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Abstract Light-driven vertical migration is critical in
dense aggregation of Microcystis aeruginosa during algal
blooms under reduced turbulence conditions in natural
water bodies. This study examined the vertical migration
characteristics of Microcystis aeruginosa in calm water
based on a colony migration model with consideration
of cell density change, and demonstrated the effects of
mucilage fraction, colony size, irradiance intensity, and
water turbidity. The results suggest that colonies with
larger radii and under higher irradiance usually had a
larger daily averaged retention time at the water surface
(DRT). In addition to colony size, mucilage was found
to be important in changing the vertical migration
behavior of Microcystis colonies, in which increasing
mucilage volume fraction can increase the migrating
velocity of the colony as well as the length of time it
remains at the water surface. Increase of light extinction
also favors the aggregation of colonies at the surface. An
approximate critical value of 2400 lmol photons m2 s�1

for maximum irradiance was found for persistent algal
bloom development under the given simulation condi-
tions. Extremely small colonies exposed to irradiance
below the critical value were not likely to migrate to the
water surface to form algal blooms. According to the
DRT values, three regions with different ranges of
irradiance and colony size were proposed as the critical
conditions for algal bloom development. Rough com-
parisons to field observations suggested that these results

were reasonable and meaningful, and have the potential
to be applied in real cases following further validation by
more detailed investigations.

Keywords Vertical migration Æ Daily-averaged retention
time Æ Colony radius Æ Irradiance Æ Mucilage

Introduction

Algal blooms are caused by dense aggregations of
buoyant phytoplankton cells that occasionally accumu-
late at the water surface and usually form under the
vertical migration to the surface of the numerous algal
cells that already exist in the water column (Reynolds
and Walsby 1975; Kong and Fao 2005; Gao and Liu
2013). In general, algal blooms are thought to occur
when the concentration of chlorophyll-a in the water is
greater than 10 mg m�3 or the number of algal cells is
over 20000 cells mL�1 (Oliver and Ganf 2002). Although
the rapid increase of biomass by fast growth of phyto-
plankton is commonly thought to be essential, algal
blooms can appear even when the total number of algal
cells is not particularly high. This typically occurs when
most of the cells in the water column move upward over
a relatively short period of time to form a dense algal
layer near the water surface. Compared with the growth
of the algae, the vertical migration is a relatively short-
term process that can occur within a couple of hours.
Moreover, diurnal changes occur in algal blooms as they
usually appear on water surfaces during the night and
sink below the surface in strong sunlight during the day
(Wallace et al. 2000; Hunter et al. 2008; Chien et al.
2013), making the location of the bloom harder to pre-
dict. Therefore, studies on the vertical migration process
are important and of wide concern (Hajdu et al. 2007;
Bresciani et al. 2014; Wu et al. 2015).

Microcystis aeruginosa is known to often dominate
during algal blooms because of its capability to migrate
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within the water column by regulating buoyancy
through changing its cell density (Kromkamp and Mur
1984). This vertical migration is driven by diurnal vari-
ations of light and is thought to be a critical process for
the development of algal blooms (Guven and Howard
2006; Shikata et al. 2015). The daily pattern of vertical
migration can be explained by an increase in cell density
due to carbohydrate accumulation in the light and a
decrease in cell density due to consumption of carbo-
hydrates in the dark (Kromkamp and Mur 1984; Visser
et al. 1997; Chien et al. 2013). Some mathematical
models have been established to describe this process
based on laboratory experiments (Okada and Aiba 1986;
Kromkamp and Walsby 1990; Visser et al. 1997).

Colony formation is another important feature of
Microcystis, which is also a potential mechanism of algal
blooms. In natural waters, especially when algal blooms
occur, manyMicrocystis cells aggregate together to form
large colonies. Naselli-Flores and Barone (2003) ob-
served that colony diameters were relatively larger
(1–4 mm) during the bloom than at other times of the
year (less than 1 mm). Observations from several
Spanish lakes and reservoirs showed similar results
(Costas et al. 2008). Compared with individual cells,
colony formation not only has the advantage of coun-
teracting grazing because of the size and mechanical
toughness of the envelope (Yang et al. 2006), but also
affects the vertical distribution of Microcystis in natural
waters. Both simulation results and observations from
previous reports (Rabouille et al. 2003; Wu and Kong
2009; Chien et al. 2013; Yu et al. 2015) suggest that large
colonies are more readily able to overcome the entrain-
ing forces of turbulence to gain access to the surface
region and concentrate in the surface layers, whereas
small colonies were more easily entrained and prone to
uniform distribution in the water column.

However, the majority of previous studies have fo-
cused on the effect of colony radius on its vertical
migration, and further examination of the influence of
irradiance is still needed, as the light regime is the major
driving force in vertical migration and plays an impor-
tant role in the development of algal blooms. Moreover,
the critical irradiance conditions for algal bloom devel-
opment have not been fully discussed before. Therefore,
the main purpose of this study was to focus on the
vertical migration characteristics of Microcystis and the
critical irradiance conditions for bloom formation. First,
a light-driven vertical migration model was used to study
the migration characteristics of Microcystis colonies in
still water, and the influences of mucilage proportion,
colony radius, water turbidity, and light intensity were
analyzed according to the simulation results. The daily-
averaged retention time (DRT) of Microcystis colonies
staying at the water surface was then proposed and
calculated. Finally, the combined effects of the colony
radius and irradiance were discussed and an approxi-
mation of the critical conditions for algal bloom devel-
opment were suggested according to the simulation
results.

Materials and methods

The light-driven migration model for Microcystis was
mainly based on those of Kromkamp and Walsby (1990)
and Visser et al. (1997), for which the main equations are
described as follows.

Light-induced density change for colonies

Colonies consist of multiple single cells bonded together
by mucilage, and the density of a colony can then be
described as:

qcolonyVcolony ¼ qcellVcell þ qmucilageVmucilage; ð1Þ

where qcolony, qcell, and qmucilage are densities of the
colony, cells, and mucilage, respectively (kg m�3); and
Vcolony, Vcell, and Vmucilage are volumes of the colony,
cells, and mucilage, respectively (m3).

The density of mucilage could be calculated accord-
ing to Reynolds et al. (1981) as:

qmucilage ¼ qwater þ 0:7; ð2Þ

where qwater is the density of water (kg m�3).
Assuming that the volume fraction of cells in an algal

colony is ncell, the density of the colony becomes:

qcolony ¼ qcellncell þ qmucilageð1 � ncellÞ: ð3Þ

The mechanism of colony formation is highly com-
plex, and its composition and dynamics remain unclear.
In addition, the volume ratios of mucilage vary among
different colonies in the real case. For simplicity, it was
assumed that the density of mucilage (qmucilage) and the
volume fraction of algal cells (ncell) in the colony are
both constant. Thus, the rate of change for the density of
the algal colony only depends on the rate of change of
the algal cells, i.e.:

dqcolony
dt

¼ ncell
dqcell
dt

: ð4Þ

The density change rate of algal cells can be described
by a function by Visser et al. (1997) based on laboratory
observations, in which density increases as irradiance
increases until it reaches a maximum value at 278 lmol
photons m�2 s�1, and then decreases abruptly to reach
negative values (photo-inhibition) when photon irradi-
ance exceeds 1347 lmol photons m�2 s�1. These chan-
ges occur under light conditions and the rate of change
of cell density caused by the accumulation of carbohy-
drate is given by Visser et al. (1997):

dqcell
dt

¼ ðN0=60ÞIeð�I=I0Þ þ N1; ð5Þ

where dqcell/dt is the rate of change of cell density (kg
m�3 min�1) at photon irradiance I, I is the photon
irradiance (lmol photons m�2 s�1), I0 is I where dqcell/dt
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reaches its maximum value (lmol photons m�2 s�1), N0

is a normative factor (kg m�3 lmol�1 photons m2), and
N1 is the rate of density change at I = 0 (kg m�3

min�1).
A positive linear correlation was found between cell

density and the rates of density decrease under dark
conditions. This decrease is mainly due to respiration
and the rate of change depends on the actual cell density
(Visser et al. 1997):

dqcell
dt

¼ f1 � qi þ f2; ð6Þ

where dqcell/dt is the rate of density change in the dark
(kg m�3 min�1), qi is the initial density (kg m�3), f1 is
the slope of the density curve (min�1), and f2 is the
theoretical rate of density change with no carbohydrate
storage in the cells (kg m�3 min�1). The threshold be-
tween the light and dark regime was set to 10.9 lmol
photons m�2 s�1, corresponding to the intersection of
the irradiance-response curve with the x-axis at low
values of photon irradiance (Visser et al. 1997).

The value of photon irradiance at the depth of the
cyanobacterial colony (z) can be described according to
the Lambert–Beer law of exponential light extinction:

Iz ¼ Ise�nz; ð7Þ

where n is the extinction coefficient of the water (m�1), z
is the depth of the colony (m), and Is is the irradiance at
the water surface during the photoperiod, which is de-
scribed by a sine function with a maximum value of
photon irradiance at noon (Im) and the length of the
photoperiod (DL) (Aksnes and Egge 1991):

Is ¼ Im sinðpt=DLÞ: ð8Þ

The self-shading effect (i.e., light extinction by co-
lonies in the upper layer) is not considered in the above
equations since the simulations carried out in this study
were based on a single colony, but it can be described if
absolute colony concentrations are known. Instead,
different values of extinction coefficient (water turbidity)

are used for simplicity when discussing the self-shading
effect on the formation of algal blooms in later sections.

The rising/sinking velocity of colonies in still water

The rising/sinking velocity of a colony was estimated by
the Stokes’ law for a sufficiently small and solid spherical
particle in still water:

v ¼ dz
dt

¼
2gr2ðqcolony � qwaterÞ

9/l
; ð9Þ

where r is the equivalent colony diameter (represented as
a sphere, m), g is the gravitational acceleration (9.8 m
s�2), U is a form resistance coefficient, and l is the vis-
cosity of water (10�3 kg m�1 s�1). For a buoyant colony
qcolony < qwater, the velocity (v) has a negative value,
indicating that the colony will move upwards.

The above equations were integrated and imple-
mented by a computer program written in MATLAB�

2013a. The values of model constants are presented in
Table 1.

The daily-averaged retention time for a colony at the
water surface (DRT), was used to discuss the critical
conditions for the bloom formation, which is defined as
the average time period during which the colony remains
at the water surface within a day. It was calculated based
on the simulation results of the vertical migration curve.

Results

Simulations of vertical movement

The simulation began with a colony with a density of
980 kg m�3 located at the water surface at dawn (i.e., it
was buoyant after spending the night in the dark). The
simulated density change and vertical movement within
a period of 48 h for a colony with a 200 lm radius are
shown in Fig. 1. The density increased owing to the
accumulation of carbohydrate in the light and decreased

Table 1 Values for the constants of the vertical migration model

Parameters Descriptions Values References

qwater Density of water/(kg m�3) 998
l Viscosity of water/(kg m�1 s�1) 10�3

n Extinction coefficient/(m�1) 2.0
qmucilage Density of mucilage/(kg m�3) 998 + 0.7 Reynolds et al. (1981)
ncell Cell content in colony/(%) 80 Reynolds et al. (1981)
U Coefficient of form resistance 1.0
N0 A normative factor/(kg m�3 lmol�1 photons m2) 0.0945 Visser et al. (1997)
I0 Irradiance where q(I) is maximum/(lmol photons m2 s�1) 277.5 Visser et al. (1997)
Im Maximum irradiance at the water surface/(lmol photons m2 s�1) 1000 Visser et al. (1997)
N1 Rate of density change at I = 0/(kg m�3 min�1) �0.0165 Visser et al. (1997)
f1 Density slope in dark/(min�1) �9.49 · 10�4 Visser et al. (1997)
f2 Rate of density change without carbohydrate storage/(kg m�3 min�1) �0.984 Visser et al. (1997)
qmin Minimum of colony density/(kg m�3) 920 Reynolds et al. (1981)
qmax Maximum of colony density/(kg m�3) 1085 Reynolds et al. (1981)

963



as a result of the consumption of carbohydrate in the
dark (Fig. 1). The colony remained at the water surface
until its density exceeded that of the water. It then began
to sink, reached a certain depth, and floated up again
after regaining buoyancy. This phenomenon is the
diurnal migration found in natural waters, where Mi-
crocystis colonies usually float at the water surface in the
early morning, and disappear from the water surface
after a few hours of exposure to irradiance, oscillating
periodically between the surface and a specific depth in
the water column in accordance with the variations of
solar irradiation.

Factors influencing the vertical migration

Mucilage

Different mucilage volume proportions were considered
for a 200-lm radius colony (Fig. 2a). The increase of
mucilage substantially increased the oscillating period of
the colony in the water column and reduced the time
that it stayed at the water surface. Its DRT values de-
creased from about 11.6 to 4.3 h when ncell values de-
creased from 1.0 to 0.4 and the maximum migrating
depth changed slightly (Fig. 2a). In addition, the effect
of mucilage volume fraction was radius sensitive
(Fig. 2b), in which smaller colonies were more influ-
enced. For instance, when ncell values increased from 0.6
to 0.8, the DRT values increased from about 3.0 to 5.8 h
for a 150-lm radius colony and from 11.6 to 13.1 h for a
500-lm radius colony, increasing by 93 and 13%,
respectively.

Colony size

The effect of a colony’s size on its vertical movement was
simulated and it was found that larger colonies could

migrate to greater depths than smaller colonies (Fig. 3).
Moreover, larger colonies also had greater migration
speeds and a higher oscillating frequency; colonies with
radius larger than 500 lm could oscillate several times
within a day, whereas colonies with radius less than
60 lm only migrated beneath the water surface under
the given light conditions during the whole day, indi-
cating that they would not be prone to migrate to the
water surface to form algal blooms. The DRT values
also increased with colony radius, suggesting that larger
colonies more easily aggregate at the water surface.

Water turbidity

The effect of water turbidity was simulated by changing
the value of light extinction coefficient (Fig. 4).
Increasing water turbidity could lead to smaller migra-
tion depth and larger DRT value; the colonies could

Fig. 2 Effect of mucilage proportion (1 � the volume fraction of
algal cells, ncell) on the vertical movement of Microcystis colonies
under maximum irradiance of 1000 lmol photons m2 s�1 for a a
200-lm radius colony, and b colonies with different radii

Fig. 3 Vertical migration of Microcystis colonies with different
radii (r) under maximum irradiance of 1000 lmol photons m2 s�1

Fig. 1 Simulated density changes (b) and vertical movements (c) of
a 200-lm radius colony under the given irradiance with maximum
irradiance of 1000 lmol photons m2 s�1 (a)
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therefore migrate much deeper when the extinction
coefficient of light in the water decreased and they were
more likely to stay in the upper waters when the
extinction coefficient increased. For a 200-lm radius
colony, the maximum migration depth reduced from 8
to 5 m when the light extinction coefficient increased by
50% and its DRT value increased from about 10 to
12 h. In contrast, if the light extinction coefficient de-
creased by 50%, its maximum migration depth increased
to about 15 m and its DRT value reduced to about 5 h
(Fig. 4).

Irradiance

The density changes of a 200-lm radius colony under six
different irradiance conditions were simulated, in which
the maximum irradiances (Im) were set to 500, 1000,
1500, 2000, 2500, and 3000 lmol photons m2 s�1

(Fig. 5). The results showed that when Im was less than
or equal to 2000 lmol photons m2 s�1, the density of the

colony fluctuated around the density of water, which
could lead to periodic sinking or floating movements of
the colony in the water column. However, when Im was
greater than or equal to 2500 lmol photons m2 s�1, the
density of the colony was always smaller than that of the
water, suggesting that the colony would continue float-
ing after it reached the water surface. This indicates that
there may be a critical value for irradiance (e.g., prob-
ably around 2500 lmol photons m2 s�1 for a 200-lm
radius colony according to the model results shown in
Fig. 5) and when the maximum value of light intensity
exceeds it, the colonies will remain at the water surface
for the whole day as a result of strong photo-inhibition.

Critical conditions for development of algal blooms

The changes of DRT vs. Im for a 200-lm radius colony
(Fig. 6) indicate that the DRT value first reduced within
the ranges of Im from 0 lmol photons m2 s�1 to about
1500 lmol photons m2 s�1 because increased Im within
this range increased the migration depth, reducing the
length of time for which the colony remained at the
water surface (the migration speed was largely depen-
dent on radius). It then increased to reach its maximum
value of 24 h at about 2400 lmol photons m2 s�1 as the
result of decreasing migration depth (especially after
about 2100 lmol photons m2 s�1). It subsequently re-
mained unchanged, which is very interesting and sug-
gests that the critical value of Im for a 200-lm radius
colony is about 2400 lmol photons m2 s�1. When this
critical value is exceeded, the colony may remain at the
water surface for the whole day.

The relationship of DRT vs. colony radius (Fig. 7)
shows that the DRT value remained about zero until the
colony radius exceeded about 50 lm, after which the
colony migrated under the water surface. It reached a
peak value of about 7 h at 75 lm (the migration period
was about 2 days) within the radius range of 50–85 lm.
In the range from about 85 to 120 lm, the DRT value
decreased to zero (the migration period increased to
about 1 day). It then rapidly increased to 14.4 h at about

Fig. 4 Effect of water turbidity (light extinction coefficient) on the
vertical migration of a 200-lm radius colony under maximum
irradiance of 1000 lmol photons m2 s�1

Fig. 5 Density changes of a 200-lm radius colony under different
maximum irradiance (Im)

Fig. 6 Daily averaged retention time (DRT) vs. maximum irradi-
ance (Im) for a 200-lm radius colony
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290 lm, after which the DRT value fluctuated around
13 h. The ‘‘jagged’’ shape was mainly due to the
migration patterns of colonies with different radii, in
which increase of colony radius resulted in an increase of
both migration speed and frequency. Taking three dif-
ferent sized colonies (A, B, and C in Fig. 7, with radii of
290, 310, and 560 lm, respectively) for example, Colony
A only migrated once within a day with a DRT value of
14.4 h. Colony B migrated twice within a day, but its
migration speed was only a little larger than that of
Colony A; therefore, the length of time during which it
remained below the water surface was higher than that
of Colony A and its DRT value decreased to 8.7 h. For
Colony C, although it also migrated twice within a day,
its migration speed was much larger than that of Colony
B; therefore, its DRT value increased to 14.3 h. Com-
paring Colonies A and C, the time taken for Colony C to
migrate twice was nearly the same as the time taken for
Colony A to migrate once, leading to similar DRT
values for the two colonies.

Complex variations of DRT vs. colony radius and Im
were found (Fig. 8) as a result of the combined non-
linear relationships of DRT with both Im (Fig. 6) and
colony radius (Fig. 7). However, generally larger colony
radii and Im also led to larger DRT values, suggesting
that larger colonies under stronger irradiation are more
prone to remain at the water surface and cause algal
blooms. The mapped area could be roughly divided into
three regions according to different DRT ranges, which
were named Region A, B, and C as follows:

Region A: colony radius < 140 lm, and 100 lmol
photons m2 s�1 < Im < 2400 lmol photons m2 s�1.
Algal blooms seemed unlikely to form in this region as
the DRT values were relatively small (generally the DRT
values were close to zero).

Region B: Im < 100 lmol photons m2 s�1 (B1) or
Im > 2400 lmol photons m2 s�1 (B2). In this area,
persistent algal blooms are likely to occur if there are
sufficient colonies present in the water column, as the

DRT values are 24 h, indicating that the colonies will
stay at the water surface for the whole day.

Region C: colony radius > 140 lm, and 100 lmol
photons m2 s�1 < Im < 2400 lmol photons m2 s�1,
including C1 (DRT ranges of 8–16 h) and C2 (DRT
ranges of about 16–24 h). In this area, the DRT values
generally increased with the increase of colony radius
and Im, and the diurnal migration may lead to periodic
algal blooms in the water body if sufficient colonies are
present.

Discussion

The migration model in this study was according to
Visser et al. (1997), in which the calculated density
change rate of Microcystis cells was found to be in good
agreement with the experimental data, and the estimated
maximum migration depth was thought to be roughly in
accordance with the observed vertical chlorophyll profile
from Lake Nieuwe Meer, the Netherlands (Visser et al.
1996). The model of Visser et al. (1997) was also inte-
grated into a one-dimensional particle trajectory model
by Chien et al. (2013) to simulate the diurnal vertical
migration patterns of different-sized Microcystis co-
lonies in Hsin-shan Reservoir, Taiwan, and the simu-
lated diurnally varying population profile coincided with
the field data when the radii of the multi-sized colonies
were in a beta distribution. Another similar study also
showed a good agreement with the field data acquired in
Lake Vinkeveen, the Netherlands (Yu et al. 2015). The
density change functions as well as its parameter values
used in these studies were almost identical to those of
Visser et al. (1997), suggesting that the model had the
capability to produce a good simulation to the diurnal
migration of Microcystis in natural water bodies.

A rough comparison was also carried out between the
simulation results of this study and the observations by
Wu and Kong (2009), in which they reported that Mi-
crocystis colonies with radii larger than 120 lm were
mainly concentrated in the surface layers (at 0 and
0.5 m) under both calm and windy conditions as well as
under different light intensities (the Im during the
observations was 2123 lmol photons m2 s�1), showing
little response to the diurnal changes of solar irradiation.
It is interesting to note that these colony radii and Im
values are close to the critical values given by the present
study (Fig. 7), which are about 140 lm and 2400 lmol
photons m2 s�1, respectively. This may be explained by
the results shown in Fig. 7, in which the calculated DRT
values of colonies with these radii and irradiance levels
tend to be more than about 16 h (i.e., they will remain at
the water surface most of the day). As a result, no
obvious diurnal migrations were found for these co-
lonies at the observing time (between 7:00 and 19:00). In
contrast, the DRT values for the colonies < 36 lm
under such irradiance conditions were less than 10 h,
which is also in accordance with previous observations

Fig. 7 Daily averaged retention time (DRT) vs. colony radius
under maximum irradiance of 1000 lmol photons m2 s�1, where A,
B, and C denote DRT values for colonies with radius of 290, 310,
and 560 lm, respectively
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for the middle layers of the water column when the wind
speeds were low (Wu and Kong 2009).

Both weak (Im < 100 lmol photons m2 s�1) and
strong (Im > 2400 lmol photons m2 s�1) light intensity
can induce colonies to stay at the water surface
throughout the day, due to low cell density caused by a
severe lack of photo-irradiance or strong photo-inhibi-
tion (Fig. 8). However, it should also be noted that
exposure to excess light could severely reduce the pho-
tosynthetic quantum efficiency of the Microcystis cells
and induce large colonies to change into smaller colonies
or single cells (Wu and Kong 2010). According to the
observations in Lake Taihu, China (Wu and Kong
2010), after 4-h exposure to direct solar radiation (the Im
was 2349), about 60% of the colonies larger than 36 lm
changed into smaller colonies and single cells. A reduc-
tion of 30% of the light at the water surface could
substantially reduce that ratio to only about 10%. The
changes in diameter may have the advantage of avoiding
excess irradiation for large colonies, as smaller colonies
are likely to be distributed in the deeper water layer.
However, the mechanism for these changes remains
unclear, and it is not considered in the present model.

Mucilage is important for Microcystis colonies, and it
has multiple functions such as nutrient storage, protec-
tion against grazing and digesting, and density deduc-
tion (Reynolds 2007). The mean density of the mucilage
in living Microcystis colonies was determined to be
typically 100.07% of the density of the water in which
they are suspended (Reynolds et al. 1981) and was
considered to have effects on the vertical sinking veloc-
ities (Reynolds 2007). For colonies with the same radius,
the increase of mucilage proportion could reduce the
floating/sinking velocities of the colony as well as the
time period for which it remains at the water surface

according to the modeling results (see Fig. 2a). When
the density of cells in the colony is increasing and
becoming larger than the water density, mucilage has the
potential to reduce the sinking speed of the colony. In
contrast, when cell density is reducing and becoming
smaller than the water density, mucilage also has the
potential to reduce its floating velocity. However, it
should be noted that this does not mean that the exis-
tence of mucilage must reduce the migrating velocity, as
colony radius also increases for colonies with the same
number of cells, and the migration velocity is determined
by the product of the square of the radius (r2) and the
density difference (qcolony � qwater) according to the
Stokes law (see Eq. 9). The benefit of mucilage invest-
ment in terms of reduced density difference can be de-
scribed as follows (Hutchinson 1967):

ðqcolony � qmucilageÞ=ðqmucilage � qwaterÞ[aðaþ 1Þ; ð10Þ

where a is the factor by which the mucilage increases the
unit diameter, and it was argued that a must be < 4.3 if
it were to depress the settling velocities of the same
volume of individual Microcystis cells (Walsby and
Reynolds 1980).

The mechanism of colony formation for Microcystis
currently remains unclear as it is very complicated and
affected by multiple factors such as nutrient enrichment
and predation (Wang et al. 2010). Since the composi-
tions and proportions of mucilage vary from colony to
colony, and little knowledge is available at present, a
constant volume fraction of 0.2 (determined by rough
estimations from some available microphotographs of
Microcystis colonies) was used in this study. The con-
sideration of mucilage on the vertical migration of Mi-
crocystis is necessary according to the modeling results.
Future studies are needed to further quantify this effect
to make the model more precise and applicable.

Water turbidity is another important factor that af-
fects the vertical migration of Microcystis as it deter-
mines the irradiance that can be obtained by the colonies
as well as their vertical distributions in the water column
(Shigesada and Okubo 1981). In natural water bodies
such as lakes, water turbidity is mainly influenced by
scattering by suspended particles and absorption by
phytoplankton (Liu et al. 2012). As scattering only
changes the direction of light propagation, the attenua-
tion of light underwater is primarily due to absorption
by phytoplankton (Scheffer et al. 1997), among which
the self-shading effect is an important part, especially
during the period of algal blooms in which a large
number of colonies migrate to the water surface. Co-
lonies near the water surface can absorb part of the light
that penetrates into the deep water and reduce the light
intensity in the water column. As a result, the irradiance
that can be obtained in the water column is reduced,
which will change both the migration depth and period
for the colonies, consequently accelerating the aggrega-
tion of colonies near the water surface according to the
simulation results (Fig. 3), supporting favorable condi-

Fig. 8 A map of daily averaged retention time (DRT) vs. colony
radius and maximum irradiance (Im), in which three different areas
are categorized according to DRT values: A, surface aggregation is
unlikely to occur; B1 and B2, persistent aggregation at the water
surface is likely to occur; and C1 and C2, periodic surface
aggregation could take place, especially in C2
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tions for algal bloom development. In addition, the
change of light extinction coefficient is dynamic,
increasing with the number of colonies floating and
reducing with the number of colonies sinking in the
water column (Shigesada and Okubo 1981). This may
have a notable impact on the critical irradiance for algal
bloom development in real water bodies. Therefore, the
use of a constant light extinction coefficient to simulate
the migration process in the real water body may not be
appropriate, and the relationship between the coefficient
and number of colonies needs to be established based on
further observations.

Conclusions

This study examined the characteristics of vertical
movements of Microcystis in calm water based on a
colony migration model with the consideration of
changes to cell density, carrying out analyses of the ef-
fects of mucilage proportion, colony radius, Im, and the
light extinction coefficient of water on the vertical
migration of Microcystis colonies, and demonstrated the
effects of colony size and irradiation intensity on the
DRT of algal blooms.

The results suggest that larger radius and higher
irradiance generally leads to larger DRT values, and an
approximate critical value of 2400 lmol photons m2 s�1

for Im was found for persistent aggregation of Micro-
cystis colonies under the given simulation conditions.
Extremely small colonies (e.g., colony radius < 30 lm)
exposed to light below the critical irradiance (e.g.,
Im = 1000 lmol photons m2 s�1) were unlikely to mi-
grate to the water surface to form algal blooms.
According to DRT values, three regions with different
ranges of irradiance and colony size were proposed as
rough critical conditions for algal blooms development.
In addition, mucilage was found to be important in
changing the vertical migration behavior of Microcystis
colonies; increasing the volume fraction of mucilage can
reduce both the floating/sinking velocities of the colony
and the time period that it remains at the water surface.
Increasing water turbidity also favors the aggregation of
colonies at the surface.

Although the model ran under the given assumed
scenarios such as colony radius and Im due to a lack of
detailed observation data, rough comparisons to previ-
ous field observations suggested that the results are
reasonable and meaningful, and have the potential to be
applied in real algal blooms after further validation by
more detailed observations. In addition, more consid-
erations on the effect of self-shading and mucilage may
be taken into the present model to improve its capability
and quality in future studies.
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