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

T h e  lugw orm , Arenicola marina (L.), is by  far the m ost im p o rta n t w orm  
in h a b itin g  th e  tid a l flats o f the D u tch  W adden  Sea. Its biom ass is 
h igher th a n  th a t o f all o th e r  w orm  species together and  accounts for 
no less th a n  ab o u t 20%  o f the to ta l m acrozoobenth ic biom ass (B e u -  
k e m a ,  1976). W ith in  the ecosystem  o f the  W adden  Sea, lugw orm s play 
a significant role as a  source of food for flatfishes ( K u i p e r s ,  1977; 
d e  V l a s ,  1979) and  as rew orkers of sed im en t (CaDÉE, 1976), causing 
a layer rich  in  coarse m a te ria l a t  a  d ep th  o f 20 to  30 cm  below  th e  sur­
face o f the tid a l flats ( v a n  S t r a a t e n ,  1952).

S tudies on  the p o p u la tio n  dynam ics o f Arenicola have been ham pered  
u ndou b ted ly  by  p roblem s connected  w ith  sam pling (because the in ­
d iv iduals change p lace a t  least som e tim es during  th e ir  life an d  the 
adults live deeply burrow ed) an d  ag ing  (because no p e rm a n en t s tru c ­
tu res w ith  y ear m arks h av e  been found and  fitting lugw orm s w ith  a 
long lasting m ark  is difficult). M oreover, p a r t o f the life h isto ry  of 
lugw orm s has been poorly  know n for a  long tim e. O n ly  som e scattered  
popu la tion  d a ta , derived from  sho rt te rm  studies in  restricted  areas are 
availab le , e.g. N e w e l l  (1948), C h a p m a n  & N e w e l l  (1949), C a z a u x  
(1967) an d  P o l l a c k  (1979).
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T his p ap e r will p rov ide  som e d a ta  on lugw orm s collected m ainly 
d u rin g  a  10 year s tudy  o f the  m acrozoobenthos living on B algzand, 
a tida l flat a re a  in  the  w esternm ost p a r t  of the  D u tch  W a d d en  Sea. 
Series o f observations on  num erical densities and  sizes w ere m ade on a 
n u m b e r of sam pling  sta tions, and  allow  conclusions on d istribu tion  
p a tte rn s , m igration , g row th  rates, an n u a l rec ru itm en t, m orta lity , 
biom ass and  p roduction .

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

T h e  D utch  p a r t o f the  W ad d en  Sea contains ab o u t 1300 k m 2 o f in te r­
tid a l flats w hich are exposed a t m ean  low tide . T h e  m ean  tid a l range 
g rad u a lly  increases from  w est to  east (136 cm  n ea r  D en  H elder to 
280 cm  n ea r  Delfzijl). By far the  largest p a r t  o f the  tid a l flats is situated  
below  M T L . H ig h er in te rtid a l flats are alm ost restric ted  to strips o f 
variab le  w id th  (up to  1 o r 2 km) along  the coasts. B algzand  is a  50 k m 2 
a re a  o f in te rtid a l flats a n d  shallow  channels in  the  w esternm ost p a r t  o f 
the  W ad d en  Sea.

Silt (plus clay) p e rcen tage  (i.e. th e  w eight frac tion  o f  g ra in  sizes 
sm aller th a n  ab o u t 60 ¡xm) an d  m ed ian  p artic le  d ia m ete r o f the  top
5 cm  of the  su b stra tu m  w ere determ ined  by m ethods described  earlier 
( B e u k e m a ,  1976). T h e  surface o f th e  tida l flats m ain ly  consists of fine 
sands. Silty areas a re  usually  found on h ig h e r tida l flats along  the  m ain ­
la n d  coasts, w hereas tid a l flats fa r o ff shore a re  generally  low  a n d  sandy. 
Consequently , the co rre la tion  betw een  silt p ercen tage o f  th e  sed im ent 
an d  in te rtid a l heigh t is positive (r — + 0 .4 6 , P  < 0 .001  for 86 transects 
scattered  all over the  W a d d en  Sea), w hereas m ed ian  p artic le  size and 
h e igh t show an inverse re la tionsh ip  (r =  —0.40, P  < 0 .0 0 1 , 86 tra n ­
sects).

S am pling  stations w ere selected to  rep resen t all parts  o f th e  W adden  
S ea w ith the various sed im en t types and  in te rtid a l levels roughly  in  
accordance w ith th e ir  a re a  coverage. T h e  locations o f th e  99 transects 
th a t  w ere sam pled d u rin g  sum m er or au tu m n  o f 1971 or 1972 w ere 
show n already  ( B e u k e m a ,  1976: fig. 1). T h e  w estern  h a l f  o f  these 
transects w ere sam pled  aga in  d u rin g  1977 ( B e u k e m a ,  d e  B r u i n
6  J a n s e n ,  1978). T h e  12 transects on B algzand (n u m bered  1 to 12 in 
Fig. 1) w ere sam pled  an n u a lly  in  la te  w in ter (late F eb ru a ry  to early 
A pril) du ring  the 1970 to  1979 (inclusive) period , b u t in  1969 and  
1970 twice a year (ag a in  in  A ugust an d  S ep tem ber). T h e  1 km  long 
transects w ere sam pled  by tak ing  equally  spaced cores o f 0.018 m 2 
each , thus collecting 50 sam ples a t 20 m distances a t B algzand and 
25 sam ples a t 40 m in  all o th e r areas. In  add ition , 3 sam pling  squares 
o f 900 m 2 each on B algzand (A, B an d  C in Fig. 1) w ere sam pled  4 or
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F ig . 1. M a p  o f  B a lg z a n d , s h o w in g  th e  lo c a t io n  o f  s a m p l in g  s ta t io n s  (A  to  F  o n  tid a l 
f la ts , G  in  c h a n n e l)  a n d  tra n s e c ts  (1 to  12). T h e  a p p r o x im a te  b o rd e r s  o f  th e  tid a l 

fla ts  a t  L L W S  a r e  s h o w n ; s h a d e d  is th e  a r e a  a b o v e  M T L .

m ore tim es annually  by collecting 9 or 16 cores o f 0.1 m 2 each. T he 
locations of these cores w ith in  th e  squares w ere determ ined  by a 
ran d o m  n u m b er m ethod . S tartin g  from  the sum m er of 1969 all sam ples 
have been taken  to a  d ep th  o f 30 to  40 cm w hich is sufficiently deep to 
con tain  all lugw orm s present.

T h e  cores w ere w ashed th ro u g h  a  1 m m  sieve in  the field. In  the 
labo ra to ry , th e  lugw orm s w ere so rted  from  the m ix tu re  o f d ead  shells 
an d  p e a t an d  g rouped  in to  2 n a tu ra l size classes w hich in  alm ost all 
sam ples could easily be recognized. T h e  num bers in  each  class w ere 
counted , reconstructing  fragm ented  w orm s in to  app rox im ate ly  w hole 
worm s. T h e  groups o f  w orm s w ere d ried  du ring  3 to  5 days a t  60° C in 
a  w ell-ventila ted  stove, w eighed, p laced  in  a  fu rnace a t  600° C for 
2 hours, a n d  w eighed again . T h e  w eigh t loss a t 600° C is considered 
to  rep resen t the ash-free d ry  w eigh t (AD W ) of the  anim als. “ S m all” or 
“ju v e n ile” w orm s h a d  a n  A D W  o f less (generally  m uch  less) than  
100 m g each. All h eav ie r lugw orm s are  called “b ig ” o r “ a d u lt” ¡

In  add ition , ab o u t 100 w hole a d u lt lugw orm s w ere collected by
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carefu l digging n ear each  o f  the  3 stations D , E  and  F  (Fig. 1), a t 
app ro x im ate ly  m on th ly  in tervals d u rin g  1976, to  study  w eigh t changes 
in  m ore detail. T hese w orm s w ere dried , ashed an d  w eighed in ­
div idually .

D u rin g  th e  period  J u ly  1970 to  M ay 1971, w ith  in te rvals varying 
from  a  w eek to a  m o n th  a  coarse p lan k to n  ne t w ith  a  1 m 2 apertu re  
was low ered to  m id -d ep th  (ab o u t 5 m) from  a  vessel anchored  in  the 
m idd le  o f the  m ain  tid a l stream  o f B algzand (G in  Fig, 1). Catches 
w ere inspected  for fishes, m olluscs an d  w orm s ( d e  V l a s ,  1973).

I I I .  R E S U L T S

a .  s e a s o n a l  p a t t e r n s  o f  d i s t r i b u t i o n

O n  alm ost all o f th e  99 transects scattered  over the tid a l flats o f the 
D u tch  W ad d en  S ea an d  sam pled  d u rin g  la te  sum m er a n d  au tu m n , 
lugw orm s w ere found. N u m erica l densities varied  from  less th a n  1 to 
a b o u t 100 p e r  m 2 in  adu lts  o r to  som e h und reds in  juveniles. T h e  m ean  
density  am o u n ted  to  17 lugw orm s p e r  m 2 (95%  confidence lim its 14 
an d  20, n — 99) o f w hich  44 w ere classified as sm all. By g roup ing  the 
transects, m ean  densities o f la rge and  sm all lugw orm s can  be calcu lated  
a t  various d istances from  the  shore. N um bers o f sm all lugw orm s 
rap id ly  declined w ith  increasing  d istance from  shore (Fig. 2a). A dults 
show ed th e ir  h ighest densities a t 1 to  4 km from  the  shore an d  were 
sign ifican tly  less a b u n d a n t b o th  a t sho rte r d istances (w ith in  1 km) and  
a t  longer d istances from  the  coasts (Fig. 2).

Big lugw orm s o u tn u m b e red  sm all ones alm ost everyw here. O nly  
w ith in  narro w  strips n ea r  the shores sm all lugw orm s p redom inated . 
S uch  strips w ith  h igh  densities of sm all lugw orm s w ere especially 
d istinct along  m ost o f th e  W ad d en  coasts o f the  b a rr ie r  islands. A long 
the  m ain land  coasts such  strips w ere often less clearly  defined or even 
absen t.

T h is p a tte rn  o f lugw orm s d is trib u tio n  resulted from  a  single sam pling 
o f  99 transects ca rried  o u t d u rin g  the  sum m ers and  au tu m n s o f 1971 
an d  1972 ( B e u k e m a ,  1976). A  second sam pling  of ab o u t h a lf  o f these 
transects d u rin g  the sam e season in  1977 ( B e u k e m a ,  d e  B r u i n  & J a n ­
s e n ,  1978), yielded the  sam e general p a tte rn  though  w ith  som ew hat 
low er num erical densities in  areas m ore th a n  3 km  from  the  shores.

D a ta  bearing  on o th e r  seasons a re  ava ilab le from  B algzand w here 
12 transects an d  3 sta tions have been sam pled an n u a lly  d u rin g  10 
successive years in la te  w in ter an d  early  spring. T h e  observed pattern s 
oí d istribu tion  oí big lugw orm s (Fig. 2b) is \e rv  sim ilar to  the  p a tte rn  
found  in  sum m er (Fig. 2a). T h e  d is trib u tio n  of th e  sm all lugw orm s in
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0 .  Iole s u m m e r

( Wadf len  Se o) ( B a l g z a n d )

smol lsm al l

d i s l o n c e  t r o m  c oa s t

F ig . 2. N u m e r ic a l  d e n s it ie s  (m e a n s  ±  1 s t a n d a r d  e r ro r )  o f  s m a ll  ( O )  a n d  b ig  ( • )  
lu g w o rm s  o n  t id a l  fla ts  a t  v a r io u s  d is ta n c e s  f ro m  th e  c o as t, a .  D u r in g  la te  s u m m e r  
(d a ta  fro m  a  s in g le  s a m p l in g  o f  99  tra n s e c ts  s c a tte re d  o v e r  th e  D u tc h  W a d d e n  S ea . 
g ro u p e d  a c c o rd in g  to  d is ta n c e  fro m  th e  c o a s t ,  n =  11 to  19 p e r  g r o u p ) . b . D u r in g  la te  
w in te r  ( d a ta  fro m  15 s a m p l in g  p la c e s  o n  B a lg z a n d , m e a n s  o f  10 s a m p l in g  y e a rs ) .

la te  w in ter, how ever, differs from  the sum m er p a tte rn . H ighest densities 
th e n  no longer occur close to  the coasts, b u t a t 1 to 4 km  off the  shores 
as in  big lugw orm s. A pparen tly , betw een au tu m n  an d  la te  w in te r the 
sm all lugw orm s ad o p t the  d istribu tional p a tte rn  of the adults.

b. R E L A T IO N S H IP S  W IT H  T ID A L  H E I G H T  AND SE D IM EN T  
C O M PO S IT IO N

W ith  increasing d istance from  the shores, som e env ironm enta l condi­
tions on the tida l flats change g radually . G enerally , the  tid a l flats slope 
gen tly  dow nw ards so th a t the  daily  periods o f exposure to  the air 
becom e shorter, w hile also the silt percen tage o f the  sed im ent decreases. 
As these two env ironm enta l factors tend  to be m u tua lly  d ependen t, it  
m akes little  sense to  re la te  lugw orm  densities to only one o f them . 
Therefore, plots w ith  b o th  factors (position to m ean  tid a l level and  
silt percen tage) toge ther a re  com posed (Figs 3 an d  4) to  show  their 
influence on the num erical density  o f lugw orm s. As lugw orm  d is trib u ­
tions w ere found to differ in  re la tion  to size class (at least in  sum m er)
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F ig . 3. M e a n  n u m b e r s  p e r  m -  ( a .)  o f  b ig  ( > 1 0 0  m g )  a n d  (b .)  o f  s m a l l  ( < 1 0 0  m g ) 
lu g w o rm s  a t  v a r io u s  c o m b in a t io n s  o f  t i d a l  le v e l a n d  s ilt  p e r c e n t a g e  o f  t h e  s e d im e n t .  
I s o p le th s  d r a w n  b y  e y e . D a ta  f ro m  o n e  s a m p l in g  d u r i n g  l a t e  s u m m e r  o f  9 9  t r a n s e c ts  
■ .sam pled a r e a  0 .4 5  m 2 p e r  t r a n s e c t )  s c a t t e r e d  o v e r  t h e  D u tc h  W a d d e n  S e a .  E n ­
c ir c le d  a n d  e n s q u a r e d  f ig u re s  ( in  b .)  d e n o te  s a m p l in g  p la c e s  n e a r  m a i n l a n d  a n d  

n e a r  i s la n d  c o a s ts ,  r e s p e c t iv e ly .
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F ig .  4 .  M e a n  n u m b e r s  p e r  m 2 ( a .)  o f  b ig  ( > 1 0 0  m g ) a n d  (b .)  o f  s m a l l  '< 1 0 0  m g ) 
lu g w o r m s  a t  v a r io u s  c o m b in a t io n s  o f  t id a l  le v e l a n d  s i l t  p e r c e n t a g e  o f  t h e  s e d im e n t .  
I s o p le th s  d ra w 'n  b y  e y e . D a t a  a r e  m e a n s  f r o m  10 a n n u a l  s a m p l in g s  d u r i n g  la te  
w i n t e r  a t  6 3  p la c e s  o n  B a lg z a n d  ( s a m p le d  a r e a  p e r  p l a c e :  2 to  3  m 2 p e r  y e a r  a t  th e  

3 s ta t io n s  a n d  0 .1 8  m 2 p e r  y e a r  a t  th e  6 0  p la c e s  a lo n g  th e  12 t r a n s e c ts ) .
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an d  season (a t least in  sm all worm s) 4 plots a re  rep resen ted  (2 size 
groups an d  2 seasons).

T h re e  o u t o f the  4 p lots show  rough ly  sim ilar p a tte rn s , w ith  highest 
densities o f lugw orm s a t in te rm ed ia te  silt percentages an d  a t levels 
below  M T L . T his d is trib u tio n al p a tte rn  of ad u lt lugw orm s (Figs 3a 
an d  4a) an d  o f juven iles in  la te  w in te r (Fig. 4b) has n o t y e t been 
ad o p ted  by sm all lugw orm s in  sum m er (Fig. 3b ). D u rin g  th e  first h a lf  
y ea r after se ttlem en t in  th e  sed im en t o f the tid a l flats in  spring, highest 
densities a re  found above M T L , b u t no t in  ex trem ely  silty areas (silt 
percen tage exceeding 30 o r 4 0% ) nor in  ex trem ely  clean sands (silt 
percen tage below  1% ). H igh  tida l flats s itua ted  w ell above M T L  are 
alm ost restric ted  to  a strip  w ith in  1 or 14 km  from  the  shores. Along 
the  m ain land  the sedim ents o f these strips con ta in  m ore silt (m ore 
th a n  10% ) th a n  along  th e  coasts o f the  islands (less th a n  6 % ). T he 
r ig h th a n d  p a r t  o f the  p lo t (Fig. 3b) shows 2 clusters o f num bers, 
rep resen ting  those tw o coasta l areas. Densities o f sm all lugw orm s near 
th e  islands (boxed ; m ean  24 p e r  m 2) are generally  h ig h e r th a n  those 
observed n ear the m a in la n d  (encirc led ; m ean  10 p er m 2). N o te  th a t 
h ighest num bers w ere found  a t  the  low er silt con ten ts n ear the  m ain ­
la n d  and  a t th e  h ig h e r conten ts n ea r  the  islands. A pparen tly , the  sm all 
lugw orm s avoided ex trem e sed im en t com positions in  b o th  areas. In  
p rac tice , they  thus avoided soft substra tes n ea r  the  m a in lan d  an d  clean 
sands n ea r  the islands, p referring  in  b o th  areas in te rm ed ia te  silt con­
ten ts, as d id  the  adults (Figs 3a an d  4a).

T h e  d ifferen t d is trib u tio n  o f sm all an d  big lugw orm s in  sum m er is 
determ ined  m ain ly  by the  position  as to M T L  (com pare  Fig. 3a and 
b), and  therefore d irec tly  to th e  d istance from  the coast (see F ig. 2a). 
H ow ever, also some effect o f  th e  silt percen tage m ay  be observed, as 
areas a round  and  above M T L  w ith  silt percen tages below  1 %  were 
po p u la ted  by  b ig  lugw orm s (Fig. 3a) b u t no t by sm all ones (Fig. 3b). 
T h is  shift o f the  adults to  m ore sandy  sedim ents m ust be a  secondary 
effect o f the  off-shore m igra tion , as these sandy  areas w ere nearly  all 
located  a t long distances (3 km  o r m ore) from  the  coast.

c. D IS P E R S A L

T h e  p a tte rn s  o f d is trib u tio n  o f big and  sm all lugw orm s ind icate , th a t 
sm all w orm s m igra te  betw een  la te  sum m er an d  la te  w in te r in  an  off­
shore d irection . Som e d irec t evidence for this m ig ra tion  is availab le 
from  B algzand, w here su m m er densities o f big an d  sm all lugw orm s 
w ere estim ated a t 3 sta tions d u rin g  9 successive years an d  along  12 
transects in  1969 and  1970. C om parison  of these sum m er estim ates 
w ith  densities found a t th e  sam e p lace d u ring  subsequen t la te  w in ter
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an d  early  spring  shows the expected decrease in  sm all lugw orm s in  
coastal strips an d  an  increase in  off-shore areas ( > 2  km  from  the  coast) 
(Fig. 5). In  the p eriod  concerned, big lugw orm s decreased in  bo th  areas 
a t  ab o u t the sam e ra te . T h e  increased density  in  off-shore areas, 
lim ited  to sm all lugw orm s, can  be explained  only by a n  off-shore 
m igration , th a t m ust have ta k en  p lace d u ring  the  au tum n-w in ter 
season.

ch an ge  in 

number  per  m2 

+ 3 -

disionce from the coost

F ig . 5. C h a n g e s  in  n u m e r ic a l  d e n s ity  o f  s m a l l  lu g w o rm s  fro m  la te  s u m m e r  to  la te  
w in te r  a t  v a r io u s  d is ta n c e s  fro m  th e  c o a s t  s o u th w e s t o f  B a lg z a n d . D a ta  fro m  ¡2 
tra n s e c ts  (© ) as m e a n s  o f  2 y e a r s  (1 9 6 9 -1 9 7 0  a n d  1 9 7 0 -1 9 7 1 ) a n d  fro m  3 s ta tio n s  

(■ )  a s  m e a n s  o f  9  y e a rs  (w ith  1 s ta n d a r d  e r ro r ) .

T h e distances o f som e kilom eters involved can  be covered easily by 
passive tida l tran sp o rt. D uring  a  s tudy  o f such tran sp o rt in  juvenile  
Macoma, involving a  year-ro u n d  sam pling  of tidal cu rren ts by passive 
p lan k to n  nets ( d e  V l a s ,  1973; B e u k e m a ,  1973), dozens o f  lugw orm s 
were caugh t, b u t only  d u rin g  J a n u a ry , F eb ru ary  an d  M arch  (Fig. 6).

O f 21 lugw orm s ca u g h t in  early  J a n u a ry , all b u t one w ere classified as 
sm all. T h e ir  sizes ran g ed  from  3 to  6 cm  (in con tracted  condition) and 
th e ir  w eights from  13 to  85 m g A D W  (m ean 35 mg).

T h e  num bers of lugw orm s cau g h t by p lank ton  nets w ere tw o orders 
of m agn itude low er th a n  those o f Macoma. A rough  ca lcu la tion  in d i­
cates th a t on ly  ab o u t 1 %  o f the sm all lugworm s, as com pared  to abou t 
30%  o f the  ju v en ile  Macoma, p resen t on B algzand will have been 
sw im m ing a t any  tim e in  the w a te r  n ear sta tion  G (Fig. 1) a t the
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m o u th  o f the  m a in  tid a l s tre a m  o f B a lgzand . T h e  n u m b e rs  c a u g h t 
d u rin g  ebb  tides d id  n o t d iffe r sign ifican tly  from  those  c a u g h t d u r in g  
flood tides (th e  fo rm er w ere even  low er). A p p a re n tly , o u r  s ta tio n  w as 
n o t located  w ith in  a  m a in  a re a  o f m ig ra tio n  o f  sm all lugw orm s. 
N evertheless, b o th  th e  season  o f  o cc u rre n ce  a n d  th e  size ra n g e  o f the  
pelag ic  lugw orm s w ere as ex p ec ted  from  th e  c h a n g in g  d is tr ib u tio n  of 
sm all lugw orm s betw een  la te  su m m e r a n d  la te  w in te r .

n u m b e r  
p e r  h

S 0  n  D 
1970

• V
1971

F ig .  6 . N u m b e r s  o f  lu g w o rm s  c a u g h t  p e r  1 h  f is h in g  m i d w a t e r  in  th e  m a in  t id a l  
s t r e a m  o f  B a lg z a n d  a t  v a r io u s  t im e s  o f  t h e  y e a r .

d. I N D I V I D U A L  W E I G H T S

D u rin g  sp ring , a t  the  s ta r t  o f th e ir  life w ith in  b u rro w s  in  th e  sed im en t 
o f  th e  coasta l tid a l flats, th e  O -g ro u p  lugw orm s a re  on ly  a b o u t 1 cm  
long  an d  w eigh  less th a n  0.01 g each . T h e y  ra p id ly  g ro w  to  a t ta in  a 
m e an  w e ig h t o f  ab o u t 0.05 g A D W  a t  th e  e n d  o f  th e  y e a r  (Fig. 7a). 
D u rin g  th e  g row ing  season o f  th e  fo llow ing  y ea r , th e y  soon re a c h  th e  
w eig h t ran g e  o f the  b ig  lugw orm s ( > 0 .1  g).

Big lugw orm s show  seasonal w e ig h t ch an g es (F ig . 7 b ), g ro w in g  
rap id ly  d u r in g  sp ring , beco m in g  a lm o st s ta tio n a ry  d u r in g  su m m er, an d  
loosing w eig h t d u r in g  th e  res t o f  th e  y ea r . S u ch  “ d e g ro w th ’’ d u r in g  
a u tu m n  a n d  w in te r  w as also observed  by  N e w e l l  (1948 ). W e ig h t losses 
in  big lugw orm s w ere especially  ra p id  (a b o u t 3 0 %  w ith in  a  w eek, see 
r ig h t-h a n d  p a r t  o f Fig. 7b) d u r in g  S e p te m b e r  o r O c to b e r ,  p ro b a b ly  as 
a  consequence o f  spaw ning .

R eal g ro w th  ra tes  d u r in g  sp rin g  a n d  su m m er w ill h av e  b een  h ig h e r 
th a n  the w e ig h t changes show n  in  Fig. 7b, b ecau se  d u r in g  this p e rio d  
y oung  lugw orm s ( 14 y ea r  old) w ith  re la tiv e ly  low  w eig h ts  m erg e  in to  th e
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size ra n g e  o f  a d u lts  a n d  b eco m e in d is tingu ishab le  from  them . M oreover, 
th e  c ro p p in g  o f ta il ends by  p red a to rs  as p la ice ( d e  V l a s , 1979) 
r e ta rd s  w e ig h t g a in  a n d  is a n o th e r  reason  w hy the  w e ig h t changes 
sh o w n  in  F ig. 7b a re  in  fa c t a n  u n d e re s tim a te  o f rea l g ro w th . T h ere fo re  
i t  is th o u g h t im possib le  to  o b ta in  re liab le  estim ates fo r lu g w o rm  p ro ­
d u c t io n  fro m  su ch  reco rd s  o f  w e ig h t changes.

q  A D W  g  ADW
y e r  ino .

0 .0 5 - .0

0 .0 4 - .8

.6

0 .0 2 - 0.4

O .O I - 0.2-j

976 977
F ig .  7. S e a s o n a l  c h a n g e s  in  m e a n  in d iv id u a l  w e ig h t  (g  a s h - f re e  d r y  w e ig h t ) ,  a .  S m a ll  
lu g w o r m s ;  9 - y e a r  a v e r a g e s  f r o m  th e  tw o  s a m p l in g  s ta t io n s  A  ( © ,  a n d  B Z )  cf. 
F ig .  1 ). b .  B ig  lu g w o r m s  f r o m  3 s ta t io n s  .'D , E  a n d  F :  c f. F ig .  1) fo r  1 v e a r

(1 9 7 6 - 1 9 7 7 ) .

W e ig h t changes a t  v a rio u s  p laces (Fig. 7b) ru n  ro u g h ly  p a ra lle l, 
th o u g h  a t  d if fe re n t levels. F ro m  the  position  o f the  sa m p lin g  sites D , 
E  a n d  F  (F ig . 1) i t  is c lea r  th a t  the  m e an  w eights o f  th e  b ig  lugw orm s 
te n d  to  d ecrease  in  th e  d ire c tio n  o f th e  coast. S im ila r d a ta  fo r m ore 
years a n d  m o re  sa m p lin g  sites on B algzand  (but lim ited  to late winter) 
co n firm  th a t  m e a n  w eigh ts o f  b ig  lugw orm s increase w ith  the  d is tan ce  
fro m  the  sho re  (F ig . 8b ). A lso  for the  w hole D u tch  W a d d e n  S ea the  
b ig  lugw orm s te n d  to  be h e a v ie r  on av erag e  a t longer d istances from  
th e  coasts (F ig . 8a).

W ith in  th e  g ro u p  of sm a ll (O -g ro u p ) lugw orm s th is  re la tio n sh ip  is 
less d is tin c t (F ig . 8). As these  O -g ro u p  w orm s are  very  d iffe ren t from  
o ld e r  ones by  size a n d  b y  a p p e a ra n c e  (being  m ore p ink  a n d  t r a n s p a ­
r a n t) ,  th e y  ca n  be easily  recogn ised  by  eye. T h e  I-g ro u p  an im als , h o w ­
ever, c a n n o t be se p a ra te d  easily  from  o ld er ones. T h ere fo re , it  c a n n o t 
b e  d ec id ed  w h e th e r  the  in c rease  o f m e an  w e ig h t in  a d u lts  w ith  in -
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si l t  p e r c e n t a g e

-50  ♦

-40

-20

-50

b.  S m a l l- 40

-30

- 2 0

I0-1L IO

-IO -9 -4
M T L l ev e l  in d m

Fig. 3. M e a n  n u m b e rs  p e r  m -  (a .)  o f  b ig  f > 1 0 0  m g) a n d  (b .) o f  sm all ( < 1 0 0  m g) 
lugw orm s a t  v a rio u s  co m b in a tio n s  o f  tid a l level a n d  silt p e rcen tag e  o f th e  sed im en t. 
Isop leths d ra w n  b y  eye. D a ta  from  o n e  sam p lin g  d u r in g  la te  su m m er o f 99 transec ts  
(sam pled  a re a  0 .45  m 2 p e r  tra n sec t)  s c a tte re d  over th e  D u tc h  W ad d e n  Sea. E n ­
c irc led  a n d  e n sq u a re d  figures (in  b .)  d e n o te  sam p lin g  p laces n e a r  m a in la n d  a n d  

n e a r  is lan d  coasts, respectively .
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si l t  p e r c e n t a g e  

-50

- 4 0  a .  Big

o-|------- 1------- 1-------1------- 1-------1-------1-------1-------1-------1-------r

- 5 0

b.  S m a l l- 4 0

- 3 0

- 2 0

6-

4 -

2 -

I 2 3 43 I 08 ■7 ■6 5 •2-IO 9 •4
M T L  l eve l  i n d m

Fig . 4. M e a n  n u m b e rs  p e r  m 2 (a .) o f big ( > 1 0 0  m g) a n d  (b .) o f  sm all ( < 1 0 0  m g) 
lugw orm s a t  v a rio u s  co m b in a tio n s  o f tida l level a n d  silt p e rc e n tag e  o f  th e  sed im en t. 
Iso p le th s  d ra w n  by eye. D a ta  a re  m eans from  10 a n n u a l sam plings  d u rin g  la te  
w in te r a t  63  p laces o n  B alg zan d  (sam pled  a re a  p e r  p la c e : 2 to  3 m 2 p e r  y e a r  a t  the  

3 s ta tio n s  a n d  0.18 m 2 p e r  y ear a t  the  60 p laces a long  th e  12 tran sec ts).
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creasing d istances from  the shore results from  h igher m ean  ages or from 
a  m ore rap id  grow th  in  off-shore areas. Also th e  possibility th a t  bo th  
factors play a  p a r t, ca n n o t be excluded.

m g  ADW 

6 0 0 -

0 .  Io le  su m m e r  ( W a d d e n  S e a l
m g  AOW

b .  l a t e  w in te r  ( B a l g z a n d )

* Î

o  0  i o

d i s t a n c e  f r o m  f he  c o a s t

F ig . 8 . M e a n  in d iv id u a l  w e ig h ts  (m g  a sh - f re e  d r y  w e ig h t)  o f  s m a l l  ( O )  a n d  b ig  
(® ) lu g w o rm s  o n  t id a l  H ats a t  v a r io u s  d is ta n c e s  fro m  th e  c o a s t ,  a .  D u r in g  la te  
s u m m e r  ( d a ta  fro m  a  s in g le  s a m p l in g  o f  99  tra n s e c ts  s c a t te r e d  o v e r  th e  D u tc h  
W a d d e n  S e a , g r o u p e d  a c c o rd in g  to  d is ta n c e  f ro m  th e  c o as t, n =  11 to  19 p e r  g r o u p ) .
b . D u r in g  la te  w in te r  ( d a ta  fro m  15 s a m p l in g  p la c e s  o n  B a lg z a n d , m e a n s  o f  10 

s a m p l in g  y e a r s  ~  1 s t a n d a r d  e r ro r ) .

e. R E C R U I T M E N T  A N D  M O R T A L I T Y

T h e  estim ated m ean density  o f lugw orm s in  the D u tch  W ad d en  Sea 
d u rin g  the  sum m ers o f 1971 an d  1972, w hen  99 transects w ere sam pled, 
am o u n ted  to 124 b ig  an d  44 sm all ind ividuals, ind ica ting  a  ra te  o f 
rec ru itm en t o f som e 26%  o f  the to tal stock. N ow  the p rob lem  is, w h e th ­
er this rec ru itm en t ra te  is sufficient to keep the po p u la tio n  in  a  steady 
state.

D a ta  on densities o f sm all and  big lugw orm s are ava ilab le for Balg­
zan d  for 10 years, in d ic a tin g  a  m ean  density  o f 15 big plus 4 sm all 
lugw orm s per m 2 in  la te  w in te r (Fig. 9a). P roportions o f sm all lug­
w orm s on B algzand varied  from  6 to  44%  (m ean  20% ) o f th e  to tal 
stock in  late w in ter, i.e. w hen  the sm all lugw orm s are alm ost 1-| year 
old an d  are on the  verge o f m erg ing  w ith  the  ad u lt stock.

A nnual m orta lity  could  be ca lcu la ted  by com paring  the  num bers of 
sm all plus big lugw orm s in  y ear n w ith  the num bers o f big lugw orm s in  
y ear n -f- 1 (see arrow s in Fig. 9a). T h e  thus ca lcu la ted  a n n u a l ra tes of
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m orta lity  d u rin g  9 years ranged  from  2 to 38%  (m ean  22% ). These 
percentages are n o t significantly  (P  > 0 .1 )  correla ted  w ith  the num eri­
cal densities (S p e arm an ’s r =  - f  0.30) nor w ith  the  proportions of 
sm all lugw orm s (r =  + 0 .3 5 ).

number^ recrui t s  per  m '2
per  r n y e o r  n  ♦ 1

2 5 -

TT—  P P p h p p n—  o-l- 1-  ,------------------ —T--------
»970 71 72  73  74  75 7 6  7 7  78 79  o  5 IO 15 20  25

lugworms per  m*z year  n

F ig . 9. a .  M e a n  n u m e r ic a l  d e n s it ie s  o n  B a lg z a n d  o f  o n ly  b ig  ( O )  a n d  o f  a ll  ( # )  
lu g w o rm s  d u r in g  10 y e a rs , b. R e c r u i tm e n t  (m e a n  n u m b e rs  p e r  m'~) o f  I V y e a r  o ld  
lu g w o rm s  o n  B a lg z a n d  r e la te d  to  th e  d e n s it ie s  (m e a n  n u m b e rs  p e r  m 2) o f  o ld e r  

lu g w o rm s  p re s e n t  1 y e a r  b e fo re  r e c ru i tm e n t .

T o  keep lugw orm  density  on B algzand a t a  constan t level, th e  m ean
share o f recru its (i.e. n u m b e r o f sm all lugw orm s as a percen tage of the
to ta l po p u la tio n  in  la te  w in ter), therefore should be 22% . O n  average, 
i t  has been 20%  d u rin g  the  last 10 years, being alm ost sufficient. 
Expressed (m ore correctly) in  absolute num bers, the re  w ere p e r m 2 
37 of w orm s d isappearing  and  35 recru iting  du ring  the  9 y ear period, 
ind icating  indeed  a  w ell-balanced s ituation  on the  long te rm . H ow ever, 
du ring  the  years 1970-1973 rec ru itm en t was only 12%  o r less, causing 
a  g rad u a l decline o f the  lugw orm  popu la tion  on B algzand (Fig. 9a). 
T his decline was m ost conspicuous in  the  off-shore h a lf  o f the area 
( B e u k e m a ,  d e  B r u i n  &  J a n s e n ,  1978) w here num bers o f recruits have 
been ex trem ely  low (Fig. 2b).

T h e  h igher level o f rec ru itm en t du ring  alm ost all o f the  la ter years 
roughly equaled  the m ean  ra te  o f m orta lity , keeping the population  
density  o f adults alm ost constan t du ring  the 1975 to  1979 period  (Fig. 
9a).

A nnual rec ru itm en t of ab o u t 14 y ear old lugw orm s on Balgzand 
(Fig. 9b) was found to be inversely re la ted  to rn ean  ad u lt densities during  
th e  p reced ing  year (S p e arm an ’s r =  —0.87, n =  9, P  < 0 .0 1 ) . O nly a 
w eak correla tion  was found betw een the num bers of recruits and the 
num bers o f adults a t  the tim e o f rec ru itm en t (r =  —0.44, n =  10,
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P  > 0 .1 )  w hich suggests no  in te rference of adults w ith  juveniles a t the 
tim e o f resettling (a t age 1 i- year). T h e  significant co rre la tion  m en­
tioned  suggests th a t th e  o lder lugw orm s p resen t a t th e  s ta rt o r during  
th e  early  bo ttom  life o f y oung  ones (grow ing up from  an  age o f \  to 
alm ost 14 year) do exert a  negative influence on th e ir  survival.

U nfo rtuna te ly , the num bers of young  lugw orm s a t  a n  age of V year 
w ere never m easured an d  a t a n  age o f ab o u t 1 year only du ring  2 years. 
T herefore, the  exact tim e a t w h ich  this negative dependence of adu lt 
density  on rec ru itm en t is g enera ted  rem ains unknow n, b u t it is w ith in  
4 to 1 year after th e  s ta rt o f  the  burrow ed  life.

f. BIOMASS AND P R O D U C T IO N

W ith  an  average of 5.0 g - m - 2 A D W , biom ass of lugw orm s m ade up 
alm ost 20%  o f the  to ta l m acrozooben th ic  biom ass p resen t on the  tidal 
flats o f the D u tch  W adden  Sea ( B e u k e m a ,  1976). O n  B algzand, this 
p e rcen tage  varied  from  28 to  16%  (m ean  21% ) d u rin g  the period 
1970-1979.

Biomass estim ates for lugw orm s in sum m er w ere consistently  h igher 
th a n  in w inter. W in ter values w ere on an  average 75%  and  sum m er 
values 125%  o f the  an n u a l m ean  (m eans o f values for the  3 frequently  
sam pled  stations A, B an d  C). These seasonal fluctuations resu lt m ainly 
from  h igher ind iv id u al w eights d u rin g  sum m er (Fig. 7). M ean  lug­
w orm  biom ass, es tim ated  on 15 sta tions in  10 years in  la te  w in ter on 
B algzand, am oun ted  to  4.1 g - m -2 A D W . A nnual m ean  an d  sum m er 
b iom ass on B algzand w ere thus 5.5 an d  6.8 g - m -2, respectively.

T h e  above average o f 5.0 g • m -2 for th e  tida l flats o f the  w hole D utch 
W ad d en  Sea has been co rrec ted  for the season ( B e u k e m a ,  1976) and  
applies to the 1971-1972 period . D u rin g  those years m ean  lugw orm  
biom ass on B algzand am o u n ted  to 5.9 g - m -2 A D W , ind ica ting  th a t 
the  lugw orm  biom ass on B algzand  is fairly  rep resen ta tive  for the tida l 
flats o f the w hole D u tch  W ad d en  Sea.

D istribu tion  o f  biom ass (Fig. 10) is roughly  sim ilar to  th a t o f adu lt 
nu m b ers  (Fig. 2). As, how ever, ind iv id u al w eights o f adults tend  to 
increase w ith  increasing  d istances from the coasts (Fig. 8), biom ass 
values do no t com pletely  reflect ad u lt num bers. N evertheless, n u m eri­
cal densities o f ad u lt lugw orm s a p p e a r  to be decisive for lugw orm  
biom ass values, and  consequently , rela tionsh ips o f lugw orm  biom ass to 
such  env ironm enta l factors as p e rcen tage  silt fraction  or tid a l height 
closely resem ble those o f a d u lt num bers (Figs 3a and  4a).

Because of th e ir  sm all size (m ean  w eights generally  10%  or less o f 
a d u lt weights) an d  low num bers (Fig. 2), sm all lugw orm s hard ly  
co n trib u te  to to tal biom ass o f lugw orm s. O n ly  w ith in  a  narrow  strip
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F ig . 10. M e a n  b io m a ss  i)g -m ~ ‘2 a sh - fre e  d ry  w eigh t's  o f lu g w o r m s  o n  t id a l  fla ts  a t 
v a r io u s  d is ta n c e s  fro m  th e  c o as t, a . D u r in g  la te  s u m m e r  ( d a ta  from  a  s in g le  s a m p l in g  
o f  99  tra n s e c ts ,  g ro u p e d  a c c o rd in g  to  d is ta n c e  fro m  th e  c o as t, n =  Í 1 to  19 p e r  
g ro u p ) ,  b . D u r in g  la te  w in te r  ( d a ta  fro m  15 s a m p lin g  p la c es  o n  B a lg z a n d . m e a n s  o f  

10 s a m p l in g  y e a rs  ¿  1 s ta n d a r d  e r ro r ! .

along  the sou th  coasts o f the b a rr ie r  islands, biomass o f sm all lugw orm s 
m ay exceed th a t o f big ones du ring  sum m er and  au tum n .

Expressed as an  instan taneous ra te , a  m ean  an n u a l m orta lity  o f 22%  
w ould am o u n t to  0.26. M ean  an n u a l elim ination  is thus 0.26 x  5.5 — 
1.4 g - m -2 A D W  in th e  form  o f w hole lugw orm s. F or this calculation  
th e  an n u a l m ean  biom ass o f 5.5 g - m -2 is used because there is no 
evidence* for d ifferen tia l m orta lity  as to season, for instance by an 
enhanced  m orta lity  d u rin g  spaw ning.

T h e  second au th o r  estim ated the  consum ption o f tail ends of lug­
w orm s by flatfish (m ain ly  plaice) along 5 transects on the eastern  p a rt 
o f  B algzand d u ring  1976. T his consum ption  varied from  0.3 to  3.0 
g -m ~ 2 A D W  (roughly  p ropo rtiona l to  lugw orm  biomass a t the various 
sam pling places), w ith  an  average o f 1.32 g -m ~ 2 ( d e  V l a s ,  1979). 
M ean  lugw orm  biom ass on this p a r t  o fB algzand d u ring  1976 am ounted  
to  5.1 g w n “ 2. T hus, e lim ination  o f lugw orm  biomass by p red a tio n  on 
ta il ends am oun ted  to 26%  o f the m ean  annual biomass (24%  by plaice 
plus 2%  by flounder).

K u i p e r s  (1977) estim ated , by a  p a rtly  different m ethod, the in take 
by plaice o f lugw orm  ta il ends on B algzand during  1973 as 1.86 g - m -2 
A D W . D uring  th a t y ea r m ean  lugw orm  biomass on th e  p a r t o fB a lg ­
zand  w here K u i p e r s  w orked am o u n ted  to 5.2 g -m - '2. T hus during
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1973 e lim ination  of lugw orm  biom ass by plaice p red a tio n  alone 
am oun ted  to 36%  o f the  m ean  annual lugw orm  biom ass. T herefore,
30% , or 0.39 as an  in stan taneous ra te , will be a fair estim ate o f lug­
w orm  biom ass e lim ination  in the form  o f regenerating  ta il ends.

T ak in g  together bo th  th e  ad u lt m orta lity  ra te  an d  the rem oval o f 
regenerating  parts  by flatfish p reda tion , the to ta l a n n u a l ra te  o f b io­
mass e lim ination  w ould am o u n t to  0.26 — 0,39 =  0.65. P roduction  
from  -weight increm ents will have been sim ilar because lugw orm  bio­
mass was alm ost constan t d u rin g  the years ro und  1976. T hus in  a  s table 
s itua tion  and  considering only som atic p roduction , the P/B ra tio  for the 
a d u lt lugw orm  p o p u la tio n  on B algzand w ould am o u n t to  ab o u t 0.6 or 
0.7. F rom  w eight increm ents o f lugw orm s in 3 popu la tions living on 
tid a l flats in  the southw estern  p a r t  o f the N etherlands, W o l f f  &  d e  
W o l f  (1977) found P/B ratios vary ing  from  0.7 to 1.1, th e  h igher value 
belonging to  the p o p u la tio n  w ith  th e  h ighest p ercen tage o f juveniles. 
P o l l a c k  (1979), also from  w eight changes, found P/B ratios varying 
for various sam pling  sites and  2 years, from  0.7 to 1.5 for lugw orm s 
living a t tida l flats in B rittany . N o re la tionsh ip  w ith  m ean  age or tida l 
level is ap p a ren t from  his d a ta , b u t the an n u a l average was 1.3. in  the 
y ear w ith  the h igher g row th  ra te  as com pared  to 1.0 d u rin g  the o ther 
year.

W eights o f spaw ning p ro d u cts  w ere no t m easured d irectly . F rom  the 
sudden  w eight losses observed d u ring  the spaw ning season in  au tu m n , 
e lim ination  o f biom ass m ay be estim ated roughly  a t ab o u t 30%  o f the 
sum m er biom ass a t m ax im u m  (Fig. 7). As there is also a  g rad u a l w eight 
loss du ring  this season th a t is p robab ly  som atic, the  rea l w eigh t loss by 
spaw ning  products will have been som e 25%  o f sum m er biomass- (see 
also d e  W i l d e  & B e r g h u i s ,  1979a), or ab o u t 30%  o f th e  an n u a l m ean 
biom ass o f lugw orm s, raising  the P/B ratio  to ab o u t 1.0. »

As com pared  to values found for o th e r w orm  species, P/B ratios for 
Arenicola a re  low (cf. H e i p  &  H e r m a n ,  1979: tab le  2). L ugw orm s,how ­
ever, are relatively  large and  reach  relatively  high ages.

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

In  m ost arcas young (age .1 to 1.1- year) and  old lugw orm s live m ore or 
less separated , the young  ones on h igher grounds and  a t sho rte r dis­
tances from  the coast. C a z a u x  (1 9 6 7 )  found young, ab o u t \  y ea r old, 
lugw orm s ap p earin g  d u rin g  M arch  a t the level o f the first Spartina 
p lan ts  near A rcachon, F ran ce ; S m i d t  (1 9 5 1 )  observed such  young 
lugw orm s from  M ay onw ard  n ear the h igh-w ater m ark  and  a t o th e r 
high-ly ing  parts  o f the D anish  W adden  Sea ; T i - i a m d r u p  (19351 found 
high num bers o f young  lugw orm s d u rin g  sum m er an d  a u tu m n  at
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h igher tid a l levels th a n  adults in  th e  D anish  W ad d en  S ea; W e r n e r  
(1956) observed in  la te  a u tu m n  a  ;<Ju n g g u tw a tt” closer to  the  coast o f 
the  island Sylt, G erm an  W ad d en  Sea, th a n  the tidal flats w ith  high 
densities o f ad u lt lugw orm s. P o l l a c k  (1979) also observed sm all 
lugw orm s in  sum m er to  be alm ost restric ted  to areas n e a r  the  high- 
w ate r m ark  a t various places in  B rittany , F rance. F a r k e ,  d e  W i l d e  
&  B e r g h u i s  (1979) describe a  sim ilar p a tte rn  on tid a l flats near 
the W adden  island Texel.

In  the D utch  W ad d en  Sea w e observed young lugw orm s d u ring  
sum m er in  h igh  num bers only on re la tive ly  h igh tida l flats, m ostly w ell 
above M T L , b u t only  in  places w here silt percentages w ere n e ither 
below  1% nor above 30 or 40%  (Fig. 3b). Such conditions w ith  a 
com bination  o f h igh g rounds an d  a  m odera te  silt co n ten t are alm ost 
lim ited  to strips along the  W adden  coasts o f the  b a rr ie r  islands, be­
cause along m ost o f the  m a in lan d  coasts the  sedim ent is too silty. A round  
such sm all islands as G riend , R ichel, R o ttu m e rp la a t and  R o ttu m er- 
oog and  also a t the  east and  w est ends o f the longer b a rr ie r  islands, the 
sedim ents o f the  tid a l flats are too sandy  as a  consequence o f exposition 
to  w ave action .

W here densities o f sm all lugw orm s w ere high, viz- a t  the  typical 
nu rsery  strips along the  islands w ith  tens to  hund reds p e r  m 2, adults 
occurred  only in  low num bers o r w ere even absen t (cf. F a r k e ,  d e  W i l d e  
&  B e r g h u i s ,  1979). T h e  intensive rew orking of the  sed im en t by 
lugw orm s ( C a d é e ,  1976) w ould  m ake areas w ith  h igh ad u lt densities 
unfavourab le  for juveniles w hich w ould  h ard ly  be ab le to  m a in ta in  
th e ir  burrow s. H ow ever, in  places w here the  h ighest tid a l flats are 
extrem ely  silty, as along  m ost o f the m ain land  coast, m ost juven ile  
lugw orm s have to  grow  up  a t low er tid a l heights am idst adu lts. In  such 
areas, as B algzand, th e  observed negative dependence o f rec ru itm en t 
on ad u lt density  can  arise.

M axim um  n um erica l densities o f ad u lt lugw orm s w ere observed a t 
in te rm ed ia te  tid a l heights an d  a t  m o d era te  silt percen tages (Figs 3a 
an d  4a). As in  B rittany  ( P o l l a c k ,  1979), the  m ean  size o f these ad u lt 
lugw orm s was largest a t long distances from  the coasts (Fig. 8), i.e. a t 
low tidal levels an d  in  sandy  sedim ents. L arger lugw orm s w ere even 
found inciden tally  in  sub tidal areas. P o l l a c k  (1979) observed m ore 
rap id  grow th  the low er th e  lugw orm s w ere living in  the in te rtid a l. 
F rom  the d a ta  ava ilab le  from  the W ad d en  Sea, it  canno t be concluded 
w hether in  th is a re a  grow th  ra te  o r m ean  age of the Jugw orm s was the 
m ain  cause o f this tren d  in  the m ean  size o f adults. T h e  g rad u a l in ­
crease o f m ean ind iv id u al w eights observed in  off-shore areas of the 
W adden  Sea du ring  the  last years (B e u k e m a ,  d e  B r u i n  &  J a n s e n ,  
1978: fig. 5b) was caused by a  failing rec ru itm en t and , therefore, will



348 J .  J .  B E U K E M A  & J .  D E  V L A S

have resulted in  an  increase o f m ean age. T h e  accom pany ing  low 
densities will have dem inished com petition  for food an d  long im m er­
sion tim es prevailing  in  the  off-shore areas also will have fostered 
grow th  rates ( P o l l a c k ,  1 9 7 9 ) .  Therefore, bo th  a  h igher m ean  age and 
a m ore rap id  g row th  will have co n trib u ted  to the g rea te r  size o f the 
lugw orm s a t th e  off-shore low tidal flats.

Biomass is a  function  o f bo th  num erical density  an d  ind iv idual 
w eight. C onsequently , lugw orm  biom ass was h ighest a t slightly  longer 
distances from  the  coasts th a n  m ax im um  ab u n d an ce  (com pare Fig. 10 
w ith  Fig. 2 an d  also see Fig. 11). Also the biom ass m ax im um  was 
found a t slightly  low er tid a l levels (ab o u t 5 or 6 dm  below  M T L ) and 
in  som ew hat coarser an d  c leaner sedim ents (at m ed ian  p artic le  sizes 
o f ab o u t 120 to  140 gm  an d  a t ab o u t 3 to  6%  silt). L o n g b o t t o m  (1970) 
found the h ighest biom ass values of lugw orm s a t the  n o rth  K e n t coast 
a t low er m ed ian  p artic le  d iam eters (viz- 80 to 120 ¡am), an d  explained 
this d is trib u tio n  by  the  h igher concentra tions o f o rgan ic m a tte r  in  the 
finer sedim ents an d  hence a  h igher nu tritive  value as com pared  w ith  
coarser sands. Piow ever, it  is doubtfu l w hether in  the  D u tch  W adden  
Sea food resources for lugw orm s are in a d eq u a te  in  the  coarser sedi­
m ents. O ne  could h a rd ly  im agine a  s ituation  w ith  the  largest ind iv i­
duals occurring  invariab ly  in  areas w ith  in a d eq u a te  food densities. As 
in  the  K en t area , food density  (m easured bo th  as chlorophyll an d  as 
organ ic ca rbon  conten t) is h igher on h igh  and  silty tid a l flats o f the 
W ad d en  Sea th a n  a t  low er an d  sand ier places ( C a d é e  &  H e g e m a n ,  
1977). T herefore, o th er env ironm enta l factors a p p e a r  to  lim it lugw orm  
size an d  biom ass in  such silty an d  h igh areas w ith  h igh food densities. 
T oo  long em ersion tim es, lim iting  the d u ra tio n  o f th e  daily  feeding 
periods, m ay be such a  factor, as suggested for Macoma in  th e  sam e area  
( B e u k e m a ,  C a d é e  &  J a n s e n ,  1977) an d  for Arenicola a t  tid a l flats in 
B rittany  ( P o l l a c k ,  1979). D e  W i l d e  & B e r g h u i s  (1979b), how ever, 
a re  o f the op in ion  th a t food supply  is the m ain  lim iting  fac to r for 
g row th  rates o f in fau n a l species living on the tida l flats o f the W adden  
Sea, because su p p lem en tary  feeding o f lugw orm s in  the  lab o ra to ry  
g rea tly  acce lera ted  g row th  rates.

Lugw orm s a p p e a r  to  be alm ost sta tionary  d u rin g  sum m er and 
a u tu m n  and  m ove frequen tly  d u rin g  w in ter a n d  early  sp ring  ( C h a p ­
m a n  &  N e w e l l ,  1949). In  accordance w ith  observations a t Sylt by 
W e r n e r  (1956) and  in  an  estuarine  area  in  the southw est N etherlands 
by  W o l f f  (1973), we observed lugw orm s sw im m ing in  th e  w ate r of 
tid a l channels only in  w in te r  (Fig. 6). W e r n e r  (1956) coun ted  and 
m easured lugw orm s w ashed ashore, and  found h igh  percen tages of 
adu lts. O u r  pelag ic catches in  a  tida l channel con tained  m ain ly  sm all 
(ab o u t 1 y ear old) w orm s. Possibly, size d istribu tion  o f lugw orm s

p o p u l a t i o n  a r e n i c o l a  w a d d e n  s e a 349

16.0

F ig . 11. M e a n  n u m e r ic a l  d e n s it ie s  (63  b o x e d  f ig u re s  a lo n g  tra n s e c ts  a n d  a t  s ta t io n s)  
o f  lu g w o rm s  (b ig  a n d  s m a ll)  o n  B a lg z a n d , th e  iso p le th s  in d ic a t in g  e q u a l  n u m b e rs  
p e r  m 2 (d r a w n  b y  ey e) a n d  m e a n  b io m a ss  v a lu e s  (15 fig u res  p la c e d  b e s id e  th e  

b o x e s) . M e a n s  o f  9  a n n u a l  s a m p lin g s  d u r in g  la te  w in te r .

w ashed ashore is n o t rep resen tative o f those m igrating  successfully. 
Because on  B algzand (and  in  o ther parts  o f  the D u tch  W a d d en  Sea) 
big lugw orm s o u tn u m b e r sm all ones, d isplacem ent w ill be rela tively  
m o re  frequen t in  sm all ones th a n  in  adults. This is confirm ed by  the 
change in  d istribu tion  p a tte rn  resu lting  from  the  w in te r dispersal 
w h ich  concerns especially young  lugw orm s. In  accordance w ith  our 
observations (Fig. 5), W e r n e r  (1956), W o l f f  & d e  W o l f  (1977) and 
P o l l a c k  (1979) also observed a  significant decline in  th e  density  of 
y oung  lugw orm s d u rin g  w in ter on h igh coastal tidal flats an d  a t the 
sam e tim e an  increase o f densities of young  lugw orm s a t low er and  m ore 
off-shore stations. S m i d t  (1944, 1951) afte r severe w inters found in ­
creased densities o f lugw orm s in  off-shore areas an d  low ered densities 
in  coastal areas. U nfo rtunate ly , he gives no separate  d a ta  for big and
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sm all lugw orm s, b u t i t  is te m p tin g  to explain  his results by sim ilar 
off-shore m igration .

In  general the mass d ispersal o f juven iles in  w in te r w ill be in  an  off­
shore d irection . In  ad d itio n  an d  also du ring  w in ter, th e re  m ay be some 
dispersal o f adults th a t  is less well d irected  ( W e r n e r ,  1956). W inter 
dispersal w ill be stim u la ted  by low tem pera tu res ( W e r n e r ,  1956). 
D u rin g  a  period  w ith  m ild  w inters, rec ru itm en t by d ispersal to  areas 
fa r off shore was in a d eq u a te  to m a in ta in  those popu la tions a t their 
orig inal level ( B e u k e m a ,  d e  B r u i n  & J a n s e n ,  1978).

A lthough  densities o f ju v en ile  lugw orm s m ay be locally  high a t the 
typical nursery  w adden , for the w hole W a d d en  Sea to ta l num bers o f 
young  lugw orm s a p p e a r  to  be low relative to th e  num bers of adults. 
D u rin g  the 1971-1972 survey o f the w hole D u tch  W ad d en  Sea, the 
share  o f sm all lugw orm s was 26%  an d  d u rin g  1977 only 7%  in the 
w estern  h a lf  o f the area . T hese percen tages are w ith in  the  range ob­
served in  the 10 years s tudy  on B algzand (Fig. 9a), g iv ing an  average 
rec ru itm en t o f 20% . S m i d t  (1951), from  m an y  years o f observation  in  
th e  D anish  W ad d en  Sea, also found adu lts  to  be m ore num erous than  
juveniles. His conclusion th a t  th e  a n n u a l d ea th  ra te  m ust be low, is in 
ag reem ent w ith  o u r observations, ind ica ting  a  m ean  an n u a l ra te  o f 
m o rta lity  o f ab o u t 22% . T h is w ould m ean  th a t lugw orm s becom e old, 
som e 5 or 6 years a t  th e  least. In  aq u a ria , T h a m d r u p  (1935) observed 
a  life-span o f a t least 6 years. By con trast C a z a u x  (1967) in ferred  from 
w eight frequency  d istribu tions th a t only 3 y ea r  classes w ere presen t 
n ea r  A rcachon , the  o ldest anim als dying after spaw ning . H is figures, 
how ever, are n o t convincing, as the  m em bers o f the  oldest yearclasses 
could no t be sep ara ted  p roperly , an d  m ore th a n  one yearclass m ay have 
been p resen t w ith in  one b road  peak  o f his frequency  d iag ram s. Also, 
the  d isappearance o f the  heaviest lugw orm s d u rin g  the spaw ning 
season m ay have been caused by w eigh t losses [cf. F ig. 7b), m oving 
them  back in to  the  p reced ing  peak o f the  frequency  d istribu tion . W e 
never observed mass m o rta lity  o f lugw orm s d u rin g  o r afte r spaw ning 
in  the  W adden  Sea, n o r could  w e find convincing evidence for such 
m orta lity  in  the lite ra tu re . T h e  sudden  d isappearance  o f ab o u t 40%  of 
th e  lugw orm s, observed by N e w e l l  (1948) d u rin g  the  spaw ning  season 
a t W hitstab le  Flats, E ng land , m ay have been an 'e ffec t o f his m ethod  of 
coun ting  the faeces m ounds, and  caused by  the  tem p o rary  inactiv ity  of 
th e  fem ales after spaw ning  ( F a r k e  &  B e r g h u i s ,  1979). In  fact, 
N e w e l l  (1948) found only few dead  lugw orm s d u rin g  th a t  period.

D uring  the last 10 years, the  popu la tion  o f over one y ear old lug­
w orm s on B algzand fluc tua ted  w ith in  the  rela tively  n a rro w  range of 
14 to  22 ind iv iduals p e r  m 2 (Fig. 9). O n ly  in  the far off-shore areas a 
consistent decline was observed, caused by in a d eq u a te  dispersal o f
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juveniles, p ro b ab ly  as a  consequence o f relatively  h igh tem peratures 
d u rin g  alm ost all o f the  w inters in  the period  of observation  ( B e u k e ­
m a,  d e  B r u i n  &  J a n s e n ,  1978). A p a r t from  this local decline, the 
popu la tion  as a  w hole has been rem ark ab ly  stable.

Tw o factors will have co n trib u ted  to  this stab ility . T h e  low ra te  of 
m orta lity  (22%  p er year) m eans a  rela tively  long life-span and  hence a 
p o p u la tio n  consisting o f m any  yearclasses. T herefore, the  effect of 
fluctuations in  rec ru itm en t on to ta l density  will be restric ted . M oreovei, 
the  observed inverse re la tionsh ip  betw een  ad u lt density  an d  subsequent 
rec ru itm en t (Fig. 9b), im ply ing  an  increased chance for a  strong new  
yearclass w hen ad u lt density  is low, w ill also tend  to stabilize the 
popu la tion .

M illions o f lugw orm s are  dug  an n u a lly  to be used as b a it for the 
spo rt fishery. T h e  estim ated  to ta l an n u a l yield from  th e  tid a l flats in  the 
w estern  p a r t o f the W a d d en  Sea is ab o u t 3- IO7 ( D i j k s t e r h u i s ,  1977). 
As m ore th a n  h a lf  o f this activ ity  is usually  concen tra ted  on Balgzand, 
ab o u t 2- IO7 ad u lt lugw orm s w ill be rem oved annually  from  this area. 
M ost o f them  are  dug  by a  few digging m achines, w orking in  the re ­
stric ted  a re a  w ith  h ighest lugw orm  densities, generally  exceeding 40 or 
50 w orm s p e r  m 2 (Fig. 11). T h e  to ta l popu la tion  present on the tidal 
flats of B algzand (an a re a  o f ab o u t 5 • IO7 m 2) can  be estim ated a t 50 to 
100- IO7 ad u lt lugw orm s. H ence, an n u a l elim ination  by  digging was 
only ab o u t 3%  o f the ad u lt stock, an d  only ab o u t one seventh o f to tal 
m orta lity . T h e  lugw orm  po p u la tio n  appears to  be ab le to  ca rry  this 
ad d itio n a l m orta lity , as it  was n early  stab le  d u ring  the  last 10 years, to 
w h ich  the  com pensatory  rec ru itm en t m echanism  m igh t have co n tri­
bu ted . T herefore, as far as th e  lugw orm s are concerned, no serious 
h a rm  seems to  be inflicted  by  the  p resen t in tensity  o f harvesting . M ost 
ind iv iduals o f som e o th er ben th ic  species m ay be killed a t  th e  digging 
sites, as observed in  the  w orm  Heteromastus filiformis by C a d é e  (1977). 
S uch  effects w ill be lim ited , how ever, as th e  to ta l area  p loughed up 
an n u a lly  covers less than  2%  o f the tid a l flats.

V . S U M M A R Y

Lugw orm s, Arenicola marina (L .), w ere found alm ost everyw here on the 
tid a l flats o f the  D utch W ad d en  Sea. M ean  biomass am oun ted  to abou t 
5 g -m -2 ash-free d ry  w eight, m ean  num erical density  to  17 p er m 2 
w ith  only ab o u t one q u a r te r  of the anim als being juveniles (about 
1J  year old).

N um bers o f adults and  to ta l lugw orm  biom ass show ed a  m axim um  
in  a  zone a t 1 to  4 km from  the  coasts, ab o u t halfw ay betw een high- and 
low -w ater m ark  and  a t in te rm ed ia te  silt con ten t o f th e  sedim ent.
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N u m erica l densities as well as biom ass values show ed a  bell-shaped 
re la tionsh ip  to bo th  silt percen tages an d  heights in  the tida l zone. 
N u m b ers  o f adults w ere h igh a t low er tid a l levels an d  a t  a  w ider range 
o f silt percen tages th a n  juveniles. In d iv id u a l w eights o f adults in ­
creased in  an  off-shore d irection , and  w ere h ighest a t low in te rtid a l 
levels an d  in sandy sedim ents, w here food ava ilab ility  was below 
average.

D u rin g  th e ir  first p e rio d  of burrow ed life (A pril o r M ay to w in ter) 
lugw orm s w ere m ost num erous on h igh  g rounds n ea r  the coast. T hey  
d ispersed d u rin g  w in ter a t  an  age o f 1 to  H  y ear (a t a  m ean  w eight o f 
a b o u t 40 m g A D W ), tran sp o rte d  by  tid a l curren ts.

D u rin g  a  10 y ea r  study  on B algzand, a  50 k m 2 tid a l flat a re a  in the 
w esternm ost p a r t  o f th e  W ad d en  Sea, lugw orm  num bers w ere found 
to  decline a t a  m ean  a n n u a l ra te  o f 22% . A nnual rec ru itm en t of 1 to  14 
y ea r  old juven iles to  the ad u lt stock was irreg u la r b u t on average (20% ) 
alm ost equal to an n u a l m o rta lity . A fter an  in itia l decline d u rin g  some 
years o f low  rec ru itm en t, to ta l p o p u la tio n  o f adu lts  was found to be 
stab le . P opu la tion  stab ility  will have been enhanced  by a long life­
sp an  an d  an  inverse re la tio n sh ip  betw een ad u lt density  an d  ra te  o f 
rec ru itm en t.

F rom  d a ta  on an n u a l e lim ination  by m o rta lity  plus p red a tio n  on 
reg en era tin g  ta il ends, a  P/B  ra tio  of alm ost 0.7 could be estim ated  for 
som atic  p roduction  by  a  stab le lugw orm  p o p u la tio n ; to  include 
gam etic  p roduction  this figure w ill have to  be raised to ab o u t 1.0.
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