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ABSTRACT: Estuaries are characterized by a very high abundance of small aggregates enriched with
bacteria, protozoa and sometimes metazoa compared to their abundance in the surrounding water. In
this study, the microbial community and respiration rates on estuarine aggregates were analyzed by
the combination of microscopy (bacteria, protozoa and metazoa enumeration), in situ hybridization
and microsensor techniques. Aggregates were isolated and kept in darkness to prevent scavenging
or production of new organic carbon. Bacterial abundance and respiration rates were stable during
the first 2 d after collection. Bacterial numbers ranged from 0.84 x 10° to 23.7 x 10° cells aggregate
(agg)~!. Protozoa were dominated by nanoflagellates, which varied between 24 and 1497 cells agg™'.
Total protozoan biovolume accounted on average for 4 to 13 % of the total estimated microbial bio-
mass on aggregates, and the total grazing rate on attached bacteria was apparently low. Size-specific
respiration rates were described by R = 5.86 x d'®2, where R is measured in ngC agg™* h™! and the
diameter (d) is measured in mm. The average respiration rate was 0.150 ng C agg™* d™!, and the esti-
mated average bacterial respiration rate was 22 fg C cell™! d-!. Total respiration and cell-specific res-
piration decreased to 0.039 ng C agg™ d! and 2.6 fg C cell* d°!, respectively, after 6 d. The bacterial
community was dominated by members of $-proteobacteria and the Cytophaga-Flavobacterium clus-
ter, which together accounted for 54 % of all 4', 6-diamidino-2-phenylindole (DAPI) stained bacteria
at the end of the study. The respiration rate on aggregates larger than 400 pm in the water column of
the Elbe Estuary was 11.8 pgC 1'* h™! as determined from the size-specific respiration rates, the
aggregate abundance and size distribution. It accounted for 84 to 94 % of the estimated total respira-
tion in the upper water column. The critical ambient O, concentration, at which the center of the
aggregate interior turns anoxic, was found at ~16 pM.
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INTRODUCTION

A high occurrence of aggregates is a conspicuous
feature of the estuarine environment (Kausch 1990,
Eisma 1993). Such aggregates are composed of phyto-
plankton, fecal pellets, loricae, macrophytes, mineral
particles and detrital particles (Alldredge & Silver
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1988, Velmirov 1991). In estuaries, aggregates may
sink out of the water column or be carried downstream
toward the sea as dead or living particulate organic
matter (POM) (Eisma 1993, Berger et al. 1996, Zimmer-
mann 1997). Suspended particulate material in flowing
waters is, thus, an important energetic link between
upstream and downstream communities (Naiman
1983), as well as between the pelagic and benthic envi-
ronment in estuaries (Eisma 1993). The colonization of
estuarine aggregates has been investigated in several
studies (Laybourn-Parry et al. 1992, Rogerson & Lay-
bourn-Parry 1992a,b, Crump & Baross 1996, Zimmer-
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mann & Kausch 1996, Zimmermann-Timm et al. 1998).
Estuarine aggregates contain relatively more benthic
organisms and material than marine and lake snow
(Zimmermann-Timm et al. 1998, Woérner et al. 2000)
and the aggregate size range is, in most cases, smaller
than those in the marine environment and in lakes
(Alldredge & Silver 1988, Zimmermann 1997, Grossart
& Simon 1998). Particle-attached bacteria have been
shown to account for 90 % of total bacterial production
and to correlate with particulate organic carbon (POC)
and turbidity in the Columbia River Estuary. By assum-
ing a bacterial net growth efficiency of 0.10, the respi-
ratory turnover of POC was estimated to be 8 d (Crump
et al. 1998).

The abundance of aggregates larger than 400 pm is
often in the order of several hundreds of aggregates
per liter in the water column of the Elbe Estuary.
Aggregate-attached bacteria are up to 4 x 10° more
concentrated on the aggregates than are free-living
bacteria in the surrounding water and they constitute
up to 80% of total bacteria (Zimmermann 1997, Zim-
mermann & Kausch 1996). Respiration on aggregates
may cause gradients of oxygen within and around the
flocs and even anoxic conditions as earlier demon-
strated in large fecal pellets (Alldredge & Cohen 1987).
However, the critical ambient O, concentration at
which the aggregate interior becomes anoxic and the
respiratory turnover of organic matter in suspended
aggregates have not yet been quantified in the Elbe
Estuary.

By the use of recently developed techniques we
made the first direct measurements of the O,-uptake
rates on 400 to 3000 pm sized field-sampled estuarine
aggregates while they were suspended as in the nat-
ural environment (Ploug & Jorgensen 1999). The
microbial community and respiration rates were ana-
lyzed by the combination of microscopy (bacteria, pro-
tozoa and metazoa enumeration), in situ hybridization
and microsensor techniques. Single aggregates were
kept separately for up to 1 wk in darkness in order to
study the dynamics of the attached microbial commu-
nity and respiration rates under controlled conditions
without scavenging or production of new organic car-
bon. The critical ambient O, concentration at which
the aggregate interior turns anoxic was determined,
and the role of these relatively small aggregates in the
carbon turnover was estimated from the size-specific
respiration rates, the aggregate abundance and the
size distribution in the Elbe.

MATERIALS AND METHODS

Study site and sampling. The Elbe Estuary is a
coastal-plain estuary, classified as ‘partially mixed’

(Day 1981) and characterized by salinity gradients and
a large amount of suspended particulate matter
(Kausch 1990). It extends about 140 km between the
funnel-shaped river mouth at Brunsbiittel and Cux-
haven, where it flows into the North Sea, and a weir at
Geesthacht, 45 km upstream from Hamburg, which
forms the upper tidal boundary. The mean river dis-
charge is about 700 m® s7!, and the current velocity
reaches 1 to 2 m s~!. Although the pollution of the Elbe
River has been reduced since 1990, it is still one of the
most polluted European rivers and carries high loads of
sewage and wastes (Adams et al. 1996). Samples were
taken in October 1997 (station: 634 km downstream of
the German-Czech border; Zimmermann 1997) in
Hamburg-Blankenese, Germany.

Water samples were taken in the morning from a
depth of 1 m through a horizontal tube (Hydro-Bios).
The water temperature was 18.3°C and the oxygen
concentration was 6.5 mg I"! (69% of air saturation)
The conductivity was fairly constant at 1118 puS cm™.
The pH was 7.9. Aggregates remained in glass bottles
in a cooling box for 2 h until they arrived at the labora-
tory. Aggregates were then isolated individually in
vials with 0.5 ml surrounding water and stored in dark-
ness at in situ temperature under still conditions in
order to prevent scavenging and production of new
organic matter. Anoxic conditions in the sedimented
aggregates were not induced by this procedure as
demonstrated in larger aggregates (Ploug & Jergensen
1999) because the aggregates were small and the oxy-
gen consumption was below the critical limit for devel-
opment of anoxia during contact with the solid surface
of the vial. The microbial community was enumerated
and respiration on aggregates was measured within a
few hours after sampling in the Elbe, and on Days 2
and 6 after the aggregates had been collected in the
field.

Enumeration of aggregates. Individual macroscopic
aggregates were collected with a Pasteur pipette from
the water sample and counted under a dissection
microscope. The sizes of the aggregates were mea-
sured directly using a calibrated ocular micrometer.

Microscopic characterization of the aggregates.
Aggregates were observed under a phase contrast
microscope (Olympus BH-2) at a magnification from
100x to 400x to characterize their content of phyto-
plankton, macrophytes, fecal pellets and detritus (Zim-
mermann-Timm et al. 1998).

Chemical characterization. Aggregates were char-
acterized histochemically with conventional staining
procedures: Alcian blue 8GX in 3 % acetic acid to char-
acterize acid mucopolysaccharides (Pearse 1968),
Sudan black B for lipids (Jensen 1962), periodic acid
Schiff for hexoses (Pearse 1968) and sulfated carbohy-
drates by using the Alcian blue 8GX, pH 0.5 (Parker &
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Diboll 1966). POC was determined with a LECO Car-
bon Determinator E12. The C:N ratio was determined
by CHN analysis with a Heraeus CHN-O-Rapid instru-
ment.

Protozoan numbers. Ciliates were counted on single
aggregates after O, measurements. Living organisms
were observed under a phase contrast microscope
(Olympus BH-2) at magnifications from 100 x to 400 x.
If possible they were identified to the species level;
otherwise, it was done to genus level. Qualitatively
and quantitatively examined aggregates were fixed
with formaldehyde (4 %). Flagellates were counted on
single fixed aggregates after 4', 6-diamidino-2-pheny-
lindole (DAPI) staining by epifluorescence microscopy
(Porter & Feig 1980). To remove attached organisms
from single aggregates, they were treated with ultra-
sound in 2 mM Na-pyrophosphate (Velji & Albright
1986) prior to filtration.

Grazing rates of bacterivorous protozoa. Grazing
rates of the aggregate-attached bacterial population
by flagellates was estimated as described by Arto-
lozaga et al. (2002). The grazing rate by heterotrophic
flagellates is described by log (grazing rate) = 0.833 x
log (bacterial abundance) — 6.701, where the grazing
rate is measured as bacteria per protist h™! and the bac-
terial abundance is measured as bacterial cells ml™
aggregate. The grazing rate by ciliates was assumed to
be ~27 bacteria per protist h™! as measured by Arto-
lozaga et al. (2002). The total grazing rate of bacteria
on aggregates was calculated from the number of bac-
teria per protist h™! multiplied by the number of protists
per aggregate to equal the number of bacteria per
aggregate h™*.

Bacterial enumeration and in situ hybridization.
After O, measurements, as well as qualitative and
quantitative analysis of ciliates and flagellates, bacte-
ria were counted on single aggregates after DAPI
staining as described for flagellates above. For in situ
hybridization, 20 pl aliquots of sonicated aggregates
were pipetted onto gelatin-coated Teflon microslides
and dried at 46°C. The samples were then fixed in
40 pl of fresh paraformaldehyde (4 %) for 4 h at 4°C.
EUB338, which is specific for bacteria and targets the
16S rRNA, and ARCH915, which is specific for
Archaea and targets the 23S rRNA, were used (Amann
et al. 1995). Members of the a-, -, and y-subclass of
proteobacteria were examined by in situ hybridization
with 23S rRNA-targeted fluorescent oligonucleotide
probes (ALF1B, BET 42a, GAM42a), and members of
the Cytophaga-Flavobacterium (CFB) cluster were
detected by CF319a according to Manz et al. (1992).
Exact sequences of oligonucleotide probes to detect
Archaea, Bacteria, a-, §- and y-proteobacteria, and the
CFB cluster are given by Amann et al. (1995). Bacteria
belonging to the different phylogenetic groups were

counted in at least 10 fields. The standard deviation of
the mean value was <10 %.

Respiration measurements. Oxygen gradients were
measured by a slender Clark-type O, microelectrode
(Revsbech 1989) in the diffusive boundary layer (DBL)
surrounding individual aggregates, which were kept
in suspension by an upward-directed flow opposing
sinking velocity (Ploug & Jergensen 1999). The oxygen
microelectrode was attached to a micromanipulator,
and it had a 4 pm wide sensing tip, a 90 % response
time of 1.0 s and a stirring sensitivity of <0.3 %. It was
calibrated in air-saturated and N,-flushed water. Its
signal was measured by a picoamperemeter connected
to a strip chart recorder. The position of the aggregate
surface was determined visually by advancing the
electrode toward the aggregates until it touched the
upper surface as observed under a dissecting micro-
scope. The oxygen gradient was measured with a spa-
tial resolution of 50 pm in the DBL at steady state in
darkness. Dimensions of the aggregate were measured
under the dissection microscope with a calibrated ocu-
lar micrometer. The flow system was filled with 10 1 of
surface water filtered through microfiber glass filters
(GF/C, Whatman). Oxygen was measured at in situ
temperature (18°C) and at air saturation in the ambient
water.

Calculation of respiration rates. The respiration rate
of the whole aggregate community in the dark deter-
mines the oxygen gradient within the DBL at the
aggregate-water interface because the net oxygen
exchange between the aggregate community and the
surrounding water occurs through the DBL, when
aggregates are impermeable to flow. The respiration
rates in the aggregates were, thus, calculated from the
measured oxygen gradient through the DBL (Ploug et
al. 1997). The aggregate surface area was calculated
for ellipsoids as described by Maas (1994). The equiva-
lent spherical radius was calculated as r= (a x b x ¢)'/3,
where a, b and c are the half-axes in the 3 dimensions.
Respiration rates were converted to carbon equiva-
lents using a respiratory quotient of 1 mol O, to 1 mol
CO.,.

RESULTS
Microbial dynamics and respiration over time

Aggregates in the size range of 400 to 3000 pm were
studied during a time series experiment. They con-
tained very few phytoplankton but some Actinocyclus
normannii, some macrophytes and copepod fecal pel-
lets, and high amounts of detritus. Their content of acid
mucopolysaccharides, lipids and sulfated polysaccha-
rides was high.
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whole average abundance of the organism group, and the 3
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50 pm for ciliates, which distinguish 3 sizes in all 3 protozoan
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DAPI-specific bacterial numbers on single aggre-
gates varied between 0.84 x 10° and 23.69 x 10° cells
aggregate (agg)™!, and the average value increased
with increasing age of the aggregates after being sam-
pled in the Elbe (Fig. 1). The composition of the proto-
zoan community is summarized in Table 1. On individ-
ual aggregates, heterotrophic nanoflagellates varied
between 24 and 1497 cells agg™!, whereas autotrophic
nanoflagellates varied between 24 and 794 cells agg™'.
The average number of flagellates decreased during
the first 2 d followed by an increase on Day 6, whereas
the average number of ciliates in the 20 to 30 pm size
class increased during the first 2 d followed by a
decrease on Day 6 (Fig. 1). Ciliates in the 20 to 30 pm
size class were more abundant than larger ciliates.
Grazing rates of bacterivorous protozoa were esti-
mated from bacterial and protozoan abundance on
aggregates (Artolozaga et al. 2002). The rate ranged
between 27 and 179 bacteria per protist h™!, and

concentration difference between the surrounding
water and the aggregate interior was 16 pM O,. The
sinking velocities were on average 1.5 mm s !, and
flow in the vicinity of aggregates was, therefore,
important for the exchange of solutes at the aggregate-
water interface and the steady-state concentrations of
oxygen inside the aggregates (Ploug 2001).

Average aggregate size and respiration rates are
shown in Fig. 3. The average aggregate diameter was

Table 1. Protozoa associated with estuarine aggregates dur-
ing this experiment

Group of organisms Species

Antophysa vegetans
Bodo saltans

Bodo sp.

Cryptomonas sp. (25 pm)
Goniomons sp.
Katablepharis sp.
Ryhnchomonas nasuta
Choanoflagellata

Flagellates

Lacrymaria olor
Mesodinium sp.
Strombidium sp.

Ciliophora

Rhizopoda, Amoebida Species in the 30 pm size class

Actinopoda, Heliozoa Species in the 30 pm size class
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slightly lower on Day 6 (0.77 mm) than on the day the
aggregates had been sampled in the field (0.91 mm)
and on Day 2 (0.95 mm). The average respiration rate
agg ! was 0.134 and 0.154 pg C agg~! d! on the day of
sampling and Day 2, respectively, but significantly
lower on Day 6, when it was 0.038 pgC agg™! d'.
Respiration by protozoa was ignored due to their
apparently low grazing rates on bacteria. Hence, the
bacterial respiration rate decreased nearly 10-fold
throughout the experiment from 22 fg C bacteria! d!

on the day of sampling to 2.6 fgC bacteria™* d™! on
CFB 23%
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Fig. 4. Distribution of detected bacteria as a percentage of

DAPI-stained bacteria in different clusters (a-, -, y-proteo-
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Fig. 5. Aggregate abundance (agg I'!) and aggregate size
(pm) in the Elbe Estuary near Hamburg-Blankenese (Elbe
634 km downstream from the German-Czech border)

Day 6, when bacterial growth presumably was sub-
strate limited. The C:N (w:w) ratio was 7.0 at the end of
the experiment, and the average POC content was
then 0.37 = 0.07 ng C agg™*

Bacteria and Archaea accounted for 83 and 2%, re-
spectively, of the total DAPI counts on Day 6. The a-
subclass of proteobacteria accounted for 8.7 to 10.1 % of
the DAPI counts, while - and y-proteobacteria ac-
counted for 26 to 35.4% and 5.8 to 7.8 %, respectively,
of the DAPI counts. Members of the CFB reached
values between 22.4 and 26.0 % of total DAPI counts.
The average distribution of phylogenetic groups in per-
centage of DAPI counts is shown in Fig. 4.

Respiration on aggregates in the Elbe Estuary

Aggregates collected in the upper meter of the Elbe
were enumerated in size classes between 5 and
1500 pm. Nanoparticles with a maximum abundance
of 5 pm large particles dominated the size spectrum
(Fig. 5). Aggregates with sizes ranging between 400
and 1500 pm reached a total concentration of 1300 agg
I"! of which 500 agg 1! belonged to the 1500 pm size
class. The microbial biomass and respiration rates
measured on the same aggregates in the 500 to
3000 pm size range are shown as a function of aggre-
gate size in Fig. 5. The bacterial and protozoan bio-
mass were calculated from their size and abundance
on single aggregates assuming a carbon content of
100 fgC (um?® biovolume)™ and an average specific
biovolume of 0.15 ym? bacteria™! for attached bacteria
(Alldredge & Gotschalk 1990). Protozoa contributed
only 4 to 13 % to the total microbial biomass (data not
shown). The microbial biomass on aggregates was
highly variable and showed a relatively poor correla-
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size. The microbial community was enumerated after respira-
tion measurements on the same aggregates

tion with aggregate size (Fig. 6A). The community res-
piration rate ranged between 0.64 and 32 ngC agg™*
h™!, and it was significantly related to aggregate size
(R?=0.72, p < 0.001; Fig. 6B). The size-specific respira-
tion rate was described by R = 5.86 x d*%2, where R is
the respiration rate in ngC agg™! h™! and the diameter
(d) is measured in mm. The total respiration on aggre-
gates larger than 400 pm was 11.8 pg C I'* h™! as deter-
mined from the aggregate abundance and size distrib-
ution, and the size-specific respiration rates.

DISCUSSION

Microbial colonization and respiration on
aggregates

Previous studies have shown that up to 80% of all
bacteria, amoebas and ciliates occurred on aggregates
in the Elbe Estuary, 50 to 75% of total rotifers were
dwelling on aggregates, and only <10% of all flagel-
lates occurred on aggregates (Zimmermann & Kausch
1996, Zimmermann 1997, Zimmermann-Timm et al.
1998). The aggregate-attached species observed in the
present study and other studies are more common in

benthic habitats than in the surrounding water (Arto-
lozaga et al. 1997, Zimmermann-Timm et al. 1998,
Worner et al. 2000). Grazing rates on attached bacteria
appeared low. Choanoflagellata are filtrators and may,
therefore, preferentially graze on free-living bacteria
while being attached to particles.

Low protozoan grazing rates on aggregate-attached
bacteria have also been observed in other studies (Jur-
gens & Gude 1994, Artolozaga et al. 2002). Consider-
ing the physical structure of aggregates in which bac-
teria are embedded in mucus, bacterial attachment to
particles has been hypothesized to be a spatial refuge
to decrease grazing rates by protozoa (Jurgens & Gude
1994). The cell-specific grazing rates by protozoa esti-
mated from bacterial densities (Artolozaga et al. 2002)
were 2-fold higher than those estimated on larger
diatom aggregates colonized by natural populations of
bacteria and protozoa. Total grazing rate on the bacte-
rial population of those aggregates, however, was
higher because the number of protozoa relative to that
of bacteria were higher (Ploug & Grossart 2000).

The estimated biomass of bacteria and protozoa on
aggregates of the present study showed a relatively
poor correlation to aggregate size as compared to the
respiration rate. The biovolume and carbon content
may vary largely between different groups of microor-
ganisms and protozoa. Earlier studies have shown that
bacterial and flagellate abundance on aggregates is
better correlated to aggregate diameter than to surface
area (Zimmermann 1997). Respiration was measured
before bacterial numbers and protozoa were deter-
mined on the same aggregates in the present study.
The respiration rate was not proportional to bacterial
number, protozoan biovolume or biomass of the total
attached microbial community of the same aggregates
(data not shown). Therefore, it seems that some of the
bacteria on aggregates were dormant. Respiration on
other riverine aggregates has been shown to correlate
with bacterial production rather than with bacterial
number measured on the same aggregate (Grossart &
Ploug 2000).

Aggregates are fractal, and their porosity, therefore,
increases with increasing aggregate size (Logan &
Wilkinson 1990, Chen & Eisma 1995). Respiration rates
in the present study showed a similar dependency on
aggregate size to those on other riverine aggregates and
diatom aggregates formed in roller tanks. In those
aggregates and in marine snow, respiration was propor-
tional to the aggregate content of POC and particulate
organic nitrogen (PON) rather than to apparent aggre-
gate volume including pore water content. Bacterial pro-
duction and respiration on aggregates may, therefore, be
linked to POC and PON content through enzymatic
hydrolysis of the POM within the aggregates (Ploug et al.
1999, Grossart & Ploug 2000, Ploug & Grossart 2000).
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Combined measurements of bacterial production
and respiration in riverine aggregates have shown that
the bacterial net growth efficiency ranges between
0.05 and 0.60. In 7 d old aggregates, it was propor-
tional to the growth rate, which indicates substrate lim-
itation of bacterial growth (Grossart & Ploug 2000). The
very high bacterial abundance on Elbe aggregates,
and decrease in cell-specific respiration rates over time
suggest that bacterial growth also became substrate
limited during our experiment. The C:N (w:w) ratio
was 7, and the organic content of aggregates was low
at the end of the experiment. The bacterial community
was dominated by members of the p-proteobacteria
and the CFB cluster at the end of the study similar to
the bacterial communities found in old riverine aggre-
gates and lake snow (Grossart & Ploug 2000, Sch-
weitzer et al. 2001).

Oxygen deficiency and carbon turnover in estuaries

Oxygen deficiency often occurs in the water column
of estuaries, e.g. the Schelde Estuary (Boderie et al.
1993), the Loire (Thouvenin 1992), the Chanjiang Estu-
ary (Tian et al. 1993), Chesapeake Bay (Officer et al.
1984) and the Elbe Estuary (Kerner et al. 1995). The O,
uptake in aggregates becomes transport limited when
the oxygen demand is higher than the potential diffu-
sive O, flux to the aggregate, and the O, concentration
at the surface and within aggregates is close to the
half-saturation constant for oxygen uptake, the
Michaelis-Menter constant k;,,. Heterotrophic bacteria,
ciliates and amoebas have a high affinity for O, and
their k;,, for oxygen respiration is 0.1 to 3 pM O, (Focht
& Verstraete 1977, Fenchel & Finlay 1995). The critical
ambient O, concentration at which the center of the
aggregate interior becomes anoxic can, therefore, be
estimated from the maximum difference in oxygen
concentration between the aggregate interior and the
surrounding water, which was ~16 pM. It was signifi-
cantly lower than the ambient O, concentration
(~90 pM) at which glycoaldehyde from anaerobic
microbial degradation processes have been demon-
strated in the water column of the Elbe during late
spring and summer (Kerner et al. 1995). Suspended
aggregates and the sediment are likely the major sites
where anaerobic processes occur at low ambient O,
concentrations in the water column in the Elbe Estuary
(Kerner & Edelkraut 1995). Aggregates of the present
study contained glycoaldehyde. It is, however, not pos-
sible to know whether the aggregates previously had
been in an anoxic transition state (Ploug et al. 1997)
because the chemical composition of aggregates also is
dependent on sedimentation and contact with anoxic
conditions in the sediment and resuspension processes

(Kerner & Edelkraut 1995, Kerner et al. 1995).

Respiration on Elbe aggregates may vary many-fold
depending on their abundance, the quality of organic
matter, season, tide and human activities (Zimmer-
mann 1997). Estuarine aggregates presumably un-
dergo several sedimentation and re-suspension events.
Total respiration on aggregates larger than 400 pm was
11.8 pg C1 ' h ! equal to 0.98 mmol O, m 2 h™! in the up-
per meter of the water column. We did not measure the
respiration in the surrounding water. Bacterial produc-
tion on aggregates, however, accounted for 66 to 88 %
of total bacterial production (free-living and attached
bacteria) in the upper meter of the water column, of
which the bacterial production of free-living bacteria
ranged between 0.1 to 0.4 ug C It h™! (Schweitzer & Si-
mon unpubl.). Assuming a bacterial net growth effi-
ciency of 0.16 for free-living bacteria (Roland & Cole
1999), their respiration would account for 4 to 14 % of
total respiration in the upper meter of the water col-
umn. Hence, respiration on these relatively small but
highly abundant aggregates is highly significant for to-
tal oxygen consumption and aerobic carbon turnover in
the pelagic environment of the Elbe.

Acknowledgements. Microelectrodes were constructed by
Anja Eggers at the Max-Planck-Institute for Marine Microbi-
ology in Bremen (Germany). The study was supported by the
Max-Planck-Society (Germany), a grant (J:980511/20-513 to
H.P.) from the Carlsberg foundation (Denmark), the Univer-
sity of Hamburg (Germany) and the ‘Aktion seeklar’ (Ham-
burg, Germany). We are grateful to Hans-Peter Grossart, who
critically read and commented on an earlier version of the
manuscript.

LITERATURE CITED

Adams M, Kausch H, Gaumert T, Kriiger T (1996) The effects
of reunification of Germany on the water chemistry and
ecology of selected rivers. Environ Conserv 23:35-43

Alldredge AL, Cohen Y (1987) Can microscale chemical
patches persist in the sea? Microelectrode study of marine
snow and fecal pellets. Science 235:689-691

Alldredge AL, Gotschalk CC (1990) The relative contribution
of marine snow of different origins to biological processes
in coastal waters. Cont Shelf Res 10:41-58

Alldredge AL, Silver M (1988) Characteristics, dynamics and
significance of marine snow. Prog Oceanogr 20:41-82

Amann RI, Ludwig W, Schleifer KH (1995) Phyolgenetic iden-
tification and in situ detection of individual microbial cells
without cultivation. Microbiol Rev 59:143-169

Artolozaga I, Santamaria E, Lopez A, Ayo B, Iriberri J (1997)
Succession of bacterivorous protists on laboratory-made
marine snow. J Plankon Res 19:1429-1440

Artolozaga I, Valcarcel M, Ayo B, Latatu A, Iriberri J (2002)
Grazing rates of bacterivorous protists inhabiting diverse
marine planktonic microenvironments. Limnol Oceanogr
47:142-150

Berger B, Hoch B, Kavka G, Herndl GJ (1996) Bacterial colo-
nization of suspended solids in the River Danube. Aquat
Microb Ecol 10:37-44

Boderie PM, Zwolsman JJG, Van Eick GTM, Van der Weiden
CH (1993) Nutrient biogeochemistry in the water column (N,



248 Aquat Microb Ecol 27: 241-248, 2002

P, Si) and pore water (N) of sandy sediment of the Scheldt
Estuary (SW-Netherlands). Neth J Aquat Ecol 27:309-318

Chen S, Eisma D (1995) Fractal geometry of in situ flocs in
estuarine and coastal environments. Neth J Sea Res 32:
173-183

Crump BC, Baross JA (1996) Particle-attached bacteria and het-
erotrophic plankton associated with the Columbia River es-
tuarine turbidity maxima. Mar Ecol Prog Ser 138:265-273

Crump BC, Baross JA, Simenstad CA (1998) Dominance of
particle-attached bacteria in the Columbia River Estuary,
USA. Aquat Microb Ecol 14:7-18

Day JH (1981) The nature, origin and classification of estuar-
ies. In: Day JH (ed) Estuarine ecology with particular ref-
erence to Southern Africa. Rotterdam, Balkema, p 1-6

Eisma D (1993) Suspended matter in the aquatic environ-
ment. Springer, Berlin

Fenchel T, Finlay BJ (1995) Ecology and evolution in anoxic
worlds. Oxford University Press, Oxford

Focht DD, Verstraete W (1977) Biochemical ecology of nitrifi-
cation and denitrification. Adv Microb Ecol 1:135-214

Grossart HP, Ploug H (2000) Bacterial production and growth
efficiencies: direct measurements on riverine aggregates.
Limnol Oceanogr 45:436-445

Grossart HP, Simon M (1998) Bacterial colonization and
microbial decomposition of limnetic organic aggregates
(lake snow). Aquat Microb Ecol 15:127-140

Jensen WA (1962) Botanical histochemistry. WH Freeman,
San Francisco

Jurgens K, Gude H (1994) The potential importance of graz-
ing-resistant bacteria in planktonic systems. Mar Ecol
Prog Ser 112:169-188

Kausch H (1990) Biological processes in the estuarine envi-
ronment. In: Michaelis W (ed) Estuarine water quality
management. Coast Estuar Stud Ser 36:353-361

Kerner M, Edelkraut F (1995) Decomposition of organic mat-
ter in aggregated seston from the Elbe Estuary: redox
dependency and production of low molecular weight DOC
compounds. Mar Ecol Prog Ser 123:281-293

Kerner M, Kappenberg J, Brockmann U, Edelkraut F (1995) A
case study on the O, budget in the freshwater part of the
Elbe Estuary: 1. The effect of changes in physico-chemical
conditions on the oxygen consumption. Arch Hydrobiol
(Suppl) 110:1-25

Laybourn-Parry J, Rogerson A, Crawford DW (1992) Tem-
poral patterns of protozooplankton abundance in the
Clyde and Loch Striven. Estuar Coast Shelf Sci 35:
533-545

Logan BE, Wilkinson DB (1990) Fractal geometry of marine
snow and other biological aggregates. Limnol Oceanogr
35:130-136

Maas LRM (1994) On the surface area of an ellipsoid and
related integrals of elliptic integrals Comput Appl Math
51:237-249

Manz W, Szewzyk U, Ericsson P, Amann RI, Schleifer KH
(1992) In situ identification of bacteria in drinking water
and adjoining biofilm by in situ hybridisation with 16S and
23S rRNA-directed fluorescent oligonucleotide probes.
Appl Environ Microbiol 59:2293-2298

Naiman RJ (1983) The influence of stream size on the food
quality of seston. Can J Zool 61:1995-2010

Officer CB, Biggs RB, Taft JL, Cronin LB, Tyler MA, Boynton
WR (1984) Chesapeake Bay anoxia: origin, development,
and significance. Science 223:22-27

Parker PC, Diboll AG (1966) Alcian stains for histochemical

Editorial responsibility: John Dolan,
Villefranche-sur-Mer, France

localization of acid and sulfated polysaccarides in Algae.
Phycology 6:37-46

Pearse AG (1968) Histochemistry: theoretical and applied,
Vol 1. Churchill, London

Ploug H (2001) Small-scale oxygen fluxes and remineral-
ization in sinking aggregates. Limnol Oceanogr 46:
1624-1631

Ploug H, Grossart HP (2000) Bacterial growth and grazing on
diatom aggregates: respiratory carbon turnover as a func-
tion of aggregate size and sinking velocity. Limnol
Oceanogr 45:1467-1475

Ploug H, Jergensen BB (1999) A net-jet flow system for mass
transfer and microsensor studies of sinking aggregates.
Mar Ecol Prog Ser 176:279-290

Ploug H, Kiihl M, Buchholz B, Jergensen BB (1997) Anoxic
aggregates—an ephemeral phenomenon in the pelagic
environment. Aquat Microb Ecol 13:285-294

Ploug H, Grossart HP Azam F, Jergensen BB (1999) Photosyn-
thesis, respiration, and carbon turnover in sinking marine
snow from surface waters of Southern California Bight:
implications for the carbon cycle in the ocean. Mar Ecol
Prog Ser 179:1-11

Porter KG, Feig YS (1980) The use of DAPI for identifying and
counting aquatic microflora. Limnol Oceanogr 25:943-948

Revsbech NP (1989) An oxygen microelectrode with a guard
cathode. Limnol Oceanogr 34:474-478

Rogerson A, Laybourn-Parry J (1992a) The abundance of
marine naked amoebae in the water column of the Clyde
Estuary. Estuar Coast Shelf Sci 34:187-196

Rogerson A, Laybourn-Parry J (1992b) Aggregate dwelling
protozooplankton communities in estuaries. Arch Hydro-
biol 125:411-422

Roland F, Cole JJ (1999) Regulation of bacterial growth effi-
ciency in a large turbid estuary. Aquat Microb Ecol 20:
31-38

Schweitzer B, Huber 1., Amann R., Ludwig W, Simon M (2001)
Alpha- and beta-proteobacteria control the consumption
and release of amino acids on lake snow aggregates. Appl
Environ Microbiol 67:632-645

Thouvenin B, Le Hir P, Romana LA (1992) Dissolved oxygen
model in the estuary. In: Dyer KR, Orth RJ (eds) Changes
in fluxes in estuaries. ECSA 22/ERF Symposium, Ply-
mouth, 13-18 September 1992, p 169-178

Tian RC, Hu FX, Martin JM (1993) Summer nutrient fronts in
the Chanjiang (Yantze River) Estuary. Estuar Coast Shelf
Sci 37:27-41

Velji MJ, Albright LJ (1986) Microscopic enumeration of at-
tached marine bacteria of seawater, marine sediment, fecal
matter, and kelp blade samples following pyrophosphate
and ultrasound treatments. Can J Microbiol 32:121-126

Velmirov B (1991) Detritus and the concept of non-predatory
loss. Arch Hydrobiol 121:1-22

Worner U, Zimmermann-Timm H, Kausch H (2000) Succes-
sion of protist on estuarine aggregates. Microb Ecol 40:
209-222

Zimmermann H (1997) The microbial community on aggre-
gates in the Elbe Estuary, Germany. Aquat Microb Ecol
13:37-46

Zimmermann H, Kausch H (1996) Microaggregates in the
Elbe Estuary: structure and colonization during spring.
Arch Hydrobiol Spec Issues Adv Limnol 48:85-92

Zimmermann-Timm H, Holst H, Miiller S (1998) Seasonal
dynamics of aggregates and their typical biocoenosis in
the Elbe Estuary. Estuaries 21:613-621

Submitted: September 1, 2001; Accepted: February 19, 2002
Proofs received from author(s): April 4, 2002



