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Abstract. Soil ecotoxicology studies are usually performed in
standard soils such as Organization for Economic Cooperation
and Development artificial soil or LUFA ST. 2.2, a natural
soil. When assessing the toxic effects in the environment, soil
properties are often different from those in standard soils,
which might lead to a different exposure situation for the test
species and therefore to misleading conclusions. Selected to
cover a broad range of properties and based on the Euro-Soils
concept, 17 different soils were studied regarding their suit-
ability to two test species: Folsomia candida and
Hypogastrura assimilis (Collembola). In reproduction tests,
the test species reacted differently to the soils. F. candida was
less affected by soil properties: 500 to 1200 juveniles/vessel
were found in untreated soils (i.e., controls). These differences
can be attributed to normal interindividual variability.
H. assimilis showed a significant correlation with maximum
water-holding capacity and also a tendency to lower the
reproductive output in soils with a low pH (<4). Therefore,
some soils were revealed to be inappropriate for tests with
H. assimilis. In the main tests, the effect of the reference test
substance Phenmedipham (formulation Betosyp) was studied
in those soils where sufficient reproduction was determined
beforehand. Clearly, the chronic end point was more sensitive
than survival when testing Phenmedipham. In H. assimilis,
because of high variability and low effects in the tested dos-
ages, no conclusions could be drawn. In F. candida, different
soils caused different toxic effects: Juveniles preferred soils
with high C-to-N ratios. Higher microbial activity might sup-
port a quicker metabolization of the test substance. In general,
the toxic response is caused by a synergistic action of several
soil properties with each of them exerting an effect too small to
be clarified with the available set of data.

In toxicity testing, the standardization of methods is required
for reasons of comparability and quality assurance. Most
ecotoxicologic soil tests are performed using two different
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standard soils: either an artificial soil (Organization for Eco-
nomic Cooperation and Development [OECD] 1984) or the
natural LUFA 2.2 soil (Schinkel 1985). However, the toxicity
of chemicals may be affected by properties of the soil in which
the chemical is tested. This problem can be addressed in two
ways: either as many soils as practically feasible can be tested
(Jepson et al. 1994) or a unifying concept can be developed
(Van Gestel 1997) Despite that many complex processes
occurring in soil are at least partially known (Gawlik et al.
2003), the sheer number of different soils with their many
combinations of main soil properties complicates the defini-
tion of such a unifying concept, so the problem is often ig-
nored. For example, approaches to establish threshold values
for organic xenobiotics or heavy metals, e.g., in the context of
the sludge amendment, do not consider sufficiently the influ-
ence of general soil parameters on the mobility, availability,
and ecotoxicity of the compounds being regulated
(Langenkamp and Marmo 2001).

For these reasons, a set of reference soils—the so-called
Euro-Soils—was introduced in 1990 to create a common basis
for better comparison and quality control of soil sorption data
(Kuhnt et al. 1994). First five and finally six regionally rep-
resentative soils were identified, collected, prepared, and
characterized as reference soils for chemical testing in the
European Union (Gawlik et al. 1996). The demand for Euro-
Soils grew dramatically after their introduction, and it quickly
became evident that the original Euro-Soils were not a suitable
source for ecotoxicologic standard tests because the available
amount simply was not sufficient.

Recently, Rombke and Amorim (2004) suggested that
each soil similar in terms of their main properties (i.e.,
texture, pH, C-to-N ratio, and organic matter content) to one
of the six Euro-Soils could be used for ecotoxicologic tests.
To validate this hypothesis, such tests were performed in the
original Euro-Soils, similar soils, and the standard OECD
and LUFA 2.2 soils for comparison purposes. Although
several species were chosen as test individuals, here we
present the results using two collembolans: Folsomia can-
dida and Hypogastrura assimilis. They were selected as test
species because of their ease of culture and high reproduc-
tive rates. An international test guideline exists for the first
species (International Organization for Standardization [ISO]
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1998), and a standard procedure has been proposed for the
latter (Folker-Hansen et al. 1996). H. assimilis differs from
F. candida mainly in its manner of reproduction: The former
reproduces sexually, whereas the latter is a parthenogenetic
species. In addition, H. assimilis shows some social behav-
ior, which has not been observed in Folsomia (or onychiurid
spp.) (P.H. Krogh, personal communication, 2001). Repro-
duction tests were performed with both species in several
soils. Median effective concentration (ECsy) as well as no
observed—effect concentration (NOEC) values were calcu-
lated, and the influence of the respective soil properties on
the test results was statistically evaluated. Thus, in this work
we aimed (1) to assess whether the two collembolans were
suitable as test species; (2) to determine in which soils the
collembolans could be tested; and (3) to investigate the
influence of soil properties on test results.

Materials and Methods

Test Species

F. candida Willem 1902 (Collembola: Isotomidae) is a blind, un-
pigmented, euedaphic collembolan reproducing parthenogenetically
(Hopkin 1997). Hypogastrura assimilis Krausbauer (Collembola:
Poduridae) is an epi- to hemiedaphic species, pigmented, and has
eyespots. It is a sexually reproducing species. The female individuals
are approximately twice the size of male individuals and are lighter in
color (Folker-Hansen et al. 1996). Both species were easily cultured in
the laboratory in a moistened substrate of plaster of Paris and charcoal
(mixture 8:1) prepared according to Usher and Stoneman (1977).
Individuals were maintained in laboratory at 20°C, in the dark, and fed
dried baker’s yeast (Saccharomyces cerevisiae).

Test Substance

The test substance Phenmedipham, a herbicide, was applied as the
formulation Betosyp [formerly known as Betanal; STAHLER AGR-
OCHEMIE, 157g/L active ingredient (a.i.)] to the soils in the fol-
lowing concentrations: 0.1, 0.32, 1, 3.2, and 10 mg a.i./kg soil dw. In
the case of the OECD soil, the concentrations were 1, 3.2, 10, 32, and
100 mg a.i./kg soil dw. These concentrations were based on the results
of a range-finding test during which no effects occurred with con-
centrations up to 10 mg a.i./kg. In the case of the LUFA 2.2 soil, the
concentrations were 5, 8.75, 12.5, 16.25, and 20 mg/kg soil dw based
on the results of a ring test (Hund-Rink et al. 2002a). The contami-
nation of all test substrates was done by mixing an aqueous solution of
the test chemical into the premoistened soils separately for each test
concentration. After homogeneous mixing, subsamples of soil were
introduced into the individual test vessels.

Test Procedures

Synchronized cultures were established for the experiments by
removing egg clusters from stock cultures into new culture vessels.
Two days after the start of hatching, juveniles were transferred into a
new vessel where they were fed and watered. After approximately 10
days for F. candida and 16 days for H. assimilis, the individuals were
in the correct life stage to start the test.
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Test procedures were as described in ISO guideline 11267 for F.
candida. Ten individuals, 10 to 12 days old, were placed in each test
vessel already containing the premoistened test soil and the food
supply. The vessels were covered with a parafilm layer in which a few
holes for airing were made. Food and water were replenished weekly.
After 4 weeks, the test ended, and each test vessel was filled with
distilled water that was gently mixed with a spatula. Afterwards,
juveniles and adults were floating on the surface. The addition of a
few drops of dark ink provided a higher contrast between the white
individuals and the black background. A digital photograph of the
water surface plus collembolans was taken. The collembolans on the
image could later be easily counted using computer software Sig-
maScan Pro 5(SPSS 1999). Some replicates were randomly selected
and the pictures were checked by hand to validate the accuracy of the
program. Adults and juveniles were easily distinguished by their size.

The test procedure for H. assimilis was similar except that the
individuals were 16 to 19 days old at the start of the test to distinguish
between male and female individuals. Ten male and 10 female indi-
viduals were introduced per test vessel. The test duration was 3 weeks.
H. assimilis forms clusters when floating on the water surface, so the
counting of individuals with software is not possible. To individualize
the organisms, test vessels were covered with a narrow net and con-
nected to an empty vessel by a double lid. Afterwards, the vessels
were inverted, covered with black paper, and placed under a heating
source for 24 hours. Because the individuals tended to escape from the
heat in the upper vessel, they fell into the empty vessel at the bottom.
Finally, the individuals were immobilized with alcohol; digital photos
were taken; and the same software package was used for counting.
Adults and juveniles were not distinguishable from each other.

Test Soils

The main properties of the test soils (pH, organic matter, C-to-N rstio,
cation exchange capacity [CEC], maximum water-holding capacity
(WHCO), clay, silt, and sand content) are listed in Table 1. Their
selection is described in detail by Rombke and Amorim (2004).
Artificial soil (OECD 1984) is composed of 69% sand, 20% kaolin
clay, 10% sphagnum peat, and 0.3 to 1% of CaCOs for pH adjustment
(6 £ 0.5). LUFA 2.2 is a natural standard soil from Speyer (Germany).
The codes given for the natural soils are translated as follows:
ES = Euro-Soil; ESo = the soil is a sample from the same site as the
original ES; numbers = the soil is similar to a certain ES number
(X = the soil could not classified to a certain ES class); and the other
codes represent the first three letters of the soil original place name,
i.e., Natl = Natzungen; Hoh2 = Hohenlimburg; Coi2 = Coimbra;
Sch3 = Schmallenberg; Mon4 = Monninghausen; Tau4 = Taubenhe-
ide; KarX = Karlsruhe (Schluttenbach); and Ren7 = Gladbeck-Rent-
fort. At least one natural soil from each class was tested. Not
surprisingly, it was most easy to find soils belonging to ES class
because this class represents ~“normal" agricultural soils in Central
Europe. In some cases, in particular the original EURO-Soils, the
amount of available soil was so small that not all tests could be
performed. With the exception of soil ES7, bought from the Univer-
sity of Vienna (Austria), the other samples were from the European
Chemical Bureau (Ispra, Italy), where only a small amount remained
available.

Experimental Setup

The study was conducted in two parts. In the first set of experiments,
the survival and reproduction of the two species was tested in all soils
in a control situation, i.e., without any contamination. The goal was to
verify the suitability of the individual soils for a certain species. In the
second set of experiments, only the soils where reproduction was



Effects of Different Soil Types on Collembolans Using Phenmedipham

345

Table 1. Main characteristics of the tested soils and the relative Euro-Soils properties: pH, OM, C:N ratio, grain size distribution, CEC, and

WHC

Soil pH (CaCl,) O.M. (%) C:N Ratio Clay (%) Silt (%) Sand (%) CEC (mval/100 g) WHC (%)
ES1 5.1 2.7 7.7 75 22 3 29.9 62.6
Natl 6.2 1.7 8.7 33 66 5 40.7 58.4
ES2 7.4 6.4 18.5 23 64 13 28.3 68.5
Hoh2 6.2 12.9 25.0 6 61 33 78.3 73.9
ES3 52 6.5 13.3 17 37 46 18.3 42.6
Eso3 5.2 6.0 11.8 18 38 44 74.5 -
Sch3 54 4.1 10.4 23 45 32 68.5 67.4
Coi3 6.7 6.5 17.0 26 60 14 75.8 68.1
LUFA 2.2 5.8 44 14.0 6 17 77 11.2 55
ES4 6.5 29 9.7 20 76 4 17.5 429
Mon4 6.5 2.5 9.7 11 77 12 20.7 53.2
Tau4 6.9 29 9.7 17 79 4 61.3 63.1
ES5 32 15.9 30.8 6 13 81 32.7 38.7
Eso5 32 9.2 29.7 10 12 79 87.0 100.1
ES7 4.4 11.5 14.2 19 35 46 5.0 80.6
Ren7 3.8 8.7 11.0 18 40 42 132 121.8
EsoX 6.3 8.9 23.5 31 33 36 - 64.0
KarX 3.6 10.6 459 13 58 29 173 71.9
OECD artificial 6.0 8.0 Ca. 40 10 10 80 45.8 Ca. 90

CEC = Cation-exchange capacity.
Col = Columbia.

ES = Euro-Soil.

Hoh = Hohenlimburg.

Kar = Karlsruhe.

Mon = Ménninghausen.

Nat = Natzungen.

OECD = Organization for Economic Cooperation and Development.
OM = Organic matter.

Ren = Gladbeck-Rentfort.

Sch = Schmullenberg.

Tau = Taubenheide.

WHC = Water-holding capacity.

within the validity range (mortality <20% and number of juveniles
>100/test vessel) as defined in the ISO guideline (1998) were tested
with the test substance Phenmedipham.

Statistical Procedures

Two main hypotheses were tested: (1) that the measured soil prop-
erties would influence the survival and reproduction of the test indi-
viduals (tests without chemicals) and (2) that the measured soil
properties would influence the toxicity of Phenmedipham either by
directly altering the exposure (e.g., because of different adsorption
and bioavailability) or by adding an extra stress factor for the indi-
viduals (i.e., in addition to the chemical).

Redundancy analysis (RDA) was applied to the results of survival
and reproduction of enchytraeids and collembolans maintained in
different soil types in the absence of toxicants. The analysis was per-
formed with Canoco for Windows 4.5 (Ter Braak and Smilauer 2002)
using survival and reproduction of each species to play the role of
species and the physical and chemical parameters of each soil to play
the role of environmental data. All data, except for pH values, were
log-transformed before the analysis. Additionally, because of the
interdependence of the individual parameters, only the two extreme
categories (sand and clay excluding silt) of the three texture classes
were used. Species data were centered and normalized within Canoco
for Windows. A similar procedure was used to analyze toxicity data
from exposure of collembolans in different soil types. However, in this
case toxicity parameters (ECso and NOEC) were used to play the role

of species. Conditional effects of environmental data on species data
were assessed using Monte Carlo permutation tests with automatic
variable selection from within Canoco for Windows.

Stepwise multiple regression models were developed using the
statistical software package SPSS 12.0 (SPSS 2003) to quantify the
relationship of the biological data with soil data. All but the pH data
were also normalized using logarithms (X+1) and silt was excluded.
Analysis of variance and Bivariate Spearman Correlations were cal-
culated using SPSS 12.0 (SPSS 2003). ECs, and NOEC values were
calculated using the ToxRatPro program (ToxRat 2003).

Results

First Set: Control Experiments

In total, the mortality and reproduction of F. candida were
tested in 18 soils (Fig. 1). Some animals died in all soils;
however, in nearly all cases the mortality was < 10%. Only in
three of the original Euro-Soils (ES1, ES3, and ES4), up to
20% mortality occurred. The number of juveniles varied by a
factor of approximately 2 (minimum ~ 450 in ES4; maximum
~ 1000 in LUFA St. 2.2) but in any case was at least four
times higher than the validity criterion as defined by the ISO
guideline. No statistical differences could be determined be-



346

tween OECD soil (reference) and the other soils in terms of the
number of juveniles (one-way analysis of variance [ANOVA],
Dunnetts’ two sided; p > 0.05).

The second collembolan species, H. assimilis, could be
tested in only 13 soils (the amount of the original Euro-Soils
was too small). The results differed completely from the tests
with F. candida. The number of individuals in the various soils
was highly variable (Fig. 2) and fluctuated between 0 (ESo5)
and 350 (ESoX) individuals/test vessel. In the soil Ren7, adults
survived, but no reproduction was possible. The results in
these soils were also statistically significantly different from
the results in the OECD soil (one-way ANOVA, Dunnetts’ two
sided; p < 0.05).

The variability of the results for H. assimilis was clearly
higher and the species more sensitively reactive to soil prop-
erties than F. candida. In addition, minimum and maximum
average numbers of juveniles obtained were considerably
different for each species: a minimum of 493 to a maximum of
953 for F. candida and a minimum of zero to a maximum of
359 for H. assimilis.

The RDA with collembolans data showed a high correlation
between species parameters and soil properties for the first two
axes (0.657 and 0.544, respectively). Species parameters alone
explained 33.1% and 3.7% of the total variance associated
with the first and second axes, respectively, whereas the
interaction between species parameters and soil properties
accounted for an additional 54.4% and 6.1% of the total var-
iability, respectively.

Species were grouped along the first axis in association with
higher values of water-holding capacity (WHC) and C-to-N
ratio (Fig. 3). Juveniles and adults of F. candida were sepa-
rated along the second axis in association with a gradient of
WHC and cation-exchange capacity (CEC) (higher values are
associated with juveniles) and pH (higher values are associated
with adults). No significant conditional effects were found.

Stepwise multiple regression analysis showed significant a
relationship between the number of individuals of H. assimilis
at the end of the test and the Log(WHC) (negative effect) (see
stepwise model in Table 2 ). A negative correlation between
individual numbers and pH was found, although pH was not
included in the final regression model for H. assimilis.

Second Set: Experiments With Phenmedipham

In the case of F. candida, all soils tested as control were tested
with Phenmedipham (as Betosyp), and results can be seen in
Figure 4. In the case of H. assimilis, ESo5 and Ren7 showed
none or nearly no reproduction in the control test run; hence all
but these two soils were used as test substrates. The test results
with H. assimilis were very variable (among replicates and
between treatments) and without any dose-response relation-
ship. Because of this, effect levels (ECsq or NOEC values)
could not be calculated. In the controls, a higher range con-
cerning the number of individuals was found than in the first
tests without contamination. This was caused by the differ-
ences found in the soil ESoX where 990 (x 252.2) individuals
were found—nearly three times the maximum observed be-
fore. The effect values of the tests with F. candida are sum-
marized in Table 3.
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Fig. 1. Results obtained after exposing F. candida to different soil
types (OECD soil, LUFA 2.2, Euro-Soils, and similar soils). Graph
shows the average number + SD.
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Fig. 2. Results obtained after exposing H. assimilis to different soil
types (OECD soil, LUFA 2.2, Euro-Soils, and similar soils). Graph
shows the average number + SD.

Because the concentrations were chosen in a way that the
main end point of reproduction (= number of juveniles) could
be determined, it was hypothesized that the effect values for
adults (ECsy and NOEC) would usually be higher than the
highest test concentration (10 mg a.i./kg). The only exceptions
were the two acidic soils, ESo5 and KarX, where the NOEC
values were determined as 0.1 and 10 mg a.i./kg, respectively.
It should be noted that the concentration range for the two
standard soils was chosen so the effects on mortality could be
also determined. Although in the artificial soil both effect
values were relatively high (51.9 and 32 mg a.i./kg, respec-
tively), they were clearly lower in the LUFA St. 2.2 soil (10.6
and <5 mg a.i./kg, respectively).

The effect values for the juveniles varied between 4.4 and
39.2 mg a.i./kg (ECsp) and < 0.1 and = 32 mg a.i./kg (NOEC),
so the ECsy values varied by a factor of ~ 10, whereas the
NOEC values covered an even broader range with a factor
of > 320. Clearly, different results were obtained in the dif-
ferent soils. In addition, there was also a distinction between
the different Euro-Soils groups in terms of toxicity. At first,
the results in the standard soil LUFA St. 2.2 and in particular
the acid KarX soils are difficult to understand. In both soils the
NOEC values for adult mortality are lower than the NOEC
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Fig. 3. RDA biplot of species and soil parameters. Fc = F. candida;
Ha = H. assimilis; ad = adults; juv = juveniles). The dashed circle
represents the association between species and soil parameters.
RDA = redundancy analysis.

Table 2. Stepwise regression models for the test species F. candida
and H. assimilis with and without the chemical substance Betanal and
its relation with the soil parameters®

2
7

Model adjusted F n p < .05

Log (Ha) = 7.186—2.749 * 0.429 8.510 10 0.017
log(WHC) (53.2>WHC

Log (Fc_Bet_EC50juv) = 0.629 16.267 11  0.004

0.036 + 0.773 *
log(C/N) (7.7>C/N<45.9)

“Bioassay end points and environmental parameters, except pH, were
log-transformed (X + 1).

ad = Adult organisms.

Bet = Betanal.

Fc = F. candida.

Ha = H. assimilis.

Juv = Juvenile organisms.

WHC = Water-holding capacity.

values for reproduction. In the case of the LUFA St. 2.2 tests,
the effect, given as ECsg, on both end points is quite similar.

In nearly all cases control mortality was < 10%. The
number of juveniles in controls of the chemical testing varied
by a factor of approximately 5 (minimum 226.7 in KarX soil
and maximum 1189.7 in Natl) but in any case was at least two
times higher than the validity criterion as defined by the ISO
guideline.

An RDA with F. candida data could not be conducted be-
cause the available data set had too many undetermined values
(e.g., ECsq survival >10; Table 3). Nonetheless, a significant
correlation was found between the Log(ECs) for juveniles and
the Log(C-to-N ratio) (positive effect) (see stepwise regression
model in Table 2).
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Discussion

First Set: Control Experiments

In the tests with F. candida, no major differences were ob-
served in terms of survival and reproduction in the different
soils. The validity criteria were always fulfilled. Nevertheless,
the juvenile numbers varied in the different soils, meaning that
the soil properties somehow influenced reproduction. As ex-
pected, the end point of reproduction is more sensitive to soil
differences than survival, i.e., the chronic end point is more
appropriate for these kind of studies.

However, any relationship between changes in the number
of juveniles and soil properties must be discussed with caution
because these changes can also be partially attributed to nor-
mal interindividual differences. For example, Crouau and
Cazes (2002) found that the variability in juvenile numbers in
the standard reproduction test (i.e., performed with artificial
soil) with F. candida had several causes; among them were the
mortality of adults and the variability induced by the use of
animals that hatched on 3 successive days.

An influence of pH occurred in some but not all tested soils
because there was a tendency to see a lower number of
H. assimilis individuals at lower pH values. Sandifer and
Hopkin (1996) tested F. candida in artificial soil at pH values
of 6.0, 5.0, and 4.5 in a standard laboratory test. There was no
clear relationship between adult survival or juvenile produc-
tion and soil pH, but an overall decrease in reproduction was
observed in the control samples with pH values of 5.0 and 4.5
compared with those at pH 6.0. In a similar experiment,
Greenslade and Vaughan (2003) studied an even wider range
of pH values and found an optimum of juvenile numbers at pH
values of 5.38 to 6.62. Interestingly, at lower pH values
(<3.47) the number decreased to approximately 50% of the
optimum number, whereas at higher pH values (7.65 and 8.03)
there was a strong decrease down to zero. The individuals
seem to be sensitive to very basic soils. The soils tested in our
experiment covered a pH range between 3.2 and 7.4. Basically,
our results confirm the work of former investigators: There is
an influence of the pH on reproduction (especially for H. as-
similis), but within a range of 3.2 to 7.4 this influence is not
large enough to significantly impede the number of juveniles
in F. candida.

Stepwise multiple regression analysis showed a significant
relationship only between the number of individuals of
H. assimilis at the end of the test and the Log(WHC) (negative
effect). Similar results were observed by Van Gestel and
Diepen (1996), who studied the effect of different soil mois-
ture contents on F. candida in OECD artificial soil: 25%, 35%,
45%, and 55% corresponding to 28%, 40%, 51%, and 63% of
WHC. These investigators found that the collembolans pro-
duced more eggs at lower moisture contents, but these eggs
hatched somewhat later than those produced at higher moisture
levels. It is not known at which moisture level eggs are no
longer produced, but because of the well-known susceptibility
of insects to dryness, it must be somewhere close to the lowest
level tested (Edney 1977; Bursell 1970). Perhaps there is a
similar effect in H. assimilis.

Apparently, other soil properties are exerting an effect,
but no statistically significant relation to any other indi-
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vidual parameter could be observed. From the RDA, al-
though no significant conditional effects were found, one
can see that juveniles and adults of F. candida are sepa-
rated along the second axis in association with a gradient of
WHC and CEC (associated with juveniles) and pH (asso-
ciated with adults). In any case, the variability of the results
strongly impedes the identification of these probably addi-
tive effects.

Second Set: Experiments With Phenmedipham

Because H. assimilis showed no consistent effects at the tested
concentrations of Phenmedipham and a high variability within
treatments, no conclusions could be drawn concerning the

concentration (mg/kg)

F. candida in different soils to
Phenmedipham (average numbers).

interactions between the chemical and the soil properties. This
may be related to the sexual mode of reproduction of the
species, a factor of increased variability compared with the
parthenogenetically reproducing F. candida. Additionally, the
extraction and counting method for H. assimilis was less
accurate then the one for F. candida, which probably also
contributed to the variability in results. Therefore, it is strongly
advised to use the improved methodology adopted by Krogh
et al. (1998) to decrease this variability.

Phenmedipham is used as a reference substance according to
ISO guideline 11267 (1998), so a broad data set from tests in
standard LUFA St. 2.2 is available (Achazi et al. 2000). This
substance has also been used as an external control in a ring
test sponsored by the German Federal Environmental Foun-
dation (Hund-Rinke et al. 2002b). According to these sources,
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Fig. 4. Continued.

the LCsq values for F. candida differ between 14.8 and 15.4 duction occurred at nearly the same concentration with ECs,
mg a.i/kg, which is very close to the value of 10.6 mg a.i./kg values between 9.1 and 10.8 mg a.i./kg, which is in agreement
as was determined in this study. Actually, effects on repro- with our results (10.1 mg a.i./kg). For the sake of thorough-
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Table 3. ECs, and NOEC values from the exposure of F. candida to
Phenmedipham (a.i.)

F. candida
ECsg NOEC

Soils Survival ~ Reproduction  Survival ~ Reproduction
ES1 >10 >10 =10 =10
Natl >10 6.8 =10 0.1
ES2 >10 44 =10 0.32
Hoh2 >10 22.8 =10 32
ES3 >10 >10 =10 =10
ESo3 >10 9.4 =10 32
Sch3 >10 >10 =10 32
Coi3 >10 12.2 =10 3.2
LUFA 22 106 10.1 <5 5.0
ES4 >10 >10 =10 =10
Mon4 >10 6.0 =10 1.0
Tau4 >10 8.3 =10 32
ESo5 n.d. n.d. 0.1 <0.1
ES7 >10 7.9 =10 <0.1
Ren7 >10 4.5 =10 0.32
ESoX >10 n.d. =10 <0.1
KarX >10 >10 10 >32
OECD 51.9 39.2 32 10

Col = Columbia.

ES = Euro-Soil.

Hoh = Hohenlimburg.

Kar = Karlsruhe.

Mon = Mdénninghausen.

Nat = Natzungen.

OECD = Organization for Economic Cooperation and Development.
Ren = Gladbeck-Rentfort.

Sch = Schmullenberg.

Tau = Taubenheide.

ness, it should be mentioned that fulfillment of the validity
criteria (i.e., mortality of adults and number of juveniles in the
control) was also very similar in the cited studies and in the
tests reported here, i.e., the reproducibility of this collembolan
test is very good. To assess the general sensitivity of F. can-
dida, it is interesting to note that in an avoidance test this
species was affected by Phenmedipham at concentrations >3.5
mg a.i./kg, whereas other collembolan species were slightly
more sensitive, reacting at approximately 2 mg a.i./kg (Heupel
2002).

The sensitivity of F. candida toward Phenmedipham was
different in the various soils. A significant correlation was
found between the Log(ECs) for juveniles and the Log(C-to-
N ratio) (positive effect). Juvenile toxicity was related with
higher values of C-to-N ratio (range, 7.7—40): higher microbial
activity might support a quicker metabolization of the test
substance. It is known that the degradation of Phenmedipham
in soil begins with microbially induced hydrolization (Domsch
1992).

Few investigators have studied the effect of soil properties
on the toxicity of chemicals to F. candida. Martikainen (1996)
studied the toxicity of dimethoate to F. candida in three dif-
ferent soil types (artificial soil, clayey soil, and humus sandy
soil). Because of its use in the SECOFASE project (Sublethal
Effects of Chemicals on Fauna in the Soil Ecosystem), this
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insecticide has often been used as a reference substance
(Lgkke and Van Gestel 1998). The organic matter content of
the soil was negatively correlated with the toxic effects of
dimethoate. Phillips et al. (2002) investigated the ecotoxicity
of the chemical-warfare agent (CWA) HD (Mustard) using F.
candida. Toxicity tests were conducted using standard artifi-
cial soil (10% OM,; 6 pH), O’Neill-Hall sandy loam (natural
soil with 4.3% OM; 5.1 pH), and Sassafras sandy loam (SSL;
natural soil with 2% OM,; 4.9 pH). HD toxicity to both adults
and juveniles was greater in SSL than in the two other soils.
Smit and Van Gestel (1998) evaluated the influence of soil
characteristics and the means of contamination on the bioac-
cumulation and toxicity of zinc for F. candida. In contami-
nated soils without further treatment, zinc toxicity was related
to organic matter and clay content of the soil (for percolated
and aged soils the variation in effect concentrations between
test soils was decreased). Van Gestel and Mol (2003) studied
the effects of cadmium on survival, growth, and reproduction
of F. candida in four soils differing in organic matter (3.0% to
10.9%) and clay content (1.4% to 5.2%) but not in pH (~6.0).
ECsq values for effects on reproduction ranged between 53.7
and 193 mpg Cd/kg dry soil (after 4 weeks). The absence of a
consistent relationship between cadmium toxicity and soil
properties suggested that differences of less than a factor of 3
to 4 in organic matter and clay content, in soils with the same
pH, do not lead to significant differences in cadmium toxicity
to collembola. Because the OECD artificial soil had the
highest content of organic matter and clay, as well as the
highest CEC, a very low toxicity would be expected for this
soil. This was indeed the case after 4 weeks, as comparable
with our own experiments, but at other time intervals toxicity
was lower in other soils.

Conclusion

The most important result of this study is that important soil
properties in a wide range do not limit the use of F. candida in
ecotoxicologic standard tests. Soil had an important influence
on F. candida when tested with Phenmedipham, i.e., the ECs,
values of juveniles changed by a factor of approximately 10.
Clearly, juveniles prefer soils with a high C-to-N ratio,
whereas their preferences relative to other soil properties are
less clear. More data using more soils and species are required
to understand the effect of soil properties in soil ecotoxicology.

H. assimilis was more sensitive to different soils than
F. candida, although the inherent high variability of results in
H. assimilis and the less feasible and accurate extraction and
counting procedures acted as negative factors. Therefore, this
species cannot be recommended for ecotoxicologic standard
tests unless technical improvements are made. However, the
variability caused by the sexual mode of reproduction may be
a problem.

The further role of OECD artificial soil in ecotoxicology
should be discussed. Test results with this soil were often those
showing the lowest toxicity. Despite that this observation was
based on tests with just one chemical, it is clear that the rel-
atively high organic matter content is the main cause of an
often decreased bioavailability of a test substance and thus its
toxicity. For example, a decrease in peat content (e.g., to 5%
peat) would probably be more realistic while still being
acceptable for soil invertebrates. In addition, the use of natural
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peat in a standard substrate should be reconsidered because
different kinds of peat are known to induce changes in the fate
of chemicals and the behavior of individuals. The possibility of
obtaining comparable results by using this artificial substrate is
worthwhile, but it is simply not representative of the diversity
of natural soils (and might underestimate toxicity). However, it
is unlikely that OECD artificial soil will be completely dis-
charged in the future. Instead, it might serve as an external
control (probably with a decreased amount of organic matter)
to secure the quality of the individual test system. The results
presented here show that soil toxicity testing should not rely
solely on tests with artificial soils but rather should include
assays with reproductive end points using natural soils with
varying physical and chemical parameters to adequately assess
the toxicity of chemicals.

Acknowledgments. This study was sponsored by Fundac@o para a
Ciéncia e Tecnologia, Portugal, through a doctoral grant to Monica
Amorim (SFRH BD 1348 2000). The authors thank Hans-Joachim
Schallnass for his help with statistics. Special thanks go to Paul Van
den Brink for advice on multivariate statistics and to H. Muntau and
B. Gawlik (formerly at European Chemical Bureau, Ispra, Italy), for
providing samples of the original Euro-Soils.

References

Achazi R, Rombke J, Riepert F (2000) Collembolen als testorganis-
men. In: Heiden S, Erb R, Dott W, Eisentrdager A (eds) Toxik-
ologische Beurteilung von Boden. Spektrum Verl, Heidelberg,
Germany, pp 83-103

Bursell E (1970) An introduction to insect physiology, Academic,
London, UK

Edney EB (1977) Water balance in land arthropods. Springer-Verlag,
Berlin, Germany

Crouau Y, Cazes L (2003) What causes variability in the Folsomia
candida reproduction test?Appl Soil Ecol 22:175-180

Domsch KH (1992) Pestizide im boden Mikrobieller abbau und ne-
benwirkungen auf mikroorganismen, VCH Verlag GmbH,
Weinheim, Germany

Folker-Hansen P, Krogh PH, Holmstrup M (1996) Effect of dimeth-
oate on body growth of representatives of the soil living me-
sofauna. Ecotoxicol Environ Saf 33:207-216

Gawlik B, Sotiriou N, Kuhnt G, Karcher W, Kettrup A, Muntau H
(1996) European reference soils as a common basis for soil
testing of environmental chemicals in the EU. Fresenius Environ
Bull 5:610-618

Gawlik BM, Lamberty A, Pawels J, Blum WEH, Mentler A, Bussian
B, et al. (2003) Certification of the European reference soil set
(IRMM-443 - EURO-Soils). Part I. Adsorption coefficients for
atrazine, 2,4-D and lindane. Sci Total Environ 312:23-31

Greenslade P, Vaughan GT (2003) A Comparison of collembola
species for toxicity testing of Australian soils. Pedobiologia.
47:171-179

Heupel K (2002) Avoidance response of different collembolan species
to Betanal. Eur J Soil Biol 38:343-346

Hopkin SP (1997) Biology of springtails Insecta, Collembola. Oxford
University Press, Oxford, UK

Hund-Rinke K, Kordel W, Heiden S, Erb R (2002a) Okotoxikologi-
sche testbatterien. Ergebnisse eines DBU-geforderten ringtests
E. Schmidt-Verlag, Berlin, Germany

Hund-Rinke K, Kordel W, Hennecke D, Achazi R, Warnecke D,
Wilke B-M, et al. (2002b) Bioassays for the ecotoxicological and

351

genotoxicological assessment of contaminated soils (results of a
round-robin test). Part II. Assessment of the habitat function of
soils—test with soil microflora and fauna. J Soils Sediments
2:83-90

International Organization for Standardization (ISO) (1998) Soil
quality—Inhibition of reproduction of Collembola (Folsomia
candida) by soil pollutants, ISO 11267: 1998 (E). International
Organization for Standardization, Geneva, Switzerland

Jepson PC, Croft BA, Pratt GE (1994) Test systems to determine the
ecological risks posed by toxin release from Bacillus thuringi-
ensis genes in crop plants. Mol Ecol 3:81-89

Krogh PH, Johansen K, Holmstrup M (1998) Automatic counting of
collembolans for laboratory experiments. Appl Soil Ecol 7:201-
205

Kuhnt G, Murphy P, Poremski HJ, Herrmann M (1994) Back-
ground and historical evolution of the EUROSOIL-project. In:
Kuhnt G, Muntau H (eds) Eurosoils—Identification, collection,
treatment, characterisation. European Commission special
publication no. 1.94.60: 3-9. European Commission, Ispra,
Italy

Langenkamp H, Marmo L (2001) Workshop on harmonisation of
sampling and analysis methods for heavy metals, organic pollu-
tants and pathogens in soil and sludge—Summary and conclu-
sion. European Commission, Luxembourg

Lgkke H, Van Gestel CAM (1998) Soil toxicity tests in risk assess-
ment of new and existing chemicals. In: Lokke H, Van Gestel
CAM (eds) Handbook on soil invertebrate testing. Wiley,
Chichester, UK, pp 3-19

Martikainen E (1996) Toxicity of dimethoate to some soil animal
species in different soil types. Ecotoxicol Environ Saf 33:128-
136

Organization for Economic Cooperation and Development (OECD)
(1984) Guideline for testing of chemicals no. 207. Earthworm,
acute toxicity tests. Organization for Economic Cooperation and
Development, Paris, France

Phillips CT, Kuperman RG, Checkai RT (2002) Toxicity of chemical-
warfare agent HD to Folsomia candida in different soil types. Eur
J Soil Biol 38:281-228

Rombke J, Amorim M (2004) Tackling the heterogeneity of soils in
ecotoxicological testing: A EURO-Soil based approach. J Soils
Sediments 4:276-281

Sandifer RD, Hopkin SP (1996) Effects of pH on the toxicity of
cadmium, copper, lead and zinc to Folsomia candida Willem,
1902 (Collembola) in a standard laboratory test system. Chemo-
sphere 33:2475-2486

Schinkel K (1985) Priifung der bestdndigkeit von pflanzenschutz-
mitteln im boden im rahmen des zulassungsverfahrens. Ber
Landwirt 198:9-20

Smit CE, Van Gestel CAM (1998) Effects of soil type, prepercolation,
and ageing on bioaccumulation and toxicity of zinc for the
springtail Folsomia candida. Environ Toxicol Chem 17:1132-
1141

SPSS (1999) SigmaScan Pro 5—Image Analysis. SPSS, Inc., Chica-
go, IL SPSS (2003) SPSS for Windows 12.0. SPSS, Inc., Chicago,
1L

Ter Break CJF, Smilauer P (2002) CANOCO reference manual and
CanoDraw for Windows user’s guide: Software for canonical
community ordination (version 4.5). Microcomputer Power,
Ithaca, NY

ToxRat (2003) Software for the statistical analysis of biotests.
ToxRat Solutions GmbH, Alsdorf, Germany

Usher M, Stoneman CF (1977) Folsomia candida—An ideal organism
for population studies in laboratory. J Biol Ed 11:83-90

Van Gestel CAM (1997) Scientific basis for extrapolating results from
soil ecotoxicity tests to field conditions and the use of bioassays.
In: Van Straalen NM (ed.) Ecological risk assessment of con-
taminants in soil. Chapman & Hall, London, UK



352 M. J. B. Amorim et al.

Van Gestel CAM, Diepen AMF (1997) The influence of soil moisture Van Gestel CAM, Mol S (2003) The influence of soil characteristics
content on the bioavailability and toxicity of cadmium for on cadmium toxicity for Folsomic candida (Collembola: Iso-
Folsomia candida Willem (Collembola: Isotomidae). Ecotoxicol tomidae). Pedobiologia 47: 387-395
Environ Saf 36:123-132



