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ABSTRACT 

An autecological study of the heterosporous fern Azolla filiculoides 

Lamarck and its endosymbiotic blue-green alga Anabaena azollae Strasburger, 

based on a combination of field and laboratory studies, is presented. The 

taxonomy, morphology and anatomy of the fern-alga association were studied 

as well as nutritional and physiological aspects of the symbiosis. These 
-~- . 

studies have defined the habitat and nutritional requirements of the 

fern and have provided new insights into its reproductive biology, 

nitrogen metabolism and the nature of the association between the fern 

and alga. In the catchment area of the Hendrik Verwoerd Dam the availability 

of suitably sheltered habitat limits the distribution of A. filiculoides 

while the availability of nutrients, in particular calcium, phosphorus 

and iron, limits the growth of the fern. The multilayered mats formed 

by A. filiculoides are essential for spore production, cause dramatic 

changes in the hydrochemistry of the underlying waters and confer a 

great competitive advantage on the plant. Methods for the isolation of 

the fern and algal components of the symbiosis have been developed but 

recombination of the individual organisms to reform the symbiosis was 

unsuccessful. The development of the fern is closely linked to that of 

the alga and the association is maintained throughout the life cycle of 

the fern. Because of its specific habitat and nutritional requirements, 

A. filiculoides is unlikely to colonize the open waters of the Hendrik 

Verwoerd Dam. 
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PREFACE 

This dissertation describes the results of autecological studies of AzoZZa 

fiZicuZoides Lam. with special emphasis on its growth potential in relation 

to the Hendrik Verwoerd Dam and its catchment area. These studies 

commenced in February 1971 and included both field and laboratory 
• 

investigations of the fern-algal symbiosis and routine monitoring of .AzoZZa 

populations and a series of environmental parameters at selected sites in 

the Hendrik Verwoerd Dam catchment area. 

Chapter 1 contains a general introduction to the thesis and the background 

'to the Orange River Development Project. Sampling techniques and the 

analytical methods which were used in this study are outlined in Chapter 2 . 

The taxonomy and distribution of the genus AzoZZa in southern Africa are 

dealt with in Chapter 3, while Chapter 4 describes the results of 

morphological, anatomical and life history studies. The results of field 

and laboratory investigations on the environmental regulation of growth and 

nitrogen fixation are reported in Chapter 5 and the nutrient requirements 

of the symbiotic association are described in Chapter 6. Chapter 7 

describes the isolation of the fern and algal components, and the pathways 

of nitrogen assimilation are characterized in Chapter 8. Except for 

Chapter 1 and Chapter 2 , each chapter contains a review of the pertinent 

literature and is concluded by a discussion of its contents. These are 

brought together in a concluding discussion in Chapter 9, in which the 

results of the study are discussed in relation to each other and general 

conclusions are drawn as to the present and future growth of A. fiZicuZoides 

in the Hendrik Verwoerd Dam catchment area. Finally, the main contents of 

each chapter are listed in an abstract. 

Four appendices are attached to this thesis. The first describes the data 

used to calculate the minimum sample size, upon which the routine sampling 

programme was based. The second, third and fourth appendices comprise 

copies of papers that were published during the progress of the research 

and they are attached in chronological order. There is some unavoidable 

duplication in these papers because each was prepared for a different ,. 
audience. 
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CHAPTER 1 

INTRODUCTION 

The Orange River Development Programme (O.R.P.) was originally conceived 

purely as an irrigation scheme in the 1920s, but had to be shelved due to 

the lack of funds. However, rapid expansion in agriculture, industry 

and urban development during the 1940s and 1950s created an increasing 

requirement both for eledtricity and additional water supplies. This 

stimulated a re-evaluation of the ·pro ject during 1960. At this stage a 

comprehensive development plan was drawn up to provide for the ultimate 

requirements of irrigation, urban water supply, industrial water supply, 

hydro-electric power development and flood control (Alexander, 1974). 

~his concept widened the emphasis from the original irrigation scheme to 

the present multi-purpose Orange River Development Project, making it the 

most ambitious water management scheme undertaken in South Africa 

(Olivier, 1978). 

The first phase entailed construction of the Hendrik Verwoerd Dam as a 

main water storage fac ility to regulate the flow of the Orange River and 

provide sufficient storage capacity for silt deposits. Water from the 

impoundment was introduced via a tunnel system into the catchments of 

the Great Fish and Sundays rivers in the eastern Cape Province. This 

was designed to relieve irrigation schemes affected by problems of 

mineralization and allow the development of new irrigation areas. The 

second phase, consisting of two further high diversion weirs, the Van Der 

Kloof and Torquay dams, with a network of canals supplying irrigation 

water to suitable areas of the lower Orange River valley (Jordaan, 1964; 

Kriel, 1971) is under construction. 

In the planning stage it was envisaged that construction would begin during 

the 1960s and take place in stages over a number of years, with completion 

scheduled for the early 1990s (Jordaan, 1962). Final parliamentary 

approval for the project was granted in 1962 and the first phase of 

construction at the Hendrik Verwoerd Dam was initiated in 1966 (Olivier, 

1978). water storage began in September 1970 and, at the completion of 

construction in July 197 1, the impoundment already contained 65 % of 

its full supply capacity (Kriel, 1971). 



- 2 -

During the final planning stage prior to construction of the Hendrik 

Verwoerd Dam , the O.R.P. advisory committee recognized that the constructi on 

of an impoundment for irrigation and/or hydro-electr ic purposes would not 

only stabilize the hydrological regime but would also create a variety 

of new habitats for the aquatic biota (Naude, 1969). Where similar 

projects have been undertaken in other countries, newly-created impound­

ments have often caused serious problems. These h ave included the spread 

of disease vectors , dramatic chang~s in water chemistry and the develop­

ment of excessive growths of aquatic macrophytes (Sculthorpe , 1967; 

Van Donselaar, 1968; Little, 1969; Mitchell, 1969, 1970, 1974). 

Despite obvious similarities in the types of problems encountered in 

different situations, the extent and severity of each problem depended on 

the specific organisms and conditions prevailing at each site (Lowe­

McConnel,1966; Obeng, 1969). Because of these features , it was felt 

that the avai lable local knowledge was insufficient to ful ly predict 

the possible biotic and abiotic consequences of impounding the Orange 

River with any degree of certainty (Naude, 1969). 

The O.R.P. advisory committee therefore recommended that a long-term 

programme of pre- and post-impoundment hydrochemical and hydrobiological 

research should be undertaken so as to provide the information necessary 

for successful implementation and management of the O.R.P. scheme. An 

inter- disciplinary research programme involving scientists from several 

research institutions was therefore initiated in 1968 (Noble and Botha, 

1970) . 

Particular concern was expressed over the possibility that the impounded 

waters of the Hendrik Verwoerd Dam might also be colonized by aquatic 

macrophytes since one of the major problems often associated with newly­

constructed impoundments has been the explosive growth of free-floating 

aquatic macrophytes (Little, 1966). Several pre-impoundment surveys of 

aquatic macrophytes were therefore conducted in the Hendrik Verwoerd Dam 

catchment area (Nobel and Botha, 1970). These revealed the presence of 

a few species of submerged macrophytes (Potamogeton spp.) and one species 

of the free-floating symbiotic water fern AzoZZa (Edwards and Nel, 1972). 

The committee felt that the latter might be able to colonize the waters 
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of the Hendrik Verwoerd Dam because AzoZZa can fix atmospheric nitrogen 

via its blue- green algal symbiont (Moore, 1969). The plant i s capable of 

colonizing nitrogen-deficient waters and has a history of rapid spread in 

other countries (Sculthorpe, 1967). It was thus recommended that an 

autecological study of AzoZZa be initiated, with particular emphasis on 

its growth potential in the Hendrik Verwoerd Dam and the associated 

catchment area. This study was to be carried out under the auspices 

of t he O.R.P. working committee for hydrochemistry and hydrobiol ogy 

and following a preliminary planning period the AzoZZa research programme 

commenced in February 1971. 

The overall aims of the project were to assess the possibility that AzoZZa 

plants might colonize the impounded waters of the Hendrik Verwoerd Dam 

and, by means of autecological studies, characterize the growth potential 

of the fern-alga association. This project is effectively the basis of 

this thesis. 

AzoZZa populations in the catchment area were routinely monitored to 

determine possible distributional changes while chemical anal yses were 

used to monitor nutrient availability. Laboratory studies formed a 

l arge part of the research programme, but special emphasis was placed on 

the applicability of laboratory results to field conditions . The research 

programme included taxonomic identification of the AzoZZa material as well 

as morphological, anatomical and life history studies as an essential 

background for the ecological research. Particular attention was paid 

to the plant's nutritional requirements and its ability to tolerate a 

wide range of environmental parameters. The isolation of the fern and 

algal components formed an integral part of the research aimed at obtaining 

a better understanding of nitrogen assimilation by the symbiotic asso­

ciation, in particular the fixation of atmospheric nitrogen . 
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CHAPTER 2 

MATERIALS AND METHODS 

2 . 1 THE STUDY AREA 

2.1.1 The Hendrik Verwoerd Dam and its catchment area 

The Hendrik Verwoerd Dam is the largest impoundment in the Republic of 

South Africa. The dam wall is 85 m high and 905 m long, situated at 

latitude 30
0 

37' 30"S and longitude 25
0 

30 ' 15"E, 1 259 m above mean sea 

level (Olivier, 1978 ). At full supply level, the impounded water 

stretches 85 km eastward along the old river course to the confluence of 

the Orange and Caledon Rivers and extends a further 25 km up the Caledon 

valley and 32 km up the Orange River vall ey. 

an average width of 3,6 km, contains 5 952 x 
2 

area of 364,88 km and has a surface area to 

(Schutte and Bosman, 1972). 

At this level, the lake has 

10
6 

m
3 

of water with a surface 
-1 

depth ratio of 404 ha m 

The catchment of the Hendrik Verwoerd Dam covers an area of approximately 

70 642 square kilometres, lying between latitudes 28
0 

30 'S to 31
0 

35 ' S and 

longitudes 25
0 

05'E to 29
0 

25'E (Figure 1). Within this a rea lies the 

Republic of Lesotho, portions of two South African provinces, namely the 

Cape Province and the Orange Free State , and a very small portion of the 

Republic of Transkei. The catchment area varies in altitude from 3 500 m 

around the source of the Orange River at Mont Aux Sources in the Drakens­

berg Mountains to 1 259 m at the Hendrik Verwoerd Dam. The Orange River, 

the major tributary of the Hendrik Verwoerd Dam, i s approximately 520 km 

long from its s ource to its point of entry into the dam , with an average 
-1 

gradient of 4,25 m km The climate of the catchment area varies from the 

temperate, moist, cool alpine highlands of Lesotho westwards through 

increasingly more arid conditions to the dry karroid plateau around the 

Hendrik Verwoerd Dam (Edwards, 1974). 

The geology of the catchment area is relatively simple , consisting of 

three basic stages, all of which form part of the Mesozoic Karoo System 
. :" 

(Figure 1). The Drakensberg Stage (K4V) and the Molteno Red Beds and 
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Cave Sandstones (K4) form part of the Stormberg Series , while the third 

stage (K3) forms part of the Beaufort Series (Geological Survey, 1970). 

The basalt and minor sandstones of the Drakensberg Stage are relatively 

resistant to weathering and form the tops of steep retreating scarps. 

The silt- rich mudstones, sandstcnes and siltstones of the Molteno Red 

Beds and Cave Sandstones become exposed on the steep slopes of the retreating 

escarpment. Underlying tHese two stages are the sedimentary sandstones, 

mudstones and siltstones of the Upper Beaufort Seri es. 

Figure 2 shows a schematic soil map of the catchment area (adapted from 

Harmse, 1974). The influence of climate on weathering and soil formation 

in the catchment area i s shown in the regional differences between the 

soils on similar units of landscape and parent rocks . There is a general 

decrease in rainfall from the north-east to the south- west and the soils 

in the drier south-west, on the same parent material, have a higher silt 

content than those in the north-east. The soils on the sedimentary rocks 

in the north-east are mostly neutral or acid , whilst the soils in the 

south-west are mostly solonetzic. Solonetzic soils are usually greyish 

or reddish sandy loams, acid in the A and alkaline in the darker clayey 

B horizon, and contain carbonates of lim~ and soluble salts (Van der 

Merwe, 1941). The younger soils on the upper slopes of the pediments 

and along the water courses are, however, also solonetzic in the wetter 

north-east (Harmse, 1974). 

Three main perennial rivers flow into the Hendrik Verwoerd Dam. These 

are in order of importance, the Orange River, Caledon River and Kraai 

River. Several other small rivers and streams flow directly into the 

lake from the north and south (Figure 1). 

Both the Kraai River and the Orange River with its two main tributaries, 

the Mantsonyane and Seati Rivers, flow initially over the basaltic 

lavas of the Drakensberg Stage. These rocks, being mechanically stable, 

contribute little in the way of suspended or dissolved matter to the 

water, which is neutral tc slightly alkaline. As these two rivers then 

flow over the mudstones and s iltstones of the Molteno Stage followed by 

the Beaufort Series, there is a progressive increase in silt and dissolved 
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substances caused by leaching and erosion of these relatively unstable rock 

types (Keulder, 1974). The Orange River is, for the main part of its 

flow, in contact with the unstable mudstone of the Molteno Stage and 

Beaufort Series. 

The Caledon River flows mostly over the mudstones and siltstones of the 

Molteno Stage and Beaufort Series. Due to the unstable nature of these 

rock types, they contribute significantly to the suspended and dissolved 

substances in the water. The Caledon River is thus a source of con­

siderable amounts of silt and dissolved salts for the Hendrik Verwoerd Dam 

(Keulder, 1974). 

The small, intermittently- flowing rivers to the north and south of the 

Hendrik Verwoerd Dam are of particular importance to this study, since it 

is in these r i vers that large quantities of Azolla plants are found. In 

these rivers, flow rates are high during peri ods of summer rainfall but 

a l most non- exi stent during the winter . For the whole of their lengths , 

these small rivers flow over the siltstones and mudstones of the Beaufort 

Series. Thus these rivers, when flowing, have high levels of silt and 

dissolved substances. In addition , the belts of limestone and dolerite 

found in this area contribute to the sodium , calcium and magnesium content 

of the water . During periods when the flow is low or non- existent , the 

belts of limestone and dolerite form natur a l dams across these small 

rivers, resulting in the formation of long pools, often 500 to 800 m 

in length. 

The si l t particles in the water from the catchment area have a high 

affinity f o~ the adsorption of trace elements , particularly zinc and 

manganese (about 70 %), followed by iron and copper (about 50 %) . Calcium 

and potassium are the most actively adsorbed among the macro- elements 

(about 45 % and 30 % respectively) , while the silt has a relatively low 

affinity for sodium and magnesium adsorption (20 % and 25 % respectively) 

(Keulder , 1974). 

The catchment area of the Hendrik Verwoerd Dam can be divided into nine 

distinct terrestrial vegetation types (Figure 3) (Acocks , 1975). These 

occur on three main habitat types: riverine, well-drained l ithosolic 
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hill-slopes and flat areas . The communities that make up these three main 

habitat-vegetation complexes form three parallel series ranging from mesic 

to xeric in accordance with the east to west climatic gradient and local 

soil conditions (Edwards , 1974). The general trend is from moist alpine 

grasslands, through progressively drier grassland associations on sandy 

soils to the floristically poor False Upper Karoo (Acocks, 1975). 

Edwards and Nel (1972) i nvestigated the distribution and occurrence of 

aquatic macrophytes in the catchment area of the Hendrik Verwoerd Dam 

outside of Lesotho . Van Zinderen Bakker (1955) and Jacot Guillarmod (1962, 

1963, 1972) have described the vegetation of the bogs and sponges in 

Lesotho. Jacot Guillarmod (1972) noted that floating aquatic vascular 

plants were absent or very sparse in the lowlands of Lesotho although 

species of Marsilea and Potamogeton were found. Edwards and Nel (1972) 

found fifteen species of aquatic macrophytes, of which Azolla was the only 

significant free- floating aquatic species. 

2.1.2 Location of the study area and sampling sites 

During an initial survey, 478 localities inside the catchment area were 

examined for the presence of Azolla plants. Subsequently, this survey was 

extended to include 81 additional localities in the area downstream from 

the dam wall (incorporating the Oorlogspoort River), since large quantities 

of Azolla plants had been seen in this area. 

The fern was found to occur in only 57 localities. These were small farm 

dams and riverine sites in the area immediately north, south and south-west 

of the Hendrik Verwoerd Dam. No evidence of the presence of Azolla plants 

was found in either the Caledon, Orange or Kraai Rivers. 

The study area was therefore chosen to include all s ites in or near the 

catchment area of the Hendrik Verwoerd Dam where Azolla plants had been 

found during the initial survey. Figure 1 shows the location of the study 

area within the catchment area of the Hendrik Verwoerd Dam. The study area 

covers an area of approximately 3 410 km
2

, lying between latitudes 30
0 

28'S 

to 30
0 

52'S and longitudes 25
0 

18'E and 26
0 

DD'E. The vegetation is 

classified as False Upper Karoo (Acocks , 1975), growing on red calcareous 
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clays and solonetzic soils (Harmse, 1974), derived from the siltstones , 

mudstones, limestone and dolerite of the Upper Beauf ort Series (Geological 

Survey, 1970) . Figure 4 shows the distribution of Azo ZZa plants in the 

study area and the loca tion of the twe lve sampling sites. These sites were 

chosen, after the initial distribution survey, so as to cover the whole 

range of habitats occupied by the fern. The dimensions and exact location 

of each sampling site are 'given in Table 1, while p l ates 1 to 12 show the 

aspect and associated vegetation. ~[During the study period, sampling sites 

1, 2 and 3 (see Figure 4) were ruined by the dredging of their respective 

streams for the construction of new bridges along the Bethulie-Oranjekrag 

road.] 

The study area lies within the summer rainfall zone of South Africa and 

normally receives 300-340 mm of rain per year. However, during the study 

period (1971-74) the average annual rainfall was 545 mm due to the 

exceptionally heavy rains (910 mm) that fell during 1974. Figure 5 shows 

the monthly rainfall recorded at five towns in the study area from 

January 1971 to June 1974, while Figure 6 shows the variation of maximum, 

mean and minimum rainfall for the same data. The rainfall and temperature 

figures quoted here have been calculated from data published by the South 

African Weather Bureau (South African Weather Bureau, 1971- 1974). 

Unfortunately, the weather stations near the Hendrik Verwoerd Dam do not 

record wind direction and strength or hours of sunlight. 

The highest monthly rainfalls may be recorded during any of the months 

between January to April, usual l y with a short period of h i gh rainfall in 

October, while minimum rainfall values are recorded during the months May 

to September. Rainfall in the study area is mainly of thunderstorm origin, 

so that large volumes of rain fall in short time intervals . Due to the 

flat terrain and the rather sparse vegetation cover, sheet erosion occurs 

in many areas. Flooding and scouring of rivers during the peak rainfall 

months of January to April have a marked effect on riverine aquatic plant 

life (Ashton, 1974). 

Maximum and minimum air temperatures vary between 22,0 DC and -4,9 DC in 

winter and between 39,8 °c and 22 , 2 °c in summer. Winds, which are not 

seasonal, blow throughout the year, predominantl y from the north and 
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TABLE 1 - Grid references and areas of sampling sites in the study area shown in Figure 4 

Station No . Name Altitude Grid References Dimensions Area Type 

1 274 m 30° 32' 39"5 2 m x 60 m 120 m 
2 

1 Kromberg Stream 
25° 40' 14"E 

Bossiespruit North 1 279 m 30° 31' 13"5 8 m x 100 m 800 m 
2 

2 stream 
25° 47' 57"E 

Bossiespruit South 1 277 m 30° 31' 31"S 6 m x 100 m 600 m 
2 

3 Stream 
25° 47' 57 liE 

4 Zoe tv lei 1 268 m 30° 30' 39 11 5 2 m x 50 m 100 m 
2 

Stream 
25° 53' 42"E . 

1 260 m 30° 39' 28 "5 10 m x 100 m 1 000 m 
2 

5 Broekpoortspruit Stream 
25° 53' 42"E 

6 Brakspruit 1 265 m 30° 46 ' 31"S 6 m x 100 m 600 m 
2 

Stream 
25° 46' 54"E 

1 265 m 30° 44' 42 "8 4 m x 100 m 400 m 
2 

7 Suurbergspruit Stream 
25° 36' 19"E 

8 1 308 m 30° 44' 22 "S 10 m diam. 78,5 m 
2 

Reservoir Ratelpoort 
25° 25 ' OlliE 

9 Kleintoren Dam 1 320 m 30° 46' 57"S 8 m x 100 m 800 m 
2 

Reservoir 
25° 19' 46"E 

10 Kleintoren River 1 310 m 30° 46' 51115 10 m x 100 m 1 000 m 
2 

Stream 
25° 19' 09"E " 

tt Reitfontein 1 213 m 30° 38' 04"S 8 m x 80 m 640 m 
2 

Stream 
25° 21' 30"E 

12 Van Wyksfontein 1 245 m 30° 39' 32"5 6 m diam. 28,3 m 
2 

Spring 
25° 22' 34 "E 

~ 

w 
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PLATE 1: STATION 1 (Kromberg) 
Small, non-perennial stream covered with mat of 
A.fiZicuZoides . Marginal vegetation consists 
mainly of Scirpus sp ., Cyperus sp. and Eragrostis 
Zehmanniana , with some Acacia karroo wartly 
visible at upper left). 

PLATE 2: STATION 2 (Bossiespruit North) 
Large perennial stream covered with mat of 
A.fiZicuZoides . Marginal vegetat i on consists of 
Scirpus sp . (foreground) and Eragrostis Zehmanniana, 
with l arge specimens of Acacia karr oo (upper right) 
and AZnus sp. (upper left) providing shade for 
marginal plants of A.fiZicuZoides . 

, , 
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PLATE 3: STATION 3 (Bossiespruit South) 
Large perenni al stream covered with thick mat of 
A. filiculoides. Marginal vegetation dominated by 
Scirpus sp. (foreground and left) and Phragmites sp . 
(upper right), providing little or no shade. 

PLATE 4: STATIO N 4 (Zoetvlei) 
Smal l , non- perennial stream covered with mat of 
A. filiculoides. Marginal vegetat i on cons i sts of a 
dense growth of Phragmites sp . (right) with 
scattered tussocks of Eragrostis lehmanniana and 
some Alnussp . (left) . 
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PLATE 5: STATION 5 (Broekpoortspruit) 
Small perennial river, flowing through typical False Upper 
Karoo vegetation. Two limestone ridges at right angles to 
the river are seen in the foreground, resulting in pool 
formation. Marginal vegetation consists of some Scirpus sp. 
and Eragrostis lehmanniana. (No A.filiculoides present 
since photograph taken in March, after floods.) 

PLATE 6: STATION 6 (Brakspruit) 
Small non- perennial river flowing through typical False Upper 
Karoo vegetation. A limestone ridge across the river is 
visible in the centre of the photograph. Marginal vegetation 
consists of scattered tussocks of Scirpus sp. (No A.filiculoides 
present since photograph taken in March, after floods.) 

l.'i 
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PLATE 7: STATION 7 (Suurbergspruit) 
Small, non-perennial stream flowing through typical False Upper 
Karoo vegetation. The marginal vegetation is dominated by 
dense stands of Typha sp. and Phragmites sp. with occasional 
Acacia karroo and Salix sp. 

PLATE 8: STATION 8 (Ratelpoort) 
Concrete irrigation reservoir, 10 metres in diameter, with a 
thick mat of A.filiculoides. Some Acacia karroo growing at 
edge of reservoir provides partial shade. 
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PLATE 9: STATION 9 (K1eintoren Dam) 
Farm irrigation dam covered with mat of A.filiculoides. 
Marginal vegetation consists of Eragrostis lehmanniana and 
Acacia karroo (right) and Populus sp. (left). The floating 
screens' in the centre of the photograph are those used in 
field growth trials (see close-up in Plate 14). 

PLATE 10: STATION 10 (K1eintoren River) 
Small perennial river covered with thin mat of A.filiculoides. 
Marginal vegetation consists of Scirpus sp. (right foreground), 
Eragrostis lehmanniana3 'Cyperus sp. and Acacia karroo (to left 
and right) and a few large specimens of Salix sp. (left). 

~ 
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PLATE 11: STATION 11 (Rietfontein) 
Small perennial river flowing through typical False Upper Karoo 
vegetation. Marginal vegetation dominated by Phragmites sp. 
(left), with some Scirpus sp., Typha sp. and Acacia karroo 
(right). (No A.fiZicuZoides present as photograph taken in 
March, after floods.) 

PLATE 12: STATION 12 (Van Wyksfontein) 
Small perennial spring, 6 metres in diameter, in Dolerite 
formation. Thin mat of A.fiZicuZoides growing with Nasturtium 
officinaZe (Water Cress). Large specimens of Acacia karroo 
around the margin of the spring provide dense shade. 
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north-west. Relative humidity (measured by swing psychrometer) is always 

less than 48 % at midday_ Maximum light intensities (measured with a 

Gossen Trilux Lightmeter at midday) vary from 80 kLux in winter to 

115 kLux in summer. 

2 .2 SAMPLING FREQUENCY AND SAMPLE SIZE 

The study area was visited at monthly intervals for a period of 40 months 

between February 1971 and June 1974 . All localities known to contain 

Azolla filiculoides were examined on each visit, as well as any nearby 

Azolla-free areas, to check on any changes in the distributi on pattern of 

the plants . 

During the preliminary survey in February 1971, a study was carried out to 

determine the minimum number of plant and water samples that should be 

collected so as to give the maximum amount of information for the time and 

effort involved. At each of 

and 40 plant samples of 0,01 

three localities, ten integrated water samples 
2 

m area were collected. The samples were 

transported to the laboratory and the water samples analysed for macro- and 

micronutrients while the biomass and number of plants within each plant 

sample was determined. From the data obtained, the minimum number of p lant 

samples needed to approximate the 'population' mean value was calculated 

from the formula of Elliott (1971): 

N 
2 

t(0,05) 2 -2 
D • x 

Where N is the minimum number of samples, t is the Student's t value 

(1) 

corresponding to the 

freedom (n being the 

required confidence level (95 %) and to n-1 degrees 
2 

number of measurements), S is an estimate of the 

square of the standard deviation (i.e. the variance), D is the allowable 

error of the mean (in this case 5 %) and x is the arithmetic mean of each 

data set. For convenience, formula (1) can be reduced to: 

N 
2 

t(0,05) - 2 
(D • x) 

(2) 

For the three sets of forty plant samples, N was calculated to be 7,72, ,. 
6,35 and 7,86 respectively (see Appendix I), while for the three sets of 

of 
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ten integrated water samples the value of N was calculated to be 2,65, 

2,83 and 2,74 respectively (based on the analyses of the conservative 

mineral constituents Nat K, Ca and Mg). Therefore, to ensure the minimum 

sampling e rror during routine field sampling, ten plant samples and 

four integrated water samples were collected from each site on each 

sampling visit. 

Formula (2) was also used to calcuiate the minimum number of replicate 

samples necessary for laboratory growth trials. Here, N was found to be 

6,52 and therefore for all laboratory growth trials, at least eight 

replicates of each treatment were used. 

2.3 FIELD SAMPLING, TRANSPORT AND PREPARATION 
OF SAMPLES FOR CHEMICAL ANALYSIS 

At each sampling site, five sets of pH, dissolved oxygen and water 

temperature profiles were measured. These measurements were taken at 

randomly selected points within the sampling site and individual readings 

were taken from 2 cm below the water surface to the bottom at 10 cm 

intervals. pH values were measured with a Metrohm model E444 portable 

pH meter with a glass electrode while oxygen and t~mperature readings were 

taken with a YSI model 54A portable oxygen meter equipped with a thermistor 

probe. 

The total area of water surface 

was estimated by using a series 

A square wooden tube, 100 cm
2 

in 

covered by Azolla plants within each site 
2 

of 1 m quadrats in line (Ashton, 1974). 

cross-sectional area and 40 cm in length 

(Ashton, 1974) was then employed to obtain ten replicate samples of 

plants from the Azolla mat at each site for population estimates and 

chemical analyses. Population estimates were expressed as the mean number 

of Azolla plants per square metre of available water surface. The plants 

were gently blotted dry with a towel, weighed to 0,1 g on a portable field 

balance and placed in numbered plastic bags. Air was excluded from the 

bags by gentle pressure, the bags sealed and then stored on ice in the 

dark for transport to the laboratory. On return to the laboratory, the 

plants in each sample were counted and the numbers of plants bearing 

sporocarps noted. The samples were then weighed, 

dishes in a Memmert forced-draught oven and dried 

placed in Pyrex 
o 

at 65 C for at 

glass 

least 
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36 hours . The dried plant material was weighed and then ground in a 

Casella grain mill through a 0,53 mm pore diameter sieve. The resulting 

powdered material from the ten replicate samples was thoroughly mixed and 
o 

redried at 65 C for at least 4 hours before subsamples were taken for 

chemical analysis (see Section 2.4.1). 

Water samples were collected at 25 cm intervals from the surface to the 

bottom by means of a 2 £ polyethylene bottle fixed to a graduated wooden 

pole. The bottle was lowered to the appropriate depth and by pulling a 

length of twine attached to a loose-fitting rubber stopper in the neck of 

the bottle, a water sample was collected. Single 2 £ samples from each 

depth were first filtered through a single layer of cheese cloth to remove 

coarse organic debris and were then mixed in a 20 £ poleythylene bucket to 

produce an integrated sample. Four such samples were collected at ,each 

site. (The prefiltering through cheese cloth did not remove silt or 

colloidal material which was often present in considerable quantities.) 

From each integrated sample, a single 2,5 £ subsample was collected in an 

HC1-leached and washed polyethylene bottle. Each sample was i mmediately 

stored on ice, in the dark , for transport to the laboratory, a period of 

storage which was never longer than 28 hours . Although it has been 

recommended (Golterman and Clymo, 1971) that water samples should be 

preserved with H
2

S04 to prevent , or at least minimize changes in the 

chemical composition of the samples, it was felt that the alternative 

method (i.e. chilling the samples) would prove to be as effective . This 

was confirmed by comparing the analysis of H
2
so

4
-preserved samples with 

that of the routinely chilled samples. 

In the laboratory 2,0 £ of each sample was filtered through prewashed 

0 ,45 ~m Millipore filters, placed in acid-leached and washed polyethylene 

bottles and frozen to await chemical analysis. The remaining portions of 

each sample were analysed immediately for conductivity, alkalinity, 

suspended solids, total nitrogen, total phosphorus and ammonium acetate 

exchangeable cations (see Section 2.4.2). 

" ,. 
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2.4 CHEMICAL ANALYSIS OF SAMPLES 

2.4.1 Plant samples 

The analytical procedures employed for the analysis of p lant sampl es in 

this study were those used for the rapid, routine analysis of Pineapple 

leaf samples by the Rhodes University Pine apple Research Unit (Hasses, 

1971). Basically, the procedures are as follows: 

(a) Metal cations 

Duplicate 2,500 g portions of the ground, dried plant material were weighed 

into clean dry silica dishes and dry-ashed in a muffle furnace at 490 °c 
for at least 5 hours. The plant ash was then treated with 5 m~ of 

concentrated HCl and evaporated to dryness on a waterbath to dehydrate and 

precipitate any silica present in the ash. The crystalline residue in each 

dish was then dissolved in 5 m~ of concentrated HND
3

, diluted with 

deionized water, filtered through a preleached Whatman No . 541 filter into 

a 50 m£ volumetric flask and made up to volume. This solution was then 

analysed directly for the cations Mgt Ca, Na, eu , Zn, Fe and Mn by atomic 

absorption spectroscopy and K by flame emmission spectr oscopy. (If cation 

concentrations were too high, these solutions were diluted with deionized 

water appropriately.) These analyses were carried out with a Te chtron AA 4 

atomic absorption spectrophotometer equipped with a D.I. 30 Digital 

Indicator, an I.M. 5 scale expander facility and a D.I. 32 computeri zed 

printout (which permitted the results to be computed directly as con­

centrations in the original plant sample) . 

The ash solution obtained from the dry-ashing procedure in (a) above was 

also used for the spectrophotometric determination of phosphorus in the 

plant tissue. The method employed was the vanado-molybdo-phosphoric yellow 

method recommended by Jackson (1958) . Here, 3 m£ of the ash solution was 

diluted with 27 m£ of a vanado-molybdo- nitric acid reagent containing 25 g 

(NH4)6M07D24.420, 1,25 g NH
4

VD
3 

and 250 m~ of concentrated HND3 per litre. 

The resulting solution was al lowed to stand for at least 15 minut es to 

permit full colour deve l opment and the absorbance was read at 445 nm on a 

Beckman DB spectrophotometer equipped with a sequential sampler . The 
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advantages of this method are the ease of operation and the fact that the 

yellow-coloured vanado-molybdo-phosphoric complex is stable for at least 24 

hours. 

below 1 

However, 
-1 

mg ~ . 

the method is not accurate for phosphorus concentrations 

• 
Duplicate 0,100 g portions of the ground, dried plant material were weighed 

into 30 mi Micro-Kjeldahl flasks. Two grammes of K
2
so

4 
were added to each 

flask, followed by 2,5 mi of concentrated H
2

S0
4 

and 0,5 g of HgS0
4 

as 

catalyst (Steyn, 1957). Digestion of the plant material was accomplished 

by heating the flasks on an electrical digestion rack in a fume cupboard 

for 45 minutes. The solutions were cooled and quantitatively transferred 

to a Bucchi steam distillation apparatus followed by the addition of 10 mi 

of a caustic thiosulphate solution containing 25 g Na
2

s
2

0
3

. 5H
2

0 and 400 g 

NaOH per litre. The mixture was then steam distilled for 12-15 minutes , 

the distillate (containing the nitrogen in the form of ammonia) collected 

in a boric acid plus mixed indicator solution and titrated against standard 

0,015 M HC1. Duplicate blank samples, containing reagents, but no plant 

material, were analysed before and after each batch of samples. 

The results of the analysis were expressed as percentage nitrogen present 

in the dried plant material and were calculated from the following formula: 

% N 
[Vol. HC1(sampl e) - Vol. HC1(blank)1. ·M HCl . 14,007 . 100 

sample weight in mi l ligrams 
(3) 

The advantages of this method are the rapidity of the digest and the fact 

that unpleasant features of distillation from the mercury digests were 

avoided by the use of sodium thiosulphate which precipitated the mercury as 

black mercuric sulphide. 

2.4.2 Water samples 

The choice of suitabl e methods for the chemical analysis of water is 

complicated by the number of manuals that have been written (e.g. Mackereth, 

1963, Strickland and Parsons, 1969, American Public Health Association, 

1971, Golterman and Clymo, 1971), each book recommending different 

variations of methods for selected parameters . With the formation of the 
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International Biological Programme (IBP) and the subsequent publication 

of the IBP Handbook No.8 'Methods for Chemical Analysis of Freshwaters' 

(Golterman and Clymo, 1971), it was decided that the methods advocated 

in this book would be used since they represented proven methods the 

results of which could be compared with data obtained from any part 

of the world. 

Careful consideration was given to the geology, soils, climate and land­

usage of the study area when deciding which chemical parameters should 

be measured in the present study. Since the pH of the water is governed 

by the buffering capacity of the water, the carbon dioxide cycle and the 

activities of the aquatic biota, its measurement was considered essential. 

In order to be able to classify the stream and river waters further, as 

well as to evaluate the nutritional requirements of the AzoZZa plants, 

the major cations and anions were also determined. These included Ca, 

Mg, Nat K, Cl and 8°
4

" In addition, the minor cations Cu, Fe, Mn and 

Zn were also analysed. The analysis of nitrogen and phosphorus was 

considered essential, since they are the key elements regulating biological 

activity and therefore both dissolved and particulate nitrogen and phos­

phorus fractions were determined. Due to the heavy silt load brought 

down by the rivers after rain, the analysis of ammonium acetate-exchangeable 

or 'adsorbed' major cations was also carried out. 

Except for pH/suspended solids, conductivity, alkalinity, total nitrogen, 

total phosphorus and ammonium acetate-exchangeable cations, all analyses 

were performed on filtered samples which had first been thawed. 

For methods involving spectrophotometry and atomic absorption spectroscopy, 

calibration standards were prepared with each series of determinations and 

periodic checks were carried out between determinations as a precaution 

against instrumental drift. A generalized scheme showing the analyses 

carried out on each water sample is shown in Figure 7. 

Physical and chemical analyses of water samples were carried out, using 

the following methods: 
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r-------------- 2,5 R. integra ted water sample --- pH 

1 litre 

I 
Filtered through 0,45 wrn _____ _ fil ter ___ extracted with ammonium 

membrane filter 
acetate 

I 
analysed for exchangeable 

cations 

(Na , K, Ca, Mg, Cu , Fe, Mn, Zn) 
Filtrate 

50 mR.---P0
4

- P 

100 mR. digeste d - Total dissolved phosphorus 

100 mR. water-soluble major cations (Na, K, Ca, Mg) 

750 rot evaporated and concentrated----- minor cations 
(Fe, Cu, Mn, Zn) 

1 litre 

I 
Filtered through 0,45 Ilm ____ filter___ d d l'd 

membrane filter suspen e so ~ s 

I 
Filtrate 

~100 mR. Chl orides t 100 mR. --- Sulphates 

500 mR. distilled and digested --- NH4 -N, N02 -N , N03 -N, soluble 

organic nitrogen 
500 mR. (Unfiltered) 

50 mR. ----- Conducti vi ty 

50 mR. --- Total alkalinity 

100 mR. -_- digested ---Total phosphorus 

100 mR. --- digested ---Total nitrogen 

Fig. 7 

Schematic representation of the chemical analyses 
carried out on each water sample 
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(a) ~!! 

pH was determined in the field as described in Section 2.3, the pH meter 

bein9 calibrated against standard buffer solutions having pH values of 7,0 

and 10,0. 

The conductivity of unfiltered wat~r samples was determined using a Beckman 

conductivity meter with platinum electrodes. Results were expressed as 
-1 0 

~mhos em after being corrected to 25 C with the conversion table listed 

in Golterman and Clymo (1971). 

(c) ~~~~~_~~~~~~~~~¥ 
I 

Total alkalinity was determined immediately on arrival at the laboratory by 

potentiometric titration with standard 0,05N H
2

S0
4 

as titrant and 

phenolphthalein as indicator. The end-point was determined accurately with 

a 240 volt Metrohm E 512 pH meter with scale expansion facility. Total 

alkalinity (T A) was calculated as milli-equivalents per litre from the 

equation of Golterman and Clymo (1971): 

T A 
[Volume of titrant(m~) x Normality of titrant x 1000] 

Volume of sample (m~) 
(4) 

Suspended solids were determined on unfiltered samples by the method of 

Wyckoff (1964). One litre samples were filtered through weighed pre-washed 

0,45 ~m Millipore membrane filters and the mass of suspended material 

determined gravimetrically after drying at 105 °c for 12 hours. Results 

were expressed in milligrams per litre. Where samples had high con­

centrations of suspended silt and colloidal material, smaller volumes of 

sample (250 mt) were used. 

Sulphate was determined turbidimetrically at 380 nm with an EEL colorimeter 

using the stabilizers BaC1
2

.2H
2

0 and a 1:2 (v/v) solution of glycerol and 

ethanol, as recommended by Golterman apd Clymo (1971). 
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(f) Chloride 

Chloride was determined by the conductometric t i tration method of 

Golterman and Clymo (1971), recommended for l ow chloride concentrations , 

using a Beckman conductivity meter with platinum electrodes and standard 

AgN0
3 

as titrant. The chloride content of the sample was calculated from 

the formul a: 

Cl 
-1 

(meq!/' ) 

- -1 
Cl (mg!/, ) 

(g) Metal cations 

Vol. AgN0
3 

(m!/') . x Normality AgN0
3 

x 1000 .. 

Vol. sample (m!/' ) 
(5) 

- -1 
Cl meq!/' x 35 , 46 (6 ) 

In order to obtain as close an approx imation as possible of the nutrients 

' avai l abl e ' to Azolla plants, the concentrations of b oth the wa ter-soluble 

and ammonium acetate-exchangeable cations adsorbed onto the exterior of 

clay particles were determined. The method employed was as follows: One 

litre o f water sample was filtered through a 0 , 45 ~m Millipore membrane 

filter to obtain a filtrate containing the water-soluble cations and 

anions. The r esidue r e maining on the f ilter was then e xtracted with four 

250 m!/' a liquots of 1, 0 N CH
3

COONH
4 

to obtain the ammonium acetate­

exchangeable cati ons (Schellenberger and Si mon, 1945). The two solutions 

containing the water-soluble cations and anions and the ammonium acetate ­

exchangeable cations respective ly were then analysed directly by atomic 

absorption spectrophotometry using a Techtron AA 4 atomic absorption 

spectrophotometer calibrated with appropriate standards. In most cases , 

the water-soluble minor cations (eu, Fe, Mn and Zn) were in such low 

concentrations that they could onl y be determined a f ter concentration of 

the sample. Thi s was accomplished by evaporating a 750 m!/' portion of t he 

' filtrate ' t o approximat e l y 20 m!/' and quantitatively transferring thi s 

residue to a 50 m!/' volumetric flask , thus effecting a 15-fold concen­

tration. 
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I. Dissolved orthophosphate (P0
4

-P) was determined spectrophotometrically 

on filtered (0,45 ~m) samples at 690 nm using modification 'A' of the 

molybdenum-blue method (Golterman and Clymo, 1971). 

II. Total dissolved phosphorus was determined as orthophosphate after 

d i gestion (hydrolysation) of the filtered water sample with concentrated 

H2S0
4

. Subtraction of the orthophosphate (determined in I above) gives 

the hydrolysabl e phosphate , which , in unpol l uted waters , consists almost 

entirely of organic phosphorus compounds (Golterman and Clymo, 1971). 

III. Total phosphorus was determined by analysing the hydrolysate of 

unfiltered samples for orthophosphate. Subtraction of the total dissolved 

phosphorus then gave the concentration of particulate phosphorus (Golterman 

and Clymo , 1971). 

(i) Nitrogen 

The dissolved nitrogen forms , ammonia, nitrite plus nitrate and organic 

nitrogen were determined simultaneously on a single filtered (Whatman GF/C) 

water sample of 500 mi. This was accomplished by using a Bucchi Macro­

Kjeldahl d i stillation apparatus and by carrying out the determinations in 

three consecuti ve steps. 

I. Dissolved ammoni a was determined by titration with standard 0 , 005 N HCl 

after steam d i stillation and col l ection of the distillate in a boric acid-

mixed indicator solution (reagent blanks using ammonia- free distill ed 

water were run between each batch of samples analysed). The quantity of 

ammonia in the sampl e was calculated as n i trogen from the formula of 

Golterman and Cl ymo (1971): 

-1 
N (mg i ) ; 

(a - a) x Normality acid x 1000 x 14,007 
Vol. sample (mi) 

where: 

• a ; Volume of standard HCl used for sampl e , and 

a ; Vol ume of standard HCl used for blank. 

(7) 
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II . Nitrate plus nitrite were then reduced to ammonia by the addition of 

Devarda's alloy under strongly alkaline conditions, followed by steam 

distillation and titration of the ammonia as described in I. above. 

III. Dissolved organic nitrogen was also determined as ammonia by 

titration (as in I. above) , following acid digestion of the residual sample 

in the Kjeldahl flask. 

IV. Particulate nitrogen was determined by analysing the digestion of an 

unfiltered water sample for ammonia and subtracting from thi s result the 

values obtained for dissolved ammonia and dissolved organic n i trogen. 

2.5 GROWTH ANALYSES 

2 . 5 .1 Field experiments 

In the field, the analysis of Azolla growth rates was accomplished with the 

use o f a seri es of screened float ing dishes as shown in Plate 13. Each 

apparatus consisted of a floating sheet of expanded polystyrene 75 cm 

x 60 cm x 2 ,5 cm having twenty circular holes in which 10 cm diameter 

plastic dishes were placed. Each p l asti c dish was perforated l aterally 

with ten holes 2 ,5 mm in diameter which permitted free water movement into 

and out of the dish whilst preventing the removal of plant material. This 

floa t was fastened to a nd covered by a wooden frame 135 cm x 90 cm fitted 

with 'Sarlon R' shade cloth , supported by four smal ler polystyrene floats 

at its corners . With the use of d ifferent densiti es of shade cloth , a 

r a nge of light intensities could be obtained. The height of the wooden 

frame above the plastic dishes was fixed at 15 cm to prevent shadowing of 

the plants by the frame and this arrangement permitted virtually unimpeded 

air movement over the dishes. During the experiment s. which were normally 

of two to three weeks durati on , the screens were anchored to a conveni ent 

tree or stake on the bank of the stream or farm dam . For the analysis of 

growth rates, weighed (approximately 1,0 g) samples of washed and blotted 

Azolla plants were placed i n each dish and reweighed at 4 day intervals for 

the duration of the experiment , after which the p l ants were harvested and 

dried for chemical analysis. 
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PLATE 13: Apparatus used in field growth trials. 
The apparatus consists of 4 wooden frames fitted 
with different dens ities of SarlonR Shade Cloth . 
Each frame supported by 4 polystyrene fl oat s at 
its corners , covers a central polystyrene float 
suppor ting 20 perforated plastic dishes containin g 
plants of A.fiZicuZoides . 



- 34 -

2.5.2 Laboratory experiments 

2.5.2.1 Controlled environment room conditions 

All laboratory experiments carried out on the growth and nitrogen fixation 

activity of AzolZa plants were conducted in controlled environment rooms 

(phytotrons) which had internal dimensions of 2,75 m x 2,15 m x 2,30 m and 

were fitted with adjustable benching. A twelve-point recorder (Honeywell 

Ltd, London) monitored light intensity, temperature and relative humidity 

within each of the four rooms used. 

Within each room, the light intensity could be varied from 500 Lux to 

approximately 20 kLux by regulating the numbers of 'cool-white' fluorescent 

tubes and incandescent strip-lights built into the ceiling of each 

phytotron. Light intensities greater than this (up to 75 kLux) were 

obtained by using a bank of twenty-four mercury-vapour photo-flood lamps 

situated at varying distances from the experimental treatments. An initial 

serious overheating problem caused by the use of the mercury-vapour lamps 

was overcome by the use of powerful cooling fans. In each experiment , 

light intensities were checked daily with a Gossen Trilux light meter 

(Power Contractors Ltd, Johannesburg). 

Three 'Cinamoid' colour filters (G.E.C. Electrical Products, New York), 

with transmission maxima at 655, 530 and 450 nm were used to obtain light 

of different spectral ranges. These filters were obtained in sheets 

measuring 40 x 40 cm and were fitted to the tops of light-proof wooden 

boxes. 

Daylength regimes within each phytotron could be adjusted with a time 

switch. 

Temperatures within each phytotron could be accurately 

1 °c of the set point, over an effective range of 5 to 

controlled to within 
o 

45 C. When 

changing from one temperature regime to another, temperature stabilization 

at the new temperature setting was achieved within 45 minutes of the 

change. 
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The relative humidity (R.H.) within each phytotron could be accurately 

controlled from 40 % to 95 % at a wide range of temperature settingse In 

all experiments, bar those dealing with the effects of desiccation, the 

relative humidity was kept at 92-95 % to prevent excess evaporation from 

the culture flasks and dishes. 

The atmospheric levels of.oxygen, carbon dioxide and nitrogen were kept 

constant by an automatic intake of.a proportion of fresh air- by the 

recirculation fans. 

2.5.2.2 Azolla plants 

For general experiments, 10 em diameter plastic dishes were used as culture 

vessels. Preliminary trials showed that when the roots of Azolla plants 

were suddenly exposed to high light intensities, the Azolla plants rapidly 

shed most of their roots. Therefore, in an effort to prevent this root 

loss, the exterior surfaces of all culture dishes and flasks were painted 

with matt black paint up to the water level. This had the additional 

advantage of preventing excessive periphytic algal growth. The plastic 

dishes were filled with 450 mi of nutrient solution and had an available 
2 

surface area of 78,6 em. In the nutrient deficiency experiments , 1 l 

capacity Pyrex glass flasks were used. These flasks also contained 450 mi 

of nutrient solution and, at this level, the available surface area 
2 

measured 98,6 cm In the laboratory, plant densities were calculated as 

the average number of plants per square decimetre of liquid medium surface 

area and were again based on the means of ten replicates. 

Prior to any laboratory growth experiments, the Azolla plants were grown in 

large asbestos trays and acclimatized under the required experimental 

conditions for three weeks. After acclimatization, the plants were 

surface-sterilized by treatment for 15 minutes with a 1 % (w/v) solution of 

NaOCl containing 0,1 % (v/v) teepol as a wetting agent, followed by washing 

in large volumes of sterile distilled water. During both the acclimati­

zation and experimental periods, culture solutions were replaced daily by 

siphoning to avoid disturbance of the plants and to ensure constant 

nutrient supply. Where necessary, the pH of the culture sol ution was 

adjusted with 1 N HCI or 1 N NaOH. 
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For the analysis of mean relative growth rates (RGR) , weighed samples 

(approximately 1,0 g) of surface-sterilized plants were placed in nutrient 

solution and reweighed seven days later. The RGR was calculated on a dry 

weight basis (after correction for water content of the plant material) and 

was based on the formula of Radford (1967): 

ln Final Weight.- ln Initial Weight 
RGR = 

Time Interval (days) 

ln (Final Weight/Initial Weight) 
Time Interval (days) 

-' 

·From the mean relative growth rate, the doubling time (in days) was 

calculated using the formula of Mitchell (1974): 

Doubling Time 
ln 2 

RGR 

(8) 

(9) 

(10) 

In experiments to determine the effects of wave action, AzoZZa plants 

were grown in 300 m~ Erlenmeyer flasks containing 100 m~ of nutrient 

solution and were shaken at different rates on a Buhler rotary shaker 

with an orbit radius of 3 cm. 

2.5.2.3 Anabaena azoZZae 

The growth rate of cultured Anabaena azoZZae was determined, on a dry 

weight basis (Kulasooriya, Lang and Fay, 1972), using the formula for mean 

relative growth rate (9) above. Due to the relatively slow growth rate of 

the alga in culture, large initial innocula (approximately 1,0 g wet 

weight) were used in growth experiments. As in laboratory experiments with 

AzoZZa plants, a minimum of ten replicates of each treatment was used where 

possible. The weighed algal innocula were placed in 500 m~ Erlenmeyer 

flasks containing 200 m~ of sterile nutrient solution. The flasks were 

shaken at 20 revolutions per minute on a Buhler rotary shaker with an orbit 

radius of 3,0 em and reweighed at seven day intervals. 

2.5.3 Statistical analyses 

Data manipulation and statistical co~putations, including means, standard 

errors, analysis of variance, F test probability and regression analysis 



- 37 -

were performed using the SPSS computer software package (Nie, Hall, 

Jenkins, Steinbrenner and Bent, 19J5L on the. CSIR 0 s CDC Cyber .174 

computer. 
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CHAPTER 3 

TAXONOMY AND DISTRIBUTION 

3.1 INTRODUCTION 

The first classifications of Azolla species were based on vegetative 

characteristics, in particular leaf form and size (Svenson, 1944). This 

led to considerable confusion since the morphology of Azolla plants is 

often modified by interacting environmental influences (Pieterse, De Lange 

and Van Vliet, 1977). Subsequent investigations demonstrated that both 

extant and fossil species of Azolla could be separated much more easily on 

the basis of sporocarp structure (Svenson, 1944; Sweet and Hills, 1976). 

The six extant species of AzalIa are widely distributed through most of the 

temperate and tropical regions of the world and at least two of these 

species have been introduced into areas where they are not indigenous 

(Lumpkin and Plucknett, 1980). 

This investigation was designed to identify positively the AzalIa species 

occurring in the catchment area of the Hendrik Verwoerd Dam and define the 

distribution of all AzalIa species in southern Africa. 

3.2 LITERATURE REVIEW 

3.2.1 Fossil record 

The fossil record of the genus AzalIa, dating back to the late Cretaceous 

of North America (Hall, 1969) is based mainly on its highly distinctive 

reproductive structures, the megaspore apparatus and microsporocarpic 

massulae, which are considered the most complex of any heterosporous plants 

(Hall, 1974). To date the fossils of two extant and more than forty 

extinct species of AzalIa have been described, many of which have been 

established on very limited information (Fowler, 1975a). Taxonomic 

diversity within the genus, coupled with the short stratigraphic ranges of 

individual species, renders AzalIa a potentially valuable stratigraphic 

indicator (Follieri, 1970-71; Fowler~ 1975a). 
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Only two of the extant species of AzoZZa, A. f iZicuZoides Lam. and 

A. pinnata R. Br., have fossil records. These fossils were found in 

Pleistocene deposits in Europe IHills and Gopal, 1967), Australia 

(Schofield and Colinvaux, 1969l. and more recently in Japan (Seto and 

Nasu,1975). Although not indigenous to Europe in recent times 

(Sculthorpe, -.1967L A. fiZicuZoides has neen found as a f ossi l in t he 

Second (Great) Interglaci~l deposits in Britain (West, 1953; Charlesworth, 

1957), Germany (Rochow, 1955), Itaiy (Follieri, 1970-]1), Poland 

(Moore, 1969L Russia (Kornilova, 1953) and Scandinavia and Holland 

(Charle sworth, 1957). Thus A. fiZicuZoides " appears to have extended 

from Europe through northern Asia to North America during the Second 

Interglacial period .. . .. 11 (Moore, 1969), but was exterminated in 

Europe during the Third Glaciation since no evidence of its occurrence 

in the Third (Last) Interglacial has been found (Charlesworth, 1957). 

In recent years, several contributions have appeared on the evolution 

of the genus AzoZZa and related fossil genera in the Salviniaceae. Most 

taxonomic accounts of fossil AzoZZa have attempted to demonstrate a 

direct phyletic lineage based on the number and arrangement of floats 

on the megaspore apparatus, and, in more recent studies usinq the electron 

microscope, features of the stratification and ornamentation of the sporo­

derm and perine (Jain, 1971; Hall, 1974; Fowler, 1975a; Sweet and 

Hills, 1976; Martin, 1976a). 

In summary, the most striking feature about the evolution of the 

Salviniaceae is its sudden appearance and differentiation in the late 

Cretaceous followed by its almost equally sudden decline. The genera · 

GZomerisporites, AzoZZopsis, AzoZZa and ParazoZZa all first occur in 

the Senonian nut only AzoZZa survived beyond the end of the Cretaceous. 

The related genus Salvi"nia, which appeared in the Maastrichian, also 

survived to the present. 

3.2.2 Taxonomy and ·distribution of the genus AzoZZa 

The genus AzoUa, established by Lamarck in 1783 (Svenson, 1944), is a 

coherent group (Demalsy, 1953), clearly separated from SaZvinia Adans., 

the other genus with which it is usually associated to form the Salviniaceae 
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(Sadebeck, 1902; Sim, 1915; Black , 1948; Bailey, 1949; Lawrence, 1951 ; 

Benson , 1957). More recent authorities (Me l choir and Werdermann , 1954; 

Reed , 1954; Eichler, 1965; Sculthorpe, 1967 ; Schelpe, 1970; Konar 

and Kapoor, 1974; Martin, 1976b) have assigned Azolla to a monogeneric 

family , the Azollaceae, separate from the genus Salvinia . Various origins 

for the name Azolla have been suggested (Bailey , 1902; Black, 1948; 

Bailey, 1949). However, {t is generally considered that the generic 

name , Azolla , i s a conjugation of ~wo Greek words, Azo (to dry) and 

ollyo (to kill), inferring that the fern is killed by drought (Moore, 

1969; Lumpkin and Plucknett , 1980) . 

Differentiation at the species level is less c l ear-cut . Sadebeck (1902) 

based his treatment of the genus on Strasburger's monograph of 1873 , in 

which two sections (subgenera) were recognised. These subgenera , Azolla 

and Rhizosperma, were based on the number o f floats (Schwimmk6rper) on 

the megaspore (Svenson, 1944; West , 1953). Sadebeck (1902) cited the 

author of Rhizosperma as Meyen, but Airey Shaw (1966) cited Rhizosperma 

Meyen as a generic name (a synonym for Azolla). Meyen ' s work has , 

however , not been seen by the author. Sweet and Hills (1976) state that 

in 1836 Meyen grouped the extant species of Azolla (sensu latu) into two 

separate genera Euazolla and Rhizosperma , the genus Rhizosperma being 

reduced by Mettenius in 1847 to sectional rank within the genus Azolla , 

after which Strasburger , in 1873, referred to Rhizosperma as a subgenus. 

Subsequently , some authors (Demalsy, 1958; Kempf, 1969; Moore, 1969) 

have used the rank of subgenus to define infrageneric taxa within Azolla , 

whereas others (Rao, 1936; West, 1953; Dorofeev, 1959; Ha ll, 1968 ; 

Hills and Gopal, 1967 ; Jain, 1971; Bertelsen, 1972; Fowler, 1975b; 

Martin, 1976a; Lumpkin and Plucknett , 1980) have persisted in the use 

of the rank of section for infrageneric taxa within the genus Azolla. 

In an attempt t o stabilize the usage of and g i ve meaning to the ranks of 

subgenus and section within Azolla and related genera (both fossil and 

extant), Sweet and Hills (1976) proposed a dual hierarchy. Their 

suggestion i s that subgenera be defined by the type of glochidia (or 

homo l ogous structures) that are borne by the massula and that sections be 

limited to groups of species having the same gross morphology of the 

megaspore complex and (by implication) the same bas i c g l ochidial form . 
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Therefore, within extant species of the genus Azolla, two subgenera are 

presently recognized, Azolla and Rhizosperma (MeyenL Strasburger, to 

account for forms naving fluked glochidia and trichome~like glocfiidia 

respectively'. 

Hills and Gopal (1.967), dealing with fossil forms of Azolla, state that 

there are six extant and twenty-five fossil species . Svenson (1944) 

has given a critical account of the four New World species · (subgenus 

Azolla (Meyen) Strasburger) , using features of the reproductive organs 

as criteria. According to Svenson (1944), identification of steri l e 

material is often extremely difficult . 

The following treatment of extant forms of the genus is based primarily 

on the works of Sadebeck (1902) , Svenson (1944) and Sweet and Hills (1976): 

Subgenus Azolla (Meyen) Strasburger [Section Euazolla Meyen (Sensu 

Sadebeck)] (Three 'floats' on the megaspore ; rigid, barbed glochidia 

on the microsporangial massulae . l 

Azolla filiculoides: Glochidia not septate, or rarely with 1 or 2 septae 

at apex ; plants elongate (frequently 20-50 rom .long), with closely 

appressed, imbricate, papillose, oblong to ovate l eaves (1-2 rnrn 

long). ; microsporangia 35-100 in an indusium; massulae 4- 6 ; 

megasporangia with raised, irregularly hexagonal markings. 

Azolla caroliniana: Glochidia not septate; p l ants small (5-15 rom 

diameter), dichotomously branched, the nearly orbicular, divaricate 

leaves small (5 rum long), nearly smooth, not closely imbricate; 

microsporangia 8-40 in an indusium. 

Azolla mexicana: Glochidia multi-septate; plants dichotomously branched 

11Q-15 Em diameterl, with upper leaf lobes 0,7 mm long, the lower 

lobes much larger; microsporangia usually wi th 4 massulae; 

megaspore pitted. 
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Azolla microphylla: Glochidia multi-septate, plants small (10-20 rom 

long)., pinnately branched, with nearly orbicular leaves 1 rom 

long; megaspore smooth. 

Azolla filiculoides Lam., the type species of the genus, is widely dis­

tributed, having been introduced to a number of areas in which it is 

not indigenous". Prior to 'its dispersal by man r the species was endemic 

to southern South America and western North America (Lumpkin and 

Plucknett, 1980). It has since been reported throughout the Americas 

from southern Soutfi America to Alaska (Svenson, 1944), Hawaii (Fosberg, 

1942), China (Reed, 1954), Japan (Seto and Nasu, 1975), Australia (Bailey, 

1902; Black, 1948; Learmonth, 1953), New Zealand (Bailey, 1902), 

Belgium (Lawalree, 1964), Holland (Sculthorpe, 1967), France (Chevalier, 

1926), England (Williams, 1943, 1944; Smith, 1971), Ireland (Brunker, 

1949), Alsace (Jaeger, 1951-52), Portugal (Reed, 1962), Romania (Lawalree, 

1964), Germany (Schloemer, 1953L, Bulgaria and Czechoslovakia (Sourek, 

1958) and South Africa (Twyman and Ashton, 1972). Azolla rubra R. Br. is 

listed by Eichler (19651 as a variety, Azolla filiculoides var. rubra 

(R. Br. '- Strasb. Azolla japonica Franch et Sav., occurring in Japan, is 

similar to AzoUa filiculoides Lam. (Moore, 1969) and is also considered 

to be a variety of A. filiculoides (Lumpkin and Plucknett, 1980). 

Azolla caroliniana Willd. is indigenous to the eastern United States 

(Bailey, 1902; Svenson, 1944; McCoy, 1950; Reed, 1951; Cohn and 

Renlund, 1953; Shaver, 1954; Duncan, 1960), the West Indies (Svenson, 

1944; Bailey, 1949) and Mexico (Rzedowski, 1957). This species has 

been introduced into eastern Spain (Bolos and Masclans, 1957), Portugal 

(Wild, 1961), France (Massol, 1950), Hong Kong (Herklots, 1940), Belgium, 

Bulgaria, Czechoslovakia, Holland, Hungary, Romania (Lawalree, 1964) 

and Denmark (Olsen, 19721. 

Azolla mexicana Presl. occurs from northern South America to British 

Colombia and ei\stwardS to Illinois (Svenson, .1944; Gunning and Lewis, 

.19.57, Fowler, . .19.75i\L. 

AzoUa microphylla Kaulf. occurs in we-stern and northern South America 

and the West Indies (SVenson, 1944) and the Galapagos Islands (Schofield 

and Colinvaux, 1969). 
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Subgenus Rhizosperma (Meyen) Strasburger [Section Rhizosperma Meyen (Sensu 

Sadebeck)]. Nine 'floats' on the megaspore; glochidia on the micro­

sporangial massulae thread-like (trichome-like) or absent. 

Azolla pinnata: Glochidia thread- like, present only on the inner surface 

of massulae; sporocarps in pairs; stems pinnate or bipinnate, plants 

appearing deltoid in·outline, 10-20 mm in length; leaves papillose 

(each papilla 2-celled), ovate, obtuse, loosely imbricate, 0 , 8-1 , 2 mm 

long; numerous root hairs on each root. 

Azolla nilotica: Glochidia absent from massulae; sporocarps in tetrads; 

stems elongated (60-150 mm long); branches often arising in tufts 

from main axis; leaves nearly smooth, obtuse, not closely imbricate, 

3-5 mm long. 

Azolla pinnata R. Br. is widespread throughout the eastern hemisphere. It 

has been reported from tropical Africa (Bailey , 1902; Sadebeck, 1902), 

southern Africa and Madagascar (Sadebeck, 1902; Oosthuizen and Walters, 

1961; Wild, 1961; Schelpe , 1970, 1971) , West Africa (Sweet and Hills, 

1971), Australia (Bailey , 1902; Black , 1948), New Caledonia (Sadebeck , 

1902, Indonesia (Sadebeck , 1902; Burkhill , 1935; ' Saubert, 1949), Ceylon 

(Sadebeck, 1902), India (Rao, 1936; Srivastava and Tandon, 1951; Loyal, 

1958; Singh,1961; Konar and Kapoor, 1972), Indo-China (Vietnam) 

(Chevalier, 1926), China and Taiwan (Shen, 1960) and Japan (Sadebeck , 1902; 

Svenson, 1944). Sculthorpe (1967) reports that Azolla pinnata has been 

introduced into southern Europe. Shen (1960 , 1961) considers that Azolla 

imbricata (Roxb.) Nakai and Azolla africana Desv. are synonyms for Azolla 

pinnata R. Br. After careful examination of a series of collections , Sweet 

and Hills (1971) agreed, but recognized two varieties on the basis of 

vegetative morphology. These are Azolla pinnata var. pinnata occurring in 

Africa, Madagascar, Australia and New Guinea, and Azolla pinnata var . 

imbricata (Roxb.) Bonap., occurring in India, Nepal, Burma , Southeast Asia, 

China, Phillipines and Japan . 

Azolla nilotica Decne . is reported as a large species occurring on the Nile 

(Sadebeck, 1902; Chevalier , 1926), South West Africa (Wild, 1961), Malawi 

(Reed, 1965), Tanzania (Demalsy, 1953), Mozambique (Wild, 1961; Schelpe, 

1971), Uganda (Reed, 1965) and Zambia (Kornas, 1975). 
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3.2.3. The taxonomy of Anabaena azoZZae Strasburger 

According to Moore (1969), the endophytic, heterocystous blue-green alga 

Anabaena azoZZae Strasb . is apparently the only species present in the leaf 

cavities of all extant species of AzoZZa. In the earliest description of 

the alga [Strasburger 's monograph of 1873, cited in Moore (1969)J, 

Strasburger referred to the alga as Nostoc 'strings' (Nostoc-Schnure). 

Sadebeck (1902) also referred to the alga as the 'Nostoc parasite '. 

Strasburger's original description of Anabaena azoZZae in 'Das Botanische 

Praktikum' [ersten Auflage, Blad 382, cited in De-Toni (1907)J, was not 

available. In a later edition of the above work, Strasburger (1913) 

included a description sufficiently detailed to comply with requirements 

specified by the International Code of Botanical Nomenclature (Stafleu, 

1972). However, Fjerdingstad (1976) claimed that, on morphological 

grounds, the alga is actually an ecoform of Anabaena variabiZis and 

should, therefore, be called A. variabiZis status azoZZae. This suggestion 

has, however, not gained wide acceptance. 

Taxonomi s ts place Anabaena azoZZae within the phylum Cyanophyta, order 

Nostocales, family Nostocaceae. The species has sinuous trichomes composed 

of barrel-shaped cells , which are either sheathless or have a poorly­

developed sheath (Geitler, 1925 , Shen, 1960). Within each trichome, three 

types of cells can be found - vegetative cells, heterocysts and thick­

walled resting spores or akinetes. In many specimens, akinetes are only 

found in algal samples from the older senescent AzoZZa leaves. The 

dimensions of the three cell types are very variable, even within the same 

sample. There appears to be some slight differences in the dimensions of 

A. azoZZae cells taken from different species of AzoZZa , though this is not 

sufficient to separate them into different species or forms (Lumpkin and 

Plucknett, 1980). 

3.3 METHODS 

3.3.1 Collection of samples for identification 

At all sites where AzoZZa plants were found, samples were collected for 

identification. Since the identification of sterile AzoZZa material is 

at best inconclusive (Svenson, 1944), all localities were sampled during 
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the summer months November to January when ferti l e materia l was available . 

Samples were preserved with form- acetic-alcohol (FAA) and examined with a 

Wild MS stereoscopic mi croscope on return to the laboratory. Temporary 

slide mounts were made of squashed microsporocarps to facilitate 

examination. Where necessary , salient features wer e photographed with a 

Zeiss research photomicroscope. Identification of Azolla material to 

species level was based ort the works of Demalsy (1953) , Shen (1960) and 

Svenson (1944). In addition , preserved sampl es of fertile Azolla materi al 

were dispatched to Dr Rolla M. Tryon, Grey Herbarium at Harvard Uni versity , 

for confirmation of identification. 

3 . 3 . 2 Plant distribution 

The data representing distribution records for three species of Azolla in 

southern Africa were compiled from herbarium records , published reports 

and arti cles on the plants concerned , information from reliable' observers 

and collections by the author. B.R. Davies , A. Jacot Guillarmod and 

D.J. Steyn have provided useful data in this regard . 

3 .4 RESULTS 

3 . 4 .1 Identification of Azolla material from the study area 

Discussions with farmers in the Colesberg District , South Africa, indicate 

t hat Azolla plants have occurr ed in the area for at least the last thirty 

years. However , the speci fic identification of these plants was not 

established until 1972. 

Wild (1961) stated that t he speci es concerned was A. pinnata R. Br. var. 

afrieana (Desv .) Bak. This identificati on, apparently based on the 

examination of sterile material, is very unlikely, since even jn the 

vegetative state , the plants do not show the typical pinnate branching of 

A. pinnata. Schelpe (1971) identified the species as A. earoliniana 

Willd., again on the basis of s t erile material. 

After examination of mega- and microsporocarpic materi a l from fifty-seven 

sites in the Colesberg , Venterstad and Bethulie d i stri cts , Twyman and 

Ashton (1972) have shown that the materi a l belongs , in fact , to Azolla 
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filiculoides Lam. This i dentification is supported by Dr Rolla M. Tryon 

of the Grey Herbarium at Harvard University (personal communication) . 

Sporocarps occur in pairs (Plate 14a), usually one megasporocarp and one 

microsporocarp. Each megasporocarp contains a single megaspo rangium with 

one megaspore (Plate 14b). Each megaspore possesses three 'floats ' 

(Plate 14c), which places'this material in the subgenus Azolla (sensu 

Sweet and Hills, 1976). This rules out the possibility of the material 

belonging to A. pinnata, which has nine ' floats ' per megaspore (Sadebeck, 

1902; Moore, 1969) and belongs to the subgenus Rhizospe~a (sensu Sweet 

and Hills, 1976). 

Each microsporocarp contains numerous stalked microsporangia (Plate 14d). 

Examination of the microsporocarpic material showed the presence of 

numerous non-septate or rarely uni-septate, barbed glochidia on each 

massula within the microsporangia (Plate 14e, f). Barbed glochidia are a 

characteristic of the subgenus Azolla - the subgenus Rhizospe~a being 

characterized by weak, thread-like, unbarbed, trichome-like glochidia on 

the microsporangial massulae. 

The leaves of the material from Colesberg, Venterstad and Bethulie are 

closely appressed, imbricate, papillose and oblong in shape, being 1-1~ mm 

in length (Frontispiece). These features are characteristic of 

A. filieu loides , the leaves of A. caroliniana being orbicular, divaricate, 

nearly smooth and approximately 0,5 mm in length (Svenson, 1944). Further 

characteristics of A. filiculoides, shown by the material examined, are 

the generally elongated shape of the plants (often being two to four 

centimetres in length), the large number of microsporangia (average 73) 

within each indusium and the irregular, raised hexagonal markings on the 

megaspore (Plate 14b). 

3.4.2 The distribution of Azolla species in southern Africa 

The distribution ranges of the three species of Azolla that occur in 

southern Africa are shown in Figure 8. Each symbol marked on the map 

indicates the presence of Azolla within a quarter-degree grid square. 

'" 
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A , 

9 

\ 

F 

PLATE 14: Structure and arrangement of the reproductive orga ns 
in A.filiculoides from the Hendrik Verwoerd Dam. 
A (X13) Megasporocarp (me) and microsporocarp (mi) containing 
microsporangia (ms) . B (x60) Tangential LS of megasporocarp 
showing megaspore (m) with apical membrane (am) holding floats (r) 
onto collar (c). Also shown is the space under the indusium cap 
(ic) where akinetes of Anabaena azollae (aa) are found . (After 
Ashton & Halmsley , 1976 . ) C (A70) TS of megaspore "swimming 
apparatus " showing three float (f) arrangement bounded by 
indusium cap (ic) . D (X30) LS of immature microsporocarp (mi) 
containing stalked microsporangia (ms). E (XlOO) Ruptured 
microsporangium (ms) showing five massulae (rna) bearing f luked 
glochidia (g). F (X1000) Single , aseptate fluked glochidium (g) , 
typical of A . filiculoides Lam . 
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The distribution of A. filiculoides Lam. is very restricted, though within 

its range it may be locally common. At present, the greatest concentration 

of the plant is located in the vicinity of the Hendrik Ve rwoerd Dam, in 

the Orange Free State and North Eastern Cape Provinces of South Africa. 

An outlier locality some 450 km downstream of the impoundment, at 

Upington, is probably due to the spread of water-borne spores. A further 

outlier locality in the Fiorence Bloom Bird Sanctuary, central Johannes­

burg, Transvaal Province, is the result of human introduction of a 50-

called 'duck weed' (N.'Bloom, personal communication). 

Azolla pinnata var. pinnata R. Br., the only species of Azolla indigenous 

to South Africa, has a very scattered distribution. The plant is found in 

the Chohe, Linyanti and Kafue river systems of the upper Zarnbezi River and 

a few sheltered marshy depressions along the south-eastern coastal plain 

of Mozambique and South Africa. 

Azolla nilotica Decne., the largest species of the genus, occurs mainly in 

sheltered backwaters of the lower Zambezi River and small isolated marshes 

on the Mozambique coastal plain. The greatest concentration of the plant 

is to be found in sheltered embayments of the Cabora Bassa impoundment on 

the Zambezi River in Mozambique (P.J. Ashton, unpubl ished data). 

3.5 DISCUSSION 

Despite disagreement between taxonomists on the validity of the ranks 

of subgenus and section within the genus Azolla, the use of section is 

now widely accepted (Lumpkin and Plucknett, 1980). Differentiation at the 

species level is based on the structure of the reproductive organs since 

the identification of sterile material is often extremely difficult 

(Svenson, 1944). 

Mega- and microsporocarpic Azolla material from the Hendrik Verwoerd Dam 

catchment area revealed some variability in both the numbers of micro­

sporangia per microsporocarp· (24 to 117) and numbers of massulae per 

microsporangium (6 to 10). However, these values fall within the ranges 

given by Svenson (1944) for A. filiculoides. The presence of non- septate 

• 
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or (rarely) uni - septate, barbed glochidia on each ~assula and the irre­

gular , raised hexagonal markings on the megaspore wall , characteri stics 

of A. filiculoides , provide additional evidence. Thus, all AzolZa 

material coll ected in the catchment area of the Hendrik Verwoerd Dam has 

been positively identified as AzolZa fiZicuZoides Lam. Earlier identifi ­

cations of sterile AzoZZa material from this area as A. pinnata by 

Wi l d (1961) and A. caroZiniana Schelpe (1971) are therefore incorrect . 

All southern African AzoZla material examined (A . fiZiculoides, A. pinnata 

and A. niZotica) , contained colonies of the endosymbiotic blue-green 

alga Anabaena azolZae wi thin cavities i n the upper leaf lobes. However , 

A. nilotica plants contai ned far fewer alga l colonies per leaf cavity 

than d i d plants of A. filicuZoides and A. pinnata In all cases, the 

Anabaena azoZZae materi al from the three AzoZZa species appeared to be 

morphologically identical. 

The three species of AzoZZa in southern Africa have very restricted 

di stributions , confined to quiet pools or backwaters wh ere they are 

protected from wind and wave action. The limited distribution of the 

introduced species A. fiZi culoides within the catchment area of the 

Hendrik Verwoerd Dam reflects t h e scarcity of suitable habitat within 

this area. However , the two outlier localities at Upington and Johannes­

burg (Figure 8 ) demonstr ate the eas e wi th which the p l ant may be trans­

ported from one locality to another . 
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CHAPTER 4 

MORPHOLOGY,-ANATOMY AND LIFE HISTORY 

4.1 INTRODUCTION 

AzalIa is a .genus of small aquatic ferns with a world-wide distribution. 

Within the genus, extreme reduction in size of organs accompanied by 

increased adaptation to a free-floating habit, has obscured morphological 

affinities with other pteridophytes (Sculthorpe, 1967). Indeed, Smith 

(1938) indicated that the vegetative structure of AzalIa fronds was 

reminiscent of certain liverworts. AzalIa plants superficially resemble 

members of the Marsi liaceae in being heterosporous and bearing sporocarps. 

However, Azolla differs from the Marsiliaceae in so many morphological 

features, that they cannot be considered to have any close affinities 

(Smith, 1938). 

Both the vegetative and sexual reproductive cycles in AzalIa are adapted 

for existence in an aquatic environment. While much work has been carried 

out on factors affecting the vegetative growth of the fern (e.g. Peters 

et al., 1980), nothing has been published about environmental regulation 

of the equally important processes of sexual reproduction in AzalIa. 

The presence of the heterocystous blue-green alga Anabaena azallae within 

cavities in the dorsal leaf lobes of AzalIa plants is the only known 

association between a pteridophyte and a cyanophyte (Stewart, 1978). 
, 

Earlier studies have shown tqt this unique association is maintained 

throughout the life-cycle of the fern. However, the means by which this 

fern-alga association is maintained during both the vegetative and 

sexual reproductive cycles is uncertain. 

The aims of this investigation were threefold: 

(a) to determine whether the anatomy and life-cycle of A. filiculaides 

plants from the study area differed from A. filiculoides plants 

elsewhere; 
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(b) to define the factors responsible for regulating sporocarp production 

and germination; and 

(c) to investigate the processes of cell development and differentiation 

in Anabaena azoZZae growing within AzoZZa plants, and the means by 

which the fern-alga association is maintained. 

4.2 LITERATURE REVIEW 

4.2.1 Morphology and cytology 

When viewed from above, AzoZZa plants are usually triangular or polygonal 

in shape and float on the water surface individually. When present in 

large numbers, the plants form dense, multi-layered mats, which give the 

appearance of a dark green or reddish carpet. The reddish-brown colour, 

present in all extant species of AzoZZa except A. niZotiea, is due to the 

anthocyanin pigments luteolinidin and apigenidin (Pieterse, De Lange and 

Van Vliet, 1977). The diameter of AzoZZa plants ranges from 10-25 mm for 

small species such as A. earoZiniana and A. pinnata to 150 mm or more for 

A. niZotiea (Demal sy , 1953). The latter species has leafy fronds spaced on 

a long, trailing, leafless stem (Sadebeck, 1902). 

The AzoZZa sporophyte consists of a branched, floating rhizome with small, 

alternate, overlapping, papillose leaves. Simple roots, which hang down 

into the water, occur at some nodes. The structural relationships between 

AzoZZa and other f erns are difficult to discern because of the changes 

resulting from adaptation to a floating habit (Smith, 1938). Each leaf is 

divided into a thick, green, dorsal lobe and a thin, colourless, ventral 

lobe of slightly larger size. The papillose dorsal lobes are chloro­

phyllous except in the colourless margin. Some authors (e.g. Sadebeck , 

1902; Huneke, 1933; Smith, 1938; Bortels, 1940; Saubert, 1949) state 

that the upper lobe floats on the water surface, the lower lobe being 

submerged. " However, Rao (1936), Svenson (1944), Schaede (1947), Moore 

(1969) and most later workers have indicated that the lower lobe is in 

contact with the water only on its ventral surface and that the upper lobe 

does not touch the water at all. Stomata occur in vertical rows on both 
• 

surfaces of the dorsal lobe and on the upper surface of the ventral lobe 
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(Demalsy, 1953; Inamdar, 1971). Each stoma has two guard cells 

initially, though these may fuse to form a single annular guard cell with 

a central pore (Sud , 1934). seto and Nasu (1975) reported two guard cells 

in A. filiculoides (japonioa) but only one in A. pinnata (imbrioata). 
-2 

Inarndar (1971) reported 112 stomata rnrn on leaves of A. p,innata . 

The histology and anatomy'of various species of Azolla has been studied by 

a number of workers, both by light· microscopy (Campbell, 1893 ; Sadebeck, 

1902; Pfeiffer, 1907; Queva , 1910; Rao , 1936; Smith, 1938; Duncan , 

1940; Demalsy , 1953, 1958; Bonnet, 1956, 1957; Sweet and Hills, 1971; 

Konar and Kapoor, 1972; Walmsley, Breen and Kyle, 1973; Peters and 

Mayne , 1974a; Fowler , 1975a; Ashto n and Walmsley, 1976; Martin, 1976a) 

and electron microscopy (Kawarnatu, 1961, 1962 , 1963, 1965a, b; Grilli, 

1964; Lang, 1965; Lang and Whitton, 1973; Duckett , Toth and Soni, 1975; 

Duckett, Prasad and Toth , 1975 ; Martin , 1976a; Gunning, 1978; Gunning 

et al ., 1976 , 1978a, b, c , 1979; Hardham'-G"M'~' 1979). 

The stem apex in Azolla is upwardly curved and growth is by successive 

divisions of a three-sided apical cell (Smith, 1938) . The central 

vascular cylinder , which develops from a common mother- cell layer, is 

considered to be protostelic (Smith, 1938; Sporne , 1962). However, 

adaptation to an aquatic life has been accompanied by so great a reduction 

of the vascular tissues that it is impossible to determine this with 

certainty. Branching is axillary (Dernalsy, 1958) and at the base of each 

branch there is an abscission layer composed of smaller cells (Rao, 1936; 

Konar and Kapoor, 1972) which facilitates rapid fragmentation and 

vegetative reproduction. Apart from movement by water currents , the main 

agents of dispersal of Azolla are probably aquatic birds (Smith , 1938; 

Schofield and Colinvaux, 1969) and man. Adventitious roots arise singly 

(in fascicles in A. nilotioa (Demalsy , 1958» in an acropetal fashion from 

the common mother- cel l layer and have an abscission layer at the point of 

attachment to the rhizome. Each root bears unicellular root hairs and has 

a persistent three-layered root cap or sheath which is shed during growth 

of the basal root hairs (Leavit, 1902; Pfeiffer, 1907; Rao, 1936 ; 

Smith, 1938; Duncan, 1940; Kawamatu, 1961). Root length varies from 

15 rnm (A. pinnata) to 120 rnm (A. nilotioa) and in shallow water the roots 

are able to penetrate into the underlying mud . Kawamatu (1960) recorded 
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granular mitochondria in the root hairs of A. pinnata. Several authors 

(Rao, 1936; Kawamatu, 1961, 1965a, b; Konar and Kapoor, 1972) have 

mentioned the presence of chloroplasts in the unicellular root hairs as 

well as in the cortical layers of the root. Transfer cells have also been 

detected in the roots (Duckett et al., 1975a, b; Gunning et al. , 1978a, 

b, c). 

Leaves arise from the upper cells of the rhizome, a short distance behind 

the apex . Only the alternate cells on the right and left of the apex 

develop into leaves resulting in alternate rows of leaves (Rao, 1936). 

Successive divisions of the leaf-initial cells give rise to upper and 

lower leaf lobes, no apical cell being produced (Rao , 1936; Smith , 1938). 

Early i n the development of the dorsal lobe, a cavity is formed on the 

adaxial surface near the leaf base, enclosing a few vegetative cells of 

the heterocystous blue-green alga A. azollae Strasburger which seems to be 

invariably associated with the stem apex (Pfeiffer, 1907; Rao, 1936; 

Smith, 1938; Duncan, 1940; Schaede , 1947; Moore, 1969; Walmsley et 

al., 1973; Ashton and Walmsley, 1976). Further development of the dorsal 

leaf lobe encloses the algal cells within the cavity, with only a minute 

opening to the exterior (Smith, 1938; Konar and Kapoor, 1972), which 

allows gaseous exchange between the cavity and the atmosphere. The cavity 

is lined with epidermal cells, from which simple or multicellular branched 

hairs protrude. The newly enclosed algal cells begin to colonize the 

cavity and become distributed around the peri phery of the cavity (Sadebeck, 

1902 ; Rao, 1936; Schaede , 1947; Me~hoir and Werdermann, 1954; , Shen, 

1960; Kawamatu , 1965a, b; Walmsley et al. , 1973; Peters and Mayne, 

1974a; Hill, 1975; Duckett et al., 1975b; Ashton and Walmsley, 1976). 

The development of the alga and fern is synchronized . Development of the 

leaf primordia is accompanied by enlargement of the algal vegetative 

cells , a few of which differentiate into heterocysts able to fix 

atmospheric nitrogen. The upper epidermis of the dorsal leaf lobe 

develops numerous single-celled water-repelling hairs or papillae (Smith, 

1938; Shen, 1960). 

The Azolla-Anabaena azollae association shows distinct features which are 

a manifestation of the morphology and"'physiology of the association 

(Peters, Evans and Toia , 1976). The symbiotic blue-green alga Anabaena 
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azollae, together with a few bacteria occur within specialized mucilage­

containing chambers in the leaves of the host and are, therefore, not in 

direct contact with the external environment (Bottomly, 1920; Grilli, 

1964; Wieringa, 1968; Peters , 1976). Bottomly (1920) isolated 

Pseudomonas and Azotobacter bacteria from Azolla leaf cavities. However, 

Peters and Mayne (1974b) have since shown that the bacteria within the 

leaf cavity do not fix atmospheric nitrogen. 

Recently, Peters (1975, 1976) and Newton (1976) noted that within the 

leaf cavity, the algal filaments are confined by a limiting membrane-like 

envelope of unknown composition, covered by a mucilaginous layer. How­

ever, earlier studies by Grilli (1964), Lang (1965) and Hill (1975) on 

the ultrastructure and development of A. azollae made no mention of this 

membrane. Some of the simple and multicellular branched hairs which 

protrude into the leaf cavities possess the morphological characteristics 

of transfer cells (Duckett et al. , 1975b). Transfer cells have been 

shown to play an important role in the short-distance transport of solutes 

in other plant species, e.g. legumes and many aquatic angiosperms (Gunning 

and Pate , 1969) and may therefore playa similar role in the Azolla-Anabaena 

azollae association. The mucilage within the leaf cavities is of 

unknown composition (Peters and Mayne, 1974a), possibly secreted by the 

glandular hairs (Moore, 1969; Konar and Kapoor, 1972). However, Duckett 

et al . (1975a) found that leaf cavities freed of the algal symbiont did 

not contain mucilage and they speculated that the mucilage was probably 

derived from the symbiont because mucilage production by blue-green 

algae is quite usual. This mucilage must facilitate the transfer of 

solutes between the fern and alga and conversely must retard the rate of 

diffusion of atmospheric gases to the alga (Duckett et al. , 1975a). 

The development of the leaf cavity with its associated transfer hairs is 

not dependent upon the presence of A. azollae (Peters and Mayne, 1974a; 

peters, 1976; Ashton and Walmsley, 1976). 

Cytological investigations of three species of Azolla indicate that the 

genus has the smallest chromosomes yet recorded in ferns (Loyal , 1974). 

Loyal (1958), using a chromosome squash technique, observed the chromosome 

number of A. pinnata to be 2n = 44; the largest chromosome pair measured 

only 2,08 ~m in length while the smallest measured 1,04 ~m. The obser-
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vations of Litardiere (1921), that the chromosome number for A. carolinana 

was 2n = 48, were disputed by Loyal (1958) on the basis that " .. .. . obser­

vations based on sectioned material may not be trustworthy". Duncan (1940) 

observed 18 and 20 chromosome pairs in A. filiculoides . 

4.2.2 Reproductive biology 
. 

The life cycle of Azolla has been described by numerous authors . Although 

no one has specifically mentioned methods of i nducing sporocarp develop­

ment, in A. filiculoides sporocarp development is known to be associated 

with mat formation (Talley, Talley and Rains, 1977) and has been recorded 

during the summer months in temperate regions (West, 1953; Ashton, 

1974). However, sporocarp development in A. pinnata is associated with 

winter months in both India (Konar and Kapoor, 1974) and Taiwan (Shen, 

1960) . Singh (1977.) also mentioned that sporocarp development appeared to 

retard growth of the fern fronds. 

Sporocarp development in A. carolinana has been described by Pfeiffer 

(1907) and Bergad (1972), while Campbell (1893), Sadebeck (1902), Duncan 

(1940), Smith (1938), Bonnet (1957), Demalsy (1958) and McT"ean and 

Ivimey-Cook (1960) described the sporocarps of A. filiculoides. Rao 

(1936), Demalsy (1958), Shen (1960) and Konar and Kapoor (1974) described 

the sporocarps of A. pinnata . The monograph by Demalsy (1953) on 

A. nilotica included much information on its sporocarps,and Lumpkin and 

Plunknett (1980) note that the sporocarps of A. microphylla have been 

described by the early workers Meyen, Baillon and Morton. 

The genus Azolla is heterosporous and Rao (1936), Smith (1938) and 

Bonnet (1957) state that only the lowermost (oldest) leaf of a branch 

is fertile. Sporocarps, borne on short stalks, arise in pairs (tetrads 

in A. nilotica (Demalsy, 1958» from the ventral lobe initial, the dorsal 

lobe forming an involucre. Usually there is a pair of either micro­

sporocarps or megasporocarps, but one of each may be present (Moore, 1969). 

Microsporocarps are large and globular relative to the smaller ovoid 

megasporocarps. During the early stages in the development of sporocarps, 

cells of A. azollae (probably from the lowest fertile leaf) become ,.. 
entrapped within the developing indusia (Smith, 1938). The early stages 

of development are similar in both types of sporocarp, since there is an 
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elongated receptacle on which numerous mega- and microsporangial initials 

arise (Bonnet, 1957). However, during the later development of mega- and 

microsporangia respectively , all the microsporangial initials and some of 

the mega sporangia 1 initials abort in the latter, giving rise to a single 

megasporangium or numerous microsporangia (Sporne, 1962i Konar and 

Kapoor, 1974). 

The microsporocarp contains 7-130 stalked microsporangia (Duncan, 1940; 

Svenson, 1944; Godfrey , Reinert and Houk, 1961), each containing 32 or 64 

microspores (Svenson, 1944). Within the peripl asmodium of each micro­

sporangium, there develop 3-10 alveolar massulae. These are complex , 

pseudocellular structures in which the micrpspores are embedded (Martin, 

1976a). In living species, the massulae may be eglochidiate (A . nilotica) , 

or may have a few hair-like (A. pinnata) or fluked (Subgenus Azolla) 

glochidia which serve to anchor each massula to a megaspore ensuring that 

the micro- and megagametophytes will be held in close proximity to one 

another (Smith, 1938). Fowler (1975a) has shown that in fossil Azolla 

prisca and extant A. caroliniana and A. filiculoides, each microspore 

occupies one of the pseudocellular cavities within the massula . Each 

microspore- containing cavity is c losely associated with the bulbous base 

of a funnel-shaped cavity, the neck of which extends to the massula's 

periphery, and which opens by a pore to the exterior. The germinal area 

of the microspore, marked by a triradiate s uture, is always positioned 

adjacent to the base of the funnel-shaped cavity. Eames (1936), 

describing microspore germination in modern Azolla (i.e. Subgenus Azolla) , 

states that a papilla protrudes through the opened suture, then 

differentiates to form a small prothallus on which an antheridium pro­

ducing eight spermatozoids develops. Fowler (1975b) considers it likely 
~ . h that the pro~allus protrudes ~nto t e funnel-shaped exit tube, where the 

a ntheridium is developed, and the spermatozoids are released to the 

exterior via the pore and not by gelatinization of the massula as stated 

by Smith (1938). 

Within the megasporocarp, which takes about a week to mature, is a single 

megasporangium containing a single megaspore apparatus. The periplas­

modium, in which the megaspore initial was originally embedded, gives rise 

to a thick perispore , analogous to the seed coat in higher plants. The 
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megaspore apparatus has been described as the most complex megaspore 

produced by embryophytic plants (Fowler, 1975b; Martin , 1976a). The 

megaspore apparatus consists of the megaspore, above the proximal pole of 

which lies a superstructure of hair-like filaments called, by some 

authors , the columella (Fowler, 1975a) . This columella, which is 

continuous with similar filaments on the megaspore wall (Smith, 1938), 

bears vacuolate, pseudocellular floats . These are analogous to micro­

sporocarpic massulae, and number three in Subgenus AzoZZa or nine in 

Subgenus Rhi zospenna (a three float tier above a six float tier). The 

columella plus floats constitute the so- called ' swimming apparatus' , since 

they were originally thought to have a hydrostatic or insulating function 

{Bonnet, 1957). However, repeated observations on ripe mega- a nd 

microsporocarps after indusial rupture show that they never float but 

always sink and that gametogenesis, fertilization and the initial 

development of the sporophyte take place below the water surface (Sud, 

1934; Konar and Kapoor , 1974; Ashton, 1977) . 

Development of a megaspore into a mature gametophyte takes about seven 

days (Campbell, 1893) . The megaspore nuc leus div ides to form a megagame­

tophyte initial located at the upper end of the megaspore . Following 

enlargement of this gametophyte initial , the megaspore wall ruptures and 

the developing gametophyte protrudes through the opening into the 

columellar space between the floats . Further development of the gameto­

phyte is followed by differentiation of typical archegonia , each con­

taining an egg cell. Fertilization of the egg cell by a spermatozoid 

results in the formation of a zygote , from which a new sporophyte 

develops. The developing sporophyte rapidly elongates , displacing the 

floats and indusium cap , thereby becoming 'infected' at its apex with the 

akinetes of A. azoZZae present under the indusium cap (Ashton and 

Walmsley , 1976). As soon as the first leaf appears , the young sporophyte 

carryi ng the remains of the megaspore and massulae floats to the surface 

of the water before developing further. 

The continuity of the association between the fern and the alga through­

out the life cycle of the fern has been something of an enigma . Benedict 

(1923), Smith (1938), Shen (1960) and' Konar and Kapoor (1974) state that 

algal cells or spores (akinetes) are found at the apex of both mega - and 
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microsporangia, whilst Huneke (1933) reported a l gal akinetes only in the 

apex of the megasporocarp. On ontogenetic evidence put foward by Smith 

(1938) and Sporne (1962) , a l gal akinetes must be present within both the 

mega- and microsporocarps, since their early developmental stages are 

identical. 

4.3 METHODS 

4.3.1 Preparation of anatomical sections for 
light and electron microscopy 

Samples of mature Azolla plants were collected at several localities in 

the study area , gently blotted dry and stored on ice in the dark for 

transport to the laboratory. At the laboratory, the double fixation 

procedure was modified from the general techniques described by Juniper, 

Cox, Gilchrist and Williams (1970). Concentrations and fixation times 

were determined for best overall preservation by experimentation. 

4.3.1.1 Symbiotic Azolla plants 

Whole Azolla plants were prefixed in 3 % glutaraldehyde in 0,05 M sodium 

cacodylate buffer (pH 7 ,0) for 3 hours at ambient temperature (approximately 

22 °C). The samples were then rinsed twice (one hour for each rinse) in 

buffer at ambient temperature and left overnight in buffer at 4 °C. After 

this pre-fixation procedure, the samples were post-fixed for two hours 

with 1 % osmium tetroxide in 0,05 % sodium cacodylate buffer (pH 7,2, 
o 

4 C). This post-fixation was carried out in the dark since light may 

cause degeneration of osmium tetroxide to black osmic acid (Juniper et 

al. , 1970). 

The samples were then thoroughly rinsed with several changes of deionized 

water, whereafter they were dehydrated through a 20, 40, 60, 80 and 95 % 

ethanol series, remaining one hour in each concentration, at ambient 
o 

temperature (approximately 22 C). Final dehydration took place in 

absolute ethanol , followed by two 15 minute rinses in absolute propylene 

oxide. 
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After dehydration, the samples were carefully cut into short lengths 

(approximately 3 mm long), infiltrated and embedded in Spurr's soft resin 

mix (Spurr, 1969) by leaving them overnight at 70 °c in a Reichert KT 100 

embedding oven. 

Sections (2-4 ~m thickness) were cut on an LKB Ultratome III using either 

a Du Pont diamond knife or glass knives. For electron microscopy, 

sections were collected on 3,05 mm·diameter 300 mesh copper viewing grids 

and double stained for 20 minutes with a methanol-saturated uranyl acetate 

solution followed by 20 minutes with basic lead citrate (Reynolds, 1963). 

The sections were examined and photographed on a Philips EM 301 trans­

mission electron microscope at an accelerating voltage of 40, 60 or 

80 kV, depending on the degree of contrast and resolution required. For 

light microscopy, sections were collected on albumin-treated glass slides, 

stained with 1 % toluidine blue in 1 % borax, and examined with a Zeiss 

research photomicroscope~ 

4 . 3 .1. 2 Algal samples 

Algal filaments were isolated from AzoZZa leaves or gently removed from 

agar plates with a spatula , prefixed for 1 hour in 3 % glutaraldehyde in 

0,05 M sodium cacodylate buffer (pH 7,0) at ambient temperature and placed 

in Reichert ' flo-thru' capsules. The fi l aments were then embedded in a 
o 

few drops of molten 1,5 % Oxoid No.3 agar, at 40 C. Care was taken that 

the agar was not too hot, as this can affect the fine structure (Reynolds, 

1963). After embedding, small cubes of agar (approximat ely 3 mm sides) 

containing algal filaments were fixed, stained and sectioned as described 

above (4.3.1.1). 

4.3.2 Measurement of cell development in Anabaena azoZZae 

Ten large plants of A. fiZieuZoides were dissected under a Wi l d M5 

binocular dissecting microscope, from the base to the apex of the rhizome 

(i.e. from the oldest to the youngest leaves). Successive leaves were 

removed to numbered glass phials until the last complete leaf (i.e. leaf 

cavity closed except for the pore) could be removed. The largest leaf 

remaining on the undissected portion oj the rhizome corresponded to the 

stage at which the opening to the exterior was closing. This leaf was 
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considered to be the youngest leaf with algae and was therefore counted as 

leaf No.1. The partially developed leaves and rhizome apex were combined 

and counted as leaf No. O. Each leaf was then di ssected and the colony of 

algae in the cavity removed with a micromanipulator . The algae were 

examined unstained in water with a light microscope. Heterocyst fre­

quencies were based on counts of at least 200 cells. The dimensions of 

vegetative cells were measured with an eyepiece micrometer , at least 40 

cells being measured from each leaf. Cell volumes were calculated, 

assuming the cell shape to be an ellipse (Hill, 1977} , using the formula: 

2 
V = n.W .1/6 

where w = width, 1 = length, and n = number of cells. 

4.3.3 Sample collection and culture methods for 
life history study 

(11 ) 

The investigation of the life history of A. filiculoides in the study 

area was divided into three phases: (a) determination of the factors 

r eponsible for sporocarp production , (b) study of the developmental 

stages of megaspore germination, and (c) determination of the factors 

regulating megaspore germination. 

For the first phase, (a), mature plants of A. filiculoides were collected 

in the study area, transported to the laboratory and grown in large 

constant environment rooms (see Section 2.S.2.1) in a nutrient solution 

designed to simulate the nutrient conditions occurring beneath an 

established Azolla mat (Table 2). In experiments where a source of 

combined nitrogen was required, this was supplied as 

ammonium sulphate to give a final concentration of 1 

sodium nitrate and 
-1 

mg N03-N.£ and 
-1 

1 mg NH4-N.£ ,respectively. The effects of various combinations of 

environmental factors (temperature, pH, light intensity, agitation) 

were studied and the findings were related to routine physico-chemical 

and environmental measurements made in the study area. 
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TABLE 2 - Composition of nutrient solution 

Solution
H 

1 

2 

3 

4 

5 

6 

7 

Chemical 

MgS04 ·7H20 

CaCI2 ·2H20 

K2HP04 
Na

2
HP0

4 

H3B03 

MnCl
2

·4H
2

0 

zns0
4

·7H20 

CoCl
2

·6H
2

0 

CUS0
4

·5H20 

(NH4)6M07024·4H20 

FeNa EDTA 

-1 Concentration (mg.i ) 

250,0 

200,0 

20,0 

20 , 0 

2,0 

1,5 

2,5 

0 ,1 5 

0,0015 

0,005 

15,0 

xConcentrations were increased one hundred-fold and made up 
into stock solutions 1-7 as shown. These were diluted when 
making up the culture solution. 
analytical grade reagents.) 

(All chemicals used were 

In order to accomplish the second and third phases, (b) and (c) , large 

numbers of megaspores had to be collected from the study area. Preli­

minary microscopic examination had shown the presence of numerous 

megaspores in samples of the mud surface collected from the bottom of 

pools containing thick mats of A. filiouloides. Mud samples were there­

fore collected by hand, transported to the laboratory, placed in a 

250 pm mesh sieve and cleaned by gentle washi ng in a stream of tap water . 

The residue in the sieve was examined with a Wild MS binocular dissecting 

microscope and megaspores removed with forceps to 450 mi plastic dishes 

containing 200- mi nutrient solution (Table 2). 

Preliminary experimentation had shown that high light intensities reduced 

the percentage megaspore germination, so all dishes were painted with matt .-
black paint. Fifty megaspores with attached massulae were placed in 

each dish before being placed in the constant environment rooms. Each 
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experiment was repeated three times and each experimental treatment was 

replicated six times. Sporocarp production was expressed as the percentage 

of plants bearing sporocarps. 

The developmental stages in germination were examined with a Wild M5 

dissecting microscope and successive stages were drawn with the aid of a 

camera lucid a attachment. 'Attempts to photograph the various stages of 

development were unsuccessful due ~o the shallow depth of focus and the 

presence of numerous air bubbles. 

4.4 RESULTS 

4.4.1 Morphology and anatomy of Azolla filicuZoides 
from the study area 

Plants of A. fiZiculoides from the study area were generally elongated in 

shape, often 20-40 mm in length (Frontispiece). The leaves were imbricate, 

papillose and oblong in shape, some 1-1,5 rom in length and closely 

appressed to the rhizome. Plants growing in shaded areas appeared 

yellowish-green with a darker green central spot on the dorsal lobe. This 

dark green spot was due to the colony of Anabaena azoZZae in the cavity of 

the dorsal lobe. Those plants growing in full sunlight were a deep reddish 

' colour and the darker central spot was not visible. Plants from the lower 

layers of established mats became chlorotic and died. When growing 

luxuriantly, the fronds of each plant became slightly curled. 

The dorsal lobe of each leaf is considerably thicker than the ventral lobe 

which is often only 2-3 cells thick. The basal portion of both dorsal and 

ventral lobes have extensive aerenchymatous tissue which must assist 

flotation (Plate 15a). The dorsal lobe has a well-developed paLiisade 

layer and the epidermal cells extend out from the leaf marqins to form a 

conspicuous hyaline margin consisting of 3-4 rows of cells (Plate 15c, d). 

Some of the epidermal cells on the upper surface of the dorsal lobe become 

elongated to form uni-cellular papillae (Plate 15c). Stomata occur on both 

surfaces of the dorsal lobe and on the upper surface of the basal portion 

of the ventral lobe. Each stoma has two guard cells (Plate 15e) . The 

apical region of the rhizome bears numerous colonies of A. azollae 

(Plate 15b) which enter the cavities of newly-formed leaves (Plate 16a). 



L3 

. , r ~ ~ • co 

'~+', • ,-i ... ... «t · ..... '~ 
~? 
,;I -' 

00" , lL __ ' , I 
_~ If 0"1,. " 

. >- ~~ < ,. 
J "' .... -< 

-... . 

l 
,~ 

A ' 
.. ' 

c 
• I 

". ',' 
" . 

'. -. -- ~. 

~d 

GAcsir 62H4040"!l2{lS 

L2 

,. "" ... v I 

PLATE 15 Morphology and anatomy of AzoZZa fiZiauloides Lam. (1). 
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A (X30) LS of branch apex showing apical region (LO) and first I second and third leaves (Li, L2 , L3). Each leaf 
has a ventral (vi) and dorsal lobe (dl). Each dorsal lobe contains a cavity te) with filaments of Anabaena azoZ~ae, 
and has a thick pallisade layer (p). The epidermis (e) is one cell thick on the leaf margin (m) with scattered 
papillae (d) and stomata (5). B (XIOO) Apex of AzoZZa branch, showing apical meristem (am), leaf primordia (lp) 
and associated algal cells (a). C (X125) Lateral view of leaf showing one- cell thick margin (m) and dorsal papillae 
(d) . D (X125) Dorsal view of leaf margin. E (X300) Dorsal leaf-lobe stoma (5) with two guard cells (g, gl). 
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.PLATE 16 : Morphology and anatomy of AzoHa fiUeuZoides Lam. (2). 

A (X275) Developing leaf cavities ee) of A. filiauloides, showing pores (p), 
secretory hair cells (s) and filaments of Anabaena azoZlae (a). B (X325) Section 
of leaf cavity (e) in young leaf, showing filaments of A. azoZlae (a) and small 
secretory hair cells (s). C (X375) Section of leaf cavity (e) in older leaf, 
showing differentiated vegetative cells (v) and heterocysts (h) of A. azollae 
dispersed among large secretory hair cells (s). 0 (X375) Young secretory hair 
cell (s), showing close association with heterocysts (h) and vegetative cells 
(v) of A. azoZZae (a). E (X550) Secretory hair cell consisting of epibasal (eb) , 
hypobasal (hb) and stalk (st) cells, and associated filaments of A. azoZZae (a). 
F (X550) Secretory hair cell with algal filaments removed, showing epibasal (eb) , 
hypobasal (hb) and stalk (st) cells. G (X625) Filament of A. azoZZae showing 
vegetative cells (v), heterocysts (h) and developing proheterocyst (ph). 
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Initially, the algal filaments are closely appressed to the wa l ls of the 

cavity (Plate 16b) , but in older leaves the algal colonies become more 

dispersed (Plate 16c). Secretory hair cells , arising from the epidermal 

cells lining the cavity, protrude into the cavity. In newly-developed 

leaves, these secretory hairs are often s i ngle - celled (Plate 16d) , but in 

older leaves each secretory hair becomes multicellular (Plate 16c , e , f) . 

Each secretory hair consists of an epibasal , a hypobasal and a s talk cell 

(Plate 16e, f). Under the light microscope, the cell contents appear 

highly granular . Numerous bacteria can be seen adhering to the exterior 

surface of the hair cells (Figure 16f) . Withi n each l eaf cavity, algal 

filaments become closely associated with these secretory hairs . 

In mature plants of A. filiculoides from the study area, the adventitious 

roots were almost always simple (lacking root hairs) and approximate l y 

50 mm in length. Each root has an absciss i on layer at its point of 

attachment to the rhizome and a root cap, 5 - 7 mm long, which was sloughed 

off when the root had attained its ful l length . 

In this study observations showed that the l i fe cycle stages of A. filiculoides 

corresponded closel y to those of other heterosporous ferns, as described by 

Sporne (1962) . These stages of development are summarized in Figure 9 . 

Pairs of sporocarps were borne by short stalks at the base of the first 

ventral lobe i nitial of a lateral branch , the dorsal lobe forming a n 

invol ucre. Usually there was one sporocarp of each sex present , though 

occas i onally, pairs of megasporocarps or mi c r osporocarps were found . Each 

microsporocarp contained numerous stalked mi crosporangia. In this study 

50 microsporocarps were examined and found to contain an average of 73 

microsporangia (range : 24 - 117). The microsporangia were examined and 

found to contain, on average , 7 rnassulae , each massula bore aseptate (or 

very rarely uniseptate) , fluked g l ochidia (Plate 14). Field observations 

showed that , on rupture of the microsporocarp , the microsporangia sank 

to the bottom of the water body, ruptured and released the massulae . 

. ' 
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The ovoid megasporocarps were found to be ~uch smaller than the globular 

microsporocarps. Within each rnegasporocarp a single megasporangium, 

containing a single megaspore, was found. The distal portion of the mega­

sporangium wall remained attached to the megaspore, after rupture of the 

megasporocarp, and formed an indusium cap. within the indusium cap was 

the so-called 'swimming apparatus' consisting of 3 pseudocellular floats. 

After rupture of the megasporocarp, the megaspore sank to the bottom 

of the water body and gametogenesrs, fertilization and the initial 

development of the sporophyte took place below the water surface. The 

young sporophytes only floated to the water surface after development 

of two to three leaves. 

4.4.2 Maintenance of the fern-alga association 

Throughout the vegetative growth of the AzolLa sporophyte , deve l oping 

leaf primordia at the stem apex trapped cells of A. azollae within 

cavities in the dorsal leaf lobes (Plate 15). These algal cells then 

enlarged and differentiated as the Azolla leaf aged (Plates 15 and 16). 

During sporocarp formation, algal cells were found within the indusia of 

both mega- and microsporocarps. Liberati on of mature microsporangia by 

rupture of the microsporocarp dissipated all the algal cells originally 

trapped within the microsporocarp indusium. On the other hand, liberated 

mature megaspores retained the indusium cap and therefore the algal cells 

trapped beneath it. After fertilization of the megaspore, the developing 

zygote elongated (Figure 10), the stem becoming 'infected' at its apex 

with the cells of A. azollae . With the formation of the first and 

second leaves, the young sporophyte floated to the surface of the water 

before developing further. This pattern is summarized in Figure 9. 

4.4.3 The developmental stages of megaspore germination 

Field observations showed that megaspore germination took place on the 

surface of the mud at the bottom of the water body , often in very shallow 

(0,1- 0,2 m) areas. In the laboratory megaspores germinated both in 

culture solutions and in mud samples placed on a laboratory window sill. 

Germination (the appearance of the first leaf) took from 17 to 43 days 

after artificial combination of mega~pores and microspore-containing 

massulae. When collected in the field, each megaspore bore c lusters of 
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massulae, attached to the minute matted hairs of the peri spore wall by 

their fluked glochidia. In many cases the attached massulae obscured 

detail of the perispore but these were removed before the different 

germination stages were drawn (Figure 10). 

The first visible sign of germination was the upward displacement of the 

indusium cap, revealing the floats, due to expansion of the first leaf 

within the central columellar space (Figure lOa). This was· followed by 

lateral displacement of the indusium cap, which remained attached to the 

base of the columella by the enlarging first leaf (Figure lOb). In its 

initial stages, this first leaf was almost transparent and somewhat 

'cylindrical in shape. The first leaf enlarged to form a hollow c y linder, 

in the middle of which the second leaf could be seen (Figure 10c). At 

this stage a constriction between the base of the first leaf and the 

columella was evident. The second leaf was also cylindrical in shape 

initially and enlarged in unison with the first leaf (Figure lOd, f). The 

first leaf continued to enlarge, becoming flattened and semi-circular when 

viewed from above (Figure 10e, g). The second leaf, now much smaller than 

the first leaf, was laterally flattened and displaced by the third and 

successive leaves. These leaves were produced alternately and were 

closely appressed to each other (Figure 109, h). During this process, the 

constriction between the base of the first leaf and the columella became 

more pronounced and the indusium cap was lost. At the second leaf stage, 

i.e. Figure lOd, the new sporophyte floated to the water surface where 

further development took place. The first root appeared at the base of 

the first leaf and the remains of .the old megaspore broke away from the 

sporophyte at the abscission layer produced at the constriction point 

between the base of the first leaf and the columella (Figure lOh). 

Continued development resulted in rapid elongation of the rhizome and the 

production of further leaves and roots. 

4.4.4 Cell development in Anabaena azollae 

Vegetative cells of A. azollae showed a definite sequential development, 

becoming larger and changing colour from .light green to yellowish green 

with increasing distance from the shoot apex (Figures 11 and 12). At the 

shoot apex, the algal cells appeared to be in frequent cell division, 
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while further back cell division became less common although there was 

considerable variation between filaments. Observations showed an initial 

rapid increase in vegetative cell length to about l eaf 6, followed 

by a gradual increase up to leaf 21. This was followed by a second phase 

of rapidly increasing cell length up to l eaf 24 and a further gradual 

increase to leaf 30 (Figure 11). Changes in the width of vegetative cells 

followed a similar , though less marked, pattern. From the apex to 

senescent leaves, the vegetative cells increased in width from 3 , 9 ~m + 

0,6 to 6,1 ~m ~ 0,8i i.e. an average of X 1,6. In the same leaves, 

vegetative cells increased in length from 4,5 ~m ~ 0,7 to 13,1 ~rn ~ 2,4; 

i.e. an average of X 2,9. The volume increased, on average , about X 7,1 

over the shoot l ength , but this was very variable due to the multiplied 

variation of length and width (Figure 12). In older leaves (24-30) the 

vegetative algal cells appeared to be enlarged and senescent, losing their 

colour and cellular contents and becoming clumped in masses or short 

chains. Vegetative algal cells in mature leaves (6-21), appeared to be 

still functional, retaining their colour and remaining in long filaments. 

Counts of heterocyst frequency were complicated by the d i fficulty in 

distinguishing between developing heterocysts ('proheterocysts', see 

Plate 16g) and matu re heterocysts, particularly in the apical leaves. In 

this study heterocysts were counted if they were enlarged cells of rounder 

shape and had thick cell walls, polar bodies, a yellowish colour and 

apparently homogenous cell contents or a combination of most of these 

characteristics. In the older Azolla leaves (i.e. l eaves 21-30) 

senescent algal cells and the presence of numerous akinetes also compli­

cated heterocyst counts . with increasing leaf age, the frequency of 

heterocysts (expressed as a percentage of all algal cells) increased from 

8,1 % ~ 2,8 to a maximum of 32 ,5 % ~ 1,9 at about leaf 18 and then 

remained more or less constant to leaf 30 (Figure 12). 

The varying proportions of vegetative cells , heterocysts and akinetes with 

increasing leaf age, expressed as a percentage of all algal cells, are 

shown in Figure 13. There is considerable variation between different 

plants, though the trends remain the same. With the increase in 

heterocyst frequency from the apex to .' leaf 15, the proportion of 
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vegetative cells decreased. As the akinete frequency increased from leaf 

15 to leaf 24, the proportion of vegetative cells decreased to a minimum . 

From leaves 24 to 30 the proportions of the three cell types remained 

almost constant. 

At the ultrastructural level, the three cell types viz . vegetative cells , 

heterocysts and akinetes,'were examined both in the intact AzoZZa-Anabaena 

symbiosis and in cultures of isolated A. azoZZae. The main ultra­

structural features are shown in Plates 17 - 20 . 

Each vegetative cell possesses a 4-layered cell wall which i s visible in 

the electron micrograph (Plate 17) as a multi-layered structure. Outside 

this cell wall a narrow sheath is partl y visi ble. This sheath is not 

normally seen in symbiotic material under the light micr oscope and is 

often reported as being absent (Grilli , 1964, Lang, 1965). Within the 4-

layered cell wall is a thin plasma membrane or plasmalemma which maintains 

the physiological integrity of the cell. The most extensive sub- cellular 

structures seen with the electron microscope are the flattened vesicles 

( ' thylakoids', Menke , 1961), which ramify throughout the outer regions of 

the cell. In young cells the thylakoids run mainly parallel to the cell 

wall (P l ate 18), while in o l de r cells and h eterocysts , the thylakoids 

become distributed throughout the cytoplasm or central nuc l eoplasmic 

region (Plates 17, 19) . In ageing cells and heterocysts , the normally 

narrow i nter-thylakoidal spaces often appear dilated (Plate 19) . 

Several cyt opl asmic i nclusions were found in A. azoZZae . Polyglucan 

granules (Ia granules'; Pankratz and Bowen, 1963) were observed i n the 

spaces between p l ates of thylakoid membranes . Spherical osmiophili c 

granules, resembling the l ipid droplets of chloropl asts (Lang , 196~ ) are 

scattered among the thyl akoi ds , but are more frequent near the cell 

surface (P l ate s 18 , 19). Lar ge conspicuous electron-dense granu l es with 

an apparently fibril l ar structure ('structured granules' i Drews and 

Niklowitz , 1956, 'cyanophycin granules ' , Fogg et aZ. , 1973) are absent 

or sparse in very young cel ls (Plate 18) but a r e abundant in older cells 

and akinetes (Pl ates 17 and 20). 
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PLATE 17: Ultrastructure of Anabaena azollae (1): Strain 
RUjPA 6a. 
ObliQue cross section of vegetative cell shows sheath (s), 
4-layered cell wall (cw), plasmalemma (p), a granules (a), 
thylakoids (t), electron dense cyanophycin granules (c), 
polyhedral body (ph) and polyphosphate body (po). 

PLATE 18: Ultrastructure of Anabaena azollae (2): Symbiotic 
cells in Azolla filiculoides. 
L8 of junction between two vegetative cells showing sheath (s) 
and cyanophycin granules (c). Unknown microbodies (mi) can 
be seen between the two cells. (Note reduced number of 
cyanophycin granules and increased polyphosphate bodies (po) 
compared with Plate 17.) 
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PLATE 19: Ultrastructure of Anabaena azoZZae (3): 
Strain RUjPA 6a. 
LS of intercalary heterocyst showing thickened envelope 
composed of homogenous (h) and laminated (1) layers, 
with polar modules (pn), microplasmadesmata (m) and 
pore channel (pc). Within the heterocyst, lipid 
droplets (ld) are interspersed with reticulate 
thylakoids (rt). 

PLATE 20: Ultrastructure of Anabaena azoZZae (4): 
Symbiotic cells in AzoZZa fiZicuZoides. 
LS of junction between akinete (A) and vegetative cell (V), 
showing micropl asmadesmata (m) and cyanophycin granules (c) . 
Akine te has thickened envelope (e) and unknown microbodies 
(mi) are visibl e near the junction of the two cell types. 
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Polyphosphate bodies ('metachromatic granules' or 'volutin granules'; 

Fritsch , 1945) are electron-opaque bodies which serve as stores of 

accumulated polyphosphate (Fogg et aZ., 1973). In young cells, these 

structures were small and scarce but became more prominent in older cells 

(Plate 17) and appeared to be absent from heterocysts and akinetes 

(Plate 19). 

In the fibrous nucleoplasmic region, large (200-300 nrn diameter) electron­

opaque , cytoplasmic inclusions with a distinct polygonal profile are also 

found (Plate 17). These are possibly the ' polyhedral bodies' of Jensen 

and Bowen (1971). 

During the process of d i fferentiation from a vegetative cell, the hetero­

cyst develops a characteristic ultrastructure (Lang, 1965) . A prominent 

feature is the thick envelope which is laid down outside the 4-layered 

cell wall and which extends over the heterocyst except at the polar 

regions (Plate 19) . This envelope usually has three distinct layers (Fogg 

et aZ., 1973): (a) an outermost loose fibrous layer of irregular 

thickness, (b) a broad and homogenous middle layer which is particularly 

well- developed about the pore channel (Plate 19), and (c) a laminated 

innermost layer which is thick around the pore channel and which thins out 

towards the median region (Plate 19). The intercellular connection 

between the heterocyst and adjacent vegetative cells is restricted to a 

small area of septum across the narrow pore channel between the two cells. 

Fine connections across the septum (microplasmodesmata) connect the plasma 

membranes of the heterocyst and vegetative cell (Plate 19). Similar 

microplasmodesmata occur at the junction of akinetes and vegetative cells 

(Plate 20). 

Within differentiated heterocysts, the nucleoplasmic region is less 

conspicuous . The typical arrangement of the photosynthetic thylakoids is 

replaced by a reticulate lamellar system, with concentration of the 

lamellae towards the polar regions and an accumulation of lipid droplets 

in those lamellae lying in the median region (P l ate 19). Within the pore 

channel, electron-dense plugs ('polar nodules'; Lang and Fay, 1971) 

occur. The small, ill-defined Imicrobodies' seen near the junctions 

between adjacent cel l s, may in fact be artefacts of the fixation and 

staining procedures . 
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The mature akinete retains a nucleoplasmic region, photosynthetic 

thylakoids, polyhedral bodies and cyanophycin granules (Plate 20) , but 

polyphosphate bodies are no longer visible. A dense amorphous envelope 

surrounds the akinete (Plate 20). 

4.4.5 Factors responsible for sporocarp production 

• 
In the study area A. fiZiauZoides normally produced sporocarps during the 

summer, from late September to February, and germinated sporelings of 

AzoZZa could be found from mid-December to early April. The production of 

sporocarps is an important part of the A. fiZicuZoides life cycle and it 

was considered important to understand the mechanisms regulating 

sporocarp production. 

Field observations showed that mats of A. fiZicuZoides, growing in streams 

which received a continuous inflow of water , initiated sporocarp 

production in September, 3 to 4 weeks earlier than mats of A. fiZicuZoides 

growing on farm dams receiving intermittent inflows. These two habitats 

showed marked differences in pH and nutrient status and were examined in 

detail. At the same time , laboratory experiments were carried out to 

assess the effects of photoperiod, light intensity, temperature, pH and 

nitrogen supply on sporocarp producti on in A. fiZicuZoides . 

4.4.5.1 Laboratory experiments 

The effects of increasing photoperiod on the relative growth rate and 

sporocarp production of A. fiZiauZoides are shown in Figure 14. The 

relative growth rate increased rapidly with increasing photoperiod and 

reached a maximum of 0 , 18 at a 16-hour photoperiod. In contrast , 

sporocarp production in A. fiZiauZoides was not initiated at photoperiods 

shorter than 8 hours. With increasing photoperiod, the percentage of 

plants bearing sporocarps increased until a maximum (40 %) was recorded at 

a photoperiod of 14 hours. Further increases in photoperiod did not 

increase sporocarp production. 
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Light intensity and temperature were found to have interacting effects 

on sporocarp production under optimal conditions of pH and photoperiod 

(Figure 15). No sporocarps were produced at temperatures below 17,5 °c 
and above 35 °c at any of the light intensities used . However , within 

the range 20 °c to 30 °c the percentage of plants bearing sporocarps 

increased with increasing light intensity from 7,5 kLux to 30 kLux. 

High light intensity (60 kLux) led to a decrease in the percentage of 

plants bearing sporocarps over the whole temperature range used. An 

interesting feature of these results is that the 'optimum' temperature 

for sporocarp production increased with increasing light intensity, to 
o 

a maximum (27,5 C) at 30 kLux. 

The effects of pH on the sporocarp production of A. filiculoides plants 

grown at three different temperatures are shown in Figure 16. At the 

'optimum' temperature of 27 DC sporocarp production was highest in the 

pH range 8,5 to 10,0 with a maximum at pH 9,5. Sporocarp production was 

considerably reduced at pH values below 8,5 or above 10,0 and also at 

temperatures above 27
0

C or below 22 °c, over the whole pH range. 

Previous work by Ashton (1974) showed that as the plant density per unit 

area increased during mat formation, the rate of nitrogen fixation 

(ethylene production) decreased to a very low level. However, even under 

favourable environmental conditions in the laboratory, A. filiculoides 

only formed sporocarps when the plants were in an established mat and the 

rate of vegetative growth had decreased to a minimum (Table 3). The 

low rates of nitrogen fixation at this stage were insufficient to maintain the 

nitrogen content of the fern-alga association and thus the nitrogen 

requirements of the association must have been partly fulfilled by the 

uptake of a source of combined nitrogen from the underlying waters. The 

effect of nitrate concentration on sporocarp production at three 

different temperatures was therefore investigated and it was observed 

that sporocarp production increased ~ith increasing nitrate concentration 
- 1 

to a maximum at 1 mg.i N0
3

-N (Figure 17). A nitrate concentration of 
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TABLE 3 - The effect of increasing plant density on the mean relative growth rate (RGR) , ethylene 
production rate (EPR) , doubling time and percentage of A. filiculoides p lants bearing 
sporocarps (30 kLux, 14-hour day, 27,5 OC, N-plus medium) 

Time elapsed RGR EPR -1 -1 Plant densitY _2 Doubling time % of plants 
(days) (% .day-I) (nMoles. (g.f.wt) . h r ) (No . of plants.dm ) (days) with sporocarps 

0 20,30 3140 3,18 3 , 42 0 

5 20,30 2890 8 , 78 3,42 0 

10 20,36 2610 24,3 1 3,39 0 . 
15 16 ,51 1160 55 ,49 4 ,20 0 

20 6,72 570 77 ,64 10,35 0 

25 2,89 275 89 , 73 23 , ;lO 2 , 8 

40 0,89 74 104,24 77 , 02 29 ,1 

60 0 ,61 41 117, 86 11 5 , 52 43,4 

80 0,32 23 125,75 231 , 05 47 , 2 

ro 
'" 
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-1 
10 mg.£ was inhibitory. Temperature had an effect in that the 

percentage of plants bearing sporocarps for a given N0
3

-N level 

influenced by the temperature; the maximal difference was at 1 

N0
3
-N. Maximum sporocarp production was observed at 27 °C. 

4.4.5.2 Field studies 

were 
-1 

mg.£ 

In many of the streams in the study area, deep pools had been formed by 
. -

flood-scouring of soft shales and mudstones behind dolerite and limestone 

ridges which lie at right-angles to the direction of stream flow. After 

the annual summer flooding, the flow-rate in these streams was r educed 

to a low but continuous level. The pH of the water varied between 8,2 

and 9,4 with high levels of calcium, magnesium, sulphate and carbonate/ 

bicarbonate and very low levels of nitrogen and phosphorus (see Chapter 6) . 

When a mat of A. fiZiouZoides developed over a pool, the plants in the 

lower layers of the mats were often in a state of decomposition and a 

thick organic layer of sedimented plant material developed on the floor 

of the pool. Bacterial and chemical degradation of these organic sediments 

caused the development of anaerobic conditions in the bottom waters and 

a consequent lowering of the pH of the water under the mats . The levels 

of nutrients, particularly phosphorus, nitrogen, iron and manganese, 

were increased due to their liberation from these sediments. The waters 

immediately below the AzoZZa mats still contained some dissolved oxygen. 

The low but continuous inflow of nutrient-poor high pH water immediately 

below the mat became partly mixed with the nutrient-rich lower water and 

caused the development of intense pH stratification (Figure 18). From 

June 1972 to November 1972 the concentrations of P04-P and N03-N, at a 

depth of 5 em below the AzoZZa mat at the riverine station, increased 
-1 -1 -1 

from approximately 10 pg £ to 650 pg ~ and 35 pg ~ to 1 500 
-1 

Pg ~ 

respectively. This partial mixing of the nutrient-poor high pH inflow 

with the nutrient-rich lower waters ensured that sufficient nutrients, 

particularly nitrate and phosphate, were available for continued proli­

feration of the mat and sporocarp development, while the pH of the surface 

water was maintained at a high level. Although the conditions of pH and 

nitrate concentration in these environments were thus favourable for 

sporocarp proauction from early spring, maximum sporocarp production only 
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took place in early summer when the conditions of temperature and 

photoperiod were more favourable. 

In the case of A. fiZicuZoides plants growing in a small farm dam which 

received intermittent inflows, the situation was somewhat different. As 

in the case of the riverine station, bacterial and chemical degradation 

of sedimented plant material below the AzoZZa mat caused anaerobic conditions 

to develop with a decrease in the pH level of the water (Figure 19). The 

levels of phosphorus, nitrogen, iron and manganese released from these 

sediments also increased markedly. However, since there was no inflow 

of high pH water, pH stratification did not develop to the same extent 

as the riverine station and the pH of the surface waters was therefore 

lower. 

4 
m -1 

Evapotranspiration from the AzoZZa mat (measured as 420 mi.day in the , 
laboratory, at 60 kLux and 27 °C) would have caused a lowering of the 

water level in the field and further increased the concentrations of 

available nutrients. From June 1972 to November 1972 the concentrations 

the AzoZZa mat at the farm 
-1 -1 

of P04-P and N0
3

-N at a depth of 5 em below 

dam station increased 
-1 

30 ~g i to 6 200 ~g 

from approximately 
-1 

i respectively. 

12 ~g i to 2 900 ~g i and 

Despite being approximately 

four times higher than those recorded in the riverine station, these 

high nutrient levels caused only a slight increase in the growth of 

A. fiZicuZoides . However, due to the low pH level and high nitrate 

concentration of the surface water, sporocarp formation was inhibited. 

It therefore appeared that sporocarp formation would only be initiated 

when the dam received inflows of nutrient-poor, high pH water following 

rainfall. 

When the monthly values for surface water temperature, pH and percentage 

of AzoZZa plants bearing sporocarps in the two habitat types were compared 

with the mean monthly rainfall records for the study period (Figure 20), 

the differences between the two habitat types were clearly defined. In 

the riverine station receiving a continuous inflow of high pH water, the 

pH values remained in the optimum range and maximum sporocarp production 

was only recorded when the water temperature rose above 20 °C. On the 

other hand, in the farm dam station which only received inflows after 
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rainfall, the surface pH values decreased to a level unfavourable for 

sporocarp formation with increasing mat development. Despite the rise in 

temperature to an optimum level in September, sporocarp formation was 

dependent on the inflow of high pH runoff following rains in October. This 

increase in the surface pH value was of short duration, but was enough to 

trigger off sporocarp formation, despite low rainfalls in November. 

Rainfal l during December and January increased sporocarp formation to a 

maximum. This was, however, always lower than the riverine " station. 

In both the riverine and farm dam stations, heavy rainfalls from January 

to March caused flooding , with a consequent dispersal of the Azolla plants 

and sporocarps . After these annual floods, surviving plants and sporo­

carps of A. filiauloides proliferated to reform the original mat conditions 

in the streams and dams. 

4.4.6 Factors regulating megaspore germination 

4.4.6.1 Laboratory studies 

At several sampling sites located on streams and farm dams in the study 

area, large numbers of germinated Azolla spore lings were found from 

December to early April. In some cases it was noted that the habitat had 

completely dried out at the end of the previous summer, destroying the 

existing populations of mature Azolla plants. Reinfestation of these 

habitats suggested that megaspores had some degree of resistance to 

desiccation and low temperatures. In order to investigate these aspects, 

laboratory experiments were carried out to assess the effects of 

desiccation, turbulence , photoperiod, light intensity, temperature and pH 

on the germination of Azolla megaspores. 

(a) Desiccation 

The temperature at which megaspores were desiccated had a marked effect on 

megaspore germination (Figure 211. In addition, desiccation for a period 

longer than 40 days greatly reduced megaspore germination at the three 

temperatures used. The percentage of germinating megaspores decreased 

very rapidly with increasing periods ,pf desiccation at 35 

with the germination after similar periods of desiccation 

o C, compared 

at both 5 °c and 
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o 20 C. Maximum germination (75 %) was recorded with no desiccation whilst 

a period of 100 days desiccation at all three temperatures reduced 

germination to 5 %. 

(b) Turbu lence 

TO test the effects of turbulence on megaspore germination, megaspores 

were placed in a 300 m~ Erlenmeyer flask containing 100 m~ of nutrient 

solution (Table 2) and shaken on a Buhler rotary shaker with an orbit 

r adius of 3 em. Each experimental treatment consisted of six replicate 

f lasks containing 50 megaspores, and each experiment was repeated three 

times. A direct relationship cannot be made between stream current speed 

or wave action and the turbulence generated in the experimental apparatus. 

However, a comparison can be drawn between the degree of turbulence, i.e. 

whether mild, moderate or severe. The results are shown in Figure 22. 

Mild turbulence (0-50 revolutions per minute) caused a decrease in mega­

spore germination from 74 % to 57 %, whereas moderate turbulence 

(50-90 revolutions per minute) further decreased germination to approxi­

mately 10 %. Severe turbulence (>100 revolutions per minute) reduced 

megaspore germination to a low, but nearly constant, level of approximately 

6 %. In this series of experiments , the germination time (i.e. the length 

of time from initiation of the experiment to germination) increased 

approximately three-fold when the turbu lence was increased from 0 to 150 

r evolutions per minute. 

Photoperiod and water temperature were found to have interacting effects 

on the germination of AzoZZa megaspores (Figure 23). At a temperature of 
o 

10 C, megaspore germination only occurred at photoperiods of 10 hours 

or greater, and then only at a very low level (maximum 6 %). At tempera-
o 0 

tures of 20 C and 30 C, germination was initiated at a photoperiod of 

9 hours , rising r apidly to a peak at 14 hours. Further increases in 

photoperiod caused sli ght increases in the percentage germination at 
o 0 0 

both 20 C and 30 C. The percentage germination a t 30 C was lower 
o 

than that at 20 C for all the photoPrriods used. 
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Light intensity and temperature were also found to have interacting 

effects on the germination of AzoZZa megaspores (Figure 24). With 

increasing light intensity from 0 , 5 kLux to 30 kLux, megaspore germination 
o 0 

increased over a wide temperature range (12,5 C to 32 ,5 C). No 

germination was recorded at 3~ DC and only a very low germination rate 
• 0 

(0,7 %) was recorded at 10 C. At 60 kLux megaspore germination decreased 

to a minimum , below that recorded at 0,5 

15 kLux, maximum germination occurred at 

kLux . At both 0 , 5 kLux and 
o 

22,5 C. However , at both 

30 kLux and 60 kLux, maximum germination was recorded at 25 DC. 

(e) E!! 

In common with the previous series of experiments , the pH of the nutrient 

solution and water temperature had interacting effects on megaspore 

germination (Figure 25 ). Germination was observed t o take place over a 

wide pH range (5,0 to 9,0). No germination occurred at pH levels below 

4 , 5 or above 9 , 5. Maximum megaspore germination was recorded at pH 7,0 

for each of the temperatures used (10 °c , 20 °c and 30 °C) . The per­

centage germination was similar at pH 6 ,0 and 8 , 0 , but slightly l ower than 

that at pH 7,0. 
o 

The greatest germination occurred at 20 C, and the least 
o 0 

at 10 C, over the pH range 5,0 to 9 , 0. At a water temperature of 30 C, 

the percentage germination decreased well below the level recorded at 

20 °C, but still significantly (p<0,05 ) greater than at 10 °C. 

4.4.6.2 Field studies 

To relate the results of laboratory experiments with field observations, 

month l y data for bottom water pH and temperature were compared wi th 

estimates of the relative abundance of AzoZZa sporelings at station 10 

(Figure 26). 

Measurements and observations made in the field supported the results of 

laboratory experiments . Newl y-germinated AzoZZa spore lings were first 

found during the mid-summer months when day lengths were long and bottom 

water temperatures high. During this period the pH of the bottom waters 

remained low (6,1 to 6 , 5) except after inflows of high pH wate r following 

rain storms , when the pH rose as high as 8,4~ These high values decreased 
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rapidly with the re-establishment of stratification beneath the Azolla mat . 

No germinated spore lings were found during the periods when a thick, 

established ~at of Azolla plants covered the water surface. It appears, 

therefore, that germination was inhibited in the dark, or if some mega­

spores did germinate and float towards the surface, the spore lings became 

trapped in the lower decomposing layers of the Azolla mat and perished . 

When winds blew for prolonged periods, the mat of Azolla plants tended to 

accumulate on the leeward shore of the pool. This permitted light 

penetration through the water col umn and stimulated megaspore germination. 

Simil arly , low i ntensity flooding often washed out large portions of the 

Azol la mat at certain of the sampling sites , without scouring the pool 

and removing the sedi mented megaspores . This again permitted light 

penetration and stimulated megaspore germination. The ability of 

megaspores to tolerate low water temperatures is reflected in the appearance 

of newly-germinated spore lings during the autumn months when water 

temperatures had dropped to approximately 9 °C. 

4.4.7 Population fluctuations of Azolla filiculoides 
in the study area 

The population fluctuations of A. filiculoides at each of the twelve 

sampling sites in the study area are shown in Figures 27 to 35. Because 

the sites differed greatly from each other in size and hydrology (Table 1), 

areal density was chosen as the most suitable method of comparing the 

plant populations. 

The pattern of plant density f luctuations was generally similar at each 

of the twelve sampling sites. At the riverine sampling s ites (stations 

1-7, 10 and 11), plant densities were lowest during the l ate summer 

months, January to April , as a result of the flushing effects of the 

annual floods. After the water levels had receded, plant densities 

increased through winter to a mid-summer maxi mum during November and 

December. This increase was due both to the rapid vegetative reproduction 

of surviving plants and the ge~nation of sporocarps. However, sampling 

sites 1, 2 and 3 were ruined by the dredging of their respective streams 

during July 1972 for the purpose of constructing new bridges along the 

Bethulie-Oranjekrag road ('Figure 4)., This dredging complete l y altered 

the hydrological regi~e of the streams concerned and resulted in the dis­

appearance of Azolla plants from these sites (Figures 27 , 28 and 29) . 
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At the two sampling sites located in small man-made reservoirs (stations 8 

and 9; Figures 32 and 33) , minimum plant densities coincided with 

rainfall maxima (Figures 5 and 6), due to spill-over of the plants as 

water levels rose. At station 9 the very heavy rainfalls recorded during 

January and March 1974 caused a marked drop in plant density (Figure 33). 

At station 8 , further fluctuations in plant density were caused by the 

periodic removal of plants from the reservoir by farm workers. In 

November 1972 this reservoir was cleaned out by the farmer and A. fili ­

cuZoides plants did not reappear (Figure 32). The dens i ty of plants 

growing at station 12, located at the eye of a spring in a dolerite ridge , 

fluctuated with changes in the delivery rate of the spring (Figure 35). 

Here again, maximum plant densities were recorded in mid-summer. 

At several of the sampling 
-2 

levels, e.g . 25 000 m 

sites , plant densities reached very high 

at station 8 and 20 000 
-2 

m at stations 9 and 11. 

At these sampling s i tes, the restricted flow of water prevented wash-out 

of the plants until heavy rainfall caused a rapid rise in water level. At 

station 6, located on a backwater of the Brakspruit , the stream dried out 

and Azolla p l ants disappeared during the wi nter of 1971 (Figure 3 1 ). The 

reappearance of small numbers of plants in shallow temporary pools during 

1972 and 1973 was probably due to the germination of sporocarps i n the 

mud . However , these plants soon died when the pools dried up. 

4.5 DISCUSSION 

The morphology and anatomy of A. filiculoides plants from the Hendrik 

Verwoerd Dam catchment area closely matched published descriptions for 

this species from the northern hemisphere (Campbell, 1893; Queva, 1910; 

Duncan, 1940; Bonnet, 1957). In the study area, A. filiculoides can be 

distinguished by its size (up to 40 rom in length) , the curled appearance 

of the fronds and the conspicuous (3 to 4 cells wide) hyaline margin to 

the dorsal leaf lobe. The presence of unicellular papillae on the upper 

sur face of the dorsal leaf lobe , two guard cells per stoma and the 

virtual absence of root hairs are also characteristic features of 

A. filiculoides. The bright red colour of plants growing in full sunlight 

is due to the anthocyanins luteolinidin and apigenidin (Pi eterse et al. , 

1977). Shade- grown plants are a translucent greenish- yel l ow , a darker 

green central spot on the dorsal leaf lobe marking the presence of 
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symbiotic algal colonies within the leaf. All the South African material 

of A. fiZicuZoides examined in this study contained these colonies of 

A. azoZZae within dorsal leaf lobe cavities. In contrast to the obser­

vations of Marsh (1914), Huneke (1933) and Hill (1977), who recorded 

instances of naturally- occurring alga-free plants, no specimens of alga­

free AzoZZa plants have b een found in South Africa. 

Extensive aerenchymatous tissue i~ the base of both dorsal and ventral 

leaf lobes provides buoyancy , and AzoZZa plants f loat with the lower leaf 

lobe in contact with the water only on its lower surface. Reports that 

the lower leaf lobe is submerged (Sadebeck, 1902; Huneke , 1933; Smith, 

1938; Saubert, 1949) were disproved in this study . 

The pattern of development recorded in this investigation , whereby cells 

of A. azoZZae at the apical meristem are trapped within depressions in the 

dorsal leaf lobe primordia by epidermal cell growth, is in complete 

agreement with earlier reports (Sadebeck, 1902; Rao, 1936 ; Shen, 1960; 

Konar and Kapoor, 1972). Further leaf development results in the 

formation of a cavity which is open to the atmosphere via a small pore . 

The report by Hill (1977) that this Anabaena- containing cavity is 'sealed 

off! during further development is erroneous . Morphological and anatomical 

descriptions of the Anabaena-containing cavities in AzoZZa leaves by 

Grilli (1964) , Konar and Kapoor (1972), Duckett et at. (197Sa, b), Peters 

(1976) and Peters, Toia, Raveed and Levine (1978) are supported by the 

observations made during this investigation. 

Within the leaf cavity of A. fiZicuZoides, hair cells arise from the 

epidermal cells lining the cavity. In young leaves these hairs are 

unicellular, but each hair becomes multicellular as the leaf ages . 

Filaments of A. azoZZae are arranged around the periphery of the cavity 

and often adhere to the protruding hair cells. The strategi c location of 

these hair cells in the Anabaena-containing leaf cavities of AzoZZa 

strongly suggests that these cells have an important role in the 

symbiosis. Each hair cell has dense cytoplasmic contents and, under the 

electron microscope, conspicuous wall ingrowths, considered by Duckett 

et at. (197Sb) to be typical features"of transfer cell morphology, are 
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visible. While numerous examples of transfer cells are known from 

angiosperms (Gunning and Pate, 1969), far fewer occurrences have been 

recorded from bryophytes and pteridophytes (Duckett and Prasad, 1974). 

Perhaps the best- known are the wall labyrinths at gametophyte-sporophyte 

junctions (Maier and Maier , 1972; Pate and Gunning, 1972). Since this 

transfer cell morphology has been implicated in the short distance trans­

port of solutes in other Anatomical situations, it is highly likely that 

the same is true in AzoZZa. The incr ease in the surface area of the cell 

membrane, brought about by the development of wall ingrowths , is an 

obvious adaptation facilitating such transport processes. 

Although the most likel y function of the leaf hair cells is absorption of 

nitrogenous compounds produced by the Anabaena , the relationship is 

probably far from one- sided. Both Konar and Kapoor ( 1972) and Peters and 

Mayne ( 1974a) suggest that the AzoZZa hairs are in fact secretory . In 

this context, it is noteworthy that wall ingrowth formation is associated 

with secretion of solutes into the external environment in angiosperms 

(e . g . nectaries and many gland ce l ls; Pate and Gunni ng , 1972 ) . The 

presence of mucilage within AzoZZa leaf cavities supports this view . 

However, the absence of mucilage in the leaf cavities of Anabaena- free 

AzoZZa (Ducket t et aZ., 1975b) suggests that the mucilage is· probably 

derived from the Anabaena. These cytological observations provide 

striking morphologi cal support for physiological data (Peters and Mayne , 

1974a , b) on the interchange of metabolites between AzoZZa and Anabaena. 

However , it is enigmat ic that wall ingrowth development is equally 

prominent in t he absence of the alga (Duckett et aZ ., 1975b). Thus , the 

situati on in AzoZZa is apparen tly an exception to the general statement 

that the development o f transfer cell morphology coincides with the onset 

of intensive short distance transport processes (Gunning and Pate , 1969; 

Pate and Gunning , 1972) . It would appear therefore that hai r wal l 

ingrowths are a constit u t i ve feature of AzoZZa plant s. 

Reports of small populations of bacteria sharing the AzoZZa leaf cavity 

with A. azoZZae (Venkataraman , 1962; Weiringa, 1968) have been confirmed 

in this investigati on . The nitrogen- fixing strains of Pseudomonas and 

Azotobacter supposedly isolated from AzoZZa leaf cavities b y Bottoml y 

(1920) could possibly h ave been contaminants since recent studies by 
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Fisher, Gates and Candler (1980) have shown that only aerobic coryneform 

bacteria were associated with secretory hairs and Anabaena filaments in 

the leaf cavity of A. caroliniana. 

Anabaena azollae Strasburger is considered to be the only species of a lga 

in symbiotic association with Azolla (Moore, 1969; Lumpkin and Plucknett, 

1980). It is probable thctt wide morphological variation within A. azollae 

is also found within the six Azoll~ species, but very little information 

is available on this subject. The species has sinuous trichomes composed 

of pale green, bluntly elliptical, bead-like or barrel-shaped cells very 

often without a sheath (Geitler, 1925; Canabaeus, 1929; Shen , 1960). 

Each trichome may have three types of cells: vegetative cells, hetero­

cysts and a k ine t es . Several authors have noted the absence of akinetes 

(e.g. Lumpkin and Plucknett , 1980) , though these are usually found only in 

the leaf cavities of old Azolla leaves (Hi ll, 1977). Heterocysts and 

akinetes develop from vegetative cells, apparently in response to external 

envi ronmental stimuli (Shen, 1960). The difficulty in distinguishing 

between akinetes and mature heterocysts encountered in this study has also 

been reported by previous workers (e.g. Hill, 1977). 

In this study , vegetative cells of A. azollae showed sequential develop­

ment, becoming larger and changing colour with increasing distance from 

the rhizome apex . The differentiation of heterocysts and akinetes was 

also associated with increasing age of A. azollae cells. These results 

support the findings of Hill (1975 , 1977) who noted similar changes in the 

morphology and pattern of cell development in A. azollae from A. fiZi ­

cuZoides plants. 

Published reports of cell dimensions in A. azoZZae have been somewhat 

conflicting. Fjerdingstad (1976) partially reviewed reported values 

for the dimensions of A. azoZlae and his list is expanded in Table 4 . 

. ' 
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TABLE 4 - Cell dimensions of Anabaena azoZZae 
in various AzoZZa species (~m) 

AzoUa Vegetative cells Heterocysts 

species 
Width Length Width Length 

A. oaroZinana 5 8 10 

A. oaroZinana 5 
. 

8 10 

Unknown 4-5,5 5- 9,S· 9 , 5 11 ,5 

Unknown 4-5,4 5- 7,S 

Unknown 4-5 6- 9,S 6-9,5 9-11,5 

A. pinnata 4-5 5- 7 6-7,5 7,5- 8,5 

A. pinnata 6-8 10-12 

A. fi l.ieu Zoides 4-6 6-12,5 

A. fiZieuZoides 5 9 7 11 

A. fi l.ieu Zoides 3,9-6,1 4,5- 13,1 5,8-9,9 9,1-13,2 

Source 

,. 
j\Toni, 1907 

Tilden, 1910 

Geitler 1 1925 

Canabaeus, 1929 

Prescott, 1951 

Shen, 1960 

Singh, 1977 

Hill , 1977 

Lumpkin & 
Plucknett, 1980 

This study 

It is evident from Table 4 that there is considerable variation in the 

dimensions of both vegetative cells and heterocysts from the three AzoZZa 

species listed. The cell dimensions quoted by many workers seem to refer 

only to cells from young and mature leaves, since these dimensions fall 

into the lower range of the cells measured in this study. It is therefore 

probable that despite its wide morphological variability, A. azoZZae is 

the only species of blue-green alga symbiotic with AzoZZa. 

Reports that the chronological development of the alga parallels that of 

the fern (Hill, 1975, 1977; Lumpkin and Plucknett, 1980) are confirmed in 

this study. This suggests that there might be some form of synchrony in 

the rate of cell division of the two organisms in the symbiosis. However, 

the means by which synchrony is achieved are not known at present. 

The high heterocyst frequencies in A. azoZZae reported here (up to 33 %) , 

support the observations of other workers (e.g. Peters, 1975; Becking, 

1976a ; Hill, 1975, 1977; Singh, 1977.) and appear to be a result of the 

symbiotic association. High heterocyst frequencies, of the same order as 

those in A. azoZZae, have been reported for symbiotic species of Nostoo in 

the coralloid roots of EnoephaZartos (Caiola, 1975), in the cephalodia of 
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Peltigera species (Hitch and Millbank, 1975) and in the liverworts 

Anthoceros and Blasia (Stewart and Rodgers, 1978). On the other hand, 

free-living species of blue-green algae (e.g. Anabaena cylindrical normally 

have low heterocyst frequencies (6 to 8 %) (Fogg, 1949; Fay, 1969), unless 

the alga is grown in nutrient deficient media when heterocyst frequencies 

may increase up to 12 % (Fogg, Stewart, Fay and Walsby, 1973). The 

mechanisms whereby the symbiotic alga is stimulated to produce such high 

heterocyst frequencies are not known at present. 

At the ultrastructural level, A. azollae possesses a structure typical of 

many non-gas vacuolate free-living Anabaena species and has many features 

common to the cyanophyta in general (Fogg et al., 1973). In A. azollae 

the outer sheath is poorly developed , with some evidence of a micro­

fibrillar sub-structure, particularl y visible at the poles , as reported by 

Dunn and Wolk (1970). Within the 4-layered cell wall , the most obvious 

features in A. azollae are the numerous membranous thylakoids . These 

structures contain the photosynthetic pigments and are the sites of 

photosynthesis (Fogg et al ., 197 3) , suggesting that the alga is capable of 

autotrophic nutrition. Observations of thylakoid dilation in older cells 

and heterocysts made here, confirm earlier reports by Grilli (1964) and 

Lang (1965). 

The cytoplasmic inclusions reported for A. azollae are identical to those 

found in other blue-green algae. The c l ose association of polyglucan 

g ranules and thylakoid membranes is to be expected since these granu l es 

store a g lycogen-type photosynthetic produc t (Pankratz and Bowen, 1963). 

The scarcity of cyanophycin granules in young cells and their abundance in 

o l der cells and akinetes, particularly at cell junctions , confirms the 

observations of Miller and Lang (1968) and Neumuller and Bergman (1981). 

These structures contain abundant protein (Fogg, 1951) and have been 

implicated in the storage of combined nitrogenous products and the 

proteinaceous pigment cyanophycin (Simon, 1971; Stewart, 1972). Poly­

hedral bodies were common in young vegetative cells , but comparatively 

scarce in mature cells, confirming the report by Neumuller and Bergman 

(1981). These structures contain much or all of the cyanobacteria l 

ribulose-l,5-diphosphate carboxylase .'(RUDP Carboxylase; the key enzyme in 

dark CO
2
-fixation v ia the Calvin Cycle). They are now, on that basis, 
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considered analogous to the 'carboxysomes ' of certain other autotrophs 

(Stewart and Codd, 1975). The cyanobacterial symbionts of liverworts also 

contain polyhedral bodies, but do not fix CO
2 

or evolve 02' and Rodgers and 

Stewart (1977) have assumed that polyhedral bodies might therefore only 

have a storage function. The presence of microplasrnodesrnata at the 

junctions between heterocysts, vegetative cells and akinetes suggest that 

there is active transport 'of solutes between all three cell types. 

Akinetes in blue-green algae are produced by differentiation of v~getative 

cells. As the vegetative cell enlarges, a thickened envelope is formed by 

localized deposition of dense amorphous and fibrillar material (Lang, 

1965). The resulting structure is particularly resistant to adverse 

conditions, remaining viable for long periods (Fogg et aZ., 1973). 

The six extant species of AzoZla appear to have identi cal life cycles, with 

the exception that sporocarps are formed in tetrads in A. nilotica 

(Demalsy, 1953). The life cycle of A. filiculoides described here agrees 

with earlier reports (Campbell , 1893; Duncan , 1940; Demalsy, 1958; 

McLean and Ivimey-Cook, 1960). Fertilization of the egg in the archegonium 

of the megaspore and the embryonic stages of development of the sporophyte 

take place under water and the young sporophyte floats to the surface only 

after production of the first and second leaves. Vegetative reproduction 

is common , a lateral branch simply separates from the main rhizome after 

the formation of an abscission layer at its base. 

Cells or short filaments of A. azoZlae are trapped within developing mega­

and microsporocarps. Sporocarp rupture appears to dissipate the algal 

cells within microsporocarps but algal cells in megasporocarps are retained 

beneath the indusium cap. Since Azolla plants produce sporocarps at the 

base of axillary branches where a mature leaf forms the involucre, at least 

a proportion of the algal cells trapped within developing megasporocarps 

will be akinetes. These akinetes will withstand desiccation (Fogg et aZ. , 

1973), while any vegetative cells trapped within the sporocarp would 

probably die. The symbiotic association is continued when the algal 

akinetes colonize the new sporophyte apex on germination. 
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Although no work has been reported on methods of inducing sporocarp 

formation prior to this study, in A. fiZicuZoides it is known to be 

associated with mat formation (Talley et aZ., 1977) and summer months in 

temperate regions (West, 1953; Holst and Yopp, 1979a). Conversely, 

sporocarp production in A. pinnata has only been recorded in the winter 

months in tropical regions (Shen, 1960i Konar and Kapoor, 1974i Singh, 

1977 0.) . 

In this study, sporocarp production was primarily controlled by photo­

period, with maximum sporocarp production in the field recorded in summer 

when daylengths were longer than 12 hours. The low rates of sporocarp 

production recorded in laboratory studies at photoperiods of between 8 and 

12 hours support this finding. This hypothesis is corrobcrated by the 

field observations of Holst and Yopp (1979a) that sporocarp production was 

initiated in June (northern hemisphere) and their comment that photoperiod 

appeared to be the principal trigger. 

Additional evidence for the seasonality of sporocarp production is provided 

by laboratory experiments investigating the effects of light intensity, 

temperature and pH. The results indicated that sporocarp formation could 

not take place during winter because water temperatures, which often drop 

below 10 
o 

C, were unfavourable. 
o 

The 'optimum' temperature (25 C) also 

indicated that sporocarp production should only occur during the summer 

months when water temperatures were high. In the laboratory, sporocarp 

formation was maximal when the water pH was around 9,5 at temperatures of 
o 

20 to 28 C. These conditions are only found in the Hendrik Verwoerd Dam 

catchment area during the summer months. 

During summer the mean midday light intensity in the study area was 

approximately 115 kLux. Since sporocarp production appeared to be 

inhibited at light intensities greater than 30 kLux in the laboratory, this 

indicated that plants of A. fiZicuZoides in the lower layers of a mat in 

the field, shaded from direct sunlight by the overlying layers, were best 

able to produce sporocarps. This was confirmed by careful examination of 

thick mats of A. fiZiouZoides in the field. Plants in the upper two to 

three layers were found to lack sporodarps, whilst in the lower layers up 

to 85 % of the plants had sporocarps. Both in the laboratory and in the 
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field, A. fiZicuZoides only produced sporocarps when the plants were in an 

established mat, confirming the observation of Talley et aZ. (1977). In 

the field, sporocarp production only occurred during the summer months 

October to January, when the interacting effects of photoperiod, water 

temperature, pH and light intensity were optimal. The reproductive cycle 

of A. fiZicuZoides was found to be closely geared to the seasonal 

hydrological cycle , accouhting for the different sporocarp production times 

in riverine and farm dam sampling ~tations. 

Prior to this study , no mention of environmental regulation of megaspore 

germination could be found in the literature. Therefore , the results of 

these laboratory experiments provide a new insight into the adaptation of 

A. fiZicuZoides to its environment. AzoZZa fiZicuZoides megaspores have a 

higher resistance to desiccation at low (winter) temperatures than high 

(mid- summer) temperatures. The temperature recorded at sampling sites in 

the study 

3 degrees 

area during t he spring and autumn months often varied within 2 to 
o 

of 20 C. 

after desiccation at 

Therefore, the relatively higher 
o 0 

20 C (compared to those at 5 C 

percentage 
o 

and 30 C) 

that far more megaspores would be able successfully to withstand 

desiccation during these months than during winter or mid- summer. 

germination 

indicated 

Results of laboratory experiments investigating the effects of photoperiod , 

light intensity and water temperature support field observations that 

megaspores germinated predominantly during the summer and early autumn 

months when 

higher than 

day lengths were longer than 10 hours and water temperatures 
o 

17 C. This is borne out by the observation by Ho l st and Yopp 

(1979a) that the germination of megaspores in the bottom mud of a pool 

might be temperature dependent. The very low germinati on at 10 °c in the 

laboratory indicated that low (late autumn and winter) temperatures are 

inhibitory. Similarly, the decreased germination percentage that was 

recorded when water temperatures were increased from 20 to 30 °c indicated 

that megaspores are sensitive to h i gh water temperatures, though this was 

less than their sensitivity to desiccation at high temperatures. 

Megaspore germination in the laboratory occurred over a wi de range of water 

temperatures though high water temper atures were clearly as inhibitory as 

desiccation at these temperatures (e . g. 35 DC). The very low percentage 



- 113 -

germination of ~ % at ~o °c in these experiments (compared with previous 

'results : 6 %), may have been due to experimental error or to the us e of 

immature megaspores. An interesting feature of this series of experiments 

was the slight increase in 'optimum' temperature from 22,5 to 25 DC with 

light intensities greater than ~5 kLux. The high optimum temperatures 

recorded (22,5-25 °Cl. indicated that maximum germination should take place 

in summer when water temperatures were high. However , signifi cant 

germination percentages were recorded at temperatures (12 ,5-15 °C) that 

would normally be recorded in late spring or early autumn. 

Due to the geological and pedological characteristics of the study area , 

most of the streams and rivers are often highly turbid. Thus, the ability 

of megaspores to germinate at low light intensities (0 , 5 kLux) is an 

advantage in this habitat . High light intensities (60 kLux) were clearly 

inhibitory, reducing the percentage germination to below that recorded at 

0,5 kLux. The fact that maximum germination occurred at 30 kLux indicated 

that a higher percentage germination would be recorded under lightly shaded 

(or slightly turbid) conditions in the field . 

The results of experiments investigating the interacting effects of water 

temperature and pH clearly demonstrated that both low and high water 

temperatures inhibited megaspore germination. The ' optimum ' temperature of 

20°C indicated that maximum germination should occur during the summer 

months, confirming the results obtained in the previous experiments. An 

interesting feature was the very low germination recorded at pH 9,0. In 

the study area, the pH of the surface waters at the different sampling 

sites varied between 8,2 and 9,4 while that of the bottom waters varied 

between 6,1 and 8 ,5 . Thus, the surface waters were at a pH unfavourable 

for maximum megaspore germination. However, the bottom waters had a pH 

range which spanned the range at which maximum germination was recorded in 

the laboratory . Thus, the normal procedure whereby mature Azo~~a 

megaspores sink to the bottom of the pool or stream before germinating , 

allows the megaspores to take advantage of a more favourable environment 

for germination. 

Turbulence was also shown to markedly' affect megaspore germination. This 

may have been due to some form of physical damage to the devel oping 
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sporophyte under the indusium cap, probably abrasion . Microscopic 

examination of non-germinated megaspores at the end of each treatment 

revealed that many had lost the indusium cap and/or had lost one or more 

'floats', particularly in those treatments receiving moderate to severe 

turbu l ence, supporting the hypothesis that physical damage had prevented 

germination . However , some of those megaspores which became damaged during 

the experimental treatment may not have been sufficiently mature (i.e. with 

a hardened perispore wall) to withstand the turbulence. Despite this 

possibility , it is evident from the results that the megaspores possess a 

degree of resistance to disturbance, permitting germination (albeit 

delayed) even under conditions of severe turbulence. Successful germi ­

nation, under conditions of moderate to severe turbulence , no doubt 

accounts for the spread of A. filiculoides from the study area to a point 

some 450 km down the Orange River in the Upington area (see Figure 8). 

The size of A. filiculoides populations at the twelve sampling sites was 

primarily dependent on the hydrological regime at each site. The presence 

of a standing body of water was essential for mat development and the long 

pools present in most streams near the Hendrik Verwoerd Dam provided ideal 

habitat for the fern. Those plants in stream or riverine sites were 

particularly suscept ible to flood- induced wash- out , while p l ants in farm 

dams were more protected. During period of low flow, A. filiculoides 

popul ations increased markedly at all sites , both by vegetative propagation 

and through the germination of sporocarps. Azolla megaspores , able to 

over-winter a nd survi ve desiccation i n the mud of dried- out streams, re­

colonized the water once the poo l had been refill ed. During periods of 

mild and severe flooding the fragile Azolla plants were easily fragmented 

and dispersed. Sporocarps on the other hand did not fragment easily and 

thus served both as a source of infestation for localities further down­

stream and a means of re-colonizing flood-cleared pools. The flooding 

therefore gave rise to a seasonal fluctuati on in the population density of 

A. filiculoides, and at each site the system may therefore be considered to 

be self-regulatory. 
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CHAPTER 5 

ENV IRONM ENTAL REGULATION OF GROWTH AND 
NITROGENASE ACTI VITY IN THE SYMBIOTIC ASSOCIATION 

5 . 1 INTRODUCTION 

Because Azolla fiZicuZoides floats freely on the water surface , it can be 

influenced by physical and chemicai factors from both the air and water 

phases. In general, however, the fer n b ehaves in much the same way as most 

green p l ants , in that it has optimal temperature , light and pH requirements 

(Ashton and Walmsley, 1976). AzoZZa fiZiculoides plants a re ideal test 

organisms for laboratory studies since they are small, have an aquatic 

habit and show rapid vegetati ve reproduction enabling the use of clones. 

The endosymbiotic blue- green alga is able to fix atmospheric nitrogen and 

can supply the nitrogen requirements of both organisms in the symbiosis 

(Peters , Toia, Evans, Crist , Mayne and Poole , 1980) . Measurements of 

nitrogenase activity (nitrogen fixation rates) can therefore provide use ful 

supplementary information to growth analyses. 

Prior to the initiation of this study , very little quantitative work 

concerning the effects of environmental factors on the growth of 

A. filicuZoides had been reported in the available literature , though 

several reports have appeared on other species of AzoZla , particul arl y 

A. pinnata and A. caroZiniana. A notabl e feature of the rather scattered 

literature is the variety of units used to express irradiance or light 

intensity. To facilitate the conversion of the different units to those 

used in this study (kLux) , a conversion table is included (Table 5). 

The only quantitati ve studies carried out on A. fiZicuZoides were those of 

Ahmad (1941, 1943) , Kellar and Goldman (1979) and Peters et aZ . (1980). 

Ahmad (1941) reported maximum growth rates of A. fiZicuZoides occurred in 

the range 0,5 to 2 kLux . Peters et aZ. (1980) disagreed , reporting that 

growth rates increased with increasing photoperiod up to a maximum at 

16 hou rs daylength , and that growth rates also i ncreased with i n creasing 
- 2 

light intensity to a maximum at a photon flux density of 400 pmoles . m 
-1 i 

.sec ,with no inhibition of growth at higher light intensities . These 

authors also recorded that nitrogenase activity was maximal at lower light 

intensities than maximum growth rates . 
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TABLE 5 - Irradiance conversion factors for photosynthetically available 
radiation (P.A.R.). These data are adapted from northern 
hemisphere data provided by Harris (1978) a nd Peters et al. 
(1980) 

Ful l sun 
- 2 

360 W.m P.A.R. 

= 9 000 ft . c. 

96 kLux 

-2 - 1 
0,53 cal.cm .min P.A.R . 

-2 -1 
1 680 pE.m .sec P . A. R . 

13 - 2-1 
= 1 , 3 x 10 ergs.m . hr P.A . R. 

-2 - 1 
= 1 680 pmoles of photons . m .sec P.A.R. 

1 
- 2 

P.A . R. W. m 
-2 -1 -2 -1 

4 , 66 pE . m . sec = 0,0168 E.m . hr 

1 ft. c. 
- 2 -1 

= 0 , 1867 ~E .m .see 

1 kLux 
- 2 -1 

17,5 pE . m .sec 

1 cal . em 
- 2 

.min 
-1 -2 -1 

= 3 169 ~E . m .see 

o 
Ahmad (1941, 1943) found that at temperatures above 20 C in the 

laboratory , A. filiculoides plants did not grow until the light intensity 

exceeded 0,5 kLux, with the 'optimum' temperature being 22 °c for the low 

light intensities used . However , Peters et al . (1980) showed that 

A. filiculoides had a l ower temperature optimum (25 °C) than two tropical 

species (A . mexicana and A. pinnata) , which had temperature optima of 

30 °C. A temperature of 40 °c caused a marked reduction in rates of 

growth and nitrogenase activity. These authors also reported that 

A. filiculoides plants showed s i milar high rates of growth and nitroge nase 

activity when cultured in the pH range 5 to 8 . A pH of 9 caused a marked 

decrease in rates of growth and nitrogenase activity. 

Kellar and Goldman (1979) reported decreased rates of growth and nitrogen 

fixation in crowded natural populations of A. filiculoides var. rubra in 

New Zealand . Periods of wind and wave action not only dispersed and 

fragmented the A. filiculoides plants , but also damaged frond apices and 

resulted in lower rates of nitrogen fixation (Kellar and Goldman, 1979). 



- 117 -

During the course of the research leading up to the preparation of this 

thesis, some results were published (Ashton, 1974 , 1977; Ashton and 

Walmsley, 1976). These publications will not be reviewed here as their 

content is included in the research findings of this thesis. Most 

ecological and physiological studies of the genus Azolla have involved 

aspects of its relationship with the associated alga Anabaena azollae . 

These features will be treated in Chapters 7 and 8 of this dissertation. 

This chapter deals solely with the effects of environmental factors on the 

growth and nitrogenase activity of the symbi otic association. These 

f i ndings are used to account for the limited distribution and the patterns 

of growth and nitrogen fixation shown by A. filiculoides in the temperate 

environment of the Hendrik Verwoerd Dam catchment area. 

The specific aims of this investigation were: 

(a) to investigate the regulatory effects of various environmental 

factors and to characterize the optimal environmental conditions 

for growth and nitrogen fixation by the A. filiculoides - A. azollae 

association , and 

(b) to de t ermine the advantages (if any) of mat formation with regard 

to the symbiotic association's ability to survive unfavourable 

conditions. 

5.2 MATERIALS AND METHODS 

5.2.1 Measurement of nitrogen fixat i on rates 

Schollhorn and Burris (1966) and Dilworth (1966) independently observed 

the inhibitory effects of acetylene on nitrogen fixati on by extracts of 

Clostridium pasteurianum. Dilworth (1966) also found that the acetylene 

was reduced to ethylene in a reaction analogous to the reduction of 

nitrogen gas to ammonia. The application of this reaction to a sensitive 

gas chromatographic assay procedure for nitr ogen-fixing activity was 

proposed by Hardy and Knight (1967). Subsequently, several workers 

(e . g. Koch, Evans and Russel, 1967; Stewart, Fitzgerald and Burris , 1967, , . 
1968; Hardy, Holsten, Jackson and Bu~ns, 1968) successfully used 

acetylene reduction as an assay for nitrogenase activity. Since the 
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original proposal of Hardy and Knight (1967), the acetylene reduction assay 

has undergone extensive development. This has resulted in an extremely 

sophisticated technique with numerous applications in biology. The assay 

is " ... sensitive , universal, specific, rapid, simple, economical and 

quantitative" (Hardy et al., 1968). 

The acetylene reduction a~say does not measure the actual quantity of 

nitrogen fixed. Rather, the method provides an accurate , though indirect, 

index of the activity of a nitrogen- fixing system, in terms of the ability 

of that system to fix atmospheric nitrogen under a given set of environ­

mental conditions. It is often necessary, however, to relate the results 

obtained with the acetylene reduction assay to actual quantities of 

nitrogen fixed. This can be accomplished by parallel determinations of the 

amount of nitrogen fixed and acetylene reduced under the same conditions. 

The molar ratio of ethylene produced to ammonia produced can then be used 

to convert acetylene reduction assay results to actual values of nitrogen 

fixed. The reduction of 1 mole of ni~rogen to .2 moles of ammonia requires 

the transfer of 6 electrons and the reduction of 1 mole of acetylene to 1 

mole of ethylene requires only 2 electrons (Stewart et al ., 1967 ). 

Theoretically, therefore, the reduction of acetylene to ethylene should 

occur 3 times as fast as the reduction of nitrogen to ammonia, with a molar 

ratio of ethylene to ammonia equalling 1,5 (Stewart et al., 1967). 

However, published data indicate that this ratio varies considerably 

between different organisms. This may be due, in part, to the relatively 

insensitive methods such as Kjeldahl analysis and mass spectrometric 

analysis of 15N-incorporation which are u sed to obtain direct values of any 

nitrogen fixed (Hardy et al., 1968 ). 

5.2.1.1 Acetylene reduction assays 

For the routine analysis of nitrogenase activity in the laboratory, 3 to 5 

fronds of acclimatized Azolla filiculoides were gently blotted dry, weighed 

and then placed in 25 m~ capacity reaction flasks fitted with rubber septa 

containing 5 m~ of the appropriate nutrient solution. Each flask was then 

flushed for 4 minutes with a mixture of 0,1 atmospheres acetylene (purified 

by bubbling through concentrated H
2

S0
4 

followed by drying over CaC1
2

) and 

0,9 atmospheres of a mixture of argon, oxygen and carbon dioxide in the 

ratio 77,665 : 22,3 : 0,035. The gas mixture ratio was controlled with a 
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Matheson model 665 gas proportioner fitted with a needle valve control. 

The reaction flasks were then incubated in the required environmental 

conditions for an appropriate period , usually 20 to 40 minutes. 

In the field , weighed samples of blotted Azolla material (approximately 

2,0 g per analysis) were placed in the barrels of 50 m~ glass syringes. In 

each case the syringe plunger was then inserted and as much air as possible 

expelled without squashing the plants . A hypodermic needl e was then fitted 

to the syringe, the needle inserted through the rubber septum of a flask 

containing acid-scrubbed acetylene and 5 m~ of the purified acetylene drawn 

into the barrel of the syringe. The needle was then withdrawn from the 

acetylene f l ask, and a further 45 mi of air drawn into the syringe barrel . 

The needle was .then sealed by spearing a rubber stopper. The syringes 

containing samples were then incubated in situ for 20 to 40 minutes . After 

incubation, each syringe was thoroughly shaken to mix the gases within the 

barre l, the stopper was removed and the needle quickly inserted thr ough the 

septum of an evacuated 25 m~ capacity flask. A volume (25 m~) of the gas 

phase was injected into the flask whi ch was then transported to the 

laboratory. Each treatment was replicated three times in both field and 

laboratory experiments. Samples of the acid- scrubbed acetylene were also 

analysed for ethylene contamination. 

In the laboratory, triplicate 50 ~~ samples of the gas phase in each flask 

were withdrawn and analysed for their ethylene content by gas chromato­

graphy. The instrument used was a Perkin-Elmer 990 gas chromatograph 

equipped with a flame ionization detector and fitted with a 2 metre l ong , 

2 mrn internal diameter stainless steel column containing 80/100 mesh 

Porapak N. All analyses were carred out at a column temperature of 60 °c 

with inlet and detector temperatures of 120 °C. High purity nitrogen 

(African Oxygen Co.) served as the carrier gas at a flow rate of 35 mi 

per minute . In time course studies, the gas samples removed for analysis 

at each interval were replaced with an equivalent volume of the appropriate 

nutrient so l ution. 

The gas chromatograph was calibrated with serial dilutions of a standard 

mixture of acetylene (0 ,1 atmosphere,,·) and ethylene (2 x 10-
3 

atmospheres) 

in argon. A typical chromat ogram i s shown in Figure 36. The retention 
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(a) 

-3 C2H4 (2,0 x 10 atm.) 

C2H2 (0,1 atm.l 

• 
C2H2-· C2H4 

Standard 

I I I I I I I 
6 5 4 3 2 I 0 

(b) 

C,. \-\"t (2, 0 ~ 1O.}.,r~. ) 

Cfi2(0,1 atm} 

N2 ase 
C2 H2 ~ C2 H4 

I I I I I I I 
6 5 4 3 2 o 

Time from injection of sample (minutes) 

FIG. 36 Typical chromatograms of : (A) 200pLof a known 
mixture of C2H2 (0,1 atm.J, CzH4 (2,Ox 10-3atm) 
and Ar to (atm., and (8) 200jJfof the gas phose 
from an incubation a ft~r nitrogenase - catalysed 
reduction of 0, I atm. of Cz H2-
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times of the ethylene and acetylene peaks were 2,2 minutes and 4,8 minutes 

respectively and the excellent separation and resolution of the individual 

peaks is clearly shown. A standard calibration plot of peak height 

against the ethylene or acetylene content of injected samples (Figure 37) 

demonstrates the linear response and sensitivity of the assay since less 
- 11 

than 10 moles of ethylene could be detected per injected sample of 

50 V~ . As noted by Hardy'et aZ. (1968), the ethylene content of a sample 

can be accurately calculated from the calibration plot. Alternative l y, 

the 'built-in' internal standard acetylene can be used , though this is 

less accurate. Before and after each analytical run of a batch of 

samples, a range of standard acetylene + ethylene standards were analysed 

to check the accuracy of the calibration. 

Abiological ethylene production caused by the reaction of metabolic 

poisons used to stop the nitrogenase activity, reacting with rubber septa, 

has caused serious errors in earli er work (Schell and Alexander, 1970; 

Thake and Rawle, 1972). For this reason a sample of the gas phase was 

always withdrawn immediately after incubation and stored before analysis. 

This precluded the possibility of abiological ethylene production . 

5.2.1.2 Kjeldah l analysis 

A mass spectrometer was not available during this study , consequently 

Kjeldahl analysis was used to obtain a dire·ct estimate of t h e rate of 

nitrogen fixation under different environmental conditions. Essentially , 

the method was identical to that employed for routine determinations of 

plant nitrogen content (Section 2 . 4.1 c) except that larger quantities of 

plant material and reagents were used and analysis was carried out in 

800 m~ capacity Kjeldahl flasks. 

The plant material was acclimatized on nitrogen- free media under the 

appropriate conditions for one week prior to each experiment. Half of 

the acclimatized plants were harvested at the beginning of the experi ­

mental period and the remainder were harvested 24 hours later . Both sets 

of harvested plants were weighed, dried at 105 °c for 48 hours, reweighed 

and analysed for nitrogen content. The difference in nitrogen content 
,,' 

per unit weight was taken as the quan'tity of n i trogen f i xed . 
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5.2 .2 Routine measurements of growth and nitrogenase 
activity in the field 

For purposes of estimating the growth of A. filiculoides at stations 9 and 

10, the frame apparatus described in Section 2.5.1 was used . Each month , 

weighed samples (approximately 1,0 g) of washed and blotted Azol la plants 

were placed in each of 10 dishes and the apparatus fastened to a stake in 

full sunlight. One week later, the plants were removed, blotted dry , 

reweighed and stored in numbered ~lastic bags on ice. On return to the 

laboratory, the plant samples were thawed and analysed for nutrient content . 

These procedures were followed over the period February 197 1 to May 1974. 

Growth rates were calculated each month, using the procedure described 

in Section 2.5.2.2 and results were expressed as mean relative growth 

rates (RGR). 

Monthly measurements of acetylene reduction rates were made at stations 

9 and 10 from February 1972 to February 1974. At each site, samples of 

A. filiculoides were incubated as described in Section 5.2.1.1 from 

approximately l1hOO to 12hOO local time. Occasional diel estimates of 

nitrogenase activity were carried out so as to span a 24 hour cycle , 

starting and ending at approximately 04hOO. 

5.2.3 Laboratory studies . 

In the laboratory, A. filiculoides plants were grown in large walk-in 

constant environment rooms (Section 2.5.2.1) on the (N- free) AZOLLA-I 

medium described in Section 6 . 4 . 3. Wherever possible , all A. filiculoides 

material was acclimatized for three weeks at the required conditi ons 

(Section 2.5.2.2) before rates of growth and nitrogenase activity were 

measured. In some experiment s , however, the environmental conditions 

used were so unfavourable that the plants regressed rapidly . In these 

cases, rates of growth and nitrogenase activity were measured after four 

to six days exposure to the conditions under investigation . 

In this study, the effects of temperature, photoperiod, light intensity , 

pH and salinity on the rates of growth and nitrogenase activity of 

A. filiculoides were investigated. In each experiment, one environmental 

variable was tested at several differ~nt levels while the other variabl es 

were held constant. In initial experiments , diurnal and noc~urnal tempe-
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ratures were held constant . However, in order to simulate the diel 

temperature fluctuations recorded in the field , a ten degree temperature 

differential between diurnal and nocturnal temperatures was i ntroduced in 

later experiments. This was accomplished automatically, by adjusting the 

appropriate selectors on the constant environment rooms . In all cases the 

thermoperiod was adjusted to coincide with the photoperiod. For convenience 

of .notation , photoperiods'were indicated as day/night e.g. 16L/8D. 

Diurnal and 

ture first , 

nocturnal temperatures' were written with the diurnal ternpera­
o 

e.g. 25/15 C. Rates of growth and nitrogenase activity were 

measured as described in Sections 2.5.2.2 and 5.2.1.1 , respectively. For 

the investigation of sal inity effects , the AZOLLA-I medium was supple­

mented with analytical grade NaCl to give the required salinity leve l. 

Osmotic effects were obtained by using varying amounts of polyethylene 

glycol (PEG 6000) in addition to the basal medium. The appearance of 

toxicity symptoms (chlorosis and necrosis) in A. fiZicuZoides was used to 

differentiate. salinity effects from p urely osmotic effects . The 

quantities of PEG 6000 required to achieve the different osmotic pressures 

were calculated from the formula given in Documenta Geigy (1962): 

P 

where: 

P = osmoti c pressure in atmospheres 

R = gas constant (0,08205 litre atmospheres) 

T = absolute temperature (K) = (oC + 273.16) 

M = molecular weight 

C concentration of 

of s olute (in this 
-1 

solute (g . l ) 

case, 

(12) 

6000 for PEG 6000) 

Rates of growth and nitrogenase activity were measured as described in 

Sections 2.5.2 .2 and 5.2.1.1 , respectively. 
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5.3 RESULTS 

5.3.1 Growth and nitrogenase activity in the natural environment 

In both the farm dam (station 9) and riveri ne (station 10) sites, Azolla 

filiculoides was present throughout the study and showed s i milar patterns 

of variation in RGR (Figure 38) . Values of RGR were low to very low during 

the mid- winter months June-July and the plants were frost-hardy , with­

standing short , occasional periods of below- freezing temperatures 

(absolute minimum of -8 °C) without apparent harm. In early summer , growth 

increased logarithmically reaching a maximum in December. RGR values 
- 1 

decreased in late summer and autumn, reaching a minimum (0 ,2 %.day ) 

during July. Each year , the annual cyclic pattern s followed by both air 

and water t emperatures were very similar. Variations in water pH at stations 

9 and 10 differ ed from each other and varied from year to year (Figure 38) . 

Al l A. filiculoides plants grown in full sunlight remained red in col our 

throughout the study , while plants g rown in shaded marginal areas were 

yellowish- green to dark green. 

At both sampling sites, the RGR o f A. filiculoides was strongly correlated 

with temperature, in particular average air temperature and aver age mi nimum 

a ir temperatures (Table 6). The correlation between RGR a nd water pH was 

not significant at acceptable levels (p = 0,05) . 

TABLE 6 - Corre l ati ons between the mean relative growth rat e (RGR) 
of AzolZa fiZiouloides at stations 9 and 10 and some 
environmental parameters (n = 40 for a ll data sets) 

Parameter 

average air temperature 

average minimum air temperature 

average maximum air temperature 

surface water temperature 

surface water pH 

hours of sunli ght 

Station 9 

0,8863* 

0,8706* 

0 , 8113* 

0 ,7296* 

0 , 0457 ** 

0 ,1989* 

* highly significant (P « 0,001) 

** = not significant (P » 0 , 05 ) 

2 
value r 

Station 10 

0,8929 * 

0 ,8853* 

0,8125* 

0 , 8060* 

0 ,1846** 

0 ,8184 * 
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FIG.38 Comporison of the influence of surfoce water temperature (....-J and pH (0.-0) on !he 
mean ",Ialive growth rate (R.G.R.J of Azolla filiculoides growing of (A) a riverine station 
with continuous inflow, and (8) a farm dam with InfermiffMf inflow, from February 1971 
fa May 1974. (Agure C ShOW5 fhevariation in air temperature duringfhis period). 

[Vertical bars indicate two standard errors). 
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At both stations, the RGR of A. fiZicuZoides (Y) developing between July 

and January of each year could be estimated as logarithmic functions of the 

mean air temperature (X): 

Y 
st.9 

Y 
st . 10 

-0,4398 + 0,1905 ln X (r
2 

= 0 , 893; n 

2 
-0,4857 + 0,2076 ln X (r = 0,875; n 

21 ) (13 ) 

21) (14) 

The variations in standing crop (biomass per square metre ) and nitrogenase 

activity at the two sampling sites were quite different (Figure 39). At 

the riverine site (station 10) , biomass followed an annual cyclic pattern , 

with minima in February- March, increasing to a maximum in December. At 

station 9, however, biomass remained high for most of the year with lowest 

values recorded in February and March each year. 

Nitrogenase activity at station 10 also followed an annual cyclic pattern 

with maxima in October-November and lowest values were recorded between 

February and mid-winter (June-July). At station 9, nitrogenase activity 

was erratic, and low values were recorded both in mi d- summer and mid-

winter . 

At both sampling sites , the biomass and nitrogenase activity of A. fiZi ­

cuZoides was poorly correlated with most environmental parameters (Table 7). 

The only significant correlation found was between nitrogenase activity at 

station 10 and water temperature. All other correlations were not 

significant. 

In the field, the nitrogenase activity of A. fiZicuZoides increased after 

sunrise (05hOO), reaching a peak at midday (12hOO) , but declined during 

the afternoon (14hOO) (Figure 40). Nitrogenase activity decreased during 

the night , reaching a minimum shortly before sunrise. Rates of ethylene 

production between 10hOO and 14h30 did not differ significantly from each 

other (p » 0,05), and accounted for approximately 50 % of the total diel 

ethylene production. From these observations it was evident that on calm 

clear days nitrogenase activity was significantly higher (p « 0,001) than 

that ree orded on cloudy overcast days (Figure 40). ,. 
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TABLE 7 - Correlations between biomass and nitrogenase activity (EPR) 
of Azolla filiculoides at stations 9 and 10 and some environ­
me ntal parameters. (n = 25 for all data sets) 

2 
r values 

Station 9 station 10 

Parameter . Biomass EPR Biomass EPR 

. 
average air temperature 0,0701 0,2959 0,1553 0 , 2068 

average minimum air temperature 0,1540 0,3639 0,1598 0,1683 

average maximum air temperature 0,0148 0,2074 0,2720 0 , 2329 

surface water temperature 0 , 0003 0,2961 0 , 2881 0,4499* 

surface water pH 0,2719 0,0275 0,2165 0,0396 

hours of sunlight 0,0308 0 , 3334 0,3397 0,2786 

* = significant (0,02 > P > 0 , 01) 

Preliminary experiments based on field observations indicated that light 

intensity was important in regulating both RGR and nitrogenase activity in 

A. filieuloides. Field experiments showed that RGR and nitrogenase 

activity dis playe d maxi ma in 50 % sunlight (Figure 41). Above and b e low 

this level, both RGR and nitrogenase activity declined. At 75 % sunlight, 

RGR was slightly (though not significantly) greater (P > 0,05) than at 25 % 

sunlight . At 12~ % sunlight, RGR was significantly (P < 0,01) lower than 

at higher light intensities. At 50 % sunlight, the nitrogenase activity 

was not significantly (p > 0,05) higher than 25 % or 75 % sunlight. Nitro­

genase activities in full sunlight (100 %) and at 12~ % sunlight were not 

significantly (p > 0,05) different from each other . During these expe­

riments, the midday ful l sunlight light intensity varied between 93 and 

109 kLux (average 105 kLux) . 

At light intensities up to and including 50 % of full sunlight i t was 

observed that the A. filiculoides plants turned bright green , whereas at 

greater than 75 % of full sunlight , A. filiculoides remained red in colour. 

5.3.2 Laboratory studies 

The results obtained from field investigations on the e ffects of l ight 

{ntensi ty were verified in a series of l aboratory experiments (Figure 42). 
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These showed that RGR increased with increasing light intensity from 5 to 

45 kLux, remained constant up to 60 kLux and then dec lined. The observed 

values of RGR at 45 and 60 kLux were significantly greater (p < 0 , 01) than 

those at lower light intensities and slightly (but not significantly) 

greater (p > 0 , 05) than those at 75 kLux. Nitrogenase activity increased 

with increasing light intensity from 5 to 30 kLux, remained more or less 

constant to 60 kLux and declined at 75 kLux. Nitrogenase activity at 30 to 

60 kLux was significantly greater ·(P < 0,01) than those at lower light 

intensities and only slightly (but again not significantly) greater 

(p > 0,05) than the values recorded at 75 kLux. 

On a time-course basis , the results from the field experiment with 

different light intensi ties showed that A. filiculoides plants required at 

l east 16 days before they became acclimatized to a particular treatment 

(Figure 43) . 

The effects of constant temperature on the RGR of A. filiculoides were 

studied at three different 

h 5 °c t e temperature range 

light 

to 45 

intensities (15,30 and 45 kLux) and over 
o . 

C (F1gure 44). With increasing light 

intensity , the value£ 

40 °c the differences 

o 
of RGR increased at all temperatures up to 35 C. At 

in RGR values at the three light intensities were not 

distinguishable. 
--- 0 The RGR was zero in plants kept at 45 C. The ' optimum' 

constant temperature giving rise to maximum RGR values increased from 
o 0 

22,S Cat 15 kLux to 27,S C at 45 kLux. However , this difference was not 

statistically significan t (0,10 > P > 0 , 05). The difference in RGR values 

at temperatures between 20 °c and 30 °c at 45 kLux was not significant 

(0,10 > P > 0,05). However, at light intensities of 15 kLux and 30 kLux, 

RGR values at 30 °c were significantl y lower than those at 25 °c (p < 0 , 05). 

A similar pattern was recorded for nitrogenase activity over the same range 

of temperatures and light intensities (Figure 45). The major difference 
o 

was the decline in nitrogenase activity at temperatures greater than 25 C. 

Above 40 DC nitrogenase activity was zero. 

At temperatures up to and including 35 °c, the A. filiculoides plants 

remained dark yell owi sh- green. However, at 40 °c the plants were reddish-

• 
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o 
brown and at 45 C the plants were chlorotic and many (but not all) 

appeared bleached. 

Under field conditions, temperatures are seldom constant for any length of 

time. Therefore, the effects of diel temperature variations at different 

photoperiods and light intensities were investigated. These results are 

shown in Tables 8 and 9. 

With increasing light intensity from 5 to 60 kLux, RGR values of A. fiZiau­

Zoides increased progressively as temperature increased from \ 0/5 °c to 
. 0 
30/20 C at both photoperiods tested (Table 8) . At higher light intensities 

(75 kLux) RGR decreased. Maximum RGR values were recorded at 35/25 °c in 

the longer photoperiod (14L/l0D), while RGR at this temperature was lowered 

in the short photoperiod treatment (10L/14D). At both photoperiods, RGR 
o 

was lowest at the 40/30 C treatment. Under the short photoperiod 

treatment, the biomass doubling time decreased from 9 ,2 days at 10/5 °c and 

5 kLux to 3,4 days at 30/20 °c and 60 kLux. Under the long photoperiod 

treatment, biomass doubling time decreased from 6,9 days at 10/5 
0 

C and 

5 kLux to 2,3 days at 35/25 
0 

C and 60 kLux. AzoZZa fiZicuZoides grew best 

when temperatures ranged between 
0 

25/15 C and 35/25 
0 

C and light intensi-

ties were between 30 and 60 kLux at a 14L/10D photoperiod. 

Differences in n itrogenase activity due to changes in light intensity were 

smaller than those due to changes in temperature (Table 9 ). At low 

temperatures (10/5 °C) the highest nitrogenase activity was recorded at low 

light intensities (5 to 15 kLux). The maximum 

occurred at 30 kLux over the temperature range 

nitrogenase activity 
o 0 

15/5 C to 35/25 C under 

both photoperiods. Nitrogenase activity decreased at light intensities 

above 30 kLux and at a temperature regime of 40/30 °c was 5 % of the rate 

at 35/25 °c (Table 9). At all light intensities and temperature regimes, 

nitrogenase activity increased by 28 to 35 % as photoperiod was increased 

from 10L/14D to 14L/l0D. 

All A. fiZicuZoides plants turned brownish-r ed in a temperature of 

40/30 °c, while those plants grown at " lower temperatures remained green. 



TABLE 8 - Mean relative growth rate (RGR) of Azolla filiculoides (g.g.-'day-l) under different 
photoperiods , light intensities and diel temperature regimes (+ standard deviation , 
n = 8 for each treatment) 

Photoperiod Temperature (oe) Light Intens~y (kLux) 
(day/night) 

5 15 30 60 75 

10L/14D 10/5 0,075 :!:. 0 , 007 0 , 062 :!:. 0 ,011 0 , 037 :!:. 0,011 0,021 :!:. 0 , 009 0,011 :!:. 0 , 004 

15/5 0 ,089 :!:. 0,014 0,097 :!:. 0 , 009 0,080 :!:. 0 , 010 0,068 :!:. 0,007 0,043 :!:. 0,009 

20/10 0,120:!:.0,017 0 , 132 :!:. 0,014 0,141 :!:. 0,020 0 , 150:!:.0 ' 0.1 6 0 ,1 03 :!:. 0 , 015 

25/15 0 ,1 36 :!:. 0,021 0,154::, 0,021 0 ,1 73 ::,0,019 0,192 :!:. 0 , 028 0 ,147 ::. 0 , 027 

30/20 0,142::. 0,019 0,159 :!:. 0,013 0,171 :!:. 0,021 0,204 :!:. 0 , 019 0 ,156 :!:. 0,019 

35/25 0 ,1 09 :!:. 0,023 0,143 :!:. 0,017 0,149:!:. 0,013 0 , 203 :!:.,0,029 0,158 :!:. 0 , 026 

40/30 0,014 :!:. 0,006 0,031 :!:. 0,010 0 ,044 :!:. 0 ,009 0 , 05 2 :!:. 0 , 008 0,027 ::. 0 ,01 1 

14L/l0D 10/5 0,10 1 :!:. 0,012 0 , 089 :!:. 0 ,011 0,056 :!:. 0 , 014 0 , 041 :!:. 0 , 009 0 , 022 :!:. 0 , 007 

15/5 0,124 :!:. 0 , 019 0,127 :!:.0,019 0 ,1 05 :!:. 0 , 009 0,099 :!:. 0 , 012 0,072 ::. 0 , 009 

20/10 0,155 :!:. 0 ,01 3 0,163 :!:. 0 , 012 0,169 :!:. 0,028 0 , 173 :!:. 0 , 025 0,127 :!:. 0,026 

25/15 0,186 :!:. 0,027 0,214 :!:. 0 , 023 0 , 286 :!:. 0 ,01 7 0 , 254 :!:. 0,028 0,179::. 0,029 

30/20 0 ,1 93 :!:. 0 , 025 0 ,2 21 :!:. 0 , 029 0 , 279 :!:. 0,021 0 , 286 :!:. 0,024 0,212 :!:. 0 ,031 

35/25 0,126 :!:. 0,014 0,194 :!:. 0,028 0 , 263 + 0,028 0 , 298 :!:. 0,031 0,217 :!:. 0,026 

40/30 0,025 :!:. 0,009 0 ,.063 :!:. 0,017 0 , 089 :!:. 0 , 014 0,092 ::.0,009 0 , 042 :!:. 0,009 
- -- -- -

.... 
w 

'" 
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TABLE 9 -
- 1 -1 

Nitrogenase activity of AzoZZa fiZieuZoides (nmol. C2H4 produced (g . f.wt) . hr 
under different photoperiods, light inte nsiti es and diel temper ature regimes 
(+ standard deviation , n = 4 f or e ach treatment) 

Photoperiod 0 Temperature ( C) Light Intensity (kLux ) 
(day/night) 

5 15 30 60 75 

10L/14D 10/5 83 + 9 74 + 8 68 + 9 47 + 9 36 + - - - - -
15/ 5 256 + 16 315 + 28 403 + 28 202 + 23 147 + - - - - -
20/10 468 + 27 57 7 + 27 107 1 + 52 839 + 49 391 + - - -
25/15 773+ 31 902 + 59 1704 + 65 1583 + 80 595 + - - -
30/20 8 39 + 39 1151 + 61 1987 + 76 1771 + 102 982 + - - - - -
35/25 597 + 23 822 + 28 1425 + 53 12 24 + 67 540 + - - - -
40/30 41 + 7 60 + 10 76 + 8 63 + 9 27 + - - - - -

14L/l0D 10/5 125 + 16 193 + 13 107 + 18 70 + 9 63 + - - - - -
15/ 5 324 + 23 496 + 14 522 + 3 1 407 + 42 175+ - - - - -
20/ 10 797 + 39 902 + 61 1483 + 96 1271 + 92 545 + 

- - - - -
25/ 15 1013 + 51 12 73 + 10 1 2122 + 87 1993 + 89 927 + - - - - -

8 

15 

29 

36 

79 

47 

7 

12 

16 

39 

38 

30/20 1195 + 114 1670 + 95 25 44 + 122 2315 + 130 1546 + 109 - - - - -
35/25 806 + 16 1112 + 43 1780 + 42 152 2 + 76 10 14 + 37 - - - - -
40/30 52 + 8 79 + 11 101 + 12 90 + 11 4 1 + 8 - - - -

. --

f-> 
W 
-.J 
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(d) E~ 

The influence of pH on the RGR of A. fiZicuZoides was investigated over the 

pH range 3 to 10 at four different light intensities. In nitrogen­

deficient media, there was no indication of an interaction between light 

and pH (Figure 46). RGR values were approximately equal over the pH range 

5 to 8 for all light intensities used. However, both above and below this 

pH range, RGR declined and was zero at pH 3 and pH 10. At a l l pH levels, 

RGR increased with increasing light intensity between 5 and 60 kLux, but 

decreased at higher light intensities (75 kLux). The maximum RGR at 

60 kLux (0,24) was equivalent to a doubling time of between 2 ,8 and 3,0 

days. 

The variation in nitrogenase activity with changing pH and light intensity 

was similar to that recorded for the RGR of A. fiZicuZoides (Figure 47) . 

Similar, high nitrogenase activities were recorded in the pH range 5 to 8 

with zero nitrogenase activity at pH 3 and pH 10 for all light intensities. 

Nitrogenase activity increased with increasing light intensity from 5 to 

60 kLux and decreased at 75 kLux. 

The pH of the culture medium was also shown significantly (p < 0 ,001) 1-0 

affect the degree of tolerance to low temperatures shown by A. fiZicuZoides 
(Figure 48). The number of viable plants dropped with decreasing pH and 

increased exposure times to Soc. At the basic pH values of 8 and 9, the 

number of viable A. fiZicuZoides plants decreased slightly after 30 days 
o 

exposure to 5 C . At a pH of 4, less than 10 % of the A. fiZicuZoides 
o 

plants survived 30 days exposure to 5 C. 

The RGR and nitrogenase activity of A. fiZicuZoides increased with in­

creasing photoperiod (Figure 49). Plants grown in continuous darkness 

died within 12 days. While the differences in RGR at 12, 16, 20 and 24 

hour photoperiods were not significantly (p > 0,05) different from each 

other, 20 and 24 hour photoperiods induced significantly (p < 0,01) higher 

RGR values than a 12 hour photoperiod. Despite evidence of a decrease in 

nitrogenase activity at the 24 hour photoperiod, nitrogenase activities in 

photoperiods of 16, 20 and 24 hours were significantly (p < 0,05) higher 

than those in a 12 hour photoperiod. 
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Light quality markedly affected both RGR and nitrogenase activity in 

A. filiculoides (Table 10). Both RGR and n itrogenase activity in green 

light, though only 25 % of the control (white light), were still con­

siderably higher than values for both r ed a nd blue light . Values of RGR 

and nitrogenase activity increase d with inc reas ing light intens ity in al l 

treatments. 

The ability of A. filiculoides to grow on moist mud banks in fie l d 

situations indicated some form o f tolerance t o osmotic and/or salinity 

stresses. Both of these aspects were separately examined in laboratory 

studies. 

TABLE 10 - The effect of light quality upon (A) mean relative 
growth rate (RGR) (g.g-l. day-l), and (B) nitrogenase 
activity (nmol,C2H4 produced (g . f.wt) -1.hr- 1) in Azolla 
filiculoides (values are given + standard deviation; 
n = 8 for al l treatments) 

Filter transmission Light intensity (kLux) 
maxima (nm) 

15 30 

A. Mean relative growth rate 

Blue (450) 0,005 :: 0 , 002 a 0,007 ::0,003 a 

Green (530) 0,048 :: 0,011 b 0,065 :: 0,017 b 

Red (655) 0,013 :: 0,004 a 0 ,01 7 :: 0,005 a 

White (400-700) 0 ,186 ::0 , 0 14 c 0,253 :: 0 , 031 c 

B. Nitrogenase activity 

Blue (450) 11 + 6 a 15 + 8 a - -
Green (530) 572 + 30 c 697 + 42 c - -
Red (655) 31 + 8 b 46 +11 b - -

White (400-700) 1349 + 46 d 2488 + 97 d - -

(Means within columns followed by similar letters are not 
s ignificantly different at p = 0 ,0 5) 

o -1 
An increase in salinity up to 2 / .{NaCl concentration = 2 000 mg.~ ) 

00 

had no significant (P » 0,05) effect on either RGR or nitr ogenase activity 
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However, at salinities above 2 0/ , RGR 
00 

in A. filiculoides (Figure 50). 

declined, reaching zero at 12 0/ . Nitrogenase activity remained more or 
00 

less constant with increasing salinity up to 8 0/ 
00 

o 
whereafter it declined 

to a minimum at 12 0/ 
00 

At a sal inity of 12 / ,the A. filiculoides 
00 

plants appeared shriveled and chlorotic after three weeks , and therefore 

coul d not be acclimatized . 

Osmotic stress due to polyethylene· glycol (PEG) 6000 in the medium resulted 

in a decline in the RGR of A. filiculoides (Figure 51) . At an osmotic 

stress of - 5 bars the RGR was zero. Similarly, after an initial slight 

stimul us at -1 bars of stress, nitrogenase activity also declined to zero 

at -6 bars of stress . Since a salinity of 12 0/ is equivalent to an 
00 

osmotic stress of - 5 , 05 bars, salinity and osmotic stress appeared to have 

identi cal effects on A. filiculoides RGR values. However, the stress due 

to an osmoticum such as PEG 6000 and 

same effects on n itrogenase activity. 

that due to NaCl did not produce the 

A salinity of 8 0/ (-3 , 37 bars) 
00 

caused no appreciable loss in nitrogenase activity , while the equivalent 

stress caused by PEG 6000 resulted in a 70 % loss in activity. At all 

levels of osmotic stress induced by the addition of PEG 6000, the A. fili­

culoides plants remained green and viable after three weeks , though fronds 

appeared slightly flaccid at -10 bars of stress . 

Fie l d observations showed that wind and wave action rapidly broke up mats 

of A. filiculoides and fragmented the individual fronds. The importance of 

physical disturbance and frond damage was therefore investigated in the 

laboratory . 

Increasing levels of physical disturbance, in the form of agitation on a 

BUhler rotary shaker , f r agmented the delicate A. filiculoides fronds 

(Table 11). At a shaking rate of 125 revolutions per minute and a light 

inten sity of 15 kLux, t h e resul ting fragments of A. filiculoides had a mean 

diameter of 2 mm . This caused an 84 % drop in RGR and an 89 % drop in 

nitrogenase activity. 
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TABLE 11 - The effect of agitation rate on mean relative growth 
rate (RGR) , nitrogenase activity (EPR) and resulting 
mean fragment size of Azolla filiculoides plants 
(values are given + standard deviation; n = 10 for 
all treatments). 

--
Shaking rate Fragment size RGR EPR 

(Revs/min) (mm diameter) (g .g-1.day-1) (nmol. (g.f.wt)-1.hr- 1) 

• 
5 18 0 ,1 42 :!:. 0,029 1696 + 98 - .. 

25 15 0 ,1 24 :!:. 0 , 028 1440 + 74 -
50 10 0,108 :!:. 0 ,017 1177 + 43 -
75 5 0 , 041 :!:. 0 , 011 316 + 24 -

100 3 0 ,035 :!:. 0 , 008 258 + 31 -
125 2 0,023 :!:. 0 , 009 190 + 36 -

These results were supported by measurements of the RGR and nitrogenase 

activity of different sized A. filiculoides plants in the field (Table 12). 

Here, with decreasing plant size from 20 mm diameter to 2 rnm diameter , RGR 

decreased by 88 % and nitrogenase activity decreased by 91 %. 

TABLE 12 - The mean relative growth rate (RGR) and nitrogenase 
activity (EPR) of different sizes of Azolla filiculoides 
plants in the field. (Experiment conducted at station 10, 
during 27-31 December 1973; values are given + standard 
deviation; n ~ 10 for all treatments . ) 

Plant size RGR EPR 
(diameter) (g .g-l. day-i) (nmol. (g. f. wt) -1. day-1) 

2 mm 0,019 :!:. 0,007 155 + 43 

5 mm 0,047 :!:. 0,009 269 + 32 

10 rom 0,117 :!:. 0,013 1047 + 61 

20 rom 0,165 :!:. 0 , 039 1798 + 93 

In order to relate these field and laboratory results to environmental 

conditions and to investigate the significance of plant size , a range of 

different-sized A. filiculoides plants were subjected to increasing lengths 

of exposure to 75 kLux (equival ent to approximately 3/4 of full sunlight). 

The smallest fragments of A. filiculoides (2 mm diameter) had a very low 

tolerance to high light intensities (Figure 52), declining in viability by 

over 95 % within 20 days. Larger plants were more tolerant of h igh light 
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intensities. In all plant size-classes, increased photoperiod from 8L/16D 

to 16L/8D caused a decrease in tolerance to high light intensity. 

5.3.3 The effects of mat formation on growth and 
nitrogenase activity 

Observations and measurements in the field indicated that the formation of 

multi-layered mats greatly reduced both RGR and nitrogenase activity in 

A. filiculoides. Within such a mu~ti-layered mat, definite zones could be 

distinguished. In the lowest portion, the plants were waterlogged and 

senescent, bearing numerous easily-detached sporocarps. The middle layer 

of the mat contained rather large actively-growing plants while the plants 

in the top layer were mostly smaller , very slow-growing and bright orange­

red in colour. In quiet undisturbed sites it was observed that mats of 

A. filieuloides would persist throughout summer whereas in open sites, the 

mat would be disrupted by wind and wave action, often with large portions 

becoming stranded on the bank. At the cessation of wind and/or wave 

action, the remaining plants wou l d soon drift out over the water surface to 

reform the mat. 

The changes in RGR and nitrogenase activity with mat formation were 

examined in the field at a riverine site (station 10). In order to de-

termine the quantity of ethylene produced per unit area, the standard 

incubation procedure for the acetylene reduction assay was modified. The 

incubation chamber consisted of a one litre capacity narrow-necked clear 

glass reagent bottle with its base removed. In the field, the bottle was 

gently placed over a portion of the A. filieuloides mat and then pressed 

through the mat with a rotating action to isolate a slice of the mat. The 

open base of the bottle was then sealed underwater with a wide cork shive 

greased with petroleum jelly to waterproof it. The he i ght of the bottle 

was then adjusted by raising or lowering it, to allow an air volume of 

250 m£ and the bottle neck sealed with a Suba-Seal serum stopper. A single 

injection of 25 m£ of acid-scrubbed acetylene initiated the assay, and the 

gas plus air phase in the bottle was mixed by repeated pumping with the 

syringe. When r eleased , the bottle floated freely and could move with the 

A. filiculoides mat. The shading effect of the serum stopper was 

unavoidable, but must have been small since the area of the stopper was 

only 5 % of the area of the A. filiculoides mat trapped within the bottle. 

Two 50 ~£ gas samples were removed for analysis after 20 and 40 minutes of 
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the incubation respectively and analysed for ethylene content as described 

earlier (Section 5.3.1.1). After each incubation the ma t sample within 

each bottle was blotted dry, weighed, dried at 105 °c for 48 hours, re­

weighed and analysed for nitrogen content. Nitrogenase activity was 

expressed as the rate of ethylene production per unit plant biomass. 

Because the method was so time - consuming, only 4 r eplicates were used for 

this experimental series.' The study was carried out at approximately 

fortnightly inte rvals from July 1993 to January 1974. All incubations we re 

conducted between llhOO and 13hOO, the period of maximum daily nitrogenase 

activity . 

Growth rates (RGR) were measured over a period of 7 days at monthly 

intervals , using the procedures described in Section 2.5 . 2.2. 

In early July , nitrogenase activity and plant nitrogen content were at a 

minimum (Figure 53). Biomass and nitrogenase activity increased slowly at 

first and then rapidly from early September to late October . Biomass 

continued to increase until late December whereas nitrogenase activity 

decreased from November onwards. With the onset of the annual floods which 

flushed the system in early January , biomass was reduced to a minimum and 

nitrogenase activity was further depressed. Plant nitrogen content 

increased gradually from July to early September, but during September and 

October, plant nitrogen content rapidly increased to 6 %. This was 

fo l lowed by a gradual decline in n i trogen content to the end of January. 

On an areal basis , the total nitrogen content of the A. filiculoides mat 
- 2 2 

increased from 1,36 g . m in July to 6,85 g.m- in December , a five-fold 

increase. The major portion of this i ncrease occurred during September and 

October. After the annual floods in January , the total nitrogen content of 
- 2 

the A. filiculoides mat dropped to 0 , 51 g.m , mainly due to the loss i n 

plant biomass. 

At the start of this field experiment , the A. filiculoides mat consisted of 

a monolayer completely covering the water surface (Figure 53). As biomass 

per unit area increased from 35 to 50 g.m-
2

, the individual fronds became 

larger, and curled due to the crowding effect. The 

other and became compressed as biomasg increased to 
-2 

increases in biomass to 90 g.m caused the fronds 

fronds overlapped each 
-2 

70 g.m Further 

to become squashed 

together, and the overlapping caused the formation of a multilayered mat 3 
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to 4 cm thick. 
-2 

With increased biomass above 100 g.m , the mat became 

thicker, reaching 5 em in thickness by late December. During mat de­

velopment, the lower plants were pressed below water level by those 

overlying them, becoming waterlogged and chlorotic. As these lower plants 

senesced and rotted they were replaced by plants from the upper layers. 

Examination of stranded mats of A. fiZicuZoides revealed that some plants 

from the middle layers within the mat were green and viable up to 3 weeks 

after the mat had become stranded. Plants from the upper layers were 

completely desiccated while those from the lower senescent layers , though 

not desiccated, were incapable of growth on liquid media. 

The process of mat formation was also followed in the laboratory (Figure 

54). In the monolayer stage, RGR and nitrogenase activity remained more or 

less constant. As soon as crowding became evident (between 5 and 10 days) , 

RGR values started to decrease while nitrogenase activity levels were main­

tained up to 15 days. However , with further biomass increase, a multi­

layered mat formed and both RGR and nitrogenase activity decreased to a 

minimum at 45 days. 

5.4 DISCUSSION 

Interactions between environmental variables determine the suitability of 

a particular habitat for colonization by A. fiZicuZoides. In this inves­

tigation, a combination of field observations and controlled environment 

studies i n the laboratory were used to demonstrate the regulatory effects 

of a range of environmental variables on both the RGR and nitrogenase 

activity of A. fili auZoides. These results were then used to account for 

the limited distribution of A. filicuZoides in the study area. Despite the 

fact that both RGR and nitrogenase activity often have similar responses to 

a given set of environmental conditions , for convenience , these processes 

are discussed separately. 

5.4.1 Laboratory studies 

5.4.1.1 Growth rates (RGR) 
" • 

One of the most important results of this investigation was the f inding 

that A. fiZicuZoides plants required at least 16 days to acclimatize to a 
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particular treatment. Because of this, A. fiZicuZoides plants in the 

laboratory were routinely acclimatized for at least 3 weeks in the required 

conditions prior to any experiments. Most other workers have used shorter 

acclimatization periods of 2 to 7 days and this could have led to con­

siderable error in their r esul ts. Short acclimatization periods (a few 

hours) gave particularly erratic results during this investigation. 

Controlled environment studies indicated that temperature was the single 

most important factor regulati n~ RGR in A. fiZicuZoides , but the effects of 

temperature were modified by interactions with light intensity. When a 

diel thermoperiod was omitted and day and night temperatures were kept 

constant the highest RGR values were recorded in the range 22,5 to 
o 27,5 c. 

Reported values for temperature optima in other species of AzoZZa have been 

conflicting. Nguyen-cong- Tieu and Nguyen- cong-Huan (1934) and Moore (1969) 

considered high water temperatures to be i nhibi tory to the growth of 

A. pinnata, while Karamyshev (1957) stated that in Vietnam , the bulk of 

material died off once the mean daily air temperature rose above 22 °C. 

This is in contrast to the results obtained by Chinese (Lu et aZ., 1963: 

Zoc. cit.), Vietnamese (Tran and Dao , 1973) and Indonesean (Brotonegoro 

and Abdulkadir, 1976) workers. Lu et aZ . (Zoe. cit.) and Tran and Dao 

(1973) reported that the most favourable t emperature for growth by 
. 0 0 A. p~nnata was between 20 C and 30 C. Outside this range, RGR values 

o 
decreased until the plants began to die at temperatures below 5 C and 

above 45 °C. In contrast , Brotonegoro and Abdulkadir (1976) reported 

maximum RGR values at 40 °C. Lumpkin and Plucknett (1980) reported that at 
o 

temperatures above or below the • optimum' temperature of 25 C , the water 

content and plant nitrogen content in A. pinnata decreased. Holst and Yopp 

(1979a) reported that A. mexicana "grew wel l " at temperatures up to 30 °c 

when the plants were cultured under low light intensities (les s than 

13 kLux). However, growth was reduced at 3 5 °c a nd the fern died within 7 
o 0 

days when cultured at 40 C. At 5 C, g rowth was not measurable but the 

plants remained green and viable. The inconsistencies of many of these 

reports reflect inadequacies in the experimental design (e.g. Karamyshev , 

1957) or failure to properly acclimatize the plants used (e.g. Brotonegoro 

and Abdulkadir, 1976). 
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The comparative studies of Peters et aZ . (1980) demonstrated that the two 

temperate species of AzoZZa, A. fiZiculoides and A. caroZiniana had lower 

temperature optima than the two tropical species A. mexicana and A. pinnata. 

Examination of the data provided by Peters et aZ. (1980) indicated that 

despite no significant difference in A. f iZieuZoides RGR values at 

temperatures between 20 and 30 °c, the trend is identical to that found in 

this study. 

A similar temperature optimum has been recorded for other free-floating 

hydrophytes. Ashby and Oxley (1935), Blackman (1960) and Mitchel l and Tur 

(1975) working on Lemna minor, Salvinia natans and SaZvinia moZesta 

respectively, showed that growth rates were highest at 30 °c but decreased 

rapidly at higher temperatures. 

An inte resting feature of published temperature preferences in AzoZZa has 

been the apparently contradictory findings by south-east Asian workers who 

h ave r eported maximum growth for A. pinnata at temperatures varying between 

20 and 40 °c (Nguyen- cong-Tieu and Nguyen-cong-Huan, 1934; Kararnyshev, 

1957; Tran and Dao, 1973 ; Brotonegoro and Abdulkadir, 1976; Becking, 

1979). While these discrepancies may be as a result of poor experimental 

design, the possibility exists that these are real d ifferences indicating 

the presence of morphologically similar yet physiologically distinct 

varieties within the spec ies. If this is so, the same may be true for 

other species of AzolZa and caution is therefore required when comparing 

the resu lts obtained in this study with those repo rted by other workers. 

Most species of AzoZla show considerable resis tance to cold though freezing 

of the water surface for prolonged periods can result in the death of the 

plants (Benedict, 1923; Talley et aZ., 1977). Low t emperatures (Benedict, 

1923; Shen, 1960; Pieterse et aZ., 1977) and exposure to strong sunlight 

(Benedict, 1923; Svenson, 1944; Cohn and Renlund, 1953; Moore, 1969 ; 

Olsen, 1972) have also been described as favouring red c olouration in 

Azo Zla plants. 

The improved ability of A . filieuZoides plants to withstand low tempera­

tures when grown in the laboratory at·!'basic pHs up to 9,0 may increase the 

plant ' s ability to over-winter in the study area . The pH of streams and 

dams containing A. filiculoides in the Hendrik Verwoerd Dam catchment area 
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varies between 7,5 and 9,45. Therefore, even at the lowest pH experienced 

by A. filiculoides in the field , the plants are well able to withstand long 

exposures to low temperatures. Tolerance of low temperatures is shared (to 

a lesser degree) by the other temperate species A. carol iniana (Benedict , 

1923). The two tropical species A. mexicana and A. pinnata show poor 

tolerance to low temperatures (Holst and Yopp, 1979a; Be cking , 1979). 

This aspect suggests a definite physiological difference between the 

temperate and tropical species of Azolla. 

When A. filiculoides plants were grown in a controlled environment with a 
o 

10 temperature differential between nocturnal and diurnal temperatures, 

RGR values were higher than those recorded under constant temperatures. 

in growth between 10 °c (day)/ There was an 

5 °c (night) 

approximately 
o 

and 30/20 C, 

linear increase 

with high RGR values maintained up to 35/25 °C. 

Above these -temperatures RGR decreased. Within a given temperature regime 

there was an approximately linear increase in biomass with increasing light 

intensity and maximum RGR values were recorded at progressively higher 

light intensities up to 60 kLux as temperature increased. At 75 kLux RGR 

was depressed by up to 25 %. RGR values at all temperature regimes and 

light intensities increased as photoperiod increased from 10L/14D to 

14L/l0D. Talley and Rains (1980) used a 12 hour photoperiod and obtained 

results intermediate between the 10 and 14 hour photoperiods used here. 

The close correlations between temperature and RGR in A. filiculoides again 

suggest that there is a direct physiological response to temperature in the 

symbiotic association . 

During this investigation, the highest RGR values for A. filiculoides were 

recorded at a light intensity of 45 kLux and these values increased with 

increasing photoperiod. RGR values remained more or less constant between 

45 and 60 kLux, but declined at light intensities above 60 kLux. Talley et 

al . (1977), Talley and Rains (1980) and Peters et al. (1980) could find 

only slight or no inhibition of growth and ethylene production rates a t 

"light intensities approaching full sunlight" (Talley and Rains, 1980) in 

their laboratory studies. Examination of their methodology and results 

indicates that they were unable to attain light intensities greater than 

60 kLux in their laboratories (i.e. approximately 60 % sunlight). Thus, 

their observed linear response of growth to light intensity is consistent 

wi th the results presented here for light intensities below 60 kLux. 
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Published data regarding the response of other Azolla species to different 

light intensities are similar to thos e presented here for A. filiculoides. 

Chinese workers (Lu, Chen, Shen and Ge , 1963: cited in Lumpkin and 

Plucknett, 1980) indicated that for A. pinnata, the highest plant nitrogen 

content (4,8 %) occurred at 25 kLux, while maximum rates of growth and 

nitrogen fixation were recorded at 47 kLux. These workers also demon­

strated that A. pinnata survived in a range from 3,5 to 120 kLux, though 20 

to 40 kLux was preferable since the plant nitrogen content was greater. 

Roger and Reynaud (1979) and Kulasooriya, Hirirnburegama and De Si l va (1980) 

agreed , indicating that in Senegal and Sri Lanka respectively, A. pinnata 

showed maximum rates of growth between 30 and 40 kLux . In contrast, Holst 

'and Yopp (1979a) reported that A. mexicana did not grow at light intensi­

ties below 0 , 75 kLux and that above 20 kLux, orange- red pigmentation 

developed rapidly, the plants ceased growth and entered a senescent phase. 

The RGR of A. filiculoides (Y) showed a positive linear relationship with 

photoperiod (X): 

2 
Y = 0,0099 + 0,0104 X (r 0 , 9767; n = 7; P < 0,001) (15 ) 

Azolla filiculoides doubling times decreased from 30 days at a 2L/22D 

photoperiod to 2 , 9 days under constant illumination (24L/OD). The maximum 

RGR attained for A. filiculoides under constant illumination by Peters et 

al . (1980) was 60 % higher than that reported here, and represents a 

doubling time of 1,8 days. The difference between the results reported 

here and those of Peters et al. (1980) is possibly due to the use of 

different nitrogen-free media. 

Naturally-occurring symbiotic A. filiauloides plants grow under diurnal and 

seasonal fluctuations of light quality as well as quanti ty. Therefore, the 

response of A. filiculoides to different light wavelengths may provide 

further evidence for possible habitat preferences. In · full sunlight 

A. filiculoides plants receive light over the whole visible spectrum (white 

light) while shaded plants receive primarily green light transmitted 

through shading vegetation plus any scattered or reflected light. The 

symbioti c Anabaena azollae in turn receives only that green light which has 

been transmitted through the dorsal leaf lobe. In this study , the Anabaena 

was clearly able to grow and fix nitrogen (produce ethylene) in green 
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light. Both blue and red light alone, although they are the primary 

photosynthetic wavelengths, could only support similar low RGR values. A 

doubling of the light intensity did not diminish these effects. The 

different RGR values recorded under green and white light reflect a 3 to 4-

fold reduction in avai lable energy and may also indicate the lack of an 

enhancement effect from the red and/or blue wavelengths (Holst and Yopp, 

1979b) . 

Azolla filiculoides demonstrated similar RGR values when cultured over the 

pH range 4 to 9. In nitrogen-deficient media , pH v a lues between 5 and 8 

were equally effecti ve in maintaining high RGR values. In unbuffered media 

or media not replaced daily, the pH dropped by over 2 pH unit.s in a 7-day 

period. No significant difference in RGR was recorded when the culture 

medium was replaced daily or a buffer was incorporated to maintain pH. 

Other workers have reported that Azolla species a re capabl e of growth from 

pH 3,5 to pH 10 in nitrogen-free media, with maximum growth occurring at 

different points between pH 5 and pH 8 (Nickell, 1958, 1961; Le Van and 

Sobachkin, 1963; Olsen, 1972; Watanabe et al ., 1977; Holst and Yopp, 

1979a; Peters et al. , 1980). Holst and Yopp (1979a) showed that A. mexi­

cana grew well from pH 4,2 to 8 ,0 with a small drop in RGR at pH 8 ,8. 

Peters et al . (1980) demonstrated that optimal growth of 4 Azolla species 

was maintained between pH 5,0 and 8 ,0 with a 50 % reduction at pH 9 ,0. 

Both of these studies were carried out using buffered media. In the other 

studies listed above, no details were provided as to how the pH was 

maintained. Chemical analysis indicated that the reduction in growth at 

pH 9,0 in this study might have been due to iron deficiency. This aspect 

is described in detail in Chapter 6 of this dissertation. 

In the study area A. filiculoides populations seldom encounter solute con-
-1 0 

centrations in excess of 250 mg.£ (salinity = 0 , 25 / ). This value 
00 

was well within the salinity limits shown to have no effect on RGR 

values in laboratory-grown A. filiculoides plants . The reported salinity 

tolerance of A. pinnata differed considerably from that reported here for 

A. filiculoides . Le Van and Sobachkin (1963) r eported that high salt 

concentrations (e.g. full strength Knop solution containing 1 500 mg salt 

per litre) killed A. pinnata within 3 weeks. A. pinnata plants also 

in some rice fields where the salt concentration reached 1 480-1 500 

died 
-1 

mg £ 
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during the summer months. Satisfactory growth of A. pinnata in the 

laboratory was only achieved after nutrient solutions had bee n diluted 5-10 

times (c.f. lake water in Vietnam, which contained 160-380 mg salt per 

litre). Tran and Dao (1973) confirmed these results and suggested that the 

optimal concentration of mineral nutrients should be within the range of 
-1 

90-150 mg ~ In contrast, results obtained with two New World species of 

Azolla, A. caroliniana and A. mexicana, are contradictory. Haller, Sutton 

and Barlowe (1974) showed that the RGR of A. caroliniana declined as 

salinity increased, 

mixture of 3 000 mg 
-1 

but 
-1 

~ 

the plants still grew well in a sea and pond water 

solute and were not killed by a salt content of 

16 000 mg ~ Holst and Yopp (1979a) demonstrated tha t A. mexicana could 
-1 

·survive in a salinity range of 556-4 000 mg ~ . Furthermore , a salt 

concentration of 2 000 mg ~- 1 in the medium had no significant effect on 
-1 

RGR while at 4 000 mg ~ RGR was only slightly r educed. In order to 

separate ionic and osmotic effects on the RGR of A. mexicana , Holst and 

Yopp (1979a) employed a nutrient medium containing polyethylene glycol 

(PEG 6000). In their experiments , RGR steadily decreased down to a water 

potential of -5 bars. No growth occurred below -5 bars, but the fern 

remained green and viable. Holst and Yopp (1979a) concluded that since the 

effect of lowe red water potential due t o PEG paralleled that due t o salt, 

increased salt concentrations exerted more of an osmotic effect than an 

ionic effect. 

The results of t he present study were in agreement with the trends reported 

by Holst and Yopp (1979a, 1979b) for A. mexicana and Haller et al. (1974) 

on A. caroZiniana solute tolerance. However, the discrepancy between 

reported solute tolerances of New and Old World spe c ies of Azolla indicates 

that definite physiological differences exist between the subgenera 

(Eu) AzoUa and Rhizosperrna. 

The effects of physical disturbance and fragmentation on RGR were clearly 

demonstrated in laboratory trials, where RGR values were reduced by up to 

90 % by fragmentation. The only other quantitative data on this aspect 

were presented by Kellar and Goldman (1979). These workers showed a 

similar 85-90 % decrease in RGR in a wind- fragmented population of A. fili 

culoides var. rubra. Braemer (1927) .-'noted that wind- fragmented A. pinnata 

fronds had low growth rates but provided no quantitative data to support 

this observation. 
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In this study, crowding of A. fiZicuZoides plants led to decreased RGR 

values. This was similar to the observed decrease in A. mexicana RGR 

values due to crowding, reported by Holst and Yopp (1979a). 

5.4.1.2 Nitrogenase activity 

Parallel quantification of ethylene production rates (nitrogenase activity) 

by gas chromatography and nitrogen fixation by Kjeldahl analysis indicated 

a ratio of 2,21 moles of ethylene produced to 1 mole of nitrogen fixed as 

NH
3

. This value compares favourably with the results of other workers who 

used the 15N2-enrichment technique with different species of AzoZZa. These 

workers obtained mole-ratios of: 1,6 to 2,0 (Peters , Toia and Lough, 1977) , 

1,6 to 3,4 (Watanabe et aZ. 1977) and 2,83 to 3,01 (Kellar and Goldman, 

1979). In this study the experimentally determined value of 2,21 could 

therefore be used to convert ethylene production rates to nitrogen f ixation 

rates where necessary. 

Controlled environment studies indicated that temperature was the single 

most important factor regulating nitrogenase activity in A. fiZicuZoides , 

though, as described earlier for RGR, the effects of temperature were 

modified by interactions with light intensity. When a diel thermoperiod 

was omitted and day and night temperatures were kept constant, maximum 

nitrogenase activity was recorded in the range 22,5 to 27,5 DC. Peters 

et aZ . (1980) reported similar temperature optima (25 °C) for nitrogenase 

activity in A. fiZicuZoides and A. caroZiniana. 

When A. fiZicuZoides plants were grown in a controlled environment with a 

10
0 

temperature differential between diurnal and nocturnal temperatures , 

the values for nitrogenase activity were higher than those recorded under 

constant temperatures. The pattern of nitrogenase activity closely 

followed that shown by the RGR values described in the previous section. 

The results obtained here confirm the earlier studies of Talley et aZ. 

(1977) and Talley and Rains (1980) who also worked with A. fiZicuZoides. 

In this investigation, controlled environment studies indicated that 

nitrogenase activity in A. fiZicuZoides was saturated between 30 and 

60 kLux and was slightly inhibited at 75 kLux. In contrast, Peters et aZ . 

(1980) 

of 200 

found nitrogenase activity to be saturated at a photon flux density 
-2 - 1 

~Moles.m .sec while Talley and Rains (1980) stated categorically 
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that nitrogenase activity was insensitive to light intensities greater than 
-2 -1 

50 ~E.m .see For comparison, these intensities are approximately equal 

to 12 kLux and 4 kLux respectively (Harris, 1978). The assertion by 

Talley and Rains (1980) must be erroneous since their tabulated data 
-2 -1 

clearly indicate saturation of nitrogenase activity at 250 ~E.m .sec 

(= 15 kLux: Harris, 1978). The reason for the discrepancy between the 

reports of Peters et al. "(1980), Talley and Rains (1980) and this study is 

not known, but a possible explanafion might be that these investigators 

used light sources with widely different emission spectra. Roger and 

Reynaud (1979) and Kulasooriya et al. (1980) reported that maximum rates of 

nitrogenase activity in A. pinnata were measured at 30 and 40 kLUX, 

·respectively. These light intensities correspond well to the light 

intensities promoting high nitrogenase activity in this study. 

Because nitrogenase activity at increasing light intensities remained 

constant while RGR increased, the decrease in plant nitrogen content per 

unit biomass with increasing light intensities was expected. Reports of 

increased nitrogen content with increasing light intensity (Tran and Dao, 

1973) must reflect an increase in nitrogen content of the total biomass 

produced rather than per unit biomass. 

In this study, nitrogenase activity was saturated at a 16L/8D photoperiod 

causing the percentage nitrogen content to decline at greater photoperiods 

as RGR increased. This is consistent with the trends reported by Peters et 

al. (1980) for A. filieuloides. 

As discussed in the previous section on RGR , light quality also affected 

nitrogenase activity in A. filieuloides. The changes in nitrogenase 

activity, as a response to different light wavelengths, closely matched the 

changes in RGR. These trends support the findings of an earlier study by 

Holst and Yopp (1979b) on A. mexicana. 

In nitrogen-deficient media, pH values between 5 and 8 were equally 

effective in maintaining A. filiculoides nitrogenase activity at a high 

level. When the culture pH was above or below this range of values, 

nitrogenase activity decreased. 

those reported by Peters et al. 

,. 
These results were virtually identical to 

(1980) for A. caroliniana and A. filicu-

loides. Similarly, Holst and Yopp (1976) reported that the optimum pH for 
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nitrogenase activity in A. mexicana was 6,0, the p rocess operating over a 

pH range of 4 to 8. In contrast , Watanabe et al . (1977) reported that 

nitroge nase activity in A. pinnata was highest at pH 5,0 and decreased at 

neutral pH levels. 

The abi li. ty of A. fiZieuloides to maintain high nitrogenase activity levels 

at salinities causing a 50 to 90 % decrease in RGR indicated that the 

solute concentration exercised an osmotic e ffect rather than a salinity 

effect . This was confirmed by suppl ementing the normal growth medium with 

PEG 6000 as osmoticum . Equivalent osmotic stresses induced by NaCl and 

PEG 6000 had almost identical effects on RGR. However, PEG 6000 decreased 

nitrogenase activity by up to 70 % bel ow the rate caused by equivalent 

osmotic stresses induced by NaCl. It would appear therefore that the fern 

must protect the algal symbiont from osmotic effects exerted by low 

molecular weight solutes . The mechani sms of this process are not known but 
+ 

must involve the acti ve adsorption of Na and Cl ions from the osmoticum 

via the fern roots. An increase in % Na content of up to 120 % plus the 

development of toxicity symptoms in A. filieuloides plants grown at 

increasing concentrations of NaCl, provides evidence for this hypothesis . 

Furthe r indirect evidence for this hypothesis is provided by the finding of 

Stewart et al. (1975) that free-living ("unprotected") species of Anabaena 

show a sharp (85 %) reduction in nitrogen-fixing ability when exposed to a 

1 14 0/. low sa inity of , 
00 

Holst and Yopp (1979b) reported similar osmotic 

effects on A. mexieana nitrogenase activity but could not provide an 

explanation for the phenomenon. I n their experiment , A. mexieana p l ants 

grown in nutrient solutions containing PEG in varying amounts showed a 

significant reduction in nitrogenase activity at -2,5 bars with a l most 

total inhibition at - 10 bars of osmotic stress . 

In almost all of the laboratory experiments conducted during this study , 

the nitrogenase activity a nd RGR of A. filieuloides plants responded 

similarly to a given set of environmental conditions . Therefore, on the 

basis of the r elatively good correlation between nitrogenase acti vity and 
- 2 
RGR (r = 0,89, n = 140), the RGR value provides a rough index of nitro-

genase activity . Thus , although a rapid rate of growth may pose potential 

ecologi cal problems , i t a lso indicates that a significant amount of 

nitrogen is being assimilated . 
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The suitability of a particular habitat for coloni zation by A. filiculoides 

and the environmental conditions likely to promote h i gh RGR and nitrogenase 

activity values could be predicted from an examination of the results of 

controlled environment studies conducted in the laboratory. The major 

factors which determined habitat suitability were the hydrological regime 

and the degree of shelter from physical disturbance by wind and wave 

action. It could therefo~e be predicted that if a riverine or farm dam 

site in the study area was either-too exposed to wind action or dried out 

periodically, it would be unsuitable for A. filiculoides. However, because 

A. filiculoides was found to tolerate a wide range of temperatures and 

light intensities in the laboratory, it seemed probable that so l ong as a 

habitat was suitable in term of the hydrological regime and degree of 

shelter , A. filiculoides plants would be able to survive unfavourable 

environmental conditions. In addition , it could be predicted that 

A. filiculoides RGR and nitrogenase activity values would be maximal in a 

lightly-shaded e nvironment where midday temperatures ranged between 25 and 

35 °C. 

5.4.2 Field studies 

The presence of a standing body of water was essential for the continued 

existence of A. filiculoides sporophytes throughout an annual cycle. At 

those sampling sites which dried up (e.g. station 6) , A. filiculoides 
plants were able to survive on moist soil in the shade for periods of up to 

4 weeks after which the plants died. Highlight intensities and both high 

and low temperatures favoured the production of red colouration in 

A. filiculoides , indicating that this may be a stress response to 

unfavourable environmental conditions. 

Azolla filiculoides was present every month during the period February 1971 

to May 1974 at only 6 of the 12 sampling s ites selected (stations 4, 7, 9, 

10,11 and 12). In many north temperate countries, natural populations of 

Azolla sporophytes (A. caroliniana and A. mexicana) have been reported 
t. 

completely disappear during certain seasons (pieterse et al ., 1977; Talley , 
et al. , 1977; Holst and Yopp , 1979a; Talley and Rains, 1980) , usually as 

a result of plant senescence. This sort of "catastrophic senescence " did , 
not occur during thi s study, indicating a possibly more favourable 

environment, perhaps due to latitudinal differences. 
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Over the 40 month duration of the field study, A. fiZicuZoides biomass at 

both riverine and farm dam sites was strongly influenced by the hydro­

logical regime and climatic factors . From July to January of each year , 

the RGR of A. fiZicuZoides could be predicted with reasonable accuracy as a 

positive logarithmic function of e ither maximum or minimum air temperature . 

AzoZZa fiZicuZoides RGR values and nitrogenase activity were minimal and 

the plant nitrogen content was between 3 , 6 and 4,2 % of dry weight 

throughout July and August when average air temperatures were below 
o 

12,5 C. Between early September and late October average air temperatures 

increased from 13 to 19 °C. During this same period doubling t imes for 

A. fiZicuZoides biomass decreased from 25 to 4 , 9 days , with the nitrogen 

content of new fronds containing 5,9 % nitrogen on a dry weight basis, an 

increase of approximately 50 %, due to a four- fo l d increase in nitrogenase 

activity. From October to early January the RGR of A. fiZicuZoides 

continued to increase , reaching a final biomass doubling time of 3,9 days. 

The annual floods during January to March washed out mos t of the A. fiZi ­

cuZoides plants f rom the riverine site , fragmenting and damaging the 

remaining plants , resulting in l ow values for RGR and nitrogenase activity. 

This pattern of development from July to January is entirely comparable 

with an identi cal pattern demonstrated for A. fiZiculoides growing in the 

Sacramento Valley , Californi a, by Talley and Rains (1980). 

Despite the close simil arities in RGR values at stations 9 and 10, the 

variations in A. filiculoides biomass were quite different. This was a 

r esul t of the stable hydrologi cal conditions at station 9, where flood 

wash- out of plants was at a minimum , a l lowing a multi - layered mat of 

A. filicuZoides to persist for most of the study. At station 10, the 

annual f l oods removed most of the accumulated A. filiculoides biomass in 

late summer (January to March) each year. Biomass remai ned low during 

winter , followed by a rapid increase in spring to the mid-summer mqximum. 

Be cause A. filiculoides plants were removed from the multi-layered mat at 

each station and their RGR measured in open dishes, the l ack of a "crowding 

effect" permitted high RGR values to develop. These measurements therefore 

indicate the 'potential RGR' since crowding , whi ch occurs in mat formation, 

is known to depress Azolla RGR val ues (Talley et al. , 1977; Becking , 1979; 

Holst and Yopp , 1979a ; this study) . 
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Nitrogenase activity was poorly correlated with all environmental para­

meters except water temperature at station 10. At this station, nitro­

genase activity followed a cyclic seasonal pattern with maxima in spring 

and early summer followed by minima in late summer and winter. The erratic 

values for the nitrogenase activity of fronds isolated from the permanent 

mat at station 9 may r e flect the use of partly senescent material. 

Diel field studies of nitrogenase activity in mid-summer indicated that 

nitrogenase activity was controlled by previous light treatment as well as 

by temperature and light intensity. On calm bright summer days the midday 

nitrogenase activity was always 2 to 3 times higher than those rates 

measured during winter or extended periods of cloudy overcast weather in 

summer. The finding that approximately 50 % of the total diel nitrogenase 

activity occurred between 10hOO and 14h30 local time has confirmed the 

results of Talley et al. (1977). In addition, significant nitrogenase 

activity was always recorded during the night, particularly after a calm 

bright summer day, confirming the findings of Talley et al'. (1977), Kellar 

and Goldman (1979) and Talley and Rains (1980). This finding is in 

contrast to the observation by Walmsley et al. (1973) that nitrogenase 

activity decreased to zero shortly after the onset of darkness. 

Measurements of RGR and nitrogenase activity in the field indicated that 

these processes could be regulated by light intensity and that nitrogenase 

activity was saturated at lower light intensities than RGR. The only 

comparable field studies aimed at investigating the effects of light 

intensity, are those of Lu et al. (1963: loc o cit.), Brotonegoro and 

Abdulkadir (1976), Roger and Reynaud (1979), Kulasooriya et al. (1980) and 

Tung and Shen (1981), all of whom worked with A. pinnata. These re­

searchers demonstrated that A. pinnata grew best at between 30 and 50 % of 

full sunlight and that growth was depressed in full sunlight. 

The presence of suitable habitat, protected from wind and wave action, is 

essential for prolonged periods of growth and development in A. filicu­

loides. The fragile structure of A. filiculoides fronds makes them 

particularly susceptible to fragmentation by physical disturbance. In the 

field, the abrasive action of waves e~sily fragmented A. filiculoides 

fronds, damaging frond apices and causing a sharp decrease in RGR and 

nitrogenase activity. 
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During seasonal flooding of the tributary streams of the Hendrik Verwoerd 

Dam, numerous mats of A. filiculoides plants were broken up and washed 

downstream into the open waters of the impoundment. Here, the plants were 

soon fragmented by wind and wave action and carried by surface currents 

onto the leeward shores of the lake. The continued abrasive action of 

waves on the shoreline further fragmented the A. filiculoides fronds, such 

that most fragments were ~ess than 2 mm in diameter. 

Laboratory studies showed that small fragments of A. filiculoides were 

particularly susceptible to prolonged exposure to high light intensities at 

all photoperiods used and died within three weeks. The shoreline of the 

"Hendrik Verwoerd Dam consists mostly of open rocky areas with no sheltering 

vegetation . Therefore, any A. filiculoides plants washed into the lake by 

floods and fragmented by wave action will be unabl e to survive for longer 

than three weeks, regardless of when the flooding occurs. • 

Mitchell (1974, 1978) stressed the importance of a stable hydrological 

regime for the establishment of hydrophyte communities, particularly in 

rivers and impounded waters. This has been highlighted by Bond and Roberts 

(1978) who reported the destruction of communities of Azolla nilotica, 

Salvinia molesta, Pistia stratiotes and Eichhornia crassipes by wind and 

wave action on the impounded waters of the new Cabora Bassa Darn in 

Mozambique. 

5.4.3 The significance of mat formation 

Plant density is one of the major factors regulating RGR and nitrogenase 

activity in A. filiculoides. In undisturbed optimal conditions, A. fili ­

culoides grew rapidly until the available surface area was covered. 

Further growth caused over l apping of fronds and the formation of a multi­

layered mat. Multi-layered mats are characteristic of all Azolla popu­

lations growing in u ndisturbed locations and have been reported by many 

authors (e.g. Benedict, 1923; Saubert, 1949; Becking, 1976b; Kellar and 

Goldman, 1979; Lumpkin and Plucknett, 1980). 

Wi thin an established mat , A. filiculoides plants are protected from high 

light intensities by the overlying mat layer{s) and are partly insulated 

from extremes of temperature. (Field measurements showed a 3 to 5 DC 



- 163 -

temperature differential between upper and lower mat layers . ) Spores are 

produced only by senescent plants in the lower layers of established mats 

and these t herefore provide a means of continuing the sexual phase of the 

fern ' s life cycle . Senescence and mineralization of the lower mat layers 

also ensure a nutrient supply to the uppe r mat layers. The reduction in 

nitrogenase activity of A .• filiculoides plants in established mats is not 

due to nutrient limitation, but appears t o be caused by an alteration in 

the fern's nitrogen metabolism. (This aspect is discussed in Chapter 8 . ) 

Mat formation is therefore a key feature of A. filiculoides growth and 

contributes to the fern ' s ability to survive unfavourable environmental 

conditi ons. Comparisons of A. filiculoides growth and mat formation at a 

shel tered site (station 9: farm dam) and at a poorly-she l tered site 

(station 10: riverine) in thi s study have emphasized the importance of 

sui tabl e habitat for mat formation . The degree of physical d i sturbance by 

wind and wave action i n a particular habitat is a critical factor for 

successful mat formation in A. fi l iculoides, and therefore determines the 

success or failure of the plant to colonize that habitat. 

, . 
~ 
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CHAPTER 6 

NUTRIENT REQUIREMENTS OF THE SYMBIOTIC ASSOCIATION 

6.1 INTRODUCTION 

The growth of AzoZZa plants is dependent on an adequate supply of the 

macro- and micronutrients required for normal plant growth and , like most 

plants , AzoZZa is sensitive to changes and deficiencies in the supply of 

plant nutrients (Moore, 1969; Lumpkin and Plucknett, 1980). Smith (1938) 

considered that the lower lobes of AzoZZa leaves were the principal site of 

uptake of water and nutrients. However, Schaede -(1947) , using dyes, 

demonstrated that this uptake proceeds via the roots, with the lower leaf 

lobes being involved only to a very minor degree. 

Despite the fact that several workers have reported on the nutrient 

requirements of A. caroZiniana (Cohn and Renlund, 1953; Nickell , 1958, 

1961; Olsen , 1972) and A. pinnata (Saubert, 1949; Le Van and Sobachkin , 

1963; Watanabe et aZ ., 1980; Subudhi and Singh, 1979a, b; Yatazawa et 

aZ ., 1980), surprisingly little information has been published on the 

nutrient requirements of A. fiZicuZoides . Talley et aZ . (1977) reported 

that the growth of natural populations of A. fiZicuZoides in California 

appeared to be limited by the availability of P and Fe. These authors also 

noted that foliar symptoms of P-deficiency (i.e. chlorosis) disappeared 

when water levels dropped , allowing the A. fiZicuZoides roots to come into 

contact with bottom sediments. Because nitrogen fixation by the algal 

symbiont plays a dominant role in regulating the growth of the fern (Ashton 

and Walmsley, 1976) , those micronutrients which have been shown to be 

essential for the ni trogen- fixing process in nodulated legumes and free­

living blue-green algae (Fogg, 1962) should also be present in adequate 

supply . In this regard, Bortels (1940) and Johnson, Mayeux and Evans 

(1966), respectively, have shown that A. fiZicuZoides required a supply of 

Mo and Co, though only when grown in nitrogen-deficient media, confirming 

that the fern required these elements specifically for nitrogen fixation . 

Bottomly (1920) reported that a n extract from "bacterized peat" caused a 

40 % increase in the yie l d of A. fiZicuZoides over an 11-week period. 

However , this could equal ly well have been the result of micronutrients in 

the extract (Moore, 1969) rather than the presence of "organic growth­

promoting substances". 
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In the Hendrik Verwoerd Dam catchment area, concentrations of the 

dissolved plant nutrients N, P, K, Ca, Mg, Na, Fe, eu and Zn in streams 

and farm darns are generally very low and yet A. fiZicuZoides is able to 

grow and proliferate, apparently with no ill-effects. However, it must be 

remembered that in an aquatic environment, nutrient availability is 

governed by the chemical conditions beneath the water surface, particularly 

the pH and oxygen status ·(Hutchinson, 1957). Indeed, in the natural 

habitat of A. fiZicuZoides nutrients may be present in large quantities 

but, because of unsuitable pH and oxygen regimes, are not in a form 

available for uptake by the fern (Ashton and Wa lmsley, 1976). In this 

regard, mat formation by A. fiZicuZoides can drastically alter the chemical 

·characteristics of the underlying waters, but the effects of these changes 

in water chemistry on A. fiZicuZoides have not previously been quantified. 

The nitrogen-fixing capacity of the algal symbiont in AzoZZa can supply 

the nitrogen requirements of both partners i n the association and allows 

A. fiZicuZoides to flourish in waters free of combined nitrogen (Ashton 

and Walmsley, 1976). Because of this feature, many workers have utilized 

nitrogen-free culture media for their experimental studies on the nutrient 

requirements of other AzoZZa species. The nitrogen metabolism of the 

fern-alga association will be dealt with in Chapter 8 of this dissertation. 

The aims of this investigation were to: 

(a) quantify the nutrient requirements of A. fiZicuZoides and the effects 

of nutrient deficiencies on growth and nitrogenase activity in 

A. fiZicuZoides; 

(b) determine the seasonal variations in nutrient availability in the 

Hendrik Verwoerd Dam catchment area and their effects on A. fiZicuZoides ; 

(c) investigate the effects of mat formation on water chemistry and sub­

subsequent effects on A. fiZicuZoides growth and nitrogenase activity. 
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6.2 MATERIALS AND METHODS 

6.2.1 Selection of suitable culture media 

The choice of a suitable inorganic culture medium for Azolla filiculoides 

was complicated by the variety of media that have been used by previous 

workers . Dilutions of modified Knop ' s, Hoagland ' s or Chu ' s formulae, as 

we l l as media designed for growth of nitrogen- fixing blue-green algae, have 

all been reported to support Azolla growth. Initially , eight media 

formu l ated by Saubert (1949) , Gerlof , Fitzgerald and Skoog (1950), Allen 

and Arnon ( 1955) , Nickell (1958) , Clatworthy and Harper (1962) , Gorham , 

McLachlan , Hammer and Kim (1964 ), Johnson et al. (1966) and Lahdesmaki 

(1968) were selected for testing as to their suitability for the cu l ture 

of A. filiculoides . Two further medi a , proposed by Olsen (1972) and 

Peters and Mayne (1974a) , were also tested at a later stage o f this study. 

The media var ied considerably i n both concentration and range of nutrient 

salts used, particularly sources of Fe and micronutrients . Therefore , in 

order t o facilitate comparison , three formul ations o f micronutrients 

proposed by Al len and Arnon (1955) " Johnson et al . (1966) and Gorham et al . 

(1964 ) were selected for testing and Fe was supplied as the ferric ­

monosodi um-EDTA (Fe-Na- EDTA) salt to a l l media. Al l media were free of 

combi ned nitrogen . The macronutri ent composi tion of the ten media tested 

are shown in Tabl e 13 and the micronutrient compositi on of the three 

f ormul ations selected are shown in Table 14. Al l chemicals used were 

anal ytical g r ade and no further purification was made. The water used in 

the p r epar ati on of cultur e so l uti ons was first d i stilled and then de­

i onized by passing through Amber l ite MB3 ion exchange resin. Stock 

s o l utions were made up so that each solution contained 250 mi l l i mol es 

o f the appropriate nutrient . All glassware was cleaned with 3N HCl or 

3N HN0
3 

followed by r i nsing with large vol umes of disti l led water. 

Each medi um was tested i n batch culture at three levels of con centrati on 

(half-, full - and double - strength ) with each of the three micronut rient 

combination s. The pH of all culture solutions was adjusted to 6 , 0 wi th 

either iN HCl or iN NaOH . 
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TABLE 13 - Macronutrient composi tion of different media tested 
for growth of A. fiZicuZoides 

- 1 
A. Concentration of nutrient salt in so l ution (mmoles.£ )* 

Salt A B C D E F G H 

MgS0
4

·7H
2

O 5,0 0 ,1 1, ° 2,0 0,4 0 ,4 0,2 0 ,2 

CaC1
2

· 2H
2

O 2 , 4 0 ,2 O~5 5 , 0 1,3 0 , 2 0, 1 1 , ° 
CaSo

4 
.2H

2
O - - - - . - - 1, ° -

K
2
S0

4 
2,5 - - 2 ,0 - - 0 , 5 -

K
2

HP0
4 

2 , 4 0 ,1 2 , 0 - - 0 ,1 0, 1 -

KH
2
P0

4 
- - - 1, ° 0,7 - 0 ,2 0,3 

KCl - 0 ,5 - 2 , 0 2 , 5 - - 0,4 

NaCl - - 4,0 - - 2 , 0 - -

Na
2

HP0
4 

- - - - - 0, 1 - -

Fe- Na- EDTA 0 , 07 0 , 07 0 , 07 0 , 07 0,07 0 ,07 0,07 0,07 

B. Macronutrient concentration In Solutlon (mg . 2 
- 1 

Element A B C D E F G H 

Ca 96 8 20 200 52 8 44 40 

Mg 121 2 ,5 24 48 10 10 5 5 

Na - - 92 - - 51 - -

K 382 27,5 156 274 125 .8 55 27 , 5 

P 75 3 62 3 1 22 6,5 9,5 9 , 5 

S 240 6,5 32 128 13 13 54 6,5 

Cl 170 31 ,5 177 425 181 85 7 85 

Fe 4 4 4 4 4 4 4 4 

I 

1,3 

-

0 , 8 

0 , 4 

-
0 , 5 

-

0 ,4 

-

0 , 07 

I 

32 

32 

9 

5 1 

15,5 

80 

14 

4 

J 

0 , 8 

2 , 0 

-

-

-

0,4 

2 , 0 

-

-

0 , 07 

J 

80 

19 

-

94 

12,5 

26 

21 8 

4 

*A: Saubert (1949) ; B: Gerlof et al . (1950); C: Allen and Arnon 
(1955); D: Nickel l (1958) ; E: Clatworthy and Harper (1 962); 
F : Gorham et aZ. (1964); G: Johnson et al. (1966); H: Lahdesmaki 
(1968); I: Olsen (1972); J: Peters and Mayne (1974a) 
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TABLE 14 - Compositi on of micronutrient solutions 
tested for growth of A. filiculoides 

A. Concentration of nutrient salt in 
().Il!loles.£-l) * 

Salt A B C 

H3B03 45 , 50 5,f)2 40 ,00 

MnC1
2

·4H2O 9 ,1 0 1,13 7 , 09 

znS0
4

·7H
2

O 0,77 0 ,1 8 3 ,2 0 

Na
2

Mo0
4 

. 2H
2

O 1,04 0,05 0 , 08 

CUS0
4

· 5H
2

O 0,3 1 0,08 0,0008 

COC1
2

· 6H
2

O 0 ,17 0 , 09 0 ,50 

B. Micronutrient concentration in 
solution (~g.£-l) 

Element A B 

B 500 ,5 64 ,0 

Mn 500,5 62 ,2 

Zn 50 , 0 11, 7 

Mo 99 , 8 4, 8 

Cu 19 , 8 5,1 

Co 10,0 4 , 7 

*A: Allen a nd Arnon (1955); 
B: Johnson et al . (1966); 
C: Gorham et al . (1964) 

C 

440 ,0 

385,0 

208 ,0 

4,7 

0,05 

48,0 
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For the analysis of growth rates , weighed samples (approximately 1,0 g) of 

acclimatized A. filiculoides plants were freed of epiphytic contaminants as 

described in Section 2.5.2.2, placed in 500 mt capacity plastic dishes 

containing the appropriate nutrient solution and reweighed at four-day 

intervals for 20 days . Each treatment was replicated ten times and 

nutrient solutions were replaced daily by siphoning . When crowding was 

noted , half the biomass was removed to a second container of the culture 

solution under test. All tests were carried out under a photoperiod of 
o 

16L/8D, at a l ight intensity of 45 kLux and at a temperature of 27 c. 
After 20 days had elapsed , the nitrogenase activity of A. filiculoides 

plants in each treatment was assessed with the acetylene reduction assay 

{Section 5.3.1.1). The combination of nutrient medium and micronutrient 

soluti on givi ng the highest values of RGR and nitrogenase activity was then 

selected for further optimization and routine laboratory use. 

6.2.2 Determi nation of optimum levels of individual nutrients 

In order to formulate a nutrient sol ution containing optimum levels of each 

macronutrient , the effects of different concentrations of individual 

nutrients were assessed in batch cultures. This was accomplished with the 

optimum nutrient solution selected in 6 . 2.1 above. The solution was 

modified by adding the se l ected micro- or macronutrient under test at 

level s of 4X, 2X, IX, 1/2X, 1/4X , 1/8X , 1/16X and 1/32X the normal recipe 

concentration , while maintaining the other macro- and micronutri ents at a 

constant level . The pH of each culture solution was adjusted to 6,0 with 

either IN Hel or IN NaOH . Prior to each experiment, the A. filiculoides 

plants were grown for three weeks in the appropri ate nutrient solution in 

order to acclimatize the plants. Weighed samples (approximately 1 , 0 g) of 

acclimatized , surface-sterilized A. filiculoides plants were placed in 

500 mt capaci ty plastic d i shes con taining 450 mt of the appropriate 

nutrient solution. Each treatment was replicated ten times and again 

nutri ent solutions were replaced daily by siphoning. Growth rates were 

measured over a seven-day period and nitrogenase activity was measured on 

the seventh day with the acetyl ene reduction assay (Section 5 . 3 . 1.1) . All 

experiments were carried out under a photoperiod of 16L/8D, at a light 

intensity of 45 kLux and at a 
o 

temperature of 27 c . 
• 
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6.2.3 Determination of threshold or minimum nutrient requirements 

In traditional static or batch culture experiments , the amounts of 

nutrient supplied are generally sufficient at the beginning of an experiment 

but later, during rapid growth, become deficient. The optimum nutrient 

level is then dependent on the volume of the culture and the frequency of 

culture solution renewal . In order to overcome these difficulties as 

far as possible and to determine the minimum concentration of a nutrient 

required to sustain optimum growth, a continuous-flow culture is essential. 

An additional advantage of continuous-flow cultures is that they tend to 

simulate the conditions that prevail in slow-flowing riverine and stream 

habitats better than static or batch cultures. 

Each continuous-flow culture consisted of four 500 m~ capacity plastic 

dishes, each with an outlet hole located so as to maintain a volume of 

450 m~ in the dish. Culture solution was contained in a 20 ~ capacity 

reservoir, connected to the culture dishes by f l exibl e polyvinyl chloride 

(PVC) tubing and f l ow rates were controlled by a tap. Both the reservoir 

and the PVC tubing were covered with aluminium foil to prevent algal growth , 

and the reservoir was refilled with culture solution each day . Each 

dish contained a weighed sample (approximately 1,0 g) of previously 

acclimatized , surface-sterilized A. filiauloides plants. Each treatment, 

consisting of four dishes, was replicated twice. Growth rates were 

measured at four-day intervals for 20 days and nitrogenase activity was 

measured on the twentieth day with the acetylene reduction assay 

(Section 5.3. 1. 1) . 

Several series of experiments were carried out, using different levels of 

each macronutrient at a series of flow rates. Details of nutrient concen­

trations and flow rates are shown in the relevant results. With the 

apparatus described above, flow rates from 500 m~ to 5 , 0 ~ per hour could 

be accurately controlled. 

6.2.4 Nutrient deficient media and ion interactions 

An important aspect of the nutrition of A. filiauloides concerns the effects 

of nutrient deficiencies on growth and nitrogenase activity. Traditionally, 

studies on the effects of nutrient deficiencies have been carried out in 
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batch cultures (e.g. Bortels, 1940; Le Van and Sobachkin 1963), in which 

one component of the complete nutrient solution is eliminated and the 

resulting plant growth compared with that of control plants growing in 

complete nutrient solution. The ability of plants to store excess 

nutrients and the fact that several elements are highly mobile in plant 

tissue, being transported with ease from old to young tissue, can confuse 

the interpretation of re5ults. Thus, the effects of nutrient deficiencies 

may not become apparent for some time, necessitating repeated transfers to 

fresh culture media. In addition, the interaction between nutrient ions in 

solution and in plant tissue can also obscure the effecLs of nutrient 

deficiencies (Olsen , 1972). During this investigation, both the direct 

-effects of nutrient deficiencies and the interactions between nutrient ions 

in solution were studied. 

Media deficient in Ca, Mg and K were prepared by eliminating each one of 

these components from the complete solution and replacing it with an 

equivalent weight of the appropriate Na salt to maintain ionic balance. 

Phosphate- and sulphate-deficient media were prepared by substituting an 

equivalent weight of the appropriate chloride salt. Micronutrient 

deficient media were obtained merely by eliminating the appropriate micro­

nutrient from the culture solution. Since the micronutrient concentrations 

were so low, no attempt was made to maintain ionic balance. In each case , 

the pH of the culture medium was adjusted to 6,0 with either lN Hel or 

lN NaOH. 

CUltures of A. filiculoides were grown in 1 t capacity cotton- wool capped 

Erlenmeyer flasks containing 450 mt of medium. All media and glassware 

were sterilized prior to the experiment by autoclaving at 15 psi for 

20 minutes. Each flask was inoculated with approximately 1,0 g of 

surface-sterilized A. filiculoides plants. Every four days , the A. fili­

culoides plants were transferred to fresh sterile media. Although the 

A. filiculoides cul tures were not axenic, they were handled by sterile 

techniques in order to minimize coloni zation of the cultures by undesirable 

algal popUlations. Filtered, humidified air was introduced i nto each 

flask to maintain the levels of atmospheric gases . Each treatment was 

replicated six times and RGR and nitrogenase activity were measured every 

four days during transfer to fresh media, for a period of 32 days. When 
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crowding was noted, half of the biomass was transferred to a second flask 

of the appropriate medium. 

The nutrient triangle technique of Hamner , Lyon and Hamner (1942) was 

employed to investigate the effects of media deficient in two nutrients as 

well as the interacting effects of nutrient ions at sub-optimal con­

centrations. The technique was originally designed by Hamner (1940) and 

Hamner et aZ . (1942) in nutritionaL studies on soyabeans and ' tomatoes . 

Mitchell (1970) subsequentl y modified this technique to study nutrient 

deficiencies in SaZvinia moZesta ,(auricuZata). The modified version 

designed by Mitchell (1970) used nutrient levels approaching those in lake 

water, very much lower than those used by Hamner et aZ. (1942). I n both of 

the above studi es , the three anions used were N0
3

, P0
4 

and 804 and, in 

order to maintain nitrogen-free media for A. fiZicuZoides in thi s study , Cl 

was substituted for N0
3

. 

The preparation of nutrient stock solutions and their combination into 

nutrient triangles was similar to that described by Mitchell (1970). Three 

cation and three anion stock solutions were prepared in the concentrations 

shown in Table 15. Each cation solution contained a mixture of CI, P0
4 

and 

TABLE 15 - Ionic concentrations of nutrient stock solutions 
in milliequivalents per litre* 

Salt Ionic concentrations of individual stock solutions 

K Ca Mg Cl P0
4 8°4 

KCI 1 1 

KH
2
P0

4 
1 2 

K
2
S0

4 
1 2 

CaCI
2

·2H
2

O 2 1 

caHP0
4

·2H
2

O 1 1 

caS0
4

·2H
2

O 1 1 

MgCI
2

·6H
2

O 2 1 

MgHP04 ·3H2O 1 1 

MgS0
4

·7H
2

O 1 1 

*Each final solution was supplemented with suitable levels of 
iron and micronutrients (6.2.1) 
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504 salts of that cation and each anion solution contained the Ca, Mg and 

K salts of that anion. Suitable combinations of the three cation or anion 

stock solutions were then devised on the basis of one-eighths of the final 

mixture to form a nutrient triangle composed of 45 different solutions as 

shown in Figure 55. Thus the cation triangle contained solutions of 

different ionic concentrations of cations, but the same concentrations of 

anions, while the situatidn was reversed in the anion triangle . Thus, the 

apices of each triangle were deficient in two ions, the sides were 

deficient in one ion and the centre portion of each triangle was supplied 

with all three ions in varying proportions. Therefore , it was anticipated 

that the relative importance of each of the ions p l us any signs of 

deficiencies or interactions could be obtained. 

Twenty-one cation treatments and twenty- one anion treatments were selected 

from each of the 45 possible cation and anion treatments in order to cover 

the range of concentrations for each element . The positions of the twenty­

one selected treatments within each of the 45 possible combi nations are 

shown in the nutrient triangle in Figure 55. 

The A. fiZicuZoides plants were grown in plasti c dishes containing 450 mi 

of nutrient solution. All solutions were adjusted to pH 6,0 with either 

lN HCl or lN NaOH and replaced daily by siphoning. Each treatme nt was 

replicated eight times and laid out in the constant environment room in a 

randomized pattern. Each d ish was inoculated with approximately 1,0 g of 

A. fiZicuZoides plants. Growth rates were measured at 4- day intervals for 

20 days and nitrogenase activity was measured on the twentieth day using 

the acetylene reduction assay (Section 5.3.1.1). All experiments were 

carried out under a photoperiod of 16L/8D, at a light intensity of 45 kLux 
o 

and a temperature of 27 C. 

6.2.5 Iron availability and the effects of pH on nutrient uptake 

In most aquatic plants, water pH plays an important role in regulating the 

rates of uptake of certain nutrients , particularly Ca, P and Fe (Scul­

thorpe, 1967, Olsen, 1972). The cations Ca, Fe and Mn have been shown to 

interact, interfering with their uptake, the degree of interaction varying 
• with pH , both in algae (Tel-Or and Stewart , 1975) and aquatic macrophytes 

(Olsen, 1972, Hutchinson, 1975). 
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FIG.55 Upper triangle is a diagramatic representation of the 
relative proportions of stock solutions used to produce 
45 possible combinations. Left, below: 21 combinations 
of cations selected and right below: 21 combinations 
of anions selected. 
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The influence of culture pH on nutrient interactions and availability to 

A. filiculoides was investigated in laboratory batch cultures, using the 

complete (nitrogen-free) medi um selected in Section 6 . 2.1 as control. 

Two levels of Ca (4X and 1X the normal recipe concentration) were selected 

for study . Within each of these treatments , Fe was supplied either as the 

ferric or ferrous salt, with or without a chelating agent (citric acid) . 

The nutrient availability~in each of these treatments was investigated at 

a range of pH values (5,0 t o 9 , 0) .' In each case , the pH of "the culture 

solution was adjusted with either lN HCl or lN NaOH. Cultures were grown 

in plastic dishes containing 450 mt of nutrient soluti on and the solutions 

were replaced daily by s i phoning . Each treatment was replicated eight 

times. 

Initially, each dish was inoculated wi th approximately 1 ,0 g of A. fili ­

culoides p l ants and g r owth rates were measured at four-day intervals for 

a period of 20 days. Nitrogenase activity was measured on the twenti eth 

day using the acetylene reduction assay (Section 5 . 3 .1 .1) and all 

harvested A. filiculoides material was dried and chemically analysed 

(see Section 2 . 4. 1 for details of methods) . 

6.2 .6 Field studies 

Chemical analyses of the water samples collected monthly at each of t he 

twelve sampling sites were used to assess the availability of nutrients 

to A. filiculoides growing in the study area . Sampl e coll ection tech­

niques and the anal ytical methods employed have been described in 

Section 2.4.2. 

Water samples collected beneath an established mat of A. filiculoides had 

significantly higher nutrient concentrations than samples from open-water 

stations . The RGR of A. filiculoides in these two s i tuations was there­

fore compared , using the floating frames described in Section 2.5 .1. At 

station 9, two frames , each containing 20 perforated dishes were firmly 

fixed in an open water area and a further two frames were fixed wi thin an 

established mat. A low (50 cm high) fence "of 5 mm aperture gauze wire was 

strung around each set of apparatus to prevent the movement of A. filicu-
• loides plants towards or away from the frames , thereby maintaini ng either 

mat or open water conditions . 
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Each of the 40 dishes in the two treatments was inoculated with a weighed 

amount (approximately 1,0 g) of A. filiculoides plants at the start of the 

experiment. Every four days the contents of five randomly-chosen dishes 

were harvested , weighed and chemically analysed. On the twentieth day , 

nitrogenase activity was measured before harvesting using the acetylene 

reduction assay (Section 5.3.1.1). Attempts to tag individual plants 

within an established mat'were unsuccessful due to fragmentation of plant 

material. 

In addition to the above , nutrient-enrichment experiments were carried out 

in the field to determine whether any nutrient or combination of nutrients 

was limiting the growth of A. filiculoides . water samples from stations 9 

and 10 (farm dam and riverine sites, respectively) were spiked with 

a l iquots from stock solutions of individual nutrients and placed in p l astic 

dishes. Each dish contained 450 m~ of solution, and was inoculated with a 

weighed sample of A. filiculoides before being placed in situ in the frame 

described in Section 2.5.1 . The water in each dish (with or without added 

nutrients) was replaced every three days to prevent excessive evaporative 

loss, and all treatments were replicated eight times. Growth rates were 

measured at seven day intervals for a period of 2 1 days and compared with 

the RGR values of A. filiculoides plants grown in stream or darn water 

lacking suppl ementary nutrients . Nitrogenase activity was measured on the 

twenty-first day with the acetylene reduction assay (Section 5.3 . 1 . 1). 

6 . 2.7 Measurement of nutrient release from 
decaying A. filiculoides plants 

The decomposition of aquatic plants results in rapid loss of mass and 

nutrients to the water (Boyd, 1970 , 1971 ; P l anter, 1970 ; Jewell, 1971). 

Inundation of previously-desiccated plants and the decomposition of 

senescent plants beneath established mats must therefore provide a large 

source of nutrients for the growth of A. filiculoides. The rates of 

nutrient loss in both of the above situati ons were therefore i nvestigated 

by studying the rates of nutrient loss from desiccated and fresh A. filicu­
loides material in the field over a period of 30 days. Since most decom­

position appeared to take place in the dark, the experiments were conducted 

beneath an established A. filiculoides mat at station 10 . Particul a r 
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attention was paid to nutrient loss in the first few hours fo llowing 

inundation, as recommended by Boyd (1970). 

Samples of desiccated A. fiZicuZoides material were collected from a dried­

out pool near station 11 whilst fresh material was collected from a 

riverine site at station 10. Water was removed by gentle blotting with a 

towel and subsamples (approximately 50 g of fresh plants or 5 g of 

desiccated plants) were rapidly weighed and carefully transferred to nylon 

gauze decomposition bags. Each bag measured 30 x 30 cm with a 1 mm mesh 

diameter. Four bags each of fresh and desiccated material were fastened to 

each of 12 metal stakes which were then placed in the water so that all the 

bags were held in position some 10 cm beneath the A. fiZicuZoides mat. One 

stake and its bags were harvested at 2, 4, 6, 12, 24 and 48 hours and 5, 

10, 15, 20, 25 and 30 days afte r initiation of the experiment. On 

harvesting, the bags were immediately rinsed with distilled water and 

stored on ice in numbered plastic bags during transport to the laboratory. 

In the laboratory, the contents of each bag were dried at 105 °c for 48 

hours in a forced-draught oven, weighed, ground and analysed for nutrient 

content (Section 2.4.1). Four separate samples of desiccated and fresh 

A. fiZicuZoides plants were weighed, dried, reweighed, ground and analysed 

as above to determine the initial fresh mass/dry mass ratios and nutrient 

content, before the start of the experiment. 

6.3 RESULTS 

6.3.1 Nutrient availability in the field 

The results of the chemical analysis of water samples collected between 

February 1971 and May 1974 from 12 sites in the study area are summarized 

in Tables 16 and 17. The sums of all cationic or anionic concentrations at 

the different sampling sites varied between 1,44 and 4,05 milliequivalents 

per litre, with the lowest values recorded in summer and highest in winter. 

Inspection of the results revealed that a ll cation and anion analyses were 

within 5 % of chemical balance. At all sampling stations, the i onic 

concentration of cations or anions in milliequivalents per litre was 

closely correlated with electrical conductivity (r = 0,996; n = 120). ,. 
Stations 1 to 4 on the northern (Orange Free State) bank of the Hendrik 

Verwoerd Dam had generally lower levels of dissolved cations and anions 
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NB 

K 

Cs 

Mg 

Fe 

Mn 

Cu 

Zn 

Na 

K 

CB 

Mg 

F. 

Mn 

Cu 

Zn 

N. 

K 

CB 

Mg 

F. 

Mn 

Cu 

Zn 

VsdaUon in conoentratione of diesolved, adeorbed end tote1 cations in the surface wlltsrs et the twelve sempling stations. Results are given 80 range of concentrationo (/Dg.e-1 ) 

found from February 1911 to May 1914, S8 veIl se mesn winter ( q I Msy - Jul y) snd mosn 8ummer ( § I Nov. - Jan. 

Station 1 

r ange w § 

6 ,02 - 12, 11 11,06 6 ,10 

1,72 - 3,93 3,59 1 ,88 

10,17 - 19,25 18,07 11, 99 

8,98 - 11 ,17 15,41 9,68 

0,01 - 0,18 0 ,12 0,03 

0,02 - 0,29 0,11 0,04 

0, 00 - 0, 13 0, 11 0,05 

0,01 - 0,16 0 ,05 0, 04 

2, 13 - 6,21 

1 ,41 - 2,20 

0,18 - 5 ,11 

3,11 - 5,82 

0,01 - 0,13 

0,01 - 0, 18 

0 , 00 - 0,12 

0,00 - 0, 15 

2,71 

1,53 

1,64 

3,81 

0 . 02 

0 . 02 

0,02 

0,01 

4, 19 

2.08 

4,12 

5 ,40 

0,10 

0 ,13 

0,09 

0.06 

8, 15 - 18,92 13,83 10,89 

3 ,13 - 6,13 

1,95 - 14,36 

5 .12 

19,11 

12, 15 - 22,99 19,22 

0,02 - 0 , 31 0,14 

0,03 - 0,47 0 ,13 

3,96 

12,11 

15,08 

0, 13 

0,17 

0,01 - 0,25 0 , 13 0,14 

0 , 01 - 0,31 0 ,06 0,10 

Stetion 2 

renge w 

5,34 - 11,98 10 , 54 

1. 65 - 3.87 3,13 

8,25 - 12,36 10,15 

8,12 - 11.26 15,93 

0,01 - 0,36 0 , 21 

0,02 - 0,38 0,14 

0.01 - 0 , 23 0,12 

0 , 02 - 0,21 0,07 

1,98 - 5,93 

1 ,14 - 2,31 

1,01 - 6 ,98 

3 ,25 - 5,91 
0,00 - 0,22 

0, 00 - 0,23 

0,01 - 0 ,11 

0,00 - 0 ,19 

2 ,83 

1, 32 

1,81 

3 , 52 

0,04 

0,02 

0,02 

0, 03 

7.32 - 11 ,91 13 ,37 

2,19 - 6 ,18 5 , 05 

9 , 26 - 19 ,34 

11.97 - 23 ,17 

0,01 - 0 , 58 

0 , 02 - 0 ,61 

0,02 - 0,40 

0,02 - 0,40 

12,02 

19, 45 

0,25 

0,16 . 

0,14 

0,10 

s 
7,12 

1,87 

9,12 

9 ,71 

0,06 

0,05 

0, 04 

0,03 

5,11 

2,01 

4,17 

5.5" 
0 , 13 

0, 16 

0,12 

0,08 

12, 23 

3.88 

13 ,89 

15.29 
0, 19 

0 , 21 

0,16 

0 ,11 

Station 3 

raD&e w 

5,27 - 12, 20 11 ,12 

1,82 - 3,85 3,68 

8 ,07 - 12,48 10,20 

8,69 - 17, 54 16,11 

0,00 - 0,33 0,23 

0,01 - 0,38 0, 16 

0 , 00 - 0,11 0,11 

0,01 - 0 ,19 0,07 

2 ,14 - 5,84 

1,19 - 2,35 

1,03 - 6,29 

, , 21 - 6,03 

0,00 - 0 , 20 

0,01 - 0,27 

0,00 - 0,15 

0,00 - 0,16 

2,75 

1.51 
1,75 

' ,98 

0 , 05 

0,03 

0.02 

0,02 

s 
5.95 
2,02 

9.11 

9,24 

0,06 

0,04 

0,03 

0,05 

4,92 

2,10 

4.58 
4.77 
0,16 

0 ,15 

0, 10 

0 , 09 

7 ,41 - 18,04 13,87 10,87 

3,01 - 6,20 5 ,19 4,12 

9,10 - 18.11 11,95 13,69 

11,90 - 23,51 20,09 14, 01 

0,00 - 0 , 53 0,28 0,22 

0 , 02 - 0 , 65 0,19 0,19 

0,00 - 0,32 0 ,13 0,13 

0,01 - 0,35 0 , 09 0 ,14 

Station 4 

range w 
6,71 - 13,03 12,45 

1 ,63 - 3,81 3,59 

8 ,04 - 10,12 

B,80 - 18,02 

0,00 - 0 ,19 

0,00 - 0,26 

0 ,01 - 0,20 

0,02 - 0,22 

1,17 - 5,54 

1,04 - 2 , 28 

0,72 - 4,29 

3,43 - 5 ,88 

0 , 00 - 0,11 

0,01 - 0,15 

0, 00 - 0,15 

0, 01 - 0,1' 

9,31 

17 .13 
0,13 

0,15 

0,11 

0,09 

2,01 

1,32 

1 ,64 

4,10· 

0 , 02 

0,02 

0 , 01 

0,02 

s 
7,30 

1.99 
8 .87 

9.35 
0,04 

0,03 

0,05 

0,02 

5.07 
2,09 

3.24 
5.26 
0, 08 

0 ,11 

0 ,11 

0,07 

7,88 - 18,57 14 ,46 12,31 

2,61 - 6,09 

8 ,76 - 14.41 

12 , 23 - 23,90 

0 , 00 - 0,36 

0 , 01 - 0,41 

4,91 

10, 95 

21, 23 

0 ,15 

0 ,17 

4.08 

12,11 

14 , 61 

0,12 

0,14 

0 , 01 - 0 , 36 0,12 0 ,16 

0,03 - 0,35 0,11 0,09 

concentrations. 

station 5 

range w 

5, 23 - 12,07 11,47 

1,47 - 3,92 3,11 

7 ,10 - 10,24 9 , 28 

7,93 - 17. 09 16.01 

0,01 - 0,27 0, 19 

0,02 - 0, 33 ·0 ,13 

0,01 - 0,31 0,13 

0,02 - 0,28 0,11 

2,20 - 8\21 

1, 02 - 2,83 

1,03 - 6,81 

2,92 - 5,89 

0,00 - 0,20 

0,00 - 0,17 

0,01 - 0,19 

0 , 01 - 0,15 

2,95 

1, 33 

1 , 37 

3.56 
0,02 

0,02 

0 , 02 

0 , 02 

il 

6,02 

1.88 

7, 99 

8,89 

0 , 05 

0,04 

0,04 

0,04 

6,93 

2,45 

4,92 

5,33 
0,09 

0,14 

0,12 

0.08 

7,43 - 20 , 28 

2.49 - 6.75 
8,13 - 17.05 

14 , 42 12 , 95 

5 , 04 

10.65 
4,:n 

12,91 

10,85 - 22 , 98 19.51 14,22 

0 , 01 - 0,41 

0,02 - O,so 

0,02 - 0,50 

0,21 0,14 

0,15 0,18 

0,15 0,16 

0 , 03 - 0, 43 0 ,13 0,12 

Stetion 6 

rAnge 

6,12 - 14,15 

1, 63 - 3,99 

g 

12,21 

3.53 

s 
1, 10 

2,04 

9,84 - 14,93 12 ,86 10 , 65 

9.27 - IB.11 16,92 11, 28 

0 , 01 - 0 ,26 0,16 0 , 02 

0 , 02 - 0,23 0,12 0,02 

0 , 00 - 0,10 0,07 0, 01 

0 , 00 - 0 , 08 0,04 0,01 

2,28 - 6.79 

I,ll - 2,39 

1, 34 - 1 .12 

3,12 - 6 ,55 

0,00 - 0 ,19 

0,01 - 0,14 

0,01 - 0,08 

0,00 - 0,03 

2.52 
1,34 

1.42 

3,<'10 

0 , 03 

0,02 

0,02 

0,01 

6.38 
2 , 22 

6.75 
6 ,19 

0.08 

0 , 08 

0,05 

0 ,01 

9,00 - 20,94 14,19 14. 08 

2,74 - 6,38 <'1,87 4 ,26 

11,18 - 22 , 05 14, 28 11,40 

12,39 - 25.26 20,32 11,47 

0,01 - 0 , 45 

0,03 - 0 , 37 

0,01 - 0,18 

0 , 00 - 0 ,11 

0,19 0,10 

0,14 0 ,10 

0,09 0,06 

0 ,05. 0,02 

~ 

-.J 
00 
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station 7 

range ~ Ii 

6,10 - 12 ,98 12,15 6,92 

1,87 - 4,15 ' , 26 2,19 

10,27 - 18,87 17 ,03 12,12 

9,54 - 21, 66 19,27 11,74 

0, 00 - 0,31 0,20 0,03 

0,00 - 0 . 36 0,17 0 , 04 

0,00 - 0,26 0,14 0,01 

0,00 - 0,10 0,05 0,01 

2,20 - 6,10 

1""~5 - 2,62 

1,47 - 9,93 

3 ,41 - 7,79 

0,01 - 0,23 

0,01 - 0,22 

0,00 - 0,20 

0 ,01 - 0,09 

8,}0 - 19,08 

}.22 - 6,77 

11,74 - 2B,80 

12,95 - 29,45 

0,01 - 0,54 

0,01 - 0 ,58 

0,00 - 0.46 

0,01 - 0 ,19 

2 , 59 

1,46 

1,61 

3,52 

0,02 

0,03 

0,01 

0 , 01 

14.74 

4,72 

18,64 

22,79 

0 , 22 

0,20 

0,15 
0,06 

5,47 

2,53 

9,40 

7 ,35 

0 ,10 

0,11 

0,10 

0,04 

12 , 39 

4,72 

21 , 52 

19,09 

0,13 

0,15 

0,11 

0 , 05 

Station 8 

range ~ Ii 

8,23 - 14,73 13,88 . 8,97 

1,96 - 5,27 4,31 2,72 

16,83 - 31,27 26 .77 21,83 

15.71 - 26,38 24,28 19,35 

0 , 08 - 0,59 0, 42 0,13 

0 , 09 - 0 ,53 0,41 0,12 

0,07 - 0 ,28 0 ,21 0, 12 

0,05 - 0 ,16 0,10 0, 08 

0,32 - 0 , 61 

0,37 - 0,45 

0,14 - 0 ,19 

0,20 - 0,48 

0,00 - 0,05 

0,00 - 0,02 

0,00 - 0 ,02 

0,00 - 0 ,01 

0,42 

0,41 

0,15 

0,23 

0,00 

0,00 

0,00 

0,00 

8,55 - 15,34 14,30 
2.33 - 5,72 4 ,72 

16 . 97 - 31 . 46 26 ,92 

15 , 91 - 26,86 24 ,51 

0,08 - 0,64 0 ,42 

o,og - 0,55 0,41 

0,07 - 0,30 0, 21 

0,05 - 0, 17 0,10 

0.37 

0,39 

0,16 

0,31 

O,O} 

0,01 

0,01 

0,00 

9.34 

3.11 

21 , 99 

19,66 

0 , 16 

0,13 

0, 13 

0,08 

Station 9 

range 

6,21 - 12,30 

1, 88 - 3,81 

9,82 - 16 , 71 

9,91 - 22, 34 

0,02 - 0 ,42 

0,00 - 0,36 

0,01 - 0,17 

0,00 - 0,14 

1,02 - 2,54 

1,12 - 2,27 

0 , g8 - 1,24 

1,06 - 2 ,15 

0,00 - 0,14 

0,00 - 0,11 

0,01 - 0,07 

0 , 00 - 0,04 

1,23 - 14,64 

3 , 00 - 6 ,~ 

10,80 - 17 ,95 

10,97 - 24,49 

0,02 - 0, 56 

0,00 - 0 , 49 

0 ,02 - 0,24 

0,00 - 0 ,18 

w § 

11, 54 6 , 99 

3,29 1,96 

14 , 39 10,11 

19 ,11 12,92 

O , 3~ 0 , 05 

0 , 22 0 , 09 

0 ,10 0 , 03 

0 ,10 0,03 

1,19 

1,41 

1,01 

1, 10 

0,01 

0 ,01 

0,01 

0,01 

12,73 

4, 70 

15, 40 

20 , 21 

0,34 

0,23 

0,11 

0 , 11 

2,31 

2,09 

1 , 13 

1,89 

0,06 

0,07 

0,03 

0,02 

9 , 30 

4,05 

11, 24 

14,81 

0,11 

0,16 

0,06 

0,05 

station 10 

range 

5,76 - 11,78 

1,57 - 3,76 

B,13 - 12,37 

w 

11, 03 

3 , 26 

11, 95 

s 

9,46 20,03 18 . 52 

0,00 - 0,27 O,lB 

6 ,72 

1, 97 

8,65 

1 2 ,07 

0,03 

0,01 0,20 0, 11 0,02 

0,01 

0,01 

0 , 00 0, 06 0 ,04 

0,01 - 0,07 0 ,04 

2,17 - 5,77 

1,18 - 2,37 

0 ,97 - 6.42 

2,15 - 6,21 

0,01 - 0,18 

0,01 - 0,15 

0,00 - 0,05 

0,00 - 0,05 

2 , 60 5 , 33 

1, 30 2 ,07 

1, 36. 5,95 

2 , 68 6 , OB 

0 , 02 0,09 

0,02 0 , 07 

0.01 0,03 

0,01 0 , 02 

7,93 - 17. 55 13,63 12.05 

2 , 75 - 6.13 4.56 4 , 04 

9 ,10 - 18,79 13,31 14,60 

11, 61 - 26,24 21,20 18,15 

0,01 - 0,45 0,20 0,12 

0,02 - 0,35 0,13 0 , 09 

0 ,00 - 0, 11 0 , 05 0 , 04 

0 , 01 - 0,12 0,05 0,03 

Station 11 

range w 

5,62 - 14 ,15 13,39 
1,67 - 4,12 

8 ,65 - 18,75 

3 , 87 

14,83 

9 , 41 - 21 , 61 19 ,11 

0,01 - 0 , 34 0,).6 

·0 , 01 - 0 , 31 0, 14 

0,00 - 0 , 23 0,07 

0,01 - 0 ,14 0 , 05 

2,15 - 6,30' 

1,20 - 2,46 

1 , 38 - 6 , 10 

2,66 - 7.63 

0,00 - 0,21 

0,01 - 0 , 22 

0,00 - 0,18 

0 , 00 - 0,12 

2,71 

1,37 

2,09 

2,93 

0,02 

0,03 

0 , 01 

0,01 

s 
6 ,87 

1, 95 
9,24 

10,30 

0 ,04 

0 , 03 

0 ,02 

0 , 03 

5 , 36 

2,05 

4,30 

7,41 

0,08 

0,09 

0,08 

0,06 

7,71 - 20 , 45 16, 10 12,23 

2,87 - 6 , 58 5,24 4,00 

10,03 - 24 ,85 16,92 13,54 

12 ,07 - 29,30 22,04 17,71 

0 ,01 - 0,55 0 ,18 0 ,12 

0,02 - 0,53 0,17 0,12 

0 , 00 - 0 , 41 0.08 0 , 10 

0,01 - 0,26 0 , 06 0,09 

Sta tion 12 

range 

4,21 - 6,24 

0,92 - 1 , 16 

16 , 36 - 19,24 

IB,24 - 23 , 21 

0,05 - 0 ,12 

0 , 00 - 0,02 

0 , 01 - 0,03 

0,00 - 0,03 

0,12 - 0,60 

0 , 02 - 0,06 

0,40 - 0 , 82 

0,27 - 0,81 

0,00 - 0 , 05 

0,00 - 0 , 01 

0,00 - 0,01 

0,00 - 0,01 

4,:n - 6,84 

0 , 94 - 1,22 

16 , 76 - 20 , 06 

18,51 - 24 ,02 

0 , 05 - 0, 17 

0 , 00 - 0,03 

0,01 - 0 ,04 

0,00 - 0,04 

w 

5,63 
1 ,04 

18,55 
22,64 

0,06 

0 ,01 

0 ,01 

0,01 

0 ,15 

0,02 

0,43 

0,38 

0 , 00 

0 ,00 

0,01 

0,00 

Ii 

4,75 

0,99 

16,52 

19 ,87 

0 , 08 

0,01 

0,02 

0 , 02 

0 , 27 

0 , 03 

0,71 

0 , 62 

0,02 

0 , 00 

0,01 

0,01 

5,78 5 , 02 

1 ,06 1,02 

18, 98 17. 23 

23 ,02 20 , 49 

0,06 0,)0 

0 , 01 0 , 01 

0 ,02 0,03 

0,01 0,03 

~ 

" W 



TABLE 17 Variation in anion and nutrient concentr ations in surface waters at the twelve sampling stations . Results are given 

as r ange of concentrations ( in mg .e-l unless otherwise indicated) f ound from February 1971 to May 1974, as well as 

mean winter ( W : May - July) and mean summer ( S : Nov . - Jan . ) concentrations. 

Parameter 

Suspended solids 

pH 

Conductivity (~os.cm-l) 
Total alkal inity (mg cac0

3
.e-l ) 

Sulphate 

Chloride 

Orthophosphate (P0
4

) 

Total phosphorus 

NH4-N 

N0 2-N + N0
3
-N 

Solubl e organic nitrogen 

Total nitrogen 

Station 1 

r ange lil s 
41,8 - 253 , 5 47 , 5 226 , 0 

7,99 - 8 , 63 8 , 05 8,42 

142 - 283 255 160 

34 , 27 - 76,11 68 , 25 36 ,80 

21 , 99 - 33 , 09 30 , 04 24,74 

16,27 - 29 ,12 25,11 18 , 23 

0 ,01 - 0 , 07 0 , 04 0,02 

0 , 02 - 0 ,11 0 , 09 0 , 05 

0 ,13 - 1,01 0 ,72 0,26 

0,85 - 1,62 1, 38 1,04 

0 , 08 0,42 0 , 25 0 , 14 

1,06 - 3,05 2,35 1, 44 

Station 2 

range lil 

32 , 7 - 268,5 49,2 

7,65 - 8 ,78 8 , 01 

130 - 241 

32 , 96 - 68,75 

215 

58 , 50 

s 
184,5 

8 , 60 

150 

36 . 75 

19 ,83 - 30 ,14 27 , 36 21 , 89 

14,77 - 25,25 22 ,85 16 , 48 

0 , 01 - 0, 10 0,06 0 , 03 

0 , 03 - 0 , 17 0,10 0 , 07 

0,16 - 0 ,88 0,65 0,29 

0 , 79 - 1 ,82 1,49 1,07 

0 , 11 - 0 , 60 0,41 0 , 22 

1 , 06 - 3 , 30 . 2 , 55 1,58 

Sta tion 3 

range 

26 , 3 - 252 ,1 

7,65 - 8,85 

127 - 252 

29 , 26 - 66,37 

VI s 
42 , 0 178 , 7 

7,95 8,55 

219 141 

59 , 65 31,37 

19,45 - 31,40 28 , 41 22 , 54 

15 ,10 - 26 , 05 21 , 92 17,43 

0,01 - 0 , 12 0, 07 0 , 03 

0,03 - 0 , 20 0, 13 0 , 08 

0 ,15 - 0 ,83 0,62 0,24 

0 ,78 - 2 , 01 1,45 0, 99 

0,12 - 0 , 87 0 , 48 0 , 27 

1,05 - 3,71 2 , 55 1, 50 

~ 

()j 
o 



TABLE 17 (Continued) , 

Station 4 Station 5 Station 6 

Parameter range iii S range iii S range Iii S 

Suspended solids 18 ,9 - 228,4 29,3 186,5 26 ,3 - 292,5 30 , 1 247 , 4 42 ,8 - 255 , 6 49,8 213 , 5 

pH 7,51 - 8 ,52 7,72 8,35 7,40 8,52 7, 64 8 , 26 7,70 8,41 7, 88 8 , 24 ~ 

ro 

Conductivity (flMhos .cm-l) 
... 

128 - 246 227 147 114 - 244 218 129 139 - 282 246 162 

Total alkal i nity (mg cac03.~-1) 30 ,14 - 69 , 03 61 , 27 33 ,69 32 , 45 - 68, 13 59 ,92 36 ,12 35 ,14 - 77, 25 67,44 39 , 27 

Sulphate 15,25 - 33 ,10 29,16 16,33 11,28 - 31 , 78 26,45 13,75 14,80 - 37 , 63 31 ,68 18 , 29 

Chloride 12 ,84 - 26 ,99 23,92 14,27 13,63 - 26,41 22,74 18,46 19,89 - 30,14 27, 08 22 , 05 

Orthophosphate (P0
4

) 0, 01 - 0 ,07 0 , 05 0,02 0 ,01 - 0 ,09 0 ,04 0 ,02 0,01 - 0 , 14 0 ,08 0 , 03 

To tal phosphorus 0 , 03 - 0 ,12 0,08 0,04 0 , 02 - 0,15 0 , 08 0, 03 0 , 03 - 0 , 29 0 , 14 0,07 

NH
4
-N 0,10 - 0, 26 0,19 0,15 0,09 - 0,24 0 ,18 0 , 15 0 , 12 - 0,63 0,28 0,15 

N02-N + N0
3
- N 0,77 - 1,48 1,15 0 , 86 0 , 62 - 1,53 1,24 0 , 69 0 , 49 - 1, 89 1, 44 0 ,60 

Soluble organic nitrogen 0 ,09 0 ,35 0 , 24 0 ,11 0,08 - 0,46 0 , 32 0 , 11 0 , 14 - 0 ,82 0 , 37 0 ,19 

Total nitrogen 0,96 - 2 , 09 1, 58 1,12 0 ,79 - 2 , 23 1, 74 0 ,95 0 ,75 - 3 , 34 2 , 09 0 ,94 



TABLE 17 (Continued ). 

Station 7 Stati on 8 Station 9 

Parameter range iii S range W S r ange iii S 

Suspended solids 49 ,2 - 349 , 9 55,7 301 , 4 48,9 - 85,2 51 ,4 76,5 35 ,9 - 204 , 5 46 ,3 156, 2 
~ 

pH 7 , 68 - 8 , 20 7 ,85 8 ,03 8 ,65 - 9 , 41 8 ,76 9,24 7 ,58 - 9 , 38 8 ,09 9,29 co 
tv 

Conductivity (~Mhos o cm-l) 154 - 289 274 178 264 - 383 364 289 159 - 277 256 173 
Total alkalini ty (mg cac03oe-1) 46,91 - 88 ,07 75,03 53,94 95 , 25 -140 , 18 123,79 97,44 . 46 ,30 - 87 , 85 76,51 51,00 
Sulphate 12,16 - 40 , 12 33 ,76 18, 63 10,82 - 14,67 13,41 11,2 14 ,80 - 35 ,91 31 ,15 18 , 44 
Chloride 14,80 - 36 ,57 32 , 50 17,71 32 ,74 - 46, 09 44 ,80 34 , 53 13,22 - 30,08 24,46 17 , 39 
Ort hophosphate (P0

4
) 0 ,01 - 0,07 0 , 03 0,01 0,12 - 2, 36 0,27 2 ,18 0 ,10 - 2, 65 0 , 42 2, 31 

Total phosphorus 0 ,02 - 0,12 0 , 07 0 ,03 0, 19 - 3 ,83 0 ,70 3 , 29 0, 15 - 2 ,95 0 ,68 2 , 54 
NH

4
- N 0 ,08 - 0 , 26 0,19 0 ,11 0 ,27 - 0 , 94 0 ,71 0,44 0 , 27 - 0 , 98 0 ,39 0 ,77 

N0 2-N + N0
3
- N 0,83 - 2,03 1,69 0,97 1,68 - 7,98 3,77 6, 80 , 0,42 - 6 ,35 0,60 5 ,10 

Solubl e organic nitrogen 0,07 - 0 , 32 0 ,21 0, 09 0 ,29 - 1,85 0,62 1,41 0,26 - 1 ,14 0 , 47 0,98 
Total nitrogen 0,98 - 2, 61 2, 09 1,17 2,24 - 10,77 5 ,10 8 ,65 0 , 95 - 8 ,47 1,46 6,85 



TABLE 17 (Continued) • 

Station 10 Station 11 Station 12 

Par ameter range iii S r ange VI S range 'Vi S 

Suspended sol ids 43 , 2 - 299 , 8 50 , 6 267 , 4 51 , 2 - 374 ,8 62, 1 295 , 6 11 ,6 - 39 ,5 15,5 24 ,8 
~ 

pH 8,86 - 9 , 31 8 ,89 9,24 7 , 95 - 8,82 8,10 8 , 40 7 , 90 - 8 ,04 7 ,95 8 ,02 CD 
w 

Conductivity- (~Mhos.cm-1 ) 128 - 276 244 158 136 - 302 278 151 232 - 299 285 243 

Total alkal inity (mg cac0
3
.e-l ) 53,19 - 87,89 82,71 55 ,62 52 ,83 - 104 , 17 98 , 15 54 , 90 82 , 16 - 112,45 108 ,52 89 ,40 

Sul phate 10 , 65 - 20 , 25 18 ,61 12 , 31 9,49 - 26 , 11 22 ,62 11,43 18,54 - 26 ,14 24 , 21 19 ,89 

Chloride 12,14 - 26 ,50 20 , 10 13 , 97 10 ,80 - 24,62 20 , 56 12 ,86 11 ,71 - 15 , 32 14 , 26 12,66 

Orthophosphate (P0
4

) 0 ,01 - 0 ,72 0,05 0,65 0 ,02 - 0 , 10 0 , 05 0 ,03 0,01 - 0 ,04 0 ,03 0 , 02 

Total phosphor us 0 ,04 - 1 ,01 0 , 19 0,77 0,05 - 0 ,36 0 , 21 0 , 07 0,01 - 0,09 0,05 0 ,03 

NH
4
- N 0 ,14 - 0 , 46 0 ,17 0,33 0,09 - 0 , 41 0 , 26 0 , 12 0 ,02 - 0 , 18 0, 12 0 , 08 

NO -N + NO - N 
2 3 

0 ,80 - 2 , 15 1 ,58 0 , 97 0, 21 - 1 ,68 1, 25 0,30 0,20 - 0,47 0 , 41 0,26 

Soluble organic ni t rogen 0 , 15 0 , 35 0 , 20 0,30 0,10 0 , 38 0 , 19 0 , 13 0 ,09 - 0 , 19 0 , 14 0 , 11 

Total ni t rogen 1,09 - 2 ,96 1,95 1, 60 0 , 40 - 2 , 47 1 ,70 0 , 55 0 , 31 - 0 ,84 0,67 0 , 45 
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than stations 5 to 12, located on the southern (Cape Province) bank of the 

impoundment. 

~roughout the study, the dominance order of dissolved major cations at 

stations 1 to 3 and 6 to 12 was Mg > Ca > Na > K. Stations 4 and 5 

displayed a similar cation dominance order during the summer months, but 

this changed to Mg > Na Y Ca > K during winter. The ratio of monovalent to 

divalent cations (Na + K/Ca + Mg:' Tailing and Tailing, 1965) showed little 

variation about a mean of 0,30 for stations 1 to 11, but was quite 

different (0 ,1 0) at station 12, the eye of a spring in a dolerite ridge. 

The anion dominance order was HC0
3 

> Cl > S04 at stations 1 to 11 and 

·HCO. > SO > Cl at station 12 throughout the study. 
3 4 

-1 
Concentrations of suspended solids varied from 11,6 mg.! in wi nter to 

-1 
374 , 8 mg.~ in summer at the 12 sampling stations . The lowest values were 

recorded at station 12 located at a spring in a dolerite ridge. winter 

values were always lower than summer values at every sampling site. In 

winter the suspended material was predominantly detritus while silt formed 

the major component of the suspended material in summer. 

Adsorbed major cations, measured by the ammonium acetate extraction method, 

accounted for a large proportion of the total cations available for plant 

growth. The proportion of total cations formed by the adsorbed fraction 

varied from 17 % in winter to 39 % in summer. Thus, despite a decrease in 

dissolved cation concentrations during high summer flows, the higher summer 

concentration of adsorbed cations ensured that the concentration of total 

cations at anyone station showed only small seasonal variation (Table 16). 

With regard to the individual cations, the proportion of the total 

concentration of each cation adsorbed onto particulate material in winter 

was usually less than half the corresponding proportion in summer 

(Table 18). The greatest degree of adsorbtion was shown by K ions, 27,9 % 

and 52,2 % of the total K concentration being adsorbed to particulates 

during winter and summer, respectively. The least adsorbtion was shown by 

Ca ions, with 12,0 % and 35,8 % adsorbed during winter and summer, 

respectively. 
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TABLE 18 - Seasonal proportions of each major cation adsorbed 
onto particulate material, at all riverine stations, 
i.e. stations 1 to 7, 10 and 11. (The values were 
calculated as percentages and are given as the mean 
of the riverine stations + two standard errors of 
the mean .) 

Season Cation 

. 
Mg Ca Na K 

Winter 17 ,0 + 1,80 12,0 + 1,94 18,4 + 1,46 27 ,9 + 1,26 - - - -

Summe r 36 , 3 + 1,74 35,8 + 3,46 44 , 0 + 2 ,74 52,2 + 1,14 - - - -

Anion concentrations in the riverine stations showed slight seasonal 

variation, though very little variation (usually < 5 %) between stations 

within the same season. In winter, the concentrations of all anions were 

greater than the summer concentrations. Despite this seasonal variation in 

concentration , the ratio of chloride to sulphate (by milliequivalents) at 

all sampling stations remained almost constant at 1 , 05 . 

Total alka linity, representing the anions HC0
3 

and C0
3 

' accounted for up 

to 64 % of the total anion concentration at all sampling stations. As was 

expected, the pH of the water at all sampling stations was alkaline and 

varied from 7,40 to 9,41. The highest values were recorded at stations 8 

and 9, two artificial reservoirs. Water pH values in winter were always 

lower than the summer values at all sampling stations. 

The minor cations Fe, Mn, en and Zn were present at all sampling stations 

but only in very low concentrations, occasionally below the detection limit 

of the analytical methods used. The concentration of these cations was 

lowest i n summer during high river flows . Significant proportions of these 

cations (15 to 65 %) were adsorbed onto particulate material, particularly 

silt, in summer (Table 16). 

The concentrations of P0
4

- P and total phosphorus at the riverin e sampling 

stations showed very little variation during this study but were higher in 

winter and lower during the summer mo~ths (Table 17). Low P0
4
-P con-

-1 . 
centrations (0,01 to 0,04 mg.~ ) were always found when water flow was 
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- 1 
highest and higher concentrations (0,05 to 0,12 mg.~ ) were found during 

periods of low flow. Concentrations of 

considerably higher (up to 2,31 and 3 , 29 

the two phosphorus fractions were 
-1 

mg . ~ ,respectively) at stations 

8 and 9, the two reservoir stations, particularly during summer. 

At the riverine sampling stations , concentrations of inorganic nitrogen 

NH
4

- N and N0
3

-N plus N0
2

- N) were very similar and tended to be higher in 

winter. At the two reservoir stations , the concentrations of these two 

nitrogen forms was much greater, displ ~~ ing summer maxima and winter 

minima. Station 12, located at the spring, had consistently low levels of 

both phosphorus and nitrogen . 

6 . 3.2 Culture media - Selection of an optimum medium and 
comparisons with field conditions 

As menti oned i n Section 6 . 2.1 , the first eight media ( l A' to 'H') were 

tested at the beginning of this study to find the optimum medium for 

routine studies of growth and nitrogenase activity by A. filiculoides . The 

last two media, 'I' and 'J', were tested at a later stage of the study for 

comparative purposes only. 

In the three concentration levels of the ten nutrient media tested, the 
-1 

concentration of total d issolved salts (TDS) varied from 41 to 2 220 mg.~ , 

a range of concentrations which was far greater than the range of 152 to 
-1 

279 mg.~ encountered in the study area. The values of RGR and nitro-

genase activity by A. filiculoides in the different media are shown in 

Tab l es 19 and 20 . 

In media 'A' to ' HI , Aa fiUculoides RGR values varied from 0, 11 3 to 
-1 -1 

0,298 g.g .day The lowest RGR values (0,113 to 
-1 -1 

0,128 g.g .day ) 

were recorded in those media having the highest TDS concentration ('A' 
-1 -1 

and 'D'). The highest RGR values (0 , 268 to 0,298 g.g . day ) were recorded 
-1 

at TDS concentrations ranging from 178 to 407 rnga~ (media lei, fEI, 'FI, 
-1 

'G' and 'H'). Slightly higher TDS concentrations (814 mg.~ medium 'E' 

at double-strength) depressed RGR values by up to 10 %. Consistently 

higher RGR values were obtained with medium 'F' at both full - and double ­

strength. Examination of the RGR values obtained with media II I and IJI 

showed that both media compared favourably with medium 'F ', though the 
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TABLE 19 - Mean reltive growth rates (RGR: g.g .-l. day-l ) of AzoLLa fiLieuLoides grown in ten 
d i fferenAt nutrient media* , at three concentration l evels and three different micro­
nutrient formulations. (Results are given as mean of ten replicates + two 
standard errors of t he mean.) 

Macronutrient Micro- Nutrient Medium 
Concentrati on nutrien t 

Soln. ** A B C D E 

('> X) A 0,176 :: 0 ,026 0, 149:: 0,0 15 0,254 :: 0 , 027 0,169:: 0 , 044 0,250 :: 0 , 019 

B 0 ,171 :: 0,033 0 ,1 58 :: 0 , 020 0 , 268 :: 0 , 032 0 ,1 82 :: 0 , 028 0 ,248 :: 0 , 032 

C 0 ,1 79:: 0 , 020 0 ,1 43::0,016 0 , 249 :: 0,019 0 ,1 77 :: 0 , 026 0 , 257 :: 0 , 026 

(1 X) A 0,142 :: 0,027 0 ,1 77 :: 0,026 0 ,166:: 0 , 016 0 , 158 :: 0 , 026 0,259 :: 0 , 037 

B 0,153:: 0 , 03 1 0 ,1 81 :: 0,026 0 ,1 58 :: 0 , 02 1 0 ,162:: 0,040 0,268 :: 0 , 029 

C 0 ,149:: 0 , 019 0 ,1 84 :: 0 , 014 0 , 160 :: 0 , 020 0 ,1 49 :: 0 , 039 0 , 253 :: 0 , 042 

(2 X ) A 0,122 :: 0 , 020 0 , 219:: 0 , 030 0 ,150:':. 0 , 02 1 0 , 128:: 0 , 022 0 , 207 :':. 0 , 042 

B 0 ,11 9:: 0 ,01 4 0 , 207 :: 0 , 018 0 ,1 50:':. 0 , 030 0 , 113 :: 0 , 014 0 , 202 :: 0 , 029 

C 0 ,1 24:':. 0 ,015 0,209 :':. 0 ,025 0 , 143 :':. 0,026 0 , 119:':. 0,032 0 , 205 :: 0 , 036 

* Specificati ons of each nutrient medium are given in Table 13 

** Micronutrient solu t ions listed i n Table 14 

.... 
ro 
" 



TABLE 19 (continu ed) 

Macronutrient Micro-
Concentr ation nutri ent 

Sol n . F G 

(J, x) A 0 , 227 ~ 0 , 032 0 , 187 ~0 , 021 

B 0 , 240 ~ 0 , 046 0 , 196 ~ 0 , 0 26 

C 0 , 235 ~ 0 ,025 0 ,1 8 1 ~ 0 , 019 

(1 X) A 0 , 288 ~ 0 , 029 0 , 251 ~ 0 , 035 

B 0 , 298 ~ 0 , 02 1 0 , 260 ~ 0 , 040 

C 0, 284 ~ 0 , 038 0 , 242 ~ 0 , 028 

(2X) A 0 , 288 ~ 0 , 04 1 0 , 279 ~ 0 , 026 

B 0 , 295 ~ 0 , 026 0 , 275 ~ 0 , 037 

C 0 , 280 ~ 0 , 035 0 , 282 ~ 0 , 0 18 

Nutr ien t Medi um 

H I 

0 , 174 ~ 0, 018 0 , 22 4 ~ 0 , 029 

0 , 170 ~ 0 , 027 0 , 237 ~ 0 , 03 1 

0 ,1 80 ~ 0 , 0 19 0 , 230 ~ 0 , 020 

0 , 210 ~ 0 , 030 0 , 265 ~ 0 , 032 

0 , 207 ~ 0,014 0 , 272 ~ 0 , 0 19 

0 , 193 ~ 0 , 029 0,261 ~ 0 , 0 26 
• 

0 , 228 ~ 0 , 0 18 0 , 278 ~ 0 , 029 

0 , 214 ~ 0 , 04 1 0 , 282 ~ 0 , 038 

0 , 237 ~ 0 , 035 0,269 ~ 0 , 032 

J 

0 , 269 ~ 0 , 040 

0 , 275 ~ 0 , 023 

0 , 27 1 ~ 0 , 038 

0 , 301 ~ 0 , 042 

0 , 3 10 ~ 0 , 036 

0 , 30 1 ~ 0 , 029 

0 , 232 ~ 0 , 036 

0 , 248 ~ 0 , 039 

0 , 240 ~ 0 , 025 

_ ... _ ._-

.. 
(J) 
(J) 



TABLE 20 - Nitrogenase activity (nmoles C
2

H
4 

(g . fresh wt) -1. hr-l) of Azolla filiauloides grown in ten 
different nutrient media* , at three concentration levels and three different micronutrient 
formulations. (Results are g iven as mean of four replicates + two standard errors of the mean . ) 

Macronutrient Micro Nutrien t Medium 
Concentration nutrient 

Soln.* * A B C D E F G H I 

(., X ) A 1 240 782 1 880 1 477 2 611 2 305 1 700 1 488 2 185 
+ 74 + 42 + 92 + 88 + 127 + 79 + 103 + 46 + 92 + - - - - - - - - - -

B 1 198 795 1 927 1 546 2 620 2 372 1 758 1 520 2 242 
+ 92 + 35 + 110 + 104 + 142 + 88 + 87 + 87 + 103 + - - - - - - - - - -

C 1 216 770 1 903 1 503 2 587 2 280 1 719 1 459 2 209 
+ 85 + 47 + 89 + 93 + 10 2 + 101 I ~ 88 + .103 + 66 + - - - - - - - - -

! 
2 704 1 (1 X) A 876 1 580 9821 1 230 2 603 2477 1 9 27 2 530 

+ 56 + 58 + 48 + 101 + 114 + 122 I ~ 117 + 62 + 76 + - - - 1 - - - - - -
B 913 1 565 1 015 1 2 14 2 650 2 780 i 2 525 . 1 946 2 549 

+ 49 + 87 + 63 + 76 + 78 + 120 + 146 + 83 + 104 + -."-: - - - - - - - - - -
C 868 1 579 1 004 1 186 2 587 2 695 2 502 1 875 2 515 

+ 83 + 77 + 55 + 82 + 121 + 82 + 88 + 77 + 82 + - - - - - - - - - -
(2 X) A 467 1 792 890 548 2 286 2 690 2 620 2 605 

J 

2 700 
109 

2 690 
89 

2 656 
120 

2 896 
141 

2 925 
157 

2 902 
122 

2 170 2 005 ! 
+ 76 + 96 + 38 + 37 + 65 + 106 + 137 + 142 ~ 107 1 ~ 113 - - - - - - - -

B 492 1 806 912 493 2 319 2 750 2 598 1 988 2 64 1 2 289 
+ 60 + 112 + 76 + 52 + 86 + 14 1 + 95 + 87 + 92 I + 90 - - - - - - - - - -

C 480 1 778 9 10 521 2 30 1 2 714 2 650 2 015 2 575 2 256 
+ 52 + 87 + 71 + 38 + 58 + 136 + 118 + 109 + 69 + 140 - - - - - - - - - -

- - - ---- --- --- - - I 

* Specifications o f each nutrient medium are given in Table 1 3 

** Micronutrient solutions listed in Table 14 

~ 

(l) 

'" 
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full-strength version of medium 'J' gave rise to marginally higher RGR 

values (up to 0 , 310 g.g 
-1 

. day 
-1 

Table 19) . At any one concentration 

level in a medium, A. fiUcuZoides RGR values in the treatments receiving 

different micronutrient formulations were not significantly different 

(p > 0 , 05). However, A. fiZicuZoides RGR values in those t r eatments 

receiving the micronutrient combination 'B' were slightly higher in 19 of 

the 30 trials (63 %). 

Nitrogenase 

"1 (2 s~m~ a r r 

activity 

= 0,902; 

in t he d ifferent nutrient media produced trends very 

n = 60) to those obtained for RGR (Table 20 ) . Here, 

nitrogenase activity varied from 467 to 2 780 nmoles C
2

H
4 

produced per 

gramme fresh weight per hour in media 'A' to 'H'. High and l o w con­

centr ations of TDS also depre ssed nitrogenase activity. Media ' I ' and 'JI 

again compared favourably with medium ' F ', and as before, the full-strength 

version of medium 'JI gave rise to marginal l y higher n i trogenase acti vity 

values (Table 20). 

On t h e basis of the results presented in Tables 19 and 20, the full­

strength version of the macronutrient medi um IF' and the micronutrient 

combination 'B' were selected for furt her optimization and routine 

laboratory use . 

6.3.3 Optimum l evels of macro- and mi cronutrients 

The range of concentrations of e ach macronutrient, obtained by serial 

dilutions of individual nutrient stock solutions (Table 21), were far 

greater than those found in the field. During the acclimatization period 

of 2 1 days, the lower nutrient concentrations caused the development o f 

deficiency symptoms whilst the highest concentrations inhibited growth. 
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TABLE 21 - Concentration of major elements in d ifferent 
di l u t ions of macronutrient medium I F ' (mg. 2 - 1 ) 

Elemen t Conc entr ation of e l e ment 

1/32 X 1/16 X 1/8 X 1/4 X 1/2 X 1 X 2 X 4 X 

Ca 0 , 25 0, 5 1 2 4 8 16 32 

Mg 0 , 312 0 , 625 • 1 , 25 2 , 5 5 10 20 40 

Na 1 , 594 3 ,1 88 6 , 375 I 2 , 75 25 , S 51 102 204 

K 0 , 25 0 , 5 1 2 4 8 16 32 

s 0 , 406 0 , 812 1 , 625 3 , 25 6 , 5 13 26 52 

p 0 , 203 0 , 406 0 , 812 1 , 625 3 , 25 6 , 5 13 26 

Cl 2 , 625 5 , 25 10 , 5 21 42 84 168 336 

Fe 0 ,1 25 0 , 25 0 ,5 1 2 4 8 16 

The RGR values and n i t rogenase acti v i ty of A. fiZiculoides grown at the 

d i ffe r ent l eve l s of individual nutri ents are shown i n Tab l es 22 and 23 

. respectively . 

TABLE 22 - Growth rates of A. f ilicuZoides grown wi th varying 
concentrations of i ndividual macronutri e nts . (Resul ts 
a r e e xpressed as percentages of t he RGR i n full - streng th 
( 1 X) macronutri e n t medi um 'F ', which serve d as a control.) 

Elemen t Concent ration o f e l ement 

1/3 2 X 1/16 X 1/8 X · 1/4 X 1/2 X 1 X 2 X 4 X 

Ca 3 5 7 36 68 100 106 76 

Mg 2 1 3 1 59 82 95 100 102 90 

Na 82 88 9 3 97 99 100 99 90 

K 12 24 36 57 8 1 100 100 99 

S 68 76 8 4 94 101 100 101 100 

p 68 9 1 99 100 103 100 100 89 

Cl 80 88 94 100 99 100 102 95 

Fe 70 92 102 103 103 100 87 65 
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TABLE 23 - Nitrogenase activity of A. fi~ieu~oides grown with 
varying concentrations of individual macronutrients. 
(Results are expressed as percentages of nitrogenase 
activity in fu ll-strength (1 X) macronutrient medium 

"-
I F I, w~ch served as a control.) 

~ 

Element Concentration of elemen t 

1/32 X 1 /16 X 1/8.X 1/4 X 1/2 X 1 X 2 X 4 X 

Ca 1 2 4 18 . 81 100 110 63 

Mg 16 28 50 69 85 100 109 85 

Na 78 86 94 97 99 

I 
100 101 92 

K 4 7 11 36 89 100 109 88 

S 69 82 93 99 102 100 106 101 

P 61 86 100 103 105 100 101 91 

Cl 82 90 97 101 100 100 103 99 

Fe 64 87 101 108 106 100 82 56 

At the lower concentrations of Ca, K and Mg , the RGR of A. fi~icu~oides was 

extremely low « 30 % of the RGR i n full-strength medium: Tabl e 22) . 

Increased concentrations of these elements resulted in an increase in RGR , 

with the optimum concentration l ocated between 1 X and 2 X t h e normal 

medium concentrati on . Higher (4 X) levels of these elements caused a decrease 

in RGR which was particularly evi dent in the case of Ca . Decreasing the 

concentrations of Na, S04 and Cl down to 1/32 X resulted in a decrease in 

RGR down to 68 % (SO 4) ' 80 % (Cl) and 82 % (Na) of the RGR in the comp l ete 

medium . However, each of these three nutrients was capable of supporting 

opti mum growth of A. fi~ieuLoides over a wide concentration range. Azo~~a 

fi~icuLoides was also found to be capable of rapid growth i n a wide range 

of P(1/8 X to 2 X) and Fe (1/8 X to 1 X) concentrations, but both high and 

low level s of these two nutri ents caused a decrease in the RGR of A. fi~i­

eu~oides . . 

The trends in nitrogenase activity (Table 23) were a l most identical to those 

described above for A. fi~ieu~oides RGR values. The exception was K, 

whi ch was almost as effective as Ca in reducing nitrogenase activity at 

l ow concentrations. 
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After 20 days, nutrient-deficiency symptoms were clearl y evi dent in P-, 

Ca- , Mg-, K- and Fe - deficient plants at the lowest concentrations used . 

With the exception of those plants grown in the highest Ca and Fe concen­

trations, all the other A. filiculoides plants remained green and healthy , 

and developed large fronds (25 to 35 mm diameter). At the highe st Ca and 

Fe concentrations (4 X), A. filicuZoides plants became chlorotic with 

smal l necrotic spots on a few of the dorsal leaf lobes. At the lowest 

concentrations of Ca, Mg, Fe and K (1/32 X) , all the fronds turned pale 

yellowish-green and developed large necrotic spots on the dorsal leaf lobes . 

Furthermore, the fronds were small (5 to 10 mm diameter) , compact and were 

easily disintegrated. Azolla fiZiauloides plants grown at the lowest P 

concentration ( 1/32 X) turned pale brownish in colour . The roots of these 

plants became extraordinarily elongated (up to a 3 , 5-fold i ncrease in 

length) and very curled and twisted. 

The range of micronutrient concentrations obtained by dilution of individual 

micronutrient stock so l utions (Table 24) generally fell within the range 

found in the field. Although Band Mo were not routinely analysed in the 

water samples , occasional analyses showed them to be present at levels of 
-1 -1 

0 , 8 to 4 , 5 ~g.t and 0 , 5 to 2,2 ~g . t respectively. The RGR and 

nitrogenase activity of A. fiZicuZoides plants grown at the different 

levels of indivi dual micronutrients are shown in Tables 25 and 26 re­

spectively. During the acclima~ization period of 21 days, the lower con­

centrations of micronutrients caused the development of slight nutrient­

deficiency symptoms. However , foliar symptoms of nutrient deficiency 

were only evident in the lowest concentrations of B, Co and Mo. These 

symptoms, identical for the three treatments, consisted of a slight yellowing 

of the fronds, with the fronds appearing smaller and more compact. 

At the lowest concentrations of Co , Cu, Mn , Mo and Zn used, A. fiZicuZoides 

RGR values were reduced by 12 to 28 % below the control medium (Table 25) . 

The lowest concentration of B caused a 45 % drop in RGR. When the concen­

trations of these six elements were increased above 1/32 X, the RGR va l ues 

increased, with the optimum concentration of each element (in terms of 

highest RGR values) located at approximately half the control medium (1 X) 

concentration. " The highest (4 Xl levels of B, Co, Cu and Mo resulted in 

decreased RGR values , with the greatest decrease (13 %) occurring for Cu. 
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TABLE 24 - Concentrations of minor elements in different dilutions 
of micronutrient combination 'B' (pg.£- l) 

Element Concentration of element 

1/32 X 1/16 X 1/8 X 1/4 X 1/2 X 1 X 2 X 4 X 

B 2 4 
1

8 16 ,32 64 i 128 256 , 
Mn 1 , 95 3,89 ! 1 , 78 15,55 31,1 62 , 2 124 248 

1 1 ,47 

, 
Zn 0 , 37 10 , 74 2·,93 5,85 11 , 7 

f 
23 , 4 46 , 8 

Mo 0,15 10 ,30 I 0 ,60 1, 2 2 ,4 4,8 9 , 6 19 , 2 

Cu 0 ,1 6 i 0,32 1, 28 2 , 55 5,1 10,2 20,4 I 0,64 

Co 0,15 0 , 30 10 , 59 1,18 2 ,35 4 , 7 9 , 4 18 , 8 
-

TABLE 25 - Growth rates of A. filieuZoides grown with varying 
concentrations of individual micronutrients . (Results 
are e xp ressed as percentages of the RGR in full~strength 
(l X) micronutrient combination 'B', which served 
as control .) 

Element Concentration of element 

1/32 X 1/16 X 1/8 X 1/4 X 1/2 X 1 X 2 X 4 X 

B 55 69 86 99 102 100 100 I 98 

I Mn 72 86 95 102 101 100 10 1 
1

100 , 
Zn 86 92 96 101 102 100 I 103 I 100 

Mo 78 92 101 106 102 100 99 I 96 , , 
Cu 88 95 99 100 105 100 I 95 87 

Co 78 88 96 102 106 100 100 96 
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Table 26 - Nitrogenase activity of A. fiZicuZoides grown with 
varying concentrations of individual micronutrients . 
(Results are expressed as percentages of the nitro­
genase activity in full-strength (1 X) micronutrient 
combination lB', which served as control.) 

Element Concentration of e lement 

1/32 X 1/16 X .1/8 X 1/4 X 1/2 X 1 X 2 X 4 X 

B 72 88 97 100 104 100 103 95-

Mn 72 89 100 104 101 100 102 102 

Zn 93 97 99 100 105 100 102 100 

Mo 47 76 99 103 102 100 96 95 

eu 89 97 98 102 100 100 95 85 

Co 53 80 91 103 101 100 102 94 

The trends in A. fiZicuZoides nitrogenase activity (Table 26) were almost 

identical to those described above for RGR. The exceptions were a smaller 

reduction in nitrogenase activity at low B levels and a greater reduction 

in nitrogenase activity at low Co and Me levels. Optimum micronutrient 

levels for nitrogenase activity were also located at approximately half 

the control medium (1 X) concentration. 

Combination of the results obtained on the effects of individual macro-

and micronutrient concentrations enabled a modified culture solution to 

be designed such that each nutrient was supplied at a concentration which 

supported the highest RGR and nitrogenase activity values. The details 

of this modified culture solution (named AZOLLA-I) are given in Table 27. 

Growth trials with this medium gave very high RGR values (average 
-1 -1 

0,330 g.g .day ) and nitrogenase activity (average 3 215 nmoles C
2

H
4 

o . 
produced per gramme fresh weight per hour). These rates were app~x~mately 

10 % higher than those achieved with the original medium 'F' plus micro­

nutrient combination 'B'. 

6.3.4 Hydrological influences and minimum nutrient requirements 

In continuous culture, both nutrient concentration and flow rate affected 

the RGR values of A. fiZiculoides (Table 28). With the full-strength (1 X) 
." 

version of Azolla-I medium , high RGR values were maintained over the 

whole range of flow r ates. At each of the flow rates used, RGR declined 
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TABLE 27 - Composition of modified culture solution AZOLLA-I 

A. Concentration of macronutrient B. Concentration of elements 
salts in medium in medium 

Salt mmole.£ 
-1 

El ement mmole . £ 
-1 

mg . £ 
-1 

CaC1
2

· 2H
2

O 0,4 Ca 0 ,4 16,0 

MgSO 4 ' 7H2O 0 , 8 
Mg 0,8 19,5 

Na 2 ,4 55 ,2 

K2
HP04 0,2 

K 0,4 15,6 

Na
2

HP0
4 

0,2 S 0,8 25,6 

NaCl 2,0 
P 0,4 12,4 

Cl 2,8 99 , 3 
Fe - Na- EDTA 0 , 02 

Fe 0 , 02 1, ° 

C. Concentraton o f micronutrient D. Concentration of elements 
salts in medium in mediwn 

Salt ~mole . £ 
-1 

Element ~mDle.£ 
-1 

~g . £ 
-1 

H3B0 3 2,91 B 2 , 9 1 31,4 

MnC1
2

·4H
2

O 0,57 Mn 0 ,57 31, 3 

znS0
4

·7H
2

O 0,09 Zn 0,09 5,9 

Na
2

Mo0
4

·2H
2

0 0,03 Mo 0 , 03 2,9 

CuS0
4

·5H
2

O 0,04 Cu 0,04 2,5 

COC1
2

·6H
2

O 0,05 Co 0,05 2 , 9 

(Tota l salt concentration 
-1 

244,6 mg.£ ) 

Macronutrients were concentrated 1000-fold and made up separately in six 
stock solutions. All micronutrients were concentrated 1000-fold and 
combined in a single stock solution. 
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with decreasing nutrient concentration. The highest batch-culture RGR 

values of A. filiculoides in full-strength Azolla-I medium varied from 
-1 -1 

0,322 to 0,330 g.g .day and corresponded to the highest rates obtained 
-1 -1 

in these continuous cultures (0,325 g . g . day ). The RGR values obtained 

at low nutrient concentrations in batch-culture (Table 22) were increased 
-1 -1 

by up to 52 % (from 0,167 to 0,254 g.g . day ) when the plants were grown 

in continuous culture, du~ to the increased rate of nutrient supply , i.e. 

nutrient loading (Table 28). The ~ange of loading rates (flow rate x con­

centration) used in this study covered a 128-fold increase in loading rates 

between the lowest and highest rates used. At low loading rates, those 

A. filiculoides plants growing 
-1 

at low nutrient concentrations (1/16 X) with 

high flow rates (4 Lhr ) had lower RGR values than those plants grown 

with higher nutrient concentrations (1 X) and low flow rates (0 ,5 
-1 

Lhr ). 

At moderate 
-1 

1,0 Lhr 

nutrient concentrations (1/4 X), an increase in flow rate above 

did not significantly (p 

Therefore, the low flow rate of 1,0 

> 0,05) increase RGR values (Table 
-1 

~.hr was selected for further 

experiments with individual macronutrients. 

TABLE 28 -

Flow rate 
(Lhr- 1 ) 

0,5 

1,0 

2,0 

4,0 

The effects of flow rate and nutrient concentration on 
the RGR* of A. filiculoides (g . g .-l. day-l) in continuous 
culture. [Initial inoculum: 1,0 g. duration of 
experiment; 4 days (after 16 days acclimatization at 
16L/8D, 45 kLux and 27 °C)] 

Medium concentration 

1/16 X 1/4 X 1 X 

. 0,167 2:. 0,102 0,289 2:. 0,116 0,324 + 0,089 -
0,203 2:. 0,107 0,3012:.°,129 0,321 + 0,114 -
0,228 2:. 0,121 0,317 + 0,140 0,325 + 0,139 - -
0,2542:. 0,118 1°,321 + 0,120 0 , 324 + 0 ,096 - -

[* mean + two standard errors ; n 8 ] 

28) . 

A wide.range of macronutrient concentrations was employed to determine the 

effects of nutrient concentration and the minimum level of each nutrient 

required to maintain high RGR values in continuous culture (Table 29). In 

each series of experiments , the nutri,,ent under investigation was supplied 

at four different concentrations while the other nutri ents were maintained 

at full - strength. In the f irst series of experiments, the concentrations 



TABLE 29 - The effects of different concentrations of macronutrients on the growth rate (RGR), nitrogenase 
activity_fEPR) and nutrient content of A. filiculoides in continuous culture. [Flow rate: 
1,0 t.hr , ; initial inoculum: 1,0 g; duration of experiment: , 4 days (after 16 days 
acclimatization at 16L/8D, 45 kLux and 27 °C)] 

Element Conc. Supply rate RGR* EPR* % % nutrient content in dry matter 
(reM.r1) ()Jg .hr- l ) (g.g-1. day-1) nM(g.f.w.) - 1.hr-1 dry matter 

N Ca Mg K P 

Ca, 0,0004 16 0,053 :!:. 0,018 315 + 62 11,81 2,53 0,103 0,685 0,757 0,168 -
0,004 160 0,127 :!:.0,051 762 + 71 8,20 3,63 0,168 0,672 0,752 0,227 -
0,04 1600 0,320 :!:. 0,102 3010 + 125 5,91 4,51 0,345 0 , 665 0,746 0,224 -
0,4 16000 0,330 :!:. 0, 117 3105 + 158 5,86 4,65 0,450 0,668 0,759 0,231 - . 

Mg 0,0008 19 0,080 :!:. 0,022 492 + 57' 7,12 2,98 0,474 0,115 0,769 0,209 -
0,008 190 0,169 + 0,076 995 + 86 6,50 3,77 0,455 0,448 0,758 0,218 

10,318; 0,096 
-

0,08 1900 3090 + 164 5,80 4,58 0,447 0 , 659 0,762 0,234 -
0,8 19000 0,325 :!:. 0,115 3110 + 151 5,85 4,59 0,449 0,673 0,763 0,229 -

K 0,0004 15 0,097 :!:. 0 , 023 554 + - 63 10,96 2,12 0,460 0,680 0,144 ! 0,186 

0,004 150 0,240 :!:. 0,087 2005 + 102 6,13 3,45 0,455 0,675 0,540 0,215 -
0,04 1500 0,329 :!:. 0,098 3155 + 127 5,83 4,63 0,441 0,670 0,759 0,224 -
0,4 15000 0,328 :!:. 0,096 3125 + 186 5,83 4,55 0,446 0,672 0,764 0,220 -

P 0,0004 12,4 0,147 :!:. 0,051 940 + 87 9,65 2,04 0,465 0,681 0,748 0,073 -
0,004 124 0,321 :!:. 0,095 3015 + 141 5,86 4,48 0,440 0 ,670 0 , 737 0,149 -
0,04 1240 0,324 :!:. 0,087 3100 + 203 5,83 4,61 0,443 0,668 0,749 0,196 -

0,4 12400 0,316 :!:. 0,102 3085 + 129 5,84 4,56 0,449 0,676 0 ,752 0,230 -
[* Mean + two standard errors] 

~ 

'" ro 
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of each nutrient under test were varied over three orders of magnitude to 

identify the approximate range of the threshold level of each nutrient 

(Table 29) . A second series of experiments was then carried out over a 
to 

muc h smaller concentrati on range accurate l Y,locate t he threshold or 

minimum nutrient concentration required for optimum growth (Table 30 ). 

For the four macronutrients investigated (Ca , Mg t K and p) I the first 

series of experiments clearly demonstrated the approx imate range of the 

minimum concentration required (Table 29). When A. fiZicuZoides plants 

were grown at sub-optimal concentrations of a particular nutrient , the con ­

tent of that nutrient within the plants decreased as did the nitrogenase 

activity and RGR values. Plants of A. fiZicuZoides grown in s ub-optimal 

concentrati ons of Ca, Mg and K also exhibited a decrease in P content . 

Similar trends were also recorded in the second series of experi ments 

though they were not as marked due to the smaller concentration range 

used (Table 30). 

From the above experiments the thresho l d levels of Ca , Mg, K and P could be 

estimated. These were estimated as the minimum concentration of each 

nutrient required to maintain nitrogenase activity and RGR values at 

optimum levels (Yatazawa et al ., 1980 ). The threshold l evels of Ca, Mg, K 

and P for 

and 0,004 

optimum RGR of A. fiZicuZoides were found to be 0,3 , 0 , 6, 0 , 03 
-1 

mmoles . £ r espectively . The thr e shold levels of these elements 

for full deve l opment of nitrogenase activity were 0 , 2 , 0 , 4 , 0 , 03 and 0,004 
- 1 

mmol es.£ respectively . When nutrients were supplied at concentrations 

below their respective threshold l evels , they caused a decrease in 

nitrogenase activity and RGR values (Table 30). 

At optimum and supra-optimum nutrient concentrations , the nutrient content 

o f A. fiZicuZoides plants remained relatively stable and, with the 

except ion of P , did not continue to increase with i ncreasing nutrient 

concentration (Tables 29 and 30) . At these high rates of nutri ent supply , 

the N, Ca, Mg and K contents of the plants averaged 4,62 %, 0,446 %, 

0 ,671 % and 0 ,760 % of the dry mas s respectively. 

In the field, crude estimates of flow,"ratewere made using floating drift 

cards. Flow rates at the n ine r iverine stations varied from 7 200 to 



TABLE 30 - The effect of different levels 
nitrogenase activity (EPR) , % 
tinuous culture. [Flow rate: 
experiment : 4 days (after 16 

of Ca , Mg , K and P on the mean 
dry matter and nutrient content 

1,0 ~ .hr-l; initial inoculum : 
days acclimatization at 16L/8D , 

relative growth rate (RGR), 
of A. filiculoides in con-

1,0 g ; duration of 
45 kLux and 27 °C)] 

El ement Cone. Suppl y rate RGR* -1 -1 EPR* -1-1 % % nutrient content in dry matter 
(mM.rl) (J.Ig . hr-1) (g.g .day ) nM(g.f.w.) .hr dry matter 

N Ca Mg K P 

Ca 0,1 4000 0 , 320 :!:. 0 , 099 3097 + 81 - 5,91 4,59 0 , 397 0 , 665 0 , 749 0,227 

0 , 2 8000 0 , 328 :!:. 0,126 3184 + 138 5 , 88 - 4,64 0,429 0,667 0 , 763 0,228 

0,3 12000 0 , 335 :!:. 0 , 087 3250 + 116 5 , 84 - 4 , 70 0,446 10 , 666 0 , 77 1 0,231 
! 

0,4 16000 0,336 :!:. 0 , 109 3146 + 155 5 ,87 -
4 , 67 0 , 444 0 , 670 0,766 0,230 . 

Mg 0,2 4876 0 , 320 :!:. 0 ,1 42 3098 + 117 - 5,83 4 , 61 0 , 450 0 , 664 0 , 761 0,234 

0 ,4 9752 0,326 :!:. 0 , 099 3169 + 149 5 , 82 4,65 0 , 444 0 ,662 0,767 0 , 234 -
0,6 14628 0,338 :!:. 0 ,11 5 3220 + 94 5 , 87 4 , 69 0;448 0 , 671 0 , 763 ' 0,235 -
0 , 8 19504 0,331 :!:. 0 ,12 8 3190 + 246 5,85 4 , 62 0,451 0 , 669 0 , 769 0 ,2 38 -

K 0 , 01 390 0 , 287 :!:. 0,098 2680 + 102 - 6 , 07 3 , 95 0,449 0,679 0 , 668 0,228 

0 ,0 2 780 0 , 302 :!:. 0,141 2874 + 89 5 , 94 i 4 , 24 0,441 0 , 672 0 , 747 0 , 237 -
0,03 1170 0 , 340 :!:. 0 ,1 02 3198 + 168 5 , 89 - 4,60 0 , 442 0,675 0 , 771 0 , 236 

0 , 04 1560 0,333 :!:. 0,11 7 3121 +' 138 5 , 84 - 4 , 65 0 ,4 47 0,674 0 , 772 0 , 234 

P 0,001 3 1 0,192 :!:. 0,072 1648 + 79 6 , 88 2 , 83 0 , 460 0,679 0 , 748 0,115 
-

0,002 62 0 , 257 :!:. 0,089 2315 + 152 6 , 34 - 3 , 61 0 , 452 0,670 0 , 750 0 , 131 

0,003 93 0,303 :!:. 0 , 098 2863 + 140 5,96 4,28 0,440 0 , 662 0 , 750 0 ,1 40 -
0,004 124 0 , 328 :!:. 0,125 3127 + 176 5,87 4 , 59 0 , 442 0,663 0,754 0 , 152 

-
----

[* Mean + two standard errors ] 

IV 
o 
o 
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-1 -1 
54000 i.hr in winter and 180000 to 720000 i.hr in summer. The very 

high flow rates in summer were recorded during the annual floods in January 

each year. 

6.3.5 Nutrient deficiencies and ion interactions 

The RGR and nitrogenase activity of A. JiZicuZoides grown in macronutrient 

deficient media for 32 days were compared to those of plants grown in 

complete (nitrogen- free) Azolla- I medium (Table 31 ). All nutrient 

deficiencies caused a reduction in RGR and nitrogenase activity. Calcium­

deficient media caused the greatest decreases (96 and 99 % respectively) 

whilst the smallest reductions were r ecorded in sulphur-deficient media (34 

and 42 % respectively). Media deficient in Mg, K, P and Fe had similar 

effects, reducing RGR values by 79 to 85 % and nitrogenase activity by 91 

to 96 % . 

In order to determine whether nutrient deficiencies had differential 

effects on RGR and nitrogenase activity , the "condition ratio" of Yatazawa 

et aZ. (1980) was also calculated . This ratio equals unity when both 

processes are equally affected, and is greater than one or less than one 

depending on whether one of the processes (RGR) is reduced or increased 

relative to the other (nitrogenase activity). For all A. JiZicuZoides 

plants grown in macronutrient-defic i ent media, the condition ratio 

indicated that the decrease in nitrogenase activity was greater than the 

reduction in RGR values (Table 31). Here, calcium-deficient plants were 

most severely affected and sulphur-deficient plants the least affected. 

The following characteristic deficiency symptoms were observed when plants 

of A. JiZicuZoides were grown in nutrient deficient culture solutions: 

Calcium Foliar symptoms were first visible after four days , the 

leaves becoming initially chlorotic followed by the 

development of large (1 mm diameter) necrotic spots on the 

dorsal leaf lobes, and the plants died within 35 days. 
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TABLE 31 - Changes in the growth rate (RGR: g.g .day ), 

Medium 

Complete 

-Ca 

- Mg 

-K 

-P 

·-s 

-Fe 

nitrogenase activity (EPR: nM. (g. f .wt)-l.hr- l ) and 
nitrogen content of A. fiZicuZoides cu l tured on macro­
defiCient media fo r 32 days 

--
RGR* % of EPR* % o f % N Condition 

control control ratio 
(A) (B) (B) / (A) 

• 
0,341 :t:. 0 , 072 100 3150 + 127 100 4, 57 1,000 -. 
0,013 :t:. 0 ,004 4,1 18 + 5 0 , 6 1,42 0 ,1 46 -

0 , 065 :t:. 0,012 20,7 130 + 27 4 , 2 2,06 0 , 203 -
0,050 :t:. 0,011 15,9 276 + 54 8 ,9 2,34 0,560 -
0,048 :t:. 0,009 15,3 170 + 26 5,5 2 ,1 5 0,359 -
0 ,208 :t:. 0 ,068 66 ,2 1809 + 96 58 ,3 3,97 0,881 -

0,052 :t:. 0,007 16 , 3 166 + 18 5,3 2 , 28 0,325 -
[*mean + two standard e rrors; n 6 ] 

TABLE 32 -

Medium 

Complete 

-Mn 

-Zn 

-Mo 

-Cu 

-Co 

-B 

-1 -1 
Changes in the growth rate (RGR: g.g. .day ), 
nitrogenase activity (EPR: nM .(g.f.wt) - l.hr-l) and 
nitrogen content of A. fiZicuZoides cultured on 
micronutrient-deficient media for 48 days 

RGR* % of EPR* % of % N Condition 
control control ratio 
(A) (B) (B)/(A) 

0,316 :t:. 0,079 100 3124 + 131 100 4 , 57 1,000 -
0,171 :t:. 0,077 54,2 1106 + 55 35,4 2,68 0,653 -
0 ,235 :t:. 0,099 74,4 1749 + 114 56 ,0 3,31 0,753 -
0 ,193 2:. 0,085 61 ,1 961 + 71 30,8 2,82 0 , 504 -
0 , 253 :t:. 0 , 107 80 ,1 1983 + 104 63,5 3 , 62 0 , 793 -

0,241 :t:. 0,092 76,3 1478 + 113 47 , 3 3,03 0,620 -
0,103 :t:. 0 , 011 32,6 1143 + 52 36 ,6 2,74 1,123 -

[*mean + two standard e rrors; n = 6] 
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Foliar symptoms were first visible after eight days, the 

leaves initially turned a pale yellow colour, later becoming 

very chlorotic with small (0,2 to 0,5 rom diameter) necrotic 

spots on the dorsal leaf lobes. Plants became very brittle 

and fragmented easily after 12 days and all plants had died 

within 35 days. 

Foliar symptoms were first visible after eight days and were 

identical to those· of the magnesium-deficient plants. 

Plants died within 30 days. 

Foliar symptoms were visible after six days , the leaf lobes 

developed a deep reddish-brown colouration with chlorotic 

leaf lobe margins. Roots became very elongated and curled . 

Plants died within 30 days. 

Foliar symptoms only observed after eight days, and closely 

resembled the symptoms of magnesium- deficient plants. 

Plants died within 40 days. 

Foliar symptoms were first visible after 12 days, the centre 

of the dorsal leaf lobe turned a dark green colour while the 

leaf lobe margins were very pale yellow and chlorotic. All 

plants were still alive after 50 days of culture. 

The effects of micronutrient deficiencies on rates of growth and nitro­

genase activity took very much longer to become manifested and necessitated 

the continuation of these experiments for 48 days. These results are shown 

in Table 32. RGR values were highest in copper- and cobalt-deficient media 

and lowest in boron- and manganese-deficient media. Deficiencies of Mo, Mn 

and B caused the greatest reductions in nitrogenase activity. The 

condition ratio data suggested that Mo, Co and Mn deficiencies affected the 

development of nitrogenase activity while B affected RGR specifically. No 

definite foliar symptoms of micronutrient deficiency could be distinguised , 
in this series of experiments. All the plants were similar in appearance , 

light yellowish-green with pale yellow leaf lobe margins. 

The results of nutrient triangle experiments to investigate the interacting 

effects of nutrients supplied at sub- optimal concentrations and the effects 

of media deficient in either one or .two nutrients are shown in Table 33 

(cations) and Table 34 (anions). The media with single nutrient de-
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TABLE 33 - Cation t~iangle experiment. Th~~ffects of diffe~ent proportions 
of cations on the growth ~ate (RGR: g.g-l.day-l), nitrogenase 
activity (EPR: nM. (g.f.wt)-l.h~-l) and nitrogen content of 
A. fiZi cuZoides. [Cation ratios are expressed in one-e i ghths of 
the final mixtu~e (Section 6.2.4)] 

Treat- Cation RGR* 
ment 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

-14 

15 

16 

17 

18 

19 

20 

21 

ratio 
K-Ca-Mg 

8 

6 

5 

5 

4 

° 
1 

2 

1 

4 

° 
1 

1 

2 

° 

0,011 + 0,002 

0,078 ~ 0,014 

0,093 ~ 0,021 

° ,086 ~ 0,019 

0,062 ~ 0,012 

4 2 2 0,203 ~ 0,067 

4 ° 4 0,015 ~ 0,003 

3 

3 

2 

2 

2 

2 

2 

1 

1 

3 

2 

5 

4 

3 

2 

1 

6 

5 

2 

3 

1 

2 

3 

4 

5 

1 

2 

0,242 ~ 0,080 

0,211 ~ 0,051 

0,168 ~ 0,038 

0,246 ~ 0,052 

0,214 2:.°,058 

0,150 ~ 0,029 

0,124 ~ 0,027 

0,137 ~ 0,038 

0,174 ~ 0,047 

1 2 5 0,131 ~ 0,034 

1 1 6 0,126 ~ 0,027 

° 8 ° 0,019 ~ 0 , 004 

° 4 4 0 , 053 ~ 0,013 

° ° 8 0,009 ~ 0,002 

% of 
control 
(A) 

. 3 , 5 

24,8 

29,5 

27,3 

19,7 

64,4 

4,8 

76,8 

67,0 

53,3 

78 ,1 

67,9 

47,6 

39,4 

43,5 

55,2 

41,6 

40,0 

6,0 

16,8 

2,9 

EPR* 

12 + 

270 + 

5 

41 

501 + 23 I 
393 + 

103 + 

24 

26 

2053 + 113 

26 + 7 

2545 + 129 

1

2159 ~ 142 

11663 ~ 97 

I 2670 ~ 148 

1 2237 ~ 125 i 

1232 ~ 103 II 

887 + 68 

1084 + 101 

1737 + 109 

989 + 87 

810 ~ 42 I 
52 + 17 

I 
147 + 23 

11 + 6 

% of 
control 
(B) 

0,4 · 

8,7 

16,1 

12,6 

3,3 

65,9 

0,8 

81,7 

69,3 

53,4 

85,7 

71,8 

39,6 

28,5 

34,8 

55 , 8 

31,7 

26 , 0 

1,7 

4,7 

0,4 

% N 

1,29 

j 2,34 

1 2 ,52 

2,50 

1,94 

Condition 
ratio 
(B) I (A) 

0,114 
I 
1°,351 

i 0,546 

, 0,462 

0 ,1 67 

3,97 1,023 

1,38 ' 0,167 

4,16 

4,01 

3,64 
I 
4,21 

4,09 

3,22 

2,80 

3,07 

3,85 

; 1,064 

I ~ :::: 
I 

1,097 

1,057 

0,832 

0,723 

0,800 

1,011 

2,91 0,762 

2,42 0,650 

1,89 0,283 

2,12 0 ,2 80 

1,37 0, 138 
-----~--__ -L ________ _L ____ _J ________ L_ ____ L_ __ ~ ____ ___ 

[*mean + two standard errors; n ~ 8] 
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TABLE 34 - Anion triangle experiment. The effects of different proportions 
of ani ons on the growth rate (RGR : g .g-l. day-l) , nitrogenase 
activi ty (EPR: nM . (g.f.wt)-l. hr-l) and nitrogen content of 
A. fiLi cuLoides. [Anion ratios are expressed in one-eighths of 
the fina l mixture (Section 6.2 .4 )] 

Treat- Anion RGR* 
ment 
No. 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

ratio 
P-Cl -S 

8 ° ° 0 ,1 83 + 0 , 039 

6 1 1 0 , 208 ~ 0 , 048 

5 2 1 0 , 2 10 ~ 0 , 050 

5 1 2 0 , 233 ~ 0,067 

4 4 ° 0 ,152 ~ 0,031 

4 2 2 0,285 ~ 0,055 

4 ° 4 0 , 164 ~_ 0,032 

3 

3 

2 

2 

2 

2 

2 

1 

1 

1 

1 

3 

2 

5 

4 

3 

2 

1 

6 

5 

2 

1 

2 

3 

1 

2 

3 

4 

5 

1 

2 

5 

6 

0 , 288 ~ 0 , 062 

0 , 271 ~ 0,048 

0 ,196 ~ 0 , 036 

0 , 240 ~ 0,061 

0,251 ~ 0,043 

0,262 ~ 0 , 057 

0,203 ~ 0,052 

0 ,1 84 ~ 0,041 

0 , 207 ~ 0 ,046 

° , 209 ~ 0 , 057 

0 , 206 ~ 0 , 049 

° 8 ° 0,045 ~ 0,013 

° 4 4 0 , 042 ~ 0,011 

° ° 8 0,039 ~ 0 , 01 1 

I 
1 

% of 
control 
(A) 

'58, 1 

66,0 

66 , 7 

74 , 0 

48,3 

90 , 5 

52 ,1 

91 ,4 

86,0 

62,2 

76 , 2 

79 ,7 

83,2 

64,4 

58,4 

65,7 

66,3 

65 ,4 

14,3 

13,3 

12,4 

[*mean + two standard errors; n = 8] 

EPR* 

764 + 92 

111 73 ~ 125 

1298 + 166 

1440 + 141 

1165 + 98 

2580 + 156 

1329 + 8 7 

12623 ~ 182 

1

2393 ~ 103 

1265 + 85 

1751 + 122 

1909 + 163 

2167 + 177 

1704 + 75 

1115 + 128 

1559 + 124 

1593 + 116 

1598 + 146 

69 + 14 

81 + 17 

43 + 10 

% of 
contro l 
(B) 

% N Condition 
r atio 
(B)/(A) 

24, S " 2 , 86 0 , 422 

37 ,7 3 ,2 4 0,57 1 

41 , 7 " 3 , 34 0 , 625 

46 , 2 3 , 44 0 , 624 

37 ,4 3 ,29 0,774 

82 , 8 i 4,35 0,9 15 

42 , 7 

84,2 

76,8 

40 , 6 

56 , 2 

61, 3 

69 , 6 

54,7 

35 , 8 

50 ,1 

51,1 

51 , 3 

2 ,2 

2,6 

1,4 

3 , 37 0 , 820 

1 4 ,36 

. 4,21 

3 , 32 

3 , 86 

4,01 

4 , 08 

3 , 83 

3 ,19 

3 ,60 

3 , 64 

3 , 61 

0,921 

0 , 893 

0 , 653 

0,738 

0 ,769 

0,837 

0,849 

1 0 , 613 

0,763 

0,771 

0 ,784 

1,96 0 ,1 54 

2 ,08 0,195 

2 , 02 0, 11 3 
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ficiencies of Mg, Ca and K (treatments 5, 7 and 20 respectively) reduced 

values of RGR and nitrogenase activity to levels similar to those shown in 

Table 31. Media deficient in two nutrients (treatments 1, 19 and 21 

respectively) resulted in even greater reductions in RGR and nitrogenase 

activity (Table 33). Higher values of RGR and nitrogenase activity were 

recorded in treatments 8 and 11. At the intermediate treatments (6 , 8 , 9, 

10, 11, 12 and 16), located near the centre of the triangl e (Figure 55) , 

the condition ratios were all gre~ter than unity, indicating a greater 

reduction in RGR than nitrogenase activity. The position of these treat­

ments within the triangle (Figure 55) indicated that a decrease in Ca con­

centration could not be compensated for by increased Mg levels and that 

high levels of K could only partly compensate for decreased Ca levels. In 

the triangle of anion treatments (Table 34), deficiencies of both Cl and 

S04 caused only slight reduction in RGR and nitrogenase activity, while P 

deficiency greatlY , reduced RGR and nitrogenase activity values . The media 

deficient in P and either Cl or 804 resulted in an even greater reduction 

in both RGR and nitrogenase activity. In the remainder of the treatments , 

RGR and nitrogenase activity values were relatively high , though the 

condition ratios indicated a greater reduction in nitrogenase activity 

relative to RGR. 

6.3.6 Limiting nutrients in the natural environment 

The chemical characteristics of water from beneath a multi-layered A. fiLi -
",t" 

cuLoides mat were clearly different ,to those from open water areas (Table 35) . 

Nutrient concentrations in the open water at the riverine site (station 10) 

were lower than nutrient concentrations from the open water at station 9, 

the farm dam . In addition , nutrient concentrations in the water beneath 

AzoLLa mats were considerably higher than concentrations in the open water 

at both stations. On average, major cations in water beneath the AzoLLa 

mats were from 5 to 27 % higher and minor cations were 29 to 300 % higher 

than the open water situation . The presence of an AzoLLa mat a lso resulted 

in higher concentrations of P0
4
-P (90 to 130 %) and inorganic nitrogen (7 

to 107 %) . The relatively high N0
3

-N concentrations found beneath the 

A. fiLieuloides mats reflect the conditions in the water immediately below 

the mat, which was usually aerobic. The deeper waters were most often 

anaerobic and consequently had very low levels of N0
3

-N. However, compared 

with the concentration of nutrients in full-strength Azolla-I medium, the 

concentrations of the macronutrients Ca , Mg , Na , K and P in water beneath 
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an Azolla mat were always 14 to 85 % lower than the Azolla-I medium. In 

contrast, the concentrations of all micronutrients except Fe, B and Mo were 

between 1 and 15 times greater than their concentrations in Azolla-I 

medium. The concentrations of these e lements were respectively 84 %, 80 % 

and 40 % lower than the optimum level in Azolla-I medium. Consequently, in 

terms of the concentrations of nutrients required for maximum RGR and 

nitrogenase activity, the~e analyses suggested that the macronutrients Ca , 

Mg, Na, K and P, and the micronutrients Fe, B and Me were at sub - optimal 

concentrations and therefore likely to be limiting to the growth of 

A. filiculoides. 

TABLE 35 - Chemica l characteristics (mg.~-l) of water samples 
collected from the open water and from beneath multi­
layered mats of A. filiculoides at a farm dam (station 
9) and a riverine site (station 10). [Each result is 
a mean of 4 composite samples] 

Parameter Station 9 Station 10 

Open Under % Open Under % 
water mat Iner. water mat Iner. 

Ca 10 , 73 12,12 13 % 9,98 10 , 86 9 % 

Mg 13,51 16,20 9 % 12 ,98 15,09 16 % 

K 2 , 26 2 , 38 5 % 2,21 2 , 35 6 % 

Na 7 ,46 9, 10 16 % 6,97 8,88 27 % 

Fe 0 , 065 0,155 138 % 0,055 0,095 73 % 

Mn 0,110 0,155 41 % 0,045 0,075 67 % 

Zn 
1 

0 ,035 0,035 ° 0,025 0 , 025 ° Cu I 
I 

0,035 0 , 045 29 % 0 , 025 0,025 80 % 

Co 0,001 0 , 004 300 % 0,001 0 , 002 100 % 

Mo 0,001 0,002 100 % 0,00 1 0 , 002 100 % 

B 0,002 0 , 006 300 % 0,002 0 , 004 100 % 

Cl 17 ,69 20,48 16 % 15,13 16 , 91 12 % 

S04 21,26 26,95 27 % 13 , 73 16 ,05 17 % 

Total alkalinity 31,54 34,51 9 % 45,52 53 ,56 18 % 

PO -P 
4 

0,91 1,73 90 % 0,16 0,37 131 % 

NH -N 
4 

0,43 0,63 47 % 0,28 0,30 7 % 

N0
2

-N + NO -N 
3 

1,68 3 , 48 107,% 1,10 1,23 12 % 

pH 9 , 21 9,03 9 , 22 9,15 
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Thi s hypothesis was tested by conducting a series of growth trials in 

the field , using nutrient- spiked water sampl es collected from both the 

open water and beneath an AzoZZa mat. Each of the nutrients thought to 

be limiting was tested singly and then in combi nations in samp l es of 

open water and "mat water" at both sampling stations . The results of 

these trials are summarized in Table 36. 

AzoZZa fiZicuZoides plants at both stations 9 and 10 gave s imilar 

responses to nutrient additions (Table 36 ) . On the whole, the increases 

in RGR and nitrogenase activity at station 10 (the riverine s i te , whi ch 

originally had lowe r concentrations of nutrients) relative to the control, 

were slightly higher than those recorded a t station 9 . With the 

exception of B, al l nutrient spikes caused almost equal increases in RGR 

and nitrogenase activi ty . In those media spiked with B t the increase in 

RGR values was almost twice the increase i n nitrogenase activity (Table 36) . 

Single nutrient spikes of P or Fe caused the largest increases in RGR 

val ues (10 , 3 to 16,7 %) and nitrogenase activity (12 , 8 to 18 , 5 %) re­

spectively , whilst nutrient spikes with Mg , K and Na gave lower increases 

in RGR values (2,8 to 4,3 %) and nitrogenase activity (2,7 to 4,1 %) . 

Intermediate increases in RGR and nitrogenase activity were obtained with 

spikes of Ca , Mo and B. 

When water samples were enriched with combinati ons of nutrients, higher 

values of RGR and nitrogenase activity were recorded (Table 36). Addition 

of Ca, P and Fe in combinati on , increased RGR values by 26,7 to 34 ,0 % 

and nitrogenase activity by 28,5 to 35 ,1 % relative to the control. An 

additional combination , containing the above three nutrients p lus Mo and 

B, further increased RGR and nitrogenase activity by 1, 5 to 4,1 %. 

Again, the greatest increases were recorded in water from station 10, the 

riverine site . 

6.3.7 Release of nutrients by decaying A. fiZiauZoides p l ants 

The investigation of the rates of nutrient loss from desiccated and live 

A. fiZicuZoides material was carried out during October 1973. To facili t ate 

discussion , the terms "des i ccated " and "live ll were used to describe the 

two respective sets of material. 
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TABLE 36 - The growth rates (RGR* : g.g .day ) and nitrogenase activity (EPR**: nM . (g . f.wt) .hr ) 

of A. fiZieuZoides gr own in situ at stations 9 an 10 in samples of water from beneath an 
Azolla mat and the open water after sing l e or multip l e nutrient enrichments. [Fi gur es i n 
br acke t s indi cat e percentage incr ease re l ati ve to cont r ol] 

Treat ment Conc~ Station 9 Station 10 
supplied 

Open water Under mat Open water Under mat 

RGR EPR RGR EPR RGR EPR RGR EPR 

Contr o l (no addition) 0, 118 1868 0 , 105 2060 0 ,162 1784 0 , 178 1913 

+Ca 10 mg.R. 
-1 

0 ,1 93 2038 0 , 209 22 12 0 ,1 77 1952 0 , 193 2077 
( 8 , 4 %) ( 9, 1 %) ( 7,2 %) ( 7 , 4 %) ( 9 , 3 %) ( 9 , 4 %) ( 8 , 4 %) ( 8 , 6 %) 

+Mg 10 mg . R. -1 
0 , 184 1932 0 , 201 2122 0 , 169 1857 0 , 184 2022 

( 3 , 4 %) ( 3 , 4 %) ( 3 , 1 %) ( 3 , 0 %) ( 4,3 %) ( 4 , 1 %) ( 3 , 4 %) ( 3,5 %) 

- 1 
0 , 183 1920 0 , 200 2116 0,168 1846 0 ,1 84 1971 +K 10 mg . R. 

( 2 , 9 %) ( 2 , 8 %) ( 3 , 0 %) ( 2 , 7 %) ( 3,7 %) ( 3 , 5 ... ) ( 2 , 9 %) ( 3,0 %) 

+Na 20 mg . R. 
- 1 

0 , 183 19 18 0 ,1 99 2115 0 , 167 1849 0 , 183 2021 
( 2 , 9 %) ( 2 , 7 %) ( 2 , 8 %) ( 2,7 %) ( 3 , 1 %) ( 3,6 %) ( 2 , 8 %) ( 3,5 %) 

+P 5 mg . R. 
- 1 0, 204 2176 0 , 218 2328 0 , 189 2114 0 , 206 2250 

(14 ,1 %) (16 , 5 %) (1 1,8 %) (13 , 0 %) (16 , 7 %) (18 , 5 %) (1 5 , 7 %) (17 , 6 %) 

+Fe 1 mg . R. 
-1 

0 ,199 2133 0 , 215 2320 0 , 18 1 2025 0 , 197 2158 
(1 1 , 8 %) (14,2 %) (10 , 3 %) (12 , 9 %) (11,7 %) (13 , 5 %) (10 , 7 %) (12,8 %) 

+Mo 2 I1g.R. 
-1 

0 , 19 1 2025 0 , 208 2225 0 , 176 1946 0,190 2062 
( 7 , 3 %) ( 8 , 4 %) ( 6 , 7 %) ( 8 , 0 %) ( 8 , 6 %) ( 9 , 1 %) I ( 6 , 7 %) ( 7,8 %) 

+B 20 I1g.R. 
- 1 

0 , 192 1941 0 , 208 2132 0 , 175 1880 0,190 2003 
( 7 , 9 %) ( 3 , 9 %) ( 6 , 7 %) ( 3 , 5 %) ( 8 , 0 %) ( 5 , 4 %) ( 6 , 7 %) ( 4 , 7 %) 

+Ca+P+Fe 0 , 228 2460 0 , 247 2647 0 , 217 2410 0,235 1913 
(28 , 1 %) (31 , 7 %) (26 , 7 %) (28 , 5 %) (34 , 0 %) (35,1 %) (32 , 0 %) (33 , 0 %) 

+Ca+P+Fe+Mo+B 0 , 233 2507 0 , 250 2679 0 , 223 2478 0 , 242 2622 
(30,9 %) (34 , 2 %) (28 , 2 %) (30 ,1 %) (37 , 7 %) (38,9 %) (35 , 9 %) (37 , 1%) 

[*RGR measur ed f rom day 14 t o day 21, **EPR measured on day 21] 

IV 
o 
<!) 
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Live plants showed a slight (2 to 4 "0 ) reduction in mass during the first 

48 hours (Figure 56) 

rate of approximately 

after which loss in biomass 
-1 

3,3 %. day (Figure 57) . 

occurred at a constant 

After 30 days , only 8 , 2 % 

of the original plant mass remained in the litter bag. Desiccated plant 

material showed an initial loss of 15 % in 2 hours (Figure 56) , but this 

l oss rate decreased after 4 hours and thereafter remained more or less 
-1 

constant at 2 , 03 %.day '(Figure 57). After 30 days , 28 , 7 % of the 

original plant mass remained , a significantly higher (P < 0 , 01) proportion 

than the bags containing live plant material . 

The nutrient content of desiccated and live A. fiLicuLoides materi a l prior 

to the experiment was almost i dentical , with the exception that the 

desiccated plants contained approximately 10 % less N. The nutrient 

proportions of the undecomposed live material remaining within the litter 

bags showed some variation during the 30 day experiment (Table 37) . The 

proportions of N, K and Ca remained approximately constant, whilst P, Mg 

and Fe decreased approximately linearly by 20 %, 29 % and 42 % r espectively 

over the 30 day experiment. 

The proportions of nutrients within the remaining undecomposed desiccat ed 

material were, on the whole, quite different from the live material 

(Table 37) . The proportions of Ca and Mg increased by 61 % and 63 % 

respectively during the first day and thereafter Ca remained approximately 

constant while the Mg content slowly declined. The K content of the 

desiccated material decreased by 91 % in the firs t day and then remained 

constant . The proportions of P and Fe decreased by 38 % and 45 % re­

spectively during the first day, followed by a more gradual decr ease of 
-1 

approximately 1 %.day t o a value of 0 , 08 % after 30 days (Table 37). 

Throughout the study, the N content of the desiccated A. fiLicuLoides 

material remained approximately constant . 

The different rates of nutrient loss (Table 37) resulted in marked 

differences between the total nutrient stocks remaining in decomposing 

live and de siccated A. fiLicuLoides material (Figure 58 ). stocks of N, P , 

K and Fe in desiccated material decreased by 12, 55 , 92 and 44 % re­

specti vely within the first day (Figure 58a , b, c, and f). Thereafter, no 

further loss in K was recorded whilst the N, P and Fe stocks were reduced 
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FIG. 56 Initial loss of dry weight during decomposition of 
desiccated and live A . filiculoides plants. 
(Each value is a mean of four samples). [Vertical 
bars indicate two standard errors]. 
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FIG. 57 Total loss of dry weight during decomposition of 
desiccated and live A.filiculoides plants. 
(Each value is a mean offoursamples). [Vertical 
bars indicate two standard errors] • 
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TABLE 37 - Levels of mineral elements in desiccated and live 
A. filiculoide,g plants initially, and during decomposition 
below an Azolla mat. (All values as percentage of dry weight) 

Plant Analysis Time (days from start of decomposition) 
material (%) 

° 1 10 20 30 

Live N 4,15 4,17 4,13 4,14 4,12 

P 0,20 9,21 0,19 0,18 0,16 

K 0,96 0,98 0,95 0,94 0,95 

Ca 0,72 0,71 0,74 I 0,70 0,72 

Mg 0,68 0,68 0,62 0,55 0,48 

Fe 0,19 0, 18 0,16 0,14 0,11 

Desiccated N 3,78 3,75 3,80 I 3,74 3,75 

P 0,21 0,13 0,11 I 0,09 0,08 
I 

K 0,94 0,08 0,07 0,08 0,07 

Ca 0,70 1,13 1,13 1,10 1,11 

Mg 0,67 1,09 1,05 I 0,99 0,94 

Fe 0,20 0 , 11 0,10 0,09 0,08 

-1 
at nearly constant rates of 2,24, 1,62 and 1,66 %.day respectively. The 

stocks of Ca and Mg in desiccated material increased by 46 % and 18 % 

respectively during the first day, but this increase was followed by a 

short stable period of 4 days and then both elements were lost at an 
-1 

almost constant rate of 4 %.day 

Nutrient loss from live A. filiculoides material was characterized by 

an initial short lag period of approximately 5 days, after which a l l 

nutrients were lost at virtually constant rates. These rates of nutrient 
-1 -1 

loss varied from 3,2 %.day for Fe to 3,7 %.day for N. 

6.3.8 The influence of pH on nutrient uptak~ 

The concentration of Ca and the form in which Fe was supplied in the 

nutrient medium affected the RGR and nitrogenase activity of A. fili­

culoides over a wide range of cultur~ pH (Table 38). At most of the 

PH levels and Fe sources tested, RGR and nitrogenase activity were sig­
-1 

nificantly (p K 0,05) greater at high (64 mg . ~ ) Ca concentrations than 
-1 

those recorded at low (16 mg.~ ) Ca concentrations. 
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TABLE 38 - The effects of culture pH and Fe source on the growth rate 
(RGR*: g.g-l. day-l) and nitrogenase activity (EPR*: nM. 
(g.f.wt)-1.hr- 1 ) of A. filiculoides grown at two levels of 
Ca. [C.A. = Citric acid] 

16 
-1 

Calcium 64 
-1 

pH Iron source mg.R- mg.R- Calcium 

-- --
RGR EPR RGR EPR 

+++ . 
5,0 Fe 0,219 ~ 0,050 2380 + 149 0,239 ~ 0,060 2595 + 128 - -

+++ 
0,231 ~ 0,036 2505 + 163 0,250 ~ 0,037 2712 + 203 Fe + C.A. - -

++ 
0,218 ~ 0,039 2364 + 182 0,246 ~ 0,045 2638 157 Fe + - -

Fe++ + C.A. 0,230 ~ 0,047 2472 + 174 0,254 ~ 0,038 2771 + 183 
- -

Fe-Na-EDTA 0,280 ~ 0,062 3015 + 238 0,272 ~ 0,053 2947 + 187 
- -

7,0 
+++ 

0,081 ~ 0,021 892 86 0,124 ~ 0,038 1330 117 Fe + + - -
+++ 

0,137 ~ 0,036 1508 + 123 0 , 152 ~ 0,031 1675 + 125 Fe + C.A. - -++ 
0,212 ~ 0,049 2322 + 164 0,240 ~ 0,062 2603 + 113 Fe - -

++ 
0,264 :t:. 0 ,072 2885 + 189 0,264 :t:. 0,050 2910 + 217 Fe + C.A. - -

Fe-Na-EDTA 0,284 :t:. 0,069 3098 + 240 0,291 :t:. 0,081 3121 + 248 - -

9,0 
+++ 

0,053 :t:. 0,016 574 + 59 0,069 ~ 0,019 746 86 Fe + - -
+++ 

0,074 :t:. 0,020 814 + 88 938 + Fe + C.A. 0,086 ~ 0,023 83 - -
++ 

0,182 :t:. 0,042 1962 175 0,195 :t:. 0,039 2104 + 238 Fe + - -
++ 

0,193 :t:. 0,041 2080 + 209 0,201 ~ 0,046 2182 + 216 Fe + C.A. - -
Fe-Na-EDTA 0,204 :t:. 0,050 2245 + 224 0,216 :t:. 0,038 2315 + 159 - -

[* = mean + two standard errors] 

At all pH levels, the addition of Fe plus a chelating agent (citric acid 

or EDTA) stimulated RGR and nitrogenase activity. Values of RGR and 

, '1' ( ++) , n~trogenase activity In those ell tures prov~ded with ferrous Fe lons 

were always greater than those recorded for cultures supplied with ferric 

( +++) , +++ ++ 
Fe lons. At pH 5, both Fe and Fe ions gave rise to similar 

values of RGR and nitrogenase activity. However, at pH 9, the RGR and 

nitrogenase activity of cultures provided with Fe++ ions were three times 

h ' h th th ,,+++ , 19 er an ase contalnlng Fe lons. The control cultures, provided 

with ferric-monosodium-EDTA (Fe-Na-EDTA) as the iron source, had con-

sistently higher RGR values and nitrogenase activity than the other 

cultures at all pH and Ca levels. 
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The nutrient content of A. fiZicuZoides was also affected by both the Ca 

content of the external medium and the type of Fe source supplied 

(Table 39). Plants grown in media with a high Ca concentration had corres­

pondingly higher Ca contents at all the pH levels and Fe sources tested. 

However, the levels of P and Fe within these plants were always lower than 

the plants grown at low Ca levels. At all pH levels, the N content of 
+++ Fe -grown plants increased with increasing external Ca concentrations . 

Plant N content decreased with inCreasing external Ca concentrations in 
++ Fe -grown plants . The N content of those plants provided with Fe-Na-EDTA 

and high external Ca concentrations decreased over the whole pH range 

tested . 

At pH 5, the addition of citric acid as a chelating agent to cultures of 
++ +++ Fe and Fe -grown plants produced a low plant Ca content at both high 

and low external Ca concentrations. 
+++ addition of a chelator to Fe - and 

However, at both pH 7 and pH 9, the 
+++ Fe -grown cultures produced higher 

plant Ca concentrations than those cultures lacking a chelator . At all pH 
++ +++ levels, the addition of a che l ating agent to Fe - or Fe - grown cultures 

resulted in a higher plant P, Fe and N contents than those cultures lacking 

a chelator. The highest plant N content (5,12 %) was recorded in the 

control A. fiZicuZoides plants provided with Fe-Na-EDTA as Fe source. 

6.4 Discussion 

During this investigation, the response shown by A. fiZicuZoides plants 

to alterations ·of their chemical environment was manifested as changes in 

both nitrogenase activity and RGR values. Measurements of these processes 

provided a means of quantifying the response of A. fiZicuZoides to a 

particular nutrient treatment, and were used to compare the suitability 

of different chemical environments for sustaining A. fiZicuZoides popu­

lations. The two major aspects of this investig ation , the nutrient re­

quirements of A. fiZicuZoides and the influence of the fern on its 

environment are discussed separately . 
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TABLE 39 - The effects of culture pH, Ca concentration and Fe source 
on the Ca, P, Fe and N content of A. fiZicuZoides plants. 
(All values as % of dry weight) 

pH Fe source 16 mg.£ 
-1 

in Ca medium 64 mg.£ 
-1 

Ca in medium 

Ca P Fe N Ca P Fe N 

5,0 Fe 
+++ 

0,513 0,109 0,354 4,64 0,546 0,162 0,112 4,82 
, +++ 

Fe + C.A. 0,482 0,207 0.,178 4,74 0,501 I : 0,175 0,140 4,91 
++ 

0,507 0,220 0,244 4,90 0,523 1°,174 0,143 4,96 Fe 
++ 

Fe + C.A. 0,484 0,239 0,183 4,95 0,505 0,198 0,169 5,03 
I 

Fe-Na-EDTA 0,469 0,263 0,194 5,12 0,493 0,224 0,168 5,05 

'I ,0 
+++ 

0,381 0,175 0,125 Fe 1,64 0,419 0,127 0,083 2,32 

Fe 
+++ 

+ C.A. 0,399 0,192 0,134 1,78 0,438 0,138 0,097 2,51 

Fe 
++ 

0,454 0,186 0,197 3,83 0,465 0,149 0,174 3,20 

Fe 
++ 

+ C.A. 0,477 0,202 0,211 4,14 0,486 0,171 0,174 3,47 

Fe-Na- ED7A 0,482 0,256 0 , 215 4,72 0,507 0,211 0,172 4,61 

9,0 Fe++ 0,346 0,149 0,086 1,45 0,375 0,091 0,088 1,65 

Fe+++ + C.A. 0,363 0,154 0,097 1,63 0,394 0,102 0,103 1,76 

Fe++ 0,419 0,168 0,104 2,40 0,424 0,104 0,120 2,18 

Fe++ + C.A. 0,432 0,180 0,121 2,61 0,450 0,109 0,123 2,22 

Fe-Na-EDTA 0,458 0,147 0,136 4,43 0,471 0,105 0,135 4,16 

6.4.1 The nutrient requirements of A. fiZicuZoides 

In this investigation, laboratory experiments demonstrated the ability of 

A. fiZicuZoides to tolerate a wide range of chemical environments and 

established both the optimum and minimum levels of each nutrient required 

to maintain high levels of growth and nitrogenase activity. In order to 

facilitate comparisons between these experimentally determined values and 

the results of chemical analyses from the study area, these data are 

summarized in Table 40. In evaluating these data, it must be emphasized 

that the data referring to tolerance and optimum levels were derived from 

batch cultures whilst the threshold values were obtained from continuous 

cultures. 
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TABLE 40 - Summary table showing a comparison between the chemical environ­
ment tolerated by A. fiZicuZoides in laboratory studies with 

Parameter 

Salinity 

p 

Ca 

Mg 

K 

Fe 

Na 

S 

Cl 

B 

Mo 

Mn 

Co 

Cu 

Zn 

the chemical environment of the study area. The optimal range 
and threshold levels of each parameter, based on laboratory 
studies, are also included for comparison. [The values are 
given in mg.Q-l (salinity, macronutrients) or ~g.Q-l 
rnicronutrients) 1 

Concentration range of each parameter 

Tolerance Optimum Threshold Study area 

Open water Under mat 

30-2000 178-407 ND 152-235 196-279 

0,4-26 0,8-13 0,12 0,02-0,06 0,09-0,15 

4-20 12-16 12 9,6- 12,0 11,2-14,0 

5-40 16-28 14,5 14,5-17 ,3 15,8-21,0 

0,8-32 4-16 1,2 1,9-3,5 2,3-4,7 

0,08-8 0,5-4 0,12 0,02-0 , 06 0,11-0,15 

1,6-204 25,5-102 ND 6-10 8-14 

0,8-52 6,5-52 ND 11-20 16-25 

2,6-336 21-168 ND 14-24 18-30 

4-256 16-128 12,0 0,8-2,1 1,1-3,6 

0,3-19 0,6-4,8 1,5 0,5-0,6 0,8-1,2 

3,8-248 15,5-248 10 ,0 30-50 40-85 

0,6-30 1,2-9,4 0,8 5-10 10- 20 

0,15-120 1,3-5,1 0,8 35-60 50-120 

0,3-150 2,9-47 1,6 20-35 40-85 

[NO not determined] 

The nitrogen-free culture media tested in this study varied considerably, 

both in their ionic strength and the variety of nutrient salts employed. 

High values of RGR and nitrogenase activity 

whose salt concentration ranged between 178 

were only obtained in media 
-1 

and 407 mg.t (Table 40). 

Salt concentrations less than or greater than this range resulted in low 

RGR and nitrogenase activity values. This finding is supported by the 

results of Le Van and Sobachkin (1963) for A. pinnata, indicating that 

salinity or osmotic effects are important growth regulators. The con­

centrations of total dissolved salts encountered at all riverine sites in 
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the study area fell within the optimum range shown in Table 40, indicating 

that A. fiZicuZoides would not normally be stressed by salinity or osmotic 

effects. 

In initial experiments, the medium designed by Gorham et aZ. (1964), com­

bined with the micronutrient formulation of Johnson et al. (1966), gave 

consistently higher value~ of RGR and nitrogenase activity than the other 

media initially tested. Later tests showed that RGR values " in this 

nutrient medium (though slightly lower), were comparable to the RGR 

values obtained with the medium designed by Peters and Mayne (1974a). 

Further optimization of the ASM-1 medium of Gorham et aZ. (1964) and the 

micronutrient combination of Johnson et al. (1966) in batch culture 

indicated that despite the ability of A. fiZiculoides to tolerate a wide 

range of nutrient concentrations, high values of RGR and nitrogenase 

activity are maintained only over a rather narrow optimum concentration 

range for most macronutrients (Table 40). Above or below this range, RGR 

and nitrogenase activity decrease sharply. The exceptions to this trend, 

P and Fe, maintain high levels of RGR and nitrogenase activity over a much 

wider concentration range (Table 40). The final medium obtained was 

similar in formulation to that used by Peters and Mayne (1974a) and gave 

RGR and nitrogenase activity values which were superior to any other medium 
-1 -1 

tested. These rates (RGR = 0,330 g.g .day EPR = 3215 nmoles 
-1 -1 

C
2

H
4

. (g.f.wt) .hr ) are comparable to the highest rates obtained by 

Peters et al. (1980) with A. filiculoides. The final formulation, having 
-1 

a total dissolved salts concentration of 245 mg.~ and designated Azolla-

I, was used for all further nutrient studies in the laboratory. 

Continuous culture experiments demonstrated that nutrient supply rate (a 

function of flow rate) is important, but that a certain minimum nutrient 

concentration or threshold level is also necessary. This agrees with the 

observations of Subudhi and Watanabe (1979, 1981) who investigated the P 

requirements of A. pinnata in continuous culture. In the present study, 

the threshold levels of the macronutrients Ca, Mg, K and P for optimum 
-1 

growth of A. filiculoides were found to be 12,0, 14,5, 1,2 and 0,12 mg.~ 

respectively. These values are lower than the levels of these elements 

found to be necessary for A. pinnata by Yatazawa et aZ. (1980). However, 

Yatazawa et al. (1980) employed a batch culture technique, which would 

account for their higher threshold levels. Subudhi and Watanabe (1981) 
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found that the p threshold concentration for A. pinnata in continuous 

culture was 0,06 mg.i-
1

, half that of A. filiculoides . These authors also 

mentioned that a strain of A. filiculoides which they obtained from Hawaii 

had a greater P requirement than any of their A. pinnata strains. This 

difference once again highlights the physiological differences between 

different species of Azolla and supports the findings of this study . 

For full development of nitrogenase activity , the threshold levels of Ca , 
-1 

Mg, K and Pare 8,0 , 9 , 7 , 1,2 and 0 ,1 2 mg.i respectively. With the 

exception of P and K these levels are slightly lower than the threshold 

levels for optimum growth. This is in contrast to the report of Yatazawa 

et al . (1980) who indicated that much higher concentrations of these 

elements were required for nitrogen fixation in A. pinnata. Again , this 

discrepancy is probably due to their use of batch cul ture techniques . 

The flow rates employed in laboratory continuous cultures (0,5 to 4,0 i.hr-
1

) 

were lower than even the lowest flow rates measured in the field during 
-1 

winter (7200 i .hr ). Indeed, high summer-flow rates, recorded during the 

annual floods, were up to 1, 8 million times higher than the flow rates used 

in the laboratory . However, the effect of river f low on A. filiculoides 

plants depends not only on the flow rate but also the morphometry of the 

sampling site. The riverine sites monitored during this study varied in 

width from 2 m to 10 m (Table 1), and since the catchment areas of these 

sites were relatively small, high flow rates are usually of short duration 

(1-3 days). Low flow rates are recorded for the major portion of each 

year. Azolla filiculoides proliferates during the periods of low flow and 

the mats that develop become partly anchored to stands of marginal 

vegetation (predominantly Phragmites sp . and Typha capensis) . During these 

periods of low river flow, the width of the river or stream causes 

the effective rate of flow beneath each unit area of A. filiculoides mat to 

approximate the flow rates used in laboratory continuous cultures. The 

results of these continuous culture experiments can therefore be related to 

that proportion of the year (> 90 %) when A. filiculoides populations in 

the field are subjected to low river flows. 

In its natural environment, nutrient availability to A. filiculoides is 

regulated by the hydrochemistry of the water which in turn i s dependent on 
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the hydrological cycle and the regional geology. Water samples from all of 

the riverine sites in the study 

with some minor differences due 

area hava a similar chemical composition, 
/ 

to characteristics of the local geology and 

soils. All these streams and rivers carry a high load of suspended 

material, predominantly clay and silt, containing relatively large 

quantities of adsorbed cations. Seasonal differences in the hydrochemistry 

of these sites are due to· seasonal changes in the hydrological cycle, with 

high summer flows being particularLY important. The concentrations of the 

different cations and anions in the water from riverine sites are 

comparable to the values obtained for water samples from the Kraai and 

Caledon rivers by Keulder (1974). The ionic dominance order of the 

riverine water samples and the high proportions of total cations adsorbed 

onto clay and silt particles reported by Keulder (1974) in the Caledon and 

Kraai rivers and Stegmann (1974, 1975) for the water of the Hendrik 

Verwoerd Dam, were in agreement with the findings of this study. These 

adsorbed nutrients can, therefore, provide an important extra source of 

nutrients for A. filiculoides plants growing in the riverine sites. By 

contrast, the farm dam stations are not subjected to the same hydrological 

cycle as the riverine sites, and contain far lower levels of adsorbed 

nutrients. In these sites, dissolved nutrients form the largest proportion 

of the total nutrient supply. 

At a~l riverine and farm dam sites, concentrations of micronutrients and P 

in the open water sections are always at very low levels (Table 40), often 

at the limit of analytical detection. However, water . from beneath 

established mats of A. filiculoides has considerably higher micronutrient 

and P concentrations (Table 40). Seasonal differences in the concen-

trations of nutrients at the open water sites are generally low. 

When the chemical analyses of the sampling stations are compared with the 

nutrient concentrations required to sustain optimal growth in the 

laboratory (Table 40), it was apparent that the concentrations of Ca and Mg 

are marginally sub-optimal though still high enough to sustain moderate RGR 

values. The field concentrations of K, P and Fe are very low and could 

possibly be limiting A. filiculoides growth. However, the low K con­

centration at field sampling sites is greater than the threshold con­

centration measured in the laboratory (Table 40), and therefore its effect 
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on~. filiculoides would have been small. It is evident from the data 

presented in Table 40 that, for open-water sites, the concentrations of P 

and Fe are always well below the threshold level while Ca is slightly below 

threshold level only during summer. In addition, despite the higher 

nutrient concentrations found below an AzalIa mat, the concentrations of Ca 

and P are below the threshold level only during summer while the Fe 

concentration is always at or just above the threshold level (Table 40). 

Therefore, based on the results on the laboratory experiments, the 

concentrations of Ca, P and Fe in the field are considered to be low enough 

to limit the growth of A. filiculoides whilst the field concentrations of 

Mg and K indicate an adequate supply of these macronutrients. With regard 

·to the micronutrients, the data in Table 40 indicates that the concen­

trations of Mo and B in the field are below their respective threshold 

levels and therefore likely to be limiting A. filiculoides growth. 

The results of the initial spiking experiments confirm that both P and Fe 

are the major limiting macronutrients in the field whilst Ca is also 

limiting the growth of A. filiculoides, but to a lesser extent. Additional 

spiking experiments also confirm that the micronutrients Mo and Bare 

indeed limiting the growth of A. filiculoides. These results agree with 

the findings of other workers who have identified P and Fe as the macro­

nutrients limiting the growth of A. pinnata in south-east Asia (Saubert, 

1949; Le Van and Sobachkin, 1963; Moore, 1969; Watanabe et al., 1977; 

Subudhi and Watanabe, 1979; Kulasooriya et al., 1980) and A. mexicana and 

A. filiculoides in North America (Talley et al., 1977; Talley and Rains, 

1980) . 

In this study, adequate supplies of the macronutrients Ca, Mg, K and P were 

shown to be absolutely essential for optimum growth and nitrogenase 

activity in A. filiculoides. Deficiencies of these nutrients cause 

a greater reduction in nitrogenase activity than RGR, thus supporting the 

observations of Le Van and Sobachkin (1963) , Subudhi and Singh (1979a) and 

Yatazawa et al. (1980) on A. pinnata and Cohn and Renlund (1953) on 

A. caroliniana. Reported values for the minimum P concentration required 
-1 

to support optimal Azolla growth vary from 1,1 mg.£ for A. caroliniana in 
-1 

Danish lakes (Olsen, 1972) to 2,5 mg,~ (Yatazawa et al., 1980) and 
-1 

12,4 mg.£ (Subudhi and Singh, 1979a) for A. pinnata in laboratory 

cultures. All of these values were determined with traditional batch 
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culture techniques and are considerably greater than the threshold level 
-1 

(0,12 mg.£ ) reported here for A. fiZieuZoides. 

In attempts to determine the effects of nutrient deficiencies on the RGR 

and nitrogenase activity of different Azolla species, several workers 

(Bortels, 1940; Le Van and Sobachkin, 1963; Johnson et aZ., 1966; 

Subudhi and Singh, 1979a;' Yatazawa et aZ., 1980) have experienced problems 

when using traditional batch culture techniques. In particular, the carry­

over of nutrients during sub-culturing has led to a variety of interpre­

tations as to the relative importance of individual nutrients. An 

additional feature, the ability of a plant to store nutrients excess to its 

requirements and then 
ro 

laterA transport and redistribute these nutrients 

within the plant, also contributes to the problem. Deficiencies of those 

nutrients which are relatively immobile within plants, such as Ca and Fe 

(Brouwer, 1965), are rapidly manifest in A. fiZieuZoides both as foliar 

symptoms and dramatic decreases in both RGR and nitrogenase activity. The 

appearance of deficiency symptoms due to a lack of other, more mobile, 

elements such as Mg, K and P (Brouwer, 1965), depends on the quantity of 

these nutrients already within the plant. The rapidity with which Ca and 

Fe deficiencies were manifested in this study indicate that A. fiZieuZoides 

is more sensitive to sub-optimal concentrations of these nutrients. 

In the present study, an adequate supply of Fe was found to be essential 

for growth and nitrogenase activity in A. fiZieuZoides. In addition, it 

was found that the availability of dissolved Fe to A. fiZieuZoides depends 

on both the concentration and ionic form in which the Fe is supplied, as 

well as the pH and calcium content of the culture medium. These results 

support the observations of Olsen (1972) who reported that A. earoZiniana 

growing in small Danish lakes thrived where waters were anaerobic and Fe 

present in the reduced (ferrous) form. In those lakes which were not 

anaerobic and Fe present in the oxidized (ferric) form, the plants became 

chlorotic and died due to Fe deficiency. Yatazawa et aZ. (1980) demon­

strated that symptoms of Fe deficiency in A. pinnata could be reversed with 

oxidized (ferric) Fe at an acidic pH but not at a neutral or alkaline pH. 

Olsen (1972) showed that at pH 4, ferric ions were so readily available to 

AzoZZa that Fe toxicity resulted, but this could be prevented by increasing 

the Ca concentration to balance the increased absorption of Fe. Olsen 

(1972) also reported that his results indicated competition between ferrous 
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and manganous ions in neutral to alkaline solutions and the absorption of 

both ions could be decreased by high Ca concent rations. 

In the present study a long culture period was found to be necessary before 

A. filiculoides RGR values and nitrogenase activity we re significantly 

reduce d as a result of micronutrient deficiencies. This feature can be 

attributed to the inherent mobility of micronutrients with in plants 

Brouwer, 1965). It was also found that deficiencies of Mn, Co and Mo 

specifically affect nitrogenase activity whilst a d e ficiency of B affects 

RGR. In addition, a deficiency of either Mn, eu or Zn caused only a slight 

(15 %) decrease in RGR values and nitrogenase activity in A. filiculoides, 

presumably due to the unavoidable contamination of micronutrient elements 

from reagents and water under the present experimental conditions. These 

results support the reports of requirements shown by A. filiculoides 

(Bortels, 1940), A. carolinana (Olsen, 1972) and A. pinnata (Le Van and 

Sobachkin, 1963; Yatazawa et al., 1980) for Mo, A. caroliniana (Johnson 

et al., 1966; Olsen, 1972) and A. pinnata (Yatazawa et al., 1980) for Co, 

and A. caroliniana (Olsen, 1972) and A. pinnata (Yatazawa et al., 1980) 

for B, Cu, Mn and Zn. 

6.4.2 The influence of A. filiculoides on the ecosystem 

It is evident from the data summarized in Table 40 that nutrient concen­

trations in the water beneath a mat of A. filiculoides are always higher 

than the concentrations in the open water. This pointed to the possibility 

that mat development modifies the chemistry of the underlying water, 

increasing its nutrient content. Since mat development often results 

in most or all of the underlying waters becoming at least partly anaerobic, 

the most obvious source of nutrients is the decomposing l ower layers of the 

mat and sedimented detritus. Similar increased nutrient concentrations 

beneath mats of floating hydrophytes have been reported by Mitchell (1970), 

Mitchell and Tur (1975), McVea and Boyd (1975) and Attionu (1976). 

Experimental investigation of in situ decomposition rates confirm the 

rapid release of nutrients from both live and desiccated A. filiculoides 

plants . After an initial lag period, the decomposition of live A. fili-
• ~ 

culoides plants beneath an established mat of A. filiculoides occurs at a 

constant rate. The initial lag period of approximately five days noted 
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in this study may have been due to the use of initially fresh rather than 

truly senescent plant material. Since senescent plants are often attached 

to or held against the bottom of the A. filiculoides mat by their buoyant 

aerenchymatous structure, nutrients liberated during decomposition must be 

immediately available for uptake via the roots of upper, living A. filicu­

loides plants. The rates of nutrient release from the live A. filiculoides 

material obtained in this 'study are similar to those reported by Boyd 

(1970, 1971), Howard Williams and 3unk (1976) and Rogers and Breen (198 2) 

for other senescent aquatic macrophytes, despite the fact that this study 

was conducted in almost complete~anaerobic waters (02 concentration = 0,08 -
-1 

0,15 mg.1 ). The rates of decomposition of desiccated A. filiculoides 

material are also very similar to those obtained by Howard Williams and 

Junk (1976) and Rogers and Breen (1982). Particularly noticeable are 

the initial rapid loss rates of K, P and Fe. Thus, A. filiculoides plants 

which have been desiccated by the drying-up of a stream pool can rapidly 

liberate large quantities of K, P and Fe upon re- flooding. Since P 

and Fe are the primary limiting nutrients, this source of supply can be of 

great importance to the growth of A. filiculoides. An interesting feature 

of these studies on desiccated A. filiculoides material is the initial 

rapid increase in Ca and Mg content . Rogers and Breen (1982) a lso observed 

this phenomenon with decomposing Potamogeton crispus and attributed it to 

the adsorption of Ca and Mg ions onto the surface of the plant material by 

a cation exchange reaction. Thus, newly-flooded, desiccated A. filicu­

loides plants can adsorb Ca and Mg from the water, decreasing the 

availability of these nutrients. However, this effect would be temporary 

and the p l ant nutrients plus any adsorbed cations would be released during 

subsequent decomposition. 

An important feature of mat formation in A. filiculoides is the effect that 

the established mat can exert on the underlying water by retarding the 

passage of atmospheric gases , with the consequent development of anaerobic 

or microaerophilic conditions. The presence of aerobic or anaerobic 

copditions in a water body has important consequences for the availability 

of nutrients , in particular Fe. In oxygenated waters of alkaline pH, 

almost all of the dissolved Fe content exists . +++ in the form of ferr~c (Fe ) 

. dth ' lub'l' f ~, ~ons an e rnax~mum so ~ ~ty 0 Fe ~ons 

- 1 
to be very low (0,02 to 0,03 mg.1 

in these waters i s reported 

Under oxygenated Olsen, 19 72 ) . 
. , +++ 

cond~t~ons, excess Fe ions are precipitated out of so l ution to form 
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complex ferric-aluminium-phosphates 

However, the apparent solubility of 

in the sediments (Hutchinson, 1957). 
+++ 

Fe ions can be increased by the 
+++ 

addition of an organic chelating agent and Fe ions can also be readily 

adsorbed onto suspended silt and clay particles. The solubility of Fe+++ 

ions is also increased dramatically with decreased pH values (Olsen, 1972). 

The development of microaerophilic or anaerobic conditions, with a 

consequent shift in redox 6 potential, provides conditions suitable for the 
+++ ++ 

transformation of Fe ions to th~ reduced, ferrous (Fe ) form. This Fe 

form is up to 500 times more soluble in water than the oxidized, Fe++ ion 

(Olsen, 1972), and this solubility is maintained over a wide pH range. If 

b " "" ++ ++ anaero 1C water conta~n1ng Fe ions is oxygenated, the unstable Fe ions 

slowly become oxidized to Fe+++ ions. These, because of their reduced 

solubility, rapidly precipitate out of solution. The stability of Fe++ 

ions in solution can also be increased by the addition of an organic 
++ 

chelating agent. The chelating agent combines with the Fe ions to form a 

solution containing complex Fe-organic molecules in which the Fe++ ions 

are still available for uptake by hydrophytes (Hutchinson, 1975; Scul-
++ 

thorpe, 1967). This solution of chelated Fe ions is relatively stable at 
-1 

low concentrations (ca. 2,0 mg.~ Hutchinson, 1957) in oxygenated 

waters. 

A feature of the nutrition of A. filiculoides, the interactions between Ca 

and Fe, is also applicable to the situation which exists both in the open 

water and beneath mats of A. filiculoides at both riverine and farm dam 

sites in L~e study area. At the riverine site, the continual flow of water 

maintains low Ca and Fe concentrations. Here, the low Fe concentrations 

are often below the threshold level for optimum growth and therefore cause 

Fe limitation of A. filiculoides growth. High summer flow rates further 

decrease the Fe concentrations and therefore exacerbate this condition. 

During mat formation, the decomposition of senescent A. filiculoides plants 

results in increased concentrations of dissolved organic compounds. Since 

many of these compounds can function as chelating agents for Fe 

(Hutchinson, 1957; Sculthorpe, 1967), the quantity of dissolved Fe 

available for uptake by A. filiculoides is thus increased, whether the 

water is oxygenated or anaerobic. In these riverine sites, the inflow of 

oxygenated river water beneath the A. /fiUculoides mat mixes with lower 

anaerobic water. 
" +++ ++ 

This results in a mlxture of Fe and Fe ions, both 
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dissolved and chelated, being available to A. filiculoides. However, the 

constant inflow (and consequent outflow) of water ensures that the Fe 

concentration remains low and does not continually risea At the farm dam 

sites, increased Fe concentrations are counteracted by increased Ca 

concentration~ which in turn prevent Fe accumulation and the development of 

toxicity symptoms. At the same time, this interaction between Ca and Fe 

also lowers the concentration of Fe available to A. filiculoides for 

growth , and results in Fe limitatibn. In the case of mat development on a 

farm dam, the anaerobic conditions ensure that all free or chelated Fe is 
. ++ 
In the Fe form . Because of evaporative concentration and continual 

decomposition, the concentration of Fe++ ions increases with time. 

The combination of partly anaerobic (or microaerophilic) conditions with 

changed water pH values which develop beneath an A. filiculoides mat 

dramatically affect the supply of nutrients to A. filieuloides plants 

within the mat. Several other workers have recorded similar changes in pH 

and oxygen status beneath mats of Eiehhornia eras sipes (McVea and Boyd, 

1975; Rai and Munshi, 1979), Pistia stratiotes (Okali and Attionu, 1974; 

Attionu, 1976) and Salvinia molesta (Mitchell, 1970; Mitchell and Tur, 

1975; Bond and Roberts, 1978). In a ll of these cases, the establishment 

of a hydrophyte mat resulted in increased nutrient concentrations in the 

underlying waters. The formation of a multi-layered mat by A. filieuloides 

therefore represents a means by which the plant is able to modify the 

environment to its advantage, in particular by maintaining high rates of 

decomposition thus leading to increased rates of nutrient recycling. 

Without the formation of a mat and the subsequent increase in nutrient 

concentrations in the underlying waters, the concentrations of almost all 

nutrients would be far lower than the required threshold level. This would 

cause a decline in RGR values and nitrogenase activity and the consequent 

death of the plants. 
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CHAPTER 7 

THE COMPONENTS OF THE SYMBIOTIC ASSOCIATION 

7 .1 INTRODUCTION 

The principal features of symbiosis are a degree of intimate association 

and a condition of mutual benefit or dependence between the constituent 

organisms (Vincent, 1967). Indeed, the achievement and success of a 

symbiot~c association depends on the degree to which the reciprocal re­

quirements of each partner in the association are met. These demands range 

from simpler requirements in the case of loose associations to more 

specific demands in connection with the joint provision of specialized 

morphological or anatomical structures. 

In order to assess the degree of interdependence .shown by the component 

organisms of a symbiotic association, the individual organisms must be 

i solated and then recombined after their individual g rowth require me nts 

have been established (Ashton and Walmsley, 1976) . The c l ose association 

between members of the genus AzoZZa and the endophytic Cyanobacterium 

Anabaena azoZZae has long been recognized as symbiot.ic (Peters, 1975). 

Here, despite the interest stimulated by the agronomic implications of the 

nitrogen-fixing endosymbiont , the symbioti c mechanisms involved in the 

associati on have not been completely elucidated (Moore , 1969). In 

particular, difficulty in obtaining the endosymbiont in axenic culture and 

affecting a successful recombination of the isolated a l ga with the alga­

free fern have greatly hampered progress (Walmsley et aZ ., 1973; Peters , 

1976) . 

This investigation was designed to: 

(a) i solate and grow the fern and a l gal components of the association in 

axenic culture, 

(b) determine the environmental and nutrient requirements of the indi­

vidual o rganisms, and 

(c) recombine the isolated components to reform the symbiotic association . 
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7.2 LITERAWRE REVIEW 

The relationship between Anabaena azollae and members of the genus Azolla 

was originally referred to as a "space parasitism" (Sadebeck, 1902; Oes, 

1913; Huneke, 1933). This outdated description has sinc e been replaced 

by the more accurate term "symbiosis" (Lang, 1965; Moore, 1969), 

indicating a mutually beneficial association. Recent studies by Peters 

and Mayne (1974a, b), Duckett et al. (1975), Hill (1975, 1977), Peters 

(1975, 1976, 1977), Peters et al. (1978), Newton and Herman (1979), 

Tyagi, Ray, Mayne and Peters (1981) have contributed much to our knowledge 

of the association. These studies have provided evidence that both the 

fern and the alga benefit from the association. 

Benefits conferred on the alga by the fern are a degree of physical (and 

perhaps chemical) protection, and the provision of energy substrate and 

all mineral nutrients except nitrogen (Moore , 1969; Peters and Mayne, 

1974b; Peters, 1975 , 1976, 1977). Anabaena azollae contains the photo­

synthetic pigments chlorophyll a and phycocyanin (Peters and Mayne, 1974a; 

Becking, 1976a). The alga contains 7 to 13 % of the total chlorophyll 

within the association (Peters and Mayne , 1974a) and phycocyanin, a 

water-soluble phycobilin pigment, can trap light of low intensity within 

the leaf cavi ty and transfer the trapped energy on to chlorophyll a (Ray , 

Mayne, Toia and Peters, 1979). Despite the significant proportion of the 

total chlorophyll a held within the symbiont, the alga may be unable 
~o 

photosyntheticallY,support its level of nitrogen fixation (Peters, 1977). 

If this assumption is true, the alga must be able to supplement its 

energy requirements by either mixotrophic activity or by transfer of 

carboxylated compounds from the fern. 

There is limited experimental proof of heterotrophism in A. azollae 

(Newton and Herman , 1979), though such evi dence is available for other 

endophytic blue-green a l gae , e.g. the endosymbionts from cycad root 

nodules (Winter, 1935; Douin, 1953; Hoare, Ingram , Thurston and Walkup, 

1971; Fogg et al., 1973), lichens (Hitch and Millbank, 1975) and free­

living Nostoc muscorum (Allison, Hoover and Morris, 1937), all of which 

are members of the heterocystous family Nostocaceae. Inorganic culture 

media have also been successfully utilized for the isolation of nitrogen­

fixing blue-green algae from symbiotic associ ations with cycads (Hoare 
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et al. 1971; Caiola, 1975), lichens (Hitch and Millbank, 1975), 

bryophytes (Rodgers and Stewart, 1977; Stewart, 1978) and angiosperms 

(Silvester and Smith, 1969). In the above reports, the isolated enso­

symbionts were grown on inorganic media lacking a source of combined 

nitrogen. These reports also indicated that the algal symbionts were 

capable of both autotrophic and heterotrophic growth. 

Benefits conferred on the fern by the alga could include the provision of 

organic growth-promoting substances, as suggested by Schaede (1947) and 

Hill (1975), as well as the supply of fixed nitrogen (Peters and Mayne, 

1974b). Provision of the total nitrogen requirement of the association 

by the alga must confer a marked competitive advantage to the fern in 

waters containing low levels of combined nitrogen. 

Alga-free plants of Azolla have rarely been found in nature (Moore, 1969) 

though a few occurrences have been reported (Marsh, 1914; Huneke, 1933; 

Shen, 1960; Hill, 1977). Different degrees of success in freeing Azolla 

of Anabaena have been claimed for the following methods: low temperature 

(Huneke, 1933), very dilute culture medium (Huneke, 1933; Schaede, 1947), 

low light intensity (Schaede, 1947), change from low light intensity on 

nitrogen-free medium to high light intensity on media containing combined 

nitrogen (Hill, 1975), nitrogen deficiency and treatment with calcium 

hypochlorite (Huneke, 1933). Nickell (1958) developed a dependable 

method of producing alga-free Azolla through the use of three sequential 

antibiotic treatments , each of one week's duration. This method has 

been successfull y used by Johnson et al. (1966), Walmsley et al. (1973), 

Peters and Mayne (1974a, b) and Peters (1975, 1976). Hill (1975, 1977) 

produced alga- free Azolla by transferring the plants from low (1250 Lux) 

to high (10 kLux) light intensity, a method very similar to that reported 

by Schaede (1947). Duckett et al . (1975) successfully produced alga-free 

Azolla plants by culturing small portions of excised stem apices which had 

been freed of alga by surface sterilization and repeated washings. Treat­

ments with alcohol (Huneke, 1933) an4ultraviolet irradiation (Flint, 1942) 

were unsuccessful. 

Alga-free plants of Azolla are more c6mpact in size and shape , grow more 

slowly than the intact association and require a source of combined nitrogen 
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(Hill, 1975; Peters, 1976). These features underline the importance of 

the alga for normal growth of the fern and suggest the existence of a 

growth-promoting substance or substances which are transferred from the 

alga via the apical meristem and/or the leaf cavities. 

The isolation of experimental quantities of A. azoZZae from AzoZZa fronds 

has long proved to be a problem. Early methods using single leaf 

squashes (Venkatararnan, 1962) and~micromanipulation techniques were time­

consuming and often ineffective. Recently, however, two techniques have 

been developed whichprovide large quantities of A. azoZZae. The first of 

these involves squashing AzoUa fronds with a teflon roller ("the gentle 

Toller method") followed by coarse filtering and centrifugation (Peters 

and Mayne, 1974a). The second method consists of prolonged enzymatic 

digestion of AzoZZa fronds with cellulase and pectinase, followed by 

several cycles of screening and vortexing until only algal packets 

surrounded by a fi lmy limiting envelope remain (Peters, 1976; Newton 

and Herman, 1979). 

The difficulty in culturing isolated A. azoZZae has been a major obstacle 

"in elucidating mechanisms of the symbiosis, and numerous authors have 

reported that the phycobiont cannot be grown apart from the host (Oes, 

1913; Shields and Durrell, 1964; Lang, 1965; Walmsley et aZ ., 1973; 

Peters and Mayne, 1974a, b; Peters, 1975, 1976; Hill, 1975; Singh, 

1977a). However, several claims of isolation and independent growth 

have been made (Canabeus, 1929; Vouk and Wellisch, 1931; Huneke, 1933; 

Bortels, 1940; Shen, 1960; Venkataraman, 1962; Weiringa, 1968; 

Becking, 1976b; Holst and Yopp, 1979b). Many of these isolates were 

made from non-sterile material and are suspect since the isolates may in 

fact have been epiphytic contaminants. Indeed, all claims of successful 

isolation and growth have been disputed by those workers who have been 

unable to culture isolated A. azoZZae. 

Attempts to re-establish the symbiotic association, and thereby complete 

all of Koch's postulates, by infecting alga-free AzoZZa fronds with 

cultured A. azoZZae have been unsuccessful (Huneke, 1933; Bortels, 1940). 

Because of the possibility that the physiology of the cultured phyco­

biont may have been drastically altered during the culture process, re­

combination would be difficult to achieve (Peters, 1975). 



- 231 -

7.3 MATERIALS AND METHODS 

7.3.1 Isolation and culture of Anabaena azoZZae 

Three different methods of isolating A. azoZZae from AzoZZa fiZicuZoides 

were tested during this study. All of the methods required the use of a 

nutrient medium to permit initial growth of the isolated alga. AN-free 

modification of the BG-l1 medium of Stanier , Kunisawa, Mandel and Cohen­

Bazire (1971) was chosen since this medium selected for nitrogen-fixing 

organisms. The composition of this medium is shown in Table 41 . The pH of 

this medi um was adjusted to 7,0 with either iN HCl or iN NaOH before 

sterilization . Solid media contained 1,5 % agar. Prior to use , al l Azolla 

fronds were surface-sterilized with a 1 % (w/v) solution of NaOCl 

containing 0 ,1 % (v/v) t eepol as a wetting agent for 15 minutes , followed 

by several rinSings in large volumes of sterile N- free BG-l1 mediu~. 

TABLE 41 - Composition of the modified nitrogen-free BG- ll medium 
of Stanier et al. (197 1) used for the isolation a nd 
culture of Anabaena azoZZae 

Stock 
solution* 

1 

2 

3 

4 

5 

6 

Compound 

MgS0
4

·7H
2

O 

CaC1
2

·2H
2

O 

K2
HP04 

Na
2
c0

3 
Fe-Na-EDTA 

H3B03 

MnC1
2

·4H
2

O 

znS0
4

· 7H
2

O 

Na
2

Mo0
4

·2H2O 

CUS0
4

·5H
2

O 

COC1
2

·6H2O 

Culture solution 
concentration 
(mg.f.- 1 ) 

75 

36 

40 

20 

8 

2 , 86 

1,81 

0,222 

0,390 

0 , 079 

0,0494 

[*Concentrations were increased lOO-fold and made 
up into stock solutions 1 to 6 as shown. Al l 
chemicals were of analytical grade] 

.,. 
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Individual leaves were excised from a sterilized frond with a 

microscalpel, split longitudinally, and gently squashed, permitting 

the algae to protrude from the incision. Each treated leaf was then 

placed in a separate test-tube containing 5 m£ of sterile N-free BG-ll 

medium. All the tubes were then placed in a constant environment room 

and incubated at 25°C and low light intensity (500 Lux), and examined 

daily for signs of algal growth. 

Under sterile conditions, 4 to 5 g of A. fiZicuZoides material were 

macerated in a blender for several minutes with 100 m£ of sterile N­

free BG-ll medium. The resulting slurry was then centrifuged at 

approximately 1000 X g in a laboratory centrifuge. The resulting 

pellet was two-layered, the lower layer consisting of AzoZZa fragments 

while the upper layer contained mostly algal filaments. The super­

natant liquid was decanted and a portion of the upper pellet layer 

resuspended in sterile N-free BG-l1 medium. This suspension was then 

centrifuged at approximately 500 X g . Again, the resulting pel l et 

consisted of two layers, the upper layer being virtually pure 

A. azoZZae filaments. A portion of this upper layer was resuspended 

in sterile N-free BG- ll medium and single drops of this suspension 

were dispensed to test-tubes containing 5 m£ of sterile N-free BG-l1 

medium. The test-tubes were incubated and examined daily for signs of 

algal growth as described above . 

Whole algal colonies were surgically removed from AzoZZa leaf cavities 

with sterile glass micropipettes under a 20 X Wild dissecting 

microscope. Each colony was inoculated into a separate test-tube 

containing 5 m£ sterile N-free BG-ll medium. The tubes were incubated 

and examined for algal growth as described above. 

After a period of three weeks, those tubes showing signs of algal growth 

were subjected to a temperature of 47 °c (~1 °C) for 100 minutes to kill 

contaminating bacteria (Weiringa, 1968). Each tube was then cooled to room 

temperature, shaken to disperse the algal filaments and two drops of each 
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algal suspension inoculated onto N-free BG-11 agar plates. Algal cells 

from these cultures were repeatedly streaked to eliminate any residual 

adhering bacteria. 

Culture purity was checked by inoculating yeast extract + glucose agar with 
o 

drops of algal suspension, followed by incubation at 25 c . These plates 

were then examined daily ~or 10 days for bacterial colonies. The absence 

of bacterial colonies on the agar .plates was taken to indicate the absence 

of viable contaminating bacteria in the algal isolates. As a further check 

of culture purity, portions of the algal isolates were also examined 

microscopically under phase- contrast illumination for the presence of 

.contaminating bacteria. 

7.3.2 Isolation and culture of the fern component 

Four different methods of isolating the · fern component of the symbiotic 

association (i.e . removing ~he algal component) were tested during this 

study. All the methods requ~ed a medium containing a source of combined , 
nitrogen to permit growth of the alga-free fern. The Azolla-I medium 

-1 
(described in Section 6.3.3), modified by the addition of 10 mg.~ 

N0
3

-N as NaN0
3

, was used for this purpose. This medium was designated 

Azolla-I(+N). Prior to use, a ll A. fiZicuZoides material was surface­

sterilized as described in Section 7 . 3.1. 

(a) Environmental modification 

Five experiments, employing different variations of temperature and 

light intensity (listed below), were carried out to determine whether 

sudden changes in growth conditions could produce alga-free AzoZZa 

plants as described by Huneke (1933) and Schaede (1947). Plants of 

A. fiZicuZoides were acclimatized for two weeks on Azolla-I(+N) 

medium at the first level of light intensity and temperature. After 

th i s acclimatization period, the levels of light intensity and 

temperature were doubled (i.e . to the second level) and the plants 

were then grown for a further two weeks. Portions of plants were 

examined under a dissecting microscope for the presence or absence of 

algal co l onies. After the second two week period , the temperature 
.t 

and light intens ity were suddenly dropped to the original l evels and 
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the plants were again examined microscopically after a few days . The 

different levels of light intensity and temperature tested in the five 
o 0 0 

experiments were: 5 kLux/10 C + 10 kLux/20 C + 5 kLux/ 10 C , 

10 kLux/10 °c + 20 kLux/20 °c + 10 kLux/10 °c, 15 kLux/10 °c + 30 kLux/ 

20 °c + 15 kLux/10 °c , 20 kLux/10 °c + 40 kLux/20 °c + 20 kLux/10 °c, 
30 kLux/10 °c + 60 kLux/20 °c + 30 kLux/10 °C . 

Apical portions (approximately 2 mm long) of surface-sterilized 

A. fiZicuZoides fronds were surgically excised, rinsed vigorously in 

several changes of sterile distilled water and transferred to test­

tubes containing 5 mi of sterilized Azolla-I(+N) medium. Each tube 

was examined daily for signs of growth. Those apices which survived 

the treatment and grew were examined microscopically for the presence 

or absence of algal colonies . This process was also repeated with 

2 mm apices from which all the leaves (but not leaf primordia) had 

been removed. All incubations were carried out at 25 °c and at a 

light intensity of 5 k Lux. 

Mature megaspores with attached massulae, collected both i n the field 

and from laboratory cultures , were surface-sterilized with NaOel, 

using the procedure descr ibed above for AzoZZa fronds (Section 7 . 3.1). 

The indusium cap of each megaspore was then gently excised with a 

micro-scalpel and the cluster of algal akinetes at the apex of the 

pseudocellular f l oat structures were carefully scraped away . Ad­

hering algal cells were removed by gentle rinsing in sterile distill ed 

water and each megaspore was transferred to a test-tube containing 

5 mi of sterile Azolla-I( +N ) medium. The tubes were examined daily 

for signs o f megaspore germination. 

(d) Antibiotic treatment 

A modifi cation of the antibiotic treatment used by Nickel l (1958) 

was employed to free A. fiZicuZoides of the e ndophytic alga . Surface­

sterilized fronds were grown on Azolla- I (+N) medium and subjected to 

three consecutive antibiotic treatments I each of one .week ' s duration . 
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During each week-long treatment, the basal medium was supplemented 

with a single antibiotic. At the end of each week, the fronds were 

rinsed with sterile medium and transferred to the next treatment. The 

sequence and concentration of ·antibiotic treatments used was 
- 1 

(a) 25 mg.! Na penicillin G, (b) 4 
-1 

(c) 5 mg.! streptomycin sulphate . 

-1 
mg.f terramycin, and 

After this sequence of treatments, 

each frond was rinsea with sterile medi um and transferred to a 150 mf 

capacity Erlenmeyer flask containing 75 m! of sterile Azolla-I(+N) 

medium. All the flasks were incubated at 25 °c and 5 kLux , and the 

medium was replaced by siphoning at three-day intervals to avoid 

disturbing the plants. 

Alga-free fronds of A. fiZicuZoides were maintained in 500 m! capacity, 

cotton wool-capped Erl enmeyer flasks containing 200 m! of sterile 

Azolla-I(+N) medium . Again, the medium was replaced by siphoning every 

three days to avoid disturbance to the plants. Portions of fronds were 

examined microscopically under phase-contrast illumination for the 

presence of c ontaminating algae and bacteria . 

7 . 3.3 Determination of growth requirements for the 
isolated fern and algal components 

Several series of experiments were carried out to investigate the range 

of environmental and nutrient conditions tolerated by the isolated fern 

and algal components as well as the requirement s for optimal growth . 

Aseptic cultures of the isol ated fern and algal components were grown in 

large phytotrons (described in Section 2.5 . 2.1) and subjected to a wide 

r ange of photoperiods, temperatures and light i ntensities (described below) . 

Nutrient requirements were ascertained by comparing rates of growth on 

different concentrations of a range of media. In these experiments , the 

algae were grown on nitrogen-free media whi le the fern component was 

grown on media containing a source of combined nitrogen. Variations in 

atmospheric conditions within the culture flasks could be achieved by 

altering the ratio of the component gases (N
2

,. 02 ' CO2 ) wih a Matheson 

mode l 665 gas proportioner. These gases were of the highest purity 

available and were obtained from African Oxygen Ltd, Port Elizabeth. 

The ranges of each environmental variable 

OL/24D to 24L/OD; constant temperature: 

tested were: photoperiod: 
o 0 

5 C to 35 C; different day 
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and night (D/N) temperatures (keeping the thermoperiod the same as the 

photoperiod): 10/5 °c to 40/30 °C; light intensity: 1 kLux to 60 kLux; 

pH: 3 to 10. In each experiment , one variable was tested at several 

different levels while the other variables were held constant. In the 

case of photoperiod, several experiments were conducted at a particular 

photoperiod and then repeated when the photoperiod was changed at the 

conclusion of each trial.· 

7.3.4 Recombination of the isolated fern and algal components 

Five methods of recombining the isolated fern and algal components were 

tested in attempts t o reconstitute the symbioti c association . 

Alga- free plants of A. filiculoides and pure cultures of Anabaena 

azollae were grown together in both N- free Azolla-I medium and 

Azolla I medium supplemented wi th 2 mg.t 
-1 

N0
3

-N as NaN03 · The mixed 

cultures were maintained in 1 t capacity Erlenmeyer flasks containing 

500 mt of sterile liquid medium. The flasks were placed on a BUhl er 

rotary shaker (orbit radius 3 cm) and shaken at 15 revolutions per 

minute to prevent sedimentation of the algal filaments. The fern 

fronds were examined at two day intervals for signs of reinfection 

and growth. 

The apical meristem regions of alga-free plants were injected with 

small (5 ~t) quantities of a dense suspension of A. azollae filaments. 

In a second series , 2 ~t of a dense A. azollae suspension were 

injected between each of the upper and l ower leaf lobes nearest the 

apical meristem. Treated plants were transferred aseptically to 

N-free Azolla-I media and checked for signs of growth. 

Alga-free plants growing on Azolla-I(+N) medium were sprayed once a 

day for 10 days with a dense suspension of A. azollae filaments. 

Every second day, samples of the treated fronds were transferred to 

N-free Azolla-I medium and checked for signs of growth . 
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(d) Natural association 

Alga-free plants and symbiotic A. filiculoides plants were grown 
-1 

together on Azolla-I medium supplemented with 2 mg.t N0
3

-N as 

NaNe3 . The addition of the source of combined nitrogen prevented 

the death of alga-free plants . Again, samples of the original 

alga- free plants were removed every two days and examined for signs 
• 

of algal reinfection. 

Mature megaspores of A. filiculoides were surface-sterilized and 

the cluster of A. azollae akinetes removed as described in Section 

7 . 3.2(c). Each megaspore was then gently rinsed in sterile distilled 

water and transferred to a test-tube containing 5 mt of a dense 

culture of A. azollae. The tubes were incubated at 5 kLux and 20 °c 
for three weeks and the megaspores were examined every two days for 

signs of reinfection and germination. 

7.4 RESULTS 

7 . 4.1 Isolation of the fern component 

All att empts to obtain alga-free Azolla plants by modifications of the 

external temperature, light intensity and nutrient concentration were 

unsuccessful . In a few cases (high temperature and high light intensity) 

the A. filiculoides plants died. Otherwise, the plants remained green and 

heal thy though rates of growth and nitrogenase activity were reduced . 

Microscopic e xamination revealed that all these plants contained apparently 

healthy A. azollae col onies within their leaf cavities. 

A few excised apical meristems grew for up to 8 days but then became 

chlorotic and died. All those apices where the leaves had been excised 

died within 3 days. None of the megaspores which had been freed of algal 

cells survived the treatment. 

The use of antibiotic treatments was the mos t successful method and gave 

rise to a lga -free plants of A. filicuZoides. These plants d i d not reduce 

acet ylene and required a source of combined nitrogen for growth since 

without this they died within 10 days on N- free media. The a l ga-free 
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fronds were much more compact than those which contained the symbiotic alga 

(Plate 21a) and grew more slowly . During an 18 month period , none of these 

plants regained their ability to reduce acetylene . Microscopic examination 

of the leaf cavities revealed them to be free of algal cells, but showed 

that bacteria and the secretory hair cells were still present (Plate 21b). 

7.4.2 Isolation and characterization of Anabaena azoZZae 

Initial attempts to isolate A. azoZZae by means of leaf squashes or 

maceration and repeated centrifugation were uniformly negative. Extensive 

bacterial growth occurred in all liquid cultures and the algal cells 

appeared shrunken and discol oured under the microscope. When the process 

was repeated with agar plates containing both simple and complex media, 

only bacterial colonies developed. Liquid and solid media incorporating 

AzoZZa extracts and a variety of gas atmospheres containing different 

concentrations of CO2 and 02 were also unsuccessful in stimulating 

algal growth. 

Successful isolation of A. azoZZae was only achieved with the micro­

manipulation method. Here, only 8 of the original 275 inocula showed signs 

of algal growth after 10 days. The algal cells in these tubes appeared 

pale brownish at first , but after 18 days turned pale green and were 

easily visible to the naked eye. Two of these isolates did not survive 

the heat treatment designed to eliminate bacterial contamination . The 

six surviving isolates, designated as strains RU/PA 1 to 6, were freed of 

residual adhering bacteria by repeated streaking on agar plates and grew 

well on both solid and liquid N-free media. Microscopic examination and 

enrichment tests indicated that all six strains were free of contaminating 

bacteria. 

Morphologically, the six strains of A. azoZZae were identical both in cell 

size and heterocyst frequency. On solid media, each of the six isolates 

had a similar growth form , consisting of characteristically whorled and 

twisted bundles of filaments (Plate 21c). In liquid media , the algal 

colonies tended to aggregate and precipitate, and then adhered to and 

grew along the sides and base of the culture vessel. 
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PLATE 21 : The isolated components of the symbiotic association. 
A: Comparison of symbiotic and alga-free plants of A.filiculoides. After 
six months growth on Azolla-I(+N) medium, alga-free plants are small, compact, 
brittle and chlorotic while the symbiotic plants are larger, darker and 
freely-branching. B: (XSO) LS of alga-free branch apex showing apical 
meristem (am) and empty leaf cavities (c) with secretory cells (sc) and 
pore (p). C: Typical growth form of A.azollae, five days after 
inoculation onto solid media, with aggregated whorls of filaments clearly 
visible. D: (XSOO) Filament of A.azollae after 20 minute treatment with 
triphenyl tetrazolium chloride (TTC) , showing two intercalary 
heterocysts (h) containing conspicuous formazan crystals (f). 
E: (X600) Filament of A.azollae, three months after isolation, showing 
rounded heterocysts (h) and elongated vegetative cells. 

<. 
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All six isolates displayed similar changes in cell size and heterocyst 

frequency during the first three months of culture . Individual cells of 

each isolate enlarged, parti cularly i n length, and heterocyst frequencies 

fell (Table 42). However, despite these changes, the heterocyst fre ­

quencies of the six A. azollae i solates were still 6 to 8 % higher than 

that of free-living Anabaena flos-aquae (Lyngb.) Breb., obtained from the 

algal culture collection· at the National Institute for Water Research , 

C.S .I. R. , Pretoria (Culture Collection No . WR 14). 

TABLE 42 - Morphological changes in isolated Anabaena azollae* 
during the first three months of culture on 
nitrogen-free BG-ll medium 

Time from Vegetative cell s Heterocyst 
isolation frequency 
(days) length width (%) 

(11m) (11m) 

0 7,1 5 , 5 28,3 

10 8 , 7 5 , 8 25 ,1 

30 10,8 6 ,0 20,6 

60 12,0 6,0 18,2 

90 12,5 6,1 17, 9 

[*Data presented here for strain RU/PA 3; 
each value is a mean of twenty 
measurements] 

7.4.3 Growth requirements of the isolated components 

Because of the problems in obtaining sufficient A. azollae material, all 

investigations of the alga's growth requirements could on l y be carried out 

six to nine weeks after the isolation of the alga. A good correlation 

was found to exist between high alga l growth rate and high nitrogenase 

activity (r
2 

= 0 ,92; n = 10). Therefore, to facilitate manipulation of 

the material, nitrogenase activity was used as a measure of the alga ' s 

growth rate. The use of nitrogenase activit y as an indirect measure 

of the growth rat e of free-living nitrogen-fixing blue-green algae has 

been successfully used by stewart (1974). 

} ' 

Where possible, all plant and algal material was acclimatized for at l east 

20 days prior to each experiment (see Secti on 7.3 . 3 for details of the 
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treatments used). When this was impractica l (e.g. severe conditions 

causing death), fern growth rates and algal nitrogenase activity were 

measured four days after initiation of the t reatment. In most cases, only 

four replicates of each treatment were used due to the scarcity of 

material. Algal nitrogenase activity was expressed on the basis of total 

algal chlorophyll a content. Chlorophyll a content was determined, after 

extraction with 90 % ethanol, exactly as advocated by Wintermans and DeMots 

(1965). 

With increasing photoperiod up to 16 hours, fern RGR values and algal 

nitrogenase activity increased (Table 43). At longer photoperiods, the 

fern's RGR continued to increase slowly while the alga's nitrogenase 

activity remained almost constant. In continuous darkness, the fern 

regressed rapidly and the algal nitrogenase activity dropped to zero after 

24 hours. 

TABLE 43 - The effect of increasing photoperiod on the RGR of 
the alga-free fern and the n itrogenase activity of 
A. azollae. (Light intensity: 5 kLux; Temperature: 
20 + 1 °C). [Each value is a mean of four replicates] 

Photoperiod RGR of Nitrogenase activity of A. azollae 
(hours) alga-free fern 

(g.g-1.day-1) 
(nmoles.(mg.chlorophyll)-1.min- 1 ) 

° ° ° 
2 0,009 15,2 

4 0,015 26,7 

8 0,029 54,0 

12 0 ,055 71,3 

16 0,072 80,1 

20 0,080 84,9 

24 0,085 87,8 

When grown under conditions of constant temperature, both the alga-free 

fern and A. azollae showed maximum RGR values (or nitrogenase activity) 

over a rather narrow temperature range (Table 44). The optimum temperature 

for growth of the a lga-free fern was approximately 20 oC, while the optimum 

temperature "range" for A. azollae was between 20 and 25 °C. An interesting 
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feature of the degree of temperature tolerance shown by the two organisms 

was that A. azoZZae could tolerate a wider range of temperatures than the 

alga-free fern . Temperatures above 20 °c and below 10 °c caused a rapid 
o 0 

decrease in the fern's RGR, with zero growth recorded at 5 C and 30 C. 

In contrast, A. azoZZae still demonstrated measura ble nitrogenase activity 
000 

at 5 C and 30 C, but died a t 35 C. 

TABLE 44 - The effect of different temperatures on the RGR of 
the alga- free fern and the nitrogenase activity of 
A. azoZZae. (Photoperiod: 16L/8D; Light inten­
sity: 5 kLux). [Each value is a mean of four 
replicates] 

Temperature RGR of Nitrogenase activity of A. azoZZae 
(oC) alga-free fern (nmoles.(mg . chlorophyll) -1. min- 1) 

(g.g-1.day-l) 

5 ° 5,6 

10 0,014 34,4 

15 0 , 059 57,9 

20 0 , 076 81,8 

25 0 ,034 82,2 

30 ° 20,7 

35 ° ° 

When A. azoZZae and the alga-free fern were grown under a fluctuating day 

and night temperature regime (Table 45), the thermoperiod was set to 16L/8D 

to correspond with the photoperiod used. Here, both organisms were able to 

tolerate slightly higher maximum (day) temperatures (Table 45). Maximum 
-1 -1 

growth (0,079 g.g .day ) of the alga-free fern was recorded at a 

day/night temperature 

10/5 °c and 35/25 °C. 

o 
range of 25/15 C, and zero growth was recorded at 

The highest A. azoZZae nitrogenase activity 
-1 -1 

(87,3 nrnoles C
2

H
4 

produced (rng chlorophyll) . min ) was measured at a 

day/night temperature of 30/20 °C. Above this level, and below 15/5 °C, 

nitrogenase activity decline d dramatically. However, low nitrogenase 
-1 -1 

activity values (2,1 nmoles C
2

H
4 

produced (mg chlorophyll) .min ) were 

still recorded at 40/30 °C. 

Both the RGR of the alga-free fern .and the nitrogenase activity of A. 

azoZZae were suppressed by high light intensities (Table 46) . with 
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increasing light intensity, the fern's RGR increased to a maximum at around 

10 kLux, and then declined to zero at 60 kLux. Algal nitrogenase activity 

was relatively high at the lowest light intensity used and increased 

to a maximum at 5 kLux. With higher light intensities, the algal nitro­

genase activity declined to zero at 30 kLux. 

TABLE 45 - The effects of' different day and night temperatures 
on the RGR of the alga-free f~rn and the nitrogenase 
activity of A. azoUae: (Photoperiod and thermo­
period: 16L/8D; Light intensity: 5 kLux) . [Each 
value is a mean of four replicates] 

Day/night RGR of 
temperatures alga-free fern 
(OC) (g . g-1.day-1) 

10/5 ° 
15/5 0,011 

20/10 0,048 

25/15 0,079 

30/20 0,032 

35/25 ° 
40/30 ° 

Nitrogenase activity of A. azoZZae 
(nmoles. (rng.chlorophyll)-1. min- 1) 

23,3 

47,2 

69,1 

80,5 

87,3 

25,2 

2,1 

TABLE 46 - The effect of increasing light intensity on the RGR 
of the alga-free fern and the nitrogenase activity 
of A. azoZZae. (Photoperiod: 16L/8D; Temperature: 
20 OC). lEach value is a mean of four replicates] 

Light RGR of Nitrogenase activity of A. azoUae 
intensity alga-free fern (nmoles. (mg. chlorophyll) -1 .min- 1 ) 
(kLux) (g .g-1.day-1) 

1 0,013 23,9 

2 0,039 67,8 

5 0,070 79 , 8 

10 0,072 39 , 9 

15 0,061 11 ,2 

30 0,030 ° 
45 0,006 ° 
60 ° ° 



- 244 -

Light quality mark~dly affected both the fern's RGR and the alga 's 

nitrogenase activity (Table 47). The RGR values and nitrogenase activity 

in- green light, though only 25 % and 42 % respectively of the control (white 

light), were considerably higher than the corresponding values for both red 

and blue light. Blue light alone was clearly unsuitable for both the fern 

and A. azollae and resulted in the death of the fern after six days. 

TABLE 47 - The effect of light quality on the RGR of the alga-free 
fern and the nitrogenase activity of A. azollae. (Photo­
period: 16L/8D; Light intensity: 5 kLux; Temperature: 
20 0 e). [Each value is a mean of four replicates] 

Filter RGR of Nitrogenase activity of A. azollae 
transmission alga-free fern (nmoles. (mg.chlorophyll)-1.min- 1) 
maxima (nm) (g.g-1.day-1) 

White (400-700) 0,074 81 ,4 

Red (655) 0 ,004 2 ,9 

Green (530) 0,019 34 ,5 

Blue (450) 0,001* 1,0 

[* measured over first four days] 

Algal nitrogenase activity was highest within the pH range 7 ,0-8,0 

(Table 48). At pH 6,0 the activity was 51 % of the maximum and decreased 

further with decreasing pH until at pH 4,0 it was only 5 % of the maximum. 

Above pH 8,0 algal nitrogenase activity declined dramatical l y. When 

grown at pH 3,0 and 10,0 the algal cultures died within three days. 

Maximum RGR values of the alga-free fern were recorded within the pH 

range 6,0-7,0. RGR val ues at pH 5,0 and pH 8 ,0 were 84 % and 69 % 

respectively of the maximum. Outside of this pH range, the fern's RGR 

dropped rapidly. At both pH 3 ,0 and 10,0 the alga-free fern died within 

four days. 

Both the alga-free fern and A. azollae were highly sensitive to changes 

in the nutrient concentration of the external medium (Table 49). The 

highest fern RGR values and algal nitrogenase activity were measured in 

full-strength (i.e. normal) medium, trough half-strength media decreased 

RGR values and nitrogenase activity below the rates in normal medium by 
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only 7 % and 4 % respectively. The alga-free fern RGR values and algal 

nitrogenase activity were extremely low at both high (4 X) and low 

(1/8 X) nutrient concentrations. At four times the normal medium 

concentration , both the alga-free fern and A. azoZZae died within seven 

days. 

TABLE 48 - The effect of different culture pH on the RGR of the 
alga-free fern'and the nitrogenase activity of 

Culture 
pH 

3 

4 

5 

6 

7 

8 

9 

10 

A. azoZZae . (Photoperipd: 16L/8D; Light intensity: 
5 kLux; Temperature: 20 0C). [Each value is a mean 
of four replicates] 

RGR of Nitrogenase activi ty of A. azoZZae 
alga- free fern 
(g.g-l.day-l) 

(nmoles.(mg.chlorophyll)-1.min-1 ) 

0 ,001* 0,1 ** 

0,021 3,8 

0,068 19 ,2 

0 ,079 41,6 

0,081 79,3 

0,056 81 ,0 

0,021 24,5 

0,001* 0, 1** 

[*measured over f irs t two days; ** measured on second day] 

TABLE 49 - The effects of nutrient concentration (i.e. medium 
strength) on the RGR of the alga-free fern and the 
nitrogenase activity of A. azoZZae. (Photoperiod: 
16L/8D; Light intensity: 5 kLux; Temperature: 
20 OC ; pH: 7,0). [Each value is a mean of four 
replicates] 

Medium RGR of Nitrogenase activity of Aa azoUae 
strength alga-free fern 

(g.g-l. day-l) 
(nmoles. (mg.chlorophyll)-1.min-1 ) 

1/8 X 0,013 8 ,6 

1/4 X 0,044 50,5 

1/2 X 0,081 88 ,9 

1 X 0,087 92 ,6 

2 X 0,053 36 ,1 

4 X 0,008" 2,4** 

[*rneasured over first four days; "" measured on fourth day ] 
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The alga-free fern and A. azollae responded differently to changes i n 

atmospheric oxygen concentration (Table 50). In this experiment the two 

levels of oxygen concentration chosen (1 % and 20 %) were selected so 

as to represent microaerophilic (1 % 02) and aerobic (20 % 02) conditions. 

These 02 concentrations were achieved by altering the proportions of 

the three atmospheric gases used (N2 , 02' CO2 ) with a Matheson model 665 

gas proportioner. The highest fern RGR values were recorded at an 02 

concentration of 20 %. At higher D2 levels, the fern's RGR remained 

constant. However , with decreasing 02 concentrations there was a de­

crease in the fern's RGR which registered 22 % of the maximum at an 02 

level of 1 %. The highest algal nitrogenase activity was measured at 

the lowest 02 level used (1 %) . Nitrogenase activity decreased as the 02 

level increased, stabilizing at 02 levels close to normal atmospheric 

concentrations. However, an 02 level of 30 % caused a further reduction 

(70 % of maximum value) in nitrogenase activity. 

TABLE 50 - The effects of atmospheric oxygen content on the RGR 
of the alga-free fern and the nitrogenase activity of 
A. azollae . (Photoperiod: 16L/8D ; Light intensity: 
5 kLux; Temperature: 20 oc; pH: 7 , 0) . [Each 
value is a mean of four replicates] 

Oxygen 
concentration 
( %) 

1 

2 

5 

10 

15 

20 

25 

30 

RGR of 
alga-free fern 
(g.g-l .day-ly 

0,018 

0,035 

0 , 049 

0,069 

0,078 

0 , 083 

0,080 

0 , 08 1 

Nitrogenase activity of A. azollae 
(nmoles. (mg.chlorophyll)-1. min- 1) 

105,7 

93 , 4 

87,8 

84,1 

80 , 3 

78,6 

80,2 

70,9 

The alga- free fern was found to be incapable of heterotrophic growth i n 

the dark. On each attempt, when an exogenous carbon source (fructose, 

• sucrose or g lucose) was supplied, the~ cult~res were eventually over-run 

by bacterial contamination and the alga- free fern material died . 
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Isolated A. azol.l.ae was capable of heterotrophic growth in the dark 

for a period of up to four days after which growth declined. In the dark, 

the alga demonstrated marked responses to different carbon sources 

(Table 51). Under both aerobic (°
2

; 20 %) and microaerophilic 

(02 ; 1 %) conditions, additions of glucose or sucrose had equally in­

hibitory effects when compared to autotrophic control cultures. In con­

trast, the addition of fructose increased aerobic algal nitrogenase 

activity by 23 % and microaerophil~c rates by 85 % relative to the control 

cultures. The rates shown in Table 51 were measured on the second day 

after initiation of cultures. The fructose -grown algal nitrogenase 

activity dropped to approximately the same as the control values after 

six days. Cultures grown on glucose and sucrose died on day five. 

TABLE 51 - The effects of different carbon sources* on A. azol.l.ae 
nitrogenase activity (nmoles C2H4 (mg chlorophyll) -l.min- l ). 
in the dark under aerobic (02 ; 20 %) and microaerophilic 
(02; 1 %) conditions . (Temperature: 20 oC; pH: 7,0). 
[Each value is a mean of four replicates] 

Oxygen Carbon source Control 
concentration (autotrophic) 

Glucose Fructose Sucrose 

1 % 60,8 151,2 61,4 97,3 

20 % 50,7 100,8 50,2 81,9 

[* Final concentration was 0,2 % for each carbon source used] 

7.4.4 Recombination of the components 

All attempts to reconstitute the symbiotic association by combining the 

isolated fern and algal components were unsuccessful. In the case where 

alga-free plants were sprayed with a suspension of A. azol.l.ae filaments 

each day, a few alqal filaments survived as epiphytes between the leaf 

bases. No algal cells were incorporated within the leaf cavities when 

alga-free plants were grown with e ither symbiotic plants or with cultured 

A. azo1. l.ae . Alga-free plants were very brittle and fragmented easily 

during the shaking treatment necessary to prevent sedimentation of the 

algal filaments. The alga-free plants also fragmented and died when 

cultures were bubbled instead of shaken to maintain an algal suspension. 

None of the alga-free megaspores became "reinfected" with A. azol.l.a, and 

all megaspores died within two weeks. 
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Injection of a suspension of A. azollae into the fern's apical meristematic 

region caused rapid necrosis and death of the stem apex. The rest of the 

stem was unaffected and lateral branches grew normally. Anabaena azollae 

cells injected into the space between upper and lower leaf lobes were 

unable to enter the leaf cavity and remained between the leaf lobes for 

two to three days before becoming desiccated and dying. When these two 

injection treatments were' repeated with freshly isolated (but non-axenic) 

A. azollae , the results were also uniformly negative. Again", stem apices 

became necrotic and algal cells between the leaf bases did not enter the 

leaf cavities. 

7.5 DISCUSSION 

The successful isolation and culture of the component organisms in the 

Azolla filiculoides-Anabaena azollae symbiosis reported in this study is 

an important step in understanding the interactions between the organisms 

and the mechanisms of the symbiotic association. 

The use of surface-sterilized material and sterile micromanipulation 

techniques ensured that only a lgae from A. filiculoides leaf cavities were 

isolated in this investigation. Though this procedure is extremely tedious, 

the possibility of epiphytic algal contamination is eliminated. Several 

earlier reports of successful A. azollae isolation and growth (Vouk and 

Wellisch, 1931; Huneke, 1933; Shen, 1960; Venkataraman, 1962) are 

suspect because non-sterile Azolla material was used. 

The successful process for isolating A. azollae from A. filiculoides 

reported here has selected for autotrophic nitrogen-fixing strains capable 

of in vitro growth . These cell forms reportedly form only a small pro­

portion of the total A. azollae population within an Azolla frond (Hill, 

1975, 1977; Newton and Herman, 1979). The low number of successful 

isolates obtained here suggests that most of the algal population within 

A. filiculoides.may be incapable of sustained growth. The varied morpho­

logy of A. azollae cells within A. filiculoides leaf cavities, often 

consisting of moribund and thick-walled resting cells, especially in the 

older leaves (Section 4.4.4), supports this hypothesis. Further support 

is provided by the recent report that' massive algal inocula ( > 10
7 

cells/m£) 

were necessary for successful isolation of A. azollae (Newton and Herman, 
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1979). Several authors have reported that A. azollae can be isolated from 

Azolla plants but that the alga did not survive longer than a few days in 

culture (Shields and Durrell, 1964; Lang, 1965; Peters, 1975, 1976; 

Hill, 1975; Singh, 1977a). This failure , ascribed to bacterial con­

tamination or the lack of suitable media, has been a major obstacle to 

elucidating the mechanisms of the symbiosis. 

During this study, most attempts to isolate and culture A. azollae were 

unsuccessful due to excessive bacterial contamination. The leaf cavities 

of A. filiculoides contain numerous bacteria (Section 4 . 4.1) , a feature 

common to other species of Azolla (Venkataraman, 1962; Weiringa, 1968; 

Peters and Mayne, 1974b) . . These bacteria are predominantly aerobes (Peters 

and Mayne, 1974b) and Fisher et al . (1980) have shown them to be mainly 

coryneform bacteria. In the isolation procedure employed here, all non ­

sporing bacteria were killed by heat treatment as advocated by Weiringa 

(1968). Residual slow-growing, spore-forming (or heat-resistant) 

bacterial strains which survived this treatment were eliminated by repeated 

streaking of sub-cultures on solid media. 

In this investigation, the N- free modification of the inorganic BG-l1 

medium designed by Stanier et al. (1971) was found to be suitable for the 

isolation and culture of A. azollae. Newton and Herman (1979) also used an 

N-free variation of this medium for their isolation of A. azollae and 

observed that the provision of an organic carbon source in the isolation 

medium led to overwhelming bacterial growth and the subsequent death of the 

algal cells. This feature was also cited by Peters and Mayne (1974b) as 

the main reason for their lack of success in isolating A. azollae. Leaf 

squash techniques and those involving maceration and centrifugation of 

whole Azolla fronds which involve the transfer of organic compounds to the 

isolation medium can therefore be expected to have a high failure rate due 

to bacterial contamination. 

Successful removal of A. azollae from the leaf cavities of A. filiculoides 

with antibiotic treatments has confirmed the earlier studies of Nickell 

(i958), Walmsley et al. (1973) and Peters and Mayne (1974a, b). The 

presence of bacteria (observed by light microscope, phase-contrast 

i llumination) within the leaf cavities of the alga-free fern indicates 

that the bacteria had either recolonized the mucilage or were apparently 
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unaffected by the antibiotic treatments, in contrast to the observations 

reported by Nickell (1958). The alga-free fern requires a source of 

combined nitrogen (N0
3

-N or NH
4

-N) in the medium and was maintained in 

culture for over 18 months without excessive bacterial growth. However , 

the possibility that the antibiotic treatments alter some aspect of the 

fern's metabolism cannot be excluded. 

The reports by Huneke (1933), Schaede (1947) and Hill (1975) that alga-free 

ferns could be obtained by subjecting Azolla plants to sudden changes in 

their environment (e.g . light intensity and temperature) were not confirmed 

in this study. This feature points to the possibility that the endo­

symbionts found in different species and varieties of Azolla may in fact be 

physiologically distinct varieties. This might account for the different 

degrees of success in isol ating and culturing A. azollae that have been 

reported (Moore , 1969; Lumpkin and Plucknett , 1980) . However , the 

results of thi s study indicate that A. azollae and the a l ga-free A. fili­

culoides plants do have different growth optima. Therefore , this type of 

approach , i.e. providing an environment which effectively favours one of 

the partners in the symbiosis, may well work under certain conditions and 

deserves further investigation. In this regard , the controlled environment 

studies have indi cated that the fern and algal components are possibly more 

sensitive to envi ronmental extremes than the symbiotic association s i nce 

optimal fern RGR values and algal nitrogenase activity are only recorded 

within a rather narrow range of each environmental variable' tested . I n 

addition , A. azollae often tolerates a much wi der range of conditions than 

the a l ga- free fern . Under all conditions tested , the RGR values of t he 

alga-free fe r n are considerably l ower than those measured for the intact 

association. 

Both the RGR of the alga- free ~ern and nitrogenase activi ty by A. azollae 

are dependent on temperature . When day and n i ght temperatures are kept 

constant, the temperature range permitting the highest RGR and nitrogenase 

activity values (20- 25 .
o

C) is identical to that found for the i ntact 

association at low light intensities. However, the total temperature r ange 

tolerated by the alga- free fern i s much narrower than that recorded for the 

intact association (Secti on 5.3 . 2) o~A. azollae. Thus , removal of the 

alga resu l ts i n a l ower temperature to l eranc e in the alga- free fern . 
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When the isolated organisms are grown with a 10 DC temperature differential 

between nocturnal and diurnal temperatures, their respective RGR and 

nitrogenase activity values are similar to those recorded under constant 

temperatures. However, both A. azollae and the alga-free fern tolerate 

higher diurnal and lower nocturnal temperatures. Rodgers (1978) recorded a 

similar temperature range for nitrogenase activity in both the isolated 

Nostoe and the intact Nostoe- Blasia pusilla association. 

In isolated A. azollae, nitrogenase activity is low at pH levels below 7,0. 

This feature is shared by many free-living heterocystous blue-green algae 

which rarely grow or fix nitrogen at pH levels below 6,0 (Jurgensen and 

Davey, 1968; Dooley and Houghton, 1973) and endophytic Nos·toe isolated 

from Blasia thalli (Rodgers, 1978). However, in common with the Nostoe­

Blasia association, A. azollae in the intact Azolla association can reduce 

acetylene over a ,wide pH range. Therefore, within the leaf cavities of the 

intact Azolla-Anabaena association, the algal colonies must be buffered 

from the e ffects of low external pH. Rodgers (.1978) has postulated that 

the Nostoe cells in the Nostoe-Blasia association might be buffered 

from the effects of low external pH either by the mucilage in the algal 

cavities or by the cells of the liverwort host surrounding the cavities. A 

similar situation has been reported for the moss Sphagnum, where intra­

cellular Nostoe filaments in the leaves are protected from low external pH 

(Granhall and Selander, 1973). This protective buffering effect is 

beneficial to the endophytic alga, and to the host plant, since it allows 

the alga to fix nitrogen over a ,.,ider range of external pH. 

The sensitivity of both A. azollae and the alga-free fern to high nutrient 

concentrations (> 200 mg.~-l) is similar to that exhibited by the intact 

fern-alga association. This sensitivity appears to be due to an osmotic 

effect since the algal cells become discoloured, shrunken and die whilst 

the alga-free ferns appear shrivel~d and chlorotic. , 

The successful culture of sterilized (Anabaena-free) apical meristems of 

Azolla reported by Duckett et al. (1975 ~ was not confirmed in this study. 

Theoretically, the use of such tissue-culture t echniques should be 

entirely feasible and would thus eliminate the possible side-effects of 

treatments with antibiotics. Indeed, Duckett et al. (1975~) indicated that 
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their technique produced "vigorous vegetative plants within two to three 

weeks". In the present investigation, the sterilization procedure could 

well have been too severe, since the treated apices became necrotic and 

died. Microscopic examination of alga-free megaspores which had failed to 

germinate indicate that this failure was due to mechanical damage of the 

megaspore. Despite the lack of success in this study, the above two 

methods show promise as pbssible methods of obtaining alga- free Azolla 

plants and should be further investigated . Ideally , these techniques would 

produce healthy, vigorously-growing plants whose metabolism has not been 

affected by chemical treatments. However, in order to produce axenic 

(bacteria-free) cultures of alga-free Azolla plants, some method would have 

·to be devised to remove the bacteria from the fern 1 s leaf cavities . 

The isolated A. azollae is capable of growth on media lacking a source of 
to 

combined nitrogen and is also able rapidlYAreduce acetylene to ethylene 

whereas the alga- free fern requiresa source of combined nitrogen for growth 

and is unable to reduce acetylene. Sub-cultures of the contaminating 

bacteria, isolated from A. filicuZoides leaf cavities , are also unable to 

reduce acetylene. These observations further confirm that A. azollae is 

the nitrogen- f i xing organism within the symbiotic association. An earlier 

report (Bottomly, 1920) that bacteria are responsible for nitrogen fixation 

in the symbiosis is possibly due to contamination and a lack of knowledge 

regarding algal nitrogen fixation. 

The results from this study provide evidence that A. azollae is capabl e of 

heterotrophi c growth in the dark and confirm the observations of Newton and 

Herman (1979). In agreement with the resul ts presented here, these two 

authors showed negligible dark heterotrophic growth on glucose. Earlier 

workers have demonstrated dark heterotrophic growth and nitrogen fixation 

by isolated endosymbiotic blue- green algae (Hoare et al. , 1971, Fogg et 

al., 1973, Stewart and Rodgers, 1978) . The results from this study also 

infer that nitrogenase activity in A. azollae might be a preferentially 

heterotrophic process which depends on the fern for supplies of carbo­

hydrate. This hypothesis is consistent with the observations of Peters and 

Mayne (1974b) and the data shown previously (Section 5.3.1), that dark 

nitrogenase activity in the intact a~sociation is dependent on previ ous 

light treatment s. During this investigation , a variety of nitrogen forms 



- 253 -

were tested as to their suitability for sustaining the growth of the alga­

free fern and A. azollae. These results are reported in detail in the next 

chapter of this thesis. 

Oxygen has been shown to inhibit nitrogen fixation both in free-living 

blue-green algae (Stewart and Pearson, 1970) and endophytic A. azollae in 

the intact association (Peters and Mayne, 1974b). In the present study, 

the nitrogenase activity of isolated A. azotZae filaments increases under 

microaerophilic conditions, confirming the sensitivity of the algal 

nitrogenase to °
2

- However, the mechanisms whereby AzalIa could maintain 

low 02 tensions within its leaf cavities are not known at present. 

Since photosynthe.sis is either directly or indirecly the source of 

reductant and ATP required by nitrogenase in blue-green algae (Stewart, 

1974), light intensity affects both the intact Azolla-Anabaena association 

and isolated A. azollae. In the laboratory, the optimal light intensity 

for nitrogenase activity in A. azollae is lower than that required to 

saturate nitrogenase activity in the intact .association (Section 5.3.2). 

At light intensities approaching full daylight, A. azollae cells become 

discoloured and soon die, possibly due to photo-oxidation. Thus, in the 

intact association, the Azolla leaf cavity provides a degree of physical 

protection for the alga from high light intensities. This would be 

especially important if A. Azolla is as susceptible to photo-oxidation as 

several other blue-green algae (Abelovitch and Shilo, 1972). A similar 

proposal has been put forward to account for the protective effects of 

Blasia thalli on their endophytic blue-green algae (Rodgers, 1978). The 

original suggestion by Peters and Mayne (1974a), that the fern leaf may 

modify the quality of light incident on the alga in the intact association, 

is therefore supported by results obtained during this study. The enhanced 

A. azollae nitrogenase activity under green light, as compared with either 

red or blue light, corresponds with the results obtained using the intact 

association. This suggests that the chlorophyllous upper paltisade layer " 

of the Azolla dorsal leaf lobe may act as a green filter and that A. azollae 

is chromatically adapted (De Marsac, 1977) to utilize this light wave-

length. Ray et al. (1979) and Tyagi et al. (1981) have recently shown that 

the pigmentation of A. azollae complements that of the fern, absorbing 
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light in that portion of the visible spectrum where absorption by the fern 

pigments is minimal. They also showed that endophytic A. azoZZae contained 

several phycobiliproteins (notably phycocyanin and phycoerythrin) whose 

light absor~tion maxima are ideally suited to utilize this incident light 

and thereby supply energy for nitrogen fixation. However, in this context, 

it must be borne in mind that A. azoZZae populations wi thin AzoZZa leaf 

lobe cavities have very hlgh heterocyst frequencies. Fogg et aZ. (1973), 

who worked on free-living species of blue-green algae , reported that 

heterocysts lack photosystem II and that virtual l y all of the reduced 

carbon compounds and energy required for nitrogen fixation were provided by 

the vegetative cells. The recent studies of Ray et aZ. (1979) and Tyagi et 

aZ. (1981) have confirmed that the same situation exists in A. azoZZae. 

However, these authors point out that the relatively l ow numbers of 

vegetative cells would probably be unable to supply all of the energy and 

carbon skeletons required by the heterocysts to maintain the high rates of 

.nitrogenase activity that have been recorded. Though this evidence is 

indirect, it does l e nd weight to the hypothesis that nitrogen fixation in 

A. azoZZae may be preferentially a heterotrophic process. 

Previous attempts to recombine A. azoZZae and alga- free AzoZZa have always 

been unsuccessful (Huneke , 1933; Bortels , 1940). In this study, attempts 

to reconstitute the symbiotic association by combining the isolated fern 

and algal components , and thereby fu l fil all of Koch ' s postulates , were 

al so unsuccessful . This failure coul d be due to either one or a com­

bination of the following reasons: 

(a) an unsuitable method of recombining the components , 

(b) the isolated a l ga is not in fact A. azoZZae , 

(c) the isolated alga i s A. azoZZae , but in vitro culture has caused some 

physiological change to the alga, and 

(d) antibioti c treatments have altered the alga- free fern's physiology. 

Successful recombination of the two GOmponents entails the incorporation o f 

the alga into the fern's leaf cavities , followed by the resumption of 
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symbiotic growth. Because alga-free ferns are compact with closely­

adpressed leaves, this is extremely difficult to achieve, particularly in 

the case of o l der leaves, without damaging the fern host. On morpho­

logical grounds, if the fern I 5 apical meristem can be "infected" with the 

alga, normal fern leaf development will automatically incorporate algal 

cells into the leaf cavity . Since the fern's apical meristem curves 

upwards, away from tbe water surface, the failure of dual liquid culture 

attempts are not unexpected. Micromanipulation and micro-injection 

techniques to infect the fern apex with algal cells are therefore the most 

promising methods to use. The consistent failure of these techniques in 

this study, as well as those methods employing surface sprays of algal 

cells , point to incorrect methodology. These techniques should therefore 

be refined before future recombinations of the fern and algal components 

are attempted. 

Several authors (e.g. Bortels, 1940; Moore,1969; Lumpkin and Plucknett, 

1980) have postulated that , due to poor techniques, the isolated alga may 

not have been A. azoZZae. In this study, sterile micromanipulation 

techniques were used to isolate the alga directly from the fern's leaf 

cavities. This feature , combined with the morphological evidence (cell 

dimensions, heterocyst frequencies) and physiological evidence (hetero­

trophic ability, patterns of nitrogenase activity in response to environ­

mental stimulii) , strongly suggest that the alga isolated from A. fiZi­

cuZoides in this study is indeed A. azoZZae . However, the ultimate 

identification of the alga as an A. azoZZae strain will require its 

successful re-introduction into alga-free AzoZZa plants and the resumption 

of symbiotic growth. 

The nature of the isolation process used in this study selected for 

nitrogen-fixing autotrophic strains of A. azoZZae capable of growth in 

vitro. This feature, combined with the very low number of successful 

isolates, indicates that only a very small proportion of the ori ginal 

population could survive and grow under these conditions. The morpho­

logical changes demonstrated by isolated A. azoZZae during the first few 

months of in vitro culture imply simultaneous alterations in physiological 

capabilities (Ray et aZ ., 1979). The temporal changes in cell dimensions 
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follow a pattern of enlargement similar to that recorded during natural 

aging of A. azollae in the intact association (Section 4.4.4). Hill (1975, 

1977) has shown that these morphological changes accompany changes in 

nitrogenase activity and metabolism. However, the decreased heterocyst 

frequency shown in aging cultures of isolated A. azollae may be a response 

to conditions in the external medium. Therefore, the possiblity that the 

isolated A. azollae is physiologically distinct from the algae within the 

symbiosis cannot be excluded. 

Because of the antibiotic treatments used in removing A. azollae from the 

fern, it is quite possible that some aspect of the alga-free fern's 

physiology was altered. Although microscopic examination revealed no 

noticeable anatomical changes in the fern, the removal of the alga clearly 

has a pronounced effect on the fern's metabolism since even under optimal 

conditions on a combined nitrogen source the growth rate of the alga-free 

plant is much lower than that of the intact association. Rodgers and 

Stewart (1977) and Stewart (1978) have clearly demonstrated the highly 

specific nature of symbiotic associations between blue-green algae and 

eukaryotic organisms. The mechanisms of this specificity are unknown at 

present, but one of the factors involved might be the presence of lectins 

(sugar-binding proteins). These lectins and their glycoconjugate receptors 

have been implicated in cellular recognition and adhesion in Rhizobia­

legume interactions and lichen symbioses (Schmidt, 1979; Lockhart, Rowell 

and Stewart, 1978). More recently, Kobiler, Cohen-Sharon and Tel-Or (198 1) 

have shown that isolated A. azollae possesses a l ectin loosely bound to the 

cell and that the fern contains a highly specific endogenous receptor . 

Further investigation is needed in this fie l d to determine whether or not 

systematic differences exist between A. azollae strains isolated from 

different species of Azolla. 

The Azolla-Anabaena association can be cal l ed a true symbiosis since 

both of the partners derive some degree of benefit from the association. 

Evidence gained from this and other studies indicates that what at first 

might appear to be a rather simple association is, in fact, highly 

complex, with morphological, physiological and biochemical modifications 

and recognition mechanisms, all beingfinvolved as the association 

(' develops. Thus, the development of processes to successfully isolate and 
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recombine the two organisms is an important step in the study of the 

symbiotic association. In this study it was found to be relatively 

easy to produce alga-free plants of A. filiauloides but considerably more 

difficult to isolate A. azollae . However, despite the ability of the 

fern and the alga to exist separately in culture, it is obvious that for 

normal growth, the fern relies heavily on the presence of the alga. 

Therefore, the controversy that exists about the fern-alga association 

and the inter- relationships between the two organisms will continue until 

the two organisms have been successfully recombined in vitro. 
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CHAPTER 8 

NITROGEN ASSIMILATION AND METABOLISM 

B. l INTRODUCTION 

In the AzoZZa- Anabaena azoZZae symbiosis, nitrogen plays a fundamental role 

in both metabolism and growth (Ashton and Walmsley, 1976). Because of the 

nature of the symbiotic association, AzoZla plants are abl e to utilize two 

major pathways of nitrogen assimilation (Holst and Yopp, 1979b). These are 

absorption of combined nitrogen sources from an aqueous medium by the 

AzoZZa host and fixation of atmospheric nitrogen by the Anabaena symbiont. 

Both of these processes can be utilized independently to fulfil the total 

nitrogen requirements of the symbioti c association (Ashton and Walmsley , 

1976). However, the total nitrogen content assimilated by the symbiosis 

under natural conditions woul d normally be the sum of the functi oning of 

these two processes. 

Although AzoZZa plants may take up combined nitrogen in a variety of forms, 

the main nitrogen sources absorbed under natural conditions are ammonium 

and nitrate ions. Both of these ionic nitrogen forms are readily 

absorbed, though high concentrations of ammonium ions can become toxic and 

inhibit plant growth (Moore, 1969). Within the plant , absorbed nitrogen 

can only be incorporated into organic forms when it is in the reduced form , 

ammonium (Haynes and Goh, 1978) . Thus, ammonium ions may be incorporated 

directly while nitrate ions must first be reduced to ammonium before 

assimilation can take place~ This reduction of nitrate occurs in two steps 

and is catalysed by the enzymes nitrate reductase and nitrite reductase 

(Haynes and Goh, 197B). 

Fixation of atmospheric nitrogen via the a l gal symbi ont i s accomplished by 

the nitrogenase enzyme complex and, as in the nitrate-nitrite reductase 

system, the ultimate product is ammonia (Moore, 1969). Feedback inhibition 

by this product has been noted for both enzyme systems (Peters et aZ. , 

1977). Therefore, the functioning of one system can inhibit the activity 

of the enzyme(s) of the other system . 
• 
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Several well-documented laboratory studies have separately demonstrated 

the capability of the phycobiont to fix atmospheric nitrogen and the 

presence of the nitrate- nitrite reductase system in the Azolla host (e.g. 

Peters et al., 1977; Holst and Yopp , 1979b). However, conclusions as 

to the inter- relationships of these two assimilatory pathways have mostly 

been based on studies using unnaturally high concentrations (mg . £-l) of 

combined nitrogen (Moore, ' 1969) . The applicability of these findings to 

the conditions pertaining to natural populations of Azolla is often 

tenuous. 

The field and laboratory studies carried out during this investigation 

were designed to : 

(a) demonstrate the presence of the two main nitrogen assimilation 

pathways in the Azolla filiculoides - Anabaena azollae symbiosis, and 

their location in the individual symbionts, 

(b) elucidate the effects of the major environmental variables on the 

two processes and evaluate the efficiency of each process as a means 

of providing the symbiosis with its nitrogen requirements, and 

(c) assess the significance of the two nitrogen assimilati on pathways 

to natural populations of Azolla filiculoides. 

8.2 Literatur e review 

Since the endosymbiotic alga Anabaena azollae has been found in all Azolla 

species (Lumpkin and Plucknett, 1980), the nitrogen metabolism and the 

inter-relationships between fern and alga are probably very similar in 

each species. Therefore, information derived from other AzalIa species 

can contribute to our understanding of the situation in A. filiculoides. 

The Azolla-Anabaena association can obtai n nitrogen by nitrogen fixation, 

by absorption from an aqueous medium or by a combination of the two 

processes (Peters et al., 1976, 1977). Despite a decrease in nitrogenase 

activ ity when grown with a source of combined nitrogen (Walmsley et al. , 

1973; Peters and Mayne, 1974b), Azolla plants do not lose their ability 

to fix atmospheric nitrogen even after six to seven months growth on a 

medium containing combined nitrogen (Peters and Mayne, 1974b). However, 
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under ideal laboratory conditions, AzoLla plants register maximum values 

of RGR and nitrogenase activity on a nitrogen-free medium (Peters et al. , 

1976, 1977). Therefore, Azolla can more efficiently fulfil its nitrogen 

requirements by fixing atmospheric nitrogen. 

Indirect evidence for the fixation of nitrogen by symbiotic Azolla plants 

has been provided by expe~iments in which the intact association was grown 

in nitrogen-free nutrient solutions and increases in plant nitrogen con­

tent determined by Kjeldahl analysis (Oes, 1913; Mameli and Pollacci, 

1914; Bortels, 1940; Saubert, 1949; Johnson et al., 1966; Moore, 1969; 

Twyman and Ashton, 1972). Definite proof that A. azollae is the agent of 

nitrogen fixation in. the association has only recently been provided, 

using the acetylene reduction assay (Walmsley et al., 1973; Peters and 

Mayne, 1974b; Peters, 1975, 1976; Newton, 1976) . Both the fern-alga 

association and the isolated alga are able to reduce acetylene, whereas 

the alga-free fern can not, nor can it sustain growth on a nitrogen-free 

medium (Walmsley et al., 1973; Peters and Mayne, 1974b; Peters, 1975, 
15 

1976; Newton, 1976). Subsequent studies utilizing N2 have confirmed 

and amplified these findings (Peters et al., 1977; Kaplan and Peters, 1981). 

The implication of the algal syw~iont as the actual agent of nitrogen 

fixation implies the transfer of considerable quantities of fixed nitrogen 

between the two organisms. In the intact association, the development 

of the alga parallels that of the fern (Konar and Kapoor, 1972; Hill, 

1977; Peters et al., 1978). Nitrogenase activity is low in algal cells 

at the fern apex, increasing rapidly with increasing algal cell age and 

then declining as the cells senesced (Hill, 1977; Peters, Ray et al., 

1980; Kaplan and Peters, 1981). Sequential analysis of leaf nitrogen 

content, combined with. acetylene reduction assays, indicates that nitrogen 

is transferred both to the senescent algal cells in older Azolla leaves 

and to the undifferentiated algal cells 

Kaplan and Peters, 1981). Studies with 

at the fern apex (Hill, 1977; 
15 

N2 have shown that the endophyte 

isolated from Azolla leaves releases up to 50 % of its fixed nitrogen as 

ammonia (Newton and Cavins, 1976; Peters, 1977; Peters, Ray et al., 

1980). Within the association, high levels of intra-cellular 

cavity) ammonia are found (Newton and' ·Cavins, 1976) and fixed 

(?intra-
15 

N2 

is rapidly assimilated and incorporated into amino acids and protein 
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(Peters et al ., 1979). Further proof has been provided by the finding 

that almost all of the activi ties of the major aminating enzymes glutamate 

dehydrogenase and glutamine synthetase can be attributed to the Azolla 

host (Ray et al., 1979). This is in accord with the suggestion (Ste wart, 

1978; Haselkorn, 1978) that in plant-cyanophyte associations the plant 

modifies the cyanophyte's ammonia assimilating pathway by producing 

substances which inhibit ~ither glutamine synthetase activity or 

synthesi s in the endophyte. Thus,· in the Azolla-Anabaena association, 

it is possible that the ammonia released by the endophyte in the cavities 

of mature leaves is being transported , or that the ammonia is metabolized 

to glutamine by the Azolla glutamine synthetase and then transport ed , or 

that both processes are occurring (Kaplan and Peters, 1981). 

Moore (1969) noted that the published data of many workers on the g r owth 

of Azolla supplied with combined nitrogen were inconsistent. Oes (1913) 

demonstrated poor growth of Azolla (but h i gher plant nitrogen content) 

if NH4 - N in solution or in the atmosphere were supplied . However , Bartels 

(1940) and Tuz i mura , Ikeda and Tukamoto (1957) [cited in Moore (1969) ] 

reported that the addition of low concentrations of either NH
4

- N or 

N0
3

-N accelerated growth. Subudhi and Singh (1979b) showed that high 
-1 

concentrations (56 mg N.£ ) of both NH4 -N and N03-N decrease growth 

rates, though the ammonia- gr own plants had higher nitrogen and soluble 

sugar contents. Brotonegoro and Abdulkadir (1976) reported simi l ar 

effects and noted that their c ultures of A. pinnata took 24 hours before 

the adverse effects of combined nitrogen additions were manifest . 

Yatazawa et al. (1980) found that both growth and nitrogenase activity 

decreased as progressively higher NH
4

-N concentrations were added t o their 

culture media . LeVan and Sobachkin (1963) and Singh (1977a) also noted 

that the additi on of n i trogenous fertilizers to tank- grown A. pinnata plants 

decreased the yield. In contr ast, high concentrations (greater than 
-1 

50 mg N.£ ) of N0
3

-N or NH
2

CONH
2 

in the growth medium did not change the 

growth rate of A. earoliniana (Peters, 1975) . However, h i gh concen-
-1 

t rations (> 50 mg . £ ) of either N0
3

-N or NH
2

CONH
2 

have been shown t o 

cause a 20- 30 % decrease in aerobic-light nit rogenase activity in 

A. earoliniana and A. filieuloides (Walmsley et al. , 1973; Peters and 

Mayne, 1974b; Newton, 1976). The same concentrations of NH
4

-N caused a 

90 % decrease i n aerobic-light nitrogenase activity (Peters and Mayne, 

1974b). In an atmosphere free of nitrogen (Ar - CO
2 

- 02) ' A. earoliniana 
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plants grown on nitrogen-free media or with NH
4

-N became necrotic within 15 

days, while plants supplied with N0
3

-N or NH
2

CONH
2 

showed the same 

nitrogenase activity as those recorded under aerobic conditions and 

remained g reen and healthy (Peters and Mayne, 1974b). 

Since the algal symbiont is not in direct contact with either the external 

environment or the vascular system of the plant, it is unlikely that 

N0
3

-N or N02N, as such, reach the alga in the leaf cavity, but are rather 

metabolized by the fern (Peters, 1977; , Peters et aZ., 1978). This is also 

indicated by both the retention of nitrogenase activity in the symbiont and 

the absence of an effect of nitrate upon the heterocyst frequency of the 

symbiont in the intact association when grown on media containing N0
3

-N 

(Hill, 1975; Peters, 1977). The ability of the AzoZZa-Anabaena symbiosis 

to grow on the combined nitrogen source, N0
3
-N, implies the existence of 

nitrate and nitrite reductase enzymes that are necessary to reduce N0
3

-N to 

NH
4

-N. However, conclusive evidence that the fern contains these enzymes 

has only recently been provided for A. mexicana by Holst and Yopp (1979b, 

c) . 

Conflicting reports have bee n published on the ability of different AzoZZa 

species to release nitrogenous compounds into their aquatic environment. 

Saubert (1949) reported that 2 % of the nitrogen assimilated by A. pinnata 

was released, while several Chinese workers reported that a variety of 

A. pinnata released between 14 and 21 % of its fixed nitrogen (Lumpkin and 

Plucknett, 1980). Despite the speculation by Talley et aZ. (1977) that 

A. mexicana might release fixed nitrogen, this was .not demonstrated. 

Peters (1977) also found no nitrogenous compounds in a culture solution 

where A. caroZiniana had been grown. However, it is possible that the 

release of fixed nitrogen to the medium may only occur when the plants in 

lower senescent layers of an AzoZZa mat begin to decay (Gopal, 1967). 

8.3 MATERIALS AND METHODS 

8.3.1 Plant and algal mate rial 

Mature A. fiZicuZoides plants were collected in the field, transported 

.' to the laboratory and grown in large constant environment rooms (Section 

2.5.2.1). Prior to use, the plants were surface -sterilized to remove 
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epiphytic contaminants (Section 2.5.2.2) and grown in 500 mt capacity 

Erlenmeyer flasks (Section 2 . 5.2.2) containing 300 mt of the appropriate 

nutrient medium. 

Alga- f ree Azolla f ronds and cultures of isolated Anabaena azoZZae we re 

obtained as described previously (Sections 7.3.1 and 7.3.2). Due to the 

scarcity of material and ~low in vitro growth rates l investigations were 

conducted 6 to 9 wee ks after isolation of the respective components, 

when sufficient new growth had occurred. 

8.3.2 Growth conditions 

Several series of experiments were carried out in the constant environment 

rooms to investigate the effects of a wide range of environmental variables 

on the pathways of nitrogen assimilation. The variables investigated 

were: photoperiod, light intensity, light quality, constant temperature, 

diel temperature fluctuations, pH and osmotic stress. In each experiment, 

one environmental variable was tested at several different levels while 

the other variables were held constant. This was accomp lished automatically 

by adjusting the appropriate control selectors on the constant environment 

rooms. Prior to each experiment all plant material was acclimatized for 

at least 10 days under the particular environmental conditions under 

investigation. In those investigations involving the isolated fern and 

algal components, only four replicates of each treatment were used due 

to the scarcity of material. Eight replicates were used in those experi­

ments employing symbiotic A. fiZiculoides material. Growth rate was 

measured as described in Section 2.5.2.2 and nitrogenase activity was 

assessed with the acetylene reduction assay (Section 5.2.1.1). 

8.3.3 Nutrient media 

Symbiotic A. fiZicuZoides plants were grown on Azolla-I medium supplemented, 

where necessary, with different forms of combined nitrogen administered 

either as NaN0
3

, NaN02 or NH4Cl. The nitrogen concentrations used in 

each experiment are detailed in the results (Section 8 . 4). A fourth 

source of combined nitrogen, urea (NH
2

CONH
2
), was also tested. All 

of these nutrients were of analytical grade and were not further purified. 

During each experiment, media were replaced daily by siphoning. 
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Anabaena azollae was routine l y cultured in N-free BG-11 medium (Section 

7.3.1) , while alga-free A. filiculoides plants were grown in Azolla-I(+N) 

medium (Section 7 . 3.2) . The ability of four different forms of combined 

nitrogen (listed above) to support growth of the isolated components was 

also tested. 

Atmospheric conditions within culture flasks were varied by altering the 

ratio of several component gases fAr, N2 , 02' CO
2

) with a Matheson model 

665 gas proportioner. These gases were of the highest puri ty available 

and were obtained from African Oxygen Ltd, Port Elizabeth. 

8.3.4 Assays for nitrate reductase and nitrite reductase 

The activities of the enzymes nitrate reductase and nitrite reductase 

were measured using a modification of the in vivo assay described by 

Klepper, Flesher and Hageman (1971) and Hageman and Hucklesby (197 1). 

This method relies on the gentle vacuum infiltration of the assay medium 

into the tissue (or organ) under investigation and the spectrophotometric 

analysis of changes in the composition of the assay medium with time. The 

assay procedures for both nitrate reductase and nitrite reductase are 

essentially the same, analysing for the appearance and disappearance of 

N02 ions respectively. Initial experiments yielded very erratic values 

for rates of enzyme activity. This had also been noted for the in vivo 

assay by Ferrari and Varner (1970), who indicated that this was due to 

differential permeability of the tissues used. These authors recommended 

the use of 1,5 % (v/v) ethanol in both the infiltration and assay media to 

alleviate permeability barriers. When tested, this procedure resulted 

in far less variation in enzyme activity within treatments and was 

adopted for routine use. 

The nitrate reductase assay involves measur ing the rate of production 

of N0
2

-N (Kumada, 1953). Normally, the N02-N produced is reduced in 

the tissue by nitrite reductase, using photo reductant as energy source. 

Theoretically, if the assay is carried out in the light, no N02-N pro­

duction would occur since nitrate reductase activity is normally equal to 

or slightly less than nitrite reductase activity (Randall, 1969; Klepper .. 
et al., 1971). Thus, in order to reduce this in vivo reduction of 

N0
2

-N to a minimum, the nitrate reductase assay is performed in the dark 
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after a short (15 minute) preincubation in the dark (Randall, 1969; 

Hageman and Hucklesby, 1971). 

The plant material to be assayed for nitrate reductase activity was 

washed with sterile distilled water and gently vacuum-infiltrated (40 mm Hg) 

with an assay medium for 20 seconds in dim light. This assay medium 

consisted of 1,5 % (v/v) ethanol in a 1:1 mixture of 0 ,1 M KN0
3 

and 

0,1 M phosphate buffer (pH 7 , 5). ·After infiltration , approximately 

0,5 9 of plant material was then transferred to a test tube containing 

10 mi of fresh assay medium, and placed in the dark at room temperature 

(approximately 22 °C). After 10 minutes, the contents of the tube were 

gently vortexed and a 1 mi aliquot removed to a test tube containing 

2 mi of a 1 % (m/v) solution of sulphanilamide in 3 N HCl. After a 

further 30 to 60 minutes, the process was repeated and an additional 

aliquot removed for analysis. Two millilitres of 0,01 % (m/v) N-(N- napthyl) 

ethylene diamine-HCl solution in water were then added with mixing to 

each tube and the colour allowed to develop for 30-35 minutes. After 

colour development , absorption at 540 nm was measured with a Pye Unicam 

SP- 8000 spectrophotometer and the N02-N concentration calculated from 

a cal ibration curve prepared with analytical grade NaN02 . 

The assay procedure for nitrite reductase was virtually identical to that 
m - 1 

for nitrate reductase except that 300 ~g,i N02- N (as NaN02 ) was sub-

stituted for the N03-N in both the infiltration and assay media. Here, 

the enzyme activity was based on the rate of disappearance of N02 ions. 

Those assays requiring a light source were conducted in a constant 

environment room under a light intensity of 5 kLux. 

8 . 3.5 The effects of mat formation on nitrogen assimilation 

In order to assess the influence of mat formation on rates of nitrogen 

assimilation, A. fiZieuZoides p l ants were grown in three shallow asbestos 
2 trays (7 cm depth, 0,21 m surface area) on N- free Azolla- I medium. Each 

tray contained 10 , 5 t of nutrient medium which was sufficient to main­

tain a depth of 5 cm. Each tray was inoculated with 2 , 0 g of acclima­

tized A. fiZieuZoides plants at the start of the experiment and the plants 

were allowed to grow fo r a period of 50 days . Every f ive days triplicate 

samples of A. fiZieuZoides plants were removed from each tray and their 
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nitrogenase activity and nitrate reductase activity measured as de­

scribed in Secti ons 5.2.1.1 and 8 . 3.3 , respectively. At the same time, 

a 150 mi sample of t he nutrient solution in each tray was removed for 

chemical analysis of the n itrogen forms present in the medium . Al l 

losses in the volume of medium due to evaporation and the withdrawal of 

samples for analysis were replaced with fresh Azolla-I medium. 

8.4 RESULTS 

8.4.1 The effects of different nitrogen sources on 
growth a nd nitrogen assimilation 

·The intact AzoZZa fiZiauZoides - Anabaena azoZZae association was able to 

sustain growth for at least 90 days on 

sources (Table 52) . Higher RGR values 

a variety of combined nitrogen 
-1 -1 

(> 0,262 g .g .day ) were re-

corded when the symbiosi s was grown with atmospheric N2 as the sa l e 

nitrogen source. Where necessary, a mixture of 79,9 % Ar: 20 % 
- 1 

°2:0,1 % CO 2 at a flow rate of 30 m£.min was used to maintain an 

N-free gas phase in those cultures containing combined nitrogen. In 

the complete absence of atmospheric nitrogen or a source of combined 

nitrogen, all AzoZZa fronds became necrotic and died within 18 days. 

When the plants were supplied with combined nitrogen, RGR values . . increased 
t·, 

with increasing nitrogen concentration up to 1,0 mmol. Low RGR values 
£,- 1 ... -1 - 1 

« 0,169 g.g .day ) were recorded at 10,0 mmoLAfor all four combined 

nitrogen sources. At all concentration levels of each combined nitrogen 

form, RGR values declined with culture duration . The RGR values of 
[-, 

plants s upplied with 1 mmol,of either N0
3

-N, N0
2

-N or NH
2

CONH
2 

were 

very similar and, after 10 days, were approximate ly 20 % lower than those 

recorded for the control p lants supplied with atmospheric N2 . After 

90 days, these RGR values had decreased to approximately 67 % of the 
-- ["' 

control plants . The RGR of plants grown on 1 mmol,NH4-N decreased to 

19 % of the control plants after 90 days. 

After 15 days growth on different nitrogen sources, the activities of 

the major nitrogen-assimi lating enzymes were measured (Table 53). Nitro­
-1 -1 

genase activity was highest (3105 nmol.(g . f.wt) .hr ) in the control 
. -1 -1 

plants provided only with N2 and almdst zero (5 nmol. (g.f.wt) .hr ) in 

the plants grown in the complete absence of nitrogen . The similar levels 
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TABLE 52 - The effects of different nitrogen sources on the RGR 
(g.g-1. day-1) of the intact AzoLLa fiLiouLoides-Anabaena 
'azoUae symbiosis. [Each value is given + standard 
deviation; n = 8 for all treatments] 

Nitrogen Cone l-
source (mmol. ) 

None* --
N ** --

2 
NO -N* 

3 
0,01 

0,1 

1,0 

10,0 

NO N* 
2 

0,01 

0,1 

1,0 

10,0 

NH -N* 
4 

0,01 

0,1 

1,0 

10,0 

NH2CONH2* 0,01 

0,1 

1,0 

10,0 

[*79,9 % AR: 

**79,9 % N2 : 

20 % 

20 % 

Duration of culture 

10 30 
, 

0 , 018 2:. 0 , 003 ° 
0,297 2:. 0 ,041 0,278 2:. 0,049 

0,154 2:. 0,018 0,098 2:. 0 , 011 

0 ,187 2:. 0,029 0,152 2:. 0,021 

0,241 2:. 0 ,056 0,214 2:. 0,038 

0,169 2:. 0,047 0,122 2:. 0,029 

0,159 2:. 0 ,019 0,116 2:. 0,013 

0,194 2:. 0,037 0,171 2:. 0,030 

0,231 t 0 ,044 0,209 2:. 0,036 

0,178 2:. 0 ,032 0,125 2:. 0 ,025 

0 ,150 2:. 0 ,025 0,093 2:. 0,012 

0 ,176 2:. 0 , 014 0,112 2:. 0,015 

0,189 2:. 0,029 0,141 2:. 0,020 

0 ,138 2:. 0,034 0,042 2:. 0,007 

0,159 2:. 0,026 0,108 2:. 0,016 

0,199 2:. 0,030 0,161 2:. 0,025 

0,238 2:. 0,061 0,220 2:. 0,047 

0,176 2:. 0,052 0,130 2:. 0,029 

0,1 % CO2 in gas phase; 

0,1 % CO
2 

in gas phase] 

(days) 

90 

° 
0,262 + 0 , 028 -
0,076 + 0,012 -
0 ,117 + 0,015 -, 

. 0, 175 2:. 0,019 , 
10,063 2:. 0,009 

0 ,084 2:. 0,011 

0 ,102 2:. 0,017 

0,170 2:. 0,024 

0,074 2:. 0,009 * 
; I 0 ,042 2:. 0,007 

1 0 ,063 2:. 0 ,007 

: 0,049 2:. 0,005 
i 
: 0 

0,080 2:. 0,010 

0,122 2:. 0,018 

0,185 + 0,027 -
0,072 + 0,013 -
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N Source 

None 

N2 

NO - N 
3 

N02-N 

NH - N 4 
NH2CONH2 
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-1 -1 
Comparison of growth rate ~GR: g.g .. day ), nitrogenase 
activity (EPR: nmoles. (g.f.wt) -I.hr- l ), nitrate reductase 
activity (NaRA: nmoles N02-N produced. (g.f.wt)-I.hr- l ), -1 
nitrite reductase activity (NiRA: nmoles N02-N used. (g . f . wt) 
.hr-1) and nitrogen content (% N) of intact AzoZZa fiZicu­
Zoides -Anabaena azoZZae symbiosis after 15 days growth on 
different nitrogen sources. [Combined nitrogen supplied at 
1 mmol.; each value is given + standard deviation; n ~ 8 
for all treatments ] 

--RGR EPR NaRA NiRA % N 

0 ,009 + 0,002 a 5 + 1 a ° 80+ 20 a 2,01 
- - -

0 ,285 2:. 0 , 037 d 3105 + 195 d 20 + lOa 390 + SO c 4 , 95 - - -
0,226 2:.0,030 c 2168 + 150 c 450 + 70b 420+ 70 c 4 ,1 5 - - -
0,220 2:. 0,031 c 2045 + 187 c 10 + 10 a 430 + 60c 4 , 08 - - -
0,164 2:.0,023 b 85 + 16 b ° 220 + 4Gb 5 , 69 - -
0,228 2:. 0,024 c 2190 + 142 c 30 + 20a 310+ 30 c 5 , 07 - - -

[Means within columns followed by similar l etters are not 

significantly different at P ~ 0 , 05] 

of nitrogenase activity in the p l ants provided with either N0
3

-N , 

N02-N or NH2CONH2 were approximately 68 % of the control plants whereas 

NH4-N resulted in very much l ower values of nitrogenase activity (3 % 

of control plants). The h i ghest nitrate reductase activity 
- 1 -1 

(450nmol. (g.f . wt) .hr ) was measured in those plants provided with 
-1 ' -1 

N03-N, while very l ow rates « 40nmol.(g. f. wt) .hr ) were found in 

p l ants grown with e ither atmospheric N2 , N02-N or NH
2

COHN
2

. No measurable ' 

nitrate reductase activity could be detected in plants grown with 

NH4-N or in the complete absence of nitrogen. 

Plants supplied with either N2 , 

h i gh rates of nitrite reductase 

N0
3

-N, N0
2

- N or NH
2

CONH
2 

had similar 
- 1 -1 

activity (> 300nmo1. (g.f.wt) .hr ). 

Growth on NH4-N caused a 48 % reduction in acti vity compared to the contro l 

plants grown on N2 while a complete lack of nitrogen in the medium 

caused an 80 % decrease in activity. 

Those plants grown with NH4-N as the~ole nitrogen source had the highest 

nitrogen content (5,69 %). Plants suppl ied with either N2 or NH
2

CONH
2 
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contained approximately 17 % less nitrogen. The nitrogen content of the 

plants grown on either N0
3

-N or N0
2

-N was 72 % of those plants provided 

with NH
4

-N. In the complete absence of nitrogen, the plant nitrogen 

content dropped to 2,01 % or 65 % less than the plants grown on NH
4

-N. 

The results shown in Table 53 clearly indicated that the enzyme nitrate 

reductase required a source of N0
3

-N for induction . The time course for 

induction of maximum nitrate reductase activity in the intact association 

was therefore investigated and found to depend on the concentration of 

N0
3

-N in the growth medium (Table 54) . Without prior induction, nitrate 

reductase activity was barely measurable. At the highest N0
3

-N concen-
l" 

tration used (10,0 mmol,) , induction was complete within one day and the 

level of activity remained stable for at least six days. At a N0
3

-N 
t·, 

concentration of 1,0 mmolA, induction took two days before stabilizing. 

TABLE 54 - The effect of varying N0 3-N concentration and induction 
time on the rate of nitrate reductase activity (nmoles 
N02-N produced. (g.f.wt)-1.hr- 1) in the intact AzoLLa 
fiLiauLoides-Anabaena azoLLae symbiosis. [Values are 
given + standard deviation; n = 8 for all t reatments] 

Nitrate Time (days) from 
concen-
tration ° 1 2 3 

t-' (mmol, ) 

0,01 20+ 1 110 + 30 170+ 20 220+ 30 
- - - -

0, .1 10 :!:. li 150+ 30 250 + 30 320 + 20 - - -
1,0 20 + 2 230+ 30 400+ 30 420 + 50 - - - -

10,0 2O:!:.2 450 + SO 420 + 40 470 + 50 - - -

to, 

initiation 

4 5 

210 + 20 240+ 30 - -
340 + 50 350 + 30 - -
460+ 40 430+ 4D - -
400+ 40 410 + 50 - -

6 

230+ 3 o -
380+ 4 o -
450+ 5 - o 

o 440+ 4 -

After four days growth on 0,1 mmol . N0
3

-N, nitrate reductase activity 
-1 -1 

reached 79 % of the average maximum rate (430nmoles .(g .f .wt) .hr ) ,-, 
attained with higher (> 1 mmol,) N0

3
-N concentrations. Induction of 

nitrate reductase activity was still incomplete after six days when the 
l" 

AzoLLa plants were grown on 0,01 mmol. N0
3

-N. Therefore, to facilitate the 

measurement of nitrate reductase activity in all further experiments, 

without providing unnaturally high concentrations of combined nitrogen, the 
to' 

enzyme was induced by supplying 1,0 mmol. N0
3

-N in the medium 2 days prior 
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to measurement. This procedure permitted adequate induction of the enzyme 

without disturbing existing RGR values or causing drastic changes to the 

composition of the nutrient medium for prolonged periods. 

8.4 .2 Location of the major nitrogen assimilating enzymes 
within the Azolla filiculoides-Anabaena azotlae 
association 

In the Azolla filiculoides-Anabaen? azollae symbiosis, nitrogenase 

activity was confined to the algal symbiont (Table 55) . Alga-free 

fronds could not reduce acetylene. However, both nitrate and nitrite 

reductase activity were confined to the fern and no in vivo nitrate or 

nitrite reductase activity could be detected in the algal symbi ont 
co 

(Table 55). Within the fern, appximately 16 % of both nitrate and nitrite 
A 

reductase activity was located in the roots and the balance (84 %) was 

located within the fern fronds. 

TABLE 55 - Location of nitrogenase activity (EPR: nmoles C H4 
produced. (g.f.wt)-1.hr-1 ), nitrate reductase acti vity 
(NaRA: nmoles N02-N produced. (g.f.wt)-1.hr-1 ) and nitrite 
reductase activity (NiRA: nmoles N02 -N used. (g.f.wt)-1.hr-1 ) 
in the Azolla filiculoides-Anabaena azollae symbiosis. 
[Nitrate reductase activity induced by two days growth with 

l-> 
1 mmol~ N03 -N in medium; Each value is given + standard 
deviation; n = 4 for all treatments] 

Plant portion EPR NaRA NiRA 

Intact symbiosis 3090 + 204 a 460 + 50b 410 + 50 b - - -
Fronds only (with alga) 3415 + 250 a 510 + 60b 470 + 40b - - -(minus roots) 

Roots only 0 100 + 20 a 90+ 20a - -
Alga-free fronds 0 540 + SO b 500 + SOb - -
Freshly i solated A. azoUae 29880 + 625 c 0 0 -
2 month culture of A. azoUae 18430 + 440 b ° ° -
-
[Means within columns followed by similar letters are not 
significantly different at P = 0,05] 

The distribution of the major nitrogen-assimilating enzymes within 

" previously-induced symbiotic A. filiauloides fronds was investigated 

with the use of sequential segments of main stem axes. Initial attempts 
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to use sequentially isolated leaves excised from the main stem axis yielded 

highly erratic results, possibly due to leaves damaged by the dissection 

technique. This method was therefore disca r ded and leaf-bearing stem 

segments used instead. 

Lateral branches were removed first and then the main axis dissected 

into a series of segments from the stem apex t hrough to the older leaves . 

The first segment consisted of the stem apex plus leaf primordia and the 

first two fully-developed leaves. Each subsequent segment consisted of 

a s t em portion bearing four l eav es . Since each segment cons i sted of a 

very small piece of p l ant tissue, approximately 500 series of sequential 

·segments had to be dissected in order to obtain sufficient material for 

each series of enzyme assays. This necessitated an unavoidable delay of 

up to 24 hours between the time of dissection and the start of a seri es 

of enzyme assays . 

Each of the three enzymes investigated showed a clear profile of enzyme 

activity along the stem axis (Table 56 ). In addition , the percentage 

dry matter a nd nitrogen content decreased while the algal heterocyst 

f requency increased in progressively older segments . Very l ow nitrogenase 

activity values were measured in the apical segment (335 nmol. (g . f.wt)-1 .hr-1). 

Nitrogenase activity increased to a maximum (2240 n mol. (9.f.wt)-1. hr-1) 

in the t hird segment (leaves 7 to 10) before declining in subsequent 

segments. The activity patterns of nitrate and nitrite reductase along 

the ma in stem axis were identical. Again, the acti vity of each enzyme 

was barely measurable in the apical segment b ut increased to a maximum 
-1 -1 

(> 500nmoles. (g.f . wt) .hr ) in the fourth and fifth segments (leaves 11 

to 18) before declining in the older segments. 

The heterocyst freque n cy of symbiotic Anabaena azoLLae increased pro­

gress i vely from 4,1 % in the api cal segment to 31, 8 % by the . f i fth 

segment, a nd remained approximately constant in subsequent segments . The 

dry matter content decreased progressively between the apical and f ourth 

segments before remaining constant (4,5 to 4,7 % N) in older s egments. 

On a dry weight basis, t he nitr ogen content showed a similar pattern of 

decrease between the apical and fourth segments followed by a re l a tively 

uniform nitrogen content (approxi mately 3 , 7 %) in the older segments . 
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TABLE 56 - Comparison of nitrogenase activity (EPR: nmoles C2H4 
produced. (g . f.wt) - 1.hr-1), nitrate reductase activity 

1 : 

2 : 

3: 

4: 

5: 

6: 

7: 

(NaRA: nmoles N02-N produced. (g.f.wt)-1 .hr-1) and nitrite 
reductase activity (NiRA: nmoles N02-N used . (g . f .wt)-1. hr-1) 
with algal heterocyst frequencies , percentage dry matter 
and nitrogen content of sequential leaf- bearing segments of 
A. fiZicuZoides main stem axes. [Each value is given ~ 
standard deviation ; n = 4 for all treatments; dry matter 
and nitrogen content values are from pooled samples] 

segment 

Apex + 
lvs 1-2 

l vs 3-6 

lvs 7- 10 

lvs 11-14 

lvs 15-1 8 

lvs 19-22 

lvs 23- 26 

EPR 

335 + 42 

2160 + 195 

12240 + 205 

1585 + 127 

910 + 86 

520 + 70 

205 + 22 

NaRA· NiRA I Heterocyst !percentage % N 
! f r equency ; dry matter 
! 

I 30~ 10 20 ~ 10i 
I I i 
1220 + 301 200+ 20; 

i 390 ~ 401 370 ~ 50 ; 

1 560 ~ 801 530~ 40 ' 

;55D~ 70i 550~60 '1 
I I 
~ 410+ SO , 400+ 40 , , I I 

3O! 200+ 301 

4 ,1 

14,7 

22 , 2 

28 , 5 

31, 8 

32,6 

32,5 

11 , 6 

10,2 

5 , 8 

4 , 7 

4,5 

4,7 

4 , 6 

i 6,51 

I 
, 5 , 67 

' 4,85 

\3,61 , 
j3 ,68 

,3,72 

3,70 

Isolated A. azoZZae was still able to fix atmospheric nitrogen when 

grown with appreci able quantities of NH
4

- N in the nutrient medium 

(Table 57). Nitrogenase activity remained approximately 

(76 to 85 nmol . (mg 'chlorophyll)-l .min- 1) with i ncreasing 
<-, 

constant 

NH
4

-N concentrations 

up to 5 , 0 mmol" but at higher NH
4

-N concentrations (> 6 mmol.) , nitro-

genase activity was reduced . Within each treatment, the level of 

nitrogenase activity rema ined constant for at least 10 hours. 

8.4.3 Environmental regulation of nitrogen assimilation 

Since it was not possible to carry out assays for n i trate reductase and 

nitrite reductase in the field , this part of the study was conducted 

in the laboratory. The range of each environmental variable investigated 

was chosen so as to include conditions pertaining in the f i eld . Assays 

for nitrogenase activity were conducted under both field and laboratory 

conditions. 
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TABLE 57 - The effect of NH4-N concentration on the nitrogenase 

activity of isolated A. azoZZae . (Photoperiod: 14L/10D; 
light intensity: 5 kLux; temperature: 20 oC) . 
[Values are given + standard deviation; n; 8 for 
each treatment] 

NHrN concentration Nitrogenase activity of A. azoZZae 
in medium L·' (nmol. ) (nmoles. (mg. chlorophyll) -1.min- 1) 

0 85 + 7 

1 8 1 + 6 

3 . 82 + 8 0" 

5 76 + 5 

7 50 + 6 

9 9 + 2 

The l evels of nitrogenase activity and nitrate and nitrite reductase 

activity in A. fiZicuZoides were found to be dependent on the photo­

period under which the plants had been grown (Table 58). The activity 

of each enzyme increased when the photoperiod was increased f rom 6L/18D 

to 14L/10D. At longer photoperiods there was no Significant (p > 0,05) 

increase in enzyme activity. 

TABLE 58 - The e{fe.ct of photoperiod on nitrogenase activity 
(EPR: nmoles C2H4 produced. (g.f.wt)-1.hr-1 ), nitrate -1 
reductase activity (NaRA: nmoles N02-N produced. (g.f.wt) 
.hr-1) and nitrite reductase activity (NiRA: nmoles 
N02-N used. (g.f.wt)-1.hr-1)in symbiotic A. fiZicuZoides 
plants. [Values are given + standard deviation; n = 5 

for all treatments] 

photoperiod EPR NaRA NiRA 

6L/18D 945 + 43 a 190 + 30 a 190 + 20 a 
- - -

10L/14D 1610 + 105 b 320+ SOb 300+ 30b - - -
14L/10D 2840 + 142 c 550 + 80 c 510 + 70 c - - -
18L/6D 2975 + 125 c 610 + 70 c 580+ SOc - - -

[Means within columns followed by the same letter 
are not significantly different at p ~ 0,05] 
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All three enzymes showed increased activity as light intens ity increased 

from 1 kLux to 30 kLux (Table 59). At light intensities above 30 kLux the 

enzyme activity showed a slight, but not significant (p > 0 , 05 ) decrease. 

TABLE 59 - The effect of light intensity on nitrogenase activity 
(EPR: nrnoles C2H4 produced. (g.f.wt)-I.hr- 1), nitrate -1 
reductase activity (NaRA: nmoles N02-N produced. (g.f.wt) 
.hr-1) and nit~ite reductase activi ty (NiRA: nmoles 
N02-N used. (g.f.wt)-I.~r-l) in symbiotic A. fiZieuZoides 
plants. (Photoperiod: 14L!10D). [Values are given + 
standard deviation; n = 4 for all treatments) 

Light intens ity EPR NaRA NiRA 
(kLux) 

1 120 + 36 a 140+ 20a 110 + 30 a - - -
5 615 + 84 b 29u+ 40b 280+ 40b - - -

15 1540 + 141 c 430 + 30c 430+ 40 c - - -

30 2955 + 187 d 640+ 70 d 62 0+ 60 d - - -

45 2910 + 152 d 630 + SO d 62D+ SOd 
- - -

60 2885 + 195 d 570 + 70 d 570 + SOd - - -

[Means within columns followed by the same letter 
are not significantly different at P = 0,05) 

Changes in light quality caused marked changes in A. fiZicuZoides nitro­

genase activity (Table 60). In green light, nitrogenase activity was 

significantly higher (p < 0,05) than values under either red or blue light, 

but only 28 % of the control (white light) plants. However, the three- to 

four-fold drop in light intensity, due to the density of the green filter, 

could have accounted for the low nitrogenase activity recorded under green 

light. Nitrate and nitrite reductase activity under blue, green and red 

light did not differ significantly (p > 0,05) from each other, but were 

significantly lower (p < 0,05) than the corresponding activity recorded 

under white light. 
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TABLE 60 - The effect of light quality on nitrogenase activity 
(EPR : nmoles C2H4 produced. (g . f.wt) - 1 . hr- 1), nitrate 
reductase activity~aRA: nmoles N02- N produced. (g.f.wt)-l 
. hr-1 ) and nitrite reductase activity (NiRA: nmoles 
N02-N used. (g.f.wt)-1.hr- 1) in symbiotic A. fiZicuZoides 
plants . (Photoperiod: 14L/10D; Light intensity: 30 kLux) . 
[Values are given + standard deviation; n; 4 for all 
treatments] 

. 
Filter transmission EPR NaRA NiRA 
maxima (nm) 

Blue (450) 20 + 8 a 190+ 50 a 190+ 30 a 
- - -

Green (530) 710 + 68 b 290+ 50 a 280+ 60 a - - -
Red (655) 35 + 9 a 220 + 40 a 220 + 40 a - - -
White (400-700) 2450 + 184 c 490+ 70 b 480 + 80b - - -

[Means within columns fo l lowed by the same letters 
are not significantly different at P = 0,05 ] 

"-

Each of the three enzymes studied showed similar patterns of in vivo 

activity in response to changes in culture pH (Table 6 1 ) . In the pH 

range 5 to 8 , the activity of each enzyme did not change s i gnificantly 

(p > 0 , 05) . However , a l l enzymes had significantly (P < 0,05) lowe r 

activity at both pH 4 and pH 9 . 

The effect of constant temperature on in vivo rates of nitrogen assimi­

lation by symbiotic A. fiZicuZoides plants was investi gat ed over the 

t emperature range 5 to 40 °c (Table 62). With increasing temperature , 
- 1 -1 

nitrogenase activi ty increased to a maximum (3090 nmol . (g . f.wt) .hr ) 

at appr oximate l y 25 °c but decreased at higher temperatures with no 

activity occurring at 40 DC. Ni trate and nitrite reductase activities 

fol l owed similar trends , increasing to a maximum between 25 and 30 DC , 

and then declining at higher temperatures. At both 5 °c and 40 °c 

nitrate and nitrite reductase activities were barely measurable. 



- 276 -

TABLE 61 - The effe ct of pH on nitrogenase activity (EPR: 
nmoles C2H4 produced . (g . f .wt)-1 . hr-1), nitrate 
reductase activity (NaRA: nmoles N02-N produced. 
(g.f.wt)-1.hr-1) and nitrite reductase activity 
(NiRA: nmoles N02-N used . (g.f.wt) -1.hr- 1) in 
symbiotic A. f iLi cuLoides plants . (Photoperiod: 
14L/10D; Light inte nsity : 30 kLux) . [Values 
are given ~ standard deviation ; n = 4 for 
all treatments ] 

pH EPR NaRA NiRA 

4 1545 + 142 a 270 + 30 a 270 + 30 a - - -
5 2860 + 148 b 520+ SOb 500 + 40b - - -
6 3010 + 180 b 600 + · 70 b 590+ 60 b - - -
7 2785 + 155 b 550 + 60 b 550 + 70 b - - -
8 2960 + 167 b 540+ 6 0b 530 + 40 b - - -
9 1380 + 128 a 200 + 40 a 190 + 20 a - - -

[Means within columns followed by the same 
letter do not differ significantly at P = 0,05] 

TABLE 62 - The effect of temperature on nitrogenase activity (EPR: 
nmoles C2H4 produced. (g.f.wt)-1.hr- 1 ), nitrate reductase 
activity (NaRA: nmoles N02N produced. (g . f.wt)-1 .hr-1) and 
nitrite reductase activity(NiRA: nmoles N02 - N used. 
(g.f.wt)-1.hr- 1) in symbiotic A. fiLicuLoides p l ants . 
[values are given + standard devi ation; n = 4 for 
all treatments ] 

Temperature EPR NaRA NiRA 

5 430 + 45 a 30 + 10 a 20 + 10 a - - -
10 710 + 82 a 90 + 20 a 80 + 20 a - - -
15 1625 + 134 b 190 + 30b 170 + 30 b - - -
20 2750 + 215 c 280 + 40b 270 + 30b - - -

25 3090 + 250 c 480 + So c 480+ 4Uc - - -
30 2180 + 198 b 5 30 + So c 510 + SOc - - -
35 325 + 92 a 300 + 30b 290+ 20b - - -
40 0 20 + 10 a 20 + lOa - -

[Means within columns followed by the same letter 
are not significantly different at ~ = 0,05 ] 
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When compared with the enzyme activity measured under constant temperatures, 

a 10 DC temperature differential between diurnal and nocturnal temperatures 

permitted A. filiauloides plants to assimilate nitrogen at higher 

temperatures (Table 63). 

temperatures to a maximum 

Nitrogenase activity 
o between 25/15 C and 

increased with increasing 

30/20 °C. Despite a 

decrease in the rate of nitrogenase activity at 40/30 DC, measurable r ates 

were still recorded. Nittate and nitrite reductase activity was 

maximal between 30/20 °c and 35/25·
o

C, but at higher temperatures , 

activity was decreased. Both enzymes had very low l evels of activity 

in the lowest temperature regime used (10/5 °C). 

TABLE 63 - The eff ect of different diel temperature regimes on 
nitrogenase activity (EPR : nmoles C2H4 produced . 
(g.f.wt)-1.hr-1 ), nitrate r eductase activity (NaRA : 
nmoles N02 -N produced . (g.f.wt)-1.hr-1 ) and nitrite 
reductase a ctivity (NiRA: nmo l es N02 - N used . 
(g . f . wt) - 1.hr-1) in symbiotic A. filiauloides plants . 
(Photoperiod : 14L/10D; light intensity: 30 kLux) . 
[Values are given + s tandard deviation ; n = 4 for 
all tre atments) 

Temp. (oC) EPR NaRA NiRA 
Day/Night 

10/5 245 + 60 a 40+ 20a 20 + l Oa - - -
15/5 850 + 72 a 110 + 20 a 100 + 20 a - - -
20/10 1885 + 136 b 260+ 40b 250 + 4Db - - -
25/15 2820 + 215 c 340 + SOb 340 + SOb - - -
30/20 2980 + 2 40 c 500+ 60c 490 + 50 c - - -
35/25 1755 + 140 b 480+ SOc 480+ 60 c - - -
40/30 85 + 47 a 140+ 20 a 130+ 20 a - - -

[Means within columns followed by the same letter 
are not significantly different a t P = 0,05) 

Different degrees of osmotic stress, achi eved by the addition of pol yethy­

l ene glycol (PEG-6000) to the basal growth medium, caused marked changes 

in rates of nitrogen assimilation (Table 64) . Nitrogenase activity dropped 

to zero at an osmotic stress of -5 bars. In contrast , the activities of 

both nitrate and n itrite reductase remained constant at osmoti c s tresses 

up to - 5 bars . However, f urther increases in osmoti c stress t o -9 bars 
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caused a 60 % reduction in the activity of both enzymes below the control 

(no extra osmotic s tress) treatment. 

TABLE 64 - The effect of increasing osmotic stress (~s) on nitrogenase 
activity (EPR: nmoles C2H4 produced . (g.f.wt)-1.hr-1) , 
nitrate reductase activity (NaRA : nmoles N02-N produced. 
(g.f.wt)-1. hr-1) and nitrite reductase activity (NiRA: 
nmoles N02-N used. (g . f.wt) - 1.hr-1) in symbiotic A. filicu­
loides plants . (Photoperiod: 14L/10D; light intensity: 
30 kLux; temperature:' 25 0C). [Values are given + 
standard deviation; n = 4 for each treatment] 

1Ji s EPR NaRA NiRA 
(bars) 

° 2855 + 245 c 540+ SOc 520 + 60 c - - -
- 1 1780 + 142 b 560+ 60c 530 + 40 c - - -
- 3 425 + 38 a 530+ 40 c 530 + 60 c - - -
- 5 0 580+ 70 c 550 + 70 c - -

- 7 0 390 + JOb 380+ 30 b - -
- 9 0 270 + 20 a 210 + 20 a - -

[Means within columns followed by the same letter 
are not significantly different at P = 0,05] 

In laboratory trials, the process of mat formation had pronounced effects 

on rates of nitrogen assimilation (Table 65). 

A. filiculoides plants were grown in asbes tos 

In this experiment , 
2 

trays (0 , 21 m surface 

area) on N-free Azolla-I medium. Before crowding became evident (at 

approximately day 20), nitrogenase activity was high (> 2100 nmol . 

(g.f.wt)-1.hr-1) and nitrate reductase activity was very low « 6onmol. 
-1 - 1 

(g.f.wt) .hr ). As the plants became crowded together, a multi-layered 

mat formed, and nitrogenase activity decreased while nitrate reductase 

activity rose to a maximum (52 0nmol. (9.f.wt) - 1.hr-1). 

Regular chemical analysis of the underlying nutrient solution showed that 

once a multi-layered mat had formed (at approximately day 25), increasing 

quantites of combined nitrogen were found in the nutrient medium. From 

day 25 when the first traces of combined nitrogen were found the con­
-1 

centration increased steadily to 0,93 mg . ~ 
-1 

NH
4

-N and 0,58 mg . ~ 
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N0
3

-N on day 50. In addition, a few senescent p l ants became waterlogged 

and sank to the bottom of the tray whil e several plants shed some of their 

roots into the nutrient medium. These particulate forms 

contributed , on average, 9,34 mg nitrogen per tray (0,89 

of nitrogen 
-1 

mg.R. ). On 

average, t~e medium in each tray contained ?5,5 mg of nitrogen at the end 
-1 

of the experiment (2,43 mg.R. ), 36 % in parti culate forms and 62 % as 

a mixture of N0
3

-N and NH
4

-N . This quantity of nitrogen in the medium 

(25,5 mg) amounted to approximately 2 % of the nitrogen fixed by A. fili ­

culoides during the fifty - day experiment . 

TABLE 65 - The changes in nitrogenase activity (EPR: nmoles C2H4 
produced. (g.f.wt) - I.hr- 1) and nitrate reductase activity 
(NaRA: nmoles N02 -N produced. (g.f.wt)-I .hr- 1) with time 
during mat formation in the laboratory. (Plants grown 
at 25 OC, pH 7 ,0, a nd 14L/l0D photoperiod). [Values are 
given + standard deviation; n = 3 for all treatments] 

Time EPR NaRA 
(days) 

° 2895 + 230 c 20+ 10 a 

10 2910 + 215 c 30+ 20a 

20 2100 + 220 c 50 + 20 a 

30 925 + 130 b 220 + 30b 

40 400 + 88 a 490+ 40 c 

50 165 + 26 a 520 + SOc 

[Means within columns followed by the 
same letters are not significantly 
different at P = 0,05] 

8.5 DISCUSSION 

While several investigators have studied nitrogen fixation in different 

species of Azolla , the only quantitative data on the Azolla nitrate­

nitrite reductase system has been provided by Holst and Yopp (1979b, c) 

for A. mexicana. The effects of different environmental variables on 

nitrogenase activity in symbiotic A. filiculoides plants have been de­

scribed i n detail in Sections 5 .3 and 5 .4 of this dissertation. However, 

in order to investigate environmental regulation of both nitrogen 

assimilation pathways, several of the~e experiments had to be repeated to 
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permit simultaneous comparisons of nitrogenase activity and the activity 

of the nitrate-nitrite reductase system. 

The ability of symbiotic A. fiZiauZoides plants to grow on either nutrient 

media containing combined nitrogen in the absence of atmospheric N2 or 

nitrogen-free media in the presence of atmospheric N2 clearly demonstrates 

the presence of two pathways of nitrogen assimilation . Sustained growth 

under these conditions indicates that both of these assimilatory pathways 

can be utilized independently to fulfil the total nitrogen requirements 

of the association. This is in accord with earlier workers (Peters and 

Mayne, 1974b; Peters, 1975, 1976) who reported that A. caroZiniana could 

'sustain growth either via nitrogen fixation or by the uptake of combined 

nitrogen . 

During this investigation, A. fiZiauZoides registered highest RGR values 

when provided with atmospheric N
2

, confirming earlier reports for A. caro­

Ziniana by Peters et aZ. 1976, 1977) and Peters (1977). However, the 

RGR values of plants provided with a source of combined nitrogen were 

always lower and depended both on the concentration and the ionic form 

of the nitrogen supplied . AzoZZa fiZicuZoides plants provided with 

NH
4

-N regressed rapidly while the provision of either N0
3

- N, N02-N or 

NH
2

CONH
2 

maintained RGR values at approximately 80 % of the atmospheric 

N2-grown plants . 

Since absorbed nitrogen can onl y be incorporated into organic forms when 

it is in the reduced form, NH4-N (Haynes and Goh , 1978), the ability of 

A. fiZicuZoides to sustain growth on N0
3

-N implies the existence of ' the 

enzymes nitrate reductase and nitrite reductase. These enzymes are 

necessary for the reduction of N0
3

-N to NH
4

- N and have been found in 

numerous plant genera (Haynes and Goh , 1978). In vivo assays (Klepper 

et at., 1971) have demonstrated the presence of both nitrate reductase 

and nitrite reductase in symbiotic A. fiZicuZoides plants, supporting 

the observations of Holst and Yopp (1979b, c) on A. mexicana . In this 

study on A. fiZicuZoides, both enzymes were shown to have similar l eve l s 

of activity. In time-course enzyme assays , the activity of each enzyme 

increased linearly, without an initial lag phase, from initiation of the 

assay. 
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In the intact A. fiZicuZoides symbiosis, nitrogenase activity is diminished 

in those plants provided with a source of combined nitrogen. Since the 

ultimate product of both nitrogen fixation and the nitrate-nitrite 

reductase system is ammonia (Haynes and Goh, 1978), the lower nitrogenase 

activity in nitrate-grown plants could have been due to feedback inhibition 

as suggested by Peters and Mayne (1974b). 

Within the AzoZZa fiZicuZoides-Anabaena azoZZae symbiosis, nitrogenase 

activity is confined to the algal symbiont. Alga-free fronds do not fix 

atmospheric nitrogen. The observations by Walmsley et aZ. (1973) and 

Peters and Mayne (1974b) that alga-free AzoZZa plants can only be 

~aintained in culture when supplied with a source of combined nitrogen have 

been confirmed in this study. Freshly isolated Anabaena azoZZae material 

has high levels of nitrogenase activity which become diminished by up to 

35 % with prolonged culture on N-free media. The levels of nitrogenase 

activity reported by Newton and Herman (1979) for A. azoZZae isolated from 

A. caroZiniana are similar to those of · free-living Anabaena fZos - aquae 

(Neilson, Rippka and Kunisawa, 1971) but only 20 to 50 % of the levels 

recorded in this study. This discrepancy is most probably due to 

differences in culture conditions. 

Examination of the levels of enzyme activity in A. fiZicuZoides plants 

grown on different nitrogen sources indicates that the nitrite reductase 

activity is constitutive while nitrate reductase requires a supply of 

N0
3

-N for induction. This supported the findings of Beevers and Hageman 

(1969) who indicated that nitrate reductase activity declines in the 

absence of N0
3

-N because of a continual need for substrate induction. 

Holst and Yopp (1979c) reported that maximum nitrate reductase activity in 
t~ 

A. mexicana requires 5 mmol. N0
3

-N for induction and that the levels of 

enzyme activity stabilize after 24 hours of induction. Smith and Thompson 

(1971) reported similar N0
3

-N requirements for nitrate reductase induction 

in excised barley shoots. However, these concentrations of N0
3

-N are 

unnaturally high when compared to field conditions. In this investigation, 

a time-course study revealed that adequate induction of nitrate reductase 

occurs within two days when A. fiZicuZoides plants are supplied with 
t-I 

1 mmol. N0
3

-N. 
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The enzymes nitrate reductase and nitrite reductase appear to be confined 

to the fern component since neither enzyme could be detected within the 

algal symbiont . Holst and Yopp (1979c) found the identical situation in 

A. mexicana , and r eported that 14 % of the total nitrate reductase 

activity is located in the fern's roots. This is in agreement with the 

present study , where 16 % of the activity of both nitrate reductase and 

nitrite reductase was fouhd to be located within A. fiZicuZoides roots 

while the balance (84 %) of each enzyme wa s located within the fern's 

fronds. This is consistent with the alga-free fern's ability to utilize 

N0
3

-N as a source of combined nitrogen . However , the presence of nitrate 

reductase within both roots and fronds indicates that a small proportion 

of the absorbed N0
3

-N i s reduced to NH
4

-N before being transported to 

the fronds while a larger proportion of the N03-N is first transported 

to the fronds before being reduced to NH4-N. Thus , the contention by 

Peters (1977) that the a l gal symbiont may not in fact come into direct 

contact with either N0
3

-N or N0
2

-N may not be valid. However, evidence 

to support Peters' (1977) claim is provided by the lack of an inhibitory 

effect of N0
3

-N on A. azoZZae heterocyst frequenc i es (Hill, 1975), while 

N0 3-N is reported to cause lower heterocyst frequencies in free-living 

species of Anabaena (Fay, Stewart, Walsby and Fogg, 1968). In addition, 

the algal symbiont is not in direct contact with either the external environ­

ment or the vascular system of the plant (Peters, Ray et aZ ., 1980). 

Nevertheless, the lack of a "nitrate effect" on A. azoZZae heterocyst 

frequencies may rather indicate that A. azoZZae is less sensitive to 

N0
3

-N concentrations than free-living species of Anabaena. 

In the intact AzoZZa fiZicuZoides-Anabaena azoZZae symbiosis used in 

this study, the algal symbiont was found to undergo a pattern of develop­

ment and differentiation parallel to that of the fern (Section 4.4.4), 

confirming the earlier stud ies of Konar and Kapoor (1972), Hill (1977) 

and Peters et aZ. (1978) for other AzoZZa species. Algal heterocysts, 

the sites of nitrogen fixation (Fay et aZ ., 1968), rapidly increase in 

frequency from the fern apex to senescent leaves. Observations on 

A. fiZicuZoides indicate that nitrogenase-catalyzed ethylene production 

is low in the apex, increases rapidly as leaves mature and then declines 

as leaves senesee. These results support the f indings of Hill (1977), 

Becking(1978) , Peters, Ray et aZ . (1980) and Kaplan and Peters (1981). 
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Slight differences in the rapidity of the sequence and rates of ethylene 

production in these studies can be attributed to differential responses of 

the Azolla species used and their culture conditions. 

In agreement with the report by Kaplan and Peters ( 1981) for A. caroliniana 

the nitrogen content of A. filiculoides leaves decreases with increasing 

leaf age. Thus, the incr~ase in nitrogenase activity and decrease in 

nitrogen content as a function of leaf age imply the transfer of fixed 

nitrogen from mature leaves to the shoot apex. Increased levels of 

cellular nitrogen in blue-green algae inhibit the formation of heterocysts 

and thereby prevent nitrogen fixation (Kulasooriya, Lang and Fay , 1972). 

Therefore, the supply of fixed nitrogen to the fern apex could mai ntain 

algal growth , but prevent heterocyst formation, whilst depletion of 

nitrogen in the older leaves could stimulate further heterocyst formation 

(Kaplan and Peters, 1981). Kaplan and Peters (1981) have further 

suggested that the simple and branched hairs with transfer cell morphology 

(Duckett et al., 1975 b) that are present in both Azolla leaf cavities and 

stem apices (Calvert and Peters, 1981) might be the pathway via which 

carbon and nitrogen compounds are transferred between fern and alga. 

The observation during this study that isolated A. azollae is ab l e to 

withstand up to 5 mmol. NH
4

-N in the medium without appreciable loss of 

nitrogenase activity, combined with the results of other workers (Newton 

and Cavins, 1976; Peters, 1977; Peters, Ray et al. , 1980) that up to 50 % 

of the nitrogen fixed by the isolated endophyte is released as NH
4
-N, 

implicates ammonia (NH
4

-N) as the nitrogen compound that is transferred 

from alga to fern. Evidence to support this hypothesis is provided by 

Newton and Cavins (1976) who recorded high levels of intracellular (i.e. 

intra-cavity) NH
4

-N in intact A. caroliniana plants and Peters et al. 

(1979) who demonstrated that fixed 15N2 was rapidly assimilated and 

incorporated into amino acids and protein in the fern tissue. The finding 

by Ray et al. (1979) that virtually all the activity of the major aminating 

enzymes glutamate dehydrogenase and glutamine synthetase is found in the 

Azolla host also provides further support. These features of the Azolla­

Anabaena symbiosis conform to the scheme suggested by Stewart (1978) and 

Haselkorn (1978) where, in plant-cyanophyte associations, the endophyte's 

glutamine synthetase activity or its ·synthesis are inhibited by the plant. 

Therefore, the proposal put forward by Kaplan and Peters (1981), that the 
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lI ammonia released by the endophyte in mature leaf cavities might be 

metabolized to glutamine by the glutamine synthetase of the host fern and 

then transported within the fern", can account for t he above observations. 

In general, the characteristics of the nitrate-nitrite reductase system 

reported f or A. filiculoides in this study are similar to those recorded 

for higher plants (Beevers and Hageman, 1969; Klepper et al., 1971; 

Haynes and Goh, 1978). However, several interesting differences were 

noted when the enzymes of the two nitrogen assimilation pathways in the 

intact A. filiculoides symbiosis were compared as to their response to 

different environmental parameters. For many of the parameters investi­

gated, it has been shown that the fern's nitrate-nitrite reductase system 

is capable of tolerating a wider range of variation of most parameters 

than the nitrogenase system of the alga. Particularly important in 

this regard is the ability of the fern's nitrate-nitrite reductase system 

to function under higher levels of osmotic stress and temperature. The 

exceptions to the above appear to be light quality where the algal nitro­

genase can utilize green light, and photoperiod and culture pH, where both 

enzyme systems show identical responses. Thus, despite the protection from 

certain chemical factors afforded to the alga by the fern, the algal 

nitrogenase system is more susceptible to most environmental factors than 

the fern's nitrate-nitrite reductase system. Similar features have been 

reported for A. mexicana by Holst and Yopp (1979b). In most studies of the 

effects of combined nitrogen on rates of nitrogen assimilation by species 
-1 

of Azolla have employed unnaturally high (> 50 mg.~ ) nitrogen con-

centrations (Peters and Mayne, 1974b; Peters, 1975; Brotonegoro and 

Abdulkadir, 1976; Singh, 1977a; Subudhi and Singh, 1979b; Yatazawa et 

al., 1980). These high concentrations bear little or no relationship to 

conditions occurring in the field and the applicability of these findings 

to the conditions affecting natural Azolla populations is often tenuous. 

In most natural aquatic systems, concentrations of combined nitrogen seldom 
-1 

rise above 1 mg.t , and then usually only under anaerobic or partly 

anaerobic conditions. 

combined nitrogen « 5 

As demonstrated by 
-1 

mg.~ ) can subtly 

this study, low concentrations of 

regulate the rates of both 

nitrogen fixation and nitrate reduction in A. filiculoides. 
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Under optimal laboratory conditions the algal nitrogenase system fixes 

atmospheric N2 at a rate ~8 to 5p times faster than the reduction of 

NO) - N to NH
4

-N by the fern ' s nitrate-nitrite reductase system . However, 

when A. filiculoides plants are grown under sub-optimal conditions, algal 

nitrogen fixation rates decline rapidly while rates of nitrate reduction 

remain unchanged resulting in an increase in the relative importance of the 

fern's nitrate- nitrite reauctase system. This feature is of particular 

importance when considering rates 6f nitrogen assimilation during mat 

formation. The laboratory studies showed that at the monolayer stage and 

before the onset of crowding , the nitrate-nitrite reductase system provides 

only 0,2 % of the total quantity of nitrogen assimilated per hour . The 

formation of a multi - layered mat causes a decrease in nitrogenase activity 

and an increase in the rate of nitrate reduction. Thus , despite a 90 % 

drop in the total amount of nitrogen assimilated by the symbiosis per hour, 

the ni trate- nitrite reductase system can provide 24 % of the total nitrogen 

assimi l ated in a multi - l ayered mat. With the formation of a multi - layered 

Azolla mat under both laboratory and field conditions, the lower layers of 

the mat become senescent and waterlogged and begin to decompose , releasing 

much of their nitrogen into the water (Section 6.3.7). The presence of 

this combined nitrogen causes a partial inhibi t ion of nitrogen fixation by 

the remaining Azolla plant s and , at the same time, induces increased 

activity of the nitrate- nitrite reductase system . This enzyme system is 

then abl e to assimilate much of the combined nitrogen present in the 

underlying water to compensate for the loss of fixed atmospher ic N
2

. 

The possession of two nitrogen assimi l ation pathways thus confers a 

considerable competitive advantage to symbiotic Azolla plants. Fixation of 

atmospheric nitrogen by t he a l gal symbiont permits Azolla to colonize 

ni trogen- defi cient waters which cannot support the growth of non-nitrogen­

fixing aquati c plants. Once established, the formation of multi - layered 

Azolla mats cause drastic changes to the chemistry of the unde r lyi ng 

waters, which i n turn stimulate the fern component of the symbiosis to 

assimilate combined nitrogen from the water. Thus , the chemical modifi­

cations to the environmen t under a multilayer mat are advantageous to the 

Azolla- Anabaena association . 
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CHAPTER 9 

CONCLUDING DISCUSSION 

In this autecol ogical investigation of AzoZla filicuZoides, several aspects 

of the fern-alga association have been studied . Each of these aspects has 

had to be considered independently since they were characterized by 

specific problems related to both'methodology and interpretation. Although 

each section included in t his thesis had discret e objectives , the overal l 

aim of the study was to obtain a better understanding of the role p l ayed 

by A. filicuZoides in the Hendrik Verwoerd Dam catchment area. This 

-chapter is therefore inte nded as an overall synthesis of the findings 

obtained during this study . 

Identification of the AzolZa material from the Hendrik Verwoerd Dam 

catchment area as A. filicuZoides (Twyman and Ashton, 1972) has provided 

the f i rst conclusive identification of the species since its i n troduction 

into South Africa approximate ly twenty years previously (Oosthuizen and 

Walters , 1961). Personal collections and the examination of herbarium 

records indicated that A. filiculoides i s confined to temperate highveld 

regions and that t he Hendrik Verwoerd Dam is the focal point of its rather 

limited d istri bution i n southern Africa. The two speci es of AzolZa 

indigenous to southern Africa, A. niZotica and A. pinnata, are confined to 

tropical and sub-tropical regions of the sub-continent. 

South African specimens of A. fiZicuZoides are morphologically and 

anatomically identical to published descriptions of European and North 

American material of this speci es (Campbell, 1893; Duncan , 1940; Svenson, 

1944; Bonnet , 1957). All the A. filiculoides material e xamined in this 

study conta ined colonies of the endosymbi otic blue-green alga Anabaena 

azolZae within dorsal l eaf lobe cavities and no natura lly-occurring a l ga­

free plants were found . The algal cells undergo a chronological de­

velopment parallel to the development of the fern, with compatibl e rates of 

cell division to prev ent the f e rn outgrowing the alga and vice versa. The 

mechanisms whereby this developmental sequence i s regulated are not yet 

known. 
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At the fern apex, all algal cells are generative and no heterocysts are 

seen. With the development of leaf primordia, algal filaments become 

trapped in developing cavities in the dorsal leaf lobe and heterocyst 

differentiation is initiated. Further leaf development results in closure 

of the leaf cavity except for a small pore to the exterior and an 

increase in heterocyst frequencies up to approximately 33 %. At all stages 

of Azolla leaf development, the leaf cavity contains both simple and 

branched hairs. These hairs are characterized by the presence of 

elaborate cell wall ingrowths and numerous organelles consistent with 

transfer cell ultrastructure. Peters et al. (1978) have also shown that 

all of these leaf cavity hairs do not in fact have a similar ultrastructure 

"as implied by Duckett et al. (1975), but that consistent differences 

exist between the ultrastructure of hairs from the fern apex and mature 

leaf cavities. 

The size range of A. azollae cells from South African A. filiculoides 

material agree with published descriptions of A. azollae found in other 

Azolla species (e.g. Tilden, 1910; Shen, 1960; Hill, 1977). Much of 

the reported variability in A. azollae cell sizes can be attributed to 

the alga's developmental sequence within the fern's leaf cavities. The 

algal cell dimensions depend on the leaf position (i.e. age) from where 

the cells are taken, since the algal cells enlarge considerably with 

increasing age. At the ultrastructural level, the structure of A. azollae 

heterocysts and vegetative cells is typical of many non-gas vacuolate 

free-living Anabaena species and the cytoplasmic inclusions are identical 

to those found in other blue-green algae. Despite the morphological 

similarity between A. azollae and A. variabilis and a recent report 

that these species show similar fluorescent-antibody staining reactions 

(Gates, Fisher, Goggin and Azrolan, 1980), it is unlikely that A. azollae 

is merely an ecoform of A. variabilis as suggested by Fjerdingstad (1976). 

This conclusion is supported by physiological and biochemical evidence 

obtained in this and earlier studies (Newton and Cavins, 1976; Peters, 

1976, 1977; Newton and Herman, 1979) that A. azollae is physiologically 

distinct from the other free-living species of Anabaena. 

The isolation and culture of both components of the Azolla-Anabaena 

symbiosis during this study provide an important step in understanding the 
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mechanisms of the symbiotic association. The low frequency of successful 

A. azollae isolates is possibly due to the fact that the total A. azollae 

population in an Azolla frond contains only a low proportion of un­

d i fferentiated cells capable of in vitro growth. The failure of several 

earlier investigators to isolate A. azollae successfully could be attri ­

buted to bacterial contamination, incorrect culture conditions or the 

use of mature Azolla leaves containing differentiated A. azollae cells 

incapable of in vitro growth. Therefore, future attempts to isolate 

A. azollae should perhaps focus on the undifferentiated cells at the 

fern apical meristem. 

·Isolated A. azoUae is capabl e of both autotrophic and heterotrophic 

growth , and also fixes atmospheric nitrogen at very high rates. Similar 

features have been noted for symbiotic blue-green algae isolated from 

liverworts (Hoare et al ., 1971; Stewart and Rogers, 1978) . Thus if, 

as the observations in this study suggest, the nitrogenase activity in 

A. azollae is preferentially heterotrophic , the alga must depend on the 

fern for supplies of substrate. Algal heterocysts have also been shown 

to lack photosystem II and the ability to fix carbon dioxide (Haselkorn, 

1978) . Therefore, the high a l gal heterocyst frequencies in mature 

Azolla l eaves imply a dependence upon fixed carbon compounds from the 

fern as a source of reductant to maintain the high rates of nitrogen 

fixation (Peters et al ., 1979; Kaplan and Peters, 1981). 

The accumulated evidence indicates that atmospheric nitrogen fixed by 

A. azollae is transported to the fern , metabolized to glutamine by the 

Azolla glutamine synthetase and then transported within the fern. The 

supply of nitrogen to A. azollae cells at the fern apex maintains algal 

growth and prevents heterocyst formation, while the depletion of nitrogen 

in the older leaves stimulates further heterocyst formation. The only 

logical route whereby the two-way transfer of carbon and nitrogen compounds 

between fern and alga can take p l ace is via the intra-cavity hair cells. 

In this study the consistent failure of attempts to recombine cultured 

A. azollae and alga- free A. filiculoides prevented the fulfilment of 

Koch's postulates for symbiotic organisms. A large proportion of these 

unsuccessful attempts could be attributed to incorrect methodology. How-



- 289 -

ever , the recent report of changed surface antigenicity (Gates et a~. , 

1980) in isolated A. azoZZae has indicated that the physiology of A. azoZZae 

might have been altered during the isolation process. It is also possible 

that these changes in surface antigenicity might have been due to an 

alteration in the specific lectin- receptor recognition system that has 

been shown to exist in the AzoZZa-Anabaena symbiosis (Kobiler et aZ. , 

1981). Further research ~n these aspects is needed. 

The growth and development of A. fiZieuZoides plants throughout an annual 

cycle depends on the presence of suitable habitat , usually a standing or 

gently-flowing body of water . However, the inherent fragility of 

A. fiZieuZoides causes the plants to fragment rapidly when physically 

disturbed and adequate growth only occurs when the habitat is sufficiently 

sheltered from excessive wind and wave action. AzoZZa fiZieuZoides plants 

fragment rapidly and die on exposed areas of open water where wind and 

wave action is high and a large degree of turbulence exists. 

The seasonality of rainfall in the catchment area results in wide 

fluctuations in the flow of the Orange River and necessitates using much 

of the Hendrik Verwoerd Dam's large drawdown capacity each year to provide 

water for irrigation purposes and compensation river-flow. These variations 

in the reservoir's water level result i n periodic inundation and exposure 

of wide areas of shoreline and prevent the development of a stable 

marginal macrophyte community. As a result, the extensive wind and wave 

action causes the formation of a barren, rock-strewn shoreline with no 

sheltered habitat suitable for the growth of A. fiZieuZoides . However, 

many of the small streams flowing into the Hendrik Verwoerd Dam are narrow 

(5 to 10 m wide) and often deeply incised, such that their high banks 

offer a large measure of protection from wind action. Most of these 

streams are slow-flowing for the greater part of the year (> 90 %) , 

occasionally drying up i nto a series of long (up to 500 m) pools, and 

provide ideal sheltered habitat for A. fiZieuZoides. Large stretches of 

these streams can become completely covered with A. fiZieuZoides mats 

for between six and eight months each year until annual summer floods 

flush out most of the plants into the lake. Surveys of the open waters 

and shoreline of the Hendrik Verwoerd Dam show that these A. fiZieuZoides 

plants are of little s ignificance to the lake since they are rapidly dis-
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persed and fragmented, and soon die. After the floods, those plants which 

survive in the streams then proliferate to reform the original mats. The 

flooding therefore gives rise to seasonal fluctuations in the population 

density of A. filiculoides in these streams and the system can be con­

sidered to be self-regulatory. 

In addition to the requiiement for a suitable habitat, the growth of 

A. filiculoides depends on an adequate supply of nutrients and favourable 

environmental conditions. Analyses of the nutrient content at field sites 

indicate that nutrient availability is probably the major factor limiting 

A. filiculoides growth in the field. 

Symbiotic A. filiculoides plants require an adequate supply of all the 

usual macro- and micronutrients to sustain growth and nitrogen fixation. 

Deficiencies or excesses of most nutrients are inhibitory. Continuous 

culture experiments demonstrated that the nutrient supply rate (a function 

of flow rate) is important, but ~at a certain minimum nutrient con­

centration or threshold level is also necessary. Azolla filiculoides 

plants are very susceptible to inadequate supplies of Ca, P and Fe and 

deficiency symptoms are rapidly manifested. 

In the Hendrik Verwoerd Darn catchment area, nutrient availability is 

regulated by the hydrochemistry of the water which in turn is dependent on 

the hydrological cycle and the regional geology. All sampling sites in the 

Hendrik Verwoerd Dam catchment area have s~ilar low nutrient concentrations 

with virtually identical ionic proportions. High summer river flows 

contain heavy silt loads with considerable quantities of adsorbed cations. 

These ions provide an important extra source of nutrients to the Azolla 

plants growing in riverine sites. The concentrations of all dissolved 

nutrients are very low in open water riverine sites and the field studies 

have indicated that concentrations of Ca, P and Fe are below the threshold 

levels required to sustain adequate growth. In addition, the aerobic 

conditions present in open water areas ensure that almost all of the 

dissolved Fe is in the ferric (Fe+++) form and, because of its low 

solubility, virtually unavailable to AzoZla. Conversely, dissolved 

nutrient concentrations beneath est~lished A. filiculoides mats are much 

higher, and though Ca, P and Fe levels are only at or fractionally below 
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threshold levels, they are sufficiently high enough to sustain adequate 

growth rates. The higher nutrient concentrations beneath the multi-layered 

mats are due to the rapid decomposition of A. fiZicuZoides plants in the 

lower mat layers. Particularly important in this regard is the rapid 

release of P and Fe f r om the decomposing plants . The development of 

anaerobic conditions in the water beneath a multi-layered A. fiZicuZoides 
. . . +++ 

mat i s the m~n factor ca~s1ng the reduct10n of Fe ions to ferrous 

(Fe++) ions which are highly soluble and thus readily available to 

A. fiZicuZoides plants. Thus, mat formation is an important means by which 

A. fiZicuZoides increases the nutrient status of the underlying water 

thereby overcoming nutrient limitation and increasing its growth potential. 

In the AzoZZa-Anabaena symbi osis , A. azoZZae fixes atmospheric nitrogen 

while the fern component absorbs and reduces N0
3

-N to NH
4

-N via the 

nitrate-nitrite reductase system . Prior to the development of a multi­

l ayered Azolla mat under natural conditions, the average concentration 

of combined nitrogen in the stream water is too l ow to induce maxi mum 

nitrate reductase activity in AzolZa. Under these conditions, nitrogen 

assimilation via algal nitrogen fixation occurs far more rapidly than the 

uptake and reduction of N0
3

-N by the fern , with the result that virtually 

all the nitrogen required by the fern-alga association is provided by 

the alga. However , during the development of a multi-layered AzoZZa mat, 

decomposition of the lower mat layers gives rise to higher concentrations 

of combined nitrogen in the underlying water. This in turn causes a 

dramatic decrease in nitrogen fixation rates, and at the same time 

fulfills the substrate induction requirement for nitrate reductase. Thus , 

after the development of a n AzoZZa mat, the increased uptake of combined 

nitrogen from the underlying water compensates for the loss of fixed 

atmospheric nitrogen and provides a far larger proportion of the nitrogen 

required by the symbiotic associati on. The possession of these two 

pathways of nitrogen assimilati on therefore confers a considerable 

competitive advantage to symbiotic AzoZZa plants. 

Laboratory experiments show that the rates of g r owth and n itrogen 

assimilation by A. fiZicuZoides are promoted by moderate light intensities 
o 

(30 to 45 kLux) and water temperatures up to 27,5 C, but that extremes 

of light intensity and temperature are inhibitory. The highest RGR 

values recorded in the laboratory were always much higher than those 
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recorded in the field, though light and temperature conditions were 

comparable. This discrepancy can be attributed to nutrient limitation 

in the field. Laboratory experiments carried out under both sterile 

and non-sterile conditions indicate that adequate acclimatization of 

the A. filiculoides material prior to experimental use is of paramount 

importance. 

The reported responses of different species and populations · of Azolla to 

environmental factors have been highly variable, usually due to differences 

in culture conditions (e.g. Johnson et al., 1966; Brotonegoro and Abdulkadir, 

1976; Talley et al., 1977; Peters et al. ,lq80; Talley and Rains, 1980). 

·Therefore, caution is required when the results of this study are compared 

with those of other workers. 

this investigation (32 to 35 

The highest growth rates measured during 
-1 

%.day ) are comparable to, but lower than, 

the maximum Azolla growth rates measured by Peters et al. (1980). These 

growth rates represent doubling times of 2,0 to 2,2 days and are also 

comparable to the highest 

Salvinia natans (37 to 45 

growth rates 
-1 

%.day ). 

reported by Blackman (1960) for 

Based on the results of controlled environment studies, it may be predicted 

that rates of growth and nitrogen assimilation in the field would be 
o 

greatest when midday temperatures ranged between 25 and 35 c. These 

conditions are characteristic of the months September to November, and the 

field studies have confirmed that growth and nitrogen fixation rates are 

indeed highest during this period of the year. The wide range of 

temperatures tolerated by A. filiculoides permit the plants to survive 

sub-optimal winter temperatures, particularly when water pH is high, 

without undergoing the IT catastrophic senescence" reported by Holst and 

Yopp (1979a). 

High growth rates in A. filiculoides are only attained when nitrogen 

assimilation rates are high enough to maintain the plant nitrogen content. 

Under favourable conditions which promote rapid growth rates, nitrogen 

fixation is far more efficient than nitrate reduction in maintaining the 

nitrogen content of the fern-alga association. However, despite the 

protection afforded by the fern, the .. algal nitrogenase system is more 

susceptible to unfavourable environmental conditions than the fern's 
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nitrate-nitrite reductase system. Thus, the nitrogen content of the 

symbiotic association is possibly maintained by nitrate reduction via the 

fern when conditions are unfavourable for algal nitrogen fixation and 

growth rates are low. 

The main environmental factors influencing the Azolla filiculoides-Anabaena 

azollae symbiosis are summarized diagramatically in Figure 59. Azolla 

filiculoides is heterosporous and"develops both rnega- and rnicrosporangia 

during the sexual phase 'of its life cycle. The observations made during 

this study that A. azollae maintains its association with A. filiculoides 

via the rnegasporocarp confirm the earlier report by Huneke (1933). 

'Algal akinetes trapped under the megaspore indusium cap "infect" the 

new sporophyte apex on germination, thus continuing the fern-alga 

association throughout the Azolla life cycle. 

The investigation into the environmental regulation of sporocarp production 

and germination undertaken during this study provides a new insight into 

the adaptation of A. filiculoides to its environment, since these aspects 

of the Azolla life cycle have not been studied by previous workers. It 

can be predicted from the results of laboratory experiments that sporocarp 

production in the field is greatest during the summer months and absent 

during winter. The field studies confirmed this and also emphasized 

the importance of mat formation for sporocarp production. 

Sporocarps show a high degree of resistance to desiccation at a wide 

range of temperatures and are thus able to survive seasonal desiccation in 

the mud of dried-out streams and recolonize the water once the pools 

have been refilled. In addition, sporocarps are able to withstand a far 

greater degree of turbulence than mature A. filiculoides plants, permitting 

them to survive the summer floods. They are thus able to serve as a 

source of infestation for localities further downstream and probably 

account for the spread of A. filiculoides from the study area to a point 

some 450 km down the Orange River in the Upington area. 

This autecological investigation has shown that the formation of multi­

layered mats by A. filiculoides is a key feature of its growth potential 

since it permits the fern to survive unfavourable environmental conditions 
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in the Hendrik Verwoerd Dam catchment area. Mat formation enables 

A. fili culoides to modify its environment to its own advantage, by 

affording a degree of thermal insulation, dampening the effects of mild 

turbulence and increasing the nutrient concentration of underlying waters. 

Mat formation is also essential for A. filiculoides spore production and 

therefore plays a key role in the continuation of its life cycle as well as 

its spread to new areas .. 

This study has also shown that the open waters of the Hendrik Verwoerd Dam 

are not suitable for colonization by A. filiculoides and that the fern 

will therefore never become a problem on the lake. The scarcity of 

suitable habitats and the regulatory effects of the prevailing hydrological 

regime accounts for the restricted distribution of A. filiculoides in the 

Hendrik Verwoerd Dam catchment area. Those localities which contain 

A. filiculoides popUlations are, on the whole, economically unimportant and 

further control of the plant beyond that exercised. by hydrological 

influences is considered unneccessary. However, in the event of total 

eradication becoming necessary, other control measures would have to be 

considered. At present, no herbicide selective for Azolla has been found 

and a chemical eradication programme using a general herbicide would 

seriously affect other members of the aquatic biota. In this respect, 

therefore, further research on improved methods of physical, chemical and 

biological control is necessary. 

---000---
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APPENDIX I: Calculation of the number of plant samples 
that need to be collected to ensure sampl e 
mean is ·within 5 .% of population mean 

A 

90 89 
.104 103 

93 102 
98 91 
91 99 
90 108 
97 104 
89 97 

108 98 
104 99 
109 108 
101 95 

94 93 
107 98 

89 107 
89 99 

110 98 
92 101 

100 93 
110 108 

-
x = 98 ,9 

X = 6;8 

n = 40 

using: 

where: 

B 

58 
67 

, 62 
58 
68 
62 
68 
58 
57 
55 
60 
57 
59 
67 
61 
60 
64 
54 
63 
65 

60,9 

3,8 

40 

2 
(D • x) 

55 
64 
63 
65 
S9 
56 
60 
62 
64 
60 
62 
58 
60 
57 
59 
64 
61 
67 
55 
61 

C 

161 157 
143 148 
155 139 
139 160 
157 142 
160 168 
164 141 
148 157 
141 140 
138 166 
142 158 
139 141 
158 168 
168 139 
136 158 
145 14 2 
138 156 
146 140 
151 148 
149 139 . . 

149,9 

10,4 

40 

N = Number of plant samples that should be collected 

S = Standard deviation of sample mean 

D Required degree of precision of me an 

t = Student's t value for 5 % probability and 39 (n-l) degrees of 
freedom (= 2,02) 

A B C 

N 7,72 6,35 7,86 
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ABSTRACT 

The growth rate .J.nc nltrogcn.:l5c activity of AZrJZlc: [iLi­

culoide:l LaIR., grown in a wld~ range of light and t e J1 pcr­

ature rC''3imes, vurs'cs ... lith the pI! of t.he nu!;.ricnt ,-; o!.L:~io:"J 

used. The oegree of col.a tolcruncc volries with pl.lnt size 

u:ld pll of the sol utior.. Annual \.·ariations in pi.;:.nt :1.ur.lb c::::!> 

arc discussed and c ... idone'..! is presented indicating that. A;: !,Zla 

fi li .. :I1.oitfc:r 1s unlikely to (:olonize thC' ope:l "",'U'~ or ~hr:-

1I')!ltl)'" i.k lJC' rwD crrJ IJa:n. 

INTHOOUCTION 

AzoZla is a 9cnu~ of s~ol]. , clcg~ ~t, ~qu~tic fcr~9 with 

.1 worl(I"w i de dir;tribution, (;,vl'm:;on, 1. 1)41,) . '1',,(; ).'1,11\ 1'. con-

sisLs of u short , bnmchc,l, [lou ting ""hi;:o"' ,~ ~lith .sr.'l.ll , ,:It('l''­

nate, overlapping leaves <.Inti h.lS roots which hano do·...,n into 

the · ... atct . The gcmus is of intcre5t in thut it :::; n'~I'~c!:":c; arc 

capilblc of assimilating atmospheric ni troe)en by r.'"c ~m5 or the 

sY::lb iotic blue-green aly-a I1nab.7IH';(.( 'l;;Qtla ,· rre sc:1t in cilvitj.cs 

1n t!H.~ir lc.::vcs. Tht! (JCr'll!;' ,1::.-,i /·d:-; c .. l<l.l:eu tQ u', 'i " :{j , nnd 

like :;Ul,JI:'l1:(I, i~ .... ble '.0 r,'!' l·lly ,~nl'.)I\tl.(, ~J;)t'n ..... ...!I .... , ::illrfa':p ' , 

Prior to the p!"escnt ~t'Jdy, very little quantit.ati'v"(! work 

had be('11 ca:-:-i (' tl 0:.1'.:. on the effects o f light d:",d tCl'?Craturc 

on the gr.ow th of A:;(}ZZ(: p!unt5. A~m~~ (1941, lQ43) fO:.1~d 

th.lL ir: l~b(lratory trlal$;l.hc gl.'o· .. ·tll of I;:~c'i. t "l t-:'Z::~:Ii.O:r!I';; ilt 

25 - 300 e (liri not OCCUT. ImtiJ. the l1gh:.. int.ensIty exc;ccd,· u 500 

Luy.. s~nedict (1923) indicntc!'l that '" relat ·,~d c: pccic!: , ,1;; r !i.u 

(j,H'(:l£ni<lnr: W.i.l l r]., h'l!: .... )nflJd l'} T. ilbl ..: 1,-" ~H :,.:l.nI.:C to Io\>: ~ . I.'; l'e!":Il\ll'C~~ . 
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Nickell (1958 , 1961 ) found that small plants of A z ol~a car o­

Z-:'::-:'ar.a grew ve~y slowly a nd that t.hc highest growth cntes 

fo r large pl.:mts .... ·er.e llchiev<?d at pH 4 - G,:; at low light 

inte!1sities . 

Sorle tri!Jutu!"Y streams in the catchment ttrea of the lIen­

clrik Ver,,'ocrd Dam contDi:l large populations cf A:;ona [i ti-

c:llo,>!c. , (Figure 1) . It was initially f<:, .1 red t h at like its 

r e lative Sr:bil!ia , A:;olla filicuZoi c oa might co l on i ze the ope n 

water:.; of the newl y - forl:led dam . The present study forms part 

of an ecological investigation of Azotla fiticuloides and at ­

tempts to account for the limited distribut i on of the plants . 

Mh':'CRIALS AND X:;:':IlODS 

Population estimates of AzoZZa fil-:'c~loides were carried 

out monthly at each of twelve sa~pling sites . A square wood-

,In t ube o[ 100 em' crosg- sectional area W.:l.S used to obtain 

sv.~pl0. S of plant!; for counting . All estimates of plant den -

sity · ... ere made on averages of five samples . 

In the laboratory, A~ otZa fiZicuZoides was cultured on 

the ,\ f,!.oj- l m~dium of Gorham ct al. , (1964) . La r ge control leu-

cnv':'ror.l~cnt r<)o;n~; w~r(~ llsed to 'Jive .l widc rans~ of light .:l.nd 

tcmperilt ure! condi tion!; . Illumination at low light i n tensities 

was by means of cool white fl\loresc~nt tubes whilst high light 

intensities were acllie,.,ed by using a bank of fan - cooled mercury-

v~pour photo-flood lamps at varying dist~r.ces. Khere adjust-

rr:cnt of tho culture soh:tion pH was 

li~-;het.l by 1I9ing oltho!:' 1 N lIel or 1 

necessary , this w~s acco~p-

N Nilon . The solut lons 

' ..... ere )'C'pl..lcCU duily by siphcr.ing to .:l.vClid disturbance of the 

pl.:l.ots and to ensure constant Dutric!"lt supply , In agi-:iltion 

te~;ts , A~olZa fiticuloidt,.·s plants wc~e cultur ed in 300ml . 

Erle:1ffiozyer f!.asks cO:1taining lOOmI . of nutrient sol:Jt.ton Clnd 

shaken on a Buhler rotary shaker · .. ·i th em or.bit r arilus 0:' 3cm . 

al Growth AnaJ~!1. 

Plnnts .)f .-1:-;0 ~ l.J j'£ :'i{" ~ ~.o1:( i'![1 .... ·c r e ~'\cc l.tmilti:.:(?d in 

Llrgc asl:.JI~sto !J t.rays , ur.dt;: r the J:(·quir. .: u l i(Jht bod l:C'mp­

e.rtJ.tu:r<...! c ont11 tions, foT. t.hn:'.: · .... ('(;Y.5 p:!'"ior. to ':lnnl~'~is . 
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For -::.he oJ.na1ysis of gro· ..... th rate , ..... !!ighed sar."lple s (2,Og.) 

were placed in lOcm. diilmeter black-pai n ted plastic 

di:>hes c()ntoJ.ining nutrient solution and reweighed 

seven days later . The relative growth rate (R . G.n.) 

WoJ.s c~lc~latccl using dry weights and was based on 

th e' forr.ll:la of Blackm.:m (1968); 

R.G . R. 

(Loge Final wt. - Initial Loge wt.) 

Tine interv3.1 (days) 

Rcsul ts were e xprcssed as graj11S increase per gram 

starting \,'eight per day . 

b) Nitrogcnase Activity 

Nitros enase Clctivity W<lS de t ermined using the 

<lccty lcnc reduction assay of Hardy et al., (1968). 

Weir;IlQd suf\'.(?lc:::: (0,2g.) of ucclim.::lizcd plant mo.ter­

ial '",cre pluced in 2Sml. react i on flasks fitted with 

rubb~r septa. The flasks '",ere flushed for 4 minutes 

;'lith a mixture of O,2atm. acetylene and O , Batm. of a 

mixture of argon, oxygen and carbon diox ide i n the 

ratio 77 , 665 : 22,3 : 0,035 using a Math~son model 

Ii"):;' Cjno. proporUoncr with ncedl • .:: valve control. The 

rCoJ.stion fl<Js k s were then plD-ced in con:."tnnt environ­

m~nt roo~s unaer the required experimental conditions. 

'1'ripllc;ltr: ~O mlc r olitrc s<lfl\plc ~ of the gn!"! ph'-l::;c in 

Ci1Ch flask were withdrawn afte r 15 to 30 minutes and 

analysed . ~thylene formution was detected by gas 

chr-oma:..ogra pl1y, using a Perk.i.n-Elm('r 990 gas ch r omato­

tjl :lph ( 1uippeu with a flamc-ioni7.ation detector and 

f ilted with oJ. 6 foot: long, 1/8 inch di~mcter stainless 

Dtcel column containing 80/100 mesh Por tl pak N. 1\11 

analyses · ..... ere carried out in triplicate at 50 0 C. High 

purity nitrogen was used as the carrier gas at a flow 

rate of 35ml . /min . R~sult s were expressed as micro­

moles of ethylene forn(!d per gram fresh · .... eight pe r hour . 

VJ 
N 
+> 
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RESULTS AND DISCUSSION 

Th e g ro· ... th rate and nitrogenase activity of Azalla. fili ­

culoidec change with i ncreasing lig!:.t intensity , (Figure 2) . 

Growth incrc~ses with inc r easi n g light intensity to a max-

imum in 50% sunlight. Furthc=, incn~ases in light intensity 

decrease growth. In 25% sunlight gra~th is higher than in 

full sunlight. Ni~rogenase activity is highest in 50% 

sunlight and fractionally lower in 2 5~ sunligh t . In 12, 5t 

sun light an d full sunlight , nitrogenase acti v ity is low. 

These r esults indicate that A:: olla fi'liculo -idcs grows bcst 

in ligh tly shaded si~uation s a nd nitrogcnase uctivity may 

depend on photosyntheti c ra tes at low light in tens it ies . 

Both the relative grow t h rate and nitrogenasc activity 

of Azol ia filic:I"l.oidea increase with i n creasing daylcn'Jth, 

(Figure 3), up to 8 hours . With daylcngth~ longer than 8 

hours , the nitrogen~se a ctivity does not incrcase while th e 

gro· ... th rate increanc!;;. The result!; show that though the 

total a~ount of nitrogen fixed during an 8 hour day i5 less 

FiC]ure 2: The relative growth rate (R GR.) and nit rog~ 

activity of Azol\a fjljculo;des Rlants at different 
I iaht intensities. 
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f igl,lre ~: The relative growttl rate (R G. R) and nitrog~ 
activitx of ~zolliLllii(;wlojdes Rlants under different 
dgylffigth reg imes. 
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th.un that fixed during a :1.6 hou!."' dar , it is sti ll sufficient 

to support the growth of AZDz.zc: f 'ilic!J.lo i des plants during 

periods of short day length at a l evel approximately equivalent 

to two-thirds of the gro· ... th rate of plants grown under 16 
hours daylight. 

\"i th increasing light in t ensity, the relative growth rate 

(Figure 4) and nitrogenase ac t i vity (Figure 5) increase a t all 

of the temperatures used, though the increase is min ima l at 

the extremes of temperatu r e. The 'optimum' t emperature for 

g row t h and nitrogenase acti vity also increases with increasing 

light intensity (a,b,c) . Howe ver, the ~igher the light in-

tensity, the smaller is the degree of change in ' optirrn.::n ' temp­

erature , indica~ing that the ' optimum' temFcrature changes only 

~t low l igh t intensities and stabilizes at high light intensit­

ies . Ahmad (941) found that Ma x imum gro· .... th of A::oHa fiZ": ­

c!J.loido1!J Occurred at 20 - 210 e a t the very 10 .... light intcnsit-
i es of 500 to 2000 Lux . This suggest s that at very low light 

inten'l itic>s, the 'opti mur.l' ter.lperaturc does not c hange u ntil 

~he lig ht 1n t~nsLty is in the region 2000 to 5000 Lux. 
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£jgyre 4: The effect of temperature on the relative growth 
rale (RG,R) of ,ruQ11a filicJJlQiQe~ at dif:erent 
light int0nsities, 
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Figure 5 : The effect of temperature on the nitrogenase 
activity of Atolla fj!icul.oid~3t different light 
~n5ilies, 
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Temperatures below 10°C and above 35
0 e decrease growth 

and nitrogenase activity to a minimum. The increas e in 

nitrogenase activity with increasing light intensity, again 

suggests that at the low light intensities used, the rate of 

fixation of nitrogen may be dependent on the r.:ttc of photo­

synthesis . 

Plants of Azolla filiouloi dc8 occurring in the tributary 

streams of the Ilandrik Verwoerd Dam experience very low temper­

atures during the winter months. The degree of cold tolerance 

sho ..... n by different sized plants Az("!lZa fiZiculoidoa was 

dctcrm1.n(·d uy varying their lC'ngth of expo!Oul.'C to SoC , (Vigure 

6). Shor t periods of low temperaturc do not reduce the !lum­

ber of viable plants. Longer exposures markedly decrease the. 
number of viable small plants (5mm. diame ter ), but cause only 

a slight decrcase in the number of viable largc plants . 

The percentage germination of megaspore~ is markedly de­

creased by even short exposures to low temperatures, (Figure 

()). Under natural conditions, megaspores are formed in t.he 

summe~ months (September to January) and most of these germ­

Inate before March. The degree of cold tolerance shown by 
megaspores will therefore only apply to those which gcrmir.ate 

in the late autumn and early w~nter months . 

The degree of cold tolerance shown by large (20rnm dit.meter) 

plants of t..:;ul.Za filiculoides varies with the pH of the sol-

ution (Figure 7). At the alkaline pHs of 6 and 10, the rum-

ber of viable plants is only slightly decreased after 30 aays 

of exposure to SoC . The number of viable plants drops with 

decrCol::>ing pH and lengthening exposure times. The pH of the 

streams containing Azolla fiLiculoides in the catchment area 

of the Hendrik Verwoerd Dam varies from 7,5 to 9 ,8. There-

fore, even at t!1.e lcr,.,:est pH experienced by AzoZla filic:,loidcs 

in the f1eld, the plants arc \ .... ell ilble to w.1.thstand long 

exposures to low temperatures . agreeing with the observations 

of Benedict (1923) on Azalla caroliniana. 
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£igure_.§ : The % megQ?P.Qre germinatjon and survjyal ( % 
viable Rlants) of differer:t sizes of A?Q\liLilliculr:iQ.~ 
Rlants after varying lengths of exp.9.5jJre to 5 ·C. 
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figure 7: The survival (% viable Rlants) of Az.Q\.@, 
iili,g,i,lQiQ3LRlants in di fferent RHs, after varying_ 
lengths of exp_osure 10 S'C~ 
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In Azolla fiZiauloidcs plants , the uptake of combined 

nitrogen 1s greatest in the acidic range and very 1 0 · .... in the 

basic range , whi le the fixation of atmospheric nitrogen is 

highest 1n the bt"ls1c r.:lngc nnd almost non-existent 1n the 

acidic range. The interaction of ,these t wo systems therc -

fore ensu~es the nitrogen supply of the plants ove r a wide 

!;"Clnge of pHS . Figure S demonstrates the effects of differ­

Pont light intensities o n the growth rate of .-~=oZla rilicuZoides 

g :t;ow n in solution s of diffe r ing pH , when supplied with a 

source of c ombin ed nit rogen in the form o f nitrate at 10 ppm . 

At a low light intensi ty of 1 5000 Lux, growth i s g re a test 

in the acidic r ange of pH 5 - 6, with a s e cond , lo· .... er gro·"'th 

peak in the basic r<lngc of pH 9 - 10. This agrees with the 

r esult s of Nickell (1961) who showed maximum growth of Azolla 

caroZir.iana at p H 4, 5, 6 when grown under very l ow l i gh t 

intensities. With increasing light intensities up to 60000 

Lux, grry#th in the acidic range decreases while growth in the 

basic range increases to a maximum . At a higher light in-

tensity of 75000 Lux , growth dcc=cascs in both t he acidic and 

basic ranges . The resul ts sho',o1 that the range of pils found 

in the tributary s treams of the Iiendrik Verwoerd Darn are suit­

able! fo r maximum growth ' of A::otza fil.{culoidc8 an d that very 

high light intensities i nh ibit growth . 

In undisturbed opt ima l condi t i o ns , large plants of AzoZZa 

fiLiC'u~oidcc grow exponen tial l y until the available surface 

area is covered. Once the surface of the water i s completely 

covered , the r ate of growth an d nitrogenase activity decrease 

markedly wi th time as the plant density increases , (Table 1). 

T,\II!.r:: 1: ----

Time 
C'1 ap!;cd 

(.t ~'.Y::) 

0 
5 

10 
15 
;If) 

L-. 

:!'b~.:!f(,(·t o( t nC.E£!!!jl !l9..Y.1 nnt d('nf"~y"""!'~£ 
n'.l'l U \"<.,; (! n'· .... th rcltc (H. (;. Ie) and III tl-oqen,,~;c 
uctivity of /',zol.La riLt.culot.deD with time 

R. G. R. Ethylene Av . Plant dcn2ity 
(g . /g./day) Production 

(no . plant!1/dm ) (!lmol ('~/g. (.wl . / 
hr. ) 

0 ,2 39 4 3,14 ),1 e 
0 , 2378 2,89 10 , 53 
0 , 2349 2,61 34,58 
0 , 0 '; 3.1 L 1,1 G 

I 
52,46 

0 , 0] tt) O,i!" (;R . 7 4 ._---

'" '" -.J 

I 



x 
::, 
-' 

x 
::J 
-' 

x x 
33 

§ 8 
C) 
C) 
ill 

88 os;; 
~-" " " " " 

I ! I I 

"6 
"D ---: c 

et: ro 
<!:i <Il 
et: =J5: 
OJ .-
10 c <Il 

Q) (]) ~ ~ .;;::; 
L~ ·iii 
~ :g ffi 
E c.. c 
Q) .-

(l) <Ill-' >-L ._ C 0) 

~ .E9 :..:::;1 

Q) ""j LI 
~ <Il .Q)~ (l) (l) L 

L~(j1 ~ ~!I.§ ro~§\ roO 
~I\ ~I >1 
':;11 

- 133 -

--
$2 

t 
[~ 

lD 

a osn sto 02'0 sto oro sO'o 6 
-<2--( ,\t?p/"5/ -e)) ·tI ·"rtl 

- 134 -

Figure 9 show~ a histogram of average plant density at a 

typical ri'Jerine sc:mpling site . The peaks show the large 

nunbcrs of plants prescnt during summer, (September to Jan­

uary). The gro·,.,th rate of thcs:lc plants 1s very low since 

the \.,rater surface is completely covered with plants . The 

drop i" plant density during the months January to April 1s 

tlu~ to flood uction removing almost all of the plants. Nay 

to July is the period of greatest growth. Uere, the re-

maining AzoZta filic~loide6 plants, having a high degree of 

cold tolerance at alkaline pHs, rapidly colonize undisturbed 

water surfaces after the flooded streams have returned to 

no~mal . 

Nickell (1958) described low growth rates in smal l plants 

of AzoZla caroZiniana. Similarly, small plants of ~zoZZa 

fI.Z icuioide:; (2mm. diameter) have very much lower g r owth rates 

and nitrogenase activity than larger plants, (Table 2). 

TM3LE 2 : 

R . G. R. 

The relatlv~ 9fowth rate (R .G .R . ) and nitrogenase 
Dctivity of di ferent si7.ed r.:lants of Az~tlfLI.i:...!:i­
.::.:!lo:.c:vs 

Plant si7.e (dia:netcr) 

2rrt'll. 5r..L'n . lOmrn. 20mm. 

(g . /g. /d"y) 0 , 0220 0 , 0420 0 , 1131 0,1443 

Ethyler.e Production 
(u moles/g .f.wt. / hr) 0,18 0,30 1,29 1,71 , 

Plants of Azol ta fi lic~ Zoidcs fra'9ment very easily, the 

degree of fragmentati on depending on the severity of agitation 

or shCl.king . High shaking rates, corresponding to small waves 

or. an open l ake surface, result in very small plant fragme nts 

with low gro·..,'th rates and nitrogenase activity, (Table 3). 
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TABLE 3: The effect of aSitation on the r elative growth rate 
(R.G.R.) , nitrog'.:! nusc act1vity and resultin9 trag­
pent size ot A= o, Za J~ . ~C~lO~J68 plants 

Shaking r<tte 
I Ethylene pro- Av. Fragment 

R. G.R. duction 
size (revs ./:nin.) (q . /g . /uay) I (\.l moles/g.£. (mm . diameter) 

\ wt./hr.) 

5 0,1422 

I 

1,69 18 

I 
2', 0,1236 1,44 15 
75 0 , 0410 0,31 5 

125 0,0230 0 , 19 2 
~-- --. - --- - - - - -- -- -- -- --

Curing seasonal flooding of the t r ibutary streams of the 

Hendrik Verwoerd Dam , most of the aggregations of A~ o lla fili ­

cu7.oidcs plants are broken up and wash e d downstream into the 

op·.:!'n ... .'cJ.ters of the lake where the plants are very soon further 

fragmented by wave action . Th~se plant fragments are car ried 

by surface current s onto the lee· .... ard shores of the lake where::: 

yet further fragmentation results from the continued abrasive 

action of waves on thz shoreline . 

The survival r ate of very small fragments of Azolla fili ­

culo id c ~ plants is considerably reduced with increasing lengths 

of exposure to high light intensity, ('rable 4). 

Tr'\BLE 4: The ~urvivu.l (% vi;:!olc plants), o f 21T'm . di a meter 
~ants of J,::: o(.~"cu :.o~ (: .:t;~varvinq lengths 
o exposure to hiqh light in t ens ity, under d~ 
ent d avle n9 t h req l.ltt('<; . (pH 9, 7:;000 Lux) 

Length of Zxposure 8 hour day 16 hour day 
(deyo) (% vi able plants) (% viable plants) 

5 68 54 
10 43 27 
15 20 9 
20 4 0 
25 0 0 
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At h~gh light intensity, the dccrca?c in numb~r of vi~blc 

t1p.o~la fiUcu~oideG plants grO'dn under 16 hours day l ight i::. 

greater than that of plants grown under 8 hours daylight . In 

both day length r e gimes, 2mro . diameter plants of 

culoidec soon succumb to high light intensity. 

A::ollc: fi li ­

Trroughout 

the year, light intensities at the ller.drik Ven:oe!"d D~:r: are 

very high , of the ord('r of 80000 to 115000 Lux . There:!:orc , 
I 

plants of A;:olZa fi Ziculoidc£ "'.:1shcd into the lake by floods 

and frag~entcd by wave .:1ction wil l be unilblc to surv i ve for 

longer than three weeks , regardl ess of when the flooding occurs . 

It is evident from the r esults presented, thut al though 

A!: o ~la .ri!icU"~oidcc will not become a problem on the expos~u 

""aters of the Hcndrik Verwoerd Darn, it will contin u~ to flour­

is h in the tributa!"y streams until an efficient f.lcthod of 

eradication is found. 

ACKNOWLEDGEMENTS 

The author g r ate fully acknow1cdg(~s financial assistance 

from the C. S.I.R . , P!"etoria and the facilities provi ded by 

Professor £ . S. Twyman , Der~~t~ent of Botany , Rhodes University , 

Grahu:nstown. 

PRESENT l\DDRt:SS 

Department of notany, Rhodes University, Grah.:1rn~town. 

REFEHENCES 

Ahmad, G. D. , 

19<11 , 'I'he effect of light intensity and temperature on the 

growth of Azolla fi ZiculoideD . 

20, 213- 226 . 

Jou r. I~dian Bot . Soc . 

Ahmad, G.D., 

1943 , Interre1atlor.ship between the compensation point , tcm­

pc~ature coefficient and growth of A=olla filicu~oirles. 

Jour' . I1zdir::n Bnt . Soc. ~ l.!., 101-104 . 

Benedict, R, C., 

1923 , 'rhe mosquito fern . 

48- 52 . 

Black:':'la!1, C.E., 

- 138 -

Arne:>. Fa:>n JouN:a~ ,..!1., (2), 

19 68, The application of the concepts of growth analysis 

138 

to the .:1sscssmcnt of productivity. In; FU1!ctior.ing 

of :'Cl':>e ctl'ic:Z F:coS;I,'::t N 7IC at the Primary Produc ~ion 

Lel'G t. UNESCO Sy:nposiurn Proceedings, (Copenhagen) 

(Eka:o:-dt, F.E., Ed.), 243-259. 

Go:-harn , P.R, ~:cLachlan, J ., Hnm,ner , U. T. & Kim , \~.K., 

1364, 

Hardy, 

1968 , 

Isola tion and culture of toxic strains of Anc:baena 

f~o8-aquae (Lyngb . ) de Breb . 

Limno l ., XV, 796-804 . 

Va rn, Intel'nat . V('l'ci n. 

R.W.F., Holstein, R.D., .Jackson, E.K. &'Burns, R . C. , 

The acetylene- ethylene assay for nitrogen fixation: 

L.:1boratory and field evaluation. ?7.ant PhysioL, 

il, 1185-1207. 

Moore, A.w., 

1969, A!:olla: Biology and agronomic significance , Dot . 

Rcv .~ 11 (1) , 17- 34 . 

Nickell, L . G., 

1958, PhYSiological studies with Azo~ta under aseptiC 

conditions. 1. Isolation and preliminary grol.,rth 

studies . Ar.;el'. F'e:>r. Jourllat, i!! (3) , 103-107. 

Nickell , L . G., 

1961, Physiological studies with Azolta under aseptic 

conditions. II . Nutritional studies and the effects 

of chemicals on growth. 

49 - 54 . 

Phyton (B~enoD Airee), !I, 

Smith , G . M., 

1938, SalviniQceae . In: Cryptogamic Botany Vol. 2. 

McCr.:1·d-Hi ll Inc., New York, 353-362. 

':'vc no;or'l . H.K., 

It') ·14, The- ne ..... t~Qr.ld ~;pec ie:. of A:JOH..:z. 

J.i, (]), (1~;- ll 4, 

A~'Jr' . Fe)'r! JO:lrl!(ll., 

'-" 
'-" o 



" , 

APPENDIX III 331 -

The aquatic fern Azolla and Its 
Anabaella syn1bion t 

P. J. Ash ton and R. D. Walmsley 

T he aq uatic fern Azalia contains a symbiotic, heterocystous, blue-green alga, Anabaena a,:(,IIIIc, 
within cavities of its lea\'es. By the process of nitrogen-fixation the alga is capable of fulfillin r; the 
nitrogen requirements of the association. Because the fern can form dense mats on water surfaces, 
it is classified as a ,,'ater ,,"ecd in many areas. Research has indicated that the growth of the 
fern-alga association is in fl uenced by numerous interacting 'environmental and physiologic,,] factor, . 

In t roductio n 
A;:olta is a genus of !'mall aquatic ferns WIth a \"ide 
d istribut ion r 11. SlJ-asi>urgC'r, in 187;)~ fi rst observed tha t 
the don;3.1 lobes of the leaves on _' I::.ol/a .filiculoides CI)l1-

t<tined cavities i ll which a hc(crocy:-tous bluc-t.:'recn alga, 
AllabaeTIa azol/lIf, could always be' found [21. This f(' rn­
alga association W<lS subseq uently shown to be cap:l.b\C' of 
suslJ.ining growth on nitrogen-free media r3J. These 
unique characteristics stimulated many studies on the 
fC'.rn -a lga association in the carly p.1rt of tile !\\'cnlicth ccn­
tury. J\lost of these im'C'sligations pro\"('cl inconclusi \'c in 
elucidating the interdependence or the twO org-anisllls [21. 

Azolla is or interest not only as <l botanical curiosity, 
but through jts importance in nature, both as a w("ed and 
as a fertilizer. I n areas where water rcsources are limited, 
the growth of aC]1lat ie plants has caused sornc concer n. 
Of parlicubr iuten·:,t an' free -fl oating plants sllch as 
Azolla, Sa/vil/ia, and Eidlhomia which arc able 10 colonize 
areas of open water. These plants can form dense mats 
0\'(;1" water surfaccs on which lcrrcslriai plants are able to 
grow to fonn a type of stidd \"l"gt't<l tion [ .. 1:, 51. This is 
undesirable since the dccrc'asing tlrea of open ,,'ater 
imposes limitations on water u~a.£!'e. Unlike ,S'alrillia and 
Eichhornia, A::.olla docs not rcquire the presence of a 
source of cOlnbined nitrogC'n in the walCTS where it 
orcurs, !lince the fern can fulfil its nit,'ogcn n.'quirel1lC'llts 
t hrough the assimilation of atlllo~pheric ni lrog(:n by its 
a lga l symbiont. Potentially, th('re rr~r(', _·L:otfa can easily 
colonize watC'1" bodies "'hich <Ire ddicic'IH ill nitrogen and 
un sui table for gTO\\'lh of other aqui1ti c plants. 

KnO\dedge of the ph~ !:O iological and ecological f3clors 
iufluencing tile growdl of the fern is therefore essen tial 
in order to pre-dic l thL: setting in ,\'hich it may become a 
problem . A;:(I/la has 110'" become the subject of increased 
study on a global basis [6-'12), 

Th e fern~alga association 
An A::.olla pl<lnt consists of a shon, branched, Aoating 
stern, bearing roots which h<lllg down inlo the \\·ater. 
T he stem and br<lnches arc cO\'crec! with sm,tll, alternate, 
overlapping leaves (figure 1). Each leaf is bilobed, the 
upper lobe contains the green pigment chlorophyll, 
\\·hilst the lower lobe lacks chlorophyll and is colourless. 
Under ce-rtain conditions, an anthocyanin pi~men( also 
occurs in the upper lobes of t h L~ !t~a\"C's, gi\'ing the fern a 
reddish-brown colour. The a lga . ,·ll1abaena a::.ollae. is 
closely associated with the apic711'meristem of the fern 
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fJ/iculoides Lam, in the catchment aren of the Hendrik Ver ..... oerd Dam. 
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(figure 2 (A») and grow!- in unison ,·.-ith the fe r n . . -\ .$ leaf 
primordia are rormed by the meristcm. filaments nf the 
alga become ent rapped wilhin the dC\'<:loping Gl\·i~it·s in 
tbe dor,,,l lobes of eacb leaf (figure 2 !R )) , Tbe .11"" is 
restric ted to this micro-cnvironment during its gr,.wti-:. 
and dies ofTwhclllhc lear$cncsces. I I h~s hc:cn ('qi!l~atcd 
that in _-lzolla caroliJiianfl the alga cnnt<lins from :',~ to 

.15 per cent of the total chlorophyll of tlH .. associalion ! 6], 
The rern i5 hctcrospnrou5 and den:lops both me;:;:? ­

and microsporangia during the sexual phase of it:; lirc 
cycle. The alga maintains its a:-.soc iation with the fnll 
during sexual reproduction. Sn'C'ra l workers ha.\"e 
l'lponcd that the alga ll"I.:l.iutains its link with the fan by 
being <l ssOCialcd with both the lJlir.rosporan '-~ia ;'!nd 
megasporangia r 13, 1-1. : 151) whi l ~t othc,':-; rc])on ~h .:! t a 
link \\'ith the megasp()r:1n~illm on ly is maintained [16j. 
Studies on .·1.jiliru!iJidfs by lhe allthor~ ha\'c shc\';!} t!1 :-![ 

algal akinctcs <Ire found only in the I11cga=,p0r::!n..-il!m. 
embedded in a c<lvity under Ihe indmiull1 Cnp ,:li;.:~trC' 3' . 
After fertilizalion 0; the megaspore, a zygote is i~')!'nwd 
w hich den:lops into a sporophyte with ib associ:.1tl'd aka. 
The cOlltinui ty of the a.<'$ncia tion is demonstrated in the 
life-cycle diag;';ul1 (fi~ttrc .,.) . 

] n orcicr to assess [hc intcrdcpencknce ShO\\'ll by 
the component organi:-ms or a symbiOl ic associ:lli,')~1. one 
must isola te the: ind i\" id ll.\ I organ isms and then n::combi!1c 
them :lfl('J' cst<lblishin.\.j· th~' i r indi\"idual p;ro\\'th rccl':ire­
Jllcnts. The literalllre- 10 (bte shows that Ihe fern and 
algal compon ents ha\"t.: berll isoJalcd ! lG , 1 i1. b!lt there 
arc nu reports of SlIcc('<;sful recombination . .l·:-l ~ a :· :: !; 
a::.ol/at· has been Cl.dturl~d from _.J. j l ll1l1flla [In :, fPl:!1 
_'1. carotinialla r I ~ ) 1 and fl'Ol1l .·l.jilirll!,)idl's by the cv~t;lOr.; . 
For lhe author~' cldtures, ,Jnauacnfl a:::f){lal' coloni~!~ \~'erf: 
i'wla!ed by ll1ic ro~manii1ld ation from the ('a\'i;:i t~ :-:; of 
surfacc-slC'J"ili7.ctl A. jiti(!iloides ka,'c:; and S\l],jc(~cd tr) 

heat trea tment to rcmo\'c COlll3min,uillg baclcri.1 fJ~] · 
Isolates ,,'ere thcn pbced on nill"Ogen-frce ;>.g2.r plates 
fur rurther isolntion and ~ro\\"th. 

In these cultures of _·Jllabama a:,.,llat, the hcterocys t 
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fn.:quency is from 7'0 to 15'5 pCI' CCnt higher than 
rcportcd va lues for frcc-!i\'ing spccies /2(11 and the 
vcgcrati\'c cells arc more elongatcd lhan those ill the Ic:af 
cavities of the fc rn (fi gurcs 2 (C) and (U )), These 
differences ill morphology arc probahly due to the cfl't".cts 
of the mincr!"!.! medillm and tlie a rti fic ial cultlln~ Cll­
viron:l1cnt. T he lack of jwc\'ious knowled ge all the 
contrIbution of ,he alga to the a~sociation is bccallse :t 

large l111m!Jt.:r of hille-green algae are notoriollsly difIlcult 
to cu lture, ~o frec-li\'ing g rowth forms of Anabal'lla 
azollae havc yet been di~c()V('rf:d : although lhis may b(~ 
attri lHltl'd to illsunlcie l1l taxollOlllic knmdcdgc of lh e 
blue-green a lgae. ConsequtlHly, this has led to doubt ;llld 

sccptici~1l1 as to whcther any cultured isolate is reall\- the 
trlle sym biont, since, apa rt from the 1l1(Jrpholo~Tical 
diflt.:rences, alt('mpts to recomhine the cultured .,ll/aE'aclIa 
with alga-frce plants have failed, 

Figure 2 (A)( x 100) Apical meristcm (am) and developing leaf 
primordia (lp) of A. filiculojd~s show ing the close association 
with Anabaena azol/af! (ac), (8)(>'.45) L.S, of A. [iliculoidcs 
showing caviti(ls (c) of dorsal leaf lob es containing colonies of 
Anabaena alol/ae (a a), (e)(;.; 600) Anabaena alolfi.c filament in 
fern, showing heterocyst (h), (D)( .,: 500) Anabaena c1zollae in 
culture showing heterocyst (h); [note cells are more elongated 
than cells in (el)' (E)(x 60) loS , of alga-free A. (iliculoidcs 
showing empty leaf cavities (c ), 

Alga-frre p lallts of .,J.;:.olla havc ran,-~ Iy bcen foun d in 
nature [2 J, but varying <.!cgrt:c:.; of success in fre eing­
Azalia or .·Jllfl/Ja('l/(J iI,I\'(' beell c-I<lilllcci for numerous 
mc-thods to, Ill, t7, 21J ... \ con\Tllil'nt a no. rapid mctll(H.l 
used by the allthfl l"S ill\'ohTS tlw use of antihiot ic-s. 
A, .filiw/oidl's may be fn:c'd or the a lga by subjecting 
sllrfacc-sterilizcd fro nus 10 tlllTe cCJl1secll ti\'c nnti biot ie 
trr<llll1C-llts, each or one wf,('k's duration. The basal 
nitrogcn-cllri chcd IllcdiulIl is ~ I!p p\(' lll enleo. with (a ) 
2:') mg/l l'\a pClli (, illin C, ( 11 ) .1. IlIg I tCl"l'amyeill , nnd 
(c) 5 mg/l streptoillycin sill 1'1 1<11('. The r(:s llltj tl .~· ;dga­
free fern (fig-lire 2 (E ») is 1I1{)IT compact in SiZC:lIlfl :-.h:qw, 
grows mOl'C slowly than tI lt' !cTIl-;dga ;lssocia l ioll and 
also }'C"Cjuirl'.' a source of l"olllhinnl nitl~ognl. Th is dcmon­
stra te:;; lhc- importance oj" til(' alga ror 1l0l"l11;t\ gT(l\\',h of 
t hc rern and Sll ~C~ ('sts the ('xistclIc(' or" growth -proliloti ng 
substance or SuhSl:IlHTS which art' Irall.~fi Trcd from ilH: 
:llga \'ia the: apical IlHTi';lf'lll and 'or tilt' !t-;I!' eavities, 

Tkspitc th e ahilify or till.: flTIi alld lilt: alga to (·:-..i o,;! 

sepa ra I ('1 Y in <.: 11 It lire, i I is ob\'ious (lia t ror norma I gro \\'1 h, 
the r(' nl relies hcm'i1y on the pn'sf' l1rr' or the :lIg·a. TlI i . .; 
d cpcndl' llcl' is brgd y rd ated tn lhe llil}"()~rCIl~ Ii:\in \~ 
nH :tahqli~rn of ti lt' alga awl Ih t' Irall!'rn nr ('X("I"C!{"t! 

nitro.~('nolls COIllj)OIIIHk In turn , the ;dg:l , \IY \'in!lc til' 
its position ill th~ lca /' cilvil i( "s, drTi\'cs physi.'al Pl'l)ll'l'lioll 
and all its nutri"II! requin: llU'lI\'; ~ I.' :-;:n'pl Ililrngcn ) J'rIJI ll 
the florn. COllll"On:rsy about lile fl'rtl-ai ,ra assoc:iation ;llI d 
t hl' illtt'rre!atioll~h if ;S of th e t\\'o org,lIl'isl11s \\"ill (" () I~lilllH' 
n llti l tll(' cHitl\n' <lnd SUCCl~s!'>rll l rcco :nhill<lliOll o[ ill ,ill 
organisms has been achieved by a sing le gr()tlp 01" 
workers in th e S<l IllC laborator y, 

Figu re 3 (below) (x 70) Megaspore of A filicu/oidcs sho':/ing 
space under the indusium cap (ie) where akinetcs of Anabaena 
azol/ae (aa) are found, 

l' .~: 
, Ie 

Nitrogen fixa tio n "/ Although it is ,,'ell kn own that ht't crocysl()llS hI 1It'­
green algae arc capahle pf lllll'og-cn fi:-;:; \( inll, only 

recent ly was it cOllcllls in'ly pro\'nl 
thai ,·II/abama a,:.ollat' is lhe :1gl' lll or 
fix a tion in thc _,{zolla-.,ll1ab,/o;a assO­
ciation [G, 7, 8, 111- The :lC"('lyit-llt' 

I-cducti on assa.\", a SC' IlSltI\'(' gas 
chromatog raphic lecillliqtll' used ftlr 
the d etec tion of the nitro~l' n-lixillg 
enzyme system [22], has prl) \'cd Y;llll~ 
able in elucidating the Ilitnl~(:ll­
fixing chauct('risrics of lil t" ;\ :->:,(1("1;}­

tion,The assay is based on lhc ahilily 
of the cnzyme cornplrx \\'hich llxc,; 
nitrogen to reduce ac(' tylrIH~ ~n ethy­
lene, cven in Ihc presence of Ill11:0.~l'I~. 
The rate of accldcl1c r Cc!lICtll)l\ 1:' 

directly proponio;1a1 10, t1\(~ rail', \11' 
nitrogen fIxation and IS ("olllwlll'd 
by the same physiolog.ic<ll and, ell ­
vironmcntal faclors, Enckncc gall1cd 
from using th e assay has showll {ila l 
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the nitrogen-fixing characteristics demonstrated by the 
assacia lion arc 1 rpical of a bl uc-green alga [6, 7, 8, T I , 20 J. 
Both the association and the isola ted alga arc capablc of 
reducing acctylr.nc, whereas the alga-free fern cannot, 
nor can it sustain g rowth on a ni"trogl'n-frcc medium. 

Studies by the authors have shown for A . . filicuiDidrs 
that there is a cl ose link between growth and acetylene 
reduction (ni trogen-fixa tion ) . This means that if an 
Azolia plant rcgistcrs a lnw acetylene reduction ra te', 
then it ca n be expected that its growth rate will also be 
10\\, . Under ide"l conditions, A. jilicu(o£des registers 
maximum grow th antI acety lene reduction rates when 
groWJl on a ni trogen-free medium. The nitrogen 
fcquirC'J)1Cll ts of the association can therefore be morc 
efficiently fulfilled b y thc fixation of atmospheric 
nitrogen. This a lso indicatcs thnt considerable amounts 
of assimilated nitrogen are transferrcd from alga to fern. 
The form and manner in which this nitrogen is 
transfnrcd have not Yet bcen deter mined, AI/abama 
azo!la{' bola ted fr om A,/iliculoidr'J excretl:S large quantities 
of ammonia into its culture medium, This would point 
to ammonia being the mohile nitrogen formi however, 
no information is yet available on <ll1ltnonia concell­
tra tions within th e lcaf c(t\'itics of the f(~rn. 

In frec-li\'ing nitrogeIl-fixing Allobal'lla species, tbe 
f\IJility to redllce an·tyl<:nc is cOlllpletely suppressed 
after sevcral d ays gn)wth in a medium containing a 
sourcc of com hi ncd ni t rogen r ~q. , 251. This occurs 
uccall~e the enzyme system which r rducrs acetyll'ne is 
inhibit ed hv the combined nitn)o-en in the medium. 
Anabamo a::.'ollo{' in free c~llllirc C~lIl \,'ill!stand IIp to 
J 00 m g 'I of <llllllwni lllll-llit rogen before any appreciable 
inhibition ofacet\'lene re(lilctioll occurs. Tile metaiJolislll 
of nitrogcn-fixa li;m in .· II/obamo o::.ol/ar thereforc diO(TS 
from thai of free-living ,Ilnobama spccies. r n the fern-alga 
association, a sillliiar situ ation <1 rises. A_ltllough acctylene 
rcductioll ca pacit)' is considerably supprcssed, ,'1. r.aro­
lillianl1 plants are st ill capall1c or reducing acetylene arler 
six to Sl'\'('n months l growth 011 a medium contai ning 
uitrogen [Gl Th e fern act:: as a 'sink' ror the nitrogenou5 
compound:-; excreted by the alga and it is thcn:rorc 
probahle that the com billed nitrO,t?;C'1l in the meciium 
intel-feres \\-itb the fenI's actiOI1 ill this lTSpcct, sin ce tile 
fern can obt ain nit rogen fro III a n a h LTIl<lte source. The 
accumulation of excrcted nitrogenolls substances in the 
alga's m icro-em-ironmcnt and <l reduction.in the growth 
ratc. of the fern arc two factors whid\ prohably lead to 
this suppression of acctylene: rcducti on, allhollgh it is 
also possible that nitrogenous compound:) are transferred 
from th e fern lO the alga in this situation. 

The llitrogen-fix ing charactcristics of A.zolla arc 
therefore unique and demonstrate that either of the two 
organis.Tl1s in the association can govern the growth and 
melabolic activity of the other. This depends largely un 
the nitrogen status of the medium on which the associa­
tion is grQ\\"Il. 

Growth of 1he fern 
An estimate of the' potential for A;:olla to colon i'le an 
alTa of open water requires knowledge of the growth 
rate of the pbllt undcr controlled environmenta l 
conditions. Exprrinlcnts utilizing constant environment 
chambers hasc revealed a nUlllber of interesting feattlres 
concerning the growth requirements and nutrition of 
Azoliajlliculoides. Because the fern float s on water, it can 
be influcnc('d by physical and chemica l fa ctors from bo th 
the air and water phases. In general, ho\ve\-er, the fCTn 
behaves in much the same way as most green plants, in 
that it has optimal temperature, light, pH, and nutrien t 
rcquirell1ents. 

A_ filiculoides is capaule of growing within a wide 
temperature range (5 0 -45°C), but has an optimum 

temperature of approximately 27- 5<:OC: r10l Light plays 
a major rolc in go\'erning the grm .... th or tlle rern largely 
th rough its effccts on the process or piJotosyntilcsis. The 
lighr-dependent reactions of pilotosynth(,:s is produce 
'carbon skeletons' and high-energy suiJstrate,> which arc 
essential for the metabolic acti\'ities of the r<.Tn alld i ts 
symbiont-. The action of light is further complicated hy 
th e fact that light intensity and pH of the mcdium h:n-c 
interacting effects on the growth rate of the fern r 1 0]_ 
A. filicul()ides grows maximally at low pl-l (.,) when suh­
jected to low light int rns11Y ( J 5000 Ix) and also at high 
pI-1' (9'- 10) when grown undcr hi~h lig ht illtf:llsilY 
(60 oon Ix). The oV(Tilll effect of pH and light intensity is 
dCl11onstrat r.d in figure 5- \\'hcll the plant experiel1ces 
light intcnsities above Go nOD lx, there is an inhibition of 
g l'O\\"lh at a ll pH values , Since rull Slllll ight is or the 
orcl<.T or 80000 to I I:> 000 lx , these charaetCl"islics indi­
cate that the fern favollrs cnvironmellts where a certaill 
dcgrec of shading is availalJ le, and it is <llso ahle to 
tolerate a wide ran ge 0(" pH and temperature. 

Like most plants, A. jiliculoides is scnsit i\'c to chal\l{cs 
and deficicncies in the supply of plant nutriellts, For 
optimal growth, the fern requires all the macro- and 
micro-nutrien ts which are csscntial for normal plant 
gro\,·;th [2]. !\ facro-n u tricn ts such as phosphor liS, 
nitrogen , potassillll1 , calcium, and lllagnc:sill lll arc 
especially important and procincc marked efi'ccts on 
growth of tile fern ir present in too hi gh 01' too low 
cOllccntl':l.Iions. Since nitrogrn-fixatioll by Ihl: symhiont 
also plays a dominant role in regulatill!{ till : gl't"Hnh f)( tile 
fern, micro-nutriell ts slIch as iron , cobalt, and molyh­
dcnum, \,-Ilich have ueen shown to be (:ssl:lllial for the 
nitrogen-fixing process ["2,2 '] ,2:11, IIImt <1 \ :-;0 be prcsen t 
ill adequate su p ply ill \\'atrrs whe)'!' tile ferll g rows. 

III the natunti habitat orthc fern) IIl1tl"i«'l1l avaibbility 
is go\'cl"I1('d by thc chemical condit iolls lJelH'alh the 
watcr surface, particula rly the pI J amI oxygen status. 
Certain ('!clneI1tS Ill:!)" he pl'('Sl~lI t ill large qllalltitin , bill 

u ('cal1:Sc ur unsuita hle pi r and oxygen n'gillles, are nor 
availabk fOI- uptake by the ferll_ T his sit ll: lIioll has 1)('«'11 
excmplified hy studies on ,-1. raro/illiolJfl ill sl11all Danish 
la.kcs [1'2]. The fcrn thri\Td \'.-ilel"c waters were allilLTobi c 
and irori W<1S present ill the f('J'l'oUS {n'ducl'(P !()I'lll. 

whereas in la kes wilere waters were not :lllilcwhit; and 
irol1 wa~ presrnt in the flTl'ic (ox idizl'd ) limll, plant:' 
lx'camc chlorotic and prrishcd on <lC(Ollllt or il'Ol1 
deficiency. 

Growl'l l of ..1::.olla is 1Iot ('ompi<:te lllllcss a cnnSlant 
circulation of atlilosphl'l'lC gases is m a inl a illt'd o\TI' til(: 
plant, Ox ygen, nitrogen, and c:1 rboll ({(oxide exert thcir 
effects through the metabolic proces:,es or pilntosyntilcsis, 
nitrogcn fixation, and respiration, ()b"'l' l"\"iltioIlS on 
..1_ filiculoidL'S have indicated that thi:) li' rn g rows bettcr 
in the laboratory when kept in a cOlllainer which has 110 
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Figure 5 The effect of pH on the relative growth rate (RGR) 
of A. filiculoides grown under different light intensities. 
(Reprod uced by permission of Prof. E. M, van Zinderen 
Bakker, Sr. [10]) 
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obstructions such <lS bungs) cotton 
w ool, or alumini\lJ11 foil p laced Over 
the opening of tb,; container. Prcsum­
ably these structu re:" rest ri ct the 
d ifrusion and free: passage of a l1no­
spherjc gases into <lnd out of the 
container. 

Az.olta p lants arC' ,"cry fra !:;i1e nnd 
susceptible to fragmcnlat ion irphy~, ic­
ally disturbed l I ol Frflgmentation 
of A. jilicll /oiril's plants p roduccs a 
marked reduc tion in th(' growth and 
acctylene l'cduuioll rates of rc:')ult<lllt 
fi'cnds on both nitrogen-free and 
nitrogen-containing !l l('elia CI'ablc 
I ). Therefore on exposcd areas of 
open water \dlf;l'C \,·intI and wave 
action arc high and a large d egrl:e 
of turbulen ce exists) .:1 . ji/iCII/uid,.'s 
would show poor gTO\\·tl1 . On such 
bodies of water the dc\'{~lopnl ('n t or 
Azolla mats woul d be highly unlikely. 

AzolIlJ-en v iron nl cnt in teractio n 
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"\ Vhcn an .'J.:/}//a Illa t den'lops o\·er 
i1 water ~urfacc and pl'J'si:srs f(J r any 
l ength oftilllc,itcall beexpcctcu that 

Figure 6 Tr ibutar J stream of the Hendrik Vcrwocrd Dam covered wilh a mufti -layered 
mat of A. filicu loides. 

drastic changes \,·ill occllr in til t.: \\'<It('rs underneath the 
mat. P enetralion of l i .~ ht is pn;\"CIlI l'd ) sL: dirnC'tllal ioll of 
organic m,HtCI" is incn'ased) and there is a physi ca l 
impedimenl l(l the: lr' l ll :·;j'T or oxyg"1l frOlJ1 the ail' into 
the water. Jkcomp0'i ltion prnc('s~cs are therefore cn­
couraged and cOlllpktdy anaerobic ('01 l(..I.i t ions m<l y accil r. 

A s prc\'iollsly me:mioJlcd, the <:IlVirOIlI1lCnt CClll in­
fl uence ,·Jzolla in ~t~\"(Till ways, for cxamplt:) through 
light, turbulence, pI I, and oxygen :11)(1 llI11riellt ,l\'iliia­
bili l )". All eX'llnpk of an .·I ':;:'f)//a n.;;\ction 011 the (' nviron­
ment and in turn tllC clr('ct of tile ellviroll mcllt O il 

..l.:o//n is ilJl1~traL('d by dIC:' rl'slllt ~ or ~ llIdic~ on the 
H r lldrik Y('l"\\"(\('I"d ])<{1lI , South :\I'ri ca's largest mall­
m ad e lake. ,.1. li/icu/(Iid J) nati\'c to SOllth AlJlerica) WtlS 

in trod uced to ·Smull Africa SO Ill C :~o Yl'ar:-) ago. I t hi l S 

sllb~cCJ\\elltIy j(H"l l1Cci dellsl' mats 011 .... c,·CI'cd wilter sysll'IllS 
in South ,\frica. S('vcral tributar\" :) tl'l ';\ IllS or th e ! lClHiJ ik 
Vcnrocrd ])am dn'd{Jp lllats (If A. jilicu/oirkJ al.HI the 
authorities thou gh t til al the pl;\l1 t Illigllt become a 
problem in the dam it self'. HO\\"l .. 'v(' l'\ sUl'n')"s ca rried out 
oycr a period of _10 mOllths haq; inui c<l!.l'ci that tht" fern 
is of little sig nificance in the daill. Pl a n ts whi ch enter 
t he la ke "ia tlit.: trib utary strcanl:) arc dispersed and rr: lg­
ll1cIlted by \,·ind and wave ac tion i1nd lIsu;dly die Olr[lO] . 

In thc tributary st ream s, howc\·cr) :-;[l'ctches of up to 
1'4 kIll in length can UC c(llnplelciy covcred with multi ­
layered mat.s of Azolla for up to six months of the year 

Tab le 1 
The effect of agitation intensity (shaking rate) on the resulting 
frc.gment size, relative growlh rale (R.G.R.) and nitrogenase 
activity (measured as tfle ra{e of ethylene production per gram 
fresh I .... eight per hour) of A. fiJicu loidcs plants grown in 
niirogen-frC!e and nitrogen-containillg solutiofls. 

Sha king rate 

(revs/min ) 

5 
25 
75 
125 

42 

Av. fragmcnt 
size 
(mm 
diameter) 

20 
18 
15 
5 
2 

R.G.R. 

(gig/day) 
+ N - N 

0·1479 0·1603 
0·1254 0·1422 
0·1 102 0·1236 
0·0363 0·0410 
0·0118 0·0230 

Ethylene 
production rate 
(Ilnlole!g f. wt./h) 
+ N -N 

1·53 1· 71 
1-45 1-69 
1-27 1·44 
0·28 0·31 
0·14 0·19 

(figure G) . ?\.fost of these tr ibuta ry streams a re slow­
OOWi.ll g for the .~ rcate r part of th e Yl'ar and sOlne ('\'CII 
dry up into a series of' pools. R out ine monitorillg or the 
conditiolls 1111(11:1' thc~1.: JJl;"tb has shown tbat l Ilt: pbllt:s 

in the lower laye rs 0[' the 11Ials arc in a sl ate or IkcOJll­
po!. itioll and waters IlllcinllC',nh .ue ::IllalTohic. lI i3 h 
levels of nut r ients, pal' t ic:u lari\, pllm phol'll .... , [1l:l llgancsc, 
iron) :lnclnitrngf" n ar(' prescnt' in tilt waters due to their 
libcratio!l frolll scdillH"llts and decaying plants hy 
Chclll ical and hacterial i\ctinll . The rl'il';\se of tI1l" :'(' 
Jlll t rie Ht ~ into the w;,le l's prov ides ('tll·tller sti m u ills fnr 
the growth 0(' .·1::0//d pLlIlts and III(' ("ol lsr:qllcllt prn·· 
lifcratioll of the.: mat. Tilt' intcr;lctill~ f;1C'lOrs afreclillg 
growth or .·1../i/iClllflidr.l' ullder thesl' conditions are ~ 1 ~1J\\"11 
diagrammat icall y in fi gure 7. TI lt~ all;lC'ruhic, nllll"l('lIl­
rich l'lIvirOIllJ1('lIt helem' lhl" m:lts r('I)I't'se l\l~ an c('o:,ys tt'11l 
which is restric ted to o nly the han.1ic .... l of hiota. Fi"b ;11"(' 

Hnahic to SIll'vi\'c in the \vaters and the 1101"ln:11 ;\Cjll;llil" 
insect populations <"Ire replaced by tho;.;.(: which are 
adapted to a tern,;s trb l 01' semi-aquatic em·irolllllcllt. 

Owing to the n co- tropical conditions ill the an';l , 
grO\\·th of thesc mats <:;111 OCClll' throughout tbe ycar. 

Air 

\'/ .J.\m 

De.:!\h Lnd dl.:.1; 

/ / / / / / / / / / Sediments / / / / / / / / / 

Figure 7 Diagram of the ma in environmenta l facto rs 
influencing the Azolla-Anabaena association . a = nitrogenous 
substances; b = nutr ients ; c = g. owth .. promoting substances. 
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Figuro 8 Histogram of average plant densi ty at a riverine si te 
on a tributnry stream of the Hcndrih Verwoerd Dam. 

Nature, hO\\'C\T f , Gxo'cises " ccrt.!in mC;l,c;ure of control 
and SlllllllllT "ainfall induces <1.11 annual llvodilH! of the 
streams \\'hich nushes both the .L:.nlln. mats ~'Ild the 
nutri t.'ll t-rich waters into til.: d~m. The cl1i:ct of these 
waters 011 the d;lm in insignificant \)(,C:lUSC orthc dilution 
factor in\'oln .. d. :\ftcr tile floods. . . -kolln plants which 
have sUI'\' j,'cd in the .5lrf'alliS prolilt:ratC' to reform the 
origin :11 mal conditiuns rIO], The OlJocii llg thl'refore g i\"(:s 
risc to a seasonal flUClll<lLio)) in the population ch:u:,ity 
of A.:olla in these ~ trcall1S (figu re 3l , and the system is 
sclf'-rcgul<1tory. Since these trihlllary streams arc <ll 

prese llt economically Unilllp()rl ~lH: rurthC'r r.olltrol of the 
plant is 11l11\~c(,sSJry. 1 J OWC\ 'C I' , should tuta! eradication 
ue uesi rable, mechanica l or chC'lllic:d cPlltrol measures 
or both would han: to be \l~C'(1. This unfortunatcl y poses 
further problems ~incc thcrc is no 5clcCli\'c hcrbiricie for 
Azolla and thcrt.·forc chemical eradicat ion might produce 
seriolls side-cIlccts on ollier members of the aquatic biota. 

Con c lu sions 
Growth of .• .J.:o/ln is greatly enhanced by the presence of 
the blue-green aJga Allobama a':'.lllor, ",hid1 has form ed 
a close and last ing associat ion wirh the fi·rn. Currently, 
there exists a controversy oyer the abi lity of the alga to 
maint ain independen t growth. The assimilation of 
nitrogen by the fern from its ni:rogcn-fixillg s.ymbiont is 
morc cOieic n t d1eln- the assimilation of nitrogC'n by the 
fern from the rnediUlll on which it is grown. ='l'itrogcn-

fLxing characteristics of Anabae1la azolla~· !=how differences 
from those offrce-living A::abaella spcci('::~ :1 nd this IllelY bc i! 
eomeqllcnce of its b~bit.1 r. ).{Uc! l work rC'mains tv be done 
in elucidating the interdep~:l1dcnce orille two organism;;. 

The arpcar~nce of A:.:,.,/la 011 a wate:- bocly docs nor 
necessal;]Y mean that it \';i11 becomc a problem since thc 
complex growth rcquirl~r:1ents of the f(;fll may not be 
satisfied under the panicular conditil)HS . I-!owc\·cr, if 
the major inOucnecs, \duch include nitrogen fixation, 
light, pl-l, nutrient a\-:l il"bility, atmosphcric gases, 
turbulence and noeding are favourable. the development 
of .-f::.ol/a mats is inc\·itable. In this respec t therefore, 
further research on imprm.-cd mcthods of pbysical and 
chemical control is neccss.:Il·Y. 
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ABSTRACT 

In the H~ndrik Vcrwocrd Dam catch~cnt. the s>~biotic aquatic fern, 

k:oZla fiZi(Jd01:~', :" is confined to :low-flowing s tr cnms and farm dams . 

M.:tt formation causes <in.:lcrobic conditions in the underlrin; ..... ,J tcrs, 

promoting the chemical and bacte r ial liberation of nutrients from the 

sediments and organic matter. This nutrient flux furth ~ r stimulates 

growth of l1;:ollu :md chc consequent proli[ ~ration of th ~ maC. :\nou,)1 

floods wa sh most of the plants into the open lake ..... here they arc broken 

up by wind and ""ave action . The surviv ing plants in the st reams gra .... · 

nnd a;,:ain form the original mi'!t. Floorl ing therefore cfluses .:l se,1son .l 1 

fluctuation in the populaticn density llnd the system is self-regu latory . 
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I::7RODUCTION 

Azoll:l is a genus of small, hetero3porous, aquotic ferns with a v,ide 

dh;trihution (Svenson, 1944) . E~ch plant consists of Q short, branched, 

f10atine r hizo=e bearing s~21 . nltern~te, ovcrlappine lesves nnd has 

roots .. rtich h-'1n- do-.r:1 into the \·:nter . Color.ies of the sy:::biotic, 

het <::> rocystot:.s, blue- GI"een nlea A~abnenll c zolb.e Strnsb . are found in 

cavi ti c :::; in the dor:'al lobe of each l "~f. This alea can fix ntmospr.eric 

nitrOGen and is able to fulfil the nitrocen require~ents of the fern . 

':'h,.<s A?o l ia CD.n colonize viater boJics ... hich arc deficient in nitr ocen Bnd 

unsnitaHe for the erowth of other aquatic plllnts . 

Azolla filiculoide ;" Lax . , native to south a·:td central America, ..... as 

:'ntr od'".lced into the Col!'sberg district of South Africa 8S an a quarium 

plant sO::le thir ty years ar;o (A shton and t,ialm3ley, 197G). Due to its 

excess ive grov;th , the fern .... 'as "thro ... '11 av:ay" nnd, due to tra.nspor t by 

birds, Clan and floods , has now ~ .pread to sever al streu:J)s , irrigation 

furro ..... s and fam da::s in the area . In these 3i tUL tio:1s. the fern has 

formed. dense C:lts .... ·r,ich b lock pipelines nnd cause the developm~nt of 

anaerobic conditions in the underlyinc ..... aters, renderir.~ these ... ·nters 

unfi t for hw.on or ani::al ccnsu::lptio:l . It is therefor e considered to 

be a pest . In certain severe cases of infestation , the Azolla plants 

were eradicated by spraying vli th dieseline (Oosthuizen and Welters, 

1961) . HO\,'ever, ttis practice ..... as stopped when animals r (·fused to 1rink 

the dieseline- t rea ted yater. 

Wi th the c o;nple~;ion of the Rendrik Verwoerd Dam, the authorities initially 

feared that like its relative S~lvi~ia (Kariba Weed), ~ filiculoides 

!I'.ie::.t colonize the open \{aters of the newly forr:led dam. Consequen tly, 

an a'..ltecolo r ical study of J... filiculoides vms initiated in 1971. 

During the early staces of the study, it was noticed that =ats of A?olla 

plants ·~ .. ere washed fro~ the streaos into the lake by the :mnual sUJ;t:r.er 

floods . These plants .... ere fral;t!ented by ",·ind and .... ave action and did not 

sur'li ve 0:1 the OP!!:1 lake In ters. However. residual plants .;hich s:lrvived 

in the strea: sand s::.all da:r.s , proliferated du:dne early llinter and 

r eformed the o~icinai ~at conditions . 
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Ashton (1974) sho .... ed that the veffctativc CTo\.,.th of b., •• fil:culcldr·G , 

ero\>"1'l in .0. "Wiele ranee of liGht ~d te::::pcratu:-e regi:::eo, ",r;:rieu Kith the 

r] of the nutrient solution used. ?ra[;.lle:1.t~tior. of the plants ':y -:.fi:1.d 

and \o.·c.ve action w~:J Dlso 3ho .... "1'1. to reduce U:(l ?lo.n~'::J tolerance of 10\-1 

tcr.,peraturc3 and i ts ability to "\":it!':stllnd hiCh licht in+-~rcitie.::; . 

Ashton end Walmsley (1976) de~cribed oome of the physico-c~emical 

factors affcctir.e gro .... th and :r.at for;o:ation by A.. fili~uloj . d r:s , 

pnrticulaTly the d O'lel?p::!cnt of anaerobic, nutrient- r ic!! co:':.1i~.ions be­

n~nth the !t!ltn . 

The r;ener~lized life cycle of A. fil icu loic c!'l is typic:ll of heterosporou3 

ferr.s (Spcrne. 1902) . The continuity of the ~-Ar.~bn~n~ aesociation 

i :: = ... iI!t~in~d duri:1.C sexual reproc.uctio:1. (Fieurc 1) by -:::'0' inclusior!. of 

a1 -:a1 akinete:J "U.. ...... d~r tt:e ir!Q1..!.!:iu::; c a. ? of tr: .-; ::;,-".:;aspor:::.!'l ·i ....... ':l CAshton and 

Wolesley, 19'16) , In the Co1esberC district, /l . filiculoii.( t"\ nor·ally 

produce ~.' sporocarps durinG the 3ur.1:1Cr, frOIL Ie. te ~ ep t('::;ber to Febr·.l..":!.ry , 

IJ.n,j cer.:li::o.ted ::;poreli p.~s of J.'J!ollB, c an 1:-~ found fro:n I!:id-D(' ce:r:;.ber to 

early April. ':'he pr cd'.l.c tior. of s:;}oroc ~rps is there fore en impor bn t 

P·L.<- . 1 

(
~_ Vegetolive , 9"Wlh) , ' 

.. /" ... "." },. 

/~ , 

M.gasp"'c"p "" '\ 'I Mlcrospo roca ' , I rp , , ' , , 

MeQospore MI~ rospore 

'\ .. ( 
....... _- --=-

.h' 
Zygote "' ........... 
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!::·.nl.]·lr~ ( _ _ _ ). 

;1I ; .J 

:tea!10 ·,.'h~reby the spread 'Of ~. filiculoides !:lay be incrc£\scd . Thus, 

in o=-=er to assess t::'e e r 'Ox th potential of the fern, it is i:r:.p'Ortant 

to anderstan1 ~he ~echani~~s reGUlatinG spor'Ocarp pr'Oducti'On. This 

p.:lpe::- pre::;ents :hc· rc~ulta of fi"ld and l:lborn.tory studie:J en the 

factor~ ,"lffc~ ~inc lJporoco.rp fer.:.:-. tio:1. in h,. filiC'l~le:i d·· " and der' cribeL~ 

S'O:le of the interacting cn'/ i ro~ental factors \o,'hich regulate the f e rn's 

life cycle in its r.atural habitat . 

?ES STUDY A..R..E:.A 

A survey ~~rried out durin1 February 1971 to assess the distribution of 

1:.. . filiculoides in the Hendrik Verweerd Darn. catchment area showed ti':3.t. 

the fern \'as cO:'lfined to the area il:T!ediately no!'t::, south and ~,0uth Hest 

'Of t::c lake (Fi ... :ure 1) " 

C'l l£'don or Kr[>ai Rivers . 

!.':.. f"! l"i.~u::''Oi.d '·.-:- \'lS no t f'Ot;..· .. d in tho: Oran,;e , 

The fern was found to occur in h:e he"!.>i tat 

types . These ~:ere m:nll s~re,J.ti.;:' ,:i th a continuous 1nf]o\o,' nnd fHr~ 

c.at::'s w!~i ch :::-ecei .... ed infle .... s 'Only after periods of rainfall . 

),0'::" 

)o· ,,~ 

F·j .; . ;-: 

z~·x>· 2~'~~' 

i 

v • • "." • • 

~'· 30· 2~·. ~ 

Zti'OO-

'0 '" 

~ 
1 ... 

\\,~ ~''".''.g .. ,. 
\ ,'<·· .. ·""'·'·'.9 

~ .. ,'. 

"'')0' 

:·:.1p of l.'tudy nr".'l ~)lo' .... inr: lecni;j on 01' :l.'Imp]:!n;" :..liti'fJ nnd 
di~Lrli'u~ion or fl. !'i1j(",'11r';d,··:~ 

:' !;) 

lO')O" 

10'"'' 

'" '" -J 



T~e study are~ was locate d to include all s ites c ontaininG A. ~iliculoides 
in o r ~ear the co. tchrnent a r ea of the Hendr ik Ven,ocrd raJ!. T:li:3 area 

in app::'oxir.:atcly 3000 s qua r e kilometr es in ex~ent , l y in G" beh'ee!1 lati tu1es 

300
28'S ~c 30°52'$ ~nd lon~tu~cs 25°18 ' 3 and 25CCOt~ . The [ c!1crally 

unifo~ veGetation of the ar0a is clnssified a~ Fa:~ e Upper Karc~ 

(Acocks , 1975), GTo'dn,,; on red calc 1.rcotl s clnys a::.d 80lonetzic soils 

(liarr.:se , 1974) , derived f r otI: the siltstones , :::uds tone~ , li:nes tor.e and 

dolerite of the l!?p ~r Beo.ufort 3eri<:' s (Geolof;ical Survey , 1970) . 

Wi thin the study area , hrelve s~:J.plinc si t e3 :·:ere cho~ cn tc cover the 

\~hole rane e of habitats occupied by the fern (Fi jJ.re 2) . 

The study area lies 'Id thin the sU:!l;:Jer r ainfall zone of South Arrico. and 

norL".9.11y r eceives 300 to 340 :r:...-:: of r ::i::1 rer ye 'J.r , tr.ou::h excep ';io!1al 

rainfalls of OVD::' 90') r:m we re r 0cor-ded in 1')74 (S c-uth Afric~n ~:!"'~thcr 

13ur -:uu , 1971 - 1974) . r': :lx imnr. rai:".fall i .: reccrded 1 c h':Cl)n J.:-.nu."'~ry 

and April, usually 'l'dth .:m a ddition.').l sr.or t period of hiGh rnin!',<J.ll in 

October . Rainfall in the study ~rE'a is mainly o!' thunder~ ":;or:n ori[:in , 

0 0 ttat lar Ge y ol,.l.mcS of rain f~ll in short tir:le inter'Jal C' . C,:in: to 

the flat t--:rrain and r ather :J parse veeetabor! COY8r, ~ileet erosion occur s 

in many areco . Floodine and scourine of rive r s durinc the pc "!k rainf:lll 

:1Ionths have a marked effect on ri'Je r ine aquatic plant life (Ashton, 1974) . 

MG. x imU-":l ar.d nini:nu::: air temperatures Tlry betwe~n 22 °c ,:>.nd - 4,9 °c in 

win ter ar.d 1et'h'een 39, a °c and 22,2 °c in Slll:l:ner , 'I':hil8 r:axiJlt.:.::! ar.d 

oini::::n.l.r:l water- te:::p~r-atureo for the S."l:::!e period varied ~ e h.·cep. 11 , 2 °c 
and 3 , 8 °c in \.;inter a nd bet-. .. een 29,4 °c and 16,0 °c in sU::"'"Jcr . ','inds 

.. :htch are not seasonal, ~lmJ :rom the nor th ~nd north ~;· <:;o t . Fa 7. i :1'.Jz)' 

li{;ht intensities, (:::!ea surcd at midday with of! Gossen '!'rilux Lichtr::eter) , 

v:1ry from 80 000 Lux in · .... inter t.o 115 000 Lux in su:::mer . 

rf,ATERIAL3 A..~D !STHODS 

Routine field mQ~sure~~nts 

Fr or:l rebruur y 1971 to :':ay 1971. , ::.or.thly s~~plin ,:; t r- i:;,s ..... c r 0 ::::.:tde to :he 

!Jtutiy '1 !"(;.'1 . At c:lcl". sD.!r:pl:i.nr. ::lit'=! , five s('1b of' p:1. oXYGen nnd tC':-.pc-

J'.'lLllrt : pr(lri](>~ '''('r~ rr0:1:1urcrl . 'i'h~nc n:C:l!11lrct;um t,"'; 'h' ('1rc tllk ' :n :l t 

I'/lf)dOJ~;t.Y ~1i.~ltr ! :':l i/,d rojnt:,. WiU:"lll 1.!:,:, '1IIiplill ' ~ ~ \;t." 11I:d indi,vid1!.'ll 

/ h~\ 

re~din£s 't/er-s taken f r o!.'l t',:o cen-!:imetres below the wa~cr s urfa c e to the 

bottom at ten centi=otre intervals . pH values we r e measured ..... i th .!l 

Eetr-or.=: nodel 8444 por-table pH I:'.'cter, 't:hile oxYeen and tem perature 

r el:.!.din(;,s were taken ,;ith a YSI model 54 oxygen meter fitted d th a 

tt~r~istor pr obe . 

Collection and prepar ation of s amples 

A s quare wooden tube, 100 cm
2 

in cross - sectional a r ea and 40 c~ in 

len ~th (A::: :.ton , 1974), ',':as used to o~tain t en replicrtte san:.ples of 

plants fro~ t~c A7.o1la ~nt at each c ite fo r population esti~tes and 

ch?~ical ~nalysis. The plants were gently dried and storcd on ice in 

tf:e d::.rk, in nu;:nberr,d plastic bt.t;s , for transport to the laboratory . 

Wntf'r sa::ples Ncre collected ,d th a t 'dO litre so.repline bottle f i xed to 

a pol'~ and si;nilarly stored on ice in the dark durin;; t r a:lsport to the 

180 bor.J.to r y . This period of stor ace ims never loncer than 3(i hours. 

In the laboratory , the pl~nts in each sample we r e counted and the 

nu.:nters of pl:3.:l J·s bearinG sporocarps 

then dried at 65°C fo r three days , 

noted . The plant naterinl wa s 

Il'ater samples ",er c first fi1 ~ered 

throu~h cheese cloth to r emove coarse par ticles of orcanic material 

followed by fil t r n';ion thr OUGh 0,45 lJ.!:l ;·iillipore fil t ars and analysed 

usi::1g ~ethods reco~ended by Colterean and Clymo (1971) . 

La ~ora tory ex;erir.,ents 

Large controlled emrironoent r oo:ns .... re r e used to give a wid e r ange of 

photoper iods, light intensities and temper atur e conditions . Illu:nina-

tion at low light intensi ties was by c:.eans of cool whi te fluC1rescea.t 

tubes · .... hibt bif. !-. licht inter::si ties .... ere achieved by using a bank of 

fan - cooled mercury- vapour phcto - flood Inops at varying dista nces. 

Te:::per ature control ,d thin each con-trcol1ed envirol1J!lcnt rooo W8S .. .'1 th i n 

±O,2 °C . For routine laboratory experi!:lcnts , A. filiculoides was 

cuI t'..U'cd on a ni tro['en- free liquid ::oedium designed to si::lu18 te the 

nutril"nt conditions occurrinG b ~neath an established A!':o1.'l ;~!lt (Tnble I), 

In ~:-:pcrj!l1r:nt:J wli('1 re n oourc(' ot' c:oml.-ir. cd nitror,cn Wfl8 rc'quir,!d , this 

\o.·:l ~ ::lUI'pl.i('d w: D() 11ul:l n'ltra tf, 1;0 /.:lV(l !l nitro; :t~n c0m:\~ntrl\t:ion o f 2 mr; 
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TABLE 1 Co~position of culture solution 

Ch C':llic :.l l Cont;: l":'ltration (!!!r ~ -l) 

1 Me~04 · 7l!?.0 2~'() 

2 CaCl2 ' 2H
2

O 200 

3 K2HPO t1. 20 

4 ,~ i.:12l!ro 4 20 

( °3B03 2,0 
( 
( 1.~nC1 2 · 4l!20 1 , 5 , 
( 5 ~nS04 ' 7H20 2 , 5 
( 
( CoC1

2
'fH

2
0 0 ,1 5 

( CuSO 4 ' 5"20 0,0015 

6 (l, II 'i ) 61.~o702r1 ' 4!i2O 0,005 

'/ F'e}:.,:\ i':D'!'A 1), 0 

Concentrations "'ere increo.sc d ontO! thousandfold and IT.3de up into stock 
solutio!':.!) 1 - 7 as sho.:n . T::'es e- were diluted ~,'hen 1:".c£'ine: up the culture 
:Jolution . 

e- l
• when necessary, adjust:1:.ent of the culture s olution pH .... 0. :1 <1CCO::1-

plished with t!1e use of ei tho r IN Hel or 1.]' ~;aOH . 

A:;,nl1a fll"i'!ul,):i.d (! ~\ plnnt.:" I"'-,!"r:: nc.clh···.d .. i;t.f.'d in lrL r (:C' f:"'! : ':' ~.:to:; trIlY:4 , 

under the required envi r ol1!Ilental condi tior.s, for three Kc(:ks prior to 

any .;!xperi!:lents . For the analysic of e:r !)~;th rates, ;.:ei r:!1ed samples 

(2 , 0 r,) of the llcclir:latizcd plants we r e plnc0d in 500 me c~p::tcitj' plae1te 

dishco eont.:linin;'3" the appropr iate nutrient solution and. re~reiehei five 

to 8cv~n day:::! la1;er . Thosc di.:";hcs ~10r'3 pltint c-d b l .:J.ck to prcycnt CXCC3 S · 

lil,!.ht n','"J.chinf~ the root" . :lnd to Gi.muln1..c ttlf: cowli1..i(lnn occurrinF: bene-11th 

nn Azolla mat . A short tir::o interval ",as used i n the~w Cro ..... th c xperi-

!r.cnts , since with lancer tic:.e interva ls, the pl::.nts ~eca.l!>e croKded and 

the r:ro,rth r ate decrc::!.~p.d . DurinG "both tt: e accli:-::~"tiz.".ltion A.nd c xperi -

m'm t lll p"rioul', nlJ1..ri('n~ :-)oh: holl:J Wf.'rr! r (' pl!lr;r:rl Il!ti.l :r 'loy !"Iip!;oni.rll.: t o 

a void di3 tur-bn:1ce of the plnnto and to ensure cono:D. :1 t nutri.ent nupply . 

Ex?e rir.;('nts invl":{! tieati '"1 C" ~hc effect!': of envi r o:"',::::~nt 'l l f .")'etor :; on 

npfl r oo'!fl l' p pro,luction ~'''ro cl1rri""d ont O'ICT ['ort;; or p jl':,ty d.'1.:{!) , .... hrm a 
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thick !!la t of plants had developed in the dishes and the lower layer s were 

s t:';l.rtinr; to deco:::.FosC . Cpcroc~rp production .... 33 expressed as the 

perce:1"taee of pbnts bez.rinc o;oroca r ps . 

Gro'.d,h ar.aly~. ':' !3 

He- l '1 ti ve f.".r"o ·,; ~h ra t ;:- , (HCR). defined e.s tho increase of plant material 

re I' r nit of r.::1t":'rial ir:itinlly pr" :";0nt p'3r u!1.it of ti!:lC, ~,'OZ c o. lculnted 

[ $ a ::-.!.. "l:! (R{;j~) ove:- the period t" - t
1

, fro::! the for:r.ulll. : 
< 

P.GR 
lOGe ~{2 - lor!"! \'j 1 

("t
2 

- t
l

) 

i.;here ~:Jl and '1'2 are the plant · ..... eights at "'::il:les t
l

, a nd t2 (Radfor d, 19-67) . 

DoublinG tirnn (in d :ly~) '-tflt:. cnlculn ted f rc!r: the formu1o. ; 

. doublin ... t:.ze ( d.:l.Ys ) 
lOCe

2 
(n ochell , 1974) 

(n:8) 

I~ all expe r i=ents , ten replic~t~s of each treat~ent were used to obtain 

v.'llu (' s for the meo.n and the 95 pe r cent confidp.l1ce lir:li"t3 . 

RE.3UL'i'S A.;:D DISCUGSION 

Fi c·l l! obf"crvntiono ai":oK<;o d th3t ::-a ts of A, . :iliculoidcs, erOidne in stren'l":s 

which received a con tinuous inf low, initio.tcd ~porocorp pr oduction in 

SeptC':r.ber, 3 to 4 weeks earlier than ffi.1.b" of fl. . filiculoidp.:"; (:r owinc: on 

farm dnm.':: r0ccivinr,- i ntormitl:ent inno;..'!). 'l'I:('nc t ,,·o hllbit.'lkl chowed 

rnri:cd differencc~ in pH nnd nutrient status and were c:w.mincd in detail. 

At the sa::le tice, laboratory e xperii::!ents were c E!.rried out to assess the 

effec ts of p::otoperiod , li{;"h t i:1tensi ty , te::lpe ra ture , pH and r.itrogen 

!"Jupply on oporoc:ll'p producti.roll . 
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Laboratory experiments 

(a) Photoperiod 

The ('[fecto of inc refl.sinc p::otopcriod C:1 -th t"> r<.'ln.+.ivc r-rO .... t!l rote 

and oporocarp production of fl. filiculoide:: nrc :3ho~.""!1 in Fl ... "Ure 3. 

iH til itlerc""l.~i:1": photop~riod . frcr.i t"h""O i ,>ur~ to fourt~('n h")ur::> , the 

rcl~tivc c:rowf:h ro.te incre.3.scd rapidly . With 10nG~r photopcriods , 

the r~13tive r-o ..... th r.3.te slo· .... l y incTe.<:.sed to .a :oaxi::"\:.!t . i.fow~ver , 

3poroc".rp production in fl . fili(' l~loi dc:}. "as not initiat".:'d ,"1'; 

photop0riod~ nhcrtC'T thnn F.:iCht hour::; . ',,'1. '~h :i ncr~.'1:: inr; p\.o ~op('riod, 

tf:e p~rcrmifl .:~ of pl:lnts l)e:~r in ;;- npo roC""1rp" incr0M;cd to a i:'.'..'.xi :::urr: 

at a photoperiod of fourt".:'e:1 hour::: . :Fur th'. r ir.cr~ ."l c·:s i:! pi.oto-

period did not incr~a~e sporoc~rp produc~i0n . ?hese rest:.lts 

'" 0'201- t. 
~ 

T 0 

I~ 0.15 
0 
0 

" ~ 
~ 

~ 
~ 

14
0 . ~ ~ , 

t.. 0,10 

1 20 ! t 0,05 f 
i I ::; 

I ~ 

o f .---- ' >----'" Jo 
I 

0 2 4 6 8 10 12 14 16 '8 20 
OoylenQl1"I (Hours) 

Fi - . 3' ':'~!e :::"" '!.n r!> 1':o. tiv".:' ::r 'Y,,,,~!": r!?~e (R.::;l) ( --} end p~rc c:-!t · ~e of 
6,. :::'l:' c')lr;iGf:~ p:!.o.n:::: be l'.r :' r:. : :3}.' .: ::-ccarp3 { -- ; n:tc::- ~ort:; 

~~,~~(' .:~~~~):~:'~~~~~i~!~~~r~~;i :: .~ ~·~ t r: C;; ~;; l~'~~ ; ~:,; .. g~ ~~~12;~S30C ; 
!'".i ~.I'o <-,:, 1": -<:' 1, :- ic:-.c:·; l::r: ';'::'u:: J. 

257 

indicate thnt sporocorp production is dependant on photoperlo'l and 

in nature · .... ill only t.'lke ploc£! when daylcn s tho are longer than eieht 

hour:J , Hi th J;laxio\.l...ll prcduc tion occurrinG during s\lJll!:Ier '~'hen d.'lY­

lenc ths nre 10::1I;'3r t"hon h'~lve hours . 

(b) Light intensity and ~cl:lperature 

1ie~t inter.J ity and te~pernture were found to ho.ve interactin~ 

effects 0::1 sporccarp production (~igure 4) . !:o sporocarps , ... ere 

prod<.:ccd at t'""!::J.poratllres b" lol' 17 , ) °c ."l.r.d .above 35 °c .'It any of 

the li :ltt intcnt:, :'tie:'3 uS0d . viithin the rnnee 20 °c to 30 °c, the 

percent" ... c of plant.c \"' ."t r ir. ~; eporocarps inCre.'l::lCd with increasing 

licht intensity , fr'x1 7~'')O Lux to 30 000 Lux. At 61 000 Lux thcre 

was .:\ decrease in the percentage of plan~s bearing sporocarps over 

60 ~ 7500 Lux 
1'---'1" 15000 Lux · - 30000 Lux ~ 

B - 60000 Lux 

~ 
::: · ~ 40 
< 
.~ 

· D 

~ 
< 
0 

0. 

'020 · ~ 0 
;; 
• 0 

~ 

0 

15 20 25 30 35 
Tempero t ure ("C) 

?irr·" T~e effects of temperature and liGht intensi~y on the n~ber of 
fl.. filicllloir:.t"s plants bcar in:; sporocnrps . (Vertical b3.rs 
ir!ic~l te ')'j;, conf:idc:"'.c c lir.lib:!). [14 hour day ; pH 9 , 5; 
ni tror.;cr.-enriched I;l(.dit<n] . 
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the ..... !101e tcrr:pcrature ranGe uscd. A~ in~Crc3tir.!. fC3turc of thc~c 

r c cul t~ i:::; th:l. t tho 'oJltimu::J' tc:;.pcratur·J for t.' f.)rC"<;.:lrp production 

incron.:oed wittl inc r en'1in'; liGht intc~:::it.Y , to,'\ ~ ·l ::i.um (?7 , 5 °C) 

Q. t 30 000 Lux, but a fUI ther incr<:?C\oc ir. li .. ht in ten:::;ity to 60 000 

Lux c.')uncd .') [1li~ht d~cr~n::;0 in ' optiL.U::l ' tp.:!:perl!ture . I~ i3 

evident thereforo , tba"l rpo roc.'1rp fon('1tion c::mnot ta:~ '3 pl.1.cC dUIine 

.... inter because water temperatures • .,.:hic!l often dr<'p relo .... 10 °c, nre 

not fnvourable . The hi,:h 'opti"'·.un ' temp!?ra ture elso i'nc.ica tc::; tha t , 
sporocarp pr oduction should only occur durir. C the su=~er ~onth~ 

\oI'h~:'l wa tcr tC::JpC'rl) ture::. nre hiGh . 

Durine SU~llner , the mean t:idday lieht inter.si ty in the study l'.re3- is 

a pproximetely 115 000 Lor. . Since spor ocarp production is inhibited 

e t liCht in tensi ti<;)s f;I'ea te r :han 30 oeo V.u: in the labo!"a tory , 

tr.is indic~'tes t::at plo.nts of A. filict:.loic.(>$ in th'? lo,,·e r laye:-s 

of the IUlt, shaded fr o!:'! direc't s1.mlirht by :he overlyinc layers , 

are best able to produce ~porocarps . This has been confirmed by 

careful exn:nination of, thick !lIats of 6.. filiculoic~n in the field . 

The p l ants in the upper t·,,·o te three lay':!r.' did no'".: prod:lce sporo­

carps, '..Jhilst in the lower layers up to 85 per cent of t!1" plants 

had produced sporoco:!.rp::; . 

(c) 'I'e:npc r a ture and pH 

The effects of pH on the sporoc~rp production of &. filiculo~des 
plants grown a t thre~ different temperatureJ are shOn~ in ~ieure 5· 
A t the ' optirr.\.l.::l ' terr:pera tur~ of 27 °C , sporoc-:trp p!'oduc tion , ... as 

&Teatest i:! the p:: ranee 8 , 5 to 10 ,0 wit!:. a :" ::xi::.um at pH 9,5 · 

3porocarp production .... ·as !:!::'ni::la1 at 1'3: v3hes below 8,5 or above 

10 . 0 . At terr:peratures above 27 °c or belo~ 22 cc, sporocar p 

producticn ',;as greatly reduced over the , .. hole pn r~i;e . These 

resul ttl s!1o· ... tho:!. tat tr.e ... 1. te r te::.per a b r es of 20 °c to 23°C 

(which are reccrded durine su;:>.r::er). sporocllr p for::.'3. tion is optical 

~ .. f:er~ the pc: of t!1e wet~ !' is beh'ee:l 9.5 ~:r.d lO,C . 
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Fi~ . 5 The inf l uence of pH and te~peraturc on the n~~ber of Azollo 
plants bearing sporocarps . (Ver tical bars indicate 9S~ 
confidence l icits) . [30 000 Lux; 14 hour day; nitrocen­
enric~ed pediumJ . 

(d) Ni trcce·n source 

Previous i·lork by Ashton (1974) has shown that as pla."lt density per 

Q"lit area incr eased during ~~t foroation , the rate of fixation of 

at::ospheric ~i troccn decreased to a very 10 .... ' level. Ho ..... ever . 

even under f,,)vour able enyirorunental conditions in the labor atory . 

li. fili(''.,loi.:<:'3 only fOr:;led sporocarps when the plants ...... ere in an 

established ~at and the r ate of veGetative Growth ha~ decreased to 

a oini~~ (Table 2) . The nitro:en require~ents of the fern must 

therefor e be partly fulfilled by tr.e uptake of a source of co~bincd 

nitro:,",n from the underlying ..... ate r s. The effects of nitrate 

cO:'lc~nt ration o~ sporocarp production ...... er~ therefor e investieated . 

As can be seen in Ficure 6, at the three temperatures use~ , sporo­

carp production incre3~ed with inc re~sin~ nitr3te conce:'ltr ation to 

a l>:a:r.imlJJl: at 1 It.g C- l N03 - :r. A nitrate concent!'ation of lC' IDC; e- l 
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TABLE 2 The eff0ct of increasim; plant density O!J. the mean relative 
fTo.., th rnte (:wrr). doublin: time nnd percenb-:e of /1.7,011:1 
plant;, bearinc sporocarp , (30 000 Lux; lit - hour Q,'lY; 
27,5°C; pH ,),5: nitrc :;<:?n-cr..riched t"'f:d i1..L~), 

I Time olopocd • HG:1 _l Pln. :l1; d,:>n:::i ty -2 Doubling til:C ("" of pbnt:: 
( duys- C,· I!UY ) (no . of pl,,'1ts d~ ) ( do:/o) ,~ ..:. th 8p,rocarps 

0 20 , 30 ),1:' 3,42 

I 
0 

5 20 , 30 , 3 , 78 3,42 0 

10 20,3(' 24,31 .,. 70 

I 
0 .J,.J" 

15 le,51 55 ,1,9 

I 
4 . 20 I 0 

20 6,7'2 77 , 64 10,35 0 

25 2,F3C) E') ,73 23,90 2,3 

30 1~21 I 95,33 57 , 7e 
[ 

9.7 

1;0 O. :: ; I :i.el.. , 2', 77 ,02 

I 

29,1 , 
GO O, 61 [ 117. eo 115,52 1~3, 11 

80 0 ,32 [ 12) , '75 231,05 47 , 2 

in!!ibited sporocarp pToduct:'on. A: 27°C, sporocarp proc.uction .... ·cs 

lr'.axi!r!cl, ~lhile at both 22 °c and 32 °c, sporo~arp production W;l S reduced. 

?i.-:-, 6 

40 

· ' 

LJ 
• i 
~ I 
.~ I 
~ , 
~ 0 I 
0. 
'0 · ~ .2 10 

~ 
"-

~ 

~ 

22°C 

27"G 

32"C 

~ 
o [ J 

0.01 0,10 1,00 (0,00 
Log rW3 - N Concentration (mg {. - I} 

Tr.e ("!:~'.r:~$ of ~i'!;ril:~ conc "' nt:::'D.tior!. -.nd te:::r"r~. t'.lre en the 
n'-':i.h~=, 0: ~ P::',':!r!':s beari,,-· ::' ::"Jrcc3.='ps . ('iertic~ l t' 'l::ts 
inc:ica:e 'J~,; cc~~fid~nr:0 li:::its) , [ 30 oec La; 14- ilQ,.r d,:::,,·; 
pii 9. ~] . 

261 

[ 

I 

Field studies 

In I:!:: ·"lny of tl":e streams in the study area, deep pools are formed by flood­

~ cou=,inC of 30ft ~~al es and ~udnton8s behind dole r ite and licestone 

ridces whi~h lie at right-anelE's to the direction of strcot'! flo\.;. 

Aft;er th~ annual su:n.:::er :loodinC. the flow-rate in the:::c strc':]'!:C.s is 

r E'duced to a low but c0:1tinuou3 level. The pH of the i-.'nter varies 

beh:eer. e,2 and 9.4, lotith high levels of calcium, n:8cnesiu.~, sulphate and 

carbonc.te and very 10\\' 1E:v-c1s of nitroGcr. or.d phosFhorut:. "d}-,cn a 08 t 

of A· .filiculoides develeps over D. peol, the pla nts in the lower layers 

of the ::.ats are often in a stn. te of decorr.position and D. thick layer of 

sedimen"ted plant waterial dcvelopn on ti:e :~!oor of t ::e poel. Bacterial 

and cl:cl.":ica1 degrtld.<:!tion of the~ c I')r ..... nr.ic :;cdi:;:f':!t.s cnU~CG th0 d()v~lop­

ment of an~erobic cOl".ditio!13 a:1d <:!. C01~s 0qU':' :1 -t lo:c rinC of t}:e p:-i of the 

viatcr, The lC':-:- ls of r.u-trients, particularly phosphorus , nitr OGen, 

iron and mancanese , are incrcas·~d due to tbd l' lib~rc.tion fro:r. these 

scdiments. 

The continuous inflow of nutrient- poor hieh pH water irr..:-.ediately below 

the Colt oec8!:"e pa:-tly !:!.ixed \.;jth the nutrie:1t-rich lower · ..... ater and caused 

the develop~ent of intense pH s tra tifico.tion (FiGUre 7). Fran June 1972 

r-
':UN!:: 

1 
T~", ~e,, ' f - fo,med ~Z().L!-~ mal, 

~-

'" A 9.0 :/ 
COlf,i ! e'dy~e 

~// 
A 6.5 

80 

_ ___ 2::im __ ..... 

i 
/ ) ,"n,. I [ '"MM'" M""-"",,,, "."ill '0> _ ---= I 

[' , / , .0 
T / , 8 .5 I 

i! »',0 I I ,. / '.5 I 
Ii,; 7.~ I I 1 ~e,,/ ,e G ;~ .,c ,,~_._ .. t' • 
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Fig. '7 The develop~ent of intc~se pH stratification hcneath a develo~inc 
~ I: .'lt . fro:.:! (.:l) 31.:.r.o 19/2 to (1) !;?vct.lh~r 1972. at a riv;,rir.e 
[1~ -, tion rec civin.:; a co;:ti::uCI'..;s iaClQ·,; . \Eorizontal scale I?rc:ltly 
rcduc0d) . 
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to No vember 1972 , the conccntrationo of PO~ -P and N0
3

- :: , at a dcpth of 

5 em be low t},e Azol] "t ma t a. t the riverine 

app::-oxit:1a'!:~ly 10 ',.! ;; e- l to GjO ! ! C e- l 
and 

ztotion, incr·~ ~ ::;ed from 
- 1 ~1 

35 I!B" e to 15(..) iJ.C e 
r C' :3 p·~c ti 'Ie 1:1 . ~hus t~e pa.rti ~l ~ixinc of the nutrient-poor hiGh pH 

inflow with the nutr irnt-rich lo ... ·or ""Jo fcr => en:::ured that .:.u:'fici C' nt 

nutriento, p.1rticularly nitrate ann phosphate, ',rere avo.ilnblc for 

continu~d proli!'erf:"';ion of t he r.;nt Ilr:d spo!'oc:l.r1' d~vclop::('! n+' , ..... h:!.lt;i the 

p:: of the 5urface ... :a:tcr ... .'as t".<lint.::. i:;ed .'I t a r.i~h o1'ti ::lU:!: level. In 
this situatio!1, c.lthough the condi"tions of '.'lc.ter pI:: 8:11 nitrate concen­

tration ',-;ero favourable for spcroc<:.r1' production fro:: carly sp!'inc , 

caxinum sporocarp production only too~ pl.:lce in early e.:lrly S ;;::;.::~ r when 

the cc:-:.di tions of tempercture Q.!1d photoperiod ',:ere favo'J.ra'!:lle . 

In the ell.!)C o!" A. filicu1oide.!) pbnts r.ro' . ..-ing in a s:lllll farr.1. da::J. ',,'hich 

received interL1i tt~:1 t in:"lo't,'s, the si tuo. t io!'! wns ?,C7.~~ W(ir. t differ~n t. 

Aa in the co::·e of t!>: r iverine !It.:l ti on , b:!ctcrin l and chc r.:ict..:.l de, ' nldation 

of s (. dil!lcntcd plant !:'lteri.:ll 'be1o~: an ~ !;lat cau ... t 'J a:".ae robic condi­

"tions to develop ',;i th a decr~ase in the pH level of t:-:e ',,':'l ter (Fic;u.rc· S) , 

T!':e levels of pr.ocpi'1oru.::, ni t ror-cr. , iroH ·:lnd mnnGa:-:,c::J" rc] ea::; '_ i !'rc""l 

thone ~cdil~,,=,, n \;3 .'l1:10 incrcl.l .J( 1 ::::: r %r:d lj.·, E":' ... ·ev!":r, c inf"e th01'C Ir"I .~ no 

inflow of hieh pH "...a t~r , pH :;i;n,tificntion did no t d'':lJrc.'lop to ~J , " !In:r.(} 

extcnt ao th~ r iverine ~ -:; o.t;,on, T!:e pH of the surfaco '.~ctc!'s w~s 

ther~for~ lo .... el"eJ. :: ·t:.l.potranspir,::!. tic:1 fro::1. H:c ~ ~nt , (:::c:.l t urod 

ns 420:ne 0-2 d'~Jy -1 in thc l,::!.boratory, at 60 OOC Lux ::':1d 27 Cc), caused 

a lo\>mrinc of th~ W.:lte r level and further incrca::: cd tile ccr.~en~rationt: 

of available nutrients . 

Fro!: June 1972 to ~;o ·:e;::,.bcr 1972 , the conc!?ntl',"I.tions of P0l. - P and ;iO", - :; , ) 

Ilt 11 depth of ~ ';:;;1 bclf)w th,.. Azt')l1l1 r.lflt; 

fro::l approxir.l.O.tely 12 w; e-
l 

to 3300 ;:.e 

[It tb:! i' ~ T:1 d:\::\ O'!;.'1.tion ir.crt:'l'lc NI 
- 1 - , -1 

~ and 30 \.u::- E - to 9200 j,lC e 

re3pectively, Dccpite b~in[ ~pprcy.i=.:ltely six ti::les hi3her t han ~hose 

rccord~d i!1 U:r. rivcrir.(' ~tn tior., ~hc!Jo:! h i{;h nutricnt Ifve13 cou, r -j o:; ly 

u sligr.t increa.::1 c 1:1. th~ €To;.:th of 1::. . filiculoir.0~ . HO'~'0ve!" , due to the 

1011 p:i le'.r<:::'l e:".d ~ioS'r. n:.tr ~te ct;i:1<:entratio!'l of be s'.Zf "' c~ ."ater, sFo!'o-

ellrp for:;-. 'l"tion ~"~ 3 i!1r.ic:' '\:c -!, It t::<!r ,' f~r~ 3ppe!J!, t. :! t::n.t s?:;roce::-p 

f OTj;,,'I', : 'm • .... 011 111 0:-:'1 '} i I, :r ; i~.il:t'·(l ':!.(;rl ~Ln rlll:. 1";I;', i'/I ' ] lnfl(")lw of 

1I11lr :(·!I1.-I'OOt'. L: :: p:; .... ",(I.'.·!" l'ollc-: Lr" ,: 1';111.1":11 . 
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Fi - . 8 The decrease in pE c"l.u$(..l by anaerobic condi tiona benccth ."In 

Azoll'" ::;at developin;; 0:". a far!:. da:n receiving no inflo .... d'J.ring 
the PQriod (a) June 1972 to (b) NO'le::!.ber 1972. (F.orizontal 
scale ~eatly r educed) , 

''';h r n the r;'.onthly valueo for ::;urf "1.ce \tloter tC:Jpcrature, pH and pcrccntace 

of ~ plant ::; l'r ~rin ,: s ro r oce.rps in the two !mbi"':tt typ'2S .:cre 

co~r'1red \o.'i th the "'lenn !."!cnth1y rainfall records for the 3tudy period 

(7i""Ure 9), the difi"C'rcnccs r,J"t',,'ee:; the '..".,:0 habitat type3 were clearly 

~""fined , In the riverine station recei .... in~ a continuous inflow of hiG'h 

pH .. ;at!; r, the p~1 vnlue3 re:"'aind in the opti::-.um ranee .:lnd r. .. :lJ::i::JUI:l sporo­

c a rp production was o!1ly recorded \>,hc!l the .. ..ater tel!;1'erotu r e rose ar.ove 

20
0

C. On tr.e otf!er Lend . i:'l the far:! da:') st !:!. tion \,\'hich only received 

1:11'10'';:1 .'1ftc r T~in~·.'.l.11, t\ ;e !l urf'tlce pi! voluo.,,; r1ecra.':';o:-d to .') ]'cvcl 

unfayo'..l.ra.ble for sj:0rocarp fon:.:dion "ith incre"!sinc :-:u.t development . 

I:'e~pi"';c the rise in te::1'erabre to an opticu.:J le 'lel in Septenber, s}'oro­

c.':!"'p for!;, ,': tion W."l.~ dC'V' !1o:mt on '..hc inflow of \;if.h pH runo!"!' fol1o~d, nr. 

r n ins in O-.:tober . This increase in the s'lrf9.ce pH v.:!lue W.lS of ol::hort 

c.uratio!l, tu"t was ~nc-.;;-h ";0 trieser off spo!"':>carp fomatio:':, Gespi,tp 10''''' 

rnin:al1s in !;cvf'::'her, '::i th further r~infc.l1 in Jece!!loer nnd Jar.u&ry, 

~:pO l'or: lirr i"orr 'ltion r(lf:C to :"I t \ ..... L:::Ul!l . 
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Fig. 9 

A, River ine SIO' lolI 
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A co::mnr i:1on of the influence of :!!elln surface v.':! ter te::l'oero.'ture 
( o----C ) and pi-! ( o----J ) 0:1 .::;porocc.rp !ir oduction :"J Azoll; plcn ts 
at (A) D. riv~rin8 ototion ·t1i~h conti::uou::" inflo',: ~nd ( !?) a f:-,r::::!. 
d'!~:1 ~d th inter:::i t-:cnt i n flo:.; frc:: Fe:'n:.,,-ry 1971 to ;.:""!.y 2974 . 
fi-'ir,-:lTC C .::;:'-:·w:; t :,r- ;::e::::1 ;::or:.thly r a infall f e r t:: ~ :;tut::y :!. r <oJ. 
duri r: r: th: 0 p'.-rioa;. 

In bot~ tr.e riverine and fa~ da~ ·stations , heavy rainfalls froo 

Jc.nu3::'y to it;arch caus ed flooding, ..... i t h a consequent dispersal of the 

Azol1~ plants and sporocnrps. Azolla plants are extre~ely fragile and 

ensil:.' fr:l !:cen ted . P!"evious \,o!"k has shown that fra r.;u:ents of A. 
filiculc:'d '1S plants cannot tolerate hieh 1ibht intensities and soon 1ie 

(Ashton , 19741. 7ho sporoc~rps en the other tand do ~ot f r aGment 

e.::.sily e nd t'1us ser .... ~ a!) n source of inf(.!station for localities further 

dO .... T1stre'lm. 

After the annual f loods , survivi ng plants (md sporocarps of A. filiculoides 

prolifer~ tcd to rcfo~ the oriein~l cat c~nditions in the strea~G and 

d ~ ~s . ~te floodine there~ore Gave rise to ~ seas onal fluctuation in 

the population density of A. filiculoides , ( see Ficure 10 for r esults 

f r o:a tt,e rivf' :=-ine station) , and t!'ie ::;ys te:1 !:lay be considered self-

r e:...-ul .:l. tory . Since t~e crowt~ of A. filiculoideo or. the s treams a nd 

feT:: da:ns in the a r ea po .:-e s no economic proble:I:s at present , further 

control is unnecessary . 
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CO:;r.I,U!')ICNS 

1. f;p0;"ocarp fnr;rotion in AzollA. filiculoidr~. 0:11.'( o-:cur::.: ir. e::;tablish~c. 

:·-::.ts a.nd i3 r~C"J13ted by the intera-:ti::e ef:ec"'::; of r~otop~rio~, 

liCl:t intensity, tCrlper.'lture . p:! nr.d nitr-::,c€"n s '.:ppl~/ . 

2. In a riverine station rece:'ving a continuo·.ls ir.fIo-..', sporocarp 

production is r~,:;u.la"'.:ec. "!>y ,:eter te::r.pe rabre ar.d pi:o:,:?erioc. . 

!!o·.;cver in .""1 :a::,~ 0:).:: st .. ~·.ion r''Jceivinc intc.!"T.Iitt.; :;.t in:10 ..... :; , 

photo}1I..1riod and surface rH vc.1U'::.s r0~;U :.'1:t0 :;poroc~lrp pradue tien. 

3. After dispersal by nn:1ual ~ur"~~ r flo~a~. sporccar;::; of ~. filiculoides 

are an i~port~r.t source uf infe:tation in new 1oc ~litie~ . 

It . Vloorlin ::- r;i. ·.· ~ ~ "!'L'~ to o~.n Gor.\: l f1~ct·.l,'_:i(,:18 in the !.opub+.ion 

denSity of b,. fili.cul oi,kc. plants an~ U:c s :/stc:=; is c c:Jf- r ecu1otol'Y . 
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