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Abstract

S a m p le s  o f  M a c o m a  b a lth ica  w e re  c o l le c ted  d u r i n g  1978 a n d  
1979 f r o m  th e  w e s t e rn m o s t  p a r t  o f  t h e  D u t c h  W a d d e n  
S e a .T h e  l en g th  o f  th e  c ry s ta l l in e  s ty le  in t h e  s t o m a c h  o f  th is  
i n te r t id a l  b iv a lv e  w a s  s tu d i e d  t h r o u g h  t id a l  a n d  a n n u a l  c y 
cles.  T h e  len g th  o f  th e  style  w a s  ca .  h a l f  t h e  she l l  l e n g th  a n d  
c h a n g e d  s l igh tly  w i th  t h e  s e a so n .  M a x i m u m  le n g th s  w ere  
r e c o r d e d  in s p r in g ,  t h e  s e a s o n  o f  h ig h  f o o d  in ta k e ,  a n d  
m in im a l  v a lu es  in a u t u m n  a n d  w in te r .  C h a n g e s  in th e  l en g th  
o f  th e  s ty le  a ls o  e x h ib i t e d  a  t id a l  cycle ,  b u t  w i th  tw o  m a x i m a  
a n d  tw o  m in im a .  T id a l  f l u c t u a t i o n s  in s ty le  l en g th  
a m o u n t e d  to  ca .  5 %  only .  T h e  in f lu e n c e  o f  e n z y m e s  a n d  
w a s te  p r o d u c t s  f r o m  th e  d iges t ive  d iv e r t i c u la ,  th e  f o o d  in 
t a k e  as well  a s  t h e  in f lu e n ce  o f  t h e  p H  o n  t h e  len g th  o f  th e  
s ty le  a r e  d iscussed .

Introduction

T h e  c ry s ta l l in e  s ty le  is a lo n g  h y a l in e  r o d  in  th e  s t o m a c h  o f  
a lm o s t  a ll  b iva lves .  Severa l  a u t h o r s  h a v e  a t t a c h e d  a  c e n t r a l  
ro le  t o  it  in the  a b r a s i o n  o f  f o o d  p a r t i c l e s  a n d  in  th e  se c re 
t io n  o f  e x t r a c e l lu l a r  e n z y m e s  ( Y o n g e  1949 ,  P u r c h o n  1968, 
1971, M o r t o n  1973). A s  a  c o n s e q u e n c e  o f  r o t a t i o n ,  t h e  s ty le  
m ix e s  a n d  t r i t u r a te s  th e  f o o d  ( N e l s o n  1918,  Y o n g e  1926, 
1949. A l le n  1958, P u r c h o n  1968, M o r t o n  1 9 7 0 b ) ;  h o w e v e r ,  
th is  r o t a t i o n  h a s  o f t e n  been  d i s p u te d  o v e r  t h e  la s t  d e c a d e  
( P u r c h o n  1971, K r i s t e n s e n  1 9 7 2 a ,  B e r n h a r d  1973, H u g h e s  
1977).  T h e  s ty le  is n e v er th e le s s  i m p o r t a n t  b e c a u s e  it  c o n 
t a in s  a v a r ie ty  o f  e n z y m e s  ( K r i s t e n s e n  1972  b ,  M o r t o n  1983) 
w h ic h  a r e  r e leased  by p a r t i a l  o r  c o m p l e t e  d i s s o lu t io n  o f  th e  
style.  C h a n g e s  in  th e  len g th ,  by  d i s s o l u t io n  a n d  r e f o r m a t i o n ,  
h a v e  o f te n  been  o b s e rv e d  in i n te r t id a l  m o l lu sc s ,  a n d  a re  
re la te d  to  th e  t id a l  r h y t h m s  o f  f o o d  i n t a k e  a n d  d ig e s t io n  (see 
r ev iew  in M o r t o n  1973). D i s s o lu t io n  is in i t i a te d  b y  th e  re 
l ea se  o f  w a s te  p r o d u c t s  f ro m  th e  d ig es t iv e  d iv e r t i c u la  in to
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t h e  s t o m a c h  a t  th e  en d  o f  th e  e m e r s io n  p e r iod .  T h e  style 
r e fo r m s  a f te r  t h e  feed in g  p e r io d ,  a t  th e  e n d  o f  th e  su b m e rs io n  
p e r io d  o r  d u r i n g  th e  .em ers ion .

S u rp r i s in g ly ,  th e  c h a n g e s  in t h e  l e n g th  o f  th e  c ry s ta l l in e  
s ty le  h a v e  n e v e r  b e en  s tu d ie d  s im u l t a n e o u s ly  w ith  fo o d  in 
t a k e  o r  s t o m a c h  c o n te n t .  T h e  p e r io d  o f  fo o d  in ta k e  w as  
m o s t ly  e s t im a te d  in d ire c t ly ,  e.g. f r o m  th e  a d d u c t o r  m usc le  
a c t iv i ty .

T h is  p a p e r  r e p o r t s  o n  c h a n g e s ,  a c c o r d in g  to  se a so n  a n d  
tide ,  in t h e  len g th  o f  th e  c ry s ta l l in e  s ty le  o f  M a c o m a  b a lth ic a  
liv ing  o n  a  t id a l  f la t  in th e  D u t c h  W a d d e n  Sea. S im u l t a 
n e o u s ly  d e te r m in e d  s t o m a c h  c o n te n t s  a n d  r a te s  o f  fo o d  in 
ta k e  a r e  d e sc r ib e d  by  H u m m e l  (1985  a).

Materials and methods

S a m p le s  o f  M a c o m a  b a lth ica  w e re  t a k e n  d u r i n g  1978 a n d  
1979 a t  B a lg z a n d ,  a  t id a l  f la t  a r e a  in th e  w e s t e rn m o s t  p a r t  
o f  th e  D u t c h  W a d d e n  Sea. T h e  s a m p l in g  s t a t i o n  w a s  s i t u a t 
e d  1 'A k m  f r o m  th e  c o as t  a n d  a t  - 3 0  c m  M T L  ( m e a n  tidal 
level). O n  th e  a v e ra g e ,  th e  s t a t i o n  w a s  c o v e re d  by  th e  t ide for 
7 / 2  h  a n d  e x p o s e d  f o r  5 h. T h e  a e r ia l  m e a n  t idal r a n g e  is 
b e tw e e n  - 7 7  c m  a n d  + 5 7  c m  M T L .

S a m p le s  12.5 to  20 m m  l o n g  w e re  c o l le c ted  a t  in te rv a ls  o f  
1 t o  2 h. M a c o m a  b a lth ica  live b u r ie d  in th e  s e d im e n t  a t  a 
d e p th  o f  1 to  10 c m  ( H u l s c h e r  1973, C h a m b e r s  a n d  M iln e  
1975, R e a d i n g  a n d  M c G r o r t y  1978).  S e d im e n t  s a m p le s  were  
o b t a i n e d  d u r i n g  th e  p e r io d  o f  s u b m e r s i o n  by  m e a n s  o f  a 
m a n u a l  c o r e r  o r  a sm all  a d a p t e d  c o c k le - s c ra p e r ,  a n d  d u r in g  
e m e r s i o n  by  d ig g in g .  T h e s e  s e d im e n t  s a m p le s  w ere  sieved 
a n d  th e  b iv a lv e  in d iv id u a ls  w e re  t a k e n  q u ic k ly  o n  b o a r d  the 
r e s e a rc h  vessel.  F o u r  s t o m a c h s  w e re  d is se c te d  im m e d ia te ly  
u n d e r  m a g n i f i c a t io n .  T h e  t o t a l  l e n g th  o f  t h e  c ry s ta l l in e  style, 
in c lu d in g  th e  a n t e r i o r  t ip  (see  K r i s t e n s e n  1972 a .  D e a n  1980 
fo r  th e  m o r p h o l o g y  o f  th e  s ty le) ,  w a s  m e a s u r e d  im m e d ia te ly  
a f te r  d i s s e c t io n  to  t h e  n e a r e s t  0.1 m m .  T h e  shell leng th  was 
a lso  m e a s u r e d  to  t h e  n e a r e s t  0.1 m m .
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Fig. 1. M acoma balthica. Relation between length o f  crystalline 
style and length o f  shell during  spring (a) April, M ay  and  June  and 
a u tum n and winter (b) September to March. Full line represents the 
best Fitting regression through all individual observations ( • : 1 to 
5 observations; o:  6 to 10 observations;  • :  11 to 15 observations)

C o n c o m i t a n t  a m o u n t s  o f  c h lo r o p h y l l  a  in  t h e  s t o m a c h  
a n d  r a t e s  o f  f o o d  in ta k e  w e re  e s t im a te d ,  a s  d e s c r ib e d  by  
H u m m e l  (1985  a).

Results

Sty le  l e n g th  v e r s u s  she l l  len g th

T h e  s ty le  l e n g th  o f  M a c o m a  b a lth ic a  s h o w e d  a  l in e a r  r e l a 
t i o n s h ip  to  t h e  she l l  l e n g th  (F ig .  1). T h i s  w a s  s o  d u r i n g  b o t h  
t h e  g r o w i n g  s e a s o n  (F ig .  1 a) a n d  t h e  r e s t  o f  t h e  y e a r  
(F ig .  1 b) .  T h e  in t e r c e p t  o f  y (a)  o f  t h e  b e s t  f i t t in g  l ines  d id  
n o t  d i f f e r  s ig n i f ic a n t ly  f r o m  0 ( p > 0 . 1 0 ) ,  a n d ,  t h e r e f o r e  t h e  
s ty le  l e n g th  c a n  b e  e x p re ssed  as  a  p e r c e n t a g e  o f  t h e  shell  
l e n g th  ( r e la t iv e  s ty le  len g th ) .

L i n e a r  r e la t i o n s h ip s  b e tw ee n  th e  s ty le  l e n g t h  a n d  she ll  
l e n g th  h a v e  a lso  b e e n  o b se rv e d  in t h e  r e la te d  sp ec ie s  A b ra  
n itid a  a n d  A b ra  a lb a  (K r i s t e n s e n  1972  a) w i t h  a  s ty le  l e n g th  
a b o u t  o n e  t h i r d  t h e  she l l  len g th .  M o r e o v e r ,  a  l in e a r  r e la t i o n -
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Fig. 2. M acom a balthica, (a) Relative length o f  the style and (b) rate 
o f  intake o f  ch lo ro p h y l la  (in k j  per individual per m onth ;  after 
Hummel 1985 b) th rough  the year. Indicated are daily (a) o r  m onth
ly (b) mean values together with the standard  erro r  (a). Full line 
connects mean values o f  all observations in a m onth

sh ip  w a s  f o u n d  b e tw e e n  th e  d ry  w e ig h t  o f  th e  s ty le  a n d  th e  
t o ta l  w e t  w e ig h t  o f  C ra sso s trea  g ig a s  ( B e r n a r d  1973).

S e a so n a l  v a r ia t i o n s

T h e  sty le  l e n g th  o f  M a c o m a  b a lth ic a  v a r ie d  w i th  t h e  season  
(F ig .  2  a). T h e  re la t iv e  l e n g th  w a s  h ig h e s t  ( a b o v e  5 0 %  o f  th e  
she l l  l en g th )  d u r i n g  s p r in g ,  c o in c id in g  w i th  th e  se a so n  o f  
h ig h  f o o d  in ta k e  (F ig .  2 b ,  H u m m e l  1985 a )  a n d  so m a t ic  
g r o w t h  ( B e u k e m a  a n d  d e  B ru in  1977).  M in i m a l  v a lu e s  fo r  
re la t iv e  s ty le  l e n g th  w e r e  o b s e r v e d  d u r i n g  a u t u m n  a n d  w in 
te r  ( b e lo w  4 7 % ) ,  c o in c id in g  w i th  t h e  s e a s o n  o f  lo w  ra te s  o f  
f o o d  i n t a k e  (F ig .  2 b ,  H u m m e l  198 5  a ) ,  z e ro  l e n g th  g r o w th  
a n d  loss  o f  w e ig h t  o f  s o f t  p a r t s  ( B e u k e m a  a n d  de B ru in  
1977).

T h e  d i f fe re n ce  in  s ty le  l en g th  b e tw e e n  s p r in g  (A p r i l ,  M a y  
a n d  J u n e )  a n d  th e  “ o f f - s e a s o n ”  w a s  h ig h ly  s ig n i f ic a n t  ( S t u 
d e n t ' s  / - te s t ;  p <  0 .001).  T h i s  s e a s o n a l  d i f fe re n ce  a m o u n t e d  
to  5 - 8 %  o f  th e  she l l  len g th  o r  t o  1 0 - 1 6 %  o f  the  style 
len g th .

T id a l  a n d  d a i ly  v a r ia t i o n s

T h e  re la t iv e  l e n g th  o f  t h e  style c h a n g e d  w i th  a  c o n s is ten t  
cycl ica l  p a t t e r n  d u r i n g  a  t id a l  c y c le  (F ig .  3). A  s ign if ican t
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Fig. 3. M a co m a  balthica. F lu c tu a t io n s  in relative 
length o f  crystal l ine style du r in g  su b m e rs io n  and  
em ers ion  p er iods  in d a y  and  n ight  separately- 
s h o w n  for  (a) sp r in g  (April .  M a y .  Ju n e )  a n d  (b) 
a u tu m n  and  w in te r  (Sep tem ber  to M a rch ) .  Ind i
ca ted  a r e  m e a n  values fo r  ho u r ly  in tervals  to 
g e ther  with  s t a n d a rd  er ro r .  O pen  sy m b o ls  indi
ca te  m ean s  o f  four  o r  m o re  ob se rv a t io n s ,  filled 
sym bo ls  o f  less th an  four  o bse rva t ions
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Fig. 4. M a co m a  balth ica . F lu c tu a t io n s  in  (a) leng th  o f  style du r in g  
su b m e rs io n  an d  em ers ion  (as a  pe rcen tage  o f  daily  m ean  length)  a n d  
(b) ra te  o f  in take  o f  c h lo ro p h y l l  a (in fig  p e r  ind iv idua l  per  ho u r )  (b 
af te r  H u m m e l  1985 a). Fu l l  line in (a) r ep re sen ts  F o u r ie r  descrip tion  
o f  da ta

(p  < 0 . 0 1 )  F o u r i e r  d e s c r ip t io n  o f  th e  c h a n g e s  in the  style 
l e n g th  s h o w e d  tw o  m a x i m a  a n d  tw o  m in i m a  d u r i n g  o n e  
t id a l  cycle.  T h i s  p a t t e r n  w a s  s im ila r  d u r i n g  th e  g ro w in g  
s e a s o n  (F ig .  3 a) a n d  th e  r e s t  o f  t h e  y e a r  (F ig .  3 b )  a n d  a lso  
f o r  b o t h  d a y  a n d  n ig h t .  T h e r e f o r e  th e  d a t a  w e re  in d ex e d  a n d  
p o o l e d  (F ig .  4 a ) .  T h e  m o s t  d o m i n a n t  cycle  in th e  F o u r i e r  
a n a ly s i s  (F ig .  4  a) h a d  a  p e r io d  e q u a l  to  o n e  t ida l  cycle.

A t  t h e  b e g in n in g  o f  t h e  s u b m e r s i o n  p e r io d  th e  s ty le  w as  
s h o r t ,  t h e n  r e a c h e d  a m a x i m u m  in t h e  m id d le  o f  th is  p e r io d  
a n d  d e c r e a s e d  a g a i n  t o  low  v a lu e s  a t  t h e  e n d .  D u r i n g  the  
s u b s e q u e n t  e m e r s io n  p e r io d  th e  style le n g th e n e d  slowly ,  
o n ly  t o  d e c r e a s e  a g a in  r a p id ly  w h e n  th e  t ide  c a m e  in.

T h e  m a x i m a l  d i f fe re n ce  in th e  a v e ra g e  s ty le  len g th  d u r 
ing  a  t id a l  cycle  (F ig .  4 a )  a m o u n t e d  to  5 %  o f  th e  style  
l e n g th .  T h e  m a x i m a l  h o u r ly  r a te  o f  s ty le  r e f o r m a t i o n ,  o b 
s e r v e d  d u r i n g  th e  f irst  h o u r s  o f  s u b m e r s i o n ,  w a s  a b o u t  
5 %  h _1 o f  t h e  t o ta l  s ty le  l e n g th  (F ig .  4 a ) .

Discussion

T h e  c h a n g e s  in  s ty le  len g th  o f  M a c o m a  b a lth ica  h a v e  to be 
e x p la i n e d  as  c h a n g e s  in th e  b a la n c e  b e tw ee n  style f o r m a t i o n  
a n d  d i s so lu t io n .  T h e  r a te  o f  c h a n g e  in s ty le  l e n g th  v a r ied  
f r o m  - 3  t o  +  5 %  p e r  h o u r .  T h u s  t h e  m a x im a l  n e t  f o r m a t io n  
r a te  w o u l d  be  5°/ó p e r  h o u r  (b u t  p r o b a b l y  m o re ) .  A c c e p t in g  
t h a t  th is  r a t e  is e q u a l  to  th e  g ro ss  f o r m a t i o n  ra te  a n d  is a lso  
c o n s t a n t ,  t h e  s ty le  w o u ld  h a v e  a  t u r n - o v e r  t im e  o f  20 h. T h is  
t u r n - o v e r  t im e  d o e s  n o t  d i f fe r  m u c h  f r o m  th a t  f o u n d  fo r  
M . b a lth ic a  b y  K r i s t e n s e n  (1 9 7 2 a )  a n d  is b e tw ee n  th a t  fo r  
o t h e r  sp ec ie s  (T ab le  1).
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R e c o r d s  o n  s e a s o n a l  d ifferences  in s ty le  l e n g th  in m o l 
lu sc s  a p p e a r  t o  b e  sc a n t .  K r i s t e n s e n  (19 7 2 a )  o b se rv e d  in 
A b ra  t h a t  th e  s ty les  a r e  p r e s e n t  t h r o u g h o u t  t h e  yea r ,  b u t  
d u r i n g  w in te r  th e se  s ty les  w e re  s o m e w h a t  soft.

T id a l  r h y t h m s  in  c h a n g e s  o f  t h e  s ty le  l e n g th  h a v e  b e en  
d e s c r ib e d  fo r  s e v e ra l  m o l lu sc s  (T a b le  2). In  all  b u t  o n e  m o l 
lusc  spec ies  s tu d i e d ,  a  t id a l  r h y t h m  in  t h e  c h a n g e s  o f  th e  style  
l e n g th  w as  f o u n d ,  w i t h  o n ly  o n e  m a x i m u m  a n d  o n e  m i n 
i m u m .  T h e  sty le  l e n g th e n e d  a t  t h e  b e g in n in g  o f  th e  s u b m e r 
s io n  o r  feed ing  p e r io d  a n d  a t t a in e d  a  m a x im a l  l e n g th  d u r i n g  
o r  a t  t h e  e n d  o f  t h a t  p e r io d .  R e d u c t i o n  o f  th e  s ty le  o c c u r r e d  
a t  t h e  e n d  o f  th e  s u b m e r s i o n  p e r io d  a n d  d u r i n g  e m e r s io n  o r  
w h e n  th e  b iva lve  s t o p p e d  fe ed in g .  T h i s  re su l ts  in a  m in im a l  
l e n g th  d u r in g  e m e r s i o n  o r  a t  t h e  v e ry  b e g in n in g  o f  s u b m e r 
s ion .

T h is  g e n era l  t r e n d  is p a r t l y  in  c o n t r a s t  w i t h  t h e  m o d e l  
p r o p o s e d  by M o r t o n  (1973).  O n  th e  b a s i s  o f  a  l i t e r a tu r e  
rev iew ,  M o r t o n  p u t  f o r w a r d  a  t h e o r y  in w h ic h  t id a l ly  c h a n g 
in g  p ro cesses  o f  f o o d  in ta k e ,  d i g e s t i o n  a n d  sty le  d i s s o lu t io n  
w e re  c o n n e c te d .  S im i la r  t o  t h e  g e n e r a l  t r e n d ,  h e  d e sc r ib e d  
a ls o  a  r e d u c t io n  o f  t h e  s ty le  l e n g th  a t  t h e  e n d  o f  th e  e m e r s io n  
p e r io d .  H o w e v e r ,  h e  s t a te d  t h a t  th e  s ty le  w o u l d  n o t  be  re 
f o r m e d  d u r in g  th e  f e e d in g  p e r io d ,  b u t  o n ly  w h e n  th e  in d iv id -

Table 1. M acom a balth ica . T u rn -o v e r - t im e  o f  the  style

Species Tu rn -o v e r  
t im e  (h)

A u th o r

M a com a balthica 24 K ris tensen  1972 a
A b ra  nitida 4 K ris tensen  1972 a
C rassostrea gigas 3 B e rnard  1973
C horom ytilus 24 Seiderer  et al. 1982

m eridionalis
P erna  perna 136 Seidere r  et al. 1982
C rassostrea  virgin ica < 1 2 L ucas  a n d  Newell  1984

u a l  s to p s  fe ed in g .  T h u s  a  m a x i m u m  sty le  l e n g th  w o u ld  th en  
be  r e a c h e d  d u r i n g  e m e r s io n .  I t  is s u r p r i s in g  t h a t  M o r t o n  d id  
n o t  i n c o r p o r a t e  r e f o r m a t i o n  o f  th e  s ty le  d u r i n g  s u b m e r s io n  
o r  t h e  f e e d in g  p e r i o d  in h i s  m o d e l ,  s ince  h e  re fe r red  to  
s im i la r  s tu d i e s  a s  s h o w n  in  o u r  T a b le  2.

T h e  c h a n g e s  i n  s ty le  l e n g th  w e  f o u n d  fo r  M a c o m a  b a lth i
ca  r e s e m b le  t h o s e  o f  th e  g e n e r a l  t r e n d  d u r i n g  s u b m e r s io n  
a n d  t h o s e  o f  M o r t o n ’s m o d e l  d u r i n g  e m e rs io n .  T h i s  m e a n s  
t h a t  tw o  m a x i m a  a n d  tw o  m i n i m a  a r e  f o u n d  d u r i n g  o n e  t id a l  
cycle. T h e  m i n i m u m  a t  t h e  b e g in n in g  a n d  th e  m a x i m u m  
c lose  t o  t h e  e n d  o f  th e  e m e r s io n  p e r io d  a re ,  h o w e v e r ,  i n c o n 
s p i c u o u s  a n d ,  t h e r e f o r e ,  s u c h  a  t r e n d  m ig h t  n o t  h a v e  b e en  
f o u n d  in t h e  e a r l ie r  s tu d ie s  m e n t i o n e d  in T a b le  2.

T h e  s ty le  is f o r m e d  in  th e  s ty le  sac  ( M o r t o n  1970 b, 
K r i s t e n s e n  1972 a ,  D e a n  1980)  a n d  is s e c re ted  in c o a r se  a n d  
fine  l am e l lae .  A l t h o u g h  d a t a  o n  c h a n g e s  in t h e  r a te  o f  style 
f o r m a t i o n  a r e  n o t  a v a i l a b le ,  a n  a v e r a g e  r a t e  o f  style f o r m a 
t io n  c a n  b e  c a l c u l a te d  in d ir e c t ly .  In  t h e  s ty le  o f  M a c o m a  
b a lth ic a  a t  l ea s t  40  f in e r  la m e l la e  a re  visible ,  w h e re a s  a  t u r n 
o v e r  t im e  f o r  t h e  w h o le  s ty le  o f  24  h  is m e n t i o n e d  (T ab le  1; 
K r i s t e n s e n  1972  a). T h u s ,  t h e  n e w  sty le  m a te r i a l  is p r o b a b ly  
s e c re ted  in  30 m in  p e r io d s  o r  less. T h e s e  p e r io d s  a re  t o o  
s h o r t  t o  e x p la in  t h e  o b s e r v e d  c h a n g e s  in s ty le  length .

O n  t h e  o t h e r  h a n d ,  s ty le  d i s s o lu t io n  h a s  b e en  s tu d i e d  
m u c h  m o r e  in te n s iv e ly  t h a n  s ty le  f o r m a t i o n .  F o r  style  d i s s o 
lu t io n  t h r e e  u n d e r ly i n g  a n d  in te r r e l a te d  p ro c esse s  a re  d e 
sc r ib ed :  (a )  t h e  a r r iv a l  o f  a c id  d ig es t iv e  e n z y m e s  a n d  w a s te  
p r o d u c t s  f r o m  th e  d iges t ive  d iv e r t i c u la  i n to  th e  s to m a c h ,  (b) 
t h e  a c id i ty  o f  th e  s t o m a c h  c o n t e n t  a n d  (c) th e  feed in g  a c t i v 
i ty  (T a b le  2). F o r  M a c o m a  b a lth ic a  t h e  f irst  p ro c e s s  is d e 
sc r ib ed  by  M o r t o n  (1970  a).  S p h e r u le s  c o n ta i n in g  e n z y m e s  
a n d  d ig es t iv e  w a s t e  p r o d u c t s  a re  f o r m e d  d u r i n g  e m e r s io n  in 
t h e  d ig es t iv e  d iv e r t icu la .  T h e y  a r e  expel led  in to  th e  s t o m a c h  
a t  th e  e n d  o f  e m e rs io n .  E x t r a c t s  f r o m  th e  d iges t ive  d i v 
e r t i c u la  d is so lv e  t h e  s ty le  ( K r i s t e n s e n  1972 a). T h u s ,  the  m i n 
im a l  s ty le  l e n g th  a t  th e  e n d  o f  e m e r s io n  o r  b e g in n in g  o f

Table 2. M a com a balth ica . R h y th m ic i ty  a n d  causes o f  changes  in  the  leng th  o f  th e  style o f  molluscs

A u th o r Species Posi R h y t h m .2 F o r  M ax D iss o  M in C a u se  of
t i o n 1 m a t i o n 3 length lu tion length ch a n g e s4

M o r t o n  1956 L a saea  rubra i t s (beg) s s (end) e (end) food, d.d.
M o r t o n  1970 b C ardium  edule i t s e food , p H .  d .d .
K r is tensen  1972a M a co m a  balth ica food ,  p H .  d .d .
L a n g to n  and  G a b b o t t  1974 O strea  edulis i t (3) s (end) s (beg) food , pH
L a n g to n  1977 M y tilu s  edulis i t ( 1 -2 ) s s (end) e s (beg) pH
M c H e n e ry  et al. 1983 M y tilu s  edulis i t s (end)
Lucas  a n d  Newell 1984 C rassostrea  virginica i t s c ( - )
R ob e r tsen  1979 Ilyanassa  obsoleta  

(gastropoda)
i t s e ( — ) food

M o r t o n  1971 O strea  edulis s t feed (beg) food . p H ,  d .d .
M a th e rs  1976 P ecten  m a x im u s s t
R o b in s o n  and  L a n g to n  1980 M ercenaria

m ercenaria
s n

1 i: in te r t ida l ;  s:  sub t ida l
2 R h y th m  o f  chan g es  in style len g th :  t: t id a l ;  n :  no  r h y th m  f o u n d ;  (x): r h y th m  is x h o u r s  o u t  o f  phase w ith  tidal cycle
3 s: s u b m e rs io n ;  e: em ers io n ;  (beg):  beg inn ing  of; (end):  end  of; feed: d u r in g  feed ing  per iod ,  ( —) style a b s e n t ;
4 fo o d :  presence o r  absence  o f  fo o d ;  d .d . :  p resence  o f  f ra g m e n ta t io n  sphe ru les  f ro m  the digestive d iver t icu la ;  p H :  ac idity
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s u b m e r s i o n  is m o s t  p r o b a b ly  c a u s e d  by  d i s s o lu t io n  f r o m  
p r o d u c t s  o u t  o f  t h e  d iges t ive  d iv e r t icu la .  T h is  p h e n o m e n o n  
is o b v io u s ly  so  s t r o n g  a n d  u n iv e r s a l  a m o n g  m a r i n e  m o llu sc s  
t h a t  it  is f o u n d  in  a lm o s t  all s tu d ie s  d e sc r ib e d  (T ab le  2).

S e c o n d ly ,  t h e  d i s s o lu t io n  t im e  o f  th e  s ty le  is in f lu e n ce d  
b y  th e  p H  (T ab le  3). A t  h ig h e r  p H  th e  d i s s o lu t io n  t im e  d e 
c r e a s e d .  A t  t h e  p H  o f  se a w a te r ,  i.e.,  a r o u n d  8, d i s s o lu t io n  
t im e  is lo w es t .  A t  th is  p H  th e  s ty le  m a y  d isso lv e  in  1 t o  3 h. 
N o r m a l l y ,  t h e  p H  o f  t h e  s ty le  is a r o u n d  6 t o  7 (T ab le  4). 
C h a n g e s  in  th e  p H  s h o w e d  a  t id a l  cycle  (T ab le  4). T h e s e  
c h a n g e s  r e s e m b le  t h e  c h a n g e s  in s ty le  len g th ;  a  m i n i m u m  
a r o u n d  th e  e n d  o f  e m e rs io n ,  a  m a x i m u m  h a l f w a y  d u r i n g  the  
s u b m e r s i o n  p e r io d .  T h e  m in i m u m  c o in c id es  w i th  th e  re lease  
o f  a c id  w a s te  p r o d u c t s  f r o m  th e  d ig es t iv e  d iv e r t i c u l a .  T h e  
m a x i m u m  c o in c id e s  w i th  the  i n t a k e  o f  fo o d .  T h e  i n t a k e  o f  
f o o d  is th e  t h i r d  f a c t o r  in f lu e n c in g  th e  d i s s o lu t io n  o f  the  
s ty le  a l t h o u g h  its  in f lu e n ce  is o n ly  in d irec t .  W i t h  t h e  in ta k e  
o f  f o o d ,  s e a w a t e r  w i t h  a  re la t iv e ly  h ig h  p H  is t a k e n  in  to o ,  
a n d  a t  t h e  s a m e  t im e  a c id  w a s te  p r o d u c t s  a n d  e n z y m e s  f r o m  
th e  d ig e s t iv e  d iv e r t i c u la  a re  d i lu te d .  F o r  M a c o m a  b a lth ica  
t h e  r a t e  o f  f o o d  i n t a k e  is d e sc r ib e d  b y  H u m m e l  (1985  a, 
F ig .  4 b ) .

Table  3. M a co m a  balth ica . D isso lu t ion  t im e (hours )  o f  th e  style in 
re la t ion  to  p H

Species pH

3 .5 - 4 6 7 .8 -8 .5

A u th o r

M a co m a  balth ica 96 1 K ris tensen  1972 a
O strea  edulis 2.8 1.5 0.9 M a th e r s  1974
P ecten  m a x im u s 4.6 3.0 M a th e r s  1976
Venerupis decussa ta 4.8 3.8 1.0 M a th e r s  e t a l .  1979
C h la m y s varia 4.2 0.7 0.3 M a th e r s  e ta l .  1979

T h e  su ccess io n  o f  e v e n t s  i n f lu e n c in g  t h e  l e n g th  o f  the  
s ty le  in M a c o m a  b a lth ica  m ig h t  t h e n  t e n ta t iv e ly  b e  as fo l
lows: A t  th e  e n d  o f  t h e  e m e r s io n  p e r io d  e n z y m e s  a n d  acid  
w a s t e  p r o d u c t s  a r e  ex p e l led  f r o m  th e  d ig es t iv e  d iv e r t icu la  
in to  t h e  s t o m a c h .  T h e  e n z y m e s  in c re a se  t h e  d i s s o lu t io n  o f  
th e  s ty le  s t ro n g ly ,  a n d  th e  s ty le  re ac h e s  its  m in im a l  leng th .  
Yet,  b e c a u se  o f  th e  ac id  w a s t e  p r o d u c t s ,  t h e  p H  a r o u n d  the  
s ty le  d r o p s  s im u l ta n e o u s ly .  W h e n  th is  h a p p e n s  t h e  en zy m es  
a r e  in a c t iv e  a n d  th e  d i s s o lu t io n  r a te  d r o p s  d ra s t ic a l ly  while  
t h e  l e n g th  o f  t h e  style in c reases .  T h e n ,  d u e  to  a  s t r o n g  fo o d  
i n ta k e  (F ig .  4 b ) ,  th e  p H ,  a n d  t h u s  th e  d i s s o lu t io n  ra te ,  i n 
c rea se .  H a l f w a y  th e  s u b m e r s i o n  th e  d i s s o lu t io n  is ag a in  
s t r o n g e r  t h a n  t h e  s ty le  f o r m a t i o n ,  a n d  th e  l e n g th  o f  t h e  style 
s t a r t s  t o  d e c re a s e  a g a in .  In  t h e  s e c o n d  h a l f  o f  th e  s u b m e r s io n  
p e r io d  th e  f o o d  i n ta k e  d e c re a s e s  a n d  r e m a in s  lo w  d u r in g  
e m e r s io n .  C o n s e q u e n t l y  th e  p H  d e c re ase s  t o  n o r m a l  levels, 
a n d  w i th  it t h e  d i s s o lu t io n  ra te .  T h is  le a d s  to  a sm all  net 
i n c re a se  o f  th e  s ty le  len g th .  A t  th e  e n d  o f  th e  e m e r s io n  a new  
cycle  s ta r ts .

S im ila r ly ,  th e  s e a so n a l  c h a n g e s  in s ty le  l e n g th  m ig h t  be 
in f lu e n c e d  in d ire c t ly  by  t h e  r a te  o f  f o o d  in ta k e .  O u t s id e  the  
g r o w i n g  s e a s o n  th e  f o o d  i n t a k e  o f  M a c o m a  b a lth ic a  is low  
(F ig .  2 b). A  lo w e r  f o o d  i n t a k e  is m o s t  p r o b a b l y  a c c o m 
p a n ie d  by  a  lo w e r  p r o d u c t i o n  o f  ac id  w a s te  p r o d u c t s  in the  
d ig es t iv e  d iv e r t icu la .  T h e r e f o r e ,  th e  p H  a r o u n d  th e  style 
r e m a in s  (o n  a n  a v e ra g e )  h ig h e r ,  a n d  w i th  it  th e  d is so lu t io n  
o f  th e  style.  M o r e o e v e r ,  a lo w e r  f o o d  i n t a k e  m a y  re su l t  in 
less e n e rg y  d i r e c te d  to w a r d s  th e  f o r m a t i o n  o f  n e w  sty le  m a 
te r ia l .  T o g e th e r ,  th e  s t r o n g e r  d i s s o lu t io n  a n d  th e  lo w e r  f o r 
m a t i o n  r a te s  m a y  c au s e  a s m a l l e r  s ty le  o u t s id e  t h e  g ro w in g  
se a so n .

A cknow ledgem en ts. M a n y  th a n k s  a re  due  to D rs.  J. J. B eukem a.  C. 
H cip  a n d  C. G . N. de Vooys fo r  cr it ical  regard  o f  earl ier  d ra f t s  o f  
the  m a n u s c r ip t .  S am p l in g  w as  d o n e  o n  b o a rd  o f  the  R .V . “ E ide r"

Table 4. M a co m a  balth ica . p H  o f  style o r  s tyle-sac a n d  in  s to m a c h  o f  bivalves

A u th o r Species Posi
tion  1

p H  style  2 p H  s to m a c h  2

m in im u m m a x im u m m in im u m m ax im u m

M o r i o n  1970b C ardium  edule i 6 .2 - 6 .9  e. (a) s. (b)
P u rc h o n  1971 Scrobicu laria  p lana i 6.5

M a co m a  balth ica i 6.7
C ardium  edule i 6.4

M a th e r s  1974 O strea  edulis i 6 .1 - 6 .9 s (beg ) s (halO, (b)
L a n g to n  and O strea  edulis i 6 .3 - 7 .2  (6.6) 5 .5 - 7 .2  (6.0)
G a b b o t  1974 C rassostrea i 6 .3 - 6 .9  (6.6) 5 .9 - 6 .9  (6.5)

angula ta
L a n g to n  1977 M y tilu s  edulis i 6 .2 -6 .7 e (end) (halO

+  s (beg ) .  (a)
M o r t o n  1971 O strea  edulis s 6 .4 - 7 .2  (7.0) feed (beg),  (a)
M a th e r s  1976 P ecten  m axim us s 5 .5 - 6 .7  (6.2) (b) 5 .2 - 6 .0  (5.6)
M a th e r s  ct al. Venerupis decussata s 5 .8 -7 .1  (6.4) 5 .4 - 6 .9  (6.1)
1979 C la m ys varia s 6 .2 -7 .1  (6.4) a ro u n d 5 .7 -6 .3  (6.0) a ro u n d

high w ate r high w ater

1 i: in te r t id a l ;  s:  sub t ida l
2 (a):  m in im u m  caused  by p ro d u c ts  f rom  the  digestive d iver t icu la ;  (b):  m a x im u m  caused  by  the a rr ival  o f  fresh food a n d  seaw ater ;  

s: su b m e rs io n ;  e: e m e rs io n ;  feed: feeding p e r io d ;  ( b e g ) =  beg inn ing  o f  x, x (h a l f )  =  ha l fw ay  x, x ( e n d ) =  a t  the end  o f  x
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m a n n e d  b y  th e  la te  J. H . O vers lu izen  a n d  S. D ogger .  Th is  s tu d y  was 
ca r r ie d  o u t  a t  t h e  N e th e r la n d s  In s t i tu te  fo r  Sea R esearch  a t  Texel, 
a n d  m a d e  poss ib le  by  a  g r a n t  o f  the F o u n d a t io n  fo r  F u n d a m e n ta l  
Biological  R e se a rc h  (B IO N ),  w h ich  is subsid ized by  the  N e th e r 
lands  O rg a n iz a t io n  fo r  the  A d v a n c e m e n t  o f  P u re  Research  (ZW O ).

Literature cited

Allen, J. A . (1958).  O n  the  bas ic  fo rm  a n d  a d a p ta t io n s  to  h a b i t a t  in 
the  L u cinacea  ( E u lam ellib ra n ch ia ) . Phil.  T rans .  R. Soc. L o n d o n .  
Ser. B. 241: 4 2 1 - 4 8 4  

Bernard ,  F. R .  (1973). C rysta l l ine  style f o rm a t io n  a n d  fu nc t ion  in 
the  oys te r  C rassostrea  g igas  (T h u n b e rg  1795). O phe l ia  12: 
1 5 9 - 1 7 0

B e u k em a ,  J. J . ,  de  B ru in ,  W . (1977). Seasona l  changes  in d ry  weight 
a n d  chem ica l  c o m p o s i t io n  o f  the soft pa r t s  o f  the  tellinid b ivalve 
M a co m a  ba lth ica  in th e  D u tc h  W a d d e n  Sea. N e th .  J. Sea Res.  
11: 4 2 - 5 5

C h a m b e rs ,  M . R., Milne,  H. (1975). T h e  p ro d u c t io n  o f  M acom a  
balth ica  (L.) in the  Y th a n  es tuary .  Est. cstl m ar .  Sei. 3 : 4 4 3 - 4 5 5  

D ean ,  H . K .  (1980).  M ic ro s t ru c tu r e  o f  the  crystal l ine style o f  S p i
su la  so lid issim a ( B ivalv ia: M a c tr id a e ) . N a u t i lu s  94: 5 4 - 5 8  

H u g h es ,  T .  G .  (1977). T h e  p rocess ing  o f  food  m a te r ia l  w ith in  the 
g u t  o f  A b ra  tenu is (B iva lv ia : Tellinacea). J. mollusc.  S tud .  43: 
1 6 2 - 1 8 0

H ulscher ,  J. B. (1973). B ury in g -d ep th  a n d  t r e m a to d e  infec tion  in 
M a co m a  balth ica . N e th .  J. S ea  Res.  6: 1 4 1 -1 5 6  

H u m m e l ,  H .  (1985 a). F o o d  in ta k e  o f  M a co m a  balth ica  (M ollusca)  
in re la t ion  to  seasona l  ch a n g e s  in its p o ten t ia l  fo o d  on  a t ida l  flat 
in th e  D u tc h  W a d d e n  Sea. N e th .  J. Sea Res.  19: 5 2 - 7 6  

H u m m e l ,  H. (1985b) .  A n  energy  b u d g e t  fo r  a  M a co m a  balth ica  
(M o l lu sc a )  p o p u la t io n  living o n  a  tidal  f lat  in the  D u tc h  W a d d e n  
Sea. N e th .  J . Sea Res.  19: 8 4 - 9 2  

K r is tensen ,  H . J. (1972a).  S t ru c tu re  a n d  func t ion  o f  crystal l ine 
styles o f  bivalves . O phe l ia  10: 9 1 - 1 0 8  

K ris tensen .  H . J. (1972 b). C a rb o h y d ra s e s  o f  so m e  m ar ine  inver te 
b ra te s  w i th  n o te s  on  the ir  food  a n d  o n  the  n a tu ra l  o ccu r rence  o f  
the c a r b o h y d ra s e s  s tud ied .  M a r .  Biol. 14: 1 3 0 - 1 4 2  

L an g to n ,  R. W .  (1977). Digestive rh y th m s  in the  mussel  M y tilu s  
edulis. M a r .  Biol. 41: 5 3 - 5 8  

L an g to n ,  R. W .,  G a b b o t t ,  P. A. (1974). T h e  tidal  r h y th m  o f  e x t r a 
ce llu lar  d iges t ion  a n d  the response  to  feeding in O strea  edulis. 
M a r .  Biol. 24: 1 8 1 -1 8 7  

Lucas,  M . I., Newell ,  R. C . (1984). U ti l iza t ion  o f  salt m a r s h  g rass 
d e t r i tu s  by  tw o  e s tu a r in e  bivalves: c a rb o h y d ra s e  ac tiv i ty  o f  
c rysta l l ine  style enzym es o f  the  oys te r  C rassostrea  virginica  
(G m elin )  a n d  the mussel  G eukensia  dem issa  (Dil lw yn).  M a r .  
Biol. Lett.  5: 2 7 5 - 2 9 0  

M a th e r s ,  N . F. (1974). D iges t ion  a n d  p H  v a r ia t io n  in two species o f  
oyste r .  Proc . m aiae .  Soc. L o n d o n  41: 3 7 - 4 0

M a th e rs ,  N .  F. (1976). T h e  effec ts  o f  tidal  cu r re n ts  o n  the  rh y th m  
o f  feeding a n d  d ig es t io n  in P ecten  m a x im u m  L. J. exp. m a r .  Biol. 
Ecol. 24: 2 7 1 - 2 8 3  

M a th e rs ,  N . F.,  S m i th ,  T., C o l in s ,  N . (1979). M o n o p h a s ic  and 
d iphas ic  digestive cycles in Venerupis decussata  and  C hlam ys  
varia. J. mollusc.  S tud .  45: 6 8 - 8 1  

M c H e n e ry ,  J. G .,  A l len ,  J. A .,  B irk b eck ,  T. H. (1983). Effect  o f  tidal 
su b m e rs io n  on  ly sozym e ac t iv i ty  in M y tilu s  edu lis  and  Tellina  
tenuis. M a r .  Biol.  75: 5 7 - 6 1  

M o r to n ,  B. S. ( 1 9 7 0 a ) .  A  n o te  on  the  cyto log ical  s t ru c tu re  and  
func t ion  o f  the  d iges t ive  d iv er t icu la  o f  M a co m a  balth ica  c o r re 
la ted  w ith  the  r h y t h m  o f  t h e  tide. M a laco l .  Rev. 3: 1 1 5 -1 1 9  

M o r to n ,  B. S. (1970 b) .  T h e  t id a l  rh y th m  o f  feeding a n d  digestion 
in C ardium  edule. J. m a r .  b io l .  Ass. U .K .  50: 4 9 9 - 5 1 2  

M o r to n ,  B. S. (1971).  T h e  d a i ly  rh y th m  a n d  the  t idal  r h y th m  o f  
feed ing  and  d iges tion  in O strea  edulis. Biol. J. L inn .  Soc.  3: 
3 2 9 - 3 4 2

M o r t o n ,  B. S. (1973). A  new  th e o r y  o f  feeding a n d  d iges tion  in the 
f i l ter-feeding L a m ellib ranch ia . M a laco lo g ia  14: 6 3 - 7 9  

M o r to n ,  B. (1983). F e e d in g  a n d  d iges tion  in b ivalvia .  In: Saleuddin ,  
A . S. M .,  W ilbu r ,  K .  M . (eds.)  T h e  M ollusca ,  Vol. 5, Physiology, 
P a r t  2, A c ad e m ic  Press, N e w  York,  p. 6 5 - 1 4 7  

M o r to n ,  J. E. (1956). T h e  t idal  r h y th m  a n d  a c t io n  o f  the  d igestion 
sys tem  o f  the  l am i l l ib ran ch ,  L asaea  rubra. J. m a r .  biol . Ass. 
U .K .  35: 5 6 3 - 5 8 6  

N e ls o n ,  T .  C. (1918). O n  the  o r ig in ,  n a tu r e  a n d  func t ion  o f  the 
crystal l ine style o f  lam ell ib ranchs .  J. M o r p h .  31: 5 3 -1 1 1  

P u rc h o n ,  R .  D. (1968). T h e  b io logy  o f  the  m ollusca .  P e rg a m o n  
Press, O xfo rd

P u rc h o n ,  R .  D. (1971).  D ig es t io n  in fi lter feeding bivalves: a  new 
co n cep t .  P roc .  m a ia e .  Soc. L o n d .  39: 2 5 3 - 2 6 2  

R e ad in g ,  C .  J. , M c G ro r ty ,  S. (1978). S easo n a l  var ia t ions  in the 
b u ry in g  d e p th  o f  M a co m a  balth ica  (L.)  a n d  its accessibili ty to 
w a d in g  birds.  Est .  cstl m a r .  Sei. 6: 1 3 5 - 1 4 4  

R o b e r t s o n ,  J. R .  (1979).  Evidence  fo r  t idally  corre la ted  feeding 
rh y th m s  in the eas tern  m u d  snail,  Ilyanassa obsoleta. N auti lus  93: 
3 8 - 4 0 .

R o b in s o n ,  W. E., L a n g to n ,  R .  W . (1980). D iges t ion  in a  sub t ida l  
p o p u la t i o n  o f  M ercenaria  m ercenaria  (B iva lv ia ) . M a r .  Biol. 58: 
1 7 3 - 1 7 9

Seiderer,  L. J. , Newell ,  R .  C . ,  C o o k ,  P. A . (1982). Q u a n t i ta t iv e  
signif icance o f  style  enzym es f rom  tw o m a r in e  mussels (C horo
m y tilu s  m erid iona lis  K r a u s  a n d  P erna  perna  L innaeus)  in re la 
t ion  to  diet.  M a r .  Biol. L ett .  3: 2 5 7 - 2 7 2  

Yonge,  C. M . (1926). S t ru c tu re  and  phys io logy  o f  the  o rg an s  o f  
feed ing  a n d  d iges tion  in O strea  edulis. J. m a r .  biol.  Ass. U .K .  14: 
2 9 5 - 3 8 6

Yonge, C .  M . (1949). O n  the  s t ru c tu re  and  a d a p ta t io n s  o f  the  Tel
linacea, depos i t- feed ing  Eulam ellibranchia . Phil . T rans .  R oya l 
Soc. L o n d . ,  Ser. B, 234: 2 9 - 7 6

D a te  o f  final  m an u s c r ip t  acceptance:  M a rc h  28, 1988. 
C o m m u n ic a te d  by  O . K inne,  O ld e n d o r f /L u h e


