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Abstract
Aim: The study of cosmopolitan earthworms could be even more interesting than 
that of endemic species in revealing evolutionary processes. Previous research on the 
cosmopolitan worm Eiseniella tetraedra has indicated some phylogeographic structure 
among populations, but the factors responsible remain unresolved. We hypothesized 
that environmental factors and dispersal have shaped the distribution of the species' 
lineages.
Location: Spain and Portugal; Iberian Peninsula.
Taxon: Eiseniella tetraedra (Lumbricidae, Oligochaeta, Annelida).
Methods: We collected 739 specimens of Eiseniella tetraedra from 65 localities around 
the Iberian Peninsula between 2012 and 2016. We performed phylogenetic analysis 
(Bayesian Inference and maximum likelihood) using two mitochondrial (COI and 16S) 
and one nuclear marker (28S). Furthermore, we studied their genetic diversity and 
historic demography based on the COI gene. Correlations between genetic diversity 
and 22 environmental factors were tested.
Results: Eiseniella tetraedra showed high diversity in the Iberian Peninsula, with eight 
different lineages nested in two clades. We found lineages mostly restricted to the 
northern region, while others were distributed throughout the Iberian Peninsula. 
Habitat stability, that is, constant availability or lack of water, also correlated with ge-
netic diversity. Thus, although no clear phylogeographic pattern was found, environ-
mental factors (such as precipitation, temperature, and soil pH) and habitat stability 
influenced the distribution of genetic variability.
Main Conclusions: Eiseniella tetraedra is an earthworm with great genetic variability. 
We show that the ranges of species with high relative dispersal ability and ambigu-
ous phylogeographic patterns may be better explained by influence of environmental 
conditions rather than specific geographic features. Adaptation to unstable condi-
tions has been shown to confer more success on one of the two major genetic clades 
recovered, pointing to ecological plasticity as a key for evolutionary success.
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1  |  INTRODUC TION

Phylogeographic studies suggest that southern Europe has acted 
as a refuge for species survival during periods of unfavourable cli-
matic conditions (Hewitt,  2004). The topographic complexity and 
geographic mosaic of habitats in European southern refugia favour 
the occurrence of multiple disjunct refugia, allowing isolated pop-
ulations to survive in these areas during glacial periods (Cooper & 
Hewitt,  1993; Hewitt,  1993, 1996). Within the Iberian Peninsula, 
complex species histories have been uncovered for a variety of 
taxa, with some showing remarkable patterns of phylogeographic 
concordance (Gómez & Lunt, 2007) that include deep genetic sub-
divisions, high haplotype richness, and distinct hybrid zones. The 
Iberian Peninsula not only facilitated the northern redistribution of 
species after the Ice Age but also diversification through patterns 
of repeated fragmentation, contraction, expansion, and mixing of 
populations. Thus, the Iberian Peninsula is considered a biodiver-
sity hotspot (as a part of the Mediterranean biodiversity hotspot), 
owing to a high level of endemism and a great diversity of habitats 
and landscapes (Myers et al., 2000). Despite this great diversity, the 
number of species could be expected to decline from the north of 
the Peninsula (proximal) to the south of the Peninsula (distal) due 
to the peninsula effect (Simpson, 1964). Due to its geographical po-
sition, the Iberian Peninsula is under the influence of the Atlantic 
Ocean and Mediterranean Sea, resulting in a wide range of climates 
(Gómez & Lunt, 2007) and comprises two biogeographical regions, 
the Eurosiberian and the Mediterranean (Alcaraz et al., 2006).

As a result of glaciation in the Last Ice Age, as well as human 
activities, high local earthworm species richness has typically 
been found in the mid-latitudes where the Iberian Peninsula is lo-
cated (Phillips et al.,  2020). Rodriguez et al.  (1997) studied differ-
ent environmental factors that could influence the distribution of 
earthworm species in the Iberian Peninsula. They suggested that 
transition zones between Mediterranean and Atlantic regions are 
characterised by mean annual precipitation in the range of 700–
1000 mm. Moreover, several studies on earthworms showed ge-
netic differences between Eurosiberian and Mediterranean regions 
in the Iberian Peninsula (Fernández et al.,  2012, 2015; Rodriguez 
et al.,  1997). Phylogeographic studies can help determine the his-
tory of the diversification and dispersal of a species. The high ge-
netic diversity of some earthworms has shown that they are good 
models for phylogeographic studies (Fernández et al.,  2013), and 
this has been the case for Eiseniella tetraedra (Savigny, 1826) (de 
Sosa, Marchán, Novo, Almodóvar, et al., 2017; Javidkar et al., 2020; 
Terhivuo et al., 1994, 2011).

Eiseniella tetraedra is a cosmopolitan (Blakemore,  2006), par-
thenogenetic tetraploid (Casellato,  1987) earthworm associated 
with aquatic or semiaquatic habitats (Omodeo & Rota,  1991). In 

preliminary Iberian studies, high haplotype diversity was nested in 
six different lineages without a clear pattern in the population struc-
ture (de Sosa, Marchán, Novo, Almodóvar, et al., 2017). The same 
results were found in the Alborz Mountains (Iran), with the presence 
of the same six lineages probably introduced by human activities 
(Javidkar et al., 2020). However, E. tetraedra did not show a clear dis-
tribution pattern (de Sosa, Marchán, Novo, Almodóvar, et al., 2017; 
Javidkar et al., 2020). The fact that this earthworm is distributed by 
hydrochory (Terhivuo & Saura, 2006), anthropochory (Gates, 1977; 
Javidkar et al., 2020), and even zoochory (Terhivuo & Saura, 2006) 
indicates that it may show ambiguous phylogeographic patterns. For 
this reason, our hypothesis is that current environmental factors 
may better explain the distribution of their lineages.

As a riparian earthworm, E. tetraedra appears to be closely tied 
to water margins. It is found in rivers, streams, or even unstable hab-
itats that may be frozen or dried out, depending on the season. The 
presence of E. tetraedra in this type of habitats can be explained by 
the fact that it is parthenogenetic: a single propagule suffices to es-
tablish a new population (Terhivuo & Saura, 2006). This ability, as 
well as the ease of dispersal already mentioned, may be key to the 
cosmopolitan distribution of the species. Moreover, in the Aland ar-
chipelago (Baltic Sea), all individuals of E. tetraedra disappear every 
year due to freezing in their habitat, followed by recolonisation by 
different clones of the species (Terhivuo & Saura, 1997). The same 
pattern could be present in the unstable habitats of the Iberian 
Peninsula. Thus, examining the differential distribution of E. tetrae-
dra lineages in stable and unstable habitats may shed light on this 
colonisation pattern.

This species is characterised by a quadrangular posterior trans-
verse section, a small number of segments, and a variable position 
of the male pores (more often XIII) (Omodeo & Rota,  1991). This 
variation has been evaluated in several taxonomic works; some 
(Blakemore,  2006; Michaelsen,  1900) considered the divergent 
forms as subspecies, others (Michaelsen, 1910, 1932; Omodeo, 1952, 
1956; Plisko, 1965; Pop, 1952; Zicsi, 1960) considered them vaguely 
as “formae” or “varietates,” and finally others (Černosvitov,  1942; 
Michaelsen,  1932; Omodeo & Rota,  1989) considered them ge-
netic mutations. However, (de Sosa, Marchán, Novo, Almodóvar, 
et al., 2017) showed that different positions of male pores have no 
phylogenetic basis. Length, weight and the number of segments also 
showed a high degree of variability, but no significant differences 
were found between lineages (de Sosa, Marchán, Novo, Almodóvar, 
et al.,  2017). Bergmann's rule states that animals in cold climates 
tend to increase their body size (Bergmann, 1848). It is possible that 
E. tetraedra could follow this trend.

Using a combination of genetic markers and a complete sam-
ple in the Iberian Peninsula, we tested several hypotheses. Based 
on previous studies, we hypothesized that current environmental 

K E Y W O R D S
Annelida, dispersion, ecological diversity, Eiseniella tetraedra, genetic variability, semi-aquatic 
habitat
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factors better explain the distribution of their lineages. Second, 
considering that E. tetraedra inhabits both stable and unstable 
habitats, lineages that resist unfavourable areas will be the most 
successful in terms of variables such as diversity and dispersal. 
Finally, we hypothesize that the morphological differences in this 
species are due to environmental factors and do not have a phy-
logenetic basis.

2  |  MATERIAL S AND METHODS

2.1  |  Sampling and morphological studies

We collected 739 specimens of Eiseniella tetraedra from 65 locali-
ties around the Iberian Peninsula between 2012 and 2016. A sub-
set of 29 localities from the central and northwestern areas of the 
Iberian Peninsula was previously sampled for a microscale study 
(de Sosa, Marchán, Novo, Almodóvar, et al.,  2017). For the selec-
tion of the remaining 36 localities, we used random sampling in 
50 × 50 km UTM cells to represent their distribution along the en-
tire Iberian Peninsula using ArcMap 9.3 software (Environmental 
Systems Resource Institute, ArcMap 9.3 ESRI, Redlands, California; 
see Appendix S1 in Supporting Information. See geographic coordi-
nates in Appendix S2).

All individuals were collected by manual sorting, washed in 
distilled water, fixed in 96% ethanol and stored at −20°C in the 
earthworm collection of the Department of Biodiversity, Ecology 
and Evolution, Complutense University of Madrid (UCM-LT). 
Morphological studies were performed in 739 individuals, focusing 
on length, dry weight and number of segments. Due to the maturity 
of the specimens, whenever possible, the position of the clitellum 
(237 specimens) and tubercula pubertatis (254 specimens), the po-
sition of male pores (272 specimens), and the number and position 
of seminal vesicles (240 specimens) were also studied. To test the 
existence of individuals with biparental reproduction, the presence 
or absence of iridescence in spermathecae and male funnels (240 
specimens) was studied. The presence of iridescence indicates the 
presence of sperm (Plisko, 2002).

Whenever possible, we selected 10 individuals per locality, and 
a portion of the posterior body section was excised and carefully 
cleaned under a stereomicroscope to remove gut and soil particles. 
The samples were then stored in ethanol and preserved at −20°C for 
genetic analysis.

2.2  |  DNA extraction, gene amplification and  
sequencing

Total genomic DNA was extracted from the integument sample 
using the Speedtools Tissue DNA Kit (Biotools). Two mitochondrial 
markers, a fragment of cytochrome c oxidase subunit I (COI) and a 
fragment containing 16S rRNA + tRNAs Leu, Ala and Ser, and one 
nuclear marker (a fragment of 28S rRNA) were amplified.

Primer sequences and polymerase chain reaction (PCR) for COI 
(632 bp) followed Pop et al. (2003), and those for 16S-tRNAs (775 bp) 
and 28S (806 bp) followed Fernández et al. (2015). PCR was specific 
and resolved via 1% agarose gel electrophoresis; gels were visual-
ised with GelRed stain (Biotium, Fremont, California, United States). 
All products were purified using ExoSAP-IT reagent (ThermoFisher 
Scientific).

PCR products were sequenced by Macrogen Spain Inc. 
Chromatograms were visualised and edited in BioEdit v7.0.9 
(Hall, 1999).

2.3  |  Genetic data analyses

Sequences for each fragment were aligned in MAFFT v.7 (Katoh 
& Standley,  2013) using default settings and concatenated with 
BioEdit v7.0.9 (Hall, 1999). Haplotypes of single and concatenated 
genes were recovered in DNAsp v.6 (Rozas et al.,  2017), and the 
presence of a reading frame that did not have a stop codon was 
determined to avoid the presence of pseudogenes in the data-
set (Buhay,  2009). Phylogenetic trees based on the concatenated 
sequences of the three genes (1906 bp) and each gene were con-
structed by Bayesian inference (BI) with MrBayes v3.1.2 (Ronquist 
& Huelsenbeck, 2003) and maximum likelihood (ML) using RaxML 
v7.03 software (Stamatakis, 2006). Both were implemented in Cipres 
Science Gateway v.3.3 (Miller et al.,  2010). To test the effects of 
missing data on phylogenetic signals and tree support, we also built 
a phylogenetic tree with individuals having all three markers. Then, 
we built a phylogenetic tree with the whole dataset but used a multi-
furcating constraining tree for those nodes having strong support 
in the first analysis. We inferred the maximum likelihood tree using 
IQ-TREE2 (Minh et al., 2020). The obtained phylogenetic trees were 
visualised in FigTree v1.3.1 (Morariu et al.,  2008). The best-fitting 
substitution model selected by jModelTest2 (Darriba et al.,  2012) 
for codon partition of COI, 16S-tRNAs, and 28S was GTR + Γ + I.ML 
analysis with rapid bootstrapping and was performed with 1000 
replicates. Parameters in MrBayes were set to 10 million genera-
tions, and 10,000 trees were sampled every 1000 generations, ini-
tiating the analysis with a random tree. Two independent analyses 
were performed, and 20% of the trees were discarded as burn-in. 
The remaining trees were combined to find the maximum a pos-
teriori probability estimate of phylogeny. Sequences of Carpetania 
matritensis (Marchán et al., 2020), Lumbricus rubellus (Hoffmeister, 
1843), Dendrobaena byblica (Rosa, 1893), Eiseniona oliveirae (Rosa, 
1894), and Prosellodrilus biauriculatus (Bouché, 1972) were retrieved 
from GenBank and used as outgroups (see Appendix S2).

Haplotype networks based on COI and 28S were constructed 
in PopART 1.7 (Leigh & Bryant,  2015) using statistical parsimony. 
Furthermore, Arlequin v.3.5 (Excoffier & Lischer, 2010) was used to 
perform an analysis of the molecular variance (AMOVA) with 10,000 
permutations for statistical confidence. To determine whether the 
population genetic structure existed at different levels, the analy-
sis was performed following a hierarchical structure: first with main 
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clades and then with lineages (see Section  3). In addition, uncor-
rected pairwise distances for COI and 16S tRNAs were calculated 
within and between the main clades and lineages.

We also examined haplotype and nucleotide diversity for lin-
eages, clades and localities, and mismatch distributions and neu-
trality tests, such as Fu and Li′s D, Fu and Li′s F, and Tajima's D for 
lineages, were calculated with DNAsp v.6 (Rozas et al., 2017).

2.4  |  Environmental factor analyses

Correlations between genetic diversity (haplotype and nucleotide) and 
parameters such as latitude, longitude and altitude of the localities 
were tested using Statgraphics Centurion 18 (StatPoint Technologies 
Inc.). Additionally, 19 bioclimatic variables of WorldClim (Bio1, Bio2, 
Bio3, … Bio19) (www.world​clim.org) and three soil properties (pH, sand 
and soil organic carbon) obtained from Soilgrids (https://soilg​rids.org/) 
were studied (see Appendix  S2). Differences between lineages and 
clades (see Section 3) regarding environmental variable values for their 
localities were compared by one-way analyses of variance (ANOVA) 
and T-test, followed by Fisher's LSD post hoc test. Non-parametric 
analyses (Kruskal–Wallis and Mann–Whitney U tests) with subsequent 
Fisher's LSD post hoc tests were run for those who did not fulfil the 
assumptions of normality and homoscedasticity (verified through 
Kolmogorov–Smirnov and Levene's test, respectively). The signifi-
cance level for all statistical tests was set at α = 0.05.

We also explored possible differences in the proportion of pres-
ence between lineages and clades due to the stability of the water 
bodies in which they were found. Two categories were established: 
stable (rivers, permanent streams or lakes) and unstable (non-
permanent streams, fountains, wash tubs, etc.). Thus, χ2 tests were 
performed in IBM SPSS Statistics v.24.

2.5  |  Morphological analyses

Statistical analyses of morphological data were conducted in 
Statgraphics Centurion 18 (StatPoint Technologies Inc.). We used 
length, dry weight (after letting it drip on filter paper for 30 s), and 
number of segments of mature specimens to investigate differences 
between lineages and clades and morphological diversity through non-
parametric analyses (Kruskal–Wallis), followed by Fisher's LSD post 
hoc test. We also examined the effects of the altitudinal gradient on 
morphological variation using a simple linear regression model.

3  |  RESULTS

3.1  |  Phylogenetic analyses

The analysis of the most variable gene (COI) revealed eight distinct 
and well-supported lineages (labelled A to H; Figure 1). These line-
ages were clustered into two clades (labelled I and II). Clade I included 

lineages B, C, D and G and was strongly supported (0.94/0.75 for BI/
ML), while clade II comprised lineages A, E, F and H, and the sup-
port values were lower (Figure 1a). Clade II showed higher genetic 
diversity, with 67% of the total haplotypes. The different lineages 
showed deep divergence, as shown by the long branches of the 
tree (Figure 1a). The tree based on concatenated sequences, COI, 
16S-tRNAs and 28S (including only specimens with 28S sequences 
available) recovered the same lineages (except for lineage B) with 
high support values and the same two distinct clades but without 
high support (see Appendix S1). To improve the concatenated tree, 
we decided to remove specimens whose sequences had a high aver-
age of missing data in rake-like polytomies. This new tree recovered 
well-supported clades and lineages (except lineage E, included now 
in lineage F; Figure 1b). Similarly, the constraint tree recovered the 
two main clades and most of the lineages (see Appendix  S1). The 
differences between these trees (Figure 1) are due to the fact that 
the COI gene is highly variable even at the species level, so it can 
detect lineages within E. tetraedra but not deeper phylogenetic rela-
tionships. The multigene tree with the 28S gene, a much more con-
served gene, is therefore able to support subdivision between the 
two clades, but not between all lineages.

3.2  |  Lineage distribution

The distribution of lineages in the Iberian Peninsula is shown in 
Figure 2 and in Appendix S1. Eight lineages were found, at least in 
the northern half of the Iberian Peninsula. Most individuals of lin-
eage B were distributed in the north-eastern area, and most indi-
viduals of lineages C and D were distributed in the north-western 
area. In contrast, only lineages A, F and E were present in the south-
ern half of the Iberian Peninsula (with the exception of lineage B in 
one locality). In Majorca (Balearic Islands), lineages E, F and G were 
found. Thus, clade I was restricted to the northern half of the Iberian 
Peninsula (with the exception of two localities in Cádiz and Balearic 
Islands), while Clade II was widely distributed throughout the Iberian 
Peninsula and the Balearic Islands. Localities with occurrences of a 
single lineage, as well as localities with several lineages, were found 
(Figure 2).

3.3  |  Genetic diversity, genetic divergence and 
population structure

The AMOVA results indicated that most of the observed genetic 
variation (82.90%) was explained by differences among lineages (see 
Appendix  S2). Only 22.30% of the variance was explained by dif-
ferences between clades, and there was no genetic structure due 
to differences among localities. Individuals from the same locality 
showed haplotypes belonging to different lineages or even clades 
(see Appendix S2).

A total of 102 haplotypes were identified among 372 se-
quences for the COI gene, 34 haplotypes within 148 sequences for 

 13652699, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jbi.14518 by Spanish C

ochrane N
ational Provision (M

inisterio de Sanidad), W
iley O

nline L
ibrary on [28/12/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.worldclim.org
https://soilgrids.org/


160  |    de SOSA et al.

16S-tRNAs, and 16 haplotypes within 128 sequences for 28S. The 
values of haplotype and nucleotide diversity for each lineage and 
clade are shown in Appendix  S2. Haplotype diversity (H) and nu-
cleotide diversity (π) based on COI, including all specimens within 
the study, were 0.82 and 0.055, respectively. H and π based on 16S-
tRNas were 0.88 and 0.022, respectively. Finally, the genetic diver-
sity parameters based on 28S were 0.39/0.006.

Genetic distances within lineages based on COI were in the 
range of 0.25 to 3.64%, showing moderate variability. The diver-
gence between lineages was remarkably higher (2.91 to 7.79%) (see 
Appendix S2). However, values between lineages were lower than 

9%–15%, which is the ambiguous gap between intraspecific and 
interspecific divergence in earthworms proposed by some authors 
(Chang & James, 2011; Decaëns et al., 2013; Rougerie et al., 2009). 
The genetic divergence between clades I and II was 10.26% for 
COI and 4.16% for 16S. The average divergence within clade I was 
7.33%/3.24% (COI/16S), while within clade II, the average genetic 
distance was 5.21%/2.69% (COI/16S). Genetic distances based on 
16S-tRNAs were lower than those based on COI, as 16 s-tRNAs is a 
more preserved region of the mitochondrial genome.

Most of the localities studied presented high haplotype diver-
sity (average 0.70). As displayed by the haplotype network based 
on COI from each lineage (see Appendix S1), most of the lineages 
showed a star-shaped network topology structured around highly 
frequent haplotypes. The haplotype network based on the nuclear 
marker (28S) displayed the relationships among the 16 haplotypes 
(see Appendix S1). A star-shaped network topology with a central 
main haplotype was observed. No clear differentiation between 
clades or lineages was observed.

3.4  |  Historic demography

Mismatch distributions based on COI were tested for each of the 
eight lineages recovered in phylogenetic analyses (see Appendix S1). 
The distributions for lineages B, C, and D (Clade I) were not signifi-
cantly different (p > 0.05) from expectations under the sudden ex-
pansion model. Nevertheless, the distribution for lineage E differed 
significantly (p < 0.05) and was consistent with a constant popula-
tion size. Lineages A and F presented a transition pattern between 
unimodal and bimodal distributions. No results could be obtained for 
lineages G and H because of the small sample size.

The neutrality tests showed different results (see Appendix S2). 
The parameters for lineages A, E, and F (Clade II) suggested a de-
mographic expansion. For lineages B, C and D (Clade I), only Fu's F 
indicated a demographic expansion. No results were obtained for 
lineages G and H due to the small sample size.

F I G U R E  1  (a) Bayesian inference (BI) of the phylogenetic tree of 
Eiseniella tetraedra based on sequences of the COI gene. Posterior 
probability/bootstrap support values (of maximum likelihood 
analysis, ML) are shown. When this was not possible, they are 
shown as black squares. The scale bar represents 0.04 substitutions 
per position. Colours and names of lineages (A–H) are the same 
as in (de Sosa, Marchán, Novo, Almodóvar, & Díaz Cosín, 2017). 
(b) Bayesian inference (BI) of the phylogenetic tree of E. tetraedra 
based on sequences of COI, 16S and 28S. Specimens whose 
sequences had high average of missing data in rake-like polytomies 
were removed. Posterior probability/bootstrap support values 
(of maximum likelihood analysis, ML) are shown. The scale bar 
represents 0.03 substitutions per position. Posterior probability/
bootstrap support values (of maximum likelihood analysis, ML) 
are shown. When this was not possible, they are shown as black 
squares. Colours and names of lineages (A–H) are the same as in (de 
Sosa, Marchán, Novo, Almodóvar, et al., 2017)
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3.5  |  Environmental factor analyses

No statistical correlations were found between altitude, longi-
tude, latitude of the localities and genetic diversity (haplotype and 

nucleotide). Significant differences were found between lineages 
regarding 11 climatic variables from WorldClim (Table 1). Thus, line-
ages C and D occurred in damp and cold localities with more acidic 
soil, whereas lineages A, B, E and F occurred more in dry and hot 

F I G U R E  2  (a) Lineage distribution of Eiseniella tetraedra in the Iberian Peninsula. Proportion of individuals from each genetic lineage in 
each locality is represented in pie charts. Colours used are the same as in Figure 1. (b) Lineages distribution of E. tetraedra in localities from 
a lower-scale study in Carnota, A Coruña, Spain (de Sosa, Marchán, Novo, Almodóvar, et al., 2017). Proportion of individuals from each 
genetic lineage in each locality is represented in pie charts. Colours used are the same as in Figure 1. (c)Lineages distribution of E. tetraedra in 
localities from a lower-scale study in Guadarrama river basin, Madrid, Spain (de Sosa, Marchán, Novo, Almodóvar, et al., 2017). Proportion of 
individuals from each genetic lineage in each locality is represented in pie charts. Colours used are the same as in Figure 1
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localities. Eight temperature and precipitation factors showed sig-
nificant differences between clades (Table 2).

We distinguished 26 stable and 38 unstable habitats within the 
sampled localities (see Appendix S2). The results of the χ2 test are 
presented in Figure 3. Lineage D was significantly more frequent in 
stable habitats, whereas lineage E was significantly more frequent 
in unstable habitats. Moreover, Clade I appeared more frequently in 
stable habitats, while Clade II was found more frequently in unstable 
habitats.

3.6  |  Morphological analyses

High morphological variability was observed in the examined speci-
mens. Only mature individuals were used for morphological analy-
ses. Spermathecae and male funnels were never iridescent and 
were absent in 66.25% and 69.16% of the individuals, respectively. 
We found variability in the position of the male pores. In most of 
the specimens (95.22%), the male pore was located in segment 13. 
However, in 2.57%, male pores were found in segment 12; 0.73% 
in segment 15; and 0.37% in segments 8, 9, 11 and 14. Individuals 
sharing the same haplotype had different states of this trait, and no 
association was found between the position of the male pore, the 
position of the clitellum or tubercula pubertatis (also showing some 
variability, see Appendix S2), and genetic lineages.

Although the number of segments showed a high degree of vari-
ability between individuals, no significant differences were found 
between lineages or clades. However, statistically significant dif-
ferences (p  < 0.05) were found in the length and weight of spec-
imens between lineages (see Appendix  S1), but none were found 
between clades. Regarding length, specimens from lineage C were 
significantly longer than specimens from the other lineages. Within 
weight, lineage E was significantly heavier than lineage A. In ad-
dition, lineages D and E were significantly heavier than lineage B. 
Lineages G and H were excluded from these analyses because ma-
ture specimens were unavailable.

No significant results were obtained when studying the effects 
of the altitudinal gradient on morphological characteristics.

4  |  DISCUSSION

Some morphologically distinct species are complexes of genetically 
well-individualised lineages, some of which may be considered cryp-
tic species. This is particularly true of cosmopolitan species (King 
et al., 2008; Porco et al., 2013, 2018; Taheri et al., 2018). In a previ-
ous study of Eiseniella tetraedra in two different regions in the Iberian 
Peninsula (de Sosa, Marchán, Novo, Almodóvar, et al., 2017), six dif-
ferent lineages were found. Owing to the fact that, in this paper, the 
number of sample localities (covering the whole peninsula) increased, 
phylogenetic analysis based on the COI of Iberian E. tetraedra re-
vealed eight distinct lineages nested in two clades. Because COI is a 
more variable region of the mitochondrial genome, the lineages had 
good support and were recovered in the phylogenetic tree based on 
this gene. Genetic divergence also showed that these lineages were 
internally homogeneous, suggesting that not enough time may have 
elapsed for the differentiation of haplotypes within each lineage due 
to evolutionary forces, such as regular bottlenecks caused by a con-
stant founder effect or selective sweeps. Additionally, high haplo-
type diversity was found for E. tetraedra across the Iberian Peninsula. 
The majority of haplotypes were unique (found in one individual at 
one site), as Knott and Haimi (2010) found for Dendrobaena octaedra 
Savigny, 1826 in Finland.

We found that clades of E. tetraedra (I and II) might be in a pro-
cess of cryptic speciation due to their high COI divergences, 10.26% 
of which are within the 9% and 15% intervals between intraspecific 
and interspecific divergences proposed by Chang and James (2011), 
although the lack of support in phylogenetic trees suggests that 
this process may be incipient. Other parthenogenetic and cos-
mopolitan species have also shown cryptic divergence lineages, 
such as Octolasion tyrtaeum Savigny, 1826 (Heethoff et al., 2004), 
Pontoscolex corethrurus (Taheri et al., 2018), and Aporrectodea trap-
ezoides (Dugès, 1828), which showed underlying speciation for lin-
eages I and II (Fernández et al., 2011).

Neutrality tests of the most widespread lineages in the 
Iberian Peninsula (A, E and F) suggested demographic expansion. 
However, this pattern is not clear in the mismatch distributions. 
Harpending  (1994) noted that an excessively recent population 

Factors
CLADE I 
(mean ± SD)

CLADE II 
(mean ± SD) W p-value

Temperature factors (°C/10)

Max. T warmest month 26.6 ± 3.7 28.6 ± 3.6 1897.5 0.01

Mean T driest quarter 18.3 ± 4.2 19.8 ± 3.8 1886.0 0.01

Mean T warmest quarter 19.4 ± 2.8 20.8 ± 2.2 1913.5 0.009

Precipitation factors (kg·m−2)

Annual 807.9 ± 354.4 663.1 ± 333.8 1076.0 0.03

Driest month 26.4 ± 16.9 18.7 ± 11.6 1041.0 0.01

Driest quarter 103.2 ± 54.4 72.2 ± 36.7 1008.5 0.01

Warmest quarter 114.6 ± 54.8 85.5 ± 42.4 983.5 0.007

Wettest month 105.5 ± 48.4 89.2 ± 53.8 1118.0 0.05

Abbreviation: SD, standard deviation.

TA B L E  2  Statistical results for each 
clade regarding temperature, precipitation 
and soil factors in U Mann–Whitney test
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expansion, for example at the end of the Pleistocene, would not 
result in a smooth unimodal mismatch distribution (as would be ex-
pected in such a scenario). The Iberian Peninsula served as a refuge 
during Pleistocene glaciation (Gómez & Lunt, 2007). Thus, these lin-
eages may have suffered bottleneck events in the past, and their pop-
ulation expansion in the Iberian Peninsula may have begun recently.

The geographic distribution of lineages and the scattered geo-
graphic distribution of haplotypes within lineages support the 
lack of a strong population structure, which was also supported 
by the AMOVA results. However, two patterns can be discerned: 
first, the lineages that occurred throughout the peninsula, and 
second, the lineages that occurred mainly or only in the northern 
region of the peninsula. Within the northern lineages, we found 
a pattern suggesting the existence of two Eurosiberian lineages 
(C and D) and one Mediterranean lineage (B). Nevertheless, the 

presence of these lineages in specific localities outside their area 
of predominance could be due to human introduction activity, 
which has been previously reported for E. tetraedra (Blakemore 
et al., 2006; Brown et al., 2006; Javidkar et al., 2020). Other phy-
logeographic studies of cosmopolitan and polyploid earthworms 
in the Iberian Peninsula, such as A. trapezoides and Aporrectodea 
rosea (Savigny, 1826), showed similar phylogeographic patterns 
(Fernández et al.,  2012, 2015). Finally, lineages G and H were 
present in only one or two localities, so no robust conclusions 
could be drawn about them, although they could be explained by 
point mutations in these populations. The geographic distribution 
of the clades was more distinct. Clade I was present only in the 
northern half of the peninsula (with the exception of one locality 
in the south, which can be explained by human activity, as men-
tioned before), while clade II was distributed throughout the pen-
insula. Confirming our first hypothesis, the distribution of clades 
and lineages within E. tetraedra could be partially explained by the 
detected ecological preferences, such as temperature, precipi-
tation and pH. Phillips et al.  (2020) found that precipitation, fol-
lowed by habitat cover and temperature, was the most important 
driver shaping diversity and distribution patterns in earthworms. 
Additionally, pH influences communities of earthworms (Rutgers 
et al., 2009, 2016). This genus is thought to date back to 60 mil-
lion years ago (Domínguez et al., 2015). With the exception of E. 
tetraedra and Eiseniella neapolitana (Örley, 1885), which have cos-
mopolitan and circum-Mediterranean distributions, respectively, 
the remaining species of the genus occur in the Balkan Peninsula. 
It is therefore possible that this region is their original range. Thus, 
clades could have originated in the Balkanic Peninsula, probably 
due to a multiple and decentralised origin of parthenogenesis in 
this species (as in other earthworms; Fernández et al., 2011), and 
later spread to the Iberian Peninsula, so that their current distri-
bution only reflects their ability to adapt to the local environment 
in the places where they were introduced. This pattern is proba-
bly due to the fact that it is a species with great dispersal ability. 
So much so that it was able to blur the biogeographic patterns 
typical of historical biogeography to follow those typical of eco-
logical biogeography. In the case of microorganisms, it is generally 
assumed that geography has no influence on distribution, which is 
usually expressed as “everything is everywhere; the environment 
selects” (Becking, 1934). This affirmation does not mean that bio-
geographic patterns do not exist, but rather that since microbes 
disperse without boundaries, environmental conditions determine 
dispersal rather than anything specifically geographic. Thus, mi-
crobial evolution is ecologically controlled and geography plays no 
role (O'Malley, 2008). Thus, because of the great dispersal ability 
of this species, its pattern is more like that of microorganisms. This 
finding could open a door to all those species for which historical 
biogeography provides confusing answers.

Recent glaciations may have led to the extinction of 
most northern European earthworm populations (Mathieu & 
Davies,  2014). The high genetic diversity, mismatch distribution, 
and the presence of specific lineages (de Sosa, Marchán, Novo, 

F I G U R E  3  Results of χ2 test for lineages (a) and clades (b) of 
Eiseniella tetraedra and number of habitats stable or unstable. 
Asterisks indicate statistically significant differences according to 
χ2 test (p < 0.05)
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Almodóvar, et al., 2017) suggest that the Iberian Peninsula acted 
as a glacial refuge for E. tetraedra in the LGM. Furthermore, (de 
Sosa, Marchán, Novo, Almodóvar, et al.,  2017) showed that lin-
eage diversity is much lower in northern Europe than in the Iberian 
Peninsula. This pattern is similar to that described by Mathieu 
and Davies  (2014) for France, based on species diversity rather 
than genetic diversity. According to the authors, this latitudinal 
gradient in diversity is due to the dispersal history of the differ-
ent lineages after the Ice Age. However, to confirm or refute this 
hypothesis, the study needs to be extended by introducing new 
populations from Europe. We found more genetic variability in the 
northern half of the Iberian Peninsula, which may also respond to 
adaptations to the local environments of individuals and not to 
the peninsula effect (Simpson, 1964), as a gradual loss of genetic 
variability from the continent was not found.

Eiseniella tetraedra is closely tied to the edges of water, re-
gardless of its stability. Clade I was found to be more adapted to 
stable habitats, while Clade II appeared to be adapted to more 
unstable habitats. Thus, it can be assumed that Clade II has greater 
resistance to poor conditions and greater colonisation potential. 
The second hypothesis is confirmed by the fact that it is the most 
successful clade, as shown by the greater diversity of haplotypes 
and their greater occurrence and distribution area in the Iberian 
Peninsula.

Variability in morphological characteristics related to sexual re-
production, such as seminal vesicles or spermathecae, was observed 
in the Iberian specimens. Gavrilov  (1939) found variability in the 
number of spermathecae and attributed it to the possibly gradual 
evolution of parthenogenesis in E. tetraedra. Different positions 
of the male pores, also found in other studies (Blakemore,  2006; 
Bouché, 1972; Gates, 1977; Gavrilov, 1939; Terhivuo et al., 1994), 
could be explained by the same reason. Although several variet-
ies or even subspecies have been described based on this trait 
(Blakemore, 2006; Bouché, 1972; Gates, 1977), no phylogenetic basis 
has been found (de Sosa, Marchán, Novo, Almodóvar, et al., 2017). 
No evidence of sexual reproduction was found in 739 specimens, 
so E. tetraedra appears to be strictly pathenogenetic in the Iberian 
Peninsula. Thus, these phenotypic traits are unlikely to be subject to 
selection pressure or to affect their fitness, so that different ranges 
occur in the morphological traits that are maintained over time. This 
was not the case for A. trapezoides, which has extremely rare sexual 
forms in the Iberian Peninsula and Algeria (de Sosa, Marchán, Novo, 
Cosín, et al.,  2017; Fernández et al.,  2011). No significant results 
were obtained when studying the effects of the altitudinal gradient 
on morphological characteristics. The high altitude areas are colder, 
so Bergmann's rule would not explain the morphological differences 
in E. tetraedra.

5  |  CONCLUSIONS

Our results show that species with relatively high dispersal ability 
such as E. tetraedra are influenced by environmental conditions 

rather than specific geographic features making the presence of 
biogeographic patterns difficult to detect. However, when disper-
sal capacity is still limited, as in any soil organism, some patterns 
could be discerned. The split of E. tetraedra in two large genetic 
clades could be due to differentiation prior to their arrival in the 
Iberian Peninsula, probably in the area of origin of the genus, as a 
result of the multiple and decentralised origin of parthenogenesis 
in this species (as in other earthworms). We have found evidence 
that the Iberian Peninsula served as a glacial refuge for this species 
during LGM. To confirm or refute this hypothesis, it is necessary 
to complete the phylogeography of this species with new popula-
tions from Europe. As we hypothesized, the most successful clade 
was the one that could adapt to unstable conditions. Finally, most 
of the morphological variations did not show a phylogenetic basis 
or association with different altitudinal ranges, probably due to 
the parthenogenesis of this species, as they are not subjected to 
selection pressure.
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