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Plate 1

Bloom of Microcystis aeruginosa on February 28, 1979
near Site 103 ,n the Murrumbidgee Arm of Burrinjuck
Reservoir. Note the spatial heterogeneity of the
surface scums and the near-shore accumulation of
colonies. {Photographs courtesy of the Division of
Forest Research, Commonwealth Scientific and Industrial
Research Organization, Canberra and D. Carpenter,
Research School of Earth Sciences, Australian National
University, Canberra.)

Plate 2

Microcystis bloom on February 28, 1979 in the Yass
River Arm, near Site 106, about 15 km downstream of
Site 103.
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Preface

The aim of the research presented in this dissertation was to
answer the question:

Three

why does Microcystis aeruginosa bloom?

years of conventional biological study led to the conclusion that the
answer lay in the adaptations of the organism to its physical
environment.

To pursue the work further, I needed to explore the

role of hydrodynamics in phytoplankton ecology.

Since I had no

background in this subject, I sought to collaborate with members of
the Department of Civil Engineering, University of Western Australia
and as a result Figs. 4.6, 4.10, 4.11 and 4.13 also appear in the
PhD. dissertation of Vincent Lyne (1982).

The nature of the

collaboration is outlined iA the acknowledgements.

The emphasis of the thesis is on the interface between the
biological and the physical components of the problem.
biological work is condensed into Chapter 2.

The purely

This chapter develops

the argument which led to the integration of the physical with the
biological aspects of the problem.

Data from the literature and from

my own experimental results are used to support the thesis.

The

experimental design is given in the figure legends and the analytical
methods, which are standard except for one (Humphries and Widjaja,
1979), are detailed in the Appendix.

It was decided that this

presentation, although unorthodox, would allow a more coherent
presentation of the important ideas.
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Abstract

The central objective of this study was to identify the
mechanism(s) by which the blue-green alga Microcystis aeruginosa
forms blooms.

The hypotheses proposed in the literature to explain

the occurrence of blue-green algal blooms were investigated with
reference to Microcystis.

It was concluded that all of the published

hypotheses could be rejected, except one, which advocated that small
population loss rates of blue-green algae lead to the development of
My own work, which focused on the Microcystis

large standing crops.

population of Burrinjuck Reservoir, N.S.W., showed that a major
growth advantage is also incurred by the positive buoyancy of
Positive buoyancy is a passive mechanism which

Microcystis cells.

opposes the tendency of turbulent diffusion to randomize the vertical
distribution of the population within the mixed layer, with the
result that the concentration of these cells increases towards the
water surface.

This

1

top-heavy 1 distribution of positively buoyant

cells enhances the average exposure of the population to available
light.

Therefore, the development of blooms is attributed to a

higher depth-integrated growth rate of the Microcystis population,
compared with that of the more evenly distributed species with
negative cell buoyancy.

This hypothesis was theoretically examined

using a simulation model and scaling analyses.

The influence of cell

buoyancy, turbulent diffusion, photic depth, mixed layer depth and
diurnal mixed layer excursions on population growth rate and biomass
production were analyzed and described for positively and negatively
buoyant species.

The results of the analyses confirmed that in a

light-limited environment, the depth-integrated population growth
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rate is always greater for a positively buoyant species than for a
negatively buoyant species, but that the difference between their
growth rate was a function of the ratio of photic to mixed layer
depth.

The results also suggested that positively buoyant cells are

able to passively 'track' the diurnal mixed layer excursions, and
thus to experience a more favourable daily average photic depth to
mixed layer depth ratio than do negatively buoyant cells.

The

importance of cell settling losses to the population size of
negatively buoyant species was found to be a linear function of three
variables:

the depth-integrated growth rate, the mixed layer depth

and cell sinking velocity.

Parameter values for the physical processes considered in the
growth model were obtained by. simulating the internal structure and
mixed layer dynamics of the eutrophic Burrinjuck Reservoir, N.S.W.,
with a process-orientated model •

...
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DEFINITION OF SYMBOLS USED IN EQUATIONS
Symbol
biomass

mg Chl-a

i ni ti al bi oma s s

mg Chl-a

loss of biomass from the mixed layer
due to sinking of cells

mg Chl-a

total biomass in the mixed layer

mg Chl-a

colony diameter

mm

g

acceleration due to gravity

m/s 2

g( I)

light-dependent growth rate

day- 1

I

prevailing irradiance

iiEm- 2 s- 1

irradiance at which g(I) = O.5amax
surface irradiance

ii Em-2 s-1
iiEm- 2s- 1

coefficient of turbulent diffusion

m2/ day or cm2/ s

light extinction coefficient
k = f( kw + kc)

-1 ·
m

B

k

light extinction coefficient
light extinction coefficient of water
containing no chlorophyll
p

mass concentration of phytoplankton
maximum cell packing density of
Microcystis

q*

mg Chl-a/m3
mg Chl-a/m3

root mean square velocity of
turbulent fluctuations

m/ day or cm/ s

Reynolds Number

dimensionless

period of daylight,
or temperature

hours.
OC

Ta= Ta= amax-1; time scale
for phytoplankton growth

appropriate unit
of time
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Tk = z~K; time scale for
cells to be transported across
the mixed layer depth under
the influence of turbulent
diffusion
Tv = zJv; time scale for cells to
traverse the mixed layer under the
influence of cell buoyancy

appropriate unit
of time

appropriate unit
of time

V

volume

V

still water sinking (+ v) or rising
(- v) velocity of cells

m/day

z

depth below water surface

m

mixed layer depth

m

photic depth; depth of 1%
transmission of surface light

m

coefficient of expansion of water,
or net growth rate

-

depth-integrated population growth
rate

day- 1

net maximum growth rate achievable
under prevailing conditions of
temperature and nutrients but
saturating light

day- 1

µ

absolute viscosity

\)

kinematic viscosity

kg m- 1s- 1
mm2/s or m2/s

K

coefficient of thermal diffusivity

Ct

Ct

max

(J

(J

C

density of a colony

m2s- 1
kg/m 3

density of water

kg/m3

cr = am x z/v = Tv!Ta; parameterizes
the baiance between growth within a
layer of depth z and loss from that
layer due to sinking of cells

dimensionless

the critical value of cr at which
losses balance growth

dimensionless

crs = a z /v; parameterizes the balance
between ihe depth integrated growth rate
within and losses from the mixed layer

dimensionless
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T

timescale for equilibration of colony
temperature with the surrounding water

s

~ =

dimensionless

v/0.067q* = Tv/Tk; parameterizes
the balance between the influence of
cell buoyancy and turbulent diffusion
in determining the vertical distribution
of a mixed layer population
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CHAPTER 1

INTRODUCTION

..

The blue-green alga Microcystis aeruginosa, Kutz. emend. Elenkin
is commonly a major component of freshwater algal
associated with eutrophic water.

1

blooms 1 *

It is among the most widespread and

persistent of the bloom-forming blue-green species (Reynolds 1973;
Vance, 1965) and is the only one which does not fix atmospheric
nitrogen (Stewart 1973; Fogg et al. 1973).
give a recent review of its life cycle.

Reynolds et al. (1981)

The central theme of the

present study is to identify the mechanism(s) which enable
Microcystis to bloom.

The incidence of blue-green algal blooms has been of scientific
interest for some time, and various explanations have been advanced
to account for their occurrence.

In the first phase of the present

study, the published hypotheses were identified and critically
reviewed.

Data from the literature and original observations and

experiments were used to evaluate the hypotheses as they apply to
Microcystis.

The eutrophic impoundment Burrinjuck Reservoir, New

South Wales, commonly has summer Microcystis blooms and was the site
for~ situ experiments and observations, and the source of
experimental algal strains.

*

The term 1 bloom 1 , in this context, is used loosely to describe a
dense standing crop of planktonic algae commonly associated with
nutrient enriched water (for a review see Reynolds and Walsby,
1975). A quantitative definition of a bloom is problem-andsite-specific, but a unialgal population density of> 10
cells/ml or a chlorophyll-a concentration of> 10 µg/1 have been
implied as lower bounds (Reynolds 1972; Wetzel 1975).

- 2 -

The first phase of the study indicated that Microcystis bloom
formation could be a function of positive cell buoyancy which affects
the vertical density distribution of the population and thus its
exposure to light.

However, the influence of cell buoyancy on the

vertical density distribution of the population is also dependent on
the intensity of turbulence, and the extent to which exposure to
light is enhanced is dependent on relative depths of the photic and
mixed layers.

In order to test this hypothesis, the vertical density

distribution of positively and negatively buoyant populations was
compared, and growth rate and biomass production determined as a
function of light availability and cell settling velocity.

The problem was tackled with a one-dimensional simulation model
developed in collaboration with Vincent Lyne (Lyne, 1982) which
included the necessary physical variables, light-limited growth, and
rising as well as sinking cells.

The physical parameter values for

the model and the requisite insight into the physical environment of
lakes were provided by a quantitative description of the internal
thermal-density structure and the inflow, outflow and mixed layer
dynamics of Burrinjuck Reservoir (Chapter 3).

The description was

based on a one-year simulation of the reservoir with processorientated model DYRESM (Imberger et al. 1978; Imberger and Patterson
1981).

The principal findings of both phases of the study are
summarized in Chapter 5 and are integrated into a discussion of
general observations on blue-green algal blooms, their occurrence and
development.

- 3 -

CHAPTER 2

MECHANISMS OF BLOOM-FORMATION:

AN EXAMINATION OF

ALTERNATIVE HYPOTHESES

2.1

Introduction

In this chapter, the published hypotheses advanced to account
for the incidence of blue-green algal blooms are presented, and the
evidence to support them is examined with reference to Microcystis
aeruginosa.

As a blue-green algal bloom develops, the 'blue-green' becomes
an increasingly prominent component of the phytoplankton community
and eventually dominates it.

This successional species shift must be

the result either of a more rapid population growth rate or of a
slower loss rate relative to that of sympatric species.

All but one

of the hypotheses proposed to explain 'green to blue-green
succession' or 'blue-green dominance' are based on the first
assumption:

that blue-green algae have some special feature that

enhances their relative growth.

1.

The hypotheses are introduced below:

Although blue-green algal blooms are confined to water

receiving high nutrient input (Schelske and Stoermer 1971, 1972;
Reynolds and Walsby 1975), their population maxima often coincide
with periods of low nutrient concentration, typically toward the end
of the growing season (Pearsall 1932; Reynolds and Walsby 1975).
This observation led some workers (Hutchinson 1967; Ahlgren 1977) to
account for the seasonal green to blue-green succession by suggesting
that blue-green algae are physiologically competitive at low
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concentrations of ambient nutrients.

Hutchinson (1967) postulates

also that blue-green algae are competitive only when temperatures are
metabolically favourable and bases this proviso on Pearsall's (1932)
observations that blue-greens do not occur in abundance below

1s 0 c.

Pearsall 's observations have been corroborated more recently by
Hammer (1964) and Okino (1973), but the role of temperature in bloom
development is still poorly understood (Reynolds and Walsby 1975;
Kruger and Eloff 1978).

2.

King (1970, 1972) states that CO 2 availability controls

changes in species composition in lakes of different trophic status
because CO 2 becomes increasingly limiting to photosynthesis in waters
of increasing productivity. He compiles evidence that blue-green
algae are able to utilize lowe~ concentrations of CO 2 more
effectively than are diatoms or green algae, and are therefore
advantaged.

3.

Murphy et al. (1976) assume that the concentration of iron

controls phytoplankton species composition in eutrophic lakes.

They

attribute blue-green algal dominance to their ability to produce iron
chelators which simultaneously increase the availability of iron to
themselves and allegedly suppress the growth of other species.

Their

hypothesis is not considered further because growth inhibition of
sympatric species by blue-green algae is dealt with as a general
topic in Section 2.7, and there is no evidence to suggest that iron
is ~imiting to phytoplankton growth during periods of Microcystis
blooms in Burrinjuck Reservoir (Section 2.4).

Ii
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4.

Mur and Beijdorff (1978) argue that the green to blue-green

succession is determined by low prevailing light intensity in
productive water which results in the exposure of cells to long
periods of darkness as they are circulated through the epilimnion.
Such conditions, they suggest, favour species that are metabolically
efficient at low light intensities, such as the blue-green alga
Oscillatoria agardhii.

5.

Fogg and Walsby (1971), Reynolds (1973) and Ganf (1974)

hypothesize that blue-green algae dominate because they are uniquely
adapted by a buoyancy-regulation mechanism to exploit vertical
environmental gradients.

That is, by collapsing and reforming their

gas vacuoles, blue-greens are able to migrate to the depth which
provides optimal conditions fo_r growth.

Such a mechanism would

enable them, for example, to assimilate nutrients from a nutrientrich hypolimnion and to photosynthesize in a nutrient-depleted
epilimnion (Ganf 1980).

6.

Vance (1965) and Keating (1977) and Reynolds (1981) are

three of the more recent workers to sustain the idea, first
attributed to Akehurst (1931), that species composition may be
controlled by extracellular products of algae.

They suggest that

blue-green algae attain dominance by releasing toxic products which
inhibit the growth of their competitors.

This hypothesis postulates

that blue-greens manipulate a growth advantage at the expense of
other species rather than adapting to a particular environmental
condition more effectively.

1,

I

- 6 -

7.

Kalff and Knoechel (1975) dispute the idea that dominance by

blue-green algae is explained by a growth advantage.

They argue

instead that these algae have reduced loss rates due to positive
buoyancy and decreased vulnerability to grazers because of large
colony size (Porter 1972), unpalatability or toxicity (Arnold 1971).

In summary, most workers assume a particular environment to
which algae must adapt, then advocate suitable physiological or
structural mechanisms which could result in more competitive growth
rates for blue-green algae.

Others suggest that blue-greens

manipulate their chemical environment, or that they minimize losses.

In the sections that follow, the hypotheses are assessed on the
basis of data available from the literature, and from my own
experiments and observations.

Exhaustive empirical testing was not

possible for each of the hypotheses, so the experiments entailed as
much detail and complexity as was strictly necessary to achieve the
stated goals.

This meant that the growth potential of Microcystis

was not quantified in terms of controlling variables, but was
assessed relative to other species which were tested at the same
time.

That is, a hypothesis was rejected if Microcystis consistently

grew 'less well

I

than one or more of the other test species under the

appropriately defined experimental conditions.

Methods specific to an experiment are given in the figure
legends and general methods are given in the Appendix.

The unialgal

strain of.!:!_. aeruginosa used in the experiments was isolated from
Burrinjuck Reservoir during the present study.
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2.2

Comparative growth rates of Microcystis and eukaryotes.

Since most of the explanations for Microcystis dominance center
on some physiological growth advantage over competitors, it is useful
to compare maximum growth rates under 'optimal

I

laboratory conditions

first before different species are compared over a range of
environmental conditions.

There is, moreover, some discussion as to

whether bloom-forming blue-greens are a 'rapid-' or 'slow-growing'
group (Kalff and Knoechel 1978)

Data on maximum specific growth rates of Microcystis, green
algal species (Chlorophyta), and diatoms (Bacillariophyta) are shown
in Fig. 2.1 and referenced in Table 2.1.

The values for Microcystis

(< 1.0 day) are consistently clustered at the low end of the scale,
whereas those of diatoms and green algae span almost three times the
range, showing that Microcystis has no identifiable growth advantage
under standard laboratory conditions.

This in turn suggests that an

exclusive physiological advantage is unlikely to explain Microcystis
dominance in the field.

2.3

Temperature in the ecology of Microcystis

The well-documented observation that blue-green algal blooms
develop only when the water temperature is moderately high (> 15°C),
(Konopka and Brock 1978; Reynolds and Walsby 1975; Okino 1973; Hammer
1974) has led to speculation on whether the relationship is direct or
indirect.

Changes in the environment which correlate with rising

water temperature include increased solar radiation and
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stratification of the water column, which reduces the depth of the
mixed layer.

These, rather than temperature~ se may determine

bloom development.

Reynolds and Walsby (1975) have suggested that

the shallow mixed layer in thermally stratified water selects against
negatively buoyant cells which depend on turbulent mixing for
suspension, and favours the positively buoyant blue-greens.

Konopka and Brock (1978) investigated the role of temperature in
the occurrence of blue-green algae in Lake Mendota.

The results of

their experiments with natural samples of the blue-green genera
Microcystis, Anabaena and Aphanizomenon, indicated that temperatures
below 15°c did not prevent their growth; that at 4°c, the
photosynthetic rate was usually 50% of that at the optimal
temperature (25°C).

They concluded that low temperatures alone do

not explain the absence of blue-green algae in spring in temperate
lakes.

Laboratory data from the present study on the temperature-growth
relationship of the Burrinjuck Reservoir isolate of Microcystis

..

aeruginosa (Fig. 2.2a and b), and from a study by Kruger and Eloff
(1978) on a number of Microcystis strains, support the conclusion of
Konopka and Brock (1978).

The minimum temperature for growth ranged

..

from 10.5 to 12.5°c for the strains used by Kruger and Eloff, and was
between 9 and 9.5°c for the Burrinjuck isolate (Fig. 2.2b).

Although

both studies estimate a higher temperature minimum for growth of
Microcystis than is suggested by the photosynthetic rate measurements
of Konopka and Brock (1978), it is clear that some growth can occur

I

I
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well below 1s 0 c.

Below 15°c, however, specific growth rate of the Burrinjuck
strain is less than 0.2 day- 1 , one third of that at 27°c (Fig.
2.2b).

This slow growth rate may be adequate to sustain a viable

population if the photic depth to mixed layer depth ratio was such
I
I

:

that the time the population spent in the photic zone was adequate
for the time-integrated photosynthesis to balance or exceed
respiration.

In a lake in which the photic depth is shallow, as in

eutrophic lakes, this requires a shallow mixed layer.

However, when

temperatures are low, mixing is usually deep, and if the photic depth
is shallow, the length of time the population spends below the
photosynthetic compensation point may be long enough to result in
zero net growth or in negative growth.

In conclusion, it is proposed that the slow growth rate of
Microcystis coupled with unstratified conditions explains its absence
during periods of low temperature.

It is thus likely that thermal

stratification is favourable for blue-green algae because it reduces
the photic depth to mixed layer depth ratio.

It is not true however

that negatively buoyant species are advantaged by unstratified
conditions as Reynolds and Walsby infer (1975).

In a lake in which

the photic depth is shallow and the mixing depth is deep,
stratification increases the depth of the photic layer relative to
the mixed layer and thus enhances the opportunity for photosynthesis
for all species.

I

I

1-..

I
I

I
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2.4

Comparative nutrient-uptake kinetics and nutrient-controlled
growth of Microcystis and eukaryotes

2.4.1

Comparative nutrient uptake kinetics

A species• ability to compete for a limiting nutrient is

I
I

I

commonly characterized by its n~trient uptake kinetic parameters
(Caperon and Meyer 1972; Titman and Kilham 1976).

I

!

There were no

published data available on nutrient uptake kinetics for Microcystis

I

I

until the recent determinations of Holm and Armstrong (1981) for
phosphorus.

They compared Microcystis with the diatom

Asterionella formosa and found that the maximum uptake rate (Vmax)
for Microcystis was significantly less than that for Asterionella
(8.03 x 10-9 and 14.96 x 10- 9 µMP ce11- 1h- 1 respectively), but the

concentration of nutrient at which uptake was half maximal (ks), was
not significantly different for the two species (1.23 µMP for
Microcystis and 0.7 µMP for Asterionella).
I

The Vmax and ks values

suggested that Asterionella has an an advantage over Microcystis
under P-limiting conditions, and the authors reported that when the
two species were grown together in P-limited semi-continuous culture,
Asterionella dominated under steady-state conditions.

Measurements of nitrogen uptake kinetics were carried out during
the present study on Microcystis and Scenedesmus guadricauda (Fig.
2.3).

Nitrate uptake was studied because nutrient enrichment

experiment s in January 1977 in Burrinjuck Reservoir showed that the
phytoplankton responded markedly to N addition and less to P addition
(Fig. 2.5); the results were interpreted to mean that nitrogen was

I

I

I
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I

I

the nutrient most likely to become limiting first.
I

The results of

the nitrate uptake experiment (Fig. 2.3) are qualitatively similar to

I

the phosphorus uptake determinations of Holm and Armstrong (1981).
Microcystis uptake rate was lower than that of Scenedesmus at all
concentrations of nitrogen in the medium and at the higher
concentrations of NaN0 3-N (16 and 32 µM), the difference is about
ten-fold.
I

I

From the results of the two studies it can be concluded that
Microcystis is not competitive for nitrogen (at least as NaN0 3-N) or
for phosphorus, and its dominance is therefore unlikely to be the

I

result of superior uptake kinetics during periods of limitation of
either of these nutrients.

2.4.2

Inferences from nutrient enrichment experiments.

In a comprehensive laboratory study of the population responses
of natural assemblages of phytoplankton to various levels of nitrogen
and phosphorus enrichment, Stoermer et al. (1978) found that a shift
from blue-green to diatom dominance occurred in each of their 15
treatments.

Blue-green species including Microcystis initially

comprised 70 to 80% of the total cell number, but after two weeks the
blue-greens were reduced to 10 to 20%, mainly as a result of an
increase in diatoms (Fig. 2.4a and b).

The authors inferred from

their results that competition for major nutrients is not the primary
cause of floristic modification with increasing eutrophication of
lakes; that is, blue-green algae are not favoured by an increase in
nutrients alone.

I
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My observations during an..:!_!!_ situ nutrient enrichment experiment
in Burrinjuck Reservoir supported the conclusions of Stoermer et al.
(1978) (Fig 2.5a and b).

The lake phytoplankton population was

enclosed in 1500 1 containers, treated with various levels of
nitrogen and phosphorus, and sampled on the first and fifth day of
the experiment (see Fig. 2.5 for method details).

By day 5, a

considerable wall flora had developed consisting only of green algal
and diatoms species.

The percent increase in chlorophyll-_! of the

wall flora was between 5 and 16 times greater than that of
Microcystis (Fig. 2.5a).

The corresponding specific growth rates

ranged from about 0.3 to 0.7 for the wall flora and 0.1 to 0.4 for
Microcystis (Fig. 2.6).

In contrast however, the frequency of green

algae and diatoms did not change significantly in the plankton (Fig.
2.5b); they comprised about 1% -0f the total cell number throughout
the experimental period.

The reason for the marked difference in response between the
planktonic green algae and diatoms, and those which colonized the
container walls, was suggested by the absence of wall growth below
about 1 m.

The gradient of attached algae indicated that the light

intensity below 1 m had been too low to sustain growth.

Since the

containers were 2 m deep, negatively buoyant planktonic cells (those
of diatoms and most green algae) eventually sank out below the photic
depth, and turbulent mixing was reduced in the enclosed water so that
cells which sank were not recirculated through the photic layer.
positively buoyant Microcystis colonies, however, did not incur
sinking losses and therefore their standing crop increased.

The

growth rate data showed clearly that green algae and diatoms have

The
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faster growth rates than Microcystis under a range of nutrient
concentrations, provided that they are maintained in the light (see
also Section 2.7.3).

The results of Stoermer et al. (1978) can be

similarly interpreted:

because the natural assemblage was incubated

in the laboratory, all species received adequate light, and the
faster growing ones became dominant.

It follows that blue-green

algae may dominate in lakes because their exposure to light is
enhanced by positive buoyancy, even under turbulent conditions.

2.4.3

Conclusions

From the nutrient-uptake experiments, and the_!.!:!. situ and
laboratory enrichment experiments, it appears that Microcystis is not
competitive for nutrients.

The 1ow nutrient concentrations which are

sometimes observed during blooms (Ganf 1980; Moss 1973b) do not
constitute an environment which Microcystis can exploit to advantage
through some physiological mechanism, as suggested by Hutchinson
(1967) and Ahlgren (1977).

The correlation between dense algal standing crop and low
ambient nutrient concentrations~ se is easily explained.

First,

nutrient concentration does not reflect nutrient supply, because a
small pool with a high turnover may be adequate to sustain a large
standing crop.

Second, a phytoplankton population limited only by

nutrient supply will increase until the demand by the population
balances or exceeds that supply, at which time ambient nutrient
concentration will be low.

In other words, at the beginning of the

growth season in a eutrophic lake, the supply of nutrients is high
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relative to the demand by the small algal population, but as the
season progresses and the standing crop increases, the gap between
nutrient supply and demand closes (assuming that the rate of nutrient
supply does not increase also).

Eventually the demand may equal or

exceed supply with the result that the standing crop is maximal when
ambient nutrient concentrations are minimal.

However, if the

population growth rate is limited by other factors, such as light and
not nutrients, the ambient nutrient concentrations may remain in
excess of demand and therefore high.

Healey and Hendzel (1976), for

example, observed no correlation between the density of blue-green
I,

blooms and nutrient concentrations.

The same is usually true in

I,

I

Burrinjuck Reservoir (Appendix Fig. 1).

1:

Thus the occurrence of dense algal crops in periods of minimal
I,

nutrient concentration is explained readily, but the question remains
as to why the dense populations are comprised of blue-green algae,
and not other, intrinsically faster-growing species.

2.5

The role of inorganic carbon in determining Microcystis
dominance
To resolve the role of carbon as a factor controlling blue-green

dominance, it should first be established whether carbon is a
limiting resource and if so, whether Microcystis has advantageous
carbon uptake kinetics.

The role of carbon as a controlling nutrient in eutrophic water
has been the subject of controversy (King 1970; Schindler 1971;
Likens 1972; Goldman 1973; Goldman et al. 1974; King and Novak 1974;

- 15 -

Shapiro 1973).

King (1970) originated the hypothesis that free CO

determines whether blue-green or green algae dominate.

2

The

hypothesis is based on the supposition that blue-green algae are more
efficient than other algae at utilising low co 2 levels so that, as pH
rises with increasing biomass and free CO 2 content decreases, and
blue-greens are favoured.

This idea was challenged by Goldman

(1973), who maintained that growth was controlled by total inorganic
carbon and not free CO 2 , and therefore carbon was never limiting in
natural waters.

His work was subsequently criticised by King and

Novak (1974) but the question was not resolved.

Shapiro's (1973) experiments have been cited recently by Welch
(1980) as evidence supporting King's (1970) hypothesis.

Shapiro ran

qualitative experiments in 1.5 m deep~ situ enclosures in which he
manipulated the free co 2 content by bubbling CO 2 , or by adding HCl to
lower the pH.

In the bubbled enclosures, dominance shifted

dramatically from blue-green to green algae in 10 days.

Shapiro,

however, did not control for the physical effect of bubbling, which
would have circulated the water and kept cells from settling out.
Since most green algae have a physiologically faster growth rate than
blue-green algae (Fig. 2.1) it was inevitable that they became
dominant in the mixed water.

In the quiescent water, settling of the

negatively buoyant green algal cells would have given a false
impression of their capacity to grow under the prevailing carbon
concentrations (Section 2.4.2).

The pH of the water in the bubbled

and HCl-treated bags was between 5 and 6, below that at which bluegreen algae grow well.

Most blue-green algae grow best at pH 7.5 to

9.0 (Kratz and Myers 1955) and are rare even in mildly acidic water

..----- --------------------------------------"'!19-·
I
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(pH 5 to 6) (Brock 1973).

This is attributed to a direct effect of

hydrogen ions on the photosynthetic apparatus of blue-green algae,
which is not membrane-bound like the chloroplast of eukaryotic
species (Brock 1973).

Most workers consider carbon not to be a primary factor in green
to blue-green succession.

Moss (1973a) carried out extensive work on

the effects of pH and total CO 2 on the growth of 34 algal species,
and found that many eutrophic species can use either bicarbonate or
free CO 2 at very low concentrations.

He concluded that their growth

in nature was unlikely to be ever limited by carbon.

Even in soft

water of low pH and 1 ittle bicarbonate to provide a reserve of CO 2 ,
sufficient CO 2 appears to be available for algal growth to be limited
by phosphate levels and not carbon- (Schindler et al. 1972).

The evidence that carbon is unimportant in determining
Microcystis dominance in Burrinjuck Reservoir is indirect, but
convincing.

The results of the nutrient enrichment experiments

described in Fig. 2.5a can be used again.

The initial cell density

of the enclosures was 15,400 cells per ml of which Microcystis
constituted 99%.

When nitrogen or both nitrogen and phosphorus were
added, the cell densities rose to 2 x 10 5 cells/ml and Microcystis
maintained its dominance (99% of all cells) in the phytoplankton.

It

was clear, however, from the wall growth that other species could
exceed the growth rate of Microcystis by two to three fold, provided
that their cells were not limited by light.
(;

1,

In other words, when

cells were maintained in the photic zone by an artificial substrate,
their growth rate was not limited relative to that of Microcystis.

-
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(I

This conclusion is supported by my observations in the
laboratory.

When cell densities in culture flasks are high,

unbuffered ASM-1 medium reaches a pH of 9 to 10, values at which free
CO2 forms an insignificant fraction of the total inorganic carbon.
Despite this, if a natural assemblage is kept in the light, the green
algae or diatoms invariably take over from Microcystis and rapidly
become dominant.

This shift in species composition is quantitatively

describ~d for a natural assemblage of Burrinjuck Reservoir plankton
grown in situ in enclosed polyethylene bags in ASM-1 medium (Section
2.7).

In conclusion, neither the potential for carbon limitation in
I!

Burrinjuck Reservoir, or the efficiency of Microcystis carbon uptake

I

kinetics was resolved conclusively.

Indirect evidence from the

present study and from published results support the contention,
however, that blue-green algal dominance is not controlled by the
level of free CO 2 in the water.

It was therefore decided that the

technically involved investigation which would be required to test
the hypothesis directly was unjustified until more promising
hypotheses were explored.

2.6

Metabolic response of Microcystis to light

It has been demonstrated in the foregoing sections that
Microcystis does not appear to have a growth advantage under
conditions which are optimal for the growth of most species of green
algae and diatoms.

Comparative measurements of photosynthetic rate

(Ganf 1980) or of growth rate over a range of light intensities

..----

-

~
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(Payne 1975; Box 1977) showed that Microcystis photosynthesizes or
grows at the same rate as other species or more slowly.

Its response

to moderate and high light intensities is therefore not of interest
here.

However, Microcystis may have an advantage at sub-optimal

light intensities.
I!
11

Mur and Beijdorff (1978) propose a hypothesis for

blue-green dominance based on the observation that highly productive
waters are of low transparency.

They argue that this would favour

those species with low metabolic maintenance requirements
(respiration rate), because cells are circulated in the dark for long
periods.

It has also been suggested (N.S. Fisher pers. comm.) that blueI

green algae may be favoured by the light transmission properties of

11

eutrophic water.

Since eutrophtc lakes are high in dissolved

organics, the water is often coloured yellow by

1

gelbstoff 1 , which is

characteristic of most eastern Australian inland waters including
Burrinjuck Reservoir (Kirk 1976; 1977; 1978).

The yellow colour

absorbs wavelengths in the blue region and permits maximum
transmission in the yellow region (Kirk 1976).

The phycocyanin

pigments of blue-green algae have an absorption maximum in the
yellow-orange band, between 550 and 650 nm.

£..

priori, this should

give them an advantage over green algae and diatoms whose pigments do
not absorb maximally in this region.

The simplest way to test both

hypotheses was to suspend test species at different depths

~

situ.

In that way the growth response both to light quality and to
intensity could be tested simultaneously.

I carried out such a test

in December 1979 with Microcystis and Ankistrodesmus spiralis (Fig.
2.7).

Both cultured strains grew well at 1 and 2 m (Fig. 2.7a and b)
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and there was some growth at 4 m.

At 8 m, the Microcystis population

declined slightly after eight days, but decreased more than ten fold
by day 15; the cells were pale yellow and translucent.

The

Ankistrodesmus cells remained green at 8 m and even grew slightly in
the first eight days.

The response of the wild population of

Microcystis (Fig. 2.7c) was qualitatively similar to that of the
culture except that the 4 m population declined after day 8.

Wild

cells of Ankistrodesmus were not recorded in the lake sample on the
first day of the experiment, but by day 8 they appeared at densities
between 10 3 and 10 4 cells/ml in the bags at 1 and 2 m.

By day 15 the

population in the bags at 4 m had increased to 10 3 cells/ml, in
contrast to Microcystis, which declined at this depth.

It is clear from the results with cultured and wild strains that
Microcystis does not grow or survive as well at low light intensities
as the green alga Ankistrodesmus.

These findings are supported by

the measurements of respiration made by Ganf (1980) and Stone and
Ganf (1981) on Microcystis aeruginosa, the green algae Scenedesmus
and Pediastrum and the blue-green Anabaena.

They measured the time

course of decrease of respiration after exposure to light for 10 min,
and their results (Fig. 2.8) show that the two blue-green species
stabilized at a higher basal respiration rate than did the two green
species.

Their findings do not indicate, as Mur and Beijdorff (1978)

suggest, that the minimum metabolic requirements of blue-green genera
are lower than those of green genera.

In conclusion, the evidence indicates that Microcystis is less
well adapted to exploit low light intensities than sympatric taxa. It
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declined at lower light intensities when other variables were
controlled, and it also has a higher basal metabolic rate than that
of the green algae tested.

Hence, its dominance in Burrinjuck

Reservoir is not a consequence of more efficient utilization of low
light intensities, or use of light in the yellow wavelength region.

2.7

The evidence for the hypothesis of antibiosis

2.7.1

Introduction

The possible production of inhibitory extracellular products by
blue-green algae is among the favoured explanations for blue-green
algal dominance (Reynolds 1981; Welch 1980) and is reviewed here at
some length.

Many workers have suggested that extracellular release of growth
inhibitors is an important factor in controlling phytoplankton
periodicity and succession (for summaries see Fogg 1962; Krauss 1962;
Lefevre 1964; Hutchinson 1967; Sieburth 1968).

The ecological role

of growth inhibitors is, however, controversial because inhibition is
difficult to show unequivocally in natural populations.

Results are

often correlative, and subject to alternative interpretation (such as
competition for nutrients), or data are meagre and lack sufficient
detail for the conclusions to be convincing.

Much of the evidence for antibiosis rests on laboratory
observations which may not be ecologically relevant.

Scutt (1964),

for example, concluded that inhibitor production by Chlorella, first

•
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reported by Pratt and his co-workers in the 1940 1 s (eg. Pratt 1940;
Pratt and Fong 1940), only occurs under certain conditions and is not
a general phenomenon; the toxin was not detectable in fresh cells or
in growing cultures.

Similarly, Jorgensen (1956) found that

Chlorella filtrates inhibited the growth of Nitzschia only if the
filtrates were from cultures more than 13 days old.

Lam and

Silvester (1979) found that Microcystis decreased the growth rate of
Chlorella in U-tube cultures only if the initial inoculum of
Microcystis was greater than 3 x 10 6 cells/ml, 20 times the initial
inoculum of Chlorella.

Below this density Microcystis either had no

effect or even stimulated the growth of Chlorella.

A concentration

of 3 x 10 6 cells/ml however constitutes a 'bloom' population and
these results imply that under natural conditions, antibiosis can
become effective only after M~crocystis had already achieved
dominance.

In a review of antibiosis in the marine environment, Sieburth
(1968) stresses that laboratory results using old cultures, high cell
densities or fractionated cells do not increase our understanding of
ecologically relevant chemical interactions.

He states that the

'demonstration of ecologically sufficient concentrations of specific
inhibitors under natural conditions is essential for the proof of
their importance to ecology'.

A study by Vance (1965) is the only experimental field study of
antibiosis before that of Keating (1977, 1978), and consequently has
become a frequently cited example of alleged antibiosis by blue-green
algae in the natural environment (eg. Fogg et al. 1973; Fogg 1975;
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Reynolds and Walsby 1975; Lam and Silvester 1979; Welch 1980).
Vance's experimental design involved the erection of several 1 m deep
polyethylene cylinders in three natural water bodies, and the
following of species succession over time.

His controls were natural

population assemblages without blue-green species.

The experimental

cylinders were inoculated at weekly intervals with one of several
blue-green species, and occasionally another algal group was added.
The cell volume of the inoculated population was made equal to the
volume of the total resident population; this method made the
introduced species dominant from the start.

Vance reported his

results by naming the dominant species, without including information
on whether the blue-green population had increased during the
experiment or whether the non-blue-green species had decreased in the
experimental group more than ~t had in the control.

Moreover, since

the experiments were done in 1 m deep bags which isolated a column of
water and reduced turbulence, a sizeable fraction of the negatively
buoyant species would have settled out between sampling periods with
the result that the positively buoyant blue-green would have become
(or remained) dominant by a passive process (also see Section
2.4.2).

Since the non blue-green populations were not quantitatively

compared, it is not known whether the experimental group behaved
differently from the control.

Finally, Vance did not control for

nutrient limitation, so that there was no possibility of
distinguishing the effects of this factor on population size.

In a more recent study, Keating (1978) reported an inverse
relationship between the intensity of a winter blue-green algal bloom
and the density of the subsequent spring diatom population in Linsley
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Pond, Connecticut.

She also conducted laboratory assays to determine

'enhancement' or 'inhibition' of diatom species in filtrates of lake
water and blue-green cultures.

The results were presented

qualitatively, no criteria were given for assessing 'enhancement' or
'inhibition', and no controls were presented.

Neither of the two major field studies of antibiosis were
sufficiently rigorous to be conclusive.

The hypothesis was therefore

tested in the present study by using correlative evidence from the
field,~ situ enclosures, and U-tube and filtrate experiments in the
laboratory.

2.7.2

These observations and experiments are described below.

The periodicity of phytoplankton in Burrinjuck Reservoir

From the periodicity of the three major algal groups found in
Burrinjuck Reservoir, Microcystis, diatoms and green algae (Fig.
2.9), it is clear that all three groups, particularly green algae and
Microcystis frequently increase and decrease simultaneously.

It is

important also to note that the periods of maximum standing crop
coincide for all three groups, for example, around days 100 and
150.

This does not necessarily imply that green algal and diatom

populations would not have been larger without the presence of
Microcystis, but the relationship, for the most part, is not inverse,
in contrast to the observations of Keating (1977) and Lef;vre (1964).

Note that the field sampling of algae at Site 103 was not
regular (Appendix Fig. 2), and was particularly sparse from day 250
to day 500.

Figure 2.9 should be interpreted in the light of
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Appendix Fig. 2.

2.7.3

In situ enclosures

The results of the nutrient enrichment experiments described in
Section 2.4.2 are relevant here.

Species of green algae and diatoms

attached to the walls of the 1500 l bags had a more rapid growth rate
than Microcystis indicating that effective inhibition by Microcystis
was not occurring.

The planktonic green algae and diatoms did not

increase markedly, which was attributed to the settling of cells from
the quiescent water.

In the following four experiments, small (100

to 150 ml) enclosures were used, so that differences in light
availability at the top and bottom of the container could be
discounted and the ambiguity introduced by settling cells was
avoided.

Dialysis tubing was used in three of the four · experiments

(Fig. 2.10a, c and d) and polyethylene bags were used in one (Fig.
2.10b).

The dialysis tubing was intended to provide estimates of

algal growth rates at near-natural physical and chemical conditions
at one depth (0.5 m).

(For an assessment of the technique see Jensen

et al. 1972, Sakshang and Jensen, 1978).

Any toxins produced by the

lake population of Microcystis were assumed to be able to pass
through the dialysis membrane.

A natural assemblage of species was

used in all but the first dialysis experiment.

The polyethylene bags

were filled with medium-enriched lake water and were intended as a
control for nutrient limitation.

To interpret the results, it was

as sumed that for the inhibition of sympatric species by Microcystis
to be considered effective, it should result in a faster rate of
growth of Microcystis during the experimental period.

The cell

1111111111111
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concentrations and growth rates corresponding to the results shown in
Fig. 2.10a to dare given in Table 2.2a to d.

Some of the physical

and chemical conditions in the reservoir during each experimental
period are given in Table 2.3.

In the first dialysis bag experiment a culture of Microcystis
and cultures of three species of green algae, Ankistrodesmus,
Scenedesmus and 0ocystis were suspended in the lake (Fig. 2.10a;
Table 2.2a).

The percentage increase in cell concentration of the

enclosed green algal species was between 400 and 4000, but the
Microcystis population declined and the cells became yellowish and
translucent.

Microcystis and green algae also declined in the lake

but diatoms increased.

Lake ammonia concentrations were high (Table

2.3), probably due to bacterial decomposition of cells.

Lake

phosphate concentration was below the limits of reliable chemical
detection (5 µg/1) and may explain the decline of Microcystis in the
lake and in the dialysis bags, as well as the lake populations of
green algae.

The polyethylene bag experiments were conducted during

similar conditions of temperature and solar radiation but higher
turbidity (Table 2.3b).

Despite the lower light intensity

experienced, all three groups showed 1arge increases in population
size (Fig. 2.10b; Table 2.2b); the diatoms increased by more than 2 x
10 4 per cent, the green algae by about 800 per cent, and Microcystis
by about 400 per cent.

Individual species of green algae and diatoms

increased even more than the group as a whole, for example
Sc.enedesmus increased by 10 3 per cent and Nitzschia increased by 5 x
1
10 3 per cent. Although Microcystis grew well (0.35 day- ) by
comparison with maximum laboratory growth rates (Fig. 2.1), the five

111111111111
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sympatric species grew considerably more rapidly (0.54 to 0.9 day - 1 ;
Table 2.2b).

The pattern described above was qualitatively repeated in the
two subsequent dialysis experiments (Fig. 2.10c and d); that is, the
enclosed green algae and diatoms had a much higher specific growth
rate and consequently a much greater relative increase than did
Microcystis.

The results shown in Fig. 2.10c were obtained when

water temperatures were low (9°C) and those in Fig. 2.10d were
obtained during a period of very high turbidity, when the depth of 1%
surface light penetration was less than 1 m.

Nutrient concentrations

in the lake were relatively high during both periods (Table 2.3).

Although there was no systematic control of the environmental
variables during the four experiments, the results were remarkably
consistent.

In combination the experiments showed that green algae

and diatoms are able to grow better than Microcystis under relatively
nutrient depleted (Fig. 2.10a) or nutrient sufficient (Fig. 2.10b)
conditions, as well as during low temperatures (Fig. 2.10c) or low
light availability (Fig. 2.10d).

The results provided no evidence

that Microcystis suppressed the growth of any sympatric species
sufficiently to have achieved a higher relative growth rate, which
would have enabled it to attain dominance.

2.7.4

Laboratory experiments:

U-tube and filtrate incubations

AU-tube apparatus similar to that of Lam and Silvester (1979)
was used to test further for possible antibiotic interactions between

I

I
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Microcystis and other species.

The U-tube consisted of two glass

arms connected by a sintered glass filter which allowed metabolites
to pass through, but separated the populations in each arm.

Each of

three species of green algae Scenedesmus guadricauda, Ankistrodesmus
spiralis and A.falcatus was grown either opposite itself or opposite
Microcystis. The population increase with time in each treatment is
shown for each species in Fig. 2.lla to d.

The results give no

indication that Microcystis inhibited any of the test species despite
the relatively high initial concentrations of Microcystis cells
(about 2 x 10 5 cells/ml).

Qualitatively similar results were obtained when the same three
species were grown in nutrient-enriched filtrate from freshly
collected water samples containing about 10 7 cells/ml of Microcystis
(Fig. 2.12a to c).

The growth of the experimental populations was

not slower in the filtrate treatment by comparision with the control
group grown in ASM-1 medium.

The filtrate experiment was repeated in duplicate using filtrate
6
from a stationary phase Microcystis culture of about 10 cells/ml.
The final cell concentration of the experimental and control groups
was compared after 18 days using at-test and no significant
difference was found between the population means of the three test
species in each treatment.

2.7.5

Conclusions

Under a large variety of experimental conditions, the presence

_,...
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of Microcystis did not recognizably inhibit the growth of several
test species of green algae and diatoms.

U-tube and filtrate

experiments in the laboratory showed that the time course of growth
of three green algal test species was similar in the presence or
absence of Microcystis exudate.

In several in situ enclosure

experiments , the growth rate of green algal and diatom species was
consistently higher than that of Microcystis .

Three years of data of

phytoplankton periodicity in Burrinjuck Reservoir showed that gre2n
algae and diatoms tended to increase and peak at the same time as
Microcystis , suggesting that all three groups simultaneou sly took
advantage of favourable conditions for growth and that such
conditions were independent of the presence of Microcystis .

2.8

A critique of the buoya~cy-re gulation hypothesis

Experimental observation s that gas vacuoles of blue-green algae
can collapse and re-form led to speculation that these algae regulate
buoyancy and so can migrate across vertical physico-chemical
gradients (Fogg 1969).

This ability is thought to allow exploitation

of optimal conditions for growth and hence to lead to dominance by
blue-green algae (Fogg and Walsby 1971; Walsby 1972; Ganf 1974, 1980;
Reynolds 1975).

Reynolds (1975) writes:

'once poised within a

particular water layer providing suitable combination of all growth
factors (the alga) could rapidly assume dominance'.

Fogg and Walsby

(1971) suggested blue-green algae might migrate daily from the

nutrient-de pleted euphotic zone to take up nutrients in the
metalimnion.

Ganf (1980) attributes the green to blue-green

successiona l shift in Mt. Bold Reservoir, South Australia, to this

I
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I
I

supposed ability of blue-green alge to exploit the vertical
separation between light and nutrients.

Konopka et al. (1978) give

I

the same explanation for blue-green dominance in Lake Mendota,
Wisconsin.

The buoyancy-regulation mechanism is thought to be mediated by
light because gas vacuoles have been observed, under experimental
conditions, to collapse when cells were exposed to high light
intensity and to reform upon transfer of cells back to low light
intensity (Walsby 1971; Dinsdale and Walsby 1972; Fig. 2.13).

The

significance of this response to the ecology of blue-green algae is
still, however, open to debate.

A number of questions are posed:

• does the collapse and reformation of vacuoles occur in freely
circulating colonies under natural conditions?
• if collapse and reformation does occur is it a mechanism which
leads to stratification of colonies within a recognizable layer
or leads to their migration from one depth to another?
• could the collapse of vacuoles be merely a pathological response
induced by excessive exposure to high light intensities?

Most of the observations on gas vacuole collapse and reformation have been made in the laboratory or i!1_ situ on samples
which have been incubated for many hours.

The available evidence for

short-term changes in buoyancy in natural, uncontained populations is
u'1convincing.

Konopka et al. (1978) reported diurnal changes in

buoyancy by means of a buoyancy index derived by placing a fresh
sample into a cylinder and after allowing for equilibration,

I
I
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subtracting the percent of the total chlorophyll-~ found in the
!

bottom third of the container from the top third.

They measured on

one day a decrease in buoyancy in surface lake samples; the buoyancy
index for the population sampled at the surface decreased from 50 to
about 30 within 5 hours.

During the same period, the epilimnetic

population distribution changed from being homogeneously mixed with
depth with 20% of the population at the surface to one in which 40%
was in the surface layer.

This meant that the two samples used to

determine the surface buoyancy index were not from the same
population.

One cannot discriminate among three alternative

explanations for these observations:

either the original populations

decreased in buoyancy, as Konopka et al. (1978) imply, or a less
buoyant population was mixed in, or both processes occurred.

Buoyancy control by the manipulation of gas vacuoles is inferred
also from diurnal fluctuations in the vertical distribution of bluegreen populations (Ganf 1974; Konopka et al. 1978; Reynolds 1981).
The main difficulty with these studies is that insufficient
information is given to assess whether the conclusions are
justified.

Ganf (1974) and Konopka et al. (1978) for example,

express the population found at each depth as a percentage of the
total from all sampled depths so one cannot check whether the total
population size at different sampling times remained constant.
is, whether the observations had been made on one population, or
whether it had been significantly altered in composition by
horizontal transport of cells in the time between observations.
Since natural algal populations are heterogeneously distributed,

That
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particularly blue-green surface scums (see Plates 1 and 2), estimates
of horizontal flux are essential to the interpretation of profiles
I

from one station.

This point is illustrated by the study of Ganf (1974).

He

observed that under calm, stratified conditions, the percentage of
the Microcystis population in the surface layer decreased relative to
I
I
I

windy, well-mixed periods earlier in the day, and that the percentage
of the population in the lower third of the water column i ncreased
(he does not provide absolute values).

He postulated that the

decrease under stratified conditions was due to buoyancy control and
that the surface colonies had sunk to the bottom layer.

The same

physical conditions, however, promote the aggregation of colonies
into patchy surface scums.

G~nf, in fact, notes the prevalence of

'large, plate-like' scums during calm, stratified periods, but does
not reconcile this observation with his conclusion.

He also reports

that during stratification, horizontal currents were typically about
15 cm/sat the surface decreasing to about 5 cm/s within the first 20
cm and that colonies sank with a velocity of about 0.1 cm/s * •

The

rate of horizontal transport of the surface population away from the
station was therefore faster than the rate at which the Microcystis
colonies allegedly sank.

The combined field and laboratory

observations of Ganf can be reinterpreted thus:

during diurnal

stratification, the influence of turbulence on vertical motion

*

Ganf (1974) timed the r1s1ng and sinking velocity of Microcystis
colonies in a 2 m tube (internal diameter of 10 cm) after
leaving the sample undisturbed for 24 hand reports a rising
velocity of 1 cm/9.3 s ± 4.2(n = 45) and a sinking velocity of 1
cm/9.4 s ± 3.9(n = 37). With these velocities all the colonies
should have been at the top or bottom within 2 h; after 24 h he
was probably measuring transport due to convective motion.
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decreased, the colonies rose to the surface,* formed scums, and were
subsequently transported horizontally to another part of the lake
under the influence of wind-driven currents.

The occurrence of

horizontal gradients of blue-green algal concentration across lakes
due to wind has been described by George and Edwards (1976).

Similar difficulties with the interpretation of vertical
profiles applies to other work such as that of Konopka et al. (1978)
and Reynolds et al. (1981).

There are no published studies which

have measured and quantitatively evaluated the influence of turbulent
diffusion, mixed layer excursions and horizontal advection on the
vertical distribution of a blue-green algal population.

Unless this

is done, the effect of fluctuations in buoyancy alone on the
distribution of the population cannot be identified.

Other observations on the behaviour of wild Microcystis colonies
suggest that vertical migration does not occur in natural
populations.

Reynolds (1973) measured the rising velocity of

colonies during two growth seasons (Fig. 2.14b) and found that
colonies were slightly negatively buoyant on only one out of the
total of 50 sampling days (the sinking velocity was 6.5 ± 6.0
_fAm/s).

Although there were seasonal changes in the rising velocity,

there was no indication that sinking occurred regularly during the
summer growth period.

Reynolds wrongly inferred from the changes

observed in the degree of positive buoyancy that the colonies could
*

This assumes that the density of colonies adjusts as they pass
from a cooler, denser layer to a warmer, less dense layer; that
is, that the colonies do not become neutrally buoyant at some
depth below the surface. This assumption was upheld by the
empirical test described in Section 4.4.2.
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control their vertical position.

However, the change in the degree

of positive buoyancy changes only the velocity with which colonies
rise.

I made diurnal observations on the vertical distribution of
Microcystis colonies in Chaffey Dam, N.S.W. when Burrinjuck Reservoir
There are a number of points relevent to the above

was dry.

discussion which can be made on the basis of the results shown in
Fig. 2.15.

The among sample variability of cell counts is enormous

at the surface and reduces with depth, confirming the previous
assertions that time-dependent horizontal advection of colonies in
the surface layer must be considered in the interpretation of data
from one site.

It follows that a single profile is not interpretable

(cf. Reynolds et al. 1981).

The _area under the curve of the 'day'

and 'night' samples is approximately the same, which means that the
time-averaged results over 24 hours can be assumed to come from the
same population.

This being the case, there is a slight upward shift

in the center of mass of the population from the 'day' to the 'night'
period.

This can be explained by higher intensity of turbulence

during the day which is inferred from the much higher daytime wind
velocities (see legend to Fig. 2.15).

The breakdown of weak

stratification at night did not cause significant downward mixing of
cells, as can be seen from the high surface cell densities (Fig.
2.15).

Although decreased colony buoyancy could have contributed to

the slight downward shift of the population during the day there was
no in~ication from inspection of the samples (for method see legend
to Fig. 2.15) that the colonies ever became negatively buoyant, that
is, that they sank or migrated downward.
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The vertical distribution of the phosphate and nitrate
concentrations (Table 2.4) showed that the shift in the center of
mass of the population to within the top 4 to 5 m would not have
resulted in enhanced nutrient availability.

If one was to argue

still that migration was responsible for the observed change in the
population density profile, one would also need to justify how the
migration had improved the conditions for growth for Microcystis
relative to that of other taxa.

The results given in Fig. 2.15 support the conclusions drawn
from the published results:

that a healthy * population of

Microcystis colonies remains positively buoyant so that the timeaveraged vertical profiles show increasing population density with
proximity to the surface.

Sm9 11 buoyancy fluctuations may occur

diurnally (as cells pass through a division cycle, for example), but
the active migration of colonies from one layer to another or the
stratification of colonies within a sub-surface layer has not been
demonstrated.

These conclusions apply to other genera of epilimnetic

blue-greens (Anabaena, Aphanizomenon), but the metalimnetic genus
Oscillatoria is an exception.

Members of this genus have neutrally

buoyant colonies which are known to stratify in the quiescent water
below the actively mixed layer (Walsby and Klemer 1974).
Stratification by neutrally buoyant colonies is not possible within
an isothermal epilimnion or mixed layer, because the colonies would
be entrained by turbulence and dispersed over the thickness of the

*

Settling of colonies is observed under conditions of severe
nutrient deficiency but it is then also accompanied by
decomposition and leads to permanent losses (Healey and Hendzel
1976; Fallon and Brock 1980; Section 2.7.3).
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Stratification would be possible only if colonies could

layer.

adjust their buoyancy and re-establish their position more quickly
than they are displaced over the same distance by the action of
turbulent diffusion.

Since the empirical evidence for the buoyancy control hypothesis
in epilimnetic species is dubious, an analysis of its feasibility was
I

carried out and is described below.

Cells could migrate to a

preferred depth only if the mean time taken to travel to that depth
under the influence of their own buoyancy (by sinking or rising) is
more rapid than the mean time taken for diffusive transport over the
same distance.

Thus, to evaluate the feasibility of stratification

within a given layer, and the feasibility of migration from one depth
to another, the time scale for the adjustment of buoyancy plus travel
must be compared with the timescale for diffusion over comparable
distances.

Let us assume that an appropriate thickness of a layer within
which colonies might stratify is 1 m.

The time taken for particles

to be dispersed across 1 mis dependent on the velocity of the
turbulent fluctuations.

The turbulent root mean square velocity

resulting from wind stress and convective overturn was estimated for
Burrinjuck Reservoir to range between 0.1 and 1.1 cm/s (Fig. 3.20)
but modal summer values ranged between 0.2 and 0.7 cm/s.

The time

scale for diffusion across 1 mis in the order of 0.5 to 2 h if the
su~mer values are used (the method of evaluation is given in Section

4.4.1).

I

I
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The time scale for buoyancy adjustment depends on the proport i on
of vacuoles which must either collapse or reform.

Reynolds' (1973)

measurements of percent cell volume occupied by gas vacuoles in
natural Microcystis populations indicate that gas vacuoles occupy 2%
of the cell volume in neutrally buoyant cells and between 4 and 8% in
highly buoyant cells.

Since cells are highly buoyant for the greater

part of the growth season, between 50 and 75% of the gas vacuoles
would need to collapse for the cells to become neutrally buoyant.
(That colonies are so buoyant for most of the season in itself argues
against the possibility of either migration or stratification.)

The

time scales for the collapse and formation of vacuoles can be
estimated from several studies.

Dinsdale and Walsby (1972) found

that the transfer of filaments of the blue-green alga Anabaena flos4
aguae from low (50 lux) to higb (2 x 10 3 to 10 lux) light
intensities initiated a detectable loss of buoyancy within 0.5 h,
which at the higher light intensities was complete in 4 h (Fig.
2.13)

Konopka et al. (1978) incubated natural populations of blue-

green algae and found that the time scale for collapse was also in
the order of several hours.

Dinsdale and Walsby (1972) observed that

recovery of buoyancy after transfer back to low light required 20 h
to initiate and 70 h to complete.

A comparable time scale was found

for the reformation of gas vacuoles of Microcystis after total
collapse by Lehmann and Jost (1971).

Their measurements showed that

Microcystis requires about 2 h for cells to reform 5% of the original
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*
number of vacuoles, 6 h to reform 10% and 24 h to reform 50%.

Returning now to the hypothetical layer of stratified colonies,
because it takes between 0.5 to 2 h for them to be dispersed for a
distance of 1 m by turbulent diffusion, it is easily seen that the
collapse, and particularly the formation of vacuoles is too slow by
comparison for cells to maintain a position within a turbulent
layer.

The feasibility of daily migration to and from the hypolimnion
is examined using the same logic.

First, an appropriate length scale

is selected over which the processes of turbulent and buoyant
transport are compared.

Since the seasonal thermocline is the layer

across which a nutrient gradi~nt can be assumed to be sustained, it
is considered to be the most relevent scale of length.

The summer

seasonal thermocline in Burrinjuck Reservoir is at about 5 m (Fig.
3.18b).

The time scale for dispersal over 5 m by the action of

turbulent diffusion ranges from 3 to 8 h, using the turbulent
velocity scales noted above.

There are no known estimates for directly measured sinking
velocities of natural Microcystis populations in the growth phase
except those of Ganf (1974) (see footnote p. 31) and that of Reynolds
(1973), discussed earlier.

*

Reynolds et al. (1981) reports sinking

Lehmann and Jost (1971) found that the rate of gas vacuole
formation in Microcystis is not linear with time. Over a 24 h
observation period, the number of gas vacuoles formed after
sonication conformed to the expression N = 224.9t exp(0.757)
where N is the number of vacuoles per cell and tis the time
after collapse. The average number of gas vacuoles per
3
Microcystis cell in the exponential growth phase is 4.5 x 10.
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velocities of up to 20 µm/s (1.7 m/day) for Microcystis colonies of
0.2 mm diameter which were overwintering attached to the bottom
mud.

This is the highest of the three estimates.

Using this

velocity, the time scale for sinking over 5 mis just less than 3
days or approximately 70 h.

Since the time scale for sinking is much

larger than the time scale for diffusion (it takes much longer for
colonies to sink over the distance than to be dispersed across it),
diffusion will dominate the vertical transport of sinking colonies
(see also Section 4.5).

This means that the sinking colonies would

be entrained by turbulent motion and any density gradients formed by
sinking would be smoothed out instantaneously by turbulence.

The net

result would be an evenly dispersed population in the mixed layer,
and a much reduced mean sinking rate of the total population through
the thermocline.

This effect of turbulence on the rate at which the

population drops out of the mixed layer is expanded upon in Section
4.8.2.1.

It is evident without including the time required to

collapse (0.4 to 4 h) and reform (2 to 24 h for 5 to 50% of the total
number of vacuoles) vacuoles, that diurnal migrations are not
possible even if the sinking rate is increased by a factor of 10.
Migration over longer periods, such as a week, could not be mediated
by the diurnal light cycle.

Moreover, weekly migration cycles would

require colonies to remain negatively buoyant for days, so that
observations of negatively buoyant colonies in the wild should be
common.

Finally, if the dominance of blue-green algae is attributed only
to the exploitation of the spatial separation between nutrients and
light, Microcystis should not be dominant in Burrinjuck Reservoir.
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There, phosphorus and nitrogen concentrations in the epilimnion
remained moderately high (Appendix Fig. 1) because nutrients are
supplied by the Murrumbidgee River inflow which enters the reservoir
within the epilimnion much of the summer (Fig. 3.19).

In summary, it has not been conclusively shown that natural
populations of epilimnetic blue-green algae experience high radiation
levels for periods long enough to cause reversible gas vacuole
collapse.

It is possible that colonies trapped in scums for many

hours experience gas vacuole collapse, but it remains to be shown
that scumming is an essential prerequisite for buoyancy control.

The

formation of scums is more likely to be deleterious to growth and
constitutes one of the disadvantages of positive buoyancy.

The

experimental observations of buoyancy loss with enclosed populations
may be an artefact of the long incubations.

The foregoing analysis

and intepretation of the available empirical data, however, do not
support the hypothesis that by collapse and re-formation of vacuoles,
colonies of epilimnetic blue-green algal species control vertical
station or migrate diurnally to exploit possible nutrient resources
below the thermocline.

Thus Microcystis does not gain a growth advantage over other
taxa by manipulation of its buoyancy.

There is considerable evidence

that healthy colonies are mostly positively buoyant, and it is the
ecological role of positive buoyancy~ se which needs to be
lucidated.

Modifications of the degree of positive buoyancy could

be regarded as a buoyancy control mechanism which keeps colonies from
becoming too buoyant.

Excessive positive buoyancy, which may occur
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after long periods of turbulence followed by calm, (Reynolds and
Walsby 1975), is a potential disadvantage because colonies confined
to the surface layer would eventually become nutrient depleted,
losses from wind-drift would increase, photoinhibition of
photosynthesis would possibly occur and direct radiation damage may
be incurred.

In other words, control of the degree of positive

buoyancy may occur, but it is the attribute of positive buoyancy
which is the significant distinguishing feature between blue-green
algae and other taxa.

2.9

The role of loss minimisation

Kalff and Knoechel (1978) stress the role of loss minimisation
as the factor responsible for blue-green dominance.

They argue that

blue-green algae do not have growth advantages relative to other
species, but that they have the lowest losses because positive
buoyancy precludes cells from settling and their size and possible
unpalatability or toxicity reduces their vulnerability to grazing.
Blue-green algae, however, suffer major losses from other sources.
First, during quiescent periods colonies aggregate at the surface and
form 'scums' which are then susceptible to drifting onto windward
shores.

Shoreline accumulations of decaying cells are routinely

observed but no systematic studies have been done of the importance
of these losses to the population.

Second, it is recognized that

blue-green algae are more susceptible to decomposition under adverse
environmental conditions such as prolonged nutrient starvation than
are other groups (Brock and Fallow 1980; Park and Collins, 1981).
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This is supported by the observations made during the present study
in Burrinjuck Reservoir (Section 2.4.2).

The total capacity for loss

minimisation of blue-green algae throughout the growing season may
not be as large as Kalff and Knoechel (1978) suggest, but at this
stage, a quantitative assessment of all losses is not possible.

The

importance of sinking losses to population size is discussed,
however, in Chapter 4.

2.10 Summary

A comparison of data from the literature and this study showed
that under 'optimal' laboratory conditions Microcystis has a slow
specific growth rate compared with many species of green algae and
diatoms.

Laboratory and field experiments carried out during this

study also showed that under a variety of conditions of temperature,
light, and nutrient availability, Microcystis grew less well than non
blue-green algal species, and that other species were still capable
of growth under environmental conditions in which Microcystis was not
able to grow.

The combined results provided consistent evidence that

Microcystis does not have a physiological advantage which enables it
either to grow faster under favourable conditions, or to maintain
viability under adverse conditions better than non blue-green
species.

Evidence from laboratory and field experiments did not support
the hypothesis that Microcystis attains dominance by releasing toxic
extracellular products.

...

Inhibition of growth was not detected in

I
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algal cells grown in the presence of Microcystis under culture
conditions, and natural assemblages enclosed~ situ showed that
green algae and diatoms attained a higher specific growth rate than
did Microcystis.

Scaling arguments were used to show that Microcystis is not able
to regulate its buoyancy enough to overcome the effect of dispersion
by turbulence, thus vertical migration to exploit resource gradients
is not physically possible.

Observations of natural populations

indicate that colonies of the epilimnetic genera of blue-green algae
do not alternate between positive and negative buoyancy, but that
they maintain positive buoyancy for most of their growth phase.

It

was concluded that gas vacuoles do not function to manipulate
buoyancy, but to maintain positive buoyancy.

An advantage of the high positive buoyancy observed in
Microcystis is that colonies can re-establish a position near the
water surface as turbulence acts to disperse the population
downwards, thus enhancing its opportunity for photosynthesis.

A

vertical population density distribution which maximizes the
utilization of available light leads to an advantage over species
which are more likely to be distributed evenly with depth, that is,
the negatively buoyant species.

As a result, a physiologically slow-

growing species can attain a faster population growth rate than a
physiologically fast-growing species.

My experiments showed unequivocally that if diatom and green

I

- 43 -

algal cells were artificially maintained in the photic zone, their
specific growth rate was considerably higher than that of Microcystis
and that the relative abundance of Microcystis concomitantly
decreased with time.

The advantage of positive buoyancy was clearly

illustrated by the..:!.!!._situ experiments.

It is also important to note that the natural green algal and
diatom populations enclosed in dialysis bags reached population
densities up to 460 times higher than those observed simultaneously
in the lake (Table 2.2b to d).

Contributing to the high algal cell

concentrations in the enclosures is the absence of sedimentation
losses for non blue-green algae.

Minimization of losses is the

reason suggested by Kalff and Knoechel (1978) for the dominance of
blue-green algae.

Although -the absence of cell settling and reduced

grazing pressure is likely to be a contributing factor to high
standing crops, these gains must be compared with the losses incurred
by blue-green algae from the advection of colonies onto the shore and
from their greater susceptibility to decomposition.

In conclusion, the published hypotheses were not sustained by
the evidence available except the hypothesis of loss minimization.
The contribution of loss minimization to bloom-formation however
remains indeterminate.

The key mechanism leading to blooms appears

to be the growth advantage incurred by positive buoyancy.

The

following hypothesis to explain-bloom formation by Microcystis is
therefore proposed:

bloom-formation by Microcystis aeruginosa is a

function of positive cell buoyancy which modifies the influence of

-I
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turbulence on the vertical density distribution of the population,
and thereby increases its exposure to available light relative to
negatively buoyant taxa.

This hypothesis and the effect of cell

settling losses on standing crop are examined in the Chapter 4 using
simulation modeling and analysis of data from Burrinjuck Reservoir.

Table

2.1

References for the growth rates of Microcystis, diatoms
and green algae shown in Fig. 2.1. The numbers of the
entries correspond to the circled numbers in the figure.

Number in
Fig. 2.1
1
2
3
4

Reference

Microcystis aeruginosa
ii

II
II

5
6

7
8
9

10
11

II

12

II

1
2
3

4
5
6

7
8
9

10
11
1
2
3

4
5
6
7
8

9

10
11

DIATOMS
Asterionella formosa
Cyclotella meneghiniana
Asterionella formosa
Skeletonema costatum
Cocscinodiscus sp.
Asterionella formosa (Af0H 2 )
Asterionella formosa (L262)
Thalassiosira pseudonana
Skeletonema costatum
Thalassiosira pseudonana
Asterionella formosa
GREEN ALGAE
Pandorina morum
Cosmarium botrytis
Closterium acerosum
Pediastrum duplex
Chlamydomonas reinhardii
Scenedesmus guadricauda
Chlorella pyrenoidosa
Scenedesmus guadricauda
Selenastrum capricornutum
Scenedesmus sp.
Scenedesmus sp.

Box (1981a)
ibid.
Box {1977)
ibid.
Kruger and Eloff (1978b)
Jones and Jost (1970)
Kruger and Eloff (1978a)
Kruger and Eloff (1977)
ibid.
Konopka and Brock (1978)
Present study
Holm and Armstrong {1981)
Tilman (1977)
ibid.
Lund {1949)
Parsons et al. (1961)
ibid.
Kilham (1975)
ibid.
Eppley and Renger (1974)
Harri son et al. (1976)
Paasche (1973)
Holm and Armstrong (1981)
Moss {1973a)
ibid.
ibid.
ibid.
ibid.
0sterlind (1949)
Sorokin {1959)
Goldman et al. (1974)
ibid.
Rhee (1973)
Rhee and Gotham (1981)

.,.

Table

2.2

Table 2.2a

The following four tables (a to d) show a comparison of initial and final population density
estimates, growth rates, and the dominant species or genera of the three algal groups in the
experiment shown in Fig. 2.10a to d. Growth rates were calculated for the enclosed populations
only. Adequate sampling of the lake to ensure that sampling errors were smaller than population
size differences due to growth was not possible. The experiments are described in the caption of
Fig. 2.10 and the methods for estimating cell concentration and growth rates are given in the
Appendix.
19 December 1979 to 3 January 1980

DOMINANT GENUS/SPECIES

MYXOPHYCEAE (blue green algae)
Microcystis aeruginosa

Lake populations (cells/ml)
19 Dec '79
3 Jan '80
Total
Total ·
23

X

23

X

10 3
10 3

Dialysis bags
19 Dec '79
3 Jan '80
Per genus
Per genus

5000
5000

10 3

17

X

2220

X

X

10 3
10 3

150

X

10 3

15000

30

X

Ankistrodesmus

75

X

Scenedesmus

30
350

BACILLARIOPHYCEAE (diatoms)

3320

10

X

10 3

CHLOROPHYCEAE (green algae)

9700

48

X

10 3

Oocystis

Specific growth
rate *
x ± S.E.

10 3

X

10 3
10 3

0.10 ± 0.01

X

10 3

0.25 ± 0.04

0.22 ± 0.02

* Within and between sample mean and standard error based on three replicate bags

I

Table 2.2b

4 to 11 December 1979 (corresponds to Fig. 2.10b)

Polyethylene bags (cells/ml)

Lake populations (cells/ml)

Per Genus

Total

MYXOPHYCEAE

250

10 3

X

X

40

Nitzschi a

30
28

X

10 3

10 3

X

24

X

10 3

10 3

X

x

0.36
1360

5850
390

Navicula

CHLOROPHYCEAE

10 3

<100

BACILLARIOPHYCEAE

1360

5850
250

Microcystis aeruginosa

Per Genus

Total

Total

Specific
growth
rate

11 December 1979

11 Dec '79

4 Dec 1979

DOMINANT GENUS/SPECIES

0.75
7590
15. 85

11

X

10 3

2

X

X

10 3

0.90

10

Ankistrodesmus

130

5000

0.53

Scenedesmus

200

19950

0.67

40

1590

0.54

Ooc_ystis

r

Table

2.2c

6 to 12 August 1980 (corresponds to Fig. 2.10c)

DOMINANT GENUS/SPECIES

Lake populations (cells/ml)
6 Aug 1980
13 Aug 1980
Total

MYXOPHYCEAE

Total

Total

360

Per
genus

400

Total

Per
genus

Specific
growth
rate
x ± S.E.*

200x 10 4

180x 10 4
180x 10 4

11. 90x 10 3

4720

Asterionella

Per
genus

11. 39x 10 3

4720

Microcystis aeruginosa
BACILLARIOPHYCEAE

Per
genus

Dialysis bags (cells/ml)
13 Aug 1980
6 Aug 1980

200x 10 3

O**

23.84x10 3

360

0

160

0

C_yclotella

40

80

160

20. 25x 10 3

0.81 ± 0.03

Nitzschi a

120

0

100

1560

0.45 ± 0.03

0

I
CHLOROPHYCEAE

740

2650

I

5550

360

Ankistrodesmus

200

1250

180

3930

0.51 ± 0.02

Chlam_ydomonas

200

950

20

570

0.53 ± 0.06

* Within and between sample mean and standard error based on three replicate bags
** Not significantly different from zero

Table 2.2d

18 to 25 March 1981 (corresponds to Fig. 2.10d)

DOMINANT GENUS/SPECIES

MYXOPHYCEAE

Lake population (cells/ml)
18 March 1981
25 March 1981
Per genus
Total
Total
Per genus
1640x10 3

BACILLARIOPHYCEAE

2510

Melosira ]_ranulata
Nitzschia
CHLOROPHYCEAE

730x10 3
50x10 3

66xl0 3

Anabaena SRir~ide~

1360x10 3

780x10 3
1570x10 3

Microcystis aeruginosa

Dialysis bags (cells/ml)
25 March 1981
Per genus
Total

970

Specific
growth rate
x±S.E.*
O**

1360x10 3
1200
5200

2430

0

2470

O**

30

130

2360

0.65 ± 0.05

1000xl0 3

1.22 ± 0.40

10.lxl0 3

I

1020x10 3

2220

Flagellate (unidentified)

700

0

Ankistrodesmus

100

130

1820

0.47 ± 0.04

80

180

770

0.40 ± 0.08

415

0.25 ± 0.08

Scenedesmus

I
I

Oocystis
110
0
-* Within and between sample mean and standard error based on three replicate bags
** Not significantly different from zero

J

Table

2.3

Physical and chemical measurements made in Burrinjuck
Reservoir on the first final days of the in situ
experiments described in Fig. 2.10a to d and7'a'ble 2.2a
to d.

Date

Nutrients (µ g/1 )
P0 4-P

A.

B.

C.

D.

(N0 2 + N0 3 )-N

NTU

19.12.79

(5

<3

180

<1

24

03.01.80

10

<8

380

6

23

04.12.79

<5

<3

180

26

24

11.12.79

6

3

90

10

24

06. 08. 80

20

1700

250

15

9

13.08.80

10

2110

180

6

10

18.03.81

8

78

4

1322

25.03.81

13

81

750

25

* Daily average sunlight hours over experimental period

22

10

10.7

8.6

Table

2.4

The distribution with depth of nutrient concentration
in Chaffey Dam on February 19 and 20, 1980. Each value
represents the mean of four samples taken at 6 hour
intervals throughout the day. Samples were filtered
immediately through a glass fibre (GF/C) filter and
frozen. The chemical analyses were done by CSIRO
Division of Land Use Research with a Technicon
Autoanalyzer.

Total inorganic
nitrogen

Phosphate

Depth

+
2(NH -N + NO -N + NO -N)
4
3
2

( m)

µg/1

µg/1

0

38

64

0.5

39

60

1

39

69

2

37

55

3

37

78

4

39

65

5

43

69

6

73

94

7

81

83

8

106

106

PO

3-P
4

Figure 2.1

Maximum growth rates of Microcystis aeruginosa, diatoms
and green algae compiled from the laboratory studies
referenced in Table 2.1. Microcystis reference No.11
was isolated from Burrinjuck Reservoir and grown
in 250 ml tissue culture blasks in 60 ml of ASM-1
medium buffered at pH 7 5 fith HEPES under 24h
illumination at 250µEm- 2s- and 27°c ± 1°c. Methods of
isolation of the strain, general culture conditions and
calculation of growth rates are given in the Appendix.
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Figure 2.2a

Time-course of cell concentration of Microcystis
aeruginosa grown during the present study at different
temperatures. The lines of best fit were drawn by eye
and the slope was used to estimate the growth rates
shown in Fig. 2.2b. The strain was isolated from
Burrinjuck Reservoir (A~pendix) and was grown in batch
culture in 50ml of ATM- medium in 250ml tissue culture
flasks at 250µEm- s- at a 12:12 L:D cycle. The 10°c
and 1s 0 c cultures were grown in an s 0 c constant
temperature room in a water bath maintained at the
correct temperature. The 20°c and 27°c were similarly
grown in a constant temperature room kept at 1s 0 c. The
flasks were fixed at a constant angle so that the top
surface of the flask was above water level but the
portion containing the culture was submersed. The
temperature of the medium was monitored daily and the
flasks were shaken once per day by hand.

Figure 2.2b

Specific growth rate of Microcystis aeruginosa as a
function of temperature, estimated from the experiment
shown in Fig. 2.2a.
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Figure 2.3

Short-term nutrient uptake rates of Microcystis
aeruginosa and Scenedesmus guadricauda as a function of
nitrogen concentration in the medium. Each point
represents the mean from duplicate flasks; the
experiment was repeated and both sets of results are
shown.Nitrogen was chosen for the experiment on the
basis of the results from nutrient enrichment
experiments in January 1977 in Burrinjuck Reservoir
which indicated that nitrogen was the nutrient most
likely to become limiting (Fig. 2.5). The forms of
inorganic nitrogen in the lake during this period were
N0 2 + N0 3-N so NaN0 3 was used as the nitrogen source
for the uptake experiments. The uptake rates are
expressed on a per cell basis because the cell is the
reproductive unit which is of primary interest in the
present ecological study. The details of the methods
are given in Appendix 5.0.
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Figure 2.4

Time-course of change in the taxonomic composition of a
natural assemblage of phytoplankton grown in batch
culture. Initial concentrations of phosphorus and
nitrogen respectively, were (a) 5 and 225µg/l and (b)
60 and 225µg/l; the maximum cell concentration was (a)
1500 cells/ml and (b) 4000 cells/ml. (Redrawn from
Stoermer et al. 1978).
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Figure 2.5a

Figure 2.5b

Percent increase of chlorophyll -a of natural
assemblages of Microcystis , diatoms and green algae
grown for 5 days under different nutrient treatments.
The numbers above each column give the percent of the
total algae that the groups comprised at the start and
end of the experiment. Eight 1500 1 polyethylen e
cylindrical enclosures, 2 m deep, were suspended in
Burrinjuck Reservoir in January 1977 and filled with
lake water. Two 2 m polyethylene strips 4 cm wide were
hung on the wall inside each enclosure to monitor
colonization of the container walls by algae. Each of
nitrogen (as NaN0 3) and phosphorus (as K2P0 4 ) were
added to two containers and both nutrients were added
to two remaining containers. The results of the
duplicate treatments were averaged. The initial
concentratio ns of inorganic nitrogen-N and phosphate-P
in µg/1 were: 330 and 50 (control); 330 and 350 (P
added); 1200 and 50 (N added);. 1200 and 250 (N+P
added). The diatom and green algal growth was
estimated from the populations colonizing the walls
(mostly Palmella, Stigeoclonium, Characium, Navicula,
Gomphonema, and Nitzsch1a). The growth on the
polyethylene test strips was removed with a razor and
the chlorophyll -a concentratio n for a 2 m by 2 cm strip
was estimated. T"rom the average of two strips, the
total chlorophyll -a content of the wall flora was
estimated for each-enclos ure. The initial wall
population size was assumed to be 0.15 mg, that is, 1%
of the total planktonic chlorophyll -a enclosed. This
was the fraction of the initial planl<ton cell counts,
which species other than Microcystis comprised.
Microcystis cell counts and chlorophyll -a were
estimated from 500 ml samples obtained aTter stirring
of the enclosure. Total initial chlorophyll -a in the
enclosures was 15 mg. The methods of counting cells
and chlorophyll -~ analysis are given in the Appendix.

Percent increase in cell concentratio n of each
phytoplankton group in the experiment described for
Fig. 2.5a.
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Figure 2.6

~

situ growth rates of Microcystis in the plankton and
combined green algae and diatoms on enclosure walls.
The estimates were obtained from the increase in
chlorophyll-a after five days in each of the
experimental-enclosures described in the caption for
Fig. 2.5a.
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Figure 2.7

Growth of (a) laboratory and (b) wild strains of
Microcystis, and (c) Ankistrodesmus spiralis at four
different depths in Burrinjuck Reservoir in December
1979. The algae were contained in 50 ml polyethylene
bags filled with 25 ml of ASM-1 medium (a and c) or
unfiltered, medium-enriched, lake water (b). Each
point represents the mean cell count of triplicate bags
suspended at each depth. The bags were attached onto a
rope with fishing swivels. The rope was weighted at
one end with lead and attached to a buoy at the
other. Three bags were collected for each treatment on
each treatment on each sampling day. The cell counting
method is given in the Appendix.
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Figure 2.8

Time-course for the decrease in respiration rate of two
blue-green genera (Microc stis and Anabaena) and two
green algal genera Pediastrum and Scenedesmus) after
10 min exposure to light Redrawn after Ganf 1980).
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Figure 2.9

Microcystis, diatoms and green algal periodicity
estimated from 0.5 m samples at Site 103 in Burrinjuck
Reservoir, New South Wales (Fig. 3.2). Cell counts
were obtained from the Commonwealth Department of
Housing and Construction. The raw data were smoothed
using a constrained least squares type of estimation
(Young and Jakeman 1980) to emphasize the trends.
Smoothing exaggerated low values and de-emphasized the
high values so that the direction of change among the
groups could be more easily recognized. (The frequency
of sampling is shown in Appendix Figure 2.)
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Figure 2.10

Percent change (on log 10 scale) in cell concentration
of green algae, diatoms and blue green algal species in
the lake and grown in situ in small enclosures
suspended at 0.5 mTn Burrinjuck Reservoir. The
experiments were run during the following periods:
A.
B.
C.
D.

December
December
August 6
March 18

19, 1979 to January 3, 1980 (16 days)
4 to 11, 1979 (8 days)
to 13, 1980 (8 days)
to 25, 1981 (8 days).

The numbers above each column give the proportion that
each al gal group comprised on the initial and final day
of the experiment. Population size and growth rates
corresponding to each period are given in Tables 2.2a
to d. 80 ml dialysis bags were made from 30 cm of
tubing, pre-soaked in several changes of distilled
water for at least 24 hours. Bags for period A were
filled with cultured cells which had been filtered and
washed and re-suspended in filtered lake water
collected on the initial day. For periods C and D,
lake samples were collected on site and the natural
assemblage was enclosed. 150 ml polyethylene bags
filled with 80 ml of unfiltered lake water and enriched
with complete ASM-1 medium were used in period B. The
physical and chemical variables recorded in Burrinjuck
Reservoir over each period are given in Table 2.3.
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Figure 2.11

The time-course of growth of Microcystis and three
green algal species grown opposite conspecifics or
Microcystis in a U-tube culture vessel. The U-tube
consisted of two arms (130 ml each in volume) separated
by a sintered glass filter pore size (> 2µm) which
allowed solubles to diffuse through but separated the
cells. Each treatment was run in duplicate. Cells
were grown in 80 ml 2f fSM-1 medium, buffered with
'HEPES'; at 250µE m- s- on a L:D 12:12 cycle at
21 ± 1°c. Each point repr-esent the mean± 2 SE of 2
sub- samples from each arm of duplicate tubes used per
treatment.
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Figure 2.12

The time course of growth of three green algal species,
Ankistrodesmus falcatus, A. spiralis, and Scenedesmus
quadricauda grown in AS~-T enriched filtrate from a
M1crocyst1s bloom of 10 cells/ml. The bloom sample
was freshly collected and used within 24 hours.
Phosphorus-free ASM-1, concentrated 10:1, was added to
the filtered water so that the final nutrient
concentration was equal approximately to undiluted ASM1 medium. Phosphorus was added to the final volume to
avoid precipitation in the concentrated medium. The
cells were grown in 60 ml of nutrient enric~ed1 filtrate
in 250 ml tissue culture flasks at 250µE m- s- on a
L:D 12:12 cycle; at 21 ± 1°c.
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Figure 2.13

Change in buoyancy with time on transfer of Anabaena
flos-aquae filaments from< 50 lux to different l1gh¼
1ntens1t1es: dark cir§le - 10 4 lux; square - 5 x 10
lux; triangle - 2 x 10 lux; open circle - < 50 lux.
Buoyancy scale: all filaments floating (4); all
filaments sink (o
Arrow indicates change in light
intensity from 10 to< 50 lux. (Redrawn from Dinsdale
and Walsby 1972.) Note the time scale of gas vacuole
collapse and formation.

4.

Figure 2.14

(a)Seasonal variations in the rising velocity of
Microcystis aeruginosa colonies (not corrected for
colony size) ,n Crose Mere; (a) 1971, (b) 1972. The
period of neutral buoyancy coincides with periods of
rapid growth. Exponentially growing cells contain
about half the number of gas vacuoles as those in
stationary phase (Lehmann and Jost, 1971). Note that
in both years colonies remained positively buoyant
except for one sample day in July 1972 when a sinking
rate of 6.5 ± 6.0 µm/s was measured. (Redrawn from
Reynolds 1973.)
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Figure 2.15

Mean cell concentration of Microcystis estimated from 9
samplings during each 12 hour period at each depth.
The samples were collected from Chaffey Dam, NSW on
February 19-20, 1980 during the 'day' (0730 to 1930h)
and 'night' (1930 to 0730h). 150 ml samples were taken
at 1 m intervals using a graduated hose and a pump;
sufficient water was pumped through at each depth to
replace the volume in the hose before a new sample was
taken. Samples were stored on ice and filtered in the
laboratory for cell counting (Appendix). The wind
velocity during the day was 2 m/s gusting to 6 m/s, but
dropped to< 1 m/s at night (recorded at Tamworth
Airport 30 km West). The average wind velocity on the
previous day had been - 7 m/s with gusts of up to 14
m/s. The maximum and minimum air temgerature
throughout the sampling period was 27 and 16°c
respectively; cloud cover was < 10%. Maximum surface
water temperature was 27° and the bottom temperature at
9 m remained at 24°c. The weak daytime stratification
broke down at night and the water column (9 m) was
isothermal to within the resolution of the instrument
(an E.I.L. Model 1520 temperature probe of accuracy
0.5 ± 0.25°C).
Each value represents the mean± S.E. of cell
concentration at each depth. Within-sample errors of
cell concentration are small (Appendix) so the large
variance about the mean in the first few metres can be
attributed to between-sample variation. The sources of
variance include advection of colonies by wind driven
currents (readily observed in the top few centimetres)
and variation in the relative influence of cell
buoyancy and turbulence with fluctuations in the
intensity of wind stirring during the day and
convective overturn at night. As the samples were
collected, 100ml of sample was placed in a standard
100ml graduated measuring cylinder and the direction of
movement of the colonies was noted after water motions
subsided. The method biased the observation toward the
larger, obvious colonies (> 0.5mm) but with that
proviso, the colonies were invariably rising,
regardless of the time of day or depth.
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CHAPTER 3

THE PHYSICAL ENVIRONMENT:

THE INTERNAL STRUCTURE

AND DYNAMICS OF BURRINJUCK RESERVOIR

3.1

Introduction

To test the hypothesis proposed in Chapter 2, a simulation model
of the production and vertical distribution of phytoplankton was
developed and is described in Chapter 4.

This model requires input

of physical data which characterize the length and time scales and
the dynamics of vertical mixing in lakes.

These were obtained by

simulating the internal density structure and dynamics of Burrinjuck
Reservoir with a process-orientated model, the one-dimensional
numerical model DYRESM, described in Imberger et al, (1978) and
Imberger and Patterson (1981).

In the present chapter, DYRESM and

the input data are briefly described, and the results are used to
quantify the seasonal and diurnal features of the biologically
relevant vertical mixing processes and density structure of the
reservoir.

These aided the interpretation of the results of the

phytoplankton growth simulations in Chapter 4 by providing a
realistic context within which the results of the growth modeling
could be assessed.

3.2

Description of Burrinjuck Reservoir

Burrinjuck Reservoir (35°s 148°36'E), an irrigation storage and
recreation facility located 50 km north of the capital city of
Australia, Canberra (Fig. 3.1), was selected for the simulation
because it had been the study location for the work on Microcystis
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described in Chapter 2.

The reservoir is about 50 km long, with a

narrow cross section (Fig. 3.2).

The maximum depth at the dam wall

is 71 m, the maximum surface area is 75 km 2 , and the capacity is 1.6
X

10 9m3 •

The reservoir receives inflows from three major rivers, the
Murrumbidgee, Vass and Goodradigbee which drain a total area of 12390
km 2•

The Murrumbidgee River catchment covers 80% of the total area

(9850 km 2 ); the Vass and Goodradigbee catchments are of similar size
and cover 1370 and 1170 km 2 respectively.

The Murrumbidgee catchment

includes the Canberra metropolitan area and the river receives the
city's treated sewage effluent.

The reservoir sustains a heavy

nutrient load from this source, and is characterized by summer blooms
of Microcystis aeruginosa.

The Murrumbidgee and Vass catchments are largely cleared for
pasture, but that of the Goodradigbee is forested and relatively
undisturbed.

The soils are predominantly podzolic and subject to

heavy erosion in cleared areas.

During periods of high flow, eroded

silt causes high turbidity levels in the reservoir (> 100
Nephelometric Turbidity Units).

During periods of low turbidity,

most of the attentuation of light is due to the dissolved organics or
'gelbstoff' (Kirk 1976, 1977) which give the water a characteristic
yellow colour.

The light extinction coefficient and the depth of

penetration of 1% of the surface radiation, measured over a number of
months during 1978 and 1979, are shown in Table 3.3.

The regional climate is basically continental, with hot summers
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and cold winters.

Meteorological data required for input to DYRESM

have been plotted in Figs. 3.3 to 3.7 for the period from November
1976 to March 1980.

(The methods of meteorological data collection

are described in Section 3.4).

The mean daily air temperatures

between November 1976 and March 1980 are shown in Fig. 3.5.
winter temperatures remain above

so the reservoir does not

The high peak temperatures indicate that solar heating (Fig.

freeze.

3.7) is rapid.

Evaporative flux in summer is high, to about 10

mm/day (Fig. 3.3).
3.6).

o0 c,

The mean

Winds are evenly distributed over the year (Fig.

Rainfall is also distributed reasonably evenly throughout the

year with somewhat higher values in the winter months, June, July and
August, but the distribution and amount of rain varies greatly from
year to year (Table 3.1; Fig. 3.4).

The winter of 1978 for example,

was much wetter than the winter of 1979 (Fig. 3.4).

The average monthly inflow volumes for the reservoir (Table 3.1)
are slightly higher in winter as expected from the pattern of
rainfall.

The annual variability in rainfall is also reflected in

the marked variability of the river inflow volumes (Fig. 3.8).

The

Murrumbidgee River has the largest catchment and the flow volumes are
about 10 times higher than those of the Vass and the Goodradigbee
Rivers (Fig. 3.8).

The basic flow statistics for the three rivers

are given in Table 3.2.

Average releases are also tabulated in Table 3.1 and plotted
from 1976 to 1980 in Fig. 3.9a to c.

Overflow at the sluice and

spillway was largest during and after periods of high inflow such as
that in the winter and spring of 1978.

Releases from the outlets in
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the dam wall were comparatively small and mostly occurred in
summer.

The 80 year average turnover time for the reservoir is

approximately 0.87 per year.

During the 1978 and 1979 period in

which the simulation was carried out, inflow was approximately 1.49
times the maximum volume.

The net effect of the variability in the

input and output dynamics is shown by the fluctuation in reservoir
level (Fig. 3.10).

3.3

A Conceptual overview of DYRESM

Most previously published models of the internal structure of
lakes and reservoirs have been based on the original temperature
model of Water Resources Engineers, Inc. of the 1960 1 s (for a review
see 0rlob, 1977).

Commonly, such models are dependent on calibration

of empirical eddy diffusivities to predict thermal structure.

The

application of these models to simulate different water quality
variables assumes that the same diffusion coefficients apply.

The

problem with this approach is that different tracers may depend on
different mixing processes for their distribution (Fischer et al.
1979).

Without explicit inclusion of the physical processes which

govern the dynamics of reservoirs, there is no guarantee that such
simulations are realistic.

Furthermore, calibrated models yield

little or no insight into the dynamics of the water body.

Both of these difficulties are overcome by the one-dimensional,
numerical model DYRESM, first described by Imberger et al. (1978) and
in its current form by Imberger and Patterson (1981).

DYRESM is a

process-oriented model which simulates the hydrodynamics directly.
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For this reason it can be used to describe biologically important
epilimnetic mixing processes at biologically relevant time and length
scales.

The processes and internal structure which are simulated are

shown schematically in Fig. 3.11.

These are:

surface heat

exchanges, the formation, deepening and mixing of the epilimnion
(mixed layer dynamics), diffusion in the hypolimnion, and the
dynamics of inflow intrusions and the withdrawal layer.

The model

has been validated using two independent parameters, temperature and
salinity, on several lakes, but in particular, in the small, shallow
pondage Wellington Reservoir in Western Australia (Imberger and
Patterson, 1981) and the intermediate scale, deep montane Kootenay
Lake in British Columbia (Patterson et al. 1982).

DYRESM is one-dimensional and represents the reservoir as a
simple, variable grid which consists of horizontal layers of variable
thickness.

The spatial and temporal resolution of the representation

is internally adjusted within the program.

That is, as the physical

processes are simulated, in time steps ranging from 15 min to 1 day,
the horizontal layers of the model alter their vertical location,
volume and density, which is a function of temperature and
salinity.

No motion occurs across layer boundaries.

Mixing is

accomplished by amalgamating layers in the mixed layer and diffusive
flux exchanges in the hypolimnion.

Inflow is modeled by layer

thickening or the insertion of a new layer, and outflow by layer
removal or thinning.

The vertical transport of fluid affected by

inflow and withdrawal is modeled by the vertical shift of layers
above the level of inflow or withdrawal, and the fluid below this
level remains stationary.

The initial layer structure is determined
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using field temperature, salinity and bathymetri c data.

The mixed layer dynamics (described in detail in Section 3.5.3)
are simulated by budgeting the turbulent kinetic energy of the layer,
a function of the energy transfers across the air-water interface and
the shear stresses at the mixed layer-hypolimnion interface.

Surface

energy fluxes are thermal exchanges due to radiation, sensible heat
transfer and evaporation, and mechanical energy transfers due to wind
stirring.

The surface fluxes of heat, momentum and turbulent kinetic

energy are computed from meteorological data.

They are used in the

first sub-daily time-step to compute a heat budget from which the
available convective potential energy is added to the amount of
turbulent kinetic energy available from stirring by the wind, and
from conversion of mean shear.

The total kinetic energy available is

then compared with the potential energy required for mixing to occur,
and the new depth of the mixed layer is computed.

In this balance,

the buoyancy gradients from short wave radiation penetration are
taken into account.

The length of the sub-daily time step is

adjusted internally and is dependent on the rate of thermal exchange
at the surface and the rate of input of kinetic energy to the layer.

Mixing in the hypolimnion is computed using energy from wind
stirring and potential energy from river inflow.

A vertical

diffusion coefficient is calculated and used to redistribute heat and
any conservative tracer.

The procedure described above is repeated until one day has
elapsed.

Once the internal structure for the daily time step is
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established, the dynamics of the inflow of the various rivers are
calculated and the withdrawal layer thickness and properties applying
to any outflow is determined.

On completion of the daily time step

the vertical density structure, distribution of vertical mixing
parameters, position and thickness of the intrusion and the
properties of the withdrawal layer are known.

The DYRESM logic sequence is given in Fig. 3.12.

For details of

the theoretical background and formulae, the reader is referred to
Fischer et al. (1979) and Imberger and Patterson (1981).

The users'

manual (Patterson et al., 1977), and Spigel (1978) describe the
algorithms in the program.

3.4

Input data and methods

Burrinjuck Reservoir was simulated for one year, from May 10,
1978 to May 9, 1979 because data were available for this period.

The

program first requires the initial conditions of temperature and
salinity, a number of model constants, and the physical dimensions
and bathymetry of the reservoir.

Meteorological, inflow and outflow

data are fed in for each day of simulation.

The water temperature data used to initialize the program and
subsequently to validate the model, (Fig. 3.13a to i) were measured
by the Commonwealth Department of Housing and Construction with an
E.I.L. Model 1520 temperature probe of accuracy 0.5±0.25°c.

The

temperature profiles used for model validation represent averaged
values from 2 to 3 sites in the reservoir, collected mostly from the

I
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shallower (15-30 m) Murrumbidgee Arm (Sites 102, 103 and 104, Fig.
3.2).

Few data were available from the deeper main basin.

Conductivity data were not available so salinity could not be
modeled, but its effect on the density structure of the reservoir was
not likely to be significant.

This assumption is justified by the

low average (125 mg/1) soluble salt concentrations measured in the
mouth of the Murrumbidgee River between 1976 and 1977.

(National

Capital Development Co mm ission, Technical Paper 30, 1981.)

The bathymetri c and physical data for Burrinjuck Reservoir are
shown in Tables 3.4 and 3.5 respectively.

There are seven model

constants which are specified before DYRESM is applied and these are
discussed by Imberger and Patterson (1981).

Except for the

coefficient of light extinction, they are not discussed here, because
the equations to which they apply are not presented.

The extinction coefficient for the penetration of short-wave
solar radiation (Table 3.3) was estimated from values measured in
Burrinjuck Reservoir between May 1978 and October 1979 by
D. Carpenter with an LI-185 quantum meter fitted with an LI-1925
underwater sensor (Lamda Instrument Corporation, Lincoln).

The

instrument estimates the total quanta in the wavelength range 350700 nm.

Absorption by water of radiation outside this wavelength

range is almost immediate, Wetzel (1980).

The mean summer (November

to February) value of 1.15 was selected for the simulation because
the thermal structure of the reservoir is not as sensitive to the
extinction coefficient during the cool winter months when convective
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mixing usually penetrates deeper than solar heating.

Stream discharge and inflow temperature data were obtained from
the Water Resources Commission of New South Wales and the
Commonwealth Department of Construction.

The location of the stream

gauging stations are shown in Fig. 3.1.

The Molonglo River discharge

was added to that of the Murrumbidgee River but lesser tributaries
were excluded.

No corrections were made for changes in flow volume

between the gauging stations and the point of entry to the reservoir;
the few missing data were linearly interpolated.

Inflow temperatures

(Fig. 3.14), were measured near the mouth of each river, at the water
surface.

Temperature data for all three of the inflow rivers were

sparse but regularly spaced throughout the year so 90% of the values
are linearly interpolated.

Total daily incident shortwave radiation data were obtained from
the Canberra Bureau of Meteorology.

Measurements were taken at

Canberra, using a Rimco pyranometer Model R/SOLA which has an overall
accuracy of± 7% over periods of 1 day or more.

The measured values

were reduced by 10% to account for reflection off the water
surface.

Reflectivity of shortwave radiation for the water surface

depends on a number of factors, including sun angle, surface
roughness, and the level of suspended solids.

Depending on optical

properties, the range for reflectivity is estimated to be 6 to 24% of
incident radiation (Tennessee Valley Authority (TVA) Report 1972).
The value chosen for the simulation is within this range and agrees
with the estimate of Hillman (1974) for the turbid Lake Burley
Griffin, Australian Capital Territory.
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In addition to the penetration of shortwave radiation, the
surface heat transfers include longwave radiation emitted from and
absorbed by the water surface.

Longwave emission is proportional to

the water temperature and is calculated by DYRESM without additional
input data.

The longwave radiation absorbed by the water is given by

Swinbank's formula (TVA 1972) and is proportional to air temperature,
water surface reflectivity, and cloudiness.

A cloudiness factor is

obtained from the sun ratio (the number of sunshine hours in a day
expressed as a ratio of the assumed maximum value of 12).

Sunshine

hours for Canberra were used and the data were obtained from the
Commonwealth Bureau of Meteorology, Canberra.

Evaporative heat flux is usually computed by DYRESM from wind
speed and the difference in the saturated vapor pressure over the
water surface and the partial vapor pressure of the air.

Humidity

measurements, however, were not available from Burrinjuck Station so
evaporative heat flux was estimated from uncorrected class 'A'
evaporation pan (Commonwealth Bureau of Meteorology specifications
A236) measurements.

The pan was fitted with a bird guard which

according to the Commonwealth Bureau of Meteorology (pers. comm.)
reduces evaporation by 7%.

Maximum and minimum air temperatures were measured by a maximum
and minimum thermometer (made by Dobbie Instruments to Bureau
Specifications and Australian Standard ASR 13-1966) set inside a
Stevenson screen.

The instrument accuracy is to within± 0.3°C but

because the screens were without forced ventilation, readings on hot
clear days could have been 1 to 2°c too high and on clear sky nights
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up to 1°c too low.

The daily mean air temperature was estimated by

averaging the daily maximum and minimum values.

A standard 203 mm

rainguage with a 290 mm collector funnel (No.1508 made by Dobbie
Instruments to Commonwealth Bureau of Meteorology Specifications
A317) was used at Burrinjuck Station during the 1978-1979 period.
Estimated instrument accuracy is 0.2 ± 0.2 mm.

Wind run was measured

by a cup-counting anemometer (Munro, U.K. or Syncrotac type) mounted
at 2 m.

No correction was made to 6 m which is the height for wind

measurements assumed for the bulk transfer coefficients used by
DYRESM.

The anemometer has an accuracy to within± 0.5 m/s for wind

speeds> 8 m/s.

The starting speed of the cup-counting anemometers,

however, ranges from 1.4 to 2.5 m/s, so wind run values on days of
light winds are underestimated.

3.5

Results and discussion

3.5.1

Comparison of simulated and measured temperature
profiles

The simulation of the reservoir was initialized by the average
temperature profile measured on May 10, 1978 (Fig. 3.13a) and
continued without adjustment until May 9, 1979.

The average measured

temperature profiles were compared with the simulated profiles and
the results are shown in Fig. 3.13b to i.

The seasonal thermal

structure was reproduced well; stratification occurred at the right
times and the mixed regions were of the correct magnitude indicating
that the mixing processes are adequately parameterized by the
model.

It should be noted that the temporal resolution of the
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simulation is much finer than that of the field data, so that a nearcontinuous picture of the physical dynamics in the reservoir is
available from discrete data.

The principal discrepancy between the

predicted and measured profiles is that the reservoir cooled more
rapidly than the simulation predicted in the autumn of 1979.

On

May 9, 1979 (Fig. 3.13i), the discrepancy in the mixed layer was
approximately 3°C, the predicted and measured temperatures were about
20°c and 17°c respectively .

Random discrepancies between the

measured and predicted profiles can be expected due to the use of
daily averages of the meteorological variables and bulk transfer
coefficients.

A systematic error, however, suggests a problem with

the input data, some of which are known to be inadequate (Section

3.4).

To identify the most likely source of the excess heat, the
different components of the heat budget were analysed, and the
results are presented in Appendix 7.0.

It was concluded from the

analysis that a 25% underestimate of the evaporative heat flux from
the lake surface (due to the use of uncorrected pan evaporation data)
probably accounts for most of the excess heat produced in the
simulation.

Further refinement of the simulation (by the inclusion of pancoefficients, and correction of the wind speeds) was not attempted
because the main objective of the simulation, to reproduce the
thermal density structure of the reservoir, had been achieved.

The

adequate simulation of the density structure indicates that the
parameters required in Chapter 3 (the turbulent velocity scale in the
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epilimnion and the diurnal depth of the mixed layer excursions) had
been correctly estimated.

3.5.2

The seasonal cycle for 1978 to 1979

The vertical thermal structure of the reservoir between May 10,
1978 and May 9, 1979 is shown in Fig. 3. 13a to i.

The profiles show

a typical cycle for warm regions in a temperate zone where water
temperature never drops below 4°c.

In the summer, the reservoir is

stratified and in winter it is almost homogeneous and easily mixed.

On the first day of the simulations (Fig. 3.13a) conditions were
nearly isothermal with only a slight temperature gradient (0.6°C)
from the top to the bottom of the water column.

Under such

conditions there is little resistance to mixing by wind or by
convective cooling and the reservoir can be regarded as
homogeneous.

There was no discharge at this time (Fig. 3.9a to c).

The Murrumbidgee River water was colder (15.2°C) than the resident
water (16.3°C), and upon entering the reservoir, plunged and flowed
along the bottom (Fig. 3.15); it continued to underflow until midAugust.

The volume of the Murrumbidgee inflow was periodically very

high, up to 7 x 10 4 Ml/day (Fig. 3.8) and affected the bottom
temperature of the reservoir whi 1e the surface temperature was
determined by the meteorological forcing.

A vertical temperature

gradient thus developed so that by August 16 the temperature
Jifference between the surface and the bottom had increased to more
than 2°c.

The high winter inflows were accompanied by large outflows

over the sluice and spillway (Fig. 3.9a).

Discharges from the two
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dam wall outlets were comparatively small (Fig. 3.9b and c) and did
not affect the density structure of the water column.

When the

reservoir is unstratified, withdrawal occurs equally from all
directions, so that the water flows radially towards the outlet
(Imberger and Patterson, 1981; Fischer et al. 1979).

From late August, solar radiation was increasing (Fig. 3.7) and
heating was beginning to dominate the surface heat flux so that by
September 9, the surface reservoir temperature had increased to about
7°C (Fig. 3.13c).

The modal wind velocity during August to early

September was low, less than 1 m/s, which was insufficient to
continue distributing the incoming solar radiation evenly with depth
and the first signs of stratification appeared.
4
The highest outflows of the simulation period (7 x 10 Ml/day)
occurred over the spillway and sluice at this time, on September 8
and 9, 1978 (Fig. 3.9a), but the vertical temperature gradient within
the reservoir was so weak that no detectab 1e change in the
temperature profile was induced.

The Murrumbidgee River inflow temperatures had been increasing
from mid-July, and by early August were slightly higher than the
bottom reservoir temperatures.

The temperature difference, although

less than one degree, was sufficient to cause the inflow to enter the
reservoir above the bottom (Fig. 3.15), at the depth at which the
density of the host water matched that of the inflow.

This inflow

depth shallowed throughout August because the river heated more
quickly than the large volume of water in the reservoir.

By the end
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of August, the river temperature was about the same as the surface
reservoir water (about 1O°c) and the inflow either overflowed, or
entered just below the surface depending on daily meteorological
fluctuations.

Overflow or sub-surface intrusion continued until

March, a total of 7 to 8 months.

Solar heating continued to increase from October to January and
stratification intensified further (Fig. 3.13d tog).

Three distinct

temperature zones, highly resistant to mixing with each other were
formed:

the surface mixed layer or epilmnion, stirred by wind and by

convective mixing, a zone of rapid temperature change, the
metalimnion, and the quiescent water below, the hypolimnion.

The

depth of the seasonal mixed layer during the summer period was 8 to 9
m.

A shallower diurnal mixed layer (discussed in the following

section), is recognizable in all four of the summer profiles (Fig.
3.13d tog).

During the November - January period, inflows and outflows were
small.

The small outflows did not affect the shape of the

temperature profiles because under the prevailing conditions of
strong stratification and a weak temperature gradient in the
hypolimnion, flows are selective (Imberger and Patterson 1981).

That

is, the fluid below the offtake remains unaffected by the outflow and
the fluid above falls vertically to make up the volume lost.

The

epilimnion also remains unaffected because the strong buoyancy force
keeps the hypolimnetic and epilimnetic water from mixing.

As a

result the whole epilimnetic layer drops when the water beneath is
removed.
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The stratified conditions persisted (Fig. 3.13g and h), but
there was a progressive deepening of the thermocline to about 17 m by
winds which had increased in average intensity (Fig. 3.6), and by
strengthened convective overturn in autumn.

As a result of

entrainment of colder hypolimnetic water and reduced solar radiation,
the temperature in the mixed layer dropped from a range of 22 to 26°c
in January, to a range of 20 to 22°c in March.
temperature had decreased to about 16°c.

By May 9, 1979 the

The discrepancy between the

measured and predicted temperature on this date (Fig. 3.13i) is
discussed in Section 3.5.1 and Appendix 7.0.

The predicted temperature profile on the final day (Fig. 3.13i)
suggests that the reservoir may not have returned to the homogeneous
thermal structure of the previous year.

There were no data from the

deeper main basin at this time, but the measurements shown for March
28, 1979 (Fig 3.13h) indicate that persistence of stratification in
The reservoir was 10m deeper in May 1979 than in May

May was likely.

1978, however, so that erosion of the thermocline and return to
isothermal conditions would have taken longer to complete, assuming
similar meteorological forcing in both years.

3.5.3

3.5.3.1

The diurnal cycle

Introduction

The seasonal temperature structure in the reservoir reflects the
cumulative effect of the diurnal heating and mixing cycles over many
successive days.

The mechanisms which act together to form the
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seasonal pattern of thermal stratification function in the diurnal
cycle.

Because these mechanisms are active at time scales important

to phytoplankton dispersal and growth, they are dealt with here in
some detail.

A qualitative description of the physical processes is

given first, and their effect on mixed layer formation and deepening
is illustrated using DYRESM simulations and measured temperature
profiles.

For a quantitative description of the processes see Rayner

(1980), Imberger and Patterson (1981) and Turner (1981).

The thermal structure of the reseNoir surface water fluctuates
on a diurnal time scale, whereas below a depth of several meters, the
structure varies on a seasonal time scale.

The diurnal temperature

fluctuations are greatest in summer because solar radiation is most
intense.

Solar heating, in the absence of wind, (that is, with small

evaporative and sensible heat losses) induces a stable buoyancy
gradient identifiable by a temperature rise in the surface layer.
The depth of penetration of the shortwave radiation depends on water
clarity; usually most heat is absorbed in the first meter or so,
because it is transmitted as light which is exponentially absorbed
with depth (Section 4.4).

The stratification breaks down when there

is enough energy available from wind stirring to overcome the stable
buoyancy gradient, or when the surface begins to cool.

Surface

cooling causes a buoyantly unstable temperature structure and induces
convective mixing which resolves the instability.

Convective mixing

is prevalent at night when radiative heat loss dominates the thermal
exchange at the surface.

The depth to which mixing occurs depends on the energy required
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for mixing compared with the energy available.

The energy required

to mix a layer of colder, heavier water with a layer of warmer water
lying above it is proportional to the density difference between the
layers and their respective masses.

On some days, mixing may only deepen the diurnal mixed layer,
but on other days mixing may penetrate to the base of the seasonal
thermocline and erode it.

Successive diurnal mixed layers may

develop if several periods of heating and mixing occur (Rayner
Such a sequence forms identifiable steps in the temperature

1980).
profile.

Wind provides mechanically generated energy for mixing in two
ways:

from surface waves breaking on the surface and inducing

turbulence, and from shear stress at the epilimnion-hypolimnion
interface.

Shear stress is caused by the epilimnetic water being

driven in one direction by the wind, and the hypolimnetic water
moving in the opposite direction to counter this flow.

The reverse

flows cause "bi 11 ows" to form at the thermocl i ne which have the
effect of smearing the otherwise sharp transition between the
epilimnion and the hypolimnion

3.5.3.2

DYRESM simulation of the diurnal cycle

The DYRESM sub-daily loop (see Fig. 3.12) begins by modeling
the surface heat exchanges (absorption of short-wave radiation and
evaporative, conductive and long-wave radiation exchanges).

Short-

wave radiation penetration occurs only in the second 12 hours of the
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day and depth of penetration follows the Beer-Lambert law (equation
4.5).

The evaporative, conductive and long-wave heat exchanges

affect only the surface layer.

To the resultant density profile,

mixing is applied in four distinct sections.

First, the density of

the surface layer is checked against that of the layer below, and if
an instability exists, the layers are mixed, a new density is
computed and compared with that of the next layer below.
is repeated until a stable gradient is achieved.

The process

The potential

energy released by convective overturn is then added to the energy
available from wind stirring, along with any energy remaining from
the previous time step.

Thus the total available energy from

stirring mechanisms is applied layer by layer until there is
insufficient energy available for further deepening.

To any residual

energy is added energy made available from shear production (adjusted
for the new surface layer thickness).

Deepening is then applied to

further layers by again comparing the available energy with the
energy required to mix each consecutive layer.

Finally, the

resulting sharp interface between the mixed layer and the layer below
is relaxed over the billow thickness.

The simulated depth of the mixed layer in Burrinjuck Reservoir
is shown for a 48 h summer period in Fig. 3.16.

During session A,

the mixed layer deepened slightly (a to b) by the energy made
available from convective overturn, wind stirring and shear
production.

During session B, the net result of all the mixing

processes was a slight shallowing of the mixed layer (c to d) because
of billow production at the thermocline.

Session C shows a

shallowing of the mixed layer from penetrative radiation during the
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'day' (d toe).

The combined effect of convective overturn and wind

stirring subsequently deepened the mixed layer (e to f).

Shear

production deepened the mixed layer further (f tog) and billowing
shallowed it slightly (g to h).

The next day, the general pattern is repeated with differences
in detail.

For example, in the first night session, the mixed layer

deepened by about 1.5 mover the depth of the previous day.

The

average wind velocity was slightly lower from that of the previous
day (2.6 m/s and 3.1 m/s respectively and the air temperature was
slightly higher, 24.6°c and 24.o 0 c respectively).

This would have

resulted in somewhat less energy input from wind stirring, shear
production and convective mixing on the second day, but deepening of
the mixed layer nevertheless occurred because of the large amount of
residual energy available from the first day.

This energy was

depleted by session E and no additional deepening occurred (k to 1),
only some shallowing due to billowing (l tom).

The shortwave input

was higher on day two (29900 kJ m-2day- 1 ) than day one (22300 kJ
m- 2day- 1 ) and the sun ratios were the same (0.9) so that the mixed
layer depth (m ton) was shallower on day two than day one (d toe).
Moreover, the energy available for mixing was less, due to lower wind
velocities and less evaporative cooling, with the result that the
mixed layer at the end of day two (q) was shallower than at the end
of day one (h).

There were no diurnal temperature measurements taken in the
field during the 1978-1979 period of simulation, so that the DYRESM
results cannot be compared with measured data. Field measurements
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taken at a later date (Fig. 3.17) are used in the following section
to discuss the effect of the heating and mixing processes on the
thermal structure of the water column.

A comparison between a

simulated and a measured result would have to take into account the
fact that the heating, cooling and mixing processes are modeled
sequentially within each session so that only the mixed layer depth
at the end of each session could coincide with field data.

Moreover,

DYRESM estimates of mixed layer depth are based on daily average data
for all of the forcing functions.

In the case of wind, averaging the

data would underestimate the intensity of mixing if the wind on a
The power input

particular day was distributed in a few short gusts.

of the wind varies as the cube of the wind speed so that short bursts
have greater mixing potential than averaged values.

The good

reproduction of the seasonal thermal structure however, indicates
that the significant changes in the depth and intensity of mixing
with mixed layer are adequately modeled on a sub-daily basis.

For

this reason the OYRESM simulations can be used to characterize the
mixed layer dynamics in Burrinjuck Reservoir, and to parameterize
some of the physical processes important to phytoplankton growth.

3.5.3.3

The diurnal cycle of thermal structure:

field

measurements

The diurnal pattern of cooling and heating was measured in the
top 14 m of Burrinjuck Reservoir approximately 5 km downstream of
Site 103 (Fig. 3.2) on December 26, 1979 (Fig. 3.1~).

The average

wind speed, sunshine ratio and radiation intensity for that day are
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given in the figure legend.

Four temperature profiles were measured between midnight and
1700 h.

The temperature profile at midnight indicated an isothermal

layer of 4 m depth and a gradual gradient of decreasing temperature
to approximately 12 m, the depth of the seasonal thermocline.
Throughout the night, the surface water progressively cooled and
convective overturn deepened the miAed layer to approximately lm by
0600 h.

By noon the following day, solar heating had increased the

surface temperature and wind mixing was sufficiently weak to allow a
shallow (about 1 m) mixed layer to form.

The discontinuities which

appear in the temperature profile are skeleton structures of earlier
mixed layers which had formed sequentially during the morning because
solar heating had been rapid and wind mixing had not been strong
enough to homogenize preceding layers as new ones formed above.
(Field observations made by Rayner (1980) indicate that a thermocline
retains its position once solar heating dominates and new mixed
layers subsequently form within the old layer).

By 1700 h, surface

temperature peaked, but the deeper skeleton structure, visible at
noon, had disappeared due to strong wind mixing during the
afternoon.

The shallow mixed layer formed after winds died down

because solar heating was still rapid in the late afternoon.

Towards

early evening cooling would again dominate surface heat flux.
Surface water would become cooler than that below, destabilizing the
thermal structure and initiating convective mixing.

This, together

with any wind stirring would deepen and homogenize the mixed layer to
repeat the diurnal cycle.
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3.5.3.4

Daily variation of the mixed layer depth

As already discussed, the diurnal cycle varies in detail from
day to day as a function of local meteorological conditions and the
optical quality of the water.

In winter, solar heating is much

reduced and stratification is consequently less marked during the day
and breaks down completely during the night.

The variability in the

depth of the diurnal mixed layer in Burrinjuck Reserviour is
illustrated from the computed mixed layer depths (Fig. 3.18) produced
by DYRESM for the end of the 'day' and the 'night' periods (Fig.
3.16) before adjustment for billowing is made.

In summer, the 'day'

and 'night' mixed layer depths are shallow; the 'day' depth is less
than 2 m on average and the 'night' depth ranges between 2 and 8 m,
but is usually less than 4 m.

The 'day' pattern is representative of

the depth to which algal cells are circulated during the day but does
not necessarily represent a maximum or a minimum depth.

From the

above analysis of the diurnal cycle, it is clear that multiple
periods of stratification followed by mixing are common during a
summer day.

The 'night' depth however, is representative of the

maximum mixed layer depth for that day because mixing is usually
deepest at night, when convective overturn prevails and no shallowing
can occur.

The maximum mixing depth is important to phytoplankton growth
because it determines the depth to which cells are mixed relative to
the depth of light penetration, and it determines the depth at which
some cells remain after stratification is initiated the following
day.

If night mixing is deep and stratification on the subsequent
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day shallow, some proportion of cells of negatively buoyant species
may be caught below the photic depth during the following day (for a
discussion of the effect of mixed layer depth on phytoplankton
growth, see Section 4.9).

The maximum depth of the mixed layer relative to the intrusion
depth of the nutrient-bearin g river water is also important to
phytoplankton growth because it determines whether or not nutrients
are supplied directly to the epilimnion.

If the river enters below

the mixed layer, nutrient availability is controlled by the rate of
diffusion through the thermocline.

The 'night' mixed layer depth

plotted together with the upper bound of the Murrumbidgee River
intrusion layer (Fig. 3.19), shows that in summer, the river water
enters the reservoir within the epilimnion most of the time and
therefore the river-borne nutrients are readily available to the
phytoplankton.

3.5.4

Scaling of the velocity of turbulent fluctuations in the
mixed layer

In addition to scaling the depth of the diurnal mixed layer
excursions, a velocity scale for the turbulent fluctuations in the
mixed layer was required for a study of vertical mixing processes on
phytoplankton production.

This parameter was required for the

prediction of the vertical distribution of a population of cells.
Vertical distribution is determined by the balance between the
influence of turbulence and the influence of cell buoyancy on cell
transport.

The vertical population density distribution in turn
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governs the exposure of the population to available light and thus
strongly influences its growth (Chapter 4).

A

measure of the turbulent root mean square velocity (q*) in the

mixed layer is calculated by DYRESM at each sub-daily session.

q*

represents the velocity of the turbulent fluctuations resulting from
two power inputs, wind stress and penetrative convection, the effects
I

of which are assumed to be cumulative.

I

I

The assumptions and

derivation of the expression for q* are discussed by Fischer et al.

I
I

(1979) and Imberger and Patterson (1981).

The values of q* for Burrinjuck Reservoir range from Oto 1.2

I

m/s.

The percent frequency of q* values during the period November

to March (the growth season) and the remainder of the year is shown
I

in Fig. 3.20a and b respectively.

!

The range of modal values of q* in

the summer period is broader than in the winter months and high
values are more prevalent.

Since there is no marked difference in

the daily wind speed between the two periods (Fig. 3.6), the change
in the prevailing values of q* reflects the importance of convective
motion to mixing.

3.6

Summary

The thermal structure and internal dynamics of Burrinjuck

I

Reservoir, N.S.W. were described for a one year period (May 1978 to
May 1979) using DYRESM, a one-dimensional process-orienta ted
simulation model developed by Imberger et al. (1978).

The simulation

was used to scale the diurnal mixed layer excursions and the velocity

.....
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of turbulent fluctuations so that the effect of vertical mixing on
phytoplankton growth could be investigated and described (Chapter 4).
I

The model faithfully reproduced the annual cycle of the observed
thermal density profiles; the pattern was one of winter mixing and
summer stratification, characteristic for warm temperate regions
where lakes do not freeze.

A typical diurnal cycle of mixing and

stratification was described for a summer day using the model results
to exemplify the effects of the various physical processes:

wind

stirring, shear production, thermocline billowing, convective
overturn and stratification from solar heating.
I

Diurnal changes in a

measured temperature profile were interpreted in the light of these
effects.

The diurnal, day-to-day, and seasonal variation in the

mixed layer depth was described from the simulations.

The insertion

I

depth of the major inflow, the Murrumbidgee River, was compared with
I

the maximum depth of the diurnal mixed layer over the year.

The

simulation showed that the river intrusion enters the reservoir
within the epilimnion over most of the summer period.
I

i

The velocity of the turbulent fluctuations in the mixed layer
were parameterized in DYRESM from the kinetic energy available from
wind stirring and convective overturn.

The estimates of the velocity

scales were higher in summer than in winter and it was deduced that
I

the energy contribution of convective overturn caused the summer

I

increase in modal values of q*.

'

Table 3.1

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sept
Oct
Nov
Dec
Annual
Total
*
**
***
#

and
Average rainfall , number of rain days, inflow and outflow volumes for Burrinjuck Reservo ir
monthly release volumes for 1978 and 1979.

Average*
Rainfall
mm

Average**
Rain Days

Average***
Total
Inflow
'(Ml X 10 3 )

Average#
Release
( Ml X 10 3 )

SD

Max

Min

60
56
60
70
85
98
98
102
78
87
69
60

6
6
6
8
9
12
13
14
11
11
9
7

60
48
68
70
90
151
191
187
168
172
112
67

148
122.5
52.3
22
17 .8
101
198.7
91.3
174.5
286.4
164.5
128

45.5
46.2
19.0
24.6
27.5
215.4
284.8
80.4
280.4
300.1
58.8
54.7

206
156
78
66
73
527
687
206
704
686
251
201

76
46
28
2
2
0
0
2
5
23
88
54

923

112

66 years of records
44 years of record
80 years of record
1975-1980 includes spills

1384

1507

1978

1979

Ml x 10 3
158
149
78
2
2
272
399
85
704
145
208
121

206
156
32
7
9
6
2
3
9
23
134
169

2323

757

Table

3.2

Flow characteristics of the Murrumbidgee, Vass and
Goodradigbee Rivers from November 1976 to March 1980.

Mean

Mode

Flow (Ml/day)
Medi an

Mini mum

Maxi mum

2800

100

1000

20

92100

Vass

180

0

30

0

17900

Goodradigbee

700

200

390

50

7220

Murrumbidgee

Table

Light extinction coefficients (Ke) for Burrinjuck
Reservoir. Measurements were made by D. Carpenter with
an LI-185 quantum meter fitte d wit h an LI-1925
underwater sensor (Lamda Instrument Corporation,
Lincoln).

3.3

Date

Ke+ S.D.

23. 6.78

3.1914

11. 7.78

4.4868 +

Depth of 1% of
surface light
transmission (m)

1. 4

o. 7136

1. 3

1. 9.78

2.8241 ± 0.4329

1. 6

15.11.78

1. 3721 ± 0.6926

3.4

7.12.78

1. 2264 + 0.2466

3.2

15. 1. 79

0.9883 ± 0.2234

4.7

27. 2.79

2.1637 + 0.0378

2.1

3.10. 79

0. 8718 + 0.1858

5.3

12.10.79

0.7916 + 0.0138

5.8

Table

3.4

Storage volume - surface area - depth relationships for
Burrinjuck Reservoir. Depth is measured at the dam
wa 11 •

Depth

Storage Volume

Surface Area

(m)

( Ml )

(km 2 )

.00
3.05
6.10
9.15
12.20
15.83
18.29
21.34
24.39
27.44
30.48
33.53
36.58
39.63
42.68
45.72
48. 77
51.82
54.87
57.92
60.96
62.49
64.01
67.06
70.11
71. 33

0
25
191
811
2417
6265
15340
30826
52779
80415
113207
151729
197289
250738
312896
384724
467889
562817
671469
798152
944708
1026327
1113256
1303322
1514798
1605334

.oo

.05
.08
.35
.81
1.89
4.05
6.12
8.22
9.92
11. 65
13.79
16.22
18.91
21. 93
25.30
29.27
33.21
38.32
44.84
51. 56
55.44
58.68
65.97
72.85
75.68

Table

3.5

Physical data for Burrinjuck Dam and Reservoir

(m)

Crest level of dam

62.49

Top off-take level

21. 34

Bottom off-take level

13.11

Width of dam at:
crest level

146.30

top off-take level

60.96

bottom off-take level

21. 33

Length of reservoir at:
crest

40000.

top off-take

15000.

bottom off-take

9000.

Figure 3. 1

Loc ation map of Burrinjuck Reservoir, New South Wales,
showing the flow gauging stations.
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Figure 3.2

Location of sampling sites on Burrinjuck Reservoir used
by the Commonwealth Department of Housing and
Construction for water quality monitoring.

BURRINJUCK RESERVOIR
AT TOP WATER LEVEL

•
10 2 •

RIVER SAMPLING SITE
LAKE SAMPLIN G SITE AND NUMBER .

1

0

2

Sca le

3

4 km

GOODRADIGBEE
ARM

Fi gu re 3. 3

Dail y Class 'A' pan evaporation measured at Burrinjuck
Dam station (No.073131)

Fi gure 3.4

Total daily rainfall measured at Burrinjuck Dam station
(No.073131) using a standard 203 mm raingauge with a
290 mm collector funnel (No.1508, made by Dobbie
Instruments to Commonwealth Bureau of Meteorology
Specifications A317).

Fi gure 3.5

Mean daily air temperatures estimated by the average of
the maximum and minimum measured at Burrinjuck Dam
station (No.073131). A Stevenson screen with maximum
and minimum thermometers (made by Dobbie Instruments to
Commonwealth Bureau of Meteorology Specifications and
Australian Standard ASR 13-1966) was used.
Note:

Letters designating months on x-axis are spaced
at 30 day intervals.
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Figure 3.6

Mean daily wind speed calculated from daily wind run
measured at Burrinjuck Dam station (No.073131) with a
cup-counting anemometer (Munro, U.K.) mounted at 2 m.
The starting speed of the anemometer was between 1.4
and 2.5 m/s. Accuracy was± 0.5 m/s for wind speeds
above 8 m/s. See Section 3.4 for discussion.

Figure 3.7

Total daily short wave radiation measured at Canberra
by the Bureau of Meteorology using a Rimco pyranometer
with an estimated instrument accuracy of 6.48 + 6.48
X 10- 5 J/m 2 •
Note:

Letters designating months on x-axis are spaced
at 30 day intervals.
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Figure 3.8

Daily inflow volumes of the Murrumbidgee (A) Vass (B)
and Goodradigbee (C) Rivers from November 1976 - March
1980 measured at the flow gauging stations shown in
Fig. 3.1. Molonglo River flow was added to that of the
Murrumbidgee. The data were provided by the Water
Resources Commission of New South Wales and the
Commonwealth Department of Housing and Construction.
Note:

Letters designating months on x-axis are spaced
at 30 day intervals.
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Figure 3.9

Overflow and discharge volumes from Burrinjuck
Reservoir. Data were provided by the Water Resources
Commission of New South Wales.
Note:

Letters designating months on x-axis are spaced
at 30 day intervals.
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Figure 3.10

Fluctuations in the maximum depth of Burrinjuck
Reservoir.
Note:

Letters designating months on x-axis are spaced
at 30 day intervals.
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Figure 3.11

--

Schematic representation of the thermal structure of a
reservoir, the heat and energy transfer across the
water surface, and the alternative modes of river
intrusion. (Redrawn from Fischer et al. 1979.)
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Figure 3.12

Flow chart for DYRESM adapted from Imberger and
Patterson, (1981); iH denotes the minimum sub-daily
time interval (15 min).
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Figure 3.13

A comparison of the measured temperature profiles
(dots) and those simulated by DYRESM (solid line) over
one year from May 10, 1978 to May 9, 1979. The profile
for May 10, 1978 was used to initialize the program.
The depth scale is with reference to the bottom of the
reservoir. The field data, mainly collected at Sites
102, 103 and 104 (Fig. 3.2), in the shallow end of the
reservoir, were averaged to produce the profiles shown.
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Figure 3.14

The Murrumbidgee River inflow temperature as measured
near the mouth of the river, at the water surface.
Approximately 90% of the values are linearly
interpolated from regularly spaced measured values.
The data were provided by the Commonwealth Department
of Housing and Construction.

Figure 3.15

The simulated depth and thickness of the Murrumbidgee
River intrusion layer into Burrinjuck Reservoir is
shown by the shaded area. The depth of the insertion
depends on the density of the river water relative to
that of the host water. Salinity was not simulated and
temperature was the only determinant of density. If
the river water is warmer, it overflows, if it is
colder, it underflows; at other times it intrudes into
the body of the reservoir at the depth at which its
density mat ches that of the resident water. The depth
of the reservoir during this time is shown in Fig.
3.10.
Note:

Letters designating months on x-axis are spaced
at 30 day intervals.

MURRUMBIDGEE RIVER IN FL0I TEMPERATURE

0
I')

.,.
N

<D

200

100

0

500

400

300

600

700

800

900

1 000

11 00

1 200

N D J F MA MJ J A S 0 N D J F MA MJ J A S 0 N D J F MA MJ J A S O N D J F M
1980
1979
1978
1977

DEPTH OF MURRUMB IDGEE RIVER INTRUSION LAY ER

0

l

gN
0

I
I-

o..o

1..Ls;r0

0
<.D

0
CX)

M
1978

100

50

0
j

j

A

150

s

0

200

N D

300

250
j

1979

F

350

M A M

400
j

-

Figure 3.16

Simulated diurnal mixed layer dynamics.Two summer days,
January 19 and 20, 1979 were selected to illustrate the
simulation of the mixed layer depth as a function of
surface thermal exchanges and mixing. The solid line
represents the depth of the mixed layer at the end of
each session, marked A to F. Sessions are periods of
simulation ranging from a minimum of 15 min to a
maximum of 12 h. The length of each session within
this range is determined by the amount of heat exchange
through the surface and the wind shear. The program
limits the change in the surface temperature before
mixing to a maximum of 3°C and the mean shear velocity
to 1 cm/s over the previous value. In effect, this
means that if solar input is weak and wind velocities
are low, the sessions are long and if the converse is
true, sessions are short. The positions designated by
the letters a to q are explained in the text, but
basically the letters refer to the change in the depth
of the mixed layer after one or more of the following
processes have been simulated: heating and cooling
(e.g. d toe); deepening due to wind stirring and
convective overturn (e.g. e to f); deepening due to
shear production (e.g. f tog); relaxation of the
density gradient due to billowing at the thermocline (g
to h).
'Night' (first 12 hours) spans the period of no
solar input and 'day' (> 12 to 24 h) spans the period
of solar heating.
The meteorological inputs for January 19 and 20
respectively, are given below: wind velocit~, 3.1 and
2.6 m/s; mean air temperature, 24.0 and 24.6 C; sun
ratio~ 0.9 and 0.9; solar radiation, 18955 and 25415
kJ m-l day-1.
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Figure 3.17

Temperature profiles measured at different times of day
in Burrinjuck Reservoir, near Site 104, on December 27,
1979. The first profile was taken at 0000 h. An
E.I.L. Model 1520 temperature probe of accuracy 0.5° ±
o.2s 0 c was used. The average wind velocity was 2.6
m/s; the sunshine ratio w s 0.8; total incident solar
2 The profiles show a
radiation was 29,700 kJ/m.
typical diurnal pattern of cooling and heating: the
mixed layer deepened during the night from 0000 h to
0600 h, due mainly -to convective overturn; the
'stepped' 1200 h profile shows that multiple periods of
heating followed by mixing had occurred during the
morning. By 1700 h, wind had mixed the water column to
a depth of about 6 m, and subsequent heating caused a
shallow stratified layer to form at the surface. The
seasonal thermocline was between 10 and 12 m.
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Figure 3.18

The simulated 'day' (A) and 'night' (B) mixed layer
depths in Burrinjuck Reservoir between May 10, 1978 and
May 9, 1979. Each 'day' value represents the depth at
the end of the 12 hour period of solar radiation input,
prior to adjustments for billowing. The depth is
representative of a daytime mixed layer, but does not
necessarily represent either the maximum or the minimum
for that day. Multiple periods of stratification and
mixing usually occur during the day and the mixed layer
depth is variable. The 'night' depth represents the
end of the 12 hour period without solar heating, prior
to adjustments for billowing. The 'night' depth can
usually be regarded as the maximum depth for the day,
since mixing is continuous and convective overturn
prevails at night.
Note:

Letters designating months on x-axis are spaced
at 30 day intervals.
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Figure 3.19

The 'night' mixed layer depth (solid line from Fig.
3.18) and the upper bound of the Murrumbidgee River
intrusion layer (dotted line from Fig. 3.16). The
comparison shows that during the summer growth season,
nutrients carried by the inflow are directly available
within the epilimnion and algal growth is not dependent
on the slower rate of supply of nutrients by diffusion
through the thermocline.
Note:

Letters designating months on x-axis are spaced
at 30 day intervals.
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Figure 3.20

Percent frequency distribution of q* ,*the turbulent
velocity scale in the mixed layer. q is calculated by
DYRESM at the end of each sub-daily session (defined in
Fig. 3.15) and is a measure of the velocity of the
turbulent fluctuations produced by the kinetic energy
inputs from surface wind stirring, shear production,
and convective overturn. The observations for the
years (May 10, 1978 to May 9, 1979) were divided into
two periods, roughly coinciding with the active growth
season for Microcystis (November-March), (A) and the
remainder of the year (B). The prevalence of higher
values in the summer period (A) is due to the increased
influence of c~nvective overturn at that time of
year. These q values provided the turbulent velocity
scale for the estimates of the coefficient of eddy
diffusivity in Chapter 4.
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CHAPTER 4

4.1

THE ROLE OF CELL BUOYANCY IN PHYTOPLANKTON PRODUCTIO N

Introduction

In Chapter 2 it was proposed that bloom-formation by Microcystis
can occur because its cells are positively buoyant, thus increasing
the average exposure of the population to light, and enhancing its
opportunity for photosynthesis.

However, as pointed out by Kalff and

Knoechel (197 8), positive buoyancy precludes cells from settling, and
in this way also contributes to the development of large
populations.

The aim of the present chapter is to define the roles

of cell buoyancy in phytoplankton production in a light-limited,
turbulent environment.

The average exposure to light of a population of cells in a
vertical light gradient depends upon the vertical density
distribution of the population.

In a turbulent environment, such as

the mixed layer of a lake, this distribution is determined by the
balance in the vertical transport of cells under the influence of
their own buoyancy and under the influence of turbulent diffusion.
Turbulence acts to randomize the distribution over the depth of the
mixed layer, and cell buoyancy acts to restore a degree of
organization.

If cells are strongly negatively buoyant, the

population density ~FadieA~ tends to increase with depth; if cells
are strongly positively buoyant the population density 9-Pa~ient
increases towards the water surface.

Since light attenuates with

depth, a population characterized by a 'top-heavy' distribution will
have a greater potential for photosynthesis than a population
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distributed in some other manner.

In this chapter, the potential for growth of positively buoyant
(rising) species and negatively buoyant (sinking) species is
compared.

The comparison is simplified by restricting the analysis

to the effects of cell buoyancy, turbulent diffusion, mixed layer
depth and light availability on phytoplankton production potential in
lakes and reservoirs.

The aim is not to predict long-term biomass

changes, which would require that the effects of temperature,
nutrients and grazing be included.

Rather, the function of the

analysis is investigative and the aims are to derive generalized
relationships among a restricted number of variables.

The investigation is structured around a simulation model
developed by Vincent Lyne and myself from the original onedimensional model of Riley et al. (1949).

Their model relates the

time rate of increase in phytoplankton concentration to vertical
mixing or eddy diffusivity and cell sinking velocity.

We modified

the model to include rising velocities, so that positively buoyant
cells were simulated, and introduced a mixed layer of finite depth, a
quiescent hypolimnion, and light-dependent growth (Fig. 4.1).

The

equation was solved numerically for non-steady-state conditions (Lyne
1982).

The physical parameter values are based on the internal

structure and dynamics of Burrinjuck Reservoir derived from the
simulation described in Chapter 3.

The remainder of the chapter is organized as follows:

first, a

brief introduction is given to modeling the physical transport and
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growth of phytoplankton; second, the proposed model and its
parameterization is discussed; third, a sensitivity analysis of the
controlling variables of the model is made using scaling arguments;
fourth, the simulation results are presented and discussed in the
context of Burrinjuck Reservoir; fifth, a summary of the results is
given; and sixth, suggestions for future work are made.

Throughout this chapter the behaviour of 'rising' species is
based on the attributes of Microcystis in Burrinjuck Reservoir,
N.S.W. but the principal conclusions relating to the effects of
buoyancy would apply to other epilimnetic blue-green algal species.
Because other bloom-forming blue-green species fix atmospheric
nitrogen, however, they cannot be regarded as physiologically similar
to 'sinking' species, as is Microcystis for the purposes of the
present analysis.

f.2

Turbulent diffusion - phytoplankton growth models

Turbulence in the mixed layer of a lake is mainly generated by
the power input from the wind and the release of kinetic energy from
convective plumes which consist of the penetration of negatively
buoyant (surface cooled) water into the body of the lake (Chapter
3).

The power input from the wind produces turbulent kinetic energy

directly by pressure fluctuations on the water surface, by the
mechanical stirring of breaking waves and by inducing a mean motion
in the epilimnetic water.

This drift current in the epilimnion has

an associated mean shear which may generate further turbulent kinetic
energy at the thermocline.

For practical problems of dispersal of
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passive tracers, it is usual to regard the collective effect of these
processes as producing random turbulent motion.

If the motion

s

po~sses randomness, it effects diffusion and so can be considered
analogous to molecular diffusion provided that the tracer cloud is
larger than the size of the energy bearing eddies (Fischer et al.
1979; Okubo 1980).

Turbulence in the mixed layer is composed of a

large range of scales, bounded at one end by the molecular
dissipation scale and at the other by the depth of the mixed layer.
The tracer cloud, in this case, the phytoplankton population, also
scales with the depth of the mixed layer.

For a first order

approximation of the interaction between cell buoyancy and turbulent
diffusion, however, the analogy is considered adequate.

Its

application means that the dispersive characteristics of the upper
layer are described in a gross, average sense by a single parameter,
the coefficient of eddy diffusivity.

Riley et al. (1949) were the first to apply an eddy diffusivity
to describe the vertical dispersal of phytoplankton.

They related

the local time rate of increase of the mass concentration of
phytoplankton to the following three processes:
aP

-

at

where

/p

= K -- -

a/

aP

v -

az

+ aP

( 4 .1)
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p

=

the mass concentration of phytoplankton (mass/volume)

K

=

the vertical coefficient of eddy diffusivity
(length 2/time), assumed constant

2

a

P

K-

a/

the rate of change of mass concentration due to the
a
gradient (az) in the flux (K ~az ) (see Fischer et al.
( 1979) or Okubo (1980) for the derivation of the diffusion

=

equation)
v -aP

az

=

the rate of change of mass concentration due to settling
of cells under the influence of negative buoyancy.

This

is analogous to an advective flux describing mass
transport by the mean motion of the fluid (Fischer et al.
1979; Okubo 1980).

v

=

the still water sinking velocity of cells which was
assumed to be constant for the whole population and
independent of depth (length/time)

a

=

1
net production coefficient of phytoplankton (time- )
(photosynthetic rate minus respiration rate and grazing
rate)

z

=

depth (length), positive downwards

t

=

time
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Riley et al. (1949) solved the equation analytically for steady
state using two layers, the euphotic zone in which the growth rate
was vertically averaged and an infinitely deep layer below which
The equation of Riley et al. (1949)

growth was assumed to be zero.

is basic to all subsequent models describing the distribution of a
non-conservative biological variable in aquatic systems.

The

different terms, however, have been modified by various investigators
depending on their modeling objectives and on the amount of detail
(realism) wanted in their descriptions.
be found in Platt et al. (1977).

A comprehensive review can

Some workers for example, Iverson

et al. (1974), Winter et al. (1975) and Jamart et al. (1977), aimed
to simulate seasonal periodicity of observed phytoplankton
populations in particular geographical locations, and such models are
necessarily highly elaborate.

The net growth term in particular was

refined in each of these models to include light- and nutrientdependent growth and loss rates.

A general loss term was included by

Iverson et al. (1977) and was used to 'tune' the model, that is, to
improve the fit to observed values.

Winter et al. (1975) and Jamart

et al. (1977) derived explicit expressions for respiration and
grazing losses and the latter was also used by Jamart et al. to tune
their model.

Other workers have used the Riley et al. (1949) type of model as
an explanatory tool to investigate relationships a~ong the various
parameters, which is the aim also of the present study.

Radach and

Maier-Reimer (1975) for example, used a slightly modified version of
equation 4.1 to study the interactions between turbulent diffusion,
sinking velocity and light penetration (physical processes) and
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phytoplankto n production.

Production was simulated as light- and

nutrient-dep endent photosynthe sis, and included a linear term
representing losses due to respiration and grazing.

The diffusion

and advection terms in the equation were unchanged.

Bella (1970)

used the Riley et al. type of model to investigate the effect of
variations in sinking velocity and depth-depen dent eddy diffusion on
seasonal production.

Schnoor and Di Toro (1979) used an analytical

solution to equation 4.1 to calculate the maximum sinking velocity
and/or death rate which could be tolerated by a population given
different conditions of turbulence and growth rates.

I am not aware of any models which have incorporated a cell

rising velocity or of any rigorous attempts to analyse the
implication s of positive buoyancy on phytoplankto n production.

To do

so required that the sign of the parameter v, in equation 4.1 be
changed, and that an appropriate top boundary condition be defined.
To compare the behaviour and production of positively and negatively
buoyant cells, a mixed layer was also incorporate d.

The resulting

model is described below.

4.3

The proposed model

A schematic representati on of the proposed model is shown in

Fig. 4.1.

The model structure is expanded and discussed in the

following sections, but its summary form is given by
2
2
P
aP
a P
aP
+ g ( I ){ P - (-p- ) }
-= K- - v z
a
2
at
max
az

(4.2)
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where P,K,z, and tare defined as for equation 4.1 with the units mg
0
.
for rising species
v <-"'I
Chl-ym 3 , m2 /day, m and days respectively;

and is defined as the mean sinking or rising velocity of the
1
population (m/day); g(I) is the light-dependent growth rate (day- ).

Conditions of zero flux were assumed for the air-water and the
water-bottom interface.

No diff~~ive flux was assumed to occur

through the mixed-layer-hypolimnion interface (the thermocline) but
The rising cells were

cells of sinking species could sink through.

confined to the mixed layer, but in simulations in which the mixed
layer depth was time dependent, rising cells could rise into a newly
formed layer from below.

At the top boundary, cell rising velocity

was assumed to be zero, so that the cells remained at the surface
unless diffusion acted to carry them downward.

Sinking species were

transported downward from the surface by their buoyancy as well as by
diffusion.

An important boundary condition ignored in the present

n

formulation of the problem is the accumTulation on the surface film
of floating colonies into 'scums' during quiescent periods.

Scumming

is an important population loss mechanism because the colonies
forming scums are subject to irradiation damage and to horizontal
transport by surface currents to the shore.

For models designed to

predict biomass production, the formation and behaviour of scums
would need to be studied and parameterized, but this is not necessary
for the present aims.

The initial vertical distribution of the phytoplankton was
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uniform with depth within the mixed layer.

The model is one-

dimensional , a simplificat ion which is justified for the present
problem on the grounds that the vertical time scales are assumed to
be much smaller than those associated with horizontal mixing.

That

is to say, vertical mixing within a water column of a few meters is
likely to affect local change much more rapidly than horizontal
advection and mixing which occur over much greater horizontal
distances.

Hence, for analytical purposes, mixing in the vertical

can be uncoupled from mixing in the horizontal (Niiler and Kraus
1977; Imberger 1977).

Non-steady state solutions of equation 4.2 were obtained with
the numerical scheme described by Lyne (1982) for the initial
condition described above.

4.4

Explanation and estimation of model parameters
is
There~ a large number of parameters whose influence on the

dependent variable, P, need to be determined.
parameters in equation 4.2 are K, v, and Pmax·

The explicit
The parameter g is a

function of the prevailing light intensity I, the net maximum
intrinsic growth rate, (amax), and the half-satura tion light
In turn, I is a function of I 0 , the surface light

intensity Ic.

intensity, kw, the background light extinction coefficient , kc, the
light extinction coefficient due to chlorophyll -~, and zm, the mixed
layer depth.

To simplify the problem, Ic, kw and kc were assigned

constant values using assumptions discussed in the correspondin g
sections below.

amax was also held constant for most simulations .
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Since only the relative behaviour of rising and sinking populations
was sought, the exact value assigned to these variables was not
critical provided they fell within a realistic range.

Equation 4.2 does not have a loss term so the logistic
expression P-(P 2/Pmax ), was i ncluded to provide an upper limit to the
potentially infinite growth of the rising species.

Pmax can be

regarded as a maximum packing density of cells, it was given th2
value 150 x 10 4 mg Chl-yl, a chlorophyll -~ concentratio n once
measured for a densely packed floating mat of Microcystis colonies in
Burrinjuck Reservoir.

~posterior i, it was found that the simulated

biomass concentratio ns did not approach Pmax because of the feedback
between kc and biomass concentratio n.

The logistic expression was

retained for mathematical completeness but it is not critical to the
results and is not discussed further.

Each parameter in equation 4.2. is discussed in detail below.

4.4.1

K, coefficient of eddy diffusivity and zm, the mixed
layer depth

The coefficient of eddy diffusivity (K) is estimated by the
product of the length and velocity scales of the turbulent eddies.
As discussed in the introduction to this chapter, the vertical length
scale for the turbulent eddies is of the order of the mixed layer
depth.

The range of values for the mixed layer depth and the

velocity of the turbulent fluctuations was derived from the results
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of the one year computer simulation of the physical dynamics of
Burrinjuck Reservoir (Chapter 3).

The process-ori entated model,

DYRESM (Imberger and Patterson 1981) which was used for the
simulation estimated the 'average' (root mean square) velocities of
the turbulent eddies (q*) (Section 3.5.4) and the depths of the
diurnal mixed layer (zm) at sub-daily intervals. The range of values
for these parameters was used to estimate the range for K, where K
was assumed to be constant with depth.

There are insufficien t

experimental data to formulate a depth-dependent function for K
within the diurnal mixed layer, and isotropic diffusion is considered
to be an adequate representati on of the mixing process.

The

coefficient of proportiona lity used to evaluate K was empirically
derived by Jobson and Sayre (1970) from vertical mixing studies in
rivers giving

(4.3)

K = 0.067 q*zm

The range of values calculated for K using equation 4.3, is
given in Table 4.1 with the range for q* and zm calculated in the
DYRESM simulation of Burrinjuck Reservoir. K ranged between< 5 to
2
1200 m2;day (about 6 x 10- 5 to 1.4 x 10- 2 m /s) which is within the
range of published values for mixed layers of depth scales typical of
lakes, (Huang 1979).

Most models use lower values ranging between

10-4 and 10-3 m2;s (for example, Radach and Meier-Reimer; Bella 1970;
Schnoor and Di Toro 1979).

The upper bound of Kin Table 4.1 is

given by a low probability combination of q* and zm=

a value of q*

of 96 m/day (1.1 cm/s) occurs less than 1% of the time Fig. 3.20 and
a mixed layer depth of 20 mis also infrequent and restricted to
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winter (Figs. 3.18a and b}.

If one uses the modal range of summer

values of q* (about 0.1 to 0.7 cm/s) and the summer mixed layer
depths the range of common values for K during the algal bloom period
is much narrower and falls in the range 5 to 40 m2/day (6 x 10- 5 to
5 x 10- 3 ) m2 /s.

K is given a zero value below the mixed layer on the grounds
that diffusivities in the hypolimnion are sc small (Fischer et al.
1979}that their effect on the vertical transport of cells is
inconsequential by comparison with the effect of cell buoyancy.

4.4.2

Sinking and rising velocities

Sinking velocity of phytoplankton cells for modeling
applications are usually assumed to be constant with depth.

That is,

the effects of temperature on particle buoyancy and any fluctuations
in buoyancy due to nutrient status (Tilman and Kilham, 1976; Steel
and Yentsch, 1960} are generally ignored.

In the present case, the

mixed layer is assumed to be isothermal so that only velocity changes
for sinking species which cross the thermocline need be considered.
The decrease in sinking speed for a small cell moving from water of
20°c to 1s 0 c was calculated using Stokes's Law, (Massey 1979) to be
about 12%.

Since the change in temperature across the diurnal

thermocline is considerably less than s0 c, the sinking velocity can
be assumed constant with depth.

Nutrient effects on cell buoyancy

are outside the scope of the present work.

The range of still-water phytoplankton sinking velocities
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reported in the literature is large.

Smayda (1970) tabulates the

values reported for marine species; 50% of the published estimates
were less than 1 m/day and 70% were less than 5 m/day.

Jorgensen

(1979) gives the range Oto 17 m/day based on a literature review of
freshwater and marine species, but more than 70% of the values
reported were less than 1 m/day.

Cell density measurements by Oliver

et al. (1981) on a phytoplankton species complex in a habitat
comparable with that of Burrinjuck Reservoir, suggest that the
sinking velocity of cells of small genera such as Chlorella is about
0.16 m/day and for cells of larger genera such as Cyclotella the
sinking velocity is about 1.2 m/day.

Most genera sympatric with

Microcystis in Burrinjuck Reservoir (see Appendix Table 1), fall
within the size range bounded by Chlorella and Cyclotella.

The range

of sinking velocities used in the simulations was Oto 8 m/day (Table
4.1) but most of the species in Burrinjuck Reservoir probably fall in
the range 0.1 to 2 m/day.

Rising rate also conforms to Stokes's Law if particles are
spherical and their size is small enough for pressure drag forces to
be negligible*.

Microcystis colonies in Burrinjuck Reservoir are

generally too large for Stokes's Law to apply.

Under still

conditions, large colonies can be seen at the surface (long axis 4 to
5 mm) but more commonly, colonies range in size from 0.5 to 3 mm in
diameter, which is larger than the maximum colony diameter of 0.1 mm
reported by Reynolds (1973) for Crose Mere populations.
*

A frequency

For pressure drag forces to be negligible, the Reynolds number
(vd/v) should be less than l; where v is the velocity of the
sphere relative to the water, dis the diameter of he sphere,
and v is the kinematic viscosity of the water (1 mm/sat
20.2°c).

2
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distribution of colony sizes was not done for Burrinjuck Reservoir
populations, and the above diameters are from observations made at
the water surface or on sampled material.

Measurements of the rising

velocities of freshly sampled colonies were made during the present
study and the methods and results are given in Fig. 4.2.

The

velocities measured for the smaller colonies, (0.1 to 1 mm/s) agree
with those reported by Reynolds and Walsby (1975) for the same size
range (0.1 to 1 mm in diameter).

Fig. 4.2 shows that larger colonies rise faster than smaller
colonies, but the scatter in the data is large.

Repeated

measurements on the same colony varied because the amount of drift of
the colony toward the walls of the container varied from run to run,
and it was not possible to obtain a completely undisturbed column so
that some transport by water motion was unavoidable.

Exact values,

however, are not important; only a scale for the process is
required.

From the data in Fig. 4.2 and from the field observations

on colony size, an estimated range for the modal rising velocity of
Burrinjuck Reservoir colonies is 0.1 to 3 mm/s or about 10 to 250
m/day.

For the modeling of the behaviour of colonies during the diurnal
mixing cycle, it was assumed that colonies can rise into a mixed
layer from below.

This assumption implies that colonies can travel

across a thermocline, from cooler, denser water into warmer, less
dense water.

In other words, colonies remain positively buoyant as

they pass into the warmer layer.

For this to occur the colonies must

be either less dense than the warmer water due to their gas vacuole
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content or if they are close to neutral buoyancy in the colder water
they must expand in volume in the warmer water to maintain a density
difference with the surrounding fluid.

An estimate of the density of Microcystis colonies can be
obtained by applying Stokes's equation (Massey 1979) to small
approximately spherical colonies, for which the Reynolds Number (Re),
Colonies of approximately 1 rrrrn in diameter (d) were

is less than 1.

observed to rise with a velocity (v) of about 0.5 mm/s in water of
Therefore,

20°c (Fig. 4.2).

Re

=

vdv -

0.5

where the kinematic viscosity, v - 1 x 10-

6 2
m /s at 20°c.

Stokes's equation is given by

V

=

where d and v are defined as above, Pc is the density of the colony,
2
3
pw (998.228 kg/m at 20°c) is the density of the water, g(9.8 m/s )
is the acceleration due to gravity and µ(l.002 x 10
is the absolute viscosity of water.

-3

-1

kg m

sec

-1)

By substituting the above values

into Stokes's equation, the estimate for the density of the colony is
997.308 kg/m 3•

If the colony were moving from water of 20°c to water of 21°c,
it would remain positively buoyant.

However, if the density of the
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colony remained constant it would be close to neutrally buoyant in
water of 25°c (Pw

=

It is unlikely that the colony density

997.069).

would remain unchanged as the water in the cells and the mucilage
would expand with an increase in temperature.

The air inside the

vacuoles would expand also, but since the vacuole walls are permeable
to gases (Walsby 1972), the air would escape.

For the present

purpose, it is assumed that a change in the volume of the colony
would be d~e to the expansion of water.

A time scale for equilibration of the colony temperature with
that of the water is given by,

T

where

K -

_i _ 10- 6 _

-

K

-

-- -

10-7

10 sec

. the coefficient of thermal diffusivity
10 -7 m2 s -1 ,s

(Fischer et al. 1979), and dis the diameter of the colony (m).

In that time the colony will have risen about 5 mm, so the
equilibration time scale is rapid relative to the time taken for the
colony to rise any distance.

The change in volume (V) associated

with a s0 c rise in temperature is given by

t:i. V

V-

where

a -

at:i.T

f or wa t er
.
2 x 10 - 4 oC- l is the coe ff·1cient of expansion

(r7ischer et al. 1979).

0

Thus the change in volume for a s c rise in

temperature is also very small.

Adjustments of colony density

therefore occur rapidly and the rise rate would be almost independent
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of the outside temperature gradient.

An empirical test was done, however, to observe whether a colony
would remain positively buoyant upon transfer from 20°±1°c to
38±1°C.

This is a much greater temperature difference than the

colonies would need to adjust to during the diurnal cycle of
Several colonies were transferred from a

stratification and mixing.

cylinder of water at the lower temperature to another at the higher
temperature and all of them remained positively buoyant without a
visible reduction in their rising velocity.

Although systematic studies were not done on rising velocity as
a function of temperature, the results of the experiment and the
analysis showed that the assumption made in the model is tenable.

4.4.3

g(I), light-dependent growth rate

Phytoplankton growth rate is defined here as the net production
of biomass and is expressed in units of chlorophyll-~ per unit
time.

For modeling purposes, growth is generally assumed to be a

linear function of photosynthesis and therefore to be adequately
described by expressions relating photosynthesis to light (Platt and
Gallegos 1980).

A simple expression, first suggested by Baly (1935)

and since applied to algal cultures (e.g. Tamiya 1951) is given by

I/I
c
max
1 + I/I

a

g(I)

=

C

where,

(4.4)
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g(l)

growth rate as a function of prevailing irradiance

=

(mg Chl-~day)
amax

the maximum growth rate achievable under prevailing levels of

=

other independent variables (day- 1 )
the prevailing irradiance (µE m-2s-l)*

l
=

the half-saturation irradiance; that at which g(l)

=

0.5 amax

The form of this expression is used commonly to relate growth rate of
phytoplankton to ambient nutrient concentration and was first
attributed to Monod (1949).

Equation 4.4 describes growth rate

increasing approximately linearly with increasing light intensity in
the region l < le, and in the region l > le, growth tends
asymptotically to

amax·

Some models include the effect of photoinhibition (for example
Vollenweider 1965; Bannister 1979) to describe the reduction in
photosynthetic rate observed in some species at high light
intensities (see Platt and Gallegos 1980; Welch 1980; Wetzel 1975 for
discussions).

Parameterization of photoinhibition was not justified

because it has not been established that it occurs in Microcystis.
Stone and Ganf (1981) measured the photosynthetic rate of Microcystis
as a function of light intensity and did not find evidence of
2 1
photoinhibition at irradiance levels of about 400µEm- s- above the
saturation light intensity.

*

Moreover, Harris and Piccinin (1977)

lrradiance is given in Einsteins, the standard units used by
plant physiologists. Einsteins are a measure of quantum flux
and are convertible to units of energy if the wavelength of the
light source is known.
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found that short term photosynthesis measurements did not show
photoinhibition at high light intensities as did in situ
measurements.

They concluded that vertical mixing may prevent

photoinhibition in natural populations, although they were alluding
to negatively buoyant species.

Respiration was not explicity parameterized, but its effect was
implicity included by assuming that respiration is a linear function
of photosynthesis, so that, equation 4.4 describes net
photosynthesis.

The data of Stone and Ganf (1981) show that the rate

of photorespiration of Microcystis is approximately one tenth that of
photosynthesis, and support this assumption.

Equation 4.4, however,

overestimates growth below the compensation point, the light
intensity at which photosynthesis just balances respiration, but the
overestimate is quite small.

Ganf (1980) found that the basal

respiration rate of Microcystis is about 5% of its maximum
photosynthetic rate and that of two green algal species was slightly
lower.

Since relative growth responses are sought between rising and

sinking 'species' and since the respiration response of the two
groups is similar (Ganf 1980), the omission of respiration from the
equation does not alter any general conclusions.

The prevailing light intensity I at a depth z is given by the
Beer-Lambert Law:

(4.5)
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where the light extinction coefficient, k, is given by (Platt et al.
1977):
z

I ( z)

=

I 0 exp{- (

f

0

{k W + kC P(z')}dz')}
z

=

I

0

exp{- (kwz + kC

J P(z' )dz')}

(4.6)

0

where
2 1
Io = the incident radiation at the water surface (µ Em- s- )
kw = extinction coefficient for water and all material except

chlorophyll-~ (m-1)
2
kc = extinction coefficient due to chlorophyll-~ (m /mg Chl-~)
z

The term kc

J

P(z')dz' parameterizes the effect of self-shading by

0

the phytoplankton.

Equation (4.4) can now be re-written
a

g(I)

max

I ( z)

= ---

I

C

+ I(z)

( 4. 7)

The use of equation 4.7 to model growth in a turbulent layer
assumes that cells can respond to changes in light intensity more
rapidly than they are transported by turbulent diffusion across the
light gradient.

Measurements by Harris and Piccinin (1977) of

photosynthetic response time of natural assemblages of phytoplankton
showed that the time taken for dark-incubated samples to reach the
maximum photosynthetic rate after exposure to three experimental
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light intensities was negligible.

Preliminary photosynthesis-light

measurements made during the present study (not presented) support
their findings.

oxygen evolution by cultures of Microcystis and

Scenedesmus was at the maximal rate immediately after a stepwise
increase in light intensity.

A hysteresis effect was found, however,

when the light intensity was decreased again.

Harris and Piccinin

(1977) also report that photosynthetic rate at a given irradiance
depends on whether the sample was transferred from high to low or low
to high light.

Cells transferred from high to low irradiance levels

showed a markedly lower rate of photosynthesis at a given light
intensity than the converse.

The authors suggest that

photorespiration is implicated but that it does not fully explain the
phenomenon.

Fig. 2.8 shows that the time course for the decrease of

respiration to the basal level after cells have been exposed to high
light is relatively slow, so that some time would be required
(minutes) for respiration to decrease to a lower level if cells were
circulated downwards.

Again, since both types of cells (sinking and

rising) appear to respond similarly to decreases in light intensity
(Fig. 2.8), comparisons between rising and sinking species are not
likely to be affected by not incorporating the hysteresis effect into
the model.

The variables amax, 10 , le, kw and kc (from equation 4.6 above)
are briefly discussed below.
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4.4.3.1 amax• the maximum growth rate

Unless stated otherwise, the value for a max of both negatively
or positively buoyant species was 1.38 day- 1• Fig. 2.1 shows that
this value falls within the range of growth rates measured in the
laboratory for different taxa but is somewhat high for Microcystis.
Since only comparative growth of populations is sought, the results
and conclusions of the analysis are not dependent on a particular
value of amax and its choice within the realistic range is
By using the same value of amax for both the 'rising' and

arbitrary.

'sinking' species, that is, by giving both species the same
physiological potential for growth, any differences in the realized
growth can be ascribed to the differences in their cell buoyancy.

I 0 , surface irradiance

4.4.3.2

Two ways of incorporating light were compared; time varying and
Time variation of surface irradiance, I 0 , was described

constant.

using the model proposed by Vollenweider (1965) :

I

0

=

Im
o

2 (1

+

2nt )
cos -T-

(4.8)

where,
t

=

time (h) measured with respect to an origin at noon

T

=

the daylight period, assumed 12 h

Im

=

the daily maximum irradiance (µEm-2s-1)

0

Im was assigned a value of 2000 µEm-2s-1 which is within the range of
0
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1880 to 2680 µEm- 2s- 1 measured near midday during summer at
Burrinjuc k Reservoir (D. Carpenter , unpublished data). For constant
irradianc e, 10 = 500µE m- 2 s- 1 was chosen so that the cumulative
irradianc e over 24 hours was equal to that for the cosine function.
The growth rate (amax) was doubled for the cosine light function
because growth takes place over 12 hours and not 24.

Both light

regimes were simulated and the total biomass produced at the end of a
24 hour simulatio n period was the same because it was found that the
cells became light-satu rated very rapidly under the cosine regime so
that they were photosynt hesizing maximally for almost the whole
daylight period.

Unless otherwise stated, the constant light

function was used because it was simpler.

4.4.3.3

le, half-satu ration constant for light-lim ited growth

Ganf (1980) derived photosyn thesis-lig ht curves for several
species of algae including Microcys tis.

His data showed that the

green alga Scenedesmus had a similar photosynt hetic response to
Microcys tis so the same value of le was used for both species. le~
60µEm-2s-l was obtained by graphical ly fitting a curve described by
equation 4.7 to his data.

The method is shown in Fig. 4.3 with a

normalized function.

4.4.3.4

kw, coefficie nt of light extinctio n due to absorptio n
by water

A constant value, kw= 1.15 was used in all the runs.
value was derived from the mean light extinctio n coefficie nt

This
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calculated from light absorption measurements at 30 stations in
Burrinjuck Reservoir between November 1978 to February 1979 (D.
Although these measurements included

Carpenter, unpublished data).

absorption of light by algal cells, kw= 1.15 is nevertheless
considered to be a representative value for background extinction in
Burrinjuck.

First, the optical quality of the water is highly

variable due to abiotic turbidity.

The measurements used here were

taken during a period of low ri~er inflow (Fig. 3.8).

During periods

of high flow, earlier in 1978, the modal values for kw were> 3 due
to the suspended clay carried in by the rivers.

Second, the water in

Burrinjuck Reservoir is highly colored by dissolved organics
1
(

gelbstoff 1 ) , estimated by Kirk (1977) to absorb - 60% of the

shortwave radiation.

Third, most of the measurements used to

calculate kw were taken below Site 103 and therefore downstream of
the peak algal growth areas (Fig. 3.2).

4.4.3.5

kc, coefficient of light extinction due to absorption
by chlorophyll-~

A value for kc could not be derived from field data because
chlorophyll-~ and extinction coefficients measured in Burrinjuck
Reservoir were uncorrelated.

kc= 0.01 was selected as a

representative value within the published range (Talling 1971;
Bannister 1974; Ganf 1980).

- 95 -

4.5

The simulation experiments

The modeling objective was to compare the potential for growth
and biomass production of a 'rising' species, Microcystis, with that
of a 'sinking' species and, in doing so, to gain better insight into
the major physical factors controlling the growth of phytoplankton.
The problem was too complex, however, to analyze without more
narrowly defined objectives, it was therefore divided into the
following components:

i)

vertical population density distribution of negatively
and positively buoyant species was related to turbulent
diffusion, rising or sinking velocity and growth rate
(Section 4.6).

ii)

the depth-integrated population growth rate was
calculated for the vertical distributions described in
step i) and expressed as a proportion of the maximum
growth rate.

This ratio gave measure of the growth

rate potential of a population.

The growth rate

potential of sinking and rising species was then
examined over a range of photic depth and mixed layer
depth ratios (Section 4.7).
iii)

production of biomass was examined as a function of
growth rate potential.

Production by sinking species,

was also examined as a function of cell sinking
velocity and turbulent diffusion (Section 4.8).
iv)

population growth rate and biomass production by a
sinking and a rising species were compared over a
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twenty-day simulation period in which the mixed layer
depth and turbulent diffusion were time-dependent
variables (Section 4.9).

4.5.1

The derivation and application of dimensionless
variables and time scales

Many simulations are required to define the patterns of vertical
distribution of a population as a function of the three variables;
v, cell rising or sinking velocity, K, the coefficient of turbulent
diffusion, and amax, the growth rate of the phytoplankton

The

problem is simplified if it is recognized that the effect of v and K
on vertical distribution is relative.

For example, the distribution

of a population characterized by a slow rising velocity will be
different if diffusion is slow rather than if it is rapid.

Thus the

relative rather than the absolute values of v and Kare important in
determining the population-depth profiles.

Two variables cannot,

however, be compared unless they are dimensionally equivalent; v has
dimensions length/time (L/T) and K has L2/T.

For v to be comparable

to K, it must be related by a common length scale.

From equation 3.3

we know that,

K = 0.067q*zm

where q* is the turbulent velocity scale (L/T) and zm (L) is the
depth of the mixed layer, that is, the characteristic length scale
for the system.

If vis multiplied by zm, the product becomes

comparable to K giving the ratio
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vz

IV I = <P
- - = -"----'0.067q*
K
m

(4.9)

By the use of <P, the vertical distribution of population density can
be more simply described as a function of two variables instead of
three.

Since

is dimensionle ss, that is, magnitude free, simulation

<P

results based on

<P

provide a basis for comparing the model

predictions with any empirical findings.

The theoretical lower limit of
neutrally buoyant cells (v

=

<P

is zero, determined by

0) and the upper limit is bound by the
In

maximum sinking or rising velocity and molecular diffusion.

reality, algae are rarely neutrally buoyant {Smayda, 1970) and
diffusion in the epilimnion is turbulent, therefore the range of
values of

For

<P

is much narrower than theory allows.

< 1, the effect of diffusion dominates over the effect of

<P

sinking or rising in defining the vertical distribution of cells.
This is perhaps more obvious if

<P

is redefined as the ratio of time

scales for diffusion (Tk) and cell sinking or rising velocity (Tv)•
The time scale for vertical diffusion in the mixed layer is given by:
2

L2

\

zm

zm

= i< = -o-.-o6_7_q_*_z_ = -o-.o-6_7_q_*

(4.10)

m

and is defined as the mean time of travel for a population of cells
to traverse the mixed layer under the influences of turbulent
diffusion.

Similarly, the time scale for sinking is given by:
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T

V

z
=.!:_=___!!:1_

(4.11)

V

V

and is defined as the mean time of travel for a population of cells
to traverse the mixed layer under the influence of cell buoyancy.

By

substitution of equations 4.10 and 4.11 into equation 4.9, we obtain

<P

<P

=

IV I
.067q*

z
=

m

-1
T
V

-1
z T
m k

-

\

(4.12)

-T

V

can now be viewed as a comparison between the rate of diffusion and

the rate of sinking or rising.

:>

If Tk f Tv,

(<P

> 1) the process of

diffusion is slower than the process of sinking or rising and
therefore relatively less effective in controlling the transport of
cells.

If Tk < Tv,

The range of

<P

(<P

< 1) the converse is true.

estimated for Burrinjuck Reservoir is about Oto

60 for rising species and Oto 2 for sinking species.
the v - q* parameter space are shown in Fig. 4.4.

Plots of

<P

in

The shaded area

corresponds roughly to the values of q* and v prevalent in Burrinjuck
Reservoir.

The data base from which the shaded region is derived is

given below:

i)

the common values of q* (0.3 to 0.7 cm/s) were selected
from Fig. 3.20 which is based on the DYRESM simulation
of the reservoir described in Chapter 3.

ii)

the range of rising velocities (0 to 2 mm/s) is a
conservative estimate based on Fig. 4.2 for the range
of Microcystis colony sizes commonly observed in
Burrinjuck Reservoir (0.5 to 2 mm for the length of the
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longest axis).
the range of sinking velocities Oto 2 m/d was obtained

iii)

by the reasoning outlined in Section 4.4.2.

It should be noted that q* is a time-dependent variable, that
is, it varies with wind velocity and the intensity of convective
overturn.

On the other hand, a wide range of rising and sinking

velocities can occur simultaneously due to variation within
populations.

Ideally, a frequency distribution curve for v should be

superimposed on Fig. 4.4 to show the frequency of occurrence of
different values of v and therefore the common values for$.

The range of the shaded areas clearly distinguished rising and
sinking species.

The $ values indicate that the relative effect of v

is usually much greater than that of K for Microcystis populations
and that the reverse is true for sinking species.

In other words,

diffusion effects should dominate the distribution of sinking cells
because$ is usually< 1 and rising velocity should dominate the
distribution of Microcystis colonies, because$ is usually> 1.

To assess the relative effect of growth rate on the vertical
population density profile, it is compared with the rate at which
cells are dispersed by turbulent diffusion or displaced by their
buoyancy.

For example, if the generation time of the cells is much

slower than either of these processes, any production is immediately
red i stributed and the profile remains unchanged.

The ordering of

time scales for growth, vertical diffusion, sinking and rising
enables the relative influence of these processes to be evaluated.
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The range of Tk for Burrinjuck is obtained from the DYRESM
estimated for q* and zm; q* ranges from 0.1 to 1.2 cm/s (Fig. 3.20)
and the annual maximum of zm is about 30 m (Fig. 3.18).

Substituting

into equation 4.10, these data give Tk values of about 0.5 to 5
days.

If the annual maximum for zm, is replaced by a maximal summer

value of about 8 m, Tk is in the range of 3 hours to 1.5 days.

Since

the summer value is more relevant to the problems associated with
Microcystis it is used to scale the diffusion process.

Tv is in the range 4 to 20 days, for sinking velocities of 0.1
to 2 m/day, and in the range 1 hour to 1 day for rising velocities of
The values selected to scale v correspond

10 to 180 m/day.

approximately with those which fall within the shaded region of Fig.
4.4 discussed above.

T

a

The time scale for growth is given by

1
a

max

and is defined as the time for the population to increase by one
natural log unit.

Estimates of amax for Microcystis, diatoms and

green algae in laboratory culture range from< 0.5 to about 3.0 day(Fig. 2.1).

However, the maximum physiological growth rate is

unlikely to be attained by the whole population within the mixed
layer under natural conditions.

Estimates of amax from in situ

c.xperiments in Burrinjuck Reservoir were always< 1.0 (Table 2.2).
Knoechel and Kalff (1978) measured j_!!_ situ growth rates for several
diatom species to be between 0.2 to 0. 6 day

-1

•

1

- 101 -

If amax

=

1.0 is taken as the upper limit and 0.1 day-

1

is set

as an arbitary lower limit, Toe is of the order 1 day to 10 days.

In summary,

Tk

=

0.1 to 1.5 days

TV

=

1 to 80 days for sinking species

TV

=

0.05 to 1 day for rising species

Ta

=

1 to 10 days.

These limits are not absolute, of course, but they are representative
of time scales in Burrinjuck Reservoir for the above processes.

By

comparing the time scales, turbulence is seen to be much more likely
to dominate over growth in determining the shape of the population
density profile for sinking species.

Only in the event of rapid

growth and low diffusion would growth effects become detectable.

In

the case of rising species, the rapid transport of cells by buoyancy
forces would override any influences of growth.

The above example of ordering time scales illustrates a powerful
method for obtaining, to first approximation, the relative importance
of different processes in controlling the behaviour of a system.
Imberger (1977) for example, uses the method to assess the validity
of water quality models.

Another example of the application of time

scales to analyse systems can be found in Imberger et al. (1982).
Here, scaling enables the rapid identification of those variables on
which attention should be focused, and provides an aid for the
interpretation of the simulation results discussed below.
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4.6

Simulati on of populati on density profiles

The effect of growth on populati on density profiles

4.6.1

The initial mixed layer populati on for each simulati on run was
uniform with depth.

After computation was initiali zed, the

distribu tions adjusted to steady- state in less than one day for
rising species and remained near-uni form with depth for sinking
species.

An index of the change in distribu tion of the mixed layer

populati on is given for the rising species by the ratio of the
biomass in the surface and the bottom layers over time (Fig. 4.5.).
Even though very low values of ~ were used (0.867 and 0.086; see Fig.
4.4) the profiles equilibr ated well before one day.

The vertical

profile adjustm ents of sinking species are not shown because the
ratio of biomass in the top and the bottom layer remained about 1 for
the range of values of ~ tested (0.0086 to 0.69).

The rapid

equilibr ation for both species means that changes to the profile due
to heteroge neity of growth with depth are immediately smoothed away
by the combined action of turbulen ce and cell buoyancy.

The

simulati on results were thus consiste nt with the conclusi ons from the
scaling analysis of the influenc e of growth on the vertical profiles
of the populati on.

4.6.2

Populati on density profiles of rising species as a
function of cell buoyancy and diffusio n

Since the value of~ for rising species is commonly greater than
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1 (Fig. 4.4), cell buoyancy dominates over turbule nt diffusi on in
establi shing the vertica l distrib ution of the popula tion.
Normalized popula tion density profile s at the end of one day's
simula tion show, for a wide range oft values, the predict ed gradien t
of increas ing concen tration of algae with shallowing depth (Fig.
4.6).

The shaded area approximates the range of profile s expected to

occur most frequen tly in Burrinj uck Reserv oir, that is, it
corresponds to the t values within the shaded area of Fig. 4.4.

It

should be pointed out, however, that each size class of colonie s
exhibi ts a differe nt vertica l distrib ution. The sum of a number of
such distrib utions does not necess arily lead to an expone ntial
decreas e of cell numbers with depth as shown, but neverth eless the
integra ted profile would b~ 'top-he avy•.
The quanti tative relatio nship between the vertica l phytoplankton
distrib ution and t cannot , at presen t, be verifie d from field data.
To do so, continuous or quasi-c ontinuo us data for turbule nt diffusi on
and mixed layer depth would need to be related to biologi cal data
collect ed simulta neously . The simulat ed profile s, however, can be
qualita tively compared with

1

once-o ff

1

field measurements to

determine whether trends are consis tent with the model results .
Ratios of cell counts from 0.5 to 5 m samples, collect ed in
1
Burrinj uck Reserv oir (Fig. 4.7a) suppor t the model s predict ion that

the vertica l distrib ution of Microy cstis is 'top heavy•.

Samples

were taken from 0.5 m to avoid sampling the surface scum, hence the
modal values of these ratios were probably even higher.

The

Microc ystis cell concen tration s measured at Chaffey Dam (Fig. 2.15)
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also show the expected decrease with depth.

These findings are

consistent with the data for vertical profiles reported for
Microcystis by other workers, such as Reynolds and Rogers (1976).

4.6.3

Population density profiles of sinking species

For sinking species, the value of~ is usually less than 1
(Section 4.6.1, Fig. 4.4).

Turbulence therefore has a greater effect

on cell distribution than has sinking velocity.

The vertical

distribution of sinking species in the mixed layer, with values of~
ranging from 0.0086 to 0.69, was simulated with the parameter values
given in Table 4.1.

As predicted from the low values of~. turbulent diffusion
dominated cell dispersal and populations remained almost uniformly
distributed in the mixed layer.

Some profiles had a negligible

negative or positive slope after equilibration.

Total biomass in the

mixed layer either increased or decreased according to whether the
population growth rate was greater or less than the loss rate due to
cells sinking out through the thermocline.

The conditions which

determine survival or demise of a population are discussed in Section
4.8.

The contrast between these results for~ < 1 and those shown in

Fig. 4.6 for rising species, in which the slopes of the line for
~

=

1 was strongly positive, illustrates that the scaling analysis

which was done with absolute values of \v\ cannot predict the effect
of negative or positive v for the same value of~.

This is because

the magnitude of~ alone does not predict the direction in which
cells will travel under the influence of buoyancy.
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The frequency distribution of 0.5 m to 5.0 m population density
ratios described for blue-green algae in the previous section were
The

also calculated for diatoms and green algae (Fig. 4.7b and c).

modal values are around 1, that is, the cells were evenly distributed
with depth, as predicted by the model.

Further support is found in the literature for a predominantly
uniform distribution of algal populations in the mixed layer.

Fee et

al. (1977) give over 100 plots of vertical chlorophyll-~profiles
measured between May and August, 1975 in the Experimental Lakes Area,
Ontario.

The profiles have a vertical distribution above the

thermocline with only minor irregularities.

These authors recorded a

chlorophyll maximum below the thermocline, whose depth corresponds
roughly with the depth of 1% surface light transmission.

The

dominant algae comprising the peak were Chrysophycean species, most
of which are motile and therefore able to stratify in the quiescent
hypolimnion.

Hypolimnetic chlorophyll maxima were not observed in

Burri njuck Reservoir because the appropriate measurements were not
taken.

It is unlikely that such maxima occur regularly because the

depth of 1% of surface light transmission (Table 3.3) is usually less
than the maximum depth of the diurnal mixed layer (Fig. 3.18b).

The discussion so far has been based on a constant mixed layer
depth for the simulation period of about one day.

In reality, the

mixed layer depth is highly dynamic, shallowing due to solar heating
and deepening due to convective overturn or wind mixing (Section
3.5.3).

When this shallowing and deepening cycle was simulated using

time-varying mixed layer depths, it was found that small 'steps' were
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Those of

formed in the phytoplankton profile of sinking species.

The irregularities in the

rising species were smeared rapidly.

In the

profiles of sinking species were both slight and transient.

simulation of the time-dependent mixed layer depths described in
Section 4.9 there was less than 10% difference in biomass
concentration between any two layers forming the

1

step

1
•

The

irregularities in the profiles were caused by differences in the
In a

pattern of cell loss from a turbulent and a quiescent layer.

turbulent layer, cells are continuously being mixed upward as they
sink, so that the loss rate from the turbulent layer is slower, and
the concentration of cells at the mixed layer-hypolimnion boundary is
less than in the quiescent water.
sink down as a coherent cloud.

Cells from the quiescent water

(These differences in cell loss

patterns are explained fully in Section 4.9.5).

Because the

deviations from a uniform distribution are both very small and
transient on a diurnal time scale, the conclusion based upon a
constant mixed layer depth is valid:

negatively buoyant species can

be considered uniformly distributed to the maximum depth of diurnal
mixing.

4.7

Comparison of the growth rate potential of sinking and rising
species

The growth rate potential of a phytoplankton population is
defined as the depth-integrated growth rate, a, expressed as a
proportion of the maximum achievable growth rate,
z

J g(I)P(z )dz
1

0

max where

1

0
-z- - - - - =
a
J P(z )dz'
1

0

(4.13)
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for cells within the mixed layer is shown in
max
Fig. 4.8 for rising and sinking species as a function of~ and zp/zm,
The ratio a/a

the photic depth-mixed layer depth ratio.

A number of conclusions

can be drawn from these results:

a)

The growth rate potential of rising cells is consistently
greater than that of sinking cells.

Sinking species therefore

require faster growth rates to achieve the same biomass increase
in a given time, even without taking cell losses from settling
into account.

There is strong empirical evidence that sinking

species do indeed have faster physiological growth rates (Fig.
2.1).

b)

The difference in growth rate potential is greatest at low
values of zp/zm, when the photic depth is shallow compared with
the mixed-layer depth.

The curves converge as the mixed layer

shallows with reference to the photic depth because the
difference in light intensity from the top to the bottom of the
mixed layer is progressively reduced (Fig. 4.12).

Growth rate

correspondingly becomes uniform with depth over the mixed layer
and the advantage of positive buoyancy is diminished.

c)

The difference in the potential for growth between sinking and
At zp/zm = 0.3, only about
rising species can be substantial.
by a sinking
10% of the maximum growth rate is realized
50% of its
population while a rising species realizes up to
maximum growth rate for the values of~ shown (~ < 8.67).
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The growth rate potential of rising species increases with $ ,

d)

that is, as the influence of cell buoyancy increases relative to
diffusion.

In reality, however, there is a limit to the

advantage gained by increasing $ .

High rising velocities result

in high concentrations and prolonged residence of cells near the
surface, and increase the probability of scum formation.

Under

such conditions rapid local nutrient depletion, increased selfshading (equation 4.4) and radiation damage would occur, and
shore losses of cells would increase.

e)

The marginal difference between the two curves representing
growth rate potential at extreme values of$ for sinking species
(see Fig. 4.4) indicates that the growth rate potential of
sinking species is independent of $.

This can be explained by

the fact that the vertical distribution of the population is
always nearly uniform for the realistic range of values of$
found in lakes.

Fig. 4.8 provides theoretical support for the hypothesis that a
positively buoyant population realizes a larger proportion of its
maximum physiological growth rate than does a negatively buoyant
population; hence, given equal maximum growth rates, a rising species
will attain a higher biomass in a given time.

Kalff and Knoechel

(1978) do not consider this in their review of algal blooms.

They

attributed the 'success' of blue-green algae to the fact that they
minimize losses which includes not sinking.
be represented by v = 0 for which$ = 0.

No sinking losses would

The curve for$ = 0 would

fall between that for$ = 1 (rising species) and$= 0.043 (sinking
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species) in Fig. 4.8 from which it is readily seen that rising
species have a growth advantage over and above that induced by the
elimina tion of sinking losses.

4.8

Comparison of producti on by sinking and rising species

4.8.1

Producti on of biomass by rising species

For rising species, short-te rm biomass producti on is a simple
Over longer periods,

function of growth rate potentia l (Fig. 4.9).
self-sha ding becomes importan t (Fig. 4.10}.

The curves show the

biomass increase with time for~= 8.67 and~= 1.78 and Zm = 6 m.
The initial growth rate is faster for~ = 8.67, because diffusio n is
relative ly slow, but self-sha ding is eventua lly more pronounced.
~

For

= 1.78 the initial growth rate is slower, but because cells are

continuo usly being swept downward by the more rapid diffusio n rates,
the intensit y of self shading is lower and results in a higher final
biomass.

Loss terms are not explicit in the model.

An implicit loss term

could be introduc ed by reducing amax by an appropr iate amount, but
this would not alter the conclusi ons.

Mechanisms of cell loss in

blue-gre en algae are not sufficie ntly well understood for the
processe s to be paramet erized explici tly.
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Production of biomass by sinking species

4.8.2

The production of biomass by sinking species is a function of
cell settling losses as well as of growth rate potenti al.

Growth

rate potentia l is not a function of ~ (the balance between cell
buoyancy and turbulen t diffusio n). but only a function of the photic
depth to mixed layer depth ratio.

For a sinking population to

persist. the rate of sinking from a given layer must be less than the
rate of growth within the layer.

In terms of time scales within any

arbitrar y layer of depth z. this can be expressed as

or
a:
(J

for

V

=

max
V

z

(4.14)

> 1

> 0.

The dimensionless parameter. o . expresse s the balance between
the rates of population growth and loss in the layer. z.

Sinking

rate does not vary with the intensit y of turbulen t diffusio n for
realisti c values of K (Section 4.8.2.1) so that the influenc e of K
was not included in the above scaling analysis .
The production of biomass in t he mixed layer was simulated for 3
days for differen t values of o and ratios of photic depth to mixed
layer depth zp/zm (Fig. 4.11).

The values of zp/zm were changed by
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varying zm and holding zp constant, and the value of z
photic depth, was used to scale o.

=

zp, the

The results shown in Fig. 4.11

can be interpreted as follows:

1.

For any value of zp/zm, the production of biomass increases
with o.

This result is expected since high values of o mean

that the balance is tipped toward high population growth
rates and low loss rates.

2.

The region zp/zm < 1 is of greatest relevance since the
photic depth is usually shallower than the mixed layer
depth.

In this region, particularly for the higher values

of o, biomass production is very sensitive to changes in the
ratio zp/zm as can be seen from the slope of the curves.
The ratio zp/zm determines the relative time cells spend in
the light or in the dark and thus determines the final
biomass for a given combination of growth rate and sinking
rate.

As zp/zm

+

1, the cells spend less and less time in

the dark and production increases, except for very low
values of o.

The decrease in production for values of o < 4

is part of the pattern which each of the curves show, except
that the position of the peak on the zp/zm axis is shifted
to the right for higher values of o.

The reason for the

peaks is explained below.

3.

Since z was constant during the simulations, the mixed
p

layer was progressively shallowed to obtain increasing
values of the ratio zp/zm.

This had two consequences for
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net biomass produc tion in the mixed layer.

As zp/zm

increa sed, the average light intens ity in the mixed layer
increa sed (see Fig. 4.12) and the mixed layer popula tion
grew more quickl y.

However, the shallo wing of the mixed

layer also meant that the loss rate of the popula tion
increa sed.

As long as growth advantages exceeded the

increa ses in loss rate, biomass produc tion increa sed as zm
decrea sed, but when losses exceeded growth, biomass
produc tion declin ed.

The higher the value of cr, the

shallo wer the mixed layer which could be tolera ted, so that
the positi on of the biomass peaks shifte d corres pondin gly.

Had the value of zm been fixed and zp varied instea d, the
loss rate from the mixed layer would have remained consta nt
for each cr and the biomass curves would have approached an
asymp totic limit after the peak.

The biomass peak occurs

when cells in the mixed layer are light satura ted, so that
furthe r deepening of the photic zone does not increa se
produc tion in the mixed layer.

It is import ant to note that zp

>> zm is most likely to

repres ent transi ent condit ions during the day when the mixed layer
shallow s due to solar heatin g (see Sectio n 3.5.3 for a discus sion of
diurna l mixed layer excurs ions).

The condit ion zp

>> zm is not

chara cteris tic of eutrop hic lakes on a seasonal time scale. To
reiter ate, the region zp/zm < 1 is of greate st signif icance for
practi cal interp retatio ns of Fig. 4.11 because the popula tion within
nt
the season al mixed layer, and not the diurna l mixed layer is releva
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to estimate s of producti on.

In lakes in which zp

>>

zm is

charact eristic (such as deep, clear, sheltere d montane lakes), the
producti on zone is consiste ntly deeper than the mixed layer depth so
that it is not an appropr iate depth within which to measure total
producti on.

The critical value of oat which the populati on is in steady
From the scaling analysis oc is of order 1,

state is defined as oc.

but in practice the value of oc is dependenent on the definiti on of
amax and zp.

zp was defined as the depth of the 1% surface light

intensit y, and the values of amax given in Fig. 4.11 are based on 12
hours because the cosine light function was used to generate the
curves.

To obtain amax for the 24 hour day, these values should be

halved (Section 4.4.3.2 ).

oc should also incorpo rate the effect of

respirat ion which was omitted from the model.

The value for oc - 2.6 can be obtained from the slope of the
curve in Fig. 4.13 which represen ts the steady- state value of oat
each value of zp/zm.

The points are given by the value of zp/zm and

oat their intersec tion with B/B 0

=

1 (Fig. 4.11).

over 24 hours, oc is halved giving the value 1.3.
allowance for respirat ion, oc

=

For amax defined
If one makes some

2 can be used as a conserv ative value

for steady state conditio ns to apply.
To place Fig. 4.11 into a realisti c context, it is examined in
relation to "typical " conditio ns in Burrinju ck Reservo ir.

The depth

of the seasonal mixed layer in the reservo ir is used to scale the
depth of the producti ve zone.

The diurnal mixed layer breaks down
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during the 24 hour day so cells distribute d within the seasonal mixed
layer are potential ly recircula ted and cannot be assumed permanently
lost.

From the depth of the maximum diurnal mixed layer depths (Fig.

3.16b), the summer seasonal thermocli ne is estimated at about 8 m.
The depth of the photic zone varies between 1 and 6 m (Table 3.3)
Thus the ratio

with a mean summer value of 4 m (Section 4.4.3.4).

zp/Zm in Burrinjuc k Reservoir i~ · characte ristically less than 1 and
from Fig. 4.11 it is apparent that biomass productio n is below its
peak.

The steepness of the curves in the range zp/Zm < 1 indicates

that productio n is highly sensitive to changes in the photic depthmixed layer depth ratio for given cell characte ristics of growth rate
and sinking velocity.

Similarly , for a given zp/zm ratio, populatio n

growth is sensitive to the values of amax and v.

For low values of

o, small changes in either parameter could represent the differenc e
between survival or extinctio n.

If we can take zp
Reservoir , and ama x

=

=

4 to be represent ative of Burrinjuc k

1, v < 2 m/day is required for oc

=

2, which

supports the maximum value of v assumed on the basis of empirical
evidence (Section 4.4.2).

The larger the value of zp, the larger are the sinking
In the ocean for example, if we

velocitie s which can be tolerated .
assume the same growth rate (ama x

1), and a photic depth of 100 m,

=

the sinking velocity which gives o

=

2 is 50 m/day.

A major point

which can be made from this analysis is that only species with low
sinking velocitie s are likely to persist under the condition s
prevailin g in Burrinjuc k Reservoir .

To take the argument to its
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logical conclusion, rising species are particularly advantaged if

In order to assess the hypothesis of Kalff and Knoechel (1978;
Section 2.10), it is of interest to know how the biomass in the mixed
We begin with

layer (Bml) depends on cell loss due to sinking.

equation 4.2 which, for sinking species, can be simplified to
a 2P

aP

aP

(4.15)

at= K az2 - v az+ g(I)P

Integrating over the depth of the mixed layerzm, where z is
positive downward, Kand v are assumed constant and independent of
depth, we obtain,
z

d
I m~
at z

=

z
z
z
K :: Im - vP Im+ Im g(I)Pdz
0

0

0

(4.16)

0

Now define,
z

=

Im

(4.17)

Pdz

0

so that equation 4.16 becomes:
a Bml

-rr-- =

a P( )
a P( z )
m - K -a O
Kz
az

-

vP(z ) + vP(o) +
m

z
Im

g(I)Pdz

0

(4.18)

for a given (time - independent) value of zm.
boundary condition leads to:

The surface no flux
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aP(o)
+ v P(o) - 0
- K -az

because at the surface boundary the gradient formed by the sinking of
cells downward is balanced by the net upward transport of cells by
diffusion.

We can assume that

because the vertical distribution of sinking species in the mixed
layer is approximately uniform (Section 4.6.3).

Equation 4.18 now becomes
z

=

-vP(z ) +
m

Jm

g(I)Pdz

(4.19)

0

Since the depth distribution of the population is assumed nearly
uniform in the mixed layer, P can be considered constant and the
total biomass in the mixed layer can be approximated by the product
of the concentration and the depth, that is, by Pzm.

Equation 4.19 can thus be rewritten as
z
g(I)Pdz
Jm
z
-v z p
dB ml
m + 0
Jm Pdz
=
z
zm
dt
0
Jm Pdz

(4.20)

0

and from the definition of

a

(equation 4.13) and by substituting
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equation 4.17, we obtain,

(4.21)

Equation 4.21 expresses the rate of change of the total biomass in
the mixed layer as a function of the depth integrated growth
rate

a and

the loss rate due to sinking v/z

m

=

1/T

V

(equation 4.11).

The rate of loss of biomass due to sinking from the mixed layer
is given by
dB

1OSS

V

= -B

z

dt

m

(4.22)

ml

The change in the mixed layer population as a proportion of cell loss
by sinking is given by

dBml

(a -

dt
dB
-dt loss

=

V
-)B
z ml
m

~B
z ml
m

z

(l

m

--V

1

(4.23)

If we define
z

-

(l

(4.24)

m

OS

= -V-

the above expression becomes
dB ml
dB
1oss

= 0

s

- 1

(4.25)
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In words, equation 4.25 states that the change of the mixed layer
populati on is a function of cell sinking losses and is linearly
dependent on the mixed layer depth, the depth integrat ed growth rate,
and the sinking velocity .

When os < 1 (a is small and the sinking

rate zm/v is large), the mixed layer populati on decrease s
proporti onally to the cell loss rate either because negligib le growth
is occurrin g or sinking velociti es are large.

If o 5 > 1 (a is large

and sinking rates are small), the mixed layer populati on is
controll ed by the growth rate.
is in steady state.

If o 5

=

1, the mixed layer populati on

The analysis shows that the change in the mixed

layer populati on as a function of loss rates is dependent on three
variable s [four variable s if we conside r

a=

f(amax• zp)J.

In conclus ion, biomass producti on by sinking species is
dependent on the variable s incorpor ated in the dimensio nless
paramet er o, which represen ts the balance between the populati on
growth rate (a function of the physiolo gical growth rate and the
depth of the photic zone) and the populati on sinking rate.

The

photic depth in lakes such as Burrinju ck Reservo ir is typicall y
UL

shallow so that the values of o

~

small and populati ons with slow

growth rates or fast sinking velociti es are not able to survive.

The

typical range of values of o for Burrinju ck Reservo ir show that they
can easily fall below the critical level.

In clear lakes, where zp

is very deep, o is large and species with slower growth rates and/or
faster sinking rates can survive.

The reductio n of biomass

producti on in the mixed layer by settling losses cannot therefor e be
estimate d without consider ing the relative magnitude of three
variable s:

the depth integrat ed growth rate of the populati on, the

- 119 -

mixed layer depth, and the cell sinking velocity.

4.8.2.1

The effect of turbulent diffusion on production,
population sinking rate, and the dimensionless
variable o

The analysis in Section 4. 8.2 did not include the effect of
turbulence on population sin king rates.

In Sections 4.6.3 and 4.7,

it was concluded that turbulence always has the effect of uniformly
distributing cells over the mixed layer and so growth rate potential
is independent of turbulence for practical considerations (Fig.
4.8).

However, turbulence may affect the sinking rate of the

population and so affect biomass production.

Turbulent diffusion has

the net effect of mixing cells upward if increasing concentration
gradients with depth are formed by sinking.

This decreases cell loss

rate and increases suspension time, thus potentially increasing
The effect of turbulence on sinking rate and suspension

production.

time is explained by contrasting the time rate of change of biomass
in a still and a turbulent water column (Fig. 4.14a and B.

In a

still water column cells of equal sinking velocity settle as a
coherent cloud (Fig. 4.14a).

The time rate of change of biomass (B)

is a function of the initial biomass (B 0 ) and the rate of sinking
from an arbitrary layer of depth z, with a sinking velocity v.
Symbolically this gives
dB
dt

-v-

Z

B

(4.26)

0

where the loss rate -v /z was derived from equation 4. 11.

By
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integration, the above expression gives

B

=

(4.27)

V

(1 - -t)B
0
Z

The time rate of change of biomass within the layer of depth z is
given by the slope of the solid line in Fig. 4.15.

Under turbulent conditions, however, cell concentration
gradients which are formed by cells sinking are immediately smeared
This

and the cells do not sink in a coherent fashion (Fig. 4.14b).

means that as cells exit from the layer of depth z, less and less
biomass remains above, but it is uniformly distributed.

The cell

concentration at depth z is therefore always lower at time t + 1 than
at time t so that a smaller number of cells exit at each successive
time period.

The rate at which they sink out, v/z, is independent of

turbulence so the proportion of the total population which is lost
per unit time is constant.

The time rate of change of biomass under the influence of
homogeneous and steady turbulence is thus given by
dB
dt

-

-v

= -

z

B

z

where Bis the depth-integrated biomass, B =

J B(z')dz'

which by

0

integration gives

(4.28)
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and is graphically represented by the dotted line in Fig. 4.15.

Fig.

4.15 shows that the suspension time for the bulk of the population is
increased approximately three-fold under turbulent conditions.

Fig 4.16 shows that above a critical value of K of about 5
m2/day {> 0.6 cm 2/s) increasing the intensity of turbulence, does not
influence biomass production in a mixed layer of 5 m; hence it can be
deduced that for K > 5 m2/day. that loss of the the population from
the mixed layer due to sinking is independent of the magnitude of
K.

This is because at K ~ 5, the cells are already fully mixed

within the mixed layer. and further increase in K does not alter
2
their distribution. Since K is typically> 5 m /day in the mixed
layer (Section 4.4.1) it was justifiably excluded from the scaling
analysis in Section 4.8.

Its- effect was implicit in the numerical

values of oc, the steady-state value for o, obtained from the
simulation experiments.

4.9

Simulation of growth using time-varying mixed layer depth and
diffusion coefficient
The final comparison of the growth characteristics of sinking

and rising species was done with a twenty-day simulation using a
time-varying mixed layer depth and coefficient of turbulent
diffusion.

The values for these two variables were obtained from the

January 1979 output of the DYRESM simulation of the physical dynamics
of Burrinjuck Reservoir (Chapter 3).
used for both species {amax

=

The same maximum growth was

1.38/day).

velocity were both set at 1 m/day.

Sinking velocity and rising

This value represents a very slow
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rising rate, well below what might be expected for a 'typical'
Microcystis population (see Fig. 4.4) so that only a minimal
'advantage' was given to the rising species.

The cosine function for

light was used.

The objective of the simulation was to compare biomass accretion
Since all of the previous simulations had

by the two populations.

constant mixed layer depth and intensity of turbulent diffusion, it
was of interest to investigate the rate of cell buoyancy under a more
realistic simulation of physical conditions.
in Fig. 4.17 and 4.18.

The results are given

The maximum values of the mixed layer depth

and the growth rate within a 24 hour period were plotted.

Fig. 4.18

shows the depth-integrated growth rate (equation 4.13) over time for
the total population of both species.

The total population was used

because the depth of the mixed layer varied diurnally and therefore
could not be used as a reference.

The deepest mixing for the period

was to 8 or 9 m and this depth was assumed to represent the depth of
the seasonal mixed layer.

At the end of 20 days 10% of the total

sinking population had sunk below the seasonal mixed layer and was
assumed permanently lost.

Since the losses were comparatively small,

the total population of the two species was used for comparisons of
production.

The depth-integrated population growth rates plotted in Fig.
4.18 reinforce previous analyses in that the effective population
growth rate for rising species was, except in the last few days,
greater than that for sinking species.
days are

.A

The results of the last few

artefactsfrom carrying out the simulation for the two
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species separately.

Toward the end of the simulation period, the

effects of self-shading were greater for the rising species since it
produced a higher biomass.

Had the two populations been simulated

simultaneously, the growth of the sinking species would have been
also influenced by the high productivity of the rising species.

Only

if the sinking species were more tolerant of shade could it have
maintained the slightly higher growth rate.

The high growth rate of

the sinking species in the first few days was due to the initial
population being distributed within the top 5 m.

The growth rate

decreased over the first three days as the cells settled out, but the
subsequent decrease was caused by the mixed layer deepening below
5 m.

Varying the mixed layer made obvious the fact that rising
species are advantaged by diurnal mixed layer excursions and that
sinking species are not.

The growth rate of the rising species

tracks the changes in the mixed layer depth:

increasing when it

shallows and decreasing when it deepens (Fig. 4.18).

Even a very

slow rising velocity allows at least part of the population to
aggregate within a diurnally stratified layer.

This effectively

increases the zp/zm ratio experienced by the cells and thereby
increases their growth rate according to the relationship shown in
Fig. 4.8.

The z /z

P m

ratio experienced by sinking species is complex to

analyze because historical mixing events are relevant.

For example,

the deep mixing event on day 5 (Fig. 4.18) lowered the center of mass
of the sinking population by dispersing it from a 5 m layer to an - 8
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m layer.

On days 7 to 12, the deepest mixing events were much

shallower, about 3 to 5 m.

Cells below 5 m remained there until the

next deep mixing event, on day 14 to 6 m and day 19 to 8 m.
Deepening of the mixed layer simultaneously drains any growth in the
Cells below 6 m were not mixed with the

top layer downward.

overlying layers until day 19.

No growth occurred below about 4 m,

the depth of the photic zone, so cells below 6 m could not grow
between days 6 and 14 and days 14 and 19.

This meant that for

periods of about a week, a fraction of the population did not have an
opportunity to grow.

During that time, permanent cell losses were

occurring from sinking and in reality, losses also from decomposition
would have been likely under such conditions.

The characteristic

time scale for deep mixing events is thus important to production by
sinking species.

If it is long relative to decomposition and sinking

time scales, the deep population perishes.

If it is also long

relative to growth time scales, the overlying population may become
nutrient depleted if the system is dependent on the hypolimnion for
nutrient regeneration.

In Burrinjuck Reservoir, the main nutrient

source, the Murrumbidgee River, flows into the epilimnion for most of
the summer (Fig. 3.19), so deep mixing events are not critical for
nutrient regeneration in the epilimnion.

The fraction of the

population between 3 and 6 m had a greater opportunity for growth
than cells deeper than this because mixing to 6 m was more frequent
than mixing to 9 m.

The population within O and 3 m was not constant

because cells were exchanged with layers below when mixing
deepened.

However, between mixing events, these cells have the

greatest opportunity for growth, provided that nutrients are
adequate.
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The depth integrated growth rate of the population (Fig. 4.18)
shows that for the period between days 5 and 13, the sinking
population was essentially exposed to the zp/Zm ratio determined by
the mixed layer depth on day 5, that is, zp/zm ratio is established
by the deepest 'recent' mixing event.

Because the mixed layer

remained shallow for several days during that period, there was a
slight increase in growth rate for the cells within the shallow mixed
layer.

This is reflected in the depth-integrated growth rate of the

total population (Fig. 4.18).

It is important to note that during

shallow mixing the increases in growth rate were so small compared
with the decrease caused by a deep mixing event.

These simulation

results highlight the difficulty of defining a representative mixed
layer, to evaluate for example, parameters such as o 5 (Section
4.8.2).

The discrepancy in population growth rate between rising and
sinking species was greatest when the mixed layer depth was
shallow.

A shallow mixed layer meant that most of the rising

population was aggregated within the region of high light intensity
whereas this was true only for some proportion of the sinking
population - that fraction left below the shallow mixed layer
remained there (minus settling or decomposition losses) until the
mixed layer deepened again.

The enormous advantage to the growth

rate of rising species conferred by diurnal stratification could
explain the correlation between the appearance of blue-green algae
with the onset of thermal stratification (Section 2.3).

It can be

seen from Fig. 4.18 that had mixing remained deep, the growth rate of
the rising population, hence its biomass production, would have been
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much reduced.

The total biomass produced by the rising species over twenty
days was three times that for the sinking species (Fig. 4.17).
species had an initial total biomass of 5 mg Chl-~.

Both

This example

illustrates how even slight positive buoyancy of cells can lead to a
large biomass increase compared with that of negatively buoyant
cells.

Moreover, the larger biomass was due less to the elimination

of sinking losses (about 10% for the sinking species over the
simulation period), than to the enhanced exploitation of available
light by the buoyant species.

4.10 Summary and principal conclusions

A growth-diffusion simulation model and scaling analyses were
used to examine the hypothesis that positive cell buoyancy of bluegreen algae makes possible a more effective utilization of the photic
zone, which in turn leads to their numerical dominance over
negatively buoyant species.

The results supported the hypothesis.

It was found that the proportion of the maximum physiological growth
rate realized by a positively buoyant population is greater than that
realized by a negatively or neutrally buoyant population when light
is limiting to growth.

Rising species therefore produce more biomass

per unit time than do sinking species, assuming that the
physiological growth rates of the two populations are comparable.
Positive buoyancy results in more effective exploitation of the light
gradient by the population because it (a) modifies the vertical
distribution of the mixed layer population so that it is
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(b) it allows the population to 'track'

comparatively 'top-heavy':

diurnal mixed layer excursions thereby maximizing the photic depth to
mixed layer depth ratios experienced over a day; and (c) it
eliminates sinking losses.

A negatively buoyant population, by

contrast, is nearly uniformly distributed in the mixed layer so the
depth-integrated growth rate is comparatively lower.

Its vertical

distribution, moreover, is determined by the deepest 'recent' mixing
event which minimizes the photic depth to mixed layer depth ratio
experienced by the population.

Cell settling also reduces the

biomass production of sinking species by continuously draining the
population at a rate which is dependent on the balance between the
depth-integrated growth rate, in the mixed layer, and the sinking
rate of the population.

The effect of turbulence on increasing cell

suspension time was constant for realistic values of the coefficient
of turbulent diffusion.

The difference between the depth-integrated growth rate of
rising and sinking species diminishes as the photic layer deepens
relative to the mixed layer, because the difference in the
availability of light to the two species is reduced.

The difference

is also reduced if the lake is unstratified because rising species
are circulated over the same depth as the sinking species instead of
over shallower depths as when diurnal mixed layer excursions occur.

4.11 Recommedations for further work

The present study has produced a theoretical framework for the
study of blue-green algae and for the prediction of their growth
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relative to that of other species.
validation.

The model now requires

Predicted vertical profiles of cell distribution should

be compared on a diurnal time scale with measured ones.

Time series

estimates for vertical diffusion and mixed layer depth could be
simulated from meteorological data with a model such as DYRESM
(Imberger and Patterson 1981).

With the physical parameter

estimates, the vertical distribution of cells of a phytoplankton
population could be predicted using the present model and the resu~ts
compared with field measurements on sub-populations of cells of
various buoyancies (rising or sinking velocities).

It is recognized

that obtaining such data is highly labour intensive, and that the
problem of horizontal advection of cells has to be dealt with.

The simulation model was not intended to predict biomass because
horizontal advection and nutrient limitation could not be ignored
over long periods.

Growth was assumed to be a linear function of

photosynthesis and the depth-integrated photosynthesis of the
population was assumed to be a simple function of light attenuation
and population distribution.

The inherent assumptions on which the

simulated biomass production depends should, however, be tested.
First, cells are assumed to react to changes in light intensity as
quickly as they are transported from one light intensity into
another.

Time scales for photoadaptation in algae have not been

extensively studied, nor has the significance of hysteresis in
photosynthetic response.

Second, the occurrence of photoinhibition

has not been intensively studied in Microcystis, and such studies
should consider the colonial form and scums.

Third, it should be

determined whether colonies which have not formed scums are subjected
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to high light intensities under natural conditions long enough for
changes in buoyancy to occur.

Small losses of buoyancy would

increase the influence of turbulent diffusion on the vertical
distribution of the population and could effect a net shift of the
population away from high light intensities.

Such a feedback system

would decrease the exposure of the population to potentially
injurious radiation.

Fourth, little is known of the conditions

necessary for the formation of scums, including the combinations of
wind velocity and colony buoyancy under which they form and
disperse.

Losses by horizontal advection of scums need

quantification since this may be the major loss mechanism for bluegreen algae during the period of active growth.

The photosynthetic

response of colonies in scums should be measured with respect to the
thickness of the scum and its persistence.

Quantitative descriptions

of scums are necessary to assess their importance to production.

The

likely disadvantages of scum formation, such as photoinhibition, loss
of viability from excessive exposure to high radiation or population
losses to the shore need to be incorporated into future models.
Fifth, the model assumes that rising velocity is constant with depth
and with turbulent diffusion.

Rising velocity should be

systematically measured as a function of temperature to ascertain the
degree to which the density of colonies is adjusted as they cross
temperature gradients.

Sixth, turbulence may affect rising velocity

by breaking up large colonies into smaller ones, therefore the
relationship between colony size and turbulence needs to be
documented.

In conclusion, the single most important process in the blue-
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green algal growth cycle requiring quantification is the loss rate
from wind-driven advection of surface scums.

Without some estimates

of the magnitude of this loss mechanism, reliable predictive models
of blue-green biomass production are essentially precluded.

'

Range of parameter values used for the simulation experiments

Table 4.1
q*

m/day

zm
m

K

m2/day

V

m/day

-v

amax

m/day

min

96

0.5

<5

0

0

max

950

20

1200

8

200

day- 1

0.5

2.86

IC

Io
µ Em-2 s -1

kc

kw
m-1

m2/mg Chl-a

0

60

1.15

0.01

2000

60

1.15

0.01

Fi gure 4.1

Schemat i c representation of the physical components of
the model (equation 4.2) which was used to simulate
phytoplankton growth as a function of photic depth,
mixed l ayer depth, turbulent diffusion and rising or
sinkin g velocity of the cells. The layer thickness
used f or the numerical solution of the equation was
0.5 m (Lyne (1982). It was assumed that no mass
transport occurs across the water surface; that no
diffusive flux occurs across the mixed layerhypolimnion interface but that cells can sink
through. The simulation depth for rising species was
thus confined to the mixed layer. The coefficient of
turbulent diffusion was assumed constant with depth
within the mixed layer, and equal to zero in the
hypoli mnion. In all but one simulation run (Section
4.9) the coefficient of turbulent diffusion, rising or
sinking velocity, mixed layer depth, and phytoplankton
growth rate had a constant value for the simulation
period, usually< 4 days.
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Figure 4.3

Rising velocities of Microcystis colonies as a function
of size at 20 t 1°c. Freshly collected samples were
transferred to a 30 x 3 cm graduated cylinder which was
sealed at the open end after filling to capacity with
lake water; care was taken to avoid trapping bubbles.
After the colonies had risen to the top, the cylinder
was slowly inverted. Slight motion of the water was
unavoidable near the ends of the column, so velocity
measurements were restricted to the central 4 to 5 cm;
colonies which drifted near the walls of the cylinder
were excluded. A stopwatch (~ 0.5 sec) was used to
estimate the time taken to travel 4 cm. The size of
the colony refers to the length of the longest axis
which was measured with 1 rrm graduations on the
cylinder wall.

A standardized curve described by equation 4.4 relating
phytoplankton growth rate and irradiance. The dotted
lines illustrate how the half-saturation constant le
was estimated from the photosynthesis-light curves of
Ganf (1980). g(I) is the light dependent growth
rate, amax is the maximum growth rate achievable under
prevailing levels of other independent variables, and I
is the prevailing light intensity.
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Isopleths of ~ in the v-q* parameter space. The nondimensional variable, ~ ~ v/0.067q*, expresses the
balance between the influence of cell buoyancy and
turbulen ce in determining the vertical distribution of
the population in the mixed layer. The value of~ can
be large (~ >> 1) for rising species which means that
cell buoyancy can exert a significant influence; it is
small (~ < 1) for sinking species which means
turbulence is the ~ominant influence. The shaded area
bounds the range of v and q* values prevalent in
Burrin j uck Reservoir (Section 4.5.1).

The time-course for the population density profile of
rising species to stabilize as a function~. The ratio
of biomass concentration in the surface and bottom
layers of the simulated mixed layer are used as the
index of stability; the mixed layer depth was 6 m, and
the init i al distribution of biomass was equal with
depth. The values of~ were selected to demonstrate
that even at low values, the vertical distribution of
the population stabilized very rapidly.
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Figure 4.6

Normalised profiles of population density of r1s1ng
species in the mixed layer as a function of~- The
shaded area approximates the vertical distribution of
Microcystis at values of~ prevalent in Burrinjuck
Reservoir (see shaded area on Fig. 4.4). The mixed
layer depth, rising velocity, and the diffusion
coefficient were constant for each simulation run. The
profiles stabilized very quickly (< 1 day) and reached
'quasi-steady-state', that is, the shape did not change
with time, but total biomass increased (see Fig. 4.5).
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Figu re 4. 7

The frequency distributions of the ratios of cell
concentrations at 0.5 and 5 m for (a) blue-green algae,
(b) diatoms and (c) green algae in Burrinjuck Reservoir
f rom 1976 to 1979. Samples were collected and cell
counts were made by the Commonwealth Department of
Housing and Construction. Samples were collected at
0.5 m to avoid sampling surface scums, so that the
magnitude of the ratios for the blue-green algae are
probably underestimated. The blue-green algae
consisted mainly of Microcystis and occassionaly
i ncluded Anabaena. The frequency of values for the
diatoms and green algae of about 1 indicate that these
taxa are distributed uniformly over 5 m most of the
time. By contrast, the values for blue-green algae are
commonly higher, indicating a top-heavy
distribution. The rather higher incidence of ratios of
> 1 amongst green algae than diatoms is due possibly to
the presence of flagellated genera such as Pandorina,
Volvox, Euflena, Trachelomonas and Chlamydomonas
(Appendix able 1.
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Figure 4.8

Figure 4.9

The depth-integrated population growth rate a expressed
as a proportion of the maximum physiological growth
rate am x• is shown as a function of the ratio of
photic fz) to mixed layer (zm) depth and~- The ratio
a/amax re8resents the proportion of the maximum growth
rate that the population realizes, given its vertical
population density profile (determined by~) across a
gradient of light (determined by z /zm).
a/amax increases significantly forprising species with
increasing ~ at a 9iven z /z , but not for sinking
species; in the range of µeafistic values of~. sinking
species are distributed essentially uniformly with
depth. Rising species realize a larger proportion of
their maximum growth rate at all values of~ and zp/zm,
but the relative advantage of positive buoyancy
decreases as the photic layer deepens relative to the
mixed layer.

Production of biomass (B) (normalized with the initial
biomass B0 ) as a function of a/am x (Fig. 4.8). The
simulation period was standardize3 to amaxt = 1. Since
the model does not include a loss term for rising
species,the production of biomass is a simple function
of the depth integrated growth rate.
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Figu re 4.11

The effect of ~ on long-term production of biomass by
r1s1ng species. For ~ = 8.67, the population growth
rate was initially higher than for~ = 1.74, but the
total biomass after less than 2 days was smaller. For
large ~ ' the influence of cell buoyancy is strong so
that the population concentrates near the surface. The
average exposure to light is therefore high, and the
growth rate is initially rapid. If~ is small, the
influence of turbulence is greater and the population
is more evenly distributed with depth. Consequently
the average light intensity experienced by the
population is lower and the population growth rate is
slower. However, self-shading effects begin to
dominate for high ~ sooner than for low~' and the
long-term biomass production at low~ is therefore
greater. A photic depth to mixed layer depth ratio of
0.5 m was used and a max was 1.38.

Biomass production B (normalized with 80 , the initial
biomass) as a function of the photic depth to mixed
layer depth ratio (zp/zm) and the parameter
o = amax zp/v. o expresses the balance between
population growth, a function of a max and z0 , and the
rate at which the population sinks out of tne photic
layer. The simulation period was one day; z0 = 4 m,
and v = 0.5 m/day and q* = 0.2 cm/s were constants.
The important region of the parameter space for
production estimates in eutrophic lakes is the region
bounded by z < zm because the photic depth is
generally le~s than the seasonal mixed layer depth
although zp >> zm occurs during diurnal mixed layer
excursions. The slope of the curves for o < 6 in the
region z /zm < 1, indicate that biomass production is
sensitive0 to changes in the ratio z /zm. For low
values of o , the population is clos~ to the steadystate ratio of 8/8 0 = 1. See Section 4.8.2 for an
explanation of the decrease in 8/8 0 at high values of
zp/zm and for the evaluation of o at steady state.
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Figure 4.12

Figure 4.13

Schematic to illustrate the change in average light
intensity experienced by a mixed layer population at
different mixed layer depths but constant photic
depth. Irradiance is given by the solid line. A
population circulated wholly within depth zm(2)
experiences a higher average light intensity, than a
population circulated within depth zm(l).

The relationship between the dimensionless parameter
and the ratio of photic depth, z , to
o = amaxZp/v
mixed layer depth, zm, in determining the persi~tence
of a sinking species in the mixed layer. The points
were obtained from the values of o and zp/zm at each
intercept of the biomass curve with 8/8 0 = l in Fig.
4.11. The slope of the curve in the region zp/zm > 1
gives the critical value of o, oc = 2.6 for a
population to maintain steady-state in the mixed
layer. (For z /z < 2, they- intercept (about 2.6)
gives the crit~ca~ value because zm was constant for
z /zm < 1 therefore the loss rate was constant). The
v~lue of oc obtained from the simulations is dependent
on how amax, the growth rate, is calculated, on the
definition of the photic zone, and on the effect of
turbulence in increasing suspension time of the cells
(see Section 4.8.2).
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Figure 4.14

Figure 4.15

Schematic of the vertical distribution of a population
of cells sinking from a still (a) and a turbulent (b)
column of water. In the still column, the population
sinks out coherently, assuming that the cell sinking
velocity is constant and ignoring the effects of
molecular diffusion. That is, the rate of cell loss
from a given depth, remains constant. In the turbulent
column, there is net transport of cells against the
concentration gradient caused by sinking so the mixed
layer population remains uniformly distributed. The
net effect of both processes is a progressive reduction
in the concentration of cells in the mixed layer so
that the rate of cell loss from a reference depth is
not constant, but decreases with time.

The time-course of population decrease due to of cells
settling with velocity, v, from a still (a) and a
turbulent (b) layer of depth z.
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Figure 4.16

Production of biomass by sinking species in the mixed
layer as a function of o = amax z0 /v and turbulent
diffusion, K(mz / day); the simulation period was
standardized to amax = 3; z = 4 m and~= 52m.
The curves show that for K ~ 5 m2 /day (0.6 cm /s),
biomass production is independent of turbulent
diffusion for a realistic range of values of v. The
reason is that sinking populations are distributed
evenly with depth because turbulent diffusion controls
their vertical distribution that is, ~ is small for
sinking species. An increase in the intensity of
mixing does not change the vertical distribution and
therefore does not change the depth integrated
population growth rate. Realist~c values for Kin the
mixed layer are greater than 5 m /day, so biomass
production by sinking species can be considered
independent of the intensity of turbule~ce. The effect
of turbulence on production for K < 5 m /day is
interpreted here for completeness. For o = 2, the
sinking rate of the population exceeds the growth rate
and the net effect of turbulence is to transport
sinking cells upward, thereby increasing production.
For o = 16, the growth exceeds the sinking rate, and
the net effect of turbulence is to drain cells
downward, thereby decreasing their time spent in the
photic zone and increasing their concentration at the
mixed 1ayer -interface. Both effects act to decrease
biomass production as turbulence increases.
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Figure 4.17

Figure 4.18

Production of total biomass by a r1s1ng and a sinking
species simulated using a time-varying mixed layer
depth and turbulent velocity scale (q*), and a cosine
function for light input; the maximum growth rate for
both species was 1.38 day- 1 • The two simulations
differed only in the value of v, the sinking
velocity was v = 1 m/day and the rising velocity was
v = -1 m/day. The population growth rates and mixed
layer depths for the simulation are shown in Fig.
4.18. DYRESM output for January 1979 (Chapter 3) was
used to obtain realistic mixed layer dynamics and q*
values.

The maximum daily depth-integrated growth rate of the
sinking and rising species described for Fig. 4.17; the
dashed line shows the diurnal maximum mixed layer
depth. The initial distribution of both species was
even with depth. See Section 4.9 for a discussion of
results.
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CHAPTER 5

SUMMARY AND SYNTHESIS

The aim of the study was to find the most likely explanation for
bloom-formation in the planktonic blue-green alga Microcystis
aeruginosa.

Since there is considerable conjecture on the subject of bluegreen algal 'dominance' or 'success', the first step taken was to
examine the numerous competing hypotheses proposed in the
literature.

To this end, a combination of critical review of

published data and its interpretation, and~ novo experimentation
and observation on Microcystis were used.

The conclusions are

highlighted below.

Several hypotheses emphasized the possibility of a unique
physiological attribute common to planktonic blue-green algae such as
competitive nutrient uptake kinetics, more efficient utilization of
available light, lower respiration rates or a capacity to produce
toxic substances to inhibit competitors.

Upon examination of the

available information, however, it was evident that Microcystis
blooms did not result from superior physiological performance when
compared with other algae.

It was found that in mixed culture, under

a variety of experimental conditions, Microcystis was consistently
less well able to grow or persist than representative species of
green algae and diatoms.

This conclusion is generally supported for

planktonic blue-green algae by a number of published works, for
example Stoermer et al. (1978), Kalff and Knoechel (1978) and Ganf
(1980).
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Two hypotheses attributed the 'success' of blue-green algae to
buoyancy.

One school of thought argues that by gas vacuole formation

and collapse blue-greens are able to maintain vertical station in
layers optimal for growth, or to migrate diurnally between several
such layers.

The theory is based largely on observations of

experimentally induced collapse and subsequent reformation of
vacuoles.

The bulk of observations of freely circulating populations

suggest, however, that colonies remain positively buoyant, and any
changes in buoyancy are too slight to result in vertical migration.
Moreover, published interpretations of diurnal fluctuations in
population density profiles of blue-green algae are unconvincing; the
possible effect of cell buoyancy has always been emphasized without
adequate analysis of other sources of variation, namely turbulence,
mixed layer dynamics and horizontal advection.

Finally, scaling

analyses showed that the process of gas vacuole collapse and
reformation is too slow to allow effective control of vertical
station in the epilimnion or diurnal migration across it.

The other

buoyancy-based hypothesis attributes blue-green algal success to
minimal losses, which are due, in part, to the preclusion of sinking
by positive cell buoyancy (Kalff and Knoechel 1978).

The conclusion from the present review of the alternative
hypotheses is that the physiologically based ones are untenable, and
that the answer lay in defining the role of positive buoyancy.
following interpretation was proposed:

The

that positive buoyancy

undoubtedly reduces losses, but that it also leads to a vertical
population density distribution markedly different from that of
negatively buoyant species.

In a light-limited environment, positive
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buoyancy increases the average exposure to light of the population as
a whole.

The depth-integrated growth rate of the total population is

therefore higher than that of a negatively buoyant species of equal
physiological potential.

With this interpretation, epilimnetic blue-

green algal colonies are not seen to actively control their buoyancy,
but rather to maintain positive buoyancy which passively restores
their position near the water surface, and reduces the randomizing
influence of turbulent diffusion.

A more rigorous analysis of the difference in vertical
distribution between positively and negatively buoyant species, the
resulting differences in population growth rate in a light-limited
environment, and the relative importance of sinking losses to biomass
The

production was carried out in the second phase of this study.

analysis was theoretical, based on the one-dimensional simulation
model described in Chapter 4 and on dimensional reasoning.

An

insight into mixed layer dynamics and a source of realistic values
for the physical parameters were first obtained by applying a
process-orientated model, DYRESM (Imberger and Patterson 1981), to
simulate the internal structure and physical dynamics of Burrinjuck
Reservoir, New South Wales.

The reservoir frequently had Microcystis

blooms, and was the site for much of the work reported in the first
phase of the study.

The theoretical study was limited to a comparison of the growth
Jnd biomass production in a light-limited environment of two species
which differed only in that one was negatively buoyant (sinking
species) and the other positively buoyant (rising species).

An

- ......
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important limitation of the analysis was that the formation of
surface scums could not be simulated because no quantitative
observations of the process were known.

Consideration of scums is

important because they lead to losses to the population by horizontal
advection to shore, and possibly by radiation damage.

The results of

the analysis showed that in a light-limited environment, a positively
buoyant population realizes a larger proportion of its maximum
This

physiological growth rate than a negatively buoyant population.
occurs for two reasons:

(a) the vertical population density

distribution in the mixed layer is relatively

1

top-heavy 1 depending

on the balance between the influence of cell buoyancy and turbulent
diffusion on cell transport; by contrast the vertical distribution of
negatively buoyant cells is always nearly uniform in the mixed layer,
(b) the population is able to exploit diurnal shallowing of the mixed
layer by rising into the temporary surface layer and thereby reducing
the average time spent at low irradiance levels over the day.

The

photic depth to mixed layer depth ratios experienced by a negatively
buoyant population are dictated by the pattern of the deepest, not
the shallowest mixing events.

The relative advantage of positive buoyancy is reduced as the
photic depth increases relative to the mixed layer depth because the
discrepancy in light availability between the positively and the
negatively buoyant species diminishes.

Similarly, in unstratified

waters, the advantage of blue-green algae is diminished because the
ratio of photic depth to mixed layer depth is the same for both
populations.
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The elimination of losses from sinking may contribute to the
dominance of blue-green algae over other taxa. but until losses from
scumming are quantified, the extent to which total losses are
minimized cannot be assessed.

The cost to biomass production due to

cell settling losses in negatively buoyant species is dependent upon
the relative influence of several variables:

the depth-integrated

population growth rate, the depth of the mixed layer and the cell
sinking velocity so that this cost is also variable.

The conclusions of this study can be used to conjecture upon
three general observations on the spatial and temporal distribution
of blue-green algal blooms:
(a)

their consistent association with eutrophic water;

(b)

the correlation of their appearance with the onset of
stratification in temperate lakes. and.

(c)

their absence from the open oceanic environment.

The restriction of blooms to eutrophic environments may be
explained by the slow maximum nutrient uptake rate of Microcystis,
which may be characteristic also of other blue-green algae.

Slow

uptake kinetics are partially (and perhaps totally) a function of the
colonial habit which reduces the surface area to volume ratio for
individual cells.

(Smith and Kalff (1982) found that saturated

uptake rates decreased per unit biomass with increasing cell size.)
Aggregation into large units (colonies or filaments) is necessary.
however. for the buoyancy forces to be sufficiently strong to
overcome the dispersive effects of turbulence; all the bloom-forming
blue-green algae are colonial or filamentous.

The disadvantage of
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effective positive buoyancy, therefore, is slow uptake of nutri ents
which restricts the blue-green algae to nutrient-enriched
environments.

Since most natural water bodies are nutri ent poor,

negatively buoyant species are more common in these ha~it ats.

The frequent observation that the onset of blue-green algal
blooms coincides with thermal stratification is readily explained by
the results of the theoretical analysis.

The advantages of positive

buoyancy are maximal during periods of strong diurnal
stratification.

It was shown that even populations with slow cell

rising velocities can exploit the diurnal mixing cycle because the
population is able to rise into the surface stratified layer, and
thus increase its average exposure to higher light intensities.

Finally, the absence of blue-green algal blooms in the open
ocean may be due to a combination of (a) oligotrophy; (b) a deep
photic layer; (c) a deep seasonal thermocline.

The first condition

alone may preclude the occurren ce of blue-green algae, but the two
remainin g conditions also impl y unfavourable conditions for bluegreen algal development.

A system characterized by a deep photic

layer can support sinking species because their biomass production is
dependent on the balance between the time it takes for the population
to grow and the time it takes for it to sink from the illuminated
layer.

In a deep photic layer the balance is tipped in favour of

growth, that is, the effect of sinking is relatively less important,
so that by comparison, positively buoyant species have a less marked
advantage.

Moreover , the photic depth would characteristically

exceed the diurnal mixed layer depth so that little could be gained
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by 'tracking' diurnal stratification.

The results from the first phase of the study, including
concepts and observations documented in the literature, and from the
second phase of the study, can now be integrated to propose a
conceptual model for the occurrence, growth, bloom-formation and
decline of Microcystis in a temperate lake or reservoir.
(a)

Microcystis is not competitive for the nutrients most
often limiting in natural lakes, phosphorus and
nitrogen.

A prerequisite for the occurrence of

Microcystis in a particular body of water is that the
supply of nutrients is in excess of the demand by the
species already established.
(b)

Once Microcystis is established, growth occurs if the
minimum temperatures are greater than 9 or

10°c.

At

these low temperatures growth of Microcystis is very
slow.

Usually the water column is also unstratified, and

if the lake is deep and the photic depth shallow, the
algae spend long periods in the dark, a condition to
which Microcystis is not well-adapted.
(c)

Once the water column stratifies, however, the depthintegrated growth rate of the Microcystis population is
greatly enhanced relative to sympatric species because
the vertical population distribution tends to be both
1

top-heavy 1 within the mixed layer, and also

diurnal mixed-layer excursions.

1

tracks 1

In contrast, populations

of negatively buoyant species remain evenly distributed
over the maximum depth of recent diurnal mixing events.
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Thus, under stratified conditions, provided that nutrient
requirements are met, Microcystis will begin to
(d)

1

bloom 1 •

As a dense population of Microcystis develops, the total
demand for nutrients by the large standing crop
eventually lowers the ambient nutrient concentrations to
below saturation for growth, and the population growth
rate becomes nutrient-limited.

As cell division rate

decreases, the gas vacuole content per cell increases,
colonies become more buoyant and the incidence of surface
scums increases.

At this stage of the annual cycle, the

Microcystis population is maximal, as well as more highly
concentrated near the surface, where nutrient
concentrations are usually low.

The inverse correlation

between biomass and nutrient concentration is thus not a
paradox, as has been commonly suggested.
(e)

A decline in the Microcystis population is to be expected
once the standing crop is very dense.

Although nutrient

supply and standing crop may in theory attain steadystate, persistance of such conditions in the natural
environment is unlikely.

It is inevitable that

<

pe,E_urbations in nutrient supply occur, and since a lake
is not a 'continuous stirred tank reactor•, there are
likely to be regions where nutrients become severely
limiting, even if this is not true for the entire lake.
The high susceptibility of Microcystis to decomposition
under prolonged nutrient limitation has been documented,
and the combination of high standing crop and warm water
temperatures are particularly favourable conditions for
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the growth of bacteria.

In addition to the above

sequence of events, an apparent decline in population is
also brought about toward the end of summer and autumn
when mixing intensifies and the population in
consequently 'diluted' over a greater depth range.

In summary, Microcystis is physiologically a 'loser':

it grows

more slowly than sympatric species under identical conditions of
nutrients, light and temperature and it is less able to tolerate
adverse cond i tions, such as prolonged nutrient deficiency.

However,

in conditions in whi ch other taxa are nutrient sufficient but lightlimited, water temperatures are warm, and the water column is
stratified, Microcystis is enormously advantaged and rises to
success.
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Figure 1 Microcystis cell concentration, phosphate and inorganic
nitrogen concentration at Site 103, Burrinjuck Reservoir
Figure 2 Sampling days at Site 103, Burrinjuck Reservoir
Table 1

Planktonic algal genera commonly found in Burrinjuck
Reservoir
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1.0

Experimental strains
The strain of Microcystis aeruginosa used for the experiments

was isolated by me from Burrinjuck Reservoir, New South Wales, in
January 1978.

The species has been ascribed to Microcystis

aeruginosa Kutz. emend. Elenkin by May (1978).

The capillary pipette

method used to obtain unialgal cultures is described in Stein
(1973).

The culture was unialgal but not axenic, and retained its

colonial form for the duration of the study.

Several colonies were

originally isolated and the subsequent cultures were mixed.

Ankistrodesmus falcatus was similarly isolated from Burrinjuck
Reservoir and identified by D. Thomas, University of Tasmania.

The

cultures of Ankistrodesmus spiralis and Scenedesmus guadricauda were
a gift from Dr. G.G. Ganf, University of Adelaide and had been
originally purchased from the Cambridge Culture Collection.
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2.0

Culture methods

2.1

Medium

Stock cultures of all test species were grown in ASM-1 medium
(Gorham et al. 1964).

The medium was prepared with double glass-

distilled water to which premixed stock solutions were added with an
automatic pipette.

A stock solution was prepared for each compound

(Stein 1973) and kept refrigerated for not more than 4 months in 500
Fec1 3 was dissolved with Na 2 EDTA and the
micronutrients were also dissolved together. The iron compound was

ml plastic bottles.

sensitive to degradation by light so the bottle was covered with
The medium was sterilized in 1 l aliquots by
autoclaving at 1.1 kg/cm 2 and 121°c for 15 min in 2 l Erlenmeyer

aluminium foil.

flasks stoppered with cotton wool bungs.

The pH of the medium was

adjusted before use to 7.5: 0.2 with 10 N Na0H.
Microcystis growth in ASM-1 was compared with growth in BG-11
(Stanier et al. 1971) and Chu-10 (Stein 1973) media at the start of
the study.

Growth rates, however, tended to be slower in BG-11 and

Chu-10, and lysis of the cells was more connnon.

Scenedesmus

quadricauda was also grown initially in Bold Basal medium (Stein
1973) to test whether a Chlorophycean species is disadvantaged by a
medium designed for blue-green algae.

Its growth was as fast as in

ASM-1 medium and the chlorophyll-_!. content of the cells w~s higher.

-~

·.1111
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2.2

Culture flasks

Sterile 250 ml disposable tissue culture flasks (Falcon Plastics

C.-0~~.,

No. 3017) filled witn 60 ml of medium were inoculated and placed flat
on a white surface and illuminated from above.

The screw top caps

were loosely fitted according to the manufacturer's instructions for
aerobic cultures.

2.3

Cultures were shaken once per day.

Temperature

Unless otherwise stated, the cultures were kept in a constant
temperature room maintained at 21 ± 1°c.

A maximum-minimum

thermometer was kept on the culture bench and monitored daily.

2.4

Light

The flasks were irradiated from above by a bank of 40W coolwhite fluorescent tubes.

Stock cultures were maintained at 50µEm- 2

s- 1 , and unless otherwise stated experimental cultures were grown at
250µEm- 2s- 1•

Irradiance was controlled by varying the number of

tubes used. Since light intensity varied by about 15% along the
length of each fluorescent tube, the position of the experimental
flasks was re-arranged daily in a haphazard fashion.

2.5

Subculturing

The stock cultures were subcultured every 3 to 4 weeks into
fresh medium.

..

All manipulations were carried out in a forced
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ventilation sterile cabinet.

In the case of Microcystis, the largest

clumps were selected with a sterile pasteur pipette for inoculation
into the fresh medium.

2.6

Inocula used for experiments

Cells were grown for 2 to 4 days in fresh medium at 250µEm-2s-1
prior to final subculturing for an experiment to ensure that the
cells were in the exponential phase of growth.

The initial cell

density for most laboratory experiments was about 10 5 cells/ml, and
was obtained by adding, with an automatic pipette, the appropriate
volume of the stock culture to give the desired cell density in the
final volume.

'

J

......
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3.0

Estimation of cell concentration

3.1

Method

The cultures were sampled by removing two small (about 2 ml),
subsamples with a sterile pasteur pipette from each flask after it
had been thoroughly shaken.

The subsample was stored in a vial

(5-10 ml), and either processed immediately or preserved with 1 or 2
drops of 40% W/V formaldehyde solution.

Microcystis colonies were

disaggregated before sampling by the method described in Appendix
3.2.

Direct microscope counts were made with a Bright-Line
haemocytometer (Guillard 1973).

Samples were well-shaken before

pipetting into the counting chamber.

A minimum of four chambers per

sample were counted but the area counted within each chamber depended
on the density of cells in the sample.

Cell distribution in the

haemocytometer was examined with Microcystis and was found to be
random.

Counts were repeatable, with standard errors within 5% of

the sample means (see Humphries and Widjaja, 1979).

3.2

Disaggregation of Microcystis colonies

A simple method was developed during the present study to
disaggregate Microcystis colonies for counting, and is described in
Humphries and Widjaja (1979).

•

Box (1981b) assessed the method on

....
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several strains of Microcystis, as well as on other colonial algae.

3.3

Field samples

500 to 1000 ml of lake water was collected and stored on ice
until processing, which was done within 24 hours.

Lake phytoplankton

were concentrated before counting by filtering the sample through a 5
µm Millipore filter.

The concentration factor was usually 100:1 or

200:1, depending on cell density.

The cells were brushed off the

filter into a small plastic petri dish using a fine paint brush and a
known volume of filtered lake water ejected from an automatic
pipette.

The total volume of wash water was usually applied in two
aliquots because two rinses were more effective than one for removing
all the cells.

The efficiency of removal was checked by clearing

several filters in boiling acetone and examining them under a light
microscope.

The inspection showed that if care was taken in removing

the cells, the method was virtually 100% effective.

The concentrated sample was then transferred into a vial, again
using an automatic pipette.

The suspension did not adhere to the

surface of the disposable plastic petri dishes, so complete recovery
of the concentrated sample was possible.

The natural assemblage of phytoplankton was counted in two

......
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stages.

All species except Microcystis were counted first, if the

sample contained large genera (for example Sphaerocystis or
Ceratium), a Sedgewick-Rafter counting chamber was used instead of a
Bright-Line haemocytometer.

The sample was then treated to

disaggregate the Microcystis colonies before the cells were counted •

•

I
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4.0

Estimation of growth rate

The growth rate, (measured here as cell division rate) of a
population of exponentially growing cells is described by

where

a

= growth constant (ti me- 1 ) , known as the
specific or relative growth rate

No

= initial concentration of ce 11 s (ml- 1 )

t

= time (days)

and by integration gives
ln(N/N )
o

a = ----'--

fit

day -1

In batch culture, the exponential growth phase only occurs for
the first few days during which a semi-log plot of cell number
against time ideally yields a straight line.

The slope of the line,

best determined by a least squares linear regression, represents the
growth rate of the culture (Fig. 2.2a).

For a review of the problems

associated with estimating algal growth rates in batch cultures see
Fogg (1975).

The growth rates reported for algae grown in polyethylene
containers..:!.!!_ situ (Table 2.1) represent the average growth rate over
the time elapsed between sampling periods, and not necessarily the
exponential growth rate.

1111

That is, a fast-growing species may reach

....

l
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stationary phase well before the container is sampled.

The growth

rate was determined by a linear regression through at least 5
estimates of mean cell concentration per replicate container per
sample day.

The standard errors of the slope include both within-

and between-sample variance.

Standard errors of the slope were not

reported for lake samples because only one water sample was taken at
each site, so that the error estimate would have been misleadingly
low.
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5.0 Measurement of nitrate uptake

Nitrate uptake was measured by inoculating a known concentration
of nitrogen-starved cells into a medium of known nitrate-N
concentration and measuring the residual nitrate at sequential time
intervals.

The rate of disappearance of nitrate from the medium was

assumed to represent its rate of uptake by the cells.

Since the

kinetic studies were conducted in batch culture, care had to be taken
to ensure conditions as close to steady-state as possible.

5.1

Preparation of nitrogen-starved cells

A 500ml aliquot of ASM-1 medium prepared with 5µM N0 3-N was
added to two 1 1 Erlenmeyer flasks and inoculated with exponentially
growing cells.

The initial cell concentration was calculated to

result in about one cell doubling before the nitrogen was
exhausted. (12 x 106 and 3.5 x 106 cells/ml of Microcystis and
Scenedesmus quadricauda respectively * .)

The nitrate concentration in

the medium was monitored by the manual cadmium-reduction method
described in the US EPA manual (1974).

The sampling intervals were

dictated by the concentration of the nutrient, and were more frequent
at low nutrient concentrations.

When the concentration of N0 3 -N in the medium was. about
1 µM, the cells were diluted to 10 5 cells/ml with nitrogen-free

*

Preliminary experiments in which the Scenedesmus and Microcystis
had been grown at factorially increasing nitrogen concentrations
under standard culture condisions showed that the5species
respectively produced 2 x 10 cells/ml and 7 x 10 cells/ml per
µg N0 3-N.

....
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ASM-1 medium, and the uptake experiments were conducted.

5.2

Experimental procedure

The experimental procedure was developed by Romeo (1979) and is
also described by Romeo and Fischer (1982).

74 ml aliquots of the

nitrogen-starved culture were added to 10 numbered 125 ml acid-washed
Erlenmeyer flasks, and capped with a glass petri dish bottom.

The

flasks were placed in a growth cabinet and illuminated at 3200 lux
with 2 GR0-LUX (F40-GR0) fluorescent tubes.

N0 3-N was added to each

flask by adding 1 ml of stock solution of NaNo 3 made up to give the
required experimental concentrations (0.5, 1, 2, 4, 8, 16 and 32 µM)
at a dilution of 1:75. Each flask was immediately swirled and a 5 ml
sample was withdrawn using a clean Jelco syringe.
re-used during the experiment.

Syringes were not

Each syringe was fitted with a

plastic Millipore filter holder and 2 ml of sample was filtered
through a 13

1111l

GFC glass fibre filter into a 2 ml plastic cup

designed for use with a Technicon Autoanalyzer.

Samples were

collected in duplicate (from lowest to highest concentration of
nutrient to guard against contamination), capped, and frozen for
later analysis.

Subsequent filtering of samples from each of the 10

flasks was done simultaneously by placing the syringes in a specially
designed rack over the sample cups and depressing the plungers with a
tray.

The procedure was repeated for the duplicate samples.

time at which the plungers were depressed was noted.

The

Samples were

taken at approximately 30, 60, 90 and 120 minutes after the nutrient
was added.

...
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5.3

Nitrate analyses

The samples were analyzed by Technicon II Autoanalyzer in the
laboratory of the Marine Pollution Studies Group, Victorian Ministry
for Conservation.

Their analytical procedure was investigated by

Romeo (1979), and was found to adequately detect small changes in N03
concentration within the concentration range used in the uptake
experiments.

5.4

Calculation of uptake rates

The mean N03-N concentrations of the duplicate samples were
plotted as a function of time for each treatment.

The points were

connected and the line of steepest slope for each treatment was taken
as the estimate of maximum uptake rate (see Romeo and Fischer,
1982).

The raw uptake rates were standardized with respect to cell

concentration and time, and plotted as shown in Fig. 2.3.

....
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6.0

Chlorophyll-a

The method used for the analysis of chlorophyll-~ was developed
by the Water Research Centre of the Freshwftter Biological Association
(U.K.) and is outlined here in full.

At least 500ml of sample was filtered through a GF/C glass fibre
filter.

The filter was folded into four, placed into a test tube and

covered with 15 ml of 96.8% methanol.

The samples were placed in a

rack in a water bath at 80°c for 3.5 minutes, stoppered and
refrigerated for 10 min.

After cooling, the volume of the solution

was made up to 15 ml with absolute methanol.

The solution was

transferred to a dry centrifuge tube and centrifuged at 3200 rpm for
The absorbance of the supernatant was spectrophotometrically

3 min.

determined at 665 nm and 750 nm.

The chlorophyll-~ concentration in

µg/1 is then given by:

(13.9)(absorbance at 665 nm - absorbance at 750 nm)(0.015 1)
Chl-a

=

------------------ -------(path length of cuvette cm) x (volume of sample 1)

•

.....
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7.0

Analysis of the heat budget error referenced in Section 3.5.1

The following is an analysis of the possible cause of the 3°c
discrepancy in the top 21 m of the reservoir between the temperature
predicted by DYRESM and that measured on May 9. 1979 (Fig. 3.13i).
The net rate of heat exchange per unit area of lake surface is
given by the summation of the heat exchange processes (kJm- 2day- 1 ):

SW - E - C - LW ou t + LW-1n

where
Hnet
SW

= net rate of heat exchange across the water/air surface
= shortwave irradiance at the water surface

E

= rate of evaporative heat transfer

C

= ra~ of conductive (sensible) heat transfer

swout

= ra~ of heat emission from longwave radiation

LWin

= ra~ of heat absorption from longwave radiation.

Shortwave radiation could have been overestimated due to
instrument malfunction so the measurements were compared with maximum
summer values and minimum winter values expected on a clear day at
latitude 35°s. from the Smithsonian Meteorological Tables (list
1968).

The Canberra values were well within the expected range and

the sinusoidal curves (Fig. 3.7) do not indicate an unusual departure
from expected values for the March to May period.

The other heating

component. LWin• is a function of the air temperature raised to the
sixth power and since there is a possible overestimate of 1°c in the
average daily air temperature on hot, still days. the daily error in

I
I
I
I

I
I

I
I

...1111111

I
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the heat flux was calculated using the TVA (1972) formula:

where C, the fraction of the sky covered in clouds is assumed to be
zero, and Ta is the air temperature. From this, the error in LWin
(kJ m- 2day- 1) due to an error in - Ta• is given by the differenced
form:

~LW.,n = - 5.18

X

10-l 3

X

6(273 + Ta ) 5 ~T a

X

10- 3

X

3600

X

24

Thus a 1°c error in air temperature (~Ta= 1°c), would result in
about a 500 kJ m- 2day-l difference in the estimate of LWin• assuming
an average air temperature between 10 and 15°c.

The value was then compared with the underestimate in the daily
heat flux required to produce a 3°c change in the reservoir over 80
days. the approximate elapsed time over which the mismatch
developed.

The error in the heat flux per unit area is given by:

where

•

He

= the heat required to produce an increase in water
temperature of ~T ( kJ m-2 day -1)

~T

= the temperature difference sought (3oc)

I
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h

= the height of the water column, taken as 21 m, the
depth of the isothermal layer in Fig. 3.13

cP

= the specific heat of water (4.2 kJ kg-1 oc-1)

p

= density of water (10 3 kg/m 3 )

~t

= elapsed time (80 days)

A 1°c overestimate in the air temperature thus produces too

small an error in the longwave radiation flux to account for
overheating.

Moreover, the air temperature in only overestimated on

hot, clear, windless days so the error would neither be systematic
nor prevalent in autumn.

It appears then. that the problem lies in the cooling components
of the heat budget.

Of these , only the evaporative and sensible heat

flux use input data; the longwave emission of heat is proportional to
the water temperature, which is simulated.

(LWout is proportional to

the fourth power of the water temperature* and thus feeds back the
error into the estimate of the total heat flux and complicates the
prediction of effects of single processes.)

The relative importance

of evaporative and sensible heat loss was estimated from DYRESM
output by calculating the average daily flux over the relevant 80
The average daily heat loss from evaporation and conduction
was - 13,300 and - 1.600 kJ m- 2day-l respectively. This means that a
days.

25% underestimate of the evaporative heat flux could account for the
excess heat produced in the simulation.

Pan evaporation measurements may over- or underestimate heat

*

(TVA, 1972)
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loss depending on whether the pan water is warmer or colder than the
surface lake water, which can be inferred from pan-lake correction
formulae such as that of Webb {1966).

(A correction factor was not

applied however, because the formula requires an estimate of air
vapor pressure which was not available, see Section 3.4.)

Garrett

and Hoy {1978) found that lake and pan evaporation could be
considerably out of phase seasonally because of the seasonal
difference in the heat stored~ t~e lake.

The difference between

pan and lake was found to be minimal in summer and maximal in
winter.

Lake evaporation was obtained by the authors using a

stability-corrected bulk aerodynamic formula on actual water
temperatures.

Pan evaporation reaches a minimum in autumn, several

months before the lake and thus underestimates heat loss.

It reaches

a maximum before the lake in spring and overestimates heat loss.
Garrett and Hoy (1978) found pan coefficients of up to 2.0 for Lake
Eucumbene (36° 5' S 148° 40' E) and 1.3 for Cataract Reservoir (34°
20' S 150° 50' E) between April and July.

This means that pan-lake

corrections of up to 100% are reasonable for the autumn and winter
months in temperate climates.

The uncorrected pan evaporation values

used in the Burrinjuck simulation could thus easily account for the
seasonal error in the heat budget.

During spring, Garret and Hoy estimated pan coefficients of 0.4
to 0.9 for the two lakes.

The DYRESM results over the spring period

do not show a corresponding excess of cooling, but this may be
explained by a carry over of excess heat from the 1978 winter period.

Conduction is the remaining mechanism of heat loss and although

I
I

I
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it is a much smaller component of the total heat budget than
evaporation, it nevertheless contributes to the overall error because
it is linearly proportional to wind speed and the temperature
difference between the air and water temperatures*, both of which are
in error.

The 2 m reading of the wind speed results in approximately

a 14% underestimate of the sensible heat transfer, which is normally
calculated on the basis of wind speeds at 10 m, but these were not
available.

The magnitude of this error is based on the assumptions

of Thorpe (1977) who reasoned at 2 m to 10 m conversion factor of
An additional but unknown underestimate is introduced by the

1.14.

minimum start-up wind speed estimated at Burrinjuck reservoir over
the 80 day autumn simulation period was 1.4 m s- 1 and is almost
certainly an underestimate.

Moreover, the water temperature is

simulated and any error in sensible heat transfer is compounded
because the smaller the difference between water and air
temperatures, the less the cooling by conduction.

In addition to the surface heat transfers, inflows affect the
reservoir temperature.

The total inflow over the 80 day period (Fig.

3.8) was less than one tenth the total volume of the reservoir within
the isothermal region (Fig. 3.13; Table 3.2).

To effect the desired

temperature rise, the inflow temperature would have needed to be
about 30°c higher than the reservoir temperature over the period in

*
I

where

cs

=
=
=

=

drag coefficent (1.45 x 10- 3 ) (for a discussion see
Fischer et al. 1979)
3
density of air (1.225 kg m)
specific heat of air (1.01 kJ
wind speed at 10 m (m/day)

!

i
I
I
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question.

Despite the large number of interpolated inflow

temperature (about 90%). they could not account for a significant
error in the simulated reservoir temperature.

In conclusion. the estimate of the evaporative heat flux is the
most significant source of error in the heat budget and could alone
account for the

3°c

discrepancy between the observed and simulated

reservoir temperatures in autumn.

There is an additional, but

smaller error in the sensible heat flux caused by the underestimate
in wind speeds.

Any potential errors in the other relevant data;

solar radiation, air temperature and inflow temperatures, are not
significant.

•

I

I
I

Figure 1

Microcystis cell concentration and (a) phosphate
(P0 4-P) and (b) inorganic nitrogen, (N0 3+N0 2+NH 3 )-N,
concentration at 0.5 m, Site 103, BurrinjucK
Reservoir. The inorganic nitrogen component was mainly
N0 3+No 2 because NH 3 concentration was usually below
detection. From tne nitrogen uptake data shown in Fig.
2.3, the half-saturatton constant of Microcystis for
N0 3-N is< 28 µg N 1-. Since the inorganic nitrogen
concentration is usually about 100 µg/1 in the
reservoir, it can be assumed that nitrogen is rarely
limiting to this species. The half-saturation constant
for phosphorus of Microcystis is about 38 µg P/1 (Holm
and Hansen 1981) so phosphate is likely to be limiting
to the species at times. However, there are long
periods (Dec-Feb 1977) when the concentration of
phosphate was above the half-saturation concentration,
and Microcystis cell density was maximal for the study
period during those months.
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Fi gure 2

Sampling days at Site 103 at Burrinjuck Reservoir. The
lines designate the days on which the Commonwealth
Department of Housing and Construction sampled the
reservoir for water quality variables. Data falling
between days 250 and 500 in Fig. 2.9 and Appendix Fig.
1 sho uld be interpreted in accordance with the field
sampling frequency.
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Appendix Table 1
Planktonic algal genera commonly found in Burrinjuck
Reservoir. (Classification after Prescott 1962).
MYXOPHYCEAE
(blue-green algae)

CHLOROPHYTA
(green algae)

*

*
*

*
*
*

*
**

Actinastrum
Ankistrodesmus
Botryococcus
Characium
Chlamydomonas
Ch1ore11a
Chodate11a
Closterium
Cosmarium
Cruci geni a
Di ctyosehaeri um
Eudorina
Ki rchneri e11 a
Micractinium
Micrasterias
Neehrocytium
Oocystis
Pandorina
Pediastrum
Planktosehaerium
Scenedesmus
Selenastrum
Sphaerocysti s
Staurastrum
Tetraedron
Volvox

*

Chroococcus
Mi crocysti s
Osei 11 atori a
Anabaena

**

EUGLENOPHYTA

*

Euglena
Phacus
Trachelomonas

CHRYSOPHYTA
(Baci11ariophyceae; di atoms)

*
*

*
*

Coscinodiscus
Cycl ote11 a
Cymbe11a
Gyrosi9ma
Melosira
Navicula
Synedra
Nitzschia
Pinnularia
Rhizosolenia
Suri rel la
Tabe11 aria

denotes those most commonly recorded
Euglenoehyta were added to the green cell count data
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