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ABSTRACT: T he vertical zonation  of p lank ton ic  p ro tozoa w as stud ied  in 2 D anish  eu tro p h ic  fjords at 
localities w ith an anoxic layer of bottom -w ater. T hree  distinct a ssem b lag es of protozoa are  found. The 
fully oxyg en ated  surface  w aters ha rb o u r a typical c ilia te-p lan k to n  assem b lag e  d o m in a ted  by tin tinn ids 
and o th er o ligotrichs in add ition  to various gym nostom e ciliates. H e tero troph ic  flag e lla tes  totally 
dom inate  as bacterivores. In the  oxycline a quite  d ifferent g roup  of ciliates occur; it is do m in a ted  by 
bacterivorous scuticociliates. B eneath  the oxycline, in strictly anoxic and su lp h id e  co n ta in ing  w ater, an 
assem b lag e  of spec ia lised  anaerob ic  ciliates occurs. T he h igh  b acteria l p roductiv ity  in th e  oxycline is 
reflected  by a b iom ass m axim um  of ciliates and  to a lesser d eg ree  of h e te ro tro p h ic  flage lla tes. In anoxic 
m icrobial com m unities the  b iom ass ratio b e tw een  p h ag o tro p h s and their prey is m uch  low er th an  in 
aerobic com m unities due to the  low ne t grow th efficiency of anaero b ic  eu karyo tes. T he p o ten tia l 
significance of m eth an e  p roduction  by m eth an o g en ic  sym bionts of anaero b ic  p rotozoa is d iscussed.

INTRODUCTION

The w ater  column of the sea  is normally oxygenated  
from the air-water interface, and  dow n to the sedim ent 
surface and there is usually a mm to cm thick surface 
layer of oxidised sed im ent as well. Under some circum ­
stances, however, a pe rm a n en t  or transient stratum of 
anoxic and reduced  w ater  occurs. The Black Sea is 
perm anently  anoxic below  a dep th  of 100 to 200 m, and 
anoxia is also a characteristic of the Cariaco Trench, of 
d eep  Baltic basins, and  of Norw egian  fjords with a sill. 
Anoxic basins also occur in coastal waters and, in 
particular, in more or less landlocked  bays, coves and 
estuaries. In the latter type of habitats, affected areas 
have recently te n d ed  to increase and  this has been  
linked to eutrophication. Anoxic basins have  draw n 
attention regard ing  their biogeochem ical properties 
and  their microbial (prokaryote) ecology, and  the 
enh a n ce d  production of particulate organic m atena l 
(POM) by chemolithotrophic bacteria  in the chemo- 
cline (based on the oxidation of reduced  su lphur com ­
pounds) has b ee n  s tudied in some detail. W here anoxia 
occurs, or is spread ing  in coastal waters, the adverse  
effect on fish and  shellfish is a m atter  of concern (Kühl- 
morgen-Hille 1963, Richards 1965, Tulkki 1965, Oert-

zen & S ch lungbaum  1972, Sorokin 1972, Indrebo et al. 
1979, Jo rgensen  et al. 1979, Jo rg en se n  1980).

Within m a n n e  sandy-sed im ents  the vertical chemical 
zonation is reflected by vertical zonation pa t te rn s  of the  
interstitial m icrofauna and  in particular  of the  protozoa. 
Fenchel (1969) dem ons tra ted  the existence of 3 main 
groups of ciliates: those occurring exclusively in the 
oxygenated  surface layers, those occurring in the 
chemocline ('redox discontinuity layer')  and  finally an 
assem blage  of anaerob ic  forms which live in a strictly 
anoxic and  chem ical ly -reduced  environm ent.  In 
stratified lakes with  an  anoxic hypolim nion a similar 
zonation pattern  is found. W hen stratification is s e a ­
sonal, the deve lopm ent of an  anoxic hypolim nion is 
accom pan ied  by an  exodus of o therw ise ben th ic  
ciliates which find their  p referred  oxygen  tension in the 
w ate r  column and  even  the obligatory anaerobes  
becom e planktonic. The eukaryo te  p lank ton  of hypoxic 
w aters is almost, an d  in the case of anoxic w a te r  exc lu­
sively, com posed by protozoa (Goulder 1972, 1974, 
Finlay 1980, Bark 1981).

To our know ledge  no description exists of the  vertical 
zonation or composition of the  m ic roplankton  in m arine  
anoxic waters  or in the overlying oxycline. H ere  w e 
describe the p lank ton  of 2 es tuar ine  localities with
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anaerob ic  conditions above the sediment.  Special 
em phasis  is on the vertical zonation pat terns  of ciliates, 
the p resence  of microaerophilic and  anaerob ic  species 
and  the trophic role of the bacterial production in the 
chemocline.

MATERIALS AND METHODS

Study sites. M a n a g e r  Fjord is s ituated  on the east 
coast of Ju tland,  D enm ark  (Fig. 1). It is ca 40 km long 
and  the re  is a sill of only ca 1 m dep th  close to the 
en trance ,  bu t  further inw ards there  are basins with 
dep ths  dow n to 29 m. We sam pled  in a basin  which is 
ca 25 m deep; it is situated  28 km from the  en trance  of 
the fjord off the  town of M ariager . The salinity is 13 to 
15 % o at the  surface and  19 to 21 % o at the bottom. The 
halocline (and during  the sum m er  a thermocline) is 
found at 10 to 13 m depth. The m axim um  density 
g rad ien t  coincided with an  oxygen tension of ca 40 % 
atm. sat. during the study period and  is here  considered 
as the  top of the oxycline. B enea th  this dep th  oxygen 
tension declines to reach  zero values  (Fig. 2). W hen the 
p 0 2 has fallen to a few percent,  the  redox potentia l falls 
from ca 0.4 V dow n to nega t ive  values over 1 to 2 m -  
coinciding with the p resence  of sulphide. We sam pled 
the  locality on 7 occasions dur ing  1987 (April 14, M ay 5 
and  23, Ju n e  22, July 12, A ugust 3 and  O ctober  6) in 
addition  to an incom plete sam ple  ta k en  in November. 
In April the w a te r  was only completely anoxic and  
su lph ide-conta in ing  im m edia te ly  above the sediment; 
during  the  sum m er the  anoxic layer ex p a n d e d  up to 
10 m above the bottom and  the total su lphide concen­
tration rose to abou t  1 m M  in the dee p es t  samples. This 
suggests  tha t the bas in  h ad  b e e n  oxygena ted  during a 
storm or an  even t of inflow of saline w ate r  from the sea

50 km

NORTH SEA

KATTEGAT

M ariager
Virksund

Fig. 1. M ap  of the  n o rth e rn  p a rt of Ju tlan d  (D enm ark) in d ica t­
ing  the  location  of the  sam pling  stations

during the p receding  w inter  and  such an  oxygenation 
of the basin may be a regu la r  seasonal event.

The other locality is situated  in the Limfjord, a sound 
runn ing  through  northern  Ju tland  and  connecting the 
North Sea with the Kattegat.  It is an eutrophic w ater  
and  several basins are periodically or perm anently  
anoxic (Jorgensen 1980). The sampling locality is situ­
a ted  at V irksund (Fig. 1) about 100 m north of a sluice 
which separates  the Limfjord from a dilute brackish 
w ate r  cove, Hjarbaek Fjord. The w ate r  dep th  is 8 m. 
Most of the w ate r  column has a salinity of ca 22 %o, but 
w h en  the  sluice is open there is a 1 to 2 m surface layer 
consisting of dilute brackish  w ate r  which flows out 
from H jarbæ k  Fjord (Fig. 2). The locality was sam pled 
on Ju n e  25, July 3, 17 and  23, and  S ep tem ber  25 in 
1986. At the first 3 sam pling dates  the anoxic layer 
ex tended  2 to 2.5 m above the bottom; at the last 
sam ple  in July  it had  sh runk  to a thickness of only 1 m 
and  in Sep tem ber  the w ater  column was oxygenated  
throughout.  O xygenation of the bottom w ate r  is p rob­
ably b rough t about by strong winds; most likely this is 
facilitated by the b reakdow n  of the therm ocline during 
autum n, but occasional oxygenation of the entire w ater  
column probably  occurs at intervals th roughou t the 
year.

M ethods. Samples w ere  taken  from an anchored 
boat with a w ate r  sam pler  (Hydrobios). At M ariager  we 
took samples at 5 m interval from the surface dow n to 
the chemocline; below this dep th  we sam pled  at 1 m 
intervals. At Virksund, samples w ere  taken  from the
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surface to the bottom at intervals of 0.5 m. Oxygen 
tension was m easu red  with a subm ersib le  oxygen e lec­
trode (Yellow Spring Instr.) at M anager;  at  Virksund 
the oxygen content of subsam ples was m easu red  by 
the Winkler method. Hydrogen  sulphide was q u a n ­
tified from w ater  samples according to Cline (1969) and 
redox potentials with a portable pH -m ete r  (Radio­
meter, Copenhagen)  fitted with a pla tinum electrode 
(Fenchel 1969).

Bacteria, heterotrophic and  autotrophic flagellates 
and  ciliates w ere  enum era ted  with the epifluorescence 
microscope following the m ethod  of Hobbie et al. 
(1977). Samples w ere  fixed in the  field with a solution 
of acridine orange  in formalin. The final concentration 
of formalin was 1.25% and  tha t of acridine orange 
4 ppm  in samples in tended  for the enum eration  of 
flagellates and  bacteria, and  40 ppm  for ciliate sam ­
ples. Bacteria and  flagellates were  counted  on the same 
filters (Nuclepore, 0.2 pm) based  on the filtration of 5 or 
10 ml samples. Ciliates w ere  enum era ted  on 5 pm 
Nuclepore filters and  20 or 50 ml w ater  were  filtered. 
At least 200 bacteria  and  40 flagellates and  ciliates 
w ere  counted on each  filter. We did not look for small 
rhizopods and  our m ethods are not quite ad e q u a te  for 
such organisms. Autotrophic flagellates w ere  distin­
guished  on the basis of the red  autofluorescence of 
chlorophyll. Com parisons with living ciliates from 
paralleflwater samples allowed for the identification of 
most ciliates on the filters to specific or generic  level. 
Classification according to food preferences of different 
species of ciliates is based  on Fenchel (1968) and 
A ndersen  & Sorensen (1986).

Bacteria and  flagellates w ere  m easured  on the filters 
and  grouped  in size classes in order to estimate 
biovolume. In the case of ciliates the length and  d ia m e­
ter of individual species w ere  m easured  and  it was 
assum ed that they  have an ellipsoidal shape. These 
results are here p resen ted  as g organic carbon, as sum ­
ing 0.09 g C m l-1 for bacteria  (Ferguson & Rublee 1976) 
and  0.07 g C m l-1 for protozoa (Fenchel & Finlay 1983).

RESULTS AND DISCUSSION  

Qualitative distribution of protozoa

Table 1 lists the most im portant species characteristic 
of oxygena ted  surface-waters, the  chemocline and  the 
anoxic waters, respectively, for the 2 sam pled  localities. 
Figs. 3 to 8 show the vertical distribution pat terns  of 
some selected species in the 2 sam pled  stations.

The assem blage of ciliates in the oxygena ted  surface 
w aters is dom inated  by oligotrichs, aloricate forms and  
during sum m er and  au tum n  also loricate forms ( tintin- 
nids). Various gym nostom es (Didinium sp. and  a Proro­

don  sp.) and  the photosynthetic  M eso d in iu m  rubrum  
occur in low num bers  a l though  the la tter m entioned  
species show ed a mass occurrence at V irksund in S ep ­
tem ber  (up to 80 cells m l-1 ). Bacterivorous ciliates (e.g. 
scuticociliates) are almost absent.  This as sem blage  is 
quite typical of m arine  ciliate p lank ton  in the  area 
(Andersen & Sorensen 1986). Exam ples of vertical d is­
tribution patterns  am ong  this group are show n in Figs. 
3, 4 and  7, 8. Planktonic oligotrichs have  a tendency  to 
swim upw ards  and  so concentra te  in the u p p e r  w ater  
layers, a l though this tendency  is coun terac ted  by tu r ­
bu len t mixing (Jonsson 1989). H owever, in our samples 
the m axim um  dep th  at w hich  these  forms occur seem s 
always to be  limited by oxygen tensions below  30 to 
4 0 %  atm. sat.; w h en  the  w ate r  b ecam e oxygena ted  at 
the V irksund station in Septem ber,  species belonging  
to this assem blage  occurred  all the w ay dow n to the 
bottom (Fig. 8). H owever, there  is a correlation 
b e tw e en  tu rbulen t  mixing and  the dep th  of the  oxy­
cline so no final conclusions can b e  d raw n  concerning 
the behavioural response  of p lanktonic  oligotrichs to 
oxygen tension before laboratory exper im en ts  have 
b ee n  carried out. T here  is often a tendency  for these  
forms to accum ulate  in the m axim um  density  g rad ien t  
(Fig. 3); this w as also observed  and  discussed by Jo n s ­
son (1989). The effect can be exp la ined  as the com bina­
tion of the tendency  of these  ciliates to swim u p w ard s

T able  1. T he com m on ciliates of the  o x y g en ated  surface 
w aters, of the oxycline and of the  anoxic zone

MARIAGER LOCALITY
Surface layer. O ligotrichida: S tro m bid ium  sp.,
Lohm aniella  oviform is, L. spiralis, T in tinnopsis parvula,
T. beroidea, H elicostom ella  subulata, an u n id en tified  tin- 
tinnid. G ym nostom atida: D idin ium  sp., M eso d in iu m  
rubrum
O xycline. Scuticociliatida: P leuronem a  sp., C yclid ium  ci­
trullus. H ypotrichida: E u plo tes  sp., Uronychia transfuga. 
H etero trich ida: P eritrom us  sp. G ym nostom atida: Prorodon  
sp. H ym enostom atida : Frontonia  sp.
A noxic zone. T richostom atida: Plagiopyla frontata. 
H etero trich ida: M eto p u s  contortus, C aenom orpha  (leva n ­
deri). O dontostom atida: Saprod in ium  halophila. G ym nos­
tom atida: Lacrymaria  sp., an  u n id en tified  species. 
H ym enostom atida: Frontonia  sp.

VIRKSUND LOCALITY
Surface layer. O ligotrichida: S tro m bid ium  sp., L o h m a n ­
niella oviform is, T in tinnopsis m inu ta , T in tinnopsis  sp., 
H elicostom ella  subulata, Favella  sp. G ym nostom atida: 
M eso d in iu m  rubrum , an u n id en tified  species 
O xycline. Scuticociliatida: C yclid ium  citrullus,
P leuronem a  sp., O ligotrichida: Stro m b id iu m  sulcatum . 
G ym nostom atida: Prorodon  sp., D idin ium  sp.
A noxic zone. T richostom atida; P lagiopyla frontata. 
H etero trich ida: M eto p u s  contortus. Scuticociliatida: C ycli­
d ium  citrullus. U nidentified  G ym nostom atida
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Lohm aniella  oviform is at M ariag er from the  6 sam plings 
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Fig. 4. V ertical d is tn b u tio n  of P leuronem a  sp. and  of C y ­
clid ium  citrullus. L egend  o therw ise  as for Fig. 3

and  the reduced  turbulent mixing in and  below the 
density  grad ien t layer.

In the oxycline, ( p 0 2 rang ing  be tw e en  0 and  40 % 
atm) a quite different assem blage  of ciliates occur. In 
most periods 2 bacterivorous scuticociliates, Cyclidium  
citrullus and Pleuronem a  sp. dom inate (Figs. 4 and  7). 
Also com mon are some gymnostomes including a Pro­
rodon  sp. At Mariager, Euplotes  sp., Uronychia trans­
fuga, and  Peritrom us sp. are  common, while at Vir­
k sund  the oligotrich Strom bidium  sulcatum  occurs in 
la rge num bers. The occurrence of the heterotrophic 
dinoflagellate G yrodinium  sp. in the oxycline of 
M ariager  (Fig. 5) should also be noted; the congener  G. 
spirale  occurs exclusively in the oxygenated  surface 
layers of this locality.

T he organisms of the oxycline are probably  micro- 
aerophiles and their vertical distribution is controlled 
by oxygen tension. Microaerophily has b ee n  e s tab ­
lished in an E uplotes  sp., in the limnic Loxodes  spp. 
and  in some other forms (Finlay et al. 1986, Fenchel et 
al. 1989 and references therein). Aiso C yclidium  citrul­
lus  and  Pleuronem a  spp. accum ulate  at a p 0 2 of c a 
5 % atm. sat. in experim ental oxygen gradients in the 
laboratory (T. Fenchel unpubl. obs.). T hese  species all 
show a chemosensory response  to oxygen tension, but 
seem  to be  indifferent to other correlates of oxygen 
tension in nature  ( C 0 2, reduced/oxid ised  Fe, H S “ , 
redox potential). Com mon to the species s tudied in the 
laboratory is a reduced  survival or growth rate at
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Fig. 5. V ertical d istribution of the h e te ro troph  d inoflagellate  
G yrodinium  sp. and  of Frontonia sp. L egend  o therw ise  as tor 

Fig. 3
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h igher oxygen tensions, bu t  a considerable tolerance 
to anoxia although they cannot grow or only grow 
very slowly u nder  such conditions. The occurrence of 
the oligotrich Strom bidum  sulcatum  is rem arkab le  in 
that it is the only 'p lankton-type ' ciliate in this 
stratum; the other inhabitants  are largely species that 
normally occur in or on the sed im en t surfaces, in detri- 
tal material and similar habitats. However, Fenchel & 
Jonsson (1988) concluded, on the basis of its b e ­
haviour in the laboratory, that S. sulcatum  occurs on or 
in the im m ediate vicinity of the sed im ent surface in 
nature.

The ciliate as sem blage of the chemocline is also 
characteristic in that bac tenvorous forms are common 
and  often quantita tively dominating. The ciliates of the 
oxygenated  surface layers are predom inantly  feeding 
on flagellates and  microalgae (the oligotrichs); in ad d i­
tion some forms (the gymnostomes) are predators on 
other ciliates and finally at least one form (M esodin ium  
rubrum ) depends  on its endosym biont algae; bacteri- 
vory, on the other hand, is almost exclusively carried 
out by heterotrophic microflagellates. The importance 
of bacterivorous ciliates in the oxycline reflects the fact 
that the bacteria are larger  in this zone and  that b a c ­
terial productivity is likely to show a maximum here; 
this is discussed in more detail below.

The anoxic zone harbours  a special protozoan 
assem blage. Some of the ciliates (notably C yclidium  
citrullus, see Figs. 4 and 7) which have their main 
distribution in the chemocline may also form dense 
populations here. In the case of C yclidium , however, 
we are not quite confident whether, in fact, there w ere  
2 different species; small scuticociliates are very dif­

1 cell ml"

o  0

P lagiopyla frontata

5 c e l l s  m l -1

E 10
C aen o m o rp h a  sp.

Fig. 6. V ertical d istribution  of Plagiopyla frontata  and  
C aenom orpha (levanderi?). L egend  o therw ise  as for Fig. 3

ficult to identify at the specific level and  a genu ine  
anaerobe  belonging  to the re la ted  g enus  Cristigera  has  
recently  been  isolated (Fenchel unpubl. obs.). O th e r ­
wise, most of the dom inating species of ciliates found in 
the anoxic layer have previously b ee n  es tab lished  as

Fig. 7. V ertical oxygen profile and  zo ­
nation  of som e of the com m on ciliates at 

V irksund  on Ju ly  23, 1986
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1986

obligatory anaerobes  in the laboratory  (Fenchel et al. 
1977, V an B ruggen  et al. 1986, Goosen et al. 1988, 
Finlay & Fenchel 1989). T hese  species do not have  
normal mitochondria; their  ene rgy  m etabolism d e ­
p ends  on ferm enta tion , with ace ta te  and  hyd rogen  as 
endproducts ,  and  m any  harbour  m e thanogen ic  
endosymbionts.  Their growth and  survival is inhibited  
by very low levels of oxygen. In Virksund, M eto p u s  
contortus  dom inates  while Plagiopyla frontata  and 
C aenom orpha  cf. levanderi form the  h ighest p o p u la ­
tion densities at M ariager; Saprodinium  halophila  
always occurs in small num bers. Fig. 6 shows how 2 
represen ta t ives  of this group of ciliates rem ain  in the 
strictly a n a e ro b e  par t  of the  w ate r  column.

A m ong o ther  ciliates of the  anoxic zone a species of 
Frontonia  w as found (Fig. 5), this genus  seem s to 
include anaerob ic  species (Fenchel 1969) a l though  no 
exper im en ta l  ev idence exist. A m ong some gymno- 
stomes a species of Lacrymaria  w as most common. This 
latter g enus  includes at least one an aero b e  (L. elegans) 
that harbours  endosym bion t m ethanogen ic  bacteria 
(Fenchel unpubl.  obs.). The gym nostom es are the ca r ­
nivores of this community.

Unfortunately, w e w ere  not able to study the vertical 
distribution of the heterotrophic  flagellates from a q u a l­
itative point of view in any  detail. T hese  organism s are 
most num erous  in the  oxygena ted  surface waters 
a l though  they  som etim es also show a m ax im um  peak  
of a b u n d a n c e  in the  chem ocline (Fig. 11). T hey  do 
occur in the  anaerob ic  zone at a relatively low p o p u la ­
tion density  Microscopic observations suggest  tha t the 
anoxic layer harbours  a qualitatively different a s se m ­
blage  of species inc luding represen ta t ives  of the 
d ip lom onad  flagellates; in the oxic layer the important

groups are chrysomonads, bicoecids, choanoflagellates 
as generally  found in m arine p lankton  (Fenchel 1986).

Vertical distribution ol bacteria and of 
bacterivorous protozoa

The concentration of bacteria  rem ains fairly constant 
from the surface and  down to the sed im ent surface in 
term s of num ber  of cells (usually be tw e en  1 and  2 x IO6 
m l-1) a l though a small a b u n d a n ce  p e a k  in the oxycline 
is evident for some sampling dates (Fig. 9). W hen 
b iomass is considered, however, there is a significant 
increase from the chemocline and  dow nw ards through 
the anoxic zone. This is due  to the fact that the average 
size of bacteria  increases with depth: in the oxygenated  
zone the average volume is 0.1 to 0.2 pm3 (which is 
typical for m arine p lankton bacteria); in the chem o­
cline the cells are about twice as large, and  in the 
anoxic zone they are ca 5 times larger (Fig. 10). This 
pat tern  is ev ident for both  sampling localities. In the 
chemocline this effect may reflect a more rapid  growth 
of bacteria, but in general we cannot offer an exp lan a ­
tion.

Bacterial num bers  do not reveal any dramatic 
changes  m biological activities as a function of dep th  in 
the w ate r  column. This, however, is the case w hen  
protozoan abun d a n ce  is considered (Figs. 11 to 13). 
This is particularly evident w hen  the vertical distribu­
tion of ciliate biomass in M ariager is considered (Fig. 
12). The prom inent m axim um  of ciliates in the chem o­
cline is p redom inantly  due to bacterivorous species 
which are almost absen t in the oxygena ted  surface 
waters. In the anoxic zone bacterivorous ciliates are
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Fig. 9. V ertical d istribution  of bacteria l n u m b ers and  bacteria l 
b iom ass at M ariager for 7 sam ples tak en  b e tw een  April and 

N ovem ber, 1987. Shaded  a rea  rep resen ts  the oxycline

also dominating. Bacterivorous flagellates are a b u n ­
dant in the surface layers, but in most cases they also 
show an additional p ea k  of abun d a n ce  in the chem o­
cline. In Virksund the pat tern  is not so pretty and  at one 
sampling occasion a p ea k  abun d a n ce  of ciliates in the 
chemocline was absen t (Fig. 13); this can probably  be 
ascribed to the more transient natu re  of the chemical 
zonation and  of the anoxic zone at this locality.

The p resence of an anoxic zone reflects that the

20

2  15

c h e m o c l  irie

a n o x i a

0 0.5
m e a n  v o lu m e  (prrN)

Fig. 10. A verage cell volum e of su sp en d ed  bac teria  as func­
tion of d ep th  at M ariag er on A ugust 3, 1987

deposition of d ea d  organic m ateria l is in excess of the 
vertical transport of oxygen requ ired  for aerobic 
mineralisation. The m ateria l is, therefore, b roken  down 
anaerobically  (mainly through  fermentation, su lphate  
reduction and  possibly m ethanogenesis) .  W here the 
endproducts  of these  processes (notably sulphide, but 
also m e th an e  and  ammonia) reach  an oxygen con ta in ­
ing zone they constitute the basis for a substantia l 
bacterial production. In the case of w ater  columns with 
a chem ocline this has  b e e n  dem onstra ted  by e.g. Soro­
kin (1972), Indrebo et al. (1979) and  Jo rg en sen  et al. 
(1979). The p resen t  study exemplifies tha t the 
increased  bacterial production in the chem ocline may 
be reflected mainly by an increased  biomass of b a c ­
terivorous organisms; the fact tha t bacterial num bers  
are not m uch h igher  in this s tratum than  e lsew here  in 
the w ate r  column supports  the idea that they are every ­
w here  controlled by grazing.

In the anoxic zone the protozoan com munity is

on

Fig. 11 V ertical d istribution  of h e tero troph ic  micro- 
flagella tes at M ariager for 6 sam ples tak en  b e tw een
April and  Sep tem ber, 1987. S h ad ed  a rea  rep re sen ts  ___

the oxycline 1 0 ^  c e lls  m I"-*
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Fig. 12. C iliate biom ass as function of 
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Fig. 13, C iliate  b iom ass as function of d e p th  at V irksund  for 4 
sam ples w h ere  an  anoxic bottom  layer w as developed .

S h ad ed  a rea  rep re sen ts  the  oxycline

largely d e p e n d e n t  on bacteria. Anaerobic protozoa 
using ferm entative processes for their ene rgy  m e tab o ­
lism, m ust have  a lower net growth efficiency than  their 
aerobic relatives. This has not b ee n  s tudied  in detail, 
but the  ATP yield of ferm entation  cannot be h igher 
than  10%  of tha t  of aerobic ATP yield per  unit su b ­
strate. Calculations based  on the assum ption  tha t 1 
mole of ATP is required  for the synthesis  of 5 g cell 
carbon  shows tha t  the net g rowth efficiency of 
an a e ro b es  is ca 20 % of that of aerobes. We can, th e re ­
fore, predic t that in an  anaerobic  com m unity  the b io­
m ass ratio b e tw e en  phago trophs  and  their  prey  should 
be  ab o u t  5 times lower than  in aerobic com munities 
(assum ing tha t food particle cap ture  is equally  efficient 
in aerobic and  in anaerob ic  phago trophs  and  that they 
have  similar rates of mortality).

Table 2 shows the b iomass of b a c te n a  and  for bac- 
terivores (bactenvorous ciliates + hetero trophic  f lagel­
lates) for the oxygena ted  surface layer, the oxycline 
and  for the anaerob ic  zone. It also shows the ratios 
b e tw e e n  bacteria l and  bacterivore b iomasses. These

tend  to fluctuate and  this could be expected  since the 
system is never  in a steady state and  the p lankton of 
such eutrophic w aters is characterised  by oscillations in 
population sizes of microbial predators and  of their 
prey organisms (Andersen & Sorensen 1986, Fenchel, 
1986). Even so, the table shows tha t the biomass ratio 
be tw e en  bacterivorous protozoa and  bacteria  is on the 
average  m uch lower in the anoxic zone than  in the 2 
o ther  zones of the w ater  column. The 3 strata w ere 
tested  by a paired  t-test after transformation of the 
ratios to the form In (x + 1) to reduce  he terogeneity  of 
variance. Probabilities that the ratios surface : anoxic 
and  oxycline : anoxic are unity are < 0 .0 1  and  <0 .05 , 
respectively. It m ust be  a fundam enta l  property  of food 
chains in anaerobic  environm ents tha t the biomass 
ratios be tw een  p reda to r  and  prey is lower than in 
aerobic environments.

Further perspectives

Until now eukaryote  p lankton  of m arine anaerobic 
w aters has b ee n  almost ignored; indeed  many authors 
have implied the total absence of 'h igher life' in 
anaerobic (and to some extent microaerobic) environ­
ments. As far as m etazoa are concerned  this may 
almost be true, bu t protozoa occur in such environ­
m ents and play an important role as phagotrophs. 
With the exception of some of the ciliates these forms 
have hardly b ee n  s tudied  at all; m any interesting 
flagellates and  perhaps  rhizopods are likely to be dis­
covered and with them  interesting adapta tions re g a rd ­
ing energy  metabolism and  symbiotic relationships 
with bac tena.

A special in terest should be invested  in the role of 
symbiotic m ethanogenesis .  It is generally  held  (e.g. 
Z ehnder  1988) tha t in the sea, m ethanogenesis  take
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T able  2. T he biom ass (,ug C l  1 ) of bac teria  and  bacterivores, and the  ratio  b e tw een  b ac terivo re  an d  b acteria l b iom asses for the 
su rface  layers, oxycline and  anoxic zone, respectively  at the  M ariag er locality

Layer
14 Apr 2 M ay 22 M ay

D ate (1987) 
22 Jun 12 Jul 3 Aug 6 Oct

M ean SD

Bacteria
Surface 20 28 20 18 51 24 14 25.0 12.3
O xycline 46 28 31 54 48 45 32 40.6 10.1
Anoxic 50 57 81 69 89 91 97 76.3 18.0

Bacterivores
Surface 3,2 6.2 6.6 6.7 13.3 13.5 1.6 7.3 4.6
O xycline 4.0 15.8 49.6 7.9 7.0 9.0 44.1 19.6 19.0
Anoxic 4.7 5.6 6.2 4.3 4.3 3.8 11.3 5.7 2.6

Ratio
Surface 0.16 0.22 0.32 0.38 0.26 0.56 0.12 0.29 0.15
Oxycline 0.09 0.56 1.6 0.14 0.16 0.20 1.39 0.59 0.64
Anoxic 0.09 0.10 0.08 0.06 0.06 0.04 0.12 0.08 0.03

place only w hen  su lpha te  has been  dep le ted  by sul­
phate-resp ir ing  bacteria  and  this usually occurs only 
at a considerable dep th  in the sediment. However, 
m any of the anaerobic protozoa in the w ate r  column 
harbour m ethanogen ic  bacteria d epend ing  on hydro­
gen  which is a metabolic endproduc t of the protozoa. 
Species like M etopus  and  Plagiopyla  harbour  1 to 
5 X IO4 m e thanogens  cell-1 (Finlay & Fenchel 1989). 
During this investigation w e frequently  found ca 10 
cells m l-1 of such forms so that the symbiontic 
m e thanogens  m ay account for 5 to 25 % of all the 
bacteria p resen t in anoxic water.

A ckn o w led g em en ts . W e th an k  Per A ndersen  an d  H elene 
M unk S erensen  for discussions and  inform ation on m icro­
p lank ton  of the  Limfjord. We are also g ratefu l to Peter 
L einew eber for suggestions and  for assistance  du ring  field 
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