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Lay Summary 
 

The world is changing: predictions by the IPCC (International Panel for Climate 
Change) warn that by the end of the century anthropogenic (man made) effects 
will have caused the amount of CO2 in the atmosphere to have doubled. This is 
going to be accompanied by an increase in temperature, solar radiation and 
changes in severity and frequency of rainfall. In the ocean, these changes will 
have effects on all organisms, ranging from top predators to primary producers, 
i.e. from large animals like sharks to tiny marine phytoplankton. The latter are 
particularly crucial for life on earth: they are the foundation marine food webs, 
they sink atmospheric CO2 to the ocean floor, and they contribute substantially to 
global oxygen production - just about every second breath of oxygen we take 
stems from marine phytoplankton. As marine phytoplankton live in large 
populations of several millions of cells per milliliter sea water with short 
generation times of a few days, they are going to perceive climate change 
gradually, and there will be ample scope for evolution to happen. The effects of 
climate change on this basis of ocean ecosystem function and services need to be 
assessed on time-scales matching IPCC predictions, i.e. studies concerning the 
evolutionary potential of marine phytoplankton are becoming increasingly 
important. Experimental evolution offers tools to do just this. Fossil records of 
marine phytoplankton can be used to assess some phenotypic aspects of high-
pCO2 evolved phytoplankton in comparative studies, but they are of limited use 
here, as no available geological record will match today’s environment in how 
fast pCO2 changes, and in the levels predicted to be reached. By using an 
experimental evolution approach, where I have selected 16 representative lineages 
of the marine picoplankton Ostreococcus in fluctuating and stable high-pCO2 
environments, I have shown that marine phytoplankton do indeed adapt and 
evolve in response to elevated pCO2, that a fluctuating environment selects for 
picoplankton that are better able to take advantage of short-term changes to their 
environment, and that short-term responses in picoplankton prior to evolution in 
the selection experiment can predict the magnitude of the response after the 
experiment, i.e. if elevated pCO2 does not cause an initial drop in fitness, we can 
use short-term data to extrapolate to longer time-scales. However, the actual 
phenotypes of evolved populations are not as easily predictable, and if this is what 
we are interested in, e.g. to include the data in biogeochemical models, we have to 
measure these phenotypes in evolved populations. My experiments have been 
standard experimental evolution approaches using ecologically relevant 
organisms. Now that we know more about their basic biology and evolution in a 
changing environment, we can design more complex experiments that will allow 
us to make better predictions about the fate of the microscopically small 
organisms that shape our world.  
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Thesis Abstract 
 
Small but mighty phytoplankton can be used as excellent model organisms to answer 
questions that are of importance to marine biologists and researchers in experimental 
evolution alike. For example, marine biologists are interested in finding out, how, in 
a changing ocean, the phytoplankton foundation of the ocean ecosystem is going to 
change - can we use short-term data to extrapolate to longer timescales? What are the 
physiological consequences of selection in stable and fluctuating high-pCO2 
environments? From a more evolutionary perspective, is elevated pCO2 alone 
enough to drive evolution in marine algae? Can we select organisms to maintain 
plasticity in fluctuating environments, and how does selection in a fluctuating 
environment affect their ability to evolve? Can we detect a cost of plasticity? I have 
used theoretical and practical approaches from both disciplines to answer these 
questions, as they are ultimately similar questions that are important to address, and 
the lack of communication between disciplines has lead to conflicting predictions on 
the fate of populations in changing environments. Using evolutionary theory and 
applying it to an organism with a known function in the marine environment allows 
us to make ecologically relevant predictions while also enabling us to disentangle the 
underlying evolutionary mechanisms. While there have been some studies focusing 
on evolution of marine algae in climate change scenarios since I started my PhD, my 
study is the first to test the link between phenotypic plasticity and adaptation 
empirically, and it is also the first to use 16 rather than single or few genotypes of an 
algae, thereby creating the statistical power necessary to make any predictions. In a 
short-term CO2 enrichment study, and a selection experiment, those 16 
physiologically and genetically distinct lineages of Ostreococcus, the smallest free 
living eukaryote, were selected for 400 generations in fluctuating and stable high 
pCO2 environments. I have shown that short-term plastic responses in phenotype can 
predict the magnitude of long-term evolutionary ones. Ostreococcus lineages in 
fluctuating environments evolve to be more plastic with no associated costs, and the 
adaptive response to selection in a high pCO2 environment is to grow more slowly in 
monoculture, but to be more successful competitors in mixed culture. High-pCO2 
evolved lineages are genetically and physiologically different from their ancestors. 
Importantly, their quality as a food source for zooplankton will change, with possible 
repercussions for the ocean ecosystem at a whole. Furthermore, the lineages’ ability 
to perceive pCO2 levels in the surrounding medium is altered after evolution in 
fluctuating and high pCO2 environment, allowing them to broaden the window in 
which they can respond to changes in their environment without suffering metabolic 
stress.  
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Glossary 
 

An oceanographer’s guide to experimental evolution 
The marine and evolutionary biology literature use different vocabulary, 
sometimes to describe the same concept or theorem. Many of the terms I use 
throughout my thesis are commonly used for microbial studies in experimental 
evolution, i.e. they are applied to research on large, mostly asexual populations of 
single celled organisms with short generation times. They may not translate to 
studies on multicellular organisms or populations made up of relatively few 
obligatory sexual organisms with greater longevity. Due to the nature of this 
thesis, I have also included reoccurring vocabulary that is more specific to 
oceanography and might not be well known in the context of evolutionary 
biology. In the section sub-headed as “specific terminology”, I explain re-
occurring vocabulary that is specific to the experimental set-up of my thesis.  

Adaptive evolution: Evolution (see below), where fitness increases as a result of 
natural selection.  
 
Clonal diversity: Clonal diversity describes the number of genetically distinct 
individuals, also known as genotypes, within a population. When there is no 
mutation (unlikely in microbial populations) and no genetic recombination, this is 
the amount genetic diversity that natural selection can act on.  
 
Clonal interference: In asexually reproducing organisms, clonal interference 
occurs when two or more mutations arise independently from each other in 
different individuals within the same population. When there is no regular genetic 
recombination (either through horizontal gene transfer or sexual recombination), it 
is likely that no organism will be able to carry both mutations, and therefore, one 
of the mutations will get lost when individuals compete against each other. Large 
populations with high growth rates can increase the number of competing 
beneficial mutations, and hence are sometimes expected to intensify clonal 
interference.  

Evolutionary change/response: Generally, evolution is a change in genotype 
frequency within a population between generations. Genetic variation can 
originate from de novo mutation, or may already be present as standing genetic 
variation. Here, the evolutionary response is measured as a change in growth rate 
in a new environment compared to growth rates of control lineages in a control 
environment, or ancestral growth rates. I use this as a proxy for the underlying 
genetic change.  
 
Fitness: I use both growth rate and competitive ability as a measure of fitness  - 
this is sensible for selection experiments carried out in semi-continuous (batch) 
culture, where growth rate is (usually) under strong selection. In some cases, 
evolution may have no measurable effect on fitness and be neutral (neutral), or it 
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may lead to a decrease in fitness (maladaptive). In marine phytoplankton, fitness 
itself can be difficult to assess or define, and in many marine studies fitness-
related traits other than growth are used, e.g. calcification in coccolithophores.  
 

Horizontal gene transfer (HGT): all processes that lead to an organism 
incorporating genetic material from another organism without being that 
organism’s offspring. 

Lineages/ecotypes: These are genotypes or physiologically distinct strains within 
a species. Lineages referred to as clonal are founded from a single individual and 
propagate asexually so that all variation within a lineage over the timescale of an 
experiment comes from mutation, not the initial genetic variation of a population. 
We have referred to our lineages as ecotypes in Schaum et al. 2012 (attached), but 
a paper indicating that the different clades (genotypes) within Ostreococcus are 
likely to be four different species was published soon after (Subirana et al. 2013), 
and we have used the term “lineages” when referring to a specific isolate from 
thereon after. We use the term “population” to distinguish between individuals 
from different selection environments, i.e. we talk about “high - pCO2  
populations” and “control populations” when not referring to a particular lineage.  
 
Natural selection: A process by which individuals with characteristics favourable 
for reproduction in a specific environment leave more offspring in the next 
generation, thereby increasing the proportion of their genes in the population gene 
pool over time 

Phenotypic plasticity/ Plastic response/acclimation response: A response of 
organisms to environmental change that involves a change in phenotype with no 
underlying change in genotype. Plasticity is adaptive when it increases fitness in 
that organism, but maladaptive and neutral plasticity have also been reported.  
 

!
Figure i: Graphic example of phenotypic plasticity  

Flounders are well known to change their appearance according to their environment without changes to the 
genotype. How well a flounder camouflages, however, may have genetic causes. Pictures courtesy of 
http://dechiaroscuro.wordpress.com and blog.sciencemusings.com.  
 
Reaction norm: A reaction norm describes the expected phenotype of a genotype 
in a given environment, i.e. the difference in phenotype (or fitness) of a genotype 
between environments. 
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Replicates: Here, I have used biological and technical replicates. Biological 
replicates are founded from three different clones from the same lineage. Here, I 
need them to disentangle the effects of chance (variation between the biological 
replicates within the same selection environment) from machine error or handling 
error (variation between the technical replicates). Depending on the assay performed, 
I used three to five technical replicates.  

Oceanography for Dummies  
 
Alkalinity: Alkalinity describes the buffering capacity of aqueous solutions. 
Solutions with high alkalinity will be less sensitive to changes in atmospheric 
pCO2 and hence, pH. Alkalinity in the oceans is  - these days – barely affected by 
how much atmospheric CO2 is taken up or released by seawater. There is some 
effect of respiration and/or photosynthesis of phytoplankton communities, and a 
strong effect of calcification (see Figure ii: when CaCO3 dissolves at the end of a 
bloom – here visible from space – alkalinity increases due to the amount of 
carbonate ions that are released in the process. When CaCO3 is used to build 
calciferous shells or liths – here represented by a coccolithophore -, alkalinity 
decreases as carbonate ions are removed from the system.) 
 

Carbonate system: For the sake of simplicity, we will assume that the ocean 
carbonate system consists of three major components: alkalinity (see above), pH, 
and DIC (see below). Atmospheric CO2 can enter the ocean through diffusion 
across the ocean surface. This is a boundary layer process – diffusion across that 
layer can be very slow. Once in the seawater, CO2 dissolves to form different 
species of dissolved inorganic carbon, namely carbonic acid, bicarbonate ions, 
and carbonate ions. How much atmospheric CO2 dissolves in water (or seawater), 
depends mainly on pressure and temperature (it dissolves better in cold water), but 
also on seawater alkalinity. The amount to which either species is prevalent in a 
solution is a function of pH, temperature and alkalinity. pH itself strongly hinges 
on temperature and biological and abiotic processes that may alter alkalinity or 
DIC. This means that describing the carbonate system accurately is often not 
trivial, as many different aspects need to be taken into account. Efforts are being 
taken to standardize how carbon system measurements are reported in the marine 
biology/climate change literature. Generally, it suffices to have detailed 
information on two of pH, alkalinity, and DIC to describe the third. In my thesis, I 
have measured all three components regularly, but used pH and alkalinity to 
calculate carbonate system parameters.  
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Figure ii: a very simplistic take on two factors of the ocean carbonate system alkalinity and DIC.  

Both can be influenced by biotic and abiotic factors in different ways. For example, calcification has a large impact 
on alkalinity, but not on DIC, and photosynthetic activity changes DIC but has only a small effect on alkalinity.  
 

DCM: Deep chlorophyll maximum. A peak in chlorophyll deeper in the water 
column of oceans or lakes, indicating either a high abundance of phytoplankton or 
a higher chlorophyll content of phytoplankton living in a darker environment.   

DIC: measure of total dissolved inorganic carbon (all species) in seawater. DIC is 
stongly influenced by how much CO2 is taken up by the ocean (and thereby by 
atmospheric pCO2), and by biotic factors such as photosynthesis and respiration, 
and any other processes that cause big changes in seawater pH (see Figure ii). 
 
Gyres: a large system of rotating ocean currents. Subtropical gyres are often 
nutrient-deplete, whereas sub-polar gyres cause an upwelling effect in their 
centres, where nutrient-rich water is transported to the surface and becomes 
available to plankton. 
 
pCO2: atmospheric pressure of CO2. I report values in ppm (parts per million) 
throughout this thesis.  
 
Thermocline: metalimnion in freshwater systems, this is a distinct layer in a body 
of water, where the temperature changes more rapidly with depth than in the water 
above and below. In the oceans, the thermocline often marks the end of the mixed 
layer (.ca the first 100m) where nutrient concentration, salinity and temperature 
are relatively uniform.   
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Specific Terminology:  
!

Evolutionary responses: refer to heritable differences in growth rates between 

populations evolved for 400 generations in the treatment specified and their 

appropriate control populations, evolved for 400 generations in a control 

environment.  

Evolved plastic responses/evolved plasticity: refers to short-term changes in 

photosynthetic rates in evolved populations in response to changes in CO2 levels – 

measured here after 400 generations of selection.  

Ancestral plastic response/ancestral plasticity: Plastic response of oxygen 

evolution rates to change in pCO2 level in lineages prior to selection (t0). 

Acclimation period: time spent in a new pCO2 environment before growth rates 

and other phenotypic traits were measured – no longer than 14 generations in 

total. 

Assay/ Assay environment: Environment in which samples are grown for 10-14 

generations and plastic or correlated responses are measured.  

Direct response: phenotypes of evolved lineages measured in their average 

selection environment after 400 generations of selection.  

Correlated response: phenotypes evolved lineages measured  in the mean 

ancestral environment for high and fluctuating high pCO2 evolved lineages, and 

at elevated pCO2 for control lineages.  

Ancestral lineages: lineages at t0, prior to evolution (measured and grown at 430 

ppm CO2) 
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General Introduction  
!

In this thesis, I focus on the relationship between phenotypic plasticity and 

evolutionary responses that rely on de novo mutation. Rather than conducting 

experiments with a standard model organism, such as Pseudomonas syringae or 

E. coli, I use a globally distributed marine pico-alga, Ostreococcus tauri. 

Focusing on this species of algae gives us the opportunity to use a model 

organism with known and relevant ecology, where we can link its plastic and 

evolutionary responses in the laboratory to its ecology in its natural habitat, e.g. 

when we find that more plastic lineages had been originally isolated in more 

variable environments. It is known that Ostreococcus populations in different 

habitats are genetically distinct from each other, which allows us to estimate how 

much of a plastic or evolutionary response (or the relationship between the two) is 

attributable to their genetic background, how much to the environment the lineage 

was originally isolated from, and how much to an experimental regime. It also 

makes this work directly relevant to understanding how marine communities will 

respond to an important aspect of global change.  

 

Below, I will present a brief overview of global climate change scenarios that will 

be the cause for much evolutionary change in marine ecosystems, and which I use 

to motivate the actual selection regimes used in my experiments. I will then 

introduce our model organism, O. tauri, and finally outline the evolutionary 

background of phenotypic plasticity and explain why it is of interest to study this 

phenomenon, and how it can be linked to evolutionary outcomes.  

! !
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Where the green things are: the ocean, climate change, and the 

tiny eukaryote Ostreococcus  
!

Writers have pledged to have Earth renamed “Ocean” (Stow & Allan 2004) as the 

sea is this planet’s most dominant feature, covering roughly 71% of its surface. 

Studied by oceanographers and explorers since the 16th century, and having 

moderated Earth’s climate and nutrient cycles for more than 4 billion years 

(Falkowski et al. 1998), the ocean is crucial for life on Earth. Now, it is bound to 

change more drastically and quickly than ever before (IPCC reports 2007 and 

2014), and in the following, I will describe the changes likely to affect marine 

biota the most. Atmospheric pressure of CO2 and other greenhouse gasses will 

increase along with solar radiation, the amount and frequency of precipitation is 

bound to change, and sea surface temperatures will become less stable (e.g. Boyd 

et al. 2010), with an average trend to also increase. Consequently, the ocean will 

be warmer and less alkaline overall, a process that has gotten much attention and 

scientific coverage as “ocean acidification” (Wolf-Gladrow et al. 1999; Caldeira 

& Wickett 2003) throughout the last decade.  

 

Today, ocean currents allow for circulation within the vertical water column and 

transport water of different nutrient contents and densities around the globe. 

Under climate change scenarios, global ocean currents will be altered, and the 

water column will become more stratified (e.g. Riebesell 2004). Increased 

stratification (less mixing of deep and surface water) will lead to key nutrients 

being trapped in the deep aphotic zones and not available for organisms above the 

deep chlorophyll maximum (Steinacher et al. 2010, Winder & Sommer 2012) – a 

peak of chlorophyll concentrations in low-light nutrient-rich deep water near the 

thermocline (see glossary), reflecting either high phytoplankton biomass, or the 

phytoplankton present having a higher chlorophyll content. The DCM is made up 

of phytoplankton of all functional groups (see below). Additionally, oxygen 

diffusion into the deeper waters will be inhibited (for reviews see Rost et al. 2008, 
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Riebesell & Tortell 2011, Reusch & Boyd 2013). Changes in temperature and 

pH/general carbonate chemistry are of particular concern, as they have been 

shown to affect many life-stages across a variety taxa, for example when larger 

organisms rely on stable CO2 gradients in order to excrete metabolic CO2 through 

diffusion (Melzner 2009), or when organisms need excess carbonate ions in 

seawater in order to build calcium-rich shells or liths (e.g. Kroecker et al. 2010, 

Bach et al 2013). Mean temperature changes of no more than 1-2ºC have been 

associated with increased mortality in tropical corals (Pandolfi et al. 2011), and 

heat waves can cause stress in many marine invertebrates (Moore et al. 2011) and 

plants (Reusch et al. 2005). On the other hand, some species (predominantly 

macrophytes, see Eggert et al. 2005) might benefit from increased temperatures 

when this allows them to grow faster for longer periods of time, thus reshuffling 

species composition and possibly biodiversity in the ocean. To date, the majority 

of empirical studies on how climate change affects the organisms in ocean 

ecosystems has so far focused on short-term responses (see also 1.2.) and have 

rarely taken into account that organisms will eventually evolve in and to their 

changed and changing environment (but see Lohbeck et al. 2012a, Caldeira & 

Wickett 2003; Crawfurd et al. 2011; Tatters et al. 2013; Jin et al. 2013), and that 

this evolutionary response may be closely linked to the (more easily measurable) 

short-term response. Note, that the physical models that are used as a context or 

motivation for physiological experiments, are usually on the scale of months to 

centuries.  

 

Average changes in abiotic parameters are going to happen on a global scale, but 

the magnitude and even the direction of environmental change in different parts of 

the ocean ecosystem will vary locally (IPCC Reports 2007 and 2014). For 

example, while seawater pH is expected to drop by an average of 0.4 units within 

this century as a result of atmospheric CO2 being taken up by the ocean (Wolf-

Gladrow et al. 1999), the local drop in pH by the end of the century could range 

from 0.2 in tropical gyres to 0.6 in the North Atlantic (see Figure 1 A). Note that 

so far, there is no large-scale region in the ocean with a predicted increase of pH, 

or unchanged pH (see Figure 1A).  
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Figure iii: prediction after IPCC report 2013, altered.  

A: change in ocean surface pH measured from 1986 – 2005, and predicted 2081- 2100. B: Ocean surface 
pCO2 (blues) and pH (greens) C: global ocean surface pH  - measured until 2010 (grey, “12”) and predictions 
based on different models (red “10” follows predictions assuming anthropogenic green house gas emission 
continue to increase; purple “9” assumes that anthropogenic green house emissions were to stop immediately).  
 

Water has a very high specific heat capacity, so any atmospheric changes in 

temperature will be buffered by virtue of the sheer volume of the ocean  – but the 

warming signal is measurable in the oceans already, and extends down through 

the water column to about 1000 metres (Roemmich et al. 2012). The ocean 

carbonate system is also changing (Figure 1B, 1C), which changes the form of 

inorganic carbon available to primary producers. Exchange of gasses between the 

atmosphere and the water surface follows a boundary layer process, and allows 

for the uptake of atmospheric CO2 into the ocean on a time scale of months 

!"#$
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(Zeebe et al. 2008; Zeebe & Wolf-Gladrow 2001). This means that changes 

measurable today will only increase in the future as the excess carbon is in the 

atmosphere already. Because of this time-lag, even if all greenhouse gas emission 

stopped immediately, marine ecosystems would change dramatically, with far-

reaching consequences for organisms relying on the ocean ecosystem and its 

ecosystem services. This includes but is not limited to humans, polar bears, and 

marine phytoplankton.  

 

Marine phytoplankton, although measuring no more than a few micrometers, are 

responsible for about half of the global primary production (Falkowski et al. 1998; 

Field 1998). The estimated total autotrophic global primary production per year is 

about 105 gigatons carbon – 48.5 of those are produced in the ocean, with 5% 

attributable to macrophytes such as seagrass, and the remaining 95% being 

produced by phytoplankton.  
 

Picoplankton – the smallest of the small microalgae that measure no more than 1-

2 !m in diameter- are important for carbon cycling in regions close to the deep 

chlorophyll maximum (DCM), a function that has been highlighted by (Vaulot et 

al. 2008). In fixing CO2 through photosynthesis and sinking carbon to deeper 

layers of the ocean they contribute greatly to the biological carbon pump (Field 

1998; Riebesell 2004; Riebesell et al. 2007). They are a major food source for 

small filter feeders and dinoflagellate grazers (see Figure 1) in freshwater 

(Stockner & Porter 1988) and marine systems (Urabe et al. 2003, Sterner &Elser 

2009). In microbial food-loops picoplankton have a central role in redistributing 

dissolved organic carbon (DOC) through competition, commensalism and 

predation by heterotrophic bacterioplankton (e.g. Chiang et al. 2014).  

 

This central position in marine biogeochemical cycles and food-webs means that 

changes to the phytoplankton community have the potential to impact the ability 

of the ocean to absorb anthropogenic CO2 emissions (Doney et al. 2009) and will 

alter energy transfer in food webs, if the primary food source of filter feeders 

changes in quality, quantity, or both (Rossoll et al. 2012; Thomsen et al. 2013). 

Climate change is also likely to alter other interactions between species, such as 
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competition (Van de Waal et al. 2011), grazing intensity and viral infection 

(reviewed by Caron & Hutchins 2013) - but to date, little is known about how 

these ecological networks are going to change.  

 

 
Figure iv: Phytoplankton and their role in the marine food web  

(simplified, carbon cycle and food web: black arrows. Increased respiration in larger organisms due to 
consumption of plankton: orange arrows). Courtesy of Christopher Kremps (2004), altered.  
 

Until recently, studies of phytoplankton responses to global change have relied 

mainly on detailed physiological studies of single genotypes (reviewed in Rost et 

al. (2008), Riebesell & Tortell (2011)) as representatives of functional groups. 

Traditionally, these groups are green algae, dinoflagellates, silicifying diatoms, 

calcifying coccolithophores and N2 fixing cyanobacteria (e.g. Falkowski et al. 

(1998), see Figure v) - i.e. they are collections of organisms that have an explicit 

geochemical role, a distinct set of biotic and abiotic requirements, and are of 

either quantitative or qualitative importance in at least some regions of the oceans 

(Le Quere et al. 2005).  
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Figure v: Example species of functional groups.  

From left to right (top) Dinophysis norvegica  - dinoflagellate, Ostreococcus tauri –  green algae, Anabaena sp.  
– cyanobacteria, (bottom). Centric diatom,  Coccolithophore. Photos by E. Schaum at the Institute for Baltic Sea 
Research (2007) and University of Edinburgh (2011))  
 

Ostreococcus (Figure vi) is a genus of marine green algae first discovered in 1994 

during a picoplankton investigation in the French Thau lagoon(Courties et al. 

1994). 

 

  
Figure vi: Ostreococcus – (recoloured) Transmision Electron Microscope pictures. 

 A and B Ostreococcus tauri, C Ostreococcus lineage rcc809 – isolated from >100m depth. Starch grain within 
chloroplast appears bright white on A and B. Original pictures courtesy of genome.jgi-psf.org. 

 

Members of the genus Ostreococcus are the smallest known free-living 

eukaryotes (Courties et al. 1994) and fall into a species complex consisting of four 

genetically different clades that may be four species  

(Subirana et al. 2013). Lineages of all clades are alike in that they have a very 

simple ultra-structure: one chloroplast (often with one transient starch granule, see 
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Figure vi), one mitochondrion, and lack a proper cell wall (Courties et al. 1994). 

Unlike many other marine photoautotrophs, they do not seem to have clear carbon 

concentrating mechanisms. They are nearly globally distributed (e.g Demir-Hilton 

et al. 2011, Worden 2006, Worden & Not 2008), with some debate as to how far 

they extend into polar waters (Lovejoy et al. 2007; McDonald et al. 2010).  

 

Hitherto tragically ignored and overlooked (or simply misidentified as bacteria) 

by oceanographers, Ostreococcus is now known to contribute to algae biomass 

and diversity as well as the food web and to carbon fixation around the globe 

(Viprey et al. 2008) (Worden et al. 2004). This is especially the case in otherwise 

oligotrophic waters (Palenik et al. 2007), where their small size is advantageous: 

their larger surface to volume ratio allows them to take up nutrients more easily 

(Raven 1986). Since its discovery twenty years ago, Ostreococcus has become a 

model organism for circadian studies and cell cycles (O’Neill et al. 2011) 

(Monnier et al. 2010), light-acclimation experiments (Six et al. 2008; 2009), 

proteomics (Le Bihan et al. 2011), and research on host-virus interactions (Derelle 

et al. 2008; Weynberg et al. 2011; Thomas et al. 2012). My PhD thesis further 

uses Ostreococcus as a novel model system for experimental evolution. 

Ostreococcus has several features that made it an excellent study system to 

develop for eco-evolutionary studies:  

 

First, Ostreococcus divides asexually one to three times a day (Moulager et al. 

2007) and can be grown at high population densities. While Ostreococcus does 

not bloom, and rarely reaches high densities in the wild (Countway & Caron 

2006), samples can be grown to 106 cell per ml within a few days in the lab using 

full medium. This is unusual for a marine alga, which often require extensive care 

to be grown under laboratory conditions at all (personal communication B. Rost, 

T. Reusch). On a more theoretical note, their rapid growth and large population 

size mean that communities of Ostreococcus are going to experience climate 

change gradually relative to their generation time, leaving ample scope for 

evolution by both lineage sorting and de novo mutation in Ostreococcus 

populations. Second, their genome is small (e.g. 12.5 Mb O. tauri, 13. 2 O. 
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lucimarinus (Palenik et al. 2007)) compared to that of other green algal model 

systems,, such as Chlamydomonas reinhardtii, which has a genome of 120 Mb. 

The full Ostreococcus genome has already been sequenced for some members of 

the Ostreococcus species complex (Derelle et al. 2006), notably Ostreococcus 

tauri, Ostreococccus lucimarinus, and deep sea lineage rcc809. This aids in 

molecular approaches, e.g. where genetic data are used to determine lineage 

diversity (Rodríguez et al. 2005) and global distribution patterns (e.g. Demir-

Hilton et al. 2011). Third, I can make use of findings from past studies that 

focused on Ostreococcus ecology and physiology. I know, for example, that there 

are many physiologically and genetically distinct lineages, with local adaptation 

based on light niches. Knowing that we find different genotypes in a number of 

defined environments allows us to disentangle genotypic effects from 

environmental ones. Finally, as explained above, marine picoplankton are the 

foundation of ocean ecosystems, therefore making it crucial that we understand 

how this foundation is going to change, and what is going to drive these changes, 

if we want to be able to understand and predict repercussions in the ocean 

ecosystem as a whole. Our findings are not restricted to marine algae: we can 

apply the outcomes of studies with marine microbes (as one can with any model 

system), to the general evolutionary theory of how plastic responses influence 

evolutionary ones. I will outline this background, and how it is treated differently 

within (but rarely ever discussed between) the disciplines of evolution and 

oceanography, in the second part of this introduction.  
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 “Move, cope, adapt or die”  

Gienapp et al. (Gienapp et al. 2008) have coined a phrase that is now taught to 

students of evolution and climate change alike: When confronted with 

environmental perturbations, organisms have four possible reactions – move, 

adapt, cope, or die. While this is (largely) true, catchy, and easy to remember, it 

can also be misleading in its simplicity. It is true that a changing environment will 

drive both plastic and evolutionary responses in organisms (see glossary for 

explanations of plastic versus evolutionary responses), but the relationship 

between them still remains to be investigated empirically, and it is likely that the 

results of climate change scenarios will have on how communities react are not 

going to follow an either/or pattern.  

 

Does plasticity help or hinder evolution?  

The debate on whether or not plasticity hinders or helps evolution is not so much 

a debate between disciplines (even though it should be, as this would help to 

avoid conflicting predictions), but more a case of two separate debates within 

different disciplines. Although there is beginning to be more crosstalk between 

evolutionary and marine biology, the two disciplines have viewed the long-term 

consequences of adaptive phenotypic plasticity differently. In evolutionary 

biology, theory states that plasticity will facilitate evolution, but there is a distinct 

lack of empirical evidence.  

 

Evolution itself has until recently been largely ignored in oceanography and other 

disciplines that deal with how organisms cope with a changing environment in the 

short-term. There, plastic responses are measured routinely, and are usually 

thought to cause organisms to be less likely to evolve in cases where a plastic 

response increases fitness in the short term (adaptive plasticity).  

 

Plasticity and evolution in marine biology 

 The assumption that plastic organisms are less likely to evolve may have been 

sparked by suggestions that if the environment changes, it will cause populations 
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made up of plastic individuals that can mitigate fitness loss by plasticity to be 

under weak or no selection. A population that is not under selection will not have 

to adapt. Populations with no or insufficient adaptive plastic responses will have 

to either migrate or adapt to avoid going extinct. This leads to the conclusion that 

adaptive plasticity and genetic adaptation should be negatively correlated, as 

plasticity shields the organism from evolution by keeping fitness constant ( for 

reviews and essays see Levin 1988; Ghalambor et al. 2007; Falconer 1990).  

 

Furthermore, in studies of natural populations, it is often impossible to completely 

disentangle plastic and evolutionary responses (e.g. Travisano & Shaw 2012; 

Reusch 2013; Merilä & Hendry 2014). While failing to rule out a plastic response 

does not imply that no evolutionary response is present or possible, it is harder to 

definitively detect an evolutionary response than a plastic one (Hansen et al. 

2012). Evolutionary responses will consequently be reported less often than 

plastic ones in proportion to the extent that they actually occur (Merilä & Hendry 

2014), and phenotypic plasticity has hence in the past been dismissed as less 

important for adaptation. .  

 

When evolutionary responses are measured in oceanography studies, single or few 

genotypes are used and the evolutionary outcomes cannot be connected back to 

the initial plastic responses. Recent examples of studies focusing on plastic (or 

“acclimation”) responses of marine phytoplankton to a variety of aspects of 

environmental change, include plastic responses to herbicides(Huertas et al. 2011) 

(Huertas et al. 2010), CO2 enrichment ( e.g. Fu et al. 2008 , Feng et al. 2008, 

Hutchins et al. 2009, Riebesell et al. 2008, Langer et al. 2009, Rokitta & Rost 

2012, Hoppe et al. 2010), and multi-stressor scenarios (e.g. Gao et al. 2012); 

Kranz et al. 2010, Beardall & Raven 2004, Hoppe et al. 2013).  

 

Plastic responses to elevated pCO2 across functional groups are varied – in 

diatoms, growth rates remain stable or increase, in coccolithophores growth rates 

remain stable or decrease, and in cyanobacteria, growth rates usually increase in 

response to elevated pCO2. In all of these studies, experiments were conducted on 
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single or a few lineages of one species – therefore variation in responses within 

groups could not be quantified. Variation, however, is crucial to assess before any 

projections into future scenarios are made (see below). While still descriptive and 

useful for the specific setting that they were conducted in (and possibly useful as a 

predictor where it is known that the genotype used in a study is indeed the only 

one present in a population of interest – but this is unlikely), none of these 

experiments measured long-term effects of the stressors. Any predictions will 

hinge heavily on the assumptions that all other genotypes will follow the same 

pattern as the genotype used in a study, and that all genotypes are either equally 

plastic, or that the more plastic they are, the less likely they will be to exhibit an 

evolutionary response.   

 

Traditional microbial evolution experiments (e.g. Lenski et al. 1991; Lenski & 

Travisano 1994; Elena & Lenski 2003) usually have an element of initial stress or 

starvation.  In contrast, using elevated pCO2 as a driver of evolution in marine 

phytoplankton is more complicated, as increased pCO2 can act as both a stressor 

and a source of nutrients. For coccolithophores a high pCO2 environment is 

stressful, due to its associated pH effects (Bach et al. 2013). Coccolithophores rely 

on stable seawater carbonate chemistry to build calcium-carbonate liths, which 

often become deformed and fragile under CO2 enrichment (Riebesell et al. 2000). 

The role of calcification itself is as of yet up for debate, but calcification rates are 

thought to have an impact on fitness (Beaufort et al. 2011). When elevated pCO2 

acts as a stressor, adaptive evolution is expected and has been documented in 

coccolithophores (Lohbeck et al. 2012a; 2012b; Jin et al. 2013). When there is no 

initial drop in fitness, non-adaptive evolution is found, e.g. in the freshwater green 

alga Chlamydomonas reinhardtii (Collins & Bell 2004). Still, a shift in mean 

phenotype was observed in these experiments, and this shift cannot be accounted 

for by phenotypic plasticity alone, indicating that evolution did occur. Other 

studies did not detect evolutionary or adaptive responses (Crawfurd et al. 2011; 

Tatters et al. 2013; Reusch & Boyd 2013), possibly because they were shorter and 

less statistically powerful. While the above studies show that evolutionary 

responses to elevated CO2 are possible and indeed likely in photosynthetic 
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microbes, they do not investigate the role that phenotypic plasticity might have 

played in determining the size and presence of an evolutionary response.  

 

Plasticity and evolution in evolutionary biology 

In evolutionary biology, there is a growing body of theoretical evidence 

suggesting that plasticity should facilitate evolution, either through demographic 

effects where populations made up of plastic individuals remain larger and thus 

maintain or generate more variation for natural selection to act on, or though 

plasticity directly affecting the adaptive value of novel mutations (Lande 2009; 

Chevin et al. 2010; Fierst 2011; Draghi & Whitlock 2012). In these cases, 

lineages made up of plastic individuals are predicted to be more likely to adapt to 

novel and changing environments (Ellers & Stuefer 2010; Matesanz et al. 2010; 

Nicotra et al. 2010; Pichancourt & van Klinken 2012; Merilä 2012). This is based 

on population genetics models (Schlichting & Pigliucci 1998; Gomez-Mestre & 

Jovani 2013; Snell-Rood et al. 2010), though it has never been tested 

experimentally in the absence of demographic effects, but see (Draghi & Whitlock 

2012). When non-heritable variation is present in a population, and later leads to 

the populations changing genetically, plasticity will facilitate the process of 

evolution, and lead to novel traits, and in the end to genetic divergence and so 

speciation (e.g. see West-Eberhard (2003)).  

 

In my thesis, I have empirically tested to what extent evolution is influenced by 

plasticity. In order to make any predictions of short-term or long-term effects of 

plasticity on changes in fitness within a group of organisms it is important to first 

sample from sufficiently varied plastic individuals of that group, and to take costs 

and constraints of plasticity itself into account, as I explain below.  

 

Variation matters 

If we want to link plasticity measurements to results of selection experiments, it is 

necessary to first estimate variation in plasticity within our group of interest, 

whether that is a population, species, or functional group - we can, for example, 

not assume that the response of one genotype of marine phytoplankton represents 
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that of a functional group, as individuals with different genetic backgrounds are 

likely to respond differently to perturbations to their environment, and the 

variation in plastic responses in the short-term. So far variation in plastic 

responses to elevated pCO2 or other environmental changes within functional 

groups of marine phytoplankton has not been quantified, meaning that we cannot 

use empirical data to estimate the mean plastic response of these groups to ocean 

acidification, or link plastic responses of different magnitudes within a group to 

that of the evolutionary responses within that same group.  

 

Studies focusing on single or a few genotypes are still useful and descriptive, but 

cannot predict changes in additive phenotypes (for example carbon uptake, 

nitrogen utilization, food quality) for other trophic levels in phytoplankton 

communities of groups of organisms in an ecosystem. Shifts in additive 

phenotypes will be the result of a combination of changes. First, community 

composition that is attributable to changes in the frequencies of groups, second, 

non-genetic changes in phenotypes within groups (plasticity), and third, evolution 

within groups. To estimate responses of a community, many genotypes within one 

species need to be measured. The effects can then be disentangled using the Price 

equation (Price 1972), which can be used predictively if individual components 

are measured in laboratory or mesocosm experiments (Collins & Gardner 2009). 

In this thesis, I explore variation of non-genetic change and evolution within a 

group, and the way that this affects the evolution of phenotypes within that same 

group.   

 

The relationship of an individual’s or a population’s fitness and phenotypic 

plasticity across changing environments can be described by reaction norms, 

mathematically solvable as a function or a series of functions (Scheiner 1993). 

Theory suggests that reaction norms can be linear (DeWitt & Scheiner 2004) or 

non-linear (Gomulkiewicz & Kirkpatrick 1992) (Kingsolver et al. 2004) - but it is 

important to keep in mind that any relationship between plasticity and an 

environment will appear linear when measured across two environments only.  
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When I measure plasticity in many genotypes within one species, and link this 

plasticity to a relative change in fitness in the short-term, the simplest outcome is 

a positive linear relationship between adaptive phenotypic plasticity and fitness: 

higher phenotypic plasticity mitigates any negative effects that a changing 

environment may have on an individual or group of individuals, and individuals 

with higher phenotypic plasticity will experience higher relative fitness compared 

to those with low phenotypic plasticity. Or, when the changed environment does 

not impose an initial stress, more plastic lineages that are better at taking 

advantage of the changed situation will still have higher relative fitness than those 

that are less good at taking advantage of the new situation by being plastic. In the 

real world, this is likely to be more complicated - for example, when phenotypic 

plasticity is costly, or when many phenotypically plastic traits are closely 

integrated so that the amount of plasticity in one trait is limited by the amount of 

plasticity in another, though neither of these will change the predicted effect of 

one lineage having a higher net plastic response than another lineage.  Instead, 

these two considerations may limit the magnitude or direction of plastic change.  

 

Costs of plasticity 

 

Costs and constraints of plasticity may alter reaction norms. If plasticity is costly 

to maintain or evolve, this sets a limit to how much change to an environment a 

species with a given amount of adaptive plasticity can tolerate by using plastic 

responses before it needs to rely on other mechanisms (such as evolution or 

migration) to avoid extinction (Chevin et al. 2010). Costs of plasticity can result 

from maintenance as well as development of plasticity (Dewitt et al. 1998) 

(Callahan et al. 2008) (Ernande et al. 2004)and are now included in models of 

phenotypic evolution and persistence in changing environments (Chevin et al. 

2010). Despite the central place of costs of plasticity in the theoretical literature, it 

is rare that such costs are actually detected in live populations. This may be 

because fitness costs of plasticity have been found to be weak in a range of 

multicellular organisms, and may influence phenotypic evolution only under 

stressful conditions (as reviewed by Van Buskirk & Steiner 2009). Additionally, 
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(Auld et al. 2010) highlight that reported costs of plasticity might be biased or 

imprecise due to the multi – colliniearity, i.e. frequently observed correlation 

between environment-specific trait values and the magnitude of trait plasticities. 

Loss of plasticity in stable as compared to fluctuating environments (where 

plasticity is actively selected for) can indicate a cost of maintaining plasticity in 

environments where it is not needed, but in asexual organisms, this loss of 

plasticity might alternatively indicate that genes involved in maintaining or 

displaying plasticity that are not under selection hitchhike with other genes that 

are under selection (Fay & Wu 2000; Chevin et al. 2008).  

 

Phenotypic integration  

Phenotypic plasticity may also be influenced and constrained by phenotypic 

integration. While plasticity is often measured and modeled for one trait of 

interest, it is likely that several traits respond plastically to changes in the 

environment, and that these responses are not independent of each other. 

Phenotypic integration describes to what extent different plastic traits in an 

organism are correlated (Pigliucci 2003) and the effect of phenotypic integration 

on adaptive evolution can be regarded as almost analogous to how genetic 

correlation can slow down and constrain the evolution of adaptive traits (Agrawal 

& Stinchcombe 2008), where the stronger the physiological or genetic linkage 

between phenotypic traits, the less flexible the range of variation of any one of 

those traits. This constraining effect on plasticity has been considered both 

theoretically (e.g. Valladares et al. 2007) and empirically (e.g Gianoli & Palacio-

Lopez 2009). In Ostreococcus, some molecular and biochemical networks are 

known to be integrated – for example, the circadian clock controls about 30% of 

RNA transcription in Ostreococcus tauri (Moulager et al. 2007, Monnier et al. 

2010).  

 

Connecting plastic responses and evolutionary responses  

Within disciplines, the relationship between plastic responses and adaptation or 

evolution is often considered to be uncontroversial, but it is this relationship that 

has so far been the source of conflicting predictions between disciplines. It must 
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be empirically tested in order to estimate to what extent plasticity data can be used 

as a proxy for predicting the evolutionary fate of populations.  

 

Disentangling these responses remains a challenge, but by using single-celled 

phytoplankton I can make use of the advantages of experimental evolution – i.e. I 

can clearly separate and empirically test plastic and evolutionary responses to 

environmental changes in controlled laboratory settings. I have used clones from 

16 physiologically distinct lineages of the marine picoplankton Ostreococcus to 

investigate to what extent plastic responses can explain evolutionary ones in 

stable and fluctuating environments.  

 

I show that, first, in a short-term response to elevated pCO2, more plastic 

individuals also have higher relative fitness in the new environment, and that this 

response correlates with the location that population was originally sampled from, 

not with their genetic relatedness (Chapter 1). Second, I show that in the long 

term, plastic lineages are more likely to evolve and adapt, particularly when 

plasticity is maintained in a fluctuating environment. Interestingly and rather 

unexpectedly, the adaptive response is to grow slow(ly), and I argue that this is to 

maintain cellular health. I find no net cost of plasticity with the methods applied 

here (Chapter 2). Third, that after 400 generations of selection at fluctuating and 

stable elevated pCO2, there are strong phenotypic consequences – on average, 

lineages return to the ancestral phenotype. However, the community response is, 

particularly in fluctuating environments, not always representative of that of 

individual lineages (Chapter 3). 

 

Finally, I use mathematical modeling to take our results beyond what I can 

measure in the laboratory. When outcomes of competition between lineages of 

Ostreococcus are determined solely on dispersal through ocean currents and 

plasticity/growth rate data from chapter 1 to 3, lineages rapidly get driven into 

extinction, with more plastic lineages taking over the habitat of less plastic 

lineages in the absence of other parameters such as grazing pressure. This, 

however, is not the case on the field sides where the samples were originally taken 



E./3+D;2/$+.!

! H#!

– a situation very much alike to the “paradox of the plankton” (Hutchinson 1961). 

I show that, both in a lattice grid automaton, and a model inspired by core-satellite 

metapopulation models, habitat connectivity caused by ocean currents is an 

important factor to allow for different lineages of Ostreococcus to co-exist in the a 

Mediterranean bay area. Populations made up of individuals that are less like to 

succeed in competitive scenarios can be rescued by a continuous, current-driven 

propagule rain from ‘satellite’ environments. IPCC reports predict drastic changes 

in salinity and temperature of Mediterranean surface waters, which may render the 

environment more horizontally heterogeneous (while, at the same case causing the 

water column itself to be more stratified). Based on this, I use my model to predict 

assume a loss of Ostreococcus biodiversity and use data from the end of my 

selection experiment to calculate community intracellular stoichiometry to predict 

carbon cycling properties of future algae communities in coastal Mediterranean 

surface waters.  (Chapter 4)
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Chapter 1: Plastic Fantastic. Variation in plastic 

responses to ocean acidification in a globally distributed 

picoplankton species 
 

In this chapter, I will demonstrate that members of a genus of marine 

picoplankton, Ostreococcus, react plastically to CO2 enrichment, and that the 

variation I find within that species complex is on par with variation found 

between genera of other marine phytoplankton. I show that plastic responses are 

adaptive in the short-term, and argue that more plastic lineages should increase in 

frequency under elevated pCO2 – at least on the scale of a few generations. I also 

monitor the short-term changes in a number of ecologically relevant phenotypic 

traits, such as cell size and intracellular stoichiometry. These steps are all 

necessary if I want to know how reliable short-term data is for extrapolating 

further into the future (IPCC and other climate model predictions are usually on 

the scale of centuries), or when we are interested in disentangling the underlying 

mechanisms that shape and explain the relationship of phenotypic plasticity and 

evolution or adaptation.  

 

The key findings of this chapter have been published as an article in Nature 

Climate Change (Schaum et al. 2013) and are the basis of the selection experiment 

and model described in the subsequent chapters.  

 

Abstract  
 

Phytoplankton are the foundation of marine food webs, and affect biogeochemical 

cycles (see general introduction). As atmospheric CO2 levels rise, and oceans 

become less alkaline, shifts in the frequencies and physiology of lineages within 

phytoplankton groups will affect the nutritional value and biogeochemical 

function of phytoplankton in the ocean ecosystem. However, studies to date are 
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based on only a few representative genotypes from key phytoplankton species or 

functional groups. Here, I measure changes in cellular function and growth rate at 

atmospheric CO2 concentrations predicted by the IPCC for the year 2100 in 16 

lineages of the marine picoplankton Ostreococcus. I find that variation in plastic 

responses among lineages is on par with published between-genera variation, so 

the responses of one or a few lineages cannot estimate changes to the physiology 

or composition of a species under CO2 enrichment. I show that lineages best at 

taking advantage of CO2 enrichment by changing their photosynthesis rates most 

should increase most in relative fitness, and so in frequency in a high-pCO2 

environment. Finally, information on sampling location is a better predictor of 

lineages likely to increase in frequency than phylogenetic relatedness.  

 

1.1 Introduction 
 

Invisible to the naked eye, small but mighty marine phytoplankton are the 

foundation of the marine ecosystem. They drive carbon and oxygen exchange 

between the ocean and the atmosphere through fixing atmospheric CO2 as organic 

carbon and through exporting carbon to the deep ocean as they die and sink (e.g. 

Vaulot et al. 2008; Doney et al. 2009). Furthermore, they are the main players in 

bottom-up controlled marine food webs, as small grazers and filter-feeders (e.g. 

rotifers and small crustaceans) rely heavily on prey of a certain size and elemental 

composition (Elser et al. 2001; Rossoll et al. 2012; Thomsen et al. 2013). As the 

oceans keep changing, it will be necessary to understand if and how marine 

microbes are likely to respond to these changes, so that scientists from different 

disciplines can collaborate to start predicting the consequences of global climate 

change for ocean ecosystems and ecosystem services.  

 

Studies to date have often relied on detailed physiological studies of the reactions 

of a few genotypes that represent key species or functional groups, but unless we 

have sufficient data of within-group variation, we cannot begin to estimate the 

relationship between plasticity and (short term changes in) fitness for lack of 

statistical power. Neither can we draw conclusion from one lineage or genotype 
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and assume that all other lineages of that species - possibly within a bloom that is 

made up from many genotypes of the same species (Rynearson & Armbrust 

2005), will react in the same way, or use data of only few genotypes to extrapolate 

to all lineages of that species in all habitat types (e.g. coastal waters versus open 

ocean, habitats near the deep chlorophyll maximum compared to surface habitats 

or combinations thereof), as lineages might be very different in their reactions to 

climate change scenarios depending on the evolutionary history in their 

environment.  

 

To produce reliable predictions, data that has to be collected includes variation in 

responses at lineage-, species- and community level (see Collins & Gardner 

2009). Changes in physiological, evolutionary and ecological traits of interest, as 

well as the covariance between these traits and fitness at the beginning and end of 

a selection experiment can then be described, i.e. to make predictions based on 

short-term data, we need to know how consistent the plastic responses of traits are 

within groups of plankton at the species or the functional group level and we must 

also test whether changes in these traits can be tied to changes in relative fitness. 

The correlation between the magnitude of plastic responses and the change in 

relative fitness is what allows us to predict changes in the relative frequencies of 

the groups in a community, and of lineages in a group. 

 

Empirical studies to date predict that elevated pCO2 alone can trigger changes in 

many physiological traits of marine phytoplankton, e.g. photosynthesis rates, 

intracellular composition and internal C-fluxes – see (Rost et al. 2008) and 

(Riebesell & Tortell 2011) for reviews. The responses generally show that 

calcifying taxa experience a fitness drop and reduced calcification in the short-

term (Riebesell et al. 2000; 2008; Rokitta & Rost 2012), while cyanobacteria 

grow faster  (Hutchins et al. 2007; Fu et al. 2007; Hutchins et al. 2009)  and this 

translates to a gain in relative fitness in the short-term term  Diatoms often show 

no or only small short-term changes in phenotype or growth rate in response to 

carbon enrichment (Tortell et al. 2008; Trimborn et al. 2008). These studies were 

using single or few (but see Langer et al. 2009) genotypes to represent functional 
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groups, where variation in responses within functional groups was not quantified, 

and most of the studies were not designed with evolutionary questions in mind.  

 

Fresh water green algae have been used as model systems in experimental 

evolution for a while (Collins & Bell 2004; Collins et al. 2006b), but marine algae 

in general only started to be developed as model systems for experimental 

evolution within the last three years ( e.g. Crawfurd et al. 2011; Lohbeck et al. 

2012a; 2012b; Tatters et al. 2013) – sometimes accidentally (Mueller et al. 2010) - 

and my study was the first to use many genotypes of a marine green alga: I have 

used 16 lineages of the species complex Ostreococcus, the smallest free-living 

eukaryote (Courties et al. 1994; Subirana et al. 2013) from 9 habitat types 

(Appendix Table 1, Figure 1.1) to quantify variation in plastic responses to 

elevated CO2 for ecologically relevant traits such as photosynthesis, and I 

characterize changes in traits affecting food quality.  

 

As phytoplankton communities will change by sorting within and between 

species, I compare the measured within-species variation in plastic responses to 

published differences in plastic responses between functional groups. A lineage is 

considered more plastic if its phenotype over a few generations of exposure to 

CO2 enrichment changes more (see formula in methods section). Changes in 

phenotype on this time scale involve changes in phenotype that are the result of 

sustained changes in gene expression, but exclude transient acclimation and 

genetic change (evolution). I link plasticity in photosynthesis rates to changes in 

the relative fitness of lineages during asexual growth, and use this link to predict 

which lineages are likely to rise in frequency in a high pCO2 environment on the 

time-scale of a few generations: More plastic Ostreococcus lineages increase in 

relative fitness more, and sampling location rather than genetic relatedness is a 

good proxy for plastic and fitness responses.  
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1.2 Materials And Methods 

1.2.1 Culture Conditions 
 

13 lineages of Ostreococcus were obtained from the Roscoff Culture Collection 

(rcc), and rcc809 (a Mediterranean “deep-sea” lineage), rcc501, and the 

sequenced oth95 were obtained from the Plymouth Marine Laboratory, for a total 

of 16 Ostreococcus lineages. Another lineage, rcc393, was received from the 

Plymouth Marine Laboratory, included in all experiments, but later found to be 

Ostreococcus lucimarinus, and excluded from analysis.  

In the manuscript summarising the key findings of this part of my thesis (Schaum 

et al. 2012), I refer to these physiologically distinct lineages as ecotypes, as it was 

only in 2013 that research indicating that Ostreococcus tauri is indeed a species 

complex of at least four cryptic species was published (Subirana et al 2013). All 

lineages were made clonal by dilution on 48 well plates. A single surviving 

culture was chosen at random for each lineage. Artificial seawater (sterilized by 

0.2! filtration) salinity and controlled room temperature were kept constant at 32 

and 18ºC, respectively. Light intensity was at 175 !mol photons m-2 s-1 (portable 

Luxmeter, Hanna Instruments). During the pre-acclimation period, 5-7 days prior 

to the experiment, all cultures were grown in a closed system approach: Keller 

Medium (Keller et al. 1987) was bubbled with either 380ppm CO2 (ambient 

control) or 1000ppm CO2 (future scenario) and then 35ml were transferred into 

50ml tissue culture flasks (Sarstedt green cap). These had been wrapped in LEE 

filters Ocean Blue Foil (724) as described in previous studies (e.g. O’Neill et al. 

2011) to increase the proportion of blue light reaching the cells. The medium was 

inoculated so that cell densities were about 100 cells /ml. All samples were grown 

in semi continuous batch cultures at low densities (max cell count below 105/ml). 

Samples were shaken gently once a day. Culture conditions were chosen as a 

compromise between the many different environments experienced by different 

lineages. Note that developing O. tauri as a model organism – i.e. finding 

conditions at which all lineages would grow in the lab, was part of the pilot work 

leading up to this chapter.   



-?'>/*3!H!

! GK!

 
Figure 1.1: Sampling locations of Ostreococcus lineages used throughout my PhD project.  

This map also illustrates that Ostreococcus is globally distributed and can be found in various habitats, ranging 
from the open ocean to coastal waters and lagoons.  

 

1.2.2 Acclimation for phenotypic plasticity and growth rate measurements 
 

All lineages were used for initial phenotypic plasticity and growth assays. While 

growth rate itself is a phenotype, I treat it as a fitness proxy here, and so consider 

it separately from other plastic responses throughout the study. Plasticity was 

measured for oxygen evolution in the light (photosynthetic oxygen evolution, or 

PS II activity), oxygen consumption in the dark (respiration) and cell size. I used 

three biological and two technical replicates for measurements. All lineages were 

pre-acclimated and then acclimated for 5-7 generations in medium calibrated at 

380ppm CO2 or 1000ppm CO2 using a gas mixer. As samples need to be very 

dense to be measured in clark-type oxygen electrodes, samples were concentrated 

by centrifugation for 15 minutes at 1500g, re-suspended in smaller (15 ml) 

aliquots of medium bubbled with either 380ppm CO2 or 1000ppm CO2, and then 

divided into subsamples. One was used for oxygen evolution and uptake 

measurements (in the same assay, see below, Figure 1.2), another was used for 

growth assays (see below), and the third was filtered through an 0.2 !m syringe 

filter. This aliquot of the sample was used for pH and DIC measurements.  
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Figure 1.2: Experimental set-up of plasticity assay. 

Three biological replicates of each lineage were pre-acclimated and then acclimated in medium adjusted to a 
pCO2 of either 380ppm CO2 or 1000ppm CO2. To yield samples that were dense enough for oxygen evolution 
and consumption measurements, samples were spun down slowly, re-suspended in less medium, and then 
used to measure growth rates, oxygen evolution, oxygen consumption, as well as DIC and pH. Changes in 
growth rate between samples at 380ppm and 1000ppm CO2 are used as the “fitness response”, changes in 
oxygen consumption or evolution are the “plastic response”.  

 

1.2.3 Determination of growth rate ! 
 

For determination of growth rates, samples were transferred back to 30ml of 

Keller Medium in Nunclon flasks (Thermo Scientific), so that initial cell density 

was between 20 and 100 cells/ml. Cell density was determined by transferring 100 

!l of each sample to 96 well plates and detecting optical density as OD 600 and 

OD 750, though both produced the same growth rates (EL 808 Biotek). Flow 

cytometry, as described in Chapter 2 and Chapter 3 yields a much more accurate 

cell count, but I did not have access to flow cytometer at the time the experiments 

for Chapter 1 were carried out. OD was measured twice a day throughout a seven-

day period. Cell density at the end of the growth assay was 2*104 cells/ml on 

average. A coulter counter was used to convert OD measurements to cell count.  
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Growth rate ! was calculated as 

! !!! ! ! !" !! ! !"!!!!
!!  

 

 

with N1 and N0 being cell numbers at t1 and t0 respectively, and "t the time in 

days between sampling intervals. Cell density was determined daily during the 

assay (see Figure 1.3 for an example growth curve), but I have used 

measurements at t0 (after inoculation) and t7 (after 7 days in culture) to calculate 

growth rate ! as presented in this chapter. This is appropriate here, as we are 

interested in changes in cell density, and not in the exact shape of the curve, i.e. it 

does not matter how a lineage reaches the final density at day seven, what matters 

is how different the cell density at day seven is from that after inoculation as this 

determines who is more likely to be transferred.  

 

 
Figure 1. 3: Example growth curves for lineages growing at ambient CO2.  

A: cell count as calculated from OD 750, B log- scaled  (ln) growth over a seven-day period. Cells dd not reach 

carrying capacity, and calculating growth rate ! from daily increments yields results that are not statistically 

different from using cell counts at t0 and t7. All samples were started from the same density of ~ 100 to 200 

cells per milliliter.  
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1.2.4 Measurement of net photosynthetic oxygen evolution and respiration  
 

Oxygen evolution in the light and oxygen uptake in the dark were measured in a 

Clark-type oxygen electrode illuminated at 180 !mol photons m-2 s-1, with 

stirring, at 18 ±  0.8 ºC. Prior to measurements, oxygen levels in the cultures were 

reduced to 15% by bubbling with N2 and N2/ CO2, with the concentration of CO2 

being either 380 ppm or 1000 ppm using the same gas mixer used for adjusting 

medium for the pre-acclimation and acclimation periods. For net oxygen 

evolution measurements, changes in oxygen concentration were recorded for 6 

minutes in the light. For respiration, oxygen concentration was measured for 

another 6 minutes in the dark. Oxygen consumption by the electrode was 

determined at the beginning of each measurement. To avoid bias due to circadian 

rhythms in Ostreococcus, photosynthesis and respiration measurements were 

always carried out in a 4-8 h window after the beginning of the light period. 

 

1.2.5 Trait plasticity and fitness responses 
  

Trait plasticity responses were calculated from oxygen evolution or oxygen 

consumption using the following formula,   

 

 

 

with PS as net photosynthetic oxygen evolution (or respiration) in !mol per cell 

per hour. The formula for calculating the growth response (i.e. fitness response) 

was the same, with growth rate ! replacing PS.   
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1.2.6 Carbonate chemistry 
 

Seawater carbonate chemistry was calculated from pH and alkalinity using the 

CO2sys software (Lewis & Wallace 1998). DIC and Alkalinity were measured in 

duplicate. DIC was measured colorimetrically (Stoll et al. 2001) using a TRAACS 

CS800 auto analyzer (Seal Analytical). Total alkalinity (TA) was inferred from 

linear Gran-titration plots (Gran 1952; DICKSON 1981), which had been 

produced by an automated TitroLine burette system (Schott). Note that in 

Edinburgh, samples were titrated manually using H2SO4 of a known molarity to 

determine TA. pH and TA were measured at the beginning and at the end of the 

acclimation period, as well as at the end of the growth assay. pH and TA was also 

measured in each batch of seawater prior to inoculations. While I was able to 

control carbonate chemistry fairly well for data sets concerning POC quota, PON 

quota and chlorophyll a content, variability was slightly larger for data sets 

concerning growth rates, oxygen evolution and respiration measurements, and cell 

size. There, alkalinity varied greatly between batches of artificial seawater. 

Especially for the 1000ppm CO2 treatment, this resulted in larger variability of 

seawater DIC content, thus leading to some lineages experiencing a larger 

increase of DIC (as calculated using CO2sys) DIC than others. Therefore, results 

were adjusted by linear regression. For a table providing more detailed 

information on carbonate chemistry see Appendix Table 2. For all experiments 

following those described in this chapter, I made up 80 - 100l of artificial 

seawater (Instant Ocean ® sea salts) at a time, and adjusted alkalinity per 80- 100l 

batch by adding small amounts of concentrated HCl, to avoid uncontrolled 

variability in the medium. Vitamins and nutrients were only added prior to 

bubbling the media. Furthermore, experiments described in chapters 2 and 3 were 

conducted in incubators especially re-designed to be used for pCO2 studies. This 

allowed for more precise control of pCO2 levels, but also limited our ability to 

reach pCO2 lower than 400ppm CO2.  

 



-?'>/*3!H!

! GX!

1.2.7 Chlorophyll a content 
 

Three to four technical replicates of the five lineages analyzed at the AWI, were 

filtered onto cellulose nitrate filters (Sartorius) and stored at -80ºC. Chlorophyll a 

(chl a) quotas were then determined fluorometrically after extraction in 90% 

acetone (Sigma), as described by (Holmhansen & Riemann 1978). The 

fluorometer (TD-700 ,Turner Designs) was calibrated with standardized solutions 

of chl a (Sigma) in 90% acetone. To yield chlorophyll per cell or cell volume, the 

same samples were read on an Accuri Flow Cytometre immediately before 

chlorophyll was extracted. As the Accuri B6 also reads chlorophyll flourescense 

(as red fluorescence in the FL3 channel), I was then able to use data from 

extracted samples to calculate chlorophyll a content from Accuri readings.  

 

1.2.8 POC/PON  
 

Three to four technical replicates of all samples for particulate organic carbon 

(POC) and nitrogen (PON) were filtered onto precombusted (12h, 500ºC) GF/F 

filters (1.2mm; Whatman) and stored in precombusted (500ºC) petri dishes (e.g. 

Rokitta & Rost 2012). Filters were wrapped in tin foil and POC and PON were 

then measured using an Elementar Vario El mass spectrometer. 

 

1.2.9 Membrane Inlet Mass Spectrometry to quantify internal C-fluxes 
 

Membrane Inlet Mass Spectrometry (MIMS) allows us to take a more detailed 

look at changes in carbon fluxes in response to elevated pCO2 than the standard 

approach of using an oxygen electrode. MIMS measurements were conducted at 

the Alfred-Wegener Institute Bremerhaven. Cells were concentrated by filtration 

(pore size 0.5!m; Isopore, Millipore). The culture medium was exchanged 

stepwise with HEPES (50mmol, pH either 7.9 or 8.2 at 5ºC, for cells acclimated 

to elevated and ambient pCO2 respectively) buffer, in which carbonate chemistry 

can be easily controlled and calculated. If the steps were sufficiently small, 
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HEPES buffer had no negative short-term impact on cellular function, as verified 

by flow cytometry. The MIMS system consists of a temperature-controlled 

cuvette, a membrane-inlet (polytetrafluoroethylene membrane, 0.01 mm), and a 

sectorfield multi- collector mass spectrometer (Isoprime; GV Instruments). Gas 

molecules dissolved in solution permeate through the membrane and are ionized, 

and, depending on their mass to charge ratio (m/z), separated and detected. The 

method established by Badger et al. (1994) is based on simultaneous 

measurements of O2 and CO2 during consecutive light and dark intervals. For 

calibration, known amounts of inorganic carbon were added to measure 

photosynthesis and carbon uptake rates as a function of CO2, HCO3
-, or dissolved 

inorganic carbon (DIC) concentrations. First, I tested for extracellular carbonic 

anhydrase activity by comparing Ci fluxes with and without the addition of the 

CA inhibitor DBS. Second, I measured photosynthesis rates, as well as rates of 

CO2 and HCO3 uptake. To measure Ci fluxes depending on DIC levels - which are 

a function of pCO2 – in the medium, measurements traditionally uses DIC free 

medium for calibration. All but one lineage never recovered from being 

transferred into DIC free medium, so I used in situ measurements that do not 

require DIC free medium. This is more accurate and informative than oxygen 

electrode measurements. However, even in DIC containing medium, MIMS data 

for the deep sea lineages (rcc809 and rcc810) was not reliable, as they would only 

occasionally show measurable oxygen production (compare Chapter 3 where I 

discuss very low oxygen production rates found in some lineages measured in 

Edinburgh). Data presented here is therefore for three Mediterranean surface 

lineages at ambient and elevated pCO2. Light and dark intervals during the assay 

lasted 6 minutes each. The incident photon flux density was 180!E. Chlorophyll a 

concentrations in the cuvette were determined after each experiment and used for 

normalising data output to milligrams chlorophyll a (Rost et al. 2003; Kranz et al. 

2009). MIMS output was analysed with an R script that I wrote and which gives 

graphical and statistical output consistent with commercial software (Origin), but 

runs on Mac machines (Origin requires a windows operating system) – script can 

be found in the appendix (‘Appendix Scripts’).   
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1.2.10 Salinity pilot 
!

Global change will cause many biotic and abiotic parameters of the ocean 

ecosystem to change at the same time, and although multi-stressor experiments 

are beginning to be published (e.g. Gao et al. 2012  , Kranz et al. 2010, Beardall & 

Raven 2004, Hoppe et al. 2013), it is not known whether or not different changes 

to the environment will elicit the same plastic responses – i.e. is the plastic 

response and the variation of plastic response between lineages generic? Or will 

plastic responses differ in their magnitude, their correlation with fitness, and their 

variation between lineages when there are various triggers for plastic responses? 

What happens if multiple parameters change at the same time? While looking at a 

multi-factorial design of environmental change and different complexity levels 

thereof in detail was not within the scope of my thesis, I ran a pilot study, where 

pCO2 was kept constant, but salinity was increased. Elevated pCO2 is in its 

essence a nutrient and beneficial for green algae (at least in the short term) – 

increased salinity may not be. An increase of one salinity unit is equivalent to a 

change of 1mg per litre of all salts that cause salinity in ocean water, and while 

some of the components of standard seawater could be nutritious and favour faster 

growth in algae, the overall increase in salinity may act as an ionic, osmotic or 

oxidative stressor (Zhu 2002) and has been shown to trigger programmed cell 

death in other, albeit freshwater, unicellular green algae (Affenzeller et al. 2009).  

 

In order to test whether this new change in the environment would produce the 

same pattern of more plastic lineages (i.e. lineages with the larger change in 

phenotype) showing the biggest increase in short-term growth rates (i.e the 

biggest gain in relative fitness), I used two surface lineages and two “deep-sea” 

lineages of Ostreococcus with differing plastic responses to pCO2, and subjected 

them to two “high salinity” treatments. In the “gradual” treatment, salinity was 

increased gradually from 32 to 34 over a 7-day period. In the “sudden” treatment, 

salinity was increased from 32 to 34 immediately. The increase in salinity was an 

increase in all salts in our instant-ocean® medium, not an increase in NaCl2 only. 

Lineages were then pre-acclimated and acclimated to the salinity of 34 before 

growth rates and oxygen evolution were measured as described above.  
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1.2.11 Data analysis 
Data were analysed in the R environment, using mixed models within the nlme 

and lme4 packages. Data were first tested for normality using R’s inbuilt shapiro 

test. I then performed mixed linear models with pCO2 as a fixed effect. Depending 

on the test performed there were up to four random effects that were all treated as 

not nested within each other. As the mixed linear model packages within R often 

do not return correct degrees of freedom those were calculated manually. The 

models were built as described by (Pinheiro & Bates 2000). For graphs, means 

and standard error per lineages as well as per pCO2 treatment were calculated 

within the ggplot2 package.  

 

1.3 Results  

1.3.1 Lineages vary in their plastic responses to CO2 enrichment 
Using representative genotypes to predict functional group responses to ocean 

acidification requires that variation in responses within functional groups be small 

relative to variation between functional groups. However, our estimate of 

variation within Ostreococcus ranges from 1.8 -3.6 times variation between 

functional groups (assuming equal or low within- and between- lineage variation, 

respectively, see Table 1.1 and Appendix Table 3).  

 

Although all 16 lineages of Ostreococcus increase their growth rates under CO2 

enrichment (CO2 level x lineage explaining growth rate, F15,96 = 248.85, p < 

0.0001), the magnitude of response varies among lineages (CO2 level x lineage 

explaining change in growth rate F15,96= 1233.63, p <0.00001), ranging from a 

1.06 to a 1.9 fold increase (Figure 1.4 a). 
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Figure 1.4: Physiological changes in Ostreococcus in response to elevated CO2 levels.   

Lineages are colour coded according to sampling depth, with surface lineages in green, mid-depth lineages 
(~10—40m) in blue, and “deep sea” lineages (deeper than 80 metres in orange). a, All 16 lineages divided more 
rapidly at 1000ppm CO2 than at 380ppm CO2 (1.48 ± 0.42 fold increase in growth at high relative to ambient 
CO2 levels, CO2 x lineage, F 15,96 = 248.85, p <0.0001)), mean daily growth rate at 380ppm= 0.76 ± 0.02 d-1 and 
at 1000ppm = 1.04 ± 0.05 d-1). The magnitude of the response varied between lineages (lineage difference, 
F15,96= 1233.63, p <0.00001). b, Net photosynthesis rates are faster at elevated CO2  ( CO2 x lineage, F 15, 96 = 
27.59, p =0.0001 and increase by 1.4 ±0.3 fold for photosynthesis and 1.2 ±0.2 fold for respiration (oxygen 
evolution = 7.42 ± 0.29 fmol O2 per cell and hour at 380 ppm and 9.61 ±0.4 fmol O2 per cell and hour at 
1000ppm). Although responses are consistent in direction, they vary significantly between lineages (lineage 
difference, F15,96=727.54, p<0.0001 for photosynthesis, F1,596,=514.21 and p<0.001 for respiration ) c, The C:N 
ratio of cells is significantly higher in cells grown at 1000ppm CO2 than in cells grown at 380ppm CO2 (CO2 x 
lineage, F4,59= 59.99, p<0.001, C:N mass ratio 4.49 ± 0.09 at 380ppm CO2 and 5.68 ± 0.2 at 1000ppm CO2). 
The increase in C:N ratio is due to increases in carbon content (fold increase in POC 2.12 ± 0.8); as well as 
decreases in nitrogen content of cells (fold change in PON = 3.16 ± 1.18). Variation between lineages is 
significant (lineage difference F 4,59=361.46 , p<0.0001 ) .These changes are consistent with the increase in cell 
size seen (panel c) and are caused by carbon enrichment rather than nitrogen limitation, as the medium used 
was nitrogen-rich. Based on these changes, future Ostreococcus populations could more than double their 
intracellular carbon quota, with some lineages decreasing their intracellular nitrogen quota by a third. d, Cells 
also increase in size in response to CO2 enrichment (1.48 ± 0.21 fold increase in size, p < 0.0001; mean size at 
380ppm = 2.26 ± 0.29, at 1000ppm =3.35 ± 0.6), and the magnitude of the response varies between lineages 
(lineage difference, F4,79 =375.14, p<0.0001). Future Ostreococcus cells have the capacity to be nearly 1.5 
times larger than contemporary Ostreococcus cells. Lineages are referred to as ecotypes here.  

 

If each of the clades is indeed a separate species, as suggested in Subirana et al. 

(2013), then the highest variation found in surface lineages from coastal and open 

water (0.37), and almost no within-species variation of change in growth in the 

deep-sea strains (clade B, variation 0.001) 
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When I consider Ostreococcus as one species complex, there is similar variation 

in plastic responses among lineages for traits affecting oxygen production, size, 

and food quality of phytoplankton (Figure 1.4 b-d). There is a 1.02 to a 2.18 fold 

increase in photosynthesis rates (change in photosynthesis by CO2 level F 15, 96 = 

27.59, p <0.0001) with significant variability between lineages (CO2 level x 

lineage explaining change in photosynthesis F15,96 = 727.54, p<0.0001). 

Differences in plastic responses for C:N ratios, which partly determine the food 

quality (Elser et al. 2001; Rossoll et al. 2012) of phytoplankton  range from 1.06 

to 1.56 fold increases (response to CO2 : F4,59= 69.99, p<0.001, variation: F 

4,59=361.46, p<0.0001). Lineages also vary in how much their size increases under 

CO2 enrichment with fold differences from 1.3 to 1.9 (CO2 level x lineage 

explaining change in size: F15,79 =375.14, p<0.0001; variation: F 15,79 = 

174.1,p<0.0001 ). However, there is only a weak tendency for the amount of the 

main light-harvesting molecule in photosynthesis, chlorophyll a, to increase in 

cells grown at high CO2 for a few generations (Figure 1.5).  

 

 
 
Figure 1.5 Chlorophyll a levels increase in response to elevated CO2 levels.  

 
Lineages are referred to as “ecotypes”.  Chlorophyll content: 12.99 ± 4.43 fg chl a at 380ppm, 21.21 ± 8.74 fg 
chl a at 1000ppm; response to CO2 enrichment: F4,70= 17.5, p<0.0001; variance between ecotypes: F4,70=27.04, 
p<0.001. The increase in chlorophyll a content is not significant for all ecotypes (Tukey post-hoc test for rcc1107 
p<0.01, for oth95 p<0.001, for rcc343 p=0.1, for rcc809 p=0.4,for rcc501p=0.6). 
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The ranges of phenotype values for all traits are larger at high CO2. While 

variability in dissolved inorganic carbon is higher at elevated CO2 (Egleston et al. 

2010) this is unlikely to be driving our results since the same pattern holds when I 

correct for the absolute value of the mean (Appendix Table 4).  

 

In addition to the phenotypic traits described so far, internal C-fluxes also change 

plastically in response to elevated pCO2 (see Figure 1.6). No extracellular 

carbonic anhydrase activity was found in any of the examined lineages at either 

pCO2. Changes in oxygen evolution rates in response to elevated pCO2 were 

similar to those measured in the Clark-type electrode, with a significant increase 

in response to elevated pCO2 (mean fold change 1.7 ± 0.46) and overall 

significant differences between responses of different lineage in the processes 

examined (CO2 level x lineage explaining changes in carbon metabolism F 8,60 = 

28.47, p 0 <.0001). Responses in most aspects of CO2 uptake (HCO3
- uptake, 

gross CO2 uptake, net CO2 uptake) were different between lineages (all post hoc 

p<0.05). Net CO2 uptake was the only trait that did not differ between lineages 

and was also not significantly affected by increased pCO2, indicating that while 

rates of net carbon uptake remained similar, the actual carbon-fixing mechanisms 

inside the cell worked more efficiently at high pCO2 as more carbon was fixed 

and used for biomass production. The ratio of CO2/ HCO3
- uptake is indicative of 

the preferred carbon species used and changes in that ratio can also be indicative 

of intracellular carbonic anhydrase activity as intracellular carbonic anhydrase 

facilitates the reversible conversion from one carbon species (CO2) into another 

(HCO3
-).  
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Figure 1.6: In-situ Ci fluxes for 3 Mediterranean lineages.  

Each symbol represents the average for one lineage ± 1 SE. n=3 for each lineage. Circle rcc1107, triangle 
rcc501, square oth95. All uptake/production rates are in !mol per hour and mg chlorophyll a. Oxygen evolution, 
HCO3- uptake rates and net CO2 fixation rates all increased in all lineages in response to elevated pCO2 ( CO2 x 
lineage F 4, 78 = 24.62 p <0.001). Gross HCO3- uptake remained unaffected by changes in pCO2 in one lineage, 
and was reduced in two lineages, while net CO2 uptake did not change significantly in any of the examined 
lineages (post hoc p =0.65).  
 

 

1.3.2 Lineages with a larger plastic response in photosynthesis rates increase in 
relative fitness at high CO2 
 

Under CO2 enrichment, there is variation in the change in growth rates among 

lineages of Ostreococcus, which is expected to drive changes in their relative 

fitness (Appendix Table 5), and so change the genetic composition of the species 

under ocean acidification. Here, relative fitness is defined by which lineage grows 

fastest and should therefore outcompete others in the absence of more complex 

interactions (Lenski et al. 1991),(Collins 2011). Assuming the relative fitness of 

lineages under present day conditions (~ 380ppm – 400ppm CO2) at least partially 

determines their frequencies now, an increase in the relative fitness of an lineage 
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under elevated CO2 indicates that its frequency is likely to rise, and a decrease 

indicates that its frequency is likely to fall as the species adapts. I confirm that 

photosynthesis rate is positively correlated with growth rates, as expected (Collins 

& Bell 2004,, Tortell et al. 2008), (r2=0.62 and r2=0.86, p <0.05 and p< 0.0001 for 

380ppm and 1000ppm CO2 respectively, see Figure 1.7). 

 

 
 
Figure 1.7 Photosynthesis and growth rates are positively correlated at both ambient and 
elevated pCO2 over duration of the plasticity assays.  

 
Each filled circle represents one lineage. Results he elevated pCO2 treatment in red, the ambient pCO2 control, 
green. Values are means ± one SE and n=3 per lineage. For r2 and p values, please see figure. 

 

There is variation between lineages in both absolute photosynthesis rates at high 

pCO2 and plasticity in photosynthesis rates (see Figure 1.4), but which one best 

predicts the change in relative fitness of lineages under CO2 enrichment? If the 

absolute rate of photosynthesis does, then lineages that photosynthesise the fastest 

at high CO2 will become more frequent, regardless of whether they respond to 

changes in CO2. If the magnitude of the plastic response in photosynthesis rates is 

the best predictor, I instead expect the most responsive lineages to increase in 

frequency, even if they do not have the highest absolute rates of photosynthesis 
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when growing in high CO2. While photosynthesis rate at high CO2 predicts 

changes in relative fitness under CO2 enrichment (PS rates at 1000ppm explaining 

change in fitness (i.e. changes in growth rate) F15,29=46.61, p<0.01), plasticity in 

photosynthesis rate is a far better predictor of it here (plasticity in photosynthesis 

explaining changes in fitness (i.e. changes in growth rate F15,29=106.45, p<0.0001, 

see Figure 1.8, also Appendix Table 5).  

 

 
Figure 1.8: Plasticity in photosynthesis predicts the fitness response.  

Each lineage is represented by a unique symbol (means ± 1 SE). r2 = 0.76, p < 0.001 Growth rates are more 
likely to increase most in lineages with a larger plastic response in photosynthesis – i.e. lineages best at taking 
advantage of the new situation may increase in frequency more than lineages with a weaker plastic response. 
The lineage key is the same as in Figure 1.4   

 

Surprisingly, I do not expect lineages with the highest absolute photosynthesis 

rates in high CO2 environments to increase in frequency when CO2 levels rise, 

even though photosynthesis rate is positively correlated with growth rate. Instead, 
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I expect lineages that are most plastic, and so best able to take advantage of an 

environmental change to increase in frequency. For example, “deep-sea” lineage 

rcc809 has only a modest plastic response to CO2 enrichment. This lineage drops 

in rank fitness and is expected to decrease in frequency despite its high 

photosynthesis rate. In contrast, the plastic lineages oth95 and rcc1108 increase in 

rank fitness under CO2 enrichment, and are expected to rise in frequency under 

future conditions, though their photosynthesis rates are not unusually high.  

 

1.3.3 Lineages also vary in their plastic responses and changes in relative fitness 
at increased salinity 
 

In the environment where salinity changed gradually (“gradual”), all lineages 

grew faster at higher salinity (Figure 1.9, salinity x lineage explaining changes in 

growth rate F1,4 =15.082, p<0.005) and showed faster photosynthesis rates ( 

salinity x lineage explaining changes in photosynthesis rate F1,4 =4.3665, p<0.05), 

with significant differences between lineages. These differences were driven by 

the differences in plastic responses between deep-sea and surface lineages, with 

surface lineages increasing in growth rates most. In the “sudden” salinity 

environment, deep sea lineages would grow more slowly than controls in the high 

salt environment (post hoc: p <0.05), even after a week of acclimation to the 

higher salinity. Oxygen evolution rates in the “sudden” environment increased to 

the level of photosynthesis rates seen in the “gradual” samples, indicating that 

while there was a greater photosystem II activity, carbon was stored as biomass 

less efficiently. Surface lineages in the “sudden” treatment increased in growth 

rate compared to controls, but not to the extent seen in the “gradual” treatment 

(post hoc: p <0.05). 
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Figure 1.9: Changes in seawater salinity can elicit a plastic response in Ostreococcus  

Growth rate per day (A), photosynthesis  per mg Chlorophyll and hour (B), and correlation between plastic 
response and fitness response to gradual (blue) and sudden (orange) increase in salinity (C) for four 
Ostreococcus lineages.  Lineages were grown at either stable salinity (red, 32), salinity going up from to 32 to 
34 gradually over a seven day period (blue) and salinity going up from 32 to 34 in two big steps (orange). Each 
bar represents means of four biological replicates ± SE. Symbols represent means ± 1 SE per lineage. In for the 
sudden treatment in (C) r2  = - 0.39 and p = 0.73, and for the gradual treatment r2 = 0.76 and p <0.05.  

!

This data can be used to calculate fitness and plastic responses (Figure 1.9 C) – 

but with a sample size of only 4 lineages, statistical power is too low to find 

reliable patterns. However, in the “gradual” environment, there is a trend for 

lineages with higher plastic responses to have a more pronounced increase in 

relative fitness (F1,4 = 21.4, p<0.01). For lineages from the “sudden” treatment, 

there is no detectable trend, possibly driven by the results from the two deep sea 

lineages, which grow more slowly than the control. Alternatively, photosynthesis 

rates or changes therein may not be a trait that is well suited to predict changes in 

relative fitness in response to salt stress.  
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1.3.4 Plastic responses correlate with geography at large scales. 
More plastic lineages are likely to increase in frequency in response to CO2 

enrichment due to their higher growth rates, but it is not always possible to 

measure plasticity in a large number of lineages for all species, so “quick and 

dirty” indicators of the rank plasticities of lineages within species are useful. To 

this end, I test whether differences in plasticity among lineages are explained best 

by their location or by phylogeny. My reasoning is that plasticity could be 

maintained by natural selection since different regions of the surface ocean differ 

in the magnitude, tempo and predictability of environmental fluctuations. 

Alternately, differences in plasticity may mainly reflect phylogenetic similarity.  

 

 
Figure 1.10: Variability of Ostreococcus lineages in photosynthesis and growth rates after 
acclimation to 1000ppm CO2  

Lineages cluster in a PCA based on sampling depth and location. Symbol size scales with level of plasticity, with 
larger symbols indicating more plastic lineages. Surface lineages are more plastic than “deep sea” lineages, 
and lineages from similar environments usually cluster together regardless of clade. If not categorized as either 
surface or deep sea, lineages were collected between 10 - 40m. Lineage legend is identical to Figure 1.4 

 

Figure 2: Variability of O. tauri ecotypes in photosynthesis and 
growth rates after acclimation to 1000ppm CO2 
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Here, sampling location explained most of the variation in plasticity in 

photosynthesis (see Figure 1.10). I find that most of the variability in physiology 

among lineages (93%) is explained by how plastic they are, rather than by 

absolute trait values or growth rates. Lineages cluster based on the depth and 

location that they were collected at (variation in photosynthetic rates explained 

by: sampling depth F15,37=2195.21, p<0.0001, ocean of origin F15,34= 224.79, 

p<0.001, Figure 1.10). Lineages from the ocean surface cluster together, and are 

more plastic, which is consistent with these lineages experiencing variable 

conditions of sea surface pCO2 (Copin-Montégut et al. 2004,Takahashi et al. 

2009)(r2 = 0.71, Figure 1.11, Appendix Table 6).  

 

 
Figure 1.11: Lineage plasticity and seasonal variability of surface water pCO2 are correlated.  

 
See also Appendix Table 6. Lineages from regions with high seasonal variability tend to also display a higher 
plastic response ( r2 = 0.71, p. Note that the variation given here are means for a year. Daily fluctuations, however, 
may well be different (compare Copin-Montegut et al. 2004). Approximate data was available for 9 of the 15 
lineages used in this study, but it was not always clear how well the lineages’ sampling location matched the 
location for pCO2 analysis. Symbols represent lineages and are means per lineages plus standard error. The 
shaded area indicates standard deviation for the regression line, indicating that strain rcc1558 is an outlier here as 
well as on the PCA based on plastic responses.  Biological replicates per lineage: n =3. pCO2 is reported in !atm 
here for better compatibility with source data. !atm translates directly into ppm, i.e. a partial pressure of CO2 of 
50!atm  is equivalent to a mixing ratio of 50ppm CO2.  

 

All but one Mediterranean lineage form a distinct cluster regardless of belonging 

to different clades. Surface lineages from other regions form a second cluster, and 
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“deep-sea” lineages form a third. The patterns I see are not explained by 

previously published relatedness (Rodríguez et al. 2005) (see Appendix Figure 1). 

This suggests that environment is more important than phylogenetic similarity for 

explaining variation in plasticity among lineages of Ostreococcus, which opens 

the possibility of identifying locations where marine phytoplankton communities 

are likely to be the most and least stable over the coming decades. While other 

studies show that physical and chemical parameters predict aspects of 

phytoplankton physiology (Demir-Hilton et al. 2011), I show that location, which 

is simpler to measure, and which does not require an understanding of if and how 

plasticity is selected in any given environment,  explains variation in plasticity in 

photosynthesis in a marine picoplankton. While the salinity pilot would have to be 

repeated with more lineages (a minimum of seven for statistical power), plasticity 

as a response to elevated salt content also appears to be explained by location, 

with surface lineages showing higher plasticity. Perhaps unsurprisingly, salinity is 

mostly stable in the open ocean and the deeper zones of the mixed layer (see 

glossary), whereas it is known to fluctuate by several units in coastal areas, 

particularly near estuaries.  
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Table 1.1: Fold change in growth rates between and within functional groups in 
response to CO2 enrichment. 

In all studies cited here CO2 levels were 380 ppm to 440 ppm and 800 ppm to 1200 ppm CO2. Fold change 
growth rates larger than 1 indicate that cell numbers increased faster, while fold change growth smaller than 1 
indicate that cell numbers increased more slowly than at control conditions. Note that this table is not exhaustive 
and that it includes both mesocosm and laboratory experiments. To date, there have been no studies that 
directly compared laboratory and mesocosm responses to ocean acidification.  * a single species was 
considered for this table. ** multiple species were considered. Note that I have used a single individual from 
each lineage of Ostreococcus to estimate within-species variation, which will overestimate variation within 
species if variation within lineages is large relative to variation within species.  

 

 

1.4 Discussion 

1.4.1 Lineages vary in their plastic responses to CO2 enrichment 
 

My most conservative estimate of variation in the plastic responses of 

Ostreococcus to elevated pCO2 is 1.8 times that of the variation found between 

functional groups assuming equal or low within- and between- lineage variation 

(see Appendix Table 3). Estimates are based on 10000 replicate simulations of 

sampling either a single individual or ten individuals from 16 populations, given 

Functional 
Group 

Mean  
Fold 
change 
Growth 
rate (!) 

Variance  
Fold change 
!  
within 
group 

Variance  
Fold change 
!  
between 
groups 

References 

Cyanobacteria 
(N2 fixing)* 

1.5 0.04 0.1  Levitan et al. 2007; 
Hutchins et al. 2007; 
Barcelos e Ramos et 
al. 2007; Kranz et al. 
2009; 2010 

Diatoms 
(silicifying)** 

1.1 0.03 0.1 Tortell et al. 2008; 
Trimborn et al. 2008; 
Hu & Gao 2009; Wu 
et al. 2010 

Coccolithophores 
(calcifying)* 

0.91 0.02 0.1 Langer et al. 2006; 
Feng et al. 2008; 
Langer et al. 2009; 
Mueller et al. 2010; 
Hoppe et al. 2010; 
Rokitta & Rost 2012; 
Lohbeck et al. 2012a 

Green Algae* 1.5 0.36 0.1 this study  
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the within and between population variances below (this was calculated in R). 

When within and between population variance are equal, using single individuals 

from each population will overestimate the between population variance by a 

factor of about 2. The estimate of between population variance becomes better as 

within population variance becomes small relative to between population 

variance. In this study, variation within Ostreococcus is estimated to be about 

0.36, which is more than triple variation between functional groups. A 

conservative approach, assuming equal within-ecotype and between-ecotype 

variance, would reduce this estimate to 0.18, which is still on the same order of 

magnitude as between-functional group variation. 

 

My results are conservative, since many published studies differ in their methods, 

thereby increasing within-group variation, whereas my study uses consistent 

methods, which minimizes variation. Other estimates of within-species variation 

in response to carbon enrichment are lower than in Ostreococcus (Langer et al. 

2009), possibly because this study measures four times more lineages than 

previous work.  

 

Because variation within species and between functional groups is similar, single 

or few lineages of a species cannot be used to estimate the response of a 

functional group to ocean acidification; both a mean and a variance for each 

functional group (or species) are needed. The relative magnitudes of within- and 

between-species variation show that ecological, compositional processes (species 

sorting within communities) and evolutionary processes (lineage sorting within 

species) must be considered simultaneously to understand community responses 

to elevated pCO2 in marine phytoplankton.  

 

In the absence of information on initial lineage abundances, the magnitude of the 

change in average phenotype expected in Ostreococcus cannot be predicted, 

though the direction of change is consistent. As pCO2 increases, members of the 

genus Ostreococcus will grow and photosynthesize faster, and have larger cells 
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with higher C:N ratios than contemporary cells. The MIMS experiments carried 

out as part of my PhD would have to be repeated in a fully replicated study using 

more lineages for higher statistical power, but data acquired so far indicates that 

carbon fixation at elevated pCO2 will be more efficient. Faster growth rates 

indicate that Ostreococcus, along with other green algae (Collins & Bell 2004) 

and cyanobacteria (Kranz et al. 2010), are likely to increase in abundance in high-

pCO2 conditions. Faster photosynthesis rates would allow future Ostreococcus 

communities to produce more oxygen and fix and sequester more carbon from the 

atmosphere. Increases in cell size would compound this effect, since larger cells 

contain more carbon and can sink faster, which will affect geochemical cycles and 

food webs. Modest changes in cell diameter translate into large changes in cell 

volume, affecting the nutrients needed to build cells, susceptibility to grazing, 

carbon export efficiency, and a host of other traits. Since high C:N ratios usually 

indicate a nitrogen-deplete reservoir, Ostreococccus in a high-pCO2 world may be 

a lower quality food source than it is now, which, coupled with similar changes in 

prokaryotic picoplankton (Fu et al. 2007; 2008), raises concerns about food 

quality for grazers. Changes in C:N ratios can also affect bacterial degradation 

(Sterner & Elser 2002) and the efficiency of the biological carbon pump 

(Riebesell et al. 2007).  

 

1.4.2 Lineages with a larger plastic response increase most in relative fitness  
 

As described in the results sections, it is not the lineages with the highest absolute 

photosynthesis rates in high CO2 environments that increase in frequency when 

CO2 levels rise, but the lineages that are the most plastic. If more plastic lineages 

become more frequent, changes in community function should be larger than the 

average response of the species now. For example, the average response to carbon 

enrichment in Ostreococcus is to increase photosynthesis rates by about 1.4 fold, 

but will be higher after lineage sorting (closer to 1.7 fold). As similar pattern 

holds true for gradual changes in salinity, where lineages with the biggest plastic 

response are also the ones best able to mitigate effects of a putatively stressful 
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environment. However, changes in photosynthesis in response to salinity are 

much weaker (about 1.2 fold in the gradual treatment) than in response to 

increased pCO2, likely because the added salts do not act as nutrients in the same 

way elevated pCO2 does.  

 

Lineages collected from the surface of the Mediterranean are more plastic than 

lineages collected elsewhere, suggesting that plasticity may be selected for and 

that although the magnitude of CO2 fluctuations in some regions of the 

Mediterranean is relatively low (see Figure 1.11), some other aspect of variation 

in CO2 may maintain plasticity there. Alternatively, the time scale of the 

fluctuations might be important. pCO2 fluctuates rapidly in open ocean surface 

waters, so a less plastic lineage will not have to be able to persist under sub-

optimal conditions for long periods of time, and may even be able to just wait in 

many cases for a more favourable environment without enough time elapsing for 

it to be overgrown. In the Mediterranean, where we find the most plastic lineages, 

the overall pCO2 of surface waters changes drastically about twice a year due to 

the influence of seasonal variation in surface currents (Millot 1999) – this means 

that lineages with low plasticity would be outgrown quickly by those more plastic 

lineages that can take advantage of changes in pCO2 when they do occur.  

 

1.4.3 Conclusions 
To predict how future phytoplankton communities may differ from contemporary 

ones, I need to take plastic, ecological and evolutionary responses into account. 

Here, I have characterized plastic responses to carbon enrichment in 16 lineages 

of a cosmopolitan green alga, Ostreococcus. In general, surface picoplankton 

under CO2 enrichment are expected to grow faster, be larger and store more 

carbon and less nitrogen per cell, with more plastic lineages expected to increase 

in frequency under future ocean conditions. This can change their abundance and 

quality as a food source and the magnitude of their roles in biogeochemical 

cycles. Most surprisingly, the variation in responses to CO2 enrichment among 

lineages of a single species is similar in magnitude to the variation in responses 



-?'>/*3!H!

! K#!

among functional groups in published studies, suggesting that ignoring within-

species sorting underestimates how much food webs and biogeochemical cycles 

will change. While extrapolating from laboratory to natural conditions must be 

done cautiously (Collins 2011), variation seen in the laboratory is heritable, 

consistent, and affects growth rates, so it has the potential to affect relative fitness 

in natural populations.  

 

One challenge to predicting community-level responses to changing environments 

is that we must either measure responses in a large number of the organisms 

present, or extrapolate from a few genotypes. Differences in basic biology can 

predict changes in community composition at the level of functional groups, but 

shifts within groups also affect ecosystem function - frequencies of toxic versus 

non-toxic cyanobacteria is one example(Van de Waal et al. 2011). At the scale of 

my study, sampling location explains variation in plastic responses to CO2 

enrichment in a species, and may be a useful proxy when measuring reaction 

norms is not feasible, as is the case for the majority of species on the planet. 

While environmental genomics can tell us the composition of the present 

community, I suggest that the potential for changes in community composition 

can be partly predicted using geography. I test how plasticity can be maintained 

over hundreds of generations, and if the plastic changes described here relate to 

evolutionary changes in the long-term, and finally describe the phenotypes of the 

evolved populations in Chapters 2 and 3. ! 
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Chapter 2: Grow Slow. Plasticity predicts evolution in a 

marine alga 
!

In Chapter 1, I have shown that the variability in phenotypic plasticity found 

between the lineages of Ostreococcus is on par with variation in plasticity 

previously reported between genera, and that variation in plastic responses before 

evolution allows us to predict the magnitude of the associated gain in fitness in 

the absence of evolution. Plasticity was found to be adaptive – for some lineages 

to a greater degree than for others. I then argued that variation in phenotypic 

plasticity is better explained by sampling location and the environmental 

fluctuations at the sampling location than by genetic relatedness between isolates. 

In this chapter, I will experimentally test the theoretical prediction that phenotypic 

plasticity as measured over few generations should facilitate evolution over the 

course of hundreds of generations. I explain that the adaptive response for O.tauri 

in a high CO2 environment is to grow slow. I propose that this is because slower 

growing lineages are better able to repair damage, or acquire less damage through 

oxidative stress in the first place, while faster growing lineages accumulate 

damage that is passed on to (many) daughter cells, until the population collapses.  

 

A manuscript containing most data presented in this chapter has been accepted by 

Proceedings B (Schaum & Collins 2014). See Appendix for a pdf file of the 

accepted manuscript.  

 

Abstract 
!

Under global change, populations have four possible responses: “migrate, 

acclimate, adapt, or die” (Gienapp et al. 2008). The challenge is to predict which 

combination of these will determine the fate of populations. I have used 

experimental evolution with a marine microbe to show that plastic responses 

predict the extent of adaptation. This is a general result, but using a marine model 

system is particularly interesting as it allows us to address the problem of 
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predicting of how changes in growth and other key traits in the organisms at the 

base of marine communities are likely to shift as global climate changes. 

Photosynthetic marine microbes (phytoplankton) are important to marine food-

webs and biogeochemical cycles (Falkowski et al. 1998; Vaulot et al. 2008; 

Rossoll et al. 2012). Experimental evolution can measure, but not predict, 

evolutionary responses to global change, and long-term laboratory experiments 

are impossible to conduct for all relevant species. It is therefore vital to have a 

short-term proxy of long-term evolutionary responses. While some features of 

evolution, such as the identity of mutations, are unpredictable (even if they are 

often repeatable, see Elena & Lenski 2003), other features of adaptation, such as 

changes in fitness, are often predictable. Here, I show that plastic responses to 

high pCO2 in traits other than growth rate can predict changes in growth and lead 

to the adaptive evolution of slow growth in a marine microbe. These effects are 

particularly pronounced in fluctuating environments, which I show favor the 

evolution and maintenance of plasticity. 

 

2.1 Introduction 
!

Shifts in the environment drive both plastic and evolutionary responses in 

organisms, and theoretical studies have shown why plastic responses are good 

candidates for predicting evolutionary ones (Lande 2009; Chevin et al. 2010; 

Draghi & Whitlock 2012) and that environmental fluctuations contribute to the 

evolution of plasticity (Botero et al. 2014, in review). Empirical studies that test 

and quantify links between the two processes are now needed.  

 

Phenotypic plasticity is a single genotype’s ability to produce variable phenotypes 

in response to environmental conditions (West-Eberhard 2003), and views on the 

possible relationship between phenotypic plasticity and evolution fall into two 

main groups. One is that populations made up of plastic individuals are more 

likely to adapt to novel and changing environments (Ellers & Stuefer 2010; 

Matesanz et al. 2010; Nicotra et al. 2010; Pichancourt & van Klinken 2012; 

Merilä 2012,  Price et al. 2003). This is based on population genetics models 
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(Schlichting & Pigliucci 1998; Gomez-Mestre & Jovani 2013; Snell-Rood et al. 

2010.), though it has never been tested in the absence of demographic effects (but 

see Draghi & Whitlock 2012). The second is that populations made up of plastic 

individuals are less likely to adapt (for reviews and discussions see, for example 

Levin 1988; Ghalambor et al. 2007; Falconer 1990). This is possibly a result of 

qualitative descriptions for possible outcomes of climate change scenarios that 

phrase possibilities as either/or (“migrate, acclimate, adapt, or die”). The 

misleading statement that populations respond to environmental change through 

either plasticity or evolution stems from two sources: first, in studies of natural 

populations, it is often impossible to completely disentangle plastic and 

evolutionary responses (e.g. Travisano & Shaw 2012; Reusch 2013). While 

failing to rule out a plastic response does not imply that no evolutionary response 

is present or possible, it is harder to definitively detect an evolutionary response 

than a plastic one (Hansen et al. 2012). Evolutionary responses will consequently 

be reported less than plastic ones in proportion to the extent that they actually 

occur (Merilä & Hendry 2014). Second, a common thought experiment proposes 

that the environment changes such that fitness decreases, causing populations 

made up of individuals that can mitigate fitness loss by plasticity to be under 

weak or no selection. A population that is not under selection will not have to 

adapt. Populations with no or insufficient adaptive plastic responses will have to 

either migrate or adapt to avoid going extinct. This leads to the conclusion that 

adaptive plasticity and genetic adaptation should be negatively correlated, despite 

the growing body of theoretical work predicting exactly the opposite (Lande 

2009; Chevin et al. 2010; Fierst 2011; Draghi & Whitlock 2012). While the 

relationship between adaptive plasticity and adaptation is often presented as 

uncontroversial within disciplines, this relationship is in fact the source of 

conflicting predictions between disciplines, with oceanography predicting that 

plasticity should hinder evolution, and theoretical models in evolution predicting 

it should aid evolution. Here, I test the relationship between plasticity and 

evolution empirically to estimate to what extent plasticity data can be used as a 

proxy for predicting the evolutionary fate of populations.  
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To date, there is a growing number of empirical studies on how large microbial 

populations in the ocean deal with short-term environmental perturbations through 

phenotypic plasticity in the absence of genetic change (Langer et al. 2006; 

Hutchins et al. 2007; Kranz et al. 2010; Rokitta & Rost 2012; Schaum et al. 

2012). Studies on how these microbes evolve in the long term through genetic 

change also exist (Collins & Bell 2004; Crawfurd et al. 2011; Lohbeck et al. 

2012a; 2012b; Tatters et al. 2013; Jin et al. 2013), but neither group of studies 

measure links between phenotypic plasticity and evolution. This link is 

ecologically relevant: As the world changes and oceans become less alkaline, 

more stratified, and depleted in nutrients, large populations of marine microbes 

with short generation times will have ample scope for evolution (Collins 2011). In 

the context of climate change, marine biologists often base predictions on future 

oceans on short-term experiments (Rost et al. 2008; Riebesell & Tortell 2011), but 

the predictive power of plasticity data remains untested. Evolutionary biologists 

use models to predict, for example, how different rates of environmental change 

may require different levels of plasticity in order to keep fitness constant (e.g. 

Chevin et al. 2010), but little is known about how the costs and benefits of 

plasticity affect the adaptive potential of large populations. Even if plasticity is a 

good predictor of evolution, it is vital to know how much of the evolutionary 

response it predicts, and how reliable this prediction is.  

 

Here, I show that populations founded from more plastic ancestors evolve more, 

and that variation in phenotypic plasticity in a fitness-related trait explains a 

substantial amount of the variation in magnitude of an evolutionary response. To 

do this, I evolved 16 physiologically distinct lineages of the species-complex 

(Courties et al. 1994; Subirana et al. 2013) Ostreococcus from single cells for 400 

generations in constant and fluctuating environments at ambient (430ppm CO2) 

and elevated pCO2 levels (predicted for the year 2100: 1000ppm CO2, based on 

IPCC report 2007, (IPCC 2007). I refer to the selection environments as follows: 

SA (stable ambient), FA (fluctuating ambient), SH (stable high), and FH 

(fluctuating high). The lineages varied initially in their plastic responses in net 

photosynthesis rates to CO2 enrichment (Schaum et al. 2012) (see also Chapter 1). 
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I quantified how variation in plastic responses in photosynthesis to a change in the 

environment before evolution predicts the evolutionary response in terms of 

growth rate to that same environmental change. I also link the evolution of 

plasticity to environmental variation by showing that plasticity evolves in 

fluctuating environments and degrades in constant ones. Finally, I discuss how 

natural selection can act differently between constant and fluctuating 

environments to produce radically different phenotypes. 

 

2.2 Methods 
!

Ostreococcus lineages were obtained from the Roscoff Culture Collection (rcc) 

and the Plymouth Marine Laboratory, grown in Keller Medium (Keller et al. 

1987) and made clonal by dilution, so that each culture originated from a single 

cell. Light intensity, salinity and incubator temperature initially reflected a 

compromise between environments experienced by different lineages. Lineages 

were grown in a closed-system and grown in semi-continuous batch cultures at 

low densities. In the selection experiment, algae were subjected to one of the 

following four selection regimes:  selection for growth at 430ppm CO2 (final 

average ± s.d CO2: 444 ± 43ppm CO2), selection for growth at 1000ppm CO2 

(final average ± s.d:  1031 ± 87ppm CO2), selection for plasticity at 430ppm CO2 

(490 ± 97ppm CO2), selection for plasticity at 1000ppm CO2 (1012 ± 244ppm 

CO2). The slightly higher mean of pCO2 between FA and SA treatment  (see 

Appendix Table 7 and Figure 2.1) has no overall effect (p = 0.42) – when I use 

mean and variation from mean as explaining variables in my ANOVAs I find that 

the observed differences between SA and FA lineages are indeed driven by 

differences in environmental variability. For assays, samples were pre-acclimated 

and acclimated for 5-7 asexual generations to 430ppm CO2 or 1000ppm CO2 (see 

Figure 2.2).  
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Figure 2.1: Planned (left) and obtained  (right) pCO2 throughout the first 400 generations of 
selection.  

For detailed carbonate chemistry tables please see Appendix Table 7 Replicate samples were taken each week 
and analysed at the end of the experiment. Each timepoint is displayed as mean ± 1SE. Red: SA selection 
environment. Turquoise: FA selection environment. Purple: SH selection environment.  

 

Figure 2.2: General experimental set-up selection experiment  

3 biological replicates of 16 lineages were grown in four selection environments, SA, FA, SH, and FH. Growth 
rates and oxygen evolution rates relevant to this chapter were assessed at the beginning of the experiment, and 
at the end of the experiment. At the end of the experiment growth rates and oxygen evolution rates of all 
lineages were measured at 430ppm CO2 and at 1000ppm CO2, to yield control values, evolved plasticity, 
correlated responses and direct responses. Samples for carbonate chemistry were taken and optical density 
determined at each transfer. Ancestral plasticity is referred to as initial plasticity here. (compare Chapter 3 for 
further assays in the 2000ppm CO2 environment).  
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Growth rate ! 
At t0, t100, and t400, cell density was determined through flow-cytometry 

(FACSCalibur and FACS CANTO) and growth rate ! calculated from cell counts 

using the formula described in Chapter 1. During the seven-day periods in which 

growth rates were determined, the cultures never reached saturating densities. To 

rule out demographic effects transfers were carried out so that in each replicate of 

each lineage in each treatment, the number of cells transferred to the next batch 

was standardised, not the volume. The transfer volume hence varied between 

200!l and 1ml throughout the selection experiment. I had previously carried out 

extensive pilot studies to show that there were no effects of nutrient depletion 

when larger volumes of ‘old’ medium were added to a fresh sample. Due this 

transfer protocol there was no systematic difference in population size between 

treatments in my set-up (representative mean population sizes were 40694 ± 516, 

40871 ± 709, 41008 ±631 and 40999 ± 594 cells/ml for SA, SF, SH and FH 

respectively, selection environment F 2,90 = 1.21, p = 0.3) 

 

Growth rate data were used to calculate evolved responses a detailed below.  

Growth responses were calculated using the following formula: 

!!!"#!!"#$!!"#$%!!!"#$%&#"

! !!!!""!#!!"#$%&"'!"( ! !!!"#"$%"&!!"#$%&"'!"(!!!"#"$%"&!!"#$%&"'!"(  

For direct responses to selection (after exposure to elevated pCO2 for several 100 

generations) and correlated responses (FH, SH: growth rate in ancestral 

environment after exposure to elevated pCO2 for about 400 generations; FA, SA: 

growth rate in elevated pCO2 environment after selection at ambient pCO2) the 

formula is altered slightly: For direct responses to selection, I use growth rates in 

the selected high and high-fluctuating lineages grown in their average 

environment (1000ppm CO2) relative to the acclimation response. For correlated 

responses, I used the growth rate of the selected high and high-fluctuating pCO2 
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populations grown in the ancestral 430ppm CO2 control environment relative to 

the selected control populations grown in the control environment. The formulas 

then read as follows: 

!"#$%&!!!"#$%&#"!!"!!"#$%&"'!"(

! !!!!"""!!"!!"!!!""!#!!"#$%!!"!!"#"$%&'(! ! !"###!!"!!"!!!""!#!!"!!"!!"#$%&$'!!!!"""!!"!!"!!!""!#!!"!!"!!"#$%&$'  

 

!"#$%&!!!"#$%&#"!!"!!"#$%&"'!"(

! !!!!"""!!"!!""!#!!"#$%!!"!!"#"$%&'(! ! !"###!!"!!"!!!""!#!!"!!"!!"#$%&$'!!!!"""!!"!!"!!!""!#!!"!!"!!"#$%&$'  

 

!"##$%&'$(!!!"#$%&#"!!"!!"#$%&"'!"(

! !!!!"#!!"!!""!#!!"#$%!!"!!"#"$%&'(! ! !"#$!!"!!"!!!""!#!!"!!"!!"#"$%"&!!"#$%&$'!!!!"#!!"!!"!!!""!#!!"!!"!!"#"$%"&!!"#$%&$'  

 

!"!!"#$%"&!!"#$%&#"!!"!!"#$%&"'!"(

! !!!!"#!!"!!""!#!!"#$%!!"#$%$&'()*! ! !"#$!!"!!"!!!""!#!!"!!"!!"#"$%"&!!"#$%&$'!!!!"#!!"!!"!!!""!#!!"!!"!!"#"$%"&!!"#!"#!$  

 

All populations were first grown in their selection environment for one full 

transfer, then transferred to fresh medium and allowed to acclimate to the assay 

environment for one full transfer, then transferred in the assay environment and 

their growth rate measured over 7 days.  

 

Throughout the selection experiment, at each transfer, the increase in biomass 

between transfer was estimated by measuring optical density OD at 650nm on an 

EL 808 Biotek plate reader.  
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Flow cytometry 
A FACS CANTO was used to determine red (chlorophyll) and orange (putative 

chlorophyll breakdown products, “PE” channel) fluorescence, event number (cell 

density), forward and sideward scatter (as proxies for cell size and granularity), as 

well as to determine mitochondrial health in rhodamine 123 stained cells and 

green fluorescence in GFP-modified Ostreococcus strains. Samples were run from 

200!l 96 well plates, and the average well was read for 30 seconds at average 

flow rates of 1!l/second.  

For rhodamine fluorescence, 1 !l of a dilute (0.2!g/ml) rhodamine solution was 

added to 200 !l of sample on 96 well plates and left to incubate for at least 30 

minutes prior to measurements. Rhodamine 123 is known to indicate the strength 

of the proton gradient across mitochondrial membranes and its fluorescence was 

detected on the Canto’s FITC channel as green fluorescence.  

 

Photosynthetic oxygen evolution and consumption  
Cultures were centrifuged to concentrate cells. Oxygen evolution and 

consumption were measured in a Clark-type oxygen electrode with stirring at 160 

!E. Photosynthesis data were then used to calculate plastic responses: 

!"#$%&'!!"#$%&#" ! ! !"!!!""!#!!"#$%&"'!"( ! !"!!"#"$%"&!!"#$%&"'!"(!!"!!"#"$%"&!!"#$!"#$%#&  

with PS as oxygen evolution rates per cell and hour. I calculate net oxygen 

evolution by subtracting oxygen consumption in the dark from gross oxygen 

evolution in the light. I also correct for respiration originating from bacterial 

subpopulations and oxygen-draw-down caused by the electrode itself by 

measuring oxygen consumption of 1.0 !m filtered medium in the light and in the 

dark.  

 

Carbonate chemistry 
!

Seawater carbonate chemistry was calculated from pH and alkalinity using the 

CO2sys software (Lewis & Wallace 1998). DIC was measured colourimetrically. 
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Total alkalinity (TA) was inferred from linear Gran-titration plots. See detailed 

methods Supplementary Table 1). DIC and pH samples for all lineages were taken 

at the beginning and at the end of the selection experiment. Additionally, I 

measured DIC and pH or alkalinity prior to using the bubbled medium in a 

transfer. pH was measured for each sample during each transfer and an alkalinity 

or DIC sample was taken if the pH seemed to have fluctuated more than 0.1 units 

during a week of growth.  

GFP strains / competition assay 
!

Ostreococcus GFP  (Green Fluorescence Protein) strains were obtained from 

SynthSys (Synthetic and Systems Biology) in Edinburgh, were they had been 

transformed from Oth 95 (Courties et al. 1994). Culturing conditions were the 

same as for the wildtype. For the competition experiment, 20ml of Keller Medium 

were inoculated with equal amounts of wild type and GFP strains, and cell 

numbers for each were recorded every day for a 14-day period (two transfers). 

Often, an adaptive response in algae is to not grow faster than an ancestor, but to 

grow faster than other algae in a shared environment (Collins 2010). To test this, I 

ran a competition assay, where two lineages of different clades  - or species 

(Subirana et al. 2013) - were grown in the same flask, and the population 

composition was analysed after 14 days based on restriction-length 

polymorphisms of clade-specific ITS fragments. Flasks were inoculated with 

equal amounts of each sample and then left to grow in the selection environment 

for seven days. Once total cell numbers were at approximately 105 per ml, 2ml of 

these samples were spun down at 1500g for 15 minutes and DNA extracted from 

the pellet following a CTAB buffer extraction protocol based on (Fawley & 

Fawley 2004). Extracted DNA was used as a template to amplify a region on the 

18S gene that includes internal transcribed spacers (ITS) using a forward primer 

(EUK 528f) and a reverse primer (AAATTCGGCGGGTAGCCTTG) and later 

digested as described in (Guillou et al. 2004). There was no clear outcome in 

either the stable or fluctuating 400ppm CO2 environment, but in both elevated 

CO2 environments, slow-growing clade D strain rcc809, a low light lineage 

sampled from 120m, outcompeted every other strain but Oth 95 (from clade C), 
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which won every competition it was in. Interestingly, the other strain from clade 

C (rcc1108) was less successful and for all other lineage combinations, there was 

no clear result, indicating that while competition is an important force in marine 

microbial communities, it does not explain all of the reduction in growth rate that 

I have observed in this experiment. This approach was later abandoned as I could 

not rule out enzyme malfunction as a cause of the unclear results. In an alternative 

approach, lineages from all selection regimes were competed against an 

acclimated, GFP-modified O. tauri lineage Oth95. The same 8 representative 

lineages were chosen. Again, medium was inoculated with equal aliquots of GFP 

strain and wild type. For a period of seven days, I measured growth and 

proportion of both. In the end, the lineages’ competitiveness was calculated 

relative to the GFP modified strain (as fold difference in growth) and plotted as a 

function of the lineages’ growth rate in single culture. !

 

Clones/ Composition of evolved populations 
In order to assess whether populations were composed of plastic lineages or of a 

mixture of specialists, bio-replicates of a subset of 7 representative lineages were 

again made clonal by dilution, and at least three clones per lineage were then 

grown in the respective selection environment until density had reached 104. 

Then, growth rate was measured in all selection and correlated environments as 

described above.  

 

TEP 
 

TEP (Transparent exopolymer particle) production was analysed following 

modified protocols of Passow & Alldredge (1995) and (Engel et al. 2004). 

Samples were incubated in 0.05% Alcain Blue solution for 10-20 seconds. For 

photography, samples were centrifuged at 13 rpm and the pellet re-suspended in 

Alcain Blue, before pictures were taken on a phase contrast microscope. For 

colorimetric determination, 10 -15ml of sample were filtered onto polycarbonate 
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filters (pore size 0.4!m) and the filters subsequently rinsed with 100!l of 0.05% 

Alcain Blue (in acetic acid), which was rinsed with Keller Medium to remove 

excess dye after 10 seconds. The filters were transferred to 15ml falcon tubes 

carefully and 5 ml 80% H2SO4 added. Samples were then left to incubate for 3 

hours. Following this, absorption was measured at 787nm on a spectrophotometer. 

These absorption values were used to calculate TEP as gum xanthan equivalents 

using previously prepared standard curves.  

 

Data analysis 
 

Data were analysed in the R environment, using linear mixed effects models in 

the nlme and lme4 packages. Data were tested for normality and heterogeneity 

prior to performing ANOVAs on the models with, for example, selection regime 

and assay environment as fixed effects. Depending on the test performed there 

were up to three random effects per model that were all treated as un-nested. For 

example, a model to consider the contribution of selection regime, assay, lineage 

and biological/technical replicates of a lineage on growth rate would be built like 

this using the lme4 package (nlme has slightly different syntax, but models were 

built in a similar fashion) :  

m2<-lmer(growth rate 
!~selection*assay+(1|Lineage)+(1|Lineage:Selection)+(1|Lineage:Selection:Biorep)
+(1|Lineage:Selection:Biorep:Techrep), data = data) 

 

Here, selection regime and assay are fixed effects. The model is also controlling 

for by lineage, and by biological and technical replicate variation (nested).  

In the following, I am going to present mixed effect ANOVA output as (fixed 

effects explaining a given output, F values, p values ).  
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2.3 Results 

2.3.1 Plasticity predicts the extent of evolution 
 

Ostreococcus evolves in response to CO2 enrichment (selection regime, F 3, 132) = 

155.66, p < 0.0001), and Ostreococcus populations founded from more plastic 

ancestors evolve more in high pCO2 environments than populations founded from 

less plastic ancestors (ancestral plasticity x selection regime, F 3, 132 = 55.90, p < 

0.05). The effect of ancestral plasticity in photosynthesis on the evolution of 

growth rates is large: in FH lineages, ancestral plasticity explains almost half of 

the direct response to selection (Figure 2.3 A, ancestral plasticity F 1,120 = 167.66, 

p < 0.001) and 20% of the correlated response to selection (ancestral plasticity, F 

1,120 = 238.77, p < 0.0001). In contrast, clade/species explains 5%-15% of the 

variation in evolutionary responses in FH populations.   
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Figure 2.3: Ancestral plasticity can be used as a predictor of the extent of evolution in 
Ostreococcus – lineages with higher ancestral plasticity evolve more. 

Growth rates of populations evolved at elevated fluctuating and elevated stable pCO2 for 400 generations is 
plotted as a function of their plasticity in photosynthesis before evolution (ancestral plasticity). For all panels (A-
D) different shapes represent different lineages ± one standard error. For each lineage n=3. Dashed line 
indicates no change in growth rates. Values below zero indicate a decrease in growth rates. Values above zero 
indicate increased growth rates. A (selection in FH, assay at 1000ppm CO2): Ancestral plasticity in FH 
evolved lineages predicts up to 47% of the evolutionary response (F 2,13=210.67, p<0.001). FH populations 
evolve to grow more slowly in high pCO2 conditions than the same lineages evolved in SA. Initially more plastic 
lineages decrease most in growth after selection in FH (overall maximum decrease: -0.54, overall minimum 
decrease: -0.06, mean -0.25 ± 0.18). B (selection in SH, assay at 1000ppm CO2): With no selection for 
plasticity, a linear relationship using ancestral plasticity as the only explaining variable is not statistically 
significant. Still, most lineages evolve lower growth rates (range from -0.31 to -0.08, mean -0.15 ± 0.12). C 
(selection in FH, assay at 430ppm CO2): Ancestral plasticity is a significant predictor of the correlated 
response to selection (F 2,13=563.38, p<0.0001). Lineages from FH increased their growth rate at ambient pCO2 
the most when their ancestral plasticity was high (overall increase in growth of 0.12 to 0.30, mean 0.19 ± 0.05). 
D: (selected in SH, assay at 430 ppm CO2) Lineages selected in SH had a negative correlated response, and 
the relationship between ancestral plasticity and the correlated response to selection was nonlinear. 
(F2,13=22.28, p<0.01).  
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Lineages selected in SH also evolve (Figure 2.3 B, ancestral plasticity, F 1,120 = 

122.27, p < 0.001 and Figure 2.3 D, ancestral plasticity F1,120=593.50 p < 0.0001 

for direct and correlated responses respectively), but the relationship between 

ancestral plasticity and evolution is weaker, and trends in the opposite direction, 

perhaps because plasticity is not under selection in constant environments. In the 

correlated response, there is a strong non-linear correlation between ancestral 

plasticity and evolution, where low to medium ancestral plasticity correlates with 

an increase in the evolutionary response, but where there is no further increase in 

the evolutionary response for ancestral plasticity over 0.3. 

 

As shown in Chapter 1, ancestral plasticity is correlated to an increase in growth rate 

in the short term, and photosynthesis and growth under short-term CO2 enrichment 

are also positively correlated. It is therefore not surprising that I can use either to 

predict how much lineages will evolve in response to carbon enrichment.  The 

predictive power of ancestral oxygen evolution levels is, overall, significant with (for 

oxygen evolution rate at t0 x selection regime) F,3,42 =3.86, p < 0.05. However, post-

hoc tests reveal that this only holds true for the fluctuating environments, where  

r2 = 0.32, p< 0.05 in the direct response, and r2 = 0.11, p <0.05 in the correlated 

response. In the stable environments, there is no significant correlation between the 

ancestral oxygen evolution rates under short-term CO2 enrichment and the magnitude 

of evolved responses (r2 = 0.07, p = 0.5, and r2 = 0.06, p = 0.7 for direct and 

correlated response in the SH-environment respectively, see also Appendix Figure 2 

A-D). Ancestral fitness levels under short-term CO2 enrichment alone are overall not 

indicative of how much lineage will evolve (growth at t0 x selection regime F3,42 = 

2.2 , p= 0.1), although there is significant correlation in the correlated response of 

FH-evolved lineages (r2 = 0.23, p < 0.05, see Appendix Figure 3 A - D).!

  

Altogether, ancestral plasticity has higher predictive power (compare above) than 

either ancestral oxygen evolution or growth rates in response to short-term CO2 

enrichment.  
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2.3.2 Plasticity evolves or is maintained in fluctuating environments 
!

Growth for 400 generations in fluctuating environments yields populations 

composed of individuals that are more plastic than their ancestors (Figure 2.4 A and 

C, selection environment x ancestral plasticity, F3,43 = 25.38, p  <.0001). Plasticity 

changes significantly in the FA selection environment (Figure 2.4 A). There, it 

increases in 11 of 16 lineages, remains unchanged in 2, and is reduced in 3 out of all 

16 lineages (average fold increase 1.69 ± 0.39, post hoc p < 0.05). In the FH 

environment evolved plasticity is on average higher than ancestral plasticity (Figure 

2.4, post hoc, p <0.05), with the average increase in plasticity being 1.67 ± 0.51 fold 

(post hoc p < 0.05).  
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Figure 2.4: Plasticity evolves in fluctuating environments 

Plasticity in photosynthesis in four selection regimes at the beginning at the selection experiment (x axis) differs 
from plasticity after 400 generations of selection (y axis). The dotted 1:1 line indicates no change in plasticity - 
lineages above increased in plasticity, whereas lineages below decreased in plasticity. Each symbol represents 
mean plasticity for one lineage ± 1 standard error, with 3 replicate populations per lineage. A (FA regime): 
Plasticity changes significantly after evolution and increases in 69 % of lineages (there, t-test post hoc p <0.05). 
13% of lineages remain at their ancestral plasticity, and 18% show reduced plasticity. B (SA regime): In all but 4 
lineages, plasticity does not change significantly. In the four lineages where plasticity does change, it increases 
(post hoc p<0.001). C (FH regime): evolved plasticity is different from ancestral plasticity (t test post hoc, p 
<0.05) after selection at FH, with a trend of lineages with low to medium ancestral plasticity (56%) evolving to be 
more, and lineages that were initially highly plastic evolving to be less plastic. D (SH regime): Plasticity 
increases in 4 out of 16 lineages, but decreases or remains unchanged in all other lineages.  
 

In contrast, plasticity does not change significantly after 400 generations of 

evolution in stable environments. In the SA environment (Figure 2.4, post hoc p = 

0.2), it remains unchanged in 12 lineages, and increases significantly in 4. 



Chapter 2 
!

! LL!

Plasticity decreases over time in 10 of 16 SH lineages (Figure 2.5, p < 0.05). 

However, this overall decrease in plasticity may be due to arrested growth in the 

ancestral environment in some SH lineages (no growth means I cannot quantify 

plasticity; see Appendix Figure 4).  

 

After 400 generations, I find a tendency across selection regimes for plasticity to 

decrease in lineages with the highest ancestral plasticity (average 0.86 fold ± 0.44 

change) and to increase in most other lineages (average change 1.69 fold ± 0.39).  

 

2.3.3 Evolution reverses the plastic response to CO2 enrichment 

 
Populations evolved in the ambient CO2 environments, SA and FA, respond to 

short-term increases in CO2 by increasing their growth rates (selection regime x 

assay, F7, 105 = 114.88, p < 0.001. Figure 2.5, Figure 2.6).  

 

 
 
Figure 2.5 over the course of 400 generations of selection, growth rate changes in response to 
carbon enrichment. !

Growth rates were estimated weekly just before a transfer and were calculated from optical density readings. Note 
that these estimates of growth may vary slightly from the more detailed growth rate analysis that was carried out 
using a flow cytometer at the beginning, middle and end of the experiment. Displayed are pooled growth rates for all 
lineages. In the beginning, lineages react to carbon enrichment by growing faster, but after less than 200 
generations, growth slows down and eventually returns almost to ancestral levels of growth. Lineages in both the 
fluctuating and non-fluctuating environment also have slightly lower growth rates after 400 generations of selection, 
but this is not significant (p = 0.61).  Displayed are means ± 1 SE for 16 lineages. Per lineage, n =3.  
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Increasing growth is the usual short-term response of Ostreococcus to CO2 

enrichment (Schaum et al. 2012, also Figure 2.5, Figure 2.6 and Chapter 1). After 

400 generations of selection in elevated pCO2 environments, responses to changes 

in CO2 have changed. FH lineages grow better in their ancestral environment 

(correlated response) than do SH lineages (see Figure 2.6) When SH lineages are 

transferred back to 430ppm CO2, they do not grow detectably for about two 

weeks: the average growth rate including these two weeks is 0.04 d-1. In contrast, 

FH lineages do not show arrested growth at 430ppm CO2 (change in growth 

relative to control is not significant: post hoc p= 0.59). Instead, the direction of 

growth shift in ambient and high conditions in the FH lineages is muted and 

opposite that seen for the SH lineages.  
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Figure 2.6: Evolution at stable and fluctuating elevated pCO2 reverses short-term growth 
responses.  

Selection regime has an impact on how much growth rate changed over 400 generations of selection (selection 
environment x assay, F7, 105=123.38, p<0.001).. Here, n= 48 for each selection and each assay environment. 
The dashed line indicates a fold change of 1, i.e. no change compared to control population. Values lower than 
1.0 indicate a decrease in growth rates and values larger than 1.0 indicate an increase in growth rates. 
Populations selected in SA (control) show the expected plastic response in growth to CO2 enrichment after 400 
generations of selection, where mean growth rate at elevated pCO2 is higher than at 430ppm CO2 (selection 
environment x assay, F7, 105 =114.88, p<0.001, mean growth rate control: 0.67 ± 0.02, mean growth rate at 
1000ppm CO2: 0.79 ± 0.03). The direct response to selection at elevated pCO2 is either absent or negative 
when measured using growth rates: When grown at elevated pCO2, the growth rate of lineages selected at FH 
or SH is lower than the short term response of their respective controls growing at high pCO2 (post hoc FH P 
<0.05 and SH p<0.05). Populations selected at SH also have negative correlated responses to selection, where 
growth at ambient pCO2 is lower than that of the SA control. Growth rate of SH lineages at 430ppm CO2: 0.5 ± 
0.01, after growth rates have recovered, while lineages selected in FH have an average growth rate of 0.69 ± 
0.02.  
 

After about 100 generations (Figure 2.5 and Appendix Figure 5), populations 

selected in SH and FH decrease their growth rates at high pCO2 relative to both 

their own ancestors and to populations selected at ambient pCO2. SH and FH 

selected populations eventually completely reverse the plastic response to high 

pCO2 and return to growth rates at high pCO2 that are similar to SA selected 

populations growing at 430ppm CO2, showing the evolution of slow growth 

during an experiment that should select for rapid growth. 
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In their selection environment (i.e. 1000ppm CO2), FH selected populations have 

lower growth rates than SH selected populations, which would reflect a cost of 

plasticity of 14%-18%, though I argue in the discussion section that this 

interpretation is likely incorrect.  

 

2.3.3 Evolved populations are made up of plastic individuals that are 
characterized by slower growth, greater stress resistance and higher 
competitive abilities than the ancestor  
 

I isolated individual clones from evolved populations and measured their growth 

rates and plastic responses to determine whether plastic populations were made up 

of plastic individuals or of collections of non-plastic specialists. Here, I find that I 

have indeed selected for an overall increase of individual plasticity in lineages 

selected in fluctuating environments (Figure 2.7). 
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Figure 2. 7: Evolved populations are composed of plastic individuals rather than a mixture of 
specialists that were being maintained by fluctuating selection.  

 
After 400 generations of selection 3 bio-replicates of 7 representative lineages were made clonal by dilution, and 
their growth rates measured in the mean environment they had been selected in, as well as in the correlated 
environment. Variance within one lineage is very low, showing that we have indeed selected for plasticity rather 
than a mixture of specialists. Each symbol represents a lineage (mean ± variance), ticks on x-axes are also one per 
lineage.  
 

Plastic lineages are also the ones to reduce growth rates the most (see above).  

However, the more plastic, slow growing lineages are also the ones that increase 

competitive ability the most: When grown in mixed culture with a reference 

strain, lineages with low growth rates in monoculture had better competitive 

abilities than lineages with high growth rates in monoculture ( selection 

environment x growth rate in monoculture, F 1,177 = 810.61, p <0.0001, Figure 2.8, 

Figure 2.9) – a pattern found in all selection environments but SH, where lineages 

in monoculture with low growth rates were worse competitors in mixed culture.  
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Figure 2.8 There is a trade-off between growth in single culture and growth in mixed culture  

When grown in mixed culture with an acclimated, GFP-modified O. tauri lineage Oth95, lineages with comparatively 
high growth rates in single culture are less likely to outcompete the GFP modified strain (F 1,177 = 810.61, p 
<0.0001). Notably, in the non-fluctuating elevated CO2 environment, the trade-off is reversed and not significant (F 
1,39 = 0.13,p= 0.72, r2 = 0.002). For the other selection regimes, for growth rates larger than 0.5, the trade-off is 
significant with F 1,39 = 314.89, p < 0.0001, r2 = 0.86, F 1,39 = 312.87, p <0.0001, r2 = 0.86, and F 1,39 = 217.70, p 
<0.0001, r2 = 0.82 for selection at SA, FA, and FH respectively. We conducted the experiment on a subset of eight 
lineages, each of which are represented by a unique symbol ± 1 SE.  
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Figure 2.9: Lineages with higher evolved plasticity are better competitors. 

The overall trend is for lineages with higher evolved plasticity to be better competitors (F 1,177 = 7.35, p < 0.05). 
When broken down into different selection regimes, I find that this correlation is only statistically significant for 
lineages selected in fluctuating environments, and that the correlation is in fact reversed for lineages selected at 
stable elevated pCO2. r2 and p – values for the control SA, FA, SH and FH are (in the same order): r2= 0.31, 
p=0.1; r2=0.68, p<0.05; r2=-0.16, p= 0.86 and r2= 38, p <0.05. Each symbol represents a lineage’s mean (with 
n=3) ± 1 SE. I used a subset of eight representative lineages for this experiment, with three biological replicates 
each.  
 

Photosynthesis rates also decrease in populations selected in high pCO2, but do so 

at a different rate than to growth rates. As a consequence, after 400 generations of 

selection oxygen evolution rates become decoupled from growth rates in SH and 

FH lineages. There, photosynthesis rates at elevated pCO2 are reduced in SH and 

FH -evolved lineages relative to photosynthesis rates in SA and FA (assay x 

selection regime, F 7,105 = 11.22, p < 0.0001, also Figure 2.10). Photosynthesis 

rate also becomes decoupled from growth rate in SH and FH lineages (SH r2 = -

0.13, p = 0.5, FH r2 =0.21, p=0.2, Figure 2.11). 
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Figure 2.10: Photosynthesis levels change depending on selection/assay regime (upper panel) 
and plasticity in photosynthesis evolves depending on lineage and selection (lower panel):  

 
We have used photosynthesis as a plastic trait. Photosynthesis rates as measured as oxygen evolution rates per 
cell and hour increase (upper panel) in the short-term in response to elevated pCO2 for populations in both 
fluctuating and non-fluctuating selection regimes (selection environment type (fluctuating or stable) x lineage F 1, 256= 
62.14 p < 0.0001). 400 generations later, some lineages still had significantly higher oxygen evolution rates than the 
same lineages at control conditions, but on average, photosynthesis rates had dropped and become more similar to 
those at 430pmm CO2. When we use this dataset to calculate how much plasticity in photosynthesis changes (lower 
panel), we find that lineages are significantly different in how much plasticity they evolve (selection environment x 
lineage F15,215 = 169.16, p < 0.0001 ) and that significantly more lineages from fluctuating environments than stable 
environments evolve higher plasticity. In the upper panel, the dotted line indicates mean control photosynthesis 
rates. Values larger than one indicate increased photosynthesis rates; values lower than one indicate decreased 
photosynthesis rates. Black dots indicate individual lineages – no error-bars were added to lineages for clarity. Box 
plots were drawn with the thick band indicating the median (i.e. 2nd quartile). Bar plots are ± 1 standard error and n 
per lineage =3.  
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Figure 2.11: Growth and photosynthesis become decoupled after selection at elevated pCO2, 
but are still positively correlated in the plastic response to CO2 enrichment.  

 
While photosynthesis and growth are correlated at ambient and ambient fluctuating pCO2, as well as in short-term 
CO2 enrichment, the linear relationship is lost after months of selection and, in some cases of selection at elevated 
pCO2 levels, reverses in the long term. This means that excess CO2 fixed during photosynthesis is not used for 
growth, but potentially used to produce TEP, or simply not put to use at all. Symbols represent lineages (mean) ± 
1SE with n per lineage =3. Green lines are linear models fitted to the data.  
 

By examining two indicators of cellular health, I find that levels of orange 

fluorescence at the end of the experiment are up to 20 times higher in cells from 

SH populations than in cells from SA populations or fluctuating populations, 

indicating that non-plastic populations are more stressed than plastic populations 

when grown under chronic high CO2 conditions (see Chapter 3 for detailed 

information on intracellular compositions of evolved lineages).  

 

Also, mitochondrial function (as R123 fluorescece) is higher in the slower-

growing lineages from the FH environment than the SH selected lineages 

(selection environment, F3,109 = 15.74, p <0.05 see Figure 2.12) 
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Figure 2.12: Rhodamine stain 123 – there is a trend for rhodamine fluorescence to be higher in 
lineages from fluctuating selection regimes  

 
This indicates a higher, mores stable proton gradient across the mitochondrial membrane, which is necessary for 
ATP production. There is a significant overall difference of fluorescence across selection regimes/assays (selection 
environment, F 3,105 = 57.62, p <0.0001), and a post-hoc test shows that rhodamine123 fluorescence is lower than at 
control conditions in both assays for the 1000ppm selection regime (fold difference = 0.55 ± 0.39, p < 0.001 for the 
correlated response, and fold difference = 0.89 ± 0.05, p < 0.05 for the direct response), indicating decreased 
cellular health at stable elevated CO2 levels. Mean fluorescence is also slightly lower than control levels for the 
correlated assay in the FH regime, but this is not significant (p=0.98) and at a fold change of 0.94 ± 0.13, 
fluorescence is still higher than in the correlated response in the non-fluctuating regime (p < 0.0001). When 
rhodamine123 fluorescence is measured for the direct response to selection at fluctuating elevated CO2 levels, 
there is a significant increase (fold 2.1 ± 0.12, p <0.001). In all other assays, while there is no overall difference to 
the control, there is a marked increase for rhodamine fluorescence in some lineages, most notably Mediterranean 
surface strain rcc1108, in the plastic response to carbon enrichment. All 16 lineages (3 biological replicates) were 
used for this experiment, and are represented by black filled circles, of which error-bars have been omitted for 
clarity. Boxplots are displayed as is standard, with the thick band indicating the median. The dotted line indicates a 
fold change of 1, i.e. no change at all. Values below the dotted line indicate a decrease in rhodamine fluorescence 
compared to control values. Values above the line indicate an increase in fluorescence.  
 

Additionally, FH selected lineages have lower growth at high pCO2, but higher 

viability and growth rates after heat shock than lineages selected in SH, indicating 

that they are better able to withstand stress than fast-growing lineages (growth rate 

in selection environment, F 1,236 = 9.52, p < 0.01 and F 1,236 = 53.27, p < 0.0001, 

for viability and growth rates respectively, Figure 2.13).  
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Figure 2.13: Selection regime has a strong impact on how sensitive lineages react to a short-
term 4ºC increase in temperature. 

Upper panel: Viability after a short-term “heat shock” is significantly different between selection regimes (selection 
regime, F4, 236 = 53.27, p <0.0001). Lineages from fluctuating selection regimes have overall higher viability than 
lineages from stable selection regimes. For the controls, viability after being exposed to elevated temperatures is at 
about 50% in both the stable and the fluctuating treatment. Lineages selected in SA and FA have a viability of 
almost 100% when assayed at 1000ppm CO2, indicating that CO2 is in fact a nutrient that can be beneficial in the 
short-term. In both the direct and correlated responses to SH and FH selection, mean viability in lineages from the 
fluctuating selection regime is about 1.3 fold higher. Yellow boxes represent lineages from stable selection regimes, 
green ones, lineages from fluctuating selection regimes. Black dots are means for individual lineages.. Error-bars on 
dots were omitted for clarity. Lower panel: A temperature increase of 4ºC significantly alters growth rates across all 
selection regimes and assays (selection regime x assay, F 7,239 = 44.91, p < 0.0001), generally leading to a 
reduction in growth rates, apart from control lineages in the 1000ppm CO2 assay, were there is a trend for growth 
rates to be slightly elevated. Growth rates are, on average, higher in lineages from fluctuating selection regimes 
than in those from stable selection regimes (regime type (fluctuating or not fluctuating), F1,236 = 53.27, p < 0.0001). 
The upper dotted red line indicates the mean growth rate for control lineages at 430 ppm CO2, and the lower dotted 
red line represents the mean growth rate for “heat-shocked” control lineages. Orange bars represent lineages that 
had not been subjected to elevated temperatures. Blue bars represent lineages after they had been subjected to 
elevated temperatures. All data are means ± 1 SE with n per lineage =3.   
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2.4 Discussion 

2.4.1 Plasticity predicts evolution 
!

In a fluctuating environment, ancestral plasticity can explain almost half of the 

direct response to selection (Figure 2.3), and Ostreococcus lineages founded from 

more plastic ancestors evolve more in high pCO2 environments than lineages 

founded from less plastic ancestors. Although ancestral plasticity and ancestral 

fitness under short-term CO2 enrichment are correlated, as are ancestral increases 

in photosynthesis and ancestral increase in growth rate, here, ancestral plasticity 

itself is the most reliable predictor of evolutionary outcomes, particularly in 

fluctuating environments. This makes ancestral plasticity a good predictor of 

eventual evolutionary responses and supports theoretical studies arguing that 

plasticity should facilitate evolution (Lande 2009; Chevin et al. 2010; Fierst 2011; 

Draghi & Whitlock 2012). Much of the debate on the role of adaptive plasticity in 

evolution focuses on effects that result from differences in population sizes 

between populations made up of plastic and non-plastic individuals (Price et al. 

2003; Lande 2009; Fierst 2011), but my results show that even in the absence of 

demographic effects that would affect the amount of genetic variation possible in 

the population, plasticity can facilitate evolution (see methods section for details 

on the transfer protocol). This is consistent with plasticity affecting the 

phenotypic and fitness effects of mutations directly (Draghi & Whitlock 2012). 

Interestingly, this suggests that individual plasticity in large microbial populations 

may be maintained partially as a byproduct of more plastic types being more able 

to adapt to new environments, and thus being less likely to go extinct than less 

plastic types, and may lend insight as to why microbes that have the potential to 

respond to environmental change genetically also maintain high levels of 

individual plasticity. Up until now, discussions of the relationship between 

plasticity and evolution have focused mainly on the immediate effect of adaptive 

plasticity (keeping fitness and population size relatively high), while my results 

show that in addition to this, more plastic lineages may be more evolvable even in 

the absence of demographic effects.  
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2.4.2 Plasticity evolves or is maintained in fluctuating environments 
 

Although environmental variation can also select for generalists with invariable 

phenotypes over several environments (Reboud & Bell 1997; Ketola et al. 2013), 

or specialists (Reboud & Bell 1997; Crill et al. 2000; Kassen 2002), I  found that. 

here,  populations have evolved to favour an overall increase of individual 

plasticity in lineages selected in fluctuating environments (Figure 2.7).  

I also observe that the lineages with the highest ancestral plasticity evolve slightly 

lower plasticity. This could be caused by lineages decreasing plasticity enough to 

limit its cost, while still remaining plastic enough to persist in a fluctuating 

environment, a strategy known as phenotypic buffering (Bradshaw 1965; 

Pigliucci 2005). There may be some optimum amount of trait plasticity for the 

rate and magnitude of change in fluctuating environments used in my experiment, 

and populations may be converging on that – in the high pCO2 selection 

environments variance of evolved plasticity is almost half that of ancestral 

plasticity (see Appendix Table 8) – in fact, as I will describe below, an optimal 

level of plasticity is more likely than a reduction in plasticity that is due to costs 

associated with higher levels of plasticity. I found that plasticity was elevated in 

some of the lineages selected in the SA environment, this also indicates that 

phenotypic plasticity is not costly to evolve or maintain, and that the evolution of 

plasticity is relatively simple in my model organism.  

 

In addition, evolutionary history may limit the ability to evolve plasticity, since 

none of the “deep-sea” lineages of Ostreococcus display any significant change in 

plasticity during the evolution experiment; these lineages were isolated from 

relatively constant environments, and had lower ancestral plasticity than surface 

strains (Schaum et al. 2012). However, among the surface strains, variation in 

plasticity is the best predictor of variation in evolutionary responses; the deep-sea 

strains’ being very similar to each other physiologically and genetically does not 

drive the results. If the deep sea strains are removed from the analysis, I find that 

variation in ancestral plasticity explains about 61% of variation in the direct 
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response to selection in FH lineages, while clade/species only explains about 4% 

of the variation in direct evolutionary responses. 

 

2.4.3 Evolution reverses the plastic response to CO2 enrichment 
!

Ostreococcus evolves in response to selection at elevated pCO2. After 400 

generations of selection at elevated pCO2, lineages selected in the SH 

environment fail to grow in their ancestral environment  (430 ppm CO2). This 

pattern has also been reported in fresh water green algae (Collins & Bell 2004) 

and coccolithophores (Lohbeck et al. 2012a; 2012b). In contrast, FH selected 

populations do not show arrested growth at 430ppm CO2. Instead, the direction of 

growth shift in ambient and high conditions in the FH lineages is muted and 

opposite that seen for the SH lineages. These results are consistent with the 

evolution of phenotypic buffering in FH populations (Bradshaw 1965; Pigliucci 

2005) and with the maintenance or evolution of plasticity in fluctuating 

environments. Phenotypic buffering is a special case of phenotypic plasticity 

(Schlichting 2008), where the best strategy is to not change the phenotype – the 

slope of the reaction norm is zero. Under climate change scenarios, there may be 

different modes of what selection acts on, favouring either phenotypic plasticity, 

phenotypic buffering, or a combination of both: As described in Chapter 1 and 

(Schaum et al. 2012 , see also Franks & Hoffmann 2012), in the short-term, CO2 

enrichment, may be beneficial to the most plastic lineages that are best at taking 

advantage of the new situation. More plastic lineages will be selected for in the 

short-term, and adaptive evolution will occur through lineage sorting of these 

lineages. In the long-term, the new environment may cause stress at the limit of 

tolerance levels (Bergmann et al. 2010), so lineages are now selected for how 

good they are at maintaining cellular functions and metabolic capacities, rather 

than how well suited they are for out-growing other lineages in the matter of a few 

generations.  

 

Green algae (including Ostreococcus) and cyanobacteria respond to short-term 

increases in CO2 by increasing their growth rates (Collins & Bell 2004; Fu et al. 
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2007; Hutchins et al. 2009; Schaum et al. 2012). Unexpectedly, I find that growth 

rates then slows back down after a few hundred generations of growth at elevated 

CO2. This contrasts with selection experiments in other non-calcifying and non-

silicifying algae, where plastic responses to constant high pCO2 are maintained 

during evolution for up to 1000 generations (Collins & Bell 2004; Collins et al. 

2006b; Crawfurd et al. 2011).  

 

It is unusual (albeit not unreported – see Watve et al. 2006 on the evolution of 

slow growth in bacterial populations) for growth rates to decrease in a laboratory 

selection experiment using large populations of microbes, especially in semi 

continuous cultures that are not allowed to reach carrying capacity, which selects 

for rapid growth (Lenski et al. 1991). However, competitive ability (Collins 2010) 

can also be used as a fitness proxy, since natural selection acts on relative fitness. 

Here, when grown in mixed culture with a reference strain, lineages with low 

growth rates in monoculture had better competitive abilities than lineages with 

high growth rates in monoculture. A similar pattern was observed in (Collins 

2010). If low growth rates in monoculture reflected a cost of plasticity, I would 

expect that populations evolved in SH be better competitors than those evolved in 

FH. Instead, populations evolved in FH grow more slowly in monoculture, but are 

in fact better competitors in mixed culture than populations evolved in SH (Figure 

2.8). This is particularly exciting, as the observation that competitive and absolute 

fitness are often uncorrelated in r-selected microbes, has been regarded as a 

confusing phenomenon that does, on the surface, not make sense.  

 

I suggest that the slow growth rates seen in this part of my PhD project are 

adaptive in environments with chronically elevated pCO2 – the evolution of slow 

growth has been described in (Watve et al. 2006). There, however, slow growth 

was reported to be a consequence of, rather than an avoidance strategy for, 

damage in ageing cells. The phenomena described are similar, but the causes are 

not. I argue that slower growth rates seen in FH are adaptive and reflect a benefit, 

not a cost, of plasticity, and explain my reasoning below. 
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Slow growth should be adaptive in chronically high pCO2 if maintaining rapid 

photosynthesis and/or growth for several hundred generations is stressful under 

high pCO2 conditions. Slowing down photosynthesis and cell division rates may 

be a way to avoid producing poor quality daughter cells. Possible mechanisms for 

this could be the association of high photosynthesis rates with the production of 

reactive oxygen species (Yokota et al. 1988; Im et al. 2003; Burey et al. 2007) 

and/or less effective proofreading in rapidly dividing cells (Koch 1988). If this is 

the case, I expect that cells either reduce photosynthesis rates at high pCO2, or that 

the correlation between photosynthesis and growth deteriorate. In addition, under 

high pCO2, populations evolved in SH (fast growers) should be more stressed than 

those evolved in FH (slow growers). As shown in the results section, growth rates 

and oxygen evolution rates indeed become decoupled under chronic CO2 

enrichment. I suggest that this may be because under high pCO2 conditions, the 

cells use a lower proportion of fixed carbon for growth. Consistent with this, I 

observed that FH and SH lineages produced more transparent exopolymer 

particles (TEPs, carbon-rich extracellular matrixes (Passow & Alldredge 1995)) 

than SA and FA lineages (see also Appendix Figure 6).  

 

Furthermore, long-term growth at high CO2 is stressful for Ostreococcus, which I 

measured using two indicators of cellular health. First, elevated levels of orange 

fluorescence indicate chlorophyll breakdown products and have been shown to 

increase in stressed or moribund algae (Pouneva 1997). Second, rhodamine123 

fluorescence indicates mitochondrial transmembrane potential (Baracca et al. 

2003). In slow growers, both proxies for cellular health indicated that slow growth 

leads to healthier, more stress-resistant cells than does rapid cell division.  

 

Ostreococcus, unusually for a green algae, has only has a single mitochondrion 

(Courties et al. 1994). I hypothesize that lower mitochondrial function may 

decrease fitness more in cells with only one mitochondrion than in cells with 

multiple mitochondria. In cells with multiple mitochondria, healthy mitochondria 

may mask the damages ones, leading to no net difference in mitochondrial 

efficiency, or else, malfunctioning mitochondria may not be passed on to daughter 
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cells, again leading to no observable change in mitochondrial potential across 

generations (Laney et al. 2012; de Paula et al. 2013). In Chlamydomonas 

rheinhardtii, elevated pCO2 has been found to affect mitochondrial size and 

potential, with high CO2 evolved cells shown to have smaller, more efficient 

mitochondria than in cells evolved in control (current ambient) levels of CO2 

(Collins et al 2014, in review/submission).  

 

In organisms with strictly one mitochondrion per cell, neither of these strategies 

can be applied.  Populations selected in fluctuating environments also survive 

novel stresses better than populations selected in constant environments as 

indicated by their higher viability after heat-shock.  

 

The poor mitochondrial health I find in the faster growing lineages may explain 

the difference in outcomes between selection experiments in Ostreococcus, where 

ancestral increases in growth under CO2 enrichment are reversed after several 

hundred generations of growth in high CO2, and other algae, where growth 

remains high under similar conditions (Collins & Bell 2004; Collins et al. 2006b; 

Crawfurd et al. 2011). Taken together, the results show that chronic growth at 

elevated pCO2 is stressful for Ostreococcus and that lower growth rates are 

associated with lowering that stress. This, along with the high relative fitness of 

slower-growing lineages, supports my interpretation that slower cell division rates 

during evolution at high pCO2 are adaptive in Ostreococcus. In addition, plastic 

lineages decrease their growth rates most, indicating a benefit, not a cost, of 

plasticity.  

 

2.4.4 Conclusions 
!

Variation in plastic responses can explain variation in the magnitude of 

evolutionary responses, and this relationship between plasticity and evolution 

offers a pragmatic solution to predicting which phytoplankton populations are 

likely to evolve more under global change. Here, adaptation reverses plastic 

responses to CO2 enrichment, and leads to the evolution of slow growth rates. In 
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similar systems, short-term responses will overestimate changes in growth rate 

and trait values between contemporary and future phytoplankton populations, 

while underestimating genetic changes and the organisms’ ability to adapt. More 

generally, my data suggest that since most laboratory evolution experiments so far 

have been carried out in constant environments even though marine environments 

can be highly variable, large microbial populations are more likely to adapt to 

ocean acidification than previously thought. This is especially relevant given 

predictions that both the magnitude and frequency of changes in pCO2 in oceans 

will increase in the future (Egleston et al. 2010). My study predicts that first, large 

populations that are more plastic now will evolve more under global change, 

second, that most large populations will evolve to become more plastic in the 

future, and third, that plastic responses that drastically increase growth rates can 

be reversed by natural selection because of the stress associated with maintaining 

rapid growth.  
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Chapter 3: Phenotypic changes in a green alga evolved in 
fluctuating or stable high CO2 

 

In Chapter 2, I found that ancestral plastic responses in photosynthesis predict the 

magnitude but not the direction of evolutionary responses. Here, I ask if and how 

much evolved phenotypes differ from ancestral ones, and whether or not there are 

differences in evolved phenotypes between stable and fluctuating environments. 

The evolved phenotypes of our model organisms matter, as they are ecologically 

relevant: When algae communities are made up of individuals that differ from 

their ancestors, or when community composition changes, this will influence 

nutrient cycling, and energy transfer within the microbial loop. These changes 

will feed back into higher trophic levels, thereby affecting the marine ecosystem 

as a whole. By measuring the change in phenotypic traits of many distinct 

genotypes from different environments (e.g. coastal and open ocean, as well as 

surface lineages and lineages from up to 150m depth) I also provide the resolution 

needed for marine biologists and geochemists to include variation in phenotypes 

between lineages into models, or to make more accurate predictions on how much 

individual lineages are going to evolve. Phenotype data presented in this chapter 

has been used as the basis for a paper (authors, C.E. Schaum, Bjoern Rost, Sinead 

Collins) for publication with the Journal for Limnology and Oceanography, where 

it is currently under review (see Appendix Paper 3). To meet the L&O 

requirements, partial pressure of CO2 is presented as PCO2 in Pa (Pascal) and 

!atm (! atmosphere) throughout this chapter.  

$
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/?$0!(@!6*'0;3$.:!/?* phenotypes of 16 Ostreococcus lineages evolved for 400 

generations in four environments with different partial pressures of CO2: ambient 

(PCO2 43.57 Pa, i.e. 430 !atm), high (PCO2: 101.3 Pa, i.e. 1000!atm), fluctuating 

ambient (average PCO2: 43.57 Pa) and fluctuating high (average PCO2:101.3 Pa). 

Surprisingly, our results reveal that even though physiology changes drastically in 

response to CO2 enrichment in the short-term and lineages undergo substantial 

evolution, the phenotypic result of evolution is that overall phenotype largely returns 

to the ancestral state in the ancestral environment. For example, I find that cells from 

evolved population return to oxygen evolution and consumption rates of control 

populations, and that the initial increase in cell size and chlorophyll content is also 

reversed. I argue that this return to the ancestral phenotype is adaptive, because it is 

part of a response that yields healthier daughter cells and broadens the scope for 

reacting to further changes in the environment. In conclusion, in evolving to high 

CO2, Ostreococcus populations are “running to stand still”.  

$

3. 1 Introduction: 
The function of marine ecosystems hinges heavily on their smallest primary 

producers: marine phytoplankton are responsible for 50% of global primary 

production (Falkowski et al. 1998), are major drivers of the carbon pump (Beardall 

and Raven 2004) and form the basis of marine food-webs (Rossoll et al. 2012; 

Thomsen et al. 2013). As the oceans change, marine phytoplankton with large 

population sizes (up to millions per milliliter) and short generation times (up to 3 cell 

divisions per day (Moulager et al. 2007)) have ample scope for evolution (Collins 

2011). To make predictions about community functions, however, I need two main 

pieces of information: who is there, and what they are doing. While the degree to 

which the growth rate of lineages evolves in response to environmental change 

informs our predictions of how their frequencies are expected to change, I also need 

to know how other aspects of phenotype evolve in order to understand effects on 

ecosystem function. Previous studies have partially described evolved phenotypes in 

stable but not fluctuating high CO2 environments. For example, (Lohbeck et al. 
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2012a) reported that evolved phenotypes of Emiliania huxleyi are smaller and have 

reduced calcification after evolution at high CO2. Shorter selection experiments 

using diatoms (Crawfurd et al. 2011)found that phenotypes of evolved populations 

strongly resembled those of the evolved control or ancestral populations at a PCO2 of 

43.57 Pa prior to selection. However, no studies to date have investigated how the 

phenotypes of key marine phytoplankton are likely to evolve in not only changed, 

but also in changing, environments.  

 

Elevated CO2 as well as fluctuations in CO2 levels can drive evolution to yield 

different phenotypes in a number of phytoplankton species (recently reviewed by 

(Collins et al. 2013)). Traditionally, short- and long-term CO2 enrichment 

experiments are carried out in stable environments, but environmental fluctuations 

are normal in the ocean (Joint et al. 2010; Gilbert et al. 2008) and are expected to 

increase in the future (Egleston et al. 2010; Flynn et al. 2012). From an evolutionary 

perspective, fluctuating environments are more complex than stable ones, i.e. a 

heterogeneous environment can produce a more rugged adaptive landscape that alters 

the pathways of evolution, and consequently, the characteristics of evolved 

phenotypes (e.g. (Cooper and Lenski 2010; Puentes-Tellez et al. 2013)). 

Furthermore, multiple adapted phenotypes are possible. While there are studies that 

characterise evolution in complex and fluctuating environments in general (Lande 

2009, Bonduriansky et al. 2011, Harrison et al. 2013), this has yet to be addressed 

empirically for marine phytoplankton to understand how their phenotypes change on 

evolutionary time-scales under climate change scenarios.  

 

Evolutionary responses, by definition, result from genetic change in a population 

over time. In contrast, plastic responses are changes in phenotype that do not require 

any change in underlying genotype. Before evolution in a high CO2 environment, 

plastic responses to elevated CO2 in Ostreococcus included increased photosynthesis 

and respiration rates, as well increases in cell size and C:N ratio (Schaum et al. 

2013). Lineages with a stronger plastic response were better able to take advantage 

of changes in the environment and therefore likely to increase in frequency, at least 

in the short term. It is not known whether these phenotypic changes are maintained 
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in the long-term, i.e. whether or not phenotypic data based on responses to elevated 

CO2 after a few generations alone are suitable for making useful predictions about 

phenotypes evolved in that same environments for hundreds of generations, is still an 

open question.  

 

To address this, I evolved 16 genetically and physiologically distinct lineages of the 

species complex Ostreococcus (Subirana et al. 2013, Courties et al. 1994) in 

fluctuating and stable high CO2 and control environments, and measured 

ecologically relevant traits as well as the plastic responses (as changes in trait values) 

to short-term CO2 enrichment at the beginning and at the end of the selection 

experiment (see Schaum et al. 2014  in press for a full description of the evolution 

experiment and fitness data).  Here, I describe the phenotypes of the evolved lineages 

after 400 generations of evolution in their respective environments, and find that one 

of the most striking changes in evolved lineages is that they begin to resemble their 

ancestral phenotypes in the ancestral environment.  In other words, they return to an 

“ambient” CO2 phenotype by redefining “ambient” as the CO2 level they are 

evolving in. By ‘resetting the phenotype to ambient’, metabolic stress is avoided, 

leading to higher fitness in the selection environment and more scope to respond 

rapidly to further environmental change.  

 

3. 2 Methods  

3. 2.1 Cultures and experimental setup 
I used 16 lineages of Ostreococcus from nine habitat types. Three bio-replicates of 

each lineage were grown in each of the four CO2 selection environments, stable 

ambient (SA), fluctuating ambient (FA), stable high (SH), and fluctuating high (FH), 

for a total of 192 populations in the experiment (16 lineages x 3 biological replicates 

x 4 selection environments; see Figure 3.1 for experimental set-up). In the SA 

environment, the PCO2 in the incubator was set to 430 !atm (i.e. 43.57 Pa, measured 

average PCO2: 44.98 ± 4.36 Pa). In the FA environment, CO2 partial pressure was set 

to a random value between 430 and 630 !atm every seven days (i.e. between 43.57 

Pa and 63.83 Pa), which corresponds to once every 7 generations (measured average 
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PCO2: 49.64 ± 10.03 Pa). In the SH environment, PCO2 was set to 1000 !atm (i.e. 

101.3 Pa, measured average PCO2: 104.46 ± 8.81 Pa). In the FH environment, PCO2 

was set to a random value between 700 !atm and 1300 !atm every seven days (i.e. 

between 70.9 and 131.72 Pa, measured average PCO2: 102.54 ± 24.73 Pa). The SA 

environment controlled for any changes in phenotype that might occur due to 

selection in a lab environment. The FA environment selected for the maintenance 

and/or evolution of plasticity alone. The SH environment selected for growth at high 

CO2 alone, and the FH environment selected for the maintenance and/or evolution of 

plasticity in addition to growth in a high CO2 environment. For detailed carbonate 

chemistry tables for the different selection environments please refer to  Appendix 

Table 7 or Schaum et al 2014 (in press). Before selection (ancestral lineages, t0), and 

at about 100 (t100) and 400 (t400) generations into the selection experiment (evolved 

lineages) at least two technical replicates of each population were assayed for growth 

rates and other phenotypic traits at PCO2  43.57 Pa and 101.3 Pa. In these assays, 

populations were pre-acclimated for 5-10 generations, followed by 5-10 generations 

of acclimation. Shortly after t400, samples were also assayed for growth rates and 

other phenotypic traits at a PCO2 of 202.65 Pa.   
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Figure 3.1: Summary of experimental set-up – including 2000ppm CO2 (202.6 Pa) assay. 

3 bio-replicates of 16 lineages of Ostreococcus were grown in 4 selection environment, SA, FA, SH and FH. At 
the beginning (t0, lineages before evolution), after 100 generations of selection (t100) and after 400 generations 
of selection (t400), growth rates and physiological responses (see below) were measured for all samples at 430 
ppm CO2 (43.57 Pa) and 1000 ppm CO2 (101.3 Pa). 1000 ppm CO2 (101.3 Pa) corresponds to the plastic 
response for lineages selected in SA and FA, and is the mean selection environment for FH-evolved and SH-
evolved lineages. At t0, this plastic response is referred to as “ancestral plasticity”. At t400, 430 ppm CO2 (43.57 
Pa) is the mean selection environment for SA-evolved and FA-evolved lineages. It is the correlated environment 
for FH-evolved and SH-evolved lineages. When SH-evolved or FH-evolve lineages fail to grow in the correlated 
environment, this indicates that they have evolved, and that they cannot grow in the correlated environment by 
being plastic. Shortly after t400, all lineages from all selection environments were also assayed at 2000ppm 
CO2 (202.6 Pa).  
 

3.2.2 Physiological responses 
  

In all cases, samples were pre-acclimated to the relevant level of CO2 bubbled 

medium for 5-10 generations, and acclimated for another 5-10 generations before 

any measurements were conducted. PCO2 used in the assays was 43.57 Pa, 101.3 Pa 

or 202.65 Pa. Throughout the selection experiment, I measured growth rate, oxygen 

evolution, oxygen consumption, lipid content, cell size, chlorophyll content, 

particulate organic carbon (POC), particulate organic nitrogen (PON), rhodamine123 

fluorescence as a proxy for mitochondrial potential (Baracca et al. 2003) and orange 

Selection
Environment 430ppm CO2 stable

Assay conditions
430 ppm CO2 or 
1000ppm CO2 at
t0 (no evolution)
t100 (100 generations of 
selection)
t400 (400 generations of 
selection) 

430ppm CO2 
fluctuating

1000ppm CO2 

stable
1000ppm CO2 
fluctuating

430ppm CO2

control 

1000ppm CO2

plastic responses

430ppm CO2
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control

1000ppm CO2

plastic responses 

430ppm CO2

correlated 
response

1000ppm CO2

response in 
selection 
environment

430ppm CO2

correlated 
response

1000ppm CO2

response in mean 
selection 
environment

2000ppm CO2

plastic responses

SA FA SH FH

2000ppm CO2 
assay at 
t400 (400 generations 
of selection)

2000ppm CO2

plastic responses
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plastic responses
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fluorescence as a proxy for chlorophyll breakdown products. For a detailed 

discussion of growth rate evolution under stable und constant elevated CO2 see 

(Schaum et al. 2014 in press).  

 

Growth rates, oxygen evolution and consumption rates: 

Growth rates were calculated from the intact, chlorophyll-positive event counts 

within an Ostreococcus-specific gate of forward and side scatter on a FACS 

CANTO. Growth rates were calculated from cell counts and oxygen evolution and 

consumption rates were measured using a Clark-type oxygen electrode as described 

in (Schaum et al. 2013). 

 

Cellular composition and mitochondrial potential: 

Chlorophyll and lipid content, orange fluorescence, and relative cell size were 

determined using a FACS CANTO (for general protocols see Marie et al. 2005; 

Petersen et al. 2012).  The red fluorescence channel was used as a proxy for total 

chlorophyll content and chlorophyll content per cell was calculated using chlorophyll 

calibration beads as standards (Bangs Laboratories, Inc.) as well as through 

comparing to samples of known chlorophyll a content, where chlorophyll had been 

extracted according to (Holmhansen and Riemann 1978). The same channel was 

used to determine lipids after a Nile Red stain (la Jara et al. 2003; Guzmán et al. 

2009). Orange fluorescence measured in the ‘phycoerythrin’ (PE, orange 

fluorescence) channel can be indicative of stress levels (Ostreococcus, like most 

phytoplankton, does not make phycoerythrin). Cell size was inferred from the 

forward scattered and comparison to calibration beads.  

 

Particular organic carbon (POC) and nitrogen (PON) samples were taken for 8 

lineages of all selection environments, using three technical replicates of all bio-

replicates (n = 3). Samples were filtered onto pre-combusted (12h, 500ºC) GF/F 

filters (1.2 mm; Whatman) and stored in pre-combusted (500ºC) petri dishes. Filters 

were wrapped in tin foil and POC and PON were then measured using an Elementar 

Vario EL mass spectrometer, Elementar Analysensysteme GmbH).  
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 3.2.3 Statistics  
 

Data were analysed in the R environment, using mixed models within the “nlme” 

and “lme4” packages as described in chapter 2 and models built based on Pinheiro 

& Bates 2000. For graphs, means and standard error per lineage as well as per 

CO2 treatment were calculated within the “ggplot2” and “plotrix” package. In 

order to calculate integration of phenotypic traits, correlation between all traits 

was determined, a distance-matrix calculated based on the different correlations, 

and a graphical output of this matrix was plotted using the R package “vegan”. 

The same package was also used for statistical analysis of the distance matrix, i.e. 

Mantel- and stress-tests that indicate differences between matrixes and quality of 

the plots respectively. Overall plasticity was calculated based on Valladares et al. 

(2006) and Davidson et al. (2011), and I wrote an R function that finds all 

possible permutations of combinations for a set of phenotypic traits and then 

calculates overall plasticity for each of the possible combinations, thereby finding 

thresholds after which adding another plastic trait to the overall measure does not 

change the final value of overall plasticity any more (see Appendix for script).   

 

3.3 Results  
!

I have previously shown that elevated PCO2 can drive evolution in Ostreococcus and 

that the magnitudes of evolutionary responses (measured as differences in growth 

rate) to elevated pCO2 can be predicted by ancestral plastic responses to CO2 

enrichment (measured as changes in photosynthesis rates, Schaum et al. 2014 in 

press). Here, I focus on the evolved lineages from SA, FA, SH, SF environments and 

describe their evolved phenotypes assayed in three different PCO2 environments 

(PCO2 used in assays was 43.57 Pa, 101.3 Pa or 202.65 Pa). I distinguish plastic 

responses from evolved ones, t describe the evolution of plasticity, and highlight the 

differences between the phenotypes of lineages evolved in stable and fluctuating 

environments. The evolution of individual traits is summarised in Table 1, along with 

post-hoc statistical tests. In the following, I show that after evolution in CO2 

enrichment environments, lineages begin to resemble their ancestral phenotype more 
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than the phenotype of the plastic response, particularly in the FH environment. I then 

describe the evolved phenotypes in detail and propose that this is part of the adaptive 

response described in Schaum et al 2014.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 

! ! XI!

3.3.1 After 400 generations of evolution in SH or FH, the plastic response to 
CO2 enrichment begins to reverse 

!
Figure 3.2: : Phenotypic traits in lineages of Ostreococcus prior to and after selection in stable 
and fluctuating environments.  

Oxygen evolution, oxygen consumption, chlorophyll content, size, orange fluorescence (proxy for chlorophyll 
degradation), Rhodamine fluorescence (proxy for mitochondrial potential), Nile Red fluorescence (proxy for 
presence of fatty acids) and C:N ratio are all affected by evolution in stable and fluctuating high-CO2 environments 
(selection environment x lineage, F15,122 = 18.52, p <0.0001), and also by evolution in stable or fluctuating 
environments at ambient PCO2 alone (subset environment x lineage F 15,72 = 1.83, p <0.05), with the overall result 
being the short-term response to high PCO2 not being maintained in the long-term (plastic responses are different 
from evolutionary ones F 15,124 = 9.69, p<0.05). Phenotypic plasticity itself also evolves in fluctuating environments, 
more than it does in stable ones (selection environment x lineage F 15,66 = 6.12, p <0.05). Rather then being absent 
from ancestral lineages, Nile red and rhodamine data was not acquired for the ancestral lineages. Boxplots are 
displayed as is standard for Tukey boxplots, with the black band indicating the median, ends of boxes as the ends 
of the lower and upper quartile, whiskers extending to highest and lowest values that are within 1 interquartile range 
(IQR) of lower/upper quartile. n=3 per lineage. Red boxes (“ancestral control”) are for traits measured at PCO2 of 43. 
57 Pa at t0, i.e. before lineages were evolved in either selection environment. Orange boxes are for the traits of 
plastic responses measured at PCO2 101.3 Pa at t0. Blue boxes (“ancestral control”) are for trait values of SA- and 
FA-evolved lineages at t400, measured at PCO2 43.57 Pa.   The trait values of evolved plastic responses are 
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indicated by green boxes and were measured in SA- and FA-evolved lineages at t400 at PCO2 101.3 Pa. Purple 
boxes are for the trait values measured in FH and SH evolved lineages at t400 at PCO2 101.3 Pa. 

 

Overall, the evolved phenotypes of SH- and FH-selected lineages are different from 

plastic phenotypes of either ancestral or SA-evolved lineages responding to short-

term CO2 enrichment (selection environment x lineage, F 15,124 = 9.69, p<0.05, 

Figure 3.2). In this section, I contrast the high CO2 phenotype that is the result of 

plastic responses in SA-evolved or ancestral populations with the high CO2 

phenotype of SH- and FH-evolved populations. This compares the plastic and the 

evolved responses to CO2 enrichment.  

!

Comparison of traits in SH-evolved lineages ancestral lineages at high CO2 

 

Before evolution, the response to CO2 enrichment is to increase oxygen evolution 

and consumption rates. This response is not maintained over longer timescales; after 

evolution in a high CO2 environment, SH-evolved lineages measured at PCO2 101.3 

Pa, average oxygen consumption rates are 3.33 fold lower and oxygen evolution 

rates are 1.46 fold lower than in the plastic response to high CO2 of the ancestor 

(post-hoc p <0.001 and p <0.05 respectively).  

 

The average ancestral response to elevated PCO2 was to increase orange 

fluorescence and decrease rhodamine fluorescence, and to increase cell size and 

chlorophyll content. The effect of evolution on these traits is idiosyncratic, with 

individual lineages evolving different values for these traits (see Appendix Figure 7). 

In SH-evolved lineages, size and chlorophyll content do not differ significantly from 

this ancestral plastic response on average (post-hoc p= 0.07 and p = 0.053 

respectively). In some individual lineages, however, size and chlorophyll content 

after evolution in SH are significantly lower than in the ancestral response to 

elevated PCO2 (Appendix Figure 7). Average orange fluorescence at high CO2 in the 

SH-evolved lineages is 12.65 fold higher than in the ancestral response to short-term 

CO2 enrichment (post-hoc p <0.01), indicating that evolved populations have more 

chlorophyll breakdown products in their cells. Rhodamine 123 fluorescence, an 
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indicator of mitochondrial potential, was not measured in the ancestral response to 

elevated PCO2, but did not differ between SA-evolved lineages and SH-evolved 

lineages  (post-hoc p = 0.052). The final C:N ratio after 400 generations of selection 

at  PCO2 101.3 Pa is 1.3 fold higher than the average C:N ratio in the ancestor grown 

at PCO2 101.3 Pa (post-hoc p <0.01). 

 

Comparison of traits in FH-evolved lineages ancestral lineages at high CO2 

 

Regardless of the level of CO2 they evolved at, lineages from fluctuating 

environments resemble each other phenotypically, and do not maintain many aspects 

of the ancestral plastic response to CO2 enrichment. FH-evolved lineages resemble 

FA-evolved lineages more than they resemble the phenotype of the ancestral plastic 

response at t0, making FH-evolved phenotypes significantly different from the 

plastic response phenotype (difference significant across lineages with lineage x 

selection environment F15, 121= 7.77, p<0.01, Figure 3.2, Table 3.1). Oxygen 

evolution rates in FH-evolved lineages are 1.26 fold lower than in ancestral plastic 

response, and respiration rates are, on average 1.55 fold lower, relative to the 

ancestral plastic response (post-hoc p<0.01 and p <0.001).  

 

In the ancestral plastic response to elevated CO2, lineages increase in size more than 

2 fold (see (Schaum et al. 2013)), but the FH-evolved lineages decrease in size and 

chlorophyll content relative to the plastic response of the FA control. FH-evolved 

lineages are 1.3 fold smaller and contain 1.15 fold less chlorophyll than in the 

ancestral plastic response (both post-hoc p <0.01). Orange fluorescence does not 

change significantly between the ancestral plastic response and FH-evolved lineages 

(post-hoc p=0.1). Rhodamine123 fluorescence was not measured as part of the 

ancestral plasticity assay, but FA-evolved lineages decrease in rhodamine 

fluorescence as part of their plastic response to elevated PCO2 (see Figure 3.2). This 

appears to be transient as FH evolved lineages assayed at elevated PCO2  have 1.5 

fold higher rhodamine 123 fluorescence than FA-evolved lineages in their plastic 

response (post-hoc p <0.01). C:N ratios increase as part of the ancestral plasticity 
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response – as in the SH-evolved lineages, this is not transient, as FH-evolved 

lineages have 1.1 fold higher  C:N ratios than ancestral lineages in their plastic 

response to CO2 enrichment (post-hoc p<0.01).   

 

Plastic responses as a predictor for evolutionary responses to CO2 enrichment 

 

Based on the data described above, I can now correlate responses to CO2 enrichment 

before and after evolution for each trait and find out if correlation between one pair 

of traits is representative of others. If this was the case, I could use plastic responses 

in one trait to predict the evolved trait value of a different trait, for example, when 

one trait or sets of traits is easier to measure than another but all trait values are 

needed to describe the phenotype of an evolved organism (see Appendix Table 9 for 

stress tests).  

 

In SH-evolved lineages (Figure 3.3 A), there were only few correlations between the 

ancestral plastic response and evolved trait values, as indicated by the length of 

arrows connecting blue circles (plastic responses) and black circles (evolutionary 

response). Notably, these were between cell size, chlorophyll content, C:N ratio and 

growth rates in the plastic and the evolved trait values. None of the plastic responses 

in any other trait can predict evolved trait values in the same or another trait, 

resulting in a scattered MDS plot (Figure 3.3 A).  
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Figure 3.3 Correlations between phenotypic traits depend on the selection environment. 

A: In the stable environment, only few traits are correlated in either the plastic response or after 400 generations. 
Furthermore, correlation is low between the trait value of the plastic response (filled blue circle) and the trait value of 
the evolved response (filled black circle) of the same trait as well as between traits. This is indicated by length of 
arrows and the lack of distinct clusters.  
B: In the fluctuating environment, trait values of plastic responses (filled blue circles) as well as trait values for 
evolved responses for the same trait are closer correlated than in the SH environment as indicated by the shorter 
arrows. Further more, distinct clusters indicate that changes in one trait can be used to partially predict changes in 
another, particularly for photosynthesis related traits. MDS stress levels are <0.1 for 2A and 2B. See SI Table 1 for 
Mantel-test results.  
 

In FH-evolved lineages on the other hand, their size, chlorophyll content, oxygen 

evolution rates and growth rates are strongly correlated with ancestral plastic 

responses for the same traits, resulting in a graphical cluster, while respiration, 

orange fluorescence and lipid content form another cluster (see Figure 3.3 B). This 

means that I can predict magnitudes of responses in photosynthesis-related traits by 

measuring one or few of them. While this pattern holds true for means of trait values 

from all FH-evolved lineages, individual lineages can be different from this overall 

outcome (see Appendix Figure 8 A-D for all 16 lineages in SA, SH, FA and FH 

selection environments, difference across environments between lineages significant 

with lineage x environment F14,45 =34.82, p <0.0001).  

!
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Table 3.1: post-hoc statistics for differences in lineages after and before selection in the four 
selection regimes. 
(SA – stable ambient, FA – fluctuating ambient, SH – stable high and FH – fluctuating high) for oxygen evolution, 
oxygen consumption, size, FL3 as a proxy for chlorophyll fluorescence, R123 fluorescence as a proxy for 
mitochondrial trans membrane potential, FL2 as a proxy for orange fluorescence of chlorophyll breakdown product, 
Nile Red fluorescence as a proxy for lipid content and C:N ratio for intracellular stoichiometry. ! for an increase, 

"for a decrease. Post-hoc results are significant with * p <0.05, ** p <0.01, *** p <0.001. NS indicates that 
differences are not significant. Nile Red fluorescence was not measured as part of the ancestral plastic response 
and is therefor unknown.   
!

!

!

!

 

Comparison Section O2  
Evolution 

O2 
Consumption 
 

Size  FL3 R123  
Fluorescence  

FL2 Nile Red C:N ratio 

Trait value SH evolved  
compared to trait 
value SA evolved  

Phenotypes evolved in 
response to selection at 
stable elevated pCO2 
 

* 
 

* * * ** ** ** ** 

          
Trait value FH 
evolved compared to 
trait value FA evolved  

Phenotypes evolved in 
response to selection at 
fluctuating elevated 
pCO2 
 

** ** *** *** ** ** **  
 
NS 

          
Trait value SH evolved 
compared to trait 
value FH evolved  

Discussion  
 
NS 

* ** ** *** **  
 
 
NS 
 

** 

  * ***  p=0.0
53  

p=0.052   ** 

  * ***  p=0.0
53  

p=0.052   ** 

Trait value SH evolved 
compared to trait 
value ancestral plastic 
response 

Evolutionary responses 
to stable high CO2 
relative to ancestral 
plastic responses to 
high CO2 
 

   
 
NS 

  *** Not 
known 

 

  ** *** ** ** ** *   

Trait value FH 
evolved compared to 
trait value ancestral 
plastic response 

Evolutionary responses 
to fluctuating high CO2 
relative to ancestral 
plastic responses to 
high CO2 
 

 

 

  

 

 

Not 
known 

NS 

          
Trait value SA evolved 
compared to trait 
value FA evolved 

Discussion   
 
NS 

**  
 
NS 

*  
 

NS 

 
 
NS 

 
 
NS 

* 

!
SA evolved plasticity 
compared to ancestral 
plasticity (not trait 
value) 

Discussion and SI * * 

  

NS NS Not 
known 

* 

  * * !!" !!" !" !" " !"
FA evolved plasticity 
compared to ancestral 
plasticity (not trait 
value) 

Discussion and SI 

 

 

  

 

 

Not 
known 

 

"



Chapter 3 

! ! XX!

3.3.2 Lineages evolve differently in response to stable or fluctuating elevated 
PCO2 
 

Phenotypes of SH-evolved lineages  

By comparing phenotypic traits of SH-evolved lineages to those of SA-evolved 

lineages, I can gain insights into how different lineages evolved in a high CO2 

environment are from those evolved in a contemporary environment when lineages 

are only evolving in response to the level of CO2. Although SH-evolved lineages no 

longer maintain all characteristics of the plastic response they are on average, 

significantly different from the phenotypes of SA-evolved lineages. The effect of 

evolution at elevated PCO2 (assay environment x selection environment) is 

significant across all phenotypic traits examined here, with assay and selection 

environment  x lineage, F15,122 = 18.52, p <0.0001( see Figure 3.2 and Table 3.1). 

 

Regarding oxygen evolution, SH-evolved lineages have on average 1.15 -fold higher 

rates than populations evolved at SA. Oxygen evolution rates in SH-evolved lineages 

are at 9.07 ± 0.14 fmol O2 cell-1 hour-1 (post-hoc p <0.05). The average oxygen 

consumption rate after selection at SH is 3.2 ± 0.2 fmol O2 per cell and hour – a 0.76 

fold change, i.e. a decrease, compared to the SA control (post-hoc p <0.05).  

 

Cellular composition is also affected by evolution in SH. SH-evolved lineages differ 

in size and chlorophyll content from SA-evolved lineages, although the direction and 

magnitude of the difference depends on lineage. Compared to SA-evolved lineages, 

SH-evolved cells can be up to 1.5 fold larger, with up to 1.7 times more chlorophyll, 

or up to 1.13 times smaller, with 1.3 times less chlorophyll (both post-hoc p <0.05, 

mean fold change size: 1.06, mean fold change chlorophyll: 1.1). On average, SH-

evolved cells are 2.19 ± 0.14 !m in size and contain 10.9 ± 1.93 fg chlorophyll.  I 

found that both orange fluorescence and rhodamine fluorescence, which are known 

to change in stressed samples, were altered after evolution in SH. Compared to SA-

evolved lineages, SH-evolved lineages have 5.25 fold higher orange fluorescence 

and a 0.55 fold change in rhodamine fluorescence (post-hoc p <0.001 and p < 0.01 

respectively). After evolution at SH, intracellular lipid content measured as Nile Red 
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fluorescence is 5.1 fold higher in 6 out of 16 lineages (no change in lipid content was 

found in the other lineages). SH-evolved lineages also have a 1.34 fold higher C:N 

ratio than SA-evolved lineages, with a C:N ratio of 7.5 ± 0.15 (post-hoc p< 0.01). 

 

Phenotypes of FH evolved lineages 

By comparing FH-evolved lineages to FA-evolved lineages, I learn how phenotypes 

change when selected not only for growth at a PCO2 of 101.3 Pa, but also for growth 

in the face of environmental fluctuation. Fluctuations select for high phenotypic 

plasticity at both levels of CO2 (Schaum et al. 2014 in press). Phenotypic trait values 

of FH-evolved lineages differ from phenotypic trait values in FA- evolved lineages; 

the effect of evolution at elevated CO2 levels is significant across all phenotypic traits 

examined here, with F 15,124 = 1.83, p <0.05 (see also Figure 3.2 and Table 3.1).  

 

FH-evolved lineages have on average 1.3 fold higher oxygen evolution rates and 1.4 

fold higher respiration rates than FA-evolved lineages (both post-hoc p <0.01, also 

Table 1). In FH-evolved lineages mean oxygen evolution rates are 9.6 ± 2.3 fmol O2 

cell -1 hour -1 and mean oxygen consumption rates are 3.6 fmol O2 per cell -1 hour -1 

(see Figure 3.2).  

 

On average, cells of FH-evolved lineages measure 1.73 ± 0.03 !m, which is 1.4 fold 

smaller than average FA-evolved cells (post-hoc p <0.001). As expected for smaller 

cells, FH-evolved lineages have 1.13 fold less chlorophyll than do FA-evolved cells 

(post-hoc p <0.001). The average chlorophyll content in FH-evolved cells is 9.49 ± 

0.2 fg per cell. Rhodamine fluorescence is 1.4 fold higher in the FH-evolved lineages 

than in the FA-evolved lineages (p <0.01), and orange fluorescence is elevated by 

4.11 fold in the FH-evolved lineages relative to the FA-evolved controls (p <0.05). 

There is a 4.1 fold increase in Nile Red fluorescence in 6 FH-evolved lineages 

compared to the FA-evolved lineages (post-hoc p <0.05). While the averages of C:N 

ratios in FA- and FH-evolved lineages are not significantly different from each other 

(average C:N ratio FA 6.73 ± 0.21, average C:N ratio FH 6.44 ± 0.21, post-hoc p = 

0.63), some individual FH-evolved lineages have lower C:N ratios than the same 

lineage evolved at fluctuating control conditions, while none have higher C:N ratios 
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than the respective lineage in the FA environment (see Appendix Figure 7 for 

details).  

 

3.3.3 Short-term responses to further CO2 enrichment depend on the selection 
environment 
 

Even though the high fluctuating and stable environments had the same mean level 

of CO2, FH-evolved and FA-evolved lineages differ from each other in several 

important respects, and one of the most striking differences is how well they are able 

to take advantage of subsequent CO2 enrichment. Based on IPCC predictions for the 

end of the century, most CO2 enrichment experiments for marine phytoplankton use 

partial pressures of CO2 of around 75.99-101.3 Pa as their high CO2 environment. As 

CO2 levels are expected to rise further, however, it is also important to investigate 

how evolution to moderately high CO2 (101.3 Pa) may affect the response to even 

higher levels. Here, I describe the plastic responses to growth in an environment 

where PCO2 is at 202.65 Pa for evolved populations from all selection environments.  
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Figure 3.4: Depending on their selection history, lineages can discriminate between different 
levels of elevated PCO2 and respond by changing growth rate.  

Here, white boxes represent growth rates of lineages in their respective selection environment , i.e. SA, FA, SH or 
FH, after 400 generations of evolution, and blue boxes represent growth rates of lineages measured at a PCO2 of 
202.65 Pa after 400 generations of evolution in the respective selection environment. For all 16 lineages, n=3. The 
dashed line indicates growth rates at PCO2 101.3 Pa at t0, i.e. in lineages that had not previously experienced 
elevated CO2 levels in our lab. While all lineages in all environments increased their growth rates in the environment 
where PCO2 was 202.65 Pa, for FA-, SH-, and FH-evolved lineages growth rates were higher at a PCO2 of 202.65 
Pa than at PCO2 101.3 Pa.  
 

I asked whether responses to further changes in CO2 were affected by evolutionary 

history. Differences in growth at PCO2 202.65 Pa and 101.3 Pa depended on the 

selection environment (selection environment x lineage, F 3,105 =138.72, p <0.0001), 

with only lineages evolved in elevated or fluctuating PCO2 environments growingly 

differently in the two high CO2 environments (Figure 3.4). This demonstrates that 

these lineages perceived partial pressure of CO2 differently for 101.3 Pa and 202.65 

Pa.  Growth rates in SA-evolved lineages were similar in the PCO2 202.65 Pa and the 

PCO2 101.3 Pa assays (post-hoc p=0.67). In FA-evolved lineages, which were 

transiently exposed to higher PCO2 levels throughout the course of the selection 

experiment, there was a marked difference between the response to PCO2101.3 Pa 
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and 202.65 Pa. Growth rates were on average 1.22 fold higher for PCO2 202.65 Pa 

than for PCO2 101.3 Pa (post-hoc p <0.001). In SH- and FH-evolved lineages, 

growth rates at PCO2 202.65 Pa were significantly higher than at PCO2 101.3 Pa 

after evolution in SH (1.5 fold) and FH (1.9 fold) (post-hoc p <0.05).  

 

For cell size, chlorophyll fluorescence and orange fluorescence (Appendix Figure 9), 

this pattern was less obvious, but there was a trend for size and chlorophyll to change 

more strongly in response to PCO2 elevated to 202.65 Pa in lineages from the 

fluctuating selection environments (post-hoc F 3,78 = 2.89, p <0.05). Interestingly, for 

size, the response at PCO2 202.65 Pa was to produce much smaller cells than at 

either 43.57 Pa or 101.3 Pa (post-hoc p <0.01), particularly in lineages evolved in the 

fluctuating environments. At PCO2 202.65 Pa, orange fluorescence was higher in SA- 

and SH-evolved lineages than it was in FH- and FA-evolved lineages. At PCO2 

elevated to 202.65 Pa, rhodamine fluorescence was highest in FH-evolved lineages 

(Appendix Figure 10). !

!

%&%&'$()*+",+-$./01$.#2342"4)*,$+*5)/0*1+*4-$-607$"*$)*3/+"-+$)*$8#"-4)3)49$"3/0--$
1"*9$4/")4-$$
 

I have used photosynthesis (measured as oxygen evolution rates) as a plastic trait 

throughout my thesis. Many other traits in Ostreococcus, e.g. oxygen 

consumption rates and cell size, are also highly plastic. While information on 

plasticity in these discreet traits is valuable in terms of describing phenotypes, in 

reality, researchers will be confronted with n traits. By calculating overall 

plasticity based on (Valladares et al. 2006; Davidson et al. 2011), I find that, first, 

overall plasticity is, as plasticity in oxygen evolution rates only, elevated after 

selection in a fluctuating environment (Appendix Figure 11) and second, that the 

measure of overall plasticity does not change for more than 4 measured traits, 

regardless of which 4 phenotypic traits are used to calculate overall plasticity (see 

Figure 3.5).  

!
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Figure 3.5: Gain in overall plasticity in SA (3.5 A) and FA (3.5 B) evolved lineages calculated for any 
combination of different traits plateaus for any 4 or more traits. 

 Overall plasticity is significantly higher in FA evolved lineages than in SA evolved lineages (F3,105 = 52.71 , p 
<0.01). For lineages from either selection regime, from 4 traits onwards, overall plasticity does not increase 
significantly after adding any other trait to calculate overall plasticity. For any trait number smaller than 4, overall 
plasticity can change drastically depending on which trait is added, as indicated by the large variation for trait 
numbers smaller than 4. Overall plasticity was calculated based on means for all 16 lineages per selection 
regime.  
!

3.4 Discussion  
!

I described the short-term responses of Ostreococcus to carbon enrichment in 

(Schaum et al. 2013). Here I show that this short-term plastic response is not 

maintained during the longer-term evolutionary response, and will now explain how 

a return to an ancestral phenotype can be adaptive, and describe potential 

implications for ocean ecosystems.  

 

I can use short-term data to predict rapid changes in genotype frequencies, but must 

measure the evolved phenotypes across several lineages from different habitat types 

in order to estimate repercussions for food webs and biogeochemical cycles. Overall, 

several traits in the FH-evolved lineages growing at high CO2 have values similar to 

the FA-evolved lineages growing at ambient CO2, so that the FH-evolved phenotype 

is largely a reversion to the ancestral phenotype in the ancestral environment.   

 

3.4.1 Attenuation of the short-term phenotype broadens the scope to react 
better to further environmental perturbations  
!

About 75-100 generations into the selection experiment (Appendix Figure 5), the 

initial change in phenotype due to high CO2 begins to attenuate for some traits, 
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notably oxygen evolution rates, size and chlorophyll fluorescence. This attenuation is 

strongest in the FH environment (Figure 3.2). In contrast, lipid content and degraded 

chlorophyll fluorescence continue to change in the same direction over time, 

resulting in evolved lineages with generally higher lipid content and higher orange 

fluorescence than their ancestors. The latter also holds true for SH-evolved 

populations. As I do not find this pattern in the SA- and FA-evolved lineages, and 

the selection regime did not change 75-100 generations into the experiments, this 

attenuated phenotype appears to be driven by evolution in a fluctuating high CO2 

environment.  

 

This is in contrast to previous studies on chlorophytes, where no specific adaptation 

to high CO2 was detected, or where growth characteristics expected from the 

ancestral plastic response were simply maintained over hundreds of generations 

(Collins and Bell 2004; Lohbeck et al. 2012a; b; Low-Decarie et al. 2013; Low-

Décarie et al. 2014). For Ostreococcus, elevated PCO2 is not initially stressful and in 

fact beneficial for most lineages in terms of growth rate (Schaum et al. 2013). 

However, the initial increase in growth reverses over hundreds of generations of 

growth in the FH (and to a lesser degree in the SH) environment. At first glance, 

evolving slower growth may seem maladaptive, but I find that evolved populations 

have phenotypes that appear less stressed, in that they have higher mitochondrial 

potentials and survive heat shock better (Schaum et al. 2014 in press). Here, I show 

that they also respond more to subsequent changes in PCO2. Based on this, I propose 

that chronic exposure to high CO2 levels is stressful even though short-term exposure 

to high CO2 is beneficial. As a consequence, attenuation of the plastic response may 

be adaptive in this system if it decreases metabolic stress (see below). Correlated to 

this, lower growth also broadens the scope for using plasticity to respond to further 

environmental perturbations (Figure 3.6).  
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Figure 3.6. An evolutionary response of slow growth promotes higher fitness and metabolic 
capacity in the long-term.  

The shapes of the curves are arbitrary, but relationships between them provide a cartoon to understand the 
adaptive evolution of slow growth we find in the selected lineages. In the short term, the change in growth rate ! 
from ambient phenotype (red circle – low fitness at elevated PCO2) to the acclimation phenotype (blue circle, higher 
fitness at elevated PCO2  in the short term) is linked to fitness - lineages that grow faster are also more fit. We 
assume that lineages eventually evolve (dotted line) and that the shape of their reaction curves does not change. 
Evolved lineages, where growth rates remain high (red filled circles), will experience metabolic depression and 
lower fitness or be at the edge of the window where they can react to further environmental change without fitness 
loss. Evolved lineages where growth rate decreases (white circles) will not experience a drop in fitness, and have 
more scope to react to environmental changes through plastic responses without decreasing metabolic capacity.  
!

 

I hypothesize that the risk of extinction for fast growing lineages will be high until 

they manage to reduce growth rates (or are replaced by slow-growing lineages), 

since slower-growing lineages have a greater metabolic capacity!and larger 

window within to react to further increases in PCO2. Our reasoning for this is 

summarized in Figure 3.6. The shapes of the curves in Figure 3.6 are arbitrary but 

commonly used as a theoretical backbone in physiological studies (Dupont et al. 

2012, Sunday et al. 2014), and the relationships between curves provide a 

framework for understanding the evolution of slow growth in our experiment. I 

assume that the ancestral Ostreococcus is specifically adapted to current average 

levels of CO2 (around 43.57 Pa). However, ancestral Ostreococcus probably 
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experienced short-term CO2 fluctuations, so it is likely that the plastic response to 

transient CO2 enrichment is adaptive, which is in line with our previous findings 

(Schaum et al. 2013). The lineages with the largest plastic response to short term 

CO2 enrichment will grow faster, increase in relative fitness, and become more 

frequent in marine phytoplankton communities. This initial increase in growth 

rate in lineages evolved in FA or SA can even widen thermal tolerance (Schaum 

et al. 2014, in press). This means that in the short-term, elevated CO2 may be 

beneficial and even help populations to cope with other stresses. However, in the 

long-term, this same strategy of fast growth in high CO2 becomes detrimental, due 

to links between growth rate, fitness and metabolic capacity (estimated here as 

mitochondrial potential). Indeed, fast growing lineages have lower mitochondrial 

potential than slow-growing lineages after about 400 generations of growth in 

high CO2 (Schaum et al. 2014 in press). Hence, I expect lineages that do not 

manage to reduce growth rates to produce more, but poorer quality daughter cells, 

which inherit some or all of the damage from their parent cell. If damage 

accumulates at a rate that exceeds repair, these lineages would be more likely to 

go extinct than lineages that have evolved slower growth rates, and thus invest 

more in repair in high CO2 environments. A population made up of fast-growing 

individuals would therefor either collapse when too much damage has 

accumulated, or shift towards a population made up from slower growing, 

healthier cells.  

 

In line with this, one of the most striking characteristics of evolved phenotypes is 

that lineages evolved in FA, SH, and FH environments remain responsive to further 

increases in PCO2, whereas SA-evolved lineages exhibit the same growth rates at 

PCO2 elevated to 101.3 Pa or to 202.65 Pa. This difference indicates that both the 

average environment and the stability of the environment during evolution affect 

how populations respond to novel environments. One possible explanation for the 

observed pattern is that when growth rate is low in evolved lineages, there is more 

scope for lineages to display plastic responses to further changes in PCO2 levels (see 

also Figure 3.6) that involve increasing growth rate. Consistent with this, lineages 

that had evolved a slow growing phenotype at PCO2 101.3 Pa grew faster at PCO2 
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202.65 Pa than did SH-evolved lineages, which did not reduce growth rates in their 

selection environment to the same extent as FH-evolved lineages did.  

There was a general trend for SH- and FH-evolved lineages that were growing most 

slowly in their selection environment to have the largest growth response to PCO2 

elevated to 202.65 Pa. Here, “resetting” of the phenotype is associated with the 

evolution of lineages that perceive the environment they evolved in as ambient, and 

then respond to deviations from the ambient PCO2 levels rather than to absolute 

PCO2 levels in their environment. Thus, selection history has a large effect on how 

lineages react to a further increase in PCO2. Specifically, lineages that had 

experienced CO2 partial pressure higher than 43.57 Pa during evolution showed a 

difference between the short-term responses to CO2 partial pressure of 101.3 Pa and 

202.65 Pa.  

$

3.4.2 Phenotypic trait values of lineages evolved in fluctuating and stable high 
CO2 environment and implications for ocean ecosystems  
 
While elevated PCO2 is sufficient to drive evolutionary changes in phenotypes of 

Ostreococcus, trait evolution depends crucially on the stability of the environment. 

In summary, SA-evolved lineages of Ostreococcus displayed, on average, higher 

oxygen evolution, but lower oxygen consumption rates, as well as larger cells with 

more chlorophyll, elevated C:N ratios than control or ancestral phenotypes. FH-

evolved lineages had higher oxygen evolution as well as lower consumption rates 

than control or ancestral lineages, but respective rates in FH-evolved lineages were 

higher than in SH-evolved lineages. Lineages evolved in the FH environment also 

differed from SH-evolved lineages in that they were smaller with less chlorophyll per 

cell. In fact, cell size and chlorophyll content in FH-evolved lineages was 

significantly reduced compared to controls. While both SH- and FH-evolved lineages 

had elevated C:N ratios relative to SA-evolved lineages, C:N ratios were overall 

lower in FH-evolved lineages relative to SH-evolved lineages. SH- and FH-evolved 

lineages both stored lipids. Hence, selection experiments carried out under stable 

conditions will fail to detect key changes in phenotype associated with maintaining 

plasticity in fluctuating environments. This is likely to be important, since most 
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natural environments are generally characterized by fluctuations, which in the case of 

carbonate chemistry is even predicted to increase in the future (Egleston et al. 2010; 

Flynn et al. 2012).  

 

The differences between lineages evolved in stable and fluctuating high CO2 

environments are likely to affect trophic interactions, since size, C:N ratio and lipid 

content are important aspects of food quality (Rossoll et al. 2012; Thomsen et al. 

2013). Organisms that graze on Ostreococcus, mainly heterotrophic nanoflagellates 

(Christaki et al. 1999; Cuevas 2006) are size-selective and may not be physically 

able to continue to ingest a food source if it doubles in size, or eat enough of a food 

source if it decreases substantially in size. Here, FH-evolved lineages were markedly 

smaller than controls or lineages evolved in the SH environment, with little variation 

between lineages. Only one of sixteen ancestral lineages showed a plastic response to 

CO2 enrichment in lipid content, but after 400 generations in the SH or FH 

environments, several lineages had evolved phenotypes that stored more lipids at 

high CO2 than at ambient PCO2, which may be part of a general response to elevated 

PCO2 (Rokitta et al. 2012). Changes in fatty acid composition of marine plankton 

can lead to altered reproductive success in zooplankton grazers (Rossoll et al. 2012). 

Average C:N ratios were elevated to different degrees in SH- as well as FH-evolved 

lineages. As C:N ratios did not return to ancestral values in most high CO2-evolved 

lineages, grazers and filter-feeders will likely experience lower overall food quality. 

If selection imposed in the fluctuating high CO2 environment informs us about 

selection imposed by global change in oceans, our data predicts that grazers will 

have to feed on smaller, more nitrogen-deplete cells, and thus will have to ingest 

more cells than they would under present day conditions. 

 

Evolution in stable and fluctuating high CO2 environments affects how Ostreococcus 

obtains energy and material for growth. Growth and photosynthesis rates are usually 

strongly correlated in green algae under control conditions and under short-term CO2 

enrichment, and the usual response to CO2 enrichment is to increase both 

photosynthesis and growth rates (Collins and Bell 2004; Schaum et al. 2013). 

However, I find that growth and photosynthesis become decoupled by the end of the 
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selection experiment in the high CO2 environments (Figure 2.11), as do oxygen 

evolution rates and oxygen consumption rates (Appendix Figure 12), which are 

correlated prior to selection (Appendix Figure 13). The decoupling of growth rate or 

respiration and oxygen evolution in the light could in part be explained by increased 

TEP (Transparent exopolymer particles, see Appendix Figure 6) excretion in the high 

CO2 environments. TEP production is also often associated with nutrient limitation, 

e.g. at the end of a phytoplankton bloom (Passow 2002): there, cell division will be 

hampered due to limited availability of nitrogen (e.g. for DNA and proteins) or 

phosphate (e.g. for ATP and NADPH production, but also the DNA backbone), but 

photosynthesis will not stop and cells will continue to assimilate carbon, which needs 

to be exuded after the maximum POC quota per cell has been reached. As our cells 

were grown in full medium, nutrient limitation cannot explain why excess carbon is 

not stored or used for growth.  

 

3.4.3 Conclusions 

I have shown that the general evolutionary response to selection at high CO2 is to 

attenuate the short-term response for many traits in order to avoid metabolic stress, 

and that this attenuation is greatest in fluctuating environments. Because of this, 

short-term phenotypic data that ignores evolutionary responses cannot be used to 

predict phenotypes of future algae communities accurately. Although the 

evolutionary response to chronic CO2 enrichment is to return to an ancestral 

phenotype in many respects, persistent changes in cellular size and composition 

remain, indicating that the role of green algae in food webs and nutrient cycles can 

be changed by evolutionary responses to high and fluctuating PCO2. Unexpectedly, 

our data shows that, particularly in fluctuating environments, evolved Ostreococcus 

respond to deviations from the mean PCO2 level, rather than to absolute PCO2 

levels. Taken together, this study suggests fluctuations in PCO2, in addition to 

differences in average PCO2, are likely to be important drivers of evolutionary 

change in green algae as CO2 levels rise, and that growth rates may be under 

selection to reduce metabolic stress rather than maximize short-term division rates in 

enriched environments.  
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Chapter 4: There can be more than one. Ostreococcus 
biodiversity in a Mediterranean bay area can be 

maintained by habitat connectivity  
 

Here, I use data from Chapter 1 to Chapter 3 to take my results beyond what I can 

measure in the laboratory to describe how Ostreococcus biodiversity can be 

maintained in a Mediterranean bay area, and possible consequences that loss of 

lineages from that area would have on carbon export to deeper layers of the water 

column. I show that habitat connectivity caused by ocean currents is an important 

factor to allow for different lineages of Ostreococcus to co-exist in the a 

Mediterranean bay area: based on lineage plasticity and the associated competitive 

benefits alone, the habitat should only be able to support the two most plastic 

lineages as the more plastic lineages will outcompete the less plastic ones. 

Dispersal through currents on its own cannot explain the maintenance of those 

four lineages in adjacent areas, either. When the effect of inter-lineage 

competition is attenuated by habitat structure, populations made up of individuals 

that are less like to succeed in competitive scenarios can be rescued by a 

continuous, current-driven propagule-rain from connected ‘satellite’ 

environments. IPCC reports predict drastic changes in salinity and temperature of 

Mediterranean surface waters, and in the Atlantic currents that drive 

Mediterranean circulations, which may affect habitat structure of the 

Mediterranean basins in the future by rendering the environment more 

horizontally heterogeneous (while, at the same case causing the water column 

itself to be more stratified). Based on this, I use my model to predict assume a loss 

of Ostreococcus biodiversity and use data from the end of my selection 

experiment to calculate community intracellular stoichiometry to predict carbon 

cycling properties of future algae communities in coastal Mediterranean surface 

waters. In collaboration with S. Brown, S. Collins and J. Raven, the 

metapopulation approach is currently being developed to determine threshold 

levels for habitat connectivity and individual variability, which might be useful to 

determine changes in ecosystem services in coastal Mediterranean areas.  
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Abstract 
 

Phytoplankton diversity is crucial for the stability and functionality of ocean 

ecosystems and biogeochemical cycles (Ptacnik et al. 2008). However, 

phytoplankton diversity is difficult to estimate as the resolution of traditional 

microscopic imaging and the efforts and expenses of molecular approaches have, 

in the past, often been limiting factors in gaining appropriate datasets (Irigoien et 

al. 2004). Physical transport and dispersal, while recognised as important factors 

that determine plankton diversity (Aiken & Navarrete 2011; Clayton et al. 2013), 

can be similarly difficult to monitor, and whether or not they have an impact on 

community structure can be highly circumstantial (Vanormelingen et al. 2008), 

with the impact of dispersal depending on the relative timescales of immigration, 

exclusion and speciation (Clayton et al. 2013) . When phytoplankton diversity is 

assessed it is often found to be higher than it should be based on competitive 

theory (the ‘paradox of the plankton’) (Hardin 1960; Hutchinson 1961; 

Falkowski 2004). Here, I focus on biodiversity of Ostreococcus lineages in the 

surface waters of a Mediterranean bay area, and find that, consistent with a 

‘paradox of the plankton’ situation, the ecosystem should only be able to sustain 

the two most plastic lineages, with competition driving all other lineages to 

extinction after 20-100 generations of competition. With the data from chapters 1 

to 3, I can model Ostreococcus diversity by parameterising a current-driven 

model where more plastic lineages are better competitors in their ‘satellite’ 

habitats, but worse competitors in their ‘core’ habitats. Consistent with findings 

in core-satellite metapopulation studies (Gilpin & Hanski 1991; Chesson 2000), 

less plastic lineages are rescued by propagules from their satellite habitats, even 

when population sizes in the core habitat are low due to competitive pressure 

from more plastic lineages in neighbouring communities. I find that, all else 

being equal, habitat structure and connectivity are important for maintaining 

diversity in this case, and that biodiversity decreases when connectivity and 

structure are lost when ocean currents change due to increased salinity and 

temperature. This is consistent with theoretical and empirical studies that found 
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that biodiversity is favoured in heterogenous environments with enhanced eddy 

kinetic energies (Barton et al. 2010; Huisman 2010).  

 

While I find no significant differences in carbon production rates when I remove 

specific Ostreococcus lineages from the system while keeping overall 

metapopulation size the same, sinking rates of the carbon that has been produced 

are different due to differences in cell size and TEP production. Generally, when 

lineages likely to be outcompeted in a less current-structured driven habitat are 

removed, the remaining evolved populations are made up of slightly smaller 

cells, thereby decreasing the rates of export of carbon and thus the efficiency of 

the carbon pump.  

4.1 Introduction 
 

Marine phytoplankton communities are diverse – a bloom mainly made up of one 

species can consists of a multitude of genotypes that is often so high that 

diversity cannot be estimated (Rynearson & Armbrust 2005). However, it is 

important to understand diversity, or changes therein, in order to predict how 

phytoplankton communities are going to react to changing environmental 

conditions. Diversity in phytoplankton is expensive and tedious to assess with 

traditional microscopic methods, particularly when members of the picoplankton 

(<2 !m) may resemble each other or bacteria morphologically. Flow cytometry, 

while more accurate for telling green algae picoplankton from cyanobacteria than 

microscopy, will also not have a high enough resolution to distinguish 

picoplankton on the clade or genotype level, and molecular methods such as 

FISH (fluorescent in-situ hybridization) and high-throughput sequencing have 

only begun to be recognized and become affordable and useful tools for assessing 

biodiversity in marine phytoplankton in the last ten years. When measured, the 

number of coexisting phytoplankton species or clades/genotypes within species 

complexes often exceeds the number of expected or explicable species for a 

given habitat based on competitive theory - resources are limited and competition 

for these resources should lead to exclusion of species. This is known as the 

‘paradox of the plankton’ (Hardin 1960; Hutchinson 1961; Falkowski 2004). 
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There are multiple approaches that solve the paradox, although, paradoxically, 

some of them enlarge rather than solve the problem. One traditional way of 

solving the paradox is to break a habitat down into many different niches, each of 

which can then be occupied by a species of those co-existing in the larger habitat. 

By creating more and more (smaller and smaller, or more and more specialized) 

niches any number of phytoplankton can coexist in almost any habitat, but this 

does not solve the paradox itself. Other approaches have focused on local rather 

than global competition (Kerr et al. 2002) (Miyazaki et al. 2006), chaotic motion 

in fluidics (Károlyi et al. 2000) and the importance of trade-offs (Tilman 1994). 

(Wilson 2010)reviews another 50 conceptual ways that make co-existence 

possible, most of which, however, boil down to niche creation.  

 

An important aspect that is missing from previous solutions to the paradox is the 

impact of natural selection – which cannot act on any of the aforementioned 

conditions. Furthermore, they neglect that individual organisms can display a 

range of phenotypes depending on the environment by being phenotypically 

plastic rather than displaying a static phenotype across environments. Taking this 

into account,(Menden-Deuer & Rowlett 2014) have used a game theory approach 

to show that individual variability can maintain high biodiversity in marine 

phytoplankton communities.  

 

Here, I investigate whether differences in phenotypic plasticity between lineages 

of phytoplankton can maintain diversity. I have discussed the effect of between-

lineage variation in plasticity on expected changes of frequencies and phenotypes 

of marine green algae evolving in high pCO2 environments in Chapters 1 – 3. 

Having shown that highly plastic lineages are also better competitors, I use 

phenotypic plasticity as a proxy for competitive ability in my lattice grid model, 

and add natural habitat structure caused by ocean currents to a core-satellite model 

to explain biodiversity of Ostreococcus lineages in a Mediterranean bay area.  
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These dynamics, similar to source-sink dynamics, are widely used to describe the 

dispersal of pathogens between hosts, and are also useful tools to describe species 

interactions and biodiversity in general, as a patch that is a core for one species 

may be a satellite for another – coexistence and biodiversity may depend on 

immigration from a second patch rather than the interactions between the two 

species. Core-satellite dynamics have also been used as a basis for regulating 

marine protected areas as currents are understood to be important means of patch 

connectivity (Crowder et al. 2000). 

 

Here, I show that plasticity and competitive abilities associated with the amount 

of plasticity in a lineage alone cannot explain co-existance of more than two 

Ostreococcus lineages observed in a Mediterranean bay area. However, this co-

existance can be explained using a spatially more explicit lattice grid or, in the 

core-satellite model, by allowing for immigration from other patches to 

periodically ‘rescue’ populations in a core patch. This result relies heavily on 

ocean currents remaining unchanged. However, IPCC (Intergovernmental Panel 

on Climate Change) scenarios, while generally not detailed enough to give high-

resolution information on particular areas of the Mediterranean, do predict 

increases in temperature and salinity, either of which has the potential to alter 

seawater currents and thus, habitat structure and connectivity. I calculate the 

resulting changes in community composition and describe the properties of algae 

communities that would persist under these changed conditions.  

  

4.2 Methods (model background and implementations) 
 
I have used the programming language R to write all of the models explained 

below, or called R from within the programming language perl for the cellular 

automaton described below to increase compilation speed. The codes are 

available in the appendix. For graphical output, I used the “lattice” and “ggplot2” 

packages, and to solve differential equations, I used the functions “ode” and 

“dede” within the “deSolve” package, all of which are available within R.  
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4.2.1 A spatial lattice grid with local interaction  
 
In a pilot model, I consider a competitive model of 4 Ostreococcus lineages from 

adjacent Mediterranean bay areas in a lattice grid. Lattice grids are often used as a 

simulation basis for plankton dynamics, as surface phytoplankton scatter near the 

surface to avoid shading (Miyazaki et al. 2006). In this lattice grid, each cell can 

be vacant or occupied by one lineage of oth95, rcc1107, rcc1108 or rcc501. 

Within each time step (here, a ‘generation’), there is a probability that one lineage 

be replaced by one of its immediate neighbours. This makes interaction in this 

lattice grid simulation strongly localized. Restricting competition to the nearest 

neighbours itself has been shown to maintain diversity in microbes (Kerr et al. 

2002). 

 

The standard lattice grid used here is a torus, i.e. if it were 3 dimensional, it would 

be donut shaped with the left and the right boundaries open to each other but not 

the top and bottom boundaries and vice versa. I can make this lattice grid more 

explicit by constricting the boundaries, re-arranging the order of lineages in the 

grid, and making replacement more likely to happen in one direction, i.e. the 

‘downstream’ direction, only (see Figure 4.1 and 4.3). 

 

I use phenotypic plasticity and the fitness advantage of lineages with higher 

phenotypic plasticity to calculate a ‘replacement matrix’, assuming a linear 

relationship, where more plastic lineages are likely to outcompete less plastic 

ones – data from Chapter 2 indicates that any costs associated with plasticity are 

negligible. For example, of the Mediterranean surface lineages, rcc1108 shows 

the largest increase in rank fitness (from 13 to 4 - compare Appendix Table 5), 

whereas rcc501 shows a marked decrease (from 4 to 9) and rcc1107 and oth95 

both increase 6 and 7 ranks in relative fitness respectively, and this corresponds 

to the magnitude of their plastic response (compare with Chapter 1).  

 

The input data is a vector containing the lineage names, and the ‘replacement 

matrix’ where each lineage (column) is assigned a probability that it will be 

replaced by a neighbouring lineage (row), if all neighbouring cells were occupied 
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by that other lineage. The probability itself is based on how much more plastic 

one lineage is than the other – if a lineage had only one neighbor of the same 

plasticity, the probability would be 50% for either to replace the other. 

 

The simulation works as follows: 

- (1) Determine the neighbours of each lineage in the grid 

- (2) Calculate probabilities of replacement 

- (3) To add an element of chance, generate a random number between 0 

and 1 

- (4) If cumulative probability of replacement is higher than the random 

number, replace lineage by neighbor 

- At each time-step, calculate total density of all lineages, and store as a data 

frame 

 

The model is run for 400 generations (this is arbitrary and was chosen to match 

the length of the selection experiment, it can be run for hundreds of more 

generations if needed) and the output plotted both as a lattice grid and a time 

course. For a mean output, the model itself was repeated 1000 times and the mean 

outcomes plotted.  

 

The code can run either with all lineages mixed and randomly distributed over the 

lattice (see Appendix Figure 14), or, can reflect natural conditions at the sampling 

locations better, with each lineage in a distinct area, and each of them connected 

(or, in case of rcc501, separated) by strong ocean currents present in the sampling 

area (Figure 4.1, Figure 4.5 A,B) 

 



Chapter 4 

! ! HH#!

 
 

Figure 4.1: Mediterranean surface currents are driven mainly by circulation of incoming cold Atlantic water. 

Atlantic water has a lower density than the deeper (warmer and several units saltier) currents. The area of 
interest here features a current running along the coast and several zones of winter convection. This means 
that the four habitats lie downstream from each other, with the rcc501 habitat separated more strongly from the 
others. Picture courtesy of http://www.univ-amu.fr/ (retrieved 12.12. 2013), altered.  
 

4.2.2 A core-satellite model based on ocean currents and habitat connectivity 
 

Populations of marine and fresh water microbes can be maintained in their less 

favoured habitat (e.g. low nutrient, high-competition habitats) through patch 

connectivity and source-sink, or in cases where birth rates can be higher than 

death rates in either patch, core-satellite dynamics (Gravel et al. 2010). In source-

sink models, births plus immigration, and deaths plus emigration influence 

population size. They can explain coexistence of connected subpopulations that 

include all of these components (Pulliam 1988). These types of models can 

describe linked populations of a single genotype occupying habitat patches of 

different quality, where organisms might disperse from patch to patch, or, as in 

the case I describe here, several genotypes or lineages dispersing between patches.  

 

 

 

sampling location, lineage, and clade

rcc501 D

1107 D

1108 C

oth 95 C

permanent
inter annual
secondary recirculations
unstable eddies and meanders wind induced eddies

zones of winter convection
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Figure 4.2  The simplest version of a source sink model. 

Here, birth rates > death rates in the source environment and death rates > birth rates in the sink environment. 
Immigration and emigration rates are equal (or equally likely) in either direction. In my model, however, 
birthrates are not necessarily smaller than death rates in either environment, making a core-satellite model 
approach more sensible.  
 

 
Figure 4.3:An example for a closed metapopulation.  

This is a closed collection of populations, where sites may be recolonized via internal propagule production. In this 
example, all patches are connected to each other.  
 
 

The general idea of source-sink populations is that spatially separated 

subpopulations occupy distinct patches, and that in each patch, they each exhibit 

their own intrinsic growth-rate and decay dynamics (# in Figure 4.2). In addition, 

individuals move from one patch to another; they immigrate and emigrate from 

one patch (or subpopulation) to another. Here, I consider 4 habitats. These 

habitats, however, are not sinks and sources in the strictest sense, as I assume that 

large, rapidly dividing algae populations of many thousands of cells per millilitre 

seawater, #  >1 for all lineages in all habitats in the parameters used to initialize 

the model. My model is therefor more akin to a core-satellite model (Figure 4.3).  

 

 

λ1 >1 λ2 <1
i21 = e12

i12 = e21
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Figure 4.4: schematic example of core satellite model for one lineage, oth95.  

For clarity, dynamics for the other lineages are not displayed, but in theory each lineage can immigrate into any 
of the other patches. For oth95, all emigration (e) is downstream, and all immigration (i) is upstream. This 
makes it more unlikely for any of the oth95 satellite populations to immigrate back into the preferred habitat in 
spite of oth95’s relatively high plasticity and associated competitiveness, but also makes immigration by other 
lineages less likely. (see also Figure 4.1) 
 
In my model (see Figure 4.4), I assume that each lineage can be either in its own 

patch (dynamics are described by dNi/dt), or migrating.That is, it will either be in 

an ocean current between patches or in a new patch. For simplicity, I assume that 

the dynamics will be the same and describe them as dMi/dt. I add a competition 

term to the core-satellite model: any lineage in the core or the satellite will have 

to compete against the other lineage following competitive Lotka-Volterra 

interactions for resources. Ocean currents and distance between patches govern 

the proportion of the population from the core habitat arriving in a satellite patch. 

This means that a downstream satellite patch will receive many propagules from 

the nearest neighbour core patch, but an upstream satellite patch will not.  

 

The main difference between this model and traditional metapolulation models, is 

that the latter look at percentages of occupied patches rather than numbers of 

individuals in a patch, and that they rarely take the effect of one species on 

another into account. My model is individual based and considers a Lotka-

Volterra based interspecies effect (as, for example, used in Segura et al. 2013), "ij 
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m which I will describe in detail below. Though not a metapopulation model in 

sensu stricto, I refer to it as a core-satellite model rather than a “core-satellite 

inspired” model for legibility.  

 

Very generally, my equations are built as follows: 

 
Rate of change in a core population = population growth in core * effect 

competition with lineages travelling into core – emigration into satellites + 

immigration from satellites 

 

Rate of change in a satellite population = population growth in satellite * effect of 

competition with other lineages in satellite – emigration into core + immigration 

from core 

 

 
For any number of lineages, this will read: 
For core populations: 
 

!!!
!" ! !! !!" ! !! !!"!!!

!!!
!!"

! !!"!! ! !!!"!! ! 

          
 (1) 
For satellite populations: 

!!!
!" ! !! !!" !! !!"#!!!

!!!
!!"

! !!"!! ! !!!"!! ! 

          
 (2) 
 

with N and M population sizes of the core (N) or satellite (M) population, rNi and 

rMi growth rates of lineage i in the core or the satellite, eMi as loss through 

emigration from M (= gain through immigration into N), eNi as loss through 

emigration from N ( = gain through immigration into M),  KN and KM carrying 

capacities of habitat M or N for species i. " is the interaction term between 

lineages, e.g. "12 describes the effect of lineage 2 on lineage 1. 
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For one example lineage of four, dN1/dt would read in detail 

 

!!!
!" ! !! !!! !! !!!!! ! !!!"!!! ! !!!"!! ! !!!"!!!!!

! !!! ! !!!!!!! 
          
 (3) 
 
The interaction term "ij is important here. If "ij is set to zero, the presence of 

lineage j has no effect on lineage i. This can be the case, when lineages occupy 

radically different niches. If "ij = 1, then presence of lineage j has the same effect 

on lineage i as intra-lineage competition. If "ij <0, then the presence of lineage j 

increases resources available for lineage i, e.g. when lineage i can metabolise 

lineage j’s byproducts. 

 

Based on data from Chapter 2 and quorum sensing pilot data not discussed in this 

thesis (but see Appendix Figure 15), I know that 

- lineages can ‘sense’ whether they are surrounded mainly by their own or a 

different lineage and react accordingly. Growth rates generally increase in 

the presence of another lineage, but not in the presence of the same 

lineage. I was able to demonstrate this by inoculating the lineages I was 

using throughout my thesis with 0.2 ! filtered samples of either the same 

lineage or a different lineage.  

- lineages with high plasticity grow more slowly than lineages with lower 

plasticity when in conditions resembling monoculture (see Chapter 2) 

- lineages with high plasticity are better competitors than lineages with 

lower plasticity and grow faster in mixed culture than in single culture. 

This is consistent with our experimental data, and also justifies the two 

previous assumptions (see Chapter 2) 

 

I use growth rates as cell doublings (here, r) as measured at the end of the 

selection environment in single cultures of lineages evolved at 430ppm CO2 to 

describe growth rates in core environments:  
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!!" ! !
!!!"#
!!!""
!!!"#
!!!"#

 

 
and growth rates measures as cell doublings measured in competition against a 
GFP modified lineage to describe growth rates in satellite environments: 
 

!!" ! !
!!!!
!!!"
!!!"
!!!"

 

 
 
The competition matrices used here are asymmetric with "ij $ "ji, and all 

populations constrained to a d 0. The matrices below are the initial matrices used 

for parameterising the model. In the results, I change these matrices to highlight 

the impact of the lineages’ competitive ability and habitat structure respectively.  

 

For the matrices used to initialise the model, I calculated the fold difference in 

growth rates (this is a traditional approach, see Neill 1974), and attenuated the 

growth rate effect by distance between patches and direction of currents. For 

example, for the effect of lineage oth95 on lineage rcc1107, the fold difference in 

growth rate is 1.215/1.255 = 0.96. For initialising the model, I made the amount 

by which "ij is attenuated a function of distance: the effect of "ij is attentuanted by 

12.5% for each downstream patch (i.e. 25% for the patch after that, and 50% for 

the patch after that – unless the last downstream patch is rcc501, where I set 

attenuation to be another 25% higher as it is separated from the other lineages by 

an upwelling current).  

This results in  

 

!!" ! !
!!!!!!!!!!!!!!!!!!!!!!!!!"!!!!!!!"
!!!"!!!!!!!!!!!!!"!!!!!!"
!!!"!!!!!!!!!!!!!!!!!!!"
!!!"!!!!!!"!!!!!!"!!!!!!

 

and  
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                                               !!!" ! !
!!!!!!!!!"!!!!!!!!!!!!!!"!!
!!!!!!!!!!!!!!!"!!!!!!"
!!!"!!!!!!"!!!!!!!!!!!!"
!!!"!!!!!!"!!!!!!"!!!!!!!!!

 

 
I assume that carrying capacity decreases downstream for populations in N and 

that carrying capacities in M are smaller than in N and decrease upstream, as the 

ocean water gets older and presumably more nutrient deplete as it moves along 

the current. I neglect more complex biogeochemical interactions such as 

introductions of fresh nutrients from rivers and agricultural run-offs here.   

 

For all other parameters initially used to build the model, refer to Table 4.1. In the 

results, I present the effects of changing those parameters, particularly current-

driven emigration and immigration rates on habitat biodiversity.  

Table 4.1:  Parameters and parameter description.  
Parameter values are those used to initialize the model. In the results, I change the parameters to find the 
minimum effect that core-satellite dynamics need to have on " to allow co-existence of all lineages.  
 
Paramete
r 

Parameter description  Parameter 
value 

Ni population size Ni Start from 1 
Mi population size Mi Start from 1 
Ri growth rate lineage i in core population see above 
rMi growth rate lineage i in satellite population see above 
"ij effect of lineage j on i in core population see above 
"mij effect of lineage j on i in satellite population see above 
Ki carrying capacity of species i; the maximum 

population size obtainable by species i in the 
absence of species j in core population 

k1,k2,k3 = 
5*106  
k4 = 105 

Kmi carrying capacity of species i; the maximum 
population size obtainable by species i in the 
absence of species j in satellite population 

105 all 

eni fraction of population lost from Ni through 
emigration (gained into population Mi) 

10% of 
population 

emi fraction of population lost from Mi through 
emigration (gained into population Ni) 

em1: 10% of 
population 
em2: 15% of 
population 
em3: 20% of 
population 
em4: 25% of 
population 
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4.2.3 Equilibria, stable points and phase-planes analysis of two representative 
core populations 
 

I solve the model numerically in the results section. Here, I describe how the 

equations work in general and solve them analytically.  

 

Both Mi and Ni will be at equilibrium when I set (1) or (2) to zero. For any 

number of equations with interactive terms as in (1) and (2), the number of 

possible stable points is 2N  - in our case this is 28, i.e. 256. Discussing all of the 

possible solutions is outside the scope of this chapter. I will therefor focus on the 

interactions of two directly adjacent communities N1 and N2, find the equilibrium 

points (4 points if I ignore the satellite populations, and 16 points if I include 

them) for those communities and describe the stability of the equilibrium points. 

At a stable equilibrium point, some, if not all, species can co-exist even after a 

perturbation to the environment, so the equilibrium points of these equations 

might be important if I want to assess at which points the ecosystem can support 

the highest amount of biodiversity.  

 

Setting dN1/dt and dN2/dt to zero and solving for N1 and N2 respectively yields 

the steady state solutions 

 

!! ! ! 
!! ! !!! ! !!"!! ! !!! ! !!!!! 

                   (4) 
and  
 

!! ! ! 
!! ! !!! ! !!"!! ! !!! ! !!! 

          (5) 
At the equilibrium points, the rate of change in both N1 and N2 is zero, and the 
Jacobian matrix for this is  

!!!!!!!! ! !
!!!!!! !!" !!!!! !!!!!! !!" !!!!!

!!!!!! !!" !!!!! !!!!!! !!" !!!!!
 

          (6) 
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with N* denoting N evaluated at the equilibrium point. The matrix can be solved 

using the R function jacobian.full, and produces the eigenvalues (which are the 

equilibrium points). When I include the satellite populations, the equations for 

dM1/dt and dM2/dt have to be considered and set to 0 as well, and have to be 

solved for M1 and M2. The jacobian matrix then expands to a 4 x 4 matrix where 

the rate of change of each system has to be taken into account.  

 
This results in a table describing the numerical solutions for (very theoretical) 

equilibrium densities as well as the eigenvalues. According to this table, the 

system is stable when all populations are extinct, when core and satellite of one 

are at their carrying capacity, or when all are approaching carrying capacity. 

Furthermore, particularly when considering more than two N and M populations, 

equilibrium can be achieved when emigration mitigates the effect of immigration 

in all lineages, or when at least one lineage goes extinct. When the eigenvalues of 

one equilibrium point are of opposite signs, this indicates a saddle point – i.e. 

when the system is perturbed, the trajectory of this population could move to 

favour either lineage.  

 

Table 4.2: Output of Jacobian matrix.  
 N1 and N2 are core populations for lineages oth95 and rcc1108. M1 and M2 are satellite populations for the 
same lineages. Eigen1-4 are the eigenvalues  
  

N1 N2 M1 M2 eigen1 eigen2 eigen3 eigen4 
0 0 0 0 0 0 0 0.014 
0 4*106 

(=K2) 
0 8*105 

(=Km2) 
0.003 0.996 -0.013 0.013 

5*106 

(=K1) 
0  106 

(=Km1) 
0 0 0.739 -0.739 

3*106 2*106 2*106 3* 106 0.999 -0.087 0.673 -0.673 

 
 

Representing the trajectories of four populations graphically would result in 

moderately complicated graphs in 3 dimensions (with, for example, colour 

representing the fourth dimension). I therefore add the densities for satellite 

populations to those of core populations to yield a measure of total population 

size, and plot them in a phase-plane diagram, which not only shows equilibrium 

points, but also allows us to track where these will move if there are small 
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perturbations to the system. For example, the first equilibrium point of (0,0,0,0), 

i.e. no change in population size of either population is very unstable, and will, if 

the system is disturbed be drawn towards the stable point (Figure 4.5): 

 

 

 

 
Figure 4.5: A phase plane plot of the core-satellite model. 

The blue square indicates an unstable equilibrium. Here, any perturbation will cause the equilibrium to move 
along the ‘trajectory’ towards the stable equilibrium (red square). The green squares are ‘saddle points’. Here, 
depending on the direction of which cell density is perturbed, cell density can move to favour either N1 or N2. 
The separatrice (faint dotted line) divides the two domains of attraction. Small disturbances in that region, will 
cause the system to flip over from one to the other stable state. The isoclines for N1 and N2 indicate where 
growth is zero for either population where they cross the axes.  
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4.2.3 A carbon export model 
 
I use the data generated above to generate an estimate of how carbon export to the 

sediment and deeper water column is going to change in algae communities made 

up of lineages surviving changes in habitat structure. For a sphere sinking in water 

the velocity expected is given by Stoke’s equation, which is often used to describe 

sinking properties of phytoplankton (Walsby & Holland 2005) 

 

! ! !!!!!! ! !!!
!!  

           
 (7) 

where g is the gravitational acceleration (9.81 m s%2), r is the sphere's radius, !& is 

its density, ! is the density of the water, and " its coefficient of dynamic viscosity. 

For phytoplankton of about r=1.00 µm, !&=1050.0 kg m%3 sinking in seawater of 

almost the same density !=1024.5 kg m%3 and viscosity "=1.0019'10% 3kg m%1 s%1 

at 20 °C (salinity of 35), the calculated velocity is u=2.7326 µm s%1.  

The Stokes equation holds for spherical organisms, when the Reynolds number 

(Re) 

!" ! !!"#
!  

            
 (8) 
is larger than 0. It is defined as the ratio of inertial forces to viscous forces and 

quantifies the relative importance of these two types of forces for given flow 

conditions. 

 

A Reynold’s number >1 indicates that inertial forces dominate over viscous 

forces, while a number <1 indicates that viscous forces dominate over inertial 

forces. A whale, for example, has a Re number of 300,000,000 in seawater. 

Phytoplankton can, based on size, intracellular lipid content, and shape, have Re 

numbers anywhere between 0.001 and 3. Sinking behaviour in the ocean is more 
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complicated as the size, composition, shape, and density of a sinking cell or cell 

aggregate may change on its way through the water column, or the water column 

itself will change in density and viscosity (with denser water towards the 

seafloor). This has been discussed in detail in e.g.  (Passow 1991; Turner 2002; 

Bach et al. 2012) – here, these details do not matter for the sake of simplicity and 

I focus on the export of carbon from the surface at different degrees of 

biodiversity loss from the Mediterranean Ostreococcus communities.  

 

4.3. Results 

4.3.1 Coexistence depends on habitat connectivity in the spatial lattice grid 
 
In the pilot lattice grid model, the least plastic lineage disappears early in the 

simulation – usually before generation 100 (See Figure 4.6 A). When the model 

is run 1000 times, the average time at which rcc501 goes extinct is at 85 ± 21 

generations, but the other three lineages are supported by the environment, 

although in 4 out of 1000 runs, rcc1107 goes extinct about 50 generations after 

rcc501 does. The spatially more structured and explicit model allows for the 

habitat to sustain all four lineages. Furthermore, lineages remain largely in their 

sampling location (Figure 4.6 B). It can, however, not be solved numerically, and 

I cannot use it to estimate at which point the system is most stable.  
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Figure 4.6:Competition based on plasticity only (A) and plasticity in a spatially explicit grid (B) of a cellular 
automaton.  

Based on nearest-neighbour competition, the cellular automaton predicts for the least plastic lineage (rcc501) to 
go extinct within the first 100 generations. Spatial structuring of the community is also lost on a similar time 
scale. When the grid is turned into a more spatially explicit grid, all four lineages can co-exist and the spatial 
structure is sustainable.  
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Somewhat surprisingly, the coexistence pattern of the two most plastic lineages in 

scenario A and all lineages in scenario B holds for thousands of generations (see 

Appendix Figure 14 B). This pattern is driven by two underlying mechanisms, 

chance, and similarity of lineages. If I remove the stochastic element (steps (3) and 

(4) in 4.2.1), or make replacement by chance less likely to happen by setting a fixed 

value as (3), extinction of slightly less plastic lineages is more likely, as they will 

never be able to set a “seed” due to mere luck (Appendix Figure 14 C). Likewise, if I 

use lineages that are very different from each other in terms of fitness, but have very 

similar competitive abilities to implement the model, it takes about 20-600 

generations for all but one of them to disappear when one has even the smallest 

amount of an advantage which is consistent with the competitive exclusion principle 

(Hardin 1960, see also Appendix Figure 14 D). 
 

4.3.2 In order to maintain biodiversity, lineages must be able to travel 
between habitats at certain rates 
 
When I run the core-satellite model initialized with the parameters described in 

4.2, the system is stable only when one or two lineages go extinct (Figure 4.7). 

The entire system collapses if I do not allow lineages to migrate back from their 

satellite habitats, highlighting that it is important that organisms have the 

opportunity to disperse and propagate into other than their main habitats. The 

minimum population size in satellite habitats needs to be at 1000 cells per 

milliliter. Small core populations of either lineage can be sustained if satellite 

populations are sufficiently large.  
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Figure 4.7: Core satellite model output when the effect of habitat connectivity and currents is to attenuate 
the inter-lineage effect by 12.5% for each patch. 

Lineage rcc501 (N4, M4) and rcc1108 (N3, M3) eventually go extinct, but the others persist at densities 
approaching carrying capacity. Lineage N1 and M1 are oth95 (black and red in the last panel), lineage N2 and 
M2 are rcc1107 (dark green and orange), lineage N3 and M3 are rcc1108 (blue and purple), and lineage N4 
and M4 are rcc501 (grey and pink). 
 
I can now change the parameters and find that carrying capacity, current driven 

attenuations of effects between lineages, and emigration/immigration rates 

determine whether or not all four lineages can co-exist.  

 

Figure 4.8 shows the effect of increasing current-driven attenuation of the 

between lineage effect "ij by 25%  - now, the system is stable with no lineages 

going extinct. Interestingly, lineage rcc501 relies more heavily on the satellite 

populations (with high cell densities) to keep cell densities in the core 

environment low but constant than any of the other lineages. This is consistent 

with the theory of the ecological trap and core-satellite models, concepts that 

describe organisms living preferably outside their habitat patch, but consistently 

migrating back to the core patch.  

 

The system is at equilibrium with all four lineages existing at different densities, 

i.e. the equilibrium is reached in a stable focal point trajectory, where the 
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population will overshoot to either side of the equilibrium if the system is 

disturbed, and then settle back to the same average density.  

 

 
 
Figure 4.8: All lineages co-exist, with 25% attenuation of inter-lineage effects by current dynamics.  

Lineage N1 and M1 are oth95 (black and red in the last panel), lineage N2 and M2 are rcc1107 (dark green and 
orange), lineage N3 and M3 are rcc1108 (blue and purple), and lineage N4 and M4 are rcc501 (grey and pink). 
 
 

When connectivity and habitat structure are set to be equally important, and I 

assume carrying capacity to be equal across all core- and satellite populations, the 

system enters neutral stability, where it will oscillate for all lineages (Figure 4.9). 

The amplitude of oscillations is lineage specific. Again, rcc501, the first lineage to 

go extinct when relying on competition and plasticity only, relies heavily on its 

satellite population, which oscillates at a magnitude of 106 cells per mililitre, 

whereas the core populations oscillates at a few 1000 cells per mililitre. Lineages 

rcc1107 and oth95 – with medium plasticity, and therefore medium growth rates 

in both the satellite and core environments, reach the highest overall cell densities 

in their core environments (near the carrying capacity, as predicted by numerical 

analysis), but relatively low abundances of a few 104 cells per millitre in the 

satellite environments. Highly plastic lineage rcc1108 with high growth rates and 

competitiveness in the satellite environment, but average growth rates and 
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competitiveness in the core, oscillates at overall medium abundances of at most 

105 cells per millilitre.  

 

 
Figure 4.9: Lineages coexist at neutral stability when carrying capacity is equal across environments, and 
immigration, emigration and effects of currents on !ij are equally important in constructing the matrices.  

Lineage N1 and M1 are oth95 (black and red in the last panel), lineage N2 and M2 are rcc1107 (dark green and 
orange), lineage N3 and M3 are rcc1108 (yellow and purple), and lineage N4 and M4 are rcc501 (lightblue and 
pink). 
 
 
To sustain four lineages, currents and habitat structure need to be strong enough 

to allow for at least 10% emigration from either core patch, and lineage rcc501, 

which is separated from the other lineages through regions of winter convection 

and the north-baleares front (an upwelling region) needs these currents to 

attenuate "ij by at least 50%.  

 

Similar to reducing satellite availability, decreasing it to 0 leads to a habitat that 

will only support lineages rcc1107 and oth95.  

 

Decreasing the effect of "ij to zero (or 1, assuming there is no difference between 

lineages) has a conceptually similar effect. When currents alone regulate 

population densities, the habitat cannot support four lineages. Rcc501 is lost 

within the first 200 generations, and rcc1107 and oth95 are declining steadily but 

do not reach stability within 400 generations (they approach, but do not reach, 0 

within 1000 generations). Rcc1108, in a current-driven scenario, reaches stability 

near carrying capacity in the satellite and core populations. (Figure 4.10) 
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Figure 4.10: Ocean currents alone cannot explain co-existence of Ostreococcus lineages in adjacent 
Mediterranean bay areas.  

Lineage N1 and M1 are oth95 (black and red in the last panel), lineage N2 and M2 are rcc1107 (dark green and 
orange), lineage N3 and M3 are rcc1108 (blue and purple), and lineage N4 and M4 are rcc501 (grey and pink). 
 

4.3.3 Effects of decreasing biodiversity on carbon export properties of 
Ostreococcus communities 
 
Considering all four lineages, Ostreococcus communities in the surface of coastal 

a Mediterranean bay area today have, averaged across lineages, a cell size 

(diameter) of 2.1 ± 0.04 !m, and C- content of 401.32 ± 27.91 fg/cell with no 

measurable TEP production as long as nutrients are not depleted. Sinking 

velocities for cells this small, with a Reynolds number close to zero, are extremely 

low, as small picoplankton sink through a sea of syrup. Assuming that living cells 

remain near the ocean surface throughout their life and that decay rates are similar 

to those of other phytoplankton, with less than 5% of the population per day 

(Haney 1996; Bianchi et al. 2002) in non-blooming conditions (i.e. abut 104 cells 

per milliliter seawater), this equals a carbon export of 21.05 !g C d-1 kg seawater -

1, at a sinking rate of 2.77 !m s-1. In an alternative approach, it is reasonable to 

assume (e.g. based on Passow 1991) that 60% of carbon fixed as biomass are 

exported to deeper waters, 20% are converted into the dissolved organic carbon 

pool, and another 20% remain in the particulate organic carbon (POC) pool (these 
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can, for example, act as a food source). Using data from Chapters 2 and 3, this 

would correspond to a net export of 125 !g C kg seawater-1 and a contribution of 

42.1!g C kg seawater -1 to the POC pool.  

 

If climate change affects circulation in the Mediterranean in a way that causes less 

plastic lineages (here rcc1108 and rcc501) to go extinct, then, based on the data in 

Chapter 2 and 3, cells will have an average diameter of 1.6 ± 0.4!m, C content of 

1053 ± 91 fg C/cell and TEP production of 0.36 fg/cell for lineages evolving in a 

fluctuating high pCO2 environment. There is some debate as to the role of TEP in 

sinking carbon. High density- TEP will increase horizontal (Barrera-Alba 2012) 

as well as vertical (Passow 2002) carbon export, as it is heavy in itself and 

increases cell aggregation. Low density TEP will also increase aggregation, but 

will act as a trap for gas enclosures, thereby making aggregates unlikely to sink 

(Riebesell & Wolf-Gladrow 1992). In situ and laboratory experiments suggest 

TEP increase sinking velocity by 0-15% and have shown to be affected by 

temperature (Iversen & Ploug 2013) and pCO2 (Passow et al. 2014). I expect TEP 

densities to be heterogeneous in the wild, and base my calculation on TEP 

increasing export rates by 7.5% per cell (half the maximum reported increase). 

For communities made up entirely of rcc1107 and oth95, this would yield future 

carbon export rates of 52.6 ± 12.2 !g C kg seawater -1 (only decaying or dead 

cells export carbon) or 631.8!g C kg seawater-1 (60% of all fixed carbon are 

exported) sinking at a speed of 2.2 !m s-1
.  If no lineage went extinct this would be 

at 42.21 ± 9.1 !g C kg seawater-1 sinking at an average speed of 1.9 !m s-1. While 

net primary production would not differ significantly if lineages were lost, the 

sinking speed of carbon would change at least locally, as cells would be smaller – 

a decrease in carbon pump efficiency.   

 

4.4 Discussion and conclusions  
 

Models can only offer abstractions of the real world, but here I reduce the many 

factors that may influence the co-existence of Ostreococcus in a coastal area to 

competitive advantage through individual variability (i.e. plasticity) and core-
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satellite dynamics that allow a current-driven rescue of core population. While 

not a universal solution to solve the paradox of the plankton, it does work in this 

specific case and may do so in other cases where spatial structure will influence 

competitive outcomes. Using data gained in the lab, I show that both competitive 

ability and habitat connectivity are important here, and that lineage loss through 

climate change may alter the efficiency of the carbon pump in that area. Local 

effects are important if researchers, policy-makers or fisheries are interested in 

how climate change and associated knock-on effects are going to alter the 

ecosystem and its function and services in a specific area. 

 

4.4.1 Competition in a lattice grid 

 

Although it has been shown that strongly localized competition can maintain 

lineage or genotype diversity of phytoplankton (Kerr et al. 2002), this is not the 

case in my lattice grid unless I specify spatial parameters. As the program 

operates under the assumption that there is no evolution happening during 

competition, including evolution into the model would be a solution. Mutation 

rates in Ostreococcus are believed to be on par with those of yeast (Grimsley et 

al. 2010). In order to sustain the least competitive lineage, mutations would have 

to arise early on in the simulation – this is in accordance with data from 

experimental evolution studies where beneficial mutations usually arise within 

the first 200 generations. But as I do not know the target size of the regulatory 

network involved in enhancing competitive ability in highly plastic lineages, it is 

difficult to program a realistic outcome and mutation rates predicted by the 

program are about 10 fold higher than those generally reported for Ostreococcus. 

Evolution will occur in natural (as opposed to programmed) populations, and 

might well alter the outcome of competitive scenarios, as I have shown in 

Chapter 2 that selection in a fluctuating environment does select for lineages with 

higher plasticity (and, along with this, better competitive abilities when not 

assayed in single culture). To incorporate detailed information on the evolution of 

competitive abilities, lineages would have to be selected in both single culture 
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and a mixed-culture approach to disentangle the effects that selection for 

plasticity and selection for competitive ability have on the genotypes.  

 

 

4.4.2 Core-satellite dynamics 

 

Core-satellite dynamics have been widely applied as a special case of source-sink 

dynamics, to describe host-parasite dynamics (Sokurenko et al. 2006; Perron et al. 

2007), describe evolutionary events at species margins (Pulliam 1988; Lagator et 

al. 2014), and are sometimes used as a basis to establish marine and other 

protected areas (Crowder et al. 2000). Here, I have added competitive interaction 

between genotypes inhabiting different cores but sharing satellite patches. With 

this, I find that it is possible that no lineages go extinct, depending on how well 

satellites are connected to cores and to each other: Small core populations of 

either lineage can be sustained if satellite populations are sufficiently large and 

likely to feed back into the core population – it is not clear from the model if 

lineages prefer the satellite habitat, in which case it would act as an ‘ecological 

trap’ (Robertson & Hutto 2006). Either way, the concept could be applied to 

models that are not restricted to phytoplankton dynamics. Instead, one could apply 

them to different genotypes of pathogens travelling between and infecting 

multiple hosts, and by assessing pathways of host connectivity one might be able 

to assess and predict infection rates or outcomes of multiple infections.  

 

An aspect that would, particularly in a host-pathogen system with incubation 

periods, make the model more realistic, would be to include a time delay: In the 

system I describe here, the continuous logistic population growth is always 

influenced by a value of N that is updated continuosly and instantaneously. 

However, dynamics in one habitat affect dynamics in another, and there will be a 

time lag between emigration, competition (or infection), and immigration. This 

can be solved through delay differential equations, where there is a delay between 

Ni and the effect of Ni on the population growth rate. The concept of equations (1) 

and (2) does not change drastically but would, for each Ni and Mi include a factor 
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# as the degree of the delay between being produced in its core environment and 

competing in the other environment, in time units associated with the model (here, 

days). With this, I still find a similar pattern of lineages going extinct when there 

is not sufficient connectivity between patches, but now the system reaches neutral 

stability (i.e. oscillates) where it would reach a stable focal point without the delay 

term – the oscillations might be a state that represents algae dynamics in the ocean 

more closely.  

 

4.4.3 Effects of lineage loss on carbon export dynamics  

 

I find that, when lineages are lost from the overall bay area, carbon is exported 

from the surface more slowly, thereby decreasing the efficiency of the carbon 

pump. This could have potential knock-on effects on organisms that do not live 

near the surface, but rely on the export of organic material from surface waters. I 

argue that this could be particularly problematic in combination with increased 

stratification of the water column, which may further impede nutrient cycling 

(Rost et al. 2008). Additionally, when the ocean carbon pump is working at less 

efficient rates, this could lead to an accumulation of dissolved CO2 (or other 

carbon species) in ocean surface waters. Depending on the speed with which this 

occurs, the ocean may than lose its properties as a carbon sink (right now, it is 

assumed that the oceans take up more than a quarter of anthropogenic carbon), 

and atmospheric pCO2 levels would rise even faster (Raven & Falkowski 1999).  

 

4.4.4 Conclusions 
While the larger part of my estimates is based on evolved phenotypes measured in 

the lab, some of them are, at best, guesswork. To better parameterize models 

concerned with carbon export properties of algae communities, it will be 

necessary to compare and combine data collected in the lab with in situ 

measurements. When there is no time to monitor the evolution of Ostreococcus 

populations in a high-CO2 ocean, it might be of use to find lineages that have 

already evolved in a high-CO2 environment, for example in the vicinity of cold 

seeps. To date, no data exists on whether or not we find Ostreococcus lineages in 
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these environments, but testing for the presence of Ostreococcus lineages is 

simple and requires only a flow cytometer and standard PCR reagents. Such 

lineages would provide a valuable glimpse into one of many possible future 

scenarios. Models such as the one described here are useful, as they are relatively 

simple to construct, and can yield valuable insights into phytoplankton dynamics 

in structured habitats. In theory, they could be applied to other systems where 

connectivity of cores and satellites determines metapopulation stability, as is the 

case with many vector-borne diseases, such as Malaria. The model could also be 

scaled up either in terms of looking at functional group dynamics (similar to Le 

Quere et al. 2005) or larger current patterns (similar to Record et al. 2014), or 

include scenarios where different degrees of environmental variability and 

changes in swiftness or strength of currents and their effect on biodiversity can be 

assessed. Dispersal –based modeling could also be useful to model the behavior of 

resting spores and their contribution to colonisation of new habitats, for example 

when dinoflagellates or diatoms form cysts in one environment, and come out of 

dormancy in another. Taking this kind of model a step further, one might be able 

to include factors that could explain when and how species decide to go into 

dormancy, and how this affects the populations’ evolutionary potential in a 

changing environment. This would not only provide an interesting conceptual 

model, but also another means for predicting the effect of climate change on 

phytoplankton communities.  
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5. General discussion and future directions 
 

Does phenotypic plasticity predict evolution?  

 

I have shown that phenotypic plasticity can be used to predict the magnitude of 

evolutionary responses as changes in fitness. This finding should be of interest to 

oceanographers interested in plankton dynamics in a changing ocean, as it opens 

up the possibility of using short-term data to extrapolate to longer time scales. It 

should also be useful for researchers in experimental evolution, as it provides the 

first empirical evidence for the theory that phenotypic plasticity facilitates 

evolution.  

 

The latest reports by the international panel for climate change (5th IPCC report) 

warn that anthropogenic activities will, even in the best case scenarios, cause 

changes to global climate that will be unprecedented in rate of change and 

severity (Bradshaw 2006; Egleston et al. 2010; Flynn et al. 2012), with an 

expected increase in temperature of 2ºC and atmospheric pCO2 levels more than 

doubling from their current 430ppm CO2 to about 1000ppm CO2 by the end of the 

century. Knock-on effects of changes in these physical parameters on ocean 

ecosystem function and services need to be assessed on time-scales matching 

these predictions, i.e. studies addressing the evolutionary potential of organisms at 

the foundation at the ocean ecosystem are becoming more and more important. 

Experimental evolution offers tools to do just this. Fossil records of marine 

phytoplankton can be used to assess some phenotypic aspects of high-pCO2 

evolved phytoplankton in comparative studies, but they are of limited use here, as 

no available geological record will match today’s environment in how fast pCO2 

changes, and in the levels predicted to be reached. Both magnitude and rate of 

change in an environment have been shown to affect the outcomes of adaptation 

in theory (Collins et al. 2006a; Kopp 2009; Uecker & Hermisson 2011) and 

practice (Perron et al. 2008; Collins & de Meaux 2009; Bell & Gonzalez 2011; 
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Collins et al. 2013a).  

 

There are a few empirical studies now that have used long-term selection 

experiments spanning hundreds of generation to examine the evolution of marine 

and freshwater phytoplankton at pCO2 levels predicted for the end of the century, 

and that describe the phenotypes of these high-pCO2 evolved algae populations 

(for example (Collins & Bell 2004; Crawfurd et al. 2011; Lohbeck et al. 2012a; 

Tatters et al. 2013, Jin et al. 2013), also see Collins et al. 2013b for a review). 

However, selection experiments are time and resource- consuming and it will not 

be possible (or sensible) to carry them out for all phytoplankton species that might 

be of interest in an ecological, geological or commercial context. It is therefore 

necessary that we devise methods of determining whether we can use short-term 

responses measured on time-scales of days or a few weeks, as is standard in 

physiological and ecological studies, to extrapolate to evolutionary timescales of 

several hundreds or thousands of generations. Some studies suggest, that at least 

on the phenotype level, short-term responses do not scale up (Collins & Bell 

2004; Mueller et al. 2010; Crawfurd et al. 2011; Lohbeck et al. 2012a), and I have 

also found that phenotypic traits such as oxygen evolution rates, cell size and 

intracellular stoichiometry that change under short-term pCO2 enrichment, begin 

to reverse after less than 100 generations of selection at stable or fluctuating high 

pCO2. These phenotypes of evolved populations are ecologically relevant: for 

example, they can tell us how valuable a species is as a food-source for small 

filter-feeders, and how much a species is likely to be contributing to the ocean’s 

carbon pump, but they are not necessarily indicative of the adaptive outcomes of a 

selection experiment. It was the aim of my thesis to provide empirical evidence 

for the well-established theory (e.g. Espinosa-Soto et al. 2011; Fierst 2011; 

Draghi & Whitlock 2012) that the magnitude of changes in phenotype on the scale 

of few generations, i.e. the amount of phenotypic plasticity present in an 

organism, can be used to predict evolutionary responses. I have been able to show 

that in the marine picoplankton Ostreococcus, the plastic response of a trait 

correlated with growth can predict the magnitude but not the direction of 

evolutionary responses (as changes in growth), with the most plastic lineages 
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becoming more adapted to high or fluctuating high pCO2 environments than less 

plastic ones.  

 

Furthermore, I have shown that selection in a fluctuating environment selects for 

organisms with higher plasticity in growth, photosynthesis and other phenotypic 

traits and therefore a stronger evolutionary response. This is particularly important 

as most selection experiments that use marine microbes are carried out in stable 

environments. It is known that natural environments fluctuate (Lande 2009), and 

that these fluctuations will increase in future oceans and terrestrial environment 

(Egleston et al. 2010; Flynn et al. 2012), so carrying out selection experiments 

under stable conditions might underestimate the potential that marine microbial 

populations have in evolving and adapting to climate change.  

 

Adaptive evolution to elevated pCO2 alone has previously only been found in 

phytoplankton where the response to elevated pCO2 prior to evolution was a drop 

in fitness (Lohbeck et al. 2012a), but has not been found if the response prior to 

evolution was to maintain or increase fitness in the short-term (Collins & Bell 

2004; Low-Decarie et al. 2013; Low-Décarie et al. 2014). When adaptive 

evolution cannot be detected, this is often thought to be due to relaxation of 

stabilizing selection or the absence of directional selection.  

 

In my system, the adaptive response to chronic elevated CO2 levels is, 

surprisingly, to grow more slowly than expected based on short-term responses to 

elevated CO2, particularly in fluctuating environments where lineages evolved to 

be more plastic than their ancestors or lineages selected in stable conditions. 

Intuitively, one might interpret this as an indication of a cost of plasticity, or as a 

lack of adaptive evolution. In studies using bacterial populations (Watve et al. 

2006) as well as in computer simulations (McFarland et al. 2013), the evolution of 

slow growth has been shown to be possible but not adaptive. In my thesis 

(Chapter 2), I show that slow growth is extremely likely to be adaptive, and 

therefore unlikely to indicated a net cost of plasticity, since it is associated with 

greater mitochondrial health and heat-shock survival than in faster-growing 
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lineages. As Ostreococcus only has one mitochondrion, mitochondrial potential is 

an important trait to consider. I also show that algae that evolve to grow the most 

slowly in single culture are better competitors in mixed culture experiments. This 

finding might open up interesting new questions on algae life history. For 

example, can adaptive slow growth explain why some phytoplankton species 

bloom and others do not?  

 

Phytoplankton blooms are often controlled or terminated by grazing and nutrient 

availability (the body of literature on this is vast, but see, for example Frost & 

Franzen 1992; Smetacek & Nicol 2005), virus activity (Cottrell & Suttle 1995; 

Fuhrman 1999; Suttle 2007), changes in ploidy (Frada et al. 2008) or a 

combination of all of these. Other factors can include species interactions, for 

example when one species produces toxins that are lethal for another (Huisman et 

al. 2004) and knock-on effects of increased amounts of dead organic matter in the 

water column (i.e. hypoxia, increased shading and programmed cell death (Bidle 

& Falkowski 2004; Carstensen et al. 2007; Bidle & Bender 2008)). Some species, 

such as Ostreococcus, are known to not or very rarely form blooms (Vaquer et al. 

1996; Worden 2006), even when they could in theory do so, based on nutrient 

availability. If fast growth rates were causing populations to collapse due to 

accumulated oxidative damage before these populations reach bloom density, this 

would explain why blooms are not observed in such a species. In other species, 

the benefits of growing fast may outweigh the damage, or they may have ways of 

mitigating that damage better, for example by using asymmetric cell division, as 

described for diatoms (Laney et al. 2012) and other microbes (Evans & Steinsaltz 

2007; Chao 2010; Franklin 2014), or growing extremely slowly after blooms.   

 

Thereby growth rates that eventually lead to a bloom can be reached, albeit more 

slowly. Alternatively, algae may have some control over regulating population 

density, and a bloom might be stopped before a threshold level of damage has had 

the chance to accumulate on the individual or population level.  

 

Evolution in a high pCO2 ocean will not only change who is there by altering 
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genotype and species frequencies, it will also change what they are doing by 

altering cellular function and composition. While I can use short-term phenotypic 

plasticity data to predict at least part (about 40%) of ‘who is there?’ I cannot use it 

predict evolutionary changes in what they are doing. If we are interested in the 

particular phenotypes of high pCO2 evolved Ostreococcus lineages, we have to 

actually measure some or all of them:  

 

High pCO2 evolved lineages differ from the evolved controls and from their 

ancestors in that, particularly in fluctuating environments, evolved lineages are 

smaller with less chlorophyll per cell volume than evolved control lineages or the 

ancestor prior to evolution. Cells have higher C:N ratios and store more lipid after 

selection in high pCO2 regimes. All of this may have an impact on their quality as 

a food source. More strikingly, evolved Ostreococcus perceive the pCO2 level in 

their environment differently than do control Ostreococcus populations, or 

populations at the beginning of the selection experiment. Lineages evolved under 

stable ambient pCO2 cannot distinguish between of 1000ppm and 2000ppm pCO2, 

but lineages evolved high and/or fluctuating pCO2 can. After 400 generations, 

cells perceive the environment they evolved in as “ambient”, so that evolved 

populations respond to deviations from the ambient pCO2 levels rather than to 

absolute pCO2 levels in their environment. The difference in growth at 2000ppm 

CO2 between lineages evolved in the stable ambient environment and all other 

environments shows that both the average environment and the stability of the 

environment during evolution affect how populations respond to novel 

environments, and provides further evidence that elevated pCO2 can drive 

evolution in marine phytoplankton. As I also find that lineages in the fluctuating 

ambient environment develop the ability to react differently to 1000ppm or 

2000ppm CO2, it also highlights the importance of adding complexity to selection 

environments. I have added complexity in the form of fluctuations, but 

complexity (multiple selective agents in an environment) can also be added by 

having many different environmental changes occur simultaneously. Multi-

stressor, high complexity environments, which are likely a better representation of 

conditions in a changing ocean are beginning to be used in selection experiments 
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with marine phytoplankton and are building on the results of the single-stressor 

experiments conducted so far (e.g. Gao et al. 2012; Kranz et al. 2010, Beardall & 

Raven 2004, Hoppe et al. 2013). 

 

It will be an important step for future experiments in marine plankton biology to 

find out empirically how evolution in complex environments is different from 

evolution in less complex ones, and how much complexity is needed in the 

laboratory to make valid predictions for populations in the wild. To this end, it 

might be useful to compare experiments carried out in the lab (a very controlled 

setting that may bear very little similarity to the situation in the ocean, but 

simplifies the complex environment so that underlying mechanisms and processes 

can be understood) with mesocosm studies, which are less controlled but possibly 

a better representation of the changing ocean. Experiments following this line of 

thought have been set up within the last year (Scheinin and Collins 2014, in prep, 

see press release (Riebesell & Nicolai 2014)), but data on the degree of 

comparability of laboratory based and mesocosm studies is not available to date.  

 

Plastic Fantastic 
 

I have used 16 physiologically and genetically distinct lineages of the globally 

distributed picoplankton Ostreococcus to show the variability of plastic responses 

to elevated pCO2 in phytoplankton communities. This is an improvement over past 

studies both in terms of statistical power and ecological relevance: we cannot 

assume that different lineages of one globally distributed species will display the 

same responses to carbon enrichment regardless of the specific physical and 

biotic characteristics of their sampling environments, unless we measure these 

responses in many lineages. Statistically, with the average variation we find in 

physiological (measured here, for example, as changes in photosynthesis and 

respiration rates) and evolutionary (measured here as changes in growth rates) 

responses in Ostreococcus to elevated pCO2, the minimum number of independent  

lineages that need to be assessed is 6. With 16 lineages, I have been using more 
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than double that number. In the following, I sum up these plastic responses.  

 

While the main question of my thesis was one concerned with the predictive 

power of phenotypic plasticity, it was first necessary to assess whether or not we 

find enough variation in plastic responses of traits correlated with growth in 

Ostreococcus in response to elevated pCO2.  

 

In my thesis, I have found that lineages of Ostreococcus differ substantially in 

how plastic they are: variation in plastic responses to elevated pCO2 in oxygen 

evolution rates, oxygen consumption rates, size and C:N ration in the species 

complex Ostreococcus is on par with between-species variation across functional 

groups. I have also found that plasticity, particularly in photosynthesis, can 

predict more than 70% of the short-term growth response to selection in high 

pCO2. Phenotypic plasticity is adaptive, with more plastic lineages being better at 

taking advantage of the new situation. In the ocean, this may lead to lineage 

sorting, which would change the species composition even before evolution 

within lineages. Mutation is not necessary for changes in community composition 

on short time-scales of days to weeks when lineages change in frequencies are 

based on changes in rank fitness. The variation in responses I have found here 

means that in order to accurately predict changes to phytoplankton communities 

in the short term, it is necessary to assess responses for lineages from different 

environments individually. This can be a time consuming endeavor, but my data 

also show that it may suffice to acquire data describing how much the pCO2 of a 

sampling environment fluctuates  - data on fluctuations in pCO2, are available 

online (for example at NOAA: http://www.noaa.gov). I find that environments 

that are very stable produce the least phenotypically plastic lineages. These are 

usually “deep sea” environment near the DCM, where light intensity, pCO2 levels 

and salinity are relatively stable. Environments where pCO2 fluctuates rapidly on 

scales of days are usually home to lineages that are more plastic than the deep sea 

lineages, but less plastic than those from environments that fluctuate less often. 

This is biologically meaningful: In a rapidly fluctuating environment, lineages do 

not need to have a high amount plasticity- they just need to 
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be plastic enough to cope in a sub-optimal environment until their favoured 

conditions return. If they can grow sufficiently quickly in their favorite 

environment, and suboptimal environments are relatively rare, they will not be 

outcompeted by pausing (see Chapter 1). In a habitat that fluctuates, but does so 

on longer time-scales, plastic lineages are favoured, because they can maintain 

sufficiently large populations under either condition. The importance that 

predictability, magnitude and time-scale of fluctuations have on the evolution of 

plasticity has recently been highlighted in theoretical models (Botero et al. 2014, 

in review), and data such as mine, where we have information on these parameters 

can be used to make existing models more precise or to test their validity when 

fitted with experimental data. 

 

Ecological realism 
My thesis has established that Ostreococcus can be used as a model organism for 

experimental evolution. Generally, marine microbes are difficult to culture in the 

laboratory – storage of different time-points throughout a selection experiment 

can easily become an issue with marine samples - and more work-intensive and 

contaminant-prone than traditional model organisms of experimental evolution 

such as E. coli, Saccharomyces, or Pseudomonas. Despite these difficulties, 

globally distributed marine phytoplankton are interesting and important to work 

with. Owing to their central position in biogeochemical cycles and food webs, 

their evolutionary fate will shape future ecological and physical ocean dynamics 

(see general introduction). In addition, marine phytoplankton are in many 

respects ideal for eco-evolutionary studies. For example, globally-distributed 

marine microbes offer the opportunity to link physiological and evolutionary 

responses measured in the lab to these lineages’ genetic background and 

environmental conditions at their sampling location, thereby allowing us to study 

the mechanisms by which chance, selection throughout the experiment, and 

history each contribute to the outcome of selection environment. Using 

Ostreococcus as a model organism one can address eco-evolutionary questions in 

a meaningful way. Below I outline in three examples how 
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more ecological realism could be added to Ostreococcus experimental evolution 

in future experiments.  

 

First, by taking local adaptation into account: 

It is known that lineages of Ostreococcus are locally adapted to different light 

niches (Six et al. 2008; 2009), and possibly to different salinities (Chapter 1). 

Local adaptation to salinity has also been described in other species of marine 

phytoplankton and sessile algae, see (Kirst 1990; Dittami et al. 2012; Telesh et al. 

2013). I found, that even after three years of selection at intermediate light levels 

of ~170 !E, deep sea lineages rcc410, rcc810 and rcc809 grew up to 2 fold faster 

at light intensities of ~ 5 !E, which resemble those at their sampling location 

more closely. Similarly, Mediterranean lineages and the Red Sea lineage grow 

better at higher salinities (of up to 38 rather than 32, which was the average 

salinity used throughout the experiments), and lineages originating from brackish 

regions were more likely to achieve higher growth rates at salinities lower than 

32. This opens up the question of how initial plasticity should be assessed  - is 

using a ‘mean’ environment as I did in Chapter 1 really the best way of dealing 

with it? When space and time are limiting factors, it probably is – even though my 

lineages do better at conditions resembling their sampling locations, they show no 

signs of stress (measured as orange fluorescence and rhodamine 123 fluorescence) 

in the ambient control environment. In fact, as described in Chapter 1 and 

(Schaum et al. 2012), the phenotypes at ambient pCO2 are not significantly 

different from each other. However, I think that if at all possible, plastic responses 

in locally adapted lineages should also be assessed in an environment resembling 

the one that they are adapted to, particularly if the goal of the experiment is to 

gather data on that specific lineage in its specific habitat. We would then have to 

measure the reaction norms for each lineage across the full range of environments 

that we care about in a given experimental setting, so as to rule out that the 

measured response to, for example, elevated pCO2, is masked by a response to 

having to grow at sub-optimal conditions. This might be the case in the long-term 

in particular. When I include whether or not I found that lineages grew markedly 

different at light intensities set to match those at their 
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sampling location compared to grow rates at the ‘mean’ conditions of the stable 

ambient control environment as factor in the mixed linear model explaining the 

results of the selection experiment, I find that the offset between light conditions 

at their sampling location and light conditions in the incubator can explain up to 

7% of the variation seen in the magnitude of evolution (p = 0.01).  

 

Second, by designing an experiment where pCO2 reaches its final level at 

different rates: 

The world is very complicated, and in the laboratory, we simplify and fast 

forward in order to break it down into pieces that are more easily understandable. 

In the ocean, carbon dioxide levels are going to increase on the scale of decades, 

whereas here I have had them increase them from the ambient 400ppm CO2 to the 

predicted 1000ppm CO2 on the scales of weeks. There is theoretical (Collins et al. 

2006a; Kopp 2009; Uecker & Hermisson 2011)and experimental evidence (Perron 

et al. 2008; Collins & de Meaux 2009; Bell & Gonzalez 2011; Collins et al. 

2013a) (also Collins et al. in prep, 2014) that steepness of slope and rates of 

change can shape evolutionary trajectories. IPCC report predictions are averages, 

and it remains unknown in which regions of the ocean phytoplankton will have to 

be able to evolve under abrupt changes, and where these changes are going to be 

more gradual – both the strength and the duration of stronger selection will be 

different between these two scenarios. At this point, climate models with higher 

spatial and temporal resolution matching that of the organisms evolving in the 

ocean are needed. If such data were available, one could aim to match the 

steepness of slope with that predicted for a lineage in a given environment. From 

a more evolutionary than ecological point of view, it might be interesting to detect 

differences in selection for growth in an environment where environmental 

change builds up throughout the selection experiment, and one where it changes 

more quickly, but where the amount of time spent in the ‘final’ selection 

environment is longer. Such data would be valuable, as critical rates of change 

and tipping points of environmental variation and predictability are often used in 

evolutionary modeling (Chevin et al. 2010, Botero et al. 2014, in review). It may 

also be useful to take populations that are already evolved or 
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evolving at high pCO2 into account here. It is not known whether or not 

Ostreococcus lineages live near cold seeps, but as they are globally distributed, 

and cold seeps often lie well within the photic zone, it is likely that Ostreococcus 

populations might occur there as well. Cold seeps are regions of the ocean floor 

where hydrocarbon-rich fluids seep into the water, and dissolved or gaseous 

hydrocarbon levels can be elevated to beyond 3000ppm CO2, with a pH of below 

7 (Boetius & Suess 2004; Hall-Spencer et al. 2008) . If picoplankton communities 

do exist in these environments, and it has been shown that at least Synechococcus, 

a photosynthetic cyanobacterium, does (COWIE et al. 1999),  they would give us 

valuable insights into the phenotypes and genetics of natural high pCO2 evolved 

populations. Natural isolates of soil-dwelling algae isolated from terrestrial CO2 

springs have previously been used to better understand how realistic high pCO2 

evolved phenotypes as found after selection in the lab are compared to natural 

communities, and to disentangle the pathways on which natural selection will lead 

to high-pCO2 phenotypes (Collins et al. 2006b). At 12.5 Mb, the Ostreococcus 

genome is relatively small, so whole genome sequencing of laboratory-evolved 

and natural cold seep populations may also help us to better understand 

underlying genetic changes.  

 

Third, by adding a multi-species component: 

The ocean is rife with co-existing phytoplankton species, and including species 

interaction and how these interactions themselves evolve or aid (or hinder) 

evolution in a changing ocean would be an important step in examining changes 

to community structure in phytoplankton populations. Evolutionary trajectories 

can be radically different when a lineage is grown in single or mixed culture 

(Collins 2010; Lawrence et al. 2012), and evolution in response to ocean 

acidification has been shown to affect interactions between species (Tatters et al. 

2013). In a pilot study (see Appendix Figure 15), I found that Ostreococcus is, at 

least on the time scales of days to weeks, reactive to the presence or absence of 

other lineages. Data from other experiments that use multiple lineage of 

Ostreococcus (personal communication D. Lawrence, also included in Appendix 

Figure 15) also indicate that signaling molecules from other 
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lineages can modify how a lineage reacts to elevated pCO2, at least in the short 

term. I also noticed that some lineages in the elevated pCO2 treatments would 

form lawns, sheets, and biofilms throughout the selection environment even 

though I selected strongly against it by never transferring cell aggregates.  

 

Growth in biofilms can be one factor that facilitates the survival of microbial 

communities under adverse conditions, mainly because they offer protection from 

a range of environmental challenges, such as UV radiation, salinity or decreasing 

pH levels (Decho 1990; Flemming & Wingender 2010).  

 

In aggregates of cells, there are chemical and physical gradients across the cell 

matrix (Karatan & Watnick 2009), which create niches and microenvironments 

that might each have their own adaptive landscape as the environment changes. 

For example, in an elevated or elevated fluctuating pCO2 environment selection 

for being able to grow at high or high-fluctuating pCO2 may be stronger on the 

outside of an aggregate. On the inside, lineages will not experience the same 

amount of change or fluctuation in pCO2, but they may be under increased 

selection for being able to metabolize other lineage’s byproducts (Flemming & 

Wingender 2010). 

 

The physical proximity of cells in biofilms and similar structures allows for the 

exchange of signaling molecules (e.g. Davies et al. 1998; Lazar 2011; Cornforth 

et al. 2014). It stands to reason that other elements that carry information (for 

example mobile genetic elements) can also be exchanged more easily in matrixes 

of cells than when all cells are in suspension(Madsen et al. 2012). Biofilms and 

other aggregation of cells are known to act as ‘market places’ for mobile genetic 

elements (Taylor et al. 2011)– sometimes within one ‘market place’ organism, 

such as Cafeteria roenbergensis (Greub 2012).  

 

In a biofilm, natural selection may act differently than it would on cells in 

suspension and cause mutations to fix at a different speed 

than they would in a suspended population (Cowen et al. 
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2002).  However, a mutation that is beneficial to lineages at the outside of a 

matrix may be neutral or even deleterious in the same lineage growing in the 

centre of an aggregate.   

 

In the ocean, phytoplankton will not usually form biofilms while scattering near 

the surface, but it is likely that a cell will spend at least part of its life in structures 

resembling biofilms, for example when living cells sink and become trapped in 

aggregates known as marine snow (Decho 1990). Furthermore, many benthic 

phytoplankton species naturally grow in biofilms, but are grown as single cells 

(planktonic) in the lab, as standard batch-transfer methods are laborious and 

quantifying growth is difficult when using biofilm populations. Biofilm formation 

and the evolution thereof have been examined in medically relevant species such 

as Pseudomonas aeruginosa and Vibrio cholerae, and tools of these studies could 

be used to assess how phytoplankton biofilms may evolve in the future ocean. For 

example, biofilm-forming lineages could be evolved in a range of environment 

along non-biofilm forming control lineages, and fitness as well as the evolved 

phenotypes of these populations at the end of the selection environment compared 

in the evolved and correlated environments, possibly making use of existing GFP 

lineages as markers.  

 

 Mysteries of Ostreococcus life history 
After a little over three years of studying the evolutionary and physiological 

responses of Ostreococcus to stable and fluctuating elevated pCO2 as an aspect of 

climate change, I am acutely aware of how little how little is known about the 

biology and life history of most marine microbes, including Ostreococcus. This is 

likely to hold true for many marine microbes that are now being used in marine 

biology and experimental evolution laboratories. There are many questions worth 

asking and answering, but here I will focus one life history related question (out 

of many) that may have added relevant information to my thesis if it had been 

answered, but which was outside the scope of my PhD thesis: 
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One key aspect of life history that would help us better understand how marine 

microbes are likely to evolve is that of their ‘seed bank’ (Lennon & Jones 2011). 

Marine dinoflagellates and some diatoms form dormant cysts as part of their 

reproductive cycle (Stosch 1965; Tilman 1994) (Bravo & Figueroa 2014), usually 

triggered by environmental factors, e.g. (Rengefors et al. 1998). The cysts are 

usually denser and heavier than growing phytoplankton, and sink to the sediment 

(Godhe et al. 2001),where they occasionally spend more time than the ‘active’ 

dinoflagellate would in the water column , depending on the type of cyst or spore 

formed. Some cysts are known to be short-term resting stages (Fistarol et al. 

2004), whereas others have longer dormancy periods characterised by a resting 

stage of several decades up to hundreds of years (Ribeiro et al. 2011; Lundholm et 

al. 2011). The amount and frequency of cyst-forming itself may be affected by 

climate change (Lennon & Jones 2011) (Klais et al. 2013), but we do not know 

how and to what extent climate change will affect dormant life stages, as species 

used in selection experiments are actively reproducing and will, while 

representing the same genotype, be morphologically (e.g. de Vernal & Rochon 

2011) and metabolically (Binder & Anderson 1990) different from the dormant 

stages. These cues that cause cyst-forming are informed by environmental 

changes and vary between species (Kremp 2013) but generally, in a less stable, 

more rapidly fluctuating environment, they may lose their informative value, and 

cyst-forming itself may then not be an adaptive strategy for survival (Kussell 

2005; Lennon & Jones 2011). It is not known in detail how the loss of the 

dormant part of the life-cycle would interfere with species dispersal and 

evolution, although fossil data from the Baltic indicates that some dinoflagellates 

that are incapable of forming dormant stages now, used to be able to do so in the 

past (Kremp et al. 2009).  

 

There is some discussion as to whether or not these seed banks of cysts slow 

down or speed up adaptation. Although mutational supply is high in algae 

populations even without added input from a seed-bank, 

dormant cysts are sometimes regarded as an added reservoir 
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of genetic diversity that may help a population evolve in a changing environment 

(Alpermann et al. 2009). However, they may in fact slow down adaptation by 

constantly introducing maladapted genotypes to the gene pool. It is not known 

how much of a mismatch between the environment that the cells went into cysts 

in, and the environment in which cysts then germinate can be tolerated. Cysts can 

in theory be viable for a hundred years or longer (Ribeiro et al. 2011; Lundholm 

et al. 2011), so a dinoflagellate cyst formed today may experience situations that 

are very different from todays if it germinated in a hundred years time. The 

genotypes introduced by germinating cysts might not be completely maladapted 

to the new environment, and would thus not go extinct rapidly, but would 

continue to introduce genotypes adapted to their specific environment into the 

population.  

 

Given that we do not know the frequency with which future ocean environment 

are expected to fluctuate, we need to assess (or examine through theoretical 

models) the environmental factors that cause dormancy and the termination 

thereof, the extent to which cyst forming is adaptive in environments that 

fluctuate at different rates and predictabilities, and the function of cysts in 

phytoplankton dispersal in order to estimate the role that seed banks would have 

in future oceans.  

 

In Ostreococcus, cyst forming has not been observed and is unlikely, but 

Ostreococcus is often infected by the Ostreococcus virus (OtV, (Derelle et al. 

2008; Weynberg et al. 2009; Bellec et al. 2010)) and I have shown in a pilot study 

that all lineages used for my selection experiment are indeed infected (or that viral 

DNA is integrated into the host genome, Appendix Figure 16) and that samples 

are lysed under stressful conditions, such as freeze-thaw, high population 

densities and 24 – 48 hours of constant light exceeding 400 !E (Appendix Figure 

17). In the small cells of its Ostreococcus host, the relatively large virus can only 

produce an average of 5 – 20 copies of itself before lysing the host, (Derelle et al. 

2008). Assuming standard rates of host-virus interactions for viral infection 

success, likelihood of attachment and host densities in the sea, 
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the minimum burst size to guarantee virus survival would be in the low hundreds 

(for comparison, the average influenza virus fills a cell with 1000 to 10000 of 

copies prior to lysis). Yet, burst sizes this large are impossible here, and the 

Ostreococcus virus is clearly not extinct, with many new subtypes being 

described regularly (Derelle et al. 2008; Weynberg et al. 2011; Clerissi et al. 

2012). Why and how does it persist? I hypothesize that it is likely for host-virus 

interaction in this context to not follow the traditional pattern of a host and a 

pathogen. Instead, they could be more akin to a symbiotic relationship under 

benign conditions, where viruses act as mobile genetic elements that aid in local 

adaptation to different light niches, aided by the virus carrying part of a 

photosystem and other genes with host homologies (Silva 2003; Derelle et al. 

2006) (Moreau et al. 2010). Additionally, and more in terms of a ‘seed bank’ (or 

an external hard-drive) viruses can act as adaptive reservoirs (Modi et al. 2013), 

or could potentially help to increase genetic diversity of populations, thereby 

creating more standing genetic variation for selection to act on. Interestingly, viral 

infections have also been linked to changes in methylation patterns (Grimsley et 

al. 2012) so infection with a more or less symbiotic virus could have the potential 

to affect how much Ostreococcus does evolve by adding an epigenetics 

component, which can speed up adaptation, depending on the size of the 

epigenetic effect relative to the size of mutational effects (Klironomos et al. 

2013).  

 

Investigating the host-virus relationship in this system could be of interest to 

researchers in evolutionary and marine biology, and to virologists interested in 

either of those two disciplines. For evolutionary biologists in particular, this is 

relevant to those studying host-virus coevolution, local adaptation, or evolution in 

marine systems in general. Marine biologists and policy makers interested in the 

impact of climate change on ocean ecosystems and ecosystem services alike may 

find this host-virus system interesting to consider, as marine viruses and their 

potential effect on evolvability have so far not been included in climate change 

research.  
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Communication is key: why researchers in marine and evolutionary 

biology should remain in dialogue with each other  

!

Researchers of experimental evolution and marine biology or oceanography were 

not in dialogue with each other until recently. This is somewhat surprising, as 

their interests often overlap, particularly as far as climate change studies are 

concerned. Still, it is only recently that elements of experimental evolution have 

been applied to studies in marine biology, except for accidentally (see (Mueller et 

al. 2010)).  

Below, I will describe what each discipline can offer the other, highlight the 

progress made already, and discuss options of how to increase dialogue between 

the disciplines at the level of undergraduate and graduate students.  

 

Both oceanographers with an interest in how evolution will shape phytoplankton 

communities in a changing world, and experimental evolutionists keen to work on 

ecologically important model organisms that go beyond the traditional scope of 

Pseudomonas and E. coli, will benefit from ongoing dialogue. The lack of this 

dialogue has previously led to conflicting predictions, which could have far-

reaching consequences if, for example, policy makers base their decisions on one 

of two contradicting predictions, or conclude that evidence is lacking because of 

insufficient agreement between disciplines.  

 

One prominent example for such conflicting predictions formed the basis for my 

thesis and dealt with how the magnitude of evolutionary responses in microbial 

populations in changing environments is influenced by short-term (plastic) 

responses:  

Researchers in marine biology have been describing plastic responses (i.e. short 

term changes in the phenotype that require no mutations) of marine phytoplankton 

to ocean ‘acidification’ and other aspects of climate change in much detail for 

almost two decades (see (Rost et al. 2008) and (Collins et al. 2013b)for reviews), 

but not linked them to evolutionary outcomes. This is a more descriptive than 

predictive approach to explain the effects of climate change on 
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phytoplankton communities. Alongside this there were no empirical studies in 

evolutionary biology that examined the relationship between phenotypic plasticity 

and evolutionary responses relying on de novo mutations. In ecological studies, 

evolution and plasticity are regarded as two separate causes that will results in 

phenotypic changes in organisms reacting to perturbations to the environment: 

faced with climate change, an organism can react by being modifying its 

phenotype through phenotypic plasticity or it can react through adaptation, and 

phenotypic plasticity will shield that organism from adaptive evolution. As 

described in the introduction, all theoretical evidence from evolutionary biology 

shows that the opposite is more likely to be true: organisms react through being 

plastic and evolving, and phenotypic plasticity aids evolution, for example by 

affecting the adaptive value of novel mutations. However, there used to be very 

few empirical studies in evolutionary biology investigating the effect of climate 

change on microbial algae populations, and they have mainly focused on 

freshwater ecosystems (e.g. Collins & Bell 2004).  

 

Within the last three years, this has changed drastically, and there are now several 

studies that use tools of experimental evolution in order to investigate responses 

of marine phytoplankton to climate change and that answer evolutionary 

questions using ecologically relevant marine microbes (see reviews by Reusch & 

Boyd 2013; Collins et al. 2013b).  

 

Both evolutionary and marine biology have tools, methods and insights to offer 

each other: experimental evolution can teach interested researchers in marine 

biology how to design, perform, and analyse experiments that will yield insights 

into changes that will occur in phytoplankton communities over the next decades, 

as well as offer the theory to help explain the results found in these experiments. 

In experimental evolution, replication and being able to compare evolved 

populations to an ancestor or a control population evolving alongside the treated 

populations is key. In marine biology, researchers will find interesting globally 

distributed model organisms that have ecological and biogeochemical relevance. 

Lineages that have been sampled in known and diverse 
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environments are readily available through culture collections. Facilities to 

measure physiological responses as well as genetic tools are well developed for 

many phytoplankton species, and DIC manipulations and mesocosm studies have 

been carried out to characterise phytoplankton ecology and life history for many 

decades, yielding in a vast and still growing body of literature on community 

ecology and physiology of phytoplankton species – although many aspects of 

phytoplankton life-history are well-described but poorly understood. While 

experimental evolution is more concerned with measuring fitness and changes 

therein (yielding information of shifts in frequency of genotypes), the phenotype 

itself also matters here, and marine biology can offer the tools to assess these 

phenotypes.  

 

Collaborations between marine and evolutionary biology are not restricted to 

climate change studies, and could be used to answer many other questions 

concerning phytoplankton that still remain unanswered, for example those 

focusing on the maintenance of biodiversity, the importance of different stages in 

a species’ life-cycle (changes in ploidy, switching from sexual to asexual 

reproduction, differences between active stages and resting spores, etc.), and 

methods of dispersal and colonisation. However, climate change studies, while 

linked to aspects of life history, are a more pressing topic than curiosity-driven 

research alone, as the climate is already changing at unprecedented rates and the 

consequences on ocean ecosystems will have to be dealt with sooner rather than 

later. Ongoing interdisciplinary dialogue will help in the development of better 

methods to estimate these consequences.  

 

By now, much progress had been made in encouraging the exchange of ideas, 

tools and knowledge between groups of the two disciplines and entire conferences 

are dedicated to understanding how complex environments shape evolution in 

marine microbes (for example, this year’s (2014) Gordon conference on ocean 

global change biology), and in conferences aimed mainly at either evolutionary or 

marine biologists working on microbes, keynote talks are now offered for 

scientists coming into either field from other disciplines. This does not only allow 
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disciplines to build on each other’s knowledge but also should help with the 

problem of divergent vocabulary, for example when the same word is used to 

describe different processes and mechanisms (an organism classified as a 

generalist in ecology, for example, will not display the same characteristics as a 

an organism that would be called a generalist in evolutionary biology).  

 

There is a lot of interest and willingness to learn and collaborate on both sides, but 

this is mainly on the level of the postdoctoral researchers and PIs. For students at 

doctoral level and below, there is still very little opportunity for collaboration or 

for getting training in both disciplines simultaneously.  

 

In order to accomplish the continuous exchange of methods and ideas – and 

possibly to ease the shock of having to learn an entirely new set of theoretical and 

practical skills and theory later on in academic life - it might help to offer students 

interested in this approach more varied lectures that cover both aspects of marine 

biology and evolution. As a marine biologist by training before starting this PhD I 

was keen to include evolutionary reasoning into experiments dealing with effects 

of ocean ‘acidification’ on marine biota, but had no background in evolutionary 

theory or practice beyond the standard undergraduate lectures, nor did I, like most 

marine biology students, have easy access to evolutionary biology learning 

resources. I assume that similarly, students in evolution that are interested in 

marine systems will find it difficult to get access to lectures or degree programs 

that would allow them to take evolutionary theory and apply it to experiments in 

climate change studies. This may be partially because oceanography and biology 

are usually different schools in most universities. Today, students interested in 

either topic will enter the PhD missing one half of the knowledge, and while the 

learning experience itself can be an enjoyable one (it has been for me), the 

research conducted at PhD level would be more efficient and more knowledge 

could be gained if students started out already trained in and aware of both fields. 

Today, there already is one university with a joined department for ecology, 

evolution and marine biology (EEMB), where undergraduate students can take 

courses that cover fundamental aspects of evolution and marine 
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biology. Rather than this remaining an isolated case, we need to systematically 

offer students interested in learning this kind of interdisciplinary training the 

opportunity to do so in the years to come. Where this is not possible, exchange 

programs with universities that do offer these courses may help, as might online 

courses, for example in a format similar to that of the University of Highlands and 

Islands (UHI) which bring higher education to students at Bachelor and MSc level 

in remote areas of the Scottish Highlands and Islands. While computer-based 

lectures cannot replace laboratory-based experiences, they can at least and act as a 

stepping stone for future researchers and help bridge the gap that, for students, 

still exists between marine and evolutionary biology.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Bibliography 
 

! !HLG!

Bibliography 
!

0<<23=2>>28?!@"!A"?!B;82C9CD78#?!0"?!034D9EC?!0"?!F7G=?!H"!I!F7G=J@2#34>?!K"!G""XA!S')/!0/3*00U
$.D;2*D!2*))!D*'/?!$.!/?*!;.$2*));)'3!:3**.!'):'!R$23'0/*3$'0!D*./$2;)'/'A!+&($,-.)&/)012%$34%,#-.)
5&#-,6J!-(J!XIXOXVKA!

068;L;>?!0"!5"!I!MG#3ECEDNO2?!A"!P"!G""#A!e+C!6;2?!D+!:*.*/$2!2+%'3$'.2*0!')/*3!/?*!3'/*!+,!
'D'>/'/$+.f!7$&'%%83,9")&/)#:%);&6-.)<&'3%#6)5=)53&.&93'-.)<'3%,'%"J!'.-J!HH#IOHHXHA!

0#Q23?!H"!@"!I!R;$;882G2?!M"!0"!G"HHA!M.%$3+.6*./')!,);2/;'/$+.0!'.D!'0@66*/3$2')!UD$0>*30')<!
:*.*3')$b*D!0/'($)$/@!/?*+3@!,+3!0/;D@$.:!6*/'>+>;)'/$+.!>*30$0/*.2*!'.D!

6'3$.*!>3+/*2/*D!'3*'0A!>-$3,%)0'&.&96)7$&9$%"")<%$3%"J!+'/J!NNO##A!

0S>;3#?!T"?!U283DGG2?!H"?!B#N;63D?!F"!I!V;92>QD83?!P"!HXXVA!F?@2+($)$0+6*!-+3*!R;/'./0!+,!
S@.*2?+2@0/$0!F22UL#"IA!53&':343'-)0#)53&2:6"3'-)?'#-@53&%,%$9%#3'"J!&'*&J!H#XOHXLA!

0>128N;33?!W"!A"?!X29=G28#?!X"?!ADC3?!K"?!W#>>N;33?!K"!I!H2NO2>>;?!0"!B"!G""XA!E6>)$2'/$+.0!+,!
)$,*U?$0/+3@!/3'.0$/$+.0!+.!/?*!>+>;)'/$+.!:*.*/$2!0/3;2/;3*!+,!/?*!/+8$:*.$2!6'3$.*!D$.+,)':*))'/*!

Z)*8'.D3$;6!/'6'3*.0*A!>&.%'(.-$)0'&.&96J!&/J!GHGGOGHIIA!

07>4?!A"!P"?!068;L;>?!0"!0"!I!P2>Y2;?!P"!0"!G"H"A!\*U*%');'/$.:!/?*!2+0/0!'.D!)$6$/0!+,!'D'>/$%*!
>?*.+/@>$2!>)'0/$2$/@A!7$&'%%83,9")&/)#:%);&6-.)<&'3%#6)5=)53&.&93'-.)<'3%,'%"J!'..J!V"IOVHHA!

X;EC?!F"!W"?!@;EQ#3428?!F"!H"!@"?!MEC7>=?!Z"!T"?![C22>28?!T"?!MEC8D2428?!B"!H"?!X8DL3>22?!H"!I!
P#2O292>>?!K"!G"HIA!1$00*2/$.:!/?*!$6>'2/!+,!-W!G'.D!>e!+.!/?*!6*2?'.$060!+,!>?+/+0@./?*0$0!
'.D!2')2$,$2'/$+.!$.!/?*!2+22+)$/?+>?+3*!M6$)$'.$'!?;8)*@$A!A%B)2:6#&.&93"#J!&))J!HGHOHIKA!

X;EC?!F"!W"?!P#2O292>>?!K"?!M2GG?!M"?!52O#8#?!M"?!P=21Q;?!:"!I!MEC7>=?!Z"!T"!G"HGA!Z.!'>>3+'2?!,+3!
>'3/$2)*!0$.B$.:!%*)+2$/@!6*'0;3*6*./0!$.!/?*!IOK""!g6!0$b*!3'.:*!'.D!2+.0$D*3'/$+.0!+.!/?*!

*,,*2/!+,!/*6>*3'/;3*!+.!0$.B$.:!3'/*0A!>-$3,%)53&.&96J!&,)J!H#VIOH#LKA!

X;4628?!@"!P"!G""IA!-WG!2+.2*./3'/$.:!6*2?'.$060!$.!2@'.+('2/*3$'<!6+)*2;)'3!2+6>+.*./0J!
/?*$3!D$%*30$/@!'.D!*%+);/$+.A!+&($,-.)&/)012%$34%,#-.)5&#-,6J!,+J!L"XOLGGA!

X;4628?!@"!P"!G""VA!&?*!*.%$3+.6*./')!>)'0/$2$/@!'.D!*2+)+:$2')!:*.+6$20!+,!/?*!2@'.+('2/*3$')!
-WG!2+.2*./3'/$.:!6*2?'.$06A!+&($,-.)&/)012%$34%,#-.)5&#-,6J!,.J!GKXOGLVA!

X;8;EE;?!0"?!M6;8O#?!T"?!MD>;#3#?!T"!I!F23;=?!T"!G""IA!\?+D'6$.*!HGI!'0!'!>3+(*!+,!
6$/+2?+.D3$')!6*6(3'.*!>+/*./$')<!*%');'/$+.!+,!>3+/+.!,);8!/?3+;:?!9"!D;3$.:!Z&F!0@./?*0$0A!

53&':343'-)%#)53&2:6"3'-)?'#-)C55?D)@)53&%,%$9%#3'"J!&-(-J!HINOHKLA!

X;8E2>D9!2!P;ND9?!A"?!X#9L;9?!V"?!MEC7>=?!Z"!T"?!F;PDEC2?!A"!I!P#2O292>>?!K"!G""NA!M,,*2/!+,!
3$0$.:!'/6+0>?*3$2!2'3(+.!D$+8$D*!+.!/?*!6'3$.*!.$/3+:*.!,$8*3!&3$2?+D*06$;6A!E.&F-.)
53&9%&':%43'-.)G6'.%"J!'&J!!

X;8828;J0>O;?!A"!A"!G"HGA!\+)*!+,!&3'.0>'3*./!M8+>+)@6*3!F'3/$2)*0!+.!F?@/+>)'.B/+.!1@.'6$20!
$.!'!S;(/3+>$2')!M0/;'3@J!-'.'.$'UE:;'>*!PS>J!^3'b$)QA!!2%,)+&($,-.)&/)>-$3,%)<'3%,'%J!('J!GVOIGA!

X;8GD3?!0"!B"?!B7GQ#2L#E=?!M"?!5>#28>?!T"?!X8;66?!A"!I!5D>>DL9?!@"!A"!G"H"A!F'//*3.0!+,!1$%*30$/@!$.!
R'3$.*!F?@/+>)'.B/+.A!<'3%,'%J!*'.J!HV"XOHVHHA!



Bibliography 
 

! !HLI!

X2;84;>>?!A"!I!P;$23?!A"!G""KA!&?*!>+/*./$')!*,,*2/0!+,!:)+(')!2)$6'/*!2?'.:*!+.!6$23+'):')!
>?+/+0@./?*0$0J!:3+C/?!'.D!*2+)+:@A!7:6'&.&93-J!+*J!GLOK"A!

X2;7<D8G?!F"?!:8DO28G?!\"?!42!T;8#42>JWCD8D3?!W"?!X234#<?!]"!@"?!P7#=J:#3D?!B"?!@2G=>?!R"?!TDY2G?!
H"?!X7EC2G?!R"?!HD712>?!:"?!T82>;74?!@"?!PD9G?!X"?!P#EQ;OY?!P"!]"!@"!I!42!U;86;9?!H"!G"HHA!
S*.0$/$%$/@!+,!2+22+)$/?+>?+3*0!/+!2'3(+.'/*!2?*6$0/3@!'.D!+2*'.!'2$D$,$2'/$+.A!A-#($%J!+.-J!#"O
#IA!

X2>>?!T"!I!TD3=;>2=?!0"!G"HHA!ZD'>/'/$+.!'.D!M%+);/$+.'3@!\*02;*!$.!R*/'>+>;)'/$+.0!
M8>*3$*.2$.:!M.%$3+.6*./')!1*/*3$+3'/$+.A!<'3%,'%J!**'J!HIGNOHII"A!

X2>>2E?!F"?!T8#N9>2Y?!R"?!B282>>2?!]"?!@D82;7?!V"!I!B2942$#929?!^"!G"H"A!Z(;.D'.2*J!0>'/$')!
D$0/3$(;/$+.!'.D!:*.*/$2!D$%*30$/@!+,!W0/3*+2+22;0!/';3$%$3;0*0!$.!/C+!D$,,*3*./!*.%$3+.6*./0A!

0,H3$&,4%,#-.)>3'$&F3&.&96);%2&$#"J!'J!IHIOIGHA!

X286N;33?!R"?![#3G289?!T"?!P;7EC?!T"?!]#=;67#882?!H"?!T7?!A"?!R2>>2?!:"?!58#EQ2?!X"!I!P279EC?!W"!
X"!V"!G"H"A!F+>;)'/$+.U0>*2$,$2$/@!+,!?*'/!0/3*00!:*.*!$.D;2/$+.!$.!.+3/?*3.!'.D!0+;/?*3.!
**):3'00!h+0/*3'!6'3$.'!>+>;)'/$+.0!;.D*3!0$6;)'/*D!:)+(')!C'36$.:A!>&.%'(.-$)0'&.&96J!&)J!
G#N"OG##IA!

X28N;3?!W"?!@#=8;C#?!P"!I!BD9D82G=?!H"!T"!G"HHA!&3'.0>'3*./!*8+>+)@6*3!>'3/$2)*0!P&MFQ<!Z!
23$/$2')!,'2/+3!$.!'`;'/$2!($+,$)6!$.$/$'/$+.!'.D!,+;)$.:!+.!,$)/3'/$+.!6*6(3'.*0!I0<J!'.-J!H#KO
HX"A!

X#;3EC#?!W"!M"?!PD><<?!H"?![#4ODN?!X"!I!]>N6823?!P"!G""GA!F?@/+>)'.B/+.!F$:6*./0!$.!^')/$2!S*'!
S*0/+.!'.D!S*D$6*./0<!S*'0+.')!Y'3$'($)$/@J!9);8*0J!'.D!&3'.0,+36'/$+.0A!0"#(-$3,%J)G&-"#-.)-,8)
<:%./)<'3%,'%J!,,J!ILXOI#IA!

X#4>2?!Z"!B"!I!X23428?!M"!A"!G""#A!E3+.!S/'3%'/$+.!'.D!-;)/;3*!Z:*!Z2/$%'/*!R*/'2'0>'0*0!'.D!
F3+:3'66*D!-*))!1*'/?!$.!/?*!R'3$.*!1$'/+6!&?')'00$+0$3'!>0*;D+.'.'A!0(K-$6&#3')G%..J!.J!
GGIOGILA!

X#4>2?!Z"!B"!I!5;>QDL9Q#?!:"!T"!G""KA!-*))!D*'/?!$.!>)'.B/+.$2J!>?+/+0@./?*/$2!6$23++3:'.$060A!
A-#($%);%H3%B")>3'$&F3&.&96J!'J!LKIOLVVA!

X#3428?!X"!A"!I!034289D3?!B"!@"!HXX"A!^$+2?*6$2')!-+6>+0$/$+.!Z.D!R*/'(+)$2!Z2/$%$/@!W,!
S23$>>0$*))'!&3+2?+$D*'!P1$.+>?@2*'*Q!\*0/$.:!-@0/0HA!+&($,-.)&/)7:6'&.&96J!'-J!G#XOGX#A!

XD2G#79?!0"!I!M7299?!]"!G""KA!e@D3'/*!\$D:*<!'!.'/;3')!)'(+3'/+3@!,+3!/?*!0/;D@!+,!6$23+($')!)$,*!
,;*)*D!(@!6*/?'.*!,3+6!.*'3U0;3,'2*!:'0!?@D3'/*0A!G:%43'-.)E%&.&96J!'(,J!GXHOIH"A!

XD3478#;39QY?!P"?!H82;3?!0"!A"!I!B;Y?!W"!G"HHA!&?*!$6>)$2'/$+.0!+,!.+.:*.*/$2!$.?*3$/'.2*!,+3!
*%+);/$+.!$.!2?'.:$.:!*.%$3+.6*./0A!0H&.(#3&,-$6)?22.3'-#3&,"J!,J!HXGOG"HA!

XDG28D!H"!0?![2#99#36!5"A?![8#6CG!A!;34!P7O239G2#3!"B"P"?!_'(&+`!M%+);/$+.'3@!/$>>$.:!>+$./0!
$.!/?*!2'>'2$/@!/+!'D'>/!/+!*.%$3+.6*./')!2?'.:*!U!$.!3*%$*C!!

XDY4?!:"!["?!MG8=212Q?!P"?!57?!5"!I!V7GEC#39?!B"!0"!G"H"A!M.%$3+.6*./')!2+./3+)!+,!+>*.U+2*'.!
>?@/+>)'.B/+.!:3+;>0<!5+C!'.D!$.!/?*!,;/;3*A!L34,&.&96)-,8)
!'%-,&9$-2:6J!,,J!HIVIOHINLA!

X8;49C;L?!0"!B"!HXLVA!M%+);/$+.'3@!0$:.$,$2'.2*!+,!>?*.+/@>$2!
>)'0/$2$/@!$.!>)'./0A!?8H-,'%")3,)9%,%#3'"J!&*J!HHVOHVVA!!

X8;49C;L?!["!]"!G""LA!-7ERZ&M!-eZ5=M<!M%+);/$+.'3@!\*0>+.0*!



Bibliography 
 

! !HLK!

/+!\'>$D!-)$6'/*!-?'.:*A!<'3%,'%J!*&'J!HKNNOHKN#A!

X8;$D?!\"!I!5#6728D;?!P"!G"HKA!&+C'3D0!'.!M2+)+:$2')!c.D*30/'.D$.:!+,!1$.+,)':*))'/*!-@0/!
9;.2/$+.0A!>3'$&&$9-,3"4"J!'J!HHOIGA!

X782Y?!M"!H"?!:D8DYQD?!U"?!]8623?!a"!R"?!5;GC#JR2S;4?!M"?!MECb>>28?!H"?!cC3#9C#?!R"?!57Q7=;L;?!V"?!
XDC328G?!V"!A"!I!Fd<<2>C;84G?!["!G""NA!Z22)$6'/$+.!/+!)+C!i-W!Gj!(@!'.!$.+3:'.$2!2'3(+.U
2+.2*./3'/$.:!6*2?'.$06!$.!-@'.+>?+3'!>'3'D+8'A!7.-,#J)G%..)M)0,H3$&,4%,#J!*(J!HKGGOHKIVA!

H;>42#8;?!Z"!I![#EQ2GG?!@"!]"!G""IA!W2*'.+:3'>?@<!'./?3+>+:*.$2!2'3(+.!'.D!+2*'.!>eA!
A-#($%J!+',J!ILVOILVA!

H;>>;C;3?!V"!M"?!@;76C;3?!V"!I!MG2#328?!K"!Z"!G""#A!F?*.+/@>$2!F)'0/$2$/@J!-+0/0!+,!F?*.+/@>*0J!
'.D!-+0/0!+,!F)'0/$2$/@A!?,,-.")&/)#:%)A%B)N&$K)?'-8%46)&/)<'3%,'%"J!&&**J!KKOLLA!

H;8D3?!B"!0"!I!V7GEC#39?!B"!0"!G"HIA!&?*!*,,*2/0!+,!2?'.:$.:!2)$6'/*!+.!6$23+b++>)'.B/+.!
:3'b$.:!'.D!2+66;.$/@!0/3;2/;3*<!D3$%*30J!>3*D$2/$+.0!'.D!B.+C)*D:*!:'>0A!+&($,-.)&/)7.-,K#&,)
;%"%-$':J!*,J!GIVOGVGA!

H;89G23923?!A"?!V238#Q923?!:"!I!V2#9Q;323?!0"JM"!G""NA!S;66*3!'):')!()++60!$.!0?'))+C!
*0/;'3$*0<!1*,$.$/$+.J!6*2?'.$060J!'.D!)$.B!/+!*;/3+>?$2'/$+.A!L34,&.&96)-,8)!'%-,&9$-2:6J!,'J!
IN"OI#KA!

HC#;36?!Z"!:"?!W9;#?!0"!^"?!W9;#?!:"!A"?!TD36?!T"!H"?!V7;36?!X"!e"?!I!W9;#?!M"!5"?G"HKA!&?*!$.,);*.2*!
+,!.'.+,)':*))'/*0!+.!/?*!0>'/$')!%'3$*/@!+,!>$2+>)'.B/+.!'.D!/?*!2'3(+.!,)+C!+,!/?*!6$23+($')!

,++D!C*(!$.!/?*!+)$:+/3+>?$2!0;(/3+>$2')!>*)':$2!2+./$.*./')!0?*),!*2+0@0/*6A!G&,#3,%,#-.)<:%./)
;%"%-$':J!OPJ!VNULLA!

HC;D?!F"!G"H"A!Z!6+D*)!,+3!D'6':*!)+'D!'.D!$/0!$6>)$2'/$+.0!,+3!/?*!*%+);/$+.!+,!('2/*3$')!':$.:A!
7L&<)9%,%#3'"J!-J!*H""H"NLA!

HC299D3?!:"!G"""A!R*2?'.$060!+,!6'$./*.'.2*!+,!0>*2$*0!D$%*30$/@A!?,,(-.);%H3%B)&/)0'&.&96)
-,8)<6"#%4-#3'"J!*&J!IKIOILLA!

HC2$#3?!F"!@"?!X#>>#;84?!M"!I!VD91#G;>?!5"!G""#A!e$/2??$B$.:!^+/?!k'@0<!M,,*2/!+,!&C+!E./*3,*3$.:!
S*)*2/$%*!SC**>0!+.!7$.B*D!5*;/3')!Y'3$'/$+.A!E%,%#3'"J!&/(J!I"HOIHLA!

HC2$#3?!F"J@"?!F;342?!P"!I!@;E2?!T"!@"!G"H"A!ZD'>/'/$+.J!F)'0/$2$/@J!'.D!M8/$.2/$+.!$.!'!
-?'.:$.:!M.%$3+.6*./<!&+C'3D0!'!F3*D$2/$%*!&?*+3@A!7L&<)53&.&96J!/J!*H"""IVNA!

H>;YGD3?!M"?!B7GQ#2L#E=?!M"?!A;C3?!c"!I!5D>>DL9?!@"!A"!G"HIA!1$0>*30')J!*DD$*0J!'.D!/?*!D$%*30$/@!
+,!6'3$.*!>?@/+>)'.B/+.A!L34,&.&96)M)!'%-,&9$-2:6=)Q.(38")M)0,H3$&,4%,#"J!*J!H#GOHXNA!

H>28#99#?!H"?!B2942$#929?!^"!I!T8#N9>2Y?!R"!G"HGA!F3'0$.+%$3;0*0!+,!/?*!R'3$.*!=3**.!Z):'!
W0/3*+2+22;0!/';3$!Z3*!R'$.)@!S>*2$*0!S>*2$,$2A!+&($,-.)&/)R3$&.&96J!/-J!KLHHOKLHXA!

HD>>#39?!M"!G"H"A!-+6>*/$/$+.!)$6$/0!'D'>/'/$+.!'.D!>3+D;2/$%$/@!$.!'!>?+/+0@./?*/$2!'):'!'/!
*)*%'/*D!-WGA!7$&'%%83,9")&/)#:%);&6-.)<&'3%#6)5=)53&.&93'-.)<'3%,'%"J!
'./J!GKNOGVVA!

HD>>#39?!M"!G"HHA!R'.@!F+00$()*!k+3)D0<!M8>'.D$.:!/?*!M2+)+:$2')!
S2*.'3$+0!$.!M8>*3$6*./')!M%+);/$+.A!0H&.(#3&,-$6)53&.&96J!*/J!IOHKA!

HD>>#39?!M"!I!X2>>?!T"!G""KA!F?*.+/@>$2!2+.0*`;*.2*0!+,!HJ"""!
:*.*3'/$+.0!+,!0*)*2/$+.!'/!*)*%'/*D!-WG!$.!'!:3**.!'):'A!A-#($%J!



Bibliography 
 

! !HLV!

+*&J!VLLOVLXA!

HD>>#39?!M"!I!42!@2;7%?!A"!G""XA!Z1ZF&Z&EW5!&W!1E99M\M5&!\Z&MS!W9!M5YE\W5RM5&Z7!
-eZ5=M!E5!-e7ZRl1WRW5ZSA!0H&.(#3&,S)3,#%$,-#3&,-.)T&($,-.)&/)&$9-,3')%H&.(#3&,J!-*J!GXVGO
GXLVA!

HD>>#39?!M"!I!T;84328?!0"!G""XA!E./*:3'/$.:!>?@0$+)+:$2')J!*2+)+:$2')!'.D!*%+);/$+.'3@!2?'.:*<!'!
F3$2*!*`;'/$+.!'>>3+'2?A!0'&.&96)L%##%$"J!&'J!NKKONVNA!

HD>>#39?!M"?!42!@2;7%?!A"!I!0Ef7#9G#?!H"!G""L'A!ZD'>/$%*!k')B0!&+C'3D!'!R+%$.:!W>/$6;6A!
E%,%#3'"J!&.-J!H"#XOH"XXA!

HD>>#39?!M"?!P;NO;7G?!0"!I!X8#462GG?!M"!A"!G"HI'A!9+)D!+3!?+)D<!*8>*3$6*./')!*%+);/$+.!$.!%$/3+A!
+&($,-.)&/)0H&.(#3&,-$6)53&.&96J!'-J!GHGIOGHIKA!

HD>>#39?!M"?!PD9G?!X"!I!PY32;89D3?!W"!0"!G"HI(A!M%+);/$+.'3@!>+/*./$')!+,!6'3$.*!>?@/+>)'.B/+.!
;.D*3!+2*'.!'2$D$,$2'/$+.A!0H&.(#3&,-$6)?22.3'-#3&,"J!.J!HK"OHVVA!

HD>>#39?!M"?!Mb>G2N2Y28?!B"!I!X2>>?!T"!G""L(A!\*C$.D$.:!/?*!/'>*<!0*)*2/$+.!+,!'):'*!'D'>/*D!/+!
?$:?!-WG!'/!2;33*./!'.D!>)*$0/+2*.*!)*%*)0!+,!-WGA!0H&.(#3&,S)3,#%$,-#3&,-.)T&($,-.)&/)&$9-,3')
%H&.(#3&,J!-(J!HIXGOHK"HA!

HDD128?!W"!5"!I!F239Q#?!P"!]"!G"H"A!M8>*3$6*./')!*%+);/$+.!C$/?!MA!2+)$!$.!D$%*30*!3*0+;32*!
*.%$3+.6*./0A!EA!9);2/;'/$.:!*.%$3+.6*./0!>3+6+/*!D$%*3:*.2*!+,!3*>)$2'/*!>+>;)'/$+.0A!5>G)
0H&.(#3&,-$6)53&.&96J!&(J!HHA!

HD1#3J@D3Gg67G?!H"?!Xg6D$#E?!@"!I!@28>#$;G?!F"!G""KA!Y'3$'($)$/@!+,!/?*!>'3/$')!>3*00;3*!+,!-WG!
+.!D$*)!/+!'..;')!/$6*!02')*0!$.!/?*!5+3/?C*0/*3.!R*D$/*33'.*'.!S*'A!>-$3,%)G:%43"#$6J!/,J!
HLXOH#XA!

HD83<D8GC?!B"!@"?!:D1;G?!P"?!@ER;>>Y?!F"?!T7832Y?!A"?!MEDGGJ:C#>>#19?!W"!H"?!\$239?!0"?!B#66>2?!M"!:"!
I!X8DL3?!M"!:"!G"HKA!-+6($.'/+3$')!`;+3;6!0*.0$.:!'))+C0!('2/*3$'!/+!3*0+)%*!/?*$3!0+2$')!'.D!
>?@0$2')!*.%$3+.6*./A!7$&'%%83,9")&/)#:%)A-#3&,-.)?'-8%46)&/)<'3%,'%")&/)#:%)U,3#%8)<#-#%")&/)
?4%$3'-J!&&&J!KG#"OKG#KA!

HDGG82>>?!@"!W"!I!M7GG>2?!H"!0"!HXXVA!1@.'6$20!+,!'!)@/$2!%$3;0!$.,*2/$.:!/?*!>?+/+0@./?*/$2!
6'3$.*!>$2+,)':*))'/*!R$23+6+.'0!>;0$))'!PF3'0$.+>?@2*'*QA!?22)0,H3$&,)>3'$&F3&.J!-&J!I"##O
I"XHA!

HD73GL;Y?!:"!B"!I!H;8D3?!B"!0"!G""LA!Z(;.D'.2*!'.D!D$0/3$(;/$+.!+,!W0/3*+2+22;0!0>A!$.!/?*!S'.!
F*D3+!-?'..*)J!-')$,+3.$'J!'0!3*%*')*D!(@!`;'./$/'/$%*!F-\A!?22.3%8)-,8)%,H3$&,4%,#-.)
43'$&F3&.&96J!.'J!GKXLA!

HD78G#29?!H"?!U0eK]P?!0"?!W8D7992>>#28?!@"?!F;7G#28?!A"?!HC82G#233DG4#32G?!@"!A"?!R2$27%?!A"?!
@;EC;4D?!H"!I!H>;79G82?!V"!HXXKA!S6'))*0/!M;B'3@+/$2!W3:'.$06A!A-#($%J!*.(J!GVVOGVVA!

HDL23?!F"!]"?!034289D3?!A"!X"!I!ZDC3?!F"!@"!G""GA!M!YW7c&EW5!W91!\c=\!MSES&Z5-M!E5-!
Z51E1Z!Z7^E-Z5SA!?,,(-.);%H3%B)&/)>3'$&F3&.&96J!,-J!HIXOHLVA!

HDL#2?!T"!F"?!P#EC2Y?!A"!]"?!e7;Y?!:"!B"!I!X23328?!P"!HXXXA!F)'.B/+.!
'%'$)'($)$/@!'.D!3*/*./$+.!*,,$2$*.2$*0!+,!2+)DU0**>!0@6($+/$2!

6;00*)0A!L34,&.V)!'%-,&9$J!++J!H#IIOH#IXA!

H8;L<784?!Z"!A"?!P;$23?!A"!0"?![C22>28?!T"!F"?!X;%G28?!]"!A"!I!AD#3G?!\"!
G"HHA!&?*!\*0>+.0*!+,!&?')'00$+0$3'!>0*;D+.'.'!/+!7+.:U&*36!



Bibliography 
 

! !HLL!

M8>+0;3*!/+!E.23*'0*D!-WG!'.D!1*23*'0*D!>eA!7L&<)!A0J!-J!*GLLXVA!

H8#>>?!["!B"?![#ECN;3?!V"!0"!I!X7>>?!A"!A"!G"""A!M%+);/$+.'3@!3*%*30')0!D;3$.:!%$3')!'D'>/'/$+.!/+!
')/*3.'/$.:!?+0/0A!E%,%#3'"J!&,+J!GNOINA!

H8DL428?!F"!X"?!FYN;3?!M"!A"?!5#672#8;?!["!5"!I!:8#44Y?!A"!G"""A!S+;32*U0$.B!>+>;)'/$+.!
D@.'6$20!'.D!/?*!>3+()*6!+,!0$/$.:!6'3$.*!3*0*3%*0A!5(..%#3,)&/)>-$3,%)<'3%,'%J!--J!NXXO#G"A!

B;$#49D3?!0"!@"?!A233#D39?!@"!I!R#EDG8;?!0"!X"!G"HHA!1+!$.%'0$%*!0>*2$*0!0?+C!?$:?*3!
>?*.+/@>$2!>)'0/$2$/@!/?'.!.'/$%*!0>*2$*0!'.DJ!$,!0+J!$0!$/!'D'>/$%*f!Z!6*/'U'.')@0$0A!0'&.&96)
L%##%$"J!&+J!KHXOKIHA!

B;$#29?!B"!T"?!:;892Q?!@"!P"?!:2;89D3?!A"!:"?!\6>2L9Q#?!X"!V"?!HD9G28GD3?!A"!["!I!T8223O286?!]"!:"!
HXX#A!&?*!$.%+)%*6*./!+,!2*))U/+U2*))!0$:.')0!$.!/?*!D*%*)+>6*./!+,!'!('2/*3$')!($+,$)6A!<GW0AG0@
A0X)N!;Y)Z[0A)X?<[WAEZ!AJ!'/(J!GXVOGX#A!

42!:;7>;?!["!X"!@"?!06#1?!0"!R"!0"?!@#99#8>#9?!5"?!09CLD8GC?!P"?!U#=E;YJX;8823;?!T"?!F7E;9?!H"!V"!
I!0>>23?!A"!5"!G"HIA!9*6')*!'.D!R')*!='6*/*!R$/+2?+.D3$'!Z3*!1$0/$.2/!'.D!-+6>)*6*./'3@!$.!
&3'.023$>/$+.J!S/3;2/;3*J!'.D!=*.+6*!9;.2/$+.A!E%,&4%)53&.&96)-,8)0H&.(#3&,J!,J!HXLXOHXNNA!

42!U283;>?!0"!I!PDECD3?!0"!G"HHA!1$.+2@0/0!'0!/3'2*30!+,!0*'U0;3,'2*!2+.D$/$+.0!'.D!0*'U$2*!
2+%*3!$.!>+)'3!'.D!0;(>+)'3!*.%$3+.6*./0A!W!7)G&,/%$%,'%)<%$3%"=)0-$#:)-,8)0,H3$&,4%,#-.)
<'3%,'%J!&+J!"HG""NA!

B2ECD?!0"!["!HXX"A!R$23+($')!*8+>+)@6*3!0*23*/$+.0!$.!+2*'.!*.%$3+.6*./0<!/?*$3!3+)*!P0Q!$.!
,++D!C*(0!'.D!6'3$.*!>3+2*00*0A!!'%-,&9$V)>-$V)53&.V)?,,(V);%HJ!'/J!NIOHVIA!

B2N#8JV#>GD3?!]"?!M742Q?!M"?!H7$2>#28?!@"!F"?!T23G2N;33?!H"!F"?!a2C8?!A"!:"!I![D8423?!0"!a"!
G"HHA!=)+(')!D$0/3$(;/$+.!>'//*3.0!+,!D$0/$.2/!2)'D*0!+,!/?*!>?+/+0@./?*/$2!>$2+*;B'3@+/*!

W0/3*+2+22;0A!Z:%)W<>0)+&($,-.J!,J!H"XVOHH"NA!

B282>>2?!]"?!5288;=?!H"?!]9E;342?!@"JF"?!]YEC23#g?!M"?!HDDQ2?!P"?!:#6;32;7?!T"?!B2942$#929?!^"?!
X2>>2E?!F"?!@D82;7?!V"!I!T8#N9>2Y?!R"!G""#A!7$,*U-@2)*!'.D!=*.+6*!+,!W/YVJ!'!7'3:*!15Z!Y$3;0!
+,!/?*!F*)':$2!R'3$.*!c.$2*));)'3!=3**.!Z):'!W0/3*+2+22;0!/';3$A!7L&<)!A0J!*J!*GGV"A!

B282>>2?!]"?!5288;=?!H"?!PDNO;7G9?!M"?!PD7=2?!:"?![D8423?!0"!a"?!PDOO239?!M"?!:;8G239QY?!5"?!
B268D2$2?!M"?!]EC2Y3#2?!M"?!HDDQ2?!P"?!M;2Y9?!^"?![7YG9?!A"?!A;OO;8#?!Z"?!XDL>28?!H"?!:;3;74?!c"?!
:#267?!X"?!X;>>?!M"!T"?!P;>?!A"J:"?!XD762G?!5"J^"?!:#6;32;7?!T"?!B2!X;2G9?!X"?!:#E;84?!0"?!B2>923Y?!
@"?!B2N;#>>2?!A"?!U;3!42!:228?!^"!I!@D82;7?!V"!G""LA!=*.+6*!'.')@0$0!+,!/?*!06'))*0/!,3**U
)$%$.:!*;B'3@+/*!W0/3*+2+22;0!/';3$!;.%*$)0!6'.@!;.$`;*!,*'/;3*0A!7$&'%%83,9")&/)#:%)A-#3&,-.)
?'-8%46)&/)<'3%,'%")&/)#:%)U,3#%8)<#-#%")&/)?4%$3'-J!&(*J!HHLKNOHHLVGA!

B2[#GG?!W"!A"!I!MEC2#328?!M"!@"!G""KA!F?*.+/@>$2!>)'0/$2$/@A!!

B2L#GG?!W"!A"?!M#C?!0"!I![#>9D3?!B"!M"!HXX#A!-+0/0!'.D!)$6$/0!+,!>?*.+/@>$2!>)'0/$2$/@A!Z$%,8")3,)
0'&.&96)M)0H&.(#3&,J!&*J!NNO#HA!

B\HZMcR?!0"!HX#HA!Z.!*8'2/!D*,$.$/$+.!+,!/+/')!')B')$.$/@!'.D!'!>3+2*D;3*!,+3!/?*!*0/$6'/$+.!+,!
')B')$.$/@!'.D!/+/')!$.+3:'.$2!2'3(+.!,3+6!/$/3'/$+.!D'/'A!I%%2)<%-)
;%"%-$':)7-$#)?V)!'%-,&9$-2:3');%"%-$':)7-2%$"J!'/J!L"XOLGIA!

B#N;63D?!F"?!HC;3?!H"!Z"?!A#;?!^"!["?!F;36?!@"!A"?!R2LN;3?!A"!P"?!
@2G9?!F"?!5>2N#36?!T"!P"!I!V;92>QD83?!P"!HXXVA!M.*3:@U&3'.0,*3!'.D!
&3'>>$.:!$.!F?+/+0@0/*6UE!\*'2/$+.!-*./*30!93+6!-@'.+('2/*3$'A!

7$&'%%83,9")&/)#:%)A-#3&,-.)?'-8%46)&/)<'3%,'%"J!)'J!GNHVOGNHXA!



Bibliography 
 

! !HLN!

B#GG;N#?!M"!@"?!T8;$DG?!0"?!TD7>#Gf728?!M"?!PD79$D;>?!M"?!:2G289?!0"!5"?!XD7EC282;7?!0"?!XDY23?!H"!
I!WD3D3?!W"!G"HGA!&+C'3D0!D*2$>?*3$.:!D@.'6$2!2?'.:*0!'.D!*%+);/$+.'3@!6*2?'.$060!
$.%+)%*D!$.!/?*!'D'>/'/$+.!/+!)+C!0')$.$/$*0!$.!M2/+2'3>;0!P(3+C.!'):'*QA!Z:%)7.-,#)+&($,-.J!.+O
.+A!

BD32Y?!M"!H"?!5;O8Y?!U"!A"?!522>Y?!P"!0"!I!Z>2Y1;9?!A"!0"!G""XA!W2*'.!Z2$D$,$2'/$+.<!&?*!W/?*3!-W!
GF3+()*6A!?,,(-.);%H3%B)&/)>-$3,%)<'3%,'%J!&J!HLXOHXGA!

B8;6C#?!A"!0"!I![C#G>DEQ?!@"!H"!G"HGA!F?*.+/@>$2!F)'0/$2$/@!9'2$)$/'/*0!R;/'/$+.')!Y'3$'.2*J!
=*.*/$2!Y'3$'.2*J!Z.D!M%+)%'($)$/@!Z)+.:!&?*!R'T+3!Z8$0!W,!M.%$3+.6*./')!Y'3$'/$+.A!0H&.(#3&,S)
3,#%$,-#3&,-.)T&($,-.)&/)&$9-,3')%H&.(#3&,J!--J!G#XHOGX"GA!

B71D3G?!M"?!BD82Y?!R"?!MG7N11?!@"?!@2>=328?!5"!I!WCD834YQ2?!@"!G"HGA!7+.:U/*36!'.D!/3'.0U
)$,*U2@2)*!*,,*2/0!+,!*8>+0;3*!/+!+2*'.!'2$D$,$2'/$+.!$.!/?*!:3**.!0*'!;32?$.!S/3+.:@)+2*./3+/;0!

D3+*('2?$*.0$0A!>-$3,%)53&.&96J!&-(J!H#IVOH#KIA!

Eggert, A., E. M. Burger, and A. M. Breeman 2005. Ecotypic differentiation in thermal 
traits in the tropical to warm-temperate green macrophyte Valonia utricularis. Botanica 
Marina 46:69–81. 

!

]6>29GD3?!]"!M"?!M;O#32?!H"!F"!I!@D82>?!5"!@"!@"!G"H"A!\*%*))*!3*%$0$/*D<!^;,,*3!,'2/+30!/?'/!
`;'./$,@!/?*!3*0>+.0*!+,!+2*'.!2?*6$0/3@!/+!2?'.:*0!$.!1E-!'.D!')B')$.$/@A!E.&F-.)
53&9%&':%43'-.)G6'.%"J!'+J!!

]>23;?!M"!5"!I!F239Q#?!P"!]"!G""IA!R$23+($')!:*.*/$20<!M%+);/$+.!*8>*3$6*./0!C$/?!
6$23++3:'.$060<!/?*!D@.'6$20!'.D!:*.*/$2!('0*0!+,!'D'>/'/$+.A!A-#($%);%H3%B")E%,%#3'"J!+J!KVNO
KLXA!

]>>289?!A"!I!MG72<28?!A"!5"!G"H"A!93+./$*30!$.!>?*.+/@>$2!>)'0/$2$/@!3*0*'32?<!.*C!`;*0/$+.0!'(+;/!
6*2?'.$060J!$.D;2*D!3*0>+.0*0!'.D!*2+)+:$2')!$6>'2/0A!0H&.(#3&,-$6)0'&.&96J!'+J!VGIOVGLA!

]>928?!A"?!V;Y;Q;L;?!Z"!I!K8;O2?!A"!G""HA!5;/3$*./!)$6$/'/$+.!3*D;2*0!,++D!`;')$/@!,+3!
b++>)'.B/+.<!1'>?.$'!3*0>+.0*!/+!0*0/+.!>?+0>?+3;0!*.3$2?6*./A!0'&.&96J!/'J!#X#OX"IA!

]362>?!0"?!B2>#>>2?!X"?!A;Ef72G?!M"?!P#2O292>>?!K"?!PDEC2>>2JR2L;>>?!]"?!W28O8b6623?!0"!I!
aD3428$;3?!\"!G""KA!&3'.0>'3*./!*8+>+)@6*3!>'3/$2)*0!'.D!D$00+)%*D!+3:'.$2!2'3(+.!
>3+D;2/$+.!(@!M6$)$'.$'!?;8)*@$!*8>+0*D!/+!D$,,*3*./!-WG!2+.2*./3'/$+.0<!'!6*0+2+06!

*8>*3$6*./A!?\(-#3')43'$&F3-.)%'&.&96J!*+J!XIOH"KA!

]83;342?!X"?!B#2EQN;33?!K"!I!V2#3D?!@"!G""KA!ZD'>/$%*!2?'.:*0!$.!?'3%*0/*D!>+>;)'/$+.0<!
>)'0/$2$/@!'.D!*%+);/$+.!+,!':*!'.D!0$b*!'/!6'/;3'/$+.A!7$&'%%83,9")&/)#:%);&6-.)<&'3%#6)5=)
53&.&93'-.)<'3%,'%"J!'.&J!KHVOKGIA!

]91#3D9;JMDGD?!H"?!@;8G#3?!c"!H"!I![;6328?!0"!G"HHA!F?*.+/@>$2!>)'0/$2$/@!2'.!,'2$)$/'/*!
'D'>/$%*!*%+);/$+.!$.!:*.*!3*:;)'/+3@!2$32;$/0A!5>G)0H&.(#3&,-$6)53&.&96J!&&J!VA!

]$;39?!M"!R"!I!MG2#39;>G=?!B"!G""NA!1'6':*!0*:3*:'/$+.!'/!,$00$+.$.:!
6'@!$.23*'0*!:3+C/?!3'/*0<!Z!0;>*3>3+2*00!6+D*)A!Z:%&$%#3'-.)
7&2(.-#3&,)53&.&96J!.&J!KNIOKX"A!

5;O8Y?!U"!A"?!M2#O2>?!X"!0"?!522>Y?!P"!0"!I!c88?!A"!H"!G""#A!E6>'2/0!+,!
+2*'.!'2$D$,$2'/$+.!+.!6'3$.*!,';.'!'.D!*2+0@0/*6!>3+2*00*0A!E.<!

Y+)!LV!>>A!KHKOKIGA!



Bibliography 
 

! !HL#!

5;>ED328?!B"!M"!HXX"A!S*)*2/$+.!$.!D$,,*3*./!*.%$3+.6*./0<!*,,*2/0!+.!*.%$3+.6*./')!0*.0$/$%$/@!
P3*'2/$+.!.+36Q!'.D!+.!6*'.!>*3,+36'.2*A!HOHKA!

5;>QDL9Q#?!:"!T"!G""KA!&?*!M%+);/$+.!+,!R+D*3.!M;B'3@+/$2!F?@/+>)'.B/+.A!<'3%,'%J!*(,J!IVKO
IL"A!

5;>QDL9Q#?!:"!T"?!X;8O28?!P"!I!MN2G;E2Q?!U"!HXX#A!^$+:*+2?*6$2')!-+./3+)0!'.D!9**D('2B0!+.!
W2*'.!F3$6'3@!F3+D;2/$+.A!<'3%,'%J!'/&J!G""OG"LA!

5;L>2Y?!Z"!:"!I!5;L>2Y?!@"!["!G""KA!Z!S$6>)*!'.D!\'>$D!&*2?.$`;*!,+3!/?*!E0+)'/$+.!+,!15Z!
93+6!R$23+'):'*!

A!+&($,-.)&/)7:6'&.&96J!GGIOGGVA!

5;Y?!A"!H"!I![7?!H"J\"!G"""A!e$/2??$B$.:!;.D*3!>+0$/$%*!1'3C$.$'.!0*)*2/$+.A!E%,%#3'"J!&,,J!HK"VO
HKHIA!

5236?!^"?![;8328?!@"!]"?!aC;36?!^"?!M73?!A"?!57?!5"Jh"?!PD92?!A"!@"!I!V7GEC#39?!B"!0"!G""#A!
E./*3'2/$%*!*,,*2/0!+,!$.23*'0*D!>-W!GJ!/*6>*3'/;3*!'.D!$33'D$'.2*!+.!/?*!6'3$.*!

2+22+)$/?+>?+3*!M6$)$'.$'!?;8)*@$PF3@6.*0$+>?@2*'*QA!0($&2%-,)+&($,-.)&/)7:6'&.&96J!+*J!#NO
X#A!

5#2>4?!H"!X"!HXX#A!F3$6'3@!F3+D;2/$+.!+,!/?*!^$+0>?*3*<!E./*:3'/$.:!&*33*0/3$')!'.D!W2*'.$2!
-+6>+.*./0A!<'3%,'%J!'/&J!GINOGK"A!

5#289G?!A"!F"!G"HHA!Z!?$0/+3@!+,!>?*.+/@>$2!>)'0/$2$/@!'22*)*3'/*0!'D'>/'/$+.!/+!'!.*C!
*.%$3+.6*./A!+&($,-.)&/)0H&.(#3&,-$6)53&.&96J!'+J!HXXGOG""HA!

5#3Q2>?!a"!U"?!X2;84;>>?!A"?!5>Y33?!Z"!A"?!e7#66?!0"?!P229?!W"!0"!U"!I!P;$23?!A"!0"!G"H"A!
F?@/+>)'.B/+.!$.!'!2?'.:$.:!C+3)D<!2*))!0$b*!'.D!*)*6*./')!0/+$2?$+6*/3@A!+&($,-.)&/)7.-,K#&,)
;%"%-$':J!*'J!HHXOHINA!

5#9G;8D>?!T"!c"?!F268;34?!H"?!P2362<D89?!Z"!I!T8;32>#?!]"!G""KA!&*6>+3'3@!2@0/!,+36'/$+.!$.!
>?@/+>)'.B/+.<!'!3*0>+.0*!/+!'))*)+>'/?$2!2+6>*/$/+30f!0,H3$&,4%,#-.)>3'$&F3&.&96J!-J!NXHO
NX#A!

5>2NN#36?!V"JH"!I![#3623428?!A"!G"H"A!&?*!($+,$)6!6'/3$8A!A-#($%);%H3%B")>3'$&F3&.&96J!/J!
LGIOLIIA!

5>Y33?!Z"!A"?!X>;EQ<D84?!A"!H"?!X;#84?!@"!]"?!P;$23?!A"!0"?!H>;8Q?!B"!P"?!X2;84;>>?!A"?!X8DL3>22?!H"?!
5;O#;3?!V"!I![C22>28?!T"!F"!G"HGA!-?'.:*0!$.!>e!'/!/?*!*8/*3$+3!0;3,'2*!+,!>)'.B/+.!C$/?!+2*'.!
'2$D$,$2'/$+.A!A-#($%)7(F.3":3,9)E$&(2J!'J!VH"OVHIA!

58;4;?!@"?!:8DO28G?!\"?!0>>23?!@"!A"?![#>9D3?!["!V"!I!42!U;86;9?!H"!G""#A!&?*!m-?*0?$3*!-'/n!
*02'>*!0/3'/*:@!+,!/?*!2+22+)$/?+>?+3*!M6$)$'.$'!?;8)*@$!$.!3*0>+.0*!/+!%$3')!$.,*2/$+.A!

7$&'%%83,9")&/)#:%)A-#3&,-.)?'-8%46)&/)<'3%,'%"J!&(,J!HVXKKOHVXKXA!

58;3Q>#3?!B"!A"!G"HKA!M8>)'$.$.:!/?*!2';0*0!+,!2*))!D*'/?!$.!2@'.+('2/*3$'<!C?'/!3+)*!,+3!
'0@66*/3$2!D$%$0$+.f!+&($,-.)&/)7.-,K#&,);%"%-$':J!*-J!HHOHNA!

58;3Q9?!M"!A"!I!VD<<N;33?!0"!0"!G"HGA!=*.*/$20!+,!-)$6'/*!-?'.:*!
ZD'>/'/$+.A!?,,(-.);%H3%B)&/)E%,%#3'"J!+-J!H#VOG"#A!

58D9G?!X"!["!I!58;3=23?!R"!H"!HXXGA!=3'b$.:!'.D!$3+.!)$6$/'/$+.!$.!
/?*!2+./3+)!+,!>?@/+>)'.B/+.!0/+2B!'.D!.;/3$*./!2+.2*./3'/$+.<!Z!

2?*6+0/'/!'.')+:;*!+,!/?*!F'2$,$2!*`;'/+3$')!;>C*))$.:!b+.*A!>-$3,%)



Bibliography 
 

! !HLX!

%'&.&96)2$&9$%"")"%$3%"V)!.8%,8&$/J!/*J!GXHOI"IA!

57?!5"!h"?!@7>CD>>;34?!@"!P"?!T;8E#;?!R"!M"?!X2EQ?!0"?!X283C;84G?!:"!["?![;8328?!@"!]"?!M;374DJ
[#>C2>NY?!M"!0"!I!V7GEC#39?!B"!0"!G""#A!E./*3'2/$+.0!(*/C**.!-?'.:$.:!>-WoJ!5o!9$8'/$+.J!'.D!
9*!7$6$/'/$+.!$.!/?*!R'3$.*!c.$2*));)'3!-@'.+('2/*3$;6!-3+2+0>?'*3'A!L34,&.&96)-,8)
!'%-,&9$-2:6J!GKNGOGK#KA!

57?!5"Jh"?![;8328?!@"!]"?!aC;36?!^"?!5236?!^"!I!V7GEC#39?!B"!0"!G""NA!M,,*2/0!+,!E.23*'0*D!
&*6>*3'/;3*!'.D!-+G!+.!F?+/+0@./?*0$0J!=3+C/?J!'.D!M)*6*./')!\'/$+0!$.!R'3$.*!

S@.*2?+2+22;0'.D!F3+2?)+3+2+22;0!P-@'.+('2/*3$'QA!+&($,-.)&/)7:6'&.&96J!+*J!K#VOKXLA!

57C8N;3?!A"!0"!HXXXA!R'3$.*!%$3;0*0!'.D!/?*$3!($+:*+2?*6$2')!'.D!*2+)+:$2')!*,,*2/0A!A-#($%J!
*))J!VKHOVK#A!

T;D?!Z"?!h7?!A"?!T;D?!T"?!F#?!^"?!V7GEC#39?!B"!0"?!V7;36?!X"?![;36?!F"?!aC236?!^"?!A#3?!:"?!H;#?!h"?!
Vi428?!B"J:"?!F#?!["?!h7?!Z"?!F#7?!R"!I!P#2O292>>?!K"!G"HGA!\$0$.:!-WG!'.D!$.23*'0*D!)$:?/!
*8>+0;3*!0@.*3:$0/$2'))@!3*D;2*!6'3$.*!>3$6'3@!>3+D;2/$%$/@A!A-#($%)7(F.3":3,9)E$&(2J!'J!HOVA!

TC;>;NOD8?!H"!Z"?!@EQ;Y?!A"!Z"?!H;88D>>?!M"!:"!I!P2=3#EQ?!B"!R"!G""NA!ZD'>/$%*!Y*30;0!5+.U
'D'>/$%*!>?*.+/@>$2!>)'0/$2$/@!'.D!/?*!>+/*./$')!,+3!2+./*6>+3'3@!'D'>/'/$+.!$.!.*C!

*.%$3+.6*./0A!Q(,'#3&,-.)0'&.&96J!'&J!IXKOK"NA!

T#;3D>#?!]"!I!:;>;E#DJFj!12=?!Z"!G""XA!F?*.+/@>$2!$./*:3'/$+.!6'@!2+.0/3'$.!>?*.+/@>$2!
>)'0/$2$/@!$.!>)'./0A!!3K&"J!&&/J!HXGKOHXG#A!

T#23;11?!:"?!W21>#G9QY?!H"?!0>CD?!A"!M"?!@#>>9?!A"!0"!I!@28#>i?!A"!G""#A!-)$6'/*!2?'.:*!'.D!
*%+);/$+.<!D$0*./'.:)$.:!*.%$3+.6*./')!'.D!:*.*/$2!3*0>+.0*0A!>&.%'(.-$)0'&.&96J!&.J!HLNOHN#A!

T#>O28G?!A"!0"?!5#2>4?!B"?!V7;36?!^"?!]4L;849?!P"?!F#?!["?!T#>3;?!:"!I!AD#3G?!\"!G""#A!1*/*2/$+.!+,!
7'3:*!5;6(*30!+,!5+%*)!S*`;*.2*0!$.!/?*!R*/'/3'.023$>/+6*0!+,!-+6>)*8!R'3$.*!R$23+($')!

-+66;.$/$*0A!7L&<)!A0J!*J!*I"KGA!

T#>1#3?!@"!I!V;39Q#?!\"!HXXHA!R*/'>+>;)'/$+.!D@.'6$20<!(3$*,!?$0/+3@!'.D!2+.2*>/;')!D+6'$.A!
>%#-2&2(.-#3&,)86,-43'"=)%423$3'-.)-,8)#:%&$%#3'-.)3,H%"#39-#3&,"J!IOHLA!

TD4C2?!0"?!RD823?!5"?!Z7Y>239G#283;?!@"?!]QO286?!H"!I!Z;8>9D3?!X"!G""HA!\*)'/$+.0?$>!(*/C**.!
>)'.B/+.$2!D$.+,)':*))'/*!'(;.D'.2*J!2@0/0!3*2+%*3*D!$.!0*D$6*./!/3'>0!'.D!*.%$3+.6*./')!

,'2/+30!$.!/?*!=;))6'3!9T+3DJ!SC*D*.A!+&($,-.)&/)7.-,K#&,);%"%-$':J!'*J!XGIOXI#A!

TDN2=J@29G82?!\"!I!AD$;3#?!P"!G"HIA!Z!?*;3$0/$2!6+D*)!+.!/?*!3+)*!+,!>)'0/$2$/@!$.!'D'>/$%*!
*%+);/$+.<!>)'0/$2$/@!$.23*'0*0!'D'>/'/$+.J!>+>;)'/$+.!%$'($)$/@!'.D!:*.*/$2!%'3$'/$+.A!7$&'%%83,9")
&/)#:%);&6-.)<&'3%#6)5=)53&.&93'-.)<'3%,'%"J!'/(J!G"HIH#LXOG"HIH#LXA!

TDN7>Q#2L#E=?!P"!I!Z#8Q1;G8#EQ?!@"!HXXGA!p;'./$/'/$%*!=*.*/$20!'.D!/?*!M%+);/$+.!+,!\*'2/$+.!
5+360A!0H&.(#3&,S)3,#%$,-#3&,-.)T&($,-.)&/)&$9-,3')%H&.(#3&,J!+-J!IX"OKHHA!

T8;3?!T"!HXVGA!1*/*36$.'/$+.!+,!/?*!*`;$%')*.2*!>+$./!$.!>+/*./$+6*/3$2!/$/3'/$+.0A!F'3/!EEA!Z:%)
?,-.6"#J!..J!LLHA!

T8;$2>?!B"?!T7#EC;84?!5"?!FD82;7?!@"!I!@D7f72G?!R"!G"H"A!S+;32*!
'.D!0$.B!D@.'6$20!$.!6*/'U*2+0@0/*60A!0'&.&96J!)&J!GHNGOGH#KA!

T827O?!T"!G"HGA!7'/*3')!:*.*!*82?'.:*0!0?'>*!/?*!:*.+6*0+,!
'6+*('U3*0$0/$.:!6$23++3:'.$060A!HOHVA!

T8#N9>2Y?!R"!V"?!WCDN;9?!P"?!Z262>?!A"!K"?!A;Ef72G?!M"?!@D82;7?!V"!I!



Bibliography 
 

! !HN"!

B2942$#929?!^"!G"HGA!E%,&43'")&/)?.9-.)[&"#*R3$(")W,#%$-'#3&,"V)M)0*%$*3A!!

T8#N9>2Y?!R"?!:2f7#3?!X"?!X;ECY?!H"?!@D82;7?!V"!I!:#6;32;7?!T"!G""XA!-3@>/$2!S*8!$.!/?*!
S6'))*0/!M;B'3@+/$2!R'3$.*!=3**.!Z):'A!>&.%'(.-$)53&.&96)-,8)0H&.(#3&,J!'.J!KNOVKA!

T7#4#?!F"?!MG2NN;33?!F"?!A;EQ9D3?!T"!0"?!\O;32=?!5"?!H>;79G82?!V"?!F2623482?!F"?!:#EC28;>?!@"!I!
TD89QY?!T"!G""XA!M,,*2/0!+,!>?@/+>)'.B/+.!2+66;.$/@!+.!>3+D;2/$+.J!0$b*!'.D!*8>+3/!+,!)'3:*!
'::3*:'/*0<!Z!C+3)DU+2*'.!'.')@0$0A!L34,&.&96)-,8)!'%-,&9$-2:6J!,+J!HXVHA!

T7#>>D7?!F"?!]#Q82N?!["?!HC8gG#233DGJB#32G?!@"JA"?!F2!T;>>?!5"?!@;99;3;?!P"?!PDN;8#?!Z"?!
:248k9J0>#k?!H"!I!U;7>DG?!B"!G""KA!1$%*30$/@!+,!>$2+>)'.B/+.$2!>3'0$.+>?@/*0!'00*00*D!(@!D$3*2/!
.;2)*'3!SSc!315Z!0*`;*.2$.:!+,!*.%$3+.6*./')!0'6>)*0!'.D!.+%*)!$0+)'/*0!3*/3$*%*D!,3+6!

+2*'.$2!'.D!2+'0/')!6'3$.*!*2+0@0/*60A!?,,-.")&/)?,-#&46J!&,,J!HXIOGHKA!

T7=Nl3?!V"!@"?!A;8;!U;>#4D?!0"?!B7;8G2?!F"!H"!I!:829N;329?!Z"!5"!G""XA!M0/$6'/*!(@!6*'.0!+,!
,)+C!2@/+6*/3@!+,!%'3$'/$+.!$.!2+6>+0$/$+.!+,!,'//@!'2$D0!,3+6!&*/3'0*)6$0!0;*2$2'!$.!3*0>+.0*!/+!

2;)/;3*!2+.D$/$+.0A!?\(-'(.#($%)W,#%$,-#3&,-.J!&/J!H#XOHXXA!

V;>>JM123E28?!A"!@"?!PD4D><DJ@2G;>1;?!P"?!@;8G#3?!M"?!P;39DN2?!]"?!5#32?!@"?!W78328?!M"!@"?!
PDL>2Y?!M"!A"?!W2429ED?!B"!I!X7#;?!@"JH"!G""#A!Y+)2'.$2!2'3(+.!D$+8$D*!%*./0!0?+C!*2+0@0/*6!
*,,*2/0!+,!+2*'.!'2$D$,$2'/$+.A!A-#($%J!+,+J!XLOXXA!

V;32Y?!A"!B"!HXXLA!R+D*)$.:!>?@/+>)'.B/+.!:3+C/?!3'/*0A!+&($,-.)&/)7.-,K#&,);%"%-$':J!&/J!LIO
#VA!

V;3923?!@"!@"?!c>#$#28#?!\"?![;>>28?!B"!@"?!R#2>923?!]"!]"WC2!T2N![D8Q#36!T8D71A!G"HGA!
R+.$/+3$.:!ZD'>/$%*!=*.*/$2!\*0>+.0*0!&+!M.%$3+.6*./')!-?'.:*A!>&.%'(.-$)0'&.&96J!'&J!
HIHHOHIGXA!

V;84#3?!T"!HXL"A!&?*!2+6>*/$/$%*!*82);0$+.!>3$.2$>)*A!<GW0AG0@A0X)N!;Y)Z[0A)X?<[WAEZ!AJ!
&*&J!HGXGOHGXNA!

VD>NC;3923?!c"!I!P#2N;33?!X"!HXN#A!-?)+3+>?@))!'!1*/*36$.'/$+.!U!E6>3+%*6*./0!$.!
R*/?+D+)+:@A!!3K&"J!*(J!KI#OKKNA!

VD112?!H"!A"!@"?!V;99>28?!H"!M"?!:;Y32?!H"!B"?!WD8G2>>?!:"!B"?!PD9G?!X"!I!W8#NOD83?!M"!G"HIA!E3+.!
7$6$/'/$+.!R+D;)'/*0!W2*'.!Z2$D$,$2'/$+.!M,,*2/0!+.!S+;/?*3.!W2*'.!F?@/+>)'.B/+.!

-+66;.$/$*0A!7L&<)!A0J!/J!*NX#X"A!

VD112?!H"!A"!@"?!F;3628?!T"!I!PD9G?!X"!G"H"A!M6$)$'.$'!?;8)*@$!0?+C0!$D*./$2')!3*0>+.0*0!/+!
*)*%'/*D!>-WG!$.!&Z!'.D!1E-!6'.$>;)'/$+.0A!+&($,-.)&/)012%$34%,#-.)>-$3,%)53&.&96)-,8)0'&.&96J!
+(-J!VKOLGA!

V7?!V"!I!T;D?!Z"!G""XA!E6>'2/0!+,!-WG!*.3$2?6*./!+.!:3+C/?!'.D!>?+/+0@./?*0$0!$.!,3*0?C'/*3!
'.D!6'3$.*!D$'/+60A!G:3,%"%)+&($,-.)&/)!'%-,&.&96)-,8)L34,&.&96J!'-J!K"NOKHKA!

V728G;9?!\"!]"?!PD7ED?!@"?!FD12=JPD4;9?!U"!I!HD9G;9?!]"!G"H"A!M0/$6'/$.:!/?*!2'>'($)$/@!+,!
D$,,*3*./!>?@/+>)'.B/+.!:3+;>0!/+!'D'>/!/+!2+./'6$.'/$+.<!?*3($2$D*0!C$))!',,*2/!>?@/+>)'.B/+.!

0>*2$*0!D$,,*3*./)@A!A%B)2:6#&.&93"#J!&//J!KN#OK#NA!

V728G;9?!\"!]"?!PD7ED?!@"?!FD12=JPD4;9?!U"!I!HD9G;9?!]"!G"HHA!
k'36$.:!C$))!',,*2/!>?@/+>)'.B/+.!D$,,*3*./)@<!*%$D*.2*!/?3+;:?!'!

6*2?'.$0/$2!'>>3+'2?A!7$&'%%83,9")&/)#:%);&6-.)<&'3%#6)5=)53&.&93'-.)
<'3%,'%"J!'./J!IVIKOIVKIA!

V7#9N;3?!A"!G"H"A!-+66*./!+.!mF'//*3.0!+,!1$%*30$/@!$.!R'3$.*!



Bibliography 
 

! !HNH!

F?@/+>)'.B/+.An!<'3%,'%J!*')J!VHGOVHGA!

V7#9N;3?!A"?!MC;81>29?!A"?!MG8DDN?!A"!@"?!U#9928?!:"!@"?!Z;84#3;;>?!["!]"!0"?!U2891;623?!A"!@"!I!
MDNN2#S28?!X"!G""KA!-?'.:*0!$.!/;3(;)*./!6$8$.:!0?$,/!2+6>*/$/$+.!,+3!)$:?/!(*/C**.!
>?@/+>)'.B/+.!0>*2$*0A!0'&.&96J!/,J!GXL"OGXN"A!

V7GEC#39?!B"!0"?!@7>CD>>;34?!@"!P"!I!57?!5"!G""XA!5;/3$*./!-@2)*0!'.D!R'3$.*!R$23+(*0!$.!'!
-WGUM.3$2?*D!W2*'.A!!'%-,&9$-2:6J!''J!HG#OHKVA!

V7GEC#39?!B"?!57?!5"?!aC;36?!^"!I![;8328?!@"!G""NA!-WG!2+./3+)!+,!&3$2?+D*06$;6!5G!,$8'/$+.J!
>?+/+0@./?*0$0J!:3+C/?!3'/*0J!'.D!*)*6*./')!3'/$+0<!E6>)$2'/$+.0!,+3!>'0/J!>3*0*./J!'.D!,;/;3*!

+2*'.!($+:*+2?*6$0/3@A!L34,&.V)!'%-,&9$J!,'J!HGXIOHI"KA!

V7GEC#39D3?!T"!]"!HXLHA!&?*!>'3'D+8!+,!/?*!>)'.B/+.A!?4%$3'-,)A-#($-.3"#J!),J!HINOHKVA!

\N?!H"JM"?!aC;36?!a"?!MC8;628?!A"?!HC;36?!H"J["!I!T8D99N;3?!0"!P"!G""IA!Z.')@0$0!+,!)$:?/!'.D!-WG!
3*:;)'/$+.!$.!-?)'6@D+6+.'0!3*$.?'3D/$$!;0$.:!:*.+6*UC$D*!'>>3+'2?*0A!7:&#&"6,#:%"3")
;%"%-$':J!.,J!HHHOHGVA!

\:HHA!G""NA!E./*3:+%*3.6*./')!F'.*)!+.!-)$6'/*!-?'.:*!PG""NQ!k+3B$.:!=3+;>!E!3*>+3/!m&?*!
>?@0$2')!02$*.2*!('0$0An!Z%'$)'()*!'/<!?//><[[$>22UC:HA;2'3A*D;[C:H[C:HU3*>+3/A?/6)!

A!!

\8#6D#23?!h"?!V7#9N;3?!A"!I!V;88#9?!P"!:"!G""KA!=)+(')!($+D$%*30$/@!>'//*3.0!+,!6'3$.*!
>?@/+>)'.B/+.!'.D!b++>)'.B/+.A!A-#($%J!+')J!#LIO#LNA!

\$28923?!@"!V"!I!:>D76?!V"!G"HIA!&*6>*3'/;3*!*,,*2/0!+.!2'3(+.U0>*2$,$2!3*0>$3'/$+.!3'/*!'.D!
0$.B$.:!%*)+2$/@!+,!D$'/+6!'::3*:'/*0!q.D'0?r!>+/*./$')!$6>)$2'/$+.0!,+3!D**>!+2*'.!*8>+3/!

>3+2*00*0A!53&9%&"'3%,'%")I3"'(""3&,"J!&(J!INHOIXXA!

A#3?!:"?!T;D?!Z"!I!X2;84;>>?!A"!G"HIA!M%+);/$+.'3@!3*0>+.0*0!+,!'!2+22+)$/?+>?+3$D!=*>?@3+2'>0'!
+2*'.$2'!/+!+2*'.!'2$D$,$2'/$+.A!0H&.(#3&,S)3,#%$,-#3&,-.)T&($,-.)&/)&$9-,3')%H&.(#3&,J!-.J!H#LXO
H#N#A!

AD#3G?!\"?!BD32Y?!M"!H"!I!Z;8>?!B"!@"!G"H"A!k$))!+2*'.!'2$D$,$2'/$+.!',,*2/!6'3$.*!6$23+(*0q`;*0/A!
Z:%)W<>0)+&($,-.J!,J!HONA!

Z;1>;3?!0"!I!P2#3CD>4?!F"!HXXXA!-WG!-W5-M5&\Z&E5=!RM-eZ5ESRS!E5!FeW&WSl5&eM&E-!
RE-\WW\=Z5ESRSA!?,,(-.)$%H3%B)&/)2.-,#)2:6"3&.&96)-,8)2.-,#)4&.%'(.-$)F3&.&96J!,(J!VIXOVN"A!

Z;8;G;3?!]"!I![;G3#EQ?!:"!G""XA!S$:.')0J!\*:;)'/+3@!5*/C+3B0J!'.D!R'/*3$')0!&?'/!^;$)D!'.D!
^3*'B!^'2/*3$')!^$+,$)60A!>3'$&F3&.&96)-,8)>&.%'(.-$)53&.&96);%H3%B"J!.*J!IH"OIKNA!

Z;9923?!P"!G""GA!&?*!*8>*3$6*./')!*%+);/$+.!+,!0>*2$')$0/0J!:*.*3')$0/0J!'.D!/?*!6'$./*.'.2*!+,!
D$%*30$/@A!+&($,-.)&/)0H&.(#3&,-$6)53&.&96J!&,J!HNIOHX"A!

Zl8D>Y#?!T"?!:g3G2Q?!0"?!MEC278#36?!\"?!Wg>?!W"!I!WD8DE=Q;#?!a"!G"""A!-?'+/$2!,)+C<!/?*!>?@0$20!+,!
0>*2$*0!2+*8$0/*.2*A!7$&'%%83,9")&/)#:%)A-#3&,-.)?'-8%46)&/)<'3%,'%"J!
).J!HILLHOHILLVA!

Z2>>28?!@"!B"?!M2>$#3?!P"!H"?!H>;79?!["!I!T7#>>;84?!P"!HX#NA!R*D$'!,+3!
/?*!-;)/;3*!+,!W2*'.$2!c)/3'>?@/+>)'.B/+.A!+&($,-.)&/)7:6'&.&96J!'*J!
LIIOLI#A!

Z288?!X"?!P#>2Y?!@"!0"?!52>4N;3?!@"!["!I!XDC;33;3?!X"!A"!G""GA!



Bibliography 
 

! !HNG!

7+2')!D$0>*30')!>3+6+/*0!($+D$%*30$/@!$.!'!3*')U)$,*!:'6*!+,!3+2BO>'>*3O02$00+30A!A-#($%J!+&/J!
HNHOHNKA!

Z2GD>;?!W"?!@#QD38;3G;?!F"?!aC;36?!A"?!M;;8#323?!Z"?!m8Ni>i?!0"!@"?!58#N;3?!U"!:"?!@;1129?!A"!I!
F;;Q9D?!A"!G"HIA!9);2/;'/$.:!&*6>*3'/;3*!7*'D0!&+!M%+);/$+.!W,!&?*36')!=*.*3')$06!Z.D!
F3*'D'>/'/$+.!&+!5+%*)!M.%$3+.6*./0A!0H&.(#3&,S)3,#%$,-#3&,-.)T&($,-.)&/)&$9-,3')%H&.(#3&,J!!

Z#369D>$28?!A"!T"?!P;6>;34?!T"!A"!I!MC>#ECG;?!A"!T"!G""KA!p;'./$/'/$%*!:*.*/$20!+,!2+./$.;+;0!
3*'2/$+.!.+360<!&?*36')!0*.0$/$%$/@!+,!2'/*3>$))'3!:3+C/?!3'/*0A!0H&.(#3&,S)3,#%$,-#3&,-.)T&($,-.)
&/)&$9-,3')%H&.(#3&,J!,/J!HVGHOHVGXA!

Z#89G?!T"!c"!HXX"A!S')$.$/@!/+)*3'.2*!+,!*;B'3@+/$2!6'3$.*!'):'*A!?,,(-.)$%H3%B)&/)2.-,#)
2:6"3&.&96)-,8)2.-,#)4&.%'(.-$)F3&.&96J!+&J!GHOVIA!

Z>;#9?!P"?!W;NN#323?!W"?!Z82N1?!0"?!M1#>>#36?!Z"?!03?!X"!["?!V;S47?!M"!I!c>>#?!Z"!G"HIA!S>3$.:!
>?@/+>)'.B/+.!2+66;.$/$*0!0?'>*D!(@!$./*3'..;')!C*'/?*3!%'3$'($)$/@!'.D!D$0>*30')!)$6$/'/$+.<!

R*2?'.$060!+,!2)$6'/*!2?'.:*!*,,*2/0!+.!B*@!2+'0/')!>3$6'3@!>3+D;2*30A!L34,&.V)!'%-,&9$J!,/J!
NVIONLGA!

Z>#8D3DND9?!5"!B"?!X286?!A"!I!HD>>#39?!M"!G"HIA!e+C!*>$:*.*/$2!6;/'/$+.0!2'.!',,*2/!:*.*/$2!
*%+);/$+.<!R+D*)!'.D!6*2?'.$06A!53&%""-6"J!*,J!VNHOVN#A!

ZDEC?!0"!F"!HX##A!k?@!2'.s/!'!2*))!:3+C!$.,$.$/*)@!,'0/f!G-,-83-,)+&($,-.)&/)>3'$&F3&.&96J!*+J!
KGHOKGLA!

ZD11?!0"!G""XA!R*/'6+D*)0!Z.D!F?@)+:*.*/$2!\*>)$2'/$+.<!Z!S@0/*6'/$2!Z>>3+'2?!&+!&?*!
M%+);/$+.!W,!1*%*)+>6*./')!F'/?C'@SA!0H&.(#3&,S)3,#%$,-#3&,-.)T&($,-.)&/)&$9-,3')%H&.(#3&,J!-*J!
GNNHOGN#XA!

Z8;3=?!M"!0"?!]#EC328?!@"!I!PD9G?!X"!G"H"A!E./*3'2/$+.0!(*/C**.!--R!'.D!5G!,$8'/$+.!$.!
&3$2?+D*06$;6A!7:&#&"6,#:%"3");%"%-$':J!&()J!NIO#KA!

Z8;3=?!M"?!M7>G2N2Y28?!B"?!P#ECG28?!Z"!K"!I!PD9G?!X"!G""XA!-'3(+.!'2`;$0$/$+.!$.!
&3$2?+D*06$;6<!&?*!*,,*2/!+,!>-WG!'.D!D$;3.')!2?'.:*0A!L34,&.&96)-,8)!'%-,&9$-2:6V)]^)C_D=J!
VK#OVVXA!

Z82N1?!0"!G"HIA!1$%*30$/@!+,!D$.+t':*))'/*!)$,*!2@2)*0<!,'2*/0!'.D!$6>)$2'/$+.0!+,!2+6>)*8!
0/3'/*:$*0A!`)-,8)E%&.&93'-.)7%$"2%'#3H%")&/)I3,&/.-9%..-#%"J!!

Z82N1?!0"?!P2362<D89?!Z"!I!@D3G829D8?!@"!G""XA!S>*2$*0U0>*2$,$2!*.2@0/6*./!>'//*3.0!$.!/?3**!
^')/$2!2+)DUC'/*3!D$.+,)':*))'/*0<!&?*!3+)*!+,!6;)/$>)*!2;*0!$.!3*0/$.:!2@0/!,+36'/$+.A!L34,&.&96)
-,8)!'%-,&9$-2:6J!,+J!HHGVA!

Kroeker, K. J., R. L. Kordas, R. N. Crim, and G. G. Singh. 2010. Meta- analysis reveals negative 
yet variable effects of ocean acidification on marine organisms. Ecology Letters 13:1419–1434. 

Z7992>>?!]"!G""VA!F?*.+/@>$2!1$%*30$/@J!F+>;)'/$+.!=3+C/?J!'.D!E.,+36'/$+.!$.!9);2/;'/$.:!
M.%$3+.6*./0A!<'3%,'%J!*()J!G"NVOG"N#A!

>;!A;8;?!42?!0"?!@234D=;?!V"?!@;8G2>?!0"?!@D>#3;?!H"?!RD849G8D3?!F"?!
>;!PD9;?!42?!U"!I!B#;=?!P"!G""IA!9)+C!2@/+6*/3$2!D*/*36$.'/$+.!+,!
)$>$D!2+./*./!$.!'!6'3$.*!D$.+,)':*))'/*J!-3@>/?*2+D$.$;6!2+?.$$A!

+&($,-.)&/)?22.3%8)7:6'&.&96J!&,J!KIIOKI#A!

F;6;GD8?!@"?!@D86;3?!0"?!R2$2?!:"!I!HD>268;$2?!R"!G"HKA!\W7M!W9!
SMu!Z51!RE=\Z&EW5!E5!Z1ZF&Z&EW5!&W!SE5v!M5YE\W5RM5&SA!



Bibliography 
 

! !HNI!

0H&.(#3&,S)3,#%$,-#3&,-.)T&($,-.)&/)&$9-,3')%H&.(#3&,J!P$.!>3$./QA!

F;342?!P"!G""XA!ZD'>/'/$+.!/+!'.!*8/3'+3D$.'3@!*.%$3+.6*./!(@!*%+);/$+.!+,!>?*.+/@>$2!
>)'0/$2$/@!'.D!:*.*/$2!'00$6$)'/$+.A!+&($,-.)&/)0H&.(#3&,-$6)53&.&96J!''J!HKIVOHKKLA!

F;32Y?!M"!P"?!c>9D3?!P"!A"!I!MD9#Q?!V"!@"!G"HGA!1$'/+60!,'%+3!/?*$3!@+;.:*3!D';:?/*30A!L34,&.&96)
-,8)!'%-,&9$-2:6J!,.J!HVNGOHVN#A!

F;3628?!T"?!T2#923?!@"?!X;7N;33?!Z"JV"?!Z>i9?!A"?!P#2O292>>?!K"?!WCDN9?!M"!I!^D736?!A"!P"!G""LA!
S>*2$*0U0>*2$,$2!3*0>+.0*0!+,!2')2$,@$.:!'):'*!/+!2?'.:$.:!0*'C'/*3!2'3(+.'/*!2?*6$0/3@A!

E%&':%43"#$6)E%&2:6"3'")E%&"6"#%4"J!.J!!

F;3628?!T"?!R2C8Q2?!T"?!:8DO28G?!\"?!FY?!A"!I!a#$28#?!:"!G""XA!S/3'$.U0>*2$,$2!3*0>+.0*0!+,!
M6$)$'.$'!?;8)*@$!/+!2?'.:$.:!0*'C'/*3!2'3(+.'/*!2?*6$0/3@A!53&9%&"'3%,'%"J!-J!GLINOGLKLA!

F;L823E2?!B"?!5#263;?!5"?!X2C82349?!U"?!X734Y?!A"!T"?!:C#>>#ND82?!0"!X"?!X2>>?!W"!I!X;88;E>D76C?!
W"!T"!G"HGA!S>*2$*0!E./*3'2/$+.0!Z)/*3!M%+);/$+.'3@!\*0>+.0*0!/+!'!5+%*)!M.%$3+.6*./A!7L&<)
53&.&96J!&(J!*H""HII"A!

F;=;8?!U"!G"HHA!p;+3;6!0*.0$.:!$.!($+A!?,-%$&F%J!&.J!G#"OG#VA!

F2!X#C;3?!W"?!@;8G#3?!M"!5"?!HC#839#42?!]"!M"?!$;3!cD#S23?!T"?!X;88#D9JFF2823;?!@"!]"?!cnR2#>>?!A"!
M"?!MC>#;C;?!:"!U"?!Z288?!F"!]"!I!@#>>;8?!0"!A"!G"HHA!S?+/:;.!>3+/*+6$2!'.')@0$0!+,!/?*!;.$2*));)'3!
'):'A!+&($,-.)&/)7$&#%&43'"J!HOHHA!

F2!e7282?!H"?!V;88#9D3?!M"?!Z>;;9?!H"!I!ZDC<2>4?!Z"!G""VA!M2+0@0/*6!D@.'6$20!('0*D!+.!
>)'.B/+.!,;.2/$+.')!/@>*0!,+3!:)+(')!+2*'.!($+:*+2?*6$0/3@!6+D*)0w!R'2`;'3$*!c.$%*30$/@!

\*0*'32?W.)$.*A!E.&F-.)G:-,9%)53&.&96J!&&J!G"HLOG"HLG""K"A!

F233D3?!A"!W"!I!AD329?!M"!]"!G"HHA!R$23+($')!0**D!('.B0<!/?*!*2+)+:$2')!'.D!*%+);/$+.'3@!
$6>)$2'/$+.0!+,!D+36'.2@A!A-#($%);%H3%B")>3'$&F3&.&96J!)J!HHXOHI"A!

F239Q#?!P"!]"!I!W8;$#9;3D?!@"!HXXKA!1@.'6$20!+,!'D'>/'/$+.!'.D!D$%*30$,$2'/$+.<!'!H"J"""U
:*.*3'/$+.!*8>*3$6*./!C$/?!('2/*3$')!>+>;)'/$+.0A!7$&'%%83,9")&/)#:%)A-#3&,-.)?'-8%46)&/)
<'3%,'%"J!)&J!L#"#OL#HKA!

F239Q#?!P"!]"?!PD92?!@"!P"?!M#N19D3?!M"!H"!I!W;4>28?!M"!H"!HXXHA!7+.:U/*36!*8>*3$6*./')!
*%+);/$+.!$.!M02?*3$2?$'!2+)$A!EA!ZD'>/'/$+.!'.D!D$%*3:*.2*!D;3$.:!GJ"""!:*.*3'/$+.0A!?4%$3'-,)
A-#($-.3"#J!HIHVOHIKHA!

F2$#3?!B"!0"!HX##A!7+2')!D$,,*3*./$'/$+.!'.D!/?*!(3**D$.:!0/3;2/;3*!+,!>)'./!>+>;)'/$+.0A!I"VO
IGXA!

F2$#G;3?!c"?!PcM]RX]PT?!T"?!M]WF\Z?!\"?!M]WF\ZcU0?!]"?!TP\T]F?!A"?!ZF]:]W0P?!A"?!:P0M\F?!c"!
I!X]P@0RJ5P0RZ?!\"!G""NA!M)*%'/*D!-W!G*.?'.2*0!.$/3+:*.!,$8'/$+.!'.D!:3+C/?!$.!/?*!6'3$.*!
2@'.+('2/*3$;6!&3$2?+D*06$;6A!E.&F-.)G:-,9%)53&.&96J!&*J!VIHOVI#A!

F2L#9?!]"!I![;>>;E2?!B"!HXX#A!-WGSlSxF3+:3'6!D*%*)+>*D!,+3!/?*!-WG!0@0/*6!2')2;)'/$+.0A!

-'3(+.!1$+8$D*!E.,A!Z.')A!-*./*3A!!-K);389%)A-#3&,-.)L-F&$-#&$6J)UV<V)
I%2-$#4%,#)&/)0,%$96J)!-K);389%J)Z%,,%""%%J!!

FDCO2EQ?!Z"!W"?!P#2O292>>?!K"!I!P279EC?!W"!X"!V"!G"HG'A!ZD'>/$%*!
*%+);/$+.!+,!'!B*@!>?@/+>)'.B/+.!0>*2$*0!/+!+2*'.!'2$D$,$2'/$+.A!

A-#($%)E%&"'3%,'%J!,J!IKLOIVHA!

FDCO2EQ?!Z"!W"?!P#2O292>>?!K"?!HD>>#39?!M"!I!P279EC?!W"!X"!V"!G"HG(A!



Bibliography 
 

! !HNK!

9;.2/$+.')!=*.*/$2!1$%*3:*.2*!E.!e$:?!-+!G'D'>/*D!M6$)$'.$'!e;8)*@$>+>;)'/$+.0A!0H&.(#3&,S)
W,#%$,-#3&,-.)+&($,-.)!/)!$9-,3')0H&.(#3&,J!-.J!H#XGOHX""A!

FD$2SDY?!H"?!U#3E23G?!["!5"?!XD3#>>;?!M"?!PDY?!M"?!@;8G#32;7?!@"JA"?!W288;4D?!P"?!:DG$#3?!@"?!
@;99;3;?!P"!I!:248k9J0>#k?!H"!G""NA!1$0/3$(;/$+.J!F?@)+:*.@J!Z.D!=3+C/?!W,!-+)DUZD'>/*D!
F$2+>3'0$.+>?@/*0!E.!Z32/$2!S*'0A!+&($,-.)&/)7:6'&.&96J!+*J!N#O#XA!

FDLJB2E;8#2?!]"?!A2L2>>?!@"!B"?!5799N;33?!T"!5"!I!X2>>?!T"!G"HIA!7+.:U/*36!2;)/;3*!'/!*)*%'/*D!
'/6+0>?*3$2!-WG!,'$)0!/+!*%+B*!0>*2$,$2!'D'>/'/$+.!$.!0*%*.!,3*0?C'/*3!>?@/+>)'.B/+.!0>*2$*0A!

7$&'%%83,9")&/)#:%);&6-.)<&'3%#6)5=)53&.&93'-.)<'3%,'%"J!'/(J!G"HGGVX#OG"HGGVX#A!

FDLJBgE;8#2?!]"?!5799N;33?!T"!5"!I!X2>>?!T"!G"HKA!Z`;'/$2!>3$6'3@!>3+D;2/$+.!$.!'!?$:?U-WA!
Z$%,8")3,)0'&.&96)M)0H&.(#3&,J!HOH"A!

F734CD>N?!R"?!P#O2#8D?!M"?!03428923?!W"!A"?!ZDEC?!W"?!TD4C2?!0"?!]Q2>734?!5"!I!]>>26;;84?!@"!
G"HHA!^;3$*D!')$%*!O!:*36$.'/$+.!+,!;>!/+!'!2*./;3@U+)D!6'3$.*!>3+/$0/!3*0/$.:!0/':*0A!7:6'&.&93-J!
,(J!LGXOLK"A!

@;4923?!A"!M"?!X78No>>2?!@"?!V;3923?!F"!V"!I!Mo823923?!M"!A"!G"HGA!&?*!$./*32+..*2/$+.!(*/C**.!
($+,$)6!,+36'/$+.!'.D!?+3$b+./')!:*.*!/3'.0,*3A!Q0><)W44(,&.&96)M)>%83'-.)>3'$&F3&.&96J!-,J!
H#IOHXVA!

@;8#2?!B"?!M#ND3?!R"!I!U;7>DG?!B"!G""VA!F?@/+>)'.B/+.!2*))!2+;./$.:!(@!,)+C!2@/+6*/3@A!?.9-.)
'(.#($3,9)#%':,3\(%"J!GVIOGL#A!

@;G29;3=?!M"?!T#;3D>#?!]"!I!U;>>;4;829?!5"!G"H"A!=)+(')!2?'.:*!'.D!/?*!*%+);/$+.!+,!>?*.+/@>$2!
>)'0/$2$/@!$.!>)'./0A!?,,-.")&/)#:%)A%B)N&$K)?'-8%46)&/)<'3%,'%"J!&'(-J!IVOVVA!

@;G974;?!^"?!XD==D?!T"!T"!I!HD>N;3?!X"!HXX#A!\*:;)'/$+.!+,!D$00+)%*D!$.+3:'.$2!2'3(+.!
/3'.0>+3/!$.!:3**.!'):'*A!G-,-83-,)+&($,-.)&/)5&#-,6J!.-J!H"NGOH"#IA!

@EBD3;>4?!M"!@"?!:>;3G?!A"!R"!I![D8423?!0"!a"!G"H"A!&?*!R$8*D!7$.*':*!5'/;3*!+,!5$/3+:*.!
&3'.0>+3/!'.D!Z00$6$)'/$+.!$.!R'3$.*!M;B'3@+/$2!F?@/+>)'.B/+.<!Z!-'0*!S/;D@!+,!R$23+6+.'0A!

>&.%'(.-$)53&.&96)-,8)0H&.(#3&,J!'.J!GGL#OGG#IA!

@E5;8>;34?!H"!B"?!ZD8D>2$?!Z"!M"?!Z8Y7QD$?!T"!U"?!M73Y;2$?!M"!P"!I!@#83Y?!F"!0"!G"HIA!E6>'2/!+,!
D*)*/*3$+;0!>'00*.:*3!6;/'/$+.0!+.!2'.2*3!>3+:3*00$+.A!7$&'%%83,9")&/)#:%)A-#3&,-.)?'-8%46)&/)
<'3%,'%")&/)#:%)U,3#%8)<#-#%")&/)?4%$3'-J!&&(J!GXH"OGXHVA!

@23423JB2728?!M"!I!PDL>2GG?!A"!G"HKA!R'.@!C'@0!/+!0/'@!$.!/?*!:'6*<!$.D$%$D;')!%'3$'($)$/@!
6'$./'$.0!?$:?!($+D$%*30$/@!$.!>)'.B/+.$2!6$23++3:'.$060A!+&($,-.)&/)Z:%);&6-.)<&'3%#6)W,#%$/-'%J!
&&J!G"HK""IHOG"HK""IHA!

@2>=328?!5"?!@"!0"!T7GDL9Q;?!@"!F;3623O7EC?!M"!B71D3G?!@"!F7E;9923?!@"!H"!WCD834YQ2?!@"!
X>2#EC!2G!;>"!G""XA!F?@0$+)+:$2')!('0$0!,+3!?$:?!-WG!/+)*3'.2*!$.!6'3$.*!*2/+/?*36$2!'.$6')0<!
>3*U'D'>/'/$+.!/?3+;:?!)$,*0/@)*!'.D!+./+:*.@f!^$+:*+02$*.2*0!L<KLXIOKNI#!

@28#>i?!A"!G"HGA!M%+);/$+.!$.!3*0>+.0*!/+!2)$6'/*!2?'.:*<!E.!>;30;$/!+,!/?*!6$00$.:!*%$D*.2*A!
53&%""-6"J!*+J!#HHO#H#A!

@28#>i?!A"!I!V2348Y?!0"!:"!G"HKA!-)$6'/*!2?'.:*J!'D'>/'/$+.J!'.D!
>?*.+/@>$2!>)'0/$2$/@<!/?*!>3+()*6!'.D!/?*!*%$D*.2*A!0H&.(#3&,-$6)
?22.3'-#3&,"J!.J!HOHKA!

@#>>DG?!H"!HXXXA!-$32;)'/$+.!$.!/?*!C*0/*3.!R*D$/*33'.*'.!S*'A!



Bibliography 
 

! !HNV!

+&($,-.)&/)4-$3,%)"6"#%4"J!'(J!KGIOKKGA!

@#Y;=;Q#?!W"?!W;#3;Q;?!Z"J\"?!WD6;9C#?!W"?!M7=7Q#?!W"!I!^D9C#N78;?!A"!G""LA!S>'/$')!2+*8$0/*.2*!
+,!>?@/+>)'.B/+.!0>*2$*0!$.!*2+)+:$2')!/$6*02')*A!7&2(.-#3&,)0'&.&96J!+/J!H"NOHHGA!

@D4#?!M"!P"?!F22?!V"!V"?!M1#3;?!H"!M"!I!HD>>#39?!A"!A"!G"HIA!Z./$($+/$2!/3*'/6*./!*8>'.D0!/?*!
3*0$0/'.2*!3*0*3%+$3!'.D!*2+)+:$2')!.*/C+3B!+,!/?*!>?':*!6*/':*.+6*A!A-#($%J!+))J!GHXOGGGA!

Moore, P. J., R. C. Thompson, and S. J. Hawkins 2011. Phenological changes in intertidal 
con-specific gastropods in response to climate warming. Global Change Biology 17:709–
719. 

@D33#28?!0"?!F#$28;3#?!M"?!XD7$2G?!P"?!A299D3?!X"?!MN#GC?!A"!e"?!@D9928?!A"?!HD82>>D7?!5"!I!XD762G?!
5"J^"!G"H"A!W32?*0/3'/*D!/3'.023$>/$+.!+,!($+)+:$2')!>3+2*00*0!$.!/?*!6'3$.*!>$2+*;B'3@+/*!
W0/3*+2+22;0!*8>+0*D!/+!)$:?/[D'3B!2@2)*0A!5>G)E%,&43'"J!&&J!HXGA!

@D82;7?!V"?!:#6;32;7?!T"?!B2942$#929?!^"?!HDDQ2?!P"?!B282>>2?!]"!I!T8#N9>2Y?!R"!G"H"A!R'3$.*!
F3'0$.+%$3;0!=*.+6*0!S?+C!7+C!M%+);/$+.'3@!1$%*3:*.2*!'.D!Z2`;$0$/$+.!+,!F3+/*$.!

R*/'(+)$06!=*.*0!(@!e+3$b+./')!=*.*!&3'.0,*3A!+&($,-.)&/)R3$&.&96J!/+J!HGVVVOHGVLIA!

@D7>;628?!@"?!@D33#28?!0"?!A299D3?!X"?!XD7$2G?!P"?!@D9928?!A"?!MECL;8G=?!H"?!T;83#28?!F"?!
HD82>>D7?!5"!I!XD762G?!5"!^"!G""NA!7$:?/U1*>*.D*./!\*:;)'/$+.!+,!-*))!1$%$0$+.!$.!W0/3*+2+22;0<!
M%$D*.2*!,+3!'!R'T+3!&3'.023$>/$+.')!E.>;/A!7L?AZ)7[N<W!L!ENJ!&++J!HIL"OHILXA!

@72>>28?!@"!R"?!MEC7>=?!Z"!T"!I!P#2O292>>?!K"!G"H"A!M,,*2/0!+,!)+.:U/*36!?$:?!-WG!*8>+0;3*!+.!
/C+!0>*2$*0!+,!2+22+)$/?+>?+3*0A!53&9%&"'3%,'%"J!.J!HH"XOHHHLA!

R2#>>?!["!]"!HXNKA!&?*!2+66;.$/@!6'/3$8!'.D!$./*3D*>*.D*.2*!+,!/?*!2+6>*/$/$+.!2+*,,$2$*./0A!
?4%$3'-,)A-#($-.3"#J!IXXOK"#A!

R#EDG8;?!0"!X"?!0GQ#3?!c"!Z"?!XD3928?!M"!:"?!B;$#49D3?!0"!@"?!5#3326;3?!]"!A"?!@;GC29#79?!K"?!:DDG?!
:"?!:78766;3;3?!@"!B"?!P#EC;849?!H"!F"?!U;>>;4;829?!5"!I!$;3!Z>27323?!@"!G"H"A!F)'./!
>?*.+/@>$2!>)'0/$2$/@!$.!'!2?'.:$.:!2)$6'/*A!Z$%,8")3,)7.-,#)<'3%,'%J!HOXA!

cnR2#>>?!A"!M"?!$;3!cD#S23?!T"?!B#%D3?!F"!]"?!W8D2#3?!H"?!HD82>>D7?!5"?!XD762G?!5"J^"?!P244Y?!0"!X"!I!
@#>>;8?!0"!A"!G"HHA!-$32'D$'.!3?@/?60!>*30$0/!C$/?+;/!/3'.023$>/$+.!$.!'!*;B'3@+/*A!A-#($%J!+-)J!
VVKOVV#A!

:;>23#Q?!X"?!T8#NLDD4?!A"?!028G9?!0"?!PD7=2?!:"?!M;>;ND$?!0"?!:7G3;N?!R"?!B71D3G?!H"?!
AD8623923?!P"?!B282>>2?!]"?!PDNO;7G9?!M"?!aCD7?!Z"?!cG#>>;8?!P"?!@28EC;3G?!M"!M"?!:D42>>?!M"?!
T;;9G28>;34?!W"?!R;1D>#?!H"?!T234>28?!Z"?!@;372>>?!0"?!W;#?!U"?!U;>>D3?!c"?!:#6;32;7?!T"?!A;3E2Q?!
M"?!V2#S42?!@"?!A;OO;8#?!Z"?!XDL>28?!H"?!FDC8?!@"?!PDOO239?!M"?![28328?!T"?!B7OEC;Q?!\"?!:;=D78?!
T"!A"?!P23?!e"?!:;7>923?!\"?!B2>L#EC2?!H"?!MECN7G=?!A"?!PDQC9;8?!B"?!U;3!42!:228?!^"?!@D82;7?!V"!
I!T8#6D8#2$?!\"!U"!G""NA!&?*!/$.@!*;B'3@+/*!W0/3*+2+22;0!>3+%$D*0!:*.+6$2!$.0$:?/0!$./+!/?*!
>'3'D+8!+,!>)'.B/+.!0>*2$'/$+.A!7$&'%%83,9")&/)#:%)A-#3&,-.)?'-8%46)&/)<'3%,'%")&/)#:%)U,3#%8)
<#-#%")&/)?4%$3'-J!&(+J!NN"VONNH"A!

Pandolfi, J. M., S. R. Connolly, D. J. Marshall, and A. L. Cohen 2011. Projecting coral 
reef futures under global warming and ocean acidification. 
Science 333:418–422. 

:;8G239QY?!5"?!V299?!["!P"!I!U;7>DG?!B"!HXXXA!F3+2?)+3+2+22;0J!'!
6'3$.*!>?+/+0@./?*/$2!>3+B'3@+/*!+,!:)+(')!0$:.$,$2'.2*A!

>3'$&F3&.&96)-,8)>&.%'(.-$)53&.&96);%H3%B"J!-*J!H"LOA!



Bibliography 
 

! !HNL!

:;99DL?!K"!HXXHA!S>*2$*0U0>*2$,$2!0*D$6*./'/$+.!'.D!0$.B$.:!%*)+2$/$*0!+,!D$'/+60A!>-$3,%)
53&.&96J!&(/J!KKXOKVVA!

:;99DL?!K"!G""GA!&3'.0>'3*./!*8+>+)@6*3!>'3/$2)*0!P&MFQ!$.!'`;'/$2!*.%$3+.6*./0A!7$&9$%"")3,)
!'%-,&9$-2:6J!,,J!G#NOIIIA!

:;99DL?!K"!I!0>>482462?!0"!F"!HXXVA!Z!D@*U($.D$.:!'00'@!,+3!/?*!0>*2/3+>?+/+6*/3$2!
6*'0;3*6*./!+,!/3'.0>'3*./!*8+>+)@6*3!>'3/$2)*0!P&MFQA!L34,&.&96)-,8)!'%-,&9$-2:6J!+(J!
HIGLOHIIVA!

:;99DL?!K"?!F;!PDEC;?!B2?!H"!F"?!5;#8<#2>4?!H"!I!MECN#4G?!Z"!G"HKA!Z::3*:'/$+.!'0!'!,;.2/$+.!+,!
FGy!'.D!6$.*3')!>'3/$2)*0A!L34,&.&96)-,8)!'%-,&9$-2:6J!,)J!VIGOVKNA!

:288D3?!T"!T"?!TD3=;>2=?!0"!I!X7EQ>#36?!0"!G""NA!S+;32*U0$.B!D@.'6$20!0?'>*!/?*!*%+);/$+.!+,!
'./$($+/$2!3*0$0/'.2*!'.D!$/0!>)*$+/3+>$2!,$/.*00!2+0/A!7$&'%%83,9")&/)#:%);&6-.)<&'3%#6)5=)53&.&93'-.)
<'3%,'%"J!'.+J!GIVHOGIVLA!

:288D3?!T"!T"?!TD3=;>2=?!0"!I!X7EQ>#36?!0"!G""#A!&?*!3'/*!+,!*.%$3+.6*./')!2?'.:*!D3$%*0!
'D'>/'/$+.!/+!'.!'./$($+/$2!0$.BA!+&($,-.)&/)0H&.(#3&,-$6)53&.&96J!'&J!HNGKOHNIHA!

:2G28923?!W"!["?!V;88#9D3?!H"!X"?!VD8328?!B"!R"!I!$;3!423!]36C?!T"!G"HGA!9)+C!2@/+6*/3$2!
2?'3'2/*3$b'/$+.!+,!6'3$.*!6$23+(*0A!>%#:&8"J!,.J!IV"OIV#A!

:#EC;3ED78G?!A"JX"!I!$;3!Z>#3Q23?!P"!B"!G"HGA!F?*.+/@>$2!F)'0/$2$/@!E.,);*.2*0!/?*!S$b*J!S?'>*!
'.D!1@.'6$20!+,!/?*!=*+:3'>?$2!1$0/3$(;/$+.!+,!'.!E.%'0$%*!F)'./A!7L&<)!A0J!.J!*IGIGIA!

:#6>#7EE#?!@"!G""IA!F?*.+/@>$2!$./*:3'/$+.<!0/;D@$.:!/?*!*2+)+:@!'.D!*%+);/$+.!+,!2+6>)*8!
>?*.+/@>*0A!0'&.&96)L%##%$"J!-J!GLVOGNGA!

:#6>#7EE#?!@"!G""VA!M%+);/$+.!+,!>?*.+/@>$2!>)'0/$2$/@<!C?*3*!'3*!C*!:+$.:!.+Cf!Z$%,8")3,)
0'&.&96)M)0H&.(#3&,J!'(J!K#HOK#LA!

:#6>#7EE#?!@"!I!V;Y423?!Z"!G""HA!F?*.+/@>$2!>)'0/$2$/@!$0!/?*!6'T+3!D*/*36$.'./!+,!2?'.:*0!$.!
>?*.+/@>$2!$./*:3'/$+.!$.!Z3'($D+>0$0A!A%B)2:6#&.&93"#J!&,'J!KHXOKI"A!

:#3C2#8D?!A"!H"!I!X;G29?!B"!@"!G"""A!R$8*DU*,,*2/0!6+D*)0!$.!S!'.D!SUF7cSA!!

:D39?!W"!F"!I![2>9EC23?!P"!G""IA!R$DD'@!D*>3*00$+.!+,!.*/!>?+/+0@./?*0$0!$.!/?*!/3+>$2')!
3'$.,+3*0/!/3**!M>*3;'!:3'.D$,)+3'<!2+./3$(;/$+.0!+,!0/+6'/')!'.D!$./*3.')!2+.D;2/'.2*0J!

3*0>$3'/$+.!'.D!\;($02+!,;.2/$+.$.:A!Z$%%)7:6"3&.&96J!'*J!XINOXKNA!

:D732$;?!\"!HXXNA!M%');'/$+.!+,!'):')!2;)/;3*!%$'($)$/@!'.D!>?@0$+)+:$2')!0/'/*!(@!,);+3*02*./!
6$23+02+>$2!6*/?+D0A!5(.9V)+V)7.-,#)7:6"3&.J!'*J!LNONLA!

:8#E2?!T"!P"!HXNGA!9$0?*30!9;.D'6*./')!&?*+3*6!R'D*!-)*'3A!?,,-.")&/)[(4-,)E%,%#3'"J!*-J!
HGXOqA!

:8#E2?!W"!B"?!e$;839G8DN?!0"!I!\8L#3?!B"!]"!G""IA!&?*!3+)*!+,!>?*.+/@>$2!>)'0/$2$/@!$.!D3$%$.:!
:*.*/$2!*%+);/$+.A!7$&'%%83,9")&/)#:%);&6-.)<&'3%#6)5=)53&.&93'-.)
<'3%,'%"J!'.(J!HKIIOHKK"A!

:G;E3#Q?!P"?!MD>#N#3#?!0"!T"?!03428923?!W"?!W;NN#323?!W"?!X82GG7N?!
:"?!F21#9Gd?!F"?![#>>g3?!]"!I!P2QD>;#323?!M"!G""#A!1$%*30$/@!>3*D$2/0!
0/'($)$/@!'.D!3*0+;32*!;0*!*,,$2$*.2@!$.!.'/;3')!>?@/+>)'.B/+.!

2+66;.$/$*0A!7$&'%%83,9")&/)#:%)A-#3&,-.)?'-8%46)&/)<'3%,'%")&/)#:%)



Bibliography 
 

! !HNN!

U,3#%8)<#-#%")&/)?4%$3'-J!&(,J!VHIKOVHI#A!

:723G29JW2>>2=?!:"!]"?!V;3923?!@"!0"?!MD823923?!M"!A"!I!$;3!]>9;9?!A"!B"!G"HIA!ZD'>/'/$+.!'.D!
e*/*3+:*.*$/@!+,!M02?*3$2?$'!2+)$!R-H"""!=3+C$.:!$.!-+6>)*8!M.%$3+.6*./0A!?22.3%8)-,8)
%,H3$&,4%,#-.)43'$&F3&.&96J!.)J!H""#OH"HNA!

:7>>#;N?!V"!P"!HX##A!S+;32*0J!0$.B0J!'.D!>+>;)'/$+.!3*:;)'/$+.A!?4%$3'-,)A-#($-.3"#J!LVGOLLHA!

P;$23?!A"!0"!I!5;>QDL9Q#?!:"!T"!HXXXA!W2*'.$2!0$.B0!,+3!'/6+0>?*3$2!-WGA!7.-,#J)G%..)M)
0,H3$&,4%,#J!''J!NKHONVVA!

P;$23?!A"!0"!I!ADC39GD3?!0"!@"!HXXHA!R*2?'.$060!+,!$.+3:'.$2U2'3(+.!'2`;$0$/$+.!$.!6'3$.*!
>?@/+>)'.B/+.!'.D!/?*$3!$6>)$2'/$+.0!,+3!/?*!;0*!+,!+/?*3!3*0+;32*0A!L34,&.&96)-,8)
!'%-,&9$-2:6J!*-J!HN"HOHNHKA!

P2OD74?!h"!I!X2>>?!T"!HXXNA!M8>*3$6*./')!*%+);/$+.!$.!-?)'6@D+6+.'0A!EEEA!M%+);/$+.!+,!
0>*2$')$0/!'.D!:*.*3')$0/!/@>*0!$.!*.%$3+.6*./0!/?'/!%'3@!$.!0>'2*!'.D!/$6*A![%$%83#6J!./J!V"NO
VHKA!

P2ED84?!R"!P"?!:289C#36?!0"!A"!I!@;19?!5"!G"HKA!&?*!>'3'D+8!+,!/?*!m>'3'D+8!+,!/?*!>)'.B/+.An!
WG0<)+&($,-.)&/)>-$3,%)<'3%,'%J!.&J!GILOGK"A!

P2#3<2>428?!A"!P"!G"HHA!-'3(+.!-+.2*./3'/$.:!R*2?'.$060!$.!M;B'3@+/$2!R'3$.*!F?@/+>)'.B/+.A!
?,,(-.);%H3%B)&/)>-$3,%)<'3%,'%J!*J!GXHOIHVA!

P2362<D89?!Z"?!Z;8>99D3?!\"!I!V;399D3?!F"!0"!HXX#A!Z):')!2@0/!D+36'.2@<!'!/*6>+3')!*02'>*!,3+6!
?*3($%+3@A!7$&'%%83,9")&/)#:%);&6-.)<&'3%#6)&/)L&,8&,V)<%$3%")5=)53&.&93'-.)<'3%,'%"J!'-,J!HIVIO
HIV#A!

Reusch, T. B. H., A. Ehlers, A. Hammerli, and B. Worm 2005. Ecosys-tem recovery after 
climatic extremes enhanced by genotypic diversity. Proceedings of the National Academy of 
Sciences 102:2826– 2831. 

P279EC?!W"!X"!V"!G"HIA!-)$6'/*!2?'.:*!$.!/?*!+2*'.0<!*%+);/$+.'3@!%*30;0!>?*.+/@>$2'))@!>)'0/$2!
3*0>+.0*0!+,!6'3$.*!'.$6')0!'.D!>)'./0A!0H&.(#3&,-$6)?22.3'-#3&,"J!.J!H"KOHGGA!

P279EC?!W"!X"!V"!I!XDY4?!:"!["!G"HIA!M8>*3$6*./')!M%+);/$+.!R**/0!R'3$.*!F?@/+>)'.B/+.A!
0H&.(#3&,S)3,#%$,-#3&,-.)T&($,-.)&/)&$9-,3')%H&.(#3&,J!-.J!H#KXOH#VXA!

P#O2#8D?!M"?!X2862?!W"?!F734CD>N?!R"?!03428923?!W"!c"!P"!A"?!0O8;3G29?!5"!0"!W"!I!]>>26;;84?!@"!
G"HHA!F?@/+>)'.B/+.!:3+C/?!',/*3!'!2*./;3@!+,!D+36'.2@!$));6$.'/*0!>'0/!3*0$)$*.2*!/+!

2'/'0/3+>?$2!D'3B.*00A!A-#($%)G&44(,3'-#3&,"J!'J!IHHONA!

P#EC;849D3?!W"!F"!I!A;EQ9D3?!T"!0"!G""NA!S6'))!F?@/+>)'.B/+.!'.D!-'3(+.!M8>+3/!,3+6!/?*!
S;3,'2*!W2*'.A!<'3%,'%J!*&,J!#I#O#K"A!

P#2O292>>?!K"!G""KA!M,,*2/0!+,!-WG!*.3$2?6*./!+.!6'3$.*!>?@/+>)'.B/+.A!+&($,-.)&/)
!'%-,&9$-2:6J!-(J!NHXONGXA!

P#2O292>>?!K"!I!R#ED>;#?!@"!G"HKAk$.D+C!+.!9;/;3*!W2*'.!-?'.:*A!
F3*00!3*)*'0*!(@!A=MWRZ\!C$/?$.!/?*!^EWZ-E1!>3+T*2/0A!Z%'$)'()*!

+.)$.*!'/!

?//><[[CCCA:*+6'3AD*[*.[0*3%$2*[B+66;.$B'/$+.[0$.:)*>6['3/$

2)*[*30/*3U)'.:b*$/U*$.0'/bUD*3UB$*)*3U6*0+B+06*.[!P"#A"VG"HKQ!

P#2O292>>?!K"!I!WD8G2>>?!:"!B"!G"HHA!M,,*2/0!+,!+2*'.!'2$D$,$2'/$+.!+.!



Bibliography 
 

! !HN#!

>*)':$2!+3:'.$060!'.D!*2+0@0/*60A!E-##("&J)+7)-,8)[-,"&,J)LVJ)!1/&$8)U,3H%$"3#6)7$%""J)!1/&$8J!
XXOHGHA!

P#2O292>>?!K"!I![D><JT>;48DL?!B"!0"!HXXGA!&?*!3*)'/$+.0?$>!(*/C**.!>?@0$2')!'::3*:'/$+.!+,!
>?@/+>)'.B/+.!'.D!>'3/$2)*!,);8<!'!.;6*3$2')!6+D*)A!I%%2)<%-);%"%-$':)7-$#)?V)!'%-,&9$-2:3')
;%"%-$':)7-2%$"J!*)J!H"#VOHH"GA!

P#2O292>>?!K"?!X2>>28OY?!P"!T"!A"?!T8D99;8G?!V"!:"!I!WC#369G;4?!5"!G""#A!R*0+2+06!-WG!
>*3/;3('/$+.!0/;D$*0<!,3+6!+3:'.$06!/+!2+66;.$/@!)*%*)A!53&9%&"'3%,'%"J!,J!HHVNOHHLKA!

P#2O292>>?!K"?!MEC7>=?!Z"!T"?!X2>>28OY?!P"!T"!A"?!XDG8D9?!@"?!58#G9EC2?!:"?!@2Y28Cd<28?!@"?!R2#>>?!
H"?!RD34;>?!T"?!c9EC>#29?!0"?![DC>289?!A"!I!ad>>328?!]"!G""NA!M.?'.2*D!($+)+:$2')!2'3(+.!
2+.0;6>/$+.!$.!'!?$:?!-WG!+2*'.A!A-#($%J!+,(J!VKVOVK#A!

P#2O292>>?!K"?!aD3428$;3?!\"?!PD9G?!X"?!WD8G2>>?!:"?!a22O2?!P"!I!@D82>?!5"!G"""A!\*D;2*D!
2')2$,$2'/$+.!+,!6'3$.*!>)'.B/+.!$.!3*0>+.0*!/+!$.23*'0*D!'/6+0>?*3$2!-WGA!A-#($%J!+(.J!ILKO
ILNA!

PDO28G9D3?!X"!0"!I!V7GGD?!P"!F"!G""LA!Z!,3'6*C+3B!,+3!;.D*30/'.D$.:!*2+)+:$2')!/3'>0!'.D!'.!
*%');'/$+.!+,!*8$0/$.:!*%$D*.2*A!0'&.&96J!/.J!H"NVOH"#VA!

PD48p672=?!5"?!B282>>2?!]"?!T7#>>D7?!F"?!F2!T;>>?!5"?!U;7>DG?!B"!I!@D82;7?!V"!G""VA!M2+/@>*!
D$%*30$/@!$.!/?*!6'3$.*!>$2+*;B'3@+/*!W0/3*+2+22;0!P-?)+3+>?@/'J!F3'0$.+>?@2*'*QA!

0,H3$&,4%,#-.)>3'$&F3&.&96J!.J!#VIO#VXA!

PD2NN#EC?!B"?!TD7>4?!["!A"!I!T#>9D3?!A"!G"HGA!HIV!@*'30!+,!:)+(')!+2*'.!C'36$.:!(*/C**.!/?*!
-?'))*.:*3!*8>*D$/$+.!'.D!/?*!Z3:+!F3+:3'66*A!A-#($%)7(F.3":3,9)E$&(2J!'J!KGVOKG#A!

PDQ#GG;?!M"!B"!I!PD9G?!X"!G"HGA!M,,*2/0!+,!-WG!'.D!/?*$3!6+D;)'/$+.!(@!)$:?/!$.!/?*!)$,*U2@2)*!
0/':*0!+,!/?*!2+22+)$/?+>?+3*!M6$)$'.$'!?;8)*@$A!L34,&.&96)-,8)!'%-,&9$-2:6J!,.J!L"NOLH#A!

PD99D>>?!B"?!X28Nq42=?!P"?!V;799?!V"?!MEC7>=?!Z"!T"?!P#2O292>>?!K"?!MDNN28?!K"!I![#3428?!@"!
G"HGA!W2*'.!Z2$D$,$2'/$+.UE.D;2*D!9++D!p;')$/@!1*/*3$+3'/$+.!-+.0/3'$.0!&3+>?$2!&3'.0,*3A!

7L&<)!A0J!.J!*IKNINA!

PD9G?!X"?!P#2O292>>?!K"?!X78QC;84G?!M"!I!M7>G2N2Y28?!B"!G""IA!-'3(+.!'2`;$0$/$+.!+,!()++6U
,+36$.:!6'3$.*!>?@/+>)'.B/+.A!L34,&.&96)-,8)!'%-,&9$-2:6J!+/J!VVOLNA!

PD9G?!X"?!aD3428$;3?!\"!I![D><JT>;48DL?!B"!G""#A!S*.0$/$%$/@!+,!>?@/+>)'.B/+.!/+!,;/;3*!
2?'.:*0!$.!+2*'.!2'3(+.'/*!2?*6$0/3@<!2;33*./!B.+C)*D:*J!2+./3'D$2/$+.0!'.D!3*0*'32?!

D$3*2/$+.0A!>-$3,%)0'&.&96)7$&9$%"")<%$3%"J!*.*J!GGNOGINA!

PY32;89D3?!W"!0"!I!08NO879G?!]"!U"!G""VA!R'$./*.'.2*!+,!2)+.')!D$%*30$/@!D;3$.:!'!0>3$.:!
()++6!+,!/?*!2*./3$2!D$'/+6!1$/@);6!(3$:?/C*))$$A!>&.%'(.-$)0'&.&96J!&+J!HLIHOHLK"A!

MEC;7N?!]"?!PD9G?!X"?!@#>>;8?!0"!A"!I!HD>>#39?!M"!G"HGA!Y'3$'/$+.!$.!>)'0/$2!3*0>+.0*0!+,!'!:)+('))@!
D$0/3$(;/*D!>$2+>)'.B/+.!0>*2$*0!/+!+2*'.!'2$D$,$2'/$+.A!A-#($%)7(F.3":3,9)E$&(2J!'J!HOVA!

Schaum, E. and Collins, S. 2014 Grow Slow - Plasticity predicts 
evolution in a marine alga Proc. R. Soc. B 
20141486http://dx.doi.org/10.1098/rspb.2014.1486 

MEC2#328?!M"!@"!HXXIA!=*.*/$20!'.D!M%+);/$+.!+,!F?*.+/@>$2!
F)'0/$2$/@A!?,,(-.);%H3%B)&/)0'&.&96)-,8)<6"#%4-#3'"J!'+J!IVOL#A!

MEC>#ECG#36?!H"!B"!G""#A!e$DD*.!\*'2/$+.!5+360J!-3@>/$2!=*.*/$2!



Bibliography 
 

! !HNX!

Y'3$'/$+.J!'.D!M%+)%'($)$/@A!?,,-.")&/)#:%)A%B)N&$K)?'-8%46)&/)<'3%,'%"J!&&**J!H#NOG"IA!

MEC>#ECG#36?!H"!B"!I!:#6>#7EE#?!@"!HXX#A!7:%,&#623')0H&.(#3&,V)S$.';*3!Z00+2$'/*0!E.2+3>+3'/*DA!!

M2678;?!0"!@"?!Z87Q?!H"?!H;>>#;8#?!B"?!T;8Ep;JPD48#672=?!5"?!HD342?!B"?![#44#EDNO2?!H"!]"!I!
5D8G?!V"!G"HIA!-+6>*/$/$+.!13$%*0!-);6>@!S>*2$*0!-+*8$0/*.2*!$.!M0/;'3$.*!F?@/+>)'.B/+.A!
<'3%,#3/3');%2&$#"J!*J!!

M#>$;?!:"!G""IA!9/0e!E0!E.%+)%*D!$.!/?*!M'3)@!S/':*0!+,!\*>'$3!+,!F?+/+0@0/*6!EE!$.!S@.*2?+2@0/$0!
0>!F--!L#"IA!Z[0)7L?AZ)G0LL)!ALWA0J!&,J!GHVGOGHLKA!

M#%?!H"?!5#3Q2>?!a"!U"?!PD48p672=?!5"?!@;8#2?!B"?!:;8G239QY?!5"!I!H;N1O2>>?!B"!0"!G""#A!
-+./3'0/$.:!>?+/+'22)$6'/$+.!2+0/0!$.!*2+/@>*0!+,!/?*!6'3$.*!*;B'3@+/$2!>$2+>)'.B/*3!

W0/3*+2+22;0A!L34,&.&96)-,8)!'%-,&9$-2:6J!,*J!GVVOGLVA!

M#%?!H"?!MC288;84?!P"?!F#D3;84?!@"?!PDY?!M"!I!H;N1O2>>?!B"!0"!G""XA!F?+/+0@0/*6!EE!'.D!F$:6*./!
1@.'6$20!'6+.:!M2+/@>*0!+,!/?*!=3**.!Z):'!W0/3*+2+22;0A!7L?AZ)7[N<W!L!ENJ!&,&J!INXOIX"A!

MN2G;E2Q?!U"!I!R#ED>?!M"!G""VA!F+)'3!+2*'.!*2+0@0/*60!$.!'!2?'.:$.:!C+3)DA!A-#($%J!+*.J!ILGO
IL#A!

M32>>JPDD4?!]"!H"?!U;3!BYQ23?!A"!B"?!H87#EQ9C;3Q?!W"?![;42?!@"!A"!I!@DE=2Q?!0"!:"!G"H"A&+C'3D!
'!>+>;)'/$+.!:*.*/$2!,3'6*C+3B!+,!D*%*)+>6*./')!*%+);/$+.<!/?*!2+0/0J!)$6$/0J!'.D!2+.0*`;*.2*0!

+,!>?*.+/@>$2!>)'0/$2$/@A!53&%""-6"J!*'J!NHO#HA!

MDQ7823QD?!]"!U"?!TDN7>Q#2L#E=?!P"!I!BYQC7#=23?!B"!]"!G""LA!S+;32*U0$.B!D@.'6$20!+,!
%$3;)*.2*!*%+);/$+.A!A-#($%);%H3%B")>3'$&F3&.&96J!+J!VK#OVVVA!

MG2#3;EC28?!@"?!ADD9?!5"?!58D2>#EC28?!W"!F"?!XD11?!F"?!H;47>2?!:"?!HDEED?!U"?!BD32Y?!M"!H"?!T2C>23?!
@"?!F#349;Y?!Z"?!@DD82?!A"!Z"?!MEC32#428?!X"!I!M269EC32#428?!A"!G"H"A!F3+T*2/*D!GH0/!2*./;3@!
D*23*'0*!$.!6'3$.*!>3+D;2/$%$/@<!'!6;)/$U6+D*)!'.')@0$0A!53&9%&"'3%,'%"J!.J!XNXOH""VA!

MG28328?!P"!I!]>928?!A"!G""GA!0'&.&93'-.)"#&3':3&4%#$6=)#:%)F3&.&96)&/)%.%4%,#")/$&4)4&.%'(.%")#&)
#:%)F3&"2:%$%V)F3$.2*/+.!c.$%*30$/@!F3*00J!F3$.2*/+.J!5zA!!

MG28328!P[?!]>928!AA!'(()!M2+)+:$2')!0/+$2?$+6*/3@A!E.<!7*%$.!SZJ!-'3>*./*3!S\J!=+D,3'@!e-zJ!
v$.b$:!ZFJ!7+3*';!RJ!*/!')AJ!*D$/+3A!&?*!F3$.2*/+.!=;$D*!/+!M2+)+:@!F3$.2*/+.!c.$%*3$0/@!F3*00A!>>!

INLOI#VA!UU!e$:?)$:?/*D!X!6'@!G"HK!

MGDEQ328?!A"T"!I!Z"T"!:D8G28"!&)//"!R$23+($')!,++D!C*(0!$.!,3*0?C'/*3!>)'.B/+.$2!*2+0@0/*60A!
E.<!SA\A!-'3>*./*3!PMDAQJ!G&42.%1)3,#%$-'#3&,")3,).-K%)'&44(,3#3%"V)S>3$.:*3UY*3)':J!5AlA<LXU#IA!

MGD>>?!@"!V"!H"?!X;QQ28?!Z"?!RDOO2?!T"!V"!I!V;292?!P"!P"!G""HA!-+./$.;+;0U9)+C!Z.')@0$0!+,!
1$00+)%*D!E.+3:'.$2!-'3(+.!-+./*./!$.!S*'C'/*3A!?,-.6#3'-.)G:%43"#$6J!.*J!KHHHOKHHLA!

MGD9EC?!V"!0"!HXLVA!S*8;')$/'*/!(*$!-*3'/$;6!2+3.;/;6!P1$.+>?@/'QA!IW%)A-#($B3""%,"':-/#%,J!
,'J!HHGOHHIA!

MGDL?!B"!0"!I!0>>;3?!W"!G""KA!M.2@2)+>*D$'!+,!/?*!W2*'.0A!!

M7O#8;3;?!F"?!:gf7#3?!X"?!@#EC2>Y?!M"?!]9E;342?!@"JF"?!@2#>>;34?!A"?!
B282>>2?!]"?!@;8#3?!X"?!:#6;32;7?!T"?!B2942$#929?!^"?!@D82;7?!V"!I!
T8#N9>2Y?!R"!V"!G"HIA!R+3>?+)+:@J!=*.+6*!F)'0/$2$/@J!'.D!
F?@)+:*.@!$.!/?*!=*.;0A!?,,-.")&/)?,-#&46J!&-+J!LKIOLVXA!

M734;Y?!A"!@"?!H;>D9#?!:"?!B71D3G?!M"?!@734;Y?!:"!F"?!MG#>>N;3?!A"!V"!



Bibliography 
 

! !H#"!

I!P279EC?!W"!X"!V"!G"HKA!M%+);/$+.!$.!'.!'2$D$,@$.:!+2*'.A!Z$%,8")3,)0'&.&96)M)0H&.(#3&,J!')J!
HHNOHGVA!

M7GG>2?!H"!0"!G""NA!R'3$.*!%$3;0*0!x!6'T+3!>)'@*30!$.!/?*!:)+(')!*2+0@0/*6A!A-#($%);%H3%B")
>3'$&F3&.&96J!,J!#"HO#HGA!

W;Q;C;9C#?!W"?!M7GC28>;34?!M"!H"?![;33#3QCD<?!P"?!ML2232Y?!H"?!522>Y?!P"!0"?!HC#1N;3?!B"!["?!
V;>29?!X"?!58#2428#EC?!T"?!HC;$2=?!5"?!M;O#32?!H"?![;G9D3?!0"?!X;QQ28?!B"!H"!]"?!MEC79G28?!K"?!
@2G=>?!R"?!^D9C#Q;L;J\3D72?!V"?!\9C##?!@"?!@#4D8#Q;L;?!W"?!RDS#8#?!^"?!Zd8G=#3628?!0"?!
MG2#3CD<<?!W"?!VD112N;?!@"?!c>;<99D3?!A"?!083;89D3?!W"!M"?!W#>O8DDQ?!X"?!ADC;3329923?!W"?!
c>923?!0"?!X2>>28OY?!P"?![D36?!H"!M"?!B2>#>>2?!X"?!X;G29?!R"!P"!I!42!X;;8?!V"!A"!["!G""XA!
-+33$:*.D;6!/+!m-)$6'/+)+:$2')!6*'.!'.D!D*2'D')!2?'.:*!$.!0;3,'2*!+2*'.!>-WGJ!'.D!.*/!0*'O

'$3!-WG!,);8!+%*3!/?*!:)+(')!+2*'.0n!i1**>!S*'!\*0A!EE!VL!PG""XQ!VVKOVNNjA!I%%2@<%-);%"%-$':)
7-$#)WJ!,-J!G"NVOG"NLA!

W;GG289?!0"!c"?!MEC32G=28?!0"?!57?!5"?!F#2?!0"!^"!0"?!H;8D3?!B"!0"!I!V7GEC#39?!B"!0"!G"HIA!S?+3/U!
Y*30;0!7+.:U&*36!\*0>+.0*0!&+!-?'.:$.:!-+!G$.!Z!-+'0/')!1$.+,)':*))'/*!^)++6<!E6>)$2'/$+.0!

9+3!E./*30>*2$,$2!-+6>*/$/$%*!E./*3'2/$+.0!Z.D!-+66;.$/@!S/3;2/;3*A!0H&.(#3&,S)3,#%$,-#3&,-.)
T&($,-.)&/)&$9-,3')%H&.(#3&,J!.+O.+A!

W;Y>D8?!R"!T"!V"?!U28328JA2<<82Y9?!B"!["!I!X;Q28J079G#3?!H"!G"HHA!Z`;'/$2!0@0/*60<!
6'$./'$.$.:J!6$8$.:!'.D!6+($)$0$.:!'./$6$23+($')!3*0$0/'.2*f!Z$%,8")3,)0'&.&96)M)0H&.(#3&,J!'-J!
GN#OG#KA!

W2>29C?!\"?!MEC7O28G?!V"!I!MQ;8>;GD?!M"!G"HIA!M0/;'3$.*J!-+'0/')!'.D!S?*),!S2$*.2*A!0"#(-$3,%J)
G&-"#-.)-,8)<:%./)<'3%,'%J!&*,J!IHNOIGNA!

WCDN;9?!P"?!A;Ef72G?!M"?!T8#N9>2Y?!R"!I!@D82;7?!V"!G"HGA!S/3'/*:$*0!'.D!6*2?'.$060!+,!
3*0$0/'.2*!/+!%$3;0*0!$.!>?+/+0@./?*/$2!'`;'/$2!6$23++3:'.$060A!?8H-,'%")3,)!'%-,&9$-2:6)-,8)
L34,&.&96J!*J!HOHVA!

WCDN923?!A"?!H;9G#29?!\"?!:;39EC?!H"?!Zd8G=#3628?!0"!I!@2>=328?!5"!G"HIA!9++D!'%'$)'($)$/@!
+;/C*$:?0!+2*'.!'2$D$,$2'/$+.!*,,*2/0!$.!T;%*.$)*!R@/$);0!*D;)$0<!)'(+3'/+3@!'.D!,$*)D!

*8>*3$6*./0A!E.&F-.)G:-,9%)53&.&96J!&)J!H"HNOH"GNA!

W#>N;3?!B"!HXXKA!-+6>*/$/$+.!'.D!($+D$%*30$/@!$.!0>'/$'))@!0/3;2/;3*D!?'($/'/0A!0'&.&96J!.,J!GO
HLA!

WD8G2>>?!:"!B"?!:;Y32?!H"!B"?!F#?!^"?!W8#NOD83?!M"?!PD9G?!X"?!MN#GC?!["!c"?!P#2992>N;3?!H"?!B73O;8?!
P"!X"?!M24L#EQ?!:"!I!B#W7>>#D?!T"!P"!G""#A!-W!G0*.0$/$%$/@!+,!S+;/?*3.!W2*'.!>?@/+>)'.B/+.A!
E%&2:6"3'-.);%"%-$':)L%##%$"J!*,J!!

W8;$#9;3D?!@"!I!MC;L?!P"!T"!G"HGA!7WS&!E5!&eM!RZFA!0H&.(#3&,S)3,#%$,-#3&,-.)T&($,-.)&/)&$9-,3')
%H&.(#3&,J!-.J!I"VOIHKA!

W8#NOD83?!M"?!F734CD>N?!R"?!WCDN9?!M"?!P#ECG28?!Z"JK"?!Z8DEQ?!X"?!V;3923?!:"!A"!I!PD9G?!X"!
G""#A!E.+3:'.$2!2'3(+.!'2`;$0$/$+.!$.!>+/*./$'))@!/+8$2!'.D!.+.U/+8$2!D$'/+60<!/?*!*,,*2/!+,!>eU

$.D;2*D!2?'.:*0!$.!0*'C'/*3!2'3(+.'/*!2?*6$0/3@A!7:6"3&.&93-)
7.-,#-$(4J!&**J!XGOH"VA!

W78328?!A"!W"!G""GA!h++>)'.B/+.!,*2')!>*))*/0J!6'3$.*!0.+C!'.D!
0$.B$.:!>?@/+>)'.B/+.!()++60A!?\(-#3')43'$&F3-.)%'&.&96J!'.J!VNO
H"GA!

K2EQ28?!V"!I!V28N#99D3?!A"!G"HHA!W.!/?*!9$8'/$+.!F3+2*00!+,!'!
^*.*,$2$')!R;/'/$+.!$.!'!Y'3$'()*!M.%$3+.6*./A!E%,%#3'"J!&//J!XHVO



Bibliography 
 

! !H#H!

XI"A!

K8;O2!A?!WD6;8#!A?!]>928!AA!G""IA!S/+$2?$+6*/3$2!$6>'2/0!+,!$.23*'0*D!2'3(+.!D$+8$D*!+.!'!
>)'.B/+.$2!?*3($%+3*A!=)+(')!-?'.:*!^$+)+:@!X<!#H#O#GVA!

U;>>;4;829?!5"?!T#;3D>#?!]"!I!TkN2=?!A"!@"!G""NA!M2+)+:$2')!)$6$/0!/+!>)'./!>?*.+/@>$2!>)'0/$2$/@A!
A%B)2:6#&.&93"#J!&.-J!NKXONLIA!

U;>>;4;829?!5"?!M;3EC2=JTDN2=?!B"!I!a;$;>;?!@"!0"!G""LA!p;'./$/'/$%*!*0/$6'/$+.!+,!>?*.+/@>$2!
>)'0/$2$/@<!(3$D:$.:!/?*!:'>!(*/C**.!/?*!*%+);/$+.'3@!2+.2*>/!'.D!$/0!*2+)+:$2')!'>>)$2'/$+.0A!

+&($,-.)&/)0'&.&96J!)+J!HH"IOHHHLA!

U;3!X79Q#8Q?!A"!I!MG2#328?!K"!Z"!G""XA!&?*!,$/.*00!2+0/0!+,!D*%*)+>6*./')!2'.')$b'/$+.!'.D!
>)'0/$2$/@A!+&($,-.)&/)0H&.(#3&,-$6)53&.&96J!''J!#VGO#L"A!

U;3!42![;;>?!B"!X"?!U2891;623?!A"!@"?!5#3Q2?!A"!5"?!UD783;=D7?!U"?!\NN289?!0"!Z"?!Z;84#3;;>?!["!
]"!0"?!WD3Q?!F"?!X2EQ28?!M"?!U;3!BD3Q?!]"?!U#9928?!:"!@"!I!V7#9N;3?!A"!G"HHA!\*%*30')!$.!
2+6>*/$/$%*!D+6$.'.2*!+,!'!/+8$2!%*30;0!.+.U/+8$2!2@'.+('2/*3$;6!$.!3*0>+.0*!/+!3$0$.:!-WGA!

Z:%)W<>0)+&($,-.J!,J!HKI#OHKV"A!

U;3D8N2>#3623?!:"?!HDGG23#2?!Z"?!@#EC2>9?!]"?!@7Y>;28G?!Z"?!UY$28N;3?!["!I!B2!@]]MW]P?!F"!
G""#A!&?*!3*)'/$%*!$6>+3/'.2*!+,!D$0>*30')!'.D!)+2')!>3+2*00*0!$.!0/3;2/;3$.:!>?@/+>)'.B/+.!

2+66;.$/$*0!$.!'!0*/!+,!?$:?)@!$./*32+..*2/*D!>+.D0A!Q$%":B-#%$)53&.&96J!fffOfff!

U;f728?!0"?!W8D7992>>#28?!@"?!HD78G#29?!H"!I!X#O23G?!X"!HXXLA!S/'.D$.:!0/+2B!'.D!D@.'6$20!+,!
>$2+>?@/+>)'.B/+.!$.!/?*!&?';!7':++.!P.+3/?C*0/!R*D$/*33'.*'.!2+'0/QA!L34,&.&96)-,8)
!'%-,&9$-2:6J!+&J!H#GHOH#G#A!

U;7>DG?!B"?!]#Q82N?!["?!U#182Y?!@"!I!@D82;7?!V"!G""#A!&?*!D$%*30$/@!+,!06'))!*;B'3@+/$2!
>?@/+>)'.B/+.!{!I|6!$.!6'3$.*!*2+0@0/*60A!Q0><)>3'$&F3&.&96);%H3%B"J!*'J!NXVO#G"A!

U#182Y?!@"?!T7#>>D7?!F"?!5288gD>?!@"!I!U;7>DG?!B"!G""#A!k$D*!:*.*/$2!D$%*30$/@!+,!>$2+>)'.B/+.$2!
:3**.!'):'*!P-?)+3+>)'0/$D'Q!$.!/?*!R*D$/*33'.*'.!S*'!;.2+%*3*D!(@!'!>?@);6U($'0*D!F-\!

'>>3+'2?A!0,H3$&,4%,#-.)>3'$&F3&.&96J!&(J!H#"KOH#GGA!

[;>9OY?!0"!]"!I!VD>>;34?!B"!:"!G""VA!S$.B$.:!%*)+2$/$*0!+,!>?@/+>)'.B/+.!6*'0;3*D!+.!'!0/'()*!
D*.0$/@!:3'D$*./!(@!)'0*3!02'..$.:A!+&($,-.)&/)Z:%);&6-.)<&'3%#6)W,#%$/-'%J!*J!KGXOKIXA!

[;G$2?!@"?!:;8;O?!M"?!AD64;34?!:"!I!Z23#?!M"!G""LA!Z:$.:!6'@!(*!'!2+.D$/$+.')!0/3'/*:$2!2?+$2*!
'.D!.+/!'.!$.*%$/'()*!+;/2+6*!,+3!('2/*3$'A!7$&'%%83,9")&/)#:%)A-#3&,-.)?'-8%46)&/)<'3%,'%"J!
&(*J!HK#IHOHK#IVA!

[29GJ]O28C;84?!@"!A"!G""IA!I%H%.&24%,#-.)7.-"#3'3#6)-,8)0H&.(#3&,V)WcF!cSZA!!

[2Y3O286?!Z"!B"?!0>>23?!@"!A"?!09C2><D84?!Z"?!ME;3>;3?!B"!A"!I![#>9D3?!["!V"!G""XA!93+6!06'))!
?+0/0!2+6*!($:!%$3;0*0<!/?*!2+6>)*/*!:*.+6*!+,!'!0*2+.D!W0/3*+2+22;0!/';3$%$3;0J!W/YUHA!

0,H3$&,4%,#-.)>3'$&F3&.&96J!&&J!G#GHOG#IXA!

[2Y3O286?!Z"!B"?!0>>23?!@"!A"?!T#>6?!\"!H"?!ME;3>;3?!B"!A"!I![#>9D3?!["!
V"!G"HHA!=*.+6*!S*`;*.2*!+,!W0/3*+2+22;0!/';3$!Y$3;0!W/YUG!
&?3+C0!7$:?/!+.!/?*!\+)*!+,!F$2+*;B'3@+/*!5$2?*!S*>'3'/$+.!$.!/?*!

W2*'.A!+&($,-.)&/)R3$&.&96J!/,J!KVG"OKVGXA!

[#>9D3?!A"!X"!G"H"A!&?*!/C*)%*!/?*+3$*0!+,!2+U*8$0/*.2*!$.!>)'./!
2+66;.$/$*0<!/?*!D+;(/,;)J!/?*!$6>+3/'./!'.D!/?*!;.*8>)+3*DA!



Bibliography 
 

! !H#G!

+&($,-.)&/)R%9%#-#3&,)<'3%,'%J!''J!H#KOHXVA!

[#3428?!@"!I!MDNN28?!K"!G"HGA!F?@/+>)'.B/+.!3*0>+.0*!/+!'!2?'.:$.:!2)$6'/*A![68$&F3&.&93-J!
-)/J!VOHLA!

[D><JT>;48DL?!B"!0"?!P#2O292>>?!K"?!X78QC;84G?!M"!I!X#SN;?!A"!HXXXA!1$3*2/!*,,*2/0!+,!-WG!
2+.2*./3'/$+.!+.!:3+C/?!'.D!$0+/+>$2!2+6>+0$/$+.!+,!6'3$.*!>)'.B/+.A!Z%..(")<%$3%")5@G:%43'-.)
-,8)7:6"3'-.)>%#%&$&.&96J!,&J!KLHOKNLA!

[D8423?!0"!a"!G""LA!F$2+*;B'3@+/*!D$%*30$/@!$.!2+'0/')!C'/*30!+,!/?*!F'2$,$2!W2*'.A!?\(-#3')
43'$&F3-.)%'&.&96J!+*J!HLVOHNVA!

[D8423?!0"!a"!I!RDG?!5"!G""#A!M2+)+:@!'.D!D$%*30$/@!+,!>$2+*;B'3@+/*0A!>3'$&F3-.)0'&.&96)&/)#:%)
!'%-,"J)<%'&,8)083#3&,J!HVXOG"VA!

[D8423?!0"?!RD>;3?!A"!I!:;>23#Q?!X"!G""KA!Z00*00$.:!/?*!D@.'6$20!'.D!*2+)+:@!+,!6'3$.*!
>$2+>?@/+>)'.B/+.<!&?*!$6>+3/'.2*!+,!/?*!*;B'3@+/$2!2+6>+.*./A!L34,&.&96)-,8)!'%-,&9$-2:6J!
+)J!HL#OHNXA!

[7?!^"?!T;D?!Z"!I!P#2O292>>?!K"!G"H"A!-WGU$.D;2*D!0*'C'/*3!'2$D$,$2'/$+.!',,*2/0!>?@0$+)+:$2')!
>*3,+36'.2*!+,!/?*!6'3$.*!D$'/+6!7:-%&8-'#6.(4)#$3'&$,(#(4A!53&9%&"'3%,'%"J!.J!GXHVOGXGIA!

^DQDG;?!0"?!MC#62DQ;?!M"?!c3#9C#?!W"!I!Z#G;DQ;?!M"!HX##A!S*)*.$;6!'0!$.D;2*3!+,!:);/'/?$+.*!
>*3+8$D'0*!$.!)+CU-WGU:3+C.!-?)'6@D+6+.'0!3*$.?'3D/$$A!7L?AZ)7[N<W!L!ENJ!/-J!LKXOLVHA!

a22O2?!P"!]"!I![D><JT>;48DL?!B"!G""HA!-WG!$.!S*'C'/*3<!M`;$)$(3$;6J!v$.*/$20J!E0+/+>*0<!
M`;$)$(3$;6J!v$.*/$20J!E0+/+>*0A!!

a22O2?!P"!]"?!a;ECD9?!A"!H"?!H;>42#8;?!Z"!I!WY882>>?!W"!G""#A!-'3(+.!*6$00$+.0!'.D!'2$D$,$2'/$+.A!
<GW0AG0@A0X)N!;Y)Z[0A)X?<[WAEZ!AJ!*'&J!VHJ!

aC7?!A"JZ"!G""GA!S')/!Z.D!13+;:?/!S/3*00!S$:.')!&3'.0D;2/$+.!E.!F)'./0A!?,,(-.);%H3%B)&/)7.-,#)
53&.&96J!,*J!GKNOGNIA!

!

!

!



Z>>*.D$8 

! !H#I!

Appendix 

Appendix Tables 
Appendix Table 1: Details on sampling location, storage and date of first isolation for Ostreococcus lineages 
used in this experiment. Samples were either frozen (cryopreserved, “c”) or kept at conditions mimicking those at 
the sampling site (“s”). We obtained oth95, rcc809 and rccc501 from the Plymouth Marine Laboratory (UK). All other 
lineages were supplied from the Roscoff Culture Collection through an ASSEMBLE grant. More information on the 
lineages used is available at http://www.sb-roscoff.fr/Phyto/RCC/index.php?option=com_dbquery&Itemid=34 
 

Lineage Clade Latitude Longitude Sampling station Depth First 
isolated 

oth95 C 43º 24'  3º 36' Thau Lagoon  0m 1996  s 
rcc1107 D 43º 3' 2º 59' Mediterranean 0m 2006  s 
rcc1108 C 42º 29' 3º 8' Mediterranean 0m 2006  s 
rcc1114 C 42º 48' 3º 1' Mediterranean 0m 2005  s 
rcc1558 C 42º 48' 3º 1' Mediterranean 0m 2005  c 
rcc1645 A 48º 46' 3º 56' North Sea 10m 2007  s 
rcc343 A 30º 8' 10º 3' Atlantic Ocean 40m 1999  c 
rcc410 B 29º 28' 34º 55' Red Sea 100m 2000  s 
rcc422 A (?) 48º 37' 3º 51' English Channel  0m 2001  s 
rcc501 D 48º 46' 3º 1' Mediterranean 10m  1995  s 
rcc675 Unknown 54º 11' 7º 54' North Sea 0m 2001  s 
rcc747 A 42º 35' 8º 49' Atlantic Ocean 10m 1995  c 
rcc789 D not known not known Spanish Coast 0m 2001  s 
rcc809 B not known not known West Mediterranean 105m 1995  s 
rcc810 B 21º 2' 31º 8' Atlantic Ocean 120m 1991  c 
rcc1662 A 50º 12' 0º19' English Channel  10m 1995  s 

 
Appendix Table 2: Carbonate chemistry for Chapter 1.  
This set of data is for samples examined at the AWI. Data sets for intracellular particular organic carbon and nitrogen 
quota and chlorophyll a. This was done for 5 lineages. DIC was also measured, but we used TA and pH for 
calculations with seacarb/CO2sys  
 

 
 
Appendix Table 2 continued: pH and total alkalinity were measured, all other values were calculated using 
seacarb/CO2 sys for 18 ºC and salinity 32. TA and pH were determined for each bioreplicate at the end of the growth 
assay.  
 

Ecotype CO2 aim 
CO2 

obtained ± SD 
[ppm] 

pH average(NBS) 
± SD 

Total Alkalinity 
±SD 

[µmol * kg -1] 

DIC±SD 
[µmol * kg -1] 

HCO3
- ±SD 

[µmol * kg -1] 
CO3

2- ± SD 
[µmol * kg -1] 

oth95 380ppm 326.3 ±10.2 8.150 ±0.010 2417 ±6 2129 ±9 1910 ±10 208.3 ±3.8 

rcc1107 380ppm 371.5 ±18.8 8.103 ±0.015 2437 ±18 2172 ±23 1963 ±25 193.7 ±5.5 

rcc810 380ppm 368.8 ±5.3 8.103 ±0.006 2407 ±4 2145 ±4 1943 ±6 190.7 ±2.1 

rcc501 380ppm 364.2 ±6.7 8.113 ±0.006 2440 ±15 2170 ±16 1963 ±15 196.7 ±0.6 

rcc809 380ppm 351.8 ±16.4 8.123 ±0.015 2428 ±3 2153 ±11 1943 ±15 200 ±6 

MEAN 380ppm !"#$"% &''$"% ($''(% &)$)')*% +*+#% &,% +'"*% &'!% ',**% &'*% ',-$,% &!$#%
!!

! ! ! ! ! ! ! ! ! ! ! ! !!
oth95 1000ppm 1017.3 ±22.9 7.61 ±0.01 2422 ±15 2365 ±12 2247 ±12 71.5 ±1.9 

rcc1107 1000ppm 1036.2 ±2.1 7.71 ±0.011 2433 ±8 2342 ±7 2217 ±6 88.5 ±0.4 

rcc810 1000ppm 1046.5 ±16.2 7.667 ±0.025 2418 ±24 2342 ±32 2223 ±32 80.5 ±3.8 

rcc501 1000ppm 1038.0 ±13.9 7.717 ±0.058 2443 ±3 2350 ±20 2223 ±23 90 ±10.5 

rcc809 1000ppm 952.0 ±18.7 7.745 ±0.021 2429 ±8 2326 ±13 2200 ±14 94.8 ±2.6 

MEAN  1000ppm ')'($)% &'*$(% -$#,)% &)$)+"% +*+,% &'+% +!*"% &'-% ++++% &'-% ("$'% &!$(%
!



Z>>*.D$8 

! !H#K!

 
 
Appendix Table 3: Example of how estimates of variance depend on the ratio of between and within 
population variance. Estimates are based on 10000 replicate simulations of sampling either a single individual or 
ten individuals from 16 populations, given the within and between population variances below. When within and 
between population variance are equal, using single individuals from each population will overestimate the between 
population variance by a factor of about 2. The estimate of between population variance becomes better as within 
population variance becomes small relative to between population variance. In this study, variation within O.tauri is 
estimated to be about 0.36, which is more than triple variation between functional groups. A conservative approach, 
assuming equal within-lineage and between-lineage variance, would reduce this estimate to 0.18, which is still on the 
same order of magnitude as between-functional group variation.  

Between population 
variance 

Within population 
variance 

Variance calculated 
with 10 samples per 
population 

Variance calculated 
with 1 sample per 
population 

Mean trait 
value 

100 100 110 200 0 

100 25 102 124 0 

100 16 102 115 0 

100 9 101 109 0 

100 4 100 104 0 
 
Appendix Table 4: Ranges of phenotypic responses to CO2 enrichment. In most cases, the ranges of 
phenotypic values are smaller at ambient CO2 than at high CO2, even when we correct for changes in the absolute 
value of the mean, suggesting that differences between lineages might become more pronounced as environments 
change. Means and SE are for all 17 lineages with 3 independent replicate measurements for each lineage for 
photosynthesis, respiration, cell size and growth rate. Means and standard error (SE) are for 5 representative 
lineages using 5-6 independent replicates per lineage for POC, PON, C:N ratio and chl a.  For units please see main 
manuscript.  
Trait   Mean ± SE 380ppm CO2 SE accounts for % of 

mean 
Mean ± SE 1000ppm 
CO2 

 SE accounts for % of 
mean  

Photosynthesis 7.42 ± 0.29 3.91 9.61±0.4 4.27 

Respiration 6.01±0.91 15.14 7.8±1.2 15.38 
Growth rate 0.72±0.06 8.33 1.1±0.2 18.18 
Cell size 2.26±0.29 12.83 3.35±0.6 17.9 
Chlorophyll a 12.99±4.43 34.1 21.21±8.74 41.2 
C:N ratio 4.49±0.09 2.00 5.68±0.2 3.52 
POC 468.86±97.21 19.71 963.09±278.13 28.87 
PON 100.57± 19.91 19.79 31.79± 11.65 36.06 
 
 
Appendix Table 5: Plasticity and changes in relative fitness. Net photosynthetic oxygen evolution rates (PS) and 
ranked PS at 380 and 1000ppm CO2 for 17 lineages of Ostreococcus as well as increase in PS in % after acclimation 
to 1000ppm CO2. Growth rates and ranked growth rates at 380ppm and 1000ppm CO2 as well as increase in growth 

Ecotype CO2 aim CO2 obtained 
± SD  
[ppm] 

pH average (NBS) 
±SD  

[µmol * kg -1] 

Total Alkalinity 
± SD  

[µmol * kg -1] 

DIC 
±SD  

[µmol * kg -1] 

HCO3
- 

±SD  
[µmol * kg -1] 

CO3 
2- 

± SD  
[µmol * kg -1] 

Data sets for growth rate µ, net photosynthetic oxygen evolution, respiration, and cell size 
oth95 380ppm 393.6 ± 60.1 8.104 ±0.030 2575 ±19 2299 ±9 2080 ±70 205.1 ±7.0 

rcc1107 380ppm 430.3 ±60.4 8.071 ±0.042 2575 ±56 2317 ±84 2110 ±99 192.9 ±18.7 

rcc1108 380ppm 391.2 ±22.3 8.106 ±0.024 2569 ±15 2293 ±18 2074 ±25 205.2 ±10.5 

rcc1114 380ppm 380.0 ±7.5 8.111 ±0.011 2535 ±19 2258 ±12 2041 ±8 204.5 ±6.1 

rcc1558 380ppm 400.7 ±45.3 8.113 ±0.051 2685 ±30 2396 ±18 2164 ±32 218.0 ±22.8 

rcc1645 380ppm 397.4 ±7.9 8.126 ±0.009 2755 ±23 2452 ±19 2209 ±16 229.1 ±4.6 

rcc1662 380ppm 395.2 ±19.7 8.114 ±0.040 2655 ±77 2367 ±54 2138 ±37 215.7 ±18.9 

rcc343 380ppm 374.6 ±31.3 8.123 ±0.033 2583 ±60 2296 ±52 2069 ±49 213.3 ±15.7 

rcc410 380ppm 430.3 ±34.5 8.071 ±0.040 2575 ±38 2317 ±11 2110 ±8 192.9 ±19.6 

rcc422 380ppm 457.6 ±44.5 8.051 ±0.037 2592 ±54 2345 ±71 2142 ±80 187.1 ±10.4 

rcc501 380ppm 386.7 ±29.6 8.111 ±0.034 2580 ±48 2300 ±34 2078 ±30 208.4 ±16.7 

rcc675 380ppm 386.9 ±38.6 8.137 ±0.035 2767 ±34 2456 ±50 2207 ±59 234.9 ±11.4 

rcc747 380ppm 382.5 ±43.0 8.127 ±0.042 2659 ±25 2363 ±41 2129 ±53 221.0 ±16.6 

rcc789 380ppm 416.8 ±31.1 8.081 ±0.033 2562 ±29 2300 ±21 2090 ±25 195.5 ±14.8 

rcc809 380ppm 390.9 ±38.6 8.105 ±0.042 2563 ±37 2288 ±30 2070 ±36 204.4 ±18.5 

rcc810 380ppm 389.3 ±40.8 8.122 ±0.032 2675 ±62 2380 ±75 2146 ±81 220.7 ±6.7 

MEAN 380ppm 400.3 ±22.3 8.105 ±0.024 2619 ±38 2339 ±37 2116 ±44 209 ±13.5 

              
oth95 1000ppm 960.9 ±103.8 7.783 ±0.062 2698 ±186 2572 ±120 2425 ±133 114.0 ±18.1 
rcc1107 1000ppm 1267.7 ±213.8 7.684 ±0.079 2747 ±146 2658 ±130 2519 ±121 95.7 ±19.2 
rcc1108 1000ppm 1170.0 ±262.2 7.711 ±0.094 2685 ±34 2587 ±26 2448 ±31 99.3 ±20.2 
rcc1114 1000ppm 1033.9 ±150.2 7.755 ±0.056 2686 ±24 2572 ±28 2428 ±32 107.5 ±12.4 
rcc1558 1000ppm 1019.5 ±72.9 7.755 ±0.027 2662 ±33 2549 ±36 2407 ±36 106.3 ±5.6 
rcc1645 1000ppm 1100.2 ±206.2 7.730 ±0.071 2669 ±46 2565 ±63 2425 ±68 102.1 ±14.2 
rcc343 1000ppm 1082.6 ±81.2 7.731 ±0.033 2660 ±27 2556 ±21 2417 ±20 101.2 ±8.1 

!

              
oth95 1000ppm 960.9 ±103.8 7.783 ±0.062 2698 ±186 2572 ±120 2425 ±133 114.0 ±18.1 
rcc1107 1000ppm 1267.7 ±213.8 7.684 ±0.079 2747 ±146 2658 ±130 2519 ±121 95.7 ±19.2 
rcc1108 1000ppm 1170.0 ±262.2 7.711 ±0.094 2685 ±34 2587 ±26 2448 ±31 99.3 ±20.2 
rcc1114 1000ppm 1033.9 ±150.2 7.755 ±0.056 2686 ±24 2572 ±28 2428 ±32 107.5 ±12.4 
rcc1558 1000ppm 1019.5 ±72.9 7.755 ±0.027 2662 ±33 2549 ±36 2407 ±36 106.3 ±5.6 
rcc1645 1000ppm 1100.2 ±206.2 7.730 ±0.071 2669 ±46 2565 ±63 2425 ±68 102.1 ±14.2 
rcc343 1000ppm 1082.6 ±81.2 7.731 ±0.033 2660 ±27 2556 ±21 2417 ±20 101.2 ±8.1 
rcc410 1000ppm 965.9 ±20.9 7.776 ±0.017 2667 ±64 2545 ±56 2400 ±50 111.3 ±6.4 
rcc422 1000ppm 1042.8 ±204.9 7.749 ±0.077 2655 ±16 2543 ±19 2402 ±27 105.4 ±16.6 
rcc501 1000ppm 1015.0 ±77.2 7.757 ±0.029 2662 ±32 2548 ±35 2406 ±35 106.8 ±6.4 
rcc675 1000ppm 1039.3 ±185.1 7.753 ±0.068 2676 ±27 2562 ±21 2419 ±25 107.0 ±14.8 
rcc747 1000ppm 1169.8 ±263.6 7.710 ±0.106 2631 ±46 2535 ±104 2397 ±118 97.8 ±30.0 
rcc789 1000ppm 963.9 ±50.6 7.778 ±0.017 2670 ±30 2547 ±35 2402 ±35 111.6 ±3.0 
rcc809 1000ppm 1056.4 ±186.9 7.747 ±0.070 2677 ±51 2566 ±29 2424 ±23 106.1 ±15.7 
rcc810 1000ppm 1253.1 ±267.1 7.685 ±0.084 2702 ±22 2614 ±47 2477 ±52 94.1 ±16.4 
rcc1662 1000ppm 905.5 ±107.4 7.778 ±0.086 2577 ±30 2453 ±15 2312 ±22 110.1 ±7.5 
MEAN 1000ppm 1056 ±104.3 7.743 0.032 2670 ±50 2560 ±48 2417 ±50 104.9 ±12.72 
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rate in % after acclimation to 1000ppm CO2. Ranked growth rates were used to calculate change in rank growth rate. 
* change in rank growth rate indicates expected changes in frequency. Increase in rank indicates expected increase 
in frequency. Decrease in rank indicates expected decrease in frequency.  
 

 
Appendix Table 6: Plasticity as a function of seasonal variation of sea surface pCO2. The subset of lineages 
where sufficient data on pCO2 was available in previously published studies or online data bases are listed here. 
Please note that this table is not exhaustive and that we used data closest to the Ostreococcus lineage sampling 
location as data for the excat latitude/longitude was often not available. Furthermore, seasonal variation was often 
inferred from the given references, as most data bases display absolute pCO2 values and display CO2 sources/sinks 
more often and in greater detail than seasonal variation.  
 

Mean 
Plasticity 

Lineage Mean 
seasonal 
variation 
["atm*yr-1] 

Location Reference 

0.84 oth95 48 French Coast / 
Mediterranean  

Copin – Montégut et 
al. (2004) 

0.70 rcc1107 48 French Coast / 
Mediterranean  

Copin – Montégut et 
al. (2004) 

0.77 rcc1108 48 French Coast / 
Mediterranean  

Copin – Montégut et 
al. (2004) 

0.55 rcc1114 50 Mediterranean near 
DYFAMED site 

Copin – Montégut et 
al. (2004) 

0.36 rcc1558 44 Mediterranean near 
DYFAMED site 

Copin – Montégut et 
al. (2004) 

0.39 rcc1662 15 English Channel Takahashi et al. 
(2009) 

0.15 rcc343 10 central Atlantic Takahashi et al. 
(2009) and 
http://cdiac.ornl.gov/
oceans/LDEO_Unde
rway_Database/ 

0.43 rcc422 15 English Channel Takahashi et al. 
(2009) 

0.57 rcc747 30 East Atlantic (off 
Morocco) 

Takahashi et al. 
(2009)  and 
http://cdiac.ornl.gov/
oceans/LDEO_Unde
rway_Database/ 

 
Appendix Table 7: Carbonate chemistry throughout the selection experiment. pH and DIC were measured 
routinely, total Alkalinity (TA) was measured at the beginning, 100 generations into the experiment and at the end of 
the selection experiment. All other values were calculated using seacarb within R for 18 ºC and salinity 32. pH was 
determined for each sample at the end of a transfer. DIC samples were taken for a subset of samples at each 
transfer, and for all samples at the beginning and the end of the selection experiment. Data for each time point in 
each selection regime was calculated from a minimum of six samples.  
 
Treatment Week pCO2 aimed 

for 
[ppm] 

pCO2 
obtained 
[ppm] 

pH HCO3
- 

["mol kg-1] 
CO3

2- 

["mol kg-

1] 

DIC 
["mol kg-1] 

TA 
["mol kg-1] 

SA 
 

1 
2 
3 

430 
430 
430 

477.22 
426.43 
466.76 

8.001 
8.030 
8.013 

1990.48 
1900.95 
1999.06 

154.88 
158.09 
159.72 

2161.94 
2073.84 
2174.99 

2369.52 

2290.35 

Ecotype PS per 
cell at 

380ppm 
CO2 

PS per cell 
at 1000 

ppm CO2 

Rank PS 
at 

380ppm 
CO2 

Rank PS 
at 

1000ppm 
CO2 

Increase 
in PS (%) 

Growth 
rate at 

380 ppm 
CO2 

Growth 
rate at 
1000 

ppm CO2 

Increase 
in growth 
rate (%) 

Rank 
growth at 
380 ppm 

CO2 

Rank 
growth at 

1000 
ppm CO2 

Change in 
rank 

growth 
rate* 

oth95 7.14 15.53 7 1 117.52 0.74 1.44 94.78 8 1 7 

rcc1107 7.02 12.08 10 3 71.90 0.73 1.14 55.76 9 3 6 

rcc1108 7.06 11.30 9 4 60.19 0.70 1.11 59.21 13 4 9 

rcc1114 7.00 9.46 12 8 35.14 0.73 0.95 30.00 11 11 0 

rcc1558 7.02 8.76 11 13 24.72 0.78 1.11 42.96 2 5 -3 

rcc1645 6.97 9.56 13 6 37.07 0.75 1.01 34.58 7 8 -1 

rcc1662 6.60 8.84 16 12 33.93 0.76 0.81 7.52 3 15 -12 

rcc343 7.92 8.10 2 14 2.19 0.75 0.87 15.90 6 14 -8 

rcc410 7.16 10.05 6 5 40.45 0.79 1.09 38.03 1 6 -5 

rcc422 6.73 9.16 14 11 36.07 0.75 1.00 33.53 4 9 -5 

rcc501 7.10 13.13 8 2 84.76 0.75 1.32 76.26 5 2 3 

rcc675 7.41 7.70 4 16 3.93 0.67 0.79 17.66 15 16 -1 

rcc747 6.73 9.48 15 7 40.87 0.73 1.05 43.79 10 7 3 

rcc789 7.45 7.84 3 15 5.31 0.71 0.98 38.25 12 10 2 

rcc809 7.94 9.40 1 9 18.37 0.69 0.92 33.46 14 12 2 

rcc810 7.31 9.32 5 10 27.48 0.65 0.91 38.86 16 13 3 

            

!
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4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

430 
430 
430 
430 
430 
430 
430 
430 
430 
430 
430 
430 
430 
430 
430 
430 
430 
430 
430 
430 
430 
430 
430 
430 
430 
430 
430 
430 

478.44 
477.79 
431.15 
367.72 
462.38 
455.04 
339.35 
455.43 
373.96 
343.32 
475.92 
484.24 
343.91 
458.27 
464.11 
446.81 
448.00 
466.14 
474.71 
479.70 
465.74 
460.06 
447.83 
471.33 
447.92 
456.82 
460.06 
459.08 

8.003 
8.003 
8.021 
8.101 
8.016 
8.023 
8.130 
8.022 
8.029 
8.111 
8.000 
8.001 
8.101 
8.018 
8.002 
8.013 
8.001 
8.003 
8.001 
8.001 
8.012 
8.001 
8.001 
8.002 
8.003 
8.003 
8.001 
8.003 

2003.79 
2001.57 
1880.38 
1929.99 
1996.29 
1993.73 
1904.46 
1993.62 
1664.34 
1843.84 
1980.08 
2020.15 
1805.47 
1987.19 
1939.24 
1913.59 
1867.78 
1952.80 
1980.46 
2001.17 
1992.99 
1919.23 
1867.88 
1969.50 
1876.06 
1913.27 
1919.22 
1922.72 

156.56 
156.42 
152.99 
188.97 
160.78 
162.96 
199.39 
162.80 
138.19 
184.73 
153.69 
157.22 
176.82 
160.75 
151.16 
152.89 
145.27 
152.62 
154.14 
155.74 
159.10 
149.36 
145.34 
153.53 
146.59 
149.49 
149.36 
150.23 

2176.96 
2174.59 
2048.35 
2131.74 
2173.14 
2172.50 
2115.64 
2172.24 
1815.52 
2040.49 
2150.30 
2194.19 
1994.24 
2163.86 
2106.52 
2081.99 
2028.61 
2121.61 
2151.09 
2173.58 
2168.27 
2084.57 
2028.78 
2139.40 
2038.21 
2078.63 
2084.56 
2088.89 

2389.33 

2386.41 

2383.95 

2258.28 

2391.65 

2389.16 

2391.85 

2391.56 

2391.36 

2013.85 

2298.58 

2356.58 

2403.88 

2242.84 

2380.26 

2310.94 

2290.19 

2227.57 

2327.56 

2358.02 

2381.94 

2381.97 

2287.24 

2227.84 

2345.94 

2238.76 

2281.76 

2287.22 

2292.68 

Average control    430.00 444.05 8.022 1933.27 158.06 2106.75 2321.58 

Standard deviation   0.00 42.81 0.04 74.78 13.08 77.72 80.96 

         

Treatment Week pCO2 aimed 
for 
[ppm] 

pCO2 
obtained 
[ppm] 

pH HCO3
-
 

["mol kg-1] 
CO3

2- 
["mol kg-

1] 

DIC 
["mol kg-1] 

TA 
["mol kg-1] 

SH  1 430 470.00 8.002 1972.40 153.64 2142.45 2349.03 

 2 600 653.00 7.871 2121.57 122.31 2267.73 2419.75 

3 1000 1007.00 7.720 2199.34 89.61 2323.93 2417.83 

4 1000 1022.00 7.715 2207.61 88.96 2332.07 2424.41 

5 1000 1002.00 7.739 2129.94 90.58 2252.98 2351.94 

6 1000 1000.00 7.728 2225.02 92.36 2352.12 2449.68 

7 1000 1200.00 7.652 2240.13 78.01 2359.82 2430.17 

8 1000 1100.00 7.692 2249.81 85.84 2373.87 2458.49 

9 1000 1034.00 7.712 2216.02 88.60 2340.54 2431.82 

10 1000 1012.00 7.728 2248.94 93.23 2377.33 2475.31 

11 1000 1002.00 7.725 2214.04 91.26 2340.11 2436.26 

12 1000 1100.00 7.689 2236.51 84.83 2359.55 2442.96 
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13 1000 1000.00 7.744 2307.99 99.37 2442.10 2548.03 

14 1000 1090.00 7.701 2051.63 79.98 2165.71 2249.31 

15 1000 1108.00 7.679 2202.56 81.68 2322.73 2401.96 

16 1000 1171.00 7.668 2265.83 81.79 2388.30 2464.57 

17 1000 1131.00 7.698 2059.74 79.81 2173.99 2256.87 

18 1000 1111.00 7.684 2230.14 83.51 2352.24 2433.52 

19 1000 1201.00 7.646 2212.42 76.03 2330.17 2398.09 

20 1000 980.00 7.730 2188.66 91.19 2313.89 2411.11 

21 1000 1000.00 7.731 2238.60 93.49 2366.82 2465.73 

22 1000 1200.00 7.650 2231.19 77.39 2350.26 2419.86 

23 1000 1090.00 7.693 2236.22 85.59 2359.67 2444.49 

24 1000 1120.00 7.690 2279.72 86.57 2405.19 2489.68 

25 1000 1200.00 7.639 2175.83 73.60 2291.12 2356.14 

26 1000 1015.00 7.725 2240.35 92.25 2367.86 2464.50 

27 1000 1002.00 7.728 2229.56 92.55 2356.91 2454.60 

28 1000 800.00 7.808 2139.88 106.78 2274.45 2400.57 

29 1000 1100.00 7.690 2238.85 85.01 2362.07 2445.69 

30 1000 1100.00 7.696 2052.95 79.14 2166.60 2248.58 

31 1000 980.00 7.743 2011.07 86.32 2127.76 2224.90 

32 1000 1000.00 7.724 2018.72 82.97 2133.52 2224.24 

Average elevated   969.6875 1031.28 7.720 2183.54 89.82 2308.56 2402.81 

Standard deviation   5.44 87.11 0.07 84.88 14.73 84.29 79.75 

         

Treatment Week pCO2 aimed 
for 
[ppm] 

pCO2 
obtained 
[ppm] 

pH HCO3 
["mol kg-1] 

CO3 
["mol kg-

1] 

DIC 
["mol kg-1] 

TA 
["mol kg-1] 

FA 1 450 465.42 8.010 1979.44 197.94 157.05 2152.66 

 2 460 487.69 8.008 2063.84 162.93 2243.71 2459.83 

 3 480 475.00 8.011 2026.63 161.31 2204.44 2419.85 

  4 400 453.25 8.001 1888.26 146.75 2050.76 2250.97 

  5 570 598.76 7.891 1936.42 116.83 2074.05 2225.79 

  6 450 472.11 8.001 1968.50 153.12 2138.01 2343.99 

  7 450 474.50 8.000 1974.23 153.24 2143.95 2349.83 

  8 460 469.98 8.005 1978.41 155.37 2150.10 2358.96 

  9 430 433.00 8.014 1859.74 149.01 2023.79 2228.76 

  10 500 472.85 8.003 1979.89 154.65 2150.97 2358.69 

  11 400 430.00 8.049 2003.37 174.12 2192.43 2427.57 

  12 630 650.16 7.904 2166.34 134.66 2323.58 2492.84 

  13 520 532.70 7.940 1930.48 130.51 2079.50 2252.98 

  14 440 452.38 8.029 2013.17 167.13 2196.02 2420.56 

  15 450 467.00 8.018 2022.34 163.38 2201.93 2420.57 

  16 400 446.56 8.017 1930.12 155.63 2101.26 2312.75 

  17 500 538.31 7.937 1937.87 130.14 2086.71 2259.28 

  18 500 510.00 7.995 2095.86 160.68 2274.26 2485.63 

  19 480 489.44 7.974 1916.67 140.02 2073.70 2262.40 

  20 430 440.00 8.026 1940.77 159.70 2115.76 2332.76 

  21 460 474.49 7.980 1886.58 139.94 2043.00 2232.99 
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  22 400 428.99 8.025 1891.97 155.66 2062.53 2275.87 

  23 500 478.00 8.026 2109.71 173.71 2300.03 2529.76 

  24 560 566.21 7.945 2076.38 142.05 2238.10 2422.59 

  25 590 561.74 7.938 2025.97 136.31 2181.80 2359.82 

  26 420 420.00 8.051 1964.52 171.42 2150.53 2383.56 

  27 630 620.89 7.898 2044.17 125.55 2191.29 2351.86 

  28 480 498.34 7.961 1893.15 134.17 2044.63 2225.49 

  29 420 435.00 8.041 1988.89 169.64 2173.64 2402.96 

  30 460 460.00 7.997 1898.32 146.14 2060.44 2259.26 

  31 500 510.00 7.995 2095.91 160.68 2274.31 2485.69 

  32 480 497.96 7.961 1892.01 134.11 2043.41 2224.24 

average control 
fluctuating 

  478.125 490.96 7.989 1980.62 151.77 2085.80 2342.84 

standard deviation   62.14 96.85 0.04 176.73 17.13 361.56 97.54 

         

Treatment Week pCO2 aimed 
for 
[ppm] 

pCO2 
obtained 
[ppm] 

pH HCO3
-
 

["mol kg-1] 
CO3

2- 
["mol kg-

1] 

DIC 
["mol kg-1] 

TA 
["mol kg-1] 

FH 1 430 456.46 8.069 1972.40 153.64 2142.45 2349.03 

  2 653 633.80 7.908 2121.57 122.31 2267.73 2419.75 

  3 870 947.19 7.789 2199.34 89.61 2323.93 2417.83 

  4 1200 1266.23 7.668 2207.61 88.96 2332.07 2424.41 

  5 1300 1158.52 7.630 2129.94 90.58 2252.98 2351.94 

  6 1115 1266.09 7.685 2225.02 92.36 2352.12 2449.68 

  7 936 968.23 7.768 2240.13 78.01 2359.82 2430.17 

  8 840 879.13 7.898 2249.81 85.84 2373.87 2458.49 

  9 1200 1199.95 7.652 2216.02 88.60 2340.54 2431.82 

  10 1300 1276.32 7.615 2248.94 93.23 2377.33 2475.31 

  11 718 725.85 7.851 2214.04 91.26 2340.11 2436.26 

  12 1250 1313.70 7.626 2236.51 84.83 2359.55 2442.96 

  13 1100 996.15 7.696 2307.99 99.37 2442.10 2548.03 

  14 938 909.66 7.761 2051.63 79.98 2165.71 2249.31 

  15 978 978.39 7.732 2202.56 81.68 2322.73 2401.96 

  16 1400 1298.18 7.600 2265.83 81.79 2388.30 2464.57 

  17 800 735.41 7.817 2059.74 79.81 2173.99 2256.87 

  18 1060 1093.57 7.699 2230.14 83.51 2352.24 2433.52 

  19 1200 1115.58 7.652 2212.42 76.03 2330.17 2398.09 

  20 1200 1223.44 7.662 2188.66 91.19 2313.89 2411.11 

  21 1300 1312.05 7.613 2238.60 93.49 2366.82 2465.73 

  22 741 761.69 7.861 2231.19 77.39 2350.26 2419.86 

  23 870 878.04 7.793 2236.22 85.59 2359.67 2444.49 

  24 1304 1255.67 7.633 2279.72 86.57 2405.19 2489.68 

  25 702 656.44 7.878 2175.83 73.60 2291.12 2356.14 

  26 1077 1002.24 7.716 2240.35 92.25 2367.86 2464.50 

  27 1200 1149.60 7.656 2229.56 92.55 2356.91 2454.60 

  28 746 777.68 7.843 2139.88 106.78 2274.45 2400.57 

  29 1500 1450.15 7.571 2238.85 85.01 2362.07 2445.69 

  30 870 843.87 7.813 2052.95 79.14 2166.60 2248.58 
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  31 1100 1098.26 7.697 2011.07 86.32 2127.76 2224.90 

  32 560 770.52 7.898 2018.72 82.97 2133.52 2224.24 

average elevated 
fluctuating 

  985.46 1012.44 7.74 2183.54 89.82 2308.56 2402.81 

standard deviation   262.41 244.48 0.12 86.24 14.96 85.64 81.02 

 
Appendix Table 8: means and variances of ancestral and evolved plasticity. Mean evolved plasticity is higher in 
the fluctuating treatments than in the stable treatments. Additionally, variance increases in the stable and fluctuating 
controls, but it decreases in both elevated pCO2 treatments.  
 
Selection regime Mean ancestral 

plasticity 
Mean evolved plasticity Variance evolved 

plasticity 
Variance 
ancestral 
plasticity 

SA  
 
All 0.37 

0.56 0.3  
 
All 0.06 
 

FA 0.71 0.26 

SH 0.44 0.02 

FH 0.68 0.048 

 
Appendix Table 9: Mantel-test and stress results for the MDS plots presented in Appendix Figure 17 A – D 
and Figure 3.4 in the main text of Chapter 3.  T-test and Mantel test were each performed against a random 
dissimilarity matrix. For t test p <0.05 the clusters are not random. Any stress value > 0.1 (red and orange 
background) can indicate that MDS cluster results are not trustworthy.  

Lineage Selection environment 
MDS stress 
(reliability) T test 

Mantel test 
mantel r  

oth95 SA 0.014 0.080 <0.001 

rcc1107 SA 0.021 0.070 <0.001 

rcc1108 SA 0.039 0.010 <0.001 

rcc1114 SA 0.065 0.012 <0.001 

rcc1558 SA 0.063 0.012 <0.001 

rcc1645 SA 0.005 0.006 <0.001 

rcc1662 SA 0.037 0.011 <0.001 

rcc343 SA 0.060 0.010 <0.001 

rcc410 SA 0.103 0.010 0.5 

rcc422 SA 0.041 0.020 <0.001 

rcc501 SA 0.027 0.010 <0.001 

rcc675 SA 0.100 0.050 0.6 

rcc747 SA 0.013 0.012 <0.001 

rcc789 SA 0.013 0.006 <0.001 

rcc809 SA 0.055 0.012 <0.001 

rcc810 SA 0.001 0.213 <0.001 

oth95 FA 0.012 0.000 <0.001 

rcc1107 FA 0.109 0.000 <0.001 

rcc1108 FA 0.008 0.000 <0.001 

rcc1114 FA 0.171 0.000 <0.001 

rcc1558 FA 0.043 0.000 <0.001 

rcc1645 FA 0.051 0.001 <0.001 

rcc1662 FA 0.000 0.002 <0.001 

rcc343 FA 0.001 0.002 <0.001 

rcc410 FA 0.000 0.004 <0.001 

rcc422 FA 0.082 0.006 <0.001 

rcc501 FA 0.001 0.017 <0.001 

rcc675 FA 0.063 0.059 <0.001 
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rcc747 FA 0.063 0.126 <0.001 

rcc789 FA 0.063 0.196 <0.001 

rcc809 FA 0.063 0.311 <0.001 

rcc810 FA 0.103 0.169 <0.001 

oth95 SH  0.204 0.000 0.7 

rcc1107 SH  0.003 0.000 <0.001 

rcc1108 SH  0.019 0.000 <0.001 

rcc1114 SH  0.020 0.000 <0.001 

rcc1558 SH  0.037 0.000 <0.001 

rcc1645 SH  0.018 0.000 <0.001 

rcc1662 SH  0.004 0.000 <0.001 

rcc343 SH  0.026 0.000 <0.001 

rcc410 SH  0.029 0.000 <0.001 

rcc422 SH  0.037 0.000 <0.001 

rcc501 SH  0.003 0.000 <0.001 

rcc675 SH  0.267 0.000 <0.001 

rcc747 SH  0.050 0.000 <0.001 

rcc789 SH  0.001 0.004 <0.001 

rcc809 SH  0.239 0.067 <0.001 

rcc810 SH  0.030 0.036 <0.001 

oth95 FH 0.197 0.000 <0.001 

rcc1107 FH 0.005 0.001 <0.001 

rcc1108 FH 0.002 0.000 <0.001 

rcc1114 FH 0.017 0.000 <0.001 

rcc1558 FH 0.012 0.000 <0.001 

rcc1645 FH 0.044 0.000 <0.001 

rcc1662 FH 0.043 0.000 <0.001 

rcc343 FH 0.027 0.000 <0.001 

rcc410 FH 0.004 0.000 <0.001 

rcc422 FH 0.192 0.000 <0.001 

rcc501 FH 0.019 0.000 <0.001 

rcc675 FH 0.029 0.001 <0.001 

rcc747 FH 0.022 0.006 <0.001 

rcc789 FH 0.042 0.017 <0.001 

rcc809 FH 0.012 0.101 <0.001 

rcc810 FH 0.001 0.136 <0.001 
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Appendix Figure 1: PCA of Ostreococcus lineage variability using published genetic data. (A)genetic (ITS1 
GC content) and physiological data (chlorophyll a/b ration). Chlorophyll a/b ratio explains 96% of the differences 
between lineages. Lineages are still clustered by geography, even though the surface lineages belong to a single 
clade, and the “deep sea” lineages to a single clade.  (B) genetic information (ITS1 length and GC content) only. ITS1 
length and GC content account for 3% of variability between lineages; and the clusters spread out. Please not that 
two of the lineages used in our study had either not been analysed or did not fall into the clades used  in the 
Rodriguez study.  

 
 

 
Appemdix Figure 2 A –D: Oxygen evolution rates of ancestral lineages under short-term CO2 enrichment can 
partially predict the magnitude of evolutionary responses.  
The predictive power of ancestral oxygen evolution levels is, overall, significant with (for oxygen evolution rate at t0 x 
selection regime) F,3,42 =3.86, p < 0.05. However, post-hoc tests reveal that this only holds true for the fluctuating 
environments, where r2 = 0.32, p< 0.05 in the direct response, and r2 = 0.11, p <0.05 in the correlated response. In 
the stable environments, there is no significant correlation between the ancestral oxygen evolution rates under short-
term CO2 enrichment and the magnitude of evolved responses (r2 = 0.07, p = 0.5, and r2 = 0.06, p = 0.7 for direct and 
correlated response in the SH-environment respectively,  
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Appendix Figure 3 A-D: Growth rates of ancestral lineages under short-term CO2 enrichment are not overall 
predictive of the magnitude or direction of the evolved respones 
Ancestral fitness levels under short-term CO2 enrichment alone are overall not indicative of how much lineage will 
evolve (growth at t0 x selection regime F3,42 = 2.2 , p= 0.1), although there is significant correlation in the correlated 
response of FH-evolved lineages (r2 = 0.23, p < 0.05, see Appendix Figure 3 A - D). 
 
 

 
Appendix Figure 4: Plasticity evolves, particularly in fluctuating environments. 
Initially, more than 60 % of lineages in the non-fluctuating selection environment display decreased plasticity. It is 
worth noting, that all these populations were grow very poorly upon transfer to their ancestral environment. When 
given a month to recover in their ancestral environment, the plastic response changes drastically. We assume that 
the “real” change in plasticity would have been larger than upon acclimation to the ancestral environment, but smaller 
than after full recovery. The acclimation response to the ancestral environment is ecologically more relevant, as 
under more natural conditions a poorly growing population would not be given a month to recover, but would be 
quickly outcompeted by other populations. Each lineage is represented by a unique symbol ± 1 standard error (n=3 
bioreplicates per lineage in each selection regime).  
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Appendix Figure 5: Ancestral responses (measured before evolution) to elevated pCO2 begin to reverse after 
100 generations of selection. Mean fold change in traits compared to control in fluctuating (upper panel) and stable 
(lower panel) elevated pCO2 selection environments. The mean ancestral response to CO2 enrichment began to 
reverse after 100 generations and was completely reversed to control levels for chlorophyll content, growth, oxygen 
consumption and size in the fluctuating environment and for chlorophyll content, size and oxygen consumption in the 
stable environment after 400 generations. In both environments, lipid content only significantly increased under 
prolonged elevated pCO2. Each symbol represents mean trait across 16 ecotypes ± 1 SE, 3 biological replicates per 
lineage. The dotted line indicates a fold change of 1, i.e. no change was detected, values above the dotted lines 
indicate an increase, values below the dotted line, a decrease in a given trait.  
 

 
Appendix Figure 6: There is a trend for more TEP to be produced, by a greater number of lineages, in high 
and fluctuating CO2 environments. 
 
TEP production varies between selection environments (F 3, 478 = 38.7, p < 0.05). Only one lineage in the control 
environment (rcc1107, from a Mediterranean surface isolate) has detectable levels of TEP per cell, and TEP 
concentrations are about the same as for this lineage in 5 out of 16 lineages in the control fluctuating environment, 
which would experience overall slightly higher pCO2 levels – and significantly higher fluctuation in pCO2. In the 
elevated pCO2 selection regimes (FH and SH), there is a marked increase in the average amount of TEP produced 
per cell (about 10 fold) and in the number of lineages producing detectable amounts of TEP (15 in the constant 
elevated pCO2 environment, 13 in the fluctuating elevated pCO2 environment). Each box represents one lineage, with 
the thick band indicating the median. (biological replicates n=3). Outliers are plotted as closed filled circles.   
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Appendix Figure 7: Responses to elevated pCO2 of individual lineages in fluctuating and stable 
environments.  Each symbol represents the mean fold change in trait for one lineage. The pattern described in the 
main manuscript is also found in most lineages, but the magnitude of the response is significantly different between 
lineages overall (F1,175=171.33, p<0.0001), and in post-hoc tests for oxygen evolution (panel A, p <0.05 stable, 
p<0.05 fluctuating), oxygen consumption (panel B, p <0.01 stable, p <0.05 fluctuating), Size: (panel C, p<0.05 stable, 
p <0.01 fluctuating), Chlorophyll content (panel D, P <0.01 stable, P<0.01 fluctuating) Orange fluorescence (panel E, 
p<0.05 stable,  not significant in fluctuating environment, there p = 0.22), Lipid content (panel F, p <0.05 stable, p 
<0.05 fluctuating) 
 
  
 
 

 
 
Figure 8(A-D): MDS plots for all lineages in their respective selection regimes.  
Appendix Figure 8 A: Multidimensional scaling plots for all lineages in the stable ambient treatment. Traits 
that are correlated in how much they change under short-term or long-term elevated pCO2 cluster together. For 
stress values and mantel statistics, see Appendix Table 9.  
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Appendix Figure 8 B: Multidimensional scaling plots for all lineages in the stable elevated treatment. Traits 
that are correlated in how much they change under short-term or long-term elevated pCO2 cluster together. For 
stress values and mantel statistics, see Appendix Table 9.  
  

 
 
Appendix Figure 8 C: Multidimensional scaling plots for all lineages in the fluctuating ambient treatment. 
Traits that are correlated in how much they change under short-term or long-term elevated pCO2 cluster together. 
For stress values and mantel statistics, see Appendix Table 9.  
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Appendix Figure 8 D: Multidimensional scaling plots for all lineages in the fluctuating elevated treatment. 
Traits that are correlated in how much they change under short-term or long-term elevated pCO2 cluster together. 
For stress values and mantel statistics, see Appendix Table 9.  
 

 
Appendix Figure 9: Chlorophyll, size, and orange fluorescence in the 2000ppm treatment (as function of 
ancestral plasticity in that same trait)  
Each lineage is represented by a unique symbol, as means ± 1SE and n=3. The dotted line indicates the mean short-
term response to 1000ppm at t0. The thick line indicates the mean short-term response to 2000ppm at t400. Overall, 
there is a difference in phenotypes at 1000ppm CO2 and phenotypes at 2000ppm CO2 (F 1,156 = 2.89, p <0.05). 
Chlorophyll a content is slightly elevated at 2000ppm CO2 compared to 1000ppm CO2 (post hoc p <0.05), and cells 
are significantly smaller  (post hoc p <0.01) with higher orange fluorescence (post hoc p <0.01). Differences between 
selection regimes are significant with F 3,165 = 35.97, p  <0.0001)  
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Appendix Figure 10: Rhodamine 123 fluorescence for lineages from all selection regimes in the 2000ppm 
assays. Displayed as log-transformed fold change difference compared to SA selected lineages assayed at 400ppm 
CO2 at t400. Boxplots are displayed as is standard, with the thick band indicating the median (i.e. 2nd quartile). Filled 
circles indicate means for individual lineages, where n=3 biological replicates. Error bars for individual lineages were 
omitted for clarity. Selection environment has a significant effect on rhodamine 123 fluorescence at 2000ppm CO2 (F 
3,105  = 7.42, p < 0.0001), with rhodamine fluorescence at 2000ppm CO2 being highest in lineages evolved in FH (post 
hoc p <0.001). In all other selection environment, rhodamine 123 fluorescence is lower than in control lineages (post 
hoc p <0.01). There is no overall difference in rhodamine fluorescence at 1000ppm CO2 and 2000ppm CO2 (F 1,105 = 
2.81, p = 0.09), although medians are generally higher in the 2000ppm CO2 assay.  
 

 
Appendix Figure 11: Overall plasticity at t400 is higher in fluctuating environments than in stable 
environments. However, ancestral or evolved plasticity in one trait only (here, oxygen evolution rates as the main 
trait used for analysis in my thesis) does not predict overall plasticity even when I only include photosynthesis related 
traits (chlorophyll content and size in the measure of overall plasticity). Each lineage is represented by a unique 
symbol with n = 3 biological replicates, as means ± 1 SE. Colours indicate the different selection regimes. Red: SH, 
Orange: FH, Blue: FA, Green: SA.  
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Appendix Figure 12: Photosynthesis and respiration rates of evolved lineages become decoupled.  
Each lineage is represented by a unique symbol and indicates means ± 1 SE. n per lineage = 3. 
In all selection and assay regimes apart from SA selected lineages assayed at 1000ppm CO2 (evolved plastic 
response), oxygen evolution rates and respiration rates in fmol O2 per cell and hour become decoupled from each 
other. This indicates either that oxygen evolution is not a reliable measure of photosynthesis in evolved lineages, or 
that oxygen evolution rates change during selection in the laboratory. 
 

 
Appendix Figure 13: Oxygen evolution rates and oxygen consumption rates in lineages prior to evolution are 
positively correlated.  
Each filled circle represents one lineage (means ±1 SE, n per lineage =3). Ambient pCO2 (red) r2 =0.31, p <0.001. 
Elevated pCO2 (turquoise): r2 = 0.64, p <0.05.   
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Appendix Figure 14 A: Competition based on plasticity only, starting with a random distribution in a cellular 
automaton. Based on nearest-neighbour competition, the cellular automaton predicts for the least plastic lineage 
(rcc501) to go extinct within the first 20 generations (right) when the lineages are initially randomly distributed (left). 
Blue = rcc501, black = oth95, green= rcc1108 and light blue = rcc1107. Displayed are trajectories for population 
densities over time (generations).  
 
 
 

 
 
Appendix Figure 14 B: The fluctuating pattern of lineage densities holds for thousands of generations. 
The first 1000 generations are displayed here. This pattern is found in the vast majority of runs. Only in 4 out of 1000  
runs do I find that another lineage goes extinct and the fluctuating population densities cease to exist. 
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Appendix Figure 14 C: Lattice grid simulation output with no stochastic effect of winning by chance 
When the stochastic element is removed from the simulation entirely, the benefit of being more competitive builds up 
over the first 400 generation, until the system only supports one lineage.  

 
Appendix Figure 14 D: Lattice grid simulation output with a fixed rather than random stochastic effect 
When luck is set to fixed value, rather than a random value, the system can support up to three lineages, but the 
fluctuations in population size are lost. 
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Appendix Figure 14 E: Lattice grid simulation output with stochastic effect, but assuming that lineages are 
similar in their competitive abilities (example of 16 out of 1000 runs, small panels, and means and sd for 1000 
runs, big panel))When lineages have the same or very similar competitive capacities, any degree of chance 
generated advantage is going to lead to the fast decline of at least two out of four lineages.  
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Appendix Figure 15: Results from a pilot study suggest that Ostreococcus lineages react differently to the 
presence of signaling molecules from the same or a different lineage and that there is also a difference 
between continuous co-culture (Lawrence et al 2014, in prep) and  a one-off spike with filtrate.  
Ostreococcus lineages seemed responsive to signaling molecules (F2,12   = 3.9, p <  0.05). Compared to control 
lineages, which where given 0.2 filtered seawater, lineages that received 0.2 filtered seawater after cells of the same 
lineage had been growing in it for 7 generations, grew more slowly or did not show a change in growth rate. When 
given filtrate of a sample that had been added to a growing sample of a different lineage, growth rates generally 
increased. Growth rates were measured in SA evolved lineages at 430ppm CO2.  
 
 
 

 
Appendix Figure 16: OtV pilot. Here, I am developing a method to obtain virus-free and infected sub -
populations. A. Ostreococcus cells were detected by their specific scatter of red light (chlorophyll fluorescence) and 
were sorted into three populations according to their DNA content (DNA stained with SYBR green). These 
populations had low, medium and high DNA content. By setting up a better protocol for SYBR green staining on the 
more sensitive ACCURI c6, we will be able to gate these populations more accurately by only taking single cells into 
account (two cells stuck together might yield a high to medium DNA reading), for cells with medium and high DNA 
content. B: Gel electrophoresis of the three different population described in A,  top lane : Viral DNA content for low, 
medium, negative control (DEPC treated water) and high DNA content Ostreococcus cells. Lower lane: positive 
control (RuBisCo subunit) for the three populations. There is viral DNA in high DNA populations, but not in the low 
DNA populations.  
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Appendix Figure 17: Example for samples that had lysed after being exposed to stress (here, high light 
intensities and growth at high densities).  Left: control sample. Free virus particles were determined in the lysed 
samples using a FACS CANTO after staining the sample with SYBR green.  
 

Appendix Scripts 
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Appendix Script 1: Calibration and analysis of MIMS output.  
&?*!+;/>;/!+,!/?$0!$0!*`;$%')*./!/+!/?'/!+,!2+66*32$')!0+,/C'3*!PW3$:$.}QJ!C?$2?!D+*0!.+/!3;.!C$/?!/?*!R'2!+>*3'/$.:!

0@0/*6A!!

 

MIMS calibration script:  
 
!"#$%&"%&"'()"*+*,-.%+/"0*,%1)*#%(+"2*#*3"4(5"&$(5,2")5+"#$%&"&0)%6#"17'()7"*##786#%+/"#(")5+"
#$7"(#$7)"(+73"9+"#$7"&$*)72",*1"'(,27):"#$%&"%&"0*,,72";<=>98%8&?"
""
2*#*0*,%@A)7*230&BCDEEEFGHHI0*,%H30&BD:"&76JD:D:"270JD3D:"$7*27)JKL"!)7*2%+/"2*#*3""
"
"
K786@AEM"!07,&%5&"%+"05B7##7"
KN@A"HOP3EMQ"K786!N7,B%+""
&*,@APE"!&*,%+%#-"%+"&*86,7"%+"05B7##7"
"
6*)C8')(RJ0CP:ELL"!&6,%#"2)*R%+/"0*+B*&"%+#("P")(R&:"(+7"0(,58+"
"
6,(#C2*#*0*,%ST7*83UF:"0(,JD2*)V/)77+D:"W,*1"J"D#%87D:"-,*1JD=)/(+DL"
6,(#C2*#*0*,%ST7*83UU:"0(,JD2*)V1,57D:W,*1"J"D#%87D:"-,*1JD<*)1(+"X%(W%27DL"
6,(#C2*#*0*,%ST7*83PH":0(,"JD)72D:W,*1"J"D#%87D:-,*1JDYW-/7+D"L"
""
#%87@A*&38*#)%WC&7ZCF3E:C,7+/#$C2*#*0*,%ST7*83UUL[EFL:F3ELL"!0)7*#7"#%87"0(,58+"
2*#*#%87@A01%+2C#%87:2*#*0*,%L"!*22"#%87"0(,58+"
"
!!!!!!*,,"<(H")7,*#72"0*,%1)*#%(+!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!"
!"#$7"0(88*+2"0*,,&"*"B*,57"%+"0(,58+"P"C+(#7"#$*#"%+"#$7"()%/%+*,"0&B"'%,7:"R%#$"+("#%87"*W7&"
*2272:"#$%&"R(5,2"17")(R"HL3"\$(5,2"-(5)"<YH"2*#*"+(#"17"%+"0(,58+"#R("C%373"#$)77L:"6,7*&7"
0$*+/7"#("#$7"*66)(6)%*#7"0(,58+3""
0(H1IE@A2*#*#%87]O^HF:P_"
0(H1IH@A2*#*#%87]GEPF:P_"
0(H1IP@A2*#*#%87]EFMGF:P_"
0(H1IU@A2*#*#%87]EE^OF:P_""
0(H1IM@A2*#*#%87]EH^OF:P_"
"
0(H*IE@A2*#*#%87]GEPF:P_"
0(H*IH@A2*#*#%87]EFMFF:P_"
0(H*IP@A2*#*#%87]EE^FF:P_"
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0(H@A)1%+2C0(H1@AC*&38*#)%WC)1%+2C0(H1IE:0(H1IH:0(H1IP:0(H1IU:0(H1IMLLL:0(H*@A
C*&38*#)%WC)1%+2C0(H*IE:0(H*IH:0(H*IP:0(H*IU:0(H*IMLLLL"
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"
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"
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"
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0(H)*#%(1IM@A2*#*#%87]PFEFF:P_"
"
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"
!"&*87"(,2b"R7",((V"*#"#$7"2%''7)7+07"17'()7"*+2"*'#7)"*22%#(+"
0(H)*#%(@A)1%+2C0(H)*#%(1@A
C*&38*#)%WC)1%+2C0(H)*#%(1IE:0(H)*#%(1IH:0(H)*#%(1IP:0(H)*#%(1IU:0(H)*#%(1IMLLL:0(H)*#%(*@A
C*&38*#)%WC)1%+2C0(H)*#%(*IE:0(H)*#%(*IH:0(H)*#%(*IP:0(H)*#%(*IU:0(H)*#%(*IMLLLL"
0(H)*#%("
"
20(H)*#%(@A*&38*#)%WC0(H)*#%(*A0(H)*#%(1L"
"
00"@A"`a>>"
"'()"
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"
"
6)%+#C20(H)*#%(L"
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"
"
"
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"
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0$*+/7"W,%8"*+2"-,%8"*00()2%+/"#("-(5)"'%,7""
"
6,(#C2*#*#%87ST7*83UUo2*#*#%87S#%87:"0(,JD2*)V1,57D:W,*1"J"D#%87]&70_D:"-,*1JD<*)1(+"X%(W%27D"
:"W,%8J0CHPFF:HlFFL:-,%8J0CEPFFF:ElFFFL:#-67JD,DL"
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"
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*1,%+7C0(7'C&,(67,8L:"0(,JD)72DL"!2)*R%+/"#$7"&,(67"
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#%87(H@A*&38*#)%WC&7ZCF3E:C,7+/#$C(H0*,%ST7*83PHL[EFL:F3ELL"
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"
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"
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"
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"
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"
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"
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"
 
Appendix Script 2: permutations to find overall plasticity 
 
#open libraries 
library(ggplot2) 
library(combinat) 
library(matrixStats) 
 
dm<-read.csv("dummy.csv") #combined for all lineages in SA 
dm2<-read.csv("dummy2.csv")#combined for lineages in FA 
#create all possible combinations. using permn within combinat returns all possible permutations of a vector. This is 
!7 here, because the length of my vector is 7.  

 
permed<-iperm(dm$plaval) #finds all permutations >5000 in this case. See below for function (needs to be run first) 
permeddf<-data.frame(permed) #turn into dataframe because I find it hard working with a matrix 
names(permeddf)<-c(1:length(permeddf)) #giving the dataframe more meaningful headers. Just numbers in this 
case.  
output=matrix(NA,ncol=length(permeddf),nrow=nrow(permeddf)) # storage matrix 
 
for (i in 1: ncol(permeddf))  { #run this loop over all columns 
 
 for (j in seq(1,nrow(permeddf),1)) { #run this loop over all all rows 
output[j,i] <-sd(permeddf[1:j,i])/mean(permeddf[1:j,i]) # add another plastic trait, one by one, and calculate overall 
plasticity for all permutations 

  }   
} 
 
dfout<-data.frame (output) #these are all your possible permutations of how adding another trait affects the total 
plasticity 

  
 #now we want the mean of all of these 5040 possibilities (i.e. means per row) 
meansrows<-function (x, na.rm = FALSE, dims = 1L)  
{ 
    if (is.data.frame(x))  
        x <- as.matrix(x) 
    if (!is.array(x) || length(dn <- dim(x)) < 2L)  
        stop("'x' must be an array of at least two dimensions") 
    if (dims < 1L || dims > length(dn) - 1L)  
        stop("invalid 'dims'") 
    p <- prod(dn[-(1L:dims)]) 
    dn <- dn[1L:dims] 
    z <- if (is.complex(x))  
        .Internal(rowMeans(Re(x), prod(dn), p, na.rm)) + (0+1i) *  
            .Internal(rowMeans(Im(x), prod(dn), p, na.rm)) 
    else .Internal(rowMeans(x, prod(dn), p, na.rm)) 
    if (length(dn) > 1L) { 
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        dim(z) <- dn 
        dimnames(z) <- dimnames(x)[1L:dims] 
    } 
    else names(z) <- dimnames(x)[[1L]] 
    z 
}  
 
final<-meansrows(dfout) 
finalsd<-rowSds(dfout) 
plot(final, col="darkred", pch=8, xlab='number of plastic traits', ylab='added plasticity') 
 
iperm<-function (x, fun = NULL, ...)  
{ 
    if (is.numeric(x) && length(x) == 1 && x > 0 && trunc(x) ==  
        x)  
        x <- seq(x) 
    n <- length(x) 
    nofun <- is.null(fun) 
    out <- vector("list", gamma(n + 1)) 
    p <- ip <- seqn <- 1:n 
    d <- rep(-1, n) 
    d[1] <- 0 
    m <- n + 1 
    p <- c(m, p, m) 
    i <- 1 
    use <- -c(1, n + 2) 
    while (m != 1) { 
        out[[i]] <- if (nofun)  
            x[p[use]] 
        else fun(x[p[use]], ...) 
        i <- i + 1 
        m <- n 
        chk <- (p[ip + d + 1] > seqn) 
        m <- max(seqn[!chk]) 
        if (m < n)  
            d[(m + 1):n] <- -d[(m + 1):n] 
        index1 <- ip[m] + 1 
        index2 <- p[index1] <- p[index1 + d[m]] 
        p[index1 + d[m]] <- m 
        tmp <- ip[index2] 
        ip[index2] <- ip[m] 
        ip[m] <- tmp 
    } 
    out 
} 
 
 
Appendix Script 3: implementation of core – satellite model described in chapter 4 
!
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0(867#%#%(+&:"*+2"%#"%&"&("'*)")78(B723"K$%&"&-&#78"%&"+(#"&#*1,7y"
"
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Appendix Script 4: code for cellular automaton in lattice grid 
"
,%1)*)-C6,-)L"
"
&670%7&@A0CD)00EEF^D:D)00EEFOD:D)00MFED:D(#$GMDL"!70(#-67"+*87&"/("$7)7"
"
)76,*0787+#@A8*#)%WC+0(,JU:"1-)(RJKsat:"2*#*J0C"!h*#)%W"b"6)(1*1%,%#-"('")76,*0787+#3"#$%&"%&"
*"1%#"0,58&-"*&"%"0*,05,*#72"%#"8*+5*,,-"1*&72"(+"0$*+/7&"%+")*+V"'%#+7&&3"\#)*%+&"R%#$"#$7"
$%/$7&#"0$*+/7"%+")*+V"'%#+7&&"*)7"8(&#",%V7,-"#(")76,*07"70(#-67&"R%#$",(R7)"0$*+/7"%+")*+V"
'%#+7&&3")00EEF^"$*2"#$7"$%/$7&#"%+0)7*&7"%+")*+V"'%#+7&&:")00EEFO"*+2"(#$GM"R7)7"m5&#"*1(5#"
7Z5*,:")00MFE"$*2"#$7",(R7&#"%+0)7*&7"%+")*+V"'%#+7&&3""
E:F3U^:F3U^:F3FH:"
F3F^:E:F3O:F3O:"
F3FE:F3FE:E:F3Fl:"
F3M:F3FE:F3FE:E"
"
LL"
"
"
)76,*0787+#@A8*#)%WC+0(,JU:"1-)(RJKsat:"2*#*J0C"!h*#)%W"b"6)(1*1%,%#-"('")76,*0787+#3"#$%&"%&"
*"1%#"0,58&-"*&"%"0*,05,*#72"%#"8*+5*,,-"1*&72"(+"0$*+/7&"%+")*+V"'%#+7&&3"\#)*%+&"R%#$"#$7"
$%/$7&#"0$*+/7"%+")*+V"'%#+7&&"*)7"8(&#",%V7,-"#(")76,*07"70(#-67&"R%#$",(R7)"0$*+/7"%+")*+V"
'%#+7&&3")00EEF^"$*2"#$7"$%/$7&#"%+0)7*&7"%+")*+V"'%#+7&&:")00EEFO"*+2"(#$GM"R7)7"m5&#"*1(5#"
7Z5*,:")00MFE"$*2"#$7",(R7&#"%+0)7*&7"%+")*+V"'%#+7&&3""
E:F3H^:F3O:F3H^:"
F3F^:E:F3U^:F3U^:"
F3FE:F3FE:E:F3Fl:"
F3M:F3F^:F3U^:E"
"
LL"
"
0(867#%#%(+@A'5+0#%(+C07,,&:"+&#76JEFFL"!27'%+7&"*"'5+0#%(+"#$*#"%&"/(%+/"#(")767*#"%#&7,'"EFF"
#%87&"R$7+"0*,,72""
f"
"+%+2"@A+)(RC)76,*0787+#L""!"+5817)"('"%+2%B%25*,"70(#-67&"
"+07,,@A+)(RC07,,&L"!"+5817)"('"D07,,&D"
"27+&@A8*#)%WC+)(RJ+&#76:+0(,J+%+2L"!27+&%#-"('"07,,&"%+"/)%2"
"'()"C&&"%+"Eb+&#76L"
"f"
"" 2+@A)1%+2C07,,&]+07,,:_:07,,&]EbC+07,,AEL:_L"!27'%+7&2(R+[56[,7'#[)%/$#AAd"#$%&"%&"#("
0$70V"R$*#"7*0$"07,,"%&"&5))(5+272"1-3">%V7,-$((2"('"17%+/")76,*072"2767+2&"(+")76,*0787+#"
8*#)%W"C*1(B7L"*+2"(+"R$7#$7)"()"+(#"(+7"70(#-67"%&"&5))(5+272"1-"(#$7)&3""
"" 56@A)1%+2C07,,&]Hb+07,,:_:07,,&]E:_L"
"" ,7@A01%+2C07,,&]:Hb+07,,_:07,,&]:E_L"
"" )%@A01%+2C07,,&]:+07,,_:07,,&]:EbC+07,,AEL_L"
"" )+2@A8*#)%WC+)J+07,,:+0J+07,,:)5+%'C+07,,e+07,,LL"!"/7+7)*#7&"*")*+2(8"+5817)"#$*#"%&"
17#R77+"#$7"8*W%858"*+2"8%+%858"6)(1*1%,%#-"('"('")76,*0787+#"8*#)%W"
"" '()"C%"%+"Eb+07,,L"""""!,((6"#$)(5/$"*,,")(R&"%+"8*#)%W"
"" f"'()"Cm"%+"Eb+07,,L"!",((6"#$)(5/$"*,,"0(,58+&"%+"8*#)%W"
"" " f"%%@A07,,&]%:m_""
"" " " +7%/1"@A0C56]%:m_:)%]%:m_:2+]%:m_:,7]%:m_L"!"0$70V"+7%/$1(5)$((2""
"" " " 6@A)76,*0787+#]+7%/1:%%_""
"" " " 0586@A0C058&58C6[PL:EL"!)76,*0787+#"1-"0$*+07"
"" " " )76@A8%+CR$%0$C0586dJ)+2]%:m_LL"!%&")76,*0787+#"257"#("0$*+/7"%+")*+V"
'%#+7&&"*+2")*+2(8"'*0#()"8()7",%V7,-"#$*+")76,*0787+#"1-"0$*+07w""
"" " " %'"C)76@UL"07,,&"]%:m_"@A+7%/1])76_"!%'"-7&:")76,*07y"



Z>>*.D$8 

! !GHV!

"" " " gg"
"" " " '()"C%"%+"Eb+%+2L"27+&]&&:%_@A&58C07,,&"JJ%L"!,((6&"#$)(5/$"*,,"('"#$7"
*1(B7"*+2"0*,05,*#7&"+7R"2%&#)%15#%(+"('"07,,&"
"g"
")7#5)+C,%&#C07,,&J07,,&:27+&%#-"J"27+&LL"!)7#5)+&",%&#"('"R$("&#*-&"*+2"R$("/(7&"
"
g"
"
%+%@A0CE:H:P:UL""!#$%&"c6*)*/)*6$c"%&"'()"%+#%*,"27+&%#%7&"(+,-3"%+"#$%&"B7)&%(+:"70(#-67&"*)7"
8(&#,-"V776%+/"#("#$78&7,B7&"%+"+7*#",%##,7"1511,7&"C()")*#$7):"&#)%67&L3"9'"+(#"&670%'%72:"
70(#-67&"*)7"2%&#)%15#72")*+2(8,-3"15#"%+"#$7"h72%#7))7+7*+:"#$7-"&778"#("&#%0V"#("
+7%/$1(5)%+/")7/%(+&3""v()")*+2(8"&#*)#:"6,7*&7"&77"17,(R"
07,,&@A8*#)%WCPH:PH:2*#*JFL"
07,,&]:Eb^_"@A%+%]E_"
07,,&]:GbEl_@A%+%]H_"
07,,&]:EObHU_@A%+%]P_"
07,,&]:HMbPH_@A%+%]U_"
"
"
=EFF@A0(867#%#%(+C07,,&L"!)5+"8(27,"(+07"C%373"EFF"/7+7)*#%(+&L"
=HFF@A0(867#%#%(+C=EFFS07,,&L"!"*+2"*/*%+"
=PFF@A0(867#%#%(+C=HFFS07,,&L"!"*+2"*/*%+"CR(52,"6(&&%1,-"17"+%07)"%'"%+"*",((6"*&"R7,,L"
"
6*)C8')(RJ0CH:HL:8*)J0CH:H:H:HLL"!&7#"56"/)%2"'()"6,(##%+/"
0(,@A0CD,%/$#/)77+D:D,%/$#1,57D:D1,*0VD:D1,57DL""
%8*/7C07,,&:"0(,J0(,:".,%8J0CE:UL:"*W7&Jv=>\t:"8*%+JD%+%#%*,DL"!6,(#&"%+%#%*,"0(86(&%#%(+"
#7W#CWJ)76CF3E:UL:-J&7ZCF3E:F3G:",7+/#$3(5#JUL:"
",*17,&J&670%7&]%+%_:0(,JDR$%#7D:"*2mJF:"'(+#JHL"
"
%8*/7"C=EFFS07,,&:"0(,J0(,:".,%8J0CE:UL:*W7&Jv=>\t:"8*%+JD*'#7)"EFF"/7+7)*#%(+&DL"!"6,(#&"
0(86(&%#%(+"*'#7)"EFF"/7+7)*#%(+&" "
%8*/7"C=PFFS07,,&:"0(,J0(,:".,%8J0CE:UL:*W7&Jv=>\t:"8*%+JD*'#7)"HFF"/7+7)*#%(+&DL"!"*+2"*'#7)"
PFF"/7+7)*#%(+&"
"
8*#6,(#C)1%+2C=EFFS27+&%#-:=HFFS27+&%#-:=PFFS27+&%#-L:"0(,J0(,:"W,*1JD/7+7)*#%(+&D:"-,*1JD07,,"
27+&%#-D:')*8736,(#JKsatL"!"6,(#"27+&%#-"*&"*"'5+0#%(+"('"#%87"'()"*,,"70(#-67&"
"
Z5*)#.CL"!(67+"+7R"6,(#"R%+2(R"C#$%&"0(88*+2"R%,,"(+,-"R()V"(+"*"8*03"9#"%&"R%+2(R&CL"'()"n<"
*+2"{EECL"%+"a+%WL"
"
!!!!!!!!!!!!!!!"2("*,,"('"#$7"*1(B7"El"C()"2(.7+2&"('"EFF&"m5&#")76,*07"El"1-"*+-"(#$7)"
+5817)L"#%87&"!!!!!!!!!!!!!!!!!!!!!!!!"
"
6*)C8')(RJ0CU:UL:"8*)J0CH:H:H:HLL"!&7#"56"+7R"/)%2"
'()"C"%"%+"EbElL"!)5+"#$7"*1(B7"El"#%87&"
f=EFF@A0(867#%#%(+C07,,&L"!"'()"56"#("EFF"/7+7)*#%(+&"
=HFF@A0(867#%#%(+C=EFFS07,,&L"!'()"56"#("HFF"/7+7)*#%(+&"
=PFF@A0(867#%#%(+C=HFFS07,,&L"!'()"56"#("PFF"/7+7)*#%(+&"
"
8*#6,(#C)1%+2C=EFFS27+&%#-:=HFFS27+&%#-:=PFFS27+&%#-L:"0(,J0(,:"W,*1JDD:"
-,*1JDD:')*8736,(#JKsat:",#-JD,DL"!"6,(#"*,,"El")7&5,#&"
g"
!!!!!!!!!!!!!!!!!)*+2(8"2%&#)%15#%(+"*#"'%)&#"
!%'")*+2(8"%+"17/%++%+/""5&7"&*86,7CEbU:lU:)76,*07JKL"!"()"EH^"()"*+-#$%+/"56"#("EFHU"
2767+2%+/"(+"$(R"850$")*+2(8+7&&"-(5")7Z5%)7"}"#$7+")5+"&0)%6#"*&"+()8*,"
""
"
07,,&@A8*#)%WCPH:PH:2*#*JFL"
07,,&]EbPH:EbPH_"@A&*86,7CEbU:EFHU:)76,*07JKL""
" "



Z>>*.D$8 

! !GHL!

:88+*;)<$="8+/-$
HA S2?';6!*/!')A!H!PF;()$0?*DQ!
GA S2?';6!*/!')A!G!P$.!>3*00[!/+!(*!>;()$0?*D!+.!H"A"XAG"HKQ!
IA S2?';6!*/!')A!I!P$.!3*%$*C[!'C'$/$.:!D*02$0$+.0!+,!3*%$*C*30Q!



ARTICLES
PUBLISHED ONLINE: 23 DECEMBER 2012 | DOI: 10.1038/NCLIMATE1774

Variation in plastic responses of a globally
distributed picoplankton species to
ocean acidification
Elisa Schaum1*, Björn Rost2, Andrew J. Millar3 and Sinéad Collins1

Phytoplankton are the basis of marine food webs, and affect biogeochemical cycles. As CO2 levels increase, shifts in the
frequencies and physiology of ecotypes within phytoplankton groups will affect their nutritional value and biogeochemical
function. However, studies so far are based on a few representative genotypes from key species. Here, we measure changes in
cellular function and growth rate at atmospheric CO2 concentrations predicted for the year 2100 in 16 ecotypes of the marine
picoplanktonOstreococcus.Wefind that variation in plastic responses among ecotypes is on parwith published between-genera
variation, so the responses of one or a few ecotypes cannot estimate changes to the physiology or composition of a species
under CO2 enrichment. We show that ecotypes best at taking advantage of CO2 enrichment by changing their photosynthesis
rates most should increase in relative fitness, and so in frequency in a high-CO2 environment. Finally, information on sampling
location, and not phylogenetic relatedness, is a good predictor of ecotypes likely to increase in frequency in this system.

Marine phytoplankton are the foundation of ocean
ecosystems. These small but mighty microbes are re-
sponsible for roughly half of global carbon fixation, and

form a fundamental part of the biological carbon pump that
exports fixed carbon to the deep ocean1,2. Ocean acidification will
affect the composition of phytoplankton communities, which will
in turn affect oxygen production, the efficacy of the biological
carbon pump3,4, and air–water CO2 exchange. Calcifiying taxa
such as coccolithophores will probably be adversely affected5,
whereas other groups such as cyanobacteriamay benefit from ocean
acidification6.Higher trophic levels will be affected indirectly if their
food quality deteriorates7. Empirical studies so far predict changes
in phytoplankton communities using single or a few8 genotypes to
represent functional groups9,10 such as silicifying diatoms, calcifying
coccolithophores and N2-fixing cyanobacteria, but variation in
responses within functional groups has not been quantified.

Here, we use 16 ecotypes of Ostreococcus tauri from 9 habitat
types (Supplementary Table S1) to quantify variation in plastic
responses to elevated CO2 for ecologically relevant traits such
as photosynthesis, and characterize changes in traits affecting
food quality for 5 of these ecotypes. O. tauri is the smallest
known free-living eukaryote11, is globally distributed, has distinct
ecotypes12,13 and is an important primary producer14, making it
ideal for eco-evolutionary studies. As phytoplankton communities
will change by sorting within and between species, we compare our
measured within-species variation in plastic responses to published
differences in plastic responses between functional groups. An
ecotype is considered more plastic if its phenotype over a few
generations of exposure to CO2 enrichment changesmore. Changes
in phenotype on this timescale involve sustained changes in gene
expression, but exclude transient acclimation and genetic change
(evolution). We link plasticity in photosynthesis rates to changes in
the relative fitness of ecotypes during asexual growth, and use this

1University of Edinburgh, Institute of Evolutionary Biology, Ashworth Laboratories, West Mains Road, Edinburgh EH9 3JF, UK, 2Alfred Wegener Institute for
Polar and Marine Research, Am Handelshafen, 27570 Bremerhaven, Germany, 3University of Edinburgh, Centre for Systems Biology at Edinburgh, C.H.
Waddington Building, Mayfield Road, Edinburgh EH9 3JD, UK. *e-mail: c.e.l.schaum@sms.ed.ac.uk.

link to predict which ecotypes are likely to rise in frequency in a
high-CO2 environment.

Results and discussion
Ecotypes vary in their plastic responses to CO2 enrichment.

Using representative genotypes to predict functional group re-
sponses to ocean acidification requires that variation in responses
within functional groups be small relative to variation between
functional groups. However, our estimate of variation within
O. tauri ranges from 1.8 to 3.6 times variation between func-
tional groups (assuming equal or low within- and between-
ecotype variation, respectively). See Table 1 and Supplementary
Table S2. Our results are conservative, because many published
studies differ in their methods, which increases within-group
variation, whereas our study uses consistent methods, which
minimizes variation. Other estimates of within-species variation
in response to carbon enrichment are lower than in O. tauri

8,
possibly because this study measures four times more ecotypes
than previous work.

Although all 16 ecotypes of O.tauri increase their growth rates
(µ) under CO2 enrichment (F15,96 = 248.85, p < 0.0001), the
magnitude of response varies among ecotypes (F15,96 = 1,233.63,
p<0.00001), ranging froma 1.06- to a 1.9-fold increase (Fig. 1a). As
variation within species and between functional groups is similar,
single or a few ecotypes of a species cannot be used to estimate
the response of a functional group to ocean acidification; both
a mean and a variance for each functional group (or species)
are needed. The relative magnitudes of within- and between-
species variation show that ecological, compositional processes
(species sorting within communities) and evolutionary processes
(lineage sorting within species) must be considered simultaneously
to understand community responses to ocean acidification in
marine phytoplankton.
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Table 1 | Fold change in µ between and within functional groups in response to CO2 enrichment.

Functional group Mean fold-change in µ Variance fold-change in µ

within group
Variance in fold-change in µ within
group

References

Cyanobacteria (N2 fixing)* 1.5 0.04 0.1 6,31–34
Diatoms (silicifying)† 1.1 0.03 0.1 23,35–37
Coccolithophores (calcifying)* 0.91 0.02 0.1 5,8,26,30,38–40
Green algae* 1.5 0.36 0.1 This study

In all studies cited here CO2 levels were 380–440 ppm and 800–1,200 ppm CO2. Fold-change µ bigger than 1 indicate that cell numbers increased faster, whereas fold-change µ smaller than 1 indicate
that cell numbers increased more slowly than at control conditions. Note that this table is not exhaustive and that it includes both mesocosm and laboratory experiments. So far, there have been no
studies that directly compared laboratory and mesocosm responses to ocean acidification. *A single species was considered for this table. †Multiple species were considered. Note that we have used a
single individual from each ecotype of O. tauri to estimate within-species variation, which will overestimate variation within species if variation within ecotypes is large relative to variation within species.
See Supplementary Table S2.

There is similar variation in plastic responses among ecotypes
for traits affecting oxygen production, size, and food quality of
phytoplankton (Fig. 1b–d). There is a 1.02- to a 2.18-fold increase
in photosynthesis rates (F15,96 = 27.59, p< 0.0001) with significant
variability between ecotypes (F15,96 = 727.54, p< 0.0001). Differ-
ences in plastic responses for C/N ratios, which partly determine
the food quality7,15 of phytoplankton, range from 1.06- to 1.56-fold
increases (response to CO2: F4,59 = 69.99, p < 0.001, variance:
F4,59 = 361.46, p < 0.0001). Ecotypes also vary in how much
their size increases under CO2 enrichment with fold differences
from 1.3 to 1.9 (response to CO2: F15,79 = 375.14, p < 0.0001;
variation: F15,79 = 174.1, p< 0.0001). However, there is only a weak
tendency for the amount of the main light-harvesting molecule in
photosynthesis, chlorophyll a, to increase in cells grown at highCO2
(Supplementary Fig. S2). The ranges of phenotype values for all
traits are larger at high CO2. Although variability in dissolved inor-
ganic carbon is higher at elevated CO2 (ref. 16), this is unlikely to be
driving our results because the same pattern holds when we correct
for the absolute value of themean (Supplementary Table S3).

In the absence of information on initial ecotype abundances,
the magnitude of the change in average phenotype expected in
O. tauri cannot be predicted, although the direction of change
is consistent. As CO2 levels increase, O. tauri will grow and
photosynthesize faster, and have larger cells with a higher C/N
ratios than contemporary cells. Higher µ values indicate that
Ostreococcus, along with other green algae17 and cyanobacteria6,
are likely to increase in abundance in high-CO2 conditions. Faster
photosynthesis rates would allow future Ostreococcus communities
to produce more oxygen and fix and sequester more carbon from
the atmosphere. Increases in cell size would compound this effect,
because bigger cells contain more carbon and can sink faster, which
will affect geochemical cycles and food webs. Modest changes in
cell diameter translate into large changes in cell volume, affecting
the nutrients needed to build cells, susceptibility to grazing, carbon
export efficiency and a host of other traits. As high C/N ratios
usually indicate a nitrogen-deplete reservoir,O. tauri in a high-CO2
world may be a lower quality food source than it is now, which,
coupled with similar changes in prokaryotic picoplankton18,19,
raises concerns about food quality for grazers. Changes in C/N
ratios can also affect bacterial degradation20 and the efficiency of
the biological carbon pump3.

More plastic ecotypes increase in relative fitness at high CO2.

Under CO2 enrichment, there is variation in the change in µ
among ecotypes of O. tauri, which is expected to drive changes in
their relative fitnesses (Supplementary Table S4), and so change
the genetic composition of the species under ocean acidification.
Here, relative fitness is defined by which ecotype grows fastest and
should therefore outcompete others in the absence ofmore complex
interactions21,22. Assuming the relative fitness of ecotypes under
present-day conditions (380 ppm CO2) at least partially determines

their frequencies now, an increase in the relative fitness of an
ecotype under elevated CO2 indicates that its frequency is likely
to rise, and a decrease indicates that its frequency is likely to fall
as the species adapts.

When the genetic composition of a species changes adaptively,
the mean values of traits correlated with fitness are expected
to systematically change when there is variation in those traits.
Changes in photosynthesis rates affect functions such as primary
productivity and oxygen production, so we test how we expect this
trait to change as O. tauri evolves. We confirm that photosynthesis
rate is positively correlated with µ, as expected17,23 (r2 = 0.62
and r

2 = 0.86, p < 0.05 and p < 0.0001 for 380 ppm and
1,000 ppm CO2, respectively).

There is variation in both absolute photosynthesis rates and
plasticity in photosynthesis rates, but which one best predicts
the change in relative fitness of ecotypes under CO2 enrichment?
If the absolute rate of photosynthesis does, then ecotypes that
photosynthesise the fastest at high CO2 will become more
frequent, regardless of whether they respond to changes in CO2.
If the magnitude of the plastic response in photosynthesis rates
is the best predictor, we instead expect the most responsive
ecotypes to increase in frequency, even if they do not have
the highest rates of photosynthesis when growing in high CO2.
Although photosynthesis rate at high CO2 predicts changes in
relative fitness under CO2 enrichment (F15,29 = 46.61, p < 0.01),
plasticity in photosynthesis rate is a far better predictor of it here
(F15,29 = 106.45, p<0.0001; Supplementary Table S4).

Surprisingly, we do not expect ecotypes with the highest absolute
photosynthesis rates in high-CO2 environments to increase in
frequency when CO2 levels rise, even though photosynthesis rate
is positively correlated with µ. Instead, we expect ecotypes that are
most plastic, and so best able to take advantage of an environmental
change to increase in frequency. For example, deep-sea ecotype
rcc809 has only a modest plastic response to CO2 enrichment.
This ecotype drops in rank fitness and is expected to decrease
in frequency despite its high photosynthesis rate. In contrast, the
plastic ecotypes oth95 and rcc1108 increase in rank fitness under
CO2 enrichment, and are expected to rise in frequency under future
conditions, although their photosynthesis rates are not unusually
high. If more plastic ecotypes become more frequent, changes in
community function should be larger than the average response
of the species now. For example, the average response to carbon
enrichment in O. tauri is to increase photosynthesis rates by about
1.4-fold, butwill be higher after lineage sorting (closer to 1.7-fold).

Plastic responses correlate with geography at large scales. More
plastic ecotypes are likely to increase in frequency in response to
CO2 enrichment, but it is not always possible to measure plasticity
in a large number of ecotypes for all species, so ‘more easily
obtainable’ indicators of the rank plasticities of ecotypes within
species are useful. To this end, we test whether differences in
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Figure 1 | Physiological changes in O. tauri in response to elevated CO2 levels. a, All 16 ecotypes divided more rapidly at 1,000 ppm CO2 than at 380 ppm
CO2 (1.48±0.42-fold increase in growth at high relative to ambient CO2 levels (ANOVA F15,96 = 248.85, p<0.0001); mean daily µ at 380 ppm is
0.76±0.02 d−1 and at 1,000 ppm is 1.04±0.05 d−1). The magnitude of the response varied between ecotypes (ANOVA F15,96 = 1,233.63, p<0.00001).
b, Net photosynthesis rates are faster at elevated CO2 (ANOVA F1,96 = 27.59, p=0.0001) and increase by 1.4±0.3-fold for photosynthesis and
1.2±0.2-fold for respiration (oxygen evolution is 7.42±0.29 fmolO2 per cell and hour at 380 ppm and 9.61±0.4 fmolO2 per cell and hour at 1,000 ppm).
Although responses are consistent in direction, they vary significantly between ecotypes (ANOVA F15,96 = 727.54, p<0.0001 for photosynthesis,
F1,596 = 514.21 and p<0.001 for respiration). c, The C/N ratio of cells is significantly higher in cells grown at 1,000 ppm CO2 than in cells grown at
380 ppm CO2 (ANOVA F4,59 = 59.99, p<0.001, C/N mass ratio 4.49±0.09 at 380 ppm CO2 and 5.68±0.2 at 1,000 ppm CO2). The increase in C/N
ratio is due to increases in carbon content (fold increase in particulate organic carbon 2.12±0.8), as well as decreases in nitrogen content of cells (fold
change in particulate organic nitrogen is 3.16± 1.18). Variation between ecotypes is significant (ANOVA F4,59 = 361.46, p<0.0001). These changes are
consistent with the increase in cell size seen (c) and are caused by carbon enrichment rather than nitrogen limitation, as the medium used was
nitrogen-rich. On the basis of these changes, future Ostreococcus populations could more than double their intracellular carbon quota, with some ecotypes
decreasing their intracellular nitrogen quota by a third. d, Cells also increase in size in response to CO2 enrichment (1.48±0.21 fold increase in size,
p<0.0001; mean size at 380 ppm is 2.26±0.29, at 1,000 ppm is 3.35±0.6) and the magnitude of the response varies between ecotypes (ANOVA
F4,79 = 375.14, p<0.0001). Future Ostreococcus cells have the capacity to be nearly 1.5 times bigger than contemporary Ostreococcus cells. All ecotypes
are shown as means (n= 3–5) and standard error. Black bars indicate overall means and standard errors for all ecotypes at either 380 or 1,000 ppm CO2.

plasticity among ecotypes are explained best by their location or
by phylogeny. Our reasoning is that plasticity could be maintained
by natural selection because different regions of surface ocean
differ in the magnitude, tempo and predictability of environmental
fluctuations. Alternatively, differences in plasticity may mainly
reflect phylogenetic similarity.

Here, sampling location explained most of the variation in
plasticity in photosynthesis. We find that most of the variability
in physiology among ecotypes (93%) is explained by how plastic
they are, rather than by absolute trait values or µ. Ecotypes cluster
on the basis of the depth and location that they were collected

at (mixed-effect analysis of variance (ANOVA) for variation in
photosynthetic rates: sampling depth F15,37 = 2–195.21, p< 0.0001,
ocean of origin F15,34 = 224.79, p < 0.001, Fig. 2). Ecotypes from
the ocean surface cluster together, and are more plastic, which is
consistent with these ecotypes experiencing variable conditions of
sea surface pCO2(ref. 24,25; r2 = 0.71, Supplementary Fig. S3 and
Table S5). Ecotypes collected from the surface of theMediterranean
are more plastic than ecotypes collected elsewhere, suggesting that
plasticity may be selected for and that although the magnitude of
CO2 fluctuations in some regions of the Mediterranean is relatively
low, some other aspect of variation in CO2 may maintain plasticity
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Figure 2 |Variability of O. tauri ecotypes in photosynthesis and µ after
acclimation to 1,000ppm CO2. Ecotypes cluster in a principal component
analysis on the basis of sampling depth and location. Symbol size scales
with level of plasticity, with larger symbols indicating more plastic
ecotypes. Surface ecotypes are more plastic than deep-sea ecotypes, and
ecotypes from similar environments usually cluster together regardless of
clade. If not categorized as either surface or deep sea, ecotypes were
collected between 10 and 40m. Ecotype legend is identical to Fig. 1.

there. All but one Mediterranean ecotype form a distinct cluster
regardless of belonging to different clades. Surface ecotypes from
other regions form a second cluster, and deep-sea ecotypes form
a third. The patterns we see are not explained by previously
published relatedness12 (Supplementary Fig. S4). This suggests
that environment is more important than phylogenetic similarity
for explaining variation in plasticity among ecotypes of O. tauri,
which opens the possibility of identifying locations where marine
phytoplankton communities are likely to be the most and least
stable over the coming decades. Whereas other studies show that
physico-chemical parameters predict aspects of phytoplankton
physiology13, we show that location, which is simpler to measure,
and which does not require an understanding of whether and how
plasticity is selected in any given environment, explains variation in
plasticity in a marine picoplankton.

Conclusions
To predict how future phytoplankton communities may differ
from contemporary ones, we need to take plastic, ecological and
evolutionary responses into account. Here, we have characterized
plastic responses to carbon enrichment in 16 ecotypes of a
cosmopolitan green alga, O. tauri. In general, surface picoplankton
under CO2 enrichment are expected to grow faster, be larger and
store more carbon and less nitrogen per cell, with more plastic
ecotypes expected to increase in frequency under future ocean
conditions. This can change their abundance and quality as a
food source and the magnitude of their roles in biogeochemical
cycles. Most surprisingly, the variation in responses to CO2
enrichment among ecotypes of a single species is similar in
magnitude to the variation in responses among functional groups
in published studies, suggesting that ignoring within-species sorting
underestimates how much food webs and biogeochemical cycles
will change. Although extrapolating from laboratory to natural
conditions must be done cautiously22, variation seen in the

laboratory is heritable, consistent and affects µ, so it has the
potential to affect relative fitness in natural populations.

One challenge to predicting community-level responses to
changing environments is that we must either measure responses
in a large number of the organisms present, or extrapolate
from a few genotypes. Differences in basic biology can predict
changes in community composition at the level of functional
groups26. However, shifts within groups also affect ecosystem
function—frequencies of toxic versus non-toxic cyanobacteria is
one example27. At the scale of our study, sampling location explains
variation in plastic responses to CO2 enrichment in a species, and
may be a useful proxy when measuring reaction norms is not
feasible, as is the case for most species on the planet. Although
environmental genomics can tell us the composition of the present
community, we suggest that the potential for changes in community
composition can be partly predicted using geography.

Methods
Culture conditions. O. tauri ecotypes were obtained from the Roscoff Culture
Collection (rcc) and Plymouth Marine Laboratory, grown in Keller medium28 and
made clonal by dilution, so that each culture originated from single cells. Light
intensity, salinity and incubator temperature reflected a compromise between
environments experienced by different ecotypes. Samples were pre-acclimated
and acclimated for 5–7 asexual generations to 380 ppm CO2 or 1,000 ppm CO2
in a closed-system and grown in semi-continuous batch cultures at low densities.
Details and effects of ecotype history and isolation date (all non-significant) are in
Supplementary Tables S1 and S7.

Growth rate (µ). Cell density was determined as attenuance at 650 nm (EL 808
Biotek) twice a day for a seven-day period.µwas calculated as

µ(d−1)= ln(N1)− ln(N0)
�t

with N1 and N0 being cell numbers at t1 and t0, and �t the time in days between
sampling intervals.

Net photosynthetic oxygen evolution. Cultures were centrifuged to concentrate
cells. Oxygen evolution in the light was measured in a Clark-type oxygen electrode
illuminated at 180 µmol photonsm−2 s−1, with stirring.

Plasticity and fitness responses. Plasticity responses were calculated from oxygen
evolution as follows,

|PShigh CO2 −PSambient CO2 |
PSambient CO2

where PS is net photosynthetic oxygen evolution (or respiration) in femtomoles
per cell per hour. For fitness responses,µ replaces PS.

Carbonate chemistry. Seawater carbonate chemistry was calculated from pH and
alkalinity using the CO2sys software29. Dissolved inorganic carbon was measured
colorimetrically Total alkalinity was inferred from linear Gran-titration plots. For
detailed methods see Supplementary Table S7.

Chlorophyll and C/N ratio. Details on chlorophyll a content determination
through acetone extraction and measurements of particulate organic carbon and
particulate organic nitrogen content as described in ref. 30 for 5 of the 16 ecotypes,
chosen to span the range of responses to CO2 enrichment, are in the Supplementary
Information and Figs S5–S7.

Data analysis. Data were analysed in the R environment, using mixed models
within the nlme and lme4 packages. Data were tested for normality before
performing mixed linear models with pCO2 as a fixed effect. Depending on the test
performed there were up to four random effects that were all treated as not nested
within each other. Degrees of freedomwere calculatedmanually.

Received 6 July 2012; accepted 7 November 2012; published online
23 December 2012
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Plasticity predicts evolution in a
marine alga
C. Elisa Schaum and Sinéad Collins

Institute of Evolutionary Biology, University of Edinburgh, Ashworth Laboratories, West Mains Road,
Edinburgh EH9 3JF, UK

Under global change, populations have four possible responses: ‘migrate,
acclimate, adapt or die’ (Gienapp et al. 2008 Climate change and evolution:
disentangling environmental and genetic response. Mol. Ecol. 17, 167–178.
(doi:10.1111/j.1365-294X.2007.03413.x)). The challenge is to predict how
much migration, acclimatization or adaptation populations are capable of. We
have previously shown that populations from more variable environments
are more plastic (Schaum et al. 2013 Variation in plastic responses of a globally
distributed picoplankton species to ocean acidification. Nature 3, 298–230.
(doi:10.1038/nclimate1774)), and here we use experimental evolution with a
marine microbe to learn that plastic responses predict the extent of adaptation
in the face of elevated partial pressure of CO2 (pCO2). Specifically, plastic popu-
lations evolvemore, andplastic responses in traits other thangrowth canpredict
changes in growth in amarinemicrobe. The relationship between plasticity and
evolution is strongest when populations evolve in fluctuating environments,
which favour the evolution and maintenance of plasticity. Strikingly, plasticity
predicts the extent, but not direction of phenotypic evolution. The plastic
response to elevated pCO2 in green algae is to increase cell division rates, but
the evolutionary response here is to decrease cell division rates over 400 gener-
ationsuntil cells aredividingat the samerate theirancestors did inambientCO2.
Slow-growing cells have higher mitochondrial potential and withstand further
environmental change better than faster growing cells. Based on this, we
hypothesize that slow growth is adaptive under CO2 enrichment when
associated with the production of higher quality daughter cells.

1. Introduction
Shifts in the environment drive both plastic and evolutionary responses in
organisms, and theoretical studies have shown that plastic responses are good can-
didates for predicting evolutionary ones [1–3], but to our knowledge, no direct
experimental tests of this exist. Here, we present an empirical study that tests
and quantifies links between the two processes. Phenotypic plasticity is a single
genotype’s ability to produce variable phenotypes in response to environmental
conditions [4] and views on the possible relationship between phenotypic plas-
ticity and evolution fall into two main groups with mutually exclusive
predictions. The first is that populations made up of plastic individuals are more
likely to adapt to novel and changing environments [3,5–9]. This is based onpopu-
lation geneticsmodels [10–12],where plasticity actsmainly bykeepingpopulation
sizes high enough tomaintain and/or produce variation, though it has never been
tested in the absence of demographic effects. The second is that populations made
up of plastic individuals are less likely to adapt [13–15]. This is possibly a result of
qualitative descriptions for possible outcomes of climate change scenarios that
phrasepossibilities as either/or (‘migrate, acclimatize, adapt ordie’), and isusually
based on verbal arguments rather than mathematical models or simulations.

The misleading statement that populations respond to environmental change
through either plasticity or evolution stems from two sources: first, in studies of
natural populations, it is difficult to disentangle plastic and evolutionary
responses, and when plastic responses cannot be ruled out, the implication is

& 2014 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
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often that evolutionary responses are absent (e.g. [16,17]).
While failing to rule out a plastic response does not imply
that no evolutionary response is present or possible, it is
harder to definitively detect an evolutionary response than a
plastic one [18]. Evolutionary responses will consequently be
reported less than plastic ones in proportion to the extent
that they actually occur [19]. Second, a common thought exper-
iment proposes that the environment changes such that fitness
decreases, causing populations made up of individuals that
can mitigate fitness loss by plasticity to be under weak or no
selection. A population that is not under selection will not
have to adapt. By contrast, populations with no or insufficient
adaptive plastic responses will have to either migrate or adapt
to avoid going extinct. This leads to the conclusion that adap-
tive plasticity and genetic adaptation should be negatively
correlated [13,14], despite the growing body of theoretical
work predicting the opposite [1–3,20]. While the relationship
between adaptive plasticity and adaptation is uncontroversial
within disciplines, this relationship is a source of conflicting
predictions between disciplines, particularly evolutionary
and marine biology, and must be empirically tested in order
to estimate the extent to which plasticity data can be used to
predict the evolutionary fate or adaptive potential of popu-
lations [21]. These conflicting predictions are especially
important in the context of understanding how marine popu-
lations are likely to respond to global change. There are
empirical studies on how large microbial populations respond
to environmental perturbations in the short term through phe-
notypic plasticity in the absence of genetic change [22–26], or
evolve in the long term using genetic change [27–32]. Despite
this, neither group of studies has measured links between
phenotypic plasticity and evolution.

The link between plasticity and evolution is ecologically rel-
evant, and herewe explore it in the context of marine microbes:
as the world changes and oceans become less basic, more stra-
tified and depleted in nutrients, large populations of marine
microbes with short generation times will have ample scope
for evolution [33]. In the context of climate change, marine
biologists often base predictions on future oceans on short-
term experiments [34,35], but the predictive power of plasticity
data remains untested. Evolutionary biologists use models
to predict, for example, how different rates of environmental
change may require different levels of plasticity in order to
keep fitness constant (e.g. [2]), but little is known about how
the costs and benefits of plasticity affect the adaptive potential
of large populations, where even a substantial drop in fitness
is unlikely to lower population size to the point where natural
selection cannot act effectively. Environmental fluctuations
are also expected to increase in the future, which may select
for increased plasticity, which could subsequently alter the
speed or outcome of evolution and consequently, affect evolved
phenotypes (e.g. [36,37]). The evolution of plasticity is expected
when the frequency of fluctuations is on a scale of few gener-
ations relative to the organism’s generation time [38]. While
there are studies that characterize evolution in complex and
fluctuating environments [3,39], this has yet to be applied
to understanding how marine phytoplankton are likely to
evolve under climate change scenarios.

Here,weuse experimental evolutionwith aglobally distrib-
uted marine picoplankton to measure how phenotypic
plasticity affects evolution. We show that populations founded
from more plastic ancestors evolve more, and that phenotypic
plasticity in a fitness-related trait can be used as a predictor

for the magnitude of an evolutionary response. We evolved
16 physiologically distinct lineages of the species-complex
[40,41]Ostreococcus from single cells for 400 generations in con-
stant and fluctuating environments at ambient (430 ppm CO2)
and elevated partial pressure of CO2 (pCO2) levels (predicted
for theyear 2100: 1000 ppmCO2, basedon the Intergovernmen-
tal Panel on Climate Change report 2007, [42]). We refer to the
selection environments as follows: stable ambient (SA), fluctu-
ating ambient (FA), stable high (SH) and fluctuating high (FH).
The lineages varied initially in their plastic responses in oxygen
evolution rates to CO2 enrichment [22]. We present four main
findings. First, under CO2 enrichment, variations in plastic
responses (change in oxygen evolution rates) before evolution
predict evolutionary responses (change in growth rate).
Second, plasticity evolves in fluctuating environments and
degrades in constant ones. Third, natural selection in constant
and fluctuating environments produces radically different phe-
notypes. Finally, lineages evolved under long-term carbon
enrichment eventually grow more slowly than lineages under
short-term carbon enrichment, thereby producing less but
better quality daughter cells, which indicates that slow
growth can be adaptive in our experimental set-up.

2. Material and methods
(a) Lineages and culturing conditions
Ostreococcus lineages were obtained from the Roscoff Culture
Collection and the Plymouth Marine Laboratory, grown in
Keller Medium [43] and made clonal by dilution and propagated
as described in [22]. Lineages were grown in a closed system in
semi-continuous batch cultures at low densities (maximum den-
sity of 104). In the selection experiment, algae were subjected to
one of the following four selection regimes: selection for
growth at 430 ppm CO2 (final average+ s.d. CO2: 444+
43 ppm CO2), selection for growth at 1000 ppm CO2 (final
average+ s.d: 1031+ 87 ppm CO2), selection for plasticity in
an environment that fluctuated around a mean of 430 ppm
CO2 (490+97 ppm CO2), and selection for plasticity at high
pCO2, in an environment where CO2 levels were fluctuating
around a mean of 1000 ppm CO2 (1012+244 ppm CO2). More
precisely, in the fluctuating selection regime, pCO2 in the incubator
was changed to a random value between 430 and 630 matm CO2

once per week in the FA environment and was changed to a
random value between 700 and 1300 matm (also once per week)
in the FH environment. This rate of environmental fluctuation
maintains plasticity rather than multiple specialist lineages
within populations (see Results). The slightly higher mean of
pCO2 between FA and SA treatment (see the electronic
supplementary material, table S1) has no overall effect ( p !
0.42)—when we use mean and variation from mean as explaining
variables in our ANOVAs, the differences between SA and FA
lineages are indeed driven by differences in environmental variabil-
ity. For assays, sampleswere pre-acclimatized and acclimatized for
five to seven asexual generations to 430 ppm CO2 or 1000 ppm
CO2 (see the electronic supplementary material, figure S1 for
experimental design). The selection environments were estab-
lished by setting the incubator to the appropriate pCO2 and by
using air-stones to aerate the seawater to be used at each transfer
for at least 24 h prior to transfer.

(b) Growth rate m
At t ! 0, 100 and 400 (generations), cell count was determined
using flow cytometry (FACSCalibur and FACS CANTO) and
growth rate (m) calculated as described in [22].
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Growth ratedatawereused to calculate evolutionary responses,
i.e. heritable differences in growth rates between populations
evolved for 400 generations.

Growth responseswere calculated using the following formula:

short -term growth response

! m assay environment" m selected environment
m selected environment

:

The formulae for direct and correlated responses after evolution can
be found in the electronic supplementary material. Here, direct
responses refer to traits of SH and FH evolved lineages measured
at 1000 ppm CO2 relative to growth rates of SA and FH evolved
lineages measured at 1000 ppm CO2. Correlated responses refer
to traits of FH-evolved and SH-evolved lineages measured at
430 ppm CO2 (ancestral environment) relative to phenotypes of
SA- and FA-evolved lineages measured at 430 ppm CO2.
Unless stated otherwise, measurements were carried out after 400
generations of selection.

All populations were pre-acclimatized and acclimatized to
their respective assay environment for five to seven generations
each.

(c) Flow cytometry for determination of cell density
and health

FACS flow cytometry was used to determine event number (cell
density), orange fluorescence,mitochondrial potential in rhodamine
123 stained cells and green fluorescence in green fluorescent protein
(GFP)-modified Ostreococcus strains. To determine rhodamine 123
fluorescence, 1 ml of a (0.2 mg ml21) rhodamine solution was
added to 200 ml of sample and left to incubate for 30 min prior. Rho-
damine 123 fluorescence quantifies the strength of the proton
gradient across mitochondrial membranes [44] and was detected
as green fluorescence.

(d) Heat shock assay
To assess how well lineages would deal with stress, we first
determined the lethal temperature threshold for our populations,
and then chose a temperature that reduced viability of SA-evolved
lineages by 50%. In previous trials, we had found that this is the
case at a sudden 48C increase and incubation at that temperature
(228C) for 1 h. Viability and growth rate were measured using
flow cytometry over the next five to seven cell divisions.

(e) Oxygen evolution rates
Here, we use oxygen evolution rates as an example of a plastic
trait other than fitness that can be related to evolution. This
requires that the trait be correlated with growth, which is
indeed the case in Ostreococcus [22]. Net oxygen evolution and
consumption were measured and used to calculate plastic
responses as described in [22].

( f ) Carbonate chemistry
Seawater carbonate chemistry was calculated from pH and
alkalinity using the CO2SYS software [45]. Dissolved inorganic
carbon (DIC) was measured colourimetrically. Total alkalinity
was inferred from linear Gran-titration plots (see the electronic
supplementary material, table S1). DIC and pH samples for all
lineages were taken at the beginning and at the end of the selec-
tion experiment. Additionally, we measured DIC and pH or
alkalinity prior to using the bubbled medium in a transfer.

(g) Green fluorescent protein (GFP) strains/competition
assay

To test the hypothesis that slow growers are better competitors
[46], we competed eight representative lineages against a GFP line-
age (transformed oth95) [40]. For the competition experiment,
20 ml of medium were inoculated with 100 ml of wild-type
lineages and GFP populations, and cell numbers for each were
recorded every day for a 14 day period (two transfers). Each
lineage’s competitive ability was calculated relative to the GFP-
modified lineages (as fold difference in growth) and plotted as a
function of the lineage’s growth rate in single culture.

(h) Clones/composition of evolved populations
In order to assess whether populations were composed of plastic
lineages or of a mixture of non-plastic lineages, bio-replicates of
a subset of seven representative lineages were made clonal by
dilution, and growth rates were then determined for at least
three clones per lineage.

(i) Data analysis
Data were analysed in the R environment, using linear mixed
effects models in the nlme and lme4 packages. Data were tested
for normality and heterogeneity prior to performing ANOVAs
on the models with selection regime and assay environment as
fixed effects. Depending on the test performed, there were up to
three random effects per model that were all treated as un-nested.

3. Results
(a) Plasticity predicts the extent of evolution
The main question that our experiment was designed to
answer is how ancestral plasticity, measured as change in
oxygen evolution rates to in response to elevated pCO2

prior to selection (at t ! 0), relates to evolution (heritable
changes in growth rate) within a lineage. The direct response
to selection for growth at high pCO2 is calculated by compar-
ing the growth rates in high pCO2 of populations evolved at
high pCO2 (here, FH or SH) with the growth rates in high
pCO2 of populations evolved in ambient CO2 (here, FA or
SA). We find that Ostreococcus evolves in response to CO2

enrichment (figure 1; F3,132 ! 155.66, p, 0.0001), and popu-
lations with more plastic ancestors evolve more in high
pCO2 than populations founded from less plastic ancestors
(F3,132 ! 55.90, p, 0.05). In FH lineages, ancestral plasticity
explains almost half of the direct response to selection
(figure 1a; F1,120 ! 167.66, p, 0.001) and 20% of the corre-
lated response to selection (F1,120 ! 238.77, p, 0.0001). By
contrast, clade/species explains 5–15% of the variation in
evolutionary responses in FH populations. Lineages selected
in the stable SH environment also evolve (figure 1b; F1,120 !
122.27, p, 0.001 and figure 1d; F1,120 ! 593.50 p, 0.0001
for direct and correlated responses, respectively), but the
relationship between ancestral plasticity and evolution is
weaker, and trends in the opposite direction, perhaps because
plasticity is not under selection in constant environments.

The correlated response to selection for growth at high
pCO2 is calculated by comparing the growth rates in ambient
pCO2 of populations evolved at high pCO2 (here, FH or SH)
with the growth rates in ambient pCO2 of populations evolved
in ambient pCO2 (here, FA or SA). The correlated response to
selection in SH shows a strong nonlinear correlation between
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ancestral plasticity and evolution,where low-to-medium ances-
tral plasticity correlates with an increase in the evolutionary
response, butwhere there is no further increase in the correlated
evolutionary response for ancestral plasticity over 0.3. Plasticity
degraded (figure 2) in SH evolved lineages, and these lineages
display arrested growth (figure 3) in ambient pCO2.

(b) Plasticity evolves or is maintained in fluctuating
environments

Fluctuating environments select forplasticity inourexperiment.
Growth for 400 generations in fluctuating environments yields
populations composed of individuals that are more plastic
than their ancestors (figure 2a,c; also see the electronic
supplementary material, figure S2). Plasticity changes signifi-
cantly in the FA selection environment, where selection was

for plasticity alone (figure 2a, F1,98 ! 5.58, p, 0.05). There, it
increases in 11 of 16 lineages, remains unchanged in two, and
is reduced in three out of all 16 lineages (average fold increase
1.69+0.39, post hoc p, 0.05). In the FH environment, where
populations were selected for both plasticity and growth at
high pCO2, evolved plasticity after 400 generations of selection
is on average higher than ancestral plasticity (F1,98 ! 6.01, p,
0.05), with the average increase in plasticity being 1.67+0.51-
fold (post hoc p, 0.05).

Stable environments do not select for plasticity here, and
plasticity does not change significantly after 400 generations
of evolution in stable environments. In the SA environment
(F1,98 ! 0.16493, p ! 0.2), it remains unchanged in 12 lineages
and increases significantly in four. Plasticity decreases over
time in 10 of 16 SH lineages (F1,98 ! 10.6, p, 0.05). However,
this apparent overall decrease in plasticity may be due to

direct response to fluctuating pCO2
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Figure 1. (a–d ) Lineages with higher ancestral plasticity evolve more. Direct and correlated responses to selection plotted as a function of plasticity in oxygen evolution
rates before evolution (ancestral plasticity). For all panels (a–d ), different shapes represent mean values for each lineages+ 1 s.e. For each lineage n ! 3. Dashed line
indicates no response to selection. Panel (a) (selection in FH, assay at 1000 ppm CO2): ancestral plasticity in FH evolved lineages predicts up to 47% of the evolutionary
response (F2,13 ! 210.67, p, 0.001). FH populations evolve slow growth in response to high pCO2. Panel (b) (selection in SH, assay at 1000 ppm CO2): with no selection
for plasticity, a linear relationship using ancestral plasticity as the only explaining variable is not statistically significant ( p ! 0.63). Still, most lineages evolve lower growth
rates (range from20.31 to20.08, mean20.15+ 0.12). Panel (c) (selection in FH, assay at 430 ppm CO2): ancestral plasticity is a significant nonlinear predictor of the
correlated response to selection (F2,13 ! 563.38, p, 0.0001). Lineages from FH increased their growth rate at ambient pCO2 the most when their ancestral plasticity was
high (increase in growth of 0.12–0.30, mean 0.19+ 0.05). Panel (d ) (selection in SH, assay at 430 ppm CO2): lineages selected in SH had a negative correlated response,
and the relationship between ancestral plasticity and the correlated response to selection was significant (F2,13 ! 22.28, p, 0.01), though best described by a nonlinear
fit (p-values and r2 reported on the panels are for linear regression).
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arrested growth in the ancestral environment in some SH
lineages (no growth means we cannot quantify plasticity;
see the electronic supplementary material, figure S3).

After 400 generations, we find a tendency in all selection
regimes for plasticity to decrease in lineages with the highest
ancestral plasticity (average 0.86-fold+ 0.44 change, also
electronic supplementary material, figure S4) and to increase
in most other lineages (average change 1.69-fold+0.39).

(c) Evolution reverses the plastic response to CO2
enrichment

Populations evolved in the ambient CO2 environments, SA and
FA, respond to short-term increases in CO2 by increasing their
growth rates (F7,105 ! 114.88, p, 0.001; figure 3). Increasing
growth is the usual short-term response of Ostreococcus to
CO2 enrichment [22]. However, after about 100 generations

(electronic supplementary material, figure S5), populations
selected in high pCO2 environments (SH and FH) decrease
their growth rates at high pCO2 relative to both their own
ancestors and to populations selected at ambient pCO2. SH-
and FH-selected populations eventually and completely
reverse the plastic response to high pCO2 and return to
growth rates at high pCO2 that are similar to SA-selected popu-
lations growing at 430 ppm CO2, showing the evolution of
slow growth during an experiment where the culturing
method should select for rapid growth.

After 400 generations of selection in elevated pCO2 environ-
ments, responses to ambient CO2 have changed. FH lineages
growbetter in their ancestral environment of 430 ppmCO2 (cor-
related response) than do SH lineages. When SH lineages are
transferred back to 430 ppm CO2, they do not grow detectably
for about two weeks. By contrast, FH lineages do not show
arrested growth.
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Figure 2. Plasticity evolves in fluctuating environments. Plasticity in oxygen evolution rates in four selection regimes at the beginning at the selection experiment
(x-axis) differs from plasticity in oxygen evolution rates after 400 generations of selection ( y-axis). The dotted 1 : 1 line indicates no change in plasticity after 400
generations of evolution. Each symbol represents mean plasticity+ 1 s.e. for a lineage, with three replicate populations per lineage. Panel (a) (FA regime): plasticity
changes significantly (F1,98 ! 5.58, p , 0.05) and increases in 69% of lineages. Panel (b) (SA regime): in all but four lineages, plasticity does not change sig-
nificantly. In the four lineages where plasticity does change, it increases ( post hoc p, 0.001). Panel (c) (FH regime): 56% of all populations evolve higher plasticity
(F1,98 ! 6.01, p, 0.05) after selection at FH. Panel (d ) (SH regime): plasticity increases in four out of 16 lineages, but decreases or remains unchanged in all other
lineages (but see the electronic supplementary material, figure S3).
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(d) Slow-growing cells are better at competing,
withstanding heat shock and maintaining
mitochondrial potential than fast-growing cells

FH-selected populations have lower growth rates than SH-
selected populations at high pCO2, which would reflect a
cost of plasticity of 14–18%, though we argue in the dis-
cussion that this interpretation is probably incorrect, or at
least a misleading oversimplification, as slow growers are
better competitors, better able to withstand heat shock, and
have higher mitochondrial potential than lineages with
chronically elevated growth rates.

In populations that had evolved to grow slow (FH) or
been selected in environments that did not increase growth
initially (SA, FA), lineages with low growth rates in monocul-
ture had better competitive abilities than lineages with high
growth rates in monoculture (F1,177 ! 810.61, p, 0.0001; elec-
tronic supplementary material, figure S6). In SH-evolved
populations however, lineages in monoculture with low
growth rates were worse competitors in mixed culture—
though SH lineages overall grew quickly and were also all
poor competitors compared to lineages evolved in other
environments. A similar pattern was observed in a study
using Chlamydomonas [46]. If low growth rates in monocul-
ture reflected a cost of plasticity, it would be expected that
populations evolved in SH be better competitors than those
evolved in FH. Instead, populations evolved in FH grow
more slowly in monoculture but are in fact better competitors
in mixed culture than populations evolved in SH (electronic
supplementary material, figure S7).

We hypothesized that slow-growing cells were better
competitors because they produced better quality daughter
cells than did fast-growing cells. We tested this by measuring
two indicators of cellular health. First, elevated levels of

orange fluorescence have been shown to increase in stressed
or moribund algae [47]. We find that levels of orange fluor-
escence at the end of the experiment are up to 20 times
higher in cells from SH populations than in cells from SA
populations or fluctuating populations, indicating that non-
plastic populations are more stressed than plastic populations
when grown under chronic high pCO2 conditions. Second,
mitochondrial potential is higher in the slower growing
lineages from the FH environment than the faster growing
SH-selected lineages (F3,109 ! 15.74, p, 0.05; see the elec-
tronic supplementary material, figure S8). In addition to
appearing less healthy when alive, fast-growing cells are less
likely to survive heat shock. FH-selected lineages have lower
growth at high pCO2, but higher viability and growth rates
after heat shock than lineages selected in SH, indicating that
they are better able to withstand stress than fast-growing
lineages (F1,236 ! 9.52, p, 0.005 and F1,236 ! 53.27, p, 0.0001,
for viability and growth rates, respectively; electronic sup-
plementary material, figure S9). This supports our hypothesis
that a greater reduction in growth rate in populations evolved
under chronic CO2 enrichment correlates with the production
of better quality cells.

4. Discussion
(a) Plasticity predicts evolution
We have shown that, in a fluctuating environment, ancestral
plasticity can explain almost half of the direct response to
selection (figure 1), and that Ostreococcus lineages founded
from more plastic ancestors evolve more in high pCO2

environments than lineages founded from less plastic ances-
tors. This makes ancestral plasticity a good predictor of
eventual evolutionary responses and supports theoretical

1.8

1.5

1.2
fo

ld
 c

ha
ng

e 
in

 g
ro

w
th

 ra
te

 m
 c

om
pa

re
d 

to
 S

A
 c

on
tr

ol

0.9

0.6
selection
environment

SA

430 ppm CO2 430 ppm CO2 430 ppm CO2 430 ppm CO21000 ppm CO2 1000 ppm CO2 1000 ppm CO2 1000 ppm CO2

SA FA FA SH SH FH FH

assay
environment

Figure 3. Evolution at elevated pCO2 reverses short-term growth responses to changes in pCO2. Selection regime changes how lineages respond to CO2 enrichment
following 400 generations of selection (F7,105 ! 123.38, p, 0.001). Here, n ! 48 for each selection and each assay environment. The dashed line indicates no
change compared with SA populations. Populations selected in SA show the expected plastic response in growth to CO2 enrichment after 400 generations of selec-
tion, where mean growth rate at elevated pCO2 is higher than at 430 ppm CO2 (F7,105 ! 114.88, p, 0.001, mean growth rate of SA populations assayed at
430 ppm: 0.67+ 0.02 d21, mean growth rate of SA population assayed at 1000 ppm CO2: 0.79+ 0.03 d21). When grown at elevated pCO2, the growth
rate of lineages selected at FH or SH is lower than the short-term response of their respective controls (i.e. FA or SA) growing at high pCO2 (post-hoc FH
p, 0.05 and SH p, 0.05). Populations selected at SH also have negative correlated responses to selection. Growth rate of SH lineages at 430 ppm CO2:
0.5+ 0.01 d21, after growth rates have recovered, while lineages selected in FH have an average growth rate of 0.69+ 0.02 d21.

rspb.royalsocietypublishing.org
Proc.R.Soc.B

281:20141486

6

 on September 18, 2014rspb.royalsocietypublishing.orgDownloaded from 

http://rspb.royalsocietypublishing.org/


studies arguing that plasticity should facilitate evolution
[1–3,20]. Most explanations on why adaptive plasticity facili-
tates evolution focuses on the effects of differences in
population sizes between populations made up of plastic
and non-plastic individuals [3,20,48]. Here, there is no sys-
tematic difference in population size between treatments
(see the electronic supplementary material). Our results
show that even in the absence of demographic effects that
would affect the amount of genetic variation possible in the
population, plasticity can facilitate evolution. This is consist-
ent with plasticity affecting the phenotypic and fitness effects
of mutations directly [1]. Interestingly, this suggests that indi-
vidual plasticity in large microbial populations may be
maintained partially as a by-product of more plastic types
being more able to adapt, and thus being less likely to go
extinct, than less plastic types, and may partly explain
why microbes that can respond to environmental change
genetically also maintain high levels of individual plasticity.

(b) Plasticity evolves or is maintained in fluctuating
environments

Depending on its rate and predictability, environmental vari-
ation can select either for the evolution of plastic individuals
[3], of generalists with invariable phenotypes over several
environments [49,50], or of communities made up of many
specialists [49,51,52]. Here, we found an overall increase of
individual plasticity in lineages selected in fluctuating
environments. We also observe that the lineages with the
highest ancestral plasticity evolve slightly lower plasticity.
This could be caused by lineages decreasing plasticity
enough to limit its cost, while still remaining plastic enough
to persist in a fluctuating environment, a strategy known as
phenotypic buffering [53,54]. There may be some optimum
amount of trait plasticity for the rate and magnitude of
change in fluctuating environments used in this experiment,
and populations may be converging on that—in the high
pCO2 selection environments variance of evolved plasticity
is almost half that of ancestral plasticity (see the electronic
supplementary material, table S2). Here, an optimal level of
plasticity is more likely than a reduction in plasticity that is
due to costs associated with higher levels of plasticity.

Additionally, evolutionary history may limit the ability to
evolve plasticity, since none of the ‘deep-sea’ lineages of
Ostreococcus display any significant change in plasticity
during the evolution experiment; these lineages were isolated
from relatively constant environments and had lower ances-
tral plasticity than surface strains [22]. However, among the
surface strains, variation in plasticity is the best predictor of
variation in evolutionary responses.

We have discussed heritable changes as mutations, but
these could be a combination of genetic and epigenetic
contributions, if epigenetic changes are stable for at least
14 generations (the time used for acclimatization) or are
encoded by genetic mutations.

(c) Evolution reverses the plastic response
to CO2 enrichment

Ostreococcus evolves in response to selection at elevated
pCO2. After 400 generations of selection at elevated pCO2,
lineages selected in the SH environment fail to grow in
their ancestral environment (SA). This pattern has also been

reported in fresh water green algae [31] and coccolithophores
[28,29]. By contrast, FH-selected populations do not show
arrested growth at 430 ppm CO2. These results are consistent
with the maintenance or the evolution of plasticity in fluctu-
ating environments. Under climate change scenarios, there
may be different modes of what selection acts on, favouring
either phenotypic plasticity where phenotype changes in
response to environmental fluctuations, phenotypic buffering
[53,54] or a combination of both: as described in [22,55], in
the short-term, CO2 enrichment may be beneficial to the
most plastic lineages that are best at taking advantage of
the new situation. More plastic lineages will be selected for
in the short-term, and adaptive evolution will occur through
lineage sorting of these lineages. In the long-term, the new
environment may cause stress at the limit of tolerance levels
[56], so lineages are now selected formaintaining cellular func-
tions and metabolic capacities, rather than how well suited
they are for outgrowing other lineages in the matter of a few
generations. So long as a lower growth rate does not result in
immediate competitive exclusion by being overgrown, the
benefit of producing higher quality daughter cells less likely
to die or fail to divide has the potential to outweigh the cost
of producing fewer cells. We have shown that slowed growth
evolves repeatedly under our high CO2 culture conditions.
Further experiments are needed to ascertain how frequently
slowed growth evolves under different enrichment scenarios.

Green algae (including Ostreococcus) and cyanobacteria
usually respond to short-term increases in pCO2 by increasing
their growth rates [22,31,57,58]. Unexpectedly, growth rates
then slow back down after a few hundred generations of
growth at elevated pCO2 in our experiment. This contrasts
with selection experiments in other non-calcifying and non-
silicifying algae, where plastic responses to constant high pCO2

are maintained during evolution for up to 1000 generations
[30,31,59]. It is unusual (but not unprecedented—see [60]) for
growth rates to decrease in a laboratory selection experiment
using large populations of microbes, especially in semi-continu-
ous cultures that donot reach carrying capacity,which selects for
rapid growth [61]. We suggest that the slow growth rates
measured here are adaptive in environments with chronically
elevated pCO2. The evolution of slow growth has previously
been described in [60]. There, however, slow growth was
reported to be a consequence of, rather than an avoidance strat-
egy for, damage in ageing cells. The phenomena described are
similar but the causes are not. We argue that slower growth
rates seen in FH are adaptive and reflect a benefit, not a cost, of
plasticity and provide more detail of our reasoning below.

Our data indicate that slowing growth is associated with
higher mitochondrial function. We see that fast-growing cells
have lower mitochondrial potential than slow-growing cells,
which is consistent with rapid growth causing more oxidative
damage than slower growth [60,62]. This may be particularly
important here, since Ostreococcus, has only a single mito-
chondrion [40]. We hypothesize that lower mitochondrial
function may decrease fitness more in cells with only one
mitochondrion than in cells with multiple mitochondria. In
cells with multiple mitochondria, healthy mitochondria
may have enough function to make up for the damaged
ones, or, malfunctioning mitochondria may not be passed on
to daughter cells, leading to no change inmitochondrial poten-
tial across generations [63,64]. In Chlamydomonas rheinhardtii,
elevated pCO2 has been found to affect mitochondrial size
and potential, with high pCO2-evolved cells shown to have
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smaller, more efficient mitochondria than in cells evolved in
control (there, current ambient) levels of CO2 [65]. In organisms
with one mitochondrion per cell, neither of these strategies can
be applied.

The lower mitochondrial potential we find in the faster
growing lineages may explain the difference in outcomes
between selection experiments inOstreococcus, where ancestral
increases in growth under CO2 enrichment are reversed after
several hundred generations of growth in high pCO2, and
other algae, where growth remains high under similar con-
ditions [30,31,59]. In addition to having cells with higher
mitochondrial potentials, populations selected in fluctuating
environments also survive heat shock better than populations
selected in constant environments.

Taken together, these supporting results show that chronic
growth at elevated pCO2 is stressful for Ostreococcus and that
lower growth rates are associated with lowering that stress.
This, along with the high relative fitness of slower growing
lineages, supports our interpretation that slower cell division
ratesduring evolutionat highpCO2are adaptive inOstreococcus.
In addition, plastic lineages decrease their growth rates most,
indicating a benefit, not a cost, of plasticity.

5. Conclusion
Plastic responses can predict the magnitude of evolutio-
nary responses, and this relationship between plasticity and
evolution offers a pragmatic solution to predicting which phy-
toplankton populations are likely to evolve more under global
change. Here, adaptation reverses plastic responses to CO2

enrichment and leads to the evolution of slow growth rates.
In similar systems, short-term responses will overestimate
changes in growth rate and trait values between contemporary
and future phytoplankton populations, while underestimating

genetic changes and the organisms’ ability to adapt. More
generally, our data suggest that since most laboratory evolu-
tion experiments so far have been carried out in constant
environments even though marine environments can be
highly variable, large microbial populations are more likely
to adapt to ocean acidification than previously thought. This
is especially relevant given predictions that both themagnitude
and frequency of changes in pCO2 in oceanswill increase in the
future [66]. Our study predicts that first, large populations
which are more plastic now will evolve more under global
change, second, that most large populations will evolve to
become more plastic in the future and third, that plastic
responses which drastically increase growth rates can be
reversed by natural selection because of the stress associated
with maintaining rapid growth.
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D1-?<./0>!531 phenotypes of 16 Ostreococcus lineages evolved for 400 generations in four $%!

environments with different partial pressures of CO2: ambient (PCO2 43.57 Pa, i.e. 430 !atm), high $&!

(PCO2: 101.3 Pa, i.e. 1000!atm), fluctuating ambient (average PCO2: 43.57 Pa) and fluctuating high $'!

(average PCO2:101.3 Pa). Surprisingly, our results reveal that even though physiology changes $(!

drastically in response to CO2 enrichment in the short-term and lineages undergo substantial evolution, $)!

the phenotypic result of evolution is that overall phenotype largely returns to the ancestral state in the $*!

ancestral environment. For example, we find that cells from evolved population return to oxygen %+!

evolution and consumption rates of control populations, and that the initial increase in cell size and %"!

chlorophyll content is also reversed. We argue that this return to the ancestral phenotype is adaptive, %#!

because it is part of a response that yields healthier daughter cells and broadens the scope for reacting %$!

to further changes in the environment. In conclusion, in evolving to high CO2, Ostreococcus %%!

populations are “running to stand still”.  %&!

  %'!

! %!

Text %(!

1. Introduction: %)!

The function of marine ecosystems hinges heavily on their smallest primary producers: marine %*!

phytoplankton are responsible for 50% of global primary production (Falkowski et al. 1998), are major &+!

drivers of the carbon pump (Beardall and Raven 2004) and form the basis of marine food-webs &"!

(Rossoll et al. 2012; Thomsen et al. 2013). As the oceans change, marine phytoplankton with large &#!

population sizes (up to millions per milliliter) and short generation times (up to 3 cell divisions per day &$!

(Moulager et al. 2007)) have ample scope for evolution (Collins 2011). To make predictions about &%!

community functions, however, we need two main pieces of information: who is there, and what they &&!

are doing. While the degree to which the growth rate of lineages evolves in response to environmental &'!

change informs our predictions of how their frequencies are expected to change, we also need to know &(!

how other aspects of phenotype evolve in order to understand effects on ecosystem function. Previous &)!

studies have partially described evolved phenotypes in stable but not fluctuating high CO2 &*!

environments. For example, (Lohbeck et al. 2012a) reported that evolved phenotypes of Emiliania '+!

huxleyi are smaller and have reduced calcification after evolution at high CO2. Shorter selection '"!

experiments using diatoms (Crawfurd et al. 2011)found that phenotypes of evolved populations '#!

strongly resembled those of the evolved control or ancestral populations at a PCO2 of 43.57 Pa prior to '$!

selection. However, no studies to date have investigated how the phenotypes of key marine '%!

phytoplankton are likely to evolve in not only changed, but also in changing, environments.  '&!

Elevated CO2 as well as fluctuations in CO2 levels can drive evolution to yield different phenotypes in ''!

a number of phytoplankton species (recently reviewed by (Collins et al. 2013)). Traditionally, short- '(!

and long-term CO2 enrichment experiments are carried out in stable environments, but environmental ')!

fluctuations are normal in the ocean (Joint et al. 2010; Gilbert et al. 2008) and are expected to increase '*!

in the future (Egleston et al. 2010; Flynn et al. 2012). From an evolutionary perspective, fluctuating (+!



! &!

environments are more complex than stable ones, i.e. a heterogeneous environment can produce a ("!

more rugged adaptive landscape that alters the pathways of evolution, and consequently, the (#!

characteristics of evolved phenotypes (e.g. (Cooper and Lenski 2010; Puentes-Tellez et al. 2013)). ($!

Furthermore, multiple adapted phenotypes are possible. While there are studies that characterise (%!

evolution in complex and fluctuating environments in general (Lande 2009, Bonduriansky et al. 2011, (&!

Harrison et al. 2013), this has yet to be addressed empirically for marine phytoplankton to understand ('!

how their phenotypes change on evolutionary time-scales under climate change scenarios.  ((!

 ()!

Evolutionary responses, by definition, result from genetic change in a population over time. In (*!

contrast, plastic responses are changes in phenotype that do not require any change in underlying )+!

genotype. Before evolution in a high CO2 environment, plastic responses to elevated CO2 in )"!

Ostreococcus included increased photosynthesis and respiration rates, as well increases in cell size and )#!

C:N ratio (Schaum et al. 2013). Lineages with a stronger plastic response were better able to take )$!

advantage of changes in the environment and therefore likely to increase in frequency, at least in the )%!

short term. It is not known whether these phenotypic changes are maintained in the long-term, i.e. )&!

whether or not phenotypic data based on responses to elevated CO2 after a few generations alone are )'!

suitable for making useful predictions about phenotypes evolved in that same environments for )(!

hundreds of generations, is still an open question.  ))!

 )*!

To address this, we evolved 16 genetically and physiologically distinct lineages of the species complex *+!

Ostreococcus (Subirana et al. 2013, Courties et al. 1994) in fluctuating and stable high CO2 and *"!

control environments, and measured ecologically relevant traits as well as the plastic responses (as *#!

changes in trait values) to short-term CO2 enrichment at the beginning and at the end of the selection *$!

experiment (see Schaum et al. 2014  in press for a full description of the evolution experiment and *%!

fitness data).  Here, we describe the phenotypes of the evolved lineages after 400 generations of *&!

! '!

evolution in their respective environments, and find that one of the most striking changes in evolved *'!

lineages is that they begin to resemble their ancestral phenotypes in the ancestral environment.  In *(!

other words, they return to an “ambient” CO2 phenotype by redefining “ambient” as the CO2 level they *)!

are evolving in. By ‘resetting the phenotype to ambient’, metabolic stress is avoided, leading to higher **!

fitness in the selection environment and more scope to respond rapidly to further environmental "++!

change.  "+"!

 "+#!

2. Methods  "+$!

2.1. Cultures and experimental setup "+%!

We used 16 lineages of Ostreococcus from nine habitat types. Three bio-replicates of each lineage "+&!

were grown in each of the four CO2 selection environments, stable ambient (SA), fluctuating ambient "+'!

(FA), stable high (SH), and fluctuating high (FH), for a total of 192 populations in the experiment (16 "+(!

lineages x 3 biological replicates x 4 selection environments; see SI Figure 1 for experimental set-up). "+)!

In the SA environment, the PCO2 in the incubator was set to 430 !atm (i.e. 43.57 Pa, measured "+*!

average PCO2: 44.98 ± 4.36 Pa). In the FA environment, CO2 partial pressure was set to a random ""+!

value between 430 and 630 !atm every seven days (i.e. between 43.57 Pa and 63.83 Pa), which """!

corresponds to once every 7 generations (measured average PCO2: 49.64 ± 10.03 Pa). In the SH ""#!

environment, PCO2 was set to 1000 !atm (i.e. 101.3 Pa, measured average PCO2: 104.46 ± 8.81 Pa). ""$!

In the FH environment, PCO2 was set to a random value between 700 !atm and 1300 !atm every ""%!

seven days (i.e. between 70.9 and 131.72 Pa, measured average PCO2: 102.54 ± 24.73 Pa). The SA ""&!

environment controlled for any changes in phenotype that might occur due to selection in a lab ""'!

environment. The FA environment selected for the maintenance and/or evolution of plasticity alone. ""(!

The SH environment selected for growth at high CO2 alone, and the FH environment selected for the "")!

maintenance and/or evolution of plasticity in addition to growth in a high CO2 environment. For ""*!

! (!

detailed carbonate chemistry tables for the different selection environments please refer to SI Table 1 "#+!

in Schaum et al 2014 (in press). Before selection (ancestral lineages, t0), and at about 100 (t100) and "#"!

400 (t400) generations into the selection experiment (evolved lineages) at least two technical replicates "##!

of each population were assayed for growth rates and other phenotypic traits at PCO2 43.57 Pa and "#$!

101.3 Pa. In these assays, populations were pre-acclimated for 5-10 generations, followed by 5-10 "#%!

generations of acclimation. Shortly after t400, samples were also assayed for growth rates and other "#&!

phenotypic traits at a PCO2 of 202.65 Pa.  "#'!

 "#(!
2.2 Physiological responses "#)!
  "#*!
In all cases, samples were pre-acclimated to the relevant level of CO2 bubbled medium for 5-10 "$+!

generations, and acclimated for another 5-10 generations before any measurements were conducted. "$"!

PCO2 used in the assays was 43.57 Pa, 101.3 Pa or 202.65 Pa. Throughout the selection experiment, "$#!

we measured growth rate, oxygen evolution, oxygen consumption, lipid content, cell size, chlorophyll "$$!

content, particulate organic carbon (POC), particulate organic nitrogen (PON), rhodamine123 "$%!

fluorescence as a proxy for mitochondrial potential (Baracca et al. 2003) and orange fluorescence as a "$&!

proxy for chlorophyll breakdown products. For a detailed discussion of growth rate evolution under "$'!

stable und constant elevated CO2 see (Schaum et al. 2014 in press).  "$(!

 "$)!

Growth rates, oxygen evolution and consumption rates: "$*!

Growth rates were calculated from the intact, chlorophyll-positive event counts within an "%+!

Ostreococcus-specific gate of forward and side scatter on a FACS CANTO. Growth rates were "%"!

calculated from cell counts and oxygen evolution and consumption rates were measured using a Clark-"%#!

type oxygen electrode as described in (Schaum et al. 2013). "%$!

 "%%!

 "%&!

! )!

 "%'!

Cellular composition and mitochondrial potential: "%(!

Chlorophyll and lipid content, orange fluorescence, and relative cell size were determined using a "%)!

FACS CANTO (for general protocols see (Marie et al. 2005; Petersen et al. 2012) and SI for more "%*!

detailed methods).  The red fluorescence channel was used as a proxy for total chlorophyll content and "&+!

chlorophyll content per cell was calculated using chlorophyll calibration beads as standards (Bangs "&"!

Laboratories, Inc.) as well as through comparing to samples of known chlorophyll a content, where "&#!

chlorophyll had been extracted according to (Holmhansen and Riemann 1978). The same channel was "&$!

used to determine lipids after a Nile Red stain (la Jara et al. 2003; Guzmán et al. 2009). Orange "&%!

fluorescence measured in the ‘phycoerythrin’ (PE, orange fluorescence) channel can be indicative of "&&!

stress levels (Ostreococcus, like most phytoplankton, does not make phycoerythrin). Cell size was "&'!

inferred from the forward scattered and comparison to calibration beads.  "&(!

 "&)!

Particular organic carbon (POC) and nitrogen (PON) samples were taken for 8 lineages of all selection "&*!

environments, using three technical replicates of all bio-replicates (n = 3). Samples were filtered onto "'+!

pre-combusted (12h, 500ºC) GF/F filters (1.2 mm; Whatman) and stored in pre-combusted (500ºC) "'"!

petri dishes. Filters were wrapped in tin foil and POC and PON were then measured using an "'#!

Elementar Vario EL mass spectrometer, Elementar Analysensysteme GmbH).  "'$!

 "'%!
 Statistics  "'&!
 "''!
Data were analysed in the R environment, using mixed models within the “nlme” and “lme4” packages "'(!

and models built based on Pinheiro and Bates (2000). For graphs, means and standard error per lineage "')!

as well as per CO2 treatment were calculated within the “ggplot2” and “plotrix” package. Correlation "'*!

of plastic and evolved responses between all measured traits was determined, a distance-matrix "(+!

calculated based on the different correlations, and a graphical output of this matrix was plotted using "("!

the R package “vegan”. The same package was also used for statistical analysis of the distance matrix, "(#!



! *!

i.e. Mantel- and stress-tests that indicate differences between matrixes and quality of the plots, "($!

respectively.  "(%!

 "(&!

3. Results  "('!
!"((!

We have previously shown that elevated PCO2 can drive evolution in Ostreococcus and that the "()!

magnitudes of evolutionary responses (measured as differences in growth rate) to elevated pCO2 can "(*!

be predicted by ancestral plastic responses to CO2 enrichment (measured as changes in photosynthesis ")+!

rates, Schaum et al. 2014 in press). Here, we focus on the evolved lineages from SA, FA, SH, SF ")"!

environments and describe their evolved phenotypes assayed in three different PCO2 environments ")#!

(PCO2 used in assays was 43.57 Pa, 101.3 Pa or 202.65 Pa). We distinguish plastic responses from ")$!

evolved ones, t describe the evolution of plasticity, and highlight the differences between the ")%!

phenotypes of lineages evolved in stable and fluctuating environments. The evolution of individual ")&!

traits is summarised in Table 1, along with post-hoc statistical tests. In the following, we show that ")'!

after evolution in CO2 enrichment environments, lineages begin to resemble their ancestral phenotype ")(!

more than the phenotype of the plastic response, particularly in the FH environment. We then describe "))!

the evolved phenotypes in detail and propose that this is part of the adaptive response described in ")*!

Schaum et al 2014.  "*+!

!"*"!
3.1 After 400 generations of evolution in SH or FH, the plastic response to CO2 enrichment "*#!
begins to reverse "*$!
!"*%!

Overall, the evolved phenotypes of SH- and FH-selected lineages are different from plastic phenotypes "*&!

of either ancestral or SA-evolved lineages responding to short-term CO2 enrichment (F 15,124 = 9.69, "*'!

p<0.05, Figure 1). In this section, we contrast the high CO2 phenotype that is the result of plastic "*(!

responses in SA-evolved or ancestral populations with the high CO2 phenotype of SH- and FH-evolved "*)!

populations. This compares the plastic and the evolved responses to CO2 enrichment. See SI Figure 2 "**!

! "+!

A and B for detailed information on the modifications of plastic responses themselves by selection in #++!

stable or fluctuating PCO2 environments. #+"!

!#+#!
Comparison of traits in SH-evolved lineages ancestral lineages at high CO2 #+$!

Before evolution, the response to CO2 enrichment is to increase oxygen evolution and consumption #+%!

rates. This response is not maintained over longer timescales; after evolution in a high CO2 #+&!

environment, SH-evolved lineages measured at PCO2 101.3 Pa, average oxygen consumption rates are #+'!

3.33 fold lower and oxygen evolution rates are 1.46 fold lower than in the plastic response to high CO2 #+(!

of the ancestor (post-hoc p <0.001 and p <0.05 respectively).  #+)!

 #+*!

The average ancestral response to elevated PCO2 was to increase orange fluorescence and decrease #"+!

rhodamine fluorescence, and to increase cell size and chlorophyll content. The effect of evolution on #""!

these traits is idiosyncratic, with individual lineages evolving different values for these traits (see SI #"#!

Figure 3). In SH-evolved lineages, size and chlorophyll content do not differ significantly from this #"$!

ancestral plastic response on average  (post-hoc p= 0.07 and p = 0.053 respectively). In some #"%!

individual lineages, however, size and chlorophyll content after evolution in SH are significantly lower #"&!

than in the ancestral response to elevated PCO2 (SI Figure 3). Average orange fluorescence at high #"'!

CO2 in the SH-evolved lineages is 12.65 fold higher than in the ancestral response to short-term CO2 #"(!

enrichment (post-hoc p <0.01), indicating that evolved populations have more chlorophyll breakdown #")!

products in their cells. Rhodamine 123 fluorescence, an indicator of mitochondrial potential, was not #"*!

measured in the ancestral response to elevated PCO2, but did not differ between SA-evolved lineages ##+!

and SH-evolved lineages  (post-hoc p = 0.052). The final C:N ratio after 400 generations of selection ##"!

at  PCO2 101.3 Pa is 1.3 fold higher than the average C:N ratio in the ancestor grown at PCO2 101.3 ###!

Pa (post-hoc p <0.01). ##$!

 ##%!

! ""!

Comparison of traits in FH-evolved lineages ancestral lineages at high CO2 ##&!

Regardless of the level of CO2 they evolved at, lineages from fluctuating environments resemble each ##'!

other phenotypically, and do not maintain many aspects of the ancestral plastic response to CO2 ##(!

enrichment. FH-evolved lineages resemble FA-evolved lineages more than they resemble the ##)!

phenotype of the ancestral plastic response at t0, making FH-evolved phenotypes significantly ##*!

different from the plastic response phenotype (difference significant across lineages with PCO2  F15, #$+!

121= 7.77, p<0.01, Figure 1, Table 1). Oxygen evolution rates in FH-evolved lineages are 1.26 fold #$"!

lower than in ancestral plastic response, and respiration rates are, on average 1.55 fold lower, relative #$#!

to the ancestral plastic response (post-hoc p<0.01 and p <0.001).  #$$!

 #$%!

In the ancestral plastic response to elevated CO2, lineages increase in size more than 2 fold (see #$&!

(Schaum et al. 2013)), but the FH-evolved lineages decrease in size and chlorophyll content relative to #$'!

the plastic response of the FA control. FH-evolved lineages are 1.3 fold smaller and contain 1.15 fold #$(!

less chlorophyll than in the ancestral plastic response (both post-hoc p <0.01). Orange fluorescence #$)!

does not change significantly between the ancestral plastic response and FH-evolved lineages (post-#$*!

hoc p=0.1). Rhodamine123 fluorescence was not measured as part of the ancestral plasticity assay, but #%+!

FA-evolved lineages decrease in rhodamine fluorescence as part of their plastic response to elevated #%"!

PCO2 (see Figure 1). This appears to be transient as FH evolved lineages assayed at elevated PCO2  #%#!

have 1.5 fold higher rhodamine 123 fluorescence than FA-evolved lineages in their plastic response #%$!

(post-hoc p <0.01). C:N ratios increase as part of the ancestral plasticity response – as in the SH-#%%!

evolved lineages, this is not transient, as FH-evolved lineages have 1.1 fold higher  C:N ratios than #%&!

ancestral lineages in their plastic response to CO2 enrichment (post-hoc p<0.01).   #%'!

 #%(!
Plastic responses as a predictor for evolutionary responses to CO2 enrichment #%)!
 #%*!

! "#!

Based on the data described above, we can now correlate responses to CO2 enrichment before and after #&+!

evolution for each trait and find out if correlation between one pair of traits is representative of others. #&"!

If this was the case, we could use plastic responses in one trait to predict the evolved trait value of a #&#!

different trait, for example, when one trait or sets of traits is easier to measure than another but all trait #&$!

values are needed to describe the phenotype of an evolved organism.  #&%!

In SH-evolved lineages (Figure 2 A), there were only few correlations between the ancestral plastic #&&!

response and evolved trait values, as indicated by the length of arrows connecting blue circles (plastic #&'!

responses) and black circles (evolutionary response). Notably, these were between cell size, #&(!

chlorophyll content, C:N ratio and growth rates in the plastic and the evolved trait values. None of the #&)!

plastic responses in any other trait can predict evolved trait values in the same or another trait, #&*!

resulting in a scattered MDS plot (Figure 2A).  #'+!

 #'"!

In FH-evolved lineages on the other hand, their size, chlorophyll content, oxygen evolution rates and #'#!

growth rates are strongly correlated with ancestral plastic responses for the same traits, resulting in a #'$!

graphical cluster, while respiration, orange fluorescence and lipid content form another cluster (see #'%!

Figure 2 B). This means that we can predict magnitudes of responses in photosynthesis-related traits #'&!

by measuring one or few of them. While this pattern holds true for means of trait values from all FH-#''!

evolved lineages, individual lineages can be different from this overall outcome (see SI Figure 4 A-D #'(!

for all 16 lineages in SA, SH, FA and FH selection environments, difference across environments #')!

between lineages significant with F1,45 =34.82, p <0.0001).  #'*!

!#(+!
!#("!
3.2 Lineages evolve differently in response to stable or fluctuating elevated pCO2 #(#!
 #($!

Phenotypes of SH-evolved lineages  #(%!

By comparing phenotypic traits of SH-evolved lineages to those of SA-evolved lineages, we can gain #(&!

insights into how different lineages evolved in a high CO2 environment are from those evolved in a  #('!



! "$!

contemporary environment when lineages are only evolving in response to the level of CO2. Although #((!

SH-evolved lineages no longer maintain all characteristics of the plastic response they are on average, #()!

significantly different from the phenotypes of SA-evolved lineages. The effect of evolution at elevated #(*!

PCO2 (assay environment x selection environment) is significant across all phenotypic traits examined #)+!

here, with F15,122 = 18.52, p <0.0001( see Figure 1 and Table 1). #)"!

 #)#!

Regarding oxygen evolution, SH-evolved lineages have on average 1.15 -fold higher rates than #)$!

populations evolved at SA. Oxygen evolution rates in SH-evolved lineages are at 9.07 ± 0.14 fmol O2 #)%!

cell-1 hour-1 (post-hoc p <0.05). The average oxygen consumption rate after selection at SH is 3.2 ± 0.2 #)&!

fmol O2 per cell and hour – a 0.76 fold change, i.e. a decrease, compared to the SA control (post-hoc p #)'!

<0.05).  #)(!

 #))!

Cellular composition is also affected by evolution in SH. SH-evolved lineages differ in size and #)*!

chlorophyll content from SA-evolved lineages, although the direction and magnitude of the difference #*+!

depends on lineage. Compared to SA-evolved lineages, SH-evolved cells can be up to 1.5 fold larger, #*"!

with up to 1.7 times more chlorophyll, or up to 1.13 times smaller, with 1.3 times less chlorophyll #*#!

(both post-hoc p <0.05, mean fold change size: 1.06, mean fold change chlorophyll: 1.1). On average, #*$!

SH-evolved cells are 2.19 ± 0.14 !m in size and contain 10.9 ± 1.93 fg chlorophyll.  We found that #*%!

both orange fluorescence and rhodamine fluorescence, which are known to change in stressed samples, #*&!

were altered after evolution in SH. Compared to SA-evolved lineages, SH-evolved lineages have 5.25 #*'!

fold higher orange fluorescence and a 0.55 fold change in rhodamine fluorescence (post-hoc p <0.001 #*(!

and p < 0.01 respectively). After evolution at SH, intracellular lipid content measured as Nile Red #*)!

fluorescence is 5.1 fold higher in 6 out of 16 lineages (no change in lipid content was found in the #**!

other lineages). SH-evolved lineages also have a 1.34 fold higher C:N ratio than SA-evolved lineages, $++!

with a C:N ratio of 7.5 ± 0.15 (post-hoc p< 0.01). $+"!

! "%!

 $+#!

Phenotypes of FH evolved lineages $+$!

By comparing FH-evolved lineages to FA-evolved lineages, we learn how phenotypes change when $+%!

selected not only for growth at a PCO2 of 101.3 Pa, but also for growth in the face of environmental $+&!

fluctuation. Fluctuations select for high phenotypic plasticity at both levels of CO2 (Schaum et al. 2014 $+'!

in press). Phenotypic trait values of FH-evolved lineages differ from phenotypic trait values in FA- $+(!

evolved lineages; the effect of evolution at elevated CO2 levels is significant across all phenotypic $+)!

traits examined here, with F 15,124 = 1.83, p <0.05 (see also Figure 1 and Table 1).  $+*!

 $"+!

FH-evolved lineages have on average 1.3 fold higher oxygen evolution rates and 1.4 fold higher $""!

respiration rates than FA-evolved lineages (both post-hoc p <0.01, also Table 1). In FH-evolved $"#!

lineages mean oxygen evolution rates are 9.6 ± 2.3 fmol O2 cell -1 hour -1 and mean oxygen $"$!

consumption rates are 3.6 fmol O2 per cell -1 hour -1 (see Figure 1).  $"%!

 $"&!

On average, cells of FH-evolved lineages measure 1.73 ± 0.03 !m, which is 1.4 fold smaller than $"'!

average FA-evolved cells (post-hoc p <0.001). As expected for smaller cells, FH-evolved lineages $"(!

have 1.13 fold less chlorophyll than do FA-evolved cells (post-hoc p <0.001). The average chlorophyll $")!

content in FH-evolved cells is 9.49 ± 0.2 fg per cell. Rhodamine fluorescence is 1.4 fold higher in the $"*!

FH-evolved lineages than in the FA-evolved lineages (p <0.01), and orange fluorescence is elevated by $#+!

4.11 fold in the FH-evolved lineages relative to the FA-evolved controls (p <0.05). There is a 4.1 fold $#"!

increase in Nile Red fluorescence in 6 FH-evolved lineages compared to the FA-evolved lineages $##!

(post-hoc p <0.05). While the averages of C:N ratios in FA- and FH-evolved lineages are not $#$!

significantly different from each other (average C:N ratio FA 6.73 ± 0.21, average C:N ratio FH 6.44 ± $#%!

0.21, post-hoc p = 0.63), some individual FH-evolved lineages have lower C:N ratios than the same $#&!

! "&!

lineage evolved at fluctuating control conditions, while none have higher C:N ratios than the $#'!

respective lineage in the FA environment (see SI Figure 5 for details).  $#(!

 $#)!

3.3 Short-term responses to further CO2 enrichment depend on the selection environment $#*!

 $$+!

Even though the high fluctuating and stable environments had the same mean level of CO2, FH-$$"!

evolved and FA-evolved lineages differ from each other in several important respects, and one of the $$#!

most striking differences is how well they are able to take advantage of subsequent CO2 enrichment. $$$!

Based on IPCC predictions for the end of the century, most CO2 enrichment experiments for marine $$%!

phytoplankton use partial pressures of CO2 of around 75.99-101.3 Pa as their high CO2 environment. $$&!

As CO2 levels are expected to rise further, however, it is also important to investigate how evolution to $$'!

moderately high CO2 (101.3 Pa) may affect the response to even higher levels. Here, we describe the $$(!

plastic responses to growth in an environment where PCO2 is at 202.65 Pa for evolved populations $$)!

from all selection environments.  $$*!

 $%+!

We asked whether responses to further changes in CO2 were affected by evolutionary history. $%"!

Differences in growth at PCO2 202.65 Pa and 101.3 Pa depended on the selection environment (F 3,105 $%#!

=138.72, p <0.0001), with only lineages evolved in elevated or fluctuating PCO2 environments $%$!

growingly differently in the two high CO2 environments (Figure 3). This demonstrates that these $%%!

lineages perceived partial pressure of CO2 differently for 101.3 Pa and 202.65 Pa.  Growth rates in SA-$%&!

evolved lineages were similar in the PCO2 202.65 Pa and the PCO2 101.3 Pa assays (post-hoc p=0.67). $%'!

In FA-evolved lineages, which were transiently exposed to higher PCO2 levels throughout the course $%(!

of the selection experiment, there was a marked difference between the response to PCO2101.3 Pa and $%)!

202.65 Pa. Growth rates were on average 1.22 fold higher for PCO2 202.65 Pa than for PCO2101.3 Pa $%*!

! "'!

(post-hoc p <0.001). In SH- and FH-evolved lineages, growth rates at PCO2 202.65 Pa were $&+!

significantly higher than at PCO2 101.3 Pa after evolution in SH (1.5 fold) and FH (1.9 fold) (post-hoc $&"!

p <0.05).  $&#!

 $&$!

For cell size, chlorophyll fluorescence and orange fluorescence (SI Figure 6), this pattern was less $&%!

obvious, but there was a trend for size and chlorophyll to change more strongly in response to PCO2 $&&!

elevated to 202.65 Pa in lineages from the fluctuating selection environments (post-hoc F 3,78 = 2.89, p $&'!

<0.05). Interestingly, for size, the response at PCO2 202.65 Pa was to produce much smaller cells than $&(!

at either 43.57 Pa or 101.3 Pa (post-hoc p <0.01), particularly in lineages evolved in the fluctuating $&)!

environments. At PCO2 202.65 Pa, orange fluorescence was higher in SA- and SH-evolved lineages $&*!

than it was in FH- and FA-evolved lineages (SI Figure 6). At PCO2 elevated to 202.65 Pa, rhodamine $'+!

fluorescence was highest in FH-evolved lineages (SI Figure 7). !$'"!

!$'#!

4. Discussion  $'$!

We described the short-term responses of Ostreococcus to carbon enrichment in (Schaum et al. 2013). $'%!

Here we show that this short-term plastic response is not maintained during the longer-term $'&!

evolutionary response, and will now explain how a return to an ancestral phenotype can be adaptive, $''!

and describe potential implications for ocean ecosystems.  $'(!

 $')!

We can use short-term data to predict rapid changes in genotype frequencies, but must measure the $'*!

evolved phenotypes across several lineages from different habitat types in order to estimate $(+!

repercussions for food webs and biogeochemical cycles. Overall, several traits in the FH-evolved $("!

lineages growing at high CO2 have values similar to the FA-evolved lineages growing at ambient CO2, $(#!



! "(!

so that the FH-evolved phenotype is largely a reversion to the ancestral phenotype in the ancestral $($!

environment.   $(%!

 $(&!

 $('!

4.1 Attenuation of the short-term phenotype broadens the scope to react better to further $((!

environmental perturbations  $()!

About 75-100 generations into the selection experiment (SI Figure 8), the initial change in phenotype $(*!

due to high CO2 begins to attenuate for some traits, notably oxygen evolution rates, size and $)+!

chlorophyll fluorescence. This attenuation is strongest in the FH environment (Figure 1). In contrast, $)"!

lipid content and degraded chlorophyll fluorescence continue to change in the same direction over $)#!

time, resulting in evolved lineages with generally higher lipid content and higher orange fluorescence $)$!

than their ancestors. The latter also holds true for SH-evolved populations. As we do not find this $)%!

pattern in the SA- and FA-evolved lineages, and the selection regime did not change 75-100 $)&!

generations into the experiments, this attenuated phenotype appears to be driven by evolution in a $)'!

fluctuating high CO2 environment.  $)(!

 $))!

This is in contrast to previous studies on chlorophytes, where no specific adaptation to high CO2 was $)*!

detected, or where growth characteristics expected from the ancestral plastic response were simply $*+!

maintained over hundreds of generations (Collins and Bell 2004; Lohbeck et al. 2012a; b; Low-$*"!

Decarie et al. 2013; Low-Décarie et al. 2014). For Ostreococcus, elevated PCO2 is not initially $*#!

stressful and in fact beneficial for most lineages in terms of growth rate (Schaum et al. 2013). $*$!

However, the initial increase in growth reverses over hundreds of generations of growth in the FH (and $*%!

to a lesser degree in the SH) environment. At first glance, evolving slower growth may seem $*&!

maladaptive, but we find that evolved populations have phenotypes that appear less stressed, in that $*'!

they have higher mitochondrial potentials and survive heat shock better (Schaum et al. 2014 in press). $*(!

! ")!

Here, we show that they also respond more to subsequent changes in PCO2. Based on this, we propose $*)!

that chronic exposure to high CO2 levels is stressful even though short-term exposure to high CO2 is $**!

beneficial. As a consequence, attenuation of the plastic response may be adaptive in this system if it %++!

decreases metabolic stress (see below).  Correlated to this, lower growth also broadens the scope for %+"!

using plasticity to respond to further environmental perturbations (Figure 4).  %+#!

 %+$!

We hypothesize that the risk of extinction for fast growing lineages will be high until they manage %+%!

to reduce growth rates (or are replaced by slow-growing lineages), since slower-growing lineages %+&!

have a greater metabolic capacity!and larger window within to react to further increases in PCO2. %+'!

Our reasoning for this is summarized in Figure 4. The shapes of the curves in Figure 4 are arbitrary %+(!

but commonly used as a theoretical backbone in physiological studies (Dupont et al. 2012, Sunday %+)!

et al. 2014), and the relationships between curves provide a framework for understanding the %+*!

evolution of slow growth in our experiment. We assume that the ancestral Ostreococcus is %"+!

specifically adapted to current average levels of CO2 (around 43.57 Pa). However, ancestral %""!

Ostreococcus probably experienced short-term CO2 fluctuations, so it is likely that the plastic %"#!

response to transient CO2 enrichment is adaptive, which is in line with our previous findings %"$!

(Schaum et al. 2013). The lineages with the largest plastic response to short term CO2 enrichment %"%!

will grow faster, increase in relative fitness, and become more frequent in marine phytoplankton %"&!

communities. This initial increase in growth rate in lineages evolved in FA or SA can even widen %"'!

thermal tolerance (Schaum et al. 2014, in press). This means that in the short-term, elevated CO2 %"(!

may be beneficial and even help populations to cope with other stresses. However, in the long-term, %")!

this same strategy of fast growth in high CO2 becomes detrimental, due to links between growth %"*!

rate, fitness and metabolic capacity (estimated here as mitochondrial potential). Indeed, fast %#+!

growing lineages have lower mitochondrial potential than slow-growing lineages after about 400 %#"!

generations of growth in high CO2 (Schaum et al. 2014 in press). Hence, we expect lineages that do %##!

! "*!

not manage to reduce growth rates to produce more, but poorer quality daughter cells, which inherit %#$!

some or all of the damage from their parent cell. If damage accumulates at a rate that exceeds %#%!

repair, these lineages would be more likely to go extinct than lineages that have evolved slower %#&!

growth rates, and thus invest more in repair in high CO2 environments. A population made up of %#'!

fast-growing individuals would therefor either collapse when too much damage has accumulated, or %#(!

shift towards a population made up from slower growing, healthier cells.  %#)!

 %#*!

In line with this, one of the most striking characteristics of evolved phenotypes is that lineages evolved %$+!

in FA, SH, and FH environments remain responsive to further increases in PCO2, whereas SA-evolved %$"!

lineages exhibit the same growth rates at PCO2 elevated to 101.3 Pa or to 202.65 Pa. This difference %$#!

indicates that both the average environment and the stability of the environment during evolution %$$!

affect how populations respond to novel environments. One possible explanation for the observed %$%!

pattern is that when growth rate is low in evolved lineages, there is more scope for lineages to display %$&!

plastic responses to further changes in PCO2 levels (see also Figure 4) that involve increasing growth %$'!

rate. Consistent with this, lineages that had evolved a slow growing phenotype at PCO2 101.3 Pa grew %$(!

faster at PCO2 202.65 Pa than did SH-evolved lineages, which did not reduce growth rates in their %$)!

selection environment to the same extent as FH-evolved lineages did (F 3,105 = 71.21, p<0.05).  %$*!

There was a general trend for SH- and FH-evolved lineages that were growing most slowly in their %%+!

selection environment to have the largest growth response to PCO2 elevated to 202.65 Pa. Here, %%"!

“resetting” of the phenotype is associated with the evolution of lineages that perceive the environment %%#!

they evolved in as ambient, and then respond to deviations from the ambient PCO2 levels rather than to %%$!

absolute PCO2 levels in their environment. Thus, selection history has a large effect on how lineages %%%!

react to a further increase in PCO2. Specifically, lineages that had experienced CO2 partial pressure %%&!

! #+!

higher than 43.57 Pa during evolution showed a difference between the short-term responses to CO2 %%'!

partial pressure of 101.3 Pa and 202.65 Pa.  %%(!

 %%)!

4.3 Phenotypic trait values of lineages evolved in fluctuating and stable high CO2 environment %%*!
and implications for ocean ecosystems  %&+!
 %&"!

While elevated PCO2 is sufficient to drive evolutionary changes in phenotypes of Ostreococcus, trait %&#!

evolution depends crucially on the stability of the environment. In summary, SA-evolved lineages of %&$!

Ostreococcus displayed, on average, higher oxygen evolution, but lower oxygen consumption rates, as %&%!

well as larger cells with more chlorophyll, elevated C:N ratios than control or ancestral phenotypes. %&&!

FH-evolved lineages had higher oxygen evolution as well as lower consumption rates than control or %&'!

ancestral lineages, but respective rates in FH-evolved lineages were higher than in SH-evolved %&(!

lineages. Lineages evolved in the FH environment also differed from SH-evolved lineages in that they %&)!

were smaller with less chlorophyll per cell. In fact, cell size and chlorophyll content in FH-evolved %&*!

lineages was significantly reduced compared to controls. While both SH- and FH-evolved lineages had %'+!

elevated C:N ratios relative to SA-evolved lineages, C:N ratios were overall lower in FH-evolved %'"!

lineages relative to SH-evolved lineages. SH- and FH-evolved lineages both stored lipids. Hence, %'#!

selection experiments carried out under stable conditions will fail to detect key changes in phenotype %'$!

associated with maintaining plasticity in fluctuating environments. This is likely to be important, since %'%!

most natural environments are generally characterized by fluctuations, which in the case of carbonate %'&!

chemistry is even predicted to increase in the future (Egleston et al. 2010; Flynn et al. 2012).  %''!

 %'(!

The differences between lineages evolved in stable and fluctuating high CO2 environments are likely %')!

to affect trophic interactions, since size, C:N ratio and lipid content are important aspects of food %'*!

quality (Rossoll et al. 2012; Thomsen et al. 2013). Organisms that graze on Ostreococcus, mainly %(+!

heterotrophic nanoflagellates (Christaki et al. 1999; Cuevas 2006) are size-selective and may not be %("!



! #"!

physically able to continue to ingest a food source if it doubles in size, or eat enough of a food source %(#!

if it decreases substantially in size. Here, FH-evolved lineages were markedly smaller than controls or %($!

lineages evolved in the SH environment, with little variation between lineages. Only one of sixteen %(%!

ancestral lineages showed a plastic response to CO2 enrichment in lipid content, but after 400 %(&!

generations in the SH or FH environments, several lineages had evolved phenotypes that stored more %('!

lipids at high CO2 than at ambient PCO2, which may be part of a general response to elevated PCO2 %((!

(Rokitta et al. 2012). Changes in fatty acid composition of marine plankton can lead to altered %()!

reproductive success in zooplankton grazers (Rossoll et al. 2012). Average C:N ratios were elevated to %(*!

different degrees in SH- as well as FH-evolved lineages. As C:N ratios did not return to ancestral %)+!

values in most high CO2-evolved lineages, grazers and filter-feeders will likely experience lower %)"!

overall food quality. If selection imposed in the fluctuating high CO2 environment informs us about %)#!

selection imposed by global change in oceans, our data predicts that grazers will have to feed on %)$!

smaller, more nitrogen-deplete cells, and thus will have to ingest more cells than they would under %)%!

present day conditions. %)&!

 %)'!

Evolution in stable and fluctuating high CO2 environments affects how Ostreococcus obtains energy %)(!

and material for growth. Growth and photosynthesis rates are usually strongly correlated in green algae %))!

under control conditions and under short-term CO2 enrichment, and the usual response to CO2 %)*!

enrichment is to increase both photosynthesis and growth rates (Collins and Bell 2004; Schaum et al. %*+!

2013). However, we find that growth and photosynthesis become decoupled by the end of the selection %*"!

experiment in the high CO2 environments (see SI Figure 9). The decoupling of growth rate and oxygen %*#!

evolution in the light could in part be explained by increased TEP (Transparent exopolymer particles, %*$!

see SI Figure 10) excretion in the high CO2 environments. TEP production is also often associated %*%!

with nutrient limitation, e.g. at the end of a phytoplankton bloom (Passow 2002): there, cell division %*&!

will be hampered due to limited availability of nitrogen (e.g. for DNA and proteins) or phosphate (e.g. %*'!

! ##!

for ATP and NADPH production, but also the DNA backbone), but photosynthesis will not stop and %*(!

cells will continue to assimilate carbon, which needs to be exuded after the maximum POC quota per %*)!

cell has been reached. As our cells were grown in full medium, nutrient limitation cannot explain why %**!

excess carbon is not stored or used for growth.  &++!

 &+"!

Conclusions &+#!

We have shown that the general evolutionary response to selection at high CO2 is to attenuate the &+$!

short-term response for many traits in order to avoid metabolic stress, and that this attenuation is &+%!

greatest in fluctuating environments. Because of this, short-term phenotypic data that ignores &+&!

evolutionary responses cannot be used to predict phenotypes of future algae communities accurately. &+'!

Although the evolutionary response to chronic CO2 enrichment is to return to an ancestral phenotype &+(!

in many respects, persistent changes in cellular size and composition remain, indicating that the role of &+)!

green algae in food webs and nutrient cycles can be changed by evolutionary responses to high and &+*!

fluctuating PCO2. Unexpectedly, our data shows that, particularly in fluctuating environments, evolved &"+!

Ostreococcus respond to deviations from the mean PCO2 level, rather than to absolute PCO2 levels. &""!

Taken together, this study suggests fluctuations in PCO2, in addition to differences in average PCO2, &"#!

are likely to be important drivers of evolutionary change in green algae as CO2 levels rise, and that &"$!

growth rates may be under selection to reduce metabolic stress rather than maximize short-term &"%!

division rates in enriched environments.  &"&!
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Figure legends  '##!
!'#$!

Figure 1: Phenotypic traits in lineages of Ostreococcus prior to and after selection in stable and '#%!

fluctuating environments.  '#&!

Oxygen evolution, oxygen consumption, chlorophyll content, size, orange fluorescence (proxy for '#'!

chlorophyll degradation), Rhodamine fluorescence (proxy for mitochondrial potential), Nile Red '#(!

fluorescence (proxy for presence of fatty acids) and C:N ratio are all affected by evolution in stable '#)!

and fluctuating high CO2 environments (F15,122 = 18.52, p <0.0001), and also by evolution in stable or '#*!

fluctuating environments at ambient PCO2 alone (F 15,124 = 1.83, p <0.05). Overall, the short-term '$+!

response to high PCO2  is not maintained in the long-term (plastic responses are different from '$"!

evolutionary ones,  F 15,124 = 9.69, p<0.05). Phenotypic plasticity itself also evolves in fluctuating '$#!

environments, more than it does in stable ones (F 15,66 = 6.12, p <0.05). Nile red and rhodamine data '$$!

was not acquired for the ancestral lineages. Boxplots are displayed as is standard for Tukey boxplots, '$%!

with the black band indicating the median, ends of boxes as the ends of the lower and upper quartile, '$&!

whiskers extending to highest and lowest values that are within 1 interquartile range (IQR) of '$'!

lower/upper quartile. n=3 per lineage.  '$(!

Red boxes (“ancestral control”) are for traits measured at PCO2 of 43. 57 Pa at the beginning of the '$)!

evolution experiment, i.e. before lineages were evolved in either selection environment. Orange boxes '$*!

are for the traits of plastic responses measured at PCO2 101.3 Pa at t0. Blue boxes (“ancestral control”) '%+!

are for trait values of SA- and FA-evolved lineages after 400 generations of evolution (t400), measured '%"!

at PCO2 43.57 Pa.   The trait values of evolved plastic responses are indicated by green boxes and were '%#!

measured in SA- and FA-evolved lineages at t400 at PCO2 101.3 Pa. Purple boxes are for the trait '%$!

values measured in FH and SH evolved lineages at t400 at PCO2 101.3 Pa.  '%%!

!'%&!

! #(!

 '%'!
Figure 2: Correlations between phenotypic traits depend on the selection environment. '%(!

A: In the stable environment, only few traits are correlated in either the plastic response or after 400 '%)!

generations. Furthermore, correlation is low between the trait value of the plastic response (filled blue '%*!

circle) and the trait value of the evolved response (filled black circle) of the same trait as well as '&+!

between traits. This is indicated by length of arrows and the lack of distinct clusters.  '&"!

B: In the fluctuating environment, trait values of plastic responses (filled blue circles) as well as trait '&#!

values for evolved responses for the same trait are closer correlated than in the SH environment as '&$!

indicated by the shorter arrows. Further more, distinct clusters indicate that changes in one trait can be '&%!

used to partially predict changes in another, particularly for photosynthesis related traits. MDS stress '&&!

levels are <0.1 for 2A and 2B. See SI Table 1 for Mantel-test results.  '&'!

 '&(!

Figure 3: Depending on their selection history, lineages can discriminate between different levels '&)!

of elevated PCO2 and respond by changing growth rate. Here, white boxes represent growth rates '&*!

of lineages in their respective selection environment , i.e. SA, FA, SH or FH, after 400 generations of ''+!

evolution, and blue boxes represent growth rates of lineages measured at a PCO2 of 202.65 Pa after ''"!

400 generations of evolution in the respective selection environment. For all 16 lineages, n=3. The ''#!

dashed line indicates growth rates at PCO2 101.3 Pa at t0, i.e. in lineages that had not previously ''$!

experienced elevated CO2 levels in our lab. While all lineages in all environments increased their ''%!

growth rates in the environment where PCO2 was 202.65 Pa, for FA-, SH-, and FH-evolved lineages ''&!

growth rates were higher at a PCO2 of 202.65 Pa than at PCO2 101.3 Pa.  '''!

!''(!
Figure 4: An evolutionary response of slow growth promotes higher fitness and metabolic '')!

capacity in the long-term. The shapes of the curves are arbitrary, but relationships between them ''*!

provide a cartoon to understand the adaptive evolution of slow growth we find in the selected lineages. '(+!

! #)!

In the short term, the change in growth rate ! from ambient phenotype (red circle – low fitness at '("!

elevated PCO2) to the acclimation phenotype (blue circle, higher fitness at elevated PCO2  in the short '(#!

term) is linked to fitness - lineages that grow faster are also more fit. We assume that lineages '($!

eventually evolve (dotted line) and that the shape of their reaction curves does not change. Evolved '(%!

lineages, where growth rates remain high (red filled circles), will experience metabolic depression and '(&!

lower fitness or be at the edge of the window where they can react to further environmental change '('!

without fitness loss. Evolved lineages where growth rate decreases (white circles) will not experience a '((!

drop in fitness, and have more scope to react to environmental changes through plastic responses '()!

without decreasing metabolic capacity.  '(*!
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Figures  ')$!
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