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SUMMARY 

In the freshwater areas of the Everglades, Florida, 
U.S.A., carbonate is precipitated in dense cyanobacterial 
mats. Precipitation is linked with photosynthesis in the 
mats in a quantitative relationship. 

On ground of field observations and experiments a 
model for precipitation in the filamentous cyanobacteria 
Scytonema is proposed, which links precipitation to bicar- 
bonate use in photosynthesis and subsequent release of 
OH" ions. 

Besides supersaturation of the water with respect to 
carbonate and photosynthetic bicarbonate use, precipita- 
tion requires a suitable sheath structure and composiuon. 
The characteristics of the sheath seem to be responsible for 
a distinct crystal morphology in the two genera Scytonema 
and Schizothrix, as well as for the restriction of calcifica- 

tion to the outer sheath in Scytonema. In the immediate vi- 
cinity of the trichom precipitation seems to be inhibited. 

Comparison of this form of calcifying cyanobacteria with 
calcification in calcareous algae shows many similarities and 
rises the question of the biological significance of calcifica- 
tion or precipitation. 

The precipitated carbonate shows equilibrium precipita- 
tion in its ~ oxygen values, while it is enriched in 13C relative 
to the ambient water. This agrees with a model of precipitation 
in which the carbonate derives from the water immediately 
surrounding the filament. There the water is depleted in 12C 
which is preferably taken up for photosynthesis. No respira- 
tory carbon is involved in precipitation. 

From measurements of the amount of precipitation in the 
field and in experiments the annual sedimentation rate is 
estimated to be 0.024 to 0.24 mm. These values fall within the 
range of laminae thicknesses in fossil algal laminites. 

1 INTRODUCTION 

From the Precambrian-Cambrian boundary until the end 
of the Cretaceous, calcifying cyanobacteria frequently occur 
in normal marine environments. After the end of the Creta- 
ceous, however, they seem to be restricted to non-marine 
settings. In the Modem, calcification of cyanobacteria occurs 
almost exclusively in freshwater, and hypersaline or brackish 
waters. Because the precipitation is extracellular, this change 
in environmental distribution is believed to reflect changes in 
sea water chemistry. It has been proposed that the calcium/ 
magnesium ratio (RIDINO, 1982) or the degree of supersaturation 
with respect to carbonate (KEMrE & KAZMI~CZAK, 1990) of the 
oceans changed, leading to less favourable conditions for 
precipitation. To determine, what other environmental factors 
may have affected this change in geological distribution, it is 
neccessary to know which mechanisms of calcification exist 
in cyanobacteria and how the mutual influence of organic and 
inorganic factors in precipitation might vary in different 
environments. 

Photosynthesis and photosynthetic uptake of bicarbonate 
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have been shown to be the driving mechanism for the 
calcification in many calcareous algae (BoROWITZKA, 1990). 
The same was suggested for cyanobacteria (for example: 
GOLtmlC, 1972; BRArmwArrE et al., 1989). Conclusive evi- 
dence from field observations or experimental data, how- 
ever, are scarce. It has been shown by GLEASON that in the 
Florida Everglades the timing of carbonate precipitation in 
cyanobacterial mats coincides with photosynthetic activity 
and that inorganic factors seem to play a neglegible role in 
precipitation (GLEASON, 1972; GLEASON & SPACKMAN, 1974). 
The Florida Everglades, therefore, have been chosen as an 
excellent location for field experimentation on the mecha- 
nism of carbonate precipiation. 

2 INTRODUCTION TO CYANOBACTERIA 
2.1 Photosynthesis 

Photosynthetic activity is an important factor in the calcifi- 
cation of calcareous algae. By its effect on water composi- 
tion and especially pH, it creates an environment where 
carbonate precipitation can easily be induced. 

Photosynthesis transforms light energy into chemical 
energy, which can be used for the formation of organic 
molecules from CO2 and other inorganic substances. The 
photosynthetic apparatus of plants and cyanobacteria, 
which absorbs the energy, consists of two photosystems 
( P S I  and PS II) in which photosynthetically active 
pigments, generally chlorophylls, absorb light of an 
appropriate wavelength. The absorbed light energy is 
then transformed into chemical energy (NADPH and 
ATP) via two electron transport chains. Thereby water is 
reduced in PS II. While the hydrogen is used in the 
electron transport chains, the oxygen is released by the 
cells into the medium. The energy stored in NADPH and 
ATP is used for the synthesis first of a hexose, and 
subsequently of various other substances. 

The synthesis of these substances begins with the attach- 
ment of CO2 to RuBP ('carboxylation'). The reaction is 
catalyzed by the enzyme RUBISCO-carboxylase. In this 
reaction the CO2 can be substituted by Og, which leads to the 
unintentional oxidation of RUBISCO instead of its 
carboxylation. Photosynthesis is more effective, the higher 
the ratio is of CO2 to 02, because less energy is lost by the 
oxidation of RUBISCO. Plants and cyanobacteria developed 
various techniques to increase the concentration of CO2 
relative to 02. The RUBISCO of cyanobacteria has an espe- 
cially low affmity for C02 (RAVES & LUCAS, 1985). Nev- 
ertheless cyanobacteria photosynthesize rapidly even at low 
CO2-concentrations. They posses a mechanism which al- 
lows them to increase the intracellular concentration of 
inorganic carbon (DIC) up to 1000-fold above that of the 
ambient water (LucAs, 1983; VOLOK/TA et al., 1984; KAPLAY 
et al., 1987). The DIC concena'ating mechanism consists of 
an energy consuming pump-system, which actively takes up 
DIC and transports it into the cells (KAPLAN et al., 1987; 
BADGER & PRICE, 1989). CO2 is taken up preferentially, but 
bicarbonate is taken up as well, especially at high pH-values 
(MILLER r COLMAN, 1980; PRICE • BADGER, 1989 a; MILLER 
et al., 1990). The species arriving at the inside of the cell 

seems to be always HCO3- (BADGER et al., 1985; OGAWA & 
KAPLAN, 1987; REINHOLD et al., 1987). In the cell interior, the 
conversion of HCO3- to CO2 is catalyzed by the enzyme 
carboanhydrase (CA). Whichever carbon species was taken 
up, only CO2 is finally used for the carboxylation of 
RuBP. Nevertheless, in the following 'HCO3- use in photo- 
synthesis' will be used if the original species taken up was 
bicarbonate. 

The energy required to run the DIC-pump is balanced by 
the increase in the rate of photosynthesis under low-CO2 
conditions. In environments where CO2 supply rather than 
the available light energy limits the rate of photosynthesis, 
the active uptake of HCO3- gives an advantage over organ- 
isms which have to rely on CO2 uptake alone. Under high 02 
concentrations, as frequently found in microbial mats, the 
intracellular accumulation of DIC might help to suppress 
oxydation of RuBP (PROS & ELZENGA, 1989; RAVEN & LUCAS, 
1985). 

Another positive effect of the DIC concentration could 
be as a protection from photoinhibition (BADGER & AN- 
DREWS, 1982; KAPLAN, 1985; KRAUSE, 1988). Photoinhibition 
occurs when more light energy is absorbed by the photo- 
systems than can be used for the formation of NADPH and 
ATP. Some of the excessive energy is released in the form 
of fluorescence or heat, but the rest might irreversibly 
damage the photosynthetic apparatus. An active DIC pump 
allows higher rates of carbon fixation, so that higher light 
levels could be utilized. In addition some of the potentially 
damaging energy could directly be used to run the pump 
( K A Y ,  1981). 

2.2 Carbonate Precipitation Associated with 
Cyanobacteria 

Cyanobacteria can live as single cells (coccoid cyano- 
bacteria) or several cells may be linked to form cell rows, 
called trichom. If the trichom is surrounded by a mucilagenoas 
sheath, the structure is called a filament. The main constitu- 
ents of the sheath are polysaccharides. The function of the 
sheath is still unclear, but it seems to be involved in the 
ability of many benthic cyanobacteria to glide towards 
optimum light conditions. 

The occurence of cyanobacteria is frequently linked to 
the deposition of carbonate. By trapping sediment between 
the filaments, they are involved in the formation of 
stromatolites in both sea water and freshwater. Cyanobacteria 
can also calcify when carbonate is precipitated in association 
with the organism. The result of precipitation is often a 
micritic tube surrounding the filament or the trichom. Similar 
tubes can be found in the fossil record in marine environments 
from the Precambrian-Cambrian boundary until the end of 
the Cretaceous. Various names are given to these fossils 
depending on the tube diameter, possible branching, and 
overall growth form. While some of the names might unite 
several biological species under the same fossil name (RIDING, 
1977 b), and others might be due to organisms other than 
cyanobacteria, there is little doubt that most of them do 
represent calcified cyanobacteria. From the Cretaceous on- 
ward, calcification seems basically restricted to non-marine 
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environments (Pm, rmcosa" & Rmeqa, 1986). 
In the Modern, calcification occurs in a variety of envi- 

ronments, often in shallow water poor in nutrients (Gt~ASON, 
1972; S~Aa~n~, 1989), and nearly always non marine. In 
freshwater, calcifying cyanobacteria can frequently be found 
in spring tufas or oncolites. It has been estimated that in tufas 
the photosynthetic activity of the cyanobacteria can only 
account for 1 to 2 % of the precipitated carbonate while the 
rest of the carbonate is precipitated because of equilibration 
of the water with the atmospheric conditions (PErcracosT, 
1978). Calcification of filaments also occurs in shallow 
hypersaline environments, which mightbe exposed to periods 
ofemersion or freshwater influx (Got.~ic, 1983; Hogoovsra 
& Vo~com~ ~ ,  1975) and in desert crusts or caves where 
the cyanobacteria are living in a subaerial environment (Cox 
etal., 1989; JONES & Karn_~, 1986; Katn~mztN & GIz~, I979). 
Calcification of living cyanobacteria in a normal marine 
setting is only described by GOLUBIC & CAMPBELL (1981), as 
a species specific calcification of various Rivularia species. 
The degradation of dead cyanobacterial material also seems 
to promote calcification in cyanobacterial mats (DEFARGE et 
al., 1985; LYoNs et al., 1984), although it is not always clear 
whether cyanobacteria have been calcified alive or post 
mortem (BRArrHwArrE et al., 1989). It seems unlikely that the 
mechanism of calcification and the degree of biologic in- 
fluence is the same in all these environments. 

In calcification of modern cyanobacteria, a distinction 
has to be made between two different forms of calcification 
because they may reflect two different ways of precipitation 
concerning the degree of influence by the cyanobacteria. 
One is the encrustation of the sheath with carbonate, where 
the crystals nucleate outside on the sheath surface. This form 
has been called 'encrusted sheath' by RIDn~ (1977 a). The 
result is a carbonate tube with an inner diameter reflecting 
the diameter of the filament. This form of calcification often 
occurs in environments such as tufas, where mostly inor- 
ganic factors such as CO2 degassing or temperature increase 
lead to precipitation. An influence of photosynthesis on tufa 
deposition could not be shown (GoLtmic, 1972; F'zrci~cos'r, 
1980; PENTECOST & RIDn~, 1986). 

The other form of calcification is the impregnation of the 
sheath with carbonate crystals. In this form, which is termed 
'impregnated sheath', are the crystals precipitated completely 
within the sheath (RmNc, 1977 a). The outer diameter of the 
resulting micrite tube corresponds to the outer diameter of 
the filament, while the inner diameter might have the same 
or a larger diameter than the trichom. It is this second form 
of calcification which seems to be controlled by the organism, 
with precipitation being closely tied to the physiological 
activity of the cyanobacteria. 

The calcification of the sheath also seems to depend on 
taxa-specific characteristics (PErcrzcosT & Rao~ ,  1986). 
Plectonema shows similar forms of calcification in different 
environments such as stromatolitic crusts in the Borrego 
Desert, California, (IC~tnCmEr~ & Po~s,  1979) and tempo- 
rary fi'eshwater ponds on the Aldabra Atoll (RIorNC, 1977 a). 
On the other hand, do different species calcify differently in 
the same environment (Kau~EtN & G~E~, 1979; GOL~IC & 

CAMPBELL, 1981; Lv.n,a~tD~, 1985; OB~o_~sc~moss & 
ScanZmZR, 1990). The different morphology of the crystals 
is probably due to differences in the chemical composition 
and the arrangement of the polysaccharides in the sheaths. 
The polysaccharides probably provide a suitable surface for 
nucleation. They absorb calcium ions, which consequently 
serve as binding sites for carbonate ions. 

In both cases, encrustation and impregnation of the 
sheath, the mineralogy of the precipitated carbonate corre- 
sponds to the chemistry of the ambient water. Aragonite is 
precipitated in sea water, high-magnesian calcite in brackish 
water, and low-magnesian calcite in freshwater (PENTECOST 
& Rm~o, 1986). 

3 METHODS 

Temperature and pH were measured in the field with a 
portable Orion pH/T/volt meter (model SA 230) and an 
Orion combination electrode. For measurements of the pH 
in the cyanobacterial mats an Ingold combination electrode 
with a tip diameter of 3.5 mm was used. Temperature was 
measured with a resolution to 0.1 C, accuracy +/-1.0 C, pH 
with a resolution to 0.01, accuracy +0.02. 

Oxygen was measured in the field with a portable oxy- 
gen-meter from YSI, model 52, with a resolution to 0.1 ppm. 
The electrode was calibrated against air, following the 
procedure described in the YSI manual. 

Water depth was measured against an arbitrary scale 
with a zero mark at the sediment surface. The light intensity 
was measured in the air with a portable lux meter from 
Lutron, model LX 101. 

For measurements of calcium and chloride concentration 
and of alkalinity, water samples were taken to the laboratory. 
For thecalcium and alkalinity measurements, 30 ml samples 
were filtered in the field (Whatman G/F glasfiber filters) and 
poisened with one drop of concentrated HgCI2 to prevent 
alteration by biological activity. For chloride determination 
filtered 15 ml samples were taken but no HgCI2 was added. 

Alkalinity was titrated in 10 ml samples with 0.1 or 0.05n 
HC1, following the method by GRAN (1952), using a Coming 
combination electrode to measure the pH changes after the 
addition of acid. Reproducibility of the results was better 
than 0.02 meq. 1, 2, and 3 meq laboratory standards of 
NaCO3 were used for standardization. 

Calcium was titrated with 10 or 1 mmol EGTA according 
to the method of GtEs~s (1986). Reproducibility was 1 ppm 
(0.025 retool). A 50 ppm CaCO3 solution was used as a 
standard. 

Chloride was also titrated following the method by 
GiEsr~s (1986). The titrant was diluted to 0.01 mol. Repro- 
ducibility was better than 5 %. Better results could not be 
determined because of the very low chloride concentrations 
in the samples. 

The amount of dissolved inorganic carbon (DIC) was 
calculated from the measurements of pH, temperature, al- 
kalinity, and calcium and chloride concentration, using the 
equilibrium constants by MJta~RO (1979), corrected for the 
ionic strength as described by t-IZ~ER (1988). The amount of 
precipitation was calculated by the changes in calcium 
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concentration and alkalinity, with the decrease in calcium 
being equal to, and the change in alkalinity being twice the 
amount of precipitation. For the cyanobacteria the change in 
calcium reflects the amount of precitated carbonate while 
the change in alkalinity reflects precipitation as well as the 
amount of DIC being concentrated inside the cells. Normally, 
however, the amount of intracellular DIC can be assumed to 
be very small as compared with the amount of precipitated 
carbonate. Total DICs were calculated from pH, temperature, 
and water analyses before and after the experiments. The 
photosynthetic CO2 uptake was calculated assuming that the 
total decrease of DIC in the water, minus that removed by 
precipitation, reflects the DIC used in photosynthesis. 

Cyanobacterial mats, water, sediment, and gastropod 
shells were measured for their carbon and oxygen isotopic 
composition. All samples were measured with a Finnigan- 
MAT mass spectrometer, model MAT 251. 

Oxygen isotopes in the water were measured following 
the method by EPsa-En~ & MAVEDA (1953). 

Carbon isotopic composition of the DIC in the water was 
measured in CO2 liberated from the water, following the 
addition of 0.5 ml concentrated phosphoric acid to a 5 ml 
water sample. The samples taken at the beginning of the wet 
season (7/16/89 to 9/26/89) were allowed to equilibrate with 
10 ml of air. This leaves oxygen isotopic composition 
basically unaffected, carbon isotopic composition, however, 
might have changed towards equilibrium values with the 
atmosphere. As the measured values are well below equi- 
librium values, the original composition must have been 
even lighter. 

Samples of the sediment and gastropods were always 
collected from the same horizon of a core to obtain samples 
of the same age that probably precipitated from a water of 
comparable isotopic composition. The shells were carefully 
cleaned from the attached sediment before being measured. 
The isotopic composition was measured in the CO2 produced 
after treatment with phosphoric acid. 

All laboratory work was done under supervision of Dr. 
P.K.Swart in the Stable Isotope Laboratory of the Rosenstiel 
School of Marine and Atmospheric Sciences, University of 
Miami. 

Sediment cores of the Holocene carbonate muds were 
taken manually with 8 cm diameter aluminum tubes. They 
were frozen, slabbed, and oven dried. For thin sections and 
polished slabs, the cores were vacuum-impregnated with 
resin. 

Cyanobacteria samples for microscopic observations were 
fixed for several hours by theaddition of 3.5 % glutaraldehyde 
in filtered water from the sampling site to preserve organic 
structures. The samples were then gradually transferred into 
a 70 % alcohol solution. Samples for the electron microscope 
were critical point dried. This method minimizes the dis- 
ruption of organic structures by dehydration. First the samples 
have to be transferred into ethyleneglycol then into 100 % 
acetone. The acetone is then replaced by liquid CO2. Finally 
the samples are dried at the critical temperature and pressure 
conditions of CO2, when the liquid and the gaseous phase 
coexist. Drying under these conditions causes minimal 

shrinkage in the organic material. The storage in alcohol, 
however, leads to a certain volume change. 

For observations of the carbonate crystals in the sheaths, 
the specimen were treated with sodiumhypochlorite (Clorox) 
to disintegrate the organic material. 

The amount of organic versus inorganic material was 
determined by ashing the samples at 55 ~ C for 3 hours. The 
change in weight reflects the amount of organic material, 
whereby an amount of 7 % ash was assumed (Wotx, 1973). 

For the experiments, 0.4 to 1.0 g (dry weight) of cyano- 
bacterial mats covering floating parts of submerged plants 
were used, after being cleaned from plant material. They 
were incubated in beakers holding up to 600 ml of sampling- 
site water. The experiments were generally started in the 
early morning, before the onset of photosynthesis, and run 
until the late afternoon when decreasing oxygen concentra- 
tions indicated the cease of photosynthesis. Some experiments 
were run over 24 hours or even over several days, to measure 
dissolution as well as precipitation. The experiments were 
run in sets of 2 to 5 replicates and the same experimental 
setup was repeated on several days. 

Experiments were made with dichlorphenyldimethyluxea 
(DCMU), an inhibitor for the activity of PS II, and 
ethoxyzolamide, an inhibitor for bicarbonate use in photo- 
synthesis. DCMU was dissolved in methanol and added to 
the incubated samples to give final concentrations of 10 -5 , 
5x10 -5, and 10 -6 mol DCMU. Ethoxyzolamide was dis- 
solved in Dimethylsulfoxide (DMSO) and appropriate 
amounts were added to give final concentrations of 2x10 -4, 
4x10 -4, and 6x10 "4 mol ethoxyzolamide (Pruc.E & BADOEa, 
1989 b). 

AS the effect of the inhibitors was variable on different 
days, each set of experiments included 2 to 5 untreated 
controls consisting of cyanobacteria incubated in pure sam- 
piing-site water. The controls always showed significantly 
higher amounts of precipitation than the cyanobacteria treated 
with an inhibitor. 

In most experiments, no attempt was made to inhibit gas 
exchange with the atmosphere in order to prevent a buildup 
of high oxygen concentrations and therefore favouring 
photooxidation. Only when it was intended to measure the 
amount of photosynthesis were the experiments carried out 
in tightly covered beakers or in sealed Erlenmeyer flasks. 
While pH, temperature, and oxygen were generally measured 
every hour, measurements in the closed containers were 
only taken at the beginning and end of every experiment. 

A slight underestimation of the amount of precipitation 
due to an increase of ion concentration by evaporation in the 
uncovered beakers does not affect the interpretation of the 
experimental data, because the results are always interpreted 
in relation to untreated controls of the same day. 

To allow a comparison of the amount of precipitation in 
the various containers, precipitation was calculated, know- 
ing the amount of incubated cyanobacterial material, as the 
theoretical amount of carbonate precipitated by 1 g cyano- 
bacteria out of 1 I of water in 10 hours (mmol/g/l/10h). 
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4 CYANOBACTERIAL MATS IN THE FLORIDA 
EVERGLADES 

4.1 The Environment 

The Everglades are situated at the southernmost tip of the 
Florida mainland. The most important environmental feature 
is the seasonal runoff of freshwater to the south and south- 
west over six to eight months per year, temporarily coveting 
extensive areas in the Everglades with shallow water. Where 
the freshwater mixes with the marine waters of Florida Bay, 
a mangrove belt is developed protecting the areas to the 
north from marine influence. The typical sediment is a 
mangrove peat of varying thickness. Northward, in the 
freshwater prairies, there is a vegetation which can withstand 
several months of complete dessication, consisting mostly 
of sawgrass (Cladium jamaicensis), a few scattered man- 
groves, and extensive cyanobacterial mats. Carbonate m uds 
accumulate in these areas. Gt~AsoN has shown that the 
carbonate is precipitated during the day, within the 
cyanobacterial mats, rather than being caught between the 
filaments (Gty~soN, 1972; GL~ASON & SPAcro, u, rq, 1974). 
Inorganic factors are unlikely to play a significant role in 
precipitation in the Everglades. As the water flows over 
large distances and is very shallow (up to 50 cm), it is well 
equilibrated with the atmosphere except for a temporal 
disequilibrium caused by the biologic activity of the microbial 
mats. During times of complete water cover, flow velocities 
up to 25 cm per second (8/27/91) were estimated. 

The sampling site is located in the freshwater prairies, 
east of Paurotis Pond, along the road from Florida City to 
Flamingo (fig. 1). It is covered by water from about July to 
January or February. During this time cyanobacterial mats 
develop, coveting the sediment surface and submerged parts 
of plants. Well-developed mats are one to two centimeters 
thick. The surface of the mats is greyish brown or yellow 
because of a high content of protective carotenoids. Most of 

Fig. 1. The sampling site, marked with a black triangle, is located 
in the freshwater areas of the Everglades National Park. east of 
Paurotis Pond, at the road from Florida City to Flamingo. 

the chlorophyll is concentrated in the deeper layers of the 
mats, causing a deeply green colour. 

The mats are dominated by calcifying species of illa- 
mentous cyanobacteria, Schizothrix and Scytonema (deter- 
mination by courtesy of S.GoLtmic). 

4.1.1 The Water 

The 1989/90 wet season (e.g. period of complete water 
cover at the sampling site) was relatively short due to little 
rainfall in this and the previous season. It lasted from the first 
week of July to the end of December. By this time the site 
was completely dry again. During the wet season the alka- 
linity of the water rose from 1.5 meq in July to 2.5 meq at the 
end of December. The calcium concentration rose in the 
same time from 1.1 to 1.25 mmol. Only in the first week of 
July were both concentrations higher, with an alkalinity of 
1.7 meq and a calcium content of 4.5 mmol. Both alkalinity 
and calcium showed their lowest concentrations in September 
and October, when the water level was highest. As can be 
seen in fig. 2, the concentrations show a distinct peak in the 
middle of August, possibly related to a change in the flow 
direction of the water (in the figure indicated by arrows). At 
low water level (less than 5 cm), the water at the sampling 
site flows to the east, while at higher water levels it flows 
westward over the sampling site. With the changing flow 
directions, water from slightly different source areas might 
reach the site. 

The concentration of chloride varied during the wet 
season between 1.0 and 7.5 mmol after it dropped from 18 
mmol to 1.3 mmol in the first three weeks of water cover. The 
extremely high chloride concentration at the beginning of 
the season might be caused by the dissolution of easily 
soluble minerals that were precipitated during the period of 
dessication. 

The measured water temperature at the sampling site 
showed exlxemes of more than 41~ in August to around 
100C at the end of December. The average temperature lies 
around 25 ~ C (SWART et al., 1990; M~gz, 1990). 

While most of the seasonal variations in water compo- 
sition are due to the effects of evaporation and run-off, 
alkalinity, calcium concentration, oxygen and pH also show 
strong daily variations caused by the activity of the micro- 
bial mats. The concentration of chloride is neither influenced 
by physiological activities nor by carbonate precipitation 
and was therefore measured as a reference to determine the 
importance of biological factors. 

Daily variations: 
In the first week of complete water cover, before the 

cyanobacterial mats were developed at the sampling site, 
alkalinity, pH, and calcium concentration were measured 
over 24 hours. The concentration of calcium rose slightly 
during the day (from 4.69 mmol at 9 am to 4.79 mmol at 7 
pm), alkalinity showed a week maximum in the midmoming 
(1.89 meq at 7 am, 1,90 meq at 11 am, and 1,68 meq at 7 pm). 
The pH varied unsystemafically between 6.93 and 7.75. 
Later in the season, over well-developed cyanobacterial 
mats, temperature, pH, oxygen, calcium concentration, and 
alkalinity fluctuate systematically within 24 hours (Fig. 3). 
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Fig. 2. shows the changes in calcium concentration, alkalinity, and water level from the first week of complete water cover at the sampling 
site (7/8/89) until the site was dried out at the end of December. All samples were taken around 6 pm. The arrows indicate changes in flow 
direction, to the East in the beginning of the wet season, to the West from August to November, and then, with decreasing water level, 
again to the East. 

The pH can rise during day time more than one unit, up to 
values above pH 9. The lowest measured value was 7.04 in 
the early morning (8/20/89). The oxygen concentration, 
together with thepH, rises duringdaytime above equilibrium 
values with the atmosphere. In the evening it begins to fall. 
The minimum values of oxgen are measured in the early 
morning. 

The concentration of chloride is constant throughout a 
day, indicating that the changes in calcium and oxygen 
concentration, alkalinity, and pH are caused by the biological 
activity in the microbial mats. 

Both pH and oxygen concentration depend on the pho- 
tosynthetic and respiratory activity of the microbial mats. 
Photosynthetic CO2 uptake causes the pH to rise. Simulta- 
neously, oxygen is released by the cells. Respiration is 
reflected by a decrease of oxygen concentration and pH, 
because of the release of CO2. 

Calcium concentration and alkalinity show, 1-2 hours 
out of phase, the reverse rhythm from oxygen concentration 
and pH. They decrease during the day, indicating carbonate 
precipitation during photosynthesis. The lowest values are 
reached about one hour before sunset. During the night they 
increase, when carbonate is dissolved by the respiratory 
activity in the microbial mats. 

Several times measurements have been made of the 
water in the mat. During the daytime the pH was always 
significantly higher than in the water above the mats, while 
in the night it was lower. Although it was not possible to take 
samples of the mat water without any contamination of the 
overlying water, the calcium concentration and the alkalinity 
were always significantly higher in the mats. 

4.1.2 The Sediment 

The Holocene freshwater carbonate muds in the Everglades 
reach a thickness of up to 50 cm, depending on the relief of 

the underlying Pleistocene carbonates. In push cores it can 
be seen that the first few centimeters have a dark brown 
colour, rapidly fading with depth, because of a decrease in 
the content of organic material. Most of the sediment is a 
light brown to grey, unstructured carbonate mud, frequently 
containing plant roots and freshwater snails. The carbonate 
tubes of Scytonema appear to disintegrate rapidly as they 
could not be found in either thin section or by scanning 
electron microscopy. 

While other carbonate muds associated with cyano- 
bacterial mats often exhibit a distinct lamination (Andros 
Island, Bahamas, MorcrY, 1972; HAROtE & GINsstmc, 1977), 
lamination in the sediment cores from the Everglades are 
res~cted to the top few centimeters. The laminations are 
rapidly obscured with depth. This could be due to a different 
structure of the mats themselves, to a less pronounced 
periodicity in sediment accumulation, or to a higher rate of 
bioturbation in the Everglades. 

Despite the proximity of the marine environment to the 
freshwater carbonate muds, no marine fossils are found. 
This fact is probably due to the protection by the mangrove 
belt which inhibits landward transport of marine sediments. 
In the fossil record, the carbonates of the Everglades would 
appear as unstructured micrites with a low fossil diversity, 
containing only a few species of freshwater snails. 

4.2 Microscopic  Observat ions  

In the Everglades, the trichoms of Scytonema are sur- 
rounded by a sheath that is differentiated into two distinct 
layers. The inner sheath is dense, structured, and birefringen t 
under crossed nicols and is always uncalcified (PI. 19/1-3). 
The inner sheath is surrounded by a less dense outer sheath. 
The outer sheath is impregnated by micritic calcite crystals 
and encloses the inner sheath like bark a tree. In samples that 
have been critical point dried the outer sheath might break 
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Fig. 3. Oxygen concentration and pH decrease after sunset (indicated by the arrow), while calcium concentration and alkalinity rise. After 
sunrise (arrow), the increase in oxygen concentration and pH indicates the onset of photosynthesis with an simultaneous decrease of 
calcium concentration and alkalinity. The time is given in 24 hours. 

off and exhibit the smooth surface of the uncalcified inner 
sheath (Pl. 19/7). The crystals in the outer sheath may be as 
small as 2-3 ~rn, but are generally 5-7 t.tm long (PI. 19/5). 

The two sheaths seem to differ in structure as well as in 
chemical composition. Treatment with sodiumhypochlorite 
(Clorox) leads to the rapid disintegration of the outer sheath 
and the trichom, while the inner sheath remains preserved 
for an extended period of time. In most of the Scytonema 
filaments, the impregnation of the outer sheath leads to the 
formation of a dense carbonate tube (P1. 19/6). The outer 
diameter of the tube is constant along the filament. As there 
is no precipitation in the inner sheath, the inner diameter of 
the tube reflects the diameter of the trichom plus the inner 
sheath. Close to the filament tip the diameter of the tube 
decreases. The filament tip itself is always uncalcified (PI. 
19/1). Calcification never exceeds the outer sheath. This is 
shown by the constant tube diameter, as well as by the fact 
that in critical point dried samples, the organic material of 
the sheath covers the outer surfaces of the crystals (Pl. 19/8). 
Treatment with Alizarin Red S leads to a staining of the 
organic material in the outer sheath. The crystals remain 
unstained which indicates that they are covered by organic 
material and therefore are not accessible to the stain. 

Some of the Scytonema filaments show a completely 
different mode of calcification. Calcification is restricted to 
single rings within the outer sheath (PI. 20/2-4). Some of 
them have the shape of slxaight cylinders (P1.20/3), while 

others are funnel shaped (PI. 20/2, 4). The occurrence of the 
rings is independent of any morphological features of the 
filament. Rarely are the rings produced by the alternation of 
denser and less densely calcified zones of a continous tube. 

Observations indicate that calcification of Scytonema and 
Schizothrix in the Everglades is different. These differences 
are similar to those reported by G ~ s o N  & S PACrCMAN (1974). 
Due to the small size of the filaments of Schizothrix, the 
structure of the sheath and the location of crystals within it 
is not as easily observed as in Scytonema. It can be seen, 
however, that the filaments are not as densely calcified. The 
calcification is generally restricted to single crystals or 
crystal conglomerates, that are probably embedded in sheath 
material (PI. 20/1). 

The morphology of the single crystals of the two taxa, as 
well as of the two different forms of calcification in Scytonema 
is distinctly different. Typical crystals of the Scytonema tubes 
are well developed rhombohedra that do not show any 
preferred orientation with respect to the trichom. The crystal 
faces in contact with the inner sheath are sometimes flat- 
tened, probably due to dissolution (PI. 19/2). The crystals 
may form a tight tube, in which case the crystal morphology 
is not as distinct CPl. 19/6). 

The crystals in the carbonate rings of Scytonema have 
another morphology. They consist of single needles, or 
possibly dendritic crystals (PI. 20/8). The morphologic 
difference is obvious even under the light microscope where 
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the crystals have a star-like appearance (PI. 20/3). They 
appear to be embedded in organic material with a denser 
structure than the outer sheath of the other filaments. Due to 
this organic coating, the boundaries between single crystals 
are invisible (PI. 20/8). 

The calcite crystals in Schizothrix also have a distinct 
morphology. Their most remarkable feature is the dendritic 
growth which leads to the development of aggregates of 
calcite needles, following the crystallographic directions of 
calcite (PI. 20/5-7). Some of them have a triangular form and 
seem to be oriented with their base parallel to the trichom (PI. 
20/7). The crystals may coalesce to form larger aggregates 
of dendrites enclosing short segments of the filament. 

4.3 Carbonate Precipitation, Sedimentation Rates 

Sedimentation rates of a freshwater carbonate mud, 
precipitated by cyanobacteria, can be estimated from the 
field and experimental data obtained in the Everglades. The 
alkalinity of water is not changed by photosynthetic CO2 
uptake and in freshwater (total) alkalinity is about equal to 
carbonate alkalinity (D~vER, 1988). Therefore it can be 
assumed that changes in alkalinity and in calcium concentra- 
tion of a water both reflect carbonate precipitation or dis- 
solution. 

In this way the amount of precipitated and dissolved 
carbonate was calculated for 12 and 24 hour sampling 
periods of the 1989/90 wet season. Precipitation was calcu- 
lated by subtracting the minimal values of alkalinity and 
calcium measured in the evening from the maximum values 
in the morning. Dissolution was calculated accordingly, by 
subtracting the maximum values in the morning from the 
minimum values of the previous evening. Because the 
maximum and minimum values were taken, the calculated 
timespans are slightly different at the different days. Tab. 1 
shows the amount of precipitation, calculated for various 

days. On the 8/20 and 8/27 only precipitation has been 
measured, while on the 9/25, 10/10, 11/4, and 12/12/89 
dissolution has been measured as well. 

As can be seen in Tab. 1, the amounts of precipitation and 
dissolution per day vary considerably, but do not show any 
seasonal pattem. Precipitation varies from 0.09 to 0.46 
mmol (assuming that the value of 1.10 mmol (11/4/89), 
estimated by the change in calcium concentration, is due to 
an analytical error). During the night, some of the carbonate, 
0.05 to 0.5 mmol, is redissolved. 

By subtracting the amount of dissolved carbonate from 
the amount of carbonate precipitated during the day, the net 
amount of precipitation from 1 1 water in 24 hours can be 
estimated. As there seems to be hardly any sediment influx 
other than the carbonate precipitated by the cyanobacteria 
the estimated net precipitation reflects the amount of sedi- 
mentation. When the net sedimentation is calculated with 
field data it can be seen that there is net precipitation in two 
out of four days, while at the other two days the values 
indicate net dissolution. 

From these data, 0.015 mmol CaCO3 per liter water in 24 
hours is taken as an average amount of precipitation 
throughout the wet season. In 1989 the duration of water 
cover at the sampling site lasted about 180 days, from the 
first week of July to the last week of December. As this wet 
season was comparatively short, because of a succession of 
especially dry summers, a normal duration of water cover of 
200 days will be assumed for calculations of the annual 
sedimentation. The average water depth at the sampling site 
is taken to be 10 cm, estimated from the recorded water depth 
in 1989 (Fig. 2). 

For a daily net precipitation of 0.015 mmol and a density 
of calcite of 2.7, a pore space flee volume of 111 mm 3 
CaCO3 per wet season can be calculated. This gives an 
annual sediment layer with a thickness of 0.011 mm per 
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Light microscopical and SEM photographs of calcified Scytonema filaments, Everglades, Florida. 
All samples were taken in the freshwater algal marshes east of Paurotis Pond. 

Uncalcified filament tip of Scytonema. The structured inner sheath is clearly visible. The trichom is shorter 
than the sheath, which might be an artefact because of shrinkage during preparation. The outer sheath is 
vaguely visible. Sample fixed in 3.5 % glutaraldehyde, x 460 
Calcified filament of Scytonema. The inner sheath, surrounding the central trichom, appears dark. Single 
crystals are located in the outer sheath. The sides of the crystals facing the inner sheath are flattened, which 
might be a dissolution feature.Sample fixed in 3.5 glutaraldehyde, x 230 
Calcified filament of Scytonema. The layered structure of the uncalcified inner sheath is clearly visible, while 
in the outer sheath there are well developed calcite rhombohedra. Sample fixed in 3.5.% glutaraldehyde, x 460 
Filament of Scytonema, being enclosed in carbonate crystals. The single crystal rhombohedra are still clearly 
visible. Sample fixed in 3.5 % glutaraldehyde, x 460 
SEM photograph of a Scytonema filament, treated with sodiumhypochlorite. Well developed calcite 
rhombohedra are laying on the surface of the undisintegrated inner sheath. 
SEM photograph of a calcified Scytonema filament. The carbonate crystals coalesce to form a dense calcite 
tube around the trichom and the inner sheath. Sample treated with sodiumhypochlorite. 
SEM photograph of a calcified Scytonema filament. The outer sheath, heavily impregnated with carbonate 
crystals, broke off and exposed the smooth surface of the uncalcified inner sheath. Sample fixed in 3.5 % 
glutaraldehyd, critical point dried. 
SEM photograph of a calcified Scytonema filament. The organic material of the dried and collapsed outer 
sheath completely covers the calcite crystals. Sample fixed in 3.5 % glutaraldehyd, critical point dried. 
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Date 20.8.89 27.8.89 25.9.89 10.10.9 4.11.89 12.12.89 
Precipitation 
Time 7-19:00 8-18:00 8-18:00 9-18:00 8-16:00 8-15:30 
Ca 2+ 0,340 0,350 0,194 0,111 1,105 0,456 
Alk 0,090 0,325 0,185 0,150 0, 615 0,460 
Dissolution 
Time 18-8:00 18-9:00 8-16:00 15:30-7:30 
Ca 2+ -0,212 -0,008 -0,467 -0,474 
Alk -0,230 -0,085 -0,565 -0,485 
Net 
Ca z+ -0,018 0,063 0,638 -0,018 
All( -0,005 0,065 0,050 -0,025 

Tab. 1. Amount of carbon- 
ate precipitation in mmol 
measured at various days 
during the 1989/90 wet 
s e a s o n .  

square dm (= precipitation out of 11 of water with an average 
water depth of 10 cm). 

The same calculations were made with the data obtained 
from cyanobacteria precipitating over 24 or 36 hours in 
experiments in 500 ml beakers. Again, the amount of net 
precipitation varied on different days. Experiments performed 
on12/30/89 gave a net amount of 0.080 mmol/24 hrs from 1 
liter, while experiments performed the 11 th through 13th of 
January gave values of 0.200 mmol/24 hrs/liter. Taking the 
calculated values again as average values for precipitation 
throughout the wet season, annual sediment thicknesses of 
0.60 to 0.148 mm are estimated. Because they were meas- 
ured in closed containers rather than in running water, these 
values should be more exact than the data obtained from the 
field measurements. 

Assuming 60% pore space the thickness of the annually 
accumulated sediment layer would be 0.018 mm (1.8 cm/ 
1000 yrs) for the field data, and 0.1 and 0.24 mm (10 and 24 
cm/1000 yrs) for the experimental results. These calculations 
are made ignoring a possible contribution by organic mate- 
rial (30 % dry weight of the cyanobacteria). 

Scnot~ etal. (1969) estimated the sedimentation rates in 
the Everglades from t4C-data to be 1.6 cm/1000 yrs, with 
higher rates im mediately after flooding of the platform about 

4000 yrs b.p. and slowly decreasing later (1.2 mm/yr in the 
first 1000 yrs). Their estimates give sedimentation rates that 
are 10 times higher than the ones calculated in this study 
from the field data, but they fall within the range calculated 
from the experimental data (for the representativity of the 
experimental data see Chapter 4.6.1). 

When comparing the data from the Everglades with the 
laminae thicknesses of fossil laminites, it must be kept in 
mind that the volume changes during diagenesis might be 
considerable and highly variable. It is difficult to estimate 
how much of the original porosity will be destroyed by 
compaction and how much might be preserved by early 
cementation. The data from the Everglades, however, lie 
well within the range of laminae thicknesses given by 
Mt~LLER-JU~GBLU'm for the Hauptdolomite, Triassic, North- 
ern Calcareous Alps. He measured laminae of 0.08 to 1.0 
mm thickness in the Middle Hauptdolomite, and 0.1 to 5 mm 
in the Lower Hauptdolomite (Mt~LLER-JUNGBLUTH, 1968; 
1970). 

4.4 Organic Material 

The field observations show a close temporal relation- 
ship between photosynthesis and the precipitation of car- 
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Fig. 1. 

Fig. 2.-4. 

Fig. 5. 
Fig. 6. 

Fig. 7. 

Fig. 8. 

Lighmaicroscopical photographs of Scytonema and Schizothrix, SEM photographs of calcification 
in Schizothrix. All samples were taken in the freshwater algal marshes east of Paurotis Pond, 
Everglades, Florida. 

Schizothrix filament in the light microscope. The crystals appear star like in the light microscope. The tiny 
filament is vaguely visible between the carbonate crystals. It apparently is surrounded by a voluminous 
unstructured sheath. Sample fixed in 3.5 glutaraldehyde, x 460 
Ring calcification in Scytonema. The rings can be funnel shaped (2), cylindrical (3), or look like shallow bowls 
(4). The morphology of the crystals in the rings is similar to the crystal morphology in Schizothrix. As in the 
continously calcified Scytonema filaments (Plate 19) remains the inner sheath always uncalcified. Under the 
light microscope it is clearly visible because of its darker colour and layered sla-ucture. Samples fixed in 3.5 
% glutaraldehyde. 
SEM photograph of a single dendritic Schizothrix crystal. Sample treated with sodiumhypochlorite. 
SEM photograph of a calcified Schizothrix filament, densely encrusted by dendritic calcite crystals. Sample 
treated with sodiumhypochlorite. 
SEM photograph of a calcified Schizothrix filament. The dendritic crystals are triangular and their base seems 
to be oriented parallel to the filament. 
SEM photograph of ring calcification in Scytonema. The crystals, possibly dendritic, seem to be embedded 
in organic material denser than the outer sheath of the continously calcified Scytonema filaments. 
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bonate. They do not allow, however, deductions to be drawn 
about how actively the carbonate is precipitated by the 
cyanobacteria. Precipitation could simply be a byproduct of 
photosynthesis, which the organism is unable to inhibit. If  
this is the case, the amount of precipitation would be expected 
to depend on environmental conditions, such as the ion 
concentrations, temperature, and- biologically influenced- 
the pH. But if precipitation is a more active process, it should 
have a stronger relation to the rate of photosynthesis than to 
environmental factors. 

To distinguish between these two possibilities, the amount 
of photosynthesis versus the amount of precipitated carbonate 
has been measured. Different methods were used, each 
showing constant ratios between photosynthesis and pre- 
cipitation of 1 mol precipitated carbonate for 1 to 2 mol 
organically fixed carbon. 

Measuring the percentage of organic material in 29 
samples of cyanobacterial mats gives values close to 32 %. 
This percentage is constant throughout the season, inde- 
pendent of the time when the sample was taken, showing that 
there is no stronger calcification in older cyanobacteria. In 
order to compare the amount of precipitation with the 
amount of organically fixed carbon, the amount of carbon in 
the organic material was calculated, assuming that the or- 
ganic material ofcyanobacteria contains 46 % carbon (WOLK, 
1973). The amount of carbon fixed organically and the 
amount precipitated in carbonate shows a constant rela- 
tionship with an average ratio of 1.86 mmol organic carbon 
to carbonate. 

While this methods gives an average ratio of photosyn- 
thesis to precipitation over several weeks or months, the 
ratio can also be directly measured overa few hours. This has 
been done in closed containers, in which the amount of 
photosynthesis was calculated either by measuring CO2 
uptake or by measuring 02 release. The CO2 uptake was 
measured in beakers which were tightly covered to inhibit 
gas exchange with the atmosphere. As oxygen equilibrates 

with the atmosphere much quicker, oxygen was measured 
with an electrode in tightly sealed Erlenmeyer beakers. 
Precipitation was again measured by the decrease of alkalinity 
and calcium concentration. In all the containers cyanobacteria 
were incubated for several hours. 
The equation 

( DIC - precipitation)/precipitation = V 
gives the ratio V of photosynthesis versus precipitation. It 
can be seen from the equation that the method of calculation 
increases any possible analytical error in the determination 
of precipitation. On the other hand, alkalinity is used for the 
calculation of the amount of photosynthesis as well as for the 
calculation of precipitation, which leads to a weak artificial 
correlation. The ratios calculated in this way should there- 
fore be taken as estimates rather than exact values. They do, 
however, indicate a constant relationship between photo- 
synthesis and precipitation. Around 1.15 mol carbon is tuned 
organically for every mol precipitated carbonate (1.10 to 1, 
according to the estimates by Ca 2+, 1.20 to 1, according to the 
estimates by alkalinity), (Tab. 2). 

Despite these inaccuracies, the calculated results show 
fairly good accordance with the ratios found by direct 
measurements of photosynthesis by measuring oxygen 
evolution. For every mol of  CO2 fixed in photosynthesis, 
one mol of 02 is released. The amount of oxygen therefore 
corresponds exactly to the amount of carbon fixed. The 
ratios of oxygen to precipitated carbonate are given in Table 
2. The values are slightly lower than the previously calcu- 
lated ones, indicating that for every mol CO2 used in pho- 
tosynthesis, one mol of carbonate is precipitated. The low 
value of sample 890 is probably caused by a loss of 02, due 
to a defect seal on the beaker. The low value for sample 891 
also occurs in the Ca2*-calculation for the CO2-uptake cal- 
culations, indicating an analytical error in the titration of 
calcium. 

Irregardless of which method was used, it can be said that 
for one to two mol carbon fixed organically there is one mol 

Sample Ci Ca2+ AIk CO2/Ca2+ CO2/AIk O2/Ca2+ O2/AIk 
Control 
888 0,484 0,227 0,225 1,13 1,t5 
889 0,508 0,254 0,235 1,00 1,16 
890 0.597 0,332 0,280 0,80 1,13 
891 0,433 0,296 0,200 0,46 1.17 
892 0,587 0,256 0,275 1,29 1.13 
893 0,439 0,178 0,200 1,46 1,19 
894 0,215 0,111 0,095 0,94 1.27 
895 0,352 0,182 0,160 0,95 1,20 
896 0,324 0.121 0,145 1,68 1,23 
897 0,379 0,143 0,170 1,65 1,23 
898 0,457 0,210 0,210 1,18 1,18 
899 0,428 0,210 0,195 1,04 1,19 
900 0,386 0,165 0,175 1,34 1,20 
901 0,412 0,189 0,190 1,18 1,17 
902 0,720 0,328 0,340 1,19 1,12 
995 0,395 0,219 0,175 0.08 1,26 
996 0,322 0,134 0.145 1,40 1.22 
997 0,238 0,153 0,105 0,55 1,27 
Ethoxyzolamide 
998 0,051 0,012 0,010 3,24 4,08 
999 0,214 0,061 0,085 2.51 1.52 
1000 0,094 0,076 0,025 0,024 2,77 

0,93 0,94 
0,86 0,93 
0,47 0,56 
0,67 0,99 
0,93 0,87 

Tab. 2. Ratio of photosynthesis 
to precipitation in untreated 
samples and samples treated 
with the inhibitor ethoxyzol- 
amide. Photosynthesis was cal- 
culated from the amountofCO2 
uptake and measured from the 
amount of O2 released by the 
cells. 
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Fig. 4a. Isotopic composition of carbonate precipitated during the 
1989/90 wet season (circles), carbonate sediment from push cores 
(solid dots), and gastropod shells (triangles). Data are all given 
versus PDB. 

of carbonate precipitated. This is a constant relationship, 
apparently relatively independent of inorganic factors. The 
amount of carbonate never exceeded the amount of organi- 
cally fixed carbon in either the experiments or in the 
cyanobacterial mats. 

4.5 Stable Isotopes 

Stable carbon (versus PDB) and oxygen (versus SMOW) 
isotopic compositions of the water in the Everglades have 
been measured throughout the duration of the wet season. In 
addition stable isotopic compositions have been determined 
for calcite precipitated in the water during the same time 
span, for carbonate mud sampled from the sediment cores, 
and for gastropod shells sampled from the same horizons in 
the cores as the carbonate mud (carbon and oxygen versus 
PDB). The carbon data of the water samples from the 
beginning of the wet season are possibly depleted, in 13 C due 
to equilibration with 10 ml of air (see chap. 3). In fig. 4 b 
these data are marked with an arrow. 

Carbon and oxygen isotopic compositions of gastropod 
shells have been measured as a reference for equilibrium 
precipitation. The gastropods were used because it has been 
shown that molluscs precipitate in equilibrium with both the 
carbon and the oxygen compositions of the surrounding 
waters (EPsTms et al., 1951; FPaTZ & PoPLaWS~a, 1974; Moor 
& VOCF.L, 1968), 

The oxygen isotopic composition of carbonate precipi- 
tated by cyanobacteria during the 1989/90 wet season in- 
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Fig. 4b. Isotopic composition of water, measured throughout the 
wet season 1989/90. The arrows mark samples which are possibly 
slightly to heavy in 13C due to storage before measuring. Carbon 
data are given versus PDB, oxygen data versus SMOW. 

dicates precipitation in equilibrium with the ambient water. 
The same is true when comparing the values of the carbonate 
mud from the cores and the gastropods. According to the 
equation given by O'NEIL (1969, ~ McCO~AUGnEV, 1989) 
carbonate, precipitated from water of 8] 80=5.269 (12/26/89) 
to 8180= -1.882 (7/8/89) should have a composition of 
8180=3.499 to -3.652. This is assuming an average tempera- 
ture of 25 ~ C, which is the average temperature given by 
SWART et al. (1989) for Florida Bay following temperature 
data from a weather station in Key WesL It is confirmed by 
calculating the average temperature for three days in Sep- 
tember, November, and December of 1989, when the tem- 
perature at the sampling site was measured over 24 hours. 
These data give an average temperature at the sampling site 
of 26.6 ~ C. 

The measured oxygen data of the carbonates fall within 
the range of the lighter calculated values. Equilibrium pre- 
cipitation is also supported by a comparison of the isotopic 
data obtained from gastropod shells and the carbonate 
sediment from the cores. Taking into account that calcite is 
about 0.6 permil lighter than coprecipitated aragonite, the 
8180 values of the shells and the sediment fall within the 
same range. 

The carbon isotopes, however, show an enrichment of 
13 C in the cyanobacterial carbonate relative to the water. An 
average value of -5.5 permil 8 t 3C was assumed for the water. 
The fractionation of carbon is independent of the tempera- 
ture of precipitation. In equilibrium precipitation carbonate 
is always about 2 permil heavier in 13C than the DIC of the 
water it precipitated from. Carbonate in equilibrium with the 
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water during the 1989/90 wet season should therefore have 
a composition of about -3.5 permil. The sediment values, 
however, range between 0.25 to -2.6 permil. The sediment 
is therefore heavy (i.e. enriched in 13C), relative to the values 
calculated from the water isotopic composition. 

Comparing again the 8 13 C values of the gastropod shells 
with the sediment composition, it can be seen that the 
sediment is considerably heavier than equilibrium precipita- 
tion. The aragonite shells show 813C values between -1.25 
and 0.7 permil. In addition, a fractionation between arago- 
nite and calcite has to be taken into account, with calcite 
being 1,8 permil depleted in 13C relative to aragonite 
(RtmINSON & Ct.ArrOY, 1969). The sediment is therefore 6- 
7 permil heavier than the water it was precipitated from, the 
water composition being reflected by the gastropod shells. 

The 13C enrichment in the carbonate precipitated by the 
cyanobacteria is understandable when considering the car- 
bon fractionation in photosynthesis. The enzyme RUB ISCO 
(Chapter 2.2.1) is generally discriminating against 13C up to 
-27 permil (SWART, 1983; SHARrd~Y & BEm~Y, 1985). In 
cyanobacteria, the degree of discrimination depends on the 
environmental DIC concentration. It varies between -18 
permil and 0 permil, being reduced by active DIC uptake 
(CALDER & PARKER, 1973; ESTZP, 1984). 

The enrichment of 13C in the carbonate is an effect of 
preferential 12C uptake during photosynthesis, which in- 
creases the 13C concentration in the immediate vicinity of 
the filaments. This enrichment indicates that the precipita ted 
carbon is derived completely extracellular, and that no 
respiratory carbon is incorporated. 

The same effect, i.e a 13C enrichment in carbonate due to 
photosynthetica112C uptake, can be seen in some calcareous 
algae and in corals with a high density of zooxanthellae and 
consequent high rates of photosynthesis (Krona4 & W~BER, 
1965; BOROWITZKA, 1986; SWART, 1983; McCONAUGHEY, 
1989; CUMMINGS & McCARTY, 1982). In contrast, some 
coralline red algae show relatively light 813 C values because 
of incorporation of respiratory carbon in the skeleton 
(BoROWrl"ZKA, 1986 and compilation by SWART, 1983, Fig. I). 

STraYER (1970) measured the isotopic composition of 
various lacustrine carbonates and found an enrichment of ca. 
5 perrnil relative to mollusc shells in 13C, which he explained 
by photosynthetic ]2C depletion by phytoplankton. A 180 
enrichment, which he found in his sediments, can not be 
confirmed from the Everglades data. 

In comparison with fossil cyanobacteria carbonates it 
has to be considered that in addition to the water composi- 
tion, active DIC uptake might change the degree of carbon 
fractionation in photosynthesis and hence the isotopic 
composition of the residual carbon pool for precipitation. 

4.6 Experiments on Precipitation 

Experimental data on carbonate precipitation by 
cyanobactefia are scarce, probably due to difficulties in 
inducing precipitation under laboratory conditions (PEmE- 
COST, 1978). The same phenomenon, i.e. a weaker or lacking 
calcification in laboratory cultures as compared with field 
grown specimens, is described from calcareous algae (GmauD 
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Fig. 5. gives the amount of carbonate (in mmol) precipitated in 
experiments with various amounts of tile photosynthesis inhibitor 
DCMU and an untreated control experiment (10/11/89). The amount 
of precipitated carbonate decreases with an increasing irttfibitor 
concentration. At a concentration of 10 -5 rnol DCMU the net result 
is carbonate dissolution, because the amount of (uninhibited) 
respiration in the cyanobacteria exceeds the amount of photosyn- 
thesis. Precipitation was estimated from changes in calcium (solid 
circles) and alkalinity (triangles). 

& CAmOCH, 1979). The experiments have therefore been 
conducted in the field. An advantage of field experiments are 
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Fig. 6. gives the amount ofprecipiation in experiments with various 
amounts of the inhibitor ethoxyzolamide and an untreated control 
experiment. Precipitation decreases with an increasing concentra- 
tion of the inhibitor. Precipitation was estimated from changes in 
calcium (solid circles) and alkalinity (triangles). 

the natural conditions in temperature, illumination, and 
water composition. A disadvantage is that these factors 
cannot be controlled and are subject to both daily and 
seasonal variations. 

4.6.1 Untreated Cyanobacteria 

The amount of precipitation in containers with untreated 
controls was not only used as a reference for the inhibitor 
experiments, but also allows the evaluation of how closely 
the amount of precipitation measured in the experiments 
resembles the amount of precipitation under natural condi- 
tions. As the cyanobacteria start to grow soon after the site 

is completely covered by freshwater, the age of the 
cyanobacteria is about the same as the duration of the wet 
season. The cyanobacteria used in the experiments on January 
1 lth to 13th had a carbonate content of 1.3 to 1.9 g. They 
precipitated this amount in 180 days, from July to December 
1989. This gives a daily amount of precipitation of 7.2 to 
10.5 mg carbonate. In the experiments they precipitated an 
net amount of 15 mg (0.150 mmol, January 11./12.) and 
5 mg (0.050 mmol, January 12./13.). This calculation shows 
that at least in experiments of several hours or a few days the 
amount of precipitated carbonate corresponds to precipita- 
tion under natural conditions. 

4.6.2 Experiments with Inhibitors 

Precipitation starts in the morning with the onset of 
photosynthesis and ends in the evening when photosynthesis 
ceases. To actually prove, however, that precipitation depends 
on photosynthesis, cyanobacteria were treated with the 
inhibitor DCMU (Dichlorphenyldimethylurea). This in- 
hibitor blocks the electron transport from photosystem II to 
photosystem I in photosynthesis. For Synechococcus a 10 -5 
molar DCMU solution was shown to completely inhibit 
photosynthesis (BAOOEa & Asoazws, 1982). 

Because of the poor solubility of DCMU in water, 
appropriate amounts of a concentrated stock solution of 
DCMU in methanol (0.012 g in 50 ml methanol) were added 
to sampling site water to get the desired final DCMU 
concentrations of 10 -5, 5x10 -6, and 10 -6 mol DCMU. The 
maximum methanol concentration of 1% showed no nega- 
tive effect on the viability of the cyanobacteria. 

Fig. 5 shows the results of an experiment with various 
concentrations of DCMU (10 -6, 5x10 -6, 10-5; 10/11/89). It is 
obvious that the amount of precipitated carbonate decreases 
with the increasing concentration of the inhibitor, corre- 
sponding to the decreasing photosynthetic activity. When 
transferred from the DCMU solution to pure water, the 
cyanobacteria immediately began to photosynthesize and 
carbonate was precipitated. 

Ethoxyzolamide 
Ethoxyzolamide (EZ) is an inhibitor for the activity of 

the enzyme carboanhydrase (CA), which catalyses the con- 
version of HCO3 to CO2 (Chapter 2.2). In which way EZ 
affects photosynthesis of cyanobacteria is yet not clear (5.1). 
Appropriate amounts of a stock solution of EZ in DMSO 
(Dimethylsulfoxide) were added to incubated cyanobacteria 
to give final inhibitor concentrations of 2x 10 -4, 4x10 -4, and 
6x 10 -4 mol. As a consequence of the addition of EZ, the pH 
dropped in the containers 0.04 to 0.1 pH units. All the 
inhibitor experiments therefore inevitably have a slightly 
lower initial pH. 

Fig. 6 shows the amount of carbonate precipitated by 
controls and by cyanobacteria treated with various EZ 
concentrations. It can be seen that the amount of precipita- 
tion decreases with the increasing concentration of the 
inhibitor. 

Comparing the amounts of dissolution occurring over 
night in all the samples, it can be seen that there is as much 
dissolution in the inhibitor experiments as in the control 
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samples, because the inhibitor does not affect the pentose- 
phosphate pathway and thus CO2 release and dissolution. 
The net result in 24 hours is therefore precipitation in the 
controls, but dissolution for the EZ treated cyanobacteria. 

Calculating the ratio of photosynthesis to precipitation 
for the EZ experiments, gives values significantly different 
from the ones in the control samples Tab. 2). While in the 
controls the ratio lies around 1.15 to 1 are the values for the 
EZ experiments considerably higher, up to 4 to 1. The 
inhibitory effect on precipitation is stronger than on photo- 
synthesis. The ratio of respiration to dissolution occuring 
over night, shows, as expected, no differences between the 
untreated cyanobacteria and the EZ samples. This ratio is, 
however, always slightly more variable than the ratio of 
photosynthesis to precipitation, varying beween 1 to 2 mol 
respired carbon for every mol dissolved carbonate. 

DMSO 
Peace & BADGER (1989 b) found a slightly negative effect 

on photosynthesis by DMSO concentrations above 0.2%. 
Therefore some experiments were ~ un to test the effect of the 
DMSO concentrations used in the EZ experiments. In these 
tests, no influence of pure DMSO were found, neither on 
photosynthesis nor on carbonate precipitation. 

5 DISCUSSION 

PENTECOST (1988) concluded that the high amount of 
carbonate as compared to organic material in the green alga 
Gongrosira sp. was an indicator of a high incidence of 
inorganic precipitation. In tufas the amount of organic 
material derived from cyanobacteria is estimated to be as 
low as 1 to 0.3-0.4 % (PE~,qECOS'r, 1978; 1985). RAW~N et al. 
(1986) measured the ratio of organic material versus carbon- 
ate in characeans and found more organic carbon than 
carbon in carbonate. They interpreted this as a reflection of 
little inorganic influence on precipitation. 

The ratio of organic versus inorganic carbon seems to be 
an indicator of the relative percentage of organic and inor- 
ganic influences on precipitation. A ratio of more than I: 1 is 
the result of organic dominated precipitation, while a higher 
amount of carbonate than organic carbon (e. g. a ratio 
below 1) reflects the influence of inorganic factors. The 
crystal morphology can in both cases be specifically influ- 
enced by the organic material, which might provide the 
nucleation sites for precipitation. 

In the Everglades, the amount of carbon precipitated in 
carbonate is always lower than the amount of organic car- 
bon. The restriction of calcification to the sheath also indi- 
cates biological precipitation. If inorganic factors were the 
cause of precipitation, calcification would be expected to 
exceed the outer sheath, because of continous growth fol- 
lowing crystal nucleation. All these observations suggest 
active carbonate precipitation by cyanobacteria. 

5.1 The Mechanism of Precipitation 

Cyanobacteria grown under high CO2 conditions (above 
equilibrium with the atmosphere) have the ability to actively 
take up CO2 and transport it into the cells. When grown 

under low CO2 conditions (equilibrium with the atmosphere 
and less) they activate a mechanism which allows them to 
take up bicarbonate as well. Bicarbonate use causes the 
release of equivalent amounts of OH- ions, which are pro- 
duced by the conversion of HCO3- to CO2 (KAPLAN, 1985; 
SCHERER et al., 1988 a; PmNs & ELZEN~A, 1989). Itwas shown 
by Mrf t~a & COLMAN (1980) for Coccochloris sp. that the 
amount of OH- ions released into the medium exactly equals 
the amount of NaHCO3 provided for photosynthesis. The 
mechanism of DIC uptake is presently discussed, and there 
are still considerable uncertainties. It is not yet clear, if one 
or two transport systems are involved in the uptake of the two 
carbon species, and how the pumps work. The pump, 
however, appears to have a carboanhydrase-like moiety in 
the cell wall (BADGER et al., 1985; BADGER & PeacE, 1989; 
ESPIE et al., 1989; I~r • COLMAN, 1980; PRmE & BADGER, 
1989 a; ). EZ might inhibit the uptake mechanism by im- 
peding the CA-moiety of the pump and/or by inhibiting the 
intracellular conversion of bicarbonate to CO2 and OH- 
(PRICE (~ BADGER, 1989 a,b). The experimental results show, 
however, different effects of EZ in different species, possi- 
bly indicating differences in the structure of the pump 
systems. There also may be variations caused by environ- 
mental conditions, with ceils grown in the presence of low 
CO2 concentrations using a more complex mechanism than 
those functioning in an environment more rich in CO2 (PEACE 
(~z BADGER, 1989 b). VOLOKITA et al. (1984) found a stronger 
inhibition of CO2 uptake than of riCO3- uptake inAnabaena 
variabilis. According to PRmE & BADGER, Synechococcus 
posses one pump, transporting CO2 as well as HCO3" into 
the cells, tn their experiments EZ affects the uptake of both 
species equally, which they interpret as an indication of 
inhibition of the pump system. An additional effect of EZ on 
the intracellular CA activity is possible (Peace & B ~ R ,  
1989 b). ESpIE et al. (1989; Synechococcus), however, pro- 
pose an uptake mechanism consisting of two pump systems 
because, according to the authors, the uptake of each of the 
two carbon species can be specifically inhibited. 

The experimental results from the Everglades suggest 
preferential inhibition of bicarbonate uptake. An equal in- 
hibition of both bicarbonate and CO2 uptake should lead to 
an equal decrease in photosynthesis and precipitation. The 
preferential decrease in precipitation shows that the two 
processes can, to a certain degree, be separated. Taking into 
account the considerable differences between the experi- 
mental conditions and the natural conditions existing in the 
Everglades, and, in addition, the different species involved, 
differences are not surprising. 

The quantitative relationship of photosynthesis and pre- 
cipitation and the preferential inhibition of precipitation by 
EZ, suggest a model in which precipitation is linked to 
photosynthetic bicarbonate use rather than general DIC 
uptake. Fig. 7 shows the proposed model in Scytonema. 
HCO3- is taken up, CO2 is used for photosynthesis, and OH- 
ions are released from the cells. In the sheath they either react 
with another HCO3- ion to form water and a carbonate ion, 
or they are neutralized by the uptake ofH + ions (among others: 
EsF[E et al., 1989). Either way, there are carbonate ions 
formed in the immediate vicinity of the cell. As the percent- 
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Fig. 7. Schematic model for precipitation inScytonema. DIC is taken 
up, either in form of CO 2 or HCO 3-, by an active pump system. The 
pump system is indicated by the frame. It's structure is presently 
discussed. '~fhen HCO 3- is the carbon species used for photosyn- 
thesis, hydroxyl ions are liberated. Either they axe released by the 
cells, or H + ions are taken up for neutralization. Either way there 
are carbonate ions quantitatively formed in the outer sheath, 
subsequently leading to precipiation by attracting calcium ions. 

age of HCO3- use in photosynthesis increases, more car- 
bonate ions are formed. In cyanobacteria the sheath acts as 
a diffusion bamer resulting in a local increase in the concen- 
tration of carbonate ions. The carbonate ions react with 
calcium being absorbed by the polysaccharides of the sheath, 
and calcium carbonate is precipitated. When CO2 is the 
carbon species taken up, no OH- ions are formed and no 
precipitation occurs. Therefore the ratio of organically to 
inorganically fixed carbon depends on the relative percentage 
of HCO3- in photosynthesis. If the percentage is low, due to 
low pH values or the inhibition of riCO3- use, the amount of 
photosynthesis is relatively high as compared to the amount 
of precipitation. This is demonstrated by the results of the EZ 
experiments, in which up to four times as much carbon was 
taken up for photosynthesis than was precipitated in car- 
bonate. If the percentage of HCO3- used in photosynthesis is 
high, then a ratio of photosynthesis to precipitation of 1 can 
result. 

The result of this purely biological calcification might be 
an impregnation of the sheath, while an encrustation indicates 
inorganic precipitation. In this case, sheath impregnation 
should preferentially occur in environments where photo- 
synthetic bicarbonate use occurs. 

5.2 Biological Influence 

The restriction of calcification to the outer sheath in 
Scytonema and the different crystal morphologies in the two 
taxa, despite all the natural variations in ion concentration, 

temperature, and probably crystallization rate throughout 
the wet season, suggest a taxa specific influence of the 
cyanobacteria over calcification. 

The crystal morphology can be strongly influenced by 
the rate of crystallization (At~DAOt &WEn, r~,  1985), which 
depends on the rate of ion supply as well as on the rate of ion 
incorporation into the crystal lattice. Variations in sheath 
structures and compositions, by allowing different diffusion 
rates for Ca2+-ions, might lead to different crystallization 
rates, subsequently resulting in differences in crystal mor- 
phology. For example, higher crystallization rates in 
Schizothrix might have lead to the growth of dendritic 
crystals, while the rhombohedral crystals in Scytonema 
might be due to a relatively slower growth rate. It has been 
demonstrated that the polysaccharides of the sheaths can 
serve as an interface for mediating and controlling crystal 
nucleation because of their high affinity forCa 2+ ions (SorvmRs 
& BROWN, 1978), onto which CO32- ions are subsequently 
absorbed (Ionotrophy; Gm~E~a~_D et al., 1984). In addition, 
WECXESS~ et al. (1988) showed a different capacity for 
calcium absorption in different cyanobacterial genera. Those 
differences could also be reflected in the distinct crystal 
morphologies observed in S cytonema and Schizothrix (Mm~ 
& ZaNy,  submitted). 

5.3 Environmental Influence 

Calcifying cyanobacteria only occur in waters super- 
saturated with respect to carbonate, but even there calcifica- 
tion is restricted to certain genera (Homoethrix, Phor- 
midium, Plectonema. Rivularia, Schizothrix, Scytonema; 
PzNrZCOST & RIp ,c ,  1986). None of these genera, however, 
are obligate calcifiers. 

The occurrence of calcified and uncalcified cyanobacteria 
living under the same environmental conditions indicates 
that supersaturation is not always sufficient for calcification. 

The results from this study show that two other factors 
can be of major importance. One is bicarbonate uptake by 
cyanobacteria, and the other is the suitability of the sheath 
for carbonate nucleation. Any environmental factor that 
influences either one of these factors will influence the 
cyanobacteria's ability to calcify. 

The bicarbonate pump is induced when the CO2 supply 
from the ambient water is low relative to the potential rate of 
photosynthesis. It should be active in an environment where 
CO2 concentrations are low, either due to low total DIC 
concentrations or to high pH values. Butalso in environments 
where high light intensities sustain or even require espe- 
cially high rates of photosynthesis, bicarbonate uptake might 
be advantageous for thereduction ofphotoinhibition (Chapter 
2.2). In these environments photosynthetic bicarbonate use 
could then lead to carbonate precipitation. 

Structtire and composition of the sheath also seem to be 
essential for calcification. Differences among species in 
their affinity for calcium were described by WECr~ss~ etal. 
(1988). But the affinity for calcium might also depend on 
environmental conditions (WrmELER & SINES, 1984; 
Gm~ZrmELD et al., 1984), thus possibly changing the suit- 
ability of the sheath for nucleation. The thickness of the 
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sheath as a diffusion limited site for precipitation is also 
influenced by environmental conditions (TUVVERY, 1969). 

5.4 Possible Biological Significance of Calcification 

The question about the environmental factors influenc- 
ing calcification is closely linked to the question about 
possible benefits for the cyanobacteria. In principle there 
seem to be no differences in the calcification of cyanobacteria 
and of calcareous algae. In algae, calcification depends on 
the activity of the enzyme carboanhydrase, the uptake of 
bicarbonate for photosynthesis (LucAs, 1979; SI~s & 
Wa~UR, 1982; BoRowrrzXA, 1990), or on the presence of a 
polysaccharide matrix. Green algae calcify extracellulary, 
either in diffusion limited intracellular spaces (Halimeda; 
Bo~own-za~ & LAmCUM, 1977), or within sheath material 
containing polysaccharides (Penicillus, Udotea; BOROWrrZKA, 
1986). DCMU inhibits precipitation in Halimeda, as it does 
in cyanobacteria, while diamox, an inhibitor for earboan- 
hydrase activity, greatly reduces calcification (BoRoVaTZKA 
& LAP, XUM, 1976). AS in cyanobacteria seem the poly- 
saccharides in Halimeda to control the orientation of the 
crystals to a certain degree. It was shown that in characeans 
(chlorophyceae, chlorophyta) precipitation occurs in local- 
ized bands of OH" release, which are formed by the use of 
bicarbonate in photosynthesis (LucAs, 1979; BOROWrrZKA, 
1982). There seems to be no organic material involved in 
precipitation by characeans. 

In the calcification of corallinaceans (rhodophyta) and 
coccolithophoridae, obviously under biologic control, 
polysaccharides play an important role. Corallinaceans pre- 
cipitate within the cell wall. The orientation of the crystals 
is regulated by organic molecules. 

These comparisons show that some forms of calcifica- 
tion in cyanobacteria and calcareous algae may basically be 
the same. Therefore there is, for cyanobacteria as for cal- 
careous algae, the question, if there is any beneficial effect 
from calcification or precipitation for the organism as is 
suggested by the restriction of calcification to certain taxa 
and the control calcifying cyanobacteria can exert on pre- 
cipitation. 

5.4.1 Light Protection 

When there is more light energy absorbed than can be 
used inphotosynthesis for the formation of organic molecules, 
a severe damage of the reaction centers in the photosynthetic 
apparatus might occur. The rate of photosynthesis can be 
reduced or the reaction centers might be irreversibly dam- 
aged. Some of the carotenoids in cyanobacteria absorb the 
potentially hazardous radiation and thus protect the 
photosynthetically active pigments. It has been proposed 
that the calcification of some cyanobacteria and algae might 
have a light shading function (Cyanobacteria, VAN LIE~ & 
W~t.sBy, 1982; CoraUinaceae, Ln'a~ER, 1976; Characeae, 
RAVEN et al., 1986). The same has been proposed for the 
fossil calcifying cyanobacteria Renalcis and Epiphyton 
(RowLAND & GANGLOFF, 1988). 

Calcifying cyanobacteria occur, besides being common 
in tufa deposits and similar environments, often in areas of 

extremely shallow water where they are exposed to very 
high light intensities. Comparing the measured light in- 
tensifies in the Everglades with literature data on the inten- 
sity optimum for photosynthesis by cyanobacteria it can be 
seen that the optimum values are exceeded more than ten 
fold. For some strains WALSBV (1968) and HADER (1987) give 
values of 500 to 1000 Ix. For mat forming Oscillatoriaceans 
in a natural environment the light optimum is about 3000 Ix, 
while they show photophobic reactions when the irradiance 
exceeds 10000 Ix (PENTECOST, 1984). CASTEmIOLTZ (1982) 
describes phototactic movements up to 10000 Ix. Generally, 
cyanobacteria prefer low light intensities. 

There are two ways, how a strong light irradiance might 
induce conditions favourable for carbonate precipitation. 

The stress of living in high light environments could 
induce secretion of sheath material neccessary for precipi- 
tation (KAzMm~CZAK et al., 1990; SC:a~ER et al., 1988 b), and 
a calcified sheath might physically shade the filament. But 
high light intensities might also affect precipitation via an 
induction of the bicarbonate pump. Some of the absorbed 
light energy has to be used for the maintenance of the pump, 
and would thus not be able to damage the photosynthetic 
apparatus. Calcification would then occur as a secondary 
consequence of the high radiation. 

5.4.2 Ion Sink 

Precipitation might help to buffer the pH rise caused by 
CO2 uptake during photosynthesis. This was proposed by 
RAVEN et al., (1986) for characeans and by PAASCrm (1964) 
and Sm~s et al. (1980) for coccoliths. The hydroxyl ions 
would lead to rapid increase ofpH, if they would be released 
into a weakly buffered medium. By their reaction with an 
extracellular bicarbonate ion and the subsequent precipita- 
tion of carbonate, the pH rise is reduced. Therefore carbonate 
precipitation might allow higher rates of photosynthesis in 
weakly buffered waters. The occurrence of calcifying 
cyanobacteria, however, does not seem to be restricted to 
environments with a low natural buffer capacity. 

Carbonate precipitation could also be used as a sink for 
carbonate ions being inevitably formed as a consequence of 
hydroxyl ion release. Carbonate ions cannot be used in 
photosynthesis. Therefore they may have a negative effect 
on bicarbonate uptake when they get attached to the pump 
and block it (LucAs, 1983). The carbonate precipitation might 
be a way to protect the pump from the carbonate ions, thus 
ensuring a constant high rate of photosynthesis by unimpaired 
DIC uptake. The effect would be similar to the spatial 
separation of bicarbonate uptake and hydroxyl release in 
characeans (LucAs, 1983). 

Although there are too few experimental data on the 
calcification of cyanobacteria to decide, what factors finally 
cause precipitation, it can be seen that there are various ways 
how the organisms may benefit from it. 
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