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a  b  s  t  r  a  c  t

The  potential  terrestrial  toxicity  of three  pesticides,  azoxystrobin,  chlorothalonil,  and  ethoprophos  was
evaluated  using  reproduction  ecotoxicological  tests  with  different  non-target  species:  the  collembolan
Folsomia  candida,  the earthworm  Eisenia  andrei,  and  the enchytraeid  Enchytraeus  crypticus.  All  reproduc-
tion  tests  were  performed  with  natural  soil  from  a  Mediterranean  agricultural  area  (with  no  pesticide
residues)  in  order  to improve  the  relevance  of laboratory  data  to field  conditions.  Controls  were  per-
formed  with  natural  and  standard  artificial  soil (OECD  10%  OM).  The  fungicide  azoxystrobin  showed  the
highest  toxicity  to  earthworms  (EC50 =  42.0  mg a.i.  kg−1 dw  soil).  Collembolans  were  the  most  sensitive

−1

on-target soil organisms
atural soil
editerranean conditions

cotoxicity

taxa  in  terms  of  sublethal  effects  of  chlorothalonil  with  an  EC50 of  31.1  mg a.i.  kg dw  soil  followed  by
the  earthworms  with  an  EC50 of 40.9  mg  a.i. kg−1 dw  soil.  The  insecticide  ethoprophos  was the most  toxic
to  collembolans  affecting  their  reproduction  with  an  EC50 of  0.027  mg  a.i.  kg−1 dw  soil.  Enchytraeids  were
generally  the  least  sensitive  of  the three  species  tested  for long-term  effects.  Earthworms  were  not  always
the most  sensitive  species,  emphasizing  the  need  to increase  the  number  of mandatory  assays  with  key
non-target  organisms  in the environmental  risk  assessment  of pesticides.

© 2014 Elsevier B.V. All rights reserved.
. Introduction

The environmental risk assessment (ERA) of pesticides is based
ainly on scenarios developed for northern and central European

onditions. This may  pose a problem when used for Mediterranean
onditions where soil properties, climatic conditions, biological
ommunities, agricultural practices, and crops are substantially
ifferent (Daam et al., 2011a; Ramos et al., 2000). These generic
cenarios can over- or underestimate the real risks of pesticides
hen applied to a typical Mediterranean environment (Ramos
t al., 2000). Therefore, the use of natural soils is becoming
ore and more important when performing relevant regional ERA

mong European regions (Chelinho et al., 2011). Pesticides ERA for
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929-1393/$ – see front matter ©  2014 Elsevier B.V. All rights reserved.
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terrestrial organisms uses standardized ecotoxicological tests tra-
ditionally performed in standard artificial soil (e.g., OECD, 1984;
ISO, 1998), or in standard natural soil (e.g., LUFA2.2) that often do
not possess the characteristics of agricultural natural soils, there-
fore not mimicking realistic exposure conditions to pesticides for
soil biota in the field (Kuperman et al., 2006). It has been docu-
mented that differences in soil properties, such as for e.g., organic
matter content, may  influence pesticide persistence in soil and
bioavailability to soil-dwelling organisms (enchytraeids and earth-
worms) (Amorim et al., 2002a,b; De Silva et al., 2009; Kuperman
et al., 2006). Compared to standard artificial soils, natural soils may
have properties supporting higher bioavailability of test chemicals;
as such their use considerably improves the relevance of laboratory
ecotoxicological data for field conditions (Kuperman et al., 2006;
Van Gestel et al., 2011). Therefore, the importance of using natural
soil is supported by the need to develop more realistic ecotoxico-
logical evaluations for terrestrial ecosystems.
Until the implementation of the new data requirements setup
according to the new Pesticide Regulation 1107/2009 (EU,  2013),
the protection of terrestrial ecosystems at a first-tier level is
assessed in the ERA of pesticides using only the earthworms acute
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Table 1
Pesticides physico-chemical characteristics, environmental potential fate (Ground-
water Ubiquity Score—GUS and Predicted Environmental Distribution—PED), and
pesticides ecotoxicity data for terrestrial earthworm (all data from MacBean, 2012
unless indicated otherwise).

Azoxystrobin Chlorothalonil Ethoprophos

Sw (mg  L−1) 6.0 0.81 (25 ◦C) 700
Kow (Log P) 2.5 (20 ◦C) 2.9 (25 ◦C) 3.59 (21 ◦C)
Koc (ml  g−1) 690a 850d 111f

VP (mPa) 1.10E-07 0.076 (25 ◦C) 78f

DT50lab soil (d) 279b 0.3–87d 10–25f

DT50 field soil (d) 14 18–70d 4–25g

GUS 2.84 2.08 (DT50lab
soil 87)

2.73 (DT50lab
soil 25)

PED (%)
Soil 49.5 43 76.1
Air 7.39E-08 0.285 0.122
Aerossol 8.72E-03 2.08E-03 5.91E-05
Water 49.3 55.7 22.1
Sediment 1.10 0.955 1.69
Suspended solids 0.0344 0.0299 0.0528
Aquatic biota 1.23E-05 2.43E-03 4.29E-03
Earthworms (lethal

tests) LC50 (14d)
(mg  kg−1)

283 >404/268.5
(5% OM)d

39.6f

NOEC (14 d) (mg  kg−1) 20c 25 (5% OM)d

1,65 (5%
OM)d,e

<1.67 (56 d)f

Sw—Solubility in water at 20 ◦C; Kow—Octanol-water partition coefficient at pH7;
Koc—Organic carbon sorption constant; VP—Vapor pressure at 20 ◦C; DT50—Half life
in  soil at 20 ◦C under aerobic conditions; GUS = log(DT50) × (4−log(Koc)) − GUS > 2.8:
leacher; 1.8 < GUS < 2.8: transition; GUS < 1.8: improbable leacher (Gustafson, 1989);
PED—Predicted Environmental Distribution according to Mackay (2001)—Mackay
fugacity model (‘level I, version 3.00, 2004, Trentu University, Canada’) PED < 20%:
very low affinity; 20% ≤ PED < 40%: low affinity; 40% ≤ PED < 60%: average affinity;
60%  ≤ PED < 80%: high affinity; PED ≥ 80%: very high affinity; OM—organic matter.

a EFSA (2010b), value for sandy clay loam soil.
b EC (1998), average value resulting from different soils.
c FOOTPRINT (2012).
d EC (2006).
e EC (2006), test with chlorothalonil 500 g L−1 SC.
S. Leitão et al. / Applied S

est with Eisenia fetida sensu lato (E. fetida and E. andrei)  (EC, 2009;
ANCO, 2002). Tests using other non-target organisms can be per-
ormed if non-target arthropods are believed to be at risk, e.g., tests
ith Collembola and mites, and on a case-by-case basis depending

n the type of the pesticide and its application method (SANCO,
002). Although earthworms are key species of terrestrial ecosys-
ems as decomposers contributing significantly to organic matter
ecomposition, nutrient cycling and soil formation (Edwards and
ohlen, 1992; EFSA, 2009a), there is a need for further tests eval-
ating sub-lethal effects on soil organisms from different trophic

evels, taxonomic, physiological and/or functional groups in order
o improve the ERA of chemicals in soil (Daam et al., 2011b; EFSA,
010a; Frampton et al., 2006; Römbke and Moser, 2002). Although
here is a growing concern about the potential adverse effects of
esticides in the environment, there is a lack of sub-lethal ecotox-

city data available for non-target terrestrial invertebrates (Daam
t al., 2011b; Frampton et al., 2006).

Thus to overcome these limitations, this study aimed to: (i) eval-
ate sub-lethal effects of pesticides with different types of toxic
ction (two fungicides and one insecticide) on the reproductive
erformance of non-target soil invertebrates from different trophic

evels: collembolan, enchytraeids, and earthworms; (ii) to increase
nowledge on pesticides behavior in the environment (e.g., fate,
ioavailability), by using a natural soil from a Mediterranean agri-
ultural area, and (iii) to perform a first-tier risk characterization for
he three pesticides by comparing the obtained toxicity data with
eported exposure data, whenever possible, elucidating the impor-
ance of using natural soil when evaluating exposure and effects on
errestrial organisms.

. Material and methods

.1. Pesticide selection, characterization, spiking, and analytical
rocedures

Two fungicides, azoxystrobin and chlorothalonil, and the insec-
icide ethoprophos were chosen after a selection from a list of
esticides authorized on irrigated crops (onion, maize, and potato)

n Portugal. A preference was given to insecticides and fungicides
ith high expected toxicity to soil organisms (Frampton et al., 2006;
ang et al., 2012). The selection was based mainly on ecotoxic-

ty data to terrestrial organisms, namely to earthworms, due to
he lack of information on collembolans and enchytraeids. Rele-
ant intrinsic physical and chemical characteristics such as water
olubility, capacity to adsorb to soil particles, volatilization, and
ersistence in soil were also taken into account (Table 1). Infor-
ation on environmental fate, such as the potential for leaching

nto groundwater and the predicted environmental distribution
PED) (Table 1), focusing on the soil and water compartments, was
ssessed using the Groundwater Ubiquity Score and the Mackay
ugacity model, respectively (Gustafson, 1989; Mackay, 2001). The
pplication mode (e.g. direct soil application) was  also taken in
ccount.

Azoxystrobin (CAS 131860-33-8; methyl (E)–2-{2-[6- (2-
yanophenoxy) pyrimidin-4-yloxy] phenyl}-3-methoxyacrylate)
s a strobilurin fungicide with protectant, curative, eradicant,
ranslaminar, and systemic properties. Its mode of action focuses
n inhibiting mitochondrial respiration, spore germination, and
ycelial growth and also showing antisporulant activity. It pos-

esses a broad spectrum of activity against the four major groups
f fungi: Ascomycota, Oomycota, Deuteromycota, and Basidiomy-

ota (Bartlett et al., 2002; MacBean, 2012). It has been identified
s low toxic to birds, mammals, bees, and other non-target terres-
rial organisms (arthropods and earthworms) (Bartlett et al., 2002;
ullino et al., 2000).
f EFSA (2006).
g EFSA (2006), representative range for southern and central Europe locations.

Chlorothalonil (CAS 1897-45-6; tetrachloroisophthalonitrile)
is a chloronitrile fungicide with a non-systemic broad-spectrum
mode of action and foliar action with some protectant properties. It
is a broad spectrum organochlorine fungicide effective against fun-
gal diseases like potato late blight agent and fungus Phytophthora
infestans (Mont.) de Bary and Alternaria solani (Ellis & G.  Martin) L.R.
Jones & Grout. Chlorothalonil acts also by preventing spore germi-
nation and zoospore motility (Sakkas et al., 2002; MacBean, 2012).
Although effects on earthworms have been registered (Potter et al.,
1994; Tu et al., 2011), information on other non-target organisms
is scarce.

Ethoprophos (CAS 13194-48-4; O-ethyl S,S-dipropyl phospho-
rodithioate) is a broad spectrum organophosphate insecticide and
nematicide with moderate residual activity and is not phyto-
toxic. It is an acetylcholinesterase inhibitor and is a non-systemic
nematicide and soil insecticide with contact action. Ethoprophos is
effective against potato nematodes (Globodera rostochiensis (Wol-
lenweber) Behrens, G. pallide (Stone) Behrens) and soil insects
(Agriotes spp., Agrotis spp. and Melolontha spp.) on maize crop
(Karpouzas et al., 1999a,b; MacBean, 2012). Effects on non-target
soil organisms are scarce and the information available is related to
artificial soil (EFSA, 2006; Sánchez-Moreno et al., 2009), although
effects on terrestrial arthropods may  be expected due to the pesti-

cide type of toxic action (Frampton et al., 2006). Adverse effects on
the abundance and biomass of earthworms are known (reduction
of 88–95% and 83–96%, respectively, 3 weeks after the application
of 5.6 kg a.i. ha−1 of Mocap10G in turf soil) (Potter et al., 1994).
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In order to evaluate the environmental impact of the pesticides
nder realistic application in the agricultural fields, azoxystrobin,
nd chlorothalonil were tested as the concentrated suspension for-
ulation ORTIVA® (250 g a.i L−1) and BRAVO 500® (500 g a.i. L−1),

espectively. Ethoprophos was tested as pure compound (Dr.
hrenstorfer 93.0% purity) because the available formulation in
ortugal (MOCAP 10G®) consists of microgranules which poses a
imitation in terms of nominal concentration calculation since it
emains active in soil against insects for 2–4 months. For spik-
ng procedures, specific amounts of the aqueous solution of each
esticide were prepared with distilled water to attain a moisture
ontent of the natural soil of 50% of the water-holding capacity
WHC). No solvents were used due to the fungicides formulations,
nd the insecticide active ingredient, high solubility in water. The
oils were spiked on day one of the start of the experiments and
he aqueous solutions used for spiking the soil were stored in
efrigerated conditions (4–6 ◦C) until pesticide residue analysis.
zoxystrobin and chlorothalonil residues in water were analyzed
y an independent laboratory, through solid phase extraction fol-

owed by gas chromatography/mass spectrometry (SPE/GC–MS)
nd ethoprophos residues through by liquid chromatography/mass
pectrometry/mass spectrometry (LC–MS/MS) according to DIN
8407-F 2 (1993) and ISO 10695 (2000). Limits of quantifica-
ion (LOQ) were 0.1 �g ml−1 for azoxystrobin, 0.3 �g ml−1 for
hlorothalonil and 0.05 �g L−1 for ethoprophos.

.2. Test organisms and culture conditions

Three different soil organisms were used: springtails Folsomia
andida (Willem, 1902) (Collembola: Isotomidae), the potworm
nchytraeus crypticus (Westheide & Graefe, 1992) (Oligochaeta:
nchytraeidae) and the earthworms Eisenia andrei (Bouché, 1972)
Oligochaeta: Lumbricidae). All test organisms used in the experi-

ents originated from laboratory cultures maintained at a constant
emperature of 20 ± 2 ◦C with a photoperiod of 16:8 h light:dark.
pringtails were cultured in plastic vessels lined with an 11:1 mix-
ure of plaster and activated charcoal. A small amount of granulated
ry yeast was added as a food source once a week to avoid spoilage
y fungi and moldy food was removed when detected. The orga-
isms were synchronized to be 10–12 days old at the start of the
est. The Enchytraeid E. crypticus is listed in the ISO protocol 16387
2004) as an alternative to E. albidus and was chosen for this study
ue to its better performance on natural soils with pH, organic mat-
er content (OM), and clay characteristics similar to the test soil. It
s also the preferred species when assessment objectives include
atural soil types that support higher bioavailability of chemicals
Kuperman et al., 2006). The enchytraeids were cultured in aerated
lastic vessels using uncontaminated garden soil that was defau-
ated before use by deep-freezing cycles and with no additives as
ompost of fertilizers and pesticides. The soil was moistened at 50%

HC  and verified weekly to maintain its moisture content. The test
rganisms were fed weekly with finely ground dry oat placed under
oil particles to prevent fungal growth and facilitate availability of
ood to small juveniles (Römbke and Moser, 2002). The organisms
sed in the tests were carefully removed from the soil with the
elp of tweezers and placed on petri dishes with distilled water

or selection under a stereomicroscope, as possessing clitella and a
ody size between 10 mm and 12 mm long. Before the performance
f the experiments the natural test soil was checked for its suitabil-
ty by observing the response behavior of a group of organisms for

 period of more than 2 weeks (Römbke and Moser, 2002). Earth-
orms were kept in aerated plastic vessels with a mixture of horse

anure and peat as substrate. This mixture was moistened peri-

dically to maintain the moisture content between 40% and 60%
f the WHC. The test organisms were fed twice a month with oat
orridge. The earthworms used in the tests were synchronized to
logy 76 (2014) 124– 131

be more than one month old and before the start of the experi-
ments the adults with clitella were separated and acclimated to
the uncontaminated test substrate (natural soil and OECD 10% OM)
for a period of between 24 h and 48 h. No mortality was observed
during acclimation. After that, each organism was cleaned in water
to remove soil particles, gently dried on absorbent paper, weighted
(250–600 mg)  and placed into plastic vessels covered with a lid in
groups of ten.

2.3. Test soils

Artificial OECD soil with 10% organic matter content was pre-
pared following the guideline instructions (OECD, 1984) and soil
pH was adjusted to 6.0 ± 0.5 with CaCO3. The natural soil used in
this study, a eutric cambisol (EuDASM, 2011), is from an uncontam-
inated non-cultivated local from an important agricultural area in
Ribatejo, Central Portugal. The uppermost soil layer (top 15–20 cm)
was taken from the field, air dried, and sieved through a 2 mm
mesh and submitted to several deep-freezing (−20 ◦C) cycles to
eliminate any existing fauna, and preserved at 4–6 ◦C until used
in the ecotoxicological tests. The soil was  also tested for pesticide
residues using a multi method ASU L 00.00–34 GC detection anal-
yses (ASU L, 1999). Soil parameters measured in the laboratory
were soil pH (1 M KCl), moisture content and water-holding capac-
ity. Organic matter content, soil particle size distribution, cation
exchange capacity, total elements, and other chemical and physical
characteristics were assessed by international and internal labora-
torial standard methodologies. The characteristics of the natural
soil and methodologies used are summarized in Table 2. Both soils
were moistened to 50% of the water-holding capacity immediately
before the start of the tests.

2.4. Experimental design of terrestrial ecotoxicity tests

All test treatments were performed with natural soil and two
control soil types were used, one with natural soil for results
comparison and other with OECD artificial soil for organism’s per-
formance validation. The ecotoxicological tests were performed
under a controlled temperature of 20 ◦C ± 2 ◦C with a light:dark
cycle of 16 h:8 h.

2.4.1. Collembolan reproduction test
Chronic toxicity tests followed ISO (1999) procedures. The fol-

lowing gradients of concentrations were selected to assess the full
dose-response relationships for each pesticide: azoxystrobin (10,
15, 20, 35, 50, 80, 120, 200, 300, 450, 650, and 1000 mg  a.i. kg−1

dw soil); chlorothalonil (0.5, 1, 1.5, 2.5, 5, 10, 20, 30, 50, 80, 150,
and 200 mg  a.i. kg−1 dw soil) and ethoprophos (0.015, 0.020, 0.030,
0.040, and 0.050 mg  a.i. kg−1 dw soil). The 28 days reproduction tox-
icity tests consisted of 10 synchronized springtails of 10–12 days
old exposed to 30 g fresh weight soil per glass vessel, and fed with
2 mg  of dry yeast at the start of the experiment. To reduce evapora-
tion and prevent springtails from escaping, the vessels were closed
with a lid with small holes to allow aeration. Two  replicates were
used per test concentration and not the standard four replicates due
to the high number of concentrations adopted in order to increase
the robustness of the test and EC50 calculations. Four replicates
were used for each of the control soils as well as for the analysis of
ethoprophos due to the number of concentrations tested. An extra
vessel without test organisms and food was  prepared for each com-
bination and used for pH (1 M KCl) and moisture determination at
the end of the test (ISO, 1994, ISO, 1999). All replicates were aerated

twice a week, and 14 days after the start of the test 2 mg  of granu-
lated dry yeast were added and moisture loss replenished if needed,
according to total initial vessel weights. After 4 weeks, juveniles
were assessed by flooding the vessels with water, by adding a few
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Table  2
Natural soil properties and respective analytical methods.

Natural soil Methods Natural soil Methods

Particle size distribution Hydrometer of
Boyoucos, IM

OM content (%) 5.74 Dry combustion ISO
10694, 1995

Sand (%) 54.4 – Chemical parameters –
Silt  (%) 22.1 – P2O5 (mg  kg−1) 99 Egner–Rhiem ICP-OES,

IM
Clay  (%) 23.5 – K2O (mg  kg−1) >200 –
Soil  texture Sandy clay loam Mg(mg kg−1) >125 Ammonium acetate

1 M pH 7 FAAS, IM
pH  (H2O) 5.9 Potentiometry

(20 ± 2 ◦C) IM,
LAS.PL.20.V01, 2009

CaCO3 (%) 0 ISO 10693, 1995

pH  (1 M KCl) 5.0 ISO 10390 (1994) Fe (mg kg−1) >80 AAAc - EDTA
(Lakanen)/FAAS, IM

Moisture (%) 11 ISO 11268–2.2 (1998) Mn (mg  kg−1) 38 –
WHC  max  (% dry weight) 54.4 ISO 11268–2.2 (1998) Zn (mg  kg−1) 1.8 –
Cation exchange capacity (me/100 g) 9.12 ammonium acetate

1  M pH 7 FAAS
Cu (mg  kg−1) 3 –

Sum  of base exchange (me/100 g) 6.72 (Ca and Mg)  and FAES
(K and Na) Titration IM

B (mg  kg−1) 0.69 Boiling water/ICP-OES,
IM

Degree of base saturation (%) 73.7 – N (%) 0.297 Dry combustion ISO
13878, 1998
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M—internal method; WHC—water-holding capacity; FAAS—Flame atomic absorp
CP-OES—Inductively coupled plasma optical emission spectrometry.

rops of ink and gentle stirring, after which the animals floating on
he water surface were photographed and counted using the Image
ool software (Wilcox et al., 2002). The endpoint of the test was the
otal number of juveniles per test vessel at the end of the test; adult
umbers were also registered.

.4.2. Enchytraeids reproduction test
The reproduction tests were performed based on ISO 16387

2004) guidelines with a few modifications. The test duration was
 weeks instead of the 6 weeks indicated in ISO 16387 for the
. albidus,  to accommodate the shorter reproductive cycle of E.
rypticus (Kuperman et al., 2004). To assess the full dose-response
elationships, concentrations series of azoxystrobin (10, 15, 20,
5, 50, 80, 120, 200, 300, 450, 650, 1000 mg  a.i. kg−1 dw soil),
hlorothalonil (5, 10, 20, 30, 40, 60, 90, 150, 200, 250, 300, and
00 mg  a.i. kg−1 dw soil) and ethoprophos (20, 30, 45, 65, and
00 mg  a.i. kg−1 dw soil) were selected. The test started with the

ntroduction of ten adult enchytraeids with well developed clitella
n glass test vessels, each containing approximately 20 g of dw soil
nd 50 mg  of finely ground dry oats of food covered with soil par-
icles. Two replicates per pesticide treatment were used and not
he standard four replicates due to the high number of concentra-
ions adopted in order to increase the robustness of the test and
C50 calculations. Four replicates were used for each of the control
oils tested. An extra vessel without test organisms and food was
repared for each treatment concentration and used for pH (1 M
Cl) and moisture determination at the end of the test (ISO 10390,
994; ISO 16387, 2004). All replicas were weighed weekly for mois-
ure loss replenishment and 25 mg  of food added if needed. At the
nd of the test all enchytraeids in soil (adults and juveniles) were
ollected by transferring all test vessels content to a metal sieve
500 �m)  placed in a bowl and filled with water so that the soil
as submerged under the water. The organisms tended to stay at

he surface of the soil and water and were collected with a plastic
ipette. Each replicate group of organisms was  fixed with alcohol
nd stained with Bengal red before counting. The measurement
ndpoint was the number of juveniles at the end of the test.
.4.3. Earthworm reproduction test
The ecotoxicity tests followed the ISO 11268–2.2 (1998) guide-

ines. The following gradients of concentrations were selected
pectrometry; FAES—Flame atomic emission spectrometry; OM—Organic matter;

to assess the full dose-response relationships for each pesticide:
azoxystrobin (50, 100, 200, 300, and 500 mg  a.i. kg−1 dw soil),
chlorothalonil (5, 10, 20, 50, and 100 mg  a.i. kg−1 dw soil) and
ethoprophos (0.1, 0.3, 1, 3, and 12 mg  a.i. kg−1 dw soil). Four repli-
cates were used per test concentration and for each of the control
soils tested. At the beginning of the test, cylindrical plastic vessels
(500 ml)  with perforated transparent lids to facilitate air circula-
tion were filled with 500 g dw soil. Fifteen grams of moistened dry
finely ground horse manure were added to each test vessel and
ten earthworms, previously weighted, were placed on each of the
test replicates. The groups of ten test organisms were paired ran-
domly with each replicate and each group was  weighted. The test
vessels were weighed for weekly moisture loss and replenished if
needed. After 4 weeks of exposure, living adults were removed by
hand sorting and each replicate’s living test organisms weighed for
biomass determination. Mortality of adult individuals was assessed
by counting the living organisms and any individuals not accounted
for were considered dead. The soil and existing cocoons returned to
the test vessels and 5 g of food added, and incubated for another 4
weeks to allow cocoon development. At the end of the test, juveniles
were extracted from the test soil using a water bath kept at 50/60 ◦C
and counted. The test endpoints were adult mortality and change
of biomass after 4 weeks and number of juveniles produced after
8 weeks. Soil pH (1 M KCl) and moisture were determined at the
beginning and at the end of the experiment for each concentration
tested (ISO 10390, 1994; ISO 11268–2.2, 1998).

2.5. Calculations and statistical analyzes

Results were statistically analyzed according to EPS 1/RM/46
(2005) and using STATISTICA 7.0 (Stat Soft Inc, 2004).

Effect concentrations of 50% and 20% in reproduction tests
and corresponding 95% confidence limits were calculated through
concentration-response relationships using nonlinear regressions.
The nonlinear regression model was  selected in order to best
describe the concentration–response trend with the help of scatter
plots or line graphs for each experiment distribution and the
proportion of variance accounted for (r2). Model used was: (i)

logistic: juveniles = t/(1 + (conc/x)ˆb) where: t–y-intercept (control
response); x—estimated EC value for the data set; b—a scale
parameter (EPS 1/RM/46, 2005), with the estimation method of
Levenberg–Marquardt. For the estimation of the ECx values, the
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Table 3
Average number of juveniles (±standard deviation) in the controls (n = 4) at the end
of  the terrestrial ecotoxicity tests conducted with the different soil organisms using
natural and artificial soil.

Organism tested Pesticide tested Natural soil
(sandy loam)

Artificial soil
(OECD 10%)

Collembolans Azoxystrobin 262 ± 79 250 ± 23
Chlorothalonil 414 ± 29 130 ± 27
Ethoprophos 317 ± 47 184 ± 53

Enchytraeids Azoxystrobin 1204 ± 70 442 ± 163
Chlorothalonil 1321 ± 143 729 ± 92
Ethoprophos 1373 ± 543 1200 ± 100

Earthworms Azoxystrobin 77 ± 3 36 ± 7
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The biomass of adult earthworms exposed to the control
Chlorothalonil 80 ± 11 34 ± 5
Ethoprophos 75 ± 10 34 ± 5

ormality for all test results was evaluated through a Q–Q plot of
he residuals. The homogeneity of the variance was  also evaluated
fter the analysis through a graphical distribution of the predicted
ersus the residual values.

On those tests where 4 replicates were used (Collembola tests
ith ethoprophos and Earthworms with all pesticides), NOEC (no

bserved effect concentration) and LOEC lowest observed effect
oncentration) values were estimated using a one way  analysis of
ariance (ANOVA) followed by a Dunnett test. In this case normal-
ty of the distribution and homogeneity of the variance were tested
sing Kolmogorov–Smirnov (K–S) and Levene’s tests, respectively.
he same statistical procedure was performed to evaluate signif-
cant differences in earthworm mortality and biomass variations
mong chemical treatments and respective controls.

. Results

.1. Test soils

No pesticide residues were detected in the natural soil test
hich validates its use as a test soil for this study. The validity

riteria of controls for each single species reproduction test were
ttained (collembolans: mortality of adults <20%; reproduction rate
f >100 instars per vessel; coefficient of variation of reproduction
30%; enchytraeids: mortality of adults <20%; reproduction rate
f >25 juveniles per vessel; coefficient of variation of reproduc-
ion <50%; and earthworms: mortality of adults ≤10%; reproduction
ate of ≥30 juveniles per vessel; coefficient of variation of repro-
uction <30%). The pH and moisture content in the natural soil
ontrols of the three terrestrial ecotoxicity tests were on average
.71% and 20% at the start of the tests respectively, and increased
y an average of 0.1 units and 0.11%, respectively, at the end of the
est. Artificial control soil average pH decreased 0.1 units from the
nitial values of 5.63, and moisture content decreased 0.42% from
he initial value of 29%. Generally the three test organisms repro-
uced twice as much in the natural soil control compared to the
ECD artificial soil control (Table 3).

.2. Exposure concentrations

The measured concentrations in the stock solutions of azoxys-
robin and chlorothalonil were on average 97.8% and 93.5%,
espectively, of those of the nominal stock solutions used for
piking the soil on the terrestrial tests. Since the nominal and mea-
ured concentrations did not differ substantially, no adjustments
or recovery were made when calculating the toxicity endpoints.

thoprophos concentration could not be measured due to labora-
ory technical difficulties but since identical work procedures were
sed, the risk of erroneous dosage in the present study was deemed
Fig. 1. Adult earthworm (Eisenia andrei)  biomass variation after 4 weeks exposure
to  the tested pesticides (mean ±SD). * Significant differences with control (p < 0.05).

minimal and the nominal concentrations were used for the toxicity
endpoint assessment.

3.3. Assessment of pesticides effects to terrestrial organisms

In order to account for the differences in mass of each pesticide
when comparing the results for the same organism between the
pesticides, the active ingredient individual molar mass was used to
transform the results values into mol  of active ingredient (a.i.) per
kg of dry weight of soil. This is the reason why  results are shown in
two types of units (‘mg a.i. kg−1 dw soil’ and ‘mol a.i. kg−1 dw soil’)
in the text and Table 4.

3.3.1. Collembolans
Adult collembolans showed a maximum of 10% mortality at

the higher concentration (1000 mg  a.i. kg−1 dw soil) during the
reproduction tests with azoxystrobin. The highest chlorothalonil
exposure concentration resulted in 35% mortality effect on adult
collembolans after 4 weeks of exposure (150 mg  a.i. kg−1 dw
soil). No adult collembolans were observed at the two high-
est ethoprophos concentrations (0.040 and 0.050 mg  a.i. kg−1 dw
soil) and a 65% mortality rate was  found at 0.030 mg  a.i. kg−1

dw soil. Ethoprofos had a significant effect on the reduction
of juveniles at much lower concentrations (1000×  less) com-
pared to azoxystrobin and chlorothalonil test (Table 4), with
an EC50 of 1.11 × 10−7 mol  a.i. kg−1 dw soil. The EC50 of azoxys-
trobin (in mol  a.i. kg−1 dw soil) was  two  times higher than that of
chlorothalonil, herewith showing azoxystrobin to be less toxic for
collembolans.

3.3.2. Enchytraeids
Enchytraeids were affected by the three chemicals at compa-

rable concentrations (Table 4), with the EC50 values of 2.46 and
2.83 × 10−4 mol  a.i. kg−1 dw soil for azoxystrobin and ethoprophos,
respectively, which is approximately half of the chlorothalonil
value of 4.25 × 10−4 mol  a.i. kg−1 dw soil (Table 4).

3.3.3. Earthworms
with natural soil for 4 weeks showed an average decrease of
7.0% compared to the initial biomass (Fig. 1). The exposure
of E. andrei to azoxystrobin resulted in a significant weight
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Table  4
Pesticides molecular mass and results of statistical analysis for sub-lethal effects on terrestrial organism reproduction for each pesticide.

Pesticide Mol
mass (g mol−1)

Organism ECx (95% CI) (mg  a.i. kg−1 dw soil) ECx (mol a.i. kg−1 dw soil) Model r2 NOEC-LOEC
(mg  a.i. kg−1 dw soil)

Normality homogeneity

AZO Folsomia candida
EC50 = 92.0 (57.9–126.1) EC50 = 2.28 × 10−4 0.88 – –
EC20 = 54.9 (23.0–86.9) EC20 = 1.36 × 10−4 – – –

(403.4) Enchytraeus crypticus
EC50 = 99.2 (73.3–125.7) EC50 = 2.46 × 10−4 0.95 – –
EC20 = 42.6 (25.2–60.0) EC20 = 1.06 × 10−4 – – –

Eisenia andrei
EC50 = 42.0 (23.2–60.8) EC50 = 1.04 × 10−4 0.96 <50 K–S p > 0.20
EC20 = 12.2 (1.2–23.1) EC20 = 3.02 × 10−5 – 50 Levene’s p = 0.07

CLO Folsomia candida
EC50 = 31.1 (24.7–37.5) EC50 = 1.17 × 10−4 0.95 – –
EC20 = 18.2 (12.0–24.5) EC20 = 6.84 × 10−5 – – –

(265.9) Enchytraeus crypticus
EC50 = 112.9 (89.8–136.1) EC50 = 4.25 × 10−4 0.955 – –
EC20 = 39.4 (25.6–53.3) EC20 = 1.48 × 10−4 – – –

Eisenia andrei
EC50 = 40.9 (30.1–51.7) EC50 = 1.54 × 10−4 0.94 5 K–S p > 0.20
EC20 = 20.8 (11.0–30.5) EC20 = 7.82 × 10−5 – 10 Levene’s p = 0.09

ETO Folsomia candida
EC50 = 0.027 (0.024–0.031) EC50 = 1.11 × 10−7 0.944 0.020 K–S p > 0.10
EC20 = 0.021 (0.017–0.026) EC20 = 8.67 × 10−8 – 0.030 Cochran C p = 1.00

(242.3) Enchytraeus crypticus
EC50 = 68.5 (42.9–94.1) EC50 = 2.83 × 10−4 0.77 – –
EC20 = 41.2 (17.2–65.2) EC20 = 1.70 × 10−4 – – –
EC = 8.3 (3.6–13.0) EC50 = 3.43 × 10−5 0.76 3 K–S p > 0.20

20 = 1.
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EC20 = 3.5 (0–7.1) EC

ol  mass—molecular mass (MacBean, 2012); AZO—azoxystrobin, CLO—chlorothalo

oss (Dunnett test p < 0.05) throughout the concentration gradi-
nt (Fig. 1). A 7.7% adult mortality was observed only at the
igher concentration (LC50 > 500 mg  a.i. kg−1 dw soil). Exposure
o chlorothalonil resulted in a weight loss gradient (5.5–40.9%)
ith increasing pesticide concentration (Fig. 1) with only sig-
ificant values for the highest concentration of 100 mg  a.i. kg−1

w soil. This biomass decrease was accompanied by a mortal-
ty rate of 59.0% only at the highest concentration resulting in

 LC50 for adults of approximately 95.0 mg  a.i. kg−1 dw soil. No
dult earthworm mortality was observed after 4 weeks exposure
o ethoprophos (LC50 > 12 mg  a.i. kg−1 dw soil), and a slight (but
ot significant) gain of weight was determined (91.1 to 95.5%
f initial biomass) along the concentration gradient (Fig. 1). The
ighest toxicity on earthworms’ reproduction was found for etho-
rophos resulting in an EC50 of 3.43 × 10−5 mol  a.i. kg−1 dw soil
Table 4). The inhibition of juvenile production by earthworms
nder azoxystrobin and chlorothalonil exposure resulted in similar
C50 toxicity values (1.04 × 10−4 mol  and 1.54 × 10−4 mol  a.i. kg−1

w soil, respectively). Nevertheless, EC20 values differed between
hese pesticides with azoxystrobin being more toxic (Table 4). A
ignificant reduction in juvenile numbers (Dunnett test p < 0.05)
as observed for all the three pesticides allowing LOEC and NOEC

alculations (Table 4). However, in azoxystrobin all tested concen-
rations were significantly different from the control (p < 0.005)
esulting in effects on earthworms, which did not allow for a NOEC
alue to be attained (NOEC < 50 mg  a.i. kg−1 dw soil).

. Discussion

The study focused on evaluating the effects on the reproduction
f non-target soil organisms for three commonly used pesticides
n irrigated crops using a Mediterranean natural soil. All the test
rganisms presented different toxicity responses to the tested
esticides (Table 4). This could be associated with the processes
f chemical uptake by the organisms and the different types of
oxic action of the pesticides (Frampton et al., 2006). Uptake of
rganic contaminants by terrestrial organisms is intimately associ-
ted with the soil pore water which is in general the dominant
athway (EFSA, 2009b; Styrishave et al., 2008). Soft bodied soil
rganisms such earthworms and enchytraeids take pesticides up

ither through passive diffusion from pore water through the skin
r by ingestion together with soil particles (De Silva et al., 2009).
ard-bodied soil organisms as collembolans take oxygen and water

hrough specialized organs also from the soil pore water (EFSA,
44 × 10−5 – 12 Levene’s p = 0.12

O—ethoprophos; CI—Confidence interval; p—probability value.

2009b). In addition, pesticides bioavailability through the soil pore
water can be influenced by soil properties such as organic mat-
ter (OM) and clay content (increase of OM and clay) that relates
to sorption restraining the pesticide molecules in a form that
is not available for organism uptake (EFSA, 2009b; Kuperman
et al., 2006; Van Gestel, 2012). This fact has been reported by
several authors for soil-dwelling organisms such as enchytraeids
and earthworms, for a number of compounds: organochlorine and
carbamate insecticides, benzimidazole, and polychlorinated fungi-
cides, among others (Amorim et al., 2002a,b; De Silva et al., 2009;
Lanno et al., 2004; EFSA, 2009a; Patakioutas and Albanis, 2002).

4.1. Effects of azoxystrobin on soil biota

In spite of the low solubility of azoxystrobin in water as active
ingredient (Table 1), its partition to the soil pore water may  be
expected due to its formulation product being water soluble as
concentrated suspension. Azoxystrobin is expected to have low
environmental toxicity to earthworms and terrestrial arthropods
due to its chemical group characteristics (strobilurin), as to be rela-
tively readily degraded in the environment causing little potential
for chronic exposure (Bartlett et al., 2002). However, the present
study revealed a higher sub-lethal effect response of azoxystrobin
to earthworms (EC50 of 42.0 mg  a.i. kg−1 dw natural soil) compared
to collembolans and enchytraeids (Table 4). Although a significant
biomass decrease was observed on earthworms at the lowest con-
centration (50 mg  a.i. kg−1 dw soil) (Fig. 1), resulting in effects on
their reproduction, only 7.7% mortality was observed at the highest
concentration. Even though biomass and mortality are always reg-
istered together as test endpoints, Potter et al. (1994) verified that
the loss in biomass was independent of the lethal effects of chem-
icals. The observed low lethal toxicity to earthworms with natural
soil differ greatly from the reported results with OECD artificial soil
tests showing LC50 values of 283 mg  a.i. kg−1 soil (EFSA, 2010b) and
327.4 mg  a.i. kg−1 soil (Wang et al., 2012). Nevertheless, the fact
that the NOEC for earthworms test was not attained with the low-
est concentration tested (50 mg  a.i. kg−1 soil) is in agreement with
the reported NOEC of 20 mg  a.i. kg−1 soil for E. fetida (FOOTPRINT,
2012).
4.2. Effects of chlorothalonil on soil biota

Chlorothalonil is not expected to partition to the soil pore water
as active ingredient due to its low solubility in water and high
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orption constant facilitating adsorption to soil particles (Table 1).
owever, by using the concentrated suspension formulation, a
ovement to the soil pore water may  be expected due to its water

olubility. If present in the water fraction of the soil (soil pore
ater) the pesticide can be bioavailable for uptake by the soil orga-
isms (Styrishave et al., 2008). In terms of sub-lethal effects of
hlorothalonil, collembolans were the most sensitive taxa followed
y the earthworms (Table 4). The enchytraeids were the least sen-
itive with an EC50 ratio of almost 3:1 of the other two  organisms.
his low sensitivity of enchytraeids towards chlorothalonil has also
een reported for other pesticides such as a polychlorinated insec-
icide in specific and other fungicides of the same chemical group,
nd insecticides in a broader evaluation (Bezchlebová et al., 2007;
aam et al., 2011b; Frampton et al., 2006). The NOEC for earth-
orms of 5 mg  a.i. kg−1 dw soil is in agreement with the reported
OEC value of 1.65 mg  a.i. kg−1 soil from tests with the same formu-

ation (500 g a.i. L−1 SC), and a 5% OM OECD soil (EC, 2006), which is
imilar to the organic matter content of the natural soil used in this
tudy (Table 2). The 59% mortality of adult earthworms observed at
he highest tested concentration, of 100 mg  a.i. kg−1 dw soil after 4
eeks exposure to chlorothalonil, occurs at a concentration which

s two times lower than the reported earthworms acute test effect
oncentration (LC50) of 268.5 mg  a.i. kg−1 soil (EC, 2006). Although
his value is attained from a test with artificial soil with an organic

atter content of 5% (EC, 2006) similar to the tested natural soil,
his difference in the lethal effects results may  be due to other
actors associated to the natural soil such as pH and clay content
nfluencing pesticide availability (EFSA, 2009b).

.3. Effects of ethoprophos on soil biota

The insecticide ethoprophos by having high solubility in water
nd low sorption coefficient (Table 1) could be expected to be
resent in the soil pore water. This movement to the water
ompartment could also be expected due to the pesticide leach-
ng capacity (GUS; Table 1), and as such, becoming available for
ptake by the soil organisms (Styrishave et al., 2008). Collem-
olans were the most affected by ethoprophos with a low EC50
f 0.027 mg  a.i. kg−1 dw soil, which would be expected from the
ype of toxic action as an insecticide towards arthropods (Daam
t al., 2011b; Frampton et al., 2006). The earthworms presented the
econd lowest EC50 value of 8.3 mg  a.i. kg−1dw soil and the enchy-
raeids were the least sensitive with an EC50 value more than 8
imes higher than the collembolan’s (EC50 = 68.5 mg  a.i. kg−1 dw
oil). In spite of such, no mortality effects on adult earthworms were
bserved and a slight gain in weight was observed. This test results
re in congruence with reported values of LC50 39.6 mg  a.i. kg−1

w soil (EFSA, 2006) since the maximum tested concentration dur-
ng this study was 12 mg  a.i. kg−1 dw soil. The observed sub-lethal
ffects on cocoon production and viability may  be a consequence
f the pesticide intake by the adults that even at low dosages can
ause adverse effects during long term exposures. The reported
OEC value of <1.67 mg  a.i. kg−1 dw soil (EFSA, 2006) from a test
ith artificial soil is lower than the study test results, which shows

hat different soils may  cause different toxicity results, as referred
bove.

.4. Sensitivity of the three invertebrate arthropods to the
esticides

The higher sensitivity of collembolans (F. candida) observed in
his study as compared with the other organisms for two pesti-

ides, the fungicide chlorothalonil and the insecticide ethoprophos,
as been found for a wide range of pesticides with different type
f toxic action, suggesting that the earthworms are not always the
ost sensitive species (Bezchlebová et al., 2007; Daam et al., 2011b;
logy 76 (2014) 124– 131

Frampton et al., 2006). However, care should be taken when mak-
ing generalizations of effects of pesticides within the same chemical
group where significantly different toxicities may  occur in a single
group of soil organisms (e.g. effects on earthworms among the stro-
bilurin group (Wang et al., 2012)). Enchytraeids were mainly the
least sensitive of the three species tested for reproductive effects.
Although reports have shown that they are generally less sensitive
than lumbricidae when assessing acute data such as LC50 (EFSA,
2009b), the results obtained in our study contradict the results
reported by Römbke and Moser (2002) which report a similar sen-
sitivity of the two organism groups regarding reproductive effects
in different soil substrates (artificial and natural). These differences
in long-term exposure tests reflect the difficulty in grouping pes-
ticides effects on non-target organisms. This emphasizes the need
to include arthropods and other annelids as relevant organisms in
the first tier of pesticide environmental risk assessment in order
to better represent and protect the terrestrial environment against
the wide existing group of pesticides (Frampton et al., 2006).

5. Conclusion

Results showed that the use of only the earthworm as a key
species for the first tier terrestrial ERA of pesticides may  not be
enough to ascertain a significant protection level of the terrestrial
ecosystem by not being the most sensitive organisms, especially
for the tested insecticide. Moreover, the use of natural soil may
lead to differences in toxicity values compared with OECD refer-
enced values. This illustrates the importance of creating realistic
scenarios under the first tier ERA, since artificial soils may not allow
a realistic approach for the evaluation of pesticide toxicity. Natu-
ral soil variations are accounted for in the Guidance Document on
Terrestrial Ecotoxicology (SANCO, 2002) under a risk assessment
for earthworms. However, with the revision on the data require-
ments for active substances (EU, 2013), and the division of the EU
territory into three zones (north, central, and south) by the new
regulation concerning the placing of plant protection products on
the market (EC, 2009), understanding the different behaviour of
pesticides and their availability in different soils types becomes of
great importance.
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