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

A  g re a t v a rie ty  o f  in fa u n a l o rgan ism s d is tu rb s  th e  p r im a ry  sed im en t 
te x tu re  by  b u rro w in g , se a rc h in g  for p re y  o r  feed in g  o n  th e  sed im en t 
itself. T h e  la t te r  ty p e  o f  feed in g  (d ep o sit feed ing) is likely  to  co n stitu te  
th e  m a in  c o n tr ib u t io n  to  th e  to ta l  b io tu rb a t io n  in  a g iv en  a rea .

V a n  S t r a a t e n  ( 1 9 5 2 ,  1 9 5 4 )  d escrib ed  a n  a lm o s t u b iq u ito u s  th in  
la y e r  o f  coarse  shell d eb ris , w ith  a  h ig h  a m o u n t o f  th e  tests o f  the  
g a s tro p o d  Hydrobia ulvae, a t  a  d e p th  o f  2 0  to  3 0  cm  in  th e  su b su rface  o f 
th e  tid a l  flats o f  th e  D u tc h  W a d d e n  Sea. V a n  S t r a a t e n  ( 1 9 5 2 ,  1 954)  
a sc rib ed  its  fo rm a tio n  to  th e  feed in g  b e h a v io u r  o f  Arenicola w h ich  
causes an  a c c u m u la tio n  o f  p a rtic le s  too  b ig  to  be  sw allow ed  b y  th e  
lugw orm s.

R h o a d s  &  S t a n l e y  ( 1 9 6 5 )  in  sed im en t cores from  a t id a l  fla t n e a r  
C a p e  C od , M ass., fo u n d  a  g ra d u a l co arsen in g  o f  th e  tid a l  flat deposit 
fro m  to p  to  b o tto m . T h e y  su pposed  th is g ra d a t io n  to  be p ro d u c e d  by 
selec tive  feed ing  o f  th e  p o ly c h a e te  Clymenella torquata a n d  ca lled  it 
b iogen ic  g ra d e d  b e d d in g . S p ec im en s o f  th e  w o rm  k e p t in  a q u a r ia  w ith  
h o m o g en ized  san d , p ro d u c e d  a  positive  g ra d a t io n  w ith in  a  p e rio d  o f 
a b o u t  one m o n th . R h o a d s  (1967) d escrib ed  sev e ra l fo rm s o f  b iogen ic  
rew o rk in g  o f  se d im e n t fo r som e in te r t id a l a n d  s u b tid a l an im a ls , in 
c lu d in g  som e cases o f  b io g en ic  g ra d e d  b e d d in g . W a r m e  ( 1 9 6 7 )  also
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IN ST lT fQ Q f^xd  th e  p h e n o m e n o n  o f  b io g en ic  g ra d e d  b e d d in g  cau sed  by the  
b u rro w in g  ac tiv ity  o f  Calianassa spec, for a  lag o o n  in  C a lifo rn ia .

H y l l e b e r g  (1975) in  a  p a p e r  on  selective feed ing  o f  th e  A ren ico lid ae  
Abarenicola pacifica a n d  A . vagabunda n o ticed  th e  g ra d in g  effect o f  
dep o sit feed ing . T r e w i n  &  W e l s h  (1976) s tu d ied  th e  effect fo r a.o . 
Arenicola marina.

C a d é e  (1976, 1979) gives m ore  li te ra tu re  d a ta  o n  th e  su b jec t an d  
s tu d ie d  ( C a d é e , 1976) th e  sed im en t rew o rk in g  by Arenicola marina on  
th e  D u tc h  tid a l fla ts , w ith  spec ia l in te re s t in  th e  a m o u n t o f  sed im en t 
rew orked  a n d  th e  seaso n a lity  th e reo f, a n d  also n o tic ed  th e  b iogen ic  
g ra d e d  b ed d in g .

A ll au th o rs  c ited  co n c lu d e  th a t  g ra d e d  b e d d in g  is cau sed  b y  selective 
d ep o sit feed ing , w h ic h  p ro d u ces  a  re la tiv e ly  fine lay e r o f  faeces on  top  
a n d  leav ing  b e h in d  a  re la tiv e ly  coarse  lay e r a t th e  b o tto m  o f  th e  b io - 
tu rb a te d  zone.

T h is  p a p e r  discusses som e effects o f  th e  b io tu rb a t io n  cau sed  b y  th e  
p o ly ch ae te  Arenicola marina L ., fo und  m a in ly  in  la b o ra to ry  ex p erim en ts .

A ckn o w led g em en ts— T h a n k s  a re  due  to  D r  P. A . W . J .  de  W ild e  a n d  
E . M . B erghuis fo r th e ir  assistance in  d ev e lop ing  a n d  ex ecu tin g  th e  
id eas , a n d  to  G . C . C ad ee , H . P o stm a , L . M . J .  U . v a n  S tr a a te n  an d  
P. A . W . J .  de  W ild e  fo r c ritic a lly  re a d in g  th e  ty pescrip t.

I I .  M A T E R I A L S  A N D  M E T H O D S

S ed im en t sam p les o f  40  to  60 g  w ere  d r ie d  a t  60° C fo r a b o u t  3 days. 
T h e  coarsest p a rt ic le s  (like shells a n d  la rg e  p e a t  frag m en ts) w ere 
rem o v ed  a n d  th e  san d  w as th o ro u h g ly  m ix ed  in  a  m o r ta r  to  sep a ra te  
a g g lu tin a te d  g ra in s . T h e  sed im en t passed  a  set o f  9 sieves, w ith  1000, 
500, 400, 315, 250, 200, 160, 100 a n d  50 y.m m eshes respec tive ly , in  a  
v ib ra tio n  sieving m a c h in e . T h e  frac tio n s  w ere co llec ted  fro m  th e  sieves 
a n d  w eighed  (th e  loss in  w e ig h t o f  th e  to ta l sam p le  during sieving and  
co llec ting  w as a b o u t 1 % ). F ro m  th e  w eigh ts o f  th e  frac tio n s  th e ir  
w e ig h t p e rcen tag e  a n d  cu m u la tiv e  w e ig h t p e rcen tag e  (from  coarse to 
fine) w ere  ca lc u la ted .

O v e r a  p e rio d  o f  m ore  th a n  one  y e a r  sam ples w ere ta k e n  fro m  an  
in d o o r t id a l  m u d  fla t ecosystem  consisting  o f  tw o la rg e  co n c re te  basins 
filled  w ith  tid a l fla t sed im en t a n d  in h a b ite d  by  lugw orm s {cf. d e  
W i l d e  &  K u i p e r s , 1977). S am p les  w ere  ta k e n  tw ice a m o n th  w ith  a 
co re  sam p le r. T h e  core w as d iv id ed  in to  5 cm  layers w h ic h  w ere  d ried  
a n d  sto red .

F o r o th e r  ex p e rim en ts  a d u lt  lu g w o rm s w ere c a u g h t o n  th e  tid a l 
f la t n o rth  o f  th e  N IO Z  h a rb o u r  a n d  y o u n g  ones on  a  tid a l fla t in  th e
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M o k  ( C a d é e , 1 9 7 6 :  fig. 1, s ta tio n s A  a n d  B resp ec tiv e ly ). T h e  lu g 
w o rm s w ere k ep t in  p la s tic  c o n ta in e rs  th a t  w ere p la c e d  in  a la rge  
a q u a r iu m  ta n k . S ed im en ts  u sed  w ere  tid a l fia t sed im en ts  (from  sta tio n  
A ), r iv e r san d  a n d  a  f in e -g ra in ed  p u re  q u a r tz  san d , o r  m ix tu res  o f 
these.

I I I .  R E S U L T S

A.  F I E L D  O B S E R V A T I O N S

A  few  cores w ere ta k e n  on th e  tid a l fla t n e a r  th e  N I O Z  h a rb o u r  (s ta 
tio n  A ) . S om e o f  th e m  show ed  a  d is tin c t s tra tif ic a tio n  w h ich  m ay  be 
cau sed  b y  ra th e r  severe con d itio n s . L ayers o f  m e d iu m  sa n d  a re  in te r 
b e d d e d  w ith  s ilt o r  c lay  layers (W e n tw o rth  sca le ; W e n t w o r t h , 1 9 2 2 )  
a n d  w ith  layers o f  d eco m p o s in g  Ulva lactuca a n d  o th e r  a lg ae . R e i n e c k  
&  S i n g h  ( 1 9 7 3 :  3 2 3 - 3 2 4 )  r e p o r t  a  s im ila r s tra tif ic a tio n  fro m  G erm an y  
cau sed  b y  g re a te r  se d im e n t t r a n s p o r t  d u r in g  s to rm s. A d u lt lugw orm s 
seem  to  be  scarce  w h e re  such  im p e n e tra b le  layers o f  c lay  o r  Ulva a re  
p re s e n t a t a  d e p th  o f  less th a n  a b o u t 10 cm . H o w ev er, y o u n g  lugw orm s 
m a y  be  a b u n d a n t.

I n  severa l cores m o re  th a n  one  lay e r w ith  shell d eb ris  as d escribed  by 
v a n  S t r a a t e n  ( 1 9 5 2 )  w ere  v is ib le . A lso, o th e r  shell d e b ris  layers, up  to 
5 cm  in  th ickness co u ld  be d iscerned . V ir tu a lly  u n s tra tif ie d  sed im en t 
o n  th e  o th e r  h a n d  show ed  a  d e s tin c t g ra d a t io n  (F ig . 1). E specia lly  
fro m  th e  d is tr ib u tio n  o f  th e  8 0 - 2 5 0  ¡¿m a n d  2 5 0 - 8 6 0  ¡am frac tio n s a 
g ra d e d  b e d d in g  is obv ious . A lso C a d é e  ( 1 9 7 6 )  re p o r ts  th e  p resence  o f  
a  g ra d e d  b e d d in g  a n d  o f  m o re  th a n  one  shell d eb ris  la y e r  (o r Hydrobia 
lay e r) fo r a b o u t th e  sam e spot.

C ores ta k e n  on  th e  B a lg zan d , a  la rg e  tid a l fla t a re a  b o rd e r in g  th e

50-

25 30cm

Fig. 1. G ra in  size d is trib u tio n  in re la tion  to d ep th  <n a  core from  sta tio n  A : shown 
a re  th e  fractions <  80 p m  (d o tte d ), 80 -2 5 0  um  i b lank ), 250-860  um  th a tch ed ) and

>  860 um  (black).
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m a in la n d  so u th  o f  T e x e l, show ed  no' he te ro g en eo u s d is tr ib u tio n  o f  any 
frac tio n . I t  m u s t be  n o tic ed , h o w ev er, th a t  th e  m e d ia n  g ra in  size is 
m u c h  sm a lle r  (a p p ro x im a te ly  120 ¡um) th a n  on th e  tid a l flats a t the 
so u th e a s t coast o f  T ex e l (s ta tions A  a n d  B) ; th e re , as in  th e  in d o o r  tid a l 
fla t ecosystem  (see sec tion  I l l b ) , m e d ia n  g ra in  size is 210 ¡um. In  th e  
B a lg zan d  a re a  a b o u t 60 p e r  c e n t o f  th e  sed im en t sam ples is w ith in  the 
100-160  ¡um frac tio n . T h e  so rtin g  coeffic ien t v  (¿ 3/ 0 , 1  (a fte r T r a s k , 
1932) is v ir tu a lly  th e  sam e (s ta tions A  a n d  B a t  T ex e l 1.11 a n d  B alg
z an d  1.10) ; th e  k u rto sis  o f  th e  sed im en t a t  B a lg zan d  (0.95) is even  less 
th a n  a t  s ta tio n s  A  a n d  B (0 .99). T h e  in tro d u c tio n  o f  a 125 ¡um sieve to  
sp lit  u p  th e  b ro a d  100-160  ¡um frac tio n  d id  n o t ch a n g e  th is  h o m o 
geneous p ic tu re .

B.  G R A I N  S I Z E  D I S T R I B U T I O N  I N  T H E  C O U R S E  O F  T I M E

H o m o g en eo u s  se d im e n t w as b ro u g h t in  th e  in d o o r tid a l fla t ecosystem  
su m m e r 1974. Ju v e n ile  lu g w o rm s w ith  a  m e a n  le n g th  o f  11.1 m m  w ere 
in tro d u c e d  1 J u ly  1975 (d ay  0). I n  th e  first m o n th  o f  th e  e x p e rim en t 
th e  lu g w o rm s re a c h e d  a  le n g th  o f  a b o u t  2 cm  a n d  th e ir  b u rro w s re ach ed  
a  d e p th  o f  no  m ore  th a n  10 cm . A fte r 3 m o n th s  they  w ill h av e  been 
4 cm , b u rro w in g  to  a  d e p th  o f  a b o u t 20 cm . I t  w as e s tim a ted  th a t  
th e  f in a l level o f  25 to  30 cm  w as re a c h e d  in  N o v em b er-D ecem b er 1975 
a c c o rd in g  to  th e  lu g w o rm ’s a d u l t  size a t  th a t  m o m en t.

O f  th e  6 levels o f  th e  20 core sam p les ta k e n  d u rin g  th e  p e rio d  from  
J u n e  1975 to  A u g u st 1976 th e  m e d ia n  p a rtic le  size w as c a lc u la te d  sem i- 
g ra p h ic a lly  (T a b le  I ) .  F o r  c a lc u la tio n  g ra in  sizes w ere expressed  in  
cp values ( —2log  o f  g ra in  size in  m m ) because  o f  th e  lo g -n o rm al 
d is tr ib u tio n  o f  m ost sed im en ts . F ro m  th is re p re se n ta tio n  no  c lea r 
tre n d  to w a rd  g ra d e d  b e d d in g  c a n  be d e d u ced , a lth o u g h  d u rin g  th e  
la s t 5 sam p lin g s a t  leas t th e  lo w erm o st level h a d  b ecom e ra th e r  
coarse r.

H e te ro g e n e ity  o f  a  sed im en t p ro p e r ty  can  be  described  as th e  ra tio  
b e tw een  th e  v a r ia tio n  o f  a  n u m e r ic a l v a lu e  o f  th a t  p ro p e r ty  in  space 
a n d  its  ex p ec ted  v a lu e . H e re  th e  h e te ro g en e ity  has b een  defined  as 
H  — g x>ip' 100Jo , w h e re  crp is th e  s ta n d a rd  d ev ia tio n  o f  a  p ro p e r
ty  a n d  p  its  m e a n  v a lu e . F ig . 2 show s th a t  the  h e te ro g en e ity  o f  the 
m e d ia n  p a r tic le  size, H yi, g ra d u a lly  increases w ith  tim e. F o r  a n  ex
p o n e n tia l re la tio n  c a lc u la te d  r =  0 .899 , sign ifican t (P  <  0 .01) for 16 
observa tions .

In  th e  sam e w ay  th e  h e te ro g e n e ity  for each  frac tio n  p e rcen tag e , 
(Hr)  as a  m easu re  fo r d ifferences in  p e rcen tag e  o f  frac tio n  (ƒ ) ,  o b 
served  a t  th e  in d iv id u a l levels o f  a co re . L in e a r  regression  w as ap p lied  
o n  tw o sets o f  d a ta  p o in ts  (F ig . 3) : on all d a ta  (dashed  lines) a n d  on
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T A B L E  t

M e d ian  p a rtic le  size M  as o  values ( — 2log d iam e te r  in m m ) a t d iffe ren t levels ot' 
a  tim e series o f sed im en t sam ples tak en  from  th e  indoor tid a l flat ecosystem  in h ab ited

by  Arenicola marina.

Day
number

cp values at the depths (cm ) :

0 -5 5 -1 0 10 -1 5 15-201 2 0 -2 5 25-30

1 2.27 2.26 2.27 2.27 2.25 2.27
14 2.28 2.28 2.28 2.28 2.27 2.27
28 2.26 2.28 2.29 2.27 2.27 2.26
71 2.27 2.27 2.27 2.26 2.26 2.24
85 2.27 2.24 2.26 2.27 2.25 2.24
99 2.32 2.25 2.19 2.21 2.25

144 2.28 2.27 2.29 2.28 2.29 2.29
183 2 .28 2.26 2.23 2.22 2.24 2.26
198 2.33 2.33 2.22 2.23 2.22 2.23
212 2.32 2.32 2.29 2.22 2.12 2.18
226 2.31 2.27 2.19 2.22 2.24 2.25
267 2.29 2.29 2.33 2.33 2.28 2.06
296 2.32 2.32 2.29 2.15 2.03
324 2.31 2.33 2.29 2.35 2.30 2.07
366 2.19 2.30 2.34 2.26 1.97
415 2.39 2.32 2.31 2.29 1.98

those  since d a y  140 (so lid  lines). T h e  la s t reg ressions g ive  th e  best fit, 
th u s  e x c lu d in g  th e  v a lu e s  o b ta in e d  in  th e  f irs t 3 m o n th s  w h e n  th e  
lu g w o rm s w ere  still sm a ll a n d  co u ld  n o t y e t h av e  a ffec ted  th e  low er 
levels o f  th e  sed im en t.

F ro m  F ig . 3 i t  c a n  be  seen  th a t  a  re la tio n  exists b e tw e e n  g ra in  size 
a n d  th e  v a lu e  o f  H t  a t  a  c e r ta in  m o m en t. T o  find  o u t  w h e th e r  th is  is 
m e re ly  caused  b y  th e  fa c t th a t  th e  v a r ia tio n  o f  frac tio n s  th a t  con stitu te  
on ly  a sm a ll p o rtio n  o f  th e  to ta l sam p le , w ill be  g re a te r  th a n  th a t  o f 
m o re  im p o r ta n t  frac tio n s , b ecau se  o f  a  g re a te r  c h a n c e  o f  sam p lin g

%
101

'  o  IÓO 2 00  r 3 00  4 0 0  days

Fig. 2. D evelopm ent o f th e  h eterogeneity  (% ) o f the m ed ian  p a r tic le  size (d a ta  o f 
T a b le  I) in the indoor tid a l flat ecosystem . E x p o n en tia l curve ca lc u la te d : y  =

çO.Ost?-, _  1,05559.
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erro rs , o r  th a t  so m e in d e p e n d e n t m ech an ism  is invo lved , th e  ea rlie r 
(o rig in a l) a n d  la te r  m e a n  h e te ro g en e itie s  o f  th e  se p a ra te  f ra c tio n  a re  
c o m p ared  (as o r ig in a l va lues a re  co n sid e red  those th a t  re su lt from  th e  
cores o f  days 14, 28, 71 a n d  85 as th e  lugw orm s w ere  still v ery  sm al 
th e n ) . T h e  re su ltin g  figu re  (F ig . 4) m akes c lea r th a t  in d e e d  th e  ex
p e c te d  p a t te rn  w ith  g re a te s t v a r ia tio n  in  th e  le a s t im p o r ta n t  frac tio n s 
becom es a p p a re n t .  H o w ev er, th e  he te ro g en e itie s  c a lc u la te d  fo r th e  w hole 
sam p lin g  p e rio d  (solid  line) a re  h ig h e r  th a n  th e  co rresp o n d in g  o rig in a l 
va lues (d ash ed  lin e ). T h is  m u s t re su lt fro m  b io g ra d a tio n  la te r  on.

A  re g u la r  g ra d in g  o f  th e  b e d d in g , h ow ever, c a n n o t a c c o u n t fo r th e  
m u tu a l d ifferences in  th e  sh ap e  a n d  sy m m etry  o f  th e  curves. I f  th e

200-250pm<  SO um

2 5 0 -3 l5 n m50-IO0UI4

120

300400 0 100 200300

Fig. 3. F or each  of the se p a ra te  frac tions, the developm ent o f th e  heterogeneity  
H  (% ) o f th e  m ed ian  p a rtic le  size (d a ta  o f  T a b le  I) over the to ta l p e rio d  o f obser

vation  (dashed  lines) a n d  over th e  period  since d ay  140 (solid lines).
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diffe rences in  H t w ere  d irec tly  re la te d  to  th e  p e rc e n ta g e  o fƒ, th e  values 
o f  e.g. 100 a n d  315 ¡am, a n d  o f  160 a n d  200 ¡am (low er lim its  o f  frac 
tions) sh o u ld  be  a p p ro x im a te ly  eq u a l. T h is  is t r u e  fo r th e  cu rv e  o f 
o r ig in a l va lues, b u t  n o t fo r th e  cu rv e  o f  th e  to ta l p e rio d . E spec ia lly  th e  
d ifference  b e tw een  th e  la s t tw o frac tions re m a in s  to  be  ex p la in ed .

50

40

30

20

300

Fig. 4. H ete ro g en e ity  (% ) o f  th e  m ed ian  partic le  sizes (d a ta  o f T a b le  I )  ca lcu la ted  
for th e  se p a ra te  frac tions over th e  d a ta  o f th e  first 2 m on ths (dashed  line), a n d  over 

th e  to ta l period  o f observation  (solid line).

T h e  p e rcen tag es  o f  th e  frac tio n s  o f  100 to  160 u m  a n d  o f  200 to 
250 p m  o f  som e cores a re  sh o w n  in  a  series o f  h is to g ram s (F ig . 5). 
T h e  first d ia g ra m  show s a p p ro x im a te ly  th e  o rig in a l s i tu a tio n . By d ay  
n u m b e r  99 th e  u p p e r  15 c m  h a d  becom e g ra d e d , th e  lu g w o rm s still 
b e in g  ra th e r  sm all. A t d a y  n u m b e r  212 a g ra d e d  b e d d in g , a lth o u g h  n o t 
to o  obv ious, h a d  d ev e lo p ed . T h e  core o f  d a y  n u m b e r  366  is coarse a t 
th e  to p , fin e r a t  th e  5 -1 0  c m  a n d  10-15  cm  levels, w h ile  th e  1 5 -20  a n d  
2 0 -2 5  cm  levels show  a  co a rsen in g  d o w n w ard  ag a in . T h e  co re  o f  d ay  
n u m b e r  415 show s a n  a lm o s t p e rfec t g ra d a tio n .

C.  G R A I N  S I Z E S  I N  F A E C E S  A N D  O R I G I N A L  S E D I M E N T

In  la b o ra to ry  ex p e rim en ts  g ra in  size d is tr ib u tio n s  in  faeces o f  Arenicola 
w ere  c o m p a re d  w ith  th e  d is tr ib u tio n s  in  th e  o rig in a l sed im en t. As a  
ru le  a rtif ic ia l sed im en ts  w ere  com posed  as m ix tu res  o f  r iv e r  sand  an d  
som e sed im en t from  th e  tid a l flats a t  s ta tio n  A  o r B. F aeces w as co l
le c ted  over a p e rio d  o f  a b o u t  one m o n th .

T w o  ex p erim en ts  w ere  c a rr ie d  o u t w ith  a d u lt  lu g w o rm s o f  a b o u t  
4 .5  g w e t w e ig h t, e ach  k e p t in  a  p las tic  c o n ta in e r , w h ic h  h a d  been  
filled w ith  a  sed im en t m ix tu re  th a t  w as e ith e r  a p p ro x im a te ly  u n im o d a l 
in  d is tr ib u tio n  (F ig . 6a) o r  b im o d a l (F ig. 6b ). O n ly  4 lu g w o rm s (2 in
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e ach  k in d  o f  sed im en t) o u t o f  8 a d a p te d  so w ell, th a t  th ey  finally  fed 
a n d  d e feca ted . P o o r feed ing  c a n n o t h av e  b een  cau sed  b y  a  deficiency 
o f  food  as a b o u t 20 p e r  c e n t o f  th e  san d  consisted  o f  sed im en t, very  rich  
in  o rg an ic  m a tte r , especia lly  liv ing  d ia to m s , a n d  lugw orm s feed an d  
defecate  m ore  w h en  m o re  food is a v a ilab le , as a p p e a re d  fro m  th e  o ther 
ex p e rim en ts  a n d  th e  s tu d y  by  d e  W i l d e  &  B e r g h u i s  ( 1 9 7 9 ) .  P ro b ab ly  
th e  an im a ls  w ere in  a  b a d  s itu a tio n  because  o f  th e  sm all d e p th  (ab o u t 
12 cm ) o f  th e  sed im en t in  the  co n ta in e rs . T h is  forces th e  lu g w o rm  to 
live in  a b u rro w  o f  a  r a th e r  u n n a tu ra l  fo rm , w ith  a  m u c h  to o  large, 
h o r iz o n ta l p a r t .

a
30

40-
doy 415

0 5 IO 15 20 25 30cm

Fig. 5. H istogram s show ing th e  d istribu tion  in  re la tion  to d ep th  o f the 200-250  gm  
frac tion  (shaded) a n d  o f  the 100-160 um  frac tion  (b lank) on p a r t  o f th e  sam pling 

days (indoor tida l flat ecosystem ).

A  th ird  e x p e r im e n t w as ca rr ied  o u t w ith  60 lugw orm s w ith  a m ean  
w e t w e ig h t o f  3.5 g, k e p t in  a  la rg e  a q u a r iu m  tan k , filled fo r 9 0 %  w ith  
tid a l fla t sed im en t (s ta tio n  A ). F ro m  th e  h is tog ram s (F ig . 6 a  to  c) it  is
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i r  th a t the o rig in a l sed im en t is co a rse r th a n  th e  faeces p ro d u c e d  o u t 
M oreover, if  w e look a t  th e  sh ap e  o f  th e  cu rves, th e  faeces seem  

;e  h o tte r  so rted  (m o re  c o n c e n tra te d  in  o n ly  a  few  frac tio n s) a n d  
a tt r ib u tio n  less skew  th a n  th e  d is tr ib u tio n  o f  th e  o rig in a l sed im en t, 
e  T r a s k ' s ,1932) so rtin g  \/Q ,s lQ ,i, fo r th e  sed im en t a n d  faeces o f  
. ;a  a re  1.22 a n d  1 .12 ; for Fig. 6b  1.41 a n d  1 .14 ; for F ig . 6c 1.20 
:  1.15. respectively . T h e  T r a s k ’s  skew ness, Qj.-Q_zlQj>%, fo r sed im en t 
: faeces for F ig. 6a  a re  0 .96 a n d  0 .9 9 ; fo r F ig . 6b  0 .88  a n d  0 .9 8 ; an d  
Jig . 6c 0.97 an d  0 .98, respec tive ly  ( ¿ 2  a n d  (¿3 a re  th e  q u a rtile  
aes o f  th e  cu m u la tiv e  p e rcen tag e  cu rv e ). N o te  th a t  th e  d is tr ib u tio n  
a e  faeces in  F ig . 6 b  h a s  beco m e  u n im o d a l.
Ja ree  experim en ts w ere  c a rr ie d  o u t w ith  d if fe re n t a rtif ic ia l sedi- 

Fig. öd  to  f) a n d  yo u n g  lugw orm s w ith  w e t w eig h ts  ran g in g
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show ing g ra in  size frequency  d istrib u tio n s o f  sed im ents 'so lid  
:cn  :o the g ra in  size d istribu tions in faeces p ro d u ced  by  Arenicola living 
crents broken lines! an d  collected  a fte r 1 m o n th . All sed im ents are 
cicesed except in c. th a t orig inates from  s ta tio n  A. Left h istogram s ad u lt 

worm s; righ t h istogram s juven iles (0.2 to 0 .4  g).
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from  0.2 to  0 .4  g. F ive o f  th em  w ere  p u t  in  one p las tic  c o n ta in e r. H ere  
a g a in  th e  skew ness o f  th e  faeces d is tr ib u tio n  is less a n d  th e  so rting  is 
b e tte r  th a n  th a t  o f  th e  o rig in a l sed im en t.

T h e  u lt im a te  size o f  g ra in s  th a t  c o u ld  still be fo u n d  in  the  faeces o f 
ad u lts  as w ell as o f  ju v en ile s  a p p e a re d  to  be som ew here  b e tw een  500 pm  
a n d  1000 p m . C a d é e  (1976) fo u n d  th a t  Arenicola p refers p a rtic le s  sm a l
le r  th a n  som e 300 to  400 pm . K r ü g e r  (1971) rep o rts  p a rtic le s  u p  to 
2 m m  in  Arenicola faeces, b u t it  co n ce rn s  an im a ls  a t  least tw ice  as big 
as used  in  m y  ex p erim en ts .

IV . D I S C U S S I O N  A N D  C O N C L U S I O N S

F ro m  th e  re su lts  o b ta in e d  som e conc lu s ions can  be m ad e  co ncern ing  
th e  m ech a n ism  p ro d u c in g  th e  h e te ro g e n e ity  o f  th e  sed im en t. V a n  
S t r a a t e n  (1952, 1954) asc r ib ed  th e  fo rm a tio n  o f  a  lay e r in  w h ich  
shell d eb ris  w as c o n c e n tra te d , to  th e  lu g w o rm ’s in ab ility  o f  ingesting  
la rg e  p a rtic le s . B u t th is  m ech a n ism  does n o t ex p la in  th e  d ifferences 
b e tw een  th e  g ra in  size d is tr ib u tio n  o f  faeces an d  o rig in a l sed im en t, as 
these la rg e  shell fra g m e n ts  c o n s titu te  o n ly  a  very  sm all p o rtio n  o f  the  
sed im en t. R h o a d s  &  S t a n l e y  (1965 ), R h o a d s  (1967), W a r m e  (1967), 
H y l l e b e r g  (1975), a n d  C a d é e  (1976) a ll a t t r ib u te  these d ifferences 
in  one  w ay  o r  th e  o th e r  to  selective feed ing , b u t th ey  do  n o t in d ica te  
w h a t k in d  o f  selective feed in g  th is  m ig h t be , an d  how  th is m echan ism  
w o u ld  o p e ra te .

A  lu g w o rm  seem s to  lack  th e  m ean s  to  tes t th e  size o f  th e  p a rtic le  
w h ich  i t  is a b o u t to  sw allow  (ex cep t p e rh a p s  by  th e  p a p illa e  on its 
p robosc is) . T h e re fo re , i t  is like ly  th a t  w h a t is ca lled  “ selec tive” feeding, 
im p ly in g  th e  a n im a l in  som e w ay  to  select its food, in  re a lity  is a 
s to ch as tic  p ro cess . Arenicola feeds b y  p ro tru d in g  its p roboscis in to  th e  sand , 
a n d  san d  g ra in s  stick  to  th e  p a p il la e  o f  th e  proboscis. O n ly  som e g ra in s  
re m a in  a tta c h e d  w h en  th e  p robosc is  is w ith d ra w n , a n d  a re  sw allow ed. 
I t  is o bv ious th a t  sm a ll p a r tic le s  h av e  a  g re a te r  ch an ce  to  ad h ere  
firm ly  to  th e  m u cu s-co v ered  p a p il la e  a n d  n o t to  be d ro p p e d , because 
o f  th e i r  su rface  a re a  b e in g  re la tiv e ly  la rg e r. S izab le  g ra in s  w ill te n d  to 
fa ll o f f  m o re  re a d ily . L e t th e  ch an ce  o f  one p a rtic le  to  be p icked  up  an d  
sw allow ed  be  P, th e n  P  =  p(x) ,  w h e re  x is th e  g ra in  d iam e te r . L e t the 
freq u e n c y  o f  a  c e r ta in  p a rtic le  size x be  F  =  f ( x ) .  I t  follow s th a t  for the 
ch an ce  C  o f  a n y  p a r tic le  o f  d ia m e te r  x  to  be  sw allow ed th e  e q u a tio n  :

C — P - F  =  p ( x ) - f ( x )

ho lds. I f  w e assum e th e  re la tio n  b e tw een  “stick ing  c h a n c e ” P  an d  g ra in  
su rface  a re a  to  be  lin e a r , p(x)  c a n  be  p lo tted  as a p a ra b o le . I n  Fig. 7 
th e  g ra p h s  o f / (x )  a n d  th e  re su ltin g  p ro d u c t fun c tio n  C  a re  show n.
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I f  these a ssu m p tio n s be  co rrec t, th e  resu lt o f  th is  ty p e  o f  feed ing  w ill 
be th a t  a t  first a  faeca l lay e r , w h ich  has a  d is tr ib u tio n  C i,is  dep o sited  on  
to p  o f  th e  su rface  lay e r w ith  d is tr ib u tio n  F. I t  m u s t b e  k e p t in  m in d  th a t  
th e  lugw orm s by tim es sh ift th e  p osition  o f  th e ir  b u rro w s, a t  least o f  th e  
feed in g  funnels (cf. R i j k e n , 1979), so th a t  th e  w ho le  a re a  is affec ted .

i

Fig. 7. D iag ram  shew ing  the g ra in  size frequency  d istr ib u tio n  o f  a n  o rig ina l sedi
m e n t (F ), th e  re la tion  o f  g ra insize  a n d  th e  chance  o f  a  ce rta in  p a rtic le  to be sw al
low ed by th e  lugw orm  (P  =  p (x )) ,  a n d  th e  p ro d u c t curve o f  F  a n d  P, i.e. the hypo

th e tica l frequency  d istrib u tio n  o f the faeces (C).

M o reo v e r, th e  tides a n d  sm all w aves w ill sp re a d  o u t th e  faeces m o u n d s  
o v e r th e  e n tire  su rface  o f  th e  sed im en t. A t th e  b o tto m  o f  th e  b io tu r-  
b a te d  zone, h o w ever, a  coarse  re s id u a l lay e r , w ith  d is tr ib u tio n  R , 
resu lts  fro m  th e  rem o v a l o f  p a r t  o f  th e  finer frac tio n s . A fte r a  c e rta in  
p e rio d  (in  fa c t fro m  th e  v e ry  m o m e n t th e  p rocess s ta r te d )  th e  faeces 
w ill re flec t th e  in flu en ce  o f  p(x)  o n  d is tr ib u tio n  R.  I n  o th e r  w ords, on 
to p  o f  th e  C i lay e r faeces w ith  d is tr ib u tio n  Cz =  R - p ( x )  is deposited . 
I f  w e look  a t th e  v a lu es  o f  th e  m e d ia n  g ra in  size in  th e  in d o o r  tid a l 
f la t ecosystem  (T a b le  I ) ,  th e  o b se rv a tio n s seem s to  ag ree  w ith  the 
h y p o th es is . M o reo v er, faeces co llec ted  in  th e  ex p e rim e n ts  sh o w n  in  
F ig . 6d  a n d  e, a fte r  a n o th e r  m o n th  w ere  s lig h tly  co a rse r th a n  th e  faeces 
o f  th e  first m o n th  (m e d ia n  d ia m e te r  d iffe red  5 to  10 ¡xm). T h e  h y p o 
thesis also ex p la in s  w hy  n o  re a l g ra d e d  b e d d in g  o rig in a te s , b u t  only  a 
h e te ro g en eo u s  d is tr ib u tio n  o f  th e  frac tions. A lso in  a g re e m e n t is th e  
fa c t th a t  in  th e  cores ta k e n  in  th e  la s t few m o n th s  in  th e  in d o o r eco
system , th e  lo w erm o st level g ra d u a lly  b ecam e  co a rse r. T h is  is no  
c o n tra d ic tio n , fo r a t th is  end  o f  th e  sed im en t c o lu m n  th e  c o n c e n tra 
tio n  o f  oversized  (n o t inges tib le ) g ra in s  goes o n  (th is case m ig h t be 
c o n sid e red  as p(x)  =  0 ). M o reo v er, th e  faeces a re  n o t o n ly  lay e rin g  on 
a t  th e  sed im en t to p , b u t  th e re  is an  e q u a l t r a n s p o r t  d o w n w a rd  v ia  th e  
feed ing  co lum ns o f  th e  an im a ls  c au sin g  a  c o n s ta n t in p u t  o f  sed im en t 
fro m  levels w ith  an  F  d is tr ib u tio n  o r  even  a C  d is tr ib u tio n . In  th e  la tte r  
m ix in g  p rocess also o th e r  effects p a r ta k e  because  o f  th e  p resen ce  o f  an  
o p e n  fu n n e l a t th e  to p  o f  th e  feed ing  co lu m n . T h ese  funne ls  m ay  cave 
in  a n d  w ill a c t as a se d im e n t tr a p  ( d e  W i l d e , 1975).
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O f  course, fo r m o re  reasons as a lre a d y  in d ic a te d  above; the  h y p o 
thesis is an  o v e rs im p lif ic a tio n : O th e r  b io tu rb a t in g  an im a ls  w ill in te r 
fe re ; d u r in g  gales, o ccu rin g  m a in ly  in  a u tu m n  a n d  w in te r , a n d  w ith  
t id a l  m ovem en ts  s tro n g  en o u g h  to  cause  erosion , re d is tr ib u tio n  w ill 
tak e  p lace .

T h e  m a in  p rocess d esc rib ed  is n o t u n iq u e  fo r Arenicola marina and  
re la te d  o rgan ism s. I t  m a y  be  c o n c lu d e d  th a t  i f  tw o  c o n d itio n s  a re  m et, 
a  d ep o sit feed ing  a n im a l w ill cause  a  b iogen ic  h e te rogeneous b ed d in g : 
(1) th e  an im a l m u s t feed  on th e  se d im e n t a t  a  low er level th a n  w here  
its faeces a re  d e p o s ite d ; (2) a  p a r t ic le ’s ch an ce  o f  b e in g  sw allow ed  m ust 
d ep e n d  on  its size. W h e th e r  th is ch an ce  is d e te rm in e d  by  som e sto ch as
tic  p rocess as in  th e  case o f  Arenicola marina, o r b y  th e  a c tu a l p re fe ren ce  
o f  th e  an im a l fo r c e r ta in  frac tio n s, is n o t im p o rta n t.

V. S U M M A R Y

I n  a series o f  la b o ra to ry  ex p e rim en ts , especially  in  a n  “ in d o o r  tid a l 
f la t ecosystem ” , th e  effects o f  d ep o sit feed ing  by th e  E u ro p e a n  lu g 
w o rm  Arenicola marina L . o n  th e  se d im e n t w ere  s tu d ied . F eed in g  ac tiv ity  
d id  n o t so m u c h  re su lt in  a  b iogen ic  g ra d e d  b ed d in g , b u t  m o re  in  an  
in c rea s in g  h e te ro g en eo u s  d is tr ib u tio n  o f  th e  several g ra in  size frac tions 
o v e r th e  sed im en t. A  m ech a n ism  w h ic h  causes these effects is p ro p o sed  : 
th e  ch an ce  o f  a  p a r tic le  to  stick  to  th e  m ucus covered  p a p illa e  on the 
lu g w o rm ’s p roboscis a n d  to  be  sw allow ed  depends o n  its su rface a re a ; 
sm a lle r p a rtic le s  hav e  a  g re a te r  ch an ce  th a n  large  ones.
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I. I N T R O D U C T I O N

D e p o s ti t feeders p la y  an  im p o r ta n t  p a r t  in  m an y  m arin e  h ab ita ts . In  
v a rio u s  w ays they  h av e  th e ir  effect o n  th e  sed im en t a n d  th e  processes 
a t  th e  se d im e n t-w a te r  in te rfa c e  ( R h o a d s , 1 9 7 4 ) .  R esea rch  on sed im en t 
rew o rk in g  by  dep o sit feeders in  th e  D u tc h  W a d d e n  S ea  s ta rted  w ith  
w ork  on Arenicola marina , th e  la rg e s t a n d  m ost im p o r ta n t sed im en t 
rew o rk e r in  th is a re a  ( v a n  S t r a a t e n , 1 9 5 0 ,  1 9 5 2 ;  C a d é e , 1 9 7 6 ;  
B a u m f a l k , 1 9 7 9 ) .

Arenicola marina is a  “ f u n n e l  f e e d e r ”  d e r i v i n g  i t s  f o o d  l a r g e l y  f r o m  t h e  
s u r f a c e  s e d i m e n t s ,  o n l y  o c c a s i o n a l y  d e e p e r  s e d i m e n t  is  s w a l l o w e d  a s  
c a n  b e  o b s e r v e d  f r o m  b l a c k  c o l o u r e d  f a e c e s  c o n s i s t i n g  o f  s e d i m e n t  f r o m  
t h e  a n a e r o b i c  l a y e r .  Heteromastus filiformis is a  “ c o n v e y e r - b e l t  f e e d e r ” i n  
t h e  t e r m i n ó l o , g y  o f  R h o a d s  ( 1 9 7 4 )  d e r i v i n g  a l l  i t s  f o o d  f r o m  s e d i m e n t  
i n g e s t e d  i n  t h e  a n a e r o b i c  l a y e r  10 t o  3 0  c m  b e l o w  t h e  s u r f a c e .  T h e r e 
f o r e ,  i t s  c h a r a c t e r i s t i c  f a e c a l  p e l l e t s  d e p o s i t e d  a t  t h e  s u r f a c e ,  a r e  a l w a y s  
b l a c k  i n  c o l o u r .

Heteromastus filiformis b e c o m e s  8 t o  15 c m  l o n g  a n d  a b o u t  1 m m  in


