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The polychaete Arenicola defodiens, or black lug, was recently described as a morphologically highly similar 
species alongside the blow lug Arenicola marina. So far it was only known from the British Isles. A double 
spawning peak was observed earlier in lugworms of the western Wadden Sea. Here, we test the hypothesis 
that the two spawning peaks represent the two species in sympatry. This hypothesis is refuted on the basis of 
both morphological and mitochondrial DNA data; both spawning peaks are attributed to A. marina. In spite 
of this, we confirm, on the basis of new  collections as well as re-examination of museum collections, the 
presence of A. defodiens in the western Wadden Sea, North Sea and also the Skagerrak; its distribution is 
restricted to habitats which are either submerged or have short emersion times, have relatively coarse 
sediments and high and stable salinities. Sympatry is common. The species differ strongly in the 
mitochondrial DNA fragment examined; the observed 14% uncorrected minimum difference amounts to 
an estimated 33-63 million years since sequence divergence. The amount of intraspecific molecular variation 
is larger for A. defodiens than for A. marina. This is evidence to suggest that A. marina may have undergone 
more recent and/or more severe population size bottlenecks.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Lugw orm s Arenicola  spp. a re  p o lychaete  w o rm s th a t  in h ab it 
U -shaped  burrow s in soft m arine sedim ents. They form a central 
com ponent o f  the  intertidal benthic com m unity o f estuarine and coastal 
habitats (Beukem a and De Vlas, 1979; De Vlas 1979). A lready in 1898, 
Gamble and Ashw orth (1898) reported  on th e  existence o f tw o va­
rieties o f lugworm , one ‘littoral’ and one ‘lam inarian’. However, this d is­
tinction was lost in subsequent literature and it was no t until recently 
th a t genetic characterisations (Cadm an and Nelson-Smith 1990) and 
detailed  m orphological exam inations (Cadm an and Nelson-Sm ith 
1993) confirm ed the  species status o f Arenicola defodiens or black lug 
alongside Arenicola marina (L) or blow  lug (Cadman and Nelson-Smith, 
1993). A. marina is a long lived species w ith  separate sexes th a t 
reproduce every year for m ultiple years (W atson e t al. 1998; 2008) and 
th e  species are in general largely congruent in ecology and physiology 
(Cadman and Nelson-Sm ith 1993).

Pseudo-cryptic species are  species th a t have been m orphologically 
recognized as such only after o th er m ethods have unveiled their
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existence (K now lton 1993; 2000). They are com m on w ith in  all m ajor 
m arine taxonom ic groups (Know lton 1993; 2000; Saez e t al. 2003; 
Goetze 2003). W ith  th e  advance o f DNA sequencing m ethods, it has 
becom e progressively easy to d e tec t cryptic species and hence th e  
frequency of th e ir discovery has rapidly increased (Know lton 2000; 
Bickford e t al. 2007). The com plications associated w ith  unknow ingly 
lum ping cryptic species during  th e  study  o f biological system s are 
num erous and include: (1) difficulties in in te rp reta tio n  o f long-term  
da ta  series concerning population  developm ent, and (2) m isu n d er­
standing o f ap p aren t variation  in ecology and physiology o f such taxa. 
Here, w e  exam ine th e  p resence o f th e  pseudo-cryptic  lugw orm  
species pair A. marina  and A. defodiens in th e  w este rn  W adden  Sea in 
o rder to incorporate  th is know ledge into fu ture ecosystem  studies.

Subtle differences betw een  th e  species have been recorded for 
a range of aspects. The adult m orphology differs in th e  num ber of 
subsegm ents o f th e  second an terio r segm ent, w hich is th ree  in A. marina 
and tw o in A. defodiens, as well as in a num ber o f o th er characters 
(Cadman and Nelson-Sm ith 1993). However, these differences are 
subtle enough to allow easy confusion w ithout th e  help o f a binocular 
microscope. The habitat w here  th e  species are found differs, bu t also 
overlaps: around th e  British Isles, A. marina is reported  from estuaries 
and tidal sedim ents, w hile A. defodiens inhabits m ore exposed and also 
subtidal habitats (Cadman 1997). Fully grow n oocytes are larger in 
A. marina (173 p m  on average) th an  in A. defodiens ( 159 p m  on average)
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(W atson e t al. 1998). A difference in horm onal control o f gam ete 
m atu ratio n  and spaw ning  d em o n stra tes  d isparity  in physiology 
(W atson e t al. 1998; 2008). Finally, th e  tim ing of spaw ning appears to 
be 1 -2  m onths later in A. defodiens th an  in A. marina (W atson e t al. 
1998).

In addition  to th e  difference in tim ing o f spaw ning be tw een  the  
species, th e  b low  lug A. marina varies m arkedly in reproductive 
tim ing be tw een  populations as w ell as b e tw een  years. This counts for 
bo th  spaw ning season tim ing, w hich  m ay fall anyw here  from  early  to 
late au tum n, and for spaw ning season length, w hich ranges from  a 
few  days to 2 -3  w eeks (W atson e t al. 2000).

The fact th a t  all b lack lug s tud ies to  d a te  w ere  based  on 
populations from  British w aters calls for exam ination  o f A. defodiens 
from  different geographical regions. The p re sen t study  w as inspired 
prim arily  by th e  differences b e tw een  th e  species in Britain in 
reproductive tim ing and oocyte d iam eter, as tw o  spaw ning peaks 
have been  reported  for w este rn  W adden  Sea lugw orm s during  the  
tim e before A. defodiens w as recognized (Farke and Berghuis 1979; De 
W ilde and Berghuis 1979): an  early  spaw ning peak in Septem ber 
associated w ith  fully g row n oocytes o f  abou t 170 -1 8 0  p m  d iam eter 
and a second one in early  N ovem ber w h en  fully g row n oocytes w ere 
abou t 160 -1 7 0  pm . These earlier observations led us to hypothesize 
th a t th e  tw o spaw ning peaks correspond to spaw ning o f sym patric 
populations o f A. marina  and A. defodiens.

The genetic, allozym e data  available for lugw orm s suggest th a t 
th e  species have been  separated  for qu ite  som e tim e and do not 
in te rbreed  (Cadm an and Nelson-Sm ith 1990). In o rder to  estim ate  the  
tim ing o f spéciation, it is necessary  to  ob tain  DNA sequence data. 
Additional reasons for supplem enting  th e  allozym e data  w ith  DNA 
data  are th a t allozym es m ay be influenced by na tura l selection 
(e.g., Pow ers e t al. 1979; Karl and Avise 1992; Riginos e t al. 2002) and 
originate from  loci in th e  nuclear genom e; th e  m itochondrial DNA 
gives in d ep en d en t inform ation on evolutionary  history. Also, a PCR- 
based species identification assay, w hich in co n trast to  allozym es can 
be run  in m ost m odern  laboratories, w ould be helpful for identifying 
th e  species sta tus o fjuven ile  lugw orm s as well as dam aged  sam ples or 
sam ples th a t a re  o therw ise  difficult to identify by m orphology.

The goals o f th e  p resen t study  w ere  four-fold: first, to exam ine 
w h e th er th e  tw o  Arenicola spp. spaw ning peaks in th e  w este rn

W adden  Sea correspond to th e  tw o  species; second, to supp lem en t 
know ledge on th e  genetic  d istinction  be tw een  th e  species w ith  
m itochondrial DNA sequence data; th ird , to  confirm  th e  presence ofA. 
defodiens in a w ider range o f European coastal m arine habitats, using 
b o th  m orphological and m olecular identification; and fourth and 
finally, to ten ta tively  estim ate  tim e since spéciation.

2. Materials and methods

2.Í. Samples

Live Arenicola spp. w ere  collected from  em erged sed im en t a t low 
tide  by digging (w ith  a fork), and from  subtidal sed im ents by dredging 
using a box corer or by scuba diving. Tissue for DNA analysis w as 
taken  from  th e  tail o f th e  anim als and stored  a t — 20 SC in pure  e thanol 
un til fu rth e r processing. Tissue sam ples w ere  also tak en  from  
individuals in several Dutch m useum  collections (Zoological M useum  
o f A m sterdam  (ZMA), th e  Naturalis National M useum  o f Natural 
H istory (RMNH) in Leiden, and th e  Natural H istory M useum  (NMR) in 
R otterdam ) as w ell as a private collection (H. G. Hansson, U niversity of 
G othenburg, Sw eden) and stored  in th e  sam e way. Full sam pling 
details are  listed in Table 1, and a geographical overview  of sam pling 
locations is dep icted  in Fig. 1.

M orphological species iden tity  w as assessed un d er a binocular 
m icroscope on th e  basis o f annu la tion  p a tte rn s and gili m orphology, 
follow ing Cadm an and Nelson-Sm ith (1993). They described th a t the  
n u m b er o f subsegm ents o f th e  second segm ent o f th e  an te rio r end  is 
th ree  in A. marina and tw o in A. defodiens, and th a t th e  gills o f the  
form er are dendritic  w hile  those  o f th e  la tter a re  p innate. Animals 
collected alive w ere  sedated  w ith  alcohol prior to binocular m icro­
scope exam ination.

Part o f th e  sam ples (40 from  Mok and 40 from  Schorren) w ere  
exam ined for reproductive sta tus and gender. The anim als w ere  
dissected live un d er a binocular m icroscope and th e  p resence o f m ale 
o r fem ale sexual p roducts in th e  coelom ic cavity w as recorded. In 
o rder to be able to  assess w h e th er early  and late spaw ning periods in 
th e  w este rn  W adden  Sea correspond to th e  tw o different species, 
lugw orm s w ere  collected on tw o  tidal flats in th e  m iddle o f au tum n 
o f 2006 (see Table 1), th e ir  reproductive sta tus exam ined and their

Table 1
Samples of Arenicola spp.

Location Coordinates Date Emersion

Morphological
identification

A. mar. A. def.

Molecular
identification

A. mar. A. def. Sediment (M)

1. Terneuzen, NL 51 °20.746'N3°47.742'E 9 May 2008 High intertidal 18 - 6 - Sandy mud (162 pma)
2. Delta, NL 4 July 1915 Intertidal 2 - - -

3. North Sea, NL 1905-1993 Washed ashore /  subtidal 2 26b,c - 1
4. Huisduinen, NL 52°56.875'N4°43.040'E 17 Apr. and 8 Jul. 2007 Low intertidal 4 1 4 1 Sand
5. Malzwin, NL 52°58.918'N4°54.188'E 2,16 Apr. 2007 and Never 2 1 2 - Sand (240 pmd)

7 Feb. 2008
6. Wadden Sea, NL 1937-1994 Intertidal 17c - - -

7. Molenrak, NL 53°0.955'N4°41.755'E 22 Apr. 2008 Never - 1 - 1 Sand
8. Mok, NL 53°00.472'N4°45.652'E 3 Oct. 2006 High intertidal 40 - 6 - Mud
9. Texel beach, NL 53°6.715'N4°45.865'E 24 Feb. 2008 Washed ashore - 1 - 1
10. Schorren, NL 53°7.005'N4°54.045'E 3 Oct. 2006 High intertidal 40 - 6 - Mud
11. Eierlandse Gat, NL 53°8.453'N4°58.310'E 1 Dec. 2006 Low intertidal 1 7 1 7 Sandy mud
12. Slufter, NL 53°8.470'N4°47.858'E 11 Jun. 2007 Mid intertidal - - 8 - Sandy mud
13. Salto, SE 58°52.380'N 11 °8.811'E 29 May 2007 Occasionally (very shallow) 24e - 6e - Mud
14. Lindholmen, SE 58°53.444'N11°7.533'E 18 and 20 May 2007 Occasionally (very shallow) 22c - 6C - Sandy mud
15. Koster Islands, SE Jul. 1994 Never (10 m deep) - 1 - -

In italics: summary of samples obtained from museum or private collections. For detailed list of museum samples see Supplementary Materials. ‘NL’ =  the Netherlands; 
‘SE’ =  Sweden; M =  median grain size. Emersion times are from Zwarts et al. (2004) or given in general categories. 

a Provided by S. Santos, NIOZ (unpublished data from 2009).
b Includes three individuals with deviating annulation patterns (twice 2-2-3-4 and once 2-2-2-4). 
c Includes one individual with annulation pattern cf. A. defodiens (2-2-4-4) and overall A. marina-like morphology. 
d Own unpublished data.
e Includes two individuals with annulation pattern cf. A. defodiens (2-2-4-4) and overall A. marina-like morphology.
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*  Arenicola marina 
V Arenicola defodiens 
$ both species

North Sea

Wadden Sea

Fig. 1. Distribution of Arenicola defodiens and A. marina identified by molecular and morphological methods in this study. Open triangle =  A defodiens; closed triangle =  A. marina. 
Numbers identify samples and correspond to those in Table 1. Also included is an overview of known A. defodiens distribution to date: a) South Wales (Cadman 1997); 
b) Northumberland, UK (Watson et al. 1998); c) Belgian North Sea coast and the Somme estuary, France (Müller 2004; F. Kerckhof pers. comm.); and d) Westerschelde, the 
Netherlands (Sistermans et al. 2006). Dotted line in right panel indicates lower low water spring or —110 cm Dutch Ordnance Level (NAP).

DNA com pared. Those still contain ing gam etes w ere  considered as 
belonging to th e  late spaw ning group and those a lready em p ty  to the  
early  spaw ning group (cf. De W ilde and Berghuis 1979).

2.2. Molecular analysis

DNA w as ex tracted  using th e  GenElute M am m alian Genom ic DNA 
kit (Sigma) following th e  m anufacturer's protocol. A portion  o f the  
cy tochrom e-c-ox idase  1 gene w as am plified  using  th e  p rim ers 
LCO1490 and HC02198 (Folm er e t al. 1994). DNA sequencing was 
carried  o u t on an AB13730xl genetic  analyzer in e ith e r forw ard o r bo th  
directions. Sequence da ta  w ere  ob tained  for a to ta l o f 56 individuals. 
Sequences w ere  aligned by eye using th e  program  BioEdit (Haii 1999) 
and trim m ed  to  a final length  o f 637 bp.

2.3. Data analysis

A m in im um  spanning ne tw ork  w as created  (using th e  softw are 
Arlequin; Excoffier e t  al. 2005) for th e  haplotypes detected . M olecu­
lar d iversity  w as com pared be tw een  species on  th e  basis o f nucle­
o tide  diversity  (Tajima 1983). M ism atch d istribu tions w ere  com pared 
be tw een  species to gauge th e ir dem ographical population  histories, 
com paring observed d istributions w ith  those expected under 1) a 
m odel o f constan t population size; and 2) a m odel o f sudden population 
size expansion. The latter w as perform ed using th e  program  DnaSP 
(Rozas e t al. 2003).

Time since spéciation w as estim ated  based on a m olecular clock 
o f 0.4% sequence d ivergence per m illion years as estim ated  by 
C hevaldonné e t al. (2002), w ho  used th e  K2P (K im ura-tw o-param - 
e ter; Kimura 1980) m odel o f sequence evolution. For com parability, 
th e  K2P m odel w as applied here, also. The n e t be tw een  group d is­
tance, w hich  sub tracts average w ith in-group  d istance from  average 
be tw een  group distance and can th u s be used for estim ating  group 
splitting  tim es (Nei 1987) w as used  as a m easure  o f th e  am o u n t of 
d ivergence since spéciation.

3. Results

3.1. Early versus late spaw ning groups

Early and late spaw ning Arenicola spp. as recorded by De W ilde 
and Berghuis (1979) w ere  de tected  on  bo th  tidal flats v isited on 3 
October 2006, as evidenced by th e  presence o f bo th  spen t and non­
spen t individuals (Fig. 2). The fraction o f early  spaw ners differed 
significantly b e tw een  th e  tidal flats: 57% a t Mok and 78% a t Schorren 
(P =  0.0027, Fisher's exact tes t). M orphological exam ination  of all 80 
individuals suggested th a t all belonged to th e  species A. marina. DNA 
sequencing o f th e  COI gene o f tw elve o f these  individuals (th ree  spent, 
tw o fem ales and one m ale sequenced for bo th  tidal flats) confirm ed 
th a t bo th  early  and late spaw ners are  A. marina.

3.2. Molecular characterization

DNA sequence da ta  for th e  637 bp portion  o f th e  m itochondrial COI 
gene w ere  ob tained  for 56 individuals (G enbank accession num bers

□ spent
□ males
■ females

1 0 -

Mok Schorren

Fig. 2. Reproductive status of Arenicola spp. in mid autumn on two western Wadden Sea 
tidal flats ‘Mok’ (N = 40) and ‘Schorren’ (N=40). ‘Spent’ are individuals without 
gametes; ‘males’ are individuals containing spermatocytes; ‘females’ are individuals 
containing oocytes.
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GQ487319-GQ487325). The sequences form ed tw o d istinct groups, 
w h ich  confo rm ed  to  th e  m orpho log ical species iden tification , 
a lthough m orphological identification w as m ore difficult in som e 
cases due to som e degree of variation  in th e  diagnostic characters (see 
Section 3.3). In th is way, m orphological and m olecular data  w ere  
com pared for 45 A. marina and 11 A  defodiens originating from  a 
range of locations in the  W esterschelde, N orth Sea, W adden  Sea and 
Skagerrak (Fig. 1).

Am plification and sequencing of th e  fragm ent in m useum  speci­
m ens w ere  tes ted  for nine individuals, stored  on ethanol be tw een  
1905 and 1994. This w as successful only in one case: an A  defodiens 
w ashed  ashore and collected from  the  N orth Sea beach a t Hoek van 
Holland in 1993 (see Supplem entary  M aterial).

Am ong th e  to tal of 56 individuals sequenced, seven haplotypes 
w ere  detected . The na tu re  of th e  m olecular variation  is sum m arized  in 
Table 2. W hile the  m ajority  of all substitu tions (97) w ere  silent 
substitu tions, tw o  rep lacem en t substitu tions w ere  found: one w ith in  
A  marina (valine to phenylalanine) and one be tw een  th e  species 
(alanine to serine). The m in im um  spanning ne tw ork  (Fig. 3) show s 
th a t variability in A  marina consists of a com m on haplotype w ith  tw o 
rarer variants. In A  defodiens, in contrast, four m ore or less com m on 
haplotypes w ere  found, one of w hich  differs by four substitu tions 
from  the  rest. The sm allest d istance b e tw een  the  taxa is 89 differences 
(Fig. 3), w hich am ounts to 14% sequence difference.

The am o u n t of m olecular variation  w ith in  A  marina w as found to 
be rem arkably  lim ited and sm aller th an  in A  defodiens. This can be 
seen bo th  from  th e  nucleotide d iversity  n, w hich am ounts to 0.00014 
for A  marina versus 0.00400 for A  defodiens (Table 2), and by eye 
from  th e  m inim um  spanning ne tw ork  (Fig. 3).

M ism atch d istribu tions also differed be tw een  the  species: in 
A  marina, m ost pairw ise com parisons are identical, corresponding to 
a unim odal distribution, w hile  in A  defodiens the  m ism atch dis­
tribu tion  is bim odal (Fig. 4). N either a m odel of population  grow th  
no r of stable population  size could be rejected  in e ither species, as 
indicated  by non-significance of the  R2 criterium  of Ramos-Onsins and 
Rozas (2002). However, th is te s t is ra th e r conservative (Ramos-Onsins 
and Rozas 2002), and R2 w as larger in A  defodiens (R2 =  0.203; th e ta / 
thetaO =  1.234 and tau  = 1 .3 1 2 )  th an  in A  marina ( R2 =  0.103 ; th e ta / 
th e ta0  =  0.000 and tau  =  0.089), w hich  is consisten t w ith  a m ore 
stable an d /o r older population  size history  in the  form er.

3.3. Morphological variability

One of the  characters used to distinguish A  marina from  A  defodiens 
is the  pa tte rn  of annulation  of the  first head segm ents (Cadman and

Table 2
Summary of molecular characteristics in 637 basepair fragment of mitochondrial gene 
cytochrome-c-oxidase 1 in Arenicola marina and A. defodiens.

A. marina A. defodiens Interspecific

No. of sequenced individuals 45 11
No. of haplotypes 3 4
No. of polymorphic sites 2 6 89
No. of transitions 0 6 50
No. of transversions 2 0 39
No. of silent substitutions 1 6 49
No. of replacement substitutions Ia 0 l b
C:T:A:G(%) 23:33:28:16 26:30:26:18
Haplotypes (no. of observed) hOl(43)

h02(l)
h03(l)

h04(4)
h05(4)
h06(l)
h07(2)

Nucleotide diversity n 0.000140 0.003996
(SD) (0.000284) (0.002620)

‘SD’ =  standard deviation. 
a Nucleotide position 349, substitution from Valine to Phenylalanine. 
b Nucleotide position 58, substitution from Alanine to Serine.

Fig. 3. Minimum spanning network for 637 basepair fragment of the mitochondrial 
cytochrome-c-oxidase I gene in Arenicola marina (in white) and A. defodiens (in black). 
Each circle represents a haplotype; size of circle is representative of frequency of 
observation. Distance between haplotypes is one substitution unless otherwise 
indicated.

Nelson-Sm ith 1993). In A  marina the  first, anterior, segm ent has tw o 
annuli, the  second one three, and the  following ones all have four annuli 
(2-3-4-4). In A. defodiens the  anterior segm ent has tw o annuli, the  
second also has two, and the  following ones four (2-2-4-4). In preserved 
m aterial this is by far the  easiest characteristic to verify. In m ost 
specim ens, th e  annulation  corresponded w ith  the  o th er external 
characteristics of the  animals. Five sam ples (see Table 1 and Supple­
m entary  M aterial) stood out in this respect.

First, a sam ple from  th e  N orth Sea beach near Katwijk (NMR 9910- 
00303) consisted of a to tal of seven specim ens, all w ith  the  external 
appearance of A  defodiens, i.e. first tw o  segm ents w ith  2 annuli. In tw o 
of these  specim ens the  th ird  segm ent bore th ree  annuli (2-2-3-4), and 
in one specim en th is segm ent bore only tw o  annuli (2-2-2-4). In all 
seven specim ens th e  fourth  and o th er segm ents bore four annuli.

Second, a sam ple from  the  N orth Sea off Texel (RMNH An 2070) 
consisted of a to tal of th ree  specim ens w ith  ex ternal A  defodiens 
appearance, tw o  w ith  the  regular 2 -2-4-4  sequence of annuli, w hile 
one had only tw o annuli in the  th ird  segm ent (2-2-2-4), sim ilar as 
described above for the  Katwijk sam ple.

Third, a sam ple from  a relatively high in tertidal flat near Den 
H elder (Balgzand, 't Kuitje) (collection ZMA) consisted of th ree

0.4

0.3

0.2

oc
0
Z5cr
CD

LL

0 . 8 -

0 . 6 -

0.4-

0 . 2 -

0 1 2 3 4 5
Pairwise differences

Fig. 4. Mismatch distributions for A) Arenicola defodiens and B) A. marina. Pairwise 
difference indicates the number of different nucleotides between a pair of DNA 
sequences; distribution is among all possible pairwise comparisons within a set of 
sequences. Bars indicate observed values, lines signify expected distributions under 
models of constant population size (dashed line) and sudden population expansion 
(solid line) according to models referred to in main text.
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specim ens w ith  overall ex ternal appearance o f A  marina. Two o f th em  
had th e  characteristic  annulation  p a tte rn  o fA  marina (2 -3-4-4), w hile 
th e  th ird  specim en bore th e  A  defodiens p a tte rn  (2-2-4-4). M olecular 
identification o f th e  la tter specim en w as no t possible due  to its poorly 
conserved DNA.

Finally, tw o sam ples from  w este rn  Sw eden included, in low 
frequency, th ree  individuals w ith  A. defodiens annu la tion  (2-2-4-4) 
b u t w ith  an  overall appearance of A. marina, sim ilar to  th e  individual 
from  Den H elder m entioned  above. This w as th e  case for tw o indi­
viduals o u t o f  22 a t Saltö and for one ou t o f  21 a t Lindholm en, bo th  
shallow  w ater sites. M olecular identification o f these  th ree  individuals 
confirm ed th e ir species sta tus as A. marina.

3.4. Occurrence o f  A. defodiens

Using b o th  th e  m orphological and m olecular da ta  sets, th e  occur­
rence o f A. defodiens in several Dutch coastal w aters w as confirm ed, 
m ainly in th e  N orth Sea (Table 1). Notably, th e  species is rare in 
th e  w este rn  W adden  Sea, w ith  only tw o observations in th e  m ore 
exposed and m arine parts o f th e  a rea  (Fig. 1 ). The species is found in 
locations w here  th e  sed im en t is relatively course and em ersion  tim es 
are  lim ited (Table 1 ). These are  also areas w here  salinity  is h igher and 
m ore stable th an  in areas w here  A. marina  is found exclusively.

Exam ination of m useum  collections dem o n stra ted  th a t specim ens 
th a t w ash  up on th e  shore after storm s are prim arily  A. defodiens; 23 
o u t o f a to ta l o f  25 m useum  specim ens w ere  identified as A. defodiens 
(Table 1 and A ppendix A). Presum ably, strong w ave action can 
dislodge them .

The presence o f b o th  species in th e  Sw edish Skagerrak area  w as 
also confirm ed, w ith  A. marina  inhab iting  shallow , episodically 
exposed sed im ents (exposure  is regulated  by air p ressure  and w ind 
regim e ra th e r th an  tide), w hile th e  single A. defodiens know n from  the 
region w as collected a t 10 m  d ep th  (Table 1).

3.5. Molecular clock

Net K2P (K im ura-tw o-param eter) genetic  distance be tw een  A. 
marina  and A. defodiens w as 0.16337. Using a ra te  o f substitu tion  of 
0.2% per m illion years, as calibrated  by Chevaldonné e t  al. (2002) for 
polychaetes, w e arrive a t a tim e since spéciation o f 40.8 m illion years 
ago. The range o f substitu tion  rates found by C hevaldonné e t  al. 
(2002) is 0.13-0.25%  and th is yields a range of d ivergence tim es of 
32 .7-62.8  m illion years ago.

4. Discussion

4.1. Two spaw ning peales

The tw o  spaw ning peaks observed earlier in Arenicola spp. in the  
w este rn  W adden  Sea (Farke and Berghuis 1979; De W ilde and 
Berghuis 1979) could no t be a ttrib u ted  to th e  tw o  species b u t solely to  
A. marina. This seem s to m ean  th a t A. marina  has e ith e r tw o separate  
spaw ning m om ents or a very broad spaw ning tim e w indow  in these  
populations. This adds to th e  p a tte rn  o f large in terpopulational vari­
ability in th is taxon  w ith  respect to reproduction  (W atson e t  al. 2000) ; 
som e populations spaw n over a sh o rte r tim e period th an  o thers, som e 
spaw n earlier in th e  season th an  o thers, and th e  p resen t study  sug­
gests th a t tw o  spaw ning peaks w ith in  a year w ith in  a population 
m ay also occur. The la tter possibility raises th e  question  w h e th er the  
d ifferent spaw ning peaks m ight rep resen t d ifferent developm ental 
stages. A lternatively, population  subdivision m ay be p resen t w ith in  
A. marina sensu stricto, as th e  early  and late spaw ners m igh t be re- 
p roductively isolated.

4.2. Black lug in north European coastal waters

D istribution o f A. marina  and A. defodiens in W adden  Sea and 
North Sea coastal w aters  broadly follows th e  p a tte rn s observed in 
British w aters (Cadm an 1997; W atson  e t al. 1998). The d istribu tion  o f 
A. defodiens is restric ted  to  h igh-energy low  in tertidal and subtidal 
m arine habitats. The d istribu tion  o f A. marina  in Dutch w aters can be 
ch arac te rized  as e s tu a rin e  an d  is re s tr ic te d  to p re d o m in an tly  
in tertidal and sheltered  sedim ents. The difference in h ab ita t be tw een  
th e  species, how ever, is relative, so th a t sym patric occurrence is quite  
com m on (see Fig. 1). Locations w here  A. marina  occurs a lone are areas 
w ith  low er and m ore fluctuating salinities, finer sed im ents and longer 
em ersion  tim es (Table 1). Sym patry is seen in areas w here  salinity is 
high and stable, em ersion  tim es are sm aller and w ave action is larger.

M onitoring surveys m en tion  th e  occurrence o f A. defodiens in th e  
W esterschelde (S isterm ans e t  al. 2006), and along th e  N orth Sea 
coasts o f Belgium (F. Kerckhof, pers. com m .) and th e  n o rth  o f France 
(M ü ller 2004; F. Kerckhof, pers. com m .). The W este rsc h e ld e  
A. defodiens w ere  collected a t th e  ‘Plaat van Baarland’, on  th e  edge 
of an  in tertidal m udflat; a site w here  m edian grain size equaled  100- 
150 p m  (Sisterm ans e t al. 2006), i.e., not particularly  coarse. Perhaps 
n o t surprisingly, then , it occurred  th ere  sym patrically  w ith  A. marina. 
The Belgian and French observations o f A. defodiens w ere  from  sandy 
beaches (F. Kerckhof, pers. com m .).

In th e  Skagerrak, w here  near-shore  sed im ent exposure  is w ind 
and air pressure  d riven  (unpred ic tab le) ra th e r th an  driven by th e  
lunar cycle (predictable), A. marina w as found in shallow  w a te r and 
A. defodiens in deep er w a te r (10 m).

4.3. Molecular variation

In th is study  genetic  variation  w as found to be h igher in A. defodiens 
th an  in A. marina. Com paring th is to th e  allozym e da ta  p resen ted  
earlier (C adm an and Nelson-Sm ith 1990) it can be seen th a t allozym e 
variation, too, seem s to be h igher overall in A. defodiens : average gene 
diversity  (Nei 1973) equals 0.23 for A. defodiens versus 0.17 for 
A. marina (calculated from  Table 1 in Cadm an and Nelson-Sm ith 1990, 
for Jersey  M arine sam ples only and excluding th e  m onom orphic 
locus superoxide d ism utase). Such a difference m ay be caused by a 
difference in m uta tion  rate, population  size o r population  history. 
Population size is no t likely to  explain th e  observations; if anything, 
sensus population  size appears to be larger in A. marina  th an  in 
A. defodiens, w hich w ould  pred ic t th e  opposite  p a tte rn  o f genetic 
variability. Since th ere  is also no obvious reason w hy m uta tion  rate 
should be h igher in A. defodiens, th e  observed low er level o f m o­
lecular variation  in A. marina is likely th e  resu lt o f population  history. 
Historical events th a t can cause this kind o f difference are ( 1 ) recen t or 
recurring population  bottlenecks in A. marina, as indicated by th e  
m ism atch analysis (Fig. 4), and (2) a history  o f a lte rna ting  phases o f 
isolation and reun ion  in A. defodiens. Although one m ight additionally  
hypothesize th a t  A. marina  orig inated  recently  from  A. defodiens, th is is 
no t corroborated  by th e  fact th a t spéciation ap paren tly  occurred a very 
long tim e ago (see below ).

Lower levels o f  genetic  varia tion  in a near-shore  species th an  in a 
close relative w ith  a m ore offshore d istribu tion  have been  observed 
before for th e  arrow  w o rm  species Sagitta setosa and S. elegans in th e  
North Sea (Peijnenburg  e t al. 2005). Peijnenburg e t al. suggest th a t th e  
near-shore  S. setosa w as m ore severely im pacted by th e  Pleistocene 
ice ages th an  S. elegans. A sim ilar scenario m ay explain th e  obser­
vations for Arenicola spp.; tidal hab ita ts m ay have been  un d er 
s tronger influence o f glaciation th an  subtidal habitats, leading to 
s tronger population  bottlenecks in th e  near-shore  th an  in th e  off­
shore populations, and opportun ities for seeking refuge by m oving to 
deep er w aters m ay have been  ham pered  by com petition  effects w ith  
re la ted  taxa.



22 P.C. Luttikhuizen, R. Dekker / Journal of Sea Research 63 (20¡ Oj 17-23

The fact th a t population  genetic  s truc tu re  be tw een  Dutch and 
Sw edish w aters for A. marina  w as no t observed further corroborates a 
scenario o f recolonisation for th is taxon  following th e  re trea t o f the  
Pleistocene glaciations. Further exam ination  o f th is scenario aw aits a 
m ore tho rough  analysis o f geographic population  genetic  s truc tu re  for 
th e  tw o lugw orm  species.

The m olecular clock estim ation  p resen ted  in th is paper m u st be 
v iew ed w ith  caution. M any problem s are  associated w ith  such 
estim ates, including possible n o n-neu tra lity  o f m itochondrial DNA, 
th e  need to  sam ple m ultip le loci and ra te  heterogeneity  am ong 
taxonom ic lineages (Ballard and W hitlock 2004; Pulquerio and 
Nichols 2007). The estim ated  tim e o f divergence, 41 (range 33 -6 3 ) 
m illion years ago (MYA), falls w ith in  th e  Eocene epoch  (3 4 -5 5  MYA). 
The Eocene is th e  m iddle epoch o f th e  Paleogene period, a w arm , 
largely ice-free period, during  w hich th e  m odern  m am m als o rig inat­
ed and radiated. The tim e estim ate  ob tained  for th e  Arenicola species 
pair is th u s very  old for such a strong m orphological sim ilarity. It 
im plies th a t e ith e r bo th  species have rem ained  very  sim ilar in 
appearance, o r evolved in parallel. M orphological stasis in ex trem e 
env ironm ents is one of th e  w ays in w hich  cryptic species originate; 
th ere  are only a lim ited num ber o f  w ays in w hich an  organism  can 
ad ap t to  a harsh  en v iro n m en t (Nevo 2001; Bickford e t al. 2007). 
A lternatively, th e  m olecular clock used  (0.4% sequence divergence 
per m illion years; C hevaldonné e t al. 2002) is too slow. If instead  we 
use w h a t is seen as a fast clock for th e  sam e gene, th e  C rustacean COI 
m olecular clock (1.4% divergence per m illion years; K now lton and 
W eigt 1998), w e  arrive a t 11.7 MYA, w hich is still ex trem ely  old; for 
exam ple, it is m illions o f years before th e  o n se t o f  th e  Pleistocene ice 
ages 1.8 MYA.

4.4. Morphological variation

The p resen t study  uncovered  m ore m orphological variation  in the  
m ain diagnostic character (annulation  p a tte rn ) o f A. defodiens th an  
observed by Cadm an and Nelson-Sm ith (1993). W hile 89% o f the  
black lug individuals possessed th e  standard  pattern , i.e. i 2 ii 2 iii 4  iv 
4  V  ... xviii 4  ixx (follow ing no tation  by W ells 1957) o r 2 -2-4-4  in 
short, w e encoun tered  5.4% w ith  a 2 -2 -3 -4  and 5.4% w ith  a 2 -2-2-4  
pattern . In A. marina, w e found 2.3% individuals w ith  annulation  
pa tte rn s deviating from  th e  standard  pattern , i.e. i 2 ii 3 iii 4  iv 4  v  ... 
xviii 4  ixx (follow ing no tation  by W ells 1957) or 2 -3 -4 -4  in short; all 
cases o f deviation  lacked th e  th ird  annulus on th e  second segm ent and 
thus possessed th e  (A. defodiens-like) 2 -2-4-4  pattern . This frequency 
of absen t th ird  annulus in A. marina  is very  sim ilar to  th a t observed by 
Cadm an and Nelson-Sm ith (1993), w hich w as 2.2%. In conclusion, the  
possibility o f  m istaken identification on  th e  basis o f  annu la tion  p a t­
terns alone is no t negligible. The com bined use  o f  annu la tion  p a tte rn  
and a m olecular identification m ethod  w ould give m ore reliable 
results. The large interspecific differences in th e  m itochondrial DNA 
fragm ent p resen ted  here  can form  th e  basis for a tim e- and cost- 
efficient m olecular identification m ethod  on th e  basis o f  restriction  
enzym e assay o f th e  PCR product.

In conclusion, th e  m orphologically highly sim ilar polychaetes 
A. marina and A. defodiens parasym patrically  occupy different bu t 
overlapping hab ita ts th ro u g h o u t n o rth ern  European estuaries and 
shallow  offshore sedim ents. The double spaw ning peak observed 
earlier in th e  w este rn  W adden  Sea does no t rep resen t th e  tw o spe­
cies but, instead, A. marina alone, adding to th e  large variability  in 
spaw ning behaviour know n for th is taxon. Genetic b iodiversity  is 
h igher in A. defodiens th an  in A. marina, w hich is ten ta tively  sug­
gested  here to  resu lt from  a h isto ry  o f m ore severe population  size 
reductions in th e  la tter th an  in th e  form er. Spéciation m ost likely 
occurred long before th e  Pleistocene ice ages and th e  taxa probably 
(re)colonised  European hab ita ts independen tly  before or during  th a t 
tim e.
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