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Summary
There is an inherent link between plankton and climate. Climate affects plankton
community composition. At its turn, plankton community composition drives ecosystem processes that affect the climate. For instance, plankton play an important role
in capturing atmospheric CO2 into the oceans. This process is termed the biological
carbon pump and is the result of community composition and complex interactions
within the planktonic food-web. Plankton community composition varies across regions
and is being altered by climate change. The aim of this thesis is to investigate the
mechanisms driving plankton community composition and associated carbon export.
To do so we use trait-based mechanistic plankton models.
The trait-based approach characterizes organisms by a combination of traits and
trade-offs. These traits and trade-offs drive community composition and interaction
between organisms. For instance, body size drives predator-prey interactions and
physiology, and has been suggested to be the primary determinant of community
structure. Thus, size-based models have proven useful to model communities. Most
models represent plankton by a box-model, where each population is characterized by
the same trait combination. However, multicellular zooplankton grow in size during
their life, resulting in different experienced diets and mortality over their life, i.e. they
undergo ontogenetic niche shifts. Ontogenetic niche shifts have profound effects on
population dynamics. Given that multicellular zooplankton are the main link between
primary producers and fish, and play an important role in driving the biological
carbon pump, the second aim of this thesis is to implement zooplankton ontogeny in
trait-based plankton models.
This thesis includes three manuscripts, addressing one or both objectives. In the
first manuscript we address how temperature affects microbial plankton communities.
An interesting aspect in marine microbes is that resource uptakes and metabolism
have different temperature dependencies. We thus investigate how temperature
affects individual growth, community composition and ecosystem processes given
different resource limitations. We developed a mechanistic trait-based model of
unicellular plankton that accounts for the different temperature dependencies in the
cellular processes. We show that competition for nutrients increases with temperature
without necessarily changing the stratification of the water column. This results in an
intensification of the microbial loop and a reduction of carbon export. By explicitly
representing the effects of temperature on traits responsible for growth, we demonstrate
how changes on the individual level scale to the ecosystem level.

ii

The aim of the second manuscript is to implement zooplankton ontogeny in a
generic food-web framework of planktonic communities. We propose a model along the
Nutrient-Unicellular-Multicellular axis – a “NUM” framework – as an alternative to the
NPZ modelling paradigm. NUM is a mechanistic size- and trait-based model based on
individual-level processes. Here the multicellular component describes the population
dynamics of key copepod groups, characterized by their adult size and feeding mode.
Community composition is an emergent property of the model. Using this framework,
we analyze how competition and predation shape the planktonic community. We show
that intraguild predation is ubiquitous in plankton food-webs and that competition
between protists and copepods can emerge.
In the third manuscript, we use the NUM framework to investigate the role
of zooplankton in driving carbon export efficiency at the global scale. The NUM
framework is coupled to a 3D physical model of the oceans. We show that energy
pathways in the planktonic food-web define carbon export efficiency. That is, if
copepods process most of the primary production, export efficiency is high. On the
other hand, if protists process most of the primary production, export efficiency is
low. Light, temperature, nutrients, competition and predation define the food-web
configuration. Finally, we discuss the differences between estimating export efficiency
at the seasonal level and at the annual level. The model has emergent food-web
configurations and size spectrum of the community and detrital particles. These
features render the NUM framework a powerful tool to investigate ecological and
biogeochemical processes in an environmental change context.
In conclusion, in this thesis we address several aspects related to climate change,
plankton community composition and ecosystem functions. To do so, we developed
models that characterize community composition. Perhaps the main product of this
thesis is the NUM – Nutrient-Unicellular-Multicellular – framework, which incorporates zooplankton ontogeny in plankton size-spectrum community model. The NUM
framework is generic and can be extended to include higher trait-diversity, functional
groups or stoichiometry. With this framework, we improve the representation of
multicellular zooplankton in global ecological and biogeochemical models while keeping
a relatively low parameter-set and the emergent property of tait-based models.

Dansk Resumé
Der er en naturlig forbindelse mellem plankton og klima. Klimaet påvirker planktonsamfundets sammensætning. Samtidig driver planktonsamfundets sammensætning
økosystemprocesser, der påvirker klimaet. For eksempel spiller plankton en vigtig rolle
i optagelsen af atmosfærisk CO2 i havene. Denne proces kaldes den biologiske kulstofpumpe og er resultatet af samfundets sammensætning og komplekse interaktioner
inden for det planktoniske fødenet. Planktons samfundets sammensætning varierer
på tværs af regioner og ændres af klimaforandringer. Formålet med denne afhandling
er at undersøge de mekanismer, der driver planktonsamfundets sammensætning og
de tilknyttede økosystemfunktioner, såsom kulstofeksport. For at gøre det bruger vi
egenskabsbaserede mekanistiske planktonmodeller.
Den egenskabsbaserede tilgang karakteriserer organismer ved en kombination af
egenskaber og kompromiser. Disse egenskaber og kompromiser driver samfundets sammensætning og interaktionen mellem organismer. For eksempel driver kropsstørrelse
ofte rovdyr-bytte interaktioner og fysiologi, og det er blevet foreslået at være den
primære determinant for samfundsstruktur. Størrelsesbaserede modeller har således
vist sig nyttige for økologisk modellering. De fleste planktonmodeller repræsenterer
plankton med en kassemodel, hvor hver population er kendetegnet ved den samme
egenskabskombination. Imidlertid vokser flercellet zooplankton i størrelse i løbet af
deres liv, hvilket resulterer i forskelle i diæt og dødelighed i løbet af deres liv, dvs. de
gennemgår ontogenetiske nicheskift. Ontogenetiske nicheskift har betydelige virkninger
på populationsdynamikken. I betragtning af at multicellulær zooplankton er den
vigtigste forbindelse mellem primære producenter og fisk og spiller en vigtig rolle i
drivkraften for den biologiske kulstofpumpe, er det andet mål med denne afhandling
at implementere zooplankton ontogeni i egenskabsbaserede planktonmodeller.
Denne afhandling inkluderer tre manuskripter, der adresserer et eller begge mål.
I det første manuskript behandler vi, hvordan temperaturen påvirker mikrobielle
planktonsamfund. Et interessant aspekt af marine mikrober er, at ressourceoptag og
stofskifte har forskellige temperaturafhængigheder. Vi undersøger således, hvordan
temperatur påvirker individuel vækst, samfundssammensætning og økosystemprocesser
ved forskellige ressourcebegrænsninger. Vi udviklede en mekanistisk egenskabsbaseret
model af encellet plankton, der tager højde for de forskellige temperaturafhængigheder
i de cellulære processer. Vi viser, at konkurrencen om næringsstoffer stiger med temperaturen uden nødvendigvis at ændre stratificeringen af vandsøjlen. Dette resulterer
i en intensivering af det mikrobielle loop og en reduktion af kulstofeksporten. Ved
eksplicit at repræsentere temperaturens virkninger på egenskaber der er ansvarlige for
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vækst, demonstrerer vi hvordan ændringer på det individuelle niveau kan skaleres op
til tendenser på økosystemniveau.
Målet med det andet manuskript er at implementere zooplankton ontogeni i
en generisk fødenet ramme af planktoniske samfund. Vi foreslår en model langs
næringsstof-unicellular-multicellular aksen - en såkaldt “NUM ” ramme - som et
alternativ til NPZ modelleringsparadigmet. NUM er en mekanistisk størrelse- og
egenskabsbaseret model baseret på træk og kompromiser på det individuelle niveau.
Her beskriver den multicellulære komponent populationsdynamikken i de vigtigste
vandloppe-grupper, der er kendetegnet ved deres endelige størrelse og fodringstilstand.
Fællesskabets sammensætning er en fremtrædende egenskab ved modellen. Ved hjælp af
denne ramme analyserer vi, hvordan konkurrence og rovdyr former planktonsamfundet.
Vi viser, at intraguild predation er allestedsnærværende i plankton fødenettet, og at der
kan opstå konkurrence mellem protister og vandlopper. Denne ramme tilvejebringer
et størrelsesspektrum af planktonsamfundet og forbedrer repræsentationen af flercellet
zooplankton og de tilknyttede økosystemfunktioner.
I det tredje manuskript bruger vi NUM-rammen til at undersøge zooplanktons
rolle i at styre effektiviteten af kulstofeksport på verdensplan. NUM-rammen er
koblet til en 3D-fysisk model af havene. Vi viser, at energiens transportveje i det
planktoniske fødenet definerer effektiviteten af kulstofeksporten. Det betyder at hvis
vandlopper optager det meste af den primære produktion, er eksporteffektiviteten
høj. På den anden side, hvis protister optager det meste af den primære produktion, er eksporteffektiviteten lav. Lys, temperatur, næringsstoffer, konkurrence og
predation definerer konfigurationen af fødenettet. Endelig diskuterer vi forskellene
mellem estimering af eksporteffektivitet på sæsonniveau og på årligt niveau. Modellen
producerer nye sammensætninger af fødenet inklusive størrelsesspektret for samfundet
og detrituspartikler. Disse funktioner gør NUM-rammen til et kraftfuldt værktøj til at
undersøge økologiske og biogeokemiske processer i en kontekst af miljøforandringer.
Afslutningsvis behandler vi i denne afhandling flere aspekter relateret til klimaforandringer, planktonsamfundsammensætning og økosystemfunktioner. Vi udviklede
derfor modeller der karakteriserer samfundsammensætning. Måske er det primære
produkt af denne afhandling NUM - Nutrient-Unicellular-Multicellular - rammen,
der inkorporerer zooplankton-ontogeni i den planktoniske størrelsesbaserede samfundsmodel. Disse modeller er værktøjer til at undersøge de mekanismer, der driver
planktonsamfund og de tilknyttede økosystemfunktioner. NUM-rammen er generisk og
kan udvides. For eksempel, kan højere egenskabsdiversitet eller støkiometri implementeres på det encellede niveau ved hjælp af modeller med cellulære investeringer. Det
multicellulære niveau kan udvides til at rumme nye egenskaber eller funktionelle grupper, såsom gelatinøst zooplankton. Med denne ramme forbedrer vi repræsentationen
af flercellet zooplankton i globale økologiske og biogeokemiske modeller, samtidig med
at vi holder et relativt lavt parametersæt og de nye muligheder i egenskabsbaserede
modeller.

Preface
This Ph.D. thesis was prepared in fulfilment of the requirements for acquiring a
Doctor degree in Philosophy. The research was carried out from October 2017 until
September 2020 at the Centre for Ocean Life, a Villum Foundation Centre of Excellence,
in the National Institute of Aquatic Resources (DTU Aqua) in Kgs. Lyngby, Denmark.
During these three years, I was supervised by Ken H. Andersen, André W. Visser
and Thomas Kiørboe. An external research stay of two months was performed in
the University of Southampton (UK), in the department of Ocean and Earth Science,
under the supervision of Dr. Ben A. Ward. This PhD was funded by the Gordon
& Betty Moore Foundation through award #5479, and the Centre for Ocean Life, a
Villum Kahn Rasmussen Centre of Excellence funded by the Villum Foundation. The
travel grants from the Otto Mønsted Foundation supported assistance to conferences
and workshops during this PhD.

Kgs. Lyngby, 30th September 2020

Camila Serra Pompei

vi

List of publications
Published:
Serra-Pompei, C., Hagstrom, G. I., Visser, A. W., & Andersen, K. H. (2019). Resource limitation determines temperature response of unicellular plankton communities.
Limnology and Oceanography, 64(4), 1627-1640. https://doi.org/10.1002/lno.11140
Submitted:
A general size- and trait-based model of plankton communities. Serra-Pompei, C.,
Soudijn, F., Visser, A. W., Kiørboe, T., & Andersen, K. H. (2020). Under review in
Progress in Oceanography.
In preparation:
Role of zooplankton trophic dynamics in driving carbon export efficiency. SerraPompei, C., Ward, B., Pinti, J., Visser, A. W., Kiørboe, T., & Andersen, K. H.

viii

Acknowledgements
First of all, I would like to thank my supervisors, Ken, Andy and Thomas for
giving advice along this journey. Despite some argument during the Moore meetings,
I think the overall outcome was surprisingly good. So thanks for providing constant
support and taking care of me during not only the PhD but also during my master.
I would also like to acknowledge Uffe, Marja and Sigrún. Uffe has been the one
teaching most of my math courses that have been further applied during this PhD.
Sigrún gave me the opportunity to be part of the VERMIX cruise, where I saw
this pond of wonders in a petri-dish. Finally, thanks Marja for starting my danish
adventure by accepting me in the master, and ending this adventure by evaluating my
PhD thesis. Also, thanks Lilian, Karin and Rikke for helping me when needed.
I would also like to acknowledge all the Ocean lifers and DTU Aqua students and
post-docs. You all have made these three years in the institute an amazing experience.
I want to specially acknowledge Jérôme, who is the person who has "suffered" me the
longest: 5 full years working together in most master courses AND PhD meetings.
Also, thanks Kristian for helping me with the danish translation. I would also like
to acknowledge my office mates Mridul, Emily and Sei for being the best mates and
taking care of the plants when needed.
The Virumgade legacy is very much present and has been one of the best things
that happened to me in Denmark. So, thanks Ola, Inés, Berthe and Gijs for being
there from the very beginning. Charlie and Francesco, thanks for being part of the
climbing life, which was a very big part of my life during this journey. I would also
like to acknowledge all my friends from the Lycée and UAB, that despite not being
here, they will always be my closest friends in Spain.
Daniel, thanks for supporting me during this journey and helping me when most
needed, specially at the end of this process. Also, all the cooking and dish-washing
will be remembered! I did not really sign up for a husband when I applied to this PhD,
but I am happy that this was one of the main outcomes of this journey :). Looking
forward to our future adventures!
Finally, I would like to thank my family who have always been there for me. To
my sister just because you are my sister. To my father, with whom i would have never
reached where I am right now. Finally, I would like to thank my mother. 12 years
later, if they told you that there will be a global pandemic or that I would be getting
a PhD using mathematical models, I wonder which one would you have believed first...
just joking. I know you always believed in my capabilities, so thanks for that! We
miss you.

x

I acknowledge the Gordon and Betty Moore Foundation and the Villum Fonden
for funding this PhD.

Contents
Summary

i

Dansk Resumé

iii

Preface

v

List of publications

vii

Acknowledgements

ix

1 Introduction
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
1.2 Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2 Background
2.1 The trait-based approach . . . . . . . . . . . . . . .
2.1.1 The concept . . . . . . . . . . . . . . . . . . .
2.1.2 A review of trait-based plankton models . . .
2.2 Ontogeny and structured population models . . . . .
2.2.1 Effects of ontogenetic niche shifts . . . . . . .
2.2.2 Physiologically structured population models
2.2.3 Stage-structured models . . . . . . . . . . . .
2.3 Size spectrum theory . . . . . . . . . . . . . . . . . .
2.3.1 Size spectra in marine systems . . . . . . . .
2.3.2 Size spectrum models . . . . . . . . . . . . .
2.4 Copepods . . . . . . . . . . . . . . . . . . . . . . . .
2.4.1 Role of copepods in marine ecosystems . . . .
2.4.1.1 Trophic role . . . . . . . . . . . . .
2.4.1.2 Biogeochemical role . . . . . . . . .
2.4.2 Copepod traits . . . . . . . . . . . . . . . . .

1
1
2

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

7
7
7
9
10
10
12
13
13
13
14
15
15
15
16
16

3 Discussion and perspective
3.1 Manuscript 1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.2 Manuscript 2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
3.3 Manuscript 3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

25
25
26
26

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

.
.
.
.
.
.
.
.
.
.
.
.
.
.
.

xii

3.4
3.5
3.6

Mechanisms driving community trait composition
A size-spectrum model of plankton communities
3.5.1 Traits, trade-offs and niche differentiation
3.5.2 Model limitations . . . . . . . . . . . . . .
Conclusion and perspective . . . . . . . . . . . .

and carbon export
. . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . .
. . . . . . . . . . .

.
.
.
.
.

27
29
30
31
32

4 Manuscript 1

37

5 Manuscript 2

63

6 Manuscript 3

101

A Appendix manuscript 2

129

B Appendix manuscript 3

163

CHAPTER

1
Introduction

1.1

Motivation

There is an inherent link between ecology and climate. The environment affects
organisms and community composition. At its turn, the ensemble of processes at
the community level affect the environment and climate. Plankton communities play
an important role in driving this interplay between life and climate (Ducklow et al.,
2001; Menden-Deuer and Kiørboe, 2016; Steinberg and Landry, 2017). Plankton
are a diverse group of organisms. The word "plankton" (from the Greek adjective
planktos, meaning errant) refers to organisms that drift with the ocean currents.
Thus, "plankton" encompasses a myriad of life forms ranging from microbes to
multicellular organisms (metazoans) such as crustaceans and jellyfish. Each organism
is characterized by a combination of biological traits, defining their life-history strategy
(Litchman et al., 2013; Kiørboe et al., 2018). This combination of traits shapes the
interactions occurring between organisms in a community and concomitant ecosystem
processes.
Plankton play an important role in driving the global carbon cycle (Ducklow et al.,
2001; Steinberg and Landry, 2017). The autotrophic fraction – phytoplankton – fix
about 50% of the atmospheric CO2 through photosynthesis. Once this carbon enters
the marine food-web, it is eaten and respired by other organisms – zooplankton and
bacteria –. The small fraction that is not respired sinks to the deep ocean and remains
sequestered from the atmosphere for hundreds to thousands of years. This process is
termed the biological carbon pump, and if not present, the atmosphere would have
about 50% more CO2 (Parekh et al., 2006). The trait-distribution in the planktonic
community defines the magnitude of carbon fluxes. For instance, large organisms
at the base of the food web transfer energy more efficiently to higher trophic levels
or to the deep ocean (Wassmann, 1997; Stamieszkin et al., 2015). Hence, plankton
community trait composition affects the strength of the ecosystem processes. However,
community composition is the outcome of complex interactions between organisms,
and organisms and the environment, that are hard to track.
Mathematical mechanistic models provide a platform to disentangle the complex
interactions within the community and between the community and the environment.
Trait-based models have become a useful tool to capture community composition
in terms of traits and in reproducing emergent food-webs (Follows and Dutkiewicz,
2011; Kiørboe et al., 2018). The emergent nature of these models allows to use a
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single generic model in several environments and track the effects of environmental
change over time. In these models, populations are represented by a box-model,
where each population is characterised by a single trait-combination (Follows et al.,
2007; Bruggeman and Kooijman, 2007). But multicellular organisms have complex
life-cycles, where they often grow in size during their life (Werner and Gilliam, 1984).
This ontogenetic growth has several implications for population dynamics (de Roos
and Persson, 2013). This niche difference between life-stages can create bottlenecks,
intraguild predation and cannibalism (Polis and Holt, 1992; Claessen et al., 2000;
De Roos et al., 2007).Thus representing populations of multicellualr organisms with
simple box-models might flaw the representation of mesozooplankton.
One of the aspects I will address in this thesis is the implementation of ontogenetic
growth in plankton community models. For this objective, I will use copepods as representatives of the multicellular compartment. Copepods are small crustaceans that live
in marine and freshwater habitats. Copepods are the most abundant mesozooplantkon.
In marine habitats, pelagic copepods can be found practically everywhere around the
globe, from tropical to polar regions. Copepods are the main link between primary
producers and fish, regulating the phytoplankton community through predation and
trophic transfer to higher trophic levels (Calbet, 2001; Zöllner et al., 2009; Möllmann
et al., 2005). Copepods also largely contribute to the biological carbon pump by
producing fast-sinking fecal pellets, grazing on sinking particles, and performing vertical migrations (Ducklow et al., 2001; Turner, 2004; Jónasdóttir et al., 2015). Since
copepods play a key role in the marine food-web, have been well studied, and undergo
ontogenetic growth, they are a good study organism to develop novel models of the
planktonic community.

1.2

Objectives

The aim of this thesis is to investigate the mechanisms driving plankton community
trait composition and associated carbon export. To do so I will use trait-based mechanistic plankton models. Due to the simple representation of multicellular zooplankton
in these models, the second objective of this thesis is to implement ontogenetic growth
of multicellular zooplankton in plankton community models. For this latter objective,
I will use copepods as representatives of the multicellular compartment.
We have seen that community composition and interactions between organisms
drive carbon export. Particularly, size has a strong structuring effect on the food-web
and associated ecosystem processes. We thus need a model that characterises (i)
trait community composition, specially size, (ii) organisms interactions, and (iii) the
resulting carbon flux. In addition, the model should be generic as to adapt to different
environmental forcings and is able to track environmental change.
Several mathematical models encompass all these requirements. Trait-based models
capture trait community composition and environmental change. Trait-based models
accommodate for emergent communities, feature that is suitable to model communities
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in different environments and allows for environmental change. However, most of
these models do not capture ontogeny. Physiologically structure population models
(PSPMs) characterise ontogeny within populations by means of a partial differential
equation. In PSPMs organisms growth is food-dependent. Stage structured models
simplify PSPMs to a simple system of ODEs to adapt for computational demands.
Finally, size-spectrum models combine models of ontogenetic growth to community
interactions, where size is considered as the structuring trait of the community. In
these models size defines organism’s metabolic rates and predator-prey interactions
and have been proven to be useful to model full communities (at least for fish). I will
combine all these methods to address the objectives of this thesis.
Three manuscripts have been developed:
• Resource limitation determines temperature response of unicellular plankton
communities. Serra-Pompei, C., Hagstrom, G. I., Visser, A. W., & Andersen, K.
H. (2019). Limnology and Oceanography, 64(4), 1627-1640.
• A general size- and trait-based model of plankton communities. Serra-Pompei,
C., Soudijn, F., Visser, A. W., Kiørboe, T., & Andersen, K. H. (2020). Under
review in Progress in Oceanography.
• Role of zooplankton trophic dynamics in driving carbon export efficiency. SerraPompei, C., Ward, B., Pinti, J., Visser, A. W., Kiørboe, T., & Andersen, K. H.
In preparation.
In the first manuscript we address how the effects of temperature at the individuallevel scale to the community and ecosystem levels. Here we only model the microbial
community and set the basic knowledge on current trait-based models of unicellular
plankton. In the second manuscript we provide a food-web framework where the
ontogeny of copepods is implemented. Here we perform a theoretical analysis of the
drivers of copepod size and feeding modes in different environmental conditions. We
further analyse how copepod community composition affects carbon export through
fecal pellets production. Finally, in the third manuscript, we address the role of
zooplankton in driving carbon export efficiency at the global scale. To do so, we couple
the model developed in manuscript 2 to a 3D physical model of the global oceans.
This thesis is structured as follow: I first provide some background in terms of
trait-based models used to characterise planktonic communities, population models
that incorporate ontogeny, size-spectrum models and copepods (Chapter 2). Next, in
chapter 3, I sum-up the main findings of each manuscript and discuss in a broader
context the models developed, limitation and future directions. The manuscripts
developed in this thesis can be found in chapters 4, 5 and 6.
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CHAPTER

2
Background

In this chapter I provide the theoretical background for the kinds of models that
will be used in this thesis. I start by the trait-based approach and its implementation
in plankton models. Next, I review how stage-structured populations can be modelled.
Finally, I go through size-spectrum theory and size-spectrum food-web models. The
last part provides an ecological context of copepod communities.

2.1

The trait-based approach

2.1.1

The concept

Originally, the species concept has been the approach to identify organisms in the
natural environment. However, species-centric models have failed to describe and
down-scale the complexity of marine ecosystems. This is due to the large parameter-set
that is needed to describe each species. On top of that, a pre-existing knowledge
is needed to set the interactions between species. Knowledge that is often lacking.
The trait-based approach emerged as an alternative to species-centric models. The
trait-based approach identifies organisms by their traits (Litchman and Klausmeier,
2008; Litchman et al., 2013; Kiørboe et al., 2018). The combination of traits then
defines how organisms interact (through competition and predation). In this sense,
the aim of the trait-based approach is to describe complex systems following simple
rules. These simple rules should further allow to assess the effects of environmental
change.
Organisms have three fundamental Darwinian missions: eat, reproduce and survive
(fig. 2.1). Each organism has evolved into a combination of traits that maximize
its fitness under a given environment. The energy that can be invested into the
three Darwinian missions is finite, resulting in inherent trade-offs associated to each
investment. These trade-offs prevent the creation of a "Darwinian demon", who would
be able to thrive in all environments. Hence, different organisms will thrive under
different environmental and biotic pressures. A good example is the trade-off between
"eat or being eaten" in zooplankton (Kiørboe, 2011). Among planktonic organisms,
a very broad classification that can be done is between active and passive feeders.
Active feeders quickly exploit food-resources. To do so, they need to swim/filter
to encounter food particles. This movement makes them more easily detected by
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Figure 2.1: Figure from Litchman et al. (2013). The fundamental Darwinian mission of organisms:
eat, reproduce and survive. Energy will be allocated into these three missions, following trade-offs.
In a given environment, a there will be an optimal allocation of energy.

predators than if the organisms did not move. Hence, passive feeders avoid being
detected by predators. This predator-avoidance results in lower resource uptakes.
Thus, following the Darwinian missions (fig. 2.1), active feeders favor feeding relative
to survival, and passive feeders favour survival relative to feeding. Hence, trade-offs
will shape the community composition.
In trait-based models, the traits used are the ones that have a major influence
on the organism’s fitness. Within the plankton community, both phytoplankton and
zooplankton traits have been well identified (Litchman and Klausmeier, 2008; Litchman
et al., 2013). But perhaps the most remarkable trait across life-forms is size, as size
sets the initial constrain to many of the physiological traits.
Size sets limitations on the physiology and behavior of organisms (Andersen et al.,
2016a). Examples where size is a major driver in ecology is reflected in the classical
3/4 scaling of metabolic rates across taxa (Brown et al., 2004; Kiørboe and Hirst,
2014), the size-dependence of predator-prey interactions (Hansen et al., 1994; Kiørboe,
2016), and processes related to fluid mechanics such as swimming speed at low Reynold
numbers (Kiørboe, 2011) or diffuse uptake of nutrients by microbes (Aksnes and Egge,
1991; Edwards et al., 2012). This size-scaling is further reflected on population growth
rates (Fenchel, 1974; Gillooly et al., 2002). However, the variability within each size
can be wide for different processes, and this variability is then explained by other traits
characterizing organisms of similar sizes. For instance, low maximum ingestion rates
can be observed in passive feeders relative to active feeding copepods of similar sizes
(Kiørboe and Hirst, 2014). Thus, size in combination with other traits, provide an
initial good representation of the community composition and interactions occurring
within.
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2.1.2

A review of trait-based plankton models

Significant efforts have been done to incorporate the diversity of planktonic life into
trait-based models (Follows and Dutkiewicz, 2011). Perhaps one of the biggest advances
in the past 20 years has been the surge of "diversity-inspired" plankton models (Follows
et al., 2007; Bruggeman and Kooijman, 2007). These models are characterised by
having an emergent community composition. These emergent community models – or
seed models – follow the principle that "everything is everywhere, but the environment
selects". In these models, a continuum or random group of trait-combinations is
set in the environment. Through environmental feedbacks and interactions between
organisms (competition and predation), the fittest organisms, determined by a given
trait-combinations, remain. Organisms that perished in this particular environment
might have a higher fitness in other environmental settings. The philosophy of these
models is that, given a diverse community, selection through relative fitness is a
fundamental characteristic in driving community composition. The emergent nature
of these models allows to use them in a global setting and allows following the effects
of environmental change in plankton communities.
Due to computational constraints, a handful of traits are usually chosen to characterize each organism. In general, the chosen traits are the ones mostly affecting the
fitness of organisms (Litchman and Klausmeier, 2008; Litchman et al., 2013; Kiørboe
et al., 2018), with a variability depending on the research question. As discussed above,
one of the master traits used is size. The structuring effect of size in a community
gave rise to size-based models. Size-based models use size as a governing trait to
characterize organisms. The advantage of these models is the reasonably low set of
parameters due to the allometric scaling of rates with power-law functions. By knowing
the coefficient and intercept of the power-law functions, one can parametrize a full
community spectrum. Size-based models have been used to describe plankton (Ward
et al., 2012; Ward and Follows, 2016; Chakraborty et al., 2020) and fish communities
(Jennings et al., 2001; Andersen et al., 2016b). Nonetheless, the variation of trait values
within each size is large (sometimes ordering a few orders of magnitude) highlighting
that traits other than size are also important in shaping individual-, community- and
ecosystem-level processes.
For unicellular organisms, cell models with different allocations of the energy budget
have become a powerful tool to resolve diverse life-history strategies (e.g. Shuter 1979;
Bruggeman and Kooijman 2007; Moreno et al. 2018). In these models, organisms
invest energy into specific cell compartments, resulting in variable trait values. For
instance, Shuter (1979) developed a model where energy could be invested in several
cell compartments and looked for the investments combination that optimized cell
growth in different environments. In a similar fashion, Bruggeman and Kooijman
(2007) obtained the seasonal distribution of phytoplankton traits by implementing a
trade-off between uptake of nutrients and photosynthesis. Most of these models have
however been centered on phytoplankton, with a poor zooplankton representation,
specially for multicellular zooplankton.
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Zooplankters span from unicellular protists to large multicellular organisms like
crustaceans, jellyfish, and fish larvae. Among the unicellular compartment, heterotrophic protists impose a strong top-down control on phytoplankton (Landry and
Hassett, 1982). In protists, a trophic strategy that has received much attention in
the last years is mixotrophy (Jones, 2000; Flynn et al., 2013; Stoecker et al., 2017).
Mixotrophic microbes combine autotrophic and heterotrophic nutrition, i.e. are able
to do photosynthesis, take dissolved nutrients and prey on other organisms. In traitbased models, the implementation of mixotrophs has resulted in a continuum between
autotrophic and heterotrophic traits (Andersen et al., 2015; Ward and Follows, 2016;
Berge et al., 2017; Chakraborty et al., 2017). This continuum proved to be a successful
strategy in many environments and increased carbon export and trophic transfer to
higher trophic levels (Ward and Follows, 2016).
So far, most models have incorporated each zooplankton type as a single model
compartment. This representation suggests that whole populations can be characterised
by the same traits. This is a fair assumption considering that a large group of
zooplankton are protists that grow through cell division. Yet, multicellular zooplankton
(often larger than 200 µm) have complex life cycles and grow in size over their life.
Even thought Little has been done to address this aspect, some plankton models have
accounted for zooplankton ontogeny. Record et al. (2013) set the stage in modelling
emergent copepod communities while incorporating ontogeny. Their model combined
the principles of emergent communities from phytoplankton models, while having
a good representation of zooplankton life cycles. Recently, Heneghan et al. (2020)
developed a model of zooplankton that was linked to a size-spectrum fish model. They
implemented several zooplankton functional groups using size-based scaling principles
and addressed the biogeography of functional groups and its effect on fish production.
However, in these models, the population dynamics of primary producers and other
microbes is not implemented, preventing its use in most biogeochemical models. Thus,
an approach where a better representation of zooplankton ontogeny, together with the
dynamics of prey such as microbes is needed. Specially if these models are intended
to address biogeochemical questions.

2.2

Ontogeny and structured population models

In this section we review the main effects of ontogeny and present two generic
models that address ontogenetic growth in structured populations.

2.2.1

Effects of ontogenetic niche shifts

Many organisms grow in size during their life (Neuheimer et al., 2015). In terms
of body-mass, this increase can be of several orders of magnitude (fig. 2.2). This
difference in body size has several implications for population dynamics (Werner and
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Figure 2.2: figure from Neuheimer et al. (2015)

Gilliam, 1984). Since most of the metabolic rates and predator-prey interactions
are size-dependent, the experienced food and mortality by juveniles and adults will
differ. This means that, even if there is plenty of resources for one of the stages, if the
resource of the other stages is missing, the population won’t be able grow. This creates
bottlenecks in stages: there will be biomass accumulation in the stages where no
resources are sufficient as organisms are unable to grow. Interestingly, increasing the
mortality within this specific stage releases the competition for resource and enhances
population growth (De Roos et al., 2007; Schröder et al., 2009). This change in niches
over the life of an organisms is termed ontogenetic niche shift, and is common in most
multicellular organisms (Werner and Gilliam, 1984).
At the community level interesting dynamics can arise. Ontogenetic growth of
species results in an overlap for a similar niches between species, potentially affecting
coexistence. A dynamic that emerges is intraguild predation (Polis and Holt, 1992).
Assume two organisms of different species competing for the same resource. Further,
one of these organisms grows into adulthood, and now this same organism preys on
its competitor. Intraguild predation thus refers to "eating your own competitor".
Whether one species or the other wins depends on the degree of productivity of the
shared resource, among other things (Hin et al., 2011). Cannibalism is also ubiquitous
within populations and can emerge out of ontogenetic interactions (Claessen et al.,
2000; Ohman and Hirche, 2001; Bonnet et al., 2004). Cannibalism can mfigy the
size-structure of a population, and stabilise or distabilise the system, even resulting in
bi- stability(Claessen et al., 2000). All in all, representing organisms with structured
populations as a single box in models is an oversimplification (De Roos et al., 2007).
Specially if population dynamics are to be captured. In the following sections we
introduce two kinds of generic structured population models that have been used in
ecology.
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Figure 2.3: Illustration of a stage-structured model with two stages (left) and the juveniles representation of physiologically structured models (right).

2.2.2

Physiologically structured population models

Physiologically structured population models (PSPMs) follow the principles that:
(i) juveniles invest all their energy into somatic growth, (ii) adults invest all their
energy into reproduction, and (iii) all rates are modelled at the individual level and
are size-dependent. Here juveniles are modelled by a PDE and the adults by an ODE:
∂c(t, s) ∂g(R, s)c(t, s)
+
= µ(s)c(t, s)
∂t
∂s

(2.1)

dC
= g(R, sa )c(t, sa ) − µ(s)C
(2.2)
dt
Where s is the size of the organism and sa the size of adults, c is the number spectrum
of juveniles (a size dsitribution, often in units of concentration per unit of body-size),
C the concentration of adult organisms, R the concentration of a resource, and µ the
mortality. There is a boundary condition to allow for reproduction:
g(R, sb )c(t, sb ) = b(R, sa )C

(2.3)

where b is the fecundity of adults (or birth rate). The growth rates are food-dependent.
The uptake of food and growth are the end-product of a simple energy budget
model, where ingestion and assimilation of prey is explicitly represented together with
metabolic expenses. A detailed explanation of these processes is provided in the second
manuscript (chapter 5) and thus no further detail will be here provided.
This model provides a detailed representation of full cohorts. But its computational
implementation can be heavy due to to the fine discretisation of the PDE. To overcome
this, a simplified version of physiologically structured model emerged: stage structured
biomass models (De Roos et al., 2008).
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2.2.3

Stage-structured models

Stage structured biomass models reduce the PSPM to a minimum of two ODEs:
one for the biomass of juveniles (J) and one for the biomass of adults (A). In these
models it is assumed that all juveniles are represented by the same rate. Which is the
rate averaged over the size range that juveniles represent (De Roos et al., 2008). The
coupled system of two ODEs becomes:
dJ
= νa (R)A + νj (R)J − γ(νj , µj )J − µj J
dt
dA
= γ(νj , µj )J − µA A
dt

(2.4)
(2.5)

where νj is the accumulation of biomass in the stage through growth. Transition
to the adult stage is modelled by the function γ which considers the size-interval of
the juveniles stages, growth and morality. γ is in fact a function that approximates
population growth from the PDE in equation 2.1. Since adults invest all their net
energy into reproduction, all the energy gains by adults νA go towards the juveniles
ODE. Finally µ is again mortality, and includes starvation, background mortality and
predation.
The conversion towards two simple ODE results in faster computational times
at the expenses of losing refinement into the population dynamics. Still the main
processes related to ontogenetic niche shifts and associated processes are captured. The
use of two ODEs is the simplest of the cases. Th number of ODEs can be increased,
resulting in a finer discretisation of the population while keeping a manageable number
of ODEs in the community setting. This approach has been taken in manuscript 2
(Chapter 5) and is explained in detail there.

2.3

Size spectrum theory

We first provide the concept of size-spectra in marine systems. Next we discuss
how models incorporate these size-spectra in combination with population models in
a community setting.

2.3.1

Size spectra in marine systems

Sheldon et al. (1972) found a nearly constant biomass of organisms in equally
logarithmically divided intervals of body-size. He first collected samples of small
particles in the ocean, classified them in size-range intervals, and calculated the total
biomass within these interval. He did the same for several regions and discovered a
regularity: biomass followed a nearly constant power-law function of size. He later
extrapolated this regularity to larger organisms such as fish, and concluded that in
marine systems, biomass followed an almost straight line with size. Thus, if the
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exponent and coefficient of this function were obtained, the biomass from bacteria to
whales is revealed.
From here, the Sheldon spectrum was derived. In a Sheldon spectrum, biomass
is classified in equal size bins. The problem is that if different size bins are chosen,
for example from a linear scale to a logarithmic scale, or from a Log2 to a Log10 ,
these Sheldon spectra cannot be compared. To overcome this inconvenience, spectra
independent of the bin width are needed. To make the Sheldon spectrum independent
of the bin width we simply need to divide the biomass within a bin by the bin
width itself. In this case we would obtained what is called the biomass spectra or
normalized spectra (Sprules and Munawar, 1986; Andersen, 2019), in units of biomass
or concentration per unit of body-mass. Using a normalized spectra now allows to
compare across studies.
From the biomass spectrum a power-law function of the form N = κmλ can be
obtained. Where κ is the coefficient and λ the exponent. The coefficient varies across
systems, where it increases in systems with higher total biomass (Sprules and Munawar,
1986). The exponent is roughly constant across systems if extended to a broad size
range. However, a thing to bear in mind is that the exponent varies depending on
the spectra used. For instance, a "number spectrum", in units of abundance per
body-mass, can be obtained by dividing the biomass spectrum by the corresponding
body mass. Thus, the exponent of the number spectrum would be λ − 1. The value of
the exponent of each spectra is the result of the size scaling of organisms, specially of
predator-prey interactions (Andersen, 2019). We will not go deeper into this subject,
and more information can be found in manuscript 2 (Chapter 5) and in Andersen
(2019). All in all, the remarkably constant regularity found by Sheldon et al. (1972)
resulted in the development of size-spectrum models, where size is the main trait
organising a community (Jennings et al., 2001; Andersen et al., 2016b).

2.3.2

Size spectrum models

Size spectrum models represent entire communities as a size distribution (spectra
seen above) (Andersen et al., 2016b). They use individual body-size as the main
community-structuring trait (Jennings et al., 2001). Size-spectrum combine structured
population models with community interactions. The population models are similar
to the PSPMs, even thought they might be named differently, such as the Mckendrik
von Foerester equation, at least in fish models. the MvF is similar to PSPMs but
accommodate for growth after maturation (e.g. the case in fish models). Interactions
between individuals of different communities occur through competition and predation,
all defined by the size of the organisms. The models combine the low parameter-set of
size-based models with ontogenetic population models in community context. These
models are commonly used to model fish communities. Thus, size-spectrum models
seem to be the way forards to incorporate ontogeny in plankton communities while
capturing the composition and interactions between communities. In addition, to
to the common use of size-spectrum models to represent fish communities, using a
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similar construction for plankton models would allow to bridge plankton models to
fish models, resulting in end to end population models of marine food-webs.

2.4

Copepods

Copepods are small crustaceans that live in marine and freshwater habitats. Copepods are the most abundant mesozooplantkon (zooplankton between 200 µm and
2 mm) even though the smallest copepods can be part of the microzooplankton fraction
(<200 µm). In marine habitats, pelagic copepods can be found practically everywhere
around the globe, from tropical to polar regions. The vertical distribution ranges from
the epipelagic to the bathypelagic. All copepods produce eggs, grow and reproduce.
Copepods grow up to three orders of magnitude in body-mass over their life (Neuheimer
et al., 2015). Copepods possess a complex life cycle, where they go through 6 nauplii
stages, 5 copepodite stages and finally the adult stage. Copepods have determinate
growth, i.e. once maturation size is reached, they stop growing in size and invest all
their energy into reproduction. The final adult size depends on food availability and
temperature (McLaren, 1965). At higher temperatures, maturation size is smaller.
This increase in size over the copepods life has strong implications for their survival.

2.4.1

Role of copepods in marine ecosystems

Copepods link the microbial world to higher trophic levels, and therefore have an
important role at shaping (i) the phytoplankton community by imposing a top-down
control (Calbet, 2001; Zöllner et al., 2009); and (ii) the fish community by being part of
the fish diet (Möllmann et al., 2005), regulating trophic transfer to higher trophic levels.
Copepods also largely contribute to the biological carbon pump by producing fastsinking fecal pellets, grazing on sinking particles, and performing vertical migrations
(Ducklow et al., 2001; Turner, 2004; Jónasdóttir et al., 2015). Overall, copepods play
an important role for ecosystem functioning, both at the ecological and biogeochemical
levels.
2.4.1.1

Trophic role

Originally copepods were related to the grazing food-chain, which is the classic
paradigm of the food web in the upper ocean (usually illustrated with the herring
food web proposed by Hardy 1924; Landry 2002). This kind of food-web is short
and efficiently links large primary producers to fish, where copepods are the main
link. Later, Pomeroy (1974) introduced the concept of the microbial food-web. Where
sveveral trophic interactions occurred in the microbial level before reaching the copepod
trophic level. Calbet and Saiz (2005) showed that microzooplankton were the main
prey of copepods, even thought they could graze up to 40% of primary production
by direct phytoplankton consumption (Calbet, 2001). Finally, nauplii are also able
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to prey on bacteria (Faithfull and Goetze, 2019). Thus, even though the classical
food-web prevails in polar ecosystems or during short periods of time, e.g. during
spring blooms, in most oceans copepods are part of long complex food-webs.
2.4.1.2

Biogeochemical role

By channelling energy in the marine food-web, copepods affect the carbon cycle
(Steinberg and Landry, 2017). Copepods mediate the biological carbon pump through
several processes: (i) they produce fast-sinking fecal pellets, (ii) they perform vertical
diel or seasonal migrations, where the carbon is respired and excreted at depth, and
(iii) can attenuate the carbon flux by consuming and fragmenting detrital particles.
In terms of passive export (i.e. export through sinking particles), copepods consume
carbon and excrete it in the form of fecal pellets or dissolved organic matter (Ducklow
et al., 2001; Turner, 2015). The fecal pellets of copepods are dense and tend to sink
faster than their prey. The sinking rate of the fecal pellets is proportional to the pellet
size, and the pellet size is proportional to the producer. Thus, large copepods tend to
be more efficient at exporting carbon than smaller ones (Stamieszkin et al., 2015). On
the other hand, copepods can also attenuate the carbon flux by direct consumption of
detrital particles (Wexels Riser et al., 2007, 2010). Which of these processes dominates
is still unclear, and probably each process varies across communities and regions.
Copepods also contribute to the active carbon export (through vertical migrations).
Some copepods perform vertical migration, either daily or seasonal (Steinberg et al.,
2000; Ohman and Hirche, 2001). When copepods are at depth, the carbon that is
respired is sequestered. The fecal pellets that are produced can also be more effectively
sequestered as they are remineralised in deeper layer. When migrations are performed
seasonally, copepods depend on their lipid reserves to survive the winter at depth,
contributing to the lipid pump (Jónasdóttir et al., 2015). This process is important
at high latitudes, where copepods with large amounts of reserves stay at depth for
several months to survive the winter. This active biological pump is hard to quantify
and the magnitude of this process is largely unknown.
All in all, the biological carbon pump is the result of trophic interactions, community
composition and traits distribution. From a mass balance perspective, how much
carbon is exported is the result of how much and where this carbon is respired (Aksnes
and Wassmann, 1993; Wassmann, 1997; Steinberg et al., 2000).

2.4.2

Copepod traits

Copepods can be described by a combination of traits that influence their lifehistory strategies. Some of the main traits are size, feeding mode, spawning strategy,
and adult to offspring size-ratio. The combination of traits might be favoured under
different conditions. Here we will centre on size, feeding mode and spawning strategy
because they seem to influence the most the life-history of copepods.
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Figure 2.4: Figure from Brun et al. (2016). Size distribution of copepods from observations (warm
colors) and predicted from their statistical model (grey colors).

In terms of size, adult copepods range 4 orders of magnitude (Kiorboe and Sabatini,
1995). There is a pattern between copepod size and latitude, where low latitudes have
smaller copepods than high latitudes (Brun et al., 2016). However, from figure 2.4
one can see that even at low latitudes copepods tend to be quite large in total length
(∼3 mm). However, smaller copepods tend to be present in most systems and even
tend to dominate in biomass (Hopcroft et al., 2001; Gallienne and Robins, 2001; Turner,
2004). It is often argued that system productivity drives this difference in copepod
size, where larger copepods appear in systems with a higher productivity. However,
coastal regions, which are among the most productive systems, are dominated by small
copepods (Turner, 2004). This could be due to high predation by visual predators on
large copepods (Aarflot et al., 2019). Large copepods have received a lot of attention
in the literature, but small copepods are present in most systems and are able to cope
with most environments.
The feeding mode affects behaviour and fitness of copepods (Kiørboe, 2011). The
trade-offs in copepods stem from eating or being eaten. If copepods swim and actively
look for prey, they are more easily detected by predators. This is a high risk high
gain strategy. On the other hand, other copepods stay still in the water column
to avoid being detected by predators, resulting in lower ingestion rates. These two
strategies can be divided between active and passive. The active ones are feedingcurrent feeders and cruisers, whereas passive copepods are ambush. A requirement to
be an ambush feeder is to have neutral buoyancy in the water column, resulting in
most surface dwelling passive copepods being small. It has been shown that passive
feeding copepods dominate in terms of abundance at high latitudes (Prowe et al.,
2019). This goes against the common belief that passive feeders should dominate in
more oligotrophic regions due to their lower food-requirements. This suggests that, in
this case, predation avoidance might be a stronger driver for survival than lower food
requirements.
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Spawning strategy also influences life-history of copepods. There are two strategies:
broadcast spawners and sac-spawners (Kiørboe and Sabatini, 1994). Broadcast spawners release their eggs in the water column, whereas sac-spawners carry the eggs attached
to their body. The trade-off of this strategy seems to be on producing a lot of eggs
but have higher morality in contrast to keeping the eggs but risking to lose the whole
clutch if the mother is eaten. Most passive-feeding copepods tend to be sac-spawners.
These strategies also seem to be related to the adult to egg mass ratios (Kiørboe and
Sabatini, 1994). Sac-spawners seem to have a constant adult-to-egg mass ratio of 100.
whereas for broadcast spawners, egg-to-adult ratio seems to vary with adult mass,
varying from 100 to 1000.
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CHAPTER

3
Discussion and
perspective

The aim of this thesis was to investigate the mechanisms driving plankton community trait composition and associated carbon export. To do so, trait-based plankton
models were developed. A gap in current plankton models is the implementation of
ontogeny. Thus, the second aim of this thesis was to implement ontogeny in plankton
community models. I used copepods as representatives of multicellular zooplankton,
since they have been well studied and are the most abundant mesozooplankton. In
the following sections I briefly discuss the three manuscripts from this thesis. Next, I
discuss the main outcomes addressing the aims previously mentioned.

3.1

Manuscript 1

Resource limitation determines temperature response of unicellular plankton communities
Resource uptakes in microbes (photosynthesis, diffusive nutrients uptake, predation)
have different temperature sensitivities. Thus, at the individual level, growth limitation
by different resources could result in different temperature responses of the overall
growth rate. By using a "system of infinite diversity" (Bruggeman and Kooijman,
2007) together with an energy budget model of unicellular organisms, we addressed
how changes in temperature at the individual level scale to ecosystem processes. At
the individual level we indeed found different temperature scaling (Q10 ) depending on
the resources limitation (fig. 3.1). When resources are plentiful, organisms get close to
a Q10 = 2. when resources are limiting the Q10 is lower. When resources are very
limiting, the Q10 is below 1, resulting in a decrease in growth as temperature increases.
At this latter stage, respiration overcomes resources uptakes (fig. 3.1). Still, in general
a rise in temperature is accompanied by higher growth rates. At the ecosystem-level
this is reflected in most rates over the year, except in summer when nutrients are very
limiting. However, this higher uptake rates and growth rates results in a stronger
nutrient limitation and an associated trophic cascade. Thus different sizes respond
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Figure 3.1: Figure from manuscript 1. Q10 response of unicellular plankton growth as a function of
resources availability for small cells (a) and large cells (b).

differently to a rise in temperature. All in all, competition and predation distort the
temperature scaling from individuals to ecosystems.

3.2

Manuscript 2

The second manuscript addressed a technical issue: implementing ontogeny in
plankton community models. We used the principles of size-spectrum models to
characterise ontogeny of multicellular zooplankton in a plankton community setting.
We ended up with a model framework along the Nutrient-Unicellular-Multicellular
axis – a “NUM” framework – as an alternative to the NPZ modelling paradigm. We
used copepods as representatives of the multicellular compartment. In NUM, size
and feeding mode shape copepod’s metabolic rates and predator-prey interactions.
The unicellular compartment is represented by mixotrophic organisms, where size
resolves the dominant trophic strategy (auto- mixo- or heterotrophy). Size imposes
a structuring effect on the food-web, which makes it emergent and prevents us from
pre-defining its structure beforehand. The emergent nature of the model results in
interesting patterns. Competition between large protists and small copepods affects
community composition. Intraguild predation between small and large copepods is
ubiquitous. Finally, the model allowed to study the effects of copepod size in driving
carbon export. Since size is resolved, the associated sinking rates of fecal pellets were
possible to implement. The NUM framework combined ontogeny, size spectrum models
and community composition in an emergent framework.

3.3

Manuscript 3

The role of zooplankton in driving carbon export efficiency is still unclear. Due
to the growing interests in using satellite products to derive carbon export, a better
understanding of the mechanisms driving carbon export efficiency is needed. In this
third project we apply the model developed in the second manuscript to address this
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issue. The novelty of this model, relative to previous models used to study carbon
export efficiency, is that we resolve the size of all organisms in the community and
associated carbon export. Despite many of the processes related to carbon export
efficiency depending on physics, the relative sinking rates of particles are associated to
community size-structure and composition.
We found that how energy flows in the food-web affects export efficiency. When
NPP flows mainly through heterotrophic protists, carbon export efficiency is low.
When NPP flows through the copepod compartments, export efficiency is high, except
if the community is dominated by small copepods. The main driver of food-web
structure are temperature, input of nutrients and light. Light limitation favours
copepods, whereas nutrient limitation favours protists. High temperature favours
protists and low temperature copepods. We also show that regions with sporadic high
export efficiency do not necessarily translate into high annual export efficiency. Here
we disentangled different environmental effects and point out what to address when
investigating carbon export efficiency.

3.4

Mechanisms driving community trait composition
and carbon export

Nutrients and light set the initial constraint on the biomass of the system. Community trait composition is further affected by competition, predation and temperature.
Specially, competition for nutrients sets the initial constraint on the size-distribution
of protists, where stronger competition results in the dominance of smaller cells. This
competition is intensified by higher temperatures (manuscripts 1 and 3), that lead
to higher diffusive rates and maximum uptake rates, and reduce nitrogen availability
in the system, thus resulting in a reduction in the average cell size. This reduction
in cell size affects the entire food-web. Dominance of smaller cells results in more
trophic transfers across the microbial food-web, which impacts the energy available for
larger organisms such as large copepods. The changes in cell size with temperature are
further intensified by the correlation between temperature and nutrients availability:
systems with high temperatures typically have low nutrient availability. Predation
affects size distribution and feeding mode. High predation favors small passive feeding
copepods and removes small active feeding copepods (manuscript 2). Trophic cascades, set by the autotrophic compartments, also result in different size distributions.
Overall, competition and predation strongly affect community structure and should
be considered when scaling processes from the individual level to the ecosystem level.
Carbon export is affected by changes in community trait composition and energy
pathways in the marine food-web. Body size is an important trait for carbon export
and trophic transfer. Due to the size-dependent export of fecal pellets, carbon export
efficiency is reduced when smaller organisms dominate the system (manuscript 3). On
the other hand, due to the asscoiated sinking rates of particles to certain organisms,
how energy is processed in the food-web ultimately affects carbon export. For instance,
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Figure 3.2: Figure from manuscript 2. Diagram of each section of the NUM framework. a, processes at
the individual level (section 5). Food that is assimilated covers metabolic costs and is used for growth
and reproduction; and non-assimilated food is excreted in the form of fecal pellets. b, population
model used in section 5, in the continuous and the stage-structured representations. Notations in
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(sections 5 and 5). Here “N" and “F" represent the nutrient pool and fecal pellet size spectrum.
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system where most NPP is processed by copepods have high export efficiencies relative
to systems where NPP is mainly processed by protists. There is thus a relation between
trophic interactions and carbon export.
Trophic transfer is also affected by a reduction in cell size within the community.
More trophic transfers and respiration result in lower energy available for copepods and
probably for higher trophic levels above copepods (e.g. fish). Other traits incorporated
in this thesis, such as feeding mode, can also indirectly affect ecosystem processes.
For instance, passive feeding copepods do not perform vertical migrations. Thus,
communities dominated by this feeding mode might have a lower amount of carbon
actively exported. Overall, this thesis shows that by describing individual-level
processes and obtaining the biomass in the community, ecosystem-level processes can
be obtained.

3.5

A size-spectrum model of plankton communities

The main outcome of this thesis is the development of the NUM – nutrients,
unicellular, multicellular – framework (fig. 3.2). The NUM framework unifies sizespectrum food-web models to plankton models often used in biogeochemistry. In NUM,
we distinguish two main life-history strategies: unicellular organisms and multicellular
organisms. We assume that unicellular organisms do not (markedly) grow in size over
their life. These are organisms that grow by cell division, e.g. most protists. Thus, each
population of protists is characterized by a constant cell size. Multicellular organisms
undergo ontogenetic growth. In this case, each population is characterized by the
adult size. Within each population, the effect of individual size is also considered.
That is, physiology and predation on juvenile individuals differs from adults due to
allometric differences. We have thereby provided a platform to combine unicellular
plankton models with structured population models of multicellular organisms.
The whole model is based on first-principles at the individual level. This means that
most processes follow empirical relationships and trade-offs at the level of individuals.
By implementing these traits and trade-offs, we capture the basic physiology of
organisms and predator-prey interactions. The philosophy of these models is that
we have a good understanding of the processes at the individual level, and that by
interactions of organisms and the environment, we are able to obtain the emergent
ecosystem processes. If the results are strongly flawed, this indicates that we are
lacking understanding of a fundamental individual-level process that defines the role
of a given organism in the ecosystem. Improvements to the model can then be made
by studying individuals in experiments and quantifying their traits and trade-offs
(e.g. Kiørboe et al. 2018; Kiørboe and Thomas 2020).
Relative to other plankton models, the main novelty in our work is the incorporation
of ontogeny. For multicellular organisms, closing the life-cycle determines whether
a population can survive or not. Missing this point, especially in individuals that
grow more than two orders in magnitude during their life, such as copepods, might be
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an oversimplification (Werner and Gilliam, 1984; Polis and Holt, 1992; de Roos and
Persson, 2013). However, the change in model outcome, relative to a model without
ontogeny, depends on the degree of ontogenetic niche shift of individuals over their life
cycle (de Roos and Persson, 2013). Thus, whether ontogeny needs to be implemented
in a model could be case-dependent.
Due to the low parameter set from the structuring effect of size in marine communities, size-spectrum models are being increasingly used in the field. Size spectrum
models have been used for a while to model fish communities (e.g. Andersen et al.
2016; Andersen 2019). In the plankton community, our model, together with the
recent work of Heneghan et al. (2020), set the stage to use size-spectrum models in
plankton communities. Heneghan et al. (2020) coupled zooplankton functional groups
to a fish community model, whereas we coupled copepods to a microbial food-web
model. By this means, we are developing the missing link (zooplankton) in end-to-end
food-web models.
Two aspects make the NUM framework an interesting approach to use for simulating
plankton communities across large spatial scales: 1) the output of a size spectrum of the
community and 2) the emergent food-web that changes with changing environmental
conditions. These features make the model useful for global modelling efforts. Some
global biogeochemical models use emergent plankton communities (e.g. Follows et al.
2007; Ward et al. 2012). This feature however had not been extended to zooplankton,
in particular for mesozooplankton. We have shown that predation largely drives
community composition and carbon export. Several models that have been addressing
carbon export at the global scale have a relatively simple representation of the
planktonic community or do not include ontogeny (Siegel et al., 2014; Stock et al., 2014;
Henson et al., 2015). Finally, the importance of predation in driving phytoplankton
dynamics and coexistence is getting increasing attention (Dutkiewicz et al., 2020),
highlighting the need to improve zooplankton representation in global biogeochemical
models.

3.5.1

Traits, trade-offs and niche differentiation

What shapes the fitness of organisms are traits and associated trade-offs. Trade-offs
define the relative fitness of individuals in different environments. Hence, trade-off
assumptions ultimately define community composition. In this thesis, size is the main
trait driving trade-offs. We use size for allometric scaling principles to structure the
community between organisms of different sizes. In the first manuscript, we also assume
a trade-off between photosynthesis and biosynthesis, following the gleaner-exploiter
trade-off assumption. However, recently Kiørboe and Thomas (2020) have shown that
this trade-off is not present in heterotrophic eukaryotes. Perhaps the gleaner-exploiter
trade-off should also be revisited for phytoplankton. Since assumptions of trade-offs at
the individual level define community composition, trade-offs in model studies should
be carefully considered.
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Traits and trade-offs also provide a degree of niche differentiation between organisms,
thus affecting coexistence. For example, organisms of different size, prey on different
preys and do not share the same niche and predators. However, often traits and
trade-offs are not sufficient to obtain coexistence or niche differentiation, as niches
still overlap to some degree. Other factors, such as density-dependence, space and
movement, can support coexistence by further differentiating the niches. Space in
plankton model can be obtained by using water-column models or 3D hydrodynamic
models. Implementing such spatial gradient of resources can result in increased
coexistence of several traits in the water column (Bruggeman and Kooijman, 2007).
An alternative way to enhance coexistence is to implement movement and behaviour
in population dynamics models. Yet, incorporating behaviour is difficult as explained
in the following section.

3.5.2

Model limitations

One of the main limitations of the current NUM modelling approach is related
to the life-cycle of organisms. To close the life-cycle, many copepods and other
organisms rely on dormancy or energetic reserves. This is particularly important at
high latitudes to overcome the winter. Energetic reserves or ontogenetic migrations
could be implemented by adding a state variable for reserves or by performing a lifehistory optimization (e.g. Ji et al. 2012; Record et al. 2018). However, optimizations
are often computationally costly, and implementing them to already heavy population
dynamics models, e.g. at the global scale, is still impractical.
Some important players of the planktonic community are also missing in the
current NUM framework. In our case, and since we centered on carbon export, we
would have liked to represent diatoms in the model. Diatoms form large blooms and
sink fast due to their silica shell, resulting in very high carbon export efficiencies
(Roca-Martí et al., 2017). Yet, precisely due to their shell, inner vacuole, and the
uptake of silica, incorporation of diatoms in the model will require adaptations in
model parametrizations and trade-offs (Hansen and Visser, 2019; Cadier et al., 2020).
Nevertheless, the modelling approach developed is generic and able to accommodate
more functional groups in the future.
Finally, using emergent food-webs increases the complexity of the model. This leads
to the question whether we need such complex models to address ecological questions.
If the model gets too complex, one loses the ability to identify the driving mechanisms.
Nonetheless, a positive point of this type of model is to generate hypotheses that can
afterwards be tested with simpler models, experiments and field data. The model
further allows to simultaneously study several environmental forcings and capture the
combined community-level processes. Thus, these models can be considered as part of
a feed-back process to investigate nature.
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Figure 3.3: Figure from Lombard et al. (2019). Size spectrum of the planktonic community measured
using different methods.

3.6

Conclusion and perspective

In this thesis, I have investigated the mechanisms driving plankton community
composition and associated carbon export. This was done by developing mechanistic
trait-based models. I show that resource availability defines community biomass.
Further, competition for these resources, predation and temperature affect community
trait composition. The changes in trait distributions are accompanied with changes
in ecosystem processes, such as carbon export. The main outcome of this thesis
is the development of the NUM – Nutrients, Unicellular, Multicellular – modelling
framework. The NUM model is a size-spectrum model that accommodates for ontogeny
of multicellular zooplankton. The size-spectrum of the community is the emergent
outcome of organisms’ interactions through competition and predation. The results
show that given a well-defined ensemble of traits and trade-offs, processes at the
individual level can be used to estimate ecosystem level processes.
Extensions to the model can be incorporated to address different research questions.
For instance, more elaborated unicellular models can be implemented in the NUM
framework to study stoichiometry (Moreno et al., 2018). The structure of the model is
generic and allows for the inclusion of other plankton functional groups such as diatoms
or gelatinous zooplankton. One way to enhance the use of the NUM framework in the
future, is to code the model in a modular framework, so that different modules can be
added or removed while maintaining the core principles.
Community spectrum models have the potential to bridge the theoretical modelling
community with the oceanography field-work community . Community size-spectra
are increasingly being examined in field studies by means of new technologies 3.3. For
instance, flow cytometry allows to classify small microbes by size, whereas mesozo-
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oplankton can be identified with imaging products such as the Zooscan (Gorsky et al.,
2010; Lombard et al., 2019). New technologies of direct field observations of plankton
are further emerging, such as underwater imaging methods (UVP) (Picheral et al.,
2010) like the Zooglider (Ohman et al., 2019). At the same time, efforts in the satellite
community are being put forward to obtain size distributions of particles in the surface
ocean (Kostadinov et al., 2009). Combining these technologies with size-spectrum
models and theory, will provide new ways of validating global plankton models and
understanding marine ecosystems.
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Abstract
A warmer ocean will change plankton physiological rates, alter plankton community
composition, and in turn affect ecosystem functions, such as primary production,
recycling, and carbon export. To predict how temperature changes affect plankton
community dynamics and function, we developed a mechanistic trait-based model of
unicellular plankton (auto-hetero-mixotrophic protists and bacteria). Temperature
dependencies are specifically implemented on cellular process rather than at the
species level. Since the uptake of resources and metabolic processes have different
temperature dependencies, changes in the thermal environment will favour organisms
with different investments in processes such as photosynthesis and biosynthesis. The
precise level of investments, however, is conditional on the limiting process and is
ultimately determined dynamically by competition and predation within the emergent
community of the water column. We show how an increase in temperature can intensify
nutrient limitation by altering organisms’ interactions, and reduce relative cell-size in
the community. Further, we anticipate that a combination of temperature and resource
limitation reduces ecosystem efficiency at capturing carbon due to strengthening of
the microbial loop. By explicitly representing the effects of temperature on traits
responsible for growth, we demonstrate how changes on the individual level can be
scaled up to trends at the ecosystem level, helping to discern direct from indirect
effects of temperature on natural plankton communities.
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Introduction
Climate change is expected to alter the functioning of marine microbial communities
and associated ecosystem processes, such as primary production, trophic transfer to
higher trophic levels, and carbon sequestration. The impacts occur through changes in
the physical environment and through the direct effect of temperature on physiological
processes within the cell. Until recently, the focus has been on how changes in the
physical environment alter the resource availability for plankton (Doney, 2006). For
example, rising global temperatures can lead to a stronger stratification of the water
column, limiting the mixing of nutrients into the photic zone (Behrenfeld et al., 2006).
Conversely, sea ice thawing can increase light availability, triggering blooms earlier
in the year and prolonging its duration (Kahru et al., 2011). Taken together, the
changes in ecosystem function are the result of a delicate balance between positive
and negative effects driven by changes in the physical environment.
Despite temperature being the key component of global change, attention has
only recently turned to the direct effects of temperature on individual plankton cells
and associated ecosystem processes (Allen et al., 2005; López-Urrutia and Morán,
2007; Toseland et al., 2013; Edwards et al., 2016; Thomas et al., 2017; Sommer et al.,
2017). Temperature affects most metabolic processes by accelerating enzyme activity
(Eppley, 1972; Raven and Geider, 1988). Cellular processes such as biosynthetic and
respiration rates tend to double with a temperature increase of 10 degrees (Q10 ≈ 2),
also leading to an increase of the maximum potential growth rate with temperature
with a Q10 ≈ 2 (Eppley, 1972). Yet, in nature, growth tends to be restricted not
only by metabolic functions, but also by the availability of resources (Clarke, 2003;
Marañón et al., 2018; Morán et al., 2018). Therefore, the temperature dependence of
resource uptake rates also matters (Shuter, 1979). For example, the affinity for light
(slope of the photosynthetic rate at low light levels) is fairly insensitive to temperature,
and mainly depends on the concentration of chlorophyll and chloroplasts (Raven and
Geider, 1988). Hence, in light-limited environments, growth will be almost independent
of temperature. Uptake of dissolved compounds, e.g. nutrients or dissolved organic
matter, is limited by the diffusive rate (Munk and Riley, 1952; Kiørboe, 2008); therefore,
the response to temperature in nutrient-limited environments would be controlled by
the scaling of diffusivity, which is weak, and not by enzymatic activity. Taken together,
the temperature response of a cell could vary between being neutral (no change) to
varying a factor 2 over a 10 degree change, depending upon whether growth is limited
by light, resource uptake, or biosynthesis.
However, the response of a community not only depends on the cellular-level
response, but also on how the community composition changes. Species have adapted
their physiology to maximize growth in a given environment, resulting in a left skewed
unimodal curve (reaction norm), which peaks at the optimal temperature (Thomas
et al., 2012). This curve has been shown to vary according to the level of resources
(Thomas et al., 2017), due to a balance between protein investments into various
functions, with a steep drop at high temperature as increasing investment in chaperones
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to assist protein folding limits growth (Chen and Laws, 2017). On the other hand,
species are able to modify their optimal temperature through adaptations, where an
increase in the photosynthetic capacity of cells has been observed in warmer conditions
(Schaum et al., 2017). The community response to a temperature change emerges when
the curves from all species are added. Therefore, when a resource is limiting, the growth
rate of the overall community might stay the same, but the community composition
can change due to the different temperature optima of each species (see Edwards
et al. (2016) for a good example). Therefore, an understanding of the community level
temperature responses must account for the changes in the community composition,
as new winners can emerge under changed temperature conditions (Dutkiewicz et al.,
2013).
To assess how the direct effects of temperature alter the fitness of individual cells,
and potentially scale to ecosystem processes, we developed a trait-based model of the
plankton community. A cell is described by two traits: its size and its investments
in phototrophy vs. biomass synthesis (biosynthesis). All processes in the model are
affected by temperature: light harvesting, resource uptake, predation, and metabolism;
however, the emergent population-level temperature response depends on which
processes are limiting. The trait-based formulation makes it possible to reduce
model complexity dramatically while at the same time resolving the adaptive nature of
the plankton community under changing temperatures. We use the model to address
the question of how community structure and function changes with temperature.
We focus on three central aspects of ecosystem function: primary production (the
amount of carbon fixed), carbon flow towards higher trophic levels, and export to
depth and dissolved pathways (such as refractory dissolved organic matter, rDOM).
The exploration is done by embedding the cell-model into a physical 1-D water column
model.

Methods
We consider a minimal food-web model of marine unicellular organisms that
represents heterotrophic bacteria, and mixotrophic flagellates and/or ciliates. The
cell model is later embedded in a planktonic bio-geochemical food-web framework. In
the following we first describe the biological compartments (generalists and bacteria),
then the temperature scaling of vital rates, and finally the planktonic food-web and
the coupling to the physical environment.

Generalists
The cell model has a simple physiology which captures the main processes for
uptake of resources, biosynthetic rate, and respiration. How temperature affects each
process is introduced further down. A cell can acquire carbon by phototrophy, nitrogen
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Figure 4.1: Schematic representation of the generalist cell model. Total mass of the cell (V ) is
divided in 3 compartments: structural mass ( 12 V ), photosynthetic machinery (φL V ), and biosynthetic
machinery (φB V ). Acquired carbon from photosynthesis (JL ), nitrogen from diffusive uptake (JN ),
and carbon and nitrogen from food (JF ), are synthesized in the biosynthetic apparatus following
Liebig’s law of the minimum. Newly produced biomass is then allocated to either the photosynthetic
apparatus, the biosyntehtic apparatus, or to structural biomass according to the partitioning of
investments in photosynthesis (φL ) and biosynthesis (φB ) (hourglass symbols show the positive
feed-backs of these allocations). Part of the cellular carbon is respired (JR ). Excess N or C resulting
from Liebig’s minimum are excreted back to the environments (JN.leak and JC.leak respectively).

by diffusive uptake, and a mix of nitrogen and carbon by phagotrophy (Fig. 4.1).
Cells have three functional compartments: photosynthetic machinery, biosynthetic
machinery, and structural material, into which the cell invests various proportions
of its carbon mass. The photosynthetic mass (e.g. chloroplasts and pigments) fixes
carbon. Biosynthetic mass (e.g. mitochondria and ribosomes), converts fixed carbon to
functional cellular material. Finally, structural mass is associated with those structures
essential for the cell integrity, such as cell walls and membranes, but that are not
directly responsible for cell growth. It is assumed that cells do not have a storage
compartment, such that they grow directly in pace with the uptake of resources and
the activity of the biosynthetic apparatus. Finally, for simplicity, cells have a fixed
C:N ratio.
Total mass of the cell V (µgC cell−1 ) is divided between structural mass, photosynthetic machinery φL V (µgC cell−1 ) and biosynthetic machinery φB V (µgC cell−1 ).
We assume that cells invest half of the acquired mass on structure, and the rest of
acquired mass can be invested either in the photosynthetic or biosynthetic apparatus
(fig. 4.1), with the consequent trade-off that φL + φB = 1/2. Hence, total mass of a
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cell becomes V = V (φL + φB + 1/2), allowing the resource uptake strategy of a cell to
be described by a single trait, φL = φB − 1/2.
Uptake rates of resources – light, nutrients, and food – and biosynthesis are
represented by Monod kinetics (Monod, 1949). Carbon fixation JL (µgC d−1 ) inside a
cell is:
AL L
,
(4.1)
JL = M
AL L + M
where L is irradiance (W m−2 ), AL is affinity for light (µgC d−1 (W m−2 )−1 ) which
depends on the investments, and M is the maximum biosynthetic rate (µgC d−1
Cell−1 ). All fluxes J are per cell, and thus given in units of µgC d−1 cell−1 .
The affinity for light absorption depends on the investment in the photosynthetic
apparatus φL . However, absorption is also limited by the cell surface area, proportional
to V 2/3 . Considering both effects, the affinity for light becomes (Chakraborty et al.,
2017):
aL φL V
AL = cL V 2/3
,
(4.2)
aL φL V + cL V 2/3
where cL is the maximum photosynthetic affinity (µgC d−1 (W m−2 )−1 ), and aL the
affinity per investment in photosynthesis (µgC d−1 (W m−2 )−1 (µgC2/3 )−1 ). At very
high investments or under optimal light levels, the affinity is dominated by the first
term of the right hand side, i.e., proportional to V 2/3 , while at low investment the
affinity is proportional to cell volume V .
Nitrogen uptake (JN ) by a cell is:
JN = M

QC:N AN N
,
QC:N AN N + M

(4.3)

where N is dissolved nitrogen (µgN L−1 ), and AN nitrogen affinity (L d−1 cell−1 ). JN
is in units of carbon whereas N in nitrogen; the conversion is implemented through the
fixed C:N ratio QC:N (µgC µgN−1 ). Nutrient uptake is considered diffusion-limited,
scaling with the radius of the cell rather than by the surface area (Munk and Riley,
1952). Hence, affinity for nutrients becomes:
AN = αN V 1/3 ,

(4.4)

where αN is nutrient affinity per biomass (L d−1 (µgC1/3 )−1 ).
Food uptake JF , that is, consumption of prey with concentration F (µgC L−1 ) is:
JF = M

AF F
.
AF F + M

(4.5)

In the model, a large generalist (G2 ) can eat a smaller generalist (G1 ), which at its
turn, G1 can predate on bacteria (B).
The clearance rate of active prey encounter scales in average linearly with cell
volume (Kiørboe, 2011), and so affinity AF (L d−1 cell−1 ):
AF = αF V,

(4.6)
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where αF is the specific affinity for food (L d−1 (µgC)−1 ).
The maximum uptake rate of each process is determined by the maximum biomass
synthesis rate, which is proportional to the mass of the biosynthetic apparatus:
M = µmax φB V,

(4.7)

where µmax is the specific maximum biosynthesis rate per investment (d−1 ).
Respiration rate associated with cell maintenance are assumed to be the same for
all machinery, and approximately scale with body mass (Kiørboe and Hirst, 2014):
JR = kV.

(4.8)

where k is the maintenance cost (d−1 ).
Since growth requires both carbon and nutrients, Liebig’s law of the minimum is
applied. The total carbon flux is then:
Jtot = min[JL + JF − JR , JN + JF ].

(4.9)

Note that the nutrient flux is measured in units of carbon through the assumption of
a fixed C:N ratio, which is implemented in equation 4.3. Finally, the carbon-specific
population division rate µ (d−1 ) is defined by the increase in mass:
µ=

Jtot
.
V

(4.10)

Leakage of either carbon or nitrogen occurs when these are in excess inside the
cell. Therefore, the leakage of carbon is:
JCleak = max[0, JL − JR − JN ]

(4.11)

and the leakage of N is the inverse of the carbon leakage:
JNLeak = max[0, −JL + JR + JN ].

(4.12)

Temperature dependencies
We consider temperature dependencies on: carbon fixation, diffusive uptake,
respiration, and biosynthetic processes. All dependencies are described by multiplying
the processes with a Q10 factor, and therefore the rate R at a given temperature T
becomes:
(T −T )/10◦
R = Rref Q10 ref
(4.13)
The reference rate Rref is defined as the rate at temperature Tref = 18◦ C (table 4.1)
and the value of Q10 represents the factorial increase when the temperature is increased
by 10◦ C. We use the factor to describe temperature dependencies as this factor is
much more intuitive than the Arrhenius equation and the corresponding activation

44

energy. When =1 there is no change with temperature; > 1 is an increase of a rate
with temperature; and the opposite effect for < 1. Recall that here we focus on the
response of the overall community, which is the upper envelope of the temperature
response of all species together (Eppley, 1972; Edwards et al., 2016). Therefore, the
shape of the community curve is not unimodal (as the species-specific response) but
exponential within the range of temperatures where biological rates are functional.
Carbon fixation at low light levels is temperature independent (Raven and Geider,
1988; Clarke, 2017), therefore we use a Q10 = 1 for the light affinity αL (table 4.1). The
temperature dependency of nutrient affinity is governed by the temperature scaling
of molecular diffusivity, which is proportional to viscosity. The viscosity of sea water
doubles over a 20◦ C temperature increase from 2◦ C to 22◦ C, implying that diffusivity
has = 1.5 approximately (Jumars et al., 1993; Thingstad and Aksnes, 2018). Active
encounters with prey are described by the clearance rate (Andersen et al., 2016). The
clearance rate has a complicated response to temperature as it depends on the physical
environment and the motility of the organisms. Consequently, the response might
vary depending on whether the prey, the predator, or both are motile. Assuming the
latter case, we could consider that encounter rates increase, but also escape rates
increase, with the approximate result that both effects cancel one another. In the
absence of an empirically justified temperature scaling we assume a = 1. Respiration
and maximum potential growth rate scale with a close to 2 (Eppley, 1972; Clarke,
2003). Under resource limitation, all the temperature scalings are below 2 because
respiration has a Q10 of 2. Since the Q10 of respiration is larger than any resource
limited uptake process, the growth efficiency of a cell (anabolic processes − catabolic
processes) decreases when resources are limiting (López-Urrutia and Morán, 2007).

Bacteria
Bacteria are similar to the generalists, but they are smaller and they do not
photosynthesize or engage in phagotrophy. Instead, they acquire N and dissolved
organic carbon (DOC) by diffusive uptake, and so the functional responses for these
resources are the same form as for nutrients in the generalist model (Eq. 4.3), with
different affinity values for DOC (Table 4.1). Additionally, we assume that bacteria
are able to hydrolyze particulate organic matter (POM), which is then transferred to
the dissolved N and C pools. POM hydrolysis is represented by a saturating response
(Anderson and Williams, 1998b):
JPOM = µPOM

αPOM P
αPOM P + µPOM

(4.14)

where P is the concentration of POM, µPOM is the maximum specific hydrolysis rate
of POM (µgC d−1 cell−1 ), and αPOM the initial slope of the functional response for
hydrolysis (L d−1 cell−1 ). The flux of the limiting resource determines the total
biomass synthesis rate:
Jtot = min[JDOC − JR , JN ].

(4.15)
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Table 4.1: Variables and parameters
Parameter

Description

Units

G1 , G2 , B

Concentration of G1 , G2 and B in the system

µgC L−1

value

VB

Cell mass of B

µgC Cell−1

10−8

V1

Cell mass of G1

µgC Cell

−1

10−5

V2

Cell mass of G2

µgC Cell

−1

10−2

φL

Investment in photosynthesis

-

φB

Investment in bioynthesis

-

aL

Affinity per investment in photosynthesis

µgC d−1 (W m−2 )−1 µgC−1

0.21

1

cL

Maximum light affinity

µgC d−1 (W m−2 )−1 (µgC2/3 )−1

0.005

1

αN

Nutrient affinity

L d−1 (µgC1/3 )−1

3.7 × 10−5

1.5

αF

Food affinity

L d−1 (µgC)−1

0.005

1

αDOC

Affinity for DOC

L µgC−1 d−1

8.8 × 10−6

1.5

KP OM

Half stauration constant for POM hydrolysis

µgC L

80

µP OM

Maximum POM hydrolysis rate

µgC d−1 cell−1

4 × 10−8

µmax

maximum specific growth rate

d

2

2

k

metabolic cost

d−1

0.05

2

QC:N

C:N ratio

µgC µgN−1

5.68

δ

Fraction of dead matter going to N and DOM

-

0.3

γ

Background mortality

L (µgC d)−1

0.02

mhtl

Loss rate to predation of HTL

d−1

0.03

N

Nutrients concentration

µgN L−1

−1

−1

L

Irradiance

W m−2

D

Dissolved organic carbon (DOC) concentration

µgC L−1

P

Particulate organic matter (POM) concentration

µgC L−1

F

Food: concentration of prey perceived by a predator

µgC L−1

Q10

2

2

* All parameters were obtained from the literature. Parameters of generalist except for
biosynthetic rate, come from Chakraborty et al. (2017), who obtained those by inferring
from observations. Note that in Chakraborty et al. (2017) they use structural biomass and
we use total biomass, so all the parameters that are multiplied by the structural biomass
have here been divided by 2 (considering our assumption of structural biomass being half
the total biomass). Affinity for light was derived from Daines et al. (2014). Parameters
from generalists that could be extended to bacteria by allometric laws were maintained
(affinity for nitrogen (αN ) and maximum growth rate). Affinity for DOC was derived
from Thingstad et al. (2007). Degradation rates of POM from bacteria were obtained
from Anderson and Williams (1998a). Mortality rate was left as a free parameter. Loss
to higher trophic levels was derived from Chakraborty et al. (2017).
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Figure 4.2: Biological system of the microbial community. The system contains six carbon and
nitrogen pools: bacteria (B), small generalists (G1 ), large generalists (G2), dissolved organic carbon
(DOC), particulate organic matter (P OM ), and a dissolved nitrogen pool (N ) which includes both
organic and inorganic N . Fluxes (J) are explained in section 4. Dashed lines represent leakage of
carbon and nitrogen. The pointed line in JP OM is the action of bacteria degrading P OM which then
goes to the N and DOC pools.

The specific division rate of the population is the same as in equation 4.10, and leakage
of C and N as equations 4.11 and 4.12 replacing JL by JDOC .

Microbial community model
The generalist model is embedded in a bio-geochemical food-web with six main
compartments (Fig. 4.2): bacteria (B), small generalist (G1 ), large generalist (G2 ),
nitrogen (N ) including both organic and inorganic, dissolved organic carbon (D)
and particulate organic matter (P ), the latter including both nitrogen and carbon.
Parameters and variables are listed in table 4.1. The key structural elements are the
two generalist groups. To allow adaptation of the composition and function of the
generalists we describe them as a system of infinite diversity (SID, Bruggeman and
Kooijman 2007), i.e., as a distribution of biomass along the trait-axis φL .
The currency of the model is µgC L−1 , with the exception of the nitrogen pool
which is given in µgN L−1 , hence the conversion factor QC:N in the corresponding
equations. Pools containing both carbon and nitrogen possess the same stoichiometry,
QC:N . All organisms take nutrients from the N pool, bacteria also rely on DOC and
hydrolyse POM, which goes to the DOC pool and to nutrients. Generalists perform
both photosynthesis and phagotrophy: small generalists eat bacteria (JF 1 ), and large
generalists eat small generalists (JF 2 ). Natural mortality (γ) is represented by a
quadratic term, allowing to impose a control when concentrations are too high. In
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the natural environment such could represent viral lysis when prey density is high.
Still the value of γ was taken small enough as not to rule model dynamics. A fraction
δ of dead matter goes to the dissolved pools, and (1 − δ) to the POM pool. Excess
carbon and nitrogen in the cells is leaked (JC.leak and JN.leak respectively), going to
the corresponding dissolved pools. We assume that dead material from bacteria is
recalcitrant dissolved organic matter, rDOM (Jiao et al., 2010), which is removed from
the system due to its low turnover rate. The modelled system, its compartments, and
fluxes, are illustrated in figure (4.2), and the governing equations are:


n
X
G
J
dG1,i
1,i
F
2,j

= µ1,i G1,i − γG21,i − P
G2,j 
n
dt
V2
j=1
G1,i
i=1

dG2,i
= µ2,i G2,i − γG22,i − mhtl G2,i
dt
n
X
JF 1,i G1,i
dB
= µB B − γB 2 −
dt
V1
i=1


n
X
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1
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=
−
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B
dt
QC:N
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V2
VB
i=1

n 
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+
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B
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i=1
+
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n
X
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B+δ
VB
i=1

n
X
JPOM
dP
γ(G21,i + G22,i ) −
= (1 − δ)
B
dt
VB
i=1

n 
dD X Jleak.1,i
Jleak2,i
Jleak,B
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=
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G2,i +
B−
B
dt
V1
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i=1

+

n
X
JPOM
B+δ
γ(G21,i + G22,i )
VB
i=1

The last term in the large generalist equation corresponds to losses to higher trophic
levels mhtl (d−1 ). The trait-distributions of the two generalist groups are discretized
with n = 20 trait groups representing cells with investments in light harvesting φL
varying from 0 to 1/2 (and, correspondingly, investments in biosynthesis varying from
1/2 to 0).
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Physical set-up
We used the Framework for Aquatic Biogeochemical Models (FABM; Bruggeman
and Bolding (2014)), which allows the coupling of custom biochemical models with
different ocean models. Here we used the 1D water column model General Ocean
Turbulence Model (GOTM, Burchard et al. (1999)). The model simulates the upper
50 m of a water column of a temperate region (seasonal). Physical data from the L4
station (50◦ N, 4◦ W; in the English Channel) was used as a model setup, and later
some modifications were introduced (we therefore did not intend to explicitely model
the L4 station). For the L4 station water-column setup refer to the ERSEM source
codes explained in Butenschön et al. (2016). In our case, we set an open bottom
boundary, allowing the entrance of nutrients and the export of detrital matter. The
input rate of nutrients is defined as VN,bottom = v(Nb − N ), where v is the exchange
rate equivalent to 1d−1 , Nb a fixed concentration (140 µgN L−1 ). Sinking POM leaves
through the bottom boundary at a rate equivalent to the sinking velocity, set at 10 m
d−1 . The simulation time was 9 years, and by the end of the simulations solutions
had converged to a periodic solution. The FABM-GOTM code of the model can be
found in GitHub.
Since we seek to observe the direct effects of temperature on organisms (without
the physical environment being altered), an increase in temperature was not forced in
the physical environment itself, but only in the biological system, so only biological
processes are affected by the increase in temperature. We exposed the system to
a +3◦ C rear in temperature, expecting a linear response in ecosystem functions.
Additionally, a 3◦ C increase falls within the estimated range of temperature rise due
to climate change in the next 100 years (Stocker et al., 2013).

Ecosystem function
As indicators of ecosystem function we consider carbon flux into the ecosystem
(gross primary production), carbon cycling within the ecosystem (carbon transfer
to higher trophic levels), and carbon flux out of the ecosystem (respiration, carbon
export, and rDOM production). Gross primary production GP P , the total amount of
carbon fixed by photosynthesis, can be directed either to population growth if enough
nutrients are available, or leaked and transferred to the dissolved pool. Redistribution
inside the ecosystem occurs through the net production to higher trophic levels HT L
as the amount of carbon lost from the mHTL term. The main losses are export to
depth, as the flux of P OM across 50 m, and the formation of refractory dissolved
organic matter rDOM through lysis of bacteria. We characterize the efficiencies of
these fluxes as the ratio between them and gross primary production: the higher
trophic level efficiency HTL as the ratio between losses and gross primary production
(HTL = mHT L G2 /GP P ). The ratio of respired to fixed carbon in the ecosystem (also
referred to in the literature as metabolic balance) is resp = (JR,G1 +JR,G2 +JR,B )/GP P ,
where values that surpass unity mean that the system is completely heterotrophic,
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i.e., more carbon is being respired than fixed, which can happen if there has been
an accumulation of dissolved or particulate organic matter over time. The export
efficiency is the ratio between export flux at a given depth and integrated GP P over
that depth horizon (Cexp = Cexported /GP P ). A higher Cexp indicates an ecosystem
more effective in exporting carbon. Finally, the rDOM produced relative to GPP is
rDOM = γB 2 /GP P , where higher values indicate a strengthening of the microbial
loop and pump.

Results
We first perform a simple optimization analysis of the cell model to find the
investments that maximize cell division rate under various resource and temperature combinations ( "resources" include light). Next we embed the cell model in
the biological-physical model and explore the response of the system to a rise in
temperature.

Optimization of the cell-model
The optimal investment φ∗L maximizes division rate (Eq.4.10) in an environment
of light (L), nutrients (N ), and food (F ):
φ∗L (L, N, F ) = argmax{ µ(φL ; L, N, F ) },

(4.17)

φL

By assuming that the plankton species with the highest division rate dominates a
given environment, we can use the traits of the optimal cells as representatives of the
overall community. Fig. 4.3 shows the temperature response of division rate for the
optimal cells, µ(φ∗L ; L, N, F ). Depending on the environment there are clear variations
in the cells’ investment in light harvesting vs. biomass synthesis and in their trophic
strategy.
Investments in photo harvesting increases as light decreases when food availability
is low (shaded areas in Fig. 4.3). In low light conditions, cells are light limited and will
prioritize light harvesting by increasing investments in light uptake φL . Conversely,
under high light, the cells are limited by their capacity to synthesize biomass (φB ),
and consequently lower their investment in φL to maximize their capacity for synthesis.
When food is abundant, investments in photo harvesting stay constant across light
gradients. In this case, cells are limited by nutrients, and therefore, light investments
will be reduced as much as possible as to maximize synthesis. This reduction in light
investments should however not make the cell carbon-limited. All in all, investments
are adjusted to lessen the constraint from the limiting process.
All cells are mixotrophic, but there are clear differences in the degree of mixotrophy
between small and large cells (dashed lines in Fig. 4.3). Small cells are primarily
autotrophic and obtain most of their carbon and nutrients from photo harvesting and
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Small generalist

Large generalist

Low food

L=100

L=51

L=2

High food

L=100

L=51

L=2

N=0.001

N=0.32

N=100

N=0.001

N=0.32

N=100

Figure 4.3: Temperature dependency of division rate, light investments, and fraction of carbon and
nutrients derived from phagotrophy for small and large generalists (left and right column respectively)
under various resource conditions. The upper bloc of panels is at low food levels (F=5µgC L−1 ) and
the lower at high food levels (F=5µgC L−1 ). Each row of small panels is under a given condition of
light (L in W m−2 ), and each column a given concentration of nutrients (N in µgN L−1 ).

nutrient uptake, while large cells get the majority of their resources from phagotrophy.
Nevertheless, large cells are not purely heterotrophic, they do phototrophy to at least
cover their respiratory costs. In that way, the large cells can use all the carbon and
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Figure 4.4: Q10 values of the temperature response of cell division rate as a function of resource
conditions, as determined by fits to the actual response (see Fig. 4.3) for G1 (A) and G2 (B). The
x-axis represents changes in light (W m−2 ), nutrients (µgN L−1 ), and food (µgC L−1 ), from 0 to
1000. To plot the nitrogen (N ) curve we fixed the values for light and food (I=1000, F=0). For the
light curve (I) we fixed N=1000 and F=0. Finally for the food curve F both light and nutrients
were fixed to 0. The Q10 was fitted for the optimal growth obtained for each condition; therefore
investments might also be different. Only effects on positive growth are shown. The Q10 for each
combination of light, food and nutrients was calculated by linear regression between temperature and
log of the growth rate.

nutrients gained from phagotrophy for synthesis of new biomass. Still, larger cells
invest less in light harvesting than small cells (see Chakraborty et al. (2017)).
Exposing the cells to a rise in temperature elicits changed investments and division
rates. First, investments in photo harvesting increase with temperature. This is a
response to biosynthesis becoming faster with temperature (= 2), while photosynthesis
does not (= 1). Therefore increasing temperature shifts the limiting factor for growth
from biosynthesis towards photo harvesting, everything else being equal.
Temperature response is highest in resource unlimited conditions and weakest
in resource limited conditions, particularly under carbon (light and food) limitation
(Fig. 4.4). The differences in temperature responses mainly reflect whether resource
uptake or synthesis is limiting growth: when resources are limiting the temperature
response is small, but it increases to a ≈ 2 in the resource replete condition. To a
lesser degree the response is determined by the temperature response of the uptake
pathway, because only nutrient uptake has a > 1. Large cells in general have slower
division rates than small cells, which indicates that they are in general more limited by
resource uptake than synthesis. It is possible for < 1 at low concentrations of carbon
resources (light and food). This results from respiration increasing at a higher rate
with temperature than resource uptakes at limiting conditions (= 2 for respiration
vs. = 1 for affinity for food and light). And therefore, when resources are low, an
increase in temperature results in a reduced growth, because the relative loss of
carbon due to respiration outweighs the relative gain in carbon fixation. This effect no
longer applies when resource levels are higher since temperature has a greater effect
on biosynthesis, which has the same as respiration, than on affinity. Overall, the
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temperature response of the optimal cells varies with the resource environment, being
strongest under unlimited resources and weakest under limiting conditions.
Concentrations

Physical environment

Mean investments in photosynthesis

Fraction of N from phagotrophy

Figure 4.5: Seasonal succession in a temperate water column. Note varying ranges on the
P concentrations of carbon. Mean investments are calculated as biomass weighted mean: φL = i φL.i Bi /n,
where n = 20 is the number of trait groups. The two lowest panels show the relative gains of nutrients
coming from phagotrophy (JF :JN ).

Biological and physical model
The optimization analysis was made for fixed resource concentrations; however,
in reality resource concentrations change with time and depth (in particular light),
and are emergent outcomes of competition and predation (nutrients and food). The
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Figure 4.6: Illustration of the limiting process for small (A) and large generalists (B). We only
considered the trait group with the highest biomass at each time and depth. The colors show whether
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resources/K) is larger than 1, being K the half saturation constant for that given resource and
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resource environment will determine which process limits growth, and the limitation
(carbon, nutrients, or biosynthesis) will ultimately shape the community’s temperature
response. We thus explore a dynamic resource environment in a temperate system.
The following will focus on identifying the limiting process: carbon (photosynthesis),
nutrients (nutrient uptake), or synthesis. Knowing the limiting process gives insight
into the community temperature response.
The modelled seasonal succession well represents typical observed successions
(Fig. 4.5): an early spring bloom of mainly phototrophic small cells is grazed by
larger mainly phagotrophic cells. The summer production is limited in the upper
mixed layer. A small autumn bloom is triggered by inorganic nitrogen mixed up from
the deeper layer. The small cells are predominantly phototrophic, though they still
obtain up to 30% of their carbon from food. The larger cells change their trophic
strategy throughout the season. In the early summer they are mainly heterotrophic,
feeding on the smaller cells, while in the summer they become increasingly mixotrophic.
Phagotrophy is the main source of nutrients during summer for both small and large
cells.
The optimization model showed how the temperature response of cells is largely
determined by whether the limiting factor is resource uptake (weak response) or synthesis (strong response) (Fig. 4.3). In the dynamic environment, the small generalists
are predominantly limited by carbon (light), except in the late summer where they
are nutrient limited and their growth rate is low (Fig. 4.5). As synthesis has the
highest we expect that the small cells will show a strong response to increasing
temperatures, since they tend to be less limited by resources (Fig. 4.6). On the other
hand, large generalists are predominantly limited by resources and their growth is
not controlled by the biosynthetic rate, due to their need for much larger resources
concentrations (Fig. 4.4). In summary: we expect smaller cells to have a stronger
temperature response than larger cells.
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Figure 4.7: Dynamical variables integrated over the upper 30m of the water column. Black line is
the base-line scenario, red is the +3◦ C scenario (left y axis). Everything is in units of mgC m−2 ,
except the nitrogen pool which is in mgN m−2 . Upper Shaded areas are the fraction of concentration
changed relative to the base-line scenario (right y axis), negative values mean a decrease while positive
an increase. The high anomaly values in the DOC plot are an artefact of the rapid change in DOC
concentration over time, and have therefore been left out.

How the division rate changes with temperature is only one part of understanding
how a community responds to temperature changes. Other important factors are
changes in resource availability (prey) and predation rates. Fig. 4.7 shows water
column integrated dynamical variables over a seasonal cycle in the base-line scenario
and in a scenario in which temperature was raised +3◦ C, illustrating how temperature
changes biomass and resulting resource availability. As suggested by the analysis of
limitation above, the small generalists responds positively to the temperature increase,
while overall the biomass of the larger cells remain largely unchanged. However, the
overall picture is more nuanced. Increased carbon leakage increases DOC to the benefit
of the bacteria population leading to increased overall bacteria respiration. Further, at
higher temperature, cells are able to drive nutrients to lower concentrations enabling
a higher net primary production.
The overall functions of the ecosystem in terms of its yearly carbon budget is
shown in Fig. 4.8. The system fixes about 80 g of carbon per m2 per year. Most
is lost as refractory DOM and respiration, and only about 3 gC are exported as
particulate carbon, either to the deep ocean or to higher trophic levels. The average
response of these fluxes to the 3◦ C temperature increase is an increase of about 20%,
corresponding to a of about 1.8. The responses of the ecosystem efficiencies are more
modest, with a lower fraction of GPP being exported (≈ 1.5), unchanged efficiency
of DOM production and trophic transfer, and an increased fraction of GPP being
respired (≈ 1.4). All in all, in absolute terms all rates increase, yet, in relative terms,
we have a more heterotrophic system (higher metabolic balance) and a system less
efficient at exporting carbon to depth.
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Figure 4.8: Ecosystem functions and their response to a 3◦ C increase in temperature. Panel A
shows total GPP over a year and its further fate. The functions are: Gross primary production
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(Cexp = Cexported /GP P ), rDOM production efficiency (rDOM = γB 2 /GP P ), trophic transfer
efficiency (HTL = mHT L G2 /GP P ), and respiration (resp = (JR,G1 + JR,G2 + JR,B )/GP P ).

Discussion
We have developed a trait-based model of the temperature dependency of the
primary mass flows in a pelagic protist community. The model is mechanistic and
based on temperature responses of fundamental processes and on general rules for how
resource uptakes scale with cell size. There is a growing realization of the need for a
better representation of the temperature dependence of primary producers in the ocean,
and in particular the need to understand how these temperature dependencies are
tempered by the availability of various resources (Thomas et al., 2017; Schaum et al.,
2017; Marañón et al., 2018). The trait-based formulation of our model makes it possible
to go beyond the responses of single cells and to simulate how an entire community
adapts to environmental conditions of light, nutrients, food, and temperature. As an
example, we have simulated the seasonal succession in a temperate system and its
response to a temperature increase. Despite the conceptual simplicity of the model,
the community response to a temperature increase is complex.
The temperature response of the cells depends upon which process is limiting.
Limitation by biosynthesis leads to a strong temperature response, while resource
limitation leads to weak temperature responses. On the level of individual cells, we
find that small cells are typically limited by their ability to perform biosynthesis,
while larger cells are limited by resource uptake. This difference makes small cells
more sensitive to changes in temperature than large cells, as the biosynthesis rate
changes faster with temperature than resource uptake rates. This low temperature
response under nutrient limitation has also been observed experimentally (Marañón
et al., 2018) and in meta analysis (Thomas et al., 2017). Others observed different
effects of temperature depending on whether the system was bottom-up or top-down
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controlled (Chen et al., 2012; Peter and Sommer, 2013; Morán et al., 2017), and
López-Urrutia and Morán (2007) observed a decrease in bacterial growth efficiency
with temperature when resource-limited. Here we show that not only does nutrient
limitation play a role, but any resource uptake limitation will tend to weaken the
temperature responses. We observe a broad range of temperature response, from
flat (no response) towards a of around 2, depending on the the degree of resources
limitation. Light limitation in particular will give a particularly weak response due to
photosynthesis at non-saturating levels of light being temperature independent (Raven
and Geider, 1988; Clarke, 2017).
The insight regarding the key role of resource limitation was made possible by
explicitly separating the process of assimilation and synthesis in the functional response
in the model. If these two processes are considered together the role of limitation
becomes opaque. For instance, functional responses are usually formulated with the
half-saturation constant, which is the ratio between maximum uptake and substrate
affinity. Hence, this formulation mixes the processes of assimilation and enzymatic
activity, which makes it unsuitable for mechanistically describing the limiting process
and temperature responses (see Thingstad and Aksnes (2018)).
When cells are exposed to resource competition in a water column, they drive
down the concentration of the limiting resource (except light for which they do not
compete appreciably). The lowered resource concentration leads to resource limitation,
and thereby weak temperature responses. The example we used to explore resource
competition was of a temperate seasonal succession. In this example, the early bloom
period will not be resource limited, while the summer is. If we instead consider a
low latitude oligotrophic ocean, resource limitation will be stronger throughout the
year, and we expect the temperature response to be even weaker. In any case, the
diversity of temperature responses makes it difficult to apply a single or Arrhenius
temperature function to protist growth rates in ecosystem models. Even assuming
differential temperature effects between autotrophs and heterotrophs (Brown et al.,
2004) is insufficient (Chen and Laws, 2017).
Measures of ecosystem function increase overall with a around 1.8; a warmer ocean
fixes more carbon, creates more DOM and rDOM, sends more carbon to higher trophic
levels, and respires more carbon. Nevertheless, the warmer ecosystem is less efficient
at retaining carbon, as more of it is respired. We also find a negative relationship
between ef-ratio (export relative to GPP) and temperature, in agreement with the
literature (Pomeroy and Deibel, 1986; Laws et al., 2000, 2011; Cael and Follows, 2016;
Cael et al., 2017). There is a reduction in relative cell size of the community, due to
higher competition for nutrients during the stratified period (even without the thermal
effect on water column stability), and the better performance of bacteria due to higher
biosynthetic rate and DOC concentrations. Overall there is an enhancement in the
importance of the microbial loop and the microbial pump.
The model is based on simplifications, particularly in the values of , in the role of
dissolved organic matter, in the choice of a fixed stoichiometry, and in the physics.
Regarding , more knowledge is needed on the temperature of predator-prey interactions
and the uptake of dissolved compounds. If, for example, the of predator-prey
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interaction is larger than 1, the overall community will increase. Production and
degradation of dissolved organic matter (DOM; labile, semi-labile, refractory DOM,
etc.) is sketchily represented. An example is the production of refractory DOM,
which we assume is created by viral lysis of bacteria, represented by a quadratic
mortality. The assumption of fixed stoichiometry is a rough simplification, particularly
in autotrophs, which have variable C:N:P ratios due to luxury uptake (Droop, 1974),
and to differing investments in chloroplast, ribosomes, and cell walls in response to
resource conditions (Toseland et al., 2013). As temperature affects competition for
resources and investments in biosynthesis, it will also affect stoichiometry and thus
macro-nutrients cycling prediction under climate change scenarios (Yvon-Durocher
et al., 2017). We have now resolved the direct effects of temperature on organisms and
the overall community, but left open the question of the relative strength of indirect
(effects due to changes in the physical environment) vs. direct effects of climate change
on the planktonic community. Overall, incorporation of the considerations previously
mentioned will refine the results, however, they are not expected to fundamentally
alter the general conclusion that the community-level temperature response is smaller
than expected from metabolic considerations.

Conclusion
Effects of temperature on physiological processes have been studied for over a
century, nevertheless, we argue that interpretation of data related to global warming
could have been mislead by effects of resource limitation (López-Urrutia and Morán,
2007; Behrenfeld et al., 2016). Here, by explicitly representing effects of temperature
on processes responsible for growth in a mechanistic model, we show that patterns
in the individual level can be scaled to observed trends in the ecosystem level, and
that species interactions can actually exacerbate nutrient limitation by increasing
competition just by temperature effects per se. We anticipate an strengthening of
the microbial activity and the increasing importance of the dissolved pathway and
the microbial pump for carbon sequestration in the oceans, at least when it comes to
direct effects of temperature in the microbial food-web.
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Abstract
Multicellular zooplankton, such as copepods, are the main link between primary
producers and fish. Most models of plankton communities, such as NPZ-type models,
ignore the life-cycle (ontogeny) of multicellular zooplankton. Ontogeny has profound
implications on population dynamics and community structure. Our aim is to provide
a generic food-web framework of planktonic communities that accounts for zooplankton
ontogeny. We propose a model framework along the Nutrient-Unicellular-Multicellular
axis – a “NUM” framework – as an alternative to the NPZ modelling paradigm.
NUM is a mechanistic size- and trait-based model based on traits and trade-offs
at the individual level. Here the multicellular component describes the population
dynamics of key copepod groups, characterized by their adult size and feeding mode.
The unicellular compartment accounts for auto- mixo- and heterotrophic protists.
We also consider nitrogen dynamics and carbon export from copepod fecal pellets.
All parameters have been fitted to cross-species data. By approximate analytical
solutions and dynamic simulations, in both constant and seasonal environments, we
investigate the patterns of body sizes and traits that emerge within the community.
We show that copepods of several adult sizes and feeding modes commonly coexist,
and that competition and predation by large copepods on small/juvenile copepods is
an important factor in shaping the community. We also show competition between
heterotrophic protists and small copepods through intraguild predation. Finally, we
discuss how copepods can attenuate the fecal pellet export. This conceptually simple,
yet realistic framework opens the possibility to improve end-to-end size-structured
models of marine systems and investigate biogeochemical processes.
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Introduction
Planktonic organisms weave an intricate web of trophic pathways channelling
energy and matter within a richly diverse community. These complex food webs are
often simulated by a simple NPZ model: a compartmentalized trophic chain reduced to
interactions between nutrients, autotrophs and heterotrophs (Franks, 2002; Gentleman,
2002). In the simplest case, NPZ models have only three compartments: nitrogen,
phytoplankton, and zooplankton (e.g. Evans and Parslow 1985). Introduction of
additional nutrients and autotroph and heterotroph compartments adds realism at the
cost of a larger parameter set (e.g. Fasham et al. 1990). The number of parameters
can be reduced by simulating a large number of generalized plankton populations with
parameters based on statistical trade-offs between life-history parameters (Follows and
Dutkiewicz, 2011). Together, such models have given considerable insights into the
bio-geochemistry of the oceans (Weitz et al., 2015). However, extending models to
higher trophic levels, particularly towards fish and fisheries, remains elusive (Fulton,
2010), in part because of an incomplete representation of zooplankton (Mitra et al.,
2014).
The zooplankton compartment in NPZ models generally represents the biomass
of two types of organisms: protists (heterotrophic flagellates and ciliates) and mesozooplankton (mainly copepods). An important distinction between these two groups
that is ignored by NPZ models is that protists reproduce by cell division, whereas
meso-zooplankton grow through different life stages, often spanning several orders of
magnitude in mass (Neuheimer et al., 2015). This ontogenetic development changes
the trophic position of an individual — both in what it eats and what seeks to eat it
(Werner and Gilliam, 1984). Such ontogenetic niche shifts introduce several effects.
Examples are: (i) bottlenecks in life-stages if availability of prey is low (de Roos and
Persson, 2013a), (ii) cannibalism (Bonnet et al., 2004), (iii) or intraguild predation
(Polis et al., 1989; Gismervik and Andersen, 1997). Further, (iv) cyclic cohort dynamics
(McCauley and Murdoch, 1987; Persson et al., 1998) and time delays (May, 1973) due
to the development of individuals, for instance between the emergence of juveniles
and peak consumption by adults. In a seasonal pelagic environment this time delay
is one of the factors leading to spring blooms (Kiørboe, 1993; Longhurst et al., 1995;
Behrenfeld and Boss, 2014). None of these effects are resolved by a model where
zooplankton populations, or groups of populations, are represented as single state
variables.
Models of the unicellular community may represent the diversity of organisms –
both P and Z compartments – by a size distribution (Banas, 2011; Ward and Follows,
2016; Ho et al., 2019). A particular advantage of this approach is its ability to
represent various degrees of mixotrophy; since many unicellular organisms are neither
purely autotrophic (“P”) or heterotrophic (“Z”) (Flynn and Hansen, 2013). Some
further representation of diversity can be introduced in the form of functional groups
(Leles et al., 2018) or functional traits, such as investment in resource uptake or
vacuoles (Chakraborty et al., 2017; Hansen and Visser, 2019). As copepods are largely
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size-selective feeders (Kiørboe, 2016), a unicellular size-distribution model presents a
suitably structured representation of the food for copepods.
In this work we propose a model framework along the Nutrient-UnicellularMulticellular axis – a “NUM” framework – as an alternative to the NPZ modelling
paradigm. A particular focus is to include the life history of multicellular zooplankton
organisms. Size is a key trait as it governs physiological rates and predator-prey
interactions (e.g. Kiørboe and Hirst 2014; Andersen et al. 2016; Kiørboe 2016), both
among the unicellular auto-, mixo- and heterotrophs in the “U” component and the
multicellular plankton “M”. The unicellular community is represented solely by cell size,
and their trophic strategy is an emergent property. For multicellular plankton, body
size is used to resolve the population structure from nauplii to adult copepods, and
further diversity is introduced by functional traits. We use a generic food-web framework (Hartvig et al., 2011) to represent ontogenetic growth with size at maturation as
a key trait. This framework is based on physiologically structured models (de Roos
and Persson, 2013b) and describes the life-cycle of organisms based only on processes
at the level of individual organisms. Here, we include feeding mode as an additional
important trait of copepods. Copepods can be active or passive feeders (Kiørboe,
2011). Active feeders have a high-risk high-gain strategy where they constantly search
for food, making them vulnerable to detection by predators. Passive “sit-and-wait”
feeders have a lower intake of food and metabolic expenditure but are also less exposed
to predation. Overall, the basis for the NUM framework is a combination of size- and
trait-based modelling (Hartvig et al., 2011; Kiørboe et al., 2018).
We first present analytical solutions of the community and multicellular components
in terms of ontogenetic growth rates, development time, population and community
structure, and population growth rates. We then investigate how the size- and traitstructure of the emerging community responds to changes in the environmental drivers,
mainly nutrients. Finally, due to the large contribution of copepods for carbon export
(Ducklow et al., 2001; Stamieszkin et al., 2015; Steinberg and Landry, 2017), we use
the NUM model to estimate the carbon export originating from copepod fecal pellets.

Methods
The model has four compartments (fig. 5.1 c and d): (i) a size- and trait-structured
copepod community, (ii) a size-structured community of unicellular protists, (iii) a
single dissolved nitrogen pool, and (iv) a size-structured pool of fecal pellets. Protists
perform photosynthesis, take up nitrogen, and eat other protists. Copepods eat
protists, other copepods, and fecal pellets. The copepod community (fig. 5.1c) consists
of populations of copepods characterized by their traits: adult size and feeding mode.
All processes of protists and copepods are described at the individual level (fig. 5.1a),
i.e., food encounter, consumption, assimilation, respiration, growth, and reproduction.
In the following sections we first describe the individual-level energy budget and how it
depends on body mass (section 5). Next, we describe the main traits for the copepods
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Figure 5.1: Diagram of each section of the model. a, processes at the individual level (section
5). Food that is assimilated covers metabolic costs and is used for growth and reproduction; and
non-assimilated food is excreted in the form of fecal pellets. b, population model used in section 5,
in the continuous and the stage-structured representations. Notations in grey show the rates that
affect each size class s: somatic growth (γ), biomass accumulation within the size class (g), and
mortality (µ). c, community level (section 5). The community is composed of a size spectrum of
protists (sec. 5), and a number of copepod populations. d, Ecosystem interactions (sections 5 and 5).
Here “N" and “F" represent the nutrient pool and fecal pellet size spectrum.

and show how the traits influence the parameters (table 5.1 and Appendix A) in
the energy budget (section 5). The individual-level description is scaled up to the
population-level by solving continuous or discrete formulations of the McKendric-von
Foerster equation (fig. 5.1b, section 5 and Appendix A). Finally, we show the size-based
protist model (section 5 and Appendix A) and the full bio-geochemical model (fig. 5.1d
and section 5).
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Figure 5.2: Parameter values for active (dark blue) and passive (light blue) copepods. (a,b,c) Dots
are data from Kiørboe and Hirst (2014) (see Appendix A for conversion factors), and solid lines are
linear least square regression fits (forced slope of -1/4),dashed lines are parameter values used in the
model after corrections (such as discussed in the text and Appendix A). (a) Maximum ingestion rate
(hmn ), (b) clearance rate (vmq ) and (c) respiration rate (κmp ). (d) Mortality by higher trophic
levels imposed in the model as a closure term. The mortality is density-dependent and can vary, as
illustrated with the shaded area.

Copepod energy budget
The energy budget of an individual copepod (fig. 5.1a) describes the capture and
assimilation of food and how it is used for growth and reproduction (Hartvig et al.,
2011). Physiological rates scale with the body-mass of the copepod. Most of the
rates used in the model are mass-specific and not per individual. The body-mass of a
copepod changes over its life, and we refer to it as a state. This is different from the
traits that we use to describe a population. A copepod population is described by the
feeding mode and the adult body mass (and not copepod body-mass at any stage). In
this section we will first describe the mass dependency of the energy budget, and in
the next section we will explain the traits used to describe a population and how the
parameters depend on the feeding mode.
Food availability E(m) (µgC L−1 ) depends on copepod body mass (m) and on
the abundance and size distribution of the community (further explained in section
5). The encounter rate of food (d−1 ) is found by multiplying the available food with
the clearance rate vmq (L d−1 µgC−1 ). Ingestion rate is limited by the maximum
ingestion rate hmn (d−1 ). A measure of the level of satiation of an organism is the
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feeding level f (m) (dimensionless). The feeding level ranges from 0 to 1, with 1 being
full satiation, and is described as:
Encounter rate

f (m) =

z }| {
vmq E(m)
q
n
vm
E(m) + hm
|{z}
|{z}

Clearance rate

.

(5.1)

Maximum ingestion rate

where q and n are exponents reflecting allometric scaling of clearance rate and ingestion
rate respectively. Note that when multiplied by the maximum ingestion rate, a type
II functional response is obtained.
The specific biomass production rate ν(m) (d−1 ) is defined as the energy available
after food assimilation and respiration (κmp in d−1 ):
ν(m) =  hmn f (m) −
| {z }
Ingestion rate

p
κm
|{z}

,

(5.2)

Respiration rate

where  is the assimilation efficiency, and κ and p are the coefficient and exponent of
the respiration rate.
We define the “critical feeding level" (fc ) as the feeding level where organisms start
to starve, i.e., where assimilation of food equals respiration:
κ p−n
m
.
(5.3)
h
Note that when the exponents of maximum ingestion and respiration are identical,
n = p, the critical feeding level is independent of body size. Combining equations 5.2
and 5.3, the specific biomass production rate ν(m) (d−1 ) can be re-written as:
fc (m) =

ν(m) = hmn (f (m) − fc (m)).

(5.4)

If the net energy gain is positive, i.e. if food assimilation surpasses respiration, the
energy is invested into somatic growth or reproduction. Thus, the net energy gain
g(m) (d−1 ) becomes:
g(m) = max[0, ν(m)].

(5.5)

If the biomass production rate ν is negative, i.e., if respiration exceeds food assimilation,
then we need to account for the respiration losses that are not covered by ν. We do
that by imposing a “starvation loss” term on the biomass (as in de Roos et al. 2008):
µst (m) = min[0, ν(m)],

(5.6)

which is only relevant when ν(m) < 0.
Adults use the net energy gain to reproduce, and the birth rate of nauplii (d−1 )
equals:
b = r g(ma ),

(5.7)
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where g(ma ) is the net energy gain of adults. r is the reproduction efficiency, and
takes into account the eggs survival and the male:females ratio (see Appendix A).
The central physiological parameters, clearance rate, respiration rate, and maximum
ingestion rate are given in figure 5.2. For all parameters we fixed the size-scaling
exponents to −1/4 as explained in Appendix A. Note that the scaling is negative since
most rates are mass-specific, i.e per unit of carbon mass and not per individual.

Copepod traits
We proceed on the premise that the functional diversity of copepods can be
well represented by two key traits: their adult mass (ma ) and their feeding mode
(active/passive). Both of these traits affect copepod fitness through mechanistic links
to other life-history parameters.
The adult body mass determines the size range of the population, since offspring
mass (m0 ) is proportional to the adult mass (Neuheimer et al., 2015): ma = za:o m0 ,
where za:o is the adult-to-nauplii mass ratio. The body-mass range of adult copepods
chosen here is of 0.2 µgC to 1000 µgC for active feeders and 0.2 µgC to 5 µgC for
passive feeders. The extremes of the size range correspond to adult copepods between
0.2 mm and 7 mm (assuming the mass-length relationships of Chisholm and Roff 1990,
fig. A.0.3).
The differences between feeding modes appear in the coefficients of the physiological
parameters (fig. 5.2) and the predation mortality. The passive feeding strategy implies
that copepods have to maintain neutral buoyancy in the water column, which allows
them to be undetected by predators. We argue that large copepods are too heavy
to maintain neutral buoyancy and have to constantly swim to do so. This could
explain why in nature most passive feeders are small in size (e.g. Oithona sp.). Higher
predation and respiration rates for large passive feeders can be introduced in the
model following assumptions regarding sinking and swimming speeds (see Appendix
A). However, in the runs presented here we will limit the size range of passive feeders
to reduce the number of state variables.
Passive feeding copepods have been suggested to experience predation mortality
that is about 2 to 8 times lower than for active copepods (Almeda et al., 2017). We
thus implement this lowered preference for passive feeders in the predation terms, and
assume that the preference for passive feeders is 1/5 the one of active feeders.

From individuals to populations
We use two representations of copepod population structure (Fig. 5.1b): a normalized number size spectrum N (m) (in # L−1 µgC−1 , see Appendix A for definitions)
and a discrete stage structure Cs (µgC L−1 ), where s indicates a size-range, derived
as an approximation of the continuous size spectrum. The continuous size spectrum
is used for analytical solutions and the stage structured model is used for dynamic
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simulations. The stage structured model is derived from the continuous formulation
in Appendix A.
The stage-structured formulation divides the biomass in size classes s ∈ [1 : S]:
Z
Cs =

m+
s

(5.8)

N (m)m dm,
m+
s−1

where N (m) is the number spectrum (# L−1 µgC−1 ) and m+
s is the upper size limit
of the size class. The biomass in the adult stage is CS = Na ma , due to the adult
stage being discrete in the continuous formulation. Eachq
size class is represented by
+
the geometric mean of the size class’ mass range: ms = m+
s−1 ms . The numerical
approximation assumes that the biomass production and mortality are constant within
the size class. We can write general dynamic equations for the size classes and the
adult stage as:

Births

dC1
dt
dCs
dt
dCS
dt

Biomass accumulation

Somatic growth

z }| {
g1 C1

z }| {
γ1 C 1

=

z}|{
bCS +

=

γs−1 Cs−1 + gs Cs − γs Cs − µs Cs ,

=

γS−1 CS−1 − µS CS ,

−

Losses

z }| {
− µ1 C1 ,

for s = 1 (5.9)

for 2 ≤ s < S

(5.10)

for s = S

(5.11)

where b is the birth rate (Eq. 5.7). The factor γs (d−1 ) describes the transfer of
biomass between size classes, i.e. describes somatic growth. This rate is derived based
on equilibrium conditions (de Roos et al., 2008):
gs − µs

γs =
1−

m+
1−µs /gs
( ms−1
+ )
s

,

(5.12)

+
and depends on the net energy gain, mortality and m+
s−1 /ms : the ratio between the
lower and upper mass boundaries of the size class.

From populations to the community
The copepod community is represented by a number I of populations. Each
population i is characterized by the traits adult mass ma,i and feeding mode ωa,i . It
is between individuals of the community that food-encounter and predation occurs.
Thus, below we describe the available and encountered food for each stage s, which
is required to calculate the feeding level (Eq. 5.1) and predation mortality of the
copepods.

72

Encountered food
We assume that all organisms consume prey following a log-normal size preference
function (Ursin, 1973; Hansen et al., 1994). A predator of size m prefers prey (mpy )
of size:
" 

ln



φ(mpy , m) = exp −

βmpy
m

2 #
(5.13)

,

2σ 2

where β is the preferred predator:prey mass ratio, and σ the standard deviation. As
the size classes span a range of sizes, we use an integrated measure of the preferences,
derived by integrating equation B.2 across each size class, to form Φ(mpy , m) (Appendix
A).
Copepods can eat protists P (µgC L−1 ), other (smaller) copepods of the same or
of different populations, and fecal pellets F (µgC L−1 ) (coprophagy). Food available
E(m) (µgC L−1 ) equals the product of the preference function and the biomass of
each corresponding prey size-group:

E(m) =

I X
S
X

cpy Φ(mi,s , m)Ci,s +

i=1 s=1

|

K
X

Φ(mk , m)Pk +

k=1

{z

}

Copepod prey

|

L
X

Φ(ml , m)Fl .

(5.14)

l=1

{z

Protist prey

}

|

{z

Fecal pellets

}

where cpy is the function that lowers the preference for small passive feeders (eq. A.0.2).
Copepod losses
Mortality µ (d−1 ) of copepods consists of predation µpr , starvation µs (Eq. 5.6) and
mortality due to predation by higher trophic levels µhtl , i.e., organisms larger than
the largest copepods explicitly considered in the model (e.g. fish).
Predation rate on copepods of size mpy is the sum of food ingested by all predators
weighted by the fraction that the prey Cpy,s represents to the total food eaten by each
predator. To obtain the carbon-specific rate we divide by the biomass of prey (Cpy,s ).
Hence, the terms cancel out and predation mortality rate (d−1 ) becomes:
µpr (mpy ) =

I X
S
X
cpy Φ(mpy , mi,s )
i

s

Ei,s

hmni,s fω,i (mi,s )Ci,s ,

(5.15)

where cpy is the lowered preference for small passives (Eq. A.0.2).
The mortality by higher trophic levels µhtl (m) (d−1 ) acts as a closure term on
the entire model. We expect a higher mortality pressure in environments with high
productivity and higher biomass. Therefore, we use a mortality term that increases
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with biomass within the community and within each population (used in Record et al.
2013):
µhtl (m) = phtl (m)

µhtl.0
−1/4 (Γ)
Ci,s B(m)(1−Γ) ,
+
+ m
ms /ms−1

(5.16)

where µhtl.0 is the coefficient (µgC1/4 µgC−2 L−2 d−1 ), which we divide by the ratio of
+
the boundaries (m+
s /ms−1 ) of each size class to correct for the number of size classes.
phtl (m) is a sigmoidal function used to impose the mortality only on the largest size
classes (see eq. A.0.2 and fig. A.0.1). This mortality is imposed on copepods with a
size larger than mhtl = mmax /β (where mmax is the size of the largest copepod in the
community) and declines with mass ∝ m−1/4 ; since the mortality on the smaller sized
organisms is already explicitly represented in the model. Γ imposes the preference of
predators for specific populations/stages or for whole size range intervals B. If Γ = 1,
the density dependence is imposed on each stage of each populations (Ci,s ), if Γ = 0
the density-dependence is imposed on the biomass (B) within the size ranges. We
chose Γ = 0.2 (Appendix A). The biomass B represents all copepods in the size range
[m/10σF /2 : m10σF /2 ], where σF is the width of the predation function of a predator
and is equivalent to 1. The biomass then becomes:
XX
Ci,s (mi.s /10σF /2 < m ≤ mi.s 10σF /2 ).
(5.17)
B(m) =
i

s

Size-based protist model
Protists are described by an unstructured model (Ward and Follows, 2016) with K
size classes. Each size class k is characterized by the geometric mean of the body-mass
mk within the size-range. The dynamics of the biomass concentration in each group
Pk (µgC L−1 ) is driven by the net energy gain νk (m) which represents the division
rate (d−1 ), and losses µk (d−1 ) due to predation mortality and other causes:
dPk
=
dt

ν P
| k{z k}

Division rate

−

µk Pk
| {z }

.

(5.18)

Total mortality

Protist growth
All protists are potential mixotrophs that acquire resources through a mix of photo(auto)trophy
and phagotrophy (eating other organisms). Hence protists simultaneously perform
photosynthesis, take up nutrients, and predate on smaller organisms. Uptake rates
follow a type 2 functional response. The uptake rate ηX (d−1 ) of a resource (X),
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which can either be light LPAR (µE s−1 m−2 ), nitrogen N (µgN L
(µgC L−1 ), by a protist of size m is:

−1

), or food Eu

Maximum uptake rate

z }| {
ψX (m)

ηX (m) =

αX (m)X
,
αX (m)X + ψX (m)

(5.19)

where ψX (m) represents the maximum uptake rate of the resource X (d−1 ) and
αX is the affinity for resource X. The affinities for uptakes, αX are determined by
allometric scalings with exponents −1/3, −2/3, and −1/4 for light, nitrogen, and food
respectively (see Appendix A for detailed description and parameter values). The
uptake of nutrients is measured in the equivalent units of carbon by assuming a fixed
C:N ratio of the cells. The uptake of food is based on the same size preference function
as for copepods (Eq. B.2 with different parameters; see Appendix A):
Eu (m) =

K
X

(5.20)

Φ(mk , m)Pk .

k=1

Protists may be limited by either carbon or nitrogen. We represent this by imposing
Leibig’s law on the total carbon gains (ηL + ηE − ηR ), where the respiration rate ηR
(d−1 ) is imposed, and nitrogen gains (ηN + ηE ). Hence, the division rate of cells is
(d−1 ):


νu (m) = min ηL (m) + ηE (m) − ηR (m), ηN (m) + ηE (m) ,

(5.21)

Note that food ingestion ηE enters in both the carbon and the nitrogen budgets.
Surplus of nitrogen is leaked back to the environment at a rate (d−1 ):
(5.22)

ηleaks = max[0, ηN (m) − ηL (m) + ηR (m)].
Protist losses

Total mortality rate of protists µu (d−1 ) is the sum of predation mortality (µu,pr ) and
background mortality (µu,b ). Protist mortality rate is the sum of all the predation
terms imposed by all copepods and protists on the given prey size class (following the
same logic as in equation 5.15):

µu,pr,k =

I X
S
X
Φ(mk , mi,s )
i=1

s

Ei,s

hmni,s fi,s Ci,s +

K
X
Φ(mk , mj )
j=1

Eu,j

ηE,j Pj .

(5.23)

The background mortality µu,b (d−1 ) mainly represents viral lysis. We assume that it
increases with biomass and decreases with cell size as:
µu,b,k =

µu,b0(m)
+ Pk ,
m+
k /mk−1

(5.24)
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where µu,b0 (m) is the strength of the mortality. Making the mortality inversely
+
proportional to the ratio of the boundaries of each protist size class (m+
k /mk−1 )
ensures that the strength of this linear mortality remains the same if the number of
size classes is changed.

Parametrization and temperature dependencies
All copepod parameters can be found in table 5.1 and a detailed explanation of all
parameters derivation can be found in Appendix A. Effects of temperature on physical
and physiological processes are implemented as factors on the relevant parameters of
copepods and protists. We use the Q10 factor to model the effects of temperature on
each corresponding parameter, which for a given rate R is:
(T −Tref )/10

R = Rref Q10

,

(5.25)

Where T is the temperature, Tref the reference temperature and Rref the rate at
the reference temperature. We use Q10 = 2 for the following physiological processes:
maximum ingestion rate of copepods, maximum uptake rates of protists and respiration
rates. The parameters affecting the affinities αX of protists are determined by chemical
and physical processes (Serra-Pompei et al., 2019): For uptake of light we use Q10 = 1,
as photosynthesis is a photochemical process independent of temperature. For uptake
of nitrogen a Q10 = 1.5 is roughly the temperature scaling of diffusion of nutrients
towards the cell. It is unknown whether the clearance rate of protists and copepods is
temperature dependent. Swimming speed might increase, but so would the swimming
speed of prey and the escape rate. We assume a Q10 = 1.5, which is the approximate
temperature dependence for the seawater viscosity and would account for changes in
swimming speed. Background mortality and mortality by higher trophic levels are
assumed to have a Q10 = 2. Reference temperature for all parameters was of 15◦ C
(except for the maximum uptake rates of protists, which was of 18◦ C), in accordance
to the data from which they were derived.

Bio-geochemical dynamics
The protist (unicellular) and copepod (multicellular) models are embedded in a
simple bio-geochemical model that describes the dynamics of light, nutrients and
vertical exchange with a deep layer with constant nutrient concentration (fig. 5.1d).
The integated model also includes a representation of copepod fecal pellets. We
use a simple physical model, similar to that used in Evans and Parslow (1985) that
assumes a surface mixed layer of depth z(t) where all biological interactions occur.
The concentration of organisms and particles is homogeneous over the mixed layer.
Below the mixed layer, state variables are not resolved, hence processes such as deep
chlorophyll maxima cannot be represented. The model then becomes a simple semi-
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chemostat model with a mixing rate (ρ) between the two layers (Evans and Parslow,
1985; Anderson et al., 2015).
Nitrogen
Nitrogen is mixed between the upper mixed layer and the deep layer at a rate ρ (d−1 ).
The concentration in the deep layer is N0 (µgN L−1 ). Other sources of nitrogen are
the remineralization r of the fecal pellets Fk (d−1 ) and remineralization of a fraction
δ of the background losses of copepods and protists. Finally, nitrogen is taken up
by protists ηN (d−1 ), and in case of excess nitrogen, leaked back to the environment
ηleaks (d−1 ):
dN
=
dt

ρ(N0 − N )
| {z }

+

1 h

r

QC:N

L
X

Fl

K
X
(ηleaks.k − ηN.k )Pk

+

l

Exchange with deep layer

k

| {z }

Remin. fecal pellets

|

{z

}

Leaks and uptake by protists

(5.26)
+ δ(

K
X

µb,u,k Pk +

S
I X
X

|

µb,s Ci,s ) +

s

i

k

I X
S
X
i

{z

remineralization of dead matter

|

}

i

ηDON,s Ci,s ) ,

(5.27)

s

{z

N excretion by cops.

}

where QC:N is the C:N ratio, which we assume to be constant. ηDON is the excretion
of dissolved organic nitrogen by copepods. We assume this excretion to be equal to
the metabolic costs and what is not invested into reproduction:
ηDON =

I X
S
X
i

p

κm Ci,s +

I
X

s

(1 − r )g(ma )CS .

(5.28)

i

Fecal pellets dynamics and carbon export
Fecal pellets are produced by copepods at a rate fpp (d−1 ) from the non-assimilated
food:
fpp (m) = (1 − )hmn f (m).

(5.29)

The sinking rates of fecal pellets are strongly defined by their size (Small et al.,
1979), and the size of each fecal pellet is proportional to the size of the producer
(Mauchline, 1998). Hence, we group the fecal pellets in L size groups characterized by
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the (geometric) mean carbon-mass ml for each size group. The biomass dynamics in
each size-group of fecal pellets Fl (µgC L−1 ) in the water column is:
I X
S
X
dFl
vs (ml )
µp,f,l Fl
=
Fl −
,
fpp (mi,s )Ci,s − rFl −
|{z}
dt
z{z }
| {z }
|
s
i
Remin.
Consumption by copepods
{z
}
|
Sinking

(5.30)

Total fecal pellet production

where r (d−1 ) is the remineralisation rate, vs (ml ) (m d−1 ) is the sinking speed and z
(m) is the thickness of the upper mixed layer. µpr,l (d−1 ) is the consumption of fecal
pellets by copepods:
µpr,f,l =

I X
S
X
Φ(ml , mi,s )
i

s

E

hmnis, f (mi,s )Ci,s .

(5.31)

Physical forcing
We use the model to simulate two scenarios: a stable environment with constant
environmental forcing over time, and a seasonal environment. The environmental
forcings are light in terms of photosynthetically active radiation (LPAR in µE s−1 m−2 ),
the mixing rate of nitrogen in the system ρ (d−1 ) and temperature T (◦ C). We use
the stable scenario to explore the response of the model under varying environmental
conditions.
The seasonal scenario uses time-dependent forcing (Anderson et al., 2015), previously used in Evans and Parslow (1985) and Fasham et al. (1990), including a changing
thickness of the mixed layer z(t) (details in Appendix A). In the seasonal environment,
to allow protists and copepods to emerge again every year after winter, we add a small
background concentration that is governed by chemostat dynamics in the equation for
the first copepod stage (eq. B.0.1) and in the protist equations (eq. 5.21):
ρseed (Bseed − Bc/p ).

(5.32)

Bc/p is the biomass of nauplia or protists and ρseed is the input rate. We made ρseed
proportional to the maximum ingestion rate of each size-group to avoid it strongly
affecting the dynamics of the group. Bseed has the form of a normalised biomass
spectrum (i.e. we corrected for the size width of each bin) and is also at a concentration
low enough as not to affect the general dynamics.

Numerical implementation
In the model, active adult copepods size can range from 0.2 µgC to 1000 µgC, and
passive copepods from 0.2 µgC to 5 µgC (the same size ranges can be imposed assuming
the swimming penalty on large passive feeders from Appendix A). We simulate I = 8+3

78

copepod populations: 8 populations of active feeders and 3 populations of passive
feeders. This number of populations corresponds to at least two populations of each
feeding mode per log-interval within the size range. Each copepod population was
discretised in S = 8 size-intervals (1 adult stage and 7 juvenile size-intervals). We
performed a sensitivity analysis on the number of size-intervals (Appendix A, fig. A.0.1
and A.0.2): results were substantially different for populations with less than 5 size
classes. Above 5 size classes, biomass converged. Protists range from 10−7 µgC to
10−1 µgC with K = 14 size groups. The size range of fecal pellets was converted
from the minimum and maximum size of copepods (the smallest juveniles and the
largest adult) using the conversions in Appendix A. The number of fecal pellets size
bins is L = 3 in the steady environment and L = 10 in the seasonal scenario. The
model was solved in MATLAB and the code can be found in https://github.com/camsp/Copepod_sizebased_model.
The scenario with a constant environmental forcing was run for 20000 days, whereas
the seasonal scenario for 50 years, enough to converge into a steady solution. Initial
conditions were the same for all the runs, of 1 µgN L−1 for the nitrogen pool, 5 µgC
L−1 for each protist size class, 5 µgC L−1 for each copepod size class, and 0 µgC
L−1 for fecal pellets. For the parameter sweep plot (simplified bifurcation diagrams,
fig. 5.6), we varied the value of the input of nitrogen in the system (ρ) from 10−3 d−1
to 10−1 d−1 in 80 steps (each corresponding to a model run of 20000 days, all with
the same initial conditions as stated above). We then took the average, maximum
and minimum values for the last 5000 days of each run, time at which the model had
converged into a stable solution. In this same plot, we only show the populations for
which the final averaged reproductive rate is positive or the biomass spectrum of all
stages within a population are above 10−40 µgC L−1 µgC−1 . These latter conditions
are relevant when productivity is very low and the model takes too long to converge.

Analytical solutions
We developed analytical solutions of the copepod model for the community and
population size spectra, size at age, development time from nauplii to adult copepod,
and the maximum population growth rate (Appendix A). These analytical solutions
assume a constant, size-independent feeding level f (m) = f0 . The feeding level
determines the growth rate, the reproduction rate, and the predation rate. Knowing
growth (from eq. A.0.5) and mortality we can solve the McKendric-von Foerster
equation (eq. A.0.2) for the size spectrum of a copepod population and find the
population growth rates. Repeating this exercise for a range of copepod populations
leads to results for the total copepod community.
Without density dependent effects, a population will grow at its maximum rate
rmax (chapter 7 in Andersen 2019):

 
n
r
rmax = Amna n
(1 − a) ln(za:o ) + ln
,
(5.33)
za:o − 1
a
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Table 5.1: Copepod variables and parameters. # refers to “numbers" and units of #−1 are “per
individual". The rest of parameters and corresponding derivation are explained in Appendix A.
Symbol

Description

Units

Value
Active

Passive

m

Body mass copepods

µgC #

ma

Body mass adult copepods

µgC #−1

m0

Offspring mass

µgC #−1

za:o

Adult to offspring mass ratio

-

mpy

Body mass of a prey

µgC #−1

β

Preferred predator:prey mass ratio

-

σ

Width of prey-size function

-

1.5

v

Clearance rate coefficient

L µgC−3/4 d−1

0.011

q

Clearance rate exponent

-

h

Maximum ingestion rate coefficient

µgC1/4 d−1

n

Maximum ingestion rate exponent

-

κ

Respiration rate coefficient

µgC1/4 d−1

p

Respiration rate exponent

-



Assimilation efficiency

-

0.67



Reproduction efficiency

-

0.25

cpy

Reduced preference for passives

-

µhtl.0

Mortality by higher trophic levels coefficient

µgC

QC:N

Carbon to nitrogen ratio

-

5.6

σhtl

Width of the prey-size function for a higher trophic level

-

1

−1

100
10000

100
1
0.0052

−1/4
1.37

0.4
−1/4

0.16

0.048
−1/4

1
1/4

µgC

−2

L

−2

d

−1

1/5
0.003 × h
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where za:o = ma /m0 represents the mass ratio between adults and nauplii, A =
h(f0 − fc ) is the coefficient of the growth rate of individuals (Appendix A.0.5), and a
is the physiological mortality, which is the ratio between mortality and growth rate
(eq. A.0.15). Equation 5.33 shows that the population growth rate increases with the
growth rate coefficient A and decreases with adult size with exponent −1/4. The
term in the brackets is a correction factor that decreases as the reproductive efficiency
r decreases and the physiological mortality a increases, i.e., if either the mortality
increases and/or the growth decreases.

Results
We first present the results of the analytical approximations. Then we show full
dynamic simulations of the entire model complex in the constant environment for
various nutrient inputs. Finally we show an example of a seasonal scenario in a
temperate system.

Analytical solutions

Figure 5.3: Development time from birth to maturity (a) and size-at-age (b) for active and passive
feeders (dark and light blue respectively, empty dots are mixed feeding copepods) at a saturating
feeding level f0 = 1 (solid) and at a low feeding level f0 = 0.3 (dashed). Dots are data from Kiørboe
and Sabatini (1995) (table in Appendix 1 of that paper) at saturating food conditions. The feeding
mode of copepod species from the data were determined using the data-set of Brun et al. (2016b). b,
Size-at-age for a population of active feeding copepods with adult size ma = 100 µgC (top of y-axi)
and nauplii size m0 = 1 µgC (bottom of y-axi).
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Figure 5.4: Population growth rates with a low (a,b) physiological mortality (a = 0.3) and a high (c,d)
physiological mortality (a = 0.7).(a,c) Maximum population growth rates rmax from the analytical
approximation (eq. 5.33) as a function of adult size for high prey concentration (E = 100 µgC L−1 ;
solid lines) and low prey concentration (E = 30 µgC L−1 ; dashed). (b,d) feeding mode with the
highest rmax as a function of adult body-mass and prey concentration. Areas colored in dark blue
indicate that active feeders win, areas in light blue that passive feeders win, areas in white show
where copepods populations have negative growth. We assume a of passive feeders to be 1/5 the one
of active feeders following eq. A.0.2. Prey concentration is a fixed value.

Development rates
Large copepods develop at a slower pace than small copepods, and passive feeders
have longer development times than active feeders (fig. 5.3). Development times from
birth to maturity are of the same order of magnitude as observed development times at
saturating food concentrations. However the slopes differ, where the model predicts an
increasing development time with size following the allometric scaling of parameters,
whereas observations are rather constant with size. Development time increases as
the feeding level decreases, since less food results in lower growth rates and longer
development times. The lower feeding level shown in the figure, f0 = 0.3, is around
the feeding level that emerges from the dynamic simulations.
Minimum food requirements and population growth rates
In a stable environment the most competitive organisms are those that persist at the
lowest food concentrations (Tilman, 1982). A measure of this competitive ability is
E ∗ , the concentration of food where the net gain ν(m) = 0 (i.e. the feeding level
equals the critical feeding level f (m) = fc (m)). The best competitors are protists,
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since they have the lowest E ∗ (fig. A.0.1), followed by small passive feeders and finally
large active feeders. The E ∗ refers to the competitive ability of a single organism at a
given size, but copepods need to fulfill their life cycle for the population to persist.
Thus, growth rates at the population level are needed.
The population growth rate indicates the competitive ability of a copepod population. Active copepods have higher population growth rates in high food environments
(fig. 5.4). Passive copepods outcompete active copepods at low prey concentrations
or at high mortality levels (fig. 5.4b+d). This is due to the lower metabolic rate and
mortality of passive feeders. Active copepods dominate when prey concentration is
high due to their higher maximum ingestion rate. Overall, the calculations of rmax
and E ∗ give similar predictions: small passive copepods dominate in environments
with high mortality and/or low food, and active copepods dominate in environments
with high food conditions.
Insights from the analytical solutions make it easier to interpret the more complex
numerical solutions. However, one needs to be aware that the analytical approximations
assume a constant feeding level and the same predator-prey mass ratio (β) between
organisms of the same size. In the full model, the feeding level varies between sizeclasses and depends on the availability of food. Further, the predator-prey mass
ratio differs between active copepods, passive copepods and protists, and therefore
organisms of the same size do not necessarily compete for the same prey. Moreover,
considering the overlap between sizes of small juvenile copepods and protists, and
corresponding β, competition between protists and small copepods seems possible.
These potential feed-backs can only be accounted for with dynamic simulations.

Dynamic simulations
Constant environmental forcing
Results from numerical simulations match results obtained analytically. The biomass
spectrum declines with size (Fig. 5.5). The Sheldon spectrum (mgC m−3 , see Appendix
A for definition) is flat (fig. A.0.1), in accordance with the predictions from the
analytical approximation (fig. 5.5 dash-dotted lines, and Appendix A, fig. A.0.1). The
Sheldon spectrum also shows an increase in total biomass in the system when the
nitrogen input is higher (fig. A.0.1). Mortality declines with size (fig. 5.5e+f), as
expected from the analytical approximation (Appendix A).
Dynamics in the system are dominated by competition for food, as can be seen
from the relatively low feeding levels of copepods (fig. 5.5c,d). The feeding levels are
on average around 0.3, slightly above the critical feeding level. This feeding level
is lower than the one found in the analytical calculations, f between 0.4 and 0.83,
based on a balance between growth and mortality (Appendix A). Within each copepod
population, the size classes that are closest to starvation are the ones that dominate in
terms of biomass, as it can be seen by their feeding levels close to the critical feeding
level. This suggests bottlenecks, where biomass accumulates due to a slow growth
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Figure 5.5: Results from numerical simulations under low and high input of nitrogen (left column
ρ = 0.005 d−1 and right column ρ = 0.05 d−1 ). All panels show protists (yellow), and passive/active
copepods (dark/light blue), with predictions from the analytical approximations (black dash-dotted
lines). (a,b) Biomass spectrum (see Appendix A). Each line segment of copepods represents a
population. The copepod populations shown are those persisting at the end of the simulation. The
adult stage is discrete and therefore for this plot we assumed its bin width is the same as the size
class just before the adult size. (c,d) Time-averaged feeding level f with dashed lines showing the
critical feeding level fc . Feeding levels that are below the critical feeding level show that organisms
are starving, which prevents populations from surviving. (e,f ) Mortality rate from predation by
copepods (continuous lines), predation by protists (dashed), and background mortality for protists or
mortality by higher trophic levels (HTL) for copepods (dotted lines). Starvation mortality is not
shown as it can be identified from the feeding level panels. In both runs temperature was 15 C◦ , light
LPAR = 100 µE s−1 m−2 , deep nutrients N0 = 140 µgN L−1 , and mixed layer depth 10 m.

in that size class. Populations with feeding levels below the critical level go extinct.
Finally, note that the critical feeding level is constant across sizes, indicating that
small copepods are not necessarily more susceptible to starvation than large copepods
(if reserves are not accounted for).
Mortality is dominated by predation (fig. 5.5e,f). Predation mortality of small
protists is imposed by large protists, while mortality of large protists originates from
copepod predation. Small copepods and the juveniles of most copepods are strongly
preyed-on by large copepods, whose populations are more numerous at higher levels of
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Figure 5.6: Model output as a function of nitrogen input rate ρ. (a, b and c) Biomass averaged
after model convergence. (a) Nitrogen (dotted) and protists grouped in cell-mass ranges (solid).
(b,c) Biomass of adult active and passive copepods respectively. Shaded areas around the lines show
maximum and minimum biomass values when the system oscillates. (d) Flux of fecal pellets out of
the mixed layer (continuous) and at 1000 m (dashed, calculations in Appendix A). (e) Fraction of
fecal pellets out of the mixed layer exported to a 1000 m (black), fraction of fecal pellets exported
out of the mixed layer relative to fecal pellets production rate within the mixed layer (grey), and
fraction of fecal pellets consumed relative to the fecal pellets production rate (red). Arrows at the
bottom show the values of ρ where the runs of figure 5.5 were done. In all the runs temperature is
15 C◦ , light L PAR=100 µE s−1 m−2 , N0 = 140 µgN L−1 and a mixed layer depth of 10 m.

nitrogen inputs (fig. 5.5b,d,f). Overall, higher nutrient inputs lead to the emergence
of larger active copepods, resulting in a high predation pressure on small copepods.
The response of the community to the entire range of nutrient inputs is explored
in Fig. 5.6. The first copepods that can persist are small passives and large active
feeders. The persistence of a large active feeder at low levels of productivity is at odds
with the results found analytically (Figs. A.0.1 and 5.4). This large active can persist
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because it shares the prey field with the small passive feeder (due to the different
predator-prey mass ratios, β), but it imposes predation on the juveniles of the passive
feeders, indicating the presence of intraguild predation (Polis et al., 1989). On the
other hand, small active feeders never emerge in the system. In addition to the high
predation by large copepods, small active feeders are always starving (fig. 5.5c,d).
This starvation originates from the competition of small active copepods with protists,
where small active copepods are the losers.
Higher nutrient inputs lead to a greater coexistence of copepod populations. This
is due to the density-dependent closure term which imposes a top-down control on
the dominant populations, allowing the least competitive populations to emerge as
productivity increases. Biomass of small passive feeders decreases at high levels of
nitrogen inputs (ρ > 0.05 d−1 , fig. 5.6). This time, passive feeders are affected by the
competition with intermediate active copepods (adults between 1 and 10 µgC) and
the predation by adult copepods, showing again the presence of intraguild predation
in the system.
Total biomass in the system increases with nitrogen inputs (fig. 5.6). First, biomass
of protists increases, until top-down control by copepods is imposed. The copepod
biomass increases by increasing the coexistence of copepod populations. Finally, total
biomass in the system stops increasing. This is due to the density-dependent closure
terms on copepods and protists (background mortality and mortality by higher trophic
levels). This "top-down control" is reflected in the constant increase of N in the system
at high levels of N inputs. All in all, the higher the productivity in the system, the
higher the total biomass and the stronger the coexistence of copepod populations.
Total fecal pellets export increases with the nutrient input (fig. 5.6d). The higher
export is a reflection of the higher copepod biomass. The fraction of fecal pellets
that reaches 1000 m (the transfer efficiency) is lowest when small copepods dominate
relative to large copepods (ρ ∼ 0.003. fig. 5.6e). Once large copepod are established in
the system the transfer efficiency becomes high (above 0.5) but decreases as populations
of small copepods appear. This decrease in transfer efficiency is due to the slower
sinking rates of fecal pellets from small copepods. On the other hand, the fraction of
fecal pellets exported out of the mixed layer relative to the fecal pellets production is
controlled by the consumption of fecal pellets by copepods (fig. 5.6e). Here copepods
can consume up to 20% of the fecal pellets produced. Thus, the higher the copepod
biomass, the higher the consumption of fecal pellets, and the stronger the attenuation
of carbon flux out of the mixed layer.
Sensitivity analysis
The main results from the sensitivity analysis (Appendix A) are that predator-prey
mass ratios (β) affect the size distribution within the copepod community. Small
β favour small and intermediate copepods whereas large β favour large copepods
(fig. A.0.3). A small width (σ) of the preference function removes copepods from the
system (fig. A.0.4). Finally, variations in the assimilation efficiency for all copepods
mainly affects the fecal pellets flux (fig. A.0.5). Intermediate assimilation efficiencies
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( = 0.5) result in the highest carbon flux, as copepods have enough energy to grow
but most of the food is excreted in the form of fecal pellets.
Seasonal scenario

Figure 5.7: Seasonal scenario. (a, b and d) Biomass concentration in upper mixed layer of protists
(a), active copepods (b), and passive copepods (d), grouped into size ranges (see legends). For
copepods, each size group contains juveniles and adults of all populations. (a) right y-axis: Nitrogen
concentration within the mixed layer. (c) Cohort of an active feeding copepod population with an
adult body-mass of 87 µgC. (e) Reproduction rate (black, left y-axis) and mass-specific reproductive
rate (grey, right y-axis) of the copepod population from panel c. (f ) left y-axis: Flux of fecal pellets
leaving the mixed layer (black) and at 1000 m (black dashed). (f ) right y-axis: transfer efficiency,
i.e fraction of fecal pellets leaving the mixed layer that reach 1000 m. (g) Predation mortality imposed
by copepods on active copepods only (other mortalities in Fig. A.0.3).
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The seasonal scenario, simulating a temperate ecosystem, has a marked spring
bloom of protists (fig. 5.7a). The bloom is terminated partly by nitrogen depletion
and partly by the predation of protists and copepods (figs. 5.7a and A.0.3). Total
copepod biomass peaks in summer and autumn. The delay between the protists peak
and the copepods peak is due to the development time of copepods. When food is
plentiful during the spring bloom, copepods have the potential to reproduce, leading
to a peak in specific reproduction rate (figs. 5.7e in grey and A.0.2). Despite this
high specific reproductive rate, the total number of adult copepods is too low to
produce a large total number of offspring. So, only when the new cohort of these
offspring reaches adulthood (fig. 5.7c) and individuals reproduce again, can copepods
significantly increase their numbers (see differences between specific (grey) and total
reproductive rates in figs. 5.7e and A.0.2 and the peaks in biomass in figures 5.7).
Hence, since the number of adults in spring is still too low due to starvation during
the winter months, copepod biomass does not directly follow protists biomass.
The dominance of a population at a given time is a combination between food
availability and predation. Reproduction occurs when there is enough food for adults,
which is during most months of the year except in winter. Predation on small juvenile
copepods occurs in summer and autumn, when large copepods are present. This
predation can affect the development of cohorts. For example, some small active
copepods have a high specific reproductive rate (fig. A.0.2) in summer and autumn,
yet they do not manage to increase their biomass (fig. 5.7b) due to the high predation
pressure (fig. 5.7). Finally, the smallest active copepods starve most of the time
(fig. A.0.4) due to the lack of their prey (the smallest protists). Altogether, the
passive-feeding strategy is favoured for small copepods.
There are two peaks in fecal pellet export, one in summer and another in autumn
(fig. 5.7f). These peaks in export follow the dynamics of copepods biomass. Transfer
efficiency of fecal pellets to a 1000 m varies between 0.35 and 0.55 and is mainly
linked to the dynamics of the mixed layer. The transfer efficiency is highest when
the mixed layer is deep (fig. A.0.5), which reduces the sinking distance and time
between the depth of the mixed layer and a 1000 m. Copepod size does not seem
to affect the transfer efficiency (fig. A.0.5). On the other hand, the fraction of fecal
pellets exported relative to the fecal pellets produced depends on the mixed layer
when copepod concentration is low and on consumption of pellets by copepods when
copepods concentration is high (fig. A.0.5). Overall, the dynamics of fecal pellets
export are complex and depend on several factors.

Discussion
NUM model concept
We have presented the Nutrients-Unicellular-Multicellular (NUM) paradigm to
model planktonic communities. The community structure is described as a size-
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and trait-distribution with a community composition that changes depending on the
environmental conditions. The multicellular component is based on copepods as the
dominant multicellular planktonic group, however, the framework is generic and can be
parameterised for other life histories, such as krill or arrow worms, with modest effort.
The central process is predation by larger organisms on smaller organisms. Using
cell/body size to describe trophic interactions avoids the need to a priory decide the
trophic level of each organism. Thus, the topology of the food web is an emergent and
dynamic property which impacts ecosystem functions such as total primary production,
energy transfer from primary producers to higher trophic levels, and carbon export
from dead organisms and fecal pellets.
The development of the multicellular component is based on earlier efforts to
describe fish populations (Hartvig et al., 2011) and populations of zooplankton. For
instance, Record et al. (2013) resolved copepod ontogeny and several adult sizes to
model the entire copepod community. Their framework, however, modelled only the
copepod community and omitted predator-prey feed-backs, which is key to properly
describe the trophic transfer of energy in the community. Heneghan et al. (2016)
developed a generic size-based model of zooplankton, valid for any kind of zooplankton,
coupled to a fish model. While this model does resolve predator-prey interactions, it
omits the explicit modelling of reproduction by zooplankton. Zooplankton therefore
reproduce irrespective of food availability, which breaks the mass balance of the
energy transfer. The NUM modelling framework includes the mass balance from both
predator-prey interactions and reproduction.

Macroecological patterns
The model framework reproduces several macro-ecological observations and predictions. First, the biomass spectrum declines with body-mass and a flat Sheldon
spectrum is found in log size-groups with size (figs. 5.5 and A.0.1), across the entire
unicellular and multicellular community (Sheldon et al., 1972; Boudreau and Dickie,
1992; Sprules and Barth, 2015). The combination of size-dependent predation and the
allometric scaling of metabolism leads to an emergent mortality rate that is weakly declining with body mass, as also observed in nature (McGurk, 1986; Hirst and Kiørboe,
2002). These two patterns are predicted by both analytical and numerical models.
The dynamical simulations further show that the food chain becomes longer as the
productivity increases. These three patterns are relatively generic and tend to emerge
from the assumptions of mass balancing and size-specific predation (Andersen and
Beyer, 2006).

Traits distribution within the copepod community
Important patterns of copepod communities that are produced by the model (and
discussed in the following sections) are: the community is a diverse assemblage of

89

sizes and feeding modes and is not dominated by a single population. Small passive
feeding copepods tend to dominate in low productivity systems and at high mortality
levels. Small active feeding copepods are outcompeted by protists and suffer from
high predation mortality by large copepods, which removes them from the system,
favouring the passive feeding strategy. Active feeders are present in most sizes and
productivity levels. Finally, the model reproduces qualitatively the seasonal succession
of protists and copepods with a time lag in the response of the copepod populations.
Size
Copepod body size mainly depends on the predator-prey mass ratio, mortality and
productivity. Copepod body-size correlates positively with the input of nitrogen to the
system. This is observed in data from surface dwelling copepods (Brun et al., 2016a),
where average copepod size in the community increases with the productivity of the
system. However, one cannot directly compare the model and the data here, as the
observations are driven by seasonal changes with latitude, where seasonal systems are
expected to favour larger copepods (Sainmont et al., 2014). In the model, the largest
copepods appear when food chains are longer (several heterotrophic protists and
copepods), as here large copepods eat smaller copepods. This clashes with the classical
view of large copepods appearing in short marine food-webs, since copepods can
directly feed on large primary producers, mainly diatoms. Diatoms are not represented
in our unicellular model, so this effect is weakly represented.
Our model also shows a dominance in numbers by small copepods (juveniles and
adults) in most cases. This was already highlighted by Turner (2004). Hopcroft et al.
(2001) showed that small copepods tend to dominate in most systems, and that as
productivity increases large copepods appear while coexisting with small copepods.
The numerical dominance of small copepods follows from the Sheldon spectrum with
biomass being roughly flat with body mass (Sheldon et al., 1972).
Finally, small active feeding copepods do no emerge in the system. In the model,
this is due to competition with protists and predation by larger copepods. The lack of
small active feeders matches with what is observed in nature. Some of the smallest
active feeders are from the genus Acartia, where the adults tend to be larger than
1 µgC. In fact, Acartia tend to be mixed feeders, i.e. they can switch from active to
passive feeders (Brun et al., 2016b). Thus, when being very small, a passive feeding
strategy is favoured.
Feeding mode
Small passive feeders coexist with active feeders, but dominate at relatively low levels
of productivity. Data compiled by Prowe et al. (2018) shows a larger fraction of passive
feeding copepods (in terms of abundances) in temperate systems and high latitudes
relative to low latitudes. These observations contradict our findings (assuming that
high latitude systems are more productive than low latitude systems). Prowe et al.
(2018) attributed this observation to the relation between feeding mode and the motility
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of prey (Kiørboe, 2011), which we did not include in the model. However, Djeghri et al.
(2018) argued that copepods are highly prey-unselective and that motility could not
be the only explanation for this pattern. Predation can be another explanation, where
predators could be more abundant in productive systems, favouring the passive-feeding
strategy. On the other hand, in our seasonal scenario, passive and active feeders
coexist over the whole year. This indicates that seasonality could also promote this
coexistence. This agrees with Oithona sp. (a passive feeder) being present in most
marine systems (Gallienne and Robins, 2001) together with active feeding copepods
(e.g. Djeghri et al. 2018).

Seasonal environment
The need of copepods to grow and develop results in a delay between the protists
spring bloom and the peak in biomass of copepods in our seasonal scenario. This
loop-hole is one of the reasons that phytoplankton blooms can form, where predators
are not able to keep-up with the prey’s growth rate, allowing for biomass accumulation
of the prey (Kiørboe, 1993; Behrenfeld and Boss, 2018). The delay between the
peaks in copepods and protists has been observed in several systems (Dagg, 1995;
Parsons, 1988; Parsons and Lalli, 1988). This coupling between prey and predators
has important implications for carbon export, since a highly coupled system results
in most of the energy staying in the upper-ocean food-web, while uncoupled systems
allow for a dominance of the detrital pathways, contributing to benthic production
and carbon sequestration (Parsons, 1988). The delay and the decoupling would not
have been observed if the ontogeny of copepods was not incorporated in the model.

Fecal pellets export
Fecal pellets export increases with the biomass of copepods in the mixed layer,
but is affected by several other factors. In our steady environment scenario, trophic
transfer from the mixed layer to the deep ocean is enhanced when large copepods
are present. This is due to their production of fast-sinking pellets, in agreement with
the results found in Stamieszkin et al. (2015). In contrast, in the seasonal scenario,
transfer efficiency of fecal pellets mainly relates to the dynamics of the mixed layer.
The strong relation to the integrated biomass within the mixed layer might be due
to the model assumption that copepod concentration is homogeneous in the mixed
layer. This does not happen in nature as most copepods spread over deeper layers
(e.g. Irigoien and Harris 2006) and swim to the surface at night to feed, probably
resulting in lower integrated biomass over the mixed layer.
The attenuation of the fecal pellets flux by copepod consumption agrees with the
results found in the field by Riser et al. (2007, 2008), where a large fraction of the
pellets produced were respired in the upper water column by copepods. Thus, the
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larger the copepod biomass in the water column, the larger the export flux, but the
higher the consumption of fecal pellets as well.

Trophic interactions
Our model shows a high number of trophic interactions, and due to the large
overlap in size, practically any kind of prey (protists, nauplii or adult copepods) can be
predated on by copepods. This broad prey range on copepods has also been observed
in empirical and experimental studies (Djeghri et al., 2018). Predation by copepods
has a strong effect on the system, especially on small copepods, both juveniles and
adults. In general, small passives dominate relative to small active feeders. By being
passive feeders, they can reduce their predation mortality, while the small active
feeders do not manage to reach adulthood in summer as predation on the juvenile
stages is too strong. Predation by large copepods is common in nature, and predation
on the juvenile stages is also well known (Uye and Liang, 1998; Ohman and Hirche,
2001).
Intraguild predation (IGP) is ubiquitous in the food-webs produced by our model.
IGP is the process of “eating your own competitor” (Polis et al., 1989). It often
occurs when individuals undergo trophic niche shifts where a juvenile competes for
prey with another consumer and where the adult predates on that consumer. The
general result of IGP is that the consumer outcompetes the predator at low levels of
productivity . At medium productivities the predator and consumer coexist, while the
predator dominates at high productivities (Mylius et al., 2001; Hartvig and Andersen,
2013). This result is hard to track in the model since IGP occurs at several levels
simultaneously, e.g., between protists and small copepods, and between small copepods
and larger copepods.
Finally, competition between protists and small copepods is an interaction that is
rarely considered in the literature. Still, Gismervik and Andersen (1997) found IGP
to occur between a protist and a small copepod, as observed in our model. Looking at
predator-prey mass ratios of zooplankton (Hansen et al., 1994; Kiørboe, 2016) and
the overlapping sizes of small copepods and large unicellular protists, we suggest that
competition between protists and small/juveniles copepods is likely to occur in natural
systems.

Model limitations
The model only represents two axes of multicellular diversity: adult size and
feeding mode. This means that important factors are not represented: difference
between development and somatic growth, sac/broadcast spawning, reserves, and
vertical migrations. Ignoring these traits has implications for the model’s ability to
represent important ecosystem functions. On the other hand, adding them increases
model complexity.
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The main limitation in the seasonal system is the lack of overwintering and
resting eggs strategies. The production of reserves allows copepods to overwinter,
often performing ontogenetic migrations, to overcome the winter months (Varpe,
2012). Copepods that perform ontogenetic vertical migrations are of high ecological
importance in high latitude systems (e.g. Pershing and Stamieszkin 2019). Reserves
are also important for deep-water copepods to survive for long periods without food
(Teuber et al., 2018). Another strategy, mainly performed by coastal copepods, is the
production of resting eggs that survive the winter (Holm et al., 2018). The importance
of reserves and vertical strategies has been demonstrated in optimisation models
(Varpe, 2012; Sainmont et al., 2014), however, implementation in full population
dynamic models is challenging as it introduces an extra state variable (but see de Roos
and Persson 2001).
An important difference between copepods is between broadcast and sac spawners
(Kiørboe and Sabatini, 1994). Broadcast spawners release their eggs directly in the
water column, which puts the eggs at risk, yet more eggs are produced and the time
until hatching is faster than in sac spawning copepods. Sac spawners carry their
eggs until hatching. This substantially reduces mortality. However, if the female is
eaten, the whole clutch is lost. The difference between sac and broadcast spawners
could be represented as another trait, and the trade-off implemented as a difference in
recruitment efficiency e and mortality of the mother.
Food-dependent growth is well represented, but the development time is known to
vary with temperature (Corkett and McLaren, 1970; Berggreen et al., 1988), resulting
in variable adult copepod sizes of the same species. Adult size decreases up to 3% per
degree increase in temperature (Horne et al., 2019). The variation in development time
between birth to maturity means that the adult size is not fixed, and that somatic
growth and development should be considered separately. A potential implementation
could be to make the adult size temperature dependent (e.g. Maps et al. 2012).
Finally, in terms of the model analysis, we have not tested for the existence of
multiple stable states. Physiologically size-structured models may possess multiple
stable states, either as an Allee effect (both an extinct and a non-extinct state exists;
de Roos et al. 2003) or as two different states of presence (Claessen and de Roos,
2003). Capturing such states requires a complete bifurcation analysis that also tracks
unstable states, such as via continuation (e.g. Kuznetsov 2013). We have been unable
to perform continuation in this system with many state variables. It is still an open
question, then, whether multiple stable states exists, and whether they are important
for the overall community structure and dynamics.

Conclusion and perspective
The NUM (nutrients - unicellular - multicellular) modelling paradigm offers a route
to resolve the importance of the role of multicellular organisms in planktonic food
webs. The model reproduces macroecological patterns, coexistence of several sizes
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and feeding modes, and the introduction of a time-lag in the seasonal development of
planktonic systems. An unexpected result is the competition between protists and
small/juvenile copepods. We suggest that this interaction, together with predation,
explains why the smallest adult copepods are not active feeders, favouring the passive
feeding strategy within these size ranges. Finally we show that intraguild predation is
ubiquitous in marine food-webs due to the increase in size over the life of multicellular
organisms. Overall this model serves as a platform to study interactions within marine
food-webs and generate hypotheses to be empirically validated.
We have demonstrated a framework for NUM modelling and implemented it in a
simple chemostat description of the upper water column. The framework is generic
and can be implemented in more realistic physical environments, such as a water
column or a global circulation model. The model has been designed such that it can
accommodate a variable number of size classes and populations. The advantage of the
size- and trait-based formulation is a relatively small parameter set that is generic, i.e.,
it is valid globally and also for reduced model configurations. We envision the NUM
modelling framework as a key element in developing global-scale ecosystem models
that span from biogeochemistry to fish ecology.
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Abstract
Copepods significantly contribute to carbon export and sequestration in the ocean.
However, whether copepod increase or decrease carbon export efficiency is still unclear.
We refer to carbon export efficiency (pe-ratio) as the fraction of NPP that is exported
at a given depth-horizon in the form of sinking particles. Here, we investigate the role
of copepods in regulating the pe-ratio. We use a mechanistic plankton size-spectrum
model (unicellular protists and copepods) coupled to a global ocean circulation model.
The model generates emergent food webs and the size distributions of all organisms
and detrital particles. We test the following hypotheses: (H1) pe-ratio correlates
positively with the biomass of large copepods; (H2) pe-ratio increases with total
copepod biomass; and (H3) pe-ratio decreases in systems that have a strong trophic
coupling, i.e. the fraction of NPP that is directly consumed by predators. We confirm
H1 and reject H2 and H3. We show that food-web configuration and energy pathways
define pe-ratio. Light, temperature, nutrients, competition and predation define the
food-web configuration. Copepods consume a large fraction of the detritus produced,
but respiration losses do not markedly attenuate the particle flux. Trophic coupling
did not reduce pe-ratio. Finally, we did not find a clear relation between NPP and
pe-ratio. Model outputs are validated with field data and satellite products. By
resolving the size-distribution of the planktonic community and associated detrital
particles we provide mechanistic explanations to observed patterns between pe-ratio
and plankton community-composition.
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Introduction
Plankton remove atmospheric CO2 by doing photosynthesis and exporting organic
carbon to the deep ocean (Longhurst and Harrison, 1989; Ducklow et al., 2001).
Without the biological pump, atmospheric CO2 concentration would be ∼50% higher
than nowadays (Parekh et al., 2006). However, measurements are scarce in space and
time, and global estimates range from ∼ 3 to 12 PgC year−1 (Dunne et al., 2005;
Henson et al., 2011; DeVries and Weber, 2017), showing an incomplete understanding of
this process. Carbon export efficiency refers to the fraction of net primary production
(NPP) that is exported at a given depth horizon. In the most common algorithms
used, carbon export efficiency decreases with temperature and increases with primary
production (Laws et al., 2000; Dunne et al., 2005). However, these relationships have
recently been challenged (Maiti et al., 2013; Henson et al., 2019). Primary production
can be fairly well estimated from satellites. Thus, understanding the drivers of carbon
export efficiency is a key feature to estimate the draw-down of atmospheric CO2 by
oceans and make future climate predictions.
The main mechanism driving carbon export is by passive sinking of organic matter
particles (Boyd et al., 2019). Copepods play an important role in the production
and transformation of detrital material. Copepods can be responsible for up to a
100% of the carbon exported via passive sinking (Turner, 2015). Yet, the efficiency of
particles export: i.e. the fraction of integrated NPP that sinks in the form of particles
at a given depth (pe-ratio) depends on predator-prey interactions, particles size and
density, and remineralization processes. Copepods contribute to all these processes,
both enhancing and attenuating the flux (Wexels Riser et al., 2010; Stamieszkin et al.,
2015).
Copepods produce dense fast-sinking fecal pellets. The sinking rate increases
with pellet size, and pellets size is proportional to the copepod size (Small et al.,
1979). Thus, the efficiency of fecal pellets export increases with the dominance of
large copepods (Stamieszkin et al., 2015). However, several studies have suggested
that copepods can strongly attenuate the particle flux by grazing detrital particles
(Wexels Riser et al., 2007, 2010; Cavan et al., 2017). Other studies find somewhat
contradictory patterns. Henson et al. (2019) compiled field data and found a positive
trend between mesozooplankton and pe-ratio, but a reversed trend between large
zooplankton (> 2 mm) and pe-ratio. These conflicting points of view suggest that the
mechanisms by which zooplankton drive pe-ratio are still not well understood. Based
on these studies, the first two hypotheses we elaborate are: (H1) pe-ratio correlates
positively with the biomass of large copepods, and (H2) pe-ratio increases with total
copepod biomass.
A food-web perspective was suggested in Henson et al. (2019), where a decoupling
between primary production and grazing could promote high export efficiencies. This
had been suggested in previous theoretical studies (Parsons, 1988; Wassmann, 1997).
They suggested that the ability of predators to closely follow the dynamics of their
prey (strong trophic coupling) contributed to "retention food-webs". In these cases
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Figure 6.1: Diagram of the interactions between model compartments (left panel) and an illustration
of the outcome of the model in terms of a community biomass spectrum (right panel). Except for
the nitrogen pool, all the other compartments are represented by a size-distribution (lines). For
the copepods, each black line is a full copepod population, and the community spectrum is formed
by adding all the size-spectra together (protists+copepods). Fecal pellets and detritus all have
size-dependent sinking rates.

most carbon was retained and respired in the surface ocean layer. Conversely, the
lack of predators promoted prey (e.g. phytoplankton) to sink out of the surface layer
without being grazed, resulting in efficient export. From this point of view, top-down
control by zooplankton on phytoplankton could reduce carbon export efficiency. Thus,
our third hypothesis is: (H3) pe-ratio decreases in systems that have a strong trophic
coupling, i.e. the fraction of NPP that is directly consumed by predators.
To test the hypotheses we need a model that includes: (i) the size-distribution
of copepod-biomass and associated detrital particles (including the size-dependent
production and sinking of fecal pellets), (ii) an explicit representation of copepods’
ontogeny to capture the delay between birth, growth and reproducion, and (iii) mass
balance and conservation between trophic transfers, carbon export and reproduction,
i.e. what is not respired or used for growth is exported. The NUM – NutrientUnicellular-Multicellular– framework incorporates all these features (Serra-Pompei et
al 2020). The model resolves the life cycle of copepods and the size distribution of
copepods, protists and fecal pellets. Here we extend the framework to incorporate a
size distribution of other detrital particles and couple the model into a 3D physical
model of the global oceans.

Methods
We use the NUM framework (nutrients-unicellular-multicellular), a mechanistic
size and trait-based model of the planktonic community (Serra-Pompei et al 2020).
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Figure 6.2: Biomass spectra of the community and particles for three ocean locations: protists
(yellow), active copepods (dark blue), passive copepods (light blue), fecal pellets (red, continuous
line), and rest of detritus (red, dashed).

The original model resolves the size distribution of the copepod community, protists
(autotrophic, mixotrophic, heterotrophic), copepod fecal pellets, and one pool of
nitrogen. Here, the model has been extended to account for another size-distribution
of detrital particles other than fecal pellets. For simplicity we will refer to this pool as
"detritus" and consider the fecal pellets as a separate pool. Thus, bear in mind that
when we refer to detritus, fecal pellet are not included. Finally, we have coupled the
model to a 3D physical model of the oceans. All the pools of the model are illustrated
in figure 6.1.
Size is the main trait describing organisms. All physiological rates and predatorprey interactions are size-dependent. The trophic strategy of the protists emerges from
the size scaling. The copepod population model represents the life-cycle of copepods
by linking individual life-history processes to population dynamics. Each population is
represented by the adult size and the feeding mode (active feeders v.s. passive feeders).
The food-web configuration and resulting community trait-composition emerges from
the environmental forcing (nutrients, light, temperature), competition and predation.
Organisms in the model interact through competition and predation (fig. 6.1).
Copepods feed on protists, on other copepods and on detritus and fecal pellets. Protists
feed on other protists, but also have the ability to perform photosynthesis and take
dissolved nitrogen. The food that is not assimilated by copepods is excreted as fecal
pellets. Detritus is the outcome of all dead organisms (protists and copepods). Both
fecal pellets and detritus sink according to a size function, where larger particles
sink faster. Overall, the model is based on first principles, i.e. we use empirically
demonstrated mechanisms at the individual level to scale to the population, community
and ecosystem levels.
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Here we will explain the main parts of the model and the extensions that have
been done relative to Serra-Pompei et al., (2020). For a detailed explanation of the
model and parametrisation see Serra-Pompei et al, 2020. We will first go through the
different model compartments and interactions, finally we go through the physical
model, numerical simulations and data used for model validation.

Model compartments
The model is composed of a system of coupled ODEs (Box 1). The main compartments are: copepods (C), protists (P ), fecal pellets (F ), detritus other than fecal
pellets (D), and nitrogen (N ). Each compartment is represented by a given number
of size-classes that result in a size-distribution (except the nitrogen compartment).
Each ODE simulates the biomass concentration (mgC m−3 or mgN m−3 ) within a
log-spaced size-range. Each size-range is characterised by the geometric mean m, which
is the mean body-size or particle size in µgC. The size spectrum of each compartment
can be derived (see section 6). In the following section we explain the ODE’s of each
compartment.
Box. 1 System of ODEs
dCi,1
dt
dCi,s
dt
dCi,S
dt
dPk
dt

= εr g(ma )CS + g1 Ci,1 − γ1 Ci,1 − µ1 C1 , for s = 1
= γs−1 Ci,s−1 + gs Ci,s − γs Ci,s − µs Ci,s ,

for 2 ≤ s < S

(6.1)
(6.2)

= γS−1 Ci,S−1 − µS Ci,S , for s = S

(6.3)
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Copepods
The model has a number I of copepod populations. Each copepod population i is
characterised by the adult body-mass and the feeding mode: active feeders v.s. passive
feeders. All traits affect the model through the parametrisation (further explained).
Each population is characterised by a number S of stages, that represent a size-range.
Each stage s is characterised by the body-size geometric mean m (µgC) within each
stage. Within a population, individuals are born in stage s = 1, they grow in size
across several stages 1 < s < S until adulthood is reached s = S.
Thus, each population is represented by a system of S ODEs (Eq. 6.1 to 6.3). Each
ODE considers processes that are obtained from individual-level rates (see appendix
B and tables B.1 and B.2 therein) such as food consumption, assimilation, respiration
and starvation. For juveniles, the net energy obtained from feeding and respiration
is invested into growth of body-mass. Net energy gain is represented by g(m) (d−1 ,
Eq. B.1.3) and results in biomass accumulation within each size-class of the population.
As organisms grow, they will switch to larger size-classes. This is represented by the
maturation term γ (d−1 , Eq. B.1.4) that accounts for the size-class range, growth
and mortality of individuals. Mortality µ (d−1 )) originates from predation by other
copepods (Eq. B.1.7) and a density-dependent closure term that represents mortality
by higher trophic levels (B.0.4). Finally, since all the energy gained by adults is
invested into reproduction, the term g(ma ) of adults goes into the first stage of
juveniles equation (Eq. 6.1). Overall, the life-cycle of copepod populations is closed,
maintaining the mass-balance through reproduction and growth.
Protists
The biomass in each protists size-class Pk (Eq. 6.4) increases with protists growth
η (d−1 ) and decreases with total mortality µk (d−1 ). In the model, protists can
simultaneously do photosynthesis, take up dissolved nutrients and prey on other
protists (Eq. B.3.1). However, the trophic strategy (autotrophy, mixotrophy or
heterotrophy) emerges from the size-scaling of uptake rates. Thus, protists compete for
all resources with other protists size-classes but also for prey with copepods. Growth
is the result of the most limiting resource (carbon or nitrogen, Eq. B.3.3). Surplus of
nitrogen is then leaked (Eq. B.3.4) back to the environment (Eq. 6.7). Protists have
two sources of mortality µp (d−1 ): predation and viral lysis. Predation originates from
other protists or copepods (Eq. B.3.5). Viral lysis is a density-dependent function
(Eq. B.3.6).
Fecal pellets and other detritus
We separate fecal pellets F from the rest of detrital particles D. There are L sizeclasses of fecal pellets. Each size-class l of fecal pellets FL increases with fecal
pellets production by copepods, which is the food that is not assimilated by copepods
(Eq. B.1.5). Each fecal pellets has a size that is proportional to the copepod size
and affects sinking rate (further explained in section 6). In the model detritus (D)
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originates from dead organisms. There are J size-classes of detritus. Each detritus
size-class j increases with viral lysis of protists (µu,b0 , Eq. B.3.6) and a fraction δ of
the background mortality from copepods (Eq. B.0.4). Both fecal pellets and detritus
are remineralised (r) or eaten by other copepods (µp,f,l ).
Nitrogen
Dissolved nitrogen (N , Eq. 6.7) is taken up by protists ηN , and its concentration
increases through bacterial remineralization r, leaks by protists ηleaks and excretion
by copepods ηDON . It can be considered that higher trophic levels respire carbon
and excrete nitrogen back to the environment. Thus, we assume that a fraction δ of
the losses to higher trophic levels µhtl is remineralised (the rest (1 − δ goes into the
detrital pool, e.g. as excretion).

Biomass spectrum
Each compartment is characterised by a number I × S of copepod size classes,
K protist size classes, and L and J size-classes of fecal pellets and other detritus
respectively. From the biomass in each size-class, we can obtain a size distribution
of the biomass. We refer to this distribution as the biomass spectrum. The biomass
spectrum is obtained by dividing the biomass in each size range by the size-range itself.
For example, the size spectrum of protists is Pk,spec = Pk /∆P , and thus the units of
the biomass spectrum become mgC m−3 µgC−1 . Converting all the size-classes into a
size-distribution allows comparing between compartments, even if the size-classes are
of different sizes.

Physical model
The NUM framework is embedded in a physical model of the global ocean. Physics
are simulated by the transport matrix method (Khatiwala et al. (2005); Khatiwala
(2007)). The transport matrix is a computationally cheap way of running advection and diffusion in the ocean without explicitly resolving the physical processes.
We use a coarse resolution monthly averaged transport matrix (2.8◦ × 2.8◦ , 15 vertical levels) of the MITgcm (http://kelvin.earth.ox.ac.uk/spk/Research/TMM/
TransportMatrixConfigs, used in Dutkiewicz et al. 2005). The temperatuire forcing
is also monthly averaged. Irradiance has been interpolated from monthly means
obtained from the Ocean Productivity site.

Carbon export
The sinking rate of fecal pellets and detritus is implemented as a simple first order
upwind scheme in the transport matrix (since sinking of model particles are not taken
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care by the transport matrix). Hence, the rate of change of a state variable X due to
sinking vsink in each depth bin (z) is:
dXz
vsink
=
(Xz−1 − Xz );
dt
∆z

(6.8)

where X denotes any detritus or fecal pellets particles concentration in a bin (z), vsink
the sinking rate (in m d−1 ) associated to the particle and ∆z the length of the bin
(in m). Therefore this sinking term affects the ODEs from F and D (Eq. 6.5 and 6.6
respectively).
The sinking rate attributed to each particle depends on the particle size m within
each size-class. For fecal pellets, the sinking rates are relatively well constrained. We
used the data from Small et al. (1979) (fig. B.0.2). For the other detritus the sinking
rates are highly uncertain. Since these particles might change size as they sink by
coagulation, fragmentation or changes in the density. We do not model these processes
and assume a constant sinking rate slightly dependent on the particles size.

Carbon export efficiency (pe-ratio)
We will consider carbon export efficiency (pe-ratio) at the annual level and at the
seasonal level. The annual pe-ratio, denoted as pe-ratio
b
from now on, refers to the
fraction of annual NPP exported as sinking particles. The seasonal pe-ratio, here
denoted as p(t)-ratio is in a shorter time scale, and is the daily particle flux divided by
the two weeks averaged NPP previous to the carbon flux (as in Henson et al. 2019).
All carbon export efficiencies will be measured at 170 m depth, which corresponds to
the third depth-layer of the transport matrix.

Numerics
The model configuration is flexible. Any number of state variables can be implemented. Here, we use K = 14 protists size-classes. I = 8 copepod populations: 5
populations of active feeding copepods and 3 populations of passive feeding copepods.
Each population has S = 5 stages. L = 5 size classes of fecal pellets and J = 3
size-classes of detritus. There is one pool of dissolved nitrogen. The model was run
for 20 years and is implemented in MATLAB.
Since the sinking rate of D is one of the most uncertain parameters, we present
2 scenarios with different sinking rates. In the first scenario, D sinks at a slow pace
(from 0.5 to 2 m d−1 ). In the second scenario, D sinks faster (from 0.5 to 20 m d−1 ).
In the results section, and most figures of the main text, we will refer to the first
scenario unless otherwise mentioned.
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Model validation
Outputs of the model are compared with field data and satellite products. We have
data of copepod biomass from the COPEPOD dataset (Moriarty and O’Brien, 2013)
and from the North Atlantic Meridional Transect (López and Anadón, 2008). The
COPEPOD dataset considers all mesozooplankton (not only copepods) from different
surveys and times over the globe. The mesh size used often differe between surveys,
and tend to be relatively large, so most of the small zooplankton are not captured.
Moriarty and O’Brien (2013) standarized the data and provided some annual means
(appendix**). The data from the North Atlantic Meridional Transect (López and
Anadón, 2008) applies only to copepods and accounts for all copepod sizes. Since
our ptoyists compartment includes both phytoplankton, mixotrophic and heterotrphic
protists, and it is hard to separate between them, we do not compare these state
variables with data. But we compare primary production.
To compare net primary production (NPP) we used satellite products. There is a
relatively high variability in NPP estimates between products. We show 2 commonly
used algorithms: the VGPM and the cpbm (Behrenfeld and Falkowski 1997; Westberry
et al. 2008 and the Ocean Productivity site). For particles export, we use the data
compiled in Henson et al. (2019). IN this dataset, the particle flux at a 100 m depth
is measured. using the 234Th technique Thorium method is used to do so. To use the
estimates of carbon export efficiency (here pe-ratio) also from Henson et al. (2019).
They use theparticle flux data and the NPP data averaged over the 2 weeks previous
to the sampling. They used NPP data from the Carr (2001) algorithm.

Results
We start by describing the general trends of biomass and energy fluxes in the
food-web. Next, we investigate the drivers of annual particle export efficiency (peb
ratio). All the fluxes discussed are integrated over the year except in the the section
6 about seasonality and trophic coupling. Finally, we compare the model output to
data collected from the literature (section 6).

Biomass
Both protists and copepod biomass follow the same latitudinal trends (fig. 6.3):
high in temperate, sub-polar and equatorial regions, and low in oligotrophic gyres. The
fraction of large copepods relative to total copepod biomass increases with latitude
(fig. 6.3). Biomass of protists stays within the same order of magnitude over the globe
(between 2 and 5 gC m−2 of yearly averaged biomass, note that we pool auto-, mixoand heterotrophic protists together). Copepod biomass varies over three orders of
magnitude (from values as low as 10−3 gC m−2 in some regions of the oligotrophic
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Figure 6.3: Yearly averaged biomass of (a) protists and (b) copepods. (c) Biomass of copepods
relative to total biomass (protists + copepods). (d) Biomass of copepods larger than 10µgC relative
to total copepod biomass.

gyres to 5 gC m−2 ). This shows that microbial food-webs stay relatively constant
across regions relative to the presence of copepods in these food-webs.
When dividing protists biomass in size-ranges (pico-, nano-, microplankton, fig. B.0.1),
the total biomass within each protist size range is proportional to the cell size: microplankton are the most dominant size range, followed by nanoplankton, with picoplankton being the least dominant. Note that we considers from autotrophic to heterotrophic
protists, which explains why pico-plankton are not dominant in oligotrophic gyres (in
contrast to what we would expect if we only accounted for phytoplankton). The relative fractions follow a latitudinal trend (fig. B.0.1). Picoplankton are more dominant at
low latitudes relative to other regions. Nanoplankton dominate in temperate systems
and high latitudes. Microplankton have a relatively constant biomass fraction over
the whole globe. The relatively constant difference of each protist size range across
regions again suggests a resilient microbial food-web.

112

Figure 6.4: Yearly integrated (a) NPP, (c) particles carbon flux at 170 m, and (d) pe-ratio
b
at 170 m.
(b) export flux as a function of NPP. Contour lines are pe-ratio,
b
colors are absolute latitude.

Primary production, predation and export flux
Annual NPP is high in temperate and equatorial regions and lowest in oligotrophic
regions (fig. 6.4). The annual global NPP is 71 PgC year−1 and 51 PgC year−1 in
scenario 2. Scenario 2 has a lower NPP due to the faster sinking rates of detritus, which
reduces remineralisation of nitrogen at surface). Even though microplankton dominate
among the protists, nanoplankton are the main contributors to NPP. This suggests
that the large protist cells tend to be heterotrophic in the model. Contribution to
NPP of picoplankton was higher at low latitudes (fig. B.0.1).
How NPP flows through the food-web compartments, i.e. protists and copepods,
varies across latitudes (fig. 6.5 and 6.7). About half of the NPP is consumed by
protists at low latitudes and in temperate regions with low NPP. On the other hand, in
regions with high NPP, copepods consume a higher fraction of NPP relative to protists
(reaching about 60% of the NPP in some sub-polar and polar regions). Protists ingest
23 PgC annually (33% of the global yearly NPP), whereas copepods ingest about
16PgC annually (22% of the annual global NPP). The higher the fraction of NPP that
goes towards copepods, the lower the NPP going to protists. This shows a combination
of trophic cascade, where copepods feed on heterotrophic protists but also compete
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Figure 6.5: Predation rates relative to NPP or detritus consumption. (a) predation by protists on
protists relative to NPP. (a) Predation by copepods on protists relative to NPP. (a) Predation by
copepods on copepods relative to NPP. (a) Predation by copepods on detritus+fecal pellets relative
to production of detritus+fecal pellets.

with them for food. Overall, at low latitudes or regions with low productivity in
temperate regions, heterotrophic protists dominate the carbon cycling. In regions with
high productivity copepod trophic interactions become more dominant.
Regionally, carbon flux over the first 170 m largely follows the trends of NPP
(fig. 6.4). Nonetheless, there is still a high variability between export and NPP (fig. 6.4).
The composition of the carbon flux (fecal pellets or other detritus forms) varies
according to the sinking rate imposed on the detritus compartment (fig. B.0.4). If
sinking rate of detritus is low, carbon export is mainly composed of fecal pellets all over
the globe. On the other hand, if the detritus has a faster sinking rate, the composition
varies across regions: fecal pellets dominate in temperate and high latitudes, whereas
other detritus forms dominate in oligotrophic regions.

Carbon export efficiency
pe-ratio
b
ranges between ∼0 to 0.3 in the model. pe-ratio
b
is highest at high
latitudes, followed by temperate and equatorial regions and has the lowest values in
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oligotrophic regions (fig. 6.4). As a first approach to identify the relation between
pe-ratio and other variables we performed a correlation analysis between export
efficiency and a large number of model outputs such as other absolute and relative
fluxes or biomass (fig. B.0.10). In all latitudes, the fraction of NPP that is consumed
by copepods is among the processes with the strongest correlation coefficient with
pe-ratio. Temperature and remineralization are important in temperate systems (since
it was the only systems with a strong latitudinal gradient relative to low latitudes and
polar regions). Biomass of large copepods is also positively correlated with pe-ratio,
b
except in polar regions. Finally NPP is weakly correlated with pe-ratio
b
in all systems.
In figure 6.6 we go more in detail into some of the processes of interest. Obviously,
many of these processes are correlated themselves, i.e. regions with high temperatures
are strongly stratified, thus have low inputs of nitrogen and higher remineralisation
rates. In the following sections we investigate the mechanisms driving pe-ratio
b
and
disentangle the effects of each environmental process.

Food web configuration and export efficiency
Copepods produce fast-sinking fecal pellets. When most of the NPP goes through
the copepod pathway, a higher fraction of NPP sinks in the form of fast-sinking fecal
pellets, which results in higher pe-ratios.
b
On the other hand, pe-ratio
b
is low when
the copepod pathway is not present and NPP mainly flows through the microbial
compartment. This is due to the slow sinking rate of detritus originating from protists.
In association to the slow sinking rate, remineralization rate is higher due to the longer
retention times of detritus in the upper layer. But, what drives these shifts in food-web
configuration?
The food web configuration is driven by environmental factors (input of nitrogen,
light, temperature) and interactions within the food-web (competition, predation). We
will distinguish four main regions, differentiated by food-web configureation, NPP and
pe-ratio
b
(fig. B.0.5). We refer to high/low NPP and pe-ratio
b
if they are above/below
10 gC m−2 year−1 and 0.1 respectively. The regions are: (i) low NPP and low pe-ratio
b
in stratified temperate systems (mainly eastern regions of the Atlantic and Pacific
with low light), characterised by predation by protists (light green in fig. B.0.5). (ii)
High NPP and low pe-ratio
b
at low latitudes, characterised by protists grazing, small
copepods, high light, high temperatures and intense remineralization of detritus (light
pink in fig. B.0.5). (iii) High NPP and high pe-ratio:
b
both protists and copepods
impose a strong grazing, but copepods tend to be large and pe-ratio
b
high (dark pink
in fig. B.0.5). Finally, (iv) low NPP and high pe-ratio
b
in sub-polar and polar regions,
where light limits NPP, but large copepods and low remineralization result in high
pe-ratios
b
(dark green in fig. B.0.5).
Low latitudes are characterised by low mixing of the water column, whereas high
latitudes have a stronger mixing, specially in winter. Input of nitrogen seems to be
an important driver in the system, since most stratified regions have a low pe-ratio.
b
But some regions, specially in the north pacific tend to be stratified but have high
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Figure 6.6: Correlation between several fluxes or biomass to pe-ratio.
b
Biomass are yearly averaged.
Fluxes are yearly integrated. Each point represents a depth-integrated bin of the transport matrix.

pe-ratios
b
(dark green region of the north pacific in fig. B.0.5). Thus temperature or
light-limitation also seem to affect food-web configuration.
To test the effects of temperature, we ran a scenario where temperature on the
whole globe was the same (10◦ C) without affecting the stability of the water column
(fig. B.0.15). In this scenario, regions that had high NPP and low pe-ratio,
b
e.g. equatorial regions, now have a high pe-ratios
b
(fig. B.0.16). The pe-ratio
b
increases because
large copepods are now present in these regions that are productive enough to sustain
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copepods. These copepods eat large protists, which reduces NPP cycling through the
microbial pathway. This process is also confirmed in a second analysis performed in a
water column setting (fig. B.0.11 and B.0.12). Thus, temperature promotes energy
flow through the microbial pathway by removing large copepods from the system.
We do not find a clear pattern between NPP and pe-ratio
b
(fig. 6.6). pe-ratio
b
has a high variability for low NPP values, whereas the highest NPP (restricted to
low latitudes) have some of the lowest pe-ratios.
b
Light also has no strong effect on
pe-ratio
b
(fig. B.0.11 and B.0.12). The sensitivity analysis for light was performed in
the North Pacific scenario. The increase in NPP and biomass shows that the system
is light-limited. However, all fluxes increased proportionally to the NPP, with little
effects on pe-ratio.
b
Finally, given two locations in the same latitudes, stronger seasonal
variation of the mixed layer do not result in higher pe-ratios
b
(figs. 6.7 North Atlantic
and North Pacific). Overall, the main factors driving food-web configuration are
nitrogen inputs and temperature: higher nitrogen inputs result in higher copepod
biomass of all size-classes, and in general a high pe-ratio
b
if copepods are large. On the
other hand, high temperatures remove large copepods and enhance the microbial loop,
resulting in low pe-ratios.
b
The effect of temperature on the ize-distribution and pe-ratio
b
can be explained
by the temperature dependencies of each metabolic process within organisms. Most
metabolic processes scale with a Q10 = 2, but clearance rate increases with a Q10 = 1.5.
The minimum food requirements for copepods (R∗ ) is proportional to maximum
ingestion rate but inversely related to the clearance rate. This results in an increase
of R∗ with temperature. In addition, respiration also increases with a Q10 = 2, in
combination with the lower temperature dependency of the clearance rate, if copepods
are food-limited, given the same amount of food, the net energy gain is lower at
high temperatures than at low temperatures. However, fixing the same temperature
dependency of these processes still resulted in lower pe-ratio
b
(fig***). Correcting for
the reminerlaisation rate also did not increase pe-ratio back to the baseline levels.
Thus, only the different temperature dependencies of uptake rate of nitrogen and
photosynthesis can explain the remaining decrease in pe-ratio with temperature.
Overall, temperature affects food-web configuration at several scales. Differences in
metabolic processes, together with food limitation, and higher remineralisation overall
intensify the microbial loop, a removal of large copepods and a reduced pe-ratio
b
relative
to lower temperatures.

Detritus consumption by copepods
Copepods graze more than half of the detritus and fecal pellets produced (fig. 6.5).
The equatorial region has the highest values. This region is characterised by a relatively
high copepod biomass dominated by small copepods (fig. 6.3). This results in small
fecal pellets, that sink slower, allowing for higher consumption rates. However, grazing
on detritus is not strongly correlated to pe-ratio
b
(fig. 6.6). Note that we do not have
fragmentation of particles. Particle size can only change if consumed by copepods

117

4

[mgC m -2 d -1 ]

10

10

North Atlantic

100

2

5

5

0

0

60

200

40

100

20

0

0

g

0

e

1000

100

500

50

0

0

h

600
400

10

200

5

0

0.15

0.15

0.1

0.1

0.1

0.05

0.05

0.05
l

0.8

0.8

0.8

0.6

0.6

0.6

0.4

0.4

0.4

0.2

0.2

0.2

0

0
200

Days

300

pe-ratio

0
k

j

[-]

0
i

0.15

100

0

f

NPP
Export 15

0.2

0

0.4
0.2

0

0.2

0

0.6

4

0.2

0

C
P
N

2

d
300

Equatorial Atlantic

8 c
6

50

0

[-]

15 b

[mgN m -3 ]

[gC m -2 ]

6

15

[mgC m -2 d -1 ]

North Pacific
a

pred P/NPP
pred CP/NPP

0
0

100

200

Days

300

0

100

200

300

Days

Figure 6.7: Seasonal dynamics in 3 locations: North Pacific, North Atlantic and Equatorial Atlantic.
(a,b,c) left y-axis: biomass of protists (yellow) and copepods (blue). Right y-axis (grey) is the
nitrogen concentration in the surface layer (dotted). (d,e,f ) NPP (left y-axis, black) and carbon flux
at 170 m (right y-axis, grey). (g,h,i) pe(t)-ratio. (j,k,l) Predation by protists on protists relative to
NPP (yellow) and predation by copepods on protists relative to NPP (blue).

of different sizes. All in all, we do find high detritus consumption by copepods. Yet,
respiration losses do not seem to outpace the fast-sinking rates of fecal pellets, except
in communities dominated by small copepods with slow sinking rates of fecal pellets.

Seasonality and trophic coupling
Up until now we performed an analysis of yearly integrated rates. However,
dynamics of export efficiency vary over the season. We refer to coupled systems when
predators ingest a large fraction of the NPP (e.g. stratified regions). We refer to
uncoupled systems when predation does not closely follows the dynamics of NPP, thus
the fraction of NPP ingested is low (e.g. during phytoplankton blooms). We have
selected three regions with different seasonal dynamics and pe(t)-ratios (fig. 6.7). Two
of them are coupled systems, with similar NPP but different pe(t)-ratios: the north
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pacific (high pe(t)-ratio) and equatorial Atlantic (low pe(t)-ratio). The third one is
the north Atlantic, where due to the strong phytoplankton blooms is uncoupled during
part of the year.
Among the stations chosen, the North Pacific has the highest annual pe-ratio
b
and
seasonal pe(t)-ratio. In this region, copepods ingest about half of the NPP. Conversely,
in the equatorial region, most of the NPP goes through the protist compartment, and
export is low. Finally, the North Atlantic has a variable pe(t)-ratio that is mainly
driven by the dynamics of NPP rather than the carbon flux. Here, NPP changes at a
much faster pace than the carbon flux. For example, note the very high pe(t)-ratio
when NPP is quickly reduced after the bloom. Indeed the carbon flux is high, but this
peak is produced by the fast decrease in NPP due to copepod grazing. The pe(t)-ratio
is highest after the spring and autumn blooms, lower in summer and the lowest in
late winter and in spring before the bloom’s peak. Overall, the period where trophic
dynamics are uncoupled tend to be short (e.g. before or after blooms), and these do
not necessarily compensate for higher export efficiency when integrating over the year.
Thus, trophic coupling has only an important role in short time-scales and does not
affect much the annual pe-ratio.
b

Model validation
Copepod biomass from the model fits the trend and order of magnitude of observations from the Atlantic Meridional transect (fig. B.0.8, data from López and
Anadón 2008). The model underestimates biomass in the southern oligotrophic gyre
and strongly overestimates the biomass when approaching the Southern Ocean. The
latter might be due to the lack of iron limitation in the model.
The regional patterns of NPP from the model follow satellite-based estimates from
different algorithms (fig. B.0.3). Both give similar trends, however the cbpm algorithm
has higher values than the VGPM algorithm. Our model output falls in-between the
predicted values of these and other algorithms (which range from 36 and 78 PgC
year−1 , Carr et al. 2006).
The model follows the trends from thorium export samples (fig B.0.7) with a
correlation coefficient of 0.47 and bias of 0.44. The model has more restricted values
than the data, which ranges within 2 orders of magnitude, while the model stays within
the same order of magnitude. The total carbon exported below 170 m ranges between
4.1 and 5.7 PgC year−1 (from the different sinking scenarios). Finally, regarding the
pe(t)-ratio, the model overestimates values compared to the data, but the trends are
fairly similar and have a low bias (fig. B.0.7). In addition, we do not get very high
values like the data, which spans a much wider range, from 0 to 0.8.
Despite the model not being fit to the data, and largely following the parametrisation from the original NUM framework (Serra-Pompei etal,. 2020), we capture the
main trends and orders of magnitude in most rates and biomass.
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Discussion
We have performed an analysis of the drivers of particulate carbon export efficiency
(pe-ratio) with a mechanistic size- and trait-based model of the planktonic community.
The model accommodates for flexible food-web configurations and has a size spectrum
of plankton and detrital particles. We find that carbon export efficiency increases
when NPP is channeled through the copepod compartment, due to the production of
fast-sinking fecal pellets. This relative metric does not translate into absolute metrics.
For instance, regions with high copepod biomass or NPP do not necessarily have high
pe-ratios. Trophic coupling within a system matters at short time scales but does
not give higher pe-ratios when integrating over the year. Overall, several mechanisms
act simultaneously to drive pe-ratio, but energy flow in the food-web, together with
community composition, are the main drivers of carbon export efficiency.
We tested 3 hypotheses related to how zooplankton drive carbon export efficiency:
(H1) communities dominated by large copepods have higher export efficiencies than
communities dominated by small copepods, (H2) carbon export efficiency increases
with total copepod biomass, and (H3) carbon export efficiency decreases in systems
that have a strong trophic coupling (i.e. a large fraction of the NPP is consumed).
Based on the results in this study, we can confirm hypothesis 1 and reject hypotheses
2 and 3. We discuss below each hypothesis, as well as other metrics commonly used to
predict pe-ratio. We conclude this section by reviewing the model performance.

H1 and H2: Copepod size, biomass and pe-ratio
Copepods are often related to the export pathway. This leads to the thought
that high copepod biomass results in high pe-ratio. We find a positive trend between
copepod biomass and pe-ratio,
b
but the trend is weak and disappears at low latitudes
and polar regions (fig. 6.6). At low latitudes, the copepod biomass is dominated
by small copepods, high consumption of detritus and remineralisation rates. Hence,
high copepod biomass in low latitudes does not necessarily lead to high pe-ratios.
b
Conversely, polar regions are characterised by low copepod biomass and high pe-ratios,
b
due to the large size of copepods and cold temperatures. Thus, even though there
is a positive trend between pe-ratio
b
and copepod biomass in temperate regions, the
combination of other factors blur the effect of copepod biomass on pe-ratio,
b
specially
in low latitudes and polar regions. Thus, H1 is confirmed, as pe-ratio
b
increases with
biomass of large copepods. H2 is rejected, since the relation with biomass depends on
the size-composition of the copepod community: i.e. if the biomass is dominated by
small copepods, pe-ratio
b
is low.
In agreement with our results, Henson et al. (2019) found a positive relation between
mesozooplankton biomass and pe-ratio from field data. However, they found a negative
trend between pe-ratio and large zooplankton (> 2 mm). The latter contradicts our
results. We found a strong relationship between pe-ratio and the biomass of large
copepods (fig. 6.6). Most of the trend from the data in Henson et al. (2019) is driven
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by polar samples, with low biomass and high pe-ratios. Trend also observed in our
model. Cavan et al. (2017) related low carbon export efficiencies to copepods grazing
on detritus or to a shift to an active flux (driven by copepod vertical migrations). In
our model, copepod grazing does not seem to strongly affect pe-ratio (discussed in the
following sections), indicating that most probably a shift towards an active flux or
detritus fragmentation (and not respiration losses) could explain this negative trend.
All in all, copepod biomass alone might not be a good indicator of export efficiency.
Other metrics such as size-distribution in the community should be considered.

H3: trophic coupling and pe-ratio
Even though trophic coupling affects total export and pe(t)-ratio in short timescales (pe(t)-ratio), it does not affect the pe-ratio.
b
Systems that are strongly coupled
can have high or low pe-ratio
b
(e.g. North Pacific vs. equatorial regions, fig. 6.7),
and uncoupled systems have pe(t)-ratios highly varying over the year (e.g. North
Atlantic, fig. 6.7). The work from Parsons (1988) makes us think that uncoupled
systems are highly efficient at exporting carbon, since phytoplankton sink without
being grazed (i.e. there are no trophic transfer losses or retention in the upper ocean).
We show that coupled systems can have high export if the dominant organisms are
efficient exporters (e.g. large copepods in the North Pacific). Thus H3 is rejected,
since uncoupled systems only occur in short time periods, which do not necessarily
result in higher annual export efficiencies.
From sediment traps and satellite observations, Lutz et al. (2007) found the lowest
pe-ratio values during blooming periods, but no specific mechanism was provided.
We also found the lowest pe-ratio at the end of winter and during the spring bloom
(before the bloom’s peak). This low pe-ratio is related to the quick increase in NPP
relative to carbon export, which is delayer by about a month relative to the NPP
dynamics. Export flux is low due to the low biomass of copepods in that period.
Henson et al. (2019), after a global field data compilation, found high pe-ratios when
surface nitrogen levels were high. They associated this high pe-ratio to pre-bloom
conditions, when NPP is still low, nitrogen has not yet been depleted and most carbon
is exported without being grazed. We find both mechanisms depending on the sinking
rate associated to protists.
Our scenario with slow-sinking detritus only gets high pe-ratios after the bloom,
driven by copepod consumption and excretion (fig. 6.7). On the other hand, in the
fast-sinking scenario, pe-ratio is specially high in winter, before and just after the
bloom (fig. B.0.14). This supports the findings that when trophic coupling is low,
pe-ratio is high Parsons (1988); Henson et al. (2019). We also do not have diatoms
or a density-dependent sinking rate of particles. Diatoms sink quickly due to their
silica shell. High particles concentration, as in bloom conditions, promotes encounter
rates of particles and aggregate formation (Jackson, 1990). If any of these two factors
were implemented, sinking rate originating from phytodetritus would sink faster, and
we would expect higher export efficiencies during pre-bloom conditions. since most
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phytodetritus would sink without being grazed. In any case, pe-ratio depends on the
sinking rate associated to organisms and processes in the water column. Thus, a better
implementation of these sinking rates and processes is needed in models studying
carbon export. We addressed this for the fecal pellets of copepods, by resolving the
community size distribution, but did not address the rest of detrital particles.

Drivers of food-web configuration
In our model, inputs of nitrogen together with temperature are the main drivers
of food-web configuration. High nutrient inputs and light allow for higher biomass.
Temperature drives the community composition. High temperatures promote the
microbial food-web and removes large copepods. On the other hand, low temperatures
favour the presence of large copepods. The main factor driving this difference is the
different temperature dependencies of resource uptakes and metabolism.
The removal of large organisms as temperature increases is often termed as trophic
amplification, and has been suggested in many studies (Stock et al., 2014a; Kwiatkowski
et al., 2019). Trophic amplification suggests that small changes in the microbial community are amplified in larger organisms. In our model, higher temperatures intensify
competition for nitrogen, which promotes smaller cells, intensifies the microbial loop
and reduces food availability for larger organisms. In addition, the temperature
dependency of clearance rate is often unknown. Gaining a better understanding on
temperature dependencies of individual processes might reduce uncertainties between
models.

Primary production and pe-ratio
Most studies that found a positive relation between NPP and pe-ratio had similar
assumptions (e.g. Laws et al. 2000; Dunne et al. 2005). In their models, high export
efficiencies were associated to large plankton. Large plankton mainly appeared when
NPP was high. The mechanism relating high pe-ratio with large plankton is somewhat
similar to ours, with the exception that we do not find any clear relation between
pe-ratio and NPP (fig. 6.6), and no clear trend in the seasonal level (fig. B.0.6).
pe-ratio has a high variability for low NPP values, whereas the highest NPP
(restricted to low latitudes) have the lowest pe-ratios (fig. 6.6). A reversed trend
between pe-ratio and NPP was identified in field data (Maiti et al., 2013; Cavan
et al., 2015; Le Moigne et al., 2016; Cavan et al., 2017; Henson et al., 2019). Most
of these data were collected in the southern ocean, except for Henson et al. 2019. In
our model, low NPP and high pe-ratios are found in sub-polar and polar regions,
with large copepods and fast-sinking detritus, agreeing with Cavan et al. (2015) and
Le Moigne et al. (2016). Other studies attributed this relation to the ballast hypothesis
by diatoms, which we do not have in the model (Britten et al., 2017). Further, the
data in Henson et al. (2019) shows very similar relations to our findings: regions
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with high NPP and low pe-ratio correspond to low latitudes, and regions with low
NPP and high pe-ratio to polar regions. Whether pe-ratio relates with NPP varies
across biomes, and perhaps biome-specific algorithms should be used (e.g. Britten and
Primeau 2016).
We find that the dynamics of NPP are much faster than those of the flux, as
already noted in Lutz et al. (2007). Hence, pe-ratio at the seasonal level is strongly
driven by the dynamics in NPP rather than the dynamics of carbon flux. However at
the annual level pe-ratio depends much more on the community composition. Thus,
studies sampling a region several times of the year can provide a better image of
the dynamics of pe-ratio, rather than single snapshot, which often occur in spring or
summer.

Trophic pathways
In the model, predation and community composition are strong drivers of peratio. Global consumption by all zooplankton represents 55% of the total yearly NPP.
However, the pathway through which this NPP flows varies across biomes (fig. 6.5). We
get that protists graze 23 PgC year−1 , i.e. 33% of the NPP. Global grazing estimates
by microzooplankton estimated through dilution experiments vary between 50% and
77% of the NPP (Calbet and Landry, 2004; Schmoker et al., 2013). These values are
higher than the amount we find in this model globally. When looking by regions, we
get values close to 50% of NPP consumed at low latitudes, which gets closer to what
is found experimentally. In our study we underestimate grazing by microzooplankton.
Two options might explain this. We have a simple mixotrophic model and do not
separate between autotrophs and heterotrophic protists. The second has to do with a
trophic cascade, where mesozooplankton impose a top-down control on heterotrophic
protists, reducing the consumption by protists.
In our model, copepods graze 16 PgC year−1 (22% of the NPP). Estimates from
copepod grazing range from 5 PgC to 19 PgC per year (Calbet, 2001; Hernández-León
and Ikeda, 2005; Steinberg and Landry, 2017). We also get similar values to other
global food-web models such as in Stock et al. (2014b). Overall, we underestimate
microzooplankton grazing and tend to be on the high-end of mesozooplankton. This
again suggests that copepods might be imposing a top-down control on heterotrophic
protists, reducing thei consumption.
Finally, we find that copepods graze a large amount of the detritus produced
(fig. 6.5). However, losses by respiration do not strongly reduce the carbon flux (fig. 6.6).
This contradicts several studies that suggest that copepods can strongly attenuate the
carbon flux through detrital grazing (Wexels Riser et al., 2007, 2010). We only consider
losses through respiration but we do not consider particles fragmentation, which could
explain why there is no strong effect on the total flux. We also do not change the
lability or stoichiometry of the particles after being consumed. These differences in
particles stoichiometry and associated community could alter assimilation by copepods
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(Anderson et al., 2017). In any case, trophic transfer losses are not sufficient to outpace
fast-sinking rates of particles and reduce pe-ratio.

Model performance
Despite being a fairly simple model in the biogeochemical aspect (e.g. we only
consider nitrogen), and not being calibrated to data, the model reproduces fairly well
ecosystem fluxes such as NPP, predation and carbon export. The output is also similar
to other recent food-web models used to estimate energy flows in planktonic food-webs
(Stock et al., 2014b; Siegel et al., 2014). Due to the coarse resolution of the physical
model we used, we treated carbon export from the same depth horizon everywhere
in the globe. If we had a finer resolution we would measure carbon export from the
depth of the euphotic zone as suggested in Buesseler et al. (2020).

Model limitations
Evidently, pe-ratio values are mostly sensitive to the sinking rates of particles.
By resolving the size distribution of copepods we have partly solved this problem.
However we still have the sinking rate of other kinds of detritus. In our model different
sinking rates of this pool resulted in marked differences of the carbon flux composition
and timing of pe-ratio values. In the future, resolving coagulation of detrital particles
together with plankton functional groups with different associated sinking rates might
help improve carbon export estimates (e.g. diatoms, gelatinous zooplankton).
A limitation of our model is the lack of copepod vertical migrations. This active
flux seems to be an efficient component of the biological carbon pump. Yet, its total
contribution to the carbon cycle is still unknown. Implementing this processes could
also help to better understand some patterns relating copepod biomass and carbon
export efficiency, as suggested in Cavan et al. (2017). However, the implementation of
behaviour in population dynamic models is costly. And this combination still seems
to be a unpractical in global models.
One of the novel aspects of this model relative to previous models used to investigate
carbon export is the inclusion of a detailed representation of the copepod community
and associated fecal pellets export. Most models addressing export efficiency have
a "small/large" phytoplankton and zooplankton groups, and two detritus groups
(slow/fast sinking, e.g. Siegel et al. 2014; Henson et al. 2015; Bisson et al. 2020). We
resolve the size distribution of copepods. Since the sinking rate of pellets depends on
the pellets size, and the pellets size on copepod size, resolving the size distribution
refines the carbon flux generated through this process. Adding a size distribution
increases the complexity of the model. But an increasing amount of data is being
collected to obtain the size spectrum of plankton communities in the ocean (Lombard
et al., 2019). This, together with the advances on size-based models (e.g. Ward
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et al. 2012 and Serra-Pompei et al 2020) can provide new tools to investigate marine
ecosystems.

Conclusion
We have used a size- and trait- based of the planktonic community to undertsand
the mechanisms by which zooplankton drive carbon export efficiency. We find that
the way energy flows in the food-web, together with community composition, strongly
influences carbon export efficiency. In this regard, the larger the amount of NPP going
through the copepod compartment, the larger the pe-ratio. This did not translate in
copepod biomass being positively related to pe-ratio, rejecting hypothesis 2. On the
other hand, we did find a positive relation between pe-ratio and the presence of large
copepods, confirming hypothesis 1. Finally, strong trophic coupling did not necessarily
result in low carbon export efficiencies, rejecting hypothesis 3.
The model presented here builds upon previous works of size-based, emergent
food-web models (e.g. Follows et al. 2007; Bruggeman and Kooijman 2007; Ward et al.
2012; Chakraborty et al. 2020). However, most of these models center on the microbial
community. Zooplankton play an important role in driving carbon export (Turner,
2015). To better understand this process, improving zooplankton representation in
global biogeochemical models is needed. We have presented a model that resolves
the life cycle and size distribution of the planktonic community. This also resolves
the associated size distribution and sinking rates of fecal pellets, which are major
contributors of the carbon flux (Le Moigne, 2019). Thus, efforts to improve the
representation of zooplankton in global models seem like a clear path to improve our
understanding of the carbon cycle and sequestration in the deep ocean.
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CHAPTER

A

Appendix manuscript
2
Minimum food requirements, E∗
We can obtain the E ∗ of the copepods by isolating E from (5.4) and (5.1):
E∗ =

hffc
mn−q .
v(1 − ffc )

(A.0.1)

Since the exponents of maximum consumption rate and clearance rate are identical
n = q, E ∗ becomes independent of body mass and corresponds to 27µgC L−1 for
active feeders and 16µgC L−1 for passive feeders.
To calculate E ∗ for protists we first assume that they are completely heterotrophs,
so we simply assume that νu (m) = ηE (m) − ηR (m). The E ∗ for protists becomes:
E∗ =

ψF (m)
.
αF (m)ψF (m)/ηR (m) − αF (m)

(A.0.2)
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Figure A.0.1: The food concentration, E ∗ where growth is zero for protists (yellow), and active and
passive copepods (dark/light blue). Since we are interested in the competition for prey here E ∗ of
protists is calculated in the absence of light and nutrients, i.e., considered as pure heterotrophs. See
appendix A for derivation of E ∗ .
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Parameter values
There are 3 sets of parameters: for the copepods (Table 5.1 and Fig. 5.2), for
the protists, and for the fecal pellets. Most parameters are in the form of allometric
scalings obtained from literature sources or the data analyses in Fig. 5.2. Metabolic
theory predicts that most metabolic rates scale with body mass with a 3/4 exponent,
or -1/4 if rates are considered carbon-specific, i.e. per unit of carbon mass. The rates
scale with a power law of the form R = amb . So one of the major assumptions in
this model is that all rates (except some rates for protists, justified in the following
section) scale with this metabolic exponent. Exponents that differ in value introduce
additional complications in the model. For example, if the exponent of metabolism is
higher than the exponent of maximum consumption it introduces an absolute upper
size of organisms in the system (Andersen et al., 2008). To avoid such complications
arising as artifacts arising from fitting on poor data we simply fixed the exponents to
be identical. In practice we did least square fits with a fixed exponent of -1/4.

Copepod parameters
Assimilation efficiency
Assimilation efficiency varies broadly between species and feeding conditions. We
assumed a rough estimate of 2/3, which falls within observed ranges (Kiørboe et al.,
1985). But a sensitivity analysis has been performed in section A.
Respiration rates
Measured respiration rates are the total respiration of organisms, that is, basal
metabolism and costs associated with activity such as specific dynamic action or energy
used to swim. Data was obtained from Kiørboe and Hirst (2014), who corrected the
data to a reference temperature of 15◦ C. Note that in the paper there is an error in
the units for respiration in Table 1: units of respiration rate are in mLO2 mgC−1 L−1
but should be in µLO2 mgC−1 L−1 . To convert to units of d−1 we used:
• Oxycaloric coefficient = 0.0136 KJ mgO−1
2 (Elliott and Davison, 1975).
• Molar weight of O2 =31.998 103 mg/mol.
• Molar volume of O2 at STP = 22.4 L/mol.
• Energy content for copepods is approx 26 J mg−1 (Ikeda et al., 2006).
• 1gDW = 0.48 gC (Chisholm and Roff, 1990).
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The oxycaloric coefficient then becomes:

OCc =

0.0136KJ 31.998 103 mgO2 molO2 gDW 0.48gC
= 0.36 gC LO−1
2 .
mgO2
molO2
22.391LO2 26KJ gDW
(A.0.1)

Maximum ingestion rate
Maximum ingestion rates were derived from data of Kiørboe and Hirst (2014). There
are few data points of maximum ingestion rates for ambush feeders, and the data
lead to a critical feeding level (fc ) of ambush feeders that is larger than the one of
active feeders. We are uncertain that this is true. Considering the (bad) fit of the
data and possible artifacts in the model, we prefer to derive the maximum ingestion
rate of ambush feeders assuming that they have the same critical feeding level as
active feeders. Thus, assuming that assimilation efficiency is the same for both
copepods, we get a coefficient for maximum ingestion rate for passive copepods of:
h = r/(ffc ) = 0.048/(0.67 × 0.18) = 0.40 µgC1/4 d−1 .
Clearance rates
Clearance rate data were obtained from Kiørboe and Hirst (2014) (Fig. 5.2b).
Reproduction and recruitment efficiencies
Reproduction efficiency takes into account the ratio of males and females and the
survival of eggs until hatching. To calculate the egg survival we use estimated egg
mortalities and hatching times from Kiørboe and Sabatini (1994). We obtain values of
0.37 and 0.74 for broadcast and sac spawners respectively. Since we do not distinguish
between broadcast and sac-spawners in our model, we simply do the average of the
two efficiencies, which gives a value of 0.5 for both feeding modes. Finally, assuming a
1:1 male to female ratio, the total reproduction efficiency becomes r = 0.25.
Adult-offspring mass ratio
Copepod have offspring that are proportional to the adult size. The adult:egg mass
ratio varies from 100 to 1000 and differs between broadcast and sac-spawners (Kiørboe
and Sabatini, 1995; Neuheimer et al., 2015). For simplicity in the model we assume a
ratio of za:o = 100 between the adult and our first nauplii stage.
Predator:prey mass ratio
Predator-prey mass ratios were taken from Kiørboe (2016). There is a wide range of
preferred predator-prey mass ratios for active feeders, so we take β = 10 000 since
it is the preferred range for this feeding mode (we do a sensitivity analysis fro this
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parameter in appendix A). Following the same reasoning we take β = 100 for passive
feeders.
The size width (σ) of the preference is rather unknown but Kiørboe (2016) found
that passive feeders have a narrower preference function. We use values of 1.5 and 1
for actives and passives respectively, that allows for a wide preference function but
still falling within realistic values (Hansen et al., 1994).
Mortalities
The constant for the higher trophic level mortalities were adjusted such that total
mortality – including the potential mortality by predation – with an exponent of -1/4
were similar to the analytical solutions derived in appendix A.
Function phtl for predation by higher trophic levels.
We impose the mortality by higher trophic levels only on the copepods that are
not eaten by anyone in the model (Fig. A.0.1). The size where this shift occurs
is mshift = mmax /β, where mmax is the size of the largest copepod in the model,
i.e. 1000 µgC. The function is equivalent to the predator-prey preference function φ if
the body-mass is below mshift and 1 otherwise:
phtl =φ(mshift , mmax ),

if m ≤ mshift

(A.0.2)

phtl =1,

if m > mshift .

(A.0.3)
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Figure A.0.1: The function phtl (solid). The dashed line shows φ(mshift , mmax ).

134

Parameters Protists
Predator-prey mass ratio
Parameters for the preference function of prey for protists are β = 500 falling within
the ranges found by Hansen et al. (1994) and σ = 1.
Affinity for nitrogen
We derived the affinity for nitrogen from Andersen et al. (2016) (appendix) where
αN = 0.0025L1 , being L the cell diameter in cm and AN in L d−1 . Converting length
to mass (µgC) and making it carbon-specific we get:

−3 1

AN = 2.5 10

−3



l = 2.5 10

1
0.3 106

1/3

m1/3 = 3.75 10−5 m1/3

(A.0.4)

and specific nutrient affinity (L µgC−1 d−1 ) is then:
AN = 3.75 10−5 m1/3−1 = 3.75 10−5 m−2/3

(A.0.5)

Affinity for Food (clearance rate)
Affinity for food (i.e. clearance rate) was fitted from the data in Kiørboe and Hirst
(2014) (fig. A.0.2) with least squares and forced slope of -1/4. Thus, affinity for food
is ((µgC L−1 )−1 d−1 ):
αE = 0.0024m−1/4 .

(A.0.6)

The data is sparse and there is no clear fit. In the original paper Kiørboe and Hirst
(2014) one can see clear differences between flagellates and cilliates. Cilliates have a
much higher clearance rate than flagellates. The data from flagellates is also sparse
and does not show a clear pattern. One could think that what kind of heterotrophic
protists dominates might define the clearance rate experienced. We did not want to
go into more details on the protists, we thus pooled all the data together.
Affinity for light
Affinity for light αL ((µE m−2 s−1 )−1 d−1 ) was fitted from data from Edwards et al.
(2015) and is:
AL m2/3 (1 − exp[−cL m1/3 ])
m
where cL = 21 and AL = 0.000914.
αL =

(A.0.7)
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Figure A.0.2: Clearance rate of protists. Dots are data from Kiørboe and Hirst (2014). Line is least
square fit with forced -1/4 slope.

Maximum Uptake rates
Maximum uptake rate for nitrogen was taken from Marañón et al. (2013), and is:
VN = 10−3 V 0.97 in pgN cell−1 h−1 where V is the cell volume. We used the conversion
from Menden-Deuer and Lessard (2000) to convert from volume to carbon mass, and
the QC:N (table 5.1) to convert the units of nitrogen to carbon. We then get (in d−1 ):
ψN (m) = 2.3757m0.1844 .

(A.0.8)

Maximum photosynthetic rate was also taken from Marañón et al. (2013). Here
they find a unimodal function, where they provide two fits: one for the small cells
for which the exponent is positive and for the larger cells for which the exponent
is negative. We thus combine both and use the minimum of both curves. After
conversions we get(in d−1 ):
ψL (m) = min[156m0.37 , 0.2792m−0.2442 ]

(A.0.9)

Maximum ingestion rate was taken from Kiørboe and Hirst (2014) and is (after
conversions)(in d−1 ):
ψE = 0.1514m−0.33

(A.0.10)

Respiration rate
Respiration rate is assumed to be a fraction of a maximum growth rate. The maximum
growth rate gmax (m) of protists was taken from Ward et al. (2017) which was based
on the data from Marañón et al. (2013). To convert from volume to carbon mass
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we used the relationship from Menden-Deuer and Lessard (2000) (eq. A.0.15). Thus
respiration rate in the model is ηR = 0.2gmax (m).
Background mortality
Similar to the respiration rate, the coefficient for the background mortality for protists
(i.e. viral lysis) is a fraction of the maximum growth rate from Ward et al. (2017) and
is thus: µu,b0 (m) = 0.03max /m−1/4 .

Parameters fecal pellets
The volume of fecal pellets (µm−3 ) is proportional to the body-mass (µgC) of the
copepod producing it (Mauchline, 1998):
Vf p = 3.5 × 104 m0.938 .

(A.0.11)

the sinking rate (m d−1 ) was taken from Small et al. (1979):
vs = 10−1.214 Vf0.513
.
p

(A.0.12)

For the purpose of copepods eating fecal pellets we need to obtain the carbon mass
of each fecal pellet. The predation function of copepods considers particles in terms
of their carbon mass. However, due to the high density of fecal pellets, the carbon
mass is high. It would then appear that the partciles are ’larger’ than they actually
are. Hence, we simply obtain the carbon mass of the fecal pellets from the volume of
the pellet, assuming the same conversion factor from volume to carbon mass as for
phytoplankton from Menden-Deuer and Lessard (2000) (eq. A.0.15). Ideally, to fix
this problem, the predation function should be a function of volume or length rather
than carbon mass.
Fecal pellet flux to 1000 m
The flux of fecal pellets leaving the mixed layer (m−2 d−1 ) is:
vs (ml )
Fl .
z
The flux of fecal pellets reaching 1000 m assuming steady state becomes:
JF F P,mld =

JF F P,1000 = JF F P,mld exp[−r(z1000 − zmld)/vs ]

(A.0.13)

(A.0.14)
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Figure A.0.3: Prosome length to body-mass of relationship for copepods found in Chisholm and Roff
(1990). Conversion factor from ash free dry weight (AFDW) to gC was assuming a 0.73 ratio of
AFDW:DW and a conversion of 1 gDW=0.48 gC (Chisholm and Roff, 1990). Note that prosome
length is in mm and not µ as in Chisholm and Roff 1990.

Conversion factors
To convert phytoplankton volume (µm−3 ) to carbon mass (µgC cell−1 ) we used
the relationship from Menden-Deuer and Lessard (2000):
m = 10−0.665 V 0.939 10−6

(A.0.15)

For copepods, to convert from prosome length to body mass we used the conversion
factors from Chisholm and Roff (1990) of combined calanoid copepods.
ln W = 2.74 ln L − 16.41

(A.0.16)

Where W is body mass in µgAFDW and L prosome length in µm. Converting bodymass to µgC using 1gDW=0.48gC also from Chisholm and Roff (1990) and a ratio of
0.73 between AFDW:DW we get:
m = 0.73 × 0.48 exp[−16.41]L.2.74 ;
Where L is prosome length in µm and m body carbon mass in µgC.

(A.0.17)
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Physical forcing in the seasonal environment
We use the same approach as in Evans and Parslow (1985); Fasham et al. (1990).
State variables are differently affected by the rate of change of the mixed layer
(z 0 =dz/dt). Nutrients enter the mixed layer when there is entrainment (z 0 > 0) and
by a background diffusive term (ω). Hence, the input-rate ρ of nitrogen averaged over
the mixed layer becomes:
ρ(t) =

ω + max(0, z 0 (t))
.
z(t)

(A.0.1)

Protists and detritus are similarly affected by the mixed layer. When the mixed layer
deepens (z 0 (t) > 0) particles are diluted within the mixed layer (per unit volume, but
maintained per unit area), whereas when the mixed layer shallows (z 0 (t) < 0) particles
are lost from the mixed layer (assuming cells do not swim). Hence, in the protists
and fecal pellets equations, eqs. 5.21 and 5.30, we add ρ(t)Pj and ρ(t)Fk respectively.
Copepods are assumed to be able to regulate their position in the water column, and
therefore are diluted when the mixed layer increases, but are up-concentrated when it
decreases, hence we add the term −z 0 (t)/z(t)Ci,s to equations B.0.1, B.0.2 and B.0.3.
Light is the average irradiance within the mixed layer and is a function of latitude,
cloudiness, mixed layer depth, and concentration of protists. The attenuation coefficient
of light in the water is:
ktot = kw + kchl

nu
X

Pj ,

(A.0.2)

j=1

where kw is the attenuation coefficient of water (m−1 ) and kchl the attenuation of light
by protists ((µgC L−1 )−1 m−1 ). We assume that the light experienced by protists in
the depth-averaged irradiance within the mixed layer:
L(I0 , z) = δPAR δclouds

I0 (t, l)
(1 − exp[−ktot z(t)]),
ktot z(t)

(A.0.3)

where I0 (t, l) is the daily averaged irradiance at the top of the atmosphere (as a
function of latitude and time), δPAR is the ratio of PAR to total irradiance, and δclouds
is a measure of the attenuation by clouds and is δclouds = 1 − cokt where cokt is a
measure of cloudiness. All parameter values of environmental forcing for both scenarios
can be found in table A.1.
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Table A.1: Parameters environmental forcing
Symbol

Name

Units

Steady environment

L

Irradiance

µE s−1 m−2

30

Eq.A.0.3

N0

Nitrogen concentration deep layer

µgN L−1

140

140

T

Temperature

◦

15

fig.A.0.1

ρ

Input rate of particles in the mixed layer

d−1

varies

Eq.A.0.1

z

depth horizon

m

10

zmld fig.A.0.1

δPAR

PAR:total irradiance

-

cokt

Cloudiness

Oktas

-

5

kw

Attenuation coefficient of water

m−1

-

0.04

r

Remineralisation rate

d−1

-

0.05

δ

Fraction of dead matter going to N

-

-

0.05

ρseed

Seeding rate

d

-

hmn × 10−3

seed

Seeding biomass

µgC L

-

1∆10−3 /m

∆

width of each size group

µgC

C

Seasonal environment

0.4

−1
−1

-

[ E s -1 m -2 ]
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Figure A.0.1: Environmental forcing for the seasonal scenario. (a) daily surface irradiance, converted
to photosynthetically active radiation (PAR) by assuming a ratio of 0.4. (b) is the mixed layer depth
in m. (c) is the ρ function for the seasonal scenario and each line represent one part of this function
as noted in the legend. Here N0 = 140µgN L−1 . (d) is average temperature in the mixed layer
characteristic from an open ocean system.
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Sensitivity analysis
We performed a sensitivity analysis for some selected parameters: number of
stages in each copepod population (fig. A.0.1 and A.0.2), predator-prey mass ratio for
active feeders β (fig. A.0.3), width of the predator-prey mass ratio σ for active feeders
(fig. A.0.4), and the assimilation efficiency  (fig. A.0.5).
Number of stages in each copepod population
We performed a sensitivity analysis for the number of stages in the copepod model.
We ran the model with 14 size groups of protists, one population of active copepods,
and one population of passive copepods and 6 size classes of fecal pellets. We ran the
model for 20000 days in a steady environment with ρ = 0.05 d−1 , N0 = 140 µgN L−1 ,
T = 15 ◦ C and light being 100µE s−1 m−2 .

Figure A.0.1: Runs of the model for different number of stages within each copepod populations.
Lines show total biomass of the active copepod population (dark blue) and passive population (light
blue). What looks like a thick line in pannel 2 are oscillations.

Parameters sweep
Different predator-prey mass ratios (β) for active feeders result in different copepod
sizes coexisting (Appendix A, fig. A.0.3). At high productivity levels (ρ = 0.05 d−1 ),
small ratios (β ∼ 10) result in small and intermediate copepods dominating, whereas
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large ratios (β > 104 ) results in mainly large copepods dominating the system.
Intermediate ranges of β (100 < β < 104 ) result in the coexistence of all sizes of active
feeders.
Variations in the width (σ) of the prey preference function of active feeders
(fig. A.0.4) show that σ < 1 removes active feeders from the system, leaving only
passive feeders. On the other hand σ > 1.8 removes passive feeders, and further
increases in this parameters do not seem to change the dynamics of active feeders.
Intermediate ranges result in the coexistence of both feeding modes.
Variations in the assimilation efficiency for all copepods mainly affects the fecal
pellets flux (fig. A.0.5). Intermediate assimilation efficiencies ( = 0.5) result in the
higher carbon flux, as copepods can grow but most of the food is excreted in the form
of fecal pellets. ( = 0.3) kills most copepods, whereas large efficiencies results in
higher copepods coexistence but reduced
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Figure A.0.2: Biomass spectrum of each population for different number of stages within the copepod
populations of active feeders (dark blue) and passive feeders (light blue).
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Figure A.0.3: Parameter sweep for the predator-prey mass ratio (β) of active feeders only. (a) Protists
grouped by size-ranges as stated in the legend. (b) active copepods and (c) passive copepods. Shaded
areas around the lines show maximum and minimum biomass values when the system oscillates. (d)
Fecal pellets export from the mixed layer (F luxM L ) and at 1000m (F lux1000 ). (e) Transfer efficiency:
fraction of pellets exported out of the mixed layer that reach 1000 m (black), fraction of fecal pellets
produced that are exported out of the mixed layer (grey), and fraction of pellets produced that are
consumed by copepods (red).
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Figure A.0.4: Parameter sweep for the width (σ) of the preference function for prey of active feeders.
(a) Protists grouped by size-ranges as stated in the legend. (b) active copepods and (c) passive
copepods. Shaded areas around the lines show maximum and minimum biomass values when the
system oscillates. (d) Fecal pellets export from the mixed layer (F luxM L ) and at 1000m (F lux1000 ).
(e) Transfer efficiency: fraction of pellets exported out of the mixed layer that reach 1000 m (black),
fraction of fecal pellets produced that are exported out of the mixed layer (grey), and fraction of
pellets produced that are consumed by copepods (red).
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Figure A.0.5: Parameter sweep for the assimilation efficiency () of all copepods. (a) Protists grouped
by size-ranges as stated in the legend. (b) active copepods and (c) passive copepods. Shaded areas
around the lines show maximum and minimum biomass values when the system oscillates. (d) Fecal
pellets export from the mixed layer (F luxM L ) and at 1000m (F lux1000 ). (e) Transfer efficiency:
fraction of pellets exported out of the mixed layer that reach 1000 m (black), fraction of fecal pellets
produced that are exported out of the mixed layer (grey), and fraction of pellets produced that are
consumed by copepods (red).
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Assumptions regarding large passive feeders
To our knowledge there are no passive feeding copepods that are large in size.
Our assumption is that to be a passive feeder copepods need to be small to maintain
neutral buoyancy. Even though for practical reasons we have decided to limit the
size range of passive feeders to small copepods, the mechanism can be introduced,
where both active and passive feeders can be run within the same size-ranges. In the
following paragraphs we explain how could this mechanism be implemented in the
model.
We introduce this mechanism via the parameter τ , which is the fraction of time
that a copepod swims. Active feeders are constantly swimming to search for food,
and therefore τact = 1. For passive feeders, τ is size-dependent (Mauchline 1998;
Fig. A.0.1), where τpas (m) is 0 for small passive feeders and increases with the size of
the copepod up to 1 for large passive feeders (Fig. A.0.1b).
Since large passive copepods need to swim continuously to counteract sinking, they
have a respiration rate close to that of active feeders. The coefficient for the respiration
rate from equations 5.2 (µgC1/4 d−1 ) thus becomes dependent on τ and size:
κ(m) = κpas + τ (m)(κact − κpas ),

(A.0.1)

where κpas is the coefficient of the specific respiration rate of passive feeders, and κact
of active feeders. Implementing the difference in respiration rates due to the feeding
mode makes the critical feeding level of passive feeders mass-dependent and is higher
for large copepods (Fig. 5.5).
Finally, passive feeding copepods have been suggested to experience predation
mortality that is about 2 to 8 times lower than for active copepods (Almeda et al.,
2017). We implement this effect through the parameter cpy :
1
1
+ τpy (mpy )(1 − ),
(A.0.2)
4
4
This parameter is a sigmoid function which reduces predation mortality on small
passive feeders by 1/3 (i.e. small passive feeders have a predation mortality 3 times
lower), and approaches 1 as the size of copepods increases. This parameter is equivalent
to 1 for active feeders.
cpy (τpy , mpy ) =

Parameter τ
Sinking speed regression is ssink = 1.801L − 0.695 where L is prosome length in mm
Mauchline (1998). The regression of the swimming speed is log sswim = 0.38+0.93 log L
from cruising velocity of pelagic copepods (Kiørboe et al., 2010).
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Figure A.0.1: (a) Swimming and sinking speed of copepods (regressions obtained from Mauchline
1998 (see appendix A for values) and (b) the ratio between sinking and swimming speeds (τ ) are
shown.
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Analytical solutions
Terminologies of size specta
In this article we will refer to three kinds of size spectra: the number spectrum,
the biomass spectrum and the Sheldon spectrum. Different terminologies are used in
different papers, so we here clarify our definitions and derivations:
• Number spectrum: number of individuals in a body-size range [or bin] divided
by the body-size range. It may also be referred to as the normalised size spectrum
(Sprules and Barth, 2016). Here the dimensions are in terms of abundance per
body-mass: [individuals volume−1 body-mass−1 ].
• Biomass spectrum: the biomass in a body-size range [or bin] divided by the
body-size range. It is the same as the number spectrum but in terms of biomass.
We can obtain it by multiplying the number spectrum with the corresponding
body-mass. Here the dimensions are in terms of concentration per body-mass:
[biomass volume−1 body-mass−1 ].
• Sheldon spectrum: Represents the biomass in logarithmically-space body-size
bin. It can be obtained from the biomass spectrum by multiplying with the bin
width. Doing so makes the height of the spectrum depend on the bin width.
To avoid this dependency we multiply with the body-mass. That gives the
same scaling as multiplying by the bin width, since logarithmic bin widths are
proportional to body mass. Here the dimensions are in [biomass volume−1 ].
For a more detailed explanation see Andersen (2019) box 2.1 and figure 2.3.

Analytical solutions
We developed analytical solutions of the copepod model following Andersen and
Beyer (2006) and Hartvig et al. (2011) while accounting for the determinate growth of
copepods and their fixed adult:offspring size ratio. The derivations are made possible
by some simplifying assumptions. The central assumption is that the feeding level is a
constant, independent of the size of copepods: f (m) = f0 . The feeding level defines
growth and by assuming that it is constant we can solve the growth equation for
size-at-age, m(t). Further, the feeding level of the predators determines their predation
pressure on the prey. We can therefore also make simple solutions of the total size
spectrum of copepods and of the population growth rates of copepods. Before doing
the full size spectrum calculations of the spectra we calculate solutions to the growth
equation: size at age and development time from nauplii to adult copepod.
The size distribution of each population consists of a juvenile spectrum and an
adult stage. Copepods have determinate growth, i.e., adults do not grow but invest
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net energy gain in reproduction. Therefore, the adult stage is a discrete size described
as a delta-distribution:
N (m) =

Njuv (m)
| {z }

Spectrum juveniles

+ δ(m − ma )Na ,
|
{z
}

(A.0.1)

Adults

where δ(m) is the Dirac delta function and Na represents the adult spectrum. The
Dirac delta-function ensures that the integral of the adult spectrum equals the adult
abundance, even though the adult bin width is 0.
The spectrum of nauplii and copepodites Njuv (m) is a solution to the McKendricvon Foerster equation:
∂Njuv (m)
{z }
| ∂t

+

Dynamics over time

∂g(m)mNjuv (m)
= −µNjuv (m),
∂m
{z
}
{z
} |
|

(A.0.2)

Losses

Somatic growth

where g(m) is the net energy gain d−1 (5.5) that the juveniles use for somatic growth,
and µ(m) is the total mortality. The number of adults is determined by the flux of
juveniles becoming mature Njuv (ma )g(ma ) and the losses to mortality Na µ(ma ):
dNa
= Njuv (ma )g(ma ) − µ(ma )Na .
(A.0.3)
dt
The boundary condition to equation (A.0.2) represents offspring production (Eq.5.7)
by adults:
gm0 Njuv (m0 ) = bNa

ma
.
m0

(A.0.4)

The size spectrum represents the size distribution of individuals as a continuous
number density distribution N (m) with dimensions numbers per mass per volume (#
µgC L−1 ).

Growth
The growth rate of individuals (mass per time) is:
ṁ(t) = ν(m)m = h(f0 − fc ) mn+1 = Amn+1 ,
|
{z
}

(A.0.5)

A

following (5.4) with a constant feeding level f0 , and where we have defined the growth
constant A. Solving for m(t) gives:
−1/n
m(t) = (m−n
.
0 − Ant)

(A.0.6)

As the growth constant, A, depends on the feeding level, so does the size at age m(t)
(Fig. 5.3B).
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We find the development time from nauplii from (A.0.6) as the time where
m(tadult ) = ma :
−n
1 − za:o
m−n
0 ,
An
= ma /m0 is the copepod-nauplii size ratio.

tadult =

where za:o

(A.0.7)

Size spectrum representation
The analytical calculations are performed on the copepod model formulated as a
continuous size spectrum (A.0.20).

The total community size spectrum of copepods
First, we will calculate the community size spectrum, Nc (m) of all copepods
irrespective of their species, following Andersen and Beyer (2006) and Andersen (2019,
Chap. 2). We make two assumptions: 1) that the community size spectrum is infinite
and described as a power law: Nc(m) = κc m−λ . This implies that we ignore the lower
size limit of copepod eggs. 2) That the feeding level is constant, f (m) = f0 . Our aim
is to determine the scaling exponent λ and the coefficient κc .
The encountered food EF (m) per mass is (5.14) (note that it is not the available
food from eq.5.14):
Z ∞
q
EF (m) = vm
φ(mpy , m)Nc (mpy )mpy dmpy ,
(A.0.8)
0

where vm is the specific clearance rate and φ is the size preference function (B.2).
Inserting the ansatz for the community size spectrum and integrating gives:
q

EF (m) = αE vκc m2+q−λ ,

with αE =

√



2πβ λ−2 exp (λ − 2)2 σ 2 /2 ,

(A.0.9)

where β is the preferred predator-prey mass ratio and σ the width of the preference
function.
From the encountered food we can calculate the feeding level (5.1):
f (m) =

EF (m)
αE vκc m2+q−λ
=
.
n
EF (m) + hm
αE vκc m2+q−λ − hmn

(A.0.10)

The only way for the feeding level to be constant (independent of mass) is if the two
terms in the denominator are proportional to one another, i.e., if the encountered
food is proportional to the specific maximum consumption rate hmn . This condition
implies that the two mass exponents are equal: 2 + q − λ = n. From that condition
we find that the exponent of the community size spectrum is λ = 2 + q − n = 2. As
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we have chosen q and n to be equal, the√complicated exponential factors simplify, so
that the encountered food is just αE = 2πσ. If we know the constant feeding level
f (m) = f0 , then we can further solve (A.0.10) for κc :
κc =

h
f0
.
vαE 1 − f0

(A.0.11)

Inserting κc and λ in the ansatz gives the community spectrum as:
Nc (m) =

1 h f0
m−2−q+n .
αE v 1 − f0
|
{z
}

(A.0.12)

κc

Predation mortality
The predation mortality is imposed by all predators from the community feeding
on prey of mass mpy with an effective clearance rate (1 − f0 )vmq (Andersen and Beyer,
2006):
Z
µp (mpy )

∞

=

(1 − f0 )vm1+q Nc (m)φ(mpy , m) dm

(A.0.13)

0
−1 n
= f0 hαE
m ,

(A.0.14)

where the solution from (A.0.12) has been used. The predation mortality is declining
with size with exponent n, and is proportional to the feeding level f0 and the constant
of maximum ingestion h; higher ingestion rates imply a larger mortality on the prey.
Size spectrum theory (Andersen and Beyer, 2006) operates with a dimensionless
constant, the physiological mortality a, defined as the mortality divided by the specific
growth rate:
a=

f0
1
µp
.
=
Amn
f0 − fc αE

(A.0.15)

The later analytical calculations are much simplified when they are formulated in
terms of the physiological mortality.

The size spectrum of a copepod population
The spectrum of nauplii and copepodites N (m) can be found as a solution to the
McKendric-von Foerster equation (A.0.16) in steady state:
dν(m)mNjuv (m)
= −µp Njuv (m).
dm

(A.0.16)
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We know the growth rate from (A.0.5) and the mortality µp from (A.0.14) and (A.0.15):
µp = aAmn . Inserting in (A.0.2) gives:
Njuv (m) = κm−1−n−a ,

(A.0.17)

where κ is an integration constant.
The number of adults is given by a balance between the flux of maturing juveniles
Njuv (ma )ν(ma )ma and the losses to mortality Na µp (ma ):
Njuv Amn+1

= Na µp (ma )
κ −n−a
=
m
.
a a

Na

The combined juvenile and adult copepod spectrum is then:


ma
δ(ma ) ,
N (m) = κm−1−n−a 1 +
a
where δ(ma ) represents the Dirac delta function.

(A.0.18)
(A.0.19)

(A.0.20)

Copepod community structure
We can assemble the community spectrum Nc by summing up over all copepod
spectra. This procedure will also give a specification of the integration constant κ(ma )
as a function of the adult size. We can write the community spectrum as the integral
over all copepod spectra with adult sizes in the range from m to mz:
Z mz
Nc (m) =
n(m) dma .
(A.0.21)
m

Inserting the community spectrum (A.0.12) and the solution of the population spectrum
(A.0.20) gives:
Z mz


ma
κc m−2−q+n =
κ(ma )m−1−n−a 1 +
δ(ma ) dma .
(A.0.22)
a
m
To evaluate the integral we need an assumption about the form of the integration
constant κ(ma ). We assume that it scales with adult mass with an exponent l:
κ(ma ) = κ0 mla . Inserting in (A.0.22) and reducing gives:



1
1
−2−q+n
l−n−a
l+1
κc m
= κ0 m
z
−1
+
.
(A.0.23)
l+1 a
{z
}
|
1/L

Equating the exponents of m on either side of the equation gives l = 2n − 2 − q + a ≈
a − 2.25 and κ0 as κc divided by the two parentheses on the right-hand-side. The

Biomass spectrum (concentration/mass)
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Figure A.0.1: Spectra of the community (dotted) and copepods (continuous). The community
spectrum is given by (A.0.12) with κc = 1. The copepod spectra each represent a range of adult sizes,
which is why the adult range is not a delta-function (which cannot be plotted), but a range of sizes.
Otherwise the spectra are as (A.0.24).

first of the two parentheses represents the role of the adult-offspring mass ratio. The
two terms in the second set of parentheses are the contributions from the juvenile
and adult populations. Defining 1/L as the product of the two parentheses on the
right-hand-side we get the spectrum:
N (m, ma ) = κc Lm2n−2−q+a
m−1−n−a .
a

(A.0.24)

Notice that the spectrum is now the combination of a size distribution – the dependency
on m – and a trait distribution – the dependency on ma (Fig. A.0.1). The dimensions
are therefore numbers per body mass per adult body mass.

Maximum population growth rate
When a population does not experience density dependent effects it will grow at
the maximum population growth rate rmax . This derivations follows Andersen 2019
chapter 7.1. We can find rmax by solving the time-dependent McKendric-von Foerster
equation (A.0.2). Note that we expect growth g(m) = ν(m)m and mortality µp (m)
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to be constant in time. Our solution will follow the procedure in (Andersen, 2019,
Chap. 7). First we write an ansatz for the solution as:
N (m, t) = Kermax t N (m).

(A.0.25)

This ansatz separates the variables of time and mass. Note that the mass-dependent
part, N (m), is not the same as the previous solution (A.0.20), which was a steady-state
solution.
Inserting the ansatz (A.0.25) and ν(m)m = Amn+1 and µp (m) = aAmn in (A.0.2)
and solving for N (m) gives:
hr
i
max −n
N (m) = κm−1−n−a exp
m
,
(A.0.26)
nA
where κ is again an unknown integration constant. As before we have the adult
copepods as Na (t) = N (ma , t)ma /a. We can now determine the population growth rate
rmax by applying the boundary condition that the flux of nauplii R ν(ma )ma Na (t)/m0
equals the flux at the smallest size ν(m0 )m0 N (m0 , t) to find:
rmax = Amna

n
[(1 − a) ln(za:o ) + ln(R /a)] ,
n −1
za:o

(A.0.27)

where za:o = ma /m0 is again the mass ratio between copepods and nauplii. We see
that the population growth rate increases with the growth rate coefficient A and
metabolically with adult size. The term in the brackets is a correction factor which
decreases as the reproductive efficiency r decreases and as the physiological mortality
a increases, i.e., if mortality increases or growth decreases.

Equilibrium values of physiological mortality and feeding level
The value of rmax is the population growth rate in the absence of density dependent
effects. Density dependence will change the growth and mortality rates of the copepods
until the population is in equilibrium. Changes in growth and mortality are represented
through the physiological mortality a, which is the ratio between mortality and growth
(A.0.15). Density-dependent effects will reduce the actual population growth rate from
rmax until it is exactly zero, where the population is in equilibrium. From (5.33) we
see that this happens when the term in the brackets is zero. That point defines the
equilibrium level of the physiological mortality a:
(1 − a) ln(za:o ) + ln(r /a) = 0.

(A.0.28)

This is a transcendental equation, which cannot be solved in closed form. The value
for active and passive copepods is a = 0.85 and 0.76. Inserting the relation between
a and the feeding level f0 from (A.0.15) we can solve for the equilibrium feeding
level; we find f 0 = 0.4 and 0.83 respectively. The equilibrium feeding level for active
copepods fits quite well with the observed emergent feeding level from the numerical
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calculations (Fig. 5.5C+D). The equilibrium feeding level for passive feeders is much
higher, which indicates that passive should not be able to persist at all. However,
this calculation has not factored in the reduced predation pressure on passive feeders
(A.0.2). If we assume that the predation pressure is shaped by the active feeders, but
that this predation is reduced by a factor three on passive (τ = 0 in Eq. A.0.2) we
find f 0 = 0.13. This is a much smaller feeding level, which explains why small passive
feeders are able to persist, in particular under low food conditions.

156

Error function
We used the error function in the prey preference function to correct for the size
bins. The error function integrates the preference function within the range of the size
bin, which is needed if the bins are wide. The error function is:
Z ∞
2
exp(−t2 )dt
(A.0.1)
erf(x) = √
π 0
Therefore, the preference function of a given predator with stage width ranging from
mi to mi+1 becomes:



 
m
m
pπ
(log(mi+1 )−log( pred
(log(mi )−log( pred
))
))
β
β
√
√
σ
−
erf
erf
2 c
2σ
2σ
Φ=
;
(A.0.2)
log(mi ) − log(mi+1 )
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Figure A.0.1: Sheldon spectrum from figure 5.5, left panel has low inputs of nitrogen (ρ = 0.005 d−1 )
and right side panel is for high inputs of nitrogen (ρ = 0.05 d−1 ). The Sheldon was simply derived by
multiplying the biomass spectrum by m (or the number spectrum by m2 , as explained in Andersen
2019 chapter 2 Box 1).
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Figure A.0.2: Total reproduction (left y-axis in black) and specific reproduction rates (right y-axis
in grey) of all copepods in the seasonal environment. Left side panels is for active copepods, right
side panels is for passive copepods. The lower panels are small copepods and the upper panels large
copepods following the adult sizes (ma in µgC) written on top of each panel.
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Figure A.0.3: Predations (d−1 ) in the seasonal scenario fro protists and copepods. Y-axys is the
body-mass of the prey. (a) predation by protists on protists. (b) predation by all copepods on protists.
(c) predation by copepods on active copepods. (d) predation by copepods on passive copepods.
Colormap of panels c and d are in Log10 , explaining the negative values in the colorbar.
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Figure A.0.4: Feeding level in the seasonal scenario for active and passive copepods.
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Figure A.0.5: Diagnostic related to fecal pellets export in the seasonal scenario. Upper panel: Fraction
of fecal pellets out of the mixed layer exported to a 1000 m (black), fraction of fecal pellets exported
out of the mixed layer relative to fecal pellets production rate (F P P ) within the mixed layer (grey),
and fraction of fecal pellets consumed (µF ) relative to the fecal pellets production rate (red). Middles
panel: mixed layer depth. Lower panel= fraction of copepods larger than 10 µgC relative to the
whole community.
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Appendix manuscript
3

Figure B.0.1: Relative biomass for protists size-ranges (left panels). Contribution of each size-group
to the total NPP (right panels).
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Figure B.0.2: Sinking rate of fecal pellets.

Figure B.0.3: Comparison of model performance (upper panels) to satellite outputs (lower pannels).
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Figure B.0.4: Fraction of fecal pellets biomass relative to total detritus (fecal pellets + other detritus)
for the default scenario (left) and fast-sinking scenario (right).
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Figure B.0.5: Regions divided by NPP and pe-ratio. The division from low to high NPP is at 100 gC
year−1 and for pe-ratio is 0.1.
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Figure B.0.6: Phase plane of NPP v.s. carbon flux for each location in figure 6.7. Colors are day of
the year. Contour lines are pe-ratio.
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Figure B.0.7: Comparison of model to data from Henson et al. 2019.
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Figure B.0.9: Community respiration relative to GPP.

169

P
P
P
D
D
2D
tot
PP
NP _NP
NP
P
PP
D
C_
n_2
t_2
e_C
s_D in_D dPP_ dCP_ dCC r_NP
3D uctio _2D
D
_2D _on_ _2D esp_2 _Dto 2D
D
m
larg 2D
2D e_2
con
re
re
re
d
P
ep
CP
C
C
tot_
tl
r th om_r red_ emin_ ac_D ac_re ac_p ac_p ac_p ac_r
tot_ Clarg frac_C PP_ PP_ Repro pred_ red_ red_
T
c
fr
fr
p
p
p
fr
fr
N
D
mo
r
fr
fr
Cd
Lat
SS

PP
p_G
res
ss
om
nne ac_c
fr
Eve

P
P
P
D
2D
D
tot
PP
NP _NP
NP
P
PP
D
C_
n_2
t_2
e_C
s_D in_D dPP_ dCP_ dCC r_NP
3D uctio _2D
D
_2D _on_ _2D esp_2 _Dto 2D
D
m
larg 2D
2D e_2
con
re
re
re
d
P
ep
CP
C
C
tot_
tl
r th om_r red_ emin_ ac_D ac_re ac_p ac_p ac_p ac_r
tot_ Clarg frac_C PP_ PP_ Repro pred_ red_ red_
T
c
fr
fr
p
p
p
fr
fr
N
D
mo
r
fr
fr
Cd
Lat
SS

r
ss
om
nne ac_c
fr
Eve

P
P
P
D
2D
D
tot
PP
NP _NP
NP
P
PP
D
C_
n_2
t_2
e_C
s_D in_D dPP_ dCP_ dCC r_NP
3D uctio _2D
D
_2D _on_ _2D esp_2 _Dto 2D
D
m
larg 2D
2D e_2
con
re
re
re
d
P
ep
CP
C
C
tot_
tl
r th om_r red_ emin_ ac_D ac_re ac_p ac_p ac_p ac_r
tot_ Clarg frac_C PP_ PP_ Repro pred_ red_ red_
T
c
fr
fr
p
p
p
fr
fr
N
D
mo
r
fr
fr
Cd
Lat
SS

r
ss
om
nne ac_c
fr
Eve

t_2

to
Pd

pe_ratio
Flux_2

t_2

to
Pd

PP
_G
esp
1
0.8
0.6
0.4
0.2
0
−0.2
−0.4
−0.6
−0.8
−1

pe_ratio
Flux_2

t_2

to
Pd

pe_ratio
Flux_2

1
0.8
0.6
0.4
0.2
0
−0.2
−0.4
−0.6
−0.8
−1

PP
_G
esp
1
0.8
0.6
0.4
0.2
0
−0.2
−0.4
−0.6
−0.8
−1

Figure B.0.10: Correlation analysis of pe-ratio and total flux with several model outputs. Upper
panels is low latitudes, middle panel is temperate systems, lower pane is polar systems.
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scenario with fast-sinking rates

Figure B.0.13: Yearly integrated fluxes of the fast-sinking scenario.
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Figure B.0.15: Yearly integrated fluxes of the scenario with global temperature set at 10 C.
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Figure B.0.16: Correlation coefficient for the scenario with global temperature set at 10 C.
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Model equations
Copepod population model
The copepod population model is a discretized version of the McKendrick–von
Foerster equation (de Roos et al., 2008), also used in Serra-Pompei et al 2020. The
model considers individual-level processes such as reproduction, growth in body size,
feeding and mortality. Growth and reproduction are food- and temperature- dependent.
Copepods have determinate growth, meaning that they stop growing once maturation
is reached. Hence, all the energy gained by juveniles goes into growth of body size,
whereas adults invest all their energy into reproduction. Note that there is a distinction
by how a population and an individual are treated. An individual is characterised
by its size and feeding mode. A population is characterised by the adult size and
the feeding mode (i.e. within each population several individuals of all stages have
different size-dependent rates). In the next sections, we first explain individual-level
processes and next how they scale to the population level. Finally we explain the
traits characterising copepods.
Individual-level processes
Equations of the copepod model can be found in tables B.1 and B.2. All individuals
are characterised by their size m, they are born with size mb and mature at size
mm . Copepod’s energy is obtained through ingestion of prey. Individuals have a
size-dependent preference for prey (Eq.B.2.1). The food available for a copepod is
the product of the preference function with the biomass of preys. Copepod’s prey
are protists, other copepods, detritus and fecal pellets (Eq. B.2.2). Prey ingestion
is modelled by a Holling type 2 functional response that saturates at the maximum
ingestion rate h(m) (Eq. B.1.1). Carbon-specific growth rate is the energy available
after food assimilation and respiration (Eq. B.1.2). If the net energy gain is positive,
this energy is invested into somatic growth or reproduction (Eq. B.1.3). On the
other hand, if the biomass production rate ν is negative, i.e., respiration exceeds food
assimilation, the individual suffers starvation mortality (Eq. B.1.6).
Population level
The net energy gained by individuals goes into somatic growth or reproduction.
Somatic growth is modelled by a maturation function γ (Eq. B.1.4). All juvenile
stages invest their energy into somatic growth. Adults invest all their net energy into
reproduction (determinate growth). The growth through stages and reproduction are
modelled through a system of coupled ordinary differential equations (ODEs). One
ODE represents the adult stage (S), another ODE the first stage (s = 1), and the rest
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Table B.1: Equations of the copepod model

Units

Equation

feeding level

-

f (m) =

Net energy gain

d

−1

Growth rate

d

−1

Energy gain

Maturation rate

v(m)E(m)
v(m)E(m) + h(m)

ν(m) = hm f (m) − κ(m)
(B.1.2)
g(m) = max(0, ν(m))
(B.1.3)

d−1

gs − µs

γs =
1−(

Fecal pellets production

d

(B.1.1)

n

−1

m+
s−1 1−µs /gs
)
m+
s
n

(B.1.4)

fpp (m) = (1 − )hm f (m). (B.1.5)

Mortalities
Starvation mortality

d−1

µst (m) = min(0, ν(m))

Predation mortality

d−1

µpr (mpy ) = cpy (τpy , mpy )

(B.1.6)
I X
S
X
Φ(mpy , mi,s )
i

s

Ei,s

(B.1.7)
h(m)fω,i (mi,s )Ci,s
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Table B.2: Food available for copepods and protists

Units

Equation
" 

Preference function for
prey
Prey for copepods

-

ln



φ(mpy , m) = exp −

µgC L−1

E(m) =

βmpy
m

2 #

2σ 2

(B.2.1)

I X
S
X

cpy (τi,s , mi,s )Φ(mi,s , m)Ci,s +
(B.2.2)
K
L
X
X
Φ(mk , m)Pk +
Φ(ml , m)Fl +
i=1 s=1

k=1
J
X

Prey for prtists

µgC L−1

l=1

Φ(mj , m)Dj

j=1
K
X

Eu (m) =

Φ(mk , m)Pk
(B.2.3)

k=1

of ODE are the size-classes between the first stage and the adult stage:
Births

Biomass acc.

Somatic growth

Losses

z
}|
{
z }| {
z }| {
z }| {
dC1
γ1 C 1
− µ1 C1
(B.0.1)
= εr g(ma )CS + g1 C1 −
dt
dCs
= γs−1 Cs−1 + gs Cs − γs Cs − µs Cs , for 2 ≤ s < S
(B.0.2)
dt
dCS
= γS−1 CS−1 − µS CS ,
(B.0.3)
dt
The first ODE describes the dynamics of the first copepod stage. The first terms in
the right hand side is the reproduction rate of the adults, the second the growth rate
within that stage (biomass accumulation), the third the maturation rate towards the
next stage. The last term is the mortality rate.
Mortality in copepods originates from predation by other copepods (Eq. B.1.7),
starvation (Eq. B.1.6) and a closure term representing mortality induced by higher
trophic levels such as fish (see Serra-Pompei et al., 2020 for more detail). The mortality
by higher trophic levels only applies to the copepods that are not explicitly eaten by
anyone in the model, and thus mainly affects intermediate and large copepods. This
mortality is a mix of density-dependence between individuals of the same size-class
and individuals of similar sizes.
Mortality by higher trophic levels on copepods
The mortality by higher trophic levels µhtl (m) (d−1 ) acts as a closure term on the entire
model. We expect a higher mortality pressure in environments with high productivity
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and higher biomass. Therefore, we use a mortality term that increases with biomass
within the community and within each population (used in Record et al. 2013):
µhtl (m) = phtl (m)

µhtl.0
−1/4 (Γ)
Ci,s B(m)(1−Γ) ,
+
+ m
ms /ms−1

(B.0.4)

where µhtl.0 is the coefficient (µgC1/4 µgC−2 L−2 d−1 ), which we divide by the ratio
+
of the boundaries (m+
s /ms−1 ) of each size class to correct for the number of size
classes. phtl (m) is a sigmoidal function used to impose the mortality only on the
largest size classes. This mortality is imposed on copepods with a size larger than
mhtl = mmax /β (where mmax is the size of the largest copepod in the community)
and declines with mass ∝ m−1/4 ; since the mortality on the smaller sized organisms is
already explicitly represented in the model. Γ imposes the preference of predators for
specific populations/stages or for whole size range intervals B. If Γ = 1, the density
dependence is imposed on each stage of each populations (Ci,s ), if Γ = 0 the densitydependence is imposed on the biomass (B) within the size ranges. We chose Γ = 0.2.
The biomass B represents all copepods in the size range [m/10σF /2 : m10σF /2 ], where
σF is the width of the predation function of a predator and is equivalent to 1. The
biomass then becomes:
XX
Ci,s (mi.s /10σF /2 < m ≤ mi.s 10σF /2 ).
(B.0.5)
B(m) =
i

s

Copepod traits
Each copepod population is characterised by the size of the adult copepod and
the feeding mode. Note that within each population juveniles have different sizes.
All rates follow an allometric scaling. The feeding mode of copepod can be active
or passive. Active copepods are characterised by high ingestion rates of prey and
growth rates whereas they have high metabolic expenses and mortality rates. On the
other hand, passive feeders will have lower ingestion rates but lower metabolism and
mortality. This is implemented in the parametrization (table B.4) and predation is
reduced through the preference function.

Protists model
The protist model consider organisms that are mixotrophs. Protists can simultaneously do photosynthesis, take up dissolved nutrients and predate on other protists.
Equations of the protists model can be found in table B.3 and B.2. Uptake of all
resources (light, nitrogen, food) is performed through a type II functional response
(Eq. B.3.1). Uptake rates saturate at the maximum uptake rate for resources. Food
available for protists also follows the size-preference function for prey (Eq. B.2.3).
Growth is the result of the most limiting resource (carbon or nitrogen), following
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Table B.3: Equations of the Protists model

Units

Equation

Energy gain
Maximum uptake rate

αX (m)X
αX (m)X + gmax (m)
(B.3.1)

z }| {
gmax (m)

Uptake of each resource

-

ηX (m) =

Respiration rate

d−1

ηR (m) = δg:r gmax (m)

Division rate

d

νu (m)
=
min ηL (m)
+ ηE (m) −

ηR (m), ηN (m) + ηE (m)

Nitrogen leaks

d−1

ηleaks = max[0, ηN − ηL + ηR ]

−1

(B.3.2)


(B.3.3)
(B.3.4)

Mortalities
µu,pr,k =
Predation mortality

I X
S
X
Φ(mk , mi,s )
i=1

d−1

K
X
Φ(mk , mj )
j=1

Viral lysis

d

−1

Ei,s

s

µu,b,k =

Eu,j

hmni,s fi,s Ci,s +

ηE,j Pj

µu,b0
−1/4
Pk mk
+
mk /m+
k−1

(B.3.5)

(B.3.6)

Liebig’s law of the minimum (Eq. B.3.3). Surplus of nitrogen is then leaked back to
the environment (Eq. B.3.4). Protists have two sources of mortality: predation and
viral lysis. Predation originates from other protists or copepods (Eq. B.3.5). Viral
lysis is a density-dependent function (Eq. B.3.6).
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Table B.4: Copepod variables and parameters. # refers to “numbers" and units of #−1 are “per
individual". The rest of parameters and corresponding derivation are explained in Serra-Pompei et
al.,(2020).
Symbol

Description

Units

Value

m

Body mass copepods

µgC #−1

ma

Body mass adult copepods

µgC #−1

m0

Offspring mass

µgC #−1

za:o

Adult to offspring mass ratio

-

mpy

Body mass of a prey

µgC #−1

β

Preferred predator:prey mass ratio

-

σ

Width of prey-size function

-

1.5

v

Clearance rate coefficient

L µgC−3/4 d−1

0.011

q

Clearance rate exponent

-

h

Maximum ingestion rate coefficient

µgC

n

Maximum ingestion rate exponent

-

κ

Respiration rate coefficient

µgC1/4 d−1

p

Respiration rate exponent

-



Assimilation efficiency

-

0.67



Reproduction efficiency

-

0.25

cpy

Reduced preference for passives

-

µhtl.0

Mortality by higher trophic levels coefficient

µgC

QC:N

Carbon to nitrogen ratio

-

5.6

σhtl

Width of the prey-size function for a higher trophic level

-

1

Active

Passive

100
1000

100
1
0.0052
−1/4

1/4

d

1.37

−1

0.4
−1/4

0.16

0.048
−1/4

1
1/4

µgC

−2

L

−2

d

−1

1/5
0.003 × h
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