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The natural environment of phytoplankton is variable in manifold ways. Light, as essential
resource for photosynthetic phytoplankton, fluctuates in its intensity (quantity) as well
as spectrum (quality) over great temporal scales in aquatic ecosystems. To elucidate
the significance of temporal heterogeneity in available light spectrum for phytoplankton,
we analyzed the growth of four marine North Sea species (chlorophyte Tetraselmis
sp., cryptophyte Rhodomonas salina, cyanobacteria Pseudanabaena sp., raphidophyte
Fibrocapsa japonica), in monoculture as well as the dynamics of these species in
pairwise competition experiments under blue and green light. These species were
chosen as they differ in their absorption of light, the colors were chosen to contrast
the absorption by chlorophylls (blue), carotenoids (partially green) and phycobiliproteins
(green). Light colors were either supplied constantly or along a gradient of fluctuation
frequencies (hourly to weekly alternation) between blue and green but always with the
same photon flux density. When constantly supplied (no change in color), the color
of light led to significant differences in growth rates and carrying capacities of the
species, with Pseudanabaena sp. being the only one profiting from green light. Under
alternating light color, the maximum growth rate of R. salina was higher with faster light
color fluctuations, but lower for Pseudanabaena sp. and did not show significant trends
for F. japonica and Tetraselmis sp. Accordingly, competition was significantly affected
by the light color treatments, under constant as well as fluctuating supply conditions.
However, we did not detect considerable changes in competitive outcomes between
fluctuating light colors vs. constant light color supply. As the underwater light in natural
ecosystems is rather variable than constant, our results of fluctuations within the light
spectrum highlight their frequency-dependent effects on growth and competition. While
fluctuating light colors affect the growth and capacity of species, our tested fluctuations
did not have major effects on species competition.

Keywords: phytoplankton, light spectrum, fluctuations, frequency, PAR, growth rate, carrying capacity,
competition
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INTRODUCTION

As primary producers, phytoplankton considerably affect
processes like the cycling of elements (Falkowski et al., 1998)
and control the food webs by limiting the growth of nearly all
higher trophic levels (e.g., Falkowski, 2012). Aquatic primary
production strongly depends on the availability of light and
nutrients (Falkowski, 1994; Field et al., 1998; Elser et al., 2007).
In water, light intensity is attenuated exponentially with depth
due to absorption and scattering processes by water molecules,
particulate and dissolved organic matter (Stomp et al.,, 2007a;
Kirk, 2011). Moreover, the attenuation of light is wavelength-
dependent, based on the optical properties of water and creates
a vertical gradient in underwater light colors. Thus, in clear
water bodies like the open oceans, the light absorption by water
molecules themselves shift the watercolor bluish (Stomp et al.,
2007a; Kirk, 2011). Thereupon, in coastal seas and lakes high
loads of organic matter can lead to a dominance of brownish
wavelengths and the light absorption by phytoplankton can
color the water more greenish (Morel, 1980; Stomp et al., 2007a;
Kirk, 2011). Characterized by its intensity, i.e., quantity, and
wavelengths, i.e., light quality, the variability in light influences
not only the productivity but also the distribution (horizontally
as well as vertically) and diversity of phytoplankton (Wall and
Briand, 1979; Falkowski, 1994; Holtrop et al., 2021).

Furthermore, natural environments are fluctuating at multiple
scales and affect the living organisms in manifold ways
(Bernhardt et al., 2020), with particularly high fluctuations in
light. The fastest light fluctuations underwater are those induced
by surface ripples as they briefly focus and diffuse the incident
light, similar to a lens, within seconds (Dera and Gordon, 1968;
Walsh and Legendre, 1983; Falkowski, 1984). Slower causes of
light fluctuations are a changing cloud cover in the range of
minutes and diurnal changes (Walsh and Legendre, 1983; Ferris
and Christian, 1991). Aquatic organisms further encounter light
intensity fluctuations induced by semi-diurnal tidal changes and
phytoplankton species are subjected to light variations, both
quantitatively and qualitatively, due to vertical mixing in the
timespan of minutes to hours (Denman and Gargett, 1983; Walsh
and Legendre, 1983; Falkowski, 1984). Moreover, with future
predictions of altered water temperatures, wind conditions and
precipitation pattern the light availability and light fluctuation
for phytoplankton is expected to change as well due to climate
change (Saros et al., 2012; Sydeman et al., 2014; Somavilla et al.,
2017; Dutkiewicz et al., 2019).

With having pigments of different properties and quantity,
phytoplankton possess structures to absorb the prevailing light as
efficiently as possible, even under sub-optimal conditions. These
pigments harvest the light photons of the photosynthetic active
radiation (PAR) according to their absorption characteristics
and transfer their energy to the light reaction of photosynthesis
(Falkowski and Raven, 2007; Roy et al., 2011).

The chlorophylls have two absorption peaks, one in the
blue of 400-500 nm and one in the red of 600-700 nm
of the light spectrum, but almost no absorption of green
light between 500 and 600 nm (Kirk, 2011; Croce and
van Amerongen, 2014). Carotenoids, however, absorb in the

short-wavelength region between 300 and 500 nm and thus,
contrary to the chlorophylls, to a small extent in the green
part (Kirk, 2011). Phycobiliproteins occur in Rhodophyta,
Cryptophyta, and Cyanophyta and are, except a few carotenoids,
the only pigments absorbing the PAR in the “green gap” at
500-600 nm (Croce and van Amerongen, 2014).

Because of their different light absorption characteristics,
species-specific pigment compositions and thus light-harvesting
strategies may allow the coexistence of phytoplankton species
along the vertical light gradient (Wall and Briand, 1979; Stomp
et al., 2007b; Holtrop et al., 2021). Indeed, several studies
showed that for calm conditions the vertical distribution of
phytoplankton species within the water column can be linked
to the available light quality (Bidigare et al., 1990; Stomp et al.,
2007b; Hickman et al., 2009), indicating that the outcome of
phytoplankton competition for light is not determined solely
by the given light intensity but also by the availability of
different wavelengths.

This adds a complete additional dimension to the high
diversity in morphology such as size or motility and
biochemistry such as storage products or nutrient uptake
mechanisms of phytoplankton as a potential explanation
of Hutchinson’s “paradox of the plankton” (Hutchinson,
1961). An underexplored mechanism for the high diversity in
phytoplankton might be this twofold multi-dimensionality, both
of the variable supply by light fluctuations and the use, i.e.,
light acquisition traits. Hutchinson supposed that in nature the
assumed steady-state never occurs as environmental changes are
faster than the process of competitive exclusion (Hutchinson,
1961). Thus, temporal variability in an environment may
be an important aspect preventing competitive exclusion
(Richerson et al., 1970; Tilman et al., 1982). Although there
is great evidence that varying light conditions do support
the biodiversity of phytoplankton (Litchman, 1998, 2003;
Floder et al., 2002; Floder and Burns, 2005), evidence for a
linkage between fluctuating light spectrum and phytoplankton
competition is rare. Stomp et al. (2008) showed that light
color fluctuations are an important factor for the coexistence
of phytoplankton species, especially those with periods that
are comparable with weather-induced light fluctuations. For
fluctuations in light color, no coexistence was observed but
species with a flexible phenotype had a clear advantage under
fluctuating light colors. However, competition of phytoplankton,
especially eukaryotic species, under fluctuating light color is still
barely examined.

Luimstra et al. (2020) showed that the photosynthetic
efficiency is also a function of light color. They studied
competition between a green alga and a cyanobacterium,
both harvesting different ranges of the light’s spectrum, under
mixtures of blue and red light. As long as blue light was available,
the green alga competitively excluded the cyanobacterium and
the cyanobacterium won competition only under 100% red light
so that coexistence was never observed, but the color of light
determined the competition outcome. Thus, coexistence under
white light cannot be expected in general although two species
absorb in two different regions of the light spectrum (Luimstra
et al., 2020; Tan et al., 2020).
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FIGURE 1 | Scheme of experimental setup. (A) Species absorption spectra scaled by z-transformation and (B) the supplied light spectra in relative photon flux
density (PFD). The supplied light was adjusted to 50 wmol photons m=2 s~" integrated over the PAR range for each treatment. (C) Experimental setup by placing two
culture microwell plates above the LED array in combinations according to the treatments. Uniformly distribution of LEDs, sufficient distance and a reflective coating
of the boxes’ walls and lid ensured a homogenous light distribution for all positions. Temperature control was implied by the opening at the right side of the opaque
box. (D) Treatments time schedule stating the fluctuation frequency (f) for an example duration of 14 days. Treatments were considered as “constant” (CLB, CLG,
CLBQ) if the applied spectrum did not alternate and “fluctuating” if the spectrum alternated (between blue and green) throughout the experiment. They were
conducted in replicates of 6 for monocultures and 4 for pairwise species mixtures for each treatment and box, respectively.

The impact of temporal variations in light quality is a
remaining question but may be an important contribution
explaining the coexistence of phytoplankton species. In aquatic
environments with intense vertical mixing, calm conditions are
the exception rather than the rule. Therefore, we conducted a
laboratory experiment with four marine phytoplankton species,
showing different light-absorption and investigated their growth
under two different light colors, blue and green in monoculture
as well as in two-species mixtures. Light was supplied constantly
as well as fluctuating with different frequencies to test the effect of
fluctuating light color on growth and competition of the species.

We tested the following hypotheses:

H2: Species showing differences in the performance under
blue and green light will be negatively affected by light
fluctuations, both in monoculture and mixed culture, as
the usable light is reduced on average over time. However,
outcomes will depend on the frequency of light fluctuations.
The negative effect should disappear for high frequencies as
short periods of unsuitable light can be outlasted.

H3: In general, if two species compete for the same light
spectrum, the species with the higher growth rate will
dominate. If two species use blue and green light differently,
resulting in dissimilar performances, they can coexist under
blue-green light.

H1: The performance of phytoplankton species depends on
species-specific light-harvesting strategies under blue and
green light conditions. That is, a higher performance is
expected for species possessing a complementary pigment
composition and thus can use the light spectrum provided
more efficiently as compared to other species.

MATERIALS AND METHODS

Phytoplankton

Species were selected according to their light-harvesting
properties by means of light absorption. The chlorophyte
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Tetraselmis sp. (in following abbreviated as Tet) and the
raphidophyte Fibrocapsa japonica (Fib) were chosen and
suggested as species, potentially favoring blue light. As potentially
green-light using species, the cryptophyte Rhodomonas salina
(Rho) and the cyanobacterium Pseudanabaena sp. (Pse) were
selected, both known to contain phycoerythrin. Strains of the
latter species are further known for being able to adjust their
cellular pigment ratio of phycoerythrin:phycocyanin with light
quality (Tandeau de Marsac, 1977; Bryant and Cohenbazire, 1981;
Stomp et al., 2008). All phytoplankton species were originally
isolated from the German bight in the North Sea. They were pre-
cultivated in f/2 medium according to Guillard and Ryther (1962)
and Guillard (1975) at 18°C and under the same white light with
an intensity of about 30 tmol photons m~2 s~ ! and a day:night
cycle of 12:12 h.

Experimental Setup

For the experiment, cultures were grown in f/2 medium (Guillard
and Ryther, 1962; Guillard, 1975) using transparent 24-well cell
culture plates (Greiner Bio-One) in opaque boxes (Figure 1).
The temperature was kept constant at 20°C. We applied constant
light treatments with blue (CLB), green (CLG) and blue-green
(CLBG) light, as well as five fluctuating light treatments (FL) with
light fluctuating between blue and green light with the following
frequencies (Figure 1): 1 h blue/1 h green: frequency = 12 day ™1,
7 h blue/7 h green: frequency = 1.71 day~ %, 1 d blue/1 d green:
frequency = 0.5 day !, 2 d blue/2 d green: frequency = 0.25
day~!, 7 d blue/7 d green: frequency = 0.07 day~!. All light
treatments experienced a day:night cycle of 14:10 h that refers
to light intensity. Day:night cycle of light intensity (14:10 h)
and temperatures were monitored with temperature/light data
loggers (HOBO Pendant MX2202, Onset). As it was not possible
to randomize the plates wells within the setup, we used a
maximal number of replicates (6 for each monoculture and
4 for each mixture, per box and respective treatment) which
were placed across two well plates per box. Within the boxes,
well plates were illuminated from below with small high-power
light-emitting diodes (LEDs). Blue light was obtained from
single-colored blue LEDs with a peak emission at 445 nm
(Csspm1.14, OSRAM), overlapping greatly with the regarding
chlorophyll peak. For green light, white LEDs (Highpower
IW 3,000-4,000°K, World Trading Net GmbH & Co. KG)
were covered with a green light transmission foil (LEE Filter
088, LEE Filters Worldwide), resulting in a peak emission at
approximately 575 nm. This matches with reported absorption
values of phycoerythrin in Rho (545-565 nm, e.g., da Silva
et al., 2009; Heidenreich and Richardson, 2020) and Pse (560-
570 nm, e.g., Stomp et al., 2008; Acinas et al., 2009). Due to
differences in total light output between the blue LEDs and
the white LEDs with the light filter, the number of LEDs per
box were adapted. By the uniformly distribution of LEDs, a
sufficient distance to the well plates as well as reflective coating
of the boxes walls and lids a homogeneous light distribution
was ensured for all positions. The light output was measured as
photon flux density (jumol photons m~2 s~!) with a spherical
PAR-sensor (US-SQS/L Submersible Spherical Micro Quantum
Sensor, Walz, with LI-250A, LI-COR), integrating the irradiance
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FIGURE 2 | Maximum growth rate (A) and carrying capacity (B) for
monocultures [Fibrocapsa japonica (Fib), Pseudanabaena sp. (Pse),
Rhodomonas salina (Rho), and Tetraselmis sp. (Tet)] under constant light.
Colors indicate constant light treatment (CLB, constant blue light; CLBG,
constant blue-green light; CLG, constant green light).

over the PAR range (400-700 nm). Photon flux density was set
to 50 pmol photons m~2 s~ ! in total for each light treatment,
by adjusting the LEDs via constant current reduction (KSQ1000
V2.0, KT-Elektronik GmbH). This has the advantage of stepless
adjusting without inducing high-frequent fluctuations (Schulze
et al., 2017). The light fluctuations as well as the day:night
cycle were programmed with a microcontroller (Arduino Nano,
Arduino AG). Accurate timing was specified with a connected
real-time clock (DS1307, LC Technology).

Sampling and Measurements

The experiment lasted 16 days. Each well in the culture plates
was filled with a total volume of 2 mL and all monocultures as
well as mixed cultures were inoculated with the same biovolume
concentration of 1.2*10° um? mL™!. Consequently, biovolume
concentrations of the respective species in mixed culture were
half of that in monoculture. Species-specific biovolume was
estimated based on geometric shapes by measuring the size
parameter of at least 20 randomly chosen cells according to
Hillebrand et al. (1999) and Olenina et al. (2006).

Daily measurements included blank-subtracted optical
density (OD4504m) (Supplementary Figure 1) as well as in vivo
absorption spectra (300-805 nm, in steps of 1 nm, as absorbance
per wavelength, see Supplementary Figure 3) using a microplate
reader (Synergy H1, BioTek). Before measurements, culture
plates were shaken gently to homogenize the cultures. Every
4 days 10% of the cultures were sampled and exchanged with
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TABLE 1 | Monocultures under constant light.

ANOVA Log(rmax) Log(K)

Effect F p F p
Species 25.6 <0.001 537.9 <0.001
Treatment 12.3 <0.001 111 <0.001
Species * Treatment 3.4 <0.01 8.3 <0.001
Post-hoc test

Species comparison diff p adj diff p adj
Pse-Fib -0.692 <0.001 0.312 <0.001
Rho-Fib -0.351 0.128 —2.088 <0.001
Tet-Fib 0.631 <0.001 0.525 <0.001
Rho-Pse 0.341 0.147 —2.401 <0.001
Tet-Pse 1.323 <0.001 0.213 <0.05
Tet-Rho 0.983 <0.001 2.614 <0.001
Treatment comparison

CLBG-CLB -0.108 0.709 0.100 0.268
CLG-CLB -0.633 <0.001 0.294 <0.001
CLG-CLBG -0.524 <0.001 0.194 <0.01

Two-factorial ANOVA of log-transformed maximum growth rates (rmax) and
carrying capacity (K) with F and p-values (species df = 3, treatment df = 2,
species*treatment df = 6, residuals df = 60) and summary of post-hoc tests
(Tukey HSD) for differences between phytoplankton species and light treatments.
Both growth parameters were obtained by logistic growth curve fits. For each
comparison, differences in mean (diff) and adjusted p-values (p adj) are shown.
Significant effects (p < 0.05) are highlighted in bold. Species were abbreviated as
Fib, Fibrocapsa japonica; Rho, Rhodomonas salina; Pse, Pseudanabaena sp.; and
Tet, Tetraselmis sp. Treatment abbreviations indicate constant CLB, blue light; CLG,
constant green light and CLBG, constant blue-green light in simultaneous supply.

fresh, sterile medium to compensate culture volume loss and
avoid nutrient limitation. Samples were fixed with Lugols
iodine solution and microscopically counted (DM IL inverted
microscope, Leica) to monitor population dynamics and
respective proportions in mixtures. Monocultures were not
counted but checked for contaminations by other species.

Statistical Analysis

Based on daily ODys¢,,, measurements, logistic growth curves
were fitted per experimental unit to predict the parameters of
maximum growth rate (r,4x) and carrying capacity (K) (Eq. 1)
of monocultures and mixed cultures with Ny as the ODys9,,, at
the beginning and t the day of the experiment (Supplementary
Figure 2).

K x N()
(No + (K—=Np) x e~ Tmax x )

ODysopm = (1)

Carrying capacities were converted from OD measurements into
biovolume concentration (mm? mL~') based on dilution series
and microscopic determinations to clarify differences between
species. Linear regression models were fitted to test for a
linear relationship for these calibrations for each monoculture.
For two-species mixtures, linear relationships between the
experimentally measured optical density values and counted cell
concentrations were calculated. Analysis of variances (ANOVA)
were conducted to test for significant treatment effects on

I'max and K, including treatment and species as independent
variables. Significant differences among treatments and species
under constant light were tested using post-hoc tests (Tukey
HSD test). For fluctuations (as frequency day_l) we estimated
linear relationships between fluctuation frequency and ry,qy or
K, respectively. A significant fit of the linear regression slope
indicated whether the r,,, or K were positively or negatively
correlated to fluctuation frequency. A positive correlation
indicated a higher 1,4y or K, respectively, with higher fluctuation
frequency, ie., the faster the light color fluctuated. ANOVA
assumptions of normality and homoscedasticity were checked by
Shapiro-Wilk-Test and Levene’s test, respectively. If necessary,
log transformation was applied to fit the assumptions.

All statistical results were interpreted as significant for
a significance level of a = 0.05 and all statistical analysis
were performed with R version 4.0.2 (R Project for Statistical
Computing, RRID:SCR_001905, R Core Team, 2020). Fitting
of logistic growth curves and ANOVA was performed with
the “stats” package (R Core Team, 2020). Levenes test for
homoscedasticity was performed with the “car” package (Fox and
Sanford, 2019). All plots were done with the “ggplot2” package
(Wickham, 2016).

RESULTS

Monoculture Performance Under

Constant Light—Growth and Carrying
Capacity

Maximum growth rates (r,.x) and carrying capacities (K) were
significantly affected by the light treatments (Figure 2, significant
treatment effect, Table 1) and showed species-specific responses
(Figure 2, species and species * treatment effect, Table 1). In
general, highest r,,,x were observed under blue light whereas
green light resulted in species’ lowest 1. (Figure 2). Post-hoc
tests revealed that phytoplankton ry,,y did not differ significantly
between the blue and blue-green light treatments (Figure 2A
and Table 1), however, 1y, under green vs. blue light as well
as I'jyay under green vs. blue-green were significantly different
(Figure 2A and Table 1). K was overall highest affected by
green light (Figure 2B, significant treatment effects and treatment
comparison, Table 1) but did not differ between blue and blue-
green light.

Species comparison showed that Tetraselmis sp. (Tet) had
significantly higher ry, than all other species and Fibrocapsa
japonica (Fib) significantly higher r,,4x than Pseudanabaena sp.
(Pse), while the ry,, did not significantly differ between the
other species comparisons. In contrast, species K were overall
species-specific, meaning significant differences for all species
comparison were obtained (Table 1), with the highest K for Tet.

Monoculture Performance Under
Fluctuating Light— Growth and Carrying
Capacity

Frequency effects of light color fluctuation on rp, and K of
phytoplankton monocultures depended on the species identity
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FIGURE 3 | Maximum growth rate (A-D) and carrying capacity (E-H) for monocultures related to fluctuation frequency (displayed as fluctuation frequency per day
on log-scale). (A): Fibrocapsa japonica (Fib), (B): Pseudanabaena sp. (Pse), (C): Rhodomonas salina (Rho), and (D): Tetraselmis sp. (Tet).

(Figures 3, 4 and Table 2, significant interactive effect of
species * frequency). While 1y, of Fib was not affected
by light fluctuations and K only marginally positive affected
(Figures 3A,E and Table 2) growth rates of Pse decreased
with increasing fluctuation frequency whereas carrying capacity
increased with fluctuation frequency (Figures 3B,F and Table 2).
Maximum growth rates of Rhodomonas salina (Rho) increased
with faster frequency of light fluctuation (Figure 3C and Table 2)
while no significant effect of fluctuation frequency on K (although
a decreasing trend) was observed (Figure 3G and Table 2).
Maximum growth rates and K of Tet tended to increase with
faster frequency of light fluctuation (Figures 3D,H and Table 2),
however, as the lowest fluctuation frequency resulted in highest
growth rate (first week of experiment exposed to blue light before
switched to green) this trend was not significant (Figures 3D, 4A
and Table 2).

Mixed Culture Performance Under
Constant Light—Growth, Capacity and

Species Proportion

Maximum growth rates as well as K of the two-species mixtures,
as total response of both species together (Fib+Tet, Pse+Rho,
Pse+Tet, and Rho+Tet), were significantly affected by light
treatment and species mixture (Table 2), with highest r,,,,, under
blue light and lowest rq under the green light treatment
while K was significantly higher under green light compared to

blue light (Figure 5, significant treatment effects and treatment
comparison, Table 3).

The two-species mixtures reflect the performance of the
included species, mixtures containing Tet generally performed
better than others while mixtures containing Rho showed lower
performance than other mixtures (Figure 5, species mixture
comparison, Table 3).

Furthermore, the light treatment effects (light color) also
depended on the containing species, thus mixed cultures
including Tet had overall higher r,,,, under blue light than under
blue-green and lowest under green light while such light effects
ON TI'y;4 Were not observed in other mixtures.

The two-species mixtures’ K was mainly species-specific, thus
mixtures including Tet had highest K while mixtures containing
Rho had lowest K compared to other mixtures (Figure 5, species
mixture comparison, Table 3). The light treatment effects, in
terms of light color, of the two-species mixtures’ K only existed
between blue and green light treatments (Figure 5 and Table 3).

Mixed Culture Performance Under
Fluctuating Light— Growth, Capacity, and

Species Proportion

Frequency of blue-green light fluctuations significantly affected
I'max and K of species mixtures (Figure 6 and Table 4). While
the overall growth rates of mixtures decreased with increasing
frequency (Figure 6 and Table 4), the slopes of fitted linear
relationships between growth rates and frequency of individual
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mixtures were not significant except for Pse+Tet (Figure 7A
and Table 4). K was significantly affected by frequency and
species mixture, here K increased significantly with increasing
fluctuation frequency for Pse+Rho, Pse+Tet, and Rho+Tet
(Figure 7B and Table 4).

Composition of Mixed
Cultures —Relative Biovolume Under
Constant and Fluctuating Light Colors

In mixture under constant light conditions, almost all
combinations showed significant effects of the supplied
light (except Fib+Rho, Figure 8 and Table 5). While Pse showed
significantly lower relative biovolume under blue light compared
to blue-green and highest relative biovolume under green light
in mixture (Figure 8 and Table 5), the respective other species
contained in the two-species mixture showed the opposed
effect. The light treatment dependent relative biovolume of the
other species generally reflected the preferences observed in
monoculture, however, it depended also on the combination
of species. Rho showed higher relative biovolume under blue
light when combined with Pse while Rho showed higher
relative biovolume under green light when combined with Tet
(Figure 8). Similar to the observations under constant light, Tet
was the dominating species in mixed cultures under fluctuating
light conditions.
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FIGURE 4 | Slopes from the relations between fluctuation frequency and
responses in maximum growth rates (A) and carrying capacities (B) of the
monocultures, calculated based on linear regressions. A positive correlation
indicates a higher rmax or K, respectively, with higher fluctuation frequency,
i.e., the faster the light color fluctuated. Error bars represent standard error of
calculated regression slopes.

DISCUSSION

Species Performance Under Constant
Light

Our results show that performance of phytoplankton species
clearly depends on the wavelength of the supplied light, which
is in great overlap with previous studies (Luimstra et al,
2018; Heidenreich and Richardson, 2020; Tan et al., 2020).
For all phytoplankton species, except for the cyanobacterium
Pseudanabaena sp. (Pse), highest growth rates were observed
under blue compared to green light supply. We considered
Tetraselmis sp. (Tet) and Fibrocapsa japonica (Fib) as blue-
light using species, both having higher absorption and higher
maximum growth rates under blue light than under green
light. Pse and Rhodomonas salina (Rho) were considered as
species using blue as well as green light due to the pigment
phycoerythrin. However, these species did not show higher
growth under green light than Tet and Fib, whereas the capacity
within these species was highest under green light. That is, species
performances depended on their light-harvesting strategies, but
we did not observe that species with green-light absorbing
pigments have consequently higher growth under green light
than species without such pigments, which conflicts with our
first hypothesis (H1). Thus, species-specific performance was
most relevant before treatment specific effects came into play,
treatment effects, however, reflected the light absorption traits.

TABLE 2 | Monocultures under fluctuating light.

ANOVA Ymax K

Effect F p F p

Frequency 0.017 0.895 10.411 <0.01

Species 161.106 <0.001 1,293.198 <0.001

Species * 5.077 <0.01 7.915 <0.001

Frequency

Species (df) Slope (+ se) P Slope (+ se) P

Fib (28) -0.0024 0.434 0.0053*107 0.318
(0.0031) (0.0053*107)

Pse (28) -0.0088 <0.01 0.0285*107 <0.001
(0.0030) (0.0050%107)

Rho (28) 0.0179 <0.01 -0.0060*107 0.138
(0.0061) (0.0039%107)

Tet (28) -0.0052 0.498 0.0054*107 0.387
(0.0075) (0.0061%107)

Tet without lowest 0.0036 0.490 0.0048*107 0.468

frequency (22) (0.0051) (0.0064*107)

Two-factorial ANOVA of log-transformed maximum growth rates (rmax) and
carrying capacity (K) with F and p-values (species df = 3, treatment df = 1,
species*treatment df = 3, residuals df = 112 per species). Both growth parameters
were obtained by logistic growth curve fits. The lower part of the table gives slopes
of single linear regression estimating the relationship between fluctuation frequency
and rmax or K, respectively. p adj. value indicates fit. Slope calculation for Tet was
performed twice, excluding its slowest fluctuation frequency (0.071 day~') as its
exponential growth phase was before the first change of light color in the second
approach for comparison. Significant effects (p < 0.05) are highlighted in bold.
Species were abbreviated as Fib, Fibrocapsa japonica;, Rho, Rhodomonas salina;
Pse, Pseudanabaena sp.; and Tet, Tetraselmis sp.
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FIGURE 5 | Maximum growth rate (A) and carrying capacity (B) for
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In our experiment, the chlorophyte Tet was observed as fast-
growing species, showing the overall highest maximum growth
rates, irrespective of the light treatments. This corresponds to
the meta-analysis of Schwaderer et al. (2011) who examined that
(freshwater) chlorophytes are generally characterized by high
growth rates. We found that light color affected the maximum
growth rates of Tet but not the carrying capacity. Tet is not known
to possess pigments absorbing the green light efficiently which
affected the ry,,. Here, small emission of orange-red light at 600-
650 nm, although the treatment was peaking in green, probably
overlapped with the second absorption peak of chlorophyll and
thus sufficed growth of Tet which later reached a similar K than
under blue light. Nevertheless, Abiusi et al. (2014) also reported
growth of a Tetraselmis species (T. suecica) under blue and green
light, similar to our results.

Maximum growth rates of the raphidophyte Fib were
significantly lower under green light than under blue light but
carrying capacities did not differ between the treatments. Besides
chlorophyll a and ¢, Fib is known to possess several carotenoids
as accessory light-harvesting pigments, i.a. fucoxanthin (Guidi-
Rontani et al., 2010), which in part absorbs green light as well
(e.g., Dubinsky and Stambler, 2009). With that, Fib could have
used the green light in our treatments, leading to the similar
carrying capacities under the blue and green light.

The cryptophyte species Rho showed large differences
in maximum growth rates, with higher growth under
blue light than wunder green light. These results are
consistent with other studies on the genus of Rhodomonas
(Heidenreich and Richardson, 2020; Latsos et al, 2021).

Absorption spectra (Supplementary Figure 3) showed that Rho
absorbs blue and red light, likely due to the chlorophylls a and ¢
as well as green light by phycoerythrin (Lawrenz and Richardson,
2017; Heidenreich and Richardson, 2020). The performance of
Pse was clearly different from the other species, as its growth
rates were highest under constant blue-green light. Furthermore,
maximum growth rates did not significantly differ between blue
and green light. Carrying capacities, however, were significantly
higher under green light than under the other constant light
treatments. Lower growth of cyanobacteria under blue light
compared to green or red light was also reported in other
studies(e.g., Bland and Angenent, 2016; Luimstra et al., 2018;
Tan et al., 2020). Based on our measured absorption spectra
characteristics (Supplementary Figure 3) this can be related to
the diverse set of pigments common in Pse, namely chlorophyll

TABLE 3 | Two-species mixtures under constant light.

ANOVA Log(rmax) K

Effect F p F p
Species mixture 16.8 <0.001 247.2 <0.001
Treatment 24.9 <0.001 7.7 <0.01
Species * Treatment 5.5 <0.001 7.8 <0.001
Post-hoc test

Species comparison diff p adj diff ( x 10°) p adj
Fib+Rho—Fib+Pse -0.397 <0.05 -0.174 <0.001
Fib+Tet—Fib+Pse 0.592 <0.001 0.255 <0.001
Pse+Rho—Fib+Pse 0.171 0.669 -0.180 <0.001
Pse+Tet—Fib+Pse 0.027 0.999 0.204 <0.001
Rho+Tet—Fib+Pse 0.302 0.104 0.128 <0.001
Fib+Tet—Fib+Rho 0.989 <0.001 0.430 <0.001
Pse+Rho—Fib+Rho 0.567 <0.001 -0.006 0.999
Pse+Tet—Fib+Rho 0.424 <0.01 0.378 <0.001
Rho+Tet—Fib+Rho 0.699 <0.001 0.303 <0.001
Pse+Rho—Fib+Tet -0.421 <0.01 -0.435 <0.001
Pse-+Tet—Fib+Tet -0.565 <0.001 -0.051 <0.05
Rho+Tet—Fib+Tet -0.290 0.131 -0.127 <0.001
Pse-+Tet—Pse+Rho -0.144 0.805 0.384 <0.001
Rho+Tet—Pse+Rho 0.131 0.858 0.309 <0.001
Rho+Tet—Pse+Tet 0.275 0171 -0.076 <0.001
Treatment comparison

CLBG-CLB -0.183 0.070 0.020 0.214
CLG-CLB -0.558 <0.001 0.047 <0.001
CLG-CLBG -0.376 <0.001 0.026 0.078

Two-factorial ANOVA of log-transformed maximum growth rates (rmax) and carrying
capacity (K) with F and p-values (species mixture df = 5, treatment df = 2,
species*treatment df = 10, residuals df = 54) and summary of post-hoc tests
(Tukey HSD) for differences between two-species-mixes and light treatments.
Both growth parameters were obtained by logistic growth curve fits. For each
comparison, differences in mean (diff) and adjusted p-values (p adj) are shown.
Significant effects (p < 0.05) are highlighted in bold. Species are abbreviated as
Fib (Fibrocapsa japonica), Rho (Rhodomonas salina), Pse (Pseudanabaena sp.),
and Tet (Tetraselmis sp.). Treatment abbreviations indicate constant CLB, blue light;
CLG, constant green light; and CLBG, constant blue-green light in simultaneous
supply.
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FIGURE 6 | Maximum growth rates (A-F) and carrying capacity (G-L) for two-species mixtures related to fluctuation frequency (log-scale).

a absorbing blue and red light, phycoerythrin absorbing green
light, and phycocyanin absorbing orange-red light (Stomp et al.,
2008; Acinas et al., 2009), suggesting that the cyanobacterium
is a good competitor under different light colors. However,
Luimstra et al. (2018) elucidated that, in contrast to species
with chlorophyll-based pigment complexes like chlorophytes,
cyanobacteria with their phycobiliproteins have a lower light-
harvesting efficiency for blue light due to an imbalance in
the photosystems. Thus, corresponding with Heidenreich and
Richardson (2020) it seems likely that phycobiliproteins are not
very effective in light-harvesting but allow the species to widen
the window of absorbable wavelengths. This might explain why
we did not detect higher growth responses of phycoerythrin-
containing species under green light compared to species without
such pigments (rejecting H1).

Species Performance Under Fluctuating
Light

Monoculture experiments under constant light showed that
blue and green light resulted in significant differences in the
growth responses of Fib, Rho, and Tet, respectively. Thus,
the assumption was that fluctuations between blue and green
light would, depending on the frequency, also affect species
performance. Our experiment revealed that fluctuations in the
available light spectrum do not necessarily affect phytoplankton
growth in monocultures but there are species able to tolerate

these fluctuations. Generally, species maximum growth rates
depended more on fluctuation frequency than species carrying
capacities did. As for Fib, neither maximum growth rates nor
carrying capacities were affected by fluctuation frequency, this
supports the previous implication that the effects of the light
colors on growth of Fib were not strong. Maximum growth
rates of the other species were all significantly affected by the
fluctuation frequency but not always in the same direction. While
growth rates of Tet and Rho were higher with faster fluctuations,
those of Pse decreased with increasing fluctuation frequency.
Carrying capacities showed the opposite picture with those of Rho
decreasing while the others were either increasing or not affected
by fluctuation frequency. For Pseudanabaena sp., having the
capability of complementary chromatic adaptation, Stomp et al.
(2008) suggested that there might be a threshold for light color
fluctuations above which it could benefit from this phenotypic
plasticity. Thus, for their used strain of Pseudanabaena sp.,
fluctuations between green and red light in the order of hours
were too fast for the species to acclimate. The used fluctuation
frequencies in our experiment might also have been too fast for
such a chromatic adaptation and in addition, the blue light color
treatment we used (alteration between green and blue) did not
match the phycobilin’s absorption range (compared to red as in
Stomp et al., 2008).

Our experiment showed that growth and capacity of
phytoplankton species can be affected by the frequency of
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TABLE 4 | Two-species mixtures under fluctuating light.

ANOVA I'max K

Effect F P F P

Frequency 17.5 <0.001 55 <0.05

Species 41.5 <0.001 654.2 <0.001

Species * Frequency 1.0 0.411 4.9 <0.001

Species (df) Slope (+ se) P Slope (+ se) P

Fib+Pse -0.0111 0.337 —2.574*10° 0.1461
(0.0112) (1.694*106)

Fib-+Rho -0.0036 0.178 2.167*10° 0.2984
(0.0026) (2.024*106)

Fib-+Tet -0.0112 0.248 -1.986*10° 0.1203
(0.0094) (1.218*100)

Pse+Rho -0.0142 0.068 1.630*10° <0.05
(0.0073) (0.687*100)

Pse+Tet -0.0283 <0.01 6.464*100 <0.01
(0.0074) (1.895*106)

Rho+Tet -0.0137 0.086 3.032*100 <0.05
(0.0075) (1.112*106)

Two-factorial ANOVA of log-transformed maximum growth rates (rmax) and
carrying capacity (K) with F and p-values (species df = 5, treatment df = 1,
species*treatment df = 5, residuals df = 108). The lower part of the table
gives slopes of linear regression estimating the relationship between fluctuation
frequency and rmax or K, respectively. p adj. value indicates fit. Significant effects
(p < 0.05) are highlighted in bold. Species were abbreviated as Fib, Fibrocapsa
japonica; Rho, Rhodomonas salina; Pse, Pseudanabaena sp.; and Tet, Tetraselmis
sp.

fluctuating light colors but there are also species being unaffected
(here Fib and Tet) which confirms partially hypothesis H2.
Species showed positive and negative responses in performances
to fluctuation frequency.

Competition Outcomes
According to the first part of hypothesis H3, we expected that a
species with a higher growth rate for a certain light color would
dominate in competition with a species, having a lower growth
rate. However, the results of our experiment showed that species-
specific growth rates measured in monocultures—at certain light
color conditions—could not be used directly to predict the
competition outcome for all mixtures. While Tet was observed as
fast-growing species, showing overall highest maximum growth
rates and carrying capacities under constant light treatment, this
was reflected in the competitive outcomes in mixed cultures. On
the other hand, Rho became a dominant species when it was
mixed with Fib under all constant light treatments contrariwise
to the observed growth traits of the species in monoculture. Thus,
our results of the mixed cultures with Fib and Rho as well as the
Fib and Pse mixture results conflict with hypothesis H3, as growth
in mixture could not be predicted by the performance at different
light colors in monocultures. It emphasizes that further factors
affecting competition, such as the light characteristics and species
light-use efficiencies (cf. Huisman and Weissing, 1994; Stomp
et al., 2004; Luimstra et al., 2020) needs to be included.

Our hypothesis that species using blue and green light
differently would be able to coexist when both light colors are
supplied simultaneously was thus not supported by our results
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FIGURE 7 | Slopes from the relations between fluctuation frequency and
responses in maximum growth rates (A) and carrying capacities (B) of the
two-species mixtures. Error bars represent standard error.

but may be explained by species light-use efficiencies (rejecting
H3). Under blue-green and green light, Pse competitively
excluded Fib, despite the higher maximum growth rates and
carrying capacities of Fib in monoculture compared to those of
Pse. This coincides again with the results of Luimstra et al. (2018)
that cyanobacteria have a lower light use efficiency for blue light.

Fluctuation frequency significantly affected the population
dynamics in almost all two-species mixtures, however, effects
of species-specific competition were more pronounced than the
effects of fluctuation frequency. According to hypothesis H2, we
expected that maximum growth rates and carrying capacities in
species mixtures depended on fluctuation frequency if at least one
species showed differences in growth under blue and green light
in monoculture, respectively. This was confirmed by all mixtures,
except that of Fib and Rho showing no effect of fluctuation
frequency on maximum growth rate.

Implications of Light Color Fluctuations

on the Performance of Different Species

The phytoplankton species analyzed here were originally isolated
from the North Sea, a habitat which has encountered severe
changes in temperature (Belkin, 2009), nutrient concentrations
(Radach et al, 1990; Philippart et al, 2000) and loads of
organic matter (Evans et al., 2005; Dupont and Aksnes, 2013;
Binding et al, 2015; Capuzzo et al, 2015; Leech et al,
2018). The phytoplankton light absorption in the North Sea
is characterized by large peaks in the blue and red wavebands
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TABLE 5 | ANOVA outcomes (F and p-values given) testing for effects of constant
and fluctuating light on the relative proportion of species in the two-species

green light in competition with other species, highlighting the

mixtures.

Mixture Constant treatments Fluctuating treatments
F(2, 9 P F, 18 ]
Pse-Fib 185.92 <0.001 8.20 <0.05
Fib-Rho 2.83 0.111 3.36 0.083
Fib-Tet 4.57 <0.05 0.12 0.735
Pse-Rho 36.26 <0.001 3.72 0.0695
Pse-Tet 140.31 <0.001 6.19 <0.05
Rho-Tet 8.02 <0.05 1.61 0.220

nature of cyanobacteria to be competitively advanced in aquatic
ecosystems with altered light spectra (Scheffer et al., 1997;
Lebret et al., 2018; Luimstra et al., 2020). However, the species
chosen for this experiment might not be representative for
certain phytoplankton groups and light absorption is expected
to differ in general between species. Nevertheless, in water
bodies with a less pronounced turbidity but strong vertical
mixing processes, phytoplankton will encounter not only a
shift but a high temporal variability in light conditions, both
quantitatively and qualitatively. These mixing processes occur

Species were abbreviated as Fib, Fibrocapsa japonica;, Rho, Rhodomonas salina;
Pse, Pseudanabaena sp.; and Tet, Tetraselmis sp. Significant effects (o < 0.05) are
highlighted in bold.

whereas green light is less absorbed (Babin et al., 2003). Green
light, however, is expected to provide a significant niche for
growth of small cyanobacteria due to their well-suited set of
phycobiliproteins (e.g., Stomp et al., 2007b; Holtrop et al., 2021).
In our study, we observed that blue and green light lead to
significant differences in growth of our phytoplankton species,
belonging to three different phytoplankton phyla. Whereas
all eukaryotic species had lower growth rates under green
light than under blue light, only the cyanobacterium (Pse)
grew similarly well under both light colors. These species-
specific results indicate that shifts in watercolor will likely affect
phytoplankton growth, depending on species light-harvesting
strategies (Luimstra et al,, 2018; Tan et al, 2020). As the
estimated effects in monocultures did not necessarily predict
competition outcomes, yet provide insight on potential changes
in community compositions, experiments using mixtures and
thus including species competition are essential. Pse was the only
species in our experiment which benefited from the provided

within the order of hours to days (e.g., Denman and Gargett,
1983) and thus greatly overlap with the tested light fluctuations
here. Together with the large number of studies, demonstrating
that growth of phytoplankton species is strongly affected by
light intensity fluctuations, depending on species-specific traits
(Nicklisch, 1998; Litchman, 2000; Guislain et al., 2019) we can
contribute with this first attempt, that growth of phytoplankton
species is also affected by fluctuations in light color although
responses seem to be species-specific. The importance of light
quality for natural phytoplankton populations is of increasing
concern as several studies are reporting decreasing water clarity
and shifts in underwater light spectra of coastal seas and lakes
(Evans et al., 2005; Dupont and Aksnes, 2013; Binding et al,,
2015; Capuzzo et al., 2015; Leech et al, 2018). Moreover,
in future scenarios the patterns and frequencies of mixing
processes are expected to change and affect phytoplankton
(Saros et al, 2012; Sydeman et al., 2014; Somavilla et al,
2017). First studies show that such spectral shifts and altered
light availability will likely affect phytoplankton growth and
community structure (e.g., Thrane et al., 2014; Lebret et al., 2018;
Mustaffa et al, 2020), emphasizing the importance of light
as a dynamic environmental factor for the phytoplankton in
aquatic ecosystems.
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CONCLUSION

Our experimental outcomes demonstrate that shifts in watercolor
within natural systems will likely affect phytoplankton growth,
depending on species light-harvesting strategies. Pseudanabaena
sp. benefited from the provided green light in competition
with other species, highlighting the nature of cyanobacteria
to be competitively advanced in aquatic ecosystems with such
light spectra. Despite the frequency of fluctuation resulting in
significant effects, the competition outcome under fluctuating
light was outweighed by the combination of competitors, hence
outcomes being species-specific. Nevertheless, the fluctuation
in light color significantly influenced the species dynamics in
mixed cultures and the light color use efficiency thus should
be considered as important species-specific trait among others
(as e.g., light-absorption properties, maximum growth rates,
carrying capacities) to influence the outcomes of phytoplankton
competition for light. The reported results here may be
the first step to improve knowledge about the significance
of fluctuating light conditions for phytoplankton growth
and competition, not only in intensity but also in the
quality of light.
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