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a  b  s  t  r  a  c  t

In the  present  study,  a new  complementary  approach  combining  the  use of  the natural  soil microarthro-
pod  community  and  conventional  test  methods  was  used.  The  effects  of  soil  contamination  with  the
insecticide  carbofuran  on  two  geographically  distinct  microarthropod  communities  (Mediterranean  and
Tropical) were  evaluated  in  their  soils  of  origin  under  controlled  laboratory  conditions.

After  contamination  of two agricultural  soils  from  Portugal  and  Brazil,  a gradient  of concentrations
was  prepared.  Soil  cores  were  taken  from  the  respective  uncontaminated  surrounding  areas  and  the
mesofauna  of three  cores  was  extracted  directly  to the  test  soil.  After  extracting  the  microarthropod
communities  to  the  test  soil,  these  were  incubated  under  laboratory  conditions  for  4 weeks,  after  which
the  mesofauna  was  extracted  again.  The  organisms  were  assorted  into  higher  taxonomic  groups  and  Acari
and Collembola  were  respectively  assorted  into  order/sub-order/cohort  and  family.  Collembolans  were
still classified  according  to morphological  traits  and  used  as  a case-study  of trait  based  risk  assessment
(TERA;  Baird  et  al., 2008) of  pesticides.

The exposure  to insecticide  contamination  caused  the  impoverishment  of  the  taxonomic  diversity  in
both  communities.  Significant  shifts  in  the microarthropod  community  structure  in  the  different  car-
bofuran  treatments  were  found  for both  soils,  although  effects  were  more  pronounced  in the  assay
performed  with  the  soil  from  Brazil.  Collembolans  were  the  most  affected  group  with  a strong  decline

in  their  abundance.  A  dose–response  relationship  was  observed,  showing  a  consistent  decline  on  the
relative  abundance  of  Isotomidae,  closely  followed  by  an  increase  of Entomobryidae.  Contrastingly,  Acari
(especially  Oribatida)  tended  to  increase  their  numbers  with  higher  concentrations.

Trait  based  analysis  of  Collembola  data  suggested  that  a shift  in the  functional  composition  of  the
communities  occurred  due  to carbofuran  soil  contamination  and  that  species  adapted  to deeper  soil
layers  were  more  vulnerable  to  insecticide  toxicity.
. Introduction
Please cite this article in press as: Chelinho, S., et al., Soil microarthropod com
of  effect data for pesticide risk assessment. Appl. Soil Ecol. (2013), http://d

The toxicity of pesticides to soil fauna is usually evaluated
hrough laboratory assays exposing single standard species to a
eries of concentrations of the pesticide of concern and measuring
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their acute and/or chronic effects (Van Straalen, 2002; van Gestel,
2012; Van den Brink, 2008). However, such approach does not take
into account the interactions between species within a commu-
nity, as well as possible differences in the responses of communities
from different ecoregions (Van Straalen, 2002; Van den Brink, 2008;
Kuperman et al., 2009; Clements and Rohr, 2009).

Higher tier methods include semi-field tests like micro and
mesocosms, attempting to combine the controlled laboratory
munity testing: A new approach to increase the ecological relevance
x.doi.org/10.1016/j.apsoil.2013.06.009

conditions with the complex network of interactions between
organisms that naturally occur in the field (Burrows and Edwards,
2002; Scott-Fordsmand et al., 2008; Knacker et al., 2004). Several
tools have been developed (for a recent review see Schäffer et al.,

dx.doi.org/10.1016/j.apsoil.2013.06.009
dx.doi.org/10.1016/j.apsoil.2013.06.009
http://www.sciencedirect.com/science/journal/09291393
http://www.elsevier.com/locate/apsoil
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Table  1
Pedological properties of the tested soils. BR, Brazil; PT, Portugal; OM,  organic matter; CEC, cation exchange capacity; WHC, water holding capacity.

pH (KCl 1 M)  OM (%) Sand (%) Silt (%) Clay (%) Total N (%) WHC  (%) Soil type

2
d
t
h
S

i
n
t
e

c
I
t
t
S
t
t
2
a
2

i
R
a
d
o

n
t
w
t
t
s
b
t
s

a
b
r
(
h

a
c
a
a
e
t
a
t
l
a
n

c
w
i

BR 5.33 ± 0.11 13.5 79.5 18.6 

PT  3.9 ± 0.03 9.89 40.0 44.5 

010) but only Terrestrial Model Ecosystems (TME) have been stan-
ardized (ASTM, 1993). Although with higher ecological realism,
he semi-field tests are usually associated to increasing variability,
igher experimental effort and costs (Van den Brink et al., 2005;
chäffer et al., 2008).

Despite this, the introduction of more ecological information
n ecotoxicology, e.g., the use of species abundance and commu-
ity composition to predict responses and recovery of communities
owards anthropogenic disturbances is a current challenge (Filser
t al., 2008; Clements and Rohr, 2009; van Gestel, 2012).

A step forward was the proposal of an innovative approach,
alled Trait-Based Risk Assessment (TERA; Baird et al., 2008).
t advocates that morphological/physiological/ecological charac-
eristics of organisms can be used to describe the effects of
oxic substances or other stress factors at the community level.
everal papers have been published, supplying not only the
heoretical background but also proposing frameworks and iden-
ifying research needs (e.g. Baird et al., 2008; Van den Brink,
008; Clements and Rohr, 2009; De Lange et al., 2010; see
lso the special series on TERA published in IEAM Journal,
011).

Following the history of ecotoxicology, trait based ecotoxicolog-
cal studies are being implemented earlier in the aquatic field (e.g.
elyea and Hoverman, 2006; Baird and Van den Brink, 2007; Liess
nd Beketov, 2011). However, the validation and further consoli-
ation of this approach requires its transposition to the assessment
f soil contamination (De Lange et al., 2009).

In the present study, a new complementary approach using the
atural soil microarthropod community (that play a key role in
he decomposition processes and nutrient cycling; Seastedt, 1984)
as tested. The strategy adopted aimed to combine the advan-

ages of both community studies and ecotoxicological conventional
ests (performed under a laboratory context during a relatively
hort period of time, compared, for example, with monitoring and
iodiversity studies; Schäffer et al., 2010). In addition, a specific
axonomic group (Collembola) was used as a case-study of TERA in
oil.

Carbofuran, a carbamate insecticide, also with nematicidal and
caricidal properties was used as a model pesticide. It works
y contact or ingestion and provokes reversible short-term dis-
uption of the nervous system, being highly soluble in water
320 g L−1 at 25 ◦C) and moderately persistent in soil (30–120 days;
ttp://extoxnet.orst.edu/pips/carbofur.htm).

Specifically, the present study had two main objectives: (i) to
ssess the effects of a carbofuran application on two geographi-
ally distinct soil microarthropod communities (warm temperate
nd tropical); effects were assessed based on traditional taxonomic
pproaches, namely changes in richness and abundance of differ-
nt taxonomic entities; and (ii) to describe the potential changes in
he composition of soil Collembola communities, the second most
bundant group, using an innovative trait-based approach, in which
he individuals of – Collembola – were classified according to their
ife-form traits. Two microarthropod communities from Portugal
nd Brazil were added to two distinct soils, previously contami-
ated with carbofuran.
Please cite this article in press as: Chelinho, S., et al., Soil microarthropod com
of  effect data for pesticide risk assessment. Appl. Soil Ecol. (2013), http://d

The extraction of soil microarthropods from fresh soil and con-
omitant inoculation of extracted organisms into contaminated soil
as simple, quick, and relatively effortless. Moreover, it allowed the

ntroduction of several species into the test-soil, also minimizing
2.17 0.62 67.1 ± 3.48 Loamy sand
15.5 0.48 74.7 ± 4.23 Loam

direct handling of animals (and thus, theoretically, diminishing
handling related stress).

The exposure to pesticide contamination took place under lab-
oratory controlled conditions, less demanding in terms of space,
time and costs, when compared to field and semi-field studies, and
with presumably lower associated variability.

2. Materials and methods

2.1. Areas of soil sampling

In Brazil, an experimental area of CRHEA (University of São
Paulo, Brazil) with no history of pesticide application, next to sugar
cane plantations, and located in São Carlos (SP; −22◦ 10′ 13.53′′,
−47◦ 53′ 58.12′′) was chosen. The management practices for the 3
years previous to the experiment consisted in the cut of vegetation
two or three times a year, during the rainy season. In Portugal, a
parcel of fallow land, not cultivated at least during the last 5 years
(only the vegetation layer was cut once a year), located in the sur-
roundings of Coimbra (40◦ 14′ 46.5066′′, −8◦ 20′ 23.9964′′) was
selected. The studies took place in the autumn of 2007 (Brazil) and
2009 (Portugal). The soils from Brazil and Portugal were analyzed
by CHREA (ESESC, University of São Paulo, Brazil) and Direcç ão
Regional de Agricultura e Pescas do Norte (DRAPN, Porto, Portugal),
respectively, as described in Chelinho et al. (2011a, 2012). The
pedological properties of the test soils are shown in Table 1.

2.2. Soil contamination

In Brazil, the contamination of soil was  performed place under
field conditions and was  integrated in a broader project (Chelinho
et al., 2012). Briefly, the soil was  tilled and after three days, two
parallel strips of land (3 m × 1 m),  separated by a buffer area of 2 m
(to avoid cross-contamination) were used to simulate a pesticide
spraying over an agricultural field. One of the strips was sprayed
with the insecticide Furadan 350 SC (a carbofuran commercial for-
mulation from FMC, SP, Brazil; 350 g a.i. (active ingredient) L−1) at
two times the recommended dose (2 × RD) for sugar cane planta-
tions (10l ha−1; ∼2.334 mg  a.i. kg−1 soil oven-dry mass, taking into
account an average soil density of 1.5 g cm−3 and an incorpora-
tion depth of 10 cm). This dose mimicked pesticide overuse, a very
common practice among local farmers (Dasgupta et al., 2001). The
insecticide was  diluted in 5 L of water collected at a nearby refer-
ence lagoon. To facilitate the pesticide incorporation, the top 5 cm
of soil were mixed and another 10 L of lagoon water were sprayed.
The second strip of land, which acted as control, was previously
sprayed with the same amount of the lagoon water (5 + 10 L).

In the early morning of next day, soils from both strips were
collected (top 10 cm)  for ecotoxicological evaluations and chemical
analysis.

The contaminated soil samples (as well as the uncontaminated
soil which acted as the control) were sieved (5 mm)  and defaunated
by a freezing–thawing cycle (48 h at −20 ◦C followed by 8 h at 25 ◦C
and another 24 h at −20 ◦C). The control soil was mixed with soil
sprayed with 2 × RD of Furadan in different proportions to obtain
munity testing: A new approach to increase the ecological relevance
x.doi.org/10.1016/j.apsoil.2013.06.009

the following dilution series: 0%, 2.5%, 5%, 10%, 25%, 50% and 100%
of 2 × RD.

For the assay conducted in Portugal, several samples of soil (top
10 cm)  were randomly collected in an area of 40 m2, mixed, sieved

dx.doi.org/10.1016/j.apsoil.2013.06.009
http://extoxnet.orst.edu/pips/carbofur.htm
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Table 2
Collembola species traits and corresponding scores used to define the morphos-
pecies and to calculate the mean trait per community index (mT).

Trait Trait modality Score

Ocelli Absent 1
Present 5

Antenna length 0 < X < 0.5 body length 1
0.5 body length < X < 1 body length 3
>1 body length 5

Furca Absent 1
Reduced/short 3
Long 5

Hairs/scales Absent 1
Presence of hairs only 3
Presence of hairs and scales 5

Pigmentation White 1
ARTICLEPSOIL-1883; No. of Pages 10
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5 mm)  and defaunated through one freezing (F)–thawing (T) cycle
48 h F–8 h T–24 h F). Afterwards, the soil was spiked in the lab-
ratory with different proportions of a stock solution of Furadan
50SC (the same commercial formulation of carbofuran referred
bove) and diluted in deionised water to create the same range of
oncentrations as in the Brazilian soil.

In both assays, the amount of solutions added per treatment
as adjusted to achieve initial moisture content of 50% of the WHC.
fterwards, the contaminated soil was distributed in plastic boxes

9.5 cm height × 11.5 cm diameter) with perforated lids (∼300 g dry
eight, ∼80 cm3 × 7 replicates per treatment).

.3. Sampling, extraction and incubation of soil microarthropods

For the assay performed in Brazil, in the uncontaminated sur-
oundings of the area where the test soil was collected, the upper
egetation layer was removed and soil cores (7 cm Ø × 10 cm) were
aken along chosen transects randomly outlined and placed in plas-
ic bags. A similar procedure was undertaken in the fallow land used
s study area in Portugal.

In both assays, the content of 3 soil cores (randomly selected;
450 g fresh weight) was mixed and used in each test replicate
s a source of microarthropods. The microarthropod communi-
ies were extracted using Berlese funnels (Brazil) or a Macfadyen
igh-gradient extractor (Portugal). The replicates of the different
reatments were randomly assorted. Organisms were extracted
irectly to the treated (contaminated with carbofuran), control soils
nd 8 smaller vessels (per assay) containing 80% ethanol, during
4 or 7 d (respectively in the Brazilian and Portuguese assay). The
essels with ethanol were used to further characterize the initial
ommunities (ICs) of both countries, in terms of abundance and
ichness of microarthropods.

After this extraction period, the vessels containing the treated
oil and the microarthropods were incubated under laboratory
onditions (23 ± 1 ◦C or 20 ± 1 ◦C, respectively for Brazilian and Por-
uguese assays; 16:8 – light:dark photoperiod) for 4 weeks. The
essels used to characterize the ICs were stored at room tem-
erature for further processing (see Section 2.4). Following the

ncubation period, microarthropods were extracted again (during
he same period reported above for the first extraction) and pre-
erved in 80% ethanol.

.4. Microarthropod sorting and identification

The extracted organisms, preserved in 80% ethanol, were ini-
ially counted and sorted into higher taxonomic entities under

 stereomicroscope (40× magnification) according to Barrientos
1988) and Minor and Robertson (2006).

In a second phase, mites were sorted into four main groups:
suborder) Oribatida, (order) Mesostigmata, (suborder) Prostig-

ata, and (cohort) Astigmata, according to Lindquist et al.
2009).

For the identification of collembolans, taxonomic and trait-
ased approaches were followed. These organisms were identified
nd assorted into five families (Entomobryidae, Isotomidae, Ony-
hiuridae, Poduridae and Sminthuridae) according to Gisin (1960).
n addition, the individuals were classified according to five mor-
hological traits, namely the ocelli, furca, antenna, pigmentation
nd the presence of hairs and scales, that define Collembola life-
orm (Gisin, 1943; see Table 2).
Please cite this article in press as: Chelinho, S., et al., Soil microarthropod com
of  effect data for pesticide risk assessment. Appl. Soil Ecol. (2013), http://d

Within each Collembola family, the organisms exhibiting a dif-
erent combination of trait scores were considered as representing
ifferent morphospecies (see Table A.1). Thus, for the Portuguese
nd Brazilian assays, 19 and 18 morphospecies were considered,
espectively.
Coloured, no patterns 3
Coloured, patterns 5

2.5. Chemical analysis

Samples (∼400 g, w/w) from each dilution/concentration were
stored at −20 ◦C for analysis of carbofuran concentrations. The
analyses of the Brazilian and Portuguese samples were performed
by IQSC, University of São Paulo (Brazil) and CESAM – Depart-
ment of Chemistry, University of Aveiro (Portugal), respectively,
as described before (Chelinho et al., 2011b, 2012).

2.6. Statistical analysis

The data were previously analyzed for normality (Shapiro–Wilk
test) and for variance homogeneity (Levene test). If violations of
normality and/or homogeneity occurred, a log(x + 1) (for total abun-
dance data) or a arcsin (for relative abundance data) transformation
were applied. To investigate the effects of carbofuran on the total
or relative abundance of Acarina and Collembola (the two most
abundant groups; see Section 3.2), a One-Way ANOVA followed
by post hoc comparisons with the control (Dunnets’ test) or a
Kruskall–Wallys test followed by multiple comparisons with the
control were used. The latter tests were used whenever normal-
ity and variance homogeneity assumptions were not fulfilled even
after data transformation. The same analyses were performed for
the Collembola families and the four groups of mites (see Section
2.5).

All analyses were performed in Statistica 7.0 (available at
http://www.statsoft.com/). The relative abundance of the four
groups of Acari and five families of Collembola was  calculated as a
function of to the total numbers of each group (Acari or Collembola)
found per treatment.

Potential effects of carbofuran on overall microarthropod com-
munity composition and on the Collembola and mite groups
separately (for the last two  endpoints, only relative abundance
data was used) were evaluated by analysis of similarity (ANOSIM),
comparing the community composition of the carbofuran contam-
inated samples with those of the control. Whenever significant
differences were found, the similarity of percentages (SIMPER)
analysis was used to identify the families or groups responsible for
the observed change and their contribution (in terms of percent-
age) for the overall shift. Both ANOSIM and SIMPER, analysis were
performed in Primer 5.2.6 (Clarke and Gorley, 2001) using log(x + 1)
transformed data (for microarthropod community composition).
munity testing: A new approach to increase the ecological relevance
x.doi.org/10.1016/j.apsoil.2013.06.009

Regarding the morphological traits of Collembola, data were
pooled per treatment and used to calculate two functional trait
indices per treatment: the mean trait per community (mT) and
the Functional Diversity (FD), following a similar approach to that

dx.doi.org/10.1016/j.apsoil.2013.06.009
http://www.statsoft.com/
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Table  3
Group composition of soil microarthropod communities from Portugal (PT) and Brazil (BR) (expressed as total abundance of major taxonomic groups per treatment) exposed
to  soil contaminated with Furadan (see Section 2.2 for details). RD, recommended dose; IC, initial community; Aca, Acari; Coll, Collembola; Prt, Protura; Symph, Symphyla;
Paurop, Pauropoda; Chil, Chilopoda; Aran, Araneae; Pseudosc, Pseudoscorpionidae; Staph, Staphylinidae; Coleo, other Coleoptera; Aphid, Aphididae; Form, Formicidae; Larv,
Larvae; Others, Isopoda + Diplopoda + Isoptera + Psocoptera + Thysanoptera.

Doses (% 2 × RD) Aca Coll Prt Symph Paurop Chil Aran Pseudosc Staph Coleo Aphid Form Larv Others

PT
IC 2317 568 4 24 0 5 0 1 0 3 12 170 27 0
0  709 199 0 1 0 1 1 0 0 0 1 0 2 0
2.5  845 97 0 1 0 1 1 0 0 0 1 2 3 0
5  1032 108 0 1 0 1 1 0 0 0 0 1 1 0
12.5  828 133 0 1 0 1 0 2 1 0 0 0 3 1
25  862 79 0 2 0 2 0 0 0 0 0 0 3 0
50  550 12 1 0 0 2 0 0 0 0 0 3 6 0
100  622 8 0 0 0 0 0 0 0 0 0 1 3 0

BR
IC  4301 487 460 13 8 2 1 0 4 40 0 175 5 14
0  1371 1214 24 1 1 1 1 0 5 7 0 15 3 0
2.5  1514 651 89 0 2 0 3 0 6 21 0 42 4 0
5  1657 658 217 1 0 0 3 0 4 16 0 19 2 1
10  1028 382 0 1 0 1 2 0 1 8 0 67 1 0
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25  1528 279 3 0 0 1 

50  2049 133 0 0 0 1 

100  2294 27 0 0 0 0 

arried out by Vanderwalle et al. (2010). For each morphospecies,
he scores of individual traits were summed up to determine the
Life-form” trait (LFT) that was used for the calculation of indices
ndicated above (see Vanderwalle et al., 2010). It ranged between

 (minimum, indicative of euedaphic species) and 25 (maximum,
ndicative of epigeic species).

The mT  index consisted of the average of the trait values, which
ere calculated for each morphospecies of each treatment (the

atter considered as a different community). The trait value was
alculated from the multiplication of the LFT (described above) by
he relative abundance of each morphospecies. The mT  values cal-
ulated for each carbofuran treatment were compared with the
espective control using a t-test.

The FD index reflected the range of trait values within each
reatment (or community; Díaz et al., 2007) and was  calculated
ccording to Lepš et al. (2006).

Simpson (1949) and Shannon diversity indexes (Shannon and
eaver, 1949) were also calculated.

. Results

.1. Composition of the microarthropod community

The initial communities (ICs) of Portugal and Brazil were com-
osed by 12 and 16 groups of microarthropods, respectively, with
lear dominance of mites (74% and 78% of total individuals, respec-
ively; Table 3).

Prostigmatid and oribatid mites dominated the initial Por-
uguese microarthropod community (46% and 16%, respectively;
ata not shown). While in the Brazilian assay, Oribatid and
esostigmatid mites were the most abundant (51% and 20%,

espectively; data not shown) Collembolans were the second most
bundant group and, together with mites, represented approxi-
ately 92% and 87% of the total of individuals found, respectively

or the Portuguese and Brazilian assays (Table 3).
Also, the dominance of collembolan families differed between

he two countries. In Portugal, the majority of collembolans
elonged to the Onychiuridae and Isotomidade (66% and 30% of
Please cite this article in press as: Chelinho, S., et al., Soil microarthropod com
of  effect data for pesticide risk assessment. Appl. Soil Ecol. (2013), http://d

he total Collembola, respectively; data not shown) while in Brazil,
ntomobryidae and Isotomidae represented approximately 3% of
ll microarthropods (39% and 47% of total Collembola, respectively;
ata not shown).
0 1 10 0 60 0 0
0 0 9 0 25 0 0
0 0 7 0 0 1 2

Among the less abundant microarthropod groups, some exclu-
sively occurred within one of the communities. For example,
Aphididae and Pseudoscorpionidae were only found within the
Portuguese (IC, control and/or treated) samples while Coleoptera
(other than Staphylinidae) Pauropoda, Thysanoptera, Isoptera and
Diplopoda were specific of Brazilian communities (IC, control
and/or treated) samples (Table 3).

3.2. Effects of carbofuran on community composition and
abundance

For the two assays, the total number of microarthropods recov-
ered in the controls, when compared with the IC, decreased strongly
(to 70% and 52%, respectively for the Portuguese and Brazilian
experiments; Table 3). Also, in general, a high variability was found
between replicates in the total number of individuals and in the
relative abundance of the microarthropod groups.

Exposing both soil communities to a gradient of carbofu-
ran concentrations (measured values are available in Table 4)
caused a decrease in the community richness since the number of
microarthropod groups progressively decreased (Fig. 1 and Table 3).

Significant differences in the microarthropod community com-
position were also detected by ANOSIM. In the Portuguese
experiment, the community at the two  highest doses (50% and 100%
of 2 × RD) was  significantly different from the control (ANOSIM,
p < 0.05); Collembola and Acarina (both with decreased abundance
at the two  highest doses if compared to the control) were the groups
that most contributed to this dissimilarity (SIMPER analysis; see
Table A.2).

Stronger effects of carbofuran were observed within the com-
munities extracted from the Brazilian soil since, with one exception
(5% of 2 × RD), all doses caused significant changes in the commu-
nity structure when compared with the control (ANOSIM, p < 0.05);
the SIMPER analysis highlighted Protura, Collembolla (in both
cases, their abundance was  negatively affected by the treatments)
and Formicidae (more abundant in the treated doses than in the
control) as the groups that mostly contributed to the dissimilarity
detected (SIMPER analysis; see Table A.2).
munity testing: A new approach to increase the ecological relevance
x.doi.org/10.1016/j.apsoil.2013.06.009

Focusing on the two most abundant groups, a common pattern
of response was found for the collembolans: the average number
of individuals decreased along the contamination gradient, with
significant negative effects found for the highest doses (50% and

dx.doi.org/10.1016/j.apsoil.2013.06.009
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Table 4
Carbofuran concentrations (expressed as milligrams per kilogram of soil dry mass) in the laboratory spiked soil (Portuguese experiment) or in the field contaminated soil
(Brazililian experiment) with 2 times the recommended dose (2 × RD) of Furadan. n.a., not applicable.

Doses (% of 2 × RD) Predicted carbofuran
concentrationsa (mg/kg)

Carbofuran concentrations (mg/kg)

Portugal Brazil

0 n.a. <0.020 <0.010
2.5  0.058 0.054 0.039
5  0.117 0.113 0.079
10  0.233 n.a. 0.460
12.5  0.292 0.509 n.a.
25  0.583 0.964 0.400
50  (RD) 1.167 2.025 1.520

epth.

1
P
t

v
t
F

w
a
D

F
m
r
a

100  2.333 

a Assuming a soil density of 1.5 g/dm3 and a pesticide incorporation up to 5 cm d

00% of 2 × RD or 25%, 50% and 100% of 2 × RD, respectively for the
ortuguese and Brazilian experiments; One-Way ANOVA, Dunnett
est; p < 0.05; Fig. 1).

With respect to mites, in the Portuguese experiment, the
ariability among replicates impaired the establishment of statis-
ically significant effects (One-Way ANOVA, Dunnett test; p > 0.05;
ig. 1A).

The increase in carbofuran concentrations was generally linked
Please cite this article in press as: Chelinho, S., et al., Soil microarthropod com
of  effect data for pesticide risk assessment. Appl. Soil Ecol. (2013), http://d

ith a higher number of mites in the Brazilian experiment with
 significant effect found for the highest dose (One-Way ANOVA,
unnett test, p < 0.05; Fig. 1B).

ig. 1. Effects of Furadan (a.i. carbofuran) contaminated soil on the total abundance of A
icroarthropod groups (dotted line, right axis) found in two soil communities from Portug

ecommended dose. *Statistically different from Acarina or Collembola found in the contro
nd  abundance of taxonomic groups) statistically different from the control (ANOSIM, p <
3.438 2.460

3.3. Effects of carbofuran in the community composition of mites
and collembolans

The shifts in the overall community structure of Collembola in
the different carbofuran treatments were somehow similar for the
two geographical communities.

In the Portuguese experiment, the relative abundance of Ento-
mobryidae tended to increase, while the opposite happened for
munity testing: A new approach to increase the ecological relevance
x.doi.org/10.1016/j.apsoil.2013.06.009

the Isotomidae (Fig. 2A). Onychiuridae slightly increased with con-
centrations, excepting at the two  highest doses, where a sharp
decline in the relative abundance was observed (Fig. 2A). Despite

carina (black bars), Collembola (grey bars, left axis) and maximum number of soil
al (A) and Brazil (B). Values express average (±standard deviation – SD) values. RD,
l (One-Way ANOVA, Dunnett test, p < 0.05). #Microarthropod community (diversity

 0.05).
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Fig. 2. Effects of Furadan (a.i. carbofuran) contaminated soil on the relative abundance of the families of Collembola found in two soil microarthropod communities from
P s. RD, r
t 5). #C
f nych, 

t
A

b
c
d
f
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c
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t
O
a
w
d
(
t
c
s

r
c
t
t
o

t
1
A
t

ortugal  (A) and Brazil (B). Values express average (±standard deviation – SD) value
he  control (Kuskall–Wallys test and multiple comparisons with the control; p < 0.0
rom  the control (ANOSIM, p < 0.05). Entom, Entomobryidae; Isotom, Isotomidae; O

his, no significant differences were found for any family (One-Way
NOVA, Dunnett test, p > 0.05; Fig. 2A).

A significant increase in the relative abundance of Entomo-
ryidae was also observed in the Brazilian experiment, which
ontrasted with the significant decline of Isotomidae, in all Furadan
oses, except at the highest dose, where a high variability was
ound (significant differences found for the doses 10%, 25% and
0% of 2 × RD, for both families; Kruskall–Wallys test and multiple
omparisons with the control, p < 0.05; Fig. 2B).

In terms of the overall community composition of Collembola,
n the Portuguese experiment, significant differences were found
nly at the highest dose (100% of 2 × RD) when compared to con-
rol (ANOSIM, p < 0.05; Fig. 2A). Entomobryidae, Isotomidae and
nychiuridae explained 95% of the observed dissimilarity (SIMPER
nalysis; see Table A.2 and Fig. 2A). The effects of the insecticide
ere more clear within the Brazilian experiment, since ANOSIM
etected significant differences at all the doses, except the lowest
2.5% of 2 × RD), relatively to the control (ANOSIM, p < 0.05). Again,
he most abundant families, Isotomidae, Entomobryidae and Ony-
hiuridae contributed most to these differences (SIMPER analysis,
ee Table A.2 and Fig. 2B).

The mite community in the Portuguese soil appeared to be more
esistant to carbofuran contamination, compared to Collembola
ommunities, since no significant differences were found between
he relative abundance of any of the four groups individually and
hat of the control (One-Way ANOVA, p > 0.05; Fig. 3A) nor for the
verall community structure (ANOSIM, p > 0.05).

Contrastingly, in the Brazilian experiment, a significant drop in
Please cite this article in press as: Chelinho, S., et al., Soil microarthropod com
of  effect data for pesticide risk assessment. Appl. Soil Ecol. (2013), http://d

he relative abundance of Mesostigmata and Prostigmata (doses
0%, 25%, 50% and 100% of 2 × RD lower than the control; One-Way
NOVA, Dunnett test, p < 0.05; Fig. 3B) was observed. In parallel,

he relative abundance of oribatid mites consistently increased (all
ecommended dose. *Statistically different from the respective Collembola family of
ollembolan community (diversity and abundance of families) statistically different
Onychiuridae; Podur, Poduridae; Sminth, Sminthuridae.

doses, excepting 2.5% of 2 × RD, higher than the control; One-Way
ANOVA, Dunnett test, p < 0.05; Fig. 3B).

The community of mites was different from the control at all
doses, except for the lowest (ANOSIM, p < 0.05); these differences
were mainly influenced by the decrease in relative abundance of
Mesostigmata and Prostigmatid mites (SIMPER, see Table A.2).

The effects of carbofuran on the total abundance of Collembola
and Acarina groups were quite similar to the ones described above
for the relative abundance data, and are available in Figs. A and B
of supplementary material, respectively.

3.4. Effects of carbofuran on functional traits of collembolans

In both assays, the soil contamination generally decreased the
diversity of morphospecies, as evidenced by the decreases of both
Simpson and Shannon diversity indices, excepting for the dose “50%
of 2 × RD” in the Brazilian experiment (Table 5).

Among the two indexes used to describe changes in functional
traits of collembolans along the gradient of insecticide treatments
(mT  and FD), the patterns were not always similar. The mT  values
tended to increase in both assays, reflecting the higher represen-
tation of morphospecies adapted to surface soil layers (Table 5).
Relatively to the controls, this variation was  statistically significant
at the two highest Furadan doses for the Portuguese experiment
(t-test, p < 0.05; Table 5) and at the highest dose for the Brazilian
experiment (t-test, p < 0.05, Table 5).

On the other hand, for the Portuguese experiment, there was  a
tendency for FD values to increase along the contamination gra-
munity testing: A new approach to increase the ecological relevance
x.doi.org/10.1016/j.apsoil.2013.06.009

dient (Table 5), which were not correlated with the decrease in
the diversity indices reported above. An opposite scenario was
observed for the Brazilian experiment, since lower FD values were
obtained for the high Furadan treatments and this trend was

dx.doi.org/10.1016/j.apsoil.2013.06.009
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Fig. 3. Effects of Furadan (a.i. carbofuran) contaminated soil on the relative abundance of the four groups of Acarina found in two soil microarhopod communities from
Portugal (A) and Brazil (B). Values express average (±standard deviation – SD) values. RD, recommended dose. *Statistically different from the respective Acarina groups of
t # and ab
O

s
n
f

4

4

t
r

T
S
m
n

he  control (One-Way ANOVA, Dunnett test, p < 0.05). Mites community (diversity 

rib,  Oribatida; Mesost, Mesostigmata; Prostigm, Prostigmata; Astigm, Astigmata.

trongly correlated with the variation of both Simpson and Shan-
on indices (r = 0.90 and 0.82 and p < 0.001 and <0.005, respectively

or FD vs Simpson and FD vs Shannon).

. Discussion

.1. Testing strategy
Please cite this article in press as: Chelinho, S., et al., Soil microarthropod com
of  effect data for pesticide risk assessment. Appl. Soil Ecol. (2013), http://d

From a methodological point of view, one of the major limita-
ions of the approach adopted in the present study was  the low
ecovery rate of the microarthropods in the controls and treated

able 5
ummary of the responses of two  soil communities of Collembola, from Portugal (PT) and
ean  trait per community (mT), functional diversity (FD) and diversity of morphospecies

umber of morphospecies (organisms exhibiting a different combination of trait scores; s

Furadan doses (% of 2 × RD)

PT
Indices IC 0 2.5 

mT  0.637 0.805 1.374 

FD 0.129 0.142 0.120 

Simpson 0.616 0.669 0.622 

Shannon 1.251 1.387 1.165 

n  13 11 6 

BR
Indices IC Ct 2.5 

mT  1.097 1.111 1.508 

FD 0.321 0.270 0.262 

Simpson 0.735 0.704 0.710 

Shannon 1.680 1.435 1.399 

n  12 13 10 1

a Statistically different from Ct (t-test; p < 0.05).
undance of mite groups) statistically different from the control (ANOSIM, p < 0.05).

samples, compared with the initial community. This might be
related to the fact that organisms were confined to a small area
from which it was  not possible to escape, either from potential
predators (e.g. Staphylinidae and/or Araneae; Bohac, 1999; Marc
et al., 1999) or from unfavourable environmental conditions (e.g.
temperature, humidity and/or light). In fact, under laboratory con-
ditions, it was  not possible to simulate the environment of a real soil
munity testing: A new approach to increase the ecological relevance
x.doi.org/10.1016/j.apsoil.2013.06.009

system. Also, the possibility that the extraction procedures might
have worked as a stress factor to some of the organisms cannot be
discharged. Improvements can be further adopted by using larger
test-boxes, extending the exposure period for at least four more

 Brazil (BR) to increasing Furadan treatments. Results are expressed in terms of the
 (Simpson and Shannon indices). RD, recommended dose; IC, initial community; n,
ee Section 2.4).

5 12.5 25 50 100
0.975 1.164 1.166 3.944a 7.250a

0.150 0.244 0.135 0.375 0.256
0.711 0.590 0.468 0.542 0.375
1.434 0.995 0.985 0.888 0.562
9 8 7 3 2

5 10 25 50 100
1.457 1.706 2.830 1.665 5.198a

0.240 0.125 0.099 0.203 0.108
0.743 0.622 0.538 0.710 0.524
1.584 1.184 0.967 1.578 0.814
1 10 6 10 3

dx.doi.org/10.1016/j.apsoil.2013.06.009
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eeks (possibly allowing the reproduction of some species and
hus, the assessment of sub-lethal effects) and by considering the
upply of food during the test.

Despite the methodological constrains, results showed that this
esting approach was valid and sensitive enough to detect the
ffects of a pesticide on two soil microarthropod communities.
oreover, its further use as a tool to introduce more ecological real-

sm in the data gathered from ecotoxicology-related studies seems
romising.

.2. Effect of carbofuran contamination on the microarthropod
ommunities

Both soil microarthropod communities from Portugal and
razil were negatively affected by the insecticide contamina-
ion. Notwithstanding, stronger effects were registered within the
razilian assay, where even low dosages of carbofuran induced
ignificant shifts when compared to the control.

These observations are not in agreement with the chemical
nalysis of the test soils that showed carbofuran concentrations
enerally higher in the laboratory spiked Portuguese soil than in
he field contaminated Brazilian soil (Table 4). The different levels
f contamination may  be explained by the high dispersion usually
ccurring for soil sprayings under field conditions (Schulz, 2004).
n the other hand, the pedological properties of the two soils
ight have determinated a lower bioavailability of the pesticide

or the organisms in the Portuguese soil. Indeed, higher adsorp-
ion of carbofuran seems to occur in silt loam and loam soils (such
s the Portuguese) than in sandy loam soils (such as the Brazil-
an) (Singh and Srivastava, 2009). In addition, carbofuran seems
o degrade faster (and thus, causing lower toxicity) under moist
onditions (Shelton and Parkin, 1991), which were higher for the
ortuguese soil. Moreover, in a more moist soil, carbofuran will be
ore diluted in the soil pore water, an important exposure route

or soil microarthropods. An intrinsically higher sensitivity of the
rganisms from communities of Brazil to pesticides (not investi-
ated) is also a possible explanation.

Direct comparisons with the available literature should be made
ith caution, due to the differences in experimental design and

xposure conditions. Despite this, the impoverishment of taxo-
omic diversity as well as the general decrease in the overall
bundance of microarthropods (more evident in the Brazilian
ssay; Table 3) observed in the present study is in agreement with
ata previously reported for carbofuran (Broadbent and Tomlin,
982; Bambaradeniya and Edirisinghe, 2008) and other insec-
icides (Joy and Chakravorty, 1991; Frampton, 1999; Joy et al.,
005; Endlweber et al., 2006; Scholz-Starke et al., 2011). However,
ther authors found low or no toxicity of insecticides (endosulfan,
eltamethrin and diflubenzuron) for the same groups of organisms
Osler et al., 2001; Griffiths et al., 2006; Adamski et al., 2009).

As expected, Collembola, known to be particularly sensi-
ive towards carbofuran (Frampton, 1994; Bambaradeniya and
dirisinghe, 2008) showed a dose–response pattern, with a lower
bundance relatively to the control. This was most pronounced at
he highest dose, with 5% or less of the abundance of the control.

The opposite response occurred for mites, which generally
ncreased along the contamination gradient. However, in the Por-
uguese experiment, at the doses 5%, 50% and 100% of 2 × RD, a
light decline (maximum 22%, compared with the control) was  reg-
stered. Especially in the case of the Brazilian assay, the increase in
he number of mites might be related to the concurrent decline of
redators. Data from literature, where other acetylcholinesterase
Please cite this article in press as: Chelinho, S., et al., Soil microarthropod com
of  effect data for pesticide risk assessment. Appl. Soil Ecol. (2013), http://d

nhibitors (e.g. dimethoate and chlopyriphos) were tested, also
eported toxic effects for collembolans (Joy and Chakravorty, 1991;
artikainen et al., 1998; Frampton, 1999; Endlweber et al., 2006;

rampton and Van den Brink, 2007) but not for mites (Joy and
 PRESS
ology xxx (2013) xxx– xxx

Chakravorty, 1991). However, the absence of toxic effects of chlor-
pyrifos in tropical arthropod assemblages (including collembolans
and mites) was also reported by Michereff-Filho et al. (2004). Also,
Frampton (1999) and Frampton and Van den Brink (2007) did not
find toxic effects of another carbamate insecticide, pirimicarb, on
the collembolan community.

4.3. Effects of carbofuran on the taxonomic groups and
community structure of Acari

The response of mites over the increasing Furadan dosages was
again stronger within the Brazilian assay. The continuous increase
in the relative abundance of Oribatids, which are particle feeding
saprophages and mycophages (Krantz, 2009), may be related to a
reduction in the number of competitors (namely, collembolans) for
the available organic matter (Filser, 2002). Moreover, their typi-
cally high body sclerotization (Norton and Behan-Pelletier, 2009),
may  work as a biological barrier to pesticide penetration, con-
ferring them higher resistance against carbofuran (Martin, 2007).
Their long-life cycles (with slow metabolic rates) and conservative
ontogeny, if compared to other mite groups (Norton and Behan-
Pelletier, 2009), might have also conferred increased resistance or
delayed effects of carbofuran. In parallel, the decline observed for
predatory mites (Mesostigmata), was  probably a consequence of
the strong decrease of collembolans, their potential preys (Koehler,
1997). Despite this, a direct toxic effect of the insecticide cannot be
excluded (Koehler, 1997).

In the Portuguese assay, the taxonomic profile of the mite
community was different, with a shared dominance of Oribatida
and Prostigmata. The observed decrease of collembolans was also
expected to cause the reduction of mesostigmatid mites. How-
ever, the relative abundance of the four taxonomic groups of mites
remained more or less constant at all Furadan doses, causing no
significant effects at the community level. The maintenance of the
community structure might have been facilitated by prostigmatid
mites, which are extremely diverse in their feeding habits (Walter
et al., 2009). Thus, these mites might have competed with oribatids
for organic detritus and with mesostigmatids for collembolans or
could also be used as food for predatory mites (Koehler, 1997).
However, the lower level of body sclerotization of prostigmatid
mites (Walter et al., 2009) would anticipate a higher sensitivity
to carbofuran (Martin, 2007).

4.4. Taxonomic and morphological trait changes of communities
of collembola induced by carbofuran contamination

The most significant shifts in the relative abundance of collem-
bolan families and, consequently, in the overall community
structure due to carbofuran contamination were observed for the
Brazilian experiment. The two  major trends observed were the sig-
nificant increase of the relative abundance of Entomobryidae and
the decline in Isotomidae, observed at the four highest Furadan
doses.

For the Portuguese experiment, the same tendencies were
observed, although the low number of organisms found per treat-
ment (compared with the Brazilian assay) might have contributed
to a higher variability and impaired the establishment of more reli-
able trends. Despite this, significant shifts in the overall community
structure (in relation to that of the control) were detected at the
highest Furadan dose.

Similarly, in an 8 week study, the total abundance of Entomo-
bryidae collected in pitfall traps of Brazilian cornfields subjected
munity testing: A new approach to increase the ecological relevance
x.doi.org/10.1016/j.apsoil.2013.06.009

to chlorpyrifos spraying, increased by 18%, while for Isotomidade
a decline of 77% was registered (Michereff-Filho et al., 2004).
However, under temperate conditions, the 44 d exposure of collem-
bolans to the same insecticide caused a significant decline in the

dx.doi.org/10.1016/j.apsoil.2013.06.009
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bundance of both Isotomidae and Entomobryidae (Frampton and
an den Brink, 2007).

Trait analysis also revealed significant changes in the com-
unity of collembolans induced by carbofuran. The diversity of

ombinations of trait scores, considered in the present study as
orphospecies richness, decreased along the contamination gra-

ient, as revealed by the two diversity indices (Table 5).
In both assays, the increasing mT  values calculated for the

ommunities of collembolans along the contamination gradient
Table 5) suggest that species adapted to deeper soil layers are

ore vulnerable to toxic effects of this insecticide. Moreover, these
esults also indicate a shift in the functional composition of the
ommunities, namely that epigeic species increased their repre-
entativeness with increasing carbofuran concentrations.

A consistent match is noticeable when linking these results
ith the life form traits assigned to the organisms of the most

bundant families, and with the variation in their relative abun-
ances. Indeed, individuals from the family Entomobryidae, which
re mostly epigeic (Hopkin, 1997), presented the highest values
f LFT and increased their relative abundance. The opposite pat-
ern (i.e. low values of LFT and decreased relative abundance) was
egistered for organisms assigned to the family Isotomidae, which,
n the present study, possessed mostly life form traits related to
uedaphic life.

Members of the family Onichiuridae, which are euedaphic
Hopkin, 1997) and dominated the Portuguese communities, theo-
etically, could have also decreased in numbers, being substituted
y epigeic species. However, this pattern was only observed for the
wo highest Furadan doses and it was not statistically significant.
espite this, hemiedaphic species may  have also contributed to the
bserved increase in the mT.

A possible explanation to these community shifts might be
ndirectly related to one of the Collembola adaptations against
rought. Epigeic collembolans developed a low cuticular perme-
bility, which provides them high resistance towards desiccation,
ontrasting with the high cuticular permeability of euedaphic
pecies (Kærsgaard et al., 2004). The cuticle also constitutes a
iological barrier against the penetration of water-soluble pesti-
ides (Gillott, 1995; Martin, 2007) such as carbofuran. Therefore,
pedaphic collembolans, which in addition are less in contact with
oil pore water (Hopkin, 1997) would be less exposed to this insecti-
ide. The higher mobility and lower contact with the soil pore water
f epedaphic Collembola when compared with euedaphic ones was
he explanation pointed by Fountain and Hopkin (2004) for the
ower toxicity observed for epigeic springtails along a gradient of

etal contamination.
FD index decreased with taxonomic diversity only in the

razilian assay, indicating that carbofuran contamination
ecreased the diversity of morphospecies traits within each
ommunity (Díaz et al., 2007).

The opposite pattern found for the Portuguese assay is difficult
o explain as the diversity of morphospecies drastically declined at
he highest carbofuran concentrations (e.g. from 11 in the control to

 at the highest dose, Table 5). However, considering that FD index
s a sum of the trait dissimilarity of all pairs of species, weighted
y the their relative abundance (Vanderwalle et al., 2010) and that
long the contamination gradient the relative abundance of mor-
hospecies more dissimilar in their LFT increased, the final FD value
ould also be higher. This was observed for the Portuguese assay.

Despite it is not mandatory to find a correlation between species
iversity indices and FD (Vanderwalle et al., 2010), the inclusion of
ore trait data (e.g. association to disturbed systems and stress
Please cite this article in press as: Chelinho, S., et al., Soil microarthropod com
of  effect data for pesticide risk assessment. Appl. Soil Ecol. (2013), http://d

olerance) as well as the extension of the exposure period might
larify these responses.

In the present study, the more sensitive descriptor of the com-
unity responses to the insecticide disturbance was the mT  index
 PRESS
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rather than the overall functional diversity as reported in other case
studies presented before (Vanderwalle et al., 2010).

Also, the application of a trait based assessment of effects
on Collembola allowed to identify which morphological char-
acteristics make the organisms more vulnerable to carbofuran
contamination. Ecological relevance was  improved by using the
original community of organisms as test-groups instead of labo-
ratory introduced species. Further research, especially with other
groups of soil organisms is needed to gain clearer insights into the
sensitivity of communities to pesticides and other toxic substances.

5. Conclusions

The present study showed the feasibility of assessing effects of
pesticide applications at community level under laboratory condi-
tions. Also, the response patterns of both, Portuguese and Brazilian
microarthropod communities to carbofuran contamination were
similar, although a higher toxicity was observed for the latter
assay. Significant shifts in the overall community structure of both
microarthropod communities, reflected by a decrease in abundance
and the impoverishment of taxonomic diversity were detected.
Direct and strong negative effects were observed for Collembola
while the abundance of Acari tended to increase with higher car-
bofuran concentrations.

Lowering the taxonomic level of assessment in the two most
abundant groups, Acari and Collembola, the patterns of response
were clarified. Thus, for mites, significant community shifts were
only detected for the Brazilian organisms and were reflected by the
increase of Oribatids and the reduction of mesostigmatids.

Among collembolans, data revealed that Entomobryidae
seemed to have replaced Isotomidae along the contamination gra-
dient.

Trait-based effects assessment was sensitive in revealing the
response of Collembola to carbofuran. Main trends comprised the
decrease in taxon diversity (expressed in the present study as
different combinations of trait scores) in treated soils. A major func-
tional shift was also observed, namely the favouring of epedaphic
species and loss of euedaphic species. This shift was consistent with
the changes observed at the family level and may be a consequence
of their ecophysiological characteristics, namely the cuticular per-
meability. This is usually reduced in epigeic species and higher in
euedaphic ones. Further methodological refinements are necessary
to improve the information taken from this type of approach.
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