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Phosphate aveilabilily is a major factor controlling
algal productlv1ty in Locn Leven, a shallow eburoynlc
freshwater lake, Dx ‘“LJﬁPnhdl work was designed to
investigate four main aspects of the influence of micro-
organisms on the phospndtc cycle in the loch,’ *

3.  Phosvhate Flux DBetween Sedimenis _and Yater The
following pﬁfameter were 1nv stigated using Jenkins cores
a8 models The effect of

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

[

(h) Poising the Eh with nitrate, sulphate or thiosulphate
on phosphatc release. '

(¢) Aerating scdimenits on phosphate movement.
(a) Temperature on phosphate releass and redox potential

changes.
(e} BSediment gas proeduction on phosphate release.

(£) Algal pho sihetc uptake on phosphate movement between
the sediment and water phases.

—te
-

2o Role of Microorzanisms in Phosphate Releas freom Sedimen

Jenkins cores were treated with HCHO to determine the
contribution that biological activity made to phosphate
release from the sediuents.

3, Tnorganic Phosvhate Solubilization by Bacteria Undex
Laborstory Conditions

(a) An 'ltclnatlvc method of -enumerating phosphate
solubilining bacteria was devised.

(b) The effecet of sediment %tyne on the distribution of
phosphate solubilizing bacteria was investigated.

(¢) "The bacteria solubilizing inorganic onhosphate were
identified.

(d) The ability of the bacteris to solubilize various
inorganic phosphates uunder jaboratory conditicns was
investigated.

(e) The effect of_various alternative energy sources on
phosphate solubilization was determined.

(£) Ac "1tz and chelation effects on phosphate solubilizaticn

s
.L u
were sepa:

CL

(J..

(g) An dtbempt was made to identify the metabolic
byproduct bringing about solubilizatvion, -

A, The Importance oi These Processes in the Loch Assunlng
The data obtained in the laboratory were relased 30 the

loch situation, calculations were made tO asSsess the
movement of nhosphate from the sedimaent in to the water

1
pnase.
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CILevBR i FWERODUCTLON

o St o et e . Pre ‘v,' R

4 lake is a larsge ho@] of water totally suvrrounded

by land. Iakes appear 1o be pernanent features of +hc
landscape but they are geologically” tran sitox oy hnd,
given time, will evcn&ﬁally fill in wdﬁ disappeax
_(Hutchinson, 1957)0 Tor man the water stored in these
lalres is an essential commodity for life as we know it

cday. Not only is water necessary for 1ife vrocesse

t hs 3
but it is als e%sontlaL for industrial and sanitary

purposes and is extensively vsed for wrecreation. It is

cagy to see, therefore, that the pwuscvva Lon of our

T

water supplies and the maintenance of thelr gualily i=
of the utmost importance;

At'one time maintaining the good gquality of watex
wes not a problem becausc the world pepulation was small
and scattered. However deterioration in water quqlity'
started éarly in men's history. . As soon as man started
to clear the nstive forests, till the lénd and keep
flocks of grazing animals, nutrients were leached,; from
the denuded land into the rivers and lakes. The coming
" of the industrial revolution intensified the problen.
Tovms 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 scw age and 1ndustrlal effluents were dis-
charged directly into Lhe watervays with dluastrouo
consequences. These wastes were often toxic e.g. the

wastes fron coke ovens (Stafford, 1670) and revulted 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; although at
this time they Were.uncommon, 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 é water body can be _
measured (Campbell, 1939; Butcher, 1946; Cairﬁg?ﬁfgés).
Many lakes have a bloom at some time gf the year except
in uwninhabited upland areas. Subsequently the quality .of
inland waters fell. ILake 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, eSpeciaily in Europe and the United
States there is very strict legislation which sets out
the concentrations of chemicals Whiéh may be discharged
'inté a Watérway. However many of these measures were
taken too late aﬁd the-characteristicé of inland water
bodies have been chaﬁged irre#ocably unless there is an
enormous finéncial investment provided to ciean them up.

The terms eutrophic, mesotrophic and oligotrophic
were introduced into the literature by Veber 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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‘to describe the nuirient statuw, especially phosphate

Qs

nitrate, of lake Vehess . Clipotrophic waters may be

o

n
classified as svstems with a low primary productivity and
eutrophic waters as thoge‘wiﬁh & bhigh primary. produc-—
Ctivity (Hud$ogjk{§¥b)o Both tywes of‘Water may have low
nubrient conceutrations at any given time but eutfophic
waters have the capacity of bocomlng nutrient rich-if the
Dridary productivity falls. In undisturved lakes,
euﬂrophication‘is a natursl ‘ageing process' which

sventually tersinates in uhe disappearance of the lake

(Likens, 1972) due to the deposition of detritus on the
lzke SeO'I‘RtS and the encroachment of land plants

€ego Willow, alden, which'help the lake to 'dry out'.

-

The process of eulxr HTCdCL on is frequently accelerated
by mans activities but aellowance has to be made for the

-
'

néture of the lake kasiﬁ_when eutrophication is discussed.
Butrophication must be diStinguié}cd fream polivtion as
the 1a£ter refers to damage %o the water body by
poisonous substances whereas the formey it only nufrignﬁ

the systems.

©
(0]
&
10}

enrichment although this also dama

Leke Producthivity

Any given ecosystem contains two biological

groupings, primary and secondary producers, Fiants and

<t
[OF

chemoautotrophic bacteria obtain their nutrien from-

inorganic sources and produce organic matter whereas
w". 1 - . ) N s s

secondary producers (heterotrophic organisms) utilise an

organic nutrient source. Thus, the priwmaxry productivity
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of a system contreis the secondnry productivity. The
primary productivity Ls, in fturn, controlled by the
inorganic nutrient supply and also, Lrequently, the

anmount of available ]igbt, T s

-

ol

n the form of nlt"”be, and phosphorus,

;...I.

Nitrdge

&=

22

the form of orthophosphate, are botvh ssgential nutrients

An algel cell contains carbor, uitrogen'and phosﬁhorus in
the ratiés 106 16 : L and if any of these elements are
limiting the cells are unable to grow and di&ide and ﬁhe
sizme of the populetion is naturally controlled. Silice
is inportant in controlling'the P ctLVJLJ of
as this element is an essentiai major constltuent of %he
diatom frustule. Hany other minor elements e.g. g, Mn,
Co, S may help to control algal growth (Goldmang 1972)
but they are rarély thought to be the grbwth limiting
nutrients, - |

»In.eﬁtrophic lakes a balanced algal population will
be maintaine >d consisting of many different fypes. When
vphosphates and/or nitrates are in excess vast blooms of
one species may occur and the naturél balance of the
lake vpopulation will be disturbed. Blue green algae
(Cyanophyceae) are the'most common cause 6f an algal
bloom althourh diatoms (Ba 01lla‘bmhvc@ae) and green algae
(Ch]oronhyceo@) are also frequenu offen . . Blooms are
undesirable for numerous reasous. The va*er becomes
Aaesthetically‘Biupleasing;-appearing like 'pea soup' and
cften has an unpleasant ocdcur. Miacrophytes in deéper

)
ne

water may be affected because the light is reduced by

€
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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 otﬁer 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 coﬁmon causé of eutrophication
(Deevey, 1972). These chemicals enter the system from
many different sources iﬁcluding sewage and industrial
effluents (Vollenweider, 1968), scil 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 éontains detergénts
will be particularly high in phosphates, this includes
sewage aﬁd 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 chesmicals to maintain an
equilibrium with the water.

As well as affecting the primary productivity in



6, T

1

lakes, higﬁ phosphate and nitrate concentrations have
other direct or indirect effects. The bacterial
population increases because this tend§ to be directly
correlated with:the size of %he algal populatiéﬁ
-(Overbecﬁ, 1972) with many»of the hacteria producing
growth factors which are reguired by the algae (Thomas,
1973)c The increase in the algal populati&h also causes
the grazing ancr sebrates and other animals toc increase
in numbers and overallvthere is a greater bidlogicaI'
oxygen de mﬁlo in the wa.’cerv As a result ﬁany deep lakes
becomne both oxygen and temO“vaLure str tified in thé
sumaer. In oligotrophic lakes where the biological
oxygen demand is léw the: hypollmq¢on w1ll not hecome
depleted in.oxygen.but'where the oxygen dEmand is nlgﬁ,,
as in et trophlo lakes; the hypolimnion will be anaerobic
causing many bh@ﬂlCdl reeotxono to iwke vlace in The
reduced uealmcnt and considerable leaching of nuurlents,
especially phosphate,,from the mud. into the water.

Ph sphorﬁs has been found. to limit primary produc-
tivity in fresh water more freguently than-nitrogen

(Ypllenweider, 1968) and it is also easier to control
phosphate concentrations in a lake b;cauée vast quantl 1es
of atmospheric nitrogen could be biologically fixed
annually in the water, mainliy by blue.green algae, wnich
is an uncontrollable aspect of the nitrégen cycla. A |
close study of the role.that phosphorus plays in

eutroohlcaflon and how the availability of tnls nutrient

could be controlled may help to alleviate the problem of
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2lgal bhlooms.,

<

Role of Phosphorus in Livine Systens

Phosphorus is the twelfth most abundant £lément in
the earths crust. The most usual valence number Qf.
phosphorus is 3 or 4 but it can have co-ordination
numbers ranging from 1 to 6 (Mahan, 1969). In all its
compounds éxcept the alkali and alkaline earth metal
phosphides, phosphorus is covalently bonded to its
‘ neighbouring atoms. Thosphorus is spontaneously
.ox.di;ed by oxygen and 1is uéually found in the form ofl

its oxides (phosphates) in the natural environment.

&

[

The variab

e valency of vhosphorus makes 1iv
invaluable in living syétems where it frequently acts as
a2 high energy‘carrief, Adenosine triphosphate is'the
main high énergy'carfiér° This can be converted to the
diphosphate_dr monophosphate by 1Qsing the phosphate
gfoups and the energy released by fhese reactions is used
to bring about other cellular‘ﬁrooesses such as |
gluconeogenesis, muscle contractions and many other
reactions (Leninger, 1.970). Phosphorus is alsc found

in many othexr compouﬁds in living organisums suchras
nucleotides, lipids and phytin and as such is a fairly

major constituent of a living system.

Phosvphorus in Lakes

Sediments In lake sediments, the most abundant source
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of phosphorus is inorganic insoluble phosphates. GThe

orat in which the rhosghorus iLs found depends unon

such parameters as the pi, Bh and salt content oi the

envirvonment., In acid sediwments it is typicallys combincd

with iron and aluminiuvwe and in alkaline sediments calcium

phosphate is domin ant (Hesse, 1973). Typi

bic i
£ 1 i1 9 ) - natite ( (-DO \ )
found in sedimente are apatite (e.g. Cul PO,ig ¥ol
chlorapatite (uaS (PO )3 C]), phosphoferrite (e M -

(PO4)2 3H,0), strengite (ﬂe3 PO, QHZF) and meny others,
Phosphorus is also found in %he
compounds such &8s ;hytin} nucleic acids and glyveerophospnate
The organic vhosphates originate from plant and anlmal
remains and from microbial synthesis of incxganic

phosphorus compounds., The interstitizl water in the

) eomcontration.

\

sediment has a high orthophosphate (P0,~

-5

-

This is because all the insolubls phosphates arve in

eguilibrium with tﬂb water and pho ‘11ate is constantly

L
dissolving or precipitating to wmaintain this eguilidbriun.

Also microbial decowposition of organic compounds and
excretion by anlmals in the sediment contribute to tha

1igh phosphate concentration 1n the interstitial ”@fet.

Yot

Water ILake water contains soluble and insoludle

inorganic and organic phospnhates. Soluble inorganic
orthophoséhate is the form of phosphorus which is
available to algae as a nutrient. Tolyvhosphates, which
originate from algae, are also inorganic in nature and oo

be utilised as a nutrient. Insoluble inorganic or

0



Fig 1 Phosphorus cycling in freshwater lakes
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fparticulate' phosphate originates mainly from disturban

of the sediments by winds and currents. The organic

phosphates are found in living organisms i.es fish,

Ja

i bacteria. In living

=

phyioplankton, zooplankton aﬁ
organisms these 5bound-up"organic phosphates may be
termed as insdluble as they are unavailable as nutrients.
Howmv“r upon the death and ]y sis of algase, Tor example,

they way become soluble and can be utilised by bhacteria an

ooplanitton, Fish, birds and gooplankiton excrete large

qUant.flos of crganic and 3nor5MnLo chosphates into the

water (Scharpf, 1973) o

(a) Main Pathwave of Hovement Many detailed siudies cof

the pdosphorus c¢ycle in lales have bheen published
(e.g. Rig-ler, 19563 Oflelia, 1974 Porter, 1975).

(&1

Rig: ler, (}975\ gave a dynanmic view of the pnosphorvs cycle
in a freshwater ecosystem. -Tne‘ph osphorous cycle is -
complex but less so than the carben and nitrogen cycles
because these elements can be lost from the system.in the
form of géses. It is possible to construct a box diagram
(Pig. 1) for phosphofus which shows the location of the
major types of phosphorus in a lake and how they interact

with each other. A coumplete picture of the phosphorus

cycle in say g

ziven lake could be obtained by determining

ry

all the relevant valu in the diagram,. dowever many

of these interactions arc difficult to measure. For
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example, there are no satisfactory technigues for
measuring the sedimeﬁtation of algae (Smith, 197L) which
could add enormous quantities of organoph osPhoruu to the
sediments annually. Estimating the effects of W1nds and
currents is difficult yet these may help pnospb te release
from the sediments by mixing the interstitial or parﬁiculate‘
phoéphate‘with‘thé main body of the lake., There are many
non-biological interactions %aking place in the phosphorus

cycle, epnec1@*1/ in the eulmeano insoluble inorganic

P

-~

phosphates may be reduced to form scluble phosphates and
thus released into the Wétéf phasé oT the opposite reaction
could talke place in oxidising conditions tﬂus rendering

the phosphate unaﬁailable as = nutrient. 4 bypical

reaction would be

+ . ' - - i 2+
n3, PO4-(1nsqlubLe) reg?;g?oed,-hﬁ PO, (su¢uo]c

Constant leaqhiné from the sediments due %o equilibrﬁﬂm
Aconstant probably contributes vast qu-ntit es

pnovnn&te to the water colunn annuslly (Skumm MRQ7O)

but if the phosphate concentraticens in the water were high

the opposite process would take place.

(b) Role of Organismé ~The organisms found in vhe sediments
and waters of lakes can affect the phosphorus in many
different ways. |

(1) Algse If other conditions are not limiting 2lgal
growth is directly‘ proporfionai to -the supply of

orthophosphate in the water, up to a certain value,
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depending on the species. If there is excess vhosphate
available the algae can accumulate and store it in.the

form of polyphosphates which are entirely inorganio{

s ’,"_

Scenedesmus sp., and Chorells Sn. can accumulate as much

\

as 10% phosphorus by ary weight and this is known as
luxury uptake (O'Kelhy 1973). These ﬁblyphosphé%es can K
he utilised if the water Dbecomes depleted in}phosphate.
When the algae die they either lyse, thus adding organic
phosphates directly to the water phase, or they sediment
out, thus contributing organlo phosphates te the sediwrents.

L.

(2) Invertehrates The zooplankuoq ln a. lake Praze

-
&

upov Zhe v”ytonl“nkton-and are fregquently majoxr contributors
to the recycllng of organic phosphorus in the water phase.,
All the invertebrate8~excrete both inorganic and soluble

v

organic phosphates and invertebrates in the sediments

C.L

probably play a ﬁajor role in the decompbsitiou of complex
organophosphorus compounds. Nematodes and insect laxvae
in the sediments may help in the release of orthophosnhate
from the interstitial water to the main water colﬂmn by
disturbing the sediment surface wheh emerging. Invertebrate
respiration helps to establish reduciﬁg conditions at the
onset of stiatlflcatlon thus contrlouuvnp to the subseguent
release of reduced phosphates.

(3) Bacteris Microorganismé affect pﬁosphorus-in nany
aifferent vays and play almajor role in:the_phosphorus
cycle. |

(1) Breakdown of Organic Fhosphates Organic phosvphate
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in natural waters may be present in soluble, colloidal
and suspended forms. lMany bacteria have heterotrophic

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

are éapable of degréding these organic phosphates, thus
recycling the phosphorus. The bacteria bringing about

the mineralisation of organic phosphates have been well
characéerised. 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-
is brought about by sedimenf microorganisms (Rodef?ﬁTgy%\.
The hydrolysis is brought about by the actioﬁ of phosphatase -
enzymes. These are a group of enzymes which catalyze fhe
hydrolysis of both esters and anhydrides of phosphoric

acid (Schmid%?diggis. hese phosphatases cleave thebbond
between the phosphate group and the carbon chain thus
releasing orthophosphate into the environment (Feder, 1973).
The conéentration of free phosphatase enzymes in lake

water has been found to correlate with the amounts of
phytoplankton and bacteria (Reichardgidl967). Golterman,

(;966) gives a detailed account of phosphorus mineralization

in fresh water using two algal types, Scenedesmus

guadricauda and Stephenodiscus hantzchii, as examples.

However, approximately 30%'of the phosphorus in algae is
 fairly resistant to degradation and forms refractory
material in the sediments. Scharpf,(197§> 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.

(ii) Production of Metasbolic By-products Many bacteria By 2
‘under certain favourableanutritioﬁal conditions are

capable of producing metabolic by producté which accumulate -%
in the environment surrounding the cell. Some of these
products ére capable of affecting the form in which the
phosphate is present in the sediment. The solubility

of wany ihorganic phosphorus compounds is governed by the

pH of the environment (Stumgfh$650) and most phosphates

are more soluble under acid conditions. Many bacteria

produce acids eépecially by fermentation, and this Woﬁld

‘have the‘effect of lowering the pH of the microenvironm;ﬁt
suirounding the cells, thus phosphates such as calcium or
aluminium would become more soluble and therefore more
available to algae as a nutrient. Also certain bacterisz

‘are capable of producing keto acids on sugar containing
substrates (Webley, 1959). The keto acids can chelate’ the
cation of an insoluble phosphate such MgHPO4 thus rendering
the phosphate anion soluble. The production of keto acids
could therefofe have the doubie effect of lowering the pH

and chelating the cation. |

- (iii) 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 phos?hates by first of all assisting
invertebrates to use up oxygen and then-by utilising other

chemicals e.g. NO3—, 5042- and thus lowering the redox
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potential of the sediments even furthex.

(¢) Phosphorus Availability In many lakes the primary

produotiVity is too high to be accounted for~ﬁy1the
phosphorﬁé entering from short term external sources.

If the production of algae is egquated with the input

and outbut of phosphorus to the lake there_is'frequently
a deficit, that is the'input of phosphorué is insufficient

to maintain the observed primary productivity of the lake

Cm\V\QS ) :
(eoge Holdeh. 1974) . The sediments can act as a reserve

of phosphorus which can contribute nhosphate to the water

phase. Alternatively sediments can absort excess phosphate
y '. (] 4 - 3 Q‘\.“'\ L :

from the water (Harter, 1968; Li, 1972). Because the

sediments are capable of contributing towerds the nutrient

loading of a-lake 1t is imporitsnt to kunow the exact
conditions under which release or adsorpiion of phosphate

-

(or other nutrients) will take place and the factors

1

=

controlling these ¢onditions. rere is limited velue in
controlling the nutrient input from extemal sources if the

internal input is adeguate for

l-l

roduction; but once this
unknown contribution is quantified the control of the
primary productivity by altering the nutrient loading to

the lake uay be feasible,

The Genersl Physical and Blo];glcal Characteflstlcs
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 trutta) now being dominant. There are fewer

macrophytes in the loch and although dense concentratvions
of blue green élgae were occasionally recorded before the
turn of the century there has been.a bloom every yeaxr
since 1963 (I.B.P. report, 1974).

The loch is a national nature reserve and is the mos?
important water body in Scotland for numbers of migratory,
breeding and Cverwintéring 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 have heen madea.afterlfhe initiation of chemical
studies to explain the algal‘bloomso In 1964 it was
proposed that an interdisciplinary investigation should
{ake place as part of the International Biological Programue,
When the I.B.P. study ended work continued on the Loch and

.

is still being undertaken. There is, therefore, much

N

chemical and biological informetion about the loch which
is only 35 miles from Edinburgh.
TLoch Leven was formed at the end of the last glaciation

from kettle holes left in the glacial drift by retreating

.
5. N

ice, *The mean water level is 10.7m sbove sea level and the

loch lies on a fertile plain where the soil is derived



. Fig.2. _Loch Leven

 South

Q?e'ch
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from old red.sandstdne 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 (Fig.2)
and two déep holes, the North and South deeps, of over
20n (Smiéh, 1974). The sédiments.of Lgch Leven are rich
in iron and vary from‘coarsé sand (grain size=2mm) along
the shoreline to a fine silt (grain size= 0,004mm) in

the deep holes, The sandy areas are poor in orgénic
carbon (0.05%) but the percentage gradually increases
until in the deep holes it is about 8% (Calvert, 1974).
There are fhree main inflows to the loch, the North and
SouthQueich and Cairney Vater .and only one outflow; .

the River i:eveno The prevailing winds are south westerly
‘and as the loch is very exposed it is well mixed for.mosﬁ
of the year.

The waters of Loch Leven are eutrophic as is shown
by the high primary productivity, the chorophyll level
rarely being below 40 uel L (Bailey Watts, 1977). The
surrounding land has long been used for intensive agriculturé
so there Will be leaching of nutrients into the loch from
this source especially ffom fertiliser application.' The
human population is congregated in two main centres, Kinross
and Milnathort, each of which has a sewage‘treétment‘plant
which discharzes intc the loch, A woollen mill situated
on the South Queich disohérges its effluent~directly into

the river. The mill used to contribute a large part of

4

the total phosphorus entering tne loch but that eatering

?



17.

from other sources in now sighificantly greater (Holden,
19743 Caines, 1976). The total amount of phosphorus
retained in the loch has decreased but vast algal blools

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 concentréted
on the physical and chemical aspects of the problem,
for example, the effect of sediment type and pH. Living
organisms also play an impoffant role in the movement of
thSphate in and out of the sediment. Bacteria, in |
particular, affect the phosphate flux in many diffefent
ways .

The work described in this thesis attempts to quantify
the role that micgdgrganisms 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 oécasions:but very little information
is available about their distribution in lake sediments.
The pH and chelatioﬂ 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 fo 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 MATERI ALS AND METHODS

(A) Sampling Four $amﬁling sites were chosen so that
sediments from a Variety_of depths with differing
inorgénic‘chemical and orgenic carbon contents represen-
tative of the loch could be studied.

The sites were as follows (Fig 2).-

(1) The North deeps (4), a silty area 20m deep w&th
‘sediments containing 8% organic carbon.

(2) An azea just off Castle Island (B), 4m'deep with 4%
organic carbon. This site had a clayey type uf sediment
and was representative of a large area of the 1oca.

(3) Two sandy sites (¢ & D) near the shore, 1m deep WJLH -
less than 0.5% organlc ccu.bono Site C supported a

-macrophytlc popul tlcn consisting wmainly of Potomogeten SPDo

but there were no macrophytes Dregent at the other sampling
gites (A, B & D). N

Buoys were placed at ali thé'sifes-sc that samplesl
were collected from the same ldcation on all oécasions°
| Sampleé from the silty and clayey areas (4 & B) were o
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 thé deep'areas where the mud is
softer. The samples from the sandy sites were collected
using a corer specifically designed for sampling shallow
sand} areas in that it is pushed into the sand manually

(Kaitland, 1969). Both the Jenkins corer and sand corer
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gave é relatively undisturbed sample and care was taken
not to disturb the sédiﬁent/water interface. The metal
covers on the top and bottom of the cores were replaced
with rubber bungs soon after. qamplln The cores were
immediatély tran3ported to the laboratory (35 miles)
where various treatments were carried out on the day of
éampling°

Watef samples forAchemical and bacteriél analyses
were collected in sterile glass jafs,. The jars were only

%'filled.to prevent deoxygenation of the samples..

(B) Treatments of Jenkins Cores

(1) Aexobic VWhen the cores were 1eft-standing,bexpoéed

to the atmosphere, %he rate of diffusion of oxygen was not
great enouvugh to prévent reducing‘bonditions from being
~establisﬁed. Consequently it was neceSsary to aerate the
waver phase. Glass spargers, placed in the water column
as near to the sediment surface as'possible without
causing visible disturbance, were attached to a smsll punmp.
The aeration rate was adjusted by piacing clips on the |

m

rubber tubing which led from_the pump to the spargers. To
prevent undue eﬁapofation,of~the water petri dish lids were
placed over the cores but even with these precautions the .
water leve1~had.toAbe.adjusted daily.using-distilled water.

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

in polythene bovtles and 1mmed1ately frozen.

(2) Anzerobic Sealing The bottom 1id of the core was replaced
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Fig3 Anaerobic sealing of a Jenkins core.
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with a tightly fitting rubber bung. The metal 1id 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 inAdistiiled water and drawing core
water out through C using a syringe. The water was placed
in a polythene bottle, thén frozen. Gas which had collected
in~B was removed by once again immeising tube A in dis-
'tilled water and drawihg the gas out through the suba seal
using a syripge with a fine needle. Care was tzken 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 1id 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 muq emerged from the top of the core, 3cm slices were
cut using a thin sheet of aluminiumiwhich 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;

- (4) Mini cores The standard size of Jenkins core has a
volume of 2 litres and a smallex core Woﬁld"hafe been more
convenient to use for certain experiments. A core 4.5cm
‘diameter and 30cm long was chosen which had a volume of
500ml. The water from the large cores was siphoned into

a clean container and the mud was theh placed in the mini
cores so that they were half filled (250ml). They were
topped up vwith water and allowed to stand overnight at
4°Cc. 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 tube C, the air
flow being controlled by metal clips so that the sediment
surface was undisturbed. The cores were aerated for 4
weeks at lOoC, this being the time required for <the
-orthophosphate concentration in the water and the total

‘ pumber of viable bacteria on the sediment surface to reach
a -constant value. The cores were_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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(C) Microbiological Methods

(1) Sampling and dilution The samples were collected in

jars and cores as descriﬁed préviously. Fér the sediment
analyses the water from the cores was siphgned off and
discarded. .10ml of the sediment surface was sampled using
wide mouthed pipettes and placed in soil dilution bottles.
90ml % strenéth Ringers solution’contéining glass beads
were added to the sediment sample and shaken for two
minutes.' The resultant suspension was diluted to give .-
a final dilution of 10° using % strength Ringers solution
for 10 fold dilutions. Water samples were treated A'
similarly. As the san& was difficult to pipette 20g was -
used instead of 10ml and the volume occupied by this amount
was determined. |

Shaking with glass beads aﬁpéared to be the most
-successful method for dispersing the bacteria from sediment
or algae (Table 1). Whirlimixing or the use of Calgon.
(é 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 wviable counts Total viable counts of bacteria

can be carried out using plate counts or flugfescence
microscopy techniques (Joneg?wxg§5). However the 1a£ter
techniéue 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

e

righer count, these were nutrient agar, soil extract agar,
‘ ool

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

casein, peptone starch medium gave the highest counts in

the oréer of 10'7 6

organisms per wl, compared to 10° - 10
for the other wedia investigated. This medium is very
dilute and the lake bacteria were, perhaps, adapied to a
nutrient poor environment. Thus for total viable counts
Oolml of the dilutions were spread 5n to a casein,; peptone
starch medium (Table 2), incubated for 21 days at 25°C

and the colonies were then counted. The rlates were
incubated in the dark +to prévent alzal growth. 25% of the

colonies growing on plates incubated in the 1light were algae.

(3) Phosphate Solubilizing Bacteria Fhosphate solubilizing

bacteria were counted using a modification of the mediwa of
Katznelson and Bose, 1959 (Table 2). The original medium
was designed for soil bactefia and preliwminary investigation
"showed that the medium was too rich for lake bacteria. By
varying the glucose concentration ard nitrogen source thé
most suitable combination was found (Table 3) to be a medium
containing 0.5% glucose and 0.2% ammonium sulphate. The
highest nurber of phosphate solubilising bacteria were
isolated on this medium,

| To estimate the numbers of these bacteria 1lOml sterile
medium was dispensed inio sterile 3" test tubes with metal
caps and alléwed to solidify. O.lml of the sediment in a

series of 10 fold dilutions were inoculated on to the surfsace



Plate 1 n preai 1te of phate in agar
)y bacteria isolated from Loch Leven.
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of the mediwa. The tubes were incubated for 4 days at
25 C and any tubes which showed clearing in the precipitale

“

were gcored as positive.

s .

The bacteria were isclated by spreading'diiuted‘soﬁimaut
- ’ 3 - . 3 L3 . : -
on to plates containing the phosphate. solubilizing medium.
| : 0 . 3
These were incubated at 25 C for 4 days and any colonies

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

subcultured on to nutrient agar.

(D) Chemical and Physiczl Methods

(1) Oxvpen Analysis of Core Water The rate of respiration

in the sealed Jenkins cores was assessed by measuring the
rate at which oxygen disappeared from the core water. |
Initially oxygen electrodes were inserted into thé cores
but these proved unsﬁccessful therefore the Winkler method
of oxygen analysis was. utilised.

(a) langanese sulphate solution, dissolve 500g IJnSO4 4H2O
in 1 litre distilled waterx.

(b) Alkaline iodide solution, dissolve 150g KI in small
quantity of distilled water and add the supernatant of a
solution containing 500g Na OH in 500ml water and dilute

to 1 litre. | | |

(¢) Sodium thiosulphate solution - 0.0125 X (I1ml = 0.1mg0p).
(d) Starch indicator, dissolve 2g of soluble starch in 300ml1
of boiling water.

(e) Concentrated sulphuric acid.
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Method A 70ml 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 spopper. 0.,24m1 MnSO4 solution andm0.24ml alkaline

KI solution were added %o the sample. The bottle was
restoppered rapidly and mixed. The precipitate‘formed

was allowed to settle and the mixing procedure was repeated
twice more to ensure complete adsorption of oxygen. 0,28ml
concentrated H2804 were thén added and the sample was

mixed thoroughly. A 25ml aliquot was titrated with

0.0125 M thiosulphate solution using starch as indicator.

Dissolved oxygen (mg/l) = ml Na, S, 0y x 10°
25

T\r\ios\{\\b\«&\e Alvted x10 aF low 0O CCV\(,Q&\"’VR*\O.V\S
(2) Orthovhosphate Analysis The orthophosphate concentration

in a water sauple may be ascertained by a number of different
methods. The levels of orthophosphate in Loch Leven are
very low and several methods werc tried to find the most
7 \A.\;\\‘.\V\$V\ a,*a.\ " " )

satisfactory (Fogg, 1958; Gales, 19663 Strickland and

- T(ane> o . ‘
Parsons, 1968; Holden, 1974). The wethod of Strickland
and Parsons,(l96é)gave the most reproducible results.
Soue of the methods were not sensitive enough to detect
"the low levels of orthophosphate in the water and the
techrnique of Stricklandand Parsons is more satisfactory
in that it uses ascorbic zcid ss reducing agent rather
than stannous chloride which is unstable. .
Reagents

(a) Lmnonium molybdaete solution, 15g (¥H,)s Moy 4H,0 was
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dissolved in 500ml distilled water.
(b) Sulphuric acid solution, 140ml conc Hy80, was added

to 900ml distilled water.

N £

(¢) Ascorbic acid solution, 27g ascorbic acid was dissolved
in 500ml distilled water, this solution was stored

frozen in 1Oml aliguots as it is unstable at room
temperatures for more than a few days.

(d) Potassium antinomyl tatrate solution, 0.34g of this
reagent was dissolved in 250ml distilled watex.

(e) HMixed reagent, 1O0ml molybdaté solution, 25ml H2304

solution, 10ml ascprbic acid solufion and 5ml tatrate
solution wé&e added together end mixed thoroughly. This
solution ﬁas.stable for up to 6 hours. .
(£) Standard phosphate solution, 0.816g KHZPO4 was
diséolved in 100Cml distilled water. This stock solution
was diluted 10 féld before use to give a solution containing
6 x 10% pgP/mi. |
gggggg The samples to be analysed were centrifuged at
6000 rpm for 10 minutes and 10ml of the supernatant were
pipetted into a test tube. I1ml of mixed reagent was added
to the 10ml of sample and shaken. After 5 minutes and
within 2 = 3 hours the reéultant blue colour was measured
at 8850nm using 1 cm pathlength cuvettes.

A calibration curve was obtained by measuring the
adsorbance of the standard‘phOsphafe solﬁtion at various
dilutions. A straight liné was obtained throughout the

range measured. (Fig.4).
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(3) Gas Analysis The gas collected from the sealed Jenkins

cores was analysed for methane and nitrogen using s

2

Pye GC 104 serics gas chromatogrem. A column coéontainin;

3 *

molecular sieve 5A was used with an oven temperature of
A
SOOC. The flow rate of hydrogen through the column was

15m1/min and 0.5ml sauples were used.

(4) Redox Potential lieasurements The redox potential of

the water in the sealed Jenkins cores was measured using
platinun/XCl combination electrodes. A sealed glass bottle
containing an electrode was flushed out with oxygen fLrec
nitrogen and connected to tube A on the sealed core (Fig.3).
Vater was inserted'through tube C thus forcing core water
in to the blood bottlé. This water d1d not come into
contact with the-atmOSPhere at all during the procedure

and the Bh was read directly using a Pye unicam pH meter.
This method was considered to be more reliable than leaving
the electrodes perﬂanently in the cores as they tended to

be" "poiscned" by sulphide produced under anaerobic conditions.

(5) Chromatography The substances responsible for the

solubilization of inorganic phosphates were detected using
chromatography;

Reagenté

(a) Solvent, pyridine (60ml), butanol (30ml), distilled
water (1Cml). ' '

(b) Reagent 1, 20ml acetcne, 0,1ml saturated Agli0 and
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0.05m1 distilled water were mixed. The precipitate was
allowed to settle and the supernatant was used.
(c¢) Reagent 2, 10gNaOH were dissolved in 7.5ml distilled

water and diluted %o SOOml}With CH,OH.

3
(d) Reagent 3, 5gNa,S,05 were dissolved in 100ml distilled
water.

(e) Keto acid standards, O.lg of the desired keto acid

was dissolved in 1O0ml distilled water.

(£) Standard sugar solutions, a 1% solution of the relevant
sugar was prepared.

Method The liquid cultures to be assayed were centrifuggd
at 6000 rpm for 30 minutes. 0.05 of the resultant super-
natent was placed on to Whatman no. 1 chromatography paper.
0.005m1 of the standard sugar solution and 0.0lml 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 paper:
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CHAPTER 3 PHOSPHATE RELEASE AND ADSORPTION
BY THE SEDIMENTS OF LOCH LEVEN

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 (Lifhi972). 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 Phosphate Movement Many studies have

shown that phosphate is adsorbed by the sediments under
aerobic conditions (Jitts, 1959; Shuklé?A197l; Syerg?L1973).
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 Organic Matter on

?hosnhate 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 sediments. WYork carried out on 40 acidic soil profiles
has shown that extractable aluminium and free iron oxide
were well correlated witﬁ phosphate adsorpticn and the
concentration of freec iron oxide was more important than
aluniniud in frecly drained soils but not in waterlogged

7 Burham
ones, (Lopez-Hemandez, 1974). Alternatively, in studies

of soils with a broad rangé of characteristics, results
indicated that 2luminium was vrimerily responsible for
phosphorus adsorption with iron playing a minor role in
local regions where the aluminium concentration was

) S o ¥ Hartec
relatively constant (Vigayachandran, 1975) . Both the above

workers proposed that.organic matter plays a major role

¥ S

in the adsorption process. Harfér,(;959) has suggested
that the phosphaﬁe is initially bonded to the anion exchange
gites on organic matter and subsequently transformed into
less soluble iron and aluminium phosphates. Other theories,
for examplo,'Hsu,(l965) maintain that the adsorution of

~ phosphate inﬁolves-purely inorganic reactions; but once again
the importance of iron and aluminium complexes are em-
phesised. The amounts of éurface reactive amorphous
hydroxides of aluminium and iron dominate the process

rather than the concentrations of A1>* and Fe3* in solution
(Hsu, 1965). In studies of inorganic phosphate sorption by
soils it has been shown that there is an initisl rapid
decrease in soluble phosphorus concentration followed by

a sloviexr decréase. This change invplved o shift from a

\

physically sorbed form of phosphorus to a chemisorbzd
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form (Ryden, 1977a). Ryden,(1977ﬁ> proposes three stages
of adsorption.

(i) chemisorption at protonated surface sites

<:%e - oH, ¥ - ~ <:e - HyPO,
+ H,PO R + H,0
Fe - OH2 2 4 e - 0H2 2

(i1) chemisorption by replacement of surface hydroxyls
0

Fe OH Fe —O0
<::: L — <::: :::::P:::: + H0
Fe H2P04 Fe— 0 OH
(iii) 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
E o2 £ 1 x = amount of P0,>” sorbed
x ~ kbe b 3
~ concentration

¢ = solution PO4

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; Mokwunye, 1975;
Wbité?*f977). 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 (1-100pM) the affinity of
the adsorption was greatest at ph5.2 - 5.5, over a range of

pH4.2 - 6.8, but at higher concentrations (100-1000pi)
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¥ Tay lor
the affinity was least at pH5.2 - 5.5 (Whiteuq

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.

2- —\ H,PO
HPO, & =2 4

ALKALI ACID

Calciuvm 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,(197i>?ound
that phosphate sorption was inversley related to CaCO3
concentration. Howevef in soils it has been shown that
phosphate sorption depended upon the ionic strength and
cation species of the matrix solution, the amcunt of
phosphate being adsorbed increasing with greater ionic
strength and being more with calcium ions than sodium ions
(Rydéﬁ% 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 concentrations

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 (Hayeé?ui952; Fitzgerald, 1970; Syeré{&3973).
Khaligi.l97i\observed that if high levels of phosphate

were added to flooded soils it could be adsorbed under
reducing as well as éerobic conditions. However these
soils were incubated in a 0,1}CaCl, 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
external sources (Holdéﬁ?n?974). However all systems are
inAequilibrium or tend towards an equilibrium, if conditiouns
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 1arge enough to maintain
the phosphate concentration at a level favourable fbr the
continual production of plant populations (Pomergy% 1975).
As with adsorption of phosphate and anaercobic release the
rate of liberation will depend on the pH of the systenm
(Anderson, 1975) and the amount of organic matter present
in the sediment (Wildun;TA1974). Lerman,(1974)states that
mixing a thin layer of the sedimeﬁt 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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Movement Across Surfaces Most of the

movement of phosphate through the mud surface is & purely

physical process (Hynes,

TGveib

1970) depending upon the

concentration gradient across the mud surfacg (Kamp-

Nielson, '1974).

generally about % =

The diffusion rate in sediments is

1/50 of that of the ions in free

solution (Manheim, 1970) pirobably because the movement

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

variable amounts of gas produced in sediments including

2 '9

| CH4 and HZS (Martens,‘1974; Zeikus, 1976; Duncen,

pers. comm.) and the release of this gas from the sediment

surface in the form of bubbles may aid the movement of

~phosphate into the water.

Using experimental results
g

Kamp-Hielson,(l975\ constructed an cmpirical equation

for the tpmpcrature depenéent sediment - water exchange

of phosphate in Lake Esrom, describing the exchange as the

sun of desorption, diffusion and biological degradation

processes,

= 0.5638

The actual

water into

PRS = 1.21 (Pi ~ Ps) - 1.70 PRS

This eguation was

0. 203t - 0. 60 In Ps - 2,27 P is the phosphate

released mgPu™ 2day~t

Ps = interstitxal

- _phosphate conc. mgPl'l

movement of the phosphorus from the interstitial

the lake water can alsc be described by a
ﬁVmMPkaM
diffusion expression (Jorgenuen, 1975) -

='phosphaté released from

sediment

Pi
Ps

conc. P in interstifyl water

conc. soluble in water phase
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Neither of the above eguations include any blologica
) 'D'Grt\
data which verifies the suggestion of Hyne 1078\ that

phosphate movement through mud is a purely physical process.

s %

T8 T . . . » . ) ; . :
Effect of Reducing Conditions nortlmer,<}94il in his

classical work on the exchange of dlssolved substance
between mud and water in lakes found that phosphate was
released from the sediments iﬁto the lake water under

" reducing conditions. This has been verified by later
_worcérs who have found that phosphate is released from
the sediments rather than sorbed into them under anoxic
conditions (Shippeffal973). When these conditions prevail
the water is freqﬁently thermally stratified and the |
phosphate remains in the hypolimnium, except for a suall
amount diffusing into the eﬁilimnion,'until overturn when
it becomes available to algae as & nutrient., In lakes
which frequently stratify this anaerobic release is
considered to be a very important process with a major
portion of exchangeable se@iment phosphate (45-87%)
participating in a rapid exchange reaction at the onset
of reducing conditions (Lf{u1972).: Once the oxygen

1 the

concentration of the sediment falls below 2 mgl
redox potential of the.sediment is low enough to result

in the mobilization of iron phosphates (lortimer, 1971)
although the pH can still prevent phosphate release if it

is too high (Ponnamperona, 1972). 1In Take Kinneret the
exchangeable phosphate appears teo be the iron bound fraction,

its concentration in the pore water increasing simultancously
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with the reduction of sulphates and precipitation of FeS
(Serruyé?mi974). The solubilization of the phosphate
is probably due to reactions such as .

Fe3*t PO, (insol)——> Fet PO, (soluble)
which are brought about with the onset of reducing
conditions (Patrigé?L1$%8) Once the phosphate is in a
soluble form, it is free to diffuse from fhe sediments
into the water previded the mud surface is in a reduééd
stéte. 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 Bigloéical Procesge8 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 invertébrates.
and microorganisms Wlll be actlve in removing the ozvgen.
Funci, protozoa, actinomycetes, aerobic and facultat:velj
anaexrobic bacteria will all participate in utilising the
oxygen. Under these conditions the normai aerobic
respiratory métabolic pathways will be taking place.

Once the oxygen has disappeared the invertebrate, fungal,
protozoan, actinomycete and aerobic bacterial populations
-Will cease to function, facultative and strictly anaerobic
bacteria will become important. These drgaqisms do not
use oxygen as the terminal electron acceptor but use

(.""

alternative .inorganic (504 ’ NOB—) cr -organic compounds,

Many strict anaerobes are exiremely sensitive to.oxygen



TABLE 4 Sucpested Effect of Bh on Miercbial Metsbolism

in Iake Sediments (after FKeenev, 1971)

Sequence —
_of | . Proceas Bn(w) | Pacierial
1 normal oxidations +600 Aerobic
2 NO3 reduction +500 Aerobic *

Mn4+ reduction +400 Aerobic
Te>* reduction © 4300 Aerobic
3 ‘ 8042_ reduction 0
4 H, production -150 (obligately
5 CH4 production =220 zanaerobic

* Using anaerobic respiratory processes in presence of NO

3
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and will die if exposed %o it for any 1ength.of time
(Hawke;fu§5%2). There is a definite sequence in which
the alternative electron acdeptors‘are utilised and as
each substance is used up the redox potemtial falls (Table 4).

The first alternative electron accéptqr is'N03-N. ‘
A few bacteria which are normally aerobic can use nitrate
as a terminal electron acceptor by reducing eluher to'
nitrite only or further to molecular nitrogen, nitrous
oxide etc. Gas formation by this process is referred to
as denitrification, These reactions take place at Eh
 values below 300-350mV (leek , 1969) and any availdble
.gaseous oxygen will be utilised in preference to nit;ate.
‘The presence of nitrate in a system maintains a redox
potential of 100-150 mV, which will not féll below this
value wntil the nitrate has been utilised (Bell, 1969).

A second alternative electron acceptor is sulphate
which is reduced to 82_. Very few types of baéteria éan |
utilise sulphate as an electron acceptor, the proper Tty |

being confined to Desulfovibrio sp. and a few anaexrobic

- sporeforming rods, Desulfotomaculum sp. -Bach nolecule. of :

sulphate can accept eight electrons, 8042f + 8e~ + 8H'
3874 41,0, and it is interesting %o note that no
sulphide appears in the environmént until all NO3~N nas
disappeared (Kcene§,al971). Thpse processes take piace at
about -150mV, - v |

Retween -100 to -200mV the anaerobic fermentation of

a range of simple and complex organic substrates taokes

place leading to the formation of orgenic 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 -300mV. The
only substrates utilised by these methane producing |
bacteria appear to be H,, CO, and'forméte. These processes
only take place in strictly anaerobic conditions as the
- bacteria are extfemely sénsitive to oxygen (Stanief?a§970).

Thus it can be seen that bacteria play a major role
in the creation of reducing copditions in sediments.,
Without these facultative and strictly anaerobic bacteria
the redox potential would probably remain at too high a
level for phosphate release to take place. The abilify"
of some of these bacteria to produce gas (N2 and CH4).
probably aids the passage of phosphate from the sediment

by disturbing the surface.

Experimental. Programme on Phosphate Release and

Adsorotion in Jenkins Cores Toch Leven is a highly

‘eutrophic lake which sustains extensive algal blooms
annually. The size of these blooms cannot be accounted
for by the phosphate entering the loch from external -
v Games
sources (Holden, 1974). therefore the excess phosphate
may be attributed to sediment release, It was thereforé
necessary to assess the role of certain'p?r&deters in
various Loch Leven sediments to both understand where
the excess phosphate was coming from and alSo'to gain
knowledge that may be applied to other ecosystems. Loch

Leven is a shallow exposed 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 highér this wvalue,
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.
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3-2 Chemical and Physical Characteristics
of Loch Leven wediments

The importance of various chemical and physical
paramete?s of sediments in influencing the intefchange
of phosvhate between sediments and the water phase was
emphasised in the last section (3~1). This section
discusses these parameters in the sediments from the
North deep and a typical shallow area of Loch Leven
using data obtained in the laboratory and by other
workers, |

The following examinations were carried ouf on
fresh samples of cores or waters.

(a) Oven drv weipht of 3cm sections Samples obtained

in HMay 1976 were dried at 80°C overnight.

(b) X-ray fluorcscence anslysis Analysis for major

elements was carried out on dried sediments obtained
in April 1976 by Geology Department, University of
Edinburgh.

(c¢) Phosphate analysis of sedimenis and interstitiail

water 3cm sections of sediment were analysed by the
Freshwater Fisheries Laboratory, Pitlochry for different
phosphate fractions using the procedure of Chang and
Jackson,(l95é} 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 collected during llay 1978.



TABLLE 5 X-ray Fluorescence Analysis of Sediment from Loch

Leven (Geology Department, University of

Tdinburch, 1976)

% Element in dry material

oo

Ca K |Fe [8Si | A1 P Mg |oisture

Deep =
Shallow

Hadh 1.17 |0.14 |3.97]26.31 | 5.01 |0.09 |0.75 78-85

TABLE 6 Phosphate Fractions (meP/100s dried sediment) in

Loch Teven Sediment Obtuined using the Progedure of

Chang & Jackson (1958) (R, Harviman, Freshwaters

Pisheries, Pitlochry, 1978)

4= N T W
Depth DEAP SHALLOW
cms

1?2 24,8 31.0 50,6 271 2547 48,6 515 24.].
=4 21.3 85.2 50.1 267 17.9 34,0 43,2 177
46 221 T2.0 47.5 259 ' 171 28,1 42,3 154
 6-8 | 25.6 | T7.2 | 45.4 | 256 14.0 | 22.6 [41,5 | 129
8~10 | 19.3 48 .9 39.7 204 120 20,4 40,3 1.20
10-12 | 22,0 57.6 32.0 192 13.0 21 .0 40,2 124
12-14 | 19.8 |57.6 | 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 19,7 2047 40,6 102
18-20 | 16.3 |47.4 | 36.5 | 159
20-22 | 17.1 54,8 34.7 167

Al-P Fe-P Ca-P |[TotalP? | Al-P Fe~P Ca=P |TotalP
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re-e

(d) Eh meocsurements At appreximately monthly intervals
during 1977 cores wore.used to measure the Eh of the
sediment surface and of lem intervals down the core.
These data were obtained by placing a platinum’electrode
on the end of a glass rod and clamping tﬁe_rod to a
metal stand which was calibrated in centimetres. A
reference electrode containing saturated K61 was placed
in the core water. The platinum electrode was lowered
gently so that it just touched the sediment surface and
the Fh was read directly from a Pye Unicam pH meter.
The electrode was then pushed into the sediment and the

Eh' read every centimetre.

Results The X-R-F data (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 similaxr

per ml when taking info account the % moisture. However
the data on the different forms of phosphate (Table &)
showed that the two sediment types differed froum each
other in the actual form in which the phosphate was
present. The amounts of calcium and aluminium phosphate
were similar but there ﬁés more iron in the deep area.
This could be importent when studying the anaerobic
release‘of phosphate from the sediments because iron
phosphate is the type most likely to be affected by the
onset of reducing conditions due to the Yariable valency
exhibited by iron. In both sedimeht types the amount of

2ll types of phosphate decreased with increasing depth.



Fig.5. Phosphate and Iren in the Interstitial Water of
Jenkins cores taken from Loch Leven Deep and Shallow 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
critisism of the technigue (\'filliams%{“‘lws) 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 thav
phosphate release may be due to the reduction of ferric to

ferrous phosphate{

Eh lMeasurements In spite ¢f the inherent difficulties of

measuring and interpreting Eh in a complex ecological
situation containing many oxidation/reduction systems the

data in Fig. 6 a and b clearly demonstrate the differences



Fig.6a. Changes in the redox potential of the surface of

Loch Leven deep and shallow sediment with season.
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Fig.6 b. The Eh profile of deep and shallow sediment sampled

in_May 1977.
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between the two sediment types. Fig. © 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 extrémely reduced state during the summer.
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 _
thdroughly 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 sumell
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 woﬁld 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 weasurements
 could indicate that ideal conditions would exist in the
North deep during the‘summer for reduction of phosphates
to take place but wvery little would be released in the

shallow areas.
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3=3 The Effect of Temgerature and Sediment Type
on the Anaerobic Release of Phosphate

In order to as§esé the importance of phosphate
release from the sediments, experiments uéing Jenkins
cores were undertaken using samples from bofh deep and
shallow sites., The sediments from the two sites have a
different organic matter and iroﬁ content and it seemed
particularly relevant to investigate whether any
relationshib existed between these characteristics and
phosphate release, Since éeasonal temperature |
fluctuations may also affect the processes of phosphate --

release, this factor was also investigated.

Methods Two experiments Wére undertaken. In the first;
.designed to compare the two sediments under anaerobic
4conditions,vthree”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
takeﬁ 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 let'1977, nine from the
North deep and nine from the'shallow area, The cores ...~

were closed to the atmosphere and incubated at 2500,



Fig.7 Comparison of fall in Eh and phosphate release in

deep and shallow cores held anaerchically at 16°C
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'IOOC_and 400'for 35 days in the dark, there being three
of eaéh type of core at every temperature. Water samples
were taken about every 3 days and the orthophosphafe
concentration measured. The Eh of the water phase was

. . .
measured each time a water sample was taken. -

Results and Discussion The initial experiment showed

that phosphate was released from Loch Leven sediments
into the water phase under anaerobic conditions (Fié° 7}
The data presented in Fig. Ta shoﬁ that as the redox
.potential started to fall orthophosphate begen To
accumulate .in the water phase. The results for fhe

two sediment types were quite dissimilar to eéch other.'
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 fall slowly. A lower Eh value was eventually reached
“in the deep samples then in the shallow ones. There was
‘a difference in the rate at which orthophosphate
accumulated ia the water phase, far more entering the
deep saumples fhan the shallow and at a greater rate

he

3

oy

[

(Fig.To). The concentration of orthecphosphate rea
a maximum of 4 pgPAl after 17 days and did not rise

thereafter whereas that of the deep cores was 8tilli
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(8%) and also probably has more freshly sedimented
material than the shallow area (4%) which would me can a
greater availabi;ity of organic nutrients capable of
inducing higher bacterial activity. The activities of
different' groups of bacteria in each sediment type are
unknown but it seems clear that in the deep sediment,
where reducing conditlions are ﬁore prevelant, there will
be a greater numher of anaerobic bacteria than in the
shallow more zerobic sédimenté These bactveria would lead
to the creation of reducing conditions by anaerobic
respirations using NO}, 3042"‘and various'fermentativé
processes.(Keene§¥dl971),‘ The higher orthophosphate
\ooncentration in the deep core water could have been
predicted from the greater amount of phosphate shown to
be present in the deep areas (Taole 6}, The presence of
his additional phosphate as iron.phosphate would also
help phosphate release since the insoTuble ferric phos-
phate would be mob ed (Mortimer, 197¢) to form
7 Hahe
soluble ferrous pnosphaue (Patrick, 15%8),. Alternatively
if hydrogen sulphide were:present ferrous sulphide would
be formed leaving the phiosphate free to diffuse from thé
sediment (Serruyaj 1974) s
The second experiment showed that temperature wvas
important in controlling phosphate release in that
reducing conditions were established more Slowly at low

temperatures (Pig. 8). A% 200“ there was a failrly rapid

ct

fall in the recox potential‘of both types of core dub at

=
th

£°C the Eh %ook considerably longer to

all, never reaching
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very low valves. This rapid fall in the Eh of the shallow
sediment at 20°C differed from the results of the previous
experiment (Fig."?)° A ﬁossible reasopn for this could
be that in  the cores taken during Harch all biological-:
activity ‘would be very low initially due té the
temperature of the loch and would take'a while tS:become
fully realised whereas in July all the organisms wouid
already be active. In both sediment types there was a
high concentration of phosphate released into the water
at 20°¢ although more was released in the deep cores and -
at a greater rate. At 4°C very little phcsphafe
- accumulated in the water of either sample itype. The
resulvs for 10°¢ weré, as expected, intermediate to

those of 20°C and 4°C. The experiment was run for 36

days but after 18‘days the redox potential and
.orthophosphate concentration at all temperatures

remained reasonably stable and they are therefore not
showvm in the figure.
The effect of temperature on the establishment

of -reducing cdnditions and on phosphate release ﬁas
expecfed, In living organisms all the reactions taking
place are of a chemical nature and are governed by the
Arrhenius equation which states thatlthere is a linear
relationship between temperature and rate of reaction
_ eral o ' '

(Stanier, 1970), thus at low temperatures the rate of
enzymic reactions controlling both aerobic and anaerobic
respiration will be considerably reduced. This means tbaﬁ

the rate at which the Th falls will decrease with



50.

deoreasing témperature as has been shown. -Even after
suitable reducing 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 Arrheniué equation. Thus
temperature affected both phosphate release and fall
in Eh. | _ |

Other seasonal changes in the loch such as the
greater mixing of the water during . the spring, autunn
and winter by wind may also affect phosyhate release
by oxygenating the sediment to a greater extente. Alsd
“during the summer when wore algae are preseat and
sedimenting out, there may be mcre bacterial activity
due to Lhe supply of fresh nutrients thus the Eh could
fall quite rapidly. However temperature is probably
the overiding factor because if it is Too low there will
be very little biological activity even if there is an’

adequate supply of nutrients.



51.

3=-4 ?eparation of Biological and Chemical
factors Affecting Phosphate Relesse

In lake sediments there afe many diférpnt tyres
of organism contribﬁting to the total biological
activity‘and metabolising 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 photosynthesls than they
utilise for respiratory purposeé (Keeneﬁi 1971).‘ There
are many chemical axidafion reactions e.g. Fegf—naFe3+’

2+ 3 . . . W e
Mn -—~>MnJ+ which take vlace in the sediments and these

al

will use up some of the oxygen which has diffused frowm

the water into the mud. Apart from helping to use up
oxXygen thé'invertebrate population will also probably

‘aid phosphate release by moving through the scdiments

and disturbing the surface. By totally siterilising |
cores or adding selective substances such as antibiotics
or nematocides'whiéh only kill a portion of the biolczical
populatioﬁ it should be possible tq separate the varicus
chenical and biological parameters which are creatihg
reducing conditions and contributing to phosphate release

from the sediments.

Methods Fifteen cores were collected from the North

deecp on November 14th 1975 and treated as follows:-
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above., Incubated
30 days 16°C.
After 30 days HéS
was bubbled
through the cores

for 1 nour

Date Treatment ggiegf zﬁgiygis.
14.11.75 Cores closed to 3 Eh of Qater phase
the atmosphere and measured daily.
HCHO was added . to HPO, %™ of water
the Wate: pnase 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% ) after 30 days
14.11.75 Cores ciosed to 3 "
the atmospheré-and
incubated for 30
days, 16°C |
14.11.75 |Cores closed to 3 Eh and HP042"
the atmosphere and analysis aé above.,
HOHO added as HPO,” analysis

was carried out or
the water after

treatment with HQS

s

Con.'t;o e Q0 00 000 0o 090 O
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Ho. of

Date Treatmenﬁ cores

Type of
analysis

14011075 " | None ‘ i 3

Al

14.11.75 Immersed in water 3
at 8000 on 3

| consecutive days

3

Total viable counts
of bacteria on the
sediment surface
carried out on day
cf sampling
Daily_analysis'of

the water phase fox
o A

RS

Total viable counts

HPO

of bacteria on the
sediment surface

carried out on day

Eight cores were collected from the North deep in

March 1976. These nad antibiotics supplied by Wellcowe

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 ireated as followst=



No. of Type o’

Date - Treatmen . s
ay K cores . analysis

20.3.76  |Cores closed to thg 3 Water samples

. atmosphere' - .taken'every 2 days
Antibiotics added:- and analysed for
Tridne tho rim PO, 2~

. vg/ml ' .4
: Eh of water
Sulphadiazine :
» 20 pg/ml - lmeasured every 2
Incubated 30 days, 1days. Bacteria on
16°C - - |[the sediment sur-.

face counted after

30 days
20.3.76 |Cores closed to the 3 "
' atmosphere. | ‘ |
Incubated 30 days,
| 156°¢
20.3.76 Hone 2 Total ﬁiable count

of bacteria on the
sedinent surface

on day of sampling

Twelve cores were taken from the North deep during
May 1978. A nematocide and insecticide were added in
various combinations (see table below) to find the effect
the invertebréte population had~on Eh and phosphate

relegse. The nematocide and insecticide had been tested
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for their effect on lake bacteria by incorporating then

into nutrient agar plates and innwoculating them with

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

bacterial population. The cores were treated as follows:-

-

atmoﬁhere, The
N

insecticide

(temig).‘was added

to give a final
concentration of
10 ppm. Incubated

30 days, 16°C

Date Treatment ﬁg;égf gggiygié

10.5.78 Cores closed to 3 |Eh measurements
atmosphere. The done every 2 days
nematocide Water sawnples
(thibenzole) was analysed for HPO42—
added to give a every 2 days
final concentrati-’
on of 318 ppm.
Incubated 30 days;
16°C |

10.5.78 Cores closed. to 3 | "

- f
3 0 € ¢ 0 2 8 00O

Cont,.
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ABRTLE 7 The Dffect of Stewiliizina Asents on the Aewobig
- ‘- N Sk e i v e

<. Aondslghatil Sl ama

Bacterial Populations on the Sediment Sarface of

Jdenlkting Cores

Heat HCHO (5%) Antibiotiosbreatggnﬁ
before | 2.0 x10%| 4.0 x 107 | 6.1.x 107 | 5 x 107
After , 4 not 5 5
treatment | Le2 ¥ 10 detected | Lot X 10 3 x 10

Heat; the cores Wefe heated to 80°C for 1 hour on 3
consecutive days.

Antibiotics added to the water phase were trimethoprim
(1 ug/ml) and sulphadiazine (20 ug/uml). |

Counts per ml wet sediment on casein peptone starch

medium after incubation at 25°C for 21 days.



10.5.78 Cores closed to 3 Eh measurements

N atmosphere. Insec-' | done every 2 days
ticide ané nemat- ”atev sauples
ocide were added. ‘analysed for HPO#Z"
Incubate 30 days, every 2 days

o |e% | "

o T8 | Cores closed-tO" 3 "

atrosphere. | ﬂ
Incubated 30 daysg
16°¢ B

Results and Discus slon Of the +two sterilizing agents used

(HCHO and heat) formaldehyde was the only one which proved
to be totally successful (Table 7). The heat treatment |
shouldvhave.been sufficient %o kill & high proportion of
the bacteria. The first treatment should have killed all
the vegetative cells prescnt in the cores and the heat
induced any spores to germinate whlcn would then have been
killed on day 2, the third day ensuring almost comnlet°
sterilization. However, although the population was
reduced by two orders of magnitude there was still a

sizeable bacterial population present in tne core after
DPobD P

foao

cies isolated after neating were

Q

treatment. Those sp

mainly Bacillus swv. which indicated that the heat was
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adequate to kill any vegetative ceils but that pelhaps :
the spores were slow to germinate anéd were thus unaf-:
fected by the . treatment. {Repeating the heating procéss‘
every other day may prove nmore successful in stérilizing
the coress The heating process also appearéd to affect
the phosphate concentration in the core water. After the
cores had been heated 3 ugPml could be detected in the
cdre'waterzwhich4indioated that the heat induced

chemical changes in the sediment. As previously stated

2]

'chemical reactions take place at a greater rate at

higher temperature whiqh could explain the changes
taking place, Thereforeg in view of the chemical cuun"e5
and lack of stefility heat was not thought to be &
useful means of -treating the Jdenkins cores. There wepe
no bacteria detected in the sediment affer tfeatmenﬁ'
with formaldehyde (Table 7) and it did not appear to

affect phosphete concentrations in the core water so this

2ol
iny
[$]

~méthod was used to give apparent sterilization of
cores. Thefaﬁ%ib10t¢05 used did not affect the
bacterial population‘to any great extent (Table 7) even
though higher (1000x) concent ratlons of antibiotic were
used then those recommended by tne manufacturers. A
probable explanatlon is that the organlc matter present
'in the sediment had absorbed the antibiotics and
therefore inactivated them. As long as there is a
suitatle receptor site the. antibiotic will be adsorbed
whether this is on dead organic matter or living bacieria.

Yhen the antibiotics were incorporated into a casein,



mtial changes and phosphate release in. Jenkins cores from

Separation of biological and chemical effects on redox pd

-Fi1g.9.

g Plal
8

the North deep incubated anaerobicaily at 16°C.

A. Phosphate concentration in the water phase.

Data mean of 3cores

_ﬁ. Changes in redox potential

xf——x.COﬂfFOl A
. OD——ncores yifh 5%/ HCHO added
+——— cores with antibiotics added

EhmV
+200]

l o———o0 control B
+150% : o——<rcores with inverrebrate
! | inhibitors added ‘ .
oo w
+50
0 0 12 % 16 18 20 22 24 26 28 3
- Time in days
-501
-100
g ~150
()
1 // ~200
0 '.’/ -
0 2 4 6 .8 10 12 14 16 18 20 22 24 26 28 30 -250
' Time indays

Control A Control cores faHCHO and antibiotic treatments
Control3 Coniral cores fci

ombine d insecticide and nematocide treatment

Insecticide, thibenzele 318ppm
Nematocide temik 10 nom

~ Antibictics, trimethoprim lug/ml and sulphadiazi ne 20ug/ml
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peptone, staroh 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 hacteria in the
control cores after'inoubation (Teble 7) but the adverse

\ ‘ :
‘reducing conditions, particularly the hydrogen sulphide
present, may.have caused many aerobic bacteria to die.
After 30 days there may héve been fewer available
nutrients in thefcores:Aonce again tending to reduce
‘the bacterial population. It must be noted that all
the above data and comments'refer to aerobic or
,facal ative aéfoblc bvacteria, no aneuthathﬂS were
made on anaerobic bacteria. There have been reports
of the inhibition of sediment bacteris by the addition
6f antibiotics (Kamp-Nielson, 1974), but no reliaﬁle
assessnent of the effects of the antibiotics was madé
although 100% kill was assumed to have occurred,

- The effect of the various uterlllvlng aven+s on
~the rate of fall of the redox potenulal and on phocpnate
reléase is shown in Fig. 9. When formaldehyde was used,
the redox potential did not chaﬁge throughout thevperiod
of the experiment and ho phosphate was released from
the sediment. However, when hydrogen suiphide'was
bubbled through the cores for 1 hour, to induce non
biological reduéing‘conditions, phosphate was releassd
to give a value of 8_ngA1 in the water phase, These
results inﬁicatedvthat the reducing conditions were a

result of biological usage of the oxygen, without any
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significant chemical oxidations participating in the
pfocess. They also showéd that the phosphate releass
- was ahchemical and physical phenomenon which took |
place once the correct redox potential had been reached.
This purely chemical and physical release of phosphate
under redﬁcing conditions agrees with the results of
other workers, Both Hygégeﬁ%b7d)and Kamp-Nielson,(l974)
concluded from their experiments on the wmovement of
phosphate through mud that it depended upon physical
and chemical processes once suitable conditions for
phosphate release have been established. In the cores
which had antibiotios added there was little difference
between these and the controls. These results would De
expected because the antibiotics did not affect. the
bacterial numbers and presumably activity to any great
extent.

The_aédition of the nematocide and insecﬁicide aid
not unduly affect the redox potential changes or the
amount of phosphate released frouw the sediment. There
are two possible explé:,nationso The first, and nmost
;probable, judging from the antibiotic résults, is that
the additives were adsorbted by the sediwent before
affecting the relevant organisms. This was further
verified by the féct that no increase in the number of
dead larvae or worms was observed in the core water.

L]

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 respiratidn. The results aléo suggest
that the invertebrates do not influence phosphate
release by mixing the sediments, The high numbher of

fnwn’a 7 Hove
invertebrates present (East, 1977: Malit na, ,1977) were

Likely tp be having an effecf becauvse even 1f there
were only a few animals present in eaéh core they would
use enough.oxygen o affect tﬁelrate at winich reducing
conditions were established. WMore work requires to be
.carried out on this aspect using different nemstocides
nd insecticides ox the same ones at greater concen-

trations before any conclusions can be drawn.
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35 Poising of Eh in Jenkins Cores and Subseguent
Phosphate Release

Data discussed earlier in this section showed that

3 _',

release of phosphate from Loch Leven sediments is a

. _ )
‘chemical andehysioal process brought about by the onset

e

of redueing conditions in the sys stem. ‘xese 1nve4tlguelons
did not 1nulcate the redox potential necessary bheflore
phosphate could be releasedu, If the release was due'to.
the reduction of ferric to ferrous then an Eh level
between the ﬁitrate and sulphate oxidation/reduction -
potentialiwouldzbe’éuitable; Howevef if the release
was due to the formation of FeS, the sulphate would have
to be reduced with the fbrmafion of HyS. If a high
concentration of a certain chemical is,added, the oxidation
state of the system.remains stable until the chemical
is used up (either biologically of non biologically).
Therefore by adding va:ious ﬁoiéing agehts to a series
of cores the critical Eh #alﬁe for phoephafe 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.

Metﬁods The 1n1t1al e: perlment (n) was -designed to find
the Eh values betveen which . phosphate could be released
from the sediments of Loch Leven.

Ewelve'Jenkins cores'were,collected from the Horth

deep on October 15th 1976. They were'sealed anaeropically

.
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and treated as'follows:—

ﬁgiegf TfeatmehtA
3 ‘10 mls saturated sodium'thiosulphate soluticn
‘added daily |
3 |10 mls saturated KNO, added daily |
3 |10 mls saturated Na,S0, added daily
3 | untreated confrol |

. . Yo PR
The cores were incubated st 16 C in the dark foxr

23 days. Water samples were taken daily for ortho-

\ r

phosphate analysis. The above chemicals were added

Y

to give a #ariety of Eh values. The reduction of iron
may be important in phosphate reieaselso nitrate (Eh

value 100mV) and sulphatei(Eh value ~100mV) were added

as iron is reduced between these values. Thiosulphate, .
which has a low Eh value of -200mV was added to

aécertain if further phosphate was released at Jower
values. The redox potential of thioéulphate is not as
low as that of H,S but the latter is toxic which is why
thiosulphate was used instead. The amounts of chemicals
added were arbitrary and designed to give adequate 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 nilrate 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 siphohed-off and the sediment dis-
.pensed into 30 mini cores. The cores were allowed to
equilibrate, with aeration, for 4 weeks. Potassiunm
.nitrate was then added to the cores tc give a final
concentration in the water phase of 0, 1, 2, 3, 7 and
14 ppm NO3.uH (5 cores at each concentration) and -the
. cores were closed to the atmosphere. They were incubated
at 20°C for 40 days in the dark and water samples were
taken regviar]y for orthophosnhate ana1yols,

In the third experlment (C) to examine the rate of
oxygen utilization and gas release in cores containing
different types of sediment, fwelve Jenkins cores were -
collected froﬁ each of the deep and shallow areas on
May 19th 1978. The cores were aerated overnight and
- then ciosed to the atmosphere. Potassium nitrate was
added to give a final concertration in the water phasc
of 0; 1, 3 and 14 ppm NO3 -N. Cores of both sediment
types were set up in triplicate. The cores were
incubated for 30 days at 16,C in the_éaik.' The oxygen
concentration of the water phase 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 methene. The amount of gzs released frem



Fig10. The effect of poising the redox potential on

phosphate release in cores from the North deep held -
anaerobically ar 16°C in the dark.

Vo A

g P/ml
F 9

Data mean .of 3 cores

~)

2 6 6 % 10 12 1% 16 18 20 2 2%
Time in days

O[\l—!v__ﬁ

x——x  10ml s‘u’rurcfed nitrate added caily, Eh 100mV

<>———=< 10ml saturated sulphate added daily, Eh —100 mV

o—————¢ 10ml saturated thiosuphate added daily,Eh —200mV
O———0  unfreated controtl
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the sediments was felt to be important at the resultent

disturbance of the mud may aid phosphate release.

Results and D190u981on " Experiment A 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 1little
phosphate was released but when sulphate and thi o“u*pnate
were,addea there was an immediate release of phospnate.
This release was more rapid than in the control cores. .
The resultg showed that the phosphate reléase took pléce
at an Eh value of between +100aV and -100mV. These

. observations indicated that the reaction bringing about
the release of phosphate cculd be ’

‘e3+ PQ4 (insoluble)——m—> Fe2t

(more soluble)
The reduction of ferric phosphate to ferrous pheosphate
takes place between the afore mentioned levels and alihough
other ﬁhosphates e.ge Mn PO4 could be relcased within
this range thz iron ph EJate is the most likely as this
is the dominant form in the sediment. It is unlikely
that FeS plays a major role in phosyhaté release

ekal '
(Serruya, 1974) because when sulphate was added there
was an inmediate 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 tb be related to the rapid fall in Eh com-

pared with tne several days required in the control cores.



Fig1]. The effect of adding varying concentrations of

10

Rl
Mg "

~J

N w (Wa) (@8

nitrate to phosphate release in

mini_cores containing deep sediment.

¥—x untreated confrol
+—+ 1ppm nitrate added
0—0 3ppmnitrate added
0—a 7ppm nitrate added
<< 14ppm nitrate added

The KNO3 Was addéd on
' Day0

Data mean of S cores.
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Experiment B The above results indicated that the

nitrate concentration in the loch water-may be an
important factor in controlling phosphate release., A%
high nitrate coﬁcentrations the redox potential was too
high for .phosphate release to take place. Thus by adding
a range of concentrations of nitrate to cores it should
be possible to estimate the importance of nitrate in
controlling certain aspects of the phosphate cycle. The
fesul%s of the second experiment,; shown iﬁ Pig. 11, |
indicated that the high nitrate concentrations could;
indeéd, play & signifiéant role in cpnirolling phospha%e
‘release. The control cores and the treatment with 3

and 7'ppm NO3 =N added were initially very similar but
there was a slight enhancément in the rate of phosphate
release with 1 ppm N03 -N. The phosphate concentration
remained at a lLow level for several days after 14 vpm e
NO3 ~N had been added. The addition of nitrate at all
the coﬁcentrations tended to increase the amount of

. phosphate relesased after 24 days. Thexre was no -
additional phosphate release after 30 days.and the
concentration in the water remained stable until the -
experiment was terminated afﬁer 40 days.

The initial rapid release of phosphate at 1 ppm

o

NO, -N indicated that nitrate vas a limiting nutrient
suggesting that the addition of extra nitrate enhanced
bacterial activity. Thus the sediments would be reduced
nore rapidy and the phcsphéte released at = greater

rate., This explanation was investigated in experiment
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C by measuring sediment respiration and was shovm to
be true. However at the higher nitrate concentrations
the salt would have the effect of poising the Zh 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 concehtraticne of
phosphate in the cores which had had nitrate added
were unexpected. All the cores receiving the nifrate
released 1argé voluumes of gas (not quantified in mini
cores) which could. be Séen bubbling out of the sediment
and disturbing the surface. This disturbance of the
sedinment which woul.d 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 be detected

in the cores which had had nitrate added.

Experiment C The results of experiment B suggested

that the addition of nitrate to cores way make 2
difference to.the rate of sediment respiration if

nitrate was limiting. However in that éxperiment 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.



ﬁgn. Oxygen disuppearance and phosphate release after the additn of nifrate -nifrogen to Jenkins cores taken

fron Loch Leven |feep and shallow areas:

A.0Q, disappearance in deep cores

5 2 . _ B. 02 disappearance in shallow cores
|g/l7
6
2
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However it was possible to see a small difference
between the cores wnich had nitrate added and the
control cores (Fig. 124). In the nitrate cores there
wes a slightly higher rate of oxygen uptake than in
the contrpls indicating that; perhaps, nitrate did'
éffect the respiration rate. However in the shallow
cores it was possible to see a great difference in the
rétes  of oxygen uptake of the various treatments (Pig.
léb). There was a greater oxygen uptake ratve at 1 ppﬁ
HO3 ~II than in the other treatments but there was stiil
enhaiced oxygen uptake at 3 ard 14 ppm N03 —IE"° These
resuvlits indicated That nitrate may have been limiting
sediment respiration in the loch.  There was an algal
bloom a2t the time of samplingvand the algae had ufilised
much of the available nitrate leaving very low concen—v
trations (0.1 ppm NOB& in the water phase. An oxygen
concentration of below about 1-5 mg/l was not recorded.
The éampling from the cores réquired water to be
introduced that may have contained 2 smwall amount of
OXVZEn.

The vhosphate release in the shallow cores, as

N

spown in Fig., 12c¢ was more rapid with 1 and 3 ppm

N03 -N added than in the control cores but with 14 ppa

NO, N several days elapsed before the phosphate

3

started to appear in the water phase. However in Fig.

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

than in the control cores. Therefore these results

indicate that nitrate poised the En value at a high



Fig 13 Gas release after the addition of nitrate -nitrogen

to Jenkins cores taken from lLoch Leven

norfh deep

ml ggs
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1 2 3 &4 5 6 7 8 9 10 11
' Time in days

x———= untreated control
+———+ 1ppm nifrate added
0——0 3ppm nitrate added

o———< 1hppm nitrate added
The KNO3 was added on day 0
Data mean of 3 cores
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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
répidly and can poise the Eh otherwise a faster rate
of phosphate release is seen (1 and 3 ppm NO4 -N), 1In
the deep cores there was a different pattern of phosphate
release (Fig. 123) with 3 and 14 ppm giving the most
rapid release and 1 ppm NO3 -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 NOB ~N bﬁt this would
not be comparable with the poising effects found in the
shallow cores cr in previous experiﬁents. An explanation
for the greater a@dunts of phosphate at 3 andAl4 ppri

M0, =N can be seen in the data provided in Fig. 13,

3
This figure shows thal more gas was reieased in the
cores which had been tieated with nitrate and these
released more phosphate. TLarge volumes of both nitregen
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 NO3 -N, More nitrogen would
have been expected in the 14 ppm NQ3 ~N cores because of
the additional nitrate being denitrified. There was no
gas detected in the shallow cores whiéh was unexpected,
because denitrifying bacteria have been found in this
sedimént in similar numbers to the deep sediment

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

extremely reduced state after 30 days since 2a black



Fig.14. Nitrogen gas and methane release affer the

addition of NO3—N to Jenkins cores taken
from Loch Leven North deep. '
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colouration of the water due to sulphide production
was observed. When no gas was produced the results bf
phosphate release were as antiéipated'(Fig. 12¢) with
.l'ppm NO3 N enhancing the rate of phosphatevrélease
and higher concentrations of nitrate decreasing the

rate of release by poising the redéox potential.,

Thus from these threé experiments three main
conclusions‘can be drawn about the effects of nitrate
on phosphate release. Pirstly, if nitrate is limiting
in a system and there is a sudden influx of nitrate,
the respiration rate in the sedimenté will be increased
which will tend to reduce the sediments :apidly thus
releasing phosphate. Secondly, if-thelnitrate concen-
tration is high enough this salt will poise the Eh
preventing phosphate release desplte the higher
respiration rate. Finélly, the additional gas produced
from nitrate tends to disturb the sediments which allows
phcsphate 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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3.6 ‘The Effect of Aeration on Phosphate Release
in J*nklno Cores

The previous sections have dealt with phosphate
release from the sediments under anaerobic conditions.
However Loch ieven is a shallow exposed lake and results
from measurements of redox potential in the sediment
(Fig. 6) have shown that it is rarely stratified
except in the deep aieas. It sesms likely that the
deep a;ous are the only pla .ces where anaerobic phosphate
release is likely to take place. uoldeu,(ioi!) cal-
culated that not enough phos phate enters the loch from
external sources t6 account for the'algal blooms which
occur annually and the resulis described previously
suggest that only a small proportidn df‘the phosphate
required by the algae will bé released under reducing
conditions. The'éxtré phosphate may, thérefore, be
leaching from the sediments under aerated conditions.

By oxperlmentlng with aerated Jenkins cores an attenmpt

was made to measure this leaching effect.

P

Methods 6 deep cores and & shallow cores were ccllected
on May 3rd 1978. The cores were all aerated for 30 days
at QOOC, three of each type in dayllght by an east facing
window and the remaining six cores in the dark. VYater
amples for orthophosphate analysis were taken regularly.
A comparison with dark and light enatled initial experi-

.

ments on the effect of algal growth on phospnate concen-



Fig.15>.  The effect of light and dark on phosphate release in aerated cores taken
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tration in the water phase to be underiakern.

Resulls and Discudsion The results (Fig. 15) showed
tﬁat it was possible to have phosphate release under
dark aerodbic conditions from both sediment types and
eventually an equilibrium was reached where the phos-
phate concentration iﬁ the water remained cbnstant at
around 1.6 pg PAL. There was an accunulation of
phosphate in the water in the dark but under light
conditions no change in the phosphate concentration
could be detected. In the light there was visible
algal growth in the water and cn the sides of the

cta | ' :
tubes. Golterman,‘l969> found that Scenedesnus SD.

could utilise any phosphate exuding Irom the mud of
Dutch 1akes,and presumably in the light cores the aigae
were using any phosphate which entered the water.
Initially the phosphate was released mere rapidly from
the deep sediment than the shallow but the equilibriun
concentrations in the water of each type of sampie were
very similar. All the cores remained oxic throughout
the experiment due to the aerating procedure. This
state could ve confirmed by observing the light browm
colour of the sediment.

The processes taking place'in the 1igh%t would be
loosely comparable to the loch situwation. In the
natural situation a proportion of the phosphate leaching
from the sediments would immediately be utilised by tihe

algae in the water therefore The concentration of
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orthophosphate would remain Low although_thé organic
nboéphorus content may rise. The similarity between
the CqulLbrlum vaTue of ¢ uhe two sediment types can be
GkDLdlﬂed by the fact tnat they contain similaxy
quantitigs of all the major types of phosp hdte eVLeﬁt
for iron phosphate (Table 6). There is more’ 1ron
phosphate in the deép areas but this isg highly
insoluble under aefobic conditions and would ndt,
therefore, contribute greatly to the egquilibrium. Thé
phosphates wh*ch will ooptrlbute towards the equilibrium
are MgHPO4-and CaHFO which are presenﬁ_in equal
ooncenﬁfations in bntn $ediment 1fnes

This aerobic release of thSPhate could be brougirt
about by several factors. For any salt in contact withn
a solvent, suph as.watei, there is'always an equiiibrium
which must be maihtainaéhwhere & oertain‘amodnt of the

1% dissolves to form ions. This egilibrium value can

v,\

be calculated for any salt (Mahan, 1968)

eego Cam’O4 (S)——-~T>Ca2%(gq) + HPO42—(aq)

X = (ca’¥) (HPOAz”)

(Ca HPO,)

Thus it can be seen thét the higher the concentration
of the salt t}e*more ions:there will be present in the
vater to maintain the eQuilibrium.v The situation is not
static and, as well és‘diésolving, the salt is cohstéhtly
reforming. Once the equilibriuvm 1is established, as in

the dark cores, there will be equal amounts of the salts.
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dissolving and repreéipiﬁating, However in'the light
cores any phosphate dissolving is immediately utilised
by algae and therefore there will he & constant
movemeﬁt ﬁf phosphate into the water from the gédimento
Invertebrates will also play a role in releasing the
phosphate ffom the sediment. They ﬁili be constantly
moving about below the surche.where the interstitial
“water is rich in phosphate and then disturbing the
'sediment surface thus alléwidg the phosphate'%o escape
intb the water. In the 1och.thé wind will also tend
to disturb the sediment surface thus aiding the reiease
of pEOSphate although this was not the case in the cores
as the spargers‘were carefully placed so That there was

no éisturbance of the sediment,
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3-7 Phosphate Adsorption by the Sediments
under Aerobic and Anaerobic Ccnditions

In %the natural environment under normal ccnditions

there is a continuai inflow of phosphate initc a lake
p .
from external sources, either natural leaching from
the soil or'man induced inflow. Frequently more phos-
phate enters the system than JLeaves through outflowing.
waters. This is the case in many Dutch lakes and also
~in Loch Leven. In the past much phosphafe has envered
Loch Leven from agricultural land and also from the
¥ Caumed _
woollen mill. (Holden, 1974) and during this period as
much as 189 kgP excess phosphorus remained in the loch
per week. The situation is now improved and tﬁere is
only a small amount of excess phosphorus remaining in
\'\aurrlma\m

the ecosystem; about 16kgP/wk (Calnes, 1976) The
phosphate concentratiors in the waters of many of these
Dutch lakes and Loch Leven is not generally very hig gh
(usvelly in the range 1-10 pgPal) and although a lower
concentration thén anticipated could be accounted for
by algal uptake during the swmmer, in winter the
concentration of phosphate would be expected to rise,
Normally this winter rise is not observed. It is widely
recognised (Syefg, 1973) that this additional phosphate
is, in_part, being adsorbed by the sediment which, over
the years, will gradually become rich in phosphorus.

Fitzgera 1d,<ﬁ970> has shown that lake sediments are

capable of adsorving large cuantities of phosphorus
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osjha’re added to the water phose.

A. Aerated cores incubated ot 16°C in the dark .
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~ ° -
snnually. By adding phosphate to Jenkins cores it

should be possible to estiwmate the rate at which Loch

Leven sediments can adsorb phesphate,

s 8

R

Methods +In an initisl experiment, nine Jpnklns cores
were collected from each of the FHorth deep and shallow
areas on October 2lst 1977. KH?POi was added to six of

each type of core to give a final concentration of 1

Y

- !/ : ) ' .
and 5 ppm PO, -F (three of each type at each concentration)
r .

and the remaining cores were left untreated, All the
: o o
cores were ae aﬁCu in the dark at 16°C for 30 days.

Water samples were taken every obther day and analysed
for owrthophosphate,”

Tor the second ex@eriﬁent 6 deep and 6 shallow
cores were collected on June 22nd 1978. The coxss were
~anaerobicelly seaied and three of each bype had L,A'C4
added to give.a final conceﬁ+ration of 3 ppu PO, ~-P in
the water phase. The cores were 1ncuoateu at 20%¢ for
28 days. Vater samples Were-taﬁen gvery 2 days fcf
orthophosphate analysis,

-

Results and Discussion Under aerobic conditions the

phosphate added dlsapnea“ed rabldlv from the water

- phase until a value of appreximately 1.5 ug PA&

ig. 162a) which has been shown previouslj
(P.73) to be the equilibzrium value of phosphate in
the water under aerated conditions in the dark. A

similar value was reached in the controi cores due 1o

NI
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'phosphaté 1éaching'from'£he sediménto These results
show the enormous potenﬁial for sdsorbing phdsphate
'under +the aerobic conowtlons preva iling in the loch
, throughout most of the year. The sealments therefore
act as a.'sink', as proposed by Shuklgiza97i)and Sye%gﬂ
(19739 There was Litile difference between the rate of
| adsorption in the dgep and shallow sediments which is-
"perhaps surpris 1ng as the amount of organic matter is
o 7 Burnhowm
thought, by many workers (Harter, 1969; LOOGZ“HOrHunuezg
- FTHaoter :
1974; Vijayachandran, 1975) . .to play a major role in
phosphate adsorption. |
Phosphate ﬁhat was added to cores which were
angerobically sealed, was sloxlv avsorbed by the
sediment {(FPig. 16b). It séGWS'Dosqibléfthat the initial
absorption took place because the cores were still
aerobic., However the deep.corés'weré'extremely reduced
when they were collected and_phosbhate %quid ha%e peeﬁ
expected to be xe}eased;A Theigﬁantity of,phosphéte.
being released scon exceeded the aéountAthat Qas being
radoorbed by the sedlmedts but it dld demon trate.%he
pr1nc1pal that phospnaue'ls absorbed under reducing
conditions if the value in ‘the Wat 2T puas is high
enougha 'The result was'interesting_becausé'it has’
always béen.nosfulatéd é ceviously that phosphate 1u-_
released under reducing condltlons buu not sorbed
although these observations did no% agree'with-tﬁe _
finding of Khalid, 197%» The_shallbw'samples did nqt

Gemonstirate the effect tecause no phosphate was released .
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in the control cores as usually happens. The budy had
moved due to high winds and the cores did not resémbla
those normally collected from the shallow area and were
of a more sandy nafuréo .The sandy areas have a iow
content pf i;on phosphate so little phosphate is likely
to be released under anaerobic conditions but the added
phosphate could still be adsorbed. As has alreédy been
stated phosphate release under anaerobic conditions is
probably'due to the reduction of ferric to ferrous salts.
Howéver therekare many phosphates present in the sediments
which are not affected by changes ih redox potential,
such as calcium, magnesium or aluminium phosphates and
the phosphate absorbed under reducing conditions could
be forming these salts father than iron or manganese
salts. |

There is probably a continual qu way process
-faking place in the ‘Loch with phosphate continuously
being absorbed by the sediments and released from them.
Undex 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 graduvally increase under
" these2 anoxiijconditions which agrees with the findings
of SchippJ?,(i97j> The sediments act as a phosphate
buffer in regulating dissolved inorganic phosphate with
the relative proportions of inorganic phosphcrus sorbed
into the so0lid phase and in solution thus determining
whether inorgaﬁic rhosphorus is sorbed or desorbed as

provosed by numerous other workers.
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3-8 Svmmary of Conclusions

The results discussed in this chapter indiéated
~that many factors inveract with each other to controi
the phosphate concentration in the loch. The release
of phoSphate_from Loch Leven sediments under anaerobic
conditions was confirmed. However thé results showed
that thé'rate at which the phosphate'was :éleésed waé
controlled by.temperatufe, biological reSpiration and als
by the addition of chemicals to the water pna se whlch, |
were'capable ofvpoising the Eh., ~ Addition of low
cohcentrations of nitrate to the'water phase wés fdﬁnd
to increase the biological’respifation rate in the cofés
and thus reducing conditions were quic 1y eb+ab71qned
which enhanced the rate of phoéphate release, dowever
high conﬂentfatioﬁs of nitrate nre&ented phosphate
release, deSplte 1ncreabed oxygen uptake ratas, by p01v1nﬁ
the Ih at too hlrh a level for release to take pianc.
The results 1n§10ated that gas release from the'sealmeﬁﬁS'-
enhanced'phosphate release byidistuibing the sediment
surface and thus allowing the.phosphate'to.eséaﬁe into' ‘
the water phase. The release and adsorption of '
phosphate under aerobic conditions was contrary to many
‘theories (P. 74)., Conclusions drawn from the .resvlts-
indicated that there was a.dynamic situation in Whiéh
phosphate was contlnudl Ly belnv adsoroed by and deboro
from the sediments. Lhe dtrectlon of flow enpeared to

depend upon the phosphate'cbncentratibn 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 fromn
the sediments. The system was always tendiﬁg towérds an
.equillbr ivm of 1.5 ugPA& in the water phase., The reiaase
of phosPhate unde; anaerobic conditions was found to be,
due to the reduction of ferric phosphate to ferrous
phosphafe bgt iﬁ was déduced fhat'calcium;“magnesiuﬁ

and aluminiumn phosphate s'pla ed the dominant role iﬁ the

aerobic release of. phosphate.

Sedimént Type Was_ﬁound tc be important in con-
trolling the anaerobic release of phosphateo The deep
sedimént which was rich in iron phosphate aud alsoc had
a higher organic carbon contént‘allowed_theiestablishment
-of.feducing cbndifions nore rapidly than thé_shaliéw
sediment and also‘mbre'phosphate was reieaseg from the
deep'areas;"ﬂhus it was concludéd'that the concentration'
of iron in sediments . may be important in cont“oleng

phosphate release.,

Biological activity affected the phosphate interactions
in the loch by:affecﬁing the redox potential. The: |
lowering of the'En waé found %o be a purely biological
phenomenon although the resultaﬁt pﬁosphate release was
entirely dﬁe to cheuical . and physical _reacfions°
Invertebrates also probably aff cted phosphatelrelease

by disturbing. the sediment surface. Algae influenced

- JJ
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the phosphate concentration in'two ways.  When growing,
.theAalgae utilise,phosphate enteiing the water phase thus
phosphate will continually leach from the sediment to
maintain the equilibrium in the water (approkimately
1-5 ughl). However the concentration is usually below
this level in the summer when there are algal blooms.‘
Also dead algae sedimenting to tThe bottom.df the loch
will provide additional nutrients in the sedimeﬁt £hus
increasing biological activity which wouid meén‘a :

reduction of the redox potential in the sediment.

Annual Llfevls 1n +no Loch

Temperature was found to be very importany in

controlling the rate at Which the Eh fell and thus the
rate at which phosphaﬁe was rcleasedc During the

summer when 1ooh'températufes are high {17 - 20°C) the

Eh of the sediments ooﬁld fali rapidly upbn stratification
thus allowing phosphate to be released. However during
the winter when temperatures are low (4°c or less) fhe
loch could be covered in ice fo? several weeks without
there beiﬁg 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 é confinUal leaching o0&
phosphate‘from:th ediments durlng the summer when al"al
pbpulations are high During the winter when algal

populations are low there is s%ill an inflow of phosphate
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to the loch from external sources and once the equilibrium
‘value of about 1.5 pgPAl is established this phosphate
will be adsorbed by the sediments. Thus during the
sunmer there is a leaching of phosphate from the sediment
but the opposite process takes place during the winter
depending on the numbers of algal celis in the water.

The redox potential of the sediments was found %o

be relatively stable throughout most of the loch during
the year. Hcewever the deep areas were found to be ex~
tremely reduced during the summer and as these are also
the areas rich in iron phoéphate there will be a release -

of phosphate during the summer.
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CHAPTER 4  PHOSPHATE SOLUBILIZING BACTERTIA

4-1 Introduction

Bacteria capabie of solubilizing insoluble inorganic

phosphates have vbeen isolated from a number of different

7 Welg)
soils and lake sediments (Sperber, 1958; Louw:wﬁﬁ%s;
Harrisoﬁ% 1972; Barea‘?—1976)c In this process the
bécteria do not act directly on the phosphate 5y produeing
phosphate solubilizing enzynes but the solubilizatioﬁ is
brought about by the action of metabolic byproducts which
are released intc the environment surrounding the cell.
There are many theories about the actual mechanism by
Awhich the ohospnate isvrendered soluble;

Sperver (1957, 1958) concluded from her work on soil
organisus that the actlon was brought about by substances
such as lactic or citric acids which were found tec leach
fronm the bacterial cells, Host‘phosphates are more

solutle ir acid conditions and the acids released from

bacterial cells would lower the pH thus creating
favourable conditions for soluvbilization to take place.
Phosphate solubilizirg bacteria isclated from lake
sediments have been found to produce a wide range of acids
such a¢ citric and lactic acids. These acids were shovn
to be capable of clearing a precipitate of phosphate in
agar media and were detected in lake sedimentys and iiving
alzal cellé using paper chfomatography (Harrisgi, 1972) .,

However Harrison proposed that the solubilization was due
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fo the formaticn of 5 or 6 membéred rivng compounds in=-
-volving theé catlon from the phosphate and tne acids rather
than a pH effect. Other workers (uuffc*1963,,'ebley, q}by-
Louw, 1970) suggested that the bacteria relea ed keto acids
which cheLate the metal cation of the 1nqoluble nh phate
thu; freelng the phosphate anion and renderlng it solubleo
These keto acids and chelates have been detectea in"‘
sdpernatants of bacterial;cultﬁres.using paper chromatog-

: ‘ glolbect , :
raphy (Rabson, 1358). A widely held view is that

carbohydrate netabolism is essential for. phosphauc
solubilization and many carbonyorute have been detect“c.
in algal cells and lake sediments (Barrison, 19703 1972).
However other studies have found  that bactgria can more
~actively sclubilize phosphate when grown on alanine

¥ 605‘2, .
containing media than when glucoqc (Aatzne¢bon, 1959) .

In lake sediments higher numbers cf phosphate q‘lﬁh lizi ﬁg‘
bacteria are found nesr areas where théfe'is a high |
phosphatase activity; probabi&:due_to +h9 highex concen-

. ' 7 Chamdro melin
tration of nut rlents in those areas (Ayyakkaunu, 1971)
The phosphate solubilizing phenomenon nas only'been
observed'undef aerobic conditions but whether this is
because anaerobic conditions have been teéted and proved
negétivé or have not been tried is not entirely clear from
the literature. Hovever anaerobic bacteria should be
capable of clearing a precipitate of phosphate as most
anaerobic fermeﬁtations produce'acid byproducts.

Many different types of organism possess this phos-

phate solutilizing nrogertj ing ludlng fungi, actinomycetes
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and bhacteris (Sperber,.i958) although no identifiéationA
of the species of fungi and act nomyceteo was made., The
’organisms isolated vary in their efficiency of solubili-
zation to quite a large extent (Duffdm%J63, AyyaYKannﬁ?wAmMWta“
1970). The latter worker found Bacillus Sp. o be the
most active whereas Duff found that gram negative rcds.
were tho most efficient,. Iowever; althdugh'similar
congltlons were u°ed for the tests, Ayyakkannu isolated
his bacteria from marine sediments while Duff isolated

his from soil. |

Phosphate SOvalllzlnp bacteria are capsble of écting
on a wide range of different pho~n} tes including siuple
phosphates such as HgHPO,; FePO,, Ca3(1>o4;2" or 41PO,
or more complex naturally occurring phosphates such as
gafsa and hydroiyapatit‘e° Not all the phosphates are
SOlubili'ed with equal efficiency and the amount-bf solubi-
lization’ does not appear to dﬁnend upon the solubil ity co-

& Wbl d‘oJ

eiflclnnt of the phosPnate (Louw, 1959; Harrison; 1972)

The distfibution of these bacteria in the natural
“envirohment appears fo be. dependent on many factors.
In soils it has been shown that the incidence of these
bécteria is higher in the rhizosphere region of roots
rather than barren ground (Louw, 1970) with even higher

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

e
Q)

" the type of Vegetatlon axfects the numbers of these bact
with more belng found on the roots of Lup;no than wheat
(Louw, 19[0) and a very low 1n016ence on flax and clover

(Katznelson, 1962). IMany of the bacteria have been found
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to require yeast extract éndlsoil extract when grown in
pure culbture and as all plants exude growth factors
required by bacteria fhisfwould account for the‘higher
nunbers near the roots. Flants also release carbohydrates
irom their roots and the phosphate solubilizing bacteria -
would be able to utilise these. The highest ﬁumbérs of
these bacteria have becn luolated irrm soils rich in
organic matter (Nebley, 9565) and in sediments more
phosphate SCle‘LlZ ing bacteria have been fcund in ciayey

4 okom\rb,\,\o\«am
rather than sandy areas. (Ayyakkannu, 1971).

Mechanisms of Solubilization Two main mechahisms by

which phosphate solubilization takes plaée have been

- referred to above, that is the effect of acid and-a
chelation mechanism, and microbiajlphysiblogical mechénisms
which bring about these processes will be describec

belowe. | |

(a) Acidity The salt of a weak‘éqid is often wmore soluble

in & strong acid than in water. This is becausé the -
weak acid has a higher-disociation_cbnstant than tﬁe
stronger one. The reaction involving’phosphate"and
hydrochloric acid could be _ |

Lt 2Hc1———>'mgc1?'_ + HyPO,
This is knowvn as the 'turning out! Qf a weak acid by a

MgHPO

strong one. In water magnesium phosphate dissolves
according to the expression

;(T41g2+) (HPO ;) = SOLUBILITY CONSTANT

e -

If H+ ions are added the conbanﬂatlon of phosphate is
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reduced due to the formation of phosphoric acid}
HPO,~ + ot — H PO, |

The formation of the phosphoric acid effectively reduces
the hydrogen ion concentratioh and at the same time the
phosphate. ion concentration, therefore more.magnesium
ione can go into solution. This means :that the phosphate
is more soluble in a strong acid.

Thué‘if phosphate solubilizing bacteria released
a stronger acid than phosphoric acid this would be a means
by which phosphate could be solubilized. "Many anaerobic
bacteria release acids from the célls durihg a wide range
of fermentations (Stanier, 1970) but very few aerobic .
Qrganisms possess the characteristic. It has Dbeen
'suggested (above) that keto acids are released by phos-
phate solubilizing’bactefia which means they are not
using the usual giycolytic pathway but -a more unusual

pathway €.g.

, glucose dehydrogenase glucose dehydrogenas
- glucose > gluconate >

2 keto -D- gluconate - ————> 2 ~keto-b-gluconate —

L TCA cycle «—— pyruvate &——-
This pathway does mean that aerobic bacteria are capable
of releasing acids and if'thése keto acids are stronger
than phosphoric acid the phosphate will be golubilised.

(b) Chelation The word chelate is derived from tne CGreek

word meaning claw which adequately describes the structure
of a cheiated molecule. Other terms which are uced in a

description of chelation are Ligand, which is 2 negative
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ion or polar molecule.bduﬁd.to o metal atom and the bond
is a metal ligand band. ASomé ligands are attached to the
metal atom by more than one donor atom in such a manner

as to form a heterocyclic ring e.ge. the ring formed by

the glycinate ion:

H, ¢ -—NH NH,5—— CH,’
N
L_O_:C_—O 0 '=O—J

This type of ring is called a chelate ring and the

molecule or ion from which it_is formed 1z knovm as a
chelating agent. Traﬁsition metals afe mos<t commbnlyf
found in chelate rings but the élkalineumetals are slso
capable of forming chelates. The chelafing agen?’ wmus’t
fulfil two major critéria |

(a) Tt must possess at least two éppropiiéte functional
groups, the dcnor atoms of which are capable of combining~
with a metal atom by densting a pair of electrons, that
is basic co-ordinating groups or acidic groups which have

lost a proton.

€ele BASIC CO-ORDINATING GROUPS ACIDIC GROUPS -
' =0 - ~COOH
-0=R : -OH {(enolic or
phenolic)

(b) 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 uember.

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 héve other atoms |
attached to it and the number, nature and position of
these influence the stability of the ﬁetal ligand band.

Keto-acids as Chelating Agents As mentioned above the

substances responsible for phosphate solubilization may be
keto acids which are produced by a small number of bacteria
which use sn unusual metabolic pathway. Such acids as
ketogluconic or kétoxylonic (produced during xylose
metabolism) acids. Theselacids péssess an acidic groeup
(~COOH) and a basic cowordiﬁating group (=0) therefore

they should be able to form a heterocyclic ring. A

possible chelating reaction could be

Ca HPO 00~ O*c c//O
a +
4t 2
Z=o 3 o_:&\O ,0,/(’3=o
éHA ' éH : \c/ : LH HPO2-
a () + 'S
!)Hz é)Hz o/ \o é:HZ '
[ 2 [~ L
o o7 o

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 nechanism is irreversible but the solubilization
due to acid conditions is reversible, depending upon the
pH of the environment. In lakes which are rarely

o

stratified, which means there is no anaerobic release oI
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phosphate, these phosphate solubilizing bacteria could
play an important role in releasing phosphate from the
sediment either by 1owerihg the pH or producinglchelating
molecules.

Although there is a considerable a@puﬁt of data
available about numbers and activity of phosphate'solub~
ilizing bacteria in soil, there is very little information
for lake sediments, and no investigations have been
carried ou®t on Loch Leven. The work about to be described

" had several objectives. Firstly, the enumeration procedures
used by previdus workers to count phosphate sclubilizing

oy 7 Webl ' 6DU¥
bacteria (Sperber, 1958;. Louw, 16%8; Webley, 1965) are

either inaccufate or cumbersome. VWhen counting these
bacteria on plates very few colonies can be counted before
the clearing in a precipitate of phosphate covers the whole
_platé which makes'the method statistically invalid. Vebhley,
(196§>assessed 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 attempﬁ was made to differentiate between the effect of

pH and chelation in the solubilization process.
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4-2 The Ocourrence of Phosnhate Solubilizing
Bacteria in Loch Leven

The following experiments describe the distridbution,
population size and the identification of the phosphate
L) . .
-golubilizing bacteria occurring in the water and sediments

'of Loch Leven.

@ggggg Duplicate core samples'were ccllected 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 macrophyte population. Samples .
were collected on Earch 16th 1976, September 20th 1974,
Harch 15th 1977 and April 29tﬁ 1977, Water sauples were.
~also collectéd'ou these dates.

The total vidible bacterial populétion and the numbers
of phosphate solubilizing bacteria iﬁ.each Sample were
countedy triplidate counts were done for each site, The
phosphate solubilizing bacteria were isolated by spreading
C+l wl of the diliuted samples‘on to thé surface of plates
containing the phosphate solubilizing.medium. Any coloenies
which gave a clearing in the preqipitate:were subcultured,

The phosphaté sclubilizing bactéria which were isolated
were maintained on nﬁtrient agar slopes and later
identified using the blochemlcal methods of holdlng, 107%)

in conaunctlon with Bergey's manual(5014>

Results snd Discussion




TABLE 8 Counts of Bagteria in Loch Leven Sediments

(no./ml vet sediment)

sedi%;;ﬁ Deep Sha}low m:??gpﬁ;ggsu Sand -
botal viabler,35 x 107 | 5 x 107 | 3.18 x 10° | 5.6 x 10§
?ggfgolubii“3"g X 164 2. x 10 | 3,3 x 107 3.8 x 107
7 Poz | 7,082 0,056 1.03 0.063
solubilisers ,

. ' 0
Colony count on casein peptone starch agar at 25 C for 21
days

PN counts on glucose phosphate agar at 25°C for 4 days



91.

Total. viable bacterial population The deep area was found

to contain the:highest number of bacteria (Table 8) with
the shallow area having auslightly'lower poprulation. Both
the sandy areas had a total bacterial count one order

of magnitude lower than the shallow area. These differences
could probably be accoﬁnted for by the differing organic
carbon contents of the sites. The deep area, which had
the highesf 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 éarbon
content of 4%. The baoterialicount in the loch water was
"about three or@ers of magnitude lower than in-the sediment
which would be begause there are fewer nutrients in the
water.

The bacteria in the different sediments and the water
were similar types., There were many pigmehted organisms
{red, orange, yellow, nurple; which appeared to be the %
dominant populétion although there were alSo numerous
non pigmented besteria. lost 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 Caulobacter sn.,

Pseuvdomonas sv., pacillus su., Cytophaga sv. and
b 4

Chromobacterium sp., among others (Duncan, Palrick pers.

COMMa ) e - . ™ v Lo el

- R e .

Pnogphate Solubilizing Bacteria Several zones of clearing
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Wére observed on the 10” 3 dilution plates (Plate L) which

-~

indicated that phosphate solubilizing bacteria were
present in Lbch Léven-sediment. An accurate count couvld
not be obtained from the plates because at the 107 -3
dilutiom .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 numerdus and hid any solubilization effects, Thus
the most probable number method (Chapter 2) fo" counting
the phosphate solubilizing vacteria proved most useful,
giving a count within 95% confidence limits. This method
was easy to use and clearing in the tubes was readily
visible.

Similar numbers of bactgria Wéré isolated from each
sediment type exoept'the nen macrophytic sand which had lower
_nuabers (Table 8) and similar results were obtained each
time & sample was taken. The‘sand had & low organic

' . TDv

carbon content ( O 5%) thCu. accoroing to Webleyy%l96”)
: 7 Ch

and Ayyakannuqzug7m§ is 3 factor af Ffecting the numbers
of these bacteris although a rise from 4% organic metter
to 8% did not affect thé counts. The macrophytic sandy
area had & similar count to the deep and shallow arees
despite_the low organic content suggesting that the.
plant population affects theAnumbmrS'of phosphate
solubilizers as shown by Lnuw[’]97d> A hlchcr propovtlon
of the bacteria were phosondtp solubilizers in this area
than at the other sites although they were still only &

smell bercentage of th: total population.. The presence of.
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macrophytes seems to hdvé'a greater influence than total
organic carbon content in determining the population
of these bacteria iﬁ Loch:Leven, Similer resulﬁs wefe
obtained each time‘samples were taken.

The phosphate solﬁbilizing bacteria differed from the
main sediment popuiation 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 snorulated
very occasionally and s gram negat3v99 very’m@il¢
red. To verify that most of the bacteria isolated bhelonged
to one. of thebé groﬁps they were identified, ?ioéhemical

o”%
tests (Holdin , 1971) showed these bacteria to be Bacillus

o)

carotarum and Pseudomonas putida respectively. The two
bypcs were present in the loch in appr oximately equal
numbers andé most oi the phosphate solubilizing organisms

lso¢ated belonged to one or other of thece éthDbc
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4=3 To Investipate the BEffects of Sugar Source and
Concentration on the Solubilization of Phosphate
by Phosphate Solubilizing Bacteria

The many different types of sugar occurring
naturally in plant and animal cells become available for
"decomposition after the death of the cells. The range of
sugars which phosphate solubilizing bacteria could utilise
to produce the solubilization effect was investigated in
the foliowing experiments. The more sugars which could
lead to the sclubilization the greater the ﬁossibility of
the process occurring in the ecdsystem. Also the effect
of sugar concentration on the process was investigated &as
sugar concentrations in the sediment.may be guite low and
this méy éffect the amount of solubilization which takes

place. S . .

Method Three experimeﬁts were undertaken. The‘objective
of the first was to determine the foect of sugar source
_on phosphate solubilization. Phosphate solubilizing
medium was prepared using 1actoée, sucrose, maltose,
wannose, 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.%" test tubes. An overnight shake culture
of phosphate solubilizing bacteria was grown in nutrient
broth at 37°C. 0.1 ml of this culture was inroculated on
to the surface of the tubes which were then incubated for

~n 0 ) . 1 : ]
£ days at 25 C. The clearing down the tubes was wmeasure<d



95.
to determine the extent of sclubilization.

The second experiment determined quantitatively the
effect that sugar source had on solubilization., Liquid
pﬁosphate solubilizing medium containing the same sugars
was prepared, but without a source ofvpﬁosphate° This
"medium was dispensed into 250 ml conical flasks and

sterilised. 1.0g sterile lgHPO, was added to each flask.

4
. . . 0 \

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 oxrthophosphate concen-

tration in the supernatant measured. The flasks were

~N\J

4 v s cos s .
1§y0cu1atea with phosphate solubilizing bacteria and

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

per mli in thg culture after 2 days was estiméted using
a haemocytometer slide. The culture was centrifuged at
6000 rpm for 20 minuteé and the orthophosphate concen-
tration of the supernatant was again measured and a
 chromatogram was prepared to detect any keto acids which
were presenf. Control flasks containihg 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
werc made up as in the first experiment. Hewever instead
of using different types of sugar, the glucose .concen- |
tration was varied to give final cohcentratio&s of 0.1,

0.3, 0.5, 0.7, 0.9 and 1.0% gluvose. The tubes were then
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Ef fect of sugar source on phosphate solubilization
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by phosphate solubilizing bacteria.

A. Clearing down tubes incubated gt 25°C

12

- mm of 10
clearing

~No

2

7227,

~

O Bacillus sp. .

N Pseudomonas sp.

Fructose

Lac tose

Data mean of 5 tubes :
B. Phosphate release in liquid medium by tha Bacilius sp.

Sucrose

Maltose

.'X,ylose //{/////

Mannose ///// ,
Arabin o,sle 7///////

0-07
ppmP

released
by 006

106 cells

0-05
006
0-03
0-02

0-01

f

incubated at 37°C for 7 days.

95°% confidence limits shown

Ko

|

Hde—x
x—

Glucose

vy v o
(72 B 72 BN 7))
o O oo
- A= O
(S
DUD
e T

-

Maltose

Xylose
rabinose

Mannose



96.

treated as in the first experiment.

Results and Discussion

The Effect of Sugar Type on Phosphate Solubilization

The\results (Fig. 17) showed that the bacteria were
ca?able of solubilizing the phosphate when grovm 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 cf solubilization obtained did not séem <o
derend upqh whether the sugars had a five oxr six carbon
ring.. However the best solubilization occurred whén the
organisms were grovn on some mono rather than disacchariées.
Some sugars require more energy for breakdown than octhers
and the zmount of energy réquired depends upon the ~
stereochemistry of the sugar and the nature and positicn
of any attached sub groups. Glucose and xylose are

easily assimilable in their original form but other sugars,
sﬁch és mannose, have to be converted to other sugars,

suchn as glucose,'before they can be metabolised which
means that an additional ernergy requiring step is
necessary. Similarly the bond in a disaccharide wmust be
broken before the constituenﬁ monosaccharides can be
metahbolised., This couvld explain why glucose and xylose
gave the best solubilization. Less energy was regquired
for their treakdown and therefore it is possible that

more byproduct was produced and released. These resuits

agreed with those of Harrison,<1972) who showed that
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TABLE 9 The Sumars which_gave the Phosphate Solubilising

Effect and their Possible Bvnroducts

Structure

Sugar Byproduct.
glucose H H,0H H 2 ketogluconic acid
°6t12% {OOH

OH OH f=0
H OH CH
A $H2
COOH
Mannose 2 ketogluconic acid
CeCsty 2 - |
Arabinose Qg?-~ 2 ketoglutaric acid
C5Hy 05 HODH cooH
. H¢OH =0
HOOH PHa
H,,OH CHp
~ COCH

. THO e .
Xyilose 2 xetoxylonic acid
C5H o0 HGO!

ngH

HCOH

(«/*r 8):

J“ZFH
Pructose HOCH2 " H 2 ketogluconic acid
%512 %A

HS\T\L__%( CH,,0H
OH I -

»

Conte oovsecaveo



97. .
' organisms grown on xy1¢sé"and.glucose sclubilised the
fﬁhosphate more readily than whén grown on other sugar
sources. The amount of phosphate_taken up by bacferial,
cells during growth was not detectable in the control
flasks therefore no Qorrectién to the results was NeCESSary
The chromatograms of the culture Supernatants gshowed
-up substances with similar f,f.,values to ketogluconic
and ketoglutaric acids. However the r.f. vaiues of the
various keto acids are all Very similar and it-is difficult
to Aistinguish between thew by this method. .F‘urther tests
~were needed to give a ppsitive ident;fication of the aétive
substances although previous workers had taken r,f, values
as being accurate (Duff, 1963; Webley, 965) .- Thus
tentative conclusions could be drawn about the possib1e>
'byproducts which bring’about solubilization. The possible

byproducts from the various sugars are shown in Table 2.

The Bacillus sp. appeared to give solubilization on

a widér range of sugars than the Pseudomonas sp. 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 from the liquid Pseudomonas
culture éhowed that a certain amounﬁ of solubilization
was taking place with all the éugars but the amount was
approximately two orders of magnitude less than the‘

~ : 7 Chomdvomolnon
Bacillus so. (Appendix 2). Ayyakkannu;(}9700 found that

Bacillus sp. were the wmost active organisms in solubilizing

phosphate wnich agreed with the aboVevresults but Duffetal

(;963) showed that gram negative rods were the wost active.



Fiq18. Effect of glucose concentration on the
solubilization of phosphate as measured by

clearing down tubes .
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The activity will dépend upon the actual species of

organism isolated, not just the genus or type, therefore
-

7

Duff may have isolated less active Bacillus sp. than the

Bacillus caratarum isolated from Loch Leven.

The gbove results indicated the wide range of
'éugars which these bacteria could utilise and produce the
solubilization effect. Many of these sugars are found in
the lake environmeﬁt, being the constituent sugars of

< : etal
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 Coﬁcentration on Phosphate'solubiiizatidn
| Fig.1l8 shows that-the concenbration of glucese in

the medium affected the efficicncy of phosphate
solubilization. Neither organism gave any clearing at

0.1% glucose showing that there was a winimum 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 Bacillus
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-

medistes are produced in great enough guantivy to be
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released. Tpis mirimum requirement of glucose fox
phosphate solubilization to take place could be important
in the loch situation as sugar concentrations in the
sediment could possibly be very low and thus no

solubiligation would take place. The fact that the

Bacillus spn. produced more clearing at higher glucose

concentrations than the Pseudomonas sp. could indicate

that 1t was more tolerant of higher nutrient concentrations

ﬁhan the latter.



Fiq.19. Solubilization of naturaily occurring phosphates

as measured by clearing down tubes.
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4-4 To Investipate the Effect of Phosphate Solubilizing:
Racteria on Naturally Occurring Phosphates

N

In lake sediments there are man& different types of
inorganic phosphates, some being more soluble tﬁan otﬁers,
The effec% of phbsphate solubilizing bacteria on a number
of these phosphates was measured to.detefmine'the range
of”natyral phosphates solubilized and to dompare the
relative amounts by which these phosphates were solubilized.,

Method $&" test tubes containing 0.1lg of an insoluble

v

inorganic vhosphate were steriliéedo‘ 10 ml of %terile
phosphatelsolubilizing medium containing no p
were added to the tubes which were mixed thoroughly and
allowed to Soiidify. An overnight culture df phosphate
solubilizing.bacteria in nutrient broth was prepared and
the surface of the tubes was inzoculated with 0.1 ml of
this culture. The tubes were incubated at 25°C for 14
days and the clearing in the precipitgte down the tubes

was then measured.

Results and Discussion Fig. 19 shows that the amount of

clearing varied, as eXpécted; with the type of phosphate
used. The best clearing was obtained on MgHPO, followed
by CaHPO4. The results for two naturally occurring complex
forms of phosphate, gafsa and a mixed minerallphosphate,
were well below those obtained for magnesium and calciﬁm

-

phosphates and no clearing was obtained with FePO4 or

A1PO,. The Bacillus sp. gave the best clearing in all
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cdses;
| The results were as expeqtéd from the solubility
- products of the various phosphates but differed from
those of Harrisoﬁf 197é> who found that the bacteria

solubilized CaHPO, better than MgHPO4* Weast,(l97§>

4

classes both MgHPO, and CaHPO4 as slightly soluble in

4
water but soluble in acid and from their respective
positions in the periodic table the former should be
slightly wore soluble. Although appreciably lower

results were obtained using gafsa and the mixed minersl
phosphate the'fact that some solubilization was observed
could be significant ecologically. These complex forms

of phosphate will be +he forms in which the majority of
the phosphate in the sedimeni is present so that if the
bacteria had not affected them it is unlikely that they
would have béen very active in ﬁringing aboﬁt
solubilization in the natural environment. Both AlDO and
FePOﬁ which the bacteria were unable to Solublllze,

foxrm terdlent ions and both are highly insoluble, aLuhourh
. ﬁarrlson, @972) and Lruw,?&959> found thatbacterla could

. solubilize these salts., A possible explanation is thatv
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 cétion and anion and thus form a chelzte.
This was én unexpected result because chelates are ususlly
formed more easily by ions which can exhibit a varialle
valency such as aluminium or iron, rather than alkalinre

metals, such as magnesium or calcium.
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4-=5 Changes in pH and Production of Xeto acids in
‘Liguid Cultures of Phosnhate bolubllizing Bacteria

Idlost phosphates are more soluble under acid rather
than alkaline éonditions. Therefore under acidic
_-conditioﬁs it seemed important to attempt to separate
the solubilization due to acidity alone Trom the
additional effect of chelation. The change of pH in
liquid cultures was measured and the prdduction of keto

"acids with time was also investigated.

Method 1 litze of liguid phosphate solubilizing medium
containing 0.5% glucose and a soluble source of phosphate

(1¢g X HPO,, 1g KH,PO,) instead of an insoluble phosphate
&% 274 ,

4
was placed in 2 litre flasks and sterilised. The flasks
were inuoculated with'phosphate'solubilizing bacteria

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

the medium was measured and again after 3 hours using

a Pye unicam pH meter. The absorbance of the culture at
600nm was also nofed to estimate the stage in the'growth
cycle which the cultﬁre had reaéhed. A small amount of
the culfuré was centrifuged and O.1lml of the’supernatant
was analysed for keto acids using chromaﬁography, The

pH and E600 were measured every 2 hours thereafter for 16
hours and the chromatography was carried out at-S, 7, 8
and 25 hours after the start of the experiment. Daily
measurements of all pafameters were made for several days

tc follow the survival of the organisms and to disccver

whether any keto acids remained in the culture medium or



Fig.20. Change in pH and Eganwith time in_liquid_cultures of phosphate |

solubilizing bacteria incubated in @ shaker at 37°C .
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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 sp.) (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 sp, entered log phase it started to prodﬁce
ketogluconic acid (Plate 2) which accumulatedvto reach a
fairly high concentration after 25 hours. The s?ot on the
 chromatogram was assumed to bé ketogluconic acid and no
further tests were aarriéd 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-
2ble in the culture medium at the end of the experinment

(4 dayé) 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 (ESOO was starting

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

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 Production of 2 keto glucaenic acid with: time by the
phosphate solubilizing bacteria growm in liquid phoaphate

solubilizing medium at 37°C.
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growth curve. Thé growth rate was initially the same but
the Bacillus stopped increasing in numnbers after 24 houré
and thereafter the numbers remained constant. The.

Pseudomonas culture produced many more bacteria, reached

a peak after 48 hours and then the numbers started to
" decline.

These results explain why the Bacillus sp. solubilize

phosphate more efficiently than the Pseudomonas SD.

firrespective of whéther the effect is due to acidity or
chelation. |
Both the bacteris are capable of growing on 2 keto
gluconic acid as the sole source of energy and carbon. <
This was shovm by iﬁﬁoculéting'the}bacteria on to plateé?

containing a mineral salts medium with keto gluconic acid

as the only carbon and energy source. A surprising result.

therefore, was that the keté 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.

o).
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i-6 Separation of Chelation and pH Effects in
Phosphate Solubilization

From the previous exberiménts-it was noted. that the
phosphaté solubilization effect may'be due to either acid
br'chelafing medhanismsg ' The following experiments were
designéd to separate thevtwo_effects and.ascertain which
was the moét‘important in bringing about phosphate |

- golubilization.

Meﬁhod The objeétivejof the iﬁitial»experiment was to
~obtain a solubility curfe'for MgH?O4 at various pH values .
.aﬁd'fo determine whether the addition of 2 ketogluconic
acid affécted this‘curvey AOng MgH?Oé and 10ml citrate
buffer at pH 3, 4, 5, 6 or of tris buffer 7, 8, 9
(Cruickshank, 1970) we:e'added to test tubes. The tuhes
‘were shaken. To another set of tubes containing C.lg
MgHPO4 and 9.9m1 of the buffers O,Ilml 10% 2 ketogluconic
aéid'wés added and the tubes were shaken., All the tubes
were allowed to stand for 2 houro, being shaken every i
"hour. The clear super atant was centrlfuaed at 6000 rpm
for’15,minutes to renmove any flnély divided subpended |
material. The final‘supernatant was diluted lOOQ fold
with'distilled H20 and analysed for its otthophospnate
concentration. |

In the second exnerlment an atuempt was wmade 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 1.0g MgHPQa'wés dispensed into sterile
250ml flasks. - A similar batch of medium made up using
tris buffer instéad ofvdistilled water was also dispensed
into 250ml flasks. These flasks ﬁere-shaken for 2 weeks

at 3700.‘ They were then innoculated with phosphate

solubilizing bacteria (Bacillus sp.) and the initial pH
anq orthophosphate conéentration of the cultures were
measuréd. The oultures.werebinoubated, with shaking at
3700 for 2 days. After incuba%ion the final pH and the
nunber of cells per ml were determined. The bacterié
were then Canrlfuged out “nd the - sunernetant was anal-
ysed for orthophosphaﬁv and the presence of keto ac:dst

| 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 prepéréd and & precipitate
of CaHPO was induced in the ‘agar. This mediui was dis-
pensed in 15 ml dmounuu.lnto pet?l d*shes and a]lowed to
solldlfy. 0.1ml of buffers pH 3 1, 4.0, .3,_6.1, Te3
and 8.1, sulphuric acid, 2 ketogluconic acid, 2 keto-
glutaric acid and sodium hyﬁrocide were spotted'on-té
the plates. O.lmk of the supernatant of a cu1ture of the

'Bacillus ap., was also placed on the agar, LOml of the

s

supernétant was freeée dried and then reconstituted with
1.0ml distilled water (10 fold conecentration). O.lml

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 floodéd with
M HaOH and -any disappearance of the clear zones ﬁas

observed.



. Fig.21. The effect of addinq 2ketogluconic acid on the
' solubility of MqHP.O at different pH values

in liquid media.
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Results and Discussion In the first experimeni, as

anficipated;'the phospﬁate was found to be'more soluble
under acid conditions (Fig. 21). The addition of keto-
gluconic acia.appeared to ﬁake a différence to.thevamouﬁt h
-Voflphosphate.solubiliéed but the effect varied according
-to the pH'faluec iy high’énd:low pH vélues~mbre phosphate
'was released in the 'ubés wifhout the keto aoidbbut at
' pnyololovlca] pH values more phosphate was detected in the
supernatant of tne cubes w1tn ketorluconlc acid, Thé |
‘differences were very small but statistically SLganlcaqu.
In +he second experlment S0 muﬁn acid wag produced
thet, despibte the buffer, the pH fell sharply (Table 10).
Honver, the final pH of the buffefed culture was |
marglnally higher than 'he non buffered'system and theré
was a difference in the amount of phoqph te.re;eased in
_each-of the cultures° Egual cuantl ies of ke%ogluconic
acid (aé aeasured by oot'si e) were pr oduced in each case. &4%?7
>» The above results indlcaued a8 expectpd, that acidity
was probably the major factor contributing to phosphate
solubilization'by the bacﬁerié,buf that the keto acid
-could ehhance the effect at physiolqgicai pvaélues;h
Although MgHPO, is only sparingly soluble in water it is
more solublevunder acid cdﬁdifiéns;AiThus the acid
environment could initially solubilise the phosphate,
freeing the cation which could then bond with the keto
vacid<to form & chelate. - The formétioh,of the chelate
would effeéfively remove the cation froﬁ solution and thus

more phosphate would dissolve to waintain the equilibrium,



PABLE-IL  The -Bffeet of Vawrious Substances on a -Phosphate -

Precipitate in an Asar Hfedium

Disszppearance

Substance : . of clearing
MR S¥24 . S
(C.1ml) pH Clearing on addition
of alkali
- .
HZSO4 0.6 + +
NaOH 12.0 - N/ A
Buffer- 3.1 -+ +
" 4.0 + +
" 5.3 () /A
L 6.1 - /A
! T3 - N/A
. 8.1 - /4
" 9,0 - /A
2 ketogluconic 5 6 + _
acid -
2 ketoglutaric 5.1 + -
acid ¢ :
culture . -y
. .{. =
supernatant 3.1 (%)
concentrated 3.5 + -
supernatant *
N/A not applicsble



108,
At very low pH values the keto ecid would nof be ionised
and thus would not chelate the cation so leSS'Poi" would
be released. ' ‘

" Table 11 shows how, in the third experiment, varioue'
substances affect the solublllty of phosphate. The nhee—
phate was soluble under acid- concltlonu, as shown oy the
clearing in the precipitate, but insoluble at nigher pE
values. Tﬁe keto acids had a low enough pHAValue to-.
solubilize thevphosphate”without the presence of any other'
acid. Wifh the sulphuric acid-aﬁd bvuffers the clearing
"disappeared upon the addition of alkali,indicatigg.thet-‘

the reaction was reversible, depending upon the acidity:

HO + CalPO, ———> o™t + B = HPO, + OH™ -
(al&qll, 1nuoluole) s (acid eolablc)
'The ition of acid or alkalil cnange the equlllbthm

of Lne eolutlon thus rendering the nhoenn te more or l'“v
soluble. However the.clearlng brought uoout by the keto aeids»
wes a non reversible reaction, that-ie it did nov disappearl
upon the addition of a streng alkall.: This jndioaﬁed'thét
the cation (Ca ) ha associated with the keto Q“lQ to
form a obelate Tne calcium would therefore be unavelleble
to reassociate w1th the phosphate which would remain 1n a
’:soluble lonlsed form even after the addlteon of an al? 11,
The culture supelnatant obuelned by dlrect centri-
fugation gave a small. amount of clearing; the pr601pltdte
became slightly less opaque but‘hot clear. fowever after
concentrating the supernatant by freeze drying a clear
zone was observed.. This clearingidid not dieappear upon

the‘addition of alkali. - These vesults 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
aéids secreted by the cells. Thus previous theories of
either a pH effect or a chelation effect (e.g. Sperber,
19583 Haprison? 1972) were both partially correct but
previoﬁs workers did not recbgnise the significance of

both mechanisms



~ TABLE j??'tonLirmdtﬁ'

leg

of the byproduct re sed duving glucose
metvabelism by thne vhesvhate sclubilizine bacteria
Test lobility relative to glucose
. 2 keto Syproduct | 5 keto 5 eto
deoxygluc-from gluc-| deoxygluc, deoxygluc-
onic acid [pse onic acid| onic acid
metabolism _
(Ca sall) K galt) | (Ca salt)
Electrophoresi s
D"f‘dlu@ Jacat )
3016 HAO 1.07 1.07 - -
\10 H Lf‘f H —36,
»H 5,3
Chrometogranhy
Butanol/acstic _
facid/H5,0 0.3 C.3 0.567 1,30
(4 1 5
" e on vy i / o s} ’/
LHUutanod,/ pyriciney ) .
HzO 0,15 CeL5 0.20 C.1l
\
(6 « 4 ¢ 3
hthylacetat;/_ :
acetic acid . o
: - : 1.0 04 . 4
| formic ac1d/L?O eV Lot 1.47 Ledd
(18 ¢ 3 5 1 s 4)
Tost 2 keto deoxyglu-~ Byproduct from
' conic acid glucose metabolism
Dubois phencl ‘
sulphuric acid testt negative negative
anthrone test negative negative




110,

47 Confirmatory Tests for the Identification of the
' Byproduct Released buring Glucose hetabolism by
the Phosphate Solubilizing Bacteria _
{from Dr. L.W. sutherland, Microblology Department
Ldinburgh)” - .

The nesdlts‘obtained previously (4-5) indicated that
"the byproduct r83ponsiblé for phnosphate solubilization was
a keto .acid, probably 2 ketogiuconic acid. This was |

deduced from the results of chromatograms produced using

\

one solvent only and confirmatory tests were needed to

~draw definite conclusions,

Methods The byproaﬁct réleased by .the phosphate .
soiubilizinglbaétéria duriﬁg glucose wetabolism was
isolated and,purified usiﬁg{eiectrophoresis, 'Various~teéﬁs
(Table 12) were then'carried out to find the properties
~of the byproduct relative to those of 2 ketodebxygiuconic
acid and 5 ketodeoxyglucqﬁic acid. |

Results and Conclusions The results shown in Table 12

inaicafed that the byproduct from glﬁcose metabolism‘_
behaved in a‘éimilar’manﬂer tb<2'ketodequgluconic acid
in all tests. -5 ketodeoxygluconic acid gi&e entirely
different reswlts. Thus it was concluded that the
byp&oduct released by the éhosphate‘solubiliZing bacteria
during gluéose metabolism was very proﬁably 2 keto |

- deoxygluconic acid.
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4-8 Addition of Phosnhate Solubilizineg Bacteria
to ilini Cores ’

The work deécribed previously in this chapter has
dealt with the characterisfics of phosphate solubilizing
vacteria and some ' of the underlying mechanisms of phos-
phate solubilization. However, tﬁese organisms were
originally isolated from lake sediment and their possible
imbortance in the natural environment requiréd'fo be
asseésed: In lakes which are fafely stratified, such as
1och Leven, these orgéniéms may be important in releasing
phosphates into the water from the sediment.: Field
estimates of their activity would be extremely difficult.,
A major problém Wouldabe‘Separating phosphate éolubilizing
prbcesses from octher mechanisms .of phosphate release, A

nd an

Y

highly artificial system was therefore selected
attempt was made to relate the results to. the natural
gituation. 3By adding the bacteria tolsmall sediment/water
cores a nmeasure of their potenfial for phosphate release

may be obtained.

Method‘ 12 Jenkins cores were collected from the North deep
on October léth 1977. These were dispensed intolmini cores.
as previously described and allowed *to eqﬂlibrate,for 4

" weeks at 20°C.

A culture of phosphate solubilisers waé~obtained'by

innoculating nutrient broth with the Bacillus Sp. and

incubating at_37oC for 2 days in a shaker., "The cultures

were then centrifuged at 6000 rpm for 30 minutes, the



"Fig. 22. Phosphate release in mini cores after the

addition of phosphate solubilizing bacteria.
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Time in days

»—=x untreated controls

0——0 phosphate solubilizing bacteria +1 %qglucose added
O0——a phosphate solubilizing bacteria added

Data mean of 3 cores |

The cores were incubated at 20°C in the dark
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supernatant was discarded and replaced with tris buffer.
This washing process was repeated three times. The
bacteria were finally suspended . in a swmall quanfity of
tris 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
solubiliﬁing bacteria and total viable counts were carried
out on the sediment surface of 2 cores from each treatment,
The remaining cores were aerated in the dark at»20°C for
12 days. Watér sampleé were taken every other day, frozen
and laver analysed-for orthophosphate. . After 12 days
incubation the bacferia on the sediment surface were again

~counted.

Results and Discussion The results (Fig. 22) showed that

the addition of phosphate solubilizing bacteria to the
cores made a consideraéle difierence to the amount of
phosphate in the water phaéé. The concentration of
phosphate in the control cores remained constant throughout
the experiment. The orthophosphate concentration in the
water of tne treated cores initially rose and then after

& days started to fell again. The results suggest that

the high rate of solubilization in the first few days

declines to a point at which absorbtion is greater than



ABLE 13 Counts of Bacteria in iiini Cores (no,/ml wet

sediment) and Amount of Phosphate Released per

Organism per Day

1

P0O3" P0;"
Control [Solubilisers| solubilisers
added + glucose
: added
START )
P03~ solubilisers | 3.2 x 10* [2,8 x 10° | 2.8 x 10°
total count "~ 12.0x 10" |3.8x10" |5.6x% 10
FINISH | | .
POi"solubilisers' 4,0 x 10h 7.0 x 10° 2.9 x 102
total count 6.0 x 167 | 1.0 x 10® | 9,2 x 107
From the resvlts (Fig, 22) P releassd_per day
pe?/1
Cores with FO4” solubilisexrs added 0.4
Cores with Poi" golubilisers + glucose ad&ed 0.6
: 2
Area of surface of core = 15,9 cnm -
Bumher of PO%” golubilisinge bacteria in_ top centimetre
: r - -

Cores with Poi'solubilisers 4.45 x 106bacteria'per
added , ' core
Cores with Poiﬁsolubilisers 4,6 x 106bacteria per
+ glucose addeéd core

Amount of phosphate released per organism over day -

Cores with PO}~ solubilisers added 0.4 5
4,45 x 107

- 9.0 x 10° weP/1/dav,

Cores with PO?” solubilisers + glucose added 0.6 = -
[} . L = - 6
e 4.6 x 10

== 1.3 X 107 ug@/llggz
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gsolubilization. As has already been shown (Chapter 3)
phosphate is usually adsorbed by the sediment undef aercbic
conditions until an eqguilibrium value of 1.5 ngﬁl 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 alpeady be in eqddibrium;
a fact that~exp1ains why no phésphate 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 baeterig present in the cores at the end of the
experimentAand the amount of phosphate released in the
cores per day show that the bacteria could play a ﬁajor
role in releasing phosphaté from the sediments (Table 13).
The cores remained aerobic throvghout the experiment as
.indicated by the iight brown colour of the sediment 50 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 phosphate over and azbove that released by
the addition of bacteria without an extra energy source.
These results agreed with-Hafris&g;vl972) who showed in
sediment supplementation experiments that the addition
of glucose to sediments containing phosphate sclubilizing
bacteria enhanced the release of soluble phosphate. The
original sediment probably only contained small quantities
of easily aszsimilable sugars and the addition of glucose

meant that the conditions in the cores were more similar
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4o those of the pure cultures in which the bacteria had
been grown.
The bacteria had a high survival rate when added tc
the cores and adtually increased in number during the 12
days of the experiment., This means that the environmental
conditions in the éore were suitable for growth and

survival over the period of the experiment.
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4-9 General Discussion

‘Bacteria. capable of solubilizing 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 précipitate
of phosphate : was found to be useful and relizble for
isdiating the organisﬁs.but.a more accurate method.of
ennumerating'these'bactpfia ﬁsing a most probablé number
technique lookingiat'blearing dovn tubes was devised,
This most probable numbef method was easy $o use and gave
reproduc:able results, unlike plate counts, ana is
extremely useful fop cqqnting phosphate Solubiliziné
bacteria. fhe prinoipék species isolated were

Pseudomonas putida and Bacillus carotarum, tne latter

being the most active in solubilizing phosphate, The

reshtricted number of species in Loch Leven which ex-

hibited the phosphate solubilizing property was unexpected

because otﬁer workers, both in soil (Sperbver, 1958) and
in aguatic environﬁénts-(ﬂarrisoﬁf 1972), have found-a
wide range of bacteria with this property. The‘numbers_
of these baclteria were éimilar'in all the sediment types,
except the nbh‘macrophytic sand which has a lower count,.
despite the differing organic carbon content .of each area.
The high count in the macrophytic sandy area was fhought'
to be due to a rhizbsphefe effect. ‘ |
A certain minimun concentration of glﬁcose was
~necessary for solubilization to takevplace, Below this

concentration, although the organisms were still capable

N
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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
concentraﬁion, in the umicroenvironments 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 & wide range of naturally occurfing sugars to give
soiubilization although the best effects were observed
with mono rather than disaccharides. Both the’species
wvere nutrf%nally versatile growing on all the sugars tested
as well as on other subsﬁaﬁceé 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 nraturally 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 decwed to ve
important. The degree of solubilization depended upon the

Y,

solubility constant of the phosphate.at a given acidity
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level. This result was explained by the fact that the
solubilization was brought, about by a combination 6f
acidity and chelation. The initial sclubilization took
place due to a lowering of the pH which meant that the
most soluple 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 bacteris released
two separate acids, one which lowered the pl as well as
‘the keto acid or whether the keto acid fulfilled both
roles, that is initial solubiliser and chelating agent.

The results of adding phosphate sclubilizing bacteria
to the mini cores were interesting because they indicated
that the bacteria had the potential of releasing large
guantities 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 tne effect of the additional glucose indicated
that free sugars probably'Wefe scarce in the loch but
even without an extra energy source significant quantities
of phosphate were released. There would probably be wmore
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 %o the

sediment from 'crashed' algal blooms and decaying terrestrial



~ Fio.23. Comparison of the Glycolytic Pathway and the. Pathway
Utilised by the Phosphate Solubilizing Bacteria for Glucose .

Metabolism.
(@) Glycolysis (b)Alternative Pathway
Glucose Glucose
™~ ATP
\ - .
ADP ;,)/\ | \
, R ~/ ;
Glucose 6 phosphate - Gluconic acid
ATP > ADP ‘
N N . '
Fructose 6 phosphate 2 Keto-D-giuconic acid
N \
Fructose 1,6 diphosphate o 2 Keto-6-P-giuconic acid
% o N
2x(lyceraldehyde phosphate Pyruvate

Ny
- Nd .- TCA cycle
2x13 Diphosphoglycerate yere

2ADP

) ATP&L——"""
< 2 %3 Phosphoglycerate

2% 2 Phospho\glycerafe

2xPhos pho?z/nol pyruvat e
2 ADP-—

2ATP¢—77 Pyruvate

TCA cycle
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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
bacteria .were capable of solubilizing phosphates under
what would be nutrient poor conditions and this is of
importance in the 1ochvsituation. The byproduct produced
by the phosphate solubilizing bacteria during glucose
metabolism was found to be 2 keto deoxygluconic acid.
This substance was thought to be responsible for the
solubilization of the inorganic phosphates, If these
keto acids are being released from the bacterial cells
it means that the organisums are usihg a very unusual
pathway for sugar metabolism which could explain why the
phosphate solubilizing property was restricted to a few
types of béc%eria. A typical péthway for glucose oxidation
is the glycolytic‘pathéay (Rig. 23a) which ultimately
leads to the Krebbzs cycle via pyruvate and acetyl co A.
This is, energetically speaking, an efficient.pathway wnich
produces two molecules of ATP before it reaches .the
tricarboxylic acid cycle. The pathway which produces 2
ketogluconic acid (Fig. 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 slternative explanation could
be that the secretion of keto acids with the resultant
phosrhate solubilization is a survival mechanisnm helping

the bacteria to compete successfully with other organisas
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vnder adverse conditions.but there appears to be no
relationship between cheiate production and phosphate
deficiency. If the bacteria were found mainly in the
Water phase this could be possible as phosphate concentrations
are fregquently 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 sédiment,
where phosphate is rarely liﬁiting andé as each baétefial

0715

cell only requires 3 x 1 g of phosphorus (Imria, 19560)

it would not be necessary to solubilize additional phos-
phate. A biochemical siudy of the bacteria would be
necessary to clarify the.situatioﬁ as to why the organisums
utilise this uvnusual pathway.

These organisms ére unusual in that large guantities
of acid are ﬁroduced under aerobic conditions. Hany
anaerobic bacteria reléase acids from the cellé during
& wide range of fermentations (Staniegt 1970) but very
few aerobic o?ganisms pbssess this characteristic., The
property has been intensively investigated in the acetic
acid bacteria. The phosphate solubilizing 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. Bluconobacter sp. lack a functionel tricarboxylic

acid cycle whereas it is possible that the phosphate

solubilisers lack an enzyme on the glycolytic pathway.
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In fact studies on the metabolism of L ~ sorbose to

2 keto - L - gulonic acid have shown Glucongbacter sv.

(an acetic acid bagteriﬁ@ and Pseudomonas putida (the

phosphate'solubilizing organism) to be very similar in

' . 3 Porl mou _ u%& 7 Pesliman
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.
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TABLE 14 ZEstimalc of Phosvhote Inlcesse Foo Toal Toeven

Sediments

it
Shallow
Loch Deep area ' - T
ocn €23 area ares Core
- —-07 S L N 5 4 ~ 7 ) rT—"
Area  in 5.2 x 10 2045 x 107 4.7 x 10 3.84 x 107
m< ' P
Stratified - 60 0] © -
days .
- Phosphate Release under Oxidised Conditions
Ariount per day] Amount per day| Amount per
in core ugF in Loch ug?® year in loch
; KeP
jag? oy £ 8 G
Shallow area - 0.0125 1.52 x 10 58.0
_ ' . 6
Deep area _ 0.107 6.82 x 10 2.28
Phosphate Release under Anserobic Conditions
Amount per day| Amount per day| Amount per
in core ug? in Loch ugP | year in loch
‘ ' XgP
Shallow ares - - -
Deep area 0.35 | .2.19 x 107 1.31
i

Release by Phospnhate Solubilising Bacteria

Volume of sediment to be considered = 5.2 X lO5 m3
There .are 3 x 106-ph03phate solubilisérs per m3 fresh sed-

12

iment, Therefore in the'léch there are 1,56 x 10 phos-~

phate solubilisers. o
Each organism is capable of reléasing 5.7 X 106mgP day "1
Therefore total release over 8 months = 2,16 x 103 ke?P

Total annﬁéi contribution of phosphorug by sediment to the

water = 59,0 + 2,28 + 1,31 + 2;16 X 1O3Ké
= 2,22 x 10%%keP
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CHAPTER 5 GENERAL DISCUSSICH

5.1 Quantitative Aspects of Phosphate Release in Toch Leven

s 8
.

Calcylations were made to assess approximately the
quantity oI phosphate which might be released into the
water phase from the sediments. These calculaticns must

1

be treated with caution because the core resulls were
obtained under highly artificial conditions.

Tabhle 14 shows the criteria considered when the
calculations for phosphate rélease from the sediment
were carried oubt. The total area of the Joch and the
areas of the deep and shallow sediment were calculated
(Calvert, 1273). -The shallow arecs was assumed to
stratify only rarely and the deep aréaé-for approximately
two months eﬁery year. These agssumptions were based on
thé résults obtained on the redox potential of the
sediments. The rate of phosphate release in the dark was
ﬁsed in the calculétion for aerobic release of phosphate.
mhe smount of phosphate that each sediment type could
release under aerobic and anaerobic conditioné was then
calculated. Calculations as to the amount of phosphate
which phosphate solubilizing vacteria 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 giQes 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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nto account the top centimetre of the sediment. However

e

" the top centimetre is probably the layer of greatest
SHC e

activity (Henwici, 1538). “Activity was assumed over
B.monthé of the year, the temperature being 4°C or below
during the 4 winter months., |

The results (Table 14) show that the tTeotal amount
of phosphate being released from the deep sediments under
both reducing and oxidising conditions is negligable when
compared with the amount releaced frow the large area of
sediments beneath shallow water under oxidised conditions.
The phosphate sclubilising bacteria had an enormous
potential for phosphate release, 2,16 x 10 keP/yr. The
effect of the phosphate solubilisiné bacteria couvld only
be meésured by adding additional organisms because the -
phosphate leached from the sediments of untreated samples
would inciudevthat solubilized by the indigenous population.
The amount of phOSphaté released under serobic conditions
from the deep and shallow sediments was probably an
underestimate. In the loch the phosphate weould be con-
stantly rewoved frouw the sediment surface by currents and

winds wherez

wn

in the cores it accumuilates, slowing dovm

the rate of diffusion of further phosphate from the
sediment. Conversely the phosphate solubilizing bacterizi
activity in the loch is probably less than in the cores

but even if this were taken into consideration the organisas
could still release considerable guantities of pnosphate

into. the -loch annually.
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Annual Budgets 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 sources. _Whén thé input of phosphéte from

external sources has been related to the phosphate content

of algal Dblooms there has freqﬁently beer a deficit which
has been estimated to be as much as 2000 kg ?P/yr (Holdegf“wws
1974) . The apparent deficit can be explained by the figures
ob%zained in Table 14, a greatér amount of phosphate tha

2000 kg F/yr could, potentially, be released from the
sediments. The release was originally thought to be dus

_ , o Caines

to the sediments becoming reduced (Holden, 1974) but the
results have-shown that the release of rhosphate is due to
the selubilization of gediment inorganic phosphates under

oxidised conditions.
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5..2 In Site Sampling and Interdisciplinsry Studies

Although the Jenkins core is ideal for expefimenting
with smali volumes of sediment and water it has many
disadvantages.. The samples collected were assumed to be
- relatively undisturbed but freguently the sediment surface
is disturbed during sampling. This is verified by the
fact that the phosphate concentrations in the core water
iwnediately after saumpling are usually higher than in the
loch water (0.3 pgPAL c.f. 0.1 pgPAl). These values fall
after standing overnight. There are also other disadivantages
in using Jenkins cores. The polypropylene wail of the
core can adsorb chemicals preventing their detection in ihe
water. Bacteria will probably multiply on the core walls
(Zcbell effect) and in the small volume¢ of the core this

factor may enhance their activity compared with the 1

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

.and as substances diffuse wrom the sediments the concen-
tration rises in the water with the result that an
equilibrium situation develops and the leaching rate mey
be reduced. Thus a smaller awnount may be released fron
the sediment of the cores than in the natural situation
where water movement would continually remove phosphate
Tfrom thé close proximity of the sediment thus preventing

an equilibrium situation 2

3

ising. Results obtainzd 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 tybe would be
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the use of larger volumes of sediment and water such as
‘in large tanks. The ideal situation would Dpe to use

'in situ' measurements. The use of enclosures has proved
to be most successful in the Lake District in Esthwaite
Water (Lund, 1973) and slso in Loch Leven. In this method
large volumes of the lake are enclosed in plastic tubes
and the changes tgking place in various paranmeters (algel
populations, chemical concentraticns etc.) can be monitored.
Fiela treatments, for example, 6 the addition of chemicals
'br the exclusion of sediment effects etc., have proved
very useful in these tubes giving a wmore reliable asses-
sment of the actual field situation than small coxes.
However there will still be significant effects from the
sides of the tubes but the method is wmore suitable than
removing samples from the lake because the experiments
take place in a reiatively undisturbed system.

| The value of interdisciplinary studies has been
demestrated in this investigation. ! large quantity of
inforination was readily available about the chemical,
physical and biological changes taking place in the loch,
2ll 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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5-3 Annlications of this Work in Relation to
Agriculture and Futrophication

As phosphorﬁs is an essential nutrient for planis,
'includiﬁg algae, work involving the study of phosphorus
mobility }n lakes should have implicaéions for agriculture
and water eutrophlcatlon.

The phosphate solublllvlng bacteria havé becn found
to be_most successful in releasing insoluble phosphate,
even when cﬁltured organisms were added to cores and
_therefore approaohiﬁg the natural situstion. The guestion
could therefore be asked whether the addition of-ihsse
bacteria to soils,'possibiy via seed inocculat;on, would
help in the release of phosphate to crods, rather than
adding phosphate fertilisers. This nmethod has been tried
in Russia although the success of the trials was gquestion-
able (Cooper, 1959). However other worker" have 3hown

. 5 Bos
that the type of vegetation (Katznclqcv 1959, Liouw, 1970)

affec ;s The number cf these bacteria in soils and in fulure

B
ot

it might be possidble tc increase the root sxudates so tua
these oxgenisms can be more effective in puosnhaﬁe
golubilization

Phosphate 1is Widely known vo be one of ths major
causes of eutrophication in lakes., Nany attempis have

been made to control algal production by reducing the

nput tc the water from ezternal sources

o

phosphate

o~ )

. . . FHacsen, 21 ' .
Shapiro, 1569; Hudson, 1970). The reumcv cf phoesphorus

b

from sewage, using a simple method involving precipitation,

Piy

1e results in the Lake of Zurich. 1In
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this lzake there is now a highex oxXygen conc brailon,'
improved light penetration and decreased.phosphate concen-
trations in the water {Thomas, 1975). Scwage has been
diverted from Léke S6dra Bergundasjon in Sweden®and it is
‘hoped that the lake will become less eubrophic although
the sedinents still contribute large guantities of phos-
phorus to the water every year (Bengtsson, 1975). However
the work described in this thesis shows that the éajor
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
phosph te 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 nutriénts
after the external sources have been eliminated (Vollenweider,
1968) or by aeration of the anaerobié hypolimnion
(Bengtsson; 19755)/ although this latter method would not
be applicable in Doch Leven as wmost of the :elease takes
place under aerobic conditions. In small iakes polythene

. PGrA
sheeting has been laid over the sediment (Hynes, 1970)
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 purlfy itself. All major external point inputs

of phosphate should be controlled which is a feasible

proposition. This would mean that any algae growing in the
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lake would be utilising the phosphate which has been
'shown to leach continuously from the sediment. Many of
these algae would leave the lake in the outflow,; thus
removing the phdsphorus from the system. The sediments
Would gradually beéome depleted of phosphate which haé’
accunulated over the years. This would take many years
but eventually the lake should become less cutrophic with
little phosphaté entering from external sources or

leaching from the sediments.



SUMMARY
Phosphate availability is a major factor controlling
algal productivity in Toch Leven, & shallow eutrophic
freshwater lske. Dxperimental work was designed to
investigate four mein aspects of the influence of micro-
orgenisms on the phosphate cycle in the loch.

1o Yhosphate Flux Between the Sediments and Vatzsr Phacse

The following experiments were carried out on sediment-
water interface samples in Jenkins cores.

(2) Sediments from the deep areas (8% organic carbon)
released 9 fimes more phoséhéte (2.8 pg?ﬁ&) after 10 dzys
than shallow area sediments (4% organic carbon) when hell
anaercbically at 16°C.

(b) Redox potential measuvrements showed that the Eh of
the deep sediment fell wore rapidly (to =175 wV) than that
of the shallow sediment (=60 mV). Foising of the ©h witnh
nitrate, sulphate or thiosulphate produced evidence that

sed between the nitrate (100 nV) anad

-
o

phosphate was xrele
sulphate (-10C wV) levels. Nitrate ccncentration in t
~water phase influenced phosphate rslease from the éediments.
These data indicated that the release of phosphate was due
to the reduction of ferric to ferrous ions.

(¢) TUnder aerated conditions cores from both sediment
- types reached an equilibrium éf 1.5 ngA& after 24 days

~at 20005 excess phosph

e

sediment.
i , N KT I U TR ~0 - -
(d) Tewmperature studies showed that at 20 C, 4-3 pzPal

was released after 10 davs from the deep sedimsnt whilst



at 400, 4 times less. was released,

(e) Gas production, both N, and CH,, in the sediments
was found to enhance phosphaté release.

(£f) The only experiment in the light showed that algal
uptake of phosphate was an important factor in keeping
the phosﬁhate,concentration in the water below the
equilibrium value of 1.5 pgPAl. In the dark this level
was maintained by thé release and adsorption of phosphate
by the sediments.

2o Role of Microorganisms in Bringing ahout Phosphate

Release Treatment of cores with formaldehyde (5%)
completely inhibited any fall in redox potential which
indicated that biological activity and not chemical .
processes was. the major factor in reducing the Eh. Releaée
of phosphéte was a purely chemical apd rnysical phenomenoﬁ,

dependent on the Bh of the system.

3, Inorganic Phosphate Solubilization by Bacteris

Under Laboratory Conditions
(a) 1In addition to the solubilization of insoluble
phosphate on agar plates an alternative méthod of
counting phosphate solubiiizing bacteria w#s‘developed
using a most probable number technique involving clearing
down test tubes comtaining agar‘media.
(b) The phosphate solubilizing bacteria vccurréd in all
the sediments at between 1.0 and 0,06% of the total colony
forming population. Nuubers varied between 5'3 104

N
organ}sms/ml wet sediment (8% organic carbon area) and

3 x 103 organisms/ml wet sediment (0,05% organic carbon) ,

Tn sediments with similar organic carbon contents, grealer



numbers were found near Potomogeton (pond weed) growbh.

AN

c) The most numerocus bacteria solubilizing inorganic

phosphate were classzified as Bacillus_ carotarum and

Pseudomonas putida., ' ,

(d) The Bacillus sp. were more effectlive solubilizing

organisme than the Iseudomonas Sp.

{e) The bacteria could solubilige various phosphates to
differing extents with Mg >Ca > gafsa and a mixed
minéral phosphate, Iron and aluminium phosphates were
unaffected by the hacteria.

(£) Energy source was found to affect the amount of
solubilization obtained. Glucose and xylose ) lactose >
maltose, mannose, fructose and sucrose.

(g) The soluvbilization was due to the release of acldie
substances which initially dissolved the phosphate by 2
chelating process. | |

(n) The chelatihg substance was most probably 2 keto

deoxygluconic acid when the organisnms wexe grown on glucose.

4 The Importance of these Proéesses in_the Loch If
fhe results from core experiments are related to the
overall situation in the 1och.thén 3.59 kg phospnhorus
"will be released from the deep areas and 59.0 kg phos-
phorus.from the shallow areas per annum. rhosphate
solubilizing bacteria will contribute 2.16 x 10° kg
phosphorus per annum. Thus the average annual input of
phosphorus from external sources. during the years 1574-78

was only 33% of that releaéed from the sediments.
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APPENDIX 1

Monthly denth nrofiles for the redox potential of cores taken

from Loch Leven North Deev during 1977

Sugar

ppm F released by 106 cells

L.
glucose
fructose
lantose

Sucrose

arabinose

2.0 x% :LO“"'3

-4

3.2 x 10

Data mean of 5 flasks

bepth | g | po| m | 4 | M [ 3 | 51| 4 | s | o N
0 +190| +180| +180| +100| -70| -145| -60| -90| =10 +60] +120) +185
1 +190| +180} +170| +120| =90|=180|--160[ =170 —=40] O |+120 +150
2 +1.80|.+180| +180| +1.50| =200| =190} -165| ~165| =90| =10 +100 +180
3 +1.90| +190| +1.75| +140| =210} =207} -190| ~180{ ~95| O +80] +185
4 +190| +190| +185] +130| -200| =205{ -195| =215 ~1.45| =5| +75| +185
5 +180] +1.80| +180| +130| -190{ -210]| ~205| -200| =1.40| +5| +75| +183
6 +180| +180] +170| +135| ~185| =217| =210 =210{ ~160| +10| +80 +185
7 +180| +180| +170| +140] ~190| =220| -210| -210| ~180| © +90| +185
38 +175| +180 +i7o +130{ -390 ;225 -210{-220| =185 -10| +90| +180
g +180} +170]|+175| +120| -190| =225} -210| -225| -180| =25 +85| +17C
10 +180| +170|+170! +90| -210| ~230|~210| -225| ~1801 ~-20| +85| +170
11 +180{ +180|+170{ +95|~210|-235|-210| =230} =175 =30, +90| +170
12 +175| +180 +175| +85|-210{-237|-210|-235| ~180| =35/ +90| +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| +170
15 +170(+180 |+170| +85]-210 -237‘-215 ~235{ -200 -35 +90| +170

Data mean of 2 cores,

Zh measured in oV,
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