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INTRODUCTION

Arenicolids, commonly known as lugworms, com-
prise a group of 4 genera in which about 30 species
are recognized worldwide (Hutchings 2000, Rouse &
Pleijel 2001). The genera Arenicola and Abarenicola
comprise large worms with a long achaetous poste-
rior region (tail) and include the majority of the spe-
cies, whereas the genera Arenicolides and Branchio -

maldane are acaudate species, i.e. without a tail
(Fauchald 1977).

Arenicola species are deposit feeders inhabiting U-
or J-shaped burrows in soft marine sediments, and
their presence can often be identified by the observa-
tion of characteristic castings on soft-bottom inter-
tidal habitats (e.g. Wells 1945). Among the Arenicola
genus, 3 species are known on European coasts: Are -
ni cola marina (Linnaeus, 1758), Arenicola defodiens
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Cadman & Nelson-Smith, 1993, and Arenicola cris ta -
ta Stimpson, 1856. A. marina, commonly known as
the blow lug, inhabits estuaries and tidal shores over
northwestern European coasts, from the British Isles
to the Iberian Peninsula, including Portugal (see
Fig. 1A) (Nobre 1903, Rioja 1931, Nobre 1937, Jacob-
sen 1967, Campoy 1982, Weber 1997, Costello et al.
2001, Bleidorn et al. 2005, Wethey et al. 2011). A.
defodiens, also known as the black lug, occurs in
subtidal and intertidal habitats of the British Isles,
North Sea coasts of Belgium and north of France
(Cadman & Nelson-Smith 1993, Müller 2004, Luttik -
huizen & Dekker 2010). A. cristata, a native species
from the Western Atlantic (Bleidorn et al. 2005), is
also reported along the coast of the Cantabrian Sea,
north of Spain (Costello et al. 2001). 

For several years, A. defodiens was misidentified
as A. marina (Cadman & Nelson-Smith, 1990), al -
though a detailed morphological comparison (Cad-
man & Nelson-Smith, 1993) and genetic information
presented by Cadman & Nelson-Smith (1990), based
on electrophoresis patterns of 6 enzymes alleles,
revealed that they are different species. Recently,
Luttik huizen & Dekker (2010) reported that these 2
species presented 14% of divergence in the mito-
chondrial DNA fragment COI (cytochrome c oxidase
subunit I).

These lugworms constitute key ecological compo-
nents of intertidal benthic communities in estuarine
and coastal habitats (Beu ke ma & De Vlas 1979, De
Vlas 1979), and due to their influence as ecosystem
engineers, it is important to track the distributions of
these species. In northern Europe, these worms are
amongst the most economically relevant natural
resource, being collected for fishing bait (McLusky et
al. 1983). Additionally, several studies have consid-
ered the extracellular hemoglobin (HBL Hb) of A.
marina to be a promising substitute for human blood
(e.g. Rousselot et al. 2006, Jernshøj et al. 2013), and
its addition to organ preservation solution to provide
benefits in organ recovery (Thuillier et al. 2011).

A previous study conducted at the Ria de Aveiro in
1999 reported that no arenicolids were observed
throughout the entire lagoon (Rodrigues et al. 2011),
which suggests that A. marina and A. defodiens are
not native to the Ria de Aveiro. Therefore, this study
presents the first record of Arenicola defodiens in the
Iberian Peninsula and the occurrence of 2 arenicolid
species in the Ria de Aveiro lagoon, northwestern
Portugal. 

We aimed to (1) distinguish between the 2 spe-
cies using combined morphological and molecular
ap proaches (analyses of mitochondrial DNA genes:

16S rDNA [16S ribosomal RNA gene] and COI [cyto -
chrome c oxidase subunit I]), (2) determine the spa-
tial distribution and abundance patterns of the Areni-
cola species in the coastal lagoon, (3) determine the
possible causes and ecological consequences of the
introduction of these species into the ecosystem, and
(4) provide a taxonomic key to the Family Arenicoli-
dae from Iberian waters.

MATERIALS AND METHODS

Study area and sampling strategy

The Ria de Aveiro is a shallow coastal lagoon
located on the northwestern coast of Portugal (Fig. 1),
that comprises several narrow channels and exten-
sive intertidal sandflats and mudflats. The lagoon
supports highly diverse communities of invertebrates
consisting mostly of polychaetes (Rodrigues et al.
2011), some of which are socio-economically impor-
tant, e.g. polychaetes are exploited for fresh bait,
bivalves for human consumption (Cunha et al. 2005,
Pires et al. 2012a, Figueira & Freitas 2013).

To establish the diversity, spatial distribution, and
to track the distribution of Arenicola species in the
Ria de Aveiro coastal lagoon, surveys covering the
entire system were undertaken in August 2009,
December 2011, and between March and April 2014.
Some Arenicola specimens were also collected dur-
ing low tide in 2 coastal areas of Viana do Castelo on
the northern coast of Portugal (41° 42’ N, 8° 51’ W), and
San Sebastián, northern Spain (43° 19’ N, 1° 59’ W) in
March 2014.

In intertidal areas, the presence of Arenicola indi-
viduals were detected from their characteristic faecal
casts on the sediment surface during low tide. Spe -
cimens were collected by digging (~30 cm depth)
and were gently removed from the sediment for
live observations in the laboratory before being pre-
served in 96% ethanol. Subtidal specimens were col-
lected using a Ponar grab (sample area = 0.05 m2)
during March 2014. From all sites, a total of 33 Areni-
cola individuals were collected, preserved in cold
96% ethanol and stored at −20°C in the laboratory to
prevent DNA degradation.

To determine arenicolid abundances and their spa-
tial distributions, faecal casts were counted within 10
randomly placed quadrats (0.25 m2) at each of the Ria
de Aveiro intertidal sites (Volkenborn & Reise, 2006)
and collected for determinations of the cast dry weight.
At each sampling site, sediment samples were col-
lected with a 5 cm diameter corer for determinations
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of sediment grain size and total organic matter. Sedi-
ment pH, temperature, redox potential and salinity,
were also measured (~5 cm depth) at each site.

Laboratory procedures

Morphological characterization

A total of 60 complete Arenicola specimens (fixed
with 96% ethanol) were observed under a stereo-
microscope. To distinguish between the Arenicola
defodiens and Arenicola marina, the annulation pat-
tern (classification according to Cadman & Nelson-
Smith 1993), gill morphology, total segment number,
branchial segment number, coloration and the meas-
urement of total length were examined. Two exam-
ined specimens of each species were deposited in the
Museu Nacio nal de História Natural, Lisbon (MB29-
000341, A. marina; MB29-000342, A. defodiens) and
in the Collection of the Departamento de Biologia,
Universidade de Aveiro (DBUA0001714.01, A. marina;
DBUA0001715.01, A. defodiens).

Molecular analysis

DNA extraction. Total genomic DNAs were ex -
tracted with the DNeasy Blood and Tissue Kit
 (Qiagen) according to manufacturer’s instructions.
Purified DNAs were aliquoted in TE buffer (10 mM
Tris-HCl, 1 mM EDTA, pH 8.0). DNA quality and
concentration were tested by 1% agarose gel elec -
trophoresis in 1× TAE buffer, by visual comparison
with a DNA ladder mix, and by spectrophotometry
at 260 and 280 nm. HWG (high molecular weight)
DNAs were subsequently stored at −20°C for preser-
vation.

PCR amplification of 16S/COI gene fragments. Par-
tial regions of the mitochondrial 16S rRNA (~500 bp)
and cytochrome c oxidase subunit I (COI) (~700bp)
genes were amplified by PCR using the universal
primers: 16SarL (5’-CGC CTG TTT ATC AAA AAC AT-
3’) and 16SbrH (5’-CCG GTC TGA ACT CAC ATC ACG
T-3’) (Palumbi et al. 1991) for 16S rDNA, and LCO
1490 (5’-GGTCAACAAATCATA AAG ATA TTG G-3’)
and HCO 2198 (5’-TAAACT TCA GGG TGA  CCA AAA
AAT CA-3’) (Folmer et al. 1994) for COI. PCR reactions
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were performed in a final volume of 50 µl containing
10−100 ng of genomic DNA, 1 µM of each primer, 1×
PCR buffer, 1.5 mM MgCl2, 0.2 mM of each dNTP
(Nzytech) and 0.5 U Taq DNA polymerase (Nzytech).
Amplification was performed using the following
thermal cycling parameters: an initial denaturation at
94°C for 3 min, followed by 34 cycles of denaturation
at 94°C for 1 min, primer-specific annealing at 49°C
(for 16S rDNA) or at 45°C (for COI) for 30 s, extension
at 72°C for 2 min and final extension at 72°C for
5 min. Amplification products were visualised after
agar ose gel electrophoresis and ethidium bromide
staining to confirm the amplicons’ sizes.

DNA sequencing and analysis. Nucleotide se -
quencing of each PCR-amplified fragment (16S/COI)
on both orientations and from 2 independent re -
actions were commercially performed (STAB Vida,
Portugal). Obtained sequences were compared
with those avail able in genomic databases using
BLAST. Multiple alignments of sense and antisense
sequences (from our study and obtained in geno -
mic databases) were conducted using MEGA v6
(Tamura et al. 2013) with ClustalW, using default
alignment settings. Then, all sequences were sub-
sequently manually edited by eye using BioEdit
Ver. 7.0.0 (Hall 1999). Gap positions and re gions
that could not be aligned unambiguously were
excluded from the analysis. Phylo genetic ana lysis
of the 16S genes was performed by aligning
experi men tal sequences with those of Arenicolidae
downloaded from GenBank (see Table 1 for de -
tails). Outgroups include Maldane sarsi (Malmgren,
1865) (ac ces sion number: AY569681) (Family Mal-
danidae) belonging to the same Order Capitellida,
and Poecilochaetus serpens (Allen, 1904) (accession
number: AY569680) (Order Spionida) belonging
to the same Subclass Scolecida. Outgroups were
selected on the basis of the phylogenetic study of
Arenicolidae by Bleidorn et al. (2005). For COI
gene fragments, the experimental sequences were
aligned with A. mari na and A. defodiens (the
only arenicolid sequences available) downloaded
from GenBank (see Table 1 for details). Outgroups
included M. sarsi of the Family Mal da nidae be -
longing to the same Order Capitellida and Aricidea
nolani (Webster & Benedict, 1887) (accession num-
ber: HQ025025), Order Orbiniida belonging to
the same Subclass Scolecida. The phylogenetic
ana  lyses of both gene fragments were conducted
with the software MEGA v6 (Tamura et al. 2013)
by applying Maximum Likelihood and estimating
standard error by a bootstrap procedure (1000
replicates).

Environmental parameters

Sediment grain size was analyzed by wet and dry
sieving through a battery of sieves at intervals of
one phi (φ = −log2 diameter), following Quintino et
al. (1989). The amount of sediment in each sieve
was expressed as the percentage of the total sedi-
ment dry wt, and was used to calculate the median
grain size (P50). P50 and the percentage of fines
were used to classify the sediment, according to the
Wentworth scale: gravel (φ =  −2 to −1), very coarse
sand (φ =  −1 to 0), coarse sand (φ =  0 to 1), medium
sand (φ = 1 to 2), fine sand (φ = 2 to 3), and very
fine sand (φ =  3 to 4). Additionally, the final classi-
fication adopted the description ‘clean’ when fines
(grain size <63 µm) ranged from 0% to 5% of the
total dry weighted sediment, ‘silty’ from 5% to
25%, or ‘very silty’ from 25% to 50% (Doeglas
1968,  Larsonneur 1977). Sediments with >50%
fines were classified as mud. The total organic mat-
ter content was determined by weight loss on igni-
tion at 450°C, according to Byers et al. (1978).

RESULTS

Morphological characterization

Arenicola marina

Total length of the 25 analyzed specimens from the
Ria de Aveiro ranged from 10.7 to 14.9 cm (11.8 ±
3.2 cm, mean ± SD). All individuals presented 19
chae tigers, the first 6 abranchiate and the remaining
13 bearing branchiae. All specimens presented the
following annulation pattern in the first 4 chaetigers
(labelled i–iv): chaetiger i, 2 annuli; chaetiger ii, 3
annuli; chaetiger iii, 4 annuli; chaetiger iv, 4 annuli.
Branchiae constituted 8 to 12 stems and lateral
branches (3−6) were organized in a dendritic arrange-
ment (Fig. 2A).

The 14 specimens collected in San Sebastián
(Spain) and Viana do Castelo (Portugal) showed
a similar annulation pattern with the specimens from
the Ria de Aveiro (Portugal). Total length ranged
from 9.1 to 15.1 cm (12.8 ± 1.8 cm) and branchiae pre-
sented 8 to 11 stems, with a dendritic arrangement.

Live individuals were brown in the first abranchi-
ate chaetigers and pinkish in branchial area. Speci-
mens were found in U-shaped burrows with a conical
feeding depression at some distance from the large
spiral faecal cast (Fig. 2B); casts had a mean dry wt
of 15.7 ± 4.8 g.
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Arenicola defodiens

Total length of the 35 analyzed specimens
ranged from 13.3 to 20.2 cm (16.6 ± 3.0 cm, mean
± SE). All individuals featured 19 chaetigers, the
first 6 abran chiate and the remaining 13 bearing
branchiae. All specimens presented the following
annulation in the anterior part: i 2, ii 2, iii 4, iv 4
(Fig. 2C). Branchiae were pinnate with a palmar
membrane connecting the branchial stems to the
base (Fig. 2D). In the mid-branchial region, the
branchiae presented 10 to 14 stems composed of
9 to 12 lateral branches.

Live individuals were greenish along the body,
with pinkish branchiae. Specimens were found
in U and J-shaped burrows without an obvious
feeding depression and with a small spiral-like
faecal cast (Fig. 2E); casts had a mean dry wt of
4.0 ± 3.0 g.

Molecular analysis

A 525-bp 16S fragment and a 702-bp COI fragment
were successfully amplified and sequenced from 12
A. marina and 21 A. defodiens individuals. 16S and
COI nucleotide sequences from both species were
de posited in the European Molecular Biology Labora-
tory (EMBL) database, under the accession numbers:
KM042095 to KM042101, and JQ950323 to JQ950325.

In the COI gene, 1 substitution was detected for A.
marina (1 transition of cytosine by thymine at posi-
tion 389) and 4 substitutions were detected for A.
defodiens, corresponding to 3 transitions (thymine by
cytosine at positions 142 and 248, and guanine by
adenine at position 221), as well as one transversion
(adenine by cytosine at position 196). As for the 16S
gene, all individuals from each species displayed
identical nucleotide sequences. Phylogenetic analy-
ses clearly separated Arenicola samples collected in
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Fig. 2. Arenicolid species morphology and burrow characteristics. Arenicola marina: (A) branchiae of a live specimen, (B)
faecal casts on sediment surface. Arenicola defodiens: (C) anterior end of a live specimen, (D) branchiae of a live specimen, 

(E) faecal cast on sediment surface
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the Ria de Aveiro into 2 distinct species, with high
bootstrapping values (95/100) (Table 1, Fig. 3). More-
over, 16S phylogenetic analysis showed that A. mari -
na and A. defodiens are more closely related to each
other than to other species of the same genus such as
A. loveni and A. cristata (Fig. 3).

Moreover, deduced amino acid sequence compari-
son between both species revealed that A. marina
differed from A. defodiens in one amino acid (Ala-
nine to Serine). Maximum Likelihood analysis of COI
sequences confirmed the separation of Arenicola
samples collected in the Ria de Aveiro into 2 distinct
species, with high bootstrapping values (99/100)
(Fig. 4). The percentage of nucleotide divergence of
the 16S and COI genes between A. marina and A.
defodiens was 5% and 13.5%, respectively (nucleo-
tide substitution). The majority of the differences in
nucleotides between both species occurred on the
third position of the codon and therefore corre-
sponded to silent alterations.

Distribution and habitat characterization in the
Ria de Aveiro lagoon

Concerning the propagation of Arenicola species
in the Ria de Aveiro, faecal casts were observed at 4
and 7 sites in 2009 and 2011, respectively, with den-

sities varying from 0.25 to 1 ind. m2 for A. defodiens
(6 sites) and 8.75 ind. m2 for A. marina (1 site). In
2014, lugworms were found at 20 localities in the
lagoon. A. marina was recorded at 2 of these sites
located in the Mira channel near oyster cultures, with
densities up to 44.0 ind. m2 (20.5 ± 14.7 ind. m2, mean
± SE) at site 12, and 26.0 ± 13.9 ind. m2 at site 13
(cf. Fig. 1B). This species was found in very fine to
medium sands, with the fines ranging between 11.1
and 36.7% and the total organic matter between 0.9
and 2.7%. Salinity of both areas was 28, Eh varied
between 16.4 and 80.3, and pH values between
6.85 and 7.40 (see Table 2 for summary of site
 characteristics).

A. defodiens specimens were found at 18 of the 20
study sites, which included 12 intertidal sites, distrib-
uted along the Mira, São Jacinto, Ílhavo and Espin-
heiro channels, and 5 subtidal sites located near the
Port of Aveiro at 13 m water depth (cf. Fig. 1B). The
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Fig. 3. Maximum Likelihood (ML) tree of 16S rDNA se-
quences of arenicolid species with bootstrapping values. Se-
quences from this study are in bold. ArMar = Arenicola mari -
na, ArDef = Arenicola defodiens, ArLov = Arenicola loveni,
ArCri = Arenicola cristata, AbAff = Abarenicola affinis, AbGil
= Abarenicola gilchristi, AbPac = Abarenicola pacifica, AbCla
= Abarenicola claparedi, AdEca = Arenicolides ecaudata,
BrVin = Branchiomaldane vincenti, Brsp = Branchiomaldane
sp., MaSar = Maldane sarsi, PoeSer = Poecilo chaetus serpens

Fig. 4. Maximum Likelihood (ML) tree of COI sequences of
arenicolid species with bootstrapping values. Sequences
from this study are in bold. ArMarC = Arenicola marina,
ArDefC = Arenicola defodiens, MaSarC = Maldane sarci, 

ArNoC = Aricidea nolani
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density of this species varied between 0.5
and 3.0 ind. m2 (Table 2). Specimens were
found in mud, very fine sand, fine and
medium sands, with the fines content
ranging from 0.5 to 50.6% and the total
organic content from 0.3 to 6.0%. Salinity
varied between 27 and 35, pH between
5.70 and 7.66, and Eh be tween −170.0 and
287.1, according to the wide distribution of
the species.

DISCUSSION

This is the first report of Arenicola defo-
diens in the Iberian Peninsula and the oc -
currence of both A. defodiens and Are ni -
cola marina in the Ria de Aveiro lagoon,
al  though these species did not co-exist
within the same sampling areas. A mor -
pho logical and genetic comparison was
carried out to identify and thus confirm the
presence of the 2 Arenicola species. We
demonstrated the existence of morpho -
logical distinctions be tween both species,
such as the annulation pattern of sub-
 segments at the anterior end and
branchiae morphology. These results were
corroborated by genetic data, namely by
the mitochondrial DNA genes 16S and
COI. Despite previous data available on
mito chondrial genes for these taxa (Blei-
dorn et al. 2005, Luttikhuizen & Dekker
2010), this paper presents the first data on
16S sequences for A. defodiens and the
first coupled phylogeny for both species.
Moreover, the Maximum Likelihood ana -
lyses among Family Arenicolidae species
showed that A. marina and A. defodiens
are closely related when compared with
Arenicola cristata and Arenicola loveni,
supporting the morphological similarities
observed between both species. In fact, all
individuals of A. marina and A. defodiens
presented identical nucleotide sequences
for the 16S gene, whilst for the COI gene a
1 point mutation was identified for A. mari -
na and 4 for A. defodiens. Luttikhuizen &
Dekker (2010) also reported that genetic
variation was larger in A. defodiens rather
than in A. marina, where 4 haplotypes
were described for A. defodiens, and 3 for
A. marina. Compared with the findings of
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Cadman & Nelson-Smith (1990), the allo zyme varia-
tion was higher in A. defodiens rather than A. mari -
na, where the average gene diversity was 0.23 for A.
defodiens, and 0.17 for A. marina (Luttikhuizen &
Dekker 2010). Additionally, these authors suggested
that this difference may be the result of population
history, where A. marina may have suffered more
recent or severe recurrent population size bottlenecks.

The mitochondrial genes, 16S rDNA and COI are
considered conserved genes, but the relative nucleo-
tide divergence that was obtained between A. mari -
na and A. defodiens (5% and 13.5%, respectively), is
usually observed between different species of poly-
chaetes. In the case of 16S rDNA, within the Abareni-
cola genus the mean divergence between species is
9%, with Abarenicola pacifica differing only 4%
from Abarenicola claparedi (Bleidorn et al. 2005); in
the Family Nereididae, the mean sequence diver-
gence between species in the Hediste genus is 5.5%
(Tosuji & Sato 2012). In the case of COI, sequence
divergence for the Palola genus had a mean value of
14.5% (Schulze 2006) and 12.5% within the Hediste
genus (Tosuji & Sato 2010).

In the Ria de Aveiro, Arenicola were observed in 4
localities in August 2009, in 7 localities in December
2011, and in 20 localities between March and April
2014. The species A. defodiens exhibited a wider dis-
tribution in the Ria de Aveiro compared to A. marina.
However, an inverse pattern was observed regarding
the abundance of both species, since A. marina was
nearly 10-fold more abundant, in agreement with
previous studies on European coasts (Flach & Beu -
kema 1994, Cadman 1997, Montserrat et al. 2011,
Delefosse et al. 2012). Previous studies in South
Wales (United Kingdom) reported the density of A.
marina reached 25 ind. m2, while a maximum of 5
ind. m2 of A. defodiens was found (Cadman 1997).
Our knowledge of A. marina densities on Euro pean
coasts is more well-established compared with A.
defodiens, for which a wide range of density values
have been reported. Several studies reported 2- to 3-
fold higher densities of A. marina compared with the
values found for the Ria de Aveiro lagoon, namely in
Odense Fjord estuary, Denmark (Delefosse et al.
2012), in Oosterschelde, Netherlands (Montserrat et
al. 2011) and in the Wadden Sea, Netherlands (Flach
& Beukema 1994). By contrast, much lower densities
of A. marina were observed in Odense Fjord estuary
(1 to 8 ind. m2) (Valdemarsen et al. 2011) compared
to the present results. Thus, it is likely that both spe-
cies have well-established populations in the Ria
de Aveiro and seem to be dispersing throughout the
system.

A. marina and A. defodiens are not native to the
Ria de Aveiro, since benthic community studies have
not previously reported these species in this system
(Rodrigues et al. 2011), neither on the nearshore, nor
the continental shelf off Aveiro (Freitas et al. 2003,
Martins et al. 2013, Ravara & Moreira 2013). Small
populations of A. marina were reported in Viana do
Castelo and Oporto and surrounding areas (Nobre
1903, Weber 1997, Wethey et al. 2011), Setúbal
(Nobre 1937), Vila Nova de Mil Fontes (Wethey et al.
2001), and Alvor (Carpenter 2005) in Portugal (cf.
Fig. 1A). Therefore, it is reasonable to assume that A.
marina, which is widely recognized on northern
European coasts, with dense and widespread popu-
lations, is increasing its distribution and establishing
populations on southwestern European coasts, in -
cluding Portugal and Spain (e.g. Wethey et al. 2011).
Wasson et al. (2001) reported that 38 exotic inverte-
brates found in Elkhorn Slough, an estuary in central
California, were probably introduced by oyster cul-
tures. Therefore, it is reasonable to assume that A.
marina was introduced with oyster seeds that came
from France, where both species exist, since several
oyster cultures at Mira Channel (Ria de Aveiro) re -
ceive seeds from France. A. defodiens could also be
introduced via international shipping traffic (fouling
on hulls and ballast water), which was responsible
for several introductions (Cohen & Carlton 1995), or
travelling on currents. Once introduced, A. defodiens
larvae may have spread through the system by tidal
propagation and currents (Dias et al. 2000), in accor-
dance with the findings of Rodrigues et al. (2011)
where marine and transitional communities from
the Ria de Aveiro tend to expand more towards the
northern channels than to the southern channels.

Previously, A. defodiens was only identified on
northern European coasts (Cadman & Nelson
Smith 1993, Müller 2004, Luttikhuizen & Dekker
2010), with no documented populations between the
Somme estuary in North France (Müller 2004) and
the Ria de Aveiro. However, sampling effort of Areni-
colidae specimens in Viana do Castelo (Portugal) and
San Sebastián (Spain) was not sufficient to confirm
the absence of A. defodiens within this spatial distri-
bution gap. The species A. defodiens was described
in 1993, previously identified as A. marina (Cadman
& Nelson-Smith 1993). Therefore, there is the possi-
bility that specimens of A. marina from European
coasts may have been confused with other species,
such as the closely related A. defodiens. Similar situ-
ations occurred with other species, namely Diopatra
marocensis which was previously misidentified with
Diopatra neapolitana on the western coasts of Portu-
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gal (Rodrigues et al. 2009), or 4 Lumbrineridae spe-
cies commonly identified as Lumbrineris latreilli or
Hilbigneris gracilis on the western Iberian continen-
tal shelf (Martins et al. 2012). 

Climate change induces modifications in ecosys-
tems, namely expansion or retreat of species (e.g.
Wethey et al. 2011). Recent studies associated climate
anomalies with the expansion of some species in Eu-
rope. Doris biscayensis, known in Arcachon (SW
France) was recently found on the southern Brittany
Peninsula (NW France), which was probably en abled
by warm summer anomalies (Berke et al. 2010). By
contrast, cold-water species, such as Semibalanus
balanoides were recently reported further south in
Europe or showed higher recruitment than in the past.
A similar situation occurred with A. mari na after se-
vere cold winters, namely those during 1962− 1963
and 2009−2010, where this species ex  panded its
range throughout the northern coast of France
(Wethey et al. 2011). During the winter of 2009− 2010,
several episodes of severe cold were ob served, with
mean temperature values decreasing by 1.30°C com-
pared to normal values recorded be tween 1972−2000
(Instituto Português da Atmosfera e do Ambiente,
IPMA 2014). Mean temperature levels of the 2010−
2011 winter were also lower, decreasing by 1.19°C
compared to the normal values (IPMA, 2014). These
winter anomalies may facilitate the ex pansion and es-
tablishment of species in non-native areas, which can
explain the occurrence of A. marina and A. defodiens
species in Portuguese coastal systems. Nevertheless,
our results demonstrate that A. marina and A. defodi-
ens continued to spread along the Ria de Aveiro after
these cold events, indicating that these species are
 reproducing in Ria de Aveiro. Watson et al. (1998)
 reported that the main reproductive period for A. ma-
rina and A. defodiens is during Autumn and Winter,
and several experiments with Arenicola gametes
and/or fertilization occurred at 10 to 12°C (Watson et
al. 1998, Campbell et al. 2014). Previous studies re-
ported that the temperature in Ria de Aveiro in winter
months (December to February) was 11 to 12°C (Vaz
et al. 2005, Pires et al. 2012b); within ranges over
which both species can successfully reproduce.

In this study, A. marina and A. defodiens were
found in a wide range of sediment types, from mud to
medium sand with organic matter content varying
be tween 0.33 and 9.32%. Cadman (1997) reported
that grain size and organic matter were not strong de-
terminants of the presence or absence of either spe-
cies. Nevertheless, these environmental parameters
may have an effect on population density, since Cad-
man (1997) showed a higher number of A. mari na

faecal casts in fine sands. Beukema (1976) and Mont -
serrat et al. (2011) demonstrated that A. marina
 preferred sediment with median grain size around
150 µm, inferring that lugworms benefit from sedi-
ments that are neither too muddy or sandy. In the Ria
de Aveiro lagoon, high densities of A. defodiens were
found in fine and very fine sand, in agreement with
Beu kema (1976) and Montserrat et al. (2011). In our
study, A. marina was observed with densities >20 ind.
m2 at 2 sites comprising different sediment types
(very silty, very fine sand and silty medium sand).

Arenicola individuals were recorded in intertidal
areas, during low tide, by the presence of faecal casts
in the sediment surface which are very distinctive for
each species. Cadman & Nelson-Smith (1993) noted
that A. marina tend to produce a conical depression
near a large spiral-shaped faecal cast, whereas A.
defodiens presented a small spiral cast, without an
obvious feeding depression. These authors also ob -
served that the mean mass of the faecal casts of A.
defodiens was 3.48 g (similar to the observations of
the present study), and 26.01 g for A. marina, almost
twice the mass of that observed in our study for this
species.

Arenicolids are considered important ecosystem
engineers that are capable of mixing both sediment
particles and water, thus affecting the biological prop-
erties of the sediments (Valdemarsen et al. 2011).
Consequently, the regular disturbance of surface sed-
iment modifies the community composition and abun-
dances of other infauna. Previous studies reported
that bioirrigation by lugworms facilitate the small zoo -
benthos by increasing oxygen levels near the venti-
lated burrows (e.g. Reise 1981, 1983, Lack schewitz &
Reise 1998), whilst bioturbation-related disturbances
at the sediment surface exclude other organisms, like
tube building polychaetes (e.g. Pygospio elegans,
Polydora cornuta, Spio martinensis or Lanice conchi-
lega) (Volkenborn & Reise 2006) and crustaceans (e.g.
Corophium volutator) (Flach 1992). Future studies
may confirm the ecological interactions between
these arenicolids and the tube building polychaetes
that are highly abundant in the Ria de Aveiro such as
Diopatra neapolitana, an im portant economic natural
resource for the local community (Cunha et al. 2005).
Although Berke et al. (2010) reported that arenicolids
and Diopatra species overlap in many worldwide
coastal areas, it seems that Diopatra spp. and areni-
colids may mutually ex clude each other; the bioturba-
tor limits Diopatra spp. recruitment and Diopatra
tubes exclude arenicolids.

Additionally, A. marina seems to negatively impact
the recovery of rooted marine macrophytes, such as
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Zostera marina (Valdemarsen et al. 2011). In the Mira
Channel, A. marina was found near Zostera noltii
meadows. A study carried out in the Odense Fjord
estuary by Valdemarsen et al. (2011) suggested that
the Z. marina recovery was negatively impacted by
A. marina, even when present in low densities (5−
10 ind. m2), due to the arenicolid reworking activity
that buries the seeds. In this estuary, the lugworm
A. marina colonized areas previously dominated by
Z. marina (Valdemarsen et al. 2011). Thus, the spread
of Arenicola spp. into Z. noltii areas in the Ria de
Aveiro may be critical, as eelgrass recovery might be
severely impaired. The presence of these bioturba-
tors in the Ria de Aveiro complex ecosystem will
probably cause changes in the diversity and biomass
of vascular plants, infauna and epibenthic fauna.
Furthermore, lugworm influences on the irrigation
and porewater influx is likely to affect sediment geo-
chemistry (Woodin et al. 1998) and increase micro-
bial activity (Berke at al. 2010).

This study provides information about the main
morphological characteristics that allowed us to dis-
tinguish A. marina and A. defodiens. The annulation
pattern of the sub-segments was similar for each spe-
cies in all individuals analyzed. However, previous
studies reported some variations in the annulation
pattern of both A. marina and A. defodiens (Cadman
& Nelson-Smith 1993, Luttikhuizen & Dekker 2010).
Therefore, the annulation pattern should not be used
as a single criterion to distinguish either species.
Rather, the combined use of annulation pattern,
branchiae morphology, faecal cast observation and
molecular identification provides a more reliable and
accurate species distinction. Future studies of Areni-
cola species population genetics could shed more
light on population expansion, and potentially enable
us to trace where the population comes from, by ana-
lyzing more arenicolids from all areas where they are
reported, using universal primers like COI or 16S, or
by more specific studies using microsatellites.

Finally, a taxonomic key to the Family Arenicolidae
is proposed for the Iberian waters (Appendix 1),
which takes into account the morphological observa-
tions of the specimens used in the present study, and
the recognized species in the Iberian Peninsula
based on the studies of Fauvel (1927), Wells (1959,
1963), Fauchald (1977), and de Matos Nogueira &
Rizzo (2001).

Acknowledgements. This work was supported by Euro-
pean Funds through COMPETE and by National Funds
through the Portuguese Science Foundation (FCT) within
project PEst-C/  MAR/LA0017/2013 and through the Post-

doctoral grants to R.M. (SFRH/BPD/93225/2013) and R.F.
(SFRH/ BPD/ 92258/2013). L.M. benefited from a PhD grant
(PD/ 00114/ 2012) given by the Portuguese FCT. A.P. also
benefitted from a Post-doctoral grant (BPD/CESAM/ RP/
BENTONICAS/ 2013), funded by CESAM research funds.
The authors thank Aldiro Pereira and Rui Marques for sup-
port during sampling campaigns, Anthony Peter Moreira for
the English editing, and Stefania Chiesa for help with
genetic analysis.

LITERATURE CITED

Allen, EJ (1904). The anatomy of Poecilochaetus, Claparède.
Q J Microscop Sci Lond 48:  79−151

Berke SK, Mahon AR, Lima FP, Halanych KM, Wethey DS,
Woodin SA (2010) Range shifts and species diversity in
marine ecosystem engineers:  patterns and predictions
for European sedimentary habitats. Glob Ecol Biogeogr
19: 223−232

Beukema JJ (1976) Biomass and species richness of the
macro-benthic animals living on the tidal flats of the
Dutch Wadden Sea. Neth J Sea Res 10: 236−261

Beukema JJ, De Vlas J (1979) Population parameters of the
lugworm, Arenicola marina, living on tidal flats in the
Dutch Wadden Sea. Neth J Sea Res 13: 331−353

Bleidorn C, Vogt L, Bartolomaeus T (2005) Molecular phylo -
geny of lugworms (Annelida, Arenicolidae) inferred from
three genes. Mol Phylogenet Evol 34: 673−679

Byers C, Mills EL, Steward PL (1978) A comparison of meth-
ods of determining organic carbon in marine sediments
with suggestions for a standard method. Hydrobiologia
58: 43−47

Cadman PS (1997) Distribution of two species of lugworm
(Arenicola) (Annelida:  Polychaeta) in South Wales. J Mar
Biol Assoc UK 77: 389−398

Cadman PS, Nelson-Smith A (1990) Genetic evidence for
two species of Lugworm (Arenicola) in South Wales.
Mar Ecol Prog Ser 64: 107−112

Cadman PS, Nelson-Smith A (1993) A new species of Lug-
worm:  Arenicola defodiens sp. nov. J Mar Biol Assoc UK
73: 213−223

Campbell AL, Mangan S, Ellis RP, Lewis C (2014) Ocean
acidification increases copper toxicity to the early life
history stages of the polychaete Arenicola marina in arti-
ficial seawater. Environ Sci Technol 48: 9745−9753

Campoy (1982) Fauna de España. Fauna de Anélidos Poli-
quetos de la Península Ibérica. Serie Zoológica 7. Publi -
ca ciones de Biología de la Universidad de Navarra,
 Pamplona

Carpenter B (2005) Aquatic macro-invertebrates of the
Alvor Estuary. A Rocha Portugal Observatory Report
2004. A Rocha Portugal, Portimao

Cohen AN, Carlton JT 1995. Nonindigenous aquatic species
in a United States estuary:  a case study of the biological
invasions of the San Francisco Bay and delta. A report for
the United States Fish and Wildlife Service, Washington,
DC, and the National Sea Grant College Program, Con-
necticut Sea Grant; NTIS Report Number PB96-166525.
US Fish and Wildlife Service, Washington, DC

Costello MJ, Emblow CS, White R (2001) European register
of marine species:  a check-list of the marine species in
Europe and a bibliography of guides to their identifica-
tion. Collection Patrimoines Naturels, Muséum national
d’Histoire naturelle, Paris

187

http://dx.doi.org/10.1371/journal.pone.0022232
http://dx.doi.org/10.1021/es502739m
http://dx.doi.org/10.1017/S0025315400032744
http://dx.doi.org/10.3354/meps064107
http://dx.doi.org/10.1017/S0025315400071745
http://dx.doi.org/10.1007/BF00018894
http://dx.doi.org/10.1016/j.ympev.2004.11.019
http://dx.doi.org/10.1016/0077-7579(79)90010-3
http://dx.doi.org/10.1016/0077-7579(76)90017-X
http://dx.doi.org/10.1111/j.1466-8238.2009.00509.x


Mar Ecol Prog Ser 533: 177–190, 2015

Cunha T, Hall A, Queiroga H (2005) Estimation of the Dio -
patra neapolitana annual harvest resulting from digging
activity in Canal de Mira, Ria de Aveiro. Fish Res 76: 
56−66

de Matos Nogueira JM, Rizzo AE (2001) A new species of
Branchiomaldane (Polychaeta:  Arenicolidae) from the
state of Sao Paulo, south eastern Brazil. J Mar Biol Assoc
UK 81: 415−421

de Vlas J (1979) Secondary production by tail regeneration
in a tidal flat population of lugworms (Arenicola marina),
cropped by flatfish. Neth J Sea Res 13: 362−393

Delefosse M, Banta GT, Canal-Vergés P, Penha-Lopes G,
Quintana CO, Valdemarsen T, Kristensen E (2012)
Macrobenthic community response to the Marenzelleria
viridis (Polychaeta) invasion of a Danish estuary. Mar
Ecol Prog Ser 461: 83−94

Dias JM, Lopes JF, Dekeyser I (2000) Tidal propagation in
Ria de Aveiro lagoon, Portugal. Phys Chem Earth 25: 
369−374

Doeglas DJ (1968) Grain-size indices, classification and
environment. Sedimentology 10: 83−100

Fauchald K (1977) The polychaete worms. Definitions and
keys to the orders, families and genera. Science Series
28. Natural History Museum of Los Angeles, Los Ange-
les, CA

Fauvel P (1927) Polychétes Sedentaires. Faune de France 16.
Lechevalier, Paris

Figueira E, Freitas R (2013) Consumption of Ruditapes
philippinarum and Ruditapes decussatus:  comparison of
element accumulation and health risk. Environ Sci Pollut
Res 20: 5682−5691

Flach EC (1992) Disturbance of benthic infauna by sediment-
reworking activities of the lugworm Arenicola marina.
Neth J Sea Res 30: 81−89

Flach EC, Beukema JJ (1994) Density-governing mecha-
nisms in populations of the lugworm Arenicola marina on
tidal flats. Mar Ecol Prog Ser 115: 139−149

Folmer O, Black M, Hoeh W, Lutz R, Vrijenhoek R (1994)
DNA primers for amplification of mitochondrial cyto -
chrome c oxidase subunit 1 from diverse metazoan inver-
tebrates. Mol Mar Biol Biotechnol 3: 294−299

Freitas R, Silva S, Quintino V, Rodrigues AM, Rhynas K,
Collins WT (2003) Acoustic seabed classification of mar-
ine habitats:  studies in the Western Portuguese coastal
shelf. ICES J Mar Sci 60: 599−608

Hall TA (1999) BioEdit:  a user-friendly biological sequence
alignment editor and analysis program for Windows
95/98/NT. Nucleic Acids Symp Ser 41: 95−98

Hardy SM, Carr CM, Hardman M, Steinke D, Corstorphine
E, Mah C (2011) Biodiversity and phylogeography of
Arctic marine fauna:  insights from molecular tools. Mar
Biodivers 41: 195−210

Hutchings PA (2000) Family Arenicolidae. In:  Beesley PL,
Ross GJB, Glasby CJ (eds) Polychaetes and allies:  the
southern synthesis. Fauna of Australia, vol. 4A, Poly-
chaeta, Myzostomida, Pogonophora, Echiura, Sipuncula.
CSIRO Publishing, Melbourne, p 62−67

IPMA (2014) Instituto Português do Mar e da Atmosfera.
www.ipma.pt (accessed on 14 November 2014)

Jacobsen VH (1967) The feeding of the lugworm, Arenicola
marina (L.). Quantitative studies. Ophelia 4: 91−109

Jernshøj KD, Hassing S, Olsen LF (2013) A combination of
dynamic light scattering and polarized resonance Raman
scattering applied in the study of Arenicola marina extra-
cellular hemoglobin. J Chem Phys 139: 065104

Lackschewitz D, Reise K (1998) Macrofauna on flood delta
shoals in the Wadden Sea with an underground associa-
tion between the lugworm Arenicola marina and the am -
phipod Urothoe poseidonis. Helgol Mar Res 52: 147−158

Larsonneur C (1977) La cartographie des depots meubles
sur le plateau continental français:  méthode mise au
point et utilisée en Manche. J Res Oceanogr 2: 33−39

Linnaeus C (1758) Systema Naturae per regna tria naturae,
secundum classes, ordines, genera, species, cum charac-
teribus, differentiis, synonymis, locis. Editio decima,
reformata, Laurentius Salvius:  Holmiae 

Luttikhuizen PC, Dekker R (2010) Pseudo-cryptic species
Arenicola defodiens and Arenicola marina (Polychaeta: 
Arenicolidae) in Wadden Sea, North Sea and Skagerrak: 
Morphological and molecular variation. J Sea Res 63: 
17−23

Malmgren AJ (1865) Nordiska Hafs-Annulater. Öfversigt af
Königlich Vetenskapsakademiens förhandlingar, Stock -
holm, p 355−410

Martins R, Carrera-Parra LF, Quintino V, Rodrigues AM
(2012) Lumbrineridae (Polychaeta) from the Portuguese
continental shelf (NE Atlantic) with the description of
four new species. Zootaxa 3416: 1−21

Martins R, Quintino V, Rodrigues AM (2013) Diversity and
spatial distribution patterns of the soft-bottom macro-
fauna communities on the Portuguese continental shelf.
J Sea Res 83: 173−186

McLusky DS, Anderson FE, Wolfe-Murphy S (1983) Distri-
bution and population recovery of Arenicola marina and
other benthic fauna after bait digging. Mar Ecol Prog Ser
11: 173−179

Montserrat F, Suykerbuyk W, Al-Busaidi R, Bouma TJ, van
der Wal D, Herman PMJ (2011) Effects of mud sedimen-
tation on lugworm ecosystem engineering. J Sea Res 65: 
170−181

Müller Y (2004) Faune et flore du littoral du Nord, du Pas-
de-Calais et de la Belgique:  inventaire. Commission
Régionale de Biologie Région Nord Pas-de-Calais

Nobre A (1903) Subsidios para o estudo da fauna marinha do
norte de Portugal. Annaes De Sciencias Naturaes, Porto
8: 37−94

Nobre A (1937) Fauna marinha de Portugal. 1° Aditamento.
Memórias e Estudos do Museo Zoológico da Universi-
dade de Coimbra, series 1 no. 93, Coimbra 99: 1−30

Novo M, Almodovar A, Fernandez R, Giribet G, Diaz Cosin
DJ (2011) Understanding the biogeography of a group of
earthworms in the Mediterranean basin—The phyloge-
netic puzzle of Hormogastridae (Clitellata:  Oligochaeta).
Mol Phylogenet Evol 61: 125−135

Palumbi S, Martin A, Romano S, McMillan WO, Stice L,
Grabowski G (1991) The simple tools guide to PCR, ver-
sion II. University of Hawaii, Honolulu, HI

Pires A, Gentil F, Quintino V, Rodrigues AM (2012a) Repro-
ductive biology of an exploited polychaete Diopatra
neapolitana (Annelida, Onuphidae) in Ria de Aveiro,
northwestern Portugal. Mar Ecol (Berl) 33: 56−65

Pires A, Quintino V, Gentil F, Freitas R, Rodrigues AM
(2012b) Reproductive biology of a brooding Diopatra
species:  Diopatra marocensis Paxton et al., 1995. Estuar
Coast Shelf Sci 110:  85–92

Quintino V, Rodrigues AM, Gentil F (1989) Assessment of
macrozoobenthic communities in the lagoon of Óbidos,
western coast of Portugal. Sci Mar 53: 645−654

Ravara A, Moreira MH (2013) Polychaeta (Annelida) from
the continental shelf off Aveiro (NW Portugal):  species

188

http://dx.doi.org/10.1016/j.ecss.2012.03.027
http://dx.doi.org/10.1111/j.1439-0485.2011.00463.x
http://dx.doi.org/10.1016/j.ympev.2011.05.018
http://dx.doi.org/10.1016/j.seares.2010.09.003
http://dx.doi.org/10.3354/meps011173
http://dx.doi.org/10.1016/j.seares.2013.03.001
http://dx.doi.org/10.1016/j.seares.2009.09.001
http://dx.doi.org/10.1063/1.4813920
http://dx.doi.org/10.1007/s12526-010-0056-x
http://dx.doi.org/10.1016/S1054-3139(03)00061-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=7881515&dopt=Abstract
http://dx.doi.org/10.3354/meps115139
http://dx.doi.org/10.1016/0077-7579(92)90048-J
http://dx.doi.org/10.1007/s11356-013-1587-z
http://dx.doi.org/10.1111/j.1365-3091.1968.tb01101.x
http://dx.doi.org/10.3354/meps09821
http://dx.doi.org/10.1016/0077-7579(79)90012-7
http://dx.doi.org/10.1017/S0025315401004039
http://dx.doi.org/10.1016/j.fishres.2005.05.008


Pires et al.: Iberian lugworm identity and distribution

composition and community structure. Check List 9: 
533−539

Reise K (1981) Gnathostomulida abundant alongside poly-
chaete burrows. Mar Ecol Prog Ser 6:329–333

Reise K (1983) Experimental removal of lugworms from mar-
ine sand affects small zoobenthos. Mar Biol 74: 327−332

Rioja (1931) Estudio de los Poliquetos de la Península
Ibérica. Memorias de la Academia de Ciencias Exactas,
Físicas y Naturales de Madrid, Madrid 

Rodrigues AM, Pires A, Mendo S, Quintino V (2009) Diopa-
tra neapolitana and D. marocensis from the Portuguese
coast:  morphological and genetic comparison. Estuar
Coast Shelf Sci 85: 609−617

Rodrigues AM, Quintino V, Sampaio L, Freitas R, Neves R
(2011) Benthic biodiversity patterns in Ria de Aveiro,
Western Portugal:  environmental biological relation-
ships. Estuar Coast Shelf Sci 95: 338−348

Rouse GW, Pleijel F (2001) Polychaetes. Oxford University
Press, Oxford

Rouse GW, Goffredi SK, Vrijenhoek RC (2004) Osedax: 
bone-eating marine worms with dwarf males. Science
305: 668−671

Rousselot M, Delpy E, Drieu La Rochelle C, Lagente V and
others (2006) Arenicola marina extracellular hemoglo-
bin:  a new promising blood substitute. Biotechnol J 1: 
333−345

Rousset V, Pleijel F, Rouse GW, Erseus C, Siddall ME (2007)
A molecular phylogeny of annelids. Cladistics 23: 41−63

Schulze A (2006) Phylogeny and genetic diversity of Palolo
worms (Palola, Eunicidae) from the Tropical North
Pacific and the Caribbean. Biol Bull 210: 25−37

Stimpson W (1856) On some remarkable marine inverte-
brates inhabiting the shores of South Carolina. Proceed-
ings of the Boston Society for Natural History 5: 110−117

Tamura K, Stecher G, Peterson D, Filipaski A, Kumar S
(2013) MEGA6:  Molecular Evolutionary Genetics Analy-
sis Version 6.0. Mol Biol Evol 30: 2725−2729

Thuillier R, Dutheilc D, Trieua MTN, Malleta V and others
(2011) Supplementation with a new therapeutic oxygen
carrier reduces chronic fibrosis and organ dysfunction
in kidney static preservation. Am J Transplant 11: 
1845−1860

Tosuji H, Sato M (2010) Genetic evidence for parapatric dif-
ferentiation of two forms of the brackish-water nereidid

polychaete Hediste atoka. Plankton Benthos Res 5: 
242−249

Tosuji H, Sato M (2012) A simple method to identify Hediste
sibling species (Polychaeta:  Nereididae) using multiplex
PCR amplification of the mitochondrial 16S rRNA gene.
Plankton Benthos Res 7: 195−202

Valdemarsen T, Wendelboe K, Egelund JT, Kristensen E,
Flindt MR (2011) Burial of seeds and seedlings by the
lugworm Arenicola marina hampers eelgrass (Zostera
marina) recovery. J Exp Mar Biol Ecol 410: 45−52

Vaz N, Dias JM, Leitão P, Martins I (2005) Horizontal pat-
terns of water temperature and salinity in an estuarine
tidal channel:  Ria de Aveiro. Ocean Dyn 55: 416−429

Volkenborn N, Reise K (2006) Lugworm exclusion experi-
ment:  responses by deposit feeding worms to biogenic
habitat transformations. J Exp Mar Biol Ecol 330: 169−179

Wasson K, Zabin CJ, Bedinger L, Diaz MC, Pearse JS (2001)
Biological invasions of estuaries without international
shipping:  the importance of intraregional transport. Biol
Conserv 102: 143−153

Watson GJ, Cadman PS, Paterson LA, Bentley MG, Auck-
land MF (1998) Control of oocyte maturation, sperm acti-
vation and spawning in two lugworm species:  Arenicola
marina and A. defodiens. Mar Ecol Prog Ser 175: 167−176

Weber M (1997) Aguda, entre as marés - fauna e flora do
litoral da praia da Aguda. Edições Afrontamento, Porto

Webster HE, Benedict JE (1887) The Annelida Chaetopoda,
from Eastport, Maine. In: Annual Report of the United
States Commission of Fish and Fisheries, Washington,
1885. p 707−758

Wells GP (1945) The mode of life of Arenicola marina L.
J Mar Biol Assoc UK 26: 170−207

Wells GP (1959) The genera of Arenicolidae (Polychaeta).
Proc Zool Soc Lond 133: 301−314

Wells GP (1963) The lugworms of the southern cold temper-
ate zone (Arenicolidae, Polychaeta). Proc Zool Soc Lond
140: 121−159

Wethey DS, Woodin SA, Hilbish TJ, Jones SJ, Lima FP,
Brannock PM (2011) Response of intertidal populations
to climate:  effects of extreme events versus long term
change. J Exp Mar Biol Ecol 400: 132−144

Woodin SA, Marinelli RL, Lindsay SM (1998) Process spe-
cific cues for recruitment in sedimentary environments: 
geochemical signals? J Mar Res 56: 535−558

189

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

http://dx.doi.org/10.1357/002224098321822410
http://dx.doi.org/10.1016/j.jembe.2011.02.008
http://dx.doi.org/10.1111/j.1469-7998.1959.tb05564.x
http://dx.doi.org/10.3354/meps175167
http://dx.doi.org/10.1016/S0006-3207(01)00098-2
http://dx.doi.org/10.1016/j.jembe.2005.12.025
http://dx.doi.org/10.1007/s10236-005-0015-4
http://dx.doi.org/10.1016/j.jembe.2011.10.006
http://dx.doi.org/10.3800/pbr.7.195
http://dx.doi.org/10.3800/pbr.5.242
http://dx.doi.org/10.1111/j.1600-6143.2011.03614.x
http://dx.doi.org/10.1093/molbev/mst197
http://dx.doi.org/10.2307/4134534
http://dx.doi.org/10.1111/j.1096-0031.2006.00128.x
http://dx.doi.org/10.1002/biot.200500049
http://dx.doi.org/10.1126/science.1098650
http://dx.doi.org/10.1016/j.ecss.2011.05.019
http://dx.doi.org/10.1016/j.ecss.2009.10.004
http://dx.doi.org/10.1007/BF00403459
http://dx.doi.org/10.3354/meps006329


Mar Ecol Prog Ser 533: 177–190, 2015190

1. Worms with an achaetous tail… go to (2) 
Worms without a long achaetous tail… go to (6)

2. 19 chaetigers; numerous glandular caeca on the hinder end of the
oesophagus; a large, non-retractile prostomium; neuropodia of branchial
segments well separated… (Abarenicola)… go to (3) 
17−19 chaetigers; a single pair of glandular caeca on the hinder end of the
oesophagus; a small, retractile prostomium; neuropodia of branchial seg-
ment approach mid-ventrally… (Arenicola)… go to (4)

3. First branchiae on chaetiger viii; 6 pairs of nephridia opening from
chaetigers iv to ix; neuropodia of chaetigers vi and vii shorter than those
of the most anterior chaetigers… Abarenicola pusilla* 
First branchiae on chaetiger vii; 5 pairs of nephridia opening from
chaetigers v to ix; first neuropodium approximately as long as those of the
posterior branchiate segments; annuli of the first three chaetigerous
enlarged and closed… Abarenicola claparedi*

4. 17 chaetigers; 11 pairs of branchiae… Arenicola cristata* 
19 chaetigers; 13 pairs of branchiae… go to (5)

5. Annulation pattern at the anterior end i 2 ii 2 iii 4 iv 4; pinnate gills with a
palmar membrane; inhabiting J-shaped deep burrows, without an obvi-
ous feeding depression; faecal cast small (less than 5 g) spiral-shaped…
Arenicola defodiens
Annulation pattern at the anterior end i 2 ii 3 iii 4 iv 4; dendritic gills, no
palmar membrane; inhabiting U-shaped deep burrows with an obvious
conical feeding depression at some distance from the large spiral faecal
cast (more than 15g)… Arenicola marina

6. Relatively large worms; length often exceeding 10 cm; width often
exceeding 1 cm; not secreting tubes; branchiae pinnate or bushy present
from chaetiger 7 to 17… go to (7) 
Small worms, up to about 2.5 cm long; secreting membranous tubes
encrusted with fine sand; branchiae first present from chaetiger 18 or
behind, with simple filaments ... (Branchiomaldane)… 30 to 50 chaetigers;
17−21 anterior chaetigers without branchiae; 10−28 branchial chaetigers;
branchiae with 1−4 simple filaments… Branchiomaldane vincenti*

7. 15−16 anterior chaetigers without branchiae; 13 pairs of nephrids…
Arenicolides ecaudata* 
11−12 anterior chaetigers without branchiae; 5 pairs of nephrids…
 Arenicolides branchialis*

*Recorded in Iberian waters, but not found in the present study

Appendix 1. Key to Arenicolidae species from the Iberian  Peninsula
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