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Abstract
Plant protection products to be placed on the market in the European Union need to meet rigorous safety criteria

including the testing of lumbricid earthworms, the functionally most important soil organism group in Central European
agricultural ecosystems. To address uncertainties and investigate the potential long‐term in‐crop effects of the fungicide
Cantus® containing 50% boscalid as an active substance, a series of standardized earthworm field studies with an overall
duration of 5 years per study program was carried out in four German agricultural fields under realistic crop rotation
conditions. A two‐step approach was chosen to analyze the potential overall long‐term effects on earthworms in agricultural
fields: (i) an assessment of the earthworm abundance development in the course of the four study programs in relation to the
determined actual content of boscalid in soil and (ii) an effect size meta‐analysis of earthworm abundance 1 year after
treatment for each consecutive year and study program. Measured boscalid concentrations in the soil after multiple ap-
plications were well above the maximum boscalid residues observed in agricultural soils across Central Europe. There were
isolated statistically significant reductions of earthworm abundance for some species and groups at some time points during
the studies, but no consistent relationship to the Cantus® treatments was observed. These results were supported by the
meta‐analysis, indicating no adverse effects on earthworm populations. Therefore, fluctuations of abundance reflect
the natural variation of the populations rather than a concentration‐related response. Based on this comprehensive analysis,
we conclude that there is no application rate‐related effect of the 5‐year use of Cantus® on the development of the
earthworm communities. The four study programs, paired with a comprehensive evaluation, directly address the concerns
about the potential long‐term effects of boscalid on earthworms in the field and suggest that multiyear applications do not
adversely affect earthworm populations. Integr Environ Assess Manag 2022;18:1399–1413. © 2021 ECT Oekotoxikologie
GmbH and BASF SE. Integrated Environmental Assessment and Management published by Wiley Periodicals LLC on behalf
of Society of Environmental Toxicology & Chemistry (SETAC).
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INTRODUCTION
This article presents an evaluation of the potential long‐

term in‐crop adverse effects of the fungicide Cantus® con-
taining 50% boscalid as an active substance (a.s.) on earth-
worms in the field. Adverse ecological effects represent
changes that are considered undesirable because they alter
valued structural or functional characteristics of ecosystems

or their components (US Environmental Protection Agency
[US EPA], 1998), in this context, a reduction in the abun-
dance of the earthworm population, single species, age
stages, or ecological groups. Plant protection products
(PPP) to be placed on the market in the European Union (EU)
need to meet rigorous criteria that among others include the
safety for the environment (European Commission [EC],
2009). To prove environmental safety, the regulation of the
EU requires the comprehensive testing of both the a.s. (EC,
2013a) and the formulated products (EC, 2013b) following a
tiered environmental risk assessment (ERA) scheme utilizing
test guidelines standardized by the Organization for Eco-
nomic Co‐operation and Development (OECD) and the In-
ternational Organization for Standardization (ISO). These
requirements comprise the testing of soil invertebrates, in-
cluding lumbricid earthworms, the functionally most im-
portant soil organism group in Central European agricultural

Integr Environ Assess Manag 2022:1399–1413 © 2021 ECT Oekotoxikologie GmbH and BASF SEDOI: 10.1002/ieam.4562

Correspondence Stephan Jänsch, ECT Oekotoxikologie GmbH,
Flörsheim, Germany.
Email: s-jaensch@ect.de

Published 2 December 2021 on wileyonlinelibrary.com/journal/ieam.

This is an open access article under the terms of the Creative Commons
Attribution‐NonCommercial‐NoDerivs License, which permits use and
distribution in any medium, provided the original work is properly
cited, the use is non‐commercial and no modifications or adaptations
are made.

This article contains online‐only Supporting Information.

mailto:s-jaensch@ect.de


ecosystems (Edwards, 1983; Edwards & Bohlen, 1996; Lee,
1985; Sims & Gerard, 1999; Uvarov, 2009; Van Groenigen
et al., 2014). They are commonly categorized according to
their different ecological roles (Bottinelli et al., 2020;
Bouché, 1977). If a potential risk is identified in laboratory
earthworm reproduction testing with Eisenia fetida/andrei,
an earthworm field study must be performed according to
ISO standard 11268‐3 (ISO, 2014).
Based on the laboratory earthworm reproduction study

provided to the registration authorities, the long‐term risk of
the formulation Cantus® for earthworms could not be ex-
cluded as laid out in Anonymous (2002) and EC (2008).
Consequently, two field tests with the formulation Cantus®

and a duration of 2 years were conducted at grassland sites
in Germany to assess the risk under realistic conditions.
However, uncertainty remained, in particular regarding the
relationship between the use of Cantus® and its potential
long‐term adverse effects on earthworms. To address this
remaining uncertainty and to investigate the potential ad-
verse effects in a realistic agricultural setting, a series of
standardized earthworm field studies with an overall dura-
tion of 5 years per study program (i.e., a series of five se-
quential field studies on the same experimental field)
was carried out with Cantus® in four agricultural fields in
Germany under realistic crop rotation conditions and ac-
cording to the OECD principles of Good Laboratory Practice
(OECD, 1998) from 2005 to 2010. These studies were ini-
tially evaluated individually for each year in a conventional
manner according to the ISO standard 11268‐3 require-
ments (ISO, 2014) and current best scientific practice. In this
initial analysis, statistically significant effects for individual
species at certain time points were detected, but no long‐
term adverse effects at the population level were seen.
Analyzed in isolation, individual studies can suffer from
limitations like the low number of earthworm samples and
high variation in the measured biological variables, which
may result in elevated levels of statistical uncertainty re-
garding the conclusions. For this reason and given the
available comprehensive data set, a novel two‐step ap-
proach was chosen to quantify potential overall long‐term
adverse effects on earthworms in agricultural fields: (1) In the
first step, an assessment of the earthworm abundance de-
velopment in the course of the four study programs in re-
lation to the actual content (measured or calculated) of
boscalid in soil, expressed as the so‐called expected appli-
cation rate, was performed. (2) In the second step, a formal
effect size meta‐analysis of earthworm abundance 1 year
after treatment for each consecutive year and study pro-
gram was conducted. A meta‐analysis is a statistical ap-
proach used to combine the results of a set of studies
into a common analytical framework (Borenstein et al., 2011;
DerSimonian & Laird, 1986). It aims at combining the
available information (e.g., effect sizes and associated con-
fidence intervals) and estimating an overall effect and the
associated error. This approach enables the integration of
the results of multiple studies, thereby facilitating a more
comprehensive conclusion. In recent years, likely due to the

increased availability of comparable data, meta‐analytical
thinking has gained traction in the ecotoxicological com-
munity (Bundschuh et al., 2011; Cresswell, 2011; Garcia‐
Reyero et al., 2011; Lavoie et al., 2013; Pelosi et al., 2013;
Scholz et al., 2018; Veltman et al., 2007) and first steps in the
context of ERA have been published combining multiple
results of surface water residues in US surface waters
(Wolfram et al., 2018). Such approaches are vital for ad-
dressing the critical issue of statistical uncertainty in eco-
toxicological risk assessment (European Food Safety
Authority [EFSA], 2018, 2019; Lofstedt & Bouder, 2021; Mair
et al., 2020). The combination of the applied evaluation
approaches promises to more accurately characterize the
potential long‐term risk of Cantus® application to earth-
worm populations under realistic agricultural conditions as
opposed to the standard approach in regulatory ERA where
usually only individual earthworm field studies with a dura-
tion of 1 year are being considered.

MATERIALS AND METHODS

Boscalid

The pyridinecarboxamide a.s. boscalid (CAS‐number:
188425‐85‐6) contained in the formulation Cantus®, is a
broad‐spectrum fungicide developed by BASF and first
placed on the European market in 2003. It is designed to
control several plant pathogenic fungi (such as Botrytis spp.,
Alternaria spp., and Sclerotinia spp.), targets the succinate
dehydrogenase, and thus inhibits spore germination, germ
tube elongation, mycelial growth, and sporulation.

Study programs

Four study programs (Table 1) were performed in parallel
from 2005 to 2010 in arable fields in Germany with Cantus®

applied to a 2‐year interval vegetable crop rotation at two
different sites located within the continental biogeo-
graphical region of Europe (European Environment Agency,
2017). The study programs were designed as five sequential
earthworm field studies according to ISO standard 11268‐3
(ISO, 2014; 1999 edition, considering recommendations by
Kula et al., 2006) with each earthworm sampling after 1 year
of study duration simultaneously being the preapplication
sampling for the subsequent study. The individual studies
followed the standard limit test approach with two to six
annual applications. Since the total annual application rates
were above the registered use rate and applications were
repeated over 5 consecutive years, these study programs
are considered to represent a realistic worst case. The fun-
gicides benomyl and carbendazim were applied as refer-
ence substances (positive control).

Earthworm sampling was performed following ISO
standard 23611‐1 (ISO, 2018) (i.e., a combination of hand‐
sorting and formalin extraction) at four sampling spots per
plot. The earthworm community composition (first‐year
preapplication sampling data, means of all 12 plots) is
given in Table 2, confirming a total earthworm abundance
above 60 individuals/m² as required by the ISO standard
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11268‐3 (ISO, 2014). Also, both endogeic and anecic
species (Bouché, 1977) were present at a sufficiently high
density in all arable fields. The earthworm communities
differed between the study programs to varying extent.
The overall abundance of adults was higher in study pro-
grams A1 and A2 than in B1 and B2. However, species
number and composition are better suited for site com-
parisons than species abundance, mainly because species
numbers are less variable than abundance. Earthworm
abundance can strongly vary seasonally and from year to
year depending on local weather conditions, in particular
temperature and moisture (Edwards & Bohlen, 1996). In
arable soils, soil cultivation additionally influences abun-
dance (Edwards, 1983). Study programs A1 and A2 ex-
hibited some minor differences among each other but were
still comparable (Figure 1). This is also true for the two
study programs B1 and B2 that held an almost identical
earthworm community (i.e., the same species and domi-
nance spectrum). Comparing these two pairs of study

programs, the main difference lay in the total earthworm
abundance rather than the species spectrum. The same
four species made up most of the community at all four
study programs: Allolobophora chlorotica, Aporrectodea
caliginosa, Aporrectodea rosea, and Lumbricus terrestris.
The similarity of the earthworm species composition was
additionally confirmed by the Sørensen‐Dice similarity co-
efficients of 0.86 (A1:A2), 0.67 (A1:B1, A1:B2, A2:B1, A2:
B2), and 1.00 (B1:B2).
The location, design, application scheme, crop rotation

regime, and soil properties of the study programs are listed
in Table 1 (see also Table S1). The soils of the study pro-
grams were similar since the differences in some soil prop-
erties (mainly sand content and Corg) are not considered
large enough to have a strong impact on earthworm com-
munity structure or function (Jänsch et al., 2013).
In the course of each of the 5‐year long‐term earthworm

field study programs, a total of 16 postapplication earthworm
samplings were conducted for study programs A1 and A2 as
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TABLE 1 Location, design, application scheme, crop rotation regime, and soil properties of the study programs

Study program code A1 A2 B1 B2

Site (federal state)
and field

Kraichtal (Baden‐Württemberg), field
Neuenbürg

Leipzig (Free State of Saxony), field Gerichshain

pH (CaCl2) 6.8–7.0 6.9–7.0 5.8–6.0 5.8–5.9

Texture Loamy silt Loamy silt Sandy loam silt Silty loam sand

Sand (%) 10.7–14.3 12.5–16.1 35.8 35.9

Silt (%) 76.3−78.5 75.5−78.4 51.1 47

Clay (%) 9.3−10.7 8.3−10.5 13 10.2

Corg (%) 1.56−2.28 1.83−2.24 1.20−1.25 1.03−1.30

Treatments Negative control, test item, positive control (reference)

No. of plots Four per treatment (12 in total)

Plot size (m) 12 × 12 10 × 10

Test item application
rate (g boscalid/
ha) (crop)

1st, 3rd, and 5th year:
2 × 400 (green
lettuce); 1 × 500
(beans)

1st, 3rd, and 5th year:
2 × 400 (green
lettuce); 2 × 500
beans

1st, 3rd, and 5th year:
2 × 250 (cabbage);
2 × 500 (peas)

1st year: 250+ 500 (cabbage); 500+
1000 (peas), 3rd year: 3 × 250
(cabbage); 3 × 500 (peas), 5th year:
3 × 250 (cabbage); 1000+
500 (peas)

2nd and 4th year: 2 ×
350 (winter wheat)

2nd and 4th year: 2 ×
350 (winter
wheat)

2nd and 4th year: 2 ×
350 (winter
cereal mix)

2nd and 4th year: 2 × 350 (winter
cereal mix)

Total over 5
years: 5300

Total over 5
years: 6800

Total over 5
years: 5900

Total over 5 years: 8150

Reference application
rate (kg a.s./ha)

1st year: 6+ 8 (a.s. benomyl) 1st year: 4+ 8 (a.s. benomyl)

2nd and 3rd year: 8 (a.s. benomyl) 2nd year: 10 (a.s. benomyl)

4th and 5th year: 10 (a.s. carbendazim) 3rd year: 5 (a.s. carbendazim)

4th and 5th year: 10 (a.s. carbendazim)

Earthworm sampling
method

Four sampling spots per treatment and sampling date (0.25m², 20–30 cm depth), combined handsorting and
formalin extraction

Abbreviation: a.s., active substance.
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well as 14 samplings for study programs B1 and B2. These
were performed 1 (not in year 2 of study programs B1 and
B2), 2 (only in year 3 of study programs A1 and A2), 4–6 and
10–12 months after the first annual application of Cantus®.
Chemical analyses of boscalid residues in soil were reg-

ularly performed over the course of the study programs
(sample depth up to 25 cm, five samples per plot, analysis
via liquid chromatography‐mass spectrometry/mass spec-
trometry):

− Year 1: 6–7 days after the second and 4–27 days after the
last application;

− Years 2 and 4: 1–19 days before the first and 30–70 days
after the second (= last) application;

− Year 3: 16–70 days before the first, 2–23 days after
the second (B2: third), and 7–22 days after the last
application;

− Year 5: 16–97 days before the first and immediately (A1
and A2) or 3 days (B1 and B2) after each application.

Representativeness of the arable fields regarding soil
parameters and earthworm community

To gauge the meaningfulness of our results for crop sites
across Europe in general, we analyzed whether the inves-
tigated arable fields are representative of a wide range of
such sites in terms of both soil properties and earthworm
community composition.
The physicochemical properties of the arable fields

(Table 1) were compared with the typical ranges of eco-
logically relevant soil parameters for agricultural soils in
Germany (Bussian et al., 2005) as well as maps of the

European land cover (Copernicus Land Service, 2020) and
relevant soil properties, such as pH (Ballabio et al., 2019),
Corg, or sand content (EC, 2005). Additionally, they were
compared with the ranges of soil parameters covered in the
German “RefeSol” (Bussian et al., 2005) and the European
“EUROSOILS” (Gawlik et al., 2001) reference systems that
were among others developed to contain soils that are
typical representatives for a large area of Germany and the
EU, respectively.
To assess the ecological significance of the test results

obtained from the four arable fields, we checked whether
their earthworm communities were representative of
German crop sites based on the so‐called reference ap-
proach (Breure et al., 2005; Römbke et al., 2016). The
principle of this approach is a comparison of site‐specific
earthworm data with a reference community, using abun-
dance, species number, and community composition as
assessment endpoints (Jänsch et al., 2013). The basic idea is
that each site features specific soil and site parameters re-
sulting in a site‐specific earthworm community (Römbke &
Breure, 2005). Sites can be classified into habitat types,
based on soil and site parameters, such as the European
Nature Information System (EUNIS) habitat type classi-
fication (Davies et al., 2004). For selected top‐level habitat
types including crop sites, the relative frequency of the 10
most common earthworm species in Germany, the mean
number of earthworm species and their range of total adult
abundance per site expected to occur in Germany has been
established by Jänsch et al. (2013). Their habitat type clas-
sification was based on a German system (Riecken et al.,
2009), which, at upper classification levels, is compatible
with the EUNIS classification.
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FIGURE 1 Earthworm community composition and dominance spectrum (adults) in the four study programs (preapplication data)
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Expected application rates and their visualization in
relation to earthworm abundance

To visualize the earthworm abundance in % of control in
relation to the actual content of boscalid in soil, a so‐called
expected (pseudo) application rate (g boscalid/ha) was
utilized. Pseudo application rates (kg/ha) were calculated
based on the measured residue concentrations (mg/kg)
(Table S2), the depth of the analyzed soil layer (cm), and an
assumed soil bulk density of 1.5 g/cm³ (European and
Mediterranean Plant Protection Organization, 2003). A
worst‐case field half‐life (DT50) for a temperature of 15 °C
was derived from the results of three field dissipation trials
conducted in Germany (Anonymous, 2002). The maximum
DT50 at 20 °C determined for these trials (212 days) was re-
calculated to 15 °C (340.5 days) with the Arrhenius equation.
Arrhenius equation for calculating the worst‐case field

half‐life (DT50)

⎛
⎝

⎞
⎠= ×( ) ( )

−

QDT DT
T T

50 act 50 ref 10
10

,ref act

(1)

with
DT50(act) is the half‐life at actual temperature (days), DT50(ref)

the half‐life at reference temperature (212 days), Q10=
2.58, Tact the actual temperature (15 °C), Tref the reference
temperature (20 °C).
The expected application rates were calculated based on

the worst‐case DT50 at 15 °C, the pseudo application rate at
the previous residue sampling (kg/ha) and the nominal
application rate (kg/ha) for the following time points:

− day before an application;
− day of application;
− day before a residue sampling;
− day of earthworm sampling.

The following equations were used:
Calculation of pseudo application rates (kg/ha) based on

residues measured in soil samplings (mg/kg)

= ( × + × ) ×

× /

( ) ( ) ( ) ( )d dMR RC RC bd

100 1000,

layer1 layer1 layer2 layer2 soil

(2)

with
MR is the measured residues as pseudo application rate

(kg/ha), RC the measured residue concentration (mg/kg),
d the depth of analyzed soil layer (cm), bdsoil the soil bulk
density (1.5 g/cm³).
Calculation of expected residues (as pseudo application

rate) at the day of application

.= × +−( / × )eER MR ART
A

ln 2 DT50 (3)

Calculation of expected residues (as pseudo application
rate) at the day before an application or residue sampling or
the day of an earthworm sampling

= ×−( / × )eER ERt
S

ln 2 DT
A,50 (4)

with
ERA is the expected residues at the day of application

(kg/ha), ERS the expected residues at the day before appli-
cation or residue sampling or day of earthworm sampling
(kg/ha), DT50 the worst‐case field half‐life at reference tem-
perature (15 °C) (days), T the time between previous sam-
pling and application (days), t the time between application
and day before following application or residue sampling or
day of earthworm sampling (days), MR the measured resi-
dues (as pseudo application rate) at the previous sampling
(kg/ha), AR the nominal application rate (kg/ha).

The data points for the calculated expected application
rates and measured concentrations (transferred from mg
boscalid/kg to g boscalid/ha) were connected to visualize
the development of the expected application rate for each
study program over time. Additionally, the rates calculated
for each day of earthworm sampling were used to display
the development of the earthworm abundance (% of con-
trol) in relation to the current expected application rate. This
way, any apparent concentration‐related response of the
earthworm abundance or an overall decrease over the
course of the study programs would become visible. Finally,
linear regression analysis of the expected application rate
(g boscalid/ha) and earthworm abundance (% of control) was
performed. The slope of the regression and the coefficients
of determination (r²) were an indicator of the relationship
between these two parameters.

All species and groups with comparable abundance data
for all four study programs were evaluated (Table S3).
Earthworm abundance and biomass data in principle follow
the same trends. However, the variability of biomass data is
even higher than for abundance and is often more biased by
the presence of a few older individuals with high weight.
Hence, earthworm abundance data are more robust and the
evaluation was based on earthworm abundance only.

Effect size meta‐analysis

The primary goal of this analysis was to provide a quan-
titative synthesis of the data gained in a cumulated 20 years
of earthworm field studies, investigating the effects in a
wide range of realistic and worst‐case boscalid exposure
scenarios on earthworm populations in arable soils. We have
focused the analysis on:

1) The effect observed 12 months after the first application
(MAA) for each study year and before the next crop cycle;

2) The effects of the toxic reference;
3) Nonstandardized effects sizes (changes in earthworm

abundance) of the total earthworm community (adults
and juveniles) and the three relevant functional (eco-
logical) groups (Bottinelli et al., 2020; Bouché, 1977)
represented by anecic, endogeic, and epigeic species
(adults only). This was necessary because usually only
adult individuals can be unambiguously identified to
species level and consequently assigned to the corre-
sponding functional group.
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We excluded studies with no sufficient effect of the toxic
reference (meaning exposure was not verified) and com-
parisons with an average of less than 5 earthworms/m²
sampled in the control plots. The selection procedure and
resulting sampling sizes are summarized in Figure S1, and
the analyzed data are listed in Table S4.

Statistics meta‐analysis. Study selection and all calculations
were performed in R statistical environment version 3.5.1
using the “metafor” package (R Core Team, 2013; Viecht-
bauer, 2010). Absolute effect sizes (assuming a normal dis-
tribution of mean abundance values) and associated 95%
confidence intervals (95% CI) were estimated using the
“escalc” command in “metafor.” To estimate overall effect
sizes, we fitted a random mixed effects model with in-
dividual study years nested in the study program as a
random factor for both overall abundance and the three
functional earthworm groups. This model structure was
chosen to account for the nonindependence of the in-
dividual trials (i.e., repeated measures of the same field)
and model fitting was performed using restricted maximum‐
likelihood estimation (Viechtbauer, 2005). For all models
we present: (1) Q values and associated p values as esti-
mates for effect size heterogeneity (Higgins et al., 2003;
Huedo‐Medina et al., 2006) and (2) effect size estimates and
associated CI.

RESULTS

Measured boscalid concentrations in soil and recovery
rates

The mean measured boscalid concentrations (0–10 cm)
ranged from 0.36 to 1.75mg boscalid/kg (Table S2). Across
all study programs, the calculated recovery rates of boscalid
residues in soil (based on analytical measurements and the
worst‐case field half‐life of 340.5 days at 15 °C; see above)
for single applications ranged from 53.5% to 189.4%, with a
mean overall recovery per study program of 98.6%–101.5%.

Study selection

Out of the 20 individual study years, two were excluded
from the analyses because the toxic reference did not ex-
hibit a statistically significant effect, casting doubt on the
adequacy of the exposure regime at this time point (B1 2007
& B2 2007). On the functional group level, the epigeic
group was excluded from the analyses because its abun-
dance was less than 5 earthworms/m² in the majority of
cases, rendering their population estimates unreliable
(Figure S1).

Representativeness of the arable fields regarding soil
parameters and earthworm community

Soil parameters. According to Bussian et al. (2005), the
typical ranges of ecologically relevant soil parameters for
agricultural soils in Germany are:

− Sand content: up to 90%;
− Clay content: up to about 50%;
− pH value (CaCl2): 5 to >7;
− Corg: 0.5% to >8%.

Considering the physicochemical properties of the arable
fields (Table 1), we deduce that they are typical for German
crop sites. Also, comparing them to maps of the European
land cover (Copernicus Land Service, 2020) and relevant soil
properties, such as pH (Ballabio et al., 2019), Corg, or sand
content (EC, 2005), this assessment may be extended to the
European level. Additionally, they fit well in the ranges of soil
parameters covered in both the German “RefeSol” (Bussian
et al., 2005) and the European “EUROSOILS” (Gawlik et al.,
2001) reference systems. Moreover, the arable fields did not
feature conditions that might have masked potential adverse
effects of boscalid such as exceptionally high organic matter
or clay content to which boscalid (log Pow= 2.96) could have
adsorbed, resulting in low bioavailability.

Earthworm communities. Based on the reference approach
described above, the earthworm communities in the four
study programs (presampling data; Table 3) were assessed
regarding their correspondence with the expectation values
for crop sites as described in Jänsch et al. (2013). In study
programs A1 and A2, the number of species was higher than
expected (7 instead of 3.3 ± 1.9) and the total adult abun-
dance was 2–2.5 times the average but within the expected
range (49.3 ± 86.2 individuals/m²). All three typical species
(relative frequency >50%: A. caliginosa, A. rosea, L. terrestris)
were present. Additionally, A. chlorotica, Lumbricus casta-
neus, Lrubellus rubellus (only A2), Octolasion cyaneum (not
included in Jänsch et al., 2013), andOctolasion tyrtaeum (only
A1) were identified. While the occurrence of epigeic species
suggests that these arable fields represented relatively good
conditions for earthworms, the presence of A. chlorotica and
O. cyaneum indicates slightly more moist conditions than
usually found at crop sites (Bouché, 1977; Lehmitz et al., 2014;
Sims & Gerard, 1999). In study programs B1 and B2, both
numbers of species and total adult abundance were within the
expected range and all three typical species as well as A.
chlorotica and Aporrectodea longa were present. Thus, the
earthworm communities in both fields mostly corresponded
to the expected values. Hence, the arable fields are regarded
as representative for German and Central European crop sites
and thus the results gained at these sites are meaningful in the
context of the ERA for boscalid as currently required in
the EU.

Holistic evaluation

In Figure 2, the development of the expected (pseudo)
application rate (Panel A; in g boscalid/ha), total earthworm,
and total juvenile earthworms abundance (Panels B and C; in
% of control) over time in the four study programs are pre-
sented. Boscalid content in soil increased after multiple ap-
plications within the season. Between application seasons,
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boscalid degraded to a soil concentration dependent on the
application pattern.
A statistically significant reduction of total earthworm

abundance compared to the control by 18.2% was observed
at the second sampling date (4 MAA) in the third‐year study
of study program B2. However, since that study was ex-
cluded from the analyses due to insufficient effects in the
toxic reference treatment, this data point is not contained in
Figures 2 and 3. Overall, there was no linear relationship
(slope of the regression line near zero) between expected
application rate and total earthworm abundance (Figure 3A,
r²= 1.5 × 10−3).
In addition to total earthworms, comparable data for all

four study programs were available for adults of the domi-
nant species A. chlorotica, A. caliginosa, A. rosea, and L.
terrestris as well as the groups of endogeic adults, anecic
adults, and total adults (Table S3). There were isolated
statistically significant differences to the control, but for
none of these was a consistent trend or an apparent rela-
tionship between expected application rate and abundance
observed:

− A. chlorotica: Reductions compared to the control were
more frequent during the first 3 years but never statisti-
cally significant; r²= 3.2 × 10−3;

− A. caliginosa: Reductions compared to the control were
never statistically significant; r²= 3.8 × 10−4;

− A. rosea: Reductions compared to the control were more
frequent during the first 3 years; a statistically significant
reduction of A. rosea abundance compared to the con-
trol by 43.2% was observed at the third sampling date
(6 MAA) in the third‐year study of study program A1; r²=
2.4 × 10−2;

− L. terrestris: Reductions compared to the control were
never statistically significant; r²= 4.2 × 10−2;

− Endogeic adults: Reductions compared to the control
were never statistically significant; r²= 3.6 × 10−2;

− Anecic adults: Statistically significant reductions of anecic
adult abundance compared to the control by 43.2% and

23.1% were observed in the third‐year study at the fourth
sampling date (12 MAA) of study program A2 and at the
third sampling date (10 MAA) of study program B1, re-
spectively; r²= 3.6 × 10−2;

− Adult earthworms: Reductions compared to the control
were never statistically significant; r²= 2.4 × 10−3;

− Juvenile earthworms: Statistically significant reductions
compared to the control were observed on five
occasions:
o In the study program A2, at the first sampling date

(1 MAA) in the third‐year study by 28.7% and at the
first sampling date in the fourth study year 6 weeks
after the first annual application by 35.2%;

o In the first‐year study of study program B1, at the first
(1 MAA) and second (4 MAA) sampling date after the
first annual application by 45.7% and 36.4%, re-
spectively;

o In the third‐year study of study program B2 at the
second sampling date 4 MAA by 19.0%.

However, recovery of juvenile abundance was observed in
subsequent samplings; Figure 3B, r²= 5.4 × 10−3.

Effect size meta‐analysis

Total abundance. Combining all available data, there was
no indication of lasting adverse effects on earthworm pop-
ulations at 12 MAA (estimates −2.86; 95% CI: −19.3 to 13.6;
see Figure 4 and Table 3) and no indication for effect size
heterogeneity (Q= 7.2; p= 0.9) supporting the robustness
of the obtained effect size estimates. In contrast, there were
pronounced adverse effects of the toxic reference (esti-
mates −89.4; 95% CI: −107.7 to −71.1; see Figure 4), but
similarly to the treatment effect no indication for effect size
heterogeneity (Q= 18.6; p= 0.35).

Anecic adults. Looking at the effects of treatment on anecic
adults, in support of the results regarding total abundance,
there was no indication of overall adverse effects at 12 MAA

Integr Environ Assess Manag 2022:1399–1413 © 2021 ECT Oekotoxikologie GmbH and BASF SEwileyonlinelibrary.com/journal/ieam

TABLE 3 Summary of the results of the random effect models analyzing the total, anecic, and endogeic communities for both the boscalid
treatment and the respective toxic reference 12 months after application

Change EW population (number) Change EW population (%)

Community Treatment df Estimate LB UB Estimate LB UB Sig. Con.

Total Boscalid 17 −2.8 −19.3 13.6 −1.0 −6.7 4.7 NS 288

Toxic reference 17 −89.4 −107.7 −71.1 −31.0 −37.4 −24.7 Sig 288

Anecic Boscalid 17 −0.5 −5.1 3.9 −1.1 −11.6 8.9 NS 44

Toxic reference 17 −29.26 −51.1 −7.43 −73.2 −127.8 −18.6 Sig 44

Endogeic Boscalid 17 6.43 −1.4 14.3 5.5 −0.9 10.1 NS 116

Toxic reference 17 −20.1 −34.9 −5.4 −17.3 −30.1 −4.7 Sig 116

Note: Here we present model degrees of freedom (df), estimates for earthworm (EW) changes, and associated 95% confidence interval (upper bound [UB] and
lower bound [LB]) both in terms of total abundance and in percent changes compared to the control earthworm population. We indicate significant differences
(Sig.) and the abundance of earthworms in the control plot (Con. [mean EW/m²]).
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FIGURE 2 (A) Development of expected application rate (g boscalid/ha) over the 5 study years. Points for measured and calculated expected application rates
are linearly interpolated. (B) Total earthworm and (C) total juvenile earthworms abundance (% of control) in the four study programs (study year 2007 for B1 and
B2 excluded)
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(estimates −0.54; 95% CI: −5.03 to 3.95; see Figure S2 and
Table 3). The observed effect size heterogeneity (Q= 30.3;
p= 0.02; Figure S2) at the B site suggests higher variability
in the populations' response compared to site A over the
study program duration (see Figure S2). Regarding the ef-
fect of the toxic reference on anecic adults, we found a
similar pattern compared to total abundance with pro-
nounced adverse effects at 12 MAA (estimates −29.26; 95%
CI: −51.1 to −7.43) and an indication of differences between
programs (Q= 261.02; p< 0.001; see Figure S3).

Endogeic adults. The group of endogeic adults was by far
the most abundant taxon (mean abundance 116 individuals/
m²). At 12 MAA, there was no evidence of treatment‐related
effects (estimates 6.43; 95% CI: −1.4 to 14.3; see Figure S4
and Table 3) and no indication of effect size heterogeneity
(Q= 16.3; p= 0.5). The toxic reference had clear negative
effects on endogeic adults (estimates −20.1; 95% CI: −34.9
to −5.4; see Figure S5 and Table 3), and there was some
indication that populations might react differently to the
toxic reference (Q= 26.6; p= 0.06).
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FIGURE 3 Relation between expected application rate (g boscalid/ha) and (A) total earthworm and (B) total juvenile earthworms abundance (% of control) (study
year 2007 for B1 and B2 excluded)
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DISCUSSION

Boscalid residues in Central European arable soils

Because of its physicochemical properties boscalid is ex-
pected to adsorb in the upper soil layers (Anonymous, 2002;
Vallée et al., 2014) and is classified as having a moderate
leaching potential with a calculated Groundwater Ubiquity
Score leaching potential index of 2.68 (Pesticide Properties
DataBase [PPDB], 2020). Several studies recently investigated
the residues of currently used a.s., including boscalid in
Central European arable soils, in particular Hvězdová et al.
(2018) for the Czech Republic, Silva et al. (2019) for 11 EU
member states, and Pelosi et al. (2021) for France. Boscalid
was among the most frequently detected and highest con-
centrated a.s. Hvězdová et al. (2018) reported boscalid resi-
dues >0.01mg/kg in the plough layer (0–25 cm) of 5 out of 75
soils with a mean concentration of 0.020mg/kg and a max-
imum of 0.029mg/kg. Silva et al. (2019) detected boscalid
residues >0.01mg/kg (= limit of quantification) in 87 out of
317 soils (27%) with a median content (0–15/20 cm soil depth)
of 0.04mg/kg and a maximum content of 0.41mg/kg. Pelosi
et al. (2021) detected boscalid residues in 155 out of 180
samples (86%) at concentrations (0–5 cm soil depth) of up to
1.212mg/kg. The highest median concentration of 0.0047
mg/kg was measured in cereal crops. Because of differing
sampling depth and unknown management practices (e.g.,
tillage, product, application rates, and times) these values are
not easily comparable with each other and with the current
study programs.

Across all four study programs and analytical samples, the
measured residues in soil cores from 0 to 10 cm depth
ranged from 0.36 to 1.75mg boscalid/kg with a median of
0.80mg/kg and a geometric mean of 0.83mg/kg. The
maximum calculated expected application rate was 3355 g
boscalid/ha (Figure 2A), corresponding to 2.24mg/kg as-
suming a bulk density of 1.5 g/m³ and a depth of 0–10 cm,
4.47mg/kg when assuming worst case (i.e., 0–5 cm). These
values are above both the measured residues reported by
the above‐mentioned authors as well as the laboratory
chronic no observed effect concentration (NOEC) for
Cantus® of 1.2mg boscalid/kg (Anonymous, 2002). This
emphasizes the relevance of the results from the four study
programs for agricultural soils across Central Europe and
confirms the worst‐case character of the exposure situation
achieved by using higher application rates than in actual
agricultural practice.

Effects of the test substance boscalid

Because of the potential long‐term risk to earthworms
identified for the formulation Cantus® at the laboratory
level, initially, two field tests with this formulation were
conducted at grassland sites in Germany with an application
of three times 0.3 kg a.s./ha and three times 0.6 kg a.s./ha,
respectively. Based on the results of these field studies a
maximum yearly application rate of 1 kg a.s./ha was defined
by the European regulatory authorities (Anonymous, 2002;
EC, 2008). In response, the four 5‐year study programs
described in this article were performed to address the
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FIGURE 4 Forest plot summarizing the observed changes in earthworm populations at the end of each program year (individual years of the study programs
are listed in chronological order) and the outcome of the nested random effects model for the treatment and toxic references across all years. We present the
mean earthworm abundance (EW/m²) in the control plots (mean control) the boscalid treatment (mean treatment), the resulting effect sizes and associated 95%
CI. In the case of the RE model treatment and RE Model toxic ref, the width of the rhombus indicates 95% CI. CI, confidence interval; toxic ref, toxic reference
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remaining uncertainties regarding the potential adverse ef-
fects in a realistic and long‐term agricultural setting. The
applied amounts in the four study programs were higher
than the registered use rates (see Table 1) and the measured
soil concentrations (Table S2) frequently exceeded the lab-
oratory chronic NOEC for Cantus® of 1.2mg boscalid/kg
(Anonymous, 2002).
To our knowledge, no other data on the effects of bo-

scalid on earthworm populations in the field have been
published so far. The amount of data generated in the four
earthworm field study programs is probably the highest ever
collected for one a.s., at least when referring to studies
performed according to the current field test guideline (ISO,
2014). The tests with Cantus® were conducted for up to 5
years, while published earthworm studies are usually
stopped after 1 year, in rare cases after 2.
From the holistic evaluation of the four study programs we

conclude there is no application rate‐related adverse effect
of the 5‐year use of Cantus® on the development of the
respective earthworm communities. The statistically sig-
nificant reduction of total earthworm abundance by 18.2%
during the third year of study program B2 is considered a
random event likely to occur considering the high number of
statistical comparisons in these study programs. Likewise,
there were isolated statistically significant reductions of
earthworm abundance for some species and groups at in-
dividual time points, but no consistent relationship to the
Cantus® treatments was established. Hence, exposure to
boscalid was apparently not the cause for differences in
earthworm abundance between control and treatment
plots. This is additionally confirmed by the slopes and co-
efficients of determination (r²) from the linear regression
analysis of the expected application rate (g boscalid/ha) and
earthworm abundance (% of control) that are close to zero
for the four dominant earthworm species (A. chlorotica, A.
caliginosa, A. rosea, L. terrestris) as well as for the total
number of earthworms, ecological groups, and age stages.
Juveniles appear to react more sensitively (some statistically
significant reductions) than adults but an indication of re-
covery in subsequent samplings has been observed in these
cases. Juveniles are also the group whose abundance is
subject to the strongest dynamics over the duration of the
study programs, in particular due to the phenology of the
earthworm population. Although earthworms are (semi‐)
continuous breeders, reproduction is among others de-
pendent on soil temperature and moisture. In the northern
hemisphere, most cocoons are produced in late spring and
early summer and cocoon production may vary from year to
year (Edwards & Bohlen, 1996). Therefore, random statisti-
cally significant differences to the control may be expected
to occur more frequently than for other more stable age
stages and aggregated groups. We hence conclude that the
observed short‐term fluctuations of earthworm abundance
are rather a natural variation of the populations, for ex-
ample, caused by the course of the weather influencing
the micro‐climate and thus local population dynamics
throughout the study program duration (Edwards & Bohlen,

1996; Herwig et al., 2020), than a concentration‐related
response.

The results of the meta‐analysis fully support the con-
clusions of the holistic evaluation. The overall estimated
effect size suggests a mean and nonsignificant reduction of
3 earthworms/m² after 12‐month exposure for each year of a
program, which corresponds to about 1% of the total con-
trol population (see Figure 4 and Table 3) with an upper
bound of the 95% CI of +4.7 and a lower bound of −6.7%
change. Considering there is no indication of a time‐
dependent trend of the earthworm populations within a
study program (see Figure 4), which would indicate additive
effects of repeated boscalid application, it is unlikely that in‐
crop earthworm populations suffer adverse effects as a re-
sult of long‐term boscalid exposure.

Our findings are in contrast to those observed in the field
for other PPPs, in particular carbendazim and copper‐based
fungicides. The toxicity of carbendazim on earthworms in
the field is well‐documented (Römbke et al., 2004; van
Gestel, 1992). Most recently, Römbke et al. (2020) per-
formed an extensive pilot earthworm field study at a crop
site in Germany with similar soil properties (pH: 7.2, Corg:
1.46%, texture: silt loam) as in the present study programs
using six application rates of carbendazim (0.6–31.5 kg a.s./
ha) resulting in median effective concentration (EC50) values
for total earthworm abundance of 1.089 and 9.441 kg a.s./ha
at 1 and 12 MAA, respectively. Jänsch and Römbke (2009)
performed a literature review on the effects of copper on
soil invertebrates. They found that strong adverse effects on
earthworms in the field were frequently reported when the
soil concentration of copper exceeded 50mg/kg soil. The
toxicity of these compounds on earthworms ultimately led
to carbendazim being selected as a reference substance in
both standard laboratory and field earthworm testing and a
strong reduction of the permissible annual application rates
of copper‐based fungicides.

In the wider discussion of ERA, in particular in the EU,
questions regarding the statistical power of standard test
systems have gained prominence (EFSA, 2018; Römbke
et al., 2020). The capability of test systems to detect an
adverse effect is of fundamental importance to ensure the
reliability of an ERA. While this question is certainly im-
portant, the currently discussed approaches such as post
hoc power calculations, for example, the minimum detect-
able difference (Duquesne et al., 2020), suffer from clear but
not immediately obvious shortcomings (Mair et al., 2020).
While individual studies can suffer from low statistical power
due to low replication or sample variability—effectively
rendering species‐based assessments difficult for most and
impossible for rare species—the use of a meta‐analytical
framework could be applied to more abundant species as
well and might provide a drastic increase in power to reli-
ably detect adverse effects (Cohn & Becker, 2003; Ellis,
2010; Valentine et al., 2010). By combining such meta‐
analysis approaches with a CI‐based characterization of
statistical uncertainty as suggested by Mair et al. (2020), it
becomes possible to directly and intuitively quantify the
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robustness of observed study results. Using a meta‐
analytical framework, it might be possible to achieve suffi-
cient statistical power to ensure a conservative and robust
risk assessment utilizing established and trusted test
systems.

CONCLUSIONS
The soils of the four arable fields as well as their re-

spective earthworm communities are regarded as typical
and representative for German and Central European crop
sites. Therefore, and given the worst‐case character of the
exposure situation, the results from the individual earth-
worm field studies as well as their holistic evaluation and
meta‐analyses are meaningful for the assessment of the field
effects of boscalid on earthworms at all crop sites with
comparable soil and site conditions. The outcome of every
single study separately as well as the holistic approach and
meta‐analysis presented in this article are complementary to
each other and offer the same overall result. We conclude
there is no application rate‐related effect of the 5‐year use of
Cantus® on the development of the earthworm commun-
ities in the four study programs. The performance of these
study programs was therefore useful to address concerns
about long‐term in‐crop adverse effects of boscalid on
earthworms in the field and to refute the potential risk ini-
tially identified based on the data available during the ERA.
Considering the immense efforts in conducting the nu-
merous studies presented here, this approach can hardly
serve as an example for a standard field‐testing program in
future risk assessment. However, this article illustrates pos-
sible ways to further refine risk assessment procedures, es-
pecially in cases where available data raised during the
standard approach are not conclusive.
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