Metal uptake in Lolium Perenne established on spent mushroom compost amended lead-zinc tailings.
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Abstract

A greenhouse trial was performed to contrast the growth and metal accumulation in Lolium perenne established on pyritic tailings amended with varying applications of spent mushroom compost (SMC). The lead-zinc tailings were retrieved from a moderately vegetated land impoundment facility located at Gortmore, Silvermines, Co. Tipperary and SMC was incorporated at application rates of 0, 50, 100, 200 and 400 t ha-1. The grass species Lolium perenne was sown at an application rate of 200 kg ha-1 and the subsequent biomass determined after 42 days and 84 days. For the most part, metal concentrations in Lolium perenne showed a significant linear response (P<0.05) to SMC application and generally decreased favorably with increasing SMC application (P<0.05). This phenomenon may be attributed to the vast biosorption capacity of SMC owing to the presence of phenolic, carboxyl and phenolic functional groups, the development of stable metal chelates by the organic matter present in SMC and/or by the biosorbing of toxic metals by fungal mycelium, however this reduction in metal uptake by Lolium perenne is most likely due to greater plant dry weight caused by the increasing SMC applications. In spite of this, Lolium perenne suffered severe toxicity resulting from the inherently high concentrations of total zinc (1443 to 5920 mg kg-1), lead (33 to 478 mg kg-1) and cadmium (1.4 to 49 mg kg-1) accumulated within the plant 84 days after seeding, the grass had adversely withered irrespective of SMC application. Therefore, a barrier break must be introduced in the tailings facility to prevent the uptake and accumulation of these lethal metal concentrations by plants. Only then should SMC and other suitable soil forming materials be utilized as growing media, as the incorporation of an organic amendment followed by direct seeding of a grass species is not economically or environmentally viable for permanent revegetation of the Gortmore TMF.

Keywords: Spent mushroom compost; tailings; metal uptake; Lolium perenne. 

1. Introduction

Spent mushroom compost has been utilized as the primary substrate in the treatment of coalmine drainage in constructed wetlands (Stark et al. 1994; Stark and Williams, 1994; Manyin et al. 1997), as an electron donor for the biological treatment of AMD (Chang et al. 2000) and in the removal of heavy metals in passive treatments using laboratory columns (Jacobson et al. 1999) and laboratory passive systems (Groudev et al. 1999). The microbial activity, particularly the presence of the dissimilatory sulphate reducing (DSR) bacteria such as Desulfovibrio and the absorption capacity of the organic matter content within SMC, are attributed to the relevant pollutant removal properties associated with SMC (Groudev et al. 1999). Furthermore, SMC has been studied as a novel biosorbent of heavy metals under laboratory conditions where it was found to have a vast sorption capacity for cadmium, lead and chromium owing to the presence of hydroxyl, phosphoryl and phenolic functional groups on the surface of the SMC (Chen et al. 2005). 

More recently, SMC has proven to enhance the structure of pyritic lead-zinc tailings and improve the growth of Lolium perenne on this inauspicious substrate (Jordan et al. 2008). In conjunction with these findings, the research reported here focuses on the uptake of heavy metals by Lolium perenne from SMC amended tailings, in an attempt to evaluate the extent of the biosorbing properties of SMC and the possible role of SMC in reclamation schemes of contaminated sites. 

2. Materials and methods

2.1 Experimental set-up

A randomized factorial designed pot trial of six-month duration was established, where SMC was incorporated with lead-zinc tailings arising from the tailings management facility (TMF) in Gortmore, Silvermines, Co. Tipperary, Ireland at five application rates (0, 50, 100, 200 and 400 t ha-1) and seeded with Lolium perenne at an application rate of 200 kg ha-1 as detailed by Jordan et al. (2008). Biomass was determined on two occasions; after 42 days and 84 days of trial establishment and analysed for heavy metal content. The nutrient composition of the SMC was also analysed, the results of which are shown in table 1 (Jordan et al. 2008). 

2.2 Heavy metal analyses of herbage

Samples (<2 mm) were dried at 105 ºC overnight, in acid-washed crucibles, and approximately 1 g of each sample was placed in an acid-washed test tube. 10 ml of concentrated analar nitric acid was added to each test tube and the test tube covered with a glass marble. The samples were then allowed to digest overnight. The tubes were then placed in a heating block, the temperature raised gently to 125 ºC, and the samples allowed to continue to digest for an additional 3 hours and were then filtered through Whatman No.2 filter paper and diluted as required (McCarthy, 2002). Total lead, zinc, copper and cadmium concentrations present in Lolium perenne were determined by AAS (Varian, 1989).

2.3 Statistical analysis

The data generated were initially compiled in an Excel spreadsheet (Microsoft, 2000) and then transferred to an SPSS datasheet where all distinctly skewed data were transformed using log10 (Daniel, 1999) as determined by Kolmogorov-Smirnov one-sample normality tests on SPSS, version 11.0 (SPSS, 2002). Differences between the effects of SMC application rates on the tailings properties were individually determined using Duncan’s post hoc tests on one-way ANOVA, while polynomial contrasts were employed to determine whether the effect of SMC application rate on metal uptake was linear or quadratic (SPSS, 2002). 

3. Results 

The nutrient composition of SMC utilized in this study is shown in table 1 (Jordan et al. 2006), while the growth performance of Lolium perenne over the duration of the trial is shown in table 2, where dry matter production showed a significant linear response (P<0.05) to SMC application (Jordan et al. 2008). However, Lolium perenne showed signs of toxicity and suffered dieback three months after seeding and it was inferred that the relatively high concentrations of zinc, lead and cadmium were responsible (Jordan et al. 2008). 

4. Discussion

4.1 Metal uptake in Lolium perenne

Lead

Maximum plant tolerance of lead is around the concentration of 10 mg kg-1 (Risser and Baker, 1990), which indicates that all concentrations recorded in perennial ryegrass in the present study, irrespective of treatment, are toxic to the plant. Generally, lead concentrations in the herbage from the first harvest decreased favorably with increasing SMC application (P<0.05), which may be due to the vast biosorption capacity of SMC for lead and to a lesser extent for cadmium and chromium, owing to the presence of phenolic, carboxyl and phenolic functional groups (Chen et al. 2005), but the reduction in metal concentrations in the herbage is most likely due to greater plant dry weight caused by the increasing SMC applications. The latter hypothesis was reinforced through the calculation of lead uptake by Lolium perenne (table 4), where no significant differences (P<0.05) in lead uptake were noted. 

The general effect of SMC on lead accumulation in Lolium perenne was also noted by Ye et al. (1999) for Trifolium repens grown on lead/zinc tailings supplemented with varying applications of pig manure and lime over a 5 week duration where application rates greater than 25.2 t ha-1 significantly lowered (P<0.05) the lead accumulation in Trifolium repens (Ye et al. 1999). 

However, the lead concentrations within the biomass from the second harvest showed an excessive and variable increase in concentration, which may be due to the natural decay of the SMC causing the remobilisation of lead and other metals that were initially complexed in an innocuous form. Similarly, Ye et al. (1999) reported variable accumulation of lead in the shoots of Agropyron elongatum when lead-zinc tailings were supplemented with varying applications of lime and pig manure over an 11-week trial. 

Zinc

Zinc concentrations in Lolium perenne exceeding 375 mg kg-1 are extremely toxic to grass species (Pinkerton et al. 1997) and their effect is exacerbated when merged with other toxicities. Accordingly, all zinc concentrations present in both harvests are toxic, irrespective of SMC treatment (table 3). 

Encouragingly, total zinc concentrations decrease significantly (P<0.05) with increasing SMC application for both biomass samples, which was probably due to the dilution effect of SMC and also the fact that zinc tends to bind to iron in the compost and therefore may reduce toxicity to grasses. Furthermore, SMC tends to redistribute zinc to a less available fraction therefore the zinc is not available to the plant (Shuman, 1999). However, as is the case with the decrease in lead, the most probable cause of the reduction in zinc concentration in Lolium perenne is the greater plant dry weight caused by the increasing SMC applications, as correspondingly, no significant differences (P<0.05) in zinc uptake were noted with increasing SMC amendments. Furthermore, the overall zinc accumulation in herbage collected at the end of the trial had increased almost fourfold in several cases. Correspondingly, zinc uptake by Trifolium repens decreased with increasing pig manure application in a study undertaken by Ye et al. (1999), with the application of 25.5 t ha-1 excelling over all lower and higher applications. 
Cadmium

Plant tolerance of cadmium deteriorates at concentrations exceeding 1 mg kg-1 (Risser and Baker, 1990) and evidently all concentrations of cadmium recorded in perennial ryegrass are therefore toxic. SMC also appeared to have a varying effect on cadmium uptake in Lolium perenne, a fact that was also noted by Ye et al. (1999) on lead-zinc tailings supplemented with pig manure and lime in both Agropyron elongatum over an 11-week trial and Trifolium repens over a 5-week trial. Total cadmium concentrations significantly increased (P<0.05) between the two harvests and may have been a contributory factor in the vegetation dieback experienced in this trial. 
4.2 Summary

Overall, lead and zinc concentrations in the herbage were influenced most consistently by increasing SMC application. Chen et al. (2005) reported similar variations in the biosorption capacity of SMC for various metals and attributed these variations to the ionic radius of the metals, as a larger coordination sphere contains more hydroxyl and carboxyl functional groups, and also to the electronegativity of the heavy metals. Furthermore, fungal mycelia (Turnau, 1998) and some bacteria are known biosorbents of toxic metals (Mullen et al. 1989) and their presence in SMC may have contributed to the adsorption of the heavy metals. This warrants further investigation. However, as no statistically significant differences (P<0.05) were detected between SMC application and metal uptake in Lolium perenne (table 4), therefore the reduction in metal concentrations in the herbage is most likely due to greater plant dry weight caused by the increasing SMC applications.  
5. Conclusions

Lolium perenne suffered severe toxicity resulting from the inherently high concentrations of zinc, lead and cadmium accumulated within the plant irrespective of SMC amendment and the decrease in metal uptake in the herbage is most likely due to greater plant dry weight caused by increasing SMC applications. 

6. Implications for practice

· In devising a reclamation scheme for the tailings facility on a long-term basis, the use of SMC without a barrier break, is not feasible.  The seeding of a metal-tolerant grass species may be more suitable for such a scheme, but the excessive metal concentrations, high salinity and depleted nutrient status of the pyritic tailings may prevent the sustainability of a permanent vegetation cover. 

· Consequently, the provision of a barrier break and highly organic topsoil or similar organic substrate should be considered as a preliminary step in an attempt to maintain a self-sustaining sward.
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Tables

Table 1 Composition of SMC
	Parameter
	Value

	OM (%)
	68.3

	pH
	6.42

	EC (mScm-1)
	5.32

	Total N (gkg-1)
	20.7

	Total P (gkg-1)
	0.82

	Total K (gkg-1)
	20.1

	C/N ratio
	19.2

	Total Ca (gkg-1)
	27.4

	Total Mg (gkg-1)
	7.29

	Total Na (gkg-1)
	2.65

	Total Cu (gkg-1)
	0.022

	Total Zn (gkg-1)
	0.020

	Total Cd (gkg-1)
	0.058

	Total Pb (gkg-1)
	0.024


Table 2 Dry matter production for tailings amended with SMC
	Application rate
	Biomass 1


	Biomass 2

	Control
	6.99 ± 1.874ab
	3.77 ± 1.020a

	50 t ha-1 
	10.44 ± 2.795cd
	3.89 ± 1.051a

	100 t ha-1      
	9.98 ± 2.670cd
	4.50 ± 1.122a

	200 t ha-1
	10.16 ± 2.717cd
	7.41 ± 1.987bc

	400 t ha-1                
	12.61 ± 3.382e
	8.72 ± 2.363c


Means represented by the same letter are not significantly different (P<0.05) in accordance with Duncan’s post hoc test where a=lowest mean, n=10 for biomass values (gm-2) and n=20 for germination index tests (%). Biomass 1: Biomass on first harvest (gm-2); Biomass 2: Biomass on second harvest (gm-2).
Table 3 Chemical properties of both herbage yields obtained from tailings amended with SMC 
	Application rate 
	Total 

Pb
	Total 

Zn
	Total 

Cu
	Total 

Cd

	Control       Biomass 1     f
                    Biomass 2
	136d
	2199e
	27d


	2.4ab



	
	478d
	5670cd
	21a


	29a



	50 t ha-1      Biomass 1

                    Biomass 2


	122cd


	1711d


	27d


	2.4ab



	
	392cd


	4584bcd


	21a


	32abc



	100 t ha-1    Biomass 1

                    Biomass 2
	63ab
	1532cd
	19b


	2.2a

	
	230ab


	4279bc


	17a
	39bcd



	200 t ha-1    Biomass 1

                    Biomass 2


	47a


	140abc


	10a


	5.5d



	
	244ab


	3335ab


	13a


	36 abcd



	400 t ha-1    Biomass 1

                    Biomass 2
	58a


	1192a


	10a


	3.4bc



	
	328bc
	2361a
	35b
	30ab


Means represented by the same letter in each column are not significantly different (P<0.05) in accordance with Duncan’s post hoc test where a=lowest mean, n=10 in all cases with both biomasses being analysed independently. Biomass 1: Biomass obtained on the first harvest; Biomass 2: Biomass obtained on the second harvest; Exch: Exchangeable; All parameters are reported in mg kg-1.

Table 4 Effect of amending tailings with SMC on the metal uptake in Lolium perenne

	SMC rate 

(t ha-1)
	Lead uptake (mg kg-1)
	Zinc uptake (mg kg-1)
	Copper uptake (mg kg-1)
	Cadmium uptake (mg kg-1)

	0
	323
	4193
	33
	17

	50
	266
	3951
	32
	16

	100
	234
	4064
	29
	21

	200
	239
	3955
	20
	31

	400
	314
	3559
	36
	32

	S.E.
	28.1
	238.2
	6.1
	7.6

	F-test
	NS
	NS
	NS
	NS


S.E.: Standard error; NS: Not significant; *: P<0.05, **: P<0.01 and  ***: P<0.001; Metal uptake calculated by multiplying the total biomass (g m-2) by concentration of the particular metal in the biomass.
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