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A BSTRA C T: M a ts  of co lo u r le ss  s u l p h u r  b a c t e r i a  f rom  2 m a r i n e  s e d i m e n ts  w e r e  s t u d i e d  w i th  r e s p e c t  to 
s u lp h id e  a n d  o x y g e n  f luxes,  r a te s  of k e y  m ic ro b ia l  p r o c e s s e s  a n d  sp a t ia l  a n d  t e m p o r a l  h e t e r o g e n e i ty .  
In a re la t iv e ly  p r o t e c t e d  h a b i t a t  d o m i n a t e d  b y  B e g g ia to a  sp e c ie s ,  a b o u t  7 0 %  of t h e  s e d i m e n t  Cri-con- 
s u m p t io n  c o u ld  b e  a c c o u n t e d  for by th e  o x id a t io n  of S2~ to S O / " ,  a b o u t  1 5 %  by  food  c h a in s  fu e l l e d  by 
c h e m o a u to t r o p h ic  p ro d u c t io n ,  w h i le  th e  r e m a i n d e r  w a s  d u e  to a e r o b ic  p r o c e s s e s  n o t  d i re c t ly  a s s o c i 
a t e d  w ith  th e  s u lp h u r  cycle. In th is  s e d im e n t  a b o u t  8 5 %  of th e  a l l o c h th o n o u s  a n d  a u to c h t h o n o u s  
(p h o to tro p h ic  a n d  c h e m o t r o p h ic  p ro d u c t io n )  o rg a n ic  c a r b o n  w a s  m in e r a l i s e d  a n a e ro b ic a l ly .  T h e  o th e r  
h a b i t a t  w a s  a s h a l lo w  b a y  w h ic h  is o f ten  s u b je c t  to w a v e - i n d u c e d  t r a n s p o r t  a n d  e ro s io n  of th e  s e d i 
m e n t .  F rom  a u t u m n  to sp r in g ,  s e d i m e n t  s u r f a c e  c o m m u n i t i e s  of co lo u r le s s  s u l p h u r  b a c t e r i a  w e r e  
p a t c h y  in t im e  a n d  s p a c e  a n d  th e y  r e p r e s e n t e d  d i f fe r e n t  s u c c e s s io n a l  s t a g e s  w i th  r e s p e c t  to th e  c o m 
posi t ion  of th e  b io ta  a n d  to p r o c e s s  ra tes .  H e r e  th e  r e la t iv e  s ig n i f i c a n c e  of c h e m o a u t o t r o p h i c  s u lp h id e  
o x id a t io n  w a s  h igh ly  v a r ia b le .  D u r in g  s u m m e r  th e  su r f a c e  m ic ro b ia l  c o m m u n i t i e s  of this s e d i m e n t  w e r e  
d o m i n a t e d  by  p h o to t ro p h s  a n d  th e  co lo u r le ss  s u lp h u r  b a c te r i a  c o n s t i t u t e d  a less  i m p o r t a n t  c o m p o n e n t .

KEY W OR DS: M ic ro b ia l  m a ts  C h e m o a u to t r o p h i c  p r o d u c t io n  C o lo u r le s s  s u l p h u r  b a c t e r i a  ■ Oxic-  
an o x ic  i n t e r p h a s e

INTRODUCTION

D ense layers of colourless su lphur  bacteria  m ay form 
conspicuous white  patches rang ing  in size from a few 
millimetres to several m etres  d iam eter  on the surface 
of m arine  sediments. The phen o m en o n  is know n  from 
m any different benthic  habitats including deep  sea and 
shallow hydro therm al vents (Powell et al. 1983, Karl 
1987, Jannasch  et al. 1989), below productive upw ellmg 
areas  (Fossing et al. 1995, Gallardo et al. 1995), and  p e r 
m anently  or occasionally in various productive shallow 
w ate r  a reas  (Fenchel 1969, Ankar & Jansson  1973, Jo r 
g ensen  1977b, Ju n ip e r  & Brinkhurst 1986). T hese  com 
munities are dom inated  by la rge bacteria which can be 
recognised morphologically and include filamentous and 
colonial forms such as Beggiatoa  and  Thioploca  as well 
as unicellular forms such as Thiobacillus, T h io vu lu m , 
Thiospira  and  M acrom onas  (e.g. La Rivière & Schmidt
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1992); in reflected light these  bacteria  ap p e a r  white 
due  to inclusions of e lem en ta l  sulphur. The organism s 
use sulph ide as substra te  and  oxidise it to e lem enta l  
su lphur or to sulphate,- excepting the case of geo therm al 
vents, the  su lph ide derives from dissimilatory su lpha te  
reduction  in the under ly ing  anaerob ic  sedim ent.

In sed im ents  with a 'suboxic zone ' (that is, a micro- 
or anaerob ic  zone w ithout de tec tab le  free sulphide), 
microbial su lph ide oxidation is not confined to a n a r 
row zone (Jorgensen  1977a). This may also apply to 
geo therm al vents w h ere  advection  creates  cen tim etre-  
thick zones in which su lph ide and  oxygen  coexist (Jan 
nasch  et al. 1989, P. D ando pers, comm.). However, 
w h e n  low oxygen an d  low sulph ide concentra tions 
coexist within the chem ocline  and  w hen  the vertical 
fluxes of these com pounds  d e p e n d  only on molecular 
diffusion, the su lphur  bac teria  will form distinct 200 
to 600 pm thick layers an d  the  m etabolic  activity of 
the bac teria  m ain ta ins  ex trem ely  s teep  grad ien ts  of 
su lphide and  oxygen (Jo rgensen  & Revsbech 1983, 
Nelson et al. 1986b). If the zone of overlap b e tw e en  
sulph ide and  oxygen is s ituated  at (or above) the  sedi-
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m e n t  surface, the bacterial m ats  becom e visible. In 
sed im en ts  with photosynthetic  activity the  layer of 
w hite  su lphur  bac teria  ( together with  the  associated 
biota) perform s d iurnal vertical m igrations and  it 
ap p e a rs  on the surface only during  darkness; in the 
light it is found b e n e a th  a layer  of phototrophic 
m icroorganism s (e.g. F enchel 1969, G arcia-Pichel et 
al. 1994, F enchel & B erna rd  1995).

M an y  aspec ts  of these  bac teria  inc luding their d ive r
sity, m etabolism, grow th  yield, and  chem osensory  
motile behav iour  have  previously b e e n  s tud ied  in 
detail  (e.g. Jo rg en se n  & Revsbech 1983, Moller et al. 
1985, Nelson et al. 1986a, b, K uenen  1989, Nelson 
1989, La Rivière & Schmidt 1992, F enchel 1994). With 
r esp e c t  to the role of colourless su lphur  bac teria  for 
p h ago troph ic  food chains and  the composition of the 
associa ted  biota, it is m ainly exotic hab i ta ts  (such as 
d e e p  sea  hydro therm a l vents) which h av e  d raw n  
attention .  In spite of some earlier w ork (Fauré-Frem iet 
1951, F enche l 1969) shallow w ate r  m ats  of colourless 
bac teria  have  m ainly been  cons idered  as a sign of 
env ironm en ta l  deterioration  an d  ecological studies 
h ave  b e e n  very limited. N otw iths tand ing  tha t a n th ro 
po g en ic  eu trophicat ion  m ay lead  to an  expansion  of 
a reas  covered  by such  mats, these  do r ep rese n t  n a t 
ural, com plex an d  diverse communities.

The  p re se n t  p a p e r  describes the  role of mats of 
colourless su lphur  bac teria  in the carbon  cycling of 
2 types of sediments, interactions with  o ther  microbial 
com ponen ts  and  the trophic role of chem oauto trophic  
production.  A following p ap e r  (Bernard & Fenchel 
1995) will describe  the  biota and  successional patterns.

MATERIAL AND METHODS

S ed im en t  cores (d iam eter 5 cm) w ere  collected by 
SCUBA diving in the  outer basin  of the N orth  H arbour  
in Helsingor, Denm ark , during  the  period N ovem ber  
1994 to April 1995. The sed im en t consists of poorly 
sor ted  fine sand  with a h igh  conten t of o rganic  m a te r 
ial ( -1 5 %  of dry wt) mainly  m the form of debris of 
m a c ro a lg a e  and  seagrass  tissue an d  with a porosity of 
ab o u t  80 "... Large pa tches  of white  su lphur  bacteria 
dom in a te d  by large B eggiatoa  f ilaments and  often 
m e asu r in g  several m etres  in d iam ete r  are  ev ident 
th ro u g h o u t  the year (Fig. 1); b e tw e e n  these  w hite  
p a tch e s  the  layer  of su lphur  bac teria  is covered  by a 
layer  of cyanobac te ria  an d /o r  diatoms. In periods with 
s trong  w ind  exposure  the u p p e r  few millimetres of the 
se d im e n t  becom e fully oxidized an d  the su lphur  b a c te 
ria a re  not visible on the  surface; conversely, during 
long calm periods the w a te r  column im m edia te ly  
above  the sed im en t m ay becom e anoxic an d  the w ate r  
is th e n  cloudy from su sp e n d ed  su lphur  bacteria .

Fig. 1 B e g g ia to a  m a t s  a t  6.5 m d e p t h  in N o r th  H a rb o u r ,  H e l 
s ingor ,  D e n m a r k .  In th e  c lose  u p  (below) th e  %elgrass l e a v e s  

a r e  a b o u t  0.5 cm  w id e .  P h o to g ra p h  by I. A a g a a r d

Samples w ere  also collected in the innerm ost part  of 
Nivâ Bay abou t 15 km  south of Helsingor at w ate r  
dep ths  from 0.1 to 0.5 m. The sed im ent consists of weLl- 
sorted  sand  with a m ed ian  grain size of about 250 pm; 
o rganic contents w ere  not m easured .  From au tum n  to 
spring patches  of white  su lphur bacteria  (usually 
smaller than 20 cm) are  evident except imm ediate ly  
after windy periods w h en  the surface layers are  oxi
dised  to a dep th  of several millimetres to centimetres. 
The composition of the su lphur bacteria varies acco rd 
ing to the age  of the patch, the younger  ones being 
dom ina ted  by Thiospira  and /o r  T hiovulum  and  more 
m a tu re  patches  by B eggiatoa  (see B ernard  & Fenchel 
1995 for details). During summer, white  su lphur b a c te 
ria are  usually only visible on the surface during night 
a n d  early morning; in the light they m igra te  dow n into 
microbial mats dom ina ted  by diatoms, cyanobacteria  
and  purple su lphur bacteria. The Nivâ Bay locality is 
described  m more detail in Fenchel (1969, 1993) S am 
ples were  collected by hand  by pressing plexiglass 
tubes (inner d iam eter  4.2 or 7 cm) into the sediment. 
S am ples were collected from April to July 1994 and  in 
au tu m n  and  w inter  1994/95. Finally, a few cores w ere
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Fig. 2. O F ,  S 2 a n d  pFl p ro f i le s  in a - 6 0 0  p m  th ic k  B e g g ia to a  m a t

collected in shallow w ater  in the 
innerm ost p a r t  of the Helsingor 
North  Harbour. In the laboratory 
the collected cores w ere  kep t  at 
room tem pera tu re  (~20°C) in dim 
daylight and  the overlying water  
was continuously bubb led  with air.

Oxygen, sulphide and  pH profiles 
w ere  m easu red  in the  laboratory at 
~20°C on the day of sampling or on 
the following day. As shown below, 
the Ori and  S2~ grad ien ts  w ere  re- 
versibly affected by changes  in light 
intensity and  in the intensity of b u b 
bling; otherw ise the g rad ien ts  r e 
m a ined  u n ch a n g ed  for at least 4 d 
in the laboratory. We used 0 2-mi- 
croelectrodes constructed  accor
ding to Revsbech & Jo rgensen  
(1986) and  a p icoam m eter  and  a p o 
larisation voltage o f -0 .75  V. During 
m e asu rem en ts  the electrodes w ere  
calibrated at the surface of the b u b 
bled w ate r  [100% atm ospheric  sa t
uration (atm. sat.)] and  abou t 1 mm 
below the sed im ent surface (0%). For pH 
m e asu rem en ts  we used a ‘need le  electrode ' (MI-407, 
Microelectrodes, Inc., Londonderry, NH, USA) together  
with a pH  m eter  (Radiometer, C openhagen).  Sulphide 
electrodes w ere  m ade  by e tching the end  of thin silver 
wire with nitric acid to a d iam eter  of 50 to 100 pm. The 
wire was then m ounted  in glass capillaries with araldite 
and  the exposed silver tip was coated  electrolytically 
with A g2S. Potentials w ere  read  aga inst  a calomel e lec
trode using a pH meter. The electrodes w ere  initially 
calibrated  in sulphide solutions and  total su lphide was 
la ter calculated  from the m e asu red  potential and  co rre
sponding m easu rem en ts  of pH. Total su lphide (S2~ + 
H S ' + H 2S) is  re ferred  to as 'sulphide ' or S2“ in the fol
lowing. O xygen  will be expressed  as Po2 (% a tm os
pheric  pressure; 100 % atm. sat. = 21.2 kPa), but for flux 
estimates the values w ere  conver ted  to molar concen 
trations on the basis of salinity an d  tem pera tu re .  All 
other concentra tions are  expressed  as mol I-1.

The profiles w ere  m e asu red  with the electrodes 
m oun ted  in a m icrom anipulator  and  m easu rem en ts  
w ere  taken  at dep th  intervals of 50 or 100 pm. Zero 
dep th  was de te rm ined  as the point w here  the e lec
trode tips just touched the surface of the sed im en t or of 
the bacterial m at as observed  with a dissection m icro
scope. Typical results are  show n in Figs. 2 (-600 pm 
thick Beggiatoa  mat) and  3 (-200 pm thick T hiovulum  
film). Flux was es tim ated as the  slope of the linear part  
of the profile, assum ing  tha t linearity reflects that the 
subs tance  is conservative in this region and  tha t diffu

sion coefficients are constan t with depth. Flux can  then
be calculated  from Fick's law as J  = D 4^- w h ere  Dd z
rep resen ts  diffusion coefficients (taken from Cussler 
1989), C  is concentra tion  and  z is depth .  Since the 
slope of 0 2 g rad ien ts  did not ch a n g e  w h en  passing 
from the w ate r  and  into the m at (Fig. 2) and  since 
porosity of the bacterial m at is at least - 9 0 %  (see 
Bernard  & Fenchel 1995), w e  did not correct for poros
ity in the superficial <1 m m  top of the  sedim ent.  The 
effect of the  vertically descend ing  e lectrode on the dif
fusive bo u n d a ry  layer above the sed im en t (and hence

Fig. 3. 0 2 a n d  S 2'  p ro f i les  in a  s e d i m e n t  s u r f a c e  (N iva  Bay, 
D e n m a r k )  w i th  a - 2 0 0  p m  th ic k  T h i o v u l u m  fi lm
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Fig. 4. O x y g e n ic  p h o to s y n th e s i s  in  a B e g 
g ia toa  m a t .  (A) D e c r e a s e  in P o 2 a t  a d e p t h  of 
200 pm  a f te r  l igh t  h a d  b e e n  t u r n e d  off ( ini
tial  s u r f a c e  i l lu m ina t ion :  344 pE  m "2 s ' 1); the  
in i t ia l  s lo p e  is th e  p h o to s y n th e t i c  r a te  a t  this 
d e p th .  (B) P h o to s y n th e t i c  r a te  as  fu n c t io n  of 
d e p th .  (C) S t e a d y  s ta te  0 2~ profi les  at  d i f fe r 
en t  l igh t  in te n s i t i e s  ( e x p re s s e d  as pE  n r 2 
s ' 1). (D) P h o to s y n th e t ic  r a te  p e r  un i t  a r e a  as 

a fun c t io n  of s u r f a c e  i l lum ina t ion

P u , (9 6  a t m . s a t . )

3 -

-

2

0
0 6001 0 0 4u0 500200 300

/.¿L m  s '

on the  0 2 profile) dem onstra ted  by Glud et al, (1994) 
w as ignored  for technical reasons  (it was not possible 
to in troduce  the  elec trodes from beneath).  For crude 
es tim ates  of C 0 2, C H 4 and  S 0 42'  fluxes (see below) we 
did com pensa te  for porosity following the empirical 
equa tion  of R asm ussen  & Jo rg en se n  (1992). P hotosyn
thetic rates w ere  m e a su re d  following the  techn ique  of 
R evsbech et al. (1981). Briefly, 0 2 elec trodes w ere  
p laced  at a g iven d ep th  in a core w hich  was exposed  
with a know n  surface light in tensity  for a sufficiently 
long period (-15 min) to reach  a s teady  sta te  0 2 t e n 
sion. The light was then  tu rn ed  off and  the initial linear 
d ec rease  in 0 2 tension was then  a m e asu re  of pho to 
synthetic  rate at the  position of the elec trode tip. 
R epea ting  this for several dep ths  and  in tegrating  the 
result ing  curve yields an es tim ate of the pho tosyn 
thetic rate  p e r  unit a rea  (Fig. 4)

To m e asu re  dissolved C 0 2, C H 4 and  S 0 42i  1 ml 
interstitial w a te r  was draw n from the side of cores 
th rough  1 m m  holes filled with silicone ru b b e r  at 0.5 or 
1 cm intervals. Su lphate  w as d e te rm in e d  on filtered 
sam ples  by tu rb idom etry  following precip ita tion  with 
BaCT (American Public Health  Association 1975). For 
C H 4 and  C 0 2 m easu rem en ts ,  sam ples  w ere  p laced  in 
15 ml se rum  bottles with ru b b e r  stoppers and  a lu 

m inum  seals and  1 ml 0.01 N HC1 was added  th rough  a 
syringe needle . After vigorous shaking, 100 pi h e a d 
space samples w ere  injected in a gas chrom atograph  
(Chrom pack CP9000, M iddelburg , The Netherlands) 
with a Porapak Q column with N 2 as carrier and  with a 
TCD or a FID detector  for m easur ing  C 0 2 and  C H 4, 
respectively. For m easuring  m e thanogenesis  1 ml s e d 
im ent from different dep ths  and  1 ml 0 2-free seaw ater  
w ere  p laced in 15 ml s toppered  serum  bottles and  the 
headspace  was flushed with 0 2-free N2. The bottles 
w ere  p laced on a shak ing  table and  after 1 h the h e a d 
space was aga in  flushed with N 2 in order to remove 
residual CH4. Thereafter  100 pi gas samples were  
taken  at 1 h intervals and  ana lysed  for C H 4 and the lin
ear  increase with time was used as a m easure  of 
m ethanogenesis .

RESULTS AND DISCUSSION  

Spatial and tem poral heterogeneity

Effect of tem pera tu re

Since m easu rem en ts  w ere  o therw ise all carried out 
at ~20°C, we m easu red  0 2 profiles on 3 cores collected 
s im ultaneously in the harbour  locality and  kept for 20 h 
at 4, 8 and  20°C, respectively. This y ie lded a Q,„ of 
abou t 1.8 for this range. This allowed for a crude con 
version of m e asu red  rates to tem pera tu res  m easu red  in 
the field.

Effect of turbulence, advection and  P0 of the 
overlying water

As previously dem onstra ted  by Jo rg en sen  & Des 
Marais (1990), Cri up ta k e  of sed im ents  with a high re s 
piration rate is influenced by advective and  turbulent
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w ater  m ovem ent since this affects the thickness of the 
diffusive boundary  layer, which aga in  limits the flux of 
0 2 from the water. This effect was s tudied m cores 
from the harbour by chang ing  the (unquantified) 
intensity of air bubbling in the overlying water  
(Fig. 5). When the bubb ling  was dec reased  to a low 
intensity, the oxic-anoxic boundary  layer m igra ted  
upw ards  by up to 400 pm  (sometimes end ing  200 to 
300 pm above the surface) within minutes. The 
B eggiatoa  filaments re sponded  by ex tending  up 
into the w ater  so tha t the m at ach ieved  a woolly 
appearance .  At the sam e time the 0 2 flux d e 
creased. it is a p p a re n t  from Fig. 5 that the S2~ flux 
did not decrease  accordingly so tha t the 0 2 flux/S2~ 
flux ratio dec reased  with decreas ing  0 2-availabil- 
ity. The explanation  is p robably  tha t the 0 2-limited 
bacteria preferably oxidise S2- incompletely to S° 
and  so store e lem enta l  sulphur. In mats dom inated  
by free-sw imming su lphur bacteria  (such as T hio
vulum) the cells a re  capab le  of following the 0 2 
grad ien ts  up into the w ater  column (Fenchel 1994).
A similar change  in the ratio of S2~ and  0 2 with 
chang ing  w ate r  flow is therefore  not expected, but 
this was not investigated.

For all m e asu rem en ts  show n in Fig. 8 a vigorous 
bubbling  was used, bu t  since this could not be s ta n 
dard ised  very well the effect explains some of the 
variation in 0 2 flux estimates. The effect may also 
have contributed indirectly to the variance of 0 2- 
uptake, especially ev ident in the case of the Nivâ

Bay sam ples  (see Fig 8). W hen sam ples  w ere  
collected, spots with conspicuous covering of 
white  su lphur bacteria  w ere  chosen. W hether  
the su lphur  bac teria  occur at the surface, 
however, d ep e n d s  not only on the intensity of 
su lphide flux from the under ly ing  sediment,  
but also on the tu rbu lence  of the overlying 
water; collection on very calm days could 
therefore result in sam ples  with a relatively 
low 0 2 and  S2'  up ta k e  rates  as co m pared  to 
samples from m ore windy periods.

Spatial he te rogene ity

Spatial he te rogene ity  was especially  ev i
den t in Nivá Bay. Fig. 6 show s the 0 2 iso- 
ple ths along a 5 mm  transect  including a 
s tretch of abou t 2 m m  long w h ere  colourless 
su lphur bac teria  w ere  ev iden t on or slightly 
above the surface. It also shows tha t  the  0 2 
flux along the transect  varied  by a factor of 
almost 3. The reason  for this was probab ly  the 
h e te rogenous  distribution of decom posing  
organic m ateria l in the sed im ent (there were  

no signs of la rger  burrow ing  anim als in the im m edia te  
vicinity of the transect). This clearly shows tha t fluxes 
of 0 2 and  of S2 m e asu red  at one point cannot be  taken  
as an  ave rage  value for a finite a rea  of the  sed im ent
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Fig. 6. 0 2 isopleths and 0 2 flux along a 5 mm long transect of the 
surface of a sediment (Nivâ Bay)
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surface. In addition, and  as previously observed  by 
J o rg e n se n  & Des M arais (1990), the 0 2 isopleths tend  
to trace the  i r regu la r  topography  of the  sed im en t su r 
face; this results in a systematic underes tim ation  of the 
sed im en t 0 2 u p ta k e  on an  area l  basis if it is ca lculated 
from 0 2 profiles.

An additional cause  of he te rogene i ty  of the  Nivâ 
Bay sam ples  is tha t they derive from pa tches  which 
u n d e rg o  successional changes .  Occasional exposure  to 
w aves  and  curren ts  results  in sed im ent transport and  
erosion; the surface layers of the  sed im en t are  then  
oxidised an d  at the  sam e time fresh organic m ateria l is 
buried. In following calm periods sed im en t patches  
with a h igher  am o u n t  of bur ied  organic m a ten a l  and  
thus a m ore in tense  su lpha te  reduction  develop  a cover 
of colourless su lphur  bacteria; these  m at com munities 
u n d e rg o  characteristic successional stages  over a 
per iod  of 1 to 2 wk. This is descr ibed  in m ore detail in 
B ernard  & F enchel (1995); see  also F enchel (1993).

M ajor m icrobial processes and the role of 
chem oautotrophic production

Fig. 7 shows an  exam ple  of concentra tion  profiles of 
S2", S 0 42", C 0 2 an d  C H 4 as well as a profile of the rate 
of m e th an o g e n es is  to a d ep th  of 14 cm in the 6.5 m

harbour  site. The concentra tion grad ien ts  can only be 
used  for a very crude estimate of process rates due  to 
vertical he terogene ity  and  because  over distances of 
several centim etres the grad ien ts  may not rep resen t  a 
s teady  state situation. However, 3 m e asu red  gradients 
of C 0 2 in the up p er  centim etres of the sed im ent co rre
sponded  to a flux of 600 to 800 nmol C 0 2 cm"2 h"1, 
which is consistent with estimates of su lpha te  re d u c 
tion rates of 300 to 400 nmol cm"2 h"1 (cf. Fig. 8), 
p rov ided  that su lphate  reduction is the dom inating te r 
m inal mineralisation process. T here  w as a small con 
centration p e a k  of C H 4 and  of the  rate  of m e th a n o g e n 
esis at 3 to 6 cm depth, but h igh  concentra tions and  
production rates w ere  evident only w hen  S 0 42" was 
dep le ted  at a dep th  of 8 to 10 cm. Below this depth, gas 
pockets  w ere  observed  in the sediment. In tegrated  
C H 4-production (down to 14 cm) was abou t 25 nmol 
cm“2 h“1 corresponding  to <10%  of the  total anaerobic 
carbon  mineralisation. The concave-upw ard  shape  of 
the  C H 4 around  8 cm suggests  tha t the bulk  of the 
m e th an e  p roduced  is oxidised anaerobically  th rough  
su lpha te  reduction (e.g. Iversen & B lackburn 1981, 
Iversen & Jo rg en se n  1985) a l though it is also possible 
that some m e th an e  escapes th rough  ebullition.

Fig. 8A shows corresponding values of 0 2 and  S2" 
fluxes to the B eggiatoa  mat. The values are  consistent 
with those previously found for a similar sed im ent (Jor
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Fig. 7 Profi les of C 0 2, S 2C C H 4, S O y  
a n d  of th e  r a te  of m e t h a n o g e n e s i s  in 
th e  s e d i m e n t  b e n e a t h  a B e g g ia to a  mat.  
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h a rb o u r .  For  f u r th e r  e x p la n a t io n  s e e  text

g ensen  1977b) and  for other active biofilms (Kühl & 
Jo rg en sen  1992). With the assum ption tha t the mat is 
in a s teady  sta te  (no net change  in biomass) then the 
flux es tim ates can be used  to estimate the fraction of 
the 0 2 up ta k e  due to S2~ oxidation, the ch em oau to 
trophic production by su lphur bac teria  and  the fraction 
of the 0 2 up take  which is not directly associa ted with 
the S cycle. The slope of 0 2 versus S2~ flux (2:1) su g 
gests tha t com plete  oxidation to S 0 42- took place. In 
Fig. 8, a + b corresponds to S2" + 2 0 2 —> S 0 42-. H ow 
ever, since the su lphur bac teria  grow by assimilatory 
reduction  of C 0 2, some of the consum ed sulphide is 
used  as an  electron donor for C reduction ra the r  than 
for 0 2 reduction  (Nelson et al. 1986a). The molar yield 
of su lphide-oxidising bacteria  (with S 0 42- as the pr in 
cipal end  product) has b ee n  m e asu red  to be  within the 
range  of 6 to 10 g dry w t organic m ateria l mol-1 S2" oxi
dised (Kuenen 1989); we here  use  the value of 0.4 mol 
C m o b 1 S2~ found by Nelson et al. (1986b) in a p ure  cu l
ture  of Beggiatoa-, this corresponds to b in Fig. 8. Thus 
a + b + c corresponds to the total 0 2 up ta k e  of the s e d 
iment, a rep resen ts  the p a r t  of the 0 2 up ta k e  directly 
used  for S2~ oxidation, b is the production of su lphur 
bac teria  (in C equivalents  or in 0 2 equivalen ts  w hen  
this biomass is eventually  m ineralised  aerobically). 
Finally, c rep resen ts  the part of the sed im en t re sp ira 
tion which is not directly associa ted  with the sulphur 
cycle (e.g. respiration of photo trophs in the dark, resp i

ration of various hetero troph ic  ae robes  not consum ing 
or deg rad in g  su lphur  bacteria ,  and  the respira tion of 
nitrifiers and  m ethylotrophic  bacteria). Thus for a typi
cal su lph ide flux, abou t 70%  of the sed im en t resp ira 
tion (= inpu t of o rganic C to the system -  burial of fos
sil o rganic C and  of pyrite) is accoun ted  for by the 
oxidation of S2_ to S 0 42“, abou t 15% by the m inera lisa
tion of chem oau to troph ic  production (through food 
chains or hetero trophic  bacteria) and  abou t 15% by 
other aerobic processes.

The B eggiatoa  m a t in the harbour  con ta ined  a su b 
stantial am oun t of f ilamentous cyanobacteria  and  
som etim es substan tia l n u m bers  of diatoms and  g reen  
euglenoids, an d  w h en  exposed  to full daylight in the 
laboratory, the  su lphur bac teria  m igra ted  b en e a th  the 
phototrophs, leaving a b row n ish -g reen  surface layer. 
The rate  of photosynthesis  as a function of light in te n 
sity is show n in Fig. 4. Direct m easu rem en ts  show ed  
tha t < 5 %  of incident surface light p ene tra te s  to 6.5 m 
dep th  so tha t the photosynthetic  potentia l exceeds  
realised in situ  values. Even un d er  favourable cond i
tions during  summer, the  photo trophs are  not capab le  
of covering the 0 2 and  organic C dem an d s  of the sed i
m en t and  the m ain  carbon  supply m ust derive from 
accum ula ted  organic  debris (mainly tissue of ee lgrass  
and  macroalgae).

Fig. 9 sum m arises  the flow of materia ls  an d  ene rgy  
in the up p er  14 cm of the  ha rbou r  site sed im en t an d  its



168 M a r  Hcol P ro g  S e r  128: 16 1 -1 7 0 ,  1995

0 , al lochthonous
144  ore- c

120
m m o l  m 2 d a y  1

so;

p h o t o s y n t h e s i s120

s u l p h i d e
o x i d a t i o n

a e r o b i cso; org .  C 24 4 8

72 org .  C' 
144

Fig. 9. T h e  q u a n t i t a t iv e ly  m os t  
i m p o r t a n t  m ic ro b ia l  p ro c e s s e s  of 
th e  B e g g ia to a  m a t  c o m m u n i ty  a n d  
th e  u n d e r ly in g  14 c m  of a n a e r o b ic  
s e d i m e n t  (VFA: vo la t i le  fatty  acids)

sulphate
reduct ion

II, .  V F A  - * f e r m e n t a t i o n7 2

a c e t a t e

m e t h a n o g e n e s i s

microbial mat. The figures are  not to be considered  as 
an  a v e rag e  over time or space, but as represen ta t ions  
of an  exam ple  b ased  on a S2'  flux of 300 nmol c n r 2 h ' 1 
and  a dark  0 2 consum ption of 700 nmol c n r 2 h ' 1. The 
photosynthetic  rate is a crude  es tim ate b ased  on a 
typical pho ton  flux at 6.5 m dep th  during  daytim e in 
spring and  an extrapolation of the  da ta  show n in 
Fig. 4D.

T here  a re  2 m ore serious reservations with respect 
to Fig. 9. The cores from the harbour  never  showed 
visible signs of phototrophic (purple or green) sulphur 
bacteria ,  not even  if the sides of cores w ere  exposed  to 
light for several days. It is known, however, tha t m any 
cyanobac te ria  are  both to lerant to sulph ide and  c a p a 
ble of anoxygenic  photosynthesis  with S2'  as an e lec 
tron donor (Cohen et al. 1986). In addition, f ilamentous 
cyanobac te ria  w ere  observed  to co ngrega te  in the sul- 
phidic  zone on the  il luminated side of cores. It is th e re 
fore possible tha t some phototrophic (anoxic) su lphide 
oxidation took place in the light.

It is also possible that some sulph ide oxidation took 
place with n itra te  ra ther  than oxygen as the electron 
acceptor  according to Fig. 10; it has b e e n  show n that at 
least som e colourless su lphur  bacteria  m ay be demtri- 
fiers (Kuenen 1989). The nitrate would  derive from 
nitrification in the lower par t  of the oxic zone, based  on 
N H C  diffusing u p w ard s  from the anoxic zone, and  
som e of the formed N 0 3~ could diffuse dow nw ards  and 
serve for su lph ide  oxidation via denitrification. If this 
m echan ism  w ere  important,  then  the overall stoichio
metry  of su lph ide  oxidation by 0 2 would  be different 
than  su g g e s ted  m Fig. 9. This is because  in nitrification

N H 4+ is oxidised to N 0 3'  In denitrification, however, 
N 0 3'  is reduced  only to N 2. The oxidation of 1 unit of 
S2~ would therefore require  3.2 ra ther  than  2 units of 
0 2 if it takes p lace via nitrification-dénitrif ication. 
A lthough mtrification-demtrification was not studied, 
it is possible to set an  u pper  bound  for its quantita tive 
role. Assuming a C:N ratio of 6 for the anaerobically  
m ineralised  organic material, an upw ards  NH 4+ flux of 
abou t 100 nmol c m '2 h ' 1 is predic ted . Com plete  nitrifi
cation would then require  17% of the total 0 2 con
sumption. It is, however, know n that denitrification is 
incomplete in sed im ents  with a reduc ing  zone close to 
the surface (Vanderborght & Billen 1975). F u rthe r
more, it is unlikely that all the produced  N 0 3'  would 
becom e available for denitrification and  it is therefore 
unlikely that the  pa th w a y  described  in Fig. 10 is q u a n 
titatively im portan t for su lphide oxidation. The Sul-
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phide profiles in B eggiatoa  mats suggest  that S2' oxi
dation took place within the entire (500 to 600 pm 
thick) mat a l though 0 2 could only be de tec ted  in the 
up p er  150 to 200 pm. Denitrification could be a con
tributing explanation  for this. Thus Fossing et al. (1995) 
found that nitrate is a major electron acceptor  for T hio 
ploca  mats of the upwelling  a reas  off the coast of Chile, 
and  that the bacteria  store N O y  in vacuoles and trans
port it down into the sulphidic zone by vertical m ig ra 
tion. This m echanism, however, requires  high N 0 3' 
concentrations in the overlying water, a condition 
which does not apply in the p resen t case. Also, the Ks 
for 0 2-up take  of su lphur  bacteria  is very low (-0 .5%  
atm. sat. according to K uenen  1989). This is at or below 
the detection limit of the 0 2-electrodes, so very low 
and  undetec tab le  am ounts  of 0 2, a l though  still suffi
cient to sustain some aerobic activity, may have been 
p resen t slightly d ee p e r  than  indicated in Fig. 2. The 
individual Beggiatoa  f ilaments are in constant motion 
and are therefore subject to a varying Po2.

Fig. 8B shows corresponding  values of S2~ and  0 2 
fluxes of Nivâ Bay sam ples  (including a few sum m er 
samples with cyanobacteria l mats which w ere  m e a 
su red  in the dark) and  of samples from the shallow site 
in the harbour. Most of these samples were  dom inated  
by free-sw imming colourless su lphur bacteria  (mainly 
Thiovulum); these form th inner  films (-200 pm) which 
avoid complete anoxia (Fig. 3; see  also Fenchel 1994, 
Bernard  & Fenchel 1995). T hese  samples show ed  a 
much  larger  variation in terms of S2~ flux and  in terms 
of the ratio be tw e en  S2~ and  0 2 flux, reflecting the 
transient n a tu re  of the patches. In these shallow w ater  
samples phototrophic S2~ oxidation plays a substantial 
role from spring to au tum n. As seen  in Fig. 8, chemo- 
trophic sulphide oxidation often accounted  for <50%  
of the total respiration and  chem oauto trophic  p ro d u c 
tion for only 10 to 30%  of the C d em an d  of aerobic 
heterotrophs.

A c k n o w l e d g e m e n t s . T h e  s tu d y  w a s  s u p p o r t e d  by  g r a n t s  f rom 
th e  D a n i s h  N a tu r a l  S c i e n c e  R e s e a r c h  C o u n c i l  (0088-1) a n d  
f rom  th e  E u r o p e a n  U n io n  (M A S T  P ro g r a m m e ,  93-0058). W e  
a r e  g ra te fu l  to M r  lb  A a g a a r d  for co l lec t in g  s a m p le s  by 
S C U B A  d iv in g  a n d  to M s  J e a n n e  J o h a n s e n  for te c h n ic a l  a s s i s 
tan ce .
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