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Abstract 16 

The common practice of remediating metal contaminated mine soils with compost can reduce 17 

metal mobility and promote re-vegetation, but the effect of introduced or colonising 18 

earthworms on metal solubility is largely unknown. We amended two UK mine soils: As/Cu 19 

(1150 mgAs kg
-1

 and 362 mgCu kg
-1

) and Pb/Zn (4550 mgPb kg
-1

 and 908 mgZn kg
-1

) with 20 

0, 5, 10, 15 and 20 % compost and then introduced Lumbricus terrestris. Porewater was 21 

sampled and soil extracted with water to determine trace element solubility, pH and soluble 22 

organic carbon. Compost reduced Cu, Pb and Zn, but increased As solubility. Earthworms 23 

decreased water soluble Cu and As but increased Pb and Zn in porewater. The effect of the 24 

earthworms decreased with increasing compost amendment. The impact of the compost and 25 

the earthworms on metal solubility is explained by their effect on pH and soluble organic 26 

carbon and the environmental chemistry of each element. 27 

 28 
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 30 

Capsule The effect of earthworms on metal solubility was due to changes in dissolved 31 

organic carbon and pH but was reduced with increasing compost amendments. 32 

33 



Introduction 34 

The combination of large areas of trace element contaminated soils associated with former 35 

mining and smelting activities and the generation of green waste from domestic, agricultural 36 

and silvicultural management of vegetation has resulted in the practice of remediating mine 37 

contaminated soils with green waste composts and other organic wastes (van Herwijnen et 38 

al., 2007b; Pichtel and Bradway, 2008; Farrell et al., 2010). Composts generally increase 39 

plant growth which can prevent wind and water erosion of contaminated soils (Tordoff et al., 40 

2000). In addition, cationic metals bind to exchange sites on the surface of organic matter 41 

which reduces metal leaching from soils (Soler-Rovira et al., 2010). 42 

 43 

Earthworms represent a significant proportion of the soil fauna and are considered ecosystem 44 

engineers owing to the role that they play in organic matter degradation, nutrient cycling and 45 

hydrology (Jones et al., 1994). For these reasons they have been the subject of innoculation 46 

programes during the reclamation of degraded soils (Butt, 1999). Earthworm inoculation 47 

therefore has the potential to become a commonly used practice during remediation and 48 

revegetation of metal contaminated mine soils. Earthworms are also able to colonise 49 

contaminated land if climatic and material (organic matter, texture, pH, contaminant) 50 

conditions are sutiable (Eijsackers, 2010) and so, when organic amendments are incorporated 51 

into contaminated soils, it is likely that earthworms will colonise leading to changes in the 52 

chemical, biological and physical properties of the soil.  53 

 54 

We reviewed the impact of earthworms on the mobility and availability of metals and found 55 

that in the majority of studies earthworms increase the mobility of metals (Sizmur and 56 

Hodson, 2009). Recent experiments have identified that this may be due to the impact of 57 

earthworms on the degradation of organic matter and subsequent release of organically bound 58 



elements and dissolved organic acids that lower the soil pH and lead to further mobilisation 59 

of potentially toxic elements (Gomez-Eyles et al., 2011; Sizmur et al., 2011b). In contrast, 60 

Beesley and Dickinson (2011) showed in an experiment with an urban soil contaminated with 61 

As, Cd, Cu, Pb and Zn, that Lumbricus terrestris reduced dissolved organic carbon in 62 

porewater and thereby reduced the solubility of As, Cu and Pb in a compost amended soil.  63 

 64 

Different trace elements bind with organic compounds to varying degrees and react 65 

differenntly to changes in soil pH. Therefore, the impact of compost or earthworm additions 66 

on the solubility of trace elements depends not only on the changes in soluble organic carbon 67 

and pH but also on the chemistry of the element in question. Copper and Pb both bind 68 

strongly with organic carbon and therefore their solubility is much affected by changes in 69 

soluble organic compounds (McBride et al., 1997). Zinc however, does not bind so strongly 70 

with organic carbon and so solubility is relatively more affected by changes in pH (McBride, 71 

1994). The solublity of Cu, Pb and Zn is increased with decreasing pH because these 72 

elements are cationic (McBride et al., 1997) but As solubility is decreased with decreasing 73 

pH because As forms an oxy-anion in solution and binds to positively charged soil surfaces 74 

such as iron oxyhydroxides (Masscheleyn et al., 1991). 75 

 76 

Lukkari et al. (2006) gave evidence that earthworms increase the extractability of Cu and Zn 77 

in their faeces, but decrease the overall extractability of metals in the bulk earthworm-78 

inhabited soil. This indicates that there are probably at least two separate conflicting 79 

mechanisms by which earthworms impact metal mobility. Earthworms burrow and create 80 

casts that have elevated concentrations of soluble trace elements (Sizmur et al., 2011a). In 81 

addition, they also release mucus into the soil solution which may decrease the solubility of 82 

metals (Sizmur et al., 2010). Mucus is produced in greater quantities during copulation 83 



(Edwards and Bohlen, 1996) and so this effect would be observed to a greater extent in 84 

experiments where two or more earthworms are incubated in each test vessel. 85 

 86 

In the current study we used anecic L. terrestris to determine the impact of earthworms on the 87 

remediation of contaminated soils with green waste compost. Treatments of either one or two 88 

earthworms, with a constant earthworm:soil mass ratio, were applied to determine the impact 89 

of earthworm interactions on the solubility, extractability and speciation of As, Cu, Pb and Zn 90 

in two highly contaminated mine soils. 91 

 92 

Methods 93 

Soils and Earthworms 94 

Lumbricus terrestris (5.1 g, SD = 0.70, n = 150) were sourced from Worms Direct, Ulting, 95 

UK. All earthworms were adult, fully clitellate and depurated for 48 hours (Arnold and 96 

Hodson, 2007) prior to innoculation into the test medium. Rookhope (Pb/Zn) (54.780947 -97 

2.121240; WGS84) and Devon Great Consols (As/Cu) (50.540851 -4.226920; WGS84) soils 98 

were collected from a former lead and fluorspar mine (contaminated with Pb and Zn) and a 99 

former copper and arsenic mine (contaminated with As and Cu), respectively. Soil was 100 

collected from the top 30 cm of the soil profile and on return to the laboratory dried (40 ºC), 101 

sieved (<2 mm), homogenised and stored until the start of the experiment. Green waste 102 

compost was obtained commercially from B&Q (B&Q Organic living, Peat free vegetable 103 

compost) and was not dried or sieved prior to use. Chemical properties of the soils and 104 

compost are given in Table 1.  105 

 106 

The aqua regia digestion of soil samples was carried out alongside an in-house reference 107 

material traceable to BCR-143R - trace elements in a sewage sludge amended soil 108 



(Commission of the European Communities, Community Bureau of Reference) certified for 109 

Pb and Zn and with an indicative value for Cu. Recoveries of these elements were 103 % (SD 110 

= 2.4, n = 2) for Cu, 93 % (SD = 4.2, n = 2) for Pb and 90 % (SD = 0.81, n = 2) for Zn. 111 

Arsenic was below detection limits in the in-house reference material (detection limit = 14 112 

mg kg
-1

). The nitric acid digestion of compost was carried out alongside an in-house plant 113 

reference material traceable to CRM GBW 07603 - bush branches and leaves, (State Bureau 114 

of Technical Supervision, The People's Republic of China, Institute of Geophysical and 115 

Geochemical Exploration, Langfang, China) certified for Cu, Pb, and Zn. Recoveries were 116 

101 % (SD = 2.1, n = 2) for Cu, 106 % (SD = 0.5, n = 2) for Pb and 104 % (SD = 4.0, n = 2) 117 

for Zn. Arsenic was below detection limits in the in-house reference material (detection limit 118 

= 17 mg kg
-1

). 119 

 120 

Experimental procedure 121 

Both Pb/Zn and As/Cu soils were moistened to 80 % of their respective Water Holding 122 

Capacities (WHCs). Fresh, moist (moisture content = 61.7%) compost was throughly mixed 123 

with bulk soil samples from both sites at rates of 0, 5, 10, 15, and 20 % by dry weight (i.e. 6 124 

kg of soil + 0, 0.3, 0.6, 0.9 or 1.2 kg of compost). These amended soils were left in buckets at 125 

16 ºC for 4 weeks to equilibrate, after which the moisture and WHC was determined (this 126 

time in the compost/soil mixtures) and amended soils were re-wetted to 80 % of their WHC. 127 

Amended soils were weighed out into perforated plastic bags kept in vertical plastic cylinders 128 

made from disposable drinking cups in order to produce columns of soil at least 10 cm in 129 

depth, as recommended by Lowe and Butt (2005). The surface area of the cups was 0.005 m
2
 130 

so the earthworm density (500 m
-2

) was in the range (300-1000 m
-2

) found in temperate 131 

pasture soils (Coleman et al., 2004). For each compost/soil treatment there were ten bags 132 

containing 200 g and five bags containing 400 g of material (dry wt.). A single L. terrestris 133 



was introduced into five of the bags containing 200 g of soil (leaving five bags earthworm-134 

free) and two L. terrestris per bag were introduced into the five bags containing 400 g. This 135 

resulted in two soil treatments (As/Cu and Pb/Zn), five compost treatments (0, 5, 10, 15, and 136 

20 %) and three earthworm treatments (0 earthworms, 1 earthworm and 2 earthworms). 137 

Earthworms were incubated in these test media for 28 days at 16 ºC in darkness.  138 

 139 

At the end of the incubation the bags were emptied and the soil homogenised. Any bags 140 

containing dead earthworms were disposed of and the soil was not used for further analysis. 141 

A small sub-sample of the soil (c. 20 g) was air-dried (40 ºC), ground and sieved to <2 mm, 142 

while the remainder was frozen at -20
 
ºC. Earthworms were removed from the soil, their guts 143 

voided on moist filter paper for 48 hours (Arnold and Hodson, 2007) and frozen at -20
 
ºC 144 

until digestion in nitric acid to determine metal loadings by ICP-OES (Perkin Elmer Optima 145 

7300 DV Inductively Coupled Plasma-Optical Emission Spectrometer) following the method 146 

of Langdon et al. (2005). The digestion of earthworm tissue in nitric acid was run alongside 147 

ERM CE278 – mussel tissue (European Commission, Institute for Reference Materials and 148 

Measurements) certified for As, Cu, Pb and Zn. Recoveries were 106 % (SD = 3.1, n = 4) and 149 

97 % (SD = 2.3, n = 4) for Cu and Zn, respectively. Arsenic and Pb were below the limit of 150 

detection in the mussel tissue (detection limit = 15.5 mg kg
-1

 and 4.5 mg kg
-1

, respectively). 151 

 152 

Five grams of air-dried (40 ºC) soil from each experimental vessel was extracted with 20 ml 153 

of >18.2 MΩ cm ultra pure water by mixing on a rotary shaker for 24 hours at 30 rpm at 20 154 

ºC. The soil pH was measured (Jenway 3310 pH meter) followed by centrifuging at 3000 g 155 

for 20 min at 20 ºC. The supernatants were analysed for water soluble organic carbon (WSC) 156 

(Shimadzu TOC 5000) and water soluble As and Cu (As/Cu soil) or Pb and Zn (Pb/Zn soil) 157 

by ICP-OES. 158 



 159 

Pore water was extracted from defrosted soil from each experimental vessel by centrifuging 160 

at 5000 g for 60 min. Pore water samples were analysed for pH (Jenway 3310 pH meter), 161 

elements (ICP-OES), major anions (Dionex DX-500 ion chromatograph), and Dissolved 162 

Organic Carbon (DOC) (Shimadzu TOC 5000). Please note the distinction between DOC 163 

measured in the pore water and WSC measured in the soil-water extractions. Speciation of 164 

Cu (As/Cu soil) or Pb and Zn (Pb/Zn soil) in pore water samples was modelled using WHAM 165 

VI (Tipping, 1998). In the absence of characterisation of the DOC fractions, we assumed that 166 

50 % of DOC was fulvic in origin and that the fulvic acid contained 50 % C (Tipping, 1996; 167 

Pribyl, 2010). In all pore waters >98% of the Cu, Pb and Zn was modelled to be present as 168 

either free ions or bound to fulvic acids so other species are not presented here. 169 

 170 

Bioaccumulation factors were calculated as the ratio of metal loadings in the tissues of 171 

earthworms to either pseudo-total soil metal concentrations corrected for dilution with 172 

compost (BAFtot), porewater metal concentrations (BAFpw), or concentrations of modelled 173 

free ions in porewater (BAFfi). 174 

 175 

Statistical analysis 176 

Genstat version 11 was used for all statistical analysis. Normality of data and equal variance 177 

between treatments was confirmed using the Shapiro-Wilk test (p>0.01) and Bartlett‟s test 178 

(p>0.01), respectively. Where comparisons between treatments (e.g. compost or earthworm) 179 

were made, two-way Analysis of Variance (ANOVA) was carried out. Where comparisons 180 

between individual means were required, Fisher‟s Least Significant Difference test (p<0.05 181 

and p<0.01) was used to identify significant differences. Pearson‟s correlation coefficient was 182 

used to quantify relationships between water soluble metals and pH or WSC. 183 



 184 

Results 185 

Mortality, weight and trace element bioaccumulation in earthworms 186 

Generally, mortality of the earthworms over the test duration was low and the majority of 187 

treatments resulted in 0 % mortality (Table 2). In treatments containing two earthworms 188 

where one earthworm died, the other also died in all cases. The As/Cu soil amended with 20 189 

% compost treatment caused the greatest mortality. Earthworms in all treatments lost weight 190 

over the test duration, but in both As/Cu and Pb/Zn soils, compost addition significantly 191 

(p<0.05) reduced the weight loss (Table 2). 192 

 193 

Compost amendments also significantly (p<0.001) reduced the loadings of Pb in earthworms 194 

inhabiting the Pb/Zn soil (Table 2). There were significantly greater (p<0.05) As loadings in 195 

earthworms from treatments containing two specimens compared to treatments with one 196 

earthworm. For Cu and Zn there was less variation in the pseudo-total soil metal 197 

concentration bioaccumulation factors (BAFtot) than the porewater (BAFpw) or the free ion 198 

(BAFfi) bioaccumulation factors (Table SI-1). 199 

 200 

Water soluble trace elements (WSTE) 201 

In the As/Cu soil the concentration of water soluble As significantly (p<0.001) increased and 202 

the concentration of water soluble Cu significantly (p<0.001) decreased with increasing 203 

compost amendment (Figure 1 and Table 3). This was observed along with significantly 204 

greater (p<0.001) soil pH and WSC due to compost amendment (Figure 2 and Table 3). 205 

There were significant (p<0.001) positive correlations between water soluble As and both pH 206 

and WSC and a significant (p<0.001) negative correlation between water soluble Cu and soil 207 

pH (Figure 1). There were significantly (p<0.05) lower concentrations of water soluble As 208 



and Cu in As/Cu soil from the two earthworm treatments compared to the one earthworm or 209 

no earthworm treatments (Figure 1). 210 

 211 

In the Pb/Zn soil the concentration of water soluble Pb significantly (p<0.001) increased and 212 

Zn significantly (p<0.001) decreased due to the compost addition (Figure 1 and Table 3). 213 

Lead was significantly (p<0.001) positively correlated to pH and WSC, while Zn was 214 

significantly (p<0.001) negatively correlated to pH and WSC (Figure 1). Water soluble Pb 215 

was significantly (p<0.01) lower in all compost treatments containing earthworms compared 216 

to the earthworm-free treatments, but water soluble Zn was significantly (p<0.05) greater in 217 

treatments containing earthworms compared to the earthworm-free treatments in Pb/Zn soil 218 

amended with 0, 5 and 10 % compost, but not in the 15 or 20 % amendments (Figure 1). This 219 

resulted in a significant (p<0.001) interaction between earthworms and compost affecting 220 

water soluble Zn in Pb/Zn soil (Table 3). 221 

 222 

Porewaters 223 

The addition of compost to the As/Cu soil significantly (p<0.001) increased the concentration 224 

of As and decreased the concentration of Cu in porewater (Figure 3 and Table 4) while pH 225 

was significantly (p<0.001) increased and DOC significantly (p<0.001) decreased (Figure 4 226 

and Table 4). The addition of compost also decreased the concentration of Cu present as the 227 

Cu
2+

 ion and increased the relative proportion of Cu bound to fulvic acids.  228 

 229 

There was a significant (p<0.01) interaction (Table 4) between compost and earthworms for 230 

both Cu and As. This is because there were lower concentrations in porewaters from soil 231 

containing two earthworms than earthworm-free soil in the unamended soils but not in the 232 

compost amended soils. In the 10, 15 and 20 % compost treatments, As concentrations in 233 



porewaters from the treatments containing two earthworms were greater than the earthworm 234 

free treatments (Figure 3). A similar significant interaction (p<0.01) can be seen with DOC, 235 

as there is a significantly (p<0.05) lower concentration of porewater DOC in the unamended, 236 

two earthworm treatment compared to the earthworm-free soil, but significantly (p<0.01) 237 

greater DOC in the two earthworm treatment in As/Cu soil amended with 10 % compost 238 

(Figure 4 and Table 4). 239 

 240 

The concentration of Pb and Zn in porewaters from Pb/Zn soil significantly (p<0.001) 241 

decreased with increasing compost amendment and there were significantly (p<0.001) lower 242 

concentrations of Pb
2+

 and Zn
2+

 ions and a higher relative proportion of Pb and Zn complexed 243 

with fulvic acids (Figure 3 and Table 4). This was observed alongside significant (p<0.001) 244 

increases in DOC and porewater pH with increasing compost amendment (Figure 4 and Table 245 

4). The addition of earthworms significantly (p<0.001) increased the concentration of both Pb 246 

and Zn in porewater and significantly (p<0.001) decreased porewater pH (Figure 3 and 4 and 247 

Table 4). The inoculation of either one or two earthworms also significantly (p<0.001) 248 

increased the concentrations of free Pb
2+

 and Zn
2+

 ions in porewater (Figure 3 and Table 4). 249 

The porewaters extracted from soils inoculated with one earthworm contained higher 250 

concentrations of Pb and Zn than the two earthworm treatments in the unamended Pb/Zn soil, 251 

but in the soils amended with 20 % compost the opposite was the case (Figure 3).  252 

 253 

Discussion 254 

Arsenic 255 

The addition of compost increased the porewater and water soluble concentrations of As in 256 

the As/Cu soil (Figure 1 and 3), as has been previously observed (Beesley et al., 2010). This 257 

is due to the increase in soil and porewater pH brought about from the addition of compost 258 



with pH 6.8 to a soil with a pH of 4.1 (Table 1). As the pH increases, soil Fe and Mn oxide 259 

and oxyhydroxide surfaces become increasingly negatively charged and favour the desorption 260 

of arsenic oxyanions (Masscheleyn et al., 1991). This is an impotant observation concerning 261 

the use of compost to remediate soils contaminated with As.  262 

 263 

Whilst both water soluble As and porewater As concentrations were increased in the As/Cu 264 

soil with increasing compost amendment, there was a decrease in soil pH in the As/Cu soil 265 

brought about by earthworm activity, and this resulted in a decrease in the concentration of 266 

water soluble As (Figure 1 and 2). The two earthworm treatment resulted in significantly 267 

(p<0.01) lower water soluble As compared to the one earthworm treatment (Figure 1), but 268 

this is not seen in the porewater data (Figure 3). The reason for the lower water soluble As in 269 

the two earthworm treatment compared to the one earthworm treatment was due to the 270 

significantly (p<0.05) lower WSC (Bauer and Blodau, 2006) in the two earthworm treatment 271 

(Figure 2), a change not reflected in the DOC data (Figure 4). 272 

 273 

In the As/Cu porewaters there was a significant (p<0.01) interaction between earthworms and 274 

compost on DOC and As concentration (Table 4). The addition of two earthworms decreased 275 

both the DOC and As concentration in the unamended and 5 % amended soils, but increased 276 

the DOC and As concentration in the 10, 15, and 20 % amended soils (Figure 3 and 4). This 277 

relationship between As and DOC was due to competition between As and DOC for binding 278 

surfaces on positively charged soil constituents such as Fe and Mn oxide oxyhydroxide 279 

surfaces (Bauer and Blodau, 2006).  280 

 281 

Copper 282 



The addition of green waste compost reduced the porewater and water soluble concentrations 283 

of Cu in As/Cu soil (Figure 1 and 3). This may be due to two mechanisms; the first being the 284 

binding of metals to an increasing number of organic ligands on the surface of the compost 285 

(McBride, 1994; McBride et al., 1997) due to the much greater CEC of the compost 286 

compared to the soils (Table 1). The second being an increase in pH leading to less 287 

competition with hydrogen ions for pH-dependent cation exchange sites on the compost or 288 

soil constituents (Martínez and Motto, 2000). There is also a decrease in the modelled 289 

concentration of free Cu
2+ 

ions in the porewaters due to the addition of compost (Figure 3). 290 

This is because of the reduction of total porewater Cu and the increase in porewater pH with 291 

increasing compost. 292 

 293 

The addition of two earthworms reduced the water soluble concentrations of Cu in the As/Cu 294 

soil (Figure 1). Although there is a significant negative correlation between soil pH and water 295 

soluble Cu, the majority of the variation in water soluble Cu that is explained by changes in 296 

pH is due to the effect of the compost. The earthworms significantly (p<0.01) decreased the 297 

WSC in the two earthworm treatments compared to the earthworm-free treatments (Figure 2). 298 

Therefore the lower solubility of organic carbon in the soils innoculated with two earthworms 299 

may have reduced the binding between Cu
2+

 ions and organic acids in solution, allowing for 300 

less Cu to become soluble in the soil solution (Temminghoff et al., 1997). Beesley and 301 

Dickinson (2011) also found that L. terrestris earthworms reduced DOC and therefore 302 

reduced Cu mobilisation in a compost-amended, contaminated soil. 303 

 304 

Lead 305 

Water soluble Pb was increased due to compost amendments and decreased due to the 306 

innoculation of earthworms (Figure 1), while porewater Pb concentrations were decreased by 307 



compost amendments and increased by the innoculation of earthworms (Figure 3). There was 308 

a significant (p<0.001) positive correlation between both WSC and soil pH and water soluble 309 

Pb in the Pb/Zn soil, but it is known that increases in soil pH reduce the solubility of Pb in 310 

soils (Martínez and Motto, 2000). Therefore it appears that, in the WSM extraction, WSC 311 

was responsible for the increase in solubility of Pb rather than pH. This is confirmed by the 312 

significantly (p<0.001) lower WSC due to earthworm addition resulting in significantly 313 

(p<0.001) lower soluble Pb (Figure 1 and 2 and Table 3). In the porewater data, changes in 314 

pH, rather than DOC were responsible for the changes in the concentration of Pb. A 315 

significant (p<0.001) increase in porewater pH due to the addition of compost led to a 316 

significant (p<0.001) reduction in the porewater Pb concentration. A significant (p<0.001) 317 

decrease in porewater pH due to earthworm addition led to a significant (p<0.001) increase in 318 

porewater Pb concentrations (Figure 3 and 4 and Table 4).  319 

 320 

The parameters that affect the solubility of an element in soils are the concentration of an 321 

element in the soil solution and the ability for the solid phase to replenish the soil solution. 322 

The main difference between the WSTE and pore water extractions was the soil to liquid 323 

ratio. The solid to liquid ratio of the WSTE extraction was greater than the porewater 324 

extraction. The concentration of DOC was much greater in the porewaters (ranging from 325 

approximately 55 to 200 µg L
-1

) compared to DOC (converted to µg L
-1

) in the WSTE 326 

extraction (ranging from approximately 25 to 85 µg L
-1

). As the concentration of DOC 327 

increases, its influence on Pb solubility decreases as the pool of Pb in the solid phase that can 328 

replenish the soil solution is increasingly diminished with increasing DOC concentration. In 329 

the WSTE extraction modest decreases in WSC in earthworm treatments resulted in large 330 

decreases in Pb (and As) solubility. This particularly affected Pb in the Pb/Zn soil, because 331 

Pb binds very strongly with organic carbon, while Zn does not (McBride, 1994). In the 332 



porewater extraction, DOC had less of an effect on Pb solubility because the capacity for the 333 

solid phase to replace elements, becoming organically complexed in the liquid phase, had 334 

become more diminished, due to greater DOC concentrations, and so changes in pH, rather 335 

than DOC, had a greater impact on the dissolution of Pb. In this instance, relatively modest 336 

decreases in porewater pH from earthworm inhabited soils resulted in large increases in 337 

porewater Pb concentrations. 338 

 339 

Zinc 340 

Compost amendments reduced the porewater and water soluble concentrations of Zn in Pb/Zn 341 

soil (Figure 1 and 3). This is probably due to an increase in pH leading to less competition 342 

with hydrogen ions for pH-dependent cation exchange sites on the compost or soil 343 

constituents (Martínez and Motto, 2000). There is also a decrease in the modelled 344 

concentration of free and Zn
2+

 (and Pb
2+

) ions in the porewaters due to the addition of 345 

compost (Figure 3). This is presumably due to an increase in pH and the concentration of 346 

DOC in porewater from the Pb/Zn soil, resulting in an increase in the relative proportion of 347 

the Zn that is complexed with organic and inorganic ligands (Figure 3 and 4 and Table 4). It 348 

has been suggested in the literature that free ions in solution represent the most 349 

toxicologically relavent parameter of metal contaminated soils and solutions (Di Toro et al., 350 

2001; Thakali et al., 2006) and that complexation with organic ligands reduces metal uptake 351 

by earthworms (Steenbergen et al., 2005; Arnold et al., 2007). However, the bioacumulation 352 

factors (Table SI-1) suggest that pseudo-total concentrations of Zn (and Cu) in soils are a 353 

better predictor of metal bioavailability to earthworms. This is presumably because after the 354 

uptake of free ions from porewater, the ions complexed in solution and sorbed to the soil 355 

constituents may have re-equilibriated and provided more free ions for uptake.  356 

 357 



The addition of earthworms to Pb/Zn soil had a larger effect on the solubility of Zn than 358 

compost. The earthworms increased the solubility of Zn and the addition of one earthworm 359 

had a greater effect than two. This is due to the significantly (p<0.001) lower soil and 360 

porewater pH in the earthworm inhabited soils (Table 3 and 4). The lower pH increased the 361 

competition between the or Zn
2+

 ions and H
+
 ions for negatively charged binding sites on the 362 

surface of soil constituents such as clays or organic matter and therefore increased the 363 

concentrations of Zn in solution (Jordan et al., 1997). 364 

 365 

Impact of compost and earthworms on trace element solubility 366 

Compost has been used to remediate and revegetate metal contaminated soil in a number of 367 

experiments (Gadepalle et al., 2007; Clemente et al., 2010; Farrell et al., 2010). Often it is 368 

found that this reduces the solubility of metals, especially when combined with other 369 

amendments (Pérez-de-Mora et al., 2007; van Herwijnen et al., 2007a; Gadepalle et al., 2008; 370 

Gadepalle et al., 2009), but other studies have shown that a resulting increase in DOC leads 371 

to greater solubility of metals (Hartley et al., 2009; Beesley and Dickinson, 2010; Farrell et 372 

al., 2010) and elevated pH may mobilise oxy-anions such as arsenic (Beesley et al., 2010). In 373 

the current study the addition of green waste compost reduced the porewater and water 374 

soluble concentrations of Cu in As/Cu soil and Zn in Pb/Zn soil (Figure 1 and 3). However 375 

porewater and water soluble concentrations of As in the As/Cu soil were increased and water 376 

soluble (but not porewater) Pb was increased by compost addition. 377 

 378 

A number of studies have reported increases in metal solubility and availability due to the 379 

activities of earthworms (Ma et al., 2000; Kizilkaya, 2004; Wen et al., 2004; Zorn et al., 380 

2005; Wang et al., 2006; Wen et al., 2006). This is due to the degradation of organic matter 381 

and release of organically bound metals into solution and the effect of passage through the 382 



gut of the earthworms on the soil pH and solubility of organic carbon (Sizmur et al., 2011a; 383 

Sizmur et al., 2011b). In this study earthworms decreased the water soluble As and Cu in the 384 

As/Cu soil, but increased the water soluble and porewater Pb and Zn concentrations in the 385 

Pb/Zn soil and, while results appear cortradictory, they could be easily explained by the 386 

impact of the earthworms on pH and mobile organic carbon.  387 

 388 

The addition of two earthworms did not always have the same impact as one earthworm in 389 

these experiments. This indicates that earthworms interact in the soil to affect soil chemistry. 390 

In the As/Cu soil, the two earthworm treatments significantly (p<0.001) decreased the WSC 391 

(Figure 2, Table 3) more than the single earthworm treatments, leading to significantly 392 

(p<0.001) lower water soluble Cu and As (Figure 1, Table 3). This may be explained by the 393 

ingestion of soil to produce casts with elevated WSC, caused by microbial stimulation and 394 

mucus excretion (Brown et al., 2000), by one earthworm and then reingestion of casts (Curry 395 

and Schmidt, 2007) by the other earthworm which then assimilates the mobile carbon. 396 

Becuase the casts are also known to contain elevated concentrations of water soluble As 397 

(Sizmur et al., 2011a), this may also explain the significantly (p<0.05) greater As loadings in 398 

earthworms from treatments containing two earthworms (Table 2).  399 

 400 

Environmental relevance 401 

When compost is added to contaminated soils to imobilise metals or to promote vegetation 402 

establishment, earthworms may be innoculated or colonise the soil. This results in a number 403 

of „ecosystem services‟ that are beneficial to pedogenesis, revegetation, and bio-stabilisation 404 

of organic amendments (Boyer and Wratten, 2010). It is therefore important to understand the 405 

effect that such soil biota may have on the solubility of metals that are sequestered by these 406 

amendments. Most laboratory experiments performed to test the performance of various soil 407 



amendments on the solubility of metals in soils do not take into consideration the influence of 408 

soil biota on metal solubility or soil properties that influence metal chemistry. This 409 

experiment has shown that earthworms effect the solubility of trace elements in soils, but this 410 

effect was reduced in soils with increasing compost additions. However, As in porewaters 411 

was increased by earthworm and compost addition. Therefore care must be taken when 412 

innoculating earthworms and adding organic amendments to contaminated soils that contain 413 

anionic metalloids such as As as increases in pH and DOC may mobilise these elements and 414 

cause toxic effects. 415 

 416 

Conclusions 417 

Generally, the effect of compost increased the solubility of As and decreased the solubility of 418 

Cu in As/Cu soil and decreased the solubility of Pb and Zn in Pb/Zn soil. Earthworm addition 419 

decreased the solubility of As and Cu in the As/Cu soil and increased the solubility of Pb and 420 

Zn in the Pb/Zn soil, apart from when Pb solubility was determined by water soluble Pb and 421 

As solubility was determined in porewater. These differences are probably due to the 422 

difference in the soil to liquid ratio in porewater extractions compared to the water soluble 423 

metals extraction. The addtion of compost to contaminated soils buffered the metal solubility 424 

and reduced the influence of earthworms on the solubility of metals. Whilst the effects of the 425 

earthworms may have been buffered in the higher compost treatments, we do not know how 426 

long this buffering is likely to last. The impact of earthworms on metal solubility needs to be 427 

tested in a longer term experiment to determine if, after decomposition of compost, 428 

earthworms will continue to mobilise trace elements from the soil constituents. 429 

 430 

Acknowledgements 431 

This work was funded by a BBSRC studentship, with CASE support from BUFI-BGS.  432 

433 



References 434 

Alexander, P.D., Alloway, B.J., Dourado, A.M., 2006. Genotypic variations in the 435 

accumulation of Cd, Cu, Pb and Zn exhibited by six commonly grown vegetables. 436 

Environmental Pollution 144, 736-745. 437 

Arnold, R.E., Hodson, M.E., 2007. Effect of time and mode of depuration on tissue copper 438 

concentrations of the earthworms Eisenia andrei, Lumbricus rubellus and Lumbricus 439 

terrestris. Environmental Pollution 148, 21-30. 440 

Arnold, R.E., Hodson, M.E., Comber, S., 2007. Effect of organic complexation on the 441 

toxicity of Cu to the earthworm Eisenia fetida. Applied Geochemistry 22, 2397-2405. 442 

Bauer, M., Blodau, C., 2006. Mobilization of arsenic by dissolved organic matter from iron 443 

oxides, soils and sediments. Science of the total environment 354, 179-190. 444 

Beesley, L., Dickinson, N., 2010. Carbon and trace element mobility in an urban soil 445 

amended with green waste compost. Journal of Soils and Sediments 10, 215-222. 446 

Beesley, L., Moreno-Jiménez, E., Gomez-Eyles, J.L., 2010. Effects of biochar and 447 

greenwaste compost amendments on mobility, bioavailability and toxicity of inorganic and 448 

organic contaminants in a multi-element polluted soil. Environmental Pollution 158, 2282-449 

2287. 450 

Beesley, L., Dickinson, N., 2011. Carbon and trace element fluxes in the pore water of an 451 

urban soil following greenwaste compost, woody and biochar amendments, inoculated with 452 

the earthworm Lumbricus terrestris. Soil Biology and Biochemistry 43, 188-196. 453 

Boyer, S., Wratten, S.D., 2010. The potential of earthworms to restore ecosystem services 454 

after opencast mining - A review. Basic and Applied Ecology 11, 196-203. 455 

Brown, G.G., Barois, I., Lavelle, P., 2000. Regulation of soil organic matter dynamics and 456 

microbial activityin the drilosphere and the role of interactionswith other edaphic functional 457 

domains. European Journal of Soil Biology 36, 177-198. 458 

BS7755-3.2, 1995. Soil Quality. Part 3: Chemical methods. Section 3.2: Determination of 459 

pH. British Standards Institution, London, UK. 460 



BS7755-3.9, 1995. Soil Quality. Part 3: Chemical methods. Section 3.9: Extraction of trace 461 

elements soluble in aqua regia. British Standards Institution, London, UK. 462 

Butt, K.R., 1999. Inoculation of earthworms into reclaimed soils: The UK experience. Land 463 

Degradation & Development 10, 565-575. 464 

Clemente, R., Hartley, W., Riby, P., Dickinson, N.M., Lepp, N.W., 2010. Trace element 465 

mobility in a contaminated soil two years after field-amendment with a greenwaste compost 466 

mulch. Environmental Pollution 158, 1644-1651. 467 

Coleman, D., Crossley, D., Hendrix, P., 2004. Fundamentals of soil ecology. Academic press. 468 

Curry, J.P., Schmidt, O., 2007. The feeding ecology of earthworms - A review. Pedobiologia 469 

50, 463-477. 470 

Di Toro, D.M., Allen, H.E., Bergman, H.L., Meyer, J.S., Paquin, P.R., Santore, R.C., 2001. 471 

Biotic ligand model of the acute toxicity of metals. 1. Technical basis. Environmental 472 

Toxicology and  Chemistry 20, 2383-2396. 473 

Edwards, C.A., Bohlen, P.J., 1996. Biology and ecology of earthworms, Third ed. Chapman 474 

& Hall, London, UK. 475 

Eijsackers, H., 2010. Earthworms as colonisers: Primary colonisation of contaminated land, 476 

and sediment and soil waste deposits. Science of the total environment 408, 1759-1769. 477 

Farrell, M., Perkins, W.T., Hobbs, P.J., Griffith, G.W., Jones, D.L., 2010. Migration of heavy 478 

metals in soil as influenced by compost amendments. Environmental Pollution 158, 55-64. 479 

Frouz, J., Elhottová, D., Kuráz, V., Sourková, M., 2006. Effects of soil macrofauna on other 480 

soil biota and soil formation in reclaimed and unreclaimed post mining sites: Results of a 481 

field microcosm experiment. Applied Soil Ecology 33, 308-320. 482 

Gadepalle, V., Ouki, S., Hutchings, T., 2009. Remediation of copper and cadmium in 483 

contaminated soils using compost with inorganic amendments. Water, Air, & Soil Pollution 484 

196, 355-368. 485 

Gadepalle, V.P., Ouki, S.K., Van Herwijnen, R., Hutchings, T., 2007. Immobilization of 486 

Heavy Metals in Soil Using Natural and Waste Materials for Vegetation Establishment on 487 



Contaminated Sites. Soil and Sediment Contamination: An International Journal 16, 233 - 488 

251. 489 

Gadepalle, V.P., Ouki, S.K., Van Herwijnen, R., Hutchings, T., 2008. Effects of amended 490 

compost on mobility and uptake of arsenic by rye grass in contaminated soil. Chemosphere 491 

72, 1056-1061. 492 

Gomez-Eyles, J.L., Sizmur, T., Collins, C.D., Hodson, M.E., 2011. Effects of biochar and the 493 

earthworm Eisenia fetida on the bioavailability of polycyclic aromatic hydrocarbons and 494 

potentially toxic elements. Environmental Pollution 159, 616-622. 495 

Hartley, W., Dickinson, N.M., Riby, P., Lepp, N.W., 2009. Arsenic mobility in brownfield 496 

soils amended with green waste compost or biochar and planted with Miscanthus. 497 

Environmental Pollution 157, 2654-2662. 498 

Jones, C.G., Lawton, J.H., Shachak, M., 1994. Organisms as Ecosystem Engineers. Oikos 69, 499 

373-386. 500 

Jordan, R.N., Yonge, D.R., Hathhorn, W.E., 1997. Enhanced mobility of Pb in the presence 501 

of dissolved natural organic matter. Journal of Contaminant Hydrology 29, 59-80. 502 

Kizilkaya, R., 2004. Cu and Zn accumulation in earthworm Lumbricus terrestris L. in sewage 503 

sludge amended soil and fractions of Cu and Zn in casts and surrounding soil. Ecological 504 

Engineering 22, 141-151. 505 

Langdon, C.J., Hodson, M.E., Arnold, R.E., Black, S., 2005. Survival, Pb-uptake and 506 

behaviour of three species of earthworm in Pb treated soils determined using an OECD-style 507 

toxicity test and a soil avoidance test. Environmental Pollution 138, 368-375. 508 

Lowe, C.N., Butt, K.R., 2005. Culture techniques for soil dwelling earthworms: A review. 509 

Pedobiologia 49, 401-413. 510 

Lukkari, T., Teno, S., Vaeisaenen, A., Haimi, J., 2006. Effects of earthworms on 511 

decomposition and metal availability in contaminated soil: Microcosm studies of populations 512 

with different exposure histories. Soil Biology and Biochemistry 38, 359-370. 513 

Ma, Y., Dickinson, N.M., Wong, M.H., 2000. The effect of earthworm inoculation on metal 514 

bioavailability: potential use for phytoremediation of Pb/Zn mine spoils, Proceedings of 515 



Remade Lands 2000, international conference on the remediation and management of 516 

degraded lands., Fremantle, Western Australia, pp. 33–34. 517 

Martínez, C.E., Motto, H.L., 2000. Solubility of lead, zinc and copper added to mineral soils. 518 

Environmental Pollution 107, 153-158. 519 

Masscheleyn, P.H., Delaune, R.D., Patrick, W.H., 1991. Effect of redox potential and pH on 520 

arsenic speciation and solubility in a contaminated soil. Environmental Science & 521 

Technology 25, 1414-1419. 522 

McBride, M., Sauve, S., Hendershot, W., 1997. Solubility control of Cu, Zn, Cd and Pb in 523 

contaminated soils. European Journal of Soil Science 48, 337-346. 524 

McBride, M.B., 1994. Environmental chemistry of soils. Oxford University Press, Oxford. 525 

McCartney, D.A., Stinner, B.R., Bohlen, P.J., 1997. Organic matter dynamics in maize 526 

agroecosystems as affected by earthworm manipulations and fertility source. Soil Biology 527 

and Biochemistry 29, 397-400. 528 

OECD, 2004. OECD guidelines for testing of chemicals: Earthworm reproduction test 529 

(Eisenia fetida/ Eisenia andrei). Organisation for Economic Co-operation and Development, 530 

Paris, France. 531 

Pérez-de-Mora, A., Burgos, P., Cabrera, F., Madejón, E., 2007. “In Situ” Amendments and 532 

Revegetation Reduce Trace Element Leaching in a Contaminated Soil. Water, Air, and Soil 533 

Pollution 185, 209-222. 534 

Pichtel, J., Bradway, D.J., 2008. Conventional crops and organic amendments for Pb, Cd and 535 

Zn treatment at a severely contaminated site. Bioresource Technology 99, 1242-1251. 536 

Pribyl, D.W., 2010. A critical review of the conventional SOC to SOM conversion factor. 537 

Geoderma 156, 75-83. 538 

Rowell, D.L., 1994. Soil science: methods and applications. Longman Scientific and 539 

Technical, London, U.K. 540 

Scullion, J., Malik, A., 2000. Earthworm activity affecting organic matter, aggregation and 541 

microbial activity in soils restored after opencast mining for coal. Soil Biology and 542 

Biochemistry 32, 119-126. 543 



Sizmur, T., Hodson, M.E., 2009. Do earthworms impact metal mobility and availability in 544 

soil? - A review. Environmental Pollution 157, 1981-1989. 545 

Sizmur, T., Palumbo-Roe, B., Hodson, M.E., 2010. Why does earthworm mucus decrease 546 

metal mobility? Integrated Environmental Assessment and Management 6, 777-779. 547 

Sizmur, T., Palumbo-Roe, B., Watts, M.J., Hodson, M.E., 2011a. Impact of the earthworm 548 

Lumbricus terrestris (L.) on As, Cu, Pb and Zn mobility and speciation in contaminated soils. 549 

Environmental Pollution 159, 742-748. 550 

Sizmur, T., Tilston, E.L., Charnock, J., Palumbo-Roe, B., Watts, M.J., Hodson, M.E., 2011b. 551 

Impacts of epigeic, anecic and endogeic earthworms on metal and metalloid mobility and 552 

availability. Journal of Environmental Monitoring 13, 266-273. 553 

Soler-Rovira, P., Madejón, E., Madejón, P., Plaza, C., 2010. In situ remediation of metal-554 

contaminated soils with organic amendments: Role of humic acids in copper bioavailability. 555 

Chemosphere 79, 844-849. 556 

Steenbergen, N.T.T.M., Iaccino, F., de Winkel, M., Reijnders, L., Peijnenburg, W.J.G.M., 557 

2005. Development of a Biotic Ligand Model and a Regression Model Predicting Acute 558 

Copper Toxicity to the Earthworm Aporrectodea caliginosa. Environmental Science & 559 

Technology 39, 5694-5702. 560 

Temminghoff, E.J.M., Van der Zee, S.E.A.T.M., de Haan, F.A.M., 1997. Copper mobility in 561 

a copper-contaminated sandy soil as affected by pH and solid and dissolved organic matter. 562 

Environmental Science & Technology 31, 1109-1115. 563 

Thakali, S., Allen, H.E., Di Toro, D.M., Ponizovsky, A.A., Rooney, C.P., Zhao, F.-J., 564 

McGrath, S.P., Criel, P., Van Eeckhout, H., Janssen, C.R., Oorts, K., Smolders, E., 2006. 565 

Terrestrial biotic ligand model. 2. Application to Ni and Cu toxicities to plants, invertebrates, 566 

and microbes in soil. Environmental Science & Technology 40, 7094-7100. 567 

Tipping, E., 1996. Information for WHAM users [distributed with the WHAM computer 568 

programme]. Institute of Freshwater Ecology. 569 

Tipping, E., 1998. Humic Ion-Binding Model VI: An Improved Description of the 570 

Interactions of Protons and Metal Ions with Humic Substances. Aquatic Geochemistry 4, 3-571 

47. 572 



Tordoff, G.M., Baker, A.J.M., Willis, A.J., 2000. Current approaches to the revegetation and 573 

reclamation of metalliferous mine wastes. Chemosphere 41, 219-228. 574 

Udovic, M., Lestan, D., 2007. The effect of earthworms on the fractionation and 575 

bioavailability of heavy metals before and after soil remediation. Environmental Pollution 576 

148, 663-668. 577 

Udovic, M., Plavc, Z., Lestan, D., 2007. The effect of earthworms on the fractionation, 578 

mobility and bioavailability of Pb, Zn and Cd before and after soil leaching with EDTA. 579 

Chemosphere 70, 126-124. 580 

van Herwijnen, R., Hutchings, T.R., Al-Tabbaa, A., Moffat, A.J., Johns, M.L., Ouki, S.K., 581 

2007a. Remediation of metal contaminated soil with mineral-amended composts. 582 

Environmental Pollution 150, 347-354. 583 

van Herwijnen, R., Laverye, T., Poole, J., Hodson, M.E., Hutchings, T.R., 2007b. The effect 584 

of organic materials on the mobility and toxicity of metals in contaminated soils. Applied 585 

Geochemistry 22, 2422-2434. 586 

Wang, D., Li, H., Wei, Z., Wang, X., Hu, F., 2006. Effect of earthworms on the 587 

phytoremediation of zinc-polluted soil by ryegrass and Indian mustard. Biology and Fertility 588 

of Soils 43, 120-123. 589 

Wen, B., Hu, X., Liu, Y., Wang, W., Feng, M., Shan, X., 2004. The role of earthworms 590 

(Eisenia fetida) in influencing bioavailability of heavy metals in soils. Biology and Fertility 591 

of Soils 40, 181-187. 592 

Wen, B., Liu, Y., Hu, X.Y., Shan, X.Q., 2006. Effect of earthworms (Eisenia fetida) on the 593 

fractionation and bioavailability of rare earth elements in nine Chinese soils. Chemosphere 594 

63, 1179-1186. 595 

Zorn, M.I., Van Gestel, C.A.M., Eijsackers, H., 2005. The effect of Lumbricus rubellus and 596 

Lumbricus terrestris on zinc distribution and availability in artificial soil columns. Biology 597 

and Fertility of Soils 41, 212-215. 598 

 599 

600 



Table 1. Chemical properties of soils and compost (n = 3, ± standard error). 601 

 pH
1
   %Organic  Pseudo-total elements

3
 (mg kg

-1
) CEC

4 %WHC
5
 

 (H2O) mater
 2
 As Cu Pb Zn (cmolckg

-1
)  

As/Cu soil 

 

 

4.1 

±0.0 

15.9 

±0.0 

1150 

±14 

362 

±2.9 

109 

±2.4 

88.6 

±1.2 

21.0 

±0.30 

87.0 

±0.91 

Pb/Zn soil 

 

5.9 

±0.0 

7.60 

±0.1 

<14 38.5 

±3.7 

4550 

±270 

908 

±77 

13.6 

±0.14 

55.9 

±0.37 

Green waste 

compost 

6.8 

±0.0 

69.2 

±7.2 

<16 25.8 

±0.8 

45.5 

±0.8 

127 

±5.2 

67.4 

±2.5 

N/A 

1
Based on BS7755-3.2, 1995. 

2
Loss on ignition 

3
For soil these are aqua regia extractable concentrations based 602 

on BS7755-3.9, 1995. For compost these are nitric acid extractable concentrations based on Alexander et al., 603 
(2006). 

4
Cation Exchange Capacity based on (Rowell, 1994). 

5
Water Holding Capacity based on (OECD, 2004) 604 

 605 



 606 

Table 2. Mortality, % weight loss and concentrations of As and Cu and Pb and Zn in the tissues of earthworms after incubation individually or in 607 
pairs for 28 days in As/Cu and Pb/Zn soils that were remediated with 0, 5, 10, 15 or 20 % compost. n = 5, ± standard errors. P values derived from 608 
Analysis of variance (ANOVA) show the significance of earthworm inoculation, compost amendments and their interaction on the weight loss and 609 
metal loadings of the earthworms. 610 
   % Mortality % Weight loss  As/Cu soil (mg kg

-1
) Pb/Zn soil (mg kg

-1
) 

Compost Earthworms As/Cu  Pb/Zn As/Cu  Pb/Zn As Cu Pb Zn 

          

0 % 1 0 0 22.0 ± 2.5 27.9 ± 6.3 64.4 ± 11. 39.6 ± 3.1 1260 ± 110 535 ± 120 

 2 20 0 20.6 ± 2.4 25.3 ± 2.0 86.2 ± 19 45.3 ±6.0 995 ± 140 556.± 20 

          

5 % 1 0 0 20.0 ± 3.6 24.4 ± 3.7 110 ± 26 50.4 ± 11 951 ± 150 602 ± 83 

 2 0 20 15.4 ± 2.1 29.6 ± 4.4 116 ± 19 43.8 ± 6.1 802 ± 84 623 ± 48 

          

10 % 1 20 0 22.1 ± 1.7 27.9 ± 3.4 82.7 ± 28 38.6 ± 10 712 ± 150 546 ± 64 

 2 0 0 22.7 ± 6.9 16.3 ± 4.2 160 ± 17 59.1 ± 4.2 698 ± 87 544 ± 45 

          

15 % 1 0 0 16.3 ± 2.7 17.0 ± 2.6 87.4 ± 7.1 33.7 ± 1.9 541 ± 70 479 ± 48 

 2 0 20 21.5 ± 2.5 17.0 ± 4.5 99.0 ±15 37.6 ± 3.4 612 ± 77 485 ± 44 

          

20 % 1 20 0 13.4 ± 2.2 11.4 ± 5.4 81.2 ± 15 32.9 ± 6.2 480 ± 97 542 ±47 

 2 40 20 7.04 ± 2.5 17.2 ± 7.2 99.3 ± 12 35.0 ± 5.8 571 ± 81 488 ± 64 

          

P values Earthworms   ns ns 0.036 ns ns ns 

 Compost   0.035 0.041 ns ns <0.001 ns 

 Earthworms*Compost   ns ns s ns ns ns 

ns = Not significant (p>0.05) 611 
 612 



Table 3. P values to describe the significance of earthworm inoculation, compost amendments 613 
and their interaction on soil pH, Water Soluble organic Carbon (WSC) and water soluble As 614 
and Cu in As/Cu soil and Pb and Zn in Pb/Zn soil amended with 0, 5, 10, 15 or 20 % compost 615 
and inoculated with 0, 1 or 2 earthworms for 28 days. 616 
 617 
 Earthworm Compost Earthworm*Compost 

As/Cu 

soil    

As <0.001 <0.001 <0.001 

Cu <0.001 <0.001 ns 

pH ns <0.001 0.002 

WSC <0.001 <0.001 ns 

Pb/Zn 

soil    

Pb <0.001 <0.001 ns 

Zn <0.001 <0.001 <0.001 

pH <0.001 <0.001 ns 

WSC <0.001 <0.001 0.035 

ns = Not significant (p>0.05) 618 
619 



 620 

Table 4. P values to describe the significance of earthworm inoculation, compost amendments 621 
and their interaction on pH, Dissolved Organic Carbon (DOC), As, Cu, Pb and Zn and the 622 
WHAM-modelled concentrations of free ions of Cu, Pb and Zn in solution or bound to fulvic 623 
acids (FA) in porewaters extracted from As/Cu (As and Cu) and Pb/Zn (Pb and Zn) soil. 624 
 625 
 Earthworm Compost Earthworm*Compost 

As/Cu 

soil    

As 0.034 <0.001 0.008 

Cu <0.001 <0.001 <0.001 

Cu
2+

 <0.001 <0.001 <0.001 

Cu - FA 0.049 <0.001 <0.001 

pH ns <0.001 <0.001 

DOC ns <0.001 0.008 

Pb/Zn 

soil    

Pb <0.001 <0.001 0.001 

Pb
2+

 <0.001 <0.001 0.004 

Pb - FA <0.001 <0.001 0.001 

Zn <0.001 <0.001 <0.001 

Zn
2+

 <0.001 <0.001 <0.001 

Zn - FA <0.001 <0.001 <0.001 

pH <0.001 <0.001 ns 

DOC <0.001 <0.001 <0.001 

ns = Not significant (p>0.05) 626 
627 
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Figure 1. Water soluble As and Cu in As/Cu soil and Pb and Zn in Pb/Zn soil amended with 0, 637 
5, 10, 15 or 20 % compost and inoculated with 0, 1 or 2 earthworms for 28 days. * = statistically 638 
significantly different from the 0 earthworm treatment at the 95 % (*) and 99 % (**) level. # = 639 
statistically significantly different from the 1 earthworm treatment at the 95 % (#) and 99 % 640 
(##) level. Scatter plots show the strength and significance of correlations between water soluble 641 
metals data and soil pH or water soluble organic carbon. Error bars are standard errors, n = 5. 642 

643 
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 649 
Figure 2. Soil pH and Water Soluble organic Carbon (WSC) in As/Cu and Pb/Zn soil amended 650 
with 0, 5, 10, 15 or 20 % compost and inoculated with 0, 1 or 2 earthworms for 28 days. * = 651 
statistically significantly different from the 0 earthworm treatment at the 95 % (*) and 99 % 652 
(**) level. # = statistically significantly different from the 1 earthworm treatment at the 95 % (#) 653 
and 99 % (##) level. Error bars are standard errors, n = 5. 654 
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 659 
Figure 3. Concentration of As and Cu and Pb and Zn in porewaters of As/Cu and Pb/Zn soils 660 
respectively after earthworms were inoculated for 28 days in soils amended with 0, 5, 10, 15 or 661 
20 % compost. Cu, Pb and Zn concentrations are split into free ions or complexed with fulvic 662 
acids (FA), modelled using WHAM. Error bars are standard errors of total concentrations, n = 663 
5. 664 
 665 

666 



 667 
**
##

**
##

*
###
**
#

00.10.20.30.40.50.60.70.80.9

0%        
5%       

10%       
15%      
20%

A
s 

m
g

 k
g

-1 0 Earthworms 1 Earthworm 2 Earthworms  668 

As/Cu soil 669 

**
**

** **

3.5

3.7

3.9

4.1

4.3

4.5

4.7

4.9

5.1

0%       5%      10%      15%     20%

p
H

 

#

# **

0

50

100

150

200

250

0%       5%      10%      15%     20%
D

O
C

 / 
m

g
 L

-1
 670 

Pb/Zn soil 671 

**
**

#

**

*
#

5

5.2

5.4

5.6

5.8

6

6.2

6.4

0%       5%      10%      15%     20%

p
H

 

**
##

**
##

#
**

##

0

20

40

60

80

100

120

140

160

0%       5%      10%      15%     20%

D
O

C
 / 

m
g

 L
-1

 672 
Figure 4. pH and Dissolved Organic Carbon (DOC) in porewaters of As/Cu and Pb/Zn soils 673 
respectively after earthworms were inoculated for 28 days in soils amended with 0, 5, 10, 15 or 674 
20 % compost. * = statistically significantly different from the 0 earthworm treatment at the 95 675 
% (*) and 99 % (**) level. # = statistically significantly different from the 1 earthworm 676 
treatment at the 95 % (#) and 99 % (##) level. Error bars are standard errors, n = 5. 677 
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