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Abstract

Despite the importance of planktonic foraminifera in carbonate production and
palaeoceanography as zooplankton calcifiers with well-preserved fossil record, our
knowledge regarding their ecology is still limited. This study aims to a mechanistic
understanding of foraminifera ecology and biogeography through the trait approach. The two
first trait-based ecosystem models which consider foraminifera part of a plankton community
have been developed; a 0-D and a 3-D (ForamEcoGEnIE). Shell size, calcification, passive
feeding strategy and larger apparent size due to spines have been foraminifera’s studied
traits. Calcification is represented with energy loss (reduction in growth) and protection
(reduction in predation and mortality). The 0-D model has been used for studying two life
stages of foraminifera (prolocular, adult) under nine different environments. With
ForamEcoGEnIE the biogeography of adult non-spinose foraminifera under present and
future climate conditions have been explored. The energetic needs of calcification varied from
10% to 60% reduction in growth depending on the life stages, populations (spinose, non-
spinose) and modelled environments. The models suggested a combination of foraminifera
low biomass and shell as a protection from predation. Applying a required reduction in
mortality indicated that foraminifera could use the shell as protection for other reasons than
predation like pathogens. Following the observations, in the presented models carnivorous
diet was more efficient in oligotrophic regions, while herbivorous in cold waters. A further
investigation on species diet and encounter rates is needed for a deeper understanding of
their biogeography. ForamEcoGEnlE showed that the traits of size, calcification and
herbivorous diet could successfully capture the main biogeographical patterns of non-spinose
species. ForamEcoGENIE projected an increase of foraminifera biomass in subpolar regions
and a reduction elsewhere by 2100. This study delivered novel insights on planktonic
foraminifera ecology, and two new foraminifera models which can be used as methods tools
for studying foraminifera ecology under different climate conditions.
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Chapter 1. Introduction

Chapter 1

Introduction

Parts of Chapter’s section 1.5 are adapted from a research article published in Biogeosciences
(Grigoratou et al., 2019). All co-authors (F. Monteiro, D.N. Schmidt, J.D. Wilson, B. Ward and
A. Ridgwell) provided assistance with editing and advised on aspects of this work. Two
referees gave insightful comments on a previous version of the published manuscript. Parts
of the introduction are included to the manuscript of Edgar, K., Grigoratou, G., Monteiro, F.
and Schmidt, D.N.: A trait-based approach to constrain controls on planktic foraminiferal

ecology, in prep. All work presented in this chapter is my own.

1.1. Trait- based approach to zooplankton ecology

Zooplankton play a significant role in marine ecosystems and carbon cycle as they transfer
energy from primary production to high trophic levels and from the surface of the ocean to
the deep sea (Longhurst, 1991). Marine zooplankton are a diverse community of thousands
of protozoans (unicellular eukaryotic organisms) and metazoans (multicellular eukaryotic
organisms) species with a body size range from =2 um to more than 2 meters length (Sieburth
et al., 1978). The global total mesozooplankton biomass has been estimated to be ~0.19 PgC
in the upper 200m of the ocean (Moriarty & O’Brien, 2013). Some species spend their entire
life cycle as planktonic organisms (holoplanktonic), while others have planktonic stages only
in parts of their life (meroplanktonic). Most are motile organisms and, depending on their
morphology, they can use different body parts (e.g. flagella, legs) for moving, swimming,
and/or jumping. Many species participate in a daily and seasonal vertical migration from some
centimetres to 4000 meters to grow, feed, hide from predation and reproduce (Raymont,
1983).

Zooplankton species are frequently used for studying climate changes in the ocean, due to
their short life and their strong dependence on physical (e.g. temperature, currents, mix
layers, oxygen) and biogeochemical properties (e.g. nutrient concentration, prey density, pH)
of their habitat (e.g. Hays et al., 2005; Richardson, 2008). Studies have shown that since the

60s copepods, the most abundant metazooplankton group, are migrating from
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Chapter 1. Introduction

temperate/subpolar regions to the poles, in order to be sustained within their optimum
temperature range (Beaugrand et al., 2002). Climate change has impacted plankton
phenology, trophic dynamics (Atkinson et al., 2004; Beaugrand et al., 2003; Edwards &
Richardson, 2003) and the carbon export in the ocean (Brun et al., 2019). Despite field
observations and modelling studies, the zooplankton reaction to climate change is still not
well understood.

Planktonic foraminifera are important zooplankton calcifiers and an ideal group for
investigating long-term ocean climate changes (Richardson, 2008). They appeared during the
Mid- Jurassic and have undergone a number of important turnovers and mass extinctions at
the Cretaceous/ Paleogene (e.g. Keller et al., 2002) and Eocene/Oligocene boundaries (e.g.
Wade & Pearson, 2008). Studying planktonic foraminifera improves our understanding for the
carbonate pump in marine ecosystems through time. In addition, due to their fossil record,
foraminifera are the most widely used zooplankton group for generating past climates,
analysing palaeoceanographic proxies and exploring the impact of changing climate on
plankton communities.

Even if zooplankton is a crucial element of marine environments, our knowledge on the
connections among zooplankton and their habitat, as well as their interactions within the
plankton community and with higher predators, is still limited. This is mostly due to
zooplankton’s high diversity, short life spam, size and distribution through the whole water
column. Therefore, our current knowledge focuses mostly on dominant species for each taxon
which can be easily collected or cultured. This limitation causes important gaps for
understanding the dynamics of marine ecosystems as well as the influence of human activities
in the ocean, especially under changing climate conditions. The trait theory is a promising
approach for generating a mechanistic framework of marine ecosystem dynamics. The trait
theory describes the ecology of species based on their need to survive, compete and
reproduce. The trait theory provides a framework which links the traits of individuals (e.g.
size, feeding behaviour, reproduction) to associated trade-offs (costs and benefits; Kigrboe et
al., 2018b). The studied traits can be physiological (e.g. body size, shape, arm tools),
behavioural (e.g. feeding strategy, motility) or life historical (reproduction). This approach
allows the capture of fundamental interactions among species of the marine ecosystem, even
with limited observations, and has been particularly successful for microbial, planktonic and

nekton organisms (e.g. Kigrboe, 2008). As it describes a system from first principle it provides
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the fundamental understanding of a specific pattern or behaviour (e.g. Kigrboe 2011;
Litchman et al., 2013). The trait-based approach is a step forward to investigate the
interactions within (zoo)plankton at a global scale (e.g. Barton et al., 2013; Kigrboe et al.,
2018b; Prowe et al., 2019) and the impact of (zoo)plankton on global biogeochemistry
(Follows, 2007).

Body size is often referred as the “master” trait of an organism. Size, among temperature
and stoichiometry, is a primary factor for an organism metabolic rates (Brown et al., 2004).
Size impacts the biomass and many physiological and behavioural characteristics of an
organism, such as the uptake rates, resource preferences, predator-prey interactions, feeding
strategies, motility, reproduction (e.g. Dial et a., 2008; Kigrboe 2013; Litchman et al., 2013;
Andersen et al., 2016 and references within). The size of the organism is also crucial at
population level. Size determines most relationships between organisms in an ecosystem, as
well as how they respond to and influence their environment (Brown et al., 2004). For
example, it is well documented that many mesozooplankton species have a range of
maximum sizes per environments, as a reflection of their optimum conditions, with an overall
lower maximum size in oligotrophic and larger maximum size in eutrophic regions (Razouls et
al., 2018). At ecosystem level, the trophic dynamics are size-structured as they are strongly
relying on prey- predator size ratios and marine organisms alter their feeding behaviour and
preferences through their life stages, regions, or resource availability (e.g. Jonsson et al.,
2005; Woodward et al., 2005). In pelagic ecosystems, it was Platt & Denman (1977) who
introduced the size-structure of marine food web and showed that the biomass decreases
with the body size. To do so, Platt & Denman (1977) expressed the biomass in logarithmic size
classes and divided them with the width of the classes; this biomass expression is defined as
the normalized size-spectrum biomass (NSSB). Since then, the NBSS method has been used
for estimating the biomass within the plankton spectrum and plankton functional groups (e.g.
Rodriguez & Mullin, 1986; Quinones et al., 2003; Frangoulis et al., 2017).

The connection between size and organisms’ physiological characteristics has also been
used in allometry, as a scale factor for mechanistically exploring organisms’ traits, ecology,
evolution, biogeography, population dynamics and ecosystem (Dial et al., 2008). Allometry
can be applied at species, population and ecosystem level. The allometric approach is of
significant importance for drawing the big picture of ecosystem structures from small to big

organisms, by representing species interactions based on allometric relationships, rather than
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complex representations of food webs based on species (Digel et al., 2011; Andersen et al.,
2016).

Feeding behaviour and mobility are other important traits of zooplankton growth and
survival (e.g. Hébert et al., 2017; van Someren Gréve et al., 2017; Kigrboe, et al., 2018a). There
are four type strategies which describe zooplankton feeding behaviour: cruise feeding,
filtering current feeding, active and passive ambush feeding (Kigrboe, 2011). Most
zooplankton species are filtering or cruise feeders with a few taxa showing an ambush feeding
strategy.

The cruise feeders are swimming through the water searching for prey. The filter feeders
either filter a water volume through their body (e.g. salps, Appendicularia), scan a volume for
prey by creating currents with their body parts (e.g. copepod’s antennas and legs, tentacles
for hydromedusa) or by staying still and directly intercepting and trapping prey by creating a
flow current with parts of their body (e.g. flagellates with a beating flagellum, Kigrboe, 2011
and references within).

Passive ambush feeders (e.g. planktonic foraminifera) are characterized by low motility.
They are similar to the feeding currents, who directly intercept their prey, with the difference
that passive ambush feeders do not generate a flow to trap their prey (Kigrboe, 2011). Passive
ambush feeders use different body parts, like rhizopodia or tentacles, for sensing, encounter
and control their prey from their surrounding (e.g. Anderson and Bé, 1976; Kigrboe, 2011).
Active ambush feeders attack when they sense their prey (e.g. chaetognaths, Kigrboe, 2011).

By actively searching for their prey, cruise, filtering and active ambush feeders benefit from
high encounter rates but the costs are energy loss and predation risk associated with
movement signals. In contrast, passive ambush feeders have low encounter rates as they are
not as successful predators as active feeders, but they have low energetic cost and predation
risk (Kigrboe, 2011; Almeda et al., 2018).

This introduction chapter identifies how the trait-based approach can be a step forward
for studying planktonic foraminifera ecology. It provides a first review of planktonic
foraminifera’s morphological/physiological (calcification), behavioural (feeding strategy,
symbiosis, motility) and life historical (reproduction) traits and trade-offs (Table 1.1). This
chapter also includes an introduction on different modelling approaches and the most used
mathematical equations for describing zooplankton growth. A summary of the objectives of

the thesis can be found at the end of this chapter.
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1.2 Planktonic foraminifera ecology

Modern planktonic foraminifera represent a group of about fifty morphospecies (Kucera,
2007). Along with coccolithophores and pteropods, they are the major calcifying plankton
groups in the ocean (Deuser et al., 1981). It has been estimated that planktonic foraminifera
contribute 23-56% of the total marine planktonic carbonate production in the open ocean
(Schiebel, 2002;Buitenhuis et al., 2019). This compares to 32-81% for coccolithophores
(Iglesias-Rodriguez et al., 2002; Buitenhuis et al., 2019), and 10-33% for pteropods (Fabry,
1990; Buitenhuis et al., 2019).

Planktonic foraminifera are one of the least abundant zooplankton groups in the water
column. Beers and Stewart (1971) estimated that the contribution of planktonic foraminifera
to microprotozooplankton abundance is less that 5%. Plankton tow observations indicate a
low abundance stock of foraminifera in the open water (0.16 - 50 ind. m in oligo- and
mesotrophic waters (Mallo et al., 2017; Schiebel & Hemleben, 2005) with maximum stocks in
high latitudes (up to 1000 ind. m=, Carstens et al., 1997; Volkmann, 2000). Their global
biomass in the ocean has been estimated to be between 0.002 and 0.0009 Pg C which equals
to ~ 0.04% of the global plankton biomass (Buitenhuis et al., 2013).

The geographical distribution of planktonic foraminifera has been distinguished in six
oceanic provinces: polar, subpolar, temperate, tropical subtropical and upwelling regions (Fig.
1.1, Hemleben et al., 1989). Statistical correlations have shown temperature to be the main
driver of foraminifera’s biogeography following by food availability and other environmental
factors (e.g. salinity, stratification, carbonate saturation, currents; Bé and Tolderlund, 1971;
Ottens, 1992; Schiebel et al., 2001; Schmidt et al., 2004a; Storz et al., 2009). Due to
temperature’s strong connection with other environmental conditions, such as food
availability and salinity, is difficult to distinguish the main environmental driver of
foraminifera biogeography. Temperature influences foraminifera’s biogeography directly
(enzymic activity, life spam) and indirectly (via the temperature effect on stratification, prey
availability and species interactions), leading to changes in species plasticity or in species

distribution patterns.
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Figure 1.1: Planktonic foraminifera oceanic provinces. Figure adapted and modified after permission
from Schmidt et al. (2004b).

The depth distribution of the species in the upper water column is strongly related to the
pycnocline (e.g. Schiebel and Hemleben, 2017). Most species live in the 100 m of the upper
ocean (Berger, 1968; Schiebel et al., 2001; Field, 2004). A few species can be found in deeper
waters from 200-300 m (Globorotalia hirsuta, Globorotalia scitula, Globorotalia crassaformis
(Schmuker & Schiebel, 2002) up to >1000 m (Globorotalia truncatulinoides, Schiebel &
Hemleben, 2005).

Regardless of habitat, it is suggested that all planktonic foraminifera species meet at the
pycnocline for reproduction as it is considered to provide an optimal environment for a
successful fertilization and higher survival opportunities (Schiebel and Hemleben, 2005).
Planktonic foraminifera reproduce only once in their life and after gametogenesis their empty
shells sink into the water column. Planktonic foraminifera are the only known zooplankton
group whose sexual reproduction is synchronised with a circadian clock. With semi-lunar
and/or lunar cycles, adults migrate to the pycnocline where they convert their cytoplasm to
thousands of flagellated gametes (200000-400000) which are released into the water
(Spindler et al., 1978). It has been suggested that deep water species like G. hirsuta and G.

truncatulinoides have an annual reproduction (e.g. Bé & Hutson, 1977; Schiebel et al., 2002).
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Table 1.1: Summary table of suggested planktonic foraminifera’s traits and trade-offs.

Traits Costs Benefits
Calcification - energetic needs - protection (e.g. predation, pathogens, viruses, UV?)
(shell) - reduction in growth
- negative buoyancy
E Calcification - energetic needs - tool for controlling active prey
gﬂ (spines) - reduction in growth - cytoplasm support
E - increase of the surface to volume area
§ - protection from predation
= - positive buoyancy
Symbiosis- foraminifera - light limitation - nutrient exchange for calcification
- blocking effect on cytoplasm - favourable pH conditions around the shell
- influenced by symbionts reaction to climate conditions - potential resource for terminal/sick/starved stage
% Symbiosis- symbionts - host reliant - protection from predation
% - potential prey for the host - nutrient exchange for growth
a
Immotility - reliant on surrounding available resources - energy conservation by being immotile
- inability to actively escape predation - protection from predation due to low signals
- sensitive to environmental conditions
Vertical migration - sensitive to predation and environmental conditions - energy conservation by not actively migrating
s - advantage of prey migration
_§ Passive - reliant on surrounding available resources - energy conservation by not actively searching for food
§ feeding - protection from predation due to low signals
&
- Reproduction - Only reproduce once (i.e., semelparous) - energy conservation for not actively searching for mate
-§ - gamete production reliant to shell size - protection for predation (reduction of predation exposure)
e B
I
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Calcification is another significant trait which trade-offs are unclear. Foraminifera’s
carbonate formation uses bicarbonate (HCOs?) (90%) or carbonate ions (COs%) (10%) to
produce calcium carbonate (CaCOs) (Eg. (1)) and release CO; to the surface ocean (Zeebe and
Wolf-Gladrow, 2001).

Ca?* + 2HCO; — CaCO5; + CO, + H,0 (1)

For a short timescale (<1000 years) planktonic foraminifera’s calcification increases the
CO; concentration to the surface waters but on longer timescale (>1000 years) carbonate
production acts as a buffer for ocean’s pH, as its dissolution in the deep ocean decreases CO;
(Ridgwell & Zeebe, 2005). Planktonic foraminifera’s shell can be used as a proxy for estimating
the carbonate ion concertation and changes in sea water column temperature (Henderson,
2002). Isotopes from foraminifera shell provide information regarding the sea surface
temperature (Mg/Ca, Sr/Ca, 644Ca), ocean circulation (Nd, Pb, Hf) and deep-water flow (14C),
phosphate (Cd/Ca), alkalinity (Ba/Ca) and oxygen (Henderson, 2002 and references within).

Apart from being a proxy for the ocean biogeochemical conditions, the shell is also an
important indicator of planktonic foraminifera’s physiology, ecology and distribution.
Calcification is a constant procedure during planktonic foraminifera’s life spam. The shell of
half of foraminifera’s species may be modified by calcite spines resulting in the two main
taxonomic groups: the non-spinose and spinose. Foraminifera grow sequentially by adding
chambers resulting in shell with a diameter ranging from ~10 um (prolocular stage) to more
than 1250 um (Schmidt et al., 2004b). Foraminifera’s development is divided into five stages:
prolocular, juvenile, neanic, adult and terminal (gametogenesis) (Brummer et al., 1987). All
shells start with a first spherical chamber at the prolocular stage (Fig. 1.2a). Chamber
formation decreases from a daily rate (prolocular and juvenile) to one chamber every other
day (neanic and adult stage, Schiebel and Hemleben, 2017). In spinose species, from the
juvenile stage and afterwards, every new chamber is covered with spines until
gametogenesis, when the spines are resorbed (Brummer et al., 1987; REF). Shell formation
ends a few hours or days before gametogenesis (e.g. Be, 1980). Planktonic foraminifera’s
adult stage begins with a shell size of 100 um. At this stage, foraminifera are sexual mature,
and gametogenesis can occur (Brummer et al., 1986).

Similar to the distribution patterns, is difficult to name the main driver of foraminifera’s

spatial size patterns, as multiple environmental conditions, independently or combined, and
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optimum conditions effect the shell size (e.g. de Villiers, 2004; Schmidt et al., 2004b).
Temperature and resources have been the most studied and correlated environmental
parameters for foraminifera shell size (e.g. Anderson et al., 1979; Schmidt, et al., 2004a; Davis
et al., 2013; Weinkauf & Waniek, 2016). Starvation causes size reduction and death, while
over-feeding leads to a shell size increase and shorter life-spam (e.g. Anderson et al., 1979,
Bé et al., 1981; Caron et al., 1983). Temperature has been strongly correlated with shell size,
with foraminifera species having their maximum size within their temperature optima (Hecht,
1976; Schmidt et al., 2004b). Foraminifera species react different to temperature changes. An
increase in temperature lead to a size decrease for polar species and size increase for
(sub)tropical species, while for other species, shell size shows no reaction to temperature
(Schmidt et al., 2004; Schmidt et al., 2006; Weinkauf & Waniek, 2016).

Other environmental parameters than temperature and resources, have been linked to
the shell size and weight like salinity and water density, light conditions, pH and calcite
saturation. In culture experiments, studies showed a reduction in foraminifera’s shell weight
with a [CO%‘] increase (Spero et al., 1997; Bijma et al., 1998; Russel et al., 2004; Lombard et
al., 2010). Paleorecord indicates different responses of planktonic foraminifera to changing
climates per region, stressing the influence of multiple environmental conditions on
calcification (e.g. Barker & Elderfield, 2002; Davis et al., 2013; Weinkauf & Waniek, 2016).
Some studies have suggested pCO; as the main driver of regulating planktonic foraminifera’s
shell weight (e.g. Barker and Elderfield, 2002; De Moel et al., 2009, Moy et al., 2009) while
others not, indicating that is a combination of multiple enviromental conditions and factors
(e.g. temperature, resources, sanility, seasonality, ambient seawater density, optimum
conditions) which influence planktonic foraminifera’s calcification rates (Davis et al.,2013;
Weinkauf & Waniek, 2016; Zarkogiannis et al., 2019 and refernces with in).

On a latitude scale, foraminifera’s shell size, is increasing from high to low latitudes, with
the biggest foraminifera shell sizes found in warm oligotrophic regions (Fig. 1.2b; Schmidt et
al., 2004b). Foraminifera’s size latitudinal distribution is reversed to other zooplankton groups,
where the biggest species can be found in high latitudes and the smallest ones in low latitudes
(e.g. Forster et al.,, 2012; Horne et al.,, 2015). A combination of high temperatures,
stratification, carbonate saturation and light density could explain why the larger foraminifera
shells are in subtropical and tropical habitats (Schmidt et al., 2004b). In high productivity

regions, such as upwelling areas and frontal areas, small species dominate probably due to
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the instability of environmental conditions as a result of high turbulences, storm events, mix
of different water masses, and depth changes (Schmidt et al., 2006).
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Figure 1.2: (a) Shell structure stages of non-spinose Globorotalia menardii from the prolocular
(top left) to the terminal stage (bottom right). Adapted after permission from Caromel et al., 2015. (b)
Plotted mean shell size per biographic regions against mean annual sea surface temperature (°C). Error
bars show the 95% confidence intervals and the line the linear regression (r=0.938, p= 0.006). Adapted
after permission from Schmidt et al., 2004b.

Calcification’s trade-offs have been related with cytoplasm’s growth and movements,
encounter rates and buoyancy but they are still not well quantified and qualified. | propose
that the main cost of shell and spines is the energy loss during their formation. Different
functionalities have been suggested for both the shell and the spines. As cytoplasm is growing
in parallel with the shell, the shell size indicates foraminifera’s optimum growth conditions.
Since shell size is positively correlated to gamete production (e.g. Caron & Bé, 1984;
Hemleben et al., 1987), shell size influences foraminifera’s life spam. Small species benefit
from shorter life cycles, while bigger ones from higher gamete production.

Protection from predation and pathogens (Armstrong and Brasier, 2005) has been
suggested as another trade-off of calcification but with little evidence (Schiebel and
Hemleben, 2017). Virus lysis on planktonic foraminifera are still unexplored. Some parasites
(sporozoans, dinoflagellate) have been documented to periodically be around the spines or
in the shell but their influence on foraminifera has not been studied in depth (Hemleben et
al., 1989). Bacteria have been found on foraminifera’s vacuoles but is still unknown if they
were pathogens or prey (Hemleben et al., 1989). No specific predator of planktonic foraminifera
has been identified yet. Planktonic foraminifera’s shells and spines have been found in gut or

pallets of some planktonic (e.g. salps, chaetognaths, euphausiids) or benthic (e.g. crabs,
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holothurians) organisms (Bradbury et al., 1971). This evidence though does not show selective
predation and could be accidental capture (Schiebel and Hemleben, 2017). Observations have
shown ciliates attacking unhealthy foraminifera, either on the cytoplasm while lysing from
the shell or inside the shell, but not when foraminifera are healthy (Spero, Bijma, Schiebel,
personal communication). Those observations indicate that under healthy conditions,
foraminifera could use their cytoplasm as a defense mechanism against predation, without
relying only on the shell. Foraminifera’s shell thickness can be considered as a potential
protection benefit, as shell’s handing and ingestion time from predators could be increased
with its thickness. The use of spines for protection is not established. Based on observations
on other marine spinose organisms, | propose that spines can provide an extra protection on
foraminifera by increasing their apparent size and by using the spines as an armor against
predation.

Spines functionality has been mainly related with prey interactions. Even if there is no
correlation between the shell size and the spines’ presence or absence, spines advantages
spinose species with a surface to volume ratio increment, a support for cytoplasm’s further
expansion from the shell, and for controlling active prey (Schiebel and Hemleben, 2017).
Gaskell et al (2019) estimated that, in situ conditions, spines increase the encounter area of
foraminifera up to three orders of magnitude, leading to larger surface area for food uptake
compare to the non-spinose species.

In the end, shell and spine have been related with foraminifera’s buoyancy. Planktonic
foraminifera are immotile organisms. They manage to stay on float using (fibrillar bodies),
lipids, their shell (size, shape, porosity) and spines (Schiebel and Hemleben, 2017; Gaskell et
al., 2019). Foraminifera’s shell shape and porosity are influenced by the water properties,
such as temperature and salinity. Shell’s negative buoyancy is balanced by the shell to
cytoplasm weight ratio, cytoplasm’s fibrillar bodies and lipid droplets (Schiebel and
Hemleben, 2017; Gaskell et al., 2019). For the spinose species, spines can also be used as a
buoyancy control (Gaskell et al., 2019 and references within).

The traits and trade-offs of foraminifera’s immotility have not been qualified or quantified.
The majority of plankton species sense their prey and predators from their movement signals
(Kigrboe, 2008). Following findings from other zooplankton groups, | propose that
foraminifera’s immotility comes with low successful encounter rates as the main cost and

protection and energy gain as the main benefits (Visser 2007). Planktonic foraminifera do not
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actively participate on vertical migration (Meilland et a., 2019). By not actively migrating,
planktonic foraminifera advantage from energy gain. Additionally, as they stay at a specific
depth range, foraminifera may benefit for capturing prey while they are migrating (Mortyn,
Schiebel, Bijma, personal communication). Plankton vertical migration has been related with
protection from predation, abiotic conditions (e.g. UV, seasonal changes on temperature),
reproduction and prey availability (REF). Since planktonic foraminifera does not migrate
vertically, they expose themselves to predators and environmental conditions. Stratification,
water mixing and turbidity caused by currents, winds and storms influence foraminifera’s
assembles, growth rates and depth distribution (e.g. Ottens, 1992; Schiebel et al., 2005; Storz
et al., 2009) and deep-water species rely on water currents for their seasonal migration to the
upper zone (e.g. Schiebel et al., 2002). Foraminifera’s vulnerability to water masses combined
with their immotility raises concerns on how foraminifera will react to future climate changes.

Planktonic foraminifera’s feeding strategy is a crucial behavioural trait for survival,
influencing their ecology and distribution. The amount and type of food (e.g. phytoplankton,
zooplankton) leads to different calcification and survival rates (Anderson et al., 1979; Spindler
et al., 1984). Starvation results in slower chamber formation and death, while overfeeding
causes higher growth rates of cytoplasm, shell formation and gametogenesis leading to
shorter life cycles (e.g. Anderson et al., 1979; Spindler et al., 1984). Field observations and
culture experiments suggest that foraminifera are opportunistic predators, feeding on a wide
range of different food types, such as algae, zooplankton and organic matter (e.g. Anderson
& Be, 1976; Anderson and Bé, 1976; Spinder et al., 1984; Anderson et al., 1979). As passive
ambush feeders, foraminifera extend their rhizopodia network to encounter prey (e.g.
Anderson and Bé, 1976). The diet of the prolocular stage is unknown; it has been suggested
that all species are herbivorous at that stage (Hemleben et al., 1989). From the juvenile stage
foraminifera are omnivorous with a more herbivorous or carnivorous diet depending on their
morphology (Hemleben et al., 1989).

Adult non-spinose species are omnivorous predators, with a mostly herbivorous diet (e.g.
Anderson et al., 1979; Hemleben, C., and Auras, 1984). Diatoms are their primary prey (e.g.
Spindler et al., 1984; Hemleben et al., 1985). Animal tissues from small alive zooplankton (e.g.
ciliates) or dead tissues have been found in adult non-spinose cytoplasm of

Neogloboquadrina dutertrei, P. obliquiloculata, G. inflata, G. hirsuta, Globorotalia
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truncatulinoides and Globorotalia menardii (Hemleben et al., 1977; Anderson et al., 1979;
Hemleben and Spindler, 1983).

Spinose is suggested to have a carnivorous diet with a contribution of phytoplankton (e.g.
Zucker, 1973; Bé, 1977). Globigerina bulloides and Hastigerina pelagica are the exception in
this pattern, as they are found to follow only an herbivorous and carnivorous diet
respectively. Field and culture observations have shown that spinose species encounter active
zooplankton prey with the use of their spines and rhizopodia. Spinose are opportunistic
predators, feeding within a wide size range, from small to larger than foraminifera itself, prey, like
copepods, other crustaceans and chaetognaths (e.g. Anderson, 1983; Spindler et al., 1984; Caron and
Bé, 1984). Foraminifera consume the prey tissues and the prey’s empty carapace is
subsequently discarded from the spines. In spite of the aforementioned observations, a more
detailed knowledge on planktonic foraminifera prey preferences is necessary for an in depth
understanding of the trophic dynamics between foraminifera and other organisms. This
would help us to understand how changes in prey composition influence planktonic
foraminifera biogeography in present, past and future climate conditions. Additionally to prey
preferences, foraminifera’s energy demands and abilities on predation are important for their
growth rates. The encounter and ingestion rates of planktonic foraminifera in their natural
environment are not well understood, especially for the non-spinose species. Caron and Bé
(1984) proposed that the spinose species G. sacculifer captures on average one copepod
every three days. Spinder et al. (1984) estimated that in culture, the ingestion varies between
foraminifera species and prey from 7 to 25 hours. Culture experiments have shown that H.
pelagica shows higher vitality with a prey encounter every three days and can survive without
food for 16 days (Anderson et al., 1979).

The differences in foraminifera’s diet impacts their biogeography. Spinose species are
dominant in oligotrophic areas probably due to their carnivorous diet which allows them to
survive in areas with low primary production and relative high abundance of copepods
(Moriarty and O’Brien, 2013). Non-spinose species have their low abundance in oligotrophic
areas with an increase of their abundance in environments with high phytoplankton density
like upwelling regions (Schiebel and Hemleben, 2017).

Besides prey preferences, the symbiotic relationship between planktonic foraminifera and
photosynthesizing algae (dinoflagellates or chrysophycophytes) is another important

physiological trait of planktonic foraminifera. Symbiosis in modern foraminifera is often
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associated with spines though some non-spinose species are symbiont-facultative (Takagi et
al., 2019). All spinose species except two (G. bulloides and H. pelagica, Schiebel and
Hemleben, 2017) have a symbiotic relationship. A few non-spinose species (G. menardii, G.
glutinata, N. dutertrei, G. inflata and P. obliquiloculata) have been described as symbiont-
facultative species as algae were found inside or around their shells (Hemleben et al., 1989;
Takagi et al., 2019). Symbionts appear after the formation of the second or third chamber (i.e.
juvenile stage) and they increase in number with foraminifera growth (Spero and Parker,
1985; Schiebel and Hemleben, 2017). During the day, algae cover the rhizopodia net which is
supported by spines to photosynthesize. At night symbionts stay inside the chambers with
the cytoplasm (e.g. Anderson and Bé, 1976b; LeKieffre et al., 2018). Culture experiments have
highlighted a strong influence of symbionts on shell size, gametogenesis and lifespan (Bé et
al., 1982) but our mechanistic understanding of the functionality of symbiosis is still very
limited. The main benefit has been suggested to be a nutrient exchange between foraminifera
and symbionts (Uhle et al., 1997; LeKieffre et al., 2018). Symbionts benefit from the nitrogen
release during prey digestion from foraminifera (Jgrgensen et al. 1985; Faber et al. 1988;
LeKieffre et al., 2018) and the photosynthetic activity of the symbionts enrich planktonic
foraminifera cytoplasm and liquid droplets with '3C during day and night (e.g. Anderson and
Bé, 1976; Uhle et al., 1997; LeKieffre et al., 2018). Symbionts can be used as prey under a
prolonged exposure to dark conditions (Hemleben et al., 1989) or as a potential source of
energy before gametogenesis if not lysed in the open ocean (e.g. Bé et al., 1983; Spero and
Parker, 1985; Takagi et al., 2016).

Symbionts’ light limitation has been suggested as symbiosis main cost (Caron et al., 1981).
Symbiont-bearing species distribute in the upper euphotic zone while symbiont-barren
species can also be found in the lower euphotic zone and in the deep waters (>2000 m,
Schiebel and Hemleben, 2017). Paleorecord has indicated that symbiosis is not a constant
condition, though bleaching events come with a cost on foraminifera’s shell size and
abundances (Edgar et al.,, 2013). Laboratory experiments confirm the ecological stress of
bleaching for modern species as well, with symbiont loss leading to smaller shell sizes and
earlier gametogenesis (Bé et al., 1982). Another potential suggested disadvantage of
symbiosis could be the blocking effect of symbionts to the cytoplasm around the shell

(Mortyn, Scheibel, personal communication), but no evidence has been found.
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1.3. Limitations to gathering mechanistic understanding of foraminifera traits

Planktonic foraminifera have been collected from the water column with the use of
plankton nets, seawater pumps and manually by scuba divers (Schiebel and Hemleben, 2017).
Nets and pumps are mostly applied for taxonomic and biogeochemical analysis, while small
Apstein nets and divers collect them for laboratory experiments (Schiebel and Hemleben,
2017). Due to foraminifera’s low standing stocks, plankton samples are post- filtered for
planktonic foraminifera individuals. Consequently, most of water column data report
absolute abundances but not the relative contribution of foraminifera to zooplankton
abundance. In addition, foraminifera’s low standing stocks generate an under sampling of
early developmental stages as nets with small mesh size (e.g. 45 um) are frequently clogged
by big phytoplankton (e.g. diatoms) and detrital particles. Seawater pumps are limited to
collecting surface water samples (usually 0 — 10 m), thereby excluding species from deeper
layers of euphotic zone (e.g. Schiebel et al., 2001; Field, 2004). Manual selection of individuals
from scuba divers is the method with the lowest impact on the individual, as divers detect
them and collect them with the use of glass jars. This method is commonly used in
oligotrophic regions with good visibility and for adult spinose species as they are more easily
spotted by eye. This sampling bias results in specimens collected for culturing at shell sizes
>60 um and limiting information on earlier life stages. In laboratory conditions foraminifera
can grow until their terminal stage of gametogenesis and gamete release. A second
generation cannot be cultured though, as the gametes to not fuse (Schiebel and Hemleben,
2017). Therefore, our understanding on the ecology of early life stages is poor.

Planktonic foraminifera are sensitive to culture conditions resulting in high death ratios.
Until now it has only been possible to successfully culture specimens by isolating individuals
into glass jars. Spinose species can float for longer period that non-spinose, which sink at the
bottom of the jar where they stay until they die. Attempts to study several individuals per jar
have failed. Spinose species die because of their spines’ entanglement and non-spinose due
to cannibalism (Hemleben et al., 1989). It is unknown if non-spinose cannibalise in a natural
habitat as in laboratory conditions. | propose that the chances of cannibalism in the sea are
very low due to foraminifera low standing stocks and the spatial distance from each other.

The most common feeding method in cultured foraminifera is a directly prey supply. For

the non-spinose species, the main food offered are phytoplankton. Studies have also provided
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copepods (dead and alive) to non-spinose species (G. truncatulinoides, G. hirsuta, G. inflata,
G. glutinata and P. obliquiloculata; e.g. Spinder et al., 1984; Anderson et al., 1979). The culture
output showed that an omnivory diet can support non-spinose growth, tissues of dead
animals can be digested but they are incapable of controlling active zooplankton with their
rhizopodia (Anderson et al., 1979). The position of cultured foraminifera on the bottom of the
jar reduces the rhizopodia network as it can only extend by 180°. In the ocean, non-spinose
species likely perform better when they encounter live zooplankton prey as the rhizopodia
network can extend more than in culture and control prey more effectively (Anderson et al.,
1979).

Spinose species prefer animal prey but they can complement their diet with phytoplankton
resulting in an opportunistic diet, depending on prey density (Anderson et al., 1979). For the
spinose species G. ruber, G. siphonifera, H. pleagica, G.sacculifer and O. universa, prey
preference for different copepod taxa (Calanoida, Cyclopoida, Harpacticoida) and encounter
rates (G. ruber had the minimum and G.sacculifer the highest) were found. Calanoidea had
higher encounter and ingestion rates than Cyclopoida despite that Cyclopoida are smaller. All
species, except O. universa, rejected Harpacticoida copepods (Spinder et al., 1984).

Notwithstanding the above observations, the energetic needs of planktonic foraminifera
for growth, calcification, motility and reproduction have not yet been quantified. | assume
that foraminifera can spend a significant amount of energy on calcification, similar to other
marine calcifiers like coccolithophores (e.g. ~ 30%; Monteiro et al., 2016) and benthic
molluscs (22 % - 50 %; Palmer, 1992). | propose that foraminifera’s energetic needs for
buoyancy are low compare to motile zooplankton, where their active metabolism can be
more than twice than their basal metabolism (lkeda, 1985). The energetic needs of
foraminifera’s gametogenesis are still unexplored. Studies have shown that copepods’
reproduction process is energy demanding, as species spent energy for actively searching for
their mates, for creating spermatophores, and carry their eggs when they do not release them
(e.g. (Kigrboe & Sabatini, 1994; Titelman et al., 2007; Kigrboe, 2008). Foraminifera
gametogenesis includes a formation of the last chamber, transformation of the cytoplasm
into gametes and drift to the pycnocline (Bé, 1980; Schiebel and Hemleben, 2017). In culture
conditions, species have been observed to stop feeding before the gametogenesis phase
begins. Some spinose could consume their symbionts while others release them with their

spines. The synchronisation of the whole population reproduction with the lunar cycle and in
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the specific water area (pycnocline), could be characterized as a successful strategy for a
population of low number to meet without spending energy on actively searching for mates
in a larger water area.

The use of trait theory for investigating foraminifera’s physiology, ecology and
biogeography is time needed. A trait-based model can be built based our knowledge from
species with similar traits with foraminifera (e.g. calcifiers, passive feeders) and test main
hypothesis for foraminifera’s trade-offs. This modelling exploration will also identify to the
experimental scientists what kind of observations are needed and bond modellers and

experientialist to find ways to solve or overcome field and laboratory limitations.

1.4. Modelling approaches to plankton ecology

Models have been applied for exploring plankton interactions since the middle of 20t
century (Malchow et al., 2001). They are a useful complementary method for understanding
the ecology of plankton, especially when in-situ and laboratory observations are limited.
Additionally, models have the advantage of going through field (e.g. high cost, weather
dependence) and culture (e.g. high cost, limit on how many species can be cultured separately
or together) limitations. Models can make predictions beyond the sampling domain and can
test different and complex hypothesis on longer timescale (past or future). However, models
only improve our understanding as they are not a real representation of the ocean, in
particular for a poorly understood, complex system as the marine ecosystem (Gruber and
Doney, 2009). The question about how realistic these models are given the complexity of
plankton communities has always been a challenge. As Neil Banas (2011) stated "natural
plankton communities are far more diverse than even a very complicated numerical model can
account for"; therefore, models can only provide a simple representation of plankton
community. Fleming (1939) and Riley (1946) built the first plankton model to describe marine
plankton dynamics. They simplified the relations between nutrient, phytoplankton, and
zooplankton (NPZ) assuming that phytoplankton take up dissolved nutrients and zooplankton
prey on phytoplankton. Subsequently, detritus was included in the NPZ models to improve
the quantification of nutrients flow in ecosystems (Edwards, 2001). NPZ(D) models can be
used for studying individuals, group of individuals, populations and food webs. NPZ(D) models

can be focusing on biological accepts of an organism or populations (e.g. physiology, predator
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prey interactions) only, or be ecosystem models and combine biological, physical or and
chemical components in zero-dimensional (0-D) to complex three-dimensional (3-D) ocean
models (Fennel and Neumman, 2004). The majority of the NPZ(D) models are empirical.
Empirical models describe the observed connections among organism(s) and their habitat
without exploring the reasons behind them (Flynn et al., 2015). The last decades a rise of
mechanistic models in marine science has been occurred (e.g. Follows and Dutkiewicz, 2011;
Ward et al., 2012; Record et al., 2013; Prowe et al., 2019). On the contrary with empirical
models, mechanistic models aim on understanding how the physiology of organisms is related
with their ecology and biogeography, and thus providing a mechanistic understanding on our
observations (Flynn et al., 2015). By highlighting the key elements of an organism physiology
with their habitat, mechanistic models are very important for studying the impact of changing
in climate conditions on organisms from species to food web level. Mechanistic models can
be plankton functional type models (PFTs), trait-based models and trait functional models.
In PFTs organism(s) are represented based on their functionality (e.g. autotrophs,
mixotrophs, heterotrophs, calcifiers, nitrogen fixing). PFTs models provide insights into
energy flow and ecosystem structure and improve our mechanistic understanding of plankton
communities (Follows and Dutkiewicz, 2011; Flynn et al., 2015). Trait-structure models
describe species, group of species and populations through individuals’ pre-defined trait (e.g.
feeding, competition, predation, reproduction) and associated trade-offs (Kigrboe, 2011;
Barton et al., 2013; Flynn et al., 2015; Kigrboe et al., 2018b). Trait- based models can examine
which traits lead to changes in ecological strategies and species survival under different
scenarios, providing mechanistic insights into distribution pattern or behaviour (e.g. Kigrboe
2011; Litchman et al., 2013; Kigrboe et al., 2018b). Trait-based models can be a very promising
tool for putting together the gained knowledge for different zooplankton groups and taxa,
since they are more flexible and can account for species that cannot be grown in culture. Trait-
based models can have a PFT structure where species are grouped based on their traits (e.g.
size) and their function (e.g. calcifiers). Trait-based functional group models can create strong
links between ecosystems and organisms and describe the main food web dynamics without
missing the key ecological traits of species or populations (McGill et al., 2006; Follows et al.,
2007; Andersen et al., 2016; Ward et al., 2012, 2018) with less complexity and computational
costs than species-specific models. The main disadvantage of trait-based functional group

models is the loss of species biodiversity, which can be important for trophic dynamics (ref).
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In addition, as traits as strong related to each other (Poof et al., 2006), trait-based approaches
which focus only in one or a few traits cannot fully capture the dynamic connection of species
with their environment and species trait plasticity resulting to potential miss-leading
predictions (Hamilton et al., 2019 and refences within).

Models reflect the lack of data and our inability to link many intra- and interspecies
interactions. For example, viral lysis is still difficult to quantify and in the models, viral lysis is
included as part of the mortality term (Brussaard, 2006; Mateus, 2017; Thamatrakoln et al.,
2019). This leads to a gap in our understanding how viruses interact with their plankton host
and only a small number of models have tried to investigate this relationship through a
mechanistic framework (Nicholas R. Record et al., 2016; Talmy et al., 2019). Similarly, the
representation of bacteria in the models is also poor. Bacteria are represented as
photosynthetic functional types in ecosystem models (e.g. Prochlorococcus and
Synechococcus; Follows et al., 2007) or decomposers (e.g. Blackford et al., 2004), but other
functions (e.g. pathogens) or roles (e.g. predation on other organisms) are still missing. A few
models include mixotrophy (e.g. Andersen et al., 2014; Ward & Follows, 2016) and only one
model account for different mixotrophic functionals types (Gongalves Leles et al., 2018).

From all plankton functional groups, autotrophic phytoplankton is the most well-
represented plankton group in the models. The ability of culture many phytoplankton
generations has supply us with a good level of understanding species physiology and ecology
(e.g. Maraion et al., 2013; Litchman & Klausmeier, 2015; Panci¢ & Kigrboe, 2018) compared
to other plankton organisms. This provides the necessary laboratory data combined with
satellite and field data for model validation. Even if zooplankton have a key position between
autotrophs and higher trophic food levels, they have limited representation in the models.
Typically, in plankton models, zooplankton act as a top down control for phytoplankton. For
the majority of the NPZ models, zooplankton is represented by a few groups, defined mostly
be size (e.g. one small size group for microzooplankton, one bigger size group for
metazooplankton). For the fish models, zooplankton is representing as a bottom up control
for fish growth (e.g. Heneghan et al., 2016 and references within). This end-to-end
misrepresentation of zooplankton raises concerns about the quality of the models’ outcomes,
especially for projecting future scenarios for marine ecosystem and fisheries production (Rose
et al., 2010; Heneghan et al., 2016). For example, Heneghan et al. (2016), with their modelling

study, highlighted the strong impact of zooplankton misrepresentation in fish models, on fish
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communities and ecosystem steady state. The lack of a mechanistic understanding of
zooplankton dynamics due to their complex life cycles, the high cost of field sampling and
culture challenges, the lack of studying interactions of many different species are the main
restrictions for improving zooplankton parameterization (Arhonditsis & Brett, 2004; Mitra,
2009) and model assessment (Flynn, 2005; Everett et al., 2017). Despite the above
restrictions, many models have improved zooplankton presentation within a mechanistic
framework (e.g. Record et al., 2013; Banas et al., 2016; Heneghan et al., 2016; Prowe et al.,
2012, 2018; Cadier et al., 2019).

Zooplankton growth in the models is described with a set of equations. The first NPZ(D)
models used the Lotka-Volterra equations for exploring the population dynamics. In the
Lotka-Volterra equations, the groups’ density depends only on growth and mortality loss,
assuming resource density as the only limitation for plankton growth. In subsequent
developments, the Lotka-Volterra equations were replaced mostly by the Holling type
equations. There are three Holling functions which have been used for describing plankton
population dynamics (Fig. 1.3). Holling type | is similar to Lotka- Volterra. Grazing has a linear
relationship with prey density with no saturation, suggesting that the predator either has a
rapid digestion or it can digest and graze in parallel. Holling type | best fits the behaviour of a
starved predator and short-term prey- predator interactions (Kigrboe, 2008). Holling type |
shows a decrease of grazing due to the time needed for ingestion and digestion and a
saturation state based on predator’s food capacity. In Holling type Ill, grazing has a sigmoidal
response at prey density. It decreases at low prey densities and increases with high prey
densities until it reaches the saturation state. This sigmoidal response represents the ‘learning
stage’ where predators adjust their searching, grazing and handling based on prey
characteristics (i.e. density, physiology). Kigrboe et al. (2018a) showed that many zooplankton
switch from H. type Il to type Il depending on prey density and size. Holling equations have
been modified to mathematically explore different feeding behaviours like passive (i.e.
predation depending on prey density) or active (i.e. active search for preferred prey) feeding
(e.g. Gentleman et al., 2003; Vallina et al., 2014). Terms to represent a prey refuge based on
prey characteristics (e.g. size, shape, defence mechanisms like toxins, shells) or density and
their influence on grazing have also been included (e.g. Gentleman et al., 2003). Exploring
different feeding behaviours and prey responses in modelling simulations is helpful for

improving the model’s behaviour, its outcome and our understanding of prey- predator
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interactions, plankton diversity and biogeography (e.g. Vallina et al., 2014; Prowe et al.,20123;
2018).
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Figure 1.3: Zooplankton grazing rate under Holling type I, Il and 1Il.
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1.5 Previous modelling approaches to planktonic foraminifera ecology

Despite a large effort on modelling planktic ecosystems, only few ecological models have
been developed to study planktonic foraminifera ecology: the model of Zari¢ et al. (2006)
(from now on Zari¢06), PLAFOM (Fraile et al., 2008; Fraile et al., 2009; Kretschmer et al., 2018)
and FORAMCLIM (Lombard et al., 2011; Roy et al., 2015). All these models are species specific
models. Zari¢c06 developed an empirical model which relates the global fluxes of eighteen
species with environmental conditions based on observations. PLAFOM model used field
observations to predict the influence of temperature (Fraile et al., 2008) and food availability
(Frail et al., 2009) on the global biogeography, seasonality and vertical distribution
(Kretschmer et al., 2018) of five species. PLAFOM represents predation as a fixed term in
foraminifera’s mortality rate and a resource competition among foraminifera species but not
with other zooplankton groups. What limited planktonic foraminifera in low stocks is still
unknown. The ecological interactions are important for species distribution and stocks, but
planktonic foraminifera’s intra- and interspecies dynamics are still not well understood. Rillo
et al (2019) found no interspecific competition among modern foraminifera species,
suggesting competition between distantly related clades and environmental conditions as
potential factors for regulating foraminifera abundances and biogeography. Following Rillo et
al (2019)’s suggestions, | propose the prey density and resource competition with other active
predators have a strong influence on planktonic foraminifera biogeography. FORAMCLIM
represents eight species of planktonic foraminifera and studies the influence of temperature,
food availability, light and climate change on growth rates and global distribution (Lombard
et al., 2011; Roy et al., 2015). FORACLIM does not include processes like predation and
resource competition. These models have provided important insights regarding the
interaction between planktonic foraminifera and their habitat. Their main limitation is that
are based on either empirical data (Zari¢ et al., 2006; Fraile 2008; 2009) or laboratory
information (Lombard et al., 2011; Roy et al., 2015) and thus limited to species in specific
environmental conditions (Roy et al., 2015). Trait-based models can improve our knowledge
of planktonic foraminifera ecology as they allow addressing of fundamental questions
surrounding the cost of growth across developmental stages, their position in marine food

webs and calcification.
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1.6 EcoGEnIE

EcoGEnIE is a new three-dimensional (3-D) trait-based ecosystem model (Ward et al.,
2018). | used EcoGENIE for modelling the global distribution of planktonic foraminifera for
present and future climate conditions (Chapters 3 and 4 respectively). Here | provide an
abstract description of EcoGEnlE, emphasizing on its strengths and limitations. For a more
detailed description of the model, the reader is referred to Ward et al (2018) and Mash et al
(2011) papers. EcoGEnIE is an Earth system model of Intermediate Complexity (EMIC) with a
plankton community. ECOGENIE has a uniform surface grid area with 36 x 36 horizontal grids
of a homogenous longitude resolution (10°), a varied latitude resolution (3.20 at the equator
to 19.20 near the poles) and 16 depth grids with non-uniform depth from the surface to 5000
m (Marsh et al., 2011). EcoGEnIE includes three components: C- GOLDSTEIN, BIOGEM and
ECOGEM (Ward et al., 2018).

The C-GOLDSTEIN represents the Earth physical properties with the GOLDSTEIN ocean
model, the 2-D atmospheric Energy-Moisture Balance Atmosphere model (EMBM) and the
thermodynamic sea-ice model (Mash et a., 2011). The ocean movement is represented with
geostrophic currents and the ocean mixing is parameterized through isopycnal and diapycnal
diffusivities (Marsh et al., 2011). C- GOLDSTEIN resolves the gyres but due to model’s low
resolution the physics and dynamics in equatorial, coastal regions, Mediterranean Sea and
Arctic are not well represented. Most specifically, the complex physics dynamics of
Mediterranean are not implemented in the model and Mediterranean Sea acts as a box in the
model, with some circulation coming through Gibraltar’s Strain. The Arctic circulation is
described with diffusion between the grids, AMOC act as a small pump through Davis Strait
around Greenland and there is no barotropic flow transport across the Indonesian
Archipelagos. Therefore, model’s projection for ice thickness and water circulation in the
Arctic is not reliable. The Gulf Stream is resolved as a gyre. The horizontal and vertical
transport of heat, salinity and tracers is through advection, convection and mixing (Marsh et
al., 2011).

The prognostic variables of atmosphere in the model, are the air temperature and
humidity (Marsh et al., 2011). The horizontal transport of temperature and moisture is
through winds and mixing (Marsh et al., 2011). The surface exchange of heat with land, ocean

and sea-ice is sensible to heat, planetary long radiation, moisture with precipitation,

23



Chapter 1. Introduction

evaporation and sublimation (Marsh et., 2011). Winds are not resolved in the model and the
wind force is fixed based on preindustrial observations. The lack of winds resolution in the
model, could add potential prognostic errors regarding ocean circulation, biological activity
and tracers’ transport, especially under constantly changes of climate conditions (e.g.
temperature). BIOGEM is the biogeochemical component of ECOGEnIE where the air—sea gas
exchange and transformations and redistribution of biogeochemical tracers in the ocean
occur (Ridgwell et al., 2007).

Light, nutrient (phosphorus, iron) and temperature are the limiting environmental factors
for biological activities. The plankton groups in the model are represented by a cell/body
diameter and their growth is based on allometric relationships and the principles of metabolic
theory (Brows et al., 2012). Plankton are modelled as organisms of spherical shape. Plankton
grow only in the first layer of the model (0-80.8 m depth) and vertical migration does not
occur in model yet. EcoGEnlE has two plankton functional types (PFTs), autotrophs
(phytoplankton) and heterotrophs (zooplankton), but model’s structure allows an
implementation of new FT such as calcifiers, silicafiers, and mixotrophs. Ward et al (2018)
included 16 plankton groups (8 phyto-, 8 zooplankton) but the user can decide the number of
plankton groups. Zooplankton grazing follows a Holling type Il response with a prey refuge
term and a “switching” term for active or passive predation. The plankton biomass is a result
of nutrient uptake, grazing gains and losses, mortality and respiration.

EcoGENIE is one of the few trait-based global ecosystem models to account for multiple
plankton groups. ECOGENIE’ s projections are in parallel with observations and theory. Species
coexistence and size are increasing from low to high productive regions in the model. The
modelled chlorophyll concertation and primary production are comparing well with
observations (Ward et al., 2018). Micro- and mesozooplankton biomass is within the global
biomass estimations (more details in Chapter 3) with an underestimation of mesozooplankton
distribution mostly in oligotrophic and polar regions. Model’s low resolution could be one
possible explanation for the miss presentation of mesozooplankton, especially in the poles. A
comparison with DarwinMIT, a high-resolution model, showed similar output with EcoGEnIE
in high latitudes (Ward et al., 2012), indicating that other reasons than resolution could be
responsible for the modelled mesozooplankton biogeography. Adding different body shapes
could improve mesozooplankton’s biogeography in the model. In addition, thermal tolerance

and diapause could eventually enhance the modelled seasonal and annual distribution of
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mesoplankton in the poles. In the end, vertical migration might improve group coexistence
and trophic dynamics in the model.

Overall, EcoGEnIE is an important tool for exploring plankton biogeography as with few
traits included it captures the main patterns, is user friendly and its structure allows the
implementation of more FT and traits. Depending on the research question, ECOGENIE’s low
resolution could be its biggest strength or limitation. ECOGEnIE is an ideal model for exploring
ecosystem dynamics, plankton biogeography and ecology for long time periods as its low
resolution allows to run simulations in less time than higher resolutions models and the
output is easy to handle. In addition, EcoGEnIE’s good performance makes it an ideal model
for testing new hypothesis on a global scale, such as the influence of new traits in plankton
ecology, trophic dynamics, biogeography and export production. EcoGEnIE is not preferable
for an in-depth study of coastal and high latitude regions due its resolution. Marsh et al (2011)
found a more realistic sea-ice distribution especially in Antarctica with higher resolution
versions of Genie, and the implementation of EcoGEnIE in a higher resolution version,

combined with polar traits could improve model’s projections for those regions.

1.7 Research objectives
The aim of the present thesis is a mechanistic approach on planktonic foraminifera ecology

and global distribution, under different climate conditions. To do so, | use three trait-based
models as my methods tools. Models can extrapolate field and culture observations to a
global scale and under different climate conditions. Trait- based models, can be applied for
modern and ancient species who share the same traits. A mechanistic approach to planktonic
foraminifera ecology could further improve our understanding of foraminifera role in the
ocean ecosystems and biogeochemical cycles for different time scales.

Planktonic foraminifera ecology reveals many traits, with most of them being unexplored
mainly due to laboratory limitations. | propose that the traits of reproduction, calcification
(shell/spine formation and size), feeding strategy and symbiosis are foraminifera’s most
important traits, with reproduction and calcification being the master traits. Since this is a
novel attempt of applying a trait-based approach on planktonic foraminifera, and considering
the knowledge gaps, here | am focusing only on the traits of calcification and feeding strategy
for exploring planktonic foraminifera’s ecology and global distribution. | chose those two

traits as they are important physiological and behavioural traits for foraminifera’s growth,
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trophic interactions and distribution. In addition to that, even if foraminifera’s calcification
and feeding behaviour are not well qualified and quantified yet, they are foraminifera’s most
studied traits. By combining knowledge from planktonic foraminifera and other organisms
with similar traits (e.g. calcifiers and passive feeders), trait-based approaches allow us to
investigate foraminifera’s calcification and feeding behaviour, with potential low levels of
uncertainty and prognostic errors.

As the cost and benefits of foraminifera’s calcification are not established, here |
attempted to explore the trade-offs following the defence theory and findings for other
marine calcifiers (e.g. REF; Monteiro et al., 2016). The defence theory suggests that protection
comes with a fitness cost (Herms & Mattson 1992; Harvell, 1990; Mole 1994). The fitness cost
can be expressed in different ways, like reduction in growth, delay in reproduction or
reproductive formation, disadvantages in resource competition (REF). Empirical knowledge
has been transferred to modelling approaches, where the defence mechanism can be
implemented in two ways: a reduction in growth rates representative of the energy loss or an
increase in half-saturation representative of the disadvantage in resource competition
(Ehrlich & Gaedke, 2018 and references with in). Since | focus on planktonic foraminifera’s
calcification energetic costs, calcification is represented with a reduction in growth rate,
following Monteiro’s et al (2016) approach.

Feeding is a crucial trait for foraminifera growth, survival and reproduction. Here | explore
how foraminifera’s passive ambush feeding strategy is linked with their ecology and
biogeography. To examine the influence of resource competition and predation on
foraminifera ecology and distribution, | studied planktonic foraminifera’s predator-prey
dynamics within two ecosystem structures, a food chain and a food web. This modelling
approach aims to deliver novel insights on foraminifera dynamics with other plankton groups,
an area which has been understudied mostly due to foraminifera’s low abundances.

| attempt to explore the calcification and feeding traits for two life stages of planktonic
foraminifera; an early (prolocular, 20 um) and an adult one (160 -190 um). Foraminifera
prolocular stage starts with an approximately diameter of 10- 20 um. Adult species vary in
diameter, from ~ 100 um up to 1400 um depending the environmental conditions (Schmidt
et al., 2004b). | chose to represent the prolocular with a shell diameter of 20 and the adult
stage with a diameter of 160 -190 um, a size representative of all adult foraminifera. Studying

the size as a trait by including the maximum size and growth of foraminifera is crucial for an
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holistic understanding of foraminifera ecology and distribution under different environmental
conditions. Studying the life cycle, requires a good level of understanding for the early life
stages and the pass to adulthood, knowledge which is unavailable for foraminifera. Therefore,
in order to reduce the high level of uncertainly for simulating foraminifera’s life cycle, | study
foraminifera’s prolocular and adult stages independently, without considering foraminifera’s
maximum size, development and growth rates from one stage to another.

The present study is consisted of four research objectives.

Objective 1: Develop the first zero-dimensional trait-based ecosystem model of planktonic
foraminifera.
| developed the first trait-based model of non-spinose planktonic foraminifera within a

simplified dynamical environment. In this objective, | am focusing on non-spinose symbiont-
barren species as they have fewer traits compared to spinose foraminifera (e.g. spines,
changes in diet between early and adult stages, symbiosis). Shell size, calcification and feeding
behaviour are the studied traits of non-spinose species. The model is setup as a chemostat-
like experiment (0-D). The model has one source of nutrients and fifty-one plankton groups
(autotrophs, heterotrophs, calcifiers heterotrophs), including two different life stages of non-
spinose based on their shell size: prolocular (20 um) and adult (160 um). Calcification is
represented in the model with the trade-offs of energy loss and protection. For both life
stages, non-spinose are described as passive herbivorous feeders. To investigate the role of
ecosystem dynamics to planktonic foraminifera biomass, | compared two ecosystem types; a
food chain and a food web. Nine different environments based on temperature and nutrient
concentration have been simulated for studying the effect of temperature and ecosystem
dynamics (resource competition and grazing pressure) on these two non-spinose life stages.

A detailed description of the model structure and output can be found in Chapter 2.

Objective 2: Investigate planktonic foraminifera’s biogeography and seasonality for the
modern ocean using a 3-D trait-based ecosystem model.
| developed ForamEcoGENIE, the first three-dimensional trait-based ecosystem model of

planktonic foraminifera. ForamEcoGENIE is built on EcoGEnlIE, a size-structure ecosystem
model (Ward et al., 2018), where planktonic foraminifera have been added as a new

zooplankton calcifying functional group. The ecosystem structure in ForamEcoGEnIE
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resembles the food web structure of the 0-D model from Objective 1. ForamEcoGEnIE has
been used to study the global biogeography and seasonality of adult non-spinose foraminifera
for the modern ocean. The model results were validated using a global dataset of abundance
observations from plankton tows and sediment traps. Chapter 3 covers ForamEcoGEnIE’s

description and output for this objective.

Objective 3: Investigate the changes in planktonic foraminifera biogeography in response
to future climate scenarios in a trait-based model.

Chapter 4 is focusing on the impact of global warming due to the increase of atmospheric
CO; concentrations on adult non-spinose global biogeography. Studies predict a mean global
sea surface temperature warming of more than 1°C by 2050 and up to 5.7°C by 2100 under
high-end RCP6 and RCP8.5 scenarios (IPCC, 2014). The output of ForamEcoGEnIE for
calcification cost and benefits under present conditions has been used for predicting future
foraminifera population. Chapter 4 presents the model predictions for marine ecosystems

under global warming based on RCP6 and RCP8.5 CO; emissions for 2050 and 2100.

Objective 4: Explore the sensitivity of feeding behaviour on the biogeography of adult non-
spinose and spinose non-symbiotic planktonic foraminifera.

Chapter 5 includes a first try to investigate the influence of different diets on adult
planktonic foraminifera’s biogeography. A herbivorous and carnivorous diet of non-spinose
and spinose forms have been explored with the use of the 0-D food web model (as detailed
in Chapter 2). Based on observations, carnivorous spinose can encounter prey within a wide
size range, from smaller to bigger than them (e.g., Anderson, 1983; Spindler et al., 1984). To
explore their optimum prey size, three different predator: prey ratios has been tested: 10:1,
1:1 and 1:2. In the model, a lower-half saturation constant has been applied to represent the

benefit of higher volume to size ratio due to spines.
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Chapter 2
A trait-based modelling approach to planktonic foraminifera ecology

This chapter has been published in Biogeosciences journal under the full citation:

Grigoratou, M., Monteiro, F. M., Schmidt, D. N., Wilson, J. D., Ward, B. A., & Ridgwell, A.: A
trait-based modelling approach to planktonic foraminifera ecology, Biogeosciences,
16(7), 1469-1492 https://doi.org/10.5194/bg-16-1469-2019, 2019

The chapter has minor changes compare to the published manuscript. Most specific, a
paragraph from the introduction regarding the previous modelling approaches on planktonic
foraminifera has been transferred to Chapter 1, section 1.5. The model description from the
appendix A is now part of the method section (section 2.2.1: "Model structure”). All co-
authors (F. Monteiro, D.N. Schmidt, J.D. Wilson, B. Ward and A. Ridgwell) provided assistance
with editing and advised on aspects of this work. Two referees gave insightful comments on

a previous version of the published manuscript. All work presented in this chapter is my own.

2.1 Introduction

Planktonic foraminifera as a group comprise 50 holoplanktonic heterotrophic protozoans
(Kucera, 2007). They are the most widely used zooplankton group to reconstruct past marine
environments, with proxies devised that are based on their abundance, assemblage
composition and/or physio-geochemical characteristic of their shell (e.g. Schmidt et al., 2003;
Schiebel and Hemleben, 2005). They are also the most important calcifying zooplankton
group, supplying between 23 % and 55 % of the total marine planktonic carbonate production
(Schiebel, 2002) and hence are a key contributor to the composition of marine sediments
(Schiebel and Hemleben, 2005).

In contrast to their high abundances in sediments, they tend to grow at very low
abundance in the ocean and never dominate the zooplankton community, representing less
than 5% of total microprotozooplankton abundance (Beers and Stewart, 1971). Based on
plankton tow observations, abundances range from 1lind.m-3 in blue waters to 20-
50ind.m-3 in oligo- and mesotrophic waters (Schiebel and Hemleben, 2005) and
>1000 ind. m-3 in polar regions (Carstens et al., 1997). Their global biomass in the water
column has been estimated to be between 0.002 and 0.0009 Pg C and their contribution to

global plankton biomass to be ~0.04 % (Buitenhuis et al., 2013).

29


https://doi.org/10.5194/bg-16-1469-2019

Chapter 2. A trait-based modelling approach to planktonic foraminifera ecology

Despite their importance in paleooceanography and modern biochemical oceanography,
our knowledge of planktonic foraminifera's physiology, development and ecology is limited
to a few observations. Planktonic foraminifera are difficult to grow in culture, and it has been
impossible to grow a next generation (Hemleben et al., 1989). Consequently, information
regarding the intra-species and inter-species competition, as well as a mechanistic
understanding of their physiology through their whole life cycle, is missing.

Trait-based approaches can be useful for improving our knowledge of planktonic
foraminifera ecology as they can address fundamental questions around the cost of growth
across developmental stages, their position in the global food webs and calcification. Trait-
based approaches provide mechanistic understanding of individuals, populations or
ecosystems, as they describe these systems from first principles by defining individuals' key
traits (e.g. size, feeding, reproduction) and associated trade-offs like energetic needs and
predation risks (e.g. Litchman and Klausmeier, 2008; Litchman et al., 2013; Barton et al., 2013;
Hébert et al., 2017; Kigrboe et al., 2018b). For example, body size is considered a master trait
for plankton, impacting many physiological and ecological aspects such as metabolic rates

(e.g. growth), diet, abundance, biomass and reproduction (e.g. Litchman et al., 2013).
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Figure 2.1. Schematic presentation of planktonic foraminifera traits and tradeoffs. The examined traits
of the present study are shown in red. The presentation of planktonic foraminifera’s traits was inspired
from the topology of zooplankton traits proposed by Litchman et al. (2013).
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Several traits and trade-offs have been identified for planktonic foraminifera, summarized
in Fig. 2.1. The size of planktonic foraminifera can be regarded as a “master” trait and can be
used as an indicator for environmental conditions that are optimal for growth (e.g. Caron et
al., 1982; Schmidt et al., 2004a). Planktonic foraminifera development is divided into five
stages, defined based on shell size and wall structure: prolocular, juvenile, neanic, adult and
terminal (gametogenesis) (Brummer et al., 1986, 1987). Their shell diameter ranges from
about 10 um for the prolocular life stage to more than 1250 um for the adult under optimal
conditions (Schmidt et al., 2004a). Planktonic foraminifera are considered to reach the adult
stage and subsequently be sexually mature when their shell size reaches around 100 pum
(Brummer et al., 1986; Caromel et al., 2016). Shell size increases from low to high latitudes
(Schmidt et al., 2003, 2004b) and is related to reproductive success (gametogenesis), as bigger
individuals release more gametes (e.g. Caron and Bé, 1984; Hemleben et al., 1989).
Temperature and food availability are suggested to be the main environmental factors which
regulate their size (e.g. Anderson et al., 1979; Spero et al., 1991; Caron et al., 1982; Schmidt
et al., 2004a), but a mechanistic understanding of the response of shell size to temperature
and food is missing.

Calcification is another important trait of planktonic foraminifera, relative to shell size, but
the costs and benefits of possessing a shell and the nature of the associated trade-off are not
well understood. Paleorecords indicate changes in size (Schmidt et al., 2004a), thickness
(Barker and Elderfield, 2002) and morphology of planktonic foraminifera shell as responses
to changing climates (Malmgren and Kennet, 1981; Norris, 1991). Determining the cost and
benefit of producing a shell is fundamental to quantifying the influence of climate change on
planktonic foraminifera ecology, distribution and carbonate production in the past, present
and future.

The feeding strategies of planktonic foraminifera are also an important trait as they are
crucial for survival and influence plankton community ecology. Planktonic foraminifera are
inactive organisms and passive feeders. They do not detect their prey but encounter them
while drifting, using a rhizopodia network which extends from their body (e.g. Anderson and
Bé, 1976). As planktonic foraminifera are typically collected for experimental work at sizes
>60 um and subsequently grown as individuals, information regarding the feeding behaviour
of the early (prolocular and juvenile) life stages, the cost and benefits of being inactive passive

feeders and interactions with other plankton is missing. It has been suggested that at the
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prolocular stage all species are herbivorous (Hemleben et al., 1989) and subsequently widen
their food sources. Field and laboratory observations suggest that spinose species use their
spines, which start growing during the neanic stage, to capture and control active zooplankton
prey, that are often larger than themselves (e.g. Anderson et al., 1979; Spindler et al., 1984).
Spinose species tend to be either omnivorous or carnivorous (Schiebel and Hemleben, 2017)
and many have developed a symbiotic relationship with photosynthesizing algae (Schiebel
and Hemleben, 2017) which allows them to be successful in oligotrophic areas. It has been
speculated that the higher abundance of spinose species compared to the non-spinose is the
result of their carnivorous diet, as oligotrophic areas are characterized by relative low
phytoplankton concentration but relative high abundance of copepods (Schiebel et al., 2004;
Moriarty and O'Brien, 2013). Non-spinose species are often omnivorous and herbivorous
(Anderson et al., 1979; Hemleben and Auras, 1984), with the ability to catch and feed on small
zooplankton or dead organic matter resulting in their maximum abundance in high-
productivity regions (Schiebel and Hemleben, 2017).

Trait-based models can supplement the physiological and ecological understanding of
foraminifera gained in the field and cultures (Fig. 2.1) to improve our understanding of
planktonic foraminifera ecology. Trait-based models have been successfully applied to
phytoplankton (e.g. Follows et al., 2007; Litchman and Klausmeier, 2008; Monteiro et al.,
2016) with little development and application on zooplankton (e.g. Banas, 2011; Maps et al.,
2011; Ward et al.,, 2012, 2014; Banas et al., 2016). However, until now, the modelling
approach on foraminifera ecology has only been based on the species-specific models Zari¢06,
PLAFOM and FORACLIM (Zari¢ et al., 2006; Fraile et al., 2008, 2009; Lombard et al., 2011; Roy
et al.,, 2015, for more details the reader is referred to Chapter 1, section 1.5 Modelling
approaches to planktonic foraminifera ecology). These models brought new information
regarding the influence of environmental conditions on foraminifera distribution but they
only apply to specific species and have been calibrated based on specific environmental
conditions.

Here, we describe the first trait-based generic model of planktonic foraminifera using body
size, calcification and feeding behaviour as key traits to investigate the mechanisms behind
planktonic foraminifera ecology. We focus on modelling non-symbiotic non-spinose species
because these species are predominantly herbivorous throughout their whole life and do not

develop spines and algal symbionts, all of which increase complexity and are not sufficiently
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constrained by basic physiological data. Our trait-based planktonic foraminifera model was
derived from the size-structured plankton models of Ward et al. (2012, 2014) which use cell
and body size as the ecophysiological trait to study the phytoplankton—zooplankton food web.
We investigate the energetic costs and benefits of calcification and their feeding behaviour
and resource competition with other zooplankters, as well as the environmental controls on
two different developmental stages. Model results assess and quantify the biotic and abiotic
factors influencing their physiology and ecology and the interactions of planktonic

foraminifera with phytoplankton and other zooplankton, as well as their environment.
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Figure 2.2.: Schematic description of the two model versions of the size-trait-based model of
planktonic foraminifera: (a) food chain; and (b) food web (adopted with permission from Ward et al.,
2012). Note that the figure does not present the accurate position of the planktonic foraminifera size
group ran in the model but a generic position for illustrate how they interact with the rest of the
plankton community. (c) lllustration of the prey palatability of one herbivorous predator (160 um size)
with phytoplankton prey groups. Size specialist predator (present in the food chain version) is
characterised by standard deviation (o) equal to 0.0001. Size generalist predator (present in the food
web version) is characterised by 0 > 0.5.
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2.2 Methods

2.2.1 Model structure

Our model represents a chemostat experiment in a zero-dimensional (0-D) setting. It
accounts for one source of nutrients (here defined as nitrates, NO3) and 51 generic
phytoplankton (autotrophs) and zooplankton (heterotrophs) size classes from pico- to
mesoplankton (Sieburth et al., 1978). The model parameters and symbols are defined in
Tables 2.1 and 2.2.

The nutrient availability (N) depends on the input nutrient concentration (N,) interpreted
as either a nutrient-rich vertical source of nutrient (typical of high-productivity regions) or a
less-rich horizontally advective nutrient source (typical of oligotrophic gyres), dilution rate k
and phytoplankton uptake (Eq. (2)). We investigated a range of N, values (0-5 mmol N m3)
to account for a range of different nutrient regimes, from oligotrophic to eutrophic (Ward et

al., 2014).

dN
- = K (No —N) — ZI Pgrowth,ij (2)

jphyto =1
Environmental variables
The model accounts for two environmental variables influencing plankton growth: light
and temperature. Light limitation (li) is represented as a fixed parameter set to 0.1 (equivalent
to 90 % of light limitation; Ward et al., 2014). The influence of temperature on plankton
metabolic rates (yr) is represented by an Arrhenius-like equation (Eq. (3)), with (T.¢) the
reference temperature at which yp=1is 293.15 K (20 oC), (T) the ambient temperature of the

water (K) and (R) the temperature sensitivity of plankton growth rate.

YT e eR(T_Tref) (3)

We tested three ambient water temperatures (T): 10, 20 and 30 oC, characteristic of subpolar,
subtropical and tropical regions respectively. Temperature limitation (yt) has a proportionate

impact on both phytoplankton and zooplankton growth (Egs. (4), (6)).
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Table 2.1. Model parameters (Ward et al., 2014 and references with in).

Parameter Symbol Value or formula Units
Temperature sensitivity R 0.05 -

Deep N concentration Ny Variable (0-5) mmol N m~3
Chemostat mixing rate K 0.01 day™*
Light limitation li 0.1 -

Optimal predator: prey length ratio Oopt  10.0 -

Standard deviation of log;,(0) o 0.001%, 0.5?, 0.6°, 0.8¢, 1¢ -

Total prey half- saturation Kjprea 0.1501 mmol N m™3
Assimilation efficiency A 0.7 -

Prey refuge parameter A 1 mmol N m3
Phytoplankton mortality mp 0.02 day~?!
Zooplankton mortality (food web) m, 0.02 day~?!
Zooplankton mortality (food chain) m, 0.05v~0-16 day !
Maximum phytoplankton growth P V' AQ dav-1
rate at 20°C Hmax yhax qiuax . pmaxgmin AQ y

Half- saturation for phytoplankton P Kno, Qrﬁlﬂn AQ

-3
growth Kn VIEE QR+ PR AQ mmol N m
Calcification energy penalty Calgpst O-1 -
Calcification protection (background

mortality) Calmore  0-1 i

Calcification protection (predation) Calyror 0-1 -
*: value for the simple food chain, : zooplankton and prolocular stage of planktonic foraminifera, ®: adult stage
of planktonic foraminifera for meso- and eutrophic ecosystems, ©¢: adult stage of planktonic foraminifera for
oligotrophic ecosystem of 20°C and 30°C respectively.

Table 2.2. Size- dependent parameters (adapted from Ward et al., 2012, see references within).
Coefficients a and b are used in the power-law function that assigns parameters as a function of
plankton cell volume p = aVP.

Parameter Symbol a b Units

Maximum photosynthetic rate P niorococcus 1.0 0.15 day~1

P(Iil,lsg/)gqechococcus 14 -0.15 day™?!

P other 2.1 -0.15 day~!

Pgl(fi)a(ltoms 3.8 -0.15 day‘1

Maximum nitrogen uptake rate VO 0.51 -.027 day™!
zzzi(a)plankton minimum - N Quim 0.07 -0.17 mmol N (mmol C)™?
EE\O/'inlankton maximum - N QN 0.25 -0.13 mmol N (mmol C)~!

Maximum grazing rate Gmax 21.9 -0.16 day~!
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Plankton size groups

We selected plankton cell sizes in the model so that the volume of each plankton doubles
from one class to another similar to Ward et al. (2014). We set up the model to have 6 pico-
(0.6-2.0 um), 10 nano- (2.6—20 um) and 9 microplankton groups (25-160 um) for the
phytoplankton and 6 nano- (6—20 um), 10 micro- (26-200 um) and 9 (250-1600 pum)

mesozooplankton groups for the zooplankton.

Phytoplankton growth
P