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ABSTRACT: Comparison of data from the literature has provided evidence that eurythermaI and 
euryhaline adaptation of larvae and adults in combination with a long seasonal breeding period, 
high fecundity and short generation time have given Elminius modestus an advantage over in- 
digenous cirripede species, allowing a rapid spread throughout European waters. 

INTRODUCTION 

Elminius modestus Darwin, a natural  inhabi tant  of waters around New Zealand and 

southern Australia, was first recorded in European  waters in 1945 on fouling plates in 

Chichester  harbour  in West Sussex, England  (Bishop, 1947). From there, E. modestus 
spread rapidly along the English coast and was soon found in France and Holland. It is 

sugges ted  that this species was introduced by shipping during World War II and also 

that its further spread was due to shipping and natural drift of larvae. 

The spread of E. modestus is well documen ted  and has been  summar ized  by Harms 

& Anger  (1989). Since then, the settling area has ex tended  further to places along the 

west  coast of Ireland (King et al., 1997). No information is avai lable on whe the r  and to 

what  extent  E. modestus is settl ing along the coast of the Kattegat.  It is now considered 

to be a pe rmanen t  m e m b e r  of the fouling communi t ies  from the Shet land Islands down 

to Portugal. The variation of abundances  has been  documented  over  40 years for a 

rocky shore near  Plymouth (Southward, 1991). 

Why could E. modestus spread so successfully around Europe? A comparison of avail- 

able information on E. modestus with the one of the native species, Semibalanus bal- 

anoides (L.), on larval and adult survival strategy might provide an answer to this question. 

This paper is an attempt to summarize the widely spread information about these two 

species, which are considered to be competitors for settling space in the intertidal zone. 

DATA COMPARISON AND DISCUSSION 

L a r v a l  d e v e l o p m e n t  

The t ime of larval deve lopment  is a sensi t ive period during the life cycle of every  

species. Deve lopmenta l  success has a major inf luence on spat fall and therefore  on the 
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Fig. 1. Temperature influence on larval development up to the cypris stage in Elminius modestus 
and Semibalanus balanoides (after Harms, 1984). Developmental duration in (lays (nledn value 
and standard deviation) from hatching to metamorphosis to the cypris stdge is shown by colmnns. 

Survival (%) up to the cypris stage is shown by the lines 

populat ion size of the next generat ion.  The main  envi ronmenta l  factors inf luencing  de- 
ve lopmenta l  duration are temperature,  salinity and food availability. 

The inf luence of water temperature  was examined by Harms (1984) for E. m o d e s t u s  

and S. b a l a n o i d e s  (Fig. 1). S. b a l a n o i d e s  is a cold-water species (Hutchins, 1947; Bous- 
field, 1954), and thus it has its tempera ture  opt imum at low temperatures.  It was found 
that none  of the larvae of S. b a l a n o i d e s  developed beyond the second naup l ius  stage at 

24 ~ (Harms, 1984). 
The survival of larval stages of E. m o d e s t u s  increases with temperature .  Unfortu- 

nately no temperatures  higher than 24 ~ were tested. Because temperatures  in the nat- 
ural env i ronment  in New Zealand vary be tween  4 ~ and 21 ~ (Ritz & Foster, 1968), 
24 ~ seems to be close to the upper  limit of tolerance. 

The Q10 value for the overall developmenta l  durat ion up to the cypris (see Harms, 
1984) was lower in S. b a l a n o i d e s  (1.9) than  in E. m o d e s t u s  (3.1), but E. m o d e s t u s  larvae 
develop successfully in a wider temperature  range; they are more eurythermal  than the 
larvae of S. ba lano ide s .  

The inf luence of salinity on larval deve lopment  was examined in detail  for the Eu- 
ropean and  New Zealand populat ions of E. m o d e s t u s  (Harms, 1986). Unfor tunate ly  no 
comparable  information is available for larvae of S. b a l a n o i d e s .  Larvae of E. m o d e s t u s  

showed lowest mortality, at all temperatures  tested, at 20 PSU. Only slightly higher 
mortality was found for 30 PSU at 18~ and 24 ~ (Harms, 1986). No such clear t rend 
could be observed in comparison with other exper iments  (Fig. 2). The overall larval de- 
velopmental  duration to the cypris is shortest in the range 20 to 32 PSU, which corre- 
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Fig. 2. Effect ot salinity on development duration (columns) from hatching to metamorphosis to the 
cypris stage and development success (line) up to the cyprts stage in E. modestus (alter Harms, 

1982) 

sponds to the range of highest survival. According to these experiments  E. m o d e s t u s  

larvae are moderately euryhaline.  
ft is known from experiments by Cawthorne  (1978) and Cawthorne & Davenport  

(1980} that larvae of S. b a l a n o i d e s  are less tolerant to changes  in salinity than those of 
E. m o d e s t u s  (Table 1). Differences in salinity tolerance are more pronounced in nauplius  
stage I than in the cypris. Both species settle in the intertidal and therefore the cypris 
stage, dur ing which suitable habitats are found for metamorphosis,  has to be adapted to 
at least periodic dilution of seawater. This might be the reason why differences in toler- 
ance levels in the cypris be tween  rapid and slow changes  of salinity are less distinct 

than in the naupl ius  stage examined.  
It was found by Cawthorne & Davenport  (1980) that l iberation of larvae ceases at 

salinities of approximately 21 PSU in E. m o d e s t u s  and  at 27 PSU in S. b a l a n o i d e s .  Lar- 
val deve lopment  at constant  salinity for E. m o d e s t u s  was possible until  16 PSU (Fig. 2), 
and occasionally even down to t0 PSU (2-6% at 12~ and  18~ see Harms, 1986). 

Biomass, respiration rate and food uptake  of E. m o d e s t u s  were examined  for each 
larval stage at three temperatures  (12, 18, 24 ~ by Harms (1987). Comparable  data for 
S. b a l a n o i d e s ,  except food uptake, are given by Lucas (1979) and Lucas et al. (1979). 
The data on dry weight accumulation,  weight-specific respiration rate and net growth 
efficiency (K2) are given for both species in Fig. 3. S. b a l a n o i d e s  accumulates  over three 
times more biomass during larval deve lopment  than E. m o d e s t u s ,  but in both species 
weight-specific respiration rate and especially net  growth efficiency, which denotes the 
proportion of assimilated food converted to growth, lay in comparable ranges. The de- 
crease in weight-specific respiration rate indicates that energy reserves, especially 
glycogen, are accumulated during larval development ,  to be used later by the non-  
feeding cypris stage (Holland & Walker, 1975). 
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Table 1. Effects of salinity decrease (fast and slow) on swimming activity of larval stages of Elimi- 
nius modes tus  and Semibalanus balanoides. Shown are salinity ranges where 50'7,, of the larvae 

s topped swimming (according to Cawthorne  & Davenport,  1980) 

Rates of salinity change  16.74 PSU/h 4.8I PSU/h 

E. modestus,  nauplius stage I 8.8 +_ 0.9 PSU 6.6 _ 0.3 PSU 
S. balanoides, nauplius stage I 12.3 + 1.0 PSU 9.3 + 1.0 PSU 
E. modestus,  cypris 9.0 + 1.3 PSU 8.3 + 0.9 PSU 
S. balanoides, cypris 10.9 _+ 1.0 PSU 9.1 + 1.1 PSU 

Fig. 3. Growth parameter  for larval deve lopment  of E. modes tus  and S. balanoides (after Harms, 
1987; Lucas, 1979). Shown are weight  increment  (pg dry weight/ ind.)  during larval deve lopment  
(nauplius I-VI), weight-specific respiration rate related to dry weight and net growth (ng) effi- 

ciency (K~) 

A d u l t  b e h a v i o u r  

Bo th  s p e c i e s  se t t l e  in  t h e  i n t e r t i d a l  z o n e .  H e n c e  t h e y  e n c o u n t e r  r a p i d  f l u c t u a t i o n s  of 

p h y s i c a l  e n v i r o n m e n t a l  p a r a m e t e r s .  Ses s i l e  i n t e r t i d a l  o r g a n i s m s ,  l ike  c i r r i p ed es ,  m u s t  

b e  a b l e  to t o l e r a t e  s e v e r e  c o n d i t i o n s  d u r i n g  e m e r s i o n .  A p a r a m e t e r  to d e s c r i b e  e n v i r o n -  

m e n t a l  s t r e s s  is d e s i c c a t i o n ,  w h i c h  c o m b i n e s  t h e  e f fec t  of t e m p e r a t u r e ,  h u m i d i t y  a n d  

w i n d  s p e e d  w i t h  t h e  r a t e  of w a t e r  loss f r o m  t h e  i n t e g u m e n t  of o r g a n i s m s .  

T h e  i n f l u e n c e  of d e s i c c a t i o n  o n  i n t e r t i d a l  z o n a t i o n  in  b a r n a c l e  s p e c i e s  w a s  s t u d i e d  

in d e t a i l  b y  Fos t e r  (1971). F i g u r e  4 s u m m a r i z e s  t h e  s u r v i v a l  t i m e s  of t h r e e  b a r n a c l e  

s p e c i e s  of v a r i o u s  s izes  in  d r y i n g  c o n d i t i o n s  in  t h e  i n t e r t i d a l  zone .  It is o b v i o u s  t h a t  t h e  

s m a l l e r  i n d i v i d u a l s  a r e  m o r e  s u s c e p t i b l e  to d r y i n g  out .  T h e  t w o  i n t e r t i d a l  s p e c i e s  E. 
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Fig. 4. T e m p e r a t u r e  i n f luence  on des icca t ion  r e s i s t ance  for adu l t  c i r r ipedes  of d i f fe ren t  sizes. 
S h o w n  are  t e m p e r a t u r e  cu rves  at wh i ch  50% of t e s ted  indiviciuals d ied  after  6 h ( m a x i m u m  emer -  
s ion per iod  d u r i n g  low tide) at zero h u m i d i t y  (Foster, 1971 ). In all th ree  spec ies  tes ted ,  des icca t ion  

r e s i s t ance  i n c r e a s e d  wi th  size and  was  h i g h e s t  in intertictal spec i e s  

Fig. 5. Cirral  act ivi ty of adul t  E. modestus and  S. balanoides re la ted to t e m p e r a t u r e  at d i f fe rent  sea-  
sons  (after S ou t hward ,  1955a). 

modestus and S. balanoides do not show major differences in desiccation resistance. A 
lower level of tolerance is found in the sublittoral species Balanus crenatus Brugi6re. 

Although Foster (197 i) found some evidence that S. balanoides may survive slightly 
longer than E. modestus in similar desiccating conditions at non-lethal temperatures, 
this is not reflected in the respective intertidal distribution of these two species. E. mod- 

estus extends along the European coast to more southern shores compared to the in- 
digenous species S. balanoides and reaches slightly higher upper limits in the intertidal, 
which indicates that E. modestus survives better under warmer and, presumably, dryer 
environmental conditions compared to the indigenous species. 

The most obvious activity of a barnacle, and one that plays an important role in both 
feeding and respiration, is the rhythmic beating of the cirri and the associated move- 
ments of the terga and scuta (Crisp & MacLean, 1990; Crisp & Southward, 1961; Ritz & 
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Fig. 6. Mean specific growth rate (percentage increase in length per day) at different tidal levels for 
juvenile and adult E. rnodestus and S. balanoides (after Barnes & Barnes, 1962) 

Foster, 1968; Southward,  1955a,b, 1957, 1962, 1964). The most p ronounced  differences 

be tween  E. m o d e s t u s  and S. b a l a n o i d e s  are summar ized  in Fig. 5. 

Southward (1955a) stated in his summary that the immigrant  E. m o d e s t u s  was more 

active at lower tempera tures  than were  the native southern species and at h igher  tem- 

peratures  than were  the native northern species, and over  the whole of its range 

showed a much grea ter  f requency of cirral beat  than any of the native species examined  

(see Fig. 5). 

The consequences  of this high cirral activity are shown by an exper iment  done  by 

Barnes & Barnes (1962; Fig. 6), who examined  the growth rate of E. m o d e s t u s  and 

S. b a l a n o i d e s  at different levels of submersion. Populations of the same species were  ex- 

amined,  settl ing in the upper  tidal region and on fouling plates hanging from a raft per- 

manent ly  in the water. E. m o d e s t u s  showed  much smaller differences in the growth  rate 

be tween  the two habitats than S. ba lano ides .  It can be speculated,  due to high cirral ac- 

tivity in E. m o d e s t u s  (see Fig. 5), that food intake during a relatively short period of im- 

mersion is still adequa te  to maintain a growth rate close to the one under full immersion. 

F e c u n d i t y  a n d  s e t t l i n g  p e r i o d  

It was calculated by Crisp & Davies (1955) that assuming a life span of three  breed-  

ing seasons for E. m o d e s t u s ,  an ave rage  n u m b e r  of 500 nauplii  in each brood, and 12 

broods per  season the total output  of young approaches  20 000 per individual.  This is 

equ iva len t  to the output  over  the same period of three broods of a large spec imen  of S. 

b a l a n o i d e s ,  occupying  a considerably grea ter  area than one individual  of E. m o d e s t u s .  

The rapid product ion of numerous  broods, as long as water  tempera tures  e x c e e d  6 ~ 

and the shorter genera t ion  t ime are important  features, put t ing E. m o d e s t u s  at an ad- 

van tage  in its compet i t ion with the ind igenous  S. b a l a n o i d e s  (Crisp & Davies, 1955). 

The genera t ion  time was calculated by Crisp & Davies (1955) to be about  14 weeks.  

This is very short compared  to that of S. b a l a n o i d e s ,  which is about 1 year. Therefore  

small eggs  p roduced  in successive though smaller  broods, which will sett le and reach 

maturi ty quickly and so contribute to further egg  production, mean  the euy the rma l  
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s p e c i e s  E. m o d e s t u s  is a t  a t r e m e n d o u s  a d v a n t a g e  o v e r  s p e c i e s  s u c h  as  S. b a l u n o i d e s  

( B a r n e s  & Ba rnes ,  1968). 

R e l a t e d  to this  s u c c e s s i v e  b r e e d i n g ,  l a r v a e  of E. m o d e s t u s  c a n  b e  f o u n d  in p l a n k t o n  

t h r o u g h o u t  m o s t  of t he  year .  T h e  s e t t l i n g  s e a s o n  of j u v e n i l e s  s ta r t s  a t  H e l i g o l a n d  in 

J u n e  a n d  las t s  un t i l  O c t o b e r  ( H a r m s  & A n g e r ,  1983). A s s u m i n g  t h a t  t h e r e  is a l w a y s  

c o m p e t i t i o n  for  f ree  s e t t l i n g  s p a c e  in b e n t h i c  c o m m u n i t i e s ,  th is  l o n g  p e r i o d  of l a r v a l  

a b u n d a n c e  i n c r e a s e s  t he  c h a n c e  of f i n d i n g  s p a c e  to m a i n t a i n  t he  p o p u l a t i o n .  S. bulanoi -  

d e s  h a s  on ly  o n e  l a rva l  r e l ea se ,  r e l a t e d  to t h e  s p r i n g  d i a t o m  b l o o m  (Barnes ,  1962). Spa t  

fall  o c c u r s  a r o u n d  M a r c h  a n d  Apri l ,  in  a r e l a t i v e l y  sho r t  pe r iod .  

It fo l lows  f rom t he  i n c r e a s e  in p o p u l a t i o n  d e n s i t y  of E. m o d e s t u s  in m a n y  a r e a s  t ha t  

t h e r e  m u s t  h a v e  b e e n  a g r e a t  i n c r e a s e  of n a u p l i i  d u r i n g  t h e  s u m m e r  m o n t h s .  Th i s  m u s t  

h a v e  a f f e c t e d  t he  g r o w t h  of o t h e r  p l a n k t o n i c  l a rvae .  A l t h o u g h  th is  p o i n t  h a s  a l r e a d y  

b e e n  o u t l i n e d  by  Cr i sp  (1958), u p  to n o w  no  d e t a i l e d  s t u d i e s  h a v e  b e e n  c a r r i e d  ou t  on  

th i s  sub j ec t .  

C O N C L U S I O N S  

As s h o w n  by  d a t a  a v a i l a b l e  in  t h e  l i t e r a tu re ,  t h e r e  a re  s e v e r a l  f ac to r s  w h i c h  in  to ta l  

m i g h t  e x p l a i n  t he  s u c c e s s f u l  s p r e a d  of E. m o d e s t u s  t h r o u g h o u t  the  W e s t e r n  E u r o p e a n  

c o a s t a l  a r e a  (Table  2). T h e  l a r v a l  s t a g e s  a re  e u r y t h e r m a l  a n d  e u r y h a l i n e ,  w h i c h  e n a b l e  

t h e  l a r v a e  to s u r v i v e  in a w i d e  r a n g e  of h a b i t a t s .  Also,  the  a d u l t s  a re  t o l e r a n t  of c h a n g e s  

in t e m p e r a t u r e  a n d  salinity,  b u t  th is  is less  s u r p r i s i n g  for a sess i l e  i n t e r t i d a l  spec i e s .  T h e  

e f f e c t i v e  u t i l i z a t i on  of food by  h i g h  c i r ra l  ac t iv i t i e s  in c o n j u n c t i o n  w i th  t he  h i g h  f e c u n -  

d i ty  o v e r  m u c h  of t he  y e a r  a n d  t h e  r e l a t i ve  sho r t  g e n e r a t i o n  t ime  m i g h t  b e  the  m a j o r  

a d a p t a t i o n s  r e s p o n s i b l e  for t he  s u c c e s s f u l  i n v a s i o n  of E u r o p e a n  wa te r s .  

Table 2. Ecological requirements  of E. modestus,  compared with native species (summarized ac- 
cording to Crisp, 19581. X = month of the year; LWN = low water nip, LWS = low water  spring, 
H\VN = high water nip, MHW = mean  high water, HWS = high water spring; tolerance levels 

are given from none 1-) through low {#) to high I####) 

Elminius Semibala- Chtha- Balanus Balanus 
modestus  nus bala- malus crenatus improvisus 

noides stellatus 

Season of se t t lement  V-X IIt-IV VII-IX IV-IX V-IX 
Tidal levels occupied MHW. HWN HWS Below Below 

to below to LWS to LWN LWN LWN 
LWS 

Tolerance of low salinity ### # - # #### 
Tolerance of silt ## # # # ### 
Tolerance of temperature  

(< 0 ~ ## ### # ## ### 
Tolerance of temperature  

(> 20 ~ ### - #### - ## 
Tolerance of desiccation ### ## #### - - 
Resistance to mechanical  damage  # ## #### ### ### 
Cirral beats at 20 ~ per 10 sec 17-18 5-6 ca. 6 ca. 10 ca. 9 
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C a n  the  resu l t s  for E. m o d e s t u s  o b t a i n e d  f rom the  E u r o p e a n  p o p u l a t i o n  still b e  ex-  

t r a p o l a t e d  to t he  s i tua t ion  in N e w  Z e a l a n d  a n d  Aust ra l ia?  C o m p a r i s o n  of cirral  act ivi ty 

(Ritz & Foster ,  1968) a n d  e x a m i n a t i o n  of i s o e n z y m e s  by ge l  e l e c t r o p h o r e s i s  (F lowerdew,  

1984) d id  no t  s h o w  s ign i f i can t  d i f f e r e n c e s  b e t w e e n  the  popu la t i ons .  Only  s o m e  ra re  al- 

le les  p r e s e n t  in t he  N e w  Z e a l a n d  p o p u l a t i o n  cou ld  no t  be  f o u n d  in the  E u r o p e a n  one .  

This  m i g h t  be  an  ind ica t ion  of a re la t ive ly  smal l  f o u n d e r  p o p u l a t i o n  or a l a te r  spec i f ic  

s e l e c t i o n  p roce s s .  Cu l t iva t ion  e x p e r i m e n t s  at  d i f f e r en t  t e m p e r a t u r e s  a n d  sa l in i t ies  

(Harms,  1986) d id  s h o w  d i f f e r e n c e s  in larval  d e v e l o p m e n t  a n d  larval  s ize  in t h e  two  an-  

t i p o d e a n  p o p u l a t i o n s  of E. m o d e s t u s .  It w a s  s u g g e s t e d  tha t  e spec i a l ly  e x t r e m e  w i n t e r  

c o n d i t i o n s  m a y  act  as a k ind  of na tu ra l  s e l e c t i o n  r e g a r d i n g  a d a p t a t i o n  to l o w e r  t e m p e r -  

a t u r e s  in t he  N o r t h e r n  E u r o p e a n  p o p u l a t i o n  of E. m o d e s t u s .  Up to n o w  it has  not  b e e n  

e x a m i n e d  w h e t h e r  d i f f e r e n c e s  w i th in  the  E u r o p e a n  p o p u l a t i o n  h a v e  b e e n  e s t a b l i s h e d  

d u e  to s u c h  s e l e c t i o n  m e c h a n i s m s .  
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