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ABSTRACT: Mya arenaria currently occupies a wide geographical range in the northern hemi- 
sphere, on both coasts of the Atlantic as well as on the Pacific east coast. Some authors claim it also 
occurs on the Pacific west coast. The species originated in the Pacific during the Miocene and was 
already present on both Atlantic coasts in the Pliocene. However, it died out on the edst coasts of 
the Pacific and the Atlantic during glaciation of the Pleistocene. With the aid of man it was rein- 
troduced to the North Sea some 400-700 years ago and to the East Pacific last century. In the 1960s 
it was also introduced to the Black Sea. M. arenaria invaded new habitats by different modes: 
(1) natural range expansion (2) intentional as plantings, (3) unintentional as a ballast species and 
(4) unintentional as a byproduct of oyster transplants. Properties that may fdvor its wide range of 
distribution and invading success are: high fecundity; planktonic dispersal stages and life stages 
that lend itself to unintentional transport by humans; a broad spectrum of habitat and food prefer- 
ence; tolerance of a wide range of environmental conditions such as salinity and temperature; 
longevity, and perhaps relatively large size. 

I N T R O D U C T I O N  

T h e  soft  s e d i m e n t  b iva lve  Mya arenaria is u n i q u e  b e c a u s e  it is by far the  ea r l i e s t  in- 

t r o d u c e d  s p e c i e s  to t he  Nor th  Sea  s h o r e  t ha t  sc ien t i s t s  a re  a w a r e  of (Reise et  al., 1999). 

/Mya is p r e s e n t l y  w i d e l y  d i s t r i b u t e d  at l eas t  ove r  bo th  n o r t h e r n  coas t s  of the  At lan t ic  as 

we l l  as ove r  t he  N o r t h  Pacif ic  eas t  coast .  H o w e v e r ,  it not  only  occurs  ove r  a w i d e  geo -  

g r a p h i c a l  r a n g e ,  bu t  also o f t en  p lays  a d o m i n a t i n g  role  in local  b e n t h i c  c o m m u n i t i e s .  In 

E u r o p e a n  w a t e r s  Mya w a s  f o u n d  to be  the  s p e c i e s  w i th  t he  h i g h e s t  b i o m a s s  in a s tudy  

on the  s o u t h - w e s t  coas t  of E n g l a n d  (Warwick  & Price, 1975). It is a lso o n e  of t he  t h r e e  

mos t  i m p o r t a n t  p r o d u c e r s  of b e n t h i c  b i o m a s s  a n d  ca l c imass  in t he  W a d d e n  Sea  

( B e u k e m a ,  1982, 1992) a n d  a m o n g  the  d o m i n a t i n g  s p e c i e s  on the  w e s t  coas t  of S w e d e n  

(Evans  & Tal lmark,  1977) a n d  in the  Balt ic Sea  (Brey, 1991; Powil le i t  e t  al., 1995). Dur-  

ing  the  last  f ew  c e n t u r i e s  t he  c lam w a s  s u c h  a typ ica l  c o m p o n e n t  in t h e  Baltic Sea  tha t  

the  last  s t a g e  of t he  Balt ic d e v e l o p m e n t  h a s  b e e n  ca l l ed  the  [VIya Sea  (Hess l and ,  1946). 

Af ter  its i n t r o d u c t i o n  in the  1960s, it b e c a m e  a m a s s  e l e m e n t  in the  R o m a n i a n  pa r t  of t h e  

Black Sea  (Gomoiu ,  1981). 

On  the  At lan t ic  coas t  of Nor th  A m e r i c a  it is r e p o r t e d  as a d o m i n a t i n g  s p e c i e s  in 

Nova  Scot ia  ( E m e r s o n  et  al., 1988) a n d  f rom m a n y  e s t u a r i e s  in N e w  E n g l a n d  (Newe l l  & 

Hidu,  1986). In C a n a d a  a n d  the  U n i t e d  S ta t e s  it is or w a s  an  i m p o r t a n t  c o m m e r c i a l  f ish-  
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ery (Amaratunga  & Misra, 1989; Hidu & Newell ,  1989). On the Pacific coast it was usu~ 

ally dominat ing  the benthic communi ty  after dry periods in a study in San Francisco 

Bay (Nichols et al., 1990). 

In this paper  I will trace the invasion history of M. arenar ia  and explore  the reasons 

that may be responsible for its successful invasion. I will use a terminology after Carlton 

(1989), where  a biological invasion means  the arrival, es tabl ishment  and subsequen t  

diffusion of a species in a communi ty  in which it did not previously exist. Mechanisms 

of invasions can be divided into dispersal  by human activity (introduction) and natural  

dispersal  (range expansion). 

PRESENT DISTRIBUTION OF M. A R E N A R I A  

M y a  arenar ia  currently occurs at least on both coasts of the North Atlantic as well  

as on the North Pacific east coast. No records are known from the southern hemisphere .  

As the geographica l  range of 54. arenar ia  could reveal valuable  information about  

spreading rates and properties such as t empera ture  and salinity requirements ,  an at- 

tempt  is made  to describe the present  distribution (Fig. 1). However,  it is difficult to de- 

scribe the exact  wor ldwide  range since s ta tements  of some authors contradict  each 

other. Most problems are caused by different opinions about the ass ignment  of speci- 

mens to ei ther  M. arenaria,  54. t runca ta  or M. japon ica .  For example,  some authors 

claim the exis tence of 54. arenar ia  on the Pacific west  coast (Laursen, 1966; Bernard, 

1979; Goshima, 1982), while others argue that records from the West Pacific are 

misidentifications of 54. j a p o n i c a  (MacNeil,  1965; Strauch, 1972). Therefore,  a quest ion-  

mark is added  to the West Pacific records of 54. arenar ia  in Fig. 1. 

According to Laursen (1966) all records for M. arenar ia  he checked  from within Arc- 

tic regions actually be longed  to N]. t runca ta  f. ovata .  These old records are not inc luded 

in Fig. 1, but new records from Arctic regions should also be treated with caution. How- 

ever, even  a conservat ive geographica l  range, considering only references  from undis- 

puted areas, demonstra tes  the widesp read  present  occurrence of M. arenaria .  

On the European  coast the nor thernmost  records of 54. arenar ia  are g iven  from 

northern Norway and Murman in the Barents Sea (Galkin, 1998). It is also repor ted  from 

the White Sea (Maksimovich, 1978) and from the coast of Iceland (Oskarsson, 1961). 

However ,  it needs  to be stressed that earl ier  reports of M. arenar ia  from Iceland were  

later assigned to 54. t runca ta  f. o v a t a  (Laursen, 1966). According to Stokland (1985) 

54. arenar ia  is present  along the entire Norwegian  coast, but no collection sites are 

"q Fig. 1. Assumed natural and anthropogenic invasion pathways of Mya arenaria and present distri- 
bution. Further explanations in the text. Distribution is based on records given in Amanieu, 1969; 
Appeldoorn, 1983; Bacon et al., 1998; Bernard, 1979; Beukema, 1982; Bourget, 1983; Carl & Guio 
guet, 1957; Carlton, 1979, 1989; Feder & Paul, 1974; Foster, 1946; Galkin, 1998; Gomoiu, 1981; 
Goshima, 1982; Guimar~es & Galhano, 1988; Hanna, 1966; Himmelman & Hamel, 1993; Lassig, 
1965; MacDonald & Thomas, 1980; Maksimovich, 1978; McLusky & Elliott, 1981; Miac et al., 1997; 
Minchin & Sheehan, 1995; Muus, 1967; Newell, 1964; Nichols, 1985; Oskarsson, 1961; Porter, 1974; 
Powilleit et al., 1995; Rasmussen & Heard, 1995; Reise, 1985; Savchuk, 1976; Stewart & Bamford, 
1976; Theroux & Wigley, 1983; Valera & Cdidigh, 1964; Warwick & Price, 1975; Winther & Gray, 

1985; Zaklan & Ydenberg, 1997 
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cited. In the Baltic Sea M. arenar ia  is found up to the Gulf of Bothnia and the Gulf of 

Finland (Lassig, 1965). The clam is present  in the entire Wadden Sea and on the coast 

of Great  Britain. The southern limit on the Atlantic east coast appears  to be Portugal 

(GuimarSes & Galhano, 1988). In addition M. arenar ia  exists on the Romanian (Gomoiu, 

1981) and the former Russian coast (Savchuk, 1976) of the Black Sea. S ta tements  about  

its occurrence in the Medi te r ranean  Sea were  not considered in Fig. 1 because  ei ther  no 

collection site was cited (Ziegelmeier,  1957) or the cited reference could not be found in 

the l i terature list (Bernard, 1979). 

The northernmost  records on the Atlantic west  coast are from Labrador  (Foster, 

1946). M. arenar ia  is also reported from the northern Gulf of St. Lawrence (Himmelman 

& Hamel,  1993) and Newfound land  (Bacon et al., 1998). Most references  come from the 

area be tween  Nova Scotia, Canada  and Maryland, USA (e.g. Appeldoorn,  1983; Ther~ 

oux & Wigley, 1983). The southernmost  record is from Georgia  (Rasmussen & Heard, 

1995). A s ta tement  about M. arenar ia  in Florida (Theroux & Wigley, 1983) is disre- 

garded  because  no reference  to spec imens  or collection site are given. 

On the Pacific east coast M. arenar ia  occurs from North Sound and Bristol Bay in 

Alaska (Bernard, 1979) down to Monterey  Bay, California (MacNeil, 1965; Bernard, 

1979). Reports from San Diego (Hanna, 1966) are considered to be false by Carlton 

(1979), who extensively  r ev iewed  records of M y a  on the Pacific east coast. 

If identifications of M. arenar ia  from the Pacific west  coast are correct it ranges  from 

the coast of Kamchatka in the north down to southern Japan  and the Gulf of Chihli, 

China (Bernard, 1979). 

ORIGIN OF M. A R E N A R I A  AND ITS INVASION HISTORY 

Since shells of mollusks are preserved  in the fossil record, it was possible to study 

the evolution and migration of M. arenar ia  in geological  time. It is be l ieved  to have 

originated in the Pacific during the Miocene  (22.5-5.0 10 ~ years ago) as a successor  of 

M. [uj ie i  {MacNeil, 1965; Strauch, 1972). The oldest  records of M. arenar ia  were  in late 

Miocene  formations on the Pacific west  coast in Japan  and roughly from the same time 

on the Pacific east coast in California (Strauch, 1972). No proof exists on which side of 

the Pacific the clam evolved,  but both MacNei l  (1965) and Strauch (1972) suspect  it was 

in Japan.  Later, but still in the Miocene,  it first appea red  in Atlantic waters in the York- 

town Formation of Virginia (MacNeil,  1965; Strauch, 1972). While MacNei l  (1965) and 

Bernard (1979) be l ieve  M. arenar ia  r eached  Virginia by way of the Arctic (Fig. 1), 

Strauch (1972) suggests  a Central  Amer ican  passage  because  the Bering Strait did not 

open until the Pliocene (5.0-1.6 106 years ago). According to Strauch (1972) M. arenar ia  

made  its first appearance  in Europe in the late Pliocene. He assumes that it r eached  Eu- 

rope by crossing the Atlantic. However ,  Vermeij (1989) considers M. arenar ia  to have  

invaded  from the Pacific to the Atlantic as part of the Trans-Arctic In te rchange  via the 

Bering Strait. Some authors be l ieve  that M. arenar ia  survived glaciation in the Pleis- 

tocene  only on the Atlantic west  coast and that all populations on the entire Pacific coast 

and on the Atlantic east coast died out (MacNeil,  1965; Strauch, 1972). However ,  ac- 

cording to Bernard (1979) M. arenar ia  also survived the Pleistocene on the Pacific west  

coast in Japan.  It is be l ieved  that after the Pleis tocene the invasion history of M. are- 
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naria was substantially inf luenced by human  activity. Probably be tween  the thir teenth 

and seven teen th  century it invaded  the European  coast for the second time. According 

to Hessland (1946) M. arenaria re invaded  Europe during the sixteenth or seven teen th  

century. He a rgued  that the clam could not have  crossed the Atlantic without  the aid of 

man. Instead, travellers might  have  brought  specimens  ei ther intentionally as food or 

bait or unwit t ingly together  with oysters or in the bilge water  of ships. Recently, Pe- 

tersen et al. (1992) dated shell material  from Denmark  to the thir teenth century and 

sugges ted  that M y a  could have been  transferred to Europe by the Vikings. 

It also re invaded  the Pacific east coast through human activity. It was probably first 

in t roduced as a byproduct  of oyster transplants from the Atlantic side to San Francisco 

Bay prior to 1874 (Stearns, 1881; Hanna,  1966). On the Pacific east coast it was later also 

intentionally planted as a commercia l  fishery (Hanna, 1966; Carlton, 1989). 

The most recent  introduction occurred in the Black Sea around 1960. Adult  speci- 

mens were  first discovered close to Odessa  and Ilichesk, the largest  ports in the Black 

Sea, in 1966 (Savchuk, 1976). It was probably transported there as a ballast species by 

oil tankers from the Baltic Sea (Lepp~ikoski, 1994). It is important to note that in a sur- 

vey in German  ports adult specimens  were  found in the sediment  of ballast water  tanks 

and as a fouling organism on the hull of a ship (Gollasch, 1996). Al though NIya was ini- 

tially int roduced since the thir teenth century to the east Atlantic, east Pacific and the 

Black Sea by man, it needs  to be pointed out that there was also a substantial  natural  

range expansion (especially in Europe) lead ing  to the present  distribution (Fig. 1). 

CHARACTERIST[CS OF M Y A  A R E N A R I A  

Several  characteristics of species have  been  sugges ted  as predictors of successful 

invaders (e.g. Lodge, 1993; Williamson, 1996, and references  therein), some of which 

are over lapping  or even  contradict ing (Lodge, 1993). Some of the most widely  cit- 

Table 1. Characteristics of Mya arenaria that may be relevant to its invading success on the North 
Sea shore. Further explanations in the text 

Characteristics M. arenaria 

Previous success as an invader 
Abundant and widespread in native range 
High invasion pressure 
Large and long-lived 
Life cycle with dispersal stage 
Potential to form a resting stage 
r-selected, high fecundity, short generation time, high growth rate 
Broad spectrum of habitat and food preference 
Preference for disturbed habitats 
Tolerant of wide range of physical conditions 
Lack of parasites and disease 
Lack of predators 
High genetic variability 
Occupying a previously empty niche 

Yes 
Yes 
? 

Yes 

Yes 

No 

(Yes) 
Yes 
No 
Yes 
Yes/? 
No 
? 

(No) 
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ed characteristics are summarized for Mya in Table 1 and will be discussed in the fol- 

lowing. 

P r e v i o u s  s u c c e s s  o u t s i d e  the  N o r t h  Sea  

The characteristic of previous success as an invader  holds true because  prior to its 
arrival in Europe (1) dur ing the Pliocene and  (2) some 400-700 years ago, Mya success- 
fully invaded  the Atlantic west coast dur ing  the Miocene (Fig. 1). A b u n d a n c e  and  wide- 
spreadness  in its native range is also fulfilled, if the Atlantic west coast - with perhaps 
the only surviving populations after the Ice Age - is regarded as the nat ive range  and 
the distr ibution there was similar 400-700 years ago to how it is today. The characteris- 
tic of high invasion pressure is based on the assumption that invading success is posi- 
tively correlated with the number  of individuals  int roduced (Williamson, 1996). 

Life h i s to ry  t ra i ts  

Mya is considered a relatively large and  long-l ived bivalve al though there are re- 
gional  differences. Calculated growth curves for different geographic areas in Europe 
and  North America showed maximum sizes be tween  some 60 and 100 mm (Brousseau, 
1979; Winther  & Gray, 1985). Very large individuals  are reported to exceed 140 mm 
(Coe & Turner, 1938; Linke, 1939; Kiih], 1951). A large body size may allow high num-  
bers of eggs which perhaps favor a wide range  of distribution. A lifespan of 10-12 years 
is considered normal on the Atlantic east coast (Brousseau, 1978 a) with a ma x i mum of 
28 years reported from the Bay of Fundy (MacDonald & Thomas, 1980). 

NIya has a life cycle with dispersal stages {planktotrophic larvae and juveniles)  but, 
like all mollusks, no potential  to form a resting stage. Transport by humans  is possible 
at any life stage (see above). Depending  on the geographic area, spawning  takes place 
once or twice annually,  usually starting in spring (see Brousseau, 1987, for a review). In 
European  waters the majority of larvae usually appear  in May/June  (e.g. Gfinther, 1992; 
personal  observations), a l though they may be found as late as October (Jorgensen,  
1946). A single annua l  spawning  event  has been  suggested for the Wadden  Sea (Grin- 
ther, 1992), the west coast of Sweden (M611er & Rosenberg, 1983), the east coast of Den- 
mark (Munch-Petersen,  1973), and the Black Sea (Began, 1979). Two reproduct ive  peri- 
ods have been  reported from Oslofjord (Winther & Gray, 1985) and the south coast of 
England  {Warwick & Price, 1975). The larval stage usually lasts for about  2-3 weeks 
(Thorson, 1946; Medcof, 1950). In laboratory studies the larval phase lasted be t w e e n  10 
and  35 days (Loosanoff & Davies, 1963), sugges t ing  that Mya is capable of de lay ing  set- 
t lement  if condit ions are not optimal. Larval growth, survival, and length of larval stage 
were d e p e n d e n t  on salinity, temperature  and  food (Stickney, 1964). The majori ty of lar- 
vae do not metamorphose  until  a size of 200 gm is reached (Jorgensen, 1946; Loosanoff 

& Davies, 1963; Stickney, 1964). The new settlers live in the upper  2 cm of the substrate 
as long as they are < 10 mm (Blundon & Kennedy,  1982; Zwarts & Wanink,  1989) and  
may anchor  themselves in the sediment  with byssus threads (Smidt, 1951; Kfihl, 1955). 
With advanc ing  growth longer siphons are developed which enable  Mya to bury 

deeper  into the sediment,  increasing their chances of escaping predat ion (Zwarts & 
Wanink,  1989; Zaklan & Ydenberg,  1997). In the Wadden Sea the majori ty of clams 
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>50 mm are found in the sediment  at a depth of be tween  15 and 20 cm (Zwarts & 
Wanink, 1989) but at a max imum depth of 40 cm (Kfihl, 1981). While large clams estab- 
lish a pe rmanen t  burrow (Linke, 1939; Medcof, 1950; Hidu & Newell, 1989), small clams 
are still prone to different mechanisms of dispersal. After set t lement  and  metamorpho-  
sis Mya is subject  to postlarval dispersal through passive resuspension into the water 
column (Roegner et al., 1995) and  active byssus drifting (Armonies, 1994), a l though the 
latter mode does not seem to be quanti tat ively important  (Armonies, 1998). Drifting 
clams in the water column did not exceed 2 mm shell length (M61ler, 1986; Armonies, 
1992). It has been  shown that dispersal by bedload sediment  transport  can result in 
translocation of large quanti t ies of juveniles up to 15 mm shell length (Emerson & Grant, 
1991) which may contribute to intertidal zonation on exposed shores (Matthiessen, 
1960 a). A passive subtidal  transport  of clams of up to 25 mm was suggested  for the 
Baltic Sea (Kube, 1996) and occasionally shells up to 40 mm long were caught  in inter- 
tidal bedload traps (Emerson & Grant, 1991). 

The life history of the diocious M. arenaria is characterized by high fecundity that 
increases with increasing female size, by repeated reproduction, and high larval and ju- 
venile mortality that levels off close to the age of first reproduction (Brousseau, 1978 a; 
Brousseau & Baglivo, 1988; Malinowski & Whitlatch, 1988). Fecundity values for Mya 
for a single spawning  season on the Atlantic west coast varied be tween  120 000 eggs 
(60-ram clam; Brousseau, 1978 b), 3 million eggs (63-ram clam; Belding, 1930, cited in 
Brousseau, 1978 b) and 1-5 million eggs (unknown size; Stickney, 1964). A high intrin- 

sic rate of natural  increase (rind• of 4.74 was calculated for a populat ion in Massachu- 
setts (Brousseau, 1978 a). 

The characteristic of short genera t ion  time and high growth rate does not univer-  
sally hold true. Commito (1982) suggested that Mya delays reproduction to its fourth 
year in favor of rapid early growth to reach a depth refuge. First reproduct ion usually 
occurs at a size of about  20-50 ram, which corresponds to an age of 1-4 depend ing  on 
growth conditions (Porter, 1974; Brousseau, 1978 a; Sadykhova, 1979; Commito, 1982; 
Rosenblum & Niesen, 1985; Winther  & Gray, 1985; Brousseau & Baglivo, 1988). In most 
areas growth of ]Vlya is fastest in its first years and decreases with age (e.g. Munch-Pe-  
tersen, 1973; Brousseau, 1979; Appeldoorn,  1981; Miac et al., 1997). However, l inear  
growth has also been  reported (Feder & Paul, 1974; Warwick & Price 1975; Kube et al., 
1996). Growth rates can vary considerably be tween  areas (see Brousseau & Baglivo, 
1987, for a review). For example,  it took 6-7 years for 5,1ya to reach a size of 51 mm in a 
study in Alaska (Feder & Paul, 1974) while it took only 1.5 years in Connect icut  
(Brousseau & Baglivo, 1987). Several factors have been  ment ioned  to affect growth of 
Mya, such as sediment  type (Swan, 1952; Newell & Hidu, 1982), salinity (Essink & Bos, 
1985), exposure time (Wanink & Zwarts, 1993), dis turbance (Emerson, 1990), lati tude 

(Appeldoorn, 1983), and pollution (Appeldoorn, 1981). 

H a b i t a t ,  food a n d  e n v i r o n m e n t a l  t o l e r a n c e  

/VlFa has a broad spectrum of habitat  and food preference. It is found most abun-  
dantly in intertidal and  shallow subtidal areas (Lassig, 1965; Rasmussen,  1973; Newell  
& Hidu, 1986; Powilleit et al., 1995), but it can also reach subtidal depths of up to 192 m 
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(Theroux & Wigley, 1983). It is found in soft sea bottoms ranging from hard, stony sand 

to pure  mud  (Rasmussen, 1973). Although it may be more abundan t  in some substrates 
than in others, the type of soil seems to have little inf luence on the presence or absence  
of Mya (Turner, 1950; Muus, 1967; Theroux & Wigley, 1983). Apparently, the only re- 

qu i rement  are substrates loose enough  for Mya to dig in and yet stable e n o u g h  to pre- 
vent  their burrows from being destroyed too frequently (Medcof, 1950). The broad geo- 
graphical  range shows that Mya has no preference for disturbed habitats. For example,  
in Europe it invaded pristine habitats (North Sea 400-700 years ago) as well as eu- 
trophicated parts of the Black Sea. 

Mya feeds by filtering seawater  (Newell & Hidu, 1986). However, fine particles 
from the surrounding bottom layer are also sucked in (Rasmussen, 1973), so that the 
stomach content  is a combinat ion of material  mostly collected from the water  column 
and  a small amount  from the sediment  surface (Kamermans, 1994). Since the stomach 
content  resembled the algal composition in the water column Mya did not seem to dis- 
cr iminate be tween  food items. The diet, therefore, consisted of a variety of flagellates, 

b lue -green  algae, pelagic and benthic diatoms, and chlorococcales (Kamermans,  1994). 
In addi t ion Mya is capable  of absorbing dissolved organic material  IStewart & Bamford, 
1976). In laboratory studies Mya larvae grew on several species of unicel lu lar  algae 
(Stickney, 1964). 

Mya tolerates a wide range of salinities and temperatures  and has high resistence 
to the presence of H2 s and to 02 deficiency. The clam is a euryhal ine osmoconforming 
bivalve (Beres & Pierce, 1981). In the Baltic Sea salinity gradually decreases in a north- 
ward direction. This gradient  serves as a natura l  exper iment  to de termine  the lower 
salinity tolerance of Mya. The lowest mean  salinity at which it exists in the Gulf of Both- 
nia is 4.5-5.0 psu (Lassig, 1965). Similar leveis of 4 psu (Matthiessen, 1960 b) and  5 psu 
(Newell & Hidu, 1986) have been  reported from the Atlantic west coast. The upper  
salinity limit must be > 35 psu since Mya persists in areas where these salinities are 
reached (Castagna & Chanley, 1973; Brousseau, 1978 a). Opt imum salinity for rearing 
larvae in the laboratory was from about  16 to 32 psu (the highest value tested) (Stick- 
ney, 1964). 

Under  natural  conditions Mya tolerates water  temperatures  down to -2  ~ in Alaska 
(Feder & Paul, 1974). It also persists in the St. Lawrence  Estuary where freezing air tem- 
peratures  may occur from October to May (Bourget, 1983). In the Wadden  Sea it re- 
ma ined  u n d a m a g e d  after the severe winter  of 1995/1996 with more than 60 days of ice 
coverage on the tidal flats (personal observations). Mortality was likewise not e n h a n c e d  
after the severe 1978/1979 winter  (Beukema, 1979). However, exceptionally severe win- 
ters are also known to have caused substant ia l  mortality (e.g. Smidt, 1944; Rasmussen,  
1973). Several reasons favor a critical upper  tempera ture  of about 28 ~ (1) w h e n  this 
tempera ture  was exceeded in Chesapeake  Bay, large scale mortality of Mya often took 
place {Pfitzenmeyer, 1972); (2) highest  tempera tures  at sites in Georgia where  NIya was 
found (southernmost record on Atlantic west coast) are just below 28 ~ (Rasmussen & 
Heard, 1995); (3) all larvae were dead after rear ing for 14 days at 28 ~ (Stickney, 1964). 

The distribution of bivalve species is closely associated with their geographical  
thermal  tolerance limits (Wilson, 1990). It appears  that the southern distr ibution of Mya 
is restricted by an absolute limit of 28 ~ for both adults and  larvae. It has been  sug- 
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gested that the distribution to the north is restricted by a critical spawning  temperature  

of 10-12 ~ (Nelson, 1928 cited in Brousseau, 1978 b) and of 12-15 ~ needed  for devel- 
opment  of the veliger stage (Laursen, 1966). The existence of such a threshold is sup- 
ported by laboratory studies. Optimal tempera ture  for rearing lVIya larvae was be tween  
about  17 ~ and  23 ~ while high mortality and poor development  were observed at 
8 ~ and lower (Stickney, 1964). Slow growth be tween  12 and t5 ~ was reported by 
Loosanoff & Davies (1963). However, a critical spawning  temperature  of 10 ~ is contra- 
dicted by a spawning  peak of Mya at 4-6 ~ in Massachusetts  (Brousseau, 1978 b). Also, 
10~ is rarely reached in Labrador (northernmost record on Atlantic west coast) 
(Laursen, 1966). Brousseau (1978 b) suggested  that the temperature  at which matura-  
tion of the gonads  occurs is more critical than the actual spawning  temperature.  Clearly, 
this issue needs  further investigation. 

Low oxygen concentrat ions and the presence of hydrogen sulfide can be tolerated 
for several days to weeks. At 10~ a mortality of 50% (LD5o) was observed after 21 days 
in oxygen-deficient  seawater  of 0.15 ml O~ 1-1, and after 17 days in the presence of H2S 
(Theede et al., 1969). At 02 concentrat ions of 0.5-1.0 ml 1-1 (8-15% saturation, 10-11 ~ 
54 and 8% of the clams survived for 43 and 32 days respectively (Rosenberg et al., 

1991). 
The high tolerance of envi ronmenta l  factors is reflected in two statements  made by 

Hidu & Newell (1989) about clam culture: "Mya larvae are among the most hardy that 
we have reared; one has to work overtime with incompetence to destroy a brood." and 
"If Mya are hardy as larvae they are even more hardy as juveniles." 

Pa ras i t e s ,  d i s e a s e  a n d  p r e d a t o r s  

Several diseases and parasites are known to occur in Mya on the Atlantic west coast 
(Gibbons & Blogoslawski, 1989; Hidu & Newell, 1989, and references therein). Mya may 
be heavily affected by two types of cancer  called disseminated neoplasia and germino- 
mas (Landsberg, 1996). Clams categorized into high-severity neoplasia suffered mortal- 
ities of up to 78% in Mya in New England  (Brousseau & Baglivo, 1991). On the Atlantic 
east coast no parasites have been  found in Mya from the German  Wadden  Sea (Lauck- 
ner, personal communication).  To my knowledge  the occurrence of neoplasia  has not 
been  invest igated in Western Europe. 

A host of predators have been  reported to feed on Mya, including filter-feeding or- 
ganisms (larval predators), crustaceans,  gastropods, horseshoe crabs, starfish, ne-  
mertea, polychaetes, birds, fish, racoons and man  (see Gibbons  & Blogoslawski, 1989, 
for a review). On European flats negat ive  adult- larval  interactions have been  found on 
the Swedish west coast (M611er, 1986; Andr4 & Rosenberg, 1991), but this factor did not 
seem to play an important  role in the large-scale distribution pat tern in the Wadden  Sea 
(Strasser et al., 1999). The most important  predators on juveni le  Mya are the g reen  crab 
Carcinus maenas (Jensen & Jensen,  1985), shrimp Crangon crangon (M611er & Rosen- 
berg, 1983), plaice Pleuronectes platessa and f lounder Platichtys flesus (De Vlas, 1979). 
Heavy predat ion pressure on larger clams may be exerted by oystercatchers Haemato- 
pus ostralegus and curlews Numenius arquata (Zwarts & Wanink,  1989). In the Baltic 
Sea Mya is the main  prey for winter ing  sea ducks (Kube, 1996). 
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It is general ly  bel ieved that predat ion is one of the most important  factors counter-  

ba lanc ing  the high reproductive output  and  thereby controlling populat ion dynamics  of 
Mya (e.g. J ensen  & Jensen,  1985; Newell  & Hidu, 1986; G~inther, 1992; Strasser et al., 
1999). 

G e n e t i c s  

Surprisingly little is known  about  the genet ic  variability in Mya. The only genet ic  
studies ! am aware of showed relatively low variation be tween  two popula t ions  in 
Maine  and  Maryland  (Morgan et al., 1978) and among Mya along the New England  
coast (Caporale et al., 1997). Future studies on genetic variability promise to be espe- 
cially useful for Mya because  they could contribute to settling uncertaint ies  about  its 
species status in the Arctic and on the Pacific west coast. In addition, they could confirm 
or reject the hypothesized invasion pathways (Fig. 1). 

O c c u p a t i o n  of a n  e m p t y  n i c h e  a n d  i n t e r a c t i o n  

w i t h  r e c i p i e n t  c o m m u n i t i e s  

After its reinvasion of the North Sea Mya occupied a vacant  niche only in so far as 
no other intertidal bivalve lives that deep in the sediment.  In the Wadden  Sea other 
common infaunal  bivalves live near  the surface (Cerastoderma edule) or at average 
depths above 11 cm (Macoma balthica, Scrobicularia plana) {Zwarts & Wanink,  1989). 
Another  deep burrowing bivalve (Ensis americanus) invaded the Wadden  Sea in 1978, 
but it is primarily a subtidal  species (Armonies & Reise, 1999). Regarding other factors, 
Mya shows high niche overlap with other common bivalves. For instance, they all rely 
on the same food source (Kamermans,  1994), most of them spawn roughly at the same 
time (personal observations), and  the early stages are heavily preyed upon by the same 
set of predators (Reise, 1985). 

No information is available on the effects of Mya on the North Sea communi ty  im- 
mediately after its reinvasion several hundred  years ago. Today no negat ive  effects on 
other species have been  observed (Reise et al., 1999). In contrast, Mya became  a mass 
e lement  in the Black Sea after its introduct ion in the 1960s, prevail ing over all nat ive bi- 
valves (Gomoiu, 1981). An example  of competit ive exclusion in the Black Sea was the 
replacement  of populat ions of the bivalve Corbula mediterranea (Lepp~ikoski, 1994). 
During recent years the a b u n d a n c e  of Mya in the Black Sea has decreased due to algal 
blooms and anoxia  (Lepp~koski, 1994). In San Francisco Bay it was apparen t ly  itself 

outcompeted by another  invader,  the Asian clam Potamocorbula amurensis (Nichols 
et al., 1990). 

CONCLUSIONS 

Mya arenaria possesses several properties that are regarded as advan tageous  for 
the invasion of new areas: it successfully invaded  new areas in the past and  it is rela- 
tively a b u n d a n t  and widely distr ibuted where  it is native. It is large, long-l ived and  can 
occupy a broad range of habitat  types. It has high fecundity, high tolerance against  a 
wide spectrum of coastal envi ronmenta l  condit ions and subsists on a wide variety of 
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f o o d s .  F ina l l y ,  it h a s  p l a n k t o n i c  d i s p e r s a l  a n d  l i fe  s t a g e s  t h a t  l e n d  it to t r a n s p o r t  b y  h u -  

m a n s .  T h e  a b i l i t y  of  t h e  j u v e n i l e s  to a t t a c h  t h e m s e l v e s  to f i r m  s u b s t r a t e s  w i t h  b y s s u s  

t h r e a d s  m i g h t  b e  e s p e c i a l l y  i m p o r t a n t  fo r  u n i n t e n t i o n a l  i n t r o d u c t i o n s  to  n e w  h a b i t a t s .  

G e n e t i c  s t u d i e s  c o u l d  h e l p  to o v e r c o m e  s p e c u l a t i o n s  (1) a b o u t  t h e  e x a c t  g e o g r a p h i c a l  

r a n g e  of  M. arenar ia  b y  c l e a r l y  s e p a r a t i n g  it  f r o m  M. j a p o n i c a  a n d  M. t runca ta  a n d  (2) 

a b o u t  t h e  a s s u m e d  i n v a s i o n  p a t h w a y s  in  g e o l o g i c a l  a n d  h i s t o r i c a l  t i m e .  

Acknowledgements .  I a m  gra te fu l  to W e r n e r  Armon ie s ,  G e r h a r d  C. Cadee ,  C a r m e n - P i a  Gf in ther  
a n d  Kars ten  Reise for he lpfu l  c o m m e n t s  on the  m a n u s c r i p t .  I also w i sh  to t h a n k  Jeff  Crooks,  J a n  
H e l g e  Fossil, S t e p h a n  Goltasch,  Eike Rachor  a n d  Max  Z u b a h a  who  p rov ided  v a l u a b l e  re fe rences .  

L I T E R A T U R E  C I T E D  

A m a n i e u ,  M., 1969. R e c h e r c h e s  eco l og i ques  sur  les f a u n e s  des  p l ages  arb i t~es  de  la r6gion d 'Ar-  
c h a c h o n  (in French).  - Helgol f inder  wiss. M e e r e s u n t e r s .  19, 455-557.  

A m a r a t u n g a ,  T. & Misra,  R. K., 1989. Ident i f icat ion of sof t -shel l  c lam [Mya arenaria Linnaeus ,  1758) 
s tocks  in e a s t e r n  C a n a d a  b a s e d  on mul t iva r i a t e  m o r p h o m e t r i c  analys is .  - J. Shel l f ish  Res. 8, 
391-397.  

Andre ,  C. & Rosenbe rg ,  R., 1991. Adul t - l a rva l  in te rac t ions  in the  s u s p e n s i o n - f e e d i n g  b iva lves  
Cerastoderma edule and  Mya arenaria.- Mar. Ecol. Prog. Ser. 71 ,227 -234 .  

Appe tdoorn ,  R. S., 1981. R esponse  of sof t-shel l  c lam (Mya arenaria) g rowth  to onse t  a n d  a b a t e m e n t  
of pollut ion.  - J. Shellf ish Res. I, 41-49.  

Appe idoorn ,  R. S., 1983. Variation in the  g r o w t h  rate  of Mya arenaria a n d  its r e l a t ionsh ip  to the  en -  
v i r o n m e n t  as a n a l y z e d  t h r o u g h  pr inc ipal  c o m p o n e n t  ana lys i s  a n d  the  w p a r a m e t e r  of the  von  
Ber ta lanffy  equa t ion .  - F ishery  Bull. Fish Wildl. Serv. U.S. 8I, 75-85.  

Armonies ,  W., 1992. Migra tory  r h y t h m s  of dr i f t ing juven i l e  mol luscs  in tidal wa t e r s  of the  W a d d e n  
Sea. - Mar. Ecol. Prog. Set. 83, 197-206. 

Armonies ,  W., 1994. Drift ing me io -  and  m a c r o b e n t h i c  i nve r t eb ra t e s  on tidal flat~ in K6n igsha fen :  a 
review. - Heigol f inder  M e e r e s u n t e r s .  48, 299-320.  

Armonies ,  W., 1998. Dr i f tendes  Ben thos  im W a t t e n m e e r :  Spielbal l  de r  G e z e i t e n s t r 6 m u n g e n ?  In: 
O k o s y s t e m  Wat t enmeer ,  A u s t a u s c h - ,  Transpor t -  u n d  S t o f f u m w a n d l u n g s p r o z e s s e  (in German) .  
Ed. by C. G~tje & K. Reise. Spr inger ,  Berlin H e i d e l b e r g  N e w  York, 473-498.  

Armonies ,  W. & Reise, K., 1999. O n  the  popu la t ion  d e v e l o p m e n t  of the  i n t roduced  razor  c lam En- 
sis americanus nea r  the  is land of Sylt (North Sea). - Helgol~inder  M e e r e s u n t e r s .  52, 291-300.  

Bacon,  G. S., MacDona ld ,  B. A. & Ward,  J. E., 1998. Physiological  r e s p o n s e s  of i n f a u n a l  (Mya are- 
naria) a n d  ep i f auna l  (Placopecten magellanicus) biva lves  to var ia t ions  in t he  concen t r a t i on  a n d  
qual i ty  of s u s p e n d e d  par t ic les  I. F e e d i n g  act ivi ty a n d  select ion.  - J. Exp. Mar. Biol. Ecol. 219, 
105-125.  

Began ,  Y. P., 1979. Reproduc t ion  a n d  g rowt h  of Mya arenaria in the  Black Sea  (in Russ ian) .  - Biol. 
Morya .  Vladivost .  6, 70-72.  

Belding,  D. L., 1930. T he  so f t - she l l ed  c lam f ishery  of M a s s a c h u s e t t s .  - C o m m o n w .  Mass .  Dep.  Con-  
serv. Div. Fish G a m e ,  Mar. Fish. Ser. 1, 1-65. 

Beres,  L. S. & Pierce,  S. K., 1981. T h e  effects  of sa l in i ty  s t ress  on the  e lec t rophys io log ica l  proper -  
ties of Mya arenaria neu rons .  - J. Comp.  Physiol .  144, 165-173.  

Bernard,  F. R., 1979. Ident i f icat ion of the  l iving Mya (Bivatvia: Myoida) .  - V e n u s  38, 185-204.  
B e u k e m a .  J. J., 1979. Biomass  a n d  spec ies  r i chnes s  of the  m a c r o b e n t h i c  a n i m a l s  l iving on a t idal 

flat a rea  in the  Du t ch  W a d d e n  Sea: effects  of a s e v e r e  winter .  - Neth .  J. Sea  Res. 13, 203-223.  
B e u k e m a ,  J. J., 1982. A n n u a l  var ia t ion  in r ep roduc t ive  s u c c e s s  a n d  b iomass  of the  ma jo r  mac ro -  

zooben th i c  spec i e s  l iving in a t idal  flat a rea  of the  W a d d e n  Sea.  - Neth .  J. Sea  Res. I6, 37-45.  
B e u k e m a ,  J. J., 1992. E x p e c t e d  c h a n g e s  in the  W a d d e n  Sea  b e n t h o s  in a w a r m e r  world: l e s sons  

from per iods  with mild winters .  - Neth .  J. Sea  Res. 30, 73-79.  
Blundon ,  J. A. & Kennedy ,  V. S., 1982. R e fuges  for i n f auna l  b iva lves  f rom b lue  crab,  Callinectes 

sapidus (Rathbun) ,  p r eda t ion  in C h e s a p e a k e  Bay. - J .  Exp. Mar. Biol. Ecol. 65, 67-81.  



3 2 0  M.  S t r a s s e r  

Bourget ,  E., 1983. Seasona l  var ia t ions  of cold to lerant  inter t idal  mo l lu sks  and  re la t ion to env i ron-  
m e n t a l  cond i t ions  in the  St. L a w r e n c e  Estuary.  - Can .  J. Zool. 61, 1193-1201.  

Brey, T., 1991. T h e  rela t ive s ign i f i cance  of biological  and  phys ica l  d i s tu rbance :  an  e x a m p l e  from in- 
ter t idal  a n d  sub t ida l  s a n d y  bo t tom c o m m u n i t i e s .  - Estuar.  Coas ta l  Shelf  Sci. 33, 339-360 .  

Brousseau ,  D. J., 1978 a. Popula t ion  d y n a m i c s  of the  sof t -shel l  c lam Mya arenaria. - Mar.  Biol. 50, 
63-71.  

Brousseau ,  D. J., 1978 b. S p a w n i n g  cycle, fecundi ty ,  a n d  r ec ru i tmen t  in a popu la t ion  of sof t -shel l  
c lam,  Mya arenaria, f rom C a p e  Ann,  M a s s a c h u s e t t s .  - F i shery  Bull. Fish Wildl. Serv. U.S. 76, 
155-166.  

Brousseau ,  D. J., 1979. Ana lys i s  of g rowt h  rate  in Mya arenaria us ing  the  Von Ber ta lanf fy  equa t ion .  
- Mar. Biol. 5 1 , 2 2 1 - 2 2 7 .  

Brousseau ,  D. J., 1987. A c o m p a r a t i v e  s t udy  of t he  r ep roduc t ive  cycle of the  sof t - she l l  c lam Mya 
arenaria in Long  Is land Sound .  - J. Shel l f ish  Res. 6, 7-15.  

Brousseau ,  D. J. & Baglivo, J. A., 1987. A c o m p a r a t i v e  s t udy  of a g e  a n d  g rowth  in Nlya arenaria 
(soft-shell  c lam) from th ree  popu la t ions  in Long  Is land Sound .  - J. Shel lf ish Res. 6, 17-24. 

Brousseau ,  D. J. & Baglivo, J. A., 1988. Life t ab les  for two field popu la t ions  of sof t - she l l  c lam, Mya  
arenaria, (Mollusca:  Pe lecypoda)  from Long  I s land  Sound .  - F ishery  Bull. Fish Wildl. Serv. U.S. 
86, 567-579.  

Brousseau ,  D. J. & Baglivo, J. A., 1991. D i sease  p rog re s s ion  a n d  morta l i ty  in neop la s t i c  Mya are- 
naria in the  field. - Mar. Biol. I10, 249-252.  

Capora le ,  D. A., Beal, B. F., Roxby, R. & Van B e n e d e n ,  R. J., 1997. Popula t ion  s t ruc tu re  of Mya are- 
naria a long  the  N e w  E n g l a n d  coast l ine.  - Mol. Mar. Biol. Biotechnol .  6, 33-39.  

Carl ,  G. C. & G u i g u e t ,  C. J., 1957. Alien a n i m a l s  in British Co lumbia .  - H a n d b .  Br. C o l u m b i a  Prov. 
Mus.  14, 1-103. 

Car l ton,  J. T., 1979. History, b iogeography ,  and  eco logy  of the  i n t roduced  m a r i n e  and  e s t u a r i n e  in- 
v e r t e b r a t e s  of the  Pacific coas t  of North  Amer i ca .  PhD thesis ,  Univers i ty  of Cal i fornia ,  Davis,  
9O4 pp. 

Car l ton,  J. T., 1989. M a n ' s  role in c h a n g i n g  the  face  of the  ocean:  biological  i nvas ions  a n d  impli-  
ca t ions  for conse rva t ion  of nea r - sho re  e n v i r o n m e n t s .  - Conserv .  Biol. 3, 265-273.  

C a s t a g n a ,  M. & Chan ley ,  P., 1973. Salinity to l e rance  of s o m e  m a r i n e  b iva lves  f rom in sho re  a n d  es-  
t ua r ine  e n v i r o n m e n t s  in Virginia wa te r s  on the  w e s t e r n  mid-At lan t i c  coast .  - Ma laco log ia  /2, 
47-96~ 

Coe,  W. R. & Turner ,  Jr., H. J., 1938. D e v e l o p m e n t  of the  g o n a d s  a n d  g a m e t e s  in the  sof t -shel l  c lam 
(Nlya arenaria).- J. Morphol .  62, 91-11 I. 

Commi to ,  J. A., 1982. Effects  of Lunatia heros p reda t i on  on the  popu la t ion  d y n a m i c s  of Mya are- 
naria a n d  Nlacoma balthica in Maine ,  USA. - Mar. Biol. 69, 187-193.  

Emer son ,  C. W., 1990. In f luence  of s e d i m e n t  d i s t u r b a n c e  a n d  wa t e r  flow on the  g r o w t h  of the  soft- 
shel l  c l am  Mya arenaria L. - Can .  J. Fish. Aqua t .  Sci. 47, 1655-1663.  

Emerson ,  C. W. & Grant ,  J., 1991. T h e  control  of sof t - she l l  c l am (Mya arenaria) r e c r u i t m e n t  on in- 
ter t idal  s and f l a t s  by b e d l o a d  s e d i m e n t  t ranspor t .  - Limnol.  Oceanog r .  36, 1288-1300.  

Emer son ,  C. W., Minch in ton ,  T. E. & Grant ,  J., 1988. Popu la t ion  s t ruc ture ,  b iomass ,  a n d  resp i ra t ion  
of Mya arenaria L. on t e m p e r a t e  sandf la t .  - J .  Exp. Mar. Biol. Ecol. 115, 99-111.  

Ess ink,  K. & Bos, A. H., 1985. Growt h  of t h r ee  b iva lve  mol luscs  t r a n s p l a n t e d  a long  the  axis  of the  
Eros es tuary .  - Neth .  J. Sea  Res. 19, 45-51.  

Evans ,  S. & Tal lmark ,  B., 1977. Growt h  a n d  b i o m a s s  of b iva lve  mol luscs  on a shal low,  s a n d y  bot-  
tom in G u l l m a r  Fjord (Sweden) .  - Zoon  5, 33-38.  

Feder ,  H. M. & Paul ,  A. J., 1974. Age,  g r o w t h  a n d  s i z e - w e i g h t  re la t ionsh ips  of the  sof t - she l l  c lam,  
Mya arenaria, in Prince Wil l iam Sound,  Alaska .  - Proc. Natl .  Shel l f i sh  Assoc.  64, 45-52.  

Foster, R. W., 1946. T h e  g e n u s  Mya in the  W e s t e r n  Atlant ic .  - J o h n s o n i a  2, 29-35.  
Galkin ,  Y., 1998. L o n g - t e r m  c h a n g e s  in the  d i s t r ibu t ion  of mo l luscs  in the  Baren t s  Sea  re l a t ed  to 

the  c l imate .  - Ber. Polarforsch.  287, 100-143.  
G ibbons ,  M. C. & Blogoslawski ,  W. J., 1989. Preda tors ,  pes ts ,  pa ras i t es ,  and  d i seases .  In: C l a m  mar -  

icu l ture  in Nor th  Amer ica .  Ed. by J. J. M a n z i  & M. C a s t a g n a .  Elsevier,  A m s t e r d a m ,  167-200.  



M y a  arenaria - a n  a n c i e n t  i n v a d e r  of  t h e  N o r t h  S e a  c o a s t  321  

Gol lasch,  S., 1996. U n t e r s u c h u n g e n  des  A r t e i n t r a g e s  d u t c h  den  i n t e m a t i o n a l e n  Sch i f f sve rkeh r  
u n t e r  b e s o n d e r e r  B e r i i c k s i c h t i g u n g  n i c h t h e i m i s c h e r  A r t e n  (in G e r m a n ) .  Kovac ,  H a m b u r g ,  
210 pp. 

Gomoiu ,  M.-T., I981. Dis t r ibut ion  of Mya arenario L. popu l a t i ons  in the  w e s t e r n  par t  of the  Black 
Sea.  - Cerce ta r i  Mar. 14, 145-158.  

Gosh ima ,  S., 1982. Popu la t ion  d y n a m i c s  of the  soft c lam, Mya arenaria L., wi th  spec ia l  r e f e r ence  to 
its life his tory pa t te rn .  - Publ.  A m a k u s a  Mar. Biol. Lab. 6, 119-165.  

Guimar~ies,  M. C. & G a l h a n o ,  M. H., 1988. Ecological  s t udy  of the  e s tua ry  of River L ima  (Portugal):  
II - a m u d - s a n d y  beach .  - Publ.  Inst. Zool. Dr. A u g u s t o  Nobre  205, 1-73. 

Gfinther ,  C.-P., 1992. S e t t l e m e n t  and  r ec ru i t men t  of Mya arenaria L. in the  W a d d e n  Sea.  - J. Exp. 
Mar. Biol. Ecol. 159, 203-215.  

H a n n a ,  G. D., 1966. In t roduced  mo l l u sks  of w e s t e r n  North  Amer ica .  - Occ. Pap.  Calif. Acad.  Sci. 
48, t -108 .  

Hess l and ,  I., 1946. On  the  q u a t e r n a r y  Mya per iod  in Europe .  - Ark. Zool. 37A, 1-51. 
Hidu,  H. &Newel ] ,  C. R., 1989. Cu l tu re  and  ecology of the  sof t -she l led  clam Mya arenaria. In: C l a m  

mar icu l tu re  in North  Amer ica .  Ed. by J. J. M anz i  & M. C a s t a g n a .  Elsevier, A m s t e r d a m ,  277-292.  
H i m m e l m a n ,  J. H. & Hame l ,  J.-R., 1993. Diet, b e h a v i o u r  a n d  reproduc t ion  of the  w h e l k  Buccinum 

undatum in the  n o r t h e r n  Gulf  of St. Lawrence ,  wes t e rn  C a n a d a .  - Mar. Biol. 116, 423-430.  
J e n s e n ,  K. T. & J e n s e n ,  J. N., 1985. T he  i m p o r t a n c e  of s o m e  ep iben th i c  p reda to r s  on the  dens i ty  of 

juven i l e  ben t h i c  m a c r o f a u n a  in the  Dan i sh  W a d d e n  Sea.  - J. Exp. Mar. Biol. Ecol. 89, 157-174.  
J o r g e n s e n ,  C. B., 1946. Lamel l ib ranch ia .  In: Reproduc t ion  and  larval  d e v e l o p m e n t  of Dan i sh  m a -  

rine bo t tom inve r t eb ra te s ,  with specia l  r e f e r ence  to the  p l ank ton ic  la rvae  in the  S o u n d  (C~re- 
sund) .  Ed. by G. Thorson .  - Medd .  Komm.  Dan.  Fish. H a v u n d e r s .  Set. P l ank ton  4, 277-311.  

Kalyag ina ,  E. E., 1994. Dis t r ibut ion a n d  popu la t ion  s t ruc tu re  of commerc ia l  b iva lves  Ruditapes 
philippinarum and  Mya arenarJa in B ous se  Lagoon  ( sou the rn  Sakhal in) .  - Russ.  J. Mar. Biol. 20, 
216-221.  

K a m e r m a n s ,  P., 1994. Similari ty in food sou rce  a n d  t iming  of f eed ing  in depos i t -  a n d  s u s p e n s i o n -  
f e ed ing  bivalves .  - Mar. Ecol. Prog. Set. 104, 63-75.  

Kube,  J., 1996. Spat ia l  a n d  t empora l  var ia t ions  in the  popu la t ion  s t ruc ture  of the  sof t -shel l  c lam 
/Vlya arenaria in the  P o m e r a n i a n  Bay ( sou the rn  Baltic Sea).  - J. Sea  Res. 35, 335-344.  

Kube,  J., Peters,  C. & Powilleit,  M., 1996. Spat ia l  var ia t ion  in g r o w t h  of Macoma balthica and  Mya 
arenaria (Mollusca,  Bivalvia) in re la t ion to e n v i r o n m e n t a l  g r ad i en t s  in the  P o m e r a n i a n  Bay 
( sou the rn  Baltic Sea). - Arch. Fish Mar. Res. 44, 81-93.  

KLihl, H., 1950. S t ud i en  fiber die S a n d k l a f f m u s c h e l  /Vlya arenaria - Die G e w i n n u n g  de r  Klaff- 
m u s c h e l  an  der  d e u t s c h e n  Nordseek~is te  in d e n  J a h r e n  1945-1949 (in G e r m a n ) .  - Arch.  Fisch 
Wiss.  2, 25-39.  

Kfihl, H., 1951. Ober  die S i e d l u n g s w e i s e  von Mya arenaria (in German) .  - Verh. Dtsch.  Zool. Ges.  
25, 385-391.  

KLihl, H., 1955. S tud ien  t iber die K la f fmusche l  Mya arenaria - 3. Das  J u n g g u t  (in G e r m a n ) .  - Arch.  
Fisch Wiss.  6, 33-44.  

Kfih[, H., 1981. Life his tor ies  of s o m e  i mpor t an t  W a d d e n  Sea  inver tebra tes :  the  s a n d g a p e r  Mya are- 
naria. In: I nve r t eb r a t e s  of the  W a d d e n  Sea.  Report  4 of the  W a d d e n  Sea W o r k i n g  Group .  Ed. by 
N. Danke r s ,  H. KLihl & W. J. Wolff. Ba lkema ,  Rot te rdam,  118-119.  

L a n d s b e r g ,  J. H., 1996. Neop l a s i a  and  b io toxins  in bivalves:  is there  a connec t ion? .  - J. Shel l f ish  
Res. 15, 203-230.  

Lassig,  J., 1965. T h e  d is t r ibu t ion  of m a r i n e  a n d  b r a c k i s h w a t e r  l ame l l i b ranchs  in the  n o r t h e r n  Baltic 
area .  - C o m m e n t a t .  Biol. 28, 1-41. 

Laursen ,  D., 1966. T h e  g e n u s  Mya in the  Arctic region.  - Malaco log ia  3, 399--418. 
Lepp~koski ,  E., 1994. T h e  Baltic a n d  the  Black Sea - se r ious ly  c o n t a m i n a t e d  by  n o n i n d i g e n o u s  

spec ies?  In: N o n i n d i g e n o u s  e s t ua r i ne  a n d  m a r i n e  o r g a n i s m s  {NEMO). Ed. by R. H. Brown.  
Proc. Conf.  W o r k s h o p  Natl .  Ocean i c  Atmos .  Admin . ,  Seat t le ,  Wash ing ton ,  37-44.  

Linke,  O., 1939. Die Biota des  J a d e b u s e n s  (in German) .  - Helgol~inder wiss. M e e r e s u n t e r s .  1 , 2 0 1 -  
348. 



3 2 2  M.  S t r a s s e r  

Lodge ,  D. M., 1993. Spec ies  invas ions  a n d  dele t ions :  c o m m u n i t y  elfects  and  r e s p o n s e s  to c l imate  
a n d  hab i t a t  c h a n g e .  In: Biotic in te rac t ions  a n d  g loba l  c h a n g e .  Ed. by P. M. Kare iva ,  J. G. King-  
so lver  & R. B. Huey.  Sinauer ,  S u n d e r l a n d ,  Mass . ,  367-387.  

Loosanoff ,  V. L. & Davies ,  H. C., 1963. Rea r ing  of b iva lve  mol lusks .  In: A d v a n c e s  in m a r i n e  biology. 
Ed. by F. S. Russel .  A c a d e m i c  Press,  London ,  1-136. 

M a c D o n a l d ,  B. A. & T h o m a s ,  M. L. H., 1980. A g e  d e t e r m i n a t i o n  of the  soft-shel l  c lam Mya arenaria 
us ing  shel l  in te rna l  g rowt h  lines. - Mar. Biol. 58, 105-109.  

MacNei l ,  F. S., 1965. Evolut ion a n d  d is t r ibu t ion  of the  g e n u s  Mya, a n d  ter t iary m i g r a t i o n s  of mol-  
lusca.  - Prof. Pap.  Geol.  Surv. 483-G, t -51 .  

M a k s i m o v i c h ,  N. V., 1978. Ecological  pecu l ia r i t i e s  a n d  b i o e n e r g y  of the  popu la t ions  of M. arenaria 
L. {Bivalvia) in the  C h u p a  Bay (in Russian) .  - Vestn.  Leningr .  Univ. Biol. 4, 28-36.  

Mal inowsk i ,  S. & Whi t la tch ,  R. B., 1988. A theore t ica l  e v a l u a t i o n  of shel l f ish  r e source  m a n a g e m e n t .  
- J .  Shel l f ish Res. 7, 95-100.  

M a t t h i e s s e n ,  G. C., 1960a. Inter t idal  zona t ion  in popu l a t i ons  of Mya arenaria. - Limnol.  Oceanog r .  
5, 381-388.  

M a t t h i e s s e n ,  G. C., 1960b. O b s e r v a t i o n s  on the  eco logy  of the  solt  clam, Mya arenaria, in a sal t  
pond.  - Limnol.  Oceanogr .  5, 231-300.  

McLusky,  D. S. & Elliott, M., 1981. T he  f e e d i n g  a n d  surviva l  s t r a teg ies  ol e s t ua r i ne  mol luscs .  In: 
F e e d i n g  and  surv iva l  s t r a teg ies  of e s t u a r i n e  o r g a n i s m s .  Ed. by N. V. J o n e s  & W. J. Wolff. 
P l e n u m  Press, N e w  York, 109-120.  

Medcol ,  J. C., 1950. Bur rowing  habi t s  a n d  m o v e m e n t s  of sof t - she l led  c lams.  Fish. Res. Board Can .  
Prog. Rep. - At. Coas t .  Stn. 50, 17-21. 

Miac, J., Groth,  NI. & Wolowicz,  M., 1997. S e a s o n a l  c h a n g e s  in the  Mya  arenaria (L.) popu la t i on  
from Inner  Puck  Bay. - Oceano l og i a  39, 177-195.  

Minch in ,  D. & S h e e h a n ,  J., 1995. Cork  Hdrbour ,  Ireland,  as a local po in t  for the  in t roduc t ion  of ex-  
otic ma r ine  spec ies .  ICES, Work ing  Group  on In t roduc t ions  and  Transfe rs  of M a r i n e  O r g a n i s m s ,  
1-14. 

N1611er, P., 1986. Phys ica l  factors a n d  biological  in te rac t ions  r egu l a t i ong  i n f a u n a  in sha l low boreal  
a reas .  - Mar. Ecol. Prog. Set. 30, 33-47.  

M611er, P. & Rosenbe rg ,  R., 1983. Recru i tmen t ,  a b u n d a n c e  a n d  produc t ion  of Mya arenaria and  
Cardium edule in m a r i n e  sha l low waters ,  w e s t e r n  S w e d e n .  - Ophe l i a  22, 33-55.  

M o r g a n ,  R. P., Block, S. B., Ulanowicz,  N. I. & Buys,  C., 1978. Gene t i c  var ia t ion in the  so f t - she l l ed  
clam, Mya arenaria. - Estuar ies  1, 255-258.  

M u n c h - P e t e r s e n ,  S., 1973. An inves t iga t ion  of a popu la t ion  of the  soft c lam (Mya arenaria L.) in a 
Dan i sh  estuary.  - M e d d r  Danm.  Fisk.-  og H a v u n d e r s .  7, 47-73.  

M u u s ,  B. J., 1967. T h e  f a u n a  of Dan i sh  e s t ua r i e s  a n d  l agoons .  - M e d d r  Danm.  Fisk.- og H a v u n d e r s .  
5, 1-316. 

Nelson ,  T. C., 1928. On  the  d is t r ibut ion of critical t e m p e r a t u r e s  for s p a w n i n g  a n d  for cil iary act iv-  
ity in b iva lve  mol luscs .  - Sc ience  (Wash. ,  D.C.) 67, 220-221.  

Newel l ,  C. R. & Hidu,  H., 1982. T he  effects  of s e d i e n t  type  on g rowth  rate a n d  shel l  a l l ome t ry  in 
the  sof t - she l led  c l am Mya arenaria L. - J. Exp. Mar. Biol. Ecol. 65, 285-295.  

Newel l ,  C. R. & Hidu,  H., 1986. Spec ies  profiles: life h is tor ies  and  e n v i r o n m e n t a l  r e q u i r e m e n t s  of 
coas ta l  f i shes  a n d  inve r t eb ra t e s  (North Atlantic)  - sof t she l l  clam. - U.S. Fish Wildl. Serv. Biol. 
Rep. 82 (11.53). U.S. A r m y  Corps  of E n g i n e e r s ,  TR EL-82-4,  I7 pp. 

Newel l ,  G. E., 1964. T h e  s o u t h - e a s t  coast ,  W h i t s t ab l e  area .  In: The  effects  of the  s e v e r e  w in t e r  of 
1962-63 on m a r i n e  life in Britain. Ed. by D. J. Cr i sp  - J .  Ani ta .  Ecol. 33, 178-179.  

Nichols ,  F. H., 1985. I nc r ea sed  ben th ic  g raz ing :  an  a l t e rna t ive  exp lana t ion  for low p h y t o p l a n k t o n  
b i o m a s s  in n o r t h e r n  S an  Francisco  Bay d u r i n g  the  1976-1977 d rough t .  - Estuar .  Coas t .  Shelf  
Sci. 2I,  379-388.  

Nichols ,  F. H., T h o m p s o n ,  J. K. & S cheme l ,  L. E., 1990. R e m a r k a b l e  invas ion  of San  Franc i sco  Bay 
(California,  USA) by the  As i an  c l am Potamocorbula amurensis. II. D i s p l a c e m e n t  of a fo rmer  
communi ty .  - Mar. Ecol. Prog. Ser. 66, 95-101.  

Oska r s son ,  I., 1961. Note  on s o m e  rare  a n d  n e w  spec i e s  of mol lusca  off the  coas t  of Ice land.  - 
N a t t u r a f r a e d i n g u r i n n  30, 176-187. 



Nlya arenar ia  - a n  a n c i e n t  i n v a d e r  of  t h e  N o r t h  S e a  c o a s t  323  

Pe te r sen ,  K. S., R a s m u s s e n ,  K. L., He ineme ie r ,  J. & Rud, N., I992. C l a m s  before  C o l u m b u s ?  - Na-  
ture,  London,  359, 679. 

Pf i tzenmeyer ,  H. T., 1972. Tenta t ive  out l ine  for i nven to ry  of mol luscs :  Mya arenaria (soft shel l  
clam). - C h e s a p e a k e  Sci. Suppl .  13, 182-184.  

Porter, R. G., 1974. Reproduc t ive  cycle  of the  sof t -shel l  c lam, Mya arenaria, at Skag i t  Bay, W a s h -  
ington.  - F i she ry  Bull. Fish Witdl. Serv. U.S. 72, 648-656.  

Powilleit, M., Kube ,  J ,  Mas lowski ,  J. & Warzocha ,  J., 1995. Dis t r ibut ion of m a c r o b e n t h i c  inver te -  
b ra tes  in the  P o m e r a n i a n  Bay ( sou the rn  Baltic). - Bull. Sea Fish. Inst. 3, 75-87.  

R a s m u s s e n ,  E., 1973. Sys temat ic s  a n d  eco logy  of the  Isefjord m a r i n e  f auna  (Denmark) .  - Ophe l i a  
I I, 1-507. 

R a s m u s s e n ,  E. & Heard ,  R. W., 1995. O b s e r v a t i o n s  on e x t a n t  popu la t ions  of the  sof tshet l  c lam, Mya 
arenaria Linne,  1758 (Bivalvia:Myidae) ,  f rom Georg i a  (USA) e s tua r i ne  hab i ta t s .  - Gulf  Res. 
Rep. 9, 85-96.  

Reise,  K., 1985. Tidal  flat ecology. Spr inger ,  Berlin H e i d e l b e r g  New York, 191 pp. 
Reise,  K., Gol lasch ,  S. & Wolff, W. J., 1999. In t roduced  m a r i n e  spec ies  of the  North  Sea coasts .  - 

He lgo l~nde r  M e e r e s u n t e r s .  52, 219-234.  
Roegner ,  C., Andre ,  C., Lindegar th ,  M., Eckman ,  J. E. & Grant ,  J., 1995. Transpor t  o |  recent ly  set t led 

sof t -shel l  c l ams  (Mya arenaria L.) in labora tory  f lume  f l o w . -  J. Exp. Mar. Biol. Ecol. 187, 13-26. 
Rosenbe rg ,  R., H e l l m a n n ,  B. & J o h a n s s o n ,  B., 1991. Hypox ic  to le rance  of ma r ine  ben th i c  fauna .  - 

Mar. Ecol. Prog. Ser. 79, 127-131.  
Rosenb lum,  S. E. & Niesen ,  T. M., 1985. T h e  s p a w n i n g  cycle  ot sof t-shel l  c lam, Mya arenaria, in 

San  Francisco  Bay. - F ishery  Bull. Fish Wildl. Serv. U.S. 83, 403-412.  
S a d y k h o v a ,  A. I. A., 1979. Biological pecul iar i t ies  of Mya arenaria (Mollusca,  Lamel l ib ranch ia )  in 

the  Whi te  Sea lin Russian) .  - Zool. Zh. 58, 804-809.  
Savchuk ,  M. Y., 1976. Accl imat iza t ion  of the  b ivalve  mol lusk  Nlya arenaria in the  Black Sea.  - S o v .  

J. Mar. Biol. 2, 376-383.  
Smidt ,  E. L. B., 1944. T h e  effects  of ice win te rs  on m a r i n e  littoral faunas .  - Folia Geogr.  Dan. 2, 

1-36. 
Smidt ,  E. L. B., 1951. An i ma l  p roduc t ion  in the  D a n i s h  W a d d e n  Sea. - Meddr .  Danm.  Fisk.-og 

H a v u n d e r s .  (Ser. Fiskeri) 1I, 1-151. 
Stearns ,  R. E. C., 188l .  Mya arenaria in San  Franc isco  Bay. - Am. Nat.  15, 362-366.  
Stewart ,  M. G. & Bamford,  D. R., 1976. Absorp t ion  of so lub le  nu t r i en t s  by the  mid-~jut of the  bi- 

va lve  Mya arenaria IL.). - J. Moll. Stud.  42, 63-73.  
St ickney,  A. P., I964. Salinity, t e m p e r a t u r e ,  and  food r e q u i r e m e n t s  of sof t -shel l  c lam la rvae  in lab- 

oratory cul ture .  - Ecology 45, 283-291.  
S tokland ,  Q., 1985. T h e  bivalve g e n u s  Mya in N o r w e g i a n  wa te r s  (in Norwegian) .  - F a u n a  Blind- 

ern. 38, 83-86.  
Strasser,  M., Walensky ,  M. & Reise,  K., 1999. J u v e n i l e - a d u R  dis t r ibut ion of the  b iva lve  Mya are- 

naria on in ter t ida l  flats in the  W a d d e n  Sea  - w h y  are  the re  so few yea r  c lasses?  - H e l g o l a n d  
Mar ine  Res. 53 lin press).  

S t rauch,  F., 1972. P h y l o g e n e s e ,  Adap t i on  u n d  M i g r a t i o n  e in iger  no rd i sche r  m a r i n e r  M o l l u s k e n -  
g e n e r a  (Neptunea, Panomya, Cyrtodaria u n d  Mya) (in Ge rman) .  - Abh. S e n c k e n b .  Natur forsch .  
Ges.  531, 1-211. 

Swan ,  E. F., 1952. T h e  g rowt h  of the  c l am Mya arenaria as a f fec ted  by the  s u b s t r a t u m .  - Ecology 
33, 530-534.  

T h e e d e ,  H., Ponat ,  A., Hiroki, K. & Schl ieper ,  C., 1969. S tud ies  on the  r e s i s t ance  of m a r i n e  bo t tom 
inve r t eb r a t e s  to o x y g e n - d e f i c i e n c y  a n d  h y d r o g e n  su lph ide .  - Mar. Biol. 2, 325-337.  

The roux ,  R. B. & Wig ley  R. L., 1983. Dis t r ibut ion a n d  a b u n d a n c e  of eas t  coas t  b iva lve  mo l lu sks  
b a s e d  on s p e c i m e n s  in the  Nat iona l  M ar i ne  F i sher ies  Service  Woods  Hole collect ion.  - U.S. 
Dept.  C o m m e r .  NQAA,  Natl.  Mar, Fish Serv., Tech.  Rep.  768, 1-172. 

Thorson ,  G., 1946. Reproduc t ion  a n d  larval  d e v e l o p m e n t  of Dan i sh  m a r i n e  bo t tom inve r t eb ra te s ,  
wi th  spec ia l  r e f e r ence  to the  p l ank ton ic  l a rvae  in the  S o u n d  (~ re sund ) .  - Medd .  Komm.  Dan.  
Fish. H a v u n d e r s .  Ser. P lank ton  4, 523 pp.  



324  M.  S t r a s s e r  

Turner ,  H. J. Jr, 1950. Thi rd  repor t  on i nves t i ga t i ons  of m e t h o d s  of improv ing  the  she l l f i sh  re- 
s o u r c e s  of M a s s a c h u s e t t s .  1. Inves t iga t ions  of the  sof t -shel l  c lam, M y a  arenaria. - Coll. Repr. 
Woods  Hole Oceanogr .  Inst. 1951 Contr.  564, 5-15.  

Valera,  M. de  & C6id igh ,  P. O., 1964. Wes t  of Ireland.  In: T h e  effects  of the  s eve re  w in t e r  of 1962-63 
on m a r i n e  life in Britain. Ed. by D. J. Cr isp  - J. An im.  Ecol. 33, 198-199.  

Vermeij ,  G. J., 1989. Invas ion  a n d  ext inct ion:  the  last  t h ree  mil l ion yea r s  of North  Sea  p e l e c y p o d  
history. - Conserv .  Biol. 3, 274-281.  

Vlas,  J. De, 1979. A n n u a l  food i n t ake  by plaice a n d  f l ounde r  in a t idal Ilat a rea  in the  D u t c h  W a d -  
d e n  Sea,  wi th  spec ia l  r e f e r ence  to c o n s u m p t i o n  of r e g e n e r a t i n g  par ts  of m a c r o b e n t h i c  prey. - 
Neth .  J. Sea  Res. 13, 117-153.  

W a n i n k ,  J. H. & Zwarts ,  L., 1993. E n v i r o n m e n t a l  ef fec ts  on the  g r o w t h  rate  of in te r t ida l  inver te -  
b ra tes  a n d  s o m e  impl ica t ions  for fo rag ing  wade r s .  - Neth .  J. Sea  Res. 31 ,407-418 .  

Warwick,  R. M. & Price, R., 1975. M a c r o f a u n a  p roduc t ion  in an  e s tua r i ne  mud-f la t .  - J. Mar. Biol. 
Assoc.  U.K. 55, 1-I8 .  

Wi l l iamson,  M., 1996. Biological invas ions .  C h a p m a n  & Hall, London,  244 pp. 
Wilson,  J. G., 1990. Effects of t e m p e r a t u r e  c h a n g e s  on i n f auna l  circalit toral bivalves ,  par t icu la r ly  T 

t enu is  a n d  T. fabula.  In: E xpec t ed  effects  of c l imat ic  c h a n g e  on m a r i n e  coasta l  e c o s y s t e m s .  Ed. 
by J. J. B e u k e m a ,  W. J. Wolff & J. J. W. M. Brouns .  Kluwer,  Dordrecht ,  93-97.  

Winther ,  U. & Gray, J. S., 1985. T he  biology of M y a  arenaria (Bivalvia) in the  e u t r o p h i c  inne r  
O s l o f j o r d . -  Sars ia  70, I -9 .  

Zak lan ,  S. D. & Y d e n b e r g ,  R., I997. T h e  body s ize -bur ia l  dep th  re l a t ionsh ip  in the  i n f a u n a l  c lam 
M y a  arenaria.  - J .  Exp. Mar. Biol. Ecol. 215, 1-17. 

Z iege lmeie r ,  E., 1957. Die M u s c h e l n  [Bivalvia) der  d e u t s c h e n  M e e r e s g e b i e t e  (in G e r m a n ) .  - Hel-  
go l / inder  wiss.  M e e r e s u n t e r s .  6, 1-51. 

Zwar ts ,  L. & Wan ink ,  J. H., 1989. S iphon  size a n d  b u r y i n g  d e p t h  in depos i t -  and  s u s p e n s i o n -  feed-  
ing ben th i c  bivalves .  - Mar. Biol. 100, 227-240.  


