
See	discussions,	stats,	and	author	profiles	for	this	publication	at:	https://www.researchgate.net/publication/226635173

Disaggregation	of	Microcystis	aeruginosa
colonies	under	turbulent	mixing:	Laboratory
experiments	in	a...

Article		in		Hydrobiologia	·	May	2004

DOI:	10.1023/B:HYDR.0000026501.02125.cf

CITATIONS

44

READS

96

5	authors,	including:

Some	of	the	authors	of	this	publication	are	also	working	on	these	related	projects:

Fine-scale	cryogenic	sampling	of	planktonic	microbial	communities	View	project

PhD	Research	on	Oligopeptides	from	Aquatic	Cyanobacteria	View	project

Anya	M.	Waite

University	of	Western	Australia

132	PUBLICATIONS			3,771	CITATIONS			

SEE	PROFILE

Greg	Ivey

University	of	Western	Australia

153	PUBLICATIONS			3,915	CITATIONS			

SEE	PROFILE

David	Philip	Hamilton

The	University	of	Waikato

274	PUBLICATIONS			4,326	CITATIONS			

SEE	PROFILE

All	content	following	this	page	was	uploaded	by	David	Philip	Hamilton	on	09	February	2017.

The	user	has	requested	enhancement	of	the	downloaded	file.	All	in-text	references	underlined	in	blue	are	added	to	the	original	document
and	are	linked	to	publications	on	ResearchGate,	letting	you	access	and	read	them	immediately.

DWR-732

https://www.researchgate.net/publication/226635173_Disaggregation_of_Microcystis_aeruginosa_colonies_under_turbulent_mixing_Laboratory_experiments_in_a_grid-stirred_tank?enrichId=rgreq-868c8077f17f415333386ecd0b07e653-XXX&enrichSource=Y292ZXJQYWdlOzIyNjYzNTE3MztBUzo5OTI1OTA1OTgwMjExMkAxNDAwNjc2NjEzMDQ0&el=1_x_2&_esc=publicationCoverPdf
https://www.researchgate.net/project/Fine-scale-cryogenic-sampling-of-planktonic-microbial-communities?enrichId=rgreq-868c8077f17f415333386ecd0b07e653-XXX&enrichSource=Y292ZXJQYWdlOzIyNjYzNTE3MztBUzo5OTI1OTA1OTgwMjExMkAxNDAwNjc2NjEzMDQ0&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/project/PhD-Research-on-Oligopeptides-from-Aquatic-Cyanobacteria?enrichId=rgreq-868c8077f17f415333386ecd0b07e653-XXX&enrichSource=Y292ZXJQYWdlOzIyNjYzNTE3MztBUzo5OTI1OTA1OTgwMjExMkAxNDAwNjc2NjEzMDQ0&el=1_x_9&_esc=publicationCoverPdf
https://www.researchgate.net/?enrichId=rgreq-868c8077f17f415333386ecd0b07e653-XXX&enrichSource=Y292ZXJQYWdlOzIyNjYzNTE3MztBUzo5OTI1OTA1OTgwMjExMkAxNDAwNjc2NjEzMDQ0&el=1_x_1&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Anya_Waite?enrichId=rgreq-868c8077f17f415333386ecd0b07e653-XXX&enrichSource=Y292ZXJQYWdlOzIyNjYzNTE3MztBUzo5OTI1OTA1OTgwMjExMkAxNDAwNjc2NjEzMDQ0&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Anya_Waite?enrichId=rgreq-868c8077f17f415333386ecd0b07e653-XXX&enrichSource=Y292ZXJQYWdlOzIyNjYzNTE3MztBUzo5OTI1OTA1OTgwMjExMkAxNDAwNjc2NjEzMDQ0&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Western_Australia?enrichId=rgreq-868c8077f17f415333386ecd0b07e653-XXX&enrichSource=Y292ZXJQYWdlOzIyNjYzNTE3MztBUzo5OTI1OTA1OTgwMjExMkAxNDAwNjc2NjEzMDQ0&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Anya_Waite?enrichId=rgreq-868c8077f17f415333386ecd0b07e653-XXX&enrichSource=Y292ZXJQYWdlOzIyNjYzNTE3MztBUzo5OTI1OTA1OTgwMjExMkAxNDAwNjc2NjEzMDQ0&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Greg_Ivey?enrichId=rgreq-868c8077f17f415333386ecd0b07e653-XXX&enrichSource=Y292ZXJQYWdlOzIyNjYzNTE3MztBUzo5OTI1OTA1OTgwMjExMkAxNDAwNjc2NjEzMDQ0&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Greg_Ivey?enrichId=rgreq-868c8077f17f415333386ecd0b07e653-XXX&enrichSource=Y292ZXJQYWdlOzIyNjYzNTE3MztBUzo5OTI1OTA1OTgwMjExMkAxNDAwNjc2NjEzMDQ0&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/University_of_Western_Australia?enrichId=rgreq-868c8077f17f415333386ecd0b07e653-XXX&enrichSource=Y292ZXJQYWdlOzIyNjYzNTE3MztBUzo5OTI1OTA1OTgwMjExMkAxNDAwNjc2NjEzMDQ0&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/Greg_Ivey?enrichId=rgreq-868c8077f17f415333386ecd0b07e653-XXX&enrichSource=Y292ZXJQYWdlOzIyNjYzNTE3MztBUzo5OTI1OTA1OTgwMjExMkAxNDAwNjc2NjEzMDQ0&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/David_Hamilton?enrichId=rgreq-868c8077f17f415333386ecd0b07e653-XXX&enrichSource=Y292ZXJQYWdlOzIyNjYzNTE3MztBUzo5OTI1OTA1OTgwMjExMkAxNDAwNjc2NjEzMDQ0&el=1_x_4&_esc=publicationCoverPdf
https://www.researchgate.net/profile/David_Hamilton?enrichId=rgreq-868c8077f17f415333386ecd0b07e653-XXX&enrichSource=Y292ZXJQYWdlOzIyNjYzNTE3MztBUzo5OTI1OTA1OTgwMjExMkAxNDAwNjc2NjEzMDQ0&el=1_x_5&_esc=publicationCoverPdf
https://www.researchgate.net/institution/The_University_of_Waikato?enrichId=rgreq-868c8077f17f415333386ecd0b07e653-XXX&enrichSource=Y292ZXJQYWdlOzIyNjYzNTE3MztBUzo5OTI1OTA1OTgwMjExMkAxNDAwNjc2NjEzMDQ0&el=1_x_6&_esc=publicationCoverPdf
https://www.researchgate.net/profile/David_Hamilton?enrichId=rgreq-868c8077f17f415333386ecd0b07e653-XXX&enrichSource=Y292ZXJQYWdlOzIyNjYzNTE3MztBUzo5OTI1OTA1OTgwMjExMkAxNDAwNjc2NjEzMDQ0&el=1_x_7&_esc=publicationCoverPdf
https://www.researchgate.net/profile/David_Hamilton?enrichId=rgreq-868c8077f17f415333386ecd0b07e653-XXX&enrichSource=Y292ZXJQYWdlOzIyNjYzNTE3MztBUzo5OTI1OTA1OTgwMjExMkAxNDAwNjc2NjEzMDQ0&el=1_x_10&_esc=publicationCoverPdf


Hydrobiologia 519: 143–152, 2004.
© 2004 Kluwer Academic Publishers. Printed in the Netherlands.

143

Disaggregation of Microcystis aeruginosa colonies under turbulent mixing:
laboratory experiments in a grid-stirred tank

Katherine R. O’Brien∗, David L. Meyer, Anya M. Waite, Gregory N. Ivey &
David P. Hamilton∗∗
Centre for Water Research, University of Western Australia, Crawley, Western Australia 6009, Australia
∗Present address Division of Environmental Engineering, School of Engineering, The University of Queensland,
St Lucia, Queensland 4072, Australia
∗∗Present address: Department of Biological Sciences, University of Waikato, Private Bag 3105, Hamilton,
New Zealand
E-mails: k.obrien@uq.edu.au; meyersd@bv.com; waite@cwr.uwa.edu.au; ivey@cwr.uwa.edu.au;
d.hamilton@waikato.ac.nz

Received 27 July 2003; in revised form 26 October 2003; accepted 1 December 2003

Key words: Microcystis aeruginosa colony size, aggregation, disaggregation, turbulent mixing

Abstract

Samples of the cyanobacterium Microcystis aeruginosa from a small pond were used in laboratory experiments
with a grid-stirred tank to quantify the effect of turbulent mixing on colony size. Turbulent dissipation in the
tank was varied from 10−9 m2 s−3 to 10−4 m2 s−3, covering the range of turbulence intensities experienced by
M. aeruginosa colonies in the field and exceeding the maximum dissipation by two orders of magnitude. Large
colonies broke up into smaller colonies during the experiments; the mass fraction of colonies with diameter less
than 200 µm increased over time. Colony disaggregation was observed to increase with turbulent dissipation. The
maximum stable colony diameter across all experiments was in the range 220–420 µm. The overall change in
size distribution during the experiments was relatively small, and the colony size distribution remained very broad
throughout the experiments. Since colony size affects migration velocity, susceptibility to grazing and surface
area to volume ratios, more work is needed to determine how to best represent this broad size distribution when
modelling M. aeruginosa populations.

Introduction

Microcystis aeruginosa Kütz. emend. Elenkin and
other species of cyanobacteria can form toxic surface
blooms which create major water quality problems
(Reynolds, 1997a; Falconer, 1999). The formation of
surface blooms by M. aeruginosa is facilitated by gas
vesicles, which provide buoyancy to the cells. Ver-
tical migration provides a competitive advantage for
M. aeruginosa over negatively buoyant and slower
migrating species, especially under intermittent mix-
ing conditions (Ganf & Oliver, 1982; Humphries &
Lyne, 1988; Ibelings et al., 1991b; Mitrovic et al.,
2001). Colony size has a large effect on migration
velocity (Hutchinson, 1957; Reynolds, 1984; Reyn-

olds et al., 1987), grazing pressure (Oliver & Ganf,
2000) and surface area to volume ratio. In turn, surface
area to volume ratio affects light attenuation (Kirk,
1975; Robarts & Zohary, 1984), growth rate (Reyn-
olds, 1997b) and nutrient uptake. Hence any models
of M. aeruginosa which include vertical migration
require accurate values for colony size distribution
(O’Brien, 2002).

Turbulent mixing can reduce the competitive ad-
vantage of M. aeruginosa by preventing vertical mi-
gration of the colonies, and so altering the light climate
(Ibelings et al., 1991a; Wallace & Hamilton, 1999;
Oliver & Ganf, 2000). Very high turbulence intens-
ities sustained over many days can adversely effect
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metabolic activity and viability of M. aeruginosa cells
(Regel et al., 2003). Turbulence can also increase
rates of both aggregation and disaggregation of phyto-
plankton, and lake and marine snow (e.g. Alldredge
et al., 1990, Grossart & Simon, 1993, Jackson &
Lochmann, 1993). The net effect of turbulence on
M. aeruginosa colony size will depend on whether
aggregation or disaggregation predominates. There is
qualitative evidence for the break-up of M. aeruginosa
colonies under turbulent conditions (Robarts & Zo-
hary, 1984), while recent experimental work found
that individual cells of M. aeruginosa may aggregate
in turbulence (Regel et al., 2003). Naselli-Flores &
Barone (2003) found that mean M. aeruginosa colony
size was greatest when the mixing and euphotic depths
were close to zero in Lake Arancio. It has been sug-
gested that the smallest eddies in a turbulent flow (the
Kolmogorov scale) place an upper limit on the size of
phytoplankton in general (Reynolds, 1998). Quantify-
ing the effect of turbulent mixing on colony diameter
is essential for accurate models of M. aeruginosa
populations and prediction of bloom formation.

It is proposed here that turbulent mixing causes a
net reduction in M. aeruginosa colony size through
disaggregation. Here, laboratory experiments are used
to quantify the impact of turbulent mixing on the size
distribution of M. aeruginosa colonies taken from a
sheltered pond.

Materials and methods

Experimental procedure

Samples of M. aeruginosa were taken from the Reid
Library Pond at the University of Western Australia on
consecutive days in July 2001. The pond is a shallow
(<1 m), sheltered, artificial water-body with prolific
blooms of M. aeruginosa. In-situ samples were chosen
over laboratory-cultured samples because M. aeru-
ginosa is typically unicellular in continuous culture,
and colonial in the field (Ibelings, 1992; Regel et al.,
2003). The species was formally identified as Micro-
cystis aeruginosa Kütz. emend. Elenkin. Microscopic
examination verified that samples were dominated by
M. aeruginosa (>99% cell counts).

Colonies of up to 100 mm in size were found in the
Reid Pond. The large colonies were extremely fragile
and broke up with minor disturbance, which was con-
sistent with the findings of (Robarts & Zohary, 1984).
Samples were removed to the laboratory with minimal

Figure 1. Grid-stirred tank. The base is square (61 × 61 cm), and
tank depth is 90 cm.

Figure 2. Perspex viewing vessel (6 × 6 × 16 cm), with vertical
light sheet.

disturbance and no mixing, but the maximum colony
diameter measured immediately on arrival in the labor-
atory (referred to as sample T = −10 minutes) was
approximately 1 mm.

Turbulent mixing was generated in a laboratory
tank by a vertically oscillating, horizontal grid. The
grid was made from 1 cm square aluminium bars,
each separated by 5 cm (mesh size M = 6 cm), and
was contained within a square-based Plexiglas tank
of dimensions 61 × 61 × 90 cm (Fig. 1). The mean
position of the grid was 53 cm above the tank floor.
The stroke length S was 4 cm, and the frequency, f ,
was varied between experiments (Table 1). The grid-
stirred tank was cleaned prior to each experiment, and
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filled to a depth of 70 cm with approximately 260 litres
of filtered (<0.45 µm) tap water. Practical consider-
ations precluded filtering this volume of pond water
for each experiment. By conducting experiments at
varying frequencies and hence correlating the results
to turbulence intensity, it was possible to isolate the
effects of turbulence on colony size from any impact
of the change from pond to tap water.

The experiments were conducted in two stages,
commencing within 15 minutes of sample collection
from the pond. Four litres of the sample were gently
added to the base of the grid-stirred tank, using a fun-
nel and 1 cm diameter plastic tubing. The grid was
oscillated at 0.5 s−1 for 10 minutes, after which time a
depth-integrated sample of the colonies was taken by
lowering an empty 1 cm diameter plastic tubing into
the tank, sealing the top of the hosing and then with-
drawing it from the tank. The size distribution of the
colonies in this sample (T = 0) was then measured.
After 10 minutes mixing at 0.5 s−1, visual inspection
indicated that the colonies were homogeneously dis-
tributed in the grid-stirred tank, and so the first stage of
the experiment was complete. The first stage had three
purposes. First, to ensure that the population was spa-
tially homogeneous, and hence equally mixed through
the turbulent field during Stage 2. Second, to isolate
the effects of transferring from the pond to a filtered
tap water environment from the second stage. Third,
to determine the response of M. aeruginosa colonies
to very low levels of mixing.

The grid oscillation was increased in the second
stage, with a different frequency used in each of the six
experiments (Table 1). Depth integrated samples were
collected, and size distribution measured, at times T =
15, 30, 60, 120, 180, 240 and 300 minutes. Since the
duration of the experiments was less than 6 hours, the
effect of turbulence on cell processes was considered
negligible (Regel et al., 2003).

The colony size distribution of the depth-integrated
samples was measured using a non-invasive video
technique similar to that used by (Waite et al., 1997).
A sample of approximately 400 millilitres was placed
in a square-based Perspex viewing vessel of dimen-
sions 6 × 6 × 16 cm (Fig. 2). Three 50 W halogen
globes, positioned behind a vertical slot in an alu-
minium sheet, produced a vertical light sheet in the
Perspex viewing vessel. Approximately two minutes
of video footage were taken of the colonies within a
2 × 2 cm field of view in the light sheet. The ves-
sel contents were gently hand-stirred periodically to
ensure that the population remained uniformly distrib-

uted. All experiments were conducted in a dark room
to maximize visibility of the colonies.

A ‘frame-grabber’ was used to convert the video
footage to a series of still-frame images of 768 × 576
pixels. From the footage taken at each sample time in
each experiment, 19 images were captured at 2 second
spacing. All images were examined manually to re-
move any non-M. aeruginosa material before further
analysis. The image analysis software Image Pro Plus
(version 4.5, MediaCybernatics) was used on a PC,
Win NT, dual processor station to calculate the size, in
pixelated area, of each colony in each image. Pixelated
area, A, of each colony was then converted to equiva-

lent spherical diameter de =
√

4
π
A, which is referred

to hereafter simply as ‘diameter’. de was then conver-
ted from pixel length units to µm using the calibration
coefficients of Table 1, determined from calibration
images taken in the viewing tank prior to each experi-
ment. This method of measuring size distribution was
validated with a sample of spherical polystyrene beads
of known diameter. The size range of measured colon-
ies was 30 µ < de < 1000 µm. The upper bound was
the limit of observed colony size. The lower bound on
de, defined by the resolution of the imaging system,
was approximately one order of magnitude above the
diameter of individual M. aeruginosa cells.

While assumption of spherical shape may have in-
troduced some uncertainty in the results, this will be
very minor. Furthermore, the conversion to volume
was based on measurement of area. When used to
estimate equivalent spherical diameter and colony
volume, this method has less inherent uncertainty than
using the lineal measurement commonly made (e.g.
Brookes et al., 1999, Naselli-Flores & Barone, 2003).

Experimental analysis

Colony size data was summarised as frequency of ob-
servation in selected size ranges (i.e. bins) of de. The
bins were separated by approximately 3 µm for 30–
350 µm. Bins were combined for higher values of de,
as there were fewer colonies in the larger size range.
By calculating spherical volume, V = 1

6 π d3
e , for

each bin size, the fraction of total volume was determ-
ined. The density of M. aeruginosa typically ranges
from 980 to 1040 kgm−3, which is equivalent to a vari-
ation of ≤ ± 4% from the density of water (Reynolds
et al., 1987; Visser et al., 1997; Wallace & Hamilton,
1999). Hence volume is a good measure of biomass,
and the volume fraction in each de bin is referred to
as the ‘mass fraction’ hereafter. The experimental res-
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Table 1. Summary of experimental conditions.

Expt Grid freq. Calibration Dissipation (Eq. 1, m2 s−3) ηk (mm)

(s−1) (µm/pixel) εmax (z = 0.12 m) εmin (z = 0.53 m) (Eq. 2)

Stage 1 0.5 3 × 10−7 9 × 10−10 1.4–6.3

Stage 2

1 0.9 32.45 2 × 10−6 5 × 10−9 0.9–4.1

2 1.4 32.30 7 × 10−6 2 × 10−8 0.7–2.9

3 1.8 32.65 2 × 10−5 4 × 10−8 0.5–2.4

4 2.3 32.10 3 × 10−5 9 × 10−8 0.5–2.0

5 2.7 30.80 5 × 10−5 1 × 10−7 0.4–1.8

6 3.2 32.60 9 × 10−5 2 × 10−7 0.4–1.6

Table 2. Fraction of total M. aeruginosa biomass with equivalent spherical diameter
de < 200 µm. The change in mass fraction relative to T = 0 was averaged over all
experiments for each sample time, and the level of significance of change is shown
where p < 0.10.

Time Mass fraction Statistical significance of change

with de < 200 µm in mass fraction with de < 200 µm,

relative to time T = 0

Stage 1
T = −10 minutes 16% p < 0.05

T = 0 18% n/a

Stage 2
T = 15 minutes 17% Not significant

T = 30 minutes 19% p < 0.05

T = 60 minutes 21% p < 0.025

T = 120 minutes 21% Not significant

T = 180 minutes 23% p < 0.05

T = 240 minutes 25% p < 0.05

T = 300 minutes 26% p < 0.05

ults are presented in terms of the mass fraction, since
mass is conserved during particle collision and break-
up (Jackson & Burd, 1998). Conservation of mass was
confirmed to within 10% in the measurements for all
experiments.

The diameter of the 10th percentile of mass, dp10,
measures the proportion of mass concentrated in the
smallest colonies; by definition 90% of the total mass
is found in colonies of diameter greater than dp10.
Thus decrease in dp10 is a measure of the break-up
of larger colonies. Uncertainty in dp10 was calculated
from the 19 still-frame images taken at each sample
time. High frequency of observation of smaller colon-
ies meant that random error in dp10 was small. For

these reasons, dp10 was used to quantify the change
in size distribution. This is analogous to the 75% area
percentile used by (Hill et al., 2001) to describe flocs
in the ocean, but the very low frequency of colonies
with de greater than approximately 350 µm meant
that the median and higher percentiles of both fre-
quency and mass fraction data were subject to very
high uncertainty.

The overall changes in dp10, the median dp50 and
the mass fraction with de < 200 µm were quantified
over time by calculating the mean change in these
parameters over all six experiments. From the mean
and the standard error, the z-statistic was calculated,
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and used to determine the significance level of any
change.

The maximum stable diameter ds has been used to
quantify disaggregation in other studies (e.g. Parker
et al., 1972, Alldredge et al., 1990). ds is defined
such that colonies with diameter d > ds break up,
while those with d < ds are stable. ds was calcu-
lated by subtracting the cumulative mass distribution
at time T = 0 from the cumulative mass distribution at
each successive sample time. The value of de at which
this difference was greatest was the turning point in
the distribution, i.e. the maximum stable diameter.
While the variation in ds was too high for compar-
ison between experiments, an overall value of ds was
calculated across all experiments.

Turbulence statistics

Published calibrations exist for the turbulent velocit-
ies and length scales produced in a grid-stirred tank
(Fernando & DeSilva, 1993; Noh & Fernando, 1993;
DeSilva & Fernando, 1994). Using these equations,
the turbulent dissipation ε can be calculated from the
overall rms velocity q and length scale � (cf. Tennekes
& Lumley, 1994):

ε = q3

�
= 1

β

(
2C2

1 + C2
2

3

) 3
2

M
3
2 S

9
2 f 3

z4 = α
f 3

z4 (1)

The values of the constants are β = 0.1, C1 = 0.18
± 0.04, C2 = 0.22 ± 0.05, (Fernando & DeSilva,
1993; Noh & Fernando, 1993; DeSilva & Fernando,
1994). For grid mesh size M = 6 cm and stroke
length S = 4 cm, α = 5.5 × 10−10 m6. f is the grid
frequency and z is the distance from the grid.

Equation (1) is only valid for z > 2 M. Closer
to the grid, the turbulent flow field is not fully de-
veloped in the sense that the individual wakes being
shed from adjacent bars in the oscillating grid do not
merge together (e.g. Kit et al., 1997). Equation (1)
indicates that dissipation is a strong function of both
distance from the grid z and frequency f . Hence as
colonies are stirred throughout the tank, they will ex-
perience a range of dissipations, and accordingly the
minimum and maximum dissipations for each experi-
ment are shown in Table 1. Since the dissipation is a
strong function of frequency (of f 3, in fact) in each
location, the frequency was varied in each experiment
(Table 1), and the relationship between dp10 and f 3

used to determine the dependence of colony size on
dissipation.

Figure 3. Size distribution of M. aeruginosa colonies. Relative fre-
quency of observation (a), cumulative frequency of observation (b),
relative mass fraction (c) and cumulative mass fraction (d) of M. aer-
uginosa colonies, plotted against equivalent spherical diameter de at
times T = −10, 0, 300 minutes for Experiment 4 (f = 2.3 s−1).
The grid lines at 10%, 50% and 90% indicate values of dp10, dp50,
dp90 respectively.

The Kolmogorov scale, ηk, was calculated from
the turbulent dissipation and the kinematic viscosity ν

using Equation (1) (cf. Tennekes & Lumley, 1994):

ηk =
(

ν3

ε

) 1
4

=
(

ν3

α

) 1
4 z

f
3
4

(2)

The minimum Kolmogorov length scale in the tank
was calculated from Equation (2) for each experiment
(Table 1).

The relationship between colony size (dp10) and
turbulent dissipation (Equation (1)) was quantified
through least-squares regression analysis. The signi-
ficance of the relationship was determined by com-

paring F = (n−2)R2

1−R2 with the critical F -value from
statistical tables, (e.g. Hogg & Ledolter, 1987), where
R2 is the coefficient of determination and n − 2 is the
degrees of freedom in the regression.

Results

A typical colony size distribution (Expt 4) is plotted
against de in Figure 3. The data are plotted at three
sample times: prior to Stage 1 (T = −10 minutes),
at the end of Stage 1 (T = 0 minutes), and at the
end of Stage 2 (T = 300 minutes). The frequency
distribution of colony diameter (Figs 3a, b) shows that
de < 300 µm for greater than 90% of the colonies.
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Figure 4. M. aeruginosa colony diameter at the 10th mass percentile (dp10) plotted against time for each experiment: (a) Expt 1; (b) Expt 2;
(c) Expt 3; (d) Expt 4; (e) Expt 5; (f) Expt 6.

Figure 5. Colony diameter at the 10th mass percentile (dp10) plotted

against f 3 (turbulent dissipation), averaged for all experiments at
T = 300 minutes.

However, the very wide size distribution of the colon-
ies (30–1000 µm) meant that a large proportion of the
biomass was concentrated in a small number of large
colonies: approximately half of the biomass in colon-
ies with de > 300 µm (Fig. 3d). The mean colony
diameter at time T = 0 in Expt 4 was 124 µm (SD =
96 µm).

Across all experiments, the mass fraction of colon-
ies with de < 200 µm increased during Stage 1 and
Stage 2 (Table 2). This can be observed in the increase

in the number of smaller colonies during both stages
of experiment 4 (Fig. 3), most obviously in Stage 2.
The number of larger colonies correspondingly de-
creased in Stage 2, but appeared to increase in Stage
1 of that experiment (Fig. 3d). This was caused by a
small increase in the number of observations of very
large colonies (Fig. 3c), which have a disproportion-
ate effect on the mass fraction. This illustrates why
dp10 was chosen as a measure of change in colony
size; because the very large number of observations of
small colonies (Fig. 3a) makes this measurement more
robust.

dp10 generally decreased over time (Fig. 4), and
this decrease was found to be significant in both stages
of the experiments. Observation of Figure 4 sug-
gests that this effect was greatest for experiments with
frequency greater than 1.8 s−1. The median also de-
creased significantly during both stages, although the
skewed size distribution meant that the level of stat-
istical confidence was lower (Table 3). The maximum
stable diameter was 220–420 µm during Stage 2.

The diameter of the 10th mass percentile was neg-
atively correlated to dissipation, as measured by f 3,
as shown for T = 300 minutes in Figure 5 (R2 =
0.85, p < 0.01). The development of this relation-
ship is shown by the increase in the coefficient of
determination R2 over time (Fig. 6). The regression
was significant (p < 0.05) for samples taken at times
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Table 3. Decrease in dp10 (10th mass percentile) and dp50 (median) over
time, averaged over all six experiments at each sample time. Level of
significance is noted in brackets where p < 0.10.

Mean decrease in dp10 Mean decrease in dp50

Stage 1
T = 0 minutes 10 µm (p < 0.01) 15 µm

Stage 2
T = 15 minutes −6 µm −30 µm

T = 30 minutes 4 µm (p < 0.10) 10 µm

T = 60 minutes 10 µm (p < 0.05) 25 µm (p < 0.01)

T = 120 minutes 7 µm 24 µm

T = 180 minutes 13 µm (p < 0.05) 42 µm (p < 0.10)

T = 240 minutes 16 µm (p < 0.10) 55 µm (p < 0.10)

T = 300 minutes 20 µm (p < 0.05) 54 µm (p < 0.10)

Figure 6. Coefficient of determination R2 calculated for the rela-
tionship between the diameter at the 10th mass percentile (dp10)

and the turbulent dissipation (f 3), plotted against sample time
T . The relationship is statistically significant (p < 0.05) for
T ≥ 120 minutes.

T ≥ 120 minutes. Regression of log(dp10) vs f 3 was
also significant, but with lower R2 values, indicating
that dp10 was best described by a linear relationship
with turbulent dissipation.

Discussion

Overall, there was a small but significant decrease
in colony size with turbulent mixing in both the first
and second stages of these laboratory experiments, as
shown using two different measures of size distribu-
tion. The dissipation was ε = 9 × 10−10 m2 s−3 to 3

× 10−7 m2 s−3 in Stage 1. The minimum dissipation
in the tank for Stage 2 ranged from 5 × 10−9 m2 s−3

to 2 × 10−7 m2 s−3, and the maximum dissipation
ranged from 2 × 10−6 m2 s−3 to 9 × 10−5 m2 s−3.
Since the dissipation found in lakes is 10−11 m2 s−3

to 10−6 m2 s−3 (Wüest & Lorke, 2003), the max-
imum dissipation in these experiments exceeded the
maximum value experienced by M. aeruginosa in the
field.

When the samples from the pond were left in col-
lection vessels in the absence of any mixing or stirring,
the colonies congregated on the surface. The video
method was not able to determine the size of indi-
vidual colonies under these conditions, and any other
method for size measurement would have involved
disturbing the colonies congregated on the surface. For
this reason, it was not possible to estimate the size
distribution of a ‘control’ sample in the absence of
turbulent mixing. To overcome this problem, the ex-
periments were conducted over a range of turbulence
intensities.

The relationship between turbulent dissipation
(f 3) and dp10 in Stage 2 was statistically significant
(p < 0.05) for T ≥ 120 minutes. This confirmed that
the break-up of M. aeruginosa colonies in the grid-
stirred tank was caused by the turbulence, rather than
by differences between laboratory conditions and the
pond where the samples originated. The relationship
was only significant (p < 0.05) for T ≥ 120 minutes
because it was only when disaggregation produced
colonies at the lower end of the size distribution that
a change in dp10 could be detected. Hence the short
delay in the development in the relationship between
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dp10 and dissipation suggests a delay in the formation
of the smallest size fractions, rather than a delay in the
response of disaggregation to turbulence.

Regel et al. (2003) reported some aggregation
when a unicellularculture of M. aeruginosa was ex-
posed to turbulence in a grid-stirred tank. It is possible
that some aggregation of the smallest colonies did
occur in the experiments reported here, and was un-
detected due to the resolution of the imaging system.
The broad size distribution and the high concentration
of biomass in larger colonies mean that aggregation of
very small colonies would have a minimal effect on
the population, however.

Naselli-Flores & Barone (2003) found an order of
magnitude increase in the mean size of M. aeruginosa
colonies in Lake Arancio when the euphotic and mix-
ing depths fell to almost zero, suggesting the presence
of a surface bloom. There is other evidence to suggest
that very large M. aeruginosa colonies form at the sur-
face under calm conditions (Ganf, 1974; Robarts &
Zohary, 1984). Since turbulence had a relatively minor
effect on colony size distribution in these experiments,
it seems possible that the large colonies which form
in M. aeruginosa surface blooms are broken up when
the colonies are re-entrained into the water column,
e.g. during a wind event. Once this has occurred,
the effect of subsequent turbulent mixing on colony
size distribution may be relatively minor, as found in
these experiments. These dynamics need to be invest-
igated in further field work, in order for M. aeruginosa
colony size distributionto be accurately parameterized
in models.

In the formation of surface scums, differential mo-
tion of colonies, both horizontal and vertical, and
high concentrations are likely to contribute to aggreg-
ation (cf. Jackson & Lochmann, 1993). M. aeruginosa
colonies might usefully be compared with chemical
flocs, which also form in the absence of turbulence,
and break-up in its presence (e.g. Parker et al., 1972,
Smith & Kitchener, 1978). This is quite different from
marine aggregates or lake snow, where turbulence
promotes aggregation (e.g. Grossart & Simon, 1993,
Jackson & Lochmann, 1993, Hill, 1992), and dis-
aggregation dominates only under very intense mix-
ing, corresponding to waves and intense storm events
(Alldredge et al., 1990; Hill et al., 2001).

The range of the maximum stable diameter across
all experiments during Stage 2 was 220–420 µm, and
this has two main implications. Firstly, when exposed
to the range of ε similar to and greater than that exper-
ienced in the field, ds varied over only a small fraction

of the full range of colony size. Hence while a relation-
ship may exist between ds and turbulent dissipation for
M. aeruginosa colonies, as found in studies of other
aggregates (e.g. Parker et al., 1972, Alldredge et al.,
1990), this may not lead to large differences in size
distributions during different mixing regimes in the
field. Secondly, since ds ≤ ηk in the experiments, the
results do not contradict the hypothesis of (Reynolds,
1998) that ηk places an upper limit on colony size.

The video method used in this study allowed
non-intrusive measurements of very large numbers of
M. aeruginosa colonies, up to 10 000 per sample time.
This is the first time such extensive measurements of
M. aeruginosa colony size distribution have been pub-
lished, and the results show that the size distribution
of colonies is extremely broad and non-normal. This
suggests that mean and standard deviation of colony
size do not provide a good description of the popula-
tion. A large fraction of total biomass is concentrated
in a small number of large colonies, and hence large
sample sizes are required to adequately define the size
distribution of a M. aeruginosa population. Since mi-
gration velocity is strongly affected by colony size,
this broad size distribution needs to be accurately char-
acterized in models of M. aeruginosa. Shape can also
effect the rising and sinking velocity of phytoplankton
(Padisák et al., 2003), and more work is required to
parameterize this effect for modelling populations of
M. aeruginosa colonies. More detailed measurements
of a small number of colonies stained with Indian-ink
would allow more detailed investigation of the role
of mucilage in the aggregation and disaggregation of
colonies.

A grid-stirred tank was used in these experiments
because it provided an environment similar to that
experienced by M. aeruginosa colonies in the field.
Couette cylinders have been successfully used to
quantify the impact of mean shear on phytoplank-
ton ‘stickiness’, (e.g. Waite et al., 1997) and growth
(e.g. Thomas & Gibson, 1990, Gibson & Thomas,
1995). While they have also been used to investigate
the impact of shear on cell and colony morphology
(Moisander et al., 2002), three-dimensional turbu-
lence is needed to fully investigate and understand
the implications of turbulent mixing on break-up of
cyanobacterial colonies in the wild.

Grid-stirred tanks produce three-dimensional tur-
bulent fields, but the dissipation, and hence shear, var-
ies over depth (Equation (1)). Alldredge et al. (1990)
measured disaggregation in a grid-stirred tank, us-
ing video technology to observe individual aggregates.
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Since turbulent dissipation is a function of distance
from the grid, particle disaggregation was correlated
to the turbulent dissipation at the position of the meas-
urement. This resulted in detailed measurements of
a small number of aggregates. A different approach
is used in this study, where the change in size is
measured for a representative sample of the popula-
tion which had been circulated through the full range
of dissipation in the tank. This approach produced
measurements for a larger numbers of colonies, with
corresponding statistical parameters for the popula-
tion. Furthermore, if the time for disaggregation is
similar to or greater than the mixing time, a history
of dissipation will provide a better measure of colony
break-up than the instantaneous value of dissipation
(Hill et al., 2001).

Conclusions

This study has used quantitative experiments and stat-
istical analysis to verify that M. aeruginosa colonies
do break up under turbulent mixing, although this ef-
fect is small even for the highest turbulence intensities
likely to be experienced by M. aeruginosa in the field.
The very broad size distribution measured here is un-
likely to be accurately represented by using a single
value of colony diameter in models of vertical migra-
tion. More work is required to determine how best
to characterize the size distribution of M. aeruginosa
in such models. It would also be useful to investig-
ate whether nutrient availability affects colony size
distribution.
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