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Abstract

Without doubt, earthworms are the most important soil invertebrates in most soils worldwide, in terms of both biomass and
activity. Several species are even considered to be ecosystem engineers. Earthworms are also known to influence soil structure, soil
chemistry, and, in particular, processes like organic matter decomposition. In addition, standardized sampling methods are available
and their taxonomy is well known (even the first PC-aided keys have been developed). For these reasons, earthworms were
recognized as a part of ecological classification and assessment schemes early on. However, due to the relatively small number at
many sites, they have to be part of a battery approach. By use of examples from The Netherlands (biological indicator of soil
quality) and Germany (soil biological site classification), the practicability of the use of earthworms is demonstrated in determining
the influence of different anthropogenic land use forms. In these cases, the structure of the earthworm community, as well as their

abundance and biomass, were used as endpoints.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction
1.1. Aim of this article

In our modern society, soil has to meet several
functions European Commission (EC, 2002), e.g., to
buffer pesticides, nutrients, and metals, to enable
agricultural production, and to support houses, streets,
and railroads. In addition to these functions, which are
directly useful to humans, soil also has to perform
natural functions like being the substrate for natural
vegetation and the habitat for soil organisms; i.c., it has
to accommodate thriving microbes, animals, and plants
(German Federal Soil Protection Act of 17 March 1998
(BBodSchG, 1998)). However, the biological assessment

*Corresponding author.
E-mail address: j-roembke@ect.de (J. Rombke).

0147-6513/$ - see front matter © 2005 Elsevier Inc. All rights reserved.

doi:10.1016/j.ecoenv.2005.03.027

of soil quality is still at a preliminary stage; there is no
commonly accepted procedure (see Beck et al., 2005;
Breure et al., 2005). From an ecological point of view,
assessment of the quality of soil as a habitat for soil
organisms (i.e., the biodiversity of soil organisms) must
integrate all possible stress factors. In addition, a soil
ecological classification and assessment concept must
also be able to differentiate between the myriad different
“natural” soil types and those that have been adversely
affected.

Different biological methods representing different
approaches are available for the classification and
assessment of soils. They often differ according to the
anthropogenic stress. For example, for the assessment of
the effects of pesticides or heavy metals, standardized
laboratory and field tests are regularly used. Contaminated
soil, often containing mixtures of chemicals, is investigated
in laboratory tests and with field monitoring methods.
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The latter approach is also used for the assessment of
nonchemical stress factors like land use (e.g., agriculture).

In this contribution, ecological classification and
assessment approaches using earthworms are described.
The main reasons for the inclusion of earthworms are
the important role played by these organisms in many
soils (well known in the Northern Hemisphere but
increasingly also recognized in tropical areas; see
Section 1.2, Rémbke et al., 2005), their size and mobility
by which they integrate soil properties on a larger scale,
the availability of standardized sampling methods
(Section 2), and the increasingly common expertise with
handling them on the community level (Section 3).
Furthermore, lumbricids have already been used in
various ecological classification and assessment ap-
proaches (Section 4). On the basis of this experience,
the information available on the use of earthworms in
such concepts has been compiled (including the provi-
sion of a practical example; see Section 5). However, it is
stressed that efficient use of earthworm species is
possible only when they are part of a battery approach.

1.2. Background: earthworm as an important group of
soil macrofauna

Earthworms are important members of the soil
community due to their ability to change their habitat
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or even create new habitats for other organisms through
various activities (Brown, 1995; Maraun et al., 1999)
and, thus, are correctly considered ‘“‘ecosystem engi-
neers” (Fig. 1; Petersen and Luxton, 1982; Jones et al.,
1994; Lavelle et al., 1997, Edwards, 1998; Emmerling
et al., 2002). They:

e penetrate the soil by building burrows as well as by
increasing pore space;

e transport soil and organic matter by casting;

e comminute organic material as a first step in organic
matter breakdown (including cattle feces in mea-
dows);

e provide nutrients to plants (e.g., by concentrating
them in burrow linings or by increasing the avail-
ability of nutrients like phosphorus);

e relocate seeds in the soil profile;

e change the diversity and improve the activity of the
microbial community by selective feeding and provide
feces rich in nutrients (e.g., 42% of the aerobe
nitrogen-fixing, nonsymbiotic soil microbes are lo-
cated close to worm burrows (= 1% of the soil
volume)).

These activities improve soil structure, increase water
infiltration (partly through greater water-holding capa-
city, Syers and Springett, 1983; Urbanek and Dolezal,
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Fig. 1. Schematic representation of the functional relationships between earthworms and their external environment (drawing based on a figure by

G.G. Brown (Doube and Brown, 1998, Fig. 1, p. 180).
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1992; Edwards and Shipitalo, 1998), often resulting in
formation of a humic layer close to the soil surface
(mainly in forest ecosystems, Zachariae, 1965; Doube
and Brown, 1998), and increase yield in orchards or
grassland (e.g., Blakemore, 1997). In addition, it has
been shown that earthworm activity (even by the
compost worm Eisenia fetida) results in the formation
of water-stable aggregates, thus decreasing the potential
for soil erosion (Ziegler and Zech, 1992; Schrader and
Zhang, 1997), in particular at crop sites with a low level
of cultivation measures (Henke, 1994).

It must be remembered, however, that earthworms
can also have detrimental effects on the soil. For
example, earthworms can influence erosion by removing
surface litter, which protects soil from the erosive impact
of rain droplets (Edwards and Bohlen, 1996). Working
in a hilly region of Luxembourg where many fields are
located on slopes, Hazelhoff et al. (1981) and van Hoof
(1983) reported that farmers complained about the loss
of fertile topsoil due to the burrowing activity of
Lumbricus terrestris.

Any activities described above are performed by
various earthworm species to different extents. In
temperate regions, most of the earthworms responsible
for the activities described above belong to the family
Lumbricidae (class Clitellata, phylum Annelida) (Zicsi,
1982). Undoubtedly some species, mainly large, deep-
burrowing worms like L. terrestris, are involved in
several of these activities (especially those involving soil
structure and organic matter breakdown) (Swift et al.,
1979), while small mineral dwellers like Murchieona
mammalis have a negligible, or at least difficult-to-
measure, effect (Edwards and Bohlen, 1996).

Following Bouché (1977), Lee (1985), and Edwards
and Bohlen (1996), earthworms can be divided into
three ecological groups (e.g., see Table 1):

® FEpigeics (litter inhibiters): These species live above
the mineral soil surface, typically in the litter layers of
forest soils (partly on tree bark), and do not burrow.
They are small, reddish, quick-moving animals with
short life cycles, and are under high predation

Table 1
Ecological groups of relevant Central European earthworm species®

Epigeics Anecics Endogeics

Lumbricus rubellus ~ Lumbricus terrestris — Aporrectodea caliginosa
Lumbricus castaneus Aporrectodea longa  Aporrectodea rosea
Lumbricus festivus Lumbricus polyphemus Allolobophora chlorotica
Dendrodrilus rubidus Dendrobaena platyura Aporrectodea icterica
Dendrobaena octaedra Proctodrilus oculata
Dendrobaena illyrica Octolasion lacteum
Dendrobaena attemsi Octolasion cyaneum
Eisenia fetida Octolasion tyrtaeum

“Dunger (1983) and see also Ehrmann (1996).

pressure. They survive drought usually in the cocoon
stage.

® Anecics (vertical burrowers): These species live in
permanent vertical burrows in mineral soil layers (up
to 3m deep). These worms are large and darkly
colored on the dorsal side (at least the anterior body),
and are able to rapidly withdraw but usually are slow
moving. Relatively long-lived species with long life
cycles, anecics are under high predation pressure
when at the surface but are protected in the burrows.
They survive drought usually in a quiescent stage.

® FEndogeics (mineral dwellers): These species inhabit
mineral soil, making horizontal nonpermanent bur-
rows, mainly in the uppermost 10-15cm of soil.
Endogeics are whitish, slow-moving animals of
variable size and intermediate longevity and life cycle
length, and are under relatively low predation
pressure by surface-dwelling animals. They enter a
diapause in response to drought.

This classification has been viewed as too rough, as it
does not consider experience in tropical areas where
additional groups have been defined (e.g., Lavelle, 1979,
1984; Hendrix, 1998). It is possible to divide groups like
the endogeics into several groups according to their
feeding preferences. Also, subgroups within the epigeics
like the corticoles, which live below the bark of trees or
tree snags, have been identified (Lavelle, 1988). The
composition of an earthworm community at a given site
according to these ecological categories is a potential
measurement endpoint for the biological assessment of
soil quality.

The feeding behavior of worms is clearly correlated
with their way of life (Lee, 1985):

e Epigeics feed on litter and/or the attached microflora
and ingest little or no soil. Some species like
Lumbricus rubellus and Lumbricus castaneus prefer
litter, while most Dendrobaena species are often found
close to rotten wood. A few species, best known
among them E. fetida and Eisenia andrei, are
specialists in places with a high organic matter
content like compost.

e Endogeics feed on soil more or less enriched with
organic matter and are thus often called geophagous.
Aporrectodea rosea has been shown to actively
distinguish between mineral and organic soil particles
(like all endogeics?). Some might not differentiate
between dead and living plant roots (Stephenson,
1930; Baylis et al., 1986), but probably the most
important part of their diet is the attached microflora.

® Aneccics feed at the soil surface by dragging leaves,
etc., into the soil, some soil is also ingested. They
prefer leaves rich in nitrogen and without tannins like
lime tree (T7ilia tomentosa), ash tree (Fraxinus
excelsior), and sycamore (Acer pseudo-platanus).
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Satchell (1983) described the behavioral, morpholo-
gical, and physiological differences between those
epigeic species living in the litter layer (e.g., D. rubidus,
D. octaedra, E. fetida, Eiseniella tetraeda, L. castaneus)
and the mineral-dwelling endogeics (e.g., Aporrectodea
limicola, A. caliginosa, A. longa, L. terrestris) as being
representative of two evolutionary lineages: r-selection
versus K-selection. However, there are also some
intermediate species like 4. chlorotica, A. rosea, and L.
rubellus.

To summarize the role of earthworms in soils, some
species can be considered “‘keystone species” for this
type of ecosystem. In addition, due to their interaction
with microorganisms, the earthworm—microbe commu-
nity has also been called a ‘keystone association”
(Parmelee et al., 1998). In fact, the contribution of
earthworms (e.g., with respect to decomposition of
organic matter) is most important at sites with low-
quality plant residues. Earthworms fragment the crop
residues, inoculate them with microbes, and incorporate
them into the soil (Hendrix, 1998). Parmelee et al. (1998)
reviewed aspects of undesired earthworm activities
(increased erosion, riddling of irrigation ditches, in-
creased carbon loss through enhanced microbial respira-
tion). Therefore, it is the net result of the positive and
negative effects of earthworms that is important in
determining whether or not they are detrimental to soil
ecosystems (Hendrix, 1998).

1.3. Reasons for selecting earthworms for soil
classification and assessment

To identify those animal groups that would be
valuable in soil classification and assessment concepts,
certain criteria can be used (e.g., Edwards et al., 1996;
Rombke et al., 1996). Earthworms are generally
regarded as highly suitable biomonitors because they
fulfill these criteria (e.g., Abdul Rida and Bouché, 1995;
Cortet et al., 1999; Paoletti, 1999; Stork and Eggleton,
1992). Their main advantages are:

e Nearly all earthworms are true soil inhabitants and
many of them are key to ecosystem functioning,
notably for decomposition and soil structure main-
tenance. Several species like L. terrestris (Lumbrici-
dae) are considered ecosystem engineers (Lavelle
et al., 1997).

o Earthworms are globally distributed, but at one site
fewer than 20 species occur; i.e., such species numbers
are practical. In Central Europe, usually up to 10
earthworm species are found at one site (Rombke
et al., 1997).

e Identification keys are available, mainly for temperate
regions. Like many parts of Europe (in particular
Central and Northern regions) (e.g., Sims and
Gerard, 1985).

e Breeding and handling of some species are easy.

e Standardized guidelines have been developed by
OECD and International Organisation for Standar-
disation (ISO) for several levels of investigation (e.g.,
ISO, 1999).

® Because of their behavior and morphology, they are
in contact with both the aqueous phase and the solid
phase of the substrate.

® Most species are not extremely sensitive to low levels
of contamination.

e Their reactions to stress are measurable and repro-
ducible at various levels of organization, under both
laboratory and field conditions.

® There is a vast and growing body of knowledge on
their biology, ecology, and ecotoxicology, and oligo-
chaetes are noncontroversial as test animals.

In addition, they are not highly mobile, with the
exception of short periods in summer and winter fairly
independent from short-term climatic events, long-
living, and more dependent on soil properties than,
e.g., predatory species (Bauchhenss, 1998). For these
reasons earthworms have been included in all soil
ecological classification and assessment concepts pub-
lished so far (see Section 4). A disadvantage is the often
quite small number of species which might complicate
the differentiation between different sites or soil
qualities. Therefore, and despite their overwhelming
ecological importance, soil classification and assessment
with earthworms alone is not possible (Muys and
Granval, 1997).

Earthworms are sensitive indicators of anthropogenic
stress factors (in particular chemicals). For example,
they have been successfully used as bio-indicators for (at
least): chemicals (e.g., pesticides, biocides, drugs) (Ed-
wards and Bohlen, 1992; Edwards et al., 1996), mixed
soil contamination (e.g., heavy metals, PAHs) (Carter
et al., 1980; Emmerling et al., 1997; Stephenson et al.,
1998; Hund-Rinke and Wiechering, 2001), physical
factors (e.g., compaction, hydrology) (Pizl, 1992; Lowe
and Butt, 1999), and land use (e.g., agriculture, forestry,
orchards) (Lee, 1985). Earthworms are clearly suitable
for use in soil classification and assessment approaches.

It should be stressed here that the effect of any
stressor on oligochaetes depends on its bioavailability. A
number of factors—physical, chemical, biological,
temporal, and spatial—make it difficult, if not impos-
sible, to estimate the bioavailability of a chemical from
the concentration in soil or sediment (Sijm et al., 2000).

2. Sampling, extraction, and identification of earthworms
The most suitable method for sampling earthworms

has been the subject of intense discussion for several
decades (e.g., Zicsi, 1958; Raw, 1960; Lee, 1985; Dunger



J. Rombke et al. | Ecotoxicology and Environmental Safety 1 (11ll) 111-111 5

and Fiedler, 1997; Edwards and Bohlen, 1996; Coleman
et al., 1999). Passive (mainly hand sorting) and active
(mainly formol extraction) methods for the sampling of
earthworms were developed long ago (Bretscher, 1896;
Raw, 1959), and because they were never standardized,
various versions are known. Consequently, the results of
different studies are difficult to compare. Recently, the
ISO began to formulate a guideline describing the
sampling of earthworms (ISO, 2004). In the following,
an overview of existing sampling methods and a detailed
description of ISO Proposal 23611-1 are presented.

2.1. The standard approach (ISO, 2004)

Referring to the literature cited above, it is clear that
the most suitable standard method is a combination of
hand sorting and formalin extraction. However, because
this combination has been developed (and is still most
often used there) in temperate regions, some modifica-
tions like the tropical soil biology and fertility (TSBF)
method of this standard are necessary to cover specific
situations (in particular the tropics). In addition, at sites
without anecic worms, only hand sorting is sufficient,
whereas at sites where mainly giant species are found,
formalin extraction alone is fine. The aim of the
standard method is to guide the sampling of large soil-
inhabiting worms (few centimeters to more than 1m in
length) belonging to the order Oligochaeta (class Clitellata,
phylum Annelida), e.g., species of the families Lum-
bricidae (Holarctic), Glossoscolecidae (Latin America),
Eudrilidae (Africa), and Megascolecidae (Asia, North
America). The standard is not applicable to semiterres-
trial soils and might be difficult to be used under
extreme climatic or geographic conditions (e.g., high
mountains). In any case, the properties of the sampled
soil (e.g., texture, pH, C/N ratio, organic matter
content) should be determined. Sampling should
be done at a time of year suitable for earthworms
(e.g., in temperate regions usually spring and autumn,
characterized by sufficient moisture and appropriate
temperature).

Hand sorting is usually carried out in a sampling hole
50 x 50 cm (= 0.25m?) and 10-20 cm deep. Both dimen-
sions depend on soil properties and worm abundance at
the sampling site and thus can vary. In addition, the aim
of the study might influence the hole size and depth. For
example, at sites with a very low earthworm density,
larger holes (e.g., 1 x 1 m) are appropriate, while the
opposite is true for sites with high densities, where holes
of 1/8m? or even 1/16 m? are recommended (Rundgren,
1975; Zicsi, 1958). In the first step, the soil is removed
with a spade or shovel. Afterward, the removed soil is
spread out on a piece of plastic (in the field or in a
laboratory). Cautiously, the soil is then searched for
earthworms (by hand or with forceps).

Formalin extraction is performed as follows: The
same sampling plot used for hand sorting ( = 0.25m?) is
employed. The concentration of formalin, often dis-
cussed in the past, is about 0.5%, achieved by diluting
25mL formalin (37%) in 5L water. The sampling is
done by applying the formalin solution evenly in the
sampling hole. This step is repeated until 20 L is added
(the amount can be adjusted depending on the soil
properties). During the application process and up to
30 min after the last watering, the hole is observed and
all worms appearing are collected. The worms should be
sampled by hand (using gloves) or with forceps.

After collection the worms are fixed immediately in
70% EtOH (e.g., in 250/500-mL plastic vessels) for at
least half an hour but not longer than 24 h. Afterward
the worms are kept in 4% formalin for 4 days (better: 1
or 2 weeks). At the end of this period the worms can be
stored indefinitely in 70% EtOH. An alternative is
immediate fixation of the worms in a mixture of 70%
EtOH and 4% formalin (ratio: 98-2%). This liquid is
replaced on the day after sampling at the latest. If the
worms (or part of their tissue) should be used for genetic
studies, ethanol must be avoided. Instead, pure formalin
is recommended (Koshiba et al., 1993). In any case, care
must be taken when using formalin (in particular, in
closed rooms) to avoid danger from inhalation or skin
exposure.

2.2. Modification of the standard approach

Like the ISO standard the “modified tropical soil
biology and fertility (TSBF) method” (Anderson and
Ingram, 1993) is based on a combination of hand sorting
and formalin extraction. It is used for the sampling of
whole macrofauna and also contains details of the
sampling design (e.g., three plots per site with monoliths
taken along a transect). It is characterized by the
following steps: a separate treatment of the litter layer
followed by hand sorting of soil monoliths (25 x 25 x
15-30 cm) for macrofauna (body length >2mm) under
the most appropriate conditions (e.g., in the tropics: the
end of the rainy season). The monoliths are divided into
three layers. All worms (>10mm) found in a 20-cm
trench around the soil monolith are included. After-
wards, formalin (0.2%) is sprayed in the hole (10-min
interval), and all collected worms are usually preserved
in 4% formaldehyde.

Based on the experience gained during an ecological
study near Manaus (Amazonas, Brazil), it became clear
that the usual procedure was not appropriate due to the
occurrence of giant earthworms (Glossoscolecidae long-
er than 100 cm) (R6émbke et al., 1999). This modification
is also useful at sites with a low earthworm density. It is
characterized by the use of 2 x 2-m plots (approximate
size, depends on local conditions). The litter layer is
treated separately (i.e., it is removed and worms are
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searched for before application of the formalin solu-
tion). The main step is application of the formalin
solution (0.5%), up to 80L per plot. In all other
respects, the sampling process is the same as described
above (e.g., fixation of worms).

Other methods not mentioned so far are considered
not to be appropriate for the routine sampling of
earthworms, either because they are not efficient
compared with the standard method or because they
require more research (Vetter, 1996). This statement is
true for electrical sampling (Thielemann, 1986) and the
use of other expellants like mustard (Gunn, 1992).

3. The handling of earthworms in soil ecological
classification and assessment

3.1. Recommended taxonomic level

For the biological assessment of soils, the optimum
taxonomic level would be the species level. Because of
the relatively great effort needed to reach this level, in
particular when handling large numbers of worms in
monitoring programs, the genus level has been proposed
as the most appropriate. However, for the following
reasons, the species level is still recommended in the case
of earthworms:

e The species within one genus are clearly different in
terms of behavior, physiology, and ecological group
(e.g., the anecic L. terrestris and the epigeic L.
castaneus).

e The dependency of the species on soil properties like
pH also varies.

e The small number of species in northern temperate
regions, as well as the relatively good knowledge of
their taxonomy, allows us to address the species level
relatively easily.

Therefore, the proposal of Brauckmann et al. (1997)
to determine not the species of the Central European
Lumbricidae but only four genus groups is not
necessary, at least not for adults. However, differentia-
tion of juveniles is very time-consuming and often
difficult to do by external characters, so determination
of juveniles to the genus level is acceptable.

For more than a decade, it has been tried to facilitate
species determination of earthworms by providing
regionally differentiated electronic keys. The first
example was made by Paoletti and Gradenigo (1997)
for Northern Italy. More recently, Blakemore (2000)
developed an elaborated program for the determination
of the earthworms of Tasmania. However, up to now no
easy-to-use program (e.g., like those of the LINNAEUS
initiative as provided by UNESCO) is available today.

3.2. Earthworm (lumbricid) taxonomy and biogeography

It is not the aim of this article to give an exhaustive
overview on the determination of earthworms. How-
ever, as a starting point, the following references (mainly
addressing lumbricid and peregrine species) might help,
particularly beginners: Introduction to Earthworm
Determination: Ljungstrem (1979); see also the home-
page of the First International Oligochaete Taxonomy
Meeting (IOMT), hosted by A. Moreno from the
Museum of Madrid, Spain: http://www.ucm.es/info/
tropico. Selected keys for some earthworm families can
be found in Bouché (1972), Qiu and Bouché (1998b),
Blakemore (2002), Csuzdi and Zicsi (2003), Graft (1953),
Sims and Gerard (1985), and Step-Bowitz (1969).

In Central and Northern Europe, about 25 (plus some
introduced ( = peregrine)) species are known in total
(Csuzdi and Zicsi, 2003). For example, in two countries
of roughly the same area, the numbers of species are also
comparable. In Germany, 23 species are listed as
common and another 12 as rare (Graff, 1953), whereas
in England, the total number is 23 (Sims and Gerard,
1985). In Southern Europe, the number is much higher,
probably because this area escaped the detrimental
effects of the Ice Age (in southern France alone, at least
50 species are known, Bouché, 1972; Qiu and Bouché,
1998a). The earthworms had to recolonize these north-
ern areas after the natural soil was destroyed by moving
glaciers (Step-Bowitz, 1969). Most of the species found
in soils in northern temperate regions belong to the
genera Aporrectodea, Dendrobaena, Lumbricus, and
Octolasion.

It should be noted that the very large genus
Allolobophora has been split in recent years into several
new genera (sometimes with only one or two species),
such as Proctodrilus (formerly Helodrilus, see Hoser,
1997), Murchieona, and, most importantly, Aporrecto-
dea. This process was continued by Mrsic (1990, 1991),
who, partly based on the description of 21 new species
from the Balkans, defined various new genera, e.g., by
elevating three former subgenera (Allolobophoriella,
Panoniona, Serbiona) to genetic rank or by retaining
Microeophila and Spermophorodrilus as genera. It is too
early to decide whether these far-reaching changes will
fully be accepted by lumbricid taxonomists (for a
historical overview, see Reynolds, 1995).

On a global scale the situation is more difficult.
Knowledge of the native earthworm fauna of vast areas
in the Americas, Africa, and Asia is very limited. The
situation is probably best for the Caribbean and parts of
South America (e.g., Fragoso et al., 1995; Righi, 1990),
but the information is often very scattered and difficult
to assess. As mentioned earlier, the only exception is the
compilation of peregrine species, covering those earth-
worm species distributed by humans within the last five
centuries (Blakemore, 2002).
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3.3. Recommended endpoints

Because of the often very high variability of quanti-
tative parameters like abundance and biomass in soil
biology in space and time, the use of qualitative
endpoints for the ecological classification and assess-
ment of soils, in particular the species composition of
the earthworm community, is recommended. This
parameter is relatively independent of climatic or
seasonal factors. In addition, it is known that stress
factors like chemicals have influenced the dominance
spectrum (e.g., Abdul Rida and Bouch¢, 1995). Despite
the problems caused by the interpretation of quantitative
parameters, it is appropriate to use the information on
abundance or biomass, because usually at least a rough
estimate is gained when performing a monitoring pro-
gram. It is important not only to know whether a species
was found at the site to be assessed but also to have an
idea whether it is dominant or just occurring with a few
individuals. For example, Beylich et al. (1994) and Graefe
(1997) combined qualitative information on the occurrence
of oligochaete species with data on the abundance of these
worms. To make this approach more practicable, the
abundance (in individuals/m?) is classified into four classes.
However, it must be noted that these data are difficult to
compare with literature values because in a typical
monitoring program only very few sampling dates are
possible (no annual means are available).

4. Earthworm-based concepts
4.1. First ideas

The idea to use earthworms as indicators of soil
quality is old. Ghilarov (1949) was probably the first to
formulate such an approach. However, the first author
who developed an entire concept of how to use
earthworms (among other soil macrofauna) was Volz
(1962). With his approach, called the pedozoological site
doctrine, various forest sites were characterized, in two
different ways. In one method, the biomass of at least six
macrofaunal groups was used; in the second method, the
earthworm species composition at these sites was used.
By doing so, five forest groups could be distinguished:
(I) areas with partly semiterrestrial character; (IT) moist,
darkly colored, humus-rich soils; (IIT) “fresh” alluvial
soils; (IV) soils with a moder-type humus; (V) mon-
tanous forest soils. Problems related to this approach
are the great effort needed to determine the biomass of
the various macrofauna groups, as well as the negligence
of the mesofauna. With the exception of Dunger (1968),
this proposal was more or less ignored by the scientific
community. Probably most important is the fact that in
the early sixties there was no (legal, economical,
environmental) use of such a concept as soil was not

regarded or valued as an environmental compartment of
its own.

Later, however, several ecological studies confirmed
the close relationship between the occurrence of earth-
worm species and soil and site properties (e.g.,
Phillipson et al., 1976), but this information was not
incorporated into a wider approach.

4.2. Further examples

In the nineties, independent of each other, comparable
approaches using earthworms were developed in several
European countries; these are briefly summarized here:

® About 30 years after Volz, a Dutch group defined
ecotope/ecological species groups for, inter alia,
earthworms in analogy to plant sociology (Sinnige
et al., 1992). The main endpoint was the species
composition of diplopods, chilopods, ants, collembo-
lans, and oligochaetes. However, this approach was
never put into practice.

e Slightly later, Heeb and Vetter (1995) developed a
semiquantitative assessment concept, focusing exclu-
sively on earthworm biomass and microorganisms
(respiration, enzyme activity, and cellulose degrada-
tion). In this approach, many ‘“‘undisturbed” sites
(differentiated according to human use) were studied
with respect to these parameters in Switzerland. These
“observed values” were then compared with the
actual value for the site to be assessed. The assessment
is first done separately for earthworms and microbes,
but in a second step the two results are integrated into
one index. Up to now, this concept has not been used.

® More or less at the same time, a British group tried to
work out a terrestrial concept parallel to the already
accepted aquatic approach RIVPACS (see Breure
et al.,, 2005), called Soil Invertebrate Prediction
Classification Scheme (SOILPACS) (Spurgeon et al.,
1996; Weeks et al., 1998). Earthworms (among
others) were sampled at sclected sites, e.g., to
document the influence of heavy metals at a site in
Wales. Sampling results were assessed using statistical
methods like TwinSpan and discriminative analysis.
However, because of the small number of data sets
from reference sites in England, this project has not
been considered further.

e Finally, a group working mainly in southern Ger-
many focused its activities on earthworms and
microorganisms in forests (Friedel et al., 1999;
Vollmer et al., 1999). It is not known whether this
approach has been used somewhere else.

4.3. Decomposer communities

Graefe (1993a, 1994, 1997) defined biological soil
quality as a condition of the soil that emanates from the
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interaction between all soil organisms, which is equiva-
lent to the composition and activity of the soil
decomposer community ( = characteristic composition
of litter-decomposing microorganisms and animals). As
it is virtually impossible to describe this complex system
completely, an indicator consisting of a part of the soil
community that exhibits sufficient differentiation should
be used (Beylich et al., 1994). For this, they proposed to
use the composition of annelid communities, as these
comprise both earthworms as key species in ecosystem
functioning and smaller annelids (in terrestrial ecosys-
tems mainly enchytraeids) that, by their higher
abundance and diversity, allow a more sensitive
differentiation between sites. By use of an adaptation
of the system of indicator values coming from plant
sociology (Braun-Blanquet, 1964; Ellenberg et al., 1992)
to annelids, both qualitative and quantitative descrip-
tions of the annelid community as an indicator were
possible (e.g., Graefe, 1997, 1998, 1999; Graefe and
Belotti, 1999; Graefe et al., 1998). The definitions of
indicator values are intentionally diffuse (no concrete
numbers are given) to reflect the “continuum in nature”
(Graefe and Schmelz, 1999). This method has regularly
been used in Germany to assess sites and the anthro-
pogenic impact on soil (e.g., Beylich et al., 1994; Graefe,
1993b), always with earthworms and enchytraeids
together. Because of the small number of earthworm
species in Germany, lumbricids alone are not sufficient.

Likewise, Irmler (1999) was able to characterize
earthworm communities from various habitats based
on the abiotic soil parameters moisture, pH, calcium,
carbon, and C:N. Such data may be used for the
development of an indicator system because they allow,
at least in principle, a comparison of the potentially
occurring community with the actual one. Yet, because
of the inherent complexity in field studies of oligochaete
communities with respect to the relations between
community composition, soil characteristics, and man-
agement practices, it is often problematic, if not
impossible, to ascribe changes recorded to any parti-
cular factor or factors (e.g., Tarrant et al., 1997).

4.4. Earthworms within BBSK and BISQ

As described more in detail in Breure et al. (2005), the
concepts soil biological site classification (BBSK) and
biological indicator of soil quality (BISQ) have been
developed independently in Germany and The Nether-
lands (Rombke et al., 1997; Schouten et al., 1997). An
example of how to use earthworms within the BBSK
concept is given in Section 6. The experience gained with
earthworms in a pilot project of BISQ in which 20
grasslands on clay and 17 horticultural farms were
sampled as part of the Dutch Soil Quality Network
(DSQN), can be summarized as follows (Table 2):
Earthworm characteristics, notably abundance and

Table 2
Amount of earthworms in conventional grassland farms on marine
clay relative to an ecological farm on the same soil®

Average in Ecological %
network farm
Abundance (number 318 1113 28.6
2
Biomass (gm~2) 70 177 39.7
Endogeéeic taxa 2.1 3 70.0
Epigéeic taxa 1.2 2 60.0

#Data from Schouten et al. (2000).

biomass (only 28.6% and 39.7% of the numbers at the
ecological farms were found at the sites of the network),
contributed considerably to the observed type and
management practices, while the percentages of epigeic
and endogeic species were less indicative (70% and 60%,
respectively) (Schouten et al., 1999).

The first step in using one of these elaborate
classification and assessment concepts is the derivation
of expectation values; i.e., it must be known how many
and which species may be present at a given site under
its specific conditions (in particular, land use and soil
properties).

5. The derivation of expectation values
5.1. Introduction

Expectation values for earthworms can be derived by
using different methods. Three are now described in
detail, based on literature data and experience gained in
a German project in which more than 20 sites were
sampled (Rémbke et al., 2002):

(1) correlation of species occurrence with five soil
properties (pH, texture, C/N ratio, Co, and
moisture);

(2) identification of typical indicator species (i.e.,
appearance: yes or no);

(3) comparison of abundance values per site with mean
abundance values per site type.

The first option is considered to be the ecologically
most relevant. Despite the fact that an enormous
amount of literature data linking the occurrence of
lumbricids with soil property data is available, this
information has not been adequately evaluated, due
mainly to the sheer amount of data often difficult to
compare.

Other methods, such as comparison of the abundance
of lumbricids at individual sites with mean values
derived from the literature, the distribution of worms
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among the three main ecological groups, or the use of
dominance values, are additional options that have to be
analyzed in detail in the future (Vollmer et al., 1999).
Unfortunately, defining expectation values by means of
dominance distribution or by assignment on the basis of
reproduction strategy (r/K continuum), followed by
computation of an index, as has been done for
nematodes and gamasid mites (see Mulder et al., 2005;
Ruf and Beck, 2005) is not feasible for earthworms
because of the very small number of species usually
present at one site.

5.2. Dependency on the five soil properties

In Table 3, first estimates of the expectation values for
five soil properties are compiled for the 15 most
frequently observed lumbricid species of Central Eur-
ope. These values are based on the following references:

Germany: Auerswald et al., 1996; Bauchhenss, 1997,
Brauckmann et al.,, 1996, 1997; Broll and
Brauckmann, 1994; Ehrmann and Vollmer,
1997; Keplin et al., 1995; Keplin and Broll,
1997; Kiihle, 1986; Nagel, 1996; Philipp, 1990;
Rombke et al., 2000; Vollmer et al., 1999.

Belgium: Muys and Granval, 1997.

France: Bono, 1984; Bouch¢, 1972; Qiu and Bouché,
1998a; Ponge and Delhaye, 1995.

Information provided in analogy to vegetation
sociology (i.e., the preference of a species for a relatively
defined moisture level or pH range) could not be

Table 3

recalculated in a way that these data could be compared
with absolute moisture or pH values (Graefe, 1993a;
Muys and Granval, 1997). Data on the same species but
from sites outside of Central Europe were not included
at this stage (e.g., Briones et al., 1995; Glasstetter, 1991;
Pop, 1997; Sanchez et al., 1997).

Despite the availability of data for all five properties,
their resilience is different. Clearly, knowledge of pH
preferences, based on laboratory as well as field studies,
is quite good (e.g., Satchell, 1955; Bouché, 1972;
Nordstrém and Rundgren, 1974). Recently, the occur-
rence of four common lumbricid species in northern
Germany with respect to soil pH was elaborated (Graefe
and Beylich, 2003). To a smaller extent, the same is true
for the C/N ratio (e.g., Bouché, 1972; Kiihle, 1986). On
the other hand, the correlation between occurrence of
earthworm species and organic matter content is weak.
This is partly due to the fact that it is difficult to clarify
which layer—which part of the litter layer or of the
mineral soil—and, therefore, which value is most
relevant for the respective species.

Surely the moisture is the most problematic soil
property. In the work cited here (Rémbke et al., 2002),
an ecologically relevant “moisture factor” (NFKWe
( = utilizable field capacity of the root zone) plus
precipitation) was calculated. Unfortunately, it is very
rarely cited in the literature. Even though it was not
possible to get expectation values for this moisture
factor from the literature, a first estimation was tried
(see Table 3). In addition, data on the moisture
preferences of individual species are quite inconsistent:
For instance, in laboratory tests Aporrectodea trape-
zoides (= A. caliginosa) reacts very different to soil

Expectation values for important earthworm species in Central Europe with respect to the five selected soil properties

Species Soil texture pH value Moisture factor C/N ratio Organic matter (%)
A. caliginosa Sand, silt, loam, clay >4.5-7.5 () Very low to medium <10 to >20 <2-8
A. chlorotica ? >4.5 Medium to high >10 to >20 >4
A. limicola Loam >3.5-6.5 High >10-20 <2-8
A. longa Silt, loam, clay >5.0 Low to medium <10-20 >2
A. rosea Silt, loam, clay >4.5 Low to medium <10-20 >2
D. attemsi ? >3.5-55 Low to medium ? ?

D. octaedra Sand, silt, loam, clay <3.54.5 Low to medium <10 to >20 >8
D. rubidus Sand, silt, loam <3.54.5 Low to medium <10-20 >4
E. fétidab Compost >4.5 Low to medium >10-20 >8
E. tetraeda® ? >4.5 High >10-20 ?

L. castaneus Silt, loam, clay >3.5 Low to medium >10 to >20 >4
L. eiseni®® ? <3.54.5 Low to medium >10-20 >4
L. rubellus Sand, silt, loam, clay <3.5> Low to high >10 to >20 >4
L. terrestris Silt, loam, clay > 4.0-0.5 () Low to medium >10 to >20 >4
O. cyaneum Loam >3.5-6.5 Medium to high <10 to >20 <2-8
O. tyrtaeum Loam, clay >4.5 Medium to high <10-20 >2-8

Note: In the original publication in this table class numbers were used. Information from Graefe and Beylich (2003) is also included.
%9, no data available.
°In specific biotopes: compost, below bark, or shores.

“New name: Allolobophoriella eiseni.
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water depending on the clay content, whereas for the
closely related species A. rosea, the soil moisture tension
of the soil is decisive (Doube and Styan, 1996).
However, extrapolation of laboratory data to the field
is difficult: At two Canadian sites the occurrence of A.
rosea is determined primarily by soil water content
(Thomson and Davies, 1974).

The dependence of the occurrence of earthworm
species on soil texture is difficult to classify, because in
the literature it is usually the correlations between
texture and abundance or biomass that are studied, not
the occurrence itself. For example, at crop sites a
positive correlation between abundance of earthworms
and clay content (up to 25%) was observed, but the
reason may be that moisture and organic matter content
are often higher in clay soils (Nagel, 1996). Naturally,
there is less dependence on soil texture in epigeic species
like Dendrobaena sp. than in endogeic or anecic species.

By use of the information provided in Table 3, the
earthworm species probably occurring at certain site
types in Central Europe can be predicted. In Table 4,

Table 4
Classification of earthworm species by site®

those species that should be there and those that may be
there are listed, differentiated according to 28 site types
(four crop sites, eight meadows, and 16 forests). These
site types are defined according to their land use (crop
sites, meadows, and forests) and then by the most
important soil properties per use group (mainly pH
values, moisture, texture).

5.3. Identification of indicator species or groups

It has long been known that typical combinations of
earthworm species occur with certain combinations of
soil properties. For example, in Central European beech
forests, two species groups were identified very early
(Bornebusch, 1930; Satchell, 1983):

e a mull group containing the species L. terrestris, A.
caliginosa, and A. rosea plus, more rarely, 4. longa
and O. cyaneum, i.e., mainly large endogeics and anecics;

® a mor group containing the species D. rubidus, D.
octaedra, and L. rubellus plus Lumbricus (now

Site type Site type definition Main species Possible species
Al Sand, pH<5.0 L. rubellus A. caliginosa
All Sand, pH>5.0 A. caliginosa, L. rubellus A. chlorotica
A 111 Other texture, pH<5.0 L. castaneus, L. rubellus A. limicola, O. cyaneum, O. tyrtaeum
A IV Other texture, pH>5.0 A. caliginosa, A. rosea, L. castaneus, L. rubellus, L. A. chlorotica, A. limicola, A. longa, O.
terrestris cyaneum, O. tyrtaeum
GI Moist, pH <5, sand L. rubellus E. tetraeda
GII Moist, pH > 5, sand A. chlorotica, L. rubellus A. caliginosa, E. tetraeda
G III Moist, pH <5, other texture L. rubellus, O. cyaneum, O. tyrtaeum A. limicola, E. tetraeda
GIV Moist, pH > 5, other texture A. chlorotica, A. limicola, L. rubellus, O. cyaneum, A. caliginosa, E. tetraeda
O. tyrtaeum
GV Not moist, pH <5, sand L. rubellus A. caliginosa
G VI Not moist, pH>5, sand L. rubellus A. caliginosa, A. longa
G VII Not moist, pH <5, other texture L. rubellus, A. rosea, L. castaneus
G VIII Not moist, pH > 5, other texture A. caliginosa, L. rubellus, A. rosea, L. castaneus, L. A. caliginosa, A. longa
terrestris
WI pH<4.5, sand, moist L. rubellus, D. octaedra, D. rubidus
W II pH <4.5, silt, moist L. rubellus, D. octaedra, D. rubidus
W III pH<4.5, loam, moist L. rubellus, D. octaedra, D. rubidus A. limicola
W Iv pH<4.5, clay, moist L. rubellus, D. octaedra
WV pH<4.5, sand, dry D. octaedra, D. rubidus, L. rubellus
W VI pH<4.5, silt, dry D. octaedra, D. rubidus, L. castaneus, L. rubellus
W VII pH<4.5, loam, dry D. octaedra, D. rubidus, L. castaneus, L. rubellus
W VIII pH<4.5, clay, dry D. octaedra, L. castaneus, L. rubellus
W IX pH>4.5, sand, moist L. rubellus A. caliginosa, A. chlorotica
W X pH>4.5, silt, moist L. rubellus A. caliginosa, A. chlorotica
W XI pH>4.5, loam, moist A. limicola, L. rubellus, O. cyaneum, O. tyrtaeum A. caliginosa, A. chlorotica
W XII pH>4.5, clay, moist L. rubellus, O. cyaneum, O. tyrtaeum A. caliginosa, A. clorotica, L. terrestris
W XIII pH>4.5, sand, dry L. rubellus, L. terrestris A. caliginosa
W XIV pH>4.5, silt, dry L. castaneus, L. rubellus, L. terrestris A. caliginosa, A. longa, A. rosea
W XV pH>4.5, loam, dry L. castaneus, L. rubellus A. caliginosa, A. longa, A. rosea
W XVI pH>4.5, clay, dry L. castaneus A. caliginosa, A. longa, A. rosea

%(A) Crop site; (G) meadows; (W) forest.
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Allolobophoriella) eiseni, i.e., mainly small reddish
epigeics.

Based on investigation of 116 meadow and crop sites
in Bavaria, Bauchhenss (1997) defined two typical
species groups, which both resemble the mull group
described above:

Crop sites: L. terrestris, A. rosea, and, often, also A.
caliginosa und O. tyrtaeum.

Meadows: L. terrestris, L. rubellus, A. caliginosa, A.
rosea, O. tyrtaeum, L. castaneus.

In addition, some species are considered to be
indicators of specific site conditions:

E. fetida, E. andrei: Collections of organic material like
compost heaps.

A. chlorotica, E. tetraeda: Very high moisture and
limnic conditions like shore areas.

L. eiseni: Tree stubs or barks (often more than 1m
above the soil surface).

L. terrestris: Slightly acid to neutral deep soils with low
sand content, i.e., the ““classic” indicator of mull
soils.

In contrast to other soil organism groups like
enchytraeids, there are no lumbricid species that can
be considered as indicators of anthropogenic stress.

5.4. Comparison of abundance per site with mean per site
type

It is not clear which factors determine the abundance
of lumbricid earthworms at a certain site. For example,
Keplin (1995) argues that at the meadow sites she
investigated, the food (amount and quality) is mainly
responsible. Philipp (1990) identified soil properties,
particularly texture and moisture, as decisive for the size
of lumbricid populations at fallow sites (see also
Auerswald et al., 1996). Despite the high variability of
earthworm numbers within a year and the wide range of
data between years, comparison of the abundance at one
site with the mean numbers for certain site types taken
from the literature can be attempted. A conspicuous
difference is evident if the sampled number (as
individuals/m?) is outside the known range (minima/
maxima or certain percentile?). However, it must be
stated that right now, abundance values cover only use
classes (e.g., Rombke et al., 1997), not individual site
types as, e.g., shown in Table 4. The use of abundance
classes as proposed by Graefe (1993a) is not supported
due to the fact that the size of such classes has not been
justified so far.

6. Example

In a project sponsored by the German Environmental
Protection Agency, 23 sites (crop sites, meadows, and
forests) located all over Germany were sampled with the
same methods (hand sorting followed by formalin
extraction). The results were evaluated in different
ways. In addition to some simple comparisons described
in Section 5, two statistical methods were used that are
discussed in detail in Sections 6.1 and 6.2.

6.1. Correspondence analysis

Correspondence analysis (CANOCO) was used to
assess the dominance values of all earthworm species
occurring at the 23 sampled sites (in a few cases the
sampling was done twice) in two ways: In the first
method, the sites were arranged with respect to species
composition of earthworms. As can be seen in Fig. 2,
two very large groups of sites were distinguished:

e Forest sites with acid soil: BBK, BEK, LUB, NIB,
SBB, SCF, TAM. Sites with similar earthworm
communities, like BBK and BEK, are sometimes far
from each other, which is difficult to understand. The
same is true of the results of two samplings at the
same site: In the case of SCF, there is virtually no
difference, whereas other sites, like SBB and TAM,
are different in the 2 years. It is remarkable that site
SBB belongs to the acid forest group in both years
(1998 and 2000), a result that is not supported by the
soil properties. In addition, the overlap of two acid

T T T T T T
Axis 2

° NIB 98

15 = apd/6Y!
7 NBoo ° TAM 98

1.0

° GoG ° BBK

L ° BRG 98 L
0.5

? AKG 00
2 TAMQG- og

“-SBE98 Axis 1 ]

.
0.0 % AKG 98

S
o° SBG 98 9 EBE00
- 05 o 0 .

LETYN ° LuB
° SBB 00

-1.0 -0.5 0.0 0.5 1.0 15
s s N s n s

Fig. 2. Correspondence analysis (CANOCO) of 23 sites and earth-
worms.
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forest sites (MEM, NIB 2000) with meadow sites
(BRG 2000, NOG) is conspicuous. This probably
indicates a problem at the latter two sites.

e Within the large group of meadow and crop sites, four
sites, all located in northern Germany (BRG, NOG,
GOG, and, less clearly, AKG) can be distinguished
from the rest. The remaining sites are relatively
homogeneous, but it is conspicuous that in the center
of this group the coniferous forest site CRF is located.
However, this site has soil properties very similar to
those of two adjacent crop and meadow sites (CRA,
CRQG).

It seems that this method of assessment does not
provide a lot of new information except for revealing
some conspicuities that might have otherwise been
overlooked.

With respect to the classification of individual species,
a very distinctive scheme can be observed (Fig. 3). All
species of the genus Dendrobaena are characteristic of
acid forest soils, whereas species of the genus Aporrec-
todea (including Helodrilus (now Proctodrilus)), as well
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Fig. 3. Correspondence analysis (CANOCO) with all earthworm
species at all sites.

as both Octolasion species, are typical of meadows and
crop sites. Somehow undifferentiated are A. chlorotica
and all species of the genus Lumbricus. Such a similarity
between taxonomic and ecological classifications is
rarely observed. One explanation might be that only
very few species are included in this assessment.
Summarizing the CANOCO experience, it seems that
the use of earthworm data alone does not increase
considerably the amount of information already avail-
able when looking at the raw data.

6.2. Site classification using TwinSpan

TwinSpan analysis was carried out using the dom-
inance spectrum data of those 13 sites at which the entire
battery of animal groups was investigated (i.e., earth-
worms, enchytraeids, oribatids, gamasids, nematodes,
isopods, diplopods, and chilopods). On Level 1, only
two forest sites included in this analysis were identified
(Table 5). These two sites remain together on Levels 2
and 3, which is strange as they do not have similar soil
properties. This observation might be considered proof
of the conspicuity of site SBB (see Section 6.1). At Level
2, the four north German meadows are separated from
the other meadows and crop sites, while at Level 3, a
biogeographic division is visible: On the one side are the
sites from Bavaria and North Rhine—Westphalia and on
the other side are the sites from Hesse and Baden-
Wuerttemberg. However, this division cannot be ex-
plained on the basis of the soil property data available.
The only conspicuity is then the beech forest site SBB.

By use of all 23 sites investigated (including the
repeated samplings at some sites) a much more detailed
TwinSpan analysis is possible (Table 6). At the first
three levels, separation according to the use of the sites
is observed. Only two forest sites with a mull humus and
a high pH (CRF, CRM) remain among the group of
meadow and crop sites. Again, the conspicuity of forest
SBB is confirmed, as either it belongs to the acid forest
group or, starting at Level 3, it forms a group of its own.
On Level 4 the isolated position of forest TAM in the
year 1998 and its adjustment to the other acid forest as
based on the sampling in the year 2000 become
apparent. This difference can be explained by the
occurrence of the compost species E. fetida in the

Table 5

Qualitative comparison of the species composition at the sites where all animal groups were sampled using TwinSpan (13 sites)
Level 1 [AKG BRG GOG NOG SBA SCA SBG SCG CRA HAA HAG SBB SCF
Level 2 [AKG BRG GOG NOG SBA SCA SBG SCG CRA HAA HAG SBB SCF
Level 3 |AKG BRG GOG NOG SBA SCA SBG SCG CRA HAA HAG SBB SCF
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Qualitative comparison of the species composition at 23 sites (all animal groups except nematodes) using TwinSpan

Level 1 |CRM CRA HAG HAA SBA98 SCG98 CRF SCG00 SBA0OO SBG00 SBG98 | TAM98 NIB98 SCF98 BBK TAM00 SBB98 LUB EHE
BRG98 AKG98 CRG SCA GOG AKG00 BRG0O0O NOG BEK MEM NIB0OO [ SCFOO SBB0OO
Level 2 |CRM CRA HAG HAA SBA98 SCG98 CRF SCG00 | AKG00 BRGOO NOG | TAM98 NIB98 SCF98 BBK | LUB EHE SCF00
SBA0O SBG0O SBG98 BRG98 AKG98 CRG CRA |BEK MEM NIB0O TAMOO SBB98 SBB0O
GOG
Level 3 |CRM CRA HAG HAA SBA98 |SBG98BRG98 |AKGO00 |BEK MEM |TAM98 NIB98 SBB98 | LUB EHE SCF00
SCG98 CRF SCGO0 SBA0O AKG98 CRG BRGO00 |NIB0O SCF98 BBK TAMOO SBB0O
SBG00 SCA GOG NOG
Level 4 |CRM SBA98 SCG98 CRF |SBG98 |GOG [AKGO0 |BEK MEM |TAM98 |[NIB98 SBB98 | LUB EHE SCF00
CRA SCG00 SBA0O BRG98 BRGO0O |NIB0O SCF98 SBB0O
HAG SBG00 AKG98 NOG BBK
HAA CRG TAMOO
SCA
Level5 |CRM SBA98 SCG98 |SB |SBG98 |GOG [AKGO0O |BEK MEM |TAM98 |[NIB98 SBB98 | LUB EHE SCF00
CRA CRF SCG0O0 | GO0 |BRG98 BRGOO |NIB0O SCF99 SBB0OO
HAG SBA0OO AKG98 NOG BBK
HAA CRG TAMOO
SCA
Table 7
Classification of the sites investigated and their assessment using different methods®
Site type Site Abundance Species number Species spectrum CANOCO TwinSpan Total
A 111 HAA +4 + 60% + + + +
A1V CRA + + 25% + + + +
AV SBA + + 43% + + + +
ALV SCA + + 33% + + + +
G III BRG - — 67% - ? + —
G1v AKG — + 78% — + + —
G1vV GOG - — 75% — + + —
G 1V NOG — - 75% - ? + —
G VIl SCG + + 43% + + + +
G VIII CRG + + 33% + + + +
G VIII HAG + + 38% + + + +
G VIII SBG + + 17% + + + +
WI EHE + + 50% + + + +
WI LUB + + 50% + + + +
W1 MEM + + 33% + + + +
W NIB + + 60% + + + +
Wi TAM + — 40% + + + +
W I SCF + + 60% + + + +
VA% BBK + + 20% + + + +
wVv BEK + + 50% + + + +
W XI CRF + + 54% + + + +
W XI CRM + + 54% + + + +
W XI SBB - — 100% - - — —
#Conspicuity: —, yes; +, no; 4, not clear.

samples from 1998 but not in those from 2000. Why site
NIB was classified into two groups following the two
samplings in 1998 and 2000 cannot be explained.
Among the nonforested sites, the picture is more
complex. No clear distinction between crop sites and
meadows is visible. On the other hand, the four northern
German meadows are still separated, mainly in the year
2000. Again, it is not possible to verify the site types as
defined in this study (four crop sites, eight meadows,

and 16 forests) by the occurrence data of the earthworm
fauna alone.

6.3. Summary and assessment of the investigated sites

In Table 7, the results of the various methods used to
assess earthworm data collected at the 23 sites are
compiled. A plus sign indicates no conspicuity for the
site, whereas a minus sign indicates a problem. In some
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cases, a clear decision was not possible (i.e., a “+” was
used). In short, the sum of the individual results is
decisive; i.e., the methods are treated similarly. Accord-
ing to this compilation, in 18 of 23 cases ( = sites), there
were no clear differences between the earthworm
community expected and that observed. On the other
hand, the habitat function of the soil at the four
northern German meadows and the beech forest SBB is
considered to be limited. This result is partly explain-
able: Two of the meadow sites are known to be
contaminated by heavy metals and the forest SBB had
recently been limed.

7. Summary and outlook

The significant ecological relevance of earthworms
and the amount of information compiled about their
biology, taxonomy, and ecotoxicology, as well as the
availability of standardized sampling methods, support
their inclusion in any battery of soil organism groups
used for ecological classification and assessment of soils.
This does not mean that earthworms have to be sampled
at any site in all circumstances. For example, at very
acid forest sites, the number of earthworm species is so
low that mesofaunal groups would be more useful. On
the other hand, it must be noted that adequate
differentiation of sites on the basis of oligochaete fauna
alone is hardly possible. Ruf et al. (2000) achieved the
best differentiation of sites by including all taxa
investigated (Chilopoda, Diplopoda, Enchytraeidae,
Gamasina, Isopoda, Lumbricidae, Oribatei). By their
communities the individual taxa offer different informa-
tion regarding site parameters and habitats. Thus,
earthworms can only be one of several soil-dwelling
taxa to be used in a soil ecological classification and
assessment system. However, there are still problems to
be solved to facilitate the use of earthworms. Most
notably, the identification of earthworms has to be
simplified further, maybe using an expert system
including computer support. In addition, the question
of how to handle biogeographic differences remains.
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