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ABSTRACT: Factors controlling seasonal variations in benthic metabolism (O,, flux) and dissolved 
inorganic nitrogen (DIN) fluxes were examined during a 12-14 month period at three intertidal 
Wadden Sea stations. Since the flux measurements  were made as small-scale laboratory core incu- 
bations, the results are primarily related to the microbenthic community (microalgae, bacteria, 
micro-, meio- and small macrofauna) and cannot be considered representative of the total benthic 
community in the Wadden Sea. Furthermore, it has to be emphasized that light intensity during day- 
time simulations were constant and saturating at all times. Benthic primary production and oxygen 
uptake appeared to be temperature dependent  with a 'seasonal Q10' of 1.7-1.8 and 2.7-4.3, respec- 
tively. Inundation had no effect on oxygen fluxes as evidenced by similar sediment respiration with 
and without water cover. A stronger temperature dependence  of primary production in muddy than 
in sandy sediment indicated that the overall control in the latter may be complex due to factors like 
macrofaunal grazing and nutrient availability. Benthic respiration may not be controlled by tempe- 
rature alone, as sedimentary organic matter content correlated significantly with both temperature 
and benthic respiration. Annual gross primary production in high intertidal sandy sediment was 10 
and 50 % higher than in low intertidal sandy and muddy sediments, respectively. Since annual 
benthic community respiration was 2 times higher in muddy than sandy sediments, the annual net 
primary production was about 0 in the former and 17-19 mol C m -2 yr -1 in the latter. However, hetero- 
trophic contribution by larger faunal components as well as removal of organic carbon by waves and 
tidal currents, which are not included here, may balance the budget  at the sandy stations. There was 
no or only weak relationships between (light and dark) DIN exchange and factors like temperature, 
sedimentary organic content, and oxygen fluxes. Factors related to nutrient fluxes, such as denitri- 
fication and nutrient concentration in the overlying water, may have hampered  any such relation- 
ships. In fact, DIN fluxes at all three stations appeared to be strongly controlled by DIN concentra- 
tions in the overlying water. On an annual basis, the sediment appeared to be a net  sink for DIN. 

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

In te r t ida l  a reas ,  l ike  t he  W a d d e n  Sea,  a re  c h a r a c t e r i z e d  by  a h i g h l y  f l u c t u a t i n g  p h y s -  

ical  a n d  c h e m i c a l  e n v i r o n m e n t .  Ben th i c  c o m m u n i t i e s  (mic roa lgae ,  b a c t e r i a  a n d  an imal s )  

in s u c h  a r e a s  m u s t  e n d u r e  l a rge  va r i a t ions  in factors  l ike  t e m p e r a t u r e ,  salinity,  w a v e s  a n d  

c u r r e n t s  on  t ime  sca les  of hour s  (e.g. d iu rna l  a n d  t idal  cycles)  to m o n t h s  (e.g. s ea sons ) .  In 

add i t ion ,  t he  ac t iv i ty  of b e n t h i c  p r i m a r y  p r o d u c e r s  a n d  d e c o m p o s e r s  a re  h i g h l y  d e p e n d -  

e n t  u p o n  t h e  l ight ,  n u t r i e n t s  a n d  o rgan i c  m a t t e r  r e g i m e  (van Es, 1982; Davis  & McIn t i re ,  

1983; K r i s t e n s e n ,  1993). Our  u n d e r s t a n d i n g  of t h e s e  i m p o r t a n t  con t ro l l i ng  fac tors  for 
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benthic  metabol ism is further complicated by the fact that their relative role may vary 
substantial ly within and be tween  intert idal  habitats  (Cad~e & Hegeman,  1977; Hargrave  
et al., 1983; Grant,  1986; Sampou & Oviatt, 1991). 

Many studies have adressed the response of individual  components  of the benthic  
communi ty  toward variations in one or few envi ronmenta l  parameters  (e.g. Admiraal  & 
Peletier, 1980; Rasmussen et al., 1983; van  Duyl & Kop, 1990), while relatively few have 
examined  the s imultaneous communi ty  response towards a number  of domina t ing  para- 
meters (e.g. Hargrave et al., 1983; Grant,  1986; Kristensen, 1993). Communi ty  level  pro- 
cesses, such as 02 demand  and  dissolved inorganic  ni t rogen (DIN) exchange,  have been  
widely used to determine the metabolic  activity of the benthos in a variety of environ-  
ments  (e.g. Jo rgensen  & S~rensen, 1985; Nowicki & Nixon, 1985a; Rizzo, 1990; Kristen- 
sen, 1993). By s tudying the combined  action of a mult i tude of parameters  on these pro- 
cesses we will improve our unde r s t and ing  of system behaviour  to natura l ly  occurring 
events,  a l though specific details of response pat terns for each individual  pa ramete r  may 
be obscured. 

The present  study was conducted to examine  the temporal behaviour  of microbenthic  
primary producers (i.e. diatoms and  cyanobacteria) and heterotrophs (i.e. bacteria, micro-, 
meio- and small macrofauna) in three different sediment  envi ronments  of a small  Wad- 
den  Sea area. The exchange  of 02, CO2, and  DIN were measured  in the laboratory at bi- 
monthly  intervals over a period of 1.5 years. The laboratory incubat ions  were  carried out 
unde r  the prevai l ing temperature  and  DIN concentrations,  whereas  light in tensi ty  was 
constant  and saturat ing dur ing daylight  simulations. In addition to possible correlations 
with various envi ronmenta l  parameters,  the results were examined  for any  inter-rela- 
tionship be tween  gas exchange  and  nut r ient  exchange  in the light and  the dark. 

MATERIALS AND METHODS 

S t u d y  si te  

K6nigshafen is a tidally domina ted  bay at the northern tip of the is land of Sylt 
(northern part  of the German  Wadden  Sea, southwest North Sea) covering 5.5 km 2 
(Fig. 1). The bay is protected from the prevai l ing winds and wave action from west by 
sand dunes  and  is open to the Wadden  Sea on the east coast of the is land of Sylt. About  
75 % of the bay is intertidal and  tidal waters enter  the bay through one tidal gully 
(Asmus & Asmus, 1996; Backhaus et al., 1996). Tidal range is 1.8 m and  salinity ranges  
from 23 Y~ in winter  to 33 %o in summer.  

The sediments  of the bay vary in grain-size spectrum from mud  to cobbles (Austen, 
1994). At the head  of the bay, where  protection from prevai l ing winds and  waves  creates 
a deposition area, the sediment  is fine gra ined  with a modal particle size of < 0.1 (Fig. 1). 
The central, low intert idal  part  of the bay is domina ted  by fine sand  with a modal  particle 
size of 0.1 to 0.2 mm, whereas  m e d i u m  sand with a modal  particle size of 0.2 to 0.35 mm 
is characteristic of the high intert idal  areas. Large parts of the south and  nor th  shores are 
dominated  by coarse sand with a modal  particle size > 0.35 mm. It has b e e n  sugges ted  
that the presence of coarse and  m e d i u m  sand in high intertidal K6nigshafen sediments  is 
due to aeolian input  from adjacent  dunes  (Austen, 1994). 

The benthic  fauna  consists of relatively few species with a specific dominan t  compo- 
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Fig. 1. Map of the study area, K6nigshafen, on the Island of Sylt, German Wadden Sea. The 3 in- 
vestigated stations are shown with indications of the modal grain size of the major sediment types 

(redrawn after Austen, 1994) 

nent  in each of the dominant  sediment  types (Jensen et al., 1996). The epifaunal  muds-  
nail, Hydrobia ulvae, dominates  in the high intert idal  coarse sands with densit ies ranging  
from 5000 m -2 in winter  to 10 000-25 000 m -2 in summer.  Arenicola marina dominates  in 

the fine and m e d i u m  sands of the central  part of K6nigshafen with densities h igher  than 

50 m -2 all year  round (Reise et al., 1994). The dominant  benthic  faunal  species in the 

muddy  area at the head  of the bay is the cockle, Cerastoderma edule, with densit ies ran- 
ging from 150 to 300 m -2. 

The macro-vege ta t ion  is domina ted  by seagrasses  of the genus  Zostera. The sandy 
areas have  a scat tered coverage  of Zostera marina and Z. noltii, whereas  only the former 

is present  in the muddy  sand area. 

S a m p l i n g  

Cores were  sampled  in bimonthly intervals (each samphng  period lasting 1-2 weeks)  

from April 1993 to July  1994 at the 3 stations: S, A, and M (Fig. 1). Station S is a coarse 
sand site close to the south shore; station A is a low-intert idal  med ium sand site; and sta- 

tion M is located at the transition b e t w e e n  mud  and fine sand at the head  of the bay. Or- 
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ganic  content  at the two former stations varies be t w een  0.5 and 1.0 % dw (LOI), whereas  

the latter station exhibits values of 2-6 %. Al though the inundat ion t ime wi th in  the en- 

tire bay varies be tween  0 and 12 h per  tidal cycle, a range of 4-6 h is typical  at the study 

sites (Jensen et al., 1996). 

Sed iment  cores for determinat ion of fluxes and sed iment  parameters  w e r e  sampled  

by hand in dayl ight  during water  cover, using 25 (and occasionally 15)-cm long, 8-cm 

core tubes (fluxes) and 30-cm long, 5-cm 0 core tubes (sediment parameters) .  At each 
sampl ing date  and station, 4-9 (usually 6) parallel  cores (= 10 cm sed imen t  depth  and 

10 cm water  column) were  taken for l ight and dark flux incubations,  and  3 parallel  

cores were  taken  for determinat ion of sed iment  parameters .  As cores were  s ampled  from 

areas with no trace of Zostera spp., the results obta ined here  should be cons idered  re- 
presenta t ive  only of non -vege t a t ed  areas in K6nigshafen. Furthermore,  the size of core 

tubes used for flux incubations p reven ted  a representa t ive  inclusion of the dominan t  fau- 

nal feature, Arenicola marina, at station A. Adult  individuals  of this po lychae te  are 
usually buried below the core sampling depth  and are as such not accoun ted  for here. 

F l u x  m e a s u r e m e n t s  

S e d i m e n t - w a t e r  f l u x e s  o f  g a s e s  a n d  n u t r i e n t s .  After  transfer to 
the laboratory at the "Wat tenmeers ta t ion Sylt", all flux cores were  p re - incuba ted  with 

stirring under  light by submers ing them uncapped  into an aera ted t ank  containing 

circulating, unfi l tered seawater  from the area for a few hours prior to the l ight /dark  
incubations.  Stirring of the water  column in cores was provided  by sp inning  magne ts  

(60-70 rpm) rece iv ing  m o m e n t u m  from an external  magnet .  We del ibera te ly  used unfil- 
te red  water  to mimic ambient  conditions. Tests showed that errors in t roduced  in the 

benthic  flux measuremen t s  due to processes  occurring in the water  column were  negli-  

gible. 

At each sampl ing period one specific t empera ture  was used for dark incubat ions  at 

all stations. The  chosen tempera ture  was the ave rage  value  of flood water  at the start of 
the sampling period. During light incubations, the tempera ture  was slightly h igher  (1-2 ~ 

due to hea t ing  from the light source used. Irrespect ive of season and station, all cores 
rece ived  the same light intensity at the sed iment -wate r  interface (about 200 ~E m -2 s -l) 

suppl ied by a 400 watt  Mercury-ha logen  lamp placed 60 cm above the sediment .  This 

light intensity is close to the saturation level  for benthic diatoms (Rasmussen et al., 1983). 

After the pre- incubat ion  period, cores were  first incuba ted  for flux m e a s u r e m e n t s  in 

light and subsequen t ly  in darkness.  The incubat ions were  ini t iated by tak ing  wate r  sam- 

ples for 02, CO2 (occasionally), and DIN (NH4 +, NO2-, NO3-) from each  core before  they 
were  capped  and incuba ted  with stirred wate r  phases.  The l ight incubat ions w e r e  termi- 

na ted  by the final samplings after 0.15 to 2.50 h (depending  on season). Incubat ion  time 
for light fluxes was kept  short in order to minimize  any underes t imat ion  of gas  fluxes due 

to bubble  formation. Fluxes in darkness  were  measu red  following a 4-5 h pre - incuba t ion  

of the same cores in the dark. During the first 3-4 h, the over lying wate r  was  r emoved  
and the cores were  kept  with the sed iment  exposed  to air in order to s imulate  a low tide 

situation. After the cores were  f looded aga in  and kept  open (and stirred) for a few hours, 

the dark incubat ion  was per formed similar to the light incubation,  except  that  cores were  

incuba ted  for periods of 0.2 to 17.0 h. Fluxes were  de te rmined  from the concent ra t ion  dif- 
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ference be tween  initial and final samples by assuming a l inear  change in concentrat ion 
over time. Occasionally this assumption was invest igated and  verified. 

Water samples for 02 measurements  were transferred to gas tight 25-ml glass bottles 
and  analysed within 1-2 h using the s tandard Winkler  technique.  Samples for CO2 were 
transferred to 10-ml gas-tight Exetainers with screw caps (excluding any headspace)  and 
preserved with 10 ~l of 50 % HgC12. These samples were later analysed by the flow in- 
ject ion/diffusion cell technique of Hall & Aller (1992) using a Kontron Ion Chromato- 
graph. Samples for NH4 + and NO3 (since NO2- was low in concentration,  it is inc luded in 
the NO3- data) were stored frozen and later analysed us ing the s tandard autoanalyzer  
methods of Solorzano (1969) for NH4 + and  Armstrong et al. (1967) for NO3-. The 1994 
samples of NH4 + were analysed by the manua l  salicylate hypochlorite method of Bower & 
Holm-Hansen  (1980). 

S e d i m e n t - a i r  f l u x  of o x y g e n .  Dark 02 uptake  by the sediment  at low 
tide was de te rmined  from the 02 change  in the headspace  of sealed, air-exposed cores 
(Kristensen et al., 1992). A number  of 2-3 cores (= 11 cm sediment  depth and  = 3 cm head- 
space) were accl imated to the chosen tempera ture  for 1-2 h in the laboratory. After the 
acclimation period, a rubber  stopper, with a Clark-type 02 electrode (Radiometer, Den- 
mark) inserted through a hole in the center, was fitted to the core liner allowing only 1-2 cm 
headspace  (corresponding to a volume of 50-100 ml air) above the sediment.  The final 
electrode read ing  was noted after 8-16 h. Subsequently,  the stopper and 02 electrode was 
transferred to a core l iner half-filled with distilled water  at the same temperature  and  the 
02 reading  in water-saturated atmosphere (equivalent  to the start concentration) was 
noted after about  15 min equilibration. Oxygen  uptake  was calculated on the basis of the 
concentrat ion change  and  air volume t rapped below the rubber  stopper. 

S e d i m e n t  p a r a m e t e r s  

Sediment  cores for the determinat ion of sediment  parameters  were cut into 0.3-cm 
(upper section) to 2.0-cm slices. Subsamples  of each slice were analysed for porosity by 
de terminat ion  of wet  density (weight of known  volume) and  water content  (drying at 
105 ~ for 24 h). Organic content  was de te rmined  on the dried sediment  as loss-on-igni- 
tion (LOI) at 520 ~ for 6 h. 

Chlorophyll  a was measured  on 0.5 to 1.0~ slices in the upper  5 cm of the sediment  
according to the method of Parsons et al. (1984). Samples of about  0.5 g wet  sediment  
from each slice were immediately stored frozen(-18 ~ Subsequently,  all samples were 
tranferred to glass centrifuge tubes and extracted with 5 ml of 90 % acetone for 24 h at 
5 ~ After centr i fugat ion at 3000 rpm, the superna tan t  was analysed spectrophotometri-  
cally at 665 and  750 nm before and after acidification with 2 drops of 1 M HC1. 

RESULTS 

S e d i m e n t  c h a r a c t e r i s t i c s  

The presence  of microphytobenthos and  freshly deposited al lochthonous organic 
matter  at the two sandy stations, S and A, was evident  as an enr ichment  from a back- 
ground organic content  of 0.2-0.4 % LOI to about  0.8 % in the upper  0-3 m m  of the sedi- 
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ment  (Fig. 2). The difference in texture b e t w e e n  these two sediments  was thus not re- 
f lected in the organic content. At the muddy  station, M, the depth  pat tern of LOI was very 

he te rogenous  with an enr ichment  at the sed iment -wa te r  interface (annual ave r age  3 % 

LOI) and a subsurface peak  around 4-6 cm depth  (about 4 % LOI) fol lowed by a second 

subsurface p e a k  below 15 cm depth  (Fig. 2). These  zones corresponded to the  transitions 

of sed iment  texture  be tween  "loose" muddy  sand, "compact"  mud/silt ,  sand  and clayish 

mud. Beside the p resence  of benthic  diatoms at the surface, the primary source  of orga- 
nic mat ter  at the muddy  station was (decaying) seagrasses  and macroa lgae .  Water  con- 

tent, which  was highly correlated with LOI, r anged  b e t w e e n  15 and 30% at S and A, and 

b e t w e e n  16 and 51% at M. 

The organic  content  in the upper  3 mm of the sed iment  showed  a distinct seasonal  
variation. At the two sandy stations (S and A), LOI var ied  from about 0.5 % in winter  to 

1% in summer  (Fig. 3), whereas  the muddy  sed iment  (M) covered  a range  of 1 to 6 % LOI 

over  the same two seasons. 
Chlorophyl l  a concentrat ions in the sediment ,  which can be used as an  indicator  of 

fresh and labile organic matter, genera l ly  dec reased  with depth in the sed imen t  at all 

three  stations. The concentrat ion of Chl. a at the sed iment  surface (annual  ave rages  at 

Loss on Ignition (% d.w.) 
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Fig. 2. Vertical profiles of organic content (measured as loss on ignition} in the upper 15 cm of the 

sediment at the 3 K6nigshafen stations. The data are seasonal averages 
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Fig. 3. Seasonal variation in the organic content (LOI) of the upper 3 mm of the sediment at the 

3 K6nigshafen stations 

0-0.5 cm) was highest  at station M (13.3 • 1.8 pg [g ww]-l), in termedia te  at station A 

(10.7 • 1.7 pg [g ww]-l), and lowest  at station S (9.1 • 1.3 l~g [g ww]-l). The  a t tenuat ion 
with depth fo l lowed the same sequence  b e t w e e n  stations, as the annual  ave rage  Chl. a 

concentrat ion at 4-5 cm depth  was 46 % of the surface level  at M, 39 % at A and 27 % 

at S. 
The seasonal  variat ion in Chl. a was most p ronounced  in the surface sed iment  and 

quite different among  the stations (Fig. 4). There  was a distinct surface Chl. a p e a k  in win- 
ter (December)  at S, in au tumn (October) at A, and in summer  (July-August)  at M. How- 

ever, due to an unfortunate loss of samples  from spring 1994, any changes  dur ing this 
period remain  undetected.  Temporal  changes  in Chl. a decreased  with depth  in the 

sediment,  and at 4-5 cm depth  there  were  virtually no changes  de tec ted  (except for an 

unexp la ined  p e a k  at station M in July 1994). When  present  (at station S and A), the 
lower seasonal  changes  at in termedia te  depths  (1.5-2 cm) occurred with severa l  months  

delay compared  to those in the surface layer. 
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Fig. 4. Seasona l  variat ion of chlorophyll  a in three  dep th  intervals (0-0.5, 1.5-2 and  4-5 cm) of the 
sed iment  at the 3 K6nigshafen stations. Results are given as averages  + S.E. (n = 3) 
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M i c r o b e n t h i c  p r i m a r y  p r o d u c t i o n  a n d  r e s p i r a t i o n  

Ben th ic  02 f luxes  ob t a ined  in l ight  r e p r e s e n t  ne t  m ic roben th i c  p r imary  p r o d u c t i o n  

(NPP) by d ia toms  and  c y a n o b a c t e r i a  ( exc lud ing  macrof lora) .  N e g a t i v e  NPP  (i.e. ne t  

u p t a k e  by the  s ed imen t )  w e r e  n e v e r  o b s e r v e d  at any  of the  th ree  s tat ions d u r i n g  the  s tudy  

p e r i o d  (Fig. 5). NPP m a x i m a  w e r e  t e m p o r a l l y  d i s p l a c e d  at the  s tat ions and  a y e a r - t o - y e a r  
va r i a t i on  was  also ev iden t .  At  the  coarse  s a n d  s tat ion,  S, NPP was  re la t ive ly  l ow a n d  con-  

s tant  t h r o u g h o u t  1993 (2-3 m m o l  m -2 h<), w h e r e a s  in 1994 a p r o n o u n c e d  sp r ing  max i -  
m u m  d e v e l o p e d  wi th  a p e a k  in Apr i l  (10 m m o l  m -2 h-l). A d i f fe ren t  pa t t e rn  was  f o u n d  at 

t he  f ine sand  stat ion,  A, w h e r e  a s e a s o n a l  pa t t e rn  was  o b s e r v e d  in both  1993 a n d  1994 
w i t h  a m a x i m u m  in ear ly  a u t u m n  ( S e p t e m b e r - O c t o b e r )  of 9-10  m m o l  m -2 h -1 a n d  a 

m i n i m u m  in w i n t e r  ( D e c e m b e r - F e b r u a r y )  of 2 m m o l  m -2 h -1. At  the  m u d d y  s a n d  stat ion,  

M, NPP v a r i e d  f rom a m a x i m u m  of 11 m m o l  m -2 h -1 in late  s u m m e r  (August)  to a mini -  

m u m  close to 0 in w i n t e r  ( D e c e m b e r - F e b r u a r y ) .  

F luxes  of O5 m e a s u r e d  in da rk  r e p r e s e n t  t he  m i c r o b e n t h i c  s e d i m e n t  r e sp i ra t ion  (RSP) 

by bacter ia ,  m i c r o a l g a e ,  and  micro- ,  m e i o -  and  smal l  m a c r o f a u n a .  The  t e rm c o m m u n i t y  

r e sp i r a t ion  is a v o i d e d  h e r e  b e c a u s e  l a r g e r  m a c r o f a u n a ,  l ike Arenicola marina a n d  Mya 
arenaria, w e r e  e x c l u d e d  dur ing  incuba t ions .  T h e  s e a s o n a l  va r ia t ions  of RSP w e r e  m o r e  

cons i s t en t  than  those  of NPP, wi th  h i g h e s t  ra tes  o b s e r v e d  at h igh  t e m p e r a t u r e s  d u r i n g  
s u m m e r  ( J u n e - A u g u s t )  and  lowes t  ra tes  d u r i n g  cold  w i n t e r  m o n t h s  ( D e c e m b e r - F e b -  

ruary).  RSP at the  m u d d y  s ta t ion M v a r i e d  f rom s u m m e r  h ighs  at 3.6 m m o l  m -~ h -t to win-  
ter  lows of 0.7 m m o l  m 2 h-l, w h i c h  was  a b o u t  a fac tor  of 2 h i g h e r  than  at the two sandy  

s ta t ions  (1.9-2.2 a n d  0.2-0.4 m m o l  m -2 h -1 in s u m m e r  and  winter ,  respec t ive ly) .  

T h e  rates  of bo th  mic roben th i c  NPP and  RSP o b t a i n e d  h e r e  are  p robab ly  l o w e r  than  

en t i re  c o m m u n i t y  rates  as l a rge  s p e c i m e n s  of the  d o m i n a t i n g  m a c r o f a u n a  and  -f lora m a y  

con t r ibu te  s ign i f ican t ly  to the  total  m e t a b o l i s m  (Asmus  et al., unpubl . ) .  

M e a s u r e m e n t s  of the  dark  s e d i m e n t  u p t a k e  of 02 w h e n  the  s e d i m e n t  was  e x p o s e d  to 

air, s imula t ing  a low- t ide  si tuation,  s h o w e d  ra tes  s imilar  to the  co r r e spond ing  s e d i m e n t -  
w a t e r  f luxes (Table 1). Rates w e r e  o b t a i n e d  bo th  at low and  h i g h  t e m p e r a t u r e s  in sp r ing  

a n d  s u m m e r  and  at bo th  sandy  and  m u d d y  stat ions.  O n  a v e r a g e  (all s ta t ions and  bo th  
occasions) ,  the  s e d i m e n t - a i r  u p t a k e  w a s  1.13 t imes  the  s e d i m e n t - w a t e r  up t ake .  Howeve r ,  

w h e n  the  two mos t  dev i a t i ng  n u m b e r s  (S a n d  M in April)  are  exc luded ,  the  a v e r a g e  is 1.02. 

Dai ly  ra tes  of gross  p r imary  p r o d u c t i o n  (DGPP) by  the  mic roben thos ,  as s h o w n  in 

Fig. 6, w e r e  e s t i m a t e d  as GPP * p h o t o s y n t h e t i c  d a y l e n g t h  (Fig. 6). Hour ly  gross  p r ima ry  

Table 1. Dark low-tide sediment-air (dry) and high-tide sediment-water (wet) uptake of oxygen at 
the three K6nigshafen stations in April and June 1993. Data are averages (_ S.D.) of 3-5 (dry) and 6 

(wet) cores. Rates are in mmol m 2 h-l; nm: not measured 

S A M 

April - dry 0.99 (0.14) nm 2.09 (0.31) 
- wet 0.73 (0.05) nm 1.46 (0.36) 

June - dry 2.48 (0.33) 1.41 (0.47) 3.96 (0.55) 
- wet 2.54 (0.58) 1.23 (0.11) 3.95 (1.59) 
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respiration (DRSP) and daily net primary production (DNPP) at the 3 K6nigshafen stations. Negative 
values denote uptake by the sediment. Daylength is shown as the broken curve in the middle panel 
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p r o d u c t i o n  (GPP), w h i c h  was  d e t e r m i n e d  f rom 02 da ta  as the  s u m  of N P P  a n d  RSP, is 
a s s u m e d  to be  cons t an t  t h r o u g h o u t  t he  p h o t o s y n t h e t i c  day  (de f ined  as t h e  n u m b e r  of 

hours  w h e r e  the  l igh t  in tens i ty  is h i g h e r  t han  the  ha l f - sa tu ra t ion  l eve l  of p h o t o s y n t h e s i s  

[Kris tensen,  1993]). Dai ly  m i c r o b e n t h i c  s e d i m e n t  r e sp i r a t ion  (DRSP) was  e s t i m a t e d  f rom 

the  hour ly  da rk  f luxes  as: DRSP = RSP * 24 h, a s s u m i n g  s imilar  ra tes  in l i gh t  and  dark-  
ness  (Fig. 6). Dai ly  n e t  p r ima ry  p r o d u c t i o n  (DNPP) was  d e t e r m i n e d  as D G P P  minus  

DRSP. 

T h e  CO2 f luxes  ava i l ab l e  h a v e  b e e n  r e l a t ed  to the  c o r r e s p o n d i n g  02 f luxes  to ob ta in  

the  m i c r o b e n t h i c  p r o d u c t i o n  quo t i en t  (MPQ = 02 f lux / CO2 flux) f rom GPP, a n d  the  micro-  

b e n t h i c  r e sp i ra t ion  quo t i en t  (MRQ = CO2 flux / 02  flux) f rom RSP. M R Q  was  h i g h e r  
d u r i n g  s u m m e r  (1.08-1.55) t han  w i n t e r  (1.05-1.14) w i th  a t r end  for h i g h e s t  v a l u e s  at 

S a n d  lowes t  v a l u e s  at M (Table 2). M P Q  s h o w e d  the  oppos i t e  t r end  wi th  h i g h e r  v a l u e s  

d u r i n g  w i n t e r  (0.86-1.33) t han  d u r i n g  s u m m e r  (0.57-1.03); h i g h e s t  for M a n d  lowes t  for 

S (Table 2). H o w e v e r ,  n o n e  of t h e s e  t r e n d s  w e r e  s ta t is t ical ly  different .  

Table 2. Seasonal variations (summer and winter) in microbenthic respiration quotient (MRQ) and 
microbenthic production quotient (MPQ) in the three K6nigshafen sites. Values are presented as 

mean • S. D. of n determinations 

Summer Winter 

MRQ n MPQ n MRQ n MPQ n 
S 1.55 + 0.31 8 0.57 • 0.10 3 1.14 • 0.35 5 0.86 • 0.30 3 
A 1.25 • 0.17 4 0.80 • 0.14 3 1.08 • 0.22 5 0.92 _+ 0.14 3 
M 1.08 • 0.15 5 1.03 • 0.17 3 1.05 • 0.09 3 1.33 • 1.40 3 

S e d i m e n t - w a t e r  f l u x e s  of  d i s s o l v e d  i n o r g a n i c  n i t r o g e n  

T h e  c o n c e n t r a t i o n  of DIN in t he  t ida l  w a t e r s  of K 6 n i g s h a f e n  v a r i e d  c o n s i d e r a b l y  
wi th  s ea son  (Fig. 7). NH4 § c o n c e n t r a t i o n  was  low d u r i n g  mos t  of the  y e a r  a n d  v a r i e d  

f rom a m i n i m u m  of 1 t1M in spr ing,  s u m m e r  a n d  a u t u m n  to a m a x i m u m  of 9 laM in 

winter .  For  N O  3- a m o r e  d r ama t i c  va r i a t i on  was  ev iden t ,  r a n g i n g  f rom m i n i m u m  con-  
cen t ra t ions  of < 1 I~M in la te  s u m m e r  to a m a x i m u m  of 60-70  p M  in w i n t e r  a n d  ear ly  

spr ing.  

NH4 § f luxes  at the  s a n d y  s ta t ions  (S a n d  A) w e r e  mos t ly  d i r ec t ed  into t h e  s e d i m e n t  
(nega t ive)  a n d  w e r e  wi th  a f e w  e x c e p t i o n s  s ign i f i can t ly  (t-test, p < 0.05) m o r e  n e g a t i v e  

in l igh t  t h a n  in d a r k n e s s  (Fig. 8). Ef f lux  of NH4 § at t h e s e  s ta t ions  was  o b s e r v e d  only  in 
d a r k n e s s  d u r i n g  w a r m  s u m m e r  m o n t h s  (July, Augus t ) .  NH4+ f luxes  at s t a t ion  S r a n g e d  

f rom - 8 0  to +18 p m o l  m -2 h -1 in t he  l igh t  w i t h  e f f luxes  (posit ive) o c c u r r i n g  o n l y  in A u g u s t  

a n d  S e p t e m b e r  1993, a n d  f rom -31  to +135 lamol m -2 h -1 in the  dark.  T h e  s a m e  p a t t e r n  

e m e r g e d  at s ta t ion A as on S, jus t  w i t h  s l igh t ly  m o r e  n e g a t i v e  NH4 § f luxes ;  f rom - 9 6  to 
- 2 0  a n d  - 5 6  to +53 lamol m -2 h -1 in t he  l igh t  and  dark ,  respec t ive ly .  It s h o u l d  also be  

n o t e d  he re ,  h o w e v e r ,  tha t  pa r t i cu la r ly  at s ta t ion  A the  d i rec t  i m p a c t  of Arenicola marina 

on e spec i a l l y  NH4 § e f f luxes  was  no t  i n c l u d e d  d u r i n g  f lux m e a s u r e m e n t s .  T h e  s e d i m e n t -  

w a t e r  e x c h a n g e  of NH4 § at the  m u d d y  s ta t ion  M was  qu i t e  d i f fe ren t  f rom tha t  at the  s a n d y  
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stations (Fig. 8). Rates were  general ly  h igher  and consistently directed out of the sedi- 
ment  in both light and darkness (except for one occasion with a low uptake),  r ang ing  be- 
tween  about 0 to +150 pmol m -2 h -1, with slightly, but not significant (p > 0.05) h igher  re- 

lease in the dark. 

N O  3- fluxes were  low at all three stations in both light and darkness during summer, 
while  peaks  of NO3- uptake were  observed  in winter  and early spring (Fig. 9). Despite  
the low overlying water  concentrations, N O  3- w a s  consistently taken up dur ing summer, 

with only a few except ions at the sandy stations. Full ranges  for the three stations in light 
(L) and darkness (D) were, S : - 4 9 2  to +11 (L) a n d - 1 6 1  to +2 (D) ~tmol m 2 h-l; A : - 2 2 0  
to +26 (L) and - 6 1  to +11 (D) t~mol m -2 h-l; and M: -202 to - 8  (L) and -176 to 

-7  (D) zmol  m -2 h -1. There  was no difference in flux pat tern be tween  sand and mud, and 

w h e n  the very high uptake  at S in April  is excepted,  the maximum uptake  at all stations 

in spring 1993 and 1994 was about  200 Bmol m -~ h -1. The NO3- uptake  was genera l ly  
h igher  (p < 0.05 for S and A, and p > 0.05 for M) in l ight than in darkness  dur ing periods 

of h igh  rates (April), whereas  no significant difference (p > 0.05) was observed  dur ing 

per iods  with low rates. 
The total DIN fluxes (NH4 + + NO3-) were  es t imated from dark and light measu-  

rements  as hourly gross fluxes: GDIN; dark fluxes: RDIN; and net  fluxes: NDIN (Fig. 10) 

as men t ioned  for 02 earlier (GDIN = NDIN (flux in light) - RDIN (flux in darkness)). The 

hourly DIN fluxes were  mostly directed into the sediment ,  except  for occasional  efflux, 
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especially in the period August  to October (Fig. 10). Otherwise, GDIN, RDIN and  NDIN 
showed almost similar seasonal patterns. The seasonal  variations were most dramatic for 
NDIN at station S and least for RDIN at station M. 

DISCUSSION 

M e t h o d o l o g i c a l  c o n s i d e r a t i o n s  

The core-flux incubat ions  presented  here do not mimic actual in situ conditions of 
the highly f luctuating env i ronment  in K6nigshafen, i.e. waves, tides, currents, d iurnal  
and  day-to-day changes  in light, tempera ture  and  nutr ient  concentrations.  For compara-  
tive purposes, we deliberately held cores at constant  temperature  dur ing  each 1-2 week 
sampl ing period, and near-saturat ing light and  overlying water movement  at all occasi- 
ons. This is opposed to, for example, bell jar measurements  (e.g. Asmus, 1986) and  core 
measurement s  (e.g. Grant, 1986), where  incubat ions  are carried out at prevai l ing tempe-  
rature and light conditions. Although differences be tween  fluxes obta ined  by the latter 
approaches in the Wadden  Sea and our laboratory core experiments  occur, the general  
pat tern  and flux rates of 02 and DIN are of similar and comparable magn i tude  (van Es, 
1982; Hargrave et al., 1983; Henr iksen  et al., 1984; Asmus & Asmus, 1985; Therki ldsen & 
Lomstein, 1993). However, flux rates obta ined by the use of large-scale flumes and simi- 
lar constructions, which enclose entire sub-systems under  the inf luence of all prevail ing 
physical and chemical factors, may differ considerably (Asmus et al., in prep). The rates 
and  relationships presented here should therefore be considered as small-scale 
sed iment -water  interactions related predominant ly  to the microbial communi ty  (includ- 
ing small animals), and should not be extrapolated to represent  larger Wadden  Sea 
systems. 

M i c r o b e n t h i c  p r i m a r y  p r o d u c t i o n  a n d  r e s p i r a t i o n  

A variety of physical, chemical and  biological factors are known to control the rates 
and  seasonal  variation of benthic primary production, respiration and  nut r ien t  dynamics  
in coastal areas (Davis & McIntire, 1983; Grant, 1986; Sampou & Oviatt, 1991; Kristensen, 
1993). However, interpretat ions are restrained by the fact that various factors may con- 
trol benthic  metabol ism at different t imes dur ing the annua l  cycle. Furthermore,  the high 
temporal  and spatial variability in the strength of physical forces (e.g. storms and  tides) 
and  thus resuspension of surface sediment  in Wadden  Sea areas complicates a factorial 
analysis (de Jonge & van  Beusekom, 1995). However, based on the pairwise correlations 
in Table 3, we will discuss and compare a n u m b e r  of important  seasonal  factors of obvious 
relevance for microbenthic  metabol i sm at our 3 representat ive sed iment  systems in the 
K6nigshafen Wadden  Sea area. 

The seasonal  variation of DGPP at the 3 K6nigshafen stations (Fig. 6) is within the 
range  previously reported from the Wadden  Sea (Colijn & van  Buurt, 1975; van  Es, 1982; 
Rasmussen et al., 1983; Colijn & de Jonge,  1984). According to these studies, the annua l  
pr imary production cycle can be expla ined largely by seasonal changes  in tempera ture  
and  daylength.  In the present  study, the relat ionship be tween  DGPP and  day leng th  is 
trivial, since DGPP actually was de te rmined  as GPP corrected for daylength.  GPP 
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va l ue s  d e n o t e  u p t a k e  by t he  s e d i m e n t  
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Table 3. Pairwise Pearson correlation table (r) be tween  hourly rates of the four flux parameters,  
benthic  gross primary production (GPP), benthic  sediment  respiration {RSP), gross dissolved inor- 
ganic ni trogen uptake  (GDIN) and  dark dissolved inorganic ni trogen flux (RDIN) at the three  K6nigs- 
hafen stations. In addition the correlation is given be tween  these four pa ramete r s  and water  
tempera ture  (temp), organic content  (LOI) in the upper  0.5 cm of the sediment,  chlorophyll  a (Chl) 
in the upper  0.5 cm of the sediment,  concentrat ion of DIN in the overlying water  (DIN,,v). Significant 

relationships (p < 0.05) are indicated by * 

S A M 
GPP RSP GDIN RDIN GPP RSP GDIN RDIN GPP RSP GDIN RD[N 

RSP -0.14 - - -0.66 . . . .  0.65 - - 
GDIN -0.89* -0.10 - 0.46 -0.40 - - 0.03 -0.10 - - 
RDIN -0.58 -0.50 0.57 - -0.02 -0.53 0.44 - 0.13 -0.54 -0.32 - 
Temp -0.04 -0.90* 0.28 0.61 0.61 -0.88* 0.29 0.68 0.78* -0.90* -0.15 0.63 
LOI 0.59 -0.69* -0.36 0.04 0.42 -0.45 0.72* 0.48 0.44 -0 .86*-0 .52  0.49 
Chl -0.66 0.53 0.47 -0.20 0.68*-0.01 0.82* 0.03 0 .98*-0 .97*-0 .03  0.33 
DIN.v 0.63 0.48 -0.79* -0.81" -0.56 0.63 -8.80* -0.73* -0.50 0.55 0.19 -0.69* 

a p p e a r e d  to b e  t e m p e r a t u r e  d e p e n d e n t  w i t h  a ' s e a s o n a l  Q~)' a r o u n d  1 .7-1 .8  a s  p r e v i o u s l y  

r e p o r t e d  (Col i jn  & v a n  Buur t ,  1975; R a s m u s s e n  e t  al., 1983; K r i s t e n s e n ,  1993).  It s h o u l d  

b e  n o t e d  h e r e  t h a t  t h e  t e r m  ' s e a s o n a l  Qlo'  is m o r e  a p p r o p r i a t e  for s e d i m e n t  s y s t e m s  t h a n  

t h e  p h y s i o l o g i c a l l y  d e f i n e d  'Q10', b e c a u s e  it a lso  i n c l u d e s  c h a n g e s  in, for e x a m p l e ,  mic ro -  

b i a l  p o p u l a t i o n s  a n d  e n v i r o n m e n t a l  p a r a m e t e r s  ( M o e s l u n d  et  al., 1994).  In fact,  

t h e  p o o r  c o r r e l a t i o n  b e t w e e n  G P P  a n d  t e m p e r a t u r e  (Tab le  3) at  t h e  t w o  s a n d y  s i tes  

s u g g e s t s  t h a t  t h e  c o n t r o l l i n g  m e c h a n i s m s  a re  r e l a t e d  to o t h e r  fac to rs  as  wel l .  It is e v i d e n t  

t h a t  a t  t h e  c o a r s e  s a n d  site,  t h e  G P P  p e a k  in  1994 (no p e a k  in  1993) w a s  d i s p l a c e d  to t he  

r e l a t i v e l y  co ld  s p r i n g  pe r i od ,  w h i l e  a t  t h e  f ine  s a n d  s i te  t h e  p e a k  o c c u r r e d  in  a u t u m n  

w h e n  t e m p e r a t u r e s  w e r e  d e c r e a s i n g  (Fig. 5). A s imi l a r  s e a s o n a l  p a t t e r n  of G P P  h a s  

p r e v i o u s l y  b e e n  o b s e r v e d  a t  t h e  s a m e  t w o  l o c a t i o n s  ( A s m u s  & A s m u s ,  1985).  T e m -  

p e r a t u r e  a p p e a r e d  to b e  a s i g n i f i c a n t  c o n t r o l l i n g  fac to r  for G P P  at  t h e  m u d d y  s i te  

(Tab le  3), w h i l e  ove r a l l  con t ro l  a t  t h e  t w o  s a n d y  s i tes  s e e m s  m o r e  c o m p l e x  clue to s imul -  

t a n e o u s  i n f l u e n c e  of b io t i c  (e.g. g r a z i n g )  a n d  c h e m i c a l  (e.g. n u t r i e n t  a v a i l a b i l i t y )  fac-  

tors.  

T h e  n e g a t i v e  ( a l t h o u g h  n o t  s i gn i f i c an t )  r e l a t i o n s h i p  b e t w e e n  G P P  a n d  s u r f a c e  chlo-  

r o p h y l l  a a t  t he  c o a r s e  s a n d  s i te  (Tab le  3) s u g g e s t s  t h a t  g r a z i n g  b y  t h e  s m a l l  m u d s n a i l  

Hydrobia ulvae w a s  i m p o r t a n t  d u r i n g  s p r i n g  a n d  s u m m e r ,  t h u s  c a u s i n g  t h e  p o o r  t e m p e -  

r a t u r e  d e p e n d e n c e  of GPP. S i m i l a r  i m p a c t  of Hydrobia spp.  a n d  o t h e r  b e n t h i c  g r a z e r s  h a s  

p r e v i o u s l y  b e e n  r e p o r t e d  ( C o n n o r  e t  al., 1982; H a r g r a v e  e t  al., 1983; A s m u s  & A s m u s ,  

1985; K r i s t e n s e n ,  1993). It is g e n e r a l l y  a c c e p t e d  t h a t  a t  low g r a z i n g  p r e s s u r e s  t h e r e  is a 

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

c e r t a i n  t h r e s h o l d  ( H a r g r a v e  e t  al., 1983; A n d e r s e n  & K r i s t e n s e n ,  1988). A t  t h e  c o a r s e  s a n d  

site,  m u d s n a i l  g r a z i n g  p r e s s u r e  m u s t  i n c r e a s e  d u r i n g  s p r i n g  ( e spec i a l l y  1994)  in  c o n c e r t  

w i t h  i n c r e a s i n g  t e m p e r a t u r e s  a n d  sna i l  p o p u l a t i o n  dens i ty ,  r e s u l t i n g  in  a p o s i t i v e  f e e d -  

b a c k ,  b u t  d u r i n g  s u m m e r  t h e  g r a z i n g  p r e s s u r e  is too i n t e n s i v e  a n d  r e s u l t s  i n  a n e g a t i v e  

f e e d b a c k .  
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The poor tempera ture  dependence  of GPP at the fine sand site is probably not cau- 
sed by grazing macrofauna,  as evidenced by a significant positive relationship be tween  
GPP and surface chlorophyll a (Table 3). However, nut r ient  limitation may have occurred 
dur ing summer  at this site, since efflux of DIN from the sediment  at this site was hardly 
ever observed even  in the dark (Figs 8-10). Studies from intertidal areas have demon-  
strated that nut r ient  supply may temporally be a principal  factor limiting benthic  primary 
production (Sundb~ick et al., 1991; Kristensen, 1993). Furthermore, Rasmussen et al. 
(1983) postulated that CO2 can limit microphytobenthic  primary production in Wadden  
Sea sediments  dur ing  periods of high light intensi ty due to photosynthetically induced  
high pH in surface porewaters. Nevertheless,  the interpretat ion of the core data at the 
fine sand site is complicated by the lack of the otherwise dominat ing  faunal  component ,  
the lugworm A r e n i c o l a  marina (Cad6e, 1976). 

At the muddy  site, where no diatom grazers were present  (positive relationship 
be tween  GPP and surface chlorophyll a, Table 3) and sufficient nutr ient  supplies were 
available from the sediment  below (consistent efflux of DIN from the sediment  during 
summer), temperature  seems to control GPP as indicated by a significant correlation 
(Table 3). The positive relationship with GPP, though, infers that chlorophyll a concen- 
tration in surface sediment  at the two subtidal  stations (A and  M) could be a co-factor for 
the control of benthic  primary production, as also suggested for a variety of sediments  in 
the Dutch Wadden  Sea (Colijn & de Jonge,  1984). 

The specific productivity of the microalgae (mg C [mg chl. a] -1 h 1), est imated by con- 
vert ing O~ fluxes to carbon by the use of MPQ's (Table 2), seems to follow the same sea- 
sonal pat tern at all 3 locations with low values dur ing winter  (0.1-0.3) and high values 
dur ing summer  (0.8-0.9). Similar patterns from other areas have been  ascribed to a strong 
temperature  dependence  of specific productivity (Colijn & van  Buurt, 1975), a l though it 
also has been  suggested that the high specific activity dur ing summer  is caused by gra- 
zing pressure which reduces microalgal biomass, but  keeps the algal cells active (Davis 
& Lee, 1983; Kristensen, 1993). 

The rates and  seasonal  pat tern of sediment  respiration (DRSP) at the 3 K6nigshafen 
sites (Fig. 6) are similar to those previously observed in the Wadden  Sea (van Es, 1982; 
Andersen  & Helder, 1987). As RSP measured  as oxygen flux is almost identical  with and 
without water cover, the inundat ion  f requency can be ignored in estimates of DRSP. In 
accordance with previous studies (van Es, 1982; Hargrave et al., 1983; Kristensen, 1993), 
a highly significant correlation (Table 3) indicates that sediment  respiration in K6nigs- 
hafen sediments  is controlled largely by temperature  with a 'seasonal Q10' of 2.7-4.3. 
However, the relationship be tween  RSP and tempera ture  can be misleading,  since fac- 
tors correlated with temperature,  such as supply of organic matter  may also control 
heterotrophic activity (Hargrave et al., 1983; Sampou & Oviatt, 1991). In fact, the seasonal  
variation in organic matter  correlates with RSP, al though only significantly at the coarse 
sand and the muddy  sand sites (Table 3). 

The seasonal  variation in organic content  is only partly caused by the variat ion in 
microphytobenthic  biomass. The annua l  range  of microalgal  biomass in the upper  0.5 cm 
of the sediment,  est imated from an organic carbon:chlorophyll  a ratio of 40 (de Jonge, 
1980), varies from 227-305 mmol C m -2 in winter  to 264-583 mmol C m -2 in summer.  Thus, 
the s tanding crop only accounts for 10-20 % of the total organic carbon in the upper  
0.5 cm at the coarse sand site (S), about  18 % at the fine sand site (A) and  7-14 % at the 
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m u d d y  sand site (M). This is within the range  of previously  repor ted  va lues  from intert i-  
dal  sandy  sed iments  (Cammen,  1991; Kristensen,  1993). However ,  only 0-10 % of the  sea- 
sonal  var ia t ion in total  organic  carbon can be  accoun ted  for by changes  in microphyto-  
benthic  biomass.  The r ema inde r  of the  var ia t ion  in organic  content  at the s ed imen t  sur- 
face must, espec ia l ly  at the m u d d y  sand site, be  caused  by e n h a n c e d  depos i t ion  of 
a l lochthonous  detr i tus  dur ing  calm spr ing  and  s u m m e r  months  and  re suspens ion  and  ex- 
port  dur ing  s tormy au tumn and win te r  months  (Cad6e & Hegeman ,  1977; de  J o n g e  & van 
Beusekom, 1995; de Jong  & de Jonge,  1995). 

Al though  a l lochthonous  detr i tus is usual ly  cons idered  less react ive  on a we igh t  spe-  
cific basis  than  freshly p roduced  mic rophy toben th ic  b iomass  (Kristensen, 1993), the much 
h igher  content  of detr i tus at the m u d d y  site must  be respons ib le  for the gene ra l ly  h igher  
RSP at this station. On the other  hand,  it is also ev ident  that  the  much l a rge r  seasona l  var-  
iat ion in bu lk  organic  content  at the m u d d y  site does not enhance  RSP in the same  pro- 
port ion as at the  two sandy  sites (Fig. 11). Accordingly,  the a l lochthonous  organic  mat te r  
be ing  depos i t ed  dur ing  spr ing and summer  at the m u d d y  site is of another  origin (Bayerl 
et al., 1996) and  p robab ly  less d e g r a d a b l e  than  at the sandy  sites. We have  o b s e r v e d  that  
the m u d d y  site is a deposi t ion a rea  for par t ly  d e g r a d e d  drift ing mac roa lgae  and  seagrass  
detri tus,  whi le  the  sandy  sites, in accordance  with other  W a d d e n  Sea a reas  (de Jonge  & 
van Beusekom,  1995), pr imar i ly  rece ive  p lankton ic  and r e s u s p e n d e d  organic  debr is  of 
microa lga l  origin. 
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Fig. 11. The relationship between hourly microbenthic sediment respiration and organic content in 

the upper 3 mm of the sediment at the 3 KSnigshafen stations 
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Di s so lved  i n o r g a n i c  n i t r o g e n  f luxes  

The microphytobenthos influences nut r ient  fluxes both directly through assimilation 
from water  and  sediment,  and indirectly by affecting the oxygen penetra t ion into sedi- 
ments  by photosynthesis  and respiration. In most intert idal  sediments,  a close coupling 
occurs be tween  DIN consumption by benthic  microalgae and  mineral izat ion by micro* 
heterotrophs in the upper  part of the sediment  (e.g. Nowicki & Nixon, 1985b; Kristensen, 
1993). In the Danish Wadden  Sea, Henr iksen  et al. (1984) found that benthic microalgal 
activities effectively prevented ammonium from leaving the sediment  ('filter effect'). 
Even though a similar coupling must also occur in the present  Wadden  Sea sediment,  it 
could not be unequivocal ly  confirmed by the present  data, since fluxes were general ly  
directed into the sediment  both in light and darkness  (Figs 8-9). 

The hourly gross primary production in the present  study (GPP) is significantly relat- 
ed to gross uptake of dissolved inorganic n i t rogen (GDIN, Fig. 10, Table 3) in the high in- 
tertidal coarse sand. However, the measured  GDIN could only support be tween  10 and 
40 % of the microphytobenthic  DIN demand  (assuming that carbon and ni t rogen are in- 
corporated in a molar ratio of 7; Parsons et al., 1961). At the low intertidal sand and  mud 
sites no correlation be tween  GPP and GDIN was evident,  and  only 2-60 % and  0-18 % of 
the DIN demand,  respectively, could be covered by the measured  GDIN. 

The low contr ibution of GDIN and displaced seasonal  variation relative to GPP are 
puzzling, since GDIN is calculated similarly to and  thus should correspond to the GPP 
estimate. Beside temporal  variations in n i t rogen assimilation and possibly higher  C : N  
ratios than 7 for microalgae (Eppley, 1981; Sundb~ck  & Graneli,  1988), an explanat ion  for 
the missing DIN could be that the pre- incubat ion  period before initiating the dark incu- 
bat ion was too short for obtaining the true dark DIN flux (RDIN). Several studies have 
shown that benthic  microalgae have a cont inued  DIN d e m a n d  for 24 hours or more after 
onset of darkness  (Andersen & Kristensen, 1988; Rysgaard et al., 1993), resul t ing in an 
underes t imate  of GDIN. "True" dark fluxes (i.e. free from microphytobenthic interference) 
may for that reason be a r edundan t  term in intert idal  sediments  when  benthic diatoms 
are present.  The effect probably changes  from season to season and from muddy  to sandy 
sites, and  is d e p e n d e n t  on factors such as availabili ty of NO3- and  NH4 +, and  the popula-  
tion status of the microphytobenthos.  This is substant ia ted  by the lack of any significant 
relationship be tween  RSP and RDIN on a seasonal  basis, together with a general ly  
negat ive  RDIN. Another  problem, which can seriously affect both GDIN and  RDIN estima- 
tes, is the role of nitrification and denitrification. A variety of studies have emphasized 
that denitrification causes the C:N ratio of dark sed iment -water  fluxes to be higher  and 
thus not representat ive  for the reaction stoichiometry within the sediment  (Jensen et al., 
1990; Kris tensen & Hansen,  1995). In a parallel  study, however, J ensen  et al. (1996) found 
that denitrification in darkness at the 3 K6nigshafen sites accounted on average for only 
18 % of the total dark NO 3- uptake. Furthermore,  it has recently been  shown that the rate 
of denitrification may vary be tween  light and  darkness  depend ing  on oxygen penet ra-  
tion and  overlying nitrate concentrat ion (Rysgaard et al., 1995). 

On a seasonal  basis, the DIN concentrat ion in the overlying water  (DINov) is an 
important  controll ing factor for DIN fluxes (RDIN and  NDIN ) at all three Kbnigshafen 
stations (Table 3). A typical feature of the Wadden  Sea is the highly variable concentra-  
tions of DIN and  particularly NO3- in incoming North Sea water  throughout  the annua l  
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cycle (Fig. 7), with highest  concentrat ions in late winter  and early spring and lowest 

during summer  (Hickel, 1989). The source of GDIN apparent ly  varies b e t w e e n  over lying 

water  and under ly ing  porewaters  d e p e n d i n g  on the availability of DIN. Accordingly, 

GDIN was domina ted  by NH4 + in summer  and au tumn when  NO3- concentra t ions  in the 

overlying water  were  low, and by N O  3- from the high concentrat ions in winter  and spring. 

The highly significant relat ionship b e t w e e n  RDIN and DINov (mostly NO3-) indicates  that 
the dark flux was driven by the s teepness  of the gradient  from overlying wate r  to the 

sediment,  and thus the NO3- reduc ing  capacity of the sediment  (microalgal assimilation 

and denitrification). At the 3 K6nigshafen stations, J ensen  et al. (1996) found that about  
70 % of the annual  m e a n  dark denitr if ication was due to N O  3- from the over ly ing  water, 

and that denitrification was genera l ly  proport ional  to the NO3- concentra t ion in the over- 

lying water. 

A n n u a l  b u d g e t s  

The results from the present  study should not be extrapolated to the ent ire  K6nigs- 

hafen area for two major reasons. First, the full range of the physical r eg ime  and spatial 

he te rogene i ty  is not included. Second, the larger  macroscopic components  are ignored  

as only the microbenthic  contribution is considered.  However ,  when  cons ider ing  on ly the  
spatial scale of the present  incubations,  an annual  budge t  of carbon and n i t rogen  can be 

made  for compara t ive  purposes.  The following annual  budgets  (Table 4) are based  on in- 

tegrat ions of the daily CO2 data (converted from O~) with the assumptions that  the hourly 
net  flux of CO2 is i ndependen t  of tides, and the net  flux of DIN is 0 at low tide. 

Annual  microbenthic  gross pr imary product ion (AGPP) at the coarse sand station (S) 

was about 10 and 50 % higher  than at the fine sand (A) and the mud (M) station (Table 4). 
As expected,  the annual  microbenthic  respirat ion (ARSP) was highest  in the mud, about  

twice as high as in the sands. Consequent ly ,  annual  net  primary product ion (ANPP) was 
almost 0 in the mud, whereas  rates of 17-19 mol C m -2 yr -1 was evident  at the two sandy 

sites. In an oligotrophic, organic-poor  Danish lagoon, Kristensen (1993) found values  of 
AGPP and ARSP (15 and 12 mol m -2 yr -1, respectively) comparable  to those ob ta ined  here. 

The basic assumption that CO2 fluxes are similar with and without  wa t e r  cover  is 
supported by the fact that dark 02 up take  (and probably also in light) is i n d e p e n d e n t  of 

Table 4. Annual rates (mol m -2 year -1) of microbenthic gross primary production (AGPP), respiration 
(ARSP), net primary production (ANPP), gross DIN (NH4 + + NO3-) flux (AGDIN), dark DIN flux 
(ARDIN) and net DIN flux (ANDIN) at the three K6nigshafen stations in 1993-94. AGPP, ARSP and 
ANPP are presented in carbon units by converting from 02 data using appropriate average MPQ and 
MRQ values (Table 2). The estimates are based on integrations of the daily data, where it is assu- 
med that the hourly net flux of CO2 is independent of tides, whereas the net flux of DIN species is 0 
at low tide (DIN values should be multiplied by 3 (S), 1.8 (A) and 2.2 (M) if this assumption is not 

used). Positive and negative values denote release from and uptake by sediment, respectively 

AGPP ARSP ANPP AGDIN ARDIN ANDIN 

S 30.6 13.5 17.1 -0.18 -0.08 -0.26 
A 28.0 9.3 18.7 -0.10 -0.13 -0.23 
M 20.1 20.0 0.1 -0.03 -0.04 -0.07 
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inunda t ion  in Wadden  Sea sediments  (Table 1). Previous studies have concluded that the 
exchange of 02 be tween  sediment  and air (low tide) corresponds to the exchange  be- 
tween  sediment  and  water (high tide) when  the surface topography is relatively smooth 
as in most Wadden  Sea sediments  (Grant, 1986; Kristensen et al., 1992, 1994). However, 
Bodenbender  & Papen (1996) found rates of dark CO2 emission from exposed K6nigs- 
hafen sediments  a round 50 % lower than the dark 02 uptake measured  here. Although 
tentative, as these data were not obta ined at the same sites at the same time with the same 
incubat ion  equipment ,  the lower CO2 emissions from exposed sediment  may not reflect 
a lower benthic metabolism, but  ins tead the complex diffusion and dissolution/precipita- 
tion properties of the 'CO2 system' and  possibly an accumulat ion of CO2 in the porewaters 
(Boudreau, 1987). Anyway, unti l  more is known,  sediment  respiration is assumed to be 
similarly irrespective of inunda t ion  status. 

Based on the annua l  carbon estimates, the sandy sites are net-autotrophic,  whereas  
the muddy  site is in balance be tween  autotrophy and  heterotrophy. It seems unl ikely  that 
habitats in K6nigshafen are net-autotrophic on an annua l  scale. However, not inc luded 
here are the heterotrophic contribution of large specimens of e.g. Arenicola marina and 
certain habitat  types, e.g. mussel  beds (Andersen & Kristensen, 1988; Asmus & Asmus, 
1996), and physical removal (and deposition) of organic carbon caused by, for example, 
winds, tides and  currents (Bayerl et al., 1996), which can be important  and  probably 
balance the budgets .  Furthermore, export of carbon via crab, fish and bird predat ion 
should also be considered (Raffaeli & Milne, 1987; Hall et al., 1990; Thrush et al., 1994). 

All three s tudied sites appeared  to be net  sinks for dissolved inorganic ni t rogen (DIN) 
on an annua l  basis. The uptake of DIN both in light and  darkness was much lower at the 
muddy  than at the two sandy sites (Table 4). There seems to be a serious annua l  
deficiency of DIN, as the C : N  ratio of gross rates, AGPP/AGDIN = 170-670, was much 
higher than the 7-10 expected for microphytobenthos (Sundb~ck & Graneli,  1988). Even 
the annual ly  in tegra ted  dark rates (ARDIN) were directed into the sediment,  render ing  
any C : N est imate for net  mineral izat ion impossible. The cause for these discrepancies is 
probably due to the simplifying assumption that rates of DIN exchange are constant  
throughout  day and  night  periods (Rysgaard et al., 1993), given the interactions be tween  
the "filter effect" of microphytobenthic  DIN assimilation, nitrification and denitrification 
occurring in surface sediment,  and changes  in DIN concentrat ions in the water phase. 
The assumption that DIN fluxes are 0 dur ing low tide and constant  dur ing high tide may 
also be biased because  an accumulat ion or deplet ion of a compound in the porewater  
dur ing low tide may be compensa ted  by an increased or decreased initial flux dur ing 
water  cover (Gardner, 1973; Camacho-Ibar  & Alvarez-Borrego, 1988). 
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