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ABSTRACT: Starving and grown cultures of the heterotrophic, manne isolate FL2 were exposed to a 
defined flow at a hydrodynamically smooth, sandy sediment-water interface with a partially hornoge- 
neous bottom shear Stress pattern but localized high advective inflow. Since transport-determining 
properties like cell size, hydrophobicity, motility and exopolymer production aii change dunng starva- 
tion, we compared the distribution of differently nounshed ceils and microspheres at the surface and in 
the sediment after 3 d of exposure. We found different sorting processes between particles and bac- 
tena,  and between starving and grown cells, calling into question the transfer of laboratory results from 
exponentially grown cultures to in situ conditions and generally the Substitution of bacteria by particles 
in transport experiments. While rnicrospheres were distributed according to the advective flow and 
only weakly retained by interactions with sediment particles, grown bacteria showed a spatially homo- 
geneous distnbution over the sediment surface Orie suggestion is that active movement renders them 
independent of advective inflow once they have contact with the sediment Starved cells, however, 
accumulated at  the surface area of highest advective flow. They excreted exopolymers different from 
those in exponential phase. and,  consequently, formed aggregates of up to 7 prn in diameter, which 
were then retained at  the surface due  to straining. If this accumulation turns out to be  a widespread 
behaviour of copiotrophic bacteria, possible consequences-both ecological and also regarding patho- 
genic bacteria in coastal zones-have to be considered. 
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INTRODUCTION 

Transport and fate of bactena in soil has attracted 
considerable interest due to water-borne diseases that, 
in the 1970s in the USA, were frequently reported tobe 
caused by sewage pollution of groundwater (Craun 
1985). Conceptual and mathematical models for micro- 
bial transport in porous media have been developed as 
a tool not only for risk evaluation but also for under- 
standing the dispersion pattern observed in terrestrial, 
limnic, riverine and marine porewaters (Corapcioglu & 

Handas 1984, 1985, Taylor & Jaffe 1990). These authors 
discussed advective transport and hydrodynamic dis- 
persion, rnotility of microorganisms and mechanisrns 
responsible for retardation of microbes relative to water 
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movernents in the Pore space. The ~nechanisms include 
processes such as (1) straining, which is filtering of 
particles, (2) adhesion, (3) interception, and (4) sedi- 
mentation. Growth, decay and/or death of bacteria 
were considered as well. While the models cited above 
are in good agreement with the observations of terres- 
trial soil pollution where bacteria are transported while 
immersed in the fluid in which they thnve, in coastal 
sediments the situation is different with regard to 
strength and direction of hydrodynamic forces and 
properties of bacteria. Here the possible role of Pore 
space as a reservoir for opportunistic pathogens such as 
Vibrioparahaernolyticus, and for indicator bactena like 
Escherichia coli, has been addressed by the bacterial 
transport studies of Simmann & Rheinheirner (1975), 
Venkateswaran et al. (1990), and Davies et al. (1995). At 
the sedirnent-water interface, transport of passive parti- 
cles occurs by advection according to the near-bottom 
hydrodynamic regime which for permeable sediments 
extends beneath the sediment-water interface into the 
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Pore space. In particular, Pore pressure gradients that 
result from microtopography of sedimentological and 
biological origin Set up a powerful physical conveyor- 
belt for bacterial transport into this Pore space (Hüttel & 

Gust 1992a, Hüttel et al. 1996). Yet, to the knowledge of 
the authors, to date no attention has been given to the 
physiological difference between grown and starving 
cells as a possible factor affecting bactenal transport 
and distribution in permeable sediments. Copiotrophic 
bactena in marine waters, and sometimes even in 
coastal areas, are often nutrient limited and have to 
undergo starvation survival if no plankton bloom pro- 
vides suitable and available substrates. Bactena trans- 
ported in the near-bed Zone (benthic boundary layer) 
can thus be grown cells or starved ceils, depending on 
the carbon supply, exhibiting different features in re- 
spect to morphology and physiology, as reviewed ex- 
tensively in Kjelleberg (1993). Factors like bacteria size 
(Fontes et al. 1991), hydrophobicity, electrostatic charge 
of the cell surface and presence of capsules and flagella 
(Gannon et al. 1991a,b) have been identified as affect- 
ing transport and are also subject to change in the case 
of nutnent depnvation (Kjelleberg 1993). 

The purpose of this study was to examine the possi- 
bility of different transport Patterns and transport rates 
of starved and grown cells of a copiotrophic bactenum 
into permeable fine-grained sediments under known 
hydrodynamic conditions at the interface, to identify 
any differences between these 2 types of cell and with 
abiotic passive particles of comparable diameter, to as- 
sess to what extent bacteria of different physiological 
Status can be represented or modelled as passive parti- 
cles, and to point out ensuing ecological consequences. 

MATERIALS AND METHODS 

Bacterial strain. The strain FL2 was isolated from the 
internal fluid of a bivalve (Arctica islandica) from the 
Baltic Sea. It is a non-spore-forming, Gram-negative 
rod (1.0 to 1.4 pm3 during exponential phase) that is 
oxidase-positive and glucose fermenting. Growth on 
TCBS-Agar, sensitivity against 10 pg discs of 0/129- 
vibriostaticum, lack of growth in less than 5 g 1-' NaC1, 
production of arginine dihydrolase, lack of production 
of lysin-decarboxylase and ornithin-decarboxylase, and 
the comparison of API 20E-test results with Maugen et 
al. (1983) resulted in the tentative identification of FL2 
as fish pathogenic Vibrio anguillarum. Under aerobic 
carbon starvation FL2 survived for 8 wk, showing a 
reduction in direct viable cell Counts (DVC, according 
to Kogure et al. 1979) of 2 orders of magnitude over this 
time interval with increasing cell protein concentra- 
tion. FL2 was grown in liquid culture with 0.1 % yeast 
extract, 0.5% Peptone and 1.0% NaCl (pH 7.6). To 

induce starvation, cultures in exponential phase were 
centnfuged at 7000 X g for 20 min and resuspended 
in artificial manne medium (10 g 1-') with pH 7.6 and 
an ionic strength of 0.2 M. Cells were starved for at 
least 2 wk before being used for experiments. 

Microspheres. Fluorescent microparticles of 2 differ- 
ent diameters, coated with carboxylate groups (Poly- 
sciences), were used for the measurement of passive 
particle transport. Microspheres with a main axis dia- 
meter of 2.2 pm were chosen since they are compara- 
ble with the cell length of growing FL2 bactena reach- 
ing up to 2.5 pm. The microsphere volume of 5.6 pm3 
exceeded that of the largest rod formed, exponentially 
growing FL2 cells of 1.4 The smaller micro- 
spheres had a diameter of 0.7 pm, yielding a volume of 
0.2 This corresponded well with starved, rounded 
FL2 ceiis where cell volumes had been observed to 
decrease beneath 0.2 pm3 after 90 h of starvation 
(Heise & Reichardt 1991). 

Sediment and medium parameters. The Same sandy 
sediment (grain size: 54% between 250 and 400 pm, 
84.6 % between 212 and 600 pm) with a Pore water con- 
tent of 20.8 I 0.8 % (wt), resulting in a porosity of 0.39, 
was used as porous medium in all expenments. Pnor to 
each expenment the Sand was mixed with 4 M NaOH 
solution and autoclaved to disintegrate attached bac- 
terial ceiis. It was thoroughly washed afterwards and 
autoclaved again. The sediment was overlain with arti- 
ficial seawater which had been autoclaved and filtered 
to remove all precipitations. An NaCl solution of 10 g 1-' 
was chosen to simulate brackish water conditions; pH 
was adjusted to 7.6 using sterile NaOH solution. Ionic 
strength of the medium was about 0.2 M. The acrylic 
chamber confining the fluid and sediment core was 
nnsed with ethanol before addition of Sand and medium, 
thus ensuring initial aseptic conditions. 

Experimental procedures. Table 1 contains the no- 
menclature used in this study. 

Table 1. Nomenclature used in this study 

Radius 
Bottom stress 
Depositional stress 
Fnction velocity 
Critical fnction velocity 
Settling velocity 
Flow rate 
Advective flux of particles 
Porewater flow 
Transport due to Brownian motion 
Water flow velocity 
Porosity 
Diffusion coefficient 
Motility coefficient 
Medium viscosity 
Matrix particle diameter 
Suspended particle diameter 
Concentration 
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Experimental set up: To evaluate transport pathways 
and transport rates of cells and particles a defined flow 
regime both above and in the sediment is required 
stable, with a stationary pattern of interfacial bottom 
stress and magnitude and direction of the porewater 
flow. An acrylic cylindncal chamber (inner diameter, 
19 cm; total height: 15 Cm) which contained 1.4 dm3 of 
sediment, forming a 5 cm deep layer, and approxi- 
mately 3 1 of artificial seawater was used. The chamber 
was closed, with a lid, 10 cm above the sediment. The 
water was moved by a central, lid-mounted, horizon- 
tally rotating dick of 15 cm diameter with a 3 cm deep 
skirt attached at its outer edge. The dick was located 
8 cm above the sediment (Gust 1987). Continuous turn- 
ing of the disk at 30 rpm created a radial, horizontal 
pressure gradient with low pressure in the centre and 
a spatiaily, nearly homogeneous bottom stress pattern 
of T = 0.09 N m-2 at 3 < r < 7 cm (r:  radius). 

Material (dye, rnicrospheres of 2 different diameters, 
or bacterial population in either of 2 different physio- 
logical conditions, starved or exponentiaily grown) was 
added to the supernatant water of each expenmental 
set up after a minirnum of 3 h of stirring at  30 rpm. This 
stirring rate was maintained throughout each experi- 
ment, ensunng the same stable flow regime in both the 
water column and the Pore space. Transport of mater- 
ial to and into the sediment was determined either at 
discrete times, varying between 0.5 and 40 h during 
the experiment (rhodamine B), or after 3 d, when ex- 
penments ended (bactena, microspheres). The sedi- 
ment core was newly prepared for each expenmental 
run. Each kind of experimental Set up was repeated 
twice. 

Hydrodynarnic forces: Stirnng the fluid at 30 rprn led 
to a mean fnction velocity U. of 0.56 cm s-', with the 
radial distnbution of the fnction velocity at the sedi- 
ment-water interface as shown in Fig. 1. A viscous sub- 
layer of 1000 pm thickness was then formed in the fluid 
region closest to the bed since the roughness Reynolds 

O A  ' 20 ' 40 ' 50 ' 80 ' i0)o 
radius r [mm] 

Fig. 1. Radial distribution of skin fnction velocity U. [U. (r)lu.] 
in the stirring chamber at 30 rpm and without pumping, based 

on experimental data 

number Re. was <5. After spin-up, the overlying water 
body moved in a solid-body rotation with a secondary 
flow cell transporting fluid downwards at the side 
walls (outer radial positions). The horizontal pressure 
gradient established in such axisymmetric flows gen- 
erates advective porewater flows in permeable sedi- 
rnents. Detailed experimental results of such a flow 
pattern are presented in Hüttel & Gust (1992a) and 
Hüttel et al. (1996), and it has been modelled by Khalili 
et al. (1997). The magnitude and variance of the 
bottom stress, the horizontal pressure gradients and 
porewater exchange rates, as reliably generated in the 
chamber, resemble those for smooth (Gust & Müller 
1997) and (bio)rough permeable microtopography 
(Hüttel & Gust 1992b). 

A spatially averaged U. of 0.56 cm s-I, in conjunction 
with the settling velocities W, of the cells and micros- 
pheres used, established a flow scenario in which the 
cntical fnction velocity U. „i, of the sediment grains 
was not reached, yet stayed above the depositional 
stress (Q) of the suspended particles (cells and micro- 
spheres). In such a setting, differences in the rates and 
spatial pattern of accumulation of the particles (cells 
and rnicrospheres) will point to the hydrodynamic 
forces (advection, bottom stress) and particle charac- 
tenstics which control the dispersion both at the inter- 
face and deeper in the sediment. To study the water 
transport pattern in the sediment, rhodamine B was 
used as a dye since it does not stain sediment grains. 
A concentrated solution of rhodamine B was added to 
the overlying water, yielding a final concentration of 
20.5 mg 1-'. At 0.5, 1.5, 3, 5, 16 and 40 h into the exper- 
iment, porewater was sampled, using synnges, from 
different depths and distances from the centre of the 
chamber, as shown in Fig. 2; the local dye concentra- 
tions were then measured photometrically. 

Speed of inflow at the edge of the chamber was 
determined in subsequent expenments by releasing 
drops of dye at the sediment surface. Movement of the 
dye front into the sediment with time was monitored 
visually from the outside, while continuously stirnng 
the water at 30 rpm. 

Bactenal transport: For each newly Set up expen- 
ment, after 3 h of continuous stirring, a concentrated 
suspension of either starving or grown bacteria was 
added to the water, producing an initial bacterial titer 
of about 106 to 107 cells ml-'. At constant stirring rate 
(30 rprn), the suspension was incubated in the chamber 
for 3 d at 20°C. At the end of the experiment, the over- 
lying water was carefully removed, leaving the sedi- 
ment core and surface intact. 

Five ml syringes with cut tops were used to extract 3 
sediment columns of 5 cm depth at each of 3 different 
radii (3, 5, and 7 cm) and 1 column from the centre. 
From each sediment column, subsamples were taken 
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Colour intensity 
in % of 

overlying water 

Fig 2. Distribution of rhodamine B in the sediment beneath the 
radius 1 to 9 cm and with depth (0 to -5 cm) at different times 
after addition to the overlying water. Concentration is given 
as percentage of the initial water concentration. Gridding was 
done by kriging to emphasize trends. (0) Sampling points 

at 4 different sediment depths (surface: 0 to 0.5 cm; 
subsurface 1 to 1.5 cm; intermediate: 2 to 3 cm; and 
bottom layer: 4 to 5 cm) and stored at 5°C in 4 %  
formaldehyde until a direct cell count, following the 

acridine orange method of Zimmermann & Meyer-Reil 
(1974), was carried out. 

Passive-particle transport pattern in porewater: Con- 
centrated suspensions of fluorescent microspheres of 
2.2 and 0.72 pm diameter, respectively, were added at 
the Same time to the overlying water after ultrasonifi- 
cation until concentrations of 1.4 X 106 (diameter: 
2.2 pm) and 1.11 X 107 (diameter: 0.72 pm) particles 
cm-3 were reached. The experiment was carried out 
similarly to those with bacterial cells, except that after 
3 d of stirring as many sediment samples were taken as 
was possible without disturbing proximate surfaces 
due to the handling procedure. Former studies had 
shown difficulties in removing microspheres com- 
pletely from the sediment, resulting in a high back- 
ground count for following runs; thus only 1 run with 
microspheres could be reliably performed with the 
Same sediment that had been used in the experiments 
with bacterial cells. Therefore a statistical evaluation 
of the microsphere distribution was decided against in 
favour of a denser data grid on which concentration 
isolines could be drawn. 

We took 18 sediment samples at the end of the 
expenment at the centre and randomly at various 
radial distances. The washed-in spheres were counted 
at the Same 4 depth horizons as the bacterial cells (see 
above) by fluorescent light microscopy. A total of 6 
experimental runs were carned out: 2 for starving bac- 
teria, 2 for exponentially grown bacteria, 1 with dyed 
fluid, and 1 with a mixture of fluorescent microspheres 
of 2.2 and 0.72 pm in diameter. 

The experimental design as a representation of nat- 
ural sand ecosystems: Hüttel & Gust (1992a) showed 
flow pattern around bioroughness to consist of conver- 
gence/divergence and pore-space transport zones in 
permeable sediments. They also identified the ensuing 
horizontal pressure gradients around bioroughness 
elements. The mathematical representation of the ex- 
isting subsurface flows was represented by a potential 
flow concept with source-sink terms placed at selected 
positions relative to the roughness by Hüttel et  al. 
(1996) and have also been modelled by other tech- 
niques (Khalili et al. 1997). 

The experimental Set up, with a circular, stirred 
chamber and a defined subsurface flow pattern, as 
used in our study and by Hüttel & Gust (1992b), can be 
linked to porewater flow around natural bioroughness 
by comparing the similanties between the pressure 
distribution over the smooth bottom inside the cham- 
ber and the Same horizontal advective flow through 
the Pore space of the confined sediment as can be 
observed for a natural field site with a particular 
bioroughness. The hydrodynamic adjustments of the 
stirred chamber thus have to be made according to 
the pressure gradient, and not the bottom Stress, as the 
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roughness type may change. For example, Hüttel & 
Gust (1992b) determined the horizontal pressure gra- 
dient V p  of a rnound of 1.7 cm height to be 0.9 Pa crn-'. 
This is the Same pressure gradient established in our 
experimental setting at  a stirring rate of 30 rpm. Thus 
our experimental design is such that the advective 
flushing rate of porewater fluid is approximately equi- 
valent to a field of similarly high mounds in a natural 
setting with a homogeneous mound density. 

In addition to the link between the chamber experi- 
ments and natural ecosystem processes, tve had to 
ensure that in our experimental set up  we provided the 
concise means to identify the 2 different hydrodynamic 
forces acting at the substrate-fluid interface- the fields 
of pressure and bottorn stress (which are  the normal 
and tangential components at a substrate-fluid inter- 
face). In addition, the chosen settings should provide 
stable and reliable experimental conditions for the 
transport of fluid, solutes and particles through the 
Pore space. It will be shocvn below that the rnicroor- 
ganisms and particles reached the surface Zone of the 
sediment (0 to 0.5 cm) through advective flushing since 
the depositional stress rd was much lower than the 
shear stress applied. 

The accumulation of the larger particles in the outer 
zones of the cylindrical vessel cannot be  explained by 
centrifugal effects. The radial pressure gradient in the 
bottom boundary layer of the chamber is given by 
Euler's equation (in cylindrical coordinates). In this 
layer the equilibriurn between pressure forces and 
centrifugal forces per unit volume is disturbed and a 
secondary flow is established which moves towards 
the centre in logarithmic spirals taking sinking parti- 
cles along (see, for example, Figs. 5 & 20 of Denk & 

Dürholt 1991). 
Analysis: Apart from determination of particle con- 

centration, the bacterial populations required further 
analysis to distinguish differences between the 2 phys- 
iological statuses for subsequent hypothesis testing. 
The 3 starvation-related factors that could influence 
the flushing of bactena into the Pore space are  the size 
of bacteria, hydrophobicity and exopolymer produc- 
tion. Of these, size and volurne of bacteria were deter- 
mined by epifluorescence microscopy using a 'New 
Porton' Grid G12 (GRATICULES Ltd). Hydrophobicity 
was determined with the BATH-Method (Rosenberg et 
al. 1980) by measuring the tendency of cells to adhere 
to hydrocarbons. By determining the optical density 
after mixing subsarnples of a bacterial culture from the 
recovered probe material with octane, hexadecane and 
xylol, respectively, and comparing it with the original 
cell density, a percentage of adherence to the hydro- 
phobic phase was calculated. Exopolymers were ex- 
tracted from subsarnples of the sediment samples by 
centrifugation a t  25 000 X g at 4OC for 30 min, and pre- 

cipitated according to Sutherland & Wilkinson (1971): 
the supernatant was added to 3 parts of -80°C cold 
acetone and stored overnight at  O°C. After centrifuga- 
tion at 7000 X g for 15 min, the pellet was resuspended 
in Milli-Q water and dialysed at O°C overnight against 
25 1 distilled water. Carbohydrate and protein contents 
in the exopolymers were deterrnined by biochemjcal 
analysis. Carbohydrate analyses were done according 
to Dubois et al. (1956); for protein analysis a Bio-RAD 
Protein Assay that is based on the Bradford-rnethod 
(Bradford 1976) was used. 

In addition to the analysis of extracted exopolymers, 
carbohydrates and proteins were determined from 
the substances retained on 5 pm polycarbonate filters 
through which starving and grown cultures had been 
passed. 

RESULTS 

Interfacial and porewater flow regime 

The transport pattern of rhodarnine B into the sedi- 
ment bed revealed a high inflow of water at outer 
radial positions r > 7 cm. Here, a downward-directed 
porewater velocity of 2.3 cm h-I was observed in the 
top 1.5 cm of the sediment at an  interfacial friction 
velocity of 0.56 cm s-'. Below 1.5 crn, porewater speed 
decreased with increasing depth into the sedirnent to 
0.5 crn h-' due to the diversion of flow paths for con- 
stant flow rate Q. This pattern corresponds well with 
observations regarding the porewater flow pattern in a 
stirred chamber of 30 cm reported by Hüttel & Gust 
(1992a), and also with observations of the pattern 
through permeable biogenic sediment structures (Hüt- 
tel & Gust 1992b). These authors recorded a decrease 
in velocity of downward-rnoving porewater beneath 
mounds of 2.5 cm height from 9.6 cm h-' in a 0.5 cm 
thick top layer to 2 cm h-' at  1.3 cm depth, reaching 
0.1 crn h-' at 8 cm depth; in these experiments, U. at 
the interface between permeable sand and water was 
0.7 crn s-I. As shown in our contour map of rhodamine 
concentrations (Fig. 2), the isoline of 47.5 % of the over- 
lying water reached the bottom after 16 h; it possessed 
a larger horizontal advection cornponent with depth. In 
the centre of the chamber hardly any inflow was dis- 
cernible. After 40 h ,  an almost homogeneous distribu- 
tion of dye concentration was reached, yet with differ- 
ent flow-through rates Q (radius, depth). 

Distribution of bacteria and microspheres 

The rnixture of large and small rnicrospheres showed 
the Same distnbution pattern in the pore space dunng 
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the first hour as the dye. Concentrations increased at  
large radii while almost no inflow occurred in the 
centre (Fig. 3). The shading in Fig. 3A,B, demonstrat- 
ing relative concentrations of particles (or passive dye 
as in Fig. 2), is divided into 11 bins. Large rnicro- 
spheres were transported into the sediment in larger 
numbers, particularly at radii >6 Cm, where high con- 
centrations were flushed to the bottom in 3 d. 

In contrast, contour maps of bacteria introduced into 
the sediment (Fig. 4)  revealed an almost homogeneous 
concentration of grown cells in the surface layer (0 to 
0.5 cm) after 3 d,  while the deeper sediments at 7 cm 
distance from the centre showed higher cell counts. 
Starving bacteria accumulated at the surface of the 
edge rirn of the chamber, with only little transport to 
deeper layers. Absolute concentrations of grown and 
starved cells at different sedirnent depths are shown in 
Fig. 5. 

To estimate the occurrence of cell divisions during 
the expenment, initial and final cell concentrations of 
suspended grown and starved bacteria were compared 
with the range of measured sediment concentrations. 
For starved cells, the decrease in cell counts was 30 
and 13 % in 2.8 1 of overlying water; this would result in 

A smail microsoheres 

B large microspheres 

no. of 
particles cm-3 

Distance from microcosm centre [cm] 

no. of 
ceiis cm-3 

Fig. 4. Distribution of (A) exponentiaiiy grown and 
(B) starved bactena in the sediment after 3 d of stirring. 
Only the data from 1 run are shown. (0) S a m p h g  pomts. 
Gndding was done by triangulation versus linear trans- 

formation without weighing of data 

an average cell Count in 1.4 dm3 of sediment of 
3.2 X 10' and 7 X 106 cells ~ m - ~ ,  assuming that they 
were evenly distributed. The measured sediment 
concentrations ranged from 105 to 107 and 108 cells 
~ m - ~ ,  respectively, varying strongly and depend- 
ing on the depth and location of the sample, thus 
fitting the average estirnation weil. A net increase 
in number of starved cells was therefore not as- 
sumed. However, it may still be possible that cell 
divisions and cell lysis made up for each other, 
which could have been investigated if thymidine 
incorporation measurements had been done. In- 
creases in cell counts of grown cells in overlying 

-5 4 I 

0 1 2 3 4 5 6 7  
5.00~+005 water could be calculated as being due to 3.3 and 

Distance from microcosm centre [cm] 
HOOOEToo~ 3.4 generations within the 72 h of the experiment, 

assuming that during the experiment 50% of the 
Fig. 3. Distribution of microspheres [diameter: (A) 0.75 p n ~ ;  initial ceii number was flushed into the sediment. 
(B) 2.2 pm] in the sediment after 3 d of stirring. Particles of The occurrence of cell divisions showed that 
both kinds were added as a rnixture to the overlying water. 
(0) Sampling points. Gndding for contour mapping was done enough substrate was available-probably trans- 

by triangulation versus linear transformation without weigh- ferred with the inoculum-to the grown cells to 
ing of data prevent a starvation phase after introduction into 
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grown bacteria: S I ,  S2, G I ,  and G2, respectively) and micro- For selection of the correct statistical analysis, exis- 

grown cells starved cells Accumulation in the surface layer is indicated 
- 0 -,-+-%~)iy-- -- 

- OLF by the ratio of measured to theoretical concen- 

s ~ h e r e s  (MS) in the Sediment surface layer 0f experhents tence of a normal distribution of absolute surface con- 
at 7 cm radius. The enrichment factor is calculated from the 
rneasured particle concentration divided by the theoretical centratiOns (3 parallel samples at  every 

I 

5 

particle concentration (concentration in overlying suspension pling Position from the microcosm centre outwards) 

6 1 -  
U 

J 
trations in the sediment. The value for the latter 

multiplied by the porosity, 0.39) was verified for each set of experiments by rankit 

S1 S2 G 1  G2 M S  M S  
small large 

f , 2 -  Y e 2 w '  is based on the assumption that the available 

Enrichment 15.10 16.03 7.68 8.15 9.70 5.12 
factor 

2 3 - ' ,  --F Centre 
4 - -0- 3 crn radius 

.- 
;U & 4 5  cm radius 
V> -0-. 7 cm radius 

6 

Table 3. Particle concentrations in the bottom layer (4 to 5 cm 
depth) as a percentage of the particle concentration at 1 cm 
depth (subsurface) (S I ,  S2: s t a ~ n g  bactena; G I ,  G2: grown 

bacteria; MS. microspheres) at 7 cm radius 

2 3-1 pore space is filled with the same concentration 

,C 4 4  of cells as the overlying water. The theoretical 
E .- 

; 5 4  sediment concentration is therefore obtained 
V> from multiplying overlying particle concentra- 

6- 

S 1 S2 G 1  G2 M S  small M S  large 

12.6 17.7 32.1 24.9 20.0 113.0 

Oe+02e+74e+76e+78e+7 le+8 oe+0 Ze+7 4e+7 6e+7 le+8 tions with sediment porosity. Such a concentra- 

0 0 -E. 
tion would occur in the case of unhindered ver- - - 

1 U -y&=: F, : I*- - - - * tical particle flow through the Pore space. 

1 Starving cells showed an enrichment ratio of g 2 5 2  & 
ai 0i I 15 to 16, grown cells of only 7.7 to 8.2. Micro- 
2 3 -  2 3  7 ,  spheres however showed the Same or less accu- 

4 &  
.- .- E 4 4  mulation than grown cells (Table 2 ) .  
Tl " 
0 5  -0, U 0 5 -  

V> V> 
The distnbution inside the sediment showed 

6 I #  6 - a reduction in cell counts with depth in all 
Oe+OZe+74e+76e+78e+7le+8 Oe+O 2e+7 4e+7 6e+7 8e+7 le+8 experiments, for grown and starving cells. 

Fig. 5 Distnbution of previously grown and stawed bactenal ceiis of In Table 3, the concentration of bactena and 

FL2 in sediment after 3 d of incubation in a stirred cylindrical flow micros~heres in the bOttOm layer (* t0 cm) is 
chamber. Each value is the average of 3 parallel samples, standard calculated as percentage of the concentration 

deviations are shown as bars 3 cm above in the subsurface layer to de- 
monstrate how cells are distributed in deeper 
sediment layers. Surface concentrations are  ex- 

the mineral medium. However, it can be assumed that cluded to avoid any bias through accumulation effects 
the 3 divisions occurred early in the experiment while a t  the water-sediment interface. In experiments with 
substrate was available, as cell numbers did not differ starving cells, the relative concentration of bacteria 
very much at the end. The final cell counts were taken in the bottom layer at 7 cm radius is much lower than 
in all experiments for calculation of theoretical sedi- that of grown bacteria. A still-higher difference exists 
ment concentrations from overlying water concentra- between the penetration of large and small micro- 
tions. Reduction of microspheres due to the accumula- spheres. 
tion in the sediment has been noted but not calculated In the 4 experiments with bacteria (2 with starving, 
in detail, a s  no indication of division is needed and its 2 with grown bactena, henceforth called S I ,  S2, G I ,  
usefulness for checking the number of accumulated and G2, respectively), the initial bacterial titers were 
cells in the sediment can only be  rough due to the different in the overlying water bodies. Normalization 
highly heterogenous particle distribution in the sedi- of the cell counts from the water-sediment interface by 
ment (as for the starved cells). using the overlying water titer after 3 d of stirring 

permitted a statistical analysis of the distributions of 
starved and grown bactena in the surface sediment 

Table 2. Ennchment of bactena (2 \nth  starving and 2 with layer (0 to 0.5 Cm). 
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plotting. Subsequently, a t-test was performed for each 
Set of relative data at the different distances between 
populations S1 and S2, as well as between G1 and G2. 
This approach was selected since the variantes were 
not significantly different on a p = 1 % level in the 
F-test. The t-test showed no significant difference (p > 
10%) between the distance-related data of the 2 par- 
allel experiments; consequently, the data for bactenal 
concentrations were treated as belonging to 1 popula- 
tion, henceforth called S and G,  respectively. Subse- 
quently, data fron~ the experiments with starving and 
grown bactena were t-tested against each other for 
similar radial location. An increasingly significant dif- 
ference between concentration data was revealed with 
distance from the centre outwards, with a highly sig- 
nificant difference between the counts of starving and 
grown bacteria at 7 cm radius (0  Cm: p > 10%; 3 Cm: p > 
10%; 5 Cm: 5 %  > p > 2%; 7 Cm: p < 0.1%). Further- 
rnore, a Kolmogorov-Srnirnovtest for non-pararnetric 
distnbution showed a significant difference in the dis- 
tribution of data sets S and G on the 5 % level. 

For starved cells, analysis of the bactenal concentra- 
tions on the sediment surface revealed an accumula- 
tion at the 7 cm radius where inflow was highest. 
Bacterial counts increased from 87.5% of the over- 
lying water in the centre to 568% at 7 cm radius. In 
contrast, grown bactena were rather evenly distrib- 
uted throughout the surface and subsurface layer 
(Fig. 6). Their counts at the surface averaged 167.9% 
(SD = 66.88) of the water titer. Data were checked 
for Poisson distribution; the grown bacteria data Set 
showed a random distribution, while the data for starv- 
ing cells were overdistributed, indicating an unequal 
distribution at the Sediment surface. 

800 4 + grown cells 
statved cells 

Distance from centre [cm] 

Fig. 6. Bacterial cell counts of starved and grown ceUs in the 
sediment surface layer (0  to 0.5 cm depth) in relation to the 

abundance in overlying water after 3 d of stirring 

Advective flow 

The transport of particles in a permeable medium is 
mostly due to advective flow of porewater. The ad- 
vective flux of particles (microorganisms and rnicro- 
spheres) J, is thus due to the strength of the porewater 
flow J,  and is also proportional to the concentration in 
overlying water C. J," can be calculated by multiplying 
the average water flow velocity V,. (2.3 cm h-') in the 
Pore space with porosity <D (0.39) (Tan & Bond 1995) as 
follows: 

J., = JwC = V , ~ O C  (1) 

The highest possible accumulation of particles would 
occur if all cells transported by advective flux were 
retained in the top layer of the sediment during 72 h. 
Table 4 compares measured particle concentrations in 
surface and subsurface layers with the largest accumu- 
lations theoretically possible (C,,,„,) at a radius of 7 cm; 
the transport of the various kinds of particles under 
similar hydrodynamic settings is different. The accu- 
mulation in the surface layer during 72 h for starved 
bacteria in both experiments is higher than for grown 
cells and is largest for microspheres. Large micro- 
spheres accurnulate less than smaller ones in this Zone. 
In the subsurface layer (1 to 1.5 crn) only a small per- 
centage of the theoretical flux is retained. In the top 
1.5 crn, the retention rate never exceeds 16 % of parti- 
cles that enter the Pore space at the water-sedirnent 
interface. Distributions deeper in the sediment showed 
a reduction in particle counts with depth in every ex- 
penment-with grown cells, starving cells and micro- 
spheres (Figs. 3 to 5). The associated flow-through rate 
in the area of highest fluid entry was calculated to be 
about 116 cm3 h-' (ca 0.9 cm3 cm-2 h-I); this was the 
outer rim, the 2.5 cm edge from the outerrnost sedi- 
ment sampling position (3 cm) to the side wall. 

Table 4.  Retention of bacteria (S: starved; G: grown) and 
microspheres at 7 cm radius in the surface and subsurface 
layer during the experiment. C„,: theoreticaliy highest pos- 
sible concentration of particles with complete retention in the 
sediment over the duration of the experiment (72 h) with an 
advective flux J,. The percentage of maximal retention is 
shown for the measured concentrations at the surface (C„,() 

and in the subsurface layer (Csubsurl) 

SI C2 G1 G2 MS MS 
small large 

J, (X lob cm-' h-') 9 14 14 6 3.8 0.35 
&,(XI@ ~ m - ~ )  650 977 1008 447 273 25.2 
C„„, (X 10%rn-~) 56 95 47 22 42 2.8 
UOofmax.retention 8.5 9.7 4.7 4.2 15.1 11.0 
CFiihaiirl ( ~ 1 0 "  cm-9 19 15 25 8.6 22 1.7 

of max. retention 2 .9  1.5 2 5 1.9 7.9 6.7 
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Brownian diffusion 

An additional process transporting solutes and parti- 
cles in water is rnolecular diffusion. Transport of bacte- 
rial cells in porous rnedia, both impermeable and per- 
meable, due to Brownian motion JB is described by 
Fick's first law: 

where DB 1s the diffusion coefficient in a porous 
medium, b, the porosity and V C  the concentration gra- 
dient (Corapcioglu & Haridas 1985). DB can be calcu- 
lated using the Stokes-Einstein equation: 

where kg is the Boltzmann constant, 1.3806 X I O - * ~  J K-', 
and Tthe absolute temperature, which was 291 Kin our 
experiments. P, is the medium viscosity (1 X 10 :' Ns 
rn-') and d the diarneter of the particles (bacteria or 
microspheres). Starving FL2 cells round off and volurne 
decreases within 8 wk from 1.0 to below 0.1 (Heise 
1995). At the beginning of the stirring experiments 
median cell volurnes varied between 0.88 and 1.04 pm3 
for previously grown bactena. and between 0.52 and 
0.68 pm3 for starved bactena in the Pore space of sedi- 
ments. The mass flux of bactena-sized particles due to 
Brownian rnotion is srnall; less than 200 cells are trans- 
ported per crn2 per hour (Table 5). Since the transport is 
non-directional, it does not contribute measurably to 
the inflow of bacteria into permeable sediment. 

Hydrophobicity 

Santos e t  al. (1990) defined a change in culture tur- 
bidity of more than 50 % in adsorbance as an indication 
of strong hydrophobicity, 20 to 50 % as moderate, and 
less than 20% as  not hydrophobic. According to these 
cntena, exponentiaily growing cells showed a strong 
hydrophobicity which decreased with ongoing starva- 
tion until no hydrophobicity could be detected aftei- 
240 h of starvation (Table 6). 

Table 5. Diameter of cells and microspheres in different 
experirnents enabling the calculation of diffusion coefficient 

D,) and the flux of particles Jg due to Brownian motion 

Expt Cell diameter DB JB 

(~im) (cm2 s-I) (cm-2 h-') 

G1 0.88-1.04 4.84 X 10-"-4.12 X lo-' 106-90 
G2 0.88-1.04 4.84 X 10 '-4.12 X 10-' 36-31 
S 1 0.52-0.68 8.23 X 10-~-6.23 X 10-' 117-9 
52 0.52-0.68 8.23 X 10-'-6.23 X I O - ~  206-156 
MS small 0.72 5.92 X 10-" 35 
MS large 2.2 1.94 X 10-9 1 

Table 6. Hydrophobicity as percentage of adherence to differ- 
ent  hydrocarbons for growing ceiis (from exponential to sta- 
tionary growth; optical density [OD,o,] from 0.124 to 0 597) and 
for cells that were starved for different times (5, 46 and 240 h) 

Sample n-hexadecane n-octane p-xylol Average 

Original OD4„ of growing culture 
0.124 56.9 74.5 83.1 7 1  5 
0.31 45.7 66.1 75.1 62.3 
0.392 15.0 68.3 70.0 51.1 
0.597 27.4 50.3 66.9 48.2 

Time starved (h)  
5 22.0 42.1 73.3 45.8 
4 6 11.4 45.8 33.7 30.3 
24 0 < 1 34.9 9.1 <15.0 

Exopolymer production and aggregates 

For biochernical analysis of aggregates, starving 
(5 wk) and grown cultures with similar biomass 
(0.00815 mg C cm-3 in grown cultures and 0.00977 mg 
C cm-3 in starving cultures, calculated from the biovol- 
urnes using a factor of 0.22, according to B~rsheim et 
al. 1990) were used to determine protein to carbohy- 
drate ratios (P/C ratios) in total, in extracted exopoly- 
rners and in cultures filtrated on a polycarbonate filter 
with a Pore size of 5 pm. 

P/C ratios in extracted exopolymers were lowest in 
growing cultures, decreasing from 0.5 to 0.1 during 
exponential phase due to extended production of car- 
bohydrates. The P/C ratio in exopolymers of starving 
cultures rose from 0.1 to 0.7 after the amount of pro- 
teinaceous compound increased (see also Heise 1995). 
Material of starved cultures that was retained on 5 prn 
polycarbonate filters revealed a concentration of pro- 
tein 2 times higher than that of polysaccharide, while 
this ratio was 3.2 before filtration. With grown cells, a 
P/C ratio of 1.8 in unfiltered sarnples and of 0.7 on fil- 
ters was obtained. In the starved cell suspension, a 
higher fraction of the whole protein amount was 
retainable on a 5 prn filter than in growing cultures 
(Table 7). This result is in accordance with observa- 

Table 7. Protein to carbohydrate (P/C) ratios in starvation 
(starved for 5 wk) and grown cultures of FL2, in cultures fil- 
tered on filters with 5 prn Pore size and in extracted exopoly- 
mers Extraction was made during either a starvation period 

of 50 h or the growth phase (ODmo = 0.03-0.7) 

Starvation culture Grown culture 

Suspension 3.2 1 8  
Filtered on 5 pm filters 2.2 0.7 
Extracted exopolymers 0.1-0.7 0.5-0.1 



150 Mar Ecol Prog Se 

tions that have been made using light microscopy. 
Staining of starving and growing cultures with methyl- 
ene blue revealed a high abundance of aggregates 
with an average diameter of 7 pm in starving cultures, 
while growing cells appeared separated and equally 
distributed under the microscope. 

DISCUSSION 

The results suggest definite differences in pore- 
space transport of microspheres and bacteria. The lat- 
ter also differed depending on whether they were 
growing or starved. Microspheres are transported to 
and introduced into the sediment according to the flow 
pattern, which enters the Pore space advectively at the 
outer radial positions (r > 6 cm). While this also holds 
for starving bacteria, they are more strongly retained 
in the surface layer. In contrast, grocvn celis do not fol- 
low the advective-flow pattern. They are almost evenly 
distributed in the surface layer, but are transported 
within the sediment more strongly than starving bac- 
teria. Effects from diffusion through the viscous sub- 
layer associated with the nearly homogeneous shear 
Stress distribution (See Fig. 1) are possible but could 
not be determined in our experiments. 

In a first assessment we discuss to what extent differ- 
ences in Brownian motion, straining, sedimentation, 
interception or adhesion may have contnbuted to, and 
whether physiological Status of cells can be held re- 
sponsible for, the different distributions observed. 

An obvious difference between starving and grow- 
ing bacteria is-next to the cell size-the formation of 
cocci under nutrient limitation. The results of Jang et 
al. (1983) indicate that a larger, rod-shaped organism is 
retained more strongly than a small, spherical organ- 
ism. Although we cannot exclude that cell morphology 
may have an  influence on transport, there has been 
little evidence in literature up to now indicating that 
the shape of cells, rather than cell size, is an important 
Parameter (e.g. Fontes et al. 1991, Gannon et al. 1991a). 
In our experiments, however, with a theoretically 
stronger retention of rod-shaped organisms a different 
pattern would have been expected, resembling the 
distnbution of starved bacteria. 

Brownian diffusion also had only a smail effect on par- 
ticle transport in permeable sediments, compared to ad- 
vective flux. In the latter case, a theoretical mass transfer 
of 105 to 107 particles cm-2 h-' was given, in contrast to 
10' when only diffusion is considered (see Tables 4 & 5). 

Nevertheless, transport of microspheres and bacteria 
in sandy sediments with a grain size dm between 250 to 
400 pm was reduced compared to the advective pore- 
water flux of rhodamine B. While addition of rhodamine 
B led to an almost homogeneous distribution of dye 

concentration throughout the sediment within 40 h, 
microspheres added to the fluid phase accurnulated 
beneath areas of highest water inflow determined from 
the 3 d experiments. Small Counts are found closer 
towards the centre. Grown bacteria were concentrated 
in surface (0 to 0.5 cm) and subsurface (1 to 1.5 cm) 
layers, with spatially homogeneous surface concentra- 
tions. In contrast, starved bacteria accurnulated mostly 
at  the surface in the area of highest advective inflow. 

Straining describes the retardation of particles by 
means of filtration, with the ratio of matrix particle 
diameter dm to suspended particle diameter d, being 
an important variable. According to laboratory data on 
particle capture (Sakthivadivel 1969) no particles can 
be transported into a porous medium if the ratio d,/d, 
is less than 10. In such cases 'cake filtration' occurs, i.e. 
suspended particles accumulate at the surface of the 
medium. In our experiments, smaller microspheres 
were retarded more severely than large ones and small 
starved bacteria more severely than grown ones. The 
range of values for d,/d, obtained in our experiment, 
with dm = 240 to 400 pm and d, = 2.2 P, was 110 to 
180. Pore sizes in the sand medium were thus too large 
to restrain single bacterial ceiis or microspheres. Grav- 
itational sedimentation also cannot explain the accu- 
mulation rates. Sedimentation occurs when particles 
with a density higher than the medium deviate from 
streamlines, collide and settle on large particles or in 
niches. Gravitational settling was negligible in our 
experiments because rnicrospheres and bactena had 
nearly the Same density as water, ranging between 1.0 
and 1.1 g cm-3 (e.g. Smith et al. 1985, Characklis 1990). 

Interception describes the retardation of suspended 
particles by their collision with sediment particles. Yao 
et al. (1971) have shown that only relatively large par- 
ticles with a diameter of more than 5 pm are affected 
by this process, while most bacteria and viruses are not 
influenced (Tan 81 Bond 1995). 

Thus, adhesion processes may be responsible for the 
retention of microspheres and starved and grown bac- 
terial cells inside the sediment. Reversible adhesion of 
particles to surfaces is controlled by Van der Waals 
forces and electrostatic interactions; stronger adhesion 
is due to polymer bridging (Neu & Marshall 1990). Van 
der Waals forces are usually attractive, while electro- 
static interactions are repulsive due to the negative 
charge of surfaces in marine waters. Effects of both 
forces depend on the distance between surfaces and 
the ionic strength of the medium due to the formation 
of double layers. The initial steps of adhesion have 
been described by the DLVO theory, which relates the 
Gibbs energy of interaction between particles to their 
relative distance (Van Loosdrecht et  al. 1 9 9 0 ~ ) .  At inter- 
mediate ionic strength, as in our expenments, repul- 
sive forces are quite low. As a result, strong Van der 
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Waals forces and high thermal energy can enable bac- 
tena with a negative surface charge to adhere to sur- 
faces (Van Loosdrecht et al. 1990b). Microspheres that 
are coated with carboxylate groups also tend to be 
negatively charged at pH > 7, and can therefore adhere 
to sediment particles. 

By connecting hydrophobic interactions with Van der 
Waals forces, Van Loosdrecht et  al. (1990b) related ex- 
perimental data of bactenal adhesion to different sur- 
faces in terms of the DLVO theory. They concluded 
that hydrophobicity, alone (polystyrene) or in cornbina- 
tion with low surface charge (glass), is mainly respon- 
sible for adhesion. BATH tests carned out with 3 dif- 
ferent hydrocarbons, however, showed that hydro- 
phobicity of cells was strong in the early exponential 
phase and decreased during the growth cycle. Hydro- 
phobicity even declined further with ongoing starva- 
tion, when cells could be called moderately hydro- 
phobic-using the definition proposed by Santos et al. 
(1990). Earlier expenments with FL2, in which glass 
slides were exposed to a starving culture, showed a 
decreasing tendency for adhesion with length of star- 
vation: the nurnber of cells that adhered per hour 
decreased by 98 % from the onset of starvation to 40 h 
in organic-carbon-free medium (Heise 1995). 

Microspheres coated with negatively charged car- 
boxylate groups will show electrostatic interaction at 
medium ionic strength, as their hydrophilic character 
will prevent Van der Waals forces and therefore strong 
binding. The stronger retardation of small rnicrospheres 
can be  explained by a chromatography effect: larger 
cells travel faster because they cannot diffuse into as 
many pores as smaller particles. Weak interactions 
probably account for high accurnulation of rnicro- 
spheres in the surface layer. 

The fact that neither cell size nor hydrophobicity nor 
adhesion can explain the high concentration of starved 
cells at  the sediment surface points to the involvement 
of extracellular polymers, which are  known to be im- 
portant factors in irreversible adhesion and desorption 
of cells (Neu & Marshall 1991, Neu 1992). On surfaces, 
adsorbed polymers can influence Van der Waals forces 
and electrostatic interactions. When covering both sur- 
faces, they might produce steric hinderance (Van Loos- 
drecht et  al. 1990a,b). Not only the constitution, but 
also the configuration and conformation play a n  impor- 
tant role in adsorption processes. Consequently, pre- 
diction of the effects of polymers on adhesion cannot 
be rnade on the basis of pure chemical analysis alone 
(Neu & Marshall 1990). The fact that they were able to 
be extracted from cultures by high-speed centrifuga- 
tion points to rather loosely linked polymers, the pro- 
duction of which increases with length of starvation. 
They formed the  matrix of aggregates that was rnicro- 
scopically visible. 

The filtration of the starvation culture suspension on 
filters with a Pore size of 5 Pm resulted in the retarda- 
tion of material with a high P/C ratio; this is in accord 
with the increased protein content of extracted exo- 
polymeric substance of starved FL2 cultures (Table 7 ) .  
For aggregates of this size, straining becornes increas- 
ingly important, since clogging of pores depends on 
the d,/d, ratio, leading to cake filtration below a ratio 
of 10. This process can explain the strong interfacial 
accumulation of starved cells of FL2 in the area of 
highest water flow into the sedirnent 

Extrapolating our observations to the field suggests 
that sediment areas covered with aggregates consist- 
ing of rnucous and starved cells enable bacteria to filter 
organics out of water that is forced down into the sedi- 
ment at  protruding structures such as mounds and 
tubes (Hütte1 & Gust 1992b). Thus an  even more effi- 
cient nutnent capture than in floating particles, as 
descnbed by Logan & Hunt (1988), or in biofilrns on 
flat, unpercolated surfaces can be realized. 

Grown cells were rather evenly distributed at the 
sediment surface, which means their distnbution did 
not depend on the inflow regime or was not limited to 
it. An explanation may be found in the motility of FL2 
dunng exponential growth which has been observed 
to be lost dunng starvation. This effect of substrate lim- 
itation has also previously been observed for another 
Vibrio sp. by Malmcrona-Friberg et al. (1990), and is 
probably a consequence of an  energy requirement of 
small cells that is too high should Brownian motion be 
overcome (Mitchell 1991). In expenments with grown 
and thus motile bactena, the absence of substrate gra- 
dients probably prevented chemotaxis. Random tum- 
bling, however, can be described by a motility coeffi- 
cient D, which has been calculated by Characklis 
(1990) to be on the order of 10-%-' s-', 4 orders of 
magnitude higher than the diffusion coefficients. Even 
by random movement it is possible that grown bacteria 
which came in contact with the sediment reached 
deeper layers of the porous medium before entering 
the starvation state. 

In comparing the surficial and subsurface Pattern 
and flux intensities, it appears that bacterial transport 
to and into sediment strongly depends on the kind and 
physiological state of the rnicroorganism and is differ- 
ent  from transport of passive particles (see Table 8). 
Therefore a Substitution of bactena by artificial parti- 

Table 8. Suggested sorting processes for interfacial and pore- 
space transport based on presented data 

Gel permeation, passive, discrete Microspheres small 
Starved bactena Passive, aggregated, straining 
Grown bactena Active, dispersed. motiie 
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cles in experirnents has to be carefully considered. It 
should be stressed, though, that the survival mecha- 
nisms of microorganisms are diverse. For example, 
studies from Bitton et al. (1974) on Klebsiella sp. 
showed a contrasting behaviour, with exopolymer pro- 
duction starting at the onset of growth, which rnay 
explain the much higher subsurface transport of 
starving cells observed by those authors. In addition, 
Harvey et al. (1989) descnbed a diverse bacterial 
population that travelled rnuch faster through sandy 
aquifer sediments than carboxylated microspheres. 

The 'strategy' of FL2 that has been discussed in this 
paper shows one possible response to carbon limita- 
tion, the ecological consequence of which would be the 
concentration of bacterial biomass on top of permeable 
sediments, where it would be grazed upon by surface 
deposit feeders. Furthermore, accumulation of starved 
bactena at the sedirnent surface is of Special human 
interest where opportunistic pathogens are concerned. 
They are mostly copiotrophs (Poindexter 1981) grow- 
ing best with a carbon supply of more than 2 mg 1-' and 
therefore probably are in a state of starvation survival 
in oligotrophic marine waters. Settling firrnly in the 
form of aggregates at the sediment surface rather than 
being introduced deep into the sediment would result 
in easy resuspension and reintroduction into the water 
column. Further studies should reveal whether it is the 
rule rather than the exception for starving bactena to 
accumulate on top of the sedirnent. 
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