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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 te r ia  f rom  a  re la t iv e ly  e x p o s e d  s h a l lo w  w a t e r  s e d i m e n t  a n d  
f rom  a d e e p e r ,  m o r e  p r o t e c t e d  s e d im e n t  w e r e  s tu d ie d .  In t h e  e x p o s e d  h a b i ta t ,  p a t c h e s  of w h i te  s u l p h u r  
b a c te r i a  h a d  a l im i te d  l i fe tim e a n d  d i s p l a y e d  a c h a ra c te r i s t i c  s u c c e s s io n  in  w h ic h  sm a ll  s u l p h u r  b a c t e 
ria  (T h io sp ira , M a c ro m o n a s ) d o m in a t e d  a t  first fo l lo w ed  by  T h io v u lu m ,  w h ic h  w a s  e v e n tu a l ly  d i s p l a c e d  
by  B eg g ia to a , d u r in g  s u m m e r  p h o to t ro p h ic  o r g a n i s m s  d o m in a t e d .  T h io v u lu m  f i lms w e r e  on ly  - 0 .2  m m  
th ick  a n d  th e  p r o j e c t e d  a r e a  of th e  cells c o v e r e d  only  7 to 3 6 %  of th e  s e d i m e n t  su r f a c e  w h i le  m a t s  of 
f i la m e n to u s  b a c t e r i a  w e r e  t h ic k e r  a n d  r e p r e s e n t e d  a  h i g h e r  b io m ass .  In th e  p r o t e c t e d  local i ty  t h e  B e g 
g ia to a  m a t s  w e r e  -0 .6  m m  th ick  a n d  r e p r e s e n t e d  a 10-fold h ig h e r  b io v o lu m e  t h a n  t h o s e  f rom  th e  
e x p o s e d  h a b i ta t .  T h e  p r o j e c te d  a r e a  of th e  f i la m e n ts  c o v e r e d  2 to 3 x  th e  s u r f a c e  a r e a  of th e  s e d i m e n t  
a n d  h a d  a c o m b in e d  le n g th  of 10 to 70 m c r r r 2 T h e  m a ts  h a d  a p o ro s i ty  of 90 to 9 5 %  a n d  d id  no t  c o n 
ta in  a m u c o u s  m atr ix .  P h o to t ro p h s  (m ain ly  f i la m e n to u s  c y a n o b a c te r i a  a n d  d ia to m s)  w e r e  a lw a y s  p r e 
sen t .  P ro to z o a n  b io ta  in c lu d e d  m o r e  th a n  80 s p e c ie s  a n d  r e p r e s e n t e d  a h ig h  cell  d e n s i ty  ( c o r r e s p o n d 
in g  to 104-1CP c i l ia tes  ml in a d d i t io n  to f l a g e l l a te s  a n d  lo b o s e  a m o e b a e ) .  M a n y  s p e c i e s  d e p e n d e d  on  
s u lp h u r  b a c te r ia  for food. T h e  m a ts  s o m e t im e s  a lso  h a r b o u r e d  se v e ra l  r e p r e s e n t a t i v e s  of m e io -  a n d  
m a c r o f a u n a

KEY W O R D S: M ic rob ia l  m a ts  C o lo u r le ss  s u lp h u r  b a c t e n a  C h e m o a u to t r o p h i c  p r o d u c t io n  P ro to z o a  - 
S u c c e s s io n a l  p a t t e r n s

INTRODUCTION

Characteristic  white  patches  of chem oauto trophic  
su lphur bacteria  develop w hen  free sulphide reaches  
the  surface of aquatic  sediments. The bacteria  which 
form such microbial mats have draw n a ttention with r e 
spect to various physiological properties (for re ferences 
see Fenchel & Bernard  1995b). However, r ega rd ing  the 
composition and  structure of shallow w ater  mats the lit
era tu re  is limited (e.g. Jo rg en se n  1977, Moller et  al. 
1985). With respect to the associated biota and  the role 
of chemoautotrophic production for phagotrophs the lit
era ture  is also quite restricted. F auré-Frem iet (1951) 
described the ciliate fauna of limnic B eggiatoa  mats. 
Fenchel (1968, 1969) described  some m arine Beggiatoa  
mats and  their p rotozoan biota and  show ed  that many
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species d e p e n d  on su lphur  bacteria  for food. It has been  
show n that pro tozoan species isolated from mats of 
colourless su lphur  bac teria  show chem osensory  b e h a v 
iour with respect  to 0 2 tension allowing them  to m a in 
tain their position within the  0.2 to 0.6 mm  thick mats 
(Fenchel & B ernard  1995a). In contrast to d e e p  sea h y 
d ro therm al vents (e.g, Tunnicliffe 1991) only few, and 
in part anecdotal,  accounts  of the role of su lphur  b a c te 
ria for animals in shallow w ate r  m ats  exist (Perkins 
1958, T hane -F enche l  1968, F enchel 1969, S tem  1984).

In a previous p ap e r  (Fenchel & Bernard  1995b) we d e 
scribed mats of colourless su lphur  bac teria  with respect  
to fluxes of S2" and  CU. It. w as show n tha t  in 2 localities 
consum ption of chem oau to troph ic  su lphur  bacteria  cor
responded to about 50 and  10 to 30 %, respectively, of the 
0 2 consum ption which is not d irectly  involved in S2~ ox 
idation; chem olithotrophic production  the re fore  r e p r e 
sents an  im portant basis for the  food w eb. In the  p resen t 
p ap e r  w e describe the physical s tructure  of the mats, 
successional patterns in their development, and  the com 
position of the bacterial and  protist biota.
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MATERIALS AND METHODS

S ed im en t  cores w ere  collected in H elsm gor  North 
Harbour, D enm ark, at 6.5 m d ep th  (the p ro tec ted  local
ity) an d  m  Nivâ Bay, D enm ark  (the exposed  locality) 
du r ing  the  period April 1994 to April 1995; some su p 
p le m en ta ry  sam ples  w ere  also collected in shallow 
w a te r  in the  inner p a r t  of the  harbour. The sites and  
m e thods  of collection are  descr ibed  in Fenchel & 
B erna rd  (1995b). In the  laboratory  quantita tive  s u b 
sam ples  w e re  ta k en  with a th in-w alled  plastic cylinder 
(d iam eter  3.5 mm, leng th  2 cm). It w as pu sh e d  a few 
millimetres into the  se d im en t  from above  an d  the m at 
(corresponding  to 0.096 cm 2) was rem oved  with a P as
teu r  p ipe tte  an d  transfe rred  to a test tube  with 10 ml 
0.4 % fo rm aldehyde  an d  a drop  of an  acrid ine orange 
solution in partic le-free seaw ater .  After v igorous s h a k 
ing followed by 1 to 2 s in w hich  m inera l  grains w ere  
al low ed to settle, the su p e rn a tan t  w as filtered th rough 
a b lack  0.2 pm  N uclepore  filter. T he  filter w as rinsed 
by d raw ing  a few millili tres of distilled w ate r  th rough 
the  filter which w as then  m o u n te d  with paraffin  oil 
b e tw e e n  a slide and  a coverslip. The transfer by the 
p ipe tte  an d  the  s u b se q u e n t  shak ing  of the  fixed sa m 
ple w as usually  sufficient to m a k e  e v e n  thick mats of 
f i lam entous bac teria  fall apa r t  and  the constituents of 
the  mats w ere  usually  d is tribu ted  evenly  on the su r 
face of the  filter. O rgan ism s w ere  e n u m e ra te d  u nder  
the f luorescence microscope using  b lue  excitation light 
(or g re e n  light for cyanobacteria).  Ciliates, bacteria l fil
am en ts  and  T h iovu lum  cells w ere  coun ted  using  a 10 
or 20x  objective; the  en t ire  filter (or som etim es half of 
the  filter) w as counted. For the smaller com ponents  a 
40 or lOOx im m ersion objective was u sed  an d  10 or 20 
fields w ere  counted. F ilam entous bac te r ia  w ere  q u a n 
tified as the  total leng th  within 0.4 x 0.4 m m  squa res  on 
the filter. Results a re  expressed  as cells cm"2 m at or as 
total f ilament leng th  cm-2 mat. Biovolumes of different 
species  or groups of species  w ere  es t im ated  from linear 
d im ensions of living cells. With respec t  to Beggiatoa, 
filaments seem ed  to occur in d iscre te  size (diameter) 
classes,- for calculation of b iovolum e w e therefore 
g ro u p ed  them  into 2, 5, 10 or 30 pm d iam ete r  classes; 
Fig. ID shows the ran g e  of f ilament diameters. Alto
gether, w e  quantif ied  the m at biota of single su b sa m 
ples from 33 cores. In this p a p e r  'b iomass' is expressed  
as biovolum e (nl cm-2). Some individual species of p ro 
tozoa w ere  rare and  often r e p re se n te d  by only a single 
or a few cells per  filter an d  the sam pling  error is th e re 
fore correspondingly  large. For all m ajor  g roups  (e.g. 
ciliates, diatoms) SE is <10% .

In all cases, parallel sam ples  w ere  observed  live 
u n d e r  the light microscope. This y ie lded a m ore com 
plete  p ic ture  of the diversity and  also a l low ed for the 
su b se q u en t  identification of most of the  eukaryotes

and  of the la rge su lphur and  cyanobacteria  in the 
quantita tive samples to the specific or generic  level. 
Specim ens rep resen ting  all com mon species of p ro to 
zoa w ere  investiga ted  systematically for food vacuole 
contents with special re ference to su lphur bacteria 
w hich  could often be  identified and  m easured .  Data on 
food p references of ciliates w ere  also draw n  from 
Fenchel (1968). Some of the m at protozoa w ere  also 
isolated in cultures and  used  for studies on chem osen- 
sory behaviour; these  results are published  e lsew here  
(Fenchel & Bernard  1995a).

For e lectron microscopy small pieces of m at w ere  cut 
free with a scalpel an d  fixed in 5 % g lu tara ldehyde, 1 % 
O s 0 4 and  0.5 m M  sucrose in 50 m M  phospha te  or 
M OPS buffer (pH 7.4) for abou t 0.5 h followed by 
w ashes  in buffer and  in distilled H 20 .  For scanning 
e lec tron microscopy (SEM) samples w ere  critically 
point dried and  coated  with Au in a spu tter  coater. For 
transm ission electron microscopy (TEM) samples w ere  
s ta ined  with uranyl aceta te  in 70% ethanol, d e h y 
drated, em b ed d e d  in epon  and  sectioned with glass 
knives (some m inute  mineral grains w ere  always p r e 
sent) on an  ultramicrotome. Observations (and p ho tog 
raphy) on freshly collected and  in tact microbial mats 
from above or from the side th rough  transpa ren t  sa m 
pling cores w ere  m ade  with a dissection microscope. 
We used  a 100 W halogen  lam p fitted with fibre optics 
to provide focused, cold light as a light source.

RESULTS AND DISCUSSION  

Structure and com position of the mats

The pro tec ted  m a t from the d eep  site in the harbour 
d iffered  from the mats of the other 2 sites by its re la 
tively constant composition of the biota and  its high 
biovolume of su lphur bacteria. T hese  w ere  p red o m i
nantly  Beggiatoa-, o ther forms (T h iovu lum , Thiospiia, 
M acrom onas) w ere  presen t (often seen  in the food v ac
uoles of protozoa), but they w ere  too few to be q u an t i
fied. The m at was abou t 600 pm thick,- the total length  
of the Beggiatoa  filaments ranged  from abou t 10 to 
70 m per  cm2 m at and  constituted a b iovolum e of 1000 
to 6000 nl cm-2. While the mat appears  dense  w hen  
observed  from above (Figs. 1C & 2), calculations 
show ed  that the volume fraction of the Beggiatoa  fila
m ents in fact only constituted 6.7 % (range 3 to 13 %) of 
the mat, which thus had  a high porosity. This was con 
firm ed by 5 TEM sections th rough the mat (not shown) 
in which the  surface fraction (= volume fraction) of 
t ransec ted  filaments constituted 7.0% (range: 6.2 to 
9.0%). The calculated  projected  surface area  of the fil
am ents  was 2.2 (range 0.6 to 5.0) cm 2 c m '2 sed im ent 
surface area  and  the sed im ent was therefore  not visi-
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ble th rough  the mat. T here  was no ev idence of a 
mucous matrix (Fig. 2) and  the relatively w eak  
mechanical coherence  of the m at was probably  only 
due to the en tang led  filaments.

Phototrophic microorganisms were  responsible for 
almost 10% of the biovolume (mean 350 nl cm4 ). Fila
m entous cyanobacteria  such as Oscillatoria spp, Phor- 
m id iun i-type filaments and Spirulina  (total cyanobacte- 
rial filament length  was about 5 m cm4 ) dominated, but 
pen n a te  diatoms and  g reen  euglenoids w ere  also im 

portant. In freshly collected mats the photo trophic  con 
stituents w ere  found th roughou t and  im m edia te ly  b e 
low the B eggiatoa  mat, but w h en  the cores w ere  left in 
diffuse daylight at room tem pera tu re  the su lphur  b ac te 
ria m igra ted  d o w nw ards  within an  hour, leaving the 
b row n ish -g reen  layer of photo trophs  on the top. 
Phagotrophic  protists inc luded  hetero troph ic  f lage l
lates, lobose am o eb a e  an d  the quantita tively  dom ina t
ing ciliated protozoa. The most com m on ciliates in 
cluded  m icroaerob ic /ae rob ic  forms like E uplo tes

Fig. 1. (A -C )  S u r f a c e  of in ta c t  s e d i m e n t  cores.  (A) B e g g ia to a  d o m i n a t e d  m at ,  N tv á  Bay, D e n m a r k  (scale  b a r  = 0.5 m m );  (B) T h io v u 
lu m  cells h o v e r in g  a b o u t  100 p m  a b o v e  th e  s e d im e n t ,  N iv â  Bay (sca le  b a r  = 0.25 mm ); (C) m ic ro b ia l  m a t  f rom  th e  d e e p  h a r b o u r  
site; d a r k  f i la m e n ts  a r e  c y a n o b a c te r i a  (scale  b a r  = 0.5  m m ). (D) In d iv id u a l  f i la m e n ts  of B e g g ia to a  a n d  c y a n o b a c t e r i a  (scale

b a r  = 0.1 mm)
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Fig. 2. S E M  p h o t o g r a p h s  of t h e  m a t  su r fa c e ,  d e e p  h a r b o u r  site; r ig h t  p a n e l  a lso  s h o w s  d ia to m s.  S ca le  b a r s  = 0.1 m m

elegans, Uronema  spp., C yclid ium  spp., Peritrom us  
faurei, Frontonia m arina, P leuronem a coronatum  and  
P leuronem a crassum, P aram ecium  calkinsi, L o xo p h y l
lum  spp., and  occasionally C ondylostom a pa tu lum .

Anaerobic ciliates (presumably occurring largely on the 
unders ide  of the mat) inc luded  M eto p u s  spp., Pla
g iopyla frontata, Cristigera  spp. and  a C yclid ium  sp. as 
the  most common representatives . The composition of a 

sam ple  is exemplified in Table 1 and  
the m ean  and  range  of biovolumes of 
the major microbial groups are  shown 
in Fig. 3. M etazoan  fauna w ere  q u an t i
tatively poor in this locality. O ne sa m 
ple revea led  315 nem atodes  cm"2 b e 
longing to 3 species (D iplolaim ello ides  
deconincki, G eom onhystera  disjuncta  
and  Sabatieria pulchra), the first 2 s p e 
cies occurring within the mat and  the 
third imm ediate ly  below  it. Q uantify
ing the animals from the surface layer 
of the complete core sam ple  (7.92 cm 2) 
further  revealed  4.2 harpacticoids 
(Parastenhelia  sp.), 1.9 turbellaria, and 
0.3 rotifers (N o th o lca ) cm-2. There 
w ere  no signs of burrows of worms, 
molluscs or crustaceans in this sed i
ment. The relative paucity  of fauna 
was probab ly  due to the fact tha t the 
w ate r  column imm ediate ly  above the 
mat occasionally becom es anoxic or 
almost so (Fenchel & Bernard  1995b).

The mats from Nivá Bay (and the 
similar mats from the shallow locality 
in the harbour) differed in m any r e 
spects from that of the pro tec ted  site. 
They w ere  smaller (often only from a 
few to abou t 50 cm across) reflecting 
local, visible accum ulations of degrad-

T a b le  1. C o n s t i t u e n t s  of q u a n t i t a t i v e  s a m p le s  f ro m  th e  d e e p  s i te  in t h e  h a r b o u r  
9 F e b r u a r y  1995 ( m e a n  of f o u r  0 .096 c m 2 sa m p le s )  a n d  f ro m  N iv â  Bay  o n  29 A pril  

1994 ( b a s e d  on  o n e  0 .096  c m 2 s a m p le )

H a r b o u r  site N ivâ

m  c m " 2 m  c m  2

B e g g ia to a  2 p m 0.4 B e g g ia to a 4.7
5 pm 65.9 cells  m l"2

10 p m 1.5
30 p m 5.5 T h io v u lu m 2.5 X IO5

O scilla to r ia  10 p m 1.4 Throsp ira 8.6 X IO5
30 p m 0.2 N o n - s u l p h u r  b a c te r i a 5.8 X IO7

P h o rm id iu m 0.2 D ia to m s 1.0 X IO5
S p iru lin a 3.7 H e t e r o t r o p h i c  f l a g e l l a te s 9 .9  X IO5

cells c m ' 2 C h la m y d o d o n  tr iq u e tru s 104

N o n - s u l p h u r  b a c te r i a 4.7 X IO7 P le u ro n e m a  sp. 41
C y c lid iu m  spp . 312

E u g le n o id s 8.7 X IO3 U ro n em a  sp. 291
D ia to m s  20 p m 8.7 X IO3 E u p lo te s  e le g a n s 203

40 p m 1.2 X IO1 L ito n o tu s  sp. 21
U n id e n t i f ie d  c i l ia tes 740

C y c lid iu m  spp . 28
E u p lo te s  e le g a n s 14
L o x o p h y llu m  sp. 28
F ro n to n ia  m a r in a 164
P e n tr o m u s  fa u re i 494
P le u ro n e m a  sp. 14
U ro n e m a  sp. 95
U n id e n t i f i e d  c i l ia tes 14

N e m a t o d e s 338
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Fig. 3. M e a n  a n d  r a n g e  of b io v o lu m e  of th e  m a jo r  m ic ro b ia l  
g r o u p s  f rom  th e  d e e p  h a r b o u r  s i te  b a s e d  on  11 q u a n t i t a t iv e  
s a m p le s  w i th in  th e  p e r io d  J a n u a r y  to M a r c h  1995. (M a x im u m  
v o lu m e  of B e g g ia to a  w a s  -6 0 0 0  nl c m “2; c y a n o b a c te r i a  a r e  
i n c lu d e d  a m o n g  th e  p h o to t ro p h s ;  'b a c te r i a '  re fe rs  to n o n 

s u l p h u r  b ac te r ia )

ing organic material in the underly ing  sed im ent and  
these  mats were  f requently  des troyed  by a high w ater  
level in conjunction with windy weather .  The biovol- 
um e of su lphur bacteria  of freshly collected samples 
was on the average  only abou t V10 of tha t of the p ro 
tected  Beggiatoa  mats. Their composition w as variable: 
sometim es the su lphur bacteria  w ere  rep rese n ted  only 
by Thiospira  or by T hiovulum  and  filamentous bacteria 
w ere  absent; in other cases, B eggiatoa  dominated. 
W hen T hiovulum  dom inated , the re  w ere  be tw e en  1.8 
and  9.5 x 10° cells cm-2; this co rresponded  to a biovol
um e of 30 to 170 nl cm"2 and  the pro jec ted  surface area  
rep rese n ted  7 to 36%  of the surface of the sed im en t so 
tha t the underly ing  sed im ent was visible from above 
th rough  the bacterial layer (Fig. IB). The thickness of 
the Thiovulum  layer was abou t 200 pm and  w h en  the 
cells occurred  at the h ighest densities they formed m u 
cous veils as described e lsew here  (Fenchel 1994). Even 
in the denses t  populations of Thiovulum  the volume 
fraction of the cells in the 0.2 m m  thick m at constituted 
only about 1 %. W hen Beggiatoa  dominated, the biovol
um e m ade  up of su lphur bac teria  was h igher  (150 to 
1120 nl cm2); the pro jec ted  surface area  of the filaments 
was 5 to 100% of the sed im en t surface area. The mats 
w ere  correspondingly  th inner  than  those from the p ro 
tected  site and  calculations show tha t the porosities of 
the mats w ere  similar (Fig. 1 A).

From au tum n  to spring, phototrophs (mainly diatoms, 
some filamentous cyanobacteria  and  phototrophic fla
gellates) constitu ted  a biovolume which w as co m p a ra 
ble to or som ew hat lower than  tha t of the su lphur  b a c 
teria. During summer, however, the sed im en t surface 
was totally dom ina ted  by diatoms, f ilamentous cyano 
bacteria and  purple  su lphur  bac teria  and  the white 
su lphur  bacteria  w ere  only a p p a re n t  on the sed im ent 
surface during  night and  early m orning. Protozoan b io
volume was com parable  to tha t of the B eggiatoa  mats 
from the harbour. Species diversity, however, was 
m uch  h igher  and  all the species listed in Table 2 have  
been  found in the  Nivâ Bay mats. Fig. 4 shows the 
m e a n  biovolume of the major microbial constituents 
from Nivâ Bay mats and  Table 1 exemplifies the com 
position of a sample. M e tazoan  fauna inc luded  major 
meiofaunal g roups  like nem atodes,  harpacticoids, 
turbellar ians and  o ligochaetes and  m acro fauna  such as 
polychaetes  (in particular  juvenile  N ereis  diversicolor) 
and  C orophium  and  H ydrobia  spp.; these  com ponents  
w ere  not quantif ied  in the p re se n t  study.

Successional patterns

During the study it w as noted that in Nivâ Bay, fresh 
patches  of white  su lphur  bac teria  (em erg ing  3 to 4 d 
after a stormy period) w ere  dom ina ted  by small free- 
sw im m ing bac teria  (M acrom onas , Thiospira, T h iovu 
lum ) while more m a tu re  pa tches  w ere  dom ina ted  by

1 1 2 0  6 1 8

3 0 0  _

2 0 0  -

100

0 1 I"*"1 1 II 1 1 1 IJ U
b a c t e r i a  T h i o v u l u m  p h o t o t r o p h s

T h i o s p i r a  B e g g i a t o a  p r o t o z o a

Fig. 4. M e a n  a n d  r a n g e  of b io v o lu m e  of m a jo r  m ic ro b ia l  
g r o u p s  f rom  N ivâ  Bay  m ic ro b ia l  m a t s  b a s e d  o n  8 q u a n t i t a t i v e  
s a m p le s  f rom  April  to M a y  1994 ( c y a n o b a c t e r i a  a r e  in c lu d e d  
a m o n g  p h o to t ro p h s ;  ‘b a c t e r i a ’ re fe rs  to n o n - s u l p h u r  b a c te r ia )
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T a b le  2. P h a g o t r o p h ic  p ro t is t s  r e c o r d e d  f ro m  m a t s  of co lou r le ss  s u l p h u r  b ac te r ia .  A m o e b a e  will b e  r e p o r t e d  s e p a ra te ly  (A.
S m irn o v  u n p u b l . )

C iliates
A m p h is ie l la  th io p h a g a  Kahl 
A sp id is c a  cf. fu sc a  K ah l  
B le p h a r ism a  sa lin a ru m  F lo re n t in  
C a e n o m o rp h a  le v a n d e r i  K ah l  
C a rd io s to m e lla  v e r m ifo rm e  (Kahl) 
C h la m y d o d o n  tr iq u e tr u s  O F M  
C o le p s  sp.
C o n d y lo s to m a  p a tu lu m  C l a p a r e d e  & L a c h m a n n  
C ristig era  cirrifera  K ah l  
C ristig era  sp.
C y c lid iu m  f la g e lla tu m  K ah l
C. c itru llu s  C o h n
D io p h ry s  s c u tu m  D u ja r d in
E u p lo te s  e le g a n s  Kahl
E. a b e r ra n s  D r a g e s c o
F ro n to n ia  m a r in a  F a b r e - D o m e r g u e
H o lo s tic h a  sp p .
H o m a lo z o o n  sp.
L a c ry m a ria  sp.
L ito n o tu s  b u lb o s tr ia tu s  W r z e s n o w s k i  
L ito n o tu s  sp.
L o x o p h y llu m  u n in u c le a tu m  Kahl 
M e s o d in iu m  sp.
M e to p u s  c o n to r tu s  Q u e n n e r s t e d t  
M . v e r ru c o s u s  (da C u n h a )
P a ra m e c iu m  cf. c a lk in s i  W o o d ru ff
P a ra n o p h ry s  m a r in u m  T h o m p s o n  & B e rg e r
P e r itro m u s  fa u re i  Kahl
P la c u s  s tr ia tu s  C o h n
P la g io p o g o n  lo r ic a tu s  Kahl
P la g io p y la  fro n ta ta  Kahl
P le u ro n e m a  c o ro n a tu m  K en t
P. c ra ssu m  D u ja rd in
P ro ro d o n  d isc o lo r  E h r e n b e r g
P. o v u m  E h r e n b e r g
S o n d e r ia  vo ra x  Kah l

S o n d e r ia  spp .
S p a th id iu m  fr e s e n b u r g i  Kahl
S tro m b id iu m  c in c tu m  Kahl
S. e le g a n s  F lo re n t in
S. s a u e rb r e y a e  Kahl
S. s ty li fe r u m  L e v a n d e r
S. cf. su lc a tu m  C l a p a r e d e  & L a c h m a n n
T ra ch e lo ra p h is  sp.
T ro ch ilo id es  re c ta  Kahl 
U ro n em a  fili fic u m  Kahl 
U. m a r in u m  D u ja rd in  
U ron ych ia  tra n s fu g a  O F M

F lagellates
A m a s tig o m o n a s  d e b r u y n e i  d e  S a e d e l e e r  
A . m u ta b ih s  P a t t e r s o n  & Zblffel 
B ico so eca  sp.
B o d o  c u rv ifilu s  G r i e s s m a n  
B o d o  sp.
B o rd n a m o n a s  tro p ica n a  L a r s e n  & P a t t e r so n  
C a fe ter ia  r o e n b e r g e n s is  F e n c h e l  & P a t te r s o n  
C ilio p h ry s  m a r in a  C a u l le ry  
D in e m a  litto ra le  S k u ja  
G y m n o d in iu m  sp.
M a ss is te r ia  m a r in a  L a rs e n  & P a t t e r s o n  
M a stig a m e o b a  sp.
M e tro m o n a s  g ra n d is  L a rs e n  & P a t t e r s o n  
P a ra p h y so m o n a s  sp.
P e rc o lo m o n a s  c u sp id a ta  L a rs e n  & P a t t e r so n  
P e ta lo m o n a s  sp.
P te r id o m o n a s  d a n ica  P a t t e r so n  & F e n c h e l  
P y ra m im o n a s  sp.
U n id e n t i f ie d  (1 species)

Lobose am oebae
S e v e ra l  s p e c ie s

filamentous forms. In o rder  to study this in more detail 
a sed im en t core was collected after a w indy  period. In 
the  labora tory  it w as p laced  in dim light at ~20°C, and  
the su p e rn a tan t  2 cm of w ater  was b u bb led  with 
a tm ospheric  air. The deve lopm en t  of the  surface biota 
w as then  followed for 10 d (Fig. 5). It can  be seen  that 
f ree-sw im m ing su lphur  bacteria  (and the th innest fila
m entous  forms) dom ina ted  initially, bu t they w ere  
eventua lly  d isplaced by la rger  B eggiatoa  filaments. 
After the  a p p e a ra n c e  of the la rgest filaments the total 
b iovolum e of su lphur  bac teria  inc reased  drastically 
and  eventua lly  the m at resem bled  tha t  found in the 
p ro tec ted  site in the harbour.

T here  m ay be 2 (not m utua lly  exclusive) e x p la n a 
tions for this pattern .  The f ree-sw im m ing bac teria  (and 
especially  T h io vu lu m ) have a h igh  motility and  are 
capab le  of a faster colonisation of su itable sites. It is 
also conceivable  tha t  during  the  initial s tages of the 
succession (which is based  on the  anaerob ic  d e g r a d a 

tion of buried  organic material) the  supply of sulphide 
will change  relatively quickly over time and  that the 
free-sw im m ing bacteria  are  superior  in term s of t rac
ing vertical migrations of the chem ocline rapidly,- in 
contrast to the  filamentous forms they are also capable 
of following the chem ocline above the sed im en t su r
face. Conversely, and  since B eggiatoa  (but not Thio
vulum )  tolerates anoxia (Nelson et al. 1986b, Nelson 
1989, Fenchel 1994), it is conceivable tha t the f ilam en
tous forms eventually  monopolise the sulphide supply 
once the chemocline has b ee n  stabilised at or im m edi
ately b en ea th  the sed im ent surface. It is also possible 
that selective grazing plays a role for the successional 
p a t te rns  of different su lphur bacteria . As discussed 
below, there are num erous  protozoa which thrive on 
free-sw im m ing su lphur  bacteria; w hen  these  appear,  
dense  populations of ciliates develop and  dec im ate the 
bacterial popula tions within 1 to 2 d. In contrast few 
species feed on f ilamentous forms and  we have  not
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found any protozoon capab le  of feeding on larger  
(diam eter >10 pm) Beggiatoa  filaments.

Systematic m e asu rem en ts  of fluxes of su lph ide and 
of oxygen (Fenchel & Bernard  1995b) show ed  that the 
rate  of S2'  oxidation was not h igher in mats of f ilam en
tous su lphur  bacteria as com pared  to Thiovulum  or 
Thiospira  mats a l though the former rep resen t  a biovol
um e which m ay be up to 70-fold higher.  The weight-  
specific respiratory rate (and thus specific g rowth rate) 
of the large B eggiatoa  filaments m ust consequently  be 
correspondingly  lower than that of smaller su lphide 
oxidisers. Fenchel & Bernard  (1995b) found that a typ
ical figure for the chem oauto trophic  production by 
bacterial mats is 2.5 pmol C c m '2 d ' 1. The p e rcen tage  
of dry w eight of the bacteria is u n know n  and  probably  
lower for the la rger  forms, in which  most of the  volume 
is taken  up by vacuoles. If w e  assum e 10% to be  a r e a 
sonable guess then  the production  of a T hiovulum  m at 
would correspond to about 11 times the b iomass d ' 1 
(3 to 4 cell doublings d ' 1) while the thickest Beggiatoa  
mats only p roduce about 17% of the bacterial biomass 
d ' 1 This difference may be ap p a ren t  and  only reflect 
that the largest su lphur bacteria are strongly vacuo 
lated and, in fact, rep resen t  a considerably smaller 
am ount of dry m atte r  than  sugges ted  by their volume. 
This is the case for giant hydro therm al ven t Beggiatoa  
(Jannasch et al. 1989), and  it also applies to the so m e
w hat  smaller sha llow -w ater  forms (Fenchel unpubl.  
obs.). On the o ther  hand, Nelson et al. (1986b) found 
tha t the  inc rem ent in biomass (in terms of dry weight) 
of B eggiatoa  in pure  cultures ranged  be tw een  only 17 
and  31 % in 24 h, and  so it is also possible that these 
organism s have an  innate low grow th potential or that 
competition for su lph ide or for oxygen limits growth  in 
the thick mats.

Vertical zonation oí the associated biota

The th ickness of the bacterial mats could be  m e a 
sured  directly and  ranged  be tw e en  0.2 and  0.6 mm. 
This accords with the behaviour of cultures of su lphur 
bacteria  observed  in s teep  0 2 g rad ien ts  in the labo ra 
tory (Nelson et al. 1986b, Fenchel 1994).

It is less easy  to dem onstra te  that the associa ted  p ro 
tozoan biota also show such sharp  zonation patterns. In 
the laboratory it has  been  shown that several species 
isolated from mats of su lphur bacteria  are  capab le  of 
m ain ta in ing  0.2 to 0.8 m m  sharply delim ited  bands  in 
0 2 grad ien ts  with a s teepness  characteristic of the  mats 
(Fenchel & Bernard  1995a). However, while it is possi
ble to isolate the m at itself (although some su p e rn a tan t  
w a te r  and  some underly ing  sed im en t is usually 
included) it is very difficult to take  sam ples  above and  
below  the m at with a vertical resolution of <1 mm.

Thiospira

Thiovulum

Beggiatoa 2

E
U

C

Beggiatoa 10 jitu
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days

Fig. 5. S u c c e s s io n  in th e  o c c u r r e n c e  of d i f f e r e n t  ty p e s  of 
co lo u r le ss  s u l p h u r  b a c t e r i a  in a c o re  f rom  N iv â  Bay

Table 3 shows an  exam ple  in which w e isolated a 
T hiovulum  film hovering im m edia te ly  above the sed i
m en t (this sam ple  was assum ed  to be  -1  m m  thick), the 
overlying 4 m m  of w ate r  and  the u p p e r  2 mm  of u n d e r 
lying sediment. The concentra tion  of protozoa in the 
T hiovulum  layer (almost IO5 m l ' 1) w as considerably 
h igher than  in the underly ing  sed im ent and  in the 
overlying water. This p robably  underes tim ates  the 
true  density  in the  m at w hich  was considerably  th inner 
than 1 mm. Previous studies h av e  show n that the zone 
of chem auto trophic  production harbours  increased  
densities of phago troph ic  organism s (Fenchel 1969), 
but the spatial resolution of the sam pling w as less fine 
and  so the effect seem ed  less dramatic.
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T a b le  3. D e n s i ty  (cells m b 1) of m a jo r  g r o u p s  of m ic r o b e s  in the  
4 m m  w a t e r  c o lu m n  ab o v e ,  w i th in  a n d  in t h e  2 m m  la y e r  
b e n e a t h  a  T h io v u lu m  m at ;  sh a l lo w  si te  in th e  h a rb o u r ,  

30 M a y  1994

A b o v e  m a W ith in  m a t B elow  m a t

T h io v u lu m 3.4 X IO1 9.9 X 10s 1.5 X IO5
B a c te r ia 5.1 X IO8 6.4 X IO9 2.1 X IO9
D ia to m s 100 4.8 X 10b 1.8 X IO5
P r o t o z o a 4 800 9.1 X 10" 8.5 X IO8

aM a in ly  c i l ia tes  ( d o m in a te d  b y  U ro n em a  m a r in u m , E u p lo 
te s  e le g a n s , C y c lid iu m  sp.) a n d  so m e  h e t e r o t r o p h i c  d ino -
f l a g e l la te s

Fenche l & B ernard  (1995a) found tha t different sp e 
cies of ciliates show ed  differential p references  for Cb 
tension (som ew here  within the range  of 1 to 20% 
a tm o sp h e n c  saturation). It could therefore be expected  
that the re  is some zonation of ciliate species within the 
mat, bu t  we could not dem onstra te  this. The only 
exception  w ere  the obligatory anaerob ic  ciliates, 
w hich  occurred  mainly b en e a th  the  mats.

or of smaller, free-sw im m ing sulphur bacteria is r ap id 
ly followed by blooms of one or more ciliate species 
feed ing  on and  dec im ating the bacterial populations. It 
is therefore also likely that populations of these sul
phu r  bacteria  are  controlled th rough  ciliate grazing in 
the field. T here  are few er species of ciliates which

Consum ption of sulphur bacteria by phagotrophs

The m ineralisation of the chem oau to troph ic  p ro d u c 
tion in the  microbial mats from the  d ee p  harbour  site 
and  from Nivá Bay accounts for abou t 50%  and  10 to 
30% , respectively, of the 0 2 consum ption of aerobic 
he tero trophs  (Fenchel & Bernard  1995b). This indi
cates th a t  the  phago troph ic  food chains of the mats are 
to a la rge  ex ten t fuelled by chem oauto trophic  p ro d u c 
tion.

In the  s tudied  mats the m ain  consum ers  of the su l
p h u r  bac teria  are  the ciliates in which the rem ains of 
su lphur  b ac te n a  are  easily identified in feeding v ac
uoles. The ciliates show a considerable variation with 
respec t  to food particle preferences.  In the microbial 
m ats  m any  are specia lised on diatoms, dinoflagellates 
or smaller flagellates, on unspecified  bac teria  or on 
other ciliates. With respect  to su lphur  bacteria a con 
s iderab le  n u m b e r  of ciliate species feed exclusively or 
p redom inan tly  on T hiovulum  in these  mats. T hese  in 
clude E uplo tes elegans, P aram ecium  cf. calkinsi, P leu
ronem a crassum, P leuronem a coronatum , B lepharism a  
salinarum , A m ph isie lla  th iophaga  and  an unidentified  
K eronopsis  sp. (Fig. 6B, C). In particular, the Euplotes, 
P aram ecium  and /o r  the P leuronem a  spp. often q u an t i
tatively dom ina te  the protozoan biota (Table 1), 
Smaller su lphur  bac tena  (M acrom onas , Thiospira) are 
especially  consum ed  by the  U ronema  and  C yclidium  
spp. an d  by B lepharism a salinarum . In core sam ples  or 
en r ichm en t  cultures a mass deve lopm en t of T hiovulum

Fig. 6. F e e d in g  on s u lp h u r  ba c te r ia .  (A) S q u e e z e d  F ronton ia  
m a rin a  cell  w i th  i n g e s te d  B e g g ia to a  f i lam en ts ;  (B, C) B le p h a r 
ism a  sa lin a ru m  a n d  P a ra m e c iu m  cf. ca lk in s i  w i th  i n g e s te d  
T h io v u lu m  cells; (D) T ro ch ilo id es  re c ta  w i th  r e m a in s  of 
i n g e s t e d  f i la m e n to u s  s u l p h u r  b a c te r ia ;  (E) th e  n e m a t o d e  
D ip lo la im e llo id e s  d e c o n in c k i  w i th  a n  in g e s te d  B e g g ia to a  

f i lam en t.  S ca le  bars:  (A -D ) = 50 pm; (E) = 100 pm
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dep e n d  on filamentous forms. The only com m on ones 
are Frontonia marina  (which also feeds on filamentous 
cyanobacteria  and  large diatoms) and  Trochiloides 
recta, which seem s to specialise on this diet (Fig. 6A, 
D). In addition the nem atode  D iplolaim elloides d ec o n 
inck i was  obse rved  to feed on filamentous sulphur b a c 
teria in the mats at the harbour  site (Fig. 6E). In no 
case, however, did we observe any organism which 
feeds on B eggiatoa  filaments with a d iam eter  ex c e e d 
ing -10  pm. In addition to the above-m entioned  aero- 
bic /microaerobic species, some of the anaerobic  cili
ates occurring imm ediate ly  benea th  the mats consum e 
unicellular or f ilamentous colourless su lphur bacteria. 
The former are  ea ten  especially by M eto p u s contortus 
and  Plagiopyla frontata  while filamentous forms 
(<10 pm) are  ea ten  by some of the Sonderia  spp. (see 
also Fenchel 1968). The role of heterotrophic  f lagel
lates and  lobose am o eb a e  as consumers of su lphur 
bacteria was not s tudied systematically; very rarely did 
we find su lphur g ranules  in their vacuoles and  due  to 
their small size they would not be capab le  of ingesting 
the larger and  morphologically identifiable forms of 
su lphur bac tena.

In the harbour  site the above-m entioned  list of g raz 
ers of su lphur bacteria  is p robably  almost complete; 
the ap p a ren t  absence  of protozoa or meiofauna species 
which consum e the large -30  pm Beggiatoa  filaments 
p robably  explains the dom inance of these b ac te n a  at 
this site. In the Nivâ Bay localities the mats are not only 
inhabited  by the protozoan biota, but also by a variety 
of meio- and  m acrofauna; their role as consumers of 
su lphur bacteria and  other com ponents  of the micro
bial mats rem ains to be  studied.

A c k n o w le d g e m e n ts .  T h e  s tu d y  w a s  s u p p o r t e d  by th e  D a n is h  
N a tu r a l  S c ie n c e  R e s e a r c h  C o u n c i l  (0088-1) a n d  th e  E u r o p e a n  
U n ion  (M A S T  p r o g r a m m e  93-0058). W e a r e  g r a te fu l  to M r  lb  
A a g a a r d  for c o l lec t ing  s a m p le s  by S C U B A  d iv ing ,  to Dr 
P r e b e n  J e n s e n  for i d e n t i f ic a t io n  of th e  n e m a t o d e  s p e c ie s  f rom  
th e  h a r b o u r  s ite a n d  to Dr C la u s  L u n d s g a a r d  a n d  M s  L isb e th  
T h r a n e  H a u k r o g h  for h e lp  w ith  s p e c i m e n s  for th e  S E M  o b s e r 
vations .

T h is a r tic le  w as s u b m it te d  to th e  e d ito r
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