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ABSTRACT: Sulfide concentrations were measured in the inner and outer K6nigshafen (Sylt, 
Wadden Sea) from November 1990 to December 1991 to assess the fluctuations of sulfide levels in 
natural tidal habitats. Three different areas were compared: (1) muddy sediment, (2) f ine-medium 
sand, and (3) a mussel bed. Other abiotic factors such as Eh, pH, temperature, grain size and organic 
content were measured. After assessment of the macrofaunal distribution, an attempt was made to 
relate the distribution to the sulfide concentrations in the benthic habitat. Sulfide concentrations 
varied between sites throughout the year with considerable differences ranging from below 5 ~M 
(hmit of detection) to about 1 mM (Oct. 1991). The faunal composition (Table 2) at the different sites 
hardly varied; it was always dominated by annelids: The cirratuhd Tharyx manoni was the most 
abundant  species in the upper layers of all sites, where it occurred at low sulfide concentrations 
(< 50 ~tM). Heteromastus filiformis was commonly found in the deeper  sediment layers of the muddy 
site where it was regularly exposed to sulfide levels around 75 ~M and peak concentrations in 
autumn up to 1 mM. Capitella capitata, Tubificoides pseudogaster and Tubilicoides benedii were 
very common in the upper sediment layers where sulfide levels were about 150 ~M in autumn. 
These species also occurred, however, in the deeper  layers with higher sulfide concentrations. These 
results document not only the wide annual range of sulfide concentrations at different depths in a 
tidal flat, they also emphasize that under natural conditions tidal flat annelids are exposed to 
considerable concentrations of hydrogen sulfide. 

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

N e x t  to d i s s o l v e d  oxygen ,  su l f ide  is a k e y  fac tor  for t h e  m a r i n e  b e n t h o s  a n d  its 

d i s t r ibu t ion  (e.g. V i s m a n n ,  1991; G r i e s h a b e r  e t  al., 1994). N e v e r t h e l e s s ,  in s t u d i e s  on  the  

e n d o b e n t h o s ,  su l f ide  c o n c e n t r a t i o n s  are  r a re ly  m e a s u r e d  in  t he  na tu ra l  p o r e w a t e r .  

In this  s tudy,  f ield da t a  on sul f ide  c o n c e n t r a t i o n s  a n d  m a c r o f a u n a l  d i s t r ibu t ion  

( compr i s ing  m a i n l y  anne l ids )  w e r e  co l l ec t ed  ove r  14 m o n t h s  (Nov. 1990-Dec .  1991) to 

con t r i bu t e  a b a s e l i n e  s tudy  to t he  k n o w l e d g e  of a n n u a l  cyc l ing  as wel l  as f l uc tua t ions  in 

t he  t idal  su l f ide  b iome .  The  t h r e e  s tudy  s i tes  in  t he  K 6 n i g s h a f e n  (Sylt, W a d d e n  Sea) 

d i f f e r ed  in s e d i m e n t  compos i t ion .  Bes ide s  t he  su l f ide  m e a s u r e m e n t s ,  o the r  fac tors  w e r e  

r e c o r d e d  such  as  pH,  Eh, t e m p e r a t u r e ,  salinity,  g r a in  s ize a n d  o rgan ic  con ten t .  
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MATERIAL AND METHODS 

S t u d y  a r e a  

Sampling sites (Fig. 1) were  located in the "K6nigshafen" a shel tered inter t idal  sand 

flat in the vicinity of the northern part of the island of Sylt (North Sea). T h e  m e a n  tidal 
range is about  1.7 m; seawater  sahnity varies be tween  26 %0 and 32 %0 S. with a mean  

salinity of 30 %0 S. A more detai led description of the area is given by W o h l e n b e r g  (1937) 

and Reise (1985). 

Three  different sites were  sampled. 
S i t e 1 : Located in the inner K6nigshafen (Westfeuerwatt) close to a t ideway.  Some 

sparse mussel  beds occurred in this rather  muddy  area (the K6nigshafen consists 

general ly  of fine sand). 

S i t  e 2 : Close to the dyke (approximately 10 m away) in the outer  K6nigshafen 

(Oddewatt) where  the sediment  was coarser than in Site 1. A layer of b roken  shells 
appeared  in the sediment  at a depth of approximately  15 cm, and some plant  material  

was mixed with the sediment.  Next  to this site, large mats of green algae h a v e  occurred in 

recent  years during warm and calm periods, a l though not during the sampl ing  period. 
S i t e 3 : At the very edge  of a larger  mussel  bank with Fucus plants, 20 m seawards 

from Site 2. The sed iment  consisted of poorly sorted coarser sands, the u p p e r  layer was 

occasionally covered  with recent ly sed imenta ted  mud and Fucus debris. 

S Y L T  

~W 

Fig. 1. Map of sampling area: "K6nigshafen" on the island of Sylt (North Sea, Northern Germany) 
with the three sampling sites: 1: Westfeuerwatt (muddy-fine sand); 2: Oddewatt (fine-medium 

sand); 3: mussel bed in the Oddewatt (fine-medium sand) 
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S a m p l i n g  p r o c e d u r e  

M a c r o f a u n a  s a m p l e s  w e r e  t a k e n  d u r i n g  l o w - t i d e  pe r iods ,  a l m o s t  m o n t h l y  f rom 

N o v e m b e r  1990 to D e c e m b e r  1991. E n v i r o n m e n t a l  c o n d i t i o n s  a n d  t he  s a m p l i n g  p r o c e -  

d u r e  a l l o w e d  t h r e e  r e p l i c a t e s  to b e  t a k e n  p e r  s i te  d u r i n g  o n e  l ow- t i de  pe r iod .  Sulf ide ,  

t e m p e r a t u r e ,  r e d o x  p o t e n t i a l  (Eh), pH,  g r a i n  s ize  d i s t r i b u t i o n  a n d  the  c o n t e n t  of o r g a n i c  

c a r b o n  w e r e  d e t e r m i n e d  at  e a c h  s a m p l i n g  s i te  a n d  occas ion .  

S u 1 f i d e s a m p 1 e s : Pa ra l l e l  to t h e  f a u n a  s a m p l i n g ,  t he  su l f ide  c o n c e n t r a t i o n s  

w e r e  m e a s u r e d .  P o r e w a t e r  s a m p l e s  for su l f ide  m e a s u r e m e n t s  w e r e  o b t a i n e d  a t  t h r e e  

d i f f e r e n t  d e p t h s :  4 cm, 9 c m  a n d  14 cm. Spec i a l l y  c o n s t r u c t e d  p o r e w a t e r  s u c t i o n  core rs  

( m o d i f i e d  a f t e r  H o w e s  e t  al., 1985) a n d  m e d i c a l  s y r i n g e s  (1 ml) w e r e  u s e d  to ex t r ac t  

0 .2 -1  ml  c l ea r  p o r e w a t e r  for t he  ana ly se s .  T h r e e  r e p l i c a t e s  f rom e a c h  d e p t h  w e r e  t a k e n  

a n d  e v a l u a t e d .  E a c h  s a m p l e  w a s  f ixed  in  p r e p a r e d  g las s  v ia ls  w i t h  2 ml  of 0.12 M zinc  

a c e t a t e  a n d  0.5 ml  1.5 M s o d i u m h y d r o x i d e .  Su l f ide  c o n c e n t r a t i o n  w a s  m e a s u r e d  col- 

o r i m e t r i c a l l y  (a f te r  G i l b o a - G a r b e r ,  1971, m o d i f i e d  as d e s c r i b e d  b y  H o w a r t h  e t  al., 1983). 

S e d i m e n t s a m p 1 e s : S e d i m e n t  s a m p l e s  for a n a l y s e s  of g r a i n  s ize  a n d  o r g a n i c  

c a r b o n  c o n t e n t  w e r e  co l l ec t ed  w i t h  p e r s p e x  c o r e r s / i n t e r n a l  d i a m e t e r  5 cm) to a d e p t h  of 

15 cm. T h e  s a m p l e s  w e r e  s u b d i v i d e d  in to  5 - c m  f r ac t ions  a n d  i m m e d i a t e l y  f r o z e n  af te r  

r e t u r n  to t he  l abo r a t o r y .  G r a i n  size d i s t r i b u t i o n  a n d  t he  c o n t e n t  of o r g a n i c  c a r b o n  w e r e  

a n a l y s e d  a c c o r d i n g  to c o m m o n l y  u s e d  p r o c e d u r e s  ( B u c h a n a n ,  1984; G i e r e  e t  al., 1988). 

In t he  field, p H  a n d  the  r e d o x p o t e n t i a l  (Eh) w e r e  m e a s u r e d  w i t h  i n s e r t i o n  e l ec t rodes .  

V a l u e s  w e r e  o b t a i n e d  f rom 4 cm, 9 cm, a n d  14 cm. S e d i m e n t  a n d  air  t e m p e r a t u r e  w e r e  

m e a s u r e d  w i t h  a t he r m i s t o r .  Sa l in i ty  in  t h e  p o r e  w a t e r  a n d  in  the  su r f ace  w a t e r  w a s  

d e t e r m i n e d  r e f r ac t om e t r i c a l l y .  T h e  p o r e w a t e r  w a s  o b t a i n e d  w i t h  s u c t i o n  co re r s  as 

d e s c r i b e d  for t h e  su l f ide  s a m p l e s .  

M a c r o f a u n a : M a c r o f a u n a  w as  c o l l e c t e d  w i t h  a p e r s p e x  s e d i m e n t  co re r  ( i nne r  

d i a m e t e r  11 cm). T h e  cores  w e r e  s u b d i v i d e d  in to  t h r e e  f rac t ions :  0 -5  cm, 5 - 1 0  cm a n d  

1 0 - 1 5  cm. T h e s e  s u b s a m p l e s  w e r e  h a n d - s i e v e d  in  t h e  l a b o r a t o r y  t h r o u g h  a 500 - ` am-mesh  

s ieve .  I m m e d i a t e l y  a f t e r  s i ev ing ,  t he  s a m p l e  c o n t e n t  w a s  p r e s e r v e d  in b u f f e r e d  f o r m a l i n  

( d i - s o d i u m h y d r o g e n p h o s p h a t e / s o d i u m - d i - h y d r o g e n p h o s p h a t e ,  f ina l  c o n c e n t r a t i o n  of 

f o r m a l i n  a p p r o x i m a t e l y  4 %). 

T h e  f a u n a  w a s  e v a l u a t e d  q u a l i t a t i v e l y  a n d  q u a n t i t a t i v e l y  u n d e r  a d i s s e c t i n g  mic ro -  

scope .  S o r t e d  a n i m a l s  w e r e  s t o r e d  in 70 % e t h a n o l .  

RESULTS 

G r a i n - s i z e  d i s t r i b u t i o n  (Tab le  1): T h e  m e d i a n  d i a m e t e r  (MD) i n d i c a t e d  

t h a t  t h e  s e d i m e n t  of Si te  1 cons i s t s  of f ine  to v e r y  f ine  s and .  T h e  s e d i m e n t  of S i tes  2 a n d  3 

w e r e  c o a r s e r  (f ine to m e d i u m  sand) .  T h e  " I n c l u s i v e  G r a p h i c  Q u a r t i l e  D e v i a t i o n "  (QDI) 

s h o w e d  t h a t  m o s t  of t h e  s e d i m e n t  s a m p l e s  w e r e  m o d e r a t e l y  sor ted .  O n l y  Si te  3 c o n s i s t e d  

m a i n l y  of p o o r l y  s o r t e d  s a n d  f rac t ions .  

S u 1 f i d e c o n c e n t r a t i o n : T h e  r e s u l t s  i n d i c a t e  t h a t  su l f ide  w a s  p r e s e n t  in  the  

s e d i m e n t  t h r o u g h o u t  t h e  y e a r  (Fig. 2) w i t h  a n  i n c r e a s i n g  t r e n d  in  t he  w a r m e r  s eason ,  

m a i n l y  f rom J u l y / A u g u s t  to O c t o b e r  1991 a t  S i tes  1 a n d  3. Si te  2 w a s  p e r m a n e n t l y  

e x p o s e d  to m o d e r a t e  su l f ide  c o n c e n t r a t i o n s  ( b e t w e e n  < 5 a n d  35 ~M) a n d  s h o w e d  no  

p e a k  v a l u e s  in  s u m m e r .  H i g h e s t  v a l u e s  (1147 ,aM) w e r e  m e a s u r e d  in  O c t o b e r  1991 a t  Site 

1 a t  14 cm s e d i m e n t  d e p t h .  
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Table I 
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Grain size composition and sorting coefficient of the three sampling sites. Md ~ mean  
diameter; QDI ~ sorting coefficient 

Site 1 

Sediment-fraction Md (~m) QDI 

0-  5 cm 143 (fine sand) 0.94 fmoderately sorted) 
5-10 cm 123 (very fine - fine sand) 0.96 Imoderately sorted) 

10-15 cm 129 (very fine - fine sand) 0.86 (moderately sorted) 

Site 2 

Sediment-fraction Md I~mJ QDI 

0- 5 cm 239 (fine sand) 
5-10 cm 257 Ifine - medium sandJ 

10-15 cm 329 (fine - medium sand) 

0.86 Imoderately sorted) 
0.89 (moderately sorted) 
0.89 (moderately sorted) 

Site 3 

Sediment-fraction Md (~m) QDI 

0-  5 cm 323 (fine - medium sand) 1.01 (poorly sorted) 
5-10 cm 295 (fine - medium sand) 1.13 (poorly sorted) 

10-15 cm 447 (medium sand) 0.97 (moderately sorted) 

T h e r e  w a s  n o  g e n e r a l  t r e n d  r e I a t i n g  i n c r e a s i n g  su l f ide  c o n c e n t r a t i o n  to i n c r e a s i n g  

s e d i m e n t  d e p t h .  D u r i n g  t h e  w h o l e  s a m p l i n g  pe r iod ,  on ly  Si te  1 s h o w e d  h i g h e r  c o n c e n -  

t r a t i ons  at  14 c m  d e p t h  t h a n  in  s h a l l o w e r  d e p t h s .  

E h ,  t e m p e r a t u r e  a n d  s a l i n i t y :  R e d o x  d e p t h  prof i les  r e v e a l e d  n o  g e n e r a l  

p a t t e r n .  T h e  E h  v a l u e s  v a r i e d  f rom + 4 8 0  to - 1 0 0  mV,  b u t  in  g e n e r a l ,  t h e s e  v a l u e s  w e r e  

c l ea r ly  w i t h i n  a pos i t i ve  r a n g e  a n d  t h e r e  w e r e  no  g e n e r a l  p a t t e r n s  r e g a r d i n g  d e c r e a s i n g  

v a l u e s  w i t h  t h e  d e p t h .  

T h e  l o w e s t  s e d i m e n t  t e m p e r a t u r e s  ( - 0 . 8 ~  w e r e  m e a s u r e d  in  D e c e m b e r  1991 a t  

Si te  2 at  a d e p t h  of 9 cm. T h e y  i n c r e a s e d  d u r i n g  t h e  s u m m e r  to max.  22.6 ~ in  Ju ly ,  a lso 

at  Si te  2 in  4 c m  d e p t h .  

At  Si te  1 a n d  Site 2 n o  e x t r e m e  c h a n g e s  in  p o r e w a t e r  sa l in i ty  w e r e  r e c o r d e d  

(34 -36  %o). H o w e v e r ,  Si te  3 s h o w e d  a h i g h e r  v a r i a b i l i t y  i n  p o r e w a t e r  sa l in i ty ,  i.e. 30 o/~ 

( Ju ly /Oct . )  a n d  37 %0 in  S e p t e m b e r .  

M a c r o f a u n a : T h e  c o m p l e t e  s p e c i e s  list f o u n d  a t  t h e  s a m p l i n g  s t a t i o n s  is g i v e n  in  

T a b l e  2. 

T h e  s p e c i e s  a s s e m b l a g e  a t  t h e  t h r e e  s i tes  ( T a b l e  3) c o n s i s t e d  of fa i r ly  s imi la r  

e l e m e n t s ;  t h e  m u s s e l  b e d  (Site 3), h o w e v e r ,  d i f f e r ed  in  t h a t  i t  h a d  a r e d u c e d  n u m b e r  of 

s p e c i e s  a n d  a b u n d a n c e  r a n g i n g  f rom 78 i n d . / 1 0 0  c m  2 in  N o v e m b e r  1991 to max .  472  i n d . /  

100 c m  2 in  M a r c h  1991. V a l u e s  w e r e  c o m m o n l y  b e t w e e n  200 a n d  n e a r l y  400  i n d i v i d u a l s  
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Table 2. List of macrofauna species found at the three sampling sites in K6nigshafen, North Sea 

NEMERTINI 
Lineus viridis 
Amphiporus lactiflorens 

BIVALVIA 
Mytilidae 

Mytilus edulis 
Cardiidae 

Cerastoderma edule 
Tellinidae 

Macoma baithica 
Myidae 

Mya arenaria 

OLIGOCHAETA 
Tubificidae 

Tubificoides benedii 
Tubificoides pseudogaster 

POLYCHAETA 
Arenicolidae 

Arenicola marina 
Ampharetidae 

Ampharete finmarchica 
Capitellidae 

Capitella capitata 
Heteromastus filiformis 

Cirratulidae 
Tharyx marioni 

Hesionidae 
Microph thalm us spp. 

Nephtydidae 
Nephtys hombergi 

Nereidae 
Hediste diversicolor 

Orbiniidae 
Scoloplos armiger 

Paranoidae 
Aricidea minuta 

Phyllodocidae 
Anaitides maculata 
Eteone longa 

Spionidae 
Malacoceros tetracercus 
Pygospio elegans 
Polydora ligni 
Polydora quadrilobata 
Spio filicornis 
Streblospio benedicti 

Syllidae 
Exogone naidina 

Terebellidae 
Lanice conchilega 

CRUSTACEA 
Amphipoda 

Corophium volutator 

pe r  100 cm 2. T h e  two o ther  si tes r e s e m b l e d  one  ano the r  more  closely in t e rms  of n u m b e r  
of spec ies  and  a b u n d a n c e .  

The  f auna  at the  two first sites was  qu i te  similar.  A t S i t e 1 (Figs 3a-c) ,  the  overa l l  

a b u n d a n c e  i n c r e a s e d  f rom 188 (May 1991) to 717 (Nov. 1990) ind iv idua l s  p e r  100 cm 2 
ove r  the  total  d e p t h  r a n g e  of 15 cm, and  the  a v e r a g e  r a n g e  was  400 to 600 ind . /100  cm 2. 

In the  coo le r  season,  the  smal l  c i rratul id  p o l y c h a e t e  Tharyx marioni w a s  the  mos t  

a b u n d a n t  spec ies  in the  u p p e r  s e d i m e n t  layers ,  r e a c h i n g  a p e a k  a b u n d a n c e  in N o v e m b e r  
(up to 550 ind . /100  cm 2 in 0 -5  cm d e p t h  a n d  247 ind. still in 5 -10  cm depth) .  O t h e r  

anne l ids  d o m i n a t i n g  in the  w i n t e r  pe r iod  w e r e  t he  o l i g o c h a e t e s  Tubificoides benedii  and  

T. pseudoffaster. T h e y  r e a c h e d  m a x i m a  in J a n u a r y  and  M a r c h  (T. benedii: 122 ind . /  
100 cm 2 and  T. pseudogaster: 133 ind . /100  cm 2, Jan. ,  1991, 0 -5  cm depth) .  D u r i n g  

s u m m e r  and  au tumn ,  the i r  a b u n d a n c e  dec r ea sed .  As for the i r  dep th  dis t r ibut ion,  t he re  
are  some  ind ica t ions  that  u n d e r  low sulf idic condi t ions  T. pseudogaster  m i g h t  inhab i t  

s o m e w h a t  d e e p e r  layers  t h a n  T. benedii. D u r i n g  the  w a r m e r  season,  the  n e r e i d  Hediste 
diversicolor d o m i n a t e d ,  a t t a in ing  m a x i m a  f rom J u n e  to J u l y  1991 (1191 ind . /100  cm 2, 

0 -5  cm depth) .  Also the  capi teUid Heteromastus filiformis was  a charac te r i s t i c  spec ies  of 

Site 1; it o c c u p i e d  r egu la r ly  the  d e e p e r  s e d i m e n t  layers ,  at 7 to 24 ind . /100  cm 2 ( June  to 

Ju ly  1991), bu t  w a s  sca rce  or absen t  f rom o the r  sites. Anaitides maculata a n d  Eteone 
longa w e r e  r a re r  spec ies  in the  s amples  f rom Site I (1 to 7 ind . /100 cm2). 
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Table 3. Semi-quantitative distribution of annehd  species at the sampled localities 
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Species Muddy sediment  Coarse sand Mussel bed  
(Site 1) (Site 2) (Site 3) 

Tharyx marconi x-aa x-aa x-pa 
I-Ieteromastus filiformis x-a sp - 
Capitella capitata x x-pa x-pa 
Scoloplos armiger sp x-pa x-pa 
Anait ides maculata x x x 
Eteone longa x x - 
Arenicola manna sp sp - 
Aricidea minuta sp sp - 
Microphthalmus spp. x sp x-pa 
Hediste diversicolor x-pa x-pa x-pa 
Exogone naidina x x - 
Amphare te  finmarchica sp sp sp 
Pygospio elegans x-pa x-pa x-pa 
Spio filicornis sp sp - 
Streblospio benedicti  x-pa x-pa sp 
Malacoceros tetracercus sp x-pa x-pa 
Polydora spp. r r r 
Tubificoides benedii  x-a x-a x-a 
Tubificoides pseudogaster  x-a x-a x-a 

x = present;  a = abundant ;  aa = highly abundant ;  pa -I- periodically abundant ;  paa  = 
periodically highly abundant ;  r = regularly in low abundance;  sp -- of sparse occurrence. 

A t S i t e 2 (Figs 4 a - b ) ,  t he  ove r a l l  p e a k  of a b u n d a n c e  w a s  a t t a i n e d  in M a r c h  1991 

w i t h  1020 i n d . / 1 0 0  cm 2 (from t he  s u r f a c e  to 15 cm dep th ) .  T h e  l o w e s t  n u m b e r  of i n d i v i d u -  

als o c c u r r e d  in  Apr i l  1991 (95 i n d i v i d u a l s ) ;  h o w e v e r ,  v a r i a t i o n  b e t w e e n  r e p l i c a t e s  w a s  

c o n s i d e r a b l e ,  i n d i c a t i n g  t he  e x t r e m e  p a t c h i n e s s  of t he  b e n t h o s  in  t h e  a rea .  A g a i n ,  

p o l y c h a e t e s  a n d  o l i g o c h a e t e s  w e r e  t h e  d o m i n a n t  taxa .  

T h e  d o m i n a n t  s pec i e s  at  Si te  2 w e r e  Th. m a r / o n i  a n d  t h e  two o l i g o c h a e t e  spec i e s ,  

T u b i f i c o i d e s  b e n e d i i  a n d  T. p s e u d o g a s t e r ,  w i t h  h i g h e s t  a b u n d a n c e s  in  J a n u a r y  a n d  

M a r c h  (e.g. Th. m a r i o n i  351 i n d . / 1 0 0  c m  2, 0 - 5  cm, in  J a n u a r y ;  T. b e n e d i i  w i t h  551 i n d . /  

cm 2, a n d  T. p s e u d o g a s t e r  w i t h  95 i n d . / 1 0 0  c m  2, 0 - 5  cm, in  March ) .  T. b e n e d i i  r e a c h e d  

c o n s i d e r a b l e  p o p u l a t i o n  s izes  a lso in  t h e  s u m m e r  m o n t h s  ( June ,  S t a t i on  2 . 3 : 3 2 2  ind.  a n d  

July ,  S t a t i o n  2 . 2 : 3 0 8  i nd . / 100  c m  2, b o t h  in  0 - 5  cm). In  t h e  u p p e r  layers ,  T. b e n e d i i  a l w a y s  

h a d  h i g h e r  n u m b e r s  of i n d i v i d u a l s  t h a n  T. p s e u d o g a s t e r w h i c h ,  as in  Si te  1, i n h a b i t e d  t he  

d e e p e r  a r e a s  in  h i g h e r  a b u n d a n c e s .  In J u n e ,  t he  p o p u l a t i o n s  of Capi te l la  capi ta ta ,  

S c o l o p l o s  a r m i g e r  a n d  P y g o s p i o  e l e g a n s  i n c r e a s e d .  C. cap i te l la  m a i n t a i n e d  a r i ch  s tock  

un t i l  D e c e m b e r ,  b u t  w i t h  a r a t h e r  p a t c h y  d i s t r i bu t i on .  

S i t e 3 (Figs 5a -c )  w a s  i n v e s t i g a t e d  f r o m  M a r c h  to D e c e m b e r  91. At  th i s  site, t he  

o l i g o c h a e t e s  T u b i f i c o i d e s  b e n e d i i  a n d  T. p s e u d o g a s t e r  w e r e  t h e  m o s t  a b u n d a n t  spec ies ,  

w i t h  a c l ea r  p r e v a l e n c e  for t he  coo le r  s e a s o n ,  a l t h o u g h  t h e  to ta l  n u m b e r  of b e n t h i c  

m a c r o f a u n a  d e c l i n e d  in  t he  a u t u m n  a n d  w in t e r .  D u r i n g  th i s  t ime,  t h e  o l i g o c h a e t e s  

p o p u l a t e d  t h e  d e e p e r  s e d i m e n t  l ayers ,  w h e r e a s  d u r i n g  t h e  s u m m e r  t h e s e  l a y e r s  w e r e  

s ca r ce ly  i n h a b i t e d .  
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The summer  situation was characterized by an increase in numbers  of Hediste 
diversicolor. Capitella capitata at tained the highest  values in summer (maximum from 22 
to 70 ind./100 cm 2 in 0-5 cm depth, in July). In May, the population of Scoloplos armlger 
had a peak (61 ind./100 cm 2, 0-5 cm depth). Th. mariom was regularly found but  never  
at tained a population density comparable to that at Sites 1 and 2. 

DISCUSSION 

The sulfide concentrat ions throughout  the year showed high fluctuations; a clear 
pat tern could not be discerned when  the different sites were compared. Large oscillations 
were even observed in the replicates. The extremely patchy sulfide distribution observed 
in this study did not allow conclusions to be made on a more general  seasonal  and local 
pattern. 

The comparison be tween  sulfide concentrat ions and redox potential under l ines  the 
inadequacy  of relat ing redox recordings to a pat tern of oxygen and, indirectly, sulfide 
conditions. In many  sediment  layers where redox values often were clearly positive, 
sulfide and the concomitant  anoxia could be recorded (see also Powell, 1989; Watling, 
1991; Giere, 1992). 

The twenty macrofauna species found in the area are common in the Wadden  Sea 
tidal flats. But their occurrence is mostly restricted to the upper  five centimetres of the 
sediment,  their numbers  decreasing considerably with depth. A good example  of this 
prevail ing pat tern is the dominat ing species, Tharyx marioni, which was encounte red  
abundan t ly  only in the upper  layers at low sulfide concentrations (~50  ~tM). Only 
occasionally was this species found also at higher sulfide levels (75-125 BM) at Site 1 
(muddy) and Site 3 [mussel bed). But the populat ion peaks of Th. marioni do not suggest  
a massively adverse relation to sulfidic conditions; this species is obviously able to 
tolerate a low amount  of sulfide. A higher tolerance to sulfide is evident  from the 
distribution pat tern of the annel id  species Tubificoides benedii, T. pseudogaster, 
Heteromastus filiformis, Capitella capitata and Hediste diversicolor. They were f requent  
also in the deeper  layers of all three invest igated sites where sulfide was present  
throughout the year in concentrat ions rising to 1 mM. 

For most of these species, previous investigations have revealed specific adaptat ions 
to hypoxia and  sulfide. The oligochaete Tubificoides benedii can main ta in  an aerobic 
metabolism in the presence of sulfide, when  oxygen is available. Or the species can 
survive anoxia for a longer time, main ta in ing  an anaerobic metabolism w h e n  oxygen is 
lacking (Dubilier, 1993; Dubilier et al., 1994). It seems that the sulfide penet ra t ing  into the 
worms can be detoxified by oxidation to thiosulfate. Metabolic pathways for sulfide 
detoxification were also found in Hediste diversicolor (Vismann, 1990). Heteromastus 
filiformis survived, in tolerance experiments,  high sulfide concentrations (490-720 ~tM) 
for more than 20 h (Niemeyer, 1989). 

The situation in Capitella capitata is comphcated by the presence of a species 
complex with a different physiological adjus tment  to hydrogen sulfide (Gamenick & 
Giere, 1994}. Within this complex, the larger sibling species, well adapted  to hypoxia, 
seems to be restricted to the deeper,  sulfide-rich sediment  layers. 

For Tubificoides pseudogaster, the physiological range  of adaptat ion to hypoxic, 
sulfidic sediments has not been  studied in detail. Pfannkuche  (1980a) found the species in 
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the  b rack i sh  Schle i  fjord u n d e r  v e r y  low o x y g e n  concent ra t ions ,  as i nd i ca t ed  by  the  r edox  
po ten t ia l  r ecord ings .  Cont ras t ingly ,  in the  Limfjord,  the  spec ies  was  r e c o r d e d  f rom sandy  

bo t toms  u n d e r  " re la t ive ly  good  o x y g e n  cond i t ions"  {Pfannkuche,  1980b). T h e  dis t r ibu-  

t ion pa t t e rn  in the  p r e s e n t  s tudy  sugges t s  the  inc lus ion  of T. pseudogaster as a "sul f ide  

spec ies"  wi th  the  poss ib le  ex i s t ence  of a m e t a b o l i c  p a t h w a y  c o m p a r a b l e  to a n d  as 
e f fec t ive  as those  d e s c r i b e d  a b o v e  in the  o the r  species .  

C O N C L U S I O N S  

The  m a c r o f a u n a  in the  t idal  flats of the  W a d d e n  Sea  r ep re sen t s  a p r e d o m i n a n t l y  

oxiphi l ic  b e n t h o s  d o m i n a t e d  by  annel ids .  It is, h o w e v e r ,  t empora r i ly  e x p o s e d  to sulfidic 

and  hypox ic  s e d i m e n t  condi t ions.  T h e  d is t r ibu t ion  pa t t e rn  of the  main  species ,  d i scussed  

above ,  ref lects  a w i d e  to le rance  r a n g e  for t h e s e  eco log ica l  key  factors in fine, s h e l t e r e d  
sed iments .  But, as yet, da ta  on the  f ield s i tua t ion  and  on the  seasona l  r a n g e  of sul f ide  in 

the  s e d i m e n t  a re  scarce.  Sulf ide fo rmat ion  is of h igh  t empora l  and local  var iabi l i ty ,  and  

anne l id  d is t r ibu t ion  is pa t chy  and  i r regular .  In combina t i on  wi th  thei r  fairly h i g h  toler-  

ance  to h y d r o g e n  sulfide,  this m a y  exp l a in  w h y  g e n e r a l  conc lus ions  on a cons i s ten t  
pa t t e rn  r e l a t ing  the  occu r r ence  of h y d r o g e n  sulf ide to the  d is t r ibut ion  of t h e s e  cha rac t e r  

spec ies  cannot ,  as yet,  be  d rawn.  In t e rac t ion  wi th  o ther  factors, w h i c h  canno t  be  
e x c l u d e d  in f ield s tudies ,  will  fu r ther  blur  the  pic ture .  Speci f ica l ly  for tubificids,  g ra in  size 
d is t r ibut ion  s e e m s  of p r e d o m i n a n t  i m p o r t a n c e  (Giere  & Pfannkuche ,  1982). 

N e v e r t h e l e s s ,  the  dec i s ive  role of h y d r o g e n  sulf ide in the  eco logy  of so f t -bo t tom 

e n d o b e n t h o s  in t idal  flats, that  e m e r g e s  f rom e x p e r i m e n t a l  s tudies,  r equ i res  fur ther ,  long-  

t e rm field s tud ies  on this abiot ic  k e y  factor.  Only  then  and  in c o m b i n a t i o n  wi th  exper i -  
m e n t a l  da t a  b a c k i n g  can  a be t t e r  u n d e r s t a n d i n g  of the  f ield s i tuat ion be  a c h i e v e d .  
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