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1. Introduction

1.1. Terrestrial ecosystems and ecosystem
engineers

Terrestrial ecosystems consist of two strongly interacting compart-
ments: the aboveground subsystem and the soil subsystem. The
aboveground subsystem is, at least on a first glimpse, more eye-
catching, but in most cases the soil subsystem exhibits a far greater
biodiversity particularly in terms of microorganisms and inverte-
brate animals. The main task of soil organisms is the maintenance
of a recycling system for organic material produced aboveground,
either by direct mineralisation of these resources or by regulation
of the soil subsystem and its food webs (Wardle 2002).
For a complete understanding of processes in soils and their tight

interactions with the aboveground subsystem, it is required to ex-
plore the biodiversity of soil organisms on different taxonomical
scales, the composition of soil communities and the structure within
species and single populations. Because of the hidden life of soil
organisms, which often inhibits the direct observation of popula-
tions, molecular markers can be helpful tools to indirectly investi-
gate origin, dispersal and dynamics of populations and the differ-
ences between multiple populations of single species. For example,
the genetic structure, gene flow, dispersal ability and isolation of
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1. Introduction

forest populations of the collembolan species Orchesella cincta (L.)
(Collembola, Insecta) was inferred with two molecular techniques
(van der Wurff et al. 2003).
Earthworms are a very important component in many soils. The

importance of this group is clearly expressed by the term ‘ecosystem
engineers’, introduced for organisms strongly altering the physical
structure of habitats and influencing other organisms (Jones et al.
1994). Ecosystem engineers in soils are earthworms, ants and ter-
mites. These taxa interact with soil microorganisms, other soil an-
imals and plants (Lavelle et al. 1995).
The present study was conducted to investigate the genetic diver-

sity, population structure and postglacial migration of the European
earthworm species Lumbricus terrestris L. (Lumbricidae; Annelida;
Oligochaeta) by using AFLP (Amplified Fragment Length Polymor-
phism) as molecular marker.

1.2. Biology of Lumbricus terrestris

European earthworm species are commonly assigned to three ecolog-
ical categories mainly based on the feeding behaviour, the burrow-
ing patterns and the preferred soil horizon (Bouché 1971, 1977; Ed-
wards and Bohlen 1996). The ‘epigeic’ species are surface dwelling,
litter feeding, fast reproducing and often pigmented earthworms,
while the ‘endogeic’ species inhabit the mineral soil horizon, in-
gest a mixture of mineral soil and organic material, reproduce more
slowly and are less pigmented. L. terrestris is a typical member of
the third group: the ‘anecic’ earthworms. L. terrestris lives in deep
vertical burrows, reaching from the mineral soil horizon to the soil
surface. These burrows are (semi-)permanent, i. e. inhabited by an
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1.2. Biology of Lumbricus terrestris

individual for a longer period of time, in contrast to the burrows
of endogeic earthworms, which are shortly used. L. terrestris is a
comparatively large earthworm species and has a pigmented body,
which is darkest at the anterior parts on the dorsal side. The pre-
ferred food are leaves and other plant materials collected on the soil
surface and pulled into the entrances of the burrows. During ex-
ploration for food and during mating, which also takes place on the
soil surface mostly by night, individuals of L. terrestris attempt to
stay attached to their burrows with their posterior parts (Edwards
and Bohlen 1996; Nuutinen and Butt 1997).

L. terrestris is simultaneously hermaphroditic and reproduces bi-
parentally by a reciprocal exchange of sperm between two individ-
uals during copulation. After copulation, the clitellum, a glandular
saddle-shaped part of the epidermis, produces cocoons containing
a nutritional fluid in which eggs and sperm are released. In these
cocoons, deposited in the soil, fertilisation and embryonic develop-
ment takes place. L. terrestris shows a complex mating behaviour
including visits of potential partners prior to copulation, a specific
copulation position and piercing the partner’s skin with the setae
of some segments, probably to influence the uptake of sperm (Nuu-
tinen and Butt 1997; Koene et al. 2005). This behaviour makes
a self-fertilisation in L. terrestris despite simultaneous presence of
male and female reproductionary organs impossible. Some other
earthworm species are parthenogenetic (Edwards and Bohlen 1996).

L. terrestris and virtually all other European earthworm species
are semi-continuous breeders with numerous reproduction events
during their life, not taking place on specific points in time but
during an extended breeding season with appropriate conditions for
reproduction (Olive and Clark 1978). The production of cocoons is
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1. Introduction

highest in spring, in the early months of summer and in autumn,
and it is reduced during winter (Gerard 1967).
It is difficult to estimate the length of life span and of life cy-

cle components, like hatching of cocoons and maturation, in nat-
ural populations of earthworms. Incubation times of cocoons and
growth to maturity strongly depend on environmental conditions
like temperature and moisture. Under best conditions and in lab-
oratory cultures L. terrestris needs approximately half a year to
hatch and develop a clitellum (Lowe and Butt 2005). Development
times in natural populations are longer and often lead to a hatching
of cocoons in the year following copulation, indicated by a peak of
hatching in spring. The first copulation of these individuals can oc-
cur in the autumn of the same year but will more likely take place
in the following year. This estimate of time to reach sexual ma-
turity and the average life span of L. terrestris of only 1.25 years
(Satchell 1967), makes overlapping generations for the majority of
earthworms in natural populations unlikely.

1.3. Biogeography of Lumbricus terrestris

The geographical distribution of European earthworms was severely
altered at least two times in the past. The first event was the last
glaciation in Europe, which lead to an extinction of earthworms and
subsequent recolonization in great parts of Northern Europe. The
second one was caused by human long range movements leading to
transportation of European earthworms to other continents.
Dispersal of earthworms can either be an active or passive mecha-

nism. In case of L. terrestris, a comparison of active dispersal speed
and the current distribution of this species suggests a mainly passive
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1.3. Biogeography of Lumbricus terrestris

dispersal of this species. Whereas a passive transport of worms and
cocoons by rivers and larger animals is theoretically possible, there
is strong evidence that L. terrestris is dependent on disturbance
of habitats to establish a new population in previously earthworm-
free habitats (Enckell et al. 1986; Tiunov et al. 2006). This indicates
that today’s distribution of L. terrestris was facilitated by human
transport of earthworms and cocoons and human impact on habitat
soils.
The invasion of North America by European earthworms since

the arrival of European settlers is an interesting example which is
investigated with great effort. In this case, the earthworms were
intentionally or unintentionally introduced to parts of Northern
America which were free of earthworms since the last glaciation.
Since then, European earthworms have been changing ecosystems
in North America which had evolved without earthworms after the
last glaciation, for example hardwood forest (Hendrix 2006).
In cases of introduced earthworms an accurate characterisation of

the invasive populations regarding origin, expansion potential and
population structure is of great interest. Molecular methods are a
very promising tool to investigate these topics. Sequencing of mi-
tochondrial (mt)DNA helped to identify the dispersal mechanism
and the locations where multiple introductions of invasive Den-
drobaena octaedra (Savigny) in boreal forests in Alberta, Canada
most likely had occurred (Cameron et al. 2008). Aporrectodea tu-
berculata (Eisen) probably had also been introduced several times
to the USA, indicated by a high number of polymorphisms at sev-
eral enzyme loci analysed in individuals from 30 sampling locations
in New York (Stille et al. 1980). By using RAPDs (Randomly Am-
plified Polymorphic DNA) it was possible to calculate similarity
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indices between populations of Aporrectodea (Savigny) species in
Australian agricultural soils, and it was proposed to use this tech-
nique to identify origins of these species (Dyer et al. 1998). However,
these studies only investigated the introduced earthworm popula-
tions. Studies comparing both, European and non-European popu-
lations, are rare. A phylogenetic study based on mtDNA sequences
in Octolasion tyrtaeum (Savigny) showed almost no genetic differ-
ences between a low number of individuals sampled in Germany and
Canada (Heethoff et al. 2004). A comparison of Octolasion cyaneum
(Savigny) from several countries in Europe and in Australia revealed
a rather high clonal diversity in the Australian population measured
by enzyme electrophoresis, indicating that this species had been in-
troduced several times (Terhivuo and Saura 2006). The presumably
most extensive study on relationships between European and intro-
duced earthworms revealed a higher similarity between D. octaedra
from Northern Europe and Canada than between these locations
and Greenland, which probably was a refuge for this freeze-tolerant
earthworm species during the last glaciation (Hansen et al. 2006).
The present study is predominantly based on European sampling

locations and deals with postglacial expansion of L. terrestris in
Europe. However, the topic of invasive expansion of L. terrestris is
addressed by including some individuals from Canada to the ana-
lysis. This is probably the first attempt to compare European and
invasive populations of a biparental reproducing earthworm species.

1.4. AFLPs

Methods used in genetic diversity research and population genetics
either focus on a small number of loci, like enzyme electrophoresis,
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1.4. AFLPs

microsatellite analysis or sequencing of certain parts of organellic
or genomic DNA, or use multiple loci, like RAPD, RFLP (Restric-
tion Fragment Length Polymorphism) and AFLP. While the former
methods’ loci are highly informative, the latter methods achieve
their informative and statistical power by applying a high number
of loci across the whole genome.
Because of the anonymous character of AFLPs, the origin of an

AFLP fragment in terms of belonging to nuclear or organellic DNA
or exact position on chromosomes can only be determined by la-
borious sequencing of single AFLP fragments. Therefore, only the
high numbers of AFLP fragments enhances the probability of having
a representative sampling across the whole genome. Nevertheless,
some studies indicate that most AFLP markers originate from cen-
tromeric regions of chromosomes (Alonso-Blanco et al. 1998; Saliba-
Colombani et al. 2000).
AFLPs are generated by restriction of DNA and subsequent PCR

reactions (Vos et al. 1995). Restriction is generally performed with
two restriction endonucleases, a ‘rare cutter’ and a ‘frequent cut-
ter’, digesting DNA at a 6-base pair (bp) recognition site and a 4-bp
recognition site, respectively. Prior to PCR, adapter molecules are
ligated to the DNA fragments. The adapter molecules with known
nucleotide sequence and the remaining parts of the restriction en-
zyme recognition sites then serve as binding sites for PCR primers.
These primers have been extended on their 3’-ends with additional
nucleotides. Generally two steps of PCR are applied using primer
pairs with one additional nucleotide in the first reaction (prese-
lective PCR) and three additional nucleotides in the second reac-
tion (selective PCR). The PCR steps decrease the absolute number
of fragments because the primers amplify only fragments contain-

11



1. Introduction

ing nucleotides complementary to the additional nucleotides in the
primers and increase the amount of DNA of the finally amplified
fragments for a proper visualisation of the fragments. Visualisation
is done after electrophoresis of the amplified fragments using poly-
acrylamide gels or by capillary electrophoresis leading to patterns
(fingerprints) consisting either of bands or peaks (Meudt and Clarke
2007).
Each band or peak represents a fragment of DNA flanked by a

recognition site for the ‘rare’ and the ‘frequent cutter’ and con-
taining the nucleotides necessary for binding of the additional nu-
cleotides of the primers (Vos et al. 1995). Absence of a fragment
can be caused by mutations, insertions or deletions in the restriction
sites, by absence of the nucleotides complementary to the additional
nucleotides in the PCR primers or by insertions and deletions be-
tween two restriction sites leading to a different length of a fragment
and therefore a different position in the AFLP fingerprint.
There are two ways to interpret AFLP fingerprints (Bonin et al.

2007). The first way is to use the obtained patterns of bands or
peaks directly for analysis. Because there are no assumption about
underlying alleles or inheritance of the bands/peaks, the AFLP fin-
gerprints can be seen as a phenotypic marker and in this context
AFLPs are sometimes referred as phenotypic fingerprints. Analy-
sis methods following this interpretation usually rely on the calcu-
lation of band sharing indices between individuals. In their re-
view on statistical analysis of polymorphic data Bonin and col-
leagues called these methods ‘band-based methods’ (Bonin et al.
2007). These methods are contrasted by methods based on the
estimation of the underlying allele frequencies of the AFLP fin-
gerprints. For this purpose, the stretch of DNA that produces a
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1.5. Objectives

band/peak is interpreted as an allele, the Presence-allele, whereas
every DNA at the same location in the genome which does not
produce a band in the AFLP procedure is regarded as the corre-
sponding null-allele, called Absence-allele. The Presence-allele is
dominant, and in a diploid organism the combinations Presence-
allele/Presence-allele and Presence-allele/Absence-allele pro-
duce the Presence-phenotype (a band or peak), whereas the com-
bination Absence-allele/Absence-allele produces the Absence-
phenotype. The estimation of allele frequencies can be done with
different approaches, which are applied in this study. In differ-
ence to the individual-oriented band-based approaches these meth-
ods concentrate on the characteristics of a whole population. These
methods are called ‘frequency-based methods’ (Bonin et al. 2007).
Even though AFLPs can be used for every organism from mi-

croorganisms to plants to animals and humans, the proportion of
studies using this method in animals, especially in invertebrates, is
low (Bensch and Akesson 2005). Expanding the taxonomic range
of the AFLP method was another goal of the present study.

1.5. Objectives

Objectives of this study were:

• Adaption of the AFLP-technique to the species L. terrestris

• Estimation of genetic diversity at several sampling locations
in Europe

• Estimation of genetic differentiation between pairs of locations
and overall differentiation

13
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• Comparison between genetic and geographic distances between
locations

• Finding geographic regions in Europe where populations are
connected via genetic exchange and genetic boundaries divid-
ing these regions

14



2. Material and Methods

2.1. Sampling locations and geographic data

Lumbricus terrestris was sampled at single locations in Finland,
Sweden, Austria and Bosnia-Herzegovina, at two sampling loca-
tions in France and at eight sampling locations in Germany. Most
sampling locations were grasslands, like pastures, lawns or park-like
areas, and one sampling location in Germany was located in a forest
(table 2.1). Individuals from Canada were bought in shops selling
fishing equipment. These earthworms had most likely been sampled
at Canadian golf courses to be sold as fishing baits. For these indi-
viduals no exact geographic data were available. However, most of
the available information suggested Ontario as the sampling region.
The geodetic coordinates of the sampling locations (except Cana-

da) were projected to X- and Y-coordinates of a Cartesian coordi-
nate system using the Lambert conformal conic projection. The
central meridian was placed at 10◦ E, the origin latitude at 40◦ N
and the standard parallels at 46◦ N and 58◦ N, respectively. To ob-
tain only positive X- and Y-coordinates a false easting of 1000 km
was performed. The Datum was World Geodetic System 84, the el-
lipsoid was WGS84. The projection was done with the software
GEOTRANS Version 2. 4. 1 (National Geospatial Intelligence
Agency of the United States Department of Defense 2007).
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2.2. Sampling of Lumbricus terrestris

2.2. Sampling of Lumbricus terrestris

Lumbricus terrestris was sampled by chemical extraction, electrical
extraction or by collecting animals from the soil surface by night
(table 2.1). For chemical extraction 10 L of formaldehyde solution
(0.1%) were applied to a 0.25 m2 surface of soil delimited by a metal
ring with a height of 10 cm (Raw 1959). Electrical extraction was
done with an ‘electrical octet machine’, Worm-Ex III, supplied by
the ‘Gesellschaft für angewandte Ökologie mbH’, Germany (Thiele-
mann 1986, 1989; Schmidt 2001). The octet machine consisted of
eight rod-shaped electrodes encircling an area of 0.125 m2 of soil
and a unit to control intensity and duration of voltages applied to
opposed electrodes. Prior to electrical extraction, litter and vegeta-
tion were carefully removed. The applied voltage and the duration
of electrical extraction were adjusted to the particular on-site con-
ditions. Several chemical or electrical extractions per sampling site
were performed until a sufficient number of earthworms was sam-
pled.

All sampled earthworms were washed with water and placed in
buckets with wet filter paper for transportation to the lab. Earth-
worms were either placed in a refrigerator, if the date of DNA ex-
traction was within a few days, or in buckets with soil at a tem-
perature of 15 ◦C in the dark, if the earthworms had to be kept for
a longer time. In cases of long-time storage, earthworms were fed
with oat flakes every week. Prior to DNA extraction, identification
of earthworms was done based on external characteristics (Schae-
fer 1992; Bouché 1972; Christian and Zicsi 1999). If there was any
doubt about an earthworm belonging to the species L. terrestris,
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2. Material and Methods

for example in case of earthworms being in a subadult stage, the
earthworm was not used for DNA extraction and AFLP analyses.

2.3. Isolation of DNA

Earthworms were placed on wet filter paper over night to allow
emptying of guts. They were washed in distilled water, killed in
99% ethanol and were kept for at least two hours in 99% ethanol to
harden tissues. Afterwards, earthworms were washed consecutively
in distilled water and 70% ethanol. Tissue sampling was performed
by cutting a piece of tissue between prostomium and clitellum on
the dorsal site of the earthworm with a scalpel, making sure that
the cut was performed without perforating the gut (figure 2.1).

Tissue samples were washed in freshly prepared 70% ethanol and
placed in collection tubes for DNA isolation. Remains of earth-
worms were stored at −20 ◦C. In cases where DNA isolation had to
be repeated, the corresponding stored sample was washed consecu-
tively in distilled water and 70% ethanol and then cutting of tissue
was performed like described for fresh samples.

DNA isolation was done with a commercially available DNA iso-
lation kit (DNeasy 96 Tissue Kit, Qiagen). DNA was stored at
−20 ◦C. In total, the DNA of 394 individuals was isolated. DNA
isolation of 98 individuals was done twice to obtain additional sam-
ples for repeatability tests of AFLP peaks.

Quantity and quality of DNA was assessed by electrophoresis
of four µL sample on 1.5% agarose gels stainend with ethidium
bromide.
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2.4. AFLP

Figure 2.1.: Tissue sampling of an adult Lumbricus terrestris

2.4. AFLP

2.4.1. Production of AFLP fingerprints

Restriction of DNA and ligation of AFLP adapters were done simul-
taneously in one single reaction. Restriction was performed with
the restriction endonucleases MseI and EcoRI. To four µL of iso-
lated DNA six µL of an adapter mix and two µL of an enzyme mix,
containing both restriction enzymes and T4 DNA ligase, were added
(table 2.2). The structure of the MseI-adapter (metabion GmbH)
was:
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2. Material and Methods

5’-GACGATGAGTCCTGAG

TACTCAGGACTCAT-5’

and the structure of the EcoRI-adapter (metabion GmbH) was:

5’-CTCGTAGACTGCGTACC

CATCTGACGCATGGTTAA-5’.

Incubation for restriction and ligation was done over night at room
temperature. Afterwards water ad 50 µL was added to every sam-
ple.

Table 2.2.: Composition of adapter mix and enzyme mix for the re-
striction/ligation step of the AFLP procedure. Amounts
for one sample. Water: Rotisolv R© HPLC Gradient Grade,
Carl Roth, Germany.

adapter mix
concentration (µL)

T4 DNA ligase buffer 10 x 1
NaCl 0.5 mol/L 1
BSA 1 mg/mL 0.5
MseI-adapter 5 pmol/µL 0.6
EcoRI-adapter 5 pmol/µL 0.6
water 2.3

enzyme mix
concentration (µL)

T4 DNA ligase buffer 10 x 0.2
NaCl 0.5 mol/L 0.2
BSA 1 mg/mL 0.1
MseI 10U/µL 0.08
EcoRI 10U/µL 0.4
T4 DNA ligase 1U/µL 0.19
water 0.83
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2.4. AFLP

Preselective amplification was performed using Taq polymerase
(Qiagen), the preselective primers E01 and M03 and four µL of
DNA from the restriction/ligation reaction (table 2.3). The se-
quence of the primer M03 was:

5’-GATGAGTCCTGAG TAA G-3’

and the sequence of primer E01 was:

5’-GACTGCGTACC AATTC A-3’.

The primers consisted of a core sequence, an enzyme specific se-
quence annealing with the adapters and the remains of the restric-
tion sites and one selective nucleotide, i. e. G in M03 and A in E01
(Vos et al. 1995).
For the selective amplification the primers M72 and E39 were

used. The sequence for the MseI specific primer M72 was:

5’-GATGAGTCCTGAG TAA GGC-3’

and the sequence for the EcoRI specific primer was:

5’-GACTGCGTACC AATTC AGA-3’.

The general structure of the primers was similar to the preselective
primers, but with three selective nucleotides, i. e. GGC in M72 and
AGA in E39. Primer E39 was labelled with the fluorescent dye
HEXTM (Applied Biosystems) for automatic DNA fragment analy-
sis (see below). Selective amplification was performed with four µL
of the product of the preselective amplification diluted with water
(1:20) and eleven µL of selective amplification mix (table 2.4). A
touchdown PCR protocol was used (table 2.4).
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Table 2.3.: Composition of preselective amplification mix per sample
and PCR protocol. Water: Rotisolv R© HPLC Gradient
Grade, Carl Roth, Germany.

concentration (µL)
PCR buffer 10 x 2.5
dNTPs 10 mmol/L 0.375
Primer M03 5 pmol/µL 0.25
Primer E01 5 pmol/µL 0.25
Taq polymerase 5 U/µL 17.525
water 0.1
temperature duration
(◦C)
72 2 min

94 10 s
56 30 s repeat 19 times
72 2 min

60 3 min
16 end

The results of restriction/ligation and PCR reactions were check-
ed by electrophoresis. Usually five µL of a sample were run on 1.5%
agarose gels with an appropriate size marker. Visualisation of DNA
was performed with ethidium bromide and UV-light.

To prepare samples for capillary electrophoresis, the samples were
diluted with water (1:5) and two µL of this dilution were mixed with
HiDi Formamide and the ROXTM-labelled size standard GenescanTM

500 ROXTM (Applied Biosystems) by two times vortexing followed
by a short centrifugation. The size standard consisted of 16 labeled
DNA fragments of a size ranging from 35 to 500 base pairs. De-
naturation of DNA was done at 92 ◦C for two minutes followed by
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Table 2.4.: Composition of selective amplification mix per sample and
touchdown PCR protocol. Water: Rotisolv R© HPLC Gradi-
ent Grade, Carl Roth, Germany.

concentration (µL)
PCR buffer 10 x 1.5
dNTPs 10 mmol/L 0.25
Primer M03 5 pmol/µL 0.25
Primer E01 5 pmol/µL 0.25
Taq polymerase 5 U/µL 0.068
water 8.77
temperature duration
(◦C)
94 2 min

94 10 s repeat with
65-57 30 s annealing temp.
72 2 min −1 ◦C per step

94 10 s
56 30 s repeat 19 times
72 2 min

60 3 min
16 end

placing the samples on ice. Electrophoresis and analysis was done
on an ABI Prism 3100 Genetic Analyzer (Applied Biosystems), a
fluorescence-based capillary electrophoresis analysis system. The
software Genescan version 3.7 (Applied Biosystems) was used to
process the electrophoresis data to electropherograms and for size
calling of fragments. For size calling the 250 bp fragment of the size
standard was not used.
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2.4.2. Scoring of AFLP fingerprints

Scoring of AFLP fingerprints was based on repeatability of peaks
in the fingerprints of 98 individuals used twice in DNA isolation
and AFLP procedures. The AFLP fingerprints of these individuals
were labelled automatically with the Software Genotyper version
3.7 (Applied Biosystems) using the function ‘label peaks by size’ to
obtain a list of all peaks with their corresponding sizes in base pairs.
This list was transferred to the software Peakmatcher which cal-
culates peak categories with maximum repeatability across all sam-
ples (DeHaan et al. 2002). A peak category is defined as having
a center at a given peak size and covering a given range of peak
size. Peakmatcher was used several times with different settings
regarding ranges of peak size and minimum peak repeatability. The
obtained lists of categories were compared in terms of absolute num-
ber of categories and numbers of reproducible peaks per category.
The settings finally used were: category ranges of ± 0.2, 0.3 and
0.4 base pairs, category increment of 0.1 base pairs and a min-
imum repeatability of 95%. The categories obtained with these
settings were checked visually in Genotyper 3.7. Categories in-
cluding weak peaks, obviously different peaks and peaks very close
to the borders of the categories were removed.

The remaining 125 categories, ranging from 38.4 ± 0.4 bp to
498.4 ± 0.2 bp, were used in Gentoyper version 3.7 to automat-
ically score all 394 samples (figure 2.2; for a complete list of cate-
gories, see appendix C), leading to a 0/1-matrix indicating absence
and presence of peaks. Out of the 98 individuals which were used
twice in AFLP fingerprinting only one sample per individual, i. e.
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2.4. AFLP

Figure 2.2.: Example section of AFLPs of three individuals from BIH
(BOS04), GER-Kas (FHG19) and GER-Tim (SLH04)
used twice in DNA isolation and fingerprinting for repro-
ducible tests. The numbers on the x-axis are the lengths
of fragments in bp. The ranges of six categories are shaded
in grey. The category at 144.1±0.3 was not used for the
final scoring because peaks were often located at the edges
of the category. Screenshot from Genotyper 3.7
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the sample with the higher intensity across all peaks, was used for
scoring.

2.4.3. Analysis of AFLP data

Interpretation of AFLPs

AFLP fingerprints were interpreted in two ways. First, the ob-
tained patterns of peaks were used directly for analysis as a pheno-
typic marker. For this purpose the band sharing indices Tanimoto
(Jaccard 1908) and Simple matching (Sokal and Michener 1958)
between individuals were calculated. Second, the allele frequencies
underlying the AFLP fingerprints were estimated using different ap-
proaches (see below). Most of the downstream analyses of AFLPs
were based on the band sharing indices (band-based methods) or
the estimations of allele frequencies (frequency-based methods).

Calculation of band sharing indices The Tanimoto and Simple
matching distances of all pairs of individuals were calculated. Mean
(arithmetic) values of Tanimoto and Simple matching distances
within and between sampling locations were also calculated. The
Tanimoto distance between two individuals was calculated as

1− a

a+ b+ c
(2.1)

and the Simple matching distance between two individuals was cal-
culated as

1− N − b− c
N

(2.2)

where a was the number of bands represented in both individuals,
b and c were the numbers of bands represented in the one or the
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other individual and N was the total number of band positions in
the data set.

Estimation of allele frequencies at AFLPs Three different meth-
ods of allele frequency estimation were used:
The square-root method estimates the frequency of the null-allele

at one sampling location by calculating the square-root of the Ab-
sence-phenotype’s frequency (Bernstein 1930). The frequency of
the Presence-allele was then calculated by one minus the fre-
quency of the Absence-allele. The square-root method assumes
Hardy-Weinberg proportions at the sampling locations.
The second method of estimating allele frequencies follows a Bayes-

ian approach with a non-uniform prior distribution of allele frequen-
cies (Zhivotovsky 1999). This method of allele frequency estima-
tion was performed by using the software AFLP-SURV (Vekemans
2002; Vekemans et al. 2002). In the following this method is simply
termed ‘Bayesian method’. This method assumes Hardy-Weinberg
proportions at the sampling locations, too.
The third approach uses also a Bayesian framework but is in-

dependent from assumptions concerning Hardy-Weinberg propor-
tions; instead, it assumes similarity in FIS and FST across loci,
and frequency variation among sampling locations to follow a beta
distribution (Holsinger 1999; Holsinger et al. 2002; Holsinger and
Wallace 2004). The software HICKORY v1.1 was used for this es-
timation of allele frequencies (Holsinger and Lewis 2007). In the
following the method is called ‘HICKORY method’.
All calculations of genetic diversity or genetic structure demand-

ing the estimation of allele frequencies were carried out by one or
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more of these methods. See the description of the methods for de-
tails.

Genetic Diversity

Eight measures of genetic diversity at sampling locations were used.
These measures belong to four different groups of methods. The first
group uses band-based, the following groups use allele frequency-
based approaches.

Band sharing indices The first group was represented by mean
pairwise band sharing indices between individuals at sampling lo-
cations. Tanimoto and Simple matching were used as band sharing
indices.

Nei’s genetic diversity The second group consisted of Nei’s ge-
netic diversity (Nei 1973) calculated with allele frequencies esti-
mated with the square-root method and the Bayesian method, re-
spectively. Nei’s genetic diversity gives the percentage of heterozy-
gotes (expected heterozygosity) at a sampling location under Hardy-
Weinberg proportions. Expected heterozygosity for one locus (he)
was calculated following Nei’s original approach as

he = 1−
m∑
i=1

x2
i (2.3)

with xi denoting the estimated frequency of the ith allele at one
locus and m denoting the number of alleles (m=2 in AFLPs). The
multilocus expected heterozygosity He equals the arithmetic mean
of all single locus heterozygosities. Under the assumption of Hardy-
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Weinberg proportions, the theoretical maximum of He for a dom-
inant marker with two alleles is 0.5 (25% of individuals with Ab-
sence-phenotype).

Bayesian estimation of diversity — HICKORY The third group
of genetic diversity measures consisted of Bayesian estimations of
heterozygosity without assumptions about Hardy-Weinberg propor-
tions based on the HICKORY method and named hs (Holsinger
1999; Holsinger et al. 2002; Holsinger and Wallace 2004). This
method assumes that FIS and FST are similar across all loci and
that allele frequencies follow a beta distribution among populations.
The software HICKORY v1.1 (Holsinger and Lewis 2007) was used
to calculate hs. The software provides different models for esti-
mating genetic diversity and Deviance Information Criterion (DIC)
statistics to aid in choosing between these models (Spiegelhalter
et al. 2002; Holsinger and Lewis 2007). Following the recommen-
dations of interpreting the DIC statistics in the HICKORY manual
(Holsinger and Lewis 2007) the full model and the f=0 model were
chosen to calculate hs. The full model estimated f, an Bayesian
analogue for FIS , while the f=0 model assumed that f was zero, i. e.
that there was no inbreeding in the population.

Genetic diversity after Hill (1973) The diversity measure of the
fourth group was calculated as

v2 =
(

1
L
×
L∑
l=1

1
v2(l)

)−1

(2.4)
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with L denoting a set of loci and v2(l) the single locus diversity at
the lth locus (Hill 1973; Gregorius 1978). Single locus diversities
were calculated as

v2(p) =
(
n∑
i=1

p2
i

)−1

= v2(l) (2.5)

where pi is the relative frequency of the ith allele and n the num-
ber of alleles (Gregorius 1978; Routledge 1979). This measure of
genetic diversity can be interpreted as the inverse of the probability
of drawing the same allele twice from individuals at one sampling
location. The diversity over all loci equals the harmonic mean of
all single locus diversities v2(p). This measure ranges theoretically
from 1 to 2 and reaches its maximum with 25% of the individu-
als showing the Absence-phenotype. It was calculated using allele
frequencies estimated with both the square-root method and the
Bayesian method.
The spearman rank correlation coefficient was calculated to inves-

tigate the relationship between pairs of diversity measures (Spear-
man 1904).

Genetic Differentiation

Correlation between genetic and geographic distance The asso-
ciation between genetic and geographic distances was investigated
using two scenarios. The first one predicted smaller genetic dis-
tances within sampling locations than between sampling locations,
the second one predicted a linear relationship between genetic and
geographic distances. The first scenario was investigated with Man-
tel tests, the second one with a different variant of Mantel tests and
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with distograms (Mantel 1967). Both methods were based on inter-
individual genetic distances, i. e. Tanimoto and Simple matching
distances.
In order to test if genetic distances within sampling locations

were smaller than between sampling locations, the correlation co-
efficient r between two matrices was calculated via Mantel tests
(Mantel 1967). The matrices were an genetic distance matrix com-
bined of inter-individual distances (Tanimoto and Simple matching)
within and between sampling locations and a matrix indicating if
a given value of the first matrix belongs to either the former or
latter group. The null hypothesis that there were no differences in
genetic distances within and between sampling locations was tested
by a permutation test with 8000 permutations. The Mantel test
and the permutations were performed using the software MANTEL-
STRUCT (Miller 1999).
In order to test if there was a linear relationship between genetic

and geographic distances, Mantel tests and distograms were applied
for two geographic scales. On the larger scale all 14 European sam-
pling locations and on the smaller scale only sampling locations in
Germany were used to compare genetic and geographic distances.
Pairwise geographical distances between individuals were calculated
using euclidean distances. The correlation coefficients r(G,S) be-
tween the genetic distance (Tanimoto and Simple matching) matri-
ces (G) and the geographic distance matrix (S) were calculated with
Mantel tests. The null hypothesis, i. e. no relationships between ge-
ographic and genetic distances, was tested with permutation tests.
Therefore genetic data were permuted 8000 times over the loca-
tions, followed by a recalculation of r(G,S) for each permutation.
Observed values of r(G,S) were then compared with an 95% inter-
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val of all permutated values of r(G,S) and if the observed value lay
outside of this interval, the null hypothesis was rejected and the
correlation coefficient r(G,S) was regarded as significant.
For the distograms all possible pairs of individuals were placed in

15 distance classes with a width of 150 km each for the larger geo-
graphic scale and in six distance classes with a width of 75 km for
the smaller scale. Mean genetic distances in distance classes were
calculated. To test the null hypothesis of no correlation between
distance class and mean genetic distance, the 8000 permutations
from the Mantel test (see above) were used to recalculate mean
genetic distances for each distance class. The observed genetic dis-
tances and a 95% interval of the permutated mean genetic distances
of the distance classes were then depicted in the distograms. Ob-
served values lying outside of the 95% interval of permutations led
to a rejection of the null hypothesis and the mean genetic distance of
the particular distance class was considered as being significant. All
calculations of r(G,S) and for the construction of distograms were
done with the software Distclas (provided by E. M. Gillet, De-
partment of Forest Genetics and Forest Tree Breeding, University
of Goettingen).

Genetic distances between sampling locations In order to mea-
sure the genetic differences between pairs of sampling locations,
mean Tanimoto and Simple matching distances, DS , and d0 were
calculated.
Nei’s standard genetic distance DS for a single locus was calcu-

lated as

DS = −ln

 ∑m
i=1 xiyi√∑m

i=1 x
2
i

∑m
i=1 y

2
i

 (2.6)
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where x and y are the frequencies of the ith of m alleles in the
two populations. DS for multiple loci was calculated by using the
arithmetic means of

∑m
i=1 xiyi,

∑m
i=1 x

2
i and

∑m
i=1 y

2
i (Nei 1972).

Allele frequencies were calculated by the square root method and
the Bayesian method. Theoretically DS ranges from 0 (equal fre-
quencies of all alleles in the two populations) to ∞ (no common
alleles).

Gregorius’ d0 (Gregorius 1984) for a single locus was calculated
as

d0 = 1
2 ×

m∑
i=1
|xi − yi| (2.7)

where x and y are the frequencies of the ith of m alleles in the popu-
lations compared. The multilocus d0 is calculated as the arithmetic
mean of single locus d0s. Allele frequencies were calculated by the
square root method and the Bayesian method. The values of d0

range from 0 (equal frequencies of all alleles in the two populations)
to 1 (no common alleles).

The pairwise distance matrices were visualised via the four clus-
tering methods Single linkage, Complete linkage, UPGMA (Un-
weighted Pair Group Method with Arithmetic mean) and WPGMA
(Weighted Pair Group Method with Arithmetic mean). All cluster-
ing method were performed with the software STATISTICA 7.1
(StatSoft, Tulsa, USA) The cophenetic correlation coefficients of
all combinations of distance metrics and clustering methods were
calculated to test the goodness of fit for all dendrograms with the
respective underlying distance matrix. For this the module ‘COPH’
implemented in NTSYSpc version 2.2 (Rohlf 2007) was used to cal-
culate cophenetic matrices for every dendrogram. In the next step
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the module ‘MXCOMP’ was used to compare these cophenetic ma-
trices with the corresponding distance matrix.

Genetic Boundaries Genetic boundaries, defined as areas with
sharp genetic change (Crida and Manel 2007), were assessed with
two methods: Monmonier’s maximum difference algorithm imple-
mented in the software BARRIER version 2.2 and the Wombling
algorithm implemented in the R package WOMBSOFT (Womble
1951; Monmonier 1973; Manni et al. 2004; Guérard and Manni 2004;
Crida and Manel 2007).
The Monmonier approach starts by drawing a map including all

sampling locations at their respective X and Y coordinates. A
Voronoï tessellation is drawn on this map, which is, easily spoken,
a pattern of borderlines enclosing every sampling location. After-
wards a Delaunay triangulation is produced, which appears as a
set of triangles between adjacent sampling locations on the map.
The edges of the triangulation are linked to a corresponding matrix
consisting of pairwise genetic distances between sampling locations.
Four distance measures were used: Tanimoto, Simple matching,

d0 and DS . The allele frequency-based distances d0 and DS were
calculated with frequencies estimated with the Bayesian approach.
The algorithm then searches the edge of the triangulation with

the highest distance and starts to draw a boundary. The boundary
is continued on the adjacent edge with the next highest distance and
so on. A boundary is stopped when it meets itself, another bound-
ary or the borders of the whole map. The boundaries are always
crossing edges of the triangulation and move along the Voronoï tes-
sellation. In this way boundaries are always located equidistantly
between the two sampling locations connected by the particular
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edge. The location of a boundary is therefore always defined rela-
tively (‘between sampling location A an sampling location B’) but
not with exact geographic coordinates.
To set limits to the Voronoï tessellation, i. e. the whole map, six so

called virtual points were placed in regions where no sampling had
taken place surrounding the sampled area. By doing so, outer edges
of the Delaunay triangulation connecting sampling locations over a
great distance had to be removed. Namely, the edges connecting
Bosnia-Herzegovina and Finland, Bosnia-Herzegovina and France
and the edge connecting France and Sweden were excluded from
the analysis.
The Wombling algorithm computed a function (systemic func-

tion) that was expressed as a map. On this map potential genetic
barriers could be identified as regions with high values of the sys-
temic function. Afterwards the potential barriers were confirmed
using a binomial test. Wombling algorithm and binomial test where
performed with the software WOMBSOFT (Crida and Manel 2007)
with a resolution of the map of 100 to 100 units, a bandwidth of
h=130 km, a distance from the border of m=100 km and for the
binomial test a p-value of 0.001 and a percentile of the systemic
function of 0.3. The coordinates of individuals were slightly (<1
mm) changed because the software did not work with individuals
located exactly at the same coordinates.

Overall differentiation Treating groups of individuals at sampling
locations as subpopulations of a total population, the differentiation
among these subpopulations, i. e. the relative amount of genetic
diversity in subpopulations compared to the total genetic diversity,
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was estimated by calculating FST , a Bayesian estimator of FST and
δ.

Single locus FST was calculated as

FST = HT −HS
HT

(2.8)

with HT giving the genetic diversity (expected heterozygosity) of
the total population and HS giving the genetic diversity in all sub-
populations weighted by their relative sample size:

HT =
(

1−
n∑
i=1

p2
i

)
(2.9)

with pi as the relative frequency of the i− th of n alleles in the total
population,

HS =
m∑
j=1

cj ×
(

1−
n∑
i=1

p2
i (j)

)
(2.10)

with pi(j) as the relative frequency of the i− th of n alleles in the
j− th of m subpopulations and cj as the relative sample size of sub-
population j. FST for multiple loci was calculated with arithmetic
means of single locus HT and HS . Allele frequencies were estimated
by using the square-root method.

Additionally a bayesian estimator of FST , called θ(II), was calcu-
lated using two models (full model and f=0 model) of the software
HICKORY v1.1 (Holsinger and Lewis 2007).

FST and θ(II) theoretically range from 0 to 1. FST or θ(II)=0
indicate no genetic differentiation between subpopulations, while
FST or θ(II)=1 indicate no diversity within any subpopulation and
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a fixation on different alleles in at least two subpopulations but not
necessarily a complete differentiation between sampling locations.
δ was calculated as

δ =
K∑
k=1

ckDk (2.11)

with ck denoting the investigated number of individuals of sampling
location k, and Dk denoting the genetic distance between sample
location k and its complement, i.e. all other sampling locations
pooled. Dk was calculated as

Dk = 1
2 ×

m∑
i=1
|pi(k)− pi(k)| (2.12)

with pi(k) as the relative frequency of the ith of m alleles within
the kth sampling location and pi(k) as the relative frequency of
that allele in the remaining pooled sampling locations (Gregorius
and Roberds 1986). For δ = 0 all subpopulations were identical in
terms of allele frequencies.
Additionally, Dk was used as measure of how good subpopula-

tion k represented the whole population with low values indicating
a good representation and high values indicating a high differenti-
ation and low representativeness. Dk and δ were calculated using
both the square-root and the Bayesian method’s estimates of allele
frequencies.

Testing arrangements of regions with AMOVA The AMOVA
procedure was used to calculate variance components and estimate
differentiation on different hierarchical population levels (Excoffier
et al. 1992). Variance components and differentiation were inves-
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tigated within populations, among populations belonging to one
region and among regions. The corresponding differentiation mea-
sures were called FST , FSC and FCT , respectively (originally de-
scribed as ΦST , ΦSC and ΦCT in (Excoffier et al. 1992)).

For AMOVA the AFLP fingerprints of individuals were treated
as haplotypes, i. e. fingerprinting phenotypes. The genetic distance
matrix with all pairs of haplotypes was constructed using Euclidean
squared distances.

Statistical significance of differentiation measures and the corre-
sponding variance components were tested with permutation tests
using 10,000 permutations with random allocations of individuals
to populations regardless of regions (for FST ), individuals within
groups (for FSC) and whole populations across groups (for FCT ).
All calculations were performed with the software Arlequin 3.11
(Excoffier et al. 2005).

Different hypothetical sets of regions containing the sampling lo-
cations were tested. Two sets of regions (set 1 and set 2) were
artificial, assuming no groupings (set 1) or a grouping which was
based on the countries were L. terrestris had been sampled (set
2). The other sets were based on the results of the Monmonier
algorithm (sets 3, 4, 5, 6a, 6b), the Wombling approach (set 7)
and the genetic distance UPGMA distograms (set 6b, see results of
these methods for details). This way, the regional resolution of the
patterns of genetic boundaries and similarities between sampling
locations could be tested. The sets were:

• Set 1. This set grouped all populations in one single region.
FSC and FCT were not calculated.
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• Set 2. This set contained regions representing the countries
where L. terrestris had been sampled.

– region 1: France

– region 2: Germany

– region 3: Sweden

– region 4: Finland

– region 5: Austria

– region 6: Bosnia

• Set 3. This set contained regions which were based on the
results of the Monmonier algorithm based on a Tanimoto dis-
tance matrix.

– region 1: FRA-Bru, FRA-Béd

– region 2: GER-Pad

– region 3: GER-EgP, EgF, Sol, Kas

– region 4: GER-Lei

– region 5: GER-Bay

– region 6: GER-Tim, SWE, FIN, AUT, BIH

• Set 4. This set contained regions which were based on the re-
sults of the Monmonier algorithm based on a Simple matching
distance matrix.

– region 1: FRA-Bru, FRA-Béd

– region 2: GER-Pad

– region 3: GER-EgP, EgF, Sol, Kas

– region 4: GER-Tim
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– region 5: GER-Bay

– region 6: GER-Lei, SWE, FIN, AUT, BIH

• Set 5. This set contained regions which were based on the
results of the Monmonier algorithm based on a DS distance
matrix.

– region 1: FRA-Béd

– region 2: FRA-Bru

– region 3: GER-Pad, EgP, EgF, Sol, Kas

– region 4: GER-Tim

– region 5: SWE, FIN

– region 6: GER-Bay, Lei, AUT, BIH

• Set 6a. This set contained regions which were based on the
results of the Monmonier algorithm based on a d0 distance
matrix.

– region 1: FRA-Bru, FRA-Béd

– region 2: GER-Lei

– region 3: GER-Pad, EgP, EgF, Sol, Kas

– region 4: GER-Tim

– region 5: SWE, FIN

– region 6: GER-Bay, AUT, BIH

• Set 6b. This set contained regions which were based on the
results of the Monmonier algorithm based on a d0 distance
matrix like in set 6a but puts GER-Bay, AUT, BIH, FIN, and
SWE together in one region based on the d0 distance UPGMA
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dendrogram in which a cluster consisting of BIH, SWE and
FIN was found.

– region 1: FRA-Bru, FRA-Béd

– region 2: GER-Lei

– region 3: GER-Pad, EgP, EgF, Sol, Kas

– region 4: GER-Tim

– region 5: GER-Bay, AUT, BIH, FIN, SWE

• Set 7. This set contained regions which were based on the
results of the Wombling approach.

– region 1: FRA-Bru, FRA-Béd

– region 2: GER-Pad, EgF, EgP, Sol, Kas, Lei, Tim, SWE,
FIN

– region 3: GER-Bay

– region 4: AUT, BIH
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3. Results

3.1. General AFLP results

All of the investigated 125 AFLP loci were polymorphic across the
394 individuals of Lumbricus terrestris. At the 15 sampling loca-
tions the number of polymorphic loci ranged from 47 (37.6%) at
SWE to 89 (71.2%) at GER-Kas. The majority of monomorphic
loci were monomorphic for the Absence-phenotype. At the sam-
pling location in Sweden and at one sampling location in France
(FRA-Bru) monomorphism exceeded polymorphism (table 3.1). Ev-
ery individual showed an unique AFLP banding pattern.

3.2. Genetic Diversity

The range of genetic diversity and the ranking of sampling locations
depended on the measure used to assess genetic diversity (table 3.2).
The mean Tanimoto distances between individuals belonging to

the same sampling location ranged from 0.422 (FRA-Bru) to 0.663
(GER-Bay), whereas mean Simple Matching distances were much
lower and ranged from 0.102 (FRA-Bru) to 0.197 (GER-Bay).
Nei’s genetic diversity He ranged from 0.081 (SWE) to 0.146

(GER-Bay) when based on square root estimations of allele fre-
quencies and from 0.097 (SWE) to 0.155 (GER-Bay) when allele
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Table 3.1.: Proportion of polymorphic and monomorphic loci at sam-
pling locations

Sampling location polymorphic monomorphic
Absence-
phenotype

Presence-
phenotype

FIN 0.520 0.440 0.040
SWE 0.376 0.568 0.056
GER-Tim 0.656 0.328 0.016
GER-Sol 0.592 0.392 0.016
GER-EgF 0.600 0.376 0.024
GER-EgP 0.632 0.344 0.024
GER-Pad 0.696 0.264 0.040
GER-Kas 0.712 0.288 0.000
GER-Lei 0.592 0.392 0.016
GER-Bay 0.672 0.320 0.008
FRA-Bru 0.416 0.544 0.040
FRA-Béd 0.528 0.416 0.056
AUT 0.680 0.312 0.008
BIH 0.568 0.392 0.040
CAN 0.624 0.336 0.040
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3. Results

frequency estimation was performed with the Bayesian method.
A high Spearman coefficient of 0.96 indicated that different ap-
proaches of allele frequency estimation had no great effect on the
calculation of He (table 3.3).
The Bayesian estimations of heterozygosity (hs) calculated with

HICKORY were similar to results for He, however, showing a more
narrow range. They covered a range from 0.102 (SWE) to 0.145 and
0.148 with the f=0 model and the full model, respectively (GER-Sol
and GER-Bay). The values obtained with the two models were only
slightly different in some cases and these differences had no effect
in ranking of sampling locations (Spearman coefficient of 1).
The third allele frequency-based measure, v2, ranged from 1.088

(SWE) to 1.171 (GER-Bay) for square root estimates and from
1.107 (SWE) to 1.184 (GER-Bay) for Bayesian estimation of allele
frequencies. Differences between v2 values obtained with the two
different allele estimation methods were small (Spearman coefficient
of 0.96).
Comparisons between the four groups of diversity measures showed

that Simple matching distances were more similar to allele frequency-
based methods than Tanimoto distances (mean Spearman coeffi-
cients of 0.93 and 0.75, respectively). There were only small differ-
ences between hs and the other two allele frequency-based methods
He and v2 (mean Spearman coefficient of 0.97).
All allele frequency-based methods ranked the sampling locations

in Sweden and France as the sampling locations with the lowest
genetic diversity, followed by a group with medium genetic diversity
consisting of Finland, Bosnia and Canada and finally a group of all
German sampling locations and Austria as a group with the highest
genetic diversity. Band-based methods placed one sampling location
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3. Results

in France (FRA-Bru) and the sampling location in Sweden in a
group with lowest genetic diversity and all other sampling locations
in one group covering medium and highest genetic diversity.

3.3. Genetic differentiation

3.3.1. Comparison between interindividual distances
within and between sampling locations

Interindividual genetic distances were lower within than between
sampling locations (tables A.1 and A.2 in appendix). The Man-
tel tests, based on Tanimoto and Simple matching distances, led
to correlation coefficients of r=0.289 and r=0.23, respectively. The
null hypothesis that there were no differences between interindivid-
ual genetic distances within and between sampling locations was
rejected for both correlation coefficients (P<0.001), based on 8000
permutations. Even earthworms from Canada, though possibly not
originating from one single sampling location, possessed a lower in-
terindividual genetic distance among each other than to earthworms
from other locations.

3.3.2. Comparison between genetic and geographic
distances — Mantel test

On the larger geographical scale (Europe) the Tanimoto distance
matrix of individuals was positively correlated with the geographic
distance Matrix (r(G,S)=0.132, upper limit of 8000 permutations:
0.053), in contrast to the genetic distance matrix based on Sim-
ple matching, which showed no correlation with the matrix of geo-
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3.3. Genetic differentiation

graphic distances (r(G,S)=0.014, upper limit of 8000 permutations:
0.061).
On the smaller scale, where only sampling locations in Germany

were considered, both genetic distances (Tanimoto and Simple match-
ing) were positively correlated with the geographic distance matrix
(Tanimoto: r(G,S)=0.315, upper limit of 8000 permutations: 0.075;
Simple Matching: r(G,S)=0.329, upper limit of 8000 permutations:
0.071).

3.3.3. Comparison between genetic and geographic
distances — Distograms

Genetic distance (Tanimoto and Simple matching) between Ger-
man L. terrestris increased with increasing geographic distance. In
a distance less than 75 km the observed mean genetic distances were
significantly lower than the genetic distances from the permutation
test and became significantly higher at a geographic distance greater
than 150 km (Tanimoto distance) and 225 km (Simple matching dis-
tance, figure 3.1), leading to the rejection of the hypothesis, i. e. no
effect of geographic distance on genetic distance, for these distance
classes. The larger geographic scale (Europe) did not show such a
simple pattern. Significantly low and high genetic distances com-
pared to the mean distances from the permutation tests occurred
without a clear relation to distance class (figure 3.2).
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Figure 3.1.: Distogram of mean interindividual Tanimoto (above) and
Simple matching (below) distances of L. terrestris from
eight German locations. Red dots: observed mean dis-
tances, blue lines: 95% interval of 8000 Permutations.
Width of distance classes: 75 km. Numbers in parentheses
give the numbers of pairs in the distance classes.
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Figure 3.2.: Distogram of mean interindividual Tanimoto (above) and
Simple matching (below) distances of L. terrestris from 14
locations in Europe. Red dots: observed mean distances,
blue lines: 95% interval of 8000 Permutations. Width of
distance classes: 150 km. Numbers in parentheses give the
numbers of pairs in the distance classes.
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3. Results

3.3.4. Pairwise distances between sampling locations

Simple matching distances between pairs of sampling locations were
much lower than values from the other band-based distance method,
the Tanimoto distance (mean distance: 0.196 and 0.676, tables A.2
and A.1 in appendix). Even Tanimoto distances had a wider range
than Simple matching distances (from 0.584 to 0.725 and 0.148 to
0.225, respectively), both band-based methods showed only small
differences between pairwise distances. Values for DS ranged from
0.005 to 0.05 and differed only slightly between the two allele fre-
quency estimation methods. The values for d0 ranged from 0.04 to
0.13 for the square root estimation of allele frequencies and from
0.04 to 0.12 for the Bayesian estimation (tables A.3, A.4, A.5 and
A.6 in appendix).

Out of four different clustering methods Single linkage had the
lowest cophenetic correlations across all distance methods (mean co-
phenetic correlation coefficient r=0.73) followed by Complete link-
age (mean r=0.77, table 3.4). However, both methods had a good
correlation if cluster analysis was based on a DS distance matrix,
with a slightly higher correlation if allele frequencies had been esti-
mated with the Bayesian method. UPGMA andWPGMA had good
cophenetic correlations with allele frequency-based distance metrics
but not with band-based methods (mean r=0.87 versus 0.78), with
the exception of UPGMA, which showed a good correlation using
the Tanimoto distance (r=0.80).

Because of the highest cophenetic correlation across all genetic
distance measures, only the results for UPGMA are presented here
and discussed below. However, for comparison purposes, the dendo-
grams for Single linkage, Complete linkage and WPGMA are pre-
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3.3. Genetic differentiation

sented in the appendix. Likewise, the dendograms based on square
root estimates of allele frequencies are presented in the appendix,
too (figures B.1 to B.20 in appendix).
The UPGMA dendrograms of the 14 European sampling locations

(Canada excluded) based on the band-based distance measures Tan-
imoto and Simple matching consisted mainly of two clusters. One
cluster was comprised of the four German sampling locations EgP,
EgF, Sol and Kas. The other cluster consisted of sampling locations
in Austria, Bosnia, Finland, Sweden and GER-Lei. The sampling
locations in France were also clustered (figures 3.3 and 3.4). The
UPGMA dendogram based on DS positioned Austria, GER-Bay
and Bosnia-Herzegovina in one cluster and GER-EgP, GER-EgF,
GER-Sol, GER-Pad and GER-Kas in another cluster. In contrast
to band-based UPGMA dendograms, the two sampling locations
from France did not form a cluster (figure 3.5). In the UPGMA den-
drogram based on d0 Bosnia-Herzegovina was placed in one cluster
with Finland and Sweden and the two sampling locations in France
were clustered (figure 3.6).
If the Canadian L. terrestris were considered in the cluster anal-

ysis, they were either placed together with the sampling location
in Austria or France. In case of band-based distance measures
the overall topology of the dendrograms was not strongly effected
by the addition of Canadian earthworms, whereas in case of allele
frequency-based measures the topology changed more markedly. Es-
pecially the position of FRA-Béd was strongly affected (figures 3.3
to figure 3.6).
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3. Results

Table 3.4.: Cophenetic correlation coefficients r of different methods of
cluster analysis. Bold numbers indicate a good (r ≥ 0.8) or
very good (r ≥ 0.9) fit of correlation.

Single
Linkage

Complete
Linkage

UPGMA WPGMA

Simple Matching 0.70 0.68 0.78 0.77
Tanimoto 0.76 0.68 0.80 0.79
DS square root 0.84 0.85 0.90 0.89
DS bayesian 0.88 0.87 0.92 0.92
d0 square root 0.57 0.78 0.81 0.80
d0 bayesian 0.64 0.78 0.86 0.86
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3.3. Genetic differentiation

Figure 3.3.: UPGMA dendrograms of pairwise mean genetic distances
between 15 sampling locations (above) and 14 sampling lo-
cations (below, Canada excluded). Genetic distance mea-
sure: Tanimoto distance.
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3. Results

Figure 3.4.: UPGMA dendrograms of pairwise mean genetic distances
between 15 sampling locations (above) and 14 sampling lo-
cations (below, Canada excluded). Genetic distance mea-
sure: Simple Matching distance.
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3.3. Genetic differentiation

Figure 3.5.: UPGMA dendrograms of pairwise mean genetic distances
between 15 sampling locations (above) and 14 sampling lo-
cations (below, Canada excluded). Genetic distance mea-
sure: DS , allele frequencies estimated with the Bayesian
method.
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3. Results

Figure 3.6.: UPGMA dendrograms of pairwise mean genetic distances
between 15 sampling locations (above) and 14 sampling lo-
cations (below, Canada excluded). Genetic distance mea-
sure: d0, allele frequencies estimated with the Bayesian
method.
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3.3. Genetic differentiation

3.3.5. Genetic boundaries

Genetic boundaries calculated with the Monmonier algorithm based
on a Tanimoto distance matrix of 14 European sampling locations
divided the sampled area into six regions. France was separated
from the rest of Europe. Austria and Bosnia-Herzegovina were
placed in one region with a potential connection to Sweden and
Finland through Eastern Europe (figure 3.7). The German loca-
tions GER-Pad, GER-Bay and GER-Lei were isolated and GER-
Tim was placed in the same region as Sweden and Finland. On a
smaller geographical scale a additional boundary isolated GER-Sol
from the remaining German locations (figure 3.8). The map of ge-
netic boundaries obtained with Simple matching distances showed
similarities in the south-western part to the map based on Tanimoto
distances. However, the Monmonier algorithm in this case isolated
GER-Tim from the rest of the sampling locations and formed a
greater eastern region ranging from Finland and Sweden to Bosnia-
Herzegovina including the eastern most German sampling location
GER-Lei (figure 3.7).

The genetic boundaries obtained by using the Monmonier algo-
rithm based the on allele frequency-based distances DS and d0 dis-
connected Finland and Sweden completely from Austria and Bosnia.
France was also separated from the rest of Europe and, in case of
DS , both French locations were separated from each other. In con-
trast to the band-based methods, GER-Bay was recognized as a
separate region in Europe (figure 3.9). On the smaller geographical
scale GER-Kas was isolated from the remaining German locations.
For both, DS and d0, the boundaries at the smaller geographical
scale were the same, but with a slightly different order in which the
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Figure 3.7.: Monmonier map of 14 L. terrestris sampling locations
(red points). Distance measures: Tanimoto (above) and
Simple matching (below). Red lines: Genetic barriers.
Small letters: start and end points of barriers. Blue lines:
Voronoï tessellation, green lines: Delaunay triangulation,
blue points: virtual points. Note: GER-EgP and GER-
EgF appear as one point because of close proximity of
sampling locations but were analysed as two independent
locations.
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Figure 3.8.: Monmonier map of eight L. terrestris sampling locations in
Germany (red points). Distance measures: Tanimoto and
Simple matching, respectively. Red lines: Genetic barri-
ers. Small letters: start and end points of barriers. Blue
lines: Voronoï tessellation, green lines: Delaunay triangu-
lation, blue points: virtual points. Note: GER-EgP and
GER-EgF appear as one point because of close proximity
of sampling locations but were analysed as two indepen-
dent locations.
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3. Results

boundaries were drawn by the algorithm due to some differences in
the distance matrices (figure 3.10).
The systemic maps obtained with the Wombling approach indi-

cated potential genetic boundaries (figure 3.11). Regarding Europe,
a big V-shaped boundary was confirmed by the binomial test. The
boundary isolated the sampling locations in France and the sam-
pling locations in Bosnia and Austria from all other sampling loca-
tions. On the smaller geographical scale the Wombling method di-
vided Germany into a northern part, including GER-Tim, a south-
eastern part with GER-Bay and GER-Lei, and a western part in-
cluding the sampling locations at the Egge-range, GER-Pad and
GER-Kas (figure 3.12).
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Figure 3.9.: Monmonier map of 14 L. terrestris sampling locations (red
points). Distance measures: DS (above) and d0 (below).
Red lines: Genetic barriers. Small letters: start and end
points of barriers. Blue lines: Voronoï tessellation, green
lines: Delaunay triangulation, blue points: virtual points.
Note: GER-EgP and GER-EgF appear as one point be-
cause of close proximity of sampling locations but were
analysed as two independent locations.
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Figure 3.10.: Monmonier map of eight L. terrestris sampling locations
in Germany (red points). Distance measures: DS (above)
and d0 (below). Red lines: Genetic barriers. Small let-
ters: start and end points of barriers. Blue lines: Voronoï
tessellation, green lines: Delaunay triangulation, blue
points: virtual points. Note: GER-EgP and GER-EgF
appear as one point because of close proximity of sam-
pling locations but were analysed as two independent
locations.
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Figure 3.11.: Systemic function map (left) and genetic boundaries
(right) of 14 European L. terrestris sampling locations
(red points) obtained with the Wombling method. Yel-
low, pink and white: potential boundaries, grey: bound-
aries confirmed by binomial test. Note: GER-EgP and
GER-EgF appear as one point because of close proximity
of sampling locations but were analysed as two indepen-
dent locations.
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Figure 3.12.: Systemic function map (left) and genetic boundaries
(right) of eight German L. terrestris sampling locations
(red points) obtained with the Wombling method. Yel-
low, pink and white: potential boundaries, grey: bound-
aries confirmed by binomial test. Note: GER-EgP and
GER-EgF appear as one point because of close proximity
of sampling locations but were analysed as two indepen-
dent locations
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3.3.6. Quantification of overall differentiation

The common differentiation measure FST and its Bayesian estima-
tor θ(II) showed similar values of differentiation (FST : 0.124, θ(II):
0.117± 0.011 (full model), 0.110± 0.006 (f=0 model)). The values
for δ were lower, with 0.070±0.044 for square-root and 0.065±0.040
for Bayesian estimation of allele frequencies, respectively.
The highest values of Dk were observed in the French subpopu-

lation FRA-Bru with 0.109± 0.134 for square root allele frequency
estimates and 0.105±0.131 for Bayesian allele frequency estimates,
indicating that this subpopulation in France was least representa-
tive for the whole population. The subpopulation from the pasture
in the Egge-range in Germany (GER-EgP) had the lowest Dk values
of 0.053± 0.050 when allele frequency estimations with the square
root method were applied and 0.049 ± 0.047 when allele frequency
estimations were done with the Bayesian method and was therefore
the most representative subpopulation. The Canadian earthworms
had also comparatively low Dk values (0.059±0.063 for square root
estimates of allele frequencies, 0.054± 0.055 for Bayesian estimates
of allele frequencies). In general, Dk values based on Bayesian es-
timation of allele frequencies were slightly lower than values ob-
tained by the square root method of allele frequency estimation.
The method of allele frequency estimation also altered the order of
subpopulations in some cases (figure 3.13).
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Figure 3.13.: Genetic distances between sampling locations and their
complement (Dk) and overall differentiation (δ), based
on square root (above) and Bayesian estimates (below)
of allele frequencies.
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3.3.7. Arrangements of regions tested with AMOVA

The patterns of genetic boundaries and similarities between sam-
pling locations were used to define hypothetical sets of regions to be
tested with the AMOVA approach. The greatest part of variance
was found within populations in all of the tested sets of regions,
followed by variance components among populations and among
regions. Among regions variances ranged from 6.17 to 9.49%. All
variance components and F-statistics were significant. The over-
all FST , if no regions were assumed (set 1), was 0.189 and therefore
slightly higher as the common FST measure based on allele frequen-
cies. The highest among regions-variance and FCT was found in set
5 which was based on the results of the Monmonier algorithm based
on DS (with Bayesian method of allele frequency estimation). The
lowest regional resolution was obtained by the set assuming coun-
tries as regions (set 2). This set also showed the lowest significance
for FCT . The set based on the Wombling approach (set 7) had also
a low regional resolution, possibly due to the comparatively low
numbers of regions this set consisted of. The arrangement of FIN,
SWE, BIH, AUT and GER-Bay in one region, based on the consid-
eration of the FIN-SWE-BIH-cluster in the corresponding UPGMA
dendogram (figure 3.6), led to a lower among regions-variance and
FCT in set 6b compared to set 6a, the set without the conection
between FIN, SWE and BIH (table 3.5).
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Table 3.5.: AMOVA results for different sets of regions.

set 1(one region)

Variance component Variance % total p F-statistics
Among regions

Among populations/regions 2.329 18.94 ***
Within populations 9.957 81.06 *** FST = 0.189

set 2 (countries)
Among regions 0.773 6.17 * FCT = 0.062

Among populations/regions 1.801 14.36 *** FSC = 0.153
Within populations 9.967 79.47 *** FST = 0.205

set 3 (Tanimoto)
Among regions 0.900 7.21 *** FCT = 0.072

Among populations/regions 1.608 12.89 *** FSC = 0.
Within populations 9.967 79.90 *** FST = 0.201

set 4 (Simple matching)
Among regions 0.978 7.84 *** FCT = 0.078

Among populations/regions 1.527 12.24 *** FSC = 0.133
Within populations 9.967 79.91 *** FST = 0.201

set 5 (DS)
Among regions 1.187 9.49 *** FCT = 0.095

Among populations/regions 1.360 10.87 *** FSC = 0.120
Within populations 9.967 79.64 *** FST = 0.206

set 6a (d0)
Among regions 1.140 9.13 *** FCT = 0.091

Among populations/regions 1.379 11.04 *** FSC = 0.122
Within populations 9.967 79.82 *** FST = 0.202

set 6b (d0+UPGMA dendrogram)
Among regions 1.052 8.39 *** FCT = 0.084

Among populations/regions 1.514 12.08 *** FSC = 0.132
Within populations 9.967 79.53 *** FST = 0.205

set 7 (Wombling)
Among regions 0.843 6.68 *** FCT = 0.067

Among populations/regions 1.811 14.35 *** FSC = 0.154
Within populations 9.967 78.97 ** FST = 0.210
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4.1. AFLP in Lumbricus terrestris

After more than ten years, the AFLP method is now a standard pro-
cedure in population genetics, evolutionary ecology, phylogeography
and related fields. However, most studies using AFLPs investigated
plants and microorganisms and only a small number of studies used
AFLPs in animals, mainly vertebrates (Bensch and Akesson 2005).
The reasons for this bias towards plants, microorganisms and ver-
tebrates are unknown. AFLPs can be applied universally and, if a
certain quality of DNA is provided, should lead to results in every
kind of organism after an appropriate combination of restriction en-
zymes and primers has been determined (Mueller and Wolfenbarger
1999). The AFLP technique is by far less laborious than the devel-
opment of primers for sequencing or large numbers of microsatellite
markers. After establishing a lab routine, AFLPs are quite fast and
easy to perform. The present study was successful in applying the
AFLP procedure in the earthworm Lumbricus terrestris. As far as it
is known, it is the first attempt to use this method in an earthworm
species.
Like every genetic marker AFLPs face advantages and disadvan-

tages. Two characteristics of AFLPs are the main sources of prob-
lems: The first one is the anonymous nature of AFLPs. That means,
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every DNA in a sample, regardless if it is the target DNA or a con-
tamination, can be processed and will presumably lead to peaks in
the electropherogram (Dyer and Leonard 2000). For this reason it is
essential to prepare samples during DNA isolation and subsequent
lab work in a way that contaminations are eliminated or at least re-
duced. Analysing all or several samples twice or more times can help
to asses the amount of contaminations. This, of course, makes lab
work more expensive and time consuming. In the presented study
the earthworms were washed several times and the tissue sampling
was performed keeping the gut intact. The gut is the most likely
source of contaminations in earthworms, because it contains liv-
ing microorganisms and undigested organic material. Letting the
earthworms empty their guts before tissue sampling should also re-
duce the risk of contaminations in cases were oversighted injuries of
the gut occured. The replicated sampling and AFLP profiling of a
proportion of all samples in the present study did not indicate any
variances in AFLP fingerprints caused by contaminations.
The second drawback of AFLPs is the dominant character of this

method. It is not possible to distinguish all possible genotypes and
therefore allele frequencies can not be measured directly. If cer-
tain informations about the populations, like validation of Hardy-
Weinberg proportions, are missing, the estimation of allele frequen-
cies exhibits some degree of uncertainty. New approaches try to
estimate allele frequencies by circumvent such assumptions, like the
approaches implemented in the HICKORY software which assesses
allele frequencies without assumptions about Hardy-Weinberg pro-
portions.
One crucial step in the analysis of AFLP fingerprints is the scor-

ing of peaks or bands. There seems to be no common approach to
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execute this step. It is possible to score AFLP fingerprints manually
or by using a software including a feature for automatic scoring. Au-
tomatic scoring is faster than manual scoring, but often the scoring
software is based on rigid definitions of ‘containers’ which collect
peaks in a specified range of base pairs and merge them to one
locus. Peaks near the minimum or maximum of these ranges are
often ambiguously scored. Manual scoring is more flexible in this
cases. However, manual scoring is much more time consuming, more
error-prone and often the criteria on which the manual scoring was
based are unknown. Therefore, manual scoring of the same samples
can lead to different results if done by different researchers (Bonin
et al. 2004). The scoring method applied in this study was based
on a objective criterion, the repeatability of peaks. The software
applied here automatically rejects ‘containers’ with a high number
of ambiguously scored peaks. The resulting list of AFLP markers
is totally independent on the person doing the analysis. However,
some manual corrections (exclusion of markers with questionable
peaks) had to be performed to obtain the 125 polymorphic AFLP
markers finally used.

4.2. Genetic diversity

The four methods used to calculate expected heterozygosity, i. e. He
based on two allele frequency estimations (square root method and
Bayesian method) and hs calculated with two HICKORY models
(full and f=0 model), showed similar values. Bayesian estimation
of allele frequencies led to slightly higher estimates of He, which
was previously reported in other studies (Krauss 2000), but did
not effect the order of sampling locations in terms of heterozygos-
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ity. The order of magnitude for heterozygosities in L. terrestris
is in accordance with AFLP-derived estimates of heterozygosities
in other invertebrates (Knowles and Richards 2005; Timmermans
et al. 2005).

Lumbricus terrestris is an obligatory outcrossing species and it is
likely that natural populations are in Hardy-Weinberg equilibrium.
Observed heterozygosities, measured by enzyme electrophoresis in
Italian L. terrestris were in good agreement with expected heterozy-
gosities assuming Hardy-Weinberg proportions (Robotti 1982). Also,
on the Faroe Islands ten populations of L. terrestris did not show
significant deviations from Hardy-Weinberg proportions (Enckell
et al. 1986). It is unknown if the assumption of Hardy-Weinberg
proportions, required for the calculation of He, can be expanded
to the L. terrestris populations of the present study. However,
the model choice criteria in HICKORY proposed to use the f=0
model which assumes no inbreeding in the investigated populations.
The full model from HICKORY also reported a low value for the
Bayesian analogue of FIS , f=0.11, but this estimation should be
handled with care (Holsinger and Lewis 2007). Therefore, the as-
sumption of Hardy-Weinberg proportions in the investigated popu-
lations of L. terrestris seems to be valid or at least deviations from
Hardy-Weinberg proportions seem to be of minor importance when
estimating heterozygosities at AFLPs.
The differences in interindividual Tanimoto and Simple matching

distances were caused by the different treatment of the Absence-
phenotype in these two methods. The Simple matching method
counts the appearance of the Absence-phenotype in two individ-
uals as a similarity between them, whereas the Tanimoto method
completely ignores this condition. Because of the high percentage of
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Absence-phenotypes in the data set, Simple matching values are
obviously biased to higher similarities (lower distances) compared to
Tanimoto values. This may also be the reason for a higher Spearman
index between Simple matching distances and allele frequency-based
genetic diversity estimates, because these methods have in common
that they are based on the frequency of the Absence-phenotype.
Genetic diversity of earthworms was measured before in studies

dealing with different species of Lumbricidae and using different
methods. Mostly enzyme electrophoresis at a restricted number
of loci, but also RAPDs and sequencing of mtDNA were applied.
There was no clear relationship between genetic diversity and repro-
duction strategy (cross-fertilization vs. parthenogenetic) or ecologi-
cal life form of Lumbricidae (endogeic, epigeic and anecic). Genetic
diversity of the parthenogenetic and endogeic Aporrectodea trape-
zoides (Duges) living in Australian agricultural soils was reported
as low, when measured with RAPDs (Dyer et al. 1998), just as the
genetic (clonal) diversity of the parthenogenetic and endogeic Oc-
tolasion tyrtaeum in Northern Europe and the USA (Jeanike and
Selander 1985; Terhivuo and Saura 2006). Other parthenogenetic
Lumbricidae with a low genetic diversity at seven enzyme loci are
Octolasion cyaneum, which was investigated in Central Europe,
Northern Europe and Australia, and Eiseniella tetraedra (Savigny)
(Terhivuo and Saura 2003, 2006).
In the parthenogenetic reproducing and epigeic earthworm Den-

drobaena octaedra sampled in Canadian forests genetic diversity is
high when 609 base pairs of the mitochondrial genome are sequenced
(Cameron et al. 2008). Likewise, analysis of isozymes in European
and North American populations of this species also led to high
clonal diversity measures (Terhivuo and Saura 2006; Hansen et al.
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2006). Aporrectodea rosea (Savigny) showed a high clonal diversity
in Northern Europe when three enzyme loci were observed (Ter-
hivuo and Saura 1997, 2006).
Among Lumbricidae reproducing by cross-fertilization, Aporrec-

todea caliginosa (Savigny) of agricultural soils in Australia exhibits
low genetic diversity at RAPDs (Dyer et al. 1998) and Lumbricus
rubellus (Hoffmeister) populations from Italy have a low genetic
diversity at six enzyme loci (Robotti 1984). In contrast, genetic
diversity of Aporrectodea tuberculata in the USA was reported as
high when measured by enzyme electrophoresis (Stille et al. 1980).
The presumably first investigation of genetic diversity of L. ter-

restris was performed on individuals from Northern Italy in 1981/82
(Robotti 1982). Electrophoresis at seven enzyme loci led to a mean
observed heterozygosity of 0.304. On the Faroe Islands heterozy-
gosity measured at four enzyme loci of ten L. terrestris populations
ranged from 0.233 to 0.476 (mean: 0.367) (Enckell et al. 1986).
These results are higher than the heterozygosity values derived from
AFLPs in the presented study but these differences are possibly
caused by the maximum heterozygosity of 0.5 in AFLPs, the dif-
ferent types of markers applied and the different numbers of loci
investigated, and therefore the better coverage of the whole genome
by AFLPs. In the city of Münster (Germany) the high number of
17 different mtDNA haplotypes in 199 individuals of L. terrestris
sampled at 14 locations were found. However, nucleotide diversity
within sampling sites range from 0.010 to 0.049 (Field et al. 2007).
Using RAPDs Kautenburger reported mean band-based Nei/Li dis-
tances (Nei and Li 1979) in five German Lumbricus terrestris popu-
lations ranging from 0.205 to 0.244 and from 0.265 to 0.395 at four
sampling locations (Kautenburger 2006a,b; Nei/Li distances are re-
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ported as similarities in the original studies). Genetic distances
expressed as Nei/Li distances are similarly computed as Tanimoto
distances. In general, Tanimoto distances are slightly higher then
Nei/Li distances, but not as much as between the studies of Kaut-
enburger and the presented study. Therefore, the sampling loca-
tions investigated in the present study are either genetically more
diverse in terms of phenotypic fingerprints or AFLPs generally lead
to higher diversity estimates than RAPDs.
The differences in numbers of sampling locations, general design

of sampling regarding geographical resolution, the numbers of in-
vestigated loci and the varieties of molecular methods lead to diffi-
culties in comparing the results of these studies, even when only a
single species is considered. An elaborate comparison of methods,
applied on a consistent set of sampling location over different geo-
graphical scales should be addressed in future surveys of single and
multiple species of Lumbricidae to obtain comparable datasets of
different earthworm species.
In the present study no clear geographical pattern of genetic di-

versity in L. terrestris was found. The lower genetic diversity of the
subpopulations in France compared to the other sampling locations
was possibly caused by a different origin of the French subpopula-
tions with a low genetic diversity in the source refugial population.
The low genetic diversity in Sweden possibly reflects the isolated
geographic position of the Swedish subpopulation surrounded by
water and harsh environmental conditions in the North of Sweden
causing a bottleneck during postglacial recolonization and a reduced
gene flow between Sweden and other locations. Comparatively high
genetic diversities in German subpopulations were probably caused
by a multiple colonization of Germany due to its central position
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in Europe similar to patterns found in different vertebrate animals
and in plants (Taberlet et al. 1998; Hewitt 2001; Petit et al. 2003).

4.3. Genetic differentiation

Genetic distances (Tanimoto and Simple matching) between indi-
viduals were significantly smaller within sampling locations than
between sampling locations. Therefore, individuals from a given
sampling location belong to a ‘real’ subpopulation with a higher
gene flow within the subpopulation than to other subpopulations.
Surprisingly, even the Canadian earthworms exhibit higher similar-
ity among each other than to other sampling locations. It is safe to
assume, that the Canadian earthworms have not been sampled at
one single location but at different locations possibly far away from
each other. The high similarity of these individuals can possibly
be explained by a limited number of introductions from European
L. terrestris to Canada. Nevertheless, conclusions based on this
limited number of earthworms with a uncertain sampling should be
made with caution.
There was a positive correlation between genetic and geographic

distances of the German sampling locations. Regarding all Euro-
pean sampling locations, the results of the Mantel tests were am-
biguous. In case of Tanimoto distances a low positive correlation
between geographic and genetic distance was found, whereas in case
of Simple matching distance no correlation was detected. These re-
sults were accordant to the distograms, which show a clear increas-
ing pattern of mean genetic distances across the distance classes
for the German populations and a considerable more complex pat-
tern across distance classes containing all sampling locations. This
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leads to the conclusion, that a simple relationship between geo-
graphic and genetic distances reflecting a distance-dependent gene
flow pattern is only existing within a limited area (a geographic re-
gion). On a larger geographical scale these simple linear gene flow
patterns are superimposed by different origins of far distant sub-
populations on one hand and high genetic similarities due to long
distance dispersals of subpopulations on the other hand. In contrast
to the presented results, a correlation between geographic distance
and genetic distance (Nei/Li distance) in L. terrestris sampled at
five German locations 4.5 km to 310 km apart using 49 polymorphic
RAPD loci was not found (Kautenburger 2006a).
The Monmonier algorithm and the Wombling approach were used

to investigate genetic barriers between sampling locations. Both
methods have drawbacks regarding the sampling locations at the
outermost positions of the map, i. e. Bosnia-Herzegovina, France,
Sweden and Finland. Possible connections or barriers between these
distant sampling locations were therefore crosschecked by consider-
ing clusters in the UPGMA dendograms. Regions derived from the
Monmonier results in general resemble the structure of clusters in
the UPGMA dendrograms. The use of the Monmonier algorithm
and the Wombling approach showed substructuring of the European
L. terrestris population. To a certain amount the results depended
on the nature of distance measure, but there were high similarities
even between band-based and allele frequency-based approaches.
The Monmonier results and the dendrograms of the band-based

measures, Tanimoto and Simple matching, suggested a structure of
European L. terrestris populations consisting of a French region,
a Balkan-Austria-Northern Europe region, and a core German re-
gion. The outer German locations (Lei, Tim, Bay, Pad) showed
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ambiguous results and were often either isolated or assigned to the
same region as the sampling locations in Sweden, Finland, Austria
or Bosnia-Herzegovina depending on the kind of distance measure
applied.
The separation of the Bavarian population is interesting and pos-

sibly constitutes the northern part of another region extending far-
ther south towards Italy. In the soil invertebrate Orchesella cincta
an Italian region isolated from the rest of Europe was identified us-
ing AFLPs and sequencing of mtDNA, supporting the hypothesis of
the general existence of such a region for soil animals (Timmermans
et al. 2005)
The very noticeable connection between the sampling locations

in Bosnia-Herzegovina, Austria, Finland and Sweden when Tani-
moto and Simple matching distances were applied was not found in
case of allele-frequency based approaches. The genetic boundaries
did not suggest this connection between south-eastern and northern
Europe, but the UPGMA dendrogram for d0 also contained a clus-
ter of populations from Bosnia-Herzegovina, Finland and Sweden.
In case of DS a connection between Bosnia-Herzegovina, Austria,
Finland and Sweden was not evident, neither in the Monmonier
map nor in the UPGMA dendrogram. The same applies to the
Wombling approach, not showing the connection between Northern
Europe, Bosnia-Herzegovina and Austria, too, but which is also lim-
ited in the analysis of populations at the edges of the investigated
area. The Wombling approach in general resulted in a more simpli-
fied map of genetic barriers between sampling locations in Europe.
Analogue to the Monmonier algorithm, France was isolated from
the rest of Europe. The strong structuring of German populations
was not found by the Wombling approach with the exception of the
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Bavarian sampling location (GER-Bay), almost isolated from every
other sampling location.

The geographic structures derived from the Monmonier and the
Wombling approaches were used as sets of hierarchical population
structures to be tested in AMOVAs. The variance within popu-
lations was the greatest variance component in all of these sets,
accounting for approximately 79% of total variance. The among
regions variance was small, but significant. The set of region with
the highest regional resolution, i. e. the set with the highest among
region variance and FCT value, was the one based on the Monmonier
algorithm and the DS distance matrix. This set of regions (set 5)
was also the most uncommon one, being the one separating the two
French populations from each other. The corresponding UPGMA
dendrogram of DS also placed FRA-Bru basal to all other sampling
locations. This condition was not found in any other dendrogram
or map from the Monmonier and Wombling approaches.

The regional resolution in terms of genetic variance components
was lower for band-based methods than for allele-frequency based
methods, as seen in the AMOVA results (lower variance components
and FCT values). All sets of regions had lower variance components
among regions compared to a study of population structure in the
springtail Orchesella cincta, comparable because of being a study
of a soil animal with a similar sampling design, where variance com-
ponents of 25% among regions and 59% within populations were
reported (Timmermans et al. 2005). This study perhaps measured
a higher regional resolution because it included populations from
an isolated Italian region, which was unfortunately not sampled in
the present study.
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4.4. Postglacial recolonization of Europe by
Lumbricus terrestris

Today the 60◦ E longitude is the eastern limit of L. terrestris in
Russia (Tiunov et al. 2006). However, most of L. terrestris found
eastwards of the 40◦ E longitude were found in habitats strongly
affected by men, indicating an eastwards orientated dispersal of L.
terrestris mediated by human transport. In Russia (East of 30◦ E)
L. terrestris was only occasionally found north of the 60◦ N latitude.
In France the distribution of L. terrestris is limited in the South at
approximately 47◦ N latitude. In the south-western part of France
L. terrestris is substituted by Lumbricus friendi (Bouché 1972),
but in the very North of Spain and North of Portugal L. terrestris
is also present (Cosín et al. 1992; Rodríguez et al. 1997). In the
Balkan region the Southern boarder of L. terrestris’ distribution is
approximately at the same latitude like in France.

The species L. terrestris presumably originated during the Wei-
chsel glaciation (Bouché 1969, 1972), beginning 150,000 years ago
and ending with the Last Glacial Maximum (LGM) 22,000 to 14,000
years ago. After the LGM, organisms in Europe had to overcome
some less extreme changes in temperature, climate and vegetation.
During the LGM a large ice sheet covered Scandinavia, Finland,
northern Germany and Poland. Great Britain, except its southern-
western parts, Iceland, the Alps and the Pyrenees were also covered
by ice. Soils in northern and central Europe uncovered by ice were
in permafrost condition reaching southwards presumably to a lati-
tude of todays central France. In addition to low temperatures very
dry conditions prevailed in Europe.
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Ice-free regions of northern and central Europe were covered by
the steppe-tundra vegetation type (Adams and Faure 1998). In
more southern parts of Europe, i. e. southern France, the Iberian
peninsula, Italy and the Balkan region, temperate dry steppe ex-
isted. Therefore, the investigated sampling locations in Europe were
presumably either covered by ice (SWE, FIN, GER-Tim, GER-Sol),
covered by steppe-like tundra and exhibited permafrost soils (FRA,
AUT, GER, except GER-Tim and GER-Sol) or were covered by
temperate dry steppe (BIH) during the LGM. Out of the inves-
tigated sampling location only the location in Bosnia-Herzegovina
(BIH) could have been located in a potential refuge area for earth-
worms during the LGM.
Phylogeography and likely postglacial routes of colonization have

been investigated in several animal and plant species. Repeated
cycles of extinction and recolonisation due to climatic alterations
were experienced differently by single taxa, leading to a more or
less unique recolonisation pattern for every species (Taberlet et al.
1998). However, three general patterns for terrestrial animals could
be derived, namely the patterns firstly described in the grasshopper
Chorthippus parallelus (Zetterstedt), hedgehogs (Erinaceus L.) and
the bear Ursus arctos L. (Hewitt 2000). Almost all species used the
Iberian peninsula, Italy and Balkans as refuge areas. It is supposed
that L. terrestris endured the LGM in refugial areas in the Balkan,
in Italy and southern France, whereas the Iberian peninsula was no
refuge (Bouché 1969, 1972).
The Balkan region was a potent recolonization source, inhabited

by populations able to recolonise great parts of northern Europe,
central Europe and even southwestern Europe in many cases. Ac-
cordingly, the results for L. terrestris suggest a connection between
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the Balkan and Northern Europe. In contrast, Italy seems to has
been a refuge with only restricted expansion potential. In only some
cases (hedgehog, oaks) recolonisation routes starting in Italy and
reaching beyond the alps were found (Hewitt 2000). In the present
study L. terrestris was not investigated in the potential refuge Italy,
but some Monmonier results indicate that Italy was isolated from
the rest of Europe. The allocation of the Bavarian sampling loca-
tion to this hypothetical Italian region despite its opposed position
on the other site of the Alps may indicate a more recent leaking of
Italian worms across the alps caused by human activities. The iso-
lated position of the French subpopulations in the presented results
suggests that potential refuge populations in Southern France were
only able to recolonize the area of today’s France.
In regions where descendants of different refuge areas met, so

called suture zones or hybrid zones were formed. Again, every sin-
gle species may or may not form suture zones, but there are general
patterns. Two of these suture zones are related to geographic barri-
ers and are located at the Alps and the Pyrenees, respectively. Two
common other suture zones are not obviously correlated with geo-
graphic constraints of dispersal, one lying in Scandinavia probably
caused by two meeting colonization routes coming from the North
and South of Scandinavia and the other one is located in a more
or less broad region between France and Germany, often created by
meeting of recolonisation routes from the Balkan and Iberian refuge
(Taberlet et al. 1998).
Suture zones result in sharp changes in genetic information and

can therefore be identified with the Monmonier andWombling meth-
ods. Two of these suture zones seem to be present in L. terrestris:
the Alps are a potential geographical barrier for L. terrestris and
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the results of the present study point to an isolated Italian region.
Future investigations including Italian earthworms are needed to
confirm this hypothesis. The isolation of the French populations
and the strong structure among German sampling locations seem
to represent another suture zone. The Pyrenees are nonrelevant as
a suture zone for L. terrestris, simply because L. terrestris had no
refuge on the Iberian peninsula. As expected, a suture zone in Scan-
dinavia was also not found. Due to the absence of L. terrestris in
Northern Scandinavia the colonization route from northern Scan-
dinavia pointing southwards and creating a suture zone with the
northwards directed colonization route simply did not exist.

Postglacial expansion was rapid for many species. All species in-
vestigated so far were able to disperse either by active movement
or by pollen and seed dispersal. Earthworms are known to be slow
dispersers, especially L. terrestris or other anecic species with a
sedentary-like behaviour, inhabiting their vertical burrow system
for longer times. The presumably fastest above ground movement
of L. terrestris reported so far was up to 19 m in one night (Mather
and Christensen 1988). Populations of L. terrestris spread at a
speed of 10 m per year (Edwards and Bohlen 1996). Active disper-
sal of L. terrestris is to slow to explain today’s range of L. terrestris.
Even if a twofold dispersal speed of populations of 20 m per year
is assumed, L. terrestris could only travel 200 km in the last ap-
proximately 10,000 years after the LGM, which is only one tenth
of the distance between the southern-most and the northern-most
sampling locations of this study (BIH and FIN). This leads to the
suggestion that L. terrestris is strongly dependent on any mode of
passive dispersal.
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In areas at the boarders of the distribution of L. terrestris, which
were colonised by earthworms rather recently, the dependence of L.
terrestris on human activity to establish a population becomes visi-
ble. On the Faroe Islands, where man arrived between 1200 and 900
years ago, L. terrestris populations exist only in a few sites altered
by human activity (Enckell et al. 1986). The north-easternmost
populations of L. terrestris in Russia are also only occurring in
habitats with a high anthropogenic impact (Tiunov et al. 2006).
Europe was colonised by humans from the Near East several

times. The analysis of human mtDNA revealed colonisation waves
47,000, 28,000 and 16,500 years ago. The most recent colonisation
wave was started by humans capable of agriculture approximately
9000 years ago (Lell and Wallace 2000). Considering the impor-
tance of human migration as vector for earthworm dispersal and
agriculture as a prerequisite of creating suitable conditions for L.
terrestris to establish a new population, this so called Neolithic Rev-
olution can be seen as a starting point for the long range dispersal
of wide-spread earthworm species like L. terrestris in Europe.
Two theories of spreading of agriculture into Europe exist. The

demic-diffusion model depicts the migration of farmers from the
Near East into Europe and bringing agricultural techniques and
knowledge with them. The contrasting cultural-diffusion model
states that only the knowledge of agriculture was delivered from the
Near East farmers to European inhabitants without a substantial
migration of people (Lell and Wallace 2000). For a dispersal mode
of L. terrestris based on the movement of agriculture into Europe
the demic-diffusion model seems more likely. The cultural-diffusion
model should only be able to explain todays distribution of L. ter-
restris, if the transfer of agricultural knowledge was accompanied by
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trading of plants or agricultural tools carrying earthworms or their
cocoons. Different genetic methods and markers (gene frequencies,
mtDNA, Y-chromosomal DNA) in Europeans lead to the conclusion
that one-fifth to one half of the genetic information of Europeans
today was brought by Neolithic farmers into Europe indicating that
the demic-diffusion model is at least partly true (Lell and Wallace
2000).
Spread of farming across Europe was rather fast, lasting about

2500 years from Greece to the British Isles. One of the main direc-
tions of genetic information in humans points from southeastern to
northwestern Europe (Richards 2003). If this depicts the movement
of humans, agriculture and therefore a possible dispersal mechanism
for L. terrestris, it explains the genetic structure found in the L.
terrestris samples from Bosnia-Herzegovina, Austria, Sweden and
Finland. The isolation of France is probably explained by another
route of agricultural expansion.
Today’s occurrence of L. terrestris in non-agricultural sites like

grasslands or forest can be explained by a subsequent spread of
L. terrestris from the initial populations in agricultural sites to
other habitats. If these migrations have been completely indepen-
dent of human activities or if they depended on utilization of non-
agricultural sites by men is not known, but should be addressed
by future research comparing different sites closely located. In the
presented study this was addressed by investigating the grassland
site and the forest site at the Egge-range (EgP and EgF). The re-
sults for genetic diversity and genetic distances for these locations
revealed a high similarity between the two sites. This indicates that
subpopulations are more affected by a common decent and not by
differences in utilization of sites.
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4. Discussion

4.5. Conclusion

The present study successfully applied the AFLP method and re-
vealed a genetic structure among several sampling locations or pop-
ulations of L. terrestris across Europe. Possible postglacial recoloni-
sation routes of L. terrestris resemble patterns of recolonisation in
other animals but also exhibit unique features. L. terrestris was
most likely dispersed by Neolithic farmers expanding into Europe
from the Near East. The pattern of genetic barriers and similarities
in L. terrestris can be explained by the expansion of agriculture into
Europe. The genetic diversities measured with different methods in
the subpopulations could partly interpreted in the light of differ-
ent origins of subpopulations and by isolation of some locations, for
example Sweden.
To thoroughly investigate the population genetic structure of soil

organisms, molecular markers, like AFLP, are appropriate tools. In
the future, extensive sampling across large geographical ranges in-
cluding primary and introduced subpopulations of soil organisms
should lead to deeper insights into population dynamics, origins,
dispersal and migration of these organisms. A comparison of lo-
cations with different utilization by humans should lead to a bet-
ter understanding how earthworms were able to start populations
in forest or grassland after an initial establishment in agricultural
sites. Finally, this should also lead to a better understanding of the
role of these populations in soil functions and their connections to
aboveground systems.
More attention is needed in the appropriate analysis and interpre-

tation of results based on genetic markers. Different markers and
alternative methods for assessing genetic diversity and differentia-
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4.5. Conclusion

tion have to be compared and evaluated. It was shown in the present
study that a variety of analysis methods can lead to more or less
pronounced differences in results and interpretations. The use of
mtDNA should lead to a better understanding of postglacial migra-
tion of L. terrestris, whereas microsatellites could complement the
AFLP data to asses genetic diversity of populations. For a better
understanding of genetic differentiation and postglacial recoloniza-
tion patterns at a large scale the number of sampling locations and
investigated individuals should be extended.
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5. Summary

Genetic diversity and genetic differentiation of the anecic earthworm
Lumbricus terrestris were investigated at 14 sampling locations in
Europe and in individuals descended from introduction of earth-
worms to Canada by European settlers. A total of 394 individuals
was investigated.
The AFLP method (Amplified Fragment Length Polymorphism)

was successfully applied to this species, the first time this method
was used in a bi-parentally reproducing earthworm species. Based
on reproducibility of AFLP peaks, 125 polymorphic AFLP markers
were identified and used to measure genetic diversity and genetic
differentiation with a variety of methods.
There was no clear overall pattern of genetic diversity, but low

values in France and Sweden could be explained by specific origins
or geographical characteristics of sampling locations.
The Monmonier algorithm, the Wombling method and cluster

analysis based on different genetic distance measures identified ge-
netic boundaries in Europe, i. e. regions with a sharp change in ge-
netic information. Using these boundaries it was possible to define
several regions in Europe with a high probability of being colonised
from the same refuge populations after the Last Glacial Maximum,
approximately 14,000 years ago. The AMOVA procedure (Analy-
sis of Molecular Variance) was used to investigate the proportion
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of genetic Variance among these regions and revealed a small but
significant amount of variation differentiating between the regions.
There seems to be a connection between L. terrestris popula-

tions from the Balkan to Northern Europe, i. e. Sweden and Fin-
land, whereas populations from France and possibly Italy are more
isolated from the rest of Europe. There is strong evidence that
L. terrestris depended on human agricultural activity to spread
across Europe and establish new populations. The pattern of spread
of agriculture during the neolithic revolution, approximately 9000
years ago, can help to explain today’s patterns found in the genetic
structure of L. terrestris populations in Europe.
Molecular methods, like AFLP, are helpful tools to investigate

origin, dispersal, genetic diversity and dynamics of populations of
soil organisms which are often difficult to monitor.
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Appendix A. Genetic distances
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Appendix A. Genetic distances
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Appendix B. Dendrograms

Figure B.1.: Single linkage dendrograms of pairwise mean genetic
distances between 15 sampling locations (above) and
14 sampling locations (below, Canada excluded).
Genetic distance measure: DS , allele frequencies es-
timated with square-root method.
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Figure B.2.: Complete linkage dendrograms of pairwise mean
genetic distances between 15 sampling locations
(above) and 14 sampling locations (below, Canada
excluded). Genetic distance measure: DS , allele fre-
quencies estimated with square-root method.
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Appendix B. Dendrograms

Figure B.3.: UPGMA dendrograms of pairwise mean genetic dis-
tances between 15 sampling locations (above) and 14
sampling locations (below, Canada excluded). Ge-
netic distance measure: DS , allele frequencies esti-
mated with square-root method.
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Figure B.4.: WPGMA dendrograms of pairwise mean genetic dis-
tances between 15 sampling locations (above) and 14
sampling locations (below, Canada excluded). Ge-
netic distance measure: DS , allele frequencies esti-
mated with square-root method.
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Appendix B. Dendrograms

Figure B.5.: Single linkage dendrograms of pairwise mean genetic
distances between 15 sampling locations (above) and
14 sampling locations (below, Canada excluded).
Genetic distance measure: DS , allele frequencies es-
timated with Bayesian method.
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Figure B.6.: Complete linkage dendrograms of pairwise mean
genetic distances between 15 sampling locations
(above) and 14 sampling locations (below, Canada
excluded). Genetic distance measure: DS , allele fre-
quencies estimated with Bayesian method.
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Appendix B. Dendrograms

Figure B.7.: WPGMA dendrograms of pairwise mean genetic dis-
tances between 15 sampling locations (above) and 14
sampling locations (below, Canada excluded). Ge-
netic distance measure: DS , allele frequencies esti-
mated with Bayesian method.
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Figure B.8.: Single linkage dendrograms of pairwise mean genetic
distances between 15 sampling locations (above) and
14 sampling locations (below, Canada excluded).
Genetic distance measure: d0, allele frequencies esti-
mated with square-root method.
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Appendix B. Dendrograms

Figure B.9.: Complete linkage dendrograms of pairwise mean
genetic distances between 15 sampling locations
(above) and 14 sampling locations (below, Canada
excluded). Genetic distance measure: d0, allele fre-
quencies estimated with square-root method.
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Figure B.10.: UPGMA dendrograms of pairwise mean genetic dis-
tances between 15 sampling locations (above) and
14 sampling locations (below, Canada excluded).
Genetic distance measure: d0, allele frequencies es-
timated with square-root method.
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Appendix B. Dendrograms

Figure B.11.: WPGMA dendrograms of pairwise mean genetic
distances between 15 sampling locations (above)
and 14 sampling locations (below, Canada ex-
cluded). Genetic distance measure: d0, allele fre-
quencies estimated with square-root method.
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Figure B.12.: Single linkage dendrograms of pairwise mean ge-
netic distances between 15 sampling locations
(above) and 14 sampling locations (below, Canada
excluded). Genetic distance measure: d0, allele fre-
quencies estimated with Bayesian method.
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Appendix B. Dendrograms

Figure B.13.: Complete linkage dendrograms of pairwise mean
genetic distances between 15 sampling locations
(above) and 14 sampling locations (below, Canada
excluded). Genetic distance measure: d0, allele fre-
quencies estimated with Bayesian method.
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Figure B.14.: WPGMA dendrograms of pairwise mean genetic
distances between 15 sampling locations (above)
and 14 sampling locations (below, Canada ex-
cluded). Genetic distance measure: d0, allele fre-
quencies estimated with Bayesian method.
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Appendix B. Dendrograms

Figure B.15.: Single linkage dendrograms of pairwise mean ge-
netic distances between 15 sampling locations
(above) and 14 sampling locations (below, Canada
excluded). Genetic distance measure: Tanimoto
distance.
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Figure B.16.: Complete linkage dendrograms of pairwise mean
genetic distances between 15 sampling locations
(above) and 14 sampling locations (below, Canada
excluded). Genetic distance measure: Tanimoto
distance.
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Appendix B. Dendrograms

Figure B.17.: WPGMA dendrograms of pairwise mean genetic
distances between 15 sampling locations (above)
and 14 sampling locations (below, Canada ex-
cluded). Genetic distance measure: Tanimoto
distance.
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Figure B.18.: Single linkage dendrograms of pairwise mean ge-
netic distances between 15 sampling locations
(above) and 14 sampling locations (below, Canada
excluded). Genetic distance measure: Simple
Matching distance.
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Appendix B. Dendrograms

Figure B.19.: Complete linkage dendrograms of pairwise mean
genetic distances between 15 sampling locations
(above) and 14 sampling locations (below, Canada
excluded). Genetic distance measure: Simple
Matching distance.
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Figure B.20.: WPGMA dendrograms of pairwise mean genetic
distances between 15 sampling locations (above)
and 14 sampling locations (below, Canada ex-
cluded). Genetic distance measure: Simple Match-
ing distance.
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Appendix C. AFLP marker
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Appendix C. AFLP marker
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Zusammenfassung

Genetische Struktur in europäischen
Populationen des Regenwurms Lumbricus
terrestris

Die genetische Diversität und genetische Differenzierung des anö-
zischen Regenwurms Lumbricus terrestris wurde an 14 Standorten
in Europa und an Regenwürmern, die in der Vergangenheit durch
europäische Siedler in Kanada eingeführt worden sind, untersucht.
Insgesamt wurden 394 L. terrestris untersucht.
Die AFLP Methode (Amplified Fragment Length Polymorphism)

wurde das erste Mal erfolgreich bei einer Regenwurmart mit sex-
ueller Fortpflanzung eingesetzt. Basierend auf der Reproduzier-
barkeit von AFLP Banden wurden 125 polymorphe AFLP Marker
genutzt, um genetische Diversität und genetische Differenzierung
mit unterschiedlichen Methoden zu berechnen.
Es gab kein einheitliches Muster der genetischen Diversität. Nied-

rige Werte in Populationen aus Frankreich und Schweden könnten
auf den spezifischen Ursprung der Populationen oder geographische
Besonderheiten der Untersuchungsstandorte zurückzuführen sein.
Mit dem Monmonier Algorithmus, der Wombling Methode und

Clusteranalysen, basierend auf mehreren genetischen Distanzmaßen,
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Zusammenfassung

wurden genetische Barrieren im europäischen Untersuchungsgebiet
identifiziert, also Regionen mit einer starken Heterogenität der gene-
tischen Information. Diese genetische Barrieren machten eine Defi-
nition von Regionen in Europa möglich, die möglicherweise von je-
weils identischen Refugialpopulationen nach Ende der letzten Eiszeit
in Europa vor etwa 14,000 Jahren besiedelt worden waren. Durch
AMOVA (Analysis of Molecular Variance) wurde der Anteil an
genetischer Varianz zwischen den Regionen quantifiziert. Dieser
war gering, aber signifikant.
Offensichtlich gibt es eine Verbindung zwischen Populationen im

Balkan und in Nordeuropa (Finnland und Schweden), während Pop-
ulationen in Frankreich und möglicherweise Italien stärker vom rest-
lichen Europa isoliert sind. Es existieren starke Hinweise darauf,
dass L. terrestris auf Ackerbau angewiesen ist, um sich auszubre-
iten und neue Populationen aufzubauen. Das Ausbreitungsmuster
des Ackerbaus während der Neolithischen Revolution vor etwa 9000
Jahren hilft die heutigen Muster in der genetischen Struktur von L.
terrestris Populationen in Europa zu erklären.
AFLPs und andere molekulare Methoden sind hilfreich, um Ur-

sprung, Verbreitung, genetische Diversität und Populationsdynamik
von Bodenorganismen zu erklären, die häufig nur schwer zu unter-
suchen sind.
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