for establishment on gold mine-wastes 

(Doronila 2006).  

Eucalyptus is ecologically important because it is one of the relatively few genera that 

can form a symbiotic association with both arbuscular (AMF) and ectomycorrhizal 

(ECM) fungi (Lodge, 2000). Currently, the possible role of mycorrhizal fungi in the 
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metal tolerance of higher plants is poorly understood. However, reports on ericaceous 

mycorrhizas (Bradley et al. 1982) and ectomycorrhizas (Denny and Wilkins 1987) 

indicated the importance of the mycobionts in improving metal tolerance of their host 

plants by primarily accumulating metals in the walls of extramatrical hyphae and 

extrahyphal slime; thus passage of metals to the shoots is restricted. 

The aim of this work is to improve remediation strategies for As−rich tailings using 

eucalypts amended with biosolid stabilized material and inoculated with a mixture of 

native mycorrhizal inoculum. A factorial experimental design was utilized to determine 

any possible interaction between mycorrhizal treatment and biosolid application. We 

hypothesized that the addition of biosolid could improve chemical and physical 

properties of the tailings increasing seedling and tree development. Mycorrhyzae could 

enhance the effectiveness of the biosolid in remediation. To test this we studied root 

colonization, biomass production and nutrients and trace element concentrations in 

shoots. 

Materials and Methods  

Design of the experiment 

Eucalyptus cladocalyx was selected for the experiments based on results of previous 

studies of phytostabilization using different Eucalyptus species in As contaminated 

tailings (King et al., 2008). 

A glasshouse trial was established which employed four substrates: tailings (T), tailings 

and a superficial layer of 5 cm of top soil without tillage (TS), tailings mixed with 100 

dry t ha-1 of biosolids (LB), and tailing mixed with 500 dry t ha-1 of biosolids (HB). 

Tailings were collected from the 15 year-old stockpiles at Stawell Gold Mine, Victoria 

in October 2007. The topsoil was collected from the surrounding areas of the mine. 
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Biosolids were collected from a stockpile at Melbourne Water’s Western Treatment 

Plant at Werribee, Victoria, Australia.  

Sulphidic tailings in the different treatments were measured for several physicochemical 

properties. These are summarized in Table 1. The substrates were placed in drained pots 

of 1.2 L capacity, with 12 pots per substrate, giving a total of 48 experimental units. Six 

replicates per treatment (24 in total) were inoculated with a culture of Glomus sp. 

(WUM51-9227), Scutelaspora aurigloba (WUM51-53) and Acaulospora levis 

(WUM46) supplied by the Department of Soil Science, University of Western Australia. 

The 3 AMF species were isolated from lateritic clay topsoil which had been removed 

prior to bauxite mining in the Darling escarpment near Perth, Western Australia. The 

cultures were maintained using a Trifolium subterraneum host in a pasteurized 1:1:1 

coarse sand, fine sand and crushed peat moss potting mix. Nutrients were supplied using 

a low phosphorus, slow release fertilizer. Inoculum was prepared by chopping up the 

roots of the host plants then thoroughly mixing these with proportional amounts of the 

culture potting mix. Approximately 30 g was added on to the surface of each pot with 

the AMF treatment then grass seeds were sown and covered with a layer of sterilized 

coarse sand. Two seeds per pot of E. cladocalyx were sown in the pots and after 30 days 

all pots were uniformly thinned to 1 plant/pot. 

The pots were arranged in a randomized pattern within a glasshouse and randomly 

rearranged every two weeks to minimize the influence of microclimatic variation.  All 

pots were initially watered to maximum capacity and then watered by individual 

drippers every second day for 2 minutes at a flow rate of 4L/hour. Nitrogen was 

supplied adding 60 mg of N as NO3NH4 per pot every 20 days. 

Plant sampling and analysis 

Plants were destructively harvested at 150 days after the sowing. Leaf area and plant 
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height was recorded for each plant. Fresh weight of each harvest (leaf and stem) was 

determined. Plant samples were washed for 15 s with a 0.1N HCl solution then for 10 s 

with distilled water. Washed samples were oven- dried at 70 ºC and then the dried plant 

material was ground and passed through a 500 µm stainless steel sieve prior to analysis. 

Shoots were digested by wet oxidation with concentrated HNO3 under pressure in a 

microwave digester. Analysis of nutrients (P, K, Ca, Mg, K, S, and Na) and trace 

elements (As, Cd, Cu, Pb and Zn) in the extracts was performed by ICP-OES. The N 

content was determined by Kjeldahl digestion. 

Subsamples of fresh roots were taken and stored in vials. Root fragments were cleared 

and stained according to the method of Brundrett (1996). Root samples were washed 

and then dispensed into McCartney bottles half-filled (25 ml) with a 10% KOH 

solution. These were autoclaved at 1210C for 30 min. Samples were poured into a fine 

mesh strainer and rinsed under tap water. 

Cleared roots were soaked in the stained solution (0.05% trypan blue stain in 1:1 80% 

lactic acid, glycerol solution). Stained root fragments were placed on a slide and then 

observed under a compound microscope to determine the percentage of mycorrhyzal 

colonization along the length of a root. Thirty root fragments from each sample were 

measured according to the technique of Giovannetti and Mose (1990) in which the 

sample was measured alongside a graticule and the degree of infection estimated along 

a 1 cm length. The ECM root tips were counted under a dissecting microscope, whereas 

the percentages of root length colonized by AM fungal structures were measured using 

a compound microscope (Brundrett et al. 1996). Colonization of roots by AM fungi was 

determined by the presence of hyphae, arbuscules, or vesicles at an intersection. 

Substrate analysis 
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Substrate samples from each treatment were taken after the second grass harvest. For 

chemical analysis, soil samples were air-dried crushed, sieved (< 2 mm) and ground (< 

60 µm). Soil samples for microbiological analysis were sieved (< 2 mm) and stored at 

4ºC prior to analysis.  

Dehydrogenase activity was determined in a 1 M Tris-HCl buffer (pH 7.5) by the 

method of Trevors (1984), using INT (2 (p-iodophenyl)-3-(p-nytrophenyl) 5-phenyl 

tetrazolium chloride) as the electron acceptor. The iodonitrotetrazolium formazan 

(INTF) produced was measured spectrophotometrically at 490 nm. 

The pH of the substrates and the biosolids was measured in 1:2.5 sample:H2O extracts 

after shaking for 1 hour. Total heavy metals (HM) and As concentrations in the tailings 

(< 60 µm) and in the biosolids were determined by ICP-OES (IRIS ADVANTAGE, 

Thermo Jarrel Ash Corporation, MA, US) after aqua regia digestion in a microwave 

oven (Microwave Laboratory Station Mileston ETHOS 900, Milestone s.r.l., Sorisole, 

Italy). 

Statistical analysis 

Comparison of the different treatment effects by analysis of variance (ANOVA) was 

performed using the statistical software SPSS 15. Appropriate transformations on the 

data were made prior to analysis to reduce the heterogeneity of the variance. A 

correlation matrix between substrate chemical and plant-related parameters was 

calculated. The significance levels reported (p <0.01 and p <0.05) are based on Pearson 

coefficients. 

Results  

Biomass production 

Statistical analysis of the main effects showed that addition of biosolids and AMF 

significantly improved the growth of the eucalypt in terms of plant height, plant weight 
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and leaf area (Figure 1 and Table 2). This significant increase was measured in LB+ and 

HB+ treatments. Inoculation with mycorhizae also significantly improved the growth of 

the eucalypt as it can be shown by the differences between each substrate with and 

without inoculation. However, interaction between the two main factors mycorrhizae 

and substrate use was not significant for any of the biomass parameter studied (Table 2).  

Root colonization 

Table 3 shows the percentage of colonization observed in the roots. There were 

significant differences between amended treatments (TS, LB and HB) and unamended 

treatments (T) in mean colonization rates of inoculated treatments. Examination of 

mycorrhizal colonization of roots showed that colonization rate for each treatment 

ranged from 16.8 to 32.8% for ECM and from 10.3 to 18.7% for AM (Table 3). A low 

residual colonization (<2.5%) was also detected in the no inoculated treatments.  

Plant nutrient uptake 

Macronutrient concentrations in leaves and in stems at harvest are presented here 

(Figure 2). In the case of the T treatment, biomass production in the treatment without 

any amendment (T) was very low and the quantity of plant material was not sufficient to 

perform chemical analysis. Values for these treatments (T and T+) were therefore 

excluded from the statistical analysis. In general, mean concentrations of macronutrients 

(N, S, Ca, Mg, K and P) were higher in the leaves of plants amended with biosolids (LB 

and HB) in inoculated and uninoculated soils (Figure 2) than in leaves of plants grown 

in topsoil (TS). In most cases, significant differences were found for N, Ca, Mg, K and 

P and S uptake. We found the same tendency in stems although nutrients values in 

woody tissues were slightly lower than those found in leaves. The AMF inoculation did 

not have significant influence in nutrient uptake. Interaction between the two main 
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factors mycorrhizae and substrate was not significant for any plant nutrient in leaves 

(Table 2). 

Trace element uptake  

Trace element concentrations in leaves and in stems at harvest are presented in Figure 3. 

Arsenic concentrations in leaves were low (0.47-0.64 mg kg-1) in plants grown in all 

treatments, and no significant differences between treatments were found (Figure 3). 

Arsenic concentrations in stems were even lower and in most cases these values were 

below the detection limit (0.5 mg kg-1). 

Mean concentrations of Cd varied between 0.42 and 4.82 mg kg-1 (Figure 3). Cd 

concentrations were significantly higher in biosolid (LB and HB) treatments. Cd 

concentrations in stems were slightly lower than in leaves. Similarly, Zn concentrations 

were significantly higher in leaves (38.6 -142 mg kg-1) and in stems (94 -165 mg kg-1) in 

plants in biosolid treatments (Figure 3). 

Mean concentrations of Cu varied only between 8.53 and 14.5 mg kg-1 in leaves and 

between 19.1 and 24.6 mg kg-1 in stems (Figure 3) and were very similar in all 

treatments. Mean values of Pb were also very low both in stem and leaf tissues and were 

similar for all treatments. Mean values of Ni in leaves were slightly higher in biosolids 

treatments whereas no differences between treatments were observed in stems.  

AMF inoculation did not affect plant trace element concentrations and the interaction 

between mycorrhizae and substrates was only significant for Cd (Table 2). 

The correlation coefficients between the concentration of Cd, and Zn in leaves and their 

values in the soil of the tree rooting volume are shown in Figure 4. In general, leaf 

concentrations of these trace elements were highly correlated (higher correlation 

coefficients) with the metal concentrations in the tailings. The strongest correlation was 

obtained for Cd, (r=0.84, p<0.01, Fig. 6). Zn concentrations in eucalyptus leaves were 
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also significantly correlated with Zn content in tailings (r=0.68, p<0.001, Fig. 4). For 

the rest of the elements analysed, significant correlation was not detected (data no 

shown). 

Substrate analysis. 

Analysis of the substrates at the end of the experiment showed that the addition of 

biosolids or top soil did not affect the pH or the EC values of the tailings (Table 4). 

Similarly, AMF inoculation did not affect pH or EC values in the substrates. In all 

treatments eucalypt roots acidify soil pH in 1 unit. Dehydrogenase activity was higher 

in tailings amended with biosolids. In general, dehydrogenase activity was higher for 

inoculated tailings and in some cases these differences were significant. In fact the two 

factor analysis showed that the mycorrhizal inoculums had significant effect on 

dehydrogenase activity (Table 5). 

Trace element concentrations were related to the nature of the substrate used. TS 

treatment present the lowest concentration for all trace elements studied. AMF did not 

have any clear influence on trace element contents (Tables 4 and 5). Interaction between 

the two main factors, mycorrhizae and substrates, was not significant for any variable 

(Table 5).  

Discussion 

The results from this experiment show that the addition of biosolids enhanced the 

growth of the eucalypt in arsenic-rich tailings. Enhanced plant biomass production in 

term of height, weight and leaf area was measured in the LB and HB treatments (Figure 

1). This could be attributed to improvement of tailings conditions (especially physical, 

chemical, biochemical and nutrient status). Inoculated plants also showed in general a 

better growth response. For most woody plant species, seedling establishment is the 

critical phase in their cycle life  (Rey and Alcántara, 2000). In this experiment the 
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addition of biosolids to tailings improved plant seedling and plant development. 

Moreover, AMF increased the total weight of plants. These effects are especially 

important in degraded or/and contaminated soils. In this case, our findings are also 

consistent with the extensively documented enhanced growth of plants which have the 

symbiotic associations (Smith et al., 1997). Addition of biosolids increased several 

nutrients in the tailings and in turn the nutrient content of the plants in both the LB and 

HB treatments. Use of amendments and introduction of metal-tolerant plants has been 

proposed as a cost-effective approach to remediation of metal-contaminated soils that 

most closely follow natural processes (Gunn et al., 1995). Application of organic 

amendments such as sewage sludge has permitted successful colonization of the 

eucalypts in soil (Mercuri et al., 2005). Moreover mycorrhizal could increase eucalypt 

growth through a process of improved nutrient acquisition, especially P and N, although 

the effect varies dramatically with the species of eucalypt studied and the fungi 

inoculated (Adjoud et al., 1996; Lu et al., 1998). Furthermore, the importance of each 

association changes during the life of the plant.  

Mycorrhizal colonization rates in roots of E. cladocalx grown in arsenous and sulphidic 

tailings were higher to those reported for field observation in China for different species 

of Eucalyptus (0 to 15.2% short roots colonized by ECM and from 0 to 16% root length 

for AM) (Chen et al., 2007) but lower than that found in glasshouse condition (Chen et 

al., 2000). Although tailings were inoculated with AMF, after 150 days the presence of 

ECM was detected in the roots. According to Chilvers, (2000), more than 140 named 

ECM are known to be naturally associated with eucalypts around the world and among 

them 104 have been reported from Australia.  

Foliar As concentrations were generally within normal levels for plants (0.01-1 mg kg-1) 

(Chaney, 1989) and similar to those reported by King et al., (2008) for E. cladocalyx 



13 
 

This species showed little As uptake when compared to the total As concentrations in 

the tailings (Table 1). Despite the high concentrations of As in the substrate, plants did 

not show high levels of these elements in their tissues. This can be related to rapid 

change of As from soluble into precipitated forms and to preferential As accumulation 

in roots or tuber tissues (Smith et al., 1998). Our results show that E. cladocalyx has the 

potential to be an ideal candidate for use for As phytostabilisation.  

Cadmium concentrations in biosolid treated eucalypts exceeded the normal values in 

plants (Chaney, 1989) and the limit for livestock (0.5 mg kg-1; Chaney, 1989) was 

exceeded in the HB and LB treatments. In general, Cd is effectively absorbed by plant 

roots and accumulated in aboveground organs; having thus a comparatively high 

transfer soil–plant coefficient (Kloke et al., 1984), especially in this case, in which soil 

pH was very low.  

The accumulation of Cu, Pb and Zn in leaves and stems was similar in all the treatments 

or slightly higher in biosolid treatments. In any case, the measured values were always 

within the normal range, and below the phytotoxic range for plants (Chaney, 1989). 

The mean concentration of Zn in biosolid treated trees was higher than in TS treated 

ones, but in any case these values were below the phytotoxic range (500–1500 mg kg−1; 

Chaney, 1989). Like Cd, Zn has a relatively high transfer coefficient from soil to plant, 

and most plants can tolerate high Zn levels (Kloke et al., 1984). Other studies have 

found high Zn concentrations in the leaves of Populus species and Salix caprea up to 

800 mg kg-1 (Lepp and Madejón 2007) and up to 2000 mg kg−1 under extreme 

conditions of low pH and organic matter content (Ernst, 1998). 

Trace element concentrations in seedlings grown in the biosolid-amended treatments 

were in general higher than those of plants grown in the treatment topsoil, and the total 

amount of trace elements extracted in the both the low and high biosolid amendment 
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was much higher. The level of risk to the food chain that the measured trace elements 

levels represent is difficult to assess. Foliage of these E. cladocalyx is rarely eaten by 

mammals since they possess a range of defense compounds such as terpenes (Brophy et 

al., 1991), phenolics and cyanogenic glycosides (Gleadow and Woodrow, 2002). A 

recent study of E. cladocalyx showed that over five years of growth under field 

conditions, only limited insect damage to leaves occurred (King et al., 2008). 

Nevertheless it is important to reduce the uptake of toxic elements by plants, which can 

be done successfully by adjusting amendment addition and the use of mycorrhizal 

inoculation, and then to monitor trace element contents of different taxa growing in the 

affected area. In fact, results of this experiment showed that lower doses of biosolid 

with the presence of the inoculums produced the same response as higher doses, and the 

trace element uptake was lower. 

Leaves of trees have been widely used for biomonitoring of trace element pollution. In 

particular, leaves of poplar (several species) have been selected in a number of studies 

(Madejón et al., 2004; Robinson et al., 2000; Bargagli, 1998). Bark of trees has been 

also used for passive biomonitoring (Böhn et al., 1998). However, as a rule, the axial 

transport of elements from roots (or other assimilation organs) to the bark is assumed to 

be negligible. In fact, leaves are the main sink for many pollutants, and therefore they 

are more sensitive to their effects than flowers, fruits or other plant organs (Bargagli, 

1998). Little is know about the potential use of Eucalyptus species as bioindicator of 

trace element contaminated soil. The results of this experiment showed an interesting 

approach to consider these trees as bioindicator although further research is needed to 

assess this feasibility. 

The low values of dehydrogenase activity observed in all substrates indicate the poor 

microbiological status of the original tailings. Nevertheless, the addition of biosolids 
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and the presence of mycorrhizae increased the biological activity of the substrates. The 

influence of organic amendments on enzyme activities in contaminated soils has been 

the subject of several recent studies (Pérez de Mora et al., 2005). In the present study, 

we did not find any clear relationship between trace element concentrations and 

dehydrogenase activity. AMF increased this activity of the enzyme indicating an 

improvement of the organic matter turnover. An increase in enzyme activities in the 

rhizosphere of inoculated plants has been observed previously (Vivas et al., 2005). 

These authors attributed this increase to the effect of nutrient leakage from roots. Such 

stimulatory effects are indicative of a better biological functioning of the inoculated 

soils.  

 

Conclusions 

Although further field experiments are necessary, the combination of arbuscular 

mycorrhizal fungi (AMF) and biosolids was shown to be a promising technique for 

restoration of arsenical mine tailings. Addition of biosolids increased the growth 

development of E. cladocalyx in trace element-polluted tailings by improving nutrient 

uptake. The improvement of the physical, chemical and biological conditions of the 

polluted tailings caused by the biosolids addition could also influence this increase in 

tree growth. Moreover, inoculation with AMF can clearly enhance the effectiveness of 

biosolid application in phytostabilization of tailings. In fact the inoculation with 

mycorrhizas permits the optimization of biosolid doses because lower amounts of 

biosolid with the presence of the inoculums produced the same response as higher 

amounts. Although further research is needed eucalypts may prove a useful bioindicator 

of trace element contamination 
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Table 1. Mean values (n=3) and standard deviation (in parenthesis) of the most relevant 

characteristics of the materials and the prepared substrates. 

  T TS B LB HB 

pH  4.2 (0.25) 4.12 (0.32) - 4.5 (0.07) 4.7 (0.12) 

TOC g kg-1 1.5 (0.02) 0.7 (0.05) - 1.8 (0.32) 3.1 (0.25) 

EC mS cm-1 3.21 2.77 - 3.01 3.12 

Total-Ca mg kg-1 20700 (2000) 219 (8.5) 8357 (121) 22094 (566) 21044 (1202) 

Total-Mg mg kg-1 9469 (59) 379 (6.3) 2296 (110) 10458 (99) 10138 (28.3) 

Total-K mg kg-1 2575 (155) 465 (47) 4736 (236) 4040 (35.3) 3830 (35.0) 

Total-Na mg kg-1 352 (12) 137 (14) 179 (6.34) 340 (23) 385.5 (9.2) 

Total-S mg kg-1 22600 (700) 420 (2.8) 11000 (423) 22850 (353) 20500 (50.0) 

Total-P mg kg-1 1632 (7.0) 89 (7.6) 8167 (321) 1932 (50) 2532 (49.0) 
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Table 2.Effect of the two main factors (inoculation with AMF and 

substrate) and interaction between the two factors presented as F-

ratios for development parameters, plant nutrient and trace element 

contents in leaves.  

 Inoculation Substrate Inoculation 

 x Substrate 

Height 0.90 23.9* 0.491 

Total weight 4.29* 18.8* 0.596 

Total leaf area 3.36 16.5* 0.349 

Ca 0.85 25.0* 1.07 

Mg 0.72 16.1* 0.32 

K 0.39 55.3* 0.73 

P 0.73 122* 0.01 

S 0.39 18.0* 0.29 

N 0.21 27.6* 0.52 

As 1.73 0.16 1.25 

Cd 0.13 184* 7.26* 

Cu 2.75 8.83* 2.29 

Ni 0.24 13.1* 0.57 

Pb 0.01 5.77* 2.90 

Zn 0.43 41.3* 2.79 

*Indicates statistical significance 
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Table 3. Mean values of percentage of mycorrhyzal colonization (MC) in roots 

Treatment (-MC) (+MC) 

 % Infection % ECM 
Infection 

% AM 
Infection 

T 0 a 16.8 a 10,3 a 

TS 1.37 b 27.9 b 18.7 b 

LB 2.50 b 32.8 b 17.7 b 

HB 2.03 b 32.4 b 16.7 b 

ECM, ectomycorrhiza, AM, arbuscular mycorrhiza. Values followed by the same letter in 

the same column, do not differ significantly (p<0.05). 
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Table 4. Mean values of the most relevant properties of the substrates at the end of the experiment. 

+/- refers to mycorrhizal inoculation 

Treatment pH  EC  

(mS cm-1) 

Dehydrogenase 

(mg kg-1 INTF h-1) 

As Cd Cu Ni Pb Zn 

T 3.77a 2.41a 0.44a 2042c 4.84b 163b 32.4b 170b 157b 

T+ 3.44a 2.81a 0.59a 2089c 4.96b 167b 33.1b 174b 160b 

TS 2.94a 2.19a 0.59a 504a 1.68a 56.5a 11.2a 43.8a 44.8a 

TS+ 2.51a 1.85a 0.84ab 706a 1.20a 40.3a 8.00a 34.2a 38.8a 

LB 3.43a 2.81a 1.27bc 1785bc 4.24b 223c 48.3c 198b 155b 

LB+ 3.38a 2.86a 1.68c 1740bc 4.13b 217c 47.0c 193b 151b 

HB 3.73a 2.75a 1.46c 1440b 7.62c 343d 60.0d 274c 288c 

HB+ 3.10a 2.30a 1.62c 1480b 7.86c 353d 61.9c 283c 297c 

Values followed by the same letter in the same column, do not differ significantly (p<0.05). 
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Table 5. Effect of the two main factors (inoculation with AMF and substrate) and interaction 
between the two factors presented as F-ratios for some parameters of the substrates. 
 Inoculation Substrate Inoculation  

x Substrate 

pH 0.83 5.53* 0.26 

EC 0.59 6.01* 0.81 

Dehydrogenase 10.4* 42.5* 059 

As 0.40 102* 0.89 

Cd 0.13 234* 0.86 

Cu 0.08 343* 0.75 

Ni 0.13 287* 0.74 

Pb 0.01 350* 0.60 

Zn 0.01 341* 0.38 

*Indicates statistical significance 
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Figure 1. Biomass development: a) Height (cm); b) Weight (g/pot) and c) Leaf area 

(cm2) of the trees. Values followed by the same letter above the same bar, do not differ 

significantly (p < 0.05). TS; topsoil. LB; substrate low biosolids doses and HB; 

substrate high biosolids doses 

 

Figure 2. Nutrient concentrations in leaves (dry matter). Values followed by the same 

letter above the same bar do not differ significantly (p < 0.05). TS; topsoil. LB; 

substrate low biosolids doses and HB; substrate high biosolids doses. 

 

Figure 3. Nutrient concentrations in stems (dry matter). Values followed by the same 

letter above the same bar do not differ significantly (p < 0.05). TS; topsoil. LB; 

substrate low biosolids doses and HB; substrate high biosolids doses. 

 

Figure 4. Trace element concentrations in leaves (dry matter). Values followed by the 

same letter above the same bar do not differ significantly (p < 0.05). TS; topsoil. LB; 

substrate low biosolids doses and HB; substrate high biosolids doses 

 

Figure 5. Trace element concentrations in stems (dry matter). Values followed by the 

same letter above the same bar do not differ significantly (p < 0.05). TS; topsoil. LB; 

substrate low biosolids doses and HB; substrate high biosolids doses 
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