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Agricultural intensification has led to reduced soil biodiversity in arable lands. The potential benefits from
organic farming and from low-input cropping systems have not yet been precisely assessed. Earthworm,
having important agro-ecological functions, may be affected by pesticide applications, especially those
species living mainly in the surface soil layer. We used a five-year experimental database including
conventional and organic cropping systems to establish simple relationships between the Treatment
Frequency Index — a phytosanitary indicator of pesticide pressure — and the abundance of three important
earthworm species. We found that insecticides have more negative influence on earthworm species than
herbicides and fungicides, and that species living in the soil’s surface layer were the most affected by
pesticides. Density of these earthworm species could be multiplied by a factor 1.5-4 if the Treatment
Frequency Index was halved, as is currently required by some European regulations. Our results thus
demonstrate that a reduction in pesticide application would increase earthworm population density in
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agricultural fields.
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1. Introduction

Agricultural intensification has reduced soil biodiversity in culti-
vated fields (Bengtsson et al.,2005; Doran and Zeiss, 2000; Hubbard
et al., 1999). Organic and low-input cropping systems have been
proposed as alternatives to intensive agricultural practices to limit
the impact of chemicals on human health and on the environment
(Bengtsson et al., 2005; Hole et al., 2005). However, the effects of a
reduction of pesticide applications on biodiversity and particularly
on soil organisms need further investigation (Hole et al., 2005).

Earthworms represent a large proportion of soil biomass, i.e.
up to 80% of fresh weight (Yasmin and D’Souza, 2010) and ensure
important agro-ecological functions since they influence organic
matter dynamics and soil structure (Edwards and Bohlen, 1996;
Sims and Gerard, 1999). Earthworms are recognized as ecosystem
engineers because they influence the availability of resources to
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other species (Jonesetal., 1994)and have positive effects on organic
matter dynamics and soil structure (Edwards and Bohlen, 1996).
They are also considered as bioindicators of soil biological func-
tioning (Paoletti, 1999). Bouché (1972) separated earthworms into
three categories, based on morphological and behavioral character-
istics. Epigeic species, e.g. Lumbricus castaneus, are litter-dwellers
living and feeding on or near the soil surface. Anecic earthworms
live in permanent vertical burrows within the soil and may emerge
to feed on surface litter, e.g. Lumbricus terrestris. Endogeic species
e.g. Allolobophora chlorotica, live in temporary horizontal burrows
and feed on the soil. This species is geophagous since it gains its
nutrients by eating the soil and the green morph is characterized
by Bouché (1972) as more epigeic.

Laboratory studies have shown that earthworms are exposed
to pesticides through ingestion or epidermal contact (Rodriguez-
Castellanos and Sanchez-Hernandez, 2007; Yasmin and D’Souza,
2010). Little is known about the effects of earthworm exposure
to pesticides in cultivated fields because most studies were con-
ducted under laboratory conditions (Frampton et al., 2006; Yasmin
and D’Souza, 2010) and cannot be easily extrapolated to field con-
ditions (Lowe and Butt, 2007; Svendsen and Weeks, 1997). Field
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studies which compared earthworm communities in organic and
conventional systems have shown variable results (Hole et al.,
2005; Nuutinen and Haukka, 1990), mainly due to confounding fac-
tors such as variation in soil tillage, manure inputs or crop types
(Hole et al., 2005). We decided to study the effect of pesticide use
in agricultural fields involving conventional plowing and the same
crop, i.e. winter wheat, on three earthworm species: L. castaneus, L.
terrestris and A. chlorotica which are widespread in Europe and vari-
ably in contact with the soil surface and thus potentially exposed
to pesticides (Rombke et al., 2004). These species belong to the
three ecological categories mentioned above and are involved in
the decomposition of surface and soil organic matter and in soil
structure maintenance.

Pesticide risk assessment for human health and the environ-
ment has become a major concern for scientists, politicians and civil
society (Pingault et al., 2009; Sattler et al., 2007). In Denmark the
Treatment Frequency Index (TFI) was developed (Gravesen, 2003;
Jorgensen, 1999; Jergensen and Kudsk, 2006) for the assessment
of pesticide pressure at different scales, from field to national level
(Butault et al., 2011; Ferti Ouest 88, 2009). TFI is defined as the
mean number of treatments per hectare with commercial products,
weighted by the ratio of the dose used to the recommended dose
(Pingault, 2007). TFI is easy to calculate and operational at different
levels, since it allows the aggregation of very different substances to
measure overall phytosanitary pressure (Butault et al., 2011). This
indicator requires investigations on pesticide use in agricultural
fields.

This study aims at (i) establishing statistical relationships
between the pressure indicator TFI and indicators for soil fauna, i.e.
densities of three earthworm species variably in contact with the
soil surface, (ii) using these relationships to estimate threshold val-
ues of TFI leading to an effect on earthworm densities, and (iii) using
these relationships to estimate the effects of reduced pesticide use
on earthworm densities.

2. Materials and methods
2.1. Sites and cropping systems

Field data were collected for 15 site-years with conventional
cropping systems and 15 site-years with organic systems. Study
sites were located in two agricultural areas of the Ile-de-France
region and sampled between 2005 and 2012 (Appendix A).

Eleven conventional and eleven organic sites were studied in
2012 in the department of Seine-et-Marne, east of Paris, on clay
loamy soils with 70% silt, 25% clay and 5% sand and a neutral pH
(Appendix A).

Four conventional site-years and four organic site-years were
studied in 2005, 2006, 2007 and 2011 from a trial located in Ver-
sailles, 15 km south-west of Paris, on silty clay soils with 58% of silt,
17% of clay and 25% of sand and a neutral pH (Appendix A).

No significant differences of texture, pH, organic matter and
C/N ratio were found (p > 0.05) between organic and conventional
systems (ANOVA, R version 2.15.3, 2013, data from Appendix A).

The climate in both study areas is oceanic temperate with a
mean annual precipitation of 640 mm and a mean annual temper-
ature of 10.4°C.

A conventional plowing at 25-30cm depth was performed in
all fields, at a frequency ranging from every year to once every
three years. The last plow was performed in 2010 or 2011, depend-
ing on the fields. All fields were cultivated with winter wheat at
the time of sampling. The levels of mineral fertilizers applied were
close in conventional fields (i.e. between 150 and 200 kg N/ha for
wheat crop). No organic input was applied in organic and conven-
tional fields in Versailles. In Seine-et-Marne, six organic fields and

six conventional fields received organic inputs (poultry and cattle
manure, vegetable wastes or vinasse depending on the field). Some
farms included both fields under organic and conventional farming.
This may explain why organic inputs were very close. Moreover,
the number of organic applications and the density of the three
earthworm species were not significantly correlated.

2.2. TFI calculation

Based on surveys conducted with field managers (farmers in
Seine-et-Marne or the trial manager in Versailles), the name of
the pesticides used, including insecticide, herbicide and fungicide
treatments, the number of applications and the rate applied to the
fields were used to calculate the TFI. The index was calculated over
one year before each sampling date because mean Dissipation Time
50 (DT50) and mean DT90 in the field (i.e. time for respectively 50%
and 90% disappearance of the active ingredients applied at specific
initial concentrations in the field, in all our experimental fields),
were respectively 2 and 8.5 months (PPDB, 2012) (Appendix B).

TFI was calculated using the following formula:
TFlgelq = X(AD/HD), where AD is the amount of pesticide applied
in a field per hectare and HD is the recommended rate per hectare
(Ministere de I’Agriculture et de la Péche, 2008). Four types of TFI
were calculated, namely TFI Herbicide, TFI Insecticide, TFI Fungi-
cide and TFI Total which is the sum of the three TFIs (Appendix C).
TFIs are equal to 0 in organic fields because no chemical pesticides
were applied.

2.3. Earthworm sampling method

Sampling was performed on each site on ten replicates in
2005, 2006, 2007 and 2011, and on three replicates in 2012 (see
Appendix A for sites concerned) using both chemical extraction
and hand-sorting of earthworms (Pelosi et al., 2009). After remov-
ing the vegetation on the ground surface, two applications of 3.2
| of a diluted expellant solution of allyl isothiocyanate (AITC) was
applied to the soil at 10-min intervals within a 40 cm x 40 cm metal
frame. AITC was first diluted with isopropanol (propan-2-ol) to
obtain a 5g1-! solution (Pelosi et al., 2009; Zaborski, 2003). This
solution was then diluted with water to reach a concentration
of 0.1gl-1. After collecting emergent individuals during 20 min,
a 40cm x 40 cm x 20 cm-depth block of soil was excavated and
remaining earthworms were hand-sorted from the soil. Earth-
worms were preserved in 4% formalin solution. All individuals
(juveniles, sub-adults and adults) were counted. Sub-adults and
adults were identified at species level according to the identifica-
tion key of Sims and Gerard (1999). Juveniles were also identified at
species level thanks to morphological characteristics of the species
and to the specific form they take in formalin in comparison with
that of identified adults. We focused on three earthworm species
found in cultivated fields (Bouché, 1972). L. castaneus, which may be
also found occasionally within the soil profile, is an epigeic species
living mainly at the soil surface. L. terrestris is an anecic species
feeding on the soil surface but living deeper in the soil. Sampled
individuals of the third species, the endogeic A. chlorotica presented
a green coloration which is more epigeic than the albinic form
(Bouché, 1972). The green form of A. chlorotica is commonly found
in the top 5 cm of the soil.

2.4. Statistical analysis

The response variable was the density of earthworms per m2.
This variable was related to TFI using two statistical methods. The
first method was based on Poisson log-linear regression. A Pois-
son model relating earthworm density to TFI was fitted for each
species using the glm function of R (Venables and Ripley, 2002).
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A separate regression model was fitted for each type of TFI (cor-
responding to herbicide, insecticide, fungicide separately, and to
all three pesticides together) leading to four different regression
models per earthworm species. Each model relates the expected
earthworm density to TFI as follows:

E(Y,) _ eai+ﬁ,-TFI

where Y; is the density of earthworms of species i, E(-) is the
expected value, «; and B; are two parameters corresponding to the
log density for TFI =0 (i.e. maximum of the log density if 8;<0) and
to the TFI effect respectively. Estimated parameter values, their
standard deviations, and their associated p-values were used to
analyze the effect of TFI on earthworm density and its interaction
with the species. In order to assess the robustness of the results
to the dataset characteristics, parameter estimation was repeated
with a restricted dataset including the 22 sites located in Seine-
et-Marne. The Akaike Information Criterion (AIC) was computed
for model with and without TFI variables and models including TFI
showed better (i.e. lower) AIC values. The significance of the dif-
ferences of the estimated TFI-effects across species was tested by
including a species-effect and a TFl-effect (main effect and inter-
action) in the Poisson log-linear regression model, and by testing
the significance of the interaction. The fitted models were used in
three different ways. First, the models were used to estimate earth-
worm densities for low and high TFI values (equal to the 1st and
3rd quartiles of TFI data of our dataset respectively). Second, the
models were used to calculate the TFI values leading to 50% and
75% of the earthworm densities obtained for TFI=0 (i.e. without
pesticide application). Third, the models were used to assess the
consequences of a reduction of 50% of the mean TFI values mea-
sured in France in 2006 according to Jacquet et al. (2011).

In the second method, a non-parametric technique was used
to estimate the relationship between earthworm density and TFI.
A polynomial quadratic regression was fitted locally using the
loess function of R (Cleveland et al., 1992). With this approach, a
quadratic function is fitted locally at each TFI value x using data
weighted by their distance to x. As the quadratic function is applied
locally, the overall relationship between density and TFI can take
various shapes depending on the data distribution. Local regression
was applied for each type of TFl and each earthworm species sepa-
rately. Like Poisson regression models, fitted response curves were
used to estimate earthworm densities for low and high TFI values
and to estimate TFI thresholds.

Contrary to Poisson regression, the non-parametric method
does not rely on any assumption about the probability distribution
of the data. However, non-parametric methods generally produce
less accurate estimated values with small datasets. Results obtained
with the two methods were compared in order to assess the robust-
ness of the conclusions to the statistical technique used to analyze
the data.

3. Results

A. chlorotica, L. castaneus, and L. terrestris densities ranged from O
to 135, 105, and 44 individuals m~2, respectively, and the TFI Total
in conventional sites ranged from 1.6 to 7.0 (mean=4.1) (Fig. 1).
When TFI Total was 0, mean values of earthworm densities were
25.0+37.8,7.5+27.0,and 5.6 + 12.4 individuals m~2 for A. chlorot-
ica, L. castaneus, and L. terrestris respectively (Fig. 1).

Estimated values of g; i.e. TFI effect on earthworm density, are
presented in Table 1. The values of this parameter correspond to
the effects of a one-unit increase of TFI on the log earthworm
density. TFI Total, TFI Herbicide, TFI Insecticide, and TFI Fungicide
exerted significant negative effects on earthworm densities for the
three considered species (Table 1). TFI effect differed significantly

Table 1

Estimated values of the parameter §; corresponding to the TFI effect, obtained with
Poisson regression models (standard errors of estimated values in brackets), using
the four TFI categories and the three earthworm species. TFI means Treatment Fre-
quency Index. All estimated values were significantly different from zero (p <0.05).
Full dataset designates data from all sites (in Seine-et-Marne and Versailles).
Restricted dataset designates data from the 22 sites located in Seine-et-Marne.

TFI Earthworm species Estimated value of §;
Full dataset Restricted dataset

Total A. chlorotica —-0.21(0.02) —0.23(0.03)

L. castaneus —0.73(0.12) —

L. terrestris —0.31 (0.06) -0.36(0.11)
Herbicide A. chlorotica —0.38 (0.04) —0.39 (0.04)

L. castaneus —1.17(0.19) -

L. terrestris —0.64(0.11) -0.56 (0.17)
Insecticide A. chlorotica —0.63 (0.09) —-0.91(0.13)

L. castaneus —-2.14(0.44) -

L. terrestris —0.84(0.22) —2.0(0.68)
Fungicide A. chlorotica —0.33(0.07) —0.54(0.11)

L. castaneus —1.82(0.37) -

L. terrestris —0.36 (0.16) -0.93 (0.41)

between the three species for all TFI categories (p <0.05), and was
invariably higher for L. castaneus for all the TFIs compared to L. ter-
restris and A. chlorotica. TFI effects were always the lowest for A.
chlorotica, effects on L. terrestris being intermediate (Table 1).

The effect of TFI Insecticide was the largest for all three species
(Table 1). For L. castaneus, TFI Fungicide had a stronger effect than
TFI Herbicide while the opposite result was obtained for L. terrestris
and A. chlorotica (Table 1). In order to assess the robustness of the
results to the dataset characteristics, parameter estimation was
repeated with a dataset restricted to the 22 sites located in Seine-et-
Marne. Results obtained with the full and the restricted datasets are
compared in Table 1. The results obtained for A. chlorotica and L. ter-
restis show that the TFI effect is still significant (p <0.05) even when
the data obtained in the trial are excluded from the analysis. The
ranking of these species are similar with the full and the restricted
datasets for all type of TFIL In addition, results obtained with the
restricted dataset confirm that TFI Insecticide had a stronger effect
on earthworm density than the other types of TFI. It was not pos-
sible, to fit the model for L. castaneus with the restricted dataset
because only one non-zero data was included in this dataset for
this species.

With the Poisson regression model, densities of L. castaneus
reached values below 1 individual m=2 when TFI Total, TFI Her-
bicide, TFI Insecticide, and TFI Fungicide were 2.8, 1.7, 0.9, and
1.0 respectively. Estimated density for L. terrestris reached values
below 1 individual m~2 when TFI Total, TFI Herbicide, and TFI Insec-
ticide were 5.8, 2.9, and 1.9, respectively but did not reach values
below 1 individual m~2 for TFI Fungicide values considered in our
dataset (Fig. 2). Estimated densities of A. chlorotica were always
above 1 individual m~2 for the observed TFI values, but strongly
decreased at high TFI. A. chlorotica densities were 23.7%, 18.6%,
31.8% and 43.4% of the maximum estimated density values when
TFI Total, TFI Herbicide, TFI Insecticide, and TFI Fungicide reached
the highest values reported in the dataset (Fig. 2).

Results obtained with the two statistical methods were similar
(Table 2). Earthworm densities estimated for TFI=0 using Poisson
and non-parametric regressions were almost identical. When TFI
Total, TFI Herbicide, TFI Insecticide, and TFI Fungicide were 4.5, 2.4,
1.0,and 1.0 respectively (i.e. the third quartiles of TFlin the dataset),
Poisson and non-parametric models again showed similar earth-
worm density values (Table 2). Differences were greater for the
density estimates obtained for A. chlorotica and for the third quartile
of TFI Herbicide and Fungicide. In this case, the Poisson models led
to a lower estimate of A. chlorotica density for the third quartile of
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Fig. 1. Densities of Lumbricus castaneus, Lumbricus terrestris, and Allolobophora chlorotica as a function of TFI Total (a, b, ¢) and of TFI insecticide (d, e, f) on the 30 site-years.
TFI means Treatment Frequency Index. Earthworm densities were expressed as log(density per m? +1).

Table 2
Estimated values of earthworm densities and standard errors (in brackets) obtained with Poisson and non-parametric models for two TFI values (1st and 3rd quartile for
each TFI). These values are listed for each TFI category and each earthworm species. TFI means Treatment Frequency Index.

Earthworm species TFI TFI value Earthworm density (Poisson model) Earthworm density (non-parametric model)
Allolobophora chlorotica Total 0.0 25.0(1.2) 25.0(7.5)
4.5 9.8 (0.9) 9.9(12.5)
Herbicide 0.0 253(1.2) 25.1(7.2)
24 10.3(0.8) 16.8 (13.0)
Insecticide 0.0 21.7(1.0) 21.8(6.4)
1.0 11.6 (1.0) 11.7(11.9)
Fungicide 0.0 20.5(1.0) 22.36.6)
1.0 14.7 (1.0) 6.6 (11.5)
Lumbricus castaneus Total 0.0 7.6 (0.7) 5(5.1)
4.5 0.3(0.1) .3 (8.6)
Herbicide 0.0 7.3(0.7) 2(5.0)
24 0.4(0.2) .6 (8.9)
Insecticide 0.0 5.8 (0.5) .8(4.4)
1.0 0.7 (0.3) .4 (8.1)
Fungicide 0.0 5.9(0.5) .1(4.5)
1.0 1.0(0.3) .0 (7.8)
Lumbricus terrestris Total 0.0 5.9(0.6) 5(2.4)
4.5 1.5(0.3) 2(4.0)
Herbicide 0.0 6.1(0.6) 9(2.3)
24 1.3(0.3) .7 (4.2)
Insecticide 0.0 4.8 (0.5) .0(2.1)
1.0 2.1(04) 3(3.8)
Fungicide 0.0 4.4(0.5) 7(2.1)
1.0 3.1(0.5) 7(3.7)
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Fig. 2. Poisson regressions of densities of the three earthworm species i.e. Lumbricus castaneus, Lumbricus terrestris, and Allolobophora chlorotica as a function of TFI Total (a),
TFI Herbicide (b), TFI Insecticide (c), and TFI Fungicide (d). TFI means Treatment Frequency Index.

TFI Herbicide and to higher estimated density for the third quartile
of TFI Fungicide (Table 2) compared to non-parametric estimated
values. Standard errors of non-parametric models were higher than
those obtained with Poisson models, due to the relatively small size
of our dataset (Table 2).

Using both models, threshold values to maintain 50% and
75% of the maximum density of the three species were calcu-
lated for the four TFI categories (Table 3). Each species showed
different threshold values for the four TFI categories, L. casta-
neus showing the lowest thresholds (except in one case, for
TFI Insecticide with the non-parametric model, where thresh-
olds for 50% of the maximum density for L. castaneus and L.
terrestris were 0.3 and 0.2 respectively) and A. chlorotica usually
the highest ones (except for TFI Total and TFI Herbicide with
the non-parametric model, for which thresholds for L. terrestris
were higher than those of A. chlorotica). Intermediate threshold
values were obtained for L. terrestris. The lowest threshold val-
ues were usually obtained for TFI Insecticide (except for 50% of
A. chlorotica maximum density with the non-parametric model,
where thresholds of TFI Insecticide and TFI Fungicide were 0.9 and
0.5 respectively).

According to Jacquet et al. (2011), mean TFI Total in 2006 in
France was 3.8, which corresponds to an estimated density of
0.54+0.2,2.3+£0.4, and 11.4+ 0.9 individuals m~2 for L. castaneus,
L. terrestris, and A. chlorotica respectively, using Poisson models
(Table 4). According to the fitted models, 50% reduction of the TFI
target (proposed by the French government for 2018, Butault et al.,
2011) would increase L. castaneus, L. terrestris, and A. chlorotica
densities by a factor 3.8, 1.4, and 1.5 according to Poisson mod-
els and by a factor 4.8, 1.5, and 1.5 according to the non-parametric
method, compared to values estimated for TFI in 2006 (Table 4).
Pesticide reduction objectives set up in Denmark in 2009 are close

to French target values for 2018 and lead to similar earthworm
densities (Table 4).

4. Discussion

Earthworm density values found in this study were in the same
range as values reported by other authors in plowed cultivated
fields (Berry and Karlen, 1993; Schmidt et al.,, 2001). We found
that densities were higher for A. chlorotica than for L. castaneus and
L. terrestris, a well-known relationship between soil invertebrates
of increasing size (Petersen and Luxton, 1982). Moreover, earth-
worms, especially anecics and epigeics, may be less abundant
because plowing affects earthworms directly through mechanical
damage or exposure to predation as well as indirectly through con-
sequent changes in the soil environment. These changes include
destruction of burrows, loss of surface organic matter, and changes
in soil physical conditions such as water content and temperature
(Chan, 2001; Edwards and Bohlen, 1996).

The three ecological categories of earthworms, represented by
the three studied species, were all reduced in number by pesti-
cides but L. castaneus seemed to be the most sensitive species,
followed by L. terrestris and finally A. chlorotica. Estimated earth-
worm densities reached zero at the highest TFI values reported in
our dataset, except for A. chlorotica. Apart from the work of Rault
et al. (2007), who demonstrated that L. castaneus, together with
L. terrestris, exhibited the strongest physiological reaction to pes-
ticide exposure when compared with endogeic and endo-anecic
species, little is known about the sensitivity of L. castaneus to pes-
ticides. However, according to Culy and Berry (1995) and other
authors (Edwards and Bohlen, 1996; Lofs-Holmin, 1981; Rémbke
etal., 2004; Tuet al., 2011; Van Gestel, 1992), earthworms feeding
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Table 3

Threshold values of TFI Total, TFI Herbicide, TFI Insecticide and TFI Fungicide to obtain 50% and 75% of the maximum estimated earthworm density i.e. when TFI =0, for the

three earthworm species. TFI means Treatment Frequency Index.

Earthworm species % of the maximum estimated earthworm density

Statistical method

Thresholds values of TFI

Total Herbicide Insecticide Fungicide

A. chlorotica 50% Poisson model 33 1.8 1.1 2.1
Non-parametric method 34 3.1 0.9 0.5

75% Poisson model 14 0.8 040.2 0.9

Non-parametric method 14 0.7 0.2 0.2

L. castaneus 50% Poisson model 0.9 0.6 0.3 04
Non-parametric method 1.3 0.9 0.3 0.3

75% Poisson model 0.4 0.2 0.1 0.2

Non-parametric method 0.6 04 0.1 0.1

L. terrestris 50% Poisson model 2.2 1.1 0.8 1.9
Non-parametric method 4.0 1.7 0.2 0.5

75% Poisson model 0.9 04 0.3 0.8

Non-parametric method 2.5 1.1 0.1 0.2

Table 4

Density predictions of the three earthworm species as a function of the mean TFI Total in France in 2006 (Jacquet et al., 2011), the Denmark objective for 2009 (Pingault et al.,
2009) and the France objective for 2018 (Jacquet et al., 2011), using Poisson regression and non-parametric models. TFI means Treatment Frequency Index.

Earthworm species Statistical method

Mean TFI Total in France in
2006 (TFI Total =3.8)

Denmark objective for
2012 (TFI Total=1.7)

France objective for 2018
(TFI Total=1.9)

A. chlorotica Poisson model 114+ 09
Non-parametric method 11.6 £11.2

L. castaneus Poisson model 0.5+0.2
Non-parametric method 05+76

L. terrestris Poisson model 23+04
Non-parametric method 30+36

17.6 £ 0.8 16.8 £ 0.8
17.8 + 10.1 17.2 +£10.5
22+04 19+£04
26 +69 24 +72
35+04 33+04
47 £33 46+34

onor near the soil surface are more affected by pesticides than those
feeding deeper in the soil. This may be explained by the fact that
most pesticides applied in cultivated fields stay in the top 2.5cm
(Van Gestel, 1992). L. castaneus has a higher exposure to pesticides
than the two other species considered in this study, in particular
when compared with A. chlorotica. L. terrestris, although living in
deep soil layers, feeds on surface organic matter such as leaf lit-
ter while A. chlorotica lives in the first 5cm of the soil, feeding on
soil organic matter in the mineral layer. Our study suggests that the
more time an earthworm species spends on or near the soil surface,
the more it is affected by pesticide application.

Different assumptions may be made to explain lower earth-
worm densities with increasing pesticide applications. Firstly, some
compounds may have lethal effects (acute toxicity), even at recom-
mended rates, due for instance to accumulation of maximum-rate
treatments (Fayolle and Stawiecki, 1990; Ruppel and Laughlin,
1977). Moreover, pesticides may affect earthworm fecundity and
growth (chronic toxicity), leading to a long-term decrease in
earthworm abundance (Yasmin and D’'Souza, 2010). Furthermore,
earthworms, being reactive to the quality of their environment, can
move away to avoid unsuitable conditions (Mathieu et al., 2010).
Individuals could thus escape from polluted fields. Epigeic species
seem to have better dispersal capabilities than anecic species,
which in turn disperse better than endogeics (Eijsackers, 2010). For
instance, Eijsackers (2010) showed that the epigeic L. rubellus dis-
persed much better than the endogeic A. chlorotica and even than
the anecic L. terrestris. Finally, the number of pesticide applications
is likely to be positively related to the amount of field traffic which
could add negative effects on earthworm populations (Hansen and
Engelstad, 1999), especially on epigeic densities.

According to our results, insecticides seem to have the more
negative influence on the three earthworm species, followed by
herbicides and then by fungicides. Jinsch et al. (2006) reviewed
92 studies dealing with insecticides, of which 60 revealed
depressive effects of insecticides on earthworm densities. Tu et al.

(2011)reported that a single application of insecticides i.e. carbaryl
and imidacloprid, applied at “manufacturer’s suggested dose” sig-
nificantly inhibited the activity of earthworm communities in the
field. Our results confirm that insecticide use has to be decreased
in first instance, prior to herbicides and fungicides, if we want to
alleviate most negative effects of pesticide for earthworms living
in contact with the soil surface.

Concerning herbicides, Jansch et al. (2006) and others (Edwards
and Bohlen, 1996; Lee, 1985) reported no effect on Lumbricidae.
In our study, TFI Herbicide reduced densities of species in contact
with the soil surface. Herbicides may cause community reduc-
tion by reducing sources of organic matter (leaf and root litter) on
which earthworms feed. Authors who studied herbicide effects on
earthworms have shown relatively few harmful responses of earth-
worms but they generally worked under laboratory conditions,
not taking into account repeated applications, cocktail (synergistic)
effects, and indirect effects like interactions between pesticides and
natural stress factors which may have deleterious effects on earth-
worm populations (Holmstrup et al.,, 2010; Santos etal.,2011; Zhou
etal., 2011).

Finally, in our study, fungicides seemed to have a smaller effect
on L. terrestris and A. chlorotica densities than insecticides and
herbicides. Jdnsch et al. (2006) highlighted the harmful effect of
fungicides on Lumbricidae in 50% of the reviewed studies i.e. 106
publications dealing with fungicides. Tu et al. (2011) explained
that some fungicides they tested and that occurred in our study
sites, i.e. thiophanatemethyl, propiconazole, chlorothalonil, and
azoxystrobin, did not show significant toxicity to earthworms when
applied only once, but their toxicity increased with application fre-
quency.

Other factors than TFI are likely to influence earthworm den-
sity in agricultural fields, especially soil tillage and fertilization.
It was not possible to investigate the effect of these factors in
details because the experimental design was not appropriate to
test the effect of tillage and fertilization. As tillage practices were
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similar in all site-years, it was not possible to use our dataset to
estimate tillage effect. The effect of fertilization type (organic vs.
non-organic) was tested in our paper but, as no detailed informa-
tion on the quantity of each type of fertilizer applied by the farmers
was available, it was not possible to include fertilizer dose as a
covariable in our statistical model. In addition, even if information
on fertilizer doses had been available, the inclusion of this informa-
tion in the statistical model would be difficult because each type of
organic fertilizer has its own characteristics. Risk of confounding
effect can never be considered equal to zero in field studies, but
this risk is limited in our dataset because the selected fields differ
mainly by their TFI values.

The average TFI Total for French farms specializing in field crops
was 3.8 in 2006. The objective of reducing the use of pesticides
by 50%, planned in the “Ecophyto2018 plan” in France (Jacquet
et al,, 2011), would mean that all French agriculture should con-
vert to integrated farming, which will require significant effort
(Butault et al., 2011). Integrated farming involves the limitation
of pesticide and mineral fertilizer use by means of alternative
cultural techniques, e.g. organic manures, longer rotations, and
accurate monitoring of diseases and deficiencies. In the studied
fields, approximately the same number of organic inputs was used
in conventional and organic cropping systems. Moreover, at the
rates applied in the studied sites (data not shown), mineral fer-
tilizers are generally not harmful to earthworms (Whalen et al.,
1998) and may even be indirectly beneficial to them by increas-
ing the quantity of crop residues returned to the soils (Edwards
etal.,, 1995). In the case of a 50% reduction in pesticide use in 2018,
TFI Total would be in the range 1.9-2.5 according to Jacquet et al.
(2011). Our models show that, if the Treatment Frequency Index
was halved compared to the value obtained in 2006, as is currently
required by some European regulations, then the densities of L. cas-
taneus, L. terrestris, and A. chlorotica would increase. An increase in
density of these three earthworm species would favor the provision
of ecosystem services such as biogeochemical cycling, soil structure
maintenance and water infiltration.

The TFI is used by farmers as an index for adjusting the quan-
tity of pesticides to the prevailing pest level in fields. In our study
context, this index is convenient for calculating and comparing
pesticide usage between fields. Compared to the commonly used
index ‘total amount of pesticides’, it provides relevant information
on environmental risks due to pesticides usage as doses applied
are standardized to the recommended application rate. Also, TFI
accounts for all active molecules composing pesticides and is
weighted by the percentage of the treated area. However, it does not
account for the chemical and toxic properties of some specific sub-
stances composing pesticides which can influence pesticide’s effect
on the environment. Moreover, different pesticide regimes may
lead to similar TFI because pesticides have different homologated
doses. There is thus no direct relationship between the number
of applied doses and TFI values. Assessing environmental effect of
each substance in a single statistical model would have been inter-
esting but it was impossible due to over-parameterization issues.

To evaluate the risks on biological populations linked to pes-
ticide application, ecotoxicological laboratory experiments use
different indicators based on survival and reproduction as end-
points, e.g. concentrations affecting 50% of exposed individuals
(LCsq for survival or ECsq for reproduction) or No Observed Effect
Concentration (NOEC), but they are insufficient to extrapolate these
effects to natural conditions (Baveco and de Roos, 1996). The final
outcome, in terms of the damage inflicted on natural populations,
depends on ecological relationships between earthworm species
and the local physical, chemical and biological properties of the
site (Baveco and de Roos, 1996). Here, relationships between pres-
sure and impact bioindicators were calculated from doses applied
according to current farming practices. These relationships may

help in establishing objectives for reducing pesticide use according
to required earthworm densities. An interesting perspective could
be to explore whether these relationships would be maintained in
fields involving different types of management, such as other crops
and other types of tillage management.

5. Conclusion

This study demonstrated a negative relationship between TFI,
a common and easily-calculated pesticide pressure indicator, and
an bioindicator, earthworm density. Using data collected in agri-
cultural fields, we found that earthworm species living in close
contact with the soil surface were the most affected by pesticide
application. The statistical relationships established in this paper
are useful for predicting the effect of an increase or a decrease of
TFI of three different families of pesticides on three different earth-
worm species. We found that a 50% reduction of pesticide use is
likely to lead to large increases (i.e. between 1.5 and 4.8 times
more) in earthworm density and that insecticide use has to be man-
aged as a priority to reduce the most negative effects on earthworm
populations living in contact with the soil surface.
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