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FRONTISPIECE Four isolation columns positioned in the experimental area. 

~ 



SUMMARY 

1. Isolation columns positioned in approximately 3.5 m of water in 

Midmar D~m were used to study the influence of enrichment with 

N03-N and P04-P, singly and in combination. 

II. 

2. Changes in an unenriched column indicated that isolation had very 

little influence on physico-chemical conditions within the col umns. 

3. When only P04-P was added, available nitrogen was rapidly dep leted 

and, although primary production was increased, the increases could 

not be sustained for long periods because of nitrogen limitation. 

Direct adsorption of the added P04-P by the sediments was largely 

responsible for preventing the build up of P in the water. 

4. Addition of NOrN resulted in a prolonged bloom of Microcystis during 

the summer and characteristically eutrophic conditions were maintained 

for approximately three morths. The increased P levels in the water 

were indicative of a flux of P from the sediments. 

5. Addition of N0 3-N and P04-P resulted in eutrophic conditions during 

the winter and summer months. 

6. At times SRP levels in the columns increased to concentrations in 

excess of those that would be expected from the sediment/water P04-P 

equilibrium. At these times , bioassays indicated that a large 

proportion of the SRP was not ~vailable P and it wa~ concluded 

that the SRP accumulations resulted from the biological production 

of a P fraction, other than P04-P, which was not adsorbed by the 

sediment. 

7. Vertical profiles in the sediments indicated that the surface sedi

ments differ markedly from the drowned terrestrial soil on which they 

have been deposited and that increased primary prpduction in the 

water leads to rapid changes at the sediment/water interface. 



III. 

8. Uptake and release of P by intact sediment cores was quantified 

and characterised under aerobic conditions and the estimated rates 

of flux were sufficient to account for the P fluxes observed in the 

isolation columns. 

9. Both uptake and release of P by the sediments was dependent on 

diffusion gradients across the sediment/water interface and a steady 

state dynamic P04-P equilibrium between the sediments and overlying 

water was demonstrated. 

10. The kinetics of sediment/water P exchange could not be adequately 

described by a single exponential function. This is indicative 

of a number of exchange mechanisms. 

11. Turnover times of P in the water column were studied in the open water 

and in a series of isolation columns enriched with N0 3-N. The P 

turnover times measured fell within the world range and tended to be 

lower in the columns enriched with N03-N. 

12. Two distinct soluble P fractions (P04-P and colloidal P) were shown 

to be involved in the rapid exchange with particulate P. Colloidal 

\ P was shown to exhibit no direct exchange capacity with intact 

sediment cores. 

accumulations. 

This is discussed in relation to the observed SRP 

13. The kinetics of P exchange in the water wer.e generally monophasic 

and differed in a number of respects from the kinetics observed 11n 

other lakes. It is suggested that the current model of P cycling 

in the epilimnion (Lean, 1973) may not be applicable under South 

African conditions. 

14. The data are discussed in relation to impoundments in general and the 

implications of internal P loading in predictive models are considered. 

15. The concept of a "limiting" nutrient, as assessed from bioassays, is 

discussed in relation to the dynamics of nutrient cycling under 



IV. 

natural conditions. 

16. The applicability of isolation columns in the study of nutrient 

enrichment is assessed and the potential role of periphyton in the 

columns and phytobenthos in the impoundment is discussed. 

17. It is concluded that before scientifically sound eutrophication 

management strategies can be introduced the N cycle needs to be 

investigated in far more detail in South Africa. 
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1. 

CHAPTER 1 

INTRODUCTION 

1.1 Introducti~n to the Study 

The implication of phosphorus as a major factor in eutrophication 

(Mackenthun, 1973) stimulates interest in its dynamics in aquatic 

systems. Research has revealed a complex system of exchanges and 

transformations which have led to widely divergent interpretations of 

results. Such a situation has made it difficult to define the 

relationship between phosphorus loading and lake response. Whilst 

broad empirical relationships have been developed, the confidence l -imits 

are so broad that they cannot confidently predict the effect of sub

stantial reductions in loading (Larsen et aZ., 1975). 

Even where researchers have adopted the reductionist approach 

(Rigler, 1973), and have attempted to study processes in isolation, the 

results are often very varied and present a confused picture. In the 

case of sediment uptake and release of phosphorus, for example, there 

are conflicting reports of uptake and release under a variety of condi

tions making it difficult to formulate the general principles which 

should be applied in attempts to model phosphorus dynamics in systems. 

There seems to be no good reason why great variability should not 

be expected. It is, after all, well established that different soils 

interact differently with a range of plants on the basis of their 

structure and chemical properties. Thus, if eutrophication is considered 

as a dynamic process which brings about a gradual change in the components 

of the system, including the sediment, then a wide range of properties 
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and behaviour should be expected. These would vary both spatially and 

temporally within a system. 

The implications of these points are that an understanding of the 

phosphorus dynami cs in aquati c systems and of eutrophi cati on, \'Inl be 

dependent on the study of a wi de range of systems. It wi 11 not be 

sufficient to examine only eutrophic systems, in which major changes have 

occurred, and expect to be able to derive the responses of oligotrophic 

systems to changillg conditions. This observation is supported by the 

fact that, in some instances, where empirical relationships between 

phosphorus loading and lake response (e.g. chlorophyll) are examined the 

variability is extremely wide at the oligotrophic end of the scale but 

the relationship improves with increasing degree of eutrophication 

(Walmsley et aZ.~ 1979). The tendency to only study eutrophic systems, 

in which problems have become manifest, may not therefore ultimately 

provide management guidelines which are applicable to less productive 

systems. 

In South Africa the presence of some extremely eutrophic systems 

e.g. Haartebeespoort Dam, Roodep1aat Dam and Rietv1ei Dam (Walmsley et 

al.~ 1978) together with their strategic location and the considerable 

dependence of both the industrial and private sectors pn their water, 

has given impetus to research on eutrophication and to the formulation 

of guidelines for its control (Toerien, 1977). This research has 

highlighted that the typically warm monomictic thermal cycle in South 

African systems may significantly alter the response to enrichment from 

what may be expected in the dimictic ,systems of higher latitudes. 

The problem has been compounded by the realisation that man-made 

impoundments, because of factors such as short hydraulic residence time 
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and "young" sedi ments, may react di fferently from \'/hat may be predi cted 

from the study of natural, old, systems. The fact that South African 

man-made impoundments tend to be shallow with marked annual draw down 

and have high silt loads, suggests that the development of guidelines 

for effective multipurpose use will be dependent upon the study of a 

range of systems in South Africa·. 

This research programme set out to integrate some aspects of the 

dynamics of phosphorus in an oligotrophic system. By using an oligo

trophic system it was fairly simple to apply a range of enrichment regime~ 

to create demands for phosphorus and to monitor the response of the 

system to these changed conditions. HO\'Iever, the complexity of the 

phosphorus cycle required the analysis of a variety of components in the 

system and this thesis therefore reports on phosphorus fluxes between 

the sediments and overlying water and between soluble and particulate 

compartments within the water column. 

1.2 Description of the Study Area 

Midmar Dam has particular significance in the province of Natal 

because it is strategically placed as the first of a series of impound

ments providing water for the Durban-Pietermaritzburg complex. The 

number of people dependent on the Mgeni river is expec~ed to reach 

4 million persons by 1990 and the water supply of 1000 million litres 

per day from the impoundments is expected to be fully utilised by 1984 

(Natal Town and Regional Planning Commission, 1973). It is ho\,!ever 

the upper Mgeni catchment which requires particular attention because 

it produces three quarters of the total run-off into the Mgeni River. 



. As early as 1953 the need for ecological information to assist 

in planning the upper Mgeni catchment was recognised when the Natal 

Town and Regional Planning Commission and the National Institute fOl' 

rlater Research i nsti tuted the ri ver survey programme (Natal Town and 

Regional Planning Commission, 1973). After the construction of 

4 . 

Mi dmar Dam between 1962 and 1965 the programme \'/o.S expanded to i ncl ude 

impoundments and the Department of Botany of the University of Natal 

became involved in a research programme of general limnological studies 

in Midmar Dam and its catchment (Furness, 1974; Walmsley, 1976; Twinch, 

1976; Furness and Breen, 1978; Twinch and Breen,1978a and b). 

1.2.1 The Catchment 

1.2.1.1 Geograp~ 

The Mgeni catchment (Fig. 1.1) IS roughly pear shaped and 

occupies 439 000 ha of central Natal. Of this, the Midmar Dam 

catchment constitutes 129 000 ha forming the western section of the 

Mgeni river catchment between latitudes 29 020'5 and 29028'5 and 

Approximately 45% of the population 

of the province of Natal are dependent on the Mgeni system and it 

supports 20% of the industrial out~ut of the \'Ihole country (Natal 

TO\1," and Regional Planning Commissioi1, 1973). 

1. 2 . 1. 2 Geo logy 

The Mi~nar Dam catchment area is geologically simple being 

composed of the shales , mudstones and sandstones of the Beaufort series 

comprising the Karoo system (Du Toit, 1954). Erosion resistant 

dolerite sills exert an important influence on the topography and the 

Mgeni River, like many Natal rivers, has a step-like profile resulting 

from waterfalls created by the sills (King and King, 1959). 
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Above the sills the river tends to meander. Resistance of dolerites 

to \'/eathering (Natal Tm'ln and RegionCll Planning Commission, 1973) 

results in the water having a low TDS (total dissolved solids) and 

conductivity. 

1. 2.1. 3 Soil s 

The soils in the area vary from highly leached associations 

in the high altitude areas to moderately leached associations 

surrounding Midmar Dam (Scotney, 1970). Le Roux and Sumner (1967) 

demonstrated the low levels of cations leached from these associations, 

and the strong P binding capacities of the soils and riverine sediments 

in the area has been shown (Furness, 1974; Furness and Breen, 1978), 

As a result, the . water entering Midmar Dam from the catchment contains 

low concentrations of cations and other nutrients. 

1.2.1.4 Rivers 

Two ri vers, the Mgeni Ri ver (mean annua 1 runoff 97m3 x 106 ) 

and its largest tributary,the Lions River (mean annual runoff 68m3 x 

106 ) provide the main input into Midmar Dam (Natal Town and Regional 

Planning Commission, 1961) but several much smaller streams, some 

perennial, also contribute to the input. 

1.2.1.5 Land Use 

Land use in the catchment )S limited to agriculture, forestry 

and stock raising, and on an areal basis can be divided up as follows: 

(a) Undeveloped hillside grassl and 56.4% 

(b) Dryland arable and grassland 19.2% 

(c) Irrigated arable 3.9% 

(d) Commercial forest plantation 14.3% 
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(e) Natural forest 2.5% 

( f) Vleis and marshes 2.7% 

(g) Small impoundments 0.6% 

(h) Small population centres 0.2% 

(data from Hemens et at., 1977). 

1.2.2 The Impoundment 

1.2.2.1 Morphometry and the Hydrological Regime 

The Midmar Dam wail, constructed on a horizontal dolerite 

sill, was completed in 1964. The resulting impoundment consists of 

four flooded valleys leading into a more extensive area of open water 

(Fig. 1.2). Some of the important morphometric characteristics are 

presented in Table 1.1. 

As indicated by the shoreline development, the impoundment 

is dendritic (Hutchinson, 1957). At full supply level a large 

proportion (42%) of the total capacity of Midmar Dam is contained in 

shallow water (0-5 m depth) which is concentrated in the shallow 

flooded valleys (Fig. 1.2). Water content of the impoundment follows 

a seasonal pattern corresponding with the seasonal rainfall patterns. 

Being an important supply reservoir, water is continually discharged 

to cater for requirements in the impoundments downstream. During 

the dry winter months outflow exceeds inflow and water levels in the 

impoundment drop. Since 1966 there has been a mean annual fluctuation 

of 2.4 m (Walmsley, 1976). The result of this seasonal draw-down is 

that large areas of the littoral, approximately 300 hect~res if the 

water level drops by 2 m, are exposed. Species such as LimoseZZa 

af2>icana Glueck are able to establish on the exposed substrate. 



As the water level rises these are inundated and could provide an 

important nutrient input into the aquatic system. 

7. 

Also associated with the marked draw down is the absence of 

well developed littoral hydrophyte communities \'~hich are unable to 

become established because of the unstable conditions in the marginal 

areas. 

Between 1963 and 1973 the retention time in Midmar Dam 

fluctuated between 0.7 and 1.B (i 1.15) years which is fairly long in 

comparison with other impoundments of similar size in South Africa 

(Walmsley, 1976). 

1.2.2.2 Physical and Chemical Status 

Midmar Dam is a warm monomictic system with a period of 

stratification during summer and isothermal conditions in winter. 

Surface water temperature ranges from approx;,nately nOc in mid-winter 

to 25°C in the summer. An oxygen deficit develops in the hypolim

netic waters during the summer but this is largely restricted to the 

deep waters in the main basin (Walmsley, 1976). 

According to Archibald et al.~ (1979), who obtained a mean 

secchi disc reading of 1.31 m, Midmar Dam is a clear impoundment. 

In the South African context this may be true (Noble and Hemens, 1978) 

but, on a world scale, Midmar must be regarded as a turbid water body. 

Secchi disc readings are frequently less than 1 m (Walmsley, 1976; 

Twinch and Breen, 1978; Archibald et aZ.~ 1979) .and can drop to as 

little as 40 cm. In many other lakes secchi disc readings of 10 m 

are not uncommon (Hutchinson, 1957}. The low secchi disc trans-
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parencies are due almost entirely to the presence of suspended silt 

particles, and do not reflect phytoplankton densities, which are low 

(Walmsley, 1976; Hemens et aZ., 1977; Archibald et aZ., 1979). The 

concentration of suspended solids ranges from 1.2 to 10.6 mg 1-1 

(Walmsley, 1976) and is thought to result more from internal processes 

(sediment resuspension and shoreli~e erosion) than from allochthonous 

inputs (Johnson, unpublished Oata). 

The low TDS and conductivity reflect the geology, soil 

characteristics, agricultural activities and lack of urban development 

in the catchment (Walmsley, 1976). For similar reasons the concentra~ 

tion of nutrients in the water is low (Walmsley, 1976; Hemens at aZ., 

1977; Archibald et aZ., 1979). 

The alkalinity (0.33 to 0.66 meq 1- 1 ) and pH (6-8) ranges are 

characteristic of a poorly buffered soft water system (Walmsley, 1976; 

Twinch, 1976). 

1.2.2.3 Trophic Status 

Based on algal bioassay results, chlorophyll levels and on 

nutrient concentrations, Midmar Dam has been classified as oligo

trophic (Toerien et aZ., 1975; Walmsley, 1976; Twinch, 1976; 

Archibald et aL, 1979). Phosphorus is most frequently the primary 

limiting nutrient followed closely by nitrogen. Hemens et aZ., 

(1977} suggested that Midmar Dam may be approaching a mesotroph;c 

condition, but this was based on a nutrient budget calculated using 

estimated total P concentrations in the inputs, the validity of which 

is questionable (Schaffner and Oglesby, 1978; Walmsley et aZ., 1979). 
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1.2.2.4 Primary Producers 

Small communities of Phragmites mauritianus Kunth and 

Polygonum sp. are very localised (Walmsley, 1976). Conununities 

of NiteUa sp. occur in the shallow waters around the shore margin, 

and in deeper water several isolated stands of Potamogeton sch:J.Jein

furthii A. Benn have been observed. 

As reflected by the low chlorophyll levels, the phytoplankton 

density is low. Preliminary studies indicate that there is little 

horizontal variation,and an indistinct seasonal cycle in the phyto

plankton has been shown (Walmsley, 1976; Hemens et at., 1977). 

The large diversity of phytoplankton species (Walmsley, 1976; T'IJinch, 

1976) is characteristic of an oligotrophic system but very little is 

known about the taxonomy and population structure of the phytoplankton. 

Primary production in the v/ater column is low (Akhurst, 

unpublished data) and the contribution of macrophytes and benthic 

algae to the overall production is unknown. 

1.2.2.5 Secondary producers 

In Midmar Dam there is a mixture of temperate and subtropical 

species of zooplankton. Broad trends in the numbers and diversity are 

evident, but have shown some variability~ and must be interpreted 

with caution until more extensive sampling has been undertaken (Rayner, 

unpublished data). 

In late \'/inter and early spring Daphnia spp. increase rapidly 

in numbers but decrease again by mid.,: summer . The vlarm water 
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Diaphanosoma excisum and the cyclopoid copepods reach their peak in 

late summer and early autumn. The calanoid Tropodiaptomus 

spectabilis is present throughout the year with blooms in spring 

and autumn. The rotifers have an annual succession with sporadic 

blooms when conditions favour their increase (Rayner, unpublished 

data). 

Little is known about other secondary producers. The 

benthic fauna have not been studied, and only species of ichthyofauna 

have been recorded. 

1.2.2.6 Conclusion 

The current state of knowledge of Midmar Dam and the upper 

Mgeni catchment is based largely on preliminary descriptive investi

gations. Although research into the fundamental limnological 

characteristics has been undertaken, the understanding of interactions 

within the system is superficial. On the evidence available there 

is little doubt that Midmar Dam is oligotrophic and that the present 

river inputs are not resulting in any marked changes in the trophic 

status. It thus provides a good example of an "undisturbed" system 

in which the important process charaterising a young impoundment can 

be studied. 

1.3- An Overvi ev.J of the Study of P eyel i n9 i. n Fresh Waters. 

1. 3.1 Termi no logy 

Although many earlier analyses indicated that phosphorus levels 

in fresh waters were low, it was only after the introduction of colori

metric analytical procedures in 1923 that real progress in the stLldy of 

phosphoras cycling was made (Hutchinson, 1957). The presence of a 
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number of phosphorus fractions soon became apparent and the following 

categories were used by Hutchinson (1957): 

1. soluble phosphate phosphorus, 2. acid-soluble sestonic phosphorus) 

3. organic soluble (and colloidal) phosphorus, 4. organic sestonic 

phosphorus. 

However, the techniques used to separate seston from the soluble 

P fractions varied, resulting in considerable confusion in the litera

ture. This was highlighted by Rigler (1964), who duplicated the entire 

range of soluble organic phosphorus levels,reported in the literature, 

in a variety of Canadian lakes by varying the method of separating 

seston, The methods varied from Foerst centrifugation to filtration 

through O.l~ membrane filters, He further showed that if methods were 

standardised the percentage of soluble organic phosphorus remained 

remarkably constant for a variety of lakes : the implication being that 

much of the variation in early phosphorus data reflected variations in 

the separative techniques used. 

More recently use of O.45~ membrane filters has become virtually 

standard practice in limnological research, and this is reflected in the 

definitions of phosphorus fractions measured in fresh waters. These 

were outlined in the review by Rigler (1973) as follows: 

Soluble reaative phosphoY'Us (SRP) refers to the value when membl'ane 

filtered water is analysed by one of the variants of the molybdenum 

b Z.ue teahnique, This. term imp 'lies nei ther that the orthophosphate 

measured was in solution before addition of the reagents nor that 

the intensity of the blue aolor is exaZ.usively a funation of 

ortbophospha'te (Jonaentratipns rather than that of interfering ions. 

When orthophosphate phosphorus (P04-P) is used it wiU not refer 
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to the resuUs of chemical analyses but to free ol>thophosphate 

in solution~ the concentration of which is assumed to be as yet 

unmeasureable in the trophogenic zone of most lakes. 

Solubie phosphorus (SP) y·efers to the value obtained when 

membrane filtered(O.45~) water is analysed after being digested 

un;th an oxidising acid solution. 

Soluble unreaetive phosphorus (SVP) 1-S the difference bet-ween SP 

o:ad SRP • 

. 'Totalphosphorus (TP) is obtained by analysing whoZe lake water 

after ac-id digestion. It is asswned that the values obtained 

by this teehnique al'e indieative of the true phosphorus eon-tent 

of the sample. 

This terminology is based on the analytical methodology and does not 

refer to definite phosphorus compartments that are equivalent t6 

morphologically and chemically distinct components of lake water 

(Rigler, 1973). This is especially true of the SRP, which is frequently 

regarded as being synonymous vlith P0 4 -P, particularly by South African 

limnologists. There is however growing evidence which indicates that 

SRP include.s forms which are not P04-P. As early as 1956 it was 

suggested that SRP was greater than P04-P (Rigler 1956) and this has 

been confirmed in Canada (Lean, 1973; Peters, 1978) and New Zealand 

(Paerl and Downes, 1978}. The discrepancy results from the hydrolysis 

of soluble organic and colloidal P during the acid conditions of the 

molybdate blue proce.dure (Paerl and Downes, 1978). 

There are therefore limitations in the use of data derived from 

analytical techniques that are currently in use. This will also apply 

to predictive modelling of the rel~tionship between phosphorus loading 
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and changes inlake metabolism where it is necessary both to identify 

discrete phosphorus forms of biological importance, and to measure the 

fluxes between them (Lean, 1973). 

In this thesis the terminology outlined by Rigler (1973) will 

be used whenever possible. 

1. 3.2 Phosphorus-' eyc' i n9 in Fresh Waters 

While P04-P is the only form in which phosphorus is freely 

available for uptake by the primary producers in fresh waters, it 

represents only one of a number of important P compartments in the 

water. In common with most other elements it may be combined into a 

variety of ionic, molecular and colloidal forms, often mediated through 

biogenic processes (Rigler, 1973). The variety and amount of the forms 

in which P can exist may therefore be expected to be related to the 

extent of these biogenic processes. Where these processes are increased 

for example, during eutrophication, the implications may be considerable. 

Before radioisotopes were introduced into limnological research, 

phosphorus cycling in fresh waters was studied by monitoring temporal 

and spatial changes in the concentration of organic or inorganic P. 

As early as 1939, it was postulated that the dissolved P could be in 

colloidal form rather than in true solution and that the sestonic P 

consisted of both organic and inorganic forms (Hutchinson, 1957) but 

these could not be accurately measured. The lack of standardisation in 

the analytical procedures used by the earlier workers therefore makes 

comparison of data questi,onable (Rigler, 1964). Furthermore the 

experimental approach was of little value in relation to phosphorus 

cycling because the dynamic nature ,of the phosphorus pool was not taken 



into account. This led to the realisation of the futility of the 

traditional "static" approach to nutrient studies in fresh waters 

(Hutchinson, 1957; Schindler et aZ.~ 1974). 

14. 

In the early 1950 15, the introduction of radiotracers into the 

study of P cycling (Hutchinson and Bowen, 1950) heralded the beginning 

of the kinetic school of holistic limnology (Rigler, 1975). The 

pioneering 32p tracer studies have been reviewed by Hutchinson (1957). 

These involved the addition of 32p04-p to lakes and made a major contri

bution to the understanding of phosphorus cycling in fresh waters, 

emphasi.sing the extreme mobility and rapid exchange kinetics of P 

between soluble and particulate (solid} compartments. Although the 

important role of the sediments in phosphorus cycling within lakes was 

demonstrated long before the advent of radiotracers in limnology 

(Mortimer, 1941) the extent of the interactions between phosphorus 

compartments, such as the littoral vegetation, the hypolimnion and 

the sediments, was only fully appreciated following tracer studies. 

The concept of the phosphorus compartments in a lake being in a dynamic 

equilibrium with one another, and thus approximat{ng a quasi steady 

state system in which the exchange of phosphorus between compartments 

is continuolJs and rapid relative to net fluxes in the sizes of the 

compartments, was then developed (Hayes et aZ.~1952; Hayes and Phillips, 

19581. 

Radiotracer techniques were also applied to isolated surface 

water samples to study the exchange kinetics between soluble and 

particulate .p fractions (Rigler, 19561 . These often conformed to the 

kinettcs predicted by a two compartment (monophasic) exchange model in 
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which 32p in solution decreases exponentially to an equilibrium level, 

and were initia11y explained by postulating a simple exchange of P04-P 

between a soluble and particulate compartment. However, Chamberlain 

(1968, cited in Rigler, 1973) reported occasional 32p uptake kinetics 

which were better described by a diphasic exponential equation, and 

demonstrated that in a short time after addition of tracer to the lake 

water a fraction of 32p in solution was something other than P04-P. 

This was confirmed by Rigler (1968) who postulated a second soluble P 

compartment to explain the diphasic uptakes, but he could not identify 

it. 

By combining 32p uptake experiments \'Iith gel-filtration analysis, 

Lean (1973} identified four phosphorus fractions in lake water : 

particulate P and three soluble P fractions; P04-P, a low molecular 

weight organic P compound and a macromolecular colloidal P compound. 

The soluble molecular fractions were shown to be of biological origin 

and formed important components of the four compartment model proposed 

by Lean (1973}. Under natural conditions the number of recognisable 

compartments comprising the particulate P is lal'ge and it has recently 

been suggested that Lean's model requires slight modification to 

account for this diversity (Norman and Sager,1978a; Halfon et aZ.~ 1979). 

At le.ast t\'IO cti fferent ra.tes of exchange wi th the parti cul ate P 

compartment appear to be necessary to make the model consi stent wi. th 

experimentally observed diphasic phosphorus exchange curves; one 

comprising the smaller organisms through which phosphorus cycles rapidly 

and the other comprising the larger organisms through which phosphorus 

cycles slowly (Rigler, 1973), 

rt is thus nec~Ss ary to consider the epilimneti:c P as a compart-
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ment consisting of a number of components in a dynamic steady state 

both with one another and with other compartments in the system 

(Rigler, 1973), and it has become apparent that a better understanding 

of phosphorus dynamics in freshwater syst~ms depends on a knowiedge of 

the P compounds occurring in lakes and of the transfer processes 

between them (Lean, 1973; Golterman, 1973b; Francko and Heath, 1979). 

At the present time however these processes are poorly understood. 

1.3.2.1 The Role of Sediments 

One aspect of phosphorus cycling which has been fairly 

comprehensively studied is the sediment/water P exchange and this 

topic has been reviewed by Stumm and Leckie (197Q), Golterman(1973 b) 

Uesse (1973} and Syers et a~.~ (1973). 

Since the classical study of mud-water nutrient exchange 

in Lake Windermere (Mortimer, 1941) much attention has been focussed 

on the role of sediments in phosphorus cycling in fresh waters. 

The exchange processes have been shown to be complex and the rates 

and extents of the phosphorus fluxes across the sediment: water 

interface vary with variations in sediment structure and nutrient 

status (Syers et aZ.~ 1973). Many large deep lakes are characterised 

by substrates of deep organic deposits (Hesse, 1973), which contrasts 

with the situation in many man-made impoundments where the substrate 

consists largely of drowned terrestr"ial soil overlain by a layer of 

recently deposited "true" sediment of varying thickness depending on 

the age and productivity of the impoundment. The mechanisms deter

mining the rate and direction of the phosphorus fluxes are also 
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influenced by limnological conditions within the water body, such 

as orthophosphate concentration in the water and the degree of 

turbulence at the sediment water interface (Lee, 1976 ) . 

Most lake sediments are capable of adsorbing large amounts 

of P04-P from the water when concentrations in solution are increased, 

and desorbing some P0 4-P when concentrations in the water are reduced 

by biological uptake (Golterman, 1973b). The result is a dynamic 

equilibrium similar to that first proposed by Hayes and Phillips (1958) 

whereby a large proportion of the total pool of exchangeable P in a 

lake is bound by the sediments (Stumm and Leckie, 1970). 

The important role of inorganic clay minerals in the P exchang 

processes has been demonstrated (Syers et aZ., 1973), but the presence 

of organic material in the form of living matter and detritus 

complicates the mud/water exchange and, in many instances, bacterial 

activity dominates over inorganic chemical reactions, particularly in 

systems of high productivity (Hesse, 1973). Clearly the relative 

importance of these two processes is dependent upon factors such as 

the proportions of inorganic and organic material, the nutrient status 

of the sediments and overlying \'Iater, the stability of the mud/water 

interface, the rate of sedimentation and the nature of the sedimenting 

material. 

The abilit.v of lake sediment~ to buffer against changes in 

POIJ. "<"P levels in tb.e water exp lain~ the frequent observations that 

freshwater systems can tolerate substantial loading with P04-P with 

no long term detrimental effects. However, with the heavy and 
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prolonged loading of many eutrophic systems the buffering of the 

sediments is insufficient to maintain stable P04-P levels and as 

their degree of saturation increases, so does their potential to 

release phosphorus (Schindler, 1976). 

18. 

The influence of oxygen status at the sediment water 

interface on P04-P fluxes was first reported by Mortimer (1941). 

Anaerobic conditions favoured the release of P04-P from sediments 

through their influence on the solubility of iron. Subsequently 

simil"ar results were obtained by a number of workers and phosphorus 

release from sediments came t o be commonly regarded as a predominantly 

anaerobic phenomenon . Aerobic release has however also been 

demonstrated, but at markedly slower rates, and has therefore been 

regarded as being of relatively less importance (Kamp Nielsen, 1974; 

Syers et at.~ 1973; Viner, 1975). 

systems have been implicated in the vertical exchange of P04-P in 

different types of water bodies (Golterman, 1973b). In the former 

case P04 -P co-precipitates as FePOl., or adsorbed into Fe(OHh, under , 
aerobic conditions, but under anaerobic conditions Fe(OH)3 is 

solubilised by the reduction of ferric iron at low redox potential, 

which results in the release of P04-P into the water. In hard 

waters the Ca++ content of the water can influence P content of the 

sediments through precipitation of calcium phosphates or through 

co-precipitation of phosphates with CaC03 precipitate (Stumm and Leckie, 

1970). P04-P adsorption/desorption processes with the clay fractions, 

which are pH dependent, are also important in the Qverallexchange of 

P between sediments and overlying water (Syers et aZ.~ 1973). 
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More recently however, evidence has accumulated which suggests 

that the iron-phosphate interaction (Mortimer, 1941) may not be as 

universally important in phosphorus release as previously thought, and 

Golterman et al. (1976) stated that 'aerobic phosphorus release may 

playa dominant role in the aqueous environmental chemistry in lakes 

and impoundments'. The evidence derives largely from studies of 

eutrophic systems and has been shown to be related to mineralisation 

processes where bacterial breakdown of organic P results in the release 

of P04-P into the water (Lee, 1976). This is obviously enhanced by 

a rapid rate of organic sedimentation. The importance of phosphorus 

loading from sediments has been demonstrated in rehabilitation studies 

in eutrophic systems which, through diversion and other management 

practtces, have had nutrient loads reduced. Responses have varied 

between marked improvement (Edmondson, 1972) and no apparent improvement 

(Larsen et al.~ 1975), the latter being due to phosphorus loading from 

the sediments, generally referred to as 'internal loading'. 

The duration and intensity of previous loading are important 

in this regard and the longer the loading with high levels of phosphorus, 

the more extensive the deposition of phosphorus rich sediments and 

consequently the longer the recovel~y time (Schindler, 1976). In South 

Africa the residence time of most of the important impoundments is 

relatively short compared with that of lakes, (Walmsley et al.~ 1979),and 

th.e rapi d f1 ushi ng effect may result in more rap; d recovery. 

The occurrence of phosp~orus loading from sediments in ol1go

trophtc systems has received less attention and its importance has not 

been established, Some evidence of significant phosphorus loads from 



20. 

the sediments has been obtained under aerobic conditions in Midmar 

Dam (Twinch and Breen, 1978a), and in view of the well established 

concept of a sediment/water phosphorus equilibrium and the resultant 

P04-P releasing potential of the mud during periods ofP04-P depletion 

in the water, this could be important in the generally shallow well 

mixed impoundments in South Africa. 

Anaerobic conditions, and the associated increase in the 

phosphorus release rate from the sediment, occur in the hypolimnia of 

lakes during periods of marked stratification, resulting in phosphorus 

accumulation below the thermocline. The consequence of this is that 

the phosphorus released is prevented from reaching the epilimnion and 

is therefore not available to the phytoplankton at the time of maximum 

demand during the summer (Golterman et aZ • ., 1976). A similar phenomenor 

has bee.n shown in the SVlc;lrtvl ei Es tuary \'1here sa 1 i ni ty gradi ents 

prevent P04-P released into the anaerobic zone from reaching the phyto

plankton (Howard-Williams and Allanson, 1978). The release of P04-P 

under anaerobic conditions may therefore not be as important to primary 

production in the epilimnion as was previously thought because, as 

stratification breaks down and the hypolimnion again becomes aerobic, 

a large proportion of the released P04-P would be fixed by the oxidised 

sediments before it is taken up by primary producers. Conversely P04-P 

release from sediments in contact with a well mixed epilimnion may be 

more important than was previously thought, and requires careful 

investigation as the implications could be considerable in South Africa 

where the majority of impoundments can be characterised as shallow 

water bodies (Noble and Hemens, 1978) and are consequently characterised 

by la:rge. a.reas of oxi di.sed surface sediments. 
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Associated with the changes which occur at the sediment/water 

interface are changes in the phosphorus status, and thus in the exchange 

kinetics between the sediments and the overlying waters. As has 

already been discussed, the most obvious demonstration of this has been 

in the failure of some rehabilitation programmes to improve the trophic 

status of eutrophic systems as a result of phosphorus release from the 

highly enriched surface sediments (Schindler, 1976). 

Most soils have the ability to fix or retain P04-P (Russell, 

1961) and even under waterlogged conditions this property is maintained 

(Syers et aZ., 1973; Furness and Breen, 1978; Twinch and Breen, 1978). 

Thus at the time of construction all impoundments are characterised 

by P04-P fixing substrates. If the subsequent development of surface 

sediments is due largely to organic deposition, the P04-P fixing 

potential at the mud/water interface could be reduced and eventually, 

when the surface layer becomes sufficiently thick so as to form an 

effective barrier between the water and the original soil, the role 

of the substrate may be shifted from a sink to a source of phosphorus. 

This situation would be hastened in eutrophic systems. Alternatively, 

in systems where sediment formation is due largely to eroded inorganic 

material the P04-P fixing capacities of the substrate may be maintained 

or even enhanced. Results supporting this suggestion have been 

obtained in the Maumee River Basin (Green et al.,1978; McCallister and 

Logan, 1978) and may be relevant to the turbid systems in South Africa. 

These two examples represent two extremes and under natural conditions 

sediment formation is usually the result of a combination of both 

organic and inorganic sedimentation - the relative proportions obviously 

varying markedly between systems. 
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1.3.2.2 Phosphorus Cycling within the Water Column 

Whi le l~api d exchange of 32p between seston and the water has 

frequently been demonstrated) the relative importance of the particu

late fractions is not clear. The importance of the phytoplankton 

appears to vary considerably between lakes. In Toussaint Lake 

(Canada) Rigler (1964) showed that only 5% of the 32p taken up by sesto 

could be accounted for in the zooplankton and larger phytoplankton 

while 68% was taken up by ultraplankton (bacteria). Peters (1975) 

suggested that the converse was true in Lago Maggiore (Italy) where 

32p uptake rates did not correlate with estimates of bacterial 

populations but did with estimates of phytoplankton populations. 

Lean and Nalewajko {1976}, using axenic cultures of a 

number of phytoplanktonic organisms, showed clearly that rapid 

phosphorus turrlover and the excretion of colloidal P and low molecular 

weight organic P can occur in the absence of bacteria. However 

phosphorus retention and excretion varied amongst the species studied 

supporting the view that a single particulate P compartment cannot 

adequately describe a diverse phytoplankton population. Comparable 

studies on bacteria do not appear to have been undertaken, but it 

seems probable that they would be characterised by a similar diversity 

in soluble P exchange. 

Zooplankton can also form an important component in the 

phosphorus cycle but, because of their secondary and/or tertiary 

position in the food chain, are probably more important in the 

regeneration of soluble P from particulate P than in direct uptake of 

solu~le P. Following quantitative studies of phosphorus release by 

zooplankton Rigler (1973) concluded that direct release of phosphorus 

from ultraplankton and excretion by zooplankton are equally important 
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in regenerating phosphorus in the trcphogenic zone of eutrophic 

lakes during summer stratification. The forms in which phosphorus 

;s released by zooplankton have been studied (Peters and Lean, 1973) 

and it appears that approximately 90% of the released soluble P ;s 

P04-P while the balance is made up largely of colloidal P. 

The importance of abiotic particles in the exchange of 

phosphorus betv~een particulate and soluble forms is not well under

stood. Paerl and Lean (1976) used autoradiographic techniques to 

study the movement of phosphorus between algae, bacteria and abiotic 

particles in Heart Lake (Canada). Bacteria and phytoplankton were 

labelled most rapidly but after 2 hours tracer was also evident on 

detrital. aggregates harbouring bacteria. In the South Africari context : 

where many of the fresh waters are characterised by high levels of 

suspended inorganic material, the role of abiotic phosphorus exchange 

may be more important. The availability of silt associated phosphorus 

to phytoplankton is thought to be a major factor in some turbid 

waters (Grobbelaar, unpublished data), and a similar situation is likely 

in many turbid waters in South Africa, either by direct exchange of 

P04-P by the clay particles, or by bacteria harboured on silt particles 

as shown by Paerl and Lean (1976). 

From the available evidence it must be concluded that very 

little is known about the specific roles of various biotic and abiotic 

factors in the phosphorus exchange processes in the water. In view 

of the variability in bi ological and nutrient status of fresh waters 

it is probable that no generally applicable hypothesis can be made 

at this ti:me. 
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Another potentially important process involved in phosphorus 

cycling in fresh waters is enzymatic hydrolysis of phosphorus 

compounds to P04-P. Phosphatase enzymes are produced by bacteria, 

algae and zooplankton and provide a mear.s of converting organically 

bound phosphorus into available P04-P in the water. Phosphatase 

production has been shown to be related to the levels of available 

phosphorus in the water and consequently production is highest under 

phosphorus limiting conditions while being repressed when phosphorus 

availability is high (Fitzgerald and Nelson, 1966), but the full 

implications of the phosphatases in the phosphorus cycle is not clear. 

Their relative importance in comparison with other phosphorus cycling 

mechanisms has not been quantified. Jansson (1976; 1977) concluded 

that in subarctic lakes, seston constitutes an important phosphorus 

source as a result of phosphatase activity and, in systems characterised 

by high silt loads but low soluble P levels, the role of phosphatases 

could be important. 

1.3.2.3 The Role of The Littoral Zone 

Littoral vegetation has also been shown to be an important 

component of the phosphorus cycle in fresh waters. Hutchinson and 

Bowen (1950) demonstrated both liberation of phosphorus into the 

epilimnion and uptake of phoSph9rus from the epilimnion by the 

littoral vegetation. In systems where extensive macrophyte beds can 

establish, they have been shown to play an important role in the 

phosphorus cycle. Swartvlei (Howard-Williams and Allanson, 1978) and 

some pans on the Pongolo River floodplain (Rogers, unpublished data) 

fall into this category. 
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However in the majority of South African impoundments extensive 

macrophyte beds are prevented from becoming established by the 

marked seasonal fluctuation in water levels and by the turbid waters. 

Consequently the littoral macrophytes maybe of relatively minor 

importance in cycling in these water bodies. It must nevertheless 

be remembered that on an areal basis the production in the littoral 

zone can be many times higher than that in the open water. In 

Swartvlei the annual mean production of the phytoplankton is 74.0 mg 

C m- 2 day-l while the combined productivity of littoral algae and 

macrophytes is 3114 mg C 10- 2 day-l (Howard-Williams and Al1anson, 1978) 

Thus even a small area of littoral vegetation can have a disproportion

ately large influence on the overall metabolism of a water body. 

1.3.3 Predictive Models 

Despite the advances made with the advent of more refined 

experimental and analytical procedures, the complexities of the 

phosphorus cycle are such that predictive models, of sufficient reliabil

ity for the formulation of management strategies, could not be developed 

with the experimental data available. In the 1960's, the urgent need 

for rational management of culturally induced eutrophication in Europe, 

stimulated the development of the nutrient budget concept (Rigler, 1975). 

Considerable effort was directed towards the prediction of permissible 

loads from input/output models such as that of Vollenweider (1969), which 

attempted to predict phosphorus concentrations in lakes from simple 

parameters such as input and output rates, flushing time and lake 

morphometry, but ignored all biological and temporal complexities (Rigler, 

1973}. The importance of the ra t e of external nutrient supply, as 

opposed to n~trient concentrations in the inputs, was stressed, and a 

number of predictive models based on nutr ient loading rates were developed 



including those of Brezonik (1972), Imboden (1974), Stumm (1974) and 

Imboden and G~cheter (19781, 

Another simple means of predicting the impact of phosphorus 

loading arose from the observation of Sakamoto (1966) that chlorophyll 
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and total P in the water showed a good correlation provided that an N:P 

ratio of greater than 12 was maintained. This was shown to hold in 

North American lakes (Dillon and Rigler, 1974) and if the total P 

concentration at spring overturn is known, the mean chlorophyll a 

conce.ntration in the trophogenic zone in summer can be predicted. In 

turb~d waters however, the role of suspended silt in reducing chlorophyll 

levels, through its influence on light, has been demonstrated (Walmsley 

and Butty, 1979) and no simple relationship between total P and chlorophyl 

is likely to exist in South African impoundments. 

Although the existence of a relationship between chlorophyll 

levels in the water and nutrient loading rates is indisputable, the 

accuracy of predictions from models, such as the Vollenweider model, are 

of limited value because of the wide confidence limits which must be 

attacb.ed to them (Golterman, personal communication). This is attribu

table to a number of factors, one of which relates to the characterisation 

of phosphorus loads. In Vollenweiders l model, for example, total P is 

selected as the form of P describing the load. Schaffner and Oglesby 

(1978} questioned the validity of this and adopted the term biologically 

available P (BAP) which includes the soluble P fractions together with 

the labile P fraction which can be des orbed from silt. Estimation of 

the load is further complicated by the general inadequacy of the hydro-

logical data which is required to calculate loading rate. In South 

Africa, the gauging weirs used to estimate water inflow are frequently 

not effective in measuring peak flows during floods, which often 
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contribute a large proportion of the nutrient input (Grobler, personal 

communication). 

Another limitation of the input/output philosophy is that the 

internal processes involved in the P cycle are ignored. Potentially 

of greatest importance in this regard, is the role of the sediments as 

both a source and sink for phosphorus. In view of the conclusive 

evidence for the role of sediments in phosphorus cycling (Golterman, 

1976] it seems unlikely that reliable predictions of the impact of 

phosphorus loading will be possible until sedilnent/water phosphorus 

exchar.ge processes are integrated into the predictive models (Di Giano, 

and Snow, 1976). It maya 1 so be necessary to i ncl ude factors such as 

turbidity, as has been done by Walmsley and Butty (1979), in the models. 

Although the phosphorus fluxes which occur between compartments 

in the water are poorly understood, it is becoming increasingly evident 

that some understanding of these will be essential for the reliable 

prediction of the influence of phosphorus loads in fresh waters on 

productivity (Lean, 1973). In this regard it is clear from recent 

work by Francko and Heath (1979], that the processes involved in 

phosphorus cycling in the water vary markedly between systems. They 

showed that eutrophic lakes contained numerous low molecular weight 

compounds which are resistant to low dose ultraviolet radiation, but 

which readily release P04-P upon treatment with alkaline phosphatase. 

In contrast, filterable P compounds from a humic bog were predominantly 

high molecular weight and resisted enzyme hydrolysis but released P0
4
-P 

upon irradiation with low doses of ultraviolet light. It is therefore 

clear that fundamental differences between different types of freshwater 
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bodies must be taken into account if phosphorus cycling is to be 

understood. Since South Africa is in some ways unique in that its 

water needs are provided mainly by shallow, usually monomictic 

impoundments which are often subject to ~, i1t-laden inflows (Noble and 

~:emens, 1978}, it seems probable that the components within the phos- , 

phorus cycling system may well be rariked in a different order of 

importance from those ;n a rather deeper, cool temperate clear lake, 

the situation where many studies have been done. 

1.4 Phosphorus Studies in South African Water Bodies 

Toerien et al., (1975) undertook a preliminary survey of the 

trophic status of 98 South African impoundments using the SeZenastT'ulTI 

capr icomutum bioassay and concluded that nitrogen and phosphorus \'Jere 

the nutrients v/hich most commonly limited the algal growth potential. 

There was a tendency for nitrogen to be the limiting nutrient in 

eutrophic systems while phosphorus was generally the limiting nutrient 

in oligotrophic systems. This reflects the influence of sewage effluent, 

and is typical of similar trends observed throughout the world 

(Mackenthun, 1973; Sawyer, 1973; Toerien, 1977). Follo\'Iing the pre-

1i:minary survey, attention was focussed largely on the eutrophic 

impoundments in the vicinity of Pretoria \'lith a view to assessing the 

extent of the problem and devising a rational management strategy for 

South Afri can impoundments (Steyn et at., 1975a, 1975b; Steyn and Toeri en, 

1976a, 1976b; ; Toerien and Walmsley, 1977, 197B; Walmsley and 

Toe,tien, 1978; Walmsley et a"l., 1978). During the interim period 

temporary guidelines for the control of eutrophication \'/ere drawn up 

(Toerien and Walmsley, 1977) and a comprehensive review of eutrophication 

in the South African context published (Toerien, 1977). Both of these 

reports emphasised the cent ral role of phosphorus in eutrophication and 

advocated reduced phosphorus loading as the si mplest and most eff ective 
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control measure. 

The urgent need for a model which could predict the influence 

of phosphorus loading in South African waters was recognised, and the 

Vollenweider model was initially regarded as the most suitable . 

(Toerien, 19771. After extensive testing on a variety of impoundments 

thts mOdel was subsequently shown to be inadequate (Walmsley et al.~ 

19791 and a concerted effort was made to formulate a model specifically 

for South African conditions (Walmsley et al.~ 1979). In this endeavour 

processes influencing phosphorus cycling within the impoundments were 

largely neglected in favour of a more empirical regression analysis of 

ph9sphorus loading rates and chlorophyll levels measured in 21 impound

ments. As in other countries (Rigler, 1975) this approach was neces

sitated by the urgent need for a rational management programme, and the 

lack of quantitative information regarding the role of internal processes 

in phosphorus cycling within impoundments prevented their inclusion in 

a predictive model. 

Preliminary attempts to correlate P04~P and chlorophyll a in 

Roodeplaat Dam provided evidence that the relationship may be useful in 

predicting the influence of phosphorus loading in South African impound

ments (Pieterse and Toerien, 1978). However, the 21 impoundment study 

undertaken by Walmsley et al.~ (1979) indicated that the relationship 

between SRP loading rate and chlorophyll concentration was more suitable 

for predictive purposes than that between SRP concentration and chloro

phyll level and a series of regression equations were developed to 

predict the impact of P loading under conditions of varying turbidity. 

rt was howevel', acknOltdedged that the reliability was untested, that the 

role of internal processes was not clear and that future research should 

concentrate on these areas (Walmsley et aZ'
3 

1979). 
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The internal phosphorus cycle in South African water bodies is 

poorly understood. Preliminary work by Furness (1974} and FlIrness and 

Breen (1978) showed the potential influence of sediments in the Midmar 

Dam catchment on the phosphorus content of the river water, emphasisin] 

the P retention properties, out also suggesting that under certain 

conditions phosphorus release into the water may be induced. Similar 

observations were made in Midmar Dam using isolation columns (Twinch, 

1976; Twinch and Breen, 1978 a and b) where the role of sediments as a 

source and sink for phosphorus was demonstrated. More recently the 

availability of sedi,ment P to algae was demonstrated on 15 sediment 

s.amples from Bloemhof Dam, Spitskop Dam and the Vaal harts Weir using a 

bioassay technique (Grobler and Davies, 1979}. 

Undoubtedly the most comprehensive study of phosphorus cycling 

undertaken in South Africa was that by Howard-Williams and Allanson 

(19781 in the littoral zone of Swartvlei, a coastal lake. This 

included a detailed investigation of the fluxes of phosphorus between 

the sediments, water and biological components, and emphasised the 

importance of the littoral zone in nutrient cycling. Swartvlei hmAJever, 

differs markedly from the shallow turbid impoundments which comprise 

the majority of South African water bodies in that it has estuarine 

characteristi'cs and that it is characterised by a well defined littoral 

zone dominated by aquatic macrophytes. Despite the contrast, the 

Swartvlei study was the first demonstration of the dynamic exchange of 

phosp~orus between compartments in the, aquati c envi ronment in South 

Africa, and many of the basic principles involved are of relevance to 

the study of phos phorus cyc'li ng in genera 1 . 
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The processes; nvo 1 ved i n i nterna 1 phosphorus eycl i ng thus 

represent a considerable gap in the limnological information available 

in South Africa. This is reflected in the top priority rating for 

research into nutrient cycling and eutrophication processes in selected 

impoundments (Noble and Hemens, 1978). Some of the recent advances 

in the understanding of internal phosphorus cycling, and their relevance 

in South Africa, have been reviewed (Twinch and Breen, in press} and it 

is hoped that research into the role of these will eventually contribute 

to a more meaningful eutrophication management strategy. 

1.5 Tn.e Use of lsolation Columns in the Study of Nutrient Cycling 

1'n a s.ystem such as Midmar Dam, where nutrient loading is low and 

th.e seasonal cycle in phytoplankton standing crop indistinct (Hernens 

et aL." 1977), the phosphorus cycle can be regarded as being in a quasi 

steady state, as envisaged by Hayes and Phillips (1958) and Rigler (1973). 

In spite of rapid and continuous exchange between the various phosphorus 

compartments, very little net flux is occurring between them. In this 

state the exchange processes, and their potential significance in the 

phosphorus cycle, cannot be meaningfully assessed using conventional 

analyt~cal techniques (Rigler, 1973). To stimulate measurable fluxes 

between the P compartments the steady state P equilibrium must be 

disturbed, either by external additions of P or by creating increased 

demand for P in the water. 

I:n roan.y eutrophi:c systems pb.ospb.or!.Js fl uxes can be detected usi n9 

a mass balance approach and the role of lake sediments, as both a source 

and sink for phosphorus, has been demonstrated in this manner (Lee, 1976; 

Stevens & Gi bson ~_9 75; Cooke et at . .l -1977; Osborne and Phi 11; ps, 1978; 
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White et at., 1978). Under natural conditions in Midmar Dam this is, 

however, not possible, and the only method of inducing net fluxes is 

by artificial manipulation of nutrient levels. Whole-lake enrichment 

studies have been undertaken (Weatherley and Nicolls, 1955; Hepher, 

1966; Smith, 1969; Schindler, 1971), but in fairly large impoundments 

which provide an important supply of water, this is impractical. 

Nutrient fluxes in fresh waters have been studied in artifici.al 

systems in the laboratory (Confer, 1972), and in larger artificial 

ponds to which sediments or soils are added (Jackson and Schindler, 

1975; Olness et at., 1979). These are useful in the study of specific 

processes but cannot be regarded as reasonable approximations of a 

natural water body. 

In Midmar Dam, the only alternative method of manipulating nutrient 

loads in situ is to use isolation columns, or enclosures, which effec

tively isolate a column of water, including an area of sediment, froln 

the main body of water. This concept has been used by a number of 

limnologists to study various aspects of lake metabolism such as the 

response to nutrient enrichment (Goldman, 1962; Schindler, 1971; 

Dickman and Efford, 1972; Lean et at., 1975; Golterman, 1976; Howard

Williams and Allanson, 1978; Lund, 1978; Twinch and Breen, 1978b; 

Landers, 1979) and to the removal of the external source of nutrients 

(Lund, 1972; Twinch and Breen, 1978a). 

The dimensions of the isolation columns have varied considerably 

and the columns used during this study (19.6 m2 in approximately 3.5 m 

depth} are of intermediate size. Lund (1972 and 1978) used by far the 
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largest columns (1626 m2 in 11 m of water) and suggested that the 

larger columns, because they reduced the influence of periphyton, were 

more suitable. A number of workers have used 1 m diameter polythene 

tubing to enclose columns of water (Goldman, 1962; Schindler, 1971; 

Walmsley, 1975), but these are regarded as too small for long term 

studies, although they are of more use for short term experiments. 

Lean et aZ.~(1975) used columns of similar dimensions to the Midmar Dam 

columns (25 m2 in 4 m of water) while Dickman and Efford (1972) used 

. smaller wooden enclosures positioned in only 2 m of water. Howard

Williams and A11anson (1978) used considerably smaller columns (2,25 m2 

in 2 m of water), but they were concerned with dense littoral macro

phyte beds in which the periphyton effect, so noticeable in similar 

studies in the pelagic zone, was insignificant. 

Twinch and Breen (1978a) showed that isolation columns, of the 

dimensions used in Midmar Dam, have limited application in the study of 

phytoplankton populat ions. This is because of the tendency for peri

phyton, colonising the inside walls of the columns, to become the pre

dominant biological component within the columns, and to contribute 

to the phytoplankton when dislodged by wave action. In this investi

gation it was not regarded as a serious problem because the concepts 

under investigation i.e. phosphorus flux between compartments in the 

water and the role of the sediments in phosphorus cycling, would be 

equally well demonstrated by periphyton or phytoplankton. Differences 

in the growth forms of periphyton and phytoplankton were not regarded 

as being critical in the final assessment of the role of sediments in 

the phopphorus cycle. 
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The advantages of being able to use a number of enrichment 

treatments as well as a control, and to conduct the experiments in 

situ, thus maintaining conditions as close to natural as possible, 

outweighed the disadvantages associated with using isolation columns. 



CHAPTER . 2 

MATERIALS AND METHODS 

2.1 In Situ Enrichment Experiments Using Isolation Columns 

2.1.1 Construction of the Isolation Columns 

35. 

The isolation columns used during this study were identical 

in construction details to those used in the preliminary studies 

(Twinch, 1976; Twinch and Breen, 1978 a). Each column consisted of 

an upper metal ring 5 m in diameter, buoyed up by eight 25 litre 

drums, from which an opaque blue or green nylon reinforced PVC 

("Sterkolite") cylinder 4 m in length was suspended (Fig. 2.1). 

The lower end of the PVC cylinder was secured to a lower metal ring 

by folding it under the lm'Jer edge from the inside and securing it to 

a bracket welded onto the upper outside edge. 

The columns were assembled on site and the upper and lower 

metal rings tied together so that the entire units could be floated 

to the required positions. Once positioned the lower metal ring was 

released and allowed to settle onto the substrate. When in position 

the lower ring was pressed firmly into the mud and an effective seal 

between the PVC and the mud was formed. No direct contact between the 

water in the column and the lower ring of metal was thus possible. 

With the aid of SCUBA the bottom ring was secured in position with 

metal pegs and concrete anchors, and a system of anchors and buoys, 

which restricted horizontal but allowed vertical movement of the upper 

ri.ng, was attached (Fig. 2.11. 

A 1Q cm rim of wire mesh attached vertically to the upper edge 

of th.e top ri ng and a 1 ayer of grease smeared on the surface of the 
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. drums prevented birds from roosting on the columns. 

Periodic checks by SCUBA divers revealed no obvious distur

bance of the seal between the columns c.'1d the mud during the experi

ment. 

2.1.2 Selection of Sites 

~s discussed by Twinch (1976) a number of factors had to be 

considered when selecting the sites for the isolation columns. 

Firstly, the PVC columns were 4 m in length and the water depth 

requirements were therefore restricted. Allowance had to be made 

for vertical movement resulting from wave action, and about 0.5 m 

was regarded as being sufficient to compensate for this. The water 

depth selected was therefore approximately 3.5 m at full supply 

level in the impoundment. 

Secondly, a reasonably flat substrate was essential to provide 

a good seal between the columns and the mud, and extensive echo sound

ings were made in selected areas of the danl to locate potential sites 

in the impoundment. Two criteria were used in selection, one being 

the access i bi 1 i ty of the site to the genera 1 pub 1 i c and the other bei ng 

the exposure of the site to wind induced turbulence. 

A suitable ~ite was found between the Orient Park recreational 

area and the Thurlow peninsula (Fig. 1.2). This fell within a bird 

sanctuary which was not accessible to the public and where the columns 

would not constitute a hazard to boating. In addition, the site was 

well protected from wind induced turbuience which minimised the 

possibility of the columns being disturbed. 



Whil e not representa ti ve of the deep open water of the main 

basin, the experimental area was regarded as being characteristic of 

the four flooded valleys which form a large proportion of the surface 

area of the impoundment (approximately 42%). Spatial variation in 

physical and chemical conditions in the water has been shown to be 

slight in Midmar Dam (Walmsley, 1976; Hemens et al., 1977) and it was 

therefore felt that many of the findings made in the experimental 

area would be of fairly general applicability in the impoundment. 

2.1.3 Design of the Enrichment Experiments 

37. 

This experiment was designed to provide both higher loading rates 

and a more comprehensive enrichment programme over a more extended 

period .than those used in the preliminary studies. The study was 

started in March 1976 and continued until May 1977. 

Four isolation columns were used during this experiment. 

To monitor the response to isolation, and to serve as a control, one 

column (unenriched column) was not enriched. The remaining columns 

were enriched as follows 10 g P04-P as KH 2P04 weekly (column +P) 

sufficient to r~ise the concentration by approximately 150flg £,-1; 

14 g N0 3-N as KN03 weekly (column +N), sufficient to raise the 

concentration by approximately 20011g £,-1; 10 g P04-P plus 14 g NOrN 

weekly (column N+P). In addition an adjacent open water station 

(open water) was monitored for comparison. 

The P04-P loads may appear to be rather high relative to the 

loading rates of many eutrophic systems (Bengtsson, 1975; Ryding and 

Forsberg, 1976; Stevens and Gibson, 1976) .but since it had previously 

been shown that P04-P added to the columns was rapidly removed from 
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solution by the sediments and by bioiogical uptake, causing the quantity 

of available P in the water to remain low (Twinch and Breen, 1978 b) it 

was decided to use higher loading rates. In an attempt to maintain 

higher levels of P04-P for longer periods the enrichment levels were 

increased to 10 g P04 -P weekly. This areal loading rate (approximately 

26 g m- 2 a-I) is of a similar order of magnitude to the P04-P loads 

which entered Rietvlei Da~ and Roodeplaat Dam, two eutrophic South 

African impoundments (Walmsley et aZ' 3 1978) and are not therefore 

unrealistically high. 

N03-N loading rates (approximately 37 g m-2 a-I) were based 

on the areal inorganic N input into Haartebeespoort Dam from point 

sources only (Toerien, personal communication) and, compared with the 

inorganic N loads entering four eutrophic Transvaal impoundments 

(2.9 - 100 g m- 2 a-I) (vJalmsley et aZ.~ 1978), the N03-N loads used 

in these experiments are intermediate. 

In the column +N and column N+P marked accumulation of the 

applied nutrients occurred during the winter months resulting in 

concentrations several orders of magnitude higher than those in the 

open water. Further additions at this stage would have been pointless 

and the enrichment treatments in these two columns were temporarily 

discontinued between August and November 1976. 

Nutrient loads we re applied once a week by spreading the appro

priate salt, dissolved in 10 litres of dam water, over the surface of 

the water in the columns, after the weekly samples had been collected. 
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2.1.4 Water Sampling 

Water sampling was undertaken on a routine weekly basis. 

Composite water samples were obtained from various positions in the 

columns by 10\'Jering a weighted PVC hosepipe (3 cm in internal diameter) 

to within 0.5 m of the bottom. Care was taken to prevent the hosepipe 

from dislodging periphyton. The integrated sample was then removed, by 

raising the lower end of the hosepipe with an attached cord, and 

decanting into a 25 litre poiyethylene container. A minimum of five 

. integrated samples were bulked to ensure that the final sample was as 

representative as possible of the water being sampled. 

Because of the considerable time lag required for sampling 

(2-3 hours), a set sampling sequence was adhered to throughout. This 

sequence was adopted so that allowance could be made for sampling lag 

during the interpretation of measurements such as temperature and 

dissolved oxygen which show a marked diurnal cycle and could therefore 

change considerably during the time required for sampling. 

Sampling was usually started at 09.00 hours. Samples were 

then returned to the laboratory and filtration through 0.45~ Gelman 

membrane filters, preleached with approximately 100 ml of distilled 

water, was undertaken immediately. The filtered water was then 

stored in glass at 4°C in the dark until analysis could be undertaken, 

usually within 24 hours. 

2.1.5 Physical and Chemical Analyses 

2.1.5.1 Dissolved Oxygen and Temperature 

A YSI model 5492A combination oxygen and temperature probe, 

with an attached stirrer, was used to determine dissolved oxygen 
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concentrations and temperature. Routine recordings at the surface 

and bottom were made at weekly intervals throughout the study, and 

during April 1977 oxygen and temperature profiles (0.5 m intervals) 

were recorded at reguiar intervals for 48 hours, so that the diurnal 

cycle could be assessed. 

2.1.5.2 Turbidity 

Because primary production in fresh waters is largely related 

to light availability (Hutchinson, 1957) some index of turbidity was 

required during this study. A 20 cm secchi disc was 'used to 'estimate 

the depth of light penetration. 

2.1.5.3 Chlorophyll 

Chlorophyll concentrations (unacidified) were determined 

using the method outlined by Golterman and Clymo (1969). Triplicate 

subsamples, 100-200 ml depending on' the phytoplankton standing crop, 

were filtered through 0.45~m membrane filters pretreated with 1 ml 

Mg C03 suspension. Following filtration the intact filters were 

placed in 10 ml of 90% acetone and homogenised using an Ultra Turrax 

TP 18-10 homogeniser, centrifuged, and absorbance at 663 and 750 nm 

determined in a Beckman DBG spectrophotometer, using a 4 cm light 

path. Total pigment was calculated using the formula outlined by 

Golterman and Clymo (1969):-

Total Pigment = u E6 63 - uE
750 X 

lightpath(cm) 

where uE = absorbance at 663 nm 
663 

UE750 = absorbance at 750 nm 

1000 
K 

X vol. extract (mi) = ~g t
vol. filtrate( t ) 

K = extinction coefficient for 
chlorophyll a (89). 
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2.1.5.4 Soluble Reactive Phosphorus (SRP) 

SRP was measured using the molybdate blue procedure outlined 

as a P04-P analysis by Golterman and Clymo (1959). In view of the 

apparent tendency for this method to over- estimate actual P04-P 

concentrations, the measured fraction is referred to as SRP and not 

P04-P (Rigler, 1973). Optical density was measured at 882 nm using 

a Beckman DBG spectraphotometer and a 4 cm light path. Triplicate 

subsamples were analysed and the mean concentration calculated. 

Blanks and standards were measured in the same way. 

2.1.5.5 Total Phosphorus 

Unfiltered \'tater was digested by adding 7.5 ml of 5% K2S20S 

(potassium persulphate) to a 50 ml subsample and autoclaving at 1200C 

for 1 hour (Menzel and Corwin, 1955). Following digestion SRP was 

analysed as described (section 2.1.5.4). The total P is assumed . 

to include all P which was present in the water at the time of sampling 

All analyses were undertaken on triplicate stlbsamples. Blanks and 

standards were measured in the same \'Iay. 

2.1.5.6 Nitrate Nitrogen (N0 3-N) 

N0 3-N was determined using the salicylate method (CSIR 1969). 

Triplicate aliquots of filtered water, 50 - 200 ml depending on the 

N03-N concentration, were placed in 250 ml beakers and 1 ml of 0.5% 

sodi urn sal i cyl ate sol uti on ~,as added before the sol uti ons were 

evaporated to dryness on a water bath. The residues \'Iere solubilised 

in 1 ml of concentrated H2S04 and allowed to stand for 10 minutes 

after which approximately 6 ml of distilled water was used to dilute 

the acid before 30% NaOH was added until the solution became al k~ line 
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and developed a yellow colour. The alkaline solution was then made 

up to 50 ml in a volumetric flask and optical density measured in a 

DBG spectrophotometer at 410 nm using a 1 cm light path. Blanks 

and standards were measured in the same way. 

2.1.5.7 Periphyton 

Harvesting periphyton growing on artificial substrates such 

as glass, as was done during the preliminary experiments {Twinch, 

19761, can lead to unreliable estimates of standing crop and species 

composition of periphyton growing on different substrates (Vollenweider 

1971). For this reason reinforced PVC C'Sterkolite"} strips were 

used as a substrate on which periphyton was sampled during this 

study. Being identical to the PVC used to construct the columns, it 

was felt that this would provide the most reliable estimate possible. 

The dense growth of periphyton on the walls of the columns during the 

prel imi nary experiments showed that the materi a 1 \,/as not toxi c to 

algae. 

PVC strips 5 cm in width and 2.5 m in length were suspended 

from brackets attached to the top ring of the columns and from a 

specially constructed floating beam in the open water. In both cases 

approximately 5 cm of the strips remained above the water surface, and 

the effective depth over which periphyton was sampled was approximately 

2.45 m. 

The strips were suspended so that their orientation to the 

sun's path remained fairly constant and, by sampling both surfaces, it 

was hoped that the possible influence of shading within the columns 

would be accommodated . 
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Two strips from each of the isolation columns and the open 
, 

water were sampled periodically (every 2-3 months) by gentiy removing 

them from the water, and piacing them in plastic bags. On return 

to the laboratory, periphyton from the strips was removed by hand, 

using gloves and a standard microscope slide as a scraper, which proved 

most efficient. The periphyton was then rinsed into 80 ml centrifuge 

tubes with distilled water and concentrated by centrifugation. The 

supernatant was drained off, and the plugs of periphyton from each 

strip placed in tarred vitreosil capsules in an oven at 600C. After 

cooling in a dessicator the dishes were reweighed and placed in a muffl 

furnace at 4900C until they reached constant weight (Paech and Tracey, 

1956). After cooling the weighing procedure was repeated. Dry mass 

and ash free dry mass (organic matter) were then determined by 

difference. 

Finally the res~dual ash was hand ground and subsamples from 

each strip were digested using concentrated HC1 and HN03 (Paech and 

Tracey, 1956}. To 1 g of ash weighed into a 25 ml beaker, 5 ml of 

concentrated HCl was added. The solution was thoroughly stirred 

using a glass rod and evaporated to dryness on a water bath. After 

1 hour 5 m1 of concentrated HN03 was added to the crystalline residue 

and the solution stirred to loosen material stuck to the glass. 

10 ml of distilled water was added and the solution was filtered 

(Whatman No. 41) into a 50 m1 volumetric flask and rinsed to volume. 

P04-P was then determined using the molybdate blue analytical 

procedure (Go1terman and Clymo, 1969) after suitable dilution. 
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2.1.5.8 Bioassays 

The Provisional Algal Assay Procedure (Bartsch, 1969) was 

used to assess the effect of the nutrient enrichments on the algal 

growth potential and on the order of limiting nutrients in the open 

water and isolation columns. 

Growth potentials VJere measured using SeZenastrum capn

cornutum in the Bottle Test (Bartsch, 1969) and, since P and N have 

been shown to be the primary and secondary limiting nutrients in 

Midmar Dam (Toerien et aZ.~ 1975; Walmsley, 1976; Twinch, 1976; 

Hemens et aZ.~ 1977), the spiking treatments were concerned with these 

two .nutrients only. Nutrient Equivalent Spikes (National Eutrophi

cation Research Program 1971) were used to identify the growth limiting 

nutrients, and three replicates of the following treatments were 

prepared for each determination: 

1) 50 ml filtered (O.45~) water with no additional nutrients added i.e. 

the algal growth potential (AGP) 

2) 50 ml filtered water (0.45~) to which 5 ml of ten times concentrated 

PAAP medium minus P was added i.e. (PAAP-P). Yields for this 

treatment are indicative of the total pool of soluble available P(SAP) 

3) 50 ml filtered water (0.45~) to which 5 ml of ten times concen

trated PAAP medium minus N was added i.e. (PAAP-N). Yields 

for this treatment are indicative of the total pool of soluble 

available N. (SAN). 

4) 50 ml filtered water (O.45~) to which 5 ml of a solution of Nand P, 

minus all other nutrients, made up to ten times normal PAAP con

centrations, was added i.e. (N+P). Yields for this treatment 

give an indication of whether nutrients other than Nand P were 

present at levels which could become limiting. 
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Serenastrum capricornutum inoculum was prepared by centri

fugating a 50 ml 14 day-old culture in PAAP medium, discarding the 

supernatant and resuspending the cells in 100 ml of distilled water. 

1 ml of the inoculum was added to flasks containing the soiutions 

and the cultures were incubated on a light table with continuous 

light (approximately 115 ~E m- 2 sec-I) and aeration for 14 days at 

25 ± 30e. Optical density of the cultures was determined at 750 nm 

on a spectrophotometer using a 1 cm light path, and this was converted 

to dry mass from a calibration curve of absorbance versus dry \'1eight, 

determined gravimetrically following filtration, as was done . by Robarts 

and Southall (1977). 

The yield coefficient (Y), which is defined as the mass of 

algal grm'lth produced per mass of limiting nutrient removed, has been 

calculated for SeZenastrwn under Nand P limiting conditions 

(Toerien, 1974), Y~ being 805 and YN being 35. Thus the yields 

obtained in the PAAP-P and PAAP-N treatments can be converted to initia 

concentrations of available P and N (SAP and SAN) by dividing by 

Yp and YN respectively or, alternatively, yields of SeZenastrwn 

can be predicted by multiplying the measured nutrient concentrations 

by the respective yield coefficients. A comparison between predicted 

and obtained yields can be useful in assessing the extent to which 

nutrient analyses reflect available nutrients, and this approach was 

adopted during this study. 

When P is referred to as the limiting nutrient in the text 

it will simply imply that the PAAP-P yield was significantly lower 

than the PAAP-N yield, and conversely when N was limiting that PAAP-N 



46. 

yields were significantly lower t han PAAP-P yields. The implication 

is not that the nutt ient is ~limiting" growth under natural conditions. 

Clearly, even though nutrient levels in the water are low, growth 

continues. ~lthough the rate of growth may be influenced by nutrient 

concentrations in the water, it is also influenced by the rates of 

cycling between compartments which cannot be assessed from the bioassays. 

2.1.6 Sediments 

At the conclusion of the enrichment experiments thirty intact 

sediment cores were collected from each isolation column and from the 

open water in the immediate vicinity. These were collected in PVC 

tubes (4.5 cm internal diameter), which were fitted to a 5 m long 

aluminium holder and manually forced into the sediment. Cores were 

immediately transferred to the laboratory where they were allowed to 

stand for 3 hours after which the overlying water was gently siphoned 

off, leaving approximately 15 ml. The loose surface material was brought 

into suspension by gentle agitation and decanted into a 15 cm petri dish. 

The remainder of each core was extruded from below and stratified into 

the following layers: top 1 cm; 1-3 em; 3-5 cm and 5-7 crn. Uneveness 

of the surface introduced a degree of subjectivity into the stratification 

procedure. To obtain suffi~ient material for analysis, the corresponding 

segments for all cores from the same location were composited, air dried 

and hand ground with a mortar and pestle before being stored in glass 

screw top containers at ambient temperature. 

Furness (1974) showed that differences in sediment pH and 

exchangeable A13+ concentrations reflected differences in the P 

binding potentials of sediments in the Midmar Dam catchment,while 

organic carbon (Hesse, 1973) and the P status of the sediments 
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(Syers et aZ., 1973) can also influence the P exchange between sediments 

and water. These parameters were therefore measured on the stratified 

cores. 

Three subsamples from each composite sample were used in the 

analyses. Organic carbon and exchangeable A13+ were measured using 

the procedures outlined by Black (1965), while available P (using 

Brays No.2 extractant and a soil: solution ratio of 1:10) and pH 

(in IN KCl with a soil: solution ratio of 1:25) were measured using 

the procedures of Jackson (1958). 

The two most widely used methods of extracting total P from 

soils and sediments are digestion with .HC104 and fusion with Na2C03 

(Dick and Tabatabai, 1977). . The former has been shown to give low 

results unless the digestion mixture contains HF (Sommers and Nelson, 

1972) and specialised equipment, which was not ' available during this 

study, was required for the latter. In view of the hazards involved 

with working with boiling HC104 and HF it was decided that the acid 

digestion used on the periphyton would be adapted for use on the 

sediments. 1 g samples of air dried sediment were ashed in a vitreosil 

dish at 4900C and the digestion procedure as described in 2.1.5.7 

followed, using 0.22~ membrane filters instead of Whatman No. 41 for the 

final filtration. P04-P in the final extract was measured using the 

vanado-molybdate procedure (Jackson, 1958). The fraction measured in 

this way is referred to as acid extractable P and is intended as an 

i'ndex of total P. To test the reliability of the acid extraction 1 ml 

aliquots of KH2P04 solutions containing 70, 125, 260 and 540~g P04-P 

were added to triplicate 1 g subsamples of air dried, ground sediment, 
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sampled from Midmar Dam with a van Veen grab. These were equilibrated 

for 24 hours and available P and acid extractable P measured as 

described. From this the amount retained by the sediment could be 

assessed. 

2.2 Laboratory Studies of Sediment/~2ter P Exchange 

2.2.1 Adsorption Isotherms 

Thirty intact sediment cores from the experimental area of 

f4idmar Dam \'/ere collected and stratified as already described in 

section 2.1.7. P adsorption was measured after addition of P04-P 

to subsamples of air dried sediment. Stock solutions of KH2P04 

containing 137, 267, 375, 485, 610, 725 and 1425 ~g P04-P in 25 ml 

were prepared in 0.002M Ca C1 2 containing 0.5 ml of 40% formalin per 

litre, to eliminate the influence of microorganisms as far as possible 

(Thompson, 1971). These solutions were added to 1 g samples of air 

dried sediment and equilibrated for 24 hours on a rotary shaker at 

ambient temperature (200C ± 30C). The slurry was then filtered 

(0.2~ membrane filters) under vacuum and soluble reactive phosphorus 

(SRP) measured using the vanado-molybdate procedure of Jackson (1958). 

From the means of quadruplicate determinations, the amount of P04-P 

adsorbed was determined by difference. Adsorption isotherms, which 

can be defined as the relation between the amount of P adsorbed by an 

adsorbant and the equilibrium concentration of P at constant tempera

ture, have often been used to characterise the P retention of soils and 

sediments (Olsen, 1958; Jacobsen, 1977; Ku et al., 1978; McCallister 

and Logan, 1978). It has been suggested that P adsorption by sediments 

follows the Freudlich isotherm (Olsen, 1964), but most authors have 

favoured the Langmuir isotherm. Accardi ng to 01 sen and Watanabe (1957) 

the Freudlich isotherm, being empirical, is not specific, and applies 
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to a wide range of equilibrium P concentrations where large amounts 

of adsorbed P are involved. It is not possible to calculate a P 

adsorption maximum from the Freudlich equation. In contrast, the 

Langmuir isotherm has a sound derivation and is applicable to 

relatively sma11er amounts of adsorbed P, and more dilute equilibrium 

P concentrations. This is important in its application to lake 

sediments which are usually overlain by waters containing very low 

concentrations of P. However, the major advantage of the Langmuir 

equation is that the P adsorption maximum and the bonding energy 

constant can be determined, and these are useful in characterising the 

adsorbing properties of a material (Thompson, 1971). Langmuir 

isotherms were thus used to characterise the P adsorption by surface 

layers in the Midmar Dam sediments and it was hoped that the constants 

would be useful in quantifying changes in the P retention properties 

of the surface sediments which have resulted since submergence. 

Adsorption isotherms were obtained by plotting the mean equilibrium 

SRP concentration in the filtrate against the amount of P adsorbed per 

gram of sediment. The data was then plotted according to the Langmuir 

adsorption equation (Olsen and Watanabe, 1957; Eisenreich and Armstrong, 

1978}: 

Xlm ~ k bell + kc 

where xlm = .~g P0 4 -P adsorbed per gram of sediment 

b ~ the adsorption maximum ( ~g g-l) 

c = equilibrium SRP concentration (~g i-l) 

k = the bonding energy constant (i ~g-l) which is related 

to the bonding energy of the adsorbant for the adsorbate. 
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In the linear form the equation becomes : 

C/X/ = 1 + c 
m 1<0 0 

If the Langmuir equation applies, a plot of c/x / m against c 

results in a straight line where the slope = 1 and the intercept o 
= l/kb or k = slope/intercept. 

Linear regression analysis of the adsorption data was used to determine 

the Langmuir constants. 

Determtnation of organic carbon, available p, acid extractable P, pH 

and exchangeable A1 3+ was described in section 2.1.7. 

2.2.2 Sediment/Water P Exchange 

2.2.2.1 Uptake of P by Intact Cores 

In· August 1978 eight sediment cores approximately 8 cm in 

depth were collected from the experimental area in glass tubes 15 cm 

in length and 3 cm in internal diameter. This was done with the aid 

of SCUBA. After carefully depressing the tubes into the mud the 

intact cores were withdrawn and sealed from below with rubber bungs. 

They were then returned to the laboratory and allowed to settle for 

12 hours at 17°C (the bottom water temperature at the time of sampling) 

in the dark. 

Bottom water, sampled at the same time as the cores, was 

filtered (O.45p) and the filtrate, which contained 16 Pg 1-1 of SRP, 

was used to make up KH 2 P04 stock solutions containing final SRP 

concentrations of 67, 115 and 210 pg 1-1 (i.e. 50, 100 and 200 pg 1-1 

P04-P added) The filtration was necessary to remove suspended 

, particulate material which could interfere with the sediment/water P 

exchange. 
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Carrier free 32p as P04-P in dilute HCl (The Radiochemical 

Centre, Amersham, England) was added to duplicate 50 ml aliquots 

of the 31P04-P stock solutions, resulting in a final activity of 

approximately 0.14 pCi ml- 1 • The original solutions overlying the 

sediment cores were then withdrawn using gentle suction provided 

by a vacuum pump, and replaced with labelled solutions. Uptake of 

32p in the steady state, unenriched system, and in the systems 

receiving P04-P enrichments, was regularly monitored by withdrawing 

1 ml aliquots of solution, after gentle agitation to ensure an even 

distribution of isotope, for the determination of total radioactivity. 

At the same time, in an attempt to test for 32p uptake by 

attached micro-organisms or by adsorption to the glass surfaces, two 

controls consisting of sealed glass tubes containing labelled solution 

but no sediment cores, were monitored in a similar way to the sediment/ 

water systems. One control was inoculated with 50 ml of labelled 

filtered dam water and the other with KH2P04 solution (made up in 

filtered dam water) containing 115 pg t-1 of SRP. Because uptake in 

the controls was much slower, they ' were sampled less frequently than 

in the experimental systems. 

After placing the 1 ml aliquots of labelled solution 

individually into plastic scintillation vials containing 10 ml of 

Beckman t1Redy Solvl! general purpose liquid scintillation fluid and 

shaking well, total radioactivity was determined with a Packard Tricarb 

model 3380 scintillation counter which was adjusted for background 

counts. The decay rate of 32p was taken into account when preparing 

the uptake curves. 
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Temperature was maintained at 17 0e throughout the experiment 

and, with the exception of short periods when samples were withdrawn, 

the columns were kept in the dark to reduce algal growth in the water 

and on the sediment surface. To reduc~ water loss by evaporation 

the tops of the columns were covered with perforated parafilm which, 

because it did not completely seal the units, did not induce anaerobic 

conditions. 

After 80 hours 32p concentrations in the most heavily 

enriched systems (200 ~g P04-P 1-1 ) were approaching an equilibrium 

level. At this stage' the remaining labelled solution was carefully 

removed from one replicate of each treatment, and SRP was analysed 

in unfiltered solution as .already described (section 2.1.5.4). 

Since the initial SRP concentration was known it was thus possible to 

estimate the net loss of SRP by difference. The rema i.ni ng rep 1 i cates 

were maintained under controlled conditions for a further two weeks 

to ascertain whether 32p penetration into the sediments increased with 

time. 

Analysis of the 32p uptake curves was by the graphical 

method of Riggs (1963). If the uptake is described by a single 

exponential equation 

Yt - Yasymp = (Yo - Yasymp) e -kt ------- (1) 

where Yt = % 32p remaining in solution at time t. 

Yasymp = % 32p remaining in solution at equilibrium. 

k ;:; rate constant 

the semi log plots of Yt - Y against time will be linear. asymp 
This was not the case, and the graphical curve splitting technique 
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described by Riggs (1963) was used to split the curves into two 

distinct exponential phases. Separation of the two reactions was 

achieved by extrapolating the slower reaction to zero time and 

subtracting its exchange contribution from that of the faster reactio~ 

' (0-10 minutes), which was then replotted (Fig. 4.4). The curves were 

thus better described by a combination of two exponential equations: 

Yt = Ae-kl t , + Be-k2t -------- (2) 

where A = Y intercept of the extrapolation of the faster reaction 

B = Y intercept of the extrapolation of the s 1 m'ier reaction 

Once the curves had been split graphically the standard exponential 

curve fit programme for a Hewlett Packard model 97 was used to generate 

the coefficients of determination, the rate constants and the Y inter-

cepts for both exponential phases of all uptake curves. 

The rate constants for the various exponential functions 

could be used to estimate the exchange rate of P04-P under steady 

state conditions using the following formula: 

P04-P exchange rate (~g cm~2 hr- 1 ) = k x SRP x __ 1 __ x Vsol -----(3 
SAS 1000 

where k = rate constant (hr- 1 ) 

SRP = steady state SRP concentration (~g C 1 ) 

SAS = surface area of sediment (cm-2) 

Vsol = volume of solution in the sediment/water system (ml) 

The maximum possible P fixation rate (MPFR) in the enriched sediment 

water systems was calculated from the following formula. 

MPFR (g cm-2 hr- 1
) = k x (SRP,/ - SRP t / ) x 1 x Vsol ----(4) 

t 0 asyrnp' SAS ' 1000 
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where k = rate constant (h- 1 ) 

SRP t / o = initial SRP concentration (~g 1-1) 

SRPt / = SRP concentration at equilibrium (~g 1~1) asymp 
SAS = surface area of sediment (cm-2) 

Vsol = volume of solution in the sediment water system (ml) 

To obtain an overall rate of P fixation at a given P04-P loading rate, 

the rates for the rapid and slow phases of uptake were combined. 

The relative exchange characteristics between soluble P 

fractions, identified by gel filtration analysis, and the sediments, 

were also examined. Labelled colloidal P and P04-P fractions (5 ml 

aliquots) were added to steady state sediment water systems similar to 

those used in the unenriched treatments already described (section 2.2.2 

Uptake of 32p by the sediments was then monitored using the standard 

procedure. 

2.2.2.2 Release of P by Intact Cores 

After the labelled solution had been removed from one 

replicate of each 32p uptake treatment, it was immediately replaced 

by 50 ml of 0.1M NaCl (Li et al.~ 1972) which was used to rinse the 

column,as thoroughly as possible,of traces of free 32p on the glass 

surface and on the sediment surface. After 2 hours settling the 

rinsing solution was carefully removed by gentle suction. 

To measure P release into the water an artificial demand was 

created by using P free 0. H1 NaCl as a leaching solution. Fifty ml 

was carefully added to the labelled sediment cores and the release 
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of soluble .32p was monitored at increasing intervals for 2 hours, 

after which an asymptote had been reached in all columns. Soluble 

reactive phosphorus concentrations were measured in the equilibrated 

solutions so that release rates could be calculated. 

When the leaching solution was added to the labelled sediments 

it was impossible to prevent some disturbance of the sediment surface. 

It was thus necessary to separate the soluble 32p released into the 

water from the labelled particulate material brought into suspension 

when the leaching solution was added. This was done by withdrawing 

2 ml aliquots and filtering them through specially designed 25 mm 

filter units which allowed for direct collection of the filtrate in 

scintillation vials. Gelman Metricel (GA -6) membrane filters (0.45~) 

were used for this purpose. 10 ml of scintillation fluid was then 

added to the filtrate and total radioactivity determined. 

The analysis of curves such as the 32p release curves, has 

been discussed by Riggs (1963). Although the amount of 32p released 

did not increase exponentially the rate of change of 32p concentration 

Y - Yt appeared to decrease exponentially until the asymptote was 

reached. This decrease could be described by the equati on 

Y asymp - Yt = (Yasymp - Yo) e-kt -------- (1 ) 

where : ,asymp = 32p activity in solution at equil i bri urn 

Yt = 32p activity at time t. 

As discussed in section 2.2.2.1, if the plot of Y Y asymp - t versus 

time is linear the data is adequately described by a single exponential 

function. During the 32p release experiments this was not the case 

and the curve splitting technique as described in section 2.2.2.1 was 
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used to characterise the release into a fast and a slow phase. 

To calculate the maximum possible release rates (MPRR) the 

following formula was used: 

where 

MPRR(~g cm-2 hr- I ) = k x SRPt/asymp x sks x ~~~6 x 60 ----(2) 

k = rate constant (min-I) 

SRPt/asymp = SRP concentration at equilibrium (~g 1-
1

) 

SAS = surface area of sediment (cm-2) 

Vsol = volume of solution in the sediment water 
system (ml) 

2.2.2.3 Depth of Sediment Involved in P Exchange 

Following the P release experiments the NaCl solution was 

withdrawn leaving a residue of 3 to 5 ml. The loose surficial sedi

ments were removed by gentle agitation and decanted into a small pre

weighed plastic container. This comprised the first layer of the 

stratified core. The sediment core was then gently extruded from above 

to prevent tracer contamination of deeper layers, and stratified into 

1 cm segments which were placed in small preweighed plastic containers. 

Each segment was thoroughly homogenised by hand using a glass rod and 

weighed while wet. A small subsample (0.05 - 0.10 g) was placed in 

a scintillation vial, mixed with 1 ml of distilled water and shaken 

to separate the sediment particles as far as possible. Radioactivity 

was then determined following addition of 10 ml of scintillation fluid 

and the final counts were corrected for quenching caused by the sedi

ment subsamples. 

The remainder of the homogenised samples were then oven dried 

(600C) and reweighed after cooling .in a dessicator. Water content 
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and dry mass of the various strata were determined by difference. 

Three weeks after the experiments were started, the remaining 

replicates of each treatment were drained of labelled solution and 

the vertical distribution of isotope determined as already described 

in this section. 

2.3 CycJing of P ~Jithin . the . Water. Column 

Following the findings of the 1976-77 in situ enrichment experiments 

a co-ordinated research programme involving the University of Natal 

(Departments of Botany and Zoology) and the National Institute for Water 

Research was undertaken during the summer months of 1977-78 and 1978-79. 

The programme was designed as a comprehensive investigation of the responsE 

of isolated columns of water to enrichment with N03-N only. During 

1977-78 five isolation columns were used in a factorial N03-N enrichment 

experiment using the following loading rates: column (1), unenriched; 

column (2), 25~g N03-N 1-1 week-I; column (3), 50~g N03-N 1-1 week-I; 

column (4), 100~g N03-N 1-1 week-I; column (5), 200~g N03-N 1-1 week-I. 

During 1978-79 this was modified so that column (1) remained unenriched 

but columns (2)-(5) all received 200~g N03-N 1- 1 week-I. 

The priority sub-project within this overall programme with which I 

was involved was an investigation into P cycling within the water column. 

This was aimed specifically at helping to explain some of the observations 

made during the 1976-77 enrichment experiment, and the results and 

discussion of this study form part of this thesis. 
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2.3.1 Phosphorus Turnover Times 

Estimates of P turnover time were made using the methods described 

by Lean (1973), Lean and Rigler (1974), Peters (1975, 1978, 1979) and 

Peters and MacIntyre (1976). Composite water samples, used in the 

routine monitoring programme and collected as described (section 2.1.4), 

were returned to the laboratory as soon as possible after collection 

(usually within 2 hours) and 100 ml subsamples were placed in 250 ml 

glass beakers. These were spiked with approximately 10 ~l of carrier 

free 32p as P04-P in dilute HCl (The Radiochemical Center, Amersham, 

England} containing not more than 6.9 x 10-5 ~g P04-P. Uptake of 32p 

by the particulate fraction was monitored at increasing intervals for 

4-6 hours by filtering 5 ml aliquots of the labelled solution through 

0.45~ Gelman Metricel (GA -6) membrane filters on a 25 mm filter unit 

under vacuum (approximately 0.5kPa cm- 2 ). 

The filters were then rinsed with 5 ml of distilled water and . 

transferred to 10 ml of Packard I Instagel lor Beckman'Redy Solv'EP scinti

llation fluids in a plastic scintillation vial. Tests indicated that 

the efficiency of counting with both 'cocktails' was similar. Total 

radioactivity on the filters was then measured in a Packard Tri-carb 

scintillation counter after at least six hours. Total activity in the 

unfiltered samples was determined in a 1 ml aliquot. All uptake experi

ments were conducted at ambient temperature under constant illumination 

(approximately 5 ~E m- 2 S-1) on a laboratory bench. 

The 32p uptake curves were analysed in a similar manner to those 

already described in section 2.2.2.1 using the graphical method of Riggs 

(1963). With only four exceptions the curves were adequately described 

by a single exponential equation and ~he curve splitting procedure \OIaS 



therefore unnecessary. The four remaining curves 'f'lere diphasic and 

were analysed accordingly using the methods described previously in 

secti on 2.2.2.1. 
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Coefficients of determination, rate constants and Y intercepts 

were generated with a Hewlett Packard model 97 using the standard 

exponential curve fit programme. The P turnover times were calculated 

from the constants (Turnover time = 11k}. 

Between February and May 1978 P turnover times were monitored 

every two weeks in the open water' and in the five columns. During the 

1978-79 enrichment experiments, P turnover times were monitored at 

approximately three weekly intervals between September and January. 

2.3.2 Physical and Chemical Analyses 

2.3.2.1 Chlorophyll 

Because of the important influence of phytoplankton on P 

turnover times (Lean, 1973; Peters, 1975; Lean and Nalewajko, 1976) 

chlorophyll levels were measured as an index of phytoplankton standing 

crop. The methods have been described in section 2.1.5.3. 

2.3.2.2 Total Suspended Solids (TSS) 

The aim of the 32p uptake experiments was to study the rates 

of P exchange between soluble and particulate compartments. While 

chlorophyll levels give an index of the phytoplankton standing crop, 

they are of limited use as an index of particulate material in Midmar 

Dam because of the predominance of inorganic material in this fraction 

(Johnson, unpublished data). For this reason TSS was determined as 

an index of the total particulate P .fraction consisting of living and 

dead organic material as well as inorganic material, all of which have 
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the potential to exchange P with the water to varying degrees .(Halman 

and Stiller, 1974). 

TSS was determined gravimetrically following filtration of a 

250 ml sample through a preweighed membrane filter (O. 45f.l pore size 

Gelman GA -6). The filters were dried at 600C for 24 hours, cooled in 

a dessicator and reweighed. TSS was determined by difference and a 

mean of three analyses was calculated for each sample. 

2.3.2.3 Phosphorus Analyses 

P analyses were undertaken by the National Institute for Water 

Research, Regional Laboratory, Durban. SRP was determined at 880 nm 

on a Technicon autoanalyser after treating filtered water with acidified 

molybdate and ascorbic acid. Total soluble phosphorus (TSP) was 

determined after initial oxidation of the filtered sample \'1ith acidified 

persulphate followed by the SRP procedure. Total P was measured on 

unfiltered water, following digestion with sulphuric acid and peroxide, 

using the SRP procedure (section 2.1.5.4). 

2.3.3 Fractionation of Soluble P 

2.3.3.1 Open Water and Isolation Columns 

Gel filtration analysis in conjunction with 32p uptake experi

ments (Lean, 1973; Lean and Nalewajko, 1976; Peters, 1977, 1978, 1979; 

Downes and Paerl, 1978) was used to characterise the soluble P fractions 

under varying conditions. 

A single Wright gel filtration column (2.5 x 100 cm) was packed 

with Sephadex G25 (finel gel according to the manufacturers specifica

tions. Sephadex G25 is the standard gel used in the fractionation of 
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soluble P in fresh waters and has a molecular weight fractionation 

range ' of 100-5000. Molecules larger than the largest pores of the 

swollen Sephadex cannot penetrate the gel particles and therefore pass 

through the column in the liquid phase. Smaller molecules,however, 

penetrate the gel particles to a varying extent depending on their 

size,and elution of the molecules takes place in the order of decreasing 

molecular size. 

The eluent used was an aqueous solution of 0.3% sodium chloride 

and 0,02% sodium azide, the latter preventing microbial activity in the 

column (Lean, 1973). Flow rate of the eluent was maintained at 

approximately 1 ml min- 1 during all fractionations by means of a LKB 

2120 Variaperpex II peristaltic pump and 10 ml fractions were collected 

by means of a LKB 2112 Redirac fraction collector. 

Void volume of the column was determined using dextran blue 

and showed negligible variation throughout the experiments, remaining 

at 100 ml. 

The volume of labelled filtrate used during the fractionations 

varied according to the radioactivity. At low activities the volumes 

introduced were larger, to facilitate more efficient scintillation 

counting, but never exceeded 10% of the void volume (100 ml). On most 

occasions approximately 5 ml samples were used. Recovery of the 32p 

introduced into the column was always higher than 90%. 

Total radioactivity in the fractions \'las determined after 

transferl'ing 1 or 2 ml (depend; 119 on the act; vi ty added to the column) 
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into 10 ml of scintillation fluid in plastic vials. 

The first fractionations were undertaken on surface .water 

collected from column 5 on October 25, 1978 at a time when chlorophyll 

levels were markedly increased due to a bloom of Eudorina sp. 

Uptake of 32p was monitored using th~ routine method and after 2 minutes ! 

6.5 hours and 20 hours, 5 ml of labelled filtrate was fractionated. 

The availability of only a single fractionation system made 

it impossible to undertake fractionations at intervals of less than 

4-5 hours without storing the samples. Lean (1973) demonstrated how 

rapidly some of the labile fractions can be transformed after filtra

tion and storage of samples could therefore introduce some error. 

Whenever a delay was necessary the time will be indicated in the 

results,as was done by Lean (1973). If fractionation could not be 

undertaken imnediate1y the filtrate was stored at 40C in the dark for 

the duration of the delay. 

In March 1979, after routine monitoring of the isolation 

columns had stopped, ~crocystis sp. developed in the column 5 and a 

surface water sample was used to measure 32p uptake. During this 

experiment labelled filtrate sampled at 10 minutes, 1 hour and 2 hours 

was fractionated. 

A further fractionation experiment was undertaken on 9 hour 

filtrate from the routine 32p uptake experiments conducted in all of 

the isolation columns and in the open water on November 14, 1978. 
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2.3.3.2 Anabaena flos-aquae Culture 

For comparison with the experiments using natural phytoplankton 

populations, and in an effort to confirm that the methods being used 

for the fractionations were comparable with those used . b~ Le~~ and 

Nalewajko (1976), a fractionation experiment was carried out in a 

culture of Anabaena flos-aquae~ originally obtained from the National 

Institute for Water Research, Pretoria, South Africa. 

A stock culture of Anabaena in PAAP medium (Bartsch, 1969) 

was incubated until the stationary phase of growth was attained. At 

this stage 5 ml aliquots were used to inoculate 100 ml of PAAP so"\ution 

in five 200 ml flasks. One of these was labelled with approximately 

50~ Ci 32p as P04~P in dilute HC1. The cultures were then incubated 

on a light table (100 ~E m- 2 S-1 at 23± 30C) and subjected to a 16- 8 

hour light/dark regime. 

The distribution of 32p was determined by filtration (0.45~) 

and gel filtration analysis of the filtrate, before inoculation and 

then at 1, 1.5, 4, 6, 11, 17 and 22 days. The unlabelled flasks were 

used to monitor growth of the cultures. After thorough mixing 5 ml 

aliquots were withdrawn from each flask under sterile conditions and 

turbidity was measured at 750 nm every two days, using a 4 cm light 

path. The mean increase in turbidity in the four unlabelled flasks 

was used as an index of growth in the labelled culture. Growth was 

not measured directly in the labelled culture to avoid contamination of 

the equipment used to measure turbidity. Very little variation was 

detected between the replicates used to determine growth,and growth in 

the labelled culture was regarded as being comparable with that in the 



unlabelled flasks. 

In determining the changes in isotope distribution in the 

culture tile final counts were adjusted to compensate for the short 

half-life of 32p. 

2.3.4 ~xchange between Soluble and Particulate P 
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To test the relative exchange characteristics between the soluble 

P fractions obtained by gel filtration analysis and the particulate 

fraction, a routine 32p uptake experiment was undertaken on Midmar Dam 

surface water. Filtrate, obtained after 5 hours,was fractionated and 

since the biological uptake of the fractions was to be investigated~ 

sodium azide was excluded fromtheeluent. Aliquots (5 ml) of the labelle( 

P04-P and colloidal P fractions were then added to 100 ml subsamples of 

the original dam water sample. Uptake of 32 p by the particulate fraction 

was monitored using the standard procedure. 

Retention of the colloidal P fraction during filtration was demon

strated by Lean (1973) and to determine the extent to which this may have 

influenced the colloidal P uptake experiment duplicate 5 ml aliquots of 

labelled colloidal P were filtered. Activity on the filters and in 

solution was determined and the proportion retained calculated by differenc 

Lean (1973) showed that no direct complexing between colloidal P 

and P04-P occurred in Heart Lake. However , the possibility that this 

does occur in t·1idma'r Dam, due t o the presence of inorganic colloids 

which pass through the filter was examined by condu~ting a routine 32p0
4
-p 

uptake experiment in filt ered Midma r Dam surface water. 
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CHAPTER 3. 

In Situ Enrichment Experiments Using Isolation Columns 

3.1 Introduction 

This enrichment experiment was set up to test the hypothesis that 

the sediments in shallow areas of Midmar Dam form a major component in 

the P cycle, providing both a source and a sink for P under varying 

conditions (Twinch and Breen, 1978 a and b). To do this the enrichment 

regimes used involved the addition of Nand P, singly and in combination, 

and were designed to create a range of conditions within the isolation 

columns~ which would induce P fluxes to and from the sediments. 

To facilitate interpretation and discussion of the data the results 

are dealt with in four sections :-

a) Thermal, Oxygen and Light Regimes 

b) Fluxes in Chlorophyll, Periphyton, SRP, Total P and N0 3- N. 

c) Algal Bioassays. 

d) The Sediments. 

3.2 Thermal, Oxygen and Light Regimes 

Since isolation columns in Midmar Dam were shown to alter physical 

conditions in the water, primarily by reducing turbulence which can result 

in increased light penetration and the development of more marked strati

fication (Twinch and Breen, 1978a), it v.Jas necessary to obtain some index 

of whether these changes were influencing nutrient fluxes during this 

experiment. Thermal regimes are important because thermal stratification 

can impede the vertical exchange of nutrients in the water column. 
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are also important in relation to the P cycle and need to be monitored 

in a study of this nature. Furthermore in fairly shallow \;rater light 

penetration has the potential to influence the sediment/water P 

exchange, directly through its influence on benthic flora, and directly 

through its influence on the vertical distribution of phytoplankton, 

and consequently on the oxygen profiles. Temperature and oxygen profiles 

together with light penetration were therefore measured on a routine 

basis throughout the study. 

Because this section deals with physical responses to isolation, 

the influence of evaporation, precipitation and fluctuating water levels 

in the impoundment is also considered. 

3.2.1 Results and Discussion 

3.2.1.1 Thermal conditions 

Isolation of the water in the columns (April, 1976) coincided 

with the onset of winter thermal conditions in ~lidmar Dam (Walmsley, 

1976). Not surprisingly therefore, temperature in the open water 

and within all columns had declined steadily from 190C to 130C by week 

8, after which the rate of decline was much slower and took a further 

five weeks to dec rease to c. lOoe (Fig. 3.1 A-E). As expected, the 

decrease in temperature resulted in reduced stratification and frequent 

isothermal conditions during the first 13 weeks. Thereafter the 

advent of spring (August/September) resulted in steadily increasing 

temperature over a period of 25 weeks, until week 38 (January) (Fig. 

3.1 A-E), by which time it had reached the summer maximurll. This was 

rna i ntai ned until \..,ree k 43. The phase of i ncreasi ng temperature and the 

subsequent summer conditions were accompanied by increased thermal 
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gradients between surface and bottom, both in the open water (40C on 

week 30)(Fig. 3.1 A), and in the columns (e.g. 50C on week 30)(Fig. 

3.1 C-E). Clearly, the marked seasonal trends in temperature in the 

open water were not greatly altered in the isolation columns. 

Thermal gradients do however have a marked influence on 

mixing of the water column (Hutchinson, 1957) and because water density 

changes more rapidly at higher than at lower temperatures (Ruttner, 

1963] the apparently slightly higher surface temperatures and thermal 

. gradients within the coiumns, particularly during surrmer, could have 

been of considerable importance. 

The procedure of sampling in sequence results in a time 

differential between stations (in this case approxiamtely 2 hours), 

which allows more heating, particularly of surface waters, to take place. 

As a result, the changes observed between columns and open water might 

simply have been due to heating during the period required for sampling. 

The significance of this observation may be gauged by examining data 

from a 48-h study (Fig. 3.2 and 3.3). 

The air temperature showed a rapid warming phase (approximately 

1.8oC h- 1 ) starting between 06.00 and 07.00 hours and reached a maximum 

of 21 oC between 11. 00 and 14.00 (Fi g. 3. 3B) . Our; ng thi s peri od, 

surface water temperatures increased to approxiamtely 21°C in the open 

water, and to slightly more (22°C) in the columns (Fig. 3.3 A). Thus 

during the sampling on a bright clear day, there was sufficient time 

lag to allow surface water to heat up by 1.5-2.00C. Single estimations 

have therefore to be interpreted with caution, particularly when 
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In the open water the incoming radiation on the first day 

resulted in slight thermal stratification. At l1.00 .:hours there 
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was a temperature difference of 10C between surface and bottom waters 

(Fig. 3.2 a) but, due to mixing, heat was transferred to deeper waters 

resulting in isothermal conditions between 16.00 and 18.00 hours. 

In the columns, heat transfer to deeper water was less efficient and 

consequently surface temperatures increased to approximately 1°C above 

those recorded in the open water while bottom waters peaked at 

approximately O.SoC lower (Fig. 3.2 b-e). In spite of these differenc2~ 

the mean temperature in the isolation columns and open water were 

virtually identical at most times during the first 24 h (Fig. 3.3 A) 

indicating that the total heat energy absorbed \vas not markedly 

influenced by isolation. This was not so apparent on the second day 

when cloudy conditions developed between 11.00 and 13.00 hours and 

caused a slightly more rapid cooling after 13.00 hours in the open 

water. 

During the cooling period, the air lost heat more slowly than 

it had heated (D.7 0 C h- 1 ) and reached a minimum of 10.SoC on the first 

day . On the second day, cloudy conditions developed in the evening 

and radiation was reduced so that the air did not cool to the same 

extent and the minimum recorded was 13.SoC. 

Heat loss from the surface waters of the columns was more rapid 

than in the open water, probab ly because of the greater differences 

between surface water and ai r temperat ures , and by 20.60 hours surface 

temperatures inside and outs i de the ·columns were si milar. At this stage 

the t hermal gradient between ai r and Surface wate rs was approxi ma telv 
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40C and the continuing decline in air temperature was sufficient to 

effect rapid cooling of surface waters, resulting in the progressive 

development of inverted stratification, in much the same manner as 

Ganf (1974) observed in the shallow tropical Lake George. Although 

this trend was most evident during the first night because the clear 

skies permitted a rapid drop in air temperature, it was also detectable 

on the second night in spite of the higher air temperature. At all 

times it was better developed in the columns (Fig. 3.2). The reasons 

for the reduced inverted stratification observed in the control column 

during the first night are not clear. 

Isothermal conditions were therefore present twice during each 

24-h cycle and although they tended to be short lived, on the second 

day they persisted for up to 3 hours. Thus although thermal stratifi

cation did develop it was never sufficient to partition the water, and 

thus prevent mixing, for long periods. 

In general therefore, the difference in thermal conditions, and 

thus mixing patterns, between the open water and columns was probabiy 

of minor consequence in relation to nutrient fluxes. 

3.2.1. 2 Oxygen 

In the open water oxygen levels remained fairly stable showing 

a slight seasonal fluctuation (Fig. 3.1A) being generally lower during 

tha warmer period. At the surface this was probably partially 

attributable to decreased solubili ty but in bottom waters, the 

decrease was relatively greater , and could only have been due to 

biological demand which resulted in incre.ased oxygen stratification. 
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Data from the 4S-h study (Fig. 3.2A) indicated a distinct 

diurnal oxygen cycle in the open water. During the daylight hours 

oxygen saturation increased from the pre-dawn level of about 60% at 

all depths, to between 70-100% at lS.00 hours. Assuming a constant 

rate of diffusion of oxygen into the water, this is probably indica

tive of considerable photosynthetic activity. No marked oxygen 

stratification was detected at the end of the first day while a 

difference of 25% existed between surface and bottom on the second 

day. No reasons for this were obviously apparent. After dusk 

oxygen saturation at all depths decreased steadily v/ith time, reaching 

a minimum of 60-70% saturation at 04.00 hours. Thereafter, even 

in diffuse pre-dawn light, the levels began increasing, reaching 

75-S0% by 07.00 hours. Clearly, respiratory demand during the 

night exceeded the influx from the atmosphere and considerable 

photosynthetic activity was required to replenish this during the day. 

Because of the higher temperatures during the summer, which 

result in lower oxygen solubility and increased metabolic activity, 

anaerobic conditions are most likely during this period. It;s 

clear from this data that no severe oxygen depletion occurs in the 

shallow open water during the summer and it therefore seems unlikely 

that anaerobic conditions ever develop in the open water of the 

experimental area. These observations support those of Walmsley 

(1976) who detected severe oxygen depletion only in the deeper areas 

of ~'lidmar Dam. 

Within the columns, and particularly those in which production 

was markedly stimulated by enrichment, oxygen depletion at night 11as a 

possibility since even an ul1eni' iched column can sho\,1 marked increase in 
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production, principally as a result of colonisation of the walls by 

periphyton which was shown previously (Twinch and Breen, 1978a) and 

which will be discussed in section 3.3. Minimum oxygen levels in 

the unenriched column were never lower than in the open water during 

the routine monitoring (Fig. 3.100 and therefore the development of 

anaerobic conditions was very unlikely. In the enriched columns 

however bottom water oxygen levels were regularly lower than those 

in the open water but did not drop below 5 mg 1-1 (approximately 55% 

saturation)(Fig. 3.1E). It should be borne in mind however, that 

there was a time lag between sampling the open water and columns. 

Thus the levels were lO\>/er in spite of having had time to make up the 

deficit by oxygen production during photosynthesis. Pre-dawn levels 

could therefore have been even lower. 

Considering the data for the 48-h study, which was accumulated 

at a time when the standing crop of MicY'ocystis sp. in the columns 

receiving weekly additions of N03-N (Fig. 3.2d) and N03-N and P04-P 

(Fig. 3.2e) was particularly high (chlorophyll levels 20-40 ~g 1-1 ), 

it ;s clear that oxygen levels in the columns never dropped below 

50% saturation and it seems unlikely that anaerobic conditions were 

ever present . Certainly they would have been less likely at times 

when the phytoplankton standing crop was lower. However, since even 

short periods of anoxia may influence nutrient fluxes this aspect 

requires fUl~ther investigation and will be discussed further in section 

4.3.2. 

3.2.1.3 Light Penetration 

At the open water station (Fig. 3.1A) secchi disc tNnsparency, 

although it increased during the summer, never exceeded 150 cm, and it 
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seems unlikely that there was sufficient light to maintain substantial 

algal growth on the substrate 3.5 m below the surface. 

Transparency in the columns was more varied than in the open 

water. In two of the columns (Figs. 3.1B and C), with the 

exception of the final two weeks in the unenriched column (Fig. 3.1 B ), 

transparency tended to be similar to that of the open water. In the 

two other columns (Figs. 3.1 D and E) during the first 28 weeks, 

transparency was frequently greater than 200 cm and reached a maximum 

of 300 cm. During this period there may have been sufficient light 

reaching the substrate to support benthic algal gro~/th but, because of 

the lower winter temperatures (10.5-180e), the rate of growth would 

probably have been low. 

This observation is supported by the slower rate of nutrient 

uptake noted during this period compared with the summer months 

(section 3.3). During the subsequent weeks (29-50) transparency 

decreased to 150 cm and less. Thus when temperatures were highest 

transparency was low, due primarily to blooms of Mic2?oc;ystis, and it 

seems unlikely therefore that benthic algae played an important role 

in nutrient fluxes. 

The influence of isolating a column on physical conditions 

in the water, has not been stressed in studies in other enclosures. 

Lund (1972) demonstrated clearly that light penetration in his 

experimental tubes was often more than double that in the open water 

of Blelham Tarn, and Lack and Lund (1974) reported that thermal 

conditions, such as the degree of stratification, were very similar 

to the lake outside . Howard-Will i ams and Allanson (1978) reported 
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that the pattern of temperature in enclosures in Swartvlei remained 

virtually identical to that in the main body of water, as did that 

for dissolved oxygen. They concluded that enclosing the littoral 

community for 23 weeks had very little influence on physico-chemical 

conditions. 

In general it thus seems that, although physical conditions 

within enclosures do change relative to the open water, these changes 

are slight. From the data obtained during this study it is concluded 

that changed physical conditions within the isolation columns in 

Midmar Dam probably did not induce marked changes in the rate or extent 

of nutrient fluxes between the water and substrate, or within the 

water column. Nutrient dynamic studies in the iso1ation columns can 

therefore give some index of the general responses of the adjacent 

open water system to various enrichment treatments. 

3.2.2 The Role of Fluctuating Water Levels 

Since the water within isolation columns is effectively sealed from 

the natural hydrological regime of the open water, fluctuations in \'Jater 

level due to evaporation and precipitation, could influence the interpre

tation of P fluxes within the columns by either diluting or concentrating 

nutrients in the water. 

Although evaporation and precipitation were not measured on site 

during this study, comprehensh/e meteorological data for the period 1914 

to 1975 are available at the Cedara Agricultural College (Reynolds, undated : 

The meteorological station is positioned approximately 5 km from the 

experimental area and, although sl -lght differences in both evaporation and 

precipHation between Cedara College and M-idmarDam exist (Reynolds, 

persona 1 communi cat; on), the evaporati on and preci pitati on data_ were used 



to estimate the expected net loss of water from the columns during the 

enrichment experiments. Despite the constraints on extrapolating this 

data to l~idmar Dam, they provide the only opportunity of assessing the 

possible influence of evaporation during the experiments and any error 

in the estimates will remain constant for all columns. 

From the mean monthly evaporation, measured in an American class 

A pan, a loss of approximately 1303 mm of water over the 13 month 

experiment can be calculated. However, over the same period, 1070 mm 

of precipitation can be calculated from the mean monthly rainfall figures 

(Reynolds, undated). Thus a net loss of approximate 'ly 233 mm of water 

from the columns could be expected. As a proportion of the total depth 

(approximately 3.5 m) this represents only 6.6% and even if this were 

an underestimate, the overall influence of evaporation during the 

experiment was not considered to be of great importance. At times 

during the dry periods, the influence of evaporation may have been 

enhanced, but in view of the absence of on site evaporation measurements, 

and on the limitations of the Cedara College meteorological data for 

accurate extrapolation to Midmar Dam, it was felt that any attempt to 

compensate for evaporati on by additi on of v.[ater to the columns Vlould be 

of little value. 

It was reported by Chutter (1979) that steps to compensate for 

evaporative demand in unenriched isolation columns in Rietvlei Dam were 

inadequate, and the observed increases in SRP and conductivity were 

attributed largely to the concentrating effect of evaporation. Similar 

effects were unlikely du ring the r~idmar study possibly due to differences 

in the evaporation and precipitation patterns in the Natal midlands. 
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The annual draw-down experienced in Midmar Dam is a potentially 

more important factor during experiments in isolation columns (Twinch, 

1976). Because of increased demand and reduced input during the dry 

months the mean annual fluctuation in water level in the impoundment 

since 1966 has been 2.4 m, reaching a peak of 4.3 m in 1972 (Walmsley, 

1976) . 

As can be seen in Fig. 3.4 the 1976-77 period was characterised 

by relatively stable water content, which resulted in a \'Iater level 

fluctuation of less than 0.5 m. Since the walls of the columns were 

flexible, and designed to allow for considerable water level fluctuation, 

it is unlikely that the fluctuations experienced during 1976-77 would 

have been sufficient to markedly influence hydraulic exchange between the 

columns and the open water. However, even if the volumes within the 

columns were influenced by as much as 20% (14% by fluctuating water 

levels and 6% by evaporation) they would not be sufficient to account 

for even a fraction of the nutrient fluxes observed (section 3.3.1). 

3.3 Fluxes in Chlorophyll, Periphyton, SRP, Total P and N03-N 

By tracing fluxes of SRP, total P and P bound by periphyton, it was 

hoped that P fluxes within the columns could be demonstrated, and that 

nutrient budgets could be used to quantify them. In addition, since 

N03-N enrichments were to be used, and since N availability was thought 

to play an important role in limiting responses to P enrichment (T\'/inch, 

1976), N0 3-N concentrations were monitored to obtain some index of N 

utilisation within the columns. Time did not permit a full analysis 

of other forms of nitrogenous compounds. 
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3.3.1 Results 

3.3.1.1 Open Water 

Chlorophyll levels were generally below 5 ~g 1-1 and showed 

no seasonal trends. Peaks of up to 12 ~g 1-1 were infrequent and 

of short duration with the exception of one in April 1976, which lasted 

for 4 weeks (Fig. 3.5). 

Periphyton colonising the "st.erkolite" strips had~ by August 

17, increased to approximately 0.2 kg dry mass in an area equivalent 

to the upper 2.5 m of the columns. It declined to 0.06 kg before 

summer, but then rose sharply to 1.8 kg by r~arch when it contained~. 

1.2 g of P. Throughout the study the proportion of phosphorus per 

unit of periphyton dry mass remained fairly constant (Fig. 3.10). 

During the period April - November, N03-N levels fluctuated 

between 160 and 306 ~g 1- 1 without a distinct trend and thereafter, 

during the summer months, showed a decreasing trend to 30 ~g 1-1 until 

April 1977 (Fig. 3.5). There is some indication that levels had 

started to increase between May and June, with the onset of winter . 

Solubl e reactive phosphorus (SRP), in common with N03-N, 

tended to be higher between April and November than during the summer 

months, when levels were often undetectable and only once rose to 

10 ~g 1-1 • Total P showed extremely wide fluctuations, reaching peaks 

of 150 ~g 1-1 , which were not associated with corresponding changes in 

chlorophyll. Peaks tended to be both more frequent and more marked 

in summer than in winter, and persisted for periods of up to four weeks 

(Fig. 3.5). 
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3.3.1.2 Unenriched Column 

Although chlorophyll levels generally remained between 5 and 

10 pg 1-1, peaks of up to 49 pg 1-1, much higher than those in the 

open water, developed for periods of 1-5 weeks (Fig. 3.6). No 

marked seasonality was evident. 

Periphyton standing crop increased continuously to 1.7 kg 

dry mass by May 20,1977, at \'/hich time it contained 1.7 9 of P. 

The proportion of P was more variable than in the open water reaching 

a peak of 2.25 mg g-1 during September. There was no evidence that 

the development of the standing crop was retarded during winter 

(Fig. 3.10). 

Levels of N03 - N showed remarkably similar trends to those 

observed in the open water, remaining between 150 and 310 pg 1-1 

until November, before decreasing to 30 pg 1-1 during summer. There 

was however no evidence of an increase with the onset of winter 

conditions in 1977 (Fig. 3.6). 

Throughout the study SRP concentrations were very similar to 

those in the open water, decreasing from 10-30 Pg 1-1 during the 

winter to undetectable in summer. The striking feature of trends 

in total P was that both peak heights and duration inside the column 

were similar to those in the open water (Fig. 3.6). 

3.3.1.3 Column +P 

Loading with P04 -P started ;n the autumn and elicited rel~tively 

little response as evidenced by the concentrations of chlorophyll 

{Fig. 3.7). Although levels had doubled by late r~ay, they declined 



78. 

steadily until late July. During August levels began to rise, 

slowly at first and then more rapidly in August-September, resulting 

in a peak of approximately 230 ~g ~-l, nearly five times the highest 

peak in the unenriched column. Summer was characterised by peaks 

of up to four weeks duratoion, but of diminishing size until February 

when levels were similar to those at the start. Levels decreased 

further to approximately 5 ~g ~-l by the end of the experiment. 

Marked response by the phytoplankton to P0 4-P enrichment was therefore 

only evident in the spring and summer months. 

Although phytoplankton standing crop declined towards winter 

in 1977, periphyton yields increased reaching 0.5 kg by mid August 

at which time it contained approximately 1.2 g of P (Fig. 3.10). 

During the spring and summer the periphyton yield increased steadily 

from 0.2 kg in September to 4.9 kg by May, 1977 at which time it 

contained 6.5 9 of phosphorus, only a small fraction of the 580 g 

added during the experiment. Proportionately, the phosphorus content 

of the periphyton was always higher than in the open water or unenriched 

column and reached a peak of 16.1 mg g-1 in September when the stand

ing crop was at it~ lowest but when SRP levels were high (Fig. 3.10). 

During periods when enrichment elicited a marked response it 

might have been expected to result in decreased levels of N03-N since 

none was being added, and N has been shown to be the secondary growth 

rate limiting nutrient in the water (Toerien et aZ.~ 1975; Hemens et 

aZ.~ 1977). N03-N concentration fluctuated more markedly than in 

the control column in response to biolog'ical uptake sti mulated by the 

increased P04 -P availability, and at times dropped to virtually 

undetectable levels (Fig. 3.7). The fluctuations in N0 3 -N in the 
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water suggest alternating periods of uptake and release but over the 

~eriod there was a tendency for the peaks and troughs in N03-N to 

become gradually lower. Some of the nitrogen could have been 

incorporated into the large standing crop of periphyton which had 

developed by the end of the study (4.9 kg in the top 2.5 m) (Fig . 3.10). 

From data presented in Fig. 3.7 it is evident that the major 

proportion of the P04-P added each week was removed from the water 

. column. Total P was usually present at much higher concentrations 

than SRP and on only a few occasions (~1arch, December, January and 

February) the increase in total P approached that which might have 

been predicted from the loading. The amount of phosphorus held in 

the periphyton, even at the time of maximum standing crop in ~'ay 

1977, was not even equi va 1 ent to the alilount added duri ng a single 

week, supporting the vie'.'l that competition for phosphorus by peri-

· phytonwasnot a major factor limiting the size of the phytoplankton 

standing crop. 

Despite the loading,SRP concentrations remained low until 

mid July, but then increased to approximately 75 ~g t- 1 and main

tained that level throughout the duration of the first major peak in 

chlorophyll concentration. Levels of SRP declined in September/ 

October and gradually became virtually undetectable for most of the 

period January-June 1977 (Fig. 3.7). Total P showed much more 

marked fluctuations than SRP which were apparently not associated 

with fluctuations in chlorophyll (Fig. 3.7). There was some evidence 

however! that peaks in total P occurred at the same time as those 

observed in the open water and unenriched column (May, June, August, 



December and January). Peaks \'Iere hmvever, considerably higher, 

reaching 400 ~g 1-1 compared with approximately 150 ~g 1-1 in the 

open water and unenriched column. 

3.3.1.4 Column ~N 

Response to enrichment with N03-N was distinctly seasonal. 
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Between April and early August no response to enrichment could be 

detected in either the chlorophyll concentrations, which did not 

exceed 6 ~g 1-1 (Fig. 3.8) or the periphyton standing crop (0.01 kg), 

which was far less than that in the control column (Fig. 3.10). The 

consequence of this was a steady accumulation, over a period of 14 

weeks, of NOrN at a rate approximat;.na very c"losely that expected, 

assuming no utilisation of the N03-N applied (Fig. 3.8). This data 

provides good evidence that during this period the column must have 

been effectively isolated from the rest of the impoundment. Loading 

was temporarily terminated in early August, and N03-N levels declined 

steadily until late September (250 ~g 1-1 ) and then more slowly until 

November (100 ~g 1- 1 ) at which time enrichment was restarted. 

Both SRP and total P concentration remained low between April 

(1976) and November (Fig. 3.8). Whiist SRP levels were very similar 

to those in the unenriched column, total P concentrations were lower. 

During August and October there were peaks, of short duration, 

in chlorophyll concentration but after late October levels started to 

increase, particularly towards the end of November, when enrichment 

was restarted (Fig. 3.8). They increased, with fluctuations, to 

112 ~g 1-
1 in March. Although considerably lower than the peaks 

observed in response to P04 -P addition, the high concentrations .were 
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.sustained for far longer periods (15 weeks). Periphyton started to 

increase between August and September, the same time that the first 

peaks in chlorophyll were noted, and continued to increase throughout 

the study reaching approximately 1.8 kg in Nay 1977, at which time it 

contained about 1.9 g P, sl i ghtly more than the calculated total P 

content of water in the column at isolation (1.7 g). The proportion 

of phosphorus in the periphyton varied between 6 and 1.5 mg g-1 and 

was frequently higher than in the columns receiving P04-P additions 

(Fig. 3.10). 

In contrast to the response to loading during winter, the 

summer loading did not result in an accumulation of N03-N (Fig. 3.8). 

Despite the N0 3-N additions, concentrations were at times lower than 

those recorded in the open water over the same period. This must 

reflect biological uptake, which increased with the favourable summer 

temperatures and is indicated by the increased chlorophyll levels and 

periphyton standing crop. The increase in N03-N concentration during 

the last week may represent the beginning of an accumulation similar 

to that observed during the first three months of the experiment. 

Concentrations of total P began to increase markedly after 

enrichment was restarted, and continued to a peak of 310 ~g ~-1 in 

January (Fig. 3.8). Between January and June, levels showed a 

declining trend with fluctuations becoming progressively more marked. 

However, concentrations were above 50 ~g £-1 for a continuous period 

of 24 weeks, the period du ring which chlorophyll levels were high. 

In spite of this, total P was not well correlated with chlorophyll 

concentrati ons . Unli ke t otal P concentrations of SRP only began to 
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increase some six weeks after enrichment was restarted. Levels rose 

sharply to peaks exceeding 150 ~ g ~- l , as had been observed in the 

column enriched with phosphorus, although in this instance high 

concentrations of SRP were present only when levels of chlorophyll 

were high. 

3.3.1.5 Column N+P 

As in the column +N, season had a marked influence on the 

response to this enrichment. Although after the first enrichment 

it appeared as though chlorophyll concentrations would rise, they 

. declined during the second week and remained below 10 \I g 1- 1 until the 

end of September (Fig. 3.9). Periphytorl standing crop also remained 

low during this period only increasing to 0.3 kg between August and 

September. Although standing crop was lower than in the unenriched 

column and slightly higher than the other columns in Septembet, it 

contained at least three times as much P because of the high propor

tion of P per unit dry weight (10.7 mg g-l) at the time (Fig. 3.10). 

The limited response of the phytoplankton and periphyton allowed 

N03-N to accumulate (Fig. 3.9). The rate of accumulation was however, 

slightly less than that predicted assuming no utilisation, and by 

early August had reached 1.9 mg 1- 1 compared with the expected 2.8 mg 

1- 1 • At this stage enrichment was discontinued and N0 3-N concentra

tions declined to almost undetectabl e levels by mid-September. 

Concentrations of SRP remained constant after the first enrich

ment but subsequently rose at a fate closely approximating that deter

mined from the loading rate (Fig. 3.9). From mid-June concentrations 

deviated progressively from t hose pred icted and after enrichment was 

stopped SRP concentrat ions declined, over a six week period, to 
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20 ~g rl at which level they remained until enrichment vias restarted 

in November. This decrease was partially attributable to utilisation 

as the total P content of the periphyton increased sharply from 0.2 

to 3.1 g between August and September (F~g. 3.10). 

Unlike SRP, total P showed a'n immediate response to loading a.nd, 

with one exception in June when the concentration dropped sharply, it 

accumulated until the end of July at a rate almost equal to that 

predicted from the load (Fig. 3.9). A three week delay was evident 

between cessation of enrichment and the rapid decline in total P. No 

further increases were evident until enrichment was restarted. 

Chlorophyll concentrations rose to a small peak in October and 

then started to increase again just as enrichment was restarted (Fig. 

3.9). After fluctuating between 5 and 30 ~g ~-l for six weeks it 

increased and sustained concentrations of above 20 ~g ~-l for seventeen 

weeks. During this period chlorophyll concentrations were generally 

higher than those recorded in the column +N. From April~ with the 

onset of winter conditions, concentrations declined gradually. 

Periphyton did not show a marked response to the second stage 

of enrichment possibly because growth of the phytoplankton resulted in 

light-limiting conditions and, even by the end of the experiment, only 

approximately 0.5 kg was present compared with 4.8 kg in the column +P. 

Th~ proportion of P in the periphyton was, however, frequently higher 

than in the other columns during the final stage of the experiment 

(Fig. 3.10). 
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N03-N concentration started to increase in September, six 

weeks before enrichment was restarted, but then declined, with 

progressively decreasing fluctuations, until May 1977 in spite of the 

load which was being applied. Since summer was characterised by 

high levels of chlorophyll, the phytoplankton probably played a major 

role in removing the N03-N from solution. The marked accumulation 

of N03-N observed after May 1976 was not evident in 1977 even though 

the study continued until June winter conditions were established 

(Fig. 3.9). 

Concentration of total P began to rise immediately the loading 

was restarted, but at a rate considerably slower than the theoretical 

maximum (Fig. 3.9). The peak was slightly higher than in the column 

receiving N only and high levels were maintained for somev/hat longer. 

Concentration began to decline in March, fluctuating markedly before 

reaching approximately 100 ~g t- 1 , double that in the open water, by 

the end of the study. As in the column tN, there was a lag between 

the start of the development of the increased concentration of 

chlorophyll and total P and those of SRP. In late December, after 

chlorophyll levels had already reached 30 ~g ~-l, SRP levels began to 

rise and reached a peak (200 ~g t- 1 ) by mid-January. High concentra

tions were maintained for eight weeks and began to decline at the same 

ti me as ch 1 orophyll . By m; d-Nay, 1 eve 1 s were s; mil ar to those ina 11 

the other columns and in the open water. 

3.3.2 Discussion 

Despite the slightly lower concentrations of chlorophyll, particu

larly in summer, and the evidence of a seasonal trend in SRP, the data 

from the open water station confirm the results of Hemens et al. (1977). 
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The lower chlorophyll levels may simply reflect the use of IIcomposite ll 

samples during this study compared with their surface samples. Based 

on similar nutrient and chlorophyll concentrations the impoundment has 

been described as oligotrophic (Toerien et aZ.~1975; Hemens et aZ.~ 

1977; Archibald et aZ.~ 1979). 

Since the differences between the open water and the control 

column were small in respect of the physical conditions (section 3.2) 

and nutrient and chlorophyll concentrations it may be concluded that 

isolation did not exert a marked influence on conditions within the 

columns. This is supported particularly by the data for total P, where 

the timing of the peaks in the open water and the column often coincided. 

Liao and Lean (1978) have also reported synchronisations, but of 

oscillations of particulate N, between open water and 'corrals' in Lake 

Ontario. Since in the open water these peaks were not associated with 

peaks in chlorophyll concentrations, they probably result from silt 

resuspended during periods of turbulence. However, the presence of ~ 

considerable growth of periphyton on the walls of the column provided a 

component normally absent from the open water which, during periods of 

turbulence, may b~come dislodged and contribute to the phytoplankton 

(Twinch and Breen, 1978a). 

The peaks in total P in the unenriched column may therefore 

reflect periphyton dislodged into the water during periods of turbulence. 

Ouri ng the peri od September to January the phytoplankton i. n the 

column +P responded marked ly to enrichment with P04-P suggesting that 

phosphorus was the nutr ien t limiting the size of the standing crop at 
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that time. However, the short duration of the peaks and the marked 

decline in N0 3-N during the peaks, suggests that nitrogen became the 

growth rate limiting nutrient soon after growth was stimulated by the 

addition of ?hosphorus. These observations support those of Walmsley 

(1976), Hemens et aZ.~ (1977) and this study (section 3.4) which have 

shown, using algal bioassays, that in ~'1idmar Dam N, the secondary 

limiting nutrient, closely follows P in limiting algal growth. 

, 

The absence of a response by the phytoplankton in the column +P 

during the initial stages was probably due to declining temperatures 

with the onset of winter, which reduced the growth rates such that the 

primary producers could not compete effectively for P04 -P against direct 

fixation by the sediments (Twinch and Breen, 1978b). This does not 

imply that no biological uptake was occurring. The marked decreases 

evident in the N0 3-N concentrations are indicative of some uptake but 

it is notable that during the first 4 months the rate of decline in 

NOrN concentrati on was slower and troughs hi gher than they \'Iere at other 

times during the experiment. 

With increasing temperatures in Spring (late August-September) 

the phytoplankton showed a marked response to enrichment and only in 

January di d ch 1 orophyll concentrati on decrease to level s consi stently 

below 10 ~g £- 1. At the same time, the periphyton standing crop began 

increasing steadily until the end of the experiment. During this time 

the N03-N concentrations sllowed an irregular but progressively decreasing 

trend reaching virtually undetectable levels. This was in spite of an 

annual atmospheric input of approximately 1 g total N m-2 a-I (Hemens 

et aZ.~ 1977), suffici ent to raise the concentration in the columns by 



approximately 280 pg 1- 1 • This suggests either increased uptake of 

. N03- N by the biological components or increased denitrification. 

At this time algal bioassays indicated that nitrogen was the primary 

growth rate limiting nutrient in the column +P (section 3.4) despite 

the low levels of SRP in the water after January 1977. It therefore 

seems reasonable to suggest that a shortage of nitrogen limited the 

biological response to P enrichment and that di"rect fixation of P04-P 

by the sediments was probably the predominant mechanism involved in 

removing P04-P from solution at this time. 
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Between April and the end of August, a period during which there 

was limited biological response to enrichment in the column +p, 130 9 

P04-P had been added, sufficient to raise the concentration in the water 

to 1.95 mg 1-1 • Since at this stage only 8% of the P was held in the 

periphyton (1.19 g) and in the water column (approximately 9.5 9 total P), 

the major fraction of the load must have been fixed directly by the sedi

ments as has been reported by many authors (t~ortimer, 1941; Holden, 1961; 

Hepher, 1966; Golterman,1973b; Syers et aZ.~ 1973; Slater and Boag, 1978; 

McCallister and Logan, 1978; Twinch and Breen, 1978b). During the period 

when enrichment induced high peaks in chlorophyll in the column +P there 

were occasions when total P concentration increased at a rate approaching 

the loading rate. However, since similar rates were evident at the same 

time in the unenriched column, they reflect a combination of resuspension 

and biotic reponse and cannot be attributed only to uptake by phytoplankton 

Another potentially important factor which could influence the 

flux of P from the water to the sediments is grazing, particularly of 

the periphyton. No estimates of this were made but~ since the maximum 

standing crop of periphyton measured in the column +P contained less 
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total P than one week's loading and since the large population of snails 

observed during earlier experiments (Twinch and Breen, 1978 a and b) 

were absent, it seems unlikely that grazing of the periphyton was a 

major pathway for P transfer to the sediments. However, because 

nothing is known about the detrital cycle which resulted from periphyton 

development, it must be acknowledged that the role of the periphyton in 

the transfer of P to the sediments remains obscure. 

By international standards the P loading rate in the column +P 

during this study (26 g P0 4 -P m- 2 a-I) may be regarded as high (Shannon 

and Brezonik, 1972; Bengtsson, 1975; Ryding and Forsberg, 1976; Schindler, 

1976; Stevens and Gibson, 1976) but is similar to the loading rate in 

two South African impoundments, Rietvlei Dam and Roodeplaat Dam 

(Walmsley et at., 1978). In any event it was insufficient to effect an 

increase in SRP concentrations by the end of the experiment. Since P 

fixation by lake sediments is known to involve adsorption (McCallister and 

Logan, 1978), it may be concluded that the load was insufficie~t to 

saturate the adsorption sites sufficiently to influence the sediment/ 

water equilibrium (Syers et al., 1973; Schindler) 1976), thus confirming 

an earlier observation that the sediments have a very high P-fixing 

capacity (Twinch and Breen, 1978b). It has been shown that considerable, 

enrichment with P04-P can be tolerated by fresh waters with no long term 

adverse effects because of the buffering effect of the sediments on P04-P 

levels in the water (Weatherley and Nicolls, 1955; Hepher, 1966; Smith, 

1969; Schindler et al.., 1971) and it seems likely from the column +P data 

that a similar situation exists in Midmar Dam. This aspect is considered 

further in section 4.3. 
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The responses in the column +N suggest that, contrary to the 

impression gained from bioassays, a source of P other than that present 

in the water at the time of isolation~ was present in the column during 

the experiment. By the end of the experiment the total P held in the 

water and periphyton was 3.5 g~ twice that present in the water at the 

start (1.7 g) but at times during the experiment, this difference was 

far greater. The most clearly defined increase in P content is evident 

in the SRP levels recorded between late December and mid-March. When 

only this fraction is considered, the problems resulting from the incor

poration of P bound by resuspended surface sediments are overcome 

because SRP concentrations in Midmar Dam and in isolation columns have 

been shown to remain relatively stable despite marked fluctuations "in 

TSS resulting from sediment resuspension (Twinch and Breen, 1978 a and b). 

SRP levels reached a peak of 215 ~g t- 1 on week 39 amounting 

to approximately 14.6 g P, compared with the 1.7 9 of total P present 

in the water at the start. The SRP fraction alone therefore showed a 

more than eight fold increase over the total P in the water at isolation, 

and clearly demonstrates the presence of a P source within the column. 

This must be an underestimation of the total increase in P content in 

the column +N, because it does not account for the P in the bloom of 

~crocystis sp. which was responsible for the generally increased 

chlorophyll levels between December and March (chlorophyll concentrations 

were frequently above 40 ~g ~-l and clearly a substantial amount of P 

was contained in the standing crop of phytoplankton) and for the P 

bound by the periphytbn. 

Because of the processes of resuspension Jand sedimentation 

occurring both in the open water and to a lesser extent in the columns 

(Twinch and Breen, 1978a), sedimenting material becomes trapped in the 



90. 

periphyton. This makes it difficult to distinguish between P taken up 

from the water by the attached organisms and that deposited as a result 

of sedimentation. In the column +N the total P content of the loose 

surficial sediments at the end of the experiment was approximately 

0.6 mg g-1 (section 3.5) and, if this material was a major contributor 

to the periphyton similar total P contents would be expected. The P 

content of the periphyton in the column +N never dropped below 1 mg g-1 

and was frequently higher than 4 mg g-l, indicating that the P in the 

periphyton could not be attributed entirely to resuspended surface 

sediments. 

It is thus not possible to quantify the transfer rcltes of P 

into the various compartments with the data available, but there is 

evidence of a substantial source of P within the column. Only two 

possible sources exist, atmospheric fallout and the sediments. 

Hemens et al. (1977) estimated total P input from atmospheric 

fallout into Midmar Dam to be 0.35 kg ha- 1 a-I, which is equivalent 

to 0.7 g a-I in the columns used during this study. This represents a 

small fraction of the SRP fluxes observed and, when considered in 

conjunction with the evidence for P uptake by phytoplankton and periphyton, 

it is clear that this source was of minor importance. Sediment release 

is therefore presumed to account for the major flux of phosphorus into 

the column +N. 

The interruption in the loading in the column N+P resulted in 

the total annual load of P being lower (20 m- 2 a-I) than in the column +P 

(26 9 m- 2 a-I), and this precludes dir ect comparison of changes in P 

levels in the column N+P with those in the column +P. SRP levels were 
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not markedly different from those in the open water by the end of the 

study and only a small fraction of the P added could be accounted for 

in the periphyton. The bulk of the P is therefore thought to have 

entered the sediments either by direct fixation or through the biologi

cal cycle. 

The rate at which P \'JOuld have entered the sediments is however 

of considerable interest because, during the first fourteen weeks, 

although most remained as SRP, it accumulated at a rate almost equal to 

the loading rate implying that very little was fixed by the sediments. 

This contrasts with the situation in the column +P which received 

identical loads of P04-P, and is not consistent with the evidence that 

P04-P is rapidly fixed by the sediments. 

When enrichment of the column N+P was restarted in November 

the rate of accumulation of P was much slower, and during this time a 

large proportion of the P04-P added was apparently fixed directly by the 

sediments. The addition of Nand P together ensured that the phyto

plankton could compete more effectively for P04-P than was the case in 

the column +P, as evidenced by the increased chlorophyll levels, which 

were maintained for longer periods. 

The accumulation of SRP in the column N+P during both periods 

of enrichment and in the column +N during the summer apparently contra

dicted the concept of a dynamic equilibrium of P04-P between mud and 

water. Such an increase could reflect altered equilibrium constants 

brought about by either changes in the structure and chemical status of 

the surfi ci a 1 sedi ments or by anaerobi c conditi ons at the sediment/water' 



interface (Syers et al. J 1973). During the study anaerobic conditions 

were never observed (section 3.2) but, since even periods of partial 

anoxi a may i nfl uence exchange p~'operti es, th is poss i bil ity cannot be 

excluded. 

Another possible explanation is that the SRP included a large 

proportion of organic and colloidal P which had different exchange 

kinetics with the sediments. The occurrence of such fractions in fresh 

waters is well established and they have been shown to be produced by 

natural plankton populations (Lean, 1973; Peters, 1978) and by axenic 

cultures of phytoplankton species (Lean and Nale\I/ajko, 1976). Further

more, colloidal P and low molecular weight organic P can contribute to 

SRP analyses using the molybdate blue procedure (Rigler, 1973; Downes 

and Paerl, 1978) and there is no justification for assuming that SRP 

concentrations reflect P04-P concentrations under natural conditions 

(Rigler, 1973). 

Eisenreich and Armstrong (1978) have demonstrated that aluminium 

hydroxide effectively removes P04-P from lake water while having little 

influence on soluble organic P. This suggests that under natural 

conditions, P04-Pcould befixE:dbysediments while other soluble forms. 

which can be included in the SRP analyses, are not. This aspect will be 

dealt with in more detail in chapter 4 and chapter 5. 

It seems reasonable to suggest therefore that, at times when 

SRP accumulated in the columns, it is possible that a large proportion 

was colloidal P (or low molecular weight organic P) which was not readily 

taken up by the sediments. Although there is no direct evidence for 



this in the data, the summer peaks in SRP in the column +N and column 

N+P bear further discussion. 
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In b~th columns total P levels began increasing in late November 

and the increasing trends were accompanied by somewhat irregular, but 

nevertheless similar trends, in chlorophyll, indicating that at least 

a proportion of the total P was incorporated into algal cells. The 

increases in chlorophyll were due largely to the growth of ~crocystis 

sp., which formed characteristic surface blooms in the columns. Only 

after a delay of approximately five weeks, during which time total P 

continued to increase, did SRP levels begin to increase. This suggests 

that during periods of high phytoplankton standing crop SRP accumulated, 

possibly due to increased biological complexing of P04-P into other 

soluble fractions. This observation is consistent with the observation 

in Canadian lakes that the cOlnplexing of P04-P into soluble organic and 

colloidal forms predominates during the summer months when phytoplankton 

metabolism is highest (Lean and Rigler, 1974). 

This hypothesis cannot however be applied to the winter 

accumulation of P in the column N+P, during which no evidence of a 

mark.ed increase in phytopl ankton or peri phyton growth was detected. 

One possible explanation could be that marked bacterial activity, which 

was not monitored, could have influenced P metabolism in the water, but 

in the absence of any evidence this remains pure1y speculative. 

The observation that SRP can accumulate in the water in spite 

of tne known P04-P fix ing capaci.ty of the sediments has important practical 

impHcations, particularly as this was observed to occur even in th.e 

absence of an external supply of P. 
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The results of this study support the view (Twinch and Breen, 

1978b) that a dynamic steady state exists between the sediments and 

water whereby P04-P can move into or out of the sediments depending on 

the biological status of the water, but they also emphasi~e the need to 

obtain a better understanding of the soluble P fractions and their overall 

role in the P cycle. 

The periphyton colonising the inside walls of the columns 

provides a major biological component that is either absent, or of 

considerably less significance, in the open water. The extent to which 

it determines the flu xes observed in this experiment is not clear. 

However, since many of the major flu xes occurred at times when the peri

phyton stand"ing crop was low, it seems reasonable to suggest that its 

presence was not essential for the processes to take place~ although it 

may have influenced the rate at which fluxes occurred. 

Out side the columns many additional factors such as flushing and 

stratification would modify the rates of exchange and therefore it is not 

possible to apply the observations made in the columns directly to the 

adjacent water. There are however many instances where internal phos

phorus loading has been shown to significantly influence the trophic 

status of lakes (Bengtsson," 1975; Lee, 1976; Schindler, 1976; Stevens 

and Gi bson, 1976; Rydi ng and Forsberg, 1976; Cooke et at., 1977) .and 

while all of these are eutrophic systems, these results indicate that 

similar processes can occur in young impoundments and could therefore 

have important consequences in the control of eutrophication. 

3.4 Algal Bioassays 

The provisiona l algal assay proce dure~ PAAP (Bartsch, 1969),has been 

used to assess t he nu trient status of Mi dmar Dam on a number of occasions 
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(Toerien et aZ. 3 1975; Walmsley, 1976; Twinch, 1976; Hemens et aZ. 3 1977). 

_ Phosphorus has been identified as the primary nutrient limiting algal 

production and is closely followed by N. Routine SRP analyses are of 

dubious value in assessing the level,s of available P (Rigler, 1973) and 

N03-N levels alone cannot be used as an index of biologically available 

N (Toerien, 1977). Bioassays do however provide a useful means of 

.obtaining a biological index of available P and N to augment the routine 

analyses and in addition, facilitate the identification of the limiting 

nutrient in the water. 

3.4.1 Results 

3.4.1.1 Algal Growth Potentials and Growth Limiting Nutrients , 

The bioassay yields are presented in Fig. 3.11 and the limiting 

nutrients, determined by comparing the PAAP-P and PAAP-N spikes are 

listed in Table 3.1. ' Yields for the N+P spikes were always higher 

than 120 mg i -I indicating that no important tertiary limiting nutrient 

was influencing the AGP during this study. 

In the open water AGP fluctuated between 4 and 19 mg i-I 

( mean .9.3 mg . i -I ) sho~ing a slight peak between weeks 20 and 25 

but otherwise remaining fairly constant. As has been shown before 

(Toerien et aZ' 3 1975; Walmsley, 1976; Hemens et aZ.
3

1977) P was 

generally the limiting nutrient, but on four occasions Nand P were 

equally limiting (Table 3.1), confi rming the fact that· the primary 

and secondary limiting nutrients are not widely separated in r~idmar 

Dam. 

Isolation had very little influence on the bioassay yields 

in the unenriched col umn . AGP and PAAP-N yields remained similar to 

those in the open wat er and, while the PAAP-P yields showed more 



fl~~tuation than in the open water, the differences were seldom 

significant (Fig. 3.11). Although P was the limiting nutrient on 

two occasions, there was an increased tendency for Nand P to be 

equally limiting, and on week 52 . N was the primary limiting nutrient 

(Table 3.1). This probably resulted from the increased biological 

ut i lisation of N03-N within the confinements of the column. 

Enrichment of the column with P04-P did change the growth 
tWo 
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limiting nutrient from P to N, P being limiting on only ' occasion~. 

Despite this, with the exception of a peak of 33 ~g £-1 on week 37, 

the enrichment was not reflected in increased AGP yields (Fig. 3.11 

and Table 3.1). These results can only be explained by the fact that 

Nand P are almost equally limiting in Midmar Dam. At times the yields 

for the PAAP-P spikes in the column +P were significantly higher than 

corresponding yields in the unenriched column (weeks 12, 16, 20) 

indicative of increased P availability. More frequently holt/ever, the 

differences were not significant, indicating that during the week 

between enrichments, P04-P was rapidly removed from solution by biologica 

uptake and sediment adsorption. This was particularly evident on week 

37 when P was the primary limiting nutrient, and on ·weeks 1, 7 and 52 

when Nand P were equally limiting (Table 3.1). 

Additions of N03-N to the column +N had no influence on AGP 

during the winter enrichment or during the period when enrichment was 

stopped (for the first 29 weeks). The yields remained similar to 

those in the unenriched column, as did the yields in the PAAP-P spikes, 

supporting the concept of Nand P being almost equally limiting. The 

accumulation of N03-N during the winter enrichment, and the sUbsequent 

decline when enrichment was stopped, is clearly reflected in the yields 



in the PAAP-N spikes which reached a peak of 89 mg i -Ion week 12, 

and then declined to approximately 20 mg C 1 by week 20. With the 

exception of weeks 1 and 25 when Nand P were equally limiting in 

the column +N, P was the primary limiting nutrient. during this 

period (Table 3.1). 
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During the period of summer enrichment, beginning on week 

30, AGP in the column +N showed a distinct peak on week 37 before 

dropping to levels similar to those when enrichment was stopped on 

week 44. A similar trend was evident in th~ yields in the PAAP-P 

spikes which showed a peak of 54 mg ~-l despite no P04-P being added. 

In contrast, yields in the PAAP-N spikes did not respond to the 

summer enrichments, remaining at approximately 20 mg t- 1 until the 

end of the experiment (Fig. 3.11). In spite of the N03-N enrichment, 

N was the limiting nutrient on weeks 37 and 44, indicative of the 

markedly increased biological utilisation of N03-N and the accumulation 

of SRP during the summer. By week 52 however, at which time the 

Microcystis bloom which characterised the column +N between weeks 34 

and 45 had declined, Nand P were equally limiting (Table 3.1). 

When Nand P were added to the column N+P during the winter, 

AGP increased sharply during the first 14 weeks reaching 81 mg 1-1 on 

week 12 and declined markedly when enrichment was stopped. The 

accumulations of SRP and N03-N and their subsequent decline when 

enrichment was stopped, are clearly reflected in the PAAP-P and PAAP-N 

spikes (Fig. 3.11). With the exception of week 7, N remained the 

limiting nutrient in the column N+P during the first 20 weeks but by 
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week 35 Nand P were equally limiting (Table 3.1). 

Response to summer enrichment in the column N+P contrasted 

markedly with that during the winter, and some of the trends were 

similar to those observed in the column +N. AGP s~owed a slight peak 

of 26 mg £-1 on week 37, but then declined sharply to less than 

10 mg £-1 for the remainder of the experiment (Fig. 3.11). Yields in 

the PAAP-P spikes increased markedly but, unlike the ~inter , response 

there was a delay of at least 2 weeks before the increase became 

evident. In spite of the N03-N additions to the colwnn, yields in 

the PAAP-N spikes remained stable until week 37 and then declined to 

less than 20 mg £-1 for the remainder of the experiment. Clearly 

biological utilisation during the summer enrichment prevented the 

accumulation of N0 3-N that was being added. With the exception of 

week 31, when P was the limiting nutrient, N remained the limiting 

nutrient throughout the summer enrichment period in' the column N+P 

(Table 3.1). 

3.4.1.2 Available Nand P 

An estimate of soluble available N (SAN) and P (SAP) concentra

tions can be obtained by dividing the dry mass yields in the PAAP-P and 

PAAP-N spikes by the P and N yield coefficients (Yp and YN) for 

-SeZenastrwn capricornutum (Toeri en, 1974). By compari n9 these with 

analytically determined nutrient concentrations, an index of the 

accuracy with which the analyses measure nutrient availability can be 

obtained. 

A comparison of SAN with N0 3-N concentrations is presented in 

Table 3.2. The mean contribution of N03-N to the SAN varied between 
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22% in the column +P and 56% in the column +N, but the range of 

variation within each treatment was high: open water (8-63%); 

unenriched column (16-69%); column +P (3-41%); column +N (6-121%) and 

the column N+P (20-82%). At low N0 3-N concentrations the analytical 

measurements are a poor index , of SAN, and the proportionate contribu

tion of N03-N to the SAN increased with increasing N03-N concentration. 

Only when concentrations were increased to more than 2 mg ~-l by 

enrichment did N03-N begin to approach the SAN (Fig. 3.12). 

A similar comparison between SAP and SRP is presented in Table 

3.3. The mean contribution of SRP to SAP fluctuated between 61% in 

the unenriched column and 129% in the column N+P, showing wide 

vari ati on ina 11 columns and in the open \'/ater. There was however, an 

interesting tendency for the proportionate contribution of SRP to be 

well belo\~ 100% of the SAP at SRP concentrations below 10 ~g ~-l and 

well above 100% at SRP concentrations above 100 ~g ~-l (Table 3.4). 

At intermediate SRP concentrations, grouped for convenience into 

classes of 10-25 ~g ~-1 and 25-100 ~g ~-1, the proportions were more 

variable, but tended to cluster in the 50-99% and 100-149% ranges 

respectively. With increasing SRP concentration there was thus a 

general increasing trend in the proportionate contribution of SRP to 

SAP. At concentrations below 10 ~g £-1, SRP represented only about 

half the SAP while at concentrations exceeding 100 ~g £-1, the SRP 

analyses over-estimated the SAP by a factor of at least b/o. 

The tendency for the mean contribution of SRP to SAP to be 

higher in the column +N and column N+P was because more marked SRP 

accumulations occurred in these columns (section 3.5). 
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3.4.2 Discussion 

Since the mean AGP obtained in the open water during this study 

(9.3 mg ~-l) and the ordination of growth limiting nutrients compare 

favourably with the data of Toerien et aZ.~(1975) (AGP = 8.7 mg ~-l) and 

Walmsley (1976), it appears that the nutrient status in Midmar Dam has 
, 

remained stable over the past 5 years. 

The general trends observed in the bioassay yields r.eflected 

fluxes in nutrient concentrations detected in the isolation columns 

(section 3.3) but a quantitative comparison between SAN and SAP, calcu

lated from YN and Yp indicated that the analyses used were not reliable 

estimates of nutrient availability. 

Concentrations of N0 3-N were always considerable underestimations 

of SAN indicating that other soluble forms of available N were present. 

Similar conclusions were drawn following earlier enrichment experiments 

(Twinch, 1976). Ammonia can be utilised by algae (Ruttner, 1963; 

Wetzel, 1975) but the mean NH 4-N concentration measured in Midmar Dam 

water (0.015 mg ~-l, Archibald et aZ.~ 1979) represents only a small 

proportion of the N0 3 -N, and whilst it may contribute to the discrepancy 

between N03-N and SAN it cannot explain the large discrepancies observed. 

Nitrogen can also occur in the form of soluble organic nitrogen, 

consisting largely of polypeptides, complex organic compounds and free 

amino nitrogen, ~nd this fraction can constitute upto 50% of the total 

soluble N in lake water (Wetzel, 1975). This fraction can be nitrified 

to N0 3-N by bacterial action but the possibility of this occurring in the 

SeZenastrum capricornutum cultures cannot be assessed because, 

whilst they were unlikely to have been totally axenic, the 
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nitrifying bacteria responsible for the transformation may not have been 

present. In the absence of sufficient information regarding the 

various soluble N components and their interactions it is not possible 

to comment further in this regard. All that can be said is that N 

appeared to be available to the BeZenastrum in a form other than N0 3-N. 

Another possible source of the discrepancy betv.Jeen N0 3-N and 

SAN could be related to inaccuracies in the YN value used to calculate 

SAN. However, with increasing N03-N concentration, N03-N and SAN showed 
~~r'14r;~ 

greater~suggesting that any error in the YN used was probably small. 

The relationship between SRP and SAP emphasised t~e limitations 

of regarding SRP as an index of SAP. At low SRP concentrations (below 

10 ~g t- 1 ) the SRP represented a small proportion of the SAP, thus 

exhibiting a similar trend to the N03-N determinations. It has been 

shown that under conditions of low P04-P availability phosphatase 

enzymes produced by algae can convert ol'ganic P fractions to P04-P which 

can then be utilised (Berman, 1970; Jansson, 1976, 1977). It is thus 

possible that the discrepancy observed at low SRP concentration resulted 

from the conversion of soluble unreactive P to P0 4-P during the incubation 

of the cultures as has been shown by Paerl and Downes (1978). It 

should also be remembered however, that SRP levels were frequently at the 

limits of detectability and some of the discrepancy at low SRP concentra

tions may therefore reflect limitat"ions in the accuracy with which SRP 

was measured. 

Furthermore, Twinch (1976) and Walmsley (1976) commented on the 

fact that in waters of low troph,'c status, h M'd suc as , mar Dam, the accuracy 

of the bioassay technique is diminished by the fact that the algal yields 
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are low, and therefore more difficu1t to measure precisely. At low 

nutrient levels more variability would be expected vihich could contribute 

further to the discrepancy between the nutrient concentrations and the 

availability measured by bioassay. This \·.'ould not however, explain 

the consistent underestimation of available nutrient l~vels with the 

analytical methods used. 

At high SRP concentrations in the water (above 100 ~g 1- 1 ) the 

relationship between SRP and SAP was different and a large proportion 

of the measured P appeared to be in a form other than POq-P. Similar 

observations were made by Steeman Nielsen (1978) in grm'lth studies on 

Se Zenas trwn aapriaornutwn. 

It was postulated earlier (section 3.3) that when SRP concentra

tions in the isolation columns were high a large proportion of the measured 

SRP was not P04-P. This was necessitated by the need to explain the 

apparent inconsistency between the observed SRP accumulations and the 

fact that ~lidmar sediments are characterised by high P fixing capacities 

(Twinch and Breen, 1978b). The bioassay results during the periods when 

SRP levels were high are of relevance to the interpretation of P fluxes 

in the isolation columns because they provide convincing evidence that a 

large proportion of the SRP was not P04-P, 

When it was discovered that SRP analyses consistently overestimated 

P04-P in lake water due to the hydrolysis of other soluble P fractions to 

P04-P during the molybdate blue procedure,reservations were expressed 

about regarding SRP as an index of P04-P (Rigler, 1973). This has been 

confirmed in a series of New Zealand lakes where a large molecular weight 

soluble P fraction represented a substantial proportion (13-100%) of the 



SRP (Downes and Paerl, 1978) and appears to be the case under certain 

conditions in Midmar Dam. 

The observations at high and low SRP concentrations represent 
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the two extremes and, although a trend between the two is quite distinct 

(Table 3.4), the variability at intermediate SRP concentrations is higher. 

It appears however that if SRP levels in Midmar Dam exceed the 10-25 ~g ~-l 

range the probability that P fractions other than P04-P are being 

included in the analyses increases and that available P levels will be 

correspondingly less. Thus at times the SRP analysis may approximate 

available P levels in the water, as suggested by Walton and Lee (1972), 

but at other times it can overestimate or underestimate available P, the 

relationship being dependent on changes in nutrient levels and biological 

metabolism in the water. 

The original hypothesis regarding SRP accumulations is thus 

given substantial support by the bioassay data and there can be little 

doubt that a P fraction other than P04-P was present at the times of marked 

SRP accumulation. It is notable that utilisation of SRP, when levels 

exceeded 100 ~g ~ -l, was always below 50%, indicating that the other P 

fraction included in the SRP analysi~s was not completely hydrolysed to 

P04-P during the bioassays. The extent to which this fraction was 

converted to P04-P during the growth of the cultures cannot be assessed 

but,both Lean (1973) and Downes and Paerl (1978) have shown that soluble 

P fractions other than P04-P can be converted to P04- P in cultures or 

during the storage of samples. For this reason the SAP concentrations 

calculated from bioassay yields cannot be regarded as an index of P04-P 



concentration in the water at the time of sampling as they probably 

represent a considerable overestimation. 

3.5 The Sediments 
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Enrichment of the columns was expected to have direct and inditect 

effects on the physico-chemical properties of the sediments. The influenci 

on selected parameters was investigated in stratified sediment cores and 

is discussed in this section. Undisturbed cores were used to assess 

the effect of enrichment under laboratory conditions. For convenience 

the dynamic aspects of sediment/water P exchange are considered in chapter 

4. 

3.5.1 Results 

When sediment samples were equilibrated with a range of P04-P 

solutions and then subjected to the acid extraction, the amount of 

extractable P was linearly related to the concentration of P04-P supplied 

(Fig. 3.13). However, since the amount extracted after equilibration was 

a constant proportion (approximately 50%) of the expected increase, it is 

clear that the acid extraction procedure was not estimating total P in 

the sediment. 

The amount of available P retrieved also increased in proportion 

to the amount of P04-P added (Fig. 3.13). Thus enrichment increased 

both the acid extractable P (AEP) and the available P, but of the total 

P adsorbed only 18% was incorporated into the sediment in an available 

form; the remainder was bound in a form which was not extracted with 

Bray's solution. 

There was no discernable trend in the vertical distribution of 

acid extractable P (Fig. 3.14) in either the open water or the control 
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column. In the column +P it appeared to be markedly higher in the surfi

cial sediment, below which no trend was evident. Concentration decreased 

with depth in both the column "~ N and the column N+P, and this trend was 

due to particularly high levels in the surficial and first centimetre 

of sediment. In the column N+P the concentrations in the loose surficial 

"and 0-1 cm strata were approximately 60% and 90% higher than in the open 

water while in the column +N the increases relative to the open water were 

approximately 50% and 80% respectively. 

Available P concentrations in the sediment from the open water 

and control column were not markedly different (Fig. 3.14). Levels 

tended to be lowest (approximately 1.5 ~g 9- 1 ) in the surface layer (0-1 cm) 

and highest in the 1-3 cm section. Below this the concentration tended 

to decrease slightly. No trends were evident in the column +P where 

levels were similar at all depths (approximately 1.5 ~g g-I). In the 

column +N there was a notable increase in the amount of available P in the 

loose surficial sediment and the 0-1 cm layer (86 and 100% respectively), 

although the deeper layers remained very similar to those in the open 

water and unenriched column. In the column N+P a more marked increase 

in the two uppermost strata was evident, and available P increased by 180% 

and 270% in the surficial and 0-1 cm layers respectively compared with those 

in the open water. The two deepest strata however appeared to have slightly 

lower levels of available P than those from outside the columns (Fig. 3.14). 

A distinct stratification in pH, organic carbon and exchangeable 

A13+ was evident in the cores from all sites (Fig. 3.14), and enrichment 

did not influence the vertical patterns to any great extent. The pH 

decreased frem approximately 4.5 in the loose surficial sediment to 3.8 in 

the 5- 7 cm section. Organic carbon decreased markedly from approximately 
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3% in the l09se surficial sedi~ent to approximately 1.6%, and appeared to 

be slightly higher at the surface in the column +N. Exchangeable A13+ 

increased with increasing depth f rom approximately 0.02 to 1.6 meq%. 

Correlation coefficients for the parameters measured in the 

stratified sediments are presented in Table 3.5. Significant positive 

correlations were obtained between acid extractable P and organic carbon 

and available P, and between organic carbon and pH, while significant 

negative correlations were detected between exchangeable A13+ and organic 

carbon and pH. 

3.5.2 Discussion 

In a young impoundment such as Midmar Dam, the surficial sediments 

which are easily separated from the compact drowned terrestrial substrate 

present a record of the type of sediment which is currently developing in 

the system. On the basis of its carbon content the surface sediment in 

Midmar Dam may be compared with rather unproductive systems in which no 

extensive organic deposition has occurred. Not alJ oligotrophic systems 

have sediments with low levels of carbon, because of allochtnonous 

inputs (Larsen et aZ.~ 1976), however, since allochthonous inputs of 

organic material into Midmar Dam are small (Furness, 1974) and since 

phytoplankton production is low (Akhurst, unpublished data) the low levels 

of organic carbon (2-3%) in the Midmar Dam surface sediments, relative to 

those in other systems (Ballinger and McKeeJ970; Bengtsson, 1975), are to 

be expected. 

Two potenti ally important contributors to the organic fraction of 

the sediments have , however , not been considered in Midmar Dam. These 
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are the plants which colonise the exposed draw down areas and then 

decompose during subsequent inundation, and the phytobenthos (particularly 

algae) which occur in the shallow littoral areas. Since they occur in 

areas which are most susceptible to turbulent mixing, the organic input 

from these sources could be distributed throughout the impoundment and 

may be a major organic input into the system. 

Trends in the vertical distribution of organic carbon in the 

sediment profiles were characterised by a sharp drop from approximately 

3%, in the ~o4~ surficial sediments to approximately 2% in the 1-3 cm 

stratum. This was followed by a more gradual decrease approximately 

1.6% in the 5-7 cm stratum. Similar trends have been observed in many 

lake sediments (Livingstone and Boykin, 1962; Hesse, 1973; Kemp et aZ.~ 

1974; Bengtsson et aZ.~ 1975; de t~arch, 1978; Howard-vJilliams and Allanson, 

1978) and the profiles observed in Midmar Dam suggest the organic carbon 

content in the surficial sediments has been increased markedly since 

inundation, but its source is not known. 

Despite the increased primary production in some of the isolation 

columns, with the exception of the column +N, the organic carbon profiles 

did not reflect any marked change in the sediments. The reason for this 

is not clear, particularly in the column N+P where a bloom of Microcystis 
, 

was maintained for approximately three months prior to the conclusion of 

the experiment. Such a prolonged period of increased productivity would 

be expected to result in increased organic concentrations in the surficial 

sediments and it can only be suggested that changes may have occurred at 

levels below the sensitivity of the Walkley-Black procedure used to 

measure organic carbon. 



Organic content of the sediments has the potential to influence 

other parameters in the profiles, and thus to influence the sediment! 

water interactions. In well leached soils such as those of the Midmar 

Dam area (Scotney, 1970) low pH results from clay adsorbed H+ ions which 

accumulate following cation exchange during the percolation of rainwater 

through " the soil (Malherbe, 1953), and the exchangeable A13+ is also 

largely related to the inorganic clay fraction of the soii (Black, 1965). 

lOt 

The accumulation of organic material in the surface sediments of Midmar 

Dam, and the consequent reduction in the proportion of inorganic material, 

thus has the potential to influence both pH and exchangeable A13+, and 

the positive correlation between organic carbon and pH could indicate 

that this is the case. Other factors could also have influenced the 

surface layers, howe~er, and with the data available no conclusive statement 

regarding the role of organic matter in determining the pH and exchangeable 

A1 3+ profiles can be made~ 

The observed changes in pH and exchangeable A13+ in the sediment 

profiles could have a major influence on sediment/water P exchange. 

Furness and Breen (1978) showed a positive correlation between exchangeable 

A13+ and available P in sediments from the Midmar Dam catchment, and pH 

has frequently been shown to influence available P levels in soils and sedi-

ments (Hsu, 1962; Syers et aZ., 1973; Jacobsen, 1977; Ku et aZ., 1978). 

During this study available P showed no significant correlation with any 

other parameter measured, thus contrasting with the findings of Furness 

and Breen (1978). It is notable however, that pH levels recorded by 

Furness and Breen (1978) in the riverine sediments never dropped below 

4.3, and these were conducted on grab samples which are probably more 

comparable vdth the loose surficial layer, than with the deeper strata 
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comprising the drowned terrestrial soil, in the impoundment. This 

suggestion is supported by the fact that only in the loose surface sediments 

were pH levels similar to those in the riverine sediments. The adsorption! 

desorption processes between sediments and water are, however, complex, and 

the data obtained during this study are not suitable for an analys;\s of 

the mechanisms involved in sediment/water P exchange. 

Before commenti ng further on the avail ab 1 e P and AEP pr ofiles the 

analytical methods bear further discussion. The Bray·s extra~tion 

procedure used to measure available P is based on a good correlation with 

crop response in terrestrial soils (Jackson, 1958) and its applicability 

as an index of the availability of sediment P to organisms in the over

lying water has not been fully assessed (Golterman, 1973b). In a variety 

of South African sediments bioassay experiments have indicated that the 

Bray·s extraction is a considerable underestimate of available P (Grobler 

and Davies, 1979) and the method may have limited applicability in a 

limnological context. 

During the Bray·s extraction procedure F- ions complex with 

A13+ and Fe3+ releasing P held by these trivalent ions, and the method is 

therefore regarded as a measure of available P associated with the inorganic 

fraction of the soil (Jackson, 1958). There is however no doubt that the 

supposed inorganic fractions include P which may have been leached from 

organic material (Golterman,1 973b) and the available P fraction cannot 

therefore be accurately characterised. For these reasons interpretation 

of the available P data must be cautious. 
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It was shown that after short term equilibrations (24 hours) 

50% of the adsorbed P was not extracted with the analytical procedure 

used. Clearly therefore the AEP determinations are a poor index of total 

P and, as with the available P, AEP includes both organic and inorganic 

forms, the relative proportions of which cannot be assessed. 

The distinct gradients in organic carbon, pH and exchangeable 

A13+ observed in the sediment cores were not reflected in the available P 

and AEP profiles. In the open water and unenriched column available P 

increased sharply in concentration between the 0-1 and 1-3 cm strata, below 

which no distinct trend was evident, while the AEP concentration remained 

constant at all depths. From this it could be concluded that the changes 

in the surface sediments, which were clearly reflected in the other para

meters measured, were of little consequence in relation to the P concentra

tions. However, of more significance is the influence of the observed 

changes on the sediment/water P exchange characteristics of the surface 

layers, which, for reasons already discussed, cannot be assessed from the 

P analyses used. This aspect will be considered in more detail in section 

4.2. 

Despite the P04-P loading rate of 26 9 m- 2 a-I in the column +P, 

the P04-P added could not be accounted for by the P fractions measured 

in the sediments. It seems certain that this results from the fact that 

the P was adsorbed in a form not included in either of the extraction 

procedures used. Over long periods of time P04-P bound by sediments can 

shift to occluded fo rms (Syers et aZ .~ 1973), probably through a continuous 

spectrum of adsorption sites, ranging from a fraction in direct equilibrium 

with the solution, through more strongly adsorbed fractions to an inert 

fraction . as envisaged by Taylor and Kunishi (1974). Thus, with time, 
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the added P may have become less extractable with the methods used. The 

only alternative explanation is that a large proportion of the added 

P04-P leaked from the column. This seems unlikely in view of the fact 

that marked differences in the SRP, total P and N0 3-N concentrations 

between the column +P and the open water were observed and, had exchange 

with the open water been occurring at a rate sufficient to account for 

the P04-P losses,these differences would not have been expected. For 

this reason the inefficiency of the analytical procedures is regarded as 

the reason for the apparent absence of the added P in the sediments. 

There can be little doubt that the markedly higher available P 

and AEP concentrations in the surface sediments from the column +N and . J 

column N+P resulted indirectly from the blooms of Microcystis sp. which 

characterised these columns during the summer months. During this time, 

detrital sedimentation would have increased, particularly when the popula

tions were declining, and P was deposited in a form that was more readily 

extracted by the analytical procedures used. Thus, despite the absence 

of marked changes in organic carbon profiles in the column +N and column N+P 

the available P and AEP profiles suggest that the Ydcrocystis blooms had a 

marked influence on the surficial sediments. 

The implication of this observation is that the biological cycling 

of P, either from an external source (column N+P) or from an internal 

source (column +N) can result in surface deposition of P fractions which 

increase the proportion of extractable P (both available P and AEP) 

considerably. Both P fractions therefore reflect qualitative changes in 

the sediment profiles in the column +N and column N+P and are consistent 
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with the observation that increased primary production frequently leads 

to increased P availability in surficial sediments (Hesse, 1973). Such 

changes have been shown to provide a potentially important source of P, 

especially when nutrient supplies are reduced (Larsen et at., 1975; 

Golterman, 1976; Lee, 1976; Stevens and Gibson,1976; Cooke et al.,1977). 

The observations during this study emphasise the rapid rate at which 

sediments can change in response to increased primary production and, 

while the qualitative changes which were observed in the sediment profiles 

in the column +N and column N+P suggest that P availability to organisms 

in the water may have been increased, the extent of the increased 

availability cannot be assessed from this data because of the inability of 

the extraction procedures used to measure functionally distinct P fractions. 

3.6 Conc 1 us ions 

i) In the column +p, P04-P was rapidly removed from the water following 

enrichment predominantly by sediment uptake and the biological 

response was limited by low N availability. 

ii} The N available in the water column represented a large proportion 

of the total available N in the system and very little N input from 

the sediments occurred in response to biological demand in the water. 

iii) In the column +N, P was released from an internal source (the sedi

ments) under apparently aerobic conditions and high levels of primary 

production were sustained for approximately three months by NOrN 

addition alone. 

iv) An extensive pool of available p, most of which is associated with 

the sediments, exists in Midmar Dam and can be released into the 

water if sufficient biological demand is created. 

v} The role of the sediments as a source and sink for P, and the 

existence of a dynamic P04 -P equilibrium between sediments and the 

overlying water was confirmed but the uptake and release rates could 
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not be accurately estimated. 

vi) At times SRP concentrations were increased to levels well in excess 

of those that would be expected from the sediment/water P04-P 

equilibrium and this was attributed to the presence of a soluble P 

fraction, other than P04-P, that was not adsorbed by the sediments 

but which did contribute to the SRP analyses. 

vii) Bioassay results showed that at times when SRP concentrations were 

high a large proportion of the SRP was not utilised by the test 

organisms, indicating that it was not in the form of P04-P, 

viii) Vertical profiles in the sediments indicated that the recently depositc 

surface sediments differ markedly from the drowned terrestrial soils 

on which they have been deposited, but the influence of this change 

on sediment/water P exchange could not be assessed. 

ix) The enrichment treatments had very little influence on organic 

carbon, pH and exchangeable A1 3+ profiles in the sediments, but in 

the column +N and column N+P both available P and AEP increased 

markedly in the surface layers following blooms of ,~crocystis. 

As a result of these observations it was decided that the 

following aspects should be investigated further: 

a) the P0 4-P adsorption characteristics of stratified sediment cores in 

an attempt to ascertain the influence of the observed changes in the 

surface sediments on the sediment/water P exchange; 

b) uptake and release of P by intact sediment cores in order to quantify 

the rates of exchange and to characterise the exchange kinetics; 

c) exchange of different soluble P fractions with the sediments in an 

attempt to confirm the existence of a soluble P fraction that is not 

adsorbed by the sediments; 

d} the cycling Qf P within the water with particular reference to P 

fluxes between soluble and particulate compartments and the possible 



role of soluble P fractions other than P04-P in increasing SRP 

levels in the water. 

Sediment/water P exchange is considered in chapter 4 and P 

cycling in the water column in crapter 5. 

114. 
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CHAPTER 4 

LABORATORY STUDIES OF SEDIMENT/WATER P EXCHANGE 

4.1 Introduction 

Following the 1976-77 enrichment experiment it was concluded that 

further studies of sediment/water P exchange were necessary to quantify 

the effects of the recently deposited sediments on the P adsorption 

characteristics of the substrate,and to measure the rates of P adsorp

tion and desorption by intact sediment cores under aerobic conditions. 

The first section of this chaptel~ relates to the vertical stratifi

cation in P adsorption characteristics in the sediments, which was 

studied using adsorption isotherms, and the second section considers the 

exchange of P between intact sediment cores and the overlying solution 

in laboratory sediment/water systems. 

4.2 Vertical Stratification in P Adsorption Characteristics of Midmar 

Dam Sediments. 

4.2.1 Results 

The P04-P adsorption characteristics of different strata in the 

top 5 cm of sediment from a shallow (water depth approximately 3.5 m) 

open water area in Midmar Dam are reflected in the adsorption isotherms 

(Fig. 4.1). In general, the adsorption capacity increased with depth 

in the sediment, the differences becoming most evident at high levels 

of P04-P addition (2-20 mg 1-1 ). At lower saturation levels «2 mg 1-1) 

the 3-5 cm stratum exhibited markedly higher P adsorption than the 

. overlying strata. 
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The data plotted according to the Langmuir equation are 

presented in Fig. 4.2. Two distinct linear regions were evident, one 

covering the approximate equilibrium P concentration range from 0-3 x 10 3 

~g 1- 1 , and the other the range from 3-18 x 103' W91- 1 • This is indicative 

of at least two populations of adsorption sites, differing in their 

affinities for P04 -P (Eisenreich and Armstrong, 1978). 

In a limnological context, the lower range of equilibrium P 

concentrations are of more relevance because P04-P levels in fresh waters 

are usually low. Langmuir constants were therefore calculated for the 

first linear region only, and these together with the organic carbon, 

3 ·~ exchangeable Al ,available P and acid extractable P concentrations, 

and pH, are presented in Table 4.1. Both constants, the P adsorption 

maximum and the bonding energy constant, in the 3-5 cm stratum were 

markedly higher (25% and 100%) than those in the overlying strata. 

No distinct gradient was evident over the top 3 cm of sediment comprising 

the loose surface material, 0-1 cm and 1-3 cm strata. 

Trends in organic carbon, exchangeable A13+, pH, available P 

and acid extractable P have been discussed (section 3.5.2) but are 

included here to facilitate assessment of their possible influence on 

the Langmuir constants. Correlation coefficients between the Langmuir 

constants and other parameters are presented in Table 4.1. The only 

significant correlations obtained were negative, between both P adsorption 

maximum and bonding energy constant with organic carbon and pH. 
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4.2.2 Discussion 

In the application of Langmuir adsorption isotherms to other 

lake sediments single slope Langmuir plots are more typical (McCallister 

and Logan, 1978; Green et al., 1978; Ku et al., 1978). This apparent 

contrast between the adsorption characteristics of Midmar Dam sediments 

and those of other lake sed"iments may simply reflect the wider range of 

equilibrium P concentrations (in solution) used during this study 

(0-18 mg ~-1). Ku et al., (J.978) andlylc Callisterand Logan, (1978) used 

an equilibrium P range of 0-5 mg 1-1, and over a similar range the 

Midmar Dam data would also conform to the Langmuir equation. It is 

notable that the distinctly diphasic Langmuir plots for P04-P uptake by 

aluminium hydroxide (Eisenreich and Armstrong, 1978) and by terrestrial 

soils (Taylor and Ellis, 1978; Syers et al.,1973 ) also reflect a wider 

range of equilibrium P concentrations than normally used in the study 

of P04-P adsorption by lake sediments. The P adsorption maximum values 

obtained for ~iidmar Dam sediments ranged from 440 I1g g-1 in the loose 

surface material to 537 I1g 9- 1 in the 3-5 cm stratum and compare favourably 

with values obtained for a Farningham Oxisol (465 I1g g-l) by Thompson 

(1971). This was the highest value obtained for a range of Natal soils 

and indicates that the Midmar substrate has retained the high P binding 

capacity of the soils in the area, as was shown for other riverine 

sediments in the catchment (Furness, 1974). 

Compared with other lake sediments however, the P adsorption 

maxima in the Midmar sediments appear to be extremely low. In a series 

of bottom sediments from the Maumee River Basin, Ohio, a range of P 

adsorption maxima of 0.2 to 4.9 (X 3.0) mg g-1 was obtained (McCallister 

and Logan, 1978), exceeding the values for r~idmar sediments by a factor 

of approximately six. In two Massachusetts lakes P adsorption maxima 

ranged between 1.1 and 1.8 mg 9-1 (Ku et aZ. , 1978). It is notable 
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however, that in spite of the higher P adsorption maxima, the bonding 

energy constants in the Maumee River Basin sediments (0,0006-0.0015 1 ~g- ' 

w~re much lower than those in the Midmar sediments (0.0021 - 0.0054 1 ~g-) , 

This indicates that although the total adsorption capacity of the Midmar 

sediments is lower the P04-P is bound far more strongly. In the 

Massachusetts lakes the bonding energy constants (0.00107 - 0.00334 1 ~g-l 

. (Ku et aZ., 1978) were within a similar range to those for the Midmar Dam 

sediments in spite bf the markedly higher P adsorption maxima. The 

reasons for these variations are not clear. 

In some terrestrial soils the bonding energy constant has been 

shown to be inversely related to the proportion of organic material 

(Wier and Sopher, 1962), and high proportions of organic material in 

lake sediments have been shown to result in reduced adsorption capacities 

(Slater and Boag, 1978). Since the adsorptive capacity of soils and 

sediments is due predominantly to the large adsorptive area provided 

by the inorganic clay minerals (Syers et aZ.,1973) this trend would be 

expected. In the Maumee River basin however, organic carbon showed 

no significant correlation with the Langmuir constants 0~cCallister and 

Logan, 1978) and in lakes Warner and Wyola (Massachusetts), where 

organic matter content was high (13.7 - 27.8%) the P adsorption maxima 

were higher than those in Midmar, while the bonding energy constants 

were similar (Ku et aZ., 1978). Clearly therefore no general statement 

regarding the influence of organic material on P04-P adsorption 

char-acteristics of sediments can be made at this stage. 

In the Midmar Dam sediments both Langmuir constants showed a 

significant negative correlation with organic carbon and pH, and whilst 
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this does not constitute evidence that either of these parameters is 

influencing the P exchange characteristics directly, it does suggest 

that the reduced P04-P adsorption capacity in the surficial sediments 

may be partially attributable to increased organic content. In this 

respect the data supports the observation of Slater and Boag (1978). 

McCallister and Logan, (1978) discussed the complexities of the 

chemical transitions that can occur in river sediments under hydrated 

conditions. These favour the formation of amorphous gel complexes 

which increase the adsorptive surface markedly, leading to increased 

P adsorption maxima, and reduced bonding energy constants. Trends at 

the sediment/water interface in Midmar Dam are clearly not reflecting 

similar processes because, while the bonding energy did decrease, so 

did the P adsorption maxima. Insufficient data is available to make a 

comprehensive comparison between Midmar sediments and those discussed 

by McCallister and Logan, (1978), but in view of the variability in lake 

sediments (Syers et aZ' J 1973) it is not unlikely that the observed 

differences reflect markedly different sediment structure and chemical 

composition. 

Of particular relevance to this study is the fact that the vertical 

profiles in parameters such as organic carbon, pH and exchangeable A13+ 

reflect real changes in the P exchange characteristics of the sediments. 

The top 3 cm of sediment, which is the layer most directly influenced by 

processes occurring in the water (resuspension and sedimentation), exhibit 

a reduced affinity for P04 -P, and are able to adsorb considerably less 

than the drowned terrestrial soils on which they have been deposited. 

The implications of this are considerable. 
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If -the trends which are already evident in the sediment profiles 

are indicative of long term trends in the impoundment, the role of the 

sediments in the P cycle could be markedly altered as the surficial 

layer continues to be deposited. The P04-P adsorptive capacity of 

the surface sediments may conti nue to decrease and, as the drO\</ned 

terrestrial soil becomes more effectively isolated from the overlying 

water, the sediment/water P0 4 -P equilibrium may be altered in such a 

way that P availability in the water is increased. 

4.3 Sediment/Water P Exchange Radiotracer Studies 

4.3.1 Results 

4.3.1.1 Uptake of P by Sedi ments 

The uptake of P by sediments was monitored in enriched and 

unenriched control systems containing no intact sediment cores as well 

as in enriched and unenriched sediment/water systems. For convenience 

the results obtained in the control systems, the unenriched sediment/ 

, water systems and the etlrich~d sediment/water systerrLs \'/i 11 be dealt 

:with separately. 

a) Control Systems. In the unenriched control approximately 16% of 

the total radioactivity had been removed from solution after 68 hours 

(Fig. 4.3A), and the uptake was adequately described by an exponen

tial function from which a rate constant of 0.0024 hr- 1 was obtained 

(Table 4.2). When P04-P was added to a control system at a concen

tration of 100 ~g 1-1 only 10% of the added tracer had been removed 

from solution when sampling was stopped (Fig. 4.3B). The rate of 

32p uptake was considerably slower than that in the unenriched 

control, because of the increased P04-P concentration and the conse

quent dilution 6f 32p with 31p. The slow rates of 32p uptake in 
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the controls, relative to the sediment/water systems (Table 4.4), 

indicate that 32p removal during the sediment uptake experiments 

was unlikely to be markedly influenced by adsorption onto the glass 

surface of the containers, or by any other factor not associated 

with the sediments. 

In the sediment/water systems, the pattern of 32p uptake was best 

described by a combination of exponential functions (Table 4.4), 

whereas uptake in the controls could be described by either an 

e~ponential or a linear function. . However, since the controls were 

used in a comparative manner (i.e. to compare water/glass uptake 

with water/glass /sediment uptake) to assess the net uptake by 

sediments, it \",as desirable to define all systems on the basis of 

an exponential pattern. Although the justification for doing this 

may be questionable, in view of the relatively slow uptake in the 

controls it was felt that the use of this procedure would have no 

influence on the final interpretation of the sediment uptake data. 

b} Unenriched Sediment/Water Systems. In the unenriched sediment/ 

water system SRP concentrations did not change during the experiment, 

i.e. an equilibrium SRP concentration was maintained (T~ble 4.4). 

The rapid 32 p uptake is thus indicative of a dynamic ste3dy state 

system in which the rate of P influx into the sediments is matched 

by a corresponding efflux, as demonstrated by Olsen (1958). 

Isotope uptake continues until the 32p becomes evenly distributed 

throughout the exchangeable P pool, including sediment and solution 

compartments, at which time 32p influx and e fflux is equal and the 
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asymptote is reached. 

The 32p uptake curves in the unenriched systems showed a rapid, 

apparently exponential,decrease to eqlJilibrium levels of 19% and 

34% of the total activity (the reason for this marked difference in 

equilibrium levels not being clear). From the se~ilog plots 

(Fig. 4.4) two distinct linear regions were evident, one covering 

the first 10 minutes and the other covering the remainder of the 

curve. The uptake kinetics could not therefore be adequately 

described by a single exponential function and the curve splitting 

technique of Riggs (1963) was used to characterise the two phases 

independently (Table 4.4). 

Mean rate constants of 16.7600 hr- 1 and 0.1126 hr- 1 were obtained 

for the rapid and slow phases of uptake respectively, and the 

relative proportions of the total 32p exchanged via the two phases 

(obtained by extrapolating the semi log plots to Yo) were 49.6% for 

the rapid phase and 23.9% for the slow phase, the balance represen~ 

ting the equilibrium level remaining in solution (Table 4.4). 

Although no net flux of P occurred in the unenriched sediment/water 

systems, the rate of exchange of P across the sediment/water inter

face was calculated from the rate constant and the equilibrium SRP 

concentration (x = 0.012 ~g cm-2 hr- 1 ). The assumption was made 

that all of the SRP was actively exchanging with the sediments. 

In view of the fact that SRP may include soluble P forms other than 

P04-P (Rigler, 1973), and of the fact that some soluble P forms are 

not involved in P exchange with the sediments (section 4.3.1.1d), 
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it seems likely that the estimated exchange rates could represent 

considerable overestimates. 

c) Enriched Sediment/Water Systems 

With increasing levels of ~04-P addition the amount of 32p remaining 

in solution (asymptotic level) decreased (Fig. 4.5A and Table 4.+), 

reflecting the increasing net flux of P into the sediments. The 

increasing dilution of 32p with 31p at higher enrichment levels 

resulted in progressively increasing equilibration times (Fig. 4.5B 

and Table 4.3). 

In all of the enriched sediment/water systems the SRP analyses 

confirmed a net uptake of P by the sediments (Table 4.4) and showed 

that the final equilibrium SRP concentrations were not measurably 

influenced by the enrichment treatments. 

Uptake curves in the enriched systems (Fig. 4.3 O-F) could be 

resolved into two phases as was observed in the unenriched systems 

(Fig. 4.3 B-O and Table 4.4). The rapid phase of uptake was 

characterised by fairly high variability between replicates of each 

treatment, which is reflected in the differences between the rate 

constants and Y intercepts (Table 4.4). This was particularly 

evident in the 50 ~g ~-l P04-P treatments where the rate constants 

for the two replicates differed by a factor of three. Within the 

limits of the observed variability the rate constants for the fast 

phase of uptake showed no trend with increasing enrichment despite 

the increased isotope dilution (Fig. 4.5 C) and did not differ from 

those in the unenriched systems. The calculated maximum oossible , 

uptake rates showed a linear increase with increasing levels of 
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enrichment, reaching 16.34 ~g cm- 2 hr- 1 at an enrichment level of 

200 ~g P04-P ~-l (Fig. 4.5d and Table 4.4) indicative of the 

dependence of the uptake rate on the extent of the diffusion 

aradient between the sediment and water. 
J 

In contrast to the fast phase of uptake, during the slow phase of 

uptake the rate constants decreased progressively, in an apparently 

exponential manner, with increased P04-P enrichment. An exponential 

decrease may be expected since, as the concentration of P04-P in the 

above sediment/water increases, so the saturation increases and 

the turnover time (l/k) increases. However, since there is always 

some exchange, even in saturated systems, turnover always occurs 

albeit perhaps extremely slowly. The relationship between P04-P 

concentration and rate constant must therefore be exponential (Fig. 

4.5C). The computed maximum possible uptake rates increased 

linearly to 0.044 ~g cm- 2 hr- l at an enrichment level of 200 ~g ~-1 

(Fig. 4.50 and Table 4.4). 

In the enriched sediment/water systems between 22% and 49% of the 

total radioactivity was removed from solution via the fast phase 

of uptake, while the slow phase accounted for between 46% and 59% ' 

of the uptake (Table 4.4). 

Thus, in contrast with the unenriched systems where the rapid phase 

of uptake accounted for the major proportion of the P exchange, in 

the enriched systems, the slow phase of uptake was either greater 

than (50 and 100 ~g P04-P ~-l enrichments) or equal to the fast 

phase (200 ~g P04-P ~-l enrichments) in terms of the proportion Of 

32p taken up (Table 4.4). 
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d) Exchange of Labelled Soluble P Fractions. At least two soluble P 

fractions have been shown to be involved in P exchange in the 

water column (chapter 5), colloidal P and P04-P. The differences 

in their exchange characteristics with the sediments are, for 

convenience, considered here. 

When colloidal 32p was added to an intact sediment/water system no 

uptake of tracer from the water was evident, indicating that this 

fraction was not directly involved in exchange with the sediments 

(Fig.4.6A). In contrast, when labelled P0 4 -P, obtained from 

Midmar Dam filtrate was added to an intact sediment/water system, 

the exchange characteristics were similar to those observed in the 

steady state 32p uptake experiments (section 4.3.1.1b). Isotope 

levels in the water decreased exponentially, approaching an asymptote 

(approximately 20%)" after 2 hours (Fig. 4.6A) and semilog plots of 

Y - Yasymp. versus time revealed two distinct phases of uptake, one 

covering the first 10 minutes and the other the remainder of the 

curve (Fig. 4.6B). Rate constants of 14.73 hr- 1 and 0.76 hr- 1 were 

obtained for the fast and slow phases of uptake respectively (Table 

4.3),clearly demonstrating the rapid exchange of this fraction. 

A comparison of the uptake kinetics in the unenriched sediment/water 

systems (Table 4.4) with those for the P0 4-P fraction obtained from 

Midmar Dam filtrate (Table 4.3) show that the rate constants for the 

rapid phase of uptake were similar (16.76 and 14.73 hr- 1 respectively) 

while those for the slow phase differed by a factor of approximately 

7 (0.113 hr- 1 and 0.766 hr- 1 respectively). The marked contrast 

between the slow phases undoubtedly results from the diluting influence 
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of the gel filtration procedure. The P0 4-P present in 5 ml of 

filtrate was eluted in approximately 50 ml eluent which represents 

a 10 fold reduction in concentration, and consequently the sediment/ 

water systems to which the P04-P fraction was added, would not be in 

a steady state. The reduced P04 -P concentration in the water would 

be expected to induce a more rapid exchange with the sediments. 

The reason why the increased rate was not evident in the rapid 

phase of uptake is not clear, but it could be related to the infre

quent sampling during the first 10 minutes which was not suited to 

an accurate characterisation of this section of the curve . 

. 4.3.1.2 Release of P by Sediments 

Release of 32p from intact sediment cores labelled during the 

32p uptake experiments showed a consistent pattern, with a decreasing 

rate of release with time until an asymptote was reached after approxi-

mately 1 hour (Fig. 4.7). Semilog plots of Yasymp - Y versus time 

(Riggs, 1963) were used to characterise the releases graphically 

(Fig. 4.8), in a similar manner to the 32p uptake curves. The release 

curves could be resolved into two distinct linear regions one covering 

the first 0.5 minutes and the other the remainder of the curve. 

Exponential functions were fitted to both phases individually and the 

coefficients of determination, Y intercepts~ rate constants and calcu

lated maximum rates of release are presented in Table 4.5. 

The rate constants and the computed theoretical maximum 

release rates for both phases of release showed no trends which could 

be related to the previous enrichment levels (Table 4.5). This is 

not surprising however, as equilibrium SRP concentrations at the 

conclusion of the 32p uptake experiments (section 4.3.1.1 b anc c) 
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were similar in all treatments, indicating that the levels of enrich

ment used were low relative to the P fixing capacity of t.he sediments 

and did not influence the sediment/water equilibrium to a measurable 

extent. 

Rate constants for the rapid phase of release varied between 

1.75 min- 1 and 3.27 min- 1 and the computed maximum rate of release 

varied between 4.87 and 11.71 ~g cm- 2 hr- 1 (x 7.65: 4.01 ~g cm- 2 hr- 1 ). 

During the slow phase, rate constants varied widely between 0.019 min- 1 

and 0.087 min- 1 and the computed maximum possible rateof release 

ranged between 0.053 and 0.242 lJg cm- 2 hr- 1 (x 0.135 ! 0.110 ~g cm- 2hr- 1 ) 

(Table 4.5). It should be stressed at this point that the release 

rates were calculated assuming an SRP concentration of zero - a 

strictly hypothetical situation under natural conditions. This will 

be discussed in more detail in section 4.3.2.2. 

Equilibrium concentrations of SRP attained during the release 

experiments remained fairly constant, fluctuating between 7 and 9 ~g ~-l 

(Table 4.5) providing further evidence that the enrichment treatments 

were of little significance to the sediment/water P equilibrium. 

During the 32p uptake experiments the equilibrium SRP concentrations 

recorded (approximately 16 ~g ~-l) were considerably higher than those 

recorded during the release experiments. The reason for this discre-

pancy is not apparent in the data. 

The total radioact-ivity in the water at equilibrium varied 

bet.ween 1500 and 2600 CPM ml- 1 , but in spite of this fairly wide varia

tion, the total radioactivity released during the experiments was a small , 
proportion (0.7-1.0%) of the total activity initially applied to the 
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sediment water systems. Clearly the 32p released during these 

experiments represents only, a very smail fraction of the exchangeable 

P in the sediments. 

4.3.1.3 Depth of the Actively Exchanging Sediment Layer 

The vertical distribution of 32p in the sediment cores after 

equilibration for 1 and 3 weeks, at varying P04-P concentrations, 

together with mean water content of the strata and their dry mass per 

unit area, are presented in Fig. 4.9 A. The pattern of isotope 

distribution showed very little variation with increasing P04-P 

enrichment or with increased equilibration time. Most of the tracer 

(86-96%) occurred in the loose surface material, dropping sharply 

below this to between 3 and 12. 5% in the 0-1 cm stratum and between 

0.5 and 2.0% in the 1-2 cm stratum. Traces were detected in the 

2-3 cm stratum and occasionally below this, but generally 2 cm seemed 

to be the limit of the 32p penetration. 

Water content decreased with increasing depth in the profile. 

A sharp drop from 87% in the loose surface material to 60% in the 

0-1 cm stratum was followed by a steady more gradual decreasing trend 

to 52% in the 3-4 cm layer (Fig. 4.9B), indicative of the more consoli

dated deeper strata. 

The areal dry mass content of the sediment strata are presented 

in Fig. 4.9C. In the loose surface material, which comprised a thin 

layer with a high water content, the dry mass was low (0.05 g cm-2) 

but in the 1 cm strata oetween the surface and 4 em the dry mass 

content fluctuated between 0.57 and 0.67 g cm-z. Although a general 

increasing trend between the 0-1 cm and 3-4 em strata was evident, which 



would be expected in view of the decrease in water content with 

depth, the variability was high, as evidenced by the wide standard 

deviations, and the trend cannot be regarded as significant. 

4.3.2 Discussion 

4.3.2.1 Uptake of P by Sediments 

a) P Uptake Kinetics 
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Under both steady state conditions and at differing levels 

of P04-P enrichment, the 32p uptake curves during this study were 

best described by a combination of two exponential functions, one 

describing the first 10 minutes of the uptake and the other the 

remainder of the curve. 

As discussed in section 4.2.2, the existence of a number of 

P04-P adsorption processes has been demonstrated in air dried sub

samples of soils, sediments and aluminium hydroxide, and the diphasic 

(or polyphasic) 32p uptake kinetics observed in sediment suspensions 

or intact sediment/water sys t ems would therefore be expected. 

Although P04-P uptake by Loch Kinardochy sediments was 

'mathematically described by a single exponential function (Holden, 

1961) there is accumulating evidence that sediment/water P exchange 

is not adequately described in this way (Pomeroy et .al.,.1965; Li et al., 

1972; Howard-Willi ams and Allanson, 1978) and the experiments conducted 

on Midmar Dam sediments contribute to this evidence. Using sediment 

suspensions, Pomeroy et al., (1965) showed markediy diphasic kinetics 

between es t uarine sediments and the water and Li et al.,(1972), also 
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using sediment suspensi'ons, showed that P exchange between a variety 

of North American lake sediments and the water could be resolved into 

three distinct regions, each described by an exponential function. 

Ku et at. (1978) studyi ng P04-P adsorption by two r~assachusetts 1 ake 

sediments observed a rapid initial uptake followed by a slower uptake 

towards equilibrium, which they attributed to different adsorption 

processes, implying a diphasic uptake. 

Li et al., (1972) attributed polyphasic P exchange kinetics to 

the combined effects of several exchange reactions occurring at different 

rates, due either to differences in types of bonding or position. 

However, they point out that graphical resolution of uptake curves into 

distinct phases does not constitute proof of an equivalent number of 

specific reactions since, r.eactions with rates not sufficiently 

dtfferent to allow resolution, could also be occurring. 

This is of particular relevance to the rapid phases of uptake 

observed during this study which, due to the 10 minute delay before the 

first sampling, were described by two data points only. In view of the 

extremely rapid exchange during this time so few points undoubtedly 

give an inadequate description of the uptake, and may represent a consi

derable underestimate of the actual rates. This aspect was emphasised 

by Pomeroy et al., (1965) who suggested that the rapid phase of 32p 

uptake was not precisely defined even at sampling intervals of 30 

seconds. Interpretation of the rapid phase in the Midmar sediment/ 

water systems must therefore be cautious, as more frequent sampling 

during the first 10 minutes could result in further resolution of the 

rapid phase . 
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Ku et a~., (1978) suggested that the initial uptake of P04-P 

sediments could be due to adsorption onto the sediment surface and 

that the slower phase of uptake approaching equilibrium may involve 

several concurrent processes such as internal diffusion, nucleation and 

growth of new solid phases, decomposition of clay minerals and 

reactions of released Fe and Al wit~ P04-P. Holden (1961) showed 

that at high levels of P04-P uptake, a reduction in uptake rate 

reflected the increased saturation of adsorption sites but, in a 

number of radiotracer studies (Pomeroy et a1-.,1965; Li et a"l'J 1972, and tl 

study) diphasic (or polyphasic) kinetics have been observed under 

steady state conditions and do not reflect net changes in toe P 

saturation levels in the sediments. Thus, while the diphasic 32p . 

'Jptake curves indicate that at least two exchange processes are involved 

in P adsorption/desorption by intact sediments cores, the causes of 

the observed kinetics are not clear and, in view of the complexity of 

sediment/water P exchange mechanisms (Syers et a~., 1973), cannot be 

specul ated upon. However, the general i nterpretati on used by Li et al. , 

(1972) that the rapid and slow phases of uptake occur concurrently and 

that each phase m~y comprise more than a single uptake mechanism, will 

be applied to the Midmar data during this discussion. 

The potential influence of biological processes on the exchange 

kinetics between lake seLiiments and the water \'Ias not stressed by Li e-f; a 

(1972) or Ku et al.(1978), but the presence of organic matter in the 

sediments complicates the mud/water P exchange (Hesse, 1973) and, in many 

instances, the bacterial processes dominate over inorganic reactions 

(Hayes and Phillips, 1958; Schi ndler et al.1974). The role of 

biological processes has been investigat ed using biological inactivators 

(Pomeroy et ale 1965) but this procedure has been questioned (Golterman, 

1973b; Viner , 1975) on the grounds that the inactivators have the potenti a 
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to influence inorganic exchange by altering the colloid chemistry, and 

the difference between living and poisoned samples may not necessarily 

reflect biological activity. For this reason this procedure was not 

adopted on the Midmar sediments. It is therefore not possible to 

resolve the data further and assess the relative roles of the biotic 

and physico-chemical processes. 

Of the two soluble P fractions involved in exchange with the 

particulate P compartment in the water, colloidal P showed no direct 

exchange with the sediments, while the P04-P fraction showed similar 

exchange kinetics to those observed in the other 32p uptake experiments 

in sediment/water systems. The relative distributions of these 

fractions and other aspects of their exchange kinetics in the water 

column will be considered in chapter 5. 

During the 1976-77 in situ experiments it was suggested 

(section 3.3) that the accumulations of SRP observed in the column +N 

,and column N+P may have been caused by the accumulation of an organic 

P fraction which was included in the SRP analysis but which was not 

taken up by the sediments. Further evidence was provided by bioassay 

results (section 3.4) which showed that, at the times of maximum SRP 

accumulation, a large proportion of the SRP was not available for 

uptake by organisms, implying that it was not P0 4-P. The existence 

of a soluble P fraction which is not adsorbed by the sediments but 

which is involved in rapid P cycling in the water provides further 

evidence in support of this suggestion. 

Colloidal P fractions, which exhibit similar gel filtration 

characteristics to the colloidal P fraction identified in Midmar Dam, 
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have been identified in many freshwaters (Lean, 1973; Downes and Paerl, 

1978; Peters, 1978, 1979) but their exchange kinetics with lake 

sediments have not been reported upon. The observation that colloidal 

P is not d~rectly fixed by sediments may therefore be of considerable 

s; gn; fi cance to fresh waters ,generally. ~1any 1 ake sedi ments are 

characterised by high P04-P fixing capacities resulting in low concen

trations in the water (Syers et al.~ 1973) and, as a consequence, P 

concentration frequently limits algal growth rate in fresh waters 

(Rigler, 1973; Syers et al.~ 1973) and any mechanism whereby P avail

abtlity in the water can be increased vlOuld be advantageous to .primary 

producers growing in the water. Since some colloidal P has been 

shown to be of biological origin (Lean and Nalewajko, 1976) and since, 

by virtue of the fact that it exchanges with P04-P, it must be partia.lly 

biologically available (Lean, 1973; Peters, 1978) it is possible that 

biological production of colloidal P could provide a mechanism whereby 

P availability in the water is markedly increased. This aspect vlill 

be discussed in more detail in chapter 5. 

b) P04 -P Uptake Rates 

Pomeroy et al.~ (1965) made the important observation that 

the time taken for equilib rr ium between sediments and water to be 

attained during P exchange experiments in undisturbed sediment water 

systems was longer (approximately 40 hours) than in shaken sediment 

suspensions (10 minutes). They attributed this to the dependence of 

the former on diffusion processes, which are slow in water (Hutchinson, 

1957). Rippey (1976) demonstrated that twice daily agitation of the 

sediment sur face in an intact sediment/water system increased the exchangE 

rates markedly, emphasising the role that mixing can play in speeding 

up the rates of diffusion. 
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During the Midmar studies, gentle agitation was used to 

ensure even distribution of isotope in the water .before samples were 

wi~hdrawn from the sediment/water systems. However, care was taken 

to ensure that the surficial sediments were not disturbed, and the 

procedure could not be regarded as a simulation of the mixing regime 

under natural conditions. In view of the important role of turbulence 

in the P exchange processes across the sediment/water interface, the 

inability to simulate natural mixing in sediment/water systems was 

regarded as a serious l'imitation by Lee (1976) who preferred the whole

lake mass balance approach, where the total P present in the water 

column can be examined as a function of time and the P fluxes across 

the sediment/water interface calculated by difference using input/output 

data. However, in Midmar Dam, where nutrient inputs and trophic status 

are low, the in situ mass balance approach is of limited value because 

the system is approximating a dynamic steady state and P fluxes between 

compartments occur at levels belm" the sensitivity of commonly used 

analytical methods (Rigler, 1973). For this reason the sediment/water 

systems were used to augment the investigation of sediment/water P 

exchange. 

In spi te of the i nabi 1 i ty to account fOt" the i nfl uence of 

turbulence at the sediment/water interface, the rates obtained in the 

laboratory are useful in that they probably underestimate the rates 

that would be expected under natural conditions. 

Over the range of P04-P enrichments used during this 

experiment the increase in maximum uptake rates by the sediments, during 

the fast and slow phases, were apparently linear, indicating that at 

higher concentrations the rates would have been faster. In view of 



the present trophic status of the impoundment however, uptake rates 

at lower levels are of more relevance. For predictive purposes 

however, uptake rates at higher levels of enrichment are useful. 
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From the linear relationships between rate of P uptake and 

P enrichment level (Fig. 4.50) the overall rate of uptake at a 

specific level of P04 -P enrichment can be obtained by summing the rates 

for the rapid and slow phases. For example to sustain a 25 ~g ~-l 

increase in P04-P concentration, a sediment fixation rate of 

3.009 ~g cm- 2 hr- 1 (fast phase approximately 3 ~g cm- 2 hr- 1 and slow 

phase approximately 0.009 ~g cm-2 hr- 1 ) would have to be exceeded by 

enrichment. This is equivalent to a P04-P loading rate of 264 g m-~ a-I 

which is extremely high compared with the loads entering three of 

South Africa's most eutrophic impoundments, Haartebeespoort Dam 

(13.87 g m- 2 a-I), Rietvlei Dam (25.73 g m- 2 a-I) and Roodeplaat Dam 

(20.92 g m-2 a-I) (Walmsley et at., 1978). Similar levels of P04 -P 

enrichment, in the absence of simultaneous enrichment with N, would 

therefore have very little influence of SRP levels in Midmar Dam in its 

present state. This supports the observations made in the column +P 

during the 1976-77 in situ enrichment experiments, where a loading rate 

of 27 9 m- 2 a-I was maintained with very little influence on SRP 

levels, or on the phytoplankton. When Nand P are added together the 

consequent increase in algal standing crop in the water could result 

in a larger proportion of the added P being retained in the soluble 

and particulate P fractions in the waters as was the case in the column 

N+P. 

The period during which specific loading rates can be 

sustained without influencing SRP levels in the water will depend on 
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the total capacity of the sediments to adsorb P, and the rate at \"hich 

saturation levels are approached will be inversely related to the level 

of enrichment. The 1976-77 in situ enrichment experiments indicated 

that a P04-P loading rate of 27 g m- 2 a-lover a 58 week period had no 

measurable influence on sediment P saturation and could therefore have 

been continued for a longer period. With the data available it is 

however not possible to make a meaningful estimate of the total amount 

of P04-P that can be adsorbed by the sediments without influencing 

P04-P levels in the water. 

Under natural conditions the continued input of silt may 

contribute to the P adsorption capacity of the surface sediments, and 

this input would have to be quantified before a meaningful estimate of 

the total P fixing capacity could be made. \~hilst in f'tidmar Dam the silt 

input may be fairly low (Furness, 1974) in other turbid South African 

impoundments allochthonous silt deposition may be an important factor 

in this regard . 

. 4.3.2.2 Release of P 

a) 32p Release Kinetics 

Release of 32p from all of the sediment cores used was clearly 

resolved into two distinct phases on the semi log plots. Since the 32p 

. uptake kinetics were distinctly diphasic, and assuming that similar 

mechanisms are involved in the desorption and adsorption of P04-P, the 

diphasic release would be expected. 

Before conducting the 32p release experiments care was taken to 

remove as much of the free isotope from the surface water on the sediments 

and glass container as possible, but it ;s probable that despite these 
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precautions traces of free 32p remained in the systems. On addition 

of the leaching solution the free 32p could have been brought into 

solution immediately, and it is impossible to distinguish this from the 

32p that was des orbed from the sediments during the first 30 seconds 

of the experiment. The apparent diphas;c release kinetics could 

therefore be partially due to 'an artifact created by the experimental 

procedure. Despite the short sampling intervals used during the 32p 

release experiments, characterisation of the rapid phase of release is 

based on two values, the measured value at 30 seconds and an assumed 

initial value of zero. The later assumption is of dubious validity, and 

the inadequacy of using only two points to describe the rapid phase of 

release casts further limitations on the reliability of the exponential 

regression constants generated. Clearly the rapid phases of 

release must be interpreted witt extreme caution. 

b) Measurement of P Release from Sediments 

Some authors have attempted to estimate sediment P release in 

laboratory sediment/water systems using lake water, filtered or 

unfiltered, as the leaching solution (~,mp Nielsen, 1974; 1975~ Banoub, 

1975; Bengtsson, 1975; Viner, 1975; Rippey, 1976; Glass and Poldoski, 

1975; Howard-Williams and Allanson, 1978). These experiments are 

analogous with the 32p uptake experiments under steady state conditions 

in Midmar sediment/water systems, which showed that after 85 hours of 

equilibration between filtered dam water and intact sediment cores no 

net release of P from the sediments occurred. Although P release from 

sediments has been demonstrated under aerobic conditions, using this 

methodology (Banoub, 1975; Gla'ss and Poldoski, 1975), the absence of net 

P flux into the water has frequently been interpreted as an indication 
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that the sediments do not release P under aerobic conditions (Kamp 

Nielsen, 1974; Viner, 1975) and based on similar methods in Midmar 

sediments, the same conclusion would be reached. This interpretation 

however ignores the concept of a dynamic steady state between lake 

sediments and the overlying water (Hayes and Phillips, 1958; Stumm and 
. . 

Leckie, 1970) which was operative in the unenriched Midmar Dam sediment/ 

water systems. Before a meaningful assessment of the potential P 

release rates can be made the sediment/water P equilibrium has to be 

disturbed in such a way that release from the sediments is favoured. 

Thus P release experiments where filtered or unfiltered lake water is 

used as the leaching agent may simply reflect a dynamic steady state. 

The experiments of Viner (1975) on Lake George sediments may 

be examined in this context. Under aerobic conditions no significant 

release of P04-P from intact sediment cores into filtered lake water 

was detected, and concentrations in the water remained at approximately 

50 ~g ~-l for over 6 days. From this result he concluded that sediment 

P was not available to the primary producers in the overlying water. 

An alternative interpretation could be that a dynamic steady state was 

maintained throughout the experiment, and before sediment P could be 

released P04-P concentration in the overlying water had to be reduced 

to create a diffusion gradient from the sediments. 

Under natural conditions the equilibrium COL!ld be disturbed by 

biological demand for P04-P in the water, which would create the required 

diffusion gradient between the water and sediment. Golterman (1976) 

used algal cultures in the laboratory and natural phytoplankton population~ 

in in situ enclosures to demonstrate this. . P release from Midmar 

sediments has been demonstrated in isolat·ion columns during this study, 
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and during preliminary studies (Twinch and Breen, 1978) but could not 

be reliably quantified. 

Other methods of creating a suitable concentration gradient 

between the sediments and water to demonstrate release of sediment P 
, 

have been used. Oi Giano and Snow (1976) used a watertight fibreglass 

tank, enclosing an area of sediment in situ, through which lake water 

could be pumped. P was removed from the water entering the tank by 

an activated carbon bed and an anion exchanger. Fillos (1976) used a 

similar continuous flow method in the laboratory Both methods demon-

strated P release from lake sediments. 

A more simple alternative method of demonstrating P release 

from sediments is to use a P-free leaching solution. Lee (1976) used 

distilled water while Li et al.~ (1972) used a O.lM NaCl solution, and 

the latter was used during the Midmar Dam experiments. 

c) 32p Release Rates 

Although rapid release of P was evident from all of the sediment 

cores studied, the estimation of an overall release rate, which may give 

an index of the potential release under natural conditions, is difficult. 

The most obvious problem is the uncertainty surrounding the 

reliability of the exponential function describing the rapid phase of 

r~lease. At the rapid rates of release observed during the first 0.5 

minutes even slight errors could lead to massive miscalculations of 

overall release rates and, in view of the distinct possibility that the 

rapid uptake was partially due to limitations in the experimental 
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procedure, it was decided that any attempt to further quantify the rapid 

phase of release would yield results of doubtful validity. 

Because the P0 4-P enrichments ap~arently had no influence on 

the sediment P saturation levels, variations in the slow phase of P 

release were not expected. However; the rate constants and maximum 

release rates for the slow phases showed wide ,variations (coefficient 

of variation 52%) with no discernable trend. 

Rippey, (1976) observed marked variability in P release rates 

from intact Lough Neagh sediment cores (coefficient of variation 19%) 

and showed that increased agitation could increase the release rates 

markedly. During the P release experiments on Midmar sediment cores, 

the degree of agitation could not be controlled and the leachi~g 

solution was added in such a way that considerable agitation of the 

surface sediments was unavoidable. The degree of variability in the 

extent of agitation was probably high as a result. 

Despite the severe constraints these observations place on the 

P release data, there can be no doubt that P release from the sediments 

did occur, and it seems reasonable to suggest that the computed mean 

maximum possible release rate for the slow phase of release provides a 

rough index of the releasing potential of the Midmar sediments. In 

view of the facts that the rapid phase of release is not being considered 

and that under natural conditions considerable resuspension of the surface 

sediments occurs in ,Midmar Dam (Johnson, unpublished data), it probably 

r.epresents a considerable underestimation of the maximum possible release 

potential. Release rate will therefore vary both spatially and temporall) 

in an impoundment. 
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The slow phase maximum possible release rate of 0.135 ~g cm- 2 hr- 1 

(32.4 mg m- 2 d- 1 ) may appear to be high compared with rates observed 

under aerobic and anaerobic conditions in other systems (Table 4.6). 

However, this release rate assumes a P04 -P concentration of zero in the 

water, and therefore represents a potential rate rather than a rate 

which is likely to be achieved under present conditions in the impound

ment. Under natural conditions the sediment/water equilibrium would 

ensure a continuous release of P04 -P in response to uptake in the water 

thereby maintaining an equilibrium or steady state and marked diffusion 

gradients would not be created. Furthermore, the rate of P release 

from intact sediment cores decreased exponentially as the equilibrium 

level in the water was approached so that at P04-P levels approaching 

the equilibrium the release rate would be very slow. 

The experiments indicate that the P release rate from the 

sediments \'Ii11 be largely dependent on the rate of P uptake by the biota 

in the water. In view of the low equilibrium levels of P04-P and the 

low levels of available N in the water, the biological demand in Midmar 

Dam under present conditions is unlikely to result in marked P release 

from the sediments. However the summer responses in the column +N 

during the in situ enrichment study indicate the role sediment P release 

could play, if N availability is increased by enrichment. A bloom of 

~aroaystis sp. appeared over a period of 8 weeks and total P concentra

tions increased from 46 to 311 ~g £-1, at an overall rate of 33 ~g £-1 

week. Assuming that this increase resulted exclusively from sediment 

release of P, a release rate of 16.4 mg m- 2 d- 1 can be calculated, 

and this is probably closer to the maximum release rate which 

would be expected is situ. As already discussed (section 3.3) 

however, total P concentrations in the columns could have been markedly 
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estimation of P release rate is therefore of limited use for direct 

extrapolation to the natural situation. 

141. 

Despite the constraints imposed on both estimates of P release 
, 

rate, they are indicative of the potential importance of P desorption 

processes in the sediments. Whilst the aim of the research was to 

obtain release rates which were directly applicable to the natural 

situation, it is now clear that this is not an easy task. Even a whole 

lake P budget study, which seems to be the only alternative, is restrictel 

by the inability to separa.te the total P resllspended from the sediment 

surface from that which is released into the water in response to a 

concentration gradient created by biological demand. The latter process 

has been clearly demonstrated during this study, and the sediments must 

be regarded as an important potential source of P in the system. 

The equilibrium concentrations of SRP in the water (7-9 ~g 1-1 ) 

were considerably lower than those attained during the 32p uptake 

experiments (approximately 16 ~g 1-1 in all treatments). Although 

the reason for this is not clear, the methodology used in measuring the 

SRP varied slightly. During the 32p release experiments the water was 

filtered to remove traces of labelled particulate material, a step 

which was not used during the 32 p uptake experiments. As will be 

discussed in chapter 5, the use of filtration to separate soluble and 

particulate P can remove fractions (particulate and molecular) which 

may contribute to the SRP analysis. This could contribute to the 

observed differences in the equilibrium concentrations. 
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4.3.2.3 Depth of the Actively Exchanging Sediment Layer 

The distribution of 32p in the stratified cores indicated that 

the actively exchanging layer of sediment was restricted almost exclu

sively to the top 2 cm of sediment and that ' this did not vary over the 

range of P04-P enrichment treatments used or with increasing equilibra-

tion time up to three weeks. A similar pattern was observed in 

Swartvlei where the isotope distribution in the sediments was restricted 

to the top 1-2 cm and was not influenced by P04-P enrichment (Howard-

Williams and Al1anson, 1978). These observations suggest that the 

deeper sedi ments (be low 2 cm) may have very 1 i tt 1 e i nfl uence on the 

overlying water. 

The duration and extent of enrichment have however been shown to 

influence the penetration of P into lake sediments. Holden (1961) 

using P0 4-P loading rates of up to 700 ~g cm- 2 and prolonging the 

equilibrations for up to 48 months, demonstrated a penetration of up to 

8 cm which was attributed to diffusion or to transmission by bacterial 

activity. The experiments conducted on Hidmar Dam cores must therefore 

be regarded as short term equilibrations which give an index of the 

depth of sediment involved in steady state exchange only. However, 

had P04-P loading been maintained for longer, the penetration of P may 

have increased as the surface layers became increasingly saturated. 

The depth of sediment involved in P exchange is also markedly 

influenced by mixing of the surface sediments, a factor which is not 

taken into account in laboratory experiments. Schindler (1976) discussed 

the importance of mixing mechanisms in P uptake by sediments in some 

Canadian Shield lakes. Here it was shown that P fixed by the sediments 
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was not retained in a thin surface layer, but was evenly distributed 

throughout the top 6 cm of sediment by nrixing. In Midmar Dam little 

quantitative data regarding the influence of turbulence on the surface 

sediments is available but the processes of resuspension and sedimenta~ior 

are presently being investigated. Preliminary evidence suggests that 

the surface sediments are frequently resuspended by turbulence (Johnson, 

unpublished data) and the effective depth of sediment involved in 

direct P exchange with the water may be more extensive than the laborator) 

studies suggest. 

The predominant role of the surface sediments in the sediment/ 

water P exchange processes is of particular importance in view of the 

distinct differences in P adsorption/desorption characteristics of these 

layers, relative to the deeper layers (section 4.2). The more recent 

sediments show a markedly decreased affi ni ty for P04 -P, compared \'Ji th 

the deeper strata, and if this is indicative of long term trends at the 

sediment/water interface the implications in relation to P cycling in 

the system may be considerable. As the layer of sediment overlying the 

drowned terrestrial soil increases in depth the sediment/water P exchange 

will become increasingly dependent on the recently deposited material, 

which is able to bind less P with lower bonding energy, than the drowned 

terrestrial soil (section 4.2). The implication of this, particularly 

if it is associated with eutrophication and the consequent acceleration 

of organic sedimentation, could be that the dynamic steady state between 

the sediments is altered in such a way that the tendency for P to be 

released from the sediments will be increased and higher levels of P04-P 

could thus be maintained in the water. 
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These studies of sediment/water P exchange have demonstrated 

the dynamic situation which exists between the sediments and overlying 

water, but have not taken i·nto account the possible influence of 

processes within the water column on P fluxes across the sediment/water 

interface. During the in situ enrichment experiments there was 

evidence that SRP included forms other than P04-P, which were not adsorbec 

by the sediments, and this was supported by the identification of a 

soluble P fraction which was not taken up by intact sediment cores. 

Since this fraction has been shown to be of biological origin in some 

systems (Lean, 1973) it was decided that a more detailed investigation 

of P cycling between particulate and soluble P fractions in the water, 

and soluble P fractions in the water, under varying conditions, would 

contribute to the overall understanding of the role of sediments in the 

P cycle and help toexplain the SRP accumulations observed during the 

in situ enrichment experiment. 

4.4 Conclusions 

i) The surficial layers comprising the top 3 cm of sediment exhibit 

reduced P04 -P adsorption capacities compared with the deeper layers 

ii) The existence of a dynamic P04 -P equilibrium between intact 

sediment cores and the overlying .water has been demonstrated. 

iii) The P04-P uptake rate measured in intact sediment/water systems 

increased linearly with increasing P04-P concentration in solution, 

over the range of concentrations used (0-200 ~g P04-P 2- 1 ). 

iv) The 32p uptake kinetics were distinctly diphasic and were best 

described by a combination of two exponential functions, one 

describing the rapid phase of uptake (0-10 minutes) and the other 

describing the subsequent slower phase of uptake. This is indica

tive of a combination of uptake mechanisms. 

v) A large molecular weight soluble P fraction (colloidal P) was 



shown to exhibit no direct exchange capacity with intact 

sediment cores. 
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vi) The release rate of 32p from intact sediment cores decreased 

exponentially as equilibrium levels in solution were approached. 

No trend in SRP release rate was evident in cores enriched with 

different levels of P04 -P and the release rates showed high 

variability, probably due to inconsistency in the methodology. 

vii) The calculated rates of P uptake and release under aerobic 

conditions were sufficiently rapid to account for the P fluxes 

observed during the 1976-77 in situ enrichment experiments. 

viii) The inability to account for the influence of mixing on sediment/ 

water P exchange in the sediment/water systems placed constraints 

on the appli.cability of the data to the open water situation. 

ix) The sediment actively involved in the short term ex~hange of P 

with the overlying water was largely restricted to the top 2 cm 

of the sediment cores. 
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CHAPTER 5. 

Cycling of P Within the Water Column 

5.1 Introduction 

The results of the 1976-77 in situ enrichment experiment, and the 

laboratory study of sediment/water P exchange, indicated that the processes 

involved in P cycling within the water column v/ere important in determining 

the rates and extents of the P fluxes across the sediment/water interface. 

For this reason a more detailed study of P cycling between compartments in 

the water column was undertaken between 1977 and 1979. To facilitate the 

measurement of P fluxes at levels below the sensitivity of the commonly 

used analytical procedures, 32p was used a a tracer . . P exchange between 

the soluble and particulate compartments was studied in the hope that a 

better understanding of the SRP accumulations observed during the 1976-77 

in situ enrichment experiment (section 3.3) would be obtained. 

5.2 Results 

5.2.1 Exchange of P Between Soluble and Particulate Compartments 

a) Exchange Kinetics 

Examples of 32p transfer curves, representing a slow and a rapid 

rate of exchange are presented in Fig. 5.1. Asymptotes were estimated 

from similar uptake curves plotted for each experiment, Y - Yasymp was 

plotted against time on a semilog scale ~igs. 5.2 A-F}. A single exponential 

equation was fitted to this data and the coefficients of determination, the 

rate constants, the P turnover times and the estimated asymptotes are 

presented in Tables 5.1 a and b. 

The semi log plots were generally linear, indicating that the data 

was adequately described by a single exponential function, and the high r2 
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values support this view (Tables 5.1 a and b). On four occasions, the 

semilog plots were however, clearly not linear (Fig. 5.2 D~F) and consisted 

of two distinct phases. These curves were split into two individual 

exponential functions (Table 5.2) one representing a rapid .phase of uptake 

and the other a slower phase. 

This data suggests that P exchange between particulate and soluble 

P in Midmar Dam, and in isolation columns enriched with N03-N, was predomi

nantly monphasic during the summer months, which contrasts markedly with 

the situation insome Canadian lakes where summer P exchange kinetics are 

characteristically diphasic (Lean and Rigler, 1974). 

b) P Turnover Times 

In the open water the P turnover times recorded during the summer of 

1977-78 averaged 192 minutes. The slowest time (714 min) was recorded in 

mid-February and this \,/as followed by a period of distinctly faster turnover 

( <35 min). Starting in late April and continuing into May, the turnover 

times slowed markedly to more the 200 min. This possibly reflected 

decreased metabolic rates and lower phytoplankton populations with the onset 

of the cooler winter conditions (Table 5.1 and Fig. 5.3). 

During the 1978-79 summer season, turnover times ranged between 8 

and 95 minutes (x 46 minutes) in the open water increasing between September 

and October but then decreasing progressively until February (Table 5.1b and 

Fi g. 5.3). 

In the unenriched column, P turnover times during the 1977-78 

(Y 37 minutes) were generally more rapid than corresponding times in the 

open water and the difference was most evident during February- and late 

April/May. During 1978-79 the mean turnover time in the unenriched column 
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(35 minutes) was similar to that in the open water but the trends differed: 

Initially the decrease in turnover tJme was more rapid and was not delayed, 

while in December and February an increasing trend was evident which con

trasted with the progressive decrease in the open water (Fig. 5.3). 

During the 1977-78 experiments the enriched columns received a 

range of N~-N' loadi~g rates and, at high enrichment levels (exceeding 

25 Vg t- I week-I), there was a tendency for P turnover times to be more 
, 

rapid than in the open water or unenriched column (Fig. 5.3). This was 

however, not reflected in the mean turnover times which, in all but one of 

the columns (50 vg N0 3-N t- 1 week-I), were lower than the mean turnover 

times in the unenriched column (Table 5.1a). In the columns receiving the 

highest N03-N enrichment (100 and 200 vg N03-N t- 1 week-I) slow mean turnover 

times were due to the excepti ona lly slow times recorded on February 13 

(500 and 2000 minutes in column 4 and 5 respectively). Between March 28 

and May 23 the turnover times in these columns were less than half those 

in the unenriched column (Table ~.1~). Only in the column receiving the 

lowest level of N03-N enrichment ( 25 vg N0 3-N t- 1 week-I) were the turnover 

times similar to or slower than those in the unenriched column (Fig. 5.3). 

During the 1978-79 study all of the enriched columns received 

200 Vg N0 3-N £-1 week- 1 and, without exception, the mean turnover times 

(range 15.2 to 29 minutes) were faster than the mean in the unenriched column 

or open water (Table 5.1b). Infrequently however, turnover times in 

certain enriched columns were slower than corresponding times in the 

unenriched column (Column 2 in October, 81 minutes; Column 4 in November, 

30 minutes, and December, 42 minutes; and Column 5 in November, 47 minutes). 

This iridicates that despite the overall trend towards reduced turnover times 

in the enri ched columns, shovm by the mean turnover times, the responses were 

variable. 
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c} Concentrations of P fractions~ Chlorophyll and Total Suspended 
Solids 

Phosphorus fractions were measured simultaneously with P turnover 

times during the 1977-78 experiments. These data are presented in Table 5. l 

Soluble reactive phosphorus wa~ frequently present in trace 

quantities only. Total dissolved phosphorus showed some fluctuation in the 

open water and isolation columns but no distinguishable trends were evident, 

and the mean values (4.16 - 5.83 ~g 1- 1 ) remained similar in the open water 

and all of the columns. Mean particulate P concentration showed surprising l 

little variation between the open water and columns and between columns 

(range 11.2 - 15.6 ~g 1- 1 ) although levels within each treatment showed 

fairly wide fluctuations but rio cle"ar tren-ds 

for the 1978-79 experiments are not available. 

(Table 5.4). P analyses 

Chlorophyll and TSS concentrations recorded with the P turnover 

times during the 1977-78 and 1978-79 experiments are presented in Fig. 5.3. 

In the open water, chlorophyll levels fluctuated between 0.9 and 

2.9 ~g 1- 1 in February/~1ay 1978 and between 1.2 and 3.2 ~g 1- 1 in 1978-79, 

showing no noteworthy trends. In the unenriched column, peaks in chloro

phyll often exceeded those in the open water but were below 5 ~g 1-1 • 

One peak of 7.5 ~g 1- 1 in late March 1978 (Fig. 5.3) was recorded. 

In columns 2, 3 and 4 the response shown by the chlorophyll 

concentration was not consistent. Peaks of up to 9 ~g 1-1 were detected 

(column 3 in November 1978) but these were isolated cases and generally the 

chlorophyll levels remained similar to those in the unenriched column. 
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In column 5 however chlorophyll levels were consistently higher than in 

the other columns or in the open water. On February 27, 1978, an 

increasing trend began which continued steadily until May 5 when levels 

reached 14.6 ~g ~-l. During 1978-79, the levels ranged between 14.1 and 

21.3 ~g ~-l (Fig. 5.3). These marked increases were, however, not 

reflected in corresponding increases in particulate P (Table 5.4). 

Total suspended solids in the open water and in the columns 

fluctuated widely between 3 and 20 mg ~-l confirming earlier observations 

that TSS in Midmar Dam is highly variable depending on weather conditions 

(Twinch and Breen, 1978a). The fluctuations were clearly not accompanied 

by similar changes in chlorophyll concentration (Fig. 5.3) and were thereforE 

unlikely to reflect changes in phytoplankton density. 

Correlation coefficients for P turnover time against chlorophyll 

and TSS are presented in Table 5.10. Measurements of SRP concentrations 

were not sufficiently accurate for correlation with P turnover time and, 

because there is no justification for using TOP as an index of available 

P in the water (Rigler, 1973), no attempt was made to correlate P turnover 

time with TDP. No significant correlations between turnover time and 

chlorophyll or TSS were obtained. 

5.2.2 Characterisation and Kinetics of Soluble P Fractions 

a) Gel Filtration Analysis of 32p0 4 -p Stock. 

The distribution of isotope in the eluent following fractionation of 

20 111 of 32p04 -p in dilute HCl, as received from the suppliers (Amersham/ 

Searle), is presented in Fig. 5.4 . Activity was concentrated between 

elution volumes of 200 and 260 ml and this distribution was used to identify 
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P04-P peaks during the subsequent fractionation experiments. 

Void volume was determined using dextran blue, the first traces of 

which appeared in the 100-110 ml elution fraction. - In all .subsequent 

fractionations the 100-110 ml fraction was used as the first eluted sample. 

b) Distribution and Kinetics of Soluble P 

The first gel filtration analysis was undertaken on a surface water 

sample from column 5 (200 ~g N03-N ~-I week-I), V/hich, at the time (October 

1978), supported a bloom of Eudorina sp. Uptake of 32p by the particulate 

fraction resulted in an isotopic equilibrium after approximately 1 hour 

and a P turnover time of 7 minutes (Fig. 5.5). During the course of the 

uptake experiment, the distribution of isotope remaining in the filtrate 

showed a progressive shift from the P04-P fraction to a large molecular 

weight fraction (MW >5000)eluting with the void volume. The latter fraction 

showed eluting characteristics which were similar to the colloidal P 

identified by Lean (1973) and will, for convenience, be referred to as 

colloidal P {Fig. 5.5B and Table 5.4}. As a proportion of the total 

soluble P, P04-P decreased from 100% at the start to 8.4% after 20 hours, 

while colloidal P increased from 0 to 84.8% over the same period. Traces 

of isotope were detected at intermediate elution volumes (0-8.6%) (Table 5.3) 

but these were never distinguishable as distinct peaks. 

D~spite the apparent isotopic equi1ibrium after 1 hour, it is clear 

from Fig. 5.5 that changes in the soluble P fractions occurred over much 

longer periods. As a proportion of the total 32p added, P04-P in solution 

decreased progressively during the 20 hour experiment fran I 100% to 1.7%, while 

the proportion of colloidal P increased from 0% to 17% over the same period 

(Fig. 5.5A). 
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The presence of only two distinct soluble P fractions which were 

directly involved in exchange with particulate P, contrasted with the 

findings of Lean (1973) and Lean and Nalewajko (1976), who identified 

three distinct fractions in Heart Lake, Cana~a, and in algal cultures. 

To determine the variability of t,hese and similar fractions in the open 

water and columns, water samples were fr'actionated after routine 32p 

uptake experiments conducted over a period of 9 hours on November 14, 1978. 

At this time all enriched columns (columns 2-5) were receiving 200 ~g ~-I 

NOrN week-I. Isotope distribution after 9 hours is shovm in Fig. 5.6. 

As a proportion of the total 32p added, P0 4-P varied from less than 1% in 

column 5 to 4.2% in column 2, while colloidal P ranged from less than 1% 

in column 5 to 8.2% in the open water. As a proportion of the soluble P, 

P04-P ranged between 17% in column 3 and 42% in column 2 while colloidal P 

ranges between 50% in column 2 and 72% in column 3. Although traces of 

isotope were detected at intermediate elution volumes (7-14% of the 

soluble P) only two distinct peaks were evident in all of the samples 

analysed (Table 5.5). 

In an attempt to assess whether the variations in soluble P 

distribution were being influenced by factors such as TSS and chlorophyll 

(Table 5~5), corr~lationcoefficients for the two soluble P fractions (as a 

proportion of total soluble 32p) and the other parameters were calculated 

(Table 5.6). The positive correlation between TSS and the proportion of 

colloidal P was the only significant correlation obtained. 

During March 1979, after routine monitoring had been stopped, a 

growth of Microcystis sp. appeared in column 5 and, since it was during 

blooms of Microcystis that SRP accumulations were observed in the column +N 

and column N+P during the 1976-77 i n situ enrichment experiments (chapter 3), 
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surface water was sampled. A 32p uptake experiment was conducted during 

which the distribution and kinetics of soluble P fractions was investigated. 

The 32p uptake curve (Fig. 5.7) was similar to that obtained in October 

1978(Fig. 5.5). Isotopic equilibrium was attained after approximately 

1 hour and a P turnover time of 9.6 minutes was calculated. 

Despite the apparent similarity beb/een the uptake curves obtained 

in October 1978 and March 1979, the flux rates of soluble P fractions 

at these times were distinctly different. During the March 1979 

experiment the decrease in P04-P and the increase in colloidal P were n~re 

rapid. After 2 hours P04-P was reduced from 100% of the total 32p at the 

start to 1.3% while colloidal P increased fro~ zero to 12.3% over the same 

peri od, In contrast to the October 1978 experiment, both soluble fractions 

remained virtually stable after isotopic equilibrium between soluble and 

particulate P had been attained (Fig. 5.~~). As a proportion of the 

soluble P, P04-P decreased to 9.31% after 2 hours while colloidal P increased 

to 87.9% (Table 5.7). 

As in the other fractionations, only two distinct soluble P fractions 

were identified. Traces of isotope at intermediate elution volumes barely 

exceeded the background counts and were evenly distributed throughout the 

elution volumes between the two peaks, representing between 0 and 4.6% of 

the soluble P (Fig. 5.7 and Table 5.7). 

c) Distribution of Soluble P Fractions During the Growth of an 

~nabaena [Zos-aquae Culture 

Since no evidence of a third low molecular weight soluble P 

fraction was obtained during the experiments on natural lake waters, an 

attempt was made to determine whether the results were reflecting the 

technique employed. This was invesiigated by undertaking a sequence of 
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soluble P fractionations during the growth of a labelled culture of 

Anabaena fZos-aquae, in a manner similar to that of Lean and Nalewajko 

(1976). 

The growth curve (Fig. 5.8A) showed a sigmoid pattern, with a 
. 

distinct lag phase during the first 1-2 ~ays, a rapid exponential phase 

until approximately 15 days and a stationary phase between 15 and 30 days. 

The initial uptake of P04-P by the organisms was rapid (Fig. 5.8 B) and 

after 0.75 days only 0.35% of the total 32p remained in solution. 

. f 32p Between 0.75 days -and the end of the experiment, the proportlon 0 

remaining in solution varied between 0.1 and 0.47% of the total added, 

showing no distinct trends despite the exponential gro~th during this time. 

Isotope distribution in the filtrate changed markedly during 

the first 1.5 days (Fig. 5.8 C). Initially, all of the soluble P was 

P04-P but, after 0.75 days, this was reduced to 71.4% and by 1.5 days to 

32.1%. During this time colloidal P increased from 0% to 28.7% and 47% 

at 0.75 and 1.5 days respectively. Thereafter the proportions of both 

P04-P and colloidal P fluctuated slightly showing no trends which could be 

attributed to changes in growth rates in the culture (Table 5.8). 

Although only two distinct peaks could be identified throughout 

this experiment, the distribution of soluble P fractions differed slightly 

from those observed in natural waters. Firstly, as may be seen from Table 

5.8, the proportion of soluble 32p represented by the intermediate fractions 

after 1.5 days of incubation (12-24%) tended to be slightly higrer than 

those observed in the natural waters. Secondly, the P04-P peaks after 

inoculation tended to be spread over a wider range of elution volumes 
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than the peak before inoculation (Fig. 5.8 C), extending into theJ80-f90 ml 

elution volume in the 0.75, 1.5, 4, 6 and 22 day fractionations. Similar 

trends were not evident in the P04-P peaks obtained in lake water filtrate, 

which were always distributed over a similar range of elution volumes as 

the 32p stock solution. 

d) Biological Availability of the Soluble P Fractions 

A further fractionation experiment was undertaken for the 

purpo$e of comparing the direct biological availability of the two distinct 

soluble P fractions detected in open water filtrate. 

On February 7, 1979 a 32p uptake experiment was conducted on 

a subsample of the routine composite sample taken from the open water 

(Fig. 5.9 A), and 5 hour filtrate was used to fractionate the soluble P 

(Fig. 5.9 B). The 210-220 ml fraction, representing P04-P, and the 

110-120 ml and 120-130 ml fractions, representing colloidal P, were used 

to re-inoculate fresh subsamples of the composit.e dam water sample and 

32p uptake was monitored in the usual manner (Fig. 5.9 C and D). 

Uptake of the P04-P fraction was rapid and confirmed that the 32p eluting 

as P04-P was directly involved in P exchange in the ,water. The P turnover 

time o~tained (11.9 minutes) compared favourably with that obtained during 

the original 32p uptake experiment (9.1 minutes) and there can be little 

doubt that the P04 -P fraction obtained by gel filtration \oJas qualitatively 

and functionally identical to P04-P (Fig. 5.9 C). 

When colloidal P was added, a smooth uptake curve was not 

obtained and, after an apparent rapid initial uptake ove}' the first 5 minutes 

the proportion of 32p retained by the filters varied markedly between 50% 

and 97% (x 67%) (Fig. 5.9 0). Similar observations were made by Lean and 
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Nalewajko, (1976) and these were attributed to filter retention of colloidal 

P. This possibility was tested on both colloidal P fractions used in the 

32p uptake experiments (Table 5.9). Approximately 60% of the colloidal P 

was retained on filtration (55 and 65%) which compares favourably with the 

mean retention (67%) calculated from the uptake experiments (Fig. 5.90 ). 

However, the vari abil ity in the p'roporti on retained duri ng the uptake 

experiment was high and, at times, up to 97% retention was evident (after 

5 minutes). This indicates that retention may at times be almost complete. 

e) 32p Uptake by Mi~mar Dam Filtrate 

Since colloidal P clearly constitutes a large proportion of the 

soluble P in Midmar Dam water, its potential role in the direct uptake of 

POq-P was investigated. In section 1).'1-"1. d it was shown that approximately 

67% of the colloidal P was retained on refiltration. Thus to obtain some 

index of whether colloidal P was involved in direct exchange with P04-P, 

stock 32p04-p was adde~ to filtered Midmar Dam water, sampled in August 1979 

and a routine 32p uptake experiment was undertaken (Fig. 5.10). 

The amount of 32p in solution decreased linearly with time at a 

rate of 0.035% min- 1 showing clearly that the fraction retained on refiltra

tion was actively exchanging with P04-P. 

5.3. Discussion 

5.3.1 P Exchange Kinetics 

According to Norman and Sager, (1978 a) lIa transfer curve is charac

terised as diphas~c if it cannot be adequately fitted with a single exponen

tial equation, but has the form of two exponential decreases in radioactivity 

remaining in the filtrate, lead·ing finally to equilibrium". They do also 

point out however, that, due to errors in measurement, curves could be 

classified as monophasic when they are diphasic or even polyphasic. 
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Only if the different transfer rates involved in the overall transfer differ 

by a factor of two or more, and at least 5% of the total 32p is transferred 

. by each transfer mechanism, will they be distinguishable using current 

methods (Norman and Sager, 1978 a). 

The 32p uptake curves obtained during this study, although generally 

monophasic, need not therefore necessarily imply a simple two compartment 

exchange. As will be discussed (section 5.4.2), the presence of t\'IO 

soluble P fractions involved in P exchange with particulate P invalidates 

this assumption. In view of the diverse nature of seston in fresh waters 

and of the fact that different phytoplankton species show markedly different 

P exchange kinetics (Lean and Nalewajko, 1976) it seems unlikely that a 

monophasic uptake could occur under natural conditions. A single exponentia 

equation has however provided a convenient description for a combination of 

simultaneous and/or sequential exchange processes. 

Diphasic exchange kinetics have been shown to predominate during 

summer stagnation in Heart Lake (Lean and Rigler, 1974) but were shown to 

be infrequent in eutrophic lower Green Bay, Lake Michigan and, when they 

were detected, they usually occurred duri ng peri ods clf rapi d decreases in 

biomass of phytoplankton (Norman and Sager, 1978 a). It thus appears 

that diphasic exchange kinetics may be characteristic of periods of rapid 

phytoplankton senescence and increased bacterial activity. In eutrophic 

Lake Washington and oligotrophic Findley Lake, diphasic exchange kinetics 

were not detected during a bw year survey (Richey, 1979). 

During the Midmar Dam study, diphasic exchange kinetics were 

inftequent and, when detected, did not appear to be related to unusually high 

standing crops of phytoplankton. In column 5, which was characterised by 
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consistently high chlorophyll levels, diphasic exchange kinetics were 

never detected. If diphasic exchange results from processes associated 

with the senescence of phytoplankton, as suggested by Norman and Sager, . 

(1978 a), its virtual absence in r~idmar Dam may simply reflect the low 

productivity and lack of distinct seasonal fluctuations in the phytoplankton. 

On the few occasions when diphasic exchange was detected the rate 

constants for the rapid (0.16 - 0.46 min-l) and slow (0.007 - 0.019 min-l) 

phases of 32p uptake fell within the ranges measured during summer stagnation 

in Heart Lake (Lean and Rigler, 1974). However, the absence of any indica

tion of what may have caused the diphasic uptake makes this similarity 

difficult to interpret. 

The significance of 32 p asymptote levels in solution during P exchange 

experiments is not well understood. Peters (1975) reported a range of 

asymptote 1 eve 1 s of 22 to 70% in Central European Lakes \'Jhi ch were cons i der

ably higher than those in the range of Canadian lakes studied by Rigler, 

(1964) of between 1 and 5%. However, in Lake Memphremagog the summer range 

was 13.5 - 24% and tended to be lower in oligotrophic sites than they were in 

eutrophic sites (Peters, 1979) and clearly asymptote values vary markedly 

between water bodies. 

Peters (1975) suggested that higher asymptote levels in solution 

during 32p uptake experiments could reflect a larger pool of available P 

in the water. This interpretation requires substantiation before it can 

be generally applied. The presence of a large proportion of colloidal P 

in the soluble fraction may have a marked influence on the asymptote levels 

whilst not necessarily influencing the a.vailab}e P to a corresponding extent. 

This may be particulariy true in turbid systems where inorganic colloids 
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contribute to the soluble P fraction. Furthermore, Stiller et al.~(1978) 

have shown marked shifts in the distribution of 32p in the soluble and 

particulate fractions in cultures of Ankistrodesmus nannoselenae under 

light and dark conditions. This suggests that environmental factors, such 

as turbidity, could also influence asymptote levels through their influence 
, 

on light penetration. Too little is known about factors influencing the 

asymptote levels during 32p uptake experiments to comment further on their 

possible significance in relation to P availability. 

5.3.2 P Turnover Times 

P turnover times have been shown to fluctuate seasonally in lakes, 

usually being more rapid during the warmer summer periods (Lean and Rigler, 

1974; Halman and Stiller, 1974; Levine, 1975; Peters, 1975). The study of 

P turnover in Midmar Dam was restricted to the months between September and 

May, during which time summer temperatures predominate (Fig. 3.1) and 

the data should therefore only be compared with summer conditions observed 

elsewhere. 

In comparison with summer P turnover times reported by Rigler, (1964) 

for a range of Canadian lakes (0.9 - 6.6 minutes) and by Levine, (1975) in 

two Canadian Shield lakes (0.4 - 10 minutes), the times obtained in the open 

water of Midmar Dam (range 8 - 714 minutes, X 1977-78 = 192 minutes, 

X 1978-79 = 19.7 minutes) are slow. They compare more favourably \'Iith the 

range of summer turnover times recorded in Lake Kinneret (11 - 282 minutes, 

Halman and Stiller, 1974), in a variety of Central European lakes (4 - 101 

minutes, Peters, 1975) and in Lake Memphremagog, Canada (9.4 - 29.4 minutes). 
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Information on P turnover times on the African continent is sparse. 

Peters and MacIntyre, (1976) studied P turnover times in a variety of 

tropical Kenyan lakes during the winter months. The turnover times in 

oligotrophic waters ranged between 0.67 and 5.0 minutes, distinctly faste:

than the summer turnover times in ~,1idmar Dam. 

The summer P turnover times in the open water of Midmar Dam fall 

within the world range, but they are clearly slower than those in some 

waters of similar SRP concentrations « 5 ~g 1- 1 ). One possible reason 

for this could be the use of composite 3.5 m water samples during this 

study. Surface water has been used ' more frequently in the determination 

of P turnover time (Rigler, 1964; Peters, 1975, 1979; Peters and MacIntyre, 

197§) and, in view of the distinct vertical stratification in P turnover 

time observed in Lago Maggiore (Peters, 1975), and of the fact that Lean and 

Rigler, (1974) observed different 32p exchange kinetics in surface and columr 

, samples from Heart Lake, it is possible that the composite samples could 

exhibit markedly slower P turnover times than surface samples because of 

the increased metabolic rate in the euphotic zone. However, in the 

, shallow areas of Midmar Dam no marked vertical stratification in chlorophyll 

levels has been detected (Akhurst, unpublished data), probably due to the 

mixing patterns in these areas (Walmsley, 1976), and it was felt that 

composite samples would be more meaningful in providing estimates of P 

turnover times in the water column. 

In the isolation columns there was a tendency f.or P turnover times 

to decrease, particularly at high levels of N0 3-N enrichment. Reduced P 

turnover times may result from a decrease in availabl e P in the water, an 

increase in biomass in the water, or both (Rigler, 1973; Halman and Stiller, 

1974). The turnover times thus reflect the balance between available P in 



in solution and its excha~ge with all components of the particulate 

fraction, including a wide range of biotic and abiotic material. 

, 
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Only two parameters were measured which could be of use in assessing 

the biological influence on P turnover times; chlorophyll concentrations 

and TSS. Neither showed a significant correlation with turnover time and 

they do not therefore help to explain the observed fluctuations in P 

turnover times. 

Levine (1975) showed that chlorophyll a was not significantly 
I 

correlated with P turnover time in bID Canadian Shield lakes, and Norman 

and Sager, (1978b showed a similar trend in Green Bay, Lake Michigan. 

However, the latter authors detected a significant positive correlation 

between turnover rate (the product of the rate constant and the SRP 

concentration) and chlorophyll a. During the Midmar study turnover rates 

were not calculated due to the low SRP concentrations which were frequently 

below the level of accurate measurement. In any event, the limitations 

of regarding SRP as an accurate estimate of directly available P (Rigler, 

1973; Peters, 1978, 1979) cast some doubt on the use of SRP in the calcu-

lation of turnover rates. 

Chlorophyll concentrations are, at best, a simple index of phyto

plankton standing crop and any attempt to relate them to P turnover times 

could be limited by a number of factors. The size of algal cells could 

influence the relationship between chlorophyll levels and P turnover times 

because smaller organisms are thought to cycle P more rapidly (Rigle,r, 1973). 
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Phytoplankton populations, which are characterised by similar chlorophyll 

concentrations, could differ markedly in their species diversity and thus 

in their P exchange characteristics. In addition, chlorophyll content of 

algae varies markedly with changes in metabolic state and environmental 

conditions (Meeks, 1974), and the efficiency with which chlorophyll can 

be extracted from phytoplankton varies between species (Vollenweider, 1971). 

ThesE: factors could contribute to the poor correlation between P turnover 

times and chlorophyll concentrations. 

Total suspended solids estimated as dry mass after membrane 

filtration, is a commonly used method of assessing the standing crop of 

planktonic organisms (Vollenweider, 1971) but in a turbid system such as 

Midmar Dam, it is of limited value because of the predominance of suspended 

inorganic particles. For this reason substantial fluctuations in phyto

plankton or other biological components, could be obscured using TSS as 

an index of standing crop. 

According to Halman and Stiller (1974) the observed P turnover 

with particulate matter in natural waters may be due to interactions with 

bacteria, algae or other organisms, or to adsorption by inorganic minerals. 

Clearly this complex system cannot be described by simple parameters. 

A more accurate characterisation of the particulate material is required if 

P turnover time is to be correlated with specific fractions. Rigler (1964) 

showed that bacteria formed the major component in P exchange in Toussaint 

Lake, while Peters (1975) s~ggested that in Lago Maggiore the phytoplankton 

was more important. Paerl and Lean, (1976) used an autoradi ographi c 

technique to study the fluxes of P between algae, bacteria and abiotic 

particles in Heart Lake. Bacteria and phytoplanktcn were labelled most 

rapidly, but after 2 hours tracer was also evident on detrital ~ggregates. 
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of suspended material varies markedly between different fresh waters. 
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In Midmar Dam the suspended inorganic fraction is undoubtedly important but, 

wit~ the data available, it is not possible to assess the relative 

importance of the different particulate fractions. 

Fluctuations in the concentrations of available P in the water 

could also result in fluctuations in P turnover times. P data is only 

available for the period February-May 1978 and the discussion will relate 

to these. SRP concentrations during this period remained low, frequently 

being undetectable, and no trends which corresponded with fluctuations in 

turnover time were evident. This does not necessarily imply that important 

fluxes in available P did not occur. Rigler (1973) discussed the 

limitations of the molybdate blue procedure in measuring P04-P, and 

emphasised the fact that P fluxes within the water column are rapid and 

can occur at such low concentrations that they cannot be distinguished 

using routine SRP analyses. This is particularly true of oligotrophic 

systems such as Midmar Dam. 

Rigler (1973) points out that the ratio of particulate P to SRP 

can be used as an index of P turnover time, and a large ratio probably 

indicates a short turnover time, which in turn suggests a shortage of 

available P. During this study, mean particulate P concentrations varied 

between 11 and 16 ~g £-1 while SRP levels were usually below 1 ~g £-1 and 

the ratio was thus large at all times. Because of the low levels of SRP 

the PP : SRP ratios could not be calculated sufficiently accurately for 

correlation .... /ith the turnover times. They must have been large, however, 

frequently >10, and fast turnove~ times would therefore be expected. The 

ratios in Lake Memphremagog (4-6) were lower, although the range of turnover 



164. 

times was similar (Peters, 1979). In Midmar Dam the suspended inorganic 

silt is probably extremely important in increasing the PP : SRP ratios. 

This contrasts markedly with the situation in a clear lake where the 

particulate fraction consists largely of organic material. The presence 

ofa lar.ge inorganic fraction may reduce the value of PP : SRP ratios as 
, 

indices of P turnover times in turbid systems, because the particulate P 

does not necessarily reflect a biologically acti.ve fraction. 

Important assumptions that are made during the 32p uptake 

experiments are that a steady state between soluble and particulate P is 

approximated, and that the rates of P turnover are very rapid relative to 

the net rates of flux between P compartments (Rigler, 1973). These 

assumptions are probably reasonable in the unfiltered water samples where 

the relative densities of the organisms are the same as under natural 

conditions. However, any attempt to apply the assumptions to 32p uptake 

experiments involving periphyton would be of dubious validity because of 

the difficulties involved in determining the ratio of periphyton mass to 

water volume required to approximate in situ conditions. Because of the 

distinct vertical stratification of periphyton in isolation columns 

'{Twinch, 1976} and to the fact that it is restricted to the substrate 

provided by the walls of the column, no practical method of integrating 

periphyton P turnover times into overall P turnover times within the columns 

could be developed. The P turnover times in the columns thus reflect 

planktonic P metabolism only, and the actual in situ turnover times were ,) 

probably considerably faster due to periphyton metabolism. The overall 

influence of N03-N enrichment on P exchange in the columns was probably 

therefore more extensive than the p turnover data indicates. 
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5.3.3 Distribution of Soluble P in Midmar Dam Waters 

In all of the fractionations carried out on samples from both open 

water and the isolation columns, only two distinct soluble P fractions were 

recognised, one eluting as P0 4 -P and the other eluting with the void volume, 

thus exhibiting similar gel filtration characteristics to the colloidal P 

fraction identified by Lean, (1973). While traces of isotope were detected 

at intermediate elution volumes, these never formed distinct peaks and the 

isotope distribution thus differed markedly from those obtained in Heart 

Lake, where an additional peak at an elution volume corresponding with a 

molecular weight of 250 was obtained (Lean, 1973). 

Since the experiments by Lean, (1973), soluble P fractionation has 

been undertaken on a number of fresh waters and the low molecular weight 

P fraction identified by Lean does not appear to be of general occurrence. 

Fractionations of water from an oligotrophic Canadian Shield Lake 

(Jackson and Schindler, 1975), a series of New Zealand lakes (Downes and 

Paerl, 1978) and Lake Memphremagog, a Canadian Lake exhibiting a marked 

trophic gradient along its main axis (Peters, 1979), were characterised by 

two distinct peaks, with traces of fairly evenly distributed intermediate 

activity. These were thus similar to those in r"1idmar Dam fractionations 

and it appears that a distinct third soluble P fraction is uncommon. 

The resolution of the gel filtration analysis is markedly affected 

by the volume of sample eluted. Peters (1978) acknowledged that the 

resolution of his gel filtration analyses was reduced by the large volume 

of sample added relative to the void volume, and similar limitations could 

have arisen in the New Zealand study where 5 ml of labelled filtrate was 
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added to a column with a void volume of only 25 ml. Lean, (1973) and 

Lean and Nalewajko, (1976) demonstrated that the low molecular weight P 

eluted at a position very close to P04-P. In view of this, even a slight 

reduction in the resolution of the analyses, by addition of large samples 

relative to the void volumes of the columns, could obscure the low molecular 

weight P peaks. 

During the Midmar Dam study the volume of sample introduced was 

always less than 10% of the void volume, but usually between 2 and 5%, which 

is comparable with the"levels used by Lean (1973) (approximately 3%). The 

apparent absence of a third soluble P peak in Midmar waters cannot therefore 

be attributed to reduced resolution due to large sample sizes. 

An important observation by Lean, (1973) was that the low molecular 

weight P fraction is extremely labile. A delay of 15 minutes between 

filtration and fractionation resulted in a significant reduction in the low 

molecular weight P peak and a corresponding increase in the P0 4-P peak. 

This trend was continued with time until the low molecular weight P had 

virtually disappeared after 6 ~ hours. For this reason delays after 

filtration could markedly influence the distribution of soluble P fractions 

in the eluent. 

The treatment of labelled filtrate before fractionation has varied. 

Peters (1978, 1979) stored filtrate frozen for unspecified periods before 

analysis, and Downes and Paerl (1978) undertook gel filtration on the day 

of sampling or after storage at 40C overnight. Jackson and Schindler, 

(1975) did not give details of the delay between filtration and fractionation 

" Francko and Heath (1979}, using unlabelled filtrate for similar fractiona

tion experiments, analysed the filtrate immediately or after storage at 

-200 C for unspecified periods, and found no differences in the distribution 
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of soluble P. Since Francko and Heath analysed the P fractions using 

standard analytical techniques their observations need not apply to radio

tracer techniques because important shifts could have occurred at levels 

below the sensitivity of the standard analytical procedures. The absence 

of distinct low molecular weight P peaks in many lake waters could there

fore reflect the influence of sample sto·rage on the labile soluble P fractions 

During the Midmar Dam study, some delays between filtration and 

fractionation were necessitated by the availability of only one gel-filtra

tion system, and these delays are specified on the figures. However, on 

many occasions, fractionation was undertaken without delay and even then 

no evidence of a third soluble P peak was obtained. This may reflect a . 

fundamental difference between eutrophic Heart Lake and oligotrophic 

Midmar Dam with respect to soluble P fractions. 

In waters from MidmarDam and the isolation columns the colloidal 

P fraction generally constituted the major proportion of the soluble P 

(x 67%) while the P04-P fraction was smaller (x 24%). This contrasts 

markedly with the distribution observed in other fresh waters. In a range 

of New Zealand lakes, a reactive high molecular weight P fraction (exhibi

ting similar gel filtration characteristics to colloidal P) represented 

between 14 and 100% of the dissolved reactive P. These proportions were 

inversely related to the P04-P concentration in the water (Downes and Paerl, 

1978), suggesting that increased proportions of colloidal P could reflect 

reduced P04-P availability and thus be used as an index of trophic status. 

Spme support for this suggestion is evident in the isotope distributions 

from ultra-oligotrophic Ontario lakes where only colloidal P peaks were 

detected in the gel filtration analyses (Jackson and Schindler, 1975; 

Levine, 1975). In Lake Hemphremagcg however, no trends in the proportion 

of soluble P in the form of colloidal P or P04-P were evident, with changes 
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in trophic status. The absence of a relationship was regarded as 

possibly being due to experimental variability because chemical analysis 

revealed that soluble unreactive P, which probably represents at least part 

of the colloidal P fraction, showed a proportionate increase at the more 

oligotrophic sites. 

The inverse relationship between the proportion of colloidal P and 

P04-P concentration in natural waters appears consistent and, on this 

basis, Midmar Dam shows a soluble P distribution which is indicative of 

its oligotrophic status. This relationship could however be influenced 

by other factors which will be discussed in section 5.4.4. 

5.3.4 Distribution of Soluble P in an Anabaena [los-aquae Culture 

The results of the 32p study in an Anabaena flos-aquae culture 

differed from those in a similar experiment conducted by Lean and Nalewajko, 

(1976). The most obvious difference was the more rapid uptake of P by 

the organisms during the Midmar experiment (> 99% uptake within 18 hours), 

which contrasted with the gradual uptake, that continued throughout the 

growth of the cultures, during Lean and Nalewajko's study (97% uptake 

after 235 hours). This was probably due to slight differences in the 

experimental procedures adopted despite the fact that an attempt was made 

to reproduce Lean and Nalewajko's experiment. D~ring this study 5 ml of 

inoculum in stationary phase of growth, brought about by P depletion, was 

added to 100 ml of culture medium .containing approximately 200 ~g P04-P £-1. 

Lean and Nalewajko (1976) added 5 ml of exponentially growing inoculum to 

200 ml of medium containing 57 ~g P £-1. Although the higher P04-P 

concentration during this study would tend to reduce the 32p uptake rate by 

increased dilution of the isotope with unlabelled P, it appears to have 

been counteracted by the proportionately larger inoculum volume used, and 

by the fact that growth of the organisms in the inoculum was limited by P 



169. 

and they were thus capable of extremely rapid P uptake when introduced into 

the culture medium. Differences in the rate of 32p incorporation during 

this experiment and that of Lean and Nalewajko (1976) may have influenced 

the distribution of soluble P fractions, a factor which was considered 

during interpretation. 

The distribution of soluble P fractions during this culture experiment 

was markedly different from those obtained in the open water and columns 

(P04-P = 21%, colloidal P = 79%). During the first 1.5 days the proportion 

of P04-P decreased rapidly while colloidal P increased. Thereafter the 

'proportions of P04-P and colloidal P fluctuated between 30 and 52% (x 41%) 

and 32 and 48% (x 41%) respectively, showing no trends. Lean and Nalewajko 

(1976) also showed approximately equal proportions of P04-P and colloidal P 

when growth was approachi ng the stati onary phase. 
, .. 

If, as has been suggested by Lean (1973) and Lean and Nalewajko 

(1976), the colloidal P is of algal origin, its relative proportion in the 

culture medium would be expected to be higher than that in the dam water 

where the low chlorophyll levels reflect the low standing crop of phyto-

plankton. The converse was true during fractionations of culture filtrate. 

It must be remembered however, that the colloidal P fractions in culture 

are not necessarily directly comparable with those from natrual waters. 

Under natural conditions the colloidal P fraction could include clay 

particles, detritus and other molecular or particulate forms which become 

labelled, but which are not generated through the rapid cycling processes 

envisaged by Lean (1973). These components are absent in culture where 

presence of colloidal P can only be attributed to biological production. 
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In Midmar Dam the presence of inorganic colloids of sufficiently 

small size to remain in the filtrate after membrane filtration (0.45~) 

could contribute significantly to the observed predominance of colloidal 

P. Particle size analysis of material retained in sediment traps at 

various depths in Midmar Dam indi~ates that approximately 45% of the material 

is below 0.45~ in diameter (Johnson,unpublished data). This observation 

casts some doubt on the apparent relationship between the proportion of 

colloidal P and the P04-P concentration discussed in section 5.4.3, 

particularly in silty waters such as those which characterise South African 

impoundments. Clearly if the colloidal P fraction consists predominantly 

of inorganic clay colloids associated with the silt load, the proportion 

of colloidal P will be independent of P04-P concentrations in the water 

and will be influenced by factors controlling the silt loads such as river 

inputs and turbulence. 

AlthoL'Sh only two distinct soluble P peaks were detected during 

the Anabaena experiment it is notable that, after inoculation, the P04-P 

peak showed a tendency to be spread over a wider range of elution volumes 

than it did before inoculation. The results obtained by Lean and Nalewajko 

(1976) are similar in that at the start of the experiment, the P04-P peak 

was first evident at an elution volume of approximately 130 ml but by 235 

hours this had shifted to 115 ml. At times during the experiment Lean 

and Nalewajko showed a distinct peak for the low molecular weight soluble, P, 

but more frequently the presence of the low molecular weight fraction was 

reflected in a broadening of the base of the P04-P peak. 

It seems therefore that the P04-P peaks observed during the 

Anabaena experiment may have included a small proportion of low molecular 
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weight P in the 90-100 ml fraction which corresponds with the findings of 

Lean and Nalewajko (1976). The absence of a distinct low molecular 

weight P peak may simply reflect the extreme lability of this fraction, 

which, during the 4 hour long gel filtration procedure, was probably 

gradually converted to P04-P. As discussed (section 5.4.3), Lean (1973) 

demonstrated that this occurs extremely rapidly, and it seems iikely that 

the degradation process would continue during gel filtration. The effect 

would be to increase the elution volumes over which P04-P was spread ' . 

Whether the isotope present in the 90-100 ml elution voluwe represents 

P04-P which has been released from an organic form or whether it represents 

traces of the intact organic form was not determined. It is notable 

however, that in spite of demonstrating the extreme lability of the low 

molecular weight fraction, Lean (1973) made no allowance for the influence 

of this precess on the final isotope distributions obtained, and it seems 

likely that his estimated concentrations cf low molecular weight P could 

be considerable underestimates. 

5.3.5 Soluble P Kinetics 

During the 1976-77 in situ enrichments there were indications that 

during periods of markedly increa~€d primary productivity distinct changes 

in the pattern of P cycling in the water column occurred. For this reason 

the kinetics of soluble P was investigated on two occasions in water 

sampled from column 5. Once in October, when chlorophyll levels were 

high due to a bloom of Eudorina sp. and once in March 1979 when a bloom of 

~crocystis sp. was present. It was hoped that these experiments would 

help to explain some of the observations made during the 1976-77 in situ 
-

. enrichment study. 
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Despite the 32p uptake curves being similar on both occasions, at 

the time isotopic equilibrium between soluble and particulate fractions 

was attained (approximately 1 hour), the proportions of soluble P fractions 

differed markedly (Fig. 5.5 and 5.7). In October 1978 approxi~tely 20% 

of the total 32p was in the soluble form, of which approximately 15% occurre( 

as P04-P and 5% as colloidal P. Fluxes in the soluble P fractions 

occurred for up to 20 hours with a decrease in P04-P and a corresponding 

increase in colloidal P. In contrast in March 1979 approximately 15% of 

the total 32p was in solution, of which only 2% was PC4-P and 13% colloidal 

P. . Furthermore the proportions of both these fractions appeared to 

stabilise as isotopic equilibrium was attained. These differences in 

rates of flux indicate that the overall similarity in 32p uptake is not 

indicative of similar soluble P metabolism in the samples. 

No detailed characterisation of the particulate fraction was made 

during these experiments but it is tempting to postulate that the differences 

in the rates of soluble P flux can be attributed to observed differences in 

the dominant phytoplankton species. Lean and Nalewajko (1976) demonstrated 

that different phytoplankton species exhibit distinctly different 32p 

exchange characteristics with soluble fractions in axenic cultures, which 

gives the above postulation some support. These results indicate that at 

the time Microcystis sp. was dominant, the rate at which colloidal P became 

labelled relative to the overall 32p uptake was far more rapid than when 

Eudorina sp. was dominant. 

These differences may be important in relation to the SRP accumula

tions detected when Microcystis blooms were present in ,isolation columns 

duri ng the 1976-77 in situ en}"'; chrnent experiments. The ori gi na 1 hypothesi s 

was that the accumulations were due to the biological formation of a soluble 
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P fraction which was not fixed by the sediments but which contributed to 

the SRP analyses. Evidence in support of this was obtained from the bio

assay data (section 3.4) and from the sediment exchange experiments, and 

it seems likely that the soluble P fractions in question could have been 

colloidal P. The fact that colloidal P appears to be labelled more 

rapi dly in the presence of Microcystis may i ndi cate that thi S organi sm is 

more effi ci ent in converti ng PO lf -P to co 11 oi da 1 P than are other phyto

plankton species. This may explain the apparent absence of SRP accumula

tions in the isolation columns at times when chlorophyll levels were 

increased by other organisms, and at times when dense periphyton was present. 

However, this suggestion remains speculative until more detailed studies 

of soluble P kinetics are undertaken. 

Lean (1973) reportfd that asymptote levels during 32p uptake 

experiments did not change significantly between 2 and 48 hours, and used 

a 4-5 hour isotope distribution to estimate the relative proportions of 

soluble fractions under natural conditions. Peters (1978,1979) used 2 hour 

filtrate during the summer and 24 hour filtrate during the winter months, 

while other workers have not specifie~ the times at which isotope distribu

tion was determined (Downes and Paerl, 1978). 

The marked differences in soluble P kinetics in column 5 in October 

1978 and March 1979 have important implications with regard to the inter

pretation of gel filtration analyses in fresh waters. They indicate that 

an asymptotic level of 32p in solution need not necessarily imply that the 

soluble P fractions have attained a steady state. Ideally isotope distri

button in the filtrate should be measured at the time that it best represents 

the distribution of soluble P under natural conditions. 
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From the results of the Midmar study it is clear that an accurate 

assessment of the steady state soluble P distribution is difficult because 

attainment of an equilibrium between soluble and particulate P need not 

necessarily reflect steady state conditions in the water. Without regular 

fractionation to determine when steady state ha~ been attained, the gel 

filtration analyses must be indices rather than absolute measurments of the 

soluble P fractions. 

5.3.6 Biological Availability of Soluble P Fractions 

The results of the experiments comparing the biological availability 

of the solutle P fractions confirm those of Lean (1973)~ The P04 -P 

fraction showed similar exchange kinetics to the P04-P stock thus establish

ing its direct role in exchange and confirming its identity. Retention of 

the colloidal P fraction on refiltration hampered the meaningful assessment 

of its biological availability, but the results indicate that it was not 

directly exchanged. 

Retention of colloidal P on refiltration imposes rather severe 

1 imitati ons on the re 1 i abil ity of current . separati ve techni ques, because 

the amount retained during the initial filtration cannot be quantified 

(Lean, 1973). It seems likely however that an average of approximately 

65% retention could occur (Lean and Nalewajko, 1976 and this study) and at 

times retention may be almost complete. 

The reasons for this retention are not clear. Lean and Nalewajko, 

(1976) suggested that it could result from aggregation of colloidal particles 

into larger particles retained by the filters but, unless the colloidal P 

fraction is more carefully characterised, no generalisation should be made. 

The limitations of filtra t ion as a means of separating soluble and particulat 

fractions for the chemical analysis of P was discussed by Rigler, (1973). 
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The fractions are based on filter pore size and are not equivalent to 

morphologically or chemically distinct components of lake water. This 

is particularly applicable to the colloidal P fraction, which may consist 

of a variety of biotic and abiotic component~ varying in size from large 

molecules (~1W > 5000) to colloidal particles, aggregates and micro-organisms 

which pass through 0.45~ filters. Ret~ntion of colloidal P on. refiltra

tion could result from the morphological characteristics of the colloidal 

P components. Particles such as clay colloids or micro-organisms mily have 

shapes which allow them to pass through the filters in one orientation but 

not in another. 

The possibility that clay colloids are important components in the 

soluble P in Midmar Dam has been discussed (section 5.4.4). In other 

systems where colloidal P represents the major proportion of the soluble P 

(Levine, 1975; Jackson and Schindler, 1975), the colloidal P may represent 

a largely organic fraction very different from the colloidal P in ~lidmar 

Dam. Thus the colloidal r fractions which, based on their gel filtration 

characteristics, have been regarded as being equivalent during this 

. discussion may represent very different fractions in different systems. 

Until colloidal P can be more meaningfully characterised,its overall role 

in the P cyc 1 e wi 11 remain obs cure. 

This point is emphasised by the fact that when 32p04-p was added 

to filtered Midmar Dam water a significant linear increase in the amount 

of 32p retained on refiltration was obtained, indicating that the colloidal 

P fraction was directly involved in exchange with P0 4-P. This contrasts 

with the observation by Lean (1973) that no significant retention of 32p 

was measured when isotope was added to Heart Lake filtrate. It seems likely 

that this difference arises from the fact that in Midmar Dam clay colloids 
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which, by virtue of their large surface area are important in P exchange 

(Syers et aZ.
3

1973), constitute a large proportion of the soluble P. 

Although the uptake observed in fv1idmar filtrate may appear low (Fig. 5.10) 

it must be remembered that the 32 p retained on refiltration represents a 

considerable underestimate of the total retained by the colloidal P 

fraction in unfiltered water. An unknown but potentially large proportion 

of the colloidal P was removed by the initial filtration, and on refiltration 

of the labelled filtrate approximately 40% of the colloidal P passed through 

the filter (Table 5.9). The measured 32p retention is therefore not an 

index of the extent of P04-P uptake by colloidal P under natural conditions, 

but merely provides qualitative evidence that the colloidal P does complex 

P04-P directly. 

These data indicate that, contrary to the observations of Lean 

(1973) suggesting that no direct complexing of P0 4-P with soluble P fraction~ 

occurs, a significant proportion of the overall exchange in Midmar Dam may 

be due to interactions between P04-P and some fraction which remains in the 

filtrate. Furthermore, the retention of labelled P on refiltration of 

filtrate indicates that colloidal P can be labelled in the absence of 

particulate material, which also contrasts with the findings of Lean (1973). 

It is suggested that these differences may be attributable to clay colloids 

in the Midmar Dam filtrate. 

5.3.7 Applicability of Lean's Iftodel to P Cycling in t·1idmar Dam 

Lean (1973) attributed the diphasic 32p exchange kinetics observed 

during the summer months in eutrophic 8eart Lake to the presence of cal1oida' 

P and low molecular weight P fractions in the filtrate. These were involve( 

in the P exchange processes with particulate P and P04 -P and vlere included 

in his four compartment model of epilimnetic P cycling, which was specifical l 

formulated to describe tre diphasic exchange kinetics. This was because 
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Lean and Rigler, (1974) regarded diphasic exchange kinetics as being 

frequent in epilimnetic lake water. More recently the need to account 

for the complexity of the particulate P fraction necessitated slight 

modifications to the original model to make it consistent with the observed 

transfer curves, and a second particulate P fraction was incorporated 

(Norman and Sager, 1978b). 

Monophasic exchange kinetics appear to be more common than diphasic 

kinetics in many fresh waters (Rigler, 1973; Norman and Sager, 1978a; 

Richey, 1979) even during the summer months, and it seems unlikely that 

Lean's model will be universally applicable. Rigler, (1973), referring 

to a preliminary model of the P cycle which was superceded by Lean's model 

after the introduction of gel filtration analysis, emphasised that it 

applied only to eutrophic lakes during summer stratification. It seems 

that the modified form of lean's model is similarly limited in its general 

applicability to fresh waters since it is based purely on data from a 

eutrophic lake. 

The results of 32p exchange experiments in water from Midmar Dam 

and the isolation columns indicate that the modified Lean Model is not 

applicable to conditions in a turbid oligotrophic impoundment. 

Firstly with very few exceptions, the uptake kinetics during the 

Midmar study were adequately described by a single exponential function and 

secondly, the low molecular weight P fraction (MW = 250), which forms an 

integral part of the Lean model, was not detected. While the presence of 

two soluble P fractions indicates that the uptake kinetics cannot be 

described by a simple two compartment exchange mode-', the absence of a 

third distinct fraction casts some doubt on the val-idity of Lean's model. 



178. 

It should perhaps be stressed that the absence of a distinct low 

molecular weight P peak does not imply that it is absent from Midmar Dam, 

particularly in view of its lability. In implies tr,at its role in P 

cycling in Midmar Dam may differ from that in a eutrophic lake. Thirdly; 

the apparent conversion of P04 -P ,to colloidal P in the absence of pal~ticu

'Iate P shows a marked divergence from the findings of Lean (1973) who, 

for the purpose of his model assumed that colloidal P was generated through 

the rapid biological production of low molecular weight P, and excluded 

the possibility of direct abiotic complexing. The apparent abiotic 

complexing of P04-P in Midmar Dam filtrate cannot be quantified (section 

5.4.6), but it is probably far more important than the slow 32p uptake rate 

in Fig. 5.10 suggests. 

Whilst the results obtained during the Midmar study are not 

sufficiently detailed to develop an alternative model for P cycling ;n the 

water column of a turbid oligotrophic impoundment it is suggested that the 

exclusion of abiotic P exchange processes from Lean's model and the 

assumption that colloidal P results exclusively from biological cycling, 

is probably the major limitation of its applicability to Midmar Dam in 

particular and to turbid South African impoundments in general. 

The relative rates of abiotic and biotic exchange in Midmar Dam 

cannot be ascertained, and with the current separative techniques this 

aspect is not likely to be clarified. However, in view of the low chloro

phyll levels and the high loads of inorganic suspended material in Midmar 

Dam both processes mus t be considered in any model of P cycling in the water. 

As stated by Schindler (1976), "in the past there has been too great a 

tendency to assume that the same mechani SInS ope rate at simi 1 ar rates ina 11 

lakes . Research over the past decade has clearly shown that this assump

tion is fa 'lse. Any hypothesis must be tested on a variety of waters 
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before it is assumed to be of universal importance to water management l'
• 

These sentiments are clearly applicable to Lean's model in relation to 

turbid South African impoundments. 

5 . .4 Conclusions 

i) The P turnover times recorded in the open water fell within the 

world range and reached a minimum of 8 minutes,which emphasises 

the dynamic nature of the P cycle in the water. 

ii) Enrichment of isolation columns with N0 3-N tended to reduce the 

P turnover times relative to the open water and unenriched column . 

iii) The 32 p exchange kinetics \'Jere, \'lith very few exceptions, adequately 

described by a single exponential equation (ie. were monophasic) and 

thus contrasted with the sumner exchange kinetics observed in some 

Canadian lakes. 

;v} Two distinct soluble P fractions were shown to be involved in rapid 

exchange with particulate P, P04-P and colloidal P (MW >5000). 

v} The relative contributions of inorganic and organic components to 

the colloidal P could not be assessed but in the dam water there 

were indications that inorganic components could be important. 

vi) A number of observations lead to the conclusion that the four 

compartment model used to describe P kinetics in the water (Lean, 197: 

may not be applicable to j·1idmar Dam in particular, and to silty 

South African impoundments in general . 

vii) These results confirm that colloidal P can be of biological origin 

and that the soluble P kinetics may vary with variations in the 

dominant phytoplankton species. In this regard it appears that 

the presence of Mi aroaY$tis may result in a more rapid incorporation 

of .32P into the colloidal P during transfer experiments, but in the 

absence of blooms similar to these observed during the 1976-77 

enrichment experi ments it was not possibl e t o assess the full 
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implications of this observation on the observed SRP accumulations. 

viii) Filter retention of colloidal P prevents a clear separation of 

soluble and particulate compartments in the water and places 

constraints en the interpretation of gel filtration analyses. 
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CHAPTER 6· 

GENERAL DISCUSSION 

Although the overall objective of each of the sections included in 

this study was to obtain a better understanding of internal P cycling in 

Midmar Dam, it was nctdesirable during the course of the respective discussior 

to attempt a complete integration of the field and laboratory data. Each 

section VJas characterised by specific problems relating to methodo,logy and 

interpretation which needed to be considered independently. This chapter 

is intended as an overall synthesis of the experimental data obtained during 

thi s study. 

, 6.1 SRP Accumulations: The Original H~hesis 

As a result of the SRP accumulations detected in some of the isolation 

columns during the 1976-77 i n situ enrichment experiments, despite the known 

P04-P fixing capacity of the sediments, it was suggested that the observed 

trends were due to the biological production of an organic (colloidal) P 

fraction, at least partially measureable as SRP, which did not exhibit 

direct exchange with the sediments. Before proceeding with this discussion 

it would be useful to consider the validity of the original hypothesis in 

the light of other experimental evidence. 

A number of observations which support its validity have been made: 

a) At times when SRP accumulated, bioassay yields indicated that a large 

proportion of the P included in the analyses \'las not utilised by the 

test organisms and was thus not P04-P. 

b) A distinct colloidal P fraction which was directly involved in P exchange 

within the water has been identifi ed. 

c) Although under natural conditions , this frac t ion includes inorganic 
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components, it has also been shown to include components 6f biological 

origin. 

d) The colloidal P was not involved in direct exchange with the sediments. 

e) In the proesence of Microcystis sp., blooms of which were associated with 

two of the major SRP accumu1ations, the rate of isotope incorporation 
° , 

into colloidal P during 32 p uptake exp~riments appeared to be markedly 

increased. 

In principle therefore, colloidal P meets most of the requirements of the P 

fraction proposed in the hypothesis. Two factors however require further 

discussion: one being the fact that the hypothesis could not be tested under 

field conditions and the other being that it could not be analytically 

confirmed that colloidal P could contribute to the SRP analysis. 

It was not possible to test the hypothesis in the field during the 

1977-78 and 1978-79 enrichment experiments because the biological responses 

were limited largely to the periphyton and no marked SRP accumulations were 

detected. Blooms of Microcystis sp. did not develop in the columns throughout 

these ~xperiments and the reasons for the contrasting responses to N enrich-

ment during 1976-77 and during 1977-78 and 1978-79 are not clear. Variable 

responses of phytoplankton populations in enclosures have been reported 

previously (Lund, 1978) and during preliminary enrichment experiments in 

Hidmar Dam, it was stressed that periphyton was usually the dominant biological 

component (Twinch and Breen, 1978a and b). It seems therefore that during 

1976-77 an obscure combination of factors favoured the growth of Microcystis 

in the column +N and column N+P, and the fact that this did not occur in 

subsequent experiments simply reflects a different set of circumstances which 

favoured an alternative biological response to enrichment. This does not 

alter the interpretation of the 1976-77 data, but the absence of a similar 
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response during subsequent years prevented a more detailed investigation of 

the processes involved in the build-up of SRP concentrations. 

As discussed by Levine (1975), at lm'l SRP concentrations the analysis 

of samples by the molybdate blue procedure followi:ng gel filtration is not 

possible because of the diluting influence of the eluent. During the period 

over which 32p experiments were being conducted in Midmar Dam, SRP remained 

low and simultaneous measurement of colloidal P by gel filtration analysis 

and the molybdate blue procedure could not be undertaken. 

Evidence from the literature regarding the inclusion of colloidal P 

in the SRP analysis is inconclusive. Much of the confusion results from the 

limited attention which has been focused on this aspect of the P cycle by 

limnologists and the consequent poor understanding of the colloidal P fraction. 

Colloidal P refers to the P fraction which exceeds the fractionation range 

of Sephadex G25 gel, and thus may include a range of biotic and abiotic 

components. 

Under conditions where P04-P concentration is high relative to the 

colloidal P concentration, or where the colloidal P is predominantly in a 

form which is not easily hydrolysed, SRP may be a good index of P04 -P in 

fresh waters. In contrast, when the colloidal P is easily hydrolysed to 

P04-P, SRP could include fractions which are not P04-P. The inability of 

SeZenastrum capri cornu tum to utilise all the SRP in bioassays together with 

the results of other workers provides convincing evidence that SRP does 

include fractions which are not P04-P. Kuenzler and Ketchum, (1962) 

demonstrated that not all of the P in the SRP analysis was taken up by algae 

and Rigler (1966, 1968) suggested that labile P fractions were hydrolysed 

to P04-P during the molybdate blue procedure and that SRP measurements were 
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consequently overestimates of P04-P. Stainton (1975) (cited in Levine, 1975) 

and Downes and Paerl (1978) have also demonstrated the hydrolysis of colloidal 

P to P04-P during the molybdate procedure. Francko and Heath (1979) in a 

comparative study of two distinctly different lakes concluded that SRP was a 

reasonable estimate of P04-P but indicated that their data provided qualitativE 

support for the possibility of hydrolysis of labile P fractions during analysi! 

An alternative explanation for the SRP accumulations is that the sedi

ment/water exchange equilibrium was somehow influenced in such a way that the 

characteristic high P04-P fixing capacity of the sediments was markedly 

reduced. Although anaerobic conditions have been shown to cause such changes 

in many lake sediments (Syers et al.~ 1973), they were not detected during thi~ 

study, even during a 48 hour monitoring programme at a time when production 

in the column +N and column N+P was high, and it seems ~nlikely that P 

release under anaerobic conditions could explain the SRP accumulations. For 

the purposes of this discussion, the SRP accumulations will be regarded as 

being due to the biological production ofcolloidal P some or all of which 

was hydrolysed to P04-P during the analytical procedure, and not to changes 

at the sediment/water interface. 

6.2 A Simple Conceptual Model of Internal P Cycling in Midmar Dam -- . 

Many authors have used conceptual models of varying complexity to depict 

the processes involved in P cycling in ~resh waters (Hayes and Phillips, 1958; 

Stunml and Leckie, 1970; Golterman, 1973a,1976; Lean, 1973; Rigler, 1973; 

Syers et al.~1973; Norman and Sager, 1978b). To facilitate more meaningful 

discussion of results of this study, a conceptual model of the major P 

compartments and their possible interactions is presented in Fig. 6.1. 
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The compartments depict the components of the cycle identified during 

the radiotracer studies, and are used in preference to compartments identified 

by other analytical procedures because their direct involvement in the rapid 

P exchange has been established. 

It is obvious that many aspects require more detailed investigation, 

and these will be discussed elsewhere (section 6.7). The model is merely 

intended as a broad conceptualisation of the processes involved in internal 

P cycling and, in the absence of sufficient data, no attempt will be made 

to quantify the flux rates. It will therefore serve predominantly as a 

means of simplifying the discussion by clari"fying the fluxes and compartments 

to which reference is made. 

The solid lines in Fig. 6.1 represent fluxes which have been demon

strated vJith varying reliability during this study, while the broken lines 

represent fluxes and P compartments which may not have been directly demon

strated but which have been shown to be important by other workers. 

6.2.1. P Compartments 

Of the P compartments included in the model (Fig. 6.1) the P04-P 

fraction. can be regarded as the only easily definable fraction which represents 

a chemically distinct component in the P cycle. Clear definition of the 

particulate P and colloidal P compartments are not possible, and these fraction 

cannot be regarded as representing functionally or chemically distinct 

components oj n the cyc 1 e . 

The confusion results from the separative techniques employed. 

Particulate P was separated from soluble P by filtration (O.45)..l pore size), 

Particulate P therefore comprises all forms of P which are retained by the 

filt(~r, including living and dead organic matter and inorganic matter, all of 
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which may have markedly different roles in the P cycle. Conversely, · the 

soluble P fraction contains all forms of P that pass through a O.45~ filter, 

which may "include P04-P and/or a variety of molecular and particulate P 

fractions. The separation is thus based purely on the pore size of the 

filters used and does not reflect distinct natural P compartments. The 

observed retention of colloidal P on refiltration emphasises the overlap 

between these two compartments. 

Although gel filtration facilitates further separation of the 

soluble P compartment, the colloidal P, which is separated from smalier P 

fractions such as P04-P and low molecular weight P (Lean, 1973; Lean and 

Nalewajko, 1976), by virtue of the fact that it exceeds the separation 

range of Sephadex G 25, cannot be regarded as a functionally distinct 

compartment. It can include a range of abiotic and biotic molecular 

particles or aggregates which exceed a molecular weight of 5000 and which 

have been shown to have molecular weights exceeding 5 million (Lean, 1973). 

Because of the presence of a large proportion of clay particles less than 

0.45~ in diameter in ~'idmar Dam, it is thought that a large proportion of 

the colloidal P consists of inorganic clay particles. Functionally these 

are probably similar to the inorganic fraction of the particulate P but they 

are clearly not analagous with the biologically generated colloidal P observed 

in the Anabaena culture, and in Heart Lake (Lean, 1973). 

Whilst these limitations place severe constraints on general 

inter~retation of the results, and particul arly on any attempt at quar.tifying 

the fluxes between P compartments, it must be rememberE,d that separation by 

filtration is a standard limnological procedure and the problems discussed 

are universal. Until more refined separative techniques are developed 

the problems will remain. 
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While low molecular \'Je ight P, as identified by Lean (1973) and 

Lean and Nalewajko (1976), was never detected in water from the dam or 

isolation columns during this study, there is no justification for excluding 

it from the model since it may be of more importance during peaks in primary 

productivity, such as those in the column +N and column N+P during the 

Microcys t is blooms. Since this fraction is of biological origin it would 

be expected to be more distinct \'Ihen the phytoplankton standing crop is 

high and, unfortunately, during the course of the radiotracer Experiments the 

phytoplankton response was relatively small compared with the periphyton. 

The apparent absence of the low molecular weight fraction may therefore 

simply reflect the low standing crops of phyt oplankton. 

Sediment P in the model refers to the total pool of potentially 

exchangeable P in the sediments. This includes P exchanged via adsorption/ 

desorption processes on the inorganic clay particles or via biological 

processes. Under the conditions prevailing in the dam at present, the 

latter is thought to be relatively unimportant in the deeper water (>3m) but 

in the littoral zone the situation probably changes. Here more light 

reaches the substrate and the role of the benthic algae in exchanging P with 

the overlying water probably becomes proportionately more important. 

6.2.2. Fluxes Betwee n P Compartments 

Broadly speaking, the' model (Fig. 6.1) can be divided into processes 

involving P exchange between the sediments and water (Fluxes 1, 2, 3 and 4), 

and processes involving P exchange within the water (Fluxes 5, 6, 7a, band c, 

8 and 9). These however, require clar"ification to prevent any misunder

standing during the discussion. 

Fluxes 1 and 2 simply refer t o direct adsor pt ion and desorption of 

P0 4-P by the sedi ments, wh"i le 3 and 4 represe nt t he exchange of particulate P 
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via the processes of resuspension and sedimentation. 

Within the water column Fluxes 5 and 6 represent direct exchange 

of P04-P by the particulate fraction. Flux 7 represents the formation of 

colloidal P from particulate P, and is split into Flux 7a which represents 

the direct incorporation of inorganic clay colloids into the colloidal P 

fraction, and Fluxes 7b and 7c representing the biological production of 

low molecular weight P and its subsequent incorporation into colloidal P 

via the pathway envisaged by Lean (1973). 

Flux 8 represents the direct com~lexing of P0 4 -P by colloidal 

particl~s, probably the inorganic fraction. This contrasts with the mode1 

of Lean (1973) but it is included because of the distinct retention of 

32P04-P by filters after filtration by labelled Midmar Dam filtrate. 

Flux 9 is included since clay colloids, which are thought to constitute a 

large proportion of the colloidal P compartment, are directly involved 

with P exchange (Syers et at ., 1973). Furthermore, the conversion of 

colloidal P to P04 -P has been demonstrated by Lean (1~73) and by Paerl and 

Downes (1978), and the potential influence cf phosphatase enzymes and 

photodegradation on this Flux cannot be overlooked (Berman, 1970; Francko 

and Heath, 1979). 

During this study it was demonstrated that no direct exchange between 

colloidal P and the sediments occurs and a flux between these compartments 

is therefore not indicated in the model. 

6.2.3 Uses and Limitations of the Model 

Rigler (1973) stated that simple models, such as the one under 

discussion, have innumerable limitations, many of which have been considered 
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already. This is acknowledged but, at the same time, the simple modelling 

approach is justified by the fact that it provides a means of simplifying 

a highly complicated series of interrelated processes, many of which are 

poorly understood due to methodological limitations, so that they can be 

seen more clearly in relation to one another for an overall synthesis. 

While a more detailed understanding of the whole P cycle should be the goal 

of this type of research, because of its complexity, it cannot be achieved 

during the course of a single study. .n. conceptual model such as that 

presented in Fig. 6.1 provides an opportunity to assess the extent to 

which the goal has been achieved and to identify priority areas for future 

research. 

The modelling approach has been taken to the extreme in the formula

tion of input/output models such as that of Vollenweider (1968) and more 

recently in South Africa that of Walmsley et al.,(1979), which predict the 

responses of lakes to increased or decreased P loading while ignoring 

totally internal processes. 

This approach was prompted by the increasing need for predictive 

models on which to base management strategies, and the realisation that 

limnologists were not in a position to adequately model internal processes 

(Rigler, 1975). Within their limitations these models have been useful. 

However, there is a growing realisation that for reliable predictions of 

the i nfl uence of nutri ent enri chment, factors i nfl uenci n9 i nterna 1 cye 1 i ng 

must be taken into account (Lean~ 1973; Lean et al.~1975; Golterman, 1976; 

Golterman et al.~ 1976; Walmsley et al.~1979). 
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6.3 P Compartments and Their l~teractions Under Steady State Conditions 

This study has emphasised the dynamic nature of the exchangeable P 

'pool in Midmar Dam. Rapid steady state exchange between the soluble and 

.particulate P compartments via Fluxes 5 and 6 (minimum P turnover time 

8 minutes), and between the sediment and overlying water (exchange rate 

0.012 ~g cm- 2 hr- 1 ) has been demonstrated. These exchange processes occur 

much more rapidly than the slow net changes in P concentration within the 

compartments, as indicated by the relatively stable conditions in the open 

water during the 1976-77 enrichment experiment (section 3.3). Midmar Dam 

can therefore be regarded as approximating a steady state condition as 

envisaged by Hayes and Phillips (1958). 

Under steady state conditions it appears that approximately 90% of 

the exchangeable P in the water was associated with the particulate fraction 

while approximately 1.8 and 6.6% was associated with the P04 -P and colloidal 

P fractions respectively (Fig. 6.1). This contrasts with the distribution 

used in Lean's model (Lean, 1973) where particulate P, P04-P, low mclecular 

weight P and colloidal P represent 98.5, 0.21, 0.13 and 1.16% respectively. 

The possible reasons for these differences have been discussed (section 5.4). 

They relate largely to the oligotrophic status of Midmar Dam and to the fact 

that inorganic clay particles at'e a major contributor to turbidity. 

The extent of the sediment exchangeable P pool has hot been accurately 

assessed but, from the observed SRP accwnulations in the column +N during 

the in situ enrichment experiments, it appears to be fairly extensive. 

Under the quasi-steady state conditions in the dam, P cycling within 

the water is predominated by Fluxes 5 and 6. This statement is based on 

the fact that 32 p uptake experiments showed rapid exchange of P0
4
-P with 
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particulate P but no direct exchange between colloidal P and particulate P. 

Thus, while colloidal P may be produced from particulate P via biotic and 

abiotic processes (Fluxes 7a, b and c), the relative importance of these 

processes in Midmar Dam is not clear. The absence of a distinct low 

molecular weight P peak in Midmar Dam filtrate does not indicate that fluxes 
I 

7b and c, which have been demonstrated in eutrophic Heart Lake (Lean, 1973), 

are unimportant, but rather that low molecular weight P may be rapidly 

cycled into colloidal Pand is therefore never present in detectable amounts 

in the fi ltrate. 

Exchange between colloidal P and P04-P via Fluxes 8 and 9 is also 

difficult to assess because of the poor characterisation of colloidal P. 

Lean (1973) showed no direct complexing of P04-P by colloidal P via Flux 8, 

but during the Midmar study this could represent a significant flux 

(section 5.4.6). In fact, · clay colloids incorporated into the inorganic 

fraction of the colloidal P would exhibit P04-P exchange with the surrounding 

water via adsorption/desorption processes (Fluxes 8 and 9). 

Superimposed on this exchange is the potential release of P04-P from 

biologically generated colloidal P via Flux 9. It seems likely that the 

colloidal P used in Lean's model (Lean, 1973) consisted predominantly of 

biologically generated fractions, while in Midmar Dam the inorganic fraction 

is thought to predominate. The organic fraction may not be directly 

involved in P04-P complexing via Flux 8, and the apparent differences between 

Lean's observations and those in Midmar Dam may be attributable to differences 

in the relative proportions of inorganic and organic colloidal P. 
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The fluxes of P between the sediments and water involve adsorption/ 

desorption processes (Fluxes 1 and 2) as well as physical processes (Fluxes 

3 and 4). In intact Midmar Dam sediment/water systems the steady state 

exchange rate via Fluxes 1 and 2 was calculated to be 0.01192 ~g cm- 2 hr- I 

(2.9 mg m- 2 day-I). Using this rate, and assuming an equilibrium P04-P 

level of approximately 5 ~g ~-I, the potential role of steady state sediment 

water exchange can be crudely estimated from the volume of the impoundment 

at full supply level (177.2 m3x 106 ) and the surface area (15.6 km2 ). If 

the observed exchange rate is a reasonable representation of the Midmar 

sediments in general approximately, 36% of the total pool of P04-P in the 

impounded water could be cycled through Fluxes 1 and 2 during a single week. 

This demonstrates the dynamic nature of the internal P cycle. 

Fluxes 3 and 4 are known to be important in Midmar Dam as they refleCl 

the influence of turbulence on the sediment/water interface, which cannot be 

regarded as a well defined barrier (Johnson, unpublished data). With 

fluctuations in the extent of turbulence, Flux 3 (resuspension) has the 

potential to influence the sizes of the particulate P and colloidal P 

fractions, but this may be counteracted to some extent by Flux 4 which 

represents sedimentation. The importance of Fluxes 3 and 4 may be largely 

related to the fact that since they result in a continuous state of flux 

between the "later and sediments they markedly increase the effecti vesurface 

area of sediment in contact with the water and thus have the potential to 

markedly influence Fluxes 1 and 2. Rippey (1976) clearly demonstrated the 

marked influence of agitating on nutrient exchange in intact sediment/water 

systems but these have not been quantified in Midmar llim. 
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6.4 P Compartments and Their Interactions Under Varying Enrichment Regimes 

6.4.1 Addition of P0 4-P 

From the responses of the isolation column enriched with P04-P it is 

clear that, in the absence of an external N supply, the biological uptake 

of P04-P via Flux 5 is limited by the low levels of available N. Conse~ 

quently direct adsorption of the added P by the sediments via Flux 1 is the 

major mechanism whereby P is removed from the water. Adsorption of P04-P 

by inorganic fractions in the water via Fluxes 5 and 8 are unimportant by 

comparison,as evidenced by the frequent absence of any sign of P04 -P enrich

ment in the total P concentraticns in the water. 

As a result of the limited phytoplankton response during enrichment 

with P04-P, the biological cycling of P via Fluxes 7a, band cremains 

relatively unimportant, and organic P contributions to the sedimentation 

process (Flux 4) are negligible. 

These observations emphasise the restricted nature of the pool of 

available N and the absence of any major N source in the sediments. 

6.4.2 Addition of N0 3-N 

Earlier enrichment experiments indicated that when N0 3-N was added 

tc an isolation column, a gradual flux of P04-P into the particulate P 

(largely periphyton) via Fluxes 2 and 5 could be induced (Twinch, 1976). 

During this study similar observations were made during a summer bloom of 

Microcys-tis. This indicated that the potential role of Fluxes 2 and 5 

in providing a P source, when N was not limiting, was a major component of 

the P cycle. 
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Of equ~l significance was the observation that, as the particulate 

P compartment increased in size, the role of biological cycling via Fluxes 

7a, band c became increasingly important. At times when ~crocystis 

density was high, bioassay results indicated that a large proportion of 

the SRP was in a form other than P04 -P which, as already discussed, was 

pnobably colloidal P. Since colloidal P is not fixed by the sediments, its 

presence in large proportions in the water could be important in increasing 

P availability in the water via Fluxes 9 and 5 as envisaged by Lean (1973). 

This aspect however requires further investigation. 

As a consequence of the increase in primary productivity resulting 

from N0 3-N enrichment, the organic P contribution to sedimentation (Flux 4) 

increased, as evidenced by the increased levels of organic carbon, available 

and acid extractable P in the surficial sediments. Thus, in the presence 

of an abundant supply of N, P can be drawn from the sediments via Fluxes 

2 and 5, cycled through the water via Fluxes 7a, band c, 9 and 5 and then 

redeposited on the sediment surface as organic P (Flux 4). It should be 

emphasised however, that the response of isolation columns to N0 3-N enrich

ment has been varied and is perhaps more typically restricted to the peri

phyton, as was the case during the winter enrichment. At these times there 

has been no sign of the important role played by Fluxes 7a, band c and 

9, but the release of P via Fluxes 2 and 5 has been a common feature. 

6.4.3 Addition of P0 4 -P ~nd N0 3-N 

Trends in the column N+P are difficult to assess in relation to the 

model (Fig. 6.1) due to the markedly different responses during the winter 

and summer periods of enrichment. Accumulations of colloidal P via Fluxes 5 

and 7a, band c character ised bot h periods of enrichment. During the winter, 

when the particulate P compartment was relatively small, indicating a low 
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standing crop of planktonic organisms, the accumulation was most marked. 

At this time, SRP accumulated at a rate approximati~ng the theoretical maximum 

indicating that very little of the added P was fixed by the sediments, but 

N03-N levels also incrEased indicating that ~iological demand for nutrients 

was low, which is reflected in the relatively low and stable chlorophyll 

levels. Although it is tempting to suggest that the winter trends were due 

to bacterial production of colloidal P via Fluxes 7a, band c there is no 

evidence to support this. Very little can therefore be said about the 

potential importance of various P fluxes during this time. The possibility 

that direct adsorption of P04-P by the sediments via Flux 1 was prevented 

by changes at the sediment/water interface has been rejected (section 6.1). 

The only conclusion that can be reached is that P cycling within the water 

during the winter enrichment cannot be adequately explained by the data 

available. The bioassays however indicate that P0 4-P was retained in the 

water largely in a form not directly available to the phytpplankton, suggestir 

that Fluxes 7a, band c may have been important in the production of 

colloidal P. 

Loss of P from the water column when enrichment was stopped was probabl 

due to a combination of P04-P adsorption by sediments (Flux 1) and sedimenta

tion of organic P (Flux 4). 

During the summer enrichment with Nand P a bloom of Microcystis 

developed, and the general trends were similar to those in the column +N OVE'r 

the same period. Simultaneous additions of Nand P increased the rate of 

Flux 5, due to the biological demand which was maintained by the abundant 

supply of nutrients and due to the fact that the biological uptake was not 

dependent on the rate of P04-P relecse from the sediments (Flux 2). With 

the increased biological response, t herate and extent of biological cycling . 
via Fluxes 7a, band c were increased, as shown by the increased proportion 
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of unavailable SRP in the column N+P at this time. 

Despite the distinct biological response to N+P additions, direct 

adsorption of POy-P by the sediments (Flux 1) remained the major mechanism 

whereby P04-P was removed from solution during the summer, and the rate of , 

total P accumulation in the water seldom "approached that expected from the 

loading. Because of the increased primary production, organic sedimentation 

via Flux 4 was also an important pathway for the removal of P from the water, 

particularly when the phytoplankton population began to decline. Clearly 

therefore, as demonstrated in the model of Golterman (1976), both processes 

are important, but their relative importance is largely dependent on the 

production in the water column. 

6.5 ExtraEolation of Ocservations in the Isolation Columns to the Impoundr~~0J 

as a Whole 

For a variety of reasons, some of which have been discussed, the direct 

applicability of findings within isolation columns to the open water 

situation remains uncertain. Factors which could influence the P fluxes 

within the columns include: 

a) Isolation from the hydrological regime in the open water. This results ir 

a more static system in which the influences of water input and output are 

eliminated and retention time becomes infinite; 

b) Isolation from allochthonous loads of suspended material (river inputs); 

c) Isolation from autochthonous sources of suspended material (resuspension 

of sediments in shallow water and shoreline erosion); 

d) The disproportionately large influence of periphyton; 

e) Shock dose nutrient loading at weekly intervals which contrasts with the 

continuous nature of nutrient loading under natural conditions; 

f) Addition of Nand P in the chemically pure forms of N0 3-N and P04-P, 
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which contrasts with the wide range of forms included in natural nutrient 

loads; 

g) Specific characteristics of sediments in the experimental area, which may 

not be representative of the impoundment es a whole. 

h) Isolation from the littoral zo~e. 

While the potential role of these factors in influencing P fluxes within the 

isolation columns is recognised, it is not possible to quantify this influenc 

with the data available. 

There is a growing realisation that the role of the littoral zone, even 

in the absence of significant stands of aquatic macrophytes, could be 

important in nutrient cycling in Midmar Dam through the phytobenthos and 

the inundation of vegetation following draw-down (Breen and Johnson, 

personal communication). The absence of a littoral zone, comparable with 

that ir. the open water, within the columns may thus be a major constraint 

on the general applicability of results obtained in the columns. This does 

not, however, imply that observations w.ade in the isolation columns have 

no relevance to the impoundment as a whole. On the contrary, a number of 

fundamental principles regarding internal P cycling under varying conditions 

have been demonstrated and, while within the columns these may be manifested 

through different biological pathways (i.e. periphyton) than would be the 

case in the impoundment, the general concepts are equally applicable to the 

open water system. These include the P fixing potential of the sediments, 

the P releasing potential of the sedi ments, the contrasting role of the 

sediments as a source and si nk for Nand P and the apparent abil ity of the 

biolog.ical P cycle within the water to facilitate marked increases in 

soluble P by the production of a colloidal P fraction. 
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6.6 Implications 

This study has highlighted the dynamic nature of the P cycle in 

Midmar Dam and has demonstrated the dual role of the sediments as both a 

source and sink for P, depending on conditions in the water. Probably 

the most significant feature has been the observation that the pool of 

available P in Midmar Dam is far more extensive than the low levels of 

SRP in the water indicate. However to translate the results of the 

experiments into recommendations for management and to identify avenues 

for further research, two issues require consideration: The applicability 

of the results to impoundments as a whole must be examined in order to 

determi ne whether conditi ons favouri ng net f1 ux of P from the sediments 

to the water are likely to arise; and the implications of the dynamic 

nature of the P cycle in the development of predictive models, which may 

be used in eutrophication control, must be assessed. 

Extrapolation from the results of the isolation column experiments 

to the open water would be fairly simple had the periphyton component 

not been present. In such a situation, provided there was a fairly high 

proportion of shallow mixed water in contact with the sediment in the 

impoundment, large fluxes could occur between the sediments and the primary 

producers. Since most impoundments in South Africa are fairly shallow 

(Noble and Hemens, 1978) P loading from the sediments could be potentially 

important. However, the presence of periphyton complicates the issue. 

It is well established that different species of algae have different 

uptake rates of nutrients and can utilise them at varying concentrations 

(Kuhl, 1962). If the periphyton species are particularly ad~pted to 

utilising P when the concentrations are low the major flux of P from the 

sediments into the columns may have been largely dependent on the presence 
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of periphyton in the isolation columns. The question which arises 

therefore is to what extent does periphytcn exist in the impouncment? 

Johnson (unpublished data) has shown high levels of chlorophyll in the 

loose surficial sediment, and the importance of littoral benthic algal 

production has been demonstrate~ (Hargrave, 1969). If this is the case 

in Midmar Dam, and in other shallow impoundments, it may not be unreason

able to equate the phytobenthos in the impoundment with the periphyton 

in the columns, and consequently to extrapolate the data to the 

impoundment. For thi s the role of phytobenthos i n r~i dmar is a pri ori ty 

for further study. 

If it is reasonable to assume that the components found in the 

isolation columns have their equivalents in the dam then there seems no 

good reason why enrichment with N should not be able to cause a signifi

cant net flux of P from the sediments into the water in the impoundment. 

The conclusion that stems from this discussion is therefore that for 

effective control of production in the imp9undment, and ~articularly of 

eutrophication, it may be necessary to control N loading. 

Since P loading has been implicated in eutrophication (Rigler,1973) 

it is pertinent to examine current models and assess their applicability. 

This is based on the assumption that if the models which predict the 

impact of P loading are adequate, at least from the predictive standpoint, 

internal loading with P may be considered to be of less significance than 

appears to be the case from the results of this study. 

A number of models have been developed to permit the prediction of 

the impact of allochthonous P loading (Vollenweider, 1969; Walmsley et al.~ 
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1979). In these the confidence limits appear to be rather wide, probably 

too wide to permit sufficient sensitivity to allow meaningful predictions 

to be made. A simple example is the empirical model developed by 

Walmsley and Butty (1979) which, because it deals with South African 

conditions is particularly pertinent to this discussion. If a mean 

annual chlorophyll concentration of 9 ~g ~-I is assumed for an impound

ment the P04-P loading rate, calculated from the empirical model, could 

range between 1.6 and 7.9 g m- 2 a-I at the 95% level of confidence. 

The lower loading rate may be regarded as typical of an oligo/mesotrophic 

impoundment, whilst the higher would create highly eutrophic conditions 

(Walmsley and Butty, 1979). 

It is necessary therefore to question the insensitivity of the 

relationship. It may arise from factors such as 

i) Insufficient accuracy in the estimation of loading. Nutrient 

loading varies with river flow and without continuous monitoring 

large errors are liable to result. Furthermore there is some 

doubt as to which fractions of the P load should be included in a 

predictive model (Schaffner and Oglesby, 1978), further research 

in relation to the estimation of loading is urgently needed in 

South Africa. 

ii) Differences in hydraulic regime which compound the effEcts of 

loading and flushing. 

iii) Differences in turbidity which influence the response of the phyto

plankton to P04-P loading (Walmsley et aZ.,1979). 

iv) Differences in catchment geology. Grobler (personal communication) 

has shown that algal available P in sediments from different 

geological regions varies markedly. This could be reflected in 

marked differences in the rate and extent of internal loading from 

the sediments. 
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Whether N or P is the limiting nutrient, the con(:ept of "limiting" 

nutrient requires more careful examination. The results of this study 

suggest that the ordination of limiting nutrients based on bioassays 

(Toerien et aZ.~ 1975; Walmsley, 1976; Hemens et aZ.~ 1977) or on N : P 

ratios in the water (Walmsley e~ aZ.~1979), may be of little applicability 

to the natural situation where the rates and extents of nutrient supply 

are dependent on dynamic exchange between compartments and not simply on 

concentrations in the water. 

Based on the assumption that the results of this study can be 

extrapolated to the darn and that insensitivity in current predictive 

models may reflect internal loading, it seems reasonable to assume that 

some form of control over N entering impoundments may be desirable. To 

set up the criteria and standards will, however, require greater 

research effort into the dynamics of N in aquatic systems. This is 

substantiated by the inadequate understanding of the conditions under 

which N fixing blue-green algae become dominant. 

It has been suggested (Toerien, 1977) that Even in N limited 

impoundments, reduction in N loading rate will not have a beneficial 

effect because these conditions favour the organisms that can fix 

atmospheric N2 . Whilst this does occur in some eutrophic impoundments 

(Ashton, 1979) it never occurred during the column experiments, despite 

the high levels of P addition and the apparently N limited conditions. 

Tn similar enclosure experiments in Holland, N2 fixation did not occur . 

(Golterman, 1976). Perhaps this again stresses the need for more research 

into the N cycle and the biology of the heterocystous blue-green algae. 
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