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ABSTRACT: Modification and decomposition processes of material in sedirnents are dominated by 
microorganisms. Through microbial colonization, cells become immobilized at particle surfaces and 
embedded in an organic matrix of extracellular polysaccharides. The development of complex sedi- 
mentary biofilms is the net result of transport and exchange processes between the biofilm and sur- 
rounding water, and modification and transformation processes of matter within the biofilm. This arti- 
cle illustrates aspects of microbial life in sedimentary biofilms: microbial colonization of particles, key 
functions of extracellular polysaccharides, spatial heterogeneity of microbial distribution and activity, 
and distribution and availability of organic carbon. Examination of our present knowledge indicates 
that micro-scale measurements rather than investigations in the bulk sediment are required, that much 
more attention has to be paid to the fact that microorganisms condition specific features of their envi- 
ronment rather than simply reacting to the environment, and that availability instead of concentration 
of carbon has to be measured. To obtain a better insight into the function of sedimentary biofilrns, tra- 
ditional approaches have to be modified. 
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CHARACTERISTICS OF MICROBIAL 
DISTRIBUTION AND ACTIVITIES 

Modification and decomposition processes in sedi- 
ments are dominated by microorganisms which may 
be characterized as the driving force for the cycle of 
elements. The dominating role of microorganisms in 
the diagenesis of organic matter is underlined by the 
following characteristics of microbial distribution and 
activity: 

(1) Microorganisms colonize sediments in high num- 
bers. Their biomass is comparable to the biomass of all 
other benthic organisms. Based on their surface area, 
however, microbes exceed all other organisms by far. 

(2) The overwhelming portion of microorganisms in 
sediments are attached to particles. The immobiliza- 
tion of microbes on particle surfaces (formation of 
biofilms) is of essential importance for the understand- 
ing of microbial life in sediments. 

(3) Because of the colonization of particles, microor- 
ganisms are heterogeneously distributed in space. 
From their micro-scale heterogeneity pronounced gra- 
dients in biological and chemical parameters arise. 

(4) The microbial population in sediments comprises 
a broad spectrum of different physiological groups of 
organisms. The corresponding ecological situation, 
however, determines which of the physiological 
groups will be active. 

(5) Microorganisms possess a variety of catabolic 
enzymes which allow them to decompose various dis- 
solved and (by extracellular enzymes) particulate sub- 
strates. Microbes can use substrates more efficiently 
and can multiply more rapidly than other organisms. 
Instead of oxygen, alternative electron acceptors can 
be used under anaerobic conditions. 

(6) Microorganisms readily form complex associa- 
tions with each other and with higher organisms pro- 
ducing degradation capabilities much more powerful 
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than those of a single organism (Deming & Baross 
1993). 

In the following I will highlight different aspects of 
microbial life in sedimentary biofilms: the colonization 
of particles, the resulting micro-scale heterogeneity of 
microbial distribution and activity, and the distribution 
and availability of organic carbon. From discussing our 
present knowledge, it becomes obvious that micro- 
organisms condition specific features of their environ- 
ment rather than simply responding to the environ- 
ment, that microorganisms require the study of 
microenvironments rather than investigations of the 
bulk sediment, and that availability instead of concen- 
tration of organic carbon has to be measured. The aim 
of this study is to stimulate studies at the correspond- 
ing spatial scale which will not only enhance our 
knowledge of microbial life in sedimentary biofilms, 
but also provide a unique insight into the function of 
natural microbial communities. 

MICROBIAL COLONIZATION OF PARTICLES 

Since most of the information was gained for pure 
cultures colonizing artificial surfaces in the laboratory 
(cf. comprehensive perspectives by Characklis & 
Wilderer 1989, Characklis & Marshal1 1990, Flemming 
& Geesey 1991, and literature cited therein), the pre- 
sent knowledge of colonization of particles by hetero- 
geneous microbial population in natural sediments is 
very limited. Most of the data available relate to micro- 
bial numbers determined after homogenization/soni- 
cation, a procedure by which the fine structure of the 
sediment and the relation of the individual cells within 
the microbial assemblages are destroyed. 

The microbial colonization of surfaces follows a basic 
pattern almost independent of type of surface and 
location. Four phases can be distinguished which 
change from purely physical to predominantly biologi- 
cal processes overlapping in their time sequence: 
biochemical conditioning, bacterial attachment, colo- 
nization with unicellular, and finally multicellular 
eukaryotes. The formation of a conditioning film con- 
sisting of organic macromolecules (proteins, glycopro- 
teins, polysaccharides, humic acids) is required for 
bacterial attachment. Conditioning films instanta- 
neously form when 'clean' surfaces come in contact 
with water. Within a few hours bacterial colonization 
occurs which may comprise reversible adsorption fol- 
lowed by nonreversible adhesion. In a third and fourth 
phase of colonization, unicellular (diatoms, yeasts, pro- 
tozoa) and finally multicellular eukaryotes (planktonic 
larvae, algal spores) attach. These phases usually com- 
prise a time frame of weeks to months (cf. Wahl 1989, 
and literature cited therein). 

Transport of microorganisms to surfaces and subse- 
quent attachment are governed mainly by physical 
forces. In the water phase microbes are transported by 
gravity, currents, turbulence, Brownian motion, and 
motility. Microturbulence, Brownian motion, diffusion, 
and motility are the dominating forces for transporta- 
tion within the viscous layer (a physically well-struc- 
tured water film which covers solid surfaces in water). 
At a certain distance from the surface cells are imrno- 
bilized by antagonistic forces of electrical repulsion 
and Van-der-Waal attraction. Bacteria may bridge the 
electrostatic barrier by the production of polysaccha- 
ride fibrils and may be pulled towards the surface 
through enzymatic contraction of the fibrils: reversible 
adsorption is turned into nonreversible adhesion (cf. 
Wahl 1989, and literature cited therein). Once attached 
to surfaces, bacteria start to divide. Within a short 
period of time, heterogeneous assemblages of organ- 
isms (biofilms) originate which - together with the 
spectrum of particles - cause the complex structure of 
natural sediments. 

From the few investigations of natural sediments, it 
becomes obvious that sand and silt particles are pref- 
erentially colonized. Obviously because of their small 
size, clay particles are very rarely colonized (Weise & 
Rheinheimer 1978, DeFlaun & Mayer 1983). Besides 
type and size of particles, the degree of roundness 
plays an important role in microbial colonization. As 
roundness (and age) of particles increase, microbial 
colonization decreases. 

Surprisingly enough, microorganisms colonize only 
a small portion of the available particle surface. The 
values reported in the literature concerning coloniza- 
tion vary between 0.01 and 5% depending upon the 
method used for the determination of particle sur- 
faces. In most of the investigations particle surface 
areas were extrapolated from grain size. Because of 
the high porosity of sediments, the surface areas ex- 
trapolated are too low resulting in too high densities 
of colonization (e.g. Dale 1974, Rublee & Dornseif 
1978). By adsorption of nitrogen onto sediments that 
had their organic coatings removed (DeFlaun & 
Mayer 1983), the actual particle surface can be mea- 
sured. However, not all of the surfaces are available 
for microbial colonization, resulting in too low densi- 
ties of colonization. Furthermore, the direct compari- 
son of data published in the literature concerning 
bacterial colonization in sediments is made more dif- 
ficult by different homogenization and staining tech- 
niques that have been applied (Dale 1974, Rublee & 
Dornseif 1978, Meyer-Reil 1993, and literature cited 
therein). 

The microbial colonization of particles is character- 
ized by a succession of different physiological groups 
of organisms from which bacteria adapted to higher 
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nutrient concentrations seem to be the initial coloniz- 
ers. It is assumed that the growth of these organisms 
leads to a rapid utilization of nutrients accumulated at 
interfaces. Only then can bacteria adapted to lower 
nutrient concentrations settle. This means that the for- 
mer group of bacteria may have a competitive advan- 
tage over the latter group in the initial colonization of 
nutnent-nch surfaces, an advantage which is proba- 
bly less at latter stages of successional sequence 
(Fletcher & Marshall 1982). As colonization inceases, 
the ratio of muramic acid to ATP decreases, an indica- 
tion that, following the initial colonization by prokary- 
otes, eukaryotes progressively settle (Morrison et al. 
1977). 

In preliminary investigations it could be shown that 
cellulose particles added to sedirnents were colo- 
nized within a few hours by natural microbial assem- 
blages, although the cell density per particle re- 
mained low. The colonization was by short rods with 
a similar morphology. The rate of colonization and 
the density of cells on cellulose particles were 
greatly influenced by the availability of nutrients. Af- 
ter addition of nutrients to the interstitial water, the 
percentage of cellulose particles colonized as well as 
the average bacterial density per particle decreased. 
As incubation time increased, the cellulose particles 
decreased in size and aggregated with native parti- 
cles in the sediment. These preliminary investiga- 
tions are adequate to imply that complex relation- 
ships exist between cells attached to particles and 
those free floating in the pore water. The nutrient 
content of the pore water is clearly one of the factors 
governing this relationship; details of the dynamics 
of the processes, however, remain unknown (Meyer- 
Reil 1993). 

Microorganisms preferentially colonize areas of low 
relief (crevices, depressions, surface fissures) on parti- 
cles, where the cells are protected against mechanical 
damage (Meadows & Anderson 1966, Weise & Rhein- 
heimer 1978). Investigations by DeFlaun & Mayer 
(1983) revealed that habitation in protected areas is an 
expression of preferential survival rather than prefer- 
ential colonization. The pattern of microbial coloniza- 
tion becomes especially obvious from scanning elec- 
tron microscope photographs of the microtopography 
of particles. The impressive photographs taken by 
Weise & Rheinheimer (1978) show that various 
microenvironments exist on the surface of particles 
thus causing the complex nature of sediments. The 
microbial flora quickly reaches a high degree of com- 
plexity with regard to cell sizes and modes of attach- 
ment. Single cells and aggregates of up to 20 cells are 
prevalent. Microcolonies consist of mixed populations 
right from early stages with fewer than 50 cells (Manz 
et al. 1993). 

KEY FUNCTIONS OF EXTRACELLULAR 
POLYSACCHARIDES (EPS) 

Attachment of microorganisms to solid surfaces stim- 
ulates the synthesis of extracellular polysaccharides 
(EPS) (Vandevivere & Kirchman 1993). With increasing 
microbial attachment and subsequent growth, com- 
plex biofilms are formed consisting of accumulations of 
microorganisms immobilized at surfaces and embed- 
ded in an organic matrix of a network of microbial 
EPS. The development of biofilms is the net result of 
transport and exchange processes between the bio- 
film and the surrounding medium, and modification 
and decomposition processes of anorganic and organic 
matter within the biofilm. Throughout the matrix an 
intensive network of channels was observed that may 
serve for transport of gases and nutrients (Robinson et 
al. 1984). 

EPS have key functions for the microbial cells and 
their surroundings (cf. review by Decho 1990). 
Through EPS organisms are anchored to the surface 
and to each other. EPS serve as protection against 
rapid changes in environmental parameters such as 
pH, salinity, desiccation or nutrient regimes (Boyle & 
Reade 1983). Furthermore EPS contribute to the resis- 
tance of cells against pollutants. Cells embedded in 
EPS are less sensitive to heavy metals than free-living 
cells. The organic matrix functions as an excellent type 
of communication medium for the microorganisms. It 
guarantees a close relation of different physiological 
groups of microbes which depend upon each other 
regarding their metabolism (e.g. nitrifying bacteria). 
Through the activity of immobilized microbes, pro- 
nounced gradients of inorganic and organic com- 
pounds are maintained. Along these gradients sub- 
strates can be efficiently used, and energy is 
conserved. 

In the initial degradation of higher molecular weight 
material, those extracellular enzymes are important 
which hydrolyze large macromolecules into smaller 
subunits that can be metabolized by the cells (Meyer- 
Reil 1990, 1991). EPS may play a key role in retaining 
the activity of extracellular enzymes within a localized 
area close to the cells where the products of enzymatic 
reactions can be efficiently taken up. Due to the close 
relation of cells to each other, the organic matrix 
greatly facilitates the genetic transfer between the 
organisms (cf. working reports in Characklis & 
Wilderer 1989). EPS exhibit a high stability (Shaw et al. 
1985) and contribute significantly to the adsorption of 
organic and inorganic matter (e.g. Geesey et al. 1988, 
Ferns et al. 1989). As the age of the organic matrix 
increases, the deposition of minerals increases, partly 
caused by the activities of autotrophic bacteria (Har- 
vey et al. 1984, Konhauser et al. 1994). 
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Besides the microbes themselves, their organic 
matrix may represent an important food source for 
higher organisms in sediments (Cammen 1980, Mori- 
arty & Hayward 1982, Mayer 1989, Bernhard & Bowser 
1992). Up to now, carbon budgets in sediments have 
mainly relied on the biomass of microbial cells; the 
organic matrix, however, may account for large 
unknown portions of microbial production. Finally, 
through EPS particles are glued together resulting in 
sediment binding and stabilization. 

Through secretion of the organic matrix consisting of 
EPS, microorganisms condition specific features of 
their environment rather than simply responding to 
variations in their environment. The cells create the 
specific microhabitats which allow them to metabolize 
and reproduce in close relation to related physiological 
groups of organisms while the whole community is 
buffered against rapid changes in environmental con- 
ditions (cf. review by Decho 1990). Traditional mea- 
surements in the bulk phase of the sediments, how- 
ever, overlook the specificity of the microenvironments 
characteristic for microorganisms. Microbial biofilms 
(mats) are among the oldest witnesses to life on earth 
(Ehrlich 1990). The formation of biofilms can be 
regarded as an early step in evolution towards orga- 
nizing cells in order to produce metabolic capacities 
which are much more powerful than those of single- 
celled organisms. 

SPATIAL HETEROGENEITY OF MICROBIAL 
ACTIVITIES 

From the micro-scale distribution of microorganisms 
in sedimentary biofilrns, pronounced gradients in 
microbial activities exist, although biological and 
chemical techniques adequate to investigate the sedi- 
ment environment at the corresponding spatial scale 
are lacking (Watling 1988). Using a relatively coarse 
resolution in space, investigations have demonstrated 
that microbial activities are concentrated at boundary 
layers such as the sediment/water interface, the redox 
discontinuity layer or biogenic structures such as bur- 
rows and tubes of infauna organisms (cf. literature 
cited below). 

Since most sediments are dependent upon a supply 
of organic material via sedimentation from the water 
column, major transformations of matter can be ex- 
pected to occur at the sediment/water interface (cf. 
fine-scale investigations by Craven et al. 1986). This 
applies especially to pelagic sediments because they 
are characterized by a low supply of organic material 
undergoing strong seasonal variations. In these sedi- 
ments the enzyrnatic hydrolysis of sedimented partic- 
ulate organic material is the initial, rate-limiting step 

in organic carbon oxidation (Meyer-Reil & Koster 
1992). 

During expeditions to the Norwegian-Greenland 
Sea extremely steep gradients of enzymatic degrada- 
tion rates of organic material were measured at a 
number of sedirnents in the Jan Mayen fracture zone 
(Koster et al. 1991, Meyer-Reil & Koster 1991). Micro- 
scale investigations revealed that in the uppermost 0 to 
2.5 mm horizon hydrolytic activities were enhanced by 
more than 2 orders of magnitude over horizons only a 
few mm deeper. The extremely steep gradients in 
enzyme activities were closely related to mass abun- 
dances of epibenthic agglutinated foraminifera which 
densely colonized the sediment surface, extending 
their plasma nets into the water. Parallel to the steep 
gradients in enzymatic activities, pronounced micro- 
scale gradients in microbial numbers and especially 
biomass were observed. It may be speculated that in 
these sediments epibenthic foraminifera are the main 
decomposers of sedimented organic material. Micro- 
organisms (especially bacteria) may benefit from the 
metabolism of the foraminifera rather than being the 
main decomposers. 

The redox discontinuity layer (RDL) is characterized 
by a shift from oxic to anoxic conditions. Within this 
layer the microbial use of different electron acceptors 
and the oxidation of reduced compounds of anaerobic 
processes cause diverse microbial metabolic pathways. 
Micro-scale investigations of sediments from the North 
Sea south of the island of Helgoland revealed that dur- 
ing certain seasons of the year enzymatic decomposi- 
tion rates of organic material were stimulated within or 
just below the RDL. Analyses by epifluorescence 
microscopy showed a parallel accumulation of rnicro- 
bial numbers and biomass. The stimulation of micro- 
bial activities was closely related to an accumulation of 
organic carbon and nitrogen. Through microbial 
metabolism the carbon to nitrogen (UN)  ratio de- 
creased, caused by a preferential utilization of carbon 
over nitrogen. The diversity of microbial activities 
within the RDL can be inferred from concentration pro- 
files of inorganic nutrients. The use of nitrate as elec- 
tron acceptor caused a rapid decrease of nitrate; at the 
same time ammonium was released. Right below the 
RDL, phosphate was liberated caused by the reduction 
and mobilization of iron (Koster 1993). 

A variety of investigations confirm that biogenic 
structures such as burrows and tubes of macrofauna 
organisms are zones of intensive microbial metabo- 
lism. This can be derived from total microbial numbers 
and biomass (e.g. Dobbs & Guckert 1988, Koster 1993), 
distribution of different physiological groups of 
microbes (Reichardt 1986), enzymatic decomposition 
of organic matter (Koster 1993), dark fixation of carbon 
dioxide (Reichardt 1986), and microbial production 
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(e.g. Alongi 1985, Reichardt 1988). The elevated levels 
of microbial activities can be attributed to the metabo- 
lism of the organisms (secretion of material) as well as 
to bioturbation activities (increase of solute transport 
by feeding, burrowing and irrigation). Micro-scale 
analyses of a sediment core inhabited by macrofauna 
organisms from the North Sea showed that microbial 
enzymatic activities were greatly stimulated in the 
vicinity of intact tubes of small polychaetes whereas 
empty tubes or debris of mussel shells revealed no ele- 
vated activity levels (Koster 1993). 

The application of microelectrodes turned out to be a 
powerful tool for measurements of micro-scale varia- 
tions of chemical parameters in the sediment environ- 
ment. With this technique a spatial resolution in the 
range of some 10 pm can be achieved that may relate 
to the direct sphere of influence of microbial assem- 
blages. Using microelectrodes Meyers et al. (1987) 
demonstrated that vertical and horizontal micro-scale 
gradients of oxygen and sulfide were closely related to 
the tubes of meiofauna. Dodds (1989) measured 
micro-scale vertical profiles of oxygen to calculate 
photosynthesis in a cyanobacterial assemblage. Oxy- 
gen microelectrodes have been used to analyze the 
microstructure of diffusive boundary layers of mats 
and sediments (Gundersen & Jsrgensen 1990, Jsr- 
gensen & Des Marais 1990). The authors could show 
that surface topography, flow velocity and benthic oxy- 
gen consumption greatly influenced diffusive bound- 
ary microgradients. Using a combined microsensor, 
the microzonation of oxygen and nitrous oxide was 
studied to derive denitrification rates in sediments 
(Christensen et al. 1989, Bimerup et al. 1992). From 
microprofiles of oxygen and nitrate in freshwater sedi- 
m e n t ~ ,  Jensen et al. (1993) determined depth profiles 
of nitrification and denitrification which were closely 
coupled. These are only a few examples of the applica- 
tion of microelectrodes to measure gradients of chemi- 
cal parameters as an expression of microbial activities 
in natural communities. 

Chemical parameters, however, are at best a reflec- 
tion of microbial activities and cannot replace direct 
measures of microbial metabolism. Therefore from 
measurements of chemical parameters, various ques- 
tions regarding responsible microbial activities remain 
open. Other than that natural microbial communities 
function, almost nothing is known about the distribu- 
tion of different physiological groups of microorgan- 
isms and the arrangement of their individual activities 
or about the relation of activities to individual organ- 
isms within microbial biofilms. 

The application of appropriate molecular biological 
techniques can be of great use to study the distribution 
of individual domains and subclasses of bacteria within 
biofilms. By using fluorescent oligonucleotide probes 

that bind to 16s rRNA, Amann et al. (1992) could visu- 
alize specific sulfate-reducing bacterial populations 
within developing and established biofilrns. Poulsen et 
al. (1993) measured significant differences in growth 
activities of single cells in young and established 
biofilms based on rRNA fluorescence in situ hybridiza- 
tion data. Ramsing et al. (1993) determined the distrib- 
ution of sulfate-reducing bacteria in photosynthetic 
biofilms from the trickling filter of a sewage treatment 
plant with oligonucleotide probes. By combining the 
data with microelectrode measurements, the authors 
found that the distribution of sulfate reducers was neg- 
atively correlated with oxygen profiles, restricting the 
sulfate reducers largely to anoxic layers. Denitrifier 
probes were successfully applied to detect denitrifying 
bacteria from a bioreactor consortium (Smith & Tiedje 
1992). 

Using fluorescence-labeled oligonucleotide probes 
complementary to regions of 16s and 23s rRNA, Manz 
et al. (1993) found that more than 70 % of the surface- 
associated microorganisms from drinking water bio- 
films determined by direct staining bound detectable 
amounts of rRNA-targeted probes. The authors ob- 
served that microcolonies consisted of mixed popula- 
tions in early stages with fewer than 50 cells. From 
these observations it may be concluded that as soon as 
the initial stage of colonization, different physiological 
groups of cells settle in close spatial vicinity. However, 
it has to be investigated whether this occurs by chance 
or whether cells with related metabolism settle 
together. 

High substrate turnover may be traced back to rela- 
tively low numbers of cells which are very active or to 
relatively high numbers of cells with relatively low 
individual activity. From the very few data reported in 
the literature, it can be derived that active cells in sed- 
iments account for about 5% of the total number of 
microbes (Chocair & Albright 1981, Novitsky 1983). 
The low percentage reported in the literature is diffi- 
cult to understand even if we consider the limitations 
of the autoradiographic method used (incorporation of 
individual radiolabelled low-molecular-weight organic 
substrates). To my knowledge, up to now the micro- 
autoradiography technique was not applied to follow 
micro-scale distributions of microbial activities in sedi- 
mentary biofilms. 

Microautoradiography (Meyer-Reil 1978) as well as 
the quantification of respiring bacteria using vital 
redox dyes such as tetrazolium salts (Rodrigues et al. 
1992) seem to be promising approaches for the micro- 
scale analyses of microbial activities. Following incu- 
bation with the corresponding substrates, sediment 
cores have to be sliced into thin sections and directly 
analyzed by microscopy after staining. Based upon the 
high optical resolution, activity may be directly related 
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to individual microbial cells. Of special importance are 
experiments in which environmental conditions are 
changed (e.g. nutrient regime) to follow variations of 
distribution of organisms and cell-specific activities in 
comparison to untreated controls. It is of specific inter- 
est to relate shifts in microbial activities to micro-scale 
variations in chemical parameters determined by 
microelectrodes. 

Almost nothing is known about the reaction of nat- 
ural microbial assemblages to rapid changes in envi- 
ronmental conditions. Most of the sediments depend 
upon the supply of organic material via sedimentation 
from the water column. The organic material reaching 
the seafloor has a very patchy distribution. At locations 
where the material is enriched, a rapid consumption of 
oxygen caused by decomposition processes can be 
expected. As a consequence subsurface sediment hori- 
zons become anoxic because the consumption greatly 
exceeds the diffusion of oxygen. Aerobic bacteria are 
now faced with anaerobic conditions which restrict 
their metabolism. In contrast, under anaerobic condi- 
tions anaerobes start to metabolize. After exhaustion of 
nutrients oxygen may diffuse into the sediment, and 
the situation may be reversed. Anaerobes are inhibited 
by oxygen, and the metabolic processes are dominated 
by aerobes. The described scenario is only understand- 
able if it is assumed that the microbial assemblages in 
sediments consist of omnipotent spectra of cells com- 
prising 'all' different physiological groups of organ- 
isms. The specific ecological situation, however, deter- 
mines which of the physiological groups will be active. 
This hypothesis may help to understand the low num- 
ber of active cells determined in sediments. 

DISTRIBUTION AND AVAILABILITY OF 
ORGANIC CARBON 

As mentioned above, the organic material reaching 
the seafloor is heterogeneously distributed. Bioturba- 
tion by the benthic fauna may further contribute to the 
patchy distribution of dissolved and particulate nutri- 
ents. Besides the sedimented organic matter, dead and 
decaying organisms represent an additional unevenly 
distributed source of organic carbon. Even in nutrient- 
poor sediments, patches rich in organic matter may 
exist which will be overlooked if  the corresponding 
spatial scale is not considered. Microorganisms in con- 
tact with nutrient particles are faced with relatively 
high concentrations of organic material. With increas- 
ing distance from the nutrient source, concentrations of 
material rapidly decrease. It can be assumed that the 
concentration gradient allows different physiological 
groups of microbes adapted to different nutrient 
regimes to metabolize and eventually to grow thus 

causing the nutrient gradient to diminish. Correspond- 
ing investigations, however, are lacking. The almost 
immediate response of microbial communities to nutri- 
ent enrichment again favours the hypothesis of the 
existence of microbial assemblages with omnipotent 
character (cf. above). 

The organic detritus in sediments consists of a com- 
plex mixture of labile, semilabile, and resistant mater- 
ial. The small, labile fraction available for microorgan- 
isms is rapidly metabolized. With continued reworking 
by microbes, the organic matter becomes more and 
more resistant. Microbial decomposition and abiotic 
processes such as the condensation of reactive phenol 
and carbohydrate groups with amino acids yield pre- 
cursors to complex nitrogenous humic geopolyrners 
(Rice 1982). The process, however, is poorly under- 
stood. Because of its resistance against microbial 
attack, the material is very slowly metabolized. Inves- 
tigations by Shirnp & Pfaender (1985) and Graf (1987) 
demonstrated that the availability of easily decompos- 
able organic compounds stimulates the decomposition 
of complex organic matter. However, even resistant 
matter may ultimately be degraded, providing there is 
sufficient time for the bacteria to work on the material. 
The unexpectedly high microbial numbers and mea- 
surable activities found in deep sediment horizons are 
impressive examples of ongoing microbial modifica- 
tion and decomposition processes in sediments some 
10 000 yr and more old (Parkes et al. 1990, Meyer-Reil 
1993). Almost nothing is known about the physiologi- 
cal status of these bacteria. Microscopic images reveal 
small cocci which look like starvation forms (Meyer- 
Reil 1993). Taking into account the long time bacteria 
have to work on the material, considerable variations 
in quantity and quality of organic material can be 
expected, which have to be considered in interpreta- 
tions of geochemical data. Traditionally, geologists and 
geochemists assumed that once the sedimented 
organic matter is buried below the bioturbated zone, 
the material will be no longer modified. 

Very few attempts have been made to determine the 
available fraction of organic matter although this is one 
of the key parameters for the distribution of microbial 
activities in sediments (Nedwell & Gray 1987). Chemi- 
cal analyses of all potential substrate molecules is 
prevented by the variety of labile organic molecules 
often present in very low concentrations. Even if the 
chemical analyses were possible, the question of the 
bioavailability of the organic substrates remains open. 
Nedwell (1987) developed a microbiological technique 
using the growth of Pseudomonas aeruginosa as a 
reflection upon microbially available carbon in pore 
water or in aqueous extracts of sediments. The growth 
of the bacterial strain in response to available carbon 
was calibrated in a mineral salt medium containing 
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known amounts of glucose. The available carbon in 
sediment extracts was calculated by comparison with 
the glucose standard expressed in terms of glucose 
carbon. As it could be shown, the pool of available car- 
bon was extremely small, comprising about 1 % at the 
surface and less than 0.2 % of total organic carbon at 
depths greater than 10 cm. A corresponding bioassay 
for the measurement of assimilable organic carbon in 
waters was proposed by LeChevallier et al. (1993). 
After killing the indigenous bacterial population, the 
water sample is inoculated with 1 or more test organ- 
isms. Following incubation the growth of the test 
organisms is monitored until the stationary-phase level 
is reached which is proportional to the amount of limit- 
ing nutrients in the water. 

There are a number of limitations to the techniques 
described. In natural sediments the pool of available 
carbon is metabolized by a succession of different 
physiological groups of microbes including aerobic 
and anaerobic organisms until complete mineraliza- 
tion has occurred. The spectrum of substrates metabo- 
lized by a single bacterium may be more restricted 
than the spectrum metabolized by natural bacterial 
assemblages. Furthermore the growth limiting nutri- 
ent for the test bacterium may not be carbon. Even in 
the presence of available carbon, other components 
such as toxins may restrict the growth of the test bac- 
terium. Thus the techniques described characterize at 
the best the growth potential of the sample. However, 
since microbially available carbon is measured, a 
bioassay is superior over chemical analyses because of 
its sensitivity. Therefore it is not surprising that scien- 
tists have become more and more aware of the advan- 
tages of sensitive bioassays. In this connection the 
highly sensitive denitrification assay for the detection 
of nitrate and nitrite in rhizosphere soil developed by 
Binnerup & Ssrensen (1992) needs special attention. 
The application of bioassays to the environment at the 
corresponding (microbially) spatial scale is the 
approach that needs to be adopted in order to address 
some of the urgent questions in ecology that cannot be 
solved using traditional approaches. 

CONCLUSIONS 

Until recently microbial ecologists tended to deny 
natural heterogeneity and variability of microbial 
assemblages in sediments. Sediments were treated as 
homogeneous systems and analyzed according to spa- 
tial scales measured in arbitrarily chosen depth inter- 
vals. Heterogeneity was regarded as deviation from 
normality and as an unfortunate fault of nature. With 
this traditional approach, the opportunity is missed to 
understand and to accept heterogeneity as the driving 

force for microbial activities, and to design methods 
that are suited for analyses at the corresponding spa- 
tial scale. The application of microelectrodes turned 
out to be a powerful tool to measure micro-scale distri- 
butions of chemical parameters in sediments. How- 
ever, chemical parameters are at best a reflection of 
microbial activities and cannot replace direct micro- 
scale measures of microbial metabolism. For this pur- 
pose the determination of substrate uptake or respira- 
tion is the first step in the right direction. Based upon 
the microscopic analyses, activity may be related to 
individual cells. Experiments have to be designed in 
which micro-scale variations of microbial distribution 
and activities are related to microgradients of chemical 
parameters. 

Traditionally, microorganisms have been regarded as 
simply reacting to environmental parameters. Much 
more attention has to be paid to the fact that micro- 
organisms in sedimentary biofilms condition specific 
features of their environment by the secretion of extra- 
cellular polysaccharides (EPS). Variations in environ- 
mental parameters might affect microbial assemblages 
much less than was previously thought. Again, micro- 
scale measurements in the biofilms rather than in the 
bulk sediment are required. Variations in chemical 
parameters have to be interpreted primarily as the result 
of microbial activities. With regard to chemical para- 
meters, concentrations are of limited value as long as we 
cannot answer the question of availability. If we want to 
learn more about how natural microbial assemblages 
function, we have to modify our strategies. 
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