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Abstract

The populations of Beggiatoa species were gquantified in the sediments of a brackish
fjord (Limfjorden, Denmark) over a period of 1 year. The bacterial distribution was
compared to the physical structure of the sediment, the redox profile, the concen-
tration and production rate of HS8, and the rate of 02 consumption. The bacteria
are absent in fine and in medium-grained sand, but in muds which are aggregated in
faecal pellets very high population densities are found throughout the year with
average biomasses of 5 to 20 g m~2. The bacteria seldom form coatings on the sur-
face, but are distributed within the upper few centimeters of oxic sediment. They
recelve HpS partly from the lower anoxic layers and partly from reduced microniches

scattered in the oxidized zone.

Estimates of their metabolic rates indicate that

Beggiatoa spp. may play a significant role in the sulfur and carbon cycles of the

investigated sediments.

Introduction

Colorless sulfur bacteria of the genus
Beggiatoa are among the largest and most

conspicuous of all bacteria. Their multi-

cellular filaments range in width from 1
to 50 pym and may reach a total length

of 1 cm. They occur commonly in both
freshwater and marine environments where
they are mainly found on the surface of
sediments or on decomposing plant mate-
rial. On these solid surfaces they are
motile by means of a gliding mechanism
similar to that of oOscillatoria spp. and
other blue-green algae.

When growing in the presence of H3S
and O, Beggiatoa species store granules
of elemental sulfur inside their cells.
In nature, the filaments only seem to
grow where both these compounds are
present. Since H3S is not stable in oxic
waters due to auto-catalytic oxidation
by Oz, the habitat of Beggiatoa is re-
stricted to the transition zone between
oxic and anoxic environments where Oj

and H2S are continuously supplied by dif-

fusion along opposite gradients. Where
these gradients are steep, Beggiatoa and
other types of colorless sulfur bacteria
may form white patches of dense cell
masses. Such habitats are often desig-
nated "sulfureta" due to the visible

dominance of sulfur bacteria. They are,
however, restricted to rather few, shal-
low areas rich in decomposing organic
material.

The physiology of the genus Beggiatoa
is poorly known, partly due to difficul-
ties in cultivating these organisms
(Faust and Wolfe, 1961; Scotten and
Stokes, 1962). They were originally
considered to be true chemoautotrophs,
deriving energy from the oxidation of
H2S to sulfuric acid via intracellular
sulfur and deriving organic carbon from
the fixation of CO» (Winogradsky, 1888).
Since the pioneer work of Winogradsky,
the autotrophic nature of Beggiatoca has
repeatedly been gquestioned. Pure cultures
have been grown on organic media with,
for example, acetate as the carbon source
both with and without H»S (Pringsheim,
1964, 1967; Kowallik and Pringsheim,
1966) . Although the oxidation of H3S
seems to stimulate growth even in a rich
organic medium, it still remains to be
demonstrated how much energy Beggiatoa
gains from this process (Kuenen, 1975).

Little is known about the ecological
importance of Beggiatoa spp. and related
organisms in aquatic ecosystems. The
thiobacilli are generally assumed to be
the organisms mainly responsible for the
biological oxidation of inorganic sulfur
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in nature (Ivanov, 1968; Sokolova and
Karavaiko, 1968). They can be isolated
from most sediments, waters, and soils
and often occur in high numbers. However,
an extensive investigation of the distri-
bution of the other colorless sulfur bac-
teria has been lacking. Due to their rec-
ognizable morphology, these types are
ideal for direct guantification in con-
trast to most other bacteria. This fact
was utilized in the present study. Beggia-
toa filaments were counted and measured
under the light microscope and their
biomass was calculated. The bacterial
distribution was compared to the physi-
cal-chemical structure of the sediment.

Materials and Methods
Sampling and Counting of Beggiatoa

The populations of Beggiatoa species were
studied in a shallow, brackish fjord,
Limfjorden, situated in the northern
part of Denmark. The area has no signif-
icant tide. The salinity fluctuates be-
tween 23% and 29%, while the water tem-
perature varies from 0° to 20°C through-
out the year. Sediment samples were ob-
tained from the central parts of the
fjord at water depths of 4 to 12 m. The
sampling stations are plotted on the map
in Fig. 1. Station numbers 1-9 are in
accordance with those of Jdrgensen
(1977a) where a more detailed descrip-
tion of the physical-chemical properties
and the sulfur metabolism of the sedi-
ments is given. The selected stations
comprise a gradient of sediment types
ranging from fine sand in the northern,
exposed area (Stations 1 and 2) to soft
mud in the southern, sheltered parts.

Sediment material was collected with
a "Haps" corer (Kanneworff and Nicolai-
sen, 1973). With Plexiglass tubes of
26 mm internal diameter these samples
were divided into a number of subcores
each retaining an undisturbed, vertical
stratification of the original sediment.
The subcores were brought back to the
laboratory and kept at the in situ tem-
perature until analysis was initiated
the next day.

For bacterial counting, 20 to 40 mg
subsamples. of fresh sediment were con-
secutively removed from the central part
of a core at 5 to 10 mm intervals while
the sediment was gradually extruded from
the tube. Bach subsample was placed on a
microscope slide in a few drops of sea-
water and weighed. It was then carefully
smeared over the whole slide. This prep-
aration was then studied under a normal
light microscope. After initial practice,
all motile Beggiatoa filaments containing

intracellular sulfur could be identified
at 62 x magnification. Their length was
measured using a calibrated ocular micro-
meter and their width was similarly mea-
sured at 400 x magnification. The biomass
of each filament was then calculated as-
suming a c%lindrical shape and a density
of 1 g cm™2. From the vertical distribu-
tion of biomass the population density
could be calculated per unit area of
sediment.

A special procedure was used when the
bacteria grew in dense plates on the
surface of the sediment. In this case it
was not possible to distinguish and mea-
sure individual filaments in the tangled
web; the bacteria had to be dispersed
first. A small, defined area of the mat
was removed by careful preparation and
placed on a glass slide covered by a
thin f£ilm of seawater. The slide was
then placed in a Petri dish on moist
filter paper. A few grains of NayS were
placed on the paper and the Petri dish
was covered by a 1lid. In this simple
chamber, Beggiatoa was supplied with both
0Oy and H2S and usually the filaments
would start to glide out of the entan-
gled mat and spread evenly over the
slide. After 5 to 10 h, all filaments
could then be counted and measured under
the microscope without difficulty.

Although these counting techniques
are rather time-consuming, they are prob-
ably not more so than other direct or
viable counting techniques. They have
the great advantage of giving absolute
numbers of bacteria since each individ-
ual is readily identified due to the
presence of intracellular sulfur drop-
lets. Although Beggiatoa may grow in cul-
tures without storing sulfur, such hya-

‘line forms were not found in the in-

vestigated sediments in any significant
numbers.

The relative standard deviation of
single sample counts was * 50% when
parallel cores were compared. The vari-
ance was largely due to heterogeneous
distribution of the bacteria.

The Beggiatoa populations were quanti-
fied five times during one year on 9
permanent stations in Limfjorden. A few
other localities were sampled on single
occasions. A total number of about
10,000 filaments were measured.

Other Determinations

The redox profile of the sediment was
measured in undisturbed cores with a
platinum electrode as described by Fen-
chel (1969).

Hydrogen sulfide in the porewater was
measured by iodine titration (Golterman,
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Fig. 2. Beggiatoa spp. Frequency distribution

of diameters of bacteria from 3 different sedi-
ment samples. 50 filaments from surface and from
2 cm depth, respectively, were measured and
frequency is given as percent in 2 pm size-
intervals. Filament widths of the 6 recognized
species are indicated at bottom of figure

1971). Porewater was obtained by pres-
sure filtration through a membrane fil-
ter (Millipore, 0.45 um pore size). The
water was squeezed out of 20 g of sedi-
ment under 3 atm of Ny pressure and di-
rectly collected in 5 ml of 2% CdCls.

Elemental sulfur (S°) was determined

in dense patches
colorless sulfur
of the bacterial
extracted in 96%
elemental sulfur

of Beggiatoa and other

bacteria. A known area
plate was sampled and

ethanol. The amount of
was then determined

spectrophotometrically from the absor-

bance at 260 nm (Gemerden,

1967).

The rate of bacterial HyS production
in the sediment was measured with a
radio-tracer technique described by Jpr-

gensen and Fenchel (1974).

The rate of

02 consumption by the benthic community
was measured in undisturbed cores as
described by Pamatmat (1971). The data
were obtained from Jgrgensen (1977a).

Results and Discussion
Size Distribution and Systematics of Beggiatoa

From the beginning of the present study
it was attempted to classify the popula-
tions of Beggiatoa to species level. The
systematics of the genus is almost ex-
clusively based upon the width of the
filaments. From this character, 6 species
have been recognized. In addition, a num-
ber of species incertae sedis are described
(Buchanan and Gibbons, 1974). In pure
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culture studies, Winogradsky (1888) and
Pringsheim (1964) have shown that the
filaments of the various isolated Beggia-
toa strains have constant widths during
growth even under varying physiological
conditions.

The natural populations were found to
constitute a continuum of size ranges.
Fig. 2 shows the diameter frequency dis-
tribution of 100 filaments at three dif-
ferent sampling localities. The size
intervals of the 6 recognized species
are also indicated. The three examples
illustrate typical size-distribution
patterns of the area. In Population A,
the size range was rather narrow with a
distinct maximum at 15 um. All other
populations investigated had a similar
frequency maximum around 15 um. Since
the two species Beggiatoa arachnoidea and
B. mirabilis are separated at exactly this
width they cannot be distinguished in
these natural populations.

Population B again has a size group
centered around 15 um, but in addition
a distinct group of 3 to 5 um is rec-
ognized. In Population C, the 3 to 5 um
group is even more pronounced while the
larger filaments cover a wide size range
from 7 to 35 um. Filaments larger than
26 um are recognized as B. gigantea but
these do not separate markedly from
Beggiatoa mirabilis. Only the 3 to 5 um
population of B. alba stands out as an
isolated group. In order to make an eco-
logically useful classification of the
larger forms, new characters in addition
to the cell diameter must be applied.
The length of the individual cell seg-
ments was found to give no additional
group separation, but it was observed
that the largest filaments (>25 um width)
often had an irregular contour. This,
however, was not consistent and may be
due to poor physiological condition.

The three examples in Fig. 2 were
measured in January. In summer the popu-
lations at the same localities showed
a very similar size distribution. The
three sediment stations differed only
little in physical structure, chemistry,
and biological activity, and no explana-
tion can therefore be given for the con-
stant size differences.

In Fig. 2 both populations from the
very sediment surface and from 2 cm
depth were studied. There was a general
tendency for the smaller forms to be
relatively more abundant at the surface.
Thus, in the Beggiatoa arachnoidea/B. mira-
bilis group there was an increase of 2
to 3 um in the mean diameter from the
surface to 2 cm depth. The small B. alba
often occurred only at the surface.

All the measurements of filament di-~
mensions are summarized in Table 1,

Table 1. Beggiatoa spp. Size characteristics of
bacteria from Limfjorden. Average dimensions of
3 size classes are shown together with minimum
and maximum sizes for whole population

Diameter Length Biomass
(um) (mm) (g)
3-5 um group, mean 4 0.8 1.6-10"8
5-23 ym group, mean 14 1.0 1.5-10"7
>23 um group, mean 26 1.9 1.0-1076
Minimum 3 0.1 0.7-1072
Maximum 35 5.0 2-1076
Variation 11-fold 50-fold 3,000-fold

which gives the average and extreme

sizes Of Beggiatoa species in Limfjorden.
The >23 um filaments are distinguished
for practical reasons, but do not com-
prise a well separated group. It is
noticeable that no individuals smaller
than 3 um width were found, although

they were often searched for under higher
magnification. Thus, B. minima and B. lepto-
mitiformis do not occur in these sedi-
ments although they should be common in
marine environments (Lackey, 1961).

All filaments were longer than 100 um
and a few reached up to 5 mm in length.
There was a 3000-fold biomass difference
between the smallest (0.7-1079 g) and
the largest (2-10"% g) forms. In com-—
parison, the average bacterial biomass
in agquatic ecosystems is about 10-12 ¢
per cell (Sorokin and Kadota, 1972}.
Thus, Beggiatoa spp. falls within the size
range of the interstitial microfauna and
the large microalgae of the sediments
rather than within the range of other
bacteria (cf. Fenchel, 1969). However,
in contrast to these, Beggiatoa sSpp. are
multicellular organisms with filaments
containing a few hundred cells. The bio-
mass of the individual cells is 2.107
to 1-1078 g.

Vertical Distribution

Beggiatoa Spp. occurred abundantly in the
uppermost few centimeters of the sedi-
ments. Vertical distribution was found
to be closely correlated with chemical
stratification. Since all filaments were
observed to contain intracellular sulfur
granules they indicated that both H2S
and 02 were available.

Hydrogen sulfide is produced in the
anoxic sediment mainly by bacterial
reduction of sulfate. In the zone where
0 and H2S meet, rapid oxidation will
take place. In sterile, oxygenated sea-



B.B. Jdrgensen: Beggiatoa in Marine Sediments

23

400 0 100 .200 »300 ™V

200 400 600 Mg cm’

0\} /0 I

0

~N)
T

[$2]
o
o>
i
\t‘-
[
I
|
|
|
Iz
I
o
3
<<
i
|
|
1

cm . g L 2
00 02 04 06 08
mM st

Fig. 3. Beggiatoa spp. Vertical distribution
of 3 to 5 um and 5 to 23 um size groups (ug
cm~3) in sediment (Station 3, March 1974), Re-
dox profile and depth of Eh = O mV are also
shown, together with HyS concentration of the
porewater

water, the half-life of H3S is in the
order of 0.5 h (Almgren and Hagstr®m,
1974). Therefore, the horizon where
both H2S and Oy are present in sediments
is usually very narrow if their mixing
is governed by vertical diffusion alone.
The steepest gradients are obtained
at the surface of completely reduced
sediments, where H9S reaches the oxygen
of the open waters. This is the condi-
tion which leads to mass development of
Beggiatoa species and other sulfur bac-
teria at the sediment-water interface.
By developing dense bacterial plates on
top of the sediment they even steepen
the chemical gradients by impeding mi-
croturbulent mixing (Jdrgensen and Fen-
chel, 1974). Since the colorless sulfur
bacteria are always competing with the
chemical sulfide oxidation, this growth
form is likely to increase the quantity
of sulfide which they can exploit.
Studies on Beggiatoa populations in
nature have almost exclusively been
restricted to cases where they grow in
visible density. However, in the Lim-
fjorden sediments, this growth form only
occurred in short periods of the summer
when the stagnant bottom waters became
partly or totally depleted of oxygen.
This caused the reducing zone to rise
to the very sediment surface, although
H2S seldom appeared in the bottom water.
The change was observed during SCUBA
diving as a blackening of the mud sur-
face followed by the appearance of a

fine white coating a few days later. In
such periods Beggiatoa plates covered up
to tens of km?. But in general the oc-
currence of Beggiatoa spp. in the sediment
was quite inconspicuous, although it was
one of the most dominating organisms
present. Fig. 3 shows as an example the
vertical distribution of two size classes
during winter. The 3 to 5 um group of

B. alba 1is found closer to the sediment
surface under more oxidizing conditions
than the larger forms. This was found
always to be the case when both size-
classes were present in the same sedi-
ment.

The narrow and the wide forms have
their maximum population densities at
depths of 1 and 2 cm, respectively, be-
low the surface. There is also a small
maximum at the very surface, but nothing
like the dense plates just mentioned.
The distribution pattern in Fig. 3 was
very typical for sediments with a deep
oxic zone of 3 to 6 cm thickness. The
redox curve in Fig. 3 indicates that the
porewater is highly oxidized only in the
uppermost 1 cm. From 1 to almost 5 cm
depth the redox potential is poised at
O to +100 mV. In this intermediate zone,
where both HyS and O must be available
for Beggiatoa, the maximum biomass is
reached. Oxygen penetrates down into
this zone by diffusion and bioturbulence
in the porewater. Hydrogen sulfide is
produced in the reducing sediment below
5 cm. Only in this deeper layer is there
any detectable concentration of H3S.

There is, however, also a high pro-
duction rate of H2S from sulfate in the
upper 5 cm (Jgrgensen, 1977b). The sul-
fate reducers, which are strict anaer-
obes, are here growing within anoxic
micro-environments in the oxidized sedi-
ment. Such reduced microniches were
found to be present as approximately
100 um large clumps of sediment. These
are whole or partly disintegrated faecal
pellets of benthic invertebrates. Hy-
drogen sulfide which is produced within
the pellets rapidly diffuses out into
the surrounding porewater which contains
oxygen. It does not accumulate to de-
tectable concentrations, but is oxidized
chemically or by Beggiatoa and other sul-
fide-oxidizing bacteria which grow in
the interstitial pores.

The filaments never penetrated the
microniches where they would lack oxygen.
Neither were they found within the com-
pletely reduced sediment where H»S was
present in increasing concentrations but
where 05 was lacking.

In the intermediate zone, where Beg-
giatoa reached the highest densities, the
redox potential was usually poised with-
in a narrow Eh range of O to +100 mvV.
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days after sampling
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Table 2. Beggiatoa spp. Average and maximum
population densities of 3 size classes in
uppermost 1 cm of sediment from Limfjorden

Diameter Individuals cm~3 Biomass (ug cm™3)
(um) Mean Max imum Mean Maximum
3-5 1,000 8,000 20 150
5-23 3,000 20,000 500 3,000
>23 <10 500 <10 500
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This range seems to be buffered by a low
oxygen content of the pore water and an
extremely low H2S concentration. The
microniches themselves are not regis-
tered by the redox measurements due to
their small size.

The vertical distribution of Beggiatoa
spp. was compared to the redox profile
in 40 sediment cores from Stations 3 to
9. The lower boundary for the bacteria
generally coincided with the 0 mV level
in the sediment, -10 mV being the mean
value. Only in sediment layers below
the depth of O mV was HpS present in
the porewater in detectable concentra-
tions.

The thickness of the oxidized surface
layer varied throughout the year from a
few millimeters in summer to 3-5 cm in
winter. The lower boundary to which Beg-
giatoa species occurred followed the
depth of the O mV isovolt through the
seasons. In periods when there was a
rapid change in the redox gradient, Beg-
giatoa migrated up or down in the sedi-
ment. Thus in summer periocds, when the
bottom water rapidly became depleted of
oxygen, they appeared on the sediment
surface within a few days in spite of
their low growth rate. The generation
time in pure culture 1is in the order of
1 day (Winogradsky, 1888).

Vertical migration was demonstrated
in the laboratory, where intact sediment
cores were left in the dark. Due to de-
creased water turbulence the reducing
zone expanded upwards and caused the
bacteria to follow. Fig. 4 shows the
distribution of Beggiatoa spp. and the Eh
just after sampling the sediment and 2
weeks later. The depth of O mV ascends
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from 3.5 to 2 cm and so does the lower
boundary of Beggiatoa. Assuming the dis-
tributional change to be due only to
migration, the average moving distance
of the filaments is 1 to 2 cm. Crozier
and Stier (1926) found the gliding speed
of Beggiatoa on agar plates to be 0.4 to
1.2 cm h~1 in the temperature range 5°
to 20°C. Thus, the bacteria have the
ability to rapidly change their position
in response to changing gradients.

Table 2 summarizes results on the bac-
terial densities; the average and maxi-
mum population sizes in the uppermost
1 cm of the sediment (Stations 1 and 2
are not included) are shown. The numbers
of filaments are quite low compared to
other bacteria, but due to their large
size the biomass is considerable. Total
bacterial numbers in coastal sediments
are generally in the range of 108 to 109
cells per cm3 (Dale, 1974). Direct counts
under the epifluorescence microscope
after Acredine orange staining gave num-
bers in the Limfjorden sediments of 1 to
4.10° bacteria cm™° (Jgdrgensen and Perry,
in preparation). With an average size of
1 um3 the bacterial biomass, excluding
Beggiatoa, is only 100 to 400 ug cm—3, or
less than the average biomass of Beggiatoa.

Population Sizes, Seasons, and Sediment Types

From the vertical distribution of Beggia-
toa spp., the total biomass can be calcu-
lated per unit area. This was done for
all stations and seasons, and the fol-
lowing results are expressed as g wet
weight per m2.

In Fig. 5 the yearly average biomass
of Beggiatoa spp. is shown for each sam-
pling station. The averages range from
0.03 to 19 g m~2, with the lowest values
occurring in the northernmost, sandy
sediments (Stations 1 and 2). In the
soft muds (Stations 3-9), the biomass is
around 5 to 20 g m~2, and even up to 48 g
m~2 have been measured on single occa-
sions. The southern stations {(3-9) rep-
resent an area covering 150 kmZ. The
total biomass of the benthic fauna in
this area is in the order of 50 g m™
(J. Birklund, personal communication).
Thus, Beggiatoa constitutes a consider-
able part of the total benthos on a
weight basis and, due to its small size,
probably accounts for an even larger
part of the community metabolism.

As previously discussed, the supply
of both 02 and H2S are important for the
growth of Beggiatoca 1n nature. Fig. 5
compares the biomass distribution with
the yearly average of oxygen uptake of
the sediment and of HyS production from
bacterial sulfate reduction. Both aero-
bic and anaerobic respiration are seen

to increase from north to south by ap-
proximately 60%. Thus, the size of the
Beggiatoa population shows little correla-
tion with the supply of 02 and H2S and

is probably more strongly regulated by
other sediment parameters.

The largest biomass changes were
found in the transition area between
sandy and soft sediments (Stations 1-3).
In this area also the species composi-
tion changed from a population of only
3 to 5 um wide filaments (Beggiatoa alba)
in the sand to a more mixed population
dominated by larger forms in the mud. A
closer study was therefore made of the
bacterial distribution in relation to
the physical structure of the sediment.

Eight sediment stations (A-H) were
selected, comprising a gradual change of
sediment type (Fig. 6). In the northern-
most, exposed area the sediments are com-
posed of well-sorted, medium to fine-
grained sand (Stations A and B). Further
south the area becomes increasingly shel-
tered from waves and currents and silt
is mixed into the sand. The sand frac-
tion gradually changes from 100% to an
insignificant proportion between Sta-
tions B and F. There is a concomitant de-
crease in the median grain size of the
sand from 190 to 70 um and less.

Apart from the grain size distribution
there is an important shift in the sedi-
ment properties between Stations E and
F. All the northern stations have a
homogeneous sediment structure. But the
muds at Station F and further south are
all aggregated in faecal pellets. As
previously discussed, some of these pel-
lets form reduced microniches in the
oxidized sediments and thus produce ex-
cellent growth conditions for Beggiatea
species.

The population size and composition
react sharply to this change in sediment
structure. In the well sorted, fine sand
of Stations A-C the biomass is less than
0.01 g m™2 and the few individuals which
are found are all of 3 to 5 wum width. In
the sediments of mixed composition (D-E)
the biomass increases to around 0.1 g
m~2 and a few larger forms are present
among the filaments. But going to the
pellet mud of Station F and further
south, the biomass suddenly increases
100-fold and the large filaments become
totally dominating. Since the freguency
of 3 to 5 um forms in Fig. 6 is based on
numbers, the relative importance of
these small filaments in the muds is
even smaller on a biomass basis.

Our present knowledge of the physiol-
ogy and ecology of Beggiatoa spp. is hot
sufficient to explain the observed dis-
tribution pattern. It seems to be neither
a direct function of the total supply of
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fraction. The two curves show total biomass of Beggiatoa and the relative frequency of 3 to 5 um

filaments

HyS and Oy (cf. Fig. 5) nor of the thick-
ness of the oxidized sediment zone, at
least not on a macro-scale. The thick-
ness of the oxidized surface layer is
slightly deeper in the northern than in
the southern sediments, but the differ-
ence is small compared to the seasonal
variation.

The physical and the microchemical
structure seem to be the main factors
regulating the interstitial growth of
Beggiatoa. The microniche structure prob-
ably explains the high biomass present
in the muds. The absence of large forms
in the sandy sediments may be due to the
small dimensions of the interstitial
spaces in a manner similar to that
found for the interstitial microfauna by
Fenchel (1969). Thus, the 10 to 20 um
wide filaments may easily move through
the loose pellet gtructure of the muds
but not through the fine sand with rigid
interstices which are more or less
filled with silt. In these habitats a few
small forms may still find space.

This pore-space hypothesis is supported
by the observation that the large forms
are often abundant down to several centi-
meters depth in coarse-grained sands.
sands.

The seasonal variation in the Beggia-
toa population size shows no regular
trend (Fig. 7). The maximum biomass is
reached in July and the minimum in Octo-
ber. There is little difference in the

redox structure and the metabolic rate
of the sediment between these two months.
Both the supplies of 02 and of H28 to
the upper sediment layer have a very
regular, seasonal variation. No explana-
tion can be given for the 3-fold de-
crease of biomass between May 1974 and
May 1975, but the difference 1s statis-
tically significant (the relative stan-
dard deviation of the menas is * 15%).

The 3 to 5 um forms contributed a
small but rather constant fraction of
the total population throughout the year.
The largest forms (>23 um width) ap-
peared mainly in winter, when they
showed up on most of the southern sta-
tions.

Other Colorless Sulfur Bacteria

All types of colorless sulfur bacteria
which store intracellular sulfur gran-—
ules should be detectable by the same
procedure as applied to Beggiatoca spp.
During the present study, such forms
were only found during summer periods
when the bottom waters became stagnant
and almost depleted of oxygen. This
caused a mass kill of the benthic fauna.
On the surface of the decomposing ani-
mals grew a mixture of colorless sulfur
bacteria which, in addition to Beggiatoa
spp., were mainly comprised of Thiovulum
sp. Thiovulum formed fine veils, especial-
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Fig. 7. Beggiatoa spp. Seasonal variation of
biomass and of rate of 02 uptake and H2S produc-
tion in upper 10 cm of sediment. Results are
averages of Stations 1-9

ly over the large banks of dead mussels
(Mytilus edulis). By SCUBA diving it was
estimated that rThiovulum veils could oc-
casionally cover areas of up to several
km2. Often the floating Thiovulum veils
were overgrown with Beggiatoa which thus
gained mechanical support to move to the
zone of optimal HpS~-02 gradients.

By careful manipulation it was pos-
sible to bring fhiovulum veils under the
microscope and to count the bacteria.

In their most pure growth form, the
density of fThiovulum sp. was 102 to 106
cells cm~2 with 5:10° cells cm~2 as a
mean value. Since the ovoid cells are
very large, 9 um in diameter, the cor-
responding biomass amounts to 1.6 g m=2,
which is almost comparable to that of
Beggiatoa. The bacterial density corre-
sponds to half the maximum packing ca-
pacity for a single cell layer. Their
projected area is about 40% of the total
area of the veil.

The Thiovulum sp. cells were generally
rich in sulfur granules. The total con-
tent of elemental sulfur in one veil was
0.65 umol S cm~2, corresponding to 10%
of the biomass of the bacteria. However,
a considerable fraction of the sulfur
occurred as extracellular granules.

Conclusions

Since almost no work has been done pre-
viously to quantify natural populations

of Beggiatoa species, it is not possible
to say whether the very high densities
found in Limfjorden are unique to coast-
al marine sediments. The only similar,
quantitative study known to the author
was made by Reimers {1976) in the Bay

of Kiel and the Schwentine Estuary on

the Baltic coast of Germany. Her find-
ings were very similar to those in the
present study with regard to the popula-
tion size of Beggiatoa. This indicates
that Beggiatoa may be of general, quanti-
tative importance in estuarine sediments.
In contrast to most other bacteria it
can be counted by a simple and accurate
procedure and it is therefore well suited
for further population studies.

Unfortunately, the physiology of the
bacteria is still too incompletely known
to evaluate the importance of Beggiatoa
in the sulfur and carbon budgets of the
sediments. If, however, the main part
of the free energy from oxidation of H3S
is utilized for bacterial chemosynthesis
this may contribute significantly to the
organic production of the ecosystem.
Thus, Jgrgensen (1977a) found that the
H>S production in the Limfjorden sedi-
ments was equivalent to 50% of the total
respiratory metabolism of the benthic
community. If an equivalent of half of
this sulfide is converted into bacterial
biomass by autotrophic growth, this will
correspond to one fourth of the organic
input to the sediment.

A rough estimate of the potential
metabolic rate of Beggiatoa spp. may be
obtained from their active biomass.
Since only motile filaments containing
sulfur granules were counted, the ac-
tive biomass is equal to the total, reg-
istered biomass. An average metabolic
rate for an organism of the size of Beg-
giatoa is 10 cal g~1 h~1 (Hemmingsen,
1960) or approximately 1.5 mmol O3 g~
day~'. With a biomass of 10 g m~2, the
Beggiatoa population will have an esti-
mated respiration of 15 mmol Oy m~2
day~1. This is one fourth of the total
community respiration (cf. Fig. 5).

The possible role of Beggiatoa spp.
for the sulfur cycle may also be esti-
mated in the following way. The intra-
cellular sulfur granules account for a
few percent of the cell volume as esti-
mated from microscopic observations.
With a total biomass of 10 g m~2 the
amount of intracellular sulfur is thus
0.2 to 0.5 g m~2., Direct chemical mea-
surements of SO in Beggiatoa patches from
the surface of Limfjorden sediments gave
results in the same range. In laboratory
cultures of Beggiatoa growing with HyS and
02, Winogradsky (1888) found that when
the bacteria were deprived of H3S they
would oxidize all the intracellular sul-
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fur within 24 h. If the turnover time
for the intracellular sulfur in the nat-
ural populations is alsc assumed to be
1 day, the oxidation rate will be 0.2 to
0.5 g S m™2 day~! or 5-15 mmol S m~2
day~1. The daily rate of H2S production
is 10 mmol S m~2 day~1 (cf. Fig. 5).
Although these calculations do not
show the actual rates of bacterial metab-
olism, they do indicate that the Beggia-
toa populations have the potential to
oxidize all the H3S produced and thus
contribute significantly to both the sul-
fur and the carbon cycles of the sedi-
ments.
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