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ABSTRACT: During their first year in the Wadden  Sea, h igh proportions of the tidal-flat populations 
of the telhnid bivalve Macoma balthica (L.) redistribute twice: immediately after their  set t lement  in 
late spring, the postlarvae show a ne t  transportation in a shoreward direction - w h e r e a s  in the 
subsequent  winter, the grown spat move in the reverse direction. As a consequence of these two 
periods of high mobihty ,  distribution patterns shift twice: though initial set t lement  takes place 
mainly in the lower half of the intertidal, most spat grow to a size of ~- 0.5 cm in the upper  half of it, 
whereas  most adults live in the middle and  lower zones. The successive distribution pat terns of spat 
and older Macoma are described in detail for Balgzand, an  extensive tidal-flat area in the western-  
most part  of the Wadden  Sea. Long-term observations in this area and pubhshed  evidence from 
other areas are used to evaluate the suitability of different tidal zones as a habi tat  for successive life 
stages of Macoma. For spat, the upper  zone is a more favourable habitat  than the lower, because 
predat ion pressure (mainly from shrimp) and  disturbance are less and growth is more rapid. For 
adults, the upper  parts are no longer a favourable habitat,  because the few animals that  stay suffer 
from high parasite load, low survival, slow growth and  low reproductive output, tt is concluded that  
in their successive life s tages the majority of M. balthica l ive at the intertidal level most favourable to 
them. The strategy of timely shifts tO areas more suitable to the next life stage contributes to the 
success of the species: it is the most widespread and common (and one of the most stable) 
macrozoobenthic species in the Wadden  Sea. 

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

In m a n y  a n i m a l  spec ies ,  y o u n g  life s t a g e s  d e m a n d  a n  e n v i r o n m e n t  t h a t  is d i f f e r e n t  

f rom t h a t  of t he  adu l t s .  J u v e n i l e  h a b i t a t s  a r e  o f t en  m o r e  s p e c i a h z e d .  H e n c e ,  t h e i r  

d i s t r i b u t i o n  is m o r e  r e s t r i c t ed  t h a n  t h a t  of adu l t s .  In pa r t i cu la r ,  t h e  n e e d  for  s p a t i a l  

r e f u g e s  f rom p r e d a t i o n  is m o r e  a c u t e  in  t h e  m o r e  v u l n e r a b l e  ( s m a l l e r ) j u v e n i l e s  ( W a h l e  & 

S t e n e c k ,  1992, a n d  e x a m p l e s  t he r e in ) .  O n  t ida l  flats p r e d a t i o n  p r e s s u r e  o n  j u v e n i l e  

m a c r o f a u n a  is h e a v i e r  in  t he  l o w e r  t h a n  in h i g h e r  p a r t s  (Reise 1983 1985}. In s e v e r a l  

m a c r o b e n t h i c  s p e c i e s  of t h e  t i da l  f lats  of t h e  W a d d e n  Sea  t h e  h i g h e s t  d e n s i t i e s  of 

j u v e n i l e s  a re  i n d e e d  f o u n d  in  t h e  h i g h e r  p a r t s  of t h e  t ida l  fiats; t h e  less  v u l n e r a b l e  a d u l t s  

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

par t s ,  t h a n  t h e  j u v e n i l e s .  Th i s  is so, for e x a m p l e ,  in  t h e  l u g w o r m  Arenicola marina ( F a r k e  

e t  al., 1979; D a n k e r s  & B e u k e I n a ,  1983), t h e  s h o r e  c r ab  Carcinus maenas  (Kle in  Bre t e l e r ,  

1976),  t he  b r o w n  s h r i m p  Crangon crangon ( J a n s s e n  & Kuipers ,  1980; B e u k e m a ,  1992a)  

a n d  t he  b i v a l v e  Macoma balthica ( B e u k e m a  e t  al., 1978; D a n k e r s  & B e u k e m a ,  1983). 
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M. balthica (L.) is one of the most successful  species of the  W a d d e n  Sea .  It occurs at  
re la t ively  high densi t ies  (tens or hundreds  pe r  m 2) on near ly  all t idal  f la ts  (Beukema,  
1976; Dankers  & Beukema,  1983) and in subt idal  areas  (Dekker,  1989). In rnacrozooben-  
thos samples  from the W a d d e n  Sea, it is the  most  common species  - both  ir~ the inter t idal  
(Beukema, 1976) and  in the subt idal  (Dekker,  1989). Areas  of high a b u n d a n c e  inc lude  a 
wide  range  of sed iment  types  and depths  (Dankers  & Beukema,  1983). H o w e v e r ,  not  all  
age  groups  are  to b e  found at h igh densi t ies  in all coastal  areas.  Initial  se t t l ement  of 
pos t larvae  in spr ing (at a size of < 0.5 ram) t akes  place  mainly  in the l o w e r  half  of the  
inter t idal  (Armonies & Hel lwig-Armonies ,  1992). A few months later, the juven i l e s  (with a 
shell  l ength  be tween  0.1 and 1 cm) occur in maximal  numbers  on the h i g h e r  t idal  fiats, 
a round  or above  mean  t ide level  (MTL) (Dankers & Beukema,  1983; A r m o n i e s  & Hel lwig-  
Armonies,  1992). However ,  animals  of 1 yea r  or older  (mostly s ized b e t w e e n  1 and 
2.5 cm) are  more evenly  dis t r ibuted over  all types  of t idal  flat and the sha l low subt idal  
(compare the two par ts  of Fig. 20 of Dankers  & Beukema,  1983). 

The differential  distr ibution of the successive age  groups of M. balthica poses  
quest ions on both causat ive  mechanisms  and  functional aspects.  The accumula t ion  of 
juveni les  (spat) on h igh  (coastal) t idal  flats appea r s  to be  caused  by  the pa s s ive  se t t lement  
of pe lag ic  pos t la rvae  on the sed iment  in quie t  areas  (but most ly  at  low in te r t ida l  levels) 
combined  with high mobih ty  in the  ear l ies t  bot tom stages,  result ing in n e t  shoreward  
moves  to a reas  with h igher  inter t idal  levels (Ratchffe et al., 1981; Gfinther ,  1991; 
Armonies  & Hel lwig-Armonies ,  1992). The  more even and  widesp read  d is t r ibu t ion  of 
adults  appea r s  to be  la rge ly  a resul t  of subsequen t  offshore m o v e m e n t s  of juveni les  
dur ing  a second pe r iod  of h igh  mobihty  in' their  first winter  (Fig. 1). D u r i n g  winter,  
numerica l  densi t ies  of juveni le  Macoma rap id ly  decl ine  on high (coastal)  t idal  flats, 
which at the same  t ime increase  on low (offshore) tidal flats (Wolff & d e  Wolf, 1977; 
Beukema et  al., 1978) and in the subt idal  (Kleef & Essink, 1982; B e u k e m a  & de Vlas, 
1989). During winter,  juveni les  with a shell  l eng th  b e t w e e n  about  2 and  8 rnm are  found 
in high numbers  in the  water ,  par t icular ly  at  ebb  t ide (Beukema & de Vlas .  1989). This 
off-shore winter  migra t ion  involves active behavioura l  components :  as  a response  to 
lowered  ambien t  t empera tu re s  they l eave  the  sed iment  and  prot rude the i r  foot (S6rlin, 
1988). In moving  water ,  they  form long mucous  threads  This significantly p romotes  their  
drag  and  the reby  their  chance  to be  carr ied  away  b y  currents.  Their  s u s p e n d e d  stay in 
the wa te r  column is also l eng thened  (Beukema & de Vlas, 1989), and  c onse que n t l y  the  
dis tance covered  before  s inking aga in  to the  bottom. By th read  drifting, y o u n g  bot tom 
stages (up to a size of about  9 mm] of Macoma are t ranspor ted  by  t idal  currents  over  
dis tances  up to some tens  of k m  (Beukema & de  Vlas, 1989). As many  more  a r e  p resen t  in 
the wate r  at ebb  ra ther  than  at flood tides,  the  ne t  t ranspor t  in winter  is in  an offshore 
direction, result ing in a shift to lower  in ter t idal  and  even subt idal  levels.  

Such migra tory  behav iour  must  be  adapt ive :  it cannot  have  evo lved  wi thout  a 
function. The  ma in  ques t ion  add res sed  in the  p resen t  p a p e r  is: how do t i da l  zones  differ 
in their  sui tabi l i ty  as a hab i ta t  for the success ive  life s tages  of M. balthica? In  other  words: 
wha t  are  the advan tages ,  to the younges t  (first-summer) bo t tom stages, of concen t ra t ing  
in the h igher  par ts  of the  t idal  flats and  wha t  are  the d i sadvan tages  of s t a ~ g  there  as 
adults? 

An  extens ive  da ta  set  is  ava i lab le  from regu la r  s a m p h n g  of bot tom f a u n a  of Balg- 
zand,  a t idal-f lat  a r e a  in the  W a d d e n  Sea. The  15 sampl ing  stations cover  va r ious  types  of 
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Fig. 1. A diagram of the two successive migrations shown by the mass of the young benthic stages of 
Macoma balthica: (top) shoreward migration of the very small newly-settled posflarvae immediately 
after settlement in late spring, and:(bottom) offshore migration of-0.5-cm long spat in winter i after 

stay of abo~t 7 to l0  months at high tidal flats 

sediment and the entire intertidal range. Data on numerical  densities of the age classes of 
?r can be used for detailed comparison of distribution patterns of juveniles  and 
adults, and to study changes  in  distribution patterns of cohorts. Moreover, rates of both 
survival and growth in different areas can be calculated and  compared to see whether  
stayers or movers are at an  advantage.  The same sampling programme provides data on 
environmental  conditions in the various areas, including abundance  estimates of 
interacting species. Such data can help explain local differences in survival and  growth of 
hi. balthica and thus define the optimal habitats for its successive life stages. 

MATERIAL AND M E T H O D S  

Detailed data on distribution patterns of Macoma balthica are available from a l o n g -  
term samDlino uroaramme ~started around 1970)of the  macrozoobenthos at: I 5  Derma- 
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Fig. 2. The Balgzand tidal-flat area, i.e. the area above mean low-water level, roughly indicated by 
the thin line. The positions of the 15 sampling stations (3 squares: A, B and C, and the 12 transects: 
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Fig. 3. The 15 sampling stations (see Fig. 2) arranged according to distance from the SW coast (in km, 
horizontal axis) and intertidal level (dm + or - DOL, which is close to MTL, see Fig. 4a). Note that 
transects-2 and -3 together cover nearly the  entire intertidal range within about 0.1 and  almost 2 km 

from the coast without much overlap (depicted in detail in Fig. 4a) 
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and -3 will be dealt with separately, because  together these two ne ighbour ing  transects 
cover near ly the entire intertidal depth range  (from almost +4 to nearly - 9  dm; see 
Fig. 4a}. For comparison, the same data are shown for the remaining  13 stations (and not 
for the complete set of 15 stations} to obtain two independen t  data sets. These stations 
cover an even wider  depth range: from +5 to - 1 0  dm. 

Since 1973, the stations have been  sampled annual ly  in a uniform way, both in late 
winter  (mostly in March} and in late summer  (mostly in August}. In the present  paper, 
only the summer  data are used. Sampling procedures have been  described in  detail in 
earher papers {e. g. Beukema, 1974). In short: cores were taken and sieved in the field on 
l - ram mesh screens, thus retaining only those Macoma with a shell length  of over 1.5 to 
2 ram. 

Along the transects, 50 sediment  cores were taken at equal  intervals (20 m), but  5 
successive cores were lumped together in a sample represent ing a 100-m stretch. Each of 
these 100-m samples covered 0.045 m u. Within the squares, 9 or 16 cores were taken. 
Altogether, there were 125 samples of 5 cores each, which were allotted to 16 depth 
classes (+5 to - 1 0  dm). In the following, all numerical  densit ies are expressed in n .m-2  
and are usually averages of 19 estimates (viz. the 19 years 1973-1991). Survival is 
est imated from changes in numerical  densities of the same (groups of) year  classes. It is 
expressed as z (= In n~/n0). 

In the laboratory, the samples were sorted. Macoma was sorted to age class, 
according to the n u m b e r  of winter marks on the shell. This can be done accurately up to 
an age of about 5 years (Lammens, 1967]. Thus, density data are available for 5 successive 
age classes for 125 samphng stations. Averages are shown for 0-group (spat}, 1-group and 
all older animals together (2+-group). 

Alter lumping  together the samples from each transect or square, all individuals  of 
each of the age classes dist inguished were measured  to the nearest  mm. The soft parts 
were removed from the shells and dried and  ashed per mm group (shell length  L in mm}. 
In this way, data were obtained for ash-free dry weight (APDW, W in mg} for 15 stations 
and  19 years. A condition factor (CF) was calculated from W.L -3. Summer  data  were used 
for CF of animals of the 2+-group.  

Annua l  growth rates were estimated from Increments in  shell length  during their 
second season of growth. The raw data obtained were corrected, to compensam for 
differences in initial length, according to Beukema et ai. (1977}. The corrected length 
increment  (LINe) is expressed in mm and represents the average annua l  increase in shell 
length of an animal  exactly 6 mm long at the start of the growing season. 

Statistical methods apphed included the t-test (if the distribution of the data  was 
approximately normal} or, in other cases, non-parametr ic  tests such as the  Spearman 
rank correlation test (to evaluate trends} and  the Wilcoxon or Mann-Whi tney  U-test {to 
evaluate differences in level}. 

RESULTS 

Di f f e r en t i a l  d i s t r i b u t i o n  p a t t e r n s  of s u c c e s s i v e  a g e  g r o u p s  

O-group Macoma 

In late summer (August} the numbers  ot spat were invariably higher in the samples from 
the upper  half of the intertidal than in  the samples from the lower intertidal. The zone of 
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(MLW),: m e a n  tide level {MTL}, and  Dutch Ordinance level (DOL). The lat ter  is u s e d  as the 0-level. 
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genera l ly  high densi t ies  of spat  inc luded all of t ransect-2 and the coastal  par t  of t ransect-  
3 (Fig. 4b), i .e .  the range  of intert idal  levels be tw e e n  about  +3 and - 2  dm (compare 
Fig. 4a). At more offshore locations, spat  densi t ies  rapidly  dec l ined  with the  increas ing  
depth.  Along these  two transects,  the mean  spat  densi t ies  were  posi t ively corre la ted  with 
in ter t idal  level  (Spearman ' s  r=+0.87 ,  p<0.001) .  In the u p p e r  half of the combined  
t ransect -2+3,  spa t  densi t ies  were  roughly an order  of magn i tude  h igher  than  at  the 
100-m stretches close to mean  low-water  level  (MLW). The s t andard  errors shown in 
Fig. 4b clearly show that  such differences were  h ighly  significant statistically. 

The da ta  from the other s amphng  stations (10 transects  plus the  3 squares)  corrobo- 
rate  the genera l  distr ibution pa t te rns  of high densi t ies  of spat  in a zone above  and  a round  
MTL, and  low densi t ies  at lower intert idal  levels ( - 3  dm and  lower,  Fig. 5a). Below and 
a round  MLW ( - 8  to - 1 0  dm), spat  densi t ies  were  even two orders  of magn i tude  lower 
than above  and  a round  MTL. The s tandard  errors inc luded  in Figure  5a show such differ- 
ences  to be  h ighly  significant. Around mean  n igh-wate r  level  (MHW) (samples t aken  at 
about  +5 dm), spa t  densi t ies  were  also rela t ively low. Thus the  samples  t aken  a long this 
full in ter t idal  dep th  range  showed maximal  densi t ies  of spa t  at  a res t r ic ted inter t idal  
dep th  range,  ex tend ing  from about  +4 dm down to about  - 2  dm (i.e. the h igher  half of 
the inter t idal  zone), where  densit ies  were  on average  above  500 pe r  m 2. 

The densi t ies  shown in Figure 5a are 19-year averages .  Over  most  of the  inter t idal  
range,  they are  domina ted  by the 5-year  da ta  with a h ighe r - than -ave rage  recru i tment  
(450 to 1300 spat  pe r  m2), whereas  the da ta  from the remain ing  14 years,  with only ~100 
to ~300 spat  pe r  m 2, p lay  a minor  role. The distr ibution pa t te rns  of spat  in these  two 
groups o f  years  were  clearly different. In each of the 5 years  hav ing  a successful  
recrui tment ,  h igh densi t ies  of spat  (> 500.m -2) were  observed  in a b road  zone ex tend ing  
from +3 to - 5  dm (Fig. 5b). In the other  14 years,  the  zone of h igh  densi t ies  of spa t  was 
much narrower,  and  densi t ies  of >500 .m -2 were  restr ic ted to re la t ively  h igh  in ter t idal  
levels:  +4 to +2 dm. At all intert idal  levels be low +2 din, spat  densi t ies  were  signif icantly 
(p < 0.01) h igher  in the  group of the 5 successful  years  than in the other  years.  Above  this 
level,  however ,  these  differences were  all  non-signif icant  ( p >  0.05). Thus in "poor" 
years,  numbers  of spat  were  r educed  at all levels lower than about  +2.5 dm (Fig. 5b). In a 
t idal-f lat  a rea  in the eas tern  par t  of the  Dutch W a d d e n  Sea, Zwarts  {1988, Pig. 4.26) 
obse rved  a similar phenomenon.  

1- and 2 +-group Macoma 

The densi t ies  of o lder  Macoma along transects  - 2  and  - 3  showed  a pa t te rn  that  d e a r l y  
differed from that  of the  spat. Both in the  1-year-old and in the 2 + age  groups,  the  number s  
were  almost  equa l  at  all d is tances  [rom the coast  (Fig. 4c), i.e. at  all levels  from about  +3 to 
about  - 8 dm. If there  was any re la t ionship wi th  level, such a re la t ionship  for adul ts  was  the 
reverse  of that  for spa t  (compare Figs 4b and  4c). The nega t ive  correlat ion with in ter t idal  
level  was  stat is t ical ly significant in the  2 + - g r o u p  only (r = - 0 . 7 3  p < 0.01) and not  in the  1- 
group. Never theless .  the distr ibution pa t te rn  of the  1-group r e s e m b l e d  that  of the  2+-  
group ra ther  than  that  of the spat  (compare Fig. 4b and the two hnes  in Fig. 4c). 

The da ta  from the  other  stations, with a comple te  inter t idal  dep th  range,  corroborate  
the similarity of the  distr ibution pa t te rns  of 1- and  2+-g roup  h4acoma. The two groups 
were  a b u n d a n t  at a b r o a d  dep th  range,  ex tend ing  from +3 to - 7  dm (Fig. 5c). Densi t ies  
were  lower at the  ex t reme  levels, both near  the  n igh-wate r  (HW) mark  (+4 and  +5 dm} 
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and near  the low-wate r  (LW) mark.  The  very  h igh  levels of +4 and +5 dm were  not  
covered  by  t ransect-2 (compare Fig. 4). Compared  to the distr ibution pa t te rns  obse rved  
along transect-3 (Fig. 4c), the densi t ies  of 1- and  2+-g roup  Macoma were  re la t ive ly  low 
near  the LW mark  ( - 8  to - 1 0  din) in the other  Balgzand  areas  (Fig. 5c). These  areas  are 
genera l ly  sandier  and  more exposed  (to s trong currents  by  t ides and wind) than  the 
re la t ively  she l te red  near -coas ta l  a rea  of t ransects-2 and -3. The pa t te rns  shown in 
Figure  5c are more wide ly  appl icab le  for Macoma distr ibution than  those of F igure  4c. 

Differences between the distribution of O-group and older Macoma 

Distribution pa t te rns  of 1- and  2+-g roup  Macoma were  similar (see above),  but  
differed from those of spat, par t icular ly  at the lower  inter t idal  levels.  The  o lder  age  
groups  r ema ined  relat ively abundan t  down to - 7  or - 8  dm (Figs4c and 5c), w he re a s  
h igh  densi t ies  of spa t  d id  not  usual ly  ex tend  be low - 2  dm or (in successful  years)  - 5  dm 
(Fig. 5b). 

The difference be tween  the successive distr ibution pa t te rns  of spat  (as shown in 
F igs4b;  5a, b) and  older  age  groups (see Figs4c,  5c) can be  expressed  quant i ta t ively  as a 
"survival" ratio, viz. as the quot ient  of number  of 1-year-olds found in year-1 d iv ided  by 
the number  of spat  in year -0  at the  same place.  Fig. 6 shows such ratios sepa ra te ly  for the  
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Fig. 6. Ratio of numbers of 1-year-old Macoma divided by numbers of spat observed 1 year earlier at 
the same intertidal level (horizontal axis, in dm). Summed data are used from 1973-1991 (spat) and 
1974-1992 (1-year-olds), separately for the 5 strong year classes (broken line) and the 14 weak year 

classes (solid line) 

da ta  of the 5 s trong yea r  classes (born in 1979, 1984, 1985, 1987, and  1991) and  for the 
other 14 year  classes of the 1973-1991 period.  The  lower  the level  of the s ampl ing  place,  
the h igher  this ratio was for both da ta  sets (p < 0.001 and p < 0.001, S p e a r m a n  test). Near  
MLW, some ratios were  even above  1.0, indica t ing  increas ing  densit ies.  Immigra t ion  
apparen t ly  overruled  mortal i ty at these  low inter t idal  levels.  
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D i f f e r e n t i a l  m o r t a l i t y  a t  v a r i o u s  i n t e r t i d a l  l e v e l s  

Reliable es t imates  of mor tahty  dur ing the first year  of life of M a c o m a  cannot  be  
der ived  from densi ty  changes  at any  place,  because  young  benth ic  s t ages  show mass  
movements  both dur ing  their  first summer  (Annonies,  1992) and  dur ing  the i r  first winter  
(Beukema & de Vlas, 1989}. After  their  f irst-winter  migration,  however ,  t he  then 1-year- 
old  animals  a p p e a r e d  to s tay in (almost) the  same place.  Observat ions  (own, unpub-  
hshed) of repopula t ion  rates of depopu la t ed  areas  clear ly show that  1 + ?r rare ly  
migra te  over dis tances  of more  than abou t  1 m. Thus, genu ine  mortal i ty  ra tes  dur ing the 
second and fol lowing years  can be  es t imated  from c h a n g e s  in local densi ty .  

Annua l  mor tahty  rates were  ca lcula ted  as z values  for all 15 s a m p h n g  stat ions and  for 
all 19 years  (1973-1991} for 1+ as compared  to 2+ numbers  one yea r  la ter .  Ave rage  
annual  mortal i ty rates  were  h igher  in h igh  than  in low inter t idal  ares  {Pig. 7: r =  +0.68, 
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Fig. 7. Mean annual mortahty (z, in a -z) of adult Macoma at the 15 stations, arranged according to 
their mean intertidal level (horizontal axis, in din): 19-year averages 1973-1991 (with one standard 

en'or) 

p<0 .02 ,  n=15,  S p e a r m a n  test). The  consequence  of the correlat ion b e t w e e n  lower 
annual  mortahty  and  increas ing  dep th  can be seen  in F igs4c  and 5c: wi th  inc reas ing  
depth,  the  numbers  of old {2+) animals  b e c a m e  gradual ly  h igher  than  those  of the  1- 
year-olds.  

D i f f e r e n t i a l  g r o w t h  a t  v a r i o u s  i n t e r t i d a l  l e v e l s  

Precise growth  ra tes  are difficult to assess in spat, aga in  be c a use  of the high 
proport ions that  migra te .  Moreover ,  as  only  da ta  from 1-mm sieves are  avai lable ,  I refra in  
from presen t ing  da ta  on growth ra tes  of Macoma of spat  size. 

Thus, only es t imates  of growth  dur ing  a la ter  g rowing  season (in this  case  the  second  
one) will be  presented .  Length  increase  dur ing the second season of growth  was  
genera l ly  less above  than  be low MTL (Fig. 8a): Inspect ion of the  s t anda rd  errors revea l s  
that growth ra tes  at  the  two h ighes t  stations were  signif icantly lower  t han  those at all  
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Fig. 8: Relationships between intertidal level(horizontal axis, in dm) and (a} mean standardized 
growth in length during the second season of growth (LINc in mm) and (b) mean condition factor CF 
of adult Macoma (in mg AYDW per cmS). Each of the 15 figures represents I station; 12-year 

(1980-1991) averages with 1 standard error 

other stations. The decl ining trend with increas ing level  was also significant (r = -0 .60,  
p<0.05,  n=15).  

Condit ion factors in August  showed the same trend with intertidal level (Fig. 8b}, but  
the t rend was hardly significant (r = -0 .52,  p -  0.05, n = 15}. As expected from the above 
two correlations, growth expressed in  weight  units  also increased from high to low 
intertidal levels. As weight  changes with roughly the third power of length, differences in  
weight  increase were more spectacular than  those expressed in length  units. At the 
highest  stations, mean  growth rates in weight  units  were only about half of those 
observed in the lower half of the intertidal (viz. about  12 vs 24 mg AFDW during the 
second season of growth}. 
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DISCUSSION 

F i r s t - s u m m e r  M a c o m a  

According  to Gfinther  (1991) and Armonies  & Hel lwig-Armonies  (1992), the  distr ibu- 
tion pa t te rn  of Macoma spat  in the W a d d e n  Sea in summer  and  au tumn  is a resul t  of 
init ial  larval  se t t lement  (mainly May-June ) ,  t ak ing  p lace  mostly in the  lower  intert idal ,  
fol lowed by  a ne t  shoreward  t ransporta t ion to h igher  inter t idal  areas,  w h e r e  posf larval  
densi t ies  cont inue to increase  after set t lement.  Ratcliffe et al. (1981) obse rved  a similar 
shoreward  shift, dur ing  summer,  in the  H u m b e r  estuary. Post larvae r ema in  h igh ly  mobi le  
dur ing  the first w e e k s  (maybe even months) after the first set t lement .  It a ppe a r s  un l ike ly  
that  they  are t ranspor ted  directly to h igher  areas.  Most  probably ,  there  is a process  of 
se t t lement  and  re-suspens ion  severa l  t imes in succession at various levels,  dur ing  the 
course of which se t t lement  grows more pe rmanen t  at the uppe r  levels.  From this 
viewpoint ,  pos t la rvae  do not show a real  migration,  but  ra ther  expe r i ence  pass ive  
transportation(s) by  t idal  currents, the  net  result  be ing  a shoreward  shift in the  distr ibu- 
tion pat tern.  Anyhow,  in the second half of the year,  maximal  spa t  densi t ies  are  obse rved  
at the  uppe r  t idal  flats. This distr ibution pa t te rn  of more or less ful l -grown spa t  has  been  
obse rved  not only at  Balgzand (Figs 4b, 5b), but  also in other  par ts  of the Dutch, G e r m a n  
and  Danish  W a d d e n  Sea (Thamdrup,  1935; Obert ,  1982; Wilkens  et al., 1983; Zwarts,  
1988) and e l sewhere  (the former Grevehngen  estuary:  Wolff & de Wolf, 1977; the  Wash:  
Reading,  1979). 

The fol lowing envi ronmenta l  factors would  affect Macoma spat  different ly at h igh 
versus  low inter t idal  flats: 

P h y s i c a 1 s t r e s s .  In most of the W a d d e n  Sea, low t idal  flats are  s i tua ted  farther  
away  from the shore than high flats. Accordingly,  the low flats are  gene ra l ly  more 
exposed  to wave  act ion and t idal  currents  than the h igher  flats. In the  more  exposed  
W a d d e n  Sea areas,  the early pos t la rvae  of h/Iacoma are hard ly  b igge r  than  a med ium-  
s ized sand grain (150-200 ~tm). Normal  l ife-functions would  hard ly  be  poss ib le  for small  
Macoma (which have  to live in the uppe rmos t  sed iment  layer) if su r rounding  sand  grains  
of such a size were  moving by  currents from wave-ac t ion  and tides. Such a reas  a p p e a r  to 
be  more sui table  as a habi ta t  for adul ts  - which can hve in d e e p e r  s ed imen t  layers  
because  of their  longer  siphons. Initial spatfal l  appea r s  to be low on e xpose d  coarse-  
g ra ined  sed iments  (Armonies & Hel lwig-Armonies ,  1992) and the se t t led  pos t l a rvae  will 
e i ther  be  pass ive ly  moved  or s t imula ted  by  the wa te r  movement  to l eave  the  s ed imen t  (cf. 
SSrhn, 1988). They  will subsequent ly  be  t ranspor ted  by  t idal  currents  (with the  he lp  of 
long threads)  to o ther  quieter  areas  with finer sediments .  

B i o 1 o g i  c a 1 d i s t u r b a n c e .  Results of exper iments  by  Ratcliffe et al. (1981) 
indicate  that  adul t  Macoma make  their  spa t  more vu lne rab le  to movemen t s  by  wa te r  
currents,  though  the exact  mechan i sm is unknown.  It might  just be  a loosen ing  of the 
sed iment  surface structure. Sed iment  structure is main ly  c ha nge d  by  r e -work ing  
activities of the lugworm Arenicola marina (Cadge, 1976). Field expe r imen t s  involving 
manipu la t ion  of lugworm abundance  showed  that  the presence  of lugworms  in densi t ies  
of about  30 or more  per  m 2 has  a signif icantly nega t ive  effect on the  a b u n d a n c e  of 
Macoma of spat  size (Flach, 1992), Such h igh  densi t ies  of adul t  lugworms  hard ly  ever  
occur above  MTL, b~t  are  f requent  at t idal  flats be low this level  (Figs 3 and  4 of Be uke ma  
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& de Vlas, 1979). The highest  densities of adult  Macoma also occur at elevations below 
MTL {Fig. 5c). 

G r o w i n g c o n d i t i o n s .  Armonies & Hellwig-Armonies (1992} observed a more 
rapid increase in mean  length of Macoma spat at their upper,  than at their lower, 
samphng  stations. Though changes in m e a n  size may not reflect real growth rates 
{because high proportions of the animals migrate}, in this case the possible bias would 
probably work in the opposite direction {small animals  migrat ing in an upward  direction). 
It is therefore justified to conclude that growth rates in spat are h igher  at high than  at low 
intertidal levels. Observations on Balgzand {Dekker, pers. comm.} corroborate this view. 

P r e d a t i o n p r e s s u r e .  During the ma in  set t lement period of Macoma (May in 
the Wadden  Sea}, the most important predator on small tidalflat benthos appears  to be 
the shrimp Crangon crangon. Densities of small shrimp on the tidal flats have rapidly 
reached high levels by May already, particularly after mild winters (Beukema, 1992a). 
Keus (1986} observed Macoma spat of 41  m m  length  in the stomachs of small (1-2 cm} 
shrimps on Balgzand. He found individual  shrimp to eat such quanti t ies of spat that the 
former would general ly be able to drastically reduce the abundance  of h/Iacorna spat. 
However, nei ther  in all years nor at all intert idal  levels would shrimp densities be  high 
enough  for such a reduction in spat numbers .  At the highest  tidal flats {+3 dm or higher}, 
shrimps were hardly ever found. At levels a round MTL {+2 to - 3  dm}, near ly  all those 
observed were small (< 2 cm} and their biomass values on the whole rather low. Higher 
biomass values  were general ly observed in  the lower half of the intertidal (Fig. 9), where 
larger shrimps were also present,  particularly in areas imperfectly drained at low tide. 
This distribution pat tern of shrimp would m e a n  that Macoma spat always find a refuge 
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from shrimp preda t ion  at the h ighest  t idal  flats (at about  +2 dm and  higher) .  They would 
also be  re la t ively  safe at levels a round  MTL in years  with low shrimp a bunda nc e .  

The da ta  on spa t  abundance  in late summer  corroborate this view. Spa t  densi t ies  
were  invar iably  high (several hundreds  pe r  m 2) at  levels b e t w e e n  +4 a n d  +2 dm a n d  
near ly  a lways  low (some tens  or less pe r  m 2) at levels be low - 7  drn (Fig. 5b). At 
in te rmedia te  levels,  spat  densi t ies  were  only h igh  in except ional  years  (broken line in 
Fig. 5b}. Deta i led  da ta  on shr imp abundance  are avai lable  for only 11 y e a r s  (cf. Beukema,  
1992a). They do i n d e e d  point  to re la t ively low shr imp abundance  in yea r s  with high spa t  
densit ies.  Mean  shr imp biomass  in the last decade  of Mays  (probably  the  mos t  impor tant  
se t t lement  pe r iod  for Macoma) amoun ted  to 63 -4- 14 mg.m -2 in the  5 y e a r s  hav ing  h igh  
spa t  densi t ies  in  a b road  inter t idal  range,  and  to 147 + 25 mg.m -2 in the  6 years  where  
the more f requent  pa t te rn  of high spat  densi t ies  was  restr icted to h igh  in te r t ida l  levels (no 
de ta i led  shr imp da ta  are  avai lable  for the 8 other  years  inc luded  in Fig. 5). Thus,  Macoma 
spat  appears  to be  able  to survive at in te rmedia te  in ter t ida l  levels only in yea r s  with low 
shrimp abundance .  In most years ,  however ,  only the  h ighes t  zone a p p e a r s  to be  a safe 
a rea  for Macoma spat. The genera l ly  Observed dis tr ibut ion pa t t e rn  of spa t  in  late  summer  
(solid line of Fig. 5b: h igh densi t ies  restr ic ted to a narrow h igh  zone) thus a p p e a r s  to be  a 
ne t  results  of both  t idal -current  t ranspor ta t ion (which may  be  und i rec ted)  and  a low 
survival  of pos t la rvae  set t l ing at  lower  elevations.  

O l d e r  M a c o m a  

In their  first winter.  Macoma redis t r ibute  by  thread-dr i f t ing  (S6rhn, 19881 B e u k e m a  & de  
Vlas, 1989). This winter  migrat ion of spat  is clearly separa ted  from the pos t la rva l  summer  
move by  a long au tumn per iod  without  thread-dr i f t ing  activi ty (Beukerna & de  Vlas, 
1989). The n e w  distr ibution pa t te rn  es tab l i shed  dur ing la te  winter  r e m a i n s  permanent .  
After the win te r  migrat ion,  the distr ibution in the  inter t idal  is more even  t han  before,  the  
ave rage  d is tance  from the coast  has  increased,  and  the ave rage  in ter t ida l  leve l  has 
lowered  accordingly  (compare Pig. 4b with 4c, and  Fig. 5a wi th  5c). S imilar  shifts of 
Macoma distr ibut ion pat terns  b e t w e e n  the age  of 0 and 1 yea r  have  b e e n  obse rved  by  
Reading (1979) in the Wash, and  can be  de r ived  from da ta  p r e sen t ed  for the Danish  
W a d d e n  Sea b y  Thamdrup  (1935, Table  13). Only low proport ions  of the  or ig inal ly  h igh  
numbers  of spa t  a t  the" h igher  in ter t idal  levels  r ema ined  there  (Fig, 6). At  the  lower 
ex t reme  of the  inter t idal  dep th  range ,  the popula t ions  nea r  MLW must  h a v e  or ig ina ted  
almost  complete ly  from the immigra t ion  of ful l -grown spat  in win te r  (as is  the  case wi th  
subt idal  areas:  B e u k e m a  & de Vlas, 1989}. 

For the few Macoma remain ing  at  the  h ighes t  inter t idal  levels,  the  habi ta t  (so 
favourable  for them during their  first summer} ist no longer  optimal .  Lower  intert ida] 
a reas  appea r  to be  a be t te r  hab i ta t  for adul t  Macoma in the  fol lowing respects :  

M o r t a l i  t y .  Mean  annua l  survival  of adu l t s  w a s  h igher  at low than  at high 
inter t idal  levels  (Pig. 7). The cause  of this d i f fe rence  is unknown,  but  p r eda t i on  by  w a d e r  
birds  might  p l ay  a role, as the t ime ava i l ab le  for thei r  f eed ing  is longer  at  h igh  than  at low 
intert idal  levels.  Ano the r  cause  might  b e t h e  h igher  p ropor t ions  of adu l t  Macoma bear ing  
paras i tes  at high,  than  at low, levels  {Hulscher, 1973; Sw e nne n  & Citing,  1974; him & 
Green,  199t). Parasi t ized Macoma a p p e a r  to suffer h igh  morta l i ty  (Hulscher,  1973}. 
Another  cause  of enhanced  morta l i ty  might  be  the  occasional  exposure  for over- lonq 
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periods to sub-lethal  temperatures on hot days. Such high temperatures  (>30~ will 
occur more frequently and  for longer periods on high than on low tidal flats. Macoma of 
spat size are more tolerant of such conditions than larger ones (Ratchffe et al., 1981}. 

G r o w t h a n d c o n d i t i o n .  Both mean  annual  growth rates and  condit ion factors 
at the end  of the growing season were higher at low than at high intertidal levels (Fig. 8}. 
In the St. Lawrence estuary, Harvey & Vincent  (1989, 1991} also observed more rapid 
growth at lower elevations, but  Green  {1973) and  Bachelet {1980) found the reverse 
relationship in the Hudson Bay and the Gironde estuary, respectively. Local conditions 
and  way of feeding appear  to be important.  For suspension feeders, lower levels would 
m e a n  longer  immersion times and thus longer  daily feeding periods. Suspension-feeding" 
bivalves general ly grow more rapidly at low elevations (Peterson & Black, 1988). Though 
from a morphological point  of view Macoma are deposit feeders, they are also able to 
filtrate the overlying water. Depending  on the type of habitat, they behave  primarily as 
either deposit or suspension feeders {Olafsson, 1986}. In the Balgzand area, adult  
h4acoma appear  to obtain most of their food from the overlying water and  not from the 
sediment  surface (Hummel, 1985; Kamermans,  1992). 

R e p r o d u c t i  o n .  In the St. Lawrence estuary, Harvey & Vincent  (1989) observed 
that Macoma hying at lower intertidal levels produce more gametes than  those hying at 
higher levels. Gamete  production in this area is largely assured by the small populat ions 
living low in the intertidal. 

The Summary (Table 1) of the most suitable habitats for spat and  adult  Macoma 
shows that for roughly the same factors (growth, and some factors affecting survival) the 
upper  intertidal provide better  conditions for spat, whereas the lower intert idal  is more 
favourable for adults. Thus, Macoma of the two life stages general ly live in  the habitat  
that is most favourable to them. They reach it by timely migration, the net  result  of which 
is in the optimal direction, shoreward immediately after larval set t lement  and  offshore 
after having  reached a length of ~0.5 cm. The two mass moves are thus clearly func- 
tional: they belong to an  adaptive strategy. 

Several more species of bivalves are able to migrate by thread drifting (examples are 
ment ioned  in Beukema & de Vlas, 1989), but  so far the possible functions of this ability 

Table i. Summary of differential optimal levels (H = higher half and L --- lower half of the intertidal) 
for various life-history aspects of spat (first summer of hfe) and adult {more than 1-year-old} Macoma 

Spat Adults 

H 2,3 L 1,7; H 8,9 
L1 
L1 

Growth 
Condition 
Survival 

Predation 
Disturbance 
Parasites 

Reproduction 

H I  
H4 

L5 
L6 

References: 1: this paper; 2: Armonies & Hellwig-Armonies (1992); 3: Dekker (pers. comm.); 
4: Flach (1992); 5: Swennen & Ching (1974}, Lim & Green (1991}, Hulscher (1973}; 6: Harvey & 
Vincent {1989}; 7: Harvey & Vincent (1991}; 8: Green (1973}; 9: Bachelet (1980} 
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have  hard ly  been  invest igated.  These  spec ies  might  provide  addi t iona l  examples  of 
migrat ions to avoid unfavourable  condit ions for certain hfe stages,  thus ad jus t ing  dis- 
tr ibution pa t te rns  of successive hfe s tages  to their  specific demands .  In the  W a d d e n  Sea, 
the intr icate hfe history of the  lugworm Arenicola marina, as descr ibed  b y  Fa rke  et al. 
(1979) and Reise (1985), would  be  another  example .  

Apparent ly ,  the  newly-se t t l ed  posf larvae  of Macoma migra te  sho reward  pr imar i ly  to 
avoid the high preda t ion  pressure  on small  animals  that  is so p r eva l en t  in the  lower 
inter t idal  (Reise, 1983, 1985). The more  severe  physical  and  biological  d i s tu rbance  and 
the lower growth  rates  in the  lower  zone would  render  them more vu lne rab l e  to predators  
special ized in small  p rey  (such as the extraordinar i ly  dense  popula t ions  of juveni le  
shrimps, shore crabs and  fishes). As Reise (1985) rightly remarks,  p r eda t ion  a ppe a r s  to be  
the  most impor tant  biological  interact ion and  the most impor tant  s t ruc tur ing  force on 
t idal  flats. Predatory pressure ,  then, may  have  been  the driving force in the  evolut ion of 
the we l l -deve loped  migra tory  abil i t ies in newly-se t t led  Macoma. 

Once the spa t  has grown up within the  re fuge  in the uppe r  inter t idal ,  t hey  have  to 
move back  to lower  and  more offshore areas.  Individuals  s taying in the  u p p e r  zone would  
soon exper ience  difficulties with their ene rgy  balance,  as j u d g e d  from the  low growth 
rates and  reproduct ive  outputs  (cf. Harvey & Vincent,  1989). If h igh  n u m b e r s  s tayed  in  
the  uppe r  zone, the si tuation would  become  even  worse by  nega t ive  dens i ty  effects, as 
Vincent  et al. (1989) observed  - par t icular ly  in the  upper  par ts  of the in ter t ida l  zone. 
Other  d i sadvan tages  of s taying in the  uppe r  zone would include more  infestat ion by  
parasi tes ,  a h igher  loss to w a d i n g  birds, and  occasional  exposure  to le thal ly  high 
temperatures .  

In conclusion: the successive mass  moves  of Macoma, which ensure  tha t  the  succes-  
sive hfe s tages  reach  the most sui table  in ter t ida l  level  in time, contr ibute  to the  success  of 
the species  in the W a d d e n  Sea. All different  types  of habi tats  within the  W a d d e n  Sea are  
easily reached  by  the spat  migra t ing  in winter  over  long dis tances  with t he  he lp  of long 
mucous  threads  {S6rhn, 1988; Beukema  & de Vlas, 1989). Thus a r e -popu la t ion  takes  
place  every year  in areas  where  younger  hfe s tages  could not  genera l ly  survive  in any 
number  due to the  heavy  p reda t ion  pressure  exer ted  by  numerous  e p i b e n t h i c  p reda tors  
(shrimps, shore crabs, fishes), par t icular ly  in the lower parts  of the in te r t ida l  and  in the 
subtidal.  This may  explain  why  Macoma balthica is the most common macrozooben th ic  
species  of the W a d d e n  S'ea. The  wide  dis tr ibut ion of the older  s tages  fur ther  adds  to the 
stabili ty of the species  by  diffusing the risks of specific dangers  which w o u l d  ope ra te  fully 
in only some of the many  habi ta t s  inhabi ted  

M. balthica is also a re la t ively  s table species  compared  to the other, of ten  violent ly 
fluctuating, b ivalves  in the W a d d e n  Sea  {Beukema et al., 1983). The  use of a re fuge  by  
juveni les  effectively prevents  the comple te  recrui tment  failures in ce r ta in  years  so 
frequently observed  in other  b ivalve  species  in the  W a d d e n  Sea {Beukema, 1992b). Thus, 
the first (shoreward,  summer)  move appea r s  mainly to serve r ec ru i tmen t  stability, 
whereas  the  second  (downward,  winter} migra t ion  primari ly ensures  the  s p r e a d  of the  
populat ions  over  a wide  var ie ty  of habitats .  
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