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a  b  s  t  r  a  c  t

Earthworms  inhabiting  arsenic  contaminated  soils  may  accelerate  the  leaching  of  As  into  surface  and
ground  waters.  We  carried  out  three  experiments  to  determine  the  impact  of  passage  of  As  contami-
nated  soil  (1150  mg  As kg−1) through  the gut of  the  earthworm  Lumbricus  terrestris  on the  mobility  and
speciation  of  As and  the  effects  of earthworm  mucus  on  As mobility.  The  concentration  of  water  soluble
As  in  soil  increased  (from  1.6  to 18  mg  kg−1) after  passage  through  the  earthworm  gut.  Casts  that  were
aged  for  56  days  still  contained  more  than  nine  times  greater  water  soluble  As  than  bulk  earthworm
inhabited  soil.  Changes  were  due  to increases  in  As(V)  mobility,  with  no change  in As(III).  Dilute mucus
isk assessment
ernary complexes
ater soluble organic carbon

H

extracts  reduced  As  mobility  through  the  formation  of As–amino  acid–iron  oxide  ternary  complexes.
More  concentrated  mucus  extracts  increased  As mobility.  These  changes,  together  with  those  due to  the
passage through  the  gut,  were  due  to increases  in pH,  phosphate  and  soluble  organic  carbon.  The mobil-
isation  of As  from  contaminated  soils  in  the  environment  by  cast  production  and  mucus  secretion  may
allow  for  accelerated  leaching  or uptake  into  biota  which  is  underestimated  when  bulk  soil  samples  are
analysed  and  the  influence  of  soil  biota  ignored.
. Introduction

Anthropogenically induced increases in arsenic concentrations
n soil above background levels due to past mining activities can
ead to toxic effects on soil biota and plant life. Migration of As from
uch soils to surface or ground waters can result in contaminated
rinking water [1].  Upon entering the pedosphere As interacts with
he soil biota and may  therefore undergo changes in bioavailabilty
nd chemical speciation which affect its environmental fate. To
mprove the risk assessment of As contaminated soils and better
rotect the environment and human health, a greater understand-

ng on how soil biota influence the mobility and speciation of As in
oil is required. Earthworm biomass in most soils exceeds that of all
ther soil-inhabiting invertebrates [2] and earthworms are found
n soils containing elevated levels of As [3].

Lumbricus terrestris is a common anecic earthworm native to
urope but widely distributed around the world in woodland and
asture soils. Earthworms increase the mobility of metals and met-

lloids in soils [4].  L. terrestris increases the leaching of As from
oil columns [5] and the mobility of As is greater in the casts of L.
errestris than the surrounding soil [6].  However, the longevity of

∗ Corresponding author. Tel.: +44 0 118 378 8911.
E-mail address: t.p.sizmur@reading.ac.uk (T. Sizmur).

304-3894/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jhazmat.2011.09.071
© 2011 Elsevier B.V. All rights reserved.

such increases in the soil environment are unknown. In addition,
despite the mobility and bioavailability of As in soil being greatly
dependent on speciation, little is known about how this is affected
by passage through the earthworm gut. The earthworm gut is an
anoxic environment [7] leading to the suggestion that reduction
of As(V) to As(III) may  be responsible for some of the increases in
mobility observed [5].  L. terrestris produce casts on the soil surface
that are chemically, biologically and physically different to the bulk
soil and they construct permanent vertical burrows leading to aes-
tivation chambers which they line with their own  faeces [8].  There
is therefore potential for As to be leached out of the casts, either on
the soil surface into surface waters or through earthworm burrows
into ground water, at a rate greater than from bulk earthworm-free
soil.

Earthworms secrete mucus from the surface of their bodies to
aid locomotion through burrows in the soil and this represents a
significant portion of an earthworm’s carbon budget [9].  Mucus is
produced in greater quantities during copulation [2] and so exper-
iments where single earthworms are incubated in test chambers
may  not accurately represent the impact of earthworm mucus on
As mobility. Earthworm mucus may  increase the concentration of

dissolved organic carbon in the soil solution resulting in greater
competition between As and organic carbon for binding surfaces
on positively charged soil constituents such as iron and manganese
oxides [10] leading to an increase in As mobility. Alternatively,

dx.doi.org/10.1016/j.jhazmat.2011.09.071
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:t.p.sizmur@reading.ac.uk
dx.doi.org/10.1016/j.jhazmat.2011.09.071
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witterions such as amino acids in earthworm mucus may  reduce
he mobility of soil contaminants by complexing contaminants
rom the solution while simultaneously binding to soil surfaces
11].

We carried out three experiments to test the hypotheses that
assage through the anoxic gut of L. terrestris increases the mobility
f As and reduces As(V) to As(III) and that the secretion of earth-
orm mucus alters the mobility of As in a contaminated mine soil.

. Experimental

.1. Earthworms and soil

L. terrestris (L.) were sourced from Worms  Direct, Ulting, UK.
evon Great Consols (DGC) (50.540851-4.226920; WGS84) soil was
ollected from a grassed field adjacent to a former Cu and As mine in
outh-West England. Soil was collected from the top 30 cm of the
oil profile and on return to the laboratory, dried (40 ◦C), sieved
<2 mm),  homogenised and stored until the start of the experi-

ent. Soil pH was measured in a soil–water suspension (based
n BS7755-3.2 [12]), percentage organic matter by loss on ignition
500 ◦C), and soil texture by laser granulometry (Coulter LS 230 Par-
icle Size Analyzer). Sand was classified as particles 2000–63 �m,
ilt as 63–2 �m and clay as <2 �m in diameter. Pseudototal elemen-
al composition was determined by digestion in aqua regia (based
n BS7755-3.9 [13]) and cation exchange capacity was measured
t pH 7 using the ammonium acetate method [14]. Soil water hold-
ng capacity was determined gravimetrically. Properties of the soil
sed in the experiments are given in Table 1.

.2. Experiment 1: impact of gut passage on As mobility over time

L. terrestris were incubated at 16 ◦C in 30 bags (five specimens
er bag) containing 500 g of DGC soil, moist to 80% of the water
olding capacity, for 7 days alongside earthworm free bags con-
aining 50 g of soil. At the end of the incubation all of the bags were
mptied and the soil in each bag homogenised. Earthworms were
emoved from the soil and left for 24 h on moist filter paper to
oid their guts [15]. The filter papers were then sealed, moist in
etri dishes, preventing evaporation, to simulate moist casts age-

ng in the soil environment. Bulk earthworm-inhabited soil and
arthworm-free soil (circa 50 g of soil) was kept in sealed plastic
ags alongside petri dishes. Fresh casts (pooled from all 5 earth-
orms) and those aged for 1, 7, 14, 28 and 56 days, were air-dried

t 30 ◦C along with fresh and aged soils. One gram of air-dried
oil/cast samples were extracted with 10 ml  of >18.2 M� cm ultra
ure water on a rotary shaker for 24 h at 30 rpm at 20 ◦C. Soil pH
as measured in the soil suspension followed by centrifuging at

000 × g for 20 min  at 20 ◦C to produce supernatants. The super-
atants were passed through 45 �m cellulose nitrate membrane
lters prior to analysis. Arsenic concentration and water soluble
rganic carbon were determined in the supernatant by ICP-OES
Perkin Elmer Optima 7300 DV Inductively Coupled Plasma-Optical
mission Spectrometer) and a Shimadzu TOC (Total Organic Car-
on) analyzer respectively.

.3. Experiment 2: impact of gut passage on As speciation

L. terrestris were incubated at 16 ◦C in five plastic boxes (ten
pecimens per box) containing 1 kg of DGC soil, moist to 80% of
he water holding capacity, for 7 days alongside five earthworm-
ree boxes of soil. At the end of the incubation the boxes were

mptied and the soil in each box homogenised. Earthworms were
emoved from the soil and left for 48 h on moist filter paper to
oid their guts [15]. The casts were collected and air-dried at 30 ◦C
long with bulk earthworm-inhabited soil and earthworm-free soil. Ta
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ir dried samples were transported to the Analytical Geochemistry
aboratory at the British Geological Survey, Keyworth and analysed
eparately to the previous experiment to ensure that freshly pro-
uced samples were analysed within 24 h of extraction. Therefore
xperimental and analytical procedures differed in order to match
nstrument availability and adhere to local standard operating pro-
edures. One gram of air-dried soil/cast samples were shaken at
50 rpm on an orbital shaker with 10 ml  of >18.2 M� cm ultra pure
ater for 72 h followed by centrifugation at 3000 × g for 20 min

t 20 ◦C to produce supernatants. The supernatants were passed
hrough 45 �m nylon membrane filters prior to analysis. Arsenate
AsV), monomethylarsenic (MA), dimethylarsenic (DMA), arsenite
AsIII) and arsenobetaine (AB) species of As were then quantita-
ively determined in the supernatants by HPLC-ICP–MS (Dionex
S-50, GP-50 gradient pump High Performance Liquid Chromatog-
aphy coupled with Agilent Technologies 7500 Series Inductively
oupled Plasma Mass Spectrometer) using the method described
y Watts et al. [16].

.4. Experiment 3: impact of mucus on As mobility

Based on the method of Zhang et al. [17], 500 L. terrestris were
epurated [15] for 48 h and distributed between five 500 ml  beakers
o give an earthworm-free control beaker and beakers contain-
ng 50, 100, 150 and 200 earthworms. Earthworms were sprinkled
venly with 10 g quartz sand per beaker and the beakers cov-
red with pierced parafilm. After 4 h at 18 ◦C the earthworms were
emoved and rinsed over the beakers with >18 M� cm ultra pure
ater. The contents of the beakers were then filtered (Whatman

40) and diluted to 250 ml.  This produced five solutions, four dilute
arthworm mucus solutions and a deionised water control solu-
ion. pH (Jenway 3310 pH meter), major elements (ICP-OES), major
nions (Dionex DX-500 ion chromatograph) and organic carbon
Shimadzu TOC 5000) were determined in all of these solutions
nd are given in Table 2.

A 100 ml  subsample of each of these five solutions was freeze-
ried and re-dissolved in 1 ml  of deuterated water. The solid,
reeze-dried component of all the dilute mucus solutions did not
ompletely dissolve in the deuterated water and therefore the sub-
equent analysis can only be considered qualitative. Liquid-state
roton NMR  (Nuclear Magnetic Resonance) spectroscopy (Bruker
VIII 700 with a TCI cryoprobe) was carried out on the five solu-

ions and compared to amino acid standards (21L-amino acids plus
lycine; Sigma Aldrich) in order to identify amino acids present in
arthworm mucus.

One gram of air-dried, DGC soil was extracted with 10 ml  of each
olution (replicated 5 times) by mixing on a rotary shaker for 16 h
t 30 rpm and 20 ◦C. pH was determined in the tubes containing the

oil suspension which were then centrifuged at 3000 × g for 20 min
t 20 ◦C. The supernatants were passed through 45 �m cellulose
itrate membrane filters and analysed for soluble organic carbon
Shimadzu TOC 5000) and soluble As (ICP-OES).

able 2
hemical properties of mucus solutions produced from 0, 50, 100, 150 or 200 earthworm

0 Earthworm 50 Earthworms 

pH 5.49 ± 0.08 7.22 ± 0.02 

Organic C (mg  l−1) 2.25 ± 0.31 6.58 ± 0.12 

As  (�g l−1) <11.6 <11.6 

Ca  (�g l−1) 120 ± 13 4790 ± 33 

Fe  (�g l−1) 9.14 ± 3.5 27.0 ± 1.8 

K  (�g l−1) 106 ± 58 8250 ± 27 

Na  (�g l−1) 282 ± 20 11,000 ± 73 

Cl− (mg  l−1) 0.350 ± 0.050 6.80 ± 0.029 

PO4
3− (mg  l−1) < detection 2.42 ± 0.083 

SO4
2− (mg  l−1) < detection 9.95 ± 0.029 
 Materials 197 (2011) 169– 175 171

2.5. Statistical analysis

Minitab version 15 was used for all statistical analysis. Nor-
mality of data and equal variance between treatments was tested
using the Kolmogorov–Smirnov test (p > 0.01) and Bartlett’s test
(p > 0.01), respectively. Where comparisons between treatments
were made (e.g. between casts, bulk or control soil), one-way
Analysis of Variance (ANOVA) was carried out and Fisher’s Least
Significant Difference test (p < 0.05 and p < 0.01) used to identify
significant differences between individual means. When data was
found to be non-parametric, the Kruskal–Wallis test was carried out
and the Mann–Whitney U-test used to compare individual means.

2.6. Quality control

The aqua regia digestion of soil samples was  carried out
alongside an in-house reference material traceable to a certified
reference material (BCR-143R – trace elements in a sewage sludge
amended soil; Commission of the European Communities, Com-
munity Bureau of Reference) certified for Pb and Zn and with an
indicative value for Cu. Recoveries of these elements were 93%,
SD = 4.2, n = 2 for Pb, 90%, SD = 0.81, n = 2 for Zn and 103%, SD = 2.4,
n = 2 for Cu This confirmed the efficiency of the acid digestion.
Arsenic was below detection limits in the in-house reference mate-
rial (<14 mg  kg−1) so an in-house quality control As solution was
run alongside the ICP-OES analysis of As solutions. The recovery
of this reference solution was 103%. The sum of As species iden-
tified by HPLC-ICP-MS was compared to total As concentrations
measured in the supernatant by ICP-MS. Recoveries of the total As
in the supernatant were 104% (SD = 5.2, n = 5), 101% (SD = 1.0, n = 5)
and 102% (SD = 0.7, n = 5) for casts, bulk earthworm inhabited soil
and control soil, respectively. The detection limits of the individ-
ual species of As were 0.10, 0.013, 0.020, 0.054 and 0.053 mg  kg−1

for AsV, MA,  DMA, AsIII and AB respectively. NMR  samples were
dissolved in water containing an internal reference standard (d4-
trimethylsilylpropionic-acid), the presence and position of which
was identified for each sample analysed.

3. Results and discussion

3.1. Experiment 1: impact of gut passage on As mobility over time

There was  significantly (p < 0.001) greater water soluble As,
soluble organic C and soil pH in the fresh casts of L. terrestris
and after ageing for 1, 7, 14, 28 and 56 days compared to both
bulk earthworm-inhabited and earthworm-free control soil (Fig. 1).
There were no significant differences in water soluble As, soluble
organic C or soil pH between the bulk and control soil at any of

the time points. The concentration of water soluble As was signifi-
cantly (p < 0.01) greater in the fresh casts and those aged for 1 and
7 days than in the casts aged 14, 28 and 56 days. Soil pH was  sig-
nificantly (p < 0.01) greater in the fresh casts and those aged 1 and

s (n = 3, ±standard error).

100 Earthworms 150 Earthworms 200 Earthworms

7.15 ± 0.02 7.31 ± 0.01 7.28 ± 0.01
6.45 ± 0.14 12.2 ± 0.26 24.4 ± 0.40
<11.6 <11.6 <11.6
4380 ± 81 7740 ± 140 13,000 ± 23
53.8 ± 1.2 125 ± 5.5 378 ± 11
11,700 ± 120 21,600 ± 910 29,800 ± 270
21,100 ± 240 43,800 ± 750 56,000 ± 81
17.3 ± 0.19 36.2 ± 0.23 42.5 ± 0.060
2.30 ± 0.050 6.43 ± 0.11 10.9 ± 0.11
12.63 ± 0.060 22.3 ± 0.017 32.8 ± 0.083
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Fig. 1. Water soluble arsenic, organic carbon and soil pH in Lumbricus terrestris casts,
bulk  earthworm-inhabited and earthworm-free control DGC soil after 7 days of
e
b

7
(
s
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f
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e
a
a
W
d
f

Fig. 2. Concentration of water soluble arsenate (AsV), monomethylarsenic (MA),

tive hypothesis offered was  that As(V) may  be reduced to As(III) in
arthworm incubation and then further ageing of 0, 1, 7, 14, 28 or 56 days. Error
ars are standard errors of the mean, n = 5.

 days than the casts aged 14 days which in turn were significantly
p < 0.01) greater than casts aged 28 and 56 days. There were no
ignificant differences in soluble C in casts between any of the time
oints.

The increase in water soluble As concentrations in the casts of L.
errestris inhabiting As contaminated soil (Fig. 1) agrees with previ-
us experiments using DGC soil [6],  but until now the longevity of
uch effects has been unknown. Even after casts were aged, moist
or 56 days, the concentration of water soluble As was  more than
ine times greater than bulk earthworm inhabited soil. This not
nly shows that passage through the earthworm gut increases the
obility of As in soil, but also that this effect persists in the soil

nvironment for sufficient time for As to be leached out of the soil
nd for longer than the time after cast deposition that microbial
ctivity is elevated [18]. As rainfall events are frequent in South-

est England, where DGC soil was collected, it is likely that after

eposition of an earthworm cast on the surface of the soil a rain-
all event will take place while the mobility of As in the cast is still
dimethylarsenic (DMA), arsenite (AsIII) and arsenobetaine (AB) in Lumbricus ter-
restris casts, bulk earthworm-inhabited and earthworm-free control DGC  soil after
7  days incubation. Error bars are standard errors of the mean, n = 5.

elevated. This increases the chance that As may  be leached out of
the casts to water bodies.

Mineral fragments in DGC soils are coated in thin films of Fe oxy-
hydroxides (up to 50 �m thick), which are the main carriers of As in
the mine soils [19]. Increases in the pH of soils containing Fe oxides
and oxyhydroxides results in the soil becoming increasingly posi-
tively charged and favours the desorption of oxyanions of arsenate
and arsenite [20]. Increases in soluble organic carbon increases the
competition between dissolved organic matter and As oxyanions
for sorption sites on Fe oxides and oxyhydroxides [10]. Although
both increases in soil pH and increases in soluble organic carbon
may  be responsible for the observed increases in metal mobility
in this experiment, it is likely that the increase in pH is responsi-
ble for the earthworm induced changes observed here because the
changes in pH over time more closely match the changes in water
soluble As (Fig. 1).

3.2. Experiment 2: impact of gut passage on As speciation

The majority of the water soluble As in the bulk earthworm-
inhabited and earthworm-free control soils was identified as As(V)
and As(III) with small quantities (<2%) of AB and DMA  (Fig. 2).
MA was  not identified in any of the samples and only As(V) and
As(III) were identified in the earthworm casts. The total concen-
tration of water soluble As was significantly (p < 0.001) greater
in the casts compared to the bulk earthworm inhabited or con-
trol soil and there was  no significant difference between bulk and
control soils in terms of total As, As(III) or As(V), in agreement
with the observations in Experiment 1 (Fig. 1). There was  a sig-
nificantly (p < 0.001) greater concentration of water soluble As(V)
but not As(III) in the casts of L. terrestris compared to both the bulk
earthworm-inhabited and the earthworm-free control soil (Fig. 2).
This suggests that the increase in the mobility of As in the earth-
worm casts observed in Experiment 1 was due to the mobilisation
of As(V).

Sizmur et al. [5] suggested that the reason for increased
concentrations of As in water leached through columns of As-
contaminated soil from DGC inhabited by L. terrestris may  have been
due to earthworm facilitated decomposition whereby organic mat-
ter was physically and chemically conditioned for microbial and
enzymatic attack [21] leading to degradation of organically bound
As and subsequent release of As into the soil solution. An alterna-
the anoxic earthworm gut [7] leading to a concurrent increase in As
mobility due to the greater solubility of As(III) compared to As(V).
Experiments 1 and 2 from the current study support the hypothesis
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Fig. 3. Soluble arsenic, organic carbon and suspension pH in DGC soil extracted with
a  deionised water control solution (0 earthworms) and dilute mucus solutions pro-
duced from 50, 100, 150 or 200 Lumbricus terrestris. Error bars are standard errors of
t
(

p
i
o

3

m
b
o
t
t
g
d
i
F
i

he  mean, n = 5. Bars with different letters indicate treatments that are significantly
p  < 0.01) different from one another.

reviously suggested [5] that passage through the earthworm gut
ncreases the pH of the soil and stimulates the degradation of
rganic matter leading to mobilisation of organically bound As(V).

.3. Experiment 3: impact of mucus on As mobility

The concentration of As extracted with the dilute earthworm
ucus solutions significantly (p < 0.001) increased with the num-

er of earthworms used to produce the solutions (Fig. 3). This was
bserved alongside a significant (p < 0.001) increase in the pH of
he mucus-soil suspension and a significant (p < 0.001) increase in
he concentration of soluble organic carbon. In addition there were
reater concentrations of phosphate in the mucus solutions pro-

uced using 150 or 200 earthworms (Table 2). Mechanisms for the

ncrease in extractable As could be greater desorption of As from
e oxides and oxyhydroxides as surfaces become increasingly pos-
tively charged [20] and as there is greater competition between
 Materials 197 (2011) 169– 175 173

organic or inorganic (phosphate) ligands and As for sorption sites.
The phosphate and arsenate oxyanions are chemically very similar
and therefore compete for the same sorption sites on the surfaces
of soil particles which leads to increases in the desorption of As in
soil solutions that contain high concentrations of phosphate [22].

However, the concentrations of As extracted with the solutions
made using the 50 and 100 earthworm treatments were lower than
the As extracted with the deionised water control solution (Fig. 3),
despite these mucus solutions having greater pH, TOC and concen-
tration of ions (including phosphate) in solution (Table 2). This is
contrary to what would be expected if the organic C in the mucus
behaved like the fulvic and humic acids that make up dissolved
organic matter found in soils and sediments [10]. The formation of
ternary complexes has been shown to increase the sorption of As
[23], U(VI) [24] and Cu and Zn [25] to iron oxides in previous stud-
ies. An explanation for the decrease in As mobility in the presence
of the 50 and 100 earthworm mucus solutions may  be the forma-
tion of FeOH–amino acid–As complexes. Amino acid zwitterions
such as leucine, isoleucine, valine and lysine were identified in the
dilute earthworm mucus solutions used in this experiment (Fig. 4),
in agreement with amino acids identified by Zhang et al. [26] in the
mucus of the earthworm Metaphire guillemi. The pKa constants of
the positively charged amine groups and negatively charged car-
boxyl groups of these amino acids (9.6 and 2.4 for leucine, 9.7 and
2.4 for isoleucine, 9.6 and 2.3 for valine and, 9.0 and 2.2 for lysine
respectively) [27] indicate that the amino acids will act as zwit-
terions within the pH range of this experiment (4–6). Therefore,
these amino acids may  act as a bridging compound between the
positively charged iron oxide (point of zero charge 6.5 for mag-
netite, 6.8 for goethite and 6.7 for hematite) [28] and the negatively
charged H2AsO4

− oxyanion (pKa 2.20) [29]. In the case of lysine,
two As oxyanions may  be associated with each positively charged
site on the surface of iron oxide due to lysine’s positively charged
side chain (pKa 10.5) [27]. In the more dilute mucus solutions pro-
duced from 50 or 100 earthworms this ternary complexation effect
dominates over the impact of increasing pH and phosphate but in
the more concentrated mucus solutions produced from 150 or 200
earthworms the effects of increasing pH and phosphate dominate,
probably because the positively charged sites on the surface of the
iron oxide are saturated.

3.4. Environmental relevance

The anthropogenic input of As into the soil environment is
of serious environmental concern and the migration of As from
contaminated soils to receptors such as vegetation, water courses
or human populations needs to be quantified and mitigated [30].
Estimates of the transfer of As from the pedosphere into the
hydrosphere and biosphere [31] have not considered the effects of
biological processes in the soil environment on the mobility and
toxicity of As in the soil. Since the ecology of anecic earthworms
results in the deposition of fresh casts on the surface of the soil,
there is a risk that when rainfall events result in overland flow,
As mobilised in cast material may  leach out of the soil and into
surface waters where toxic effects on biota and human populations
can occur. In addition, the permanent vertical burrows created by
anecic earthworms, provide channels of least resistance for water
to percolate through the soil [32] to depths reaching the water table.
During passage through the topsoil to the subsurface and eventu-
ally the groundwater, rainfall will percolate through the earthworm
faeces used to line these burrows and aestivation chambers. Bur-
rows are also lined with earthworm mucus [8] which, depending

on the concentration, may  either further increase or decrease
the mobility of As. Owing to these environmentally relevant
biogeochemical processes, the migration of As from contaminated
soils to water courses may  be underestimated when bulk soil or
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Chapman et al. [33] discuss the use of safety factors in
uman and ecological risk assessment when extrapolating lab-
ratory exposure of contaminants to field exposure, concluding
hat appropriate assessments of ecologically relevant endpoints
e adopted in favour of safety factors. Here we provide comple-
entary evidence that chemical analyses of contaminated soils
ay  not adequately explain the bioavailability of contaminants

o receptors due to the complex interactions between biota and
ontaminants in the soil environment. We  therefore recommend
he assessment of appropriate, ecologically relevant endpoints
uring the risk assessment of As in the environment, but where
his data is lacking, an additional safety/uncertainty factor of
0 be applied to assessments of the mobility or bioavailabil-

ty of As in contaminated soils where anecic earthworms are
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jhazmat.2011.09.071.
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