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Resumé

Det marine habitat udgør en af hovedkomponenterne i jord-systemet, i kraft af at
havene dækker over 70 % af jordens overflade, og for s̊avel fysiske som biologiske
grunde spiller verdenshavene en afgørende rolle i jordens klima. P̊a grund af biolo-
gisk aktivitet optager havene 48.5 Gt karbon hvert år fra atmosfæren, hvoraf om-
kring 25 % transporteres ud af havets fotiske zone via den biologiske karbon pumpe.
Selvom det kun er en lille del af dette (1-3 %) der i sidste ende aflejres p̊a havets
bund, understreger det det store potentiale som den marine biota har til at p̊avirke
og forme det globale klima b̊ade nu, i fortiden og i fremtiden. De menneskeskabte
klimaændringer vil blandt andet ændre havstrømmene, lagdelingen og næringsstof-
forholdene i marine levesteder, alle tre aspekter der spiller en afgørende rolle for
den marine biota med feedback til det globale klima. Derfor er det afgørende at for-
bedre vores forst̊aelse for hvordan marine økosystemers funktion i relation til b̊ade
biotiske og abiotiske miljømæssige variabilitetsgradienter. Som primære producenter
er planktoniske organismer b̊ade en vigtig komponent samt en energivej der linker
resurse-tilgængelighed til marine fødenet. P̊a denne måde spiller planktonsamfundet
en central rolle i biogeokemiske cyklusser specielt i relation til produktion og eksport
af karbon.

En tilgang med fokus p̊a organismers karakteristiske fællestræk er basis for stu-
dierne i min afhandling, eftersom den tilgang er ideel til at lave simple modeller af
individuelle organismers interaktion med hinanden og omgivelserne. Vi skaber et link
mellem de fællestræk der afgør organismernes performance og de økologiske nicher
som de dominerer i tid og rum, og vi finder en god overensstemmelse mellem vores
forudsigelser og observationerne. Det som især gør denne tilgang med fokus p̊a orga-
nismers fællestræk succesfuld i relation til mine studier er at vi kan tage skridtet fra
at forudsige under hvilke omstændigheder et bestemt træk vil være optimalt, til at
udforske hvordan biomassen af organismer med et dette bestemte træk udvikler sig
i en dynamisk cyklus med sæsonændringer i tilgængelighed af resurser.

I denne afhandling kvantificerer og systematiserer jeg to af det marine plank-
tonsamfunds vigtige aspekter, som har betydning for eksport og aflejring af karbon
porganismer havbunden: det fænomen at zooplankton fortager daglige migrationer
fra overfladen til dybet (forkortet DVM), samt kiselalgers generelle succes i sæson-
porganismervirkede miljøer.

DVM er en strategi blandt zooplanton, s̊asom calanoide copepoder, der højner
deres chance for at overleve og dermed deres âfitnessâ. Deres blotte tilstedeværelse



i det oplyste overfladevand tiltrækker rovdyr, og for at mindske risikoen for at blive
spist er der mange zooplankton individer der migrerer til mørkere lag og bliver der
i løbet af dagen. Som konsekvens har disse individer kun mulighed for at søge føde
om natten, mens de opholder sig i overfladen. Udover den umiddelbare reduktion af
risikoen for at blive spist, mister de migrerende zooplankton tid hvor de selv kunne
søge føde, ved at forlade de produktive lag en stor del af døgnet. Derfor bliver DVM
et spørgsmål om at opveje omkostninger i form af mistede fødesøgningsmuligheder
og energi til at svømme mod fordelene ved at reducere risikoen for at blive spist,
faktorer der alle varierer med zooplanktonets størrelse, tilgængelighed af føde samt
lysintensiteten i vandsøjlen. Noget af den føde der bliver indtaget i overfladen udskil-
les senere som ekskrementer, hvilket fremføres som havende en forøgende effekt p̊a
karbon eksporten, og som derfor udgør en aktiv komponent i den biologiske karbon
pumpe. Ved at estimere fødetilgængeligheden i overfladelagene, forudsiger vi at op
mod 30 % af den karbon der transporteres via den biologiske pumpe i Nordatlan-
ten kan være medieret af migrerende zooplankton. Dette tal kan blive p̊avirket af
den diæt som zooplanktonet indtager; eksempelvis n̊ar diæten best̊ar af kiselalger,
produceres der flere og tungere ekskrementer, som derfor synker hurtigere.

I nutidens hav er kiselalger ansvarlige for s̊a meget som 50 % af det karbon der
transporteres via den biologiske karbon pumpe, og de har derfor en afgørende rolle
for økosystemers funktion med feedback til det globale klima. Deres unikke fysiologi
er karakteriseret ved et ydre skelet af silica og et indre opfyldt af en central, vandfyldt
vakuole, og de dominerer ofte næringsrige omr̊ader med upwelling. Kiselalgernes livs-
stil er p̊a flere måder fyldt med modsætninger; de er afhængige af et næringsstof som
de selv opbruger, de bygger en tung skal som skal opvejes for at de ikke synker ud af
overfladen, og den beskyttelse de f̊ar fra deres skal er m̊aske en smule iøjnefaldende
n̊ar de oftest er mest succesringe n̊ar der er f̊a græssere til stede. Vi tager udgangs-
punkt i de bagvedliggende mekanismer for at undersøge kiselalgernes succes, og vi
finder at deres unikke fysiologi giver flere fordele, som kommer stærkest til udtryk
i næringsrige, for̊arslignende miljøer. Vores resultater fremhæver græsningstrykket
som den primære driver for vakuolens størrelse.

Kiselalger og mixotrofe phytoplanktons succession dækker størstedelen af plank-
tonsamfundets stategier til at tilegne sig næringsstoffer, fra de strikse autotrofe ki-
selalger til heterotrofe dinoflagellater. Den sidste del af min afhandling opsætter et
konkurrence-eksperiment ved at modellere den strategi det er for kiselalgerne at ha-
ve en vakuole mod mixotrofi, og undersøger hvordan de optimale strategier udvikler
sig i en sæson cyklus. Ved at sammenkøre de to typer i en dynamisk sæsoncyklus
udspringer et realistisk mønster med store kiselalger med store vakuoler om for̊aret,
som efterfølges af et planktonsamfund med små kiselalger og små mixotrofe der sa-
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meksisterer med store heterotrofe plankton. Dette understreger at udbredelsen af
næringsrige, turbulente havomr̊ader er en forudsætning for kiselalgers fortsatte suc-
ces i fremtidens ocean.
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Abstract

The marine habitat is a major component of the Earth System with the oceans
covering 70% of earth’s surface, and for physical as well a biological reasons the oceans
play a major role in global climate. Biologic activities in the oceans draw down 48.5
Gt C from the atmosphere every year, whereof up to 25% of this carbon is transported
out of the photic zone via the biological carbon pump. Even though it is a small
fraction of this that is sequestered at depth (1-3%), it underlines the huge potential
of the marine biota to impact and shape global climate, both in the past, present
and future ocean. The current anthropogenic climate change is, among other things,
predicted to alter ocean circulation, stratification and nutrient availability in the
marine environment, all three aspects that play a crucial role for marine biota with
feedback on global climate. For this reason, it is crucial to improve our understanding
of the functioning of marine ecosystems in relation to environmental (abiotic and
biotic) variability gradients. As primary producers, planktonic organisms are a key
compartment and energetic pathway that link resource availability to marine food
webs. As such, the planktonic community play a central role in biogeochemical cycles
in the ocean in general and production and export in particular.

The trait based approach forms the base of the studies in my thesis, as it is
ideal to provide simple models of the individual organisms and their interaction with
each other and the environment. Using this approach we create a link between
performance traits of organism and the actual ecological niches in space and time
in which they dominate, and find a general resemblance of our predictions with
observations. The success of the trait based approach in relation to my studies is
taking the step from predicting under which conditions a certain trait combination is
optimal, to exploring how biomass of organisms showing these specific traits evolve
in a dynamic seasonal cycle.

In this thesis I quantify and systematize two important aspects of marine plank-
tonic life that influence the export and sequestration of carbon to the sea floor: the
phenomena of diel vertical migration (DVM) in zooplankton and the general success
of diatoms in seasonal environments.

DVM is a strategy among zooplankton such as calanoid copepods to increase
the chance of survival and hence their fitness. Their presence in the sunlit ocean
surface attracts predators, and to decrease this predation risk many zooplankton
individuals migrate to darker depths during the day. Consequently these migrators
feed predominantly during night, when they reside in the surface layers. Besides



the immediate decrease in predation risk, the migrating zooplankton faces a lost
feeding opportunity, by abandoning the productive surface layer for a large part of
the day. The question of DVM hence becomes a question of a trade-off between
costs and benefits; zooplankton have to balance costs of lost feeding opportunity and
swimming expenditure to the benefit of reduced predation risk, factors that vary
with size of the zooplankter, availability of food and degree of illumination of the
water column. Along with respiration, some of the food that is consumed in the
surface is later excreted at depth, which has been proposed as an enhancing effect
on the carbon export, and hence adds an active component to the biological carbon
pump. Using a model estimate of food abundance in the surface layers we predict
that 16-30 % of the carbon exported in the North Atlantic might be mediated by
diel vertically migrating zooplankton. Indeed this number might also be influenced
by the type of diet the zooplankton consumes; an increase in fecal pellet production
and density is observed in copepods feeding on diatoms.

In the modern ocean, diatoms are responsible for as much as 50 % of carbon
exported via the biological carbon pump, and hence they have a crucial role in
ecosystem functioning with feedback to global climate. Their special physiology is
characterized by a silica exo-skeleton and a large water-filled, central vacuole, and
their dominance in marine ecosystems are widespread in nutrient rich, upwelling
areas. The lifestyle of diatoms is in several ways filled with dichotomies; they rely
on a nutrient that they themselves deplete, they build a heavy shell, that they have
to counter act with buoyancy and the protection that the shell affords seems to be
at odds with the conspicuous success of diatoms in grazer -poor environments. We
take a mechanistic approach to illuminating the success of diatoms and find that
their special physiology leads to several advantages strongest in nutrient-rich spring-
like conditions. Our results underscore the grazing pressure as the main driver for
vacuolation.

The succession of diatoms and mixotrophs cover most of the phytoplankton com-
munity’s strategies with regards to acquiring nutrients, from the strictly autotroph
diatoms to heterotrophic dinoflagellates. The last part of my thesis sets up a compe-
tition experiment modelling the strategies of vacuolation as opposed to mixotrophy,
and examines how the optimal strategies evolve in terms of abundance in the sea-
sonal cycle. From the unification of these two types in a dynamic seasonal cycle there
emerges a realistic succession pattern of large, highly vacuolated diatoms in spring
superseded by a community of small diatoms and mixotrophs coexisting with large
heterotrophs in the nutrient depleted summer. This emphasizes the propagation
of nutrient-rich, well mixed ocean environment as a prerequisite for the continued
success of diatoms in the future ocean.
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CHAPTER 1

INTRODUCTION

1.1 Climate and the Biologic Carbon Pump

70 % of earth’s surface is covered with water. This huge body of water has an
extensive impact on Earth’s climate through the numerous chemical, physical and
biological processes characteristic of the ocean environment. Large scale currents
transport hot or cold water around the globe, driven by a delicate interplay between
large scale wind patterns and density changes due to local heating/cooling, sea-
ice formation and melting, and freshwater run-off. The ocean currents transport
heat and a milder climate to regions that would otherwise experience much colder
seasons. These currents also create areas of up-welling, with nutrient-rich water
entering the surface ocean giving rise to new production and phytoplankton blooms
under the right conditions. The oceans therefore contributes to maintain many of
the conditions that are prerequisite for life as we know it also on land.

Phytoplankton living in the surface ocean takes up nutrients and photosynthe-
sizes carbon according to the availability of resources. The process of generating
new biomass via photosynthesis removes CO2 from the water ultimately resulting in
a removal of CO2 from the atmosphere, as CO2 diffuses back into the ocean surface
according to equilibrium laws. Photosynthesizing phytoplankton convert 48.5 Gt per
year of carbon from atmospheric CO2 into organic material in net primary produc-
tion (NPP), an enormous amount compared to the current 11 Gt of anthroprogenic
emissions. Marine primary production hence represent 2.7 times the NPP of tropi-
cal rain forests that are generally credited as being the ”lungs of the earth” (Field
et al., 1998). Indeed, the most productive areas are coastal and upwelling zones,
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but because of the vast surface area covered by oligotrophic and mesotrophic open
ocean, this is by far the most important contributor to the total marine NPP (Field
et al., 1998). This means that processes affecting the ocean like heating due to the
greenhouse effect, acidification due to atmospheric increase in CO2, changes in wind
patterns and nutrient availability and large scale ice sheet melting has a huge po-
tential to impact marine NPP and, hence, the ocean carbon cycle with feed backs to
global climate. Besides contributing with much more NPP than tropical rainforests,
marine environments actually contribute with equal amounts of NPP as terrestrial
(Field et al., 1998; Smetacek, 1999). This emphasizes the need to equate marine
research with terrestrial in terms of understanding climate and climate change.

By far the largest fraction of photosynthetically produced organic carbon is trans-
ferred to higher levels of the food chain via predation, but part of it sinks out as
phytodetritus or marine snow (Turner, 2015). After consumption, not all carbon is
turned in to new biomass of higher trophic level organisms, but around a third is
excreted as fecal pellets, a fraction of which will sink to the deep ocean depending on
the degree of remineralization on the way through the water column. This transport
of carbon by biologically mediated processes is termed the ”biological carbon pump”,
and is together with the ”solubility pump” (Volk and Hoffert, 1985) the processes
that depletes the surface ocean of CO2 and transports it to the ocean’s depths. The
term ”pump” refers to the transport of carbon against a gradient; from a surface
ocean in equilibrium with the atmosphere to the deep ocean, supersaturated with
CO2 from the respiration and remineralization processes of the deep biota. The bi-
ological pump relates back to biologic activities in the water column, whereas the
solubility pump transports CO2 to due to the convection of cold surface waters and
the higher solubility of CO2 in the colder waters of the deep ocean (Volk and Hof-
fert, 1985) (Figure 1). The biological carbon pump is generally quite inefficient, as
5-25 % of the NPP exits the photic zone, whereof on average only 1-3% will ever
reach the bathypelagic (De La Rocha and Passow, 2007). The remaining 97-99 %
is either remineralized by bacteria (15%), consumed by micro-zooplankton (30-70%)
or meso-zooplakton (20-35%) somewhere in the water column (De La Rocha and
Passow, 2007).

The efficiency of the biological carbon pump depend both on the ecosystem com-
position and the seasonal cycle and therefore differs a lot depending on latitude and
time of year. Ecosystems in temperate seasonal environments are typically charac-
terized by large phytoplankton blooms in spring and autumn, less new production
in summer and even less in winter. This difference in the quantity of production of
course has large impact on the amount of carbon that potentially can be sequestered
in the ocean interior, but also the activities of microorganisms in the water column
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Figure 1: The biological carbon pump. Organic carbon originating from the numerous
biological activities in the surface ocean is transported to the deep ocean. A small fraction
eventually settles on the seafloor, where it is sequestered. Reprint from Chisholm (2000).

can be responsible for the differences in efficiency of the biological pump (De La
Rocha and Passow, 2007). The need to understand and systematize these factors
is pressing and will be important for the capability to predict carbon export under
future climate conditions, whatever changes it might bring in relation to ecosystem
composition, NPP and microbial activities.

1.1.1 Active transport of carbon

Life in the ocean has a huge impact on the amount and the timing of carbon export.
This export is traditionally thought of as dead particulate matter passively sinking
as aggregates, marine snow and faecal pellets into the oceans’ depths being partly
remineralized on the way down through the water column. Recently, it has been
realized that vertically migrating organisms (e.g. copepods, krill, mesopelagic fish)
contribute with an active component by consuming carbon in the surface layers and
excreting and respiring it at depth (Steinberg et al., 2000; Longhurst and Harrison,
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1989).

What is diel vertical migration?

Primary production occurs predominantly in the sunlit surface of the oceans by
phototrophic plankton. Secondary producers like copepods, fish larvae and krill feed
on the plankton, but their presence in the productive layers attracts larger predators,
that hunt using eye-sight. To avoid the the risk of being consumed, many species
of zooplankton are observed to perform diel vertical migration (DVM), where they
feed at the surface only during night and retreat to a darker, safer refuge during
day where sunlight penetrates the upper ocean (Longhurst, 1976) (Figure 2). The
strategy increases the zooplankton’s chance of survival, however it comes at the cost
of reduced feeding opportunities and energy expenditure for swimming distances
that are long compared to their body size. Therefore we can expect that a trade-off
between gaining energy for growth or reducing mortality risk can be used to describe
the fitness of the individual migrating zooplankton (Lima and Dill, 1990).

Figure 2: Zooplankton perform diel vertical migration from the surface ocean to the
deeper layers of the ocean when the sunlight penetrates the water column in daytime.
From Hansen and Visser (2016).

In fact, many organisms ranging from small protists like dinoflagellates and di-
atoms (MacIntyre et al., 1997; Villareal et al., 1993) to mesopelagic fishes (Kaartvedt
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et al., 2008) are observed to perform vertical migrations for many different reasons
also including regulating body temperature, following a migrating prey or reach-
ing more nutrient rich water. Even reverse DVM or seasonal vertical migration are
frequently observed phenomena (Heywood, 1996; Morales, 1999). Therefore includ-
ing DVM throughout the foodweb in dynamic ecosystem models quickly becomes
a complicated task, conceivably involving aspects of game theory and life history
(Sainmont et al., 2013; Pinti and Visser, 2019).

DVM and carbon export

Global estimates on the export of carbon generally have three main origins; large
scale biogoechemical studies with good spatial and temporal coverage (such as the
Joint Global Ocean Flux Study (JGOFS)), frequent satellite chlorophyll images with
high spatial resolution and General Circulation Models that incorporate biology and
biogeochemistry (Boyd and Trull, 2007). All these three approaches generally do
not take into account behavioral aspects like DVM, and therefore face the risk of
underestimating the export, while only considering it a passive process. Several in
situ studies have estimated the contribution of vertically migrating zooplankton to
carbon export (Morales, 1999; Steinberg et al., 2000; Stukel et al., 2013), which might
be further enhanced if the carbon is transported to depths below the mixed layer
by the so-called interzonal migrants (Longhurst and Harrison, 1989; Morales, 1999).
This provides a very important basis for testing modelling estimates against real
data. The development of a simple, universal method of predicting DVM behavior
in zooplankton can become an important implementation of biogeochemical models
that estimate global carbon fluxes from the biological pump (Hansen and Visser,
2016).

1.2 Diatoms

1.2.1 The unique diatoms

Diatoms are a ubiquitous group of organisms, that thrive in most marine and aquatic
environments. They are very abundant and diverse with an estimate of up to 105

different species. Most species are not identified uniquely per se, but there are at
least an estimated 10,000 marine planktonic species of diatoms (Kooistra et al., 2007).
There are two main types of diatoms, namely the pennate and the centric diatoms,
where the centrics have been around since the Jurassic and the pennate diatoms
appeared in the late Cretaceous. The marine planktonic diatoms mainly belong to
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the centric lineage (Kooistra et al., 2007; Werner, 1977), even though there are of
course important exceptions to this rule.

Diatoms are unique among the plankton, first and foremost, because of their
special physiology; the cell cytoplasm is encased in a hard silica shell, named the
frustule, the architecture of which can vary immensely (Round et al., 1989). In the
centric diatoms the frustule consists mainly of two valves shaped like petri-dishes,
the one slightly smaller than the other, resulting in a peculiar diminishing of cell size
for each mitotic cell division (Figure 1) (Werner, 1978). Cell size can be reduced
to less than a third, whereafter cells undergo sexual reproduction which restores it
to its ”original” size. Nevertheless, frustule architecture is unique to the individual
species and it is replicated with accuracy as the cell divides. Therefore it serves as
the main element for the classification and recognition of diatom species (Werner,
1978, 1977).

Figure 1: Reprint from Werner (1978). The size of the Cosinodiscus asteromphalus
diminishes as the cell divides. (A) 160; (B) 125; (C) 100 and (D) 50 µm in diameter

On first sight it seems costly for a cell to rely on encasing itself in a silica shell;
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it relies on an extra nutrient compared to its competitors, the increased density
increases risk of sinking out and what are the costs of constructing and maintaining
such a delicate structure? To start with the last point, it turns out that the silica
shell is actually quite cheap requiring about 2% of the cells total energy budget and
that there is very little maintenance costs of an inorganic shell (Werner, 1977; Raven,
1983). For example, an organic coating like the theca of certain dinoflagellate species
is quite costly compared to the diatom frustule (Raven, 1983). Of the potential
benefits that offset the costs of the frustule, the most frequently mentioned one is
the defence against grazers (Hamm et al., 2003). The hard silica shell is an obstacle
that only strong jaws from larger copepods can crack, however protist that may use
other capture strategies (e.g. peduncle feeding, feeding tupe) have also been reported
as major grazers of diatoms (Landry et al., 2011; Sherr and Sherr, 2007). Additional
benefits of the shell includes scaffolding an inflated interior, protection form viral
and parasitic attacks (Raven and Waite, 2004) and filtering of harmful wavelengths/
projection of preferred wavelengths (Yamanaka et al., 2008; Fuhrmann et al., 2004).
Diatom chloroplasts are observed not to be inhibited by sudden high increases is
light intentsity, which is in favor of the hypothesis that the frustule has light filtering
properties (Werner, 1977).

Indeed, the diatom risk sinking out due to the heavy ballast of the shell, but for
this they have yet a clever solution: A large part of their internal volume is occu-
pied by a water-filled vacuole. By preferentially pumping out heavy irons (Mg2+ and
Ca2+) end exchanging with lighter irons (Na+ and NH+

4 ) (Raven, 1997b) or using fat
droplets, they decrease the density of the vacuole sap and thereby overall density of
the cell. Large diatoms have even been observed to have positive buoyancy (Villareal,
1988; Moore and Villareal, 1996), but regulating the vacuole sap density also has the
potential to move the otherwise immobile diatoms to deeper regions of the water
column that may contain more nutrients (Villareal et al., 1993). Besides playing a
central role in regulating buoyancy the vacuole has several other benefits. As the
cytoplasm of the diatoms constitutes a thin layer sandwiched between the silica shell
and the vacuole, much of the cells active biomass is in relatively close contact with
the surroundings, easing nutrient uptake and shortening nutrient transport lenghts
(Kooistra et al., 2007) (Figure 2). Additionally, the chloroplasts are thus arranged
in a thinner layer right at the surface of the cell, which reduces self shading com-
pared to a non-vacuolated cell with cloroplasts distributed equally over the cytoplasm
(Kooistra et al., 2007). Along the same lines, the diatom experiences increased spe-
cific nutrient and light affinities, due to a high surface to biomass ratios (Smetacek,
1999; Raven, 1983; Egge and Aksnes, 1992), and the fact that the vacuole inflates
the diatom to a larger size than otherwise associated with the biomass, reduces its
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grazing mortality, in all referred to as the ”Winnie the Pooh”-strategy (Thingstad
et al., 2005). At last, the water-filled vacuole gives the diatom a possibility of storing
nutrients for later use (Raven, 1997b; Lomas and Glibert, 2000). However, uptake
of silicon predominantly takes place during the G2 phase of cell division (Martin-
Jézéquel et al., 2000) and cannot be stored above saturation (Kooistra et al., 2007),
thus the potential of the stored nutrients can only be released if silicon is available
in the surroundings. Diatom cell division is inhibited by the absence of silicon, as
the nucleus cannot divide (Darley and Volcani, 1969).

Figure 2: Reprint from Hansen and Visser (in progress). Conceptual model of a spherical
diatom with frustule, vacuole, cytoplasm and membrane

Regarding the absolute requirement of an additional nutrient, this is indeed a
constraint on the growth of diatoms and therefore one can say that diatoms are in
a peculiar way bound by their own success: as their continued growth exhausts the
silica resource of the surface layer, they must retreat and leave the space for other
non-silicon needing plankton. This is the succession that is so often observed in
seasonal seas; the flourishing of diatoms in early spring when light levels increase in
the nutrient rich water followed by the takeover of other species as the mixotrophic
dinoflagellates and ciliates (Barton et al., 2013a). After all, the diatoms are still
among the most successful and productive organisms on the planet, and one must
admit that it is probably worthwhile paying the costs of this special physiology.

An other peculiarity of diatoms that is not dealt with much in my studies is their
tendency to form chains; under certain conditions the diatoms do not detach after
cell division, but in stead they stick together forming long chains. This mechanism
can serve as a defence mechanism to increase size and thereby the number of grazers
that can potentially engulf the cells (Pančić and Kiørboe, 2018, references herein).
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Variations across cell sizes

The different diatom species spans several orders of magnitude from a few cubicmi-
crons for the smallest diatom to more than a million cubicmicrons for the large
Cosinudiscus ssp.. Therefore also the carbon content of diatoms vary several or-
ders of magnitude, however in this regard diatoms are special because of the large
inert space filled by the vacuole. Traditional scaling relationships of carbon to vol-
ume with a slope close to one reflects a relatively constant carbon content on a per
volume basis (Mullin et al., 1966; Strathmann, 1967; Menden-Deuer and Lessard,
2000). However, diatoms with their large vacoules does not fit well into this, and
the carbon to volume regression slope is significantly lower than one (Strathmann,
1967; Menden-Deuer and Lessard, 2000), reflecting a vacuole content that increase
with size in the larger diatoms (Raven, 1995). Not only the vacuole is observed to
scale with size but several studies indicate that also the frustule thickness increase in
larger diatoms. This relationship is, however, not statistically significant, and a sys-
tematic variation with size might be obscured by the large variation between species
and under different light/nutrient conditions. Furthermore, when diatom growth
slows also the G2 phase of cell division slows, which means a higher uptake of silicon
(Martin-Jézéquel et al., 2000), and larger diatoms grow slower than small diatoms
(Sarthou et al., 2005). Hence, is the increase in frustule thickness as much a result
of decreased growth rate in larger diatoms as it is a need for further protection or
scaffolding?

1.2.2 The Role of Diatoms in the Carbon and Silicon pumps

By virtue of their physiology diatoms have a special role in the biogeochemical cycles;
they are ubiquitous and often very abundant, and as follows from their hard silica
shell they are dense and sink out whole and fast, when they die (Smetacek, 1999).
Therefore, whenever a bloom of diatoms terminates often due to the exhaustion of
silicon, carbon is transported down through the water column in larger amounts
than for example after a bloom of the haptophyte Phaeocystis, that to a larger
degree is remineralized and disintegrated down trough the watercolumn (Wassmann,
1994). Additonally, relating back to the diel vertical migration, the meso-zooplankton
grazing of diatoms, produce more frequent and relatively dense, fast-sinking fecal
pellets, that further enhance the downward carbon flux (Frangoulis et al., 2001;
Barton et al., 2013b). Consequently diatoms are responsible for an estimated 50 %
of carbon export out of the euphotic zone (Falkowski et al., 2003).

The diatoms are not only important for cycling of carbon, but are also dominating
the sequestration of silicon. The thick-shelled, antarctic Fragilaiopsis kerguelensis are
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estimated to be responsible for 70 % of the global burial of silicon (Smetacek, 1999),
and thus the silicon cycle is intimately related to the carbon cycle with diatoms as
the link (Treguer and De La Rocha, 2013).

All in all, this underpins the need for a thorough mechanistic understanding of
the processes of natural selection in the plankton community, in order to assess the
ecosystem effects on biogeochemical cycles of both carbon and silicon (Smetacek,
1999).

1.2.3 Evolution of diatoms

The diatoms evolved from a heterokontophyte ancestor. The first diatoms were the
centric diatoms that have been around at least since the Jurassic, but the fossil
record remains scarce until the Cretaceous period (Kooistra et al., 2007), probably
as diatoms were relatively rare or lightly silicified.

From the Cretaceous and onward, diatoms became more abundant and diverse
as witness in the geologic record. During this period there were least two major
geological, climatic and/or biological changes, that might have been beneficial for
the diatoms as a group. Firstly, the super-continent Pangea started to break up in
the Early Triassic and widening of the Atlantic Ocean created new coastline with the
shallow, nutrient rich waters preferred by many phytoplankton (Katz et al., 2004)
(Figure 3). This reorganization caused an increase in the abundance and diversifi-
cation of three major eukariotic groups, namely the dinoflagellates, coccolitophores
and the diatoms. Stable, stratified conditions in the Mesozoic Era initially created
optimal conditions for the continued diversification of dinoflagellates, however dur-
ing the Cenozoic an increase in seasonal watercolumn instability created conditions
favourable for diatoms. The coastal habitat before the break-up of Pangea was
predominantly tropical, and therefore quite stable. The extensive shallow tropical
Tethys Ocean (separating Asia and the Indian subcontinent) in particular was the
site of the evolution of many marine taxa existing today,

From the late Cretaceous, a combination of tectonic events such as the closing
of the Tethys Ocean, the opening of the North Atlantic Ocean as well as the open-
ing of the Southern Ocean (Tasmanian Seaway and Drakes Passage) increased the
areal extent of habitats in higher latitudes, that were characterized by the recurrent
changes in temperature, water column stratification, vertical mixing and light con-
ditions that we know from the seasonal seas of the modern ocean. Thus, diatoms
increased to diversify during the Cenozoic, parallel with a decrease in the number of
dinoflagellate and coccolithophore species (Katz et al., 2005) (Fig. 3).

Most of the silicon input to the Oceans are a result of weathering of continental
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Figure 3: The evolution in diversity and abundance of marine protists in the geologic time
scale. Evolution of the different groups occur alongside dramatic tectonic reorganization
of the continents and oceans. Figure borrowed from André Visser.

rocks and subsequent riverine flux to the oceans (De la Rocha et al., 2000). Therefore
on a geological time scale it depends on the uplift and exposure of continents, such as
the uplift of the Tibetan Plateau 80-50 million year ago (the remnants of the Tethys
Ocean seabed), exposing Si-containing rock to weathering processes. Furthermore
the simultaneous diversification of the silicon-containing grasses on land, facilitated
the cycling of bioavailable silicon and thereby its continued flux to the ocean and
ultimately the diatoms (Falkowski et al., 2004). This period also saw a steady draw
down of atmospheric CO2 from about 4 times present day levels bringing about a
general cooling of the global climate. Taken as a whole, these changes in global
climate, environmental conditions, and the configuration of the oceans provided the
habitats that selected for the traits of diatoms that we see today,
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1.3 Plankton Community

Though diatoms are often dominating in marine environments, they are constantly
competing with other groups of phytoplankton. The phytoplankton of modern ocean
constitute less than 1% of the photosynthetic biomass on earth, but they are in total
responsible for more than 45% of total net primary production (Field et al., 1998),
underlining the huge productivity that phytoplankton represent.

With regards to nutrient acquisition, the diatoms are in opposition to the other
phytoplankton groups; they are with a few exceptions (Werner, 1977) strictly au-
totroph, prohibited of mixotrophy by their hard shell. It is now commonly accepted
that most other unicellular plankton are able to gain resources by a combination of
inorganic nutrient uptake and consuming other organisms, dissolved/particulate or-
ganic or inorganic matter, the mixotrophic nutrition mode (Raven, 1997a). Thereby
most primary production of the sea occurs within the spectre of strict autotrophy
to strict phototrophy, with the only exception being diazotrophy; the ability to fix
inorganic nitrogen directly from the atmosphere possessed by some cyanobacteria
like the marine Trichodesmium.

The typical pattern of seasonal succession in northern hemisphere phytoplankton
communities starts in spring with a bloom of large diatoms (Barton et al., 2013a).
The diatoms with their special physiology are adapted to the conditions of early
spring; a nutrient rich and well mixed watercolumn, moderate light levels and few
of the strong copepod grazers that are able to crush their hard shells. Additionally,
they are capable of hoarding nitrogen and storing it in their central vacuole, thereby
removing it from their competitors and saving it to prolong their season of growth
(Kooistra et al., 2007). However they are not able to store silicon (Kooistra et al.,
2007), and as they bloom, consequently they deprive the water column of the resource
they inevitably need to grow. The demise of the diatoms leaves space for other
organisms, but also for different strategies. The organisms thriving in summer have
to be able to acquire nutrients other than what they can get from passive diffusion as
the watercolumn is deprived of nitrogen. Mixotrophy provides flagellates and ciliates
an alternative nitrogen and carbon resource (Raven, 1997a), and therefore they are
ecologically successful when nutrients are limited (Rothhaupt, 1996; Chakraborty
et al., 2017).
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1.4 The Trait Based Approach

1.4.1 The Trait Based Approach in Ecology

Traditionally organisms are described by their taxonomic classification; the grouping
of an organism first into a species, then their genus, family and so on to the domain
that they belong to. Taxonomy is in this way essential to describe an organism and
affiliate it with a universally applicable name, that enables future recognition and
communication concerning the organism.

However, when it comes to ecology and how organisms interact with their sur-
roundings, the taxonomic approach falls short: Ecosystem interactions does not oc-
cur between species, but rather between individuals, and the environment does not
select for a certain species, but rather for a certain combination of characteristics
expressed in an organism. These characteristics are the traits and the key traits of an
organism are the few traits the define most of its Darwinian fitness, such as its body
size, feeding/nutrient acquisition mode or defence mechanisms (Kiørboe et al., 2018).
A key concept of the trait based approach is that traits are interrelated through a
quantifiable trade-off. In this, it is essential that each trait has certain benefit to the
organism, but at the same time that benefit comes at a cost. A classical example
is that the act of foraging typically exposes organisms to a higher risk of being pre-
dated, and as a consequence we often see active/fast growing organisms with high
mortality contra passive/slow growing organisms with lower mortality. Ultimately,
the fact that traits are linked through trade-offs ensures that no ”super-organisms”,
superior at all times, can exist (Litchman and Klausmeier, 2008), but that huge
diversity in life in the oceans can be described by a few essential traits.

Life in the ocean shows immense diversity in sizes ranging 0.15 µm for the smallest
unicells up to 25 meters of length for the largest whales (Andersen et al., 2016)
and represents up to one million different species (Pimm, 2012). However, for all
these organism life boils down to three main overarching missions; feed, survive and
reproduce, and therefore the trait based approach is so intriguing. For this, the
phytoplankton community provides an ideal system to study due to the relatively
simple and often well defined traits, that link directly to their ecological function
(Litchman and Klausmeier, 2008). The success of a phytoplankter in each of the three
missions (eat, survive, reproduce) can easily be related to a few essential traits; e.g.
in marine protists feeding/nutrient uptake is easily defined by the size of the organism
or the degree of mixotrophy (Chakraborty et al., 2017) or the survival can be linked
to the investment in defence mechanisms like shells or toxicity (Pancic and Kiørboe,
2018). Thereby the description of a large group of organisms belonging to a diverse
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amount of species and communities can be done by defining and analysing only a
few key traits (Litchman and Klausmeier, 2008). This is particularly advantageous
when it comes to modelling marine ecology.

1.4.2 Trait Based Models in Ecology

Models are representations of the real world, but as the real world is infinitely com-
plex both in space and time, the task of modelling the dynamics faces the risk of
becoming incredibly complex. In this lies the risk of including to many uncon-
strained processes that are in fact not representing the drivers of the system, and
thereby decreasing the usefulness of the model. Here the trait based approach has
a huge potential, as it provides a method of including an almost infinite diversity
within a relatively simple modelling framework (Bruggeman and Kooijman, 2007;
Litchman and Klausmeier, 2008), and hence letting this diversity evolve and occupy
the ecological niches of time and space where the are in fact optimal.

In this thesis I present two different trait based models; one capturing the be-
havior of diel vertical migration in zooplankton and one analysing therefore selection
of traits in diatoms under different conditions. Both models are simple in nature
and offer a possibility of including into biogeochemical models elements that to date
were not easily estimated. We take the analysis of the diatom model further by
setting up a one-to-one competition with mixothrops, both analysing optimal traits
and performance in a dynamic seasonal cycle.

1.5 Prospectus

One of the greatest unknowns in terms of climate change impact is on the huge
and complex realm of the oceans. The sequestration of CO2 from the atmosphere is
one of the most important ecosystem services that humanity derives from the sea,
however the impact of our own activities such as the continuous emission of CO2

still remains quite unanswered. With regards to predicting physical patterns; heat
transport, water circulation, wind-patterns and so on, science has come quite far,
and the predictive capacity increases especially as computational power increases.
However the biology of the oceans still remains somewhat a joker; the huge com-
plexity of biological systems is described by infinite interactions between individuals,
relatively unpredictable patterns of growth and generally more exceptions than rules,
all mixed together in a three dimensional world, subject to continuous changes in
time. Understanding the interactions and feedback mechanisms of this biota with
the geochemical cycles and the physics seems a rater complex and inexhaustible task.
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The aim of this work was to sneak a peek at one aspect of that complex task -in
particular how the behaviour and dynamics of plankton contribute to the vertical
flux of carbon through the ocean. Therefore I have examined the vertical migration
of copepods, and the special architecture of diatoms in relation to their success
as a species. In this, I am convinced that understanding the infinite complexity
of the marine ecosystems is somehow linked to how we succeed in simplifying and
illuminating the main underlying principles that govern the processes. Therefore the
angle of simplicity has been essential in my work of developing models with predictive
capability.
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CHAPTER 2

SYNOPSIS

PAPER I: Carbon export by diel vertically migrat-

ing zooplankton

Diel vertically migrating zooplankton, mainly copepods, contribute with an active
component in the biological carbon pump, but a quantitative, systematic and uni-
versal estimate of this active component remains absent. In this study we set up a
model that estimates the depth and timing of DVM in zooplankton ranging 0.2-2
mm length, and use these estimates to quantify the amount of carbon potentially
transported by vertically migrating zooplankton.

The trade off between gaining energy for reproduction and growth from feeding in
the productive surface layers and avoiding predation by hiding in the darker depths
of the watercolumn, makes DVM a consideration of cost and benefits. Quantifying
the benefits and costs, we make a quantitative estimate of how deep a zooplankter
of a given size migrates, and how much carbon is carried to depths. We base our
quantification of the amount of energy achieved by day-time feeding on constants like
prey handling time and assimilation efficiency. Additionally, phytoplankton density
is taken into account, a factor that vary with latitude and season. From implementing
a nutrient-phytoplankton-zooplankton (NPZ) model Evans and Parslow (1985) we
have estimates of phyto- and zooplankton abundances covering the North Atlantic
Ocean, providing the basis for quantifying the gained energy. Costs of DVM are
quantified directly as the energy expenditure on swimming the migration distance
including estimates of swimming efficiency and water properties, but also indirectly
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as the time spent migrating is essentially time lost from feeding. Ultimately the light
exposure in the water column determines the risk of mortality and drives the depth
and timing of DVM.

We find that the DVM pattern is both depending on latitude, season and the
size of the zooplankter. The larger size classes are able to consume more energy
to be spend on migration and consequently they migrate deeper than the smaller
zooplankton. This also makes sense from a swimming speed perspective, the larger
zooplankton are capable of higher swimming speeds and hence they are able to
overcome longer distances in shorter time. Additionally, there are distinct differences
in migration pattern across the seasonal cycle in the northern lattitudes, where the
zooplankton performs DVM for a shorter period during the year, and considerably
deeper depths are migrated during the spring bloom. Consequently, the latitudes
that have spring blooms are also where active transport of carbon is most important,
peaking around 40◦N. All in all, the mean DVM mediated carbon flux for the NA
estimates to 0.34 (0.2 - 0.37) Gt C year−1 and represents approximately 27 (16-29) %
of the total NA carbon flux out of the euphotic zone, which is comparable to earlier
estimates.

The model developed in this study provides a simple and universal method of
implementing the aspect of DVM mediated carbon transport into global biogeo-
chemical models, however in the search to provide an easily accessible solution we
have made some simplifications. Later studies has show that the depth of DVM is
not necessarily linearly increasing with size of the zooplankton, but that the largest
zooplankton might prefer to stay at depth during the night and that the smallest
zooplankters would reside at the surface during sunlit hours as well (Ohman and
Romagnan, 2016). This nonlinear pattern arises presumably from a size-dependent
predation risk, which is one of the aspects that are not included in out modelling
approach.
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PAPER II: Seasonal succession of optimal diatom

traits

Diatoms are special with their silica shell and their vacuolated interior. They are
important and at some locations defining for the biogeochemical cycling of carbon
and silicon. However the exact mechanisms that lead to their success are not well
understood, but high growth rates, increased nutrient affinity, luxury uptake of nu-
trients, protection against grazers and light filtering properties of the shell are among
the aspects that are believed to contribute to their superiority across a range of en-
vironmental conditions. However, these benefits do not come for free; the diatoms
pay costs that are not relevant to their competitors, including extra membrane ma-
terial surrounding the vacuole and reliance on an external silicon resource. In this
paper we model the benefits and costs relating to the shell and the vacuole to make
a link from these physiological traits to fitness in terms of growth rate. Additionally
we compare with growth of a shell-less, non-vacuolated cell that does not have the
special diatom benefits, but also does not pay the costs.

First and foremost, a large vacuole inflates the diatom to a size larger than other-
wise associated with its biomass. This results in a reduction in the grazing pressure,
as the larger size reduces the number of potential predators. Additionally, vacuo-
lation increases the cells surface to cytoplasm ratio, and therefore also its nutrient
uptake and photosynthetic carbon uptake per unit carbon in the cell. Specifically,
we evaluate the growth rate within a trait space of varying carbon size and vacuole
volume, and find the values that make the diatom achieve the highest growth rate
under varying environmental conditions. In this study, the diatom does not get any
immediate benefit from its frustule, however, it is a prerequisite for having an inflated
interior, as it needs structural scaffolding. Unlike many previous models of diatoms,
we do not have a hard-coded reduction in grazing mortality or higher intrinsic growth
rates of the diatoms, as we try not to pre-impose these aspects, but instead want to
see them emerge from the model.

Interestingly, the benefits of the special diatom physiology manifests differently
depending on the season. The timing of the highest diatom growth rates are in spring,
where the reduced grazing rates and increased nutrient and light uptake efficiency
simultaneously benefit the diatom. Seen individually these benefits might not have
the highest potential in the spring, as this season is characterized by moderate grazing
and availability of both nutrients and light, but the combined effects of the benefits
make the diatoms take the lead in this condition. Indeed, spring is also the timing
that the typically observe blooms of large diatoms. We relate this to the apparent
proliferation of the diatoms from the late Cretaceous to the Miocene, a time that
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was characterized by an increase in the areal extent of seasonal oceanic habitats.
The benefits of the shell and the vacuole work together to give the diatom high

fitness in spring. Curiously, the model only predict vacuolated diatoms if there is a
certain level of grazing, also in winter and summer, where there should be a strong
benefit from vacuolation in terms of light or nutrient uptake. This is peculiar, and
poses a conundrum in our mechanistic understanding of the diatom fitness: why
do diatoms have higher division rates than other phytoplankton? If the success
is not linked to the vacuole and shell physiology, then why have shell-less, non-
vacuolated phytoplankton not evolved the same high division rates, allowing them
to out-compete the diatoms? We propose that this apparent conundrum should be
the area of focus for future investigations of diatoms success in the world’s oceans.
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PAPER III: Physiological traits of diatoms across

size classes

The stoichiometry of diatoms are a widely studied field, but only few and scattered
estimates provide a systematic overview of the size scaling of the special features of
shell and vacuole, that are so defining for the fitness of diatoms. In this paper we
propose a method of using the already existing stoichiometric data to reveal essential
information about the functioning of diatoms, by deriving relationships between size
and the key traits of vacuole, shell and cytoplasm volume.

We assess the immediate stoichiometric data of the diatoms and size scaling
relationships are similar to earlier reported. A spherical diatom model together with
knowledge and/or qualified estimates of carbon, nitrogen and silicon densities of the
different different compartments allows us to estimate volumes of vacuole, shell and
cytoplasm based on the data. The vacuole size and frustule thicknesses both show
increases with increasing diatom volume, however, these might not be statistically
significant, but they do indeed mirror tendencies from earlier studies. Interestingly,
we find that the three traits does not show proportional increases with size, which
indicate that the relevant costs and benefits are not equal in diatoms of different
sizes.

The nitrogen content of the diatoms is measured independently from the car-
bon and silicon contents that are used to estimate volumes of the shell, vacuole and
cytoplasm compartments, Therefore, we use the predicted volumes and typical ni-
trogen densities of the different compartments to estimate a total nitrogen content of
the model diatom, which can be compared to the observed nitrogen contents. This
serves as a confirmation of our estimates and it provides a means of calibrating the
estimated N densities to values that make the model fit the observations.

This study uses stoichiometric data, that can easily be attained with the appro-
priate laboratory equipment, and links it directly to physiological traits of the living
diatoms, providing an efficient method of estimating properties that are not easily
observed.
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PAPER IV: Competition and seasonal successions

of vacuolated and mixotrophic plankton

In relation to nutrient uptake, vacuolation and mixotrophy poses two mutually ex-
clusive traits, describing most of the nutrient acquisition strategies widely exhibited
among phytoplankton. Due to the presence of the hard silica shell, diatoms are able
have large vacuoles, providing them benefits in terms of nutrient uptake and light
acquisition, and inflating them to a size larger than what is otherwise associated with
their biomass. Additionally, the predation risk decrease both due to the increase in
size and the mechanical strength of the shell. There are however costs to this strat-
egy, first and foremost it prohibits the mixotrophic nutrition mode, that is so widely
exhibited among for example their dinoflagellate and ciliate competitors. In this
study, we take a trait based approach to examine how the changing environmental
conditions select between cells that have vacuoles and cells that perform mixotrophy.

We use the diatom model described in paper II to represent the vacuolation
strategy in a head to head competition with mixotrophs as first described in the
model developed by Subhendu Charkaborty (Chakraborty et al., 2017). Both mod-
els use a trait-based approach, where the environmental conditions determine the
optimal trait configurations. For the sake of simplicity and to facilitate comparison
between the two types of organisms we have cut down the number of traits to one per
group; the degree of vacuolation for vacuolated cells and investment in phagotrophy
for mixotrophs, grouping in size classes ranging 107 to 101µgC. At first, we optimize
the growth rates of the two models separately and learn that in the smaller size
classes the vacuole is primarily top-down controlled by grazer abundance increasing
the vacuole size, and in the large size classes the vacuole size is restricted by silicon
limitation. For the mixotrophic cells, the investment in phagotrophy increases as the
nutrient abundance decrease, along with the increase in need for a different nutrient
resource.

We implement the models in a dynamic setting first in steady state and second in
a full, dynamic seasonal cycle. The two types compete for nitrogen, vacuolated cells
take up silicon and the internal predation has decreased palatability of the vacuolated
cells due to their silica shells.

The seasonal succession of traits starts out with early dominance of large, highly
vacuolated diatoms, shifting to a summer with only small, non-vacuolated diatoms
and small predominantly autotrophic mixotrophs co-existing with larger mixotrophs
with high investment in phagotrophy in a trophic cascade. With regards to size
and degree of mixoptophy, these patterns are representative of the classical view of
phytoplankton bloom dynamics.

– 21 –



In this study, the simplicity of the trait based approach shows very appropriate
to examine different strategies are selected by environmental conditions, and how the
community evolves in terms of biomass of cells with the strategies that are included.
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Abstract

Through diel vertical migration (DVM), zooplankton add an active transport to the otherwise passive sink-

ing of detrital material that constitutes the biological pump. This active transport has proven difficult to

quantify. We present a model that estimates both the temporal and depth characteristic of optimal DVM

behavior based on a trade-off between feeding opportunity and predation risk; factors that vary with latitude,

time of year, and the size of the migrating animal. This behavioral component, coupled to a nutrient-

phytoplankton-zooplankton (NPZ) productivity model provides estimates of the active transport of carbon by

different size fractions of the migrating zooplankton population as function of time and space. The approach

is motivated by the difficulty in incorporating behavioral aspects of carbon transport into large scale carbon

budgets of the world’s oceans. The results show that despite their lower abundance, large zooplankton

(length circa 1–2 mm) migrate deeper and transport approximately twice as much carbon as do the smaller

zooplankton (length circa 0.2–0.3 mm). In mid- latitudes (�308N to �458N), where pronounced spring

blooms are observed, up to 20% more carbon is transported than at either equatorial or boreal latitudes. We

estimate that the amount of carbon transported below the mixed layer by migrating zooplankton in the

North Atlantic Ocean constitutes 27% (16–30%) of the total export flux associated with the biological pump

in that region.

The oceans play a major role in regulating global climate,

one aspect of which is their potential to remove anthropo-

genic CO2 from the atmosphere. Primary producers assimi-

late CO2 in the euphotic zone to produce organic matter, a

fraction of which is exported to the deep ocean as detrital

material (e.g., sinking as aggregates, marine snow, and fecal

pellets). On its way from the surface mixed layer through

the meso-pelagic ocean 80–90% of this detrital material is

remineralized (Martin et al. 1987; Burd et al. 2010; Giering

et al. 2014). The remaining fraction reaches the depths

where it is sequestered in the ocean bottom or in deep circu-

lation currents. This mechanism is part of the biological

pump which together with the solubility pump are the main

sequesters of carbon from the atmosphere into the deep

ocean (Volk and Hoffert 1985; Longhurst and Harrison 1989;

Ducklow et al. 2001; Boyd and Trull 2007).

The biological pump is strongly regulated by the resident

zooplankton community (Steinberg et al. 2000). Meso-

zooplankton in particular process up to 40% of the primary

production, either in direct grazing on phytoplankton or

feeding on micro-zooplankton consumers (Frangoulis et al.

2005), producing fast sinking fecal pellets that contribute

significantly to export flux (Honjo and Roman 1978; Smith

et al. 2009). Additional processes mediated by zooplankton

include feeding and disruption of particle fluxes (Alldredge

and Silver 1988; Steinberg et al. 2008b), and active carbon

transport by vertical migrators (Dam et al. 1995; Steinberg

et al. 2002; J�onasd�ottir et al. 2015). With regards to the lat-

ter, many meso-zooplankton grazers perform diel vertical

migration (DVM), feeding in the surface at night and finding

refuge from visual predators at depth during sunlight hours

(Longhurst 1976). This behavior can bring them below the

euphotic zone where they leave behind excreted organic

matter and respired CO2 (Longhurst et al. 1990; Steinberg

et al. 2000), thus contributing to the export flux with an

active component. Despite its importance for the biological

pump and the export of carbon from the surface ocean, this

active component remains poorly quantified (Steinberg et al.

2000, 2001), particularly in terms of the global carbon

budget. There is a need to investigate the role of zooplank-

ton DVM in the sequestering of carbon from the
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atmosphere, especially as the net primary production is pre-

dicted to decrease in response to climate change with up to

20% by 2100 (Steinacher et al. 2010). Changes in the ocean

productivity and the zooplankton community might have

large implications for the sequestration of CO2 from the

atmosphere and hence the global climate (Sarmiento et al.

1998; Smith et al. 2009).

Several studies have observed the active flux of organic

and respiratory carbon from migrating zooplankton (Long-

hurst et al. 1990; Morales 1999; Steinberg et al. 2000; Stukel

et al. 2013). However, all of these are based on limited spa-

tial and temporal information which is susceptible to sea-

sonal and latitudinal variations in both primary and

secondary production (Burd et al. 2010). Therefore, extrapo-

lation of the findings into global oceanic carbon budgets

remains a challenge. Using a dynamic modeling approach

based on the trade-off between gain from feeding and risk of

mortality we predict the optimal DVM behavior of zooplank-

ton under seasonally varying light and food conditions. Sub-

sequently, we estimate how this impacts the active carbon

transport by migrating animals. It is applied to the North

Atlantic Ocean as an example, but is otherwise general. The

model is simple enough to be implemented into ocean gen-

eral circulation models (OGCMs), providing regional and

seasonal estimates of the active carbon transport by migrat-

ing zooplankton in the global assessments of CO2 dynamics.

Method

An optimal behavior model of diel vertical migration

The model presented here considers the trade-off between

gaining energy for growth and reproduction and avoiding

predation. This trade-off has been modeled several times

before (Gilliam and Fraser 1987; Houston et al. 1993; De

Robertis 2002; Visser 2007) and concerns the classic dilemma

that a high energy gain nearly always comes with a high pre-

dation risk (Lima and Dill 1990; Houston et al. 1993). A sim-

ple heuristic that reflects this trade-off is Gilliam’s rule

(Gilliam and Fraser 1987; Kristiansen et al. 2009; Sainmont

et al. 2015), where optimal behavior can be estimated as

that which maximizes net energy gain over mortality rate.

In this way, the zooplankton can optimize their fitness by

performing DVM (Fig. 1). Applying Gilliam’s rule to migrat-

ing zooplankton, the functional form of fitness depends on

the depth of migration (zmax) and the fraction of the day

spent migrating (s) (Eq. 1):

f zmax; sð Þ5 g 12sð Þ2c zmax; sð Þð Þ=l zmax; sð Þ (1)

where g is the energy gain (J d21), c is the energetic cost (J

d21) and l is the mortality rate (d21). Hence, f is an estimate

of the zooplankton fitness in terms of net energy gain (J)

during its expected lifetime assuming an unchanging

environment (i.e., the animal has no knowledge of future

change) (Gilliam and Fraser 1987; De Robertis 2002;

Sainmont et al. 2015). The energetic gain from feeding can

be written as

g 12sð Þ5 epbcsurfeassim 12sð Þ (2)

depending on the fraction of a day the zooplankton spend

grazing at the surface, 12s. The fraction of day the zoo-

plankton spend migrating (down from the surface, resting at

depth, and returning to surface) will be referred to as

“migration time” (Fig. 1). ep is the energy content of the

prey (J gC21), b is the maximum clearance rate (b5ar3 (m3

d21), where r is the radius of the zooplankton (m) and a �
4 3 106 d21, which is an empirical scaling of the clearance

rate to the volume of the organism (Kiørboe and Jiang

2013)). csurf is the phytoplankton abundance (gC m23) and

eassim is the assimilation efficiency. We use a Hollings type I

functional response with a maximum ingestion rate set to

200% of body carbon per day if the zooplankton is feeding

full time. This parameter will typically depend on the diet of

the zooplankton; Besiktepe and Dam (2002) found variations

between 92–610% of body carbon consumed per day in Acar-

tia tonsa fed on different species of phytoplankton. As nei-

ther zooplankton nor phytoplankton species are modeled

explicitly, 200% per day seems a reasonable estimate.

time spend feeding, 1-τ

time spent migrating, τ

zmax

zmax

z0
CO2

CO2

CO2

CO2POC

POC

POC

POC

latitude, season, hour

mixed layer

Fig. 1. A conceptual overview of the diel vertical migration (DVM)
model. During hours of darkness, zooplankton graze in the surface, but

retreat to depth during day light hours as they become more vulnerable
to visual predators. The zooplankton can vary the time they spend on
migration (s) and their maximum migration depth (zmax) to optimize

their fitness as a trade-off between feeding, cost of migration and mor-
tality risk; factors that can be expected to vary with latitude, time of

year, and zooplankton size. The zooplankton excrete and respire carbon,
which in this model is assumed to occur continuously on the migration
path. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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The mortality l is dependent on light exposure (Aksnes

and Giske 1993; De Robertis 2002) (Eq. 3). Also, zooplankton

are observed to attempt to follow isolumes in their migration

to depth (Heywood 1996; Sainmont et al. 2014), which

makes a proportionality to light exposure a realistic assump-

tion regarding mortality. Specifically,

l zmaxsð Þ5 l0 11mfacL̂ zmax; sð Þ
� �

(3)

where l0 is the background mortality (d21), which is the

mortality experienced in total darkness (i.e., mortality not

by visual predators, starvation or disease, but just the inverse

of the expected lifetime of a zooplankter). L̂ zmax; sð Þ is the

daily mean light exposure of a zooplankton on its path of

migration (see Supporting Information for details on calcula-

tion). It is assumed that the risk of mortality is 20 times

higher in maximum daylight than in darkness, hence the

light risk factor mfac520. De Robertis (2002) has used a simi-

lar argument in his model of the timing of DVM, setting the

risk of mortality from visual predators 10 times higher than

from all nonvisual sources combined. In this model, we

assume visual predation risk to be size independent. How-

ever, there are processes that place an allometric scaling on

mortality. Conversely, while larger preys are visually more

conspicuous (Aksnes and Giske 1993), they also have greater

escape ability as well as fewer predators (Hirst and Kiørboe

2002). Rather than make this an ambiguous model effect, we

choose to use a size neutral mortality risk depending solely

on light level.

As the zooplankton migrate vertically there is an associ-

ated energetic cost c (J d21) depending on the maximum

depth of migration, zmax, and migration time, s:

c zmaxsð Þ51=sqk jzmax2z0jð Þ2 (4)

where q is the cost of swimming. q is a function of zooplank-

ton size (radius, r), q rð Þ56prmkin=eswim (W m2 s22), where mkin

is the kinematic viscosity of seawater and eswim is the swim-

ming efficiency, here set to 1% (Visser 2007). z0 is the graz-

ing depth (m) and k is a constant arising from integrating

along the migration path (f, See Eq. A1 and A7 in Support-

ing Information), which relates the cost to the swimming

effort so that higher speed comes at a higher energy cost

(Visser 2007).

Table 1 provides values and descriptions of model

parameters.

Application of the model

To provide the DVM model with estimates of phytoplank-

ton abundance, we use a simple nutrient-phytoplankton-

zooplankton (NPZ) model. The set-up is identical to the one

made by Evans and Parslow (1985), with the deep ocean

nutrient concentration tuned (from 10 mM N m23 to 4 mM

N m23) to keep the resulting plankton abundance realistic

(peak values of the order 100 mgC m23). The NPZ model is

forced with a growth rate based on an annual light cycle (as

a function of latitude) and a time-series of mixed layer depth

(see Supporting Information for further explanation and vis-

ualization of the NPZ model results). The model is adjusted

to simulate the North Atlantic conditions and reproduces

the magnitude and timing of the spring blooms observed in

northern latitudes (Colebrook 1979; Townsend et al. 1994;

Behrenfeld 2010). In keeping with the NPZ model construc-

tion, the simulated zooplankton population is assumed to be

herbivorous with their growth fuelled only from grazing on

phytoplankton. While not explicitly considered in this sim-

ple model, part of the zooplankton diet also consists of

mirco-zooplankton consumers, a process that is to some

extent modeled in the zooplankton net grazing rate. It is

assumed that the zooplankton population consist of cope-

pods, such as e.g., Calanus spp., which are often dominating

the zooplankton community and typically exhibit a strong

DVM behavior (Hays 1996; Dale and Kaartvedt 2000;

Irigoien et al. 2004).

The optimal migration strategy is found by maximizing

relative fitness, f (Eq. 1), with regards to migration depth

(zmax) and migration time (s) for given environmental condi-

tions, both physical and biotic. Different optimal strategies

will emerge for different environmental conditions. The

optimal zmax and s are used to estimate how much carbon is

Table 1. Overview of constants and parameters.

Parameter Description Value Unit

f Fitness measure J

c Cost of migration J d21

g Gain from grazing J d21

l Total mortality d21

s Fraction of day spent migrating —

zmax Maximum migration depth m

eassim Assimilation efficiency 2/3 —

ec Excretion and respiration fraction 1/3 —

z0 Grazing depth 10 m

mfac Mortality factor 20 —

l0 Background mortality 0.05 d21

eswim Swimming efficiency 0.01 —

mkin Kinematic viscosity of water 1.3 3 1026 m2 s21

ep Energy content of prey 4200 J gC21

r Radius of organism 0.1–1 mm

k Constant —

b Maximum clearance rate m3 d21

a Clearance rate scaling 4 3 106 d21

q Drag coefficient W s22 m22

L̂ Mean light exposure —

sML Fraction of day spent below ML —

csurf Surface organic carbon mg C m23

Z Migrating individuals ind m22
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consumed in the surface and subsequently excreted and

respired below the mixed layer, FluxML (mg C m22 d21), by

migrating zooplankton. That is

FluxML5g zmax;opt; sopt

� �
1=epZecsML (Eq. 5)

where g zmax;opt; sopt

� �
is the gain (J d21 ind21) achieved when

choosing the optimal migration strategy, ep (J gC21) is the

energy content of the phytoplankton and Z (ind m22) is the

number of migrating zooplankton in the water column (esti-

mated using carbon contents (mg C ind21) derived from

regressions of zooplankton length to carbon content from

Mauchline (1998)). Z is an estimate from the NPZ model

and it is assumed that all zooplankton perform optimal

DVM. It is assumed that the fraction of the ingested carbon

that is excreted or respired is constant throughout the day,

and that there are no temperature or pressure dependence

on this. sML is the fraction of a day spend below the mixed

layer (we define the mixed layer as it is used in the NPZ

model (Supporting Information Fig. S1)). This method of

estimating carbon export is similar to the approach applied

by Dam et al. (1995) and Steinberg et al. (2000) who esti-

mated zooplankton respiratory carbon flux across the mixed

layer from observations on migrant biomass and respiration

rates assuming equal time spent above and below the mixed

layer (i.e., sML5 0.5). In contrast, in our model sML is an

emergent property of optimal DVM behavior, and can vary

substantially as a function of latitude, time of year, zoo-

plankter size, and phytoplankton biomass.

To predict the amount of carbon transported vertically,

the vertical migration distance is separated into 20 m inter-

vals (referred to as depth bins). The optimal gain and the

cost depend on the size of the organism. For simplicity, we

assume the zooplankton biomass is distributed according to

a logarithmic size spectrum ranging 0.2–2 mm (Sheldon and

Parsons 1967) which is split into five different size-classes. In

reality, zooplankton size compositions will vary both over

season and latitude, but this assumption provides some esti-

mate of zooplankton size distribution in natural populations.

During the rest of the study, organisms in the high end of

this size spectrum (ca. 1–2 mm) are referred to as large zoo-

plankton and those towards the low end (0.2–ca. 0.3 mm) as

small zooplankton.

To illustrate the predictions of the model in detail, two

latitudes in the North Atlantic are selected; 318N (Bermuda)

and 608N (Iceland). These sites are chosen to represent two

different annual cycles; Iceland has a phytoplankton bloom

in spring, followed by a zooplankton bloom (Colebrook

1979), while the phytoplankton abundance at Bermuda is

more constant throughout the year (less than an order of

magnitude changes in abundance (Steinberg et al. 2001)).

Results

Optimal migration patterns

Due to the low phytoplankton abundance off Iceland

from October to April, the model predicts no migration in

this period, and zooplankton begin migrating as the bloom

is initiated (Fig. 2). At Bermuda, zooplankton perform DVM

during most of the year, except for the winter months from

November to January (Fig. 2). During winter, phytoplankton

abundance is so low that it is not energetically feasible for

zooplankton to migrate. In addition, light levels are low dur-

ing winter at Iceland which diminishes visual predation risk

and reduces the need to migrate.

During the spring bloom, zooplankton migrate deeper

than the rest of the year (Fig. 2a, solid lines) as their food

resources becomes more abundant and they can afford to

spend energy on migrating deeper. The contour lines in Fig.

3 provide an estimate of the sensitivity of fitness to actual

Fig. 2. (a) The optimal migration depth (zmax) and (b) the optimal migration time (s) as a fraction of the day. The shading of the black indicates the
five zooplankton size classes (0.2–2 mm, the largest size class in black). Iceland is in solid lines and Bermuda is in dashed lines.
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migration strategy. The stretching of fitness contours with

depth (Fig. 3) is a consequence of the exponential attenua-

tion of light in the water column. This means that the rela-

tive increase in fitness for a migration depth interval is

much greater in the surface than at depth.

Large zooplankton are consistently predicted to migrate

deeper than smaller zooplankton (Fig. 2), as they are capable

of acquiring more energy to spend on migration. Specifically,

the energy gained from feeding has a cubic relation with

zooplankton size (Eq. 2), while cost is has a linear depend-

ence (Eq. 4), so that energetic gain from feeding can offset

the cost of migration more readily for larger zooplankton.

Consequently, large zooplankton can migrate deeper. The

model predicts that large zooplankton migrate down to a

maximum depth of 87–112 m from their grazing depth in

the surface, giving them a net migration amplitude of up to

102 m (from z0 to zmax) (Table 2).

Carbon transport by migrating zooplankton

As DVM occurs during most of the year at Bermuda, a

larger amount of organic carbon is transported there com-

pared to Iceland (Fig. 4). At Iceland, spring blooms are essen-

tial for the active transport, as almost all active flux occurs

in the short period during the bloom where both phyto-

plankton and zooplankton abundances are high (Fig. 4a, left

panel).

Large zooplankton have higher ingestion rates and they

are responsible for transporting more than twice as much

carbon as the small zooplankton (Fig. 4, right panels). This

means that although there are considerably fewer individuals

compared to smaller size classes (due to the logarithmic size

spectrum), large zooplankton are more important; they

migrate deeper and transport more carbon further away from

the surface. This tendency is supported by observations that

find large copepods migrating deeper and showing signifi-

cantly stronger DVM than smaller ones (Wiebe et al. 1992;

Hays et al. 1994). In this model, all size classes contribute to

the active export flux, but due to their greater importance

the large zooplankton (length ca. 1–2 mm) are responsible

for almost 50% of the predicted transport below the mixed

layer (Fig. 5).

Intermediate latitudes (� 308N to � 458N) have the high-

est active carbon transport (Fig. 5). This is a result of the rel-

atively high annual productivity at these latitudes predicted

by the NPZ model, exhibiting a significant spring bloom on

top of phytoplankton concentrations above 10–20 mg C

m22 the rest of the year (Supporting Information Fig. S1).

This combination results in approximately 20% higher active

carbon export in latitudes �308N to �458N compared to the

either boreal or equatorial latitudes (Fig. 5).

Integrating over the whole North Atlantic (08N to 668N)

suggests a total active transport contribution to the export

flux of 0.34 (0.2–0.37). In terms of the mean particulate

organic carbon (POC) export flux of 1.27 Gt C yr21 in the

North Atlantic (Sanders et al. 2014), 27% (16–29%) is medi-

ated through the transport by zooplankton DVM, an esti-

mate that is in the same range as observations (Table 2).

Discussion

Optimal DVM

The predicted migration depths and amplitudes of the

large zooplankton are comparable to observations of DVM of

large meso-zooplankton (Longhurst et al. 1990; Heywood

1996; Irigoien 2004; Steinberg et al. 2008a; Sainmont et al.

2014) (Table 2). Irigoien et al. (2004) studied migration

amplitudes of several different species and stages of species

in the central Irish Sea; here, he found that adult copepods

of the Calanus spp. have migration amplitudes above 70 m

and smaller stages have migration amplitudes up to 40 m,

when migrating from their night depth to their day refuge.

In the North Pacific, Steinberg et al. (2008a) find that zoo-

plankton (1–2 mm) have migration amplitudes of 129 m,

which is also comparable to the model estimate (Table 2).

Irigoien (2004) found in the central Irish Sea that large cope-

pods (e.g., Calanus spp.) migrate deeper than small ones,

which is consistent with one of the key patterns produced

by the model (Fig. 2a). This pattern is also seen in the obser-

vations of zooplankton (0.3–5 mm) by Steinberg et al.

(2008a) at the K2 and ALOHA stations in the North Pacific

and by Wiebe et al. (1992) in a study of migration patterns

of several copepod species in a warm-core ring of the Gulf

Steam.

The model predicts very little size dependence on migra-

tion time (s) although it seems that large zooplankton spend

a slightly higher fraction of the day on migration than the

small ones (Fig. 2b). In contrast, the study by De Robertis

(2002) finds that large zooplankton descent earlier and

ascent later than small ones, making them spend a larger

fraction of the day on migration, a result quantitatively

Fig. 3. Contours of the fitness surface indicating 99%, 95%, and 90%
of optimal fitness for a zooplankton from the large size class (1–2 mm).

Black contours represent a day during the spring bloom and grey con-
tours a day during fall for the Iceland site.
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supported by observations (Wiebe et al. 1992). This short-fall

in our model may be due to the scaling of mortality risk to

size, where large zooplankton are visually more conspicuous

(Aksnes and Giske 1993; De Robertis 2002).

For large zooplankton, time spent migrating from the sur-

face to the maximum depth is within the time interval for

typical gut clearance rate of copepods (Table 2). In their

study of DVM in the Gulf Stream, Wiebe et al. (1992) find

that it typically takes about 30–60 min for a copepod to

migrate back towards the surface from its day refuge. This is

comparable to the time estimates of migration from the

model (Table 2). Gut clearance over this time interval means

Table 2. Specific results from the DVM model on optimal migration patterns and export flux. From Iceland results are calculated
both from the spring bloom peak and the fall, but from Bermuda only yearly mean values are shown. Predicted optimal maximum
migration depth is the predicted migration distance from surface to zmax and the estimate of migration amplitudes covers the dis-
tance from z0 to the zmax. The time spent migrating is the time it takes the zooplankton to migrate from z0 to the maximum depth
bin. Estimates are generally based on the large zooplankton (ca. 1–2 mm), except from the zooplankton biomass, the migrant bio-
mass and the active C flux estimates that contain all size classes (0.2–2 mm). In the model, all zooplankton are assumed to follow
the optimal migration, therefore zooplankton biomass and migrant biomass estimates are equal. The export estimates are based on
excreted and respired carbon transported below the mixed layer. The yearly flux estimates is shown with the estimate from 95% of
the optimal fitness in parentheses (see Fig. 3).

Iceland Bermuda

Bloom Fall Mean Observation Reference

Zoop. biomass (mg C m22) 2828 597 676 Up to 3000* Lenz et al. (1993)

Phytop. density (mg C m23) 305 17 17 10–80 Behrenfeld (2010)

Max. migration depth (m) 112 87 103 50–100 Longhurst et al. (1990), Heywood (1996)

50–120 Sainmont et al. (2014)

Amplitude of migration (m) 102 77 93 50–70 Irigorien et al. (2004)

129 Steinberg et al. (2008a)

Time spent migrating (min) �60 �45 �70 30–60 Wiebe et al. (1992)

Gut passage time (min) – – – 25–130 Mauchline (1998)

% copepod C ingested d21 104 87 105 5–130 Mauchline (1998)

92–610 Besiktepe and Dam (2002)

% copepod C ex1resp d21 35 29 35 8–30 Longhurst et al. (1990)

Ingestion rate (mg C m22 d21) 2332 301 362 480 (1179)† Dagg et al. (1982)

Migrant biomass (mg C m22) 2828 597 676 97–536 Dam et al. (1995)

Active C flux (mg C m22 d21) 201 37 32 2.4–47.1 Stukel et al. (2013)

0–9.9 Steinberg et al. (2000)

4.2–40.6 Dam et al. (1995)

2.8–8.8 Longhurst et al. (1990)

% of total flux 51‡ 23§ 20§ 1.9–40.5 Stukel et al. (2013)

18–70¶ Dam et al. (1995)

0–39 Steinberg et al. (2000)

Active C flux (g C m22 yr21) 6.6 (4.9–7.0) 11.5 (5.4–13.1) 1.02–3.21¶ Longhurst et al. (1990)

0.33–7.67k Morales (1999)

NA active C flux (Gt C yr21) 0.34 (0.2–0.37)# – –

NA Active C flux/NA

POC flux (%)

27 (16–29)#,** 6–22†† Longhurst et al. (1990)

19–40 Morales (1999)

*From spring bloom 0–500 m meso-zooplankton biomass integration at 588N in North Atlantic.
†Peak observation in parentheses.
‡Active C flux estimate of 201 mg C m22 d21 compared to a spring bloom POC flux (across 150 m) of � 400 mg C m22 d21 (Buesseler et al. 1992;
Caron et al. 2004).
§Active C flux estimate compared to a mean POC flux of 161 mg C m22 d21 in North Atlantic (Sanders et al. 2014).
¶Only respiration.
kOnly defecation.
#Based on an estimate of the North Atlantic 0–668N area of 3.62 3 1013 m2.
**NA active C flux estimate compared to the mean North Atlantic POC export flux of 1.27 Gt C yr21 (Sanders et al. 2014).
††Global estimate based on migrant respiratory flux below mixed layer.
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that the zooplanktons’ gut is cleared as it reaches maximum

depth, and therefore the excretion only occurs on half of

the migration path and not continuously as assumed in the

DVM model. This might lead to an overestimation of the

active flux, but due to the large variation in the gut clear-

ance rate for different species, sizes and life stages, it is

unclear whether inclusion of the aspect would considerably

improve the active flux estimates.

Export flux

Generally, the estimated ingestion and respiration and

excretion rates are in the high end compared to observations

(Table 2). These rates are related to the efficiency ec that is

set to 1/3. Ideally this rate would vary, e.g., with ambient

temperature and zooplankton diet (Dam and Peterson 1988;

Besiktepe and Dam 2002) but to keep with the aim of the

simplest possible model, this rate is assumed constant. As

the predicted ingestion rates and consequently the excretion

and respiration rates are in the high end results in the model

overestimating the active flux.

Previous estimates of the active carbon flux as percentage

of the POC flux have been made in the North Atlantic

(Longhurst et al. 1990; Dam et al. 1995; Steinberg et al.

2000) and North Pacific (Stukel et al. 2013) based on obser-

vations over short time intervals. Compared to these, the

model estimates are at the high end (Table 2), especially, the

active flux at Iceland during spring bloom of 201 mg C m22

d21. In the northern North Atlantic Caron et al. (2004) and

Buesseler et al. (1992) find spring bloom POC flux across

150 m by which amounts to �400 mg C m22 d21. Compared

to this observation, the model estimate from the spring

bloom at Iceland constitutes �50% (Table 2). Dam et al.

(1995) found that the respiratory carbon flux from migrating

zooplankton across 150 meters during spring constituted on

average 34 (616)% of the gravitational POC flux at Bermuda.

At same location, Steinberg et al. (2000) find the migratory

carbon flux ranging 0–39% of the mean POC flux. For com-

parison, the model estimates that 20–23% of the mean daily

North Atlantic POC flux of 161 mg C m22 d21 (Sander et al.

2013) is from active transport from DVM (Table 2, when dis-

regarding the bloom conditions). This indicates that while

the model seems to overestimate some aspects, it performs

well when estimating the proportional importance of the

active flux.

Impacts of model dynamics and assumptions

The motivation for this study has been in part to demon-

strate the proof-of-concept for the introduction of active car-

bon transport by migrating zooplankton into OGCM’s as a

dynamic element, an issue that is seen as a limiting factor in

accurate representations of the biological pump (Steinberg

et al. 2000). In this, we have demonstrated the feasibility of

the approach and have verified the model results in terms of

broad spatial and temporal patterns. There are, however, sev-

eral points where the model can be improved. For instance,

while allowing for a dynamic migration behavior in response

to changes in the light and food availability, our model is

not fully dynamic. The DVM model has no coupling back to

the NPZ model. For instance, DVM will modulate the effec-

tive grazing pressure on phytoplankton. In addition, active

transport by DVM removes nitrogen from the mixed layer

Fig. 4. Estimates of carbon respiration and excretion with depth; daily

estimates left and yearly estimates right from (a) Iceland and (b)
Bermuda. The different shades in the right panels show the contribution

of zooplankton of the five size-classes (0.2–2 mm, the largest size class
in black).

Fig. 5. Estimate of the total active transport of excreted and respired

carbon integrated across all size classes (0.2–2 mm) to below the mixed
layer at all latitudes ranging 0–668N (solid line). The grey shading indi-
cates the variance in transport associated with a 95% spread in relative

fitness with regards optimal migration depth, and the grey line indicates
the contribution of only the largest zooplankton size class (circa.

1–2 mm).
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along with carbon, which in a fully dynamic model also

would impact the phytoplankton growth. Likewise, there are

game theoretic aspects to consider, where optimal behavior

also depends on the emergent behavior of predators, prey

and competitors (Sainmont et al. 2013). The DVM model

also assumes no future change in conditions, either in the

environment or the organism, which is the so-called myopic

assumption (Sainmont 2015). In reality, the choices made by

a zooplankter will affect its lifetime fitness (Mangel and

Clark 1988; Houston and McNamarra 1999) as the organism

grows and contends with seasonal variations. In this, both

the state and the stage of the organism are important; is it

hungry or full, is it trying to find a mate, is winter coming?

Such aspects can influence the outcome of choices in ways

not predicted by myopic optimal behavior based on

Gilliam’s rule.

The model incorporates a simple representation of zoo-

plankton size that assumes a uniform distribution of biomass

within logarithmic length classes. As well as latitudinal varia-

tions (San Martin et al. 2006), zooplankton size will reflect

species succession and ontogeny through a seasonal cycle

with small zooplankton dominating in early spring and fall

and larger individuals dominating during the summer. Sub-

sequently, variations in size distribution within the zoo-

plankton community will introduce variations in the active

carbon export, and would require a size structured zooplank-

ton model (e.g., Ward et al. 2012) to be resolved.

Parameters like the background mortality (l0Þ and the

mortality factor (mfac) are in nature are very variable in time

and space. There are also many issues that we have chosen

to ignore in the model—for instance gut clearance, tempera-

ture effects on metabolism, maximum swimming speed, and

micro-zooplankton prey. While these and other factors

might add uncertainty to the model results, we stress that

the aim of study is as much about producing general spatial

and seasonal patterns of DVM and active carbon transport

by zooplankton as it is about exact predictions in given

locations.

Conclusion

We have demonstrated a general method by which the

effects of DVM can be incorporated into models of carbon

export. The method is dynamic in nature, being driven by

the optimization of feeding opportunity against the risk of

predation. The general patterns, both spatially and tempo-

rally, are in broad agreement with observations. The size of

the zooplankton is resolved, and it appears that the greatest

flux is driven by a small number of large animals.

The findings of this model study support earlier studies

and suggest that the active transport of carbon by diel verti-

cally migrating zooplankton is substantial and should be

considered when making estimates of the oceans atmos-

pheric carbon sequestration. Even more importantly, the

model proposes a simple way to include the dynamics of the

active transport into global scale carbon budgets.
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1 

 

Supplementary material 

Mixed layer and plankton abundances in North Atlantic Ocean 

The mixed layer that forces the NPZ model is constructed so to cover the 

latitudes 0-66 degrees and have a value at every day during the year. For lower 

latitudes (0-45) it is based on data from Argo floats 

(http://mixedlayer.ucsd.edu/, assessed 21-05-2015), and the high latitudes (45-

66) are inspired by the mixed layer used in the paper by Evans and Parslow 

(1985) whom developed the model. Fig. S1 shows an image of the mixed layer 

used in the spatiotemporal domain of the model, and the phyto- and 

zooplankton abundances arising from this. 

 
Fig. S1. The mixed layer used within the spatio-temporal domain of the model 

and the corresponding phyto- and zooplankton abundances. 
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2 

 

Calculation of mean light exposure 

The light induced mortality depends on the position of the zooplankton in the 

water column during the day. This position is governed by the shape of the 

migration path, which is modelled as a hyperbolic 𝜁 (Eq. A1, Fig. 5). This 

means that the zooplankton swims quickly towards the depth at sunrise, but 

slows down as it reaches its preferred depth, which is in accordance with 

observed behaviour (Bianchi et al., 2013). 

𝜁(𝜏, 𝑡𝑑𝑎𝑦) =
cosh (

1
𝜏

𝑡
𝑎) − 1

cosh (
1

2𝑎
) − 1

 (A1) 

The mean light exposure during a day is a function of the maximum migration 

depth and the time spent migrating (Eq. A2). The mean is found by averaging a 

function 𝐿(𝑧𝑚𝑎𝑥 , 𝜏, 𝑡𝑑𝑎𝑦) (Eq. A3, 𝑛𝑡𝑑𝑎𝑦
 is a discrete number of time steps during 

a day) that describes the light exposure at every time of day using the position 

of the zooplankton in the water column (Eq. A4, 𝑧0 is the grazing depth). 

Equation A5 describes the light intensity at the surface as a function of time of 

day, time of year and the latitude. 

�̂�(𝑧𝑚𝑎𝑥, 𝜏) =  
∑ 𝐿(𝑧𝑚𝑎𝑥, 𝜏, 𝑡𝑑𝑎𝑦)

𝑡𝑑𝑎𝑦

0

𝑛𝑡𝑑𝑎𝑦

 (A2) 

𝐿(𝑧𝑚𝑎𝑥, 𝜏, 𝑡𝑑𝑎𝑦) =  𝐿0(𝑡𝑑𝑎𝑦, 𝜙, 𝑡𝑦𝑒𝑎𝑟)𝑒𝛼𝑧(𝑧𝑚𝑎𝑥,𝜏,𝑡𝑑𝑎𝑦) (A3) 

𝑧(𝑧𝑚𝑎𝑥, 𝜏, 𝑡𝑑𝑎𝑦) = 𝑧0 + (𝑧𝑚𝑎𝑥 − 𝑧0)(1 − 𝜁(𝜏, 𝑡𝑑𝑎𝑦)) (A4) 

𝐿0(𝑡𝑑𝑎𝑦, 𝜙, 𝑡𝑦𝑒𝑎𝑟) = {
𝐴 cos(2𝜋𝑡𝑑𝑎𝑦) + 𝐵          𝐿0 > 0

0                                            𝐿0 < 0
 (A5) 

𝐴 = cos(𝛿) cos (𝜙
𝜋

180
) (A6) 

𝐵 =  sin(𝛿) sin (𝜙
𝜋

180
) (A7) 

𝛿 =  −22.44
𝜋

180
cos (

2𝜋(𝑡𝑦𝑒𝑎𝑟 + 10)

365
) (A8) 

Table S1: Parameters used in the calculation of the light exposure. 

Parameter Description Value Unit 

𝑎 Light attenuation 0.1 - 

𝜙 Latitude 0-66 degree 
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3 

 

𝛼 Shape constant 0.05 - 

𝐴 Latitude constant  - 

B Latitude constant  - 

𝜁 Shape function  - 

𝐿0 Light scaling at surface  - 

𝐿 Light scaling at depths  - 
 

 

The cost function (Eq. 4) includes a constant, 𝑘, arising from the integration of 

𝜁 (Eq. A7). Examples of the migration path can be assessed in fig. S2. 

𝑘 =  
𝑎 sinh (

1
𝑎) − 1

8𝑎2 sinh (
1

4𝑎)
4 (A7) 

 
Fig. S2. Examples of the migration path shape for different values of τ (0.2 – 

0.8). Zero on the y-axes indicates the maximum migration depth and 1 the 

depth where the zooplankton grazes at night. Time zero at the x axes is when 

the sun is highest at the sky. 
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Abstract
Diatoms are a successful taxon of primary producers in the world’s oceans with significant impact both on

biogeochemical cycles and the structure of marine food webs. We present a trait-based model that captures key
physical characteristics of diatoms: a silica exoskeleton and a large centric vacuole. We examine how these
unique features contribute to the success of diatoms compared to similar-sized, nonvacuolated, shell-less phyto-
plankton with identical photosynthetic and nutrient uptake machinery. Our predicted seasonal succession of
optimal diatom traits and growth rates are consistent with observed annual time series. The respective environ-
mental conditions where the diatom attributes of shell and vacuole confer an advantage over nonvacuolated,
shell-less phytoplankton are typical during the transition phases of seasonal cycles—during the early phase
when vacuolation provides an advantage in terms of light affinity and protection against protist grazers and late
phase when specific nutrient affinity and protection from metazoan grazers are of benefit. Although the model
reproduces high light and nutrient affinities as well as observed seasonal patterns of diatom dominance, it fails
to predict the high growth rates generally observed in diatoms compared to other phytoplankton taxa. This
exposes a conundrum in our mechanistic understanding of phytoplankton trade-offs; namely, if the high
growth rate of diatoms is independent of their physical attributes (shell and/or vacuole), why has it not been
exploited by nondiatom taxa?

Diatoms are ubiquitous unicellular organisms found in
marine and limnic systems throughout the water column as
well as the benthos and in sediments. They are particularly
abundant in the marine pelagic environment, both in terms
of biomass and species diversity, where they contribute up to
45% to total marine (Mann 1999) or about 20% of total global
primary production (Nelson et al. 1995; Falkowski and Raven
2013). Being abundant primary producers, diatoms play an
important role in oceanic biogeochemical cycles of silicate
(Tréguer and De La Rocha 2013), carbon (Smetacek 1999), and
other key nutrients (Kemp et al. 2000), and as such have been
important in shaping the global biosphere and its climate.
Diatoms are easily recognized as they have two distinguishing
characteristics: they encase their bodies in a silica exoskeleton
(frustule), which can have quite remarkable shapes and pat-
terns (Smetacek 2001), and typically they contain at least one
water-filled, central vacuole (Sicko-Goad et al. 1984) that can
occupy a significant fraction of the total cell volume (Raven
1996). The key question of this work is to investigate the
mechanisms by which these two defining physical traits—the

silica shell and the vacuole—contribute to the extraordinary
success of diatoms in global productivity.

The advantages of the physical traits of diatoms have cer-
tainly attracted considerable attention over the years. The sil-
ica shell, for instance, is remarkably tough (Hamm et al. 2003)
and clearly provides some protection against large metazoan
grazers such as copepods and also protozoan predators,
microbes, and pathogens (Hamm and Smetacek 2007). The sil-
ica shell, however, is heavy and promotes sinking, and it
seems likely that in this context, the vacuole can act as vessel
for buoyant material to counter balance the ballast of the shell
(Gross and Zeuthen 1948; Boyd and Gradmann 2002). The
vacuole also serves another potentially important role; it
inflates the diatom to a size beyond what would be otherwise
associated with its biomass—the Winnie-the-Pooh strategy
(Thingstad et al. 2005). This increases the specific nutrient
affinity of the diatom cell, its potential for light capture
(Raven 1987), as well as reducing its predation risk (Smetacek
et al. 2004). If this is a primary advantage, then the silica
exoskeleton could be seen to as a scaffold that enables the
diatom to maintain a large vacuole in the face of physical
stress and osmotic pressure. Any number of potential addi-
tional benefits and costs (Table 1) inherent in the key diatom
physiological design have been posited, from the
wavelength-filtering light properties of the shell (Fuhrmann
et al. 2004; Yamanaka et al. 2008) to the storage potential of the
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vacuole (Raven 1997) to mechanisms for jettisoning infected
cells (Raven and Waite 2004).

Diatoms are particularly conspicuous in the vernal blooms
that characterize the annual cycle of productivity in temperate
and polar seas (Hutchinson 1941; Patrick 1948; Smetacek 1999).
In general, diatoms have high growth rates compared to nondia-
tom taxa and appear to out-compete other protists early in the
season when light is increasing, nutrients—including silicate—
are plentiful, stratification is only just setting in, turbulent mix-
ing is still relatively high, and metazoan grazers are in low abun-
dance. Their demise in the lead up to summer has been attributed
to their sinking loss under the increasing stratification and the
steady increase in grazing pressure, both leading ultimately to a
removal of silicate and other vital nutrients from the increasingly
stabilized euphotic zone. In this, the abundance of diatoms tracks
the availability of silicate, a key ingredient in their physiological
make-up that is ultimately controlled by the very success they
achieve. This dynamic, however, is somewhat puzzling, as it
seems to confound the apparent benefits of the defining diatom
traits, i.e., the role of the shell as protection against grazers such
as copepods and the vacuole in increasing specific nutrient
uptake ability. Specifically, diatoms dominate when metazoan
grazers are largely absent and nutrients are plentiful and disap-
pear when grazers are abundant and nutrients are limiting. There
are of course issues of timing—somewhere in the seasonal pro-
gression, diatomwill derive some grazer protection from the shell

as well as protection from protist consumers and pathogens
throughout the year. It does, however, indicate that there are
perhaps multiple trade-offs that the shell-vacuole architecture
confers and that these trade-offs are manifested differently
throughout a seasonal cycle.

In this work, we present a mechanistic model that incorpo-
rates the two key traits of silica shell and vacuole formation.
Specifically, we model how the vacuole increase the surface to
biomass ratio of diatoms and the structural scaffolding provided
by the silica shell that supports large vacuoles. The mechanistic
trait-based approach allows us to examine how the inherent
benefits and costs govern growth rates and select for the opti-
mal trait combinations of diatoms within varying environmen-
tal settings. Using this simple modeling approach, we seek to:
(1) quantify the trade-offs related to the shell—vacuole cell
structure, (2) develop a simple modeling framework that incor-
porates these traits and trade-offs, (3) estimate the optimal
diatom traits in response to the seasonal changes in the envi-
ronment, and (4) mechanistically investigate the relative
growth rates of diatoms and their nondiatom competitors.

Methods and models
Model organism and environment

We develop a bioenergetic model of a generic diatom where
the main physiological traits are the cell carbon content and

Table 1. Overview of trade-offs related to the vacuole and the shell.

Mechanism Reference

Benefits Vacuole Buoyancy regulation Raven (1987, 1997)

Inflation “large yet small” Thingstad et al. (2005)

Increased size (decreased grazing) Smetacek et al. (2004)

Increased nutrient uptake potential Egge and Aksnes (1992), Raven (1983), and

Smetacek (1999)

Storage of nutrients Raven (1997) and Lomas and Glibert (2000)

Shell Grazing protection Hamm et al. (2003) and Liu et al. (2016)

Structure and turgor pressure container Raven and Waite (2004)

Enhanced light properties Fuhrmann et al. (2004) and Yamanaka et al.

(2008)

Viral and pathogen protection Raven and Waite (2004)

Sinking as an escape Raven and Waite (2004)

Costs Vacuole Increased costs Raven (1987) and Raven (1997)

for operation

for membrane material

for maintenance

Requires a shell for structure

Leakage of solutes over membrane Raven (1987)

Shell Increased sinking Raven and Waite (2004)

Requires silica Raven (1983)

Prohibits mixotrophy

Has construction costs Raven (1983)

Prohibits swimming

Hansen and Visser Seasonal succession of optimal diatom traits
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vacuole size. These traits control other important physiologi-
cal traits such as overall shell volume and cell membrane, as
well as many of the cell’s key ecological attributes such as light
and nutrient affinity, metabolism, grazer resistance, and sink-
ing losses. The bioenergetics budget of the cell includes the
costs associated with synthesizing the machinery and proces-
sing the resources required for growth. The key cellular trait
(for both diatoms and nondiatoms) is carbon content rather
than physical size.

We model the diatom cell as composed of concentric com-
partments (Fig. 1): an inner vacuole of volume Vv, surrounded
by a cytoplasm volume Vb, containing all of the vital machin-
ery of the cell, and an outer shell of volume Vs. The cytoplasm
is enveloped by an inner (tonoplast) and outer membrane (plas-
malemma), which together have a volume Vm. We define the
cell volume, V, as the sum of the cytoplasm volume, the vol-
ume of the membranes, and the volume of the vacuole. We
define v as the volume fraction occupied by the vacuole,
i.e., Vv = vV. For simplicity, we consider a spherical cell for
which the definition of volumes of the different compartments

can be seen in Supporting Information Appendix A. All model
parameters are defined and explained in Table 2.

Diatom shell thickness ts, while highly variable, is observed
to increase generally with cell size. We assume the relationship

ts =1:62V0:24 ð1Þ

which follows from a regression of observed stoichiometric
measurements of Si and diatom volume (Parsons et al. 1961;
Eppley et al. 1967; Harrison et al. 1977; Brzezinski 1985). This
relationship suggests that diatoms in the range 10–106 μm3

have increasing shell thicknesses from 2–45 nm and is consis-
tent with the estimated range of 0.9–190 nm for diatoms in
the same size classes (Miklasz and Denny 2010). In relation to
this, we note that the regression between shell thickness and
size is not statistically significant, although it does provide a
reasonable estimate. We note also that ts is the effective silica
(SiO2) thickness and that the actual thickness is likely greater
due to both porosity (20%) and up to 90% organic content of
the shell (Schmid et al. 1981; Miklasz and Denny 2010).

The measured carbon content of diatoms has proven highly
variable, as a large fraction of the cell is occupied by a vacuole that
can be used for the temporary storage of organic compounds such
as lipids and carbohydrates (Raven 1984a). Therefore, the tradi-
tional allometric scaling of phytoplankton size to carbon content
tends to overestimate in the case of diatoms (Strathmann 1967;
Menden-Deuer and Lessard 2000). Nonvacuole-forming plank-
tonic cells are observed to have close to a linear relationship
between carbon content to volume (Menden-Deuer and Lessard
2000). This leads us to assume a constant density cb = 0.125 pg C
μm−3 (Raven 1987) to estimate the carbon content within the
cytoplasmof ourmodel diatom.Membranes have ahigher carbon
density cm = 0.6 pg C μm−3 (Raven 1987). Total carbon content
of the cell, Ctot (μg C), is the sum of carbon in the cytoplasm and
themembranes.

Ctot =Vbcb +Vmcm ð2Þ

Total carbon content Ctot and vacuole volume fraction
v constitute the two primary traits of our model. All other
physical attributes follow from these. The carbon to silicon
ratio (RC:Si; μg C μg Si−1) equals the total C content (cytoplasm
+ membrane) over the Si content of the shell, assuming that
no C and all Si is in the shell. That is,

RC:Si =
Ctot

γSiVs
ð3Þ

where γSi (μg Si μm−3) is the silicon content per unit frustule,
and the product γSiVs is the Si content of the cell. The C : N
ratio of membranes is much higher (32 μg C μg N−1) than that
of the biomass (6 μg C μg N−1; Raven 1987), which means
that diatoms with large vacuoles have a higher overall C : N
ratio, as the they have more membrane relative to cytoplasm,

Fig. 1. Conceptual overview of the model. The diatom consists of four
main compartments; the silica frustule, the biomass, the vacuole, and the
membranes. The tonoplast membrane envelopes the vacuole, the plasma-
lemma membrane envelopes the biomass, and the silica frustule enve-
lopes the cell. The flux of inorganic nitrogen and silicon occurs through
uptake sites at the plasmalemma membrane and photosynthesises carbon
depend on light availability. Liebig’s law of the minimum determines the
flux of carbon available for growth. The grazing loss depends on the
amount of grazers in the environment, and the sinking loss depends on
the size and density of the diatom.
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Table 2. Overview of constants and parameters of the diatom model. Bold numbers are included in sensitivity analysis (Supporting
Information Appendix D) with the listed range of uncertainty.

Symbol Description Value and unit Note/reference

Environment XL Light W m−2 (≈ 4.62 μE s−1 m−2)

XSi Silicon μg L−1

XN Nitrogen μg L−1

XG Copepods μg C L−1

Model diatom

geometry

V Total volume μm3 Excludes shell volume

Vv Vacuole volume μm3 Excludes tonoplast membrane

Vs Shell volume μm3 Surrounds V

Vb Cytoplasm volume μm3 Excludes membranes

Vm Membrane volume μm3 Plasmalemma + tonoplast

r0 Equivalent spherical radius of

cytoplasm

μm Excludes membranes

r Radius of diatom μm Excludes shell, includes membranes (Supporting

Information Appendix A

rv Vacuole radius μm Excludes tonoplast membrane

rb Thickness of cytoplasm μm

ts Shell thickness Nm Equation 1

v Vacuole fraction of total volume — Excludes tonoplast membrane

m Membrane thickness 0.008 (0.007–0.009) μm Raven (1987)

Uptake and

photosynthesis

AN Nitrogen affinity μm3 d−1 Equation 6

ASi Silicon affinity μm3 d−1 Equation 6

AL Light affinity μg C d−1 (W m−2)−1 Equation 8

κ Absorption coefficient 0.2 μm−1 Morel and Bricaud (1981) and Raven (1984b)

φL Investment in light harvesting

machinery

0.5 (0.4–0.8) Chakraborty et al. (2017)

Ji Uptake of resource i μg d−1 Equation 9

Jlieb Uptake according to limiting

resource

μg C d−1 Equation 11

Jtot Uptake available for growth μg C d−1 Equation 12

Jmax Maximum uptake μg C d−1 Equation 13

cL Quantum yield of photosynthesis 0.0479 (0.02–0.07)*

μmol C μE−1
Sarthou et al. (2005) and Chakraborty et al.

(2017)

βL C uptake and photosynthesis cost 0.35 (0.2–0.5) μg C μg C−1 Berge et al. (2017)

βN N uptake and synthesis cost 3.00 (1.5–4.3) μg C μg N−1 Berge et al. (2017)

βSi Si uptake and silicification cost† 1.05 (0.53–1.58)†

μg C μg Si−1
Werner (1977)

θC Carbon reduction factor 0 ≤ θC ≤ 1 Supporting Information Appendix A

θN Nitrogen reduction factor 0 ≤ θN ≤ 1 Supporting Information Appendix A

θSi Silicon reduction factor 0 ≤ θSi ≤ 1 Supporting Information Appendix A

Model diatom

physiology

ρb Biomass density 1100 (1030–1100) kg m−3 Miklasz and Denny (2010)

ρD Diatom density kg m−3

ρv Vacuole density 1010 (1000–1027) kg m−3

ρSi Density of SiO2 2200 kg m−3

cb Carbon density of biomass 0.125

(0.1–0.16) pg C μm−3
Strathmann (1967) and Raven (1987)

cmem Carbon density of membranes 0.6 (0.5–0.6) pg C μm−3 Raven (1987)

RC:Nmem C : N ratio in membrane 32 : 1 μg C μg N−1‡ Raven (1987)

RC:Nb C : N ratio in biomass 6 : 1 μg C μg N−1 Raven (1987)

RC:Ntot Bulk C : N ratio μg C μg N−1 Equation 5

(Continues)
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a factor increasingly important for the small diatoms. The cell
nitrogen content (Ntot) is given by

Ntot =VbcbRN:Cb +VmcmRN:Cm ð4Þ

while its overall C : N ratio follows

RC:Ntot =
Ctot

Ntot
ð5Þ

Affinities
The diatoms take up nutrients via uptake sites on their sur-

face, depleting nutrients in a thin boundary layer around the
cell. Therefore, the nutrient affinity, Ai (μm

3 d−1) is limited by
diffusion of the nutrient toward the cell (Kiørboe 2008), and
the affinity is proportional to the equivalent spherical radius
r according to Ai =4πDir (μm

3 d−1). The specific nutrient affin-
ity A0

i (affinity per carbon content: μm3 d−1 μg C−1) can be
approximated for negligible membrane volume as

A0
i =

Ai

Ctot
≈3

Di

r2bcb
1−vð Þ−1=3 ð6Þ

where rb is the equivalent spherical radius of the cytoplasm
(Supporting Information Appendix A). This illustrates that

(1) for nonvacuolated cells (v = 0), smaller cells have a distinct
advantage over larger cells but that (2) for cells of equivalent
cytoplasm volume (rb = constant), vacuolation can increase
nutrient uptake rates.

Likewise, the maximum amount of light that a cell can
absorb is that which falls on its surface area, suggesting that
for a high investment in chloroplasts (100% absorption), the
light affinity follows AL =cLπr2, where cL is the photosynthetic
quantum yield (μg C μE−1). Similarly, the specific light affinity
A0
L can be approximated as

A0
L =

AL

Ctot
≈
3
4

cL
rbcb

1−vð Þ−2=3 ð7Þ

In the case of nonvacuolated cells, specific light affinity is
higher for smaller cells. Diatoms, however, can have higher sur-
face to cytoplasm ratio by vacuolation, suggesting an advantage
for large, highly vacuolated cells during light limitation. It
should be noted that this also depends on the cell’s investment
in chloroplasts (Supporting Information Appendix C), as well
dimensioning with regards to cytoplasm to membrane volume.
It does, however, illustrate the Winnie-the-Pooh strategy with
regards to affinities, in that, for instance, a diatom with 70% of
its volume occupied by vacuole can attain specific nutrient and
light affinities 1.5 and 2.2 times higher, respectively, than non-
vacuolated cells of the same carbon mass.

Table 2. Continued

Symbol Description Value and unit Note/reference

RC:Si C : Si ratio of diatom μg C μg Si−1 Equation 3

Ctot Total C content of diatom μg C cell−1 Equation 2

Sitot Total Si content of diatom μg Si cell−1

Ntot Total N content of diatom μg N cell−1 Equation 4

γSi Si density of frustule 36 fmol μm−1

(=1008 μg Si μm−3)

Assumes SiO2 density of 2200 kg m3

Rates b Basal respiration 0.05 d−1 Berge et al. (2017)

μ0 Background mortality 0.05 (0.01–0.1) d−1

μG Grazing mortality d−1

μs Sinking loss d−1

gnet Optimal net growth rate d−1

d Division rate d−1

gmax Max synthesis rate 3.3 (2.5–3.3) d−1 Sarthou et al. (2005) (0.4–3.3 d−1)

Constants DN Nitrogen diffusivity 1.62 × 10−4 m2 d−1

DSi Silicate diffusivity 1.62 × 10−4 m2 d−1

G Gravitational acceleration 9.80665 m s−2

ν Dynamic viscosity of water 0.00107 Pa s

Other fK Grazing factor 0.3 (0.25–0.35)

H Depth of euphotic zone 30 m

Exp Grazing exponent −1/4 (−2/5, −1/8) Andersen et al. (2016)

*Converted from 0.01 (0.005–0.02) μg C d−1 (W m−2)−1 (μg C−2/3) (Berge et al. 2017).
†Based on 1 ATP per 1 mol Si uptake and incorporation (Werner 1977).
‡Volume fraction 1/3 protein (molar CN = 3.57, density 1200 kg m−3) and 2/3 lipid (molar CN = 60, density 900 kg m−3).
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The light affinity in terms of φL, the relative structural
investment of carbon in photosynthetic machinery compared
to the cell’s total carbon content, can be more accurately writ-
ten as:

AL = cLπr2 1− exp −κφLr 1−vð Þ½ �f g ð8Þ

where κ is the cell’s absorption coefficient (μm−1) for a given
investment (Supporting Information Appendix C). Typical
values (Raven 1984b) suggest κ = 0.2 μm−1. The remaining car-
bon content of the cell, i.e., 1 − φL, is invested in structures
devoted to other tasks, notably in biosynthesis and cell mem-
branes. This formulation (Eq. 8) takes into account not only
the area with which the cell can capture photons but also the
probability that they are absorbed within the cell. Increasing
surface area through vacuolation, while increasing capture area,
pays a penalty in (1) a greater investment required for mem-
branes and (2) a thinner optical path length through the cell.

Liebig’s law of the minimum
Liebig’s law of the minimum dictates that the pace of

growth is set by the rate of supply of the limiting resource
(von Liebig 1855; De Baar 1994). For diatoms, there are three
resources that in general can become limiting—light, nitro-
gen, and silicon—and have to be combined to match the stoi-
chiometric requirements of the cell. Other resources such as
iron and phosphorous can become limiting from time to time,
but for simplicity, we ignore these for the moment. To compli-
cate matters, uptake of nitrogen and silicon, as well as base
metabolism and photosynthesis, are energy demanding pro-
cesses (Raven 1984b, 1997) that have to be paid for from part
of the cells income of fixed carbon.

Inmany instances, the flux ofmineral nutrient as well as pho-
tosynthetic rate are modeled with a saturating function of
resource availability (e.g., Michaelis–Menten kinetics for nutri-
ents). We consider the incoming flux of nutrients directly pro-
portional to the availability/concentration of the resource in the
environment (Eq. 9), i.e., we do not impose any saturation func-
tion on the immediate uptake of resources. That is, the flux of
resource Ji is linearly proportional to resource abundanceXi as

Ji =AiXi ð9Þ

We denote the various costs as the cost of nitrogen uptake
and biosynthesis (JNβN), the cost of photosynthesis (JLβL), and
the cost of silicate uptake and incorporation into cell wall
(JSiβSi). The coefficients βN, βC, and βSi are all costs in μg C per
μg N/C/Si. Costs also include basal respiration (JR) scales with
total carbon mass as

JR =bCtot ð10Þ

where b is a constant specific respiration rate. To ensure an
optimal uptake strategy, we introduce scaling factors (θi) into

Liebig’s law, which adjust the actual uptakes so that they are
stoichiometrically balanced (Supporting Information Appendix
A). That is, no superfluous costs are incurred for uptake of
resources that do not contribute to growth. The minimum
resource flux (in terms of carbon) sets the amount of carbon
that is available for growth.

JLieb = min JC−JR−βLJL−θNβNJN−θSβSiJSi,θNJNRC:Ntot ,θSiJSiRC:Sitot ,0ð Þ
ð11Þ

In effect, the optimal strategy is to adjust the θ’s so that
growth is colimited by all three factors: light, nitrogen, and
silicon.

Instead of imposing a functional response on the individ-
ual nutrient uptake rates, we apply a maximum synthesis rate,
Jmax, where the resultant synthesis rate, Jtot, is given by

Jtot = Jmax
JLieb

Jmax + JLieb
ð12Þ

This reflects the notion that the maximum rate of biosyn-
thesis is set by the synthesizing machinery and not so much
by the uptake mechanisms. We assume a simple scaling rule
for Jmax.

Jmax =gmaxCtot ð13Þ

We choose, for the purposes of this work, a constant maxi-
mum biosynthesis rate gmax = 3.3 d−1 (Sarthou et al. 2005).
We note that observed gmax appears to vary with cell size
(Geider et al. 1986) and that its value is likely controlled by
investment in biosynthetic machinery which is limited by
concurrent investments in light harvesting and membranes.

Often, the more easily applied multiplication approxima-
tion to Liebig’s law is used when modeling growth
(e.g., Terseleer et al. 2014). However, as the number of poten-
tially limiting resources increases, the multiplication principle
becomes inaccurate. It also obscures which regions of the trait
space (and under which conditions) growth is limited by
nitrogen, silicon, or light. Therefore, Liebig’s law gives a better
mechanistic understanding of the response to limitation of
the essential resources.

Losses: Mortality and sinking
Grazing mortality increases with increasing abundance of

copepod grazers (XG). We chose a relatively simple expression
for overall mortality.

μG = μ0 + fGXGV
−1=4 ð14Þ

where μ0 is the background mortality and fG is a factor that
scales the grazing mortality. Predation risk generally decreases
for larger cells, which we model here in terms of cell volume
to the power of −1/4. This is in accordance with observations
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and theory reflecting that the number of possible predators
decreases when size increases (Andersen et al. 2016). We
explore this further in a sensitivity analysis of different grazing
size dependencies in Supporting Information Appendix D.

The sinking speed of diatoms is controlled by their two
main attributes which counteract each other to some degree;
the shell increases overall cell density, whereas the vacuole
generally decreases density while also increasing cell size and
hence drag. Also, both theoretical and observational works
document Stokes’ law sinking speeds of diatoms that are as
much affected by cell density as they are by size (Waite et al.
1992, 1997; Miklasz and Denny 2010). Indeed large diatoms
can attain positive buoyancy (Villareal 1988; Moore and Vil-
lareal 1996a,b). In our model, we assume the vacuole to be
filled with water with a slightly lower density than seawater
(1010 kg/m3), a not unreasonable assumption given the
uncertainty—and where known—variability of vacuole sap
composition. This allows highly vacuolated cells to attain
marginal positive buoyancy. We assess the impacts of some
of these aspects on diatom sinking speed in Supporting
Information Appendix E.

We introduce a relatively simple loss term due to sinking
depending on Stokes’ law.

w = max
2gr2

9ν
ρD−ρWð Þ,0

� �
ð15Þ

μs =
w
H

ð16Þ

where H is the depth of the photic zone. Sinking speed is con-
fined to be positive (Eq. 15) to preclude buoyant cells mani-
festing as an unrealistic growth term. The effect of turbulence
is not specifically modeled here as turbulent mixing does not
keep cells suspended—if anything, turbulence increases cell
sinking speed (Ruiz et al. 2004) by preferentially guiding sink-
ing particles to the downward lobe of horizontally rotating
turbulent cells.

Net growth
Division rate is estimated based on the total flux of carbon

available for growth divided by the cell carbon content
(Eq. 17). The net growth is division rate minus the grazing
mortality (μG) and the sinking loss (μs).

d= Jtot=Ctot ð17Þ
gnet =d−μG−μs ð18Þ

We calculate the growth rate within a two-dimensional
trait space with vacuole fraction (v) ranging from 0% to 100%
and cell carbon content Ctot ranging from 10−7 to 10 μg C. For
each set of environmental conditions, we expect to find a set
of traits that gives the highest (optimal) growth. All model
parameters and constants are listed in Table 2, and the

MATLAB code for simulations is included in Supporting
Information.

Results
Seasonal cycle

The diatom model is forced with a hypothetical time series
of light, nitrogen, silicon, and copepod abundance (Fig. 2).
This seasonal cycle is typical of temperate latitudes of the
northern hemisphere, with low light and high nutrient avail-
ability in winter and low nutrient coinciding with high light
availability and high grazing pressure in summer. Copepod
grazer abundance is low in winter, has a large bloom in late
spring, and has relatively high abundance over the summer
ending in October when copepod abundance is again
very low.

We define the optimal growth rate as the highest achiev-
able growth rate in trait space and the optimal vacuole size
and carbon content as the values that give optimal growth.
During the seasonal cycle optimal growth varies between 0.5
and 1.5 d−1, being lowest in winter with peaks in spring and
autumn and a moderate reduction during summer (Fig. 2c).
Light limits growth in winter and coinciding low nutrients
and high grazing pressure limits in summer, but optimal
growth is always above 0.5 d−1. The highest optimal growth is
in spring just before the peak in copepod abundance and in
fall when nutrient and silicon availability increases after sum-
mer depletion (Fig. 2c), corresponding to the seasons when
temperate planktonic ecosystems are typically dominated by
diatom blooms.

The degree of vacuolation (Fig. 2d) shows a clear response
to the seasonal variation in resources and grazing pressure; the
optimal vacuole size is high (almost 90%) throughout most of
the year except in the midsummer when N and Si are limiting
and the optimal vacuole size is lower (50%). In November,
when nitrogen and silicon is slowly replenishing, optimal vac-
uole size increases again. The 95% interval of optimal growth
spans a fairly board range of vacuolation values (� 20%)
throughout the year indicating that fitness landscape in terms
of vacuolation is fairly flat around its optimum.

The carbon content of the diatoms is lowest in summer,
and the biggest diatoms both in terms of size and carbon con-
tent are found during spring and autumn (Fig. 2e). The smal-
lest diatoms are found in late summer, concurrent with
reduced grazing pressure and when nitrogen and silicon are
still highly limiting. As soon as the nitrogen and silicon abun-
dance start increasing, the optimal carbon content also
increases. The range of carbon sizes achieving 90% of optimal
growth is very narrow in the summer (peaked fitness land-
scape) compared to a much broader range in the fall, winter,
and spring (relatively flat fitness landscape).

Generally, the optimal vacuole volume is quite high (almost
90% most of the year). Although diatoms are observed to have
vacuoles this large, they are typically smaller (40–60%)
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depending on size, with a relative increase for increasing size
(Raven 1996). The carbon content of the modeled diatoms is
close to the carbon content as predicted with the generally
accepted carbon to volume relationship for diatoms (Menden-
Deuer and Lessard 2000). However, most estimations are lower
than the Menden-Deuer and Lessard (2000) carbon contents,

indicating that the model has a slight tendency to overestimate
vacuole sizes. Themodel takes into account only part of the costs
and benefits proposed in Table 1, as some might be of lesser or
unknown significance and some cannot be parameterized in a
meaningful way. However, the effects of disregarding a cost or a
benefit might be estimated in some cases. We assume that graz-
ing is proportional only to cell volume, but the shell also provides
grazing protection (Hammet al. 2003; Liu et al. 2016). Thiswould
further increase the grazing protection in addition to that which
is conferred by vacuolation alone. Enhanced light properties
related to the shell are difficult to parameterize into a quantifiable
trade-off, as it would need detailed information on the shell’s
nanostructure and how it filters and/or focuses photons. Several
studies of the light properties of diatom frustules exist
(Fuhrmann et al. 2004; Yamanaka et al. 2008), but an appropriate
parameterization of the effects on light affinity and uptake is not
available. However, one could speculate that the effect of such a
benefit would in the case of light limitation increase the photo-
synthesis rate, reducing the need for large vacuoles under light
limitation.

Another important diatom feature that our model does not
take up are chain formation, as grazer protection (Bergkvist
et al. 2012), an attribute that is apparently induced by preda-
tion pressure (Bjærke et al. 2015). Likewise, with their high
specific nutrient affinity and storage potential, diatoms appear
to engage in luxury uptake (Raven 1997, and references there
in) for a variety of nutrients (Lomas and Glibert 2000; March-
etti et al. 2008). We assume vacuoles free of carbon, but this
may lead to overestimation of the vacuole sizes, as carbon can
be stored in the vacuoles in the form of lipids (Sicko-Goad
et al. 1977).

Trait space analysis
To examine the trade-off in more detail, we introduce three

scenarios representing the relatively extreme conditions that
organisms are exposed to during the seasonal cycle: “light
limited,” where nutrients are plentiful and grazing is low but
light is limiting; “nonlimited,” where nutrients are abundant,
grazing is moderate, and light is available; and “nutrient/gra-
zer limited,” where nutrients are limiting and grazing pressure
high, but light is available. These correspond roughly to win-
ter, spring, and summer conditions. The optimal growth in
the entire trait space is investigated further under these three
scenarios (Fig. 3).

While very small cells would typically have the highest spe-
cific light affinity, vacuolation in diatom provides an alterna-
tive strategy, providing high growth rates under light-limiting
conditions (Fig. 3a; Table 3). The range of vacuole sizes that
enable 90% of optimal growth spans from 25% to 99%, indi-
cating that the variation in optimal growth in response to
changes in vacuole size is small, especially taking into account
that the growth rate in this scenario is low (0.27 d−1; Table 3).
In winter, optimal traits are influenced by the light limitation,
as N and Si are abundant and grazing pressure is very low.

Fig. 2. Seasonal variation in (a) light (XL) and (b) nitrogen (XN), silicon
(XSi), and copepod abundance (XG). (c–e) Seasonal variation in optimal
growth, size, and vacuole volume. Dark gray-shaded area shows percent-
age of vacuole and carbon content/size that will still obtain 95% of opti-
mal growth, and light gray area represent 95th and 5th percentiles of
optimal growth. Dashed line in (e) is diameter and solid line is carbon
content.
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There is still, however, some grazing pressure, and under all
three scenarios, vacuole formation is dependent on grazing
pressure (Fig. 4). At very low grazing pressure, the optimal
strategy is always no vacuole, while as grazing pressure
increases vacuole sizes also increase under all three scenarios.
The switch between the nonvacuolated to the highly vacuo-
lated strategy appears to be quite abrupt with the increase in
grazing pressure (Fig. 4), indicating the break point where the
costs of a vacuole (added membrane carbon and shell silica)
are offset by the benefits (higher nutrient and light affinities
and greater grazer resistance). In the light-limited and nonlim-
ited scenarios, the transition where vacuolation is advanta-
geous occurs earlier than under N and Si limitation. This
switch in vacuolation state is reflected in the optimal carbon
content, when diatoms have a vacuole, they can afford higher
carbon content.

In the nonlimited scenario, a broad range of sizes have pos-
itive growth (Fig. 3b), while the region that gives more than
80% of optimal growth (still > 1 d−1) is a bit narrower than
under the light-limited scenario. Nevertheless, diatoms rang-
ing 10−4–10−2 μg C and vacuole sizes 15–99% are able to
obtain growth rates higher than 1 d−1. The smallest diatoms
are limited by high grazing mortality (Fig. 4e, medium gray
line) even though abundance of grazers is moderate. For the
optimal size of 7.8 × 10−4 μg C cell−1, the vacuole can be
down to 60% and still yield 90% of optimal growth (Fig. 3b,

dark gray line). In the nonlimited scenario, we see the highest
predicted optimal carbon contents, as there are sufficient
resources to sustain growth of large-sized cells. In trait space,
the optimal growth lies close to the boundary among nitro-
gen, silicon, and carbon limitation, as optimal cell configura-
tion would tend toward colimitation of all resources, thereby
being most cost effective (Fig. 5). Generally, diatoms with
large vacuoles are Si limited, small diatoms are carbon/light
limited, and large diatoms are N limited, but the exact place-
ment of the limitation within trait space depends on the avail-
ability of the resources (Fig. 5).

In the nutrient-limited case, positive growth is very low
and confined to a very small part of the trait space where the
diatoms are small and have small vacuoles (44%; Table 3). The
vacuole allows the diatom to be small to mitigate the nutrient
limitation but larger to avoid grazing, which is known as the
“Winnie-the-Pooh” strategy (Thingstad et al. 2005). Analysis
of the model response to changes in the N and Si concentra-
tion (Supporting Information Appendix D) reveals opposing
effect on the vacuole size of the two types of limitation. Mech-
anistically, Si limitation suppresses vacuole size, whereas N
limitation promotes vacuole size; thus, it appears that diatom
traits in the nutrient-limited scenario are mostly influenced by
Si limitation (Fig. 3c; Supporting Information Appendix D).
Cells with large vacuoles have lower C : Si ratios and therefore
a high need of Si per unit carbon. Consequently, when Si is

Fig. 3. (a–c) Growth rate in trait space under the three environmental scenarios: light limited, nonlimited, and nutrient/grazer limited. The size of the
black diamond indicates the magnitude and location in trait space of the maximum growth rate (shading gray contours of 90% and 80% of maximum
growth rate; black solid line indicates contour of zero growth rate), and the dotted lines indicate 90% of observations on diatom Si : C ratios (Parsons
et al. 1961; Eppley et al. 1967; Harrison et al. 1977; Brzezinski 1985). Lower panels (d–f) present a breakdown of net growth in to sinking losses, grazing
losses, and division rate as functions of cell carbon content with the optimal vacuole size (indicated by a dashed line in the upper panels). Gray shaded
area indicates region where cells have positive growth rate. Table 3 Lists values of key parameters of the optimal diatoms.
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limiting, they cannot have large vacuoles. Observed N and Si
limitation responses of three different diatom species
(Harrison et al. 1977) are consistent with our model. In dia-
toms, 90% of observed C : Si ratios range within 2.6 : 1 to
32.5 : 1 (Parsons et al. 1961; Eppley et al. 1967; Harrison et al.
1977; Brzezinski 1985). Under all three scenarios, the C : Si

ratio of the optimal diatoms is within this range. However,
under the nutrient-limited scenario, the C : Si ratio is 30.7
(Table 3), which is near the boundary of the observations but
very close to the mean C : Si ratio of 28.3 from the Si-limited/
starved diatoms in the study by Harrison et al. (1977).

Under all three scenarios, large diatoms with small or no
vacuoles are unable to grow, as they would have too high
sinking loss, due to the heavy shell and little compensating
buoyancy from a vacuole (Supporting Information Appen-
dix E).

Apart from membrane costs, there are other physiological
constraints on vacuolation. Specifically, increasing vacuola-
tion confines the cytoplasm to an increasingly thinner layer
with an increasing surface area. To contain unscalable com-
partments like the genome, chloroplasts, and other organelles
and to avoid excessive leakage of solutes (Raven 1987), this
cytoplasm shell cannot be too thin. Reported values range
1–3 μm for diatoms (Strathmann 1967; Sicko-Goad et al.
1984), where our optimal diatoms are in the lower range of
this (Table 3), again reflecting the tendency of the model to
overestimate vacuole volume.

Competition: Diatoms vs. nondiatoms
Diatoms’ attributes are not cost neutral, requiring silicon,

extra uptake costs, as well as higher investment in mem-
branes. To reveal these trade-offs, growth of the optimal dia-
toms (Fig. 3) is compared to the growth of a hypothetical
“nondiatom” of the same carbon mass (Fig. 6). The nondia-
tom model is identical to the diatom model, except it has no
silicate uptake and no vacuole formation and therefore has
lower costs but no benefits in terms of increased nutrient/light
uptake and decreased grazing.

Under all three scenarios, diatoms shift the maximum divi-
sion rate (Fig. 6d–f) to a larger size, where the nonvacuolated
cell only reaches high division rates by being small. The very
small nonvacuolated cell has, indeed, higher division rate
compared the diatom, but because of the grazing pressure, the
larger diatom wins. This is quite an important observation;
the benefit of the diatom vacuolation strategy only becomes
really relevant if there is a grazing pressure. If there is no

Table 3. Key results of the optimal diatoms under the three extreme scenarios (light limited, nonlimited, and nutrient/grazer limited).
The biovolume thickness is the thickness of the biovolume layer enveloping the vacuole, and growth advantage illustrates the gain in
growth achieved by a diatom compared to a shell-less, nonvacuolated cell.

Unit Light limited Nonlimited Nutrient/grazer limited

Optimal growth d−1 0.27 1.45 0.18

Vacuole size % 86 87 44

Carbon content μg C cell−1 7.80 × 10−4 3.07 × 10−3 9.71 × 10−6

Biovolume thickness μm 1.10 1.67 0.76

Growth advantage d−1 0.01 0.28 —

Diameter μm 44.81 73.01 6.56

C : Si μmol μmol−1 12.6 12.8 30.7

Fig. 4. Optimal vacuole size (a), carbon content (b), and growth rate
(c) under light limitation (LL), no limitation (NonL), and nutrient limita-
tion (NL) as a function of the grazing pressure.
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grazing, the cell has a higher growth rate without shell and
vacuole (Fig. 6).

Under the nonlimited case, the benefit in terms of division
rate is quite small, but because of the lower grazing morality
and the low sinking loss, the diatom has a net growth rate
0.28 d−1 higher than the nondiatom. The benefit in terms of
decreased sinking loss is important (Fig. 6e) and underlines
the importance of vacuole sap density for diatoms. The dia-
tom still has a growth rate which is 0.25 d−1 higher than the
nondiatom, when sinking loss is disregarded, and the reduced
grazing mortality is therefore more important. A comprehen-
sive comparison, however, would have to consider the motil-
ity of the diatoms’ protist competitors, the costs of building
and maintaining swimming machinery, and energy expended
on propulsion (Crawford 1992)—considerations that are
beyond the scope of this work.

In applying a size-dependent copepod-mediated grazing pres-
sure (Eq. 14), we disregard grazing bymicrozooplankton likemix-
otrophic dinoflagellates and ciliates that may use other capture
strategies such as a feeding veil or peduncle feeding—strategies
that depend less on a predator–prey size ratio (Smetacek 1999).
Microzooplankton have been shown to be more important
grazers of diatoms than copepods (Sherr and Sherr 2007; Landry
et al. 2011); however, comparing the relative contribution of
microzooplankton grazing of all phytoplankton groups, the dia-
toms are grazed the least bymicrozooplankton. For all other phy-
toplankton groups (except the prymnesiophytes), the fraction of
production grazed by microzooplankton compared to mesozoo-
plankton ranges 61–100% and 53% for the diatoms (Landry et al.
2011). This might be related to the reduced palatability of the
shelled diatoms (Zhang et al. 2017). Including the microzoo-
planktonwould therefore probably just increase the diatoms lead

Fig. 5. Regions of trait space that are limited by light (black), nitrogen (dark gray), or silicon (light gray). The diamond indicates the location in trait
space where net growth is maximized, and the size of the dot relates to the size of the optimal growth.

Fig. 6. (a–c) Net growth and (d–f) division rate, grazing, and sinking mortalities of the diatom (solid lines) compared to a hypothetical nonvacuolated
shell-less cell (dashed lines) of same carbon content.
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as nondiatoms would be grazed more heavily by mixotrophs. A
head-to-head competition between diatoms and mixotrophs
would elucidate this better, which is beyond the scope of this cur-
rent study.

When comparing the performance of a diatom cell to a
nonvacuolated cell, we are mindful that competition for
resources occurs on a carbon basis, while the volumetric size
decides the grazing mortality. As the diatoms physical size
depends on the vacuole size as well as the carbon content,
the comparison is not straight forward. In this study, we
choose to base the comparison on the carbon content, as the
physical size also reflects the vacuole size. Nevertheless, if we
were to compare on the physical size only and the two would
have equal grazing mortality (e.g., in Fig. 6, bottom panels),
the advantage in cell division rate for diatoms can be even
greater, as the diatom would have less carbon (Eq. 17) as
well as lower respiratory costs (Eq. 11), but uptakes remain
equal—an advantage that is eventually limited for the smallest
diatoms by membrane costs.

Very small nondiatoms have a competitive advantage over
diatoms due to their efficient nutrient uptake. However, there
is a lower limit to cell size, due to limitation by unscalable
components like cell wall constituents, membranes, and
genome size (Andersen et al. 2016). The smallest diatoms
reported are typically 3 pg C cell−1 (Eppley et al. 1967; Harri-
son et al. 1977; Brzezinski 1985; Menden-Deuer and Lessard
2000), and diatoms/cells smaller than this would be probably
be limited by the former mentioned components (DeLong
et al. 2010; Kempes et al. 2012). When light limits in our
model, very small nondiatoms (almost 10−6 μg C = 1 pg C)
apparently have higher growth rates than the diatom, but it is

reasonable to think that they may be limited by unscalable
components that are not included in this model.

Several studies indicate that diatom also get a benefit in
terms of reduced mortality, whether that is a mechanical pro-
tection due to the frustule (Hamm et al. 2003) or reduced pal-
atability from the high Si content (Liu et al. 2016; Zhang et al.
2017) or restricted access to of cytoplasm to parasites (Raven
and Waite 2004). In this study, we have not given the diatoms
reduction in grazing mortality due to their frustule, as we
wanted to pre-impose as little as possible on the diatoms in
order to make the best comparison to the nondiatom. We
acknowledge that reducing the diatoms’ grazing mortality
would impact the result; the lead in growth over the non-dia-
tom would probably increase, but the optimal strategy could
also be to reduce vacuole volume as the selective pressure to
be large would be released due to the protection from the
frustule.

Comparison with observations
To evaluate model predictions regarding cell size, we com-

pare to the mean diatom size at the L4 station located in the
English Channel (Fig. 7)—a location consistent with our sea-
sonal forcing. The data from the L4 station have detailed taxo-
nomic observations of diatom cells per milliliter for a period
> 20 yr. Based on estimated mean cell (physical) sizes of all
different species observed in the dataset and reported carbon
to volume relationships (Menden-Deuer and Lessard 2000), an
estimate of the carbon content per cubic meter has carefully
been made for each measurement of cells per milliliter
(Widdicombe et al. (2010)). Dividing this estimation of carbon
content per cubic meter by the number of cells per milliliter,
we get an indication of seasonal variation in average diatom
cell carbon content (μg C cell−1). It is, however, a very rough
estimate as it spans almost 130 different diatom taxa and
more than 20 years of sampling. Averaging over this amount
of data eliminates most of the interannual and interspecific
variability, and we therefore do not expect to see variations as
strong as when analyzing shorter periods or fewer taxa, but we
can assume that the trend is a reasonable representation of
some large-scale responses to seasonal variations in nutrient
and light. Comparing this trend to our model estimates on
optimal carbon content (Fig. 2e) reveals some similarities. The
seasonal variance in carbon size of the L4 diatoms is not as
strong as in the model prediction; however, in spring (April
and May), we indeed observe the largest diatoms in both the
L4 data and the model predictions. The observed average car-
bon content is smallest in the nutrient deprived summer, as
predicted by our model. The response in observed average dia-
tom size to the variation in environment is quite different to
the observed response in size of the rest of the phytoplankton
groups, where the largest cells are found in late summer
(August; Fig. 7b), when the diatoms are smallest. This indi-
cates that there are certainly distinct differences between how
diatoms and other phytoplankton cope with the combined

Fig. 7. The mean carbon content of (a) diatoms and (b) other protists at
the L4 station in the English channel.
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effects of nutrient limitation and predation pressure (e.g.,
inflation vs. mixotrophy).

In winter, the diatoms at L4 are still quite large. Compared
to the nondiatom phytoplankton (Fig. 7b) that are very small
in winter, we could speculate that in the case of light limita-
tion, the vacuolated diatoms are indeed able to increase their
light affinity, as assumed by the formulation of the light affin-
ity (Eq. 8). This indicates that diatoms have a different strategy
also in the case of light limitation. If diatoms were restricted
to the same light affinity dynamics as the nonvacuolated phy-
toplankton, we would expect to observe much smaller diatom
carbon contents in winter at L4, similar to that observed for
the nondiatoms (Fig. 7b).

Discussion
What makes diatoms so successful, and how is this success

linked to their defining characteristics of a silica shell and a
vacuole? The prevailing paradigm is that (1) the shell protects
against grazing and (2) the inflated cell gives a superior nutri-
ent acquisition. However, during springtime, when diatoms
are typically most successful, neither grazing pressure nor
nutrient limitation restricts growth. Diatoms are observed to
have higher maximum growth rates compared to other phyto-
plankton, which is considered a key characteristic of the
group. Indeed, plankton functional-type models incorporate
the diatom group with their dependence on Si but also by typ-
ically providing them with higher maximum growth rates and
higher nutrient uptake rates (Tozzi et al. 2004; Litchman et al.
2006; Terseleer et al. 2014) than other phytoplankton types.
Such models successfully reproduce, for instance, the seasonal
patterns of diatom-dominated spring blooms (Terseleer et al.
2014), variations in diatom abundance in the paleo-record
(Le Quere et al. 2009) as well as predictions of diatom distribu-
tions under climate change (Bopp et al. 2005). Phenomeno-
logically, this is fine, but the really challenging question is
how diatoms achieve this higher growth rate. Although dia-
toms appear to have some specific adaptations such as the C4
photosynthetic pathway (Reinfelder et al. 2004) and a fully
integrated urea cycle (Armbrust et al. 2004) that can serve to
augment their growth rates, evolutionary rationale would sug-
gest that their defining attributes—frustule and vacuole—must
also play an important role.

Indeed, the model’s failure in accounting for high diatom divi-
sion rates poses somewhat of a conundrum and exposes a short-
fall in our mechanistic understanding of traits and trade-offs in
protists. The question why diatoms, with their distinctive physi-
cal attributes (frustule and vacuole), in general have a higher cell
division rate than other phytoplankton species can be put
another way, namely why do nondiatoms have lower division
rates. High division rates clearly provide a competitive advantage,
and if the frustule–vacuole attributes of diatoms and their high
division rate were independent, evolution would surely have pro-
duced naked, nonvacuolated diatoms with the same high growth

capabilities that would have out competed the various extant
nondiatom phytoplankton taxa. The only conclusion that can be
drawn from this is that the frustule–vacuole cell architecture and
the high division rate of diatoms must be linked. Several light-
related benefits of the silica shell have been posited, for instance,
the screening of harmful (or at least nonuseful) wavelengths
(Fuhrmann et al. 2004; Yamanaka et al. 2008) and perhaps the
shell acting to focus photons onto plastids within the cell
(De Stefano et al. 2007). There are also issues regarding the code-
pendence of the frustule–vacuole structure in which the vacuole
requires a frustule for structural rigidity (Raven and Waite 2004)
and the frustule requires the vacuole to provide buoyancy. In this
too, there is the incompatibility of the frustule–vacuole structure
with other traits commonly expressed by nondiatom protists:
notably motility and mixotrophy. Clearly, our mechanistic
descriptions of trade-offs within the unicellular plankton commu-
nity is incomplete, and it remains a fundamental challenge in
applying trait-based models (or indeed any type of plankton
model) in predicting the emergent functions (e.g., trophic trans-
fer and biogeochemical cycling) of marine ecosystems in future
scenarios of global climate (Kiørboe et al. 2018).

Our modeling exercise, particularly when comparing the
diatom attributes—with the equivalent nondiatom, reveals
that the diatom architecture provides a competitive advantage
that manifests differently throughout a seasonal cycle. Admit-
tedly, our head-to-head model cannot reproduce the much
higher growth rates for diatoms compared to nondiatoms.
None-the-less, the frustule–vacuole architecture imposes mul-
tiple trade-offs on diatoms with benefits including elevated
light and nutrient affinity and resistance against grazers, while
drawbacks include reliance on an additional limiting nutrient,
enhanced sinking rates, and high membrane costs. Although
other factors as discussed above also play a role, our simple
model demonstrates that benefits outweigh drawbacks, at least
that part of the time where grazing pressure is an issue.

In general, diatoms are well-suited to seasonal environ-
ments, a characteristic borne out in our model, but also well-
documented in nature (Werner 1977). Diatoms evolved some
200 Ma ago, but only became important in marine environ-
ments from the late Cretaceous (80 Ma), increasing steadily in
diversity into the Miocene (20 Ma) (Falkowski et al. 2004; Katz
et al. 2004). Although part of this success can certainly be
attributed to the increased availability of silicate in the marine
environment (due to weathering of the uplifted Tibetan pla-
teau and the proliferation of grasses on land), it was also a
period that saw a radical tectonic reorganization of seaways
and continents. The ancient tropical Tethys Sea separating
Africa and India from Eurasia closed off, whereas the opening
up of the Tasmanian seaway and Drakes passage (41 Ma shal-
low to 26 Ma deep-water connection (Eagles and Jokat 2014))
allowed the uninterrupted Southern Ocean to isolate Antarc-
tica. This, together with the opening of the North Atlantic
and the steady draw down of CO2 from the atmosphere likely
expanded the areal extent of marine environments impacted
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by strong seasonal forcing. We postulate that unique architec-
ture of diatoms allowed them to diversify and proliferated into
these seasonal habitats.

Conclusion
Diatoms play an important role in the marine ecosystem

and the biogeochemical cycles. However, quantifying their suc-
cess in terms of mechanisms remains elusive. Several ecological
models incorporate diatoms as a separate functional group;
however, they typically hard code the success of the diatom as
an inherently higher growth rate. In this article, we demon-
strate how the lifestyle with a silica frustule and a vacuole gives
the diatom a benefit, especially during spring and autumn in
seasonal environments. Diatoms have high specific nutrient
affinity by virtue of vacuolation, which confers additional ben-
efits in decreasing their grazing risk to large metazoans, as well
as their sinking loss. The relative benefit of the vacuole is most
pronounced under high, size-dependent predation pressure,
and when predation pressure disappears, small, nonvacuolated
diatoms become competitive. With our mechanistic approach,
we find that vacuole formation is most beneficial in spring
when the diatom simultaneously gain from better light affinity,
enhanced nutrient affinity, decreased grazing pressure, and
sinking loss. That is, even though none of these four pressures
individually are particularly important in spring, the combined
effect gives diatoms a competitive advantage that can lead to
the large blooms in spring and other times of the year when
resources are available and grazing is moderate.
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Appendices 

Appendix A – Diatom compartment volumes and equivalent 

spherical radius 
The volumes of the 5 different compartments in the diatom model are calculated as 

follows. 
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where r is the equivalent spherical radius of the cell (excluding the shell), v is 

the volumetric fraction of the vacuole, ts is thickness of the shell and m is 

membrane thickness. Note, rv (= r v1/3) is the equivalent spherical radius of the 

vacuole and r0 is the spherical equivalent radius of the cytoplasm volume. In 

the absence of significant membrane volume, a useful approximation following 

from v bV V V   is that 

 
1/3(1 )br r v    (A.6) 

We derive r from the carbon mass of the diatom and the size of the vacuole. 

Further complicating, the thickness of the membranes also need to be taken 

into account. The relationship between our primary traits, v and Ctot in terms 

of r and known carbon densities and membrane thickness is: 

 3 3 1/3 34
(1 ) ( ) ( ) ( )

3
tot m b mC r v c r m v r m c c           

 (A.7) 

While this does not lead to a simple expression for r in terms of v and Ctot it can 

be solved numerically, with an initial estimate of   
1/3

3 (1 ) / 4tot br C v c   which is 

the solution to Eq A.7 for m = 0. 
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Appendix B – Light affinity for a vacuolated cell 
The absorption of photons Q [µE s-1] by a non-vacuolated spherical cell of radius r is a 

classic result (Duyens 1952) where absorption sites are assumed distributed uniformly 

throughout the cell’s volume. Given that in many cases, such as diatoms, absorption 

sites are often concentrated on the cell’s outer periphery, the case of a spherical shell 

arrangement has also been considered (Papageorgiou 1971). Unfortunately, while this 

can be solved numerically, it does not yield to a simple expression. We can recast the 

cellular model into a simpler form that does capture the effect of vacuolation on light 

absorption. In particular, we consider a squat cylinder with the same physical radius r 

as the vacuolated cell, and an equivalent bio-volume. Thus the absorption of light 

hitting the surface of the cylinder is  

  2( , ) 1 hQ r r L e      (A.9) 

where h is the thickness of the cylinder, where L [µE µm-2 s-1] is the light intensity 

(PAR), and   [µm-1] is the light attenuation coefficient, assumed to be constant 

throughout the bio-volume of the cell. The light attenuation coefficient can be 

decomposed as  = a c, where a [µm2] is the optical cross section of a single plastid, 

and c [µm-1] is the concentration of plastids within the cell. (Raven 1984). From (Eq. 

A.6) we can deduce that h = 4 (1 – v) r / 3. This gives the following simple analytic 

expression for light affinity AL [µmol C (µE µm-2)-1] for a cell of radius r and a volume 

fraction v occupied by a central non-absorbing vacuole: 

  2 4 (1 )/31 r v
L LA r c e      (A.10) 

where cL is the photosynthetic quantum yield [µmol C µE-1]. Investment in 

photosynthesis L, can be lined linked to the light attenuation coefficient as: 

 Lac    (A.11) 

where an increase in investment, increases the concentration c of plastids; the return 

on investment is governed by the parameter  [µm-1]. Typical values (Raven 1984) 

suggest that  = 0.1 µm-1 when about half of the cell’s carbon is associated with 

photosynthesis. This suggests a value of  = 0.2 µm-1.  

– 62 –



Appendix C – Optimized costs and reduction factors 
We introduce in Liebig's law three reduction factors θC, θN and θSi, such that 

the diatom will not take up more nutrient and silica than what it can 

stoichiometrically balance its uptake of the limiting resource. This is especially 

important in winter when light is limiting but nutrients are not, so to ensure 

that they do not take up (and pay the cost for) a lot of nutrients they cannot 

use. We assume that the diatom is not able to downregulate the amount of 

carbon taken up, but that it must do photosynthesis according to the amount of 

available sunlight. We solve for the three reduction factors by setting all 

expressions in Liebig's law equal, thereby assuming co-limitation of the three 

elements. 
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  (A.8) 

As three equations with three unknowns cannot be solved immediately, we 

solve this system over three times: when carbon is limiting θC = 1, when 

nitrogen is limiting θN = 1, when silica is limiting θSi = 1. Thereby we have 

three different solutions for the three reduction factors. The condition when θ1 

= 1 and θ2, θ3 < 1 occurs when θ1 is limiting. As only one substrate will be 

limiting, only one of the three solutions fulfil the previous condition at each set 

of traits under each set of environmental conditions. In case one of the 

nutrients are limiting and θC < 1 it is manually set it to 1, as the 

photosynthetic uptake cannot be reduced. The value 1 θC would determine the 

leaked carbon that cannot be used for synthesis because of the limited nutrient 

availability.  

Appendix D – Global sensitivity analysis 
A global Monte Carlo sensitivity analysis is performed to identify the most influential 

parameters on the model outcome according to the method described in (Saltelli et al., 

2008). We have separated the analysis in three parts, one illustrating the sensitivity of 

the model outcome to the environmental forcing under the three extreme scenarios 

and the second illustrating sensitivity towards 15 key input parameters (Values 

marked with bold in table 2, sampled range in parentheses) and the third illustrate 

the sensitivity of the diatoms outperformance of the non-diatoms towards changes in 

the grazing size dependency.  
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Environmental drivers 

For the environmental drives sampling is done within below listed ranges: 

L = 1 – 100 W m-2 

N = 0.5 – 20 µg l-1  

Si = 0.5 – 20 µg l-1 

G = 0 – 30 µg C l-1 

We assume that the environmental parameters are independent even though we 

might expect N and Si to decrease simultaneously and L and G to increase 

simultaneously at times when N and Si are decreased. We do this in order to better 

analyse the individual influence of the drivers on the model outcome. We sample 500 

random sets of environmental parameters, send them into the model and analyse the 

model output with linear regression models. From the linear regression models we can 

estimate the standardized regression coefficient (SRCs) that are used to rank the 

analysed parameters with regards to their influence on the model outcome. 

 
Figure 1A: Sensitivity of model results towards the light (L), nitrogen (N), silica (Si) and grazer 

abundance (G). 

The sensitivity analysis of the environmental drivers shows that different drivers are 

important for the prediction of growth rate, carbon content and vacuole size (Figure 

2A). For the growth rate light, grazing and nutrients are most important, where an 

increase in light or nutrients give an increase in growth and increase in grazer 

abundance decreases growth. When nutrient and light increase growth increases, 

whereas growth decrease when nutrients decreases and grazing pressure is high. 

Increasing light, nitrogen and silica (independently) has a positive influence on the 

carbon content. This is in accordance with the knowledge that limiting resources tend 

to select for small size and high grazing pressure selects for larger sizes. Increasing 

light availability seems to have a negative influence on both the carbon content and 

the vacuole size, which might be explained as the model predicts very small highly 

vacuolated cells to be optimal when light is limiting. The availability of Si is very 

important for the size of the vacuole; when vacuoles are large the diatoms have higher 

Si:C ratios and therefore a higher need for Si per unit carbon. Consequently, Si is 

more expensive for the cell and they will not be able to have as large vacuoles. 
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N and Si limitation has opposite effects on the vacuole size. We explore the 

independent effects on vacuole size of increasing N and Si abundances by varying the 

two from 0 and to 1.2 and 0.6 µmol l-1 respectively (equivalent to 16 µg l-1). Light is 

abundant and grazing pressure intermediate. Limitation of the two resources has 

indeed opposite effects on the vacuole size; when N increases the vacuole size decrease 

strongest in the cases where Si concentration is lowest, and when Si increases the 

optimal vacuole size increase most when N concentration is lowest (Figure 3A).  

Harrison et al. (1977) observed diatoms with smallest vacuoles under Si limitation and 

largest vacuoles under N limitation, in accordance with observations from our model. 

 
Figure 2A: The optimal vacuole size as a function of (left) the available N concentration for 

three different Si concentrations or (right) the Si concentration for three different 

concentrations of N. 

Input parameters 

As we have no knowledge of the distribution of the values of the 15 parameters, we use 

a uniform sampling method within the range listed in table 2. Also, we have little 

knowledge of the uncertainty nature of the different parameters, so in cases where we 

have no range from literature we assume a high uncertainty. We sample 500 random 

sets of input parameters and send them into the model and analyse the model output 

with linear regression models. From the linear regression models we can estimate the 

standardized regression coefficient (SRCs) that are used to rank the analysed 

parameters with regards to their influence on the model outcome. 

Analysis of the sensitivity towards input parameters reveal that it is not the same 

under the three environmental scenarios (Figure 4A). For growth the quantum yield of 

photosynthesis, cL, is the most important when light is limiting, but also the two other 
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light affinity parameters, κ and the investment in photosynthetic machinery, φL, are 

influential parameters under light limitation. Consequently, the accuracy of 

determining the light affinity parameters are very important when light is the 

limiting factor, and the values will have impact on the estimate of all three model 

outcomes. The grazing size dependence, expo, is most important in the nut/grazing 

limited scenario as here the benefit of being large can be really important for growth. 

For the same reasoning also the grazing factor, fG, is among the top three influential 

parameters in this scenario. In the NonL scenario the light affinity parameters are 

again the most influential. Even though it is termed the “non-limited” scenario 

something will ultimately be limiting growth, and this indicate that light is probably 

often the limiting resource in this scenario. However here the maximum growth rate 

gmax is number three most influential, which makes sense as net growth rates are 

expected to closest to maximum in this scenario.  

For the prediction of carbon content, the parameters relating to the light affinity are 

most influential especially in the LL and NonL scenario. Under the NL scenario, 

where grazing pressure is high both the grazing size scaling and the grazing factor are 

very influential for the carbon content, indicating that the benefit of large size is of 

cause most important when predation pressure is highest. 

For the prediction of the vacuole size the quantum yield of photosynthesis (cL) is again 

important under the light limited and non-limited scenario, but also the costs (βL, βSi, 

βN) are important for how large the vacuole may be. Under the nutrient limited 

scenario the carbon density of biomass (cb) is most influential. In this scenario the 

optimal diatoms are quite small, and cb [µg C µm-3] determines the volume of the 

cytoplasm and thereby indirectly influencing the volume available for the vacuole. 

Under the light limited and non-limited scenario the three parameters relating to 

photosynthesis (cL, φL and κ) are almost always among the top three most influential 

parameters, as here the diatoms are/can be light limited, whereas under the nutrient 

limited scenario the diatoms are not light limited and cL is not very influential. 

The parameters ρv, ρb, cmem, m, m0 and are included in the sensitivity analysis but do 

not appear in the top three influential parameters under any scenarios, which mean 

that changes within the defined range of uncertainty of those 5 parameters do not 

have a very large impact on results. The outcome of the sensitivity analysis is of cause 

dependent on the parameters chosen for analysis and the range of input uncertainty 

on the individual parameters. However, the model responses to changes in input 

parameters is in accordance with our mechanistic understanding of diatom ecology 

and the results are not driven by only one parameter, but most input parameters are 

important for the model outcome under some conditions.   
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Figure 3A Sensitivity of model results (growth, carbon content and vacuole) towards key input 

parameters (indicated over the bars) under the three extreme scenarios. 

Grazing size dependence 

The size dependence of grazing, expo, is important in the nutrient limited scenario, 

where grazing pressure is high. However, in the non-limited scenario we observe a 

significant lead in growth rate of the diatoms over the non-diatoms (Figure 8) 

therefore we examine how changes in the grazing size scaling influence the diatoms 

lead in growth rate in this scenario. The value of the grazing dependence determines 

how strong the benefit of being large is in terms of reduced mortality, and the more 

negative the greater the advantage.  

Using the values for input parameters as noted with bold in table 2 and the -1/4 

exponent, the growth rate of the optimal diatom is 0.28 day-1 higher (Table 3). 

Examining the response of the diatom lead in growth to the value of the grazing size 

dependence, reveals that for values close or equal to 0, there is no advantage of being a 

diatom, but that for increasingly negative values there is quite quickly a benefit 

peaking at an average of 0.3 day-1 (Figure 5A, solid black line). The specific set of 

parameters that are used as default in the model estimates a higher advantage 
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compared to the mean of all runs. It is interesting that for more negative values of the 

grazing exponent, the advantage diminishes. This occurs as the non-diatoms are also 

able to have quite large sizes in non-limited conditions, and when the difference in size 

diminishes, also the difference in grazing mortality diminishes, and thereby the 

advantage of the diatoms.  

 
Figure 4A: The lead in growth of the diatom for different size dependencies. The solid black 

line is at the mean of all runs with input parameter values varying as in table 2, the thin grey 

lines illustrate the individual runs with each set of input parameters, and the grey shade 

covers the area between the 5th and 95th percentiles of these runs. The thin black line is the 

specific run with input parameters as listed with bold in table 2, the “default” set of input 

parameters. The vertical dashed line is marking the -1/4 exponent. This analysis is performed 

with L, N, Si and copepod grazers as under the non-limited scenario, where the diatom has a 

lead of 0.28 day-1 compared to the non-diatom (Figure 8 & table 3). 
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Appendix E – Sinking of diatoms 
The vacuole counteracts the ballast of the heavy silica shell to a degree where 

neutrally or even positively buoyant diatoms have been observed. In order to 

achieve this the diatom must fill up the vacuole with something lighter than 

seawater, which can be done by pumping out heavy ions (Ca2+, Mg2+, SO4
2-) and 

replacing by lighter ions (Na+, NH4+, H+) (Raven 1997), thereby obtaining a 

vacuole density as low as 1010 kg m3. For geometric reasons there is a 

minimum size at which it is possible for a diatom to have neutral buoyancy, 

small diatoms simply cannot have vacuoles large enough to lift the silica shell.  

 
Figure 5A (a) The density of the vacuole required to obtain neutral buoyancy. (b) The sinking 

speed (m day-1) for a diatom with a vacuole density of (dashed line) 1010 kg m3 and (solid lines) 

1027 kg m3. 

Our model assumes a shell thickness dependent on cell size, which of cause 

impacts the estimation of sinking speed. This means that small diatoms will 

have very thin shells (1-2 nm for 1-2 µm, Eq. 1), and therefore they are actually 

able to obtain neutral buoyancy, but only if they have very large vacuoles filled 

with low density seawater (1010 kg m-3). Large diatoms can have neutral 

buoyancy with ≈80% vacuole if they fill it with the lighter ions (Figure 5). Some 
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report fat droplets in the vacuole sap which would decrease density 

significantly and thereby the size of the vacuole needed to attain neutral 

buoyancy. If the diatom uses normal density seawater in the vacuole sap, only 

vacuole sizes above 90% impacts the sinking speed, but if a diatom of 10-2 µg C 

and 80 % vacuole lowers the density of the vacuole sap to 1010 kg m-3 it can 

have same sinking speed as a diatom almost two orders of magnitude smaller 

(Figure 5). So by modulating the density of the vacuole the diatom can 

significantly alter sinking speed, which might explain the apparent deviation of 

observed sinking speeds from sinking speeds predicted with Stokes Law 

(Miklasz & Denny 2010).  
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Abstract 
Diatoms are among the most important primary producers in the world. They 

have a special physiology with a hard silica exoskeleton and a water-filled 

central vacuole, which makes them unique among the pelagic phytoplankton. 

As these unique traits of diatoms are probably linked to the success of the 

species, we collect the available size-structured data on diatom carbon, 

nitrogen and silicon contents, which we use to reveal systematic variations in 

the traits of cytoplasm, frustule and vacuole volume. The estimated allometric 

scalings of the physiological traits are similar to earlier direct observations of 

the traits, and generally we are able to make realistic predictions about how 

macronutrients are distributed within the cell based on a spherical diatom 

model and the stoichiometric observations. We find that all three key traits 

increase with size, however not proportionally, underlining that the costs and 

benefits of diatom physiology manifests differently across size classes. 

Introduction 
Diatoms are arguably the most important primary producers in the world’s 

oceans, contributing with about 45 % of marine primary production (Mann, 

1999) they are responsible for as much as 50 % of global carbon export flux 

(Falkowski et al., 2003), with explicit dominance after seasonal bloom events 

(Sarthou et al., 2005). Diatoms differ from other marine pelagic protists by 

having hard silicate frustules and large central vacuoles filled primarily with 

water. This physical construct brings benefits, costs and restrictions to diatoms 

that are not relevant to other members of the unicellular plankton community. 

A large vacuole for instance, apart from many other potential benefits, first and 
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foremost provides diatoms with a larger physical size than non-vacuolated cells 

of the same biomass (cytoplasm volume). This Winnie-the-pooh strategy (large, 

yet small) provides diatoms with increased diffusive nutrient uptake capability 

as well as lowered predation risk (Thingstad et al., 2005), even without 

factoring in the mechanical protection potentially provided by the frustule 

(Hamm et al., 2003).  There are of course trade-offs: the frustule requires an 

additional nutrient – silicon – which can become limiting from time to time. 

The frustule also increases cell’s density and hence, potentially, the sinking 

rate. In this context the vacuole is thought to serve in regulating the cell’s 

buoyancy. With a few exceptions (Werner, 1977), the frustule precludes the 

ability of diatoms to engage in phagotrophy as practiced by many of their 

mixotrophic competitors/consumers. In effect, this delineates a dichotomy in 

the nutrient acquisition strategies of planktonic primary producers between 

enhanced dissolved nitrogen uptake for diatoms compared to access to 

particulate organic phosphorous for mixotrophs. 

The success of diatoms is likely attributed to their unique physical 

properties: vacuole and a frustule. Moreover, diatoms are typically observed to 

have high maximum growth rates compared to other phytoplankton (Davidson 

et al., 1999; Geider et al., 1997; Quere et al., 2005), although the exact 

mechanism that leads to this advantage remains unclear (Hansen and Visser, 

2019). Indeed, this unique suite of attributes exhibited by diatoms would 

suggest that the frustule, vacuole and high growth rates are somehow linked: if 

not, why would other unicellular plankton not just evolve the same high 

growth rates and outcompete the diatoms? Seeking a mechanistic 

understanding of diatoms’ successful life strategies requires some basic enquiry 

into their physical structure; for instance how big a fraction of the cell volume 

is typically occupied by the vacuole; how thick is the frustule; and are there 

systematic variations of these fractions with size. Direct measurements of 

these physical attributes are scarce; instead we propose using stoichiometric 

measurements together with a conceptualized diatom model to infer size 

relationships of these key diatom traits. 

While the stoichiometry of a cell can be readily measured in the 

laboratory, it is more difficult to estimate the exact physiology of the cell, e.g. 

how much of the measured carbon origins from the cytoplasm, the membranes 

or the vacuole. A better understanding of the partitioning of macronutrients 

within diatoms and their relationship with the physiological traits of size, 

frustule and vacuole can improve the volume based estimation of carbon 

contents, but also provide estimates of diatom impact on ecosystem functioning 

and oceanic cycling of carbon and silicon. 
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We have collected the available size-structured data on the chemical 

composition of diatoms and evaluate size dependencies of the most important 

components like nitrogen, carbon and silicon. We wish to better understand 

how the need for these three resources scales with size and how cell physiology 

can be related to the elemental stoichiometry. We estimate the key 

physiological traits defining the diatom, such as vacuole volumes, frustule 

thicknesses and cytoplasm volumes from this data. In this, we try to improve 

and assemble the current understanding of how the characteristic diatom traits 

change in terms of size. 

Materials and method 
Conceptual model of a diatom 
In terms of its physical dimensions, a diatom cell can be thought of as being 

composed of four essential compartments, each occupying a given volume of the 

total cell volume (V): its frustule (VF), its vacuole (VV), its cytoplasm (VB) and 

its enveloping cell membranes (VM). There are of course other vital components 

including plastids, mitochondria, ribosomes and DNA, but for the time we 

consider these as part of the cytoplasm. The volume occupied by the cell 

membrane would typically be small, but is included here as the membrane 

compartment becomes an important limiting factor for small cells as well as 

cells with large vacuoles (Raven, 1987). The four cell compartments contain 

nitrogen, carbon and silicon in different amounts. Given the stoichiometric 

makeup of the cell (C, N and Si) and the total volume (V) we have four 

equations with four unknowns (VB, VF, VV and VM) (Eq. 1): 

    

   



   

B B F F V V M M
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(1a) 

(1b) 

(1c) 

(1d) 

where the ci, ni and si represent the density [µmol µm-3] of carbon, nitrogen and 

silicon in each compartment denoted B, F, V and M. In this formulation, we 

assume there is no silicate other than in the frustule, that both carbon and 

nitrogen can be stored in the vacuole (e.g. carbon associated with lipids and 

carbohydrates, and nutrients with luxury uptake (Raven, 1987)), and that the 

frustule also contains some carbon and nitrogen (in the organic matrix 

associated with its construction and the organic casing to prevent its 

dissolution (Schmid et al., 1981)). 
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We carry forward the analysis choosing a spherical model (Fig. 1), but in 

principle any other shape (like shapes described in Hillebrand et al. (1999)) 

could be used for analysing the compartmentalisation of the diatoms based on 

the stoichiometric data available. 

 

Figure 1 The conceptual model of a diatom with four main compartments: a 

central vacuole, the silica frustule and a biomass enveloped by membranes. 

The diatom has equivalent spherical radius r and vacuole radius rv. 

The spherical construct is sometimes criticised as presenting a geometric 

shape with the lowest surface to volume ratio. This is not exactly correct as an 

excribed cylinder or cube on a sphere (radius r) all have exactly the same 

surface to volume ratio (3/r). Be that as it may, the spherical model is simple, 

and from geometric considerations, we can estimate the volume of the 

individual components as 
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tM and tF are the thickness of the membrane and frustule respectively and v is 

the radial fraction of the vacuole. The key physical traits we want to uncover 

here are the frustule thickness tF and volume VF, the cytoplasm volume VB and 

the vacuole dimension, v (typically the volumetric fraction 3'v v ). The other 

parameters involved are constrained to a greater or lesser degree – membrane 
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thickness is relatively well known as are the carbon and nitrogen content of the 

biomass and membrane material. Other parameters like silicate content of the 

shell, the shell porosity and its carbon content are less well constrained but can 

be estimated within a given range, while the content of the vacuole is highly 

variable and thus poorly constrained. 

Data 
Data collection 
We compiled available size-structured data on the chemical composition of 

diatoms and evaluate size dependencies of three of the most important 

components: nitrogen, carbon and silicon. Together with the conceptual model 

of the diatom (Fig. 1), we estimate the key physiological traits defining the 

diatom: vacuole, frustule and cytoplasm volume. For the largest part of the 

analysis we use only studies where silicon was measured simultaneously with 

nitrogen and carbon (Brzezinski, 1985; Eppley et al., 1967; Harrison et al., 

1977; Parsons et al., 1961), as this is required to be able to estimate all the 

physiological traits. Liu et al. (2016) also measured silicon content of the 

diatom Thalassiosira weissflogii simountaneously with C and N, but they have 

constructed their experiments in a way to manipulate the silica content of the 

diatoms, and hence their observations have not been included in this analysis. 

In the estimation of a C:vol and N:vol relationship data from Ho et al. 

(2003), Moal et al. (1987), Montagnes et al. (1994) and Mullin et al., (1966)  is 

included as well. Unfortunately these latter studies do not measure the silicon 

content and therefore they cannot contribute to the estimations of cytoplasm 

volume, vacuole volume and shell volume. 

Statistical analyses 
We derive robust regressions based on the collected data, but we also examine 

correlations that are not statistically significant and discuss the meaning in 

those cases. Regression expressions are in log format where log y = b log x + log 

a, such that b describes the slope of the regression and a the intercept with the 

y axis. An exponent of b = 1 corresponds to a linear increase in normal axes, 

and any deviation from b = 1 means that y increases at a rate that is either 

slower (b < 1) or faster (b > 1) than x. 

In all observations volume, silicon, nitrogen and carbon content have 

been measured/estimated independently, except one (Ditylum brightwelli) 
where the volume has been estimated based solely on the geometric 

considerations described by Hillebrand et al. (1999). Table AI in Appendix I 

lists data with references. 
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Silica frustule 
The frustules of diatoms consist of hydrated amorphous silica (SiO2∙nH2O) in 

some intermediate state between silica gel and opaline silica depending on the 

species (Kamatani, 1971; Schmid et al., 1981). To reduce dissolution, the silica 

structure is coated in an organic layer (Schmid et al., 1981). In addition, 

frustules are porous to varying degrees, further decreasing the effective silicon 

density (Miklasz and Denny, 2010). 

First, we estimate the frustule volume based on the observation of Si per 

cell. In this, we assume that all cell Si is contained in the frustule, which we 

consider a reasonable assumption as the silicate uptake occurs mainly during 

one phase (G2-phase) just before cell division (Flynn and Martin-Jézéquel, 

2000; Martin-Jézéquel et al., 2000), and therefore generally not stored in the 

cell other than in the frustule (Kooistra et al., 2007). The volume of silica in the 

frustule (VSilica) is found as 

 /Silica Silica silicaV S m   (4) 

where S is the observations of silicon content [pmol Si cell-1], mSilica is the molar 

mass of silica (SiO2, 60.08 pg pmol-1) and ρSilica is the density of pure amorphous 

silica (2200 kg m-3 = 2.2 pg µm-3). To estimate the frustule volume (VF), we also 

have to account for the organic content and porosity: 

 / (1 ) / ( (1 ))F Silica Silica SilicaV V S m           (5) 

where ϕ is the porosity of the shell (7-37.5 % void space (Losic et al., 2007; 

Miklasz and Denny, 2010) ) and σ is the organic content of the shell (as a 

volumetric fraction). Here we note that the sum of void space and organic 

fraction cannot exceed 1 and the remaining fraction represents the actual silica 

volume. Silica content of the frustule ranges 10-72 % of total weight (Schmid et 

al., 1981), equivalent to 4-51 % on a volume basis, if the rest is organic carbon 

and porosity is 20 % (See Appendix II for detailed calculations). The variation 

in porosity and especially organic content gives a possibility of fitting the shell 

thickness and/or volume to observed values, and thereby estimate an average 

silica fraction ( 1     ) of the diatom frustules of our data. 

Organic coating of frustule 
The organic coating around the shell is approximately 7-10 nm thick and 

adheres tightly to the shell, in a way that make the two compartments difficult 

to separate (Schmid et al., 1981). It consists mainly of carbohydrates (sugars) 

and amino acids and to a lesser degree of lipids, in a distinctly different 

composition than in the cell cytoplasm (Hecky et al., 1973). The coating is an 
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important feature for the diatom as the dissolution rate of the shell also depend 

on the nature of the organic coating (Kamatani, 1971; Schmid et al., 1981). 

There are distinct differences in the amino acid and sugar composition of the 

organic coating between diatom species, a feature that has been proposed as a 

method of distinguishing diatoms taxonomically in addition to that currently 

based on frustule architecture (Hecky et al., 1973). 

Given 10-72 mass-% silica content of the frustule, the organic content 

ranges from 28-90 %. As the protein/carbohydrate ratio in the organic coating 

range from 0.33 to 6.5 (Schmid et al., 1981) and the average N content in 

protein is approximately 15 % (on a molecular weight basis) and none in the 

carbohydrates, the nitrogen content of the organic compartment potentially 

ranges from 3.72 – 13% (neglecting the small amount of lipids). Hecky et al. 

(1973) analysed the density of 17 amino acids and 6 sugars found in frustule 

organic coating of 6 different species of marine diatoms. The average carbon 

element contents of these amino acids and sugars are 45% and 41 % (by 

molecular weight) respectively, thereby setting the limits of carbon content in 

the organic coating. This means that the organic coating of the frustule has a 

C:N [g C (g N)-1] ratio of 3.5 or up to 11.3 depending on the relative 

contribution from carbohydrates compared to proteins. Detailed calculations of 

ratios and contents can be assessed in Appendix II. 

Taking into account the above fractionation between organic material 

(protein vs carbohydrate) and silica, the frustule density potentially varies 

from 1131 – 1945 kg m-3, assuming the densities of amorphous silica, protein 

and carbohydrates approximate 2200, 1350 and 900 kg m-3 respectively. The 

silicon content in amorphous silica is 46.8 % by weight, and the silicon density 

of diatom frustules therefore ranges 1.9-23.4 fmol Si µm-3, with a higher 

uncertainty on the lower estimate due to the unknown degree of hydration. On 

the other hand, the density of carbon in the frustule varies between 17.9-43.8 

fmol C µm-3, which is quite high compared to cell cytoplasm (9.2-10.4 fmol C 

µm-3(Raven, 1987; Strathmann, 1967)) but lower than typical cell membrane 

material (50 fmol C µm-3 (Raven, 1987)). The organic material surrounding the 

frustule origins from the silicalemma-membrane, therefore when the organic 

material fraction is 90 % of the frustule, the carbon density is comparable to 

that of membrane. The nitrogen density of the frustule varies between 1.5– 

13.5 fmol N µm-3, assuming that the C:N ratio potentially ranges 3.5-11.3. 

Again, detailed calculations of densities can be assessed in Appendix II. 

If a typical frustule consists of 80 % organic content (based on weight 

with protein/carbohydrate ratio of 6.5) and 20 % silica, the total density is (0.8 

* 1290 kg m-3 + 0.2 * 2200 kg m-3 = ) 1472 kg m-3 an estimate consistent with 
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Csögör et al. (1999) who measure a frustule density of 1460 kg m-3 in Cyclotella 
cryptica, which implies quite a high organic content and/or porosity in the 

frustule. 

Estimation of biovolume and vacuole size 
Estimation of carbon contents on the basis of observed cell volume is used 

frequently to approximate biomasses in oceanic phytoplankton communities 

(Montagnes et al., 1994). Earlier, cell carbon content was estimated with a 

volume-based regression covering all phytoplankton species (Mullin et al., 

1966), whereas, nowadays it is recognized that the case of diatoms is special as 

they (at least the large diatoms) have big vacuoles and hence a lower carbon to 

volume ratio. Separate regressions have been developed to deal with the 

estimation of carbon content based on volume in diatoms (Menden-Deuer and 

Lessard, 2000; R. R. Strathmann, 1967). 

The vacuole is an important feature of the diatom, forming up to over 80 

% of total cell volume (Raven, 1996). By assuming that cytoplasm has a 

constant carbon content of 0.11 pg C per µm3 (Strathmann, 1967) (equal to 9.17 

fmol µm-3), we calculate the equivalent cytoplasm volumes (biovolumes) from 

the observed carbon contents of the diatoms. However, before we make the 

estimation we subtract the amount of carbon in the frustule (VFcF). Note that 

this first biovolume estimate contains all cell carbon, membrane and 

cytoplasm. To distinguish this from the biovolume proper we denote this as VB’ 
which can be estimated as, 

 ' ( ) /B F F BV C V c c   (6) 

By subtracting the biovolume and shell volume from the total observed volume 

of the diatom we estimate a vacuole volume VV: 

 '  V F BV V V V  (7) 

For some of the smaller diatoms, estimates of vacuole volumes become 

negative, suggesting that they have higher carbon density than the assumed 

0.11 pg per µm3, and is consistent with a relatively greater  volume occupied by 

high carbon density membranes (50 fmol C per µm3 (Raven, 1987)). We set 

these estimates with negative vacuole volumes to zero, in the recognition that 

they probably have very small vacuoles. 

The cytoplasm volume can be found by subtracting the membrane 

volume from VB: 

 ' B B MV V V  (8) 
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where VM is found using the radial vacuole fraction v and equation 2a. 

Menden-Deuer and Lessard (2000) estimated an allometric scaling of the 

carbon content of diatoms significantly lower than other protists due large 

vacuoles that are present especially in the large diatoms (C/cell = 0.288V0.811). 

Assuming that the lower carbon content of diatoms because of the presence of a 

vacuole only, we can estimate a volumetric vacuole fraction based on the 

Menden-Deuer and Lessard (2000) regression : 

 0.811' ( (0.288 ) / ) / MD Bv V V c V  (9) 

All the carbon, silicon and nitrogen densities of the different cell compartments 

can be examined in Table I, together with other relevant constants/estimates. 

Results 
Carbon, nitrogen and silicon 
The slope of the C:vol regression of 0.80 from all the data is very similar to the 

one estimated by Menden-Deuer and Lessard (2000) of 0.811, however the 95 % 

confidence intervals are a little tighter in their study (±0.028 vs ±0.05 in this 

dataset, Tab. II). Indeed, there is an overlap of data in this study and Menden-

Deuer and Lessards (2000).  

Figure 2 Silicon, nitrogen and carbon per cell vs cell volume (A) and cell surface 

(B). Observations of C:N and Si:C ratios (C) and the Si and C content per unit 
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area (D) as a function of cell area. Dashed lines are 1st order least squares 

regression models (See tab. II). 

In contrast to our study, they include the data of Strathmann (1966) in their 

regression analysis, however, they exclude observations on Ditylum 
brightwellii from this dataset, both as its volume is probably overestimated and 

it seems that this species show a distinct departure from the general C:volume 

relationship (Menden-Deuer and Lessard, 2000). Instead observations from 

Brzezinski (1985) and the newer observations from Ho et al. (2003) are 

included, and approximately 50 % of the datapoints here are new compared to 

Menden-Deuer and Lessards (2000) study. All in all, it is a confirmation of the 

robustness of Menden-Deuer and Lessards C:volume estimation that we obtain 

such similar result. 

The part of the data that had simultaneous measurements of C, N and Si 

has only 13 % of the observations in common with Menden-Deuer and Lessard, 

as most of this data originate from Brzezinski (1985), that they did not include. 

The C:vol slope of this data is shallower than the full dataset, only 0.75 (Tab. 

II). The shallower slope implies that in this data the carbon content does not 

increase as much with size as in the full dataset. Following from a lower carbon 

content is a smaller biovolume and hence a larger vacuole volume, with this 

tendency increasingly important for increasing size. We were not able to 

identify the reason for the shallower slope, it does not make any difference if 

we remove the D. brightwelli observations that could be biased. Instead, we 

must bear in mind when carrying the analysis further, that vacuole volumes 

could be overestimated in this dataset. 

N:vol regression includes the same data as for the C:vol regression, 

except that the dataset of Mullin et al. (1966) does not include measurements 

of nitrogen (Tab. AI, Appendix I). The N:vol slope is very similar (0.81, Tab. II) 

to the C:vol slope, but the confidence intervals are much broader (± 0.11). This 

is likely due to the more variable nature of the nitrogen containing components 

of cell material and luxury uptake of N stored in the vacuole (Kooistra et al., 

2007; Raven, 1987; Smetacek, 1999). As indicated by the similarity of the C:vol 

and N:vol slopes, the C:N ratio shows no correlation with size (Tab. II and fig. 

2C). This is in accordance with the existence of a generally applicable constant 

C:N ratio in biomass (Redfield ratio), that broadly applies to marine 

phytoplankton. The average C:N ratio in our collected data of 8.16 ± 1.33 is, 

however, higher than the generally accepted Redfield ratio (6.63). 

Si:vol regression slope of 0.89 ± 0.1 is higher than for C and N (Fig. 2A & 

tab. I). This higher slope indicates that there are proportinally more silicon 
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than carbon in larger diatoms, which can be seen in the Si:C ratio that shows a 

slight increase with size (Fig. 2C), however the trend is not very significant. 

The observations of silicon content origin from 30 different diatom species 

grown under both continous light or alternating light cycles. Silicon content is 

known to be highly variable depending on for example taxon, 

marine/freshwater habitat (Conley et al., 1989), growth rate (Liu et al., 2016), 

cell density (Jørgensen, 1955), light availability (Liu et al., 2016), presence of 

grazers (Pondaven et al., 2007), nutrient condition (Harrison et al., 1977), 

temperature (Paasche, 1980), and probably also other things. Due to this 

variable nature, it might be difficult to derive a robust allometric scaling 

covering many different species and conditions. Indeed, for this to be possible a 

vast amount of data on Si content of diatoms would be needed. Even then, it 

would be difficult to disentangle the contribution of size to the differences in Si 

content from all the other influences. The silicon content per surface area as a 

function of volume can be a proxy for the shell thickness, however that 

regression shows quite bad fit to the data (Tab. II and fig. 2D) due to a large 

spread in the data. This indicates a weak depenence of shell thickness with 

size. 

Biovolume and vacuole content 
As diatoms generally contain a large central vacuole, the biomass tends to be 

confined in a layer typically around ~1-3 µm thick sandwiched between the 

vacuole and frustule (Sicko-Goad et al., 1984; Strathmann, 1967). In our data, 

the mean cytoplasm thickness is 1.06 ± 0.22 µm (95% C.I. of mean) and shows 

no correlation with size (Tab. II, Fig 4B). Many of the estimated cytoplasm 

thicknesses are lower than the previous observations, and can be attributed to 

the low C:vol slope in the part of the data used to estimate vacuole sizes (Tab. 

II), that leads to high vacuole volumes and hence a thin cytoplasm layer. 
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Figure 3 (A) Estimated biovolume as a function of volume. The dashed black 

line is the regression line fit to the data from this study. (B) Vacuole content as 

a function of volume. The black solid line is the estimation of vacuole size based 

on Menden-Deuer and Lessard’s C:volume regression. In both (A) and (B) the 

filled squares are the estimates from this study. 

The estimated vacuole fraction do not have a very systematic correlation 

with size, but it seems that the large diatoms >3000 µm3 must have large 

vacuoles (>50%), and that the smaller diatoms can either large or small 

vacuoles (Fig. 3B). This trend could also arise as the vacuole content of the 

smaller diatoms (<3000 µm3) might be difficult to estimate with our model, due 

to the general resemblance of diatoms <3000 µm3 to other (non-vacuolated) 

protist plankton with regards to the carbon density (Menden-Deuer and 

Lessard, 2000). Large diatoms definitely need large vacuoles in order not to 

sink out of the water column and indeed all diatoms in our dataset larger than 

3000 µm3 have large vacuoles. The vacuole size is estimated without assuming 

any carbon content in the vacuole, but if some of the cell carbon content is 

indeed stored in the vacuole, the estimated vacuole sizes would be larger. 

Raven (1995) visualizes measurements of vacuole sizes and observes an 

increase in vacuole proportion with size. Fig. 3B reproduces these observations, 

and they generally plot higher than the vacuole sizes expected from the 

estimates based on the Menden-Deuer and Lessards regression, but in the 

same region as our estimates. Hitchcock 1982 noted the cytoplasm volume/total 

volume ratio of 11 centric diatoms, where he found a decreasing trend, with the 

smallest diatom having cytoplasm volumes equal to total volume and the 

largest diatoms only having cytoplasm volumes equal to 10% of the total 
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volume (also replotted in Fig 3B), and his observations of vacuole volume are 

generally lower compared to our estimates. 

 

Figure 4 A) Observed nitrogen content vs the nitrogen content estimated based 

on the conceptual diatom model with the estimated C:N ratios of the cytoplasm 

and the membranes, frustule N density of 4.70 fmol N µm-3 and a N content 

stored in the vacuole of 0.3 fmo 

Cytoplasm volume increases with size; it is a reflection of the cell carbon 

content (Eq. 6) and therefore slopes are similar (Tab. II, Fig. 3A). The vacuole 

volume vs volume regression has the highest slope of the three traits of 

frustule, vacuole and cytoplasm volume (Tab. II). This means that large 

diatoms have proportionally larger vacuoles, but that the frustule volume does 

not increase isometrically. The increase in vacuole volume in large diatoms 

reduce their sinking speed, and the fact that the frustule volume does not 

increase proportionally, might be to further prevent sinking; more silica would 

increase sinking speed, which would increase the need to vacuolate and 

thereby increase size and so on. All in all, the disproportionality among the 

regressions of the key physiological traits indicates that the benefits and costs 

of frustule and vacuole are not equal in small and large diatoms. 

Frustules 
Miklasz and Denny (2010) observed and measured the thicknesses of frustules 

in 5 different diatom species and did not find a significant intra- or interspecific 

size-dependent variation in frustule thicknesses, which is the same case for our 

data (Tab. II). There do however seem to be a dependence on size both in our 

estimations and their data (Miklasz and Denny, 2010), but it is probably 

scattered due to interspecific variance in shell structure and thickness, some of 
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all the reasons for variability in silicon content listed earlier. One could 

speculate that more comparable measurements of shell thicknesses could 

provide a stronger significance of such a relationship. The actual thickness of 

diatom frustules have been measured ranging 0.05 - 5.5 µm (Miklasz and 

Denny, 2010; Semina, 2003) (measurable thickness including both porosity and 

organic content), and Sicko-Goad et al. 1984 measured frustule volumes per 

cell as a function of cell volume. Including realistic values for porosity ( 30% 

) and organic content ( 49%  ) our estimated frustule thicknesses range 0.02 

– 4.4 µm (disregarding the shell-less Pheaodactylum tricornutum) which 

corresponds to these earlier measurements (Fig 5). The slope of the frustule 

volumes from our data is a little steeper than what was observed by Sicko-

Goad et al. (1984), but clearly, taking into account porosity and organic 

content, moves the estimate close to observations (Fig. 5A). In all, we have a 

nice fit with the frustule observation when porosity is 30 %, organic content is 

49% and hence the silica content 21%, which is equivalent to Si density, sF, of 

11.02 fmol Si µm-3, a carbon density, cF, of 17.87 fmol C µm-3 and nitrogen 

density, nF, of 4.70 fmol N µm-3 all in the frustule (Appendix II for calculations). 

 

Figure 5 (C) Estimated frustule volumes and (D) thicknesses as a function of 

cell volume. Solid squares are data collected in this study and empty squares 

are observations from other studies. Black dashed lines are models fitted to our 

data. In (C) the 

Nitrogen content 
We use the observations of carbon content as the base for estimating the 

biovolume, the vacuole volume and the membrane volume, as described earlier. 

As nitrogen has been measured independently from carbon in all observations 
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we can use the estimated volumes and the knowledge of the C:N fractionation 

and N content in the different compartments to predict the total nitrogen 

content of the cell. We estimate the total N content based on our four 

compartments: 

 

/

   



est V V B B F F M M

B B B

N n V n V n V n V

n c CN
 

(10a) 

(10b) 

The slope of the regression between the observed and estimated N content is 

very close to 1 when we have 0.3 fmol N µm-3 of vacuole sap, 1.3 fmol N µm-3 

membrane, 1.3 fmol N µm-3 cytoplasm and 1.2 fmol N µm-3 frustule (Fig. 4A & 

tab. II). N density of the vacuole sap is the least well known, but Raven (1984) 

states a maximum N content of vacuoles of 0.3 fmol µm-3. The most important 

contribution to the cell nitrogen content is of course from the cytoplasm, but 

the estimate will, however, become quite underestimated if the amount of N 

that is in the vacuole is not taken into account (Fig. 6, medium grey line). 

Discussion 
All organisms require resources to build cell structure, machinery and 

ultimately to reproduce. Therefore, the study of stoichiometry gives important 

information about the amount of resources that is needed before a unicellular 

organism can divide and reproduce. In addition, the stoichiometry of an 

organism is a reflection of its physiology; however that information is not 

immediately available from stoichiometric data. Using the spherical model of a 

diatom and information about typical cell carbon densities, frustule 

stoichiometry and estimates of vacuole constituents, we make predictions of 

cytoplasm volumes, frustule thicknesses and volumes and vacuoles sizes that 

reflect observations and estimates from earlier studies. In this, we try to lift 

the study of stoichiometry from the basic study of the constituents of the cell 

into revealing some essential information about the function of organisms. The 

physical attributes that we estimate affect several vital aspects of diatom 

fitness, such as its nutrient affinities, buoyancy and hence sinking rate and the 

grazer resistance. We find that all three physiological traits (cytoplasm, 

frustule and vacuole volume) increase with increasing size, however not 

proportionally, indicating that the benefits and costs of the diatom physiology 

are not equal over size classes. The frustule volume does not increase 

isometrically with size; hence large diatoms do not have proportionally as thick 

frustules as smaller diatoms. This adaptation might have evolved to reduce 
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sinking speed in large diatoms and increase the amount of time they spent in 

the photic zone before sinking out (Miklasz and Denny, 2010). 

We find that there seems to be a trend of increasing shell thickness with 

increasing cell size. Part of this may be driven by a required scaling to ensure 

the strength is constant throughout size classes, and thus not compromised for 

large cells, both in terms of to maintain turgor pressure and the force from 

predators of increasing size and strength. Additionally, it is evident that there 

is a trade-off between size and growth rate; larger sized diatoms have lower 

growth rates (Banse, 1976; Hitchcock, 1982; Sarthou et al., 2005). Since 

increased silica uptake is related to the prolonging of the G2 phase during cell 

division (Martin-Jézéquel et al., 2000) and, hence, slower growth rate, we 

speculate how much of the increasing trend in frustule thickness can be 

ascribed simply to the decrease in growth rate, that is observed with increasing 

size. 

Chlorophyll content 
One of the advantages of having a vacuole is to increase the area over which a 

cell can potentially capture photons. However, in order to realize this potential, 

the cell must also invest in more plastids and hence pigments (Hansen and 

Visser, 2019; Raven, 1984). If the cell pigment content increases with the 

degree of vacuolation, and the degree of vacuolation increases with size, the 

slope of chlorophyll with size in diatoms must be higher than the carbon 

content with size, reflecting a higher density of pigment in the cytoplasm of 

highly vacuolated cells. In this study, as in previous studies, we find a slope of 

0.80 of the carbon to volume regression, which is significantly lower than in 

other phytoplankton groups due to the presence of the vacuole. However, 

Hitchcock (1982) measured chlorophyll contents of diatoms with size and found 

similar slopes of carbon and chlorophyll with volume (0.81 and 0.79 

respectively). Normalized to cytoplasm volume he found a constant chlorophyll 

density with size, not supporting the hypothesis that high chlorophyll density 

has to follow from a large degree of vacuolation. 

Shape 
Not all diatom species fit well into a spherical model. Also, the actual 

determination of the volume of a single cell is a complicated task and several 

methods exist. The optical measurement method used in most of the 

observations in this dataset, has the limitation that the cell will have to be 

described by the number of dimensions chosen for micrometry, and the method 

might lead to overestimation of cell volume as in the case of Ditylum 
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brightwellii in Strathmann (1967). The particle counter cell volume estimates 

also have biases, especially in the case of non-spherical cells (Kubitchek 1987), 

however they have improved the ability to estimate numbers and volumes in 

natural populations. Some fixation methods have been shown to decrease the 

cell volume of ciliates and underestimate cell volumes in general (Montagnes et 

al., 1994, Ohman and Snyder 1991). This underlines the importance of 

accuracy as well as attention when estimating cell volumes both in the process 

of designing experiments, reporting the results or using the data for modelling 

or statistical purposes, in particular when the cell volume is a key feature like 

in C:vol regression analyses. 

Conclusion 
Stoichiometry provides important information both on the growth potential and 

biogeochemical cycling impact of particular phytoplankton in varying 

environmental settings. Perhaps equally important, stoichiometry can be 

traced to the cells’ investment in different functional traits (Finkel et al., 2010) 

that ultimately influence the cells’ performance.  In this work, we have 

collected and analysed all available relevant information on the stoichiometry 

of N, C and Si in diatoms across size classes ranging six orders of magnitude, 

spanning most of the observed range of diatom sizes. We estimate key physical 

attributes of cell cytoplasm volume, vacuole and shell thickness. We find that 

the slopes of the macronutrients with cell volumes correspond well with 

previous observations. Using a spherical model of the diatom we use the basic 

stoichiometric observations to predict size scaling relationships of key diatom 

traits. This information is important for the development of trait-based models 

of ocean productivity and biogeochemical cycling, and their integration into a 

new generation of earth system models. 
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Table I. Values, units and references of parameters used in the estimation of 

diatom traits. The first number in the “Value” field represent the value that is 

used in the analysis presented in the result section. 
 Description Value (Range) Unit Reference 

CNB C:N ratio in biomass 7 mol C (mol N)-1 Raven (1987) 

CNM C:N ratio in 

membrane 

38 mol C (mol N)-1 Raven (1987) 

CNF C:N ratio in frustule 3.99 – 13.17 mol C (mol N)-1 Hecky et al. (1973); 

Schmid et al. (1981); 

Appendix II 

cB C density in biomass 9.2 – 10.4 fmol µm-3 Raven (1987); 

Strathmann (1967) 

cM C density in 

membrane 

50 fmol µm-3 Raven (1987) 

cV C density in vacuole 0 – 10 % of cell C  

cF C density in frustule 

organic material 

17.9 – 43.8 fmol µm-3 Schmid et al. (1981); 

Appendix II 

nB N density in biomass 1.3 – 1.5 fmol µm-3 Raven (1987) 

nM N density in 

membrane 

1.04 fmol µm-3 Raven (1987) 

nV N density in vacuole 

(plant) 

0 – 0.5 fmol µm-3 Raven (1987) 

nF N density in frustule 1.4 – 11 fmol µm-3 Schmid et al. (1981); 

Appendix II 

sF Si density in frustule 1.9 – 23.4 fmol µm-3 Schmid et al. (1981); 

Appendix II 

- N content in protein 15 weight-%  

- N content in sugars 0 weight-%  

- C content in protein 45 weight-%  

- C content in sugars 41 weight-%  

- Protein:carbohydrate 

in frustule organic 

coating 

0.33 – 6.5 g protein (g 

carbohydrate)-1 

Schmid et al (1981) 

ρSi Amorphous Si density 2200 kg m3  

ρB Cytoplasm density 1100 kg m3 Miklasz & Denny 

(2010) 

- Protein density 1350 kg m3  

- Carbohydrate density 900 kg m3  
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ρF Frustule density 1131 – 1945 kg m3 Appendix II 

  Frustule porosity 30 (7.5 – 37) % void space in 

frustule 

Miklasz & Denny 

(2010); Losic et al 

(2007) 

  Organic carbon 

content of frustule 

28 – 90 % of frustule 

weight 

Schmid et al. (1981) 
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Table II. Results of 1st order least squares regressions of log10 transformed 

data. 95% C.I. are seen in parentheses, R2 is the coefficient of determination 

and n is the number of data points included in the regression. Regressions are 

of the form log y = b log x + log a. The bold values of R2 mark the regressions 

where p>0.05. 

y x log a 95 % C.I. b 95 % C.I. R2 n 
Figure 

referenc

e 

Si cell-1 Volume -2.87 -3.21, -2.53 0.89 0.79, 0.99 0.87 52 Fig. 2A 

N cell-1 Volume -2.55 -2.91, -2.18 0.81 0.70, 0.91 0.83 68 Fig. 2A 

C cell-1 Volume -1.63 -1.84, -1.43 0.80 0.75, 0.86 0.90 93 Fig. 2A 

CSi cell-1 Volume -1.54 -1.84, -1.23 0.75 0.67, 0.84 0.86 52 - 

C:N* Volume 0.99 0.78, 1.19 -0.05 -0.1, 0.01 0.04 68 Fig. 2C 

Si:C Volume -1.52 -1.78, -1.25 0.17 0.09, 0.25 0.29 52 Fig. 2C 

Si cell-1 Area -3.91 -4.38, -3.45 1.32 1.17, 1.47 0.86 52 Fig. 2B 

C cell-1 Area -2.38 -2.81, -1.96 1.11 0.97, 1.25 0.84 52 Fig. 2B 

Silica 

thickness 

Volume -2.26 -2.64, -1.87 0.25 0.14, 0.37 0.29 52 - 

Fitted 

thickness 

Volume -1.58 -1.96, -1.19 0.25 0.14, 0.37 0.29 52 Fig. 5B 

Biovolume Volume 0.22 -0.07, 0.51 0.76 0.68, 0.84 0.91 36 Fig. 3A 

Biovolume* Volume 0.07 -0.18, 0.32 0.86 0.78, 0.94 0.98 13 Fig. 3A 

Frustule 

volume 
Volume -1.57 -1.96, -1.19 0.92 0.81, 1.03 0.84 52 Fig. 5A 

Frustule 

volume* 
Volume 0.02 -0.70, 0.74 0.75 0.51, 0.98 0.82 13 Fig. 5A 

C area-1 Volume 0.66 0.35, 0.98 0.09 0.00, 0.18 0.07 52 Fig. 2D 

Si area-1 Volume -0.27 -1.10, -0.35 0.24 0.13, 0.35 0.29 52 Fig. 2D 

Nestimate 

cell-1 
N cell-1 0.27 0.19, 0.35 1.05 0.95, 1.14 0.94 36 Fig. 4A 

Biovolume 

thickness 
Radius -0.25 -0.53, 0.04 0.21 -0.08, 0.49 0.06 36 Fig. 4B 

Vacuole 

volume 
Volume -0.54 -0.76, -0.32 1.09 1.03, 1.15 0.97 36 - 

*Data from Sicko-Goad et al. (1984) 
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Appendices 

Appendix I 

Table AI. Data on diatom species, cell volume and N, C and Si contents and references for 

the data. References: 1) Brzezinski (1985), 2) Harrison et al. (1977), 3) Eppley et al. 

(1967), 4) Parsons et al. (1961), 5) Moal et al. (1987), 6) Montagnes et al. (1994), 7) Ho et 

al. (2003), and 8) Mullin et al. (1966). 

Diatom species LD 

cycle 

Volume 

[µm3] 

Area 

[µm2] 

Si 

[pmol 

cell-1] 

C 

[pmol 

cell-1] 

N 

[pmol 

cell-1] 

Ref 

Asterionella glacialis 18:6 1100 770 1.10 9.20 1.30 1 

Bacteriastrum furcatum 18:6 2000 920 0.91 6.50 1.10 1 

Chaetoceros debilis 24:0 380 466 0.30 1.73 0.54 2 

Chaetoceros constrictus 18:6 3350 1240 1.00 10.00 2.40 1 

Chaetoceros convolutes 18:6 15100 5436 7.30 65.00 14.00 1 

Chaetoceros pelagicus 18:6 983 570 0.30 3.30 0.34 1 

Chaetoceros sp. 1 18:6 527 379 0.73 4.90 0.59 1 

Chaetoceros sp. 2 18:6 379 334 0.12 3.10 0.16 1 

Chaetoceros sp. 3 18:6 1720 912 1.70 12.00 1.50 1 

Corethron criophilum 18:6 30700 5833 11.00 79.00 10.00 1 

Coscinodiscus granii 18:6 97600 11712 100.00 280.00 46.00 1 

Ditylum brightwellii 8:16 15876 4977 7.23 8.74 44.41 3 

Hemiaulus sinensis 18:6 7550 2567 3.40 14.00 2.40 1 

Lauderia borealis 18:6 5950 1845 1.50 19.00 0.64 1 

Leptocylindrus danicus 18:6 1660 1046 0.19 2.30 0.31 1 

Nitzschia sp. 1 18:6 1680 1058 0.39 5.10 0.21 1 

Nitzschia sp. 2 18:6 215 211 0.06 0.62 0.05 1 

Rhizosolenia alata 18:6 482000 53020 39.00 270.00 49.00 1 

Skeletonema costatum 24:0 181 180 0.08 0.71 0.14 2 
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Skeletonema costatum 24:0 1390 301 3.39 5.49 2.82 4 

Skeletonema costatum str. 1 18:6 202 200 0.04 0.61 0.07 1 

Skeletonema costatum str. 2 18:6 1040 593 0.61 5.50 0.65 1 

Stephanopyxis palmeriana 18:6 332000 26560 28.00 150.00 19.00 1 

Surirella sp. 18:6 1660 963 2.20 18.00 1.60 1 

Thalassionema nitzschioides 18:6 501 626 0.21 0.50 0.05 1 

Thalassiosira aestivalis 18:6 16300 3586 13.00 89.00 13.00 1 

Thalassiosira gravida 24:0 6030 1834 2.01 12.67 4.69 2 

Thalassiosira oceanica 18:6 153 161 0.11 2.00 0.27 1 

Thalassiosira partheneia 18:6 893 518 0.31 4.80 0.52 1 

Thalassiosira pseudonana 18:6 136 147 0.21 4.20 0.76 1 

Thalassiosira rotula 18:6 10400 2600 5.30 56.00 6.70 1 

Thalassiosira weissflogii 18:6 1800 828 1.20 18.00 2.40 1 

Asterionella glacialis 24:0 822 510 0.68 5.60 0.89 1 

Chaetoceros pelagicus 24:0 505 394 0.45 28.00 0.44 1 

Chaetoceros sp. 1 24:0 1050 630 0.45 3.30 0.51 1 

Chaetoceros sp. 2 24:0 142 169 0.14 1.60 0.12 1 

Chaetoceros sp. 3 24:0 496 461 1.70 15.00 1.40 1 

Chaetoceros sp. 3 24:0 43700 6992 37.00 168.00 19.00 1 

Hemiaulus sinensis 24:0 1920 1555 5.10 27.00 3.30 1 

Leptocylindrus danicus 24:0 2130 1299 7.80 68.00 11.00 1 

Nitzschia sp. 1 24:0 608 572 0.25 2.80 0.36 1 

Nitzschia sp. 2 24:0 24 63 0.08 0.83 0.10 1 

Skeletonema costatum str 1 24:0 73 99 0.05 0.49 0.07 1 

Skeletonema costatum str 2 24:0 405 324 0.19 1.30 0.19 1 

Stephanopyxis palmeriana 24:0 818000 57260 95.00 783.00 100.00 1 
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Surirella sp. 24:0 2010 884 1.50 11.00 1.20 1 

Thalassiosira oceanica 24:0 184 178 0.09 1.80 0.19 1 

Thalassiosira pseudonana 24:0 95 116 0.05 1.10 0.13 1 

Thalassiosira rotula 24:0 11500 2990 2.80 25.00 3.40 1 

Thalassiosira weissflogii 24:0 1300 676 0.75 16.00 1.80  

Coscinodiscus sp. 24:0 3420000 54887 5620.69 3690.21 1383.83 4 

Phaeodactylum tricornutum 24:0 120 59 0.00 0.27 0.08 4 

Thalassiosira rotula 24:0 14250 - - 26.1 7 5 

Thalassiosira rotula 24:0 14250 - - 42.8 14 5 

Thalassiosira weisflogii 24:0 1130 - - 17.1 2 5 

Thalassiosira weisflogii 24:0 1130 - - 13.7 1 5 

Skeletonema costatum 24:0 402 - - 0.9 0 5 

Skeletonema costatum 24:0 402 - - 0.6 0 5 

Cosinodiscus walesii 24:0 3328525 - - 17752.1 2774 5 

Cosinodiscus walesii 24:0 3328525 - - 12204.6 2219 5 

Cheatoceros sp 24:0 650 - - 5.9 1.1 4 

Detunulla pomilla 14:10 4697 - - 29.6 4.4 6 

Thalassiosira pseudonana 14:10 20 - - 0.5 0.1 6 

Thalassiosira weissflogii 14:10 286 - - 5.37 0.8 6 

Ditylum brightwellii 12:12 6995 - - 39.9 4.8 7 

Thalassiosira weissflogii 12:12 950 - - 11.4 1.7 7 

Nitzchia breviostris 12:12 119 - - 2.1 0.2 7 

Thalassiosira eccentrica 12:12 6627 - - 72.9 12.6 7 

Sceletonema costatum 24:0 312 - - 2.8 - 8 

Thalasiosira fluviatilis 24:0 1610 - - 12.5 - 8 

Thalasiosira fluviatilis 24:0 1390 - - 11.6 - 8 

Thalasiosira fluviatilis 24:0 1500 - - 15.6 - 8 

Thalasiosira fluviatilis 24:0 1720 - - 7.4 - 8 
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Thalasiosira fluviatilis 24:0 1720 - - 10.2 - 8 

Thalasiosira fluviatilis 24:0 2150 - - 9.8 - 8 

Thalasiosira fluviatilis 24:0 1840 - - 10.7 - 8 

Thalasiosira fluviatilis 24:0 2750 - - 21.1 - 8 

Thalasiosira fluviatilis 24:0 4360 - - 24.3 - 8 

Thalasiosira fluviatilis 24:0 3500 - - 16.1 - 8 

Thalassiosira rotula 24:0 3480 - - 24.0 - 8 

Striatella unipunctata 24:0 36700 - - 241.7 - 8 

Ditylum brightwelli 24:0 35000 - - 75.9 - 8 

Ditylum brightwelli 24:0 32000 - - 67.8 - 8 

Ditylum brightwelli 24:0 120000 - - 123.8 - 8 

Ditylum brightwelli 24:0 54600 - - 114.2 - 8 

Ditylum brightwelli 24:0 89400 - - 101.7 - 8 

Rhizosolenia setigera 24:0 13200 - - 68.3 - 8 

Rhizosolenia setigera 24:0 174000 - - 178.3 - 8 

Rhizosolenia setigera 24:0 150000 - - 253.3 - 8 

Rhizosolenia setigera 24:0 37000 - - 103.3 - 8 

Cosinodiscus sp 24:0 600000 - - 1733.3 - 8 

Cosinodiscus concinnus 24:0 6200000 - - 9250.0 - 8 

Cosinodiscus concinnus 24:0 5290000 - - 9750.0 - 8 
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Appendix II 

Nitrogen and carbon content and ratio of frustule  

- Carbohydrate/protein ratio in the organic frustule material has ratio 0.33-6.5 g 

carbohydrate /(g protein). Average N content in protein is approximately 15 % (on a 

molecular weight basis) and 0% in carbohydrate. Average C content in protein and 

carbohydrate is 45% and 41% (on a molecular weight basis) respectively. 

- Highest possible N content in organic frustule material: 6.5 g protein: 1 g carb => 

6.5*0.15/7.5 = 0.13 g N (g organic wall material)-1. When carbohydrate/protein ratio 

is 6.5. 

- Lowest possible N content in organic frustule material: 0.33 g protein: 1 g 

carbohydrates => 0.33*0.15/1.33 = 0.0372 g N (g organic wall material)-1. When 

carbohydrate/protein ratio is 0.33. 

- Highest possible C content in organic frustule material: (0.45*6.5+0.41*1)/7.5 = 

0.445 g C (g organic wall material)-1, equal to 0.037 mol C (g organic wall material)-

1. When carbohydrate/protein ratio is 6.5. 

- Lowest possible C content in organic frustule material: (0.45*0.33+0.41*1)/1.33 = 

0.42 g C (g organic wall material)-1, equal to 0.035 mol C (g organic wall material)-1. 

When carbohydrate/protein ratio is 0.33. 

- Lowest possible C:N ratio of organic frustule material: 0.42/0.0372 = 11.29 g C/g N 

= 13.17 mol C (mol N)-1. When carbohydrate/protein ratio is 6.5. 

- Lowest possible C:N ratio of organic frustule material: 0.455/0.13 = 3.42 g C/g N = 

3.99 mol C (mol N)-1. When carbohydrate/protein ratio is 0.33. 

Density of the frustule and frustule organic material 

- Amourphous silica has a density of 2200 kg m-3. Protein and carbohydrate has 

densities of 1350 and 900 kg m-3 respectively. Silica content of the frustule ranges 

10-72 weight-%. 

- Lightest density of frustule: 0.1*2200+0.9*(0.75*900+0.25*1350) = 1131.25 kg m-3. 

When there is least (10 weight-%) silica and lowest fraction of protein to 

carbohydrate (0.33). 
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- Heaviest density of frustule: 0.72*2200+0.28*(0.13333*900+0.86667*1350) = 

1945.20 kg m-3. When there is most (72 weight-%) silica and highest fraction of 

protein to carbohydrate (6.5). 

- Lightest density of organic frustule material: 0.75*900+0.25*1350 = 1012.5 kg m-3. 

Lowest when prot/carb ratio is 0.33 

- Heaviest density of organic frustule material:  0.13333*900+0.86667*1350 = 1290 

kg m-3. Highest when prot/carb ratio is 6.5. 

- Silicon content of amorphous silica (28.0855/60.08) = 0.468 => 46.8% (molar weight 

of silicon over molar weight of SiO2) 

- Highest possible Si content in frustule: (0.72*1945.2*0.468 =) 655.45 kg m-3, equal 

to 23.4 fmol µm-3. When Si fraction is highest (72 mass-%), density is highest and 

46.8 mass-% Si in SiO2 

- Lowest possible Si content in frustule: (0.1*1131*0.468 =) 52.93 kg m-3, equal to 1.9 

fmol µm-3. When Si fraction is lowest (10 mass-%), density is lowest and 46.8 mass-

% Si in SiO2. 

- Highest possible C content in the frustule: (0.9*1181*0.45) = 478.31 kg m-3 equal to 

43.75 fmol µm-3. When carbon mass fraction is highest (90 %) density is low 

((0.13333*900+0.86667*1350)*0.9+0.1*2200 =1181 kg m-3) but protein content 

highest (45 atom-% carbon) 

- Lowest possible C content in the frustule : (0.28*1867.5*0.41 = 214 kg m-3 equal to 

17.87 fmol µm-3). When carbon mass fraction is lowest (28 %), frustule density is 

high (0.72*2200+0.28*(0.75*900+0.25*1350) = 1867.5), carbohydrate content 

lowest (41 atom-% carbon) . 

- Least N possible: 43.75 fmol C µm-3 / 3.99 fmol C / fmol N = 10.96 fmol N µm-3 

- Least N possible: 17.87 fmol C µm-3 / 13.17 fmol C / fmol N = 1.4 fmol N µm-3. 

Conversion from mass to volume fraction 

- Vol% = ρmixture/ρelement*Mass%*(1-ϕ) 

- Mass% = ρelement /ρmixture*Vol%*(1- ϕ)-1 

- VSi/VFrustule’= massSi/massFrustule*ρFrustule/ ρSi, (VFrustule’ = Filled frustule volume) 

- VFrustule’ = VFrustule*(1-δ), δ = porosity,  
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- 10-72 mass-% in silica frustules equals (1131/2200*10 = ) 5 – (1945.20/2200*72 = ) 

64 vol-%  

- 10-72 mass-% in silica frustules with 20 % porosity equals (1131/2200*10*(1-0.2) =) 

4 – (1945.20/2200*72*(1-0.2) =) 51 % 

Model example of diatom calculation 

- Porosity = 30% 

- Organic content = 49 vol% 

- Silica content = 21 vol% 

- Highest possible N content of organic material in frustule is 0.13 gN/(g organic 

material) when the protein/carbohydrate ratio is 0.33. The C:N ratio of the organic 

material is then 3.77 mol C (mol N)-1. 

- The density of the organic fraction is then 1012.5 kg m-3. The resulting frustule 

density is thus (0.49*1290 + 0.3*1027+0.21*2200 =) 1402.2 kg m-3. 

- The organic fraction in terms of mass is thus (1402.2/1290*0.49 * (1-0.3) = ) 37.28 

%. The bulk density of carbon in the frustule is then (0.3728*1402.2*0.41=) 214 kg 

m-3, equal to 17.87 fmol C µm-3. The corresponding frustule N content is 4.70 fmol 

N µm-3.  

- A silica content of 21 vol-%  is equivalent to (2200/1402.2*0.21*(1-0.3)-1 = ) 47% in 

terms of mass. this corresponds to (0.47*1402.2*0.468 =) 308.43 kg Si m-3, equal to 

11.02 fmol Si µm-3 
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CHAPTER 6

SEASONAL SUCCESSIONS OF VACUOLATED AND

MIXOTROPHIC PLANKTON

Key words: vacuole, frustule, stoichiometry, Silicon

Cadier, M., Hansen, A.N., Andersen, K.H. and Visser A.W., In prep

This paper is in a relatively finished state, however it has not been submitted yet,
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Trait-based approach of optimal strategies, competition and seasonal 

successions of vacuolated and mixotrophic unicellular plankton 

 
Mathilde Cadier, Agnethe Nøhr Hansen, Ken H. Andersen, Andre W. Visser 

 

 

Abstract 
Plankton microbial communities display a remarkable diversity of organisms that are 

distributed along a broad range of functions and characteristics and across a 

multidimensional trait space. The trait composition of marine planktonic assemblages is 

in close interaction with their role in oceanic biogeochemical cycles and ecosystem 

functioning. Here, we present a mechanistic model that resolves three key traits of 

unicellular planktonic organisms: size, investment in trophic strategies and vacuolation. 

These include two mutually exclusive strategies, phagotrophy and vacuolation (requiring  

the cell to be encased in a silica frustule) that cannot occur concurrently in the same cell. 

Mixotrophic protists, with the use of heterotrophic grazing as a food source in addition to 

autotrophy (e.g. dinoflagellates, nanoflagellates, ciliates etc.) and vacuolated cells, using 

fluid-filled vacuoles to increase physical size relative to carbon biomass (e.g. diatoms), are 

prevalent among unicellular plankton in terms of both abundance and ecosystems 

functioning. We first assess the optimal trophic strategy and optimal vacuole size 

according to carbon size and environmental conditions. Using a fully dynamic model, the 

self-assembled community composition, competition outcomes and trait distribution are 

also estimated at steady state and throughout a seasonal cycle. The vacuolation is shown 

to be an advantage in low light-high nutrient environment while silica shell acts as a 

protection against grazers for small cells. The model successfully represents seasonal 

succession in size in a temperate environment with the early dominance of small 

autotrophs followed by large, highly-vacuolated cells during spring. Later, during the 

summer, autotrophic protists’ size is reduced and large mixotrophic and heterotrophic 

protists are present.  

 
Key-words: Size-based model; Unicellular Plankton; Diatoms; Trophic strategies; 

Vacuolation; Silica shell; Trait diversity; Competition 

1. Introduction  
Small planktonic organisms are responsible for the major part of oceanic primary 

production and vertical export in the ocean, and are a key component of global 

biogeochemical cycles (Stemacek, 1999). Unicellular plankton is not restricted to a 

specific taxonomic group or a few functional groups but rather refers to a huge diversity 
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of organisms with a wide range of sizes and of strategies that interact together and with 

their environment in a complex microbial ecosystem. This extremely high coexistence 

between very diverse planktonic organisms in the ocean can be explained by their wide 

distribution over a multidimensional trait space, resulting in different strategies to deal 

with ever changing environmental constraints (Barton et al., 2013a). Indeed, unicellular 

planktonic cells face numerous abiotic and biotic pressures, the most significant of which 

are nutrient limitation, light limitation, competition for resources and predation risk. The 

strategies developed by plankton to cope with these pressures are based on specific traits 

that vary across individuals, strains, populations, taxonomic and functional groups. For 

this reason, the use of trait-based approach is very suitable to understand the 

mechanisms of competition and the structure of unicellular plankton communities across 

environmental gradients (Kenitz et al., 2018, Kiørboe et al., 2018). 

As an example, the large size range of unicellular plankton reflects a competition-

defense trade-off the outcome of which depends of prevailing conditions. Specifically, due 

to a high surface/volume ratio, small cells have an advantage when resources are limiting 

with higher nutrient affinity (Litchman et al., 2007) but large cells are less vulnerable to 

predation (Andersen et al., 2016). Further, in order to deal with nutrient and light 

limitation, some planktonic organisms use mixotrophic strategies and have the possibility 

to feed on other organisms without being obligate heterotrophs (e.g. dinoflagellates, 

ciliates) (Raven, 1997). Another strategy consists of increasing the physical size of the cell 

by occupying a large part of the cell volume by a vacuole filled by water and dissolved 

compounds. Vacuolation allows the cell to have higher surface area available to take up 

inorganic nutrients and harvest light without increasing the effective biomass (Raven, 

1987; Smetacek, 1999) – the so-called Winnie-the-Pooh strategy (Thingstad et al., 2005). 

This strategy is characteristic of pelagic diatoms that are an important component of 

phytoplankton communities across a wide range of physical and biogeochemical 

conditions in oceanic waters. In part to counter act turgor pressure, the cells are encased 

in a hard silica shell (frustule) that serves as an exoskeleton (Raven and Waite, 2004). 

Beyond an increase in carbon specific diffusive fluxes, the vacuolation provides an 

additional reduction in mortality risk from the increased size (Stemacek et al., 2004). The 

vacuole can also store excess nutrients until required and/or regulate cellular buoyancy 

by utilizing the partial molar volume of certain ions (Anderson and Sweeney, 1978; 

Lomas and Glibert, 2000; Raven, 1997). Precisely what the role of the shell is beyond to 

maintenance of the structure of the vacuolated cell remains somewhat unclear. It 

certainly acts as a deterrent for various predators and pathogens affording diatoms a 

lower mortality rate than other non-armoured protists (Hamm et al., 2003; Liu et al., 
2016). Moreover, the presence of a silica exoskeleton the cell prevents phagotrophic 

nutrition mode that is commonly present in other unicellular plankton that does not have 

frustules.  
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Given these physiological constraints, one can define two opposing strategies 

representing most of the pelagic unicellular plankton in terms of their nutrient 

acquisition mode: the vacuolated cells encased in a silica shell (i.e. diatoms) and the 

mixotrophs (e.g. dinoflagellates, ciliates). In this study we compare these two basic 

strategies and investigate the competitive advantage of vacuolated cells vs. generalist 

mixotrophic protists in the same size range under a set of environmental conditions. We 

follow a mechanistic approach that simulates the key traits relating to the main functions 

of resources harvesting (bottom-up control) and predator avoidance (top-down control). 

Due to various constraints, we can distil the essential variance with each group to a 

single single trait; specifically (i) the vacuole size for vacuolated cells and (ii) the 

investment in light harvesting vs. phagotrophy (i.e. the degree of mixotrophy) for 

mixotrophs. Beyond this, all formulations are kept identical between the two groups to 

allow a meaningful comparison.  

Diatoms are known to be successful over a large range of conditions, including both 

nutrient-replete (Barton et al., 2013a) and nutrient-depleted (Werner, 1977) waters. 

When conditions are optimal for autotrophic growth, generally when light availability 

increases and/or the surface mixed layer depth shallows, fast-growing blooms of large 

diatoms are regularly observed (Armbrust, 2009; Werner, 1977). Such conditions are 

found in seasonal blooms of high and temperate latitudes as well as along coastal 

upwelling regions. In nutrient-limited conditions (tropical gyres, stratified surface waters 

in temperate and high latitudes), certain species of diatoms (e.g. Rhizosolenia sp.) are 

also found in significant concentrations. Although it is now well recognized that diatoms 

exhibits higher growth rate compared to other groups (Edwards et al., 2012), the exact 

mechanisms behind their dominance and why diatoms tend to dominate production is 

still under debate (Hansen and Visser, 2019). Among the most widely accepted views are 

the resistance to predators due to silica shell protection (Hamm et al., 2003; Stemacek, 

1998) and the high nutrients affinity provided by vacuolation and nutrient storage 

(Raven, 1977).  

On the other hand, mixotrophs can invade into the microbial planktonic 

communities under oligotrophic conditions, by feeding on abundant picoplanktonic 

organisms to counteract inorganic nutrients limitation that limits autrotrophic growth 

(Chakraborty et al., in prep). Using our trait-based mechanistic model, we aim at testing 

the latter hypotheses and identifying the mechanisms behind planktonic successions.  An 

innovative aspect of our approach is that we do not prescribe the maximal growth rate for 

diatoms to be higher than for mixotrophs (as it is done in most biogeochemical models 

based on functional groups) (Aumont et al., 2003; Bopp et al., 2005; Follows et al., 2007 ). 

Instead, the net growth rates of both diatoms and mixotrophic are emerging properties of 

the model’s dynamics. Relative biomasses together with growth and loss terms of both 

groups are assessed at both steady state and throughout a seasonal cycle. We show that 
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vacuolation gives a competitive advantage in low and intermediate size classes over a 

large range of environmental conditions whereas mixotrophic strategy is more effective 

(higher net growth rate) for larger cells with the use of phagotrophy when nutrients are 

limiting. Increased physical size by inflating the vacuole provide a protection against 

grazers in addition to the silica shell protection but silica limitation acts as a constraint 

for the maximum vacuole size that can be reached for larger cells.   

2. Methods 

2.1. Physical attributes of plankton cells  
We design a trait-based model of unicellular plankton where an individual is mainly 

characterized by its carbon mass x (i.e. cytoplasm’s carbon content). Additionally, we 

consider two other traits: trophic strategies, i.e., investment in light harvesting vs. 

phagotrophy and degree of vacuolation 𝑣. The size of the vacuole is defined by the vacuole 

radius 𝜈𝑟 as a proportion 𝑣 of total radius: 𝑟 (Fig. 1). The central role of the vacuolation is 

to increase the physical size of the cell (Fig. 1, C) for a constant carbon mass. This has the 

advantage of increased diffusive fluxes of nutrients, increased capacity to harvest light, 

and reduced risk of predation mortality. The costs of a vacuole are the need of a silicate 

shell to support the vacuole (the relations between carbon mass, vacuolation factor and 

the thickness of the shell as well as the C:Si ratio are described in Appendix A) , the extra 

membranes for the vacuole, and that a vacuolated cell cannot perform phagotrophy. 

 
Figure 1: Schematic view of the modelled cells. (a) Non-vacuolated cell. (b) vacuolated cell with 

silica shell. r: radius of the cell (µm). ν: proportion of the radius occupied by the vacuole. 𝑱𝑳, 𝑱𝑵, 𝑱𝑭 

and 𝑱𝑺𝒊 are the fluxes of light, nitrogen, carbon from the food and silica, respectively, to the cell. 

(c) r (µm) as a function of carbon mass 𝒙 and vacuole size 𝒗 
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The total amount of carbon and nutrients available for the cell is distributed 

between the different functions of biosynthesis (structural mass; 𝜙struct), membranes 

mass (𝜙𝑚), light harvesting(𝜙𝐿) and phagotrophic feeding (𝜙𝐹): 

𝜙struct + 𝜙𝑚(𝑥, 𝜈) + 𝜙𝐿 + 𝜙𝐹 = 1        (1) 

Investment in structure encompasses machinery for biomass synthesis (ribosomes etc.) 

and nutrient uptakes (nitrogen and silica in the case of vacuolated cells). For sake of 

simplicity, the investment in structural mass is the same for all cells and sizes 𝜙struct =
0.3 (Table 1). Investment in light represents all photoharvesting machinery, and 𝜙𝐹 

represents all phagotrophic machinery. 

Membranes are of uniform thickness 𝑚 = 8 𝑛𝑚 (Table 1). The vacuolated cells, 

𝜈 > 0, contain two membranes as the vacuole is surrounded by an extra carbon 

membrane (inner membrane) in addition to the plasma membrane surrounding the cell 

(Fig. 1, B). Therefore, the total investment in membranes (𝜙𝑚) varies as a function of both 

cytoplasm’s carbon mass 𝑥 and vacuolation factor ν. The calculation of 𝜙𝑚 is given in 

Appendix B.  

We assume that investing in a vacuole (𝜈 > 0) means that cell has to forgo the 

possibility of engaging in mixotrophy, due to the need to shell to support the vacuole. 

Given this assumption we can rewrite (1) as: 

𝜙𝐿 = 1 − 𝜙struct −  𝜙𝑚(𝑥, 0) − 𝜙𝐹     for  non − vacuolated cells (𝜈 = 0)   (2a) 

 

𝜙𝐿 = 1 − 𝜙struct − 𝜙𝑚(𝑥, 𝜈)     for vacuolated cells (ν > 0)   (2b) 

In this way, 𝜙𝐹 is completely determined by the investment in 𝜙𝐿 for non-vacuolated cells, 

and 𝜙𝐿 is determined by the investment in vacuoles for vacuolated cells. The trait-spaces 

thus become two dimensional for each of the two types with the dimensions being carbon 

size 𝑥 and 𝜙𝐿 for the non-vacuolated cells and 𝑥 and 𝜈 for the vacuolated cells.  

Nutrients, light and prey affinities  

Affinities for light, nutrients, and prey are determined by the investments (𝜙𝐿 and 𝜙𝐹) 

and in concert with limitations set by cell size. The affinity for nutrients 𝐴𝑋 with 𝑋 being 

nitrogen or silica has the form: 

𝐴𝑋(𝑥, 𝜈) = 𝑐𝑋 𝑟(𝑥, 𝜈)  (3)  

where 𝑐𝑋 is the maximum affinity. The allometric scaling reflects the diffusion limited 

uptake of any dissolved material to a spherical absorbing sphere as being linearly 
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dependent on the radius of the sphere (Munk &Riley, 1952). Vacuolation (increased ν) 

allows the cells to have a larger radius with the same cytoplasmic carbon content 𝑥 by 

filling large vacuoles with water and dissolved compounds. This property provides higher 

carbon-specific diffusive nutrient fluxes.  

Light affinity scales with the surface of an equivalent spherical cell with the form:  

𝐴𝐿(𝑥, 𝜈, 𝜙𝐿) = 𝑐𝐿𝑟(𝑥, 𝜈)2[1 − exp(−𝜗𝜙𝐿𝑟0(𝑥)(1 − 𝜈3)−2/3)] (4) 

where 𝜗 is the absorption coefficient (𝜗 = 0.2 𝜇𝑚−1) (Table 1; Morel and Bricaud, 1981; 

Raven, 1984) and 𝜙𝐿 is given by (2b) if 𝜈 > 0. 𝑐𝐿 is the quantum yield of photosynthesis) 

and  𝑟0 is the radius of a sphere without vacuole: 

𝑟0(𝑥) =  (
4

3
 𝜋)

−1/3

(
𝑥

𝜌𝐵
)

1/3

 (5) 

where 𝜌𝐵 (μg μm−3)  is the carbon density of the cytoplasm. 

Eq. (4) represents self-shading of affinity for light (Appendix C). When the product 

of radius and investment is small, the affinity scales linearly with 𝜙𝐿𝑥; larger cells are 

limited by the self-shading and affinity scales with 𝑟2. 

Last, non-vacuolated cells have an affinity for prey (phagotrophy) that scales with 

the cell volume (Chakraborty et al., 2017; Kiørboe, 2011):  

𝐴𝐹(𝑥, 𝜙𝐹) = 𝑐𝐹𝑟(𝑥, 0) 3
𝑎𝐹 𝜙𝐹

𝑎𝐹𝜙𝐹+𝑐𝐹  
  (6) 

where 𝑎𝐹 is the prey affinity per investment in phagotrophy and 𝑐𝐹 the maximum prey 

affinity.  

Uptake rates and cell division rate 

The rates at which cells take up resources are assumed to be linearly dependent on the 

resource’s abundance in the environment (units of carbon, nutrient or silicate per time):  

𝐽𝑋 = 𝐴𝑋𝑋  (7) 

where 𝑋 represents either light 𝐿, nitrogen 𝑁, silica 𝑆𝑖 or food 𝐹. 
Taking up N and Si and photosynthesizing C have a metabolic cost 𝛽𝑋𝐽𝑋 quantified by the 

constants 𝛽𝑋(µgC/N/Si (µgC)-1). Basal metabolism, 𝐽𝑅 (µgC day-1) is proportional to the 

carbon mass. 

𝐽𝑅 =  𝛽0𝑥  (8) 
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The available resources for biomass synthesis are determined by Liebig’s law of the 

minimum, stating that growth will occur according to the supply rate of the limiting 

resource. As the required resources are different for vacuolated and non-vacuolated cells 

the available resources 𝐽eff are found separately for each type. 

Vacuolated cells take up silica, but do not ingest prey. To avoid that the cell takes 

up (and pays the cost of) excess N and Si in case of light limitation both uptakes and costs 

are downregulated with factors (θX) derived from co-limitation of the three resources 

(Appendix D). ). For vacuolated cells this becomes: 

Jeff.vac = max[min{ 𝐽𝐿(1 − 𝛽𝐿) − 𝐽𝑅 − ∑ 𝜀𝑋𝛽𝑋𝐽𝑋𝑋 , 𝑐𝐶𝑁𝜀𝑁𝐽𝑁 , 𝑐𝐶𝑆𝑖𝜀𝑆𝑖𝐽𝑆𝑖   }, 0] (9)  

For the non-vacuolated cells, both the cells and the ingested prey have a fixed C:N ratio 

(𝑐C:N). However, C:N ratio of the effective flux into the cell (𝐽eff) depends on the relative 

magnitudes of carbon uptake from photosynthesis and the uptake of inorganic nutrients, 

where in case of light limitation the N uptake is reduced by the factor ε (Appendix E): 

Jeff.non−vac = min{𝐽𝐹 + max(0, 𝐽𝐿(1 − 𝛽𝐿) − 𝐽𝑅)−𝛽𝐹𝐽𝐹 − 𝛽𝑁𝜀𝐽𝑁 , 𝑐𝐶𝑁𝜀𝐽𝑁 + 𝐽𝐹}   (10)   

The division rate (𝑔; units of per time) is limited by the maximum synthesis capacity of 

the cell (𝑔max): 

𝑔(𝑥, 𝜈, 𝜙𝐿) = 𝑔max 𝑓   with 𝑓 =
𝐽eff

𝐽eff+𝑔max(𝑥+𝑥𝑀𝐼+𝑥𝑀𝑂)
 (11) 

where 𝑥𝑀𝐼 the carbon contained in the inner membrane (in the case of vacuolated cells 

and 𝑥𝑀𝑂 the carbon contained in the plasma membrane. 

Mortality 

Plankton cells are subject to predation mortality by larger organisms mp. We consider a 

decreasing risk of predation with increasing cell volume (Andersen et al., 2016): 

𝑚𝑝(𝑥, 𝜈) = 𝑚𝑝0 (1 + 𝐻(𝜈)𝑝)𝑍0 𝑟(𝑥, 𝜈)−3/4   (12) 

 

where 𝑚𝑝0 is a constant grazing constant and 𝑍0 is the abundance of copepods grazers in 

the environment. 

Vacuolation allows an increase in volume resulting in a decreased predation risk. 

Moreover, the silica shell protects the cell from predators by making it difficult to crack. 

Therefore, we use a constant vulnerability factor 𝑝 and the Heaviside function H to 

reduce the mortality risk for vacuolated silicified cells compared to non-vacuolated cells 

(Table 1).  
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Net growth rate 

The net growth of a cell 𝑔net (d−1) is the division rate minus the grazing mortality. 

𝑔net(𝑥, 𝜈, 𝜙𝐿) = 𝑔 − 𝑚𝑝 (13) 

Implementation 

The trait distribution is discretized in nine size classes from 10-7 to 10 µgC (log10 

distribution) and 11 classes of vacuole size for the vacuolated cells or light vs. food 

investments for the non-vacuolated cells. 

Optimization 

We assess the optimal trait values by finding the traits (𝑥, 𝜈, 𝜙𝐿) that maximizes the net 

growth rate (𝑔net) for non-vacuolated and vacuolated cells independently: 

𝜙𝐿
∗(𝑥) = argmax𝜙𝐿

{𝑔net(𝑥, 0, 𝜙𝐿 )} for non − vacuolated cells   (14a) 

𝜈∗(𝑥) = argmax𝜈{𝑔net(𝑥, 𝜈, 𝜙𝐿(x, ν) )}  for vacuolated cells  (14b) 

where 𝜙𝐿 are determined by Eq. 2. 

The optimization is performed over an environmental gradient between typical 

winter/eutrophic conditions (low light, low predators and low food; high nitrogen and 

silicate concentrations) and summer/oligotrophic conditions (the reverse) (Fig. 2). 
Table 1: Overview of constants and parameters used in the model setup. 

E
n

v
ir

o
n

m
e
n

t Symbol Description Value Unit Reference 

L Light   W m-2  

N Nitrogen  µgN L-1  

Si Silica  µgSi L-1  

Z Copepods  µgC L-1  

F Food  µgC L-1  

C
e
ll

 

𝑟 Cell equivalent spherical 

radius 

 µm  

𝑥 Cell carbon mass in 

cytoplasm 

10-7-101 µgC cell-1  

𝑥𝑀𝑂 Cell carbon mass in plasma 

membrane 

 µgC Appendix A 

𝑥𝑀𝐼 Cell carbon vacuole 

membrane 

 µgC Appendix A 

𝑣 Vacuole fraction of radius                                                                                                                                                                                                                                                                               0-100 %  

𝑉 Cell volume  µm3 Appendix A 

𝑉𝑠 Shell volume  µm3 Appendix A 

𝑉𝑐 Cytoplasm volume  µm3 Appendix A 

𝑉𝑀𝑂 Plasma membrane volume  µm3 Appendix A 
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𝑉𝑀𝐼 Vacuole membrane volume  µm3 Appendix A 

𝑡𝑠 Shell thickness  nm Appendix A 

𝑚 Membrane thickness 8 nm  

𝜙struct Investment in structure 0.3 - Equation 1 

𝜙m Investment in membranes  - Appendix B 

𝜙F Investment in food 

harvesting machinery 

 - Equation 1 

𝜙L Investment in light 

harvesting machinery 

 - Equation 1 

𝑐C:N Cell (or food) C/N ratio 5.68 µgC µgN-1  

𝑐C:Si Cell C/Si ratio  µgC µgSi-1 Appendix A 

𝜌tot Carbon density of cell  µgC µm-3 Appendix A 

𝜌Si Silicon density of the shell 10.3 x 10-6 µgSi µm-3 Appendix A 

𝜌c Carbon density of cytoplasm 0.11 x 10-6 µgC µm-3 Appendix A 

𝜌m Carbon density of 

membranes 

0.6 x 10-6 µgC µm-3 Appendix A 

U
p

ta
k

e
 r

a
te

s 
  

𝑐𝐿 Quantum yield of 

photosynthesis 

5.97 x 10-7 μgC (W m−2)−1d−1 (μm2)−1  

𝑐𝑋 Maximum nutrient (N/Si) 

affinity 

1.25 x 10-6 L d−1 μm−1  

𝑐𝐹 Maximum affinity for food 1.84 x 10-8 L d−1 (μm3)−1  

𝑎𝐹 Increase in prey affinity per 

investment in phagotrophy 

2.76 x 10-8 L d−1 (μm3)−1  

𝐴𝐿 Affinity for light  μg C (W m−2)−1d−1 Equation 4 

𝐴𝑋 Affinity for nutrients (Si, N)  L d−1 Equation 3 

𝐴𝐹 Affinity for food  L d−1 Equation 6 

𝐽𝑋 Flux of light (L), nutrients 

(Si, N) or food (F) 

 µgL/N/Si d-1 Equation  7 

𝐽𝑅 Respiratory costs  µgC d-1 Equation 8 

𝐽eff Effective flux of carbon to cell  µgC d-1 Eq. 9 and Eq. 10 

𝜗 Absorption coefficient 0.2 µm-1 Appendix C 

𝛽0 Basal respiration cost 0.04 d-1 Chakraborty et al., 

2017 

𝛽𝐿 Cost of light harvesting 

machinery 

0.08 µgC (µgC)-1 Appendix D 

𝛽𝑁 Cost of N uptake and 

synthesis 

0.4544 µgC (µgN)-1 Appendix D 

𝛽𝑆𝑖 Cost of Si uptake 0.45 µgC (µgSi)-1 Appendix D 

𝛽𝐹 Cost of food uptake 0.4544 µgC (µgC)-1 Appendix D 

𝜀𝑋 Reduction factors for 

vacuolated cells, (L, N and Si) 

 - Appendix D 

𝜀 Reduction factor for non-

vacuolated cell (N) 

 - Appendix D 

G
r

o
w th

 

a
n d
 

m o
r

ta
l

it
y
 𝑔net Net growth rate  d-1 Equation 13 

𝑔 Division rate  d-1 Equation 11 
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𝑔𝑚𝑎𝑥 Maximum synthesis rate 1 d-1 Equation 11 

𝑓 Limitation of biosynthesis  - Equation 11 

𝑚𝑝 Predation mortality rate 

(copepods)  

 d-1 Equation 12 

𝑚𝑝0 Grazing constant 0.1 -  

𝑝 Palatability factor 0.4   

D
y
n

a
m

ic
 s

e
t-

u
p

 

𝑃 Total plankton biomass  µgC L-1 Equation 15 

𝑖 Trait index  -  

𝐷 Dilution rate  d-1  

𝑚 Internal predation (larger 

protists) 

 d-1 Equation 18 

𝑚2 Quadratic viral lysis 0.01 (µC L-1)-1 d-1  

𝜃 Prey preference   Equation 17 

𝜅 Predator-prey size ratio 500   

𝜎 width of size preference  1.22   

Si0 Background Si concentration   µgSi L-1  

N0 Background N concentration  µgN L-1  

P0 Background P concentration  µgC L-1  

𝜇X Resource (N/Si) uptake  µgN/Si L-1 d-1 Equation 21 

ηX Resource (N/Si) leakage  µgN/Si d-1 Appendix D 

𝜖X Resource (N/Si) 

remineralization rate 

Si:0.8 

N:0.1 

  

2.2. Full unicellular plankton community model 
The model from section 2.1 is implemented in a dynamic environment where non-

vacuolated and vacuolated cells compete for two limiting inorganic nutrients: nitrogen (N; 

μgN L-1) and silica (Si; μgSi L-1). The total biomass of plankton 𝑃 (μgC L-1) is distributed 

between discrete trait classes 𝑖, with each trait class representing a unique combination 

of cell mass 𝑥𝑖, vacuolation 𝜈𝑖 and investment in photoharvesting 𝜙𝐿.𝑖.  

The net growth rate of compartment 𝑃𝑖 is the difference between the gains of 

biomass synthesis (division rate) 𝑔𝑖 minus the losses through predation 𝑚𝑖 and 𝑚𝑝.𝑖 and a 

background quadratic mortality term 𝑚2.𝑖 (viral lysis). In addition to the biological 

growth, the physical dynamics of the upper layer is represented by a semi-chemostat 

inward/outward fluxes with a dilution rate 𝐷 (𝑃0 is the ‘background’ small plankton 

concentration is the deep layer (Table 1): 

d𝑃𝑖

d𝑡
= (𝑔𝑖 − 𝑚𝑝.𝑖 − 𝑚𝑖 − 𝑚2.𝑖𝑃𝑖)𝑃𝑖 + 𝐷(𝑃0 − 𝑃𝑖)  (15) 

The division rate 𝑔(𝑥𝑖 ,  𝜈𝑖 , 𝜙𝐿.𝑖 ) is given by Eq. 11 (in the following the dependencies on 

the traits are suppressed to simplify the notation). Grazing occurs from two sides: the 

larger cells that are present in the model 𝑚𝑖(𝑥𝑖, 𝜈𝑖) and from higher trophic levels (e.g. 
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copepods) 𝑚𝑝.𝑖(𝑥𝑖, 𝜈𝑖) that are not explicitly represented in the model. The latter term is 

given by (12), but only for the three largest size classes (>10-2 µgC) for which internal 

predation is not simulated by the model. 

The total food available for a non-vacuolated cell of class 𝑖 is the sum of the overall 

other cells multiplied by a size preference 𝜃 for all prey (𝑗): 

𝐹𝑖 = ∑ 𝑝𝑗𝜃𝑖,𝑗𝑃𝑗  𝑗  (16) 

where 𝑝𝑗 again represents the reduced vulnerability of vacuolated cells due to the silicate 

shell. The preference 𝜃 for smaller cells is 

θ𝑖,𝑗 =  exp [(ln (
𝑟𝑖

𝜅𝑟𝑗
))

2

/(2𝜎2)] (17) 

Here 𝑟𝑖 and 𝑟𝑗 represent the radius of predator and prey, respectively. 𝜅 is the preferred 

predator-prey size ratio and 𝜎 is the width of the size preference.  

The loss to predation due to predation by larger cells 𝑚𝑖 (d
−1) is the sum of the 

grazing by all predators 𝑗: 

𝑚𝑖 = 𝑝𝑖  ∑  𝐴𝐹.𝑗  Ω𝑗,𝑖 (1 − 𝑓𝑗) 
𝑃𝑗

(𝑥𝑗+𝑥𝑀𝐼.𝑗+𝑥𝑀𝑂.𝑗)𝑗   (18) 

where the feeding level 𝑓𝑗 follows from Eq. 11. The term (𝑥𝑗 + 𝑥𝑀𝐼.𝑗 + 𝑥𝑀𝑂.𝑗) represents the 

total carbon content of the predator 𝑗 as the sum of carbon in the cytoplasm 𝑥𝑗 and in 

membranes (plasma membrane and inner membrane). 

The temporal dynamics of dissolved nitrogen N and silica Si are described by the 

differential equations:  

d𝑁

d𝑡
= 𝐷(𝑁0 − 𝑁) + ∑ (𝜖𝑁 (𝑚2.𝑖𝑃𝑖 + 𝑚𝑝.𝑖)𝑃𝑖/𝑐𝐶:𝑁,𝑖  − 𝜇𝑁.𝑖)𝑖   (19) 

dSi

d𝑡
= 𝐷(Si0 − Si) + ∑ (𝜖𝑆𝑖 (𝑚2.𝑖𝑃𝑖 + 𝑚𝑝.𝑖)𝑃𝑖/𝑐𝐶:𝑆𝑖,𝑖 − 𝜇𝑆𝑖.𝑖 +  𝜉𝑖)𝑖   (20) 

where 𝑁0 and 𝑆𝑖0 are the deep layer nitrogen and silica concentrations, respectively. 𝜖𝑁 

and 𝜖𝑆𝑖 are the remineralization rates at which nitrogen and silica released through 

mortality by viral lysis 𝑚2 and higher trophic levels mortality 𝑚𝑝.𝑖 are remineralized into 

the dissolved pools (Table 1).  

𝜇𝑁.𝑖 and 𝜇𝑆𝑖.𝑖 are the effective uptake of nitrogen and silica by plankton 𝑖 (Eq. 21). 

These effective uptake fluxes are computed by removing the leaked nutrients (𝜂𝑋.𝑖) from 

the uptake rates 𝐽𝑋 and by scaling using the factor 𝑓𝑖 (Eq. 11).  

– 116 –



 

𝜇𝑋,𝑖 = (𝐽𝑋,𝑖 −   𝜂𝑋,𝑖) (1 − 𝑓𝑖) 
𝑃𝑖

𝑥𝑡𝑜𝑡.𝑖
   (21) 

Detailed calculations of leakage’s terms following the Liebig’s law of minimum are given 

in appendix D. 

The dynamic model is used to assess the biomass and trait distribution of 

unicellular under different environmental conditions at steady state. The model is also 

used to simulate an idealized seasonal cycle for temperate ocean.  

3. Results 

3.1. Traits optimization  
Among non-vacuolated cells (Fig. 2, A), picoplanktonic cells (carbon size below 10-5 µgC) 

predominantly invest in light harvesting over phagotrophy and are unable to achieve 

positive growth rate under oligotrophic (summer) conditions due to the lack of nutrients 

to perform autotrophic growth. Conversely, large non-vacuolated cells are pure 

heterotrophs in all environmental conditions. Cells with carbon biomass ranging 10-4-10-2 

µgC show a shift in their optimal trophic strategy from autotrophy/mixotrophy under 

eutrophic conditions towards heterotrophy under oligotrophic (summer) conditions. This 

change is a result of the lower nutrient levels and higher food availability. 

The optimization of the vacuole size in vacuolated cells also exhibits opposite 

patterns between low and high carbon sizes (Fig. 2, B). Small cells with carbon biomass 

up to 10-3µgC have highest growth  

rate when vacuole is absent due to the cost of vacuolation in terms of the extra carbon 

required for the  inner membrane. Therefore, only in summer conditions of nitrogen and 

silica depletion, high light and high grazers abundance, cells with carbon weight of 10-5 

and 10-4µgC benefit from a vacuole occupying > 60% of the cell radius. For larger cells, 

the optimal vacuole size is very large (> 90% of the cell radius) under both spring and 

summer conditions.  
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Figure 2 Optimized unicellular plankton traits. (a) heterotrophic fraction (%) over total resources 

investment for a non-vacuolated cell: 𝝓𝑭 (𝝓𝑭 + 𝝓𝑳)⁄  and (b) vacuole size (% of radius) for a 

vacuolated cell in the nine carbon biomass size classes (𝒙) and over environmental conditions 

ranging from ranging from oligotrophic (low nitrogen and silicate but high light, high predators 

abundance and high food concentration; top) to eutrophic (the reverse; bottom). White regions 

indicate that the optimal growth rate is negative. 

 
Figure 3 Net difference between optimal vacuolated and non-vacuolated net growth rates (d-1) for 

the nine carbon size classes and over a spring-summer gradient of environmental parameters 

(same as Figure 2). Red color highlights vacuolated cells having a larger division rate and blue 
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Figure 4 Maximal change in optimal vacuole size (%) in each of the nine size class following a 

change in environmental parameters as shown on Fig. 2, A: green: light, blue: nitrogen 

concentration, cyan: silica and red: grazers abundance . For each tested parameter, all other 

parameters are kept constant at concentrations that allow for growth saturation (unlimited 

levels). 

In general, small cells have a higher growth rates if they are vacuolated, while 

heteretrophy dominates among the larger cells (Fig. 3). The vacuolated strategy is 

superior over a larger size range in eutrophic conditions than in oligotrophic conditions. 

The vacuolated strategy has several advantages: higher nutrient affinity, higher 

light affinity, and lower predation. Moreover, the presence of the silica shell also provides 

an additional advantage of vacuolated cells over non-vacuolated cells when grazers are 

abundant. The question is which of these advantages drives the optimal vacuole size. As 

vacuolation does not occur for the small cells (x <10-5 µgC; Fig. 2, B), the advantage over 

other phototrophs is provided by the silica shell that acts as a protection against 

predators. For cells with carbon mass of 10-4 µgC, an increase in optimal vacuole size is 

induced by both an increase in grazers’ abundance and increasing light intensity (Fig. 2, 

B and Fig. 4) as non-limiting light releases the cost of membranes 𝜙𝑀 in this size class.  

Optimal vacuolation in smaller size classes is therefore primarily top-down 

controlled (red curve on Fig. 4) by the grazing pressure. In addition, an increase in 

nitrogen concentration leads to decreasing optimal vacuole size (bottom-up control). For 

cells >10-4 µgC, changes in external silicon concentrations is the main driver for 

adjustments in optimal vacuole size; increasing silicon availability allows a higher degree 

of vacuolation, especially in the intermediate size class. An increase is nitrogen 

concentration slightly reduces the optimal size of the vacuole for cells with a carbon mass 

in the cytoplasm of 10-4 and 10-3 µgC by removing the limitation. Conversely, an increase 

in silicon concentration allows larger vacuole (Fig. 4) as silicon needs per unit carbon 

increase with the degree of vacuolation. 
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3.2. Full unicellular plankton community model 

Steady state  
Figure 5 shows the structure of the unicellular plankton community at steady state 

under three different light levels and varying external concentrations of nitrogen 𝑁0, 

silica 𝑆𝑖0 and copepods 𝑍0: (1) low light, high nutrient availability, low grazer abundance 

and high dilution rate (winter), (2) no limitation of light and nutrients together with 

moderate grazing and intermediate dilution rate (spring), and (3) nutrient limitation, 

high copepod grazing pressure and low dilution rate (summer).  

The size distribution of non-vacuolated cells displays the dominance of small 

(picoplanktonic cells) in light-limited conditions (Fig. 5, a and d), coexistence between 

picoplanktonic autotrophs and large heterotrophs in high nutrient conditions (Fig. 5, b 

and e) and strong trophic cascading effect under oligotrophic scenario (Fig. 5, c and f). 

In all tested conditions, the biomass of vacuolated cells is dominated by relatively 

small cells. Under the scenario with low light, high nutrient and low grazers abundance 

(Fig. 5, left column), vacuolated cells with cytoplasm carbon mass up to 101 µgC are 

present, however in very low abundance. The maximum size of the vacuole increases with 

increasing carbon size. In these conditions, vacuolated cells reach higher biomass than 

non-vacuolated cells for carbon size of 10-6-10-1 µgC (Fig. 5, a).  

When both nutrient and light are non-limiting for autotrophic growth (spring-like 

conditions), total plankton biomass is ten times as high as under low light condition (Fig. 

5, middle column). In this scenario, the dominance of vacuolated cells over mixotrophic 

strategy only occurs among the cells with carbon content of 10-6-10-3 µgC (Fig. 5, b). The 

maximum size of the present vacuolated cells is also reduced compared to the low light, 

high nutrient and low grazers scenario with very low abundance or absence of cells over 

10-3 µgC. In low carbon size classes, cells with a larger range of vacuole size coexist 

compared to the low light scenario (Fig. 5, g and h), where vacuole sizes are generally 

lower among the abundant cells. Large vacuoles are favored by the unlimited amount of 

carbon processed through photosynthesis, making the cost of building membranes 

unimportant. In the mixotrophs group, under saturated light intensity and unlimited 

nitrogen concentrations, small cells exhibit a wide diversity of investment in light 

harvesting vs. phagotrophy, indicating coexistence between different phenotypes.  

Finally, when nutrient levels are limiting, light is sufficient and grazers are 

abundant (summer, oligotrophic conditions), small cells dominate at steady state and 

non-vacuolated cells outcompete nutrient-limited autotrophic vacuolated cells in almost 

all size classes (except for the 10-6 µgC size class). The mixotrophs dominate the plankton 

community and display a strong trophic cascade with high abundance of very small cells, 

that are consumed by larger more heterotrophic cells. 
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Figure 5 : Size distribution of total biomass (gC m-3) at steady state in winter eutrophic conditions 

(L=10 W m-2, N= 12 mmolN m-3 Si = 7 mmolSi m-3, Z = 5 mgC m-3 and D= 0.5 d-1) (left column), 

spring conditions (L=50 W m-2, N= 12 mmolN m-3 Si = 7 mmolSi m-3, Z = 10 mgC m-3 and D= 0.2 d-

1) (middle column) and summer conditions (L=50 W m-2, N= 2 mmolN m-3 Si = 2 mmolSi m-3, Z = 

20 mgC m-3 and D= 0.1 d-1)  (right column). (a-c) total biomass in non-vacuolated cells (full line, 

blue) vacuolated cells (full line, green), hypothetical vacuolated cells without a silica shell (dotted 

line, green) and non-vacuolated cells in the presence of vacuolated, non-silicified cells (dotted line, 

blue) . (d-f) biomass distribution along the size/trophic strategy trait space for non-vacuolated 

cells. (g-i) biomass distribution along the size/vacuole size trait space for vacuolated cells. 

Seasonal cycle 
 The dynamic model is forced with realistic, seasonally varying light intensity (increase 

during summer), dilution rate (decrease in summer to mimic stratification of the water 

column) and copepod grazer abundance with an increase during spring and maximum in 

August (as inspired by observed temporal dynamics of zooplanktonic grazers in 

temperate ocean) (Fig. 6, a). The results show a classical seasonal cycle with high 

nutrient levels and low unicellular plankton biomass during winter (Fig. 6, b). An 

increase in plankton biomass is simulated in late March with a concurrent decrease in 

nitrogen concentrations in the upper layer of the water column. During the spring bloom, 

vacuolated are slightly more abundant than non-vacuolated cells. The maximum peak of 
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biomass of unicellular plankton is reached in May. Silicon concentration decreases from 

May/June, following the spring growth of vacuolated cells. During the summer, non- 

vacuolated, mixotrophic cells dominate over vacuolated cells. A second peak of vacuolated 

cells is simulated in late August and the total plankton concentration decreases from 

September as light becomes limiting for autotrophic growth. 

 
Figure 6 : Seasonal variation in (a) forcing environmental parameters: light (green, W m-2), 

dilution rate (grey, d-1) and grazer abundance (red, mgC m-3) and (b) state variables: nitrogen 

(blue, µmolN L-1), silicon (cyan µmolSi L-1) and plankton biomass (gC L-1; black full line: 

vacuolated cells and dotted line: non-vacuolated cells) 

Vacuolated and non-vacuolated cells exhibit very different size distribution during 

seasonal succession (Fig. 7). Vacuolated cells are larger during spring (April), and during 

autumn with maximum carbon size of 10-2 µgC and large vacuoles in the largest cells 

(Fig. 7,c). The maximum size decreases during the summer and vacuolated cells do not 

exceed 10-5 µgC between July and September with a reduced size coexistence and the 

dominance of the 10-6 µgC size class (Fig. 7, a). In contrast, non-vacuolated cells increase 

in size between spring and summer with first the occurrence of small autotrophic cells 

followed by the growth of large heterotrophs/mixotrophs from the end of May. Over the 

summer season, small autotrophs dominate the biomass together with small vacuolated 

silicified cells and large heterotrophs (>10-1 µgC) (Fig. 7, a, b and d). The dominant trait 

values within the size classes also vary with time for the two opposite strategies (Fig. 7). 

Vacuolated cells of size comprised between 10-5 and 10-3 µgC exhibit the largest variance 

in vacuole size among cells with the same carbon content (Fig. 7, e) which means that 

cells with very different vacuole size coexist. Nonetheless, among the 10-6- 10-5 µgC cells, 

the most abundant cells are the ones without vacuole during spring and autumn whereas 
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during summer, the cells with a very large vacuole are dominant (Fig. 7, c), therefore 

highlighting a shift in the optimal strategy along a gradient of environmental conditions 

with seasonal variability. In the 10-6- 10-2 µgC size classes, non-vacuolated cells switch 

from pure autotrophy to heterotrophy between spring/autumn and summer conditions to 

counteract nutrient limitation (Fig. 7, d). The coexistence between cells having different 

trophic strategies in these size classes is higher during spring and autumn compared to 

summer where heterotrophs are more dominant (Fig.7, f). 

 
Figure 7: Biomass distribution (gC m-3) (a,b), dominant trait values (𝒗, 𝝓𝑳, 𝝓𝑭) (c,d) and standard 

deviation (e,f)  in each size class (y-axis) over a seasonal cycle (x-axis) for vacuolated cells (left 

column) and non-vacuolated cells (right column). 
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4. Discussion 

Trait distribution and succession in unicellular plankton  
Trait-based approaches to ecology have been broadly and successfully used to assess and 

understand community structure in both terrestrial and aquatic systems (Litchman et 
al., 2007, 2008, 2013; Merico et al., 2009; Barton et al., 2013a; Edwards et al., 2013). The 

crucial advantage of traits consideration over taxonomic perspective lies in the fact that 

traits connect the performance of an organism with the habitat properties and define 

ecological niches of species. In the present study, we use a mechanistic approach that 

links fundamental physiological processes related to acquisition of major resources (light, 

macronutrients and food) to essential planktonic traits to build a trait-based model to 

assess the trait distribution and the composition of a plankton community. By 

considering three traits (size, vacuole size and trophic strategy), represented in a two-

dimensional trait space for two opposite strategies of unicellular plankton, our model 

represents the variation of traits along environmental gradients of resources and grazers. 

We find a typical pattern in seasonal succession of size and strategies, with the spring 

dominance of large highly vacuolated cells and a decrease of size of vacuolated cells 

towards the nutrient deprived summer. Small non-vacuolated autotrophic cells are 

abundant throughout the growth season from spring to autumn, whereas larger, 10-4-10-2 

µC mixotrophic protists are most abundant in peak abundances during spring and 

autumn blooms and large heterotrophic are present steadily across the oligotrophic 

summer. These results are consistent with that obtained by Barton et al. (2013a) who 

show that diatoms (equivalent of the vacuolated cells in our model) precede mixotrophic 

dinoflagellates (non-vacuolated cells in our case) followed by obligate heterotrophic 

protists in the succession. Furthermore, in good agreement with our modelling results, 

Barton et al. (2013a) also found that the mean size of the sampled diatoms decreases 

from spring to summer. 

The mechanistic approach 

We analyze the seasonal succession of traits in unicellular plankton using a mechanistic 

approach, providing the possibility of letting multiple traits emerge and expand in the 

environmental niches where they are most optimal. In our setup we embrace the nutrient 

acquisition strategies that are exhibited by a major part of the unicellular community by 

employing the range from the strictly autotroph diatoms to the purely heterotrophic cells. 

We take the step from predicting under which conditions a certain trait combination is 

optimal, to exploring how biomass of organisms showing these specific traits evolve in a 

dynamic seasonal cycle. This approach as opposed to other plankton functional type 

approaches allows us to develop and analyze a full plankton community without ascribing 

our trait combinations to functional types a priori. This latter characteristic of our 
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method makes it highly suitable for assessing the trait distribution and community 

composition in a large range of environmental conditions and heterogeneous oceanic 

regions without the need of fixing parameters or choosing functional groups according to 

the region of interest. 

The seasonal setup used in the present study is somewhat simplistic, underlined by the 

apparent symmetry in our seasonal succession. This is due to the highly idealized forcing 

in light, dilution rate and copepods grazing. However, the simplicity facilitates the 

analysis of trait distribution and density responses towards environmental change, 

allowing for a mechanistic understanding of the underlying processes. We expect to 

extend this work to the coupling of our mechanistic trait-based model with a more 

complex and realistic physical configuration at regional or global scale (GCM) to compare 

the model predictions with available data of unicellular plankton distribution (size, 

trophic strategies etc.). 

Moreover, even though our approach captures the temporal dynamics of unicellular 

plankton in a realistic way, we miss some important functions of the marine plankton 

that may be of importance under some environmental conditions. For example, we 

implement the nutrient acquisition traits covered by the autotroph-mixotroph spectrum 

of strategies, but in setting this boundary we disregard the diazotrophs that employ the 

completely different strategy of fixing inorganic nutrients in the form of N2 directly from 

the atmosphere. Another example is the chain formation in diatoms, the effect of which is 

still subject to debate and remains somewhat unclear, but would certainly affect the 

grazing vulnerability (Bergkvist et al., 2012) and nutrient diffusive uptake properties 

(Pahlow et al., 2003). 

What makes diatoms successful?  
Diatoms are considered as the most ecologically important phytoplanktonic group 

(Stemacek, 1998; Falkowski, 2002; Armbrust, 2009) that contributes with ~20% of the 

total primary production on Earth (Falkowski et al., 1998; Field et al., 1998). Diatom 

distribution in the worldwide ocean exhibits not only high abundance in eutrophic and 

coastal waters but also a large diversity in open ocean (Malviya et al., 2016). The success 

of diatoms over a large range of environmental conditions is commonly attributed to their 

high growth rates that are thus explicitly represented in biogeochemical models. 

However, the underpinning mechanisms leading to this high growth have yet to be 

clarified. Here, we investigate the role of the two predominant, specific traits of diatoms: 

the presence of a vacuole and the silica frustule. In a recent study, Hansen and Visser 

(2019) used a similar approach to explore the competition outcome between a diatoms 

and a hypothetical non-vacuolated, non-silicified phytoplanktonic cell (i.e. non diatoms) of 

the same carbon mass by comparing their respective division rates over a range of 

environmental conditions. In general, they found that large vacuolated diatoms have an 
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advantage over non-diatoms and vacuolation strategy provides benefit when grazing 

pressure is high due to the increase of the cell volume. However, this study does not 

encompass alternative strategy of non-vacuolated cells such as heterotrophy. In the 

present study, we include mixotrophy and the heterotrophic pathway is used by large 

non-vacuolated cells to reach growth rates that exceed those of large vacuolated diatoms, 

especially in eutrophic conditions. Another difference between Hansen and Visser (2019) 

and the present work is that we take into account and recognize the reduced palatability 

provided by the shell of diatoms. To distinguish the distinct effect of either the vacuole of 

the protection of the silica shell on the success of diatoms, we replace the vacuolated, 

silicified cells by hypothetical cells with a vacuole but with a lack of silica shell (such cell 

could not exist due to the need of a shell to maintain the structure of the vacuolated cell, 

but this set-up provide a theoretical case for the understanding and the distinction 

between the benefits of the two traits) (Fig. 5, top line, dotted lines). In this set-up the 

relative biomasses of vacuolated cells vs. non-vacuolated cells has different patterns than 

when the mechanical protection from the shell is accounted for. Under low-light, high 

nutrients, low predation scenario (Fig. 5, a), vacuolated cells are still dominant over non-

vacuolated cells in the 10-6-10-2 µgC size range, meaning that vacuolation, by increasing 

the surface:volume ratio provides an advantage to cope with low light intensity; and 

protection from the silica shell is of lesser importance in this conditions. Under high light, 

high nutrient, moderate or high predation pressure (Fig. 5; middle and right column), 

however, vacuolated cells do not exhibit higher growth rate than non-vacuolated cells if 

the shell is absent (Fig. 5, b). This result shows the important contribution of the silica 

shell to diatoms success when grazers are present, but also underlines the advantage of a 

vacuole to cope with low light.    

Perspective 

Understanding diatom dynamics and success is the first step into a better understanding 

the role of diatoms in ocean productivity and ultimately in the carbon cycle, which they 

are so often observed to dominate. Climate change is predicted to change several aspects 

important for marine habitats including large scale circulation, stratification and 

nutrient availability (Barton et al., 2013b), thereby affecting some of the conditions that 

are viable for the success of diatoms. Increasing stratification limits nutrient supply to 

the surface, which would have adverse impact on the diatoms that thrive in nutrient rich 

conditions. Changes in ocean circulation and wind driven mixing also has the potential to 

affect the conditions that make diatoms dominate, but the effect remains unclear (ref). 

Therefore, understanding the mechanisms behind how diatoms respond to changes in 

their environment is essential to enable increase the predictive capacity of 

biogeochemical models. 
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Appendix A: C:Si ratio in vacuolated cells 

The vacuolated cells are surrounded by a silica shell with a thickness ts and a volume 

Vs that varies with the total volume of the cell 𝑉 (𝑉 =
4

3
𝜋𝑟3 (𝜇𝑚3) (Hansen et al., 2019): 

 𝑡𝑠 = 1.62 𝑉0.24 (A.1) 

 𝑉𝑠 =
4

3
𝜋(𝑟 +  𝑡𝑠)3 −  

4

3
𝜋𝑟3  (A.2) 

Therefore, the volume of the shell, the corresponding silica content in the shell and the 

Si:C ratio  (Fig. A.1) depend on both the carbon mass of the cytoplasm 𝑥 and the size of 

the vacuole 𝑣. 

The total cell carbon mass 𝑥𝑡𝑜𝑡 is the sum of the carbon contained in the cytoplasm 

x of volume Vc (μm3) and carbon in outer (VMO) and inner (VMI) membranes (see fig. 1; 

x𝑡𝑜𝑡 =  x +  xMI + xMO). The composition of cytoplasm and membranes are different with 

the density of membranes (ρM = 0.6 10−6 μg μm−3) being higher than density of the 

cytoplasm (ρc = 0.11 μgC μm−3). Therefore, the total carbon density of the cell 

(ρtot μgC μm−3) is:  

ρtot =
Vcρc +(VMI+VMO)ρM

(Vc+VMI+VMO) 
  (A.3) 

The silicon density of the shell ρSi is fixed at 10.3 10−6 μgSi μm−3 (Hansen and Visser, 

submitted), and the Si:C ratio (µgSi µgC-1) is thus:  

 cSi:C =
ρSi Vs

 ρtot (Vc+VMO+VMI)
  (A.4) 
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Figure A.1: Shell thickness (nm) (a) and Si:C ratio (b) according to  the carbon mass of the 

cytoplasm 𝒙 (x-axis) and the vacuole size (𝒗) (y-axis). 

Appendix B: Investment in membranes 𝛟𝐌 

The maintenance of membranes requires that part of the carbon produced by the cell has 

to be invested in this process (ϕM) and is not available for uptakes processes (ϕL, ϕF). The 

fraction of carbon used for membranes’ maintenance is thus dependent of the carbon 

mass of membranes related to the total carbon content of the cell:  

 ϕM =  
(VMI+VMO)ρM

Vcρc +(VMI+VMO)ρM
  (B.1) 

where 𝑉 (𝜇𝑚3) is the volume and 𝜌 (𝜇𝑔 𝜇𝑚−3) is the density. Subscripts 𝑐 represents the 

cytoplasm carbon biomass, 𝑀𝑂 the outer (plasma) membrane and 𝑀𝐼 the vacuole inner 

membrane (in the case of vacuolated cells). 

The remaining carbon for uptake processes: ϕL + ϕF = 1 − ϕM +  ϕstruct depends on 

the radius of the cell and the size of the vacuole (Fig. B.1). As vacuolation takes place, the 

‘cost’ of membranes maintenance may be important for small vacuolated cells as a large 

fraction of cell’s carbon is located in vacuole’s membrane. 
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Figure B.1: Maximum investment in resources (𝛟𝐋 + 𝛟𝐅 = 𝟏 − 𝛟𝐌 + 𝛟𝐬𝐭𝐫𝐮𝐜𝐭) according to the 

carbon mass of the cytoplasm x (x-axis) and the vacuole size (v) (y-axis). 

Appendix C: Light affinity 

The absorption of photons Q [W] by a non-vacuolated spherical cell of radius r is a classic 

result (Duyens, 1956) given by: 

      
2

1

2 12 2 2 2

2

0

( , ) 2 1 1 2 2 1
2

  
     



r rL
Q r r L e d r e r

        
    (C.1) 

where L (µE µm-2 s-1) is the light intensity (PAR), and   (µm-1) is the light attenuation 

coefficient, assumed to be constant throughout the volume of the cell. The light 

attenuation coefficient can be decomposed as  = a c, where a (µm2) is the optical cross 

section of a single plastid, and c (µm-1) is the concentration of plastids within the cell 

(Raven, 1984 ) In a diatom, and potentially in other cells, the distribution of plastids is 

not uniform, but concentrated within a layer close to the cell surface. For our spherical 

shell model of a vacuolated cell, where no plastids, and hence no absorption occurs in the 

vacuole, the absorption is: 

  
1

2 2 ( , )

0

( , ) 2 1    r r vQ r r L e d   (C.2) 

where (Papageorgiou, 1971): 

 2 2 2( , ) Re 1  v v    
 

 (C.3) 
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Unfortunately, while this can be solved numerically, it does not yield to a simple 

expression. We can recast the cellular model into a simpler form that does capture the 

effect of vacuolation on light absorption. In particular, we consider a squat cylinder with 

the same physical radius r as the vacuolated cell, and an equivalent bio-volume. Thus the 

absorption of light hitting the surface of the cylinder is: 

  2( , ) 1   hQ r r L e   (C.4) 

 

where h (µm) is the cylinder height. The equivalency of bio volume means that 

  
4

1
3

 h v r  (C.5) 

This gives a much simpler analytic expression for light affinity AL [µmol C (µE µm-2)-1], 

namely 

  
32 4 (1 )/31  r v

LA r q e    (C.6) 

where q is the photosynthetic yield (µmol C µE-1).  

Investment in photosynthesis L, is linked to the light attenuation coefficient as: 

  Lac   (C.7) 

where an increase in investment, increases the concentration c of plastids; the return on 

investment is governed by the parameter  (µm-1). Typical values (Raven, 1984) suggest 

that  = 0.1 µm-1 when about half of the cell’s carbon is associated with photosynthesis. 

This suggests a value of  = 0.2 µm-1. 

The resulting light affinity as a function of the two-dimensional trait space is 

shown on Fig. C.1 for both vacuolated and non-vacuolated cells: 
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Figure C1: Light affinity ((W m-2)-1 d-1) as a function of carbon mass of the cytoplasm 𝒙 (x-axis) 

and (a) the vacuole size (𝒗) (y-axis) for vacuolated cells or (b) investment in light (𝝓𝑳) for non-

vacuolated cells. 

Appendix D: Liebig’s law of minimum  

The harvesting of light (photosynthesis) 𝐽𝐿 and uptake of nitrogen 𝐽𝑁, silica 𝐽𝑆𝑖 and food 𝐽𝐹 

have corresponding costs, 𝐽𝑋𝛽𝑋, that are all paid in carbon (Table 1). In order to maintain 

the stoichiometric balance between carbon and nitrogen 𝑐𝐶:𝑁 and between carbon and 

silica ratio 𝑐𝑆𝑖:𝐶 given by the shell/carbon biomass ratio in the case of vacuolated cells, the 

uptake of nutrient has to be down-regulated when carbon is limiting i.e. when potential 

nutrient fluxes exceed net carbon flux into the cell.  It is assumed that the cells are 

unable to downregulate the amount of carbon taken up and that it must do 

photosynthesis according to the amount of available sunlight but they can reduce the 

control the amount of dissolved nutrient taken up. Therefore, the down-regulation of 

nutrient uptake prevents the cell to take-up (and pay the cost for) nutrient that cannot be 

used for growth.  

In the case of non-vacuolated cells, the nutrient uptake 𝐽𝑁 is reduced by a factor ε 

that restricts the nitrogen uptake to not exceed the net carbon flux into the cell (after 

removal of respiration J𝑅 =  β0x (µgC d-1) and carbon uptake costs). 𝜀 is obtained by 

equating the carbon and nitrogen net fluxes (from different sources) (in carbon unit):  

 𝐽𝐿 −  𝛽𝐿𝐽𝐿 − 𝐽𝑅 + 𝐽𝐹 − 𝛽𝐹𝐽𝐹 − 𝛽𝑁𝜀𝐽𝑁 = 𝑐𝐶𝑁𝜀𝐽𝑁 + 𝐽𝐹  (D.1) 

and solve for ε: 

 𝜀 = max [0, min [1,
𝐽𝐿−𝛽𝐿𝐽𝐿−𝛽𝐹𝐽𝐹−𝐽𝑅

(𝛽𝑁+𝑐𝐶𝑁)𝐽𝑁
]]  (D.2) 
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After downregulation of nutrient uptakes, the light harvesting, nutrient uptake and food 

fluxes are combined following Liebig’s law to compute the effective uptake (Eq. 10). This 

may lead to further leakage of nutrients (from food uptake) that are in excess compared 

to carbon when cost are implemented. The excess nitrogen 𝜂𝑁that is leaked by the cell 

and released to the nitrogen pool is:   

 𝜂𝑁 =  max (0, 𝜀𝐽𝑁 − 
max(0,𝐽𝐿(1−𝛽𝐿)−𝐽𝑅)−𝛽𝐹𝐽𝐹−𝛽𝑁𝜀𝐽𝑁,𝑐𝐶𝑁𝜀𝐽𝑁 

𝑐𝐶𝑁
) (D.3) 

When nitrogen is in excess and growth is carbon-limited (light is limiting), this term is 

equal to the difference between nitrogen uptake (after down-regulation) and carbon 

uptake (second term of Eq. D.3). 

In the case of vacuolated cells, we introduce three reduction factors 𝜀𝐿 𝜀𝑁, and 𝜀𝑆𝑖, 

such that the cell do not take up more nutrients that it can use for maintaining the 

stoichiometric balance. We solve for the three reduction factors by setting all fluxes equal 

according to appropriate 𝑐𝐶:𝑁 and 𝑐𝐶:𝑆𝑖, thereby assuming co-limitation of the three 

elements. 

 𝜀𝐿𝐽𝐿 − 𝜀𝐿𝛽𝐿𝐽𝐿 − 𝐽𝑅 − 𝜀𝑁𝛽𝑁𝐽𝑁 − 𝜀𝑆𝑖𝛽𝑆𝑖𝐽𝑆𝑖 = 𝑐𝐶𝑁𝜀𝑁𝐽𝑁  (D.4a) 

 𝜀𝐿𝐽𝐿 − 𝜀𝐿𝛽𝐿𝐽𝐿 − 𝐽𝑅 − 𝜀𝑁𝛽𝑁𝐽𝑁 − 𝜀𝑆𝑖𝛽𝑆𝑖𝐽𝑆𝑖 = 𝑐𝐶:𝑆𝑖𝜀𝑆𝑖𝐽𝑆𝑖 (D. 4b) 

 𝑐𝐶𝑁𝜀𝑁𝐽𝑁 = 𝑐𝐶:𝑆𝑖𝜀𝑆𝑖𝐽𝑆𝑖  (D.4c) 

 

As three equations with three unknowns cannot be solved immediately, we solve this 

system over three times: when carbon is limiting 𝜀𝐿 = 1, when nitrogen is limiting 𝜀𝑁 = 1, 

when silica is limiting 𝜀𝑆𝑖 = 1. Thereby we have three different solutions for the three 

reduction factors. The condition when 𝜀1 = 1 and 𝜀2, 𝜀3 < 1 occurs when 𝜀𝐿 is limiting. As 

only one substrate will be limiting, only one of the three solutions fulfil the previous 

condition at each set of traits under each set of environmental conditions. In case one of 

the nutrients are limiting and 𝜀𝐿 < 1 it is manually set it to 1, as the photosynthetic 

uptake cannot be reduced. The value 1 𝜀𝐿 would determine the leaked carbon that 

cannot be used for synthesis because of the limited nutrient availability. Liebig’s law of 

minimum in the case of vacuolated cells is given by Eq. 9. 

Leakages of nitrogen and silica (𝜂𝑁 and 𝜂𝑆𝑖) when other elements are limited are found as 

the difference between the uptake of the limited element and nitrogen/silica uptake: 

- When carbon is limiting: 

 𝜂𝑁 =   εNJN −  
max (0, JL(1−βL)−JR−εNβNJN−εSiβSiJSi) 

𝑐𝐶:𝑁
  (D.5a) 

 𝜂𝑆𝑖 =  εSiJSi − 
max (0, JL(1−βL)−JR−εNβNJN−εSiβSiJSi) 

𝑐𝐶:𝑆𝑖
  (D.5b) 
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When nitrogen is limiting: 

 𝜂𝑁 =  0  (D.6a) 

 𝜂𝑆𝑖 =  εSiJSi − 
 εNJN𝑐𝐶:𝑁

𝑐𝐶:𝑆𝑖
  (D.6b) 

- When silica is limiting: 

 𝜂𝑁 =   εNJN −  
εSiJSi 𝑐𝐶:𝑆𝑖

𝑐𝐶:𝑁
  (D.7a) 

 𝜂𝑆𝑖 =  0  (D.7b) 
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