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A B S T R A C T

Eutrophication and global warming intensify the formation of harmful cyanobacterial blooms worldwide. Many 
bloom-forming cyanobacteria can regulate their buoyancy, which results in vertical migration through the water 
column. Density changes during vertical migration depend largely on carbohydrate production in the light and 
carbohydrate respiration in the dark, which are temperature-dependent processes. However, the effects of 
temperature on the vertical migration of Microcystis have not been fully investigated yet. Therefore, this study 
experimentally investigated density regulation at a range of temperatures (17.5, 20, 25 and 30 ◦C), and devel
oped a mathematical model to predict the temperature-dependent impact of density regulation on vertical 
migration patterns for colonies of different sizes and in waters with different turbidities. Our experimental results 
show that elevated temperature enhances carbohydrate production rates in the light and carbohydrate respi
ration rates in the dark, and thereby accelerate changes in cellular density. Consequently, the model predicts that 
higher temperature leads to faster migration cycles and increases the number of migration cycles per day. Small 
colonies display chaotic migration at 17.5 ◦C, while they synchronize their vertical migration with the day-night 
cycle in warmer waters. An increasing colony size promotes faster vertical migration, whereas increasing 
turbidity of the water column reduces migration depth. The modelled migration patterns show that migration at 
25 ◦C yields the highest net daily growth rate. To conclude, our results reveal that rising temperature will 
accelerate buoyancy changes of Microcystis, which modifies their vertical migration patterns and thereby affects 
the growth and bloom formation of these harmful cyanobacteria.

1. Introduction

Microcystis is one of the most notorious bloom-forming cyanobacteria 
(Huisman et al., 2018) with a widespread distribution in many eutrophic 
lakes and reservoirs across the globe (Harke et al., 2016). Microcystis can 
adapt to a wide range of water temperatures from 12 to 30 ◦C (Xiao 
et al., 2018), and Microcystis blooms seem to be exacerbated by a 
changing climate (Paerl and Huisman, 2008; Ranjbar et al., 2022). 
Global warming, and the predicted increase in frequency and intensity 
of heatwaves in particular (Jöhnk et al., 2008; Witze, 2022), raise 
questions about the different mechanisms by which temperature may 
affect Microcystis bloom dynamics.

The growth rate of Microcystis is highly temperature dependent, with 

optimal growth above 25 ◦C, which exceeds the temperature optimum of 
many other freshwater phytoplankton species (Robarts and Zohary, 
1987; Visser et al., 2016; You et al., 2018). Elevated temperature also 
increases the stability of the water column (Jöhnk et al., 2008), which 
benefits buoyant cyanobacteria such as Microcystis (Huisman et al., 
2004). Furthermore, global warming extends the duration of stratifica
tion, with an earlier onset and later cessation of the summer stratifica
tion (Woolway et al., 2021) leading to a prolonged blooming period for 
buoyant cyanobacteria (Wagner and Adrian, 2009). In view of the 
continued greenhouse gas emissions, Microcystis blooms are therefore 
expected to intensify in the upcoming decades (Visser et al., 2016).

Understanding the different mechanisms by which temperature af
fects Microcystis blooms is of vital importance to make accurate 
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predictions of future bloom dynamics. A key trait of Microcystis is that it 
contains gas vesicles, which provide buoyancy (Walsby, 1994) and give 
Microcystis the ability to migrate vertically through the water column 
(Kromkamp and Walsby, 1990). Yet, although several studies have 
investigated the impact of elevated temperature on the population dy
namics of Microcystis (e.g., Jöhnk et al., 2008), studies that directly 
assess the impact of temperature on vertical migration are currently 
lacking.

Vertical migration depends on the density of Microcystis cells, which 
is a function of buoyancy provided by gas vesicles and ballast provided 
by other cellular components, in particular by carbohydrates 
(Kromkamp and Mur, 1984). Gas vesicle content usually remains rela
tively constant during the day, so that density is essentially regulated 
within hours by the change in cellular carbohydrate content (Thomas 
and Walsby, 1986). The rate at which carbohydrates are produced in the 
light depends on photosynthesis, while the rate at which carbohydrates 
are consumed in the dark depends on respiration (Kromkamp and 
Walsby, 1990). The regulation of cellular density due to these two 
processes is known as buoyancy regulation, which has been widely 
applied to predict vertical migration of Microcystis (e.g., Visser et al., 
1997; Aparicio Medrano et al., 2013; Wu et al., 2021). Higher temper
atures have been reported to have a positive impact on buoyancy 
regulation in Microcystis (Thomas and Walsby, 1986; You et al., 2018). 
However, how Microcystis regulates its density through changes in car
bohydrate content at different temperatures is still poorly quantified. 
Temperature is known to have a positive effect on both photosynthesis 
and respiration rates in bloom-forming cyanobacteria (Robarts and 
Zohary, 1987), which is expected to result in increased carbohydrate 
production as well as increased carbohydrate losses by respiration.

Microcystis cells form colonies (Xiao et al., 2017), which vary in size 
(Feng et al., 2020). Colony size is known to have a large impact on 
vertical migration, as larger colonies exhibit higher migration velocities 
than smaller colonies (Nakamura et al., 1993; Li et al., 2016; Rowe et al., 
2016). Furthermore, dense Microcystis blooms strongly increase water 
turbidity, which lowers light availability and induces self-shading (Wu 
et al., 2021). Since vertical migration is largely driven by light avail
ability, a higher turbidity is expected to impact vertical migration pat
terns, which in turn feeds back on the formation of dense surface 
blooms.

This study aims to predict how cellular density changes and vertical 
migration of Microcystis will respond to temperature. For this purpose, 
we measured the increase in cellular carbohydrate content of Microcystis 
at a range of light intensities and temperatures (17.5, 20, 25 and 30 ◦C). 
Furthermore, we measured the decrease in cellular carbohydrate con
tent in the dark along the same temperature range. A vertical migration 
model adapted from Visser et al. (1997) was parameterized with the 
temperature-specific experimental data, in order to predict how these 
density changes impact vertical migration patterns at different temper
atures. Furthermore, our model analysis considered different colony 
sizes of Microcystis in waters of different turbidity, to assess interactive 
effects of temperature, colony size and turbidity on vertical migration 
patterns and bloom dynamics.

2. The model

Our model simulates the vertical migration of a Microcystis colony as 
a function of changes in cellular carbohydrate content. It is an extension 
of previous models of the vertical migration of Microcystis (Kromkamp 
and Walsby, 1990; Visser et al., 1997; Aparicio Medrano et al., 2013). 
Our model includes the effects of temperature on vertical migration in a 
water column under calm conditions through temperature-dependent 
parameters. These temperature-dependent parameters include the 
rates at which carbohydrate is produced by photosynthesis and 
consumed by respiration, the carbohydrate-specific density of the cells, 
the cell volume, the cellular gas vesicle content, and the viscosity and 
density of water.

2.1. Light conditions

The incident light intensity at the water surface (Iin) is modeled as a 
sine function of the time of day (td) and day length (DL): 

For DS ≤ td ≤ DE : Iin = Iin,maxsin
(

π(td − DS)

DL

)

(1) 

For td < DS and td > DE : Iin = 0 

where Iin,max is the maximum incident light intensity, and DS and DE are 
the start and the end of the light period.

Light intensity in the water column (IZ) decreases exponentially with 
depth (Z) according to Lambert-Beer’s law, and is a function of the 
incident light intensity and the total light attenuation coefficient (Ktotal): 

IZ = Iinexp( − KtotalZ) (2) 

Throughout the manuscript, we will refer to Ktotal as the ‘turbidity’ of 
the water column. This turbidity may be caused by, e.g., dissolved 
organic matter, resuspended sediment or shading by a dense cyano
bacterial bloom, but our model does not consider dynamic changes in 
turbidity (i.e., Ktotal is treated as a fixed model parameter). The euphotic 
depth (Zeu) is calculated as the depth where light intensity is reduced to 
1 % of the incident light intensity (i.e., Zeu = ln100

Ktotal
).

2.2. Carbohydrate dynamics

The carbohydrate content, Q, of Microcystis cells is a dynamic vari
able, which increases through photosynthesis and decreases through 
respiration: 

dQ
dt

= PI,T − RT (3) 

where the photosynthetic rate PI,T describes the gross carbohydrate 
production of Microcystis as function of light intensity IZ and tempera
ture T. The light dependence of PI,T is represented by a unimodal func
tion (Visser et al., 1997): 

PI,T = YTIZexp( − IZ
/
Iopt,T

)
(4) 

where YT is a scaling parameter. Accordingly, gross carbohydrate pro
duction equals zero in the dark (i.e., at IZ = 0), reaches its maximum 
value at the optimum light intensity Iopt,T, and asymptotically ap
proaches zero at very high light intensities. Hence, this function allows 
for photoinhibition of carbohydrate production at high light intensities, 
as observed in our experiments.

The carbohydrate respiration rate (RT) is a function of temperature 
and is described by the Arrhenius equation (Gillooly et al., 2001): 

RT = Aexp( −
EA

k(T+273.15)
) for Q > Qmin (5) 

RT = 0 for Q ≤ Qmin 

where A is a normalization constant, EA is the activation energy, k is 
Boltzmann’s constant, and Qmin is the minimum carbohydrate content of 
the cell. The net carbohydrate production is defined as the difference, PI, 

T – RT, between the carbohydrate production and respiration rate (i.e. by 
Eq. (3)).

2.3. Density regulation

The density of cells without gas vesicles (ρcell,T) increases linearly 
with cellular carbohydrate content according to Visser et al. (1997): 

ρcell,T = cTQ + ρmin,T (6) 
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where cT is the (temperature-dependent) carbohydrate-specific density 
and ρmin,T is the density of cells without gas vesicles and without car
bohydrate storage.

The density of the colony ρcolony,T is calculated from ρcell,T according 
to Rabouille et al. (2005) and Aparicio Medrano et al. (2013): 

ρcolony,T = ncell((1 − ngas,T
)
ρcell,T + ngas,Tρgas

)
+ ρmuc(1 − ncell

)
(7) 

where ncell is the relative content of cells in the colony, ngas,T is the 
relative content of gas vesicles in the cells, ρgas is the density of the gas 
vesicles, and ρmuc is the density of mucilage. We assume that ρcolony,T 

cannot become lower than a minimum colony density (ρcol.min) or higher 
than a maximum colony density (ρcol.max) according to Visser et al. 
(1997). Therefore, RT is set to 0 when ρcolony,T ≤ ρcol.min, and PI,T is set to 
0 when ρcolony,T ≥ ρcol.max.

2.4. Vertical migration

The vertical movement of the colony over depth is a function of 
colony density and based on Stokes’ Law (Kromkamp and Walsby, 1990; 
Visser et al., 1997): 

dZ
dt

= u =
2gr2

(
ρcolony,T − ρw,T

)

9ΦηT
(8) 

where u is the migration velocity, g is the gravitational constant, r is the 
colony radius, and Φ is the form resistance of the colony. Furthermore, 
ρw,T and ηT are the temperature-dependent density and viscosity of 
water, respectively. In our model, colonies were considered to be suffi
ciently small to warrant application of Stokes’ Law (Aparicio Medrano 
et al., 2013).

2.5. Specific growth rate

The specific growth rate (µ) was described as a saturating function of 
the cellular carbohydrate content, according to the Droop equation 
(Droop, 1973): 

μ = μmax, T(1 − Qmin
/
Q
)

(9) 

where μmax, T is the maximum specific growth rate and Qmin is the 
minimum carbohydrate content of the cells (i.e., the value of Q at which 
μ = 0).

We used an iterative algorithm at each time step to solve the dif
ferential equations and calculate the migration trajectories of Microcystis 
colonies in a deep water column with a maximum depth of 30 m. Unless 
stated otherwise, simulations started at the water surface where the 
colonies were released with initial values of Z0 = 0 m and Q0 = Qmin. 
Descriptions and units of the model parameters are listed in Supple
mentary Table S1 and Table S2.

3. Materials and methods

3.1. Strain, growth conditions, and sample analyses

We measured temperature-dependent parameters for the migration 
model using Microcystis strain PCC 7806, kindly provided by the Pasteur 
Culture Collection (Paris, France). This Microcystis strain grew as single 
cells, not as colonies. Microcystis cultures were grown in chemostats, 
consisting of a flat culture vessel with an optical path length of 5 cm and 
an effective working volume of 1.8 L, at a dilution rate of 0.12 d− 1 

(Huisman et al., 2002). The chemostat vessels were illuminated with a 
day/night cycle of 14 h/10 h from one side by white fluorescent tubes 
(Philips PL-L 24W/840/4P; Philips Lighting, Eindhoven, The 
Netherlands) using an incident light intensity of Iin = 50 μmol photons 
m− 2 s− 1. The chemostats were supplied with nutrient-rich BG-11 

medium (Rippka et al., 1979). The chemostats were maintained at four 
different temperatures (17.5, 20, 25, and 30 ◦C) using a metal cooling 
finger connected to a Colora thermocryostat, and were aerated with 
sterilized mixed gas with a constant pCO2 concentration of 400 ppm. 
The mixed gas was dispersed from the bottom of the chemostat vessel at 
a gas flow rate of 40 L h− 1 using Brooks Mass Flow Controllers.

At each temperature, duplicate chemostat experiments were run 
(Fig. S1). Two or three times per week, the chemostats were sampled at 
9:00 a.m., which was 8 h after the start of the light period. Samples were 
taken for determination of cell concentration, population biovolume, 
dry weight, pH, dissolved inorganic carbon (DIC), dissolved inorganic 
nitrogen (DIN), dissolved inorganic phosphorus (DIP), alkalinity, cell 
density, cellular carbohydrate content and gas vesicle volume (see Text 
S1.1 of the Supplementary Materials for methodological details). We 
used biovolume (i.e. the total volume of all cells) to quantify population 
size, and expressed carbohydrate content and gas vesicle volume per 
unit of cell volume. The light intensity was measured with a Model LI- 
250 light meter (LI-COR Biosciences, Lincoln, Nebraska, USA), at nine 
spots in front of and behind the chemostat vessels.

3.2. Incubation experiments

At steady state, the specific growth rate and physiological state of the 
Microcystis population in the chemostat are constant and reproducible. 
For this reason, samples were taken from the steady-state chemostats for 
a large number of short-term incubation experiments to measure 
changes in carbohydrate content and cell density at different tempera
tures and light intensities. Samples (15–20 mL) for these incubations 
were taken from the chemostats at 9:00 a.m. (i.e., 8 h after the start time 
of the light period), mixed with fresh BG-11 medium to a total volume of 
150 mL, and transferred to small flat Nalgene square bottles (Thermo 
Fisher Scientific, Massachusetts, USA) with an optical path length of 5 
cm for incubation. The incubation flasks were maintained at the same 
four temperatures as the chemostats, using a metal cooling finger con
nected to a water bath, and an aeration tube provided mixed gas with a 
constant pCO2 concentration of 400 ppm.

The incubations were illuminated by high-intensity halogen light 
sources approximating the natural daylight spectrum (SoLux MR16- 
GU5.3/50 W/4P; Tailored Lighting, New York, USA). Different light 
intensities were obtained by placement of the incubation flasks at 
different distances from the light source and the use of neutral density 
filters. The light intensity was measured with the LI-250 light meter at 
nine spots on the frontside (Iin) and backside (Iout) of the incubation 
flasks. Mean light intensity (Iavg) was calculated as follows (Huisman 
et al., 2002): 

Iavg =
Iin − Iout

ln(Iin) − ln(Iout)
(10) 

In total, for each temperature treatment, Microcystis was incubated at 
32–52 different mean light intensities ranging from 16.4 to 730.7 μmol 
photons m− 2 s− 1 (Fig. S1). To determine the carbohydrate production 
rate PI,T, samples for carbohydrate analysis were taken every 20 min 
during the first 80 min of the incubation in the light. After exposure to 
the light for 4 h, the light sources were switched off and samples were 
taken every 40 to 80 min during the subsequent 4 h dark period to 
determine the carbohydrate respiration rate RT from the decrease in 
carbohydrate content. This gave 32–52 estimates of the carbohydrate 
respiration rate at each temperature. Samples for population biovolume 
and cell concentration analysis were taken during the incubations. The 
carbohydrate production and respiration rates estimated from these 
incubation experiments were fitted to Eq. (4) and Eq. (5), respectively 
(see Text S1.2 of the Supplementary Materials for details).

In order to assess the relation between growth rate and carbohydrate 
content, specified by Eq. (9), we measured cellular carbohydrate content 
and specific growth rate in 24 h incubation experiments (with a day/ 
night cycle of 14 h/10 h), performed in duplicate at four different 
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temperatures (17.5, 20, 25, and 30 ◦C) and four light levels (Iavg = 38.5 
± 1.5, 198.6 ± 5.1, 257.6 ± 6.2, and 375.0 ± 18.7 μmol photons m− 2 

s− 1). Other conditions in these 24 h incubation experiments were kept 
the same as in the incubation experiments described above. Samples for 
both population biovolume and carbohydrate content were taken at the 
beginning and end of these incubations (i.e., at 0 and 24 h). Then, the 
specific growth rate (μ, in d− 1) was calculated as: 

μ = ln(X24/X0) (11) 

where X0 and X24 are the population biovolume at the beginning and 
end of the 24 h incubations, respectively.

3.3. Model scenarios and model analysis

We used the model to simulate long-term vertical migration patterns 
of Microcystis at a range of colony diameters representative of Microcystis 
blooms (100 – 1600 μm; Li et al., 2013) and lake turbidities common for 
cyanobacteria-dominated eutrophic lakes (0.8 – 12.4 m− 1; Zhang et al., 
2007). Most model parameters, including all temperature-related pa
rameters, were estimated from our experiments, while some model pa
rameters were obtained from the literature (see Text S1.2, Table S1 and 
Table S2 of the Supplementary Materials for details). The diel variation 
in incident light intensity was representative for a cloudless summer day 
with a maximum incident light intensity (Iin,max) of 1000 µmol photons 
m− 2 s− 1 at solar noon, and had a day length of 14 h (i.e., DL=14/24 d). 
Simulations always ran for at least 35 days, and were only analyzed from 
day 31 onwards, to get rid of initial transients and allow the carbohy
drate dynamics and vertical migration dynamics to get in sync with the 
fluctuating environmental conditions.

4. Results

4.1. Buoyancy regulation and growth rates

The net carbohydrate production rate increased strongly with light at 
low light intensities, reached maximum values at light intensities be
tween 262 and 339 µmol photons m− 2 s− 1, and gradually declined 
beyond the optimum light intensity (Fig. 1). Both the net carbohydrate 
production rate at low light intensity and the maximum net carbohy
drate production rate increased strongly with increasing temperature 

(Fig. 1). At Iopt,T, the maximum net carbohydrate production rate was 
5.0, 5.7, 6.7 and 9.4 μmol glucose mm− 3 d− 1 at 17.5, 20, 25 and 30 ◦C, 
respectively, which is equivalent to a temperature coefficient of Q10 =

1.66 (calculated over the temperature range from 17.5 to 30 ◦C). Car
bohydrate respiration rates in the dark also increased with temperature 
(Fig. 2a), reaching values of 1.0, 1.1, 1.5, and 1.9 μmol glucose mm− 3 

d− 1 at 17.5, 20, 25 and 30 ◦C, respectively, which gives a Q10 for car
bohydrate respiration of 1.67. Carbohydrate-specific density cT 
decreased with temperature (Fig. S2), and the volume percent of gas 
vesicle in the cells was significantly lower at 30 ◦C than at 20 and 25 ◦C 
(Fig. 2b).

The specific growth rate was a saturating function of the cellular 
carbohydrate content and was well described by the Droop equation 
(Fig. 3). The minimum carbohydrate content (Qmin) was 0.2 µmol 
glucose mm− 3 at all four temperatures, whereas the maximum specific 
growth rate (μmax, T) estimated by the Droop equation increased from 
0.44 d− 1 at 17.5 ◦C to 0.94 d− 1 at 30 ◦C, which corresponds to a Q10 for 
growth of 1.84.

The values of the temperature-dependent parameters, the statistical 
analyses, and the steady-state conditions of the chemostat experiments 
(e.g., cell concentrations, nutrient concentration, pH, alkalinity) are 
summarized in Tables S2-S5.
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4.2. Vertical migration trajectories

We implemented the temperature dependence of the measured 
phytoplankton traits in our vertical migration model and studied 
migration dynamics at a range of conditions. As part of the model 
analysis, we first studied vertical migration dynamics at a constant 
incident light intensity (i.e. no day-night cycle) and found that migration 
patterns depend on incident light intensity, temperature, and initial 
conditions (i.e. the initial depth, Z0, and initial carbohydrate content, 
Q0, when the colonies are released; Fig. 4). At low incident light in
tensities, colonies display regular oscillations either at or below the 

water surface, (Fig. 4a, b). At very high incident light intensities, col
onies either become trapped at the water surface because photo
inhibition prevents carbohydrate accumulation (Fig. 4c, d), or display 
regular oscillation deeper in the water column where light intensities are 
lower (Fig. 4d). Which of these two states is reached, depends on the 
initial conditions.

Colonies exposed to a day-night cycle adjust their vertical migration 
to the daily fluctuations in light availability (Fig. 5). As a consequence, 
several days after their initial release the vertical migration patterns of 
colonies with a diameter of 400 µm are no longer dependent on the 
initial conditions. A few hours after sunrise, the colonies sink due to the 
photosynthetic accumulation of carbohydrate ballast, which increases 
their density (Fig. 5b, c, d). Specifically, colonies start their downward 
journey as soon as their colony density exceeds the temperature- 
dependent density of water (horizontal dashed lines in Fig. 5c). 
Because the density of water is higher at lower temperature, colonies at a 
lower temperature have to accumulate more carbohydrates and reach a 
higher density before they start sinking (Fig. 5b,c). They return to the 
water surface after the carbohydrates have been respired in the dark 
(Fig. 5b, d, e). Colonies start sinking much earlier during the day and 
return to the water surface much earlier and consequently have shorter 
migration cycles at high temperature than at low temperature (Fig. 5d, 
f). This earlier sinking and returning to the water surface at higher 
temperature is caused by the faster production and respiration rates of 
cellular carbohydrates at higher temperature (Fig. 5b), and by the lower 
density of water at higher temperature (Fig. 5c). Hence, in total, these 
results reveal that colonies in warm waters accumulate carbohydrates 
faster, will require less carbohydrate ballast in order to start sinking, and 
will migrate up and down faster than colonies in colder waters.

The model predicts that colony size has a large impact on the 
migration trajectories of Microcystis, by increasing migration velocity 
and migration frequency (Fig. 6, Fig. S3). Small colonies (D = 100 μm) 
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have migration patterns that are irregular and extend over multiple days 
(Fig. 6b). Slightly larger colonies (D = 200 µm) have irregular migration 
patterns at lower temperature, but regular patterns at higher tempera
ture (Fig. 6c). Large colonies (D = 800 and 1600 μm) display regular 
diurnal vertical migration patterns at all investigated temperatures, with 
multiple migration cycles during the day (Fig. 6d, e). Furthermore, 
migration cycles are shorter and the number of migration cycles per day 
increases with temperature (i.e. a 1600 μm colony completes three cy
cles at 17.5–25 ◦C, but four cycles at 30 ◦C). This can be attributed to 
higher migration velocities and the earlier onset of vertical migration at 
30 ◦C (Fig. 6d-e, Fig. S3e-f).

Migration trajectories are also strongly influenced by the turbidity of 
the water column (Fig. 7; Fig. S4). Colonies with a diameter of 400 µm 
migrate faster and reach greater depths in clear waters (Fig. 7b), while 
they stay closer to the surface in turbid waters (Fig. 7c,d). Migration 
trajectories in clear water at lower temperature are irregular (Fig. 7b). 
The number of migration cycles increases with temperature and 

turbidity.

4.3. Complex dynamics of vertical migration

To investigate in more detail how periodic forcing by the day-night 
cycle affects vertical migration, we made Poincaré maps (Fig. 8). In 
these maps, the vertical position and migration velocity of a model 
colony is plotted once per day, at solar noon, for many consecutive days. 
Colonies displaying regular daily vertical migration will return to the 
same vertical position and velocity every day, resulting in a single point 
on the Poincaré map. Colonies with a periodicity of N days produce N 
distinct points on the Poincaré map, while colonies with chaotic 
migration patterns produce a fractal pattern. Fig. 8 illustrates the results 
for a small colony of 200 µm. At 17.5 ◦C, the time series and Poincaré 
map are indicative of chaotic vertical migration in which the colony’s 
trajectory varies from day to day (Fig. 8a,b; see Fig. S5 for another 
example). At 20 and 25 ◦C, the colony displays multi-periodic vertical 
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migration with a repeating pattern every 6 days and every 3 days, 
respectively (Fig. 8c-f). At 30 ◦C, the colony displays regular daily ver
tical migration (Fig. 8g,h). Hence, the dynamics shift from complex 
migration patterns at 17. 5 ◦C to regular daily migration in warmer 
waters.

4.4. Daily gains from vertical migration

We explored how net daily growth rate, daily residence time at the 
water surface (an indication of scum formation), and the number of 
migration cycles per day of the Microcystis colonies are affected by 
variation in colony diameter and turbidity at different temperatures 
(Fig. 9). The model predicts that net daily growth rate increases with 
temperature and is highest at 25 ◦C, but is not strongly affected by water 

turbidity and colony diameter, except at 30 ◦C (Fig. 9a,f). Small colonies 
and colonies in clear waters can have multiperiodic and chaotic 
migration patterns, which cause variation in net daily growth rates as 
indicated by the scattered distribution of datapoints in Fig. 9. 
Intermediate-sized and large colonies and colonies in more turbid waters 
show regular patterns and complete one or more migration cycles per 
day. The switch from irregular to regular diurnal migration patterns 
depends on temperature. For example, migration patterns become reg
ular and diurnal at a colony size of D ≥ 380 µm at 17.5 ◦C (Fig. 9b), but 
already at a colony size of D ≥ 250 µm at 30 ◦C (Fig. 9e).

For colonies with regular diurnal migration, the number of migration 
cycles increases with temperature, colony size and turbidity (Figs. 6, 7 
and 9). Daily residence time at the water surface tends to increase with 
colony size and turbidity once migration patterns have become regular, 
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but drops at every stepwise increase in the number of migration cycles 
(Fig. 9b-e,g-j). Maximum migration depth increases with colony size for 
colonies up to 250 µm, decreases strongly with increasing turbidity, and 
is hardly affected by temperature (Fig. S6).

5. Discussion

5.1. Effects of temperature on buoyancy regulation and growth

Our experimental results show that both net carbohydrate produc
tion in the light and carbohydrate respiration in the dark increased with 
temperature across the temperature range from 17.5 to 30 ◦C (Fig. 1; 
Fig. 2a). These findings are consistent with other studies, which also 
found an increase of photosynthesis and respiration rates of Microcystis 
spp. across this temperature range (Takamura et al., 1985; Robarts and 
Zohary, 1987; Coles and Jones, 2000), and temperature optima for 
photosynthesis of 30 to 35 ◦C depending on the Microcystis strain (Yagi 
et al., 1994). Furthermore, net carbohydrate production rates estimated 
by our study had a similar magnitude as in previous studies of Krom
kamp and Walsby (1990) and Visser et al. (1997), and resulted in similar 
changes in cellular density (Fig. S7). Our model results predict that 
increased rates of carbohydrate production and respiration at elevated 
temperature will accelerate density changes of Microcystis colonies, 

which affects their buoyancy regulation. In particular, we found that 
high temperature increases migration velocities, which shortens the 
duration of migration cycles and enables large colonies to complete 
multiple cycles per day.

In addition to carbohydrate accumulation, gas vesicles also have a 
major effect on the buoyancy of Microcystis. However, we found that 
temperature had little effect on the gas vesicle content of Microcystis in 
the range from 17.5 to 25 ◦C, which is in agreement with Kromkamp 
et al. (1988) and Visser et al. (1995) who reported a nearly constant 
relative gas vesicle content between 10 and 20 ◦C. At 30 ◦C, however, 
gas vesicle content was significantly lower than at 20 and 25 ◦C 
(Fig. 2b), consistent with previous observations by Kromkamp et al. 
(1988) who reported a lower gas vesicle content at 28 ◦C than at 20 ◦C. 
Why this high temperature leads to a lower gas vesicle content is not 
quite clear. Nutrient and light availability, which are often associated 
with gas vesicle volume (e.g. Brookes and Ganf, 2001), were similar at 
all temperatures, while other factors (e.g. cell volume; Table S5) showed 
no clear relation with gas vesicle content.

The growth rate of Microcystis is known to be strongly temperature- 
dependent, with optima usually higher than 25 ◦C (Robarts and Zohary, 
1987; Thomas and Litchman, 2016; Visser et al., 2016). Similar to these 
previous studies, we found the highest maximum specific growth rates at 
temperatures of 25 and 30 ◦C (Fig. 3). High growth rates at elevated 
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temperature are likely to facilitate the development of dense Microcystis 
blooms (Paerl and Huisman 2008; Visser et al. 2016). However, whereas 
the maximum specific growth rate was similar at 25 and 30 ◦C, the 
model predicts that the net daily growth rate of migrating colonies tends 
to be highest at 25 ◦C (Fig. 9a,b). The cellular carbohydrate content at 
which a colony starts sinking is lower at 30 ◦C than at 25 ◦C, because the 
density of water is lower at 30 ◦C (Fig. 5b,c). For example, a 400 μm 
colony adapted to 25 ◦C only sinks at a carbohydrate content exceeding 
1.19 μmol glucose mm− 3, while a similar colony adapted to 30 ◦C 
already starts sinking at 0.76 μmol glucose mm− 3. Consequently, 
migrating colonies at 30 ◦C have a lower average carbohydrate content 
than at 25 ◦C. Since specific growth rate depends on cellular carbohy
drate content (Fig. 3), this translates to a lower net daily growth rate at 
30 ◦C than at 25 ◦C.

5.2. Effects of temperature and other factors on vertical migration 
patterns

Elevated temperature is known to increase the formation and 

development of Microcystis blooms (e.g., Paerl and Huisman, 2008; 
Ranjbar et al., 2022; Li et al., 2023), both by direct effects of tempera
ture on growth rate and by indirect effects of temperature on, e.g., 
thermal stratification of the water column (Jöhnk et al., 2008; Huisman 
et al., 2018). Most models concerning the impact of temperature on 
cyanobacterial blooms focus on the biomass, frequency and intensity of 
blooms (e.g., Wagner and Adrian, 2009; Cao et al., 2022), rather than on 
vertical migration. Conversely, most vertical migration models (e.g., 
Kromkamp and Walsby, 1990; Visser et al., 1997; Aparicio Medrano 
et al., 2013; Wu et al., 2021) have not investigated effects of 
temperature.

To our knowledge, one earlier model has studied the impact of 
temperature on vertical migration of cyanobacteria (Rabouille et al., 
2003; 2005). Their model distinguishes between structural cell material 
and carbohydrate reserves, and differs from our model in how temper
ature affects some of the metabolic processes (e.g., the basic respiration 
rate increases with temperature, but the carbon fixation rate is 
temperature-independent in their model). Furthermore, their model 
assumes that the carbohydrate production rate of cells decreases with 

Fig. 8. Time series and Poincaré maps of a Microcystis colony at four different temperatures. a,b: 17.5 ◦C, c,d: 20 ◦C, e,f: 25 ◦C, and g,h: 30 ◦C. Left panels show the 
vertical migration trajectories for 6–120 days; vertical shading indicates nighttime and the horizontal dashed line represents the euphotic depth (Zeu). Right panels 
show the corresponding Poincaré map, which plots the vertical position and migration velocity of the colony once every day at solar noon, over a time span of 20,000 
days. In all panels, colony diameter is 200 µm and turbidity Ktotal = 4.4 m− 1.
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increasing carbohydrate reserves, which poses a negative feedback on 
the accumulation of carbohydrate ballast. In continuous light, the ver
tical migration patterns of the two models differ. The model of Rabouille 
et al. (2003; 2005) predicts that colonies display vertical migration at 
low temperatures < 8 ◦C, but settle at a fixed depth in the water column 
at higher temperatures. In contrast, our model predicts that colonies 
display vertical migration at all temperatures, unless they become 
trapped at the water surface at photo-inhibitory light intensities (Fig. 4). 
These different predictions might be related to the negative feedback on 
carbohydrate accumulation in the model of Rabouille et al., and the 
above-mentioned differences in temperature-dependent metabolic pro
cesses. When exposed to a day-night cycle, however, both models pre
dict qualitatively similar vertical migration patterns and show a similar 
dependence on colony size (Rabouille et al. 2005), although chaotic 
migration patterns have not been reported for their model.

According to our model, Microcystis respires part of its carbohydrate 
storage in the dark, which increases the buoyancy of colonies, and 
therefore Microcystis colonies float to the surface during the night. This is 
consistent with field observations where the aggregation of Microcystis 
colonies near the water surface tended to increase at night and decrease 
during the day (Li et al., 2022). Our model predicts that rising temper
ature will promote higher migration velocities and a quicker return to 
the water surface (Fig. 6, Fig. 7).

The model predicts that the onset of vertical migration in the 
morning will be consistently earlier for colonies at 30 ◦C, due to a higher 
carbohydrate production rate (Fig. 1) in combination with a lower 
density of water at 30 ◦C than at the lower temperatures. The faster 

accumulation of carbohydrates results in a faster increase of colony 
density at 30 ◦C (Fig. 5b,c), while the lower density of water implies that 
colonies already start sinking at lower colony densities (Fig. 5c,d). We 
are not aware of laboratory experiments or field observations confirm
ing (or refuting) this temperature-dependent onset of vertical migration.

Furthermore, the model predicts that a large colony size accelerates 
migration velocity, while high turbidity reduces migration velocity and 
migration depth. This is consistent with experimental studies that 
showed that larger colonies migrate faster (Nakamura et al., 1993; Li 
et al., 2016; Rowe et al., 2016), and aligns with other model studies 
predicting that increases in turbidity limit the speed and depth of ver
tical migration (Yao et al., 2017).

5.3. A dynamical systems perspective on vertical migration

An intriguing prediction of our model is that small colonies in clear 
water show irregular migration patterns, while vertical migration pat
terns of large colonies and colonies in turbid water are controlled by 
diurnal variation in light availability (Fig. 9). Chaotic patterns in cya
nobacterial migration models have been described before (Sanderson 
et al., 1992), and recently Yoshiyama et al. (2025) identified that these 
chaotic dynamics depend on colony size and light availability. Vertical 
migration of a cyanobacterial colony is an example of a nonlinear 
oscillating system exposed to periodic forcing by the day-night cycle. It 
is well known that such systems can display complex dynamics if the 
natural frequency of the oscillations does not align well with the fre
quency of periodic forcing (e.g., Rinaldi et al., 1993; Benincà et al., 

Fig. 9. Model predictions of the impact of colony size and turbidity on net daily growth rate and daily residence time at the water surface at different temperatures. 
a: Net daily growth rate and b-e: daily residence time at the surface as function of colony size (assuming turbidity Ktotal = 4.4 m− 1). f: Net daily growth rate and g-j: 
daily residence time at the surface as function of turbidity (assuming a colony size of 400 µm). The datapoints show daily values from the 31st to 80th day of the 
simulation, at 17.5 ◦C (blue), 20 ◦C (green), 25 ◦C (orange) and 30 ◦C (red). Scattered datapoints indicate complex dynamics with day-to-day variation in growth rate 
and residence time. Gray bars represent the number of migration cycles per day.
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2015; Strogatz, 2015). This is the case for small colonies in clear and 
cold waters, where the natural migration cycle takes longer than the 
day-night cycle. Large colonies migrate faster, and hence their ups and 
downs fit within the day-night cycle. This leads to a phenomenon known 
as ‘frequency locking’ (i.e., the frequency of the migratory oscillations 
becomes equal to the frequency of external forcing, or integer multiples 
thereof), where large colonies have synchronized their vertical migra
tion cycle(s) with the day-night cycle. Our model predicts that temper
ature has a similar effect. That is, higher temperature results in faster 
carbohydrate dynamics and a faster migration cycle, and therefore small 
colonies are better able to synchronize their vertical migration with the 
day-night cycle in warm waters than in cold waters (Fig. 8).

5.4. Extrapolation to the natural situation

Our vertical migration model gives further insights into Microcystis 
bloom dynamics in a warmer world. For example, rising temperature 
promotes the production of carbohydrates in the light and the respira
tion of carbohydrates in the dark (Fig. 1, Fig. 2a), and decreases the 
density of water (Table S2), which shortens the duration of migration 
cycles and increases the number of migration cycles per day (Fig. 9).

The finding that increasing turbidity will result in a shallower 
migration depth (Fig. 7) is relevant for the development of cyano
bacterial blooms. A growing cyanobacterial population will increase the 
turbidity of the water column due to self-shading (Huisman et al., 2004; 
Wu et al., 2021). Hence, vertical migration patterns may alter during the 
formation of Microcystis blooms. Deep vertical migration of Microcystis 
colonies at the onset of the bloom when the water column is still clear 
and light penetrates deep will help Microcystis to avoid photo-oxidative 
stress or photoinhibition at the water surface (Ibelings, 1996). Shallow 
vertical migration of the colonies when the turbidity of the water in
creases during dense blooms will help Microcystis to remain in the 
euphotic zone. As explained by Wu et al. (2021), this may ultimately 
result in very dense and persistent scums at the water surface, that 
absorb almost all incident light and display little or no vertical 
migration.

Our model simulations are representative for calm and sunny 
weather conditions with very low turbulence in the water column, 
where Microcystis colonies show migration patterns governed by buoy
ancy regulation. However, conditions in real lakes are more complex 
and controlled by a range of physical and biological factors. For 
example, turbulent mixing in lakes is generally highly dynamic and 
strongly controlled by weather-related processes such as wind-driven 
currents (Wu et al., 2019), thermal stratification (Facey et al., 2022) 
and storm intensity (Dai and Nie, 2022). These processes interact with 
temperature-dependent buoyancy regulation and may disturb the ver
tical migration of colonies, especially for small colonies (Aparicio 
Medrano et al., 2013; Zhu et al., 2018).

Buoyancy regulation of cyanobacteria can also be affected by other 
factors, such as nutrient limitation (Brookes and Ganf, 2001) and fluc
tuations in incident light intensity by clouds. The size distribution and 
morphology of colonies can show high variability and complexity not 
captured by our model (Duan et al., 2018; Cheng et al., 2022). To make 
more accurate predictions on bloom formation across a wider range of 
conditions, future studies could extend our model to include nutrient 
limitation, morphological variability and changes in colony size, fluc
tuations in incident light intensity, or incorporate our model framework 
into hydrodynamic models (e.g., Jöhnk et al., 2008) coupled to 
individual-based models (e.g., Ranjbar et al., 2022).

Furthermore, future studies should aim to combine vertical migra
tion models with field observations (e.g. Aparicio Medrano et al. 2013; 
Wu et al. 2021; Ranjbar et al. 2022). To the best of our knowledge, 
studies that compare predicted migration trajectories (e.g. Visser et al. 
1997; Rabouille et al. 2005; Yoshiyama et al. 2025) with observed 
cyanobacterial migration trajectories under natural conditions are still 
lacking.

6. Conclusions

Our model and experiments improve understanding of the impact of 
temperature on cyanobacterial blooms, by demonstrating that rising 
temperature accelerates buoyancy changes of Microcystis colonies 
resulting in faster migration cycles and a larger number of migration 
cycles per day. Extension of this model to different colony sizes and 
water turbidities indicates strong interactive effects of temperature, 
turbidity and colony size on vertical migration patterns. The net daily 
growth rate of migrating Microcystis colonies was predicted to be highest 
at 25 ◦C. High growth rates may result in dense cyanobacterial blooms, 
which promote scum formation at the water surface and deteriorate the 
water quality of lakes.
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