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Abstract
1. Lake stratification strengthens with increasing surface water temperatures, 

thereby reducing the depth of the mixed layer. Phytoplankton communities are 
not only exposed to different nutrient availability within a mixed water column, 
but also to different light quality. We conducted controled laboratory and me-
socosm experiments to investigate phytoplankton, especially cyanobacteria, re-
sponses to different light quality and mixing depths.

2. Our mesocosm experiment allowed the manipulation of mixing depth in situ by 
a mesocosm approach and to follow the effects of changing mixing depth on the 
phytoplankton community composition. Our laboratory experiment allowed the 
control of temperature and light quantity. To investigate the effect of light qual-
ity on phytoplankton, we created a light gradient from full photosynthetic active 
radiation to a reduced blue spectrum.

3. In both experiments, shifts in phytoplankton community composition from eu-
karyote to cyanobacteria occurred at shallow mixing depth with higher availability 
of photosynthetic active radiation. Our results from the mesocosm experiment 
support the idea that reduced mixing depth can promote cyanobacterial abun-
dance. With our laboratory experiment, we were able to manipulate light qual-
ity independent of temperature, available nutrients and light intensity influencing 
phytoplankton abundance. Results from the laboratory experiments support our 
hypothesis that a shift in light spectrum alone is a driver, strong enough to en-
hance cyanobacteria occurrence.

4. Most of the previous studies dealing with cyanobacterial blooms have investi-
gated temperature and eutrophication effects. Certainly, these are major factors 
for the growth of phytoplankton, but our experiments show that other aspects, 
such as the quality of light, must be also taken into account to explain cyano-
bacterial blooms. Such shifts in the phytoplankton community from eukaryote to 
cyanobacteria dominated communities will have strong consequences for food 
web dynamics. Several cyanobacteria specific traits, (e.g., toxin production, lack of 
essential fatty acids, and inedibility through production of large colonies) reduce 
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1  | INTRODUC TION

Lakes in the temperate zone of the northern hemisphere are dom-
inantly dimictic and characterised mainly by their seasonal physical 
and biological patterns and processes (Winder & Schindler, 2004; 
Woolway & Merchant, 2019). Global warming has the potential to 
alter many of those patterns and processes. For example, increas-
ing surface- water temperatures can lead to reduced or even no ice 
cover during winter (Benson et al., 2012; Magee et al., 2016), earlier 
onset of phytoplankton spring blooms (Berger et al., 2007), pref-
erences of thermophilic species (Blenckner et al., 2007; Gerten & 
Adrian, 2002; Lürling et al., 2013), alterations in plankton body size 
(Rasconi et al., 2015), and stronger stratification events (Woolway 
et al., 2019). In particular, stronger stratification and the reduced 
depth of the mixed layer can cause high nutrient depletion in the 
upper water layers due to increased sedimentation of primary pro-
ducers and reduced upward transport of recycled nutrients from 
deeper water layers (Winder & Sommer, 2012). At the same time 
warmer surface water can increase the activity of planktivorous 
fish and can thereby reduce zooplankton (Jeppesen et al., 2014; 
Mehner, 2000), which will in turn result in higher phytoplankton bio-
mass (symptoms of eutrophication; Moss et al., 2011; Winder, 2012). 
Additionally, lower parts of the water column become anoxic when 
stratification is strong; this limits the availability of a deep water ref-
uges for zooplankton avoiding predation (Doubek et al., 2018).

The composition of the phytoplankton community in terms of eu-
karyotes and prokaryote cyanobacteria depends strongly on abiotic 
parameters (Bock et al., 2018; Verbeek et al., 2018). Cyanobacteria 
possess a variety of key traits related to growth, resource use, sed-
imentation, and temperature optima (see Mantzouki et al., 2016), 
which may be beneficial when water temperatures increase, and 
stratification intensifies. Pelagic cyanobacteria have comparable 
high temperature optima for growth (Thomas & Litchman, 2016) and 
can outcompete eukaryotic phytoplankton groups such as bacillario-
phyta, cryptophyta and dinoflagellates with lower temperature op-
tima (Senerpont Domis et al., 2007; Litchman et al., 2010) However, 
also chlorophyta can show high growth rates at high temperatures, 
but see Lürling et al. (2013). Another well investigated trait are 
gas vesicles formed by some cyanobacteria species, allowing them 
to control their position within the water column, thereby reduc-
ing high mortality by sedimentation (Visser et al., 1996; Zohary & 
Robarts, 1990). Regarding resource use, certain cyanobacteria pos-
sess traits related to atmospheric nitrogen fixation, offering access 
to nitrogen sources not available to eukaryotic primary producers 
(Mantzouki et al., 2016; Paerl & Huisman, 2009). Additionally, cy-
anobacteria have the ability to concentrate bicarbonate, especially 

when CO2 becomes scarce at high levels of primary production and 
high pH values (Morales- Williams et al., 2017).

However, mixing patterns also have consequences for phyto-
plankton light availability in terms of quantity and quality. With a 
reduced mixing depth, available light quantity (Kunz & Diehl, 2003) 
and quality increase (Båmstedt, 2019). While the effects of al-
tered light quantity resulting from different mixing depths of nat-
ural plankton communities are experimentally well studied (Berger 
et al., 2006; Diehl et al., 2002; Kunz & Diehl, 2003), there is a lack 
of experimental analyses of the effects of altered light quality. In the 
water column longer wavelengths are rapidly absorbed; therefore, 
phytoplankton in deeper water layers are less exposed to red, yellow 
and orange but more to blue light. Complementary to chlorophyll- a, 
cyanobacteria have accessory pigments (phycobilins) allowing them 
efficiently to use light within the green gap of chlorophyll- a and - b 
(Britton, 1983). Luimstra et al. (2020) showed in their laboratory 
study that cyanobacteria growth under blue light decreases because 
of low photosynthetic efficiency, when phycobilins are present. 
Growth increases otherwise under red and orange light. Huisman 
et al. (2004) have shown in a theoretical model that this is the 
case in shallow lakes, especially when vertical mixing depth is low. 
Predictions from theoretical work by Gray et al. (2019, 2020) demon-
strated how shallower mixing and increasing temperatures shift the 
phytoplankton community towards a cyanobacteria- dominated one. 
A combination of altered physical and biological processes and pat-
terns might even lead to cyanobacterial mass developments (blooms; 
Kosten et al., 2012; Paerl & Paul, 2012; Pick, 2016; Urrutia- Cordero 
et al., 2016).

Phytoplankton community shifts towards a cyanobacteria- 
dominated one may result in long- term community and food- web 
changes. Cyanobacteria are of poor food quality for zooplankton 
grazers because of morphological properties, the production of 
toxic secondary metabolites (DeMott et al., 2001; Witt et al., 2019), 
inadequate stoichiometry (Gulati & DeMott, 1997), and the lack of 
essential sterols and long- chain polyunsaturated fatty acids (Martin- 
Creuzburg et al., 2008; Müller- Navarra et al., 2004).

It is questionable which of the various effects that may be as-
sociated with higher surface water temperatures cause potential 
shifts towards a cyanobacterial dominance. For example, it is diffi-
cult to disentangle the two effects of temperature and mixing depth 
on phytoplankton communities using only observational field data, 
as both environmental parameters are strongly autocorrelated. The 
same applies to the effects of light quantity and quality, as higher 
light availability is usually correlated with a wider spectrum of pho-
tosynthetically active radiation (PAR). Therefore, controlled experi-
mentation is needed.

transfer efficiencies of energy and matter between phyto-  and zooplankton and 
therefore can influence higher trophic levels such as fish.
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Here, we present data from a mesocosm experiment in a eutro-
phic lake and from a controlled laboratory experiment with natural 
phytoplankton communities to investigate cyanobacterial responses 
to manipulations of maximum mixing depth of the upper water layer 
and related light- quality shifts. Our mesocosm experiment allowed 
manipulation of mixing depth in situ by a mesocosm approach and to 
follow the effects of changing possible mixing depth in a eutrophic, 
shallow lake. In addition, our laboratory experiments (communities 
from an oligotrophic and eutrophic lake) allowed for control of tem-
perature and light quantity, thereby allowing us to disentangle the 
effects of depth- related shifts in light quality independent of shifts 
in light quantity.

Using such a comprehensive experimental approach we tested 
whether: (H1) reducing mixing depth of the upper water layer in a 
eutrophic lake promotes cyanobacterial abundance; and (H2) shifts 
towards more red light alone result in a favourable light climate for 
cyanobacteria, which are able to enhance their contribution to a nat-
ural phytoplankton community.

2  | MATERIAL AND METHODS

2.1 | Mesocosm experiment

The mesocosm experiment was carried out in Lake Bansee (NS47°5
7′52.788″EW12°26′25.527″, Southern Bavaria, Germany), which is 
a natural and shallow lake (area 3.3 ha, volume 79.900 m3, maximum 
depth 4.5 m). Even though Lake Bansee is eutrophic (total phospho-
rus, TP >30 µg/L at spring circulation), the amount of phosphorus 
available for phytoplankton (soluble reactive phosphorus, SRP) 
varies from 3 to 6 µg/L. A nutrient limitation bioassay (Andersen 
et al., 2007) revealed a strong P limitation.

Mesocosms of varying length created experimental gradients of 
mixing depth. Mesocosms were made of clear plastic (LDPE Poly- 
Verpackung, Trappenkamp, Germany), heat- sealed at the bottom, 
open to the atmosphere, with an inner diameter of 0.95 m, and at-
tached to an inflatable rubber ring as a swimming device. Five differ-
ent depths (0.5, 1, 2, 3 and 4 m) were replicated three times. All 15 
mesocosms were positioned vertically in the middle of Lake Bansee 
where the water column was 4.5 m deep. As the mesocosms were 
of different depths, the volume varied from 360 L (0.5 m) to 2,850 L 
(4 m). The mesocosms were filled with lake water filtered through 
250- µm mesh (nylon mesh, VWR collection, Ismaning, Germany) 
to exclude meso- zooplankton but ensuring a complete and diverse 
phytoplankton community. Air pumps (compressor PM 50 63B- 
12Volt; up to 6 bar) were installed to ensure an air supply and allow 
for mixing to prevent steady sinking of nutrients and plankton within 
the mesocosm. For this, a tube (4 mm) with a weight was installed 
at the bottom of each mesocosm to ensure that the whole water 
column was mixed twice a week for 20 min. Mesocosms showed in 
the middle of the experiment no stratification, however, there were 
slight stratifications at the beginning and the end of the experiment 
(see Figure S1). Therefore, maximum mixing depth was guaranteed in 

the mesocosm experiment during the main phase of the experiment. 
Mesocosms were not fertilised at any time during the experiment, 
which lasted from end- March to mid- May (42 days).

2.2 | Laboratory experiment

We established phytoplankton communities originating from two 
different pond/lakes in Southern Bavaria in semi- continuous batch 
conditions (5% exchange rate of total experimental volume of each 
bottle per day). One community was taken from a shallow eutrophic 
(TP >30 µg/L) pond (MPI pond) close to the Max Planck Institute, 
Martinsried, Germany (N48°6′25.304″ E11°27′27.6″) and the other 
from the oligotrophic Lake Brunnensee (TP <3 µg/L), Germany 
(N47°59′3.3682″ E12°26′10.403″) in early spring (25 March). We 
took a 1- L water sample from the well- mixed epilimnion and filtered 
samples through a 250- µm mesh to remove meso- zooplankton. We 
acclimated samples in a climate chamber at 20℃ and 100 µmol pho-
tons m– 2 s– 1 (12 hr/day) for 1 day prior to the start of the experiment.

To obtain an equal initial total algal biovolume of 1 mg carbon/L, 
the total volume of each phytoplankton community was determined 
with a cell counter (CASY®1 Cell Counter combined with Analyzer 
System TTC, Schärfe System GmbH, Germany), and based on these 
measurements each community was set to the same initial total phy-
toplankton volume. We used 250- ml translucent cell culture flasks 
(CELLSTAR®, Greiner Bio- one, Frickenhausen, Germany) filled with 
200 ml of each lake community. To ensure semi- batch conditions, 5% 
of the existing volume was removed and replaced (under a laminar 
flow hood) with filtered lake water (Gf/F Whatman, GE Healthcare, 
U.S.A.) for each corresponding lake every day. This approach ensured 
constant nutrient supply during the experiment. Bottles were shaken 
gently every day before exchange of medium. During the experiment, 
we exposed cultures to 65 µmol photons m– 2 s– 1 for 24 hr day– 1 at 
20℃. We chose 24- hr light exposure for fast and direct responses of 
experimental manipulations of the phytoplankton. Laboratory exper-
iments usually run on small volumes; an extended experimental dura-
tion may result in undesired strong bottle effects (wall growth etc.). 
We altered the light quality experienced by communities by varying 
the number of hours of exposure of the communities to blue and white 
light, thereby increasing the availability of red light. Five treatments 
were established, the blue (h)/white (h) light ratio ranging from 0:24 to 
6:18, 12:12, 18:6, and 24:0; these ratios being chosen to mimic differ-
ent deep- water layers. At deep mixing events, phytoplankton will be 
exposed mainly to blue light during the day, whereas at shallow mix-
ing events they will be confronted with mainly the full PAR spectrum 
(white light). Consequently, to get a better resolution of the effects of 
such spectral shifts, we chose a gradient design with discrete steps 
between the two extreme conditions. We installed white light using 
cool- white- light lamps to provide the full PAR spectrum. For blue light, 
experimental units were covered with blue- light filter screens (trans-
mission: 430– 470 nm; LEE filters, Hampshire, U.K.; see Figures S2 and 
S3). We established two replicates for each light treatment × commu-
nity type (n = 10 lake– 1). The experimental duration was 22 days.
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2.3 | Sampling and measurements

Before each sampling every mesocosm was mixed for 5 min with 
compressed air from pumps; thus, we could ensure a homogeneous 
phytoplankton sample by taking 1.5 L of water from each mesocosm 
(250- µm filtered to exclude macro-  and meso- zooplankton).

At start and final sampling dates, 100- ml water samples of each 
mesocosm and 50 ml per bottle in the laboratory experiment were 
added to brown glass bottles and preserved with Lugol's solution 
(following J.G.A Lugol 1786– 1851). To estimate the initial and final 
phytoplankton species/genera composition in both experiments, 
we counted samples fixed with Lugol's iodine using the standard 
Utermöhl technique (Utermöhl, 1958). For filamentous and colonial 
species/genera we counted individual cells. For final phytoplankton 
biovolume, counts were calculated by genus- cell- specific biovolume. 
Specific biovolume data used were from Kremer et al. (2014).

For phytoplankton biomass in the mesocosms we measured 
particulate organic carbon (POC). We filtered 100 ml of mesocosm 
(250- µm filtered) water through glassfibre filters at the start and 
end of the experiment (GF/F, 0.7 µm, precombusted for 4 hr at 
500℃ and washed in 8% hydrochloric acid prior to use). Filters were 
incubated with phosphoric acid (0.5 M) for 30 s to evaporate the 
calcite. All filters were dried for 24 hr at 60℃, placed in tin foil and 
measured with an elemental analyser (vario MicroCube, Elementar, 
Germany).

Nitrate concentrations in the mesocosms were determined by 
ion chromatography (Dionex ICS- 1100 basic integrated IC system 
with Dionex IonPac AS22; Thermo Scientific, U.S.A.). Samples were 
filtered (0.45 µm, CS 400 Syringe Filters Cellulose Acetate Nalgene, 
U.S.A.) prior to measurements. For SRP in the mesocosms, we cal-
culated the difference between TP and particulate organic phospho-
rus (PP). The TP of 12 ml of mesocosm water (250 µm filtered) was 
measured using the molybdenum blue reaction following digestion 
with 0.7 ml of sulfuric acid. Subsequently, 0.7 ml of ascorbic acid and 
0.7 ml of a reagent mixture (sulfuric acid, antimony potassium tar-
trate and ammonium molybdate solution) were added. The PP was 
analysed by filtering 100 ml of mesocosm water through glassfibre 
filters (GF/F, 0.7 µm, precombusted for 4 hr at 500℃ and washed 
in 8% hydrochloric acid prior to use) and measuring PP using the 
molybdenum blue reaction after the filter was digested in 10 ml of 
distilled water and 0.7 ml of sulfuric acid (Wetzel & Likens, 1991). 
The blue- coloured complex was measured with a spectrophotom-
eter at 880 nm after 30 min (Shimadzu UV- 1700, Shimadzu GmbH, 
Germany). Chlorophyll- a in the laboratory experiment was measured 
in vivo fluorometrically with a AlgaeLabAnalyser (bbe moldaenke, 
Schentinental, Germany).

We took zooplankton samples 14 days after filling the mesocosm 
and at the end of the experiment. For this we used a 100- µm net 
(20- cm diameter; Hydrobios, Kiel, Germany) and sampled the whole 
water column in each mesocosm according to their individual depths. 
Zooplankton was fixed with sugar formol (4% final solution, Haney & 
Hall, 1973) and then identified with a stereo microscope (Leica, MZ8, 
Wetzlar, Germany) to genus/species level.

Temperature in the mesocosms was measured with a multi probe 
(YSI Professional, Xylem, Weilheim, Germany) in 0.5- m steps accord-
ing to the depth of each mesocosm (1 day after sampling) weekly. For 
differences in temperature, we calculated and compared the mean 
temperature of every mesocosm. A detailed overview of tempera-
ture development in the different depth treatments can be found 
in the supporting information (Figure S1). The light attenuation co-
efficient k for PAR was calculated according to Lambert- Beer's law. 
For that we measured light transmission (SpectraPen SP 110- UVIS; 
PSInstruments, Czech Republic) through filtered lake water in 0.5-  
and 1- m water columns.

2.4 | Data analysis

Experimental data were analysed by univariate and multivariate 
analyses with PRIMER (Plymouth Routines in Multivariate Ecological 
Research, U.K.) version 7 and SigmaPlot 14 (Systat Software GmbH, 
Erkrath, Germany). Differences in phytoplankton community com-
position between mesocosm treatments of different depths were 
analysed using cluster analyses on a Bray– Curtis similarity matrix on 
abundance data (square- root transformed). Using exponential linear 
regression models, we were able to analyse the change in plankton 
community composition as a function of mesocosm depth in the 
mesocosm experiment or light quality exposure in the laboratory 
experiment. A non- metric multidimensional scaling analysis (nMDS) 
was carried out to examine groupings and similarity of mesocosms 
based on the phytoplankton group composition; nMDS stress value 
was 0.03. Stress values indicate how well data in a reduced two- 
dimensional space correspond with the actual multivariate distance. 
Stress values of <0.05 give an excellent two- dimensional represen-
tation, ensuring no misinterpretation (Clarke, 1993). A similarity 
percentage analysis (SIMPER; Clarke, 1993) was performed to un-
derstand the relative contribution of each algal group to commu-
nity similarities between treatments. To test significant differences 
between zooplankton groupings a one- way analysis of similarity 
(ANOSIM) was performed. Phytoplankton diversity (Shannon Index 
H′; Krebs, 1989) in the mesocosm experiment was calculated based 
on phytoplankton microscopic counts transferred into biovolume 
(see 2.3). Statistical analyses of differences in diversity with chang-
ing mesocosm depth, as well as zooplankton, carbon, water chem-
istry, and temperature data were analysed by ANOVAs. Changes in 
diversity with decreasing red light availability were analysed using an 
exponential decay regression model.

3  | RESULTS

3.1 | Abiotic factors in the mesocosm experiment

Shallow mesocosms (0.5 m, 1 m, 2 m) were on average 3℃ warmer 
(temperature averaged over the whole water column) than deeper 
mesocosms (3 and 4 m; one- way ANOVA, F(1,15) = 77.61, p < 0.001) 
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in the end of the experiment. All mesocosms showed similar tem-
perature at 0.5 and 2 m, and at no time was temperature higher than 
16℃ (see Figure S1). In the middle and towards the end there was 
no stratification in the mesocosms (see Figure S1c) and mesocosms 
were fully mixed over the whole water column.

Soluble reactive phosphorus and nitrate concentration in all 
mesocosms were significantly higher at the beginning compared 
to the end of the experiment (SRP: Holm– Sidak one- way ANOVA: 
t = 9.74; p < 0.001; nitrate: Kruskal– Wallis one- way ANOVA on 
ranks: H = 6.818; p = 0.009). However, SRP and nitrate availabil-
ity decreased in a similar way in all treatments and there were no 
significant differences between mesocosms (SRP: one- way ANOVA: 
F(10,14) = 0.81; p = 0.54; nitrate: one- way ANOVA: F(3,4) = 0.007; 
p = 0.9).

3.2 | Phytoplankton community composition in the 
mesocosm experiment

At the beginning of the experiment the total phytoplankton bio-
volume in all mesocosms was dominated by chlorophyta (80%) and 

bacillariophyta (16%) and to a lower percentage by cyanobacteria, 
chrysophyta, and cryptophyta (based on microscopic counting). 
However, at the end of the experiment the phytoplankton com-
position varied between treatments. POC decreased significantly 
from the start to the end of the experiment (Holm– Sidak one- way 
ANOVA: t = 2.46; p = 0.02). However, POC decreased in a similar 
way in all treatments and there were no significant differences in 
POC amongst mesocosms (one- way ANOVA: F(10,14) = 0.55; p = 0.7). 
Cyanobacteria dominated especially in shallow mesocosms (0.5, 
1. and 2 m) with up to 97% contribution to phytoplankton biovol-
ume compared to only 0.24% contribution in deeper mesocosms 
(Figure 1a,b). The decrease in cyanobacteria in shallow and deep 
mesocosms was statistically significant and best described by an ex-
ponential decay function with depth (y = 146.8 * exp– 0.6x; r2 = 0.8; 
p < 0.0001; Figure 1b). The contribution of bacillariophyta to total 
phytoplankton was also a function of mesocosm depth and best 
described by an exponential increase with depth (y = 4.16 * exp0.7x; 
r2 = 0.7; p = 0.0001; Figure 1b). The presence of all other phyto-
plankton groups was low in shallow mesocosms (Figure 1a).

Only shallow enclosures (0.5 and 1 m) revealed more than one 
genus of cyanobacteria (Figure 1c). Both Microcystis and Lyngbya 

F I G U R E  1   Final phytoplankton 
community composition (%) in the 
mesocosm experiment: (a) Phytoplankton 
group community composition (%) in each 
mesocosm. (b) Shifts from bacillariophyta 
to cyanobacteria dominance in different 
mesocosms. Black dots: bacillariophyta: 
non- linear regression: y = 4.16 * exp0.7x; 
r2 = 0.7; p = 0.0001. Grey dots: 
cyanobacteria: non linear regression: 
y = 146.8 * exp−0.6x; r2 = 0.8; p < 0.0001. 
Grey area and black lines represent fitted 
model and 95% confidence intervals. (c) 
Cyanobacteria taxon composition within 
the group of cyanobacteria at different 
mixing depths
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(0.1%– 0.2%) were present in shallow mesocosms; however, 
Microcystis strongly dominated the cyanobacterial communities. 
In contrast to Microcystis, Lyngbya and Pseudoanabaena sp. were 

present in deeper mesocosms (Figure 1c); however, cyanobacterial 
abundances were <1% in deep mesocosms (Figure 1b).

The nMDS plot (Figure 2) shows three distinct groups of mesocosms 
in terms of phytoplankton similarity, and SIMPER analyses of phyto-
plankton group contribution showed a similarity within mesocosm 
groups of 68.77%– 88.29%. Our analysis found the highest dissimilar-
ity (78.87%) between shallow mesocosms of 0.5 and 1 m (group a) and 
3-  and 4- m deep mesocosms (group c; Table 1). ANOSIM revealed a sig-
nificant difference occurred between 0.5-  and 1- m mesocosms (group 
a) and 3-  and 4- m mesocosms (group c; r2 = 0.88; p = 0.01). However, 
there were no other significant differences between other clusters, 
such as between groups a and b or between groups b and c.

The dominance of cyanobacteria in the shallow mesocosms was 
also reflected in the diversity (Shannon H′): the deeper the meso-
cosm the higher the phytoplankton diversity (Shannon H′; one- way 
ANOVA: F(10,14) = 14.14, p < 0.001, Figure 3), which varied from 0.1 in 
shallow mesocosms to 1.5 in deep mesocosms. Shallow mesocosms 
(0.5– 2 m) showed significantly lower Shannon H′ than mesocosms of 
3 or 4 m (Holm– Sidak: t = 3.0; p = 0.009).

3.3 | Red light availability in the 
mesocosm experiment

Whereas in the laboratory experiment the light quality was experi-
mentally manipulated, in the mesocosm experiments light quality was 

F I G U R E  2   Non- metric multidimensional scaling (MDS) plot representing phytoplankton community of each mesocosm in the end of the 
experiment with a stress value: 0.03 indicating a good fit. Shallower mesocosms are grouped together (grey triangles) showing more than 
80% similarity. Deeper and shallower mesocosms show only max. 20% similarity. Similarity calculation is based on a Bray– Curtis matrix. 
Numbers at symbols represent depth of mesocosms

TA B L E  1   SIMPER analyses showing the intragroup similarity 
(%) and dissimilarities among phytoplankton communities of 
mesocosms (%) along contribution of different phytoplankton 
groups analysed on a Bray– Curtis matrix

Factor depth (m) Group
Average 
similarity (%)

Average 
dissimilarity (%)

0.5 a 88.29 a & b: 29.89

0.5 a

0.5 a

1 a

1 a

1 a

2 b 83.73 b & c: 44.59

2 b

2 b

3 c 68.77 a & c: 78.87

3 c

3 c

4 c

4 c

4 c
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a function of mixing depth. Figure 4a shows the exponential decrease 
in red light availability relative to surface levels with increasing depth 
of experimental treatments. At 3-  and 4- m depths, less than 10% of 
red light at surface was available. Shifts in mesocosm community 
composition are seen between 2 and 3 m, where less than 15% of 
red light at surface was still available (Figure 4). Phytoplankton di-
versity decreased exponentially (exponential decay: y = 1.5exp(– 0.04x); 
r2 = 0.83; p < 0.0001) with more red light availability in the mesocosm 
(Figure 4b) and therefore increased linearly with depth (linear regres-
sion: y = 0.35x + (– 0.017); r2 = 0.82; p < 0.0001 Figure 3).

3.4 | Zooplankton in the mesocosm experiment

Although water was filtered through 250 µm when mesocosms were 
filled, zooplankton developed in the mesocosms over time through 
introduced eggs and nauplii. However, zooplankton in all mesocosms 
(on average <10 individuals/L) was rather low after 14 days com-
pared to the zooplankton abundance in Lake Bansee (on average 
~110 individuals/L). Up to the end of the experiment, zooplankton 
increased in the 0.5- m deep mesocosms significantly differently 
from all other mesocosms (Kruskal– Wallis one- way ANOVA on 
ranks: H = 8.74; p = 0.03; see Figure S4a). The increase in 0.5- m deep 
mesocosms was due to an increase in Bosmina sp. (see Figure S3b). 
In all other mesocosms the number of zooplankton (Bosmina sp. ex-
cluded) did not differ significantly between each (Kruskal– Wallis 
one- way ANOVA on ranks: H = 2.08; p = 0.15).

3.5 | Phytoplankton community composition in 
laboratory experiments

The community of oligotrophic Lake Brunnensee was dominated 
by bacillariophyta (99.79%), whereas the community of the eu-
trophic MPI pond was dominated by chlorophyta (52.12%; see 
Figure S5a,b). During the experiment the composition of both com-
munities changed drastically in relation to experimental treatments 
simulating different spectral light regimes. Both natural communities 
exposed to the full PAR spectrum were finally dominated by cyano-
bacteria (57.98% Lake Brunnensee, 94.78% MPI pond). In contrast, 
when communities were exposed to blue light initially dominant 
algal groups (bacillariophyta in Lake Brunnensee, chlorophyta in MPI 
pond; Figure 5a,b) were also dominant at the end of experiments.

However, when communities were exposed to longer periods of 
full PAR spectrum including long wavelength (red) a shift to a cy-
anobacterial dominance was seen in the phytoplankton (biomass) 
composition. In Lake Brunnensee, the community shifted to cya-
nobacterial dominance when exposed to 18 and 24 hr white light 
(exponential rise to maximum: r2 = 0.79; p = 0.04). Proportion of 
bacillariophyta decreased significantly with decreasing blue light 
availability (exponential decay: r2 = 0.82; p = 0.03). A very similar 
pattern was seen in the phytoplankton communities originating from 
the MPI pond. Proportion of chlorophyta decreased significantly 

F I G U R E  3   Shannon index (H′) of phytoplankton communities 
in mesocosms from 0.5 m to 4 m depth after 42 days of the 
experiment. Linear regression: y = 0.35x + (−0.017); r2 = 0.82; 
p < 0.0001. Grey area and black line represent fitted model and 
95% confidence intervals
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with decreasing blue light availability (exponential decay: r2 = 0.86; 
p = 0.02) and proportion of Cyanobacteria increased with increas-
ing full PAR availability (exponential rise to maximum: r² = 0.77; 
p = 0.05). At the same time total chlorophyll- a increased with in-
creasing blue light availability in the MPI pond (linear regression: 
y = 5.83x + 31.54; r2 = 0.87; p = 0.004) and in Lake Brunnensee 
(linear regression: y = 2.16x + 13.86; r2 = 0.76; p = 0.05).

4  | DISCUSSION

Our results from the mesocosm experiment support the hypothesis 
that reduced mixing depth can promote cyanobacterial abundance 
(H1). The mesocosm experiment clearly showed that reducing a 

possible mixing depth from 4 to 2 m had a large effect on the phy-
toplankton community composition. Shallower vertical mixing intro-
duces the possibility of phytoplankton being exposed to a broader 
light spectrum per se. The full PAR spectrum allows a larger number 
of functional groups to coexist, probably due to niche differentiation 
corresponding to different accessory pigments present in different 
phytoplankton species (Behl et al., 2011; Stockenreiter et al., 2013; 
Stomp et al., 2004; Striebel et al., 2009). In contrast, theoretical 
studies (e.g., Gray et al., 2019; Huisman et al., 1999, 2004) revealed 
that there are only few opportunities for species coexistence in the 
epilimnion when mixing depth is shallow because of a shift in the 
competitive balance of sinking and motile/buoyant phytoplankton. 
In our mesocosm experiment, phytoplankton communities in shal-
low mesocosms showed lower diversity (Shannon Index) than those 

F I G U R E  5   Phytoplankton group 
composition (%) at different red light 
availability after 22 days of laboratory 
experiment in (a) oligotrophic Lake 
Brunnensee and (b) in eutrophic MPI 
pond. Black dots represent chlorophyll- a 
(µg/L) ± SD
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in deeper mesocosms. Reduced mixing depth due to increasing water 
surface temperatures could therefore result in undesired reduced 
phytoplankton community composition or even toxic blooms by fa-
vouring single phytoplankton groups. Our results from a eutrophic 
water body and a bloom- forming cyanobacterial genus (Microcystis) 
are in accordance with other studies: such species are well known 
to be able to dominate phytoplankton communities (Huisman 
et al., 2004; Visser et al., 1996; Zohary & Robarts, 1990). However, 
one could imagine cases where cyanobacteria would have opposite 
effects: for example, by maintaining high diversity through facilita-
tion by nitrogen fixation. One experimental example of cyanobacte-
ria acting as a stabilising force was described by Carey et al. (2017), 
where the genus Gloetrichia had positive effects on phytoplankton 
community dynamics in an oligotrophic lake.

In our mesocosm experiment the potentially toxic cyanobacte-
rial genus Microcystis strongly dominated (up to 97% of total phy-
toplankton biovolume) the phytoplankton communities of shallow 
mesocosms, even if it was initially scarce. The rapid increase of 
Microcystis can be explained by two mechanisms. Firstly, the differ-
ent light quality accompanying decreasing mixing depths could have 
favoured cyanobacteria. Previous studies into the effects of global 
climate change on phytoplankton communities typically manipulated 
temperature, nutrients, and light as quantitative resources (Berger 
et al., 2010; Blomqvist et al., 1994; Scheffer et al.,1997; Smith, 1986). 
However, the quality of light had rarely been considered in these 
studies. In their survey of 143 lakes, Kosten et al. (2012) showed 
that lakes with higher light absorbance had a higher cyanobacterial 
contribution to total phytoplankton biomass in very shallow lakes 
and speculated that this could be due to differences in the under-
water light conditions; however, they did not specify further which 
light conditions were stimulating which phytoplankton groups. 
Interestingly, not all mesocosms in our experiment were dominated 
by Microcystis, which is one of the main bloom forming cyanobacte-
ria genera. Its various abilities that enable it to have superiority over 
other species include a very dynamic genome and the ability to pro-
duce numerous biochemical metabolites influencing phytoplankton 
population dynamics (Harke et al., 2016; Wilhelm et al., 2020). For 
example, phytoplankton at shallower mixing depths is exposed to 
more UV radiation, which has negative effects on photosynthesis; 
Microcystis is known to produce extracellular metabolites that pro-
tect them from UV radiation (Xu et al., 2013).

As mixing depth increased, the contribution of cyanobacteria in 
general and Microcystis in particular declined. Instead, the cyano-
bacterial genera Lyngbya and Pseudoanabaena were found in small 
amounts in deeper mesocosms. Both genera are known to contrib-
ute substantially to phytoplankton growth in deeper water layers 
(Overmann & Tilzer, 1989). Lyngbya, for example, contains phyco-
bilins that have absorption peaks at red light wavelengths (Suda 
et al., 1998); however, it can also grow in very low light intensities (as 
can Pseudoanabaena) (Overmann & Tilzer, 1989; Romo, 1994), such 
as in the deeper mesocosms. However, in our experiment, the over-
all contribution of cyanobacteria to total phytoplankton biovolume 
was less than 5% in the deeper mesocosms (3 and 4 m), which were 

dominated mainly by bacillariophyta. Together with the decreasing 
red light availability (less than 10% of the surface value) in deeper 
mesocosms, cyanobacteria decreased and bacillariophyta, together 
with chlorophyta and crysophyta, dominated the deeper meso-
cosms. It has also been shown theoretically (Gray et al., 2019) and 
experimentally (Selmeczy et al., 2018) that a deepening of the mixed 
layer can cause blooms of low- light adapted cyanobacterial species 
of the genus Planktothrix. However, Planktothrix is mostly found in 
large deep lakes and was not found in our experimental systems. 
Secondly, the temperature differences between shallow and deep 
mesocosms may also contribute to the observed cyanobacterial 
bloom, because cyanobacteria prefer warm temperatures (Huisman 
et al., 2018; Paerl & Huisman, 2008). A reduction in mixing depth 
resulted in an increase in average temperature by up to 4℃ in our 
mesocosm experiment. However, full mixing of the water column of 
each mesocosm was achieved via artificial mixing using a pressure 
lift twice a week. Temperatures at 0.5 m were equal in all mesocosms 
and in the middle of the experiment there was no measurable strat-
ification. Usually, cyanobacterial growth rates reach their optima 
when growth rates of eukaryotic taxa decline (Huisman et al., 2018; 
Paerl & Huisman, 2009 ). In our mesocosm experiment, cyanobac-
teria occurred mainly at water temperatures above 15℃, and this 
threshold was not passed in deep mesocosms (maximum tempera-
ture at the end of the experiment 12– 13℃). Even though tempera-
tures in our mesocosm experiment were not likely to represent the 
optimal temperatures for the growth of most cyanobacteria (above 
20℃, see also Huisman et al., 2018), cyanobacteria were still able to 
outcompete eukaryotic phytoplankton. These direct effects of tem-
perature on cyanobacteria might be amplified due to global warming 
as the surface water warms more rapidly (Paerl & Huisman, 2009). 
Additionally, the temperature profile showed slight stratification 
in the mesocosms and upper layers where equally warm in the end 
of the experiment. However, all mesocosms were artificially mixed 
twice a week for 20 min, preventing deeper mixing in longer meso-
cosms. This prevented stratification conditions in the middle of the 
experiment. Hence, our results show that increasing water tempera-
tures might not only increase cyanobacterial abundances directly, 
but also indirectly through associated declines in water column mix-
ing depth that increase exposure to the full PAR spectrum, which 
includes substantial amounts of favourable red wavelengths. While 
in the mesocosm experiment, the two mixing- depth- related factors 
discussed above, temperature and light availability, cannot be disen-
tangled easily, the laboratory experiment provided more clarity, as it 
allowed greater experimental control.

4.1 | Disentangling co- varying abiotic factors 
enhancing cyanobacterial abundance

By keeping temperature and light quantity controlled we were able 
to manipulate light quality independently of the two other naturally 
co- occurring and confounding environmental parameters influenc-
ing phytoplankton growth. Our laboratory experiments supported 
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our hypothesis that shifts in light spectrum alone are a strong 
enough driver to result in a favourable light climate for cyanobacte-
ria and enhance cyanobacterial abundance (H2).

In both natural phytoplankton communities, the dominant 
phytoplankton groups, chlorophyta and bacillariophyta, benefited 
from a reduced PAR spectrum towards shorter wavelengths (blue). 
In contrast, cyanobacteria showed increasing abundance with an 
increased exposure to a full PAR spectrum including longer wave-
lengths (red). Hence, consistent with the observations from the me-
socosm experiment, cyanobacteria prevailed under simulated future 
light conditions. Cyanobacteria rapidly increase under a more full 
PAR spectrum and therefore more available red light. Increasing the 
daily exposure to a full PAR spectrum in the laboratory experiments 
is functionally similar to reducing mixing depths, as performed in 
the mesocosm experiments. In both cases, phytoplankton are more 
exposed to light of longer wavelength in the PAR spectrum. If cul-
tures were exposed to more than 12 hr of white light, cyanobacteria 
dominated in both natural communities. Interestingly, this pattern 
was completely independent of which functional group dominated 
the community initially and whether the phytoplankton originated 
from an oligotrophic (bacillariophyta- dominated) or a eutrophic 
(chlorophyta- dominated) system.

4.2 | Drastic shift in natural phytoplankton 
communities

A surprising outcome of our mesocosm and laboratory experi-
ments was the sudden shift from bacillariophyta/chlorophyta-  to 
cyanobacteria- dominated communities. The rate of change towards 
cyanobacterial dominance from a eukaryote- dominated phytoplank-
ton community related to mesocosm depth was much faster than ex-
pected. Our mesocosm experiment was conducted at temperatures 
(below 20℃) that are not known to strongly stimulate cyanobacte-
rial abundances (Paerl, 2008; Zohary & Robarts, 1990). Furthermore, 
in the laboratory experiment, 20℃ represented early summer tem-
peratures rather than the very warm late summer surface tempera-
tures often related to cyanobacterial blooms.

The abrupt change in the composition of the phytoplankton 
community at different mixing depths and the associated shift from 
a eukaryote- dominated to a cyanobacteria- dominated community 
can indeed have its mechanistic root in the effects of light qual-
ity and the physiological properties of the corresponding photo-
systems. For example, photosynthesis in cyanobacteria can be 
negatively influenced by blue light. Luimstra et al. (2018, 2020) 
showed that there is a major imbalance in electron transport be-
tween photo system (PS)I and PSII in the cyanobacterial genus 
Synechocystis. Cyanobacteria have more chlorophyll in PSI than in 
PSII. This imbalance, however, is compensated by the presence of 
phycobilins absorbing at red/orange wavelengths leading to a lin-
ear electron transport between the two PSs (Joshua et al., 2005; 
Mullineaux, 2008; Van Thor et al., 1998). In blue light, these phy-
cobilins cannot absorb enough light, and a linear electron transport 

is no longer guaranteed (De Marsac, 2003; Luimstra et al., 2018; 
Six et al., 2007). Luimstra et al. (2018) showed that growth rates 
of Synechocystis were significantly lower than those of chlorophyta 
when cultivated under a mixture of blue and red light and when the 
ratio of red to blue light was below 20%. However, the observed 
shift in the phytoplankton community was additionally reinforced 
by a second possible mechanism. Under conditions where cyano-
bacteria show high photosynthetic performance, bacillariophyta, in 
contrast, decrease their efficiency. Valle et al. (2014) showed that 
the photosynthetic efficiency of PSII in the diatom Phaeodactylum 
decreased at high red light levels in comparison to white or blue 
light. This is mainly due to a lack of mechanisms to prevent and re-
pair photodamage under red light conditions and, at the same time, 
genes important for encoding proteins for PSII repair are highly de-
pendent on the signal of a blue- light receptor (Schellenberger Costa 
et al., 2013). That light quality is also important for the benthic 
community in streams was shown by DeNicola et al. (1992). In areas 
heavily shaded by dense tree canopy, less red light was measured 
under water. This had a strong influence on the composition of the 
bacillariophyta- dominated benthic communities. In both our meso-
cosm and laboratory experiments, cyanobacteria increased with the 
share of red wavelengths in the available PAR, and chlorophyta and 
bacillariophyta replaced cyanobacteria at high blue light availability. 
This in turn leads to alterations in the electron transfer efficiency 
under red light conditions.

In the laboratory experiment we could show that biomass dom-
inated by bacillariophyta was even higher in treatments when ex-
posed to more blue light.

5  | SUMMARY AND CONCLUSION

Our results show that shifts in the available light spectrum that ac-
company changes in mixing depth may affect the phototrophic base 
(phytoplankton communities) of food webs. These phytoplankton 
community shifts are likely to influence dynamics at higher trophic 
levels and thereby affect entire pelagic food- web processes. This 
will have far- reaching consequences at higher trophic levels, such 
as the match- mismatch scenarios described by Sommer et al. (2012). 
For example, an altered phytoplankton community as described here 
can then cause strong changes in the zooplankton community, which 
in turn can lead to a temporal mismatch between zooplankton and 
juvenile fish.

In our experiment, we could exclude nutrients as the driving 
force for this strong change within the phytoplankton community 
from eukaryotes to cyanobacteria. In the mesocosm experiment, 
nutrients decreased over time, but this was not significantly in all 
treatments. The laboratory semi- batch conditions ensured a con-
stant nutrient supply. Hence, other resource- related parameters, 
such as light availability at certain wavelengths, needs to be taken 
into account when predicting possible changes in phytoplankton 
communities and cyanobacterial blooms (Pace et al., 2017) related 
to global change.
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