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ABSTRACT 

Phosphate availability is a manor factor controlling 
algal productivity in Loch Leven, a shallow eutrophic 
freshwater lake. Experimental work was designed to 
investigate four main aspects of the influence of micro-
organisms on the phosphate cycle in the lo(,h. 

1.0 	PhoeDhateFlux Between Sediments and Vlater The 
following parameters were investigated using Jenkins cores 
as models. The effect of: 

Sediment type on anaerobic phosphate release and the 
rate of change in redox potential. 

Poising the Eh with nitrate, sulphate or thiosuiphate 
on phosphate release. 

Aerating sediments on Dhosnhate movement. 

() Temperature on phosphate release and redox Dotential 
changes. 
(e) Sediment gas production on phosphate release. 

(i) Algal phosphate uptake on phosphate movement between. 
the sediment and water phases. 

Jenkins cores were treated with -jCi-iO to cietermlne tli.e 
contribution that biological activity made to phosphate 
release from the sediments. 

c+eria Under 
Labo.ea `t ory  
An alternative method Of enumerating phosphate 

solu.hiliz.iiig bacteria was devised. 
The effect of sediment type on the distribution of 

phosphate solubilizirtg bacteria was investigated. 

The bacteria solubilizing inorganic hosphate were 
identified.. 

The ability of the bacteria to solubilize various 
inorganic phosphates under laboratory conditions was 
investigated. 

The effect of various alternative energy sources on 
phosphate solubilization was determined. 

Acidity arid chelation effects on phosphate solubilizaticu 
were separated. 

An attempt was made to identify th metabolic 
byproduct bringing about solubilization. 	- 

The Im'cortancc of These Processes in the Loch Assumir1e' 
the data obtained in the laboratory were related to the 
loch situation, calculations were made to assess the 
movement of nhosphate from the sediment in to the water 
phase. 



CHAPTER 1 IJITRODUOWI ON HISTORY OF EUTROPHI CATION, 
LAi PRODUCTIVITY, ROLL OF PHOSPHORUS IN LIVIEG 
SYSTEMS, PHOSPHORUS IN LAKJS, THE GENEJJQ  
PHYSICAL AND BIOLOGICAL CHARACTERISTIOS OP 
LOCH LEVLIT, OBJECTIVES OF PRESENT INVESTIG-ATIO1I 

CHAPTER 2 MATE RI ADS AND iiETHODS SAEPLI1iC, 	 19 
TRFiTi ENTS OF JENKINS C ORS iii C ROBI OLD C-I CAL 
]VIETHODS CHE1IiCAL AND PHYSICAL  TMETIHODS 

CHAPTER 3. PHOSPHATE RELEASE AND ADSORPTION BY THE 
	

30 
SEDIMENTS OF LOCH LEVEN 

3-1 Introduction. 	 30 
3-2 Chemical and physical characteristics 

of Loch Leven sediments. 
3.3 The effect of temperature and sediment 

type on the anaerobic release of phosphate. 
3-4 Separation of biological and chemical 

factors affecting phosphate release. 
3-5 Poising of Eh in Jenkins cores and 

subsequent phosphate release0 
3-6 The effect of aeration on phosphate 

release in Jenkins cores, 
3-7 Phosphate adsorption by the sediments 

under aerobic and anaerobic conditions. 
3-8 Summary and conclusions 

CiIJLPTER 4. PHOSPHATE SOLUBILIZING- BACTERIA 

4-1 Introduction. 
4-2 The occurrence of phosphate solubilizing 

bacteria in Loch Leven, 
4-3 To investigate the effects of sugar source 

and concentration on the solubilization of 
phosphate by phosphate solu'oiii zing bacteria. 

4-4 To investigate the effect of phosphate 
SO1U1)iliZlflg bacteria on naturally occurring 
phosphates. 

4-5 Changes in p11 and production of Keto acids 
in liquid cultures of phosphate solubilizing 
bacteria. 

4-6 Separation of chelation and pH effects in 
phosphate solubilization. 

4-7 Confirmatory tests for the identification 
of the byproduct released during glucose 
metabolism by the phosphate solubilizing 
bacteria. 

4-8 Addition of phosphate solubilizing bacteria lii 
to mini cores. 

4-9 General discussion. 

a:e 

1 

46 

51 

L/ 

70 

74 

78 

82 

82 
90 

94 

100 

102 

105 

110 



c)rTETTS corut::.riuod 

P -  e -- 

CHAPTER 5 GENERAL DISCUSSION 	 121 

5-1 Quantitative aspects of phosphate release 	121 
in Loch Leven. 

5-2 In situ sapiirig and interdisciplinary 	124 
studies 

5-3 Applications of this work in relation 	126 
to agriculture and eutrophication 

SUTMARY 

APPENDIX le 

APPENDIX 2 

a 



I 
	 fNT:ROT11CI35 I -  

A lake is a large body of water totally surrounded 

by land. Lakes appear to be permanent features of the
I. 

landscape but they are geologicallytransitory and q  

given tire, will ovcntu.aliy fill in and disappear 

(Hutciiinon 1957) 	For man the water stored in these 

lakes is an essential commodity for life as we Icitow it 

today. Not only is water necessary for life processes 

but it is also essential for industrial and sanitary 

purposes and is extensively used for recreation. It is 

easy to see, therefore, that the pre. secvation 0± our 

water supplies and the maintenance of their quality is 

of the utmost Lnportance 

At one time maintaining the good quality of water 

was not a problem becaUsc the world population was smaLL 

and scattered. However deterioration in water quality 

started early in man's history. : As 50011 as man started 

to clear the native forests 9  till the land and keep. 

flocks of grazing animals, nutrients were leached, from 

the denuded land into the rivers and lakes. The cominc 

of the industrial revolution intensified the problem. 

Towns sprang up with the inherent problems of sewage 

disposal and factories had to find some method by which 

they could dispose of their industrial wastes. As a 

result raw sewage and industrial effluents were dis-

charged directly into the waterways with disastrous 

consecluences. These wastes were often toxic e.g. the 

wastes from coke ovens (Stafford, 1970) and resulted in 
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stretches of rivers becoming free from plants and animals. 

When these wastes were algal nutrients enormous algal 

blooms became common place. Griffiths (1939) found 

written evidence of blooms as early as 1804 9  although at 

this time they were uncommon0 However by the beginning 

of the twentieth century algal blooms were being recorded 

quite frequently and biological indices had been devised 

by which the amount of pollution in a water body can be 

measured (Campbell, 1939; Butcher, 1946; Cairns, 1965). 

Many- lakes have a bloom at some time of the year except 

in uninhabited upland areas. - Subsequently the quality of 

inland waters fell. Lake water became unsuitable for use 

as a domestic supply and was frequently too dirty for 

industrial purposes as many industries e.g. steel, textile, 

paper, distilling need a clean water source. Numerous laws 

have now been passed which limit the amount of waste 

material which can be discharged into rivers and lakes. 

In many countries, especially in Europe and the United 

States there is very strict legislation which sets out 

the concentrations of chemicals which may be discharged 

into a waterway. However many of these measures were 

taken too late and the characteristics of inland water 

bodies have been changed irrevocably unless there is an 

enormous financial investment provided to clean them up. 

The terms eutrophic, mesotrophic and oligotrophic 

were introduced into the literature by Weber in 1907 to 

describe the general nutrient status of the soil solution 

in German bogs (Hutchinson, 1969). The terms are now used 
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of a system controls the secondary productivii;y The 

primary productivity i 	in bu.rn controlled •by the 

inorganic nutrient Supply and also, frequently, the 

amount of available light 

Nitr6gen 9  in the form of nitrate, and phosphorus 9  

in the form of orthoihosphate, are both essential nutrients 

An algal cell contains carbon, nitrogen and phosphorus in 

the ratios 106 16 : I and if any of these elements are 

limiting the cells are unable to grow and divide and the 

size of the 	 is naturally controlled. Silica 

is important in controlling the productivity of diatoms 

as this element: is an essential rnaor constituent of the 

diatom frustule. Many other minor elements e.g. Mg 9  Mn 

Co, S may help to control algal gro'th (Goldman, 1972) 

but they are rarely thught to be the growth limii4ng 

nutrients. - 

-In eutrophic lakes a balanced algal population will 

be maintained consisting of many different types. When 

phosphates and/or nitrates are in excess vast blooms of 

one species may occur and the natural balance of the 

lake population will be disturbed. Blue green algae 

(Cyanophyceae) are the most common cause of an algal 

• 	bloom although diatoms (Bacillárophyceae) and green algae 

• 	(Ohlorophyceae) are also frequent offenders. Blooms are 

undesirable for numerous reasons. The water becomes 

aesthetically disleasing,-appeariflg like 'pea soup' and 

often has an unpleasant odour, 	acrophytes in deeper 

water may he affected because the light is reduced by the 



5 , 

dense surface growth (Mackenthum, 1973). The water may 

become 'anoxic' at night due to there being algal 

respiration but no photosynthesis and when a bloom 'crashes' 

the water may become.deoxygenated due to bacterial 

activity which affects fish and other animal populations. 

Filters to water works and other industrial premises may,  

become clogged by algae with serious and, often, expensive 

consequences. Blue green algae also have the added 

disadvantage that they sometimes produce toxins which 

can result in massive fish kills. For these reasons it 

is desirable that the primary productivity in a water 

body should be controlled. 

Excessive quantities of nitrogen or phosphorus 

compounds are the most common cause of eutrophication 

(Deevey, 1972). These chemicals enter the system from 

many different sources including sewage and industrial 

effluents (Vollenweider, 1968), soil erosion, both 

natural and originating from mans activities (Golterman, 

1973) and run off from agricultural land after ploughing 

and fertiliser application or discharge from farm wastes 

(Cooke, 1972). Any effluent which contains detergents 

will be particularly high in phosphates, this includes 

sewage and effluents from the textile industries. The 

sediments also contribute towards the nutrient status of 

the lake due to decomposition and recycling of nutrients 

or by steady leaching of chemicals to maintain an 

equilibrium with the water. 

As well as affecting the primary productivity in 



6 	- 

lakes, high phosphate and nitrate concentrations have 

other direct or. indirect effets 	The bacterial 

population increases because this tends to he directly 

correlated with the size of the algal pouiatioh 

(Overbec1, 1972) with many of the bacteria producing 

growth factors which are required by the algae '(Thomas, 

1973) 	The increase in the algal population also causes 

the grazing invertebrates and other animals to increase 

in numbers and overall there is a greater biological 

oxygen demand in the water0 As a result many deep lakes 

become both oxygen and temijerature stratified in the 

• 	summer. In oligotrophic lakes where the biological 

oxygen demand is low the; hypolimnion will not become 

depleted in oxygen hut where the oxygen demand is high, 

as in eutrcphió lakes the hypolimnion will be anaerobic 

causing many chemical reactions to take place in the 

• 

	

	reduced sediment and considerable leaching of nutrients, 

especially phosphate,. from the mud. Into the water. 

Phosphorus has been found, to limit primary produc- 

tivity in fresh water more frequently than - nitrogen 

(Voilenweider, 1968) and it is also easier to control 

phosphate concentrations in a lake bedause vast quantities 

of atmospheric nitrogen could be biologically fixed 

annually in the water, mainly by blue green algae, which 

is an uncontrollable aspect of the nitrogen qyc1. A 

close study ofthe roie.that phosp -horus plays in 

eutrophication and how the availability of this nutrient 

could be controlled mail-help to alleviate the problem of 
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algal blooms 

'Role ofrhor1S stem s  

Phosphorus is the twelfth most abundant lLent in 

the eartliS crust. The most usual valence number of 

phosphorus is 3 or  4  but it can have co- ordination 

numbers ranging from 1 to 6 (LIahan, 1969). In all its 

compounds except the alkali and alkaline earth metal 

phosphides phosphorus is covalently bonded to its 

neighbouring atoms. Phosphorus is spontaneously 

oxid:Led by oxygen and is usually found in the form of 

its oxides (phosphates) in the natural environment. 

The variable 'valency of phosphorus makes it 

invaluable in living systems where it -frequently acts as 

high energy carrier. Adenosine triphosphate is the 

main high energy carrier. This can be converted to the 

di-phosphate or monophosphate by losing the phosphate 

groups and the energy released by these reactions is used 

to bring about other cellular processes such as 

gluconeogeflesiS, muscle contractions and many other 

reactions (Leninger, 1970). Phosphorus is also found 

in many other compounds in living organisms such as 

nucleotides, lipids and phytin and as such is a fairly 

ajor constituent of a living system. 

Phosphorus in Lakes 	 - 

Sediments 	ifl lake sediments, the most abundant source 
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of phosphorus is inorganic .thco:Lubie phosphaes 	The 

actual form in which the pb.oic:ho:cuo  is found depends uion 

such parameters as the pH, Eh and salt content. oi the 

environment 	In acid sediments it is 1;ypioa]J comhiri.cd 

with iror and aluminium and in alkaline sediments calcium 

phosphate :i.s dominant (iisse, 1973)e Typical phosphate 

found in sedim-mts are apatite (e0 g.. Ca 10  (o) 6 -'- 2 

chiorapatite (Ca 5  (]?04 ) 3  (a) phosriioierrite (1e 1± 3  

(o4 ) 2  3H2 0) strengite (Pc 3  PO 4  2R 2 0) and nar1y others. 

Phosphorus is also found in the form of organoposphoru; 

compounds such as phytin, nucleic acids and .gJcerophOlateS 

The organic phosphates originate from plant and animal 

remains arid from microbial synthess of inorganic 

phosphorus compounds. The inerstita1 a;er in toe 

sediment h,-),s a high. orthophosphate 	conc:ontration. 

This is because all the insoluble phosphates 

equilibrium with the water and phosphate is cons artly 

dissolving or precipitating to maintain, this ecjuilihriu.i. 

Also microbial decomposition of orgn c cor!po.u.ds and 

excretion by animals in the sediment contribute to th: 

high phosphate concentration in the interstitial water. 

'iater Lake water contains soluble and insoluble 

inorganic and organic phosphates. Soluble inorganic 

orthoDhosphate is the form of phosphorus which is 

available to algae as a nutrient. Poivi5hosphates, which 

originaterorn algae, are also inorganic in nature ano on 

be utilised as a hutrient. Insoluble inorganic or 
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tparticulate l 	 origihates mainly from disturbance 

of the sediments by winos and currents. The organic 

phosphates are found in living organisms iei, fish, 

ycoplankton, zoo -plankton and bacteria. In living Ph.. ,  

organisms these boundup' organic phosphates may he 

termed as insoluble as they are unavailable as nutrients. 

However upon the death and lysis of alge, for exanp:Le, 

they may become soluble and ban be utilised by bacteria and 

zooplankton Fish, birds and zooplankton excrete large 

quantities of organic and inorganic phosphates into the 

water (Scharpf, 1973) 

Phosphorus Cvclinr-_in Lakes 

Many detailed studies c:I 

the phosphorus cycle in lakes have been published 

(e.g. I4g,Jec, 1956; OlLiella , 1974; Port 	1972). 

Rigs icr, (1975) gave a dynamic view of the phosphorus cycle 

in a freshwater ecosystem. The phosphorous cycle is 

complex but less so than the carbon and nitrogen cycles 

because these elements can be lost from the system in the 

form of gases. It is possible to construct a box diagram 

(Fig. 1) for phosphorus which shows the location of the 

major types of phosphorus in a lake and how they interact 

with each other. A complete picture of'the phosphorus 

cycle in any given lake could be obtained by determining 

all the relevant values in the; diagram. However many 

of these interactions are difficult to measure. For 
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exanple 9  there are no satisfactory techniques for 

measuring the sedimentation of algae (Smith, 197) which 

could add enormous quantities of organophosphorus to the 

sediments annually. Estimating the effects of winds and 

currents is difficult yet these may help phosphate release 

from the sediments by mixing the interstitial or particulate 

phosphate with the main body of the lake., There are many 

non-biological interactions taking place in the phosphorus 

cycle especially in the sediments. Insoluble inorganic 

phosphates may be :Leduced to form soluble phosphates and 

thus released into the water phase or the opposite reaction 

could take place in oxidising conditions thus rendering 

the phosphate unavailable as a nutrient. A typical 

reaction would be 

Mn3  PO 4  •(insoluble) • > Mn 	POA (soluble) 

Constant leaching from,,  the sediments due to equilihrü.m 

constants probably contributes vast quantities of 
mom an 

phosphate to the water column annually (Stumm, 1970) 

but if the phosphate concentrations in the water were high 

the opposite process would take place. 

(b) Role of Organisms . The organisms found in the sediments 

and waters of lakes can affect the phosphorus in many 

different-  ways. 

(1) Alga, e If. other conditions are not limiting algal 

growth is directly proportional to the supply of 

orthophosphate in the water s  UD to a certain value, 
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• depending on the species. If there is excess phosphate 

available the algae can accumulate and store it in.the 

form of polyphosphates which are entirely inorganic. 

Scenedesmus st. and Choreila_so can accuiu1ate as much 

as 10% phosphorus by dry weight and this is known as 

luxury uptake (0'Ke1 	1973). These polyphosphates can 

he utiijed if the water becomes depleted in phosphate. 

When the algae die they either lyse, thus adding organic 

phosphates dir.eciiy to the water phase, or they sediment 

out, thus coyi.tributiflg organic phosphates to the sediments. 

- (2) Lnverteb rates The zooplankton in a lake graze 

upon the phytoplanktofl and are frecuently major contributors 

to the recycling of organic phosphorus in the water phase. 

All the invertebrates excrete both in.organic and soluble 

organic phoshateS and invertehratesin the sediments 

probably play a major role in the decomposition of complex 

organophosphoruS compounds. Nematodes and insect larvae 

in the sediments may help in the release of' orthophosphate 

from the interstitial water to the main water column by 

disturbing the sediment surface when emerging. Invertebrate 

respiration helps to establish reducing conditions at the 

onset of stratification thus contributing to the subsequent 

release of reduced phosphates-. 

(3) Bacteria Microorganisms affect phosphorus in 
t:Iafly 

different ways and play a major role in the phosphorus 

cycle.  

(i) Breakdown 	Oran 	osp'ha 	Organic phosphates 
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in natural waters may be present in soluble, colloidal 

and suspended forms. Many bacteria have heterotrophic 

nutrition e.g. Bacillus sp., Pseudomonas sp. etc., and 

are capable of degrading these organic phosphates, thus 

recycling the, phosphorus. The bacteria bringing about 

the mineralisation of organic phosphates have been well 

characterised. The sorption and hydrolysis of organic 

phosphates in lake sediments is partly due to chemical 

interactions and partly due to the action of microorganisms. 

Sorption depends upon chemical interactions and hydrolysis 
-*trov 

is brought about by sediment microorganisms (Rodel, 1977). 

The hydrolysis is brought about by the action of phosphatase 

enzymes. These are a group pf enzymes which catalyze the 

hydrolysis of both esters and anhydrides of phosphoric 

acid (Schmidt, 1961). These phosphataseS cleave the bond 

between the phosphate group and the carbon chain thus 

releasing orthophosphate into the environment (Feder, 1973). 

The concentration of free phosphatase enzymes in lake 

water has been found to correlate with the amounts of 
ekal 

pbytoplanktOfl and bacteria (Reichardt, 1967). Golterman, 

(i960'  gives a detailed account of phosphorus mineralization 

in fresh water using two algal types, Scenedesmu 

quadricauda and StephanodiscuS hantzchit, as examples. 

However, approximately 30% of the phosphorus in algae is 

fairly resistant to degradation and forms refractory 

material in the sediments. Scharpf,1973 has concluded 

that this material eventually can be degraded and utilised, 
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but at rates of no more than a few percent per year. 

Production of Metabolic y-products Many bacteria &/ , 

under certain favourable nutritional conditions are 

capable of produciiig metabolic by products which accumulate 

in the environment surrouhding the cell. Some of these 

products are capable of affecting the form in which the 

phosphate is present it the sediment. The solubility 

of many inorganic phosphorus compounds is governed by the 

pH of the environment (Stumm, 1970) and most phosphates 

are more soluble under acid conditions. Many bacteria 

produce acids especially by fermentation, and this would 

have the effect of lowering the p11 of the microenvironment 

surrounding the cells, thus phosphates such as calcium or 

aluminium would become more soluble and therefore more 

available to algae as a nutrient. Also certain bacteria 

are capable of producing keto acids on sugar containing 

substrates (Webley, 1959). The keto acids can chelate. the 

cation of an insoluble phosphate such MgEPO 4  thus rendering 

the phosphate anion soluble. The production of keto acids 

could therefore have the double effect of lowering the pH 

and chelating the cation. 

Creation of Reducing Conditions Many phosphates are 

more soluble when in a reduced than in an oxidised state. 

Bacteria can help to establish suitable reducing conditions 

for the reduction of phosphates by first of all assisting 

invertebrates to use up oxygen and then by utilising other 

chemicals e.g. NO3 , S042  and thus lowering the redox 
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potential of the sediments even further, 

In many lakes the primary 

productivity is too high to be accounted for y  the 

phosphorus entering from short term external sources. 

If the production of algae is ocuated with the input 

and output of phosphorus to the lake there is frequently 

a. deficit, that is the input of phosphorus is insu±'f:t.cierj.t 

to maintain. thg observed primary productivicy of the lake 

(e.g. Holden, 1974) 	The sediments can act as a reserve 

of phosphorus which can contribute phosphate to the water 

phase 	Alternatively sediments cara. absorb excess phosphate 
ev AA 

from the water (Ha:cter, 1968; Li 9  1972) 	Bebause the 

sediments are capable of contributing towards the nutrient 

loading of alake it is important to know the exact 

conditions under which, release or adsorption of phosphate 

(or other nutrients) will take place and the factors 

controlling these conditions. There is limited, value in. 

controlling the nutrient input from extemal sources if the 

internal input is adequate for production 5  but once this 

unirnown contribution is quantified the control of the 

primary productivity by altering the nutrient loading to 

the lake may he feasible. 

The General Phvsical and B iQgic al Characteristics   
of Loch Leven 

Loch Leven has long been a famous fishery, dating back to 

the fourteenth century. Scientific records of the plant 
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and animal populations are available for the nineteenth 

and twentieth centuries. These records show that there 

have been considerable changes in the fish and plant 

populations of the loch in the past 100., years. The 

diversity of fish species has declined with brown trout 

(Salmo truttal now being dominant.. There are fewer 

macrophytes in the loch and although dense concentrations 

of blue green algae were occasionally recorded before the 

tun of the century there has been .a bloom every year 

since 1963 (I.B.P. report, 1974). 

The loch is a national nature reserve and is the most 

important water, body in Scotland for numbers of migratory 

breeding and overwintering water foul. A number of 

studies have been carried out on Loch Leven since the end 

of the nineteenth century and since 1963 regular obser-

vations hai),e been nade, after the initiation of chemical 

studies to explain the algal blooms, In 1964 it was, 

proposed that an interdisciplinary investigation should 

take place as part of the International Biological Programme. 

When the I.B.P. study ended work continued on the Loch and 

is still being undertaken. There is, therefore, much 

chemical and biological information about the loch which 

is only 35 miles from Edin1burgh0 

Loch Leven was formed at the end of the last glaciation 

from kettle holes left in the glacial drift by retreating 

ice. The mean water level.is  1007ñi above sea level and the 

loch lies on a fertile plain where the soil is derived 



Fig.?. 	 Loch Leven 

FIDI 

XC 

11  -n 
15 

y 
Castle 	 Wate 

xB 	 ) 

x  

orth 
ueich 

'500m 	
N< 

SoUth 
Quet€h 



16. 

from old red sandstone and carboniferous rocks. The 

mean depth of the loch is 3.9m and the maximum depth is 

25.5m. There are large areas of shallow water (Pig02) 

aiid two deep holes, the North and South deeps, of over 

20m (Smith, 1974). The sediments of Loch Leven are rich 

in iron and vary from coarse sand (grain size2rnm) along 

the shoreline to a fine silt (grain size— 0.004mm) in 

the deep holes. The sandy areas are poor in organic 

carbon (0.055o) but the percentage gradually increases 

until in the deep holes it is about 8% (Calvert, 1974). 

There are three main, inflows to the loch, the North and 

SouthQueich and Cairney Water and only one outflow;.'.  

the River Leven. The prevailing winds are south westerly 

and as the loch is very exposed it is well mixed for most 

of the year. 

The viters of Loch Leven are eutrophic as is shown 

by the high primary productivity, the chorophyli level 

rarely being below :o ugl(Bai1ey Watts, 1977). The 

surrounding land has long been used for intensive agriculture 

so there will he leaching of nutrients into the loch from 

this source especially from fertiliser application. The 

human population is congregated in two main centres, Kinross 

and Milnathort, each, of which has a sewage treatment plant 

which djscharres into the loch. A woollen mill situated 

on the South Queioh discharges its effluent directly into 

the rive-re The mill used to contribute a large part of 

the total phosphorus entering the loch but that entering 
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from other sources in now significantly greater (Holden, 

1974; Caines, 1976). The total amount of phosphorus 

retained in the loch has decreased but vast algal blooms 

still occur regularly (Bailey-Watts, 1977). 

Objectives of Present Investigation 

Much of the work carried out on the release or 

adsorption of phosphate by sediments has concentrated 

on the physical and chemical aspects of the problem, 

for example, the effect of sediment type and pH. Living 

organisms also play an important role in the movement of 

phosphate in and out of the sediment. Bacteria, in 

particular, affect the phosphate flux in many different 

ways. 

The work described in this thesis attempts to quantify 

the role that microorganisms play in the release of 

orthophosphate from lake sediments. The contribution that 

bacteria make to the creation of reducing conditions has 

been studied. Investigations have been made to ascertain 

the exact redox potential necessary for phosphate release. 

Attempts have been made to sterilise or partially sterilise 

sediments, with an assessment of their success, to separate 

biological and non biological factors leading to anaerobic 

phosphate release. The effect that sediment type, 

temperature, aeration and light have on phosphate release 

have been investigated. The properties and activity of 

phosphate solubilizing bacteria in Loch Leven were 
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investigated because these bacteria have been studied in 

soils on numerous occasions ,but very little information 

is available about their distribution in lake sediments. 

The pH and chelation effects of the by-products produced 

by these bacteria were assessed. An assessment of the 

contribution that all these different mechanisms of 

phosphate release from the sediment were making to the 

water phase of Loch Leven was made in order to ascertain 

- 

	

	the source of the additional phosphates that sustain the 

enormous algal blooms. 
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CHAPTER 2 	MATERIALS AND METHODS 

(A) 22M21 ing Pour sampling sites were chosen so that 

sediments from a variety of depths with differing 

ino2ganicchemica1 and organic carbon contents represen-

tative of the loch could be studied. 

The sites were as follows (Pig 2):- 

The North deeps (A), a silty area 20m deep with 

sediments containing 8% organic carbon. 

An area just off Castle Island (B), 4m deep with 4% 

organic carbon. This site had a clayey type of sediment 

and was representative of a large area of the loch. 

Two sandy sites (0 & D) near the shore, Im deep With 

less than 0.5% organic carbon. Site C supported a 

macrophytic population consisting mainly of Potom oke t.en sQ 

but there were no macrophytes present at the other sampling 

sites (A, B & D). 

Buoys were placed at all the sites so that samples 

were collected from the same location on all occasions. 

Samples from the silty and clayey areas (A & B) were 

collected using a Jenkins corer (Mortimer, 1941) which gives 

a sample consisting of approximately 1 litre of sediment 

and 1 litre of water. There was usually more sediment in 

the cores taken from the deep areas where the mud is 

softer. The samples from the sandy sites were collected 

using a corer specifically designed for sampling shallow 

sandy areas in that it is pushed into the sand manually 

(Maitland, 1969). Both the Jenkins corer and sand corer 
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gave a relatively undisturbed sample and care was taken 

not to disturb the sediment/water interface. The metal 

covers on the top and bottom of the cores were replaced 

with rubber bungs soon after. sampling. The cores were 

immediately transported to the laboratory (.35 miles) 

where various treatments were carried out on the day of 

sampling. 	. 	. 

Water samples for chemical and bacterial analyses 

were collected in sterile glass jars. The jars were only 

filled to prevent deoxygenation of the samples.. 

(B) TreatmntE'e Cores  

(1) Aerobic 	When the cores were left. standing, exposed 

to the atmosphere, the rate of diffusion of oxygen was not 

great enough to prevent reducing conditions from being 

established. Consequently it was necessary to aerate the 

water phase. Glass spargers, placed in the water column 

as near to the sediment surface as possible without 

causing visible disturbance, were attached to a small pump. 

The aeration rate was adjusted by placing clips on the 

rubber tubing which led from the pump to the spargers. To 

prevent Undue evaporation of the water peti.dish lids were 

placed over the cores but even with these precautions the 

water level had to be adjusted daily usingdiatilled water. 

Water samples, which were taken using a syringe, were placed 

in polythene bottles and immediately frozen. 

(2) Anaerobic Sealing The bottom lid of the core was replaced 
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with a tightly fitting rubber bung. The metal lid at the 

top of the core was removed and replaced with a rubber 

bung which had two narrow glass tubes and one wider tube 

inserted (Fig-3). All the gas bubbles were removed by 

placing tube A in distilled water and drawing the air 

out through B using a syringe. This was repeated with 

tube C. The system was sealed using a silicone based 

aquarium sealer. 

Water samples were taken from the anaerobic cores 

by placing tube A in distilled water and drawing core 

water out through  using a syringe. The water was placed 

in a polythene bottle, then frozen. Gas which had collected 

in B was removed by once again immersing tube A in dis-

tilled water and drawing the gas out through the suba seal 

using a syringe with a fine needle. Care was taken at all 

times to prevent air entering the cores after they had been 

sealed. 

(3) SegMentation of Cores Horizontal segments 3cm thick 

were cut from the sediment collected in the Jenkins cores. 

The core was clamped to a securely fixed retort stand, 

after the water had been siphoned off. The metal lid at 

the bottom of the core was replaced by a straight sided bung 

which just fitted inside the tube. The sediment and bung 

were pushed up the core using a narrow metal tube. When 

the mud emerged from the top of the core, 3cm slices were 

cut using a thin sheet of aluminium which had been 

sterilised by dipping it in methylated spirits and then 
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flaming. The slices were placed in sterile polythene 

bags. A certain amount of mixing between slices took 

place because as the sediment was pushed up the core 

the more liquid surface layers tended to remain on the 

side of the tube and mix with the - deeper sediment. 

However this amount of cross contamination appeared to 

be unavoidable. 

(.) Mjnj_cores The standard size of Jenkins core has a 

volume of 2 litres and a small core would have been more 

convenient to use for certain experiments. A core 4.5cm 

diameter and 30cm long was chosen which had a volume of 

500m1. The water from the large cores was siphoned into 

a clean container and the mud was then placed in the mini 

cores so that they were half filled (250m1). They were 

topped up v;ith water and allowed to stand overnight at 

40C. A bung, similar to that on the anaerobic cores (Fig-3) 

was placed on the mini cores. Tube B was plugged with 

cotton wool and air was pumped in through tithe C. the air 

flow being controlled by metal clips so that the sediment 

surface was undisturbed. The cores were aerated for 4 

weeks at 100C, this being the time required for the 

orthophosphate concentration in the water and the total 

number of viable bacteria on the sediment surface to reach 

a constant value. The cores viere.then ready for 

experimental use. Similar methods to those used with the 

standard cores were used to seal and sample the mini cores. 
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(a) Microbiological Methods 

(1) Sampling and dilution The samples were collected in 

jars and cores as described previously. For the sediment 

analyses the water from the cores was siphoned off and 

discarded. .lOml of the sediment surface was sampled using 

%*,jde mouthed pipettes and placed in soil dilution bottles. 

90ml * strength Ringers solution' containing glass beads 

were added to the sediment sample and shaken for two 

minutes. The resultant suspension was diluted to'give 

a final dilution of 105  

for 10 fold dilutions. 

similarly. As the sand 

used instead of lOmi an 

was determined. 

using strength Ringers solution 

Water samples were treated 

was difficult to pipette 20g was 

the volume occupied by this amount 

Shaking with glass beads appeared to be the most 	* 

successful'rnethod for dispersing the bacteria from sediment 

or algae (Table 1). Whirlimixing or the use of Calgon 

(a detergent) gave lower counts than glass beads. Similarly 

the use of 0.5% peptone as diluent gave lower counts than 

strength Ringers solution (Table 1). 

(2) Total viable counts Total viable counts of bacteria 

can be carried out using plate counts or fluorescence 

microscopy techniques (Jones, 1975). However the latter 

technique is less reliable than plate counts, which in 

themselves are not entirely accurate, and small change in 

methodology can give widely varying results. Thus through-

out this work plate counts were used for viable counts of 
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bacteria. Several media were assessed to obtain the 

higher count, these were nutrient agar, soil extract agar, 

and a casein, peptone starch medium (Collins, 1973). The 

casein, peptone starch medium gave the highest counts in 

the orders  of 10 organisms per ml, compared to 10 - 106 

for the other media investigated. This medium is very 

dilute and the lake bacteria were, perhaps, adapted to a 

nutrient poor environment. Thus f or tot1 viable counts 

0,lml of the dilutions were spread on to a casein, peptone 

starch medium (Table 2), incubated for 21 days at 25 °C 

and the colonies were then counted. The plates were 

incubated in the dark to prevent algal growth. 25% of the 

colonies growing on plates incubated in the light were algae. 

(3) 	 Phosphate solubilizing 

bacteria were counted using a modification of the iediu of 

Katznelson and Bose, 1959 (TaDle.2), The original medium 

was designed. for soil bacteria and preliminary investigation 

showed that the medium was too rich for lake bacteria. By 

varying the glucose concentration and nitrogen source the 

most suitable combination was found (Table 3) to be a medium 

containing 0,5% glucose and 0.2% ammonium sulphate. The 

highest number of phosphate solu'oilising bacteria were 

isolated on this medium. 

To estimate the numbers of these bacteria lOml sterile 

medium was dispensed into sterile i". test tubes with metal 

caps and allowed to solidify. 0.1ml of the sediment in a 

series of 10 fold dilutions were inoculated on to the surface 



Pla e 1 Clearing in a precipitate of phoa.pkiate in agar 

diuIL by bacteria isolated from Loch Leven.. 
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c:E' the mediun. The tUi)eE3 rzerc incubated for 4 days at 

25 °C  and any tuies vh:.ch showed elearinr: in the p'eiDita 

were scored as nos itive. 

The bacteria were isolatcd by spreading diluted edint 

on to plates containing the phosphate. s oJ.ubilizing redi uii. 

!hose were Incubated at 2500 for 4  days and any colonies 

which gave a clearing in the precipitate (Plate 1) were 

suboultured on to nut;rient agar. 

(D) 

(1) 	 1sis 	Core_'Jater The rate of respiration 

:La the 	eLd Jenkins cores was assessed by mcasilrinJ the 

ratD at Ljc oxygen .sappeared from the core v;ater. 

Initially o:ygon electrodes were inserted into the cores 

but these Droved unsuccessful therefore the Jinkler method 

of oxygen analysis was utilised. 

Langanese sulphate; solution s  dissolve 500g Ln3O 1  4I1-0 

1 1 litre djtillOd water. 

Alkaline iodide solution, dissolve 150g ICE in small 

quancity 0. distilled water and add the supernatant of a 

solution con 	C) 
500g ha 017. in 50001 water and olute 

to 3. litre. 

Sodium thiosuiphate solution 	0.0125 L (iml 	0.lrngQ 2 ) 

(a) Starch indicator, dissolve 2g of soluble starch in 3'DOml 

of boiling water. 

(e) Concentrated sulphuric acid. 
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I 4'ethod A 70m1 glass stoppered bottle was completely 

filled with a fresh sample of water from a core and a 

check was made that no air bubbles were trapped beneath 

the stopper. 0.24m1 Lin$0 4  solution and O.24m1  alkaline 

KI solution were added to the sample. The bottle was 

retoppered rapidly and mixed. The precipitate formed 

was allowed to settle and the mixing procedure was repeated 

twice more to ensure complete adsorption of oxygen. 0.28m1 

concentrated H2SO4  were then added and the sample was 

mixed.thoroughly. A 25m1 aliquot was titrated with 

0.0125 JI thiosui.phate olilt ioil using starch as indicator. 

Dissolved oxygen (r/i) = ml Na 2  S 2  03  x 
25 

cX\ei\ xo a 	lo. 

(2) 0rthorJhosDhatoAnaiA The orthophosphate concentration 

in a water sample may be ascertained by a nuntho of difforent 

methods. The birds of orthophcphate in Loch Leven are 

very low and several methods were tried to find the most 

satisfactory (Pogg, 1958; Gales, 1966; Strickland and 

Parsons, 1963; Holden, 1971.). The aoth:od of Strickland 

and Parsons,(1968' 6ave the most reproducible results. 

Some of the tuothods were not sensitive enough 	detect 

the low levels of orthohosphate in the water and the 

technique of trick1cdan.d Parsons is more satisfactory 

in that it uses ascorbic acid au reducn agent i'atiier 

than stannous chloride which is ui.stable. 

aits 

(a) Amnon.iurn raolyhdato OOIALI.Jon, 15 (iTT 1 ) 6 1107  H90 was 
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dsso1vcd in 500m1 distilled water. 

(lj) Sulphuric acid solution, i4Oinl cone H 2504  was added 

to 900fnl distilled water. 

Ascorbic acid solution, 27g ascorbic acid was dissolved 

in 500m1 distilled water, this solution was stored 

frozen in iOinl aliquots as it is unstable at zoom 

temperatures for more than a few days. 

Potassio :intinomyl tatrate solution, 0.34g of this 

rcag:nt was dissolved in 250inl distilled iater. 

IJixed roaeent, 10mi molybdate solution, 25m1 H2$OA 

solution, lOnil ascorbic acid solution and 5m1 tatrate 

solution were added together and mixed thoroughly. This 

solution was stable for up to 6 hours 

(f)StanCiard phosphate solution, 0.816g KH 2PO4  was 

dissolved in 1000mi distilled water. This stock solution 

was diluted 10 fold before use to give a solution containing 

6 x 101  gP/inl. 

Ilethod The samples to he analysed were centrifuged at 

6000 rpm for 10 minutes and iOml of the supernatant were 

pipetted into a test tube. imi of mixed reagent was added 

to the lOral of sample and shaken. After 5 minutes and 

within 2 - 3 hours the resultant blue colour was measured 

at 8850ni using 1 cm pathlength cuvettes. 

A calibration curve was obtained by measuring the 

adsorbance of the standard phosphate solution at various 

dilutions. A straight line was obtained throughout the 

range measured. (Pig.4). 
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(3) 

 

ni,11 	The gas collected froti the sealed Jenkins 

cores ias analysed for methinc and nitrogen using a 

Pye GO 104 	ri:5 gas chromatograru. A column contein.i;: 

molecular sieve 5A was used with an oven tethperature o' 

50 00. The flo,. -i rate of hydrogen through the column wao 

lSrnl/'min an C Srni satuiee v,ere used. 

Reciox Pci: 	a1easuremerits The redox potential o± 

the water in the sealed Jenkins cores was measured using 

platinum/K(iJ. 

 

combination electrodes 	A sealed glass bottle 

oonta:Lnin: au electrode was :Ciushod out with oxygen ree 

nitrogen and concctod to tube A on the sealed core  

Vis;er was insercd through tube C thus forcing core water 

ifl to the blood bottle. This water did not come into 

contact with the atmophere 'at all during the procedure 

and the LII was read directly using a Pyc uTlicam p11 meter. 

This method was conisidered to be more reliable than leaving 

the electrodes permanently in the cores as they tended to 

be poisoned" by sulphide produced under anaerobic conditions. 

(5) Chromatorephy The substances responsible for the 

sôlu•bilizatioui of inorganic phosphates were detected using 

c1iromatoraphy. 

aents 

Solvent, pyridine (GOrni), butanol (3bi1), distilled 

water (1 Cm,  ].). 

Reagent 1 1.  20tal acetone, O.iril saturated Ag103  and 
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0.05m1 distilled water were mixed. The precipitate was 

allowed to settle and the supernatant was used. 

Reagent 2, lOgNaOH were dissolved in 7.5m1 distilled 

water and diluted to 500m1 with CH3OH. 

Reagent 3, 5gNa2S 203  were dissolved in lOOmi distilled 

water. 

Keto acid standards, O.lg of the desired keto acid 

was dissolved in lOmi distilled water. 

Standard sugar solutions, a 1% solution of the relevant 

sugar was prepared. 

Method The liquid cultures to be assayed were centrifuged 

at 6000 rpm for 30 minutes. 0.05 of the resultant super-

natent was placed on to Vlhatman no. 1 chromatography paper. 

0.005m1 of the standard sugar solution and O.Olml of the 

keto acid solution were also spotted on to the paper. The 

chromatogram was placed in the solvent, using descending 

chromatography, for 36 hours. After drying, the paper was 

developed by immersion in reagent 1, followed by reagent 2 

and finally by immersion in reagent 3. The paper was dried 

between the treatments and after the final treatment. The 

sugars and keto acids showed up as brown spots on the paDero 
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CHAPTER 3 PHOSPHATE RELE ASE AND ADSORPTION 
BY THE SEDIMENTS OF-LOCH 1;iJ1EN 

3-1 Introduction 

The sediments of many eutrophic lakes contain large 

quantities of inorganic phosphate which, under certain 

conditions, may be released into the overlying water, 

this means that unavailable phosphate becomes available 

for biological assimilation (Li, 1972). Alternatively 

soluble phosphate can be chemically absorbed from the water 

phase by sediments and during the absorption process 

insoluble salts are formed, such as calcium or aluminium 

phosphates, thus rendering the phosphate unavailable as 

an algal nutrient. 

Role of Sediments in Phophate ovement Many studies have 

shown that phosphate is adsorbed by the sediments under 
Qk\ 

aerobic conditions (Jitts, 1959; Shukla, 1971; Syers, 1973). 

By this process sediments are therefore capable of 

accumulating a large proportion of the phosphate which 

enters the lake with the possibility of release to the water 

phase if reducing conditions develop. 

Importance of Iron, Aluminium and Ornic Matter on 

Phosohate Movement Most of the data available on this aspect 

is concerned with soil, therefore the following discussion 

relates more to the movement of phosphate in soils than 
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in sedimente , . \7ork carried out on 40 acidic soil profilcs 

has shown that extractable aluriiinium and free iron oxide 

were viell correlated with phosphate adsorption and the 

concentration of free iron oxide was more impoiant than 

alu.tiniu in freely drained soils but not in waterlogged 
. 

ones, (Lopaz-Hancies, 1974) 	J1tornative1y, ill studies 

of soils with a broad range of characteristics, results 

mdi cated t bet aluminium was nrimarily resionsible for 

phosphorus adsorption with iron playing a minor role in 

local regions where the aluminium concentration was 

relatively constant (Vijayaciiandran, 1975). Both the above 

workers proposed that. organic matter rlay a major role 

in the adsorption process. Hart e:c, (199) has suggested 

that the pho hate is initially ionded to the anion exchange 

sites on organic matter .nd subocquently t.cansforied into 

less soluble i:co1 and aluminium phosphates. Other theories, 

for example, isu, (195) maintain that the adsorption o 

phosphate involves purely inorganic reactions, but mice again 

the importance of iron and a1uminin complexes are em•-

phasised. The amounts of surface reactive amorphous 

hydroxides of alurnirium and iron dominate the process 

rather than the concentrations of 113 + and Fe3+  in solution 

(lisu, 1965). In studies of inorganic phosphate sorption by 

soils it has been shown that there is an initial raDid 

decrease in soluble phosphorus concentration followed by 

a slower decrease, This change involved a shift from a 

physically sorbed forai of phosphorus to a chemisorb:d 
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form (Ryden, 1977a). Ryden, '1977b, proposes three stages 

of adsorption. 

chemisorption at protonated surface sites 

Fe-OH2 	 ,Fe -H 

e_0H2  
+ H2PO4  

Te 0H2  

	

______ 	 + 1120  Kp - 
chernisorption by replacement of surface hydroxyls 

Fe OH 	 Fe -0 	0 ) < 
<Fe H2PO4  

	

Fe - O 	 OH 	

+ H2C 

a more physical sorption of phosphate as a potential 

determining ion. 

All the adsorption mechanisms can be described 

by a modification of the Langmuir equation which 

states 

1 	1 
= kc + 	

= amount of ?O 4  sorbed 

c = solution PO43  concentration 

b = sorption max. 

k = a constant related to the 
sorption energy 

Effect of Acidity Phosphate adsorption also depends upon 

the pH of the environment (McPherson, 1958; Uokwunye, 1975; ( 
White, 1977). Mokwunye found that an increase of the pH 

of soils to which phosphate had been added increased the 

phosphate adsorbed by the soils. The amount of phosphate 

sorbed depends on the concentration of phosphate in the 

water. At low concentrations (i-iOOM) the affinity of 

the adsorption was greatest at ph5.2 - 5.5, over a range of 

pH4.2 - 6.8, but at higher concentrations (100-1000pM) 
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the affinity was least at pH5.2 - 5.5 (White, 1977). 

These results were interpreted in terms of the formation 

of basic aluminium and calcium phosphates. McPherson 

found that little phosphate was released at pH5.5 - 6.5 

but further acidity caused a slight increase in phosphate 

in the water. Under acid conditions the salts tend to be 

ionised so that the phosphate Ion is free to bind with 

hydrogen ions, thus counteracting the effect of the acid. 

J[p Q 	+ H 	
\ HPO 

ALKALI 	 ACID 

Calcium Concentration The concentration of calcium in 

the sediments affects the sorption of inorganic phosphate 

in that non calcerous sediments have been found to sorb 

more phosphate than calcerous sediments. Shukla,(1971)found 

that phosphate sorption was inversley related to CaCO3  

concentration. However in soils it has been shown that 

phosphate sorption depended upon the ionic strength and 

cation species of the matrix solution, the amount of 

phosphate being adsorbed increasing with greater ionic 

strength and being more with calcium ions than sodium ions 
JO 

(Ryden, 1977a). There is no explanation about the difference 

between soil and sediment and it would be expected that 

more phosphate would be sorbed at high calcium concentrtons 

as calcium phosphate is highly insoluble (Weast, 1975). 

Effect of Aerobic Conditions Until recently aerobic 

conditions were thought to be necessary for phosphate 
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sorption (Hayes, 1952; Fitzgerald, 1970; Syers, 1973). 

Kha1id 911977\ observed that if high levels of phosphate 

were added to flooded soils it could be adsorbed under 

reducing as well as aerobic conditions. However these 

soils were incubated in a 0.1MCaC1 2  solution and this 

affects the phosphate adsorption (above) and possibly the 

excess calcium allowed more phosphate to be sorbed than 

usual. Shallow eutrophic lakes are rarely stratified 

yet they sustain large algal blooms which cannot be 

accounted for by the amount of phosphate entering from 
"T Coo VN6 

external sources (Holden, 1974). However all systems are 

in equilibrium or tend towards an equilibrium, if conditions 

remain stable, and it is possible that there is a minute 

but continual leaching of phosphate from the sediments. 

The rate of this leaching could be large enough to maintain 

the phosphate concentration at a level favourable for the 
(1 

continual production of plant populations (Pomeroy, 1975). 

As with adsorption of phosphate and anaerobic release the 

rate of liberation will depend on the pH of the system 

(Anderson, 1975) and the amount of organic matter present 

in the sediment (Wildung, 1974). Lerman,1974'  states that 

mixing a thin layer of the sediment surface with the water 

increases the phosphate concentration in the lake water 

by amounts comparable in magnitude with the concentration 

continually diffusing from the sediment. The wind may also 

aid phosphate release by disturbing the sediment surface 

(Anderson, 1974). 
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Factors Itffectirw. Jovement Across Surfaces Most of the 

movement of phosphate through the mud surface is a purely 

physical process (Hynes, 1970) depending upon the 

concentration gradient across the mud surfac (Kamp-

Nie1ron,1974). The diffusion rate in sediment is 

geneia1l; :;bc. 	1/20 of that o the ions in frec 

solution (: 	1970) po'cahly becusc: the nvccnt 

of ions is hindered by the mud particles. There are also 

variable amounts of gas produced in sediments ircluding 

N 2  H O 1  and H2S (Martens, 1974; Zeikus, 1976; Duncan, 

perse coin.,) al the release of this gas from the seditent 

surface in the form of bubbles may aid the movement of 

phosphate into the water. Using experimental results 

Kampllie1son,(1975'  constructed an empirical. equation 

for the temperature dependent sediment - water exchange 

of phosphate in Lake Esroi, des crib I 	the exchange as the 

su; of desorption, diffusion and bioioical degradation 

processes. This equation was 

P = 0.563e 0203t - 0.60 in Ps -2.27 P is the phosphate 

released mgPif2afl 

PS = intcrstittl 

phosphate conc. mgP1 

The actual movement of the phosphorus from the interstitial 

water into the lake water can also be described by a 

diffusion expression (Jorgensen, 1975) 

PRS = 1.21 ( 	- Ps) - 1.70 PRS = phosphate released from  

sediment 

Pi = conc. P in interstitl water 

PS = conc. soluble in water phase 
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Neither of the above equations include a; -.-y biological 

data which verifies the suggestion of 	1 0,70) that 

phosphate movement through mud is a purely physical ceess. 

E1ecto ReducinJojps Liort imer, (94l, in lüs 

classical v:ork on the exchange of dissolved substances 

between mui .md water in lakes found that phosphate was 

released iLuui the sediments into the lake water under 

reducing conditions. This has been verified by later 

workers who have found that phosphate is released from 

the sediments rather than sorbed into th3m under anoxic 

conditions (uppei 1973). V/non these coidit!on 'orevail 

the water is frequen1y thermaLy,  stratifiec. and the 

phosphate remains in the hrpo] i..mrium, exc:: 	. . 

amount diffusing into the epilimniori, until  

it becomes available to algae as a nutrient. Iii lakes 

which frequently stratify this anaerobic release is 

considered to be avery important process with a major 

portion of oxchangea'bi.e sediment phosphate (45-.87) 

participating in a rapid exchange reaction at the onset 

of reducing conditions (Ii, 1972).. Once the oxygen 

concentration of the sediment falls below 2 mgi—1  the 

redox potential . of the sediment is low enough to result 

in the mobilization of iron phosphates (Mortimer, 1971) 

although the pH can still prevent phcsi;hate release if it 

is too high (Poniaperona 1972). 	In Lake Kinneret the 

exchangeable phosphate appears to be the iron bound fraction, 

its concentration in the pore water increasing sinultaneously 
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with the reduction of sulphates and precipitation of res 
(Serruya, 1974).  The solubilization of the phosphate 

is probably due to reactions such as 

Pe3  PO4  (insol) 
	-Pe2  PO4  (soluble) 

which are brought about with the onset of reducing 

conditions (Patrick, 1968). Once the phosphate is in a 

soluble form, it is free to diffuse from the sediments 

into the water provided the mud surface is in a reduced 

state. If the mud surface was oxidised the phosphate 

would probably be reprecipitated due to the oxidation of 

the ferrous ions to ferric ions. 

Role of Sediment Biolopioal Processed The organisms  

in the sediment contribute towards this anaerobic release 

of phosphate by creating the necessary reducing conditions. 

At first, when there is oxygen present, both invertebrates 

and rnicroorgani.sms will be active in removingthe oxygen. 

Fungi, protozoa actinomyce.tes, aerobic and facultatively 

anaerobic bacteria will all participate in utilising the 

oxygen. Under these conditions the normal aerobic 

respiratory metabolic pathways will be tktng piace. 

Once the oxygen has disappeared the invertebrate, fLmra1, 

protozoan, actinomycote and aerobic bacteria]. populations 

will cease to function, facultative and strictly anaerobic 

bacteria will become ir.iportant. These or 	isms do not 

use oxygen as the torninal electron acceptor but use 

alternative inorganic (SO 4 ')  NO 3 ) or organic compounds. 

Many strict anaerohes are exfremely sensitive to-oxygen 



43LE4 	este4 	 Eh--on 	 1 i!ie tab 

in Lake L'ke SedirentIte .  I!e cnev, 1971) 

iequence 
of 

Events 
Process Eh (my) 

1 nonial oxidat!on +600 Aerobic 

2 IT0 	reduction ±500 Aerobic * 

redu.c G ion +400 Aerobic 

fe 	reduction ±300 

3 SO, 	reiion 0 

4 112 	OdOiI —150 (ob1iateiy 

5 OH 1  production —220 

* Usi.nu anaerobic respiratory' processes in presence of NO 
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and will die if exposed to it for any length of time 

(Hawker, 1972). There is a definite sequence in which 

the alternative electron acceptors are utilised and as 

each substance is used up the red ox potential falls (Table .). 

The first alternative electron acceptor is 110 3-N. 

A few bacteria which are normally aerobic ci use nitrate 

as a terminal electron acceptor by reducing either to 

nitrite only or further to molecular nitrogen, nitrous 

oxide etc. Gas formation by this process is referred to 

as denitrification. These reactions take pace at Ell 

values below 300-350mV (L TLee15 , 1969) and any available 

gaseous oxygen will be utilised in preference to nitrate. 

The presence of nitrate in a syste maintains a redox 

potential of 100-150 mY, which will not fall below this 

value until the nitrate, has been utilised (Bell, 1969). 

A second alternative electron acceptor is suirhato 

which is reduced to S 2 . Very few types of bacteria can 

utilise sulphate as an electron acceptor, tho property 

being confincd to 	 and a few anaerobic 

sporeforrding rods, Deoulfotomaculirn Zp. Each riolecu1e. of 

sulphate can accept eight electrons, S0 4 2  + 8e + 811 

/ S 	4112 0, and it is interesting to note that no 

sulphide appears in the environment until all N.0 3-N has 

dis.'.ppeared (ceney, 1971). These pfOCO335 take )!ace at 

about -15 OmV, 

Between .-100 to -200tnV the anaerobic feiiiientation of 

a rane of simple and eoL'iplex organic substrates takes 

place loading to the forhation of organic acids. A few 
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types of anaerobic bacteria use carbonate as an electron 

acceptor with methane gas as the end product. This 

process takes place in the Eh range —250 to —300rnV. The 

only substrates utilised by these methane producing 

bacteria appear to be 11 2 , 002  and formate. These processes 

only take place in strictly anaerobic conditions as the 

bacteria are extremely sensitive to oygen (Stanier, 1970). 

Thus it can be seen that bacteria play a major role 

in the creation of reducing conditions in sediments. 

Without these facultative and strictly anaerobic bacteria 

the rodox potential would probably rerai at too high a 

level for phosphate release to take place. The ability— 

of some o--'L' these bacteria to produce gas (N2  and 0114 ) 

probably aids the passage of phosphate from the sediment 

by disturbing the surface. 

Rele ase 1 

Adsorption  iii. Jenkins C ore s Loch Leven is a highly 

'eutrophic lake which sustains extensive algal blooms 

annually. The size of these blooms cannot he accounted 

for by the phosphate entering the loch from external 

sources (Ho1en, 1970. there.-Core the excess phosphate 

iiiray be attributed to sediment release. It va therefore 

necessary to assess the role of certain prametee in 

various Loo Leven sediments to both undorstand where 

the excess phosphate was comingfrom ani also to gain 

knowledge that may he applied to other ecosystems. Loch 

Leven is a shallow expsed loch which was believed to 
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stratify rarely so redox potential measurements were 

taken throughout the year on sediments to confirm 

previous observations. Investigations were also 

carried out to determine the Eh value at which phosphate 

release could take place, because the higher this value, 

the greater the likelihood that suitable conditions 

would be present under field conditions. The effect of 

temperature on the rate of fall in redox potential and 

subsequent phosphate release was investigated, because 

Loch Leven is covered in ice (inverse stratification) 

for several weeks during the winter. Sterile and non 

sterile mud were compared to ascertain whether the fall 

in redox potential and subsequent phosphate release was 

a purely biological or chemical phenomenon or a mixture 

of both. As a large portion of Loch Leven was found 

to be very rarely stratified the aerobic release of 

phosphate was studied and compared with the anaerobic 

release. In this way it was possible to make an 

assessment of the contribution that the sediments of 

Loch Leven were making to the water and also to gain 

an understanding of some of the parameters controlling 

phosphate interactions in the sediments. 



Chemical 	Physicn-I Characteristics 
Loch Leven bed.ments 

The importance of various chemical and physical 

pararnetGrs of sediments in influencing the interchange 

of phosphate between sediments and the water phase was 

emphasised in the last section (3-1). This section 

discuses these parameters in the sediments from the 

North deep and a typical shallow area of Loch Leven 

using data obi.ained in the laboratory and by other 

workers. 

The followiig examinations viere carried out on 

fresh samples of cores orwaters. 

jy it of 3rn sections,Samples obtained 

in LIay 1976 were dried at 80 00 overnight. 

X—ray fluo re scence anal, Analysis for major 

elements was carried out on dried sediments obtained 

in April 2.976 by Geology Department, University of 

Edinburgh. 

(a) 

,.-;ater 3cm sections of sediment were analysed by the 

Freshwater Fisheries Laboratory, Pitlochry for different 

phosphate fractions using the procedure of Chang and 

Jackson,(1958' Orthophosphate concentrations in the 

interstitial water were measured by Dr. J. Drake, 

University of Vermont under an atmosphere of nitrogen 

to prevent undue oxidation of the iron taking Place. 

The samples were co1l;cte-d during Liay 1978. 



b.lo. rescenot- 	of S ediment -from Loch 

Leven (G-eol ojy 	ntment ,University of 

dinburh, 197). 

';o Element in dry material 

- 	 fCa 	K Fe Si 	Al PMg Irure 

1.29 	0.11 4,56 29.96 	7.25 0.06 	1.CC 81-91 area 

Shallow 	1.17 	014 3.97 26.31 	5. 01 0,09 	0075 78-85 area - 

E/ i!_i n t)in 

irisPjlohrjr1978) 

Ca-P 	Total? Al-P 

. 1 

Fe-P 	Ca-P Totall' Al--? Fe-P 

12 24,8 81.0 5o, 6 	271 25.7 466 	51.5 2J. 

2-4 21.3 85.2 50.1 	267 179 340 	43,2 377 

4-.() 22.1 72.0 47.5 	259 17.] . 28.1 	42.3 154 

3-8 25.6 	I 77.2 45,4 	256 14.0 226 	41.5 129 

3-10 19.3  48.9 39.7 	204 12.0 20.4 	40•.3 120 

10-12 22.0 57,6 39.0 	192 13.0 21.0 	40.2 124 

12-14 19.8 5'7.6 38.8 	192 13.0 22.7 	39.0 115 

14-16 10.7 24.9 35,4 	139 11.0 20.5 	38.8 108 

16-18 8.5 23.9 35,6 	131 10.7 20.7 	40.6 12 

18-20 16.3 47.4 36,5 	159 

17,1 

 _ 
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At app;c .r.te1y orii4ily iiiterv.r 

during 1977 cores were used tc neaure the Lh of the 

sediment surface and of 1cm intervals doi the core. 

These data were obtained by placing a platinwTvelectrode 

on the end of a glass rod and clamping thG rod to a 

t. 

 

calil- 	1.c.i n cent i metres • A 

i :Yyrenc 	tro1 c "te in n: a ura1;ed Y1 via nlaced 

in the core water. The platinum electrode v:s lowered 

gently so that it just touched the sediment surface arv.i 

the ih was read directly from a Pye Unicarn pH neter. 

The elecbode was -;;Iken pushed into the sedi'ic-rit and the 

Eh' read every centimetre€ 

euits 	x-.R- ci.at; (Table 5) show that the two 

sediment types are very similar in the top 20cm in the 

total element content per gm dry weight and, similar 

per nil when taking into account the % moisture. However 

the data on the different forms of phosphate (Table 6) 

showed that the two sediment types differed froui each 

other in the actual form in which the phosphate was 

present. The amounts of calcium and aluminium phosphate 

were similar but there was more iron in the deep area. 

This could be important when studying the anaerobic 

release of phosphate frcm the sediments because iron 

phosphato is the type most likely to be. affected by the 

onset of reducing conditions clue to the variable valency 

e::hbite by iron, In both sediment types the amount of 

all typos of phosphate decreased with increasing depth. 



flg.5. Phosphate and Iron in 	the 	Interstitial Wafer of 

Jenkins cores taken from Loch Leven Deep and Shattcrw Areas. 
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It would appear that the phosphate moves up through the 

sediment, possibly it is solubilised in the reduced lower 

zones and reprecipitated as it reaches the more aerobic 

upper zones. The Chang and Jackson procedure is not 

altogether reliable because there is some overlap 

between each extracted fraction. There has been much 
, 

critisisrn of the technique (William, 1976) but the same 

techniques were followed for each sample and the data 

appear to be suitable for comparative purposes. The 

interstitial water data (Fig.5) showed that the 

orthophosphate concentration increased with increasing 

depth. Comparing Table 4  with Fig. 5, the results show, 

that where the phosphate concentration is lowest there 

is less iron phosphate present, that is deeper down the 

sediment there is less iron phosphate than near the top, 

whereas aluminium and calcium phosphate do not change 

appreciably. Thus the high phosphate concentrations can 

be correlated with high concentrations of iron phosphate 

in the sediment. Also in the interstitial water a high 

iron concentration is correlated with a high phosphate 

concentration. This observation once again indicated that 

phosphate release may be due to the reduction of ferric to 

ferrous phosphate. 

Eh LeasureDents In spite of the inherent difficulties of 

measuring and interpreting Eh in a complex ecological 

situation containing many oxidation/reduction systems the 

data in Pig. 6 a and b clearly demonstrate the differences 
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fa.Cha nges in the redoxpotenflat of the surface of 

Loch [even deep and shallow sediment with season. 

+200 

Eh mV 

+100 

0 

-100 
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o-----o shallow sediment 

F ig-6 b. The Eh profile of deepnd s ha llow _sediment sampted_ 

in May1977. 
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between the two sediment types. Pig. 6 a showed that 

there was very little seasonal change in the redox 

potential of the shallow sediment and that the North 

deep was in an extremely reduced state during the sumi:ier. 

Other workers at Loch Leven have assumed that the loch 

stratified infrequently, even in the deep areas, because 

of the shallow and exposed nature of the loch. This 

pattern appears to take place in the shallow areas, the 

slight depression in redox potential in the summer could 

be due to greater biological activity and oxygen uptake 

with the higher temperature. However the loch water above 

the shallow areas is usually well enough mixed to be 

thoroughly oxygenated and this oxygen diffuses into the 

sediment, preventing it from becoming too reduced. However 

the deep sediment had a very low redox potential during 

the summer. The reduced state of the deep sediment was 

also apparent from the black colouration and the smell 

of the sediment as opposed to the light brown colour of 

the shallow area. These results indicated that the 

water directly over the sediment was anoxic for long 

periods at a time. If the water became oxygenated by 

strong winds causing mixing in the deeper areas, any 

oxygen which entered the sediment would be rapidly 

utilised by both chemical and biological mechanisms in 

that oxygen starved environment. In the autumn the Eh 

started to rise and the sediment remained more oxygenated 

throughout the winter. In the winter there are frequently 

strong winds (force 5 or 6), the water temperature is low 
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so the rate of oxygen utilisation in the sediment is 

reduced and the mud can gradually become oxygenated. 

The redox potential of the shallow sediment remained 

reasonably constant with depth (Fig. 6b) indicating the 

area was oxygenated to a considerable depth throughout 

the year. The deep cores were usually more reduced 

below the surface except during January and February 

when they were aerobic throughout (Appendix 1). The 

upper areas of the deep sediment will occasionally 

receive some oxygen, especially during the winter and 

at overturn of stratification, but this oxygen does not 

diffuse much below the surface except during the winter. 

If phosphate release is brought about by the onset of 

reducing conditions these redox potential measurements 

could indicate that ideal conditions would exist in the 

North deep during the summer for reduction of phosphates 

to take place but very little would be released in the 

shallow areas. 
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33 The Effect of Temperature and Sediment Type 
on the Anaerobic Release of Phosphate 

In order to assess the importance of phosphate 

release from the sediments, experiments using Jenkins 

cores were undertaken using samples from both deep and 

shallow sites. The sediments from the two sites have a 

different organic matter and iron content and it seemed 

particularly relevant to investigate whether any 

relationship existed between these characteristics and 

phosphate release. Since seasonal temperature 

fluctuations may also affect the processes of phosphate - 

release, this factor was also investigated. 

Methods Two experiments were undertaken. In the first, 

designed to compare the two sediments under anaerobic 

conditions, three Jenkins cores were collected from 

both the North deep and shallow area on March 9th 1976. 

These cores were closed to the atmosphere and incubated 

for 20 days at 16 °C in the dark. Water samples were 

taken daily and analysed for their orthophosphate content. 

The redox potential of the water phase was also measured 

daily. 

In the second experiment, devised to show the effect 

of temperature on phosphate release, eighteen Jenkins 

cores were collected on July 21st 1977 9  nine from the 

North deep and nine from the shallow area. The cores 

were closed to the atmosphere and incubated at 250C, 



Fiq.7. Co mparison of fall, in Eh and phosphate release in 

deep and shallow cores held anaerobically at 16°C 
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1000 and 4C for 35 days in the dark, there being three 

of each type of core at every temperature. Water samples 

were taken about every 3 days and the orthophosphate 

concentration measured. The Eh ofthe water phase was 

measured'each time a water sample was taken. - 

Results and-211 sc-Lwsion. The initial experiment showed 

that phosphate was released from Loch Leven sediments 

into the water phase under anaerobic conditions (Pig. 7). 

The data prCserred in Pig. 7a show that as the redox 

potential started to fall orthophosphate began to 

accunuiate in the water phase. The results for the 

two sediment types were quite dissimilar to each other. 
	9 

Initially the redox potential of the water phase was 

similar in all the cores but that of the deep samples 

started to fall rapidly after 3 days whereas the shallow 

Eh remained stable for about 8 days and only then started 

to fail slowly. A lower Eh value was eventually reached 

in the deep samples.thefl in the shallow ones. There was 

a difference in the rate at which orthophosphate 

accumulated in the water phase, far more entering the 
( 

deep samples than the shallow and at a greater rate 

(Pig.7b). The concentration of orthophosphate reached 

a maximum of 4 jigP/ after 17 days and did not rise 

thereafter whereas that of the deep cores was still 

rising after 20 days, having already reached a value of 

7 pgPAi. 

The deep sediment has a higher organic carbon content 
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(8%) and also probably has more freshly sedimented 

material than the shallow area (4%) which would mean a 

greater availability of organic nutrients capable of 

inducing higher bacterial activity. The activities of 

different'groups of bacteria in each sediment type are 

un3mown but it seems clear that in the deep sediment, 

where reducing conditions are more prevelant, there.will 

be a greater number of anaerobic bacteria than in the 

shallow more aerobic sediment. These bacteria would lead 

to the creation of reducing conditions by anaerobic 

respirations using NO S042  and various fermentative 

processes (Keeney, 1971). The higher orthophosphate 

,,concentration in the deep core water could have been 

predicted frbm the greater amount of phosphate shown to 

be present in the deep areas (Table 6). The presence of 

this additional phosphate as iron phosphate would also 

help phosphate release since the insoluble ferric phos-

phate would be mobilised (Mortimer, 1971) to form 

soluble ferrous phosphate (Patrick, 1 '68)0 Alternatively 

if hydrogen sulphide were present ferrous sulphide would 

be formed leaving the phosphate free to diffuse from the 

sediment (Serruya, 1974). 

The second experiment showed that temperature was 

important in controlling phosphate release in that 

reducing conditions were established more slowly at low 

temperatures (Pig. 9). At 2000 there was a fairly rapid 

fall in the redox potential of both types of core but at 

4°C the Eh took considerably longer to fall, never reaching 
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very low values. This rapid fall in the Eh of the, shallow 

sediment at 20 00 differed from the results of the previous 

experiment (Pig. 7)0 A possible reason for this could 

be that in the cores taken during March all biological 

activity'would be very low initially due to the 

temperature of the loch and would take a while to become 

fully realised whereas in July all the organisms would 

already be active. In both sediment types there was a 

high concentration of phosphate released into the water 

at 2000  although more was released in the deep cores and 

at a greater rate. At 4 0C very little phosphate 

accumulated in the water of either sample type. The 

results for 1000  were, as expected, intermediate to 

those o\ 	
0 20 C and 4 0C. The experiment was run f or 36 

days but after 18 days the redox potential and 

orthophosphate concentration at all temperatures 

remained reasonably stable and they are therefore not 

shown in the figure. 

The effect of temperature on the establishment 

of reducing conditions and on phosphate release was 

expected. In living organisms all the reactions taking 

place are of a chemical nature and are governed by the 

Arrhenius equation which states that there is a linear 
	

7 
relationship between temperature and rate of reaction 

(Stanier, 1970), thus at low temperatures 'the rate of 

enzymic reactions controlling both aerobic and anaerobic 

respiration will be considerably reduced. This means that 

the rate at which the Eh falls will decrease with 
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decreasing temperature as has been shon0 •Even after 

suitable redicing conditions have been established 

the rate at which the phosphate is solubilised and diffuses 

through the sediment would be very slow as these processes 

are also 'governed by the Arrhenius equation Thus 

temperature affected both phosphate release and fall 

in Eli0 

Other seasonal changes in the loch such as the 

greater mixing of the water during, the spring, autumn 

and winter by wind may also affect phosphate release 

by oxygenating the sediment to a greater extent. Also 

during the summer when more algae are present and 

sedirnenting out, there may be more bacterial activity 

due to 
I 

the supply of fresh nutrients thus the Eh could 

fall quite rapidly. However temperature is probably 

the overidin.g factor because if it is too low there will 

be very little biological activity even If there is an 

adequate supply of nutrients. 



S ta ration of B 
Factors Miecti 

In lake sediments there are many diferent types 

of organism contributing to the total biological 

activity and metabolizing the oxygen in the sediment 

by respiratory processes. These organisms include 

bacteria, nematodes, insect larvae and benthic algae. 

The algae in the photic zone may, however, release more 

oxygen during daylight due to photosynthesis than they 

utilise for respiratory purposes (Keeney, 1971). There 

are many chemical Qxidation reactin os e.g. Fe2+_Fe3 

Mn2  -Mn which take place in the sediments and these 

will use up some of the oxygen which has diffused from 

the water into the mud. Apart from helping to use up 

oxygen the invertebrate population will also probably 

aid phosphate release by moving through the sediments 

and disturbing the surface. By totally sterilizing 

cores or adding selective substances such as antibiotics 

or nematocides which only kill a portion of the biological 

population it should be possible to separate the varicus 

chemical and biological parameters which are creating 

reducing conditions and contributing to phosphate release 

from the sediments. 

Methods Fifteen cores were collected from the North 

deep on November 14th 1975 and treated as follows 

51. 

C 
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Date 	- Treatment cores  analysis  

14.11.75 Cores closed to 3 Eh of water phase 

the atmosphere and measured daily. 

HCHO was addedto I04 	of water 

the water phase to samples done daily 

give a final con- Total viable coun- 

centration of 5% ts on the sediment 

Incubated 30 days, surface were done 

16 °C after 30 days 

14-11.75 Cores closed 	to 3 H 

the atmosphere and 

• incubated for 30 

days, 16 °C 

1411.75 Cores closed to 3 Eh and B042  

the atmosphere and analysis as above. 

• HOHO added as 1IPO4 	analysis 

above. 	Incubated was carried out or 

• 30 days 16 0C. the water after 

After 30 days H26 treatment with H 2  S 

was. bubbled 

through the cores 

for 1 hour 

Cont 	. . • . . . 



tz - 
-,--, 0 

Date Treatment No. of 
cores 

Type of 
analysis 

14.1175 None 3 Total viable counts 

of bacteria on the 

sediment surface 

carried out on day 

of sampling 

1411.75 Immersed in water 3 Daily analysis of 

at 80 °C on 3 the water phase fo 

consecutive days 
2— &04  

Total viable counts  

of bacteria on the 

sediment surface 

carried out on day 

3. 

Eight cores were collected from the North deep in 

March 1976. These had antibiotics supplied by Wellcome 

Laboratories Ltd., added (see table below). The 

combination of antibiotics used was designed to kill all 

bacteria, affecting both gram positive and gram negative 

types. The cores were treated as follows:- 
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Date Treatment be analysis 

20376 Cores closed to thE 3 Water samples 

atmosphere - taken every 2 days 

Antibiotics added:. and analysed for 

Triethoprim 
1ig/ml 

HI'O 2- 
4 

Eh of water 
Sulphadiazine 

20 - ig/ml measured every 2 

Incubated 30 days, days. 	Bacteria on 

16 00 the sediment sur, 

face counted after 

30 days 

20.376 Cores closed to th 3 

atmosphere. 

Incubated 30 days, - 

16°C 

20.3.76 None 2 Total viable count 

of bacteria on the 

sediment surface 

on day of sampling 

Twelve cores were taken from the North deep during 

May 1978. A nernatocide and insecticide were added in 

various combinations (see table below) to find the effect 

the invertebrate population had on Eh and phosphate 

release. The nematocide and insecticide had been tested 



55. 

for their effect on lake bacteria by incorporating them 

into nutrient agar plates and in-oculating them with 

lake sediment. They were found to have no effect on the 

bacterial population. The cores were treated as - follows:— 

Date Treatment ;f• 
analysis 

10,5.78 Cores closed to 3 	1Eh measurements 

atmosphere. 	The done every 2 days 

nematocide Water samples 

(thibenzole) was analysed for IO 4  

added to give a every 2 days 

final concentrati- 

on of 318 ppm. 

Incubated 30 days, 

b 

10.5.78 Cores closed, to 3 11 

atmo2ere. 	The 

insecticide 

(ter4k). 	was adde 

to give a final 

concentration of 

10 ppm, 	Incubated 

30 days, lo C 

Cont. .O.. 	• 



LL oc;oejzjenct ften 

Bacte x-ial  

Jenkins Cores 

Heat HCHO (5%) Antibiotics, ITo 
treatment 

Bef ore 20 	io6  40 x io 6G1'X 10 5 x 10'  treatment 

After 4 12 X 1i not 
X 1 X 

10 5 
treatment detected °- 

Heat s  the cores were heated to 80 °C for 1 hour on 3 

consecutive days 

Antibiotics added to the water phase were trimethopriifl 

(i ug/mi) and suiphadiazine (20 ug/rn1) 

Counts per nil wet sediment on casein peptone starch 

- 	 ,, 0 	 ,,- 	•. medium after incubation at 25 	or i. uays0 
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Date Treatment No.
cores ys 

10,578 Cores closed to 3 Eh measurements 

atmosphere. Insec done every 2 days 

• ticide and nemat- Water samples 

ocide were added. analysed for IO4  

Incubate 30 days every 2 days 

• 16°C 

1005078 Cores closed to 3 II 

atmosphere. 

Incubated 30 days, 

16 °C 

Results ar-6 Discussion  Of the two sterilizing agents used 

• (110110 and heat) formaldehyde was the only one which proved 

to be totally successful (Table 7)0 The heat treatment 

should have been sufficient to kill a high proportion of 

the bacteria. The first treatment should have killed all 

the vegetative cells present in the cores and the heat 

induced any spores to germinate which would then have been 

killed on day 2, the third day ensuring almost complete 

sterilization. However, although the population was 

reduced by two orders of magnitude there was still a 

sizeable bacterial population present in the core after 

treatment. Those species isolated after heating were 

mainly Bacillus, '. which indicated that the heat was 
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adequate to kill any vegetative cells but that perhaps 

the spores were slow to germinate and were, thus unaf 

fected by the.'treatment. Repeating the heating process 

every other day may prove more successful in sterilizing 

the cores'. The heating process also appeared to affect 

the phosphate concentration in the core water. After the 

cores had been heated 3 ugPAI could be detected in the 

core water which indicated that the heat induced 

chemical changes in the sediment. As previously stated 

chemical reactions take place at a greater rate at 

higher temperatures which could explain the changes 

taking place. Therefore, in view of the chemical changes 

and lack of sterility heat was not thought to be a 

useful means of treating the Jenkins cores. There w&e 

no bacteria detected in the sediment after treatment 

with formaldehyde (Table7) and it did 'not appear to 

affect phosphate concentrations in 'the core water so this 

	

• 	'inthod was used to give apparent sterilization of the 

cores. The 'antibiotics used did not affect the 

	

• 	
' 

bacterial population to any great extent (Table 7) even 

though higher (1000x) concentrations of antibiotic were 

used then those recommended by the manufacturers. A 

probable explanation is that the organic matter present 

in the sediment had absorbed the antibiotics and 

therefore inactivated tbe. As long as there is a 

suitable receptor site the. ' antibiotic will be adsorbed 

whether this is on dead organic matter or living bacteria. 

When the antibiotics were incorporated into a casein, 
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peptone, starch agar medium, no colonies developed, 

proving their effectiveness in controlling bacterial 

growth under these conditions. There was also a 

noticeable reduction in the numbers of bacteria in the 

control cores after incubation (Table 7) but the adverse 

reducing conditions, particularly the hydrogen sulphide 

present, may have caused many aerobic bacteria to die. 

After 30 days there may have been fewer available 

nutrients in the cores ;  once again tending to reduce 

the bacterial population. It must be noted that all' 

the above data and comments refer to aerobic or 

facultative aerobic bacteria, no investigations were 

made on anaerobic bacteria. There have been reports 

of the inhibition of sediment bacteria by the additIon 

of antibiotics (Kamp-Nielson, 1974), but no reliable 

assessment of the effects of the antibiotics was made 

although 100% kill was assumed to have occurred. 

- The effect of the various sterilizing, agents on 

the rate of fall of the reciox potential and on phosphate 

release is shown in Pig. 9. When formaldehyde was used, 

the redox potential did not change throughout the period 

of the experiment and no phosphate was released from 

the sediment. However, when hydrogen sulphide was 

bubbled through the cores for 1 hour, to induce non 

biological reducing conditions, phosphate was released 

to give a value of 8.1igP, in the water phase. These 

results indicated that the reducing conditions were a 

result of bidlogical usage of the oxygen, without any 
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significant chemical oxidations participating in the 

process. They also showed that the phosphate releas 

was a chemical and physical phenomenon which took 

place once the correct redox potential had been reached. 

This purely chemical and physical releese of phosphate 

under reducing conditions agrees with the results of 

other workers • Both Hyfles,71970 and ICamp_Nielson,(1974 

concluded from their experiments on the movement of 

phosphate through mud that it depended upon physical 

and chemical pocesses once suitable conditions for 

phosphate release have been established. In the cores 

which had antibiotics added there was little difference 

between these and the controls. These results would be 

expected because the antibiotics did not affect the 

bacterial numbers and presumably activity to any great 

extent 

The addition of the nematocide and insecticide did 

not unduly affect the redox potential changes or the 

amount of phosphate released from the sediment. There 

are two possible explanations. The first, and most 

probable,  judging from the antibiotic results is that 

the additives were adsorbed by the sediment before 

affecting the relevant organisms. This was further 

verified by the fact that no increase in the number of 

dead larvae or worms was observed in the core water. 

The other explanation could be that the invertebrate 

population has a small influence on the rate of oxygen 

uptake and that the reducing conditicns result mainly 
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from bacterial respiration. The results also suggest 

that the invertebrates do not influence phosphate 

release by mixing the sediments. The-  high number of 
'OI1oti5 

invertebrates present (East, 1977 Maitiand,l977) were 

:Likely tp be having an effect because even if there 

were only a few animals present in each core they would 

use enough oxygen to affect the rate at which reducing 

conditions were established. More work requires to he 

-carried out. on this aspect using different nernatocides 

and inseo,ticdes or the same ones at greater concen-

trations before any conclusions can be drawn, 
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35 Poi4jg of Eh in Jenkins Cores and Subsucnt 
Pn.osDhate Release 

Data discussed earlier in this section showed that 

release of phosphate from Loch Leven sediments is 'a 
.7 

chemical andbysicai process brought about by the onset 

of reducing conditions in the system. These investigations 

did not indicate the redox potential necessary before 

phosphate could be released.. If the release was due to 

the. reduction of ferric to ferrous then an Eb. Level 

between the nitrate and sulphate oxidation/reduction -. 

potential would-be suitable. However if the release 

was due to the formation of PeS the sulphate would have 

to be educed with the formation ofH 2S. If a high 

concentration of a certain cheimicp.l is added, the oxidation 

state of the system remains stable until the chemical 

is used up (either biologically or non biologically) 

Therefore by adding various poising agents to a series 

of cores the critical Eh value for phosphate release 

could be determined. The less negative this value, the 

sooner the phosphate will be released after the onset 

of reducing conditions in the sediments. 

Methods The initial expeiiment (A) was -designed to find 

the Eh values between which.phosphate could be released 

from the sediments of Loch Leven. 

welve Jenkins cores were collected from the North 

deep on October 15th 1976b They were sealed anaerobically 
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and treated as follows:- 

No. of 
cores Treatment. 

3 110 ml 	saturated sodium thiosuiphate solution 

added daily 

3 10 mis saturated }2T0 3  added daily 

3 10 mis saturated Na2S0 	added daily 

3 untreated control 

The cores were incubated at 16 °C in the dark for 

23 days. Water samples were taken daily for ortho-

phosphate analysis. The above chemicals were added 

to give a variety of Eh values. The reduction of iron 

may be important in phosphate release so nitrate (Eh 

value iOOmV) and sulphate (Eh value •iOOmV) were added 

as iron is reduced between these values. Thiosuiphate., 

which has alow Eh value of -200mV was added to 

ascertain if further phosphate was released at lower 

values. The redox potential of thiosuiphate is not as 

low as that of H2   but the latter is toxic which is why 

thiosulphate was used instead. The amounts of chemicals 

added were arbitrary and designed to give adcivate poising 

of the Eh. In later experiments, different concentrations 

of certain chemicals were added to determine the effect 

on phosphate release. 

For the second experiment (B) which was set up to 
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show the effect of nitrate concentration in the water 

phase on phosphate release from the sediment, fifteen 

core samples were taken from the North deep on June 30th 

1977° The water was siphoned off and the sediment dis-

pensed into 30 mini cores. The cores were allowed to 

equilibrate, with aeration, for 4  weeks. Potassium 

nitrate was then added to the cores to give a final 

concentration in the water phase of 0, 1, 2 9  3, 7 and 

14 ppm T03  -N (5 cores at each concentration) and the 

cores were closed to the atmosphere. 	They were incubated 

at 2000 for 40 days in the dark and water samples were 

taken regularly for orthophosphate analysis 

• 	In the third experiment (C) to examine the rate of 

oxygen utilization and gas release in cores containing 

different types of sediment, twelve Jenkins cores were 

collected from each of the deep and shallow areas on 

May 19th 1978. The cores were aerated overnight and 

then closed to the atmosphere. Potassium nitrate was 

added to give a final concentration in the water phase 

of 0; 1, 3 and 14 ppm NO  -N0 Cores of both sediment 

types were set up in triplicate. The cores were 

incubated for 30 days at l °C in the dark. The oxygen 

concentration of the water nhase was measured every 2 

days until the oxygen had been completely utilised. 

Water samples were taken every 2 or 3 days for 

orthophosphate analysis. Any gas which collected In the 

cores was sampled, the volume noted and analysed for 

nitrogen and methane. The amount of gas released from 
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the sediments was felt to be important at the resultant 

disturbance of the mud may aid phosphate release. 

Results and Discussion 	erimentA In the initial 

experiment the addition of chemicals to the cores was 

shown to have an effect on phosphate release from the 

sediments (Fig. 10). After the addition of nitrate little 

phosphate was released but when sulphate and thiosuiphate 

wereadded there was an immediate release of phosphate. 

This release was more rapid than in the control cores. 

The results showed that the phosphate release took place 

at an Eh value of between +iOOmV and -lOOmV. These 

observations indicated that the reaction bringing about 

the release of phosphate could be 

Pe3  PO4  (insoluble) 	-> Fe 2+ PO4  (more soluble) 

The reduction of ferric phosphate to ferrous phosphate 

takes place between the afore mentioned levels and although 

other phosphates e.g. Mn PO 4  could be released within 

this range the iron phosphate is the most likely as this 

is the dominant form in.the sediment. It is unlikely 

that PeS plays a major role in phosphate release 
etol 

(Serruya, 1974) because when sulphate was added there 

was an imniediate release of phosphate in the water, before 

hydrogen sulphide could have been formed. The more 

immediate release of phosphate in the sulphate and 

thiosulphate treated cores than in the controls 

appeared to be related to the rapid fall in Eh com- 

pared with the several days required in the control cores. 

0 



Fig.11.The 	effect of adding varying concentrations 	of 	nitrate to phdsphate rePuse in 

mini cores containing deep sediment. 
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ExerimentB The above results indicated that the 

nitrate concentration in the loch water may be an 

important factor in controlling phosphate release. At 

high nitrate concentrations the redox potential was too 

high forphosphate release to take place. Thus by adding 

a range of concentrations of nitrate to cores it should 

be possible to estimate tiie importance of nitrate in 

controlling certain aspects of the phosphate cycle. The 

results of the second experiment, shown in Pig. 11, 

indicated that the high nitrate concentrations could, 

indeed, play a significant role in cpntrolling phosphate 

release. The control cores and the treatment with 3 

and 7 ppm NO 3  -N added were initially very similar but 

there was a slight enhancement in the rate of phosphate 

release with 1 ppm NO 3  -N, The phosphate concentration 

remained at a low level for several days after 14 ppm 

NO 3  -.N had been added. The addition of nitrate at all 

the concentrations tended to increase the amount of 

phosphate released after 24 days. There was no 

additional phosphate release after 30 days-and the 

concentration in the water remained stable until the 

experiment was terminated after 40 days. 

The initial rapid release of phosphate at 1 ppm 

NO3  -N indicated that nitrate was a limiting nutrient 

suggesting that the addition of extra nitrate enhanced 

bacterial activity. Thus the sediments would be reduced 

more raDidy and the phosphate released at a greater 

rate. This explanation was investigated in experiment 
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C by measuring sediment respiration and was shown to 

be true. However at the higher nitrate concentrations 

the salt would have the effect of poising the Eh and 

preventing phosphate release despite the higher rate 

of respiration. This trend could be seen most clearly 

at 14 ppm NO3  -N. The high final concentrations of 

phosphate in the cores which had had nitrate added 

were unexpected. All the cores receiving the nitrate 

released large volumes of gas (not quantified in mini 

cores) which. could.be  seen bubbling out of the sediment 

and disturbing the surface. This disturbance of the 

sediment Which would tend to aid the release of any 

phosphate from the interstitial water into the core 

water may also be a factor accounting for the higher 

concentrations of phosphate which could he detected 

in the cores which had had nitrate added. 

ExDeriment 0 The results of experiment B suggested 

that the addition of nitrate to cores may make a 

difference tothe rate of sediment respiration if 

nitrate was limiting. However in that experiment the 

mini cores had been incubated for 4 weeks before the 

nitrate had been added, therefore in experiment C 

freshly collected cores were used for oxygen measurements. 

Although the water phase of the deep cores was oxy-

genated at the start of the experiment the sediment 

was in an extremely reduced state and much of the 

oxygen would be used up chemically as well as biologically. 
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However it was possible to see a small difference 

between the cores which had nitrate added and the 

control cores (Pig. 12A), In the nitrate cores there 

was a slightly higher rate of oxygen uptake than in 

the contrpls indicating that perhaps, nitrate did 

affect the respiration rate. However in the shallow 

cores it was possible to see a great difference in the 

rtes of oxygen uptake of the various treatments (Pig, 

12b). There was a greater oxygen uptake rate at 1 ppm 

NO  -N than in the other treatments but there was still 

enhanced oxygen uptake at 3 and 14 ppm NO 3  -N, These 

results indicated that nitrate  may have been limiting 

sediment respiration in the loch. There was an algal 

bloom at the time of samPling and the algae had utilised 

much of the available nitrate leaving very low concen-

trations (o.i ppm NOt) in the water phase. An oxygen 

concentration of below about 1-5 mg/l was not recorders. 

The sampling from the cores required water to be 

:tntrodt.ced t.1.:t may have contained a small amount of 

oxygen. 

The phosphate release in the shallow cores, as 

shown in Fig. 12c was rnor rapid with 1 and 3 ppm 

NO  -N added than in the control cores but with 14 ppi 

NO  -N several days elapsed before the phosphate 

started.t.o appear in the water phase. However in Pig. 

12b 14 ppm NO, -N promoted a higher rate of respiration 

than in the control cores. Therefore these results 

indicate that nitrate poised the Eh value at a high 



Fig 13 Gas retase after the uddi lion of nitrate -nitrogen 

to Jenkins cores taken from Loch Leven 

north deep 

mtg 

100 

90 

so 

70 

60 

50 

40 

3C 

.1 ( 
I'. 

0 
1 .2 	3 	4 	S 	6 	7 	8 	9 10 11 

Time in days 

x untreated control 
lppm nitrate added 

p 	—o 3pprn nitrate added 

—14ppm. nitrate added 

The KNO 3  was added on day 0 

Data mean of 3 cores 



68 

enough value to prevent phosphate release despite 

higher respiration rates. However enough nitrate 

must be present so that the salt is not used up too 

rapidly and can poise the Eh otherwise a faster rate 

of phosphate release is seen (1 and 3 ppm 1103  -N). In 

the deep cores there was a different pattern of phosphate 

release (Fig. 12d) with 3 and 14 ppm giving the most 

rapid release and 1 ppm 110 3  -N being very similar to 

the controls. The higher respiration rates in the 

nitrate treated cores could account for the faster 

phosphate release at 3 and 14 ppm NO3  -N but this would 

not be comparable with the poising effects found in the 

shallow cores or in previous experiments. An explanation 

for the greater amounts of phosphate at 3 and 14 ppm 

NO
3 
 -N can be seen in the data provided in Fig. 13. 

This figure shows that more gas was released in the 

cores which had been treated with nitrate and these 

released more phosphate. Large volumes of both nitrgen 

and methane were produced in the deep cores (Pig. 14 

a, b ) although more of both types of gas were produced 

at 3 ppm than with 14 ppm 110 3  -N. More nitrogen would 

have been expected in the 14 ppm 110 3  -N cores because of 

the additional nitrate being denitrified. There was no 

gas detected in the shallow cores which was unexpected, 

because denitrifying bacteria have been found in this 

sediment in similar numbers to the deep sediment 

(Duncan, pers. comm.). However the cores were in an 

extremely reduced state after 30 days since a black 
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colouration of the water due to sulphide production 

was observed. When no gas was produced the results of 

phosphate release were as anticipated '(Pig. 12c) with 

1 ppm NO3  .-N enhancing the rate of phosphate release 

and higher concentrations of nitrate decreasing the 

rate of release by poising the redôx potential. 

Thus from these three experiments three main 

conclusions can be drawn about the effects of nitrate 

on phosphate release. Firstly, If nitrate is limiting 

in a system and there is a sudden influx of nitrate, 

the respiration rate in the sediments will be increased 

which will tend to reduce the sediments rapidly thus 
\ 

releasing phosphate. Secondly, if the nitrate concen-

tration is high enough this salt will poise the Eh 

preventing phosphate release despite the higher 

respiration rate. Finally, the additional gas produced 

from nitrate tends to disturb the .sediments which allows 

phosphate to escape more rapidly from the interstitial 

water into the lake water. This latter factor of gas 

production, enhancing phosphate release, appears to be 

more important than the poising of the Eh by nitrate. 
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6The Effect of Aerationq!i .p23_Release 
in Jikins Cores 

The previous sections have dealt with phosphate 

release from the sediments under anaerobic conditions. 

However Loch Leven is a shallow exposed lake and results 

from measurements of redox potential in the sediment 

(Pigs 6) have shown that it is rarely stratified 

except in the deep areas. It seems likely that the 

deep areas are the only places where anaerobic phosphate 

release is likely to take place. golden, 1974) caL-

culated that not enough phosphate enters the loch from 

external sources to account for the algal blooms which 

occur annually and the results described previously 

suggest that only a small proportion of the phosphate 

required by the algae will be released under reducing 

conditions. The extra phosphate may, therefore, he 

leaching from the sediments under aerated conditions. 

By experimenting with aerated Jenkins cores an attempt 

was made to measure this leaching effect. 

Methods  6 deep cores and 6 shallow cores were collected 

on I-1ay 3rd 1978. The cores were all aerated for 30 days 

°C, three of each type in daylight by an east facing at 20  

window and the remaining six cored in the dark. Water 

samples for orthophosphate analysis were taken regula:"ly. 

A coimarison with dark and light enabled initial experi-

ments on the effect of algal growth on phosphate concen- 



xdeep cores incubated 
in the tight 

deep cores incubated 
in the dark 

oshallow cores incubated 

in the Light 

0 shallow cores incubated 
in the dark 

Data mean of 3 cores 

2 

2 

g 
.1 

0• 

Fig.15. 	The effect of light and dark on phosphate release in aerated cores taken 

from Loch Leven deep and shallow areas. 

0 	2 	4 	6 	8 	10 	
i 

12 14 16 18 20 22 24 26 28 
Time n days 



71. 

tration in the water phase to be undertaken. 

Results and Discussion The results (Pig. 15) showed 

that it was possible to have phosphate release under 

dark aerObic conditions from both sediment types and 

eventually an equilibrium was reached where the phos-

phate concentration in the water remained constant at 

around 1.6 yg  P/nil.. There was an accumulation of 

phosphate in the water in the dark bu under light 

conditions no change in the phosphate concentration 

could be detected. In the light there was visible 

algal growth. in the water and on the sides of the 

tubes Golterman,L1969) found that 

could utilise any phosphate exuding from the mud of 

Dutch lakes, arid presumably in the light cores the algae 

were using any phosphate which entered the water. 

Initially the phosphate was released more rapidly from 

the deep sediment than the shallow but the equilibrium 

concentrations in the water of each type of sample were 

very similar. All the cores remained oxic throughout 

the experiment due to the aerating procedure. This 

state could be confirmed by observing the light brovm 

colour of the sediment. 

The processes taking place in the light would be 

loosely comparable to the loch situation. In the 

natural situation a proportion of the phosphate leaching 

from the sediments would immediately be utilised by the 

algae in the water therefore the concentration of 
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oSthophosphate would remain, low although the organic 

phosphorus content may rise. The similarity between 

the equiiibium value of the two sediment types can be 

explained by the fact that they contain sirai]a 

• 	quantities of all the major types of phosphate except 

for iron phosphate (Table 6), There is more' iron 

phosphate in the deep areas but this i. highly 

insoluble under aerobic conditions and would ndt, 

therefore, contribute greatly to' the equilihriuin. The 

phosphates which will contribute towards the equilibrium 

are Mgi-O4
- and Ca[OA which are present in equal 

concentrations in both sediment types 

This aerobic release of phosphate could be brought 

about by several factors, For any salt in contact with 

a solvent, such as water, there is always an equilibrium 

which must be maintained where a certain amount of the 

salt dissolves to form ions. This eqilibrium value can 

• be calculated for any salt (Mahn., 1968) 

e.g. 	C5}flO4(s) 	-Ca2 (a) 4. 

K 	(Ca) (O2) 

• 	 . . 
	 (-ci HPO4 ) 

Thus it can be seen that the - higher the concentration 

of the salt the-more ions 'there will he present in the 

water to maintain the equilibrium. The situation is not 

static and, s well as dissolving, the salt- is cohstantly 

reforming. Once the equilibrium is established, as in - 

the dark cores, there will be equal amounts of the salts - 
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dissolving and reprecipitating HowCver in the light 

cores any phosphate dissolving is immediately utilised 

by algae and therefore there will he a constant 

movement of phosphate into the water from th ediment0 

Inverteb;cates will also play a role in releasing the.. 

phosphate from the sediment. They will be constantly 

moving about below the surface .wheie the interstitial 

water is rich in phosphate and then disturbing the 

sediment surface thus allowing the phosphate to escape 

into the water. In the loch the wind will also tend 

to disturb the sediment surface thus aiding th-, release 

of phosphate although this was not the case in the cores 

as the spargers were carefully placed so that there was 

no disturbance of the sediment. 
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.-7 Phosohat.e AdsorDtion 10V the 

In the natural environment under normal conditions 

there is a continual inflow of phosphate into a lake 

from external sources 9  either natural leaching from 

the soil or man induced inflow. Frequently more phos-

phate enters the system than leaves through outfiowing 

waters. This is the case in many Dutch lakes and also 

in Loch Leven. In the past much phosphate has entered 

Loch Leven from agrici4tua1 land and also from the 

woollen mill (Holden, 1974) and during this period as 

ruch as 169 kgP excess phosphorus remained in the loch 

per weeksThe situation is now improved and there is 

only a small amount of excess phosphorus remaining in 
H&rr'&v' 

the ecosystem; about 16kgP/wk (Caines, 1976). The 

phosphate concentrations in the waters of many of' these 

Dutch lakes and Loch Leven is not generally very high 

(usually in the range 1-10 igP/) and although a lower 

concentration than anticipated could be accounted for 

by algal uptake during the summer, in winter the 

concentration of phosphate would be expected to rise. 

Normally this winter rise is not observed. It is widely 

recognised (Syer 1973) that this additional phosphate 

is, in part, being adsorbed by the sediment which, over 

the years, will gradually become rich in phosphorus. 

Fitzgerald ,c1970) has shown that lake sediments are 

capable of adsorbing large quantities of phosphorus 
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annually. By adding phosphate to Jenkins cores it 

should he possible to estiwa;e the rate at which Loch 

Leven sediments can adsorb phosphate0 

Metflods In an initial experiment, nine Jenkins cores 

were collected from each of the North deep and shallow 

areas on. October 21st l977 	KH2PO, was added to six of 

each type of core to give a final concentration of 1 	7 
and 5 pm P0 -P (three of each type at each concentration) 

and the remaining cores were left untreated. All the 

cores were aerated in the dark at 16 0C 1' 01' 30 days. 

Water samples were taken every other day and analysed 

for o2thophosphate0 

For the second experiment 6 deep and 6 shallow 

cores viere collected on June 22nd 1978 The cores were 

anaerobically sealed and three of each type had 

added to give, a final concMtration of 3 ppm PO 4  —P in 

the water -Phase. The cores were incubated at 20
0
C for 

28 days. Water samples were taken every 2 days for 

orthophosphate analysis. 

Results and Discussion Under aerobic conditions the 

phosphate added disappeared rapidly from the water 

phase until a value of approximately 15 ug 

remained (Fig. 16a) which has been shown previously 

(P 0 71) 	t 6  be the equilibrium value of phosphate in 

the water under aerated conditions in the dark. A 

similar value was reached in the control cores due to 
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phosphate leaching from he sediment. Thes.e results 

show the enormous potential for adsorbing phosphate 

under the aerobic conditions prevailing in the loch 

throughout most of the year. The sediments therefore 

act as a, I sink'.. as proposed by Shukia,l97l and Syers, 

(1973. There - was little difference between the rate of 

adsorption in the deep and shallow sediments which is-

perhaps surprising as the amount of. organic matter is 

thought, by many workers (Harter, 1969; Lopez.kIernaxidez, 

1974; Vijayachandran, 1975) to play a major role in 

phosphate adsorption. 

Phosphate that was added to cores which were 

anaerobically sealed, 

sediment (Pig. 16b)0 

absorption took place 

aerobic. However the 

when they were colIec 

wan slowly absorbed by the 

It seems possible that the initial 

because the cores were still 

deep. cores were extremely reduced 

ed and phosphate would have been 

expected to he released. The quantity of. phosphate, 

being released soon exceeded the amount that was being 

adsorbed by the sediments but it did demonstrate he 

principal that phosphate is absorbed under reducing 

conditions if the value in the water phase is high 

enough.-  The result was interesting because it has 

always been postulated previously that phosphate is 

released under reducing conc'titi.oiis but not adsorbed 

although these observations did not are with the. 

finding of Kha1id1977 The pha11ov samples did not 

demonstrate the effect because no 1osphate was released 
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in the control cores as usually happens. The buoy had 

moved due to high winds and the cores did not resembl 

those normally collected'from the shallow area and were 

of a more sandy nature. The sandy areas have a low 

content of iron phosphate so little phosphate is likely 

to be released under anaerobic conditions but the added 

phosphate could still be adsorbed. As has already been 

stated phosphate release under anaerobic conditions is 

probably due to the reducti,on of ferric to ferrous salts. 

However there are many phosphates present in the sediments 

which are not affected by changes in redox potential, 

such as calcium, magnesium or aluminium phosphates and 

the phosphate absorbed under reducing conditions could 

be forming these salts rather than iron or manganese 

salts, 

There is probably a continual two way process 

taking place in the 'loch with phosphate continuously 

b.eing absorbed by the sediments and released from them. 

Under oxidised conditions more will be absorbed than 

released but the opposite will happen under reducing 

conditions with the resultant effect that the phosphate 

concentration in the water would gradually increase under 

these anoxic conditions which agrees with the findings 
etoi

-  

of Schippel, 1973 The sediments act as a phosphate 

buffer, in regulating dissolved inorganic phosphate with 

the relative proportions of inorganic phosphorus sorbed 

into the solid phase and in solution thus determining 

whether inorganic phosphorus is sorbed or desorbed as 

proposed by numerous other workers, 
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The results discussed in this chapter indicated 

that many factors interact with each other to control 

the phosphate concentration in the loch The release' 

of phosphate from Loch Leven sediments under anaerobic 

conditions was confirmed • However the results showed 

that the rate at which the phosphate was released was 

controlled by temperature, biological respiration and also 

by the addition of chemicals to the water phase which 

were capable of poising the Eh0 Addition of low 

cohcentrations of nitrate to the water phase was found 

to increase the biological respiration rate in the COrC.S 

and.thus reducing conditions were. quickly established,' 

which enhanced the rate of phosphate releases However 

high concentrations of nitrate prevented phosphate 

release, despite increased oxygen uptake rates, by poising 

the Eh at too high a level for release to take place. 

The results indicated that gas release from the sediments 

enhanced phosphate release by disturbing the sediment 

surface and thus allowing the phosphate to escape into 

the water phase. The release and adsorption of 

phosphate under.aerobic conditions was contrary to many 

theories (P. 74)., Conclusions drawn from the results-

indicated that there was adynamic situation in which 

phosphate was-'continually being adsorbed by and desorbed 

from the sediments. The direction of flow appeared to 

depend upon the phosphate concentration in the water 
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phase. If this concentration was high then phosphate 

was-adsorbed by the sediment,-even under anaerobic 

conditions, but if low then phosphate was released from 

the sediments. The system was always tending towards an 

eqlibrum of 1.5 ugP in the water phase. The, release 

of phosphate under anaerobic conditions was found to be 

due to the reduction of ferric phosphate to ferrous 

phosphate but it was deduced that calcium," magnesium 

and aluminium phosphates played the dominant role in the 

aerobic release 'of. phosphate0 

Sed iment 	was found to be important in con- 

trolling the anaerobic release of phosphate. The deep 

sediment which was rich in iron phosphate and also had 

a higher organic carbon contnt allowed the establishment 

of reducing conditions more rapidly than the shallow 

sediment and also mbre phosphate was released from the 

deep areas.- ' Thus it was concluded that the concentration 

of iron in sediments ,.may he important in controlling 

phosphate release. 

Biologieal activity affected the phosphate interactions 

in the loch by 'affecting the redox potential. The. 

lowering of the Eh was found to b& a purely biological 

phenomenon although the resultan.t ph-osphat.e release was 

entirely due to chemical.and physical reactions. 

Invertebrates also probably affected phosphate release 

by disturbing.the sediment surface. Algae influenced 
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the,phosphate concenttion in two ways.' When growing, 

the algae utilise, phosphate entering the water phase thus 

phosphate will continually leach from the sediment to 

maintain the equilibrium in the water (approximately 

1-5 ug/). However the concentration is usually below 

this level in the summer when there are algal blooms. 

Also dead algae sedimenting to the bottom. of the loch 

will provide additional nutrients in the sediment thus 

increasing biological activity which would mean a 

reduction of the redox potential in the sediment.. 

Annual _Effects in the Loch 

era.erature was found to be very important in 

controlling, the rat,e at which 'the Eh fell, and thus the 

rate at which phosphate was released. During the 

smmer'when loch temperatures are high (17 - 2000) the 

Eh of the sediments could fall rapidly upon stratification 

thus allowing phosphate to 'be released,. However during 

the winter when temperatures are low (400  or :Less) the. 

loch could he covered in ice for several weeks without 

there being any appreciable fall in Eh or release of 

phosphate. 

The number of algae in the loch also affects ,the 

phosphate concentration on a seasonal basis.. As 

mentioned above there will be a continual leaching o 

phosphate from,: the sediments during the summer when algal 

populations are high. During the winter when algal 

popt4ations are low there is still an inflow of phosphate 
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to the loch from external sources and once the equilibrium 

value of ai)OUt 1.5 pigP/n is established this phosphate 

will be adsorbed by the sediments. Thus during the 

summer there is a leaching of phosphate from the sediment 

but the QpposIte process takes place during the winter 

depending on the numbers of algal cells in the water. 

The reclox potential of the sediments was found to 

be relatively stable throughout most of the loch during 

the year. However the deep areas were found to be ex-

tremely reduced during the summer and as these are also 

the areas rich in iron phosphate there will be a release 

of phosphate during the summer. 
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CHAPTER 4 PHOSPHATE SOLUBILIZIN BACTERIA 

A-1 Introduction 

Bacteria l  capable of solubilizing insoluble inorganic 

phosphates have been isolated from a number of different 
wl 

soils and lake sediments (Sperber, 1958; Iouw, 158; 
tkI 	 &at 

Harrison, 1972; Barea, 1976) 	In this process the 

bacteria do not act directly on the phosphate by producing 

phosphate solubil:Lzing enzymes but the solubiiization is 

brought about by the action of metaboLic byproducts which 

are released into the environment surrounding the eel!. 

There are many theories a1out the actual mechanism by 

which the phosphate is rendered soluble. 

Sperber (1957, 1958) concluded from her work on soil 

organisms that the action was brought about by substances 

such as lactic or citric acids which were found to leach 

from the bacterial cells. Most phosphates are more 

soluble in acid conditions and the acids released from 

bacterial cells would lower the pH thus creating 

favourable conditions for solubilization to take place. 

Phosphate solubilizing bacteria isolated from lake 

sediments have been found to produce a wide range of acids 

such as citric and lactic acids. These acids were shovin 

to be capable of clearing a precipitate of phosphate in 

agar media and were detected in lake sediments and living 

algal cells using paper chromatography (Harrison ;  1972) 

However Harrison proposed that the solubilization was due 
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to the formation of 5 Or 6 membered riug compounds in-

volving the cation from the phosphate and the acids rather 
• 	 ' 

than a pH effect. *  Other workers (Duff ,l93;.Weh1ey, 965; 

• Louw, 1970) suggested-that-the bacteria released keto acids 

which cheiate the metal cation of the insoluble phosphate 

thus freeing the phosphate anion and rendering it soluble.  

These keto acids and chelates have been detected in 

supernatants of bacterial cultures using paper chrornatog- 

	

iIooer 	- 
raphy (Rabson, 1.956) 	A widely held view is that 

carbohydrate metabolism is essential for, phosphate 

solubilization and many carbohydrates have been detected 

in. algal cells and lake sediments (Harrison, 1970; LS) 72) 

However other studies have foundthat bacteria can more 

actively soluhilize phosphate when ceown on alanine 

containing media than when glucose (Katznelson, 1959). 

In lake sediments higher numbers of phosphate soluhilizing 

bacteria are found.near areas where there is a high 

phosphatase activity probably due to the higher concen- 
I 

tration of nutrients in those areas (Ayyakkannu, 1971) 

The phosphate solubili.zing phenomenon has only been 

observed under aerobic conditions but whether this . is 

because anaerobic conditions have been tested and proved 

negative or have not ben tried is not entirely ,  clear from 

the literature. However anaerobic bacteria should be 

capable of. clearing a precipitate of phosphate as most 

anaerobic fermentations produce acid byproducts. 

Many different types Of organism possess this phos-

phate solubilizing property including fungi, actinomycete's 
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and bacteria (Sperber, 1958) although no identification 

of the species of fungi and :actinomycetes was made. The 	- 

organisms isolated vary in their efficiency of solu"blli- 
Qkai 

zaton to Quite a large extent (Duff', 1963; Ayyakkannu, 

1970) 	Ttie latter worker found Bacillus pp. to be the 

most active whereas Duff found that gram negative rods, 

were the most efficient. However, although similar 

conditions were used for the tests, Ayyaiçkan.nu isolated 

his bacteria from marine sediments while Duff io1ated 

his from soil,, 

Phosphate solubilizing bacteria are capable of acting 

on a wide range of different phosphates including simple 

phosphates such as IgHPO4 , FePO 4 , Ca3 (PO 4 ) 2  or AiP0 ,  

or more complex naturally occurring phosphates such as 

gafsa and hydroxyapatite Not all the phosphates are 

oluhi1ized with equal efficiency and 'the amount of solubi-

liatior does hot appear - to'' ppeart depend upon the solubility cc-

efficient bf the phosphate (Louw, 1959; Harrison 1972). 

The distribution of these bacteria in the natural 

environment appears to be. dependent on many factore. 

In soils it has been shown that the incidence of these 

bacteria is higher in the rhizosphere region of roots 

rather than barren ground (Louw,. 1970) with even higher 

numbers on the roots themselves (Katznelson, 1959). Also 

the type of vegetation affects the numbers of these bacteria 

with more being found on the roots of lupine than wheat 

(Louw, 1910) and a very low incidence on flax and clover 

(Katznelson, 1962). Miany . of the bacteria have been found 
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to require yeast extract and soil extract when grown in 

pure culture and as all plants exude growth. factors 

required by bact aria this would account for the higher 

numbers near the roots. Plants also release carbohydrates 

from their roots and the phosphate soluhilizing bacteria 

would he able to utilise these.- The highest numbers of 

these bacteria have been isolated from soils rich in 
fbi 

t965), organic atter (Webley, 	and in sediments more 

phosphate solubllizing bacteria have been found in clayey 

rather than sandy areas. (Ayyakkannu 1971). 

Two main mechanisms by 

which phosphate solubilization takes place have been 

referred to above, that is' the effect of acid and 

chelation mechanism, and microbial physiblogical mechanisms 

which bring about these processes will be described 

below. 	 - 

)_Acid 	The salt of a weak acid is often more soluble 

in a strong acid than in water. This is because the 

weak acid has a higher disociation constant than the 

stronger one. The reaction involving phosphate'and 

hydrochloric acid could be 

MgIO4  + 2H01 	> MgOl + H3PO4  

This is iaiovm as the 'turning out' of a weak acid by a 

strong one. In water magnesium. phosphate dissolves 

according to the expression 

.0,,g2+ ) (iO 4 ) 	= 	SOLUBILITY CONSTANT 

If H+ ions are added the concentration of phosphate is 
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reduced due to the formation of phosphoric acid 

+ 2 Brr 	H3PO 4  

The formation of the phosphoric acid effectively reduces 

the hydrogen ion concentration and at the same time the 

phosphates ion concentration 9  therefore more magnesium 

ions can go into solution. This means :that the phosphate 

is more soluble in a strOng acid. 

Thus if phosphate solubilizing bacteria released 

a stronger acid than phosphoric acid this would be a means 

by which phosphate could be solubilized. Mári.y anaerobic 

bacteria release acids from the cells during a wide range 
Q*&J 

of fermentations (Stanier, 1970) but very few aerobic 

organisms possess the characteristic It has been 

suggested (above) that keto acids are released by phos-

phate soiuiiizingbaCteria which means they are not 

using the usual glycolytic pathway but a more unusual 

pathway P. g. 

	

glucose dehydrogenase 	 glucose dehydrogenas 
glucose 	 gluconate 

2 keto -D- giuconate 	 2 -keto--6--gluconate 

	

TCA cycle 4 	pyruvate '- 

This pathway. does mean that aerobic bacteria are capable 

of releasing acids and if these keto acids are stronger 

than phosphoric acid the phosphate will be solubilised. 

(Lheiation The word chelate is derived from the 0-reek 

word meaning claw which adequately describes the structure 

of a chelated molecule. Other terms which are used in a 

description of chelation are Ligand, which is a negative 
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ion or polar molecule bound. to a metal atom and the i)0flc 

is a metal ligand hand. Some ligands are attached to the 

metal atom by more than one donor atom in such a manner 

as to form a heterocyclic 'ring e.g. the ring formed by 

the giycLnate ion: 

rH2Qc_2cu1m2. CH 
2  1 

= C- 	 0 	= O 

This type of ring is called a chelate ring and the 

molecule or ion from which it is formed is known as a 

chelating agent. Transition metals are most commonly 

found in chelate rings but the alkalinemetals are also 

capable of forming chelates The chelating agent must 

fulfil two major criteria 

It must possess at least two appropriate functional 

groups, the donor atoms of which are capable of combining 

with a metal atom by donating a pair of electrons, that 

is basic co-ordinating groups or acidic' groups which have 

lost a proton. 

e.g. BASIC QQ GROUPS 	ACIDIC GROUPS.  

=0 -COOH 

-503H 

-OH (enolic or 

phenolic) 

The functional groups should be so situated in the 

molecule that they permit the formation of a ring with 

a metal atom as the closing' member. 

The stability of the bond formed depends upon the 
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nature of the metal and the ligand. The size and 

electronegativity of the metal influence the strength of  

the bond. The ligand molecule may have other atoms 

attached to it and the number, nature and position of 

these influence the stability of the metal ligand band, 

Keto-acidsas ChelatinAgents As mentioned above the 

substances responsible for phosphate solubilization may be 

keto acids which are produced by a small number of bacteria 

which use an unusual metabolic pathway. Such acids as 

ketogluconic or ketoxylonic (producd during xylose 

metabolism) acids. These acids possess an acidic group 

(-000H) and a basic co-ordinating grOUp (=0) therefore 

they should be able to form a heterocyclic ring. A 

possible chelating reaction could be 

Ca HPO4 + 2 ?00  

C=O> 0=? 
OH 	 OH, 	Ca 	OH +HPO 

12 	/N 	12 	4 

0H2 	 0 	 CH 

C 	
0 

Both of these mechanisms, pH and chelation, leave the 

phosphate in a soluble form. This phosphate could then 

either diffuse into the water phase or be readsorbed by 

metal ions present in the sediment (Chapter 3). The 

chelating mechanism is irreversible but the solubilization 

due to acid conditions is reversible, depending upon the 

pH of the environment. In lakes which are rarely 

stratified, which means there is no anaerobic release of 
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phosphate, these phosphate soluhilizing bacteria could 

play an important role in releasing phosphate from the 

sediment either by lowering the pH or producing chelating 

molecules. 

Although there is a considerable amount of data 

available about numbers and activity of phosphate solub-

ilizing bacteria in soil, there is very littleinformation 

for lake sediments, and no investigations have been 

carried out on Loch Leven. The work about to be described 

had several objectives. Firstly, the enumeration procedures 

used by previous workers to count - phosphate solubilizing 

bacteria (Sperber, 1958;. Louw 1958; Webley, 196-5) are 

either inaccurate or cumbersome. When counting these' 

bacteria on plates very few colonies can be counted before 

the clearing in a precipitate of phosphate covers the whole 

plate which makes the method statistically invalid. Webley, 

(l965assessed the numbers of these bacteria using a 

chromatography method which detects the presence of keto 

acids thus indicating the presence of phosphate solubilizing 

organisms but this is not an easy method for routine work. 

A simpler, more accurate method was therefore devised. 

Secondly, the potential for phosphate solubilizing activity 

in sediments was assessed by determining the phosphate 

solubilizing ability and byproducts of the organisms on 

various naturally occurring sugars and phosphates. Thirdly 

an attempt was made to differentiate between the effect of 

pH and chelation in the solubilization process. 
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S olubilizi 
eria in iOCtTj. ieven 

The following experiments describe the distribution, 

population size and the identification of the phosphate 

solubilizing bacteria occurring in the water and sediments 

of Loch Leven. 

Method Duplicate core samples were collected from the 

North deep, the shallow area, the sandy site which con.- 

tained macrophyte growth and the additional sandy site 

which did not support a macroph.yte population. Samples 

were collected on March 16th 1976, September 20th 1976, 

March 15th 1977 and April 29th 1977. Water samples were 

also collected on these dates. 

The total viLhie bacterial population and the numbers 

of phosphate solubilizing •bateria in. each sample were 

counted triplicate counts were done for each site. The 

phosphate soluhilizing bacteria were isolated by spreading 

O••l ml of the diluted samples on to the surface of plates 

containing the phosphate solubilizing medium. Any colonies 

which gave a clearing in the precipitate, were subcultured. 

The phosphate solubilizing bacteria which were isolated 

were maintained on xiutrient agar slopes and later 

identified using the biochemical methods of Holding, (1971), 

in conjunction with Bergeyts manuall97i 

Results and _Discussion 



TABLE 8 Counts of Bacte -ria in Loch Leven. Sediments 

(ro/m it 

editD_ Shallow rpr3  Sand' 

total Vj&iiC 35 x IO 5 X 10 3.18 X 106 56 X 10 count 

x 28 x 33 x 10 38 x 10 rs 

% PO  O082 0.056 1.03 0063 
solubilisers 

% o:cganic 
matter 8.0 0 0 a,.) 0 a) 

Colony count on casein peptone starch agar at 25 °C for 21 

days 

iiPM counts on glucose phosphate agar at 25 00 for 4 days 

) 
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Total viable bacterial_population The deep area was found 

to contain the highest number of bacteria (Table 8) with 

the shallow area having a slightly lower population. Both 

the sandy areas had a total bacterial count one order 

of magnitude lower than the shallow area. These differences 

could probably be acOounted for by the differing organic 

carbon. contents of the sites. The deep area, which had 

the highest count, also had the greatest organic carbon 

content (8%)  which means there would be more nutrients 

available in this area than. in the sandy areas which had 

a very low organic carbon content ( 0 .5%). The shallow 

area was intermediate to these with an organic carbon 

content of 4%.  The bacterial count fun tho loch water was 

about three orders of magnitude lower than in-the sediment 

which vioulcl be because there are fewer nutrients in the 

water. 

The bacteria in the different sediments and the water 

were similar types There were many pigmented organisms 

(red, orange, yellow, purple) which appeared to be the 

dominant population although there were also numerous 

non pigmented baëteria. Jost of the organisms on the 

casein peptone starch medium were gram negative rods 

showing that these were the dominant organisms in the loch. 

The bacteria present included Cauloctr, 

Pseudomonasp., Bacillus s, ytoga s. and 

C h m o b a, ct, e -c i Un sp., among others (Duncan, Patrick pers. 

E Bacteria Several zones of clearing 
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were observed on the 	dilution plates (Plate 1) which 

indicated that phosphate soiUbiliziflg bacteria were 

present in Loch Leven sediment, An accurate count could 

not be obtained from the plates because at the 10 

dilution there were only about 10 organisms per plate 

which, if counted, do not give a statistically accurate 

answer but at lower dilutions other loch bacteria were 

too numerous and hid any solubilization effects. Thus 

the most probable number method (Chapter 2) for counting 

the phosphate solubilizing bacteria proved most useful, 

giving a count within .95% confidence limits 	This method 

was easy to use and clearing in the thes was readily 

visible 

Similar numbers of bacteria were isolated from each 

sediment type except the non macrophytic sand which had lower 

numbers (Table s) and similar results were obtai.ned each 

time a sample was taken. The sand had a low organic 

carbon content ( 0.5) which, according to Vfebley,l935) 
\ 

and Ayyakannu,l97 is a factor affecting the numbers 	
7 

of these bacteria although a rise from 4% organic matter 

to 8bo  did not affect the CQUfltS. The macrophytic sandy 

area had a similar count to the deep and shallow areas 

despite the low organic content suggesting that the 

plant population affects the numbers of phosphate 

solubilizers as shown by Louw[ l970 A higher proportion 

of the bacteria were phosphate solubilizerS in this area 

than at the ether sites although they were still only a 

small ercentae of th total population. The presenc.e of 



macrophytes seems to have a greater influence than total 

organic carbon content in determining the population 

of these bacteria in LochLeven.. Similar results were. 

obtained each time samples were taken. 

The phosphate solubilizing bacteria differed from the 

main sediment :oopulation in that they were all non pig-

mented whilst the dominant bacteria in the loch are yellow 

or orange.* Most of the bacteria appeared to belong to two 

different types, a gram positive rod which sporulated 

very occasionally and a gram negative ;  very motile 

rod. To verify that most of the bacteria isolated belonged 

to one of these groups they were identified. :BiochemicJ 

tests (Holding, 1971) showed these bacteria to be Bacillus 

carotaum and Pseudomonajtida respectively. The two 

types were present in the lochin approximately equal 

numbers and most of the phosphate solubilizing organisms 

isolated belonged to one or other of these groups. 
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Tonve stgj 
Concentration on 
by Phosphate Solu 

Effects of  SuEar Source and 
eSolulilization of Pohate 
lizing Bacteria 

The many different types of sugar occurring 

naura1lyin plant and animal cells become available for 

decomposition after the death of the cells. The range of 

sugars which phosphate soluhilizing bacteria could utilise 

to produce the solubilization effect was investigated in 

the following experiments. The more sugars which could 

lead to the solu1oilization the greater the possibility of 

the process occurring in the ecosystems Also the effect 

of sugar concentration on the process was investigated as 

sugar concentrations in the sediment may be quite low and 

this may affect the amount of solubiiization, which takes 

place. 

Method Three experiments were undertaken. The objective 

of the first was to determine the effect of sugar source 

on phosphate solubilization. Phosphate solubilizing 

medium was prepared using lactose, sucrose, maltose, 

mannose, xylose, glucose, arabinose and fructose as 

sugar sources at a concentration of 0.5%. A precipitate 

of CaHPO4  was induced and the sterile medium was dispensed 

into sterile 6 11  test tubes. An overnight shake culture 

of phosphate solubilizing bacteria was grown in nutrient 

broth at 37 0C. 0,1 ml of this culture was in:oculated on 

to the surface of the tubes which were then incubated for 

4 days at 25 °C. The clearing down the tubes was measured 
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to determine the extent of solubilization. 

The second experiment determined quantitatively the.'  

effect that sugar source had on soluhilization. Liquid 

phosphate solubilizing medium containing the same sugars 

was prepared, but without a source of phosphate. This 

medium was dispensed into 250 ml conical flasks and 

sterilised. l.Og sterile Mg}0 4  was added to each flask. 

Sterile medium in the flasks was shaken at 37 C for 2 

weeks to allow equilibration, to take place. 20 ml of 

medium was then removed from each flask, centrifuged at 

6000 rpm for 20 minutes and the orthophosphate concen-

tration in the supernatant measured. The flasks were 

in,p6culated with phosphate solubilizing bacteria and 

incubated for 2 days in a shaker. The number of bacteria 

per ml in the culture after 2 days was estimated using 

a haemocytometer slide. The culture was centrifuged at 

6000 rpm for 20 minutes and the orthophosphate concen-

tration of the supernatant was again measured and a 

chromatogram,  was prepared to detect any keto acids which 

were present. Control flasks containing a soluble phosphate 

were also measured for their orthophosphate content before 

and after the organisms had grown. 

In the third experiment to determine the effect of 

sugar concentration on phosphate solubilization tubes 

were made up as in the first experiment. However instead 

of using different types of sugar, the glucose .concen-

tration was varied to give final concentrations of 0.1 9  

0.3, 0.5, 0.7, 0.9 and 1.0 glucose. The tubes were then 
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treated as in the first experiment. 

Results and Discussion 

The Effect of Sugar Type on Pho22hateSolubilization. 

The results (Fig. 17) showed that the bacteria were 

capable of solubilizing the phosphate when grown on a 

wide range of sugars. Comparable results were obtained 

using the .tubes and liquid cultures with positive 

observations obtained in both media for all the sugars. 

The amount of solubilization obtained did not seem to 

depend upon whether the sugars had a five or six carbon 

ring.. However the best solubilizatiori occurred when the 

organisms were grown on some mono rather than disaccharides. 

Some sugars require more energy for breakdown than others 

and the amount of energy required depends upon the 

stereochemistry of the sugar and the nature and position 

of any attached sub groups. Glucose and xylose are 

easily assimilable in their original, form but other sugars, 

such as mannose, have to be converted to other sugars, 

such as glucose, before they can be metabolised which 

means that an additional energy requiring step is 

necessary. Similarly the bond in a disaccharide must be 

broken before the constituent monosaccharides can be 

metabolised. This could explain why glucose and xylose 

gave the best solubilization, less energy was required 

for their breakdown and therefore it is possible that 

more byproduct was produced and released. These results 
1A j 

agreed with those of Harrison(l972) who showed that 
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organisms grown. on xyiose an1 glucose solubilised the 

phosphate more readily than when grown on other sugar 

sources. The amount of phosphate taken up by bacterial 

cells during growth was not detectable in the control 

flasks thiefbre no correction to the results was necessary. 

The chromatograms of the culture supernatants showed 

up substances with similar r.f. values to ketogluconic 

and ketoglutaric acids. However the r.f. values of the 

various keto acids are all very similar and it-is difficult 

to distinguish between them by this method. Further tests 

were needed to give a positive identification of the active 

substances although previous workers had taken i'.:.. values 

as being accurate (Duff, 1963; Webley, 1965) 	Thus 

tentative conclusions could be drawn about the possible 

byproducts which bring about solubiiizationb The possible 

byproducts from the various sugars are shown in Table 9. 

The Bacill 	appeared to give solubilization on 

a wider range of sugars than the 	 when 

grown in the tubes although the latter grew on all the 

sugar sources (it did not grow on the medium if no sugar 

was added). The results froth the liquid Pseudomonas  

culture showed that a certain amount of solubilization 

was taking place with all the sugars but-the amount was - 

approximately two orders of magnitude less than the 

Bacillus SD, (Appendix 2). Ayyakkannu,l970, found thbt 

Bacillus sp. were the most active organisms in solubilizing 

phosphate which agreed with the above results but DuffdoJ 

(1963) showed that gram negative rods were the most active, 
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The activity will dpend upon the actual species of 

organism isolated, not just the genus or type, therefore 

Duff may have isolated less active Bacillus sp. than the 

Bacillus caratar'n isolated from Loch Levene 

The bove results indicated the wide range of 

sugars which these bacteria could utilise and produce the 

solubilization effect, Many of these sugars are found in 

the lake environment, being the constituent sugars of 

algal cells (Hecky, 1973) and would therefore be 

available to the bacteria. This means that there is 

likely- to-be some sugar which the bacteria can utilise' 

and give the phosphate solubilization effect in the lake 

sediment. 

The Effect of Sugar Concentration on Phosphate Solubilizati dn  

Pig.18 shows that the concentration of glucose in 

the medium affected the efficiency of phosphate 

solubilization. Neither organism gave any clearing at 

0.1 1%. glucose showing that there was a minimum concen-

tration of glucose required below which solubilization 

could not take place. The amount of clearing produced 

by the Pseudomonas sp. reached a peak at 0.7%. glucose and 

then declined whereas the amount produced by the Bacil lus  

sp. was still increasing at 1% glucose. A possible 

explanation for the lack of clearing at 0.1% glucose is 

that all the glucose metabolised at this low concentration 

is completely oxidised and 'none of the metabolic inter-

mediates are produced in great enough quantity to be 
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released. This minimum requirerLent of glucose f 

phosphate soluhilization to take place could be important 

in the loch situation as sugar concentrations in the 

sediment could possibly be very low and thus no 

solubiliation would take place. The fact that the 

liussD. produced more clearing at higher glucose 

concent:eations than the Pseudomonas sp. could indicate 

that-it was more tolerant of higher nutrient concentrations 

than the latter. 



Fig.19. Sotubi[izcition of nafuroi.ly occurring phosphates 
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Effect of Phosphate  
Bacteria on Naturally Occurring Phosphates 

In lalçe. sediments there are many different types of 

inorganic phosphates, some being more soluble than others. 

The effect of phosphate solubilizing bacteria on a number 

of these phosphates was measured to determine the range 

of , natural phosphates solubilized and to compare the 

relatiye amounts by which these phosphates were soluhilized. 

Method 	" test tubes containing O.lg of an insoluble 

inorganic phosphate were sterilised. 10 ml of sterile 

phosphate solubilizing medium containing, no phosphate 

were added to the tubes which were mixed thoroughly and 

allowed to solidify,. An 

solubilizing bacteria in 

the surface of the tubes 

this culture. The tubes 

days and the clearing . in 

was then measured0 

overnight culture of phosphate 

nutrient broth was prepared and 

was inoculated with Ol ml of 

were incul)ated at 2500  for 14 

the precipitate down the tubes 

Results and Discussion Pig. 19 shows that the amount of 

clearing varied, as expected, with the type of phosphate 

used. The best clearing was obtained on MgIO4  followed 

by CaiO4 . The results for two naturally occurring complex 

forms of phosphate, gafsa and a mixed mineral phosphate, 

were well below those obtain.ed for magnesium and calcium 

phosphates and no clearing was obtained with PePO 4  or 

A1P04 0 The Bacillus sr,. gave the best clearing in all 
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cases. 

The results were as expected from the solubility 

products of the various phosphates but differed from 
JJ 

those of Harriso1972 who found that the bacteria 

solubilizeci CaFTPO 4  better than MgIO4  Weast,(l975 

classes both MgHPO4  and CaHPO4  as slightly soluble in 

water but soluble in acid and from their respective 

positions in the periodic table the former should be 

slightly more soluble. Although appreciably lower 

results were obtained using gafsa and the mixed mineral 

phosphate the fact that some solubilization was observed 

could be significant ecologically. These complex forms 

of phosphate will be the forms in which the majority of 

\ the phosphate in the sediment is present so that if the 

bacteria had not affected them it is unlikely that they 

would have been very active in bringing about 

solubilization in the natural environment. Both A1PO. and 

PePO 4  which the bacteria were unable to solubilize, 

form trivalent ions and both are highly insoluble, although 
1' 

Harrison, (1972)  and Louw, (.1959) found thtbacteria could 

solubilize these salts. A possible explanation is that 

the substance bringing about solubilization is unable to 

form a chelate with trivalent ions or these phosphates 

may be so insoluble that the chelating agent is unable 

to separate the cation and anion and thus form a chelate. 

This was an unexpected result because chelates are usually 

formed more easily by ions which can exhibit a variale 

valency such as aluminiui or iron, rather than alkalir.o 

metals, such as magnesium or calcium. 
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Changes in 	and Production of Keto a 
nj Bacteria 

Most phosphates are more soluble under acid rather 

than alkaline conditions. Therefore under acidic 

conditions it seemed important to attempt to separate 

the solubilization due to acidity alone from the 

additional effect of chelation. The change of pH in 

liquid cultures was measured and the production of keto 

acids with time was also investigated. 

Method 1 litre of liquid phosphate solubilizing medium 

containing 0.5% glucose and a soluble source of Phosphate 

(ig KI04 , lg ii2Po4) instead of an insoluble phosphate 

was placed in 2 litre flasks and sterilised. The flasks 

were inoculated with phosphate solubilizing bacteria 

and incubated at. 37C in a shaker. The initial pH of 

the medium was measured and again after 3 hours using 

a Pye unlearn pH meter. The absorbance of the culture at 

600nm was also noted to estimate the stage in the growth 

cycle which the culture had reached. A small amount of 

the culture was centrifuged and 0.lml of the supernatant 

was analysed for keto acids using chromatography. The 

pH and E600 were measured every 2 hours thereafter for 16 

hours and the chromatography was carried out at 5, 7 9  8 

and 25 hours after the start of the experiment. Daily 

measurements of all parameters were made for several days 

to follow the survival of the organisms and to discover 

whether any keto acids remained in the culture medium or 
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were remetabolised. 

Results _and Discussion The pH of the cultures remained 

stable until the organisms' entered the log phase of the 

growth cycle when it started to fall rapidly, ultimately 

reaching the low values of pH 3.7 (Bacillus sp.) and pH 

4,9 (Pseudomonas sp4) (Fig. 20). The pH of the Bacillus 

culture fell more rapidly than that of the Pseudomonas, 

although, initially, they had similar growth rates. As 

the Bacillus  sD. entered log phase it started to produce 

ketogluconic acid (Plate 2) which accumulated to reach a 

fairly high concentration after 25 hours. The spot on the 

chromatogram was assumed to be ketogluconic acid and no 

" further tests were carried out at this stage. Qualitative 

concentration estimates of the keto acids were measured 

by the size of the spot. The keto acid was still detect-

able in the culture medium at the end of the experiment 

(4 days) without any apparent change in concentration 

although all the glucose had disappeared by this stage. 

No ketogluconic acid could be detected in the Pseudomonas 

culture until 48 hours after the start of the experiment 

although by this time the bacteria had passed through the 

log phase and were beginning to lyse (E 600  was starting 

to fall). An explanation is that the Pseudomonas sp. 

does not secrete the ketogluconic acid from the cell in 

large quantities, as does the Bacillus sp. but it is 

released into the culture when the cells start to die and 

lyse. The two species show completely different types of 
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Plate 2: Productioi. of 2 keto. ,  gluconie acid with tiia3 by the 

phophate so1ubi1iziii,g bacteria growt. in liquid- phosphate 

oiubi1i1in€ me&iuni at 37°b. 
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growth curve. The growth rate was initially the same but 

the Bacillus stopped increasing in numbers after 24 hours 

and thereafter the numbers remained constant. The 

Pseudomonas culture produced many more bacteria, reached 

a peak aIter 48 hours and then the numbers started to 

decline. 

These results explain why the Bacillus sp. solubilize 

phosphate more efficiently than the Pseudomonas sD. 

irrespective of whcther the effect is due to acidity or 

c he lat i 011. 

Both the bacteria are capable of growing on 2 keto 

gluconic acid as the sole source of energy and carbon. 

This was shown by i/ioculating the bacteria on to plates 

" containing a. mineral salts medium with keto gluconic acid 

as the only carbon and energy source. A surprising result 

therefore, was that the keto acid remained in the culture 

medium and was not remetabolised when the sugar source 

became depleted. However if the keto acid had formed a 

chelate with some of the metal ions in the culture medium, 

the complex may have been unable to pass through the 

bacterial cell wall and would therefore be unavailable 

as a nutrient. 
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Phosa1.eSolubflizatiOfl 

From the previous experiments it was noted that the 

phosphate solubilization effect may he clue to either acid 

or chelating mechanisms. The following experiments were 

designed to separate the two effects and ascertain which 

was the most important inbringirig about phosphate 

soluhilization. 	 - 

ethod The objective of the initial experiment was to 

obtain a solubility curve for Lig0 4  at various pH values 

and to determine whether the addition of 2 ketogluconic 

acid affected this. curve. 0.lg 1 ,,IgiO
4 
 and lOmi citrate 

buffer at pH 3, 4 5, 6 or of tris buffer 7, 8 1  9 

(Cruickshank, 1970) were added totest tubes. The tubes 

were shaken. To another set of tubes containing 0.lg 

Mg1O4  and 9.9ml of the buffers O.lmi 10% 2 ketogluconic 

acid was added and the tubes were shaken. All the tubes 

were allowed to stand for 2 hours, being shaken every 

hour. The clear supernatant was centrifuged at 6000 rpm 

for 15.minutes to remove any finely divided suspended 

material. The final supernatant was diluted 1000 fold 

with distilled 1120 and analysed for its otthophosphate 

concentration. 

In the second experiment an attempt was made to 	 - 

eliminate the acid effect in cultures of phosphate 

solubilizing bacteria using buffered medium. 150ml 

sterile phosphate solubilizing medium containing 0.5% 
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glucose 'and 1.Og MgHP0 Was dispensed into sterile 

250m1 flasks, A similar batch of medium made up using 

tris buffer instead of distilld water was also dispensed 

into 250m1 flasks. These flasks were shaken for 2 weeks 

at 37 0C., They were then innoculated with phosphate 

soluhiljziflg bacteria (Bacillus sr.) and the initial pH 

and orthophosphate concentration of the cultures, were 

measured. The cultures were incubated, with shaking at 

37 ()C for 2 days. After incubation the final pH and the 

number of cells per ml were determined. The bacteria 

were then' centrifuged out and the supernatant was anal-

ysed for orthophosphate and the presence of keto acids 

The final experiment' was set up to find the effect 

of various substances on a phosphate precipitate in an 

agar medium. 2% water agar was prepared and a precipitate 

of Ca}04  was induced in the agar. This rnediutn was dis-

pensed in 15 Lii amounts into petri dishes and allowed to 

solidify. 0.1rnl. of buffers pH 3.1 9  4.0 9  5.3, 6.1 9 - 7 0- 3 1  

and 81, sulphuric acid, 2 ketogluconic acid, 2 keto-

giutaric acid and sodium hydroxide were spotted on to 

the plates. 0.lrnl of the supernatant of a culture of the 

Bacillus 	was alsO placed on the agar. lOmi of the 

supernatant was freeze dried and then reconstituted with 

l.Oml distilled water (10 fold concentration).'' 0.1ml 

of this concentrate was tested on the water agar. Any 

clearing in the precipitate induced by the above sub-

stances was noted. All the plates were -then flooded with 

M NaOH and-any disappearance of the clear zones was 

observed. 
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Resultsand Discussion In the first experiment, as 

anticipated, the phosphate was found to be more soluble 

under acid conditions (Fig. 21).. The addition of keto 

giuconic acid appeared .to make a difference to the amount 

of ­.phosphate solubilised but the effect varied according 

to the pH value. I.t high and low pH values more phosphate 

was released-in the tubes without the keto acid-but at 

physioiogial pH values more phosphate was detected in the 

supernatant of the tubes with ketogluconic acid. The 

differences were very small but statistically significant. 

In the second experiment so much acid was produced 

that, despite the buffer, the pH fell sharply (Table 10) 

However, the final pH of the buffered culture was 

marginally higher than the non buffered system and there 

was a difference in the amount of phosphate released in 

each of the cultures. Ec1ualquantities of lcetogJuconic 

acid (as measured by dot size) were produced in each case. 

The above results indicated, as expected, that abidity 

was probably the major factor contributing to phosphate 

solubilization by the bacteria hut that the keto acid 

could enhance the effect at physiological pH values 

Although MgI0 4  is only sparingly soluble in water it is 

more soluble under acid conditions. 	Thus the acid 

environment could initially solu'bilise the phosphate, 

freeing the cation which could then bond with the keto 

acid-to form a chelate. - The formation of the c}e1ate 

would effectively remove the cation from solution and thus 

more phosphate would dissolve to maintain the equilibrium. 



- 	 ThI u&*tn a -Phohate 

Preci Ditate irk an Ajar Medium 

Substance 
(O,lrnl) 

- pH 
- 	- 

Clearing 

Disappearance 
of clearing 
on addition 
of alkali 

H2SO 4  0.6 + + 

NaOH 12e0 N/A 

Buffer 3'0 1 -+ + 

4.0 + + 

53 (;) iT,/A 

7.3 - N/A 

U 8.1 - 

9O - 

2 ketogluconic 2 6 +  - acid 

2 ketoglutaric . + acid . 
- 	- 

I CU.tU1C 
supeinatant - - 

concentrated ± - supernatant 

N/A not applicable 
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At very low pH values the keto acid would not be ioni.sed 

and thus would not chelate the cation so les 'POt would 

be released. 

Table 11 shows how, in the third experiment, various 

substances affect the solubility of phosphate. The phos-

phate was soluble uider acid conditions, as shown b the 

clearing in the precipitate, but insoluble at higher pH 

values. The keto acids had a low enough pH value to 

so].uhilize the phosphate without the presence of any other 

acid. With the sulphuric acid and buffers the clearing 

disappeared upon the addition of alkali, indicating that 

the reaction was reversible, depending upon the acidity: 

H 2  0 + allp 	) 	+ H = IO 4
7+ 0H 

(alkali, insoluble) 	 (acid, soluble) 

The addition of. acid or alkali change the equilibrium 

of the solution thus, rendering the phosphate more or leos  

soluble. However the. clearing brought about by the ko acids 

was a non reversible reaction, that is it did not disappar - 

upon: the addition of.a strng alkali. This indicated that 

the cation (Ca) has associated with the keto acid to 

form a chelate. The calcium would therefore be unavailable 

to reassociate with the phosphate which would remain in a 

soluble ioxiised form even after the addition of an alkali 

The culture supernatant obtained by direct centri-

fugation gave a smaLL.amount of clearing; the precipitate 

became slightly less opaque but not clear. However .after' 

concentrating the supernatant by freeze drying a clear 

zone was observed. This clearing did not disappear upon 

the addition of alkali. . These results ,indicated that the 
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phosphate solubilization effect was not entirely due to 

the low pH of the culture supernatant and also that the 

substance which brought about the solubilization was in 

the supernatant. The results confirmed that the phosphate 

was being solubilized by some product which had diffused 

from the bacterial cell. A probable mechanism is that 

the phosphate was initially solubilized by the low pH of 

the culture and then the cation was chelated by the keto 

\ 

acids secreted by the 

either a pH effect or 
Qj OA 

1958; Harrison, 1972) 

previous workers did 

both mechanisms 

cells. Thus previous theories of 

a chelation effect (e.g. Sperber, 

were both partially correct but 

riot recognise the significance of 
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Confirmatory Tests for  
- 

the Phosphate Solubilizi 

'11.10. 0 

ne Identifidation of the 

jBacteria 
I. Microbioloiv Dejartment 

The iesuits obtained previously (45) indicated that 

the byproduct responsible for phosphate solubilization was 

a keto acid, probably 2 ketogluconic acid. This was 

deduced fromthe rsu1ts of chromatograms produced using 

• one solvent only and confirmatory tests were needed to 

dr'aw definite COflC1USI,OflSo 

Methods The byproduct released by-the phosphate 

soluhilizing bacteria during glucose metabolism was 

isolated and purified using, electropioresi 	Various •1;ests 

(Table 12) were then'carried out to find the properties 

of the byproduct relative to those of 2 ketodeoxygluconic 

acid and 5 ketodeoxygluconic acid. 	 - 

Res].te and Conclusions The results shown in Table 12 

indicated that the byproduct from glucose, metabolism 

behaved in a similar manner to2 ketodeoxyglucoflic acid 

in all tests. 5 ketodeoxygluconic acid give entirely 

different results. Thus it waS concluded that the 

byproduct released by the phosphate solubilizing bacteria 

during glucose metabolism was very probably 2 keto 

deoxygluconic acid. 	- 	 - 
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Li-S Addition of PhosiThate So1ublljng Bacteria 
to Mini Cores 

The work described previously in this chapter has 

dealt with the characteristics of phosphate solubilizing 

bacteria and some'of the underlying mechanisms of phos-

phate solubilization. However, these organisms were 

originally Isolated from lake sediment and their possible 

importance in the natural environment required to be 

assessed. In lakes which are rarely stratified, such as  

t.och Leven, these organisms may be important in releasing 

phosphates into the water from the sediment. Field 

estimates of their activity would 'be extremely difficult. 

A major problem would be' separating phosphate soluhilizing 

processes from. other mechanisms of phosphate release. A 

highly artificial system was therefore selected and an 

attempt was made to relate the results to. the natural 

situation. By adding the bacteria to small sediment/water 

cores a measure of their potential for phosphate release 

may he obtained. 

Method 12 Jenkins cores were collected from the North deep 

on October 19th 1977. These were dispensed into mini cores 

as previously described and allowed to eqilibrate for 4 

weeks at 20 
o0". 

A culture of phosphate soluhilisers v,asobtained "Dy 

innoculating nutrient broth with the Bacilluss, and 

incubating at 3700 for 2 days in a shaker. i.The cultures 

were then centrifuged at 6000 rpm for 30 minutes, the 
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addition of phosphate solubilizing bacteria. 
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supernatant was discarded and replaced with tris buffer. 

This washing process was repeated three times. The 

bacteria were finally suspenciedin a small quantity of 

fris to give a thick suspension of bacteria. 

10 ml of the bacterial suspension were added to 5 

cores. A further 5 cores had 10 ml of bacterial sus-

pension added and glucose was also added to give a final 

concentration of 1% in the water phase. The cores were 

allowed to stand for three hours to allow the suspension 

to settle to a certain extent. A water sample was then 

taken from each core and frozen. Counts of phosphate 

solubilizing bacteria and total viable counts were carried 

ou on the sediment surface of 2 cores from each treatment. 

" The remaining cores were aerated in the dark at 20 00 for 

12 days. Water samples were - taken every other day, frozen 

and later analysed for orthophosphate. After 12 days 

incubation the bacteria on the sediment surface were again 

counted. 

Results and Dis cussion The results (Pig. 22) showed that 

the addition of phosphate solubilizing bacteria to the 

cores made a considerable difference to the amount of 

phosphate in the water phase. The concentration of 

phosphate in the control cores remained constant throughout 

the experiment. The orthophosphate concentration in the 

water of the treated cores initially rose and then after 

6 days started to fall again. The results suggest that 

the high rate of solubiJ.ization in the first few days 

declines-to a point at which absorbtion is greater than 



- TABLE,  13 Counts of Bacteria in Mini Cores (no./ml wet 

sediment- )  and Amount of Phosphate Released cer 

Qanism per Day  

• 

Control 

P03_  It 

olubi1isers 
added 

P03_  
4 

solubllisers 
+ glucose 

added 

START 

PO 	solubilisers 32 x 1O 28 x 28 x 10 

total count 2a0 x 10 38 x 107  56 X 107  

FINISH 

P0
3—

so]..uhilisers h0 x 70 x 10 5  29 x 105  

total count g.0 x 10 1.0 x 10 92 x 10 

eased per d a 

gP/l 

Cores with K, 	 solubilisers added 	 04 

Cores with P0 	SolUbilisers + glucose added 	06 

Area of surface of core = 159 cm  

Number of 2
L0 solubill s inbacter ia  in top centimetre 

Cores with POsoiubilisers 
	

4.45 x 106bactenia per 
added 
	 core. 

Cores with P0solubiLi.serS 
	46 x l06bacteria per 

+ glucose addë.d 
	 core 

Cores with PO solubilisers added 
	

04 ____ 

9 . 0-.x 108  ugP/1/da, 

Cores with P0 	so-lulbillsers 	giuoose added 0 6 
4. x 10 

= 1a3x1O7upL 
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solubilization. As has already been shown (Chapter 3) 

phosphate is usually adsorbed by the sediment under aerobic 

conditions until an equilibrium value of l.5 1191'Iml is 

reached so that after the bacteria had stopped releasing 

excess phosphate a reduction to the equilibrium level 

would be expected. The amount of phosphate released by 

the original population would already he in eqdlibrium; 

a fact that explains why no phosphate release was 

detected in the control cores. However the additional 

bacteria did contribute significant quantities of 

phosphate to the water. Calculations based on the number 

of baøteria present in the cores at the end of the 

experiment and the amount of phosphate released in the 

cores per day show that the bacteria could play a raaor 

role in releasing phosphate from the sediments (Table 13) 

The cores remained aerobic throughout the experiment as 

indicated by the light brown colour of the sediment bo the 

release of phosphate did not appear to be due to the 

establishment of reducing conditions. 

The addition of glucose to the core water enhanced 

the release of Dhosphate over and above that released by 

the addition of bacteria without an extra energy source. 

These results agreed with .Harrison 5 (1972) who showed in 

sediment supplementation experiments that the addition 

of glucose to sediments containing phosphate solubilizing 

bacteria enhanced the release of soluble phosphate. The 

original sediment probably only contained small quantities 

of easily assimilable sugars and the addition of glucose 

meant that the conditions in the cores were more similar 
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to those of the pure cultures in which the bacteria had 

been grown. 

The bacteria had a high survival rate when added to 

the cores and actually increased in number during the 12 

days of the experiment. This means that the environmental 

conditions in the core were suitable for growth and 

survival over the period of the experiment. 

\ 



:115) 

4-2  General Discussion 

Bacteria, capable of solubi1i-ing insoluble inorganic 

phosphates were isolated from Loch Leven and were found 

to be a small but significant proportion of the total 

population. The use of plates containing a precipitate 

of phosphate was found to be useful and reliable for 

isolating the organisms but .a more accurate method of 

ennuinerating these bacteria using a most probable number 

technique looking at clearing down tubes was devised. 

This most probable number method was easy to use and gave 

reproduc.abie results, unlike plate counts, and is 

extremely useful for counting phosphate solubilizing 

bacteria The principOi3 species isolated were 

Pseudoraonasa and Bdcilluscarota, the latter 

being the most active in solubilizing phosphate3 The 

restricted number of species in Loch Leven which ex- 

hibited the phosphate solubilizing property was unexpected 

because other workers, both in soil (Sprber )  1958) and 

in aauatic environments (Harrison, 1972) 9  have found a 

wide rahge of bacteria with this property. The numbers 	- 

of these bacteria were similar in all the sediment types, 

except the nonmaci'ophytic sand which has a lower count, 

- despite the differing organic carbon content of each area. 

The high count in the macrophytic sandy area was thought 

to he due to a rhizbsphere effect. 

A certain minimum concentration of glucose was 

necessary for soluhilization to take place, Below this 

concenf;ration, although the organisms were still capable 
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of growing, it is probable that insufficient keto acid was 

produced to leach from the cells thus no phosphate 

solubilization could be detected. However, although the 

natural environment as a whole may have a low sugar 

concentraion, in the iiicroenvironments surrounding the 

cells there may be a high enough sugar concentration for 

solubilization to proceed. A study of the sugar concen-

tration in the sediments of Loch Leven would need to be 

carried out to gain an insight into the potential activity 

of these bacteria 'in situ'. However the organisms could 

utilise a wide range of naturally oecur±ing sugars to give 

solubilization although the best effects were observed 

with mono rather than disaccharides. Both the species 
/ 

were nutrinaliy versatile growing on all the sugars tested 

as well as on other substances such as starch, peptone 

and 2 ketogluconic acid. Their ability to solubilise 

phosphate on substances other than carbohydrates was not 

tested. A study of this could prove interesting as the 

wider the range of substances on which they exhibit the 

property the more likelihood there is that they will be 

active in the loch. Nutritional adaptability is a good 

survival mechanism in the natural environment where the 

supply of nutrients could be extremely variable. 

A number of naturally occurring inorganic phosphates 

were solubilized by the bacteria including complex mineral 

phosphates. The effect upon these complex forms of 

phosphate which can occur in the loch was deemed to be 

important. The degree of solubilization depended upon the 

solu'oili.ty constant of the phosphateat a given acidity 
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level. This result was explained by the fact that the 

solubilization was brought,. about by a combination of 

acidity and chelation. The initial soluhilization took 

place due to a lowering of the pH which meant that the 

most sol4le phosphates would be affected to the greatest 

extent. The cation was then chelated which left the 

phosphate anion in a permanently dissolved state. This 

work did not ascertain whether the bacteria released 

two separate acids, one which, lowered the pH as well as 

the keto acid or whether the keto acid fulfilled both 

roles, that is initial soluhiliser and chelating agent.. 

The results of adding phosphate solubilizing bacteria 

to the mini cores were interesting because they indicated 

that the bacteria had the potential of releasing large 

quantities of phosphate to the loch water.. This could be 

most important in shallow lakes, like Loch Leven, where 

little phosphate is released under anaerobic conditions 

and therefore the major contribution of phosphate to the 

water from the sediments would have to be under aerobic 

conditions. Free sugars were probably quite scarce in the 

sediment although no data is available for Loch Leven. 

However the effect of the additional glucose indicated 

that free sugars probably were scarce in the loch but 

even without an extra energy source signiicant quantities 

of phosphate were released. There would probably be more 

sugar in the loch than in the cores because these had been 

incubated for 4 weeks before use. In the natural situation 

there would be a continual influx of sugars to the 

sediment from 'crashed' algal blooms and decaying terrestrial 

FA 



fJgfl. Comparison of the Glycolytic Pathway and the Pathway 

Utilised by the Phosp h ate Solubil izi nq Bacteria for Glucose 

Metabolism. 

(a)Gtycolysis 	 (b)Atternative Pathway 

Glucose 	 Glucose 

ATP 

ADP . . 

	

\
I!J 

	

Gtucose 6 phosphate 	 Gluconic acid 

AT P 	 -- 	AD P 

	

FrLIctciSe 6 phosphate 	 2 Ko to-D-gt uconic 

Fructose 1,6 diphosphate 	 2 Ke4o-6-P--giucon Ic 

2xGtyceraldehyde phosphate 	P yruvate 

2x1JDiphosphogycerate 	 TCA cyct.e 

2. AT 
2 AD P 

-------111:2)1 P — 	\- 
2x3 Phosphoglycerate 

2x2 Phosphoglycerate 

2x Ph os ph oe not pyr u vat e 
ZADP 

 
-  ----J 

2 A T P<—-- ' 2xPyruvate 

NH 
ICA cycle 	 . 

acid 

acjd 
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vegetation as well as exudates from macrophytes and 

algae. Therefore a constant supply of sugars will be 

available for a small amount of solubilization to take 

place. The results from the cores indicated that the 

• 	bacteriaWere capable of solubilizing phosphates under 

what would be nutrient poor conditions and this is of 

importance in the loch situation. The byproduct produced 

by the phosphate solubilizing bacteria during glucose 

metabolism was found to he 2 keto deoxygiuconic acids 

This substance was thought to be responsible for the 

solubilizati011 of the inorganic phosphates. If these 

keto acids are being released from the bacterial cells 

it means that the organisms are using a very unusual 

pathway for sugar metabolism which could explain why the 

phosphate solubilizing property was restricted to a few 

types of bacteria. A typical pathway for glucose oxidation 

is the glycolytic pathway (Rig. 23a) which ultimately 

leads to the Kreb's cycle via pyruvate and acetyl co A. 

This is, energetically speaking, an efficient pathway which 

produces two molecules of ATP before it reaches the 

tricarboxylic acid cycle. The pathway which produces 2 

ketogluconic acid (Pig. 23b) is an unusual one and is less 

energetically efficient than glycolysis. The bacteria may 

utilise the more unusual pathway because they lack some 

enzyme on the glycolytic pathway. However no data is 

available on this aspect. An alternative explanation could 

be that the secretion of keto acids with the resultant 

phosphate solu'oilizatiofl is a survival mechanism helping 

the bacteria to compete successfully with other organisms 
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under adverse conditionsbut there appears to be no 

relationship between chelate production and phosphate 

deficiency. If the bacteria were found mainly in the 

water phase this could be possible as phosphate concentrations 

are frequently extremely low and if they were adhered to 

a piece of particulate phosphate the phosphate solubilizing 

bacteria would have an advantage over non phosphate 

solubilizing bacteria. However the densest populations 

of phosphate solubilisers are found in the sediment, 

where phosphate is rarely limiting and as each bacterial 

cell only requires 3 x 10 —15g of phosphorus (Luria, 1960) 

it would not be necessary to solubilize additional phos- 

phate. A biochemical study. of the bacteria would be 

necessary to. clarify the situation as to why the organisms 

utilise this unusual pathway. 

These organisms are unusual in that large quantities 

of acid are produced under aerobic conditions. Liany 

anaerobic bacteria release acids from the cells during 
Q*aJ 

a wide range of fermentations (Stanier, 1970) but very 

few aerobic organisms possess this characteristic. The 

property has been intensively investigated in the acetic 

acid bacteria. The phosphate solu'oilizing bacteria can 

perhaps be compared with the acetic acid bacteria in that 

they are strict aerobes, can continue to grow under acid 

conditions and secrete large quantities of acid from 

the bacterial cell. Some of the acetic acid bacteria 

e.g. Gluconobacter sp. lack a functional tricarboxylic 

acid cycle whereas it is possible that the phosphate 

solubilisers lack an enzyme on the glycolytic path.vay. 
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In fact studies on the metabolism of L sorhose to 

2 keto -, L - gulonic acid have shown Glucon obaL-ters D.  

(an acetic acid bacter-WO and Pseudornonas putida (the 

phosphate' solubilizing organism) to be very similar in 

their activities (Kitamura, 1975; Makover, 1975; Martin, 

1976) 	An examination of the ability of acetic acid 

bacteria to solubilise phosphate when grown on a 

carbohydrate source would be of interest. 

VA 



Seãjren-FJ 	 - 

r 
Loch Deep area Shallwo Core are. 

Area ill 0  5.2 x 10 2.45 x l0 407 x io 3e84 X 1  

3tratiiied 60 0 
days, _ _ 

Phosi) hate_Release under Oxidized Conditions 

Ariount per da3i Amount per day Amount per - 

in core ugP in Loch ugP year in loch 
KgP 

Shallow area 0.0125 1.52 x 1-08  59.0 

Deep area 0, 1.07 6.82 x 10   2.28 

Phosjate Release_nderItnerob cCiti one 

irnount per da3 Amount per da3 Amount per 
in core ugP in Loch ugP year in loch 

KgP 

Shallow area - 

Deep area 0035 .219 x 10 1.31 

Release hyPhosphate Solubilisinp,  Bacteria 

Volame of sediment to be considered = 5.2 10 5  m3  

There are 3 x 10  phosphate solubilisers per m 3  fresh sed-

iment. Therefore in the loch there are 156 x 1012  phos-

phate so1ubi1isers, 	 - 	 - 

Each organism is capable of releasing 5.7 x lO6mgP day 1 

Therefore total - release over 8 months = 216 x 10 3  kgP 

Total annual contribution of phosphorus by sediment to the 

water = 59.0 + 2028 + 1031 + 216 x 10 3kg 

= zaaiJ 
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IDISCUS SION 

.9  of Phosphate Release inLJu 

Calculations were made to assess approximately the 

quarltitT of phosphate which might be released into the 

water phase from the sediments. These calculations must 

be treated with caution because the core results were 

obtained, under highly artificial conditions. 

Table 14 shows the criteria considered when the 

calculations for phosphate release from the-sediment 

were carried out. The total area of the loch and the 

areas of the deep and shallow sediment were calculated 

(Calvert, 1973). The shallow area was assumed to 

stratify only rarely and the deep areas for approximately 

two months every year. These assumptions were based on 

the results obtained qn the redox potential of the 

sediments. The rate of phosphate release in the dark was 

used in the calculation for aerobic release of phosphate. 

• 	The amount of phosphate that each sediment type could 

release under aerobic and anaerobic condjtlOflS was then 

calculated. Calculations as to the amount of phosphate 

which phosphate solubilizing bacteria in the loch could 

release per annum were made. These latter calculations 

• 	were based on the data obtained from adding these bacteria 

to mini cores. The calculation only gives an extremely 

approximate value because it is assuming that the bacteria 

are as active in the loch as in the cores and only takes 
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into account the top centimetre of the sediment. However 

the top centimetre is probably the layer of greatest 

activity (Henrici, 138). Activity was assumed. over 

8 months of the year, the temperature being 400 or below 

during the 4 winter months. 

The results (Table 14) show that the total amount 

of phosphate being released from the deep sediments under 

both reducing and oxidising conditions is negligable when 

compared with the amount released from the large area of 

sediments beneath shallow water under oidi.sed conditions. 

The phosphate solubilisirtg bacteria had an enormous 

potential for phosphate release, 2.16 x 10 kg?/yr. The 

effect of the phosphate solubilising bacteria could only 

be we 	by adding additional organisms because the 

phosphate leached from the sediments of untreated samples 

would include that solubilized by the indigenous population. 

The amount of phosphate released under aerobic conditions 

from the deep and shallow sediments was probably an 

underestimate. In the loch the phosphate would he con-

stantly removed from the sediment surface by currents and 

winds whereas in the cores it accumulates, sloving down 

the rate of diffusion of further phosphate from the 

sediment. Conversely the phosphate soluhulizing bacterial 

activity in the loch is probably less than in the cores 

but even if this were taken into consideration the organisms 

could still release considerable quantities of phosphate 

into the loch annually. 
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Annual _Bs The total net annual input to the loch 

during 1976 was 832 kg P (Harriman, 1976). Taking into 

account the total release from the sediments, this input 

from external sources is only about 33% of the input from 

internal cources. When the input of phosphate from 

external sources has been related to the phosphate content 

of algal blooms there has frequently been a deficit which 

has been estimated to be as much as 2000 kg P/yr (Holden, 

1974) 	The apparent deficit can be explained by the figures 

obtained in Table 14 9  a greater amount of phosphate than 

2000 kg P/yr could, potentially, be released from the 

sediments The release was originally thought to be due 

to the sediments becoming reduced Hoiden, 1974) but the 

results have shown that the release of phosphate is due to 

the solubilization of sediment inorganic phosphates under 

oxidised conditions 
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Site 	inadInterdisciplinay Studies 

Although the Jenkins core is ideal for experimenting 

with small volumes of sediment and water it has many 

disadvantages.. The samples collected were assumed to be 

relatively undisturbed but frequently the sediment surface 

is disturbed during sampling. 	This is verified by the 

fact that the phosphate concentrations in the core water 

immediately after sampling are usually higher than in the 

loch water (0.3 pgPAL c0f. Oi 1igP,4). These values fall 

after standing overnight. There are also other disadvantages 

in using Jenkins cores The polypropylene wall of the 

core can adsorb chemicals preventing their detection in the 

waters Bacteria will probably multiply on the core walls 

(Zobeli effect) and in the small voluiê of the core this 

factor may enhance their activity compared with the larger 

water column in the loch. The water in the core is static 

and as substances diffuse rom the sediments the concen-

tration rises in the water with the result that an 

equilibrium situation develops and the leaching rate may 

be reduced. Thus a smaller amount may be released from 

the sediment of the cores than in the natural situation 

where water movement would continually remove phosphate 

from the close proximity of the sediment thus preventing 

an equilibrium situation arising. Results obtained in the 

cores in the first few days after sampling are therefore 

potentially more important than longer term results. 

Better methods for studies of this tye would be 
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the use of larger volumes of sediment and water such as 

in large tanks.' The ideal situation would be to use 

'in situ' measurements. The use of enclosures has proved 

to be most successful in the Lake District in Esthwaite 

Water (Lurid, 1973) and also in Loch Leven. In this method 

large volumes of the lake are enclosed in plastic tubes 

and the changes taking place in various parameters (algal 

populations, chemical 'Concentrations etc.) can he monitored. 

Field treatments, for example the addition of chemicals 

or the exclusion of sediment effects etc., have proved 

very useful in these tubes giving a more reliable asses- 

sment of the actual field situation than small cores. 

- 	However there will still be significant effects from the 

sides of the tubes but the method is more suitable than 

removing samples from the lake because the experiments 

take place in a relatively undisturbed system. 

The value of interdisciplinary studies has been 

demtrated in this investigation. : large quantity of 

inforfriation was readily available about the chemical s  

physical and biological changes taking place in the loch, 

all of which helped to answer some of the questions which 

arose during the work on the biological processes 

associated with phosphate release. 
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in R  
Agriculture and Eutroijhication 

As phosphorus is an essential nutrient for plants, 

including a].gae, work involving the study of phosphorus 

mobility in lakes should have implications for agriculture 

and water eutrophication. 

The phosphate solubilizing bacteria have been found 

to be most successful in releasing insoluble phosphate, 

even when cultured organisms were added to cores and 

therefore approaching the natural situation. The question 

could therefore be asked whether the addition othese 

bacteria to soils, possibly via seed inocculation, would 

help in. the release of phosphate to crOs, rather than 

adding phosphate fertilisers. This method has been tried 

in Russia although the success of the trials was question-

able (Cooper, 195). However other workers have shown 
• ose 	- 

that the type of vegetation. (Katznelson, 1959; Louw, 1970) 

affects the number of these bacteria in soils and in future 

it might be possible to increase the root exudates so that 

these organisms can he more effective in phosphate 

solubilization. 

Phosphate is widely  knowTj. to be one of tha major 

causes of eutrophication in lakes, Many attempts have 

been tade to control algal production by reducing the 

phosphate input to the water from external sources 
l&bV 

(Shapiro, 1969; Hudson, 1970). The removal of thosphorus 

from sewage, using a simple method involving precipitation, 

has given reasonable results in the Lake of Zurich. In 
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this lake there is now a higher oxygen concentration, 

improved light penetration and decreased phosphate concen-

trations in the water (Thomas, 1975) 	Sewage has been 

diverted from Lake SSdra Bergundasjon in weden and it is 

hoped that the lake will become less eutrophic although 

the sediments still contribute large quantities of phos- 

phorus to the water every year (Beng;sson, 1975) 	However 

the work described in this thesis shows that the major 

input to Loch Leven is from the sediments, therefore con-

trolling external sources only goes a small way to 

alleviating the problem. 

There have been numerous suggestions for controlling 

phosphate release from the sediments, some of these methods 

have been tried with success such as the dredging out of 

sediment which would otherwise continue releasing nutrients 

after the external sources have been eliminated (Vollenweider, 

1968) or by aeration of the anaerobic hypolimnion 

(Bengtsson 9  1975) although this latter method would not 

be applicable in Loch Leven as most of the release takes 

place under aerobic conditions. In small lakes polythene 

sheeting has been laid over the sediment (Hynes, 1970) to 

prevent phosphate mobility but this method would not be 

feasible for larger areas. 

A preferable longer term method, avoiding undue dis-

turbance to the lake or excessive expenditure, is to allow 

the lake to purify itself. All major exterial point inputs 

of phosphate should be controlled which is a feasible 

proposition. This would mean that any algae growing in the 



128. 

lake would be utilising the phosphate which has been 

shown to leachcontinuoUsly from the sediment. Many of 

these algae would leave the lake in the out'Llow q  outflow thus 

removing the phosphorus from the system. The sediments 

would gradually become depleted of phosphate which had 

accumulated over the years. This would take many years 

but eventually the lake should become less eutrophic with 

little phosphate entering from external sources or 

leaching from the sediments 



SUI\IMARY 

Phosphate availability is a major factor controlling 

algal productivity in Loch Leven, a shallow eutrophic 

fres}r.vater lake9 	xperimental work was designed to 

investigate four main aspects of the influence of micro-

organisms on the phosphate cycle in the loch0 

lPhostePluxBetweenthe diments er 

The following experiments were carried out on sediment-

water interface samples in Jenkins cores. 

Sediments from the deep areas (8% organic carbon) 

released 9 times more phosphate (2.8 igP%) after 10 days 

than shallow area sediments (4%  organic carbon) when hela 

anaerobically at 16 00. 

Reclox potential measurements showed that the Eli of 

the deep sediment fell more rapidly (to -175 mV) than 151 -.at 

of the shallow sediment (-60 mV). Polsirig of the Eh with 

nitrate, sulphate or thiosuiphate produced evidence that 

phosphate was released betveen the nitrate (100 miT) arid 

sulphate (-100 mY) levels. Nitrate concentration in the 

water phase influenced phosphate release from the sediments. 

These data indicated that the release of phosphate was due 

to the reduction of ferric to ferrous ions. 

Under aerated conditions cores from both sediment 

types reached an equilibrium of 1.5 pgP,4 after 24 days 

at 20 0 0 5  excess phosphate being assimilated into the 

sediment. 

Temperature studies shoved that at 2000,  4.3 

was released after 10 days from the deep sediment whilst. 



at 4009  4 times less was released. 

Gas production, both N2  and CH 49 
 in the sediments 

was found to enhance phosphate release. 

The only experiment in the light showed that algal 

uptake of phosphate was an important factor in keeping 

the phosphate, concentration in the water below the 

equilibrium value of 1.5 pgP,4. In the dark this level 

was maintained by the release and adsorption of phosphate 

by the sediments. 

2. 	Role of MicroorRanisms in B rinb2U 

Release Treatment of cores with formaldehyde (5%) 

completely inhibited any fall in redox potential which 

indicated that biol6gical activity and not chemical 

processes was the major.factor in reducing the Eh. Release. 

of phosphate was a purely chemical and physical phenomenon 

dependent on the Eh of the system. 

r  a 

Under Laboratory  

In addition to the solu'oilization .  of insoluble 

phosphate on agar plates an alternative method of 	- 

counting phosphate solubilizing bacteria was developed 

using a most probable number technique involving clearing 

down test tubes containing aga media. 

The phosphate solubilizing bacteria occurred in all. 

the sediments at between 1.0 and 0.0650 of the total colony 

forming population. Numbers varied between 5 x lO 

organis/ml wet sediriient (8% organic carbon area) and 

3 x 10 organisms/ml wet sediment (005% organic carbon). 

In sediments with similar organic carbon contents, greater 



numbers were found near 	 (.por.d weed) growth. 

The most numerous bacteria •soluhilizing inorganic 

phosphate were clasified as Bacillus ca.r.otarum and 

put j.da  

The Bacillusj were more effective solubfl.izing 

organisma than the Psepmo 

The bacteria could solubilize various phosphat;es to 

differing extents with Mg>Ca > gafsa and a mixed 

mineral phosphate Iron and aluminium phosphates were 

unaffected by the bacteria. 

Energy source was found to affect the amount of 

soluhilization obtained 	Glucose and xylcse > lactose> 

maltose, niannose, fructose and sucrose 

The solubilization was due to the rlea.se of acidic 

substances which initially. dissolved the phosphate by a. 

chelating process. 

The chelating substance was most probably 2 keto 

deoxygluconic acid when the organisms were grown on glucose0 

TheImDortance of these Processes in the Loch If 

the results from core experiments are related to the 

overall situation in the loch then 3.59 kg phosphorus 

will be released from the deep areas and 59.0 kg phos-

phorus from the shallow areas per annum. Phosphate 

- 	solubilizing bacteria will contribute 2.16 x 103  cg 

phosphorus per annum. Thus the average annual input of 

phosphorus from external sources during. the years 1974-78 

was only 33 	f that released from the sediments. 



.A?rNDIX 2 

Pho 	ri 	ed in ii 	medium 	t he PS 

Si.fl ca1: ecit 7 0C for 2 days 

Sugar ppm P released ,by 10 	cells 

gJ.ucoe 2.0 x 10 

iructo'e 3.2 x 10 

1acose 4.1 x  10 

sucrose 8,6 x 10 

maLtOSe l 	i x 1U 

xylose 9,0 x •1 

Tn 	flU CO  e 9.2 x 10-5 
 

aroin.oe 3.1 x -41 10 

Data mean of 5 flasks 

APPENDIX 1 

ro files for t he 	of cores taken 

from Loch Leven North Deep during 1977 

Death P M. A M J Ji A S 0. -N D 

0 +190 +180 1 4-180 ±100 -70 -145 -60 -90 -10 +60 +120 +185 

1 +190 +180 ±170 +120 -90 -180 -160 -170 -40 0 +120 +190 

2 +3-80.+180 +180 +150 -200 -190 -165 -165 -90 -10 +100 ±180 

3 ±190 +190 +175 +140 -210 -207 -190 -180 -95 •0 +80 +185 

4 +190 ±190 +185 +130 -200 -205 -195 -215 -145 -5 +75 ±185 

5 +180 +180 +180 ±130  -190 -210 -205 -200 -140 +5 +75 +185 

6 +180 +180 ±170 +135 -185 -217 -210 - -210 -160 +10 +80 +185 

7 +180 +180 ±170 -140  -190 -220 -210 -210 -180 0 +90 ±185 

8 +175 +180 ±170 +130 -190 -225 -210 -220 -185 -10 ±90 ~ 180 

9 +180 ±170 ±175 ±120 -190 -225 -210 - 225 -180 -25 ±95 +170 

10 +180 +170 ±170 +90 -210 230  -210 -225 -180 -20 ±85J +170 

11 ~.160 +180 ±170 4-95 -210 -235 -210 -230 -175 -30 °I +170 

12 +175 ±180 +175 +35 -210 -237 -210 -235 -160 -35 +901  175 

13 +170 +180 +170 +80 -210 -235 -210 -235 -185 -35 ±90 ±170 

14 +170 +180 ±170 +85 -200 -235 -215 -235 -190 -35 +90 - i- 170 

15 +170 ±180 ±170 +85 -210 -237 -215 -235 -200 
-35  +90 ~ 170 

Data mean. of 2 cores. 

Eh measured in mV. 
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