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Abstract

Abstract

Cyanobacterial harmful algal blooms (CyanHABs) are becoming increasingly frequent and intense
across large geographic areas. These blooms disrupt aquatic ecosystems and pose risks to water usage due
to the production of cyanotoxins by toxic strains like Microcystis spp. However, the interactions of
cyanobacteria with physical environments (including their potential feedback effects on these environments),
particularly at a deeper level (e.g., trait level), remain largely unknown.

In this thesis, laboratory experiments, field investigations, and a one-dimensional trait-based coupled
hydrodynamic-phytoplankton model were used to explore the interactions of CyanHABs with physical
drivers, including wind-driven hydrodynamics, turbidity, and temperature. The experiments showed that
weak winds create stable conditions that increase the size of Microcystis colonies at the air-water interface,
likely through capillary forces. Microcystis also reduce surface tension, decreasing surface flow velocity
and potentially driving lateral surface convection, which promotes the reformation and expansion of surface
scum. The coupled hydrodynamic-phytoplankton model further examined the effects of turbulence and
turbidity on cyanobacterial populations at the trait level. It revealed that both turbulence and turbidity impact
the photosynthetic capacity (Pmax) of cyanobacterial populations through light competition. High diversity
in P also accelerated the formation of surface blooms. This model, applied to a large shallow lake (Lake
Dianchi, China), was also used to study the effect of temperature on CyanHABs, particularly how they occur
under unfavorable cold-water conditions. The results showed that diversification in optimum growth
temperature (7,,) enhances psychrophilic strains, promoting cold-water blooms while mitigating summer
blooms. T,,~diverse populations exhibit an inverse relationship with summer temperatures, challenging the
current cyanobacteria-temperature paradigm and indicating that environments can shape population
responses in opposite directions based on trait diversity.

This thesis highlights previously unrecognized mechanisms (i.e., altering physical environments and trait
distributions) by which cyanobacteria cope with varying conditions, emphasizing the need to integrate these
processes into models to better understand how physical drivers will affect dynamics of CyanHABs under

future climatic conditions.



1 Introduction

1 Introduction

1.1 Cyanobacterial blooms: A global environmental issue

Harmful algal blooms (HABs) occur when harmful algae (e.g., cyanobacteria) grow excessively, often
as a result of eutrophication. These blooms pose a significant global threat to the ecological integrity of
inland and coastal waters, as well as to the ecosystem services they provide (Ho et al. 2019, Huisman et al.
2018, Paerl et al. 2016, Paerl and Otten 2013). HABs disrupt the functioning of aquatic ecosystems and
impair water use, frequently producing toxic metabolites and malodorous compounds (Carmichael 1992,
Carmichael 2001, de Figueiredo et al. 2004, Codd 1997).

The global extent, frequency, and persistence of HABs have been observed to increase in the context of
climate change (Kosten et al. 2011, Mehnert et al. 2010, Paerl et al. 2016, Taranu et al. 2012). This trend

underscores the growing importance of understanding driver promoting HABs in aquatic environments.
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Fig. 1: Global patterns of algal blooms between 1982 and 2019, characterized by maximum bloom extent
(MBE; representing the total area where algal blooms were detected at any time during the study period).
Continental statistics (summarized MBE values) are presented in the panel. The bar in the middle shows the

median, and the whiskers show the minimum and maximum values. Data from Hou et al. (2022).

Among bloom-forming phytoplankton, cyanobacteria are among the most common and ubiquitous

groups. Many genera of cyanobacteria can form gas vesicles and colonies under natural conditions,
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providing buoyancy and enabling them to maintain their position at the water surface. There, they
accumulate in a scum layer to form water blooms (Huisman et al. 2018, Oliver 1994, Reynolds 1987). These
surface blooms are associated with rapid deterioration of the underlying water body due to deoxygenation,
resulting in fish kills, toxicity, nuisances, odors, and reduced aesthetic value of affected water bodies (Paerl
2003).

Beyond the buoyant capacity of cyanobacterial cells, biotic factors influencing bloom formation and
development include colony formation mechanisms. Under natural conditions, many cyanobacterial species
such as Microcystis spp., form colonies of varying sizes, with larger colonies playing a significant role in
bloom occurrences due to their higher flotation velocities (Duan et al. 2018, Li et al. 2014, Xiao et al. 2018,
Zhu et al. 2016). Larger colonies not only resist turbulent mixing but also serve as a survival strategy by
reducing zooplankton grazing pressure and providing protection from heavy metals (Xiao et al. 2018).

Although mechanistic and empirical models have been developed to predict surface bloom formation,
these models often fail to simulate the complex dynamics of cyanobacterial surface blooms in dynamic
physical environments (this is reviewed below in more details). To improve the predictive performance of
bloom models and enhance the implementation of mitigation measures and lake management strategies, it
is crucial to advance our understanding of the interactions between cyanobacteria and the physical
environments that control the formation, persistence, and decline of surface blooms in lakes, ponds, and

reservoirs.

1.2 Effects of physical drivers on cyanobacterial blooms

Physical drivers, including turbulence, temperature, and light, play a significant role in the development
and dynamics of cyanobacterial blooms (Aparicio Medrano et al. 2016a, Paerl and Ustach 1982, Soranno
1997, Wu et al. 2019). These factors shape the abiotic conditions that either promote or inhibit the growth
of cyanobacteria, influencing the frequency, intensity, and spatial distribution of blooms in aquatic
ecosystems. A thorough understanding of these physical drivers is essential for the prediction and

management of cyanobacterial blooms.
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1.2.1 Effect of wind-generated hydrodynamics on cyanobacterial blooms

Wind plays a significant role in the formation and dynamics of cyanobacterial blooms. While wind-
generated large-scale motions, such as waves and circulation, are much larger than cyanobacterial cells,
these motions influence the small-scale environment of phytoplankton cells through the turbulent cascade
(Regel et al. 2004). By creating turbulent conditions over timescales ranging from days to months, wind
affects the spatial distribution and growth-related physiological processes of cyanobacteria.

Wind-generated turbulence can vertically disperse surface scum to deeper depths when the wind speed
exceeds a critical value (2.6-3 m s, Cao et al. 2006, Wu et al. 2015). Below the critical wind speed, wind-
generated flow leads to the accumulation of Microcystis in downwind areas of the basin (Chen et al. 2022).
The intensity, frequency, and duration of wind-generated turbulence significantly impact bloom formation.
Turbulence controls the vertical distribution of buoyant cyanobacterial cells or colonies (Paerl et al. 2006,
Wang et al. 2016). Weak turbulence, associated with low wind speeds, often favors cyanobacterial blooms
by providing calm conditions that allow cyanobacteria to float rapidly to the water surface. Studies have
shown that in nutrient-rich and temperature-suitable waters, low turbulent mixing or shallow mixing depths
often result in shifts in dominant phytoplankton species from diatoms to cyanobacteria (Huisman et al. 2004,
Kang et al. 2019, Yu et al. 2017, Yu et al. 2018).

The size of Microcystis colonies mediates the effect of turbulence on their spatial distribution and
determines their response to turbulent intensity. Large colonies (>500 um) can overcome disturbances and
float quickly, while smaller colonies (100-300 pm) tend to disperse throughout the mixed layer. Increased
mixing strength leads to colony disaggregation (Liu et al. 2019), while intermittent disturbances of
appropriate intensity enhance the size of Microcystis colonies. Continuous disturbance, on the other hand,
inhibits their aggregation over longer periods (Zhao et al. 2020).

In addition to colony formation and flotation, turbulence affects the physiological activities and growth
of cyanobacteria (Kang et al. 2019, Yu et al. 2018, Zhao et al. 2020, Zhou et al. 2016). Suitable turbulent

intensity promotes the growth of cyanobacteria, whereas long-term intense turbulence inhibits their growth.
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Small-scale turbulence significantly impacts photosynthesis, nutrient uptake, and the growth of Microcystis
compared to stagnant conditions (Qin et al. 2018, Wilkinson et al. 2016, Xiao et al. 2016).

Moreover, wind-induced mixing is associated with the release of extracellular polysaccharides (EPS),
which indirectly affect surface bloom formation by increasing the size and buoyancy of cyanobacteria
colonies (Qin et al. 2018). Recent studies have demonstrated that EPS likely promotes the development of
the scum layer by trapping colonies from the wind-stirred bulk water at the surface through the release of

EPS (Wu et al. 2019).

1.2.2 Effect of temperature on cyanobacterial blooms

Temperature is a critical physical factor influencing cyanobacterial blooms. Numerous studies have
shown a positive correlation between high temperatures and the occurrence of cyanobacterial blooms. High
temperatures facilitate cyanobacterial growth in several ways. Laboratory experiments have demonstrated
that many bloom-forming cyanobacteria species have higher optimum growth temperature (>25°C)
compared to other phytoplankton species such as diatoms and green algae, giving cyanobacteria a
competitive advantage as temperatures rise (Liirling et al. 2017, Paerl and Huisman 2008, Robarts and
Zohary 1987).

However, growing evidence indicates that cyanobacterial blooms can also occur at low temperatures
(e.g., < 15°C). Reinl et al. (2023) conceptually interpret the formation of cold-water blooms as a
consequence of winter limnology and physiological adaptations. They propose three possible types of cold-
water bloom formation: (i) cyanobacterial blooms initiated during warm conditions that persisted into winter;
(i1) metalimnetic cyanobacterial blooms brought to the surface through turbulent mixing; and (iii) blooms
formed in cold water temperatures, potentially due to psychrophilic or psychrotolerant cyanobacteria.
However, the detailed mechanisms underlying these processes remain unclear.

Temperature also affects cyanobacterial blooms by altering hydrodynamic processes in lakes. Thermal
stratification, particularly in deep lakes, can suppress wind shear and vertical mixing, thereby facilitating
surface cyanobacterial blooms (Hozumi et al. 2019, Kumagai et al. 2000). Global warming is expected to

enhance lake stratification, leading to earlier stratification in spring and later destratification in autumn
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(Paerl and Huisman 2008). Cyanobacteria exploit stratified conditions due to their buoyancy, allowing them
to accumulate in the upper layers with warmer conditions, thus extending their growth periods.

Cyanobacterial blooms can also influence water temperatures by intensely absorbing light and affecting
thermal exchange between the upper and bottom layers. It has been found that water temperatures in areas
covered by surface blooms can be at least 1.5°C higher than ambient waters (Ibelings et al. 2003, Kahru et
al. 1993), creating a positive feedback loop that further enhances the dominance of buoyant cyanobacteria
over nonbuoyant algal species.

Moreover, global warming significantly influences precipitation and drought patterns, which can
enhance cyanobacterial dominance in aquatic ecosystems. Intense precipitation events lead to increased
nutrient runoff into water bodies. As these freshwater discharges decrease and residence time extends during
ensuing drought conditions, the retained and concentrated nutrients promote cyanobacterial blooms (Paerl

and Huisman 2008).

1.2.3 Effect of light on cyanobacterial blooms

As photosynthetic organisms, cyanobacteria rely on light for photosynthesis, making the intensity and
duration of light critical factors that directly impact their growth rate and buoyancy (Visser et al. 1997).
Cyanobacteria typically thrive within a specific range of light intensity that optimizes their photosynthetic
efficiency. Under ideal light conditions, cyanobacteria can proliferate rapidly (Tilzer 1987). Insufficient
light (or high turbidity) slows photosynthesis, limiting the growth of cyanobacteria and their capacity to
form blooms. Conversely, excessively high light intensity can cause photo-inhibition, damaging the
photosynthetic apparatus and leading to reduced growth or even cell death (Whitelam and Codd 1983) .

In addition to light intensity, light quality (wavelength) plays a crucial role in the growth of cyanobacteria.
Studies have shown that most cyanobacteria absorb both blue and red light but use blue light less efficiently
than other wavelengths (Luimstra et al. 2018, Solhaug et al. 2014). Changes in water color can shift
phytoplankton succession in lakes. Previous studies have demonstrated that cyanobacteria outcompete green
algae under red light, whereas green algae dominate over cyanobacteria under blue light (Luimstra et al.

2020).
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Light also affects the buoyancy regulation and vertical positioning of cyanobacteria in the water column
through carbon-reserve metabolism (Kromkamp and Mur 1984). The mass density of cyanobacterial cells
is modulated by the rate of carbohydrates produced through photosynthesis or consumed via respiration
(Ibelings et al. 1991). This mechanism allows cyanobacteria to rise to well-lit surface waters by consuming
intracellular ballast and to access nutrients at greater depths after storing sufficient carbohydrates.
Consequently, these surface blooms overshadow nonbuoyant phytoplankton beneath them, thereby
suppressing them through competition for light. This buoyancy regulation has been extensively used in
predictive models for bloom dynamics and phytoplankton succession (Aparicio Medrano et al. 2013,
Ranjbar et al. 2022).

The presence of cyanobacteria can reduce light availability by creating shading and blocking light.
According to Wu et al. (2021), interactions between cyanobacteria and light constitute a positive feedback

regulation, enabling cyanobacteria to float upward and form surface scum within several hours.
1.3 Current research gaps

While the effects of physical factors on cyanobacteria are well-studied, most research does not delve into
trait level. Previous studies often assumed that an array of averaged trait properties adequately represents
the population at any given time or location, overlooking the variability of observed traits in relation to
population dynamics and environmental stressors. However, increasing evidence suggests that this
simplified assumption under-represents the importance of individual variation and community structure in
population ecology.

Intraspecific variation is fundamental in driving intraspecific competition and shaping population
responses under environmental stressors. Selection favors traits that enhance individual fitness, leading to
their increased prevalence under selective pressures and reshaping trait distributions. This is particularly
true for cyanobacteria, whose short generation timescales (Lochte and Turley 1988), substantial intraspecific
trait variations (Rossi et al. 2023, Wu et al. 2024), and high population densities offer significant potential
for alterations in trait distribution and adaptive responses. The ability of cyanobacteria to form blooms under

dynamic environmental conditions is potentially affected by the coexistence or competition of different
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traits. For instance, variations in photosynthetic capacity allow cyanobacteria to have different floating
velocities and growth rates, leading to divergent trajectories in the water column, driving selection, and
potentially influencing surface bloom formation. Furthermore, variations in optimum growth temperature
(T,pi) may drive the formation of cold-water CyanHABs by selecting strains with lower 7,,;. These processes
may be affected by physical factors such as turbulence, turbidity, and temperature, yet these effects remain
rarely explored.

Additionally, the feedback of cyanobacteria on physical environments has often been neglected in
previous studies. As an important habitat of cyanobacteria, the free-water surface has unique
physicochemical and biological properties compared to the underlying water (Cunliffe et al. 2013, Vella
and Mahadevan 2005). However, its role in surface bloom formation has rarely been linked. At the air-water
interface, interactions between cyanobacterial blooms and physical processes such as hydrodynamics can
occur, as phytoplankton can affect the physical properties of surface water. For example, Chronakis et al.
(2000) found that low concentrations of proteins in the culture medium of phytoplankton are sufficient to
reduce water surface tension. These proteins were likely a part of the extracellular polymeric substances
(EPSs) released by phytoplankton. This process potentially plays a role in the two-way interactions between
cyanobacteria and wind-generated hydrodynamic processes, yet these interactions have remained scarcely
explored.

To improve our understanding and prediction of cyanobacterial harmful algal blooms, more detailed
studies regarding the interactions between cyanobacteria and physical environments at a deeper, trait level

are required.
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2 Hypotheses and research questions

The primary objective of this thesis is to advance the mechanistic understanding of cyanobacterial bloom
formation in lakes. To achieve this, it is essential to study the interactions between cyanobacterial blooms
and physical environments, such as hydrodynamics, turbidity, and thermal processes, in greater detail. This
thesis aims to address four research questions by testing the following corresponding hypotheses.

Question 1: Are the unigue hydrodynamic processes at the air-water interface linked to
cyanobacterial surface blooms? How do they affect cyanobacterial bloom formation?

Hypothesis 1: The air-water interface, as an important habitat for buoyant cyanobacteria, serves as a
key meeting place for their encounter and aggregation. This process may be mediated by the unique physical
processes at the air-water interface, which facilitate surface bloom formation.

Question 2: Can the formation of cyanobacterial surface blooms affect the physical properties of
surface water and in turn, influence cyanobacterial blooms?

Hypothesis 2: Cyanobacteria influence surface tension, inducing related hydrodynamic processes, which
in turn promote bloom formation.

Question 3: What is the role of intraspecific trait variation in the formation of cyanobacterial
surface scum?

Question 3.1: Do turbulence and turbidity influence the formation of surface blooms by changing
the composition of photosynthetic traits within the cyanobacterial population?

Hypothesis 3.1: As photosynthesis affects both the growth and buoyancy of cyanobacteria, turbulence
and turbidity can select for strains with differing photosynthetic traits by affecting light competition. This
selective process plays a crucial role in the formation of cyanobacterial blooms.

Question 3.2: Are cold-water cyanobacterial blooms related to the change in thermal traits

distribution? What role does temperature play in this process?



2 Hypotheses and research questions

Hypothesis 3.2: Seasonal temperature variations affect the distribution of thermal traits (i.e., optimum
growth temperature) within cyanobacterial populations, altering thermal adaptation and contributing to

bloom formation in cold water.
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In this thesis, laboratory mesocosm experiments, full-lake scale field investigations, and a one-
dimensional trait-based phytoplankton-hydrodynamics coupling model were employed to test the
hypotheses and achieve the objective.

Three publications/manuscripts containing the primary findings supporting this thesis are included in the
Appendices. A brief description of each part addressing the corresponding question is outlined below:
Part 1:

Laboratory mesocosm experiments conducted in six annular flumes were used to study the interactions
between cyanobacterial blooms and wind-generated hydrodynamic processes at the air-water interface
(Question 1 and Question 2). Video observations were used to measure the size and velocity of
cyanobacterial colonies, as well as the areal coverage of the water surface by scum under different
magnitude and frequency of wind disturbance. Correlation between cyanobacteria and water surface tension

were examined in a supplementary experiment.
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Figure 2: Laboratory mesocosms with controlled environmental conditions including wind-generated turbulence
and detailed characterization of Microcystis colony size and velocity. The water flows between the inner and outer
cylinders of the annular flume. The flow is generated by wind, provided by two diagonally arranged fans (5 cm diameter,
12 V maximum supply voltage) above the water surface. Illumination of algae is provided by the five Light-Emitting
Diode (LED) panels installed on the lid. Colonies at the air-water interface are observed by a downward-looking
camera. In the bulk water, colonies are observed by three side-looking cameras and vertically arranged laser light sheet
illumination. The light intensity and wind speed are controlled by an Arduino microcontroller. The microcontroller, all
cameras, and the laser illumination for all five flumes are controlled by a central computer using a LabView

(community edition, National Instruments, USA) program.

Appendix [ —
Huaming Wu, Xingqiang Wu, Lorenzo Rovelli, Andreas Lorke. (2024). Dynamics of Microcystis surface
scum formation under different wind conditions: the role of hydrodynamic processes at the air-water

interface. Frontiers in Plant Science. 15: 1370874. Doi: 10.3389/fpls.2024.1370874

Part 2:

A one-dimensional (1D) hydrodynamic model coupled with a trait-based phytoplankton model was
employed to explore the effect of turbulent mixing and turbidity on the photosynthetic capacity of
cyanobacterial populations and bloom formation (addressing Question 3.1). Additionally, by varying the
diversity (range) of photosynthetic capacity, the impact of trait diversity on the formation of cyanobacterial
blooms was examined.

Appendix I —

Huaming Wu, Xingqiang Wu, Lorenzo Rovelli, Andreas Lorke. (2024) Selection of photosynthetic traits by
turbulent mixing governs formation of cyanobacterial blooms in shallow eutrophic lakes. The ISME

Journal. 18(1). Doi: 10.1093/ismejo/wrae021

Part 3:
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3 Outline

To study how cyanobacteria adapt to varying temperature conditions, particularly under climate change,
and to investigate the mechanism of cold-water cyanobacterial blooms recently emerging in lakes worldwide
(addressing Question 3.2), a full-lake scale field investigation was conducted in Lake Dianchi over one year.
A one-dimensional hydrodynamic model coupled with a trait-based phytoplankton model focusing on

thermal traits was applied to simulate the dynamics of cyanobacteria.
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Figure 3: Bathymetry of the Lake Dianchi (light blue area) with the locations of sampling stations (S1-S4)
and the meteorological station (MS). The blue solid lines denote the river and the light grey lines denote

the district boundary in Lake Dianchi basin.

Appendix III —
Yanxue Zhang'!, Huaming Wu!, Xinggiang Wu, Hans-Peter Grossart, Andreas Lorke (2024). Intraspecific
competition can promote cold-water cyanobacterial blooms: Revisiting cyanobacteria-temperature

relationships based on traits. (‘equally contribute, submitted to Ecology Letters).
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4. Discussion

This chapter presents the primary findings from three scientific manuscripts, enhancing the current
understanding of the interactions between cyanobacterial blooms and physical processes, including
processes related to hydrodynamics, light (turbidity) and temperature. The complete manuscripts and their
respective supplementary materials are provided in Appendices I, 11, and I1II, as previously mentioned. The
overall results discussed in this chapter serve test the hypotheses raised and answer the scientific questions
outlined in Chapter 2. Detailed discussions include laboratory mesocosm experiments focusing on the
feedback of cyanobacteria to hydrodynamic conditions (section 4.1), a modeling exercise testing the effect
of hydrodynamic conditions and turbidity on the selection of photosynthetic traits and bloom formation
(section 4.2), and a full-lake scale field investigation, coupled with modeling (section 4.3), to explore the
thermal effect on cyanobacteria and mechanism promoting cold-water blooms.
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Figure 4: Schematic illustration depicting the interactions between physical environments and cyanobacteria,




4. Discussion

4.1 Interactions between hydrodynamics and cyanobacterial bloom at the air-water
interface

Laboratory flume experiments, which implemented periodic wind disturbances, simulated the formation
and disappearance of surface blooms, largely corresponding to wind speed patterns. Results indicated that
the cyanobacterium Microcystis formed colonies or even larger aggregates at the water surface more rapidly
than those in the bulk water (Appendices I). This highlights the crucial role of the air-water interface in
Microcystis aggregation during low wind periods. Furthermore, larger Microcystis colonies in the bulk water
during wind disturbances were significantly correlated with high areal coverage of surface blooms during
preceding low wind periods (Appendices I, Fig. 6). This suggests that the surface scum layer is closely
connected to the aggregation of cyanobacteria at the water surface. Previous studies suggest that these
aggregates can result from cell adhesion via viscous extracellular polymeric substances (EPS) (Xiao et al.
2018, Xu et al. 2015). However, the prerequisite encounters among cells or small colonies, which facilitate
this adhesion, remain unclear. This thesis argues that such encounter is facilitated by a unique physical
process that only emerge at interface, that is capillary forces. Attractive forces arise in the vicinity of
immersed buoyant particles, due to micro-deformation of the air-water interface (capillary immersion force,
Kralchevsky and Nagayama 2000, Paunov et al. 1993). Capillary forces are an important mechanism for
forming clusters of micrometer-scale to sub-meter-scale particles at the interface. For example, the common
phenomenon that floating objects such as bubbles tend to clump together or cling to the sides of the container
can also be driven by capillary forces (Vella and Mahadevan 2005). This process likely increases the
encounter rate of Microcystis, leading to the aggregation of Microcystis into patches. This process represents
a positive feedback mechanism that increases the colony size of cyanobacteria and shortens the timescale
for subsequent surface bloom formation each time they accumulate at the air-water interface following
periodic wind disturbances, supporting the Hypothesis 1.

In turn, supplementary laboratory experiments demonstrated a significant reduction in water surface
tension with increasing Microcystis biomass (Appendices I, Fig. 9). This reduction in surface tension is

expected to influence the physical environment of cyanobacteria, as surface tension plays a crucial role in
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4. Discussion

hydrodynamic processes. In flume experiments, normalized flow velocity decreased as scum coverage
increased in the later phase (Appendices I, Fig. 8), indicating that the dense scum layer inhibited momentum
transfer from wind to water. At low wind speeds, this reduction in momentum transfer can be explained by
decreased water surface roughness, a result of lowered water surface tension and the suppression of capillary
waves (Guseva et al. 2023, Wiiest and Lorke 2003). The increased scum layer accounted for the observed
decrease in water flow velocity generated by a constant wind speed over time in our experiments
(Appendices I, Fig. S4) and in a previous study (Wu et al. 2019). These findings suggest that floating
Microcystis can enhance the formation and persistence of surface scum by altering surface tension and
counteracting wind-driven mixing. The reduced flow velocity due to the presence of scum layers further
contributes to the increasing rate of surface scum reformation and development (Appendices I, Fig. 3) and
potentially impacts hydrodynamics-related ecological processes in natural water bodies.

The reduced surface tension caused by Microcystis colonies can directly generate surface flows directed
towards regions of higher surface tension, known as the Marangoni effect (Roché et al. 2014, Vinnichenko
et al. 2018). This effect results in a lateral spreading motion towards Microcystis-free regions. Although we
could not directly observe this flow in our experiments due to it being masked by wind-driven flow, the
Marangoni effect is ubiquitously present in environmental flows (Scriven and Sternling 1960). Similar to
the 'soap boat' visualization of Marangoni convection, we propose that the lateral gradient of surface tension
near initial scum patches can drive their horizontal surface drift and redistribute them in the absence of
external forces, such as weak wind forcing. This process may serve as a mechanism for the lateral expansion
of surface scum and act as a strategy for floating cyanobacteria to alleviate competition during periods of

low wind conditions.
4.2 Effects of hydrodynamics and turbidity on photosynthetic trait distribution and the
resulting cyanobacterial bloom formation

Through a modeling exercise of a trait-based phytoplankton model coupled with the hydrodynamic

model, how mixing dynamics and turbidity conditions select photosynthetic traits of Microcystis in

eutrophic and shallow lakes was explored. The validity of the model was supported by the comparable
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simulated cell density (up to 1.8 x10® cells mL™') (Ha et al. 1999, Saraf et al. 2018), timescale for bloom
formation (26 — 180 days) (Duan et al. 2009, Huisman et al. 2018), and diel migration pattern (Ibelings et
al. 1991) to natural cyanobacteria populations as well as the insensitive initial conditions (Appendices II).
This model reveals important roles of both turbulence and turbidity in reshaping the population composition
and the population-averaged photosynthetic capacity. Depending on the intensity, turbulence shifted the
population-averaged photosynthetic capacity towards either a high or low photosynthetic rate through
complex interactions of cyanobacteria with environments (Appendices I, Fig. 2). Differently, high turbidity
accelerates the change in population-averaged photosynthetic capacity, likely by sharpening the competition
for light (Appendices II, Fig. 3).

The plasticity in population-averaged photosynthetic capacity of Microcystis is attributed to the
contrasting roles of photosynthetic capacity in migration and growth. Microcystis with lower photosynthetic
capacity exhibit higher flotation velocities due to less accumulation of carbohydrate ballast (Appendices II,
Fig. S7), positioning themselves at shallower depths to capture more light, albeit at the cost of a reduced
growth rate. Conversely, Microcystis with high photosynthetic capacity have greater growth potential, but
their excessive ballast hinders their access to the sunlit upper layers.

In Microcystis populations with diverse photosynthetic capacity, cyanobacteria with optimal
photosynthetic traits can adjust the population composition to suit varying environmental conditions. This
adaptation optimizes light resource utilization for growth. The flexibility observed in the photosynthetic
capacity of cyanobacterial populations, provides novel insights into how turbulence and turbidity might
affect population dynamics and primary production.

Additionally, owing to this flexibility, high diversity in photosynthetic traits within the seed population
significantly promotes Microcystis bloom formation across a wide range of physical environmental
conditions, particularly in high turbidity and low turbulence (Appendices 11, Fig. 4). This diversity allows
for better selection and more efficient use of available light, making it crucial for scum layer formation. In
shallow eutrophic lakes, photosynthetic capacity diversity largely determines whether scum can form within
a 180-day period (Appendices 11, Fig. 6). A broad range of photosynthetic capacities accelerates dense scum
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layer formation, reducing the development timescale by more than fourfold compared to narrower ranges
(Appendices I, Fig. 6). These findings, brought to light by the modeling exercise, substantiate Hypothesis
3.1.

This model suggests that periodic moderate turbulence fosters a consistently dominant population
characterized by low photosynthetic capacity (Appendices II, Fig. 2). This implies that artificial mixing
techniques could be used to manipulate traits and their diversity within cyanobacterial populations as a
potential bloom control measure. For instance, controlled moderate mixing can reduce the diversity of
photosynthetic capacity, lower population resilience, and mitigate future blooms. This concept provides a
new theoretical foundation for using artificial mixing to mitigate blooms (Visser et al. 2015).

4.3 Effect of temperature on thermal trait distribution and the cold-water cyanobacterial
bloom formation

Focusing on thermal trait (optimum growth temperatures, 7,,) and cold-water cyanobacterial blooms,
cyanobacteria dynamics in a large eutrophic shallow lake in China (Lake Dianchi) was simulated by a
similar trait-based phytoplankton-hydrodynamics model as in the previous part. Compared to a narrow range
or single T,,, the results of simulation incorporating a wide range (7,,) is closer to the observations,
particularly for cold-water cyanobacterial blooms (CWCBs) in Lake Dianchi (Appendices III, Fig. 3). A
broad range of T, profoundly increased the formation of cyanobacterial harmful algal blooms (CyanHABs)
during cold-water periods (Appendices III, Fig. 3c). This is because a diverse 7., range supports the
persistence of psychrophilic cyanobacteria (Appendices 111, Fig. 3d). This suggest that diversification of
thermal traits, achievable through shifting selection pressures in response to environmental fluctuations
(Driscoll et al., 2016), plays a crucial role in CWCBs (Hypothesis 3.2).

This rapid adaptation to temperature variations, facilitated by intraspecific competition and changes in
trait distribution is similar to the findings by our previous section (section 4.2, Appendices I1I) and (Sandrini
et al. 2016), in which environmental changes such as mixing conditions and elevated CO; induced adaptive

phenotypic and genotypic changes in cyanobacteria over several month.
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A wider range of T,,, unexpectedly reduced the peak amplitudes of bloom by around 10% compared to
populations with narrower or single 7,,, ranges (Appendices III, Fig. 3b). This is because the dominance of
psychrophilic strains before temperature elevation subsequently hinders the growth of thermophilic strains
through intraspecific competition for light. This finding suggests that populations can retain the memory of
past thermal conditions by altering the distribution of 7, constituting an ecological memory—defined as
'the capacity of past experiences to influence present or future responses of a community' (Canarini et al.
2021, Letourneau et al. 2022, Padisak 1992). The lag in response to seasonally changing temperatures,
owing to ecological memory and intraspecific competition, reduces bloom amplitudes and eventually
homogenizes seasonal variations in cyanobacterial cell density.

Due to this ecological memory, cyanobacterial populations with varying 7, ranges responded
differently to changes in summer temperatures. The memory of a trait-diverse cyanobacterial population to
previous low temperatures causes it to favor cooler summers over hotter ones, allowing for the accumulation
of more psychrophilic strains that promote CWCBs during cold-water periods. Populations with a wide
range of 7o, exhibited an inverse correlation with temperature, with -2°C reductions facilitating summer
CyanHABs and CWCBs by up to twofold compared to 2°C increases (Appendices 111, Fig. 4).

This finding challenges predictions from single-trait models and current cyanobacteria-temperature
paradigms reported in previous studies (Beaulieu et al. 2013, Ho and Michalak 2019, Paerl and Huisman
2008), which implicitly neglect intraspecific variations and concluded that higher temperatures favor
CyanHABs due to higher growth rates. However, it aligns with Anneville et al. (2015), who found that
summertime heat waves inhibit rather than promote cyanobacterial blooms, and a global study showing that
global warming has varied effects (both positive and negative) on phytoplankton blooms across 71 lakes
worldwide (Ho et al. 2019). This counterintuitive phenomenon suggests that environmental conditions can
elicit divergent outcomes in populations with varying intraspecific trait variations. It also demonstrates that
highly diverse cyanobacterial populations can respond differently to current temperatures based on the
thermal regimes they have experienced in the past, illustrating the cross-seasonal legacy effects of
temperature on cyanobacteria blooms.
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These results, along with those presented in the previous section (section 4.2) generally support
Hypothesis 3 and are consistent with the paradigm suggesting that higher intraspecific trait diversity
enhances population success across environmental gradients (Barrett and Schluter 2008, Brandenburg et al.
2018, Violle et al. 2012). The findings establish the previously unexplored link between this paradigm and
cyanobacteria. Through simplified assumptions and a modeling approach, our results highlight the
importance of intraspecific trait distribution in shaping cyanobacterial population dynamics. Specifically,
diversification in P, promotes the formation of CyanHABs and surface scum (Appendices II), while
diversification in T,, promotes cold-water blooms (Appendices III). Interestingly, this study shows that
intraspecific competition among diverse 7., can alter population responses to changing temperatures,

underscoring the importance of these variations in population ecology (Des Roches et al. 2018).

4.4 Implications for future study

Laboratory experiments reveal that capillary forces and water surface tension-induced processes may
impact the colony size and spatial distribution of Microcystis colonies (Appendices I). These findings
suggest that water surface tension potentially plays a crucial yet largely unexplored role in enabling scum-
forming cyanobacteria to shape their habitat in favorable ways. Therefore, further laboratory experiments
and field investigations are needed to elucidate the detailed mechanisms underlying these processes and to
comprehensively evaluate the dynamics of physical properties at the air-water interface and their effects on
the spatial distribution of cyanobacteria. This should include quantifying the effect of capillary forces on
colony aggregation at the water surface, the release rate of surface-active materials by cyanobacteria, and
the extent to which these factors influence the vertical and horizontal migration of cyanobacteria. Taking
these processes into account will enhance the understanding of cyanobacteria dynamics under more dynamic
environmental conditions.

On the other hand, incorporating intraspecific trait variations into more complex models can describe
cyanobacteria dynamics more accurately in dynamic and complex physical environments. This includes
integrating additional ecological factors (e.g., nutrient limitation) and utilizing more sophisticated

hydrodynamic models (Aparicio Medrano et al. 2016b), such as incorporating the interactions between
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cyanobacteria, turbidity, temperature stratification, and turbulence. Future studies should also account for
processes influencing cyanobacterial population dynamics that are currently unclear, such as the plastic
photosynthetic capacity response of traits to the environment (e.g., temperature and nutrient), interactions
among Microcystis colonies, and the interplay between colony size and the environment, including colony
disaggregation and cell adhesion (Durham et al. 2013, Katherine R. O’Brien et al. 2004, Xiao et al. 2018).

Additional traits, such as nutrient uptake rates, vertical velocity, and the optimal light intensity of the P-
I curve, may interact with each other, further influencing population dynamics, and should be included in
future works. In deep lakes with stronger environmental gradients, cyanobacteria may experience more
dynamic environmental variability. For instance, internal waves can entrain cyanobacteria within the
thermocline (Cuypers et al. 2011), where strong temperature and light gradients may lead to simultaneous
low-light and thermal adaptation. The interactions between gradients of temperature, light, turbulence, and
nutrients, along with cyanobacterial traits, suggest an interesting possibility: cyanobacteria with varying 7o,
P, optimal light intensity, vertical velocity, and nutrient uptake rates may occupy their favorable depths,
effectively differentiating niches throughout the water column, reducing niche overlap, and linking several
independent traits. Cyanobacterial population with high diversity in different traits is expected to outperform
those studied in this thesis, and have greater flexibility to cope with novel physical environments.

While this model uses literature-documented ranges of photosynthetic (Appendices II) and thermal traits
(Appendices III), it would be advantageous to obtain the actual range of traits through extensive sampling

and measurements prior to implementing a trait-based approach.
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5 Conclusion

This thesis highlights the interactions of cyanobacteria with hydrodynamic processes at the air-water
interface and examines how physical drivers like turbulence, turbidity, and temperature affect trait
distribution within cyanobacterial populations and bloom formation. Several interesting findings were
revealed, including: (1) the air-water interface plays an important role in the size dynamics of colonial
cyanobacteria, potentially through hydrodynamic processes; (2) cyanobacteria can change the water surface
tension, likely promoting the formation and horizontal expansion of cyanobacterial surface blooms; (3)
turbulence and turbidity impact cyanobacterial populations and bloom formation by affecting
photosynthetic trait distribution; and (4) the diversity of thermal traits determines the response of
cyanobacteria to temperature fluctuations and the occurrence of cold-water cyanobacterial blooms. These
findings advance the mechanistic understanding of the formation and development of cyanobacterial blooms
in a dynamically changing world.

With ongoing anthropogenic climate change, underwater light attenuation is increasing, and physical
variables such as temperature and wind speed are expected to become more variable. According to this
thesis, these physical factors can profoundly impact cyanobacterial populations and bloom formation in
previously unrecognized ways. Therefore, integrating the hydrodynamic interactions of cyanobacteria with
the air-water interface and intraspecific variations into predictive models represents a key step toward
understanding how future climatic conditions will affect the dynamics of cyanobacteria and aquatic

ecosystems.
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Abstract

Due to climate change, Microcystis blooms occur at increasing frequencies in aquatic ecosystems worldwide.
Wind-generated turbulence is a crucial environmental stressor that can vertically disperse the Microcystis
surface scum, reducing its light availability. Yet, the interactions of Microcystis scum with the wind-
generated hydrodynamic processes, particularly those at the air-water interface, remain poorly understood.
Here, we explore the response of Microcystis (including colony size and migration dynamics) to varying
magnitudes and durations of intermittent wind disturbances in a mesocosm system. The flow velocities, size
of Microcystis colonies, and the areal coverage of the water surface by scum were measured through video
observations. Our results demonstrate that low wind speeds increase colony size by providing a stable
condition where Microcystis forms a scum layer and aggregates into large colonies at the air-water interface.
In contrast, wind disturbances disperse scum and generate turbulence, resulting in smaller colonies with
higher magnitudes of wind disturbance. We observed that surface scum can form rapidly following a long
period (6 h) of high-magnitude (4.5 m s') wind disturbance. Furthermore, our results indicate reduced water
surface tension caused by the presence of Microcystis, which can decrease surface flow velocity and
counteract wind-driven mixing. The reduced surface tension may also drive lateral convection at the water
surface. These findings suggest that Microcystis reduces surface tension, likely by releasing surface-active
materials, as an adaptive response to various wind conditions. This could result in an increased rate of
surface scum re-formation under wind conditions and potentially facilitate the lateral expansion of scum
patches during weak wind periods. This study reveals new insights into how Microcystis copes with different

wind conditions and highlights the importance of the air-water interface for Microcystis scum dynamics.

Keywords: Aquatic ecosystems; Cyanobacterial blooms; Wind disturbance; Surface tension; Biological-

physical interactions; Capillary force

Highlights
1. Larger colony size of Microcystis at low wind speed
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Rapid formation of scum after strong wind disturbances
Increasing re-formation rate of surface scum during recurring disturbances
Increasing biomass of Microcystis leads to reduction of water surface tension

Reduced surface tension can be advantageous for Microcystis surface scum
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Introduction

Cyanobacterial blooms have been becoming a globally relevant threat to the ecological integrity of inland
and coastal waters (Ho et al., 2019; Huisman et al., 2018). As one of the most common and ubiquitous
cyanobacterial genera, Microcystis spp. can float upward to the water surface and form dense surface scum,
i.e., visible mucilaginous cyanobacteria accumulating at the water surface (Oliver, 1994), disrupting the
functioning of aquatic ecosystems.

Buoyancy regulation is an important cellular feature that enables Microcystis spp. to maintain their
position at the water surface and form surface scum (Oliver, 1994; Reynolds, 1987). The buoyancy of
Microcystis can be modulated by (i) the carbon-reserve metabolism, i.e., the accumulation of intracellular
carbohydrates (Visser et al., 1997), (ii) the synthesis and collapse of gas-vesicles in the cells (Dunton and
Walsby, 2005), (iii) the formation of colonies, i.e., aggregations of Microcystis cells embedded in a
mucilaginous matrix, and (iv) trapping of gas bubbles within the colonies (Aparicio Medrano et al., 2016;
Dervaux et al., 2015). The colony size of Microcystis is considered an important factor for surface scum
formation as their floatation velocity increases with increasing colony size (Wu et al., 2020; Xiao et al.,
2018).

Disturbances induced by wind are among the most important stressors that counteract scum formation
(George and Edwards, 1976). Wind-generated turbulence can vertically disperse surface scum to deeper
depths and reduce the light availability for Microcystis when the wind speed exceeds a critical value (2.6-3
m s) (Cao et al., 2006; Wu et al., 2015). Below the critical wind speed, wind-generated flow leads to the
accumulation of Microcystis in downwind areas of the basin (Chen et al., 2023). Although the flows
generated by wind, including basin-scale circulation, waves and turbulent eddies exceed the size of
Microcystis colonies by far, these motions are coupled through the turbulent cascade to the small-scale
viscous environment of cells and colonies (Regel et al., 2004). Although wind disturbances at appropriate
magnitudes can promote the aggregation of Microcystis colonies, continuous wind disturbances act as
stressors by inhibiting growth and their aggregation through shear forces (Liu et al., 2019; O’Brien et al.,

2004; Zhao et al., 2020).
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The above studies have primarily focused on bulk water, without considering the presence of a free-water
surface, i.e., the air-water interface. The physicochemical and biological properties at the water surface are
measurably distinct from those in the underlying water, and various physical processes, such as momentum
transfer from wind to water, wind-generated wave, and capillary effect can occur (Cunliffe et al., 2013;
Vella and Mahadevan, 2005). For example, current knowledge focuses on how wind-generated turbulence
in the water column affects colony size dynamics, but often overlooks the frequent aggregation of
Microcystis at the water surface during low wind periods. This is due to a lack of understanding of
aggregation mechanisms at the water surface and their role in colony size dynamics. Neglecting the
aggregation of colonies at the water surface may lead to an overestimation of the role of colony size in
surface scum formation, as larger colonies in the epilimnion are often considered as a cause (Zhu et al.,
2014), instead of being the consequence of surface scum formation.

Current understandings of the interactions between Microcystis and wind-generated hydrodynamic
processes are largely one-way, neglecting the potential feedback of Microcystis on hydrodynamics. Studies
have revealed that phytoplankton can affect the physical properties of water; Dervaux et al. (2015) observed
non-Newtonian behavior of algal suspensions at low shear stress, with viscosity increasing by three orders
of magnitude. Additionally, proteins extracted from algae can reduce interfacial tension at the air-water
interface, even at relatively low bulk concentrations (Chronakis et al., 2000). They attributed these findings
to the release of extracellular polymeric substances (EPSs) by phytoplankton. The alteration in physical
properties of water resulting from the released EPSs could be a response of phytoplankton to stressors,
constituting two-way interactions between Microcystis and wind-generated hydrodynamic processes.
However, these interactions have rarely been studied.

As a result of climate change, wind speeds are expected to decrease in some regions under future climates
(Ranjbar et al., 2022; Vautard et al., 2010), necessitating the testing of how Microcystis responds to different
magnitudes and durations of intermittent wind disturbances. In this study, we conducted laboratory
experiments in annular flumes, in which wind-driven flow was simulated by controlled air circulation above
the water surface. Different magnitudes of wind forcing (0.5, 1.5, 3.8, and 4.5 m s) and durations of their
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periodic occurrence (3 and 6 h) were used to simulate the periodic formation, development, dissipation and
re-formation of surface scum over a period of seven days. We hypothesized that Microcystis surface scum
can interact with the hydrodynamic processes at the air-water interface by affecting the physical properties
of water, i.e., water surface tension. The experiments aimed at (i) studying the response of colony size and
surface scum dynamics of Microcystis to wind-generated turbulence, and (ii) exploring the effect of
Microcystis surface scum on hydrodynamic processes mediated by surface tension. The results of this study
are expected to be instrumental in the mechanistic and process-based understanding of surface scum
dynamics.

Materials and methods
2.1 Source of material

A stock of phytoplankton (approximately 90% of the phytoplankton was Microcystis aeruginosa by
microscopic observation) was collected from the Moselle River in southwest Germany on 9 August 2022
during a heavy Microcystis bloom. Colonies were collected from the water surface using a silk plankton net
with a 40 pum mesh size. To select predominantly Microcystis colonies, the samples were first filtered
through a 500 um sieve to remove large particles and then through a 40 um sieve. The filtered Microcystis
colonies with sizes between 40 and 500 pm were stored and cultured at 20 £+ 1 °C and photosynthetically
active radiation (PAR) of 15 pmol photons s™' m.

2.2 Experimental design
2.2.1 Flume experiments

The dynamics of Microcystis colonies under different wind conditions were studied in five annular flumes
with outer and inner diameters of 700 and 560 mm (Supplementary Figure S1). The light intensity and wind
speed were varied in individual flumes. Flow velocities and Microcystis colonies were observed in video
recordings with digital cameras (Raspberry Pi HQ Camera, United Kingdom, 1080p, 30 fps) at the water
surface and at three different depths (near the water surface at 0 — 6 cm depth, in a middle layer at 12 — 18
cm depth and close to the flume bottom at 24 — 30 ¢cm depth). All operations, including environmental
settings (i.e., wind and light) and video recordings (i.e., cameras and laser light sheet for underwater

illumination) were fully automated and computer-controlled (see Supplementary Figure S1 for details).
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Before the experiment, all flumes were sterilized for 30 min using an ozone generator. The flumes were
then filled with distilled water (volume: ~ 41.5 L, water height: ~ 30 cm) before a nutrient stock solution
(BG-11, see Supplementary Table S1 for details) and Microcystis colonies were added to the five flumes.
The final concentration of nutrients in the flumes was 10% (v/v) of BG-11 medium. Optical density at a
wavelength of 680 nm (ODsso) was used as a proxy for Microcystis biomass (Lv et al., 2018; Wu et al., 2019)
and measured by a spectrophotometer (Novaspec 1I, Amersham Pharmacia Biotech Inc, UK). The initial
optical density (at 680 nm) of Microcystis in the flumes was 0.05 £ 0.01, which corresponds to an
approximate cell density of 7.9 x10° cells mL™! (Lv et al., 2018).

During the following 7-day experimental period, different magnitudes (0.5, 1.5, 3.8, 4.5 m s') and
durations (3 and 6 h) of intermittent wind forcing were applied in the flumes at a constant water temperature
of 22.3 £ 1.0 °C. The chosen temperature is within the range of water temperatures for which Microcystis
blooms were observed under field conditions (18 - 24 °C, Feng et al., 2019). No temperature difference
between the water surface, the middle layer and the bottom of the flume was observed. Two different wind
forcing (high wind speed and low wind speed) were applied alternately for two different durations. The
wind speed was measured 2 cm above the water surface at a location between the two fans using a hot-wire
anemometer (Testo 425, Germany). The high wind speed in the flumes F1 — F5 was 4.5, 4.5, 3.8, 1.5, and
1.5 m s, respectively, whereas a wind speed of 0.5 m s™! was used in all flumes during the low wind periods
(Figure 1). The high wind speed periods were defined as wind disturbances. Due to a technical issue, the
experiment in F4 started at 11:00 on Day 2. Surface waves were observed in our experiment during wind
disturbances; the amplitudes of the waves were determined to be < 8 mm through visual estimates using
video footage. Due to the differing aerodynamic characteristics between the flume and the atmosphere, it is
not easy to directly compare the airflow generated in the flumes with wind velocities measured in the
atmospheric boundary layer above water surfaces. We estimated an equivalent wind speed in the
atmospheric boundary layer at a standard height of 10 m (Uio) from observed surface flow velocities (U,
described below) using a fixed wind factor (the ratio of wind speed at 10 m to the surface flow velocity of
water, /= 0.01, (Wu, 1975)) as Uio=Uo/f.
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We applied a diurnal light cycle (12:12 h light: dark periods) to all flumes. To simulate the light conditions
in the field, the irradiance at the water surface was modulated as a sinusoidal function with a maximum
irradiance of 800 umol photons m s and truncated to zero for the nights (18:00 — 6:00) in induvial flumes
(Figure 1). We defined the period 0:00 — 12:00 as stage I and the period 12:00 — 24:00 as stage II.

Videos were recorded at hourly intervals for estimating the surface flow velocity and areal coverage of
the water surface with Microcystis. In addition, flow velocities and size of Microcystis colonies were
observed at three different depths in the bulk water. The biomass of Microcystis colonies at the water surface
and in the bulk water (~15 cm depth) were daily measured during 9:00- 11:00 am (low wind periods).

2.2.2 Supplementary experiment

Due to the sampling difficulties caused by strong heterogeneity in the surface scum layer and dispersal
of surfactant molecules during sampling, surface tension measurements could not be conducted under the
prevailing flow conditions in the flume experiment. Consequently, we conducted an additional experiment
to investigate the relationship between surface tension and Microcystis biomass. We measured the ODeso (as
described above) and surface tension (using the Wilhelmy plate method with a tensiometer (TC1, Lauda
Scientific, Germany)) of various Microcystis samples at different dilution factors (0%,1.5%, 3%, 6%, 9%,
15%, 75% and 100%). To ensure the ODsgo did not exceed the detection limit of the spectrophotometer, the
ODsgo of algal samples higher than 0.3 were diluted 10 — 50 times, and then the ODsgo of algal samples was
calculated from ODsg of the diluted samples multiplied by the dilution factor.

2.3 Parameters of Microcystis and hydrodynamics measurements

Time-resolved observations of Microcystis colonies were obtained from video observations of the water
surface using a down-looking digital camera (for the observation of surface scum and velocities of
Microcystis) and of the bulk water (at depths of 0 —4 cm, 12 — 16 cm and 26 — 30 cm) using side-looking
cameras (for the observation of colony size and velocities of Microcystis). Videos of 90 s duration were
hourly recorded. During the recordings at the water surface, illumination was provided by an LED spotlight,
while during the recordings of the side-looking cameras, illumination in the bulk water was provided by a

vertically oriented laser light sheet, which illuminated a central plane of the flow channel using a continuous-
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wave line laser (InLine HP, Medial.as, Germany; output power: 500 mW, green, 532 nm). Colonies within
the approximately 3 mm thick light sheet were observed using three digital cameras in a perpendicular
arrangement (Supplementary Figure S1). The resolution and field of view of the videos recorded by the
cameras used in the experiments are shown in Supplementary Table S2.

Individual Microcystis colonies were detected in each image based on intensity thresholds during
automated image processing. The analysis provided surface areal coverage of Microcystis (SAC, calculated
as the percentage of water surface that was covered by colonies) for down-looking cameras, the equivalent
spherical diameter of colonies for side-looking cameras, as well as colony velocities estimated using particle
tracking velocimetry (Kelley and Ouellette 2011). We estimated and summed up the area covered by the
colonies for each frame, which was then divided by the camera's field of view to calculate the SAC. The
change rate of surface areal coverage (dSAC/dt) during low wind periods, representing the reformation rate
of surface scum, was estimated by the difference of mean SAC between subsequent recordings. The
volumetric median colony diameter (D.so, i.e., the colony size corresponding to the 50" percentile of
observed colony volumes) was used to characterize the average colony size as described in Wu et al. (2019)
and Wu et al., (2020). More than 300 colonies on each of the videos were used to estimate D,so. The rate of
change of colony size (dD,so/dt) was used to characterize the aggregation or disaggregation of colonies.
Since surface scum formed during low wind periods and was dispersed during wind disturbances, the Dyso
near the water surface at the beginning of a wind disturbance, when the surface scum layer was dispersed,
was considered as a representative colony size at the water surface. To compare the colony size dynamics
at the water surface and in the bulk water, dD,so/dt in the bulk water was estimated as the difference of mean
D,so near the water surface during wind disturbances between subsequent recordings. The dD,so/dt at the
water surface was estimated by the ratio of the difference of mean D,so near the water surface between the
beginning of the wind disturbance and the end of the preceding wind disturbance to the duration of the wind
disturbance.

The mean velocities of colonies at the water surface and in the bulk water were estimated by observing
the displacement of identified colonies via particle tracking velocimetry, using the predictive tracking
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algorithm described by Kelley and Ouellette (2011).

We did not observe a consistent size-dependence of colony velocities (Supplementary Figure S2) and
therefore considered the observed colony velocities as a proxy for flow velocity.

We use root-mean-square velocity fluctuations (U.xs) as the measure of the intensity of turbulence, which

scales with the square root of turbulence kinetic energy, and is calculated as:

Upms = £ @Y + &) 0
where the fluctuating velocity components of the horizontal (1) and vertical (v’) flow velocities are the
difference between the instantaneous and the temporarily averaged velocities (Reynolds decomposition: u’
=u- wandv’=v- v). The temporarily averaged velocity was calculated by averaging the velocities of all
colonies in each video.

2.4 Statistical analyses

Shapiro-Wilk test was used to assess the normality of data. A post hoc LSD (least significant difference)
test with one-way ANOVA was used to compare the surface areal coverage (SAC) and the flow velocity
during low wind periods at different depths at both stages among the different flumes if the data were
normally distributed with homogeneous variance, otherwise, Kruskal-Wallis tests were used. The
differences in D,sy of colonies among different flumes as well as the difference between the rate of colony
size change (dD,s¢/dt) at the water surface and in the bulk water were compared using the student ¢-test. The
relationships between mean SAC and D,sp, mean SAC and dD,s¢/dt, normalized flow velocity and SAC as
well as between rate of change in SAC and time were fitted by linear regressions. All statistical analyses
were performed using the software package SPSS 27.0 (IBM Corp, USA). Data are presented as mean =+
standard deviation and were tested for statistical significance at a significance level (p) of 0.05 unless stated
otherwise.

3. Results
3.1 Dynamics of Microcystis surface scum formation
Surface scum layers developed during low wind periods and disappeared during wind disturbance over

the seven-day experimental period (Figure 2). During wind disturbances (1.5 —4.5 m s!), the areal coverage
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of the water surface with Microcystis colonies was generally < 1%, whereas it increased during low wind
period (0.5 m s™) gradually from 0.1 to 25 % from Day 1 to Day 7. The observed rates of change in SAC
(dSAC/dt) and rates of change in SAC per unit biomass (dSAC / (ODeso dt)) during low wind speed linearly
increased over time (p < 0.05, Figure 3), suggesting that the surface scum recovered from wind disturbances
at increasing rates. Similar to surface coverage, the biomass of Microcystis colonies in the thin surface layer
showed a 2 - 6 fold increase from Day 1 to Day 7 (Supplementary Figure S3A).

The formation of surface scum followed a diurnal pattern with the average surface coverage during low
wind periods in the afternoon (stage II) being reduced by 87.7%, 36.6%, 31.3%, 44.5% and 51.1% (for F1
—F5) in comparison to that in the morning (stage I) (Figure 2).

The dynamics of surface scum formation varied in dependence on wind conditions (Figure 2). The
prolonged duration of low wind periods promoted scum formation: the surface coverage in flumes F1 and
F4 was significantly higher than that in F2 and F5 in most cases (p < 0.05). Wind magnitudes of 4.5 and 1.5
m s™! promoted the subsequent surface scum formation, in comparison to the intermediate magnitude of 3.8
m s': In most cases, the surface areal coverage in F1 and F4 was higher than that in F3 (p < 0.05).

3.2 Dynamics of Microcystis colony size

The colony size showed temporal trends during the 7-day experiment (Figure 4). In the upper layer near
the water surface, Dvs increased from the beginning to Day 7 by a factor of 2.4, 3.1,2.4,4.4 and 2.7 in F1-
F35, respectively. During the increase of Dvsy, we observed the peaks in Dvsg of Microcystis colonies near
the water surface at times when the wind speed changed from low to high from Day 3 — Day 7 (Figure 4).
Through visual observations, we found that such larger colonies suddenly appearing in the bulk water
resulted from wind-induced entrainment of surface scum patches forming during preceding low wind
periods.

The mean rate of change in colony size (dDvso/dt) at the water surface and in the bulk water is -0.12
and 0.14 mm h', respectively. In each flume, the dDvso/dt at the water surface is significantly higher than
that in the bulk water (p <0.05, Figure 5). At the beginning of wind disturbances, both Dvso and dDvse/dt

increased linearly with increasing SAC during the preceding low wind period (Figure 6).
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The median diameter of Microcystis colonies (Dvso) was affected by the different wind conditions (Figure
4). Dvs increased with decreasing magnitude of wind disturbances regardless of their duration (Figure 4).
The response of Dvsg to the duration of the wind disturbance was dependent on its magnitude, with longer
duration of high-magnitude wind disturbances leading to decreased Dvso (F1 < F2, Figure 4), whereas Dvsg
increased for longer durations of low-magnitude wind disturbances (F4 > F5, Figure 4). The order of mean
Dvsy of Microcystis colonies near the water surface was F4>F5>F3>F2>F1 when combining all
measurements (p < 0.05).

3.3 Hydrodynamics under different wind conditions

At the beginning of the experiment, the surface flow velocities increased nearly linearly with the applied
wind speed resulting in equivalent wind speeds in the atmospheric boundary layer (Uio) of 2.0 m s under
low wind speed conditions and 2.8 to 5.3 m s! during the simulated disturbances (Table 1).

The surface flow velocity and underwater flow velocities (at three depths) observed at a particular wind
speed generally decreased from Day 1 to Day 7 (Supplementary Figure S4). The normalized flow velocity
(defined as the ratio of flow velocity to wind speed) at the water surface and in the bulk water generally
decreased linearly over time (p < 0.05, Supplementary Figure S5 and Table S3). In all flumes, the surface
flow velocity and underwater flow velocities during low wind periods decreased to approximately 1 mm s
"on Day 7 (Figure 7).

At the applied wind speed of 0.5 m s! (low wind periods), significant differences in surface flow velocity
among different flumes were observed (p <0.05, Figure 7). No consistent dependence of surface flow
velocity on the duration of the intermittent wind disturbance was observed, while surface flow velocity
during low wind periods generally increased with increasing preceding magnitudes of wind disturbance:
The order of surface flow velocity during low wind periods was F1>F3>F4, except for Day 6 stage I and
Day 7. Unlike the surface flow velocity, the underwater flow velocities during low wind periods did not
differ significantly between different flumes in most cases (Supplementary Figure S6).

3.4 Relationship between Microcystis and hydrodynamic parameters

Higher SAC was primarily observed at low surface flow velocities (< 5 mm s™). However, it is noteworthy

52



Appendices |

that SAC at moderate surface flow velocities (5-12 mm s™!) on Day 3 — Day 6 could also surpass some SAC
at low surface flow velocities (Supplementary Figure S7). Neither Dvso of colonies nor (dDvs/dt) were
linearly related to the root-mean-square velocities of colonies in the bulk water (U,..s) when combining all
measurements (Supplementary Figure S8). However, the proportion of dDvs¢/dt being smaller than -1 mm
h! (indicating colony disaggregation) increased with increasing U,..s. Conversely, the proportion of dDvso/dt
larger than 0.5 mm h! (colony aggregation) decreased with increasing U,,s when U,,,s exceeded 3 mm s
'and increased with increasing U,.,s when U,y was smaller than 3 mm s (Supplementary Figure S9).

The presence of Microcystis affected the hydrodynamic parameters: In the flumes experiment, from Day
1 to Day 4, no linear relationships between the normalized flow velocity and SAC were found, but from
Day 5 to Day 7, the normalized flow velocity decreased with increasing SAC (p < 0.05, Figure 8). The
results of our supplementary dilution experiment showed that the surface tension decreased with the
increasing optical density of Microcystis (Figure 9).

4. Discussion
4.1 The response of colony size and scum of Microcystis to wind-generated hydrodynamics

Our experiments successfully reproduced the periodical formation and dispersion of Microcystis surface
scum under intermittent wind disturbances (Figure 2). During low wind periods (0.5 m s1), we observed
gradually increased surface scum in all the flumes. Surprisingly, we found that scum was forming more
rapidly following prolonged duration of high-magnitude wind disturbances compared to that following
moderate magnitudes (F1, Figure 2). The differences in scum coverage in varying flumes can be attributed
to the flow conditions, as they govern the migration of Microcystis. However, we found significant
differences in flow velocities among flumes were only evident for the surface (Supplementary Figure S6 &
Figure 7), suggesting that the surface flow field likely played a pivotal role in modulating the response of
scum formation to preceding wind disturbances.

Higher scum coverage can be observed at moderate surface flow velocities (5 - 12 mm s) compared to
lower surface flow velocities in some cases (Supplementary Figure S7). This result implies potential

mechanisms for surface scum formation under moderate flow velocities, considering that surface scum is
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typically associated with lower flow conditions (Wu et al., 2015). Webster and Hutchinson (1994) suggested
the trapping mechanisms of colonies by viscous sublayer. A possible explanation we proposed is the strong
vertical velocity gradient within the viscous sublayer, where the higher flow velocities near the water surface
result in lower static pressure and a net upward lift force on the colonies, of which the magnitudes depend
on the colony size and morphology. Although this process was not resolved in our study due to the lack of
small tracer particles, we speculate that these complex interactions may account for the higher scum
coverage observed at moderate flow velocities following a prolonged period (6 h) of high-magnitude wind
disturbance. Future studies should include a more detailed characterization of the hydrodynamic conditions
at the water surface (e.g., adding additional small seeding particles to perform particle image velocimetry)
to better understand this mechanism.

The observed increase in surface scum also led to more frequent aggregations among colonies at the air-
water interface. The developing scum significantly increased the colony size (Figure 6), thereby explaining
the higher rates of change in colony size at the surface compared to in the bulk water (Figure 5). Given the
limited attention to these aggregations, the underlying mechanism is unclear. Here we proposed capillary
forces could be a driver for the formation of Microcystis aggregations at the water surface. In the vicinity of
immersed buoyant particles, attractive forces arise due to micro-deformation of the air-water interface
(capillary immersion force, Kralchevsky and Nagayama, 2000 & Paunov et al., 1993). The common
phenomenon that floating objects such as bubbles tend to clump together or cling to the sides of the container
is driven by capillary forces (Vella and Mahadevan, 2005). We speculate that capillary forces partly increase
the encounter rate of Microcystis at the water surface during prolonged periods of low wind speed, which
promotes their accumulation and aggregation.

During wind disturbance, surface scums were dispersed throughout the bulk water, in which the
hydrodynamics was governed by turbulent flow. Our study showed that moderate wind-generated
turbulence promoted the aggregation of Microcystis into larger colonies, whereas high wind-generated
turbulence favored their disaggregation (Supplementary Figure S9). This dual effect can be explained by
the opposing effects of turbulence in increasing the collision frequency of cells and colonies and by
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increasing shear forces (Liu et al., 2019; Njobuenwu and Fairweather, 2018; O’Brien et al., 2004; Yao and
Capecelatro, 2021). The latter likely limited the colony size in our experiments, which consistently
decreased for increasing magnitudes of wind disturbances, regardless of disturbance duration (Figure 4).
The duration of wind disturbances thus affects colony size by controlling the duration of interactions of
colonies with turbulence, which may explain the magnitude-dependent effect of wind disturbance duration
on colony size.

Periodic wind disturbances shifted the habitat of Microcystis between the air-water interface and the bulk
water, during which the surface aggregation of Microcystis and the combination of their collision and
disaggregation in the bulk water were alternating. In our experiments, such cycles constituted a positive
feedback regulation between colony size and formation of surface scum, by which the size of suspended
colonies and re-formation rate of scum continuously increased (Figure 3). It should be noted that colony
size can also be affected by Microcystis growth (Xiao et al., 2018). However, the growth of Microcystis did
not show notable differences among different flumes. In addition, the D,s5o changed in accordance with the
wind conditions, with the peak in D, occurring after the start of the disturbances (Figure 4), suggesting that
the colony size dynamics were likely governed by the hydrodynamic conditions rather than by growth.

4.2 The effect of Microcystis surface scum on hydrodynamics under different wind conditions

We found a pronounced reduction in water surface tension with increasing Microcystis biomass with our
supplementary experiment (Figure 9), which can have important consequences for the hydrodynamic
processes at the air-water interface. We found that the normalized flow velocity decreased with increasing
scum coverage at the later phase of our experiment (Figure 8), suggesting that the dense scum layer
suppressed the momentum transfer from wind to water. At low wind speed, the reduction in momentum
transfer can be explained by low water surface roughness, which is a consequence of low water surface
tension (suppression of capillary waves, Wiiest and Lorke, 2003). The increasing scum layer explained the
decrease in water flow velocity generated by a given wind speed over time in our experiments
(Supplementary Figure S5) and in a previous study (Wu et al. 2019). These findings implied that floating

Microcystis can promote the formation and persistence of surface scum by altering surface tension and
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counteracting wind-driven mixing. Such reduced flow velocity caused by the presence of scum layers
additionally contributed to the increasing re-formation rate of surface scum (Figure 3). The lack of direct
measurements of surface tension in the flumes does not negate the surface tension-mediated hydrodynamic
interactions between Microcystis and the air-water interface during the flume experiments, as indicated by
the observed reduction in flow velocity.

The reduced surface tension caused by Microcystis colonies can also directly generate surface flows being
directed towards regions of high surface tension (Marangoni effect, (Vinnichenko et al., 2018; Roché et al.,
2014), i.e., a spreading towards Microcystis-free regions. Although we could not directly observe this flow
in our experiment as the Marangoni flow was masked by the wind-driven flow, it is ubiquitously present in
environmental flows (Scriven and Sternling, 1960). Similar to the ‘soap boat’ (a well-known visualization
of Marangoni convection), we propose that the lateral gradient of surface tension in the vicinity of initial
scum patches can drive their horizontal surface drift and reshape their distributions in the absence of external
force (e.g., weak wind forcing).

4.3 The environmental relevance and limitations of the experiment

We scaled the wind speeds measured in the flumes to representative wind velocities at a standard
measurement height of 10 m (U, see Supplementary Table S3). In our experiment, the low wind speed (U
of 2 m s) corresponds to the wind magnitude during weak wind periods, while the wind disturbances (Ujg
of 2.8 — 5.3 m s!) correspond to amplitudes of periodic wind forcing frequently observed over lakes
(Fernandez Castro et al. 2021, Saber et al. 2018). The chosen 6 h and 12 h periods of wind disturbances
represent the lower and the upper range of field observations over lakes (Fernandez Castro et al., 2021).

Surface scum formed during low wind periods and was dispersed during wind disturbances, which is in
line with field investigation that showed an upper threshold of U,y for scum persistence is 2.6 - 3 m s (Cao
et al., 2006; George and Edwards, 1976; Qi et al., 2018). Moreover, light-induced changes in the buoyancy
of Microcystis, commonly observed in the field (Ibelings et al., 1991), were successfully reproduced (Figure
2). These observations further demonstrate the validity of our experimental design.

The water depth in our study was limited by the dimensions of the flume to 30 cm, which is smaller than
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the amplitude of vertical migration of Microcystis in natural lakes. Consequently, the formation rates of
surface scum that we observed in the flumes may be higher than those found in the field. In addition, the
low water depth restricted vertical mixing at high wind speeds, exposing Microcystis in the bulk water to
higher irradiance than in deeper water. However, the focus of this study was on the hydrodynamic
interactions of surface scum with the air-water interface, which is not expected to be linked to the scale of
the experimental setup or to water depth. As the light intensity affects both the growth and the buoyancy
production of Microcystis, we utilized relatively high irradiance levels, as they often persist in surface waters
in the field. Initially, our experiments also included the configuration of the low duration (3 h) and median-
magnitude (3.8 m s') wind disturbances. That data, however, had to be excluded due to technical issues
with the flume operation. Future experiments should be conducted at higher resolutions (e.g., analyzing
finer gradients of disturbance magnitude and duration) in order to provide a more comprehensive
understanding of the partly non-linear interactions of wind with surface scum. Furthermore, buoyancy-
driven migration could not be resolved in our measurements, as the flow velocity (generally exceeding 1
mm s™) surpasses the floatation velocity of most colonies (< 1 mm s, Wallace et al., 2000).

Our study reveals the close connection between Microcystis dynamics and the air-water interface. The
air-water interface emerges as a crucial habitat increasing colony size during scum formation (typically
under low wind speeds), surpassing the impact of bulk water (Figure 5). Recent studies have shown that the
wind has declined in some regions over the past few decades (Ranjbar et al., 2022; Vautard et al., 2010).
Consequently, this study indicates that the projected decrease in wind speed under future climate conditions
will result in larger colonies and facilitate the recovery of surface scum upon wind disturbance. Additionally,
our finding of denser scum after prolonged periods of high wind speeds may have implications for early
warning of blooms during windy conditions.

Our study also suggests that Microcystis reduces surface tension, likely through the excretion of surface-
active substances. This process constitutes a dispersion-avoidance mechanism under wind conditions,
allowing Microcystis to persist at well-lit depths. Furthermore, reduced surface tension potentially drives
lateral convection, facilitating the expansion of Microcystis and mitigating competition for resources during
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weak wind periods. These processes may represent adaptive responses of Microcystis to wind stressors,
suggesting that water surface tension, affected by Microcystis, may be an important mediator by which
scum-forming cyanobacteria shape their habitat in favorable directions. Given the oversight of the
aggregation of Microcystis at the air-water interface and their hydrodynamic interactions in current studies,
it is important to consider these processes appropriately for a more accurate prediction of Microcystis scum

dynamics in future climatic conditions.
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Figure legend
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Figure 1. Diurnal variations of photosynthetically active radiation (PAR, upper panel) and wind speed
(lower panel) in the five flumes (F1 — F5) during the 7-day experiment. The morning period (0:00 to 12:00)
was defined as stage I and the afternoon (12:00 to 24:00) was defined as stage II. The wind speeds of 4.5,
3.8 and 1.5 m s were defined as high wind speeds and the wind speed of 1.5 m s™! was defined as low wind

speed
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Figure 2. Temporal dynamics of the surface areal coverage of Microcystis colonies in different stages (I and
II) and experimental flumes (F1 — F5, see legend for color assignment). High and Low represent the periods
of high wind speed (wind disturbances, 4.5 m s for F1 and F2, 3.8 m s! for F3, 1.5 m s! for F4 and F5)
and low wind speed (0.5 m s™), respectively. Different panels denote the time (day) after the start of the
experiment. Each box plot shows the mean surface areal coverage observed in the hourly video observations
(n=6). Different letters on top of the box plots indicate significant differences (p < 0.05) in surface areal
coverage during low wind periods between different groups at each stage, while the same or no letter
indicates no significant difference (Kruskal-Wallis tests). F1: 6 h of high-magnitude (4.5 m™?) wind
disturbance; F2: 3 h of high-magnitude wind disturbance; F3: 6 h of moderate-magnitude (3.8 m™) wind
disturbance; F4: 6 h of low-magnitude (1.5 m™) wind disturbance; F5: 3 h of low-magnitude wind

disturbance.
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Figure 3. The temporal change of the rate of change in scum areal coverage (A, dSAC/ dt) and the rate of
change in scum areal coverage per unit biomass (B, dSAC/ (ODsgo dt)). Significant linear relationships
between dSAC/ dt as well as dSAC/ (ODsgo dt) and time were observed (p < 0.05). Each box plot shows the
dSAC/ dt or dSAC/ (ODegso dt). Both solid lines represent linear regressions based on the equations provided
in the legend, with a significance level of p < 0.05. F1: 6 h of high-magnitude (4.5 m™) wind disturbance;
F2: 3 h of high-magnitude wind disturbance; F3: 6 h of moderate-magnitude (3.8 m*) wind disturbance; F4:

6 h of low-magnitude (1.5 m*) wind disturbance; F5: 3 h of low-magnitude wind disturbance.
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Figure 4. Temporal dynamics of the volume median diameter (D,s0) of Microcystis colonies near the water
surface (0 - 6 cm depth) in different experimental flumes (F1 — F5, see legend for color assignment).
Symbols show mean values and error bars are standard deviations. The periods of high wind speed (wind
disturbances) were represented with gray shading. The initial lack of data in F4 was due to a technical issue.
F1: 6 h of high-magnitude (4.5 m™) wind disturbance; F2: 3 h of high-magnitude wind disturbance; F3: 6 h
of moderate-magnitude (3.8 m™) wind disturbance; F4: 6 h of low-magnitude (1.5 m™*) wind disturbance;

F5: 3 h of low-magnitude wind disturbance.
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Figure 5. Rates of change in colony size (dD.,so/dt) at the water surface (grey-filled box plots) and in the
bulk water (black-colored box plots) in different flumes (F1 — F5). The dashed horizontal line indicates the
dD,s/dt of 0 mm h'. Significant differences between dD,sy/dt at the water surface and in the bulk water
were observedin all flumes (¢-test, df=21 and 44, p < 0.001). F1: 6 h of high-magnitude (4.5 m™) wind
disturbance; F2: 3 h of high-magnitude wind disturbance; F3: 6 h of moderate-magnitude (3.8 m*) wind
disturbance; F4: 6 h of low-magnitude (1.5 m™) wind disturbance; F5: 3 h of low-magnitude wind

disturbance.

69



Appendices |

o
(=]

A ~ B
=
= E
E £
= 44

E 6 -
[ Q .
2 € 31y=018xx+0.086, P=048
k= 5 . o }
? 4 2 F1
5 3 2] F2
© = F3
s 2 21 Te
2 s F5
= Iy
(41 [}
L) &
o e

o =]
=" ;E
Q 3

0 5 10 15 0 5 10 15

Mean surface areal cover:ge during low wind period (%)
Figure 6. Relationship between the median diameter (D,s50) of Microcystis colonies near the water surface
at the onset of high wind disturbances and mean surface areal coverage during the low wind period before
the disturbance (A). Relationship between the rate of change in the colony median diameter (dD,s0/dt) near
the water surface at the onset of wind disturbances and mean surface areal coverage during low wind periods
before the disturbance (B). Symbols show mean values for different flumes (F1 — F5, see legend) and the
error bars shown in (A) show the standard deviations. Both solid lines represent linear regressions based on
the equations provided in the legend, with a significance level of p < 0.05. F1: 6 h of high-magnitude (4.5
m™) wind disturbance; F2: 3 h of high-magnitude wind disturbance; F3: 6 h of moderate-magnitude (3.8 m-
1 wind disturbance; F4: 6 h of low-magnitude (1.5 m™) wind disturbance; F5: 3 h of low-magnitude wind

disturbance.
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Figure 7. Temporal dynamics of the mean surface flow velocity in different stages (I and II) and

experimental flumes (F1 — F5, see legend). High and Low represent periods of high wind speed (wind

disturbances, 4.5 m s™! for F1 and F2, 3.8 m s for F3, 1.5 m s™! for F4 and F5) and low wind speed (0.5 m

s, respectively. Different panels denote the time (day) after the start of the experiment. Each box plot

shows mean flow velocities observed in hourly video observations in the given stage in different flumes

during the 7 days. Different lowercase letters indicate significant differences in flow velocity at different

stages during low wind periods among different flumes, while the same letter, or the lack of a letter, indicates

no significant differences. F1: 6 h of high-magnitude (4.5 m™*) wind disturbance; F2: 3 h of high-magnitude

wind disturbance; F3: 6 h of moderate-magnitude (3.8 m) wind disturbance; F4: 6 h of low-magnitude (1.5

m) wind disturbance; F5: 3 h of low-magnitude wind disturbance.
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Figure 8. Normalized surface flow velocities (ratio of surface flow speed to wind speed) versus areal
coverage of the water surface with algae. Symbols show mean values for different flumes F1 — F5, see
legend. Different panels denote the time (day) during the experiment. No significant linear relationship was
observed from Day 1 - 4 (p > 0.05), while significant linear relationship was observed from Day 5 to Day 7
(solid black lines, p < 0.05). F1: 6 h of high-magnitude (4.5 m™) wind disturbance; F2: 3 h of high-magnitude

wind disturbance; F3: 6 h of moderate-magnitude (3.8 m) wind disturbance; F4: 6 h of low-magnitude (1.5

m) wind disturbance; F5: 3 h of low-magnitude wind disturbance.
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Figure 9. Water surface tension versus optical density of algal samples at 680 nm (ODsgo). Error bars show

the standard deviation of replicated surface tension measurements (n=3).
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Table 1. Wind speed measured at 2 cm above the water surface in the flumes and the corresponding

equivalent wind speed in the atmospheric boundary layer at 10 m height (Uio) derived from observed surface

velocities at the beginning of the experiment using a wind factor of 0.01 (Wu 1975).

Wind speed measured in the

flumes (m s)

Calculated wind speed at 10 Magnitudes of wind

m height (m s™)

disturbance

0.5

1.5

3.8

4.5

2.0+£0.5

2.8+£0.2

39+04

53+04

No wind disturbance
Low-magnitude
Intermediate-magnitude

High-magnitude
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Supplementary Material

Supplementary Figures and Tables

1. Supplementary Tables

Supplementary Table 1: The composition of the stock solution containing BG11 medium (100X, Blue-

Green Medium).

Compound Concentration [g L]
NaNO; (sodium nitrate) 150
K>HPO4, . 3H,0 (dipotassium phosphate) 3.14
MgSO0, .7H,0 (magnesium sulfate) 3.60
CaCl,.2H-O (calcium chloride) 3.67
citric acid 0.56
Ferric ammonium citrate 0.60
EDTA (dinatrium-salt) 0.10
Na,COj (sodium carbonate) 2.00
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Supplementary Table 2: The resolution and size of the field of view of the videos recorded by the cameras

in the flume experiments.

Flume Camera Resolution (um pixel ') Field of view (cm?)
F1 Down-looking 39.7 7.6 x4.3
Upper side-looking 25.5 4.9 %28
Middle side-looking 22.4 43x24
Bottom side-looking 24.5 4.7 %2.6
F2 Down-looking 40.0 7.7x43
Upper side-looking 22.4 4.3 %24
Middle side-looking 26.0 57x%x32
Bottom side-looking 29.9 7.6 4.3
F3 Down-looking 39.6 4.5x%2.5
Upper side-looking 23.5 5.6 x3.2
Middle side-looking 29.4 6.0 x 3.7
Bottom side-looking 31.2 7.6 4.3
F4 Down-looking 39.2 7.5%x42
Upper side-looking 24.8 4.8 x2.7
Middle side-looking 30.1 5.8x3.3
Bottom side-looking 28.2 5.4 %3.0
F5 Down-looking 39.0 7.5%x4.2
Upper side-looking 21.7 4.2 %23
Middle side-looking 26.8 5.1x29
Bottom side-looking 29.0 5.6 x3.1
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Supplementary Table 3: Linear regression coefficients for the flow velocity normalized by wind speed (y)
versus time during the experiment (x in days) observed at the water surface and in three different layers of
the water column in the five experimental flumes (F1-F5). 7 denotes the coefficient of determination of the

regressions. Except for near surface in F3, middle layer in F1 and bottom in F2, the slopes were significantly

different from zero (p <0.05).

Surface

Near surface

Middle layer

Bottom

F1

F2

F3

F4

F5

y=-0.55%x+4.29
=0.82
y=-0.37%x+3.12
"=0.93
y=-0.48%x+3.62
=0.90
y=-0.36*x+3.04
=0.79
y=-0.42%x+3.54

=0.99

y=-0.08*x+1.31
=0.70
y=-0.06*x+1.34
7=0.70
y=-0.10*x+1.30
=0.56
y=-0.10*x+1.30
7=0.72
y=-0.10*x+1.08

=0.73

y=-0.04*x+0.94
r=0.54
y=-0.07*x+1.40
r=0.67
y=-0.09*x+1.18
=0.91
y=-0.09*x+0.94
=0.85
y=-0.09%*x+1.20

=0.65

y=-0.02*x+0.73
r=0.74
y=-0.06%x+1.32
r=0.41
y=-0.09*x+1.01
r=0.82
y=-0.06*x+0.63
=0.90
y=-0.11*x+1.07

=0.96
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2 Supplementary Figures

Temperature: 22.3°C
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Supplementary Figure 1. Laboratory mesocosms with controlled environmental conditions including
wind-generated turbulence and detailed characterization of Microcystis colony size and velocity. The water
flows between the inner and outer cylinders of the annular flume. The flow is generated by wind, provided
by two diagonally arranged fans (5 cm diameter, 12 V maximum supply voltage) above the water surface.
[llumination of algae is provided by the five Light-Emitting Diode (LED) panels installed on the lid.
Colonies at the air-water interface are observed by a downward-looking camera. In the bulk water, colonies
are observed by three side-looking cameras and vertically arranged laser light sheet illumination. The light
intensity and wind speed are controlled by an Arduino microcontroller. The microcontroller, all cameras,
and the laser illumination for all five flumes are controlled by a central computer using a LabView

(community edition, National Instruments, USA) program.
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Q@

Colony velocity (mm s)

v50

Supplementary Figure 2. The relationship between colony velocity and median volume diameter (D.s0) of

Microcystis colonies.
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3. The temporal dynamics of optical density at 680 nm (ODsgo) of Microcystis samples in different flumes

(see the color assignment) at the water surface (a) and in the middle layer in different flumes (b).
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Supplementary Figure 4. Time series of flow velocity at different depths (rows) observed at different wind

speed (columns, measured 2 cm above the water surface in the flumes) in different flumes (see legend for

color assignment).

81



Appendices |

g F1 F2 F3 F4 F5
2 [A B C D E

Qo

-3 ‘

d.)_

%zmﬂhmm T s
= et IO B i1 *3,ig.li‘ I
2 07 UW]WW
S 1234567 1234567 1234567 1234567 123 4567
£ Day

[e]

z

Surface Near surface Middle

- Bottom

Supplementary Figure 5. Daily mean estimates of the normalized flow velocity (ratio of flow velocity to
wind speed) at different depths (see legend for color assignment) to wind speed. Error bars show the standard
deviation of the normalized flow velocity. The solid lines show linear regressions according to the equation
provided (see Table.S2 for detailed equations and 7). Except for near surface in F3, middle layer in F1 and

bottom in F2, the slopes were significantly different from zero (p <0.05).

82



Appendices |

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7
?:z: aat(.ibabtc aut:aabab ambac_aﬁ-b -EI_ %abbtﬁ) §
? 0 _q_.. 'I;I_ u_"q?::.‘ ... ;“;-. T . .1-..' 'IL. é
IR PRI Y
> 04 cbatla
’émi ac ab ablc.b = .
ek T L
S 101 L ";F ﬁi -ﬁ-':’?. %?.Da[ut -T{ .ﬁﬂ ._ Hﬁ | ‘e K &
N | I kel TR HJM 15 -] s
*gm—
'g;z— j‘abba% . ) g
SN NN 15%A N

\‘8\‘%\, ‘?“Q\\fo\!q %\’O\N\’\‘Q\\’o\\)‘\%\' \\\’\\Q\\’ \‘3‘\%\' \\\"‘Q\\* \*8\\%\, \\Y\‘ e \\Y\\Q\\' \WQ\’0\‘3‘\':}\\’0\N
ESF1 ESF2 EIF3 BEF4 ESF5
Supplementary Figure 6. Temporal dynamics of the mean underwater flow velocity at different water depth
(rows) at different stages (I and II) and in different flumes (F1 — F5, see legend). High and Low represent
the period of high wind speed (wind disturbances, 4.5 m s™! for F1 and F2, 3.8 m s”! for F3, 1.5 m s™! for F4
and F5) and low wind speed (0.5 m s™), respectively. Each box plot shows mean flow velocities observed
in hourly video observations at the given stage in different flumes during the 7 days. Different lowercase
letters indicate significant differences in surface flow velocity at different stages during low wind periods

among different flumes, while the same letter, or the lack of a letter, indicate no significant differences.

83



9

%20_ L

s |+

3 15

g 4

5 10 - "*T

8 ! —

© p— —

3%+

s | # N

% 0— —
0 10 20 30

Mean surface flow velocity (mm s)

Appendices |

Supplementary Figure 7. Relationship between mean surface areal coverages and mean surface flow speed

during low wind periods. Symbols show mean values and error bars indicate standard deviations.

84



A -1B
— 17 J
4 < .
— = . T
1) - . Cwnl,
= : E 0 if_éf;v-
E 2 £
» -
B 2 ot At e L -1y
()] Koo 8 2
iy >
< ]
X - 24
o

0 3 8 g 0 3

U . (mms?)

F1
F2
F3

- F4

F5

Appendices |

Supplementary Figure 8. The relationship between the median volume diameter (D,s9) and the root-mean-

square of colony velocity (U,.x) (a), and between rate of change of colony size (dDys¢/dt) and Ums (b).

Different colour represent measurements in different flumes (see legend for color assignment).

85



Appendices |

dD,_/dt (mm h™)

=~ 778 W 20tc-1.0
» 6751 B-10to-05
E 456 Il -0.5 to 0.1
E I -01to 0.0
o 3-4.57 [ 00to 0.1
D 1.53; 0.1to 0.5
05t0 1.0

0-15 = 1.0to 2.0

25 50 75 100
Relative frequency of occurrence (%)

Supplementary Figure 9. Normalized frequency distributions of the mean rate of change of D,sp of
Microcystis colonies (dD,so/dt, see legend for color scaling) for different ranges of root-mean-square colony

velocities (Upns).
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Abstract

Prediction of the complex cyanobacteria-environment interactions is vital for understanding harmful bloom
formation. Most previous studies on these interactions considered specific properties of cyanobacterial cells
as representative for the entire population (e.g., growth rate, mortality, and photosynthetic capacity (Puax)),
and assumed that they remained spatiotemporally unchanged. Although, at the population level, the
alteration of such traits can be driven by intraspecific competition, little is known about how traits and their
plasticity change in response to environmental conditions and affect the bloom formation. Here we test the
hypothesis that intraspecific variations in Py, of cyanobacteria (Microcystis spp.) play an important role in
its population dynamics. We coupled a one-dimensional hydrodynamic model with a trait-based
phytoplankton model to simulate the effects of physical drivers (turbulence and turbidity) on the P of
Microcystis populations for a range of dynamic conditions typical for shallow eutrophic lakes. Our results
revealed that turbulence acts as a directional selective driver for changes in P,.... Depending on the intensity
of daily-periodic turbulence, representing wind-driven mixing, a shift in population-averaged phenotypes
occurred toward either low P, allowing the population to capture additional light in the upper layers, or
high P, enhancing the efficiency of light utilization. Moreover, we observed that a high intraspecific
diversity in P accelerated the formation of surface scum by up to more than four times compared to a
lower diversity. This study offers insights into mechanisms by which cyanobacteria populations respond to

turbulence and underscores the significance of intraspecific variations in cyanobacterial bloom formation.

Keywords: Aguatic ecosystems; Cyanobacteria-environment interactions; Surface scum; Intraspecific
variation; Population dynamics; Photosynthetic capacity
Highlights:
1. Numerical simulations of Microcystis population dynamics including intraspecific variations.
2. Moderate turbulence can induce a stable reduction in the photosynthetic capacity of the population.
3. High diversity in photosynthetic capacity accelerates scum formation.
1.Introduction
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Harmful cyanobacterial blooms occur more frequently and more intensely at global scale as the
environment is increasingly impacted by anthropogenic eutrophication, pollution, and extreme climate [1,
2]. Although various studies have focused on how abiotic and biotic environmental factors affect
cyanobacterial population dynamics [3-6], they implicitly assumed that the variability of observed traits is
independent of population dynamics and environmental stressors, such that a set of averaged trait properties
adequately represents the population, regardless of the time or location. However, there is growing evidence
that this simplified assumption may under-represent the importance of variation between individuals and
community structure in population ecology [7-9]. As intraspecific variations have also been observed in
cyanobacteria [10-13], their ability for bloom formation under diverse environmental conditions is
potentially affected by the coexistence or competition of different traits.

Under the influence of environmental stressors, intraspecific variation is fundamental for driving
intraspecific competition and thus shaping the population response. Selection favors traits that enhance
individual fitness, leading to their increased prevalence under selective pressures and subsequently
reshaping the distribution of traits. This process typically occurs over demographic timescales [14, 15].
Cyanobacteria, renowned for their rapid growth, are capable of doubling their population size within 1-2
days under ideal conditions [16]. This implies that cyanobacteria may have a high potential for selection,
by which cyanobacterial populations accumulate favorable traits to cope with contrasting environments.

Photosynthetic capacity is crucial among multiple traits of cyanobacteria that drive the occurrence of
surface blooms [17, 18]. Through the process of photosynthesis, cyanobacteria are converting sunlight into
energy, which fuels cell division and metabolic processes, including the carbon-reserve metabolism [19].
The carbon-reserve metabolism is associated with buoyancy regulation and affects the vertical position of
cyanobacteria in the water [20]. The mass density of cyanobacterial cells is modulated by the rate of
carbohydrates produced through photosynthesis or consumed via respiration within the cells. This
mechanism enables cyanobacteria to gain access to well-lit surface waters by consuming intracellular ballast,
and access to nutrients at larger depths after storing sufficient carbohydrates. This mechanism has been
extendedly used in predictive models for bloom dynamics [21, 22].
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Given the considerable intraspecific variation in photosynthetic capacity of cyanobacteria, which can
range over one order of magnitude [23, 24], it can be expected that traits with differing photosynthetic
capacities migrate along different trajectories. This can lead to competition for light among traits and to
interactions, e.g., by mutual shading, resulting in distinct life histories. Abiotic factors that regulate
cyanobacterial bloom dynamics in lakes, such as turbulence and turbidity, may interact with the intraspecific
light competition. High turbidity, for example, can diminish the availability of light in lakes, thereby directly
affecting the ambient light prevailing traits, i.e., their light niches. Turbulence, in contrast, can control the
vertical distribution of cyanobacteria, potentially either confining or relaxing the boundaries between the
light niches utilized by traits with different photosynthetic capacities. A mechanistic understanding of such
complex interactions between biotic and abiotic processes and the resulting cyanobacterial population
dynamics is still lacking, and so is our understanding of their environmental relevance, e.g., for bloom
formation.

In the natural water bodies, these interactions are affected and potentially masked by synoptic and
seasonal variations in the physical forcing. Therefore, numerical modeling of the trait dynamics under
idealized and simplified environmental conditions (e.g., periodic light and wind forcing) are a more
appropriate approach for analyzing such complex interactions.

In this study, we implemented a simplified one-dimensional hydrodynamic model with a trait-based
phytoplankton model to examine how turbulence and turbidity affect the photosynthetic capacity of
cyanobacterial populations through trait selection and analyze the resulting changes in population
composition during bloom formation. The model was used to simulate the growth and vertical distribution
of colony-forming Microcystis populations with varying ranges of different photosynthetic capacities under
commonly occurring turbulence and turbidity levels in lakes. We hypothesize that the photosynthetic
capacity of a Microcystis population can be substantially altered by turbulence and turbidity and that this
selection plays an important role during surface bloom formation. This study is thus expected to be
instrumental in advancing our understanding of the cyanobacteria-environment interactions and their role
during bloom formation.
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2 Materials and methods
2.1 Model description
2.1.1 General description

Our model consists of three components: (1) a one-dimensional hydrodynamic model, (2) an ensemble-
averaged transport model for simulating the trait-specific vertical distribution dynamics of cell number
concentration, colony size, and cell-tissue density, and (3) an ecological model describing cell and colony
photosynthesis and growth. The maximum photosynthetic rate (maximum rate of photosynthesis at optimal
light intensity, normalized by carbon content, P, in s?, [25]) was used to characterize the different
photosynthetic capacity of Microcystis traits and was assumed to vary within different ranges for different
initial population. We discretized the range of P,.. observed for Microcystis populations [26-29] into ten
evenly spaced subranges, resulting in ten trait groups (gi-gio), with increasing Pua.. The population
dynamics was simulated by simultaneously simulating the vertical distribution dynamics of the ten trait
groups. The vertical distribution of each trait groups was obtained by solving the extended Langevin—
Fokker—Planck equation (see below). While solving this equation for cell density (growth and loss
processes), colony size, light-mediated changes in cell tissue density, and vertical colony migration (floating
or sinking) velocity, as well as vertical turbulent mixing are considered as dynamic parameters. External
environmental conditions include diel variations in turbulent diffusivity and light intensity. The latter
interacts with the vertical distribution of the Microcystis population through self-shading, which is
considered in addition to different background light attenuation coefficients, representing different water
turbidity. As such, different trait groups can interact with each other by mutual shading. The models are
described in detail below, while the main parameters, their numerical values and reference for parameter
selection are summarized in the Supporting Information (Table S1).

The dynamics of Microcystis populations were simulated under simplified conditions representing an
idealized shallow eutrophic lake, where we disregarded the effects of temporally and vertically varying
water temperature and nutrient limitation. We assumed that Microcystis growth depends solely on irradiance,

which varies with a diel cycle, and that a fixed Pmax applies to each trait group (see Supporting Information
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Text S1 for more details).

2.1.2 Distribution dynamics of Microcystis populations

The vertical dynamics of the cell density (C;) of the trait group i (i = 1...10) was modeled by the
extended Langevin—Fokker—Planck equation [30, 31], as follows:
7G5 - G)a -G R) - m
Eq. 1 is a one-dimensional advection-diffusion equation commonly used to simulate the vertical
migration of cyanobacteria under turbulence [31-33]. C; (z, p, d, t) is the concentration of cells aggregated
to colonies of size d (um), at depth z (m) and time ¢ (s), and with a cell-tissue density p (kg m). By this
definition, the distribution varies along the cell-tissue density coordinate p, colony size coordinate d as well
as along physical depth coordinate z, and time ¢. The index 7 stands for different trait groups (g —gi0) of the
population. The first three terms on the right-hand side of Eq. 1 are advective terms in the p, d, and the
vertical coordinate (z), respectively. Herein, 0z/0t, Op/0t, and 0d/0t denote the rates of change of depth, cell
density, and colony size of the respective trait groups. The fourth term describes vertical transport by
turbulent diffusion with D. (m? s™) denoting the turbulent diffusivity at depth z. The last term describes
growth and loss processes with 7 and / being growth and loss (mortality) rates of Microcystis. We define the
direction of z is positive downward.

2.1.3 Photosynthesis model of Microcystis

A classical P-I relationship was used to relate the photosynthetic rate (P, s™) to irradiance (/) as follows

[34, 35]:

_ 1
" al?2+bl+c

(2)

where a, b, and c¢ are related to characteristic photosynthesis parameters (i.e., the initial slope (S), the
maximum photosynthetic rate (Pmax) and the optimal light intensity (lopt) can be expressed in terms of the
parameters as: S=1/c; lop=(c/a)?; Pmax=1/(b+2*(ac)¥?) [34]). In this study, we assumed constant values for
lopt (~277.5 umol photons m2 s?, [36, 37]) and S (210" (umol photons)™ m?, [27]). Especially the latter

has been found to be almost constant from March to October (the period of a Microcystis bloom) in lake

Kasumigaura [27].
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2.1.4 Growth, loss, and cell tissue density of Microcystis

The rate of carbon fixation by photosynthesis (P in Eq. 2) is allocated to cell growth (gr), the rate of
change in ballast (characterized by the rate of change in cell tissue density, op/0f), and the respiration rate
(R), following as [36, 38]:

{ Imax if P—-R= Imax

gr={ P =R,if Gmax >P—R =20 3
0,if P-R<O0
B, .
(mcell'(P_R_gmax)'fiu'lfP_Rngax
a
2= 0,if gmax >P—R =0 4)

(fi-pi +12)/60,if P—R <0

where gmax is the maximum carbon uptake rate for growth (set to a constant value of 5.5 %10 s?,
corresponding to the growth rate of 0.48 d?), as it is independent of Pmax [24]. The respiration rate (R) was
assumed to remain constant at 0.55 <106 s [25]. B, represents the mass of carbohydrate (glycogen) ballast
produced per gram of assimilated carbon, with a value of 2.38 and Ve is the volume a single Microcystis
cell (taken to be 67 <108 m3), and me is the amount of carbon contained in each cell (14 <10*° kg) [25].
The loss rate of Microcystis (I) was assumed to be constant (0.1 d!, [33]). /7 (min™') is the slope of the curve
of density change, f>is the theoretical rate (kg m> min™') of density change with no carbohydrate storage in
the cells and p; is the initial density (kg m™).

2.1.5 Colony size, migration velocity of Microcystis, and external environmental conditions

The interactions between environmental conditions and colony size dynamics are complex and involve
cell division, cell adhesion, and colony disaggregation. For simplicity, we neglect cell adhesion as colonies
formed through adhesion are more readily disaggregated [39]. Hence, colonies consist of cells of a single
genotype and identical photosynthetic capacity in this study. The colony size was modulated by the growth
and mortality (loss) of Microcystis cells and was constrained by an upper limit (420 um), which corresponds

to the largest stable colony size under turbulent conditions [40]. Colonies grow and shrink in size, depending
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on whether net grows (r - /) is positive, or negative, respectively. The rate of change of colony diameter

(0d/ot) was approximated as a function of net cell growth (r - /) following [22]:

ad At-(r-1)
S~ diy (2 n@ — 1) JAt (5)

where d.; is the colony size at the previous time step (#-1) and A¢ is the time step in the discretized
numerical solution. This equation is derived from the mechanism of colony formation, where the size of the
colony increases through cell division [39]. Thus, colony size is indirectly linked to photosynthetic capacity.

The vertical velocity of Microcystis follows Stokes’ law (Text S2). Due to varying drivers (e.g., wind
shear versus convection) and the influence of density stratification, there is no universal profile for the
vertical distribution of turbulent diffusivity in lakes. For simplicity, we adopted the empirical vertical
turbulent diffusivity (D;) profile from a previous study [41], wherein the turbulent diffusivity is fixed
throughout an upper layer of the lake (approximately 10% of water depth), and declines with depth following
a parabolic profile below this layer (see Text S3). In the following, we used the maximum D; (Dzmax) Within
each profile for referring to the corresponding D, profiles. The irradiance profiles were simulated by
Lambert—Beer’s law, considering the self-shading of the Microcystis population and a constant background
turbidity that was varied in our simulations (Text S3).

2.2 Simulation setting

In our simulations, the water depth was fixed to 3 m with a resolution of the vertical discretization of
0.05 m, the cell tissue density ranged from 996 to 1130 kg m™ with a resolution of 3.35 kg m™ [31], and the
colony size ranged from 10 to 420 pm with resolution of 10 um [42]. No-flux conditions are applied at the
boundaries of z, p, and d axes.

The initial cell density for all trait groups of the Microcystis population was uniform throughout the
water column, with an initial colony size of 50 um. The uniform vertical distribution and consistent colony
size are widely used initial conditions in former studies [31, 33]. Given the unknown trait distribution in
nature, we also used an initially uniform distribution to allow different trait groups to compete equally. The
chosen initial colony size and cell density (2 x 10* cells mL™") correspond to conditions observed in the early

phase (~April) of Microcystis blooms in lake Taihu [43]. The initial density of colonies was set to 998 kg
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m™ (neutrally buoyant).

All simulations started at 6:00 and were performed for 180 consecutive days. Depending on the
turbulent eddy diffusion coefficient, the temporal resolution of the simulations was varied from 1.2 to 120
s to ensure that the time step met the stability condition for Eq. 1 [44].

We used an iterative algorithm at each time step (time-stepping solver) to solve the above equations
and to obtain the dynamic distributions of all trait groups of Microcystis colonies throughout the water
column. The solver was implemented through a self-written computer program in MATLAB 2022b, where
the first and second derivatives were approximated using a combination of forward and central differences.

We used six Microcystis populations with initially varying ranges of Pmax (population 1 — VI, Fig. 1).
The arithmetic mean Prax of each population was 28.9 x<10® s*!. Each population is composed of ten trait
groups (91-gi0), Which differ among different populations. We simulated the dynamics of the populations
under seven different turbulence conditions and with three different background extinction coefficients,
resulting in a total of 126 simulations (6 x 7 x 3, Fig. 1). Except for the complete mixing condition, the
turbulent conditions used in this study followed a diel pattern, with a constant diffusivity of D;max=10° m>
st applied during nighttime (18:00 — 6:00), while higher constant diffusivities during daytime (6:00 18:00)
were varied between D, max=5>10F, 1x10%, 5x10°, 1x10*, 5x10*, and 1x10° m? s! (turbulent diffusivity
change suddenly in the morning and evening). Under complete mixing conditions, we assumed uniform
vertical distribution of Microcystis cell density throughout the water column and excluded diel patterns, thus
focusing solely on the growth and loss of Microcystis. The range of turbulent diffusivities used in this study
correspond to the observed range in natural lakes and the complete mixing represent strong turbulence such
as storm conditions [45]. The respective ranges of Pmax for different populations, turbulence conditions
(D.max), and light extinction coefficients (Kyg) used in the simulations are summarized in Fig. 1.

2.3 Data processing

The mean vertical positions of trait groups were described by the centroids (z.) of their vertical
distributions:

m
2j=1Cjzj
m
2]':1 Cj
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where z. is the centroid of the population/trait group, m is the number of vertical layers (m =60), C; is

the cell density in the j layer, and z; is the depth of the ;" layer.
The population-averaged photosynthetic capacity of Microcystis (P max) Was characterized by the

average value of all trait groups:

P _ Z?=1 C_'l'Pmax,i (7)
max — n ~
Yi=1 G

where 7 is the number of trait groups in each population (7=10), C; and Py, are the mean (vertically
averaged) cell density and the maximum photosynthetic rate of each trait group (g).

The distribution of irradiance in the water column was characterized by the euphotic depth, which was
calculated as the depth at which the light intensity decreased to 1% of its maximum value at the water
surface.

The relative cell density of trait groups (RC) was used as a proxy for the distribution of traits with
different photosynthetic capacity within the populations. This was determined by calculating the ratios of
trait group cell density to total population cell density.

We established specific thresholds to differentiate different levels of blooms and surface scum for the
Microcystis population (see Supporting Information Text S4 for more details).

3 Results
3.1 Effect of turbulence on population composition and photosynthetic capacity

We observed an exponential growth of the population during the initial phase, which levelled off after
90 —180 days when the cell densities reached constant maximal values for all simulated turbulence and
turbidity conditions (Fig. S1). Similarly, the mean population depth (i.e., the depth of its centroid) showed
an initial decrease followed by an increase and eventual stabilization in the upper part of the water column
under all turbulence conditions, except for the complete mixing (Fig. S2). The hourly time series of the
centroid depth of the population exhibits a diel pattern, with the centroid increasing during daytime and

decreasing during nighttime (Fig. S3). However, the population composition and the population-averaged

Prax (Pmax) responded differently to turbulence and turbidity conditions (Fig. S4 & Fig. S5). We identified
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four representative turbulence-dependent patterns in population composition dynamics, which we
exemplarily describe for the lowest turbidity (0.6 m™', Fig. 2).

Under weak turbulence (D:max =5%10° m? s1), the relative cell density (RC) of the trait groups was
similar during the initial 30-day period, with a nearly constant P, (Fig. 2). The centroid of the Microcystis

trait group with the lowest photosynthetic rate (g) moved rapidly to the water surface (Fig. S6). This is
primarily due to its higher floating velocity (Fig. S7a), which results from a rapid decrease in mass-density

(Fig. S7c), compared to the other groups. Consequently, its cell density increased rapidly between 30 and
60 days (Fig. S6a), leading to an increase in the RC of gi, while the P, decreased (Fig. 2). In contrast to

g1, trait groups g>—gio showed opposing migration behavior during the first 30 days, with increasing depths
of the centroids of their distributions (Fig. S6b) due to high mass-densities (Fig. S7c). However, during 30-
180 days, their centroid depths decreased and gradually approached the water surface (Fig. S6) and their
cell densities increased (Fig. S6a). This change is a consequence of their decreasing mass-densities (Fig.
S7c¢), likely due to increasing self-shading (decreasing euphotic depth, Fig. S6b). At day 60, the cell density
of the group g; started to decrease, while its centroid remained at the water surface for a period of around
40 days before continuously increased to larger depths after day 100 (Fig. S6a). The decline of g; is likely
attributed to the competitive advantage of g» —gio (with higher P,.) over g; at the water surface. Additionally,

there was an increase in the RC of the trait groups gz —gio after 60 days, leading to a reversal of the decline

and a continuous increase of the P, (Fig. 2). At day 180, the population was dominated by the trait groups
2 —8s.

Under moderate turbulence (e.g., D ma =1%10* m? s71), the centroid of trait group g; initially decreased
and stabilized at the water surface after 20 days (Fig. S6b). As time progressed, the cell density of g
increased continuously, while that of the remaining trait groups (g2 —gio) initially increased, followed by a

subsequent decrease (Fig. S6a). Simultaneously, an increasing RC of g; within the Microcystis population
and a reduction of the P« was observed (Fig, 2). The trait groups g> —gio, unlike under weak turbulence,

did not accumulate at the water surface, which can be explained by the higher turbulent dispersion as well
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as their low floating velocities (~ 0 um s™!, Fig. S7a). The latter is the results of their decreasing colony size
(Fig. S7b), likely caused by their declining growth (cf. eq. 5). Consequently, the decrease in the Pmax did not

reverse under moderate turbulence. After 90 days, the trait group g: had become the dominant trait group
the Microcystis population, with a RC exceeding 99.9% (Fig. 2). This indicates that moderate turbulence
could result in a stable population dominated by almost a single trait of low Px.

Under strong turbulence (e.g., D:max =1x107% m? s, the centroid of trait group g; did not reach the
water surface, but it still remained at shallower depths than those of trait groups g —gio (Fig. S6b). After 60

days, there was a significant increase in the cell density and RC of trait group g (Fig. S6a & Fig. 2). This
resulted in a continued decrease in the P, similar to what was observed for moderate turbulence (Fig. 2).

However, unlike the population composition observed under moderate turbulence, the RC of trait groups g»
—gj still exceeded approximate 8% under high turbulent conditions at the end of the simulation (Fig. 2).
Complete mixing homogenized the population throughout the water column, leading to a location of
the centroid of all trait groups at mid depth (Fig. S6b). The cell density of each trait group was positively
correlated with its corresponding Pn.: Over the entire simulation period of 180 days, Microcystis trait
groups with high P,.x gradually developed higher cell densities and RC (Fig. S6a and Fig. 2), suggesting

that trait groups with higher photosynthetic rates were more competitive and had slightly higher growth
rates under completely mixed conditions. This was associated with a simultaneous increase in the P of

the entire Microcystis populations (Fig. 2).

3.2 Effect of turbidity on population composition and photosynthetic capacity

The population composition dynamics of Microcystis generally followed the typical pattern for

different turbulence regimes (as we present in section 3.1) across the range of tested turbidity (Fig. S4).

Although the pattern of the Pmax was primarily influenced by turbulence, we observed that turbidity affected

time when the Pmax began to decline and reverse under low turbulence conditions. Here we exemplarily
presented these results for the lowest turbulence (D:n=5%10° m? s!, Fig. 3).

Under different turbidities, the Pmax consistently exhibited a pattern of initial stability, followed by a
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decline, and eventual increase (Fig. 3). All trait groups initially exhibited a similar growth trend (Fig. S8a),

during which Prax remained relatively constant. However, higher turbidity accelerated the decline of Pmax
compared to lower turbidity (Fig. 3). In addition. as turbidity increased, the time at which Pmax started to

change (defined as a change from the initial Prmax of more than 5%) decreased from 40 days to 12 days and
7 days for background extinction coefficients (Kxg) of 0.6 m™, 1.2 m!, and 1.8 m™! (Fig. S9).

Turbidity also affected the reversal of the declining Pax under low turbulence. High turbidity (1.8 m-

1) delayed the occurrence of the reversal (the time at which Pmax undergoes a change in direction from

decreasing to increasing) compared to low turbidity (0.6 m™) by a factor of 2.5 (Fig. 3). This can be
explained by the observation that low turbidity led to larger colony size of g>-gio and therefore their higher
floatation velocity (Fig. S10), facilitating their faster upward migrations than under high turbidity (Fig. S8b).
As a result, the trait distribution of the population at the end of the simulation (180 days) differed for
different turbidities (Fig. 3). Under low turbidites, the population was dominated by traits with higher
photosynthetic capacity (g3 —gio), while under high turbidity, the population was dominated by traits with
low photosynthetic capacity (gi and g»).

3.3 Effect of intraspecific variation on bloom and scum formation

We simulated the processes of bloom and scum formation of Microcystis population with varying initial
ranges of photosynthetic capacity (Population I - Population VI) under different turbulence and turbidity.
The simulated cell densities showed good consistency with those in the supplementary simulations
performed with different initial conditions for the vertical distribution of the colonies and for initial colony
size (Fig. S11).

We found that low turbulence promoted the growth of population with wide ranges of Py, while high
turbulence promoted the growth of population with more narrow ranges of Pua (Fig. 4). This resulted in
differences of total cell density between different populations with different ranges of P,.. decreased with
increasing turbulence. Under complete mixing conditions, the total biomass of populations with different

ranges of Py showed similar levels (Fig. 4). Under moderate and low turbulence conditions, the initially
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more diverse population (with initially wider range of Pu.) exhibited profoundly higher cell densities
compared to the populations with a narrower range. The cell density of population I was found to be up to
2.5 times higher than that of population VI under such conditions (Fig. 4). In contrast, high turbidity tended
to increase the difference of total cell density among different populations and decreased the maximum cell
density. Similarly, our results showed that Microcystis populations with a wider initial range of Py can
form denser scum layers. We observed higher cell density in the surface scum layer for populations with a
wide range of in P, over the period of 180 days, particularly in populations I, II, and III (Fig. 5).

The timescale for moderate and severe bloom formation ranged from 26 to more than 180 days.
Similarly, we observed that the duration for the Microcystis population to develop blooms generally
decreased as the range of intraspecific variations in Py expanded (Fig. 6). However, under Ky, = 0.6 m™!,
the time required for all the tested populations to form a moderate bloom was similar, ranging from 26 to
27 days (Fig. 6a). This suggests that the influence of turbulence and intraspecific variation in photosynthetic
capacity on the occurrence of moderate blooms is not apparent at low turbidity, likely due to the comparable
growth rates among the different populations in well-illuminated environments. Generally, a wide range of
Py, low turbidity and low turbulence were accelerating bloom formation (Fig. 6a). The effect of turbidity
on the formation of blooms and scum depended on the intensity of turbulence. Under low turbulence
(diffusivities below 1x10* m? s), the total cell density was marginally affected by turbidity, while under
higher turbulence (diffusivities exceed 1x10* m? s!), the total cell density under Ky, of 1.8 m™! decreased
by up to 55%, compared to that under K, of 0.6 m™' (Fig. 4). This result is likely because Microcystis tended
to float to the water surface under conditions of low turbulence, which minimizes the impact of turbidity.

The formation time of surface scum was negatively correlated to the range of Py.. within the tested
population (Fig.6¢ and d). Population I showed a significant reduction in the timescale required to form
moderate surface scum, up to more than four times faster than population VI (Fig. 6¢). By contrast,
populations with an initially narrow range of Py (e.g., Population 1V, V, and VI) were unable to develop
severe blooms or scum during the simulation period (Fig. 6). Surface scum was also less likely to occur
under high turbidities (1.8 m™) and high turbulences (diffusivity of 5x10* and 1x10°m? s, and mixing
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conditions, Fig. 6¢-d).

4 Discussion
4.1 Benefits of diversification of photosynthetic capacity for Microcystis populations

In this study, we investigated the selective process for the photosynthetic capacity of Microcystis traits
under various simplified mixing dynamics and turbidity conditions typical for eutrophic and shallow lakes.
Our findings demonstrate that both turbulence and turbidity play important roles in reshaping the population
composition and the population-averaged photosynthetic capacity. Turbulence can selectively shift the
population-averaged photosynthetic capacity towards either a high or low photosynthetic rate, primarily
depending on the intensity of turbulence (Fig. 2). High turbidity, in contrast, accelerates the change in
population-averaged photosynthetic capacity, likely by increasing light limitation and the competition for
light. It also affects the trait composition and population dynamics of Microcystis (Fig. 3).

The underlying basis of the plasticity in population-averaged photosynthetic capacity lies in the
contrary role of photosynthetic capacities in the migration and growth of Microcystis. Microcystis with high
photosynthetic capacity have a greater growth potential but readily accumulate excessive ballast, which
hinders access to light in the upper layers. Conversely, Microcystis with low photosynthetic capacity exhibit
higher flotation velocities (Fig. S7), and consequently tend to position at shallower depths to capture
additional light. Our results show that fast-floating Microcystis (e.g., trait group g;) can stratify, if the
turbulent diffusivity is smaller than 10 m? s (Fig. S6b), similar to findings in previous studies [33, 42].
By the intraspecific diversification of the photosynthetic capacity, the Microcystis population can
accumulate traits with the fittest photosynthetic capacity (accompanied by changes in population
composition) across variable environmental conditions, optimizing the utilization of light resources for
growth. The flexibility observed in the photosynthetic capacity of cyanobacterial populations, brought to
light by our simulations, offers insights into how turbulence and turbidity might affect the population
dynamics and primary production.

We also simulated the development of bloom and scum by Microcystis population with different initial

diversities (range) of photosynthetic capacity. The simulated maximum depth-averaged cell density of
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Microcystis (approximate 3.2 x10° cells mL™), and cell density of surface scum (approximate 1.8 x10® cells
mL") under ideal conditions exceed those observed during bloom periods in lake Taihu and lake Dianchi,
China [46, 47], but are comparable to the values observed in Nakdong River (South Keara), Central Park
Lake, and Prospect Park Lake (USA) [48, 49]. Depending on the diversity of photosynthetic capacity and
environmental conditions, the timescale for surface bloom formation varied from 26 to 180 days, which is
consistent with observations in natural systems during cyanobacterial bloom periods [48-51]. Our results
reproduce the diel migration pattern of Microcystis (Fig. S3) that is commonly observed in lakes [20],
supporting the validity of the model. The main simulation results also showed good consistency with the
supplementary simulations applying different initial conditions, indicating that the model is not very
sensitive to changes in the initial vertical distribution and colony size.

Our results further demonstrate that high diversity of photosynthetic traits within the seed population
promotes bloom formation of Microcystis populations across a broad range of physical environmental
conditions, particularly under conditions of high turbidity and low turbulence (Fig. 4). This finding can be
attributed to the fact that high diversity provides a larger pool of traits for selection to act upon and ensures
a more efficient use of available light. Because of the adaptations, the diversity of photosynthetic capacity
also plays an important role in the formation of scum layers. The diversity of photosynthetic capacity largely
determines whether scum can occur within a 180-day period in shallow eutrophic lakes (Fig. 6). A wide
range of photosynthetic capacity accelerate the formation of dense scum layer by decreasing the timescale
for its development by up to more than 4-fold, compared to more narrow ranges (Fig. 6).

The general paradigm suggesting that higher intraspecific trait diversity facilitates faster population
growth has been proposed in prior studies [8, 52, 53], but its specific effects on cyanobacteria and surface
scum has not been explored. The findings presented here indicate that this paradigm is applicable to
cyanobacteria. As such, our study introduces a new perspective for investigating and predicting
cyanobacterial blooms.

4.2 Environmental relevance and limitations

Although the model is limited to a narrow range of environmental conditions, i.e., period of relatively
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stable water condition with no significant nutrients limitation, our results have clearly highlighted the
importance of the photosynthetic trait in shaping the Microcystis population dynamics and could offer an
alternative explanation for some field observations. For example, in Lake Kasumigaura, despite a relatively
stable mean water temperature during the two periods in July to August and September to October, there
was a significant decrease in Pmax of Microcystis during the first period, followed by an increase during the
second period [27].

We expect that the interactions observed between cyanobacteria with diverse traits, turbulence, and
light in our study would similarly apply to more dynamic conditions and exert varying degrees of influence
on the photosynthetic capacity and population dynamics within dynamically changing real-world
environments. To enhance the understanding of Microcystis dynamics under more dynamic environmental
conditions, it would be advantageous to incorporate intraspecific trait variations into more complex models,
such as integrating additional ecological factors (e.g., nutrient limitation) and utilizing more sophisticated
hydrodynamic models such as including variable atmospheric forcing [21]. It is worth noting that obtaining
the initial conditions of trait composition, which are necessary and essential for the trait-based model, could
be achieved by collecting a substantial number of samples from lakes.

Our model did not account for all the processes that may directly or indirectly influence the dynamics
of cyanobacterial populations due to the partially unclear mechanisms involved. For example, the plastic
photosynthetic capacity response of traits to the environment (e.g., temperature and nutrient); the additional
interactions among Microcystis colonies; and the intricate interplay between colony size and the
environment, which also involves colony disaggregation and cell adhesion [39, 40, 54]. Particularly, cell
adhesion may facilitate the formation of multi-trait colonies. Furthermore, our study only considered
variations in one key trait, whereas additional traits, such as toxigenicity and the optimal light intensity of
the P-I curve, may also influence population dynamics. The latter may allow certain groups to reach different
Puac at lower or higher irradiance than other groups within each population. With such differentiation,
populations that might more effectively exploit a wider range of available irradiance, i.e., population with
less niche overlap, are expected to outperform the type of population currently utilized in our study, at least
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under some of our modelled environmental conditions. A more accurate depiction of the intricate population
dynamics would include these processes and more traits variations.

Our finding of a consistently dominant population characterized by low photosynthetic capacity (Fig.
2) under periodic moderate turbulence presents an intriguing possibility to employ artificial mixing
techniques for manipulating traits and their diversity within the Microcystis population. For example,
implementing controlled, moderate artificial mixing during bloom events could potentially reduce the
diversity of photosynthetic capacity, lower the resilience of the population, and mitigate future blooms. This
concept offers a new theoretical foundation for using artificial mixing as a means to mitigate blooms [55].

Recently, increasing underwater light attenuation due to ongoing anthropogenic pollution has been
observed [56]. The increased turbidity is expected to enhance buoyancy [36] but concurrently reduces the
growth of Microcystis. Although our model predicts an overall negative impact of turbidity on scum
formation (Fig. 4 & Fig. 5), our results also revealed an intensification of differences in bloom formation
among populations with varying diversities due to elevated turbidity (Fig. 4). Hence, we call for the
inclusion of intraspecific variation to better predict how physical environmental variables affect ecosystem
productivity and shape the fate of cyanobacteria in present-day and future environmental conditions.
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Fig. 1: Experimental design of the numerical simulations, which were conducted for all combinations of
different initial Microcystis populations (I-VI with varying ranges of photosynthetic capacity, P, marked

by different color), different turbulent diffusivities (D) and different turbidity (K»g) conditions.
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Fig. 2: Population dynamics of Microcystis (population I) for four different turbulence conditions (different
columns: D ex=5x10° m? s'; D. o =1x10* m? 815 D o =1x1073 m? s7!; complete mixing). The upper
panels show the relative cell density (RC) of the 10 different trait groups (g1 — gi0), while the lower panels

show the population-averaged photosynthetic capacity of the Microcystis population (Pmax, solid lines). The

cell densities (RC) are shown as staggered area charts. Group g; has the minimum P, while gio has

maximum P, The turbidity conditions were K»,=0.6 m™.
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Fig. 3: The effect of turbidity on the population dynamics of Microcystis (Population I) under weak
turbulence ( D max = 5%107% m? s) (see different rows: Kp=0.6 m™'; Kj, =1.2 m™'; Ky =1.8 m™'): The upper
panels in each row show the relative cell density (RC) of the 10 different trait groups (gi — gi0) as staggered

area charts, while the lower panels in each row show the population-averaged photosynthetic capacity of

the Microcystis (Pmax, solid ,). Group g has the minimum Py,q., while g9 has maximum P,qy.
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Fig. 4: Time series of mean cell density of Microcystis populations with different spectra of Pmax (Population

[ to IV, see color assignment) under different turbulence (columns) and turbidity (characterized by K, in m’

! for the different rows).
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Fig. 5: Time series of the cell density in the uppermost depth layer of Microcystis populations with different
spectra of Pmax (Population I to IV, see color assignment) under different turbulence (columns) and turbidity

(characterized by K, in m™). The red dashed horizontal lines show the threshold for surface scum.
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Fig. 6: Time required for Microcystis populations with varying initial ranges of Pua (population I-VI) to
form blooms (moderate bloom, panel a and severe blooms b) and surface scum (moderate scum, panel ¢
and severe scum, d) under different turbulence (rows) and turbidity (columns) conditions. Time is indicated

by color, according to the color bar below the graphs; purple indicates a timescale of 180 days or more.
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Text: Methods

Text S1

The photosynthetic capacity of phytoplankton can be influenced by other environmental conditions,
including temperature, nutrients, and pollutants [1-3], however, there is currently no universally established
relationship between photosynthetic capacity and these factors. Moreover, the alteration of population-
averaged P is driven by intraspecific variations and competition, both of which are factors not expected
to be eliminated. To isolate and investigate the specific effects of turbulence and turbidity on the population-
average P, we excluded the impacts of other environmental conditions in this study and assumed a fixed
Py for each trait group.

Text S2: Colony size and migration velocity

The rising/sinking velocity of colonies was derived as a function of colony size d and cell tissue density p
using Stokes' law:

0z ~ 942 (Pcot—Pw) (Sl)

at 18u¢p

where g (m s7?) is gravitational acceleration, p,, (kg m™) is the density of water, p.; (kg m™) is the mass-
density of colonies, which is estimated from the cell tissue density (see below), ¢ is a shape coefficient and
u is the dynamic viscosity of water (kg s m). According to Stokes’s law, colonies with larger size have
higher floating velocities.
We estimated the mass-density of the colony (pc.r) as follows:

Peor = P (1 = Ngas) " Neen + Prmur * (1 — Neerr) (52)
Where p is the cell tissue density (cf. Eq. 4 in the main text), ng is the volumetric ratio of gas vesicles to
the total cell, ncn is the volumetric ratio of cells to the colony. p.. is the mass-density of mucilage. The
values used here are shown in Table S1.
Text S3: External environmental conditions
We assumed that the vertical dispersion of colonies can be described by the turbulent diffusivity D., given
that their size was smaller than the Kolmogorov micro scale of turbulence by over one order of magnitude,

and assuming that vertical mixing was independent of cell-tissue density and colony size, i.e., we neglected
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the diffusion term in the p and d dimensions in Eq. 1 [4].

The turbulent diffusivities at depth z (D.) were estimated following [5]:

2
D, = (83)
a, z< =
10
Where a (ms™) is a constant, and H is the maximum water depth. The maximum turbulent diffusivity (D nax)
derived from eq. S2 is axH/4. Here we varied the value of a (6.67 x 10— 1.33 x 10 m s!) to calculate the
turbulent diffusivity profiles with different D max.

The irradiance profiles were simulated by Lambert—Beer’s law, taking into account the self-shading of the
Microcystis population and a constant background turbidity that was varied in our simulations:

I(z,t) = Isurfe{_ Iy Km 2 €(8,0)]d8~K gz} (S4)
Where (z,¢) is the light intensity at depth z and time ¢, /s is the light intensity at the water surface, which
was simulated by a sinusoidal pattern during daytime (Zsu/=Ina*sin(nt/L) from 6:00 — 18:00 and set to zero
at night (18:00 — 06:00). L. is the maximum daily light intensity and is set to 1000 umol photon m? s, L
is the duration of daytime and is set to 12 h. K,, (0.0084 ¢cm? 107 cells ') [6] and K, (0.6 — 1.8 m™., [6, 7])
are the extinction coefficients of Microcystis and algae-free water (background), respectively. ZCi(J,¢f) is the
total cell density of all trait groups at time ¢ and depth o.
Text S4: Cell density threshold for moderate and severe bloom and scum
The depth-averaged cell density at 6:00 was used as a measure for bloom formation, while the cell density
in the uppermost layer (~5 cm) served as an indicator for surface scum. A mean cell density of 0.5x10° cells
mL"' was designated as the threshold for moderate blooms, while a threshold of 2x10° cells mL™' was used
as a threshold for severe blooms. In the case of surface scum, a cell density of 1x107 cells mL™" at the
uppermost layer indicated middle scum, suggesting a moderate accumulation of Microcystis at the water
surface. Conversely, a cell density of 1x108 cells mL™! at the uppermost layer was considered severe scum,

indicating a substantial and pronounced accumulation of Microcystis at the water surface.
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Symbol Description (unit) Value Reference
Lope Optimal light intensity (umol photons m2s')  277.50 [7]
S Initial slope of P-I curve (h pmol photons m2  2.00 x 107 [8]
s
Gmax Maximum carbon requirement for growth (s)  5.50 x 10 9]
R Respiration rate (s™!) 0.55 x 10°® [9]
Veell Volume a single Microcystis cell (m?) 67.00 x 108 [9]
[ Loss rate of Microcystis (d™) 0.10 [10]
g Gravitational acceleration (m s2) 9.80 [4]
P Density of water (kg m™) 998.00 [4]
Pl Density of mucilage (kg m™) 998.70 [11]
0] Shape coefficient of colonies 1.00 [4]
u dynamic viscosity of water (kg m™'s™) 1.00 x 1073 [4]
Lnax Maximum daily light intensity (umol photons  1000.00 [6]
m?sT)
L Duration of daytime (h) 12.00 [6]
K Extinction coefficient of Microcystis (cm? 107 0.84x 107 [6]
6 cells m)
fi Slope of the curve of density change (min™") -9.49 x 10 [7]
Ve Theoretical rate of density change with no 9.84x 10! [7]
carbohydrate storage in the cells (kg m™ min™)
Meell Amount of carbon contained in each cell (kg)  14.00 x 10°  [9]
Hgas volumetric ratio of gas vesicles to the total cell 0.07 [6]
Heell Volumetric ratio of cells to the colony 0.20 [6]
B, The mass of carbohydrate (glycogen) ballast 2.38 [9]
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produced per gram of assimilated carbon (g)

The maximum water depth (m) 3.00 This study
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Figure legend:
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Fig. S1: Time series of cell density of the population (population I) and its trait groups (see color
assignment) under different turbulent diffusivities (D:ma, see the columns) and turbidity (rows)

conditions. Axis scaling is identical in all panels.
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Fig. S2: Time series of the depth of the centroid of the population (population I) and traits groups (see

color assignment) under different turbulence (columns) and turbidity (rows) conditions.
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Fig. S3: Hourly time series of the centroid depth of Population I under different turbidity conditions

(columns), exemplified for weak turbulence (D, e = 5%10°° m? s!). The inset graphs highlight the diel

vertical migration by showing the data marked by the black rectangle at higher resolution. In these graphs,

the grey-shaded area mark night time conditions (no light).

124



Appendices I1

D : : : - : : et
(m? 5%) Sxmﬁn 110° 5x10° 1x10* 5x10* 1x10° C%‘?ﬁﬁgi
L 0 3 " " m, i o
- I n II mt et m! n.l guannaist gﬁ
el |||!.!!!I N i e, e T e
9 L
< 1 I !I . !' :!| !!'. I||IIIIIIIII o
U n [ ] n B L ]
& el L i e i 3
100
L
75 ; 1 1 i, in i e
20 | | L] .l Engl im e IIII <o
W L L E =3 g e i 3
o O O
R
Time (days)
9, M9 9% 9, WY9%

g, M9, M9, Mg,

9io

Fig. S4: Staggered bar charts showing time series of the relative cell density (RC) of the different trait

groups (see color assignment, Population ) under different turbulence columns) and turbidity (rows)

conditions.
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Fig. S5: Time series of population-averaged photosynthetic capacity (Pma) of population I under different

turbulence (columns) and turbidity (rows) conditions.
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Fig. S6: Population dynamics of Microcystis (population I) for four different turbulence conditions
(different rows: D-a=5%10° m? s; D. o =1x10* m? 515 D. juax =1x107% m? s°!; complete mixing).
Different columns show time series of cell density (a) and depth of the centroid (b) of the 10 different trait
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Prax. The black solid lines in the panel a and b represent the cell density and the centroid of the overall
Microcystis population, respectively. The black dashed line represents the euphotic depth. The turbidity

conditions were Kp,=0.6 m™'.
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Fig. S7: Time series of vertical velocity (a), colony size (b) and density of cell tissue (c) of different trait

groups (see color assignment) of population I under different turbulence conditions (different rows) and a

background extinction coefficient (turbidity) of 0.6 m™'. The horizontal dashed lines in panel a indicate a

vertical velocity of zero and the dashed lines in panel ¢ represent neutral buoyancy of colonies.
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Abstract

Climate change is disrupting regular phytoplankton succession in lakes, leading to cold-water
cyanobacterial blooms (CWCBS) and increasing ecological uncertainty. The role of trait distributions in this
process remains unexplored. Here, we tested the hypothesis that thermal history of cyanobacteria affects
their thermal adaptations by altering the distribution of optimum growth temperature (To). Using a one-
dimensional trait-based phytoplankton-hydrodynamics model, we simulated cyanobacteria dynamics in
Lake Dianchi over 364 days. The model demonstrated that Top diversification promotes psychrophilic
strains, leading to CWCBs while mitigating summer blooms as Top: distribution retains the memory of past
cold temperatures. This memory produced an inverse relationship between Tox-diverse populations and
temperatures, challenging the current cyanobacteria-temperature paradigm. Our findings suggest that
predictions derived from fixed-trait populations with a single Top may not apply to populations with flexible
traits, i.e. multiple Top, highlighting that forecasts without trait-based analysis may misinterpret climate

change effects on harmful cyanobacteria.

Highlights:

1. Diversification of thermal traits promotes cold-water cyanobacterial blooms.

2. Cyanobacterial populations can exhibit an inverse relationship with temperature.

3. Cold-water blooms foreshadow a shift toward prolonged but less intense cyanobacterial blooms
throughout the year.

4. Thermal trait diversity affects direction and magnitude of cyanobacterial population responses to
temperature changes.

5. High intraspecific trait diversity enhances population success across various environmental gradients.
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Introduction

Phytoplankton are dynamic microbial primary producers that comprise less than 1% of the total global
biomass(Bar-On et al. 2018) but are responsible for nearly 50% of global primary productivity (Field et al.
1998), fueling aquatic food webs and playing a fundamental role in biogeochemical cycles (Field et al. 1998;
Falkowski et al. 2008). In freshwater ecosystems, seasonally varying climatic forcing typically drives quasi-
periodical turnover of phytoplankton communities. This is often evidenced by a shift from diatoms and
green algae during winter/spring to cyanobacteria during summer/autumn (Hrycik et al. 2022). This regular
seasonal turnover contributes to predictable ecosystem functions and enhances ecosystem stability.
However, this pattern is deviating in many lakes of the world, with cyanobacteria dominating and
outcompeting other phytoplankton species also in winter, leading to frequently observed cold-water
cyanobacterial blooms (CWCBs) (Babanazarova et al. 2013; Bizic-lonescu et al. 2014; Ma et al. 2016;
Reinl et al. 2023). CWCBs profoundly impact freshwater ecosystems through complex bottom-up effects,
exacerbating biodiversity loss, disrupting ecosystem functionality, and prolonging cyanotoxins production
by toxic cyanobacterial strains (e.g., Microcystis sp.). This may magnify the detrimental effects of
cyanobacterial harmful algal blooms (CyanHABs) on human and environmental health (Ma et al. 2016;
Reinl et al. 2023).

Ecological hypotheses suggests that intraspecific trait distributions and flexibility can change in response
to environmental fluctuations (Violle et al. 2012; Lajoie & Vellend 2015; Moran et al. 2016). These changes
may affect competitive relationships among species by repartitioning niches, and potentially disrupting
seasonal species succession within biological communities when exceeding certain thresholds. This is
particularly true for cyanobacteria with generally short generation times (Lochte & Turley 1988), wide
ranges of intraspecific traits (Rossi et al. 2023; Wu et al. 2024), and the ability to rapidly adapt to changing
environmental conditions through intraspecific competition. These features offer a significant potential for
alterations in trait flexibility, distribution and adaptive responses, which presumably contribute to deviations

in seasonal phytoplankton succession and the formation of CWCBs.

139



Appendices 111

In freshwater ecosystems, cyanobacteria inhabit a dynamic environment where spatiotemporally
heterogeneous temperatures interact with the coupling between diel vertical migration of cyanobacteria and
turbulence. This interaction continuously shapes the fitness of traits with differing optimum growth
temperature (Top). Thus, in cyanobacterial populations, traits with different Top: coexist and Top distribution
patterns may vary in response to temperature fluctuations. For instance, seasonal temperature changes may
reshape the distribution of To and drive selection within cyanobacterial population, where individuals with
different Top: interact through intraspecific competition. Such complex processes directly impact thermal
adaptations of cyanobacterial populations, as well as their resulting ecological ramifications, e.g., formation
of CyanHABs. Consequently, the composition of a cyanobacterial population, consisting of strains with
varying thermal traits, and its response to changing temperatures depend on the thermal conditions the
population has previously experienced. However, the connection between CyanHABs formation,
intraspecific trait diversity, and thermal history has been largely overlooked in previous studies.

The thermal conditions in lakes are governed by climatic and weather conditions and can exhibit high
inter-annual variabilities, with average temperatures fluctuating by 1-2<C, particularly during
summer(Scheffer et al. 2001; Quayle et al. 2002; Doubek et al. 2021). Current and future temperature
fluctuations and the frequency of extreme events are predicated to increase, e.g., due to more frequent and
severe heatwaves (Perkins et al. 2012; Fischer & Knutti 2015). Additionally, changing temperatures alter
lake hydrodynamics, affecting vertical mixing patterns (Wiest & Lorke 2003) and the spatial distribution
of cyanobacterial blooms in the water column (Stockwell et al. 2020). These processes collectively modulate
the thermal regime experienced by cyanobacterial populations, altering their thermal adaptations and growth
patterns, potentially contributing to the formation of CWCBs. Currently, a mechanistic understanding of
these complex interactions is limited, as is our comprehension of CyanHABs development under climate
change.

Here, we hypothesize that the thermal history of cyanobacterial populations alters their response to
seasonal temperature variations by selecting for different Top, enhancing the prevalence of CWCB-forming
psychrophilic cyanobacterial strains. To test this hypothesis, we use a one-dimensional hydrodynamic model
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coupled with a trait-based phytoplankton model to investigate the indirect effect of thermal history on the
development of trait-diverse cyanobacterial populations. Simulations were conducted exemplarily for Lake
Dianchi in Kunming city, China (Fig. 1), where cyanobacterial blooms have occurred annually since the
21st century and CWCBs have occurred in recent years during winter, and for which our model was
calibrated. We then contrast the cyanobacteria dynamics of three populations, each with different Top
compositions, under three temperature sequences with varied summer temperatures. Our study reveals the
memory of past temperature in the population that modifies the thermal response via changes in Ty
distribution, leading to following interesting phenomena, some of which were unexpected: i) Diversification
in Topr promotes CWCBs; ii) The thermal response trajectory of cyanobacterial populations can be
determined by the temporal sequence of temperature; iii) Depending on the diversity of T, Cyanobacterial
population size can exhibit an inverse relationship with temperature. This work indicates that predictions
based on fixed traits appear to be insufficient to accurately describe dynamics of CyanHABS, highlighting
the utmost importance of the so far underappreciated trait-based analysis in predicting CyanHABS,
especially in the light of an increasingly variable future climate.

Materials and methods

Study site

Lake Dianchi is a shallow, eutrophic lake located in Kunming, China (24<40'-25<01'N, 102<36'-
102<47'E). It has a mean water depth of 5.3 m and a surface area of approximately 309 km=(Fig. 1). The
lake has suffered from severe cyanobacterial blooms (mostly Microcystis sp., Fig. S1) every year since the
21% century.

Field measurements were conducted from Jan 2023 to Jan 2024. Meteorological data, including air
temperature, wind speed, wind direction, solar radiation, shortwave radiation, longwave radiation, relative
humidity, and surface water temperature were recorded at hourly intervals by a meteorological station
(WXT520, HM Scientific Ltd.) installed on a buoy in the northern part of the lake (MS, Fig. 1). Monthly
water sampling and measurements were conducted at four sites (S1-S4, Fig. 1). These included
measurements of algal chlorophyll-a concentrations (Chla), cell density, phytoplankton community
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composition, Secchi disk depth, temperature in the water column and chemical properties of water samples,
such as total nitrogen, total phosphorus, and pH at ca. 1 m water depth (see Text S1 for further details). Due
to constant turbulent mixing of the lake, we considered these samples to be representative of the entire water
column.
Model description

A one-dimensional (1D) hydrodynamic model coupled with a trait-based phytoplankton model was used
to simulate the lake's mixing and thermal dynamics, and the related cyanobacteria dynamics. The
hydrodynamic model operated under atmospheric forcing, with its outputs (including vertical profiles of
turbulent diffusivity and water temperature) serving as inputs for the trait-based phytoplankton model. The
phytoplankton model was employed to simulate the dynamics of a cyanobacterial population with varying
thermal traits (optimum growth temperature, Toy). The phytoplankton model comprised two components:
trait-specific growth influenced by light, nutrients, pH, and water temperature; as well as buoyancy-driven
vertical migration and turbulent mixing. The models are elaborated upon in the subsequent sections, while
the primary parameters, their numerical values, and references for parameter selection are summarized in
Table S2.
Hydrodynamic model

For simulating the vertical distributions of temperature and turbulent mixing, we used the one-
dimensional hydrodynamic model SIMSTRAT, which employs an implicit Euler numerical scheme
(Goudsmit et al. 2002; Peeters et al. 2002). Turbulent mixing is described through a k-¢ closure model,
where turbulent kinetic energy (k) and its dissipation rate (¢) are explicitly represented as state variables.
The primary sources of turbulent kinetic energy include direct wind forcing and convectively-driven flows.
Previous research has validated the capability of this model to accurately simulate the hydrodynamic and
thermal structure of lakes in response to atmospheric forcing (Peeters et al. 2007; Schwefel et al. 2016;

Raman Vinnaet al. 2017).
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For the hydrodynamic simulations, we used a fixed lake bathymetry (Fig. 1) and hourly measurements
of meteorological variables. For the latter, we used meteorological data from Lake Dianchi measured at
station MS (Fig. 1) during the period from Jan 2023 to Jan 2024.

Using these inputs, SIMSTRAT calculated vertical profiles of turbulent kinetic energy (k), energy
dissipation rates (&), and thermal stratification, based on heat exchange at the lake surface and the vertical
transport of heat by turbulent diffusion. Surface heat fluxes are estimated from the meteorological
measurements using empirical relationships that account for long and short-wave radiation, evaporation,
and heat conduction (Goudsmit et al. 2002).

Vertical profiles of turbulent diffusivity (K;) are derived from the simulated values of k and ¢ according
to the following equation:

K.=Ci ¥ ¢ Q)

where Cy is the Kolmogorov constant for which we used a value of 0.076 (Umlauf & Burchard 2003).

In the hydrodynamic model, the water depth was fixed to 4.4 m, which is the average depth sampling
sites S1-S4. The resolution of the vertical discretization was set to 0.14 m and the temporal resolution was
1 min. The light extinction coefficient was set to a fixed value of 3.3 m, which corresponds to the average
light extinction coefficient in Lake Dianchi in 2023 (Fig. S2). Hence, interaction between the hydrodynamic

model and the phytoplankton model through light extinction was neglected in this study.

Phytoplankton model
Cyanobacterial population dynamics was assessed by simulating n different strains, with each having

a different 7,;, using a series of n coupled 1D reaction— advection—diffusion equations, as follows:
9 _ _ (6_2) 9¢i i( %) _
oc = \ae) 3z Ta:\Pzg;) + el )

where i= 1, ..., n. Ci (z, ¢) is the concentration of cyanobacterial cells with thermal trait 7 (or strain i) at
depth z (m) and time ¢ (s). The first term on the right-hand side of Eq. 2 describes buoyancy-driven

(advective) transport along the vertical coordinate (z, defined as positive downward), with 0z/0t denoting
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the vertical velocity of the cells. The second term describes vertical transport by turbulent diffusion with D.
(m? s™') denoting the turbulent diffusivity at depth z, which is the output of the hydrodynamic model. The
last term describes growth and loss processes with u.., Which depicts the cyanobacteria net growth rates.
The equations describing cell densities for n different traits (Eq. 2) are coupled through the light-dependent
growth rates, where the vertical light distribution is affected by cell density distribution of the cyanobacterial
population. Hence, different traits interact through the competition for light and self-shading.
Net growth of cyanobacterial strain i (u...;) was calculated as a function of temperature, nutrient
concentration, light, pH, and a loss term using the following equation:
Hnet,i = Hmax fi(T)f (D f (pH) min[f (N), f(P)] = (€)
Umax 18 the maximum growth rate of cyanobacterial strain i under non-limiting conditions. f(7), f{pH),
fIN), and f{P) are functions applied to regulate growth dependence on temperature (7), light intensity ([),
pH, nitrogen (N), and phosphorus (P) concentrations, respectively. / is the term that represents the combined
effect of respiration and mortality (loss) and it is assumed to be constant (/=0.1, (Huisman et al. 2004)). The
temperature response function was applied to the growth rate, which allows inhibition above an optimum

growth temperature(Lehman et al. 1975), as follows:
To ‘i—T
filT) = exp (=23 - (D)2 @

where T, (°C) is the optimum growth temperature of strain i, 73 (°C) denotes the thermal tolerance
range of the strain, which is calculated as the difference between 7, and the minimum temperature for
growth (Tmin). Here we used a constant value for Ty of 16 °C, which is supported by previous
observations(Rossi et al. 2023).

PH-dependence of growth rate was considered because the pH in Lake Dianchi exhibited large variations
during 2023 (varying from 7.8 - 9.4, Fig. S3) and cyanobacteria are sensitive to such pH fluctuations
(Mangan et al. 2016; Wei et al. 2022). Similar to temperature, cyanobacterial growth is maximal for an
optimum pH (pHop:):

fpH) = exp (=23 - (Z55)?) (s)
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where pH,- denotes the pH tolerance range, which was calculated as the difference between pH,, and the
minimum pH for growth (pH,.i). Here we use a pH,,;of 9.5 (Wei et al. 2022) and a pH,i» of 4 (Pham et al.
2023).

Nutrient limitation was described using a Michaelis—Menten function for both nutrients:

fN) = (©6)
P = (7)

where Ky and Kp are the half-saturation constants for N and P limitation, respectively. These constants
were set to 0.2 mg N L (Baker ef al. 2023) and 0.02 mg P L' (Baldia et al. 2007), respectively. The
minimum value of the two rate limiting terms was used in Eq. 2. The concentration of total phosphate (P
mg L") and total nitrogen (N, mg L") were determined from monthly field data measured in Lake Dianchi.

Irradiance was calculated from hourly measurements of solar radiation (W m2). About 45% of the
solar radiation was assumed to be photosynthetically active (Pinker & Laszlo 1992), and a value of 4.6
was used to convert W m to irradiance at the water surface (/s (¢) in pmol m? s™')( Langhans & Tibbitts,
1998). The irradiance that cells were exposed to at depth (/(z,f)) was then estimated by Lambert-Beer‘s
law of exponential light extinction. The extinction coefficient was assumed to consist of a background
value that is constant with depth (K», (m™)), and depth-dependent light extinction by cyanobacterial cells

(K (0.034 m? 1071 cells™!)) (Huisman et al. 2004):

1(2,t) = Isyrrexp (= f; [Km Zi Ci(8,)] d6 — Kpy2) (8)

Kpe was calculated from the Secchi disk depth (SD, in m) using an empirical equation:

Ky
Kyg =5, — Kenta Chla )

where K is the factor to convert SD to light extinction for which we used a value of 1.7 (Liu ef al. 2010;
Zhang et al. 2012). Kena (0.15 m?> mg! Chla (Ganf et al. 1989)) is the conversion factor from Chla to light

extinction coefficient, Chla was determined by monthly measurements in Lake Dianchi.
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The light limiting term in Eq. 2 was described by a Michaelis—Menten function as:

f) =1 (10)

where K| is the half-saturation constant for light limitation that was set to 25 umol m s! (Kromkamp &
E.Walsby 1990).

Cyanobacteria, such as Microcystis sp., Planktothrix sp. and Aphanizomenon sp, often have light-
dependent buoyancy regulation, where buoyancy is enhanced under low irradiance and reduced under high
irradiance(Petra Visser 1997). Since Lake Dianchi was dominated by Microcystis sp., we exemplarily use
the empirical relationship between irradiance (umol photons m™s™!) and vertical migration velocity (v, um

s!) as follows(Bernhardt et al. 2008):

7.0, if I>100
~ 23, if  100=1>30
v= —23, if  30>1>5 D
_347,  if 1<5

where positive vertical velocities indicate sinking of cyanobacteria, while negative vertical velocities
indicate a rise.

The simulations started on 31 Jan 2023 and were performed for 364 consecutive days. The initial cell
density was set to a value of 3.3 x 10* cells mL"!, which was measured on 31 Jan 2023 in Lake Dianchi.
Given the unknown trait distribution in nature, we used a uniform initial cell density for all trait groups
throughout the water column and performed a sensitivity test to examine the effect of varying initial trait
distribution on cyanobacteria dynamics (Fig. S4) The range of 7, and Tmin we used was 18-30 °C and 2-
14°C, respectively, which is within the range of literature values for Microcystis (Rossi et al. 2023).

We used an iterative algorithm at each time step (time-stepping solver) to solve the above equations and
to obtain the dynamic distributions of all trait groups of cyanobacteria throughout the water column. The
solver was implemented through a code in MATLAB 2022b, where the first and second derivatives were

approximated using a combination of forward and central differences.
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Model setting of the phytoplankton model

In the phytoplankton model, water depth and resolution of the vertical discretization were the same as
those used in the hydrodynamic model. The temporal resolution was 1 s and no-flux conditions were applied
at the boundaries.

To test the effects of the thermal trait range on the formation of cyanobacterial blooms and evaluate their
predictive performance for the formation of cold-water blooms, we compared a population with a single
fixed T,y (24°C) against populations with a narrow 7,,, range (21-27°C) and a wider 7, range (18-30°C).
These two ranges of T,, were centered around 24°C. Accordingly, the cyanobacterial population was
divided into strains based on their specific optimum growth temperature, with each strain representing a 1°C
increment within the observed 7, range.

To test for indirect effects of historic temperature on the dynamics of populations with varying range of
Topt and the resulting cold-water blooms, we varied the thermal conditions by increasing and decreasing the
air temperature by 2 °C during summertime (from 1 May 2023 to 30 Sep 2023). Such changes in air
temperature are within the magnitude of inter-annual temperature variations, which can change by 1-2°C
(Quayle et al. 2002). We ran the hydrodynamic model while keeping the other conditions and parameters
constant, obtaining the simulated water temperatures and turbulent diffusivities under such conditions. The
phytoplankton models, including single-trait and narrow range of T, Were then ran with the output from
the respective hydrodynamic models. Furthermore, we conducted extended simulations over four years by
repeating annual environmental conditions to investigate the trend of bloom development in populations
with wide range of Topt.

To better compare the obtained bloom dynamics in different simulations, we chose cell densities of
cyanobacteria from September 17 to October 7, 2023 (when the simulated cell densities reached maximum
values in all simulations), to represent the peak amplitude of blooms (Cpeax). We focused on the cell densities
at the end of the simulations (from January 10 to January 30, 2024, when water temperatures were the lowest)
as representative of the cell density in cold water (Ccw). We defined psychrophilic strains as cyanobacteria
traits with Tope < 21 °C, and thermophilic strains as those with Topt>21 °C.
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Model evaluation

SIMSTRAT was calibrated for Lake Dianchi conditions by adjusting three constant parameters,
including scaling factors for heat flux by shortwave radiation, transfer of momentum from the atmosphere
to lake water, and the transfer of wind energy to seiche energy(Peeters ef al. 2002). The performance of the
hydrodynamic model was assessed by comparison with hourly observations of surface water temperature as
well as the monthly measured water temperature at depths of 1.5 and 3 m.

The trait-based phytoplankton model was calibrated by adjusting three lake-specific parameters
including Unmax, Kenia, and Ks. The performance of the trait-based phytoplankton model using a cyanobacterial
population with a Top range of 18-30°C was evaluated by comparing the total simulated cell densities with
measured cyanobacterial cell densities. The best-matching parameters for the phytoplankton model are
given in Supporting Information Table S2.

Statistical analysis

The Shapiro-Wilk test was used to assess the normality of data. A post hoc LSD (least significant
difference) test with one-way ANOVA was used to compare the Cpeak and Ccw if the data were
normally distributed with homogeneous variance. Otherwise, Kruskal-Wallis tests with post-Hoc
pairwise comparisons using the Mann-Whitney U test were used. The relationships between Cpeak
and Ccw, as well as changes in summer temperatures were fitted by linear regressions. All statistical
analyses were performed using the software package SPSS 27.0 (IBM Corp, USA). Data were

tested for statistical significance at a significance level (p) of 0.05.
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Results
Model calibration against water temperature

After calibration of the hydrodynamic model, the simulated water temperature exhibited excellent
agreement with measurements throughout the simulation period (Fig. 2). The correlation coefficient
between simulated and measured water temperature was 0.99 and the root mean square errors (RMSE) were
<1°C at all three depth with available measurements (0, 1.5, and 3 m). The final calibration parameters for
the hydrodynamic model are presented in Table S1.

No significant thermal stratification was observed, with the temperature difference throughout the water
column (defined as the difference between the highest and lowest temperatures in the water column)
remaining below 1<C for 90% of the simulation period (Fig. S5).

Role of diverse thermal traits in cyanobacteria dynamics

The cyanobacterial cell density in Lake Dianchi exhibited a general decline from January to April,
followed by a steady increase until September, where it peaked at 4x<10° cells mL™. After reaching this
maximum in September 2023, the cell density decreased to approximately 1.2x10° cells mL™ by January
2024 (Fig. 3a). Simulated cell densities for a population with a wide range of optimum growth temperature
(Topt between 18 and 30<C) showed better agreement with observed cell densities than the simulations with
a narrower range or a single trait, with RMSE of 6.4x10* cells mL, compared to RMSEs of 7.8x10* cells
mL* and 9.0x10* cells mL™, respectively (Fig. 3a). Specifically, during the peak bloom period and at the
end of the simulation period, the simulated cell density of the population with the wide range was closer to
the observed cell density, than the simulation results for the other two populations. Similar to the observed
cell density, the simulated cell density peaked in September 2023, which was associated with an increase in
the light-limitation function, followed by a subsequent decline as the light-limitation function decreased
(Fig. S6). The light-limitation function also exhibited high values in Jan 2023 and Jan 2024, corresponding
to periods when Secchi disk depth was high (Fig. S2a). From May to September, the simulated cell density
increased as the temperature-limitation function remained generally high, despite fluctuations in the light-
limiting function. Throughout the simulation, the nutrient and pH limitation functions were similar, ranging
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from 0.75 to 0.95 (Fig. S6; note that the limiting functions vary between zero and one, with one indicating
no limitation).

The range of intraspecific variations in Ty significantly affected the seasonal dynamics of cyanobacterial
cell density. Populations with a wide range of Toy formed blooms 1-2 months earlier compared to those with
a narrower range and a single thermal trait (Fig. 3a), similar to the trend of temperature-limitation functions,
which also showed an earlier increase for the population with a wide range. Only the blooms formed by the
population with a wide range persisted throughout the winter period. The cell density during the
representative cold-water periods (Ccw, 10 Jan to 30 Jan, 2024) of population with a wide range is
significantly higher than those with a narrow range, and the narrow range was significantly higher than that
the single-trait population (Fig. 3c). At the end of the simulation (31 Jan 2024), the cell densities of
population with the wide range exceeded those of single-trait populations and of the population with a
narrower range by up to approximate 16-fold and 3-fold, respectively (Fig. 3a). The temperature-limitation
functions followed the order of wide range> narrow range> single trait at this time. However, during peak
bloom periods, the cell density of the population with a wide range of Tox was approximately 10% lower
than those of the other populations (Fig. 3b), which is similar to the results showing that the temperature-
limitation function of the population with a wide range of Top Was also lower than those of the other
populations during this period (Fig. S6).

Analysis of the population composition shows that a wide range of optimum growth temperature
facilitated the dominance of psychrophilic strains, with cell densities exceeding those of thermophilic strains
throughout the simulation period (Fig. 3d). For more narrow ranges of optimum growth temperatures,
thermophilic strains became increasingly prevalent.

Sensitivity analysis showed a marginal effect of the initial trait distribution on cyanobacteria dynamics,
wherein a lower initial population-averaged Top led to a slight increase in cell density from May to July (Fig.
S4). The extended simulations showed that population with wide range of T led to decreasing cell density
during the periods of peak blooms (Cpear, 17 Sep to 7 Oct) but increasing cell density during the presentative
cold-water periods (Ccw) in the following three years (Fig. S7).
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Diversity-dependent response of cyanobacteria to temperature history

We compared the responses of populations with varying ranges of Toy to changes in summer air
temperatures (Fig. 4). The single-trait population resulted in higher cell density during the periods of peak
blooms under increasing summer temperatures (p < 0.05), while no significant difference was observed for
Ccw. Compared to single-trait population, multi-trait populations displayed contrasting responses to changes
in summer temperatures. The cell densities during both the peak bloom and the winter period significantly
decreased with increasing summer temperatures (p < 0.01). For populations with a wide range of T, a
reduction by 2<C led to an approximately 10% increase in cell densities during the maximum bloom period,
and an up to twofold increase in Ccw, compared to the increased summer temperature.
Discussion

We demonstrated that a wide range of intraspecific variations of optimum growth temperature (Top)
enhances the predictive performance of an ecological model describing the dynamics of cyanobacteria
populations in Lake Dianchi, particularly bloom formation during cold-water periods (Fig. 3). In contrast to
a narrow range or a single Top, a wide range promotes the formation of CyanHABs by up to threefold or
even one order of magnitude, respectively, at the end of the simulation under unfavorable temperatures (Fig.
3c). This is because the population with a wide range of Tox supports the persistence of psychrophilic
cyanobacteria (Fig. 3d). This finding indicates that diversification of thermal traits, achievable through
shifting selection pressures under environmental fluctuations (Driscoll et al. 2016), can play an important
role in CWCBs. This remarkably rapid adaptation to temperature variations through intraspecific
competition and change in trait distribution parallels previous studies (Sandrini et al. 2016;Wu et al. 2024),
where cyanobacteria demonstrated adaptive genotypic and phenotypic shifts over several months in
response to elevated CO- and mixing conditions. Our findings, however, also indicate a marginal effect of
initial trait distribution on cyanobacterial dynamics (Fig. S4). This is likely attributed to initial light
limitation (Fig. S6), which suppresses the growth of the entire population, thereby obscuring the influence
of intraspecific trait distribution on population dynamics. This implies that the impact of thermal trait
distribution unfolds only under conditions where other environmental factors are favorable.
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Unexpectedly, a wider range of Top led to a 10% reduction in summer bloom amplitudes compared to a
narrower range or single-trait population (Fig. 3b). This is attributed to the dominance of psychrophilic
strains prior to temperature elevation (Fig. 3d), which subsequently hinder the growth of thermophilic strains
through intraspecific competition for light. This finding suggests that the composition of Ty acts as an
information legacy that retains a memory of past thermal conditions, constituting an ecological memory
(defined as 'the capacity of past experiences to influence present or future responses of a community
(Padisak 1992; Canarini et al. 2021; Letourneau et al. 2022)). Such memory resists temperature fluctuations,
leading to a lag in the response to seasonally changing temperatures, consequently reducing bloom
amplitudes and tending to homogenize seasonal variations in cyanobacterial cell density. Our extended
simulations indicated that CWCBs foreshadow a shift towards prolonged, albeit less intense, CyanHABs
(Fig. S7).

This ecological memory may also cause the observed unexpected responses of cyanobacterial
populations with varying Top: ranges to changes in summer temperatures. The ‘memory’ of previous low
temperatures in a trait-diverse cyanobacterial population causes it to favor cooler summers over hotter ones,
during which this population can maintain more psychrophilic strains that promote CWCBSs during winter.
Our results show that the cell density of the population with a wide Top range exhibited an inverse correlation
with temperature. A reduction of 2<C facilitated summer CyanHABs and CWCBs (by up to twofold for
CWCBs), compared to a 2<C increase (Fig. 4). This effect, however, not only depends on trait diversity, but
may also be counteracted and masked by other blooms drivers like eutrophication, potentially leading to
increasing intensity of blooms in the light of global warming, as observed in former studies (Paerl &
Huisman 2008; Beaulieu et al. 2013; Ho & Michalak 2019). Nevertheless, it aligns with a study that found
that heat waves during summertime inhibit rather than promote cyanobacterial blooms (Anneville et al.
2015), and a global study showing that global warming has variable effects (both positive and negative) on
phytoplankton blooms across 71 lakes worldwide (Ho et al. 2019). This counterintuitive finding, although
it may not be universal, provides a mechanistic understanding of how increasing temperatures can affect

blooms in an opposite direction, and a warning that neglecting trait variations may lead to erroneous
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conclusions. It also demonstrates that the present thermal response of cyanobacteria populations can be
determined by the temporal sequence of temperature that shaped their trait distribution.

The simulated CWCBs were still lower than the observed one (Fig. 3a), implying the existence of
additional mechanisms such as adaptations to other winter stressors including low light availability, nutrient
levels, and limited mixing conditions (Reinl et al. 2023). Particularly, light served as an important driver
limiting cyanobacteria dynamics in our study (Fig. S6). Such adaptations may also play a role in the
development of CWCBSs, which should be investigated by incorporating more different traits (e.g., optimum
irradiance, nutrient uptake rates, and vertical velocity, etc.). Furthermore, in deep lakes with stronger
stratification, cyanobacteria may experience more dynamic temperature variations. For example, internal
waves can entrain cyanobacteria within the thermocline (Cuypers et al. 2011), where strong temperature
and light gradients may enhance trait diversity including simultaneous low-light thermal adaptation.
Interactions between thermal stratification, and vertical migration also open an intriguing possibility that
cyanobacteria with varying optimum growth temperature, light and nutrient requirements and vertical
velocities occupy different preferred depths, effectively differentiating their thermal niches throughout the
water column, linking several independent traits. For simplicity, the present model neglected the fact that
cyanobacteria can interact with the thermal regime by enhancing light extinction, which affects heat
absorption and consequently thermal stratification. This interaction could potentially influence the dynamics
of thermal traits through positive or negative feedback. A more complete depiction of the intricate adaption
of cyanobacteria population would include these processes, as well as deep lake and nutrient-limited
scenarios. It should be noted that while our model simulated CWCBs in Lake Dianchi using the literature-
documented ranges of Topt (18-30C) and Tmin (2-14<C) (Rossi et al. 2023), it would be advantageous to
obtain the actual range of these thermal traits through extensive sampling and measurements to support the
suggested trait-based approach.

Our results support the general notion that high intraspecific trait diversity enhances population success
across various environmental gradients (Barrett & Schluter 2008; Violle et al. 2012; Brandenburg et al.

2018). Moreover, we showed that intraspecific competition in populations with specific thermal traits can
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alter their responses to changing temperatures, further highlighting the important role of these variations in
population ecology (Des Roches et al. 2018). Specifically, by examining the link between intraspecific
variations and CyanHABS, our study revealed two previously unknown findings: i) the diversification in
thermal traits can promote CWCBSs, and ii) the responses of the cyanobacterial populations to temperature
depend on their thermal trait diversity. Our findings suggest that integrating intraspecific variations into
current predictive models is a key step towards comprehending how increasingly variable climatic drivers
and their legacy effects shape species succession at the bottom of aquatic food webs.
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Fig. 1. Bathymetry of Lake Dianchi (light blue area) with the locations of sampling stations (S1-S4) and the
meteorological station (MS). Green solid lines denote the river course and light grey lines denote district boundaries

in the Lake Dianchi basin.
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Fig. 2. Comparison between measured (black dots) and modeled (orange dots) water temperature in Lake Dianchi from
1 Jan, 2023, to 31 Jan, 2024, at the water surface (a), 1.5 m depth (b), and 3 m depth (c). R denotes the correlation
coefficient, and RMSE denotes the root mean square error between predicted and observed temperatures. Surface water
temperatures were recorded by a meteorological station at hourly intervals, while water temperatures at depths of 1.5
m and 3 m were measured during monthly in field investigations.
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Fig. 3. (a) Time series of measured (open symbols) and simulated (solid lines) cell densities of cyanobacterial
populations. The depth-integrated simulation results represent different ranges of optimum growth temperature (Topt,
see the color assignments for solid lines). The errors bars on the measured data represent cell density and RMSE
denotes the root mean square error between simulated and observed cell densities. The dashed horizontal line marks a
threshold for bloom formation (0.8 ><10° cell mL™). (b) Box plots of simulated cell densities of the three different
populations during the peak bloom (Cpeax, 17 Sep to 7 Oct, 2023), and (c) during the representative cold-water period
(Ccw, 10 Jan to 30 Jan, 2024). The black horizontal solid line in panel (b) panel (c) indicates the measured cell densities
during peak bloom period and cold-water periods, respectively. * indicates significant differences in cell density
between different Top ranges during peak blooms period (ANOVA, n=63, df =2, F value= 17.3, p <0.01) and cold-
water periods (Kruskal-Wallis, n=63, df=2, H=55, p <0.01). (d) Time series of simulated cell densities of psychrophilic
(Topt <21°C) and thermophilic (Topt > 21 <C) cyanobacteria within populations with different ranges of Top (See different
horizontal panels).
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Fig. 4. Boxplots of cell densities during the peak bloom period (Cpeak, Upper rows) and during the cold-water period
(Ccw, lower rows) for populations with different ranges of optimum growth temperature (see different columns) under
varying summer temperature conditions. Grey lines represent linear regressions of all data versus the temperature
change. The regression equations, coefficients of determination (R?) and p-values (indicating the slope is significantly
different from zero) Expect for the Ccw of single-trait population, all other regressions are significant (p < 0.01).
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Text

Text S1: Measurements of physical, chemical and biological properties in Lake Dianchi

In-situ measurements of pH were conducted using a Yellow Springs Instruments (YSI) 6600 multi-
sensor sonde (Zhang et al., 2024). Concentrations of TP and TN were determined using a combined
persulfate digestion method after thawing (Ebina et al., 1983).

Phytoplankton samples were preserved with Lugol’s iodine solution (2% final concentration) and
allowed to settle for 48 hours. Cell density was measured with an optical microscope (BX43, Olympus

Corporation) at 400X magnification using a phytoplankton counting plate (MPC-200, Matsunami Glass,
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Japan) and a hemocytometer. Phytoplankton species were identified according to the method described by
Hu et al., (1980). Water temperature at the depth of 1.5 and 3 m were measured using temperature sensor in
LISST-HAB following the protocol by Zhang et al. (2024).

Chlorophyll-a (Chl a) concentrations were determined using 47 mm Whatman GF/F glass fiber filters
and 90% (v/v) acetone extraction (Hagerthey et al., 2006). After 24 hours in darkness at 4°C, the extracts
were centrifuged for 10 minutes at 4000 rpm, and the absorbance was measured at wavelengths of 630, 663,

750, and 645 nm Zhang et al. (2024).

Text S2: Population-averaged temperature-limitation function

The population-averaged temperature-limitation function i.e. f{T) was calculated by the following equation:
zr _ Lz Cofi (D)
) = =5 S
where n is the number of trait groups in each population (n=13 or 7, corresponding to the number of
strains in population with wide range and narrow range of Ty,), Ciand T, are the mean (vertically averaged)

cell density and the maximum optimum growth temperature of each strain. fi(7) is the temperature-limitation

function of strain i calculated by eq. 4 in the main manuscript.
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Classification
[ Cyanophyta
I Bacillariophyta
[ Chlorophyta
I Cryptophyta
Euglenophyta
Dinophyta
[ Chrysophyta

Classification

B Pianktothrix sp.

I Dactylococcopsis sp.

I Dolichospermum sp.

[ Leptolyngbya sp.

| Microcystis sp.

| Aphanizomenon sp.

I Oscillatoria sp.

[ Aphanocapsa sp.

[ Pseudoanabaena sp.
Cylindrospermopsis sp.
Cuspfdothrix issatschenkoi

[ Rhabdogloea sp.

I Merismopedia sp.
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B Lyngbya sp.

Fig. S1: The phytoplankton composition in Lake Dianchi in 2023 at the phylum level (a) and the genus level

(b).
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Fig. S2: The temporal dynamics of Secchi disk depth (a) and light extinction coefficient (b) in Lake Dianchi

during field investigations. The dashed black line is the average light extinction coefficient (3.3 m™') in 2023.
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Fig. S3: The temporal dynamics of pH in Lake Dianchi during field investigations.
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Fig. S4: Initial T, distributions for populations with wide and narrow ranges (see different columns) used in the
sensitivity test (a). Temporal dynamics of cell density of populations (different columns) simulated with these
initial conditions (see color assignments, b).
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Fig. S5: Modeled water temperature stratification at hourly intervals throughout the simulation period (a) and
histogram showing the frequency distribution of water temperature differences (defined as the difference
between maximum and minimum temperature of the water column, b).
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Fig. S6: Time series of the population averaged temperature-limiting functions (see eq. S1) for population with
different range of optimum growth temperature (7,,:, see color assignment, a) and growth-limiting functions of
cyanobacteria for light (/), nitrogen (), phosphorus (P), and pH (see color assignment in the legend; cf. Eq. 3
in the main manuscript, b).
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this extended simulation, the boundary and forcing conditions from the first year were also applied to the
subsequent cycles.
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Tables:

Table S1: Best-matching calibrated parameters for hydrodynamic model.
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Parameter

Calibrated value

Scaling factors for the heat flux by shortwave radiation
The transfer of momentum from the atmosphere to lake water
The transfer of wind energy to seiche energy

1.5
1
0.001
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Table S2: Definition, description, values and references of the parameters used in the model.

Symbol  Description (unit) Value Reference
Ck Kolmogorov constant 0.076 Umlauf and Burchard, 2003
l Loss rate of Microcystis (d') 0.1 Huisman et al., 2004
T Thermal tolerance range (°C) 16 Rossi et al., 2023
PHopt Optimal pH for growth 9.5 Wei et al., 2022
PHuin Tolerance range of pH 4 Pham et al., 2023; Wei et al.,
2022
Kn Half-saturation constants for N (mg N 0.2 Baker et al., 2023
LY
Kp Half-saturation constants for P(mg PL-  0.02 Baldia et al., 2007
D
K Extinction coefficient of Microcystis 0.034 Huisman et al., 2004
(m? 10710 cells™)
K; Conversion factor from extinction 1.7 Liuet al., 2010; Zhang et al.,
coefficient to Secchi depth 2012
K Half-saturation constant for light 25 Kromkamp and Walsby, 1990
limitation (umol m2 s™)
Kehla Conversion factor from Chla to light 0.015 Ganf et al., 1989
extinction coefficient (m?> mg!' Chla)
Imax maximum growth rate of cyanobacteria 0.8 Xiao et al., 2017

under ideal conditions
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