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Abstract

In a constantly changing environment, it is essential to understand how different factors can affect
the growth of populations, including its dependence on density, commonly referred to as density
dependence. These factors can affect population growth directly, by inducing a higher mortality rate
for example, but also indirectly by changing organisms’ traits, such as their size or their pigment
content, enabling them to better cope with the changing environmental conditions in which they
find themselves. This process, also known as acclimation, can have a strong influence on the density
dependence of populations. It is therefore necessary, when studying population growth and density
dependence, to take into account the initial conditions in which individuals have lived. Surprisingly,
while many studies have looked at how acclimation to external conditions (light, temperature, pH)
can affect density dependence, the impact of initial population density conditions on growth has
never been studied. In this master’s thesis, we studied how acclimation of a cyanobacterium of the
genus Synechococcus to different population densities could impact organisms’ traits and population
growth, including the density dependence. We found that populations acclimated to higher densities
showed higher mean trait values for all but one trait, but less variability. Growth modelling showed
the emergence of a non-linear density dependence from a certain initial acclimation density. In
addition, comparison of these functions showed that populations acclimated to higher densities
had higher growth rates and lower density dependence. This study is the first to show how initial
population density conditions can affect individual characteristics and population growth, including
density dependence, and demonstrates that it is important to take a more general interest in all

the historical conditions experienced by populations in order to better predict their dynamics.

Keywords : density acclimation, density-dependence, organisms’ traits, population growth,

Synechococcus.






Résumé

Dans un environnement en constant changement, il est nécessaire de comprendre comment
différents facteurs peuvent impacter la croissance des populations, notamment sa dépendance a
la densité, aussi appelée densité dépendance. Ces facteurs peuvent influencer directement les
croissances des populations, induisant un taux de mortalité plus élevé par exemple, mais aussi
indirectement, en changeant les caractéristiques des individus, telles que leur taille ou leur contenu
en pigments, leur permettant de faire face aux conditions environnementales changeantes dans
lesquelles ils se trouvent. Ce processus, aussi appelé acclimatation, peut fortement impacter la
densité dépendance des populations. Il est donc nécessaire, lorsqu’on étudie la croissance des
populations et la densité dépendance, de prendre en compte les conditions initiales dans lesquelles
les individus se trouvent. De facon surprenante, Si beaucoup d’études se sont intéressées a comment
une acclimatation a des conditions extérieures (lumiere, température, pH) pouvait influencer cette
densité dépendance, I'impact des conditions initiales de densité de populations sur leur croissance n’a
jamais été étudié. Dans ce mémoire, nous avons étudié comment 'acclimatation d'une cyanobactérie
du genre Synechococcus a différentes densités de populations pouvait impacter les traits des individus
et la croissance des populations, notamment la densité dépendance. Les populations acclimatées
a de plus hautes densités ont montré des valeurs moyennes de traits plus élevées pour tous les
traits excepté un mais une variabilité moins importante. La modélisation de la croissance a
montré I’émergence d'une densité dépendance non linéaire a partir d'une certaine densité initiale
d’acclimatation. De plus, la comparaison de ces fonctions a montré que des populations acclimatées
a de plus hautes densités présentaient des taux de croissances plus élevés et une densité dépendance
plus faible. Cette étude est la premiere a mettre en avant I'impact des conditions initiales de densité
de population sur les caractéristiques des individus et les croissances des populations, dont la densité
dépendance, et démontre qu’il est important de s’intéresser de facon plus générale a I’ensemble des

conditions historiques vécues par les populations afin de mieux prédire leurs dynamiques.
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1 Introduction

1.1 Context

The current era in which we live is characterized by constantly changing environments. Some of
these changes are threatening the conservation of species across the globe. At the population level,
many events, sometimes induced by human activities, can lead to large reductions in the number of
individuals in a population, with harmful consequences for its stability over time. When conditions
allow, populations will grow back to their initial size before the disturbance. While growth is rapid
at the start, it will slow down as the population approaches the size before the disturbance. Thus,

this growth can be described by the following function :

dN

— =N-f(N 1

=N f(V) (1
where, % is the population growth rate, N is the population size, representing the number of

individuals in the population and f(N) is the function linking the population size and its growth.
This dependence of a population’s growth on its own size is known as density dependence. The
density dependence comes from some constraints imposed by the increase of the population, like
competition for resources (Levin and Chao| 1977). In addition, there is now a large body of
literature showing that the conditions in which populations have lived will influence their density
dependence (Nalley et al., 2018; [Leroi et al., 1994} |Xiong et al., 2000)). This is due to the fact
that organisms acclimate to these conditions, in particular by changing their characteristics, also
known as traits (Clearwater et al.; [1999; Muramatsu and Hihara), 2012). These adaptations, which
can occur rapidly, enable individuals to thrive in their environments, subsequently influencing
population growth (Layden et al.| |2022). It is therefore necessary to take account of the population
acclimation to these external variables in order to predict the density dependence more accurately.
Surprisingly, while the effect of population acclimation to different variables on their growth is
well-known, no study has investigated the impact of population acclimation to density on the
density dependence. Nevertheless, some experiments indicated that organisms modified their traits
in reaction to shifts in population density (Qiang et al. 1996; Ren et al. 2017). As we have
seen that organisms’ traits can affect their population growth, it is likely that acclimation to a

population size has a direct effect on its density dependence.
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1.2 Objective

The goal of this study is to investigate more accurately how organisms acclimate to population
density and how this acclimation affects the density dependence of population growth. We used
a cyanobacteria of the genus Synechococcus. Indeed, Synechococcus is widely distributed around
the globe and has a major ecological role in all oceans (Flombaum et al.; 2013; Wang et al.,
2022). In addition, this cyanobacteria genus possesses complex light-harvesting structures known
as phycobilisomes, composed of phycobiliproteins, themselves made up of an apoprotein covalently
bound to a chromophore (Ting et all [2002; [Sui, 2021)). As well as being efficient at capturing
energy, this system features a variety of chromophores, enabling it to absorb a broader spectrum of
light (Stadnichuk et al.| 2015). Moreover, several studies have shown that the composition and
functioning of this system can be strongly affected by various environmental conditions (Babu et al.|
1991; |Araoz and Héder} 1997). The presence of this structure therefore allows us to investigate the

effect of density on a wider variety of traits, making Synechococcus a relevant model for this study.

We acclimated populations to different densities and measured their mean trait values and the
variability between individuals. Indeed, while mean values can provide initial insights into the
adaptation of Synechococcus populations, exploring variability can also offer further information on
the influence of density pressure on these populations. Once the populations had been acclimated,
they were returned to new concentrations to measure their growth at these new densities. To
the best of our knowledge,this two-step procedure has never been used before to measure density
dependence. This experiment is therefore innovative in terms of both the research question and the

methodology.

Our results indicated a significant effect of density acclimation on organisms’ trait values and
on population growth. Density increase led to higher mean trait values but lower trait variability.
The density acclimation also led to significant changes in density dependence modeling, with the
emergence of non-linear effects. In addition, populations acclimated to higher densities exhibited

higher overall growth rates and weaker density dependence.

10
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2 Material and methods

2.1 Experiment
2.1.1 Study system

We investigated the influence of density acclimation on individual trait values and population growth
in the clonal strain Synechococcus sp. RS 9909, from the Roscoff Culture Collection. We conducted
two experiments, each divided in two phases. The first phase, called the acclimation phase, consisted
of acclimating cultures of bacteria to different densities (Supplements, Fig. [S3). The method
for producing acclimated cell culture differed between the two experiments (see procedure). The
second phase, which we called space-for-time, was by contrast, carried out in the same way in both
experiments. We applied several dilutions on the acclimated cultures to obtain new cultures at
different densities (Supplements, Fig. [S4)). We then tracked the density changes for two days to
calculate the growth rate at these new densities. The entire protocol is illustrated by Figurdl] In
the rest of the paper, the term “treatment” will refer to the different densities reached by cultures

at the end of the acclimation phase.
2.1.2 Experiment setup

Throughout the duration of the experiment, cultures grew in white light (LED bar SKY 6500K) in
a 12:12 dark/light cycle at 22°C and were mixed 150 RPM with a VWR mini shaker. The light
intensity was adjusted and higher in the second method based on Roscoff station’s recommendations
(Supplements, Fig. and Supplements, Fig. [S2). These growing conditions were identical to
those of stock cultures. The sampling sessions were done in a sterile hood. For the first phase, our
microcosms consisted of two 6-well plates (Costar®) per treatment, filled with 4 mL of PCRS11
medium and 2 mL of cultures, inoculated at a concentration of 25 000 cells uL.=!. The recipe
for the medium can be found in |Rippka et al. (2000) and on Roscoff station website. Before
inoculation, cultures were filtrated to avoid the presence of clumps. In the second phase, cultures

were inoculated in new 6-well plates, with 3 wells for each new dilution.
2.1.3 Experimental procedure

The experiments were divided into two phases. In the first phase, the method of density acclimation
differed between the two experiments that were carried out. In the first experiment, the acclimation

phase consisted of letting our three populations reach densities of 50 000, 90 000 and 130 000 cells

11
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Figure 1: Schematic illustration of the two-phase experiment. During the acclimation phase, the
initial cultures reached different population densities (Method 1 : N; = 50 000, N = 90 000 and
N3 = 130 000 cells uL=! ; Method 2 : N; = 80 000, N = 130 000 and N3 = 170 000 cells puL1).
During the second phase, we performed several dilutions to obtain new densities. In method 1,
the new densities obtained were 10 000, 20 000, 35 000, 50 000, 90 000 (when possible) and 130
000 (when possible) cells yL~!. In method 2, the new densities obtained were 15 000, 30 000, 50
000, 70 000, 100 000 (when possible) and 150 000 (when possible) cells uL . We then measured
population densities and organisms traits for two days. This procedure is called space-for-time.
The opacity of the green indicates population density.

uL~1. As soon as they reached these densities, the cultures were diluted for two days to stabilize
them at around these concentrations. The second method consisted of applying a respective daily
dilution rate on each culture until they reached their carrying capacity. Every day, we removed 1/5
or 1/3 of each well, meaning 1.2 mL or 2 mL, and replaced by the same volume of fresh medium.
A control population did not undergo any dilution. The cultures achieved final concentrations of
80 000, 130 000 and 170 000 cells uL=!. In both experiments, every acclimated culture had 12
replicates.

For the space-for-time, methods were the same for both experiments. Once the acclimating
cultures reached their carrying capacity, we mixed all replicates from a same culture in a sterile
100 mL Erlenmeyer, and measured the concentration of these suspensions through flow cytometry.

Based on these new cultures, we carried out several dilutions to obtain new densities of 10 000, 20

12
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000, 35 000, 50 000, 90 000 (when possible) and 130 000 (when possible) cells uL.=! for the first
experiment. In the second experiment, we diluted the cultures to obtain new densities of 15 000, 30
000, 50 000, 70 000, 100 000 (when possible) and 150 000 (when possible) cells uL.=!. Each new
dilution was represented by three replicates. We measured the population densities every day for

two days.
2.1.4 Data acquisition

In both phases, population densities and individual traits were monitored every day through flow
cytometry (Guava easyCyte 12HT) (Adan et al.; 2016)). Before sampling, 57 uLi of distilled water
was added to counteract evaporation. After that, for each treatment, 200 uL of culture were
sampled from every well and transferred to a 96-well plate. In first phase, the 200 uL. sampled
were replaced with 200 uL of fresh medium. In second phase, we did not add fresh medium to
avoid influencing growth rate values through dilution. The 96-well plate was then inserted into
the flow cytometer to measure the traits of the organisms and the density of populations. The
traits measured were cell size (FSC) and complexity (SSC), chlorophyll-a (RED.B), phycoeryhtrin
(YEL.B) and phycocyanin contents (RED.R). The exact flow cytometry procedure can be found in

the appendix [A.2]

2.2 Analyses

The analyses carried out differed between the two phases of the experiment. The aim of the
acclimation phase was to figure out the effect of density acclimation on organisms’ trait values.
The densities of populations as well as organisms’ traits were tracked on a daily basis. Moreover,
final density and trait values were compared between treatments. For density, we conducted a
linear model of the final density achieved according to the treatment. If homoscedasticity was
not respected, then a Kruskal-Wallis test was performed to detect any global differences between
treatments. Furthermore, we also compared the final densities between plates. Sometimes we
had to we remove a plate of a treatment to avoid problems of heteroscedasticity. Although this
method does not permit us to draw conclusions about differences between treatments, it does allow
to observe differences between plates and to observe potential causes of non-compliance with the
conditions of use of linear models. The same methodology was used for the mean trait values
and the variability between individuals within the same population. For trait variability, we first

extracted the per-cell data of each replicate. Based on these data, we calculated the standard

13
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deviation of each well. Thus for a treatment, we had 12 values of standard deviation per day. In
the first experiment, we also conducted some contrast analyses using the Bonferonni correction to
compare final standard deviation of traits between plates, as there was high variation in one of the
acclimated cultures. As a complementary analysis, a PCA was executed to better visualize the
differences between the treatment at the start and at the end of the acclimation phase.

The aim of the second phase was to figure out if density acclimation had an effect on population
growth, especially their density dependence. Acclimated populations were diluted to new densities
in order to calculate the growth rates at these new densities. These growth rates were calculated
with the equation v, = A~ !log (%) where A was the time between sampling sessions, and V,
the population density at the start of the second phase. Here, the A was equal to two days. For

each treatment, we fitted the growth data to polynomial models with a maximum degree of four of

v against Ny :

v = Bo+ BN + B2N? + BsN° + B4N* (2)

Where + is the per-capita growth rate, N is the population density and g, 51, B2 , B3 and [, are
the regression coefficients. We compared the most complex model with models where 35 , 53 and (4
coefficients were equal to zero and chose the best through the AIC criterion. When two treatments
were fitted to models with the same degree, we added the treatment variable and its interaction
with the density variable. Finally, we calculated the derivatives of the growth functions in order to

better describe the density dependence between the treatments along the density gradient.

3 Results

3.1 Changes in density

In both methods, the populations, starting from similar concentrations, reached different final
concentrations (Supplements, Fig. . In method 1, we detected an overall effect of the treatment
on the final densities achieved (Kruskal-Wallis test, x> = 24.889, df = 2, p = 3.94e-06). The large
variation in densities achieved in the highest density treatment can be attributed to a significant
difference in final densities between the treatment plates and to a wide variation within one plate
of the treatment (Supplements, Fig. . In method 2, the densities of the treatments were also
significantly different (Figure 2)). The maximal densities achieved were higher than in the first
method.

14
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Figure 2: Final acclimation densities. Grey bars refer to the method with dilutions when population
reached their equilibrium (n = 36) and white bars refer to the method with a daily factor of dilution
(n = 36). The figure shows median population densities (lines), 25% to 75% quartiles (boxes) and
ranges (whiskers). Black dots are shown if extreme values are more than 1.5 times the interquartile
range of the box. * p < 0.01, ** p < 0.001, *** p < 0.0001.

3.2 Density acclimation effect on trait values

3.2.1 Mean trait values

In both methods, the treatments exhibited different final values for almost every trait ,
Supplements, Fig. . Both FSC and SSC were greater for higher density treatments B
and Supplements, Table . This indicated that cells were bigger and more complex at higher
densities. Treatments of equivalent density but from different methods (e.g. density 130 from
methodl and density 130 from method2) showed similar values for FSC. However, SSC values were
overall higher in the second method than in the first one, even for similar densities.

For pigment contents, responses to density conditions varied according to the pigment. Treat-
ments showed significant differences in RED.B values , Supplements, Table . In both
methods, these trait values were higher in denser populations, suggesting that cell contained more

chlorophyll-a in response to density increase. YEL.B showed similar results, though differences were
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not always significant between the treatments , Supplements, Table . As for FSC,
pigment contents did not clearly differ between similar density treatments from the two methods,
or at least not in a consistent way.

No clear pattern was observed in final RED.R contents (Figure 3E). However, substantial
variation was found in some treatments (Supplements, Fig. . For the method 1, this substantial
variation in treatments was also found in the corresponding plates. The variation in method 2,
more specifically in the highest density treatment, was rather due to large differences between the

plates of this treatment.
3.2.2 Standard deviation of traits

The standard deviation of each trait clearly expressed a decrease when density increased (Supple-
ments, Fig. |S9). When looking at the final standard deviation of each trait, results also showed
clear differences of variability between treatments for both methods . For the first method,
important variation in the density 130 prevented the performance of ANOVA tests. However, based
on graphic observations, it is clear that higher density treatments exhibited weaker variation in each
trait. To support these observations, we performed contrast analyses to compare traits standard
deviation of each plate, removing plate E because of large variation (Supplements, Table . Two
plates from a same treatment never showed any difference in standard deviation of trait. However,
two plates of two different treatments always exhibited a final different standard deviation for each
trait.

The patterns observed in the first method were confirmed by the results of the second experiment.
Every trait had weaker variation in higher density treatments compared to lower density treatments
(Figure 4)). Differences between density80 and density130 treatments were always significant, as
well as between density80 and density170 treatments. However, differences in standard deviation
between density130 and density170 treatments appeared to be significant only for SSC, RED.R
and RED.B.

Based on the results of the acclimation phase, we can conclude that density acclimation
impacts both the mean values and the variability of Synechococcus’ traits, in a quite predictable
way (Figure 5)). PCA analysis supported these results by showing evident distinctions between
treatments and also differences within treatments between the start and the end of the acclimation

phase (Supplements, Fig. [S10]). In both methods, a substantial part of the variation in our data
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Figure 3: Final mean trait values. Grey bars refer to the method with dilutions when population
reached their equilibrium (n = 36 for each trait) and white bars refer to the method with a daily
factor of dilution (n = 36 for each trait). The figure shows median trait values (lines), 25% to 75%
quartiles (boxes) and ranges (whiskers). Black dots are shown if extreme values are more than 1.5
times the interquartile range of the box. * p < 0.01, ** p < 0.001, *** p < 0.0001.
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was explained by the combination of the two axes. The next question to explore is whether this

change in Synechococcus’traits has an influence on the density-dependence of population growth.
3.3 Density acclimation effect on population growth

shows the density-dependence of Synechococcus’ growth for both methods. Density
acclimation had a larger effect than expected on the density dependence function, as this caused a
switch from linear to polynomial models for highest density acclimated populations. In addition,
results also indicated that high density acclimation led to a higher intrinsic growth rate and a
weaker density dependence.

In the first method, the degrees of the polynomial models differed between the density treatments,
indicating a significant effect of density acclimation on the density dependence of growth
and Supplements, Table |[S3|). While the lowest density treatment was better fitted to a linear
regression, the two others were fitted to polynomial regressions of a degree three. When comparing
only these two last treatments, the highest density treatment exhibited a higher intrinsic growth
rate and a global faster growth. A common characteristic of these two treatments is that their
populations achieved a growth optimum at a density of around 35,000 cells/uL~! . After this density,
growth started to decrease when density increased. The derivatives of the functions indicated that
populations acclimated to higher densities exhibited weaker density dependence (Supplements,
Fig. . Indeed, the derivatives of polynomial functions were always less negative than that of
the linear function. In addition, when comparing the derivatives of the polynomial functions, the
highest density treatment showed a less negative derivative up to a population density of 70,000
cells uL =t

In the second method, the degree of the models also differed between the density treatments.
Here, only the highest density treatment exhibited a non-linear regression. This function exhibited
two optimum values, a first one around 35 000 cells/uL~" and a second one around 135 000
cells/uL.~'. When we compared only the two models showing linear regression, the low density
acclimated treatment had a lower y-intercept and a steeper slope, indicating a lower intrinsic growth
rate and a stronger density dependence (Supplements, Table .

While the density 130 treatment from the method 1 showed a polynomial regression, the
density 130 treatment from method 2 was better fitted to a linear model. It therefore seems that
the threshold value at which density dependence became non-linear was higher in method 2 than

in method 1.
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Figure 4: Final standard deviations of traits. Grey bars refer to the method with dilutions when
population reached their equilibrium (n = 36 for each trait) and white bars refer to the method
with a daily factor of dilution (n = 36 for each trait). The figure shows median standard deviation
values (lines), 25% to 75% quartiles (boxes) and ranges (whiskers). Black dots are shown if extreme
values are more than 1.5 times the interquartile range of the box. * p < 0.01, ** p < 0.001, ***
p < 0.0001. 19
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Population density

Figure 5: Acclimation of Synechococcus populations to density. Cells become bigger and more
pigmented when density increases, but the variability within the population decreases.

Overall, results undeniably indicated an effect of density acclimation on Synechococcus’ traits
and growth. Populations acclimated to higher densities showed higher mean trait values, except
for phycocyanin, but less variability . Modeling the density-dependence suggested
faster growth in high-density acclimated populations and weaker density dependence. In addition,
mathematical relationships between density and growth were sometimes completely different between
the treatments, with non-linear relationships emerging. The effect of density acclimation on the

density dependence function was thus more complex than expected.

4 Discussion

4.1 Evaluation of the experimental procedure

A first point of discussion regarding this experiment concerns the experimental protocol used to
study the effect of density acclimation on organisms’ traits and population growth. For the first
phase, we employed two methods of acclimation. After testing them, we were able to determine
the advantages and disadvantages of each method. The first method, which consisted of allowing
cultures to grow before stabilising them, enabled us to investigate the effect of acclimation to

density itself on cyanobacteria populations. However, this method lacked precision in achieving the
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Figure 6: Density dependence of Synechococcus’ growth. Dots correspond to experimentally
calculated growth rates and curves correspond to the estimated growth models. A : method of
acclimation with dilutions when population reached their equilibrium. Orange : density 50 (n =
12), red : density_ 90 (n = 15), blue : density 130 treatment (n = 18). B : method of acclimation
with a daily factor of dilution. Orange : density80 (n = 15), red : densityl30 (n = 18), blue :
density170 treatment (n = 18).

targeted population densities. Indeed, the population acclimated to the highest density showed
significant variation in the final densities reached among replicates. One potential reason for
this imprecision is that, in order to maintain populations at a similar density between replicates,
each underwent a more or less substantial dilution. It is possible that excessive dilution caused
disturbances in some populations, impacting their stability. In addition to this imprecision, the
other two treatments reached higher densities than expected. This may be explained by the
rapid growth of the strain, making its regulation complicated. It would have been interesting to
monitor density changes at shorter time intervals to better regulate their densities at the end of
the acclimation phase. In the second method, where we applied a dilution to the cultures every
day, the control of density was more continuous and regular. We were therefore able to bring the
populations more precisely into the targeted densities. However, as dilution rates differed between
populations, the cultures here did not differ only by the final density achieved, but also by the way
they achieved this density. Thus it was impossible to separate the effect of density and the method
of acclimation on the traits of organisms and growth of the populations. Despite the downsides of

each method, one strong point of the study is that we were able to observe the same patterns of
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trait values between treatments in both experiments, enabling us to generalize the effect of density
acclimation on individual traits. For the second phase, we used the space-for-time method to
measure growth rates at different densities, while removing the time effect. In previous experiments,
density dependence was measured over the entire growth curve of the same population (Krichen
et al., 2018)). However, in this kind of procedure, density is correlated with time. As we have seen
here, traits can change quite rapidly over time. These changes in traits can therefore have an effect
on the density dependence of populations. In our case, by diluting a density acclimated population
to new densities and measuring the growth rate over a relatively short time, we were able to limit
trait change, thereby isolating the effect of density on population growth. This procedure therefore
seems appropriate for studying the specific effect of density on population growth, removing the

effect of other variables such as time.
4.2 Density acclimation effect on trait values

Our experiments demonstrated that density acclimation has a large influence on Synechococcus’
traits. Higher density led to higher mean values and lower variability for all the traits studied,
except the phycocyanin. For the cell size, observing a positive effect of density on cell size was
quite unexpected, according to the literature. Most of studies investigating the link between cell
size and population density found a negative effect (Agusti et al., [1987; |Ward et al., 2012)). This
usually comes from constraints to the increase in size, like internal and external diffusion, linked to
resources uptake and distribution, but also intracellular light and C'O, levels that decline from the
cell membrane to the center (Wirtz, 2011). Therefore, as an increasing density leads to a decrease
in resources, we would have expected a decrease in cell size. However, this constraint in cell size
can be overcome by an increase in cell internal complexity (Okiel 2013). This strategy would allow
organisms to maximize the uptake and diffusion of resources. The increase of SSC, which can
be used as a proxy of the cell complexity, could suggest that Synechococcus is able to overpass
these size constraints in dense environments through a higher cell complexity. If this is the case,
then we can hypothesize that this cell size increase is a competitive strategy to maximize light
capture, light being more limited in more densely populated environments. Bigger organisms will
be more exposed to light and less in the shadow of other individuals. This greater availability of
light would enable them to maximize photosynthetic activity, in order to produce resources such as
carbohydrates. This strategy is also found in complex multicellular organisms, such as seagrasses,

that exhibit wider leaves in deep waters to maximize light capture efficiency (Dalla Via et al., |[1998).
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This hypothesis of increasing cell size to maximize light capture is also supported by the changes
in pigment contents. Both chlorophyll-a and phycoerythrin levels were increasing with density.
These patterns are usually found in other photosynthetic organisms in limited light conditions.
Multiple studies demonstrated that chlorophyll-a was increasing when light availability was reduced
and inversely, whether in plankton, macrophytes or plants (Krause-Jensen and Sand-Jensen, |1998}
Minotta and Pinzauti, [1996). This pattern was also demonstrated for phycoerythrin (Six et al.| 2004}
Xie et al., [2021)). If this pigment content trend was observed for chlorophyll-a and phycoerythrin, we
have not been able to discern any clear pattern of the phycocyanin pigment content. An explanation
could be the high variability of this pigment content in our cultures. Despite no clear trend of
phycocyanin content, some examples in the literature showed that the phycocyanin content was
increasing in light-limited conditions (Hoi et al., 2021)).

Thus, our experiment is one of the first showing the clear response of Synechococcus’ cell
morphology and pigment contents to population density increase. More specifically, it appears that
the cyanobacteria is responding to density increase as it responds to light limitation, by maximizing
the cell size and complexity, as well as the pigment contents. This finding opens the door to many
new questions. First, as the effect of density and light seem to be similar on trait values, we should
investigate the effect of density on these traits under different light intensity conditions, to better
differentiate the effect of these two variables. Second, if pigments seem to increase with population
density, it would be interesting to better study the relative contents between them. Indeed, if some
experiments showed that the ratio phycocyanin/chlorophyll-a in Spirulina platensis was unaffected
by the light intensity, other experiment found out the opposite in Microcystis aeruginosa (Raps
et al., [1983; Kumar et al., 2011)). In our case, such comparisons were limited by the use of proxies
rather than direct measurement of traits, as we do not know the exact function linking the accurate
trait value and the proxy. Therefore, complementary methods of trait measurements should be
used to better evaluate the density dependence of absolute and relative pigment contents.

While the experiment has demonstrated an effect of density on trait values at the individual
level, we have little information about how the molecular mechanisms were affected. Previous tests
in mammalian cells showed that density changes altered a set of genes involved in metabolism and
growth, leading to confounding experimental results (Trajkovic et al., [2019). This prompts us to
better characterize the molecular pathways involved in cell morphology and photosynthetic activity,

as well as defining the impact of density on these pathways.
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For cell size, knowledge on the genetic control of this trait is quite recent and the entire pathway
is not yet fully understood, the effect of density on it even less. Recent studies showed that
the cell size in some cyanobacteria is controlled by a two-component signaling system using the
cyclic-di-GMP as a messenger (Xie et al., 2021; |Zeng et al., 2023)). This messenger is often used in
other bacteria as a signal molecule to detect population densities by quorum sensing (Ramirez-Mata
et al.; [2014). Quorum sensing is therefore an option to explain how Synechococcus is able to detect
any changes in population density in its environment. However, as Synechococcus is a photosynthetic
organism, it is quite possible that the changes in population densities are indirectly detected through
changes in light intensity or wavelength thanks to bacteriophytochromes. The presence of such
light sensors has already been reported in some cyanobacteria species (Lamparter et al., (1997)).
The connection between the perception of changes in light in plants and their subsequent responses,
including alterations in growth, is now understood to be mediated by the signaling pathway of
phytochromes (Ding et al., 2021)). We have thus identified two potential mechanisms for controlling
cell size through population density. Based on our experiments, it is impossible to identify which
one is actually used by Synechococcus. Further studies should explore the potential presence of an
extracellular signaling molecule that would validate the quorum sensing hypothesis and indicate
that cell size is directly mediated by the population density or the presence of some light-sensors
like bacteriophytochromes, indicating that light is the main factor regulating cell size.

For chlorophyll-a pigment, a recent study showed that plants acclimated to low-light conditions
upregulated their electron transport capacity, by increasing their chlorophyll and their light-
harvesting protein contents, but also their level of cytochrome b6f and ATP synthases (Ermakova
et al., [2021). In addition, the PSII/PSI ratio was enhanced in low light conditions, suggesting an
investment in light capture. Another study showed that photosynthesis genes in Arabidopsis thaliana
where upregulated in response to density stress (Geisler et al2012). Our results are therefore in line
with the literature and indicate that Synechococcus responds to an increase in density in the same
way as it responds to a decrease in light. Future experiments should nevertheless focus on the specific
evolution of molecular components linked to the light and dark phases of photosynthesis, while
linking this with measurements of photosynthetic activities, such as oxygen production. For the
phycobiliproteins, some experiments suggested that the regulation of phycoerythrin cellular levels
in response to light changes also involves some complex posttranscriptional processes (Anderson

and Grossman, |1990).
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While the mean trait values were increasing with density, the variability showed the opposite
trend. This variability reduction could highlight the intraspecific competition due to a higher
density pressure on the individuals. As a higher density of population usually induces a higher
competition for resources, organisms in denser populations should show the optimal trait values and
will outcompete those with sub-optimal values, leading to a reduce in variability between individuals.
However, the phycoyanin, which also showed a reduction in variability between individuals, exhibited
no discernible trend in the shift of its mean value. This reduction in variability is therefore not
sufficient to infer that there is selection pressure on trait values. In addition, the exact mechanisms
underlying the trait changes are not really known. In this experiment, since the cultures were
derived from a clonal strain, the changes in traits were probably due to phenotypic plasticity
(Gibert et al., 2022; Koch et al.,|2017). However, in populations with genetic variation, it is possible
for traits to change through natural selection. It would therefore be interesting to quantify the role
of each of these mechanisms in density acclimation in natural populations.

While the intraspecific competition led to higher mean trait values and a lower variability, it
would be interesting to compare how density can influence the traits of two or more interacting
strains. Indeed, a first possibility would be that strains show the same responses to density changes,
which would suggest a competition between the two species, potentially leading to the exclusion
of one of them. An alternative option would be that strains tried to reduce the competition by
changing their traits in order to optimize resources sharing. This second option has already been
described and used to explain how a wide range of plankton species can live in a quite homogeneous
environment (Spaak and De Laender, [2021; Huisman et al., 2001} [Stomp et al.; [2004)). This type of
experiment would enable us to learn more about the effects of density in individuals of the same or

different species.
4.3 Density acclimation effect on population growth

The second main objective of the study was to investigate the effect of acclimation to density on
Synechococcus’ population growth. In the first experiment, the density acclimation had a large
effect on the density dependence modeling. For the two highest density treatments, the density
acclimation resulted to the emergence of inverse density dependence, also known as the Allee effect
(Courchamp et al., |1999). This was quite unexpected, as this effect has been rarely observed in
some microorganisms with asexual reproduction (Ohkawa et al., [2020).The presence of the Allee

effect for the higher density treatments but not for the lower one could indicate that acclimation to
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high population density led to a non-adaptation to less dense environments. This was supported in
part by the better performance of low-density acclimated populations in lower density conditions
than high-density acclimated populations. When comparing only the populations showing the Allee
effect, the highest-density acclimated population showed faster growth than the other one, with a
higher intrinsic growth rate and a weaker density dependence, at least up to a certain population
size. In the second experimental approach, we observed similar trends to those observed in the first
method, indicating the emergence of the Allee effect and a more pronounced density dependence
for populations acclimated to lower densities. However, a noteworthy distinction was the delayed
onset of non-linear density dependence in the second method compared to the first one. While
the difference in the acclimation methods might contribute to this disparity, it appears insufficient
to account for the observed difference alone. Another variable that underwent a change between
these two experiments was the light conditions. Specifically, bacterial populations in the second
experiment were exposed to a higher light intensity compared to those in the first experiment. If
we consider that the impact of density acclimation is, at least in part, influenced by the adaptation
of individuals to light availability, it is reasonable to infer that the threshold value for non-linear
density dependence is, to some extent, determined by light conditions. This may elucidate why
non-linear density dependence was observed at higher acclimation densities in the second method
compared to the first. Although this result should be treated with caution, as factors other than
light may also have played a role, it shows that the environment itself can modify the effect of
density acclimation on density dependence. It now seems important to better characterize this
effect of the environment with the variation of several resources potentially limiting growth, such
as the quantity and quality of light, but also the quantity of nutrients, or temperature for example.

Another important aspect to study here is the relationship between organisms’ traits and
population density dependence. In our experiment, the emergence of the Allee effect may suggest
that individuals acclimated to high densities had traits that were not adapted to lower densities.
However, when considering only treatments fitted to models with the same degree, we can observe
that populations acclimated to higher densities had higher growth rates. These populations
were composed of individuals that exhibited the highest trait values. Therefore, we can say that
populations with higher trait values were also those showing the fastest growth. This parallel can
be supported by the Metabolic Scaling Theory, that states that the pace of organism processes,

such as the metabolic rate or even the population growth rate, are an exponential function of the
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individuals’ size with the following equation:
Y = YyM° (3)

where Y is the population growth rate in our case, M is the body mass, and b is the scaling
exponent (Brown et al., 2004; DeLong et al. 2010). The main information to be drawn from
this theory is that the population growth rate is positively related to the size of the individuals
making up the population. What is interesting about our experiment is that it both confirms and
contradicts this theory, even though this relationship was not directly studied. Indeed, we observed
that populations acclimated to higher densities had higher trait values, including the cell size, and
higher growth rates. However, this relationship was only correct at certain densities, as we have
found that from a certain density acclimation threshold, individuals were less adapted to lower
densities and therefore show lower growth rates than predicated by the Metbabolic Scaling Theory.
It is therefore likely that density acclimation impacts this relationship between individual traits
and population growth. Other studies revealed that the size-scaling of growth of phytoplankton
populations changed also in different light and nutrient availability conditions (Mei et al., [2009).
Based on the literature and our results, we can see that the link between individual characteristics
and population growth is intimately close but also modulated by several factors, whether population
densities or environmental variables. Future studies should attempt to quantify the effects of each
ecological level on the others in order to better understand how acclimation to a variable, such as

density, can affect individual and population dynamics.
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5 Conclusion

While many studies investigated the effect of acclimation to different environmental factors on
organisms’ traits and population growth, this experiment is the first one to describe the impact
of density acclimation on these features. During the acclimation phase, organisms exhibited an
increase in nearly all their trait values in response to higher density. Simultaneously, there was a
reduction in inter-individual variability. These findings were strengthened by the consistency across
both experiments.

For the density dependence of population growth, both experiments showed that density
acclimation has a significant effect on density dependence. Indeed, organisms that were acclimated
to higher densities showed higher growth rates and a weaker density dependence. In addition, the
emergence of non-linear density dependence indicated an even greater and more complex effect
of density acclimation than expected. The later appearance of a non-linear relationship in the
second experiment may suggest that light influences the effect of density acclimation on density
dependence, which would illustrate the complexity of the interactions between individual traits,
population dynamics and the environment surrounding these populations. However, since our
experiments differed in more than one variable, it is difficult to draw strong conclusions about the
respective impact of experimental conditions, such as light intensity or the method of acclimation.

Yet, this study opens up new avenues of research to better understand how populations’
characteristics, such as density, can modify their entire dynamics. In addition to the improvements
already suggested in the paper, we believe that this type of study can be repeated on new strains
presenting other trait and growth values in order to see the potential generalization of the effect of
density acclimation. Changes in the environment, such as temperature, light or even the presence of
competing species, can also help us better understand the interactions between density-dependent
and non-density-dependent variables, and their effects on individual traits and population dynamics.

As a conclusion, this study showed that the initial density conditions of populations can have
a strong impact on their growth, and that they must be taken into account to better predict

population dynamics.
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A  Appendix

A.1 Supplemental methods

A.1.1 Light conditions

s [Figure S| and [Figure S2]: We measured light intensity with the SS-110 spectroradiometer and

615

620

Launch ApogeeSpectrovision software from Apogee instruments. The device measured light intensity
over a wavelength range from 340 to 820 nm. Light intensity was quantified via the photon flux
density, expressed in gmol m ?s™'nm~'. In addition to photosynthetic photon flux (PPF), the
software also indicated the Yield Photon Flux (YPF), the Photosynthetic Photon Efficacy (PPE)
and the ratio of red:far-red (R:FR). Full details of how to use the software can be found on the
Apogee website. The measurements shown here are those taken when the spectroradiometer was in
the middle of the incubator plate. In addition, we measured light intensities at various locations in
the incubator to see whether light distribution in the incubator was homogeneous or heterogeneous.
The amount of light distributed decreased as the spectroradiometer moved away from the LED
axis. To avoid differences in light distribution between the plates, they were moved randomly every
day after manipulation, ensuring that each plate did not end up in the same place where it had
been the day before. Light intensity was lower in method 1 (46,97 ymol m ?s~'nm™' ) than in
method 2 (79,77 ymol m™ s~ 'nm™).
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Figure S1: Light conditions in the incubator for method 1. The x-axis shows the wavelength in
nanometres (nm) of the perceived light, ranging from 340 to 820 nm. The y-axis shows the flux
photon density perceived by the spectroradiometer, expressed in gmol m ?s~'nm~'. The light
measurement was taken in the middle of the incubator. PPF : Photosynthetic Photon Flux, YPF :
Yield Photon Flux, PPE : Photosynthetic Photon Efficacy, R:FR : Red to Far-Red Ratio.
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Figure S2: Light conditions in the incubator for method 2. For conditions of measurement, axis
and abbreviations meanings, see [Figure 51}
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A.1.2 Experimental procedure

es |[Figure S3|and [Figure 54| illustrate the two phases of the experimental protocol. In the acclimation

630

635

phase, to avoid the presence of clumps, we filtered the stock culture, which had been kept in an 100
mL Erlenmeyer under identical conditions as those of the experiment. We measured the density of
this culture through flowcytometry (see|A.2)). Based on this density, we prepared an intermediate
solution with a concentration of 75,000 cells uL~!. From this culture, we inoculated two 6-well
plates for each treatment with 2 mL of cultures and 4 mL of PCRS11 medium. Changes in density
and traits were followed every day until the cultures reached distinct population sizes. The second
phase started when the populations reached their final population densities. The replicates of a
same treatment were mixed in an 100 mL Erlenmeyer. We measured the density of this solution.
Based on this new stock cultures, we carried out several dilutions to obtain new densities of 10 000,
20 000, 35 000, 50 000, 90 000 (when possible) and 130 000 (when possible) cells L~ for the first
experiment. In the second experiment, we diluted the cultures to obtain new densities of 15 000,
30 000, 50 000, 70 000, 100 000 (when possible) and 150 000 (when possible) cells uL~t. We then
measured the population densities for two days, enabling us to calculate the growth rate at the

new dilutions.
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Figure S3: Acclimation phase protocol. Stock culture corresponds to the culture maintained in the
laboratory. We filtrated and diluted this culture to obtain a new culture at 75 000 cells L™, We
then transferred 2ml of culture and 4mL of medium from this second culture to six 6-well plates,
two plates per treatment. Ny, Ny and N3 correspond to the population densities reached at the
end of the acclimation phase. Method 1 : N; = 50 000, Ny = 90 000 and N5 = 130 000 cells uL 1.
Method 2 : N; = 80 000, Ny = 130 000 and N3 = 150 000 cells pL~!.
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Figure S4: Space-for-time protocol. The figure shows the procedure for a single treatment only.
Once a treatment achieved its final population density V., the replicates were mixed in an 100 mL
Erlenmeyer. We then performed dilutions to obtain new densities. In method 1, new population
densities were 10 000, 20 000, 35 000, 50 000, 90 000 (when possible) and 130 000 (when possible)
cells L=, In method 2, new populations densities were 15 000, 30 000, 50 000, 70 000, 100 000
(when possible) and 130 000 (when possible) cells puL .
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A.2 Cytometer measurement

Organisms’ traits and populations densities were measured through flowcytometry. Every day, 200
L of each well were sampled and transferred into some 96-well plates, one plate per treatment.
Serial dilutions were performed so that our samples were in a concentration range from 50 to 500
cells uL ™1, being the range in which the cytometer can correctly measure the population density.
To measure the population densities and the trait values, the cytometer detected optical and
fluorescence signals using combination of lasers and detectors. These signal measurements were used
as proxies of the cell morphology, with its size (Forward Scatter; FSC) and its internal complexity
(Side Scatter; SSC) as well as three pigment contents : chlorophyll-a (RED.B, A = 488 nm),
phycoerythrin (YEL.B, A = 488 nm) and phycocyanin (RED.R, A = 642nm) (Adan et al.| 2016).
FSC light indicates the diffraction collected along the same axis as the laser beam, while SSC light
is a measurement of refracted and reflected light, collected at approximately 90 degrees to the laser
beam. These two signals are collected by photodiodes. RED.B, RED.R and YEL.B indicate the
fluorescent emission resulting from pigment excitation by light beams. The cytometer counted 1000
cells for each well, recorded the data cell by cell and calculated the average value of the density
and the traits. Dead cells, doublets and debris were removed using the CyanoFilter and PeacoQC

packges in R version 4.3.1 (Emmaneel et al.; 2022; |Olusoji et al., 2021)).
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A.3 Supplemental results
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Figure S5: Density of cultures over time. Dots correspond to density values measured and smoothing
curves represent overall trends of density over time. A : method of acclimation with dilutions when
population reached their equilibrium. Orange : density 50 (n = 72), red : density 90 (n = 84),
blue : density 130 treatment (n = 84). B : method of acclimation with a daily factor of dilution.
Orange : density80 (n = 60), red : density130 (n = 60), blue : densityl170 treatment (n = 84).

: Density of cultures over time. In method 1, populations were diluted once they
reached the desired concentrations in order to maintain them there. This method suffered from a
lack of precision when it came to maintaining different acclimation densities. This may be one of
the reasons why the density 90 and 130 treatments showed no significant difference in terms of
concentration. In the method 2, populations reached higher final densities overall than in method
1. The method has made it possible to achieve the desired densities more precisely. The density80

underwent a large dilution (1/3), which explains its decrease already from the second day.
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Figure S6: Final density for each plate. The figure shows median population densities (lines), 25%
to 75% quartiles (boxes) and ranges (whiskers). Dots are shown if extreme values are more than
1.5 times the interquartile range of the box. For each plate, n = 6. A : method of acclimation
with dilutions when population reached their equilibrium. Orange : density_ 50 (Plate A and B) ,
red : density 90 (Plate C and D) , blue : density 130 treatment (Plate E and F). B : method of
acclimation with a daily factor of dilution. Orange : density80 (Plate A and B), red : density130
(Plate C and D), blue : densityl70 treatment (Plate E and F). * p < 0.01, ** p < 0.001, ***
p < 0.0001.

. Final density of each plate. In method 1, the differences between the plate E and F,
as well as the large variance of density values in the plate E, are both sources of explanations of
non significant differences between the density 90 and the density 130 treatments. However, the
F plate clearly reached a different density compared to the plates of the other treatments. This
density in plate F was also the one expected for plate E. We were unable to determine the causes
of this difference in density. A greater exposure to light at the end of the experiment for plate F or
a better response to the dilutions applied are potential explanations. In method 2, some plates
from a same treatment appeared to have significant different densities. However, these differences

were still smaller than differences between treatments.
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Figure S7: Mean trait values with density. Dot corresponds to mean trait values measured of
replicates and smoothing curves represent the overall trends of traits with density. FSC : cell
size, SSC : cell complexity, RED.B : chlorophyll-a content, YEL.B : phycoerythrin content and
RED.R : phycocyanin content. A : method of acclimation with dilutions when population reached
their equilibrium. Orange : density 50 (n = 72), red : density_90 (n = 84), blue : density_ 130
treatment (n = 84). B : method of acclimation with a daily factor of dilution. Orange : density80
(n = 60), red : density130 (n = 60), blue : densityl70 treatment (n = 84).

[Figure S7} Mean trait values with density. In both methods, the traits reached different values
from the start of the experiment and increased with density. The shape of the curves for certain
traits, such as FSC, SSC and, to a lesser extent, YEL.B, followed those for density trends fairly
closely. However, RED.B and RED.R evolved in a less clear and predictable way. Though they
seemed to increase at first, the effect of density on the trait value changed according to the treatment
and the method. This was reflected by the confidence interval around the smoothed regression
curve increasing substantially after the end of the growing phase of RED.B and RED.R values,

making it more complex to track value changes.
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: Final trait values. In both methods, populations acclimated to higher densities
exhibited higher FSC and SSC values. R? and R? adjusted were high, especially for FSC models. For
FSC, when comparing treatment from similar densities but from different methods (e.g. density 130
from method 1 and density130 from method 2), values were quite equivalent. However, for SSC,
treatments of method 2 exhibited higher mean values than treatments of method 1 with similar
densities. For RED.B, populations acclimated to higher densities showed significantly higher RED.B
contents. R? and R? adjusted were quite higher in the method 2 compared to the method 1. For
YEL.B in method 1, every treatment showed significant differences in values. However, these
differences were much smaller than with the other traits, which might suggest that this trait has a
fairly stable content. In method 2, heteroscedasticity prevented from ANOVA tests. However, a
kruskal Wallis test showed a global difference in YEL.B values between treatments. For RED.R,
heteroscedasticity also prevented us from performing ANOVA tests. Kruskal Wallis tests yet showed

significant differences in method 2 but not in method 1.
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Figure S8: Final RED.R values for each plate. The figure shows median RED.R values(lines), 25%
to 75% quartiles (boxes) and ranges (whiskers). Dots are shown if extreme values are more than
1.5 times the interquartile range of the box. For each plate, n = 6. A : method of acclimation
with dilutions when population reached their equilibrium. Orange : density 50 (Plate A and B) ,
red : density_90 (Plate C and D) , blue : density 130 treatment (Plate E and F). B : method of
acclimation with a daily factor of dilution. Orange : density80 (Plate A and B), red : density130
(Plate C and D), blue : density170 treatment (Plate E and F).
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: Final RED.R values for each plate. In method 1, both density 50 and density 90
treatments showed large variation within their plates. In method 2, the high variation in the
density170 treatment was mainly explained by the large differences in RED.R values between plates.
This difference between the two plates can be due to the difference in density. However it is unlikely
that it is the only factor influencing this difference in RED.R values. It is possible that one of the

plates was exposed to more light than the other at the end of the experiment.
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Figure S9: Standard deviation of trait values with density. Dots correspond to the standard
deviation of traits within replicates and smoothing curves represent the overall trends of trait
standard deviation over time. For AB, abbreviations and colour meanings, see Supplements,

Fig. [S7]

: Standard deviation of trait values with density. The standard deviation of each
trait decreased with density linearly, except for FSC in method 1. When comparing the variability
of each trait between the two methods, they showed fairly similar valuess. YEL.B exhibited an

intrinsic lower standard deviation than the other traits.
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Table S2: Final standard deviation of traits for each plate in method 1. FSC : cell size, SSC
: cell complexity, RED.B : chlorophyll-a content, YEL.B : phycoerythrin content and RED.R :
phycocyanin content.

Contrast  estimate Std.Error  t.ratio df

FSC A-B 0.023 0.032 0.733 25
B-D 0.269 *** 0.032 8.254 25

C-D 0.020 0.032 0.636 25

B-F 0.249 *** 0.032 7.638 25

D-F -0.02 0.032 -0.616 25

RED.R A-B -0.014 0.026 -0.537 25
B-D 0.363 *** 0.026 13.502 25

C-D -0.029 0.026 -1.111 25

B-F 0.614 *** 0.026 22.839 25

D-F 0.251 *** 0.026 9.337 25

YEL.B A-B -0.027 0.020 -1.339 25
B-D 0.103 *** 0.020 5.035 25

C-D -0.028 0.020 -1.406 25

B-F 0.198 *** 0.020 9.660 25

D-F 0.094 ** 0.020 4.625 25

SSC A-B 0.0108 0.024 0.445 25
B-D 0.28 *** 0.024 11.499 25

C-D 0.003 0.024 0.147 25

B-F 0.468 *** 0.024 19.192 25

D-F 0.187 *** 0.024 7.692 25

*

o]
A
e
o
St

*p<0.01  *** p<0.001

705 : Final standard deviation of traits for each plate in method 1. Contrasts methods
with Bonferonni correction were performed to compare trait standard deviations between plates.
Plate E was removed because of large variance, leading to problems of heteroscedasticity. There was
never significant differences between two plates of a same treatment. However, for every trait except
FSC (Plate D and F), two plates from different treatments always exhibited standard deviations

70 that were significantly different from each other.
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Figure S10: PCA analysis on cultures at the start and the end of the acclimation phase. For each
treatment at the start or at the end of the experiment, n = 12. A : method of acclimation with
dilutions when population reached their equilibrium. Orange : density_ 50, red : density_ 90, blue
: density_ 130 treatment. B : method of acclimation with a daily factor of dilution. Orange :
density80, red : density130, blue : density170 treatment.

: PCA analysis on cultures at the start and the end of the acclimation phase. The
variables used were the trait values and the densities. In both methods, populations at the end of
the acclimation phase were distinct from populations at the start of the acclimation phase. Every
population at the end of the acclimation phase were also distinct from each other, despite a slight
overlap between two treatments in method 1. The combination of both axis explained respectively
97,1 % and 96 % of the total variation in our culture for method 1 and 2, indicating that the

variables used explained a significant proportion of the variation in our data.
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Table S3: Density dependence of growth model for method 1.

per-capita growth rate

Predictors Estimates Std.Error t.value
Density 50 (Intercept) 6.119e-01 *** 4.505e-02 13.582
poly(lag.dens, 1) -1.338e-05 *** 2.244e-06 -5.963
Observations 12
df 10
R?*/R? adjusted  0.780 / 0.759
Density_ 90 (Intercept) -1.097e-01 1.041e-01 -1.054
poly(lag.dens, 3)1  3.836e-05 *** 7.970e-06 4.813
poly(lag.dens, 3)2 -7.950e-10 *** 1.586e-10 -5.014
poly(lag.dens, 3)3  4.364e-15 *** 9.188e-16 4.750
density 130 9.46e-02 * 3.709e-02 2.551
Observations 33
df 28
R?/R? adjusted  0.696 / 0.6531
* p<0.05 ** p<0.01 ¥ p<0.001

: Density dependence of growth model for method 1. For every treatment, polynomial
models of different degrees were compared. The models shown here were those with the best AIC.
Overall, models fitted the data fairly well, with minimum R? adjusted values of 65% amounting
up to 76%. The density 50 treatment was best fitted to a linear regression, while the two other
treatments were best fitted to a polynomial model of a degree 3. When comparing the two models
of a degree 3, the density 130 had a significant higher intrinsic growth rate than the density 90

treatment. The density 90 treatment even showed a negative intrinsic growth rate, suggesting a

strong Allee effect.

48



730

735

Table S4: Density dependence of growth model for method 2.

per-capita growth rate

Predictors Estimate Std. Error t value
Density80 (Intercept) 2.526e-01 *** 1.363e-02 18.527
lag.dens -2.656e-06 *** 5.440e-07 -4.479
treatdensity 130 5.567e-02 ** 5.227e-02 3.286
lag.dens:treatdensity130  8.929e-07 ** 2.655e-07 3.363
Observations 33
df 29
R?/R? adjusted 0.921 / 0.913
Density 170 (Intercept) -7.427e-01 *** 1.215e-01 -6.111
poly(lag.dens, 4)1 7.485e-05 *** 8.173e-06 9.158
poly(lag.dens, 4)2 -1.585¢-09 *** 1.692e-10 -9.368
poly(lag.dens, 4)3 1.266e-14 *** 1.383e-15 9.150
poly(lag.dens, 4)4 -3.442e-20 H¥* 3.892e-21 -8.845
Observations 18
df 13
R?*/R? adjusted 0.937 / 0.918
* p<0.05 ** p<0.01 R p<0.001

: Density dependence of growth model for method 2. For every treatment, polynomial
models of different degrees were compared. The models shown here were those with the best AIC.
Both density80 and density130 were best fitted to linear regressions. The interaction between the
density and the treatment variable was significant, indicating a significant effect of the density
acclimation treatment on the slope, reflecting the density dependence. The slope was steeper for
the density80, indicating a higher density dependence. This treatment also exhibited a significantly
lower intrinsic growth rate compared to density130 treatment. The model explained much of the
variation in the data (R?* = 92,1%). The highest density treatment showed a polynomial regression
of a degree 4. The y-intercept was quite low, suggesting a strong Allee effect. The model also

explained much of the variation in the data (R* = 93,7 %).
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Figure S11: Derivatives of the estimated growth functions. Curves correspond to the derivatives
of the estimated functions of population growth. Horizontal dashed line indicates the abcissa of
the graph. A : method of acclimation with dilutions when population reached their equilibrium.
Orange : density 50, red : density 90, blue : density_ 130 treatment. B : method of acclimation
with a daily factor of dilution. Orange : density80, red : density130, blue : density170 treatment.

: Derivatives of the estimated growth functions. We performed the derivative of
each growth function to better analyze the density dependence of different treatments based on
population density. In method 1, we observed, for the density 90 and 130 treatments, that density
dependence was positive up to approximately a population density of 35,000 cells uL~t. This
positive density dependence was more pronounced for the density 90 treatment up to 30,000
cells L™, which is approximately the final density where treatments exhibited positive density
dependence. As the densities of the treatments became negative, the density 90 treatment showed
more strongly negative values than those of the density 130 treatment up to around 75,000 cells
puL~! indicating that density dependence was more significant in density 90. This relationship
reversed after the population density exceeded 75,000 cells pL~!. In method 2, density80 treatment
showed a more negative value than density130 treatment, indicating a higher density dependence.
Density170 showed a positive derivative up to a density of 40,000 cells/uL and also between 100,000
and almost 140,000 cells uL~!. The minimum value was at around 60,000 cells uL.=! and the

optimum value was at around 120 000 cells pL =1
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