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SUMMARY

The thesis describes an investigation of factors controlling

phytoplankton seasonal succession in Mt Bold Reservoir, South Australia

(35"07 | S, 138"43t E, maxímr-un surface area = 3.08 km2 , maximum depth

/
= 47 m) a'r"tarm, monomíctic 1ake.

An.extensive monitoring programme provided daËa on seasonal

variations ín species composition, phytoplankton biomass, integral

photosynthesis and changes in the chemical- and physical envíronments.

InvestígaÈion of the 1Íght regíme indicated severe compeEition

for radiaËion betvreen the phytoplankËon and other suspended and

dissolved compounds of the l^74Ëer column. High levels of "gelbstofffl

caused rapid modifícaÈíon of light intensity, and spectral quality

with deprh, an effecr amplified by the hígh turbidity. This had

important. consequences for biomass levels and integral photosynthesis,

and i-n conjunction with mixíng resulted in very low winter bíomass

levels desplte relatívely rrarrn r¡rater temperaËures'

PhytoplankÈon growth was inÍtiated by the reductÍon of mixing

depth caused by the onset of thermal stratification in spring.

Biomass increase was linearly related to the irradiance absorbed per

unít chlorophyll A up to a criËical value, where apparently gro\¡Ith

r^ras light saturated. 0n attalntng thls value the typfcal spring

bloorn occurred.

The general successional sequence, cryPtomonads + diatoms ->

chlorophytes + cyanophytes followed Èhe temporal gradient of decreasing

vrater turbulence with the cyanophytes dornineting the perfod influenced
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by an intense thermoclíne. The rapidity with whích the water

co¡¡nn stabilized, controlled the temporal exÈent of the successional

sequence. llhen thermocline formaÈion occurred rapídly growth of

díaËoms and cyanophytes began simultaneously, however diatoms soon

disappeared from the stable rllater column, implfcaÈíng variatiofis

in sinking rate as a determlnanÈ.

The assessment of morphological and physiologÍcal adaptatíons

to sj¡king rate has been irnpeded by an inabiliÈy to measure phyto-

plankton cellular densiÈies. A techníque was developed using

density gradient centrifugatíon whlch enabled the magniÈude and

dístribution of population cellular densitíes to be measured, and the

effect of phytoplankton morphology on sinking rates to be assessed

from simultaneous sinking experíments. AppJ-ícation of the technique

to field populations provÍded daÈa on the role of sinking rate in

seasonal succession.

chemical daÈa showed that algal grohrÈh resulted in marked

decreases ín nutrient concentraÈíons of the epilimnion. To províde

direct data on the availabílity of nuÈrlents Èo the phytoplankton,

the biological growËh potentlal of fíltered water samples was

assessed using lnocula of the ín situ phytoplankton assemblage.

Durfng the sunmet a Large verlical seParatfon developed between

available light and avallable nutrients, a situatíon intensifíed by

the rapid atÈenuation of light in the highly coloured, turbid \^tater'

Envi-ronmental and biol-ogical deËerminants of photosynthesis were

ínvesÈigated using measured photosynthesl-s - irradiance relationships,

and an empirical rnodel which closely estfmáted integral photosynthesis

(Talling :-]g57b). T'he turbidity of the reservoir focussed attentíon

on the importance of phytoplankton irradiance absorption, and the
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integral model r^ras recasË ínto more functional uníts which

partitioned integral photosynthesís into components of 1íght

absorpÈion and quantum yield. Applfcation of this model to data

from Ëwo lakes íllustrated its ability t.o comPare diverse aquatic

envíronmenÈs. Results showed integral photosynthesis to be

proportional to the light absorbed by phytoplankton up to a "critical"

level, above whích quanËum yield and íntegral photosynthesis decll-ned.

Derived fr:nctions descríbing phytoplankton light absorpÈion

demonstrated the potential role of thís factor in influencing

phyÈoplankton seasonal succession.
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INTRODUCTION

1.1 Pro'i ect Rationale and Ains

A fundament.al aim of limnological research is the understandíng and

prediction of phytoplankton seasonal biomass Patterns and species

succession. The factors ínfluencing phytoplankton dynamics have not

only theoretical interest, but also practícal ímportance to the

successful management of l^Iater bodies. The necessity for such

knowledge is amplified in South Australia by the general aridity of

the State, and the seasonal occurrence of problematic blue-green

algal blooms ín many of the reservoirs. Despite the apparent need

for such reseaïch, there are no published accounts on Phytoplankton

ecology for South Australian \^raËer bodies, and limited documentation

available on either freshwater or marine habitats for Australia

generally. This dearth of basic data precludes the formulation of

all but the most general hypotheses based on results from rnTater bodies

overseas. Furthermore the appltcability of models describing

phytoplankton photosynthesis and biomass fluctuatíons in lakes of the

northern hemisphere, must be critically assessed with relevant data

before accepted. Consequently a primary aim of thís project vras to

provide fundamental information necessary for the formulation of

hypotheses, design of experÍments and testing of ímported models.

Only with such data can hre begin to understand the functíoning of our

\{ater bodies, and constructÍvely particiPate in Èhe fundamental

science.

The extensive literature on phytoplankton ecology ídentifies numerous

environmental variables whích potentíally affect the size and



2

composition of phytoplankton populations (Lund L965; Hutchinson

1967; Round L97l- Kalff & KnoecheL L978; Reynolds 1980) . Th"

measurement of all such varíables is physically ímpossible without

extensíve resources, and potentlally fruitless withouE the guídance

of a fundamental data base on which to erect hypotheses (Kalff &

Knoechel 1978). The problem faced when undertaking study of an

unknor¡n area is therefore selection of those factors likely to play

a primary role ín determining biomass and specíes fluctuaEions of the

phytoplankton population. To thís end a short review of relevant

literature is presented as rationale for the specific topics

ínves tigated .

The annual cycle of algae in Èemperate lakes, deep enough to stratify,

is intimately related to the seasonal changes in thermal stratification

(Lund 1965; Round L97L; Kalff & Knoechel 1978). Peak bíomass

concentraÈions frequently occur in spring and autumn, separated by

reduced concentrations during sumner and winter (Round L97L). In

general the spring increase closely correlates with the onset of

thermal stratifica¡lon, and the autumn maximum wiÈh the begínning of

autumnal overturn. CharacÈeristic of many temperate \,laters is the

Spring occurrence of diatoms, and the summer occurrence of green and

blue-green algae (Pearsall 1932; Lund 1965; Kalff & Knoechel 1978;

Reynolds 1980).

In opt.ically deep lakes the low wínter biomass levels are associated

wíth light límitatíon, due to the length of time the phytoplankton

are forced to stay in the unillurninated regions of the water column by

turbulent mixlng. The influence of light on phytoplankton growth ís
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mediated through the reactions of photosynthesis, and a signíficant

mathematícal frame\^tork has been derived describing photosynEhesis-

irradiance relationships. Early models assumed raÈe of photosynthesis

to be proport,ional Èo líght intensity and so to decrease exponentially

wíth depth (Sverdrup 1953). The concept of light saturatíon of

phot.osynthesis was later recognized and Tallíng (1957a' b) described

the change ín rate of photosynthesis wíth depth based on the

photosynthesís-irradiance relationship of Srnith (1936) .

A further compllcation arose from the observation of light inhibition

aÈ high lrradiance intensitles and substantial effort has been

expended on investigating functíons to describe the total photosynÈhesís-

írradiance curve (Steele L962; Vollenweider 1965; Fee L969, L973a;

Platt et 41. 1980).

The varíab1e of primary interest when considering population

fluctuatíons ís the areal rate of photosynthesís, obtaíned from the

depth integral of the photosynthesis-depth curve. Talling (1957b)

derived a depth integral based on the photosynthesis-irradiance

relationship of Srnith (1936), and Lhis has been successfully applied

to a broad range of aqua¡ic habitats (talling L965; Bindloss L974;

Ganf 1975; Jewson 1979; Harris et a1. 1980). The success of this

model, despite its neglect of surface inhibitlon, coupled I^Iith the

difficulty Ín applyíng and interpreting the more comPlex models, has

reduced the practical use of functions íncorPoraÈing surface

inhib itíon.

The model proposed by Talling (1957b) assumes a homogeneous \¡Iater mass.
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For cases of marked vertical inhomogeneity Fee (1973b) has provided

a computer program to numerícally calculate daí1y integral

photosynthesis from dally rates estimated f.ot a series of small

vertícal layers.

The concept of a crítica1 mixíng depËh which ínhíbits phytoplankton

growth by líght lirnitation appeared early in the literature (Gran &

Braarud 1935; Riley 1942; Sverdrup 1953). It ís defined as the

depth to which the phytoplankton must be circulated for íntegral

photosynthesís and integral respiratlon to balance over a 24}:r period.

Incorporation of the photosynthesis-depth integral of Talling (1957b) 
'

inÈo a model inter-relating photosynthesis and respiration with the

optical propertíes of the vlater column and the ratio of euphotic to

mixed depth, provided a basis for assessing the suitabilíty for growth

of the light regime of the mixed \^raÈer column (Talling L957b, L97I;

Steel L973, 1980).

Available data on the light regíme of Australían inland waters (Kirk

I976b, L977, L979; Ganf 1976,1980; Bowles et al. 1979) has

demonstrated their extreme turbidity. This attrfbute, coupled with

the monomictic thermal pattern whích apPears typical of Australian

lakes and reservoirs (l{illiams & I,tran L972), suggests that írradiance

and thermal stratíflcation mlght be signlflcant factors deterrnining

biomass fluctuations.

In the field of phytoplankton ecology interest in photosynthesis

measurements has not only centred on determination of íntegral

photosynthesis, but also the study of adaptatíon to changing irradiance
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(Jorgensen & Steemari Nielsen L966; Yentsch & Lee 1966; Vollenweider

L97O; Steeman Níelsen 1974; Jones L978; Harris et al. 1980).,

Adaptatíons, or physiological adjusÈments (Beardall & Morris L976) of

photosynthetic efficiency and capacity are of interest to studies of

seasonal succession as they may reflect the relative capability of

different algal groups to utilíze the líght regime (falkowski & Owens

1980). In turbid uraters where suspended particles and dissolved

colour competitively absorb the available light, such adaptaËions may

be of partícular importance. Fundamentally the question of

phytoplankt.on adaptation to variations in írradiance ís one of líght

absorption, hohrever, only recently have algal light absorption

capabilities been specifícally íncorporated in photosynthesis models

(Bannister L974; Snith 1980).

The frequently observed decline in nut.ríent concentrations following

vernal increase in phytoplankton biomass, has led to the vie¡¿ that

nutríents are a major factor lirniÈíng population size, and a drívíng

force to species succession (Pearsall 1932; Lund 1950, 1965). It

has been demonstrated that a wide range of nutríents may potentially

act to liurit phytoplankton growth (Lund 1950; Droop L9lO: Goldman

I972; Smayda L974), however nitrogen and phosphorus have long been

considered major determinants (l,und 1965). The development of

chlorophyll-phosphorus models has confirmed the significant role of

phosphorus in determiníng bíomass levels for a large number of

northern hemisphere lakes (Sakamoto 1966; Vollenr^reider 1970; Dlllon

& Rigler 1974). The extension of these models to include the

effect of nitrogen avaílabilíty on the uËlllzation of avaílable

phosphorus, has further refined predictions (Smith 19- ), and
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demonstrated the ímportance of nitrogen in lakes with relatively

high phosphorus concentrations. However these models provide 4o

insight to the timing and magnitude of potentíal blooms, or to

specíes succession.

The determination of growth límiting nutrients in sitt't is far from

simple. Chemical analyses of hrater samples may ín some cases

provide the necessary information (Schelske et a1. L978; Forsberg

et al. 1978), but frequenÈly ambient concentrations do not reflect

the resource supply (Stewart et al. 1978). Srnayda (1974) bioassayed

r^rater samples using the marine díatom ThaLassíosír,a pseudonana and

demonstratcd that routine chemical analysis could not be used to

predict the growth and succession of species in Narragansett Bay.

Although bioassays represent an imporEant technique for deterrnining

nutríent availability (Srnayda L974; OrBrien & de Noyelles 1976;

Schelske et a1. L978) the water sample is usually cut off from sources

of nutrient supply such as re-cycling. Consequently the absence of

detectable levels of nuÈrients cannot necessarily be equated with

nutrient limitation.

Healey (L975) reviewed the literature on cellular composition under

varying nuÈríent condítions and suggested a number of physiological

changes useful as indicators of nutrient limítation, and providing a

dírect means of assesslng the in situ nutrient supply. The use of

these indices is dependent upon measuríng ce1lu1ar attributes of the

phytoplankton, this is frequently dÍfficult as algae comprise only a

fraction of the seston.
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The many problems associated r,¡íth determining in situ avaílabi1ity

of nutrients has resulted in few unambíguous examples of the

dependence of phytoplankton growth on the resource supply.

Lund (1950) correlated the declíne in spring diatom-growth with

sílica depletion, a result supported in some lakes (filhan 1971) but

not others (talline L966). Knoechel and Kalff (I975) demonstrated

that the shift in domínance from diatoms to blue-green algae in Lac

Hertel resulted from the decline of the population through

sedimentatíon.

Unequívocal evídence for the potential ínfluence of nutrient

avaílability on specles succession comes from laboraÈory experiments

on nutrient uptake kinetics (fitnam I97L; Droop L974; Tilrnan &

Kílharn 1976). These have demonstrated varíation in the capability of

phytoplankton specíes to utílíze different concentrations of

nutríents. Titnan (1976) experímentally confírmed the resource

based competftion theory, and successfully described the dlstríbution

and relatÍve abundance of two diatom species along a transect in Lake

Míchigan on the basis of their abílity Èo use silicate or phosphate.

In general however, applícation of the steady-state laboratory results

to the fíeld síruation is fraught with difficulty (Harris 1980), and

ínterpretatíon of the sígnificance of different uptake rates to bÍomass

development and species succession obtuse (fattf & Knoechel 1978).

Despite the problems of interpreting nutrient measurements the

literature suggesEs that in stratÍfled lakes nutrlent depletion

resultíng from extensive algal growth in the epilimnion is likely to
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limit sunner biomass levels

Kalff & Knoechel (1978) emphasized the importance of loss factors to

fluctuations in phytoplankton populations, and the need for a beEter

understanding of loss processes. In a \.later body which thermally

stratifíes, turbulence wíll show marked seasonal variation.

Hutchínson (1967) after considering the hydromechanics of the plankton,

concluded,

"It is quite possible that much of the seasonal succession

of the phytoplankton is due to this interrelation between

turbulence and sinking sPeed".

Phytoplankton sinking rates have been extensively studied with a view

to assessing adaptations to suspension (Smayda & Boleyn 1965, L966a, b;

Eppleyetal.Lg6T;Smayda1970;Reynolds&WalsbyL975;Titman&

Kilham Lg76). HÍstorically the diverse shapes of planktonic

organisms focused attention on morphological adaptations to flotation

(Srnayda f970), however ít became evident that sinking rates frequently

varied independently of changes in cell morphology (Smayda & Boleyn

1965, L966a, b; Eppley et al. L967; Titman & Kilham L976)'

These results írnplied that cellular density changes ïIere important

determinants of phytoplankton sinking rates, and that adaptations

to suspension could only be assessed when densíÈy and rnorphological

factors were discrimínated. The lack of a technique to readfly

measure phyËoplankton cellular densities has severely handícapped

ínvestigation of adaptat.ions to suspension. Only studies of the gas-
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vacuolate blue-green algae, which undergo extreme density variations,

have continued successfully (l,Ialsby I97I, L978; Reynolds & I^Ialsby

L975; Allison & llalsby 1981).

Recently, the major factors described ln the preceeding paragraphs

have been combined lnt,o a general hypothesís of phytoplankton

succession. Lewis (1978a) suggested a hypothetical tíme tract for

the succession of algal species in tropícal Lake Lanao which

involved the ínÈerplay between l^Iater turbulence, míxing depth, líght

and nutrient aval-lability. The successional sequence described,

commenced \^rith diatoms during periods of low light availabilíty, high

nutrien¡s, deep mixing and high turbulence. Pulses of green algae'

blue-green algae and fínally dinoflagellates occurred successively

as míxing and turbulence decreased, líght availabílity increased, and

nutrient availabílíty decreased. Reynolds (1980) has produced a

simílar successional sequence for a number of English lakes.

Based on the general concepts embodied in the líterature the following

areas were delíneated for deÈailed research to be carried out on one

of Adelaiders metropolítan reservoirs' Mt. Bold Reservoir.

a) Invest|gate the optícal propertíes wiEh particular reference to

Èhe significance of turbidíty and dissolved colour on llght

attenuatlon.

b) Describe the seasonal thermal regime and assess its effect on

biomass patterns.

c) Determine the availability of nutrients and their influence on

phytoplankton growth.

d) Describe the seasonal variation ín phytoplankton biomass and

species succession.
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e) Measure the seasonal variation in phytoplankton photosynthesis

and assess the effect of variations ín phytoplankton irrad,iance

absorptíon capabilitíes .

Investigate phytoplankton adaptatlons to suspension.

DESCRIPTION OF THE STUDY AREA

L.2 General InÈroduction

The Mt. Lofty Ranges rise to the east of Adelaide in a series of steep

scarps termínating in several levels of benches and high planes. The

summlt plaln stands aE 300-400m, but residual remnants such as Mt.

Lofty (727n) protrude above this level. The ranges have a

dominating effect on the climaÈe of the Adelaide regíon through

orographic uplift of the easterly moving low pressure belt which

influences the souÈhern regíons of the state in wínter (Schwerdtfeger

1976). As a result the Adelaide region has a climate anomalous to

the rest of the state, which ín general is aríd, some 80% having less

than 250mrn of precipítatíon annually (Fig. 1.1). In summer the

southerly shíft of the low pressure belt results in Èhe Adelaide

region experiencing prolonged dry periods typÍcal of Mediterranean

climates. The concomitant absence of cloud and extreme dryness of

the air cause evaporation rates of 200rnm per month in January

compared to 40rnm per month ín July (Schwerdtfeger 1976). The average

annual rate of 1500nm (Specht 1972), represenÈs a potential loss

equivalent to twice the average precipitation. The lack of summer

ralnfall and the general aridity of the state has necessitaÈed the

construction of large bulk storage reservoirs to serve the needs of

f)
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domestic, industrial and agricultural requírements. The Mt. Lofty

Ranges constitute a major Source of water and suítab1e storage,siËes,

and provides a valuable \^rater resource Èo the state.

1.3 General Characteristícs of the Mt. Bold Reservoir Catchment

Mount Bold Reservolr (35o07'S, 138'43'E) was constructed in 1938 by

impoundmenÈ of the Onkaparinga River. The catchment covers an area

of 388km2 most of which is drained by the Onkaparinga River and

rríburaries (pig. I.2 a, 1.3).

The soils ín the area are predominantly acldic duplex podzols

underlayed by sandstone, slate, quartzíte or, schist (Northcote L976) .

Of particular interest. l-s the general deficiency of these soil Eypes

in nitrogen and phosphorus as well as some trace elements (eg. K' Zn

and Cu).

The natlve vegeÈation of the catchment has been largely cleared, and

only in the reserve aúound the reservoír is there any extensive area

of the origínal selerophyllous woodland remainíng. This ís dominated

by EueaLyptus species (eg. E. obLiqua, E, bantez'i, E. LeueoryLon,

E, eqnaLduLens¿o) htith a heath type undersÈory (mainly members of the

Proteaceae, Epaeridaceae, and Dilleniaceae).

precipltation in the catchment ls the highest ln South Australia (Flg.

1.3) and until the 195Ors provided the major input to the reservoir'

However increased water demand led to the construcÈÍon of a pípeline

to carry \^rater from Èhe Murray Ríver at Murray Brídge, to a point on
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the Onkaparinga River just above Mt. Bold Reservoir. In

recent times íncreaslng use has been made of Murray River ltater to

augment, the natural suPPlY.

As the catchment l-s an area of high ral-nfall in an otherwise arid

region, agricultural exploitatíon began very early. Districts

suitable for orchards and market gardenJ-ng were discovered and still

thrive with the use of artíficial ferEilizets, The addition of

fertilizers has further enabled the extensive podzolic soils to be

utílized for both agricultural and stock grazing PurPoses (Fíg. I.2,

Table L.2) .

The advent of rapid transport combined with the close proximity of

the ranges to meÈropolitan Adelalde has caused an increasing

population pressure on Ëhe lírnited resources of the area. In 1971

the Engineering and water supply Dept. produced estímates of the

population and land usage of the catchment for the 0.E.C.D., these

data are shown in Table 1.2. The total populatíon of the area is

no\^r c. 28,000 (June 1980 estimate, Bureau of Statistics), havíng

almosÈ doubled 1n 9 years.

Despite the substanË1al impact that multiple land use ís acknowledged

to have on the trophlc status of a \,tater body' no extenslve data on

the biology of Ehis reservoir has been published (Ganf 1980). Thís

1s partfcularly surprisíng as the Engineering and WaEer Supply

Department annually spends a considerable sum of money on copPer

sulphate,to control nulsance blooms of blue-green algae.
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A considerable amount of unpublished data on physical and chemical

characteristics of the reservoír has been collected during routine

hrater quality monitoríng by the E. & !{.S.' and access to this data

províded valuable background to the present study.

THE LACUSTRINE ENVIRONMENT

L.4 General Description and Morphology

The reservoír is an initial impoundment for drinking vlater and used

to feed lower-level service-storages, where the water ís treated and

supplíed to to\^/nships in the southern Mt. Lofty Ranges, and to the

Adelaide metropolitan reticulation system. AÈ full service level

the reservoir surface ís 247m above sea level, extends 8km upstream

from the dam wa1l and is c.lkm across at the widest point l^¡ith a

dendritic morphology typÍcal of flooded river valleys. The maximum

depth of 47m occurs at the dam wall. Further morphometric and

bathymetric data are presented in Table 1.1 and Fig. L.4.

In generaL c.707" of the catchment rainfall occurs in the six month

period duríng wínter and spring (Schwerdtfeger I976), resultíng in

marked annual variations ín flow rates of rivers supplying the

reservoir (Fig. 1.5a-c) . Thís, combined with íncreased \^/ater

consumption during the dry summer causes large annual oscíllations in

the reservoir level (Fíg. 1.6), which are mediated Èo varying degrees

by inËroduction of waÈer from Èhe Murray River.

Superimposed on the annual precípitation cycle is the frequent
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occurrence of extended drought periods during r^rhich the supply of

\4rater from Ëhe cat,chment is markedly reduced. In 1976 and L977

rainfall in the Mt. Lofty Ranges vüas c.75% of. the expected annual

average and monthly values showed a surprisingly uniform distribution

(Fig. I.7), wirh a large proportíon (20-25%) of the precípitation

falling during periods epiËomized by htgh evaporative rates.

Consequently catchment inflor^rs to Mt. Bold Reservoir \^lere 1ol^r (Table

1.3) and substantial quantities of \^¡ater comprising c.80-907" of the

annual inflow \^rere pumped from the Murray Ríver (Table 1.3, Fig. 1.5a).

Precipitation ín 1978 was only slightly belohr average (fig. 1.7) but

was insuffícient to f111 the reservoír after the Ër^Io consecutive dry

years (Fig. 1.6) and Murray River \^7ater was pumped during the summer

(Fie. 1.5b) to maintaín reserves (Table 1.3)-

In 1979 precipitation exceeded the annual average (¡'ig. I.7), and

sufficient water was received from the catchment to fill the reservoír

(Fig. 1.6, Table 1.3).

The variable rainfall therefore results in dramatic changes to the

mixture of water held in storage. As l¡rater from the two sources is

likely to be physically and chernically disímilar thís will have

ímportant effects on the biology of the system.

It is noteworthy that sÍgnificant river flow did not occur until June

of each of the years lg76-Lg7g (Fíg. 1.5), (Buckney L979) ' even

though 3O.-5Oi¿ of the annual precÍpitatlon had been received (Fíg' 1'7)'

Simple addition indicates that stream flow occurs after the average
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rainfall of the area exceeds c.250rnm (Table L.4). The fígure r¿i1l

vary depending on the location and timlng of precipitation, however

the slmilaríty of the values suggesÈs a repleníshing of soil

molsture removed duríng the dry surnmer period. As a result of this

soil defíclt, Èhe occasíonal surmer rainsËorm which can delíver a

signíficant quantity of r^/ater to Èhe catchment area, rarely contríbutes

to the reservoir supply.

Aquat.íc macrophytes are absent from the reservoir, and due to the

large annual variation in waËer level it seems unlikely that rooted

macrophytes will ever pose a seríous problem. Phytoplankton

therefore constituÈe the only autotrophíc comPonent, and extensive

blue-green algal blooms are a regular summer occurrence.

Historically Mt. Bold Reservoir has been ínfrequently dosed wíth CuSO4

and it was chosen as the study site partly for this reason.

Unfortunately history did not repeat l-tself, and ín two of the three

seasons data sequences were ínÈerrupted by periods of dosing.
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MOUNT BOLO RESEFVPIR

scale l:20ooo

Contour depth intcrval 10m

Bathymetry of lvlË Bold Reservoir (Engl-neering & I,trater Supply

Dept) showlng the north and south sampling sites and samplfng

slte A.

Fte. 1 .4:



Fig.1.5: Daily inflow (megalítres) to Mt Bold Reservoir

as measured at Houlgrave tr'Ieir on the Onkaparinga

River, during the study period. Hatched areas

denote Ríver MurraY lvafer.

a I977-78

b L978-79

c 1979-80
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Surface area (m2)

Maxi¡num depth (ut)

Mean depth (m)

Volume (m3 )

Length (rn)

IdídÈh (n)

3.08 x 106

47

25.4

47.3 x 106

8000

1000

Table 1.1 Morphometrlc data for Mt Bold Reservoir at full-

storage level.



Table tr.2

Population

Total number of inhabitants l-5,000 (L97L estlmate)

Towns, villages and so on speeifÍed by Ínhabitants:

Bridgewater-Stirl-íng-Aldgate{rafers 5300

tr{oodside Army Camp 2000

lfoodsÍde 690

Lobethal 1380

Hahndorf 670

Uraidla-Summertorflr 610

Balhannah 32O

oakbank zLO

Echunga 180

Mylor 90

Charleston 80

Lenswood 50

Carey Gully 50

The remaining 3350 live on farms ín the waÈershed.

Land usage of catchment area:

i-ndustria purposes 0.3%

urban (including streeËs,places) 4.8%

agricultural purposes

pasture and fodder

gardens and orchards Ì ploughed 4L'01¿

open grazing unploughed 35.6%

forest
nat e L4.97.

exotic L.6i4

miscellaneous I.0i4
reservoír 0.871

Sewage and effluent discharge!

Domestic

LobeËhal (1380 population)- sewage pumped out of

catchment for lagoon treatment.

I^Ioodside Army Camp (up to 2000 pop.)- secondary

t,reatment and chlorination of effluent
before discharge to small sÈream.



Table 1.2 (cont.)

Remainder (c. 12,500 pop. on

índividual septic tanks

Industrial

Lobethal tloollen Mills

Rural
Piggeries

- quanÈiÈy of effluent seePing to

streams not known buÈ effects
detectable downsÈream of major

populatíon cenÈres, esPeciallY

in the !üetter parts of the

catchment (e.g. Aldgate Creek).

wastes pumped out of caËchment and treated

in lagoons wiÈh the domestic sewage

from the township.

- lagoon treatment for some 4000 of the 5000

pigs on catchment.

- spray irrigatlon for some 7500 of the 8700

mílking corls on catchment.

-'dry coll-ection and spread on pasËures' gardens

etc. or disposed of outside catchment

for some 550,000 birds.

Daíries

Poultry etc.

In addítion to the above livestock some 2I,000 cattle and 30'000 sheep

and an estímated 2000 horses are also present wiËhin the v¡atershed.

Table 1.2: Human and animal populations and land usage of the Mt Bold Reser-

voir catchment area as reporÈed by the Engineeríng and l{ater

Supply Department Ëo the O.E.C.D. ín 1971



L97 6-L977

Catchment 692L

River Murray 68354

7. from River Murray 90

L977 -r978

6s7

7 6367

99

L978-r97 9

37425

L663L

31

1979 -1980

76L33

0

Table 1.3: Voh¡ne of water (megalitres) entering Mt Bold Reservoír,

compared to the v.olume prmrped from the River Murray, for

annual periods July-June

Year

L976

L977

L978

L979

Ralnfall (*tt)

2LL

3L7

270

268

Table 1.4: catchment rainfall between January and the initiation of

stream inflow to Mt Bold Reservoir vla the onkaparlnga

River (June ln each year).
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METHODS AND MATERIALS

2 .L. Field Methods

Inlater samples were collected from discrete depEhs using

a 1- or 2-Iitre Friedinger sampler, or on occasions with a sub-

mersible Otter pump connecÈed to a 40m length of opaque tubing.

Integrated euphoËic zoîe samples were collected with a 2 ot 4 m

length of PVC piping, stoppered with a rubber bung prior Èo

rernoval. Samples hrere stored ín l- or 2-Litre acÍd washed poly-

ethylene bottles and kept cool and dark in polystyrene boxes

until arrival at the laboratorY.

Integrated euphotic samples for protein and carbohydrate

analysís were collected beËween 0900 and 1000 h and siphoned ínto

150 ml glass stoppered bottles contaíninE 2 nL of. 50% glacial

acetic acid r,¡hich acted as a preservative (cf . Gíbson 1978).

On return to the laboraÈory the water was filtered Ëhrough coarse

mesh netting to remove zooplankton and, dependíng on PhytoPlanlcton

biomass, a 15-100 ml sample sedímented in a bench centrifuge for

10 min. fhe supernatant was discarded and the cell-s resuspended

Ín 1 ml of distilled water arrd f.rozen until anaLyzed'

A continuous record of total íncoming solar Írradiance htas

graphically recorded using a solarineter. Incomíng lrradiance

during experimental periods was al-so measured with either a

solarÍmeter (Kipp and Zonen, Holland) or a quantum sensor (Lambda

Instrurnents, U.S..A.) connected to a vol-t-time íntegrator (Lintroníc

Ltd., U.K) recording 15 mín. íntegral-s. UndenraËer irradiance

íntensity was measured in opposíte directíons usíng two vertically

held underrnraËer quantlfn sensors (Larnbda InsËruments, U.S.A.)



L7.

secuïed in a cradle and lowered on a boom projectíng 1 metre from

the side of the boat (Kirk L977). Upwel-llng and downwellíng

irradíance rnras measured every 0.2 m during Èwo profíles of the /

euphotic zorre. Each profile was performed rapidly under constant

sþ conditions.

Ihe quantum sensors meâsured the waveband 400-700nm, which

was Èaken to be equivalent to photosynthetícally acËive radíation

(PAR). Comparison of solarimeter and quantum sensor recordíngs

over short time perlods enabled daíly total radiation to be converted

Èo daily PAR values. PARüras usually ca. 46% of total radiaËion

(Talling L957a). Upwelling and downwelling extínction coefficients

were calculated by linear regressíon from the logarithuric transform-

atíon of Èhe Beer-Lambert 1aw following graphícal assessment. I^Iater

temperature r¡tas rneasured with a thermist,or probe readlng to 0.01oC,

and oxygen concenÈration with an oxygen electrode (Martek Inst.).

Photosynthesis profiles \¡rere measured between 1000 and 1400h

trsíng either at" 14C or oxygen technique. An integrated euphotic

zone \.rater sample was siphoned inÈo a series of duplícate borosilicate

boÈtl-es (125 rnl) ln dim light. These l^lere suspended horÍzontally

aÈ a nr¡nber of depths over the euphotic zoÍLe. BotÈles wrapped in

alumínium foll were used to measure dark fixatíon of 14C, ot o)<ygen

uptake. Exposure times varied from 1.25 - 4 h wÍth the maJorÍty of

experiments lastinE 2 h.

Prior to Íncubatíor, 14C bottles were inoculated with 2.5 uCi
1L

NaH--COr. These experiments r¡Iere terminated by adding 1 rn1 of

4N H2SO4 which reduced the water sample to pH 2. Sub-samples

(20-40 rn1) were concentrated on lfhaËman GF/C (2.1 cm) filters and

dríed on planchets wíth 2 drops of L7" propionic acid. Filters were
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then placed in scintíllation víals and L4C 
^.t1uiËy 

measured in a

Packard Tri-carb f-iquld scinùill-atíon specÈromeÈer' using 10 ml of

a toluene based scíntillatlon fluor (4e PPO and O.2 e POPOP per

litre of 2 : 1-, Toluene : Brydet detergent) . As a result of the

heterogeneous nature of Èhe sarnple correction for quenching could

noË be made using channels ratio, exÈernal standard or internal

standards (Bush L963; Pugh 1970; Bransome & Grower 1970). To correct

for quenching and cell breakage, a range of volumes rltas filtered

and the linear rel-atl-onship beWe"r, 14a actlvity and smal1 volumes

,r".d to correct for the apparenË loss of activiÈy in the experimental

strb-samples (Arthur & Rigler L967). The correcÈion factor varied

beÈ:ween 1.0 and 1.33 r¿lth the majority lying between 1.0 and 1.2.

Assimilation rates hrere corrected for dark uptake oÍ. L4C, but this

rarely exceeded L7" of Èhe maximum photosynthetic rate.

Ttre specffic actfvity of the ampoule of stock solution used

for each experiment was deterrnined by layering 0.025 ml of isotope on

a llhatman GF/C Í.íLter to which had been applied 0.1 ml of 2N NaoH.

The dried sampl-e rttas cor¡nted in the same manner as experimental

samples. Counts obtained from Èhe layering technique were 1ínear with

voh:me up to at least 0.05 ml of isoÈope.

' For determínaÈion of extracel-l-ular products filtrates r¡Iere

bubbled 10 mln. wíth (99"/. N + L% CO2) and 5 rnin. with air. A 1.0 rnl

sample of ftltrate was added direcËly to l-0 rnl of scíntillaÈion fluor.

Counts $rere correcËed for quenchlng by channels ratio.

Total lnorganic carbon was determined by titratíon with 0.01N

HCl as described by Golterman (1971).
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oxygen incubatfons rfere terminated by addition of !ül-nkler

reagenÈs (Carpenter 1965), and oxyBen concenËraÈíons determlned

by amperometric Èitration (Tallíng tLg73) wiËh 10 mM sodium ttriosulptrate.

DepÈh profiles of chlorophyll a concentraÈion were obtained

ftom in sítu f.Luorescence measurements using a Turner Model III

fluoromeËer fitted w1Ëh a high volume flow through door, the

recommended exciËation and emittance filters (Turner Co.) and a

red-sensiÈive photornul-típlier. Continuous profíles Iüere recorded

on a Rikadenki charÈ recorder. Calibration of the fluorometer was

achieved by taking frequent samples from the outflow for chlorophyll a

analysis.

Chlorophyll a concentration was estimaÈed spectrophoÈometrically

after grinding a !ühatman GIC fíltered sample in 90% aceËone and

extracting cold for L2 h. Calculation follorn¡ed the abbreviated

equatíon of Tallíng & Dríver (1963).

2.2 Labora methods

phytoplankton sarnples were preserved with Lugols iodine solution

(VoLlenr¿efder 1969) and subsequenÈ1-y counted using the inverted

microscope technlque described by Ltnd et aL (1958). Average cell

volumes l^Iere computed from mícroscopic measuremenÈs of cell dimensíons

uslng volume formulae of equival-ent geometríc shapes'

BÍoassay experimenËs util-ized the natural phytoplankton

assernblage as test organisms. I^Iater samples from discrete depÈhs $Iere

fll-Èered Èhrough prewashed, InlhaÈman GF/C fil-ters and 100 ml sub-

samples of filtraËe Èransferred to four 250 ml conical flasks for

each depËh. One flask acted as the control, r¡hi1e Èwo flasks lirere
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enriched to concentratlons of 1150 Ug No3 - N ¿-1, and 100 pg

-1pO, - p L-- respectlvely. The fínal- flask was enriched r^rith both
4.J¿

phosphate and nitrate to these same levels.

An inÈegrated euphotic zone sample was filtered through a

Millípore 0.45 U fílËer and the algae resuspended in a small volume

of filtrate using a stirring bar and magnetic stirrer. This

concentrate üras used Ëo lnnoculate the 250 nl flasks to an initial
,1

concenËraÈion ( 0.5 mg dry weigh1 L--. Flasks were Íncubated at
_t -1

ZO"C in a L2 z L2 lri.gtrt dark cycle at 300 UEinsteíns m "s ^ for a

6-8 day perlod. Biomass changes I¡tere measured at least every tlro

days by fluorescence measurement ín the Turner fluorometer. The

mean gro\^rÈh rate bet¡,reen the end of Lag phase and the peak bíomass

level was used as a measure of the growth potenËíal of the sample."

CarbohydraËe analysís (Stone, r:npubl-ished Ëhesis) was carríed

out colorimetricalLy using anthrone reagenË standardized to D * glucose

solutions, and all results expressed as glucose equivalents (Herbert

et aL L97L).

Proteín was estimaËed (Stone, unpublished thesís) wíth the

Folin - Cíocalteu phenol method, fol1-owlng the procedure of llalmann

(L972), and referred to bovine serum albumen standards.

Chemical analyses of v¡ater samples ÍIas carríed out by the

Bolívar Laboratories of Èhe Engineerfng and InlaÈer Supply DepartmenË

as part of their routine water quality monitoring prografime. Discrete

\,irater samples were taken from 10 m depth intervals at one or thTo

weekly intervals.
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The following líst descríbes the basis of the technÍques.

Amnonia: Deterrnined colorimetrically by the reaction of alkaline

phenol and hypochl-orite wlth anrnonía to form índophenol

blue. Colour intensity was íncreased by addition of

sodium niÈroprusside. The method ís based on Technicon

meËhod l-54-711^I.

Total Kjeldahl Nitrogen: Determined colorimetrícall-y following

formation of anrnonium sulphate by dlgestíon at 370"C with,

sulphuric acid and potassium sulphate. Ttre dígest \^las neutralised

with NaOH and treated with alkaline phenol and hypochlorite

to form indophenol blue. colour lntensity was increased by

addiËÍon of sodium nitroprusslde.

NÍtrogen, nitrate-nltrite: Filtered samples (0.45 u) were passed

Ëhrough a cadmium column to reduce nítrate to niËrite, which

then reacted w-ith sulphanilamide Èo form the dlazo compound.

ConcentraËion was determined colorlmeËrlcally by formation of

Èhe azo dye. Separate nítrate and nitrite values were obtained

by assaying filtered samples wíthout cadmium reduction. The

method is based on Technicon method 100-70I^1.

Dissolved reactive phosphorus: Fíltered samples (0.45U) were reacted

with ammonium molybdaËe and anËímony potassíurn tarËraÈe in an

acid medium to form a complex which was reduced Èo molybdenr:m

blue by ascorbl-c acid. Concentratíon was determined colorimet-

rical-1-y. The automaËed method ls based on Technicon method

155-7lrd.
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I

Total phosphorus: Detemlned colorimetrically from the sase digest

as total KJeldahl nitrogen, usifig the analysfs descrlbed for

reactive dissolved phosphorus. The auÈomated method was

based on Technlcon method 327-74W.

SllÍcate : DetermLned colorlmetrically followfng fornation of

rnolybdate complex fn acid solutlon and reducplon wlth stannous

chloride.

Further specl-ff.c methods are desðrlbed fn relevant sectlons.
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PHYSICAL ENVIRONMENT

LIGHT CLIMATE

3.0 Introduction

Incomíng solar radlaÈion plays a major role in freshwater

ecosystems through its effects on the thermal structure of the

\^rater column and its uÈílizatlon in photosynthesis ' In South

Australia, elear summer skies ensure high incident irradíance

levels (Fig. 3.19), however, the extent to which incident

radíation penetrates Èhe w¿IÈer column 1s a functíon of light

attenuatíon and scatteríng by components of the medium including

dissolved coloured compounds, suspended inorganlc particulate

matter, phytoplankÈon and r^7ater ítself .

The avaílable quanrirarive data (KÍrk L976b,L977, L979; Ganf

1976, 1980; Bowles et al L979; Oliver and Ganf ín press)

suggests thaÈ many Australíarr inland waters are highly coloured

and turbíd. Previous measurements on MÈ. Bold Reservoir showed

rapid light aËtenuatíon, particularly after the entry of Murray

River water (Ganf f98O). As turbidity and col-our compete wíth

phytoplankton for absorption of available light, high values

restrÍct the levels of photosynthesis, growth and biomass which

ean be attained. To investigate these inter-relatlonshlps

extenslve líght measurements were made during the study period

uslng Èhe technÍques described 1n Chapter 2'
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3.1 Extinct ion Coeffíclent and -the EuphoËlc Zone

In a homogeneous, non-scattering solution the intensity of

monochromatlc light decreases exponentially with dep¡h and 1s

described by the Beer-Lambert 1av7,

I
I Ie -ez (3.1)

o

I
where I is the ltght intensity at depth z me¡res, I the surface

z "---r ' o

intensity, and e the vertícal extinctÍon coefflcient ([n units m-l)

In practise Èhis relationship often adequately describes

atEenuation of photosynthetícally actíve radiation (400-700 nm

= PAR) (Smith 1968; Ktrk 1977). In such cases the verËícal

exÈínction coeffícient (e), determined from a semi-logarithmíc plot

of lighÈ intenslty agaínst depÈh, provídes a useful Parameter to

compare light attenuaÈíon by l¡Iater bodies.

Downwellíng and upwelllng irradiance in Mt. Bold Reservoir closely

followed an exponential relaÈíonship with depÈh (Fíg. 3.1),

although slight devfaËlons to 0.2m resulted from rapid attenuatíon

of the nost hlghly absorbed wavelengths. Linear regression

analysís of sernl-logarithmlc graphs yielded regresslon

coeffícients (t2) greater than 0.99 ln all but a few cases.

Duplícate values of extinction coefficients, estimated from the

negaÈíve slope of the semÍ-logarithmic plots, rarely differed by

more than 10%.

Extinction coefficients ranged from c. 1.0 - Ll.0 (Fie' 3'2)

wíth naximal values occurring at the northern sampling site durlng

z
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periods of high stream inflow fnitiated by catchment rainfall

(Fig. 1.5 e 3.2). The large dífference in extinction coefficlents

between the norÈhern and southern samplíng sites índicates

signifícant sedimentation of t.ransported material. It 1s

not,eworthy, in the lighÈ of suggestl-ons Èhat Murray Ríver rrlater

is a major contribuÈor of turbidity Èo the reservoir (Ganf 1980),

that extinction coefflcíents tended to fal| durJ-ng extended

periods of pumping G977-78), but íncreased dramatically with the

inf low of catchment \^rater (e.g. July 1978 Fíg. 1.5 & 3.2) .

The applicabílity of the Beer-Lambert lar¿ enables calculation of

Èhe depth of the euphotic zone (Z"u), defl-ned as that depth to

which L7" of íncídent irradíance penetrates. Rearrangíng

equation (1),

Direct fleld measurements of Z"u ate compared wlth calculated

values in Fig. 3.3. The close agreement supports the use of

the extínction coefficient to descríbe light attenuation in the

Íra¡er column of Mt. Bold. As expected from high extÍnct.ion

coefficients the euphotic zone fs narrohr, with an average depth

of c. 1-2m (Fig. 3.4).

3.2 Components of the Extínctíon Coefflcíent

The total extlnction coefficient, can be partitíoned into that

due to each of the absorblng cornponenls of the l,fater column'

? = 1o- 100 _4.605
euel-e
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E=eb*e +e *e (3 .2)
OJ Gp

e b is the extínctlon due to phytoplankton, b representlng the
s

biomass, usually measured as chlorophyll a concentration

(mg chl . *-3), and e" the specific extinction coefficient per

unit bíomass (*2 tg cnr Jl). er, en and ea (l,n units m-l) are

extinction coefficients due respectively to watei', suspended

particulate matter other than phytoplankton, and dissolved

coloured compounds, whích together comprise the background

exÈinction coefficlent e
q

e=eb*e ( 3 .,3)
q

Duríng perlods when e" and eO remain constant, equatlon (3'3)

describes a linear relationship between the total vertical

extinction coefficíent (e) and the chlorophyll a concentration

(b), from which in situ values of e" and eO may be estímated.

This requirement \^Ias met durÍng four períods (Fig. 3.5 (a)-(c) )

and values for e" and eO calculated using linear regression

(Table 3.1). All slopes dlffered from zero (P<0.02), but e"

values of 0.0L22, 0.0133 and 0.016 were not significantly

different (P>0.05). eO values of 1.59 and 1.44 were

significantly different at the 10% leve1 and all others at 5%.

The e val-ues are compatfble Ìrtith Previous estimates (talttng
s

1960; Bíndloss L974; Ganf. 1974; Scott L97B; Megard et al

L979;) faLllng within the range c. 0.01 - O.O2 m2 mg chl JI'

The high background extinctions indícate the turbl-d nature of

the water. A measure of the effect of tO values on the



27.

availability of 1íght for phytoplankton is the concentraÈíon of

chlorophyll a requíred to attenuate half of the available llght

(Tab1e 3.1), í.e. for e b = .q. The hígh chlorophyll

concentrations requlred, in Mt. Bold, to meet thl-s stípulaÈíon

are only bríefly attained (Fig. 4.L) lllustrating the dornínance

of e ln lisht attenuatfon.q"

During the winter period when chlorophyll concentration

<<10mg m-3, rO t" equivalent to the vertical exEinction

coefficient, while in summer eq = e-esb (Table 3.3). The

temporal variation ín eO at the southern sampling síte was

considerable (1 - 4.5 .0n m-I, Fig. 3.6(a)) and as it accounted

for the najoríEy of,vertícal attenuatíon ln all periods except

February 1980, e followed a sírnÍlar paÈtern (Fig. 3.6(a)).

To provide further lnsight to causes of varíat.íon in vertical

light atEenuation, data was obtained on the contributions of

díssolved colour and llght scattering.

3.3 The Role of Dissolved Colour in LiehÈ Attenuation

I^later samples from Ëhe southern sampling siÈe were filtered

sequential-ly through hlhatman GFC and 0.22 pm Millipore filters

to remove suspended material (Ktrk L976b), and fll-trate

absorbances measured at 10¡m intervals between 400-700¡m in a

Beckman Acta CIII spectrophotomet,er, using a 10cm cylindrlcal

cuvette. A linear zero absorption line was set on h/atert

double distilled in glass, using the inbuilt scale potentiometers.

Extinction coeffícients for dissolved colour (e
G
) (1,n uníts m-l)
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r¡rere calculaÈed for each 10 nm interval (Ffg. 3.7) and the

extínction coefficient for dissolved colour plus water (ea *)
(Table 3.3) obtained by adding the appropriate extinction for

clear natural htater (Smith & Tyler 1967>.

To provide a reasonable estimaÈe of the in situ value of e.,,., for
trfU)

total PAR it htas necessary to estímate the sPectral dístribution

of the incomíng solar irradiance, Èhe ínt,ensity of which was

measured wlth a solarimeter (Chp. 2). A literature survey

provided several sources of data on the spectral distribution

of global irradiance on a horizontal plane, (Taylor & Kerr 1941

(Table 11, Col. C&D); Henderson & Hodgkiss 1963 (table 1' Col. E2

e E3); Judd eË al. L964 (Table V, Correlated colour temperature

5500"K, 6500"K); Wl-nch et al . L966 (Table 1, Col. El, E5 & E6);

Thekaekara ]-97O). The percentage energy content of each 10nm

interval between 400-7O0nm r^ras calculated from the tabulated data

(Fig. 3.8 (a)-(c)) and a mean dlstribution determíned (Fíg. 3.8(d),

Table 3.2). The símílarlty of the various sets of results ls

marked, particularly when variation in locatlon and methodology

is considered. Kondratyev (1969, p.453) concluded that the

spectral composltíon of global radlation received by a horizontal

surface ís practically independent of solar height and

consequently remaíns constant throughout the day. The measured

incoming PAR (c. 46i4 total radiation, see Chp. 2) was partitloned

into LQnm lntervals on the basís of Table 3.2 a¡ð' converted from

energy to quanËa using Planckt s quantum equatlon. Application

of the extinctl-on coefflclents due to dlssolved colour and water

for each 10¡m waveband enabled calculation of the sPectral
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distribution and renaining ltght inÈenslty at various depths ín

a hypothetical column of fíltered water

The absorptíon of light by pure natural water (r'ig. 3.9(a)) is

maxímal at the red end of the spectrum, decreases rapidly to a

minimum ín the blue and then increases agal-n ín the violet

wavelengths. I^Ihen the extinct.ion due to díssolved coloured

material is fncluded (Fig. 3.9 (b)-(g)) ttre underwater light

regime is strongly modifl-ed, Partícularly in Èhe blue and

ultraviolet regions. The absorptíon of blue l1ghÈ is due to

the presence of dissolved yellow subsËances (gelbstoff=gilvin;

Kirk 1976b) consldered to be heteropolycondensates of phenolíc

compounds (Hall & Lee L974). The effecÈ of increasíng quantities

of gelbstoff can be ascertaíned using the attenuation at 440nn

G+,r', l,n unit" *-1) as a measure of gelbstoff concentration

(Kírk I976b).

The underwater light spectra in Fig. 3.9(c) (.+rr' = 0.51) shor¿s

a dist.inct maxímum penetratíon at À=570¡m, whích is reduced and

shifred to tr=58Onm ín Ffg.. 3.9(b) (.++o = l.B4). trIith a

further íncrease in gelbstoff concentration (Fig. 3.9(f)'

eOOO = 4.4) a small peak occurs at 590nn, buË Èhe most

penetrating wavelengths are situated in the red reglon of the

specÈrum (670-690nur). In Fíg. 3.9(e) (.,r,rO = 8.01) the most

penetraÈlng l^tavelength ts 700¡m and virtually no llght of

wavelength less than 500nm arrives at. a depth of 1.0n. As a

result of the important blue absorPtlon bands ln chloroplast

pigrnents, the depletlon of blue light due to gelbstoff will have
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significant effects on phytoplankton phoEosynthesis.

Vertical extinction coefficlents for total PAR penetrating a

water column containing only dissolved coloured material were

calculated from

I
tG+, 1 e"n (J¡

z 1I
o

where

À=700
tr=400

-e -z
^I t tå^ e

z

f| is incident light intensity, Il. incidenÈ light Íntensity for
oÀ

lO¡n wavebands, e^ Èhe exÈlnction due Ëo water and gelbstoff ln

waveband À, and f" the calculated intensiÈy remalning at depth

z after passage through l^tater and dissolved colour. eG htas

calculated in a sírnilar manner, replacÍng e^ with ea^. The

proportion of líght absorbed by gelbstoff ín the tvlo componenÈ
Eõ

system (:l-) provídes a measure of the slgnificance of díssolved
"G+t

colour to light attenuation (Fíg. 3.10, Table 3.3). At tirnes

gelbstoff absorbed >807" of available ltght.

In the two component system, where scattering ls negllgibJ-et

calculated extinction coefficients decreased with depth of

calculation, as expected from the concomitanÈ spect.ral shift to

more penetrating wavelengths. This made the choíce of a single

descríptlve extinctfon coefflclent, comparable to a mean ln siËu

value, dlffícult, partícularly in samples with hígh attenuation.

This p.roblen would be allevlated by direct data on the mean
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ín sítu spectral dístributíon of the euphotic zone, to which

laboratory measured extinction coefflcients could be applíed. .

In the absence of such data Èhe average calculated extínction

over 2 metres has been used as an índícator of the variation in

attenuation due to dissolved colour (Ftg. 3.6(a)). Actual

euphotic zone values would be smaller, as in sítu spectral

varíations occur more rapidly due to the increased pathlength

resulting from líght scattering.

A comparison of the laboraËory determined extíncÈion due to

dissolved colour and water (.C*r), wíth total vertical

extinction (e) and background extinctlon (eO) using equations

(3.2) and (3.3) ls not valld. The terms in these equations

refer to apparent verËícal extinction coefficients measured in

situ, not to absorbances as measured in the laboratory

situatÍon. The difference between the two sets of values

depends on the scat.teríng of light in the r^tater column.

Increased scatteríng will effectively increase the apparenÈ

vertical extlnctlon coeffícients by increasing the actual

pathlength lravelled Ín traverslng a fíxed vertícal depth. As

a result each term in equation (3.2) and (3.3) ís larger than

the attenuation whÍch would be measured in a non-scaÈÈering

medlum. If measurements made under non-scattering condítions

are denoted by a bar (1.e. .C*) then,

t=tc+r* e *eb+S (3.4)
sp

where e is the apparent vertical attenuatíon measured in situ;
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%*r, ãO and ã b refer to the same components as in equation (3.2)

but measured ín a non-scatteríng medíum, and S (1,n unít rn-I) is,

the extinctíon coefficlent due to líght scattering, or the total

volume scattering coeffícient (Duntley 1963). A comparíson of

;- values and in sítu vertical extinctíon coefficients (e)
G-r(r)

(rig. 3.6(a)), particularly during periods when chlorophyll a

concentratíon is very low and so e"b negligible, ímplies a large

atÈenuation of light by partícle absorption (eO) and scatteríng'

S.

3.4 Measurement of Lisht Scattering in Natural l'laters

In an attempt to assess scattering effects Kirk (1977) derlved

an expression relatíng the scattering properties of turbid r^Taters

to reflectance measurements. Reflectance (R) ís the raÈio of
I

upwelling írradiance to downwelling irradianc. tf) aÈ a given
tD

depth, and ís a function of both the líght scattering properties

of the $rater, and the exÈinctíon coefficíent, the laÈter value

determining the penetratlon of upward reflected light. hlhen

downwelling 1lght penetrates the \^tater column scatteríng causes

the radiance distributlon to become proportionately enriched at

lower angles to the horizontal, and reflectance increases with

depth (Kírk L977; Duntley 1963) , untí1 eventually Èhe radiance

dístribution takes up a fixed .form dependent on the optical

properties of the rrater. As this asymptotic radlance

dístribution is reached reflect.ance assumes a constant value (Rn)

termed asympËotic reflectance. In turbíd vlaters, for example

MÈ. Bold Reservolr, the asymptotic radíance dÍstributíon is

rapidly attained (Fle. 3.11).
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It wtll be noted that tn many of the proflles reflectance

tends to decrease after a períod of rather constant value. As

this al_r^¡ays occurred when upwelltng irradiance reached

C. 1 yE ¡¡-2 s-l it is considered to.be a result of recePÈor

insensíÈivity at low light intensitl-es. Asymptotic reflectance

values varied over a considerable range (Ftg. 3.6(b); lable 3.3)

being parricularly high in laÈe L977 and low ln late 1978.

(Results from the northern sampling slte are shown ln Fig. 3.13

for comparat.ive PurPoses. Lack of data oo eG+, values for thls

sice preclude it from full analysis.)

Kirk (1977) related asymptotic reflectance to a term descríbed

as the asymptotic backscattering coeffícient (b¡) ' This is

defined as the proportion of downward íncident radianE flux

scattered backvrard from an ínflnitely thin layer illumínated with

lÍghr having rheasymptoric radiance distribution typlcal of the

vrater, divided by the thickness of the layer' As rhe normal

backscaEEering coefficlenE bb (Jerlov 196B) is defined in terms

of a perpendicular, parallel beam of lncldenÈ light, bf will be

greater than bO.

The relationshlp derlved by Ktrk (L977)

b¡ 2 eRO
(3. s)

the asynptotic

two easily

relates the asymptotic backscatt,erlng coeffíclent Eo

reflectance and the vertical extincElon coefficÍenÈ'
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measured variables. Several assumptions are necessary in the use

of this equation: (a) light attenuation must be sufficient for 
r

reflectl-on from the bottom to be ígnored. The optLcal depth of

Mt. Bold ensured that this condítlon v/as met at all times at the

southern samplíng site. (b) e is the extinction coefficíent

withín the region r^/here the asymptotic radiance distribution exísts.

In the turbid r^rater of Mt. Bold e did not vary greaËly with depth

and could be calculated from all daÈa poínts. (c) e describes

the at.tenuaÈíon of both upwelling and downwelling irradiance.

This conditíon t"" ,..r..a11y satisfied, however ít is not a

necessary requisite for calculatíng bl, 1n that equation (3"5)
" b-

can be modified to account for a difference between downwellíng (e)

and upwellfng (e--) extinctíon coefficients,

b¿ _R (e +e)
A u

t.

Kirk (1980) compared asymptotíc backscat¡ering coeffícients \^títh

nepholometric turbidity measurements and found a linear

relationshíp, provlding evidence that b¡ is a measure of light

scaÈterlng 1n natural waters. Using publíshed data' theoretícal

calculatíons \^Iere used to determine the ratios of the asymptotíc

backscatteríng coefficient to the normal backscaÈtering and total

scattering coefficlents (b.,. and S).

To províde more dírect eviclence on the relatioqship beÈween bf

and Èhe total volume scattering coefficient S, the present data

was used Èo esEímate S. If the vertícal extínctíon coeffÍcient et

is described as ín equation (3.4), Ëhen at times of very low
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chlorophyll a concentrat.ions,

.ec+o has been estimated using laboratory absorbance measuremerits

and an average spectral distríbutíon for the incomíng solar energy.

As this disÈributíon is likely to be similar to that occurríng in

the field (Spence eÈ al I97I; Tyler & Srnith L97O; Kondratyev f969)

the laboratory estimates of .G*, wíI1 vary from the field values by

a factor related to the degree of shift in the spectral

dístribution due to selective absorption. As discussed earlíer

laboratory estl-mates will be slightly larger Ëhan average euphotic

zone values, but assuming thís dlfference is small,

G+l¡
;

p
+S

The scattering of light ln turbid \^taters ís mainly a function of

Èhe suspended particulate matter so that en and S refer to the

same component of the system. As separation of the absorbÍng

and scattering roles is not possible wiÈh the presenÈ data it is

assumed that absorption of líght by the particulate fractíon,

r¿hfch ls composed largely of hlghly refractile rnineral partícles'

ís neglígible compared to that of the dissolved colour, and

t-tc+r=s (3.6)

The two assumptíons have opposlng effects on the estimate of S.

ãa*. b"ing a slight over-estlmate decreases the caLculated value

+Ê + s.ee
PG*ur
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of S, while neglectinB eO increases the value. Provided both

effects are smaIl and do not vary greatly over the considered

turbidíty range, a reasonable esËimate of S should be obtalned.

The total scattering coefficient is equívalent to the integral

of the volume scattering function (Duntley 1963)

r.S=2n o(v) Sin v dv

where v is the scattering angle (that angle between the origínal

directíon of the light beam and its scattered direction) and o(v)

the volume scattering function, defined as the proportlon of

incídent irradiance which is scattered at angle v from an

lnfinitely srnall volume, divíded by the volume. The

backscatterfng coefficíent is the íntegral of the volume

scatteríng funcÈion in the back dírection. Duntley (1963)

í1lusÈrated the símilar shape of volume scaÈtering functíons from

a wide range of natural waters. Dealing here wiËh a single \^taÈer

body 1n which the predomínanÈ scattering comPonents are of a

símilar nature it fs reasonable to assume that the volume

scatteríng function \^7il-1 remain relatively constant. Kirk (1980)

calculaÈed theoretical ÈoÈal scattering coefficlents for the zone

of asymptotic irradiance dístributíon ín l^taters \^tith varyíng

reflectance values, and found a linear relationshlp with

nephelometric turbidlty. As mentioned earlier a linear

relaÈíonship was also found between turbídÍty and the asyrnPtotíc

backscaÈtering coefflcfent b¡. The conclusion ímplied by these

results, but not stated, is that the asymptotíc backscatteling

coefflcient is linearly related Èo Èhe to¡al scattering coefficient



37.

when the volume scattering functíon remains constanÈ. If this

is correct, and previous assumptíons valid, then S values

calculated using equation (3.6) should be llnearly related to

bJ values calculated from equatíon (3.5).
b

Equation (3.6) \ras derived, and used, for periods of low chlorophyll

a concentration (<10 rng .-3). To extend the aval-lable range of

data for testing the linear relationship beÈween bf, and S,

equation (3.6) was modified during períods of chlorophyll a

concentration >10mg m 3

Ê-ec{ru-e"b=S

e"b is the apparent in sltu vertical extinctíon coefficient due to

phytoplankton, calculated graphícally from equatíon (3.3)'

Although thís parameter ís affected by the degree of light

scatÈering in the \^rat.er column, causíng e" values to be hlgher

than those measured ín a non-scattering medium, the relative

magnitude of e" and eO ls such that 20-30 mg chl " *-3 are

required before considerable errors occur. S, calculaÈed from

this equation, progressively underestimaËes the true value as

chlorophyll concentration and scatÈeríng increases in the medium'

Except for two poínts, the relatíonshíp between estimated total

scattering coefficient (equation (3.6)) and the asympEotic

backscattering coefflcient (equatíon (3.5)) is essentially

linear as predicted (Fig. 3.I2). In both disparate cases hígh

chlorophyll concentrations and high asymptotÍc backscattering
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coefficients prevaiLed (L7/I/78: chla = 54 mg *-3, bi, = L.491

22/2/80: chla = 127.9 rng t-t, bå = I.24; Table 3.3). It is,

ínteresÈíng that the daEa point for 4lL2l79 fell on the line

despite a chlorophyll a concentration of 106 rng m-3. Presumably

this is the result of the 1ow bf value of 0.31. Excluding the

two data points which obviously underestímate S, línear regression

on the remaining 23 points yields the relationshíp'

s = 0.58 + 1.184 b¿ (12=0.84, S =0.28, S =0.09 , s =0.12)
v x c s

The line was expected Èo pass through zero, that it doesn't indícates

S is over estímated, presumably as a result of ignoring the

absorptíon by particulate matter. If this is the case Ehen the

linearíty of the relationship suggests that increased particulate

ma¡ter has a far greater effect on líght scattering than on líght

absorption.

Tyler (1961) measuredl Èhe ratio of backscattered to total scattered
b-

ffgnt (rq) in disÈilled water and obtained a value of

c. 0.14, while Kírk (1980) using the results of Petzold for

Ì{ater from San Diego Harbour suggested a value of 0.019. The

in the above results provides

1980) calculated a theoreËical

in water with reflectance value

of c. 0;2. Based on these fígures the data from Mt. Bold

provídes an esrimare or þ = pq = hF = 0.19 whích considerins

Ehe crudíty of Ëhe analysis is surprislngly close to the expected

range, though probably far too large for such turbid !'Iater.
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The linear relatíonshÍp between S and.bf nrovídes support for use

of the asymptotlc backscattering coeffícíent as a measure of

toÈal scatteríng r^ríthin a \^Iater body.

The backscattering coefficíent calculated from equation (3.5)

varied in a slnilar manner to e (Fíg. 3.6 (a) & (c)) durÍng the period

rríd 1977 - nLd L978. As the extinctlon due to gelbstoff was

relatively consËant, this was expected and índicates the

importance of lighÈ scattering during thís period. By August

1978 scattering, as measured by Uf, traa decreased Èo a low level,

hówever the extinction coeffícíent maintained a value o{ ".2 due

to increased gelbstoff concentrations (fíg. 3.6 (a) & (c)).

During the summer of 1979-L9BO gelbstoff concentratlon fell

dramatícally, and except for three peaks of increased scattering'

caused a similar decrease ín e. The Ínterplay of scattering

and background absorption is partícularly evident during thl-s

per iod.

3.5 Discussion

The extincÈlon coefficients measured ín Mt. Bold are of sÍmilar

magnitude to those obtalned Ín the more producÈive lakes of the

northern hemlsphere (e. g. Lake George, Loch Leven, Lough Neagh'

Lake Kínneret; Lake Minnetonka; Table 3.4). In general the

large extinction coeffícíents of Èhese lakes result from light

absorptíon by phytoplankton, and background extínctions are

relatívely small compared to those Ín Mt. Bold (table 3.4).

Noteworthy exceptíons to thís are Lake George (Ganf l-974) and

Lough Neagh (Jewson f977), both of which are shallow lakes,
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(mean depth: Lough Neagh = 8.6m, Lake George = 2.5rn) strongly

influenced by wind, in whlch htgh eO values resulË from 
,

resuspension of sediments. This is unllkely to be a major

turbidity source in Mt. Bold, which ís deeper (average depÈh

=15.4ru) and well proÈected from the wind by surrounding hllls and

a narror¡r dendritic form.

The remainíng lakes llsted in Table 3.4 have far smaller total

and background extinctíon coeffícients, even though some are

consídered euÈrophtc (e.g. Esthwaite I'Iater and Blelham Tarn,

Tallíng L97L). The distínctive feature of Mt. Bold Reservoir,

apparent from these comparísons, 1s the combination of both

depth and high background extinctíon. It has been demonstrated

that, the large eq values ín Mt. Bold result malnly from absorption

by dissolved colour, and scatteríng by suspended partículate

matter. This will result in depleÈion of light available for

photosynthesís, both Èhrough competlÈive absorption and reduction

in the euphotíc depEh. However the flnal exÈent of light

restrictlon to phytoplankton photosynthesis and gro$rth is

dependent on the mixíng depth. As thÍs is a functÍon of the

Èhernal regime of the \^rater column, incoming solar radíation

plays a significant role 1n íts deÈermination.

THERMAL REGIME

3.6 Introduction

It has been demonstrated (Ffg. 3.4) that in Mt. Bold Reservoir

the absorption of radíation in the 400-700¡m range is vÍrtually
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complete at a depth of c.2 metres. I,travelengths on either side of

thís range are more strongly attenuaÈed and consequently the ,

najority of the sunts radiation is absorbed by the upper. trnto

metres. The distribution of this heat load through the lake

system, and the formation of the consequent thermal regime is of

fundamental importance to physical, chemical and bíological

cycles.

Unlike many reservoirs in the northern hemísphere, Mt. Bold fills

rapidly in the winter months but remains largely undísturbed by

inflowing l¡Iater during summer. Exceptions to this gertetaLízatíon

occur in part.fcularly dry years when large volumes of waËer may be

pumped from the Murray River. The three year study period

íncluded examples of each of the rnajor Ínflow regímes.

Duríng the first year the catchment provÍded a minimal volume of

r{aÈer and large quanÈities l¡/ere pumped from the Murray River'

entering Èhe reservoir continuously frorn July L977 to March 1978

(Fíg. f.5(a)). Increased quantítíes of catchment qtater entered

between June and September L978, however as this was insufficient

t.o meet requirements, low raÈe pumping of Murray River \^rater

commenced ín December and contlnued until March 1979 (Fíe. 1.5(b)).

Inflow to the reservoír in the final season üIas due completely

to catchment run-off. Considerable quantíties of water entered

during October L979, but flow rapidly diminíshed and was

neglígible afrer November (Fig. 1.5(c)). Outflow disturbance of

the near surface layers ls mÍnimized by the position of the

offtake polnt at c.5m above maximum depth.
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3.7 Seasonal Varlations in Thermal StrucÈure

Depth-Ëime diagrams for isotherms (Fig. 3.14) íllustrate the 
r

variation in thermal regime at the southern samplíng site and

site A which ís siÈuated near the confluence of the Onkaparinga

River and Echunga Creek (Fie. L.4).

Isothermal condítions prevailed durlng autumn and winÈer (March-

August), hrater Èemperatures reachÍng a minímum of 9"C. Marked

stratífication of the l^rater column occurred duríng September and

October, and by November, in each year except L977, an intense

thermoclíne had formed. The lack of thermocline formation

duríng late 1977 was atÈríbuted to turbulence resultlng from the

large inflow of water vía the Onkaparinga River. Consequently

site A showed virtually no straÈífícation over the entire surtrner'

r¿hile at the southern slte weak, spasmodic thermocllne formation

occurred (Flg. ¡.14(a)).

Intense thermoclines developed at both sites during November L978,

however these were weakened and forced to greater depths wlth the

onset of inflow during December (Ftg. 3.15). Both sites showed

a brlef recovery in early January due to a short period of

partlcularly lntense solar radíatlon (Fig. 3.19). In contrast

thermoclines whlch formed in November L979, persisted and

intensified over the summer period (Fig. 3.16).

Heat DÍstribuËion ín the Epilímnlon3.8

Distribution of the heat load through the lake is a functíon of
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turbulence resultlng from both wínd acÈion and water currents.

In general the epilirnnía of lakes are turbulent as a result of

direct wind action.

The most notable feature of the wind reglme influencíng Mt. Bold

was the lack of any marked seasonal varíation ín daily r'rínd run

(Fig. 3.L7), for example durlng 1979-8O values oscillated around

a mean of.247 km d-I (n=165, S.E. of mean = 6.4). I^Iesterlies

predominate in winter whíle in summer easterlies prevailr. although

wínd dlrection in this season is quite varíable. The reservoir

ís rnost affected by wínds movlng parallel to the long east-vrest

axis (Ffg. 1.4), tt beíng well protected by topography and

mínimal fetch from winds in other quart.ers. As a result

dírectl-onal variabtlity of the summer wind regíme acts to reduce

potential wind mixing. This effect r,ras observed ín a tíme series

of temperaÈure proflles taken over a day during the heíght of the

suflrmer perlod (27 Decernb er L979). A north-westerly wind prevailed

during these temperature measurements, with a total wind run for

Èhe day close to the average value (table 3.5) . Temperature

profiles taken during the early morning showed isothermal

condÍtions in the epilirnnion (fíg. 3.18). As the day progressed

thermal stratíficat,ion of the euphotic zone lncreased to a

maximum 1n the mid-afternoon, when a very large temperature

differentíal ( 4'C) I¡/as apparent over the top 40crn índicating a

lack of vertical míxing. By early evening surface hrater temperatures

had started to fall.

The lack of surface mixing suggests that the prevailíng north-

westerly was having an lnsígníficant effect on the hrater column.
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As these same conditions prevaíIed through the previous day

(Table 3.5) íÈ can be assumed that wlnd lnduced mixing had been

mínl-mal over 48 hours. Granted thÍs interpretation, ínterest

focuses on the overnight return of the epílimníon to an

ísothermal condiÈ1on.

The rapÍd fall in surface t.emperature observed durlng the early

evening indicated that thermal convection might be playlng a

significant role in epillmnlon mixing. Support for this was

províded by the large daily variation in air temperatures,

minimum and maximum values frequently dlfferlng by L2"C

(Fig. 3.19), and aÈ tÍmes by as much as 22"C. As a result night

air temperat.ures were often B-10oC below average euphotíc zone

temperatures (Fig. 3.19). These data suggest that mixing of

the epilímnion occurred overnight, even when wind induced

turbulence \¡ras míninal .

3.9 Heat Distributi-on Below the Thermocline - Eddv Diffusivitv

The lower section of the relatívely well mixed epiliurnion is

delineated by Èhe thermoclÍne, whích acts as a barrier ísolating

the epilimnion frorn hypolimnetic \^raËers. Utillzation of the

vast reserve of nutríents present \^rithin Èhe hypolimníon, and

the recycllng of nutrients removed from the euphotic zone by

particulate flux, depends on races of transfer across the

metalimnion. As a result, the vertical transport of mat.erial

is a fundamental consideratlon in thermally stratified lakes.



4s.

Eddy diffusion |s generally regarded as the maín mechanism of

vertical flux within the metalimnion and hypolimnlon (Mortimer,

L942; Hu¡chinson 1957). This is based on the assumPtion that

at a given depth the mean vertical velocity due to turbulence ís

srnall when compared Èo the instantaneous verÈical hTater velocity

(Hutchinson 1957; Powell & Jassby L974), an assumption supported

by calculations of heaÈ transport below the Ëhermocline

(Ilutchinson 1957) .

Vertícal turbulent transport due to diffusive processes is

descrlbed by the Fickian díffusion equatl-on'

âs (3 .t a)F =-( sz ðzsz

H =-pcA (3.7b)
(, zàz

where F is the mean flux of substance s in ttrá vertlcal directlon,
sz 

âc
K the vertical eddy diffusivity (cmzs-l), and *: ttte concentraÈion
sz òz

gradient. Thermal energy flux (Hr) can be described by an

analogous equation,

a0

where p ís fluid deàsity, c sþecific heat capacityr A" vertical

eddy conducttvity ""a S the temperature grâdlent. In general

eddy conductivit.y and diffusivity are considered equivalent'

(Hutchinson 1941, Lg57; Lerman & Stíller L969; Happey L970a,b;

Hickman L974) and in the remainder of the discussíon both are

ïepresented by the symbol A. The product (pc) is taken as unity

(Hutchinson 1957; Jassby & Powell L975).
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_)

Although eddy díffusívitíes may be calculated dírectly from flux

equations (Hutchlnson 1941; Mortimer 194L-42; Jassby & Powel1,

Ig75), frequent use has been made of an indirect method developed

by McEwen (Lgzg, clred ln Hutchinson 1941; Hutchínson 1941;

Bachmann & Goldman 1965; Lerman & Stiller L969; Happey L97Oa;

Hickman Lg74). Experlmental measurements (Hesslein & Quay 1973)

and theoreÈical consideratíons (Powell & Jassby I974) have cast

doubt on the general valÍdity of thís indirect approach'

In an attenpt to assess the role of eddy diffusivity ín the

vertical flux of nutríents in Mt. Bold Reservolr both approaches

have been utílized and the results compared. CalculatÍons are

based on a series of temperature profiles taken at 1 or 2 weekly

inrervals through the heating periods of 1978 and 1979 (Fig' 3'20)'

3.10 Eddv Díffusivitíes Calculated b the McEwen Method

Differentlation of equatíon (3.7b) wÍth respect to depth produces

a function relating eddy diffusivity Èo temPerature change'

ae aA âezzzJ=----rl_
âtàzàzz

(3. a¡

the rate of change of temperature wíth time at depth

¿20
z

TT

ae-zwhere l¡ rs

z, ^td 
3# the second derivative of the temperature varlatfon

with depth at z. If a regíon of the l,rtater column ís considered

whereAísconstant'thentheeddydiffusivitymaybecalculated
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f rom,

. aoz 
¿22A = ãr 'tã-

z

It is Èhe estimatíon or þ "oa

thls approach.

#which forms

(3.e)

the basis of

àe

To obtaln an average value "t l: for each 1 metre depth, the

data relating temperature to time were fitted by linear

regression, even though ít is evidenÈ (Fíg. 3.20) that

frequently temperature variation wlth time ís markedly non-linear'

However linear regression provÍdes a reasonable estimate of the

mean rate of change, as shown by 12 values which were always

>0.80 and ln the majority of cases >0.90 (table 3'6 6' 3'7)'

Analysis "f # for 1978 'htas restricted to the period 5/9/78 -

28/LI/78 (Table 3.6) due to marked dlsruption of the temperature

gradient by the influx of Murray Ríve1hlat.er early 1n December

(rig. 3.20). During L979-L9S0, + was caleulated for each' aË

1 merre depth over rhe períod L2/9/79 - 9/L/8O (Table 3.7).

An esÈímate of the average temperaÈure of each 1 metre layer,

at the rníd-poÍnE of the heating period, was calculated from the

linear regresslon equatlons 3.7)

The varíation of the averag" # values r4tlth dePth is depicted in

Fíg. 3.2L. rn the epílimnio" ffi r" constant, as expected from

the well mixed conditions, Below this, ffi ftff" exponenÈially

with depth, the points forming a straight line on the semí-

logarírhmic graphs (F1g. 3.2L). Hutchinson (1941) termed thÍs

(0" tn Table 3.6 &
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The estimation of 4.'9 Ís based on an equation derived by McEwen
d.z'

(clted in Hutchinson 1941) describl-ng the variation of hypolimnetic

temperatures with depth'

the cllnolimnlon, and consídered it to be l-imited on its upPer

surface by the ÈhermOcline. The region below thís, tt"r. ffi r

is higher than r¿ould be expected from extrapolatíon of the

exponential fall in the clf-nolimníon, was termed the bathylimnion.

(o-c)=ct e-az (3.10)

where C, Ct and a are constants. DífferentiaÈing with respect to

depth,

{}=",
o -â.2a'e (3.11)

s2a
Ï]F ""tt be estimated from this equatlon if C1 and a are known.
d.z'

The methods used to esÈimate the constants in equations (3.10) and

(3.11) followed those descríbed by HuÈchínson (1941). In essence

it can be shown that Íf equaülon (3.10) describes hypolímnetic

temperatures then,

0 =C* 
^ez ,-aI-e

where A0 ís the difference in temperature beEween t\'üo consecutíve

depths, calculated tn Table 3.6 & 3.7 as the difference between

average layer Èemperatures míd-way through the heatíng period.

c and a \^7ere calculated from this functlon by the linear regressíon

of0
H

on A0 (Table 3.8; Fíg. 3.22), and Èhe value of C1 estírnated
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âst

and

cr _ 
t (eH-c)

^ -az¿e

where X is the sum over the clinolimnlon and bathylimnion, and

(OH-C) the difference between Èhe average layer temperature mid-way

through the heatíng period, and C (Hutchlnson 1941).

Substitution of these values into equation (3.L2), derived from

equations (3.9) and (3.11),

(3.r2)

" a, ^2"-^'

ytelds an estimate of A r¿hich is valid aÈ dePths where A is

consÈant (cf. equatÍons (3.8) and (3.9)). To select these depths

Hutchinson (1941) compared semilogartthnic graphs "f # and (0-C)

against depth. It follows from equations (3.f0) and (3.12) Ëhat

¿n (e-c) = .0n C1

A=â0 1

-az

-az

Provided A is consÈant these t\.Io equatlons describe paraIlel

stralght lines, and Hutchlnson consldered obtalning sueh a result

as the "crlterlon of valldlty". This criterlon ls generally

offered to support Ëhe use of Mc[wenrs method (Lerman & SÈíller

1969; Happey L970a3 Hessleln & Quay L973; Hlckman 1:974).

Acceptíng this argurnent for the present tÍme and applying the

u" åå = on (c r a2A)
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techníque to the Mt. Bold data the criterion was met over the

deprhs 6-11m in 1978 (Fie. 3.21(a)) enabling the calculation of,

eddy diffusivÍty values (Table 3.6). The 1979-80 data

(F1g. 3.21(b)) although showing a reasonably parallel response

over the range 8 - 16m contains a marked díscontinulty at 13m.

Thls resulted fron the persistence of secondary thermoclínes

formed by wíndy weather early ín the heating períod (cf. Fig. 3.16,

78/9179, 3I/LO/79, L4/IL/79). The parallel response on either

side of the discontínuity suggests that a mean value should

provide a reasonable estimate of the vertlcal dl-ffuslvity

(Table 3.7). Average diffusivity values for the clinolimnion in

Lg78-7g and 1979-80 ü7ere respectively 0.165 and 0.113 crn2 s-I

whfch are higher than those calculated by HuÈchinson (1941) for

Lake Mendota and Linsley Pond, and by Hesslein & Quay (1973) for

Lake 227 in the Experi-mental Lakes area' but of a similar

rnagnitude to those obtaíned from Abbotlé Pool (Happey 1970a), Lake

Tiberias (Lerman & Stiller Lg69) and Lake Tahoe (Oillon et al 1975).

3.11 Eddv Dlffusivítíes Calculated from Heat Flux and Thernal Gradients

Hesslein & Quay (L973) compared eddy diffusivities calculated

frorn the McEwen meÈhod hrith ín situ dye and radon dispersal

measurements and found order of rnagnitude differences between

estin^ates.

Hutchinson (1941, L957) compared estimates from Èhe McEwen nethod

wÍth Ëhose from heat flux calculaËions and, based on the "criterion

of valÍdlty", rejected the heat, flux values whÍch tended to

lncrease with depth rather than remaln constant. He postulated
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that lateral transport of heat ín the bathylimnion caused heat

flux estlmates of diffusívity to increase with depth, and to

appear anomalously high ln the cllnolimnion.

Powell & Jassby (L974) re-anaLyzed the McEwen approach without

the assumptíon of constant A, and demonstraËed that the stralghtness

and parallelfsn ttcriterion of validity'r did not necessarfly imply

that A remained constant. This is sirnply shown by taking the

natural logaríËhrn of equation (3.8) after substitutine f| and

ffi "^r"ulated from equatíon (3.10)

yu =-Yr- clae-az * A"c¡aze-az
dÈ dz

de
n" Uf'= Í,n[ ( I + A ) Cta2lz'

AA
z -azaðz

This function wfll be linear and parallel to .q,n (e-C) vs z when

-âALz
-----l-A =ra àz "z -I

where 11 is a constant. The solution to this equation (Powell

& Jassby f974)

A =tI+1.|e az ( 3. 13)
z

contains an unknown constant rz. Llhen A, ls descrlbed by

equation (3.13) Hutchinson's "criterion of valídítyrr will be met

but A w111 not be constant unless ft ís assumed that the unknown

x2 = O. This assumption is implicit ín the McEwen approach.
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Powell & Jassby (1974) used the data of Hutchlnson (f941) to

demonstrate that the McEwen method may ln cases lead to erroneous

results.

Forelian heat budgets (Hutchínson 1957) were calculated for

Mt. Bold Reservoir, provlding estímates of the heat flux (Hr)

through unit area of depth planes over the heating periods used

prevíously with the McEwen approach.

H =100
ûJ

rfi teo - t.) cal. cm-2 s- (3.14)

txaa.4iro3

where z ís Èhe layer (below the thermocline) for whích the eddy

diffusivity ís to be calculated, and B the depth of the reservoir

bottom. 0 1s the l-nítial temperature of each I metre layer and
o

0- the temperature after time È days. The constant (100) convertst'
temperature change to calorles cm 

-2 Ln each 1 met.re Layer, and

86.4 x 103 is the number of seconds ín a day. Average + values"dz

were esËimated for each depth by the mean for all samplíng dates

of the dífferences (0r*, - ,r) and (0, - 0"_L) (Mortirner I94L-42)

and eddy diffuslvity calculated usíng equatíon (3.7b) (Table 3.9

& 3.10) .

In calculatlng heat fluxes Jassby & Powell (1975) included a term

for direct heatÍ-ng by solar radíatíon. The euphotíc depth ín

Mt. Bold is c.2m whíle the thermocline is positíoned at c.5-6m

(Fíg. 3.2L), therefore direcÈ heating of the clinolimníon and

hypolímnÍon can be ignored. It is assumed that laÈeral transport

of heat is negligible (cf. Hutchinson 1941, L957) .

I
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The average clinolimníon diffuslvitíes calculated from heat flux

are 0.372 and. O.4I2 ct2 s-I respectively for the 1978 and L979-L980

data (Table 3.9 & 3.10) represenËing a 2 - 4 fold increase over

the values calculated from McEwenrs method. Powell & Jassby

(L974) suggesËed that such differences may be a result of

assuming A constant' when it actually varíes. If this is the"z

case then according to equatlon (3.13) 
'

.e,n (A - rr) = I'rL 12 - az (3.1s)
z

where 11 ís taken to be the estimate of dtffuslvity from }fcEwenrs

method. and A Èhe estírnate from heat flux calculations (Powell'z

& Jassby Lg74). The graphs of .Q,n (Az - rt) vs z do not satisfy

the relationshÍp (flg. 3.23) and consequently the dffferences

observed here cannot. be attributed to thís cause. In fact the

data fall on approxlmately horizontal lines implying t2 ís close

to zero, and that a relatively constant difference occurs between

the two estimates 1n the clinolimnion.

At thls juncture the choice of a rePresentative eddy diffusivíty

coefficient cannot be objecÈively made, the evidence for both

techniques appearing to be equally valíd. However the energy

flux data is more dírectly determined and has greaÈer potential

than McEwenrs meÈhod in enablíng díffusivitíes to be caleulated

for the enrlre hypollmneríc region (table 3.9 & 3.10, Fig. 3.24).

In the nexÈ secÈion the validlty of calculated eddy diffusÍvitíes

is tested by comparison wíEh the flux of a chemical compound.

However, pre-emptíng the results of Ëhose calculations, the heat
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flux diffusivities are used here to describe the varíation of

vertícal eddy diffusivity wíth depth ín the \^later column.

The zone displaying greatest thermal stratífication (6 - 1lm,

Fig. 3.15 & 3.16) ís marked by relatively low and constant

values for the eddy diffusivity (FiC. 3.24). Below this

regíon values steadily increase to 26 m peak suddenly at

28 - 30m, and then decrease towards the reservoir bottom.

The maximum values correspond closely to Ëhe depÈh of the

reservoir outflow, whích is positioned c.5m above maximum

depth. The horizontal flow of water through these lower layers

undoubtedly increases eddy díffusivíties ín the upper layers

of the r^rater column, aiding in the vertical transport of

nutrients.

3.12 Eddv Diffusivíties Calculated from Mass Flux and Concentratíon

Gradíents

Rarely do circumstances permít the use of naturally occurring

chemical compounds in estimating eddy díffusivltíes by mass flux.

However, during the 1979-1980 summer Period ín l"lt. Bold Reservoir,

a rather uníque vertícal distribution of N03-N enabled flux

rates of this compound to be estímated and an eddy diffusivíty

calculated for comparison with thermal diffusivity. In mid-

November 1979 (fig 4.3) rapid algal growth depleted the NO3-N

content of the epilimníon, as epitomízed by the concentration

at 0m, and this remained below deEectable levels (<10Ug N.C,-l)

through the rest of the summer. Removal of NO3-N from the
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second sampllng depth at lQm \^tas not obvious untíl the epílimnion

concentratton had fallen to{<lOug O-1, NO3-N was then removed .

raptdly from this depth unttl it too was reduced to levels below

the detection limit. Sírnilarly the NO3-N concentration at 20m

and below remained virtually consÈant, until the lOm concentratíon

reached <10Ug U-l, NO.-N was then removed simultaneously from the

20 and 3Om depths. Thís unexpected, sfmultaneous removal from

depths separated by 10m can be explained by the increased

turbulence due Èo r^rater flow towards the reservoir outlet.

The 20-3Om zone is therefore well mixed relative to the vertical

removal of NO3-N. Below 30m the concentration remained at

c.600 us o I (Fíg. 4.3).

Estimates of mass flux varlables were calculated for the 40 day

period (9/L/80 - 18/2/80) duríng which NO3-N r^las removed from the

20-30rn zone (Fig. 4.3 ). The flux of NO3-N through unit area

of the 20m layer was estimated from the change ín concentratlon

(645 to 10 ug Nl-l) in the 20-30m zonle, yíeldtng a value of

635 Ug NO3-N cm-2. The average concentratíon gradlent driving

this flux was estimated as 28.3 x tO-s ug c*-3 cm-I from the

difference j-n NO3-N concentration at 10m (35 ug l,-t) and 30rn

(600 Ue f,-I). The eddy díffusíviry at 20m calculated from these

values using equation (3.7a) was 0.65cm2 s-l.

Heat flux calculatlons over the same period (H, = 6841 cal. crn

in 40 days, average åT = ,n x 10-4 oc cm-l) gave an eddy

dÍffusivity estimate of 0.683 cm2 s-I for the 20m depth' The

similarity of these t$¡o estimates provides strong support for

2
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the heat flux calculations as a means of estimating eddy

diffusivity. The values are símílar Èo the average díffusivity

calculated from heat flux measurements (0.593 cm2 s-I) over Ëhe

17 weeks príor to 9/L/80 (table 3.10, 20m).

The large vertlcal separation between sampling depths for

chemícal analysis (10n), precluded the use of símilar

calculations for other nutrients, and other time periods.

However, the frequently observed sequential decline of nutrients

wíth depth during thermally stratified periods (Fíe. 4.2 & 4.3 ;

see Chp.4) suggests that quantitative data on Ëhe vertical

transport of nutrients could readily be obtained by a carefully

planned monitoring program.

3.13 Discussíon

The seasonal thermal patÈern ín Mt. Bold Reservoír is classified

as srarm monomlctic ln the scheme proposed by Hutchinson and

Löffler (1956), and |s by far the most conmon Pattern observed in

AusÈralian lakes and reservoirs (l^lil-líams & I^lan L972> -

Holomixis occurs once and takes place in wínter at ÈemPeratures

above 4oC (Fig.3f4(a)-(c)). The typical dlmictlc pattern of

northern temperate l-akes has never been observed in Australla

(Willíams & I^lan L972) .

A distinct Èhermocline forms in summer separating the

hypolimnion from the epillmniono however turbulent mechani-sms

contínue to govern the vertical movement of heat and chemicals

even below the epilímnion. Thís is quantitattvely íllustrated
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by the very large values obtained for eddy dl-ffusivltíes

(table 3.9 & 3.10) compared with the molecular thermal ,

conductl-vity of water (0.I2 x 10-2 .t2 "-1). The importance of

vertical t.urbulent transport to the chemlcal regime in the

lake was dramatlcally lllustrated by the removal of NO3-N from

the 20-30m zone. In 40 days 635 yg NO3-N .m2 were transported

through the 20n layer by turbulent mechanisms providing a

source of NO3-N for the zones above. Thís wíll naturally be

of great consequence to Èhe bíological cycles.

The magnitude of the vertícal díffusívÍty estimates from the

southern sampling site may not be rePresentative of the

reservoír generally. The effect of the outlet was evídent in

Èhe eddy diffusíviry proflles (Fig. 3.24) and the íncreased

turbulence near the reservoír bottom quite likely Íncreased

diffusívities in the upper layers. Further upstream where the

outlet effect is mínlmal, diffusívities are expected to be

smaller.
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Fle.. 3 .8: PercenËage energy content tn 10 nm intervals of
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TABLE 3.I

T2 sy.x S flSPeriod

L2/4 - L7l5l78

2r/LL - Le/12/78

20/rL - nlL2/79
L6lL - Ll4/80

Figure eq ¿

0.0024

0 .0017

0.000r
0.0008

Chlorophyll a
conceritration
for 507" líght
attenuation
(rg *-3)

90

L20

138

69

Sc

3.54

3.58

3.5C

3. 5C

1.095

1.590

2.209

L.440

0.0L22

0.0133

0 .016

0.021

0.93

0.95

0 .99

0.99

0.070

0.075

0.006

0.08r

0.057

0.050

0.005

0.048

4

5

4

5

Speeific extinction coefficient per unit chlorophyll " 
(es, m2 mgchl a) and

bäckground extinction (eq, 9n uníts m-I) esÈimated from tñe linear regression
of the extinction coefficient.(e) on chlorophyll a concentratíon (tg f 3).

The chlorophyll a concentraÈion resulting ín 507" light absorption is shown'

Regression-stati;tics: Correlation coefficient (t2), standard deviation
(Si."), standard error for eq (Sg) and e" (Ss), number of samples (n).



TABLE 3.2

I{avelength nm 400 4LO 42O 430 4

Quanta % L.6 2.2 2.5 2.5 2

Energy î( 2.2 2.9 3.2 3.2 3

I,Iave1ength nm 550 560

Quanta i¿ 3.4 3.4
Energy 7" 3.4 3.3

l,Iavelength nm 700

Quanta i¿ 3.6
Energy i¿ 2.8

404
.73
.3 3

54030446050

.6 3. 8 3.8

5480 490 500 510
3.4 3.4 3.4 3.4
3.8 3.8 3.7 3.6

70
3.2 3.3

660
3.5
2.9

640 650
3.5 3. 5
3.O 2.9

620 630
3.4 3.5
3.0 3.0

10
.5
.1

5
3
3

20
3.3
3.5

6
3
2

.3 3.4

.4 3.4

690
.6 3.s 3.6

2.8 2.8

68070

9

580 590
3.4 3.4
3.2 3.1

570
3.5
3.3

600 6
3
3

3.4
3.1

Mean perçentage dlstributl-on of quanta and energy
for global radiation (400-700 nm) Lncldent on a
horizonËal plane.
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TABLE 3.3 tG

Eq tG+, tG+, t9-tc+, Re
bchla eb eDate

0.234
0.233
1. 33
1.63
2.49
2.44
1.68
1.16
L.L7
1.53
r.49
0.5
0 .56
0 .59
0 .46
0.44
o.34
0 .34
0.29
0 .3s
0.53
0.44
1.16
0 .61
0 .39
0.2L
o.26
0.32
0 .18
0.24
0 .15
o,22
0.13
0.086
0.074
0 .07
0.087
0 .13
0. 15
0.38
0.46
0 .56

0.1
o.L2
0.2L
0.27
0.32
0 .33
0.24
0,20
0.24
o.27
0 .31
0.r7
0.18
0 .19
0 .19
0.19
0 .15
0 .11
0 .10
o.L2
0 .17
0.L2
0.13
0 .11
0.072
0 .051
0 .05
0.07
0.04
0.051
0.036
0.05
0 .03
0.025
0.021
0 .021
0.024
0 .035
0.032
0 .084
0.1
0.13

0.92
L.36
1.90
2.49

1.91
2.09
1. 1l

1.08

o.74
0.81

70
67
69
63

0 .61
0 .58
0.62
0 .51

0 .37
0.39
0 .36

t-.53
L.94
2.52
3.0
3.89
3.7
3.5
2.89
2.43
2.84
2.4L
1. 48
1.55
L.54
L.22
r. 15
1. 13
1.55
r.45
r.45
r.57
1. 84
4.45
2.77
2.69
2.04
2.60
2.28
2.L9
2.3L
2.L2
2.r8
2.L3
L.7 2
r.75
L.7I
1.81-
1. 86
2,37
2.29
2.29
2.L5
2.44
2.27
2.22
1.91

0.2
0.3
0,7
0.2

s

0 .15
0 .36
0.95

0.09

0.1
0 .48
0.29
0.18
0.24
0.16

Le /7 /77
e /8177
17 /8/77
7 le /77
5/LOl77
re/Lo/77
e /LL/77
23/LL/77
L3 /12/77
20 /L2/77
rT lL/78
rl2/78
15 /2/78
Ll3/78
5/4/78
12/ 4 /78
26/4/78
L0 /s/78
L7 /5/78
24/s/78
14/6178
28/6 /78
L8/7178
e l8/78
23/8 /78
6le /78
L2/9178
L9 /e /78
26 /9 /78
3/ro /78
ro /Lo / 78
17 /LOl78
24/r0/78
3L/L0 /78
g lLL/78
2r/rr/78
30 /Lr/78
6 /L2/78
L2l12l78
3lLl7e
77 /Ll7e
Ll2/7e
2L/2/7e
7 /317e
4/4/7e
r8/4/7e

2.28
2.48
1.68

L.46 o. ¡g

1.03
L.O7
1. 16
r.27
1. 33
1.68

0.93
r.15
L.24

0.46 6L 3.04

5;
55
52

s4

4;

''-

6
9

9
2

9

,,

1.
3.
4.
10
24
54
0.
5

2.4
8 29

.26
0
0

0.32 49 1.01

39.5
2i,6
l-4.4
L6
13

78
81
83

1. B4
L.54
0.8

1

0.4
0.3
0.5
0.4
0.9
1.9
r.9
2.4
2.3
6
5
3.4
3.8
15.5
27 .6
55.2

60
49
64
OB

08

2.1
2.0

5.4
15 .9
20
4.2
3.2

I
1

I
2

2

1
7

3

I
o.2l

L6
16

0 .34
0.27 0 .54

0.62
0.46

L2
I4
l2

0.
0.
0.

. . . /Continued



Table 3.3 (Continued)

Date chla e E

L7/rO/79
r/LLl79 .06

.L2

.27

.29
l.06.7 .7r

tG

Êq tG+, tc+tb b;tg-tc+, RA
S

rzlrrlTe
20/tL/79
24 / rr/ 7e
4 /12l7e
7 /L2l7e
rLl12/7e
18 / L2/ 79

4lr/80
L6lLl80
L3l2/80
28/2180
IL/3IBO
Ll4/Bo

0 .56
r.28
0 .69
0.26
0.67
2.69
0.33
0.t2

3.9
2.59
2.6
2.48
2.5
3.9 3
4.s7
2.78
4.s7
3.04
t.7 2

2.2
4.r3
r.78
r.44

2.53
2,48
2.2L
2.2r
2.22

2.22
3.29
2.35
L.46
1.53
r.44
1.45
r,32

r.55
r.73
1.53
1.41
L.29

.01

.96

.54

.79

.80

0.98
0.75
0.68
0.80
0.93

L.34
0.5
0.99
0.65
0 .65
0 .56

0.05
0.025

0.022
0.024
0 .04
0.06
0.035
0 .05
0 .11
0.034
0.083
0.15
0.073
o.072

0 .39
0.13

0.11
o.L2
0 .31
0.55
0.19
0.46
0.67
0. 17
0 .365
r.24
0.26
o.2r

2.2
3.5
7.7
T7
18

0
0
0
0
1

86
8B
86
84
83

9

34.7
79 .7
43.2
L2.5
3r.7
L27 .

15.5
5.5

1
0
0
0
0
0 .76

7B
7B
76
73
74
73

Leeend - Table 3.3

Seasonal varíation in measured and derived parameters describing the light
regime at the southern sampling site'
(a) Extinction coeffícients (øn units m-1) resulting from'

e, total extinction coefficient

."b, chloroPhYll attenuation

Êg, background attenuation' Appearance of numbers in this
columnindicatesthatchlorophyllattenuationhasbeen
considered (equation 3.3) whereas blanks indicate eq=e.

.G+,,attenuatíondueto\^raterandgelbstoffalone,determined

:-' 
spectrophotometrícally on fíltrates '

bb, asymptotic backscattering coeffícient

.9-,G+, estimate of the volume scattering function (see equation 3.6)

(b) Dímensionless ratios '

G
c

C
Percentag. of .G{-,, due to gelbstoff

G*r¡

*l AsYrnPtotic reflectance'

(c) chla concentratlon rng rn'3



Lake

Mt Bold Reservoir

Lake George, Uganda

Lake Kinneret' Israel

Loch Leven, Scotland

Lake Minnetonka, USA

Ennerdale lalater,
England

Spectral
range (nm)

PAR

535-685

PAR

e

L.L3-4.6
3-19

o.2 -3.3

eq

1.0-4.5
2.4

0.49

1. 33

1.33

1.15

1.33

a Source

This chapter

Gant L974

Dubinsky &

Berman 1979

Bindloss 1976

Megard et a7.
L979

Jewson 1977

Rodhe 1965

Spence et a7.
L97L

Stadelmann et al.
L974, calculated
by Dubinsky &

Berman 1979

Tallíng L957a,
L97L

Tallíng 1960,
L97L

Talling 1957a,
L969

Tall1ng L957a,
L97L

Smith et a7.
L973, Smith &

TyLer L967

s90

PAR

530

0.8 -3 .0

o.7 -2.8

t .3 -2.O

L.O2

0.55-0. 57

0.13

0.017-0.037

0.49

0. 68

1.1Lough Neagh, Ireland 630

Lake Erken, Sweden PAR

Lake Crolspol, Scotland PAR

Lake Ontaría, Canada PAR 0 .15-0 .58

Esthwaite tr{ater,
England 530 o.46-0.7L O.4 1. 33

I^Iíndermere, England 530 0.3 -0.5 0.32 1.33

Blelham Tarn, England 530 0.5,0. 63,0. 88 1. 33

Crater Lake, USA PAR

Table 3.4: The range of vertical extinction coefficÍenÈs (e, l-n uníts m-I)

and background extinctÍon coefficients (eqrl.n units m-I) observed í-n a

number of lakes. eq values have been estimated from the linear regression

of e on chlorophyll a concentration' or from periods when chlorophyll

concentraÈion was negllgible. In cases where the extínction of a partícular

vravelength was measured, the factor (a) suggested by the authors to correct

the results to extínction of PAR, is given (aeÀ = tpAR)'



TABLE 3.5

I
Dally wlnd run dl-stributlon (km/6h)

o200-08ooh 0900-1400h 1400-2000h 2000-0200hDate

26 / Lzl 79

271L2/79

l{índ
run
kn d'l

297

267

o

2793

2793

92

87

62

43

83

7L

60

66

ToÈal incident radlatlon (Io, joul-es 
"tn-2 

a-1) and total
and 6 hourly wínd runs, for a 2 day period.

conslstently from the north-lrest.

tr{ind was

I

I

I

I

i

I



TABLE 3.6

A

Depth a b
^o

o'-C "-^"
m2

d
cm2

S12 ou

1
2

4
5

6
7

I
9

10
1I
L2
13
I4
15
16
17
18
T9

20
2L
22
23
24
25
26
27
28
29
30

9 .32
9 .09
8.99
9.01
9.2L
9.48
9.54
9.56
9.63
9.66
9 .58
9.59
9 .56
9.s4
9.49
9.42
9.24
9 .18
9 .O7
9 .08
9.O2
9.O2
9.03
9 .01
9.00
9.O2
9 .01
8.9 3
8 .99

0.L276
0.L270
0.1204
0 .1153
0 .1031
0.0855
0.0755
0.0686
0.0592
o.o497
0.0475
0.0434
0.041r
0.0375
0.0357
0 .0334
0.0339
0.0327
0.0330
0.0311
0.0316
0.0304
0.0294
0.o293
0.0293
0.0283
0.0285
0.0316
0.0281

0.96

0.98

0.98

0 .88

0 .85

0.96

L4.673
L4.430
14.051
13.856
13. 540
L3.072
12.7LO
L2.446
L2,TLz
Lr.7 65
11.581
LT.4L4
11. 288
11. 120
10 .993
to.824
LO.666
10 .553
10 .459
10 .383
10 .341
L0.297
L0.268
LO.236
L0.235
LO.207
10.203
LO.254
10 .171

0.1949
0 .3136
0 .4681
0 .3615
0.2645
0 .3335
0 .3470
0 .1834
0.L673
0.L262
o.1679
o.L267
0.1692
0 .1580
0 .113
0 .514
0.075
o.042
0.o44
0.029
0.032
0.002
0.028
0.004

0.2424

0.084

4.63
4.39
4.01
3.82
3. 50
3.03
2.67
2.4L
2.07
L.73
L.s4
1.38
r.25
1.08
0.95
0.79
0 .63
0.095
0.420
0.344
0.302
0 .258
0.229
0.L97
0 .196
0 .168
0.L64
0.2L5
o.L32

0.427
0.37L
0.322
o.279
0.242
0.210
0 .182
0 .158
0.137
0.119
0.103
0.090
0.078
0.068
0 .059
0.051
0.044
0.038
0 .033
o.029
o.025
0.022
0.019
0.016
0 .014

L.439
r,37 5

1.400
L.466
L.457
L.4LL
1.551
L.634

0.167
0 .159
0.L62
0 .170
0 .169
0 .163
0.179
0 .189

Results from the linear regression of temperature (O"C) on Èíme (t days)

for each 1.0 metre layer, over the period 5/9/78 - 28/LLl78 at the southern
sampling site;

0=a+bt
The range of the regression coefflctent (r2) ls shown for selected depths.
The average temperature for each I metre layer, mid-way through the
heating pãríod iO"), was estimated from the línear relationships, and the

average temperature difference between layer
constants C and a Ílere estimated as describe
Table 3.8 and Fig. 3.22a. The constant C1

Ao) calculated. The
n the text and shown in
.34 was calculated from

s(
di
=8

t72 (o-c)
uj

where 21 = 6m and 22 = 29m-
Z2
Z¡

-aZ

diffusivities (A) for the clinolimnion are given as both m2d-I and

t e

Edd
cm

v
2 -1



TABLE 3.7
A

Depth
m

1
2

4
5

6

7

8

9

10
11
I2
13
L4
15
16
T7
18
19
20
2T
22
23
24
25
26
27
28
29
30

-aZ
cm2

S

m2

da b 12 ou Ao o-c e

.92

.82

.73

.75

.51

.59

.58

.40

.49

.45

.36

L0.47
IO;42

6.s4
6.535
6.423
6.OL2
5.669
5.429
4.842
4.118
3.420
3.091
2.O97
I.B7 4
L.739
I;4I9
1. 199
1.011
0.819
0.720
0 .584
0 .500
0.4L6
0 .316
0.249
0.224
o.L29
0 .113
0.043
0.001

53

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9

9
9

9

9

9

9
8
8
I
B

I

0. r079 0 .94
0 .1069
0.1083
0.1043 0.96
0.1018
0,9L7
0 .0837
0 .0707 0 .96
0.0653
0.0578 0.87
0.0502 0.84
0.0472 0.83
0.0464
0.0383 0.80
0.0328 0.80
0.0306
0.0304
0.0298
o .0287 0 .9 3
0.0282
0.0277
0.0273
0.0270
0.o272 0.92
0.0267
0.0263
0.0265
0.0266 0.92
0.o270

l-6.94L
16.829
16 .418
L6.O7s
ls .835
L5.248
L4.524
L3.826
13.497
L2.867
L2.503
t2.2BO
L2.L45
11. 825
11. 605
LL.4I7
LL.225
LL.L26
10 .990
r0.906
L0.822
LO .7 22
10 .655
10 .630
10 .535
10 .519
L0.449
10.407
10.395

0.2393
0 . s869
0.7245
0.6976
0.3297
o.6295
0.3642
o.2225
0 .1352
0 .319
0.22L0
0. 1875
0.1918
0.0995
0.L362
0.0841
0.0833
0 .1003
0.0675
0.0244
0.0948
0.0164
0 .069 6

0.0422
0 .0188
0 .0121

0.449
0.382
0.326
0.277
o.236
0 .201
0 .146
0.L24
0 .106
0.090
0.077
0 .066
0.056
0.048
0 .04I
0.035
0.029
0.025
0.021
0.018
0.015
0.013
0 .011
0 .010

0.632
o.726
0.822
o.822
0 .815
0 .884
0.937
1.036
I.I92
1. 158
1.159
r.26

0.073
0 .084
0.095
0.095
0.094
0.102
0 .108
0.120
0 .138
0.134
0.134
0.L46

.64

.58

.40

.34

.27

.22

.16

.09

.03

.00

.93

.94

.86

.81

.78

x3o (o-c¡ = 42.48
6

30
x6 "-^Z = 2.973 Ct = I4.28g

Results from the línear regressÍon of temperature (O'C) on time (t days) for
each l metre layer over the period L2/9/79 - 9/L/80, at the southern
samplíng site;

0=a+bt
The range of the correlation coefficient (r2) is shown for selected depths.

The average temPerature for each I metre layer, rnid-way through the heatíng
period (On), was estimated frorn the linear relationships, and Èhe average

temperature dlfference between layers (40) calculated'

The constants C and a \¡/ere esEimated as described ín the text and shown in
Fig. 3.22b and Table 3.8. The constant C1 = L4.289 was calculaÈed fron

LT? (o-c)
+, * where ZI = 6m and 22 = 30m'
^¿¿t -dLL_'e

Ly

Eddy diffusívities (A) for the clinolimnion are gíven as both m2d-1 and cm2s-1



TABLE 3.8

Períod

L978

l979 I 80

10 .0 39

10 .406

Slope

7 .565

6.75

2

o.92

0. 88

0.L42

0 .160

atc

Results from the linear regressÍon of O" on AO("C), and calculated

constants C and a for equation (3.10).



TABLE 3.9

Depth

20

25

34

A(0-0)ot(o-0)
oE. 100 îz

'B
.doAve dz

/ ll.o
o

.1

.B

19
33
42
32
35
35
27
L7
15
15
15
15
L6
13
10
8.
5.
4.
3.
3.
1.
1.
1.

l05
6

7

8
9
10
11
L2
13
L4
15

3x10 4 0 .861
o .454
0.328
0 .406
0 .338
0.32I
0.387
0 .551
0 .616
0.552
0 .540
0 .506
0 .433
0.488
0.594
0 .668
0.902
L.L2
1. 19
L.32
2.33
2.23
1. 86
7.2
L.24
0 .905
3. 35
0.768
0.295

8.8
7.5
6.9
6.3
5.5
4.7
4.s
4.3
4.L
3.8
3.6
3.4
3.3
3.2
3.1
3

3
2.9
2.8
2.8
2.8
2.7
2.7
3.1
2.7
2.7
2.7
2.6
2.6

L2zLO
11210
10330
9 580
8890
8260
77 LO

7240
6790
6360
5950
5570
52rO
4870
4540
4220
39 10
3610
3310
30 20
27 40
2460
2rB0
19 10
r640
1330
1060
790
520
260

"0

.1

.9

.0

.7

.0

.0

.4

.6

.4
6

9
4
B

I
6
5

6

36
8
0
43
4
4

30

1.
,,

0.
1.
2.

Forelían Heat Budget 1978

The change in temperature ('C) between 5/9/78 (Oo) and 28/IL/78 (0r) for

each 1 metre depth interval, and the consequent change in heat content

(100 xl (oo-oa), calories cm-2, equation 3.14) between the bottom of the

reservoir and each 1 metre level. The average change in temperature r¿iÈh

aepth (ff, oC cm-l) w"" determined as described in the text' and eddy

diffusivÍty (4, 
"t2"-I) calculated using equaÈion 3.7b.



TABLE 3.10

Depth

6

7

8
9
10
11
I2
13
I4
15
L6
17
18
19
20
22
25
27
28
29
30
31
32
35
36
37
38

-0 ) 100
do

Ave ¿0-o)ot,3( Ao(
Ëo

9

B

8
7

7

7

5
4
4
4
3
3

3
3
3
3

3
3

LL.79
10.82
10.54

.07

.05

.25

.74

.79

.28

.15

.32

.2r

.24

.31

.34

3.47
3.3s
3.34
3.34
3.34

06734
1s555
L4473
L34L9
L25T2
LL654
10846
10111
9406
86 81
810 7

7628
7200
6785
639r
5682
4678
4022
3701
3377
3046
27L2
2376
L337

0.444
0,236
0.222
0.293
0.287
0 .548
0.407
0.598
0.470
0.447
0.449
0.406
0 .489
0 .590
0.593
0.62r
0.774
0.774
0.626
L.L2
2.L2
1.05
0.637
0.6L4

5B
08
35

36 .3
63.5
62.9
44.2
42.9
20.5
25.7
16 .3
19.3
2r.7
L7 .4
18. 1
L4.2
11. 1
10 .39
8. 83
5.83
s. 83
5.7
2.9
1. 38x10-a
2.5 x10-a
3.6 x10-4
2.1 xlO-a

1.1 x10-a

94
6
4L

668
334

0.585

Forelian Hea t Budset 1979-80

ïhe change Ín temperature (oC) between L2/9179 (Oo) and 9/f/80 (0r) for

each 1 metre depth interval, and the consequenÈ change in heat content

(10OIl (Oo-Oa), calories cm-2, equatíon 3.14) between the bottom of the

reservoír and each I metre level. The average change ln temperature wlth

depth (ff, oC cm-I) was determined as described in the text, and eddy

diffusívity (A ctn2 s-1) calculated using equation 3,7b.
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THE CHEMICAI ENVIRONMENT

GENERAL DESCRIPTION

4.0 Introduction

The nutríent compositlon of lake l^tater, and its variation wiÈh

time, can be a fundamenÈal determinant of standing crop

(SakamoEo L966; Díllon & Rtgler 1974; SmiEh 19- ), rate of

biomass development (Schindler & Fee 1975; Golterman 1975 p.255)

and specíes succession (soeder et aL L97I; Tl-Èman L976; Kílham

197S). Techniques measuring nutrient variaÈ1on range from

dlrecÈ-chemícal analysl-s, to biological assays. Typtcally each

approach has drawbacks which compllcate Ínterpretation'

particularly when uttlized in field measurements' and greatest

insight Ís obtained by contrasting results from several approaches'

Unpublished chernical data, collected by the Englneering and Water

supply Department for purposes of waÈer quality monitoring

(methods tn chp 2) , were made avaílable for analysls. The

large verËícal spacing of water samples (10m) precluded use of

standard depth-time diagrarns to illustrate seasonal varlatlon'

lnstead the temporal sequence ü/as deplcted lndJvidually for

each depth. Large breaks in samplíng sequences at 30 and 40m

resulted from decreases 1n reservoir depth.

Discussion concentrates on the southern sampllng site although

data from site A (Fíg. 1.4) are occasionally referenced.
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Pat.Ëerns at boÈh Positions vrere similar and the descrípÈion of

the chernlcal regime for the southern site holds equally well

for site A (Fíg. 4.5, 4.6) .

Euphotic zone chlorophyll a concentrations were used to illustrate

variations in phytoplankËon biomass (Fíg. 4.1) in relation to

major nutríenÈ fluctuatíons. A full discussion of phytoplankton

dynamics follows in ChP 5.

As descríbed in the inÈroduction (chp 1), each of the three

seasons investigaÈed duríng the study period was typified by a

different lnflow regime. Durlng the 1977/78 season large

volumes of waÈer hrere pumped from the Murray River, resulting

in a continuous Ínflow from July L977 xo Apríl 1978 (Fig. 1.5a).

Although an increased proportion of water was received from the

catchment during L978/79 supplíes were boosted by sunrmer

pumping of Murray Ríver lâ74Ëer (Fig. 1.5b). In L979/8O

caÈchment runoff accounted for the Eotal inflow of water to the

reservoír, and the summer perfod was marked by a complete lack

of inflow (Fíg. 1.5c)

The followíng discusslon ís divlded inÈq these three periods to

illustrate the variations fn nutrl-ent condltlons which resulted

from the different inflow patterns.

4.L Continuous Hieh Inflow Season ¡977 /78)

Total phosphorus and orthophosphate-P (soluble reactive Phosphorus)

remained at relatlvely high levels throughouÈ the surnmer period
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(Ftg. 4.2). The maíntenance of these levels was directly

related Ëo inflow of Murray Ríver lrater (ffg. 1.5a), both

components Lncreasing soon after the cormnencement of punping

(27/7/77) and decreasing rapídly in April/May 1978 after inflow

diminished. It is noter¿orthy that Èhe chlorophyll a maxímum

which occurred ín January (Fig. 4.1) had very little effect on

either toÈ41 phosphorus or orthophosphate r¿hile the second

maxímum which occurred following cessatlon of pumplng decreased

orthophosphate to <1OygP4-1 at all depths.

In contrasÈ NO3-N (Fig. 4.3) which fncreased wíth inflow to

B0O ueN.C-I, was depleted to levels of c. 20 ¡rgNg-l by the

first algal maxímum. Treatment wíth CuSO4 removed phyÈoplankton

from the l.rater column on 25/L/78 (Fig. 4.1) and within three

weeks nitrate leveïs had íncreased to c. 200 ugN,a, I remainíng

at this level for the following 11 weeks. A sÍm11ar resPonse

was evident at site A (Ftg. 4.6) suggesting that No3-N

concentrations of inflowíng water had decreased dramatlcally

over Ëhe pumping períod. The second bfomass maxima again

reduced N03-N to levels below the límlts of detect,ion.

Concentratíons of NH3-N varied 1ltEle throughout the season

remalnlng at 50-1-00 Ugl.ll-t (Ffg. 4,4) , Slllcon concentratlons

(SiO2,mgl 1) fol-lowed a patÈern comparable to orthophosphate

(Fig. 4.4), rising Eo a maximum level of 15 mg¿-t with the

influx of Murray trater, maintaÍníng this value until pumping

ceased, and then rapldly decreasing to 2 rngg-l in association

r,¡ith the diaÈom dorninated biomass peak of May.
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4.2 lllnter Catchment, Inflow A ted b Sunrner i L978 79

Inflor¿ from the catchment area began in June, (ftg. 1.5b) and

resulted 1n íncreased nutrlent concenÈratíons ín the

reservoir. Total and orthophosphate phosphorus reached

slmilar levels to the prevlous season (Fig. 4.2) while NO3-N

(Fig. 4.3) atÈained a peak concentration double that observed

in L977

Concentrations of both NO3-N and orthophosphate were expected

to ríse $Iith increased h/ater contríbutlon from the catchment'

due to the multiple land usage (rrg. I.2) and excess store of

nutrienÈ material which had not been fully mob iLízed' in prevl-ous

dry years (Buckney L979). However the íncrease in NO3-N

wiÈhout a concomltant íncïease in orthophosphate-phosphorus

\ras surprising, perhaps suggesting an increased seqlage input'

Inflow had virtually ceased by October when marked increases in

chlorophyll a (Fig. 4.1) and associated decreases in No3-N,

orthophosphate and sflícon rrere first evídent. sllicon

depletion (Fig. 4.4) was ninimal compared with the previous

mid-year diatom maxímum, reflecting the smaller diatom component

of the L978/ 79 sprlng blomass fncrease.

The depletfon rate of NO3-N (Fig.4.3) was slmilar at all depths

untíl níd-October when therrnocline formation dimlnished the

removal rate from lower layers. By late November surface

concentratÍons had fallen to 500 pgNO3-Nl, I and increased
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removal frorn 10 and 20m was evÍdent (Fig. 4.3). The sequence

was interrupted by commencement of pumping in early December,

and CuSO4 treatmenË of the algal bloom in mid-December'

Following CuSO4 treatment chlorophyll concentratíons rapidly

returned to levels of c. l5UgL-I, further decreasing the NO3-N

concentration of suïface \¡Iaters, and resultl-ng in continued

removal frorn all depÈhs below untíl the return of isoÈhermal

condítions ín February (rig. 3.14b). The minimum No3-N

concenÈration of c. 200 USN.C-I, observed followl-ng autumnal

overturn, was far 1n excess of the mlnímum observed in January

and May 1978,

Orthophosphate concentraÈíons followed a markedly different

paÈtern from the prevlous season (Fig. 4.2). Rapid depletion

from the surface layers reduced concentratíons to minimal

values (10 ygPOa-P.e,-l) by early December, wi¡h subsequent

reductions occurring down through Èhe water column. Pumpíng

dld not noticeably vary concentrations aÈ either sampling site

(Fig. 4.2, 4,5) even though the volume of water which entered

over Èhe three months r4tas aPProximately equivalent to the

volume hel-d wlthln the reservoir.

4.3 Total Inflow from Cat chment durins llinter L979/80

As r¿iEh previous years concentrations of monitored nutrienÈs

increased wÍth inflow. Orthophosphate concenÈrations (Fig. 4.2)

peaked during october correlaÈing with the final large influx of
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vrater. Maximum concentrations were virtually identical to those

observed in the previous tl^lo seasons.

NO3-N concentratíons (rig. 4.3) reeched maximum values ín August'

and decreased durlng the periods of maxlmum inflow (September and

October, Fig. 1.5c). Peak concenÈratíons were lower than those

observed in the-previous season, and of simílar magnitude to

concentraÈions measured in L977/78 when the inflo$I source \¡/as

the Murray River.

Silicon concentratlons (Fig. 4.4) showed a brief maximum ín July,

partícularly within the surface 1ayer, but after the major inflow

of water, concentrations were only sllghtly above those of laÈe

sununer.

A perslstent thermocline formed rapidly at the end of October

(Fig. 3.14c) by which time inflow had virtually ceased. Increased

algal growth, in response to curtaílment of míxing depth, decreased

surface concentrations of silicon, orthophosphate and NO3-N, while

concentrations at lower depths declined progressively (Fíg. 4.4,

4.2, 4.3). The sequential reduction with depth of NO3-N' to

levels below the lirnit of detection was utilized in Chapter 3

to calcul-ate eddy diffusivity (Seetion 3.12).

orthophosphate showed a similar sequential decline to 20m,

buÈ at 30m the concentration increased dramatically ín rnid-

February, presumably due to the proxinity of anoxic sediments

(Mortlmer Lg4]-/42). The sequenÈial reduction of nutrLent

concentrations \díth depth in the L978/79 and 1979/80 seasons
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illustrates the resl-stance of thermal stratiflcation and

thermocline format,lon Ëo vertícal transport. In the 1977/78

season r¿hen the thermal regl-me was continually disturbed by high

level pumping, nutrient decreases occurred simultaneously at all

depths. This ldas also evident ín May 1978 when isoÈhermal

conditions indicated complete cfrculatíon.

Two possíble causes can be suggested for dífference in vernal

NO3-N concentrations (Fig. 4.3) between 1978/79 and' t979/80;

either a diminished total load, or the dilution of an equivalent

load by the greater inflow volume of the laÈter period. As in

both seasons the reservoir was reduced to simílar levels prl-or

to filling (Ffg. 1.6), the effect on NO3-N concentraÈlons of

inflow of equivalenÈ water volumes can be readíly assessed.

In 1978 peak NO3-N concenËratlons were observed in mid-Septeuber

when the reservoir depth had increased to 37.5rn (Fig. 1''6) .

Ín 1979 this depth was attalned by early Septenber. A

comparíson of these ÈI4to períods (Fig. 4.3) demonstrated that the

NO3-N load of 1979 was far less than that of 1978 adding suPport

to the earlier suggestion that nutrfents accumulat,e wlthin the

calchmenL durlng dry years. However the conslsËen| value of

the soLuble phosphorus concentratíon (Fig. 4.2> apPears

anomalous.

Buckney (L979), ínvestigated the seasonal variation in chemlcal

concentrations at sÍx sÍtes along the onkaparlnga River'

upstream from Mt. Bold Reservolr. Durlng periods of peak
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river flow concentrations of NOq-N were low and orthophosphate-P

concentratlons maxlmalr a paÈtetl oO""tted in the reservoir

during filling tn 1979/80.

It was also noted that orthophosphate-P concentrations

diminished as waÈer moved downstream. At the síte closesÈ to

Mt. Bold oscillations ín concentration were small, and absolute

concentratl-ons less than those of upstream sËaÈíons. It, was

suggested that eíther orthophosphate-P was rapidly absorbed

from the water, or |t was sígníficantly diluted in the rivers

uriddle reaches. The consistent vernal orÈhophosphate

concentratíon of the reservoir suggests a signifícant phosphate

buffering capacity wlthin the system.

Thls brief descrlpÈ1on of seasonal N, P and Si patterns clearly

illusÈrates the cornplexity of the nutrient reglme in the

reservoir. Variations ín nutrlent load resulted not only

from dífferences between the two major v/ater sources, but also

to marked changes within each of these sources. T'trus nutrient

input from the catchment was dependent on the climatic

condltions of previous seasons, while the nutrient load from

the River Murray appeared to vary temporally through a season.

Loads carrl_ed by Rlver Murray water also vary season¿llly,

dependíng on climatic conditions wlthin its catchment.

4.4 Oxygen Regime

Decomposition of organic material in the hypolímnion of
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therurally stratífied lakes consumes signlficant amounts of

oxygen. The degree of oxygen depleÈion depends on the

quant.ity of organlc material sedimented, the thickness of the

hypolirnnion and hypollmnetic Èemperatures (stewart 1976;

cornetr & Rigler LgTg). The hypolimnlon of ì4t. Bold l-s

endowed wlth high temperaÈures (up to 20oC, Fig' 3'14)'

signiflcant inpuÈ of both allochthonous and autochthonous

organic material (Kinnear unpubl. thesis) and is 20-30n

thick.

Anaerobic conditions in the hypolimnion can lead to nuËrlent

release from the sediments, wíth the possJ-b1líty of these

nutrients being available for biological íncorporation

(Mortimer Lg4I/42; Hutchínson 1957).

The oxygen structure'of the reservoir varied signifícantly

between Èhe three years (Fig. 4.7) as might be expected from

rhe díffeïence in thermal regimes (FÍg. 3.I4 (a) - (c))'

Turbulence, which minimízed the therrnal stratifícation of the

vTater column in l-9 77 /78 (Fig. 3.14a) acËed against the formation

of oxygen depleted zones (Fig. 4.7a), and only briefly within

the vicíníty of the sediments, dld oxygen concentratfons fall

below 4 mg g-I (Fie. 4.7a).

Increased oxygen stratification was evident in L978/79 (Fie' 4'7b)

in accord with the presence of a persistent thermocLlne (ftg' 3'14b)'

oxygen concenËrations in Èhe hypolirnnton decreased following
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thermocline formation, until early January when oxygen isopleths

in the upper layers of the hypolimnion hTere forced to deeper

depÈhs. This occurrence colncided wlth a decrease in Èhe

temperaÈure stratificaEion of the hypolimnion (Fig. 3.r4b) and

was attributed to íncreased t,urbulence due Èo the initial inflow

of Murray River \^rater. Following this perturbatíon oxygen

concentratíons were agaln reduced throughout the hypolimnion

until autumnal overturn 1n February. Although hypolínnetic

oxygen concentratlons fell to lower levels than in the previous

year, most of the water column contained concentrations greater

than 2 rng g-1 and only in the víeinity of the sediments were

zero oxygen levels aPProached.

The undisturbed thermal regime of L979/80 resulted ín extreme

oxygen depletion of the hypolímníon (fÍg' 4'7c) ' Oxygen

concentrations decreased followfng thermocline formation in

october to a minimum in late January when all depths below llm

contafned less than 0.5 mg Or9,-I. The Pungent odour of H2S was

noticeable ln samples from lower depths and could be smelt

for several hundreds of metres around the hypolimneÈic outlet,

while rocks in the splash zone of the outleÈ were coated with

yellow sulphides. under Èhese conditfons the concentration of

orÈhophosphate directly above the sedíments (30m' Fig' 4'2)
_1

íncreased three-fold to 240 pg POa-P f'

MorÈimer (L94L/42)

from the sedÍ¡nents

Hutchinson (1957)

demonstrated that phosphorus $7as released

due to reduction of ferric conplexes '

suggested that 1n the presence of sulphi'des'
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reoxygenatl-on whlch occurred as the chemlcals were moved up

through the hypoll-mnlon by Èurbulence' might result 1n .,
precl-pitationofferrfcsulphídesaswellasphosphatecomPlexes.

Dependlngonthestolchfometry'Èhlscouldreleasephosphate

for bíological use.

Despite the presence of H2s ln concentrations sufficient to form

insoluble complexes on reoxygenation of the water (vLz. aÈ the

outlet) there was no notÍceable increase in orÈhophosphate

concentrations ln the upper levels of the hypolimnion (Fig ' 4'2) '

However thLs does not negate Èhe posslblltty of increased supply

as Ehe flux of phosphate Ehrough hypoll-mnetic layers' and

changing vtater volume ltith dePth acts against a simple

concentratlon fncrease.

NI.ITRIENT BUDGET MODELS

4.5 In duction

Recognltlon of the controlllng l-nfluence of phosphorus on

phytoplankton ylelds ln many norÈhern hemisphere lakes (sakamoto

L966; Vollenwelder 1968; Dillon & Rigler L974; Smlth L979)

hasprovídedaconcePtuallyandmathematlcallyslmplebasisfor

predÍctingaveragesunmerblomasslevelsandmeanphotosynthetfc

rates (Smfth LgTg) from average phosphorus concentrations '

However the conffdence ltmits for such predlctions are

extremelybroad.Thfslslnpartaresult'ofapplyirrgphosphorus

based rnodels to lakes in which Ehe ratlo of average total
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nltrogen and toËal phosphorus for the growing season suggests

nirrogen may be limitlng (Tx:rp-p<c.Zf) (SmiÈh L979, 19- )'

Incorporation of tn. Ñ-,F ratío l-n a varíable yield

chlorophyll-phosphorus model (smith 19- ) decreased predíctíon

errors for north temperate lakes and confirmed that the

chlorophyll yield result,lng from a given TF "ott""tttraËion 
was

highly sensitive to variaÈíons in flltfp'

AlÈhough the available data from Mt. Bold spans only 3 years'

Èhe value of nutrient budget models 1n assessíng phytoplankton

biornass levels, \.Tarrants attemPËs to l-llustrate this potential

in the hope of stimulatlng further interest' The lack of

published data on nutrient and chlorophyll regimes in

Australl-an lakes and reservoírs forestalls analyses similar to

those utilized for north temperaÈe lakes, Yet the required data

is quiÈe likely held by sÈate hTater authorities' Mt' Bold'

with its widely varying nutrient regime, provldes an excellent

opportunity to model a single, turbíd reservoír'

Growing season (typically october - February) averages of

total nitrogen, total phosphorus, orthophosphate-P (OP) and

particulate phosphorus (ilp) vfere calculated from concentrations

in surface samples (see methods, chp 2) collecÈed at one or tÍIo

weekly íntervals (Fíg. 4.2, 4.3). The particulate phosphorus

concentratíon for each sampling date was estimated as the

dífference betr.reen total phosphorus and orËhophosphate-P, and

consequently soluble, organically bound phosphonrs (1'e.,

requiring dígestion for anal-ysis) was included in the

particulate fractlon.
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The low fll,fp ratios observed in Mt. Bold (Table 4.1)

necessitated Èhe use of SmLthts variable yleld model'

4.6 Varíable Yteld Chlorop hvll-Phosphorus Model

I^Ieiss G979, referenced in Smith 19- ) analyzed 213 North

Carolina lakes and reservoirs for Èhe relatlonship between mean

growing season total díssolved phosphorus (fOp) and the fll,fp

ratio (FÍg. 4.8a). It was found thaË as the ratio decreased,

and niËrogen became lirnitfng, the residual phosphate levels

measured t" ffi, increased. As a result TP no longer

approximated the phosphorus available for incorporatlon into

particulate form (PP), and the relatlonshlp beÈween TP and

average growlng season chlorophyll concentratíon (b) showed

increased varíation. I{eíss íllustrated ttrat ffi was highly

correlated with iÑ:F,

1og TDP = -1.65 1og TN:TP + 3.18 12 = O.94 (4. r)

and that the ratlo of particulaÈe-P to total-P decreased

consistently as the TN':TP ratlo declined (Fíg. 4.Bb),

PPtrP = 0.0204 ffi'tF + 0.334 t2 = 0.66 (4.2)

Strictly the value of pp obtained from MË. Bold ís not comparable

wíth Èhe ÞF of Weiss, as it conÈâins an unknown contributíon

frorn the soluble organfc-P fractfon and so 1s an over-estLmate'

simil_arly the orthophosphate-P measurement from Mt. Bold is not
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comparable wl-rh the [õF of l^lel-ss whl-ch includes both

orthophosphate and soluble organic-P. To determíne the extent.

of the díf ferencer the relationshlp betwe.r, Op and tN':[þ. for

each season ín Mt. Bold (tabte 4.1) was plotted on l^Ielssr

graph of ffi.r" [-n-,rp (Fíg. 4.Ba), whíle Èhe poínt" þþtrp

versus rN:tp (Table 4.1) were plotted on tr{eissr similarly

labelled graph (¡'rg. 4.8b). In both cases the values from

Mt. Bold fell surprísingly close to the relationships depicted

for the North Ca:¡olina lakes. Ilowever' transformation of the

Mt. Bold values to those of Weíss, by correcting for soluble

organic-P would increase the dÍsparity betl^reen the two data

sets.

Buckney (1979) found average total dlssolved phosphorus levels

in the onkaparínga River Ëo be approximately twíce orthophosphate

values. Consequently correction of the Mt. Bold values would

result Ín substantlally differenÈ relationships than found for

the North Carollna lakes.

Equations simílar Ëo equations 4.1 and 4'2 wete derived for

I,It. Bold from the three seasonal Polnts. Although statistical-ly

quesiionable, the equat,ions are lÍkely to be a substantfal

improvenent over the direcË applicatíon of the relatíonships

presented by tleiss. PP in these equations 1s as determined for

Mt. Bol-d.

log OP = - Q.838 log rÑ:fp + 2.65 12 = O'99 (4. 3)
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PP:IP = 0.0128 ffl:fP + 0.34 12 = O'93 (4 .4)

Smith (19- ) extrapolated equation (4'2) to ÞFtlF = 1'O' which

suggested thaÈ total phosphorus estimaÈed particulate phosphorus

only when Î¡tlp >32.6. Analyzíng 2L north latitude lakes which

met this criÈerLon a cl-ose logarithmic relationship was found

between t and F,

log b = 1.55 log F -L.25 12 = o-97 (4.s)

Note that ín thls situation TP and ÞP .r. interchangeable'

smlth (19- ) assumed that for all lakes this single relationship

existed between chlorophyll concentration and particulate

phosphorus, índependent of fll:ff, and thaÈ a single relationshíp'

as given by equation (4.2), connecÈed the ratío pptfp to ffi'tffi.

On these assumptions equation (4.5) can be rewritten in terms

of F for any level ot ÞF:tP,

logb=1.55rogå -L.25
TP: PP

If log b is plotted against 1og TP, the x-axís

when b=l.0, and substítuting equation (4.2)

inÈercePt occurs

ll = 6'404

PP: TP

6.404

0.0204 rll,rP + 0.334

Therefore the general equation for the famtly of parallel lines

depicting thc rclatíonship between 1og b and log lF fot t

varlable fll,fP ratio is,
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log b I (4.6)

The above equaÈíon incorporates the pp:fp vs ffi-:fp relationship

obEaíned by l^Ieiss (equation (4.2)). If this is replaced with

the estimate from Mt. Bold (equatíon (4.4) ) then,

loeb=1.55 [logTP-1og
6.404

0.0128 TN:Tp + 0.34

It is implicitly assumed in this equaËion that for Mt' Bold the

relationship between chlorophyll concentratíon and average

growing season Particulate phosphorus is equivalenË to Èhat

suggested by Smith (19- ) (equation (4.5)) '

The only season for whích average sunmer chlorophyll concentration

could be reasonably calculated was 1979/80 when Mt. Bold IiTas not

influenced by cuso4 treatment. The calculation covers the

period ocrober 1979 ro lst AprÍl 1980 (Fig. 4.L) during whÍch

the average chlorophyll concentratíon of Èhe euphotíc zone

was 33 mg chl a *-3 (table 4.1). Application of equation 4.7

using the data in Table 4.1 provided an estimate of 33.7 mg chl a rn-3,

Èhe remarkable accuracy of which was probably somewhat fortuitous'

In 1977/78 and l:978179 equation 4.7 over-estimated the average

sunmer chlorophyll concenÈration by a fact'or of c' 2'5

(Table 4.1) presumably as a result of CuSO4 dosing, although

variation ln míxing regírne may have contrlbul-ed'

=1.55 [logrP-los4
0.0204 TN:TP + 0.334

I (4.7)
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The successful predictíon of the 1979 /BO average chlorophyll

concentration suggests that equation 4.4 describes the

relationship between the ratios w:tp and rll:rp reasonably well

for Mt. Bold. As discussed earlier Èhe ÞF calculated for the

reservoir is an over-estimate compared to PP calculated by

I,treiss. Consequently if equatíon 4.4 was corrected for thls

difference it would deviate even furÈher from the relationship

found by l,Ieiss (equatíon 4.2), lrnplyíng that for a given ffltfp

ratío there ís a larger incorporatíon of phosphorus ínto

partículate phosphorus in the North Carolina lakes ' The

assocíated larger residual phosphorus concentration for a

gíven rNtrp ratio in 1"1È. Bold (r'ig. 4.8a) could be the result

of a further lírniting factor.

It has been suggested that phytoplankton biomass levels 1n

Australian ínland htaters tend to be lower than expected from

northern hemísphere experíence, due to lfght restriction caused

by high turbidity (I^ltlllarns L973, L976; Ganf 1976) ' However

the difference in pp:tp ratlos may equally well result from

differences in Èhe distribution of ftq or F between nutrient

compartments. The unravelling of these relatíonships could

provide valuable tnsight to the variation observed betr¿een

lakes in the average summer chlorophyl-l to total phosphorus

relaÈíonshlp (Smith 19- ; Ntcholls & Dillon 1978) '

Although mass nutrient models simplÍfy the complexity of nutrient

regimes and provide valuable informatlon on average Lo[al

biomass yíelds, they give no informatíon on factors determining
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the rate at \ilhích standing croP is atÈaíned {sehirrdler & Fee

L975; Goiterman 1975 p.255). The rate limitíng factors may

well be nuÈrients oÈher than those recognized by nutrient budget

models as determÍning yield. Furthermore, as the relative

abundance of species comprísing the biomass will be determíned

by factors limiting net growth raÈes, these are of particular

ínterest in considerat,ion of phytoplankton seasonal successíon'

DETERMINATION OF NUTRI ENT AVAILABIL ITY FROM ALGAL BIOASSAYS

4.7 Introduction

Investigation of nutríent limitat.ion in aquatic envíronments

has been based largely on enrichment experiments, in which

nutrients are supplied either to a tesÈ algal species growing in

filtered vlater' or to the natural phytoplankÈon' The outcome

of many such experiments has confirmed the Partl-cular imPortance

of niÈrogen and phosphorus in limiting growth, however silícon

(Lund 1950; I{amilton Lg6g), vitamins (DrooP 1970)' trace

elements (Goldman L972) and other micronutrients (smayda L974)

have at times been írnPlicated.

Enrlchmen¡ techniques range from whole l-ake experlmen¡s (Schindler

1971) to smal1 volume batch cultures (Smayda 1974) ' Of the

various techniques the barch culture method utilizíng natural

phytoplankton assemblages (schelske et al 1978) provides the

sinplest means of obt,alníng informatlon on shorE Èerl¡t valiaEions

inlimitingnuÈrients.Useofthenaturalpopulatlonavoids
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the problem of selecting a "representative' test organism

(Goldman 1978) and provides an ínnocul-um condiEíoned to, and

integratíng the nutrient regime of the preceeding perlod

(Schelske L97B; Goldman 1978). This is partlcularly

signifícant in light of the well doeumented luxury consumptíon

of nutrients by algae (Stewart et al L978; Tilman & Kilhan

1976; Lund et aL L975). Comparison of batch culture techniques

wírh whole pond enrichment (otBríen & de Noyelles 1976) has

provided suPPort for thís method, although reliabíl1ty of

bioassays to l-dentify specific limiting nutrienÈs has not always

been confirmed' (Reynolds & ButÈeruick 1979) '

The strnmer cycle of nutrlent avaÍlabiltty at the southern samplíng

slte of Mt. Bold Reservol-r' \^las l-nvestlgated using batch

culture bioassays with the natural phytoplankton assemblage.

Attention was focused on the role of nltrogen and phosphorus'

as prevlous experimenÈal work (Ganf 1980, In press) had shown

a lack of response to enrichment by other nutrients'

I^later samples from selected depths were enrÍched with phosphorus

(+p), nitrogen (*N) and both nitrogen and phosphorus (N+r¡ and

incubatedasdescribedinChapter2.Phytoplanktongrov'thwas

monitored daily usl-ng 1n vlvo chlotophyll fluorescence and

comparedwithgrowthincontrolflaskscontainingunenriched

!,IaÈer samples. Fluorometric measurements described typical

growthcurves(Fie.4.g)andaveragegrowthratesK(doublings

day -1) were calculated from,
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log F =1ogF *Kt1og2
t o

(4. 8)

where F^ was inítial fluorescence and Fa fluorescence at time
o

t (day). Only data points from the end of lag-phase and at the

time of maximum fluorescence \^tere used ín calculations. Average

growth rates for each date and depth are gíven Ín Appendix ' 1'

and shown graphically in Fíg' 4'LL'

4.8 Dep th Dístríbution o f Growth Potential

Variation of growth potential within Èhe water column was evldent

from results of control flasks (Fig' 4'10b) ' Nutrient depletion

reduced the growth potential of surface layers to zeto l-n early

December with concomítanÈ decreases dor¿n to lOm' The zone of

zero groÍt]th Potential deepened progressively Èhrough December ín

a manner similar to that described for 1978/79 (Fig' 4'10a)

(Canf 1980). However, in mid-January the zone was dÍsrupted and

surface uraters showed increased potenËial for supporting

phytoplankton growth. The zero growth zone reformed in February

and eventually extended down to t5m (Fíg' 4'10b)' only to be

desÈroyed by autumnal mixing in March (Fíg' 3'14c) '

Theperiodofincreasedgrowthpotentialobservedlnthesurface

waters during late-january and early-February \^tas preceded by a

decline in chlorophyll a concentration (Fig' 4'1) and a slíght

increaseinsurfaceconcentraÈionsoforthophosphaÈe.phosphorus

(Fig. 4,2), NO3-N (Fig. 4.3) and slll-corr (Fig ' 4'4) ' Míxing depth

increased from 5m on 24/L/80, to l3m on 6/2/80' but then

decreased to 9m by L8l2l80 (Fig' 3'16) '
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Although Blrnrn of rain fell on January llth, previous measurements

lndícated that this was unlikely to provide a source of nutrients '

For example 109rnm of raín on 12 December caused no increase in

growth potential of water samples collected on 27 December, and

sinilarly 163mm, whích fell over the period 28-30 December, had

not stimulated growth in samples collected on 4 January'

ConsequenEly it appeared that the increased mixing depth had

entrained nutrients from Èhe hypolimnion. It is evident from

Fig.4.7cthatmíxingreachedtheoxygendepletedzone,andpossibly

reoxygenation and precipitation of ferric sulphides released

phosphorus for blological incorporatíon'

4.9 Nut rient Limitation

The addition of both nitrogen and phosphorus (n+p) to bioassay

samples íncreased growth compared to control flasks, indicating

the presence of other essential nutríents in suffícient concentrations

to sustaín between 2 and 5 doublings of the innocula (rig. 4.1r)'

The variation in growÈh poÈential of (n+p) enriched flasks was

presumablyaresultofchangingconcentrat'ionsintheseother

nutrients. Minirnum growth stírnulaÈion by the addition of (N+P)

occurred ln mid-March, and maxímum sË.imulation ín late April when the

water was highly coloured and turbíd following heavy raíns'

The relative importance of nltrogen and phosphorus to the increased

gror^rth resulting from (lq+p) errrlc|melìE 1das ascertaincd from sfngle

additions of N or P. As might be expected in a stratified water



79.

column, the depth variatíon of growth response to single enrichment

r,ras complicated (Fig. 4.11). In the following discussion events

at the surface are followed and compared wÍth results from other

depths.

Bioassay mea'surements began in early December, by which time surface

growth poÈential was neglígible. I,trhile rhe addition of both

nitrogen and phosphorus (N+P) íncreased the growth potential, the

single additíon of either nutrient was íneffective, suggestíng that

both nutríents were 'requally" limiting.

Unenriched samples lrom 2.5m supported phytoplankton growÈh, however

the additíon of (N+P) stlmulated the growÈ,h response whereas single

additions díd not, agaín indicating a balanced lirnitatíon.

At 5 and 10m, NO3-N addition stimulated growth to the same level

as (lt+p) enrÍchment., demonst.rating that phosphorus !{as present in

sufficient concentrations Èo suppor! gro\,\tth but that nítrogen

concentrations \^rere restrictive.

During January phosphorus additions stímulated growth ln surface

samples while niÈrogen caused no increase over control levels,

índicatíng the presence of a nítrogen source and the liuriting

funcEion of phosphorus. At depths of 2.5,5 and 10m, N and P were

equally limiting by mid-January, while at 15m and below nitrogen

remained the limiting nuÈríenE, vírtual-l-y restorlng grovrth rate

to levels obtained from (N*P) enrichment, In summatíon these

results indicated phosphorus sufficlency at depths below 15m'
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a balanced llmitation with N up Èo 2.5m and phosphorus defici-ency

in the surface layers. Thís sftuatíon was dramatically

altered during the last few days of January when addítion of

phosphorus ceased to stinulate gror¡tth at any depth, whereas Èhe

addition of nitrogen stimulated growEh to the same level as (N+P)

enrichment. Thís change correlated with the observed increase

in growth potenËíal of control flasks (Fig. 4.10b) and suggested

an influx of aval-lable phosphorus to depths above 15m' The

specifíc source of phosphorus could not be determíned from the

avaLlable data, however Ëhe íntense oxygen depletion of the

hypolirnnion, which reached a maxímum coíncídent with the period

(rig. 4.7c) offered rhe possibility of an increased phosphorus

flux from the deeper vrater layers.

During February the epilimnion (0-5m) reverted through a balance

position, where N and P were equally limiting, to phosphorus

límitatíon, a sÍtuation maintaíned throughout the rest of the

season.

The variations which occurred at depths of l-Om and below during

this latter period will not be considered in any detail. In

general phosphorus was limitlng at 10 and 15m after February'

whlle borh N and P r¡rere equally limlting at 20 and 30m (Flg. 4.1r).
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CHEMICAL AND PHYSIOLOGICAL INDICATORS OF NUTRIENT LIMITATION

4.10 N:P Ratlos

(Measured variables and calculated ratfos are presenEed ín

Appendices 2 and 3).

In determining the relaÈive importance of nltrogen and phosphorus

to growth lf-mitation, frequent use has been nade of criEical

N:p ratios based on stoichiometry (nedtteta 1958), and the

assumption that the demand for nuÈrients will be ín proportion

to the relative concentration in the algal cel1s (Ryther & Dunstan

I97L; Sakshaug & Myklestad 1973). Although this approach tends

to ignore recycling (schíndler & Fee L975) and the often

observed lack of relatÍonship beÈween growth and measurable levels

of nutrients in the medlum (caperon & Meyer L972; Droop L974;

Stehrart et al. 1978) it has been successfully applied ln a

number of cases (Forsberg et al . 1978; Rlnne & Tarkiainen 1978).

Critical values of the N:P ratio are generally in the range 5-17

(RedfÍeld 1958; Ryther & Dunstan L97L; Healey L975; Forsberg

et al. 1978).

The rarto of ínorganic N (lcrf + llol + No;) : orthophosphate-P for

Mr. Bold durlng the 1979/80 season 1s shown'in Fig. 4.L2a.

Significant algal grol^tth occurred during October - March (Fig. 4.1)'

and the N:P ratío remaíned between c. 5-I7 Í.or nost of this

períod indicating that eíther, or both, phosphorus or nfcrogen

could be límlting.
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Rinne & Tarktainen (1978) used the ratio of total nítrogen to

tot,al phosphorus and suggested thaÈ when TN:TP was greater than

7 phosphorus vlas linl-ting whíIe values lower than 7 indicated

nítrogen lirnítatlon.

Forsberg et al. (fgZA) investigated the TN:TP ratio in a number

of Swedish lakes and set the critícal level for niÈrogen

limitation as TN:TP <10 and for phosphorus limitatlon as TN:TP >17'

In the region TN:TP = 10-17 both or eiÈher nutrlents could be

llrnlting. This range of values is identlcal to that derived by

Sakamoto (1966) for a series of Japanese lakes'

In Mt. Bold the TN:TP ratio rernained between s. 10-17 for most

of the IgTg/80 growth season, again lndícating nítrogen and/or

phosphorus limiraríon (fig. 4.L2b). Rinne & Tarkíainen (1978)

argued that the ratio of inorganic N (N") to inorganic P

(orthophosphate P=OP) could be used as an índex of the nutrlenÈs

iumediately available for algal growth, and that when this ratio

was higher than TN:TP, ,phosphorus hras the límíEing factor whíle

if N :oP was less than TN:TP, nltrogen would be llniting.
S

Their scheme can be sunrnarízed as,

N^ : OP<TN: TP< ( ca. 7) <TN: TP<N" : OP
S

N limltlng P l1miÈ1ng

The two ratios' as found ln Mt. Bold, are plotted together

(Fig. 4.L2a) for ease ot comparlson. Throughout the gruwEh

season N :OPcTN:TP, suggesting continual nitrogen linitation,
s

a
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result not supPorted by bloassay measurements'

Average growing season ffi- and TP concenÈratlons have been

successfully used to predíct average chlorophyll yield in a

large number of lakes (sakamoto L966; Dillon & Rigler L974;

smith 19- ; Sectl-on 4.6) . Introduction of the variable yield

uodel by Smith (19- , Section 4.6) has highlíghted the

signlficance of the ffi':TP ratio ln lnfluencíng chlorophyll

yield. This ratfo in Mt. Bold varied from 8.3 in 1977/78

(Table 4.1) indicating possíble nitrogen límitation, to 18.6 in

I}TB/79 which indicated possible phosphorus limitation. In

LgTg/8O fN,fp = L2.4 which llke the other nutrient ratios

discussed indícated either N and/or P lí¡nl-tation'

Physiological indicators of nutrient llmitation, assessed from

fluctuations in cellular compositior¡ have a number of atÈributes

which make them preferable to both bíoassay enrlchment studies

and water chernisËry analyses. The most obvlous feature ís

that they provide a direct measure of the nutríent limitatíon to

which Èhe populatl-on has been subjected, unllke Èhe other methods

whlch test the ability of the sampled water to maÍntain growth'

Measurements of cellular composit,ion can be rapidly compleÈed'

rnlníml-zlng the chance of artlfact due to enclosure, and enabling

analysis of a large number of samples '

Healey (:.:g75, 1978) reviewed the literature on ce1lular compositlon

and suggested critícal, quantÍËatíve values depÍctlng nutrlent

límitatíon. However a distinct handícap to applicatíon of
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composítional indicaEors ín the field ís the difficulty of

measuring phytoplankton cellular attributes when algae comprise

only a fraction of the seston. This ís a particularly

difficult problem l-n the turbid vlaters of Mt. Bold Reservolr,

where not only wíll zooplankton, bactería and detritus interfere

wlth analysis bu¡ also suspended, allochthonous organlc material'

4.11 Cellular N:P Ratlo

cellular contents of nltrogen and phosphorus lüere estlmaÈed as

organic nftrogen (Total KSeldahl nl-trogen - (NH3-N)) and

organlc phosphorus (Total phosphorus - orthophosphate phosphorus).

Healey (1975) suggesÈed a critlcal N:P leve1 of 10 for

cellular compositíon, wl-th ratios above 10 índicating P

lÍrnitation. The ratlo in the euphotíc zone of Mt. Bold was

always greater than 10 (Fíg. 4.L2c), hovrever the magnitude held

llttle signlficance as cont.ributíons from allochthonous

material were unknown, neíther parameÈer showing a close

relationship with chlorophyll a concentratíon or cell volume.

A different approach to the use of thl-s ratio 1s based on a

number of assumpÈfons which llere generally met in Mt' Bold

during the 1979/80 season. If it nas assumed that infl-ow of

parliculate material was neglígible, that either nitrogen or

phosphorus !ìras limiting and that at any moment loss of N and P

due to sedimentatfon was in the same ratLo as 1t occurredr then

variatlons in the ratfo could be attrfbuted to differences 1n

relative uptake of the two nutrlenÈs. Under such conditions
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the ratio would be expected to lncrease when P was less

available and decrease when N was limitíng'

A comparison of bioassay result.s from surface layers (rtg. 4.11)

with directional changes in the N:P ratio (Fíg. 4.I2c) provided

support for the analYsís.

In late November and early December Èhe ratlo changed from a

decreasing Èo an increasing function' Durlng thís changeover

a balance point \^tas exPected where boÈh N and P would apPear

equally limlting. The surface bioassay of early December

showed such a resPonse.

Through December and into míd-January the ratio increased and as

would be predicted, bioassay result.s showed P l-tmitation. In

laie-January the ratlo fell rapídly, the rate of fall

decreasing in February' and reversíng in mid-February'

suggestingnitrogenllmitaÈíonfollowedbyabalancedresponseand

then P limitation. Bioassay results agreed in essence showing

definite N lirnitatíon ín late January, a balance position in early

FebruaryandPlimitatíonthroughlat'eFebruaryandintoMarch.

The ratio predicted either slight N l1mítation or a balance

point 1n late March, followed by phosphorus 1ínltatíon until the

inflow from hearry rains in mid-April. Again the bioassay results

supported the predicÈions showing a ba'lance poínt at the end of

March and phosphorus llmltatfon thereafter'
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The success of the organic N: organic P ratlo 1n predictíng the

líuriting nutrient withln the euphotíc zone of 1979/BO resulted

largely from the lack of inflow during this period, and the

stable therrnal regíme. These attrlbutes enabled the required

assumpÈions to be closely approxímated. : The ratlo may noÈ

have been so successful Ín L977/78 or 1978/79 when inflow of

Murray River r^7ater complicated Èhe thermal structure and

contributed organic materíal to the euphotic zoîe. The

ab1líty of the ratio to describe variations in nutrient limitation

easlly and rapidly from routine measurements taken for water

quality monitoring úTarrants it further research.

4.L2 CeLIular Chlorophvll Content

The chlorophyll content of phyÈoplankton is altered not only by

nutrient llrnitation, but also by temperature and light intensiEy

(Healey L975; Falkowski & Owens 1980), however very 1ow values

are largely associated with extreme N or P depletion (Healey

:-:g75, 1978). Chlorophyll a concentratíon and toÈal phytoplankton

cell volume !üere measured in euphotíc samples from Mt. Bold

Reservofr as described in Chp. 2. The ratio (Fig. 4.13a) varÍed

widely over the growth sea6on, from a maximum of 12 to a

mínímum of 2.5 ug chla. mm-3 ce1l volume.

The crirlcal range of 7-10pg chla/mg dry wt (Healey L975, 1978)

rdas converted to a cell volume basís by assuming a speclfic

gravlty of 1.0 and a wet wefght to dry weíght ratío of 4:1

(Itealey Lg75), giving a range of 1.75 - 2.5pg chla mm-3cell
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volume. The observed ratlo reached the upper l-imlts of the

crirical range (Fig. 4.13a) but never fell below it. As simílar

values can be induced in culÈure by faetors other than nutrient

liurítation (eg. htgh llght intensity) the lowesË observed

chlorophyll contents do not unequívocally fndícate nutrierit

depletion.

It is interestl-ng to note the marked increase in cellular

chlorophyll conÈent durÍng the laEÈer half of January, coincídent

wtth the períod of hypothesized phosphorus influx, and

followed by the period of nitrogen depletion.

4.13 Cellular Protein and Carbohvdrate ContenÈ

Cellular proportlons of protein and carbohydrate, the two naJor

components of algal cells, have been found to vary widely in

response to nutrfent lí-mítation (Antla et al. L963; Haug,

Myklestad and Sakshaug L973; Healey L975; Myklestad L977;

stone 1981 unpublished thesis), wiÈh carbohydrate content

increasing and protein conÈent decreasing. Healey (1975) found

that rdith relatl-vely few exceptions, proteín values greater than

0.4 rng/urg dry wt and carbohydrate values less than 0.3 mg/mg dry wt

índicated nutrient suffíciency, while proteln below 0.3 and

carbohydrate above 0.4 índicated nutrient deficiency. Based on

a \ret weíght to dry weíght ratio of 4:1, the criÈical range

converted to 0.075'0.1 mg carbohydrate or protein per mm3 cell

volume.
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Data on the protel-n and carbohydrate concentrations (methods ín

Chp. 2) of euphoÈlc zone hraÈer from Mt. Bold Reservoir (Stone

1981 unpublished thests) were made available for analysis.

Protein: cell volume ratlos were always greater than the critical

level (Fíg. 4.13b), indicating nutrlenE suffÍciency. However,

carbohydrate/cell volume ratios $lere also generally greater

than the critical value (Fíg. 4.13c) índlcating nutríent

deflclency. These opposl-ng predlctÍons on nutrlent status

restricted any general statement on the growÈh conditions of the

populations. closer analysl-s dld however, provide information

on Èhe nutrlent regime. In December, carbohydrate content

increased and protel-n decreased, a typlcal response of cells

undergoing nutrl-ent li¡nitation (Healey I975; Stone 1981 unpubl.

thesis), and the result expected from increased phosphorus

limitation deplcted by bioassay analysfs (Ftg. 4'11) '

A small decrease of cellular carbohydrate in early January'

followed by a large lncrease in cell protein, coincíded rllíth the

observed lncrease ln orthophosphate P and No3-N of the surface

layer (Fie. 4.2, 4.3). This effect was short lived and in

míd-January carbohydrare agaln lncreased, whíle protein contenÈ

decreas ed.

Interpretation of the large decline ín both cellular carbohydrate

and protein from late January Èo mid-February was made

íncreasingly diffícult by the sparseness c¡f data pofnEs. As a

result it, was not known whether carbohydrate conEenÈ decreased
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prior to proÈein. under the proposed nutrient, pattern of a

phosphorus influx followed by nitrogen llmltatl-on, it rnight be 
,

expected that cellular carbohydrate reserves would fall rapidly'

followed by a decrease in protein content.

Carbohydrate content increased during Ëhe remaínder of February

índicating nuÈrlent llnitation, whlch bioassay results demonstrated

was phosphorus.

A decrease ln carbohydraËe, and increase in protein during

early March indlcated nutríent availabílity, possibly as a result

of auEumnal over.turn. The reverse trend in late March suggesËed

the return of nutrient llmitation. Throughout thís period

bioassays lndicaÈed phosphorus limítatíon.

4.14 Protein:Carboh te RatÍo

The fact that nuÈrient defíciency has opposite effects on protein

and carbohydrate contents of algae has led Ëo the use of the

protein/carbohydrate raÈío (P/C) as an índicator of nutrient

deficiency. Healey (1975) found the P/c raÈio to be a far more

relfable lndicator than protefn or carbohydrate alone and set a

critical range of 0.8 - 1.2, with values lower than this

índicating nutrient deficiency. Following extensíve culture

measurements on dlatoms, Myklestad (1977) set a similar criÈÍcal

value of 1.0.

In Mt. Bold the ratÍo decreased to critical levels for the two
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períods (Fig. 4.13d), late Decernber to early January and ml-d

February to early March. Although these"corresponded to periods

of nutrlent límltaEion as il1usÈrated from bíoassays, the

majority of the results suggested no nutrient limltatlon, a

result at odds wlth the bioassay data (rlg. 4.11).

Analysis of the directional change in the raÈio led to a

descrÍptíon of variation in the nutrient regime sLmilar to Èhat

obtained from the organic N:organlc P ratío and the bloassay

resulÈs. In general these all depicÈed nutrient depletion

through December and early January, an increased nutríent

avaÍlabÍllty 1n míd January with a return to depletion ín

February, and a further brief lncrease in nuÈrient availability

in early March followed by continued nutrient lfml-tat.ion. The

sirnilarity of these results suggested that the composltional

indicators rlere responding Èo fluctuatlons ín the nutrÍent regime

in the expecÈed manner, but Èhat the crftical levels determíned

on cultured, laboratory populations lvere not indicating Èhe true

signlficance of these changes. In cases where large background

interference htas líkely eg. organic N/organfc P ratÍo, Èhis

result was anticlpated. However fn the case of chlorophyll a

concentratlon and cell volume where fnterference r¡¡as expecËed to

be minimal, c,rttícal values sttll appeared unreasonable (FiB. 4.13a).

The linear relationshíp beÈween chlorophyll a and protein

concentratíon (Fíg. 4.L4a) and cell volume and carbohydrate

(Fig. 4.14b) demonstrated Èhat phytoPlankton were the major

source of these compounds. Yet despite minimal lnterference
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irítical levels for carbohydrat,e and protein provided the most

inconslstent interpretation of the nutrienÈ reglme' protein

results predlcting nutrLenÈ sufflcÍency and carbohydrate

nut.ríenË deficiencY.

As these inconslstencles resulted from the application of

laboratory measured critícal levels, an attempt \^tas made to

assess critical levels directly for the fleld sítuatlon.

4.15 Fíeld Determination of Critical Levels for Comoo sitl-onal Indicat ors

Laboratory efforts to deÈermlne the switch-over point from

linitation by one nutrient to limítatlon by another have

frequently utilÍzed the ídea of a balance point, íe' the raÈio

between t\4to nuËrients when they are present in concentraÈions

where neither is llmiting relaÈive to the other, when all other

nutríents are in excess (Droop L974; Myklestad 1977) ' It ís

assumed that in such conditíons the phytoplankton take up a

t'preferred" chemlcal composÍtion.

The surface bioassay results from Mt. Bold contained three balance

polnts. on these occasions the additÍon of (N+p) stimulated

growth, implying adequate concentrations of other nutrient

requiremenÈs. The slngle addition of N or P resulted either in

no growth at all (10th December, Fig.4.1r) or a similar, small-

gronth response for both nutrients (6th February and lst April,

Fig. 4.11) suggestlng, ln these latter cases Particularly' that

nelÈher N or P were llmlting. If it ís consldered that on these
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dates phytoplankton composition was 1n the "preferredt' state,

then measured or interpolated values for composiËíonal varíables

may be used to estimaËe critlcal field levels.

Except for the TN:TP and organic N:organíc P ratios, (Fig. 4.12b&c)

the crítícal fíeld levels for each composítíonal indícator were

similar on dates when balanced limitation was observed (Fig. 4.13).

This was noE as surprísing as ít first appeared, ín that Mienoeystis

dominated the populatíon fron rnid December onwards (Chapter 5).

The similarfty of the values in fact provided some suPport for the

concepË of the balance point.

Critícal fleld values were substantially higher than critical values

suggested from culture work (ta¡le 4.2> , and indicated periods of

marked nutrient depletion (Fig. 4.L3) which ínter-correlated

between the varÍous compositional indlcators, and coíncided with

bíoassay results.

4.16 Discussion

The large seasonal variation in nuÈrienÈ input from the catchment

area and Murray River, represents a sÍgnificant problem to efforts

almed at controllíng phytoplankton biomass levels by manipulation

of nuÈríent loads. The concePt of a single nutríenÈ being the

prirne determínant of phytoplankton yíel-d aPpears untenable in ihe

light of the data from Mt. Bold ReservoÍr.

In general the ratíos of average growing season total nitrogen (TN)
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to total phosphorus (fp) concentration, implÍed that either or both

nutrients could be slgnl-fícant ín deÈermining average growfng

season chlorophyll a concentratíons, b (table 4.L).

The successful prediction of the L979/80 mean grohrlng season

chlorophyll a concentration from a variable yield chlorophyll-

phosphorus model based on that of Smith (19- ) suggested thaË

variatl-on l-n TN:TP ratio could be accounted for successfully. I^Iíth

further substantiatlon such a model rnight provide a foundatlon for

predicting the effect of changing nutrienÈ loads on chlorophyll a

concenErations. However as the model was based on average growing

season values of surface samples, the problem remains of relatíng

these to,, changes in loadings. The seasonal varíability in the

nixl-ng regíme of the reservoír (Chp. 3) may cause this to be a

difflcult problem.

Bioassay results for 1979/80 demonstrated a change ln llrniting

nutrient both in Ëime, and vertically within the stratífíed water

column. The occurrence of a phosphorus deficÍency 1n surface layers,

but a sufficiency at progressively deeper depths through the season'

suggests Ehat the vertícal movement of nutrients by \^laËer turbulence

(Chp. 3) rnay become partícularly Ímportant duríng the thermally

stratlfled period.

The significance of a slight increase ln surface mixing was

dramatically illustrated by a change from phosphorus linitation to

nitrogen llmitatÍon. Followlng re-establfshment of a shallow

epllimnton, phosphorus limÍtation reÈurned as chlorophyll a increased
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in response to the nutríent spikLng.

Once criÈlcal values had been set for composltional indicators ln

the field Èhey predicted nuÈrfenË fluctuatlons which corresponded

with bioassay results. Although the successful composltfonal

lndicators. provided no Lnslght to the identity of the liml-Èing

nutrfent, they lllustrated when nutrlent condltlons had f-mproved.

Such l-ndicators may provide a useful numericel measure of nutrlent

supply.
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Fis.4.8: a. Correlatlon between average toÈa1 dissolved phosphorus

tfOpl and Ëhe ffl : fp ratio ln 213 North Carolína lakes and

reservoLrs (O) (from Smith, unpublíshed), compared with the

relatl-onshl-p between orthophosphate-P (OP) and fN'

ratio for Mt BoId Reservoir (A).

b., correlatfon between Èhe ratio of mean particulate-P

to mean total-P (pp t fpl and the fll t fp ratio ln 2L3

North Carolina lakes and reservoirs compared wiËh the

relatfonship between pp : '¡þ. at¿ fS : fp as calculated

for Mt BoId Reservoir (A¡.
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ELg. 4,!23 Seasonal variation l-n

a. ratio of inorganic-N to orthophosphate P (^) and

total-N to total-P (r).
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TABLE 4.1

Period PP OP TN TP PP:TP TN:TP b
Predicted b

Snith 19- Equation
(4.7)

39.3
35.9
43.3

L977-78
L978-79
19 79-80

s8.9
5t.4
64.7

.43

.57

.52

T2
10 .8
33

76.7
39 .1
52.0

rL32.3 135.
1678.8 90 .
1539.0 r24.

32.6
25.9
33.7

3
6
4

I
18
T2

70
50
10

Average Growing Season Concentrations (ug !,-l) of particulate phosphorus (tf),

orthophosphate phosphorus (Op), total nitrogen (TN), total phosphoru" (fp)

and chlorophyll a (b). Ratlos are those used to calculate predícted b,

either from the equation of Smith (19-) (equation 4.6), or the nodified

equatíon for Mt. Bold Reservoir (equatíon 4.7).



TABLE 4.2

Chlorophyll a
cell volume

Proteín
cel1 volume

Carbohydrate
cell volume

Protei-n
carbohydrate

Critical field
value

3.6

0.36

0.19

2.2

Critical value
from Healey
( re 7s)

2.5

0.1

0.075 - 0.1

0.8 - L.2

rr%l-fltm-

A comparison of critlcal values for compositlonal indicators determlned
from culture work (Healey L975) and dírectly in the field at Mt. Bold
Reservoir. Healeyts orlginal values hrere converted from dry weight to
cell volume basis assumfng a specific gravity of 1.0 and weÈ lttt:dry wt =

4.1 (Healey 1975) .
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PHYTOPLANKTON BIOMAS S FLUCTUATIONS AIID SEASONAL SUCCESSION

SEASONAL VARIATION IN PITYTOPLANKTON BIOMASS

5.0 Introduction

Large phytoplankton bíomass fluctuations are conmonly assoclated

wiÈh rnajor changes in Èhe physical structure of the lüater colr-rnn,

whÍch alter the average irradiance per cell and the nutrient regime

(Riley 1942: Tal1-ing L97L; Rot¡nd L97I; Lewis L97k; Reynolds L973b,

1980; Ilarrls & Picclnin 1980). DespÍte the acknowledged J-rnportance

of these physical events, ll-ttle guanÈÍtatfve data is available to

dÍrectly assess the relative significance of Èhe various factors

involved.

The water colrrnn of Mt Bold Reservoir annuall-y undergoes large

changes in both its physícal and cher¡ical nature (Chp. 3 & 4)'

providing an environment where the influence of these changes on

phytoplankton biomass may be assessed.

5.1 General Patterns

Chl-orophyll a concentration and total- cell volume (Chp. 2) of

integrated euphotic zone samples from l-978-79 and 1979-80 were

signifícantly correlated,within each season (Fig. 5.1 & 5.2)'

linear functions explalning over 90Z. of. the variation. This

al-lowed comparison of seasonal bíonnss patterns from changes in

chlorophyll a concentration. However, slopes of the linear relation-

ships varied slgniflcantly between seasons (Ftg. 5.1 e 5.2, slopes

significantly dlfferent P ( 0.001; y-axís intercepts not signLfÍcantly

different P > 0.05) and precluded the use of chloroptry1J- a

concentrations for biomass comparisons. Dersotová (t98t) found

similar between season and between l-ake variations.
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Seasonal fluctuations l-n euphotic zone chl-orophyll 4 concen-

tratlons dl-d noÈ follow a distinct recurring sequence (¡ig. 4.L)..

Ihis was partially the resulÈ of CuSO4 ËreaËment during 1977-78 an'd

Lg78-79, but was also a functíon of the marked phystcal and cher¡lcal

variations typical of the reservoir, as demonstrated by the

different biomass paÈÈerns of. L975-76 (GanÍ. 1980) and 1979-80 (Fie.

5.3 & 4.1) when CuSOO üIas not used. Despite differences between

seasons conmon features were evident.

The símplest PatÈern occurred in 1975-76 (l'ig. 5.3) and was

similar to the cLassic pattern of temperaÈe lakes (nound L97L;

Kalff & Knoechel l-978) except with the spring biomass maximtrn shifted

to early sunmer.

In general, low winter chlorophyLL a concentrations (' SUg Z-1)

were followed by increasing concentrat,ions throughout spríng (Fig.

4.1). IniÈiation of the spring increase occurred in October of

L977 artd 1979 (Flg. 5.4 and 5.6) but in early Septernber of 1975 and

1978 (Fig. 5.3 & 5.5), coínciding precisely wíÈh reduction in mlxing

depth resulting from sËratifícation of the hTater coh¡nn (Fig. 3.14).

Ttris suggested that improved light condltions might be a rnajor factor

stÍmulatíng biomass accumulation. Simil-ar observations for optically

deep l-akes and marl-ne envlronments were made by Rtley (1942> 
'

pechlaner (1970), Talllng (1971), HiËchcock and srnayda (L977),

Paasche & Ostergren (1980)

Biomass Ëypícally reached a maximum Ín December (Fíg. 5.3, 5.5 &

5.6), although during L977-78 the rnaximum occurred notably later

(Fig. 5.4). Ttris was probably a result of increased turbulence as

lfurray River water entered the reservoir (Chp. 3).
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In all years biomass declÍned during mid-summer. Tn 1977-78

and 1978-79 this was enhanced by CuSOO treatment shortly after the

initial decrease in chlorophyll a concentration (Fíg. 5.4 & 5.5).'

In auturnn chlorophyLL a maxlrmum generally occurred 1n I'Iarch and

April, concomitant wl-th auturnnal overturn. For example overturn

occurred in late February of. L979 (ffg. 3.1-4b) resulËing ín an earlier

autrnffi peak than 1980 when lsothermal condítions $/ere not attained

r¡ntil March (Fig. 3.1-4c) .

5.2 The vernal biomass increase

The suggested correlation between lnitíatlon of the spring

phyËoplankÈon lncrease and improving írradiance \¡ras investígated using

the average írradiance within Èhe míxed zor.e as a measure of the

mean írradíance recelved by a cell (Ï). Rlley (1957) suggested

- -t -1that I (ItrIm - d -) could be estímated from,

i = ro (1 - e-ezt)
5.1

ez
m

where I^ is the average daily íncomíng lrradiance for the week prior
o

Ëo the experlmental data (MJm 2 a-1), z. the mixed depth (m) and e

the vertícal extínctíon coefficient (Zn units m-1, sêe Chp. 3).

Realistic estimates of mixed depÈh could not be obtained for

1977 (see Chp. 3) and analysís was restricted to 1978 and L979

Estimates of the variables in equatfon 5.1 for the perlods

23/8/78 to L2/L2/78 and LB/g/79 to LIIL2/79 are given ín Table 5.1

along with the calculat,ed mean frradl-ance of the mlxed layer (1), and

chlorophyll ø concentratlons. The íncrease in I over these periods

resulted mainl-y from reduction in the rnixed depth enhanced by increases
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in incídence irradiance (Table 5.1).

In 1978 i increased exponentially frorn 0.109 to L.573If.It-2 d71,

concomítant with an exponenÈíal- lncrease in chl-orophyll 4 concen-

trarlon (Fie. 5.7a, Table 5.1). Fig. 5.8ø shows that Ï and chloro-

phyll d concentration were linearly related up to an Ï value of
_, -11.57 M.Im - d -.

The rate of bÍornass accunulatlon was calculated by llnear

regression,

eguation,

using the logariÈhrnic form of the exponential growth

.Lt x
Ë

.Lnx + kÈ 5.2
o

vrhere xa is the chlorophyll a concentration at time t day, xo the

lnitial chlorophyll a concenËraÈíon and k the specífl-c rate of

increase. As expected from the linear relaÈíonshíp beËween chloro-

phyll a concent,ration and I (Ffg. 5.fu), Èhe rate of biomass increase

(k = 0.047i-L, t2 = O.90) was statístlcally índisËínguishabl-e from the

rate of increase fn 1 (t< = 0.046d-I,r2 = 0.96) calculated by replacing

x and x in eouatlon 5.2 wÍth Ï and i--t ---- t o

Due Ëo lnclement weather Ln 1979, persfstent thermal stratífication

of the hrater column did not occur untl1 late October (Fig. 3.14).

Stratlffcatfon then set in rapidly, aecompanfed by e marked lncrease

in lncident solar lrradlance (fÍg. 3.19). Consequently the mean

irradiance of the mixed Tone lncreased over a week from values less

rhan 0 .42 to 1.38MJ r:2 ¿ 1 (Fíg. 5.7b; Tabl-e 5.1) .

Prior to thÍs increase chlorophyll a concentraËions had fluctr:ated

directly with 1 (Fie. 5.8b), but during the rapid changechlo::ophyll4

accumulation ragged behind ih. *."r, light intenslty. However, by

the follor,ring week it had returned to e)rpected levels (Fig. 5.Bb).
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The exponenËial rate of bíomass accunulatlon (equatlon 5.2)

between 17 /:IO/7g and, L2/LL/79 was 0.06 d-l (t2 = 0.89, Fig. 5.9)

whtle a símilar calculation gave a value of 0.07 d-l fot th. t"t"

of Ï fncrease. Statístícal anal-ysis showed there \¡ras no significant

difference between these values (slopes not signlficantly different'

P > 0.1).

5.3. Midsrmrner biomass minfmum

To assess the effect of epilimnetic nutrient depletion on

rnid-sunrner biomass minima, bf-oassays of water samples from selected

depÈhs'r^/ere used to determlne the gro'r.rËh potential of the water

colunn. The techníques and results were díscussed in Chapters

2 and 4.

The midsummer blomass decrease duríng 1979-80' and príor to

CuSOO tïeatment ín L978-79, coincided with a reductíon of growth

potential in the euphotic zone (Fig. 4.10). Íhe íncreased growth

response from bl-oassay flasks spiked with nitrogen and phosphorus

suggested that nutrient lírnitaÈion, Èhrough iÈs effect on growth

rate, \ras a.maJor determínant of Ëhe midsurmner ttrrit".

Further supporÈ for the role of nutrient limítation Ìtas afforded

by the biomass varíatíons of 1979-80. During Èhís season the

characteristics of early summer and autumn maxíma were evident

(Fíg. 4.1), however an extra biomass peak was observed 1n February,

and followed the period of fncreased nutrient avaLl-ability

dernonstrated by bÍoassays and compositlonal indicators (Chp. 4). Ihls

response to a natural- spikfng of epillmnetlc waters illustrated

the signíficance of nutríent limitatlon.
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The biomass decrease duríng late February and early March

again coincided r^ríËh decreased gro\,üth potential of Èhe r^rater colunun

(Fie. 4.10) .

5.4 Autr¡rn bíomass peak

Increased mlxing during autunmal overÈurn resupplied nuÈrients

to the euphot.lc zotte as evidenced by increased grorth in bíoassay

conÈrol flasks (Fig. 4.11). However exÈension of the míxed depth

simultaneously resulted ln a decline fn the mean irradiance of the

mlxed zone (Ï) (equation 5.1). The occurrence of the autrnnn maxima

therefore appeared dependenË on Ëhe relative slgnlficance of lncreased

nutrient supply and reduced light availability.

PI{YTOPLANKTON SEASONAL SUCCESS ION

5.5 Introduction

The species which comprise the major proportion of the phyto-

plankton biomass of a lake are relativel-y few in number, and fre-

quently appear in an annually recurring pattern (Round I97L; Reynolds

1980). This sequentlal change 1n dominant specles 1s termed seasonal

succession.

Lewis (L978a) devísed an hypothetfcal time tract for the

succession of major algal groups ín tropica| Lake Lanao. Unl-ike

temperature lakes where the abrupt changes which initiate successional

sequences usually relate to seasonal weather changes, in Lake Lanáo

frequent successlonal episodes were íntÈlated during an annual cycle.

At the class or divlslon level the a1ga1 sequence wlthin a complete

episode was símílar to the sequence freguently observed ín temperate

lakes, and qtralitatf-vely described some time ago (Pearsall L932).



101.

Reynolds (1980) resolved Ëhe periodicfty of phytoplankton

assemblages in severaL English lakes on the basfs of two major

variables, nutrient availability and colunm stabl-lity, though t."og-

nizing the possibl-e act.ion of oÈher facÈors such as grazing. A'

qualitative "probabílity matríxrr was constructed, which predicted

the dominanÈ algal group under varying conditions of the two

varlables. The marked similarity between this scheme and Ëhat for

Lake Lanao (Lewis L97fu), suggests that successíonal sequences may

well be subject to a relatively small number of controlling variables.

Ihe recognitlon of these driving factors will be facflitated by the

comparison of similaríË|es between lake systems. Mt Bold in the

southern hemisp-here offers such a comparison, partly on geographlcal

grounds and partly because of lts turbfcl nature.

The successional sequences in MÈ Bold Reservoir duríng I97B-79

arj L979-80, were deÈermíned from Èhe proPortíonal conÈributl-on of

specíes to Èotal cell- voh¡ne (Fig. 5.10 and 5.11, Table 5-2) - As

the speclfÍc taxonomic poslËlon of many of the algae is tentative,

the discussion of seasonal perlodicity is based ín part on the class

or divísion level. Sl-nce the major proportfon of biomass is composed

of a relatively few species at any one time, argtrnents based on one

level of organizatfuot should be readil-y applícable to the other.

Indeed lt fs at the higher level-s of classification that similaritles

between successional sequences have been recognízed (Lewls L97fu;

Reynolds 1980).
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56 C,eneral description of seasonal succession

To facilitate comparl-son between the t¡r¡o seasons, and Èo

assíst in followíng the verbal descripÈion, dorninant and co-domfnanÈ

species have been listed in order of occurrence (Table 5.3).

T\ro cryptonomad species dominated the ínitlal biornass increase

of 1978-79 (Flg. 5.10; Table 5.3). In rnid-October these species

were supplanted by Ceratiun hirundineLLa (o.F. Muell) Dujardin, and

Cy eLot eLLa mørteghiniarn Kue tzíng, which co-domínated b rief 1y b efore

being replaced by MeLosítna sp.

This large dlatom occurred in only one sarnptr-e (Fig. 5.10)

despite weekly col-lecting, demonstraÈing the rapl-dity with which

specíes succession may occur. It is evident thaÈ where posslble

samples should be obtained more frequently, particularly in the early

stages of a succesíonal sequence.

TraeheLomorns spp. irunediatel,y succeeded the diatom (fig. 5.10)

whíle co-dominance by Ceratiwn and Mieroeystis aentgínosa Kuetzíttg

followed in November, with Anabaena spíroides Klebahn. becoming a

third co-domlnant ln early December (Table 5.3).

Itre mld-December application of CuSOO removed all species

from the euphotic zotte, but withín two weeks Mieroeystis biomass

levels had surpassed those prior to doslng, and except for a bríef

Cev,atiwn peak during early February, dominated untll autumnal

overturn.

TracheLomonds spp. dominated the overÈurn period wlth

MeLosiv,a uanians C. Agardh as co-dorninant.
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. Two green algaewhich formed only smal1 components of the total

biomass but were at Èimes relaËively numerous (fig. 5.5)' !¡ere

Dtctyosphaerium puLehelLwn Wood whlch appeared fn late Nove*ber ani

1oegstis pan)a. I^Iest & WesË, which comprised 25% of. total volume shortly

afrer CuSoO treatment (fig. 5.10).

The desmld, CLoëteritrn sp. occurred in 1ow numbers early in the

sequence (< 4 cells *1-1) and ln laËe August, prior to biomass

increases, made up almost LOO% of the cell volume. This was consl-dered

dorninance by default rather Ëhan actÍve growth and precluded from

the sequence.

At the start of the 1979-80 vernal biomass lncrease Crn¿ptomonas

spp. and IraeheLomornls spp. co-domlnated (Fig.5.11; Tabl-e 5.3). These

species were follor'red by Ceyatium hitan&LneLLa, which Èhen co-domínated

successively with CyeLoteLLa lneneghiníar.ta ar'd MeLosira uaviøns. In

early December Mieroeystis aeruginosa and Anabaern spínoides briefly

formed co-dominants with Cerwtiwn, but by January Mieroeystis accounted

for > 907" of the total biomass and conÈínued to do so untiJ- llay.

A decrease Ln Mícnoeystis cell numbers durlng January (Fig. 5.6) '
concomítant with nutrient limitation (Fig. 4.10b) increased the percentage

contribuÈion of Anobasna to total cell volume (Fig. 5.11) although

ce1l numbers of Anabaena díd not alter (Fíg. 5.6).

Following the lnfl-ux of nuÈríents in l-ate January (Cht. 4),

Mierocystis cell concentrations increased Ëo the maximum observed val-ue,

but then declined agafn durlng early March, when bioassay resulÈs

indícated furËher nutríent depletion of the epllomnlon (Fig. 4.10b).
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The brlef lncrease lt Microeystís bl-omass rdrich occurred at

auÈurrral overturn rüas not followed by the rapid population decline

observed in 1978-89 (Fí9. 5.5 & 5.6). Instead the population Per:

sisted untfl May, then decreased rapidly resulting in douúnance by

Tv,aeheLomonas sp.

5.7 . Successíon rate

Ihe sequentíal l1sÈing of dorninant species (Table 5.3) íllustrated

the directíon of the successional sequence, but provided no quanËitatlve

data on Èhe succession rate. Furthermore the selection of "represent-

atíverr examples of species shifts was subjectlve.

Lewls (L978b) formulated an index of succession rate based on

the changes in abundance of indívidual species. Ihe variable was

termed the sunmed dífference (SO) index, and estlmated over a short

tíme ínterval as;

sD = x, I Ibi(t1)/B(ti) I - Ibi(t2)/n ttrll I

5.3

where bi(t) is the abundance of the íth spectes, and B(t) Èhe

cornmnnity sLze al tfme t. The index provides a measure of relative

coumunity stabílity, and can be used Èo identffy critical periods

of structural change (Reynolds 1980).

Cell volume measurements were used to estÍmate abundance of the

maJor species 1n Mt Bold Reservoir over the trüo seasons 1978-79 and

1979-80, and the sunned dlfference l-ndex cal-culated for each samplfng

interval (Table 5.4, Fig. 5.L2>. Periods of rapid change in comrnuniÈy

structure appeared as peaks (Fig. 5.L2), usually exceeding 0.1 d-l.

Following the precedent of Reynolds (1980) this l-evel ls taken as

índícative of a slgnificanË change in species composition and the

occurrence of such peaks used to objectively partition the successional

t2- t1

sequence.
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The major shífts ln populaÈ1on composltion recognized by this

approach may be compared wiÈh the sequential listings (Table 5.3)

r¿hich have been numbered in accordance with the numerical notation

used in Fíg. 5.12. The correspondence between sequences vlas very

close wíth only two major disparities. In 1978-79 the SD index

indicated thaÈ a change from 871l Trachelomonads, 77" Cetatiwn

(Group 4 Table 5.3) to 497" Trachelomonads, 297" Ceratiwn, L7i¿

cryptomonads was significant whereas this had not been included ín

the sequentíal listlng. Hoç.rever the more important dÍsparíty was

in the succeeding change to 537" Míeroeystís, L87 Cenatiwn, LI%

Cryptomonads. This obvl-ous specj-es shifË was lncluded in the

sequenËial lísËíng (Table 5.3, Group Z), but did not appear signlf-

icanr by Èhe SD index (Table 5.4, 3L/LO-2L|LL/78, SD = 0.067,

Fíg. 5.I2a). Ttre cause of this dlscrepancy rùas the Èhree week period

between the tr'ro samples which resulted in an lncorrecÈ measure of

succession rate (Reynolds 1980).

Sirnilarly the rapid change in percentage contributlon of. Anabaena

in January 1980 (Fig. 5.L2b, Table 5.4, 4/L-L6/L/80) rnight well

have yiel-ded a sl-gnificant SD value if the sampling period had been

less than twelve days.

5.8. Environmen tal chanee and succession rate

As succession ls a response to enviroilIpntal change, rate of

succession should be related statístical-ly to rate of environmental

change (Jassby & Goldnan L974; Lewls L97Bb).

The conËrolltng envíronmental factors nny be dfvided into mechan-

isms affecting growth or loss rate (Kal-ff & I(noechel 1978)' the

balance of these determining a species success, and population compositlon.
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Precedíng sectÍons have demonstraÈed Ëhe parËicular importance

of two growth control factors. The mean lrradiance of the mlxed

zone (Ï) whlch determlned the increase of blornass duríng the íniiial

onseÈ of thermal stratification (Fig. 5.7; 5.8) and nutrient

availability which bÍoassay results suggested controlled growth

Ëhroughout the stratified period (Chp. 4).

In the foJ-l-owl-ng analysis attritlon rates r^rere noÈ considered

separately, and consequently those l-ndependent of the varíation ín

growth control- factors vrere assumed to have a small effect on Èhe

rate of biomass change. Accepting this símpl-ífying assunption,

successlon rate should be related to the raÈe of change of resource

supply, either irradiance when ít ls Ëhe controllíng varíable, or

nutrient concentration.

The mean irradiance of the míxed zorre, I [equatfon (5.1)] was

used to quantify the 1lght regime, and for the period when lrrad-

iance lras a major determlnant of net growth rate (L2/9/78-24/IO/78,

Table 5.5 Fig. 5.7), Ï was slgnlficanÈly correlated wíth the SD

measure of successíon rate (Ffg. 5.Lh). UnforÈunately few data

points were avallable for the períod of rapid increase ln Ï during

l-979-80, and its effect on succession rate could not be quantitatively

assessed.

In Chapter 4 ít was shown that during Èhe stratified períod of

1979-80, composít,lonal lndicators varied ín response Ëo changes in

the nuÈrient regirne. Of the compositíonal measures used (Fig. 4.13)

proteln and carbohydrate related nost dlrectly to the phytoplankton

(Fig. 4.I4) and were least subjectlve (cf. ratlos on celI volume
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basis), and provldes an esÈimate of the growth potential of the

population (Stone, unpublíshed thesis). These attributes suggest.

thaË the ratío may be a useful l-ndex of nutrlent supply.

During the period when bioassays indícaÈed nutrient lÍmítation

(7/12179-513/80, Fig. 4.L)b), succession rare and the proÈeín -

carbohydrate ratÍo were significantly correlaËed (Table 5.6; Fig.

5.L3b). The daËa point for 22/L-L3/2/80 (Table 5.6) r^tere precluded

from the correlation due to the particularly long period between

samples.

5.9, Discussion

AÈtempts to assess the significance of the improving vernal-

light regime to the onset of blomass lncrease, have focussed largely

on the relaËionshíp between photosynthesis, incident lrradiance'

respiraríon and urixing depth (talling L97I; Steel- L973). Although

theoreÈically sound, technical problems in the appllcation of these

models have resulted 1n disparity between predicted and observed

periods of growth (Jewson L976; Jones L977e; Ganf 1980; Chapter 6).

In contrast only límlted atËention has been paid to direct

relationshíps between the effecÈive light regime and neÈ observed

growth.

Ril-ey (L957, L967) demonstrated that lnítiation of spríng diaton

bl-ooms in coastal estuaries \.{as dependenË on a crÍtical level of the

-, -1
mean irradiance for the mixed zone (1) of ca. L.7 MJ m -d - (40 gcal.

*-"d-t). Slmilar crÍtical values have subsequentl-y been reported from

varlous marine locations (Barlow 1958; Gieskes & Kraay L975; Hitchcock

& Smayda L977).
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The data for MË Bol-d Reservoir demonstrated that inltlation of

the vernal biomass increase resulted from a continued lmprovemen!

l-n the mean írradiance of the mixed zone (Ï, Fíg. 5.7 & 5.8). Chloro-

phyll a concentratlon was dírectly dependenÈ on mean irradiance up

to a value of ca. 1.6 l,t.l m-2d-1, and the raptdity with which this

value was achleved determined the iniÈial- rate of chlorophyll a

increase. once 1 tra¿ attaíned 1.6 I'LI *-2d-1 variations l-n chloro-

phyll a concentration were independenË of further increases in Ï

(table 5.1, Fig. 5.7), lndicatlng that the val-ue represented a

crÍtÍcal mean irradiance at whlch light ceased to limit biomass

accumul-ation. Ttris suggestion ínitially appears contentious. Such

a critical irradlance yalue woul-d ímply that with an increase ín

ch1-orophyll- ø concentration, the irradfance available per uniÈ

chlorophyll a v.¡ould decrease, assumlng Zm and Io remal-ned constant

(equatíon 5.1). Under these conditions it seems unlikely that

changes in bíornass could be independent of the mean irradiance.

However iÈ is shown later (Çhp. 6, DiscussÍon) that equatíon 5.1 Ís

closely alLÍed to the equaÈion calculating the mean irradiance absorbed

per r.rrit chlorophyl-l- ø (equation 6.19a) , and that under certain

condltÍons changes ín 1 will be proportional to changes in the

mean chlorophyll absorption. Ttre crftical- value can therefore be

interpreted as a crltical level of llght absorption per unit

chlorophyLL a.

Following attainment of the crítícal Ï value In L979, chloro-

phyll a concentrations immediately increased above those .*n."a"U

from the spring relaËionship between chlorophyll a a¡d Ï (ri.e. 5.7b).

However 1n 1978, chl-orophyll a concentratl-on fell following Ëhe

attainment of the critl-cal T value and did not lncrease for several
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weeks (Ffe. 5.7a). It may be postulaÈed that thl-s delay Ín biomass

Íncrease, despLte the sufffcLent lfght condLtlons, resulted from.

a furÈher restrl-ctlon on the populatlon. Nutrfents r,Íere not

partLcularly lfntting aÈ thl-s tfme, as demonstrated by bLoassay

data (Ftg. 4..LOa) and although alternatlve factors may be suggested

gxaz1;ng pressure would explain the delay. Unfortunately data

are not, avaflable to assess thfs hypothesis.

The crl-tfcal value of 1.6 U.l .12¿-1 suggested from the present

data is simllar to Èhat found necessary by Rfley (L967) and

Hitchcock & Smayda (1977) to lnitlate diatom bloorns. Perslstent

increase 1n dlatom blomass, particularly CyeLotelLa meneghin'í'ana,

was only observed l-n Mt BoId Reservolr when the mean irradlance of

the mlxed zone approached the crftical value (Ffg. 5.5 & 5.6).

Reynolds (L972, L973b) estfnated the effectlve llght regime

fron the product of daylength and the fractl-on of the lsothermal

volume illumlnated. Over several seasons fncreases. in AsterioneLla

fornosa and FragiLLatia erctonensis colncided \^rlth aÈtainmenÈ of a

-l -) -16.4h day-t t"t1 exposure perl-od. The value of 1.6 If^I n -d * from

-1
Mt Bold Reservolr represents a mean exPosure of ca- 4.4 h day ',

however without knowledge of the lncl-dent frradLance for the lakes

studfed by Reynolds, the values cannot be directly conpared,

T'he blomass peak whl-ch follor^red the l-nlttatlon of sprlng growth

tn 1979-80 (Ffg. 4.1) reduced the mean lrradlance of the mlxed _-

-t -1 
' -) -'lzone, I to 0.919 MJ m-'d--. Accepting 1.6 MJ m od * as the crltical

value determlnlng Èhe onset of lfght llmltation, the oscillatfons ln

blonass followlng thls peak (ffg. 4.1) were related to accompanying

variations 1n the mean lrradlance (lable 5.1). However, the large

mid-sumner bfomass
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declíne occurred despite I values ín excess of the crítlcal level

(e.g. L6/L/BO 1 = 2.43) implytng the action of a furÈher limtting.

factor, utrich bioassay results suggested was nutrlenËs.

Ttre criÈical value of 1 was used to predict the autumt mixíng

depth resulting 1n light lirnitaÈion. An average incoming Írradiance

(r^) of 18 u.l * 2a-1 (Fig. 3.19), and an average exËinction coeff-'o-
icient (e) of 2.0 'Ln unlËs .-1 (rfg. 3.4) lrere assumed for the

auturrr period. Substitution of these values into equation 5.1

lndicated Ëhat a ml-xing depth of ca. 6m would resulÈ in light

llmitation.

Desplte Ëhis requirement of a relatively shallow mixlng zotte,

blomass peaks of. Miev'oeystis appeared Ln March and May of 1980

although autumtal overËuïïr had occurred ín early March (Ffg. 3.16).

T\^ro factors apparently contríbuËed to this anomalous siÈuaËion, Èhe

reappearance of snra11 temperature gradients 1n surface l-ayers durfng

the day, even though the reservoir as a whole lüas cooling, and the

buoyancy of. Mienocystís cells. Ttre stable surface layers enabled

the buoyant Mieroeystis Èo remain in the upper layers of the water

column, ninimizing the decrease in the mean irradíance encountered

by the cells. This síÈuation contrasted with the autuun of L979

when the rüaÈer column remained completely isothermal following over-

turn, arrd the Mienoeystäs population declíned immediately (Fíe. 5.5).

As a result of the rapld íncrease in I during 1979-80, all

major specíes comrnenced growth withín a tvto week period (Fig. 5.6).

Net grcß.tth rates, calculated from changes ín cell number during the

initíal increase Ín early November [equation (5-2) ] were not
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signíficanrly differenr (P > 0.05, Table 5.7). The mean doubling

raÈe for all speciês was ca. 0.3 day-l. T.he similarity of growth

rates suggested that fl-nal dominance by blue-green algae !'tas most

likely a result of decreased attritlon rates (I(noechel & Kalff

L975), a wiew supported by the rapid decllne in some of the

compeËing specíes e.g. CyeLoteLLa meneghíniana (Ij-g. 5.6).

Sím1larítie-s between species sequences of L97B'89 and 1979-80

were evldent from the sequentlal- listings (table 5.3). In both

seasons crypÈomonads played a domlnant role in the inítial biomass

increase, a posiÈion analogous to Èhat observed by Lewis (L97fu)

and Reynolds (1980).

The early appearance of the dínoflagellate Ceratium hirundineLLa

as a dominant, contrasted sharply with the successional sequences

depícred by Lewís (l-978) and Reynolds (1980). More Ln accord with

these schemes was the occurrence late 1n Ëhe 1979 sequence of a

Cez,atiwn peak coincident with a decrease In MieroeAsúis bíornass

(Fíg. 5.10). The general successíonal pattern which followed the

cryptomonad - CeratiWn sulte ltas similar in both seasons, movíng

from dlatoms to blue-greens to trachelomonads. Ttre posítions occupied

by diatoms and blue-green algae were simflar to those descríbed by

Lew'Is (L97U) and Reynolds (1980) .

A notlceable absence from the successional sequence Itas a

perl-od of doml-nance by green algae (Lewls L97U). Mernbers of this

group were generally oSserved J.n the perlod overlapping' or following

diatom dominance (Table.5.3, Flg. 5.5), however onl-.y Dietyosphaeriltn

puLeheLLun attained any degree of signífl-cance during this period

(rable 5.3) .
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Lewls (L978b) investigated the raËe of succession in Lake

Lanao, and used the absol-ute ctrange in blomass and prl-mary produetion

as bioassays of the rate of change of resource supply Èo the

phytopl-ankton connnunity. Both parameters were significantly

correl-ated with the SD index of succession rate, and thelr relative

contributions Ëo variation in successlon rate determined by rnultiple

linear regression.

To provÍde lnsight lnto the effect of specific mechanisms on

succession rate, analysis musÈ deal wíth specífic measures of

resource supply, rather than parameters describing the summed result

from the interplay of several factors. The difficulty is the

intractability of numerically assesslng variables determlning grcßitth

and loss rates.

The mean irradiance of the mixed zone (Ï) provided a measure of

the effectfve light regime which correlated with biomass increases

up to a crlfical value of 1.6 u.l *-2d-1. Durlng the period when Ï

appeared as the rnajor determlnant of biomass fluctuatfons (72/9 /78-

24lL0l7B, Table 5.5) 1t was significantly correl-ated ütith the SD

index of successfon rate (Ffg. 5.L3a). The relationshÍp índicated

that succession rate increased as the lfght reglme improved.

Followlng the establishmenË of thermal stratificaÈion nutrlents

vrere progressively depleted from the epillmnlon, resulting fn a

decrease in the protein-carbohydrate ratio (Chp. 4, Ftg. 4.13).

During the period when bioassays indicated a degree of nuËrient

linitatiorL (7/L2179-5/t3/8O) (lfg. 4.11) the SD index was slgnificantly

correlated wtth the proteln to carbohydrate raËfo (Fig. 5,I3b) .
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Ttre relaËíonship indicated thaÈ successlon raÈe r^ras high when the

protein-carbohydrate ratlo was high, but deäreased when the nuËríent

supply became less suítable and caused a decllne 1n the prot.ein -

carbohydrate ratío.

Although attent,ion has centred on factors conÈrol-li-ng growth,

a similar anal-ysis may be applied íf loss mechanisms can be m¡ner-

ícally assessed. Lewts G97Bb) estimated the si-gnl-ficance of grazíng

stnply ftom gtazer bíornass. Although somewhat unrealístic a

sígniflcant correlation with the SD Índex of successíon rate was

obtaíned.

A second maJor l-oss facËor of particul-ar significance following

increased thermal straÈifícatíon of the water coluuur, is sedímen-

tation (Knoechel & Kalff L975; Smayda 1980). Although sinking is

dependent on water turbulence, cellular density and sÍze may provide

a sufficient index of relative sinking ra,tes to assess the signific-

ance of this l-oss to specles successíon. FurËher discussion of thls

aspect will be contiriued in Chapter B where a Èechnique for

measuring cellular density is described.

It appeared from the present analysis that variations in

available light and nutrients could explain a large proportíon of

the change in successÍon rate.
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Flg. 5.5: SenL logarithmlc plots of the seasonal varLation 1n

chlorophyll a concentraËlon at the south (A) and

north (O) sampllng sltes.

a

b. cell numbers at Ehe south sampling site, of CyeloteLLa (t) '

IraeheLomonas (a), Aflabaerta (E) t Mieroeystis (o) , and

DLefuosplneriwn (l).

c. cell numbers at the south sarnplLng slte, of Cryptomonads (O,l),

CLosterí.un (l), 1oeyetís (O) ,unknor'm fLagellate (O) ,

Ceratiun ()).
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a

Semi-logarlthml-c plots of seasonal varfatLon at

Èhe south sampllng site of

chlorophyll a concentration,

b. ce1l nurnbers of Melosira (O), CyeLotelLa (l) 
'

Mieroegstis (t),Anabaena (o), SpVtøerocgstis (o) .

c. cel1 numbers of Ceratiwn (O), crypÈomonads (lrt¡,

trachelomonads (o) , CLo;steriutn (C) .
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Fie.5.12: Seasonal variation in the summed difference

index (SD) and species composition (denoted

nr:¡nerically) for

a. L978-79

1. Cryptomonads

2. CgeLoteLLa and Ceratíum

3. MeLosi?a, sp

4. Trachelomonads

5. Trachelomonads, Ceratiwn

6. Cenatium' Anabaørta, Mícroeystis

7 . Cenatiwt' MierocYstis
8. Mienocystis

9.. Mieroeystis, Ceratíum' Trachelomonads

b. 1979-80

Same associaÈions as'above, Plus

LO. Ceratiun (& CrYPtornonads)

LL. MeLosíYa uaYiane
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TABLE 5.1

Date

2318/78
6 /e /78
r2/e /78
re /e /78
26 /e /78
3lLO/78
to /to /78
17 /LO/78
24/LO /78
3r/LO /7 8
g ILL/78
2L/LL/78
30 /Lr/7 8
6lL2/78
L2lL2/78

o

10 .166
L2.348
10.993
Lr.446
12.80r
14.681
20.933
t7 .920
2r.7 59
L8.445
18. 373
L9.427
22.L37
L9.r24
22.062

b ZI

69

e

.10

.6

.28

.19

.31

.12

.18

.13

2.37

35
34
26
15
13
15
12.5
l0

I

0.109
o.r72
0.164
0 .336
o.449
o.420
0.789
0.822
r.573
2.L44
2.098
2.266
2.224
1.38s
0.979

It.l *-2a-1m

0
0
0
0
1
1
2
2

6
5

3
3

15
27
55

3
5
4
9
9

9
4
3

2

2

2

2

2

2

2

2

2

1
1
I
1
1

4
B

5
6

2

72
75
7L
81
B6

6.5
5
5
5

5.5
7.5
9.5

L0/e/79
r8/e /79
3/L0/7e
17 /Lo/79
24/rO/79
LlLL/79
s /LL/7e
L2/rL/7e
20 /rL/79
27 /tL/7e
4lL2/7e
Lr/12/79
18 / L2/ 7e
27 /L2/79

L7
18

].06.7
34.7
79 .7
48. B

10 .238
L4.232
l-3.326
r_6 .0 36
20.027
2L.386
23.488
22.sLr
19 .578
2L.23L
25.22L
27.407
20,769
27 .705

2.5
2.2
3.5
t:t

3.5
7.7
7.7

4.O
4.0
4.0
3.9
3.2
2.6
2.6
2.6
2.5
2.5
3.9
2.8
4.6
3.7

23
t0

5
13
L4

0.113
0 .3s7
0.667
0.315
0.445
1.385
1. 506
L.57 3

1.313
L.695
0 .919
r.792
0.909
1.500

6
6

5.5
6
5
7

5.5
5
5

Chlorophyll a concentration (b, mg ctrta ni3)' average ilgiggî! total
írradiance over 7 days príor to sampling date (Io, MJ t z d r),

vertical extinctíon coeffícient (e, .Cn units nil) and mixed depth
(2., m) for daÈes during the onset of thermal stratification of

I97B/79 and 197918O. The mean irradiance of the mixed zone

1T, u.l m-2 d-1) was calculated using equatíon 5.1.



Cyanophyta

Anabaena spiroides Klebahn

Inliez'o ey stis aetugíno sa Kuet zing

Euglenophyta

TnaeheLomor¿as sp. I
TnacheLomorl.as sp. 2

Chlorophyta

ChLønydomonas gLobosø Snow

Stawastrwn graeiL¿ Ralf s.

SpVnerocystís sht'oeteri Chodat.

CLostez.ium sp.

Dic tyo spVnerium puLeheLLun tr{ood

)oeystis Parua l{est & I,rlest

Eudorinø eLegans Ehrenberg

Bacillariophyce ae

Cy cLoteLLa meneghiniarø Kuetz ing

MeLo sira uarians Agardh.

MeLosira sp.

Dinophyceae

Cez,atiun hirmdineLLa (0. r.u. )Duj ardin

Cryptophyceae

Crgptomonas ouata Ehrenberg

Ct yptomonøs erola Bhrenberg

Cell volume
um3

155

44

L77L

4190

L26

62

300

65

L78

650

234

266

10150

50588

444

70

Table 5.2: Major phytoplank¡on specíes of Mt. Bold Reservoír and

estimates of cell volume.



TASLE 5.3

L978-79

L23426
Crypromonads(.89) -+ Cyclorella(0.43) + Melosira(0.94) + Trachelomonads(0.87) + Microcystis(0.53) + Anabaena(0.32)

CLratiun(O . 37) Ceratium(O .07) Ceratium(O.18) Ceratiun(O.31)
Cryptomonad (0 . 11) Microcys tis (0 . 29 )

Dictyosphaerium( .10)

.>

->

89
Microcystis (0 .9) + Ceratium(0 .38) ->

Microcystis (0 .31)
Trachelomonas (0. 28)

Trachelomonad(0 .59)
Melosira(0.32)

L979-80

l+5 10 z+Lr
Cryptomonads (0 . 41) Cyclotell a( .34)
Trachelomonad(O .26) + Ceratium(0.86) + Ceratium(O'29)
Ceratium(0.17) Melosira(O.24)

tL+6+2 6 7

Melos ira (0 . 36) Microcystis (0 . 34) Microcys tís (0 . 65)
+ Ceratium(O.25) + Anabaena(0.29) + ceratium(0.27)

Microcystis (0 . 15) Ceratium(O . 28)
Cyclotella(0.11)
Anabaena(0.11)

8 9 (-Ceratiurn)
Microcystis(>0.9) + Trachelomonad(0'83)

Microcystis (0 .09)

Species sequence and percentage contribution to total cell volume for the 1978/79 and 1979180 growth seasons.



r97B - 79

Períod

L2 .o9 - 19 .09 .78

19.09 - 26.09 .78

26 .o9 - 10.10 .78

10.10 - 17.10.78

17.10 - 24.tO.78

24 .LO - 31 .10.78

31.10 - 2L.LL.78

2L.rL - 30.11.78

30.11 - 06.L2.78

06.L2 - L2.L2.78

03.01 - ro. r.79

10.01 - L7.OL.79

17.01 ' 24 .01 .79

24.0L - OL.02.79

01.02 - 2L.02.,79

2L.02 - 2L.0g.lg

2L.03 - 04 .04.79

SD

Lr!9 = 0.083

o.0652

\P= 0.107

+ = 0.272

o.275

+= 0.117

LP= 0.067

#= 0.110

1979 - B0

Period

17 .10 - 01 . Ll .79

01.11 - 05.11.79

05 .11 - 12 .rL .7 9

L2.LL - 20.rL.79

20.LL - 27 .rr .7.9

27.Lt - O4.r2.79

04.L2 - 11. L2.79

rr.Lz - 27.L2.79

27 .L2 - 04. 1.80

04.01 - 16. 1.80

16.01 - 22. 1.80

22.0L - 13.02.80

L3.02 - 28.02.80

28.02 - 05.03.80

05.03 - 11.03.80

11.03 - 28.03.80

28.03 - 01.04.80

0t_.04 - 16.04.80

L6 .04 - 28.04.80

28 .04 - 05 .05 .80

05.0s - 13.05.80

13 .05 .- 26.05 . 80

.L73

-=
6

o.o29

SD

.7 7L
15

I.L7--6-
.57 5

7

.866
7

0 .81
7

.25L- rl-

.393--6-

.857
L2

.908
6

.115
22

.LL7-15

= 0.051

= O.L46

= 0.082

= O.L24

= 0.116

= 0.018

= 0.049

= 0.071

= 0.151

= .005

= .008

.646

.6

.38 0-7-

= 0.108

= 0.054

0 .015

+= 0.061

LP= o.Ls7

#= o.o4z

ry= 0.043

#= o.o4z

.069 = .OLz
6

.423
17

.07 2--r
001

=.018

.015
15-

.06
L2

.072
8

.116

001

= .005

= .009

= .015I
t.659 = .L28l3

Table 5.4: Calculation of the sunrned difference index (Sn a-t, equation 5.3)

for the I97S-79 and L979-80 growth seasons. The individual values of the

calculatlon and the index are shown in the column SD.



Date

12.09-L9 .09 .78

19 .09-26.09 .78

26 .O9-r0.10.78

10 .10-17 .10. 78

17 .LO-24.10.78

SD d-T

0.083

0.065

0.107

0.270

0.280

I M.lrn-2d-l

o.2L

0 .39

0.55

0.Bl
L.L7

Table 5.5: Values of Èhe summed difference índex (SO ¿-t, equation 5.3) and

the mean írradíance of the mlxed zone (I M.lm-2¿-r, equation 5.1)

during Ínitiation of the vernal biomass increase of. 1978.

Protein
Date SD Carbohydrate

27 .IL-O4.L2.79 0.124 3 .3

7..L2 0.116 r.9
LL.L2-27.I2.79 0.018 L.4

27 .L2-O4.01.80 0.049 1.01

04.01-16.01.80 0.071 2.L

L6 .0L-22.01 .80 0 .151 2.7 6

22.Or-L3.02.80 0.005 2.2

L3.02-22.02.80 0.008 I .39

29.02-05. e3 .89 _ _0_ q.2s_ _AUTIJMNAL

05.03-11.03.80 0.0L2 2.48 OVERTURN

11.03-20.03.80 0.001 3

Table 5.6: Values of the stmmed dffference index (SO a-t, equation 5.3) and

the protein to carbohydrate ratlo (mg/mg) during the summer and

autumn of 1979-80.



Specles

MeLosira oanians

CyeLoteLLa

Mieroeystis

Anabaena

Cryptomorns sp.

nu

6 0.180

4 0.302

4 0.188

4 0.226

ca.0.l-71

x2d

0.98 0.26

0.94 0.44

o .94 0.27

0.97 0.33

ca.O.25

Table 5.7: Net specific growth rare (Ud-I) and doubling rate (d-doubling

¿-l¡ calculated from cell numbers, for the period of rapld

spring growth fn November L979. The number of samples (n) used

in each linear regression (equatlon 5.2) and the correlation

coefficlent (r2) also are given. slopes of regresslon lines (u)

were not signiffcantly differenÈ (P>0.05) excePt fot MeLosina

and CyeLoteLLa (0.02<P<0.05) .



LI4.

PHYT OPLANKTON PHOTOSYNTHESIS AND ITS DETERMINANTS

6.1 Introduction

Photosynthesis ís the prímary pathway of carbon fíxaËion in

phytoplankton and lts quanLitative description central to a functional

understanding of populatíon dynamícs. The relationship between

photosynthesís and light intensiÈy has been extensively studíed and

a number of mathematical equations developed to assist data

interpretation (Talling 1957a, b; Steele L962; Vollenweider 1965;

Fee 1973; Bannisrer L974; Jassby & Platt L976). The variables

ídentified by these models enable a quantitative comparison between

different aquaÈíc environments. For example, Èhe relaÈively sirnple

model of Talling (L957a, b) has been used to compare experimental

dara derived from a wide ecological range (talling L965; Rodhe 1965;

Bindloss L974; Ganf 1975; Jewson L976; Jones L977b; Harris et al.

1980).

Australian ínland r^raters are generally very turbid compared with North

American and European freshwaters (Klrk 1977; Ganf 1980; Chp. 3) and

it is of interest to see if the relative importance of model Parameters

1s maintaíned or whether significant dífferences occur in the unusual

underwaÈer light climate. To date the llmited published results on

phytoplankton photosynthesis ín Australian \^Taters do not permlt this

(I^Ialker L973; Croome & Tyler L975; Bowles et al. L979; Ganf 1980) .
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6.2 Theorv

The model proposed by Talling (1957a, b) Èo l-ntegrate instantaneous

photosynthesís depth profiles, \^ras based on the relaEionship between

photosynthesis and írradiance descríbed by Srnith (1936).

The semi-enpirlcal expresslon suggests a suite of variables which

determine the depth lntegral,

bPXP= m ln 6.r
Ê

where XP is the íntegral photosynthetic rate (rng C rr-2 h-1), b the

phytoplankton biomass (mg chl a *-3) r P* the maxímum specifie

photosynthetic rate (mg C mg chl. t h-I), I' the photosynthetícally

acËive incident solar irradl-ance (pAR, 4OO-700 nm in p Einstein m-2

"-t) 
corrected for surface reflecÈion (Chp. 2), In the light intensity

characteri-zí:ng the onset of líght saÈuratíon (u Einstein m-2 
"-l), 

and

e the diffuse extinction coefficient calculated from the exponential

decrease of photosynthetically actÍve radiation with depth (.Q,n units

r l) (chp. 3).

In the original model (Talling 1957b) the vertical extlnction

coefficient e hras represented by (a e mln) where e mÍn was the vertical

extinction coeffícient for Èhe most peneÈrating wavelength and a an

ernpirical correcÈion factor. Tal-ling (1957b) estimated a to be 1.33'

however the value varÍes ¡¿ith the underrvater spectral dísÈrlbutíon

(Jewson 1977). The use of quantum sensors (eg. Lambda Inst.) which

measure the waveband (400-700 nm) of photosynÈhetically active
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radiation enables direct computation of an average extínction

coefficient (Chp. 3).

Talling (I957a) defined In as the light intensity at which

extrapolations of the ínítíal linear reglon and the light sat.urat,ed

region of the photosynthesis-l-rradiance curve intersect. If the slope

of the línear region ís a (rng C mg chla-lh-I(u Einsteln m-2 
"-I)-1)

then,

Pm 6.2CI rt

The initial slope ís a funcEion of the photochemical reactions of

photosynthesis while the maximum raËe is limited by the dark reactions

(Yentsch & Lee L966; Steeman-Nielsen L974; Jones 1978). Variatíon

ín these varíables has been associated with light intensiEy adaptation

by phytoplankton (Jorgensen & Steeman-Nielsen L966; Vollenweider L970;

Steeman-Níelsen L974; Jones 1978). However Pm is also affected by

remperature (Talling L957a; Bindloss 1974; Jewson L976) nutrient

conditions (Eppley & Renger L974; Senft 1978) and population densíty

effects (I,Iright L96O; Ganf L972; Talling et al. L973; Bíndloss L974) .

hlhen considerlng long term populatíon dynamícs, estimates of daily

íntegral phoÈosynthesís are more useful than hourly inÈegral rates.

However the necessíty for mínimizing íncubaÈion periods (Vollenweider

& Nanwerck 196r) means that dafly rates can only be dlrectly

measured from a series of short term exPerimenÈs over a day. The

general impracticalÍty of this approach has resulted in atÈemPts to

estimate daíly rates from síngle short. term experiments. Varlous
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solutíons have been applled to this problem, rangíng from simple

irradiance ratl-os (Vollenweíder 1969; Megard L972; Lewis L974.;

Idso & Foster L975; Eppley & Sharp L976> to more complex approaches

estimating Èhe photosynthetically active radiaÈion received through

the day (Fee 1973a, b; Ta1l1ng L957b, L97L).

Talltng (1957b) extended his short term integral model to daíly

estimates by assuming that b, Pm, e and In (eQuaËíon 6.1) dl-d noÈ

show sígnifícant diurnal variation. Substitutl-on of the daíly

average incident irradianc" (Tll in the ltght function enabled
o

calculation of the average hourly rate of integral photosynthesis,

whlch when multtplied by the daylengÈh (A,h) províded an estimate of

the daily Íntegral (¡tp, mgC rn-2 d-I),

T'
xxp = bpm tn <Oäl A 0.9

EK
6.3

6.4 -

where 0.9 is an empírical factor (Talling L957b) which corrects for

the overestimate obÈained from using I.. Jewson (1975) confírmed

the applieability of this expression when varíables other than light

intensity remai-ned relatively constanÈ.

The form of equation (6.3) descríbed by Talling (1957b), contained the

logarithmic ltght functlon in terms of optlcal depth,

XIP = bPm l,n 2 (

where the term

l"n 2
a 0.9

e

^ 
0.9 lL.D.H.l

day 6.5
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represenÈed ltght-dl-vislon-hours calculated using Io, the daily

average incident irradiance. Utilizing Èhis notation equatíon (6'3)

becomes

XXP = bPm .Cn 2 [L.D.H]
day 6.6

l.Ihen experimental t.echnlques measure gross photosynthesis equation (6'3)

or (6.6) rnay be used to assess daily gross Íntegral photosynthesís

under unít surface area. The estimation of net integral photosynthesis

then requíres a measure of respiratory losses. These depend on both

respiratory rates and the rat.lo of the euphotlc depth to the mlxíng

depth (Tallíng Lg57b; Steel L973i Ganf 1976).

Talling (1957b, 1971) defíned the column comPensation point as the

mixing depth for which daily lnËegral photosynthesis and respíratíon

rate (XXR) were equal, resulÈíng ln zero riet,photosynthesis for the

circulating population. On the assumptlon that a single mean

respiration rate adequately descrÍbes phytoplankton respiratory losses

the daily respiration Íntegral may be estimated as,

XXR=bP tZ .24 6.7
m

where r is the ratio of specific respiration rate to photosyntheÈíc

capacíty (p.) (mg C (or O2) mg chla-t n-l), and Z*(m) is the mixed

depth of the hrater column. The ratlo of dally lntegral photosynthesls

ro respíratÍon can then be described (Tallíng 1957b, ]-97L) usíng

equations (6.6) and (6.7) âs,
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[L.D.H] 
d^t Ln 2

eZ 24t
m

9" 6.8

6.9

At column compensation poínt the critical value of the ratio qc=l.0,

and

This relatlon differs slightly frorn Talling (1971) and Jewson (1976)

ín using e rather than e min.

I{hen daily column photosynËhesis ís greater than column respiration

then g">1 and biomass will accumulate províded other loss factors are

negllgible.

RESULTS

6.3 Compa rlson of 0r and t4C Estirates of Photosynthesis

Controversy regarding the interpreÈaÈlon of l4C uptake data has

existed since Èhe technÍque was developed. It 1s clear that ínitially

t+C uptake will be closely related to gross photosynthesis (GP) but

w111 dlverge from thls if the flxed carbon 1s affected by processes of

respiration or excretion (Lewis ]-197Ð. If this occurs the measured

uptake rate wlll be less than GP but greaÈer than net photosynthesis

(NP), and wlll approach NP wiÈh time as the cellular compartments

become uníformly labelled. The effect of lncubation time on measured

photosyntheÈic rates was clearly demonsÈrated by Vollenweider &

Nauwerck (1961).
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Harris and Picclnin (1977) compared short term oxygen and l4C

measurements and found that on average carbon uptake was measurlng

gross photosynthesls. Ganf & Horne (1975) repo4ted that in Lake

George uptake of I4C agreed best l^tith gross photosynthesis. However

Lewis (Lg74), assuming a photosynthetic quotíent (p.q9 molar) of

I.2, concluded that Èhe I4C technique was measuring net photosynthesis

1n Lake Lanao.

To assess the present 14C Èechníque wtth its assocíated correctíon

factors (Chp. 2), parallel 4h, t4C and 02 incubations were compared

over a range of environmenEal conditlons typical of Mt. Bold Reservolr.

Gross photosynthesis \¡Ias estimated from the difference in fínal

oxygen concentration between llght and dark bottles (Chp. 2), and Èhe

mean value for each depth plotted agaínst the corresponding average

14C estimate (Fig. 6,1(a)-(c)). The relationshlps appeared linear

and were evaluated uslng regression equations. Linear functions

accounted for >937" of the varfation between the variables (FÍ9. 6.1(a)-

(c)), \À'ith all slopes sígníficanÈly dlfferent from zero (P<0.001).

If the I4C techrrlque measures net photosynthesis, then when ploEËed

agaínst a measure of gross photosynthesis (Fig. 6.1), respiration should

appear as a negatlve y-axis intercept. Desptte the occurrence of

large respiratlon rates (table 6.1), y-axis intercepts ü7ere not

sígnificantly different from zero (P>0.05) except f.ot 5/4/78 (Ffg. 6.lb)

when the lntercept was different at P=0.05 but not at P=0.02. " In

thÍs case the respiration rate estlmated from the y-axis lntercept was

<257. of. the measured dark respíratíon rate.
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These results indicated that the l4C technique was closely

approximatfng gross photosynthesis as determíned from 02 exchange

measurements. The reduced incubation tíme (ca. 2tr) used for regular

14C d.t"rminations would further Íncrease the probability of this

result.

It follo\^rs from the close relationshíp between gross photosynÈhesis

and l4C upËake that extracellular release of labelled carbon was

minímal over the incubation periods, a conclusion supported by the

results of Lewis (I974) and Harris & Píccinín (L977). Extracellular

products were undetectable on occasions hthen direct measuremenË was

attempted.

Photosynthetic quotíents calculated from slopes of linear regression

equations varíed between 0.9 and 1.93 (Table 6.1). A regression on

all data points, including five dates when 14C and 02 results hTere

compared at only a single depth,. (n=41; P(ngC.mg chla-In-l) =

-0.34Ð.345 GP (mgoz rngchla-I¡-l) 12 = O.95, S.E. of y on x = 0.72,

S.E. of constant = 0.16, S.E. of slope = 0.013), yíelded an average

P.Q. of 1.09, agreeing closely with the value of 1.13 obtaÍned by

Harrís & Piccinín (L977) for a large number of determinations on

naLural populatíons. Strickland (1960) suggested a simílar average

value of 1,2.

Specific rates of respíratlon and gross maximum photosynthesls "

(rngOz mg chla-t n-l), calculated from oxygen measurements' exhfbited

a wíde ïange of val-ues (table 6.1), with respl-ration varying from

índetectable levels to 90% of P
m

The particularly high respíration
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rates per unit chlorophyll-a suggested a large non-a1ga1 component.

Ganf (1980) reported simílar high levels from thís reservoír.

6.4 Depth Dístríbutton qf Phq!q-9:fq!he_q!-s

Seasonal varlatíon 1n the depth distrlbution of photosynEhesis was

assessed from I4C incubations (Fig. 6.2). The photosynthesis-depth

curves were Eypical l-n shape (tatting L957a, b; Lewís L974; Bindloss

L974; Ganf 1975; Jewson L976; Jones L977b) with surface inhibition

evidenÈ in virtually all profiles, a resulÈing sub-surface maximum

photosynthet.ic rate, and an approximately exponential decline wíth

low light intensiÈ1es. PlanimeÈríc lnÈegration of these curves

provided a measure of the areal rate of carbon fíxation (rngC ni2 h-t),

which varied between 0.5 - 5O0mg C m-2fr-1, maximum values generally

occurríng in summer and mínímum values ín winter (Fig. 6.3a).

The decrease in integral photosynÈhesis resulting from surface

ínhíbition rrras deÈermined planímeErÍcally. Based on the assumptlon

that P would continue unabated to the surface ín non-lnhíbited
m

profiles, the reduction in integral photosynthesis ranged between

0-8% with a mean of.2.97". Values of sl-mílar magnítude have been

found elsewhere (Ilmavírta L974; Jewson L976; Jones 1978).

6.5 DeterminanÈs of Hourlv Inteqral Photosynthesis

Transformation of photosynthesís-depth profiles into photosynÈhesis-

irradlance relationships was achieved through the Beer-Lambert law

(Chp. 3, equation 3.1) using the average incldent PAR for the incubation
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períod (Io), and the vertical extinction coeffícient (e, Chp. 3) .

In the majority of experíments o, the ínitlal slope of the

photosynEhesis-lrradíance curve was deÈermined by linear regression.

Duplícate samples from the lowest llght lntensitíes vrere sequentially

incorporated into Èhe regression analysls and the slope calculated.

The set of points giving the greatest slope provided the estimate of

o. In general three or four duplicate samples below a líght íntensity

of ca. 100 UE n-2 
"-l 

*"t. uÈ|lized and in all cases resulted in a

correlatlon coefficient ,2 , O.95.

The value of IU was estimated from the ratio of P, to cl (equation 6.2),

P, being determined directly from the photosynthesis-lrradiance curve.

In a number of experíments the ínltl-al slope could not be reasonably

estlmated and In was determined graphically as the light íntensity at

0.7 Pm, on Èhe assumpËion that the photosynthesis-irradíance curve sras

adequately descríbed by the equaÈion of Srnith (1936) (talling L957a,

1960; Jewson L976; Jassby & Platt L976).

VollenweÍder (1965) demonstrated that Tallíngrs íntegral (equation 6.1)

rdas a speciallzed case of the general depth integral of Smith I s

equat íon,

.I
tl,n(;g +tk

I
1+(+)tk

6 .10
2

XP = bPm
e

)

and only applied when Io >> Ik. The ratio To/t for the data from
k

Mt. Bold Reservoir ranged between I.44-L8.7 wíth a mean value of 6.6

(s.E. of mean - o.4r n=BB). The application of Tallingrs integral



L24.

hrith an I /f, ratlo of 2,0 uirderestlmates the correct integraL by <47".
OK

The mínimum observed ratio of 1.44 was the only value less than 2.0'

and underestimated the íntegral by <LO%.

The validity of Tallíng's expression (equation 6.1) was tested by

comparíng calculated and planimetrically determíned lntegrals. As

the mathemat.ícal model does not consider surface inhlbiÈion this was

neglect.ed l-n the planimetric measurements by assuming sub-surface

maxímum photosynthetic rate continued to the surface. The calculated

and measured 1nÈegrals were closely correlated (Fig. 6.4) and yielded

lfnear regression equaÈion,

XP = -f.23 + I.01 XP 12 = O.99calculated planímetric

with the negative y-intercept not sígnificantly dífferent from zero

(P>0-05). Sirnílar resulÈs have been obtained from a range of aquatic

environments (talting L965; Rodhe 1965; Bíndloss L974; Ganf 1975;

Jewson L976; Jones L977b; Harris et al. 1980).

Seasonal variation in the determlnanËs of integral photosynthesis

recognízed by Tallfng's model are illustrated ln Fig. 6.3(a)-(c).

In varled between ca. 100-500 lrE m-2 "-l bnt dld not follow a fixed

seasonal partern (Fig. 6.3c). Duríng L977/78 lt lncreased from

October through to late January and Ëhen declined to a minimum"in May.

The following season In íncreased from October to early SepÈember but

then oscillated around a mean of ca. 275-3OO UE m-zs-l untÍl finally

declinlng 1n AprÍl. I,rIhen photosynthesis rá"s,rr"*ents recommenced in
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November lrgTg,In was ca. 3OO ¡rE *-2 s'I, b,tt decllned to a minimum

in late December, then lncreased again, finally returning to

300 uE r-2 s-r in early March.

P, and cl, the components of In (equatl-on 6.2), each showed seasonally

varying patterns (Fig. 6.3b), however a general corresPondence was

evídent between Èhe two variables which acted to minimíze changes 1n

Ik. Thus increases or decreases in one generally coincided with a

simílar dírectional change in the other.

I'
Values of the logarlthrníc líghr function, 1," {ffi) varied between

'--k
1.0 and 3.5 (Ftg. 6.3c) wíth sirnilar ¡nean values for the southern

(2.38, S.E. of mean - 0.08, t=48) and northern sampling sites, (2.33,

S.E. of mean = 0.085, rl=21). The constancy of the ratio suggested

that @ (equaÈíon 6.1) accounted for most of the variabÍlíty tn

Ip (Fig. 6.3a). This was substantiated by the linear relatíonship

berween rhen (Fí9. 6.5a).

Analysis of seasonal data groups yíelded significantly differenÈ slopes

(P<0.05) of 2.29, 2.04 and 2.89 between years (Fie. 6.5b-d). No

signlficant dlfference r¡las observed between the north and south

sarnpllng site withín a season. A slmilar range of values (L.75-2.47>

was obtained by Harris et al. (1980). Earlier measurements (fall1ng

1965; Bindloss L974; Jewson L976; Jones I977b) fell wiÈhin the

range of. L.9-2.6, but were obtained from the relationship betwden XP

- bPrn
and -# and so could not be directly compared with the Present

em]-n

results.
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The maxlmum volumetric rate of photosynthesis (bPm, rngC m-3 ¡-1¡

ranged from negl-igible (0.4) to 655 mgc rn-3¡-1(rig. 6.3b), and 
,

accounted for a signiflcant proporÈion of the variation in P "r,¿e

consequently ín íntegral photosynthesis (Fíg. 6.6a). The correlation

beÈween bPm and chlorophyll concentration (Flg. 6.6b) suggested thaÈ

major changes in integral photosynthesis r^rere a function of chlorophyll

concentraÈion. Thís was substantiated by the correlation betr^reen XP

and b (Fte. 6.7) (Figures 6.6 and 6.7 shown on log:1og graphs for

convenience. Stat,istics calculaËed on oríglnal data.).

The photosynthetic capacíty P, ranged bethteen 1.0 and 14.6 ngC

mgchla-l ¡-1 (Fíg. 6.3b), however 9'07. of values did not exceed 7 mgC

mg chls-t ¡-I. Thts range ís sl-milar to values observed in northern

temperate lakes, and overlaps lower values observed in tropical lakes

(Table 6.2).

The temperature dependence of P, has previously been demonstrated to

have a Q1g of ca. 2 (TaLling 1957a (2.3); Bindloss 1974 (2.2);

Jewson 1976 (2.1); Jones I977b (1.6); Hfckman L979 (Z.Z¡'¡. Pooled

daËa for incubatíons at the southern sampling slte suggested a Q1g of

2.4 aLthough regression analysís indicated a large proportion of

unexplained variatlon (Fig. 6.8a) .

On.a seasonal basis only the 1977/78 and 1978/79 data showed

signifícant correl-ations with temperature giving Q19 values of 2.6 and

2.5 respectively, which vrere not significanÈly different from each

other or the cumulative slope (P>0.05)(Fie. 6.Bb-d). The large

variatíon suggests that factors other than temPerature \dere also
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affecting photosynthetic capaclty.

In 1979/80 measurements comrlenced after the ínitíal warming period

and only covered a temperature range of L6-23"C, therefore the lack

of relationship between P- and temperature r^tas probably not

signíficant.

The light intensity characterízing the onset of light saturatíon, Ik'

is related by P, by the ínítíal slope (a) of the photosynthesis-

irradiance curve (equation 6.2>. AÈ times of relatívely constant d'

In is expected to show the same response to temperaÈure as P,

(Talling L957a). Ik values from 1977/78 were signifícantly correlated

with ternperature (Fig. 6.9) gíving a Qrg of 2.76, which r¡ras not

signiflcantly different from the Q1g for P* (Fig.6.8) over the same

season (P>0.05). However no sl-gnificant. correlaÈion was evident

between IU and temperature during L978/79 or 1979/80 (Fig. 6.9b, c).

6.6 Dailv Intesral Photosynthesís

To demonstrate the val-idlty of estimating daily rates from extrapolations

of short term lncubatlons, the daily integral Photosynthesis for

27th December 1979 was estimated from six, one hour incubaÈions

carried out at staggered l-ntervals uslng Lntegrated euphotic samples.

At this time the hrater column \^ras strongly stratÍfied (Fig. 6.10a)

with the metalfmnion exÈending from ca. 5-12m (Ftg. 3.16). Algal

growth had depleted nutrlents from the upper layers of the \¡raEer column,

and the potential of the l^later to supPort gro\^lth, as determlned from

bioassay experiments, \^ras negligible to a depth of 7.5m (Flg. 4.10b).
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The dominant alga was Míeroeystis ael'uginosa Kuetzíng with Cenatiwn

hitnmdíneLLa (o.F. Muell.) Dujardin. anð Anabaena spiroid,es KLebahn.

makíng up most of the remaining biomass (Fíg. 5.11).

In the early mornlng the epilimnion was typically ísothermal (Chp. 3)

to a depth of ca. 5m, however these layers became sÈrongly stratified

duríng the day (Fig. 6.10a). Large temperature variations were

observed in the euphotic zone (1.2m), surface temPeratures exceedíng

26"C for a 2 h period following solar noon (Fíg. 6.10a & 6.11a).

Chlorophyll-a profíles were measured fluoromet,rlcally Èo a depth of

12rn using a Turner fluorometer and submersible pump as described in

Chp. 2. Frequent hrater samples were taken from the fluorometer

outlet to calibraÈe fluorescence readings wiÈh specËrophoÈometrically

determined chlorophyll-a concentrations. The chlorophyll profiles

demonstrated the marked effect of temperaEure stratifícation on

phytoplankÈon dlstribution (Fig. 6.10b) .

During the early mornlng chlorophyll a was evenly distributed

throughout the 5rn epilímnion, but decreased rapidly with depth ín the

hypolímnion. I¡¡ith the onset of thermal stratífl-cation in the euphotic

zone aÈ ca. 1000h, chlorophyll concenÈratlons in the upPer 2 metres

of the r¡rater column decreased and a subsurface maxima developed

between 2 and 3m which persisted for several hours (Fíg. 6.fOb).

Late in the afternoon the chlorophyll. maxima dispersed as Ehe surface

rdater layers cooled, and by sunset (ca. 1930h Flg. 6.11a) maxlmum

chlorophyll concentrations occurred in the euphotic zorle.
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Hourly inËegral rates of photosynthesis were estimated planímetrically

and calculated usíng equation (6.1) (Talling 1957b) for each of. the

six lncubation periods (table 6.3). Tallingrs model successfully

estimated hourly r4tes for each period excePt the last, where light

intensity vras too low to saturate photosynthesís.

Integral photosynthesis for periods between incubations was estimated

by lnterpolation, and a total daíly integral determined planimetrícally

fron the resultíng smooth curve (Fig. 6.11b).

The extended form of Talling's model (equation 6.6) was used to

estimat.e daily integrals from each of the short term incubations

(Table 6.4) and despite variations in parameters other than I',

provided reasonable approximations.

Photosynthetic capaclty dísplayed a diel variation with the maximum

occurring near mld=day (fig. 6.11c), a similar result to that obEalned

by MacCaull & Platt (1977) wíth naÈural populatíons and by Harding

et 41. (1981) for cultured marine díatouts.

Surface rates of photosynthesís were maximal prior to 0900h and

decreased over the day (fig. 6.11c), at other depths rates Ì.{ere

symmeÈrically distributed around a solar míd-day maximum.

Theoretical-ly, r^ríth all variables but light intensity constantr" Lntegral

photosynthesis is expected Èo vary logaríthmlcally wíth incident

irradiance, a result of lÍght saturation and the exponential decline

of light intensity with depth (Talling 1957b). The diel varíation in
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Pr, combined with parallel changes in In, acted agalnst thís

logarithmic dependence. The variaÈl-on was sufficient for integral

photosynthesis to be vírtually proportlonal to incident irradiance

(Table 6.3) as found by Goldman (1960), TíLzer (L973) and Lewis (L974).

Consequently daíly integral phoÈosynthesis could be esÈimated from

the fractlon of daily irradiance received during the incubation period

(table 6.4). However, as integral photosynthesis does not always

relate directly to incídent írradiance (Talling 1971, Jewson 1975)

daíly rates were estimated using the extended version of Tallíngrs

equatíon. The close agreemenÈ between daily integral photosynthesls'

and estimates calculated from experíments between ca. 1000-f400h

provided support for the use of this period in regular photosynthesís

measurements (Vollenweider 1965). The seasonal variation in daíly

integral rates estimated from short term incubaËions ranged from

neglisible (0.004) to 4.7 gc {z ¿-r (Fig. 6.L2) -

Annual integral PhoËosynthesis l^7as measured planímetrÍcalIy from

curves Joining daily integral estimates. Only data from L979/80

provided an estimate unaffected by CuSO4 treatment, and between

October and May a value of 300 gC *-2 was obtained. As most

photosynthesis occurs during thls períod (Fig. 6.L2) the value

closely approxlmates the annual integral.

6.7 Underwat er Lieht-Clirnate and Respiration

Previous measurements of respiration 1n Mt. Bold Reservoir have

generally yielded hígh rates per unit chlorophyll a (Ganf 1980) 
'

suggesting a large non-algal component. Thís, combined with low
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bíomass levels early in the season when variations ín the light

regime are most importanÈ (Chp. 5), has confounded aÈtempts Èo assess

perlods of light sufficiency from the factor interaction descríbed in

equation (6.9).

In a manner analogous to that of Talling (1971) and Jewson (1976) the

interaction of mlxing depth, líghÈ regime and respiratlon described
eZ

by equation 6.9 was depicted graphically by plotEinC *ä against

ILDH]day (Fís. 6.13).

The mixlng depth, Z*(m) (ffg. 6.L4) was estímated from the extent of

the isothermal ep11ímnlon below a depth of ca. 2-5m. In this way

superficial thermal gradients were excluded. The daylength, Â was

obtained from tables.

Although Fíg. 6.13 illusÈrated the ínteractíon of míxlng depth and

líght regirne, the relationship to actual relative respiration rat,es

was unknown due to the diffículties of measuríng phytoplankton

respiratlon. To provide perspectíve, línes were included indicatíng

the critlcal value of the raÈ1o q", resulting in column compensation

point (g"=1.0, equaÈion 6.8) for typical values of the relaÈive

respiration rate obtained from the literature (r=0.05, r=0.1;

Talling L97L; Jewson L976). The posítíon of these lines was

calculated from equation 6.9.

6.8 Integral Photosynthesís and Mean Irradlance of the Mixed Zone.

It was demonstrated in Chapter 5 that phytoplankton biomass levels $lere
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correlated with the mean irradíance of the mixed zone (I) up to a

value of 1.0 W m-2 a-1. Duríng the spríng fncrease of 1978,

hourly rates of int,egral photosynthesis were also signÍficantly

correlated with I over the same range (Fig. 6.L5, Table 6.5).

I,n 1979 only a few measurements of photosynthesis were made during the

period of rapíd vernal increase, however Ëhese showed a similar

response to I and were included in Fíg. 6.15 (Table 6.5).

For values of Í above 1.6 MJ rn-2 ¿-1 irr"..""es in integral photosynthesis

appeared independent, of further increases in I as observed for

chlorophyll a concentration in Chapter 5.

DISCUSSION

6.9 InÈegra1 Photosynthesis

The dlrect comparison between lakes of lntegral rates of photosynthesJ-s

was complicated by variations in experimental deslgn and calculatíon.

It was evident from the data compiled ín Table 6.6 however, that

hourly integral rates for Mt. Bold Reservoir \^tere generally lower than

values observed in tropical lakes (1,.t<ilotes, L.Víctoria, L.George)

but of similar magniËude to rates observed in temperate lakes of the

northern hemisphere. The most notable dlfference ín comparison with

the llsted tenperaËe lakes (table 6.6) was the low minlmum integral

rate, which was simllar to rates measured in ollgotrophic lakes

(eg. Toom Lake, fable 6.6). The low values ÌÍere a function of. the

optically deep rnixing conditions which prevalled ln wínler, a result
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of the large attenuatl-on of líghÈ by díssolved colour and suspended

organic and inorganic maÈerial (Chp. 3). This resulted in low.mean

irradiances in the mixed zone and consequently low rates of íntegral

photosynrhesís (Fie. 6.15).

Mínimum values shown for L.Minnetonka and Hamilton Harbour refer to

íce-free perl-ods, and wlnËer míníma are probably negligible (Megard

L972; Harris et al. 1980).

The annual gross photosynthesis of 300 gC ^-2 estimated for Mt. Bold

Reservoir was substantially lower than correspondíng values for

tropical and norÈhern temperate lakes listed in Table 6.7 , a

consequence of the low winter rates of photosynthesis.

A further consequence of Èhe large background attenuation of light

was the close correlat,ion between íntegral photosynthesís and

chlorophyll a concentration (Flg. 6.7). As described ín Chp. 3 the

extinctíon coefficÍent e may be partltioned Ínto the exÈinction due

to phytoplankton (e^b) and thaÈ due to background componenÈs (eq) where,

e=e"b*eg 6.11

I
The constancy of the 1-ogarlthrnic 1íght function (øn (Offn)) withfn a

season, irnplted that most of the variaEion in integral photosynthesis

resulted fron variation t" T (Fie. 6.5b-d). This term may bê

rewrit.ten using equatlon 6.11 as bPm

', . b+-:rq , f rom which 1Ë is evÍdent

that when the extínctlon due to phytoplankton (erb), is small compared

to a constant background extinction (eq), integral photosynthesfs w111
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change proportionately \rith bPm, the maximum volumetric rate of

photosynÈhesis (Fig. 6.6a). As eq \^ras consistently high in Mt. Bold

Reservoír, and changes ín P* relatívely small compared with changes

in the chlorophyll a concentration b, lntegral Phot.osynthesis

correlated signifícantly wlth bíomass (Fí9. 6.7). Consequently both

bíomass and integral photosynthesís showed a similar dependence on

the nean irradiance of the mixed zone (T) for values below 1.6 MJ n-2

d-I, and a simllar independence of I above thís value.

If the euphotíc zone ís taken as the depth to which L"l of the surface

líght penetrates (Chp. 3) then,

6.L2

The large eq values attained fn Mt. Bold Reservolr dampened varlations

ín the depth of the euphotlc zo.ne expected from oscillations in

biomass. As a result photosynthesis-depth profiles showed a marked

degree of uniformity with respect to vertícal extent (ca. 2-4n) and

position of maximum photosynÈhetic rate (ca. 0.1-0.5rn) (¡'ig. 6.2a-c).

The areal biomass within Èhe euphotic zone Xb (rng chla m-2) may be

calculated fron the product of the euphotlc depth and the chlorophyll a

concentration

- .Q,n 100 4.605
L_eu e Eb*eqs'

tb =Z .¡ =!|--@eu eb*6q
s

6.r3"

Applyíng similar argumenEs to those above, areal biomass wíll be

largely proportíonal Èo biomass concentratÍon when e"b << e9.
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The proportion of llght att,enuated by phytoplankton increases wlth

biomass concentratíon (equation 6.11). In the limit when all light

1s absorbed by algae and e"b ¡¡' eg, the population ís completely self-

shading and further lncreases in biomass reduce the depth of the
beuphotíc zone proporÈionately. At this point the term;f . ,q

s
(equation 6.13) maximizes "t + and consequenÈly areal biomass in thet"
euphotlc zone maxÍmízes at 4.605, representing an imPortant boundary

t"

condition to bl-omass levels. Sinilarly the comPonent of íntegral

photosynthesis, bPm/e (equation 6.1) maxl-mizes at Pn/es, representing

an upper theoretícal llmit to integral photosynthesis.

The extent to which natural populations attalned the theoretical,

maximum areal biomass tùas ascertained by comparison of experimentally

determined values of b/e, with the theoretical maximum of 1/e". In

MÈ. Bold Reservoir measures of e" obtained on four occasions (Ftg. 3.5,

Section 3.2) ranged from 0.016 to 0.021. A comparíson of theoretical

maxima with observed ratíos of b/e (Fig. 6.16) indícated that the

populaEions never became completely self-shading. The maximum b/e

raÈ1o, measured at the point of greatest chlorophyll concentratlon for

the three seasons (Fíg. 6.3a), accounted for onLy 657. of the theoret,ical

maximum, while other values accounted for <507".

Although these results imply that, potentially there was 1íght avallable

wiËhin the euphoËÍc zone to supporÈ an increased biomass level and

rate of integral photosynthesis, the capability of the phyEoPlankton

to utilize this potentlal depends on respiratory rates and mixlng depth.

Steel (f973, 1980) deríved equatíons Eo estlmate the maxlmum

sustainable biomass and rate of integral photosynthesis however, the
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difficulty of measuring in situ respiraËion rates in Mt. Bold

Reservoir prevent.ed applicatíon of these functions.

6.10 Intesral Pho tosvnthesis. Mean Irrad ce of the Mixed Zone and Respiration.

The graphical illustration of the tnÈerplay between mixing depth and

líght regime (FÍg. 6.13), íncluded critical lines indicating zero net

photosynthesls for typical values of the relatíve respiration rate.

The data for 1978/79 índícated that on many of the sampling dates

autotrophíc growth would be predicted not to occuï if "typical"

relative respíratíon raÈes were assumed. However the polnts labelled

1-8 (Fig. 6.13a) correspond to the period of vernal increase in the

mean Írradiance of the mixed depth (I), chlorophyll a concentration

and integral photosynthesis. Durlng thls period (6/9/78 - 24lIO/78)

increases in chlorophyll a concentratlon (Chp. 5, Fig.5.7 & 5.8) and

integral phoËosynthesls (Fig. 6.15) were línearly related to I. As

growËh r^ras occurrlng, the relaÈive respíration rate resulting in

column compensat.íon point for each date, provlded a measure of the

upper límlt of the daíly average relaÈlve respiration rate. Maximum

relative respiration raÈes were calculated for daÈa points 1-8
eZ

(Fíg. 6.13) by substírurlng Èhe relevant value" or ff and [LDH]day

into equation 6.9. These calculatlons lndlcated that in1Èial spring

growth occurred when relative respiration raÈes were less than 0.01.

As the maxímum speciflc rate of photosynthesis vlas ca. 2 mgC m$ chf¿-I

h-I, the occurrence of growth implted an average respfration ráte of

less than ca. 0.02 mgC mg chla-l ¡-1, suggestíng a remarkable degree

of adaptation to the low lÍght environment.
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The phytoplankton populatíon duríng the vernal biomass increase was

composed largely of flagellated species (Chp. 5, Ctgptomorns spp,

TraeheLomona,s spp amd Cey,atí,un hír'undineLLa). The motility of these

phytoplankton suggested that an. alternative hypothesís to the

apparently low respl-ration rates, night be the occurrence of a

"biological mixl-ng depth" substantially smaller than the míxl-ng depth

obtained from temperature profiles. Unfortunat.ely insufficient data

was available to assess thís alternative.

6.11 Components of Integral Photosynthesís

It has been demonstrated that apart from temperature, nutrient

availabílity may affect photosynthetic capacity (Glooschenko et al.

L974; Eppley & Renger 1974; Senft 1973). Duríng the period

December-February L97B/79 bioassay results indicated a lack of

nutríents rtrlthin the surface layers (Chp. 4, Fig. 4.10a), however P

values \^rere consistently among the híghest observed (Fig. 6.3b).

Evidence for nutrient liml-Èatlon durlng períods of the L979/80 season

came from both bioassay results and cellular compositional indicators

(Chp. 4, Fíg. 4.LOa:, Fíg. 4.13 ). Variation ín Pm (Fic. 6.3b) was

simílar to the general paÈtern observed 1n composítíonal indicators

(Fig. 4.13), and over the nutrienE depleted perlod (December-March,

Fig. 4.10b) P* and the proteín-carbohydraÈe ratío !,rere statisEically

correlated (Fig. 6.17). .However the rela¡lonship was strongly

influenced by a single large P* value (9.9 mgC rng chla I h-l ) , which

in conjunctlon with the small number of data points, weakened the

valídity of the correlaËion.
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Variations in photosynthetíc capacity (P*), and photosynthetíc

efficiency (cl) have been considered potential mechanísms for

adaptation to changing lrradiance levels (Yentsch & Lee L966;

Talling L966; Jorgensen & Steeman-Nielsen 1966; Vollenweider 1970;

Jewson L976; Jones L978; Harris et al. 1980; , Harris, L978).

Vollenweider ( L97O) illustrated theoretically the sígnl-ficance to

integral photosynÈhesis of adaptaÈions in P*, a and consequently

their ratio I, (equatlon 6.2), followíng a decrease in irradiance.
K

Jones (1978) demonstrated the occurrence of the Èwo mechanisms in

Lough Neagh. He found that when diatoms predominated a remained

relatively constant so thaÈ P*, which altered in response to

temperature, determined the variation in IU. However, when blue-

green algae were domfnanÈ, adaptation to variaÈion in irradÍance was

princlpally determined by changes in photosynthetic efficiency (c).

Analysis of relationshlps beÈween these varíables for Mt. Bold

Reservoir indlcated seasonal differences ln their relative lnportance.

During I977 /78 changes in In were closely correlated with Ptrt

(Fíg. 6.18a) but not with cr (Fig 6.18b) which varied over a relatively

narro!¡ range. Consequently P* and q \^rere lndependent (FÍg. 6.18c).

PhotosyntheÈic capacíty \das temperaÈure dependent showing a QI0 of 2.6

which was not slgnlfícantly different from Èhe Q1¡ of 2.76 determined

for In (Fig. 6.8b & 6,9a). These results were similar to

relationships descríbed by Jones (1978) for díatom dominated

populations, hovrever the data from Mt. Bold Reservolr covered a period

Ínirially dominated by MícroeAstis aeruginosa (23/LL/77 - L5/2/78) and
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then bv cyeLoteLLa meneghiníana Q2/4/78 - 28/6/78) (t't' Burch,

personal communlcation) .

In 1978/79, neíther phoEosynthettc capactty (P,n) nor photosynthetic

efficÍency (a) hrere correlated with In, which showed reduced variatlon

(Fig. 6.19a & b) compared wíth the previous season. P* and cr were

strongly correlated suggesting that both were changing in unison

(Ftg. 6.19c), and consequentl-l In did not íncrease with temperature in

parallel to photosyntheÈíc capacity (Fig. 6.Bc & 6.9b). The períod

covered by thls data included populatlons dominated by CyeLoteLLa

neneghinianta and Ceratíwn hirundineLLa., TnaeheLomonas spp, Mienoalstis

aenuginosa, and MeLosira sp (Fig. 5.10, Table 5.3).

Estimates of In from 1979/80 showed a sJ-gnificant correlatlon with

photosynthetl-c efficiency (cl) but noÈ wlth photosynthetlc capacity

(pr) (Fig. 6.20a & b) although P* and d r¡rere signíflcantly correlated

(Fig. 6.ZOc). Jones (1978) found a similar lack of correlatlon

between In and P* durinB Períods of blue-green algal domínance, when

both In and cr were correlated wíth the average 1lght intensíty over

the preceedlng five days. The values from Mt. Bold Reservoir showed

no statistically significant correlation wíth light intensity although

the population was for the most part dourinated by Miez'oeAstis

aeruginos4 (Fíc. 5.11, I/LI/79 - ll4/8O)

The data of Jones (1978) related to measurements taken in the well

mixed but shallow Kínnego Bay (Maximum depth = 3.5m, Jones 1977a),

where iÈ night be expected that mean irradiance of the míxed column

was closely related to variation in íncídent irradiance. It was
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postulaÈed that the lack of relationshlp between lncident írradiance

and a or I, in Mt. Bold ReservoÍr, resulÈed from variatíons ín mixing
k

depth. To account for such variations Èhe mean írradiance of the

mixed zone (I) calculated from equation (S.f) was used to assess the

light regime during L978/79 and L979/8O. However no statistically

significant relationship was found between the mean irradíance of the

mixed zone and cl , In or r,n (Fie. 6.21a-c). Even when analysis was

restricted to perl-ods of llght límítatfon (T < 1.6 MJ n-z a-l)

statlstically va1-id relationships \^lere not obtalned.

Thus mechanlsms for modifying photosynthesls írradiance relationships

apparently occuTred reithin Mt. Bold Reservoir, either síngly or in

uníson, but they showed no clear cut relatíonship r^rith either specíes

composiÈíon, incident irradlance or mean lrradiance of Èhe míxed zoÍLe.

Harris et al. (1980) emphasized the important effect which changes in

the raÈio of euphotic to mixed depth has on photosynthesis. The

appearance in Mt. Bold Reservoír of a particular strategy within a

season, suggested that an over-ríding influence of thls nature níghÈ

be affecting the photosynÈhetic variables. Al-though mixíng regime

varied between the Ëhree seasons (Chp. 3) the simultaneous influence

on lighÈ and nutrlent availability complicated any attemPËs at

analysls.
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A COMPARISON OF ABSORSED AND INCIDENT IRRADIANCE AS DETERMINANTS OF

PHOTOSYNTHESIS.

6.12 InÈroductíon

Ernpirical models describfng photosynthesls-irradiance relationships

(Surith L936i Vollenweider 1965; Platt et al. 1980) and

phorosynrhesls-depth integrals (tal11ng L957b; Fee L973) provide a

basís for the comparison of data obtained through tíme and sPace.

Variables contained within the models are used to assess both the

physlologlcal condltion of the phyLoplankton (Yentsch & Lee L966;

Jones L978; Platt et al. 1980) and Èhe lmportance of factors

determining areal photosynthesis (Talling et al. 1.:9731' Bíndloss L974;

Jewson 1976; Section 6.0 - 6.11). As the models are constructed ín

terms of lncident irradiance, comparisons between experiments are

based on an írnpllcit assumptíon of constanÈ potential absorption per

unit biomass.

The absorptlon of lfght by phytoplankÈon depends on pígment

composition and cell archl-tecture (Kirk L975a; PlaÈt & Jassby L976),

as well as the influence of the suspending medium on lncident

lrradiance (Morel L978; Atlas & BannisÈer 1980). MeasuremenÈ of

in sítu phytoplankton extínction coefficients ís difficult, and of

the available dat,a mosE refer to Phytoplankton absorptÍon of narrow

wavebands (Tall1ng 1960; Ganf I974; Blndloss L974) rather than

phoÈosyntheticalLy active radíation (Scott L978; Megard eÈ al. L979) '

The data does however demonstrate a threefold range Ín extínction

coefflcients.
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Alternative aÈtempts to esÈímate the average in sítu extinctíon

coefficlent of phytoplankton groups from information on pigment.

absorptfon spectra (ftrt L975b; Atlas & Banníster 1980), requlre a

knowledge of cellular pigment composltíon, the spectral distrlbution

of irradiance, and the effects on absorptlon of cell architecture

and increased pathlength through light scaÈtering. The quantification

of all these parameÈers has not been achieved.

As a consequence of the inherent dífficultíes in obtainíng field

measurements of light aÈtenuation by PhytoPlankton, investígations of

the relatíonshíp between photosynthesis and light absorption have

frequently assumed a constant specifÍc extlnctíon coefficienÈ (Tyler

L975; Dubinsky & Berman L976; Morel 1978), and the same assumptlon

irnplicit in photosynthesís-irradíance models. The observed three

fold range ín phytoplankton extínction coeffícients suggests that thls

assumption may frequenÈly be invalld (MoreL I978; Atlas & Bannister

1980).

T'he followlng secÈlon attempts to assess the affect of varlations in

light absorpÈion on varlables of Èhe photosynthesis-ÍrradÍance models

used extensively for comparative purposes.

6.13 Theory

Using the Beer-Lambert law (equation 3.1-) Duntley (1963) deríveil an

equation to calculate the to¡al radiant energy absorbed by all

physical and chemícal processes at depÈh Z metres. ResÈrleting the

argument here to photosynthetícally active radiation (PAR, 400-700 n¡n)
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the irradiance absorbed per volume 1s given by

dA(z) _ d
dV dZ

(rD(z) - ru(z) ) 6.r4

6..L5

6.16

where TDI Z) l-s the dor^rnwellfng irradlance and f!(Z) the upwelling

irradiance at depth Z met,res (Chp. 3). Rearrangement gives

dA(z)
dV

d rD(Z) (r - )
r (z)

u
rD(Z)

dZ

The ratio of upwelllng to downwelling irradlance ls termed reflectance,

R (Chp. 3) and is often found to be virtually índependent of depth

(Duntley 1963). In Èhe turbid inland waters typical of Australla,

reflectance initiall-y shows a small lncrease with depth but rapidly

arrains a constant value (Chp. 3, Flg. 3.11; Kírk 1977). Equation

6.15 can therefore be rewritten as'

d r-DQ) (1-R)
dZ

A further cons.equence of turbíd waÈers is Èhe mlnimal interference

of spectral shífts on the exponentlal decline of PAR with depth

aft.er the first few centímetres. As a resulÈ Èhe Beer-Lambert law

accurately describes llght attenuatlon over most of the euphotic

zone wlth a single vertical extinction coeffícient (Fig. 3.1,

equation 3.1).

IncorporaÈ1ng the Beer-Lanbert law ínto equatlon 6.16 and dlfferentiating

wlth respect to depth,

=eIeA(Z)
o

-eZ ( 1-n) 6.L7
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where A(Z) ls the total absorbed PAR per unit volume at depth Z metres

(un ur 3 
"-t), e the vertical extinctíon coefficíent (0n units m-l)

I

and I the íncident irradl-ance correcÈed for surface reflection (ChP.
o

The proportion of total absorbed írradlance (equatlon 6.17) attenuated

by phytoplankËon alone is given by the ratio of the phytoplankton

extincÈion coeffl-cl-ent to the total extinction coefficient
eb

(Bannis ter L974). In terms of equatlon 3'.3 the fractlon i" -1,e

where e is the specific extlncEion coefflcíent per unit chlorophyll a
S

(r2 *g cfrla-I) and b, the chlorophyll a concentration (rng chla t 3).

The irradíance absorbed by the phytoplankton at depth Z metres,
J

A^(z) (un m-3 "-I¡ is therefore,

2>.

eZ 6.18=ebIe ( 1-R)so

As R is frequenËly found to be smal1 (ca. 0.02) the equatl-on can be

sirnplified to that deríved by Bannister (L974). However values of R

regularly approach 0.1 (Kírk L977) and may exceed 0.3 (FiC. 3.6) in

turbld \^raters, therefore R is lncorporated in the following equations.

The depth integral of equation 6.18 provÍdes an estímate of the

irradiance absorbed by chlorophyll I per unit surface area'

*

^ 
(z)

(1-R)

where Z is the mixed depth ln metres. If Z, is equal to
m

euphotlc depth , Zerr, then from equation 6.L2, ,^= T,
term in brackets equals 0.99. l'Jhen Z, is greater t'harL Z

(zm *
l-' oo (z)dz = ."br' (l-e -tz*¡
'o - a

6.L9a

the

and the

the
eu
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bracket.ed term ls close to unl-ty and equation 6.19a reduces to'

ebI 6 .19bso ( r-R)

The light absorbed per unÍt chlorophyLl a at depth Z, 4
-ì -l(un mg chla-ts-t) follows simply from equation 6'18'

(z)

\(z) = e r'"-tz (l-R)
so

6.20*

It is evident from thís equatlon that for a gLven ltght lntensity and

reflectance value, Èhe energy absorbed per uniÈ chlorophyll a, and

so the effectiveness of the lncldent lrradiance, varles etiÈh the

speciflc extlnct,Lôn coefffclent per uniË chlorophyll a (e") '

consequently those variables describlng photosynthesls-irradlance

relaÈionships whlch lncorporate light lntenslty will be functlons of

e . Two such variables are crt (rng C mg chla-l per E m-2) the inltlal
s

slope of the photosynthesls-lrradlance curve (Platt & Jassby L976),

and In (pn nl2 s-l) the ltght intensity characterLzlng the onset of

light saturatl-on (Tall1ng L957a) ' Note that ar varles from cr

(ng C rng chlJt n-I per UU m-2 s-l¡ used 1n the prevlous section, by

Lncorporatlng the trlvial converslons for Èlme unfts and ¡'r ElnsÈelns

to Einstelns' that fs at low light intensit'1es

I'o^""u 
t*(z) dz =

P(z)
r(z)c

106

" 560õ
6.2L

where P(Z) (mg C mg chla-l ¡-l¡ is the specific rate of photosynthesls '

ConvertLngllghtl-ntensityatdepthT(t(7')),tothelightabsorbed
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per unlt, chlorophyll a using equatlon 6.20, yields the relatlonship'

*
m e (1-R)

cfcl= 6.22
S

*
where c- (mg c per E) is the weight of carbon fixed per unít lighÈ

absorbed by phytoplankton aÈ low light intensitles. The quantum

yteld Ø is deftned as the moles of carbon fixed per Eínstein of light

absorbed (Banníster L974; Dubínsky & Berrnan L976) - The maximum

*
quantum yleld Øo, is therefore proportional to orr

c[t 6.23
m (1-R).12000

Direct subsÈitution of In.into equaÈion 6.20 provides an estimate of
*I;, the level of absorbed irradiance per unit chlorophyll a

depicting the onset of light saturation.

As descrl-bed ín previous sections, rnodels of integral photosynthesls

are frequenÈly used to provide insight to the causes of varíation in

areal carbon flxation rates. The rnodel of Talling (1957b) accurately

assessed íntegral photosynthesis 1n Mt. Bold Reservoir, however the

parameters in the function (equatíon 6.1) provided litÈle infornatlon

on the types of mechanlsrns frequently cited as controlling rates of

photosynthesl-s, viz. 1íght absorption and the efficlency of energy

transformatíon. In an attempt to provlde further insight Eo the

slgnlffcance of variations in these mechanisms, the semÍ-empirlcal

model of Tallíng \¡Ias recast into more functíonal components. The

sllghtly modlfied original nodel, described by equatfon 6.1' 1s

restated here,

ø
e
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xP = bP* [r,
e

By deflnitlon P =oÏ = 0.0036 a' I (equation 6.2 e 6.2L) and,
m k k

XP = 0.0036 bcrrln

e

SubsEítuting for o,f 1n this equation using equaÈion 6.23,

6.24

6.25

6.27

¡p = (12000

I
Multiplytng the rtghÈ hand side of the expressior by -* ,

I

ebØ
o.0036) +-g (1-R)

o

ebI I
t#(1-R) kLP = 43.2 6.26tr

o

The term in square brackets will be recognized from equatíon 6.19a &

b as the total light absorbed by chlorophyll a per unlt surface area

r¿hen the mlxed depth ls greater than Èhe euphotic depth . øn is the

maximum quanEum yteld whlch 1s proporÈional to the inltlal.slope of

the photosynthesis lrradl-ance curve expressed on an absorptlon basis

(equaÈion 6.22 & 6.23>. The remainfng parameters

lø

tt

I
o

provlde a measure of the restrlctfon that llght saturation places upon

integral photosynthesis (falling 1957b). Íhis is readily shown by

consÍderlng a photosynthesís-depth profile where photosynthesis remains

proportional to light intensíty at all depths,
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P=bcrle -eZ 6.28
o

Integrating wíth depth and subsÈl-ÈuËíng for o(equatlon 6.2) yields'

æ

PdZ= 6.29
o e trk

The fraction of thÍs represented by the normal integral (equation 6.1)'

is gíven by equation 6.27 .

The average quanturn yield of a photosynthesls-depth profíle may be

calculated from the ratío of areal photosynthesls to the light

absorbed by phytoplankton per unit surface alrea. Consequently the

ratío of equation 6.1 to equation 6.19a or b, provides an estimate of

Ø, the average quanÈum yield for a profile showlng saturation behavl-our.

However the ratio of equaEion 6.29 Èo equation 6.19 provldes an

estimate of Øm, the maximum quantum yield. As a result it follows

that,

6.30

and equaÈion 6.26 may be rewritten ast

ebI

bol bP Io=mo

ø
6'm I

LP = 43.2 6.31

As discussed |n Sectlon 6.5, the equatíon derived by Talllng ('igSZU)

to descríbe integral photosynthesis (equation 6.1) only applies when

lf

I >> I- . If data are t,o be consldered at low ratlos of I-/I,-, then^o-k-oK

the equatíon derived by Vollenweider (1965) (equation 6.10) provides

t# (1-R) t6
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the correct integral, assumíng that the photosynthesis-irradiance

relatíonship is adequately described by the equation of S¡nith (1936).

Beginníng \^rith the function for integral photosynthesis derived by

Vollenweider (equation 6.10), an analogous series of equations to

those depicted by equations 6.24 ta 6.27 may be derived. The

equation analogous to 6.26 becomes,

,+" (r-R)

II
(--qJ = cn (=9 +

I, I.-kk

I
¡,rcsinh (;9)

tkLP = 43.2

where Arcsinh

the functíon

ebI tt
--î
I

o

ø
m

6.32

2
+ I ) (Vollenweider 1965), whlle

, descríbing the restriction of líght saturation on

integral photosynthesis (equation 6-27) converts to'

Arcsinh
I(f)

k
6.33

Equations

using the

6.30 and 6.31 appear 1n the same form, although calculat,ed

functlon of equat,íon 6.33.

I
tt
--T
I

o

I

6.14 Results

The Beer-Larnbert law accurately described the exponentÍal decline of

pAR with depth, yieldíng linear regresslon correlatíon coefficienËs

(r2), 0.97 (Fig. 3.1). The vertical extinction coefficlents were

partitioned fnto the component due to phytoplankton (e"b) ana ifrat

due to other rnaterial (eq) (equatÍon 3.3) for periods wh,en e" and eQ

remained constant (Section 3.2). Four such periods were ídentifíed

from the data on l"ft. Bold Reservolr and the specífÍc extinction
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coefficient per unit chlorophyll a (es) estimated from the íncremental

change of e with b the chlorophyll a concentratl-on (Sectlon 3.2, Elg.

3.5, Table 3.1). The choice of chlorophyll a as the independent

variable is supported by its central role in photosynthesis, and its

close relationshíp wtth cell volume (Fig . 6.22) -

Si¡nllar data for Lough Neagh, I¡Ias obtained from figures in Jones

(L977a, b) for the period August-June L973. VerÈical extinction

coefficlents for PAR (e) were estímated from the minímum extinction

coeffícient (emín) using the facÈor of 1.2 calculated by Jones (L977b)'

and e esÈimated from the llnear regressíon of extínction coefficienÈ

on chlorophyll a concentration (Fíe. 6.23).

All estimated e values were signiflcantly different from zero (Pf0.02).
s

The values of O.OL22, 0.0133 and 0.016 (Table 3.1) were not

significantly different from each other (P>0.05) however all other

combinat.íons htere.

The e values from Mt. Bold Reservol-r fell within the range of
s

previously reported esËimates, ca. 0.01-0.02 m2 mg chla-l (Talling 1960;

Bíndloss 1974; Ganf L974; Megard et 41. L979) whereas the value

frorn Lough Neagh (0.029 m2 mg chla-I) was sÍgníficantly larger.

Carbon fixation rates l^Iere measured directly 1n Mt. Bold Reservoir

using the I4C technique (Chp. 2), whlle the oxygen results froit

Lough Neagh (Jones I977b) l{ere converted to a carbon basís assumíng a

P.Q. ratlo (ffi mofär) of 1.1 (Harrís & Picclnin L977),
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The interconversíon of energy and quantum irradiance measqrements

depends upon the undenvaÈet-jttadíance sPectral distríbutíon. In

Mt. Bold Reservolr the spectral dístribution at 1.0 and 2.0m, caused

solely by water and dlssolved coloured compounds (Flg. 3.9) ' showed

strong absorption in the blue-¡^ravelengths. due to the presence of

"gelbstoff" (Sectlon 3.3). Filtrates from Lough Neagh (Jewson & Taylor

f978) also showed absorption due to "gelbstoff"' and in situ spectTa

were further rnodlfied by hlgh chlorophyll a concentrations (Jewson L977;

Jer¡son & Taylor 1978). Consíderation of these data fn relation to

conversion factors measured by Morel and Smith (I974) resulted ln use

of the relatlonship,

1.0 watt = 2.77xLOrB quanta s I = 4.6OL3 uE s-I = 1 Joule s

The quanÈum ytel-d (@, mole C per Einstein absorbed) was calculated

for each depth from the ratío of the measured carbon fixation rate

(mole C mg chla-I tt-l) Èo the light absorbed by phytoplankton

(equation 6.20 in ElnsÈeÍns mg chla t n-I) and plotted agalnsÈ the

narural logarithm of. I-(Z) (Fig. 6.24). As expected quantum yield

increased wíth depth (Tyler L975; Dubinsky & Berman L976; Morel

1973), the maxirnum (ffr) occurring at low light íntenslties.

Equatíon 6.23 i,ndícates that 1n the low líghE region, where

photosynthesis is linearly related to l-ighÈ intensíEy, Øm should

remaÍn constant. However, very few of the profíles showed a distinct

plateau (fig, 6,24) despite the lnclusíon of data pofnts below- ca.

50 uE *-2 "-I which frequently aPpear llnearly related to

phorosynthesis (platt & Jassby L976; thts data). The lack of a

plateau region was evident with both the 14C technÍque employed here

t
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6.24a-c), and the O2 technlque used by Jones (I977b>

6.24d).

For the data fron Mt. Bold Reservoif, Ø* was calculated from the

initial slope of photosynthesis-frradíance curves using equatíon

6.23, and varíed between 0.014 and 0.075 mole C (Einstein)-l (Table

6.8) . Taklng a value of I as the urinlmum quantum requl-rement of

photosynthesis, the largest value Ø. can attain is 0.125 mole C

Einstein I (nrbittoritch & Govindjee L969). The average value for

the data from Mt. Bold Reservoir was 0.037 mole C Eínstein-I, which

fell far short of the theoretÍcal maximum, and was less. than the

average value suggested as Ëyplcal by Bannister (L974) and estimated

by Platt & Jassby (Lg76) of 0.06 mole C Eínstein-l.

Substitutlon of Øtn = 0.125 into eqiratlon 6.23, enabled an estimate

to be made of the minímum theoretical value of e" for a given value

of c'. Dara from Kinnego Bay for the 26 April 1973 (Jones 1977b) gave

a maximum clr value for the period under consideration of ca. 45.3

ng C mg chla-l Eínsteín-l, and a minimum e" value from equatíon 6.23

of 0.03 rn2 (mg chla)-I. Thls supported the e" value of 0.029

obtained from the incremental change of e with b (Fig.6-23).

Mixing depth (Zr) was greater than the euphotic depth (r.,r) in both

Mt. Botd Reservoír (Fíe. 6.L4) and Lough Neagh (Jones L977a, b), and

photosynthesís incubatíons covered the entire euphotíc zone.

Therefore the t,otal light absorbed by phytoplankton per unít surface

area was calculated using equation 6.19b (table 6.7 & 6.8)' and the

average quanlum yleld for the htater column @, estimated from the
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ratio of planimetrically measured integral photosynthesís to'the

areal absorbed lighÈ (Table 6.8 & 6.9). In MË. Bold Reservoir õ-

varíed between 0.005 and 0.047 mole C (Einsreln)-I (Table 6.8) whíle

the available Lough Neagh data covered the range 0.004 to 0.01 mole

c (Einsrein)-1 (ta¡le 6.9).

Values of the fraction calculated using equation 6.33 ranged

between 0.26 and 0.71 for Mt. Bold ReservoLr (Table 6.8) and 0.19 and

0.32 for Lough Neagh (Table 6.9). fn. { function obtalned from the
)

shortened form of the íntegral used by Talling (1957b) (equation 6.27)

provided simllar values, as in all cases incident irradiance (It) ta"
o

much larger than I,_ (Table 6.8 & 6.9). The difference between the

two functions of for varying incldent irradiance and fixed IU values

ís íllustrated in Ftg. 6.25a & b.

6.15 Dlscussion

The effect of varíations ln the specífíc exÈinction coefficient per

unit chlorophyll a (e") on the interpretation of variables from

photosynthesís-irradiance relationshl-ps, can be illustrated using

data from Mt. Bold Reservolr and Lough Neagh.

Applying equatlon 6.20, the maximum observed In va1ue, of 344 yEinstein

n-2 s-I (table 6,8, LZlLZlTS) represented an absorbed irradiance of

4.5 UEinstein (mg chla)-l s-1, whíle the lower value of 306 UEinstein

m-2 s-l *easrrred on the 28 February 1980 (table 6.8)' rePresented an

lncreased absorptlon of 5.6 UEfnsEetn (mg chla)-I s-1.

I
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Sirnilar In values of.207.5 and zOL.g ¡rEinstefn t-2.-1 obtained from

rwo experimental periods (Table 6.8, LO/5/78 & L6lL/$O) implied a

sfuilar response to llght saturation, however 1n terms of absorbed

lrradiance the values \^tere respectively 2.3 and 4.1 uEinstein (ng

chla)-l "-1.

The 2.2 fol:d, greater In value (23O.2 UEinstetn m-2 s-1) from Mt. Bold

Reservoír on 6 December 1978 (Table 6.8) compared \^tith Kinnego Bay

(106 UEinstein m-2 s-l) on 30 May 1973 (Table 6.9) might be interpreted

as indlcating a physiologlcal variation between the two populations'

yet in terms of absorbed l-rradiance the values were 3.0 and 3.1

pEinstein mg chla-l "-I respectlvely.

These examples clearly demonstrate the marked difference between

comparisons of the effective absorbed trradiance and sinple measures

of irradlance íntensity. As the effectiveness of a given light

,intensity is determined by e , whích ín turn ís determined by both

bÍological (Kírk L975a, b, I976a) and environmental. factors (Morel

1978; Atlas & Bannlster 1980)., light intensity based photosynÈhetlc

parameters such as In, may not be valid indicators of the physiological

conditíon of phytoplankton. The onset of light saturatlon defíned as

a functíon of lrradiance absorbed per unit chlorophyll a, provides a

more satisfacÈory parameter.

Sirnilar arguments apply to comparisons of the ínitial slope of"

photosynthesls-irradlance curves (at). For example or values from

the 11 December 1979 and 1 April 1980 (Table 6.8) suggested a 257"

dÍfference in the photosynthetic rate at low light intensitles. On



155.

an absorption basis however, (equatlon 6.22) the difference was less

tinan 47", lndicatlng that the varíation was due to light absorption

ability, and not to uEílí-zation efficfency of absorbed írradíance.

As variatíons in light absorptlon are a function of e", the difference

may have been physiologically based or equally well resulted from

physical dl-fferences ín the líght regime. To distlnguísh between

these alternatl-ves requíres data on the underwater-irradiance spectral

disrribution (Morel 1978; Atlas & Bannister 1980) as well as cellular

pigrnent content and architecture (Kirk L975a, b; Platt & Jassby 1976;

Taguchí L976). For the two dates in question there v/as a significanÈ

difference ín the lrradlance specÈral distrtbution determined from

filtrates. Ihis change, íllustrated by Fig. 3.9e & g, coincided

with the change fr, .^ over the 197g/8O season (fable 6.8). However
Ð

there was also a shifË in specles composition, from a population

dornínated by Míeroc7stí,s but wiÈh Ceratíum comprising 257" of total

cell volume, to a population entirely composed of Míev'oeA.stís (Fig. 5.11).

Data on in situ spectral dístributions, and specific species es

values would be requíred for further analysis of these changes.

The rearránged form of Tallingts (1-957b) model (equation 6.26 e 6.31)

focuses attentíon on mechanisms underlying Èhe photosynthetic resPonse

of phytoplankton to the light envlronment. Uslng thle model varlatlons

J-n integral photosynthesis may be aÈtributed proportlonately Èo changes

in the absorption or utíllzatl-on of absorbed irradiance. For_

example, the 44% decrease in integral photosynthesis (lP) observed

on Mr. Bold Reservoír between 4 and 1l Decenber 1979 (Table 6.10) was

due e ':rely to the 50% decrease in light absorbed by phytoplankÈon,

Èhe change in average quanturn yíeld (Ø) being ínsigníficant. Analysls
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of the factors affecting the quantlty of lighÈ absorbed (equation

6.19b) índicated that Èhe reductíon was due to a 677" decrease in

chlorophyll a concentraÈion (table 6.f0) actl-ng through its effect

on both b and e.

Although average quantum yíeld increased only sl1ghtly, it was

Ø*, the maximum quantum yield. The relaÈively small change in

implíed Ëhat varlatlons in P* and o were compensatory'

noteworthy that the comPonents a ø each changed by ca. 307".
m

However as the changes l^Iere equal and opposiÈe the effect on the

integral was negligfble.

A similar analysís indicated that Èhe eight fold increase in lntegral

photosynthesfs between'27 November and 4 December 1979 (Table 6.10)

was due to both a 2.L fold l-ncrease ín the average quantum

efficiency (ø) of the population, and a 3.7 fold increase in Èhe light

absorbed by chlorophyll a.

The increased líght absorption resulted from a 5.9'fold increase ín

chlorophyll a concentration (Table 6.10). Although the chlorophyll

per cell volume increased by 377" this r¡as insignificant compared to

the increased concentration ln the water.

The change fn average quantum ylel,d was due largely Eo an fncrease in

I

In the examples considered above changes in incident irradiance (Io)

were insignificant while e"r the specific extlnct,ion coefficient Per

unit chlorophyll a and eq the background extínction coefficient,

remalned constanÈ.

nd
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Integral photosynthesis for Mt. Bold Reservolr on 11 March 1980 was

3.48 fold higher than on 30 November 1978, despite the same average

quantum efffciencies and chlorophyll a concentratlons (table 6.10).

Comparison of absorbed irradíances indlcated that this !üas the

source of the varíation, which resulted in part from a 2.2 fold

higher light íntensíty and in part from a L.6 fold higher es value.

Insuffipient daÈa was availabl-e to assess the source of variatlon

ine

As Èhe average quantum effÍciency (ø) is likely to vary between

relatively narro\r límits (Bannlster L974) equation 6.31 predicts a

close relatlonship between íntegral photosynÈhesis and the total

light absorbed by the phytoplankton. The data from Mt. Bold

Reservoír (Table 6.8) and Kl-nnego Bay (Table 6.9) were plotted ín

Fig. O .25 aLong wíth a síng1e poínt from Lake George, Uganda (Ganf
I

Lg75, t"bro = 842.8 ¡.rEinstein m-2 s-1, lP = 462.8 rngc t-z n-l).
Ê

At absorption values less than l0O0 ¡.rEinsteín t-2 "-1, integral

photosynthesis and líght absorptlon \^rere closely related' an lncrease

in one generally causing an increase in the oÈher (Fíg. 6.26).

However, for values above 10OO UEínsteín t-2 "-1, as observed Ín

KÍ-nnego Bay (Table 6.9), int,egral photosynÈhesis decreased due to a

reduction ln average quantum yfeld (0-'). For example, on the 16 May

1973 when absorbed lrradiance vlas greater than 1000 pEinstein m-2 s-1,

íntegral photosynthesis was depressed. One week later on the" 23 llay,

absorbed irradÍance \^tas less than 1000 UEinstein m-2 s-l and the rate

of integral photosynthesis comparable to levels obtained fron Mt. Bold

Reservoir. The followíng week absorbed irradiance was again high and
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integral photosynthesis depressed. Analysls of data in Table 6.9 &

6.11 indlcated thaË varfatlon in the irradiance absorbed by

phytoplankt.on was due entirely to variations ln incident írradiance
I

(Io). Changes in chlorophyll a concentration (b) díd occur, but

these \¡rere counteracted by sirnilar changes ín Èhe extínction coefficlent

e, as a result of the línear relationshfp between b and e, and the

relatively srnall value of eq (Fig. 6.23, Table 6.9).

(-
Changes in both 

J 
ana Ø,n affected the average quantum yièld, Ø, however,

variatlons in the maximum quantum yield Ø'n, were generally more

sígntficant (Table 6.9). Thus it appeared that in KÍnnego Bay there

\¡ras a critical PAR absorption value above which physfological changes

in the phytoplankton caused a decrease fn Ø*.

In Fig. 6.26 lntegral phoEosynÈhesis Iüas depícted as a functl-on of

total light absorbed by phytoplankton. DívídÍng each of the axís

values by the chlorophyll a content of the mixed zone (bZ^), indicates

that the average rate of carbon fíxation per unit chlorophyll a was

closely correlated wíth the average irradiance absorbed per unit

chlorophyll a. Exceptions to Èhe relationship were the depressed

val-ues for Kinnego Bay.

From equatton 6.19a, the average 1-tght absorbed per unit chlorophyll a

in the mlxed zone 1s given by,

eI -eZmÃ* SO ( l-e ) (1-R)
eZ

m

Comparing this with Èhe equatíon for calculating the mean irradiance of
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the mixed zone (I)(equation 5.1; Ríley L957) indicates that when R,

the reflectance, and e" remain constant, varlatlon in I will be

proportJ-onal to variatíon in average light absorbed per unit

chlorophyll a.

e values measured after Èhe vernal increase of 1978/79 G =0.0133)ss
and 1979/80 (e-=0.0160) hrere not signifícantly different (Fig. 3.5b

s

& c). Assuming these values applied duríng Lhe period of increase'

then prevíous díscussion on Ehe relatlonship between I and both

chlorophyll a concentratíon (Section 5.2) and integral photosynthesis

(Sectlon 6.8) rnay be considered in Èerms of light absorption per unlt

chlorophyll a. Thís makes more explicable the notíon of a crltical

I value above which bíomass and integral photosynthesls appear

índependent of further increases ín mean l-rradiance.

In terms of irradiance absorbed per unit chlorophyll a. the critical

value Írnplies a saturation effect, which is well known from laboratory

studies (Paasche l-968; Gons & Mur 1975, 1978; Bannister L979).

Paasche (1968) measured Èhe growth rate of two marine diatoms at

varylng líght intensíties and daylengths. Growth liTas strongly líght

lirnlted below a value of 0.03 gcal crn-2 min-I, but approached

saturation above thís level. In standard uníts thís light lntensity

equaLs 1.8 MJ t-2 ¿-1.

Bannister (1979) using the data on ChLoreLLa pynenoidosa embodied in

a serÍes of papers, (PhÍllips (1953), Phillips & Myers (1954a, b) and

l"lyers & Graham (1971), cited ln Bannister 1979) calculated íncident
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irradiance and absorbed irradiance per unit chlorophyll a ln

Einsteins, and fllusÈrated their relaÈionship with growth. The

data suggested that grorùth was vÍrtually saturaÈed at an íncídent

irradlance of 8.1 n rn-? d-1. The crLtícal field value of 1.6 MJ

m-z a-l r¡ras converted to EinsÈeins using the above-surface conversion

factor of Morel & Srnith (L974) (1 Joule = 4.60132 UE), and yielded a

value of. 7.36 E n-2 d-1.

Bannister (1979) calculated absorbed irradiarice Ëo be 0.086 E

urgchla-l ¿-ll. The mean írradiance of the mixed zone (I) may be

converted to absorbed írradiance by multipllcatlon wíth e" (equatlon

6.19a). Assuming e" = 0.013, the critícal value was equivalent to

0.096 E mgchla r'd-l

It 1s apparent from these comparisons that the critical value of

1.6 MJ r-2 a-1 represents an important boundary between light

lírniting and non-liniting conditions.



Fig. 6.1: Correlatíon between raÈes of phoÈosynthesis

measured usíng the oxygen ltght-dark bottle

technJ-que (gross photosynthesis) and rac

Èechniques, for a series of depth profíles'
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Fig.6.5: Correlation between hourly integral rates
bPt

of photosynthesls ( P) and the raÈio ;
(equatíon 6.1-) for the north (O) and south

(r) sarnpJ-ing sltes.
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concentratlon (b), Linear regression on origínal data

(excludlng labelled Pofnts)

XP = 19.3+ 3.66 b 12 = O.77 n = 70
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Fig, 6.13: Light conditions for phytoplankton at the south sampling

slte shorfll in terms of the optical depth of the mixed zone #,

and the daily logarÍthrnfc function ¡l,ou¡dav. Lines lndfeate the

critlcal ratlo (qc) of the two functions for varlous relatlve

respiration rates. 'Numbers in brackets are the crftical relative

respiration rates for each of the points numbered 1-8 in L978-79

(see text). \

a. 1978-79

b. 1979-80
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Fie. 6.16:

Comparíson of the calculated theoretical maxlmum

1 t'alues (estimatedareal blomass (estinaÈea as ;i ) wiÈh measured

"" þ for perlods whetr the specific extincÈion coeffícient per unlt

chlorophyll a (es) was known. Theoretical maxima are shown as

horizontal dashed lines for respective e" values'

I2.4 - L7 -5-78 es= 0 '0L22
2L.LL- 1-:9.1-2-78 Ês= 0.0133

20.11- LI.IT.79 e"= 0'016

16. 1- 1. 4.80 Es= 0'021

ffis. 6.I7 z

Correlâtlon between maximum specífíc rate of photosynthesls

(p.) and the proteín to carbohydrate ratio over the nuÈrient depleËed

períod (December-March) of 1979-80'

pm=3.43+1.rg7ffi. rz =O.59 P<0.05
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Ffs. 6 .222 Relatl-onshl-p betr¡een chlorophyll a concentratLon

an{ ce1l volume withfn the euphotlc zone for periods when e.

could be determined (excludes sfngle disparate polnt)

[chlgl = 3.7 + 2.g7 [cell vol] rz = O'97 n = 19

o 16 Jan - t APril 1980

o 17 oct 1979 04 Jan 1980

A 2l Nov - L2 Dec 1978

Fie. 6.232 Ttre relàtionshfp between the vertlcal extlnction

coeffLcl-ent (e) and the chlorophyll a concentratl-on withfn the

euphotl-c zone of Klnnego Bay, Lough Neagh, derlved fror¡ the data

of Jones (L977a, b) (see text).

e = 0.313 + 0.029[ch1gl .t2 = 0.97
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Ttre relationshfp between quanÈum yield (Ø) and the

natural logartthrn of light intensity (Î'nI(Z)) for

photosynthetlc profiles from MË Bol-d Reservofr'

a. O 21 Novenber ]-978 i

O 30 November L97B

O 19 December 1978

b tr 20 November

O 27 November

A 4 December

O 1l- Decèmber

L979

L979

L979

L979

c

Kínnego Bay, Lough Neagh

d. tr 26 APril 1973

A 16 May L973

O 20 June L973

tr 1-6 January

O 13 FebruarY

A 28 February

O 11 Marcå

1980

1980

1980

1980
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The relatlonship between raËe of inÈegral photosynthesís
.I

(XP) and rate of integral light absorptio" !"ït for Mt

Bold Reservoir (a), Lough Neagh (O (Jones L977a,b) ar.d (O)

Lake George, Uganda (Ganf 1975). Linear regression on

all points below an absorption rate of 1000 yEinstein t-2s-I

Xp = 17.9 + 0.478 gsblo 12 = 0.88
-e



R
Date

15 .o2.78

L5.O2.78

05.04.78

17 .05 . 78

24.O5.78

Site b

L7

5

L9

23.6

L4.4

RI

6.0

18.0

2.I

undet.

o.25

Pm

38

20

19.3

9.4

8.9

Psr

.L6

.90

.11

.03

P.Q.

L.L2

0 .93

L.L7

1.93

L.78

N

S

N

S

S

Table 6.1-: Chlorophyll ø concentration (b me chla-Im-3), specific

respiration rate (Rtngo2mgchla-th-l), maximun gross photo-

synthesis (Prngormgchl-a-lh-1)and the Rt/Pm ratio for exper-

imenÈal dates when I4C and oxygen incubations lrere run ln

parallel. The photosyntheÈic quotient (f.q.nole) was

determined as descrtbed in the text.



Lake

Victoria

Kll-otes

trIÍndermere

Loch Leven

Lough Neagh

Joseph

Minnetonka

Hamilton Harbour

Mt Bold Reservolr

tttm

av..18.3

5.4-LL.2

1 - 5.3

0.5- 6.5

1- 4

N. S. -15

2.5- 5.6

1{.S.-3.5

Source

Talling 1965

TallÍng et al. L973

Tall1ng 1966

Blndloss 1974

Jewson 1976

Hicknan 1979

Nlegard L972

Ilarris ex a7. 1980

1- 7

Table 6.2: variation in naximr¡n fatesof photosynthesls (Ptrl rngc ngchla-l¡-t¡

observed ln a varlêty of lakes. lùtrere necessary, oxygen data

rirere converËed to carbon assuming PQ=l .12.



fncubation
start (h)

0800

1000

1200

1400

1630

1840

'P
IP

I¿I¡b Pm e PlanirneÈríc Equatíon 6.1 Iå(l

0.040

0.039

0.037

0 .044

o.o27

1060

1650

1840

TTIL

1141

311

5.2

5.5

7.O

4.9

4.8

4.48

3.7

3.7

4.L

4.L

4.48

r63

235

246

245

L63.2

5.1

160

228

237

245

155.8

0 .15

0.14

0.13

0.14

0.14

131 49.2

L4L 48.8

L88.6 42.L

rr2.3 60

176.6 52

57

Table 6.3: Variables determiníng íntegral phoÈosynthesis (rP ngC *-2h-1,

equatíon 6.1) and their variation over a díurnal series of

short terrn (1.0 h) .I4C íncubatlons. CalculaÈed and planimet-

rlcally determíned integrals are compared. The ratio of

integral photosynthesis Èo lncident irradiance (Ij,pEm-2s-l)

provides a measure of effíciency.f



Experimental
period

XXP from
eq.6.3

% of observed
day integral

XXP from
proporÈion of
radíation

227 2

2L05

L976

2]-L6

2LI4

% of observed
day integral

9B

91

85

91

9L

0800-0900

r000-1100

1200-1300

1400-1500

1630-1730

1830-1930

2068

2530

2489

27L4

t943

89

109

LO7

l'L7

84

Table 6.4: Estímates of dally íntegral photosynthesis (lIP mgC t-2d-I ),

calculated from each of the 1.0 h incubation periods described

in Table 6.3, using equation 6.3, and also expressed as a

percentage of the observed day integral (232L.3 mgCm-2d-l,

Fig. 6.11b). Estimares of XXP obtained from the proportlon

of datly radlatlon received during each incubaÈíon period, also

expressed as a percentage of the observed day integral '



L978

23.08.78

06 .09 . 78

12.09.78

L9.O9 .78

26.O9.78

03 .10 .78

10.10.78

17.10 .78

24.L0.78

31.10.78

09 .11 .78

2L.LL.78

3 0.11 . 78

06.L2.78

L2.L2.78

]-979

t7 .L0.79

01 .11 . 79

L2.rL.79

20 .LL.79

27 .rL.79

XP

0.45

0.63

0 .45

5.2

8.7

6.6

L3.7

4.4

L7 .6

]-5.2

22.2

14.9

77 .3

100.4

185.5

4.8

T7 .B

31 .8

50.1

62.5

;

0.019

0.L72

o.L64

0 .336

o.449

o.420

o.789

0.822

r.573

2.L44

2.098

2.2',66

2.224

1.385

0.965

0 .315

1.385

r_.573

1 .313

L.695

Table 6.5: Varlation ln lntegral photosynthesís (IP mgC t-2tr-t) and the

mean i-rradiance of the rníxed zone (Ï u.r*-z¿-I ) durlng

initiation of the spring biomass increase of L97B and 1979.



Lake

Kilotes

Victoria

George

Lough Neagh

il il Kinnego Bay

Loch Leven

l"linnetonka

HamilÈon Harbour

Toom

Mt Bold Reservoir

J-I

mgC m'h '

155 - 800

110 - 500

300 - 670

17 - 330

30 - 450

20 - 530

s7 - 355

25 - 220

o.25-2.5

0.5- 300

Source

Tall-ing et a7. L973

Talllng 1965

Ganf. L975

Jewson 1976

Jones L977 b

Bindloss 1974

Megard L972

Harris et a7. 1980

Croome & Tyler 1975

Table 6.6: VaríaÈion 1n hourly rates of íntegral photosynthesÍs

(IP mgC m-2h-I ) observed from jn sjtu exposures for a

variety of lakes. tr{here necessary oxygen data were converted

to carbon assuming P.Q.=1.12.



Lake IXP

Lough Neagh O .2' 3.9

Kinnego Bay O.3 - 5.2

Lanao 0.4 - 5.0

George 1.0 - 5.3

VicÈoría (offshore) 1.6 - 3.8

l'linnetonka, Browns Bay I - 4

Loch Leven 0.1 - 7

Toom .003 -0.03

Mt Bold Reservoir not
sÍgnif .-4.7

Annual

500

600

620

470

700

9

=300

Source

Jewson 1976

Jewson 1976

Ler,¡is 1974

Ganf 1975

Talling 1965

Megard L972

Bindloss 1974

Croome & Tyler 1975

Table 6.7 Variation f.n daíly rates of fntegral photosynthesis (ffp mgC t-'d-t)

and esËimaËes of annual carbon fixation (eC m-Z¡ for a variety

of lakes. I^Ihere necessary, oxygen data were converted Ëo carbon

assuming P.Q.=1.12.



TABLE 6.8

Dat.e I

Average e

12/4/78
26/4/78
ro /s /78
L7 /5/78

b

= 0.0L22

Average e

2L/Lr/78
30 /rLl78
6 /t2/78
12/L2/78
L9 /L2/78

S

699
778
655
901
ro76

2003 L2
1855 31
LîTI L27
L7L2 15
1400 5

0.020
0 .020
0.020
0.020
0.020

ø

0.0'047
0.0064
0.0137
0.0155

0.0170
0.0207
0.0184
0.0158
0.0064

o
e R Gf

Average eq = 1.10

1.15 0.175 8.72 L74.2 20.0
1.13
L.ss 0.L22 s.53 207.5 L64.0 13
1.45 0.100 s.08 101.6 89.6 18

= 0.0133 Average eq = 1.59

rt XP e"bro øm

s
459

440
955

6.8 0
9.6 0

2.4
8.0

39 .5
23.6

.70

.6 0

.20

.9 0

.4 0

20
88
29
78
T4

10
00
30
30

2.48 0
2.50 0
3.93 0
2.78 0

e

11. 7 0 .O72 0. 64 0 .0481

.043 0.71 0.0317

.039 0.31 0.0L22

4.53 238.73.8
6.rL 209 .9
5.LL 230.2
3.81 344.0
2.33 246.4L.6

15. 5
27 .6
55.2

T.7I
1.81
1.86
2.37
1.59

.o29

.0 39

.0 33

.024

.015

0 .61
0 .55
0.62
0 .65
0 .50

I4
77

100

9
3
4
5
9

5
9
9
7

6

1
2

Average ." = 0.0160 Average eq = 2-2L

2O|LL/79 2Os2 L7.
27 /LL/79 200s 18.
4/L2/79 2031 106
LL/L2/79 2L69 34

Average ." = 0.0210 Average e9'= 1.44

L6/Ll80
L3 /2/80
28/2/80
LL/3/80
Ll 4 /80

.0 20

.0 20

.040

.0 30

2.58
3.78

10.31
7.94

255.
23L,
882.
433.

.014

.020

.056

.043

0.40
0 .31
0.26
0 .36

18

315.1 50 .1
2L4.7 62.5
L65 .2 498.4
288.8 280.4

5.
3.

268.
58.

0
0
.7
.7

.5

.7

.9

.5

.5

L.72 0
2.20 0
4.r3 0
1.78 0
L.44 0

.030 7.47

.o79 7 .97

.130 4.L9

.075 L7.56

.075 r0.25

20r.9
L92.3
306.0
156.6
r49.9

305.7
56L.2
9r7.4
313 .0
LL2.3

0.031
0.034
0.019
0.075
0.044

0 .30
0 .31
0 .48
0.28
0 .31

0 .009 5
0.0104
0.0105
0.02r5
0.0131

L2L
230
360

Mt. Bold Reservolr

Incident irradianc. (I, ì.rEm-2 "-I), chlorqphyll a concentratlon (b ng chla

*-3), vertfcal extinction coefflcÍent (e Cn unit" *-l) reflectance ratio (R) 
'

efficiency of photosynthesls at low ltght lntenslty (crt mgc mg chla-tg-rrn-2)

& Ik(¡rfrn-2s-l¡ for experimental periods when e"(rn2tg chla-l) could be

determined. Derived frorn these variables erere, integral photosynthesls

(Ip mgCm-2n-1), the lrradlance absorbed by phytoplankton per unit surface
e blt

"r". 
(* Unm-2s-l), maxinum quantum yield (Ø* mole C E-I) the funcÈion'e

I

* (equarfon 6.33) and rhe average quantun yfeld (7-mole C E-l).
)



TABLE 6.9

Date

26/4173
L6lsl73
23/ s/ 73
30 ls /73
20 l6 173

I
o

832. 8
L426.4

7]-7 .8
119 r. 7

L242.4

704
136 3

607
1033
1139

0.0145
0.0045
0.0107
0.0048
0.0059

b e I XP ÊbIk SO
e

I ø

i

Average e" = 0.029 Average eq = 0.313

75.O
89 .0
87.s
70.3

136 .0

2
2

3
2
4

0.26
0.19
o.32
0 .28
o.26

57
70
00
35
30

69
74
78

106
101

44L
266
280
2L2
287

.8

.5

.1

.8

.5

.6

.7

.0

.5

.7

Kinnego Bay

Measured arid derived variables of lntegral photosynthesls for an

experimental period when e" could be determlned (Synbols as for Fíg. 6'8) '



TABLE 10

Fractional change ln variables between dates

Varlable

XP

ebI (1-R)
s o

27 Novetnber & 4 December
t.979

7 .97

3.7 4

2.L4

0.84

2.8

1.0

1.01

5.93

r.57

4-11 December
L979

0 .56

0.5

1. 13

1.38

0.77

1.0

1 .07

0 .33

0.71

30 Noveurber 1978
& 11 March 1980

3,48

3.33

1.04

0 .51

L.92

1.58

2.2

1.0

0.98

e

ø

I
ø

m

e
s
I

o
I

b

e

An analysls for several dates of the fracÈíonal change in variables
determining integral photosynthesis in Mt. Bold Reservoir (see Table
6.8 6, equation 6.26, 6.27 e 6.31).



TABLE 6.11

Fractional ehange Ln varlables between dates

16-23 NLay 23-30 MayVarlable

xbP
b

I
ebIso

e

ø

s

1.05

0 .45

2.38

1.0

0.50

0.98

1. 11

o.76

1.70

0 .45

1.0

L.66

0.80

0.78

30 May &

20 June

1. 3s

1. r0

L.23

1.0

1.04

1.9 3

1. 83

e

I
o

b

e

Fraðtional change |n varlables determíning integral photosynthesls in
Kinnego Bay, Lough Neagh over a two month perlod 1n 1973 (see Table 6'9
& equatlon 6.31).
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PHYTOPLANKTON CELL DENSITY

7.0 Introduction

To grow successfully phytoplankton must sPend sufficient

time within the euphotic zone for pËotosynthesís to occur in excess

of loss rates. The high background extínctíon coefficients typícal

of Mt. Bold Reservoir (chp. 3) restrict the depth of the euphotic

zor1e, and as a result relatively shallow mixi-ng depths lead to light

limitation of biomass accumulation (Chp. 5) and photosynthesís (Chp. 6)'

The reduction in mixing depth resulting from thermal sCratification

during spring and'summer câuses an irrprovement ín the mean irradiance

of the mlxed zone which leads to the spring bíomass increase and

sunmer growth period (chp. 5). However the associated decline in

\¡tater turbulence has important consequences for algal sedimentation'

Apart from blue-green algae, freshwater phytoplankton are denser

than water and therefore tend to sink (Lund 1959; Hutchinson 1967;

walsby & Reynolds l98O). Sinking rates vary withín and between

species and are dependent on both physiological state (Smayda & Boleyn

Lg65, 1g66(a) e (b); Eppley et al. L967; Tltman & Kilham L976)

which causes changes in cel1 density, and morphological characteristics

(smayda 1970) which,change surface area to volume ratios and particle

orientation. The discrírnlnaEion between density and morphological

effects on sinking rate is prerequisite to an understanding of

phytoplankton adaptations to suspension'
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As most phytoplankÈon have a particle Reynolds Number of less than

0.5, the terminal sinkÍng velocities of spherical forms in non-.

turbulent conditions will be descrtbed by Stokes Law (Surith 1975).

However, few phytoplankton are spherícal and McNo¡nm & Malaika (1950)

introduced a coefficíent of form resistance (Øt) which rnodifíed

SÈokest Law Èo give

Y = zD2(pl-p) (7.1)
1gnØr

(Termd defined in Table 7.1)

This equation describes the relaÈionship between the termínal sinking

velocity, density and form of phytoplankton. The coefficient of

form resistance (;-) as defined in Table 7.L ls a measure of the
I

effect on sinking veloeity of. a deformaÈion from the spherical form,

and is of inEerest in conslderlng the adaptive advantages of

phytoplankÈon shapes. However theoretical and model estimates of

Ørvary considerably between workers (Eppley et al. L967) '

Research on the gas-vesicles of blue-green algae has highlighted the

importance of cell density as a factor determinlng thelr vertícal

distrlbution ln lakes (Reynolds & I,Ialsby L975). Steel and Yentsch

(1960) also implied the importance of density as a facÈor governing

the depth distrÍbution of phytoplankton. In groups other than the

blue-greens physiologícally induced changes in cell density are

often lnferred but few dírecÈ measuremen¡s are available (Cto"" e

Zeurhen 1948, Smayda 6l Boleyn L965, r966(a) & (b)), due to the lack

of a sultable techníque.
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A possíble method for Ehe measurement of cell density is ísopycnic

gradíent centrlfugation (Pertoft et al. 1978). The use of thls

¡technique was previously limited by lack of suítable gradient

materials, most available substances forming solutions of undesírably

high osnolality or vÍscosity. The relatively recent advent of

silíca-sols (reviewed by !üolff L975) has provided a high rnolecular

weight, collotdal material whlch does not penetrate cell membranes,

and which forms solutlons of low osmotic Pressure and vlscosity

(Mateyko & Kopac 1963).

Using a slllca-so1, Price et al. (L974) collected marine phytoplankton

by conÈinuous flow cenÈrifugatlon. Although the algae formed

distinct isopycníe bands, evidence htas laÈer given (St. Onge and

Prl-ce L975; Morgenthaler and Price 1976) which suggested that the

banding densities did not necessarily correspond to the true densítles

of the cells.

The follor.ring section describes a serles of experíments undertaken

to test the possibiliÈy of using Percoll (Pharmacia Fíne Chemícals),

a modified silica sol (Pertoft et al. 1978), for phytoplankton

density measurements. The success of the techníque enabled

investlgatíon of density changes resulting from nutrient limltation,

and the measurement of cellular densities in field populatíons.

MATERIALS AND METIIODS

7.L Organisms and Condltions of Growth

The green algae ChLoroeoeeum sP. and ChLoreLLa uuLgarLs Beyerinck
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\^rere cultured in ASM-I medium (Gorham et al. L964) at 20"C on L2:I2

light-dark cycle at a light íntensity of ca.2IO ue m-2 "-l '

A population of CyeLoteLLa meneghiniana Kuetzíng was obtained by

enriching lake water with N-NO3 (1000 Ug [ Ì), P-PO4 (1OO ug ø-l) and

EDTA (1OOO Ug ¿ 1) and incubating 'at I2"C and 70 Ue m-2 s-I ot a I2:I2

light-dark cycle. Under these conditions C. meneghiniana became one

of the domínant species of the sample.

Variation in cellular density due to nutrient limiÈation was investigated

ín seenedesmus quadrieauda Trtp (cambridge culture Collection). A

senescent population'was enriched 1:1 with ASM I medíum made to

3m1"1 NaHCO3, but'conÈaining 207" of the normal NO3-N concentration

(5.6 Ug NO3-N [-l). The culture \^/as continually stirred and

maintained on a 10:14 h light-dark cycle at 20"C. Sub-samples taken

at regular intervals were assayed for protein and carbohydrate (SÈone

unpublíshed thesis) and ce1l numbers counted following Lugol's

iodine sedímentation. Dry weight was determined by fílteríng 25-50m1

samples onto pre\reighed , 4.25cm üIhaÈman GF/C filters' drying at

105'C, and re-weíghing on a Cahn electro-balance'

I^Ihere necessary concentratíons of cultured phytoplankton were

íncreased by centrifugation in a bench centrífuge and resuspension in

a small volume. samples containing clumped material were passed

Èhrough a 151, net.

Integrated euphotÍc zone samples (Chp. 2) from Mt. Bold Reservoír

normally required concenÈratíng before cell density measurements
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could be aÈtempted. Concentration by centrífugation was not possible

due to the presencä of gas-vacuolated blue-green algae. Instead

the sample was filtered sequentially through a 15U mesh and 0.45U

Mlllipore filter, and phytoplankton resuspended using a magnetic

stirring bar.

Microscopic measurements of cel1 sÍze were made at 1000 x magnification'

or under Nomarsky illumlnation at 400 x rnagnification. To avoid

dlstortion cells \¡Iere sízed under a raised coverslip. Cell volumes

\¡rere calculated uslng equatíons appropriate to the cell geometry.

7 ,2 Measurement of Sinking Velocitjes

Sinking velocít.íes were measured by both a mlcroscopic and fluorometric

technique.

Mlcroscopic measurements of sinklng rate ldere made wlth a Nikon

inverted rnlcroscope and a settllng tube. The experimental design

was sl-mllar to that of Smayda & Boleyn (1965), but the method varied

signlficantly in Èhe handllng of the sample and the counting of

cells arriving at the bottom of the settlíng tube.

Smayda (I974) 1^ras able to layer freshwater phytoplankton onto the

surface of filtered lake vlater by lowering the densíty of the algal

sample with distllled \¡rater. AttempÈs to use the layering 'i

technique without a density difference have been unsuccessful

(smayda & Boleyn 1965; Tltman L975). To avold adding distílled

\daler to the algal samples, and to standatdize sample handling, the
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layerl-ng technlque was abandoned and complet.ely míxed samples were

used in both the microscopic and fluorometríc methods.

Although a complete scan of the settling tube base is recommended for

cell enumeraÈion, 1t ls known that Ëhe proximíty of the walls

distorts slnkíng rate. To avoíd this only cells in the centre of

the settling tube rirere recorded, thls beíng done photographically

wl-th an Olynpus PM-6 camera. Sample concentration was adjusted to

maximise cell counÈs and mínimíse cell overlap.

The fluorometric nethod followed that of Titman (1975) using either

a 10 or 20rnn sinking zone. The fluorescence componenÈ due to

neutrally buoyant.cells was consídered parÈ of background fluorescence

and subtracted frorn all traces. Sinking velocity esÈimates therefore

gave the mean rate for those cells that sink, a result analogous to

that obtaíned by the microscopic Èechnique. The rate will vary

from the mean sfnkl-ng rate of the total population in accord with

the proportl-on of neutrally bouyant cells present. This proportlon

was estimated either by comparlng cell counts from the microscopic

technique wíth those from a sample settled wiÈh Lugolfs iodine, or

by the percentage of cells remaining above the densíty gradíent

after centrifugatíon (Fí9. 7.L).

All experiments were run aE 20oC for a minimum of 12 h. l{hen the

two technlques r^rere run in parallel the fluorometer cuvette and"the

settling Èube had identícal dimensions.
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7.3 Formation and Calibration of Density Gradíents

Phytoplankton densl-tíes are likeIy to range from ca. 1.0-1.3 g cm-3

(Eppley et al. Lg67). Percoll has an initial density of 1.13 g m1-1.

To extend the density range, gradíenÈs were formed by high speed

centrifugation (Pertoft et al. 1978) in a Sorvall Superspeed RC-2

centrifuge fitted wíth an SM-24 rotor. A spin time of 2 hours at

14,500 rpm (ca.25,300 g) and OoC produced gradients in 15rn1

centrifuge tubes ranging in density from ca. 1.0-1.20 g crn-3 (Fie. 7.L).

For cultured material grown in ASM-I, Percoll solutions loaded into

the centrifuge rrrere prePared by míxíng 5m1 Percoll, 4m1 of water and

lml of ten times concenÈrated ASM-I. The mixture for fíeld

populations vras 5ml Percol.l , 4.5m1 of ffltered lake waÈer and 0.5m1

of IOxASM-I, while experiments wíth S. quadrieauda used mixtures of

5m1 Percoll, 4.5rn1 of culture filtrate and 0.5m1 of 10 x ASM-I

contaíning 20% of Èhe normal NO3-N concentration.

The absolute density of each Percoll layer was measured uslng a

CC¡i:Kerosene organic column formed in a one litre measuríng cylinder

in the manner outlined by l{olff (1975) (see also Miller & Gasek 1960).

This column was calibraÈed usíng standard sucrose solutÍons.

7.4 Banding of Aleae in Density GradienÈs

Followlng preparatíon of the Percoll gradients a 90 minute minimum

period was allowed for equilíbration to room temperature (20"C).

A. 2 or 3ml algal sample was layered on top and forced down through

the gradient at ca. 3009 ín a swing-out head bench centrifuge.
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Perturbation of the gradíent vras avolded by gentle acceleraÈion and

deceleration (Prlce, Reardon & Gufllard 1978). FractionaÈion of

the gradients lüas achieved by upward displacement with fluorínert

(3lt co., density 1.93 g urt-I).

For culture materfal, bands of algae were easlly ídentified by

r.""rrtirrg the fluorescence of small (ca. O.3ml) volumes in a Turner

III fluorometer fitted wlth a ml-cro-cuvette holder. Identification

of. CyeLoteLLa bands hras not so easíly achieved wíth the fluorometer,

and layers \dere examined microscopically. Banding of field

naterial was also determined microscopically.

RESULTS

A comparlson of sinking rate and cellular densíty estirnaÈes on laboratory

cultures.

7.5 Cell Sizes

Frequency distributíons of ce1l sízes approximated to normalíÈy and

were analyzed accordingly. The t\ro measured diameters' a and b, of

ChLOrOeOeeum wete generally equal. l{here they were not a nominal

díarneÈer (D, defined in Table 7.1) was calculated by'

l=GJ-

The mean cel-l díameters are given in Table 7.2. , Experlments 3-6

show the progresslve increase ln mean-celL diameter wlth age'
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experiment 6 represenÈ1ng a senescent ChLorococcum population.

ChLoreLLa has the shape of a prolate spheroid and axes were labelled

according Eo McNown & Malalka (1950), wiÈh Èhe a serni-axis parallel

to the directlon of motlon. ChLoreLLa ceLLs htere found by

microscopfc examinaÈion to slnk wíth the major axis horlzontaL,

therefore the b semi-axis 1s half the length of the major axis, and

the c and a seml-axes are equal and half the length of the minor axis.

Norninal diameters (D) of ChLoreLLa sampLes vlere calculated from,

D = 2 (a.b.c)
r/z

where a, b & c are the appropriate semi-axis.

1n Table 7.3.

ResulËs are shown

CyeLoteLLa, avexage cell dimensions and nominal diameter are shown in

Table 7.4. The nominal diameter r¡ras calculated from,

o = {Ør ¡'/t

where a 1s the dlameÈer of the cyllnder base and b lts height.

Cel-l volumes and surface areas are shown 1n Table 7.5.

7.6 Sínking Velocities

Typical resulÈs from the inverted microscope and fluorometrlc

techníques for measurlng slnkíng veloclty are Presented in Fíg. 7.2
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and 7.3 a-d. Figure 7.2 índicates the number of C'LtLonocoecum cells

arriving at Èhe botÈom of the settling tube with tíme, while Fíg.

7.3 a-d, shows the decrease in fluorescence wiÈh tíme'

The tirne (tro) for eíther fluorescence to halve, or cel1 number to

reach half maximum va1ue, \,fas measured from the appropriate graph.

The average sínkíng velocity hras calculated using this time (aro)

and half the length of rhe sl-nkíng zone (Eppley et al. L967;

Tirman Lg75). These estimates ranged from 4.38 x 10-5 to 1.4 x 10-3

cm s I (t"¡re 7.2, 7.3 & 7.4) .

In experiments 4, 5, Z & 8, (Table 1.2 & 7.3) where the data allow

direct comparisol of the Sinking velocities from the t\^to techniques,

a large disparíty is apparent. It is evídent from the resulÈs

that Èhe fluorometric method gives an estimate of sirrking rrate 2 to 5

times smaller than tha¡ of the inverted microscope techníque'

An assumption of the fluorometric meEhod is that fluorescence is

proporÈional to cell concentration (Eppley et al' L967) ' To test

this, the ínverted microscope results hrere converted to fluorescence

uniÈs assuming a constant ratio of fluorescence to cell number. It

\{as evidenË from the results of thls conversíon (Fig'7'3 a-d) Ehat

corresponding calculated and measured traces \^7ere not identícal,

which irnplied that f luorescence per cell I^7as not constant ' Part of

the díscrepancy may be explained by the shoulders of fluorescence

bet\^reen 0.5 and 2 h in Fig. 7.3 b & d.
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7.7 Density Measurements and Calculations

Fluorescence was found to be a suitable indicator of a1gal bands

in Percoll. The plot of fluorescence against density was generally

normally distributed (Fig. 7.4 a & b), as r^ras Èhe plot of cell

number agaínst densíty for the cyeLoteLLa experiment (Fig. 7.4c) .

The mean cell densities obtained in Percoll ranged from 1.044 to

1.101 c cn 3 (rabLe 7.2, 7.3 & 7.4).

The validiÈy of the Percoll density measurements cannot be assumed

due to the possibílity of anomalous banding resulting from both

osmotic effects and interactíons between the gradient medium and the

cells (Sr Onge & Príce L975; MorgenEhaler & Price 1976). Samples

of phytoplankton removed from the Percoll gradients were viable when

reculEured, indicating the absence of large osmotic effects.

To further check the validíty of the Pércoll measurements, densíties

were calculated from the observed sinking rates using the generaLized

form of Stokest Law (equation 7.1), nominal diameter, and an assumed

Ø. value of one (Table 7.2, 7.3 & 7.4). The assumption of Ø, = L
I

írnplíes that the cells sink in the same manner as a sphere of equal

volume. For spherical Chloy,ocoecum ceLls this assumptíon ís va1íd'

hrhereas f.or ChLoy.eLLa and CyeLoteLLa It ís not necessarily true.

McNown and l"lalaika (1950) províde equatíons to calculate form

resístance Ø-, for ellipsoídal partícles. Using their equatíon (3),
I

Ø. values for two ChLOreLLa experiments hrere calculated as 1.01 for't

experiment 9, and 1.04 for experiment l0 (Table 7.3). As these
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correctÍons are small calculated densities assuml-ng Ør-L should be

close to true densfÈles.

McNown and Malaika (1950, f.íg 4) also showed experimentally that a

cylíndrical form with a particle Reynolds Number less than ca. 0.1,

and dlameter equivalent to length, will settle at the same velocity

as a sphere of equal volume. The CgeLoteLL¿ dimenslons (Table 7.4)

show it ís only slíghtly wider than long and therefore rnight be

expected to fall at a similar velocity to a sphere of equal volume.

For all three species the cell densities calculated frorn the

inverted mlcroscope results, assuming Ør=L' r/ere equivalent to the

mean densitíes measured ín PercolL (TabLe 7.2, 7.3 & 7.4). As would

be expected from.the earller comparison of sinking rates obtained

fluorometrical-ly and ml-croscopically, the density estímates

ealculated from the fluorometer data vary slgnlficantly from the

others.

Neutrally buoyant cells were found only in ChLorocoecum experiments 3,

4 & 5 (table 7.2),.where they cornprised 3.5, 2 atd 77" of t}:.e

populatlon. These values do noÈ significantly alter Èhe average

slnking rate for the total populat,ion from those measured directly

\4rith either the mícroscopic or f luorometric techniques.

DENSITY VARTATIONS UNDER INCREASING NUTRIENT LIMITATION

7.8 Chanees in Cell Nurnber and ComposiÈion of ^9. auadrieaudn in Batch

Culture.

Enrlchment of the senescent ^9. quadvi:eauda cuLture resulÈed in an
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exponentíal lncrease in cell number over an eight day period

(Flg. 7.5) . The lncrease in cell number then ceased, but dry welght

continued to rise due to the formatíon of carbohydrate (table 7.6) .

As proteín format.íon stopped with cell growth, Èhe proÈeín to

carbohydrate ratlo progressively decreased in the stationary phase'

indicating nutríent liruitatíon (Chp. 4), which under the culture

condítions descríbed was most líkely nitrogen. The average dry

weíght per cell was high ín the senescent population, decreased over

the growth period, but increased agaln in the stationary phase.

On day 2, 5 and I measurements were Èaken just prlor to the onset of

rhe lighr perlod (AM), and rhe dark períod (PM) (table 7.6) . Cell

counts were simil.ar for mornJ-ng and afternoon samPles indicating thaE

cell divisíon was occurring at nlght. Carbohydrate contenÈ

lncreased over each light period, while protein showed íncreases over

d,ay 2 and 5 but not day 8. In resPonse to these changes' average

dry weight per cell increased ca. three times over the líght period

of day 2, but showed only a small íncrease over day 5 and I (Table 7 '6) '

7.9 Density Variatlons

The dlstribution of Scenedesm,ß ce|Ls in Percoll gradients was

determined fluorometrlcally and generally approximated normality

(Fig. 7.6 a-g). The mean density of the population varied between

1.070 and 1.L22 e "r-3 (rrule 7.6).

Enrichment of the origlnal culËure (density = 1.096 g cm-3) resulted

in daily fluctuaÈions in the mean population cellular density. For



example on day 2 (FLg. 7.6b, Table 7.6) the morning sample had a mean

denslty of 1.07O g cm-3 and the afternoon samPle 1.103 g c*-3. By

day 5 these fluctuaËions were reduced (ffe. 7.6c, Table 7.6) and the

population maintained a mean cell density between ca. 1.08-1.09 g cm-

for the remalnder of the exponential growth period.

L7 4.

3

At the beginníng of statlonary phase (day 12), the mean ce1l density

increased to the maxímum observed value (Ffg. 7.6e). Thereafter

densities remal-ned relatively hígh but continued to vary around a value

close to the density of the original culture (Fig. 7.6f & e).

BeÈween day 0 and 5 the mean dry weight Per cell was correlated with

mean cell density. (Ffg. 7.7) lndicatíng Ehat cell volume I^tas

remaining relatively constant. As statl-onary phase was approached

cell volurne decreased and Èhe relationship between nean dry weight

and cell density changed (Flg. 7.7) .

It has been demonstrated that the protein Èo carbohydrate raEio provides

a measure of nutrient availabílity (Chp. 4). The relaÈlonshíp between

thís index and cell density was exponential in form (Fig. 7.8), an

increase ín the ratío coÍnciding with a decrease in density.

APPLICATION TO FIELD SAMPLES

7.10 Cellular Densltíes of Phvtoplankton from Field PopulaEions

The cellular density of major phytoplankton specíes occurring ín Mt.

Bold Reservoir was measured on six occasions durlng Ehe L979/80

growlng season (table 7.7) . Cell counts !üere used to esÈimate the
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range and modal density for each species, and converted to a fraction

of a species total number for the giaphical description of density

distríburion (Fig. 7.9 a-f) .

Samples taken early in the season required concentrating. As soon as

cell numbers hrere sufficiently high'thís step \^Ias removed to minimize

handling effects. In most cases cell densitíes measured with and

withou¡ the concentrating procedure were of simílar magnitude

(cf . 22/II/79 ar.d 16/Ll80 Table 7.7) .

7.11 Discussion

The excellent agr'eement between density results calculated from the

inverted microscope techníque and densiËies measured directly in

Percoll gradients, elearly demonst.rates the successful use of these

gradíents for such measurements.

The effects of various aspects of cell size on sinking rates can be

drawn from Table 7.5. The relationshíp between sínking velocity'

cell diameter and the surface area to volume ratlo fel1 within the

range shoúIn by Smayda (1970, Fig. I and 3). Although the data supports

these broad relationships the scatter of points ÍndicaÈes significant

changes in density, morphology, or boÈh. The abilíty to directly but

independently measure the density and sinking velocíty of phytoplankton

allows for discrlmínatíon between density and form affecÈs. An

example of this is provided by the age sequence experiments conducted

wlth ChLov.oeoceum (TabLe 7,2, experiments 3-6). The cell sinkÍng

veolcity increased r¿iÈh culture age from 3.05 x 1O-4 cm s-l (calculated
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for experlment 3 from Stokes t Law using the Percoll densíÈy and average

nominal cell size) to 8.It x 10-4 cm s-I, while Èhe cell díameter

correspondingly íncreased fro¡n 8.94 to 18.79 urn. Cell density'

however, as índicated by measurements in Percoll, at first increased

from 1.070 to 1.089 gm crn 3, bnt then fell in the senescent populatíon

to 1.044 Cm cml 3 (fig. 7.4a). The fast sínking rate of the senescent

population Ì^ras therefore a result of the large cell size rather than

cel1 denslty; Increased sinkíng veloclty with culture age has been

demonstrated ín a number of phyÈoplankton (Eppey et al. L967; Snayda

1970) leading to the vlew that older cells are denser than younger

cells. The ChLoi,ocoeeum resuLts suggest that this may not be

generally correct.

Senescent ChLoz,oeoecum ce]-Is díffered markedly in appearance from young

cells. In experíment 5 the cell constlEuents filled the cell volume

completely, whereas in the senescenË population of experíment 6 the

cel1 consÈituents \¡rere maintained in a cenÈral sphere surrounded by a

thíck colourless layer. This ouËer layer made up 507. of the cell

diameter and was equivalent to the increase ín cell size from experiment

5 to experiment 6. If the increased size of Ëhe senescent cells is

considered to be the result of addition of a thlck outer layer to a

ChLoroeoeewn ceLL which otherwise maintalns its denslty and síze, then

the densiÈy of the added layer can be calculated from,

New cell denslty = p" + [(p'-p")/a3]

(Hutchínson 1967 p. 274).

ptt is the densfty of the added layer, pr the denslty of the cell prior

to the addition of the layer and â the factor by which Èhe added layer
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has increased the cell radíus. Usíng the data from experl-ments 5

and 6 vre have,

L.O44 = p" + t(1.089-p") /1.5331

and p" = L.O26 g cm-3.

Staining wlth acfdified íodine solution and Bismark Brown Y supported

the contention of an added layer and l-ndicated that it consisted of

mucin. The adaptíve significance of this strategy ís unclear. The

decrease ln absolute density from 1.089 to 1.O44 g 
"t-3 

d."teased the

excess density, and so the sínking rate by a factor of 2.0 (assuming

that cel1 slze had remained constant), however, the concomitanÈ

increase in ce1l size from'L2.3 to 18.79 Um increased sinkíng rate by a

factor of ca. 2.3 (assuming.that cell density had remaÍned constanÈ).

The final result was the observed ca. L77" íncrease ín sínking rate of

the senescent PoPulatíon. Although this may not appear to be dlrectly

an adaptaÈíon to aid flotation iE is remarkable that with the relatively

large changes in cetl diameter and excess density (ca. 507" f.ot both)

sfnklng rate should only vaty by L7%. It is possible that Èhe cells

\fere maintaining a crit.ícal sinking velociÈy by size adjustmenÈ

overcoming the effect of addfng a mucin layer whích itself has some

other function such as protection. Increase in cell size of senescent

populations, particularly when forming resting stages, has been shown

f.or DityLun bnighh,teLLi and, RhízosoLenia setígera (EPPLey et al. 1967>.

The independent measurements of cell density and sinklng veloclty

further allow the calculatfon from equatfon (1) of the form factot Øf,

indícating the adaptíve signiflcance of non-spherical shapes. This
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method of determlnirig the parameter Ø, also includes other factors

which might affect sínklng rate, such as cell oscillation or rotation,

therefore care musÈ be taken in its lnterpretation. Values of Ø,

calculated from eciuation 2 are shown for ChLoreLLa and CyeLoteLLa

(Tables 7.3 a¡¡d 7.4) and as would be expected are trívíal for these

test organisms where the three dímenslons are similar.

Prevíously most estlmates of cell density have relied upon the

derlvaÈion of a mean cell densíËy by the applicatfon of Stokest Law

(e.g. Eppley et al. L967). Although Smayda (L970, Fig. 3) has

attempted to define mínimum and maximum sinking velocitíes, and hence

by lnterpolation maxlmum and mlnlmum densÍEíes, these stíIl rely upon

a determinlstíc calculatíon based upon Stokes t Law. The dl-rect

measurements of cell density presented here not only confirm the

lmplied density ranges of Eppley et 41. and Smayda but also quanÈify

the absolute range and distribution.

For the young ChLoroeoeeun population the density range r^tas remarkably

small (1.065 - 1.09 g cm-3), as the population aged, so the range of

densiries initiall-y íncreased (1.04 - 1.14) but then fell 1n the

senescent pirpulatlon (1.02 - 1.06). Both ChLoz'eLLa populations showed

a wide density range (1.02 - 1.18) as dÍd the populatíon of CgeLoteLLa

(1.02 - I.2). The range of densities found ín this síngle diatom

population covers much of the range found in the líterature

(Hurchínson 1967 p. 248; Eppley et al. L967). Thls density

dlstribution pattern along with the dlstribution of cell dimenslons

suggest that a wide range of sinking rates may occur within a single

field populaÈion.
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Phytoplankton sinklng rates are generally observed to íncrease wíth

a decline ín growth rate (Smayda & Boleyn 1965, L966a, b; Eppley

et al. 1967; Titman & Ktlham L976). These variatlons frequenÈly

occur independently of changes in morphological characteristics but

are closely associated with nutrfent availability, suggestíng a

physiological cause. The occurrence of this phenomenon ín a wide

range of alga1 groups suggests a cofllmon mechanism, although this has

not yet been descrlbed.

The denslÈy changes in Seenedesmus following nutrient enrichment'

paralleled the expected changes in sínking velocíty (Titman & Kilham

Lg76). Density decreased during the períod of logaríthrnic growth

(Fig. 7.5 e 7.6) and lncreased as the statíonary phase r¡/as apProached.

The maximum change in densíty (ca. 1.07 to L.L2, Table 7.6) was

sufficient to cause a 707" l-ncrease in sinkíng rate, assuming a constant

cell volume and morphology. The relatlonshíp between cell density

and the ratÍo of protein to carbohydraÈe (Fig. 7.8), suggested that

increased density râras a functlon of increased carbohydrate reserves

accumulated by phytoplankton under nutrient poor conditions (table 7.6;

Healey L975; MyklesEad L977; Gibson L978; Stone unpublished thesis)'

This mechanísm provides an explanatlon for the increased sinking rate

observed with culture age (Smayda [. Boleyn 1965, L966a, b; Eppley

et al. L967; Titman & Kilhan L976), however it cannot be assumed thar

these fluctuatlons are necessarily an adapÈation for buoyancy control.

tt.e ChLotOeoeeum results discussed earlier demonstrate that the

postulated mechanÍsm Ís noË evÍdent in all algae.

Although the densiÈy changes observed for Seenedesmtzs paralleled

expected variatlons ln sinking rate, concomitant changes in cell
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volume following day 8 (Fig. 7.7) rnade ínterpretation of the actual

effect on sinking rate difficult. A comparison of the data for the

afternoon of day 8 and day 12 (faUte 2.6) suggested Ëhat cell volume

had decreased without a signíficant change ln cell number. Despite

this apparently anomalous result, a comparison of dry welght per cell

with cellular densíty measurements (Fig. 7.7), frorn day 8 onwards,

indícated that cell volume had decreased.

The daily varíation observed in cellular density (day 2 & 5) can be

explained 1n terms of variatl-on in the protein and carbohydrate

content. During these measurements changes in density were

proportional to changes 1n dry weight per cel1, ímplying a small

variation in cell. volume (Fig. 7.7) . Consequen¡ly the accumulation

over the light period of both proteln and carbohydrate, but maínly

the latter, lncreased cellular density, while overnight cell dl-vision

and u¡ilizatlon of carbohydrate reserves decreased lt. As nutrients

became limíting and growth dirninished the density oscillations were

reduced.

7.12 Cellular Densitíes of Field Populations

The largest variation ln cellular density I¡Ias unexpectedly shown by

Cez,atiun (faUte 7.7; Fig. 7.9e), with modal values ranging from

1.033 to 1. L62 g cm-3. The larger densltÍes !ìlere observed in mld-

November and the smal-ler values in late November and January

súggesting a decline Ín cellular density as thermal stratÍfLcatlon

lncreased. The results however do noÈ unequivoeally demonstraÈe

acÈive adaptatíon by lndividual cells of the population. only a
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small absolute number of Ceratium ceLLs \¡rere Present in January

(FiS. 7.9e shows relative numbers), and may simply have been the

lower density cel1s of the oríginal populatlon. The data suggest

however that cellular density may be an imPortant factor even to a

flagellated alga such as Cez'atium.

In contrast Sphaeroeystis wíth a modal density of 1.015 g ctn-3

varied only sllghtly over the same period (Fig. 7.9f), as did

TraeheLomonas (rable 7.7) with a modal density of ca. 1.03-1.O4 e c*-3.

CyeLoteLLa arLd MeLosira both gave maximum cell numbers at densitl-es

between 1.15 and 1.18 g crn-3 (Ftg. 7.9a & b), however low cell

numbers were frequently observed at much smaller cellular densities

(table 7.7) . On occaslons some cells appeared to be almost neutrally

bouyant oecurring in the uPPermosË layers of Percoll gradients. On

the 20 /2/80 cell numbers of both MeLosiz,a and CyeLoteLLq vtete low, but

indícated a rnodal value of 1.068 - 1.078 I cm-3, with neutrally

bouyant cells of both species evident. The sample of CyeLoteLLa

cultured in lake water by addltion of nutrlents' gave a modal density

of ca. 1.095 g cm-3 (Flg. 7.4c) whtle earlier experiments on CyeLoteLLa

maintaÍned in the culture collection gave estimates of. L.062 - 1.068

g cm-3. Part of this varlatíon probably resulted frorn differences

in nutrient condltl-ons.

As expected the blue-green algae showed low modal densitíes (Ffg. 7.9c

& d). Values for Miet'ocystis ranged from bouyant to L.025 g cm-3

whlle Anabaena showed a more restrictíve range from bouyant Èo 1.01 g

cm-3.
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The densiÈy distrl-butlons of the specíes supPorts presently

accepted ídeas on the role of differentíal sedírnentation rates in

seasonal successl-on. In natural populations where an l-ncrease in

cell numbers is a balance between production of ne\^t cells and Èhelr

loss via sinking, a decrease l-n water turbulence wlll result in a

progressive loss of cells ín order of slnking rates (Knoechel & Kalff

L975). If morphological effects are small then the relative sinking

rates of the different specíes may be estimated from the product of

theír excess densíty (p t-p) , and the square of their nominal diameter

(D2) (equatíon 7.1), assuming víscoslty equivalent for all species.

As a result of the large densíty differences between the non-mot1le

species (fig. 7.9), volume had little effect on relative sinking

rates which decreased from. Èhe diatoms through SphaenocAst¿s to the

blue-green algae.

Attemp¡s to relate changes in average populatlon sínking rate'

estimated using values of D2(p t-p) , to varíatíon in the índex of

succession rate (S.D., Section 5.7) were handicapped by the límited

data, and no signiflcant correlations were obtained.

Reynolds (L979) and f{alsby & Reynolds (1980) deríved an exPressl-on to

estimate Ène ì,n situ sinking rate (Vt rmd 
I) of particles sedimentlng

from a zone sufficlently well mlxed as to keep the populatlon withln

the zone evenly disPersed,

Yt =Z 7.2
m

P P

P- tt
tr - (¡r) 't l

o

o fand are the populatíon size within the mixed zone Z*(m) at
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P.
time o and t respectively. The funcÈio" <¡l)l/t i" a measure of the

o

daily fractional reËentlon rate of the mlxed zone (I,tralsby & Reynolds

1980).

Qualitatfvely the model envisages that. Particles are lost from

suspension where hrater currents are slowed by friction, for example

aÈ the upper layers of the metallmníon (= thermoclírLe sensu HuÈchínson

L94L; Chp. 3, Fig. 3.24). Assumlng that the sl-nklng velocity of the

partl-cles and the degree of Èurbulence remaíns constant over t days

the decline in populatlon size wlll be exponentíal.

During rhe períod 20ILL - 4/L2/79 tlne CgeLoteLLø population of euphotíc

zone samples decr.eased exponentially, the línear form of Èhe

exponential growth equaËion (equation 5) gíving a correlation

coefficient, t2, O.gg. On the assumpt,ion thaE population grol^tth

was minimal, equation 7.2 was used to calculate thre in situ sínklng

rate. Over the L4 day period the population size of the mixed zone

(Z^= 6.grn, Fig. 6.14b) decreased from 5609 Lo 578 cell ml-l (ffe. 5.6)

and the calculated sinking rate' Vf = 0.9 m d-1.

The expected sinking raÈe of CyelotelLa ceIls in non-turbulent

conditions, assuming a form factor Øf=L, I^las calculated from equation

7.1 using the density esÈimate obtained from Percoll gradíents

(1.175 g cil3, Fig. 7.9a). I^laÈer temperature was between 19-20"C

allowíng use of the constanÈs ín Table 7.1, average cell volume ldas

234 Um3 giving a nomin4l diameter of. 7.64 pm, and the expected slnking

rate calculated from these values, 0.5 ¡n d-I.
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The similarlty of the two values 1s encouraging, lnpLying that lthen

rûater turbulence is minimal the nodifled form of Stokes t equatLon

enables empLrfcal calculatlon of in síht slnking rates.

The capablllty to measure cell densLty, combined wfth laboratory

measurements of sfnking rate, allows quantificatlon of cellular

slnking charact,eristl-cs, and provldes the basls for modelJ,l:ng ín situ

sinkLng rates under more turbulent conditfons. However the

statistical quantlflcation of variaÈfon in water turbulence provides

a fomidable Lmpediment.
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Fig . 7 .3: The decrease in fluorescence with Èime measured in the

fluorometer (o<) compared T,rith Èhe decrease ín

fluorescence wfth tl-me calculaËed from the parallel

inverÈed microscope results, assumíng a constant

fluorescence per ceÚ (o---o) .

a. ChLoreLLa, Table 7.3, e><perimer:.t 7

b. CltLoreLLø, Table 7.3, experiment 8

c. Ch\oroeoecum, TabLe 7 -2, ocperlmenÈ 4

d. ChLoroeoeann, T.ab1,e 7 -2, experiment 5
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Flg. 7.9: Density dtstrtbutlon of phytoplankton

specfes from Mt Bold Reservoir

a. CyeLotelLa

b. MeLosina

c. Arabaena

d. Mienoeystis

e. Ceratiwn

f . Splta,eroeystis

Results are shown as the fractiôn of a specÍes

ln each layer.

Symbols refer to samples taken aÈ various tlmes

through the surmner period 1979-80.

b = buoyanÈ

nb = neutrally buoyant.
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Symbol

TABLE 7.1

Def init,ion Units

V

v

D

Terminal sinking velocíty of a sphere falling

through a f1uíd.

Terminal sinkíng velocity of a non-spherical

body falling through a fluíd.

Nominal diameter of a non-spherÍcal body'

defíned as the diameter of a sphere with

volume equal to that of the bodY.

Coeffícient of form resistance, defined as

Ø, = Vr/V where V" rePresents the terminal

sinking velocity of a sphere with diameter

equal to the nominal diameter (D) of the

partícle (McNown & Malaika 1950).

Densíty of body

Denslty of water (0.9998 at 20'c)

Acceleratlon due to graviÈy (980.665).

Víscosity of water (0.02002 at 20oC).

c* "-1

cr s-I

cm

gcm J

gcm

cm s-2

ø f.

pr

P
3

g

n

Definitlon of sYmbols, and val-ues

in Èext.

of constants referred to

polse



TABLE 7.2

Experiment

Number

Mean Cell
Diameter

(u¡o)

Sinking

Velocity
(crn s-r¡

FLUOROMETER

Calculated

Density
(gn cm-3)

INVERTED MICROSCOPE

Sinking Calculated

Velocity Density
(cn s-1) (gro c¡n-3)

PERCOLL

Mean DensiÈy

(gm crol3) '-

1

2

11.2510.33 3.35 x 10-a 1.048 L.07 2

11.2510.33 3.788 x 1O-4 1.055 r.o7 4

8.g4!O.22 L.449 x 10-4 1.033 1.070

9.36!0.29 L,667 x 10-4 1.035 3.33 x lO-a 1.070 1.0 71

12.3010.32 r.515 x 10-4 1 .018 6.94 x lO-a 1.084 1.089

18. 79!0 .41 8.17 x 10-a r.O42 L.044

A comparison of ChLoroeoecum ceLL densiÈies calculated from Stokes t Law using a fluorometric and

microscopic technique with those deËermined directly from densÍty gradient cenÈrifugation in Percoll,

over a range of cell sizes (t S.E.). Note agre€ment between data derÍved from the ínverted

microscope and Percoll techniques.

3

4

5

6



Experiment

Number

10

Mean Length of
Semi-axes

(uut)

abc

TABLE 7.3

FLUOROMETER

Sinking Calculated

VelociÈy Density

cm s-l gm cm-3

INVERTED MICROSCOPE

Sinking Calculated

Velocity Density

cm s f grn crn- 3

Ø¡ Ø¡

McNown & From

Malaika equation 7.1

( le s0)

Nominal

Diameter

(um)

PERCOLL
MEAN

Density
gm cm 5

7

8

9

2.7 4

!.07

2.89

r0.1

2.89

10.05

3. 13

1.01

.27 4

!.o7
5.73 4.38x10-s L.024 L.852 x 1O-4 1.104

2.25

r0.04

3.22 2.8g 5 .gg 7 . 16 x lO-s 1.037

r.06 t0.1

3.32 2.89

10.06 10.05

6.05

3.20 2.25

r0.05 r0.04

5 .06

L.8t2 x 10-4 1.093

2.058 x lO-4 1.103 1.101 1.01 0.98

r.r42 x 10-4 1.082 1.088 1.04 1.07

A comparison of ChLoreLLa cell densities calculated from SÈokes t Law using Èwo independently measured

sinking velocities and nominal cell diameters (D), with direct density measurements in Percoll. Form

resistance (Ø¡) calculated from equation 1 using Percoll densities, and sínking velocities measured

using the inverted microscope technique, are compared with the theoretical values of McNown & Malaika (1950).
Mean semi-axis lengths are shown I S.E.



TABLE 7.4

Experiment

Number

1l

l"fean Ce1l

Dímensions

(un)

4 b

Nominal

DÍameter

(un)

L6.52

Sinking

VelocÍty
(cn s-r¡

CalculaÈed

Density

(gn cn-3)

Percoll
Mean

Density
(gt 

"t-3)

ø f

1.096 1.0315.04

r0.31
L3.28

to.25

The form resisÈanee factor (Ø

equaÈion 7.1.

1.389 x 10-3 1.093

,) was calculated from

A comparison of cyeLoteLLacelldensity calculated from

Stokest Law using the measured sinkÍng velocíty and nominal

cell diameter (D), with direct density measurement in

Percoll.



TABLE 7.5

Experiment Species
Number

Sinking
Velocitv-{.(rn day')

Dl-ameter
(u*)

Surface
Area
(u*2)

Volume
( uto3 )

¡lm2: ym3

3

4

5

6

7

I

9

Chlorococcum o.26

o.29

0 .60

o.7L

0.16

0.16

0.18

0 .10

L.20

I .94

9 "36

L2.30

L8.79

5.73

5.99

6 .05

5 .06

L6.52

25L

275

475

1109

103

113

116

82

983

374

429

974

347 4

99

113

116

68

2359

o.67

o.64

0 .49

o.32

1.05

1.00

1.00

L.2L

0.42

il

il

il

10

11

Ch1orella

il

CyclotelLa

Cell surface'area' volume and surface area to volume ratios

compared with the mlcroscoplcally measured sinklng rate ín

metres day-t for laboratory experíments with ChLoz'oeoecum'

ChLoreLLa anð, CYcLoteLLa.



Day

0

2

5

8

L2

15

22

TÍme Protein Carbohvdrate
rng ¡-I mg 

-¿-t

0.474 0.339

AM 2.904 0. 691

Pt't 5.99 5.65

At'f L3 .32 6.59

PM 15.40 I .74

AM 26.2L 14.54

PM 26.43 17 .O4

PM 26.33 22.62

AM 26.59 27.26

AM 28.00 41.91

Protein'Carbohy.

mg/mg

L.4

4.2

1 .06

2.O2

L.76

1.8

1.55

1.16

0.975

0 .670

Dry wgíght
mgl r

2.06

5.33

16 .15

31 .33

38.27

76.28

79 .78

84.6s

97.30

L36.95

Cel1 No.
x103 rn]--l

LL.L7

85 .56

88.72

319

32L

L258

1304

1369

1343

1388

Dry wt
ce11
pg cell-I

DensiÈy
I cm-3

1 .096

1.070

1 .103

1.080

1.085

1;087

L.L22

1.093

T.LIz

184

62.3

L82

98.2

LL9.2

60.6

6L.2

61 .8

72.4

93.7

Table 7.6: Fluctuatlons in cellular composltion and Percoll gradient

estímates of cell density during gror¡rth of. Seenedesïus quad.rieauàn

ln batch culture.



Date

L/IL/79
L3/Lr/79
22/rL/79

16/rl80
20 /2/80
29 /3/80

rlLLlTg
L3/LU79

22/LL|79

16/L|80

20 /2/80
29 /3/80

Concn
Factor

80x

78X

50x

I
I
I

80x

78X

50x

1

I
1

Ceratium

L.0734-L.162-1.18*
1.01 -1.087-1.17*
1.0r4 -1.033-1.114
1.045 -1.067-1.083

l"lelosira sp

- L.L62

1.087-1. 141-1. 169

1. 100-1. 133-1. 16*

TABLE 7.7

Cyclotella

L.t62-L.L77-L.18*
L.L7"^

r.047- 1. 16*

1. 153-1. 173*

1 .006-1 .0 78-

Melosira

- L.L77

- 1.17*
'1.16*

- 1.15 -1.17*
r.006-1.068-

Sphaerocys tis

1.015-1.027

1.001-1.015-1.028

I .00 8- I .0 14-1 .0 33

- 1.015

Anabaena

1.001*-1.015

1.006*-1.011 -1.047
Bouyant-1.05

Trachelomonas

L.027

r.028-1.037

r .041

Peridinium

- r.L62
1.103-1 .L69-1.r7*

Microcys tis

1.001*- 1.015 -1.028
1.006*- r.024 -L.O47

Bouyant-1.03

1.005*- 1.014 -1.046

0.999*- 1.000 -1.061

Range and modal density for phytoplankton collect.ed from Mt. Bold Reservoir. Asterix (lt¡ indicates maximum and

minimum densiti.es of the percoll gradient. Cells collected in the first gradient layer were classed as bouyant.
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B. CONCLUSION

It is evident from the data presented ín previous chapters, that the

complex interplay of physical, chemieal and biological factors whích

det.ermine phytoplankton growth and seasonal succession in MÈ Bold

Reservoir are Íntímately related to the degree of turbulence within

Ehe water colurrr. ThÍs has been demonstrated by studies on temperate

lakes in the northern hemisphere (Lund l-965, Round L97L, Kalff &

Knoechel 1973). The singular ímporÈance of this factor suggests thaÈ

successional sequences of phytoplankton, occurring in response to

condítions resulting from varíation in turbulence' might be sirnílar

between lakes. The data from MÈ Bold Reservoír confirms the general

successional pattern described by Lewis (1978a) for tropical Lake

Lanao, and Reynolds (1980) for a series of English lakes, and provides

a description of the major influences.

The turbídíty of the reservoír focussed attentíon on the importance of

assessing phytoplankton irradiance absorption, and a series of

mathematical functions were derived for thls Purpose. Application of

these equations demonsËraËed thaÈ curtail-ment of Èhe mixing depth in

spring resulted in a mean absorbed írradiance per unit chlorophyl-l a

for the mixed zone, whlch appeared to saturaÈe int,egral photosynthesls.

Consideration of laboratory experíments on the relaÈionshíp between

growth and lrradiance (Paasche 1968, Banníster L979, Laws & Bannister

1980) provided support for the crítical value (ca. 0.08 Einstein

absorbed mg ch1¿-l d-t) and suggested that it represented the boundary

condition for lighË limited growth.

In both 1978 and L979 ttre crltical irradlance value was aËtaíned príor

to the onseÈ of nutrient linitation. Thl-s was demonstrated by bioassay

results and, ín L979, composítional indices. As a result, there
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occurred a period of time in whích growth raËe !üas no longer light

l-ímited and nutrients !üere present ín sufficiency. It was durlng

thís períod Ëhat the explosive spring biomass increase occurred'

The sudden spring blooming of phyËoplankton is a frequently described

feature of seasonal biomass patËerns, atÈríbuÈed generally to the

ímproving l-ight condítíons, or increasing Èemperature or both. The

necessity for a crítical mean irradÍance to ínitl-ate the bíomass

increase has previously been recog¡:i-zed in maríne habÍtats (niley

Lg67, Ilítchcock & Srnayda Lg77). IË is postulated from the data for

MË Bold Reservoír, thaÈ the crltical- value denotes the shÍft from

light llmited growth to lighË sufficíency.

A resul-t of the.large background extinctlon of irradiance in Èhe

reservoír, and Èhe s¡nall specific ext.inction coefficient per unit

chlorophyll a ís that once Ëhe crítical- level has been attained,

biomass can increase Ëo hlgh concentrations without substantially

affecting the mean irradíance of the míxed zoîe. coupled r¿íÈh the

contínued reduction in míxing depÈh, and increase in incident

irradiance, Ëhis provides suitable conditions for the rapid íncrease

in blomass.

The biornass level attained during the spring increase will depend on

the optlcal properties and irradl-ance regime of the l^Iater colu¡ut, and

on nuÈrienÈ availability, The spring biomass increase of 1979-80

reduced the mean 1-ight íntensity of the mixed zone to 0'919 l"U m-2d-l

' (Tab1e 5.L, 4.L2.7g) following which bíomass levels declined.

However, algal grorrth sÍmulËaneously reduced Èhe concentratÍon of

nutrients in the epilírmrion, leading to íncreased nutríent limítation
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as demonstrated by the decline in proÈein to carbohydraÈe ratios

(Fig. 4.13d). Consequently the factor which had determined the peak

biomass concentratlon coul-d not be ascertaÍned. It was suggested

(chp 5) that as succeedlng biomass fluctuatíons resulted in the nean

írradiance of the mixed zone oscillating around the critical' value,

Èhis was indicatíve of the controlling influence of irradiance' Further

reductíon in nutrienÈ concentrations resulËed in the nutrient-limited

biomass decline of mid-summer (Chp 5).

IË is evídent from this data thaË distinct periods of light-límíted

and nutrient-limited growth occurred' separaÈed by a períod of overlap

in which both factors vrere maximal but declined in response to a1gal

growth. This same sequence wíll very likely aPply to most sÈratífying

lakes.

The summer perÍod of low turbulence and low epilimnial nutríent

concentrations was domlnated by gas-vacuolate blue-green algae. It

has been suggested that the buoyancy control afforded by these

structures enables vertical movement of the cells ' to overcome the

vertical separation of nutrÍents and light (rogg & trlalsby I97]-,

Reynolds L973a, Ganf & Oliver in press).

Duríng both 1978-79 arrð. l-979-80 nutrient concentrations declined in

the upper layers of the vtater column (Ffg. 4.10a & 4.10b)' and as

sunmer progressed the vertical- separatíon between zones of avaílable

llght and available nutrients increased. For example, ln December

L978-79 the euphotíc zone (ca. 2 m Chp 3) was separated by a vertical

dístance of 5 m from water layers which bíoassays demonsËrated were

capable of supporting growth (Fig. 4.10a). It is suggestive that this
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period rtras dominated by Mícroeystis and Ceratium, two species capable

of vertical migraÈion. However, duríng tlne 1-979-80 season when proÈein

to carbohydrate raÈios were used as indices of nutrient condítions, the

Iulíerocystzis population gave ratíos indicatíve of nutrient limítation.

If vertícal movement to nutrient rich 1-ayers l{as occurring, the

capability of blue-green algae to store excess nutríents (SÈewart et

a1.1978) would be expecÈed to result in protein to carbohydrate ratios

more typical of growing populations. The results suggested that the

MicToeystis population was not utilizing hypolimnetic nutríent reserves.

Further evldence for the nutrient limited condition of the population

duríng 1979-80 was the rapid increase in the proteÍn to carbohydrate

raËio, and biomass, following phosphorus influx to the epilimnion late

in January (Chp 4.& 5). This occurrence demonstraÈed the sígnificance

of a s1íghÈ increase ln míxing depth to nutrient suPply wiÈhin the

míxed zoîe.

All evidence therefore points to a period of nutrient limiÈation

Ëhroughout the stratified period. The generalíty of this occurrence

will depend on turbulent regimes in specific lakes, and inflow conditions.

I,tithin the sequence of events described net gro\^rth may be modified by

varíation Ín loss rates such as gtazíng and sedlmentatíon. It was

suggested that ln Mt Bold Reservoir lnltlation of the L978-7 9 sprlng

biomass increase was delayed by a change Ín loss rate (Chp 5). Kalff

& Knoechel (1978) have emphasized the importance of loss factors to an

understanding of seasonal succession, and noted the lack of quantitative

data available ín the literaÈure to assess Èhese factors.

Two major loss mechanÍsms are gtazíng and sedimentation. The teehníque

devised 1n this project for measuring cell density should províde
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valuable data on the density variations of natural populations, and

Ëhe mechanisms avaílable to phytoplankton to aíd susPension. Densíty

measuremenÈs in combination with experimentally determined form factors

enable calculatíon of sínking rates in non-turbulent conditions. The

comparison of these expected sinlcing rates with those observed in the

field may províde ínsíght Èo Èhe ínfluence of water turbulence on

aLgaL suspensíon.

The effects of grazÍ;ng on phytoplankton seasonal succession in Mt Bold

Reservoir are unknown, but presenÈly under investigation. The outcome

of these sËudies, combined wíÈh the results presented in this project

on phyËoplankton dynamics, will provide a valuable example of the biology

of an AusËralian lake.
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Growth rate (K, doubling d-1) calculated using equation (4.8) as described
l-n text, for bíoassay fiasks unenriched (C), or innoculated wíth sodium

nirrare (*N) or potassíurn dihydrogen phosphate (*P) or both (N+P) (Chp' 2) '

APPENDIX 1
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Appendix I (Continued)
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Seasonal variations in cell volume 1mm3 ,C-l), chlo
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APPENDIX 3

Seasonal variatíon in ratios used to investigate nutrient limitation.
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APPENDIX 3 (cont.)
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