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FIGURES

1. Optical density profiles within the polyethylene tubes before (May 26) and after (June 2) 
nutrient enrichment.

2. Surface abundance of Aphanizomenon flos-aquae within polyethylene tubes which were 
enriched on May 26. The inset table exhibits the corresponding chlorophyll “a” concentrations.

3. Water transparency from the polyethylene tubes which were enriched on August 9, 1978.

4. Per cent of the surface light intensity at 1 m within the polyethylene tubes.

5. Oscillatoria   abundance in the N 4 P enriched tube at 0 m, 2.5 m and 5 m.

6. Oscillatoria   volume in the N + P enriched tube at 0 m, 2.5 m and 5 m. The inset table exhibits 
the average length of the Oscillatoria filaments.

7. Oscillatoria   abundance in the NH4-N enriched tube at 0 m, 2.5 m and 5 m.

8. Oscillatoria   volume in the NH4-N enriched tube at 0 m, 2.5 m and 5 m. The inset table exhibits 
the average length of the Oscillatoria filaments.

9. Oscillatoria   abundance in the control tube (a) and the PO4-P enriched tube (b) at 0 m, 2.5 m and 
5 m.

10. Anabaena   spp. abundance in the PO4-P enriched tube at 0 m, 2.5 m and 5 m.

11. Anabaena   spp. abundance in the control tube at 0 m, 2.5 m and 5 m.

12. Anabaena   spp. abundance in the N + P enriched tube at 0 m, 2.5 m and 5 m.

13. Anabaena   spp. abundance in the NH4-N enriched tube at 0 m, 2.5 m and 5 m.

14. Aphanizomenon   abundance in the PO4-P enriched tube at 0 m, 2.5 m and 5 m.

15. Aphanizomenon   abundance in the control tube at 0 m, 2.5 m and 5 m.

16. Aphanizomenon   abundance in the N + P enriched tube (a) and the NH4-N enriched tube (b) at 0 
m, 2.5 m and 5 m.
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TABLES

1. Anabaena  , Oscillatoria and Aphanizomenon filament abundance (filaments per ml) in the N + P 
enriched tube.

2. Anabaena  , Oscillatoria and Aphanizomenon filament abundance (filaments per ml) in the N 
enriched tube. 

3. Anabaena  , Oscillatoria and Aphanizomenon filament abundance (filaments per ml) in the 
control tube.

4. Anabaena  , Oscillatoria and Aphanizomenon filament abundance (filaments per ml) in the P 
enriched tube.
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ABSTRACT
         
         
The vertical distribution of bloom-forming, blue-green algae is determined, in part, by nutrient 
availability, buoyancy regulation and nitrogen fixation. The epilimnetic Oscillatoria concentration in 
Lake Waccabuc (N.Y.) was stimulated by the addition of NH4-N. The PO4-P enrichment increased the 
epilimnetic, nitrogen-fixing populations of Anabaena spp. and Aphanizomenon flos-aquae. The vertical 
distribution of each was maintained through buoyancy regulation.
              
The formation of surface blooms by Anabaena and Aphanizomenon could have been a function of their 
ability to fix nitrogen, and thus, convert the osmotically active photosynthate into protein. This 
suggests that nitrogen fixation and buoyancy regulation could be interconnected through a “pseudo-
symbiotic” relationship.
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INTRODUCTION
         
         
         
A stratified eutrophic lake is characterized by the occurrence of blue-green algal blooms 
(Vollenweider. 1968). The success of these epilimnetic populations is due to nutrient availability, 
which can be augmented by buoyancy regulation and nitrogen fixation.
         
Buoyancy Regulation: The buoyancy of blue-green algae has been attributed to the reduction in cell 
density by gas vacuoles (Walsby, 1969). Gas vacuoles are composed of hollow, membranous cylinders 
called gas vesicles (Bowen & Jensen, 1965). The gas vesicle membrane is comprised of a single protein 
which contains significant quantities of the following amino acids: alanine, valine, isoleucine, leucine, 
glutamate and serine (Jones & Jost, 1970). The gases within the vesicle are identical to those dissolved 
in the adjacent medium (Walsby, 1971).
         
Walsby (1970) proposed a buoyancy regulating mechanism which directly related light intensity, and 
thus photosynthetic rate, to turgor pressure. It has been shown that an increment in pressure initiates the 
collapse of the weaker gas vesicles (Walsby, 1970). Recently, Klemer (1978) ascertained that gas 
vacuolation is proportional to the availability of nitrogen. In combination, the above results provide 
another view of the buoyancy regulating mechanism.
         
Gas vacuolate blue-green algae often occupy the upper epilimnion, which is characterized by low nutri-
ent concentrations and high light intensities. Under conditions of nitrogen stress, an alga accumulates 
osmotically active photosynthates, such as carbohydrates (Syrett, 1962). Its turgor pressure then in-
creases, resulting in the collapse of a percentage of the gas vacuoles (Walsby, 1970). As the buoyancy 
decreases, the alga sinks. At this lower depth, the ambient nutrient concentration is increased, while the 
light intensity is reduced. A nitrogen deficient alga assimilates inorganic nitrogen quite rapidly (Syrett, 
1962). The carbohydrate reserves are converted into proteins (Syrett, 1962), thus decreasing the turgor 
pressure of the algal cells (Dinsdale & Walsby, 1972). Some of this protein is utilized in the production 
of gas vesicle membranes. Klemer (1978) has demonstrated with a nitrogen limited continuous culture 
of Oscillatoria rubescens that relative gas vacuolation is directly related to the ammonia concentration. 
Consequently, increased NH4-N levels result in positive buoyancy (Walsby & Klemer, 1974, Klemer, 
1976).
         
The ecological significance of buoyancy regulation is exhibited in the following ways. (1) The 
buoyancy of photosynthetic blue-green algae enables them to remain within the photic zone (Reynolds 
& Walsby, 1975). (2) Neutral buoyancy facilitates the maintenance of an optimum vertical distribution; 
for example, Oscillatoria agardhii var. isothrix can form stable metalimnetic maxima in sheltered lakes 
(Klemer 1976). (3) Nutrients may be obtained from a sizable portion of the water column through the 
diurnal migrations of certain colonial blue-green algae (Reynolds & Walsby, 1975).

Nitrogen Fixation: Nitrogen fixation is the process whereby molecular nitrogen (N2) is reduced to 
ammonia (NH4

+). It is associated with three essential factors; energy in the form of ATP, a reductant, 
and the enzyme nitrogenase (Salisbury & Ross, 1978). Nitrogen fixation has been linked to 
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photosynthesis; however, this process has also been shown to occur at night through the utilization of 
carbon that had been fixed during the day (Home, 1979).
         
The fixation of nitrogen by photosynthetic blue-green algae in aerobic environments is a remarkable 
phenomenon because the activity of nitrogenase is inhibited by oxygen (Fay & Cox, 1967). The 
integrity of nitrogenase is maintained within specialized cells called heterocysts. A positive correlation 
between nitrogen fixation and the presence of heterocysts has been ascertained through a number of 
studies (Fogg, 1949, Stewart et al, 1968, Ogawa & Carr, 1969, Home & Goldman, 1972; Home et 
al,1972; Tommy & Lee, 1976).         

The physiology of a heterocyst is quite different from that of a vegetative cell (Haselkorn, 1978). 
Heterocysts are surrounded by a multilayered envelope which prevents the exchange of gases. 
Photosystem II is lacking; consequently, these cells do not fix carbon dioxide or evolve oxygen. 
Photosystem I is present, and it is responsible for the generation of ATP. The heterocyst and the 
vegetative cell are connected to one another via microplasmodesmata. Pumps, located at the boundary, 
serve to transport molecular nitrogen and fixed carbon to the heterocyst, while organic nitrogenous 
compounds are channeled to the vegetative cell.              
                                                            
Many studies have demonstrated that high concentrations of inorganic nitrogen inhibit the formation of 
heterocysts (Ogawa & Carr, 1969, Home et al., 1972; Fogg et al, 1973) and the synthesis of 
nitrogenase. (Stewart et al., 1975). In a study conducted by Stewart et al. (1975), it was ascertained that 
ammonia was more effective than nitrate in depressing nitrogenase synthesis. They also provided 
evidence to indicate that the intracellular level of ammonia, rather than the exogenous concentration, 
was more directly correlated to the inhibition of this enzyme.
         
Since ammonia is the end product of nitrogen fixation, the activity of nitrogenase can only be 
maintained if this compound does not accumulate within the heterocyst. Upon formation, ammonia is 
either rapidly assimilated into cellular components or incorporated into reserves (Stewart et al., 1975). 
Stewart et al. (1975) recognized two storage products within blue-green algae, phycobiliproteins and 
cyanophycin granules. The phycobiliproteins include phycocyanin, allophycocyanin and phycoerythrin; 
they function both as accessory pigments and easily mobilized nitrogen reserves (Allen & Smith, 
1969). Cyanophycin granules are not as labile as the phycobiliproteins; consequently, they can not be 
readily utilized under conditions of nitrogen stress (Simon, 1971).
         
Nitrogen fixation by blue-green algae is an ecologically significant process. Four to nine per cent of 
their dry weight is comprised of nitrogen (Fogg et al, 1973), and the optimum concentration has been 
estimated as greater than 1 mg N/l (Vollenweider, 1968). Thus, a nitrogen fixing species has a 
competitive advantage within the epilimnion where the inorganic nitrogen concentrations are generally 
low.
  
The vertical distribution of blue-green algae is dependent upon nutrient availability, buoyancy 
regulation and nitrogen fixation. Nutrient enrichment experiments were conducted in Lake Waccabuc 
(N.Y.) to elucidate the effects of nitrogen and phosphorus upon the vertical distribution of Oscillatoria, 
Anabaena and Aphanizomenon flos-aquae. These three genera are gas vacuolate, but only Anabaena 
and Aphanizomenon can fix nitrogen in aerobic environments (Fogg et al. 1973; Home & Goldman, 
1972). 
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MATERIALS AND METHODS
         
         
         
Lake Waccabuc is a eutrophic lake which is located in Westchester County, New York. Its physical 
parameters include: a surface area of 53 ha, a total volume of 4.053 X 106 m3, a hypolimnetic volume 
of 7.228 X 105 m3, and a maximum depth of 13 m (Fast, Dorr & Rosen, 1975).
         
A sheltered cove with a mean depth of 9 in was the site chosen for the nutrient enrichment experiments. 
A cable was connected from the shore to an anchored buoy situated at a perpendicular distance of 33 
in. Four floats supporting polyethylene tubes were attached to the cable. The polyethylene tubes were 1 
m in diameter and 6.5 m in length, with aluminum hoops secured at meter intervals. Enrichment 
occurred on May 26, 1978 and August 9, 1978 for experiments 1 and 2, respectively. The following 
nutrient regimes were utilized:
  

Tube Experiment 1 Experiment 2
1 1 mg PO4-P/l 10 mg NH4-N/1 + 1 mg PO4-P/l
2 10 mg NH4-N/1 10 mg NH4-N/1
3 Control Control
4 10 mg NO3-N/1 1 mg PO4-P/l

       

Each week numerous physical and biological parameters were measured. Light intensity and water 
transparency were obtained with a Protomatic submersible photometer and a Secchi disk, respectively. 
A Montedoro-Whitney transmissometer was used to obtain optical density profiles, while oxygen and 
temperature profiles were ascertained with a YSI model 51A oxygen meter, Finally, chlorophyll “a” 
concentrations were determined according to the method described by Lorenzen (1967).
         
Algal counts were determined with water samples from 0 m, 2.5 m and 5.0 m; the latter two depths 
were obtained with a discrete level sampler. Five milliliters which had been preserved with Lugol’s 
iodine solution were placed into a sedimentation chamber. The contents were allowed to settle onto the 
bottom plate for at least 24 hours. Two perpendicular transects, taken across the diameter of the 
chamber, were examined with a Leitz Diavert inverted microscope. The distribution of phytoplankton 
on the bottom plate was assumed to be random.
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RESULTS

         
         
         
Experiment 1
         
In retrospect, experiment 1 served as the introduction to the second study; the experimental design was 
checked and the sampling procedures were refined, but the data was not ascertained systematically. 
This first study extended from May 18, 1978 through June 2, with enrichment occurring on May 26. 
During this period, the upper metalimnion was situated at 2.5 m.
         
Optical Density:   Similar optical density profiles, each with a maximum at 2 m, were exhibited by all 
the tubes on May 26 (Figure 1). On June 2, the optical density at the surface of the NH4-N tube was the 
highest, closely followed by NO3-N (Figure 1). The maxima, consisting primarily of Aphanizomenon 
flos-aquae and diatoms, occurred at 3 m with the NH4-N and NO3-N enrichments, and at 4 m in the 
control and PO4-P tubes.
         
Algal Counts: The dominant alga at the surface of the tubes and the lake throughout experiment 1 was 
Aphanizomenon flos-aquae, a nitrogen-fixing blue green (Figure 2). On May 30, four days after 
enrichment, the Aphanizomenon abundance increased significantly in the NO3-N and the NH4-N tubes; 
it decreased in the PO4-P tube, while no change was observed in the control tube. On May 31, the 
numbers of Aphanizomenon filaments increased precipitously with the NH4-N enrichment; only 
moderate increases were observed in the other tubes. By June 2, the filament abundance increased in 
the NO3-N, control and PO4-P tubes, but declined in the NH4-N tube probably due to phosphorus 
limitation. Heterocysts were visible only within the control and PO4-P enriched tubes from May
30 through June 2.
         
Chlorophyll “a”: The chlorophyll “a” concentrations at 0 m from May 26 to June 2 paralleled the 
fluctuations in Aphanizomenon abundance (Figure 2). The NH4-N enriched tube exhibited the greatest 
positive response, followed by NO3-N. The chlorophyll concentration of the PO4-P tube decreased, 
while the control tube remained the same.

The physical and biological data from experiment 1 indicate that the spring population of 
Aphanizomenon flos-aquae was limited by nitrogen; a similar result was encountered by Billaud 
(1968). There was a dramatic increase in algal biomass with the NH4-N enrichment, while the NO3-N 
tube exhibited a gradual increase. These differential results could be accounted for by the fact that NO3-
N had to be reduced to NH4-N before assimilation could occur (Syrett, 1962).
         

Experiment 2
         
Experiment 2 was conducted from July 28, 1978 to August 26, 1978; nutrient enrichment occurred on 
August 9. As this study progressed, the weather conditions changed from overcast to sunny, and the 
depth of the epilimnion increased from 3 to 4 m.
         
Water Transparency:  The water transparency was consistently lower in the N + P tube, followed by the 
N, P and control tubes respectively (Figure 3). From August 9 to August 12, a uniform decrease was 

Digitized from original document. 



exhibited in water transparency. By August 19, the N + P and N tubes continued to decrease, while the 
P and control tubes remained the same. On August 26, 17 days after enrichment, the water transparency 
of the P tube had begun to decrease and an increase was observed in the other tubes.
         
Light Intensity: The percent of the surface light intensity at 1 m in each tube, except P, exhibited the 
same pattern, a gradual decrease until August 19, then an increase on the 26th, the P tube decreased 
throughout the experiment (Figure 4). On August 19, shifts in the dominant species of Anabaena were 
noted (Tables 1-4). Within the intervening week, some of the older epilimnetic populations had 
decomposed. This decomposition was accompanied by cellular lysis which released nutrients and 
pigments into the surrounding water (Fogg et a]., 1973; Keating 1978). These pigments could have 
absorbed much of the incident radiation on August 19. Their subsequent degradation by August 26 
could have accounted for the increase in percent transmission observed in the N + P, N and control 
tubes. The decrease in the P tube from August 19 to August 26 was due to a substantial increase in the 
epilimnetic populations of Anabaena and Aphanizomenon flos-aquae.
         
Vertical Distribution:  Oscillatoria
         
The response of the Oscillatoria population to the N + P enrichment was as follows (Figures 5 & 6). 
From August 9 to August 12, the Oscillatoria volume increased throughout the water column, but the 
filament concentration remained constant, Between the 12th to the 19th,Oscillatoria growth occurred 
primarily at 2.5 m and 5 m. By August 19, an Anabaena bloom had developed within the surface three 
meters which competed with Oscillatoria for the excess nitrogen and phosphorus (Figure 12). On 
August 26, the Anabaena bloom had begun to collapse; this initiated a number of responses in the 
Oscillatoria population. The filament concentration, the average length and the algal volume increased 
at 0 m, At 2.5 m, the Oscillatoria abundance increased slightly, but the average length and algal volume 
decreased. These results seem to indicate that there was an upward migration from 2.5 m to 0 m of the 
longer gas vacuolate filaments. At 5 m, there was a dramatic increase in the Oscillatoria concentration, 
but since the filament length decreased, the increase in algal volume was only moderate. This spurt of 
growth at 5 m corresponded to an increase in light transmission through the water column. The 
occurrence of metalimnetic maxima of Oscillatoria in stratified, sheltered lakes has already been 
documented (Baker et a]., 1969, Walsby & Klemer, 1974; Klemer, 1976).

The NH4-N enrichment stimulated the growth of Oscillatoria throughout the water column, but 
especially within the epilimnion.(Figures 7 & 8). Klemer (1976) demonstrated that epilimnetic 
populations of Oscillatoria agardhii var. isothrix increased after the addition of NH4-N. August 9 to 
August 12 seemed to represent a lag phase, whereby the filament concentration and volume remained 
the same. By August 19, there were significant increases in Oscillatoria abundance, length and volume 
at 0 m and 2.5 m. By August 26, the filament concentration had increased more at 2.5 m and 5 m, than 
at the surface. This corresponded to a sharp increase in Anabaena abundance within the epilimnion 
(Figure 1)). At the surface on August 26, the Oscillatoria length and volume decreased, while at 2.5 m, 
an increase was observed. These complementary results were indicative of a downward migration from 
0 m to 2.5 m of the longer filaments. Perhaps the relative gas vacuolation of Oscillatoria declined as the 
surface Anabaena population was utilizing the available nitrogen resources.
         
During experiment 2, the control and PO4-P enriched tubes experienced a net decrease in Oscillatoria 
abundance throughout the water column (Figure 9).
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Vertical Distribution: Anabaena
         
The vertical distribution of Anabaena was regulated by its ability to fix nitrogen. Nitrogen fixation, 
denoted by the presence of heterocysts (Ogawa & Carr, 1969, Home et al, 1972), was significant only 
within the epilimnion of the PO4-P and control tubes. The vertical distribution of the nitrogen fixing 
populations was characterized by maxima which formed at 2.5 m (Figures 10 & 11). In the N + P and 
NH4-N tubes, the greatest increment in the Anabaena concentration occurred at 0 m (Figures 12 & 13); 
perhaps the gas vacuolation increased due to the NH4-N enrichment (Klemer, 1978). In every tube, the 
metalimnetic populations of Anabaena were insignificant.
         
The Anabaena assemblage in each tube exhibited a unique response to nutrient enrichment. In the N + 
P tube, the Anabaena concentration at 0 m and 2.5 m increased precipitously until August 19, then 
decreased.(Figure 12). In the NH4-N tube, from August 9 to August 12, the filament abundance 
decreased at 0 m and increased at 2.5 m; this was indicative of a downward migration.(Figure 13). On 
August 19, the Anabaena assemblage had decreased significantly at 0 m and 2.5 m, while the 
epilimnetic Oscillatoria population in- creased. By August 26, the Anabaena concentration at the 
surface and 2.5 m had increased precipitously. In the control tube, the Anabaena assemblage decreased 
throughout the experiment, while Aphanizomenon flos-aquae increased.(Figure 11). In the PO4-P 
enriched tube, the Anabaena concentration increased slightly from August 9 to August 12. By August 
19, the filament abundance decreased significantly due to the decomposition of the older epilimnetic 
populations. The subsequent increase was attributed to the rapid growth of Anabaena # 10, a nitrogen 
fixing alga (Figure 10 & Table 4).         

 Vertical Distribution:  Aphanizomenon flos-aquae

The dominance of Aphanizomenon flos-aquae occurred primarily within the epilimnion of the PO4-P 
and control tubes, where the level of nitrogen fixation was significant (Figures 14 & 15). In the N + P 
and the N enriched tubes, this alga could not successfully compete with Anabaena and Oscillatoria for 
the available macronutrients (Figure 16). The vertical distribution of Aphanizomenon flos-aquae in 
each tube exhibited no preference for a discrete layer within the epilimnion.
         
A. flos-aquae had the competitive advantage within the control tube (Figure 15). There was an 
immediate and significant increase in the filament abundance at the surface and 2.5 m by August 12. 
From August 12 to August 19, the Aphanizomenon concentration remained constant. On August 26, 
increases in filament density were observed throughout the water column.
         
In the PO4-P enriched tube, both Aphanizomenon and Anabaena were dominant. From August 9 to 
August 12, the A. flos-aquae concentration increased significantly at 0 m and 2.5 m (Figure 14). The 
population density remained the same until August 19; then it exhibited a moderate and slight increase 
at 2.5 m and 0 m, respectively.
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DISCUSSION         
         
         
In this study, the nutrient effects on the vertical distribution of Oscillatoria, Anabaena spp. and 
Aphanizomenon flos-aquae were examined. The contribution of buoyancy regulation and nitrogen 
fixation to the vertical distribution of blue-greens was also considered.

The growth of Oscillatoria was stimulated by the NH4-N and N + P enrichments. In the NH4-N tube, 
large epilimnetic populations developed which were initiated by an increase in gas vacuolation and 
buoyancy (Klemer, 1978; Walsby & Klemer, 1974). In the N + P enriched tube, the NH4-N 
concentration available to the Oscillatoria filaments was severely reduced because of an epilimnetic 
Anabaena bloom. Only when the Anabaena bloom began to collapse, with the subsequent release of 
nutrients from cell lysis (Fogg et al, 1973), did the Oscillatoria population proliferate in the epilimnion. 
Concurrently, the light transmission through the water column and the Oscillatoria abundance in the 
metalimnion increased. The success of light-limited, metalimnetic maxima may be attributed to 
heterotrophy. For example, Oscillatoria agardhii var. isothrix has been found to supplement its 
photosynthetic carbon fixation with the assimilation of simple organic compounds (Saunders, 1972). 
Consequently, an increase in light intensity would stimulate the growth of these populations.
         
The epilimnetic assemblages of Aphanizomenon and Anabaena were augmented by the PO4-P 
enrichment. This agrees with the data obtained by Ogawa and Carr (1969) which implicates 
phosphorus as the primary nutrient responsible for limiting the growth of nitrogen-fixing blue-green 
algae.
                  
In the control tube, Aphanizomenon flos-aquae had the competitive advantage over Anabaena because 
of its rapid buoyancy regulating mechanism. The Aphanizomenon filaments formed large aggregations 
which facilitated their diurnal migrations (Walsby, 1977). Thus, the population was able to obtain 
nutrients throughout a significant portion of the water column. The rapid mobility of Aphanizomenon 
probably accounted for its fairly even epilimnetic distribution.
         
The vertical distribution of Anabaena varied in accordance with the presence or absence of heterocysts. 
The nitrogen-fixing populations formed maxima at 2.5 m, while those enriched, with NH4-N were 
stimulated to a greater degree at the surface. The addition of 10 mg N/l probably resulted in luxury 
consumption of the macronutrient (Reynolds & Walsby, 1975). Some of this excess nitrogen could 
have been stored in the protein composing the gas vesicle membranes (Jones & Jost, 1970), thus 
resulting in the positive buoyancy of these populations.
         
The optimum depth for nitrogen-fixing assemblages consists of a light intensity which does not cause 
photo-oxidation, but is high enough to satisfy their energy and reductant requirements (Horne, 1979). 
Studies have demonstrated that the nitrogen fixation rates of Anabaena decrease precipitously with 
depth (Home & Fogg, 1970; Home & Goldman, 1972). The population maxima at 2.5 m exhibited 
neutral buoyancy. At the surface, excess nitrogen was available because of the higher nitrogen fixation 
rates; thus, gas vacuolation and buoyancy increased (Klemer, 1978). This indicates that the formation 
of water blooms by Anabaena could be a function of its ability to fix nitrogen.
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According to the turgor pressure mechanism for buoyancy regulation (Walsby, 1970), the occurrence 
of water blooms is an anomaly. Their formation has been associated with the failure of surface 
populations to maintain high photosynthetic rates because of carbon dioxide limitation (Walsby, 1977). 
This would prevent both the accumulation of osmotically active photosynthate and an increase in turgor 
pres- sure; thus, the collapse of gas vacuoles would not be initiated.
         
Many of the notorious bloom-farmers, such as Anabaena, Aphanizomenon and Gloeotrichia, fix 
nitrogen (Fogg et al, 1973; Reynolds & Walsby, 1975). The epilimnetic populations of these genera 
could probably produce enough ammonia to convert the photosynthate into protein. Consequently, the 
positive buoyancy exhibited by the surface populations of nitrogen-fixing blue-green algae would be 
maintained.
         
With particular reference to the above data, I hypothesize that nitrogen fixation and buoyancy 
regulation are not two autonomous processes, but rather, are interconnected through a “pseudo-
symbiotic” relationship. Once the ammonia is formed within the heterocyst, Stewart et al (1975) 
recognized phycobiliproteins and cyanophycin granules as the storage structures to which the excess 
nitrogen is channeled. Gas vesicle membranes probably serve as a third nitrogen re- serve. This 
statement can be supported by the following facts: (1) gas vesicle membranes are composed entirely of 
protein (Jones & Jost, 1970); (2) glutamate, one of the primary amino acids formed during nitrogen 
fixation (Haselkorn, 1978), is also a significant component of the gas vesicle membrane (Jones & Jost, 
1970); and (3) gas vacuolation is directly proportional to the exogenous concentration of ammonia 
(Klemer, 1978). In conclusion, the linking of nitrogen fixation and buoyancy regulation facilitates the 
maintenance of an optimum vertical distribution and, thus, augments the competitive advantage of 
certain blue-green algae.
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TABLE 1:  Anabaena, Oscillatoria and Aphanizomenon filament abundance (filaments ml-1) in the N + P enriched tube

August 9, 1978 August 12, 1978 August 19, 1978 August 26, 1978
Species 0 m 2.5 m 5 m 0 m 2.5 m 5 m 0 m 2.5 m 5 m 0 m 2.5 m 5 m
Anabaena sp.

   1 7 32 77 39 7 165 99 4 42 11
   2 7 11 7
   5 211 637 18 218 162 106 109 67 18 204 14
   6 1513 2601 91 1218 3273 577 531 567 53 113 162 7
   7 95 148 18 39
   8 4 331 3287 3065 14 4673 3741 28
   9 4
  10 4 14 14 134 25 366 116 21
  11 802 18 11 14 21
  12 1770 2601 11 348 264 11

Total 1830 3431 109 1858 4286 697 5951 6581 123 5761 4214 81

Oscillatoria sp. 310 303 130 222 299 120 310 465 299 468 436 1249

Aphanizomenon 
flos-aquae 352 211 77 764 788 697 81 665 429 598 405 264
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TABLE 2:  Anabaena, Oscillatoria and Aphanizomenon filament abundance (filaments ml-1) in the N enriched tube

August 9, 1978 August 12, 1978 August 19, 1978 August 26, 1978
Species 0 m 2.5 m 5 m 0 m 2.5 m 5 m 0 m 2.5 m 5 m 0 m 2.5 m 5 m
Anabaena sp.

   1 25 4 538 936 7 320 246 84 2083 1189 39
   2 4 4 42 4 39 11
   5 320 567 32 99 28 69 39 39 14 370 144
   6 1619 2354 148 662 2586 264 278 257 137 1242 1119 39
   7 313 172 21 7
   8 7 7 39 70 11 11 7 35
  10 7 18 7 28
  11 7 4

Total 2291 3107 179 1337 3663 338 658 595 250 3804 2463 77

Oscillatoria sp. 243 267 95 225 243 102 792 556 95 1024 1003 345

Aphanizomenon 
flos-aquae 250 134 137 598 1211 429 123 120 141 468 282 74
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TABLE 3:  Anabaena, Oscillatoria and Aphanizomenon filament abundance (filaments ml-1) in the Control tube

August 9, 1978 August 12, 1978 August 19, 1978 August 26, 1978
Species 0 m 2.5 m 5 m 0 m 2.5 m 5 m 0 m 2.5 m 5 m 0 m 2.5 m 5 m
Anabaena sp.

   1 7 4
   2 4 18 32 7 14
   5 394 531 32 595 665 32 567 102 4 7
   6 1636 2368 144 1404 2080 229 408 746 243 155 165 7
   7 60 158 267 461 35 137
   8 14 4 4 42 4
  10 4 7 243 7
  11 4 63 28 14

Total 2108 3072 176 2294 3245 261 1123 1260 247 169 179 7

Oscillatoria sp. 366 373 116 211 208 102 141 141 35 220 123 42

Aphanizomenon 
flos-aquae 292 70 25 1492 1552 187 1580 1795 218 3206 2935 961

Digitized from original document. 



TABLE 4:  Anabaena, Oscillatoria and Aphanizomenon filament abundance (filaments ml-1) in the P enriched tube

August 9, 1978 August 12, 1978 August 19, 1978 August 26, 1978
Species 0 m 2.5 m 5 m 0 m 2.5 m 5 m 0 m 2.5 m 5 m 0 m 2.5 m 5 m
Anabaena sp.

   1 7
   2 18 7 18 11 4
   5 394 447 35 384 524 67 4 7 7 4
   6 1742 2776 88 2548 1935 422 239 341 25 67 88 4
   7 370 556 25 109 1661 4
   8 28 21 49 7
  10 4 4 1059 1334 28 4152 4670 95
  11 102 7 4 18

Total 2528 3822 173 3108 4240 489 1317 1675 60 4230 4776 103

Oscillatoria sp. 285 341 95 127 215 155 232 116 60 127 134 35

Aphanizomenon 
flos-aquae 99 123 21 2140 2674 433 2622 2442 190 2938 4430 63
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