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ABSTRACT: The effect of hydrodynamicaUy-mobilized sediment  on abundance  and vertical dis- 
tribution of macrobenthic  fauna was studied in K6nigshafen, a sheltered tidal bay at the  nor thern  
end of the Island of Sylt (North Sea). Sediment  drift t ended  to increase from high towards low tide 
level, while abundance  of nearly aU species decreased (with the polychaete Spio filicornis as a 
notable exception). To test whether  this decrease could be attr ibuted to water  currents affecting 
sediment  stability, experimental  flumes with funnels at bo th  ends were set up to enhance  sediment  
mobility by increasing tidal current velocities. Abundance  and vertical distribution of fauna inside 
and  outside the flumes were compared. Responses of individual species depended  on their  vertical 
position in the sediment,  and resembled those observed along the gradient  of sediment  drift 
be tween  high and  low tide levels. Mainly juveniles of Pygospio elegans, Scoloplos armiger, 
Hydrobia ulvae and Macoma balthica, and the small polychaete Microphthalmus sczelkowii were 
washed  out of the sediment.  No effect of increased erosion inside the flume was found on the 
numbers  of Capitella capitata and the oligochaetes Tubificoides benedii and 7". pseudogaster. These 
oligochaetes probably migrated downwards with increasing erosion in the flumes. Numbers  
decreased in the upper  cm and  tended to increase below. A storm had a similar effect on oligochaete 
vertical distribution, while under  conditions of permanent ly  high sediment  mobility near  low tide 
level, these species were rare or absent.  It is conc luded  that  even under  sheltered conditions, 
differential degrees  of sediment  mobility may have effects on the zonation of the tidal flat mac- 
rofauna. 

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

H y d r o d y n a m i c  forces  m o b i l i z e  s e d i m e n t  in  s h a l l o w  m a r i n e  h a b i t a t s .  In  t h e  W a d d e n  

Sea ,  t he  d y n a m i c s  of s e d i m e n t s  h a v e  b e e n  d e s c r i b e d  b y  P o s t m a  (1982) a n d  E h l e r s  (1988). 

S e d i m e n t  m o v e m e n t  is of c e n t r a l  i n t e r e s t  w h e n  i n v e s t i g a t i n g  fac to r s  c o n t r o l l i n g  b e n t h i c  

c o m m u n i t i e s .  In w a v e -  a n d  c u r r e n t - e x p o s e d  a reas ,  h i g h  s e d i m e n t  d y n a m i c s  a re  r e g a r d e d  

as  b e i n g  r e s p o n s i b l e  for l a r g e - s c a l e  d i s t r i b u t i o n  p a t t e r n s  of m a c r o f a u n a  (D6rjes ,  1976; 

C roke r ,  1977; O h v e r  e t  al., 1980; Dex te r ,  1984). S e d i m e n t  shi f t  d u r i n g  s t o r m s  or  h u r r i c a -  

n e s  h a s  b e e n  r e p o r t e d  to c a u s e  d i m i n i s h e d  s p e c i e s  a n d  i n d i v i d u a l  d e n s i t i e s  (Anse l l  e t  all, 

1972; Rachor  & G e r l a c h ,  1978; Yeo & Risk, 1979; R h o d e ,  1985). In w a v e - p r o t e c t e d  a reas ,  

o n  t h e  o t h e r  h a n d ,  b i o g e n i c  s e d i m e n t  d i s t u r b a n c e s  h a v e  b e e n  s h o w n  to a f fec t  m a c r o -  

f a u n a l  c o m p o s i t i o n  a n d  d i s t r i b u t i o n  ( R hoads  & Y o u n g ,  I971;  V a n B l a r i c o m ,  1982; G r a n t ,  

1983; Reise,  1985; Brey,  1991). T h e  a i m  of th i s  i n v e s t i g a t i o n  is to t e s t  w h e t h e r  in  s u c h  

b i o g e n i c a l l y  r e w o r k e d  s e d i m e n t s ,  h y d r o d y n a m i c  fo rces  still h a v e  e f fec ts  o n  a b u n d a n c e  

a n d  d i s t r i bu t i on  of t h e  s e d i m e n t  i n f a u n a .  I n v e s t i g a t i o n s  w e r e  c a r r i e d  ou t  in  t h e  b a y  of 

K 6 n i g s h a f e n  in  t h e  n o r t h e r n  W a d d e n  Sea ,  w h e r e  t h e  s e d i m e n t  h a s  b e e n  d e s c r i b e d  as  

s t a b l e  r e l a t ive  to o t h e r  t ida l  f la ts  in  th i s  r e g i o n  (Aus ten ,  1992). D e s p i t e  b e i n g  c h a r a c -  

t e r i z e d  on  t he  w h o l e  as  a s h e l t e r e d  bay ,  a g r a d i e n t  of i n c r e a s i n g  s e d i m e n t  s t ab i l i t y  w a s  
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de tec ted  from the low to high intertidal zone. The macrofaunal  distribution along this 

gradient  was studied, as well  as species responses to expe r imen ta l ly -enhanced  erosion. 

MATERIAL AND METHODS 

S t u d y  s i te  

Sampl ing and field exper iments  took place on M6wenbergwat t ,  a t idal  flat south of a 

sharp bend  of the tidal inlet  of KSnigshafen (Fig. 1). Sediment  on this inter t idal  sandflat  is 

relat ively coarse due to aeolian input  of sand from surrounding dunes.  Grain size 

decreases  with increasing distance from this sand-supplying area (Austen, 1992). Median  
particle d iameter  was 0.34 mm at high, 0.28 mm at mid and 0.22 mm at low tide level. 

Mean  organic content  ranged  be tween  0.36% and 0.51%, and water  content  of the 

sediment  var ied b e t w e e n  18.6 % and 21.6 % throughout  the area. 

M e a s u r e m e n t  of  s e d i m e n t  m o v e m e n t  

Depth  of sediment  disturbance was studied along a transect  from h igh  to low tide 
level  using stained sand tracer (Ingle, 1966; Runte, 1989). Sand stained red  was mixed  

with a solution of di- and polysaccharides to form a mal leable  paste, which  was then  
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Fig. 1. Map of KSnigshafen Bay with transect sites (A, B, C) and sites of flume experiments (A, D). A: 
most stable sediment, flume experiment; B: moderately mobile sediment; C: mobile sediment; D: 
flume experiment only. Area above mean high tide level is shaded; extreme high tide and mean low 

tide levels are indicated 
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shaped into columns 5 or 10 cm long and 1 cm in diameter and  dried at 50~ Once 
inserted vertically into the sediment,  the b ind ing  components  dissolved quickly to leave a 
column of s tained sand in the sediment. Hydrodynamical  forces reaching critical erosion 
velocity mobil ized bedforrn sediment  as well as tracer particles. Dyed sand was re-cored 
after varying time spans (1 to 28 days) and the depth of dis turbance was calculated as the 
difference be tween  initial and final length of the tracer. Of 12 invest igated stations, three 
represent ing a gradient  relating to depth of disturbance were chosen as sample sites 
(Fig. 1). There the migration rate of sediment  was estimated. A corer (surface area 23 cm 2) 
was pushed  to a depth of 2 cm and  removed. Dyed sand was used to fill the hollow. After 
two tides, the distance be tween  the visible trail end  and the centre of the s tained sand 
was measured.  If the stained sand area could not be relocated, it was p resumed to have 
been  entirely dispersed. Tracer sand differed from bedform sediment  in terms of organic 
content  and  porosity, and presumably the stained sand was less cohesive and  therefore 
more mobile than the ambient  sediment.  Furthermore, a visual assessment  as to where  a 
trail tapers off is obviously a subjective judgemen t  rather than  an objective measurement .  
However, the results allowed a qualitative assessment  of local sediment  mobility. 

F a u n a l  d i s t r i b u t i o n  

Six samples of 100 cm 2 surface area and  10 cm depth were collected at each of the 
three stations in  September  and  November  1991. To determine the vertical distribution of 
the fauna, cores were parti t ioned immediately into 5 horizons: 0-1, 1-21 2-3, 3-5, 5-10 cm. 
Macrofauna was extracted from the samples by a shaking-decanta t ion procedure. 
Organisms of the upper  4 fractions were collected on a 0.25-ram mesh while the 5-10 cm 
horizon was sieved through a 0.5-ram screen. The wider mesh was adopted because  
previous studies showed that organisms passing a 0.5-ram mesh but  be ing re ta ined by a 
0.25-ram mesh are not encountered  below 5 cm depth. The unpreserved  organisms were 
subsequent ly  identified to the species level. Densities of the polychaete Arenicola marina 
were estimated by counting fecal casts in a 50 • 50 cm metal  frame, which was randomly 
placed at least eight times at each location in October and November.  

E ros ion  e x p e r i m e n t  

Erosion experiments  were carried out in stable sediment  areas in the upper  intertidal 
(Fig. 1: site A, D). Four flumes with funnel -shaped exits were des igned to increase near-  
bottom tidal currents (Fig. 2). As a result, sediment  mobility within the flumes was 
enhanced.  Each flume was 2.5 m long, 20 cm high, 70 cm wide and consisted of two 
water-proof wooden wails which were inserted 7-10 cm deep into the sediment.  To 
stabilize the wails, stakes were hammered  into the ground to a depth of 50 cm. Stakes 
and walls were screwed together. Funnels  were constructed with plastic foil connected  to 
stakes. They were 20 cm high, each side of the funnel  2.5 to 3 m long and the open ing  2.5 
to 3 m wide. Flumes were orientated to the prevail ing direction of the tidal current. 

Flow speed was determined 5 cm above the sediment  by a Marsh-McBirney Portable 
Water Current  Meter  (Model 201 D). Depend ing  on actual current  speed, the velocity was 
up to twice as high in the flumes than in the surrounding area. Acceleration of currents 
was highest when  the water level was 20 cm or less. This led to erosion of up to 4 cm of 



280 R. ZLihlke & K. Re i se  

Fig. 2. Flume with funnel-shaped exits used to invest igate the effect of increased sediment  drift on 
macrofauna 

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

d e t e r m i n e d  b y  t h r e e  s a n d  t racers ,  r e s p e c t i v e l y  (see  above ) .  R e - c o r i n g  of t h e  s a n d  t r a c e r  

c a u s e d  s e v e r e  d i s t u r b a n c e s  of s e d i m e n t  i n s i d e  t h e  f l ume .  T h e r e f o r e ,  th i s  w a s  d o n e  o n l y  at  

t h e  e n d  of e a c h  e x p e r i m e n t .  In t h e  c a s e  t h a t  m o r e  t h a n  o n e  se t  of s a m p l e s  w a s  t a k e n  f rom 

o n e  f lume,  t h e  a m o u n t  of e r o s i o n  w a s  e s t i m a t e d  f rom s e d i m e n t  h e i g h t  a t  t h e  f l u m e  wal ls .  

T h e  e x p e r i m e n t a l  c o n s t r u c t i o n  w a s  e r e c t e d  t w i c e  a t  e a c h  of t h e  two  si tes .  

A b i o t i c  fac to rs  w e r e  s imi l a r  a t  b o t h  loca l i t i es :  c u r r e n t  ve loc i ty  v a r i e d  b e t w e e n  7 c m  

s -1 a n d  18 cm s -1, m e d i a n  p a r t i c l e  d i a m e t e r  b e t w e e n  0.34 a n d  0.36 m m  ( m o d e r a t e l y  

sor ted) ,  m e a n  o r g a n i c  c o n t e n t  b e t w e e n  0.36 % a n d  0.38 %. 
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F a u n a l  s a m p l e s  in  a n d  o u t s i d e  t he  f l u m e s  w e r e  t a k e n  a t  l ow  t ide  a f te r  n o t a b l e  e ro s ion  

w a s  o b s e r v e d  (Tab le  1). A corer  of 23 c m  2 cross  su r f ace  w a s  p u s h e d  to a s e d i m e n t  d e p t h  

of 10 cm. W i t h i n  t h e  f l u m e  6 to 12 s a m p l e s  w e r e  t a k e n  r a n d o m l y .  C o n t r o l  s a m p l e s  w e r e  

r a n d o m l y  t a k e n  f rom a r e a s  a d j a c e n t  to t h e  f l u m e  at  a d i s t a n c e  of 3 to 10 m. E a c h  core  w a s  

f r a c t i o n e d  a n d  a n a l y s e d  as  d e s c r i b e d  a b o v e .  

C o m p a r i s o n s  w e r e  c o n d u c t e d  b e t w e e n  m a c r o f a u n a l  s a m p l e s  t a k e n  f rom i n s i d e  a n d  

o u t s i d e  t h e  f l u m e s  at  t h e  s a m e  t i m e  a n d  b e t w e e n  s a m p l e s  f rom f l u m e s  w i t h  d i f f e r e n t  

d e g r e e s  of e ros ion .  D i f f e r e n c e s  of n u m b e r s  of s p e c i e s  w e r e  t e s t e d  w i t h  t h e  s t u d e n t - t - t e s t ,  

d i f f e r e n c e s  of n u m b e r s  of i n d i v i d u a l s  w i t h  t h e  W i l c o x o n - M a n n - W h i t n e y - U - t e s t ,  w i t h  

p ~ 0 . 0 5  t a k e n  as  l e v e l  of s ign i f i cance .  T h e  n o r m a l  a p p r o x i m a t i o n  to t h e  U - t e s t  w a s  

a p p l i e d  w h e n  n ~ 2 0  (Zar, 1984). M e a n s  a re  g i v e n  w i t h  s t a n d a r d  d e v i a t i o n s  (SD). 

Table 1. Range of depth  (cm) of erosion inside the flumes and  sediment  disturbance (erosion and 
sedimentation) outside flumes at two sites in M6wenbergwat t .  Erosion and sediment  disturbance 
were determined from stained sand tracer (see text). * Erosion was estimated from sediment  height  

at the flume wails 

Date of Date of Range of Range of Number  of 
erecting measurement  erosion sediment  replicates 

flume inside flume disturbance for faunal 
outside flume analysis 

Site D 
Flume 1 
Flume 2 

Site A 
Flume 1 
Flume 2 

July 18 July 22 3-4 1-2 10 
August 3 August  8 0-1 ~ 0-1 8 

August  9 2-3 1-2 8 

Sept. 28 Oct. 3 3--4 1-2 6 
Oct. 8 Oct. 11 1-2" 0-1 12 

Oct. 16 2-3* 0-1 6 
Oct. 22 3-4 1-2 6 

RESULTS 

S e d i m e n t  m o b i l i t y  

T h r o u g h o u t  t h e  s t u d y  a r e a  t h e  d e p t h  of s e d i m e n t  d i s t u r b a n c e  w a s  ~ 3  c m  a n d  

i n c r e a s e d  f rom h i g h  to l o w  t ide  l e v e l  (Tab le  2). M e a s u r e m e n t s  t a k e n  d u r i n g  t h e  first  

10 d a y s  r e v e a l e d  t h a t  d e p t h  of s e d i m e n t  d i s t u r b a n c e  at  t h e  h i g h  a n d  m i d  i n t e r t i d a l  w a s  

s i g n i f i c a n t l y  less  t h a n  a t  l ow  i n t e r t i d a l  ( A N O V A ;  T u k e y - t e s t ,  ~ -- 0,05). T e s t i n g  t h e  d a t a  

f rom 11 to 28 days  r e s u l t e d  in  a s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e  h i g h  a n d  m i d  i n t e r t i d a l  

level .  Drif t  d i s t a n c e s  of t r a c e r  s e d i m e n t s  o b s e r v e d  at  t h e  t h r e e  loca l i t i es  s u p p o r t e d  t h e  

a b o v e  resul ts .  F r o m  h i g h  to low w a t e r  leve l ,  drif t  d i s t a n c e s  i n c r e a s e d .  At  t h e  l ow  i n t e r t i d a l  

t h e  d y e d  s a n d  w a s  d i s p e r s e d  to s u c h  a d e g r e e  t h a t  e v e n  a f t e r  o n e  t i de  i t  c o u l d  n o t  b e  

r e d i s c o v e r e d  in  t h e  f ie ld  (Tab le  2). 
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Table 2. Maximum (SD; n) depth of sediment disturbance and of horizontal distance of sediment 
dispersion in mm in M6wenbergwatt in September/October 1991. The depth of sediment disturb- 
ance was determined from stained sand columns left in the sediment for varying time intervals. 
Measurements were grouped into 1-10 and 11-28 days. Horizontal sediment dispersion was 
measured from dyed sand patches on the sediment surface left for two tides. See text for details. 

MHW = mean high water 

Tidal zone: High Mid Low 
Depth (m) at MHW: 0.9 1.1 1.7 

Depth after I to 10 d: 2 (3; 22) 4 (4; 11) 13 (7; 4) 
11to28d: 9 (6; 14) 20 (6; 14) 18 (12; 7) 

Distance after 2 tides: 110 (21; 8) 579 (594; 8) entirely 
dispersed (4) 

M a c r o f a u n a l  d i s t r i b u t i o n  

At three sandy sites, a r ranged from high to low tide zone and from low to high 
sediment  mobihty, the macrobenthic  fauna  general ly  dechned in species density and 
abundance  (Table 3). Nearly all species inhabi t ing  the mobile sand at low tide level also 
occurred in the stable sediment  at high tide level. On the other hand, several  species 
found in the stable sediment  were not encounte red  in the mobile sand. Total a bunda nc e  
was an order of magni tude  higher  at the site with low sediment  mobility compared  to the 
site with high sediment  mobility, the one with moderate mobility be ing  about  midway 
inbetween.  Differences be tween  sites were significant at both sampling periods (U-test, 
p < 0.05). 

Of the 10 most abundan t  species the a b u n d a n c e  of two polychaete species, Pygospio 
elegans and  Scoloplos armiger, and two oligochacte species, Tubificoides benedii and  
T. pseudogaster, decreased with increas ing sed iment  mobihty. The small f ree-burrowing 
polychaete Microphthalmus sczelkowii was a b u n d a n t  in stable sediment  bu t  was absent  
at the other two sample sites. Counts of fecal castings showed the lugworm, Arenicola 
marina, to be abundan t  at low sediment  mobili ty (26.5 _ 9.3 m -2) and  inf requent  at 
moderate  (6.9 --- 4.4 m -2) and high mobihty (8.6 __+ 4.8 m-2). No significant difference 
be tween  abundance  in stable and highly mobile  sediment  was found for the polychaete 
Capitella capitata. The only species with a higher  abundance  in mobile sand  were Spio 
filicornis and Streptosylfis websteri. The latter was not among the 10 dominants  but  
22 individuals were found in mobile sed iment  and  only occasional individuals  at the 
other two locations. 

Effects  of e x p e r i m e n t a l  e ros ion  

Enhanced  eromon in exper imental  f lumes at both sites caused species densi ty and 
macrofaunal  abundance  to decrease significantly (Table 4). Overall a b u n d a n c e  was 30 to 
40 % lower in flume sediment  than  in the control sediments outside flumes. 

Testing the samples from each flume agains t  the respective samples from ambien t  
sediment  showed significantly less number s  of individuals inside the f lume on 5 out of 
7 samphng dates {Fig. 3). No significant difference was found on Augus t  8th, when  
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Table 3. Species  and  a b u n d a n c e  of all macrofauna  (>0.25  ram), and of the  10 top dominan t s  at 
3 sites from high  to low tide zone  and from low to h igh  s ed i men t  mobility (see Table i) in S e p t e m b e r  
(S) and  N o v e m b e r  (N) 1991; m e a n  (SD) of n = 6 samples  of 100 cm 2 and  10 cm depth .  * signif icantly 

h ighes t  abundance ,  (*) significantly h igher  than  one  of the  other  a b u n d a n c e s  

Tidal zone: h igh  mid low 
Sed iment  mobility: low modera te  h igh  

Species  1200 cm -2 S, N 27 23 18 
Spec ies  100 cm -~ S 13.2 (2.1) (*~ 12.7 (1.6) (*l 4.3 (2.3) 

N 14.0 (2.0) ( ') 12.0 (1.5) I') 6.2 (1.6) 
All individuals  S 392.0 (43.6)* 94.3 (38.4) (*J 12.5 (7.2) 

N 185.5 (38.9)* 53.7 (19.3) I*) 14.8 (6.7) 

Microphthalmus sczelkowii S 109.7 (40.2)* - - 
Meczn ikow 1865 N 10.7 (0.8)* - - 

Tubificoides pseudogaster S 78.3 (19.8)* 10.8 (6.0) (*) - 
(Dahl 1960) N 50.7 (22.4)* 16.2 (10.6) (*) 0.2 (0.4) 

Tubificoides benedii S 110.0 (19.2)* 5.2 (2.5) (*) 1.5 (2.1) 
(Udekem 1855) N 74.0 (22.6)* 4.5 (1.4) (*) 0.7 (0.8) 
Pygospio elegans < 5  m m  S 12.3 (6.7) (*) 7.3 (4.4) (*} 0.8 (1.6) 
C lapa rede  1863 N 13.7 (7.3)( *1 3.0 (2.4) (.1 0.2 (0.4) 

Pygospio elegans > 5 m m  S 13.3 (7.0)* 1.3 (1.9) - 
N 1.8 (1.3) 0.8 (0.8) 0,5 (0.5) 

Sco]op]os armiger < 10 mm S 12.7 (10.0) (*) 6.5 (5.2) 0.2 (0.4) 
O. F. Mfiller 1776 N - 0,2 (0.4) - 

Scoloplos armiger > 10 m m  S 10.3 (5.4)* 5.7 (2.8) (*) 0.2 (0.4) 
N 7.8 (3.9) (*) 5.8 (2.4) (*) 0.3 (0.5) 

Macoma balthica S 4.2 (2.4) (*) 3,8 (2.6) (*) - 
(Linn~) N 0.7 (0.8) (*) 2.3 (2.7 (*) - 

Paranais litoralis S 19.2 (11,7) (*) 30,8 (20.6) (*) - 
(Mfiller 1784) N 1.7 (1.2) 0.2 (0.4) - 

Cerastoderma edule S 4.0 (1.7) (*) 5.2 (4.8) (*} 0.3 (0:8) 
(Linn~) N 7.2 (1.5) (*) 9.3 (6,3) (*) 0.5 (0.8) 

Capitella capitata S 8.3 (7.8) (*) 0.7 (1.2) 2.3 (2.3) 
(Fabricius 1780) N 10.2 (6.7) (*~ 2.2 (2.1) 5.7 (3.2) 

Spio fih'cornis S 2.5 (2.4) 2.0 (2.0) 5.7 (4.7) 
(O. F. Mfiller 1766) N 0.8 {1.0) 0.2 (0.4) 3.5 (2.4) I*) 

e r o s i o n  i n s i d e  a n d  o u t s i d e  t h e  f l u m e  w a s  t h e  s a m e .  A l s o  n o  s i g n i f i c a n t  d i f f e r e n c e  w a s  

f o u n d  b e t w e e n  s a m p l e s  t a k e n  a f t e r  a s t o r m  (Oct .  2 2 n d )  w h e n  a b u n d a n c e  d e c r e a s e d  

s i g n i f i c a n t l y  in  b o t h  f l u m e  a n d  a m b i e n t  s e d i m e n t ,  i n  c o m p a r i s o n  to  t h e  w e e k  b e f o r e .  

J u v e n i l e s  of  t h e  b i v a l v e  Macoma balthica, t h e  p o l y c h a e t e s  t~gospio elegans a n d  

Scoloplos armiger, t h e  m u d s n a i l  Hydrobia ulvae, a n d  a d u l t s  of  t h e  p o l y c h a e t e  Microph- 
thalmus sczelkowii w e r e  p a r t i c u l a r l y  a f f e c t e d  b y  e r o s i o n .  A p a r t  f r o m  t h e  l a t t e r ,  a l l  o f  

t h e m  p r e d o m i n a n t l y  i n h a b i t e d  t h e  u p p e r  1 c m  s e d i m e n t  l a y e r .  T h e  e n t i r e  p o l y c h a e t e  

a b u n d a n c e  w a s  a b o u t  h a l v e d ,  b u t  n o  s i g n i f i c a n t  e f f e c t  w a s  o b s e r v e d  o n  Capitella 
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Table 4. Species and  abundance  of all macrofauna (:> 0.25 mm), and  of the 10 top dominants  in 
experimental ly-eroded flume sediments and  ambient  sediments  at site D (July 22nd and  August  9th; 
n = 18) and  site A (October 3rd, l l t h ,  16th, 22nd; n = 30). Mean  of samples of 23 cm 2 and  10 cm 
depth. ~) Calculated for August  9th (n = 8) only, since inadequately  separated in July. * Significantly 

higher  abundance  than  in flume sediment  

Site Flume sediment  Ambien t  sed iment  

Species D 7.7 (2.0) 9 .6  (0.9)* 
A 7.9 (1.8) 9.9 {1.4)* 

All individuals D 56.0 (12.8) 89.4 (15.5)* 
A 55.9 (17.8) 77.4 (!7.3) * 

Macoma balthica < 5  mm D 0.3 (0.6) 3.2 (2.7)* 

Hydrobia ulvae D 1.2 (2.2) 7.2 (4.6)* 

Pygospio elegans < 5 mm D 1.9 (2.6) 6.2 (6.4) * 
A 1.7 (1.8) 5.7 (3.8)* 

Pygospio elegans > 5 mm D 0.4 (0.9) 0.9 (1.2) 
A 1.2 (1.1) 2.5 (2.1)* 

Scoloplos arrniger < 10 mm D 4.6 (3.7) 8.7 (5.4)* 

Scoloplos armiger > I0 mm D 2.1 (1.9) 4.5 (3.3)* 
A 1.4 (1.4) 2.8 (1.5) 

Microphthalmus sczelkowii A 6.1 (5.4) 12.1 (8.3)* 

Nereis diversicolor D 3.5 (2,1) 5.1 (3.3) 

Capitella capitata D 2.7 (2.2) 4.1 (2.6) 
A 3.6 (3.3) 3.1 (2.2) 

Paranais litoralis D 2.7 (5.1) ~) 4.3 (7.3) tl 
A 2.0 (2.3) 3.1 (2.1) 

Tubificoidespseudogaster D 17.1 (9.2) I1 23.1 (9.3) II 
A 14.5 (6.1) 17.4 (7.0) 

Tubificoides benedii D 18.5 '(8.1) 20.2 (8.1) 
A 22.6 (8.4) 25.2 (9.0) 

capitata. In o h g o c h a e t e s ,  n o  s i g n i f i c a n t  e f fec t  o n  t h e  to ta l  n u m b e r  of Tubff icoides benedi i  
a n d  Tubificoides pseudogas ter  w a s  n o t e d .  It c a n  b e  a s s u m e d  t h a t  d o w n w a r d  m i g r a t i o n  

o c c u r r e d  in  r e s p o n s e  to s e d i m e n t  e ros ion .  In t h e  u p p e r  0 -1  c m  h o r i z o n  t h e  o l i g o c h a e t e  

a b u n d a n c e  w a s  s i g n i f i c a n t l y  r e d u c e d  i n s i d e  t h e  f l u m e  s e d i m e n t  (Fig. 4). In  d e e p e r  

h o r i z o n s  t h e i r  a b u n d a n c e  d i d  no t  c h a n g e  s ign i f i can t ly ,  e v e n  a f t e r  e ro s ion  of u p  to 4 cm of 

t h e  su r f ace  s e d i m e n t .  T e s t i n g  t h e  d a t a  of t h e  f l u m e s  w i t h  1 -2  c m a n d  2 - 3  c m  e r o s i o n  

a g a i n s t  t h o s e  w i t h  3 - 4  c m  e r o s i o n  s h o w e d  t h a t  in  two  of four  ca se s  s i g n i f i c a n t l y  h i g h e r  

n u m b e r s  of Tubificoides i n h a b i t e d  t h e  h o r i z o n s  b e l o w  1 c m  d e p t h  in  t h e  s t r o n g e r  e r o d e d  

f l u m e  s e d i m e n t s ,  a l t h o u g h  t h e r e  w a s  n o  d i f f e r e n c e  b e t w e e n  t he  f l u m e s  r e g a r d i n g  t h e  

to ta l  n u m b e r  of Tub i f i co ides .  A s t o r m  e v e n t  o n  O c t o b e r  2 0 t h  h a d  a n  e f f e c t  s imi l a r  to 

e x p e r i m e n t a l  e ros ion .  A b u n d a n c e  w a s  p a r t i c u l a r l y  low a t  t h e  su r f ace  b u t  r e m a i n e d  t h e  

s a m e  b e l o w  I c m  d e p t h  (Fig. 4: c o m p a r e  a m b i e n t  s e d i m e n t  o n  O c t o b e r  11 th  a n d  22nd) .  
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Fig. 3. Abundance (individuals - 23 cm -2) inside flumes and in ambient sediment at 2 sites and 
different dates. Depth of erosion (cm) was measured with stained sediment and with reference to 

flume walls (see Table 1). * significant difference in individual abundance 

DISCUSSION 

S e d i m e n t  m o b i l i t y  

The invest igated M6wenbergwat t  may be regarded as a low-energy sand flat. 
Ripples occurred only during stormy periods. The surface topography was dominated by 
fecal mounds  and feeding funnels  of lugworm burrows. This biogenic activity of 
Arenicola marina frequently obliterated attempts to measure  hydrogenic sediment  mobil- 
ity with stained columns of tracer sediment.  While lugworms cause considerable vertical 
sediment  mobility (Cad6e, 1976), hydrodynamic forces predominant ly  cause horizontal 
mobility. On a h igh-energy sand flat with ebb-domina ted  ripples, the depth of tidal 
disturbance in the sediment  was 0-3 cm, and  not significantly different be tween  high and 
low intertidal areas (Grant, 1981). On the low-energy sand flat invest igated here, this 
depth varied in the same range but  t ended  to increase from high to low tide level. On the 
other hand,  estimates of horizontal sediment  drift suggested a rather strong increase 
along this gradient. Drift is slow in the upper  and  fast in the lower intertidal. It is this facet 
of hydrogenic sediment  mobility which appears to differentiate high- and low-energy 
flats as well as high and low intertidal zones most clearly. Concurrent  differences in 
faunal distribution may therefore be inf luenced more by the horizontal than the vertical 
component  of sediment  mobility. 
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Fig. 4. Vertica 1 distribution of Tubificoides benedii  in experimentally-eroded flume sediment and 
ambient sediment at site A on October 11th and following a storm on October 22rid 

S e d i m e n t  m o b i l i t y  a n d  m a c r o f a u n a l  d i s t r i b u t i o n  

Similar to organisms  on rocky shores, those dwel l ing  on sed imen ta ry  t idal  flats may  
exhibit  zonal  distr ibution pa t te rns  b e t w e e n  the t ide marks  (Eltr ingham, 1971). These  
pat terns  are  usual ly  complex  because  sed iment  composi t ion often c h a n g e s  wi th  t idal  
elevation.  For example ,  Beukema  (1976) encoun te red  most  macro fauna  at  mid t ide level  
where  silt content  was  in te rmedia te ,  and  a dec rease  towards  upshore  m u d  flats and  
towards  downshore  c lean  sand. However l  on be a c he s  with a fairly uniform sand  composi-  
tion, macrofaunal  a b u n d a n c e s  and  spec ies  number  increase  in downshore  direct ion 
(McIntyre & Eleftheriou, 1968; Johnson,  1970). This pa t te rn  may  be  exp l a ined  by  h igher  
physiological  s tresses associa ted  with increas ing  e levat ion  and  aer ia l  exposure .  
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In M6wenbergwat t ,  three sites with similar sediment  composition were selected 
along the tidal gradient. Here, the macrofaunal  distribution pat tern was the reverse: 
abundance  and species number  decreased in downshore direction. Thus, we have to 
assume one or more factors which outweigh the benefits of decreasing physiological 
stress in the lower intertidal. One such factor may be increased sediment  mobility on 
sandy flats in downshore direction, as it is documented  for M6wenbergwat t  in this study. 
Another  factor may be increasing epibenthic  predat ion pressure from high to low tide 
level. This may produce similar effects on macrofauna,  and has been  documented  by 
Reise (1978) for the same area but  other habitat  types (i.e. seagrass bed, mud  flat). 

Qualitative aspects of faunal change on sand flats in M6wenbergwat t  favour the 
hypothesis of sediment  mobility affecting the distribution pattern. While overall annel id  
abundance  decreased significantly from the high to the low elevation site, two polychaete 
species showed the reverse. Spio [ilicornis and  Streptosyllis websteri are competent  
swimmers (own observation). This may help them to cope with sediment  mobility but  is of 
no advantage  when  preyed upon by fish and  shrimp. Also, Capitella capitata was not 
significantly less abundan t  at the low elevation site. This polychaete is known to populate 
disturbed sediments  (Grassle & Grassle, 1974; Gray, 1981) but  is not resistant to epiben-  
thic predat ion (Reise, 1978). Annelids with limited swimming abilities and not known  to 
be opportunistic, such as Pygospio elegans, Scoloplos armiger and Tubificoides spp., 
were significantly less abundan t  at the low elevation site where  sediment  drift was fast, 
compared to the high elevation site with slow sediment  drift. 

Based on these qualitative aspects of macrofaunal  distribution pattern, we propose 
that sediment  mobility may be a key factor to a bunda nc e  and species n u m b e r  on 
sheltered tidal sand flats. Hitherto, this was only suggested for shores with different 
degrees of wave exposure (Ansell et al., 1972; Dbrjes, 1976; Oliver et al., 1980; Dexter, 
1984). 

M a c r o f a u n a  in  e x p e r i m e n t a l l y - e r o d e d  s e d i m e n t  

The flume experiment  was designed to simulate high sediment  mobility on a sand 
fiat with an otherwise relatively stable sediment.  This aim was only partially fulfilled. In 
the lower intertidal, the natural  turnover of sediment  particles was a fast and ongoing 
process with erosion and sedimentat ion be ing  approximately in balance.  In the experi- 
mental  flume, a previously stable sediment  was subjected to a sudden  disturbance where 
erosive processes dominated over sedimentation.  

The effects on the macrobenthic fauna were similar but  not identical be tween  the 
natural  and experimental  sediment  disturbance.  Juveni le  molluscs and small polychaetes 
abundan t  at or close to the sediment  surface were rare at both the mobile sand in the 
lower intertidal and also the eroded sand inside the flumes. Capitella capitata remained 
unaffected by continuous as well as short-term disturbance.  

The overall similarity of the macrofauna at a low intertidal site with pe rmanen t  
sediment  mobility and a high intertidal site with experimental ly- increased erosion 
indicates that differential hydrodynamic forces may  contribute to the macrofaunal  zona- 
tion be tween  the tide marks. A notable difference be tween  natural  and experimental  
disturbance was apparent  in two tubificid oligochaetes. These were rare in mobile sand 
of the lower intertidal but  were resistant to exper imental  erosion. No significant losses 
occurred inside flumes. The oligochaetes accomplished this by downward escape within 
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t h e  s e d i m e n t .  Th i s  w a s  i n f e r r e d  f rom a d o w n w a r d  sh i f t  in  t h e  v e r t i c a l  d i s t r i b u t i o n ,  

r e v e a l e d  b y  s t r a t i f i ed  s a m p l i n g  a t  l ow  t ide  e x p o s u r e .  P r e s u m a b l y  t h e s e  o l i g o c h a e t e s  

res i s t  s h o r t - t e r m  d i s t u r b a n c e s  i n  t h e  s u r f a c e  s e d i m e n t  b y  t e m p o r a r y  r e t r e a t  to  d e e p e r  

s e d i m e n t  l ayers ,  b u t  a r e  u n a b l e  to d w e l l  t h e r e  p e r m a n e n t l y  (see  M e i n e c k e  & W e s t h e i d e ,  

1978). 

C O N C L U S I O N  

W i t h  a c o m p a r a t i v e  a n d  a n  e x p e r i m e n t a l  a p p r o a c h ,  i t  is s h o w n  t h a t  e n h a n c e d  

s e d i m e n t  m o b i l i t y  h a s  p r e d o m i n a n t l y  n e g a t i v e  e f fec t s  o n  t h e  m a c r o b e n t h i c  f a u n a .  H o w -  

eve r ,  t ub i f i c id  o l i g o c h a e t e s  a r e  a b l e  to r e s i s t  s h o r t - t e r m  d i s t u r b a n c e ;  t h e  p o l y c h a e t e  

Capitella capitata w i t h s t a n d s  also p e r m a n e n t  d i s t u r b a n c e s  of t h e  u p p e r  s e d i m e n t  l aye r ,  

a n d  Spio fificornis s e e m s  to b e  spec i f i ca l ly  a d a p t e d  to fas t  s e d i m e n t  drif t .  T h i s  s t u d y  

i n d i c a t e s  t h a t  e v e n  in  a l o w - e n e r g y  s e d i m e n t a r y  e n v i r o n m e n t ,  s e d i m e n t  m o b i l i t y  a f fec t s  

t h e  d i s t r i b u t i o n  of t h e  b e n t h i c  f a u n a .  
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