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Abstract Biochar has a charcoal polycyclic aromatic struc-
ture which allows its long half-life in soil, making it an ideal
tool for C sequestration and for adsorption of organic pollut-
ants, but at the same time raises concerns about possible ad-
verse impacts on soil biota. Two biochars were tested under
laboratory-controlled conditions on Eisenia andrei earth-
worms: a biochar produced at low temperature from wine tree
cuttings (WTB) and a commercial low tar hardwood lump
charcoal (HLB). The avoidance test (48-h exposure) showed
that earthworms avoid biochar-treated soil with rates higher
than 16 t ha−1 for HLB and 64 t ha−1 for WTB. After 42 days,
toxic effects on earthworms were observed even at application
rates (100 t ha−1) that are generally considered beneficial for
most crops. The concentration of HLB and WTB required to
kill half of earthworms’ population (LC50; 95 % confidence
limits) in the synthetic OECD soil was 338 and 580 t ha−1,
respectively. Accumulation of polycyclic aromatic hydrocar-
bons (PAH) in earthworms exposed to the two biochar types at
100 t ha−1 was tested in two soils of different texture. In
biochar-treated soils, the average earthworm survival rates
were about 64 % in the sandy and 78 % clay-loam soils.
PAH accumulation was larger in the sandy soil and largest in

soils amended with HLB. PAH with less than four rings were
preferentially scavenged from the soil by biochars, and this
behaviour may mask that of the more dangerous components
(i.e. four to five rings), which are preferentially accumulated.
Earthworms can accumulate PAH as a consequence of expo-
sure to biochar-treated soils and transfer them along the food
chain. Soil type and biochar quality are both relevant in deter-
mining PAH transfer.
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Introduction

Biochar is increasingly being promoted by climate policy
makers as a winning strategy to reduce use of fossil fuels,
improve soil fertility, and remediate polluted soils (Anyika
et al., 2015) and as a tool in the offset of global warming
through soil C sequestration (DeLuca et al. 2006; Lehmann
et al. 2011; Laird 2008). However, due to the potential intro-
duction of contaminants (polycyclic aromatic hydrocarbons
(PAH) and potentially toxic elements), biochar management
scenarios and their impacts require further and comprehensive
research before this practice can be extensively implemented
(Sohi et al. 2008; Verheijen et al. 2010; Oleszczuk et al., 2013;
Kuśmierz and Oleszczuk 2014). The biochar loading capacity
(BLC), defined as the maximum amount of biochar, which
can be safely added to soils without compromising soil
functions, and which is strongly influenced by both soil
and biochar properties (texture, pH, organic C, soil micro-
bial biomass, etc.), has not yet been determined (Verheijen
et al. 2010).

Biochar is, in fact, a polycyclic organic material which
differs only in size from a class of atmospheric priority
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pollutants. The Second Report to Congress on the atmospheric
deposition of pollutants to the Great Waters (United States
Environmental Protection Agency 1987) introduced polycy-
clic organic matter (POM) in the list of priority pollutants.
POM has predominantly a particulate form, and eight major
categories of compounds have been defined by the
Environmental Protection Agency (EPA) as POM constitu-
ents. The most common category is the PAH (Sorgi 2007;
Liu et al. 2008). Due to the way it is produced—burning
carbon-rich biomass at high temperatures and in an oxygen-
limited environment (pyrolysis)—biochar contains a wide
range of PAH. Major concern is usually restricted to six to
16 compounds, specified by US EPA (2002) and that of EU
(2006), due to their carcinogenic, mutagenic, or teratogenic
action through the formation of DNA adducts (Freddo et al.
2012). The PAH concentration in biochar is rather variable
and depends mostly on pyrolysis temperature (Keiluweit
et al. 2012). Several studies noted low concentrations of
PAH content for Σ16 US EPA PAH (sum of the 16 most com-
monly identified PAH of environmental concern considered
by US EPA) ranging between 0.06 to 0.15 mg kg−1, 0.08–
8.7 mg kg−1, or 0.07–3.27 mg kg−1 (Nakajima et al. 2007;
Freddo et al. 2012; Hale et al. 2012) and for Σ15 EU PAH of
0.2–5 mg kg−1 (Fabbri et al. 2013). However, Brown et al.
(2006) reported cumulated values of PAH ranging from 3 to
28 mg kg−1 in synthetic wood char; Kloss et al. (2012) quan-
tified values up to 33.7 mg kg−1 for Σ16 US EPA regardless of
the type of processed feedstock and Jonker and Koelmans
(2002) up to Σ13 PAH 45 mg kg−1 for charcoal.

Soil background levels and proposed limits for PAH are
based on the total contaminant concentration and not on the
bioavailable fraction, which would be more closely related to
environmental risk (Semple et al. 2004; Hale et al. 2012). Few
studies evaluated the bioavailable concentration of PAH in
biochar and in soils amended with biochar. This lack of
knowledge involves also the extent to which PAH fractions
are associated to potential ecotoxicological implications
(Oleszczuk et al. 2013). Waqas et al. (2015) investigated the
availability of PAH fractions from sewage sludge biochar to
tomato plants; however, many PAH are animal carcinogens
and their lipophilic nature can result in bioaccumulation by
soil biota.

Earthworms, the most common model organism among
soil biota in ecotoxicological studies, have a relatively high
body lipid content; therefore, accumulation of lipophilic tox-
icants have often been detected in their tissues. Many small
mammals and birds pray on earthworms, and this contributes
in the transport of contaminants from soil to food chains
(Bergknut et al. 2007; Fagervold et al. 2010).

The interaction of earthworms with biochar has already
attracted the attention of researchers, but the effects are con-
tradictory and still not fully clarified (Lehmann et al. 2011;
Weyers and Spokas 2011; Wang et al. 2011). Van Zwieten

et al. (2010) observed in Ferrosol that earthworms preferred
biochar-amended soil over the controls: this is indeed not sur-
prising, given the extremely acid pH of the soil (pH=4.20)
and the well-known liming effect of biochar addition. Chan
et al. (2008) reported that earthworms reacted differently to
different types of biochar. Gomez-Eyles et al. (2013) observed
a significant weight loss of earthworms in a hardwood
biochar-amended soil contaminated with PAH, relative to the
same soil without biochar.

Earthworms are particularly exposed to biochar toxicity
because they may feed on microbes (Shan et al. 2013) which
are generally more abundant on biochar surfaces. Topliantz
et al. (2005) and Ponge et al. (2006) proposed that its ingestion
may favour microbes on which earthworms depend for enzy-
matic digestion, possibly profiting from detoxifying or pH-
ameliorating effects of the material. Weyers and Spokas
(2011) found that biochar application rates larger than
67 t ha−1 had a negative impact on earthworm survival rates.
These contrasting results highlight the need to elucidate the
complex and combined effects of soil type, application rate,
and feedstock used for biochar to predict the impact of biochar
application on the soil biota and particularly on earthworms.

Chemical analysis alone is not sufficient for the estimation
of the risk related to the utilisation of biochars as a soil
fertiliser (Malara and Oleszczuk 2013). Biological tests, albeit
not alternative to chemical analyses, may prove to be useful
for estimating the potential risks. In addition, the application
of biological tests permits the study of the possible interac-
tions among various contaminants that provide ultimate evi-
dence on the existence or absence of toxic effect on
organisms.

The purposes of this research were as follows: (i) to verify
the biochar potential toxicity to E. andrei, a typical earthworm
indicator species; (ii) to test the effect of soil texture and bio-
char type on PAH bioaccumulation in E. andrei; and (iii) to
quantify the potential limits of biochar addition without
compromising earthworm survival.

Materials and methods

Soils

The Organisation for Economic Co-operation and
Development (OECD) artificial soil (OECD 1984), a standard
test substrate for terrestrial ecotoxicological studies, was
employed in the avoidance and toxicity tests. The artificial
soil was prepared by mixing 10 % (w/w) Sphagnum moss
peat, 20 % (w/w) kaolinite clay, and 70 % (w/w) industrial
quartz sand. The dry components of the artificial soils were
mixed thoroughly in the correct proportions before water was
added in order to achieve a moisture content of about 35% dry
weight (OECD 1984). The pHwas then adjusted with calcium
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carbonate (CaCO3) to the optimal range (6.5–7.5), and the
OECD soil was left to pre-equilibrate for 2 weeks at room
temperature before starting the experiment.

Two natural soils were selected for the PAH accumulation
experiment: (i) a sandy soil (Typic Udorthent; 89 % sand, 6 %
silt, and 5 % clay; 2.3 % organic C; pH 7.5) and (ii) a clay-
loam soil (Oxyaquic Eutrudept; 19 % sand, 50 % silt, and
21 % clay; 1.8 % organic C; pH 7.3). After removing the
superficial layer and plant debris, the collected soils (5–
20 cm in depth) were sieved to <2 mm and stored moist at
40 % of their water holding capacity and 4 °C before use. The
PAH contents of the soils are reported in Table 1.

Biochars

Two different biochars were used for this study: a biochar
produced at low temperature (<350 °C) from wine tree cut-
tings (WTB) with a traditional earth mould kiln and a low tar
hardwood lump charcoal (HLB) industrially produced by gas-
ification. The two biochars were ground and sieved to below
2 mm and wetted with distilled water prior to soil application.
Main chemical characteristics of the two biochars are reported
in Table 2.

Experimental model organism

E. andrei earthworms (Oligochaeta, Lumbricidae) were reared
under standard culture conditions in a climate chamber at
20 °C with 12/12 h light/dark periods and 80 % relative hu-
midity. Plastic containers were filled with a bedding of potting
soil and peat, adjusted to pH 6.5–7.5. The cultures were reg-
ularly fed with poplar leaf litter plus vegetable scraps.

For this study, sexually mature adult earthworms (2 months
old) with well-developed clitellum, with a length of approxi-
mately 7 cm and a wet weight between 200 and 400 mg, were
used, as recommended by international guidelines (ISO
11268–2 1998; OECD 2010). At the beginning of the exper-
iment, adult earthworms were transferred from the culturing
media, washed, dried by blotting with a tissue, and weighed
before being transferred to test pots.

Avoidance test

A two-chamber earthworm avoidance test was carried out as
described by Loureiro et al. (2005). Briefly, a plastic square
container (20×20×10 cm) was divided byway of a removable
separator into two separate sections. One section of the test
vessel was filled with 800 g of the OECD soil, the other with
the same soil amended with different amounts of biochar. A
geometric progression of increasing additional loads was ex-
amined: the seven treatments corresponded, on a field basis, to
an equivalent load of 8, 16, 32, 64, 128, 256, and 1024 t ha−1

of biochar (considering 1.3 t m−3 of soil bulk density and

20 cm of incorporation depth). Five replicates were carried
out for each experimental unit. Before starting the experi-
ments, the artificial soil and the artificial soil plus biochar
mixtures were brought to 40 % of their respective water hold-
ing capacities (WHC) with distilled water and were left to
equilibrate for at least 24 h. After filling the container sections,
the separator was removed and ten worms were placed on the
centre line on the soil surface and the container lid closed.
After 48 h, the communications between the two sections
were again blocked by inserting the separator, and the worms
in each test substrate were extracted and counted.

Dose–response toxicity test

The earthworms were acclimatised for 24 h under the same
incubation conditions described above in the untreated artifi-
cial soil before the dose–response test.

The test was conducted using the standard OECD soil as
previously described (OECD 1984) with an exposure period
of 59 days. As in the previous experiment, a range of concen-
trations in geometric progression corresponding to 0, 8, 16,
64, 128, 256, and 1024 t biochar ha−1 was tested. The artificial
soil and the artificial soils plus biochar mixtures were all
brought to 40 % of their WHC and were left to equilibrate
for at least 24 h. Pots were kept in an incubation chamber at
constant temperature (20±1 °C) and humidity, under 12/12 h
light/dark cycles. Water content and pH were monitored
throughout the experiment. The test was run with three repli-
cates. After 59 days, the test pots were emptied and the sur-
viving adults counted and weighed after 24 h depuration.

On the 60th day, earthworms were returned to the same
vessels and fed with a mixture of uncontaminated poplar
leaves and vegetable scraps to assess if lack of fresh food
may have influenced their growth and survival. The experi-
ment went on for another 72 days, during which period each
individual organism from each exposure group was weighed
at regular intervals to monitor changes in wet weight.

PAH accumulation experiment

In the PAH accumulation experiment, 30 specimens of
E. andrei per pot were placed in 22 plastic pots, each filled
with 2 kg of sandy or clay-loam soil (controls) or biochar-
amended soils. Biochar-amended soils contained 42 g of bio-
char per kilogram of soil. This addition rate equates to a field
application of 100 t ha−1 considering a soil incorporation up to
20 cm in depth.

Right before addition, biochar was mixed in a proportion of
1:1 by dry weight with wet minced poplar leaf litter, and the
mixture was either added on top of the soil (litter placement)
or mixed with the soil (soil incorporation). The pots were kept
in an incubation chamber at constant temperature (20±1 °C)
and humidity, under 12 h light/dark cycles for 48 days. All
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Table 1 Content of PAH in the certified soil, in the sandy soil, and in the clay-loam soil (data expressed in ng g−1 soil)

No. PAH No. of rings Sandy soil Clay-loam soil Certified soila

Certified Measured

1 Naphthalene 2 46.87 114.45 1200±327 1465±339

2 Acenaphthene 2 0.00 16.96 260±133 215±90

3 Fluorene 2 0.00 0.00 5670±1100 6294±991

4 Phenanthrene 3 0.00 0.00 1900±425 2017±305

5 Anthracene 3 0.00 0.00 389±135 476±60

6 Fluoranthene 4 4.00 10.96 3870±766 4809±789

7 Pyrene 4 35.53 67.91 1110±240 886±65

8 Benzo[a]anthracene 4 0.00 0.00 4060±796 3015±386

9 Chrysene 4 0.00 0.00 6790±1430 5471±848

10+11 Benzo[b+k]fluoranthene 5 9.54 6.95 5380±1037 4824±686

12 Benzo[a]pyrene 5 2.64 1.51 406±98 371±42

13 Indeno[123-cd]pyrene 5 0.00 5.68 1840±565 1841±193

14 Dibenzo[ah]anthracene 5 2.42 1.80 4800±1020 4895±589

15 Benzo[ghi]perylene 6 8.66 8.58 4720±1120 4154±587

Σ1–15 PAH 109.66 234.80

ΣPAH≥4 rings 62.79 103.39

a Certified material BNAs Clay-loam Soil (CRM 131-100)

Table 2 Chemical composition,
pH, and contents of PAH in the
two biochars

Property Wine trees cuttings
biochar (WTB)

Hardwood lump
biochar (HLB)

Total C (g kg−1) 57.8 78.4

Total N (g kg−1) 4.05 0.54

pH (H2O) 7.81 10.72

Extractable C (μg C g−1) 2745 120

Extractable NH4
+-N (μg C g−1) 2.49 0.12

Extractable K+ (μg g−1) 186.94 93.45

Extractable Ca2+ (μg g−1) 133.23 101.38

Extractable Mg2+ (μg g−1) 87.72 2.36

1 Naphthalene (ng g−1) 983.1 1678.8

2 Acenaphthene (ng g−1) 19.1 85.6

3 Fluorene (ng g−1) 35.5 99.3

4 Phenanthrene (ng g−1) 143.3 321.1

5 Anthracene (ng g−1) 289.3 1117.7

6 Fluoranthene (ng g−1) 51.2 148.1

7 Pyrene (ng g−1) 56.4 2657.0

8 Benzo[a]antracene (ng g−1) 529.0 276.9

9 Chrysene (ng g−1) 2.1 99.3

10+11 Benzo[b+k]fluoranthene (ng g−1) 9.6 162.9

12 Benzo[a]pyrene (ng g−1) 158.0 15.6

13 Indeno[123-cd]pyrene (ng g−1) 2.3 13.9

14 Dibenzo[ah]antracene (ng g−1) 7.2 70.5

15 Benzo[ghi]perylene (ng g−1) 2.2 62.5

Σ1–15 PAH (ng g−1) 2288.3 6809.2

ΣPAH≥4 rings (ng g−1) 818.0 3506.7
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pots were sealed with nylon gauze. Soil water loss was mon-
itored byweighting pots at regular intervals, and humidity was
kept at 40 % of the soil WHC throughout the experiment. The
numbers of replicate treatments were as follows: three repli-
cates for controls for each soil type and two replicates for
treatments.

At the end of the PAH accumulation experiment, earth-
worms were carefully handpicked from the soil, after it had
been spread out in a thin layer on a polyethylene sheet. They
were counted and allowed to purge the gut content on moist-
ened filter paper until casts were no longer released. They
were then rinsed, blotted dry, killed with liquid nitrogen,
homogenised, and stored at −20 °C for PAH analyses
(Arnold and Hodson 2007).

PAH extraction and analyses

Before extraction, the earthworms were allowed to defrost.
The extraction was performed using an Accelerated
Solvent Extractor (ASE X-100, Dionex): ca. 1.5 g of sam-
ple was placed in the extractor cell together with 1.5 g of
dried Na2SO4. A solution of surrogate standards of deuter-
ated PAH (100 μL, 1.2 μg mL−1 Wellington L429-IS) was
added for the evaluation of recovery rates. The extraction
was performed in a mixture of dichloromethane/acetone
1:1 for trace analysis (Pestanal, Sigma-Aldrich) at 140 °C
and 100 atm (three extraction cycles of 10 min). The ex-
tract (ca. 120 mL) was rotary-evaporated under reduced
pressure to ca. 1 mL. In order to reduce the amount of
lipids present, which can interfere with gas chromatogra-
phy–mass spectrometry (GC–MS) analysis, the extract was
purified using alkaline digestion by adding 20 mL of 6 M
NaOH and letting the solution in contact for 18 h at ambi-
ent temperature. Extraction was then carried out with 3×20
mL of hexane.

PAHwere extracted from soil and biochar similarly as from
earthworms but using toluene 100 % instead of
dichloromethane/acetone and avoiding the alkaline digestion
which was not required.

The organic phase was rotary-evaporated under reduced
pressure to ca. 1 mL and purified by column chromatogra-
phy on Florisil activated at 180 °C for 12 h, eluting with
15 mL of dichloromethane. The eluate was evaporated to
dryness by a gentle nitrogen stream and the residue dis-
solved in 2 mL of cyclohexane for trace analysis
(Pestanal, Sigma-Aldrich) containing 100 μL of Pyrene-
D (20 μg mL−1, Aldrich 490695) as internal standard
(Martinez et al. 2004).

PAH analysis was carried out by a GC–MS system (Agilent
6890/5973 Inert, Agilent DB 5msUI capillary column 30m×
0.25 mm i.d.×0.25 μm film thickness) with helium as carrier
gas. The system was equipped with an autosampler (Gerstel
MPS2).

The GC oven temperature program started at 55 °C
then was ramped to 200 °C at 25 °C/min, to 320 °C at
10 °C/min, and to 325 at 25 °C/min, with a final iso-
thermal stage held for 10 min. The mass spectrometer
operated in selective ion monitoring (SIM) mode. The
following mass ions were used for the quantification of
individua l PAH: naphthalene (Nap, m/z 128) ,
acenaphthene (Acp, m/z 153), fluorene (Fl, m/z 166),
phenanthrene (Phe, m/z 178), anthracene (Ant, m/z
178), fluoranthene (Flt, m/z 202), pyrene (Pyr, m/z
202), benzo[a]anthracene (BaA, m/z 228), chrysene
(Chr, m/z 228), benzo[b+k]fluorantene (B[b+k]F, m/z
252), benzo[a]pyrene (BaP, m/z 252), indeno[123-
cd]pyrene (Ind, m/z 276), dibenzo[ah]anthracene (Dba,
m/z 278), and benzo[ghi]perylene (BghiP, m/z 276). The
PAH recoveries were calculated respectively by the fol-
l ow i ng : n a p t h a l e n e - d 8 (m / z 136 , f o r Nap ) ,
acenaphty lene-d8 (m/z 160, for Acp and Fl ) ,
phenanthrene-d10 (m/z 188, for Phe and Ant),
f luoran thene-d10 (m/z 212, for F l t and Pyr) ,
benzo[a]anthracene-d12 (m/z 240, for BaA and Chr),
benzo[b]fluoranthene-d12 (m/z 264, for B[b+k]F),
benzo[a]pyrene-d12 (m/z 264, for BaP), indeno[1,2,3-
cd]pyrene-d12 (m/z 288, for IND and DBA), and
benzo[ghi]perylene-d12 (m/z 288, for BghiP).

Results obtained from the analysis of a certified soil mate-
rial BNAs Clay Loam Soil (CRM 131-100) were used to
ensure quality control of analyses (Table 1).

Bioconcentration factors (BAFs) were expressed in ki-
logram of soil per kilogram of worm and were calculated
by dividing the concentration of PAH per kilogram of
earthworm dry weight (Cew) by that in the dry soil
(Csoil) as follows (Doctor et al. 2000):

BAF ¼ Cew

Csoil

Data analyses

Concentrations were based on oven-dried soil weight and
expressed as mean±standard deviation (SD). Lethal concen-
tration that caused 50 % deaths (LC50) was evaluated with the
Trimmed Spearman-Karber Method by a statistics software
tool provided by the EPA Ecological Exposure Research
Division (EERD–EPA 2014) (http://www.epa.gov/nerl/
topics/chemicalsafety.html).

The non-parametric Kruskal–Wallis test was per-
formed to examine the significance of difference bet-
ween treatments (P<0.05) in the PAH bioaccumulation
experiment (Miller and Miller 1993). Data were statisti-
cally analysed by R software (R Development Core
Team 2010).
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Results

Avoidance test

Figure 1 shows the average number of worms that remained in
the biochar-treated soils after 48 h. All earthworms escaped
from treatments with HLB at and above 256 t ha−1 and at
1024 t ha−1 for WTB. Elaboration of results showed that the
biochar dose that resulted in a 50 % reduction of earthworm
number was 45 t ha−1 for HLB and 122 t ha−1 for WTB. A
significant decrease (−30%) was already observed at 16 t ha−1

application rate in HLB treatment. The maximum biochar rate
that produced non-observable effects (NOE) was equivalent to
8 and 16 t ha−1 in HLB and WTB, respectively.

Dose–response toxicity test

After 7 days, the concentrations required to kill half the mem-
bers of the tested population (LC50; 95 % confidence limits)
was 933 t ha−1 However, LC50 decreased with time (Fig. 2),
and after 42 days, it reached 338 and 580 t ha−1 respectively
for HLB and WTB and did not change significantly until the
end of the experiment (59 days). All earthworms exposed to
the highest rate (1024 t ha−1) of both biochars died within
3 weeks from the start of the experiment.

Following the OECD protocol, earthworms were not fed
during this test, therefore earthworms that had survived lost
weight in all treatments, as the organic component of the arti-
ficial soil (peat) cannot represent an adequate food source. No
significant differences were found at lower biochar addition
rate: the average weight loss per earthworm ranged from about
30 (control) to 25 % (16 t ha−1 biochar) of the initial wet
weight. Conversely, a much larger (44 %) loss was observed
in the 256 t ha−1 treatment.

At the end of the test, earthworms were put back in the
same containers and fed with poplar litter plus food scraps.
No more earthworms died during this further period of expo-
sure. Cumulative weight gains per treatment, measured
72 days after regular feeding was resumed, were significantly
lower in earthworms exposed to 256 t ha−1 biochar (Fig 3).

PAH accumulation experiment

An unexpectedly large mortality was observed in the biochar
treatments. Biochars were added at a rate of 100 t ha−1, which
corresponds to less than 30 % of the LC50 determined in the
OECD soil for HLB. According to results obtained in the
artificial soil toxicity test, this dose should have resulted in
the loss of less than 10 % of the population. On the contrary,
death rates reached 37.5 % in the sandy soil and 22.5 % in the
clay-loam soil plus biochar (Table 3). In the controls, however,
they were low and comprised between 1 and 4 % respectively
in the sandy and clay-loam soils. Earthworms recovered from
the controls were also much more viable than those found in
both biochar treatments which had also acquired a lumpy and
irregular shape (Supplementary materials: Figs. S1 and S2).
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Considering the effect of the biochar type on the death rate,
the difference with controls (mean of all soils, 2.8 %) was still
highly significant: the largest mortality was caused by the
HLB (39.1 %) compared to the WTB (19.2 %).

Earthworms accumulated PAH from biochar at about
the same rate, either when applied at the soil surface or
directly incorporated in soil (Fig. 4), so the epigeic behav-
iour of E. Andrei did not affect results. Surprisingly, in
spite of the fact that HLB had a much larger concentration
of cumulated PAH than WTB (6809 ng g−1 in HLB against
2288 ng g−1 in WTB), more PAH were taken up from the
WTB than from the LHB biochar, showing a significant
effect of biochar type on PAH bioaccumulation (Fig. 5).
Concentrations of individual PAH compounds in earth-
worms, as function of soil type, are reported in the
Supplementary materials (Figs. S3, S4, and S5).

Soil texture also had a significant impact on the cumulated
PAH uptake, which was largest in the sandy soil (Fig. 6).
Interaction with soil clay minerals evidently decreased PAH
availability: earthworms took up less PAH from the clay-loam
soil, notwithstanding that cumulated soil PAH concentrations
in all treatments, included controls, were from 25 to 50 %
larger in this soil than in the sandy soil.

Compounds with less than four aromatic rings were either
made less bioavailable by the presence of biochar or their
concentrations in earthworm tissues were not significantly
different from controls. On the contrary, accumulation of
PAH with four or more rings followed biochar addition in
the sandy soil. In the clay-loam soil, accumulation was ob-
served only for four-ringed PAH, but was again depressed by
biochar for PAH with five or more rings.

The cumulated concentrations of PAH with four or more
rings (ΣPAH≥4) showed in the sandy soil an even more pro-
nounced and significant accumulation, confirming that PAH

Table 3 Number of viable earthworms recovered in the different treatments and corresponding death rates at the end of the PAH accumulation
experiment (48 days)

Soil type Biochar type Placement
Earthworms (no.) Death rate (%) Earthworms (no.) Death rate (%) Earthworms (no.) Death rate (%)

Sandy soil WTB Litter placement

Control 28.7a±2.3 4.4a 29.2c±1.6 2.8a 29.2c±1.6 2.8a

Soil+biochar 18.7±4.3 37.5c 24.2±3.5 19.2b 24.0±4.4 20.0b

Clay loam soil HLB Soil incorporation

Control 29.7b±0.6 1.1a 29.2c±1.6 2.8a 29.2c±1.6 2.8a

Soil+biochar 23.2±3.9 22.5b 17.7±3.9 39.1c 18.0±3.5 40.0c

Different letters show significant statistical difference (P<0.05)
aMean of sandy soil controls
bMean of clay loam soil controls
cMean of controls of both soil types

0

100

200

300

400

500

600

700

800

900

1000

controls litter placement soil incorporation

Σ1
5
 P
A
H
 (
n
g
 g

-
1
)

a

b b

Fig. 4 Effect of biochar placement: mixed with litter and added at the
soil surface (litter placement), or mixed with litter and incorporated in the
soil (soil incorporation) on the cumulative PAH accumulation by Eisenia
andrei. Values represented are the mean (n=8) of both soils and both
biochar types. Controls are the mean of six replicates. Bars represent
standard error. Different letters show significant statistical difference
(P<0.05)
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significant statistical difference (P<0.05)
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were more readily absorbed by earthworms in the sandy soil
and that more PAHwere accumulated by earthworms from the
WTB than from the HLB-treated soils (Fig. 7).

Discussion

E. andrei is an epigeic species that prevalently lives in the
organic-rich horizons or in compost and therefore might not
be considered the best model organism to test toxicity in soil.
However, it represents the standard species in most ecotoxi-
cology studies (OECD 2010). We therefore decided to use the
same organism for the different tests carried out in this work.

In our experiment on PAH accumulation, biochar was ei-
ther mixed with the soil (soil incorporation) or placed at the
top of the soil and mixed with the litter (litter placement). Our
results concerning the litter placement treatments clearly
showed that, in both cases, earthworms ingested biochar

particles together with litter fragments and that they modified
their feeding behaviour according to food availability. At the
end of the experiment, the biochar placed at the top of the soil
was clearly seen well mixed with the soil filling up borrowing
holes (supplementary material). Charcoal is ingested by earth-
worms, together with soil particles, and when excreted, the
charcoal/soil paste is stabilised by Van der Waals forces after
drying and forms a dark-coloured humus (Hayes 1983). PAH
accumulation was the same either when biochar has been
placed on the top (litter placement) or when incorporated into
the soil (Fig. 4).

The range of concentrations tested in this work is very
wide, due to the geometric progression required by the
OECD tests, and may seem too large to reflect actual field
situations. However, as reported in the literature, agricultural
yield increases were more frequently obtained at application
rates up to 100 t C per hectare (Jeffery et al. 2011), corre-
sponding to about 120 to 240 t biochar per hectare; therefore,
the PAH accumulation experiment was carried out at a dose
which represents a possible agronomic application rate. So far,
BLCs have been determined keeping in mind potential yield
effects for specific crops—or even individual application rate
treatments—and tested over short periods. As stated by
Verheijen et al. (2010), the BLC guidelines need to be devel-
oped considering not only the ‘per application’ rate, but also
long-term cumulate rates (i.e. t ha−1 year−1 over 10 or
100 years), especially if biochar application is meant as a
means to mitigate climate change. Considering all this and
the persistence of biochar in soil, the range of concentrations
examined does not exceed scenarios that would allow a sus-
tainable use of biochar in agriculture.

In all experiments, biochar was pre-wetted before being
added to the soil, and both soil and soil plus biochar mixtures
were equilibrated at 40 % of their WHC, as a lower moisture
of the soil caused by biochar addition was indicated as the
main cause of avoidance by Li et al. (2011). In spite of this,
earthworms showed a very clear tendency to avoid biochar-
treated soils. Earthworm avoidance tests have a strong ecolog-
ical implications: not only do they demonstrate sensitivity to
hazardous compounds, but due to the mobility and sensitivity
of earthworms, they also indicate that in the environment, the
population of earthworms will be severely reduced or made
less active in biochar-treated soils. This obviously does not
apply to situations where soils are strongly polluted or very
acidic or have some other undesirable characteristic for earth-
worms that can be partially mitigated by biochar addition (Van
Zwieten et al. 2010). Ponge et al. (2006) reported that the
earthworm Pontoscolex corethrurus, the organisms most re-
sponsible for the incorporation of charcoal into the topsoil
aiding to the formation of stable humus in Terra Pretas, pre-
ferred a mixture of charcoal and soil compared to pure soil.
However, the Terra Pretas actually contain only about
50 t ha−1 of charcoal C (Verheijen et al. 2010).
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Liesch et al. (2010a) tested the toxicity of pine chip and
poultry litter biochars on Eisenia fetida and attributed to in-
creased soil pH earthworm mortality and their weight loss,
which reached 100 % at 67.5 t ha−1 of poultry litter biochar,
whereas mortality and weight loss with pine chip biochar did
not differ from control treatments. In this work, at all times
during the toxicity test, differences in water content among
treatments did not exceed 7 % and pH values ranged between
6.9 and 7.7. Neither pH nor water contents can therefore be
considered cause of avoidance or mortality.

Earthworm mortality

The much stronger toxicity of biochars observed in the two
natural soils as compared to the synthetic OECD soil may
have been caused by some kind of pathogen. However, earth-
worms in the controls did not appear to suffer from any
disease, and mortality was very low in both control soils.
Information in the literature is scarce, but Liesch et al.
(2010b) found survival rates between 52 and 2 % for the
application of different biochars. A number of PAH have an
immunosuppressive effect in mice, and the degree of immu-
nosuppression correlates with their carcinogenic potency
(White et al. 1985). Either biochar made earthworms more
susceptible to the pathogen, or it favoured its proliferation
and transfer to earthworms. It has been shown that biochar
provides a very good habitat for microorganisms, and this
can mean that it could as well provide a favourable environ-
ment for some pathogens. It is also possible, however, that the
much larger amount of organic matter contained in the OECD
soil (about ten times that in the natural soils tested) has
adsorbed and made less bioavailable any toxic compound
(e.g. phenols) eventually released from biochar. The peat used
to prepare the OECD artificial soil also provides organic mat-
ter not bound to mineral components and therefore potentially
more active in the neutralisation of negative effects of biochar
(e.g. by adsorption).

PAH accumulation

It is not likely that earthworms were affected by PAH accu-
mulated during exposure. Cumulative concentrations of PAH
in the two natural soils, 0.106 and 0.253 mg kg−1 in the sandy
and clay-loam soils, respectively, were low and well within
several concentration ranges previously reported for European
background soils of non-polluted areas such as the following:
forest 0.06–2.6 mg kg−1 (Krauss et al. 2000; UNEP 2002) and
agricultural/rural 0.016–7.4 mg kg−1 (Jones et al. 1989; Wild
and Jones 1995; Cousins et al. 1997; Krauss and Wilcke
2003). After addition of biochar, the concentrations increased
to 0.329 mg kg−1 (WTB-amended) and 0.396 mg kg−1 (HLB-
amended) in the sandy soil and 0.329 (WTB-amended) and
0.523 mg kg−1 (HLB-amended) in the clay-loam soil, but

remained still well below limits suggested by EU guidelines.
Bioaccumulation of PAH of four-ring size, however, occurred
during the experiment in both soils and in the sandy soil, also
for PAH of larger size. Albeit not very strong compared to
other situations, this may still be of concern because of possi-
ble magnification through the food chain, particularly consid-
ering that most of the carcinogenic potential lays with the four
to seven ring members of this class of pollutants. The average
BAF (see supplementary materials), calculated with respect to
the concentrations of each single PAH in the soil, was 24 in the
sandy soil, compared to four in the clay-loam soil, but the
tendency to accumulation varied widely among the different
PAH ranging from 88-fold for benzo(b+k) fluoranthene to 2-
fold for fluoranthene in the sandy soil only (see supplementary
materials). No accumulation of benzo[b+k]fluoranthene,
indeno[123-cd] pyrene, and dibenzo[ah]anthracene was ob-
served in the clay-loam soil, where the strongest accumulation
(18-fold) was found for benzo(a)anthracene. BAFs, calculated
as the ratio between concentration of PAH in the earthworms
and that in the corresponding soil, were correlated to the Kow

(R2=0.48) (Fig. 8).
Risk assessments of potential bioaccumulation based on

the concentrations of extractable pollutants in earthworms
are probably significantly underestimated. Irreversible bind-
ing of organic xenobiotic compounds to earthworm tissues
can in fact strongly affect bioaccumulation results as demon-
strated by Shan et al. (2010).

Biochar type

The two biochars employed have widely different character-
istics derived from their different process conditions: WTB
was produced through a slow process, low temperature in a
traditional earth-mound kiln, whereas the HLB was produced
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industrially by gasification. WTB contained 2288 ng g−1

PAH, whereas HLB contained 6809 ng g−1. In spite of the
much lower content, more PAH were accumulated in earth-
worms exposed to WTB. It is possible that PAH were more
strongly retained by the more charred surface of the HLB and
therefore made less available for sorption by the skin and gut
tissues of the earthworms. In fact, with slow heating rate and
temperatures, the pyrolysis results in an essentially amorphous
matrix, whereas at higher rates and temperatures graphene
sheets begin to grow (Amonette and Joseph 2009). Two main
mechanisms are involved in PAH retention by biochar: (i)
surface interactions and (ii) absorption into micropores. The
latter explains the scavenging effect of both biochars towards
low molecular weight compounds (Obst et al. 2009) through
absorption, whereas aromatic sheets that are likely more abun-
dant on the surface of HLB show highly favourable π−π in-
teractions with the planar, larger PAH (Hale et al. 2012). The
observed behaviour is also coherent with PAH absorption on
activated carbon. Bansel and Goyal (2005) reported that PAH
with lower molecular weight are adsorbed to a larger extent by
activated C than are PAH with higher molecular weight. This
indicates that cumulated PAH contents alone do not provide
sufficient information on related potential environmental
risks, but ecotoxicological test are still relevant to assess po-
tential toxicity.

Conclusions

Application of large amounts of biochar to soils may not be a
sustainable strategy for C sequestration as often claimed.
Among the possible negative side effects, PAH accumulation
along the food chain and toxicity for soil biota must be fully
investigated before issuing guidelines on biochar maximum
loads. Our results point out that negative effects on earth-
worms may be observed even at application rates of
100 t ha−1 that are considered beneficial for most crops.

The type of biochar also has a strong bearing on its source/
sink behaviour for PAH: our work points out that the cumu-
lated PAH content alone is not a good parameter to predict
their environmental impact. The fraction of PAH from four to
six rings, which features the most active carcinogenic com-
pounds in this class, actually behaves differently than the low
molecular weight members. The latter are preferentially scav-
enged from the soil by biochars, and their behaviour may
mask the release of the more dangerous fraction. Surface prop-
erties may also be important in determining PAH bioavailabil-
ity; this aspect needs to be further investigated, especially at
field level, to devise processes that produce safer biochars for
large-scale (agricultural) uses.

Finally, the type of soil, to which biochar is applied, can
strongly affect transfer of the PAH fraction from four to six

rings to soil biota, and different limits should therefore be
issued for soils of different texture.
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