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Summary

In aquatic ecosystems, phytoplankton form the base of the food webs. They gen-
erate nearly half of the global primary productivity and consequently play a vital
role in regulating Earth’s climate via carbon cycling. In addition, phytoplankton
community composition impacts the biogeochemical cycles of inorganic elements
since different functional groups of phytoplankton have different requirements
and acquisition modes for nutrients. Therefore, since phytoplankton community
composition impacts the global climate and the functioning of aquatic ecosys-
tems, it is important to understand what mechanisms in turn determine the
community composition.

Evidently, one such mechanism is predation and the subsequent employment
of defensive strategies, which promotes coexistence and species diversity. How-
ever, the promotion of species diversity requires trade–offs. This implies that the
advantage of a defense mechanism must come at a cost, otherwise all species
would evolve towards a state of equal defense and the community composition
would no longer be promoted by predation. Based on the available evidence,
it appears that the function of many proposed defensive traits in phytoplank-
ton remains unclear and the trade–offs undocumented or unquantified. In many
cases, experimental evidence even suggests that defenses are costless. Here, we
propose that some costs may materialize only under natural conditions, while
other may become evident under resource–deficient conditions when a rivalry
for limiting resources between growth and defense occurs. For that reason, a
mechanistic understanding of the hypothesized component processes is required
for evaluation of costs that are realized under natural conditions, while the mag-
nitude of the costs must be assessed under conditions of resource limitation.

As stated above, the role of many proposed defenses remains elusive includ-
ing the protective role of silicified cell walls in diatoms. While it seems intuitive
that the siliceous wall may have evolved as a mechanical protection against graz-
ing, many other roles of a siliceous shell have been proposed and direct evidence
of defense is limited. In addition, the anticipated benefits must be traded off
against the costs; since deposition of silica in diatoms is determined by their
growth rates, this dependency can be regarded as one of the costs of silicifica-
tion. We experimentally demonstrate the protective role of silicified cell walls
against adult copepods and nauplii, with near inversely proportional relation-
ship between predation risk and silica wall thickness. On the other hand, our
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empirical data reveal that the increased cell wall thickness is inconsequential
to protozoan grazers that engulf their prey. Additionally, we demonstrate that
the deposition of silica in diatoms decreases with increasing growth rates, sug-
gesting a possible cost to silicification. Overall, it appears that the silica wall
is an efficient defense mechanism against copepods, implying that the plasticity
of silicification in diatoms has likely evolved as a response to copepod grazing
whose specialized tools to break open silicified walls have co–evolved with their
prey.

Another common trait observed in phytoplankton is the production of chem-
ical compounds, yet often the evolution and the function of such compounds
remain unclear. Often, a defensive role of toxin production is anticipated, and
this interpretation is supported by observations of increased toxin synthesis in
the presence of grazers, which in some cases leads to reduced predation mortal-
ity. On the other hand, experiments have consistently failed to observe any costs
of toxin production, but a mechanistic understanding of the underlying processes
may allow their quantification — i.e. that the production of nitrogen–rich com-
pounds likely depends on ambient nitrogen levels. We demonstrate with a simple
fitness optimization model that the cost of toxin production is indeed negligible
when nitrogen and light are plentiful. However, when nitrogen or light is limiting
cell growth and when grazers are abundant, the model predicts substantial costs
that lead to a significant reduction in cell division rates. Our results indicate
that the investment in toxin production pays–off since defended cells experience
reduced grazing mortality, which consequently leads to the net growth rates that
are twice as high as of undefended cells.

In this PhD work, I provided an overview of defense mechanisms in phyto-
plankton and associated trade–offs. In search for defense trade–offs, I identified
which traits lack experimental evidence supporting their defensive function (e.g.
silicified cell walls), and proposed ways to assess the costs in future experimental
or theoretical studies (e.g. toxin production).



Resumé

Fytoplankton udgør grundlaget for fødenettet i akvatiske økosystemer, gene-
rer næsten halvdelen af den årlige globale netto primærproduktion og spiller
en vigtig rolle i jordens klimaregulering via kulstofcykling. Sammensætningen
af fytoplanktonsamfund påvirker de bio–geokemiske processer idet funktionelle
fytoplankton–grupper har forskellige krav og optagelse af næringsstoffer. På
grund af denne differentiering og den følgende påvirkning af det globale klima og
funktioner i akvatiske økosystemer, er det vigtigt at forstå hvilke mekanismer,
der påvirker samfundenes sammensætning.

Prædation og den derpå følgende udvikling af defensive strategier har vist sig
at være afgørende for sammensætning af fytoplanktonsamfund. Et sådan “vå-
benkapløb” er dog forbundet med “trade–offs”. Dette indebærer, at fordelene ved
en bestemt forsvarsmekanisme er forbundet med omkostninger. Hvis forsvaret
var gratis ville alle arter udvikle forsvar eller arter med forsvar ville udkonkur-
rere arter uden forsvar, og prædations samfundsstrukturerende rolle ville ikke
være åbenlys. Mange forsvarsmekanismer og trade–offs i fytoplanktonsamfund
er stadig ikke tilstrækkelig belyst eller kvantificeret, og mange eksperimentelle
studier har vist, at forsvarsmekanismer tilsyneladende er udgiftsfri. Vi foreslår,
at visse af disse udgifter kun materialiseres under naturlige forhold eller under
forhold, hvor ressourcetilgængeligheden er lav og ressourcekonkurrence opstår
mellem vækst og forsvarsmekanismer. En mekanistisk forståelse af disse fore-
slåede processer er nødvendig for at evaluere og kvantificere udgifterne under
naturlige forhold og begrænsende ressourcetilgængelighed.

Som nævnt er mange af de foreslåede forsvarsmekanismer stadig ikke til-
strækkelig belyst. En af disse, er de kiselholdige cellevægge i kiselalger. Til trods
for at kiselholde cellevægge virker som en tilsyneladende intuitiv forsvarsmeka-
nisme, har disse strukturer muligvis også andre roller og egentlige beviser for
værdien som forsvarsmekanisme er utilstrækkelige. Ud over dette, må eventuelle
fordele ved kiselholdige vægge vejes op mod udgifter og trade–offs. Væksten hos
kiselalger er også afhængig af kisel og der vil derfor være en afvejning mellem
vækst og forsvar. Vi viser eksperimentelt, at kiselholdige vægge udgør en ef-
fektiv forsvarsmekanisme mod vandlopper og vandloppe–nauplie. Vi fandt nær
omvendt proportionalitet mellem prædationsrisiko og godstykkelsen på celle-
vægge hos kiselalger. Dog viste vores empiriske data også at tykkere cellevægge
hos kiselalger ingen effekt har for prædationsraten fra encellede heterotrofe fla-
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gellater, hvor byttet sluges helt. Derudover viser vi at deponering af silikat i
kiselalger aftager med stigende vækstrater, hvilket foreslår en muligvis trade–off
mellem forsvarsmekanismen og væksten. Vi konkluderer, at kiselholdige celle-
vægge udgør en effektiv forsvarsmekanisme mod vandlopper, og at plasticiteten
af silikatholdigheden i kiselalger er udviklet i et våbenkapløb med vandloppers
evne til at knuse disse kiselholdige vægge.

Kemiske toxiner er en anden observeret forsvarsmekanisme i fytoplankton.
Dog er det stadig uvist hvilke udgifter sådan en forsvarsmekanisme har. En
mekanistisk forståelse af de underlæggende processer kan muliggøre en kvanti-
ficering af kosten af disse kvælstofholdige kemiske stoffer. Vi demonstrerer med
en simpel fitness optimerings–model at produktionen af toxiner medfører ubety-
delige omkostninger for cellen under forhold, hvor kvælstof og lys er tilgængeligt
i store mængder. Dog forudsiger modellen betydelige udgifter og lavere vækstra-
ter under svage lysforhold og lave mængder kvælstof. Resultaterne indikerer, at
produktion af toxiner er en fordel, idet toxin–holdige celler oplever nedsat græs-
ningstryk og derpå følgende højere nettovækstrater.

I denne PhD. afhandling giver jeg et overblik over foreslåede forsvarsme-
kanismer i fytoplankton og de dertil hørende trade–offs. Jeg identificerer hvilke
mekanismer, der ikke er tilstrækkeligt belyst (f.eks. kiselholdige vægge) og viser,
at trade–offs kan kvantificeres gennem eksperimentelle eller teoretiske studier
(f.eks. toxinproduktion).



Acknowledgements

“Life is like riding a bicycle. To keep your balance you must keep moving.”
Albert Einstein

The three years as a PhD student at DTU Aqua have been a truly unforget-
table experience, which beyond any doubt is also attributed to the stimulating
work environment at the Centre for Ocean Life. Also, being surrounded with the
excellent mathematicians, physicists, chemists, theoretical ecologists, and biolo-
gists readjusted my perception of science for which I am very grateful. I would
especially like to thank my supervisors, Thomas Kiørboe and Andy Visser for
their support and guidance. Thomas, if my PhD was the bicycle then you were
one of the forces that helped moving it. I am beyond grateful for the opportunity
to work with you — I enjoyed the feedback, discussions, and freedom you gave
me to pursue my ideas and learn from my own mistakes.

Furthermore, I am grateful to Rocio R. Torres for her utter effort, patience
and support in the lab, and to Colin Stedmon for his help with chemical analy-
ses and resolving numerous issues encountered on the way. To Lasse T. Nielsen,
I am grateful for his laboratory problem–solving skills, to Helge A. Thomsen
for his help with Adobe Photoshop and fluorescence microscopy, and to Hans
Hansen for building new and repairing existing laboratory equipment whenever
needed. I further thank Subhendu Chakraborty for coffee breaks during which
fruitful discussions took place and new ideas were born.

A big thank you also to the young researchers associated with the Centre for
Ocean Life for creating a fantastic social environment during the Friday beers,
and the everyday 3–o’clock–cookie breaks. I would also like to thank the Journal
Club for discussing science over a cup of coffee, and absolutely passionate con-
versations with the Club organizer Sara Harðardóttir, which often led to many
brilliant ideas.

Very special thanks to my dear friends and colleagues Floor H. Soudijn and
Aurore Maureaud with whom I shared many great and sometimes less–great
moments. Likewise I wish to thank Ana Ley for countless home–cooked dinners,
support, and overall faith in me. My greatest thanks go to my family who has
provided me with loving support, reliability, and help whenever something was
needed. Last but not least, to my best friend and husband Sebastian Mohr, I
am thankful for his love, support, help, amazing travels, and all–in–all fantastic
times. It would not have been the same without you!



viii



List of publications

This PhD thesis is based on the following manuscripts:

I Panc̆ić, M. and Kiørboe, T. (2018). Phytoplankton defence mechanisms:
traits and trade–offs. Biological Reviews, 93, 1269–1303

II Panc̆ić, M., Torres, R.R., Almeda, R., and Kiørboe, T. (2019). Silicified
cell walls as a morphological defensive trait in diatoms. Proceedings of the
Royal Society B: Biological Sciences, 286

III Chakraborty, S., Panc̆ić, M., Andersen, K.H., and Kiørboe, T. (2018).
The cost of toxin production in phytoplankton: the case of PST producing
dinoflagellates. The ISME Journal, 1–12

Additionally, the following manuscripts represent minor contributions to this
thesis:

A Lundholm, N., Krock, B., John, U., Skov, J., Cheng, J., Panc̆ić, M.,
Wohlrab, S., Rigby, K., Nielsen, T.G., Selander, E., and Harðardóttir, S.
(2018). Induction of domoic acid production in diatoms — Types of grazers
and diatoms are important. Harmful Algae, 1–10

B Visser, A.W., Brun, P., Jónasdóttir, S.H., van Denderen, P.D., Nielsen,
L.T., Panc̆ić, M., Chakraborty, S., Thygesen, U.H., Heilmann, I., Kenitz,
K., Dencker, T.S., Pécuchet, L., van Gemert, R., Schnedler–Meyer, N.A.,
Holm, M.W., van Someren Gréve, H., Mariani, P., Payne, M.R., Kiørboe,
T., Törnroos, A., and Andersen, K.H. Seasonality and annual routines in
the marine environment. (in preparation)



x



Contents

1 General introduction 1
1.1 Trait–based approach to ecology . . . . . . . . . . . . . . . . . . . 2
1.2 Inducible defenses . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

1.2.1 Terrestrial ecosystems . . . . . . . . . . . . . . . . . . . . . 6
1.2.2 Aquatic ecosystems . . . . . . . . . . . . . . . . . . . . . . 8

1.3 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2 Manuscript I: Phytoplankton defence mechanisms 17

3 Manuscript II: Silicified cell walls in diatoms 19

4 Manuscript III: Toxin production in dinoflagellates 21

5 Synopsis 23
5.1 Defensive traits and trade–offs . . . . . . . . . . . . . . . . . . . . 24
5.2 Defensive value and cost of silica walls . . . . . . . . . . . . . . . 25
5.3 Defensive value and cost of toxin production . . . . . . . . . . . . 27
5.4 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . 28



xii CONTENTS



Chapter 1

General introduction



2 1. General introduction

1.1 Trait–based approach to ecology
Trait–based ecology combines evolutionary ecology with classical population and
community ecology, and describes ecosystems where individual organisms rather
than species or populations interact with each other (Kiørboe, Visser, and An-
dersen, 2018). According to the trait–based approach, the individual organisms
are described by various traits, and the characteristics that capture most of their
Darwinian fitness are the key traits. Hence, fundamental to the trait–based ap-
proach is identification of the key traits and quantification of the benefits and
costs (i.e. trade–offs) associated with a particular trait.

The central measure of the individual’s fitness is the success of completing
three fundamental activities, namely, to acquire resources, survive, and repro-
duce (Figure 1.1). However, the execution of any of these functions may interfere
with one another as the energy obtained from the acquired resources may be
allocated to different competing activities. Therefore, the optimal resource allo-
cation strategy is the one that maximizes the fitness of the individual in a specific
environment (Litchman, Ohman, and Kiørboe, 2013; Kiørboe et al., 2018).

Figure 1.1: Three main Darwinian activities in life: resource acquisition, survival,
and reproduction. The execution of any of the three functions may conflict with
the others (i.e. trade–offs), as the energy obtained from acquired resources may
be allocated to different competing missions, which cannot be maximized at the
same time. Adapted from Litchman et al. (2013)

The fundamental life functions of acquiring resources and surviving to re-
producing will of course be realized differently for different life forms and even
species. However, there seem to be a few traits that apply across all life forms,
also termed the key traits. These are the body size, resource acquisition mode,
and defense (Figure 1.2) (Kiørboe et al., 2018). Firstly, body size is often consid-
ered a master trait, as it not only determines the order of magnitude of all vital
rates, such as growth and mortality, metabolism, feeding, and more, but it also
largely governs the resource acquisition modes (Andersen et al., 2016). Consider
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the size of unicellular phytoplankton as an example; the size of cells in itself of-
fers partial protection against grazing, as large cells generally experience lower
predation mortality than smaller ones (Smetacek, Assmy, and Henjes, 2004).
The reasoning behind this is that small cells are grazed upon more readily by
small herbivores, while large cells are consumed by larger herbivores, and the to-
tal biomass of herbivores declines with increasing herbivore size (Kiørboe, 2011).
Therefore, the predation mortality rate of phytoplankton declines with increas-
ing cell size (Latasa et al., 1997). Concurrently, the diffusion–limited specific
nutrient uptake (Kiørboe, 1993), the average chlorophyll–specific light absorp-
tion coefficient (Raven and Kubler, 2002) as well as the growth rate (Marañón,
2015) also decline with increasing cell size, generating the fundamental trade–off
associated with phytoplankton size.

The second key trait is the resource acquisition mode with few central types.
They range from heterotrophic osmotrophy, as found in the smallest single–
celled organisms that rely on diffusive uptake of dissolved organic matter, pho-
totrophy in photosynthetic organisms that depend on light and diffusive uptake
of inorganic nutrients, to mixotrophy in organisms that can both photosynthe-
size and phagocytosize, and finally phagotrophy in organisms that exclusively
feed on other organisms.

The final key trait is defense, which can be any morphological, physiologi-
cal, or behavioral characteristic of organisms that will lead to reduced predation
(or virus–mediated) mortality. A defense mechanism can be constitutive (al-
ways present), or can be induced in response to the presence of pathogens or
predators. For instance, a diatom shell that may reduce predation mortality is
always present (Hamm et al., 2003), but the level of silicification increases in
the presence of mesozooplankton (Pondaven et al., 2007). Similarly, toxins syn-
thesized by various species of dinoflagellates and diatoms are produced at all
times, however, their production increases with exposure to mesozooplanktonic
grazers (Selander et al., 2006; Harðardóttir et al., 2015). Because the employ-
ment of defenses requires resources, the induced defense mechanisms should be
favored in the environments where predation pressure varies in time and space
(Karban, 2011).

The abovementioned defenses are examples of so–called active defense mech-
anisms, since organisms not only utilize part of the acquired resources to syn-
thesize new structures or chemical compounds, but also change the structures
or concentrations of existing compounds as a response to specific biotic cues. As
opposed to the active defenses, different types of foraging behavior in mixotrophs
and heterotrophs could be viewed as a passive defense mechanism. For example,
ambush feeding zooplankton that wait for motile prey to pass within their sen-
sory sphere will create low fluid disturbances, making them less susceptible to
rheotactic predators, which too perceive their prey from generated fluid distur-
bances. On the other hand, active feeders actively encounter prey by swimming
through the water or by creating feeding currents, making their feeding more
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efficient but at the same time riskier due to larger fluid disturbances as well as
higher encounter rates with predators (Almeda, van Someren Gréve, and Kiør-
boe, 2017, 2018; van Someren Gréve, Almeda, and Kiørboe, 2017). Therefore,
the trait that optimizes the trade–off will be selected by the environment, for
example, ambush feeding will be favored in environments with high abundances
of both prey and predator, while active feeding in the environments where abun-
dances of prey and predator are low (Kiørboe et al., 2018).

Figure 1.2: Diagram of a trait–based description of the plankton ecosystem with
the three generic key traits, namely body size, resource acquisition mode, and de-
fense, all of which are interrelated through trade–offs. In addition, the life–form
transition from unicellularity to multicellularity is distinguished. Reproduced
from Kiørboe et al. (2018)

Besides the aforementioned generic key traits, the transition of life form from
unicellularity to multicellularity also has important implications to the ecology
of organisms as well as dynamics of the system they inhabit. For example, the
important difference between the two life forms is that the unicellular organ-
isms mainly reproduce by cell division, and as a result, their size varies only by
a small factor. On the other hand, the multicellular organisms produce offspring
that are smaller than the adults and may occupy different niches as well as feed
on different prey. Therefore, life and developmental histories of organisms may
have important implications to the co–existence and ecosystem dynamics. Both
the generic key traits and life form transition are argued to capture the most
important aspects of the organism’s ecology, and as such provide a sufficient
basis for a trait–based description of the ecosystem (Figure 1.2) (Kiørboe et al.,
2018).
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As these key traits may be realized differently for different life forms, the
means by which they materialize needs to be understood in order to allow quan-
tification of the associated trade–offs. The trade–offs are described at the level
of individuals, and since the currencies of benefits and costs are reductions in
mortality rates and growth rates, respectively, the consequent fitness of the in-
dividuals will be the difference between the two (Pančić and Kiørboe, 2018).
The evaluation of benefits and costs thus requires a mechanistic understanding
of the underlying processes, and the assessment should be based on either ex-
perimental observations that quantify the pros and cons of a specific trait, or
through fitness–optimization models.

To exemplify the mechanistic method for evaluating benefits and costs from
experiments, consider colony formation as a defensive trait in phytoplankton
(Figure 1.3). Considerable changes in size can be achieved through formation
of colonies, and this morphological change from unicells to large one–, two–, or
three–dimensional colonial structures can cause difficulties for herbivores with a
narrow range of prey–size preferences. These responses seem to be adaptive since
microzooplankton associated infochemicals in many cases induce colony forma-
tion in phytoplankton, leading to reduced clearance rates of the protistan grazers
(Hessen and Van Donk, 1993; Jakobsen and Tang, 2002), while mesozooplank-
ton associated infochemicals suppress coloniality as the grazing pressure of larger
herbivores is lower on unicells than on colonies (Long et al., 2007; Bergkvist et
al., 2012; Bjærke et al., 2015).

However, this impaired colony formation due to the mesozooplankton as-
sociated infochemicals will on the other hand affect diel vertical migration of
motile dinoflagellates, because swimming velocities of unicells and short chains
are lower than those of long chains. Long chains allow higher swimming veloc-
ities, which enable the organisms to harvest the nutrients at depth during the
night, and light at the surface during the day. Therefore, the ability of unicells
and short chains to perform such migrations is reduced, which may consequently
lead to decreased growth rates (Selander et al., 2011). Another cost related to
coloniality is increased sinking of non–motile phytoplankton. In some organisms,
the enhancement in sinking velocities is partly countered by lower cell densities of
colonial cells relative to single cells, facilitated by a higher content of fatty acids
in the former (Lürling, De Lange, and Van Donk, 1997). While the energetic
cost of the synthesis of lipids from carbohydrates together with the energetic
value of the deposited lipids may seem trivial under light–sufficient conditions,
the growth of colonies under light–limiting conditions would be considerably
affected as a result of these costs (Pančić and Kiørboe, 2018). In addition, colo-
niality can also reduce chlorophyll–specific light absorption coefficients (Lürling,
1999) and nutrient uptake rates per cell (Ploug, Stolte, and Jørgensen, 1999),
which may further decrease the growth if light or nutrients are limited.

This example illustrates that the trade–offs depend on the environment; the
benefits of coloniality in terms of reduced predation mortality depend on the
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type and abundance of grazers, whereas the costs of coloniality in terms of re-
duced growth rates depend on the availability of resources.

Figure 1.3: Examples of colony formation in phytoplankton. (A) One–
dimensional chain of the motile dinoflagellate Alexandrium catenella. (B) Chain
of the diatom Thalassionema nitzschioides. (C) Spiny chain of the green alga
Scenedesmus quadricauda. (D) Chain of the diatom Thalassiosira rotula. Figure
credits: A, C, Gert Hansen, University of Copenhagen; B, D, Tara Ivanochko,
University of British Columbia.

1.2 Inducible defenses

1.2.1 Terrestrial ecosystems
A number of organisms from across the plant and animal kingdom respond to
specific biotic cues from pathogens and predators by rapidly developing pheno-
typic defenses (Harvell, 1990; Tollrian and Harvell, 1999). Induced defenses in
organisms grant resistance to pathogens and predators, and are in turn assumed
to be accompanied by metabolic costs to the organisms (Tollrian and Harvell,
1999). A trade–off between defense and other fitness components is directly as-
sociated with the allocation of limited resources, meaning that a prey–organism
will allocate the limiting resources to the energy intensive biological processes
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such as growth and reproduction when predators are absent, but will invest re-
sources in defense mechanisms at the cost of reduced growth in the presence of
predators (Mole, 1994).

While humans have been exploiting some of the natural products involved in
plant defense, such as morphine, nicotine, cocaine, and more for centuries and
even millennia, the phenomenon of induced defenses in plants to herbivores or
pathogens was only introduced in the early 20th century (Chester, 1933) (Figure
1.4). Since then, the decades of work on induced changes in terrestrial plant
resistance have provided new insights into the topic by investigating the un-
derlying molecular mechanisms as well as developing theoretical models of the
evolution of these responses (Cipollini and Heil, 2010 and references therein).

Figure 1.4: Examples of plants whose secondary metabolites are involved in
plant defenses and also exploited by humans. Left: Papaver somniferum or the
opium poppy plant (top) is the principal source of opium. Opium contains alka-
loid morphine (bottom) that is not only used as a pain medication but also to
make other opioids such as heroin (images by Franz Eugen Köhler, distributed
under CC–PD–Mark license; and Neurotiker, distributed under PD–self license,
respectively). Center: Nicotiana tabacum or the tobacco plant (top) is commer-
cially processed into tobacco that contains nicotine (bottom) (images by Fran-
cisco Manuel Blanco, distributed under CC–PD–Mark license; and Neurotiker,
distributed under PD–self license, respectively). Right: Erythroxylum coca or
the coca plant (top) is used to extract alkaloid cocaine (bottom) (images by
Franz Eugen Köhler, distributed under CC–PD–Mark license; and Neurotiker,
distributed under PD–self license, respectively).
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Induced resistance has evolved as a result of adaptation to natural environ-
mental selection pressures, and as opposed to constitutive resistance, it repre-
sents a substantial feature of the phenotypic plasticity of plants. In other words,
the changes in resistance phenotypes are related to the corresponding changes in
levels of employed defensive traits (Cipollini et al., 2004). Some studies have in-
ferred the potential benefits of induced resistance to plant fitness by observations
of a reduction in succeeding pathogen or herbivore attacks or attacker perfor-
mance that followed the induction (Zavala and Baldwin, 2004). Moreover, a few
studies have quantified a direct increase in plant fitness (growth and reproduc-
tion) after employing inducible defenses that was observed at a later time (Bald-
win, 1998; Zavala and Baldwin, 2004; Traw, Kniskern, and Bergelson, 2007).
Possessing induced defense mechanisms may also provide a long–term benefit
to organisms by reshaping evolutionary responses of herbivores to plant defense
traits. For example, a modeling study based on empirical data showed that a
plant population, which possesses inducible resistance, can significantly delay
the evolution of resistance to plant defenses in herbivore populations (Gardner
and Agrawal, 2002).

However, the employment of defense mechanisms is widely anticipated to
come with fitness costs, which are assumed to be the direct cost of the produc-
tion of compounds and proteins associated with defense. Next to the direct cost,
the additional cost that might contribute to the overall induction–expense is
the cost of an active down–regulation of photosynthetic apparatus, as limiting
resources are allocated to defense production (Lou and Baldwin, 2004; Yan et
al., 2007). Seemingly, the competition for limited resources as well as resource
space is the major force determining the evolution of form and function in terres-
trial plants (Smetacek, 2001), and the ability of organisms to adapt to varying
environments is crucial for their evolutionary success (Price, Qvarnström, and
Irwin, 2003).

1.2.2 Aquatic ecosystems
In the oceans, the major selective pressure shaping the composition of free–
floating plankton of the pelagic zone is competition for limited resources and
predation (Quintana et al., 2015). Since numerous phytoplankton species coex-
ist in the same space and at the same time on few resources, and are faced with
strong top–down control (Litchman and Klausmeier, 2008; Van Donk, Ianora,
and Vos, 2011), a trade–off between the strategies maximizing growth and min-
imizing losses is seemingly a fundamental property determining their ecological
niches. In adapting to deterring predators, algal species have developed a set
of rather sophisticated defensive phenotypes, viz. morphological, physiological,
and behavioral defense mechanisms. Yet, unlike their terrestrial counterparts,
an attack on a unicellular organism by the herbivore will not lead to a reduction
in fitness due to wounding, but to its certain death (Van Donk, Lürling, and
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Lampert, 1999). What is more, herbivorous zooplankton do not only directly
influence algal succession via grazing, but also indirectly via interaction with
phytoplankton by making nutrients available to the “survivors”, and thus have
an effect on the competition among algal species (Sterner, 1989). Consequently,
this brings us to the implication that the combination of predation and defense
mechanisms is a potential factor that allows for the coexistence of competing
species (Darwin, 1859).

In the late 1960’s, ecologist Robert Paine observed that removal of the carniv-
orous starfish Pisaster ochraceus from the rocky intertidal habitat reduced prey
species diversity due to intense competition for space from the mussel Mytilus
californianus. In the study “Food web complexity and species diversity” (1966) he
stated that the local species diversity is related to the abundance of predators or
so–called “keystone species”, and their efficiency to prevent single species from
monopolizing limiting resources. In the absence of such predatory species, there
will be a “winner” in the competition for the limiting resource — in this case
space —, ultimately leading to reduced species diversity in the system (Paine,
1966, 1969). Similar observations were later made in three–dimensional systems,
where removal of herbivorous zooplankton led to increased level of competition
among phytoplankton species, and as a result, reduced richness of primary pro-
ducers (McCauley and Briand, 1979; Leibold et al., 2017). As such, predation
evidently plays a major role in the maintenance of high algal diversity by en-
abling the temporal and spatial coexistence of species that would otherwise likely
be eliminated by competitive exclusion.

Figure 1.5: Diagram of the general structure of the “killing the winner” prin-
ciple, with a population of competition specialists and a population of defense
specialists competing for a shared limited resource. The limiting resource can be
available directly to the two competing populations (free form), or is being seized
by the competitors and predators/parasites in the form of biomass. Reproduced
from Winter et al. (2010)
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Similar to the concept of “keystone species” is the idea expressed in “killing
the winner” principle (Figure 1.5). Here, the assumption is that two prey pop-
ulations, namely a competition specialist and a defense specialist, compete for
shared limiting requisites. This concept explains that if the selective loss of the
competition specialist due to predation prevents this population from seizing the
limiting resources, the resources will become available to the defense strategist
as well (Thingstad et al., 2005; Winter et al., 2010). However, the promotion of
diversity through predation and the subsequent employment of defense mecha-
nisms requires trade–offs, meaning that the advantage of a defense mechanism
must come at a cost (Thingstad et al., 2014; Våge et al., 2014). In other words,
if there was no cost to grazer resistance then all species would evolve towards a
state of equal defense, and community diversity would no longer be promoted
by predation.

1.3 Objectives
Given the importance of predation and defense mechanisms in relation to species
diversity, a deep understanding of defenses and associated trade–offs in promot-
ing and sustaining phytoplankton diversity in aquatic environments is required.
This thesis is based on three main manuscripts with the overarching aim of
identifying defense mechanisms in phytoplankton and quantifying the associ-
ated trade–offs. The following aspects are explored in particular (Figure 1.6):

1 The overview of suggested phytoplankton defensive traits and quantifica-
tion of the trade–offs from available experimental evidence and theoretical
considerations (Chapter 2)

2 The protective role of silicified walls in diatoms and quantification of the
benefits and associated costs from experimental work (Chapter 3). We
hypothesize that grazing pressure exerted by adult copepods and nauplii
will decrease with increasing thickness of the walls, as they need to break
the shells to access the contents, while the variability in silica content will
be inconsequential to dinoflagellates that engulf their prey. Moreover, we
hypothesize that deposition of silica is not constant, and will decrease with
increasing growth of diatoms

3 The defensive role of toxin production in dinoflagellates and quantification
of the associated costs from theoretical work (Chapter 4). We hypothesize
that costs of toxin production will become significant in nitrogen–limited
environments and when grazing pressure is high, which will subsequently
lead to a reduction in cell division rates. However, we hypothesize that the
investment in toxin production will pay–off because the predation mortal-
ity on defended cells will decrease relative to undefended cells.
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In addition to the manuscripts, this thesis also includes a summary of the main
findings as well as concluding remarks (Chapter 5).

Figure 1.6: Schematic representation of the main objectives of the PhD project,
showing the relation between Project 1 with the aim to identify defensive traits
in phytoplankton and search for associated trade–offs, and Projects 2 and 3 with
the aim to quantify benefits and costs of selected defensive traits.
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5.1 Identification of defensive traits and associ-
ated trade–offs

Theoretical and experimental studies have demonstrated that, at steady state,
the number of coexisting species in phytoplankton communities cannot exceed
the number of limiting resources unless additional mechanisms are involved. One
such mechanism is predation, which may increase species diversity by facilitating
the evolution of defense mechanisms, provided that the employment of defenses
has an associated cost. However, given the importance of predation and defense
mechanisms in relation to species diversity, it appears that the function of many
proposed defense mechanisms remains elusive and the costs and benefits are of-
ten unquantified. Since many proposed defensive traits are inducible, meaning
that their intensity increases under the grazing pressure, this suggests that the
proposed traits indeed have a defensive function. It also suggests the presence
of a cost — if there was no cost, why would phytoplankton only deploy defenses
when needed?

In response to grazing pressure, phytoplankton have evolved various mor-
phological defensive traits. While size in itself offers partial protection against
grazing, alterations in size can be achieved through colony formation that can
affect grazing of herbivores with a narrow range of prey–size preferences. How-
ever, such size variations are only beneficial against certain grazers, and can
at the same time promote grazing by others. Associated costs may for exam-
ple include increased sinking velocities, decreased nutrient uptake rates per cell,
or reduced chlorophyll–specific light absorption coefficients due to competition
among colonial cells, and these costs will depend strongly on the environmental
conditions. Next to coloniality, the ecological role of the calcite armor in coccol-
ithophores and silica shells in diatoms has long been proposed to act as a defense
against predation. However, only recently has experimental evidence supporting
the defensive role of the calcite armor been provided, but the evidence support-
ing mechanical protection against grazing by the shell remains limited (further
explored in Chapter 3). While both calcification and silicification seem to be
rather inexpensive processes in terms of energy expenditure, the dependency of
coccolithophores and diatoms on the ambient concentrations of inorganic cal-
cium and silicon represents a cost that can only be evaluated in the context of
prevailing environmental conditions.

In addition to the morphological defenses, several physiological traits such
as production of chemical substances, bioluminescence, and modified nutritional
value of phytoplankton, are suggested to represent physiological defense mech-
anisms. While many of these defensive traits are constitutive, their increased
production can be activated by a range of predation cues, by grazing, or by mo-
tion. A variety of chemical compounds with proposed defensive functions have
very variable effects on grazers: no effect, deterred grazing, and toxic effect. The
first type of response, where a grazer can feed on toxic algae without obvious
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adverse effects, can be interpreted as a result of evolutionary history between
the predator and prey populations. However, it may also be due to the fact that
the definition of ‘toxic algae’ rather refers to their toxic effects on humans than
on zooplankton. The second type of response, commonly referred to as deterred
grazing, enables the grazer to avoid potentially dangerous prey prior to ingest-
ing harmful amounts. Here, the grazer has developed the ability to recognize
and avoid toxic prey either via sensing the prey or via capturing, tasting, and
then rejecting the prey. Either way, this will result in reduced grazing pressure
on prey organisms that consequently gain a competitive advantage. Finally, the
third type of response, where the ingestion of toxic prey is required to affect
the grazer, cannot be considered a defensive trait since reduced grazing due to
toxic effects on the grazer is equally beneficial to competitors, and thus does
not provide the producer any competitive advantage. While induced production
of chemicals is in some cases advantageous to phytoplankton, the costs of syn-
thesizing chemical compounds seem to be more difficult to assess. Based on the
available evidence it appears that the production is costless, since induced and
uninduced organisms, or toxic and non–toxic strains of the same species have
similar growth rates, however, the production may depend on nutrient condi-
tions. Since many of the substances produced by phytoplankton are alkaloids
rich in nitrogen, the costs of defense may be unmeasurably low when resources
are plentiful but could become significant in nitrogen–limited environments (fur-
ther explored in Chapter 4).

Finally, behavioral defenses such as resting stages and motility may function
as grazer–avoidance adaptations, and for these traits the assessment of bene-
fits and costs is rather straightforward; delayed excystment due to unfavorable
biotic conditions will lead to lost opportunities for resource acquisition and pro-
liferation, but will simultaneously reduce grazing mortality. Motile cells that are
captured by grazers can break the contact with them by jumping or swimming
away, thus reducing grazing mortality. However, fluid disturbances generated by
these swimming cells can be detected by rheotactic grazers, leading to increased
encounter rates and subsequently increased mortality.

5.2 Defensive value of silica walls in diatoms
and the associated trade–offs

Diatoms are the major contributors to phytoplankton biomass because their
mortality rates are generally lower than those of other groups with similar growth
rates. But what makes diatoms unique are their silicified cell walls, whose me-
chanical strength relative to density is the highest among any known biological
material. As discussed in section 5.1, silicified cell walls may have evolved as a
mechanical protection against grazing, however, the direct evidence of defense is
limited. While the silica shell may be able to withstand the forces exerted by the
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crushing mechanisms of copepods and euphausiids, same crushing resistance is
probably of little consequence for protistan grazers whose ability to utilize prey
is governed mainly by the size and shape of the prey. The anticipated benefits of
silica walls must be traded off against the costs. Deposition of dissolved silica in
diatoms depends on their growth, and since many diatoms do not store sufficient
amounts of silicon for the formation of a new valve, they must harvest most of
the required amounts immediately before the cell division. Thus, high growth
rates under non–limiting ambient silicon concentrations will lead to a reduced
period available for silicon uptake, resulting in lighter silicification of the walls.
Therefore, if increased level of silicification in response to grazer cues requires
reduced growth, this may represent a direct cost of defense. Other costs appear
to be of less importance, and include biochemical costs related to the uptake
and deposition of silicon, as well as the costs associated with the potential losses
due to increased sinking velocities of heavy silicified cells.

In Chapter 3, we explored the relationship between the level of silicification
in diatoms and predation mortality exerted by micro– and mesozooplanktonic
grazers, and whether the survival of diatoms during the gut passage of copepods
is related to the silica content of the cells. Furthermore, we explored how the
mechanical properties of silica walls vary with cell size and degree of silicification
in the context of copepod predation. Finally, we explored the trade–off function,
i.e. the relationship between the costs and benefits of the siliceous wall.

Since the level of silicification depends on the growth rates of diatoms, which
in turn are regulated by external factors, we used this property to manipulate
silica contents in cells by using different light intensities. As a result, we pro-
duced diatoms with up to a 6–fold variation in silica contents. Our empirical
data revealed that grazing of mesozooplankton (adult copepods and nauplii) is
strongly dependent on and near inversely proportional to the level of silicification
both within and among diatom species (slope equals –0.79). This demonstrates
that the protective value of a shell increases with increasing silica content, which
is consistent with previous studies demonstrating that the mechanical strength
of shells also increases with increasing silica content. It is also consistent with
the scaling arguments explored in this study, on how the silica content must
increase with size to be able to resist the same force before cracking or buckling.
We showed that the fracture strength and the critical buckling load of a diatom
shell increase approximately with the cell wall thickness raised to the power of a
little less than 3, which is identical to the observed size scaling of silica content
in diatoms. Furthermore, this scaling also revealed that the advantage of further
thickening decreases as the silica content increases, because the unbreakability
of cells rapidly increases with the silica content. Moreover, our data also showed
that the deposition rate of silica is not constant but decreases with increasing
growth rates, meaning that at steady state, silica content should vary with the
growth rate raised to a power of b that is smaller than –1 (slope equals –0.54 as
estimated from the literature). This in turn implies that the grazing mortality
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increases with the growth rate raised to the power of 0.43, suggesting that with
declining growth, the reduction in predation mortality will accelerate. While
the silica wall reduces copepod grazing mortality, our empirical data further
revealed that the wall provides no protection against microzooplanktonic graz-
ers that engulf their prey. Moreover, the data also showed that only a minute
fraction of the ingested cells survive the gut passage of copepods, and that the
survival is independent of the degree of silicification.

5.3 Defensive value of toxin production in di-
noflagellates and the associated costs

Several phytoplankton species produce chemical compounds that are toxic to
human consumers, therefore we consider these organisms ‘toxic algae’, but the
evolution and the functional role of such chemicals remain unclear. Since some
toxic algae form blooms that are potentially promoted by toxicity and subse-
quent deterrent effects on grazers, a defensive role of toxin production is often
anticipated. This interpretation is supported by observations that the toxin pro-
duction increases in the presence of grazers, which in some cases appears to be
advantageous to the algae as it leads to reduced predation mortality. Moreover,
according to the optimal defense theory, which predicts that the inducibility of
defenses should evolve only when the defense is costly and variable in time, ex-
periments have consistently failed to demonstrate such costs (in terms of growth
rates) in toxic phytoplankton. As discussed in section 5.1, many of these sub-
stances are alkaloids rich in nitrogen, therefore the costs of toxin production may
be unmeasurably low when resources are abundant but could become significant
in nitrogen–limited environments. Consequently, the cost may become manifest
either as a reduction in growth rates when nitrogen is limiting, since part of the
available nitrogen is used for toxin production; or as a cessation of the toxin
production in favor of higher growth rates and consequent loss of defense; or a
combination of the two.

In Chapter 4, we explored — by means of a simple fitness optimization
model — the costs of chemical defense mechanisms in phytoplankton, using the
paralytic shellfish toxin (PST) producing dinoflagellate Alexandrium spp. as an
example. We considered energy and material costs of PST production, their de-
pendency on ambient concentrations of inorganic nutrients, and the reduction
in predation mortality achieved via defense investments. Furthermore, we also
examined conditions under which the toxin production provides highest benefit
to the producers.

In our resource allocation optimization model, the phytoplankton division
rate depends on the uptake of inorganic nutrients as well as on the respiratory
expenses, and subtracting the predation mortality from the division rate yields
the population growth rate. Moreover, the cell has the ability to optimize its
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growth rate by regulating its resource allocation to the toxin production in a
way that maximizes its fitness, and the resulting population growth rate is a
measure of the phytoplankton fitness. The empirical data from the literature
were used to calibrate the model parameters as well as to estimate the param-
eter values related to the cell division rate and predation mortality, and the
stoichiometry of PSTs and the biochemistry of PST synthesis were considered
to estimate the parameters related to the cost of toxin production. The model
successfully reproduced all known features of PST production, such as that PST
producing cells become less toxic in nitrogen–limited environments, that toxin
contents are high in exponentially growing cells in the environments where ni-
trogen and phosphorus are in balance, and that the cells become most toxic in
phosphorus– or light–limited ambients. Finally, our model further conforms to
the experimental observations that the toxin production increases in the pres-
ence of grazers, and that the cost of toxin production is negligible when nitrogen
or light are plentiful. However, when nitrogen or light is limiting cell growth and
when grazers are abundant, the model predicted that the costs associated with
the toxin production may be substantial and could lead to more than a 20%
reduction in cell division rates. These costs are two–fold, and include metabolic
costs of the toxin biosynthesis as well as the costs related to the materials in-
vested in the toxin. Nonetheless, the investment in the toxin production pays–off
since defended cells experience reduced grazing mortality, which subsequently
leads to the net growth rates that are twice as high as of undefended cells.

5.4 Concluding remarks
While many morphological, physiological, and behavioral defensive traits in phy-
toplankton are rather well described, in most cases the associated costs remain
unquantified because even the benefits of many deployed defenses are often
undocumented, for example, the proposed protective role of siliceous wall in di-
atoms. One reason for the lack of experimental evidence for the costs is that they
often realize only under natural conditions, or when the deployment of defense
mechanisms depends on the availability of specific resources. For that reason,
a mechanistic understanding of the underlying processes is required, which to-
gether with simple fitness optimization models may allow quantification of the
costs under specific environmental conditions. Another reason for the absence
of cost assessments is that some costs may become evident only when organisms
are resource limited. However, ambient conditions to which experimental organ-
isms are most often exposed to are resource–sufficient, and as such can support
resource demanding growth, reproduction, and defense, as there is no conflict
in resource allocation between these functions. Therefore, in order to isolate rel-
evant resources that should be limited in future experimental and theoretical
studies, an understanding of the processes involved in the defense is required;
for example, reduced growth of toxin producing organism may be found only
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under nitrogen–limiting conditions.
Although we now understand the defensive role of the siliceous wall, whose

silica contents are a ‘passive’ function of the diatom growth rates, it is still un-
clear whether shell thickening can also be induced by biotic factors. Therefore, it
remains to be demonstrated whether and to what extent the increased degree of
silicification requires reduced growth rates, or whether the thickening is a result
of the increased rate of silica deposition in the wall. Hence, more elaborate ex-
perimental studies are required to verify this and to (re–)quantify the trade–off
function.

Similarly, the understanding of the processes involved in the PST production
in dinoflagellates led to the assessment of the costs associated with the toxin syn-
thesis that are not only strongly dependent on the abundance of grazers but also
on the resource availability. However, experimental studies on costs and bene-
fits of toxin production are required to empirically test our model predictions
in which, for example, toxin production rates and growth rates are measured
under steady state sufficient– and deficient–nitrogen concentrations.

Finally, the findings from this PhD research opened a number of new av-
enues that could be explored in future studies. For example, while the benefits
of size alterations and the consequential physiological changes associated with
coloniality are rather well understood, it still remains to be demonstrated how
these changes affect growth rates in resource–limiting environments. Moreover,
the costs related to the production of alkaloid substances, such as domoic acid in
diatoms and microcystin in cyanobacteria, remain largely unquantified. Follow-
ing a similar line of mechanistic reasoning as provided in this PhD work, these
costs could eventually be measured in nitrogen–limited environments. Last but
not least, if silicified cell walls in diatoms provide protection against copepod
grazing, it still remains to be determined what defensive traits may reduce pre-
dation from microzooplankton grazing. It is well understood that by forming
chains diatoms escape grazing of microzooplankton that engulf their prey, how-
ever, such increases in size are likely inconsequential to pallium feeding grazers.
In this case, perhaps formation of spines or thorns that may pierce the pallium
would be a good mechanism, but that still remains to be determined.
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In this project, we gained significant knowledge on the mechanism that promotes coexistence and 

species diversity in phytoplankton – predation and the consequent evolution of defense mecha-

nisms. We provided an overview of defense mechanisms in phytoplankton and associated trade-

offs. In search for defense trade-offs, we identified which traits lack experimental evidence sup-

porting their defensive function, and proposed ways to assess the costs in future experimental or 

theoretical studies. We experimentally demonstrated the defensive function of silicified cell walls, 

whose effectiveness in reducing predation mortality may be one of the reasons for the success of 

the single most important group of phytoplankton in the ocean – diatoms. Another defensive trait 

observed in phytoplankton is production of toxins, for which – by means of a simple fitness opti-

mization model – we estimated the associated costs that appear to be strongly dependent on the 

environmental conditions. In conclusion, quantification of the trade-offs is key to understanding 

biological diversity, and may help us describe complex aquatic ecosystems as well as assess the  

effects environmental changes may have on the structure of aquatic communities. 
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