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ABSTRACT: A transect  of ten profiles was laid out in 20 m intervals on a tidal sand flat approxi- 
mately 100 m from the east shore of Sylt until the next t ideway was reached. Sediment  samples were 
taken from 0-2 cm depth (oxic layer) and 2-4 cm depth (anoxic layer). The average content  of 
organic carbon (C) was 2.41 mg g-1 in the oxic layer and 1.86 mg g-~ in the anoxic layer. The organic 
C content correlated positively with non-biomass C, 0.5 M K~SO4 extractable C, total ni trogen (N), 
cation exchange capacity (CEC), and the textural classes < 200 ira1, and negatively correlated with 
the coarse sand fraction. The average total C : N ratio was 7.0 in the oxic layer and 6.7 in the anoxic 
layer, indicating that the C input comes entirely from the microflora. CHCl:clabile C was measured  
by the fumigation-extraction method and was converted to microbial biomass C (values in brackets). 
The average content of CHCl:clabile C was 407 ~g g-1 (903 ug g-~) in the oxic layer and 214 ~g g-1 
(476 ,~g g-~) in the anoxic layer. CHC13-1abile C did not correlate with CEC and the textural classes 
< 200 [~m, indicating that conditions other than the physical environment  determine this fraction (C 
input, grazing). 

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

T h e  m i c r o b i a l  b i o m a s s  is d e f i n e d  as  t h e  s u m  of o r g a n i s m s  sma l l e r  t h a n  5 • 103 ~m 3 

( J e n k i n s o n  & Ladd,  1981) a n d  is r e c o g n i z e d  as t he  m o s t  i m p o r t a n t  f r ac t i on  of o r g a n i c  

m a t t e r  in  d i f f e r en t  s e d i m e n t s  (Mor ia r ty  et  al., 1985; Along i ,  1988). H e t e r o t r o p h i c  mic roo r -  

g a n i s m s  m i n e r a l i z e  t h e  g r e a t e s t  p a r t  of all  o r g a n i c  m a t e r i a l  t h a t  e n t e r s  t h e  s e d i m e n t  

e c o s y s t e m ,  c o n v e r t i n g  it to s i m p l e  i n o r g a n i c  c o m p o u n d s  t h a t  c a n  b e  u s e d  a g a i n  b y  

a u t o t r o p h i c  o r g a n i s m s .  In c o n t r a s t  to t e r r e s t r i a l  soils, m i c r o b i a l  b i o s y n t h e s i s  c a n  a c c o u n t  

for a s i gn i f i c an t  f r ac t i on  of to ta l  c a r b o n  i n p u t  in  s e d i m e n t s  ( A s m u s  & A s m u s ,  1985). T h e  

b i o m a s s  of t he  s e d i m e n t a r y  m i c r o o r g a n i s m s  is i tse l f  a s i n k  for n u t r i e n t s  a n d  a food  s o u r c e  

of m e i o -  a n d  m a c r o f a u n a ,  w h i c h  c o m p r i s e s  a g r e a t  p a r t  of t h e  to ta l  l i v ing  b e n t h i c  b i o m a s s  

(Reise,  1985). 

M i c r o b i a l  b i o m a s s  in  s e d i m e n t s  h a s  m a i n l y  b e e n  m e a s u r e d  b y  u s i n g  d i r e c t  m ic ro s -  

cop ic  t e c h n i q u e s  s u c h  as  e p i f l u o r e s c e n c e  mic roscopy .  T h e s e  m e t h o d s  h a v e  b e e n  

c r i t i c i zed  b e c a u s e  of t h e  p r o b l e m s  w i t h  q u a n t i t a t i v e  r e c o v e r i e s  of a t t a c h e d  b a c t e r i a  f rom 

par t i c les ,  t he  l i m i t a t i o n s  of a c c u r a t e l y  m e a s u r i n g  b i o v o l u m e s ,  a n d  t he  u n c e r t a i n t i e s  in  t h e  

fac to rs  u s e d  to c o n v e r t  e i t h e r  cel l  n u m b e r s  or b i o v o l u m e s  to b i o m a s s  ( J e n k i n s o n  & Ladd ,  

1981; F i n d l a y  e t  al., 1989). E s t i m a t e s  of t h e  m i c r o b i a l  b i o m a s s  b y  m e a s u r i n g  t h e  b i o c h e m -  

ica l  c o m p o n e n t s  of cel ls  (e.g. ATP,  m u r a m i c  acid,  e rgos t e ro l ,  p h o s p h o l i p i d  p h o s p h a t e ,  
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etc.) also suffer from uncertaint ies in conversion factors. In addition, these methods can 
be t ime-consuming and in some cases require relatively expensive ins t rumenta t ion  
(Findlay et al., 1989). Consequently,  the knowledge  about  the size of the microbial 
biomass in tidal flat sediments is much more limited than that about faunal,  especially 
macrofaunal  biomass (Reise, 1985). 

Chloroform fumigation affects the ce l l -membranes  of small organisms and  makes 
their biomass partially extractable. This effect is used by the fumigation-extract ion 
method to estimate microbial biomass C in terrestrial soils (Vance et al., 1987). This 
method has proved to be robust  against  hand l ing  errors and  to be appl icable  to a wide 
range of soils, including water logged paddy soils (Inubushi et al., 1991) a nd  soils which 
are supersaturated with salt solution (Widmer et al., 1989; Mueller  et al., 1992). For this 
reason, the fumigation-extraction method should also be usable in order to answer  the 
following questions: 
(1) What is the size of the microbial biomass in a tidal flat sediment? 
(2) What are the relationships be tween  the microbial biomass and sed iment  properties? 

MATERIALS AND METHODS 

S e d i m e n t  

Sediment  samples were taken on August  26th, 1991, from a tidal sand flat sediment  
on the east shore of Sylt in the north of the "Kampener  Vogelkoje". The is land of Sylt is in 
the northern part of the Wadden  Sea. Mean  annua l  air temperature  is 8.1 ~ and mean  
annua l  water temperature about 9 ~ with a summer  average of 15 ~ and  a winter 
average of 4 ~ (Reise, 1985). The upper  2 cm are usually brownish, s ta ined  by ferric 
hydroxides [Fe(OH)3 ]. Below, the colour changes  abruptly to black, s ta ined by ferrous 
sulfide [FeS] which in turn gives way to grey at about  7 cm depth, s tained by  pyrite [FeS2] 
(Anderson & Meadows, 1978; Reise, 1985). Approximately 100 m from the shore, a 
transect of ten profiles was laid out in 20 m intervals until  the next  t ideway was reached. 
Sediment  samples were taken from 0-2 cm depth (oxic layer) and  2-4 cm depth (anoxic 
layer) with a small spade. The samples were stored and cooled in a closed container  and 
transported to G6tt ingen the next  day. 

A n a l y s i s  

Dry weight  was determined by heat ing aliquots of samples in an oven  at 105 ~ to 
constant  weight  (approx. 24 h). Soluble salts were measured  after percolat ion of 10 g 
sediment  with 100 ml distilled water. Salt content  was calculated by add ing  the weight  of 
cations (Na +, K +, Ca 2+ and Mg 2+) and anions (CI- and  I-ICO3") which were  measured  in 
water percolate as described by Joergensen  & Meyer  (1990). Cation exchange  capacity 
(CEC) was measured  in the salt-free sediment  after addit ional percolation ~vith 100 ml of 
0.1 M BaC12 solution containing 5 % t r ie thanolamine as a buffer according to Mehlich 
(Schhchting & Blume, 1966). Ba 2§ was re -exchanged  with 100 ml of a 0.1 h,I CaC12- 
solution and measured  by atomic absorption spectrometry (Varian AA-775). Sand and silt 
fractions -> 20 ~m were measured  by sieving after t rea tment  with H202, silt and clay 
< 20 ~m by using a pipette procedure (Schlichting & Blume, 1966). The textural  classes 
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are coarse sand (2000-630 .am), medium sand (630-200 .am), fine sand (200-63 ~tm), silt 
(63-2 am) and clay (< 2 .am). Total C and N was measured  by gas chromatography after 
dry combust ion to COa and N2 (Carlo Erba ANA 1400). The data represent  the arithmetic 
means  of triplicate analysis. 

The fumigation-extraction method to estimate microbial biomass was performed 
according to Vance et al. (1987) after visible organisms had been  removed from the 
sediment.  Moist soils (50 g dry weight) were split into two samples of 25 g dry weight. 
The non-fumigated  control samples were placed in 250 ml bottles and then immediate ly  
extracted with 100 ml 0.5 M K2804 (ratio of extractant: soil [dry weight] was 4:1) for 45 
minutes  on an overhead shaker revolving at 40 rev min-1  and then filtered through paper  
filter (Whatman 42). For the fumigated treatment,  50-ml glass vials containing the field- 
moist soils were placed in a desiccator containing wet tissue paper  and a vial of soda lime. 
A 50-ml beaker  containing 25 ml ethanol-free CHC13 and a few boiling chips were added 
and the desiccator evacuated until  the CHCI:~ had boiled vigorously for two minutes.  The 
desiccator was then incubated in the dark at a constant  temperature  of 25 ~ for 25 hours. 
After fumigation, CHCI3 was removed by repeated evacuation (six times at intervals of 
two minutes) to make sure that no trace of chloroform remained in the samples. The 
samples were transferred to 250-ml bottles and then extracted as described above. All 
extracts were stored at - 1 5  ~ prior to analysis. Organic C was determined in the 0.5 M 
K2SO 4 extracts with a Dohrman DC 80 automatic carbon analyzer (Wu et al., 1990). 
Extractable organic C was calculated 

C (ttg g - i  sediment)= 
V = 
B = 

A K = 
SDW 
Sw = 

by the equation: 

(V-B) x (AK:SDw + Sw: 100) 
C ({tg m1-1) of sample 
C (~tg ml 1) of b lank  

amount  of K2SO4 
sediment  dry weight  of sample 
sediment  water (% dry weight) 

Chloroform-labile C (Ec) was calculated by the equation:  

Ec = {CF-Cu} 
CF = organic C extracted from fumigated sediment  
Cu = organic C extracted from non-fumigated  sediment  

Microbial biomass C (Bc) was calculated by the equation:  

Bc -- 2.22 Ec (Wu et al., 1990) 

RESULTS 

The average salt concentration was 7.5 mg g - t  in the oxic 0-2 cm layer and 6.7 mg 
g-1 in the anoxic 2-4 cm layer and showed nei ther  a significant gradient  with depth nor 
towards the t ideway  (Table 1). The cation exchange  capacity ranged be tween  9.8 and  
33.4 meq kg -~ and  decreased towards the t ideway and  with depth in the first four profiles 
(Table 1). This decrease paralleled the decl ining percentage  of the fine sand fraction, 
ranging  from 1.7 to 45.2 %, and that of the silt and  clay fraction (Table 2). These two 
fractions had an extremely small percentage and never  exceeded 6.2 % with a m i n i mum 
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Table 1. Salt content and cation exchange capacity (CEC). 
�9 Mean significant difference; P -- 0.05 (Tukey) 

Distance Salt 
from coast (mg g-l) 

(m) 0-2 cm 2-4 cm 

CEC 
(meq kg -l) 

0-2 cm 2-4 cm 

120 8.2 7.3 27.5 23.5 
140 7.7 5.8 33.4 20.8 
160 3.7 6.5 20.8 14.1 
180 8.1 8.0 19.3 14.6 
200 7.4 7.2 16.8 21.4 
220 7.5 6.3 13.8 15.1 
240 8.5 5.9 14.6 13.3 
260 7.2 6.8 12.3 10.8 
280 8~8 7.3 10.0 10.5 
300 8.1 6.3 11~5 9.8 

Mean 7.5 6.7 18.0 15.4 

MSD" 1.1 1.0 6.2 4.5 

Table 2. Sediment texture 

Distance Coarse sand Medium sand Fine sand Silt Clay 
from (% dry weight) 
coast 

(m) 0 - 2 c m  2 - 4 c m  0 - 2 c m  2 - 4 c m  0 - 2 c m  2 - 4 c m  0 - 2 c m 2 - 4 c m  0 - 2 c r n 2 - 4 c m  

120 17,5 20.1 35.9 33.0 43.0 38.1 4.3 4.2 2.2 1.7 
140 15.8 24.7 30.9 29.4 45.2 39.7 6.2 3.3 3.4 1.5 
160 23,5 25.0 43.1 40.7 30.5 28.6 2,7 1.6 2.6 1.7 
180 32.2 34.2 44.6 41.2 22.8 19.3 1.6 1,1 2.2 0.8 
200 43.8 42.4 40.8 41.8 11.2 14.0 0.6 2.2 2.4 0.7 
220 55.2 55.5 28.6 30.0 12.4 13.3 0.8 1.3 1.7 1.2 
240 53.3 51.8 34.6 37.0 8,5 11.9 0.6 0.8 0.6 0.9 
260 69.0 59.6 34.6 28.3 1.9 4.4 0.4 0.4 0.4 1.1 
280 69.4 57.5 36.3 28.1 1.7 4.4 0.2 0.6 0.5 1.2 
300 58.1 44.7 48.0 38.5 2.8 6.2 0.2 0.3 0.4 0.8 

Mean 43.8 41.6 34.8 37.7 18.0 27.1 1.8 .1.6 1.7 1.2 

of 0,3 %, T h e  coa r se  s a n d  fract ion,  r a n g i n g  f rom 15.8 to 69.4 %, w a s  o n  a v e r a g e  the  

l a rge s t  f rac t ion  a n d  h a d  an  i n v e r s e  r e l a t i o n s h i p  to C E C  a n d  the  t h r e e  t e x t u r a l  c lasses  

< 200 ~m. No  g r a d i e n t  cou ld  b e  o b s e r v e d  for t he  m e d i u m  s a n d  f rac t ion  w h i c h  v a r i ed  

a r o u n d  36 % (Table  2). 

The  a v e r a g e  c o n t e n t  of to ta l  o r g a n i c  C w a s  2.41 m g  g -1  in the  oxic 0 - 2  cm l a y e r  a n d  

1.86 m g  g -1  in  t h e  anox ic  2 - 4  cm l aye r  (Table  3). T h e  o rg an i c  C c o n t e n t  d e c r e a s e d  

t o w a r d s  t h e  t i d e w a y  a n d  w a s  t h u s  pos i t ive ly  c o r r e l a t e d  w i t h  CEC a n d  t h e  t h r e e  t ex tu ra l  

c l a s ses  < 200 ~m a n d  n e g a t i v e l y  c o r r e l a t e d  w i t h  t he  coa r se  s a n d  f rac t ion  (Tab le  4). T h e  

total  C :N  rat io va r i ed  b e t w e e n  6,2 a n d  7.7 w i t h o u t  c o n s i s t e n t  g r a d i e n t  (Tab le  5), T h e  
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Tab le  3. Soil o rgan ic  C, ex t rac tab le  C a n d  CHC13-1abile C. 
" M e a n  s igni f icant  difference;  P = 0.05 (Tukey) 
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Dis tance  Total  o rgan ic  C Ext rac tab le  C CHCl~qab i l e  C 
f rom coast  (rag g-!) (gg g- l )  (~g g-l)  

(m) 0 - 2  cm 2 -4  cm 0 - 2  cm 2 -4  cm 0 - 2  cm 2 - 4  cm 

120 3.03 2.67 51 38 319 155 
140 3.94 2.44 73 37 424 22I  
160 3.15 2.05 60 39 444 261 
180 2.70 2.31 55 33 612 456 
200 2.49 2.75 40 42 489 196 
220 2.08 1.76 49 32 320 194 
240 1.85 1.34 43 30 402 206 
260 1.88 1.27 34 17 470 211 
280 1.63 1.04 33 I6 385 138 
300 1.36 0.94 36 16 200 105 

M e a n  2.41 1.86 48 30 407 214 

MSD* 0.32 0.21 14 10 64 59 

Tab le  4. S p e a r m a n  r a n k  correla t ion coefficients .  * P _~ 0.05; " " P ~ 0.01; * * * P ~_ 0.001 

Total  o rgan ic  C CHC13-1abile C 

CEC 0.91 �9 " * 0.25 
Salt 0.12 0.36 
Coar se  s a n d  - 0.78" "* - 0.14 
M e d i u m  s a n d  0.02 0.00 
Fine s a n d  0.79 * * * 0.11 
Silt 0.82* *" 0.11 
Clay  0.64" * 0.29 
Tota l  N 0.95" " * 0.65" * 
C : N  0.33 - 0 . 1 9  
Ext rac tab le  C 0.87" " " 0.57* 
Tota l  o rgan ic  C 0.50* 

c o n t e n t  of  0 .5  M K2SO4 e x t r a c t a b l e  C w a s  c l o s e l y  c o r r e l a t e d  to t o t a l  o r g a n i c  C,  b u t  t h e  

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

C o n s e q u e n t l y ,  t h e  a v e r a g e  r a t i o  of  e x t r a c t a b l e  C to  t o t a l  o r g a n i c  C d e c r e a s e d  f r o m  2 .0  • 

10 - 2  i n  t h e  o x i c  0 - 2  c m  l a y e r  to  1.6 x 10 - 2  i n  t h e  a n o x i c  2 - 4  c m  l a y e r  ( T a b l e  5). 

T h e  a v e r a g e  c o n t e n t  of  C H C 1 3 - 1 a b i l e  C w a s  407  ~ g  g - 1  i n  t h e  o x i c  0 - 2  c m  l a y e r ,  

r a n g i n g  f r o m  2 0 0  to  612  ~g  g - l ,  a n d  214  ~ g  g - 1  i n  t h e  a n o x i c  2 - 4  c m  l a y e r ,  r a n g i n g  f r o m  

105 to 4 5 6  ~g  ~ - 1  ( T a b l e  3), u s i n g  t h e  f a c t o r  of  W u  e t  al .  (1990)  to c o n v e r t  t h e  c o n t e n t  of  

C H C 1 3 - 1 a b i l e  C to m i c r o b i a l  b i o m a s s ,  t h e  c o r r e s p o n d i n g  a v e r a g e  c o n t e n t  w a s  9 0 3  ~zg g - 1  

in  t h e  0 - 2  c m  l a y e r  a n d  4 7 5  ~ g  g - 1  i n  t h e  2 - 4  c m  l a y e r .  W i t h  t h e  e x c e p t i o n  o f  t h e  m a r k e d  

d e c l i n e  i n  t h e  l a s t  p r o f i l e  d i r e c t l y  in  f r o n t  of  t h e  t i d e w a y ,  t h e  c o n t e n t  of  C H C 1 3 - 1 a b i l e  C 

s h o w e d  n o  c o n s i s t e n t  d e c r e a s e  t o w a r d s  t h e  t i d e w a y ;  t h u s ,  i t  w a s  n o t  c o r r e l a t e d  w i t h  C E C  

a n d  t h e  t e x t u r a l  c l a s s e s  < 2 0 0  ~ m  ( T a b l e  4). T h e  r e l a t i o n s  to  t o t a l  N ,  0 .5  M K2SO4 
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Table 5. Ratios 

Distance Total organic Ci Extractable C i CHCl~-labile C: 
from coast total N total organic C [%] total organic C [%] 

(m) 0-2 cm 2-4 cm 0-2  cm 2-4 cm 0-2 cm 2-4 cm 

120 7.6 7.7 1.7 1.4 11 6 
140 7.3 6.5 1.8 1.5 11 9 
160 6.7 6.4 1.9 1.9 14 13 
180 6.5 6.2 2.1 1.4 23 20 
200 6.4 7.4 1.6 1.5 20 7 
220 7.7 7.4 2.4 1.8 15 11 
240 6.7 6.7 2.3 2.3 22 15 
260 7.2 6.2 1.8 1.3 25 17 
280 6.8 6.9 2.0 1.6 24 13 
300 6.8 6.1 2.6 1.7 15 11 

Mean 7.0 6.7 2.0 1.6 18 12 

e x t r a c t a b l e  C (from n o n - f u m i g a t e d  s a m p l e s )  a n d  to ta l  o r g a n i c  C w e r e  o n  a l o w e r  l eve l  of 

s i gn i f i c ance ,  i n d i c a t i n g  t h a t  c o n d i t i o n s  o t h e r  t h a n  t h e  p h y s i c a l  e n v i r o n m e n t  d e t e r m i n e  

t he  c o n t e n t  of CHC13-1abile C or m i c r o b i a l  b i o m a s s ,  s u c h  as  C - i n p u t  or  g r a z i n g  b y  

an ima l s .  T h e  ra t io  CHC13- lab i le  C to to ta l  o r g a n i c  C w a s  e x t r e m e l y  h i g h  in  b o t h  l ayers ,  on  

a v e r a g e  18 % in t he  oxic  0 - 2  cm l a y e r  a n d  still  12 % in  t he  a n o x i c  2 - 4  c m  l a y e r  (Tab le  5). 

Us ing  t h e  c o n v e r s i o n  fac tor  2 22 of W u  e t  al. (1990), t he  ra t io  m i c r o b i a l  b i o m a s s  to to ta l  

o r g a m c  C w o u l d  b e  40 % or 27 %. r e s p e c t i v e l y .  

D I S C U S S I O N  

Tida l  f la t  s e d i m e n t s  a re  f o r m e d  in t h e  t r a n s i t i o n a l  z o n e  of l i t h o s p h e r e ,  b i o s p h e r e ,  

h y d r o s p h e r e  a n d  a t m o s p h e r e ,  s imi la r ly  to soils. C o n s e q u e n t l y ,  t ida l  f la t  s e d i m e n t s  h a v e  

m a n y  f e a t u r e s  of soil. T h e  t ida l  s a n d  f la t  s e d i m e n t s  of Sylt  o r i g i n a t e  f r o m  t e r r e s t r i a l  

m o b i l e  s a n d  d u n e s ,  as  i n d i c a t e d  by  t he  h i g h  a b u n d a n c e  of c o a r s e  g r a i n s ,  a n d  m a y  b e  

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

t e r r e s t n c  a g r i c u l t u r a l  e c o s y s t e m .  H o w e v e r ,  f rom a n  eco log i s t ' s  v i e w p o i n t ,  t i da l  f la t  

s e d i m e n t s  r e m a i n  p r imar i l y  a m a r i n e  hab i t a t ,  b e c a u s e  t h e  p o r e  s p a c e  is s a t u r a t e d  w i t h  

m a r i n e  i n t e r s t i t i a l  w a t e r  t h r o u g h o u t  t h e  low t ide  per iods .  T h e  t ida l  e x c h a n g e  of w a t e r  

m a s s e s  b u f f e r s  e n v i r o n m e n t a l  e x t r e m e s  a n d  p r e v e n t s  loca l  d e v i a t i o n s  in  w a t e r  c h e m i s t r y .  

O n  t h e  o t h e r  h a n d  t ida l  flats a re  s u b j e c t e d  to t h e  e x t r e m e s  of t e r r e s t r i a l  c l i m a t e  s u c h  as  

hea t ,  f ros t  a n d  ra in .  

T h e  C - i n p u t  in  t ida l  f lat  s e d i m e n t s  c o m e s  f rom (1) t he  p r i m a r y  p r o d u c t i o n  of b e n t h i c  

m i c r o a l g a e  a n d  c y a n o b a c t e r i a  (2) t h e  p r i m a r y  p r o d u c t i o n  of p h y t o p l a n k t o n  in  t h e  w a t e r  

c o l u m n  a b o v e  t he  flats a n d  (3) t he  i n f lux  of de t r i t u s  w i t h  t he  t ides .  T h e  r a n g e  of t h i s  C-  

i n p u t  is c o m p a r a b l e  w i t h  a b o v e g r o u n d  p r i m a r y  p r o d u c t i o n  (Reise, 1985). J e n k i n s o n  et  al. 

(1992) e s t i m a t e d  a n e t  p r i m a r y  p r o d u c t i o n  b e t w e e n  220 a n d  520  g C m -2 a - I  for d i f f e r e n t  

t e r r e s t r i a l  e c o s y s t e m s  (a rab le ,  g r a s s l a n d  a n d  forest}. H o w e v e r ,  w i t h o u t  m a c r o p h y t e s  s u c h  

as  s e a g r a s s ,  t h e  ne t  p r i m a r y  p r o d u c t i o n  o n  a s a n d y  f la t  s imi la r  to our s  w a s  o n l y  127 g C 



Estimation of microbial biomass in tidal flat sediment  219 

m -2 a -1, where 22 % were produced by phytoplankton and 78 % by benthic microalgae 
(Asmus & Asmus, 1985). 

If CHC13-1abile C is converted to microbial biomass C, its content  found in the two 
layers of the transect is in the range observed in forest and grassland soils but  exceeds 
that of arable soils (Wolters & Joergensen,  1991; Kaiser et al., 1992). Cad6e & H e g e m a n n  
(i977) found be tween  0.5 and 2.2 ,~g ATP ml-1 sediment  in intertidal flats. The conversion 
factor from ug ATP to [~g biomass C varies be tween  140 for arable soils (Jenkinson, 1988) 
and 500 for subsurface aquifer sediments (Balkwill et al., 1988). Biomass estimates from 
the ATP data of Cad~e & Hegeman  (1977) come close to those found by the fumigation- 
extraction in this investigation. Assuming a bulk  density of 1.25 g c m  -3, the amount  of 
microbial biomass would be 34 g C m -2 at 0-4 cm depth. In September in the Bay of 
Fundy (Canada), Schwinghamer  (1983) found a maximum level of 19 g C m -2 (0-10 cm 
depth) originated from bacteria and algae using a direct count method. Findlay et al. 
(1989) found by direct counts a 3 to 4 times smaller microbial biomass than by phos- 
pholipid analysis. The phospholipid content  of 1 g bacterial biomass varies be tween  
50 ~mol (Findlay et al., 1989) and 250 [tmol (Moriarty et al., 1985). The factor of the 
fumigation-extraction method to convert CHC13-1abile C to microbial biomass C is less 
variable (Kaiser et al., 1992), but also not completely satisfactory because it was cali- 
brated mainly for agricultural soils and not for oxic and anoxic sediments (Jenkinson, 
1988; Wu et al., 1990). The difference in the community  structures of the microbial 
populat ion could not only affect the conversion of CHC13-1abile C into biomass C but  also 
the interpretat ion of the data. In terrestric soils, a negligible difference in biomass exists 
be tween  the heterotrophic microflora and the total microbial biomass, which is the sum of 
bacteria, fungi, algae and protozoa. In tidal flat sediments,  the percentage of the 

autotrophic microflora, and presumably  that of the microfauna, is comparatively higher. 
However, the amount  of microfaunal organisms is still too small to make a considerable 
contribution to the microbial biomass estimates (Reise, 1985). Nevertheless, this problem 
should be considered when  invest igat ing the interaction of microflora and  animals.  

It is also possible that some non-biomass  C is attacked and  made extractable by 
CHC13-fumigation. However, this error is assumed to be relatively small (Jenkinson, 
1966). In contrast to CHC13-tabile C, total organic C is closely correlated with physical 
factors, indicat ing a relatively good separation of biomass from non-biomass  C, especially 
considering the high ratio CHC13-1abfle C to total organic C. A more correct conversion 
factor could be obtained only if better  methods for direct calibration of the fumigation- 
extraction method  are developed using in situ 14C-labelling of the sediment  microbial 
biomass. 

In contrast to the microbial biomass, the content  of total organic C found in our sandy 
flat transect is very low compared to the yearly C-input  by algae and phytoplankton.  
Consequently,  a microbial biomass C to total organic C ratio represent ing 40 % is more 
than ten times larger in the oxic 0-2 cm layer than that found in terrestrial soils (Kaiser et 
al., 1992). Even in the anoxic 2-4 cm layer, the biomass C to total organic C ratio 
represents close to 30 %, point ing to the enormous productivity of the anaerobic  micro- 
bial communi ty  of heterotrophic and autotrophic organisms. According to Insam et al. 
(1989), the ratio of microbial biomass C to total organic C is positively related to C 
availability to microorganisms. However, the high content  of microbial biomass is less 
astonishing in comparison with terrestrial soils than the very low level of accumula ted  
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non-biomass  organic C which consists almost completely of dead microbial residues. This 
low level of accumulated necromass may be caused by the following reasons: 

(1) The C-input  is easily decomposable.  In contrast to all terrestrial soils and  to tidal 
sediments  with seagrass beds, no C-input  originates from macrophytes. Phytoplankton 
and microalgae are the main  producers of the C-input  into our sediment  transect. Their 
organic matter consists of proteins and  other easily decomposable components  as indi- 
cated by the very low C:N ratios of total organic matter. An average sed iment  C:N ratio of 
6.6 was found by Schwinghamer  (1983). These ratios are similar to those est imated for 
microorganisms in agricultural soils (Anderson & Domsch, 1980)~ 

(2) The faunal  biomass, especially that of grazing organisms is large. The average 
annua l  biomass of the macrofauna alone amounts  to about 15 g C m -2 (Reise, 1985), 
which is comparable  to the total soil fauna in a calcareous beech forest (Schaefer & 
Schauermann,  1990). 

(3) The oxic and  anoxic layer are closely connected in tidal sediments.  The interface 
be tween  the two layers moves up and  down according to temperature,  wave action, 
organic input, tidal percolation of interstitial water, and diurnal  variation of oxygenic 
photosynthesis.  The low energy yield of anoxic conditions leads to an enormous  turnover 
of organic matter  and rapid b reakdown of polymers by fermentation. The  products of 
these processes can be rapidly decomposed under  oxic conditions. The cont inuous  shift 
be tween  oxic and anoxic conditions may lead to a nearly complete decomposi t ion of 
organic material, thus hinder ing the accumulat ion of humic material. 

(4) Suspended  or dissolved organic matter is washed away by the t idal exchange of 
water masses. Easily decomposable material  is often highly soluble, as are the fermenta- 
tion products of anoxic processes. A relatively high percentage of mater ial  could be 
extracted by 0.5 M K2SO4. This might be an addit ional reason for the low accumulat ion  of 
humic (non-biomass) material. 

Extremely high ratios of microbial biomass C to total C and a large macrofaunal  
populat ion indicate short turnover times and a more labile communi ty  than that of 
terrestrial soils. The amount  of total organic carbon at the Canad ian  Bay of F undy  showed 
some marked  fluctuations be tween  sampling dates which could, however,  also be a result 
of considerable spatial heterogenei ty (Schwinghamer,  1983). The biomass level  of algae 
showed the largest variations ranging  from 0.1 g C m -2 in winter  and 12.6 g C m -2 in late 
summer  (Schwinghamer. 1983). A relatively similar range  be tween  ma x i mum and  
min imum content  of algae was observed by Asmus (1982), who invest igated an area close 
to our sandy flat. Also the benthic fauna  shows very pronounced seasonal  and  interan- 
nua l  changes  in abundance  and  composition of populat ion structure - a species-specific 
annual  max imum usually occurring be tween  spring and  winter (Reise, 1985). The 
fluctuations of the microbial biomass studied here may also depend  considerably  on the 
variations in envi ronmenta l  conditions such as C-input,  temperature,  l ight  and faunal  
abundance .  The fumigation-extraction method may be a useful tool for moni tor ing  such 
spatial and  temporal  variations caused by changes  in climatic, faunal  and  physical 
habitat. 
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