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ABSTRACT
FACULTY OF NATURAL AND ENVIRONMENTAL SCIENCES

SCHOOL OF OCEAN AND EARTH SCIENCE

Thesis for the degree of Doctor of Philosophy

PROBING RATES OF GROWTH AND MORTALITY IN NATURAL
COCCOLITHOPHORE POPULATIONS

Kyle Michael James Mayers

Coccolithophores are biogeochemically important components of marine phytoplankton
communities through the intracellular production and subsequent export of calcium
carbonate scales, termed coccoliths. The species Emiliania huxleyi is considered the most
cosmopolitan and dominant coccolithophore in the modern ocean, having the ability to
form extensive blooms. A hypothesis for the evolution and function of coccoliths, as well
as for how E. huxleyi can form large-scale blooms, is that the presence of coccoliths
provides protection against microzooplankton grazers. This thesis sets out to directly test

this hypothesis using several lines of evidence.

In this thesis, | show how gradients in nutrients and irradiance control coccolithophore
biogeography on spatial and seasonal scales, provide evidence that microzooplankton
grazers exert strong controls over coccolithophore populations. | also show that the
possession of calcium carbonate coccoliths does not provide a protective function against
microzooplankton ingestion of E. huxleyi, when grazing rates are compared with other
similarly sized, but non-calcified, phytoplankton groups. | also observed no negative
impact on community grazing rates by microzooplankton when E. huxleyi was dominant

within the phytoplankton community.

Although coccoliths do not appear to prevent ingestion of coccolithophores by
microzooplankton, evidence is presented that rather the coccoliths may protect the
organic cell from dissolution within the vacuole of microzooplankton grazers. Overall, this
thesis provides a greater understanding of the role of microzooplankton in coccolithophore
growth and mortality. Microzooplankton grazing could also reduce the export of calcite to
depth, particularly if dissolution occurs within vacuoles, leading to enhanced CO, recycling

within the upper ocean.
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Chapter 2

Chapter 1. General Introduction

1.1 Phytoplankton

Phytoplankton are maostly single celled plants that drift with the currents of marine and
freshwater system. These organisms constitute the base of aquatic food webs. Through
the process of photosynthesis, they convert sunlight and CO; into organic carbon. This
process also produces oxygen, with oceanic phytoplankton estimated to produce ~50% of
the world’s oxygen, as well as half of the carbon fixed by global primary production
(Falkowski & Raven, 2007). This organic carbon can be transferred to depth, through a
process known as the biological carbon pump (BCP) (Boyd and Trull, 2007; Sigman and
Boyle, 2000), where sinking particles are removed from the sunlit surface layers into the
deep ocean. Dissolved organic carbon (DOC) released from phytoplankton through
growth and mortality processes can be converted to recalcitrant organic matter, which is
also exported to depth (Jiao et al., 2010).

Being at the base of the marine food web, phytoplankton are a food source for larger
predators, known as zooplankton, these in turn provide a food source for fish, and finally
this becomes food for larger marine animals. Phytoplankton also play important roles in
the cycling of inorganic nutrients, such as nitrogen and phosphorus. This is achieved via
uptake of nutrients for growth and subsequent release through cellular processes and
mortality. The populations of phytoplankton are regulated by biotic and abiotic factors,
both of which can affect growth and mortality rates.

1.2 The marine food web

The transfer of material from primary producers to higher organisms occurs along the
marine food web. There are three ways an organism can obtain energy and nutrition
(termed trophic strategy). These are:

1. Autotrophy: the process of synthesising organic carbon from inorganic sources
using energy from sunlight (photo-autotrophy) or from oxidising inorganic
compounds (chemo-autotrophy).

2. Heterotrophy: the process of gaining energy through the uptake of organic matter
as dissolved organic matter (DOM, osmotrophy) or ingestion of particles
(phagotrophy).

3. Mixotrophy: a mixture of the strategies above. Multiple definitions of mixotrophy
have been proposed, and species exist along a continuum from nearly pure

autotrophy to pure heterotrophy (Sanders, 1991, Stoecker et al., 2017). Mixotrophy
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Chapter 1:

can include ingestion of chloroplasts and utilisation for photoautotrophy

(kleptoplastidy) or the ingestion of bacteria (bacterivory) as an energy source.

T Mesozooplankton

| B ,/

_ \

Diatoms

>200

200 =

Size (um)

20 =

Heterotrophic . \
5 - nanoflagellates 4 %g .

; s
’
% ~—-
o %2
-

L ¥
ﬁ\ (=0 Bacteria

02 -

Figure 1.1 Food web diagram showing the different modes of trophic transfer.
Photosynthesis is shown by green circles; photoheterotrophy is shown by the pink circle
in bacterioplankton. Solid arrows indicate ingestion of prey by heterotrophs and dashed
lines by mixotrophs. Figure adapted from Stoecker et al., 2017.

A generalised food web diagram is displayed in Fig 1.1, showing the various pathways by
which energy and nutrients can move through the marine environment. Regional
differences in marine food webs exist due to the composition of the phyto- and
zooplankton communities, which can be affected by the physiochemical characteristics.

Diatom-dominated ecosystems generally have shorter food webs, and higher faecal pellet
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production by copepods favouring vertical export of carbon (Henson et al., 2012).
Whereas, a longer microbial food web, with smaller autotrophs and many linkages to
copepods is expected to allow more organic carbon to be remineralized in the euphotic
zone, reducing vertical export (Henson et al., 2012).

1.3  Phytoplankton groups

Phytoplankton are diverse in size, shape and extracellular coatings. They are commonly
divided into size categories, of picophytoplankton (0.2-2 um), hanophytoplankton (2-20
pum ) and microplankton (>20 um ) (Fig 1.2) (Finkel et al., 2010).

4
<y .
R
Y N
fish orca Manhattan

Figure 1.2 Comparison of phytoplankton size ranges (maximum linear dimension)

relative to macroscopic objects (taken from Finkel et al., 2010).

As this thesis focuses on the phytoplankton group, the coccolithophores, we will present a
short overview of other components of marine communities, before focusing deeper into

the coccolithophores.

Picoplankton (0.2 - 2 um) can be sub-divided into prokaryotes (cyanobacteria and
bacteria) and pico-eukaryotes. Cyanobacteria are photosynthetic prokaryotes, the primary
constituents of this group within the oceans are Prochlorococcus (PRO), Synechococcus
(SYN) and the filamentous Trichodesmium. Within the ocean, PRO and SYN appear to
occupy different ecological niches, with PRO primarily being found in oligotrophic open
waters, and extending deeper in the water column than SYN (Chisholm et al., 1988,
Campbell et al., 1994). Pico-eukaryotes have been demonstrated as important
components of the phytoplankton in oligotrophic (Ishizaka et al., 1997), coastal (Not et al.,
2004) and Arctic environments (Lovejoy et al., 2007). It has also been shown that an
increase in pico-eukaryote abundance can precede the spring diatom bloom in Norwegian

coastal waters (Larsen et al., 2004). Being a small size (0.2 - 2um), picoplankton are prey
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species for small heterotrophic nano-flagellates (HNFs) and protistian grazers (e.g.
ciliates) (Christaki et al., 1999; Evans et al., 2003).

Nanoplankton (2 — 20 um) are observed to dominate in a large number of marine

environments, believed to be due to a balance between the trade-offs related to nutrient
requirements, acquisition, and use (Marafién, 2015). Nanoplankton represent a diverse
range of taxa, including biomineralised and non-biomineralised forms. Common groups

within the nanoplankton include diatoms, haptophytes, chlorophytes and cryptophytes.

Diatoms are purely autotrophic phytoplankton with a casing surrounding them made up of
biogenic silica (known as a frustule) (Fig 1.3); they are unicellular but are able to form long
chains. Diatoms can range in size from small (2 - 4 um, e.g. Minidiscus sp.) to large forms
(> 50 um, e.g. Thalassiosira sp.), with diatom chains sometimes being up to 2 mm long.
Diatoms are responsible for up to 20% of global CO; fixation (e.g., Nelson et al., 1995)
and are found in all oceanographic regions. Spring blooms are thought to typically
comprise larger diatom species (Guillard & Kilham, 1977), however the role of nano-sized
diatoms within spring bloom conditions (Leblanc et al., 2018) has also been highlighted.
Diatoms are believed to be the first phytoplankton group to bloom at temperate latitudes
when irradiance increases (Margalef, 1978), which then follows an ecological succession
to coccolithophores and dinoflagellates. Although enhanced biomass of picoeukaryotes
has been observed to precede spring diatom blooms (Larsen et al., 2004). The silica
frustules can contribute towards the sinking of organic matter out of the euphotic zone due
to a ballasting effect (Dugdale et al., 1995), and thus typical diatom spring blooms can be

important times of carbon export due to these organisms.

Haptophytes are a unique group of algae that differ from other eukaryotes due to the
possession of a flagellum like organelle known as the haptonema during part of their life-
cycle. Another unique feature is seen in the coccolithophores (the Calcihaptophycideae
clade) which possess an exoskeleton of calcium carbonate (see below). Molecular
evidence has suggested haptophytes originated ~824 million years ago (1,031 - 637 Ma),
with the ability to calcify being between 329 — 291 million years ago (Liu et al., 2010),
which is earlier than suggested by fossil evidence (~185 Ma, Bown, 1998). One of the
most abundant coccolithophores, Emiliania huxleyi only appeared in the fossil record
relatively recently (291,000 years ago; Raffi et al., 2006)). Haptophytes are globally
distributed and include a number of bloom-forming species, such as Prymnesium parvum,
Phaeocystis globosa, Haptolina (formerly Chrysochromulina) hirta, and E. huxleyi. They
have been observed to numerically constitute 2.5 to 65% of nano-phytoplankton cells
(Estep and Maclintyre 1989, Hajdu et al., 1996). Some members are toxic (e.g. P. parvum)
(Roelke et al., 2011) and many are believed to be mixotrophic (Anderson et al., 2017;

Skovgaard et al., 2003; Unrein et al., 2014), indeed this has been a proposed function of
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the haptonema (Kawachi et al., 1991). This grazing function gives haptophytes the dual

role of grazers and prey within marine systems.

Figure 1.3. Different diatom species (unidentified) sampled from the Celtic Sea in April
2015 and Iceland Basin, in June 2015. Red scale bar = 2 um.

1.4  Micro- and mesozooplankton

Microzooplankton are eukaryotic protists between 20 to 200 pum, they can be autotrophic,
heterotrophic or mixotrophic in their mode of nutrition and include the dinoflagellates,
ciliates, rotifers, and some nauplii stages of mesozooplankton organisms (Gifford, 1988)
(Fig 1.4). Microzooplankton are important consumers of phytoplankton in all oceanic
regions studied, ingesting on average 64 to 67% of primary production per day (Calbet
and Landry, 2004; C. Schmoker et al., 2013). Both dinoflagellates and ciliates have been
shown to have growth rates close to their prey species (Franzé and Lavrentyev, 2014),

suggesting they are important regulators of certain phytoplankton biomass.
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Dinoflagellates are a broad class of planktonic organisms, all capable of motility through
the possession of flagellum (“dinoflagellate” literally means “whirling whip”).
Dinoflagellates represent the end of the Margalef continuum (highly stratified and low
nutrient conditions) (Margalef, 1978), and in temperate latitudes they are usually observed
to dominate phytoplankton biomass during summer months and early Autumn
(Widdicombe et al., 2010). Certain dinoflagellates are capable of forming blooms, some of
which are toxic (e.g. red tide) (Horner et al., 1997), and there are some dinoflagellates
capable of bioluminescence (e.g. Noctiluca scintillans) (Haddock et al., 2010; Valiadi and

Iglesias-Rodriguez, 2013).

Figure 1.4. Microzooplankton images, Strombidium sp. (ciliate, a), Mesodinium rubrum
(ciliate, b) from the Celtic Sea, April 2015, Ceratium sp., dinoflagellate (image courtesy
of Elizabeth Harvey, Skidaway Institute for Oceanography, c), loricated ciliate with a
coccolith coated lorica (image from Mikrotax.org, d). Red scale bar = 20 um.

Dinoflagellates are particularly important grazers of phytoplankton, having the ability to
graze on bacteria, other dinoflagellates and heterotrophic protists (Hansen et al., 1996;
Harvey et al., 2015; Jeong et al., 2010). In fact, some dinoflagellates have been observed
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to paralyse and consume metazoan prey (Berge et al., 2012). There are three main
mechanisms of dinoflagellate feeding, with implications for the size of prey consumed: 1)
direct engulfment of prey; 2) Peduncle feeding (extendable organelle which acts like a
straw); 3) pallium feeding (a delicate feeding veil which surrounds prey and digestive
enzymes are secreted by the pallium) (Jeong et al., 2010). Some species of
dinoflagellates have been shown to use two different feeding modes depending on the
size of the prey encountered (Berge et al., 2008). It has also been demonstrated that
dinoflagellates can better withstand periods of starvation than ciliates (Jakobsen and
Hansen, 1997), with some studies showing survival after more than 10 days of starvation

in dinoflagellates (Anderson and Menden-Deuer, 2016).

Ciliates contain over 8000 different species (Lynn, 2008) with many different subclasses
found within the marine environment. One of the smallest groups of ciliates include the
scutiociliates (e.g. Uronema sp.), which are voracious grazers of bacteria, cyanobacteria
and small picoeukaryotes (Christaki et al., 1999; Schaafsma and Peperzak, 2013).
Oligotrich ciliates are common in the marine environment and graze on cyanobacteria
(Christaki et al., 1999), coccolithophores (Strom and Bright, 2009), dinoflagellates and
cryptophytes (Gifford, 1985).

Tintinnids are a type of ciliate, which are able to accumulate mineral particles on their
lorica (a shell-like protective outer covering). The mineral particles on the lorica can be
inorganic particles, as well as the biominerals from coccolithophores (Takahashi and Ling,
1984; Winter et al., 1986) and diatoms (Armbrecht et al., 2017). Although it cannot be
concluded whether the coccoliths or frustules accumulate due to grazing or direct
incorporation from the environment. Tintinnids were observed to have a mean digestion
time in the ctenophore Mnemiopsis leidyii of ~30 minutes, compared to ~1.4 minutes of
aloricated ciliates (Sullivan, 2010), suggesting the lorica may provide protection against
digestion by grazers. Many experimental observations using molecular, cellular and
pigment-based markers, and idealised food web models have shown that copepods prefer
ciliates and large diatoms over small autotrophs as a food source (Larsen et al., 2015;
Nejstgaard et al., 2001, 1997; Ray et al., 2016; Saiz and Calbet, 2007).

Mesozooplankton (> 200 um), in particular copepods are estimated to consume 10 to 40%
of primary production (Calbet, 2001). The most substantial component of copepod diets
has been shown to be microzooplankton (Fileman et al., 2007; Nejstgaard et al., 1997).
For example, even when microzooplankton constituted 3% of total carbon, they made up
41% of the copepods diet (Gifford and Dagg, 1988).

Mesozooplankton are unable to synthesise essential polyunsaturated fatty acids (PUFAS),

so they must obtain them from algal prey, along with other lipid compounds (e.g. sterols).
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Heterotrophic dinoflagellates (e.g. Oxyrrhis marina) has been shown to enhance the
biochemical “quality” from algal prey, a process known as trophic upgrading (Klein
Breteler et al., 1999). However, in a study of the marine ciliate Strombidium sulcatum, no
evidence for trophic upgrading was seen (Klein Breteler et al., 2004) which may have
implications for higher trophic levels.

1.5 Coccolithophores

Coccolithophores are a group of nhanoeukaryotes with size ranges from 2 to 20 um (Young
et al., 2003). They are a member of the haptophyte clade of algae, and are believed to
have evolved the ability to calcify and diverged between 321 to 291 million years ago (Liu
et al., 2010). Coccolithophores produce an exoskeleton made up of calcium carbonate
plates, termed coccoliths. These interlock around a cell to produce a variety of different
morphologies (Young, 2003) (Fig 1.5). The production of coccoliths occurs within an
intracellular vesicle and is then extruded onto the outside of the cell (Young & Henriksen,
2003). This group of organisms is responsible for ~10 to 40% of marine primary
production (Poulton et al., 2007) and potentially a large proportion of pelagic calcium
carbonate production and export (Broecker and Clark, 2009). As a particularly dense
material, calcite sinks rapidly, and when associated with other particles can actually
ballast material to the deep ocean, enhancing the BCP (Balch et al., 2016; Klaas and
Archer, 2002). Although, only ~9% of pelagic produced calcite is estimated to be
preserved in sediments (Balch, 2018), suggesting there is high dissolution within the water
column. Calcification produces CO; as a by-product, and this process has been termed
the calcium carbonate counter pump, as high abundances of coccolithophores can
enhance CO; emissions, compared with non-calcite producing phytoplankton (Rost and
Riebesell, 2004). Coccolithophores are also important producers of the gas dimethyl
sulphide (DMS) through the production of the precursor molecule dimethylsulphide-
proprionate (DMSP) (Malin et al., 1993), thus playing important roles in oceanic sulphur

cycling (Fig 1.6).

The production of DMSP, and subsequent cleavage to dimethylsulphide (DMS) and
acrylate within the marine environment has been proposed to play a number of roles in
coccolithophore ecology, including; as an antioxidant, an osmolyte (assisting in the
regulation of cellular osmolarity) and a possible chemical deterrent against grazers
(Sunda et al., 2002; Archer et al., 2001). However, DMS has been observed in the
laboratory to act as a chemoattractant to possible microzooplankton grazers (Seymour et
al., 2010; Breckels et al., 2011) suggesting this compound could act to increase the
predator-prey encounter radius. Although a link between cellular DMSP-content and

grazing pressure by heterotrophic dinoflagellates was not found between different E.

22



Chapter 2

huxleyi strains (Harvey et al., 2015; Strom et al., 2017). In addition, in natural
communities, a difference in growth rates of DMSP-containing algae was observed, but
not in microzooplankton grazing rates (Salo et al., 2010), suggesting a complex
relationship between the chemical ecology of coccolithophores and predation.

Coccolithophores comprise, on average, ~10% of carbon biomass in the ocean, however
during large bloom events this can be up to 40% of local carbon fixation (Mayers et al.,
2018; Poulton et al., 2013). Coccolithophores follow a succession of phytoplankton along
environmental gradients of decreasing nutrients and increasing water column stabilisation
(Margalef, 1978; Balch, 2004, 2018). Different coccolithophore species have been
observed to show separate ecological niches within marine environments, across spatial
and temporal scales (Charalampopoulou et al., 2011, 2016; Poulton et al., 2017a; Smith
et al., 2017). In general, coccolithophores are believed to occupy one of four niches: 1)
bloom-forming species in coastal and upwelling waters; 2) oligotrophic, blue-water sites in
subtropical latitudes; 3) deep dwelling (150 — 200m) species in stratified low to mid
latitude waters; and 4) rarer species other than those in the first three (Young, 1994).
Recently, Poulton et al. (2017) used morphological measurements of coccolithophore
populations across the Atlantic Ocean to characterise tropical and sub-tropical species.
Patterns were strongly influenced by vertical, rather than horizontal gradients, including
some species within the sub-euphotic zone, suggesting some coccolithophore species

can be mixotrophic (Poulton et al., 2017a; von Dassow et al., 2009).
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Figure 1.5. Coccolithophore species identified within this thesis. Calciopappus caudatus
(a), Calciosolenia sp. (b), Syracosphaera sp. (c), Gephyrocapsa muellerae (d),
Holococcolithophore (unidentified species) (e), Ophiaster sp. (f), Emiliania huxleyi (g),
Coccolithus pelagicus (h) and Coronasphaera mediterranea collapsed coccosphere (i).

Red scale bar =2 pum.

Within coastal and shelf environments, coccolithophores show the highest abundance
during summer months, as observed through cell counts and satellite data (Iglesias-
Rodriguez et al., 2002; Smyth et al., 2004; Widdicombe et al., 2010). Within the
Mediterranean sea, the highest abundance of coccolithophores is between December and
February, during the winter mixing event with a secondary peak in May to June (Cerino et
al., 2017a). The peaks are representative of different species, in the winter Emiliania

huxleyi, and in late spring lightly calcified Syracosphaera spp. and holococcolithophores
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(HOLs). HOLs represent a haploid life stage of particular coccolithophore species (Geisen
et al., 2004). It has been suggested that this life stage exists to allow an adaptation to a
wider range of environmental conditions (Houdan et al., 2006), such as seasonal changes
(e.g. low nutrients, high temperature) (D’Amario et al., 2017) or strong vertical gradients
(e.g. low nutrients-high light, high nutrients-low light) (Cros and Estrada, 2013; Poulton et
al., 2017a). A greater understanding of environmental drivers of coccolithophore
populations across both spatial and seasonal scales is required to better understand
coccolithophore biogeography. Particularly in continental shelf regions, where the most
intense coccolithophore blooms are often observed (Iglesias-Rodriquez et al., 2002;
Tyrrell & Merico, 2004). Within chapter 2, | will quantify the vertical, horizontal and
seasonal distribution of coccolithophores within the north-west European Shelf, and using
multivariate statistics, analyse for associations between different species and

environmental variables.
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Figure 1.6. lllustration of the role that coccolithophores play in ocean carbon cycling.
Figure is taken from de Vargas et al., 2007. ACD = aragonite compensation depth, CCD
= calcite compensation depth (depth at which aragonite and calcite are undersaturated
in the water column respectively and dissolution occurs below this regions).

The main bloom forming coccolithophore is E. huxleyi, which can produce bloom features
up to 200,000 km? in area, and due to the shedding of coccoliths and subsequent light
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backscattering, allow these features to be viewed from space (e.g., Balch et al., 1991,
2005). Blooms have been observed in the open ocean (Holligan et al., 1993), along
continental shelves (Holligan et al., 1983; Poulton et al., 2013), and in coastal shelf seas
(e.g., Buitenhuis et al., 1996; Krueger-Hadfield et al., 2014; Mayers et al., 2018; Robinson
et al., 2002). There are many hypotheses as to how E. huxleyi can form such large-scale
blooms, including nutrient conditions (nitrate to phosphate ratios), low silicic acid (reduced
diatom competition), high light intensities (due to a lack of photo-inhibition in this species,
and reduced mortality due to microzooplankton grazers (see review by Tyrrell & Merico,
2004).

1.6  Growth and mortality of coccolithophores

Enhanced concentrations of CO- can differently impact coccolithophore growth and
calcification rates (Bach et al., 2015; Krumhardt et al., 2017; Raven and Crawfurd, 2012).
Reports have suggested coccolithophores are expanding their ranges (Winter et al., 2013;
Neukermans et al., 2018), or increasing in abundance (e.g., Widdicombe et al., 2010;
Rivero-Calle et al., 2015; Krumhardt et al., 2016) hypothesised to be due to increased
CO; concentrations. Other reports have suggested coccolithophores may be impaired by
future oceanic conditions (e.g., Riebesell et al., 2017). Studies in the laboratory on the
cosmopolitan coccolithophore E. huxleyi, have reported different responses to enhanced
CO; (e.g., Riebesell et al., 2000; Iglesias-Rodriguez et al., 2008), CO, and temperature
(e.g., Miiller et al., 2014), and light (e.g., Zondervan et al., 2002; Perrin et al., 2016; Feng
et al., 2016). However, when considering multiple effects of climate change, particularly
enhanced nutrient limitation, the response of coccolithophores to CO: is different (e.g.,
Miiller et al., 2017). These studies show there is still much uncertainty in how
coccolithophores will respond to climate change. The differences observed may also be

due to the high genetic diversity between E. huxleyi strains (Read et al., 2013).

In many regions of the ocean, nutrients can be limiting, particularly nitrogen in many
oceanic regions, although phosphorus can also be the limiting nutrient in other regions
(e.g. the Mediterranean and Sargasso Sea) (Moore et al., 2013). The bloom-forming E.
huxleyi has been shown to utilise a variety of different nitrogen sources (e.g. nitrate,
ammonia) (Strom and Bright, 2009). Different strains of E. huxleyi were able to grow
mixotrophically on all organic nutrient sources tested, whereas Coccolithus pelagicus and
Calcidiscus leptoporus only grew on 70% and 30% of the tested nutrients, respectively
(Benner and Passow, 2010). The enzyme alkaline phosphatase (APA) enhances a cell's
ability to scavenge inorganic phosphorus during periods of phosphate stress; E. huxleyi
has been shown to possess both constitutive and inducible APA activity (Dyhrman and

Palenik, 2003). It has also been demonstrated that E. huxleyi can substitute non-
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phosphorus lipids for phosphorus containing lipids in response to low P environments
(Van Mooy et al., 2009), a process not yet observed for other coccolithophore species.
These studies suggest that E. huxleyi is able to rapidly respond to an increase in nutrient
conditions within the water column. In bioassays, coccolithophores on the north-west
European shelf showed enhanced growth rates when nitrate and phosphate were added,
aside from in a mixed community in the off-shelf Bay of Biscay which displayed no
response, possibly due to light limitation or different grazing pressure (Poulton et al.,
2014).

Phytoplankton, including coccolithophores, also require minor elements, such as trace
metals, for their growth requirements. In the Iceland Basin, evidence has suggested that
coccolithophores could be iron limited (Nielsdéttir et al., 2009; Poulton et al., 2010) and in
the Southern Ocean once silicate becomes depleted, coccolithophores are able to thrive
at the ambient iron levels and outcompete diatoms (Hopkins et al., 2015; Balch et al.,
2014, 2016). Culture experiments with E. huxleyi have also shown a requirement for zinc
and cobalt (Boye et al., 2017; Brand et al., 1983). It was believed coccolithophores did not
require silicate for growth, given that a hypothesis is that they are able to outcompete
diatoms once the silicic acid concentration has become limiting to diatom growth (Egge
and Asknes, 1992; Tyrrell and Merico, 2004). However, it has recently been shown that
different coccolithophore species had requirements for silica in culture (Durak et al.,
2016). Although, this requirement was not observed in the bloom forming E. huxleyi or the
closely related species Gephyrocapsa oceanica, it was seen in Coccolithus braarudii and

Calcidiscus leptoporus.

As discussed above, microzooplankton grazing is an important loss factor for
phytoplankton populations. The technique commonly employed to provide estimates of
both phytoplankton intrinsic growth rates (i.e. growth in the absence of mortality) and
microzooplankton grazing rates is known as the dilution technique (Landry et al., 1995;
Landry and Hassett, 1982). This technigue involves producing sequential dilutions of
whole seawater (WSW) with ~0.2 um filtered seawater (FSW). Typically, four dilutions are
used, however recent evidence has displayed a two-point dilution method can provide
accurate rate estimates (Morison and Menden-Deuer, 2017), and by reducing the time
and resources needed to set up a multiple point dilution allows examination of more
variables in the environment. Macro-nutrients (nitrogen and phosphorus) are also
commonly added to dilution bottles to ensure measured phytoplankton growth rates are
not limited during the incubation times (24 hours) used (Landry et al., 1995), unless

nutrients are determined to be replete (for growth) in the environment.

The dilution technique relies on two main assumptions (Landry et al., 1995; Landry and
Hassett, 1982):
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1. Phytoplankton growth rate is independent of dilution (i.e. at any dilution point the
rate of population change is equal);
2. Grazing rate varies proportionally with dilution and the probability of a

phytoplankton cell being consumed is a function of the rate of encounter.

The dilution technique has been extensively used across the oceans including polar,
tropical, coastal and open ocean regions (Calbet and Landry, 2004; C. Schmoker et al.,
2013). In certain circumstances the assumptions of the dilution technique can be
invalidated, and produce a variety of responses which are sometimes hard to interpret
(Calbet and Saiz, 2013). For instance, during certain phytoplankton blooms, the
preparation of FSW may lead to a release of allelochemicals which inhibit phytoplankton
growth, thus in dilute treatments the phytoplankton growth rate is depressed (violating
assumption 1) and leads to underestimates of growth and mortality rates (Stoecker et al.,
2015).

The second assumption is more difficult to quantify, firstly because dilution can impact
microzooplankton in different ways to phytoplankton populations, for instance through
grazer mortality in dilute treatments, particularly for planktonic ciliates (Dolan et al., 2000).
Converting rate estimates to consumption per microzooplankton cell have also
occasionally displayed unrealistically high clearance rates (Dolan and Mckeon, 2005). The
filtration step to produce diluent can also release metabolites and other cellular
components into the water, which can impact on bacterial production rates (Pree et al.,
2016a).

However, even given these issues, the dilution technique has and continues to provide a
wealth of data on the role of microzooplankton grazing in food webs and the cycling of
carbon and nutrients. As suggested by Dolan et al. (2000, 2005), a greater appreciation of
microzooplankton within dilution experiments, and within marine ecology is required to

fully elucidate ecological and evolutionary relationships.

Copepods in laboratory and mesocosm experiments have also been shown to feed on E.
huxleyi (Harris, 1994; Nejstgaard et al., 2008, 1997; Sikes and Wilbur, 1982), however
faecal pellets produced from a mono-diet of the coccolithophore species Calcidiscus
leptoporus, are very fragile (Langer et al., 2007), and likely do not contribute significantly
to carbon export. Although when copepods were fed E. huxleyi, there was no report on
fragility of faecal pellets (Harris, 1994), it was mentioned that incomplete quantitative
recovery was possible, and could have led to the high estimates of dissolution in Harris
(1994) (27 — 50%), which were not observed in Langer et al. (2007) (only ~7%). During

mesocosm experiments with E. huxleyi blooms, it was estimated that the sinking rate was
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enhanced by ~35 to 40% when coccoliths were present (Bach et al., 2016), suggesting

coccolith calcite can enhance calcite flux in natural communities.

However, given the small cell size of E. huxleyi (<10 um) compared to copepods (>200
um), it is unlikely to make up a significant proportion of their diet. The main functional link
from copepods to E. huxleyi may be through trophic cascades (Calbet and Saiz, 2013)
where enhanced grazing pressure on the microzooplankton grazers of E. huxleyi may free
it from mortality and allow biomass accumulation of this coccolithophore to occur. This has
been observed for autotrophic nano-flagellates in mesocosm experiments with added
copepods (Pree et al., 2016b; Zdllner et al., 2009), though neither author examined for the
presence of coccolithophores in the community.

1.7 Biomineralisation as a protective function against grazers

The biomineralisation of both diatoms and coccolithophores has been suggested to
provide mechanical protection against grazers (Sikes and Wilbur, 1982). Within diatoms,
micro-crush-tests and feeding experiments with copepods have shown a correlation
between the size and mechanical properties of the frustule and feeding success
(Friedrichs et al., 2013; Hamm et al., 2003). Within coccolithophores, the presence of
interlocking coccoliths and the polysaccharide matrix have suggested the coccosphere
may provide a mechanical protective function (Young, 1994; Jaya et al., 2016; see review
by Monteiro et al., 2016). However, this was only for the species E. huxleyi, and no
evidence has been observed in a reduced grazing rate by copepods on calcified vs non-
calcified strains of E. huxleyi (Sikes and Wilbur, 1982).

Generally, the major grazers of many coccolithophores species are likely to be the
microzooplankton, due to the small size (2 - 20 um) of this algal group. Coccoliths have
been hypothesised to act as a deterrent against grazing by microzooplankton (Monteiro et
al., 2016), particularly for “spiky” morphologies (e.g. Calciopappus caudatus, Fig 1.5)
(Young et al., 2009). In laboratory experiments, there has been no evidence that calcified
E. huxleyi cells are ingested less than non-calcified variants (Harvey et al., 2015; Strom et
al., 2017), and in one study calcified cells appeared to be selectively grazed on due to the
increased cell size (Hansen et al., 1996). Harvey et al. (2015) observed that the ingestion
rate of E. huxleyi varied depending on the strain (with highest and lowest rates observed
on calcified cells); however, the growth rate of the dinoflagellate grazer was significantly
reduced when grazing on calcified over naked cells. This suggest that calcification could
act as a population-level defence, with the overall aim of reducing grazing pressure on the
E. huxleyi population due to reduced predator growth rates, possibly caused by the

negative effect of calcite buffering the pH of the food vacuole causing digestive problems
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(Harvey et al., 2015). This could also be an example of kin selection altruistic behaviour
within microbes (Lewin-Epstein et al., 2017), whereby slowing the predator of your
offspring (in this case clones of cells due to asexual reproduction) can lead to persistence
of kin. In diatoms, lower ingestion rates were observed by a heterotrophic dinoflagellate
and ciliate on high silica content cells, which also displayed longer clearance rates,
suggesting the frustule enhanced digestion times (Zhang et al., 2017).

Within the marine environment there has been evidence for reduced microzooplankton
grazing rates during E. huxleyi blooms, through the observation of lower phytoplankton
community grazing rates (Olson and Strom, 2002), with suggestions that this can lead to
the formation and persistence of these bloom features (Fileman et al., 2002). However,
there is currently no clear consensus on whether this is due to coccolithophore
populations within the environment, with most data being from pigment analyses, rather
than direct coccolithophore enumeration. Within chapter 3, I will show how using
microscopy counts of coccolithophores it is possible to quantify the impact of
microzooplankton grazers on coccolithophore populations. There has also been no direct
comparisons of coccolithophore grazing rates relative to other phytoplankton groups. In
chapter 4, | present flow cytometry data, which allows us to directly compare growth and
grazing rates on coccolithophores and other similarly (cell) sized, non-calcified
phytoplankton.

1.8 Other agents of mortality

Phytoplankton mortality can also be caused by much smaller agents, including marine
bacteria and viruses. Viruses are obligate intracellular parasites, meaning they require a
host cell in order to replicate. Viruses are the most abundant biological entity in the ocean,
with 103! viruses estimated within the oceans. If converted to a carbon biomass, this is
more carbon than 75 million blue whales, and if assuming an average size of 100 nm they
would stretch further than the diameter of the Milky Way (Suttle, 2005). Viruses generally
have two life phases, the lytic and lysogenic. In the Iytic cycle, a virus enters a cell,
replicates and then causes the cell to lyse (burst open) and release progeny virus. In the
lysogenic stage, a virus is able to integrate itself into the genome of the organism and lay
dormant. A lysogenic virus is able to revert to a lytic phase when there is a change in
environmental conditions or a host response. The lysis of cells leads to a significant
release of dissolved organic matter (DOM) into the marine environment, where it can be
incorporated by microbial communities, this process is termed the viral shunt, as it
increases respiration and reduces transfer of material further up the food web (Suttle,
2005).
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The coccolithophore E huxleyi has a well-characterised virus. The E. huxleyi virus (EhV) is
a large (=180 nm diameter) double-stranded DNA virus, which has been implicated in the
termination of coccolithophore blooms (Bratbak et al., 1993; Brussaard et al., 1996;
Martinez Martinez et al., 2007; Vardi et al., 2012). This host-virus system has been co-
evolving for at least 7,000 years (Coolen, 2011), and there is also evidence of horizontal
gene transfer between host and virus, with almost all of the genes for the full sphingolipid
biosynthesis pathway present within the virus (Monier et al., 2009), suggesting a high

level of genetic transfer between host and virus.

There are other forms of mortality in coccolithophores, of which much less is currently
known about. For instance, bacterial mediated mortality can occur within E. huxleyi
(Mayers et al., 2016). The scutiociliate Uronema marinum has also been observed to
cause lysis of E. huxleyi, potentially due to toxin secretion (Schaafsma and Peperzak,
2013). Although these other modes of mortality are not directly considered within this
thesis, it is important to keep these in mind, as mortality pathways do not act alone, and
may act in concert; for instance enhanced grazing on infected E. huxleyi cells has been

observed by a heterotrophic dinoflagellate (Evans and Wilson, 2008) .

1.9 Thesis goals and objectives

The overall goal of this thesis was to investigate how the rates of coccolithophore growth
and mortality can affect natural population dynamics, including calcite production, and
lead to changes in spatial and temporal biogeography. The specific objectives were to (a)
investigate the role of microzooplankton grazers in controlling coccolithophore
populations, and (b) to examine if the presence of calcium carbonate coccoliths acts as an
effective protective mechanism against grazing mortality. To do this | used natural spatial

(cross-shelf) and temporal (seasonal) gradients, as well as mesocosm experiments.

The specific hypotheses of this thesis are:

1. A relationship between nutrients and irradiance and coccolithophore biogeography
will be observed across seasonal and spatial scales, within Shelf Sea
environments (Chapter 2).

2. Coccolithophores will display low growth rates during the spring bloom, as other
phytoplankton dominate the community (Chapter 3).

3. Microzooplankton grazing exerts little control on coccolithophore communities due
to the protection conferred by calcification (Chapter 3).

4. Coccolithophores, such as E. huxleyi, due to their possession of a coccosphere,
are grazed at significantly lower rates by microzooplankton than similar-sized

phytoplankton groups (Chapter 4).
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5. Greater proportions of E. huxleyi in the environment will cause a reduction in
community grazing rate, due to the negative impact calcite has on

microzooplankton growth rates (Chapter 4).

1.10 Thesis outline

Chapter 2 is a field study, where coccolithophore abundance and species composition
were examined at two sites within the Celtic Sea during autumn, spring and summer. In
this chapter, | investigated the distribution of species relative to environmental variables,
including light, nutrients, temperature and salinity. These results were then compared to
coccolithophore data collected from the long-term time series station in the English
Channel (Western Channel Observatory; L4) to produce a cross-shelf perspective of
seasonal changes in coccolithophore populations. Using multivariate statistics, | tested the
environmental variables which best correlated with the variability in coccolithophore
species composition across these spatial and seasonal gradients (Hypothesis 1).

Chapter 3 is an investigation into the growth and mortality rates of coccolithophores during
a spring cruise (April) to the Celtic sea. Rate measurements of calcification, net growth,
and intrinsic growth and grazing rates were carried out in order to measure the variability
in growth and mortality rates at the central Celtic Sea during the spring phytoplankton
bloom. In this chapter, | tested whether coccolithophores showed lower growth rates while
other phytoplankton species “bloomed” (Hypothesis 2). | also examined intrinsic growth
and grazing rates within a spring bloom of E. huxleyi at another site in the Celtic Sea
(station J2) and explored the role of microzooplankton grazing on controlling
coccolithophore population dynamics (Hypothesis 3). This chapter has been published as:

Mayers, K. M. J., Poulton, A. J., Daniels, C. J., Wells, S. R., Woodward, E. M. S., Tarran,
G. A, etal. (2018). Growth and mortality of coccolithophores during spring in a
temperate Shelf Sea (Celtic Sea, April 2015). Prog. Oceanogr.,
doi:10.1016/j.pocean.2018.02.024.

Chapter 4 is a synthesis of 45 dilution experiments conducted in mesocosms in a
Norwegian Fjord (Raunefjord, western Norway) that explored the role of growth and
microzooplankton grazing on phytoplankton population dynamics. Using flow cytometry, |
compared such rate measurements for coccolithophores and other phytoplankton groups,
including similarly sized but non-calcified pico- and nano-eukaryotes. Here, | tested the
hypothesis that calcification acts as a protective mechanism against microzooplankton
grazing (Hypothesis 4). | also put these results within the context of the community
grazing rate using chlorophyll-a to examine if higher abundances of E. huxleyi lead to a

reduced grazing rate by slowing predator growth rates (Hypothesis 5).
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Chapter 5 brings together the results from chapters 2, 3 and 4 to further explore the
factors affecting the distribution of coccolithophore populations. In this chapter, |
summarise the impact of grazing on coccolithophores and what this means for their
biogeochemistry. Firstly, | introduce a novel method for measuring mortality using high-
throughput lipid analysis (‘lipidomics’) and look at differences in the lipidomes of E. huxleyi
and the dinoflagellate Oxyrrhis marina with calcified and non-calcified prey. Secondly, |
combine the intrinsic growth rates calculated from dilution experiments with the measured
rates of calcification to draw suggestions on the fate of grazed calcite. Finally, the wider
implications of the thesis’s main findings, along with the limitations and future directions

this research could take are discussed.
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Chapter 2. Cross-shelf environmental drivers of
coccolithophore abundance and species

composition in a temperate shelf sea

This chapter is in preparation for publication as “Cross-shelf environmental drivers of
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2.1 Abstract

Coccolithophores are important components of shelf sea phytoplankton communities,
contributing to the production of pelagic calcium carbonate, although factors, which affect
their distributions through space and time in these regions, are not well known.
Measurements of coccolithophore abundances, biomass and community composition
were made during November, April and July at three stations within the north-west
European Shelf, from a coastal station (L4), to the central Celtic Sea (CCS) and shelf
edge (CS2). Differences between light depths in communities at CS2 and CCS were not
found to be significant, apart from during July at CCS, along with a well-defined
subsurface chlorophyll maximum. At CCS, coccolithophore biomass ranged from 9.0 to
123.2 nmol C L* with the highest biomass observed during November, representing 4.9 to
6.9% of phytoplankton carbon. Coccolithophore communities varied with season and site,
with Emiliania huxleyi being the greatest contributor to coccolithophore biomass (52.5 +
34.5%), followed by Syracosphaera spp. (22.6 £ 28.3%) and Calciopappus caudatus (6.2
*+ 11.3 %). These species showed different ecological niches throughout this study, with
Syracosphaera spp. associated with environments with high nutrients and low light.
During summer, E. huxleyi appeared to be most dominant in environments where
intermittent nutrient inputs occur, such as following storms, internal tides at the shelf
break, and riverine input. This study suggests that gradients in nutrients and light
conditions can control the biogeographical distribution of coccolithophore species across
the north-west European shelf, and intermittent nutrient supply during summer months

may contribute to the observation of E. huxleyi blooms during this time of year.

2.2 Introduction

Shelf seas represent less than 10% of the global ocean in terms of area, but are
responsible for up to 30% of primary production (Simpson and Sharples, 2012). Annually,
shelf seas go through significant seasonal variations in physical and biological
characteristics. During spring stratification of the water column and increasing irradiance
and high nutrients allow high biological production. The summer brings stronger
stratification and low nutrient levels in surface waters, along with a sub-surface chlorophyll
maximum at depth (Hickman et al., 2009). Into autumn, stratification breaks down and the
water column becomes fully mixed. These physical and chemical changes in the water
column influence shelf sea plankton communities in terms of primary and secondary
production, nutrient uptake and recycling, export of material to depth, species composition

and diversity.
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Coccolithophores are unicellular calcifying phytoplankton, present in marine environments
from polar oceans to tropical waters. They are major contributors to pelagic calcite
production due to the intracellular synthesis, as well as the export of calcium carbonate
coccoliths (Bach et al., 2016; Klaas and Archer, 2002). They are a common feature of
shelf seas (Poulton et al., 2014), and often form annual blooms, for instance on the North-
west European shelf, Patagonian shelf, North Sea and Barents Sea (Iglesias-Rodriguez et
al., 2002). In general, coccolithophores constitute between around 1 to 10% of
phytoplankton biomass (Poulton et al., 2010, 2007); however, in coccolithophore blooms,
typically of the species Emiliania huxleyi, they can represent up to 30 to 40% of carbon
production (Mayers et al., 2018; Poulton et al., 2013). Coccolithophores typically show
two main annual peaks in abundance, during spring and a larger peak within the summer
period (Balch et al., 2008; Widdicombe et al., 2010; Hopkins et al., 2015) in most ocean
basins, aside from the Southern Ocean, where coccolithophore abundance peaks are only
during the austral summer months (December — January) (Iglesias-Rodriguez et al.,
2002).

Several previous studies have investigated environmental drivers of in-situ
coccolithophore populations along strong spatial gradients (Charalampopoulou et al.,
2016, 2011; Poulton et al., 2017a; Smith et al., 2017) and temporally (Cerino et al., 2017).
Major environmental factors believed to impact coccolithophores include sea surface
temperature, low silicic acid concentrations (low competition with diatoms), light
availability and carbonate chemistry. A possible role for microzooplankton grazing has
also been suggested from field and laboratory experiments (Harvey et al., 2015; Holligan
et al., 1993; Strom et al., 2017). Different coccolithophore species have also been shown
to display different ecological niches within the water column (D’Amario et al., 2017;
Poulton et al., 2017a) and between different seasonal gradients (Cerino et al., 2017).
However, little data exists on seasonal drivers, particularly in contrasting shelf sea

environments such as the shelf edge, central shelf and coastal waters.

Understanding the drivers of coccolithophore abundance is important as species can
contribute differently to calcite production based on calcite content, relative abundance
and growth rates (Daniels et al., 2014, 2016). Such understanding can also provide us
with important information to interpret palaeo-oceanographic records as to why certain
species are located in specific areas along gradients of shelf sea sediments (Gibbs et al.,
2016). It is important to consider coccolithophores in terms of carbon biomass, rather than
cell abundances as coccolithophores span a range of cell sizes (2-30 um), from the
common E. huxleyi (~5 um) to larger species such as Coccolithus pelagicus (~15 pm)
(Daniels et al., 2014).

36



Chapter 2

The long-term Western Channel Observatory (WCO) time series of coccolithophores at
the L4 station has suggested coccolithophores have increased in abundance by almost
20% since 1991 (Widdicombe et al., 2010). This is supportive of other studies providing
evidence for an increase in coccolithophores from continuous plankton recorder (Rivero-
Calle et al., 2015) and pigment data from Bermuda (Krumhardt et al., 2016). However, the
latter study used prymnesiophyte specific pigments, so it is difficult to link directly to
coccolithophore increase.

In this paper, we analysed: 1) the abundance, biomass and community structure of
coccolithophores from a central shelf and shelf edge site sampled at different light depths
within the euphotic zone, 2) the seasonal changes in these populations during autumn,
spring and summer and, 3) the environmental drivers of coccolithophore populations
within shelf seas. Within this chapter, | aim to test the hypothesis that gradients in
nutrients and irradiance control coccolithophore biogeography and diversity across
seasonal and spatial scales, from near-coastal, to mid-shelf and Shelf-edge stations. We
compare our data with coccolithophore biomass from the L4 time series collected within
the same seasons. Station L4 is within the English Channel sector of the NW European
Shelf but much more shallow and closer to shore, providing an opportunity to analyse
cross-shelf variability in coccolithophores from coastal shelf seas to the shelf edge (Fig
2.1).

2.3 Methods

2.3.1 General sampling

Sampling within the Celtic Sea stations (CCS and CS2, Fig. 2.1) was carried out during
three cruises on board the RRS Discovery from 2014 to 2015: November 2014 (DY018:
9" November to 2" December), April 2015 (DY029: 15 April to 29" April) and July 2015
(DY033: 11" July to 2" August). These three time periods focused key points in the
annual cycle of ecosystem production and seasonal drivers: the breakdown of summer
stratification in autumn (November); the development of the spring phytoplankton bloom
(April); and the nutrient depleted strongly stratified summer period (July). Two sites were
sampled on all three cruises, the Central Celtic Sea (CCS; 49 °24°N, 8°36'W; 150m water
depth) and the Shelf Edge (CS2; 48° 34.26'N, 9° 30.58'W; 203m water depth) (Fig. 2.1).
Over the three cruises, these sites were sampled repeatedly but at different frequencies,
CCS (n = 15) and CS2 (n = 6). Water sampling was carried out using a conductivity-
temperature-depth (CTD) profiler with a rosette sampler fitted with twenty-four 20 L niskin

bottles.
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Sampling at the Western Channel Observatory (WCO) site L4 (50° 15.00°N, 4° 13.02'W;
51m water depth) has been conducted on a weekly basis (weather permitting) since 1992
(Smyth et al., 2015). To coincide with the cruise dates within the Celtic Sea, we selected
data from the WCO-L4 site to analyse samples conducted at a similar seasonal time
period at station L4 (n = 12). These time periods match generally well with the annual
coccolithophore abundances at L4 from 1992 — 2015, with only April showing slightly
higher than normal abundances (Fig. 2.2). Temperature and salinity data were measured
at L4 using a SeaBird SBE19+ CTD.
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Figure 2.1. Map of the Celtic Sea showing the location of sampling sites. Depth contours
are 100m, and blue shading representing on and off shelf waters (light and dark blue
respectively). CCS = Central Celtic Sea, CS2 = Shelf Edge site.

2.3.2 Nutrient and chlorophyll quantification

Water samples at CCS and CS2 for nutrient determination (nitrate+nitrite, nitrite,
phosphate, silicic acid and ammonia) were collected from the CTD into aged, acid-washed
and MilliQ-rinsed 60 mL HDPE Nalgene™ bottles. Where possible, sampling was carried
out according to the International GO-SHIP nutrient manual recommendations (Hydes et
al., 2010). Nutrient samples were analysed on board using a Bran and Luebbe segmented
flow colourimetric auto-analyser with techniques from Woodward and Rees (2001).
Nutrient reference materials (KANSO, Japan) were run daily to check performance and
guarantee data quality. Nitrate concentrations were calculated by subtracting nitrite from
the combined nitrate plus nitrite concentration. The typical uncertainty of results was
between 2-3% with detection limits of 0.02 uM for nitrate and phosphate and 0.01 uM for

nitrite.
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Figure 2.2 Boxplots of monthly coccolithophore samples (log (x+1)) at station L4 from
1992 — 2015. White circles represent outlier samples (more or less than % times the

upper or lower quartile), filled red circles are the 4 data used from each of November
2014, April and July 2015.

Water samples for chlorophyll-a extraction (0.2 — 0.25 L) were filtered onto 25-mm
diameter Whatman GF/F® or Fisherbrand MF300 glass fibre filters (effective pore sizes
0.7 um) and extracted in 6-10 mL 90% acetone (HPLC grade, Sigma-Aldrich, UK) at 4°C
for 18 to 24h (Poulton et al., 2014). Fluorescence was measured on a Turner Designs
Trilogy fluorometer using a non-acidification module and calibrated with a solid standard

and a pure chlorophyll-a standard from spinach extract (Sigma-Aldrich, UK).

At L4, nutrients and chlorophyll-a were collected as in Smyth et al. (2010). Briefly,
nutrients were collected from 10 L Niskin bottles and analysed at Plymouth Marine
Laboratory within 3 to 4 hours of collection. All nutrient concentrations were determined
following analytical technigues as in Woodward and Rees, 2002. Chlorophyll-a
concentration at L4 was from 0.1 L of seawater filtered onto Whatman GF/F® filters in
triplicate. The JGOFS (JGOFS, 1994) protocols were adhered to.

39



Chapter 2:

2.3.3 Coccolithophore abundance and diversity

Seawater samples at CCS and CS2 were obtained at six light depths within the upper
euphotic zone determined as 60, 40, 20, 10, 5 and 1% surface irradiance (see Poulton et
al., 2017b). Seawater (0.2 — 1 L) was filtered under gentle pressure through 25 mm 0.8
um pore size Nucleopore™ cellulose nitrate filters with a Whatman GF/F® backing filter to
aid in equal distribution of material. Filters were oven dried for 12 hours at 50 to 60°C and
stored in Millipore petri-slides prior to analysis. Filters were made into permanent slides on
board by mounting the filters using Norland Optical Adhesive 074 (Poulton et al., 2010,
Mayers et al., 2018). Samples were analysed under cross-polarized light using an
Olympus BX51 x1000 (oil immersion) objective. Either 300 fields of view, or 300 cells
(whichever was reached first) were counted with a minimum of 50 fields of view counted.
Coccolithophores were identified following the taxonomy of Frada et al. (2010) to the
lowest possible taxonomic unit. Cell numbers (cells mL™?) were calculated based on the
filter area examined, cells counted and volume filtered (mL). Standard errors in cell counts

were calculated using:

(VO)

— 7 (Equation 1)
(FOV x 1)

Where C is the number of cells counted, A is the area investigated (mm?), FOV is the
number of fields of view counted and V is the volume of water filtered (mL) (Taylor, 1982).
For a small number of samples (usually the 40% surface irradiance depth, and subsurface
chlorophyll maximum in July) further species identification and cell counts were carried out
using scanning electron microscopy (SEM) and following the taxonomy of Young et al.
(2003).

Coccolithophore abundance was converted into carbon biomass using coccosphere (cell)
diameter, minus the thickness of coccoliths to assume the size of the underlying cell. Cell
diameter was then used to calculate the cell volume and the organic carbon conversion

factor of 0.216 x volume®93 from Menden-Deuer & Lessard (2000) was used.

At station L4, coccolithophore enumeration was by inverted light microscopy. Seawater
was sampled from a depth of 10 m using a 10 L niskin bottle. A 200 mL subsample was
removed and preserved in neutral formaldehyde (2%) before being returned to Plymouth
Marine Laboratory. Samples were stored in cool and dark conditions until analysis using
the Utermdhl technique (Utermdhl, 1958), according to guidance procedures within “Water
Quality — Guidance standard for routine microscopic surveys of phytoplankton using
inverted microscopy (Utermohl technique)” (BS EN 15204:2006). Samples were gently

homogenized before a 100 mL subsample was removed and settled for more than 48 h,
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all cells were identified where possible to species level at either x200 or x400
magnification under differential interference contrast (DIC) or polarised light with a Leica
DM IRB or Olympus DMI4000B inverted microscope (Widdicombe et al., 2010).

234 Statistical analysis

Multivariate statistics were carried out in R (v. 3.3.2) using the vegan (v.2.4-5) package
(Oksanen et al., 2016, R Core Team, 2015). Bray-Curtis dissimilarity matrices were
calculated on standardised coccolithophore biomass with certain taxa considered at such
a low biomass contribution as to be “rare” (here defined as on average <5% of total cell
biomass at each site) being removed (loss of ~10% biomass on average). Data was
transformed as log (x+1) to reduce the influence of dominant taxa. To explore biodiversity,
Pielou’s evenness index (J’) was conducted on untransformed data. ANOSIM (Analysis of
Similarity) and SIMPER (Similarity of Percentages) tests were conducted on transformed
data to explore differences driven by light depth within sites (CCS and CS2) and between
sampling periods (seasons). The differences in species composition between light depths
were tested using non-parametric multivariate analysis of variance (PERMANQOVA) using
the ‘Adonis’ function with 999 random permutations, the data was transformed log (x+1)
as before for the analysis. Bray-Curtis dissimilarity indices were calculated using the

‘vegdist’ function on log (x+1) transformed data.

Averages of standardised coccolithophore biomass were calculated for all light depths at
CS2 and CCS in November and April, in July we calculated an upper euphotic zone
(60,40 and 20% PAR) and a lower euphotic zone (10,5 and 1% PAR) average, to reflect
the different communities (see Results). A nonmetric multidimensional scaling (nMDS)
plot using a Bray-Curtis dissimilarity matrix was used to display coccolithophore
population differences. A SIMPER routine was used to statistically determine the species
which defined the differences within coccolithophore populations between different

seasons.

Environmental data were tested for skewness, with heavily left-skewed variables (all
nutrients, temperature, salinity, chlorophyll-a and mixed layer depth) being log
transformed (log (x+1)) to reduce skewness and stabilise variance. Due to the high
correlation between nitrate and phosphate (R? = 0.98, p < 0.001), nitrate was considered
to be representable of both nutrients. All environmental data were then normalised to a
mean of zero and standard deviation of 1 before a redundancy analysis (RDA) was run,
using the log (x+1) transformed community matrix data, to analyse environmental drivers

of coccolithophore populations across the Celtic Sea shelf.
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2.4 Results

24.1 Seasonal coccolithophore populations

Coccolithophores were observed at all sites sampled within the Celtic Sea and English
Channel during November, April and July. At CCS, they showed differences in biomass,
with highest values in November (102.56 + 23.08 nmol C L%, n = 24), followed by April (—
44.90 + 34.71 nmol C L%, n = 35) and finally July (24.01 + 28.53 nmol C L1, n = 28) (Fig.
2.3a-c). By plotting Pielou’s evenness (J’) with light depth, we can see if there is a shift in
species composition (dominance by particular taxa) with a changing light environment.
During November at CCS there was limited variability in J’ (Fig. 2.3d) with values varying
from 0.49 to 0.67 (seasonal average 0.59 + 0.04). April also showed little change in J' with
light depth, though there was some variability at CCS throughout the month (0.31 — 0.78,
seasonal average 0.56 = 0.12). In July, CCS displayed very different trends to the other
months. Firstly, the range in J’ ranged from completely uneven (0.07) to almost completely
even (0.99), there was also a clear light driven difference, with the deeper depths (lower
irradiances) showing slightly less variability and greater evenness (seasonal average 0.53
* 0.30). Species richness represents the number of different species identified in a
sample. Values in November and April at CCS showed very little variation with depth (5 —
10 species identified), however in July there was an increase with declining irradiance,
with more species observed at the lower light depths (deeper in the water-column).
Species richness was also lower in July than in the other seasons (2 — 6 species
identified) (Fig. 2.3g-i).

To further identify vertical differences in coccolithophore species composition, we
analysed Bray-Curtis similarity relative to the top light depth (60% PAR) (Fig. 2.4). At the
CS2 site, there was generally little variability in similarity from the surface to the bottom of
the euphotic zone, during any season; the one exception to this was the 10% PAR depth
during November. In November, there was very little variability in Bray-Curtis similarity at
CCS, suggesting populations are almost uniform in composition within the euphotic zone
(see also Figs. 2.3 and 2.4). During April though there was some variability within the
sampled light depths, there does not appear to be a light-driven trend. However, in July,
there was a large deviation from the surface site at the 20% PR depth and below, strongly

indicative of variability in species composition with depth.
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Figure 2.3. Boxplots of coccolithophore biomass (top), Pielou’s J' evenness (middle) and
species richness (bottom) at the Central Celtic Sea during November (red, left), April
(blue, middle) and July (yellow, right). For November, April and July n = 24, 36 and 30

respectively.

An analysis of similarities (ANOSIM) was conducted on the data at CCS to observe if light
depth was responsible for the variability observed. An ANOSIM tests whether the
similarity between groups is greater than or equal to the similarity within groups. In
November and April there were no significant differences (p > 0.9) between depths,
however in July a significant difference was observed (p = 0.05, ANOSIM R statistic =
0.16). Therefore, to further analyse trends between sites and seasons, the average
coccolithophore biomass and environmental parameters was calculated throughout the
euphotic zone at CS2 and CCS during November and April. For July, we divided the
samples into upper euphotic zone (60, 40 and 20% PAR) and lower euphotic zone (10, 5

and 1%), which included samples within the sub-surface chlorophyll maxima (SCM).
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Figure 2.4. Box plots of Bray-Curtis similarity relative to the upper light depth (60%
photosynthetically active radiation (PAR)) at the Central Celtic Sea (left) and Shelf Edge
(right) for November (red, top), April (blue, middle) and July (yellow, bottom).

2.4.2 Seasonal and cross-shelf variability

Coccolithophores showed variability in distribution in terms of carbon biomass between
sites and seasons. In general, coccolithophore biomass was higher at CS2 than CCS,
aside from during November (Table 2.1). Average biomass in November was102.56 +
23.08nmol C L'*and from 40.10 + 8.78nmol C L for CCS and CS2 respectively, whilst
there appeared to be little variability of biomass with depth during this season.
Coccolithophore contribution to phytoplankton carbon ranged from 4.9 — 6.9% at CCS,
and 3.1 — 4.6 at CS2 (Table 2.1). Biomass at L4 was considerably lower than at Celtic
Sea sites (1.5 — 5.6 nmol C L?). In April, biomass showed large ranges at CCS (9.0 — 76.1
nmol C L), CS2 (40.2 — 138.4 nmol C L) and L4 (12.6 — 128.8 nmol C L) (Table 2.1).
Contribution to phytoplankton carbon was lower in April than November for CCS (0.2 —
0.8%) and CS2 (1.7 — 2.0%). On average, CS2 had higher biomass (89.34 + 60.23 nmol
C L?) than at CCS and L4 (44.90 + 34.71 and 71.63 + 49.61 nmol C L* respectively)
throughout April.
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Table 2.1.Euphotic zone averages of environmental and biological parameters (during July at CCS values are for the upper
euphotic zone depths (60, 40 and 20% PAR) and values in brackets are from lower euphotic zone depths (10, 5 and 1%

PAR). ND = not determined, JD = Julian day.

Date Site  JD Cooco % Cpnyto NOs dSi NH. Chl-a Temp.

Eo (mol quanta

(nmol C LY (M) (UM) (M) (mg m?) (°C) Salinity m2 d1)
November 2014
10-Nov CCS 314 95.0 4.9 2.2 0.9 0.2 1.0 13.6 354 8.4
12-Nov CCS 316 76.8 5.9 2.0 0.8 0.2 0.9 13.6 354 11.9
22-Nov CCS 326 123.2 6.8 1.5 1.0 0.1 1.1 13.1 354 8.1
25-Nov CCS 329 115.2 6.9 2.3 1.0 0.1 1.0 13.0 35.1 12.1
18-Nov CS2 322 47.2 4.6 3.3 1.4 0.1 0.6 13.9 35.6 7.7
20-Nov CS2 324 33.1 3.1 2.4 1.3 0.1 0.7 14.1 35.6 9.3
05-Nov L4 309 2.2 ND 5.1 4.4 0.2 0.3 14.6 35.0 6.5
17-Nov L4 321 4.8 ND 5.9 4.1 0.2 0.2 13.9 349 1.7
24-Nov L4 328 5.6 ND 4.5 2.7 0.2 0.2 13.6 35.2 4.5
02-Dec L4 336 1.5 ND 5.3 2.9 0.1 0.1 13.2 35.2 3.6
April 2014
04-Apr CCS 94 9.0 0.2 6.0 2.8 0.0 1.3 10.0 35.3 20.7
06-Apr CCS 96 11.7 0.3 5.6 2.7 0.0 1.6 10.0 35.3 43.2
11-Apr CCS 101 38.9 0.4 4.0 2.6 0.1 2.5 10.3 35.3 42.3
15-Apr CCS 105 735 0.8 2.4 2.6 0.2 45 10.6 35.3 20.0
20-Apr CCS 110 59.1 0.7 2.1 25 0.2 2.8 10.6 35.3 41.4
25-Apr CCS 115 76.1 0.8 0.8 2.2 0.2 3.2 11.0 35.3 42.0
10-Apr CS2 100 40.2 1.7 8.2 3.2 0.1 0.8 11.3 35.6 18.1
24-Apr CS2 114 138.4 2.0 6.1 2.4 0.2 1.9 11.6 35.6 45.4
07-Apr L4 97 54.9 ND 2.8 1.2 0.7 1.9 9.5 35.2 41.0
13-Apr L4 103 128.8 ND 1.3 1.2 0.2 3.0 9.8 35.2 15.3
20-Apr L4 110 12.6 ND 1.3 15 0.9 0.9 10.1 35.2 48.2
27-Apr L4 117 90.3 ND 0.0 0.9 0.3 1.2 10.4 35.3 16.1
July 2015
14-Jul CCS 195 0.7 (9.1) <0.1 0.01(0.79) 07(16) 00(0.0) 025(0.72) 16.2(12.9) 354 (353) 23.2 (5.6)
15-Jul CCS 196  0.5(30.0) 0.6 0.01(2.81) 0.6(20) 01(01) 0.33(0.79) 16.2(126) 354 (35.4) 33.2 (5.6)
24-Jul CCS 205  8.9(28.1) 2.0 0.01(43) 02(24) 01(0.1) 031(0.82) 169(11.7) 354 (354 26.2 (5.6)
29-Jul CCS 210  37.2(48.4) 2.7 0.01(29) 02(1.8  00(0.1) 032(0.88) 16.3(12.9) 35.4(354) 415 (5.6)
<0.1
30-Jul CCS 211  30.1(93.1) ND 0.01 (0.01) 0.2(0.2) (<0.01) 0.29 (0.30) 16.3(16.3)  35.4(35.4) 49.4 (5.6)
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19-Jul
20-Jul
06-Jul
14-Jul
20-Jul
28-Jul

CS2
CS2
L4
L4
L4
L4

200
201
187
195
201
209

38.8
82.6
11
2.3
11
0.4

1.3
ND
ND
ND
ND
ND

0.3
0.2
0.1
0.0
0.1
0.3

0.2

0.3
0.5
0.8
1.0

0.2
0.1
ND
0.1
0.2
0.7

0.9

0.9
1.7
18
1.2

15.7
16.3
14.2
14.9
15.0
14.8

355
35.6
35.3
35.2
353
35.2

26.1
49.8
111
6.4
10.2
18.8
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During July, increased biomass at CCS was generally observed at the lower light depths
(33.85 + 36.19 nmol C L) than higher in the water column (15.48 + 16.70nmol C L?). At
CS2 the biomass was similar to the lower light depths but higher than the upper euphotic
zone at CCS (60.73 + 71.63 nmol C L), with the lowest biomass seen at L4 (1.23 +
0.81nmol C L?). Contribution to phytoplankton carbon was slightly higher towards the end
of July at CCS than CS2 (<0.1 — 2.7% and 1.3% respectively) (Table 2.1).
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Figure 2.5. Concentrations of the macronutrients nitrate (a, ¢ and e) and phosphate (b, d
and f) during November (red, top), April (blue, middle) and July (yellow, bottom). For
CCS in November, April and July (n = 24, 36 and 30), for CS2 in each month (n = 12)
and for L4 in all months (n = 4).

The average seasonal concentrations of the macronutrients nitrate and phosphate at the
different sites varied between seasons. Nutrients were generally highest at CCS during
April (Fig 2.5 cand d) (3.5 + 1.8 and 0.3 £ 0.1 uM nitrate and phosphate respectively),
compared with November (2.0 £ 0.3 and 0.2 + <0.1 uM) and July (<0.1 £ <0.1 and 0.1
<0.1 pM). However, the deep chlorophyll maximum had slightly higher values in July (2.2
+ 1.7 and 0.3 £ 0.1 uM) (Fig 2.5 e and f). The highest nutrient concentrations at CS2 were
also in April (7.2 £ 1.5 and 0.5 = 0.1 uM for nitrate and phosphate respectively), but for L4
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the highest concentrations were observed in November (5.2 + 0.6 and 0.4 + <0.1 uM for

nitrate and phosphate respectively) (Fig 2.5a and b).

The species composition of CCS, CS2 and L4 throughout all three months is shown in Fig
2.6 as stacked bar charts. During November at CCS, E. huxleyi was present but declined
in relative biomass throughout the month (42.5 — 6.8%), with a relative increase in
Syracosphaera spp. (up to 60%). The coccolithophore Calciopappus caudatus was also
consistently >15%, and up to 42.0% of total coccolithophore biomass during November at
CCS (Fig 2.6). In April, there appeared to be a gradual progression throughout the
season. This included a gradual decline in the biomass of Coronasphaera meditteranea
and Syracosphaera spp. and an increase in E. huxleyi up to ~60% by the end of the
month. Towards the end of April, C. caudatus became more abundant, with Alisphaera
unicornis showing an initial increase in abundance towards mid-April (~5 to ~35%) before
becoming absent by the end of April. The species Coccolithus pelagicus was also present
at low biomass (<9%) throughout that month.

At CS2, the most abundant coccolithophore was almost always E. huxleyi, aside from one
date (24 April). In November, E. huxleyi relative biomass ranged from ~50 to 65%, with a
small contribution (~10 - 20%) from Syracosphaera spp. The coccolithophore Calcidiscus
leptoporus was only found during November at this site (Fig. 2.6), and Gephyrocapsa
muellerae contributed ~15% at the later sampling date. In April, E. huxleyi showed its
lowest contribution to coccolithophore biomass (< 45%), with a higher contribution from
Syracosphaera spp. (30 — 60%). There were also small contributions (<10%) from C.
pelagicus, G. muellerae, C. caudatus and C. meditteranea throughout April.

Station L4, located further inland within the English Channel (Fig. 2.1), displayed a high
dominance by E. huxleyi during November (> 75%), with small contributions (7 - 23%)
from C. pelagicus. In April, there were three species identified at this site, C. pelagicus (5
— 30%), G. muellerae (5 — 20%) and E. huxleyi (40 - 80%). During July, the
coccolithophore community was almost exclusively composed of E. huxleyi (100%), aside
from the 28th July when the community was completely composed of C. pelagicus.
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Figure 2.6. Relative abundance of species composition at CCS, CS2 and L4 during

November, April and July (a) and absolute abundance of coccolithophores at the same

sites (b), error bars represent + standard deviation (n =3 on each date at CCS, CCS
(SCM) and CS2 and n = 1 at L4). In November the 2" at L4 is the 2" of December.

To further test the clustering of samples, a similarity of percentages (SIMPER) analysis

was conducted between the different seasons (Table 2.2). This analysis determines the

contribution of each species to the observed differences between the sample groupings.

The species which demonstrated high contributions to the differences between seasons

(17.2 — 30.2%) was Syracosphaera spp., particularly between the upper and lower

euphotic depths of summer (Table 2.2). The species E. huxleyi was also a significant
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driver between the upper and lower depths in summer, and between summer and autumn
(32.7 and 14.9% respectively). Between all seasons, C. caudatus contributed significantly
to the variation observed (15.5 — 16.9%). Other species which made contributions to the
seasonal differences include; C. pelagicus, C. meditteranea, G. muellerae and A.
unicornis (Table 2.2).

An nMDS is a non-parametric approach to ordinate samples based on a dissimilarity
matrix; it attempts to represent pairwise dissimilarity between samples with the distance
between samples indicative of the dissimilarity in their species compositions. The nMDS
clustering of samples in the Celtic Sea and English Channel displayed some interesting
trends (Fig 2.7). The L4 samples clustered closely together and independently from the
other samples from the Celtic Sea, irrespective of season, aside from one summer sample
being distributed away from the others (this station was 100% dominated by one species,
C. pelagicus). Samples from the lower euphotic zone in July at CCS also clustered away
from the upper euphotic zone summer samples, aside from one sample which clustered
with the upper euphotic zone summer samples (Fig. 2.7). CCS autumn and spring
samples clustered together, along with spring CS2 samples (Fig 2.7b). The CS2 samples
from autumn and summer clustered also closely with the upper euphotic zone samples in

summer.
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Table 2.2: Results from SIMPER analysis between seasons. Summer (U) and Summer (L) are for the upper euphotic and lower euphotic
zones, with Summer (L) only at CCS.

Average standardised Contribution to
Species Standardised biomass (%) biomass (%) dissimilarity
Autumn-Spring average dissimilarity = 46.9%

Syracosphaera spp. 20.7 16.4 18.1

C. pelagicus 5.6 19.0 17.5

C. caudatus 13.9 16.6 16.6

C. meditteranea 0.0 13.2 11.7

G. muellerae 6.1 9.2 11.3

Total = 75.3%

Spring-Summer (U) average dissimilarity =

50.6%
C. pelagicus 19.0 4.2 21.2
Syracosphaera spp. 16.4 17.7 17.2
C. caudatus 11.7 0.0 15.5
A. unicornis 13.2 7.4 12.7
C. meditteranea 9.2 0.0 11.8

Total = 78.3%
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Autumn-Summer (U) average dissimilarity =
44.8%

Syracosphaera spp.
C. caudatus
E. huxleyi
C. pelagicus

G. muellerae

Summer (U) - Summer (L) average dissimilarity
= 58.5%

E. huxleyi
Syracosphaera spp.
A. unicornis
C. pelagicus

G. muellerae

20.7
13.9

38.2
5.6
6.1

38.5
17.7
7.4
4.2
5.0

17.7
0.0
38.5
4.2
5.0

13.2

41.5

28.0
0.0
0.3

25.7

16.9

14.9

13.9

10.6
Total = 82.1%

32.7

30.2

26.5
5.6
51

Total = 100%
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In terms of the species driving this distribution, we replotted the nMDS with the proportion
of E. huxleyi (Fig. 2.7c), Syracosphaera spp. (Fig. 2.7d) and C. caudatus (Fig. 2.7¢€)
represented as the size of the data points (these three species were identified as
contributing to the nMDS variation by the SIMPER analysis; Table 2.2). The largest
proportion of E. huxleyi was observed at L4 during multiple sampling time points, as well
as at CS2, the upper euphotic zone of summer at CCS, and in some spring CCS samples.
The distribution of Syracosphaera spp. in samples was almost directly opposite to E.
huxleyi, with the highest proportions seen within the lower euphotic zone of summer at
CCS, autumn at CCS and being completely absent at station L4. Finally, the species C.
caudatus was found at CCS during autumn and spring, with little to none observed in the
summer or at stations L4 or CS2.

2.4.3 Environmental drivers

The variation of environmental variables with respect to the coccolithophore community
was analysed using a redundancy analysis (RDA). An RDA essentially extracts and
attempts to summarise the variation in a set of response variables (here coccolithophore
species), which can be explained by a set of explanatory variables (here environmental
variables) by using multiple linear regression. We found that two RDA axes accounted for
49 and 23% of the variability in species occurrence, respectively. RDAL was strongly
influenced by bottom depth and salinity (Fig 2.8, Table 2.3), and can therefore be
considered as a pseudo-spatial (cross-shelf) axis, whereas RDA2 showed a positive
relationship with Julian Day and a negative relationship with incidental irradiance (EO),
nitrate, chlorophyll-a and silicate (Fig 2.8, Table 2.3), and can therefore be considered to

represent a pseudo-temporal (seasonal) axis.

Coccolithophore species which showed strong scores against RDA1 (Table 2.3), and
likely relate to cross-shelf variability, include E. huxleyi (0.74), Syracosphaera spp. (-1.92),
C. caudatus (-1.05) and A. unicornis (-0.77). With RDA2, Syracosphaera spp. and C.
caudatus also showed strong scores (0.52 and -1.17, respectively), as well as C.
mediterranea (-0.85) and C. pelagicus (-0.8) suggesting strong influence of seasonal
environmental variability. This supports the results from the SIMPER analysis (Table 2.2)

Interestingly, E. huxleyi showed one of the lowest (-0.24) scores with RDA2.
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Figure 2.8. Redundancy analysis (RDA), of environmental variables and species data
averaged for all sampled sites, upper and lower euphotic zones for CCS in July. Species are
labelled as E.hux (E. huxleyi), C.pelag (C. pelagicus), C.med (C. meditteranea), C.caud (C.
caudatus), A.unic (A. unicornis), Syrac (Syracosphaera. Spp.), C. lepto (C. leptoporus) and

G.muel (G. muellerae)

Table 2.3. Species scores for the redundancy analysis against redundancy axis 1 and axis
2

Species RDA1 (49%) RDA2 (23%)
E. huxleyi 0.74 -0.24
G. mullerae 0.15 0.24
Syracosphaera. spp -1.92 0.52
C. caudatus -1.05 -1.17
Calcidiscus sp. -0.05 0.20
C. meditteranea -0.44 -0.85
A. unicornus -0.77 -0.14
C. pelagicus 0.69 -0.80
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2.5 Discussion

251 Seasonal variability in coccolithophore populations

Using carbon biomass rather than cell counts allows us to investigate coccolithophore
populations with respect to their differing cell sizes (~2 - >20 um; Young et al., 2003) and
contribution to community biomass rather than only their cellular abundance. Importantly,
consideration of biomass rather than cell abundance changes the relative proportions of
the different species, with large species making a greater contribution (e.g. C. pelagicus
average contribution increased from 0.9 — 3.2%) than smaller celled species such as E.
huxleyi. Even though there is a noticeable decline in E. huxleyi contributions (from 61.3%
of total cells to 46.3% of total community biomass), it remained the dominant
coccolithophore in the Celtic Sea. This is in accordance with studies across the entire
north-west European shelf in summer (>60%) (Poulton et al., 2014), a coastal Scottish
Coastal site (>60%) (Le6n et al., 2018), and in spring and summer blooms in this shelf
region (Marafion and Gonzélez, 1997; Mayers et al., 2018; Rees et al., 2002). The other
species identified in the SIMPER analysis showed an increase when using biomass,
(Syracosphaera spp. 18.5 — 25%) as well as a similar contribution (C. caudatus, 11.3 —
10.4%).

2.5.2 Central Celtic Sea

Coccolithophore populations across a transect of the Atlantic Ocean showed sharpest
dissimilarity gradients along vertical rather than horizontal gradients (Poulton et al.,
2017a), related to the changing light environment. Our data only showed significant
vertical differences during July at the CCS, with strong stratification and a well-defined
subsurface chlorophyll maximum (SCM). During summer, there was a striking difference
in populations within the upper and lower euphotic depths, with Syracosphaera spp.
dominating at depth and E. huxleyi in the surface (especially towards the latter part of
July). In the Mediterranean during summer, Syracosphaera spp. are also common (Cerino
et al., 2017; Karatsolis et al., 2016), although not typically within the SCM, although the
pigment 19’-hexanoyloxyfucoxanthin (19’hex-fuco), a marker for the broader taxonomic
class prymnesiophytes, was elevated in this layer in the Celtic Shelf (Hickman et al.,
2009) and Aviles Canyon (Latasa et al., 2017). In the latter, high coccolithophore cell
counts were also observed in the SCM (although > 90% E. huxleyi), however at other
stations there was a marked difference between 19’hex-fuco distribution and
coccolithophore cell counts. This could be due to the presence of Syracosphaera spp.,
which can be difficult to identify due to their small cell size, low cellular calcite contents, or

due to the presence of other unidentified prymnesiophytes.
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During July in the upper euphotic zone, coccolithophore biomass was low during the
earliest sampling times; however, this increased throughout the season due to an
increase in E. huxleyi, despite its small cell size and low cellular biomass. This sudden
appearance and increase in E. huxleyi biomass could be linked to storm conditions, which
occurred around the 24" July (Humphreys and Moore, 2015). We can also see this from a
deepening of the mixed layer from 22 to 35 m between the 24" and 29" July (Table 2.1).
The net growth rate of E. huxleyi between 15 and 24™ July was 0.39 d* and between 24"
and 29" July was 0.45 d?, indicating E. huxleyi was beginning to grow in the upper
euphotic layers before a possible storm scenario. These net growth rates were twice as
high as the maximum rates measured for E. huxleyi during April at CCS (0.21 d?) as the
spring phytoplankton bloom developed, and estimated between subsequent visits during
an E. huxleyi bloom (0.20 d) (Mayers et al., 2018). This rapid response to nutrient input
may be due to the ability of E. huxleyi to use multiple nitrogen sources (Benner and
Passow, 2010), and its possession of a constitutive (and inducible) alkaline phosphatase
activity (Dyhrman and Palenik, 2003; Riegman et al., 2000), allowing the rapid
assimilation of nutrients. Thus, E. huxleyi may have been able to rapidly respond to a
pulse of inorganic nutrients from below the mixed layer provided due to a storm event, a

feature which may control its wider shelf sea biogeography (see below).

Highest coccolithophore abundances at CCS were observed during November, as winter
mixing broke down the water column stratification. Coccolithophores in the northern
Adriatic Sea peak in December to February, however this is mostly due to E. huxleyi
(Cerino et al., 2017), whereas in our study, the high biomass was due to Syracosphaera
spp. and C. caudatus. In the Gulf of Naples, C. caudatus was also observed to have a
peak biomass in October as the stratification was breaking down (Ribera d’Alcala et al.,

2004), suggesting this could be an ecological niche for this species.

During incubation experiments in the Celtic Sea in April 2015, C. caudatus was observed
to consistently display negative growth rates when compared to E. huxleyi (Mayers et al.,
2018). These authors suggested it may be that C. caudatus is only able to efficiently grow
and out-compete other coccolithophores when nutrients are abundant. In the Iceland
Basin and Norwegian Sea during June, C. caudatus represented up to 43% of the total
coccolithophore cell numbers, a period of time when inorganic nutrients were replete
(Daniels et al., 2016), further supporting this hypothesis. There could also be selection for
C. caudatus compared to other coccolithophores by (micro-) grazers, particularly as it has
a larger cell size (~12 yum) than many other species (e.g. E. huxleyi, 5 um) which may
enhance . However, the presence of spines on this species has been suggested as a
mechanism for grazing protection and possible selection against this species (Monteiro et
al., 2016; Young et al., 2009).
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During spring, particularly at CCS and L4, as a phytoplankton bloom developed there
were similarities in the presence of E. huxleyi and C. pelagicus at these sites. These
species were also observed at CS2, although in much lower relative proportions and
abundances. Both these species were also observed in pre-spring bloom conditions in the
North Atlantic, even displaying similar net growth rates as the water column stabilized
(Daniels et al., 2015). The abundances of two other large (> 10 um) coccolithophores, A.
unicornis and C. mediterranea were also high within the pre-spring bloom communities;
however these both show a decline throughout April in the Celtic Sea. This suggests
either a reduction in competitive advantage as nutrients are depleted, mixed layer
irradiance increases, or preferential grazing on these larger cells by microzooplankton
grazers. The biomass of planktonic ciliates (63 — 200 pm) did increase throughout April
(Giering et al., 2018), which could support these as possible grazers of larger
coccolithophores. A peak in C. meditteranea was observed during July at a Scottish
Coastal site, when inorganic nutrients were low (Leén et al., 2018), suggesting that other

factors, rather than nutrients may have played a role.

2.5.3 Shelf edge

Coccolithophore biomass at the shelf edge (CS2) was highest during April, followed by
July and finally November, which is the reverse trend as seen at CCS. During November,
CS2 showed high proportions of C. leptoporus and G. muellerae, both of which are
species associated with the North Atlantic Ocean (Ziveri et al., 2004). The higher
proportions at the shelf edge could be due to the stronger current flows found there during
winter (Pingree et al., 1999). During winter in the northern Adriatic Sea, E. huxleyi was
observed to be the most numerically dominant coccolithophore (Cerino et al., 2017) as it
was at CS2 during November.

Throughout April at the shelf edge, Syracosphaera spp. was the most dominant species
rather than E. huxleyi, as was seen at CCS. This could be due to light limitation, as the
euphotic zone was 48 m during early April and shallowed by ~20 to 30 m by the second
visit, which was slightly later than at CCS. There was little vertical variation in
coccolithophore populations at the shelf edge, even during July (Fig. 2.3). This trend could
be related to the vertical supply of nitrate from below the mixed layer through tidal mixing
(internal tides) (Sharples et al., 2009, 2007), allowing phytoplankton communities access
to a reliable source of inorganic nutrients. This may also explain why E. huxleyi is the
most dominant coccolithophore at the shelf edge during summer, due to a continuous

nutrient source and its ability to rapidly respond to nutrient pulses into the euphotic zone.
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254 Coastal English Channel

The coastal station L4 in the English Channel was mostly dominated by E. huxleyi during
all the periods sampled, with C. pelagicus being the second most prominent species, even
making up 100% of the biomass on 28th July. This is consistent with data from the 1992
to 2007 time-series at L4 which found E. huxleyi made up on average 93% (numerically)
of the coccolithophore population at L4 (Widdicombe et al., 2010). The presence of both
of these species during November could be linked to their positive growth rates in similar
laboratory conditions (temperature and light) as to those observed at L4 (0.59 d* and 0.43
d? for E. huxleyi and C. pelagicus, respectively) (Daniels et al., 2014). During April, these
two species were observed again, however G. muellerae was also present, particularly

towards late April.

During July at L4, all samples except one sampling date were completely dominated by E.
huxleyi in terms of biomass. Nutrient input from riverine sources regularly occurs at L4
(Smyth et al., 2010), providing further support that E. huxleyi can dominate in
environments where there is an intermittent nutrient sources into depleted conditions.
Enhanced alkaline phosphatase activity has been observed in response to high
summertime rainfall at L4 (Rees et al., 2009), although no data on coccolithophore
responses are reported. Off the coast of Bermuda in the Sargasso Sea, the abundance of
E. huxleyi was found to have a negative correlation with nitrate concentration (Haidar and
Thierstein, 2001), however the nitrate flux is unlikely to be from similar sources in the

Celtic Sea.

255 Cross shelf patterns in coccolithophore species variability

The main coccolithophore species driving community differences between the three sites,
in terms of coccolithophore populations was E. huxleyi followed by Syracosphaera spp
(Fig 2.5). This difference might be driven by the differing times of E. huxleyi dominance at
the sites, as well as the absence of Syracosphaera spp. from L4. It may be that
Syracosphaera spp. are present at L4, however using the Utermoéhl technique for
coccolithophore enumeration can lead to rare and lightly calcified species (such as
Syracosphaera spp.) being missed. Within the Mediterranean Sea, holococcolithophores
(HOLs) are commonly observed (D’Amario et al., 2017), which are the haploid life stage of
many coccolithophore species (Billard, 1994). During this study, we observed very low
biomass (or numbers) of HOLs, which could be due to their unique ecological drivers, but
also due to the difficult nature of observing HOLSs, due to their lack of calcified scales. This
is especially true given some haploid stages can also be ‘naked’ or completely un-calcified

(Frada et al., 2012). A greater understanding of how to measure and monitor these
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different life stages is needed for biogeographical studies (Cros & Estrada, 2013). One
possible method, developed for E. huxleyi is the use of fluorescent (COD-FISH) and

molecular (reverse transcription-PCR) markers (Frada et al., 2012).

There appears to be connectivity between the open-ocean and shelf edge (CS2), and
possibly at certain points of the year with the shelf edge and central English Channel
(Station L4). Comparably, at CCS data on zooplankton biomass, community composition
and iron profiles throughout our study period (Giering et al., 2018, Birchill et al., 2017),
suggest that it is a relatively closed system in terms of water circulation. Indeed, drifter
trajectories from buoys released in the region of CCS show little horizontal movement at
this site, and this conclusion is further supported from predicted density driven currents at
CCS (Young et al., 2004). Therefore, water mass movement may influence populations
less here than for instance at the shelf edge. For example, during repeated visits to CCS
in April there appears to be a progressive change in coccolithophore populations, such as
a gradual decline of C. mediterranea and increase in E. huxleyi. This suggests changes in
environmental or biological gradients (e.g. grazers) may be controlling species

composition, rather than advection between sites.

This study relied on Eulerian sampling (i.e. fixed point with water parcel movement), which
may have biased our measurements. If mesoscale features (e.g. eddies) had passed
through our sample sites, these would have biased our measurements (for example
station L4 on the 20" and 28™ July) and could lead to misinterpretation of biological
responses. A possible alternative approach would be Lagrangian studies using inert
tracers (such as sodium hexafluoride, see Jickells et al., 2008). This would allow an
examination of temporal changes within a water body, and a greater understanding of how
biogeochemical (Jickells et al., 2008) and ecological (Burkill et al., 2002) processes

interact and shift over time.

The redundancy analyses displays the changes in cross shelf parameters (RDA1, bottom
depth and salinity), whereas RDA2 represents changes across seasons. Syracosphaera
spp. and C. caudatus appear to be the species most influenced by RDAL, both being
found only at CCS and CS2 (negative species scores), with C. pelagicus and E. huxleyi
displaying positive species scores (Table 2.3). C. pelagicus had a much higher score with
RDAZ2 (seasonality) than E. huxleyi, being present only in April at all sites on the NW
European Shelf, but also in July and November at L4. As the sampling at L4 was only
from one depth, there is the possibility that C. pelagicus HOL exist at different light depths
within L4, (as seen for HOLs in the Atlantic Ocean in deeper layers (Poulton et al.,

2017a)), this could explain its presence at multiple points during the year at this site.
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From this analyses, a schematic is proposed for coccolithophore populations throughout
the year within the Celtic Sea and English Channel (Fig. 2.9). When light is limiting rather
than nutrients (e.g. winter and within the SCM), Syracosphaera spp. dominates
coccolithophore populations at the shelf edge and CCS, with C. caudatus being present
during winter and early spring, possibly due to a mixotrophic lifestyle (Poulton et al.,
2017a). In early spring, large celled coccolithophores are also present (C. meditteranea,
A. unicornis). As stratification develops and the spring phytoplankton bloom draws down
nutrients, E. huxleyi dominates due to recycling processes and variable fluxes of inorganic
nutrients into the euphotic zone from stochastic mixing events (i.e. storms). In culture
conditions, E. huxleyi displays increased biomass when N: P was supplied at a high ratio
(100:1), particularly when supplied in 3 hours pulses (Riegman et al., 1992), suggesting
that a greater competitive ability of E. huxleyi at low phosphorus concentrations may be
the controlling nutrient. In mesocosm experiments, E. huxleyi was reported to form larger
abundances when N: P were added at 16:1 and 16:0.2 ratios (i.e. low phosphorus) (Egge
& Heimdal, 1994), supporting this hypothesis.

Nutrient
input

Figure 2.9. Schematic of the shelf sea during summer at all sites, and Autumn and
Spring at CCS. SCM is the subsurface chlorophyll maximum, red arrow illustrates time.
Coccolithophore images were taken from mixrotax.org

2.6 Conclusions

The data presented within this chapter are some of the first to present seasonal and
spatial coccolithophore biogeography in terms of carbon biomass, rather than direct cell
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abundance. This difference displayed a reduced average proportion of E. huxleyi and an
enhanced contribution of larger coccolithophore species, suggesting these organisms
likely have a greater role in carbon flux and food web ecology than previously suggested.
This study demonstrates that major seasonal and spatial differences in coccolithophore
populations were observed across the Celtic Sea, with vertical differences only being seen
within the Central Celtic Sea during July. Within the summer months, E. huxleyi makes up
a higher proportion of the coccolithophore community within areas where there are
intermittent inputs of inorganic nutrients into the environment, providing evidence for
possible bloom formation requirements. The observation that lightly calcified species (e.qg.
Syracosphaera spp.) provides further evidence for a possible mixotrophic lifestyle (see
Poulton et al., 2018) in order to survive in regions with low light conditions, such as the
sub-surface chlorophyll maxima or in late Autumn where biomass is observed to be
greatest. Further work is required to understand the biological interactions between
coccolithophores and other members of the plankton community (including grazers),
especially with regards to species other than E. huxleyi, as well as enhanced methodology
to quantify the biomass of holococcolithophore life stages, which may be overlooked in

usual taxonomic surveys.
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3.1 Abstract

Coccolithophores are key components of phytoplankton communities, exerting a critical
impact on the global carbon cycle and the Earth’s climate through the production of
coccoliths made of calcium carbonate (calcite) and bioactive gases. Microzooplankton
grazing is an important mortality factor in coccolithophore blooms, however little is
currently known regarding the mortality (or growth) rates within non-bloom populations.
Measurements of coccolithophore calcite production (CP) and dilution experiments to
determine microzooplankton (<63 um) grazing rates were made during a spring cruise
(April, 2015) to the central Celtic Sea (CCS), shelf edge (CS2) and within an adjacent
April bloom of the coccolithophore Emiliania huxleyi at station J2.

CP at CCS ranged from 10.4 to 40.4 umol C m d* and peaked at the height of the spring
phytoplankton bloom (peak chlorophyll-a concentrations ~6 mg m=). Cell normalised
calcification rates declined from ~1.7 to ~0.2 pmol C cell* d!, accompanied by a shift from
a mixed coccolithophore species community to one dominated by the more lightly calcified
species E. huxleyi and Calciopappus caudatus. At the CCS, coccolithophore abundance
increased from 6 to 94 cells mL?, with net growth rates ranging from 0.06 to 0.21 d*from
the 4th to the 28th April. Estimates of intrinsic growth and grazing rates, from dilution
experiments, at the CCS ranged from 0.01 to 0.86 d* and from 0.01 to 1.32 d?,
respectively, which resulted in variable net growth rates during spring. Microzooplankton
grazers consumed 59 - >100% of daily calcite production at the CCS. Within the E. huxleyi
bloom a maximum density of 1,986 cells mL* was recorded, along with CP rates of 6000
umol C m=3d? and an intrinsic growth rate of 0.29 d, with ~80% of daily calcite production

being consumed.

These results show that microzooplankton can exert strong top-down control on both
bloom and non-bloom coccolithophore populations, grazing over 60% of daily growth (and
calcite production). The fate of consumed calcite is unclear, but may be lost either through
dissolution in acidic food vacuoles, and subsequent release as CO, or export to the
seabed after incorporation into small faecal pellets. With such high microzooplankton-
mediated mortality losses, the fate of grazed calcite is clearly a high priority research

direction.

3.2 Introduction

Coccolithophores are a diverse and biogeochemically important group of marine
phytoplankton which contribute towards the marine carbon cycle through the production

and subsequent export of cellular scales (coccoliths) formed of calcium carbonate
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(calcite). The cellular process of calcite production (calcification) fixes and releases CO;
and hence coccolithophores have an important role in air-sea CO: fluxes (e.g. Holligan et
al., 1993; Buitenhuis et al., 1996). Calcite can also act as a ballast for sinking material,
enhancing the deep-sea flux of organic matter (Bach et al., 2016; Klaas and Archer, 2002;
Ziveri et al., 2007). Coccolithophores are globally distributed, from polar to tropical low-
latitude waters, with the most cosmopolitan and abundant species being Emiliania huxleyi
(e.g. Winter et al., 1994). E. huxleyi often forms extensive, large-scale (>100,000 km?)
blooms in the open ocean (e.g. Holligan et al., 1993), along continental shelves (e.g.
Holligan et al., 1983; Poulton et al., 2013) in coastal shelf seas (e.g. Buitenhuis et al.,
1996; Krueger-Hadfield et al., 2014; Rees et al., 2002).

Phytoplankton blooms are common in shelf sea environments during late spring, when
environmental conditions allow growth to exceed mortality and biomass to accumulate.
The community structure within these may change with time, as environmental conditions
such as nutrient and light availability favour one phytoplankton group over another.
Coccolithophore blooms are considered to be favoured under conditions between high-
turbulence high-nutrient and low-turbulence low-nutrient environments (Balch, 2004).
However, satellite-derived particulate inorganic calcite and chlorophyll-a data from open
ocean regions suggest that blooms of coccolithophores can also co-occur with blooms of
other phytoplankton (e.g. diatoms), and sequential succession between groups may not
always occur (Hopkins et al., 2015). In-situ observations made during several
phytoplankton blooms support the co-occurrence of coccolithophores with other groups,
including diatoms and dinoflagellates in the open ocean and coastal environments (see
Daniels et al., 2015; Poulton et al., 2013, 2014; Schiebel et al., 2011), however we

currently lack in-situ data from shelf sea environments during spring.

Blooms of E. huxleyi have been shown to be important sources of calcite production (CP)
(e.g. Balch et al., 2005; Poulton et al., 2007, 2013), primary production (PP) (up to 30-
40% (Poulton et al., 2013), CO; fluxes (e.g. Buitenhuis et al., 1996) and the production of
the bioactive gas dimethyl sulphide (e.g. Malin et al., 1993). Within some shelf sea
regions, E. huxleyi blooms are an annual feature (e.g. English Channel, Patagonian Shelf)
whereas in others they appear sporadically though, recently at an increased frequency
(e.g. Barent’s Sea, Black Sea) (Iglesias-Rodriguez et al., 2002; Smyth et al., 2004). How
these blooms fit into global budgets of CP is currently unclear, though they are significant

localised sites of CP and export (Holligan et al., 1993; Poulton et al., 2013).

The formation of E. huxleyi blooms, which often occur in late summer, is thought to be
linked to several environmental factors, including warm, stratified waters, with low silicic
acid concentrations (limiting diatoms), high irradiance, low nitrate to phosphate ratios and

reduced microzooplankton grazing (see review by Tyrrell and Merico, 2004).
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Microzooplankton (<200 pum) are major grazers of phytoplankton, consuming from 49% to
77% of daily PP (Schmoker et al., 2013). The relationship between coccolithophores and
microzooplankton grazing is currently unclear, as only a few studies, most of which during
coccolithophore blooms, have investigated microzooplankton-induced mortality. A study
carried out during an E. huxleyi bloom in the Bering Sea found lower grazing rates within
bloom waters than outside bloom waters, which led to higher net growth rates compared
with outside of the bloom (Olson and Strom, 2002). A similar result was observed in the
English Channel (Fileman et al., 2002), suggesting depressed grazing rates on
coccolithophores could be a trigger for bloom formation and persistence.

At the cellular scale, calcification accounts for ~30% of photosynthetically fixed energy
and hence represents an important fraction of the total cellular metabolism available for
key cellular processes such as nutrient uptake and cell division (Monteiro et al., 2016).
The ecological or physiological role of calcification is not fully known, though several
hypotheses exist such as protection from light stress, enhancement of photosynthesis,
buoyancy regulation and as a protection from grazing (Young et al., 1994; Monteiro et al.,
2016). A recent modelling study proposed that calcification has different ecological roles
across different oceanic provinces (Monteiro et al., 2016). However, experimental results
have so far demonstrated less clarity on the role of calcification. For example, culture
experiments with the heterotrophic dinoflagellate Oxyrrhis marina showed grazing to be
higher on calcified E. huxleyi cells than naked ones (Hansen et al., 1996). More recently,
another culture experiment has shown that grazing rates on E. huxleyi appeared to be
dependent on the strain studied rather than cell calcite content, although growth rates of
the heterotrophic dinoflagellate and their overall grazing impact were also depressed due

to the cellular degree of calcification (Harvey et al., 2015).

The aim of our study was to examine the variability in the rates at which coccolithophore
communities grow and are being grazed by microzooplankton and how these relate to
environmental conditions and the microzooplankton community. We carried out our study
during April, as this is the key period in temperate shelf seas for the spring phytoplankton
bloom, and not generally associated with coccolithophore blooms that typically occur in
late summer. We measured coccolithophore growth and mortality rates, alongside
observations of coccolithophore species composition and CP, during April at three sites in
the Celtic Sea in order to examine: (1) the role of coccolithophores in carbon cycling
during spring, (2) coccolithophore growth rates during the spring bloom, and (3) the role of

microzooplankton grazing in coccolithophore population dynamics.
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3.3 Methods

3.3.1 Study site

Sampling was carried out on-board the RRS Discovery (cruise number DY029) from 1st
April to 29th April 2015 in the Celtic Sea (Fig. 3.1; NW European Shelf) as part of the UK
Shelf Sea Biogeochemistry (SSB) research programme. Water sampling was carried out
at 10 pre-dawn stations (02:00 — 03:30 h GMT) using a conductivity-temperature-depth
(CTD) profiler with rosette sampler fitted with twenty-four 20 L Niskin bottles. Seawater
samples were obtained from six light depths within the upper 100 m, determined as 60,
40, 20, 10, 5 and 1% of surface irradiance (see Poulton et al., 2017b for full methodology)
for rate measurements (primary production (PP), calcite production (CP)), phytoplankton
biomass (chlorophyll-a) and coccolithophore community structure. The main sampling
stations in this study were the Central Celtic Sea (CCS; 150m water depth), the Celtic
Shelf Edge (CS2; 203m water depth) and station J2 (Fig.3.1). Throughout this paper, the
term ‘spring bloom’ is used to refer to a peak in chlorophyll-a biomass (~6 mg m) in the
middle (15") of April at CCS, and 'coccolithophore bloom' to refer to the high cellular

coccolithophore abundances at J2.
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Figure. 3.1. Sampling locations within the Celtic Sea superimposed onto depth (left) with
dark colours corresponding to deep waters and MODIS particulate inorganic carbon
(PIC) concentration for April 2015. Central Celtic Sea (CCS), Shelf Edge (CS2), and

station J2.

3.3.2 Nutrients and chlorophyll measurements

Water samples for determination of nutrient concentrations (nitrate+nitrite, nitrite,

phosphate, and silicic acid) were collected directly from the CTD into aged, acid-washed
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and Milli-Q-rinsed 60 mL HDPE Nalgene™ bottles. Clean sampling and handling
techniques were employed during the sampling and manipulations within the laboratory,
and where possible carried out according to the International GO-SHIP nutrient manual
recommendations (Hydes et al., 2010). Nutrient samples were all analysed on board the
RRS Discovery using a Bran and Luebbe segmented flow colorimetric auto-analyser using
techniques described in Woodward and Rees (2001). Nutrient reference materials
(KANSO Japan) were run each day to check analyser performance and to guarantee the
quality control of the final reported data. The typical uncertainty of the analytical results
were between 2 to 3%, and the limits of detection for nitrate and phosphate was 0.02 pmol
L1, nitrite 0.01 pmol L2, whilst silicic acid was always higher than the limits of detection.
Further details of the nutrient analysis and seasonal variability in nutrient inventories can

be found in Humphreys et al. 2017.

Water samples (0.2-0.25 L) for chlorophyll-a extraction were filtered onto 25 mm diameter
Whatman GF/F or Fisherbrand MF300 glass fibre filters (effective pore sizes 0.7 um) and
extracted in 6-10 mL 90% acetone (HPLC grade, Sigma-Aldrich, UK) at -4°C for 18-24 h
(Poulton et al., 2014). Fluorescence was measured on a Turner Designs Trilogy
fluorometer using a non-acidification module and calibrated with a solid standard and a

pure chlorophyll-a standard (Sigma-Aldrich, UK).

3.3.3 Coccolithophore community enumeration and composition

Samples for coccolithophore cell counts and community composition were sampled as
described by Poulton et al. (2010). Briefly, samples were collected from the six light
depths, seawater samples (0.2 — 0.5 L) were filtered under gentle pressure through 25-
mm diameter, 0.8-um pore size Nuclepore™ cellulose nitrate filters with a Whatman GF/F
backing filter to aid in equal distribution of material across the filter. Filters were rinsed
with trace ammonia solution (pH ~10-11), oven dried for ~12 hours at 50 to 60°C and
stored in Millipore petri-slides. Permanent slides of the filters were prepared on board by
mounting the filters using low viscosity Norland Optical Adhesive 074 (Poulton et al.,
2010). Samples were analysed under cross-polarized light using an Olympus BX51
(x1000, oil immersion). Either 300 individual cells or 300 fields of view (whichever was
reached first) were counted per sample with a minimum number of 50 fields of view being
counted. Cell numbers (cells mL?) were calculated based on the area of filter examined
(total area of filtered material divided by the number of fields of view multiplied by area of
1 field of view), cells counted and volume filtered (mL). Full coccospheres were identified
following the taxonomy of Frada et al. (2010) to the lowest possible taxonomic unit.

Standard errors in cell counts were calculated using equation 1:
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(Vo)

— (Equation 1)
(FOV x Z)

Where C is the number of cells counted, A is the area investigated (mm?), FOV is the

number of field of views counted and V is the volume of water filtered (mL) (Taylor, 1982).

For a small number of samples (usually taken at the depth of 40% surface irradiance)
further species identification and cell counts were carried out using scanning electron
microscopy (SEM) following Young et al. (2003) to identify species. Coccolithophore
community diversity was determined and expressed as species richness (total number of
species in a sample, S) and Pielou’s evenness (J’), which is a measure of how evenly
distributed species are in a community (high values represent dominance by a one or a

few species). J’ was calculated as described by Charalampopoulou et al., (2011, 2016).

3.34 Primary production and coccolithophore calcification rates

Daily rates (24 hours from dawn to dawn) of primary production (PP) and calcite
production (CP) were determined for each of the 10 stations sampled using the
methodology described by Balch et al. (2000) (see also Poulton et al., 2010, 2013, 2014).
Seawater samples were collected before dawn (02:00 — 03:00 local time), and
subsamples from the six light depths decanted into four 70 mL polycarbonate (Corning™)
flasks: 3 light replicates and 1 formalin-killed control. All samples were spiked with 34 to
44 uCi of *C-labelled sodium bicarbonate and placed in dedicated incubation chambers
with a combination of LED light panels (Powerpax, UK) and neutral density light filters
(Lee Filters™, UK) to replicate the absolute daily light doses at the depths of collection
(see Poulton et al., 2017b). Formalin killed blanks were prepared by adding 1 mL of 0.2-

um filtered borate-buffered formalin solution.

Incubations were ended by filtering through polycarbonate filters (25-mm diameter, 0.4-um
nominal pore size, Nucleopore™, USA), with extensive rinsing to remove unfixed “C-
labelled sodium bicarbonate. Organic (PP) and inorganic (CP) carbon fixation were
determined using the micro-diffusion technique (Paasche and Brutak, 1994; Balch et al.,
2000; Poulton et al., 2014), the filters were then placed in fresh glass scintillation vials with
12 mL of Ultima Gold™ (Perkin-Elmer, UK) liquid scintillation cocktail added. The activity
on the filters was then determined using a Tri-Carb 3100TR Liquid Scintillation Counter
on-board. The spike activity was checked by the removal of triplicate 100 pL subsamples
directly after the spike addition and mixing with 200 pL of B-phenylethylamine (Sigma, UK)
followed by Ultima Gold™ and liquid scintillation counting (Poulton et al., 2014). The

average coefficient of variation (standard deviation/mean x 100) of triplicate PP
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measurements was 13% (1 — 59%) and 47% (1 — 143%) for CP measurements. The
formalin-killed blank represented 27% (<1 — 600%) of the CP signal on average, with

higher contributions observed at the base of the euphotic zone.

3.35 Coccolithophore net growth rates

Net growth rates of coccolithophores were determined from 24 h incubations. Water was
collected before dawn as described above. Water samples (250 mL) from the 40%
incident irradiance depth were taken directly from the CTD. Three samples were filtered
immediately (To counts), whilst three more samples were placed in a dedicated incubation
chamber (as described above; see also Poulton et al., 2017b) for 24 hrs, and then filtered.
Samples were filtered under gentle vacuum through cellulose nitrate filters (25 mm
diameter, 0.8 um pore size Nuclepore™) with a Whatman GF/F backing filter to aid in
equal distribution of material across the filter. Filters were treated as discussed above and
coccospheres identified. Net growth rates (u, d) of coccolithophores were determined
using equation 2:
1 n24

n= (;) LN (W) (Equation 2)

Where t is time in days, n24 is the number of cells mL* at the end of the incubations and no

the number of cells mL* taken directly from the CTD.

3.3.6 Coccolithophore growth and microzooplankton grazing

Daily rates of coccolithophore growth and mortality were estimated using the dilution
technique (Landry and Hassett, 1982; Landry et al., 1995). Seawater samples from the
upper mixed layer (5-10 m water depth) were collected in 10 L acid-clean carboys passed
through a 63 um mesh to exclude larger zooplankton. Use of a 63 um mesh in this study
was aimed at excluding larger grazers and focusing on grazing by microzooplankton on
coccolithophores and phytoplankton <63 um. A proportion of the seawater was filtered
through 0.2 um cartridge filters using gravitational filtration. Sequential dilutions were
made of 100, 70, 40 and 20% ambient seawater. Samples were gently agitated prior to
sampling to ensure they were well mixed. Nutrients were not added to incubation bottles
as there is evidence this may impact on microzooplankton abundance (Gifford, 1988) and
phytoplankton growth (Lessard and Murrell, 1998). Furthermore, nutrient levels (nitrate,
phosphate, silicate) remained in replete concentrations throughout most of the sampling
period (>2 umol kg for nitrate and silicate, and >100 nmol kg™ for phosphate; see

Humphreys et al., 2017 and Poulton et al., 2017b). During the entire setting up procedure,
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seawater was kept in a temperature-controlled laboratory set to in situ temperatures (x

2°C), and was handled in near darkness to minimise exposure to light.

Samples for nutrients, coccolithophores (by cell counts, see Section 2.3),
microzooplankton (by FlowCAM, see below) and chlorophyll-a (see Section 2.2), were
taken for initial measurements from 63 pum screened water. Twelve 3 L glass jars were
filled with the seawater dilutions (triplicates of each dilution), sealed without a bubble
present, and incubated for 24 h in a controlled temperature (CT) refrigeration container
(see Richier et al., 2014 and Poulton et al., 2017b). After 24 h, the samples were removed
from the incubators and the same suite of measurements taken as for the initial
measurements (cell counts, microzooplankton abundance, chlorophyll-a), ensuring
samples were mixed before sub-sampling. For coccolithophore cell abundances, 250 mL
of seawater was filtered through a 0.4 um pore size Nuclepore™ cellulose nitrate filters
with a Whatman GF/F backing filter to aid in equal distribution of material across the filter,
filters were then treated the same as for CTD samples (see Section 3.2).

Growth rates were calculated as in equation 2. Changes in coccolithophore cell numbers,
measured by cross-polarized light microscopy (see Section 3.2) were used to calculate
apparent growth rates, assuming:

NGR =k —cg = % LN (%) (Equation 3)

where Py and P; are the initial and final cell numbers, k is the intrinsic growth rate of
coccolithophores (Y-intercept), g is the coefficient of grazing mortality (the slope of the
linear regression) and c is the dilution factor (1, 0.7, 0.4, and 0.2) (Landry and Hassett,
1982; Landry et al., 1995). Two main assumptions of the dilution technique are that
phytoplankton growth rates are unaffected by dilution, and that the rate of grazing
mortality is proportional to the dilution impact on grazer abundance (Landry and Hassett,
1982; Landry et al., 1995).

We calculated the percentage of daily growth consumed by microzooplankton as intrinsic
growth rate (p) divided by the coefficient of grazing mortality (g). As we will be discussing
the consumption of calcite-bearing phytoplankton, we also refer to this as the fraction of

calcite production consumed per day rather than primary production.

3.3.7 Microzooplankton abundance

Sub-samples (10-20 mL) of preserved microzooplankton in acidic Lugol’s lodine (2% final
concentration) collected at TO and T24 from dilution experiments were analysed using
FlowCAM VS-IVc (Fluid Imaging Technologies Inc.) fitted with a 300 pum path length flow

cell and x4 microscope objective. Images were collected using auto-image mode at a rate
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of 6-12 frames per second. Image files were manually classified to determine the
abundance of dinoflagellates and ciliates using Visual spreadsheet software (Version
3.2.3).

3.3.8 Data analysis and statistics

All statistical analyses were carried out in SigmaPlot (v12.5). Growth rate errors for
incubation experiments were calculated using error propagation and linear regressions.
An F-test was used to look for differences in the linear regressions within dilution
experiments for total coccolithophore communities and E. huxleyi.

3.4 Results

34.1 General Oceanography

Samples were taken during April 2015 at the three sites in the Celtic Sea: Central Celtic
Sea (CCS), the shelf edge (CS2), and a shallower station (J2) (Fig. 3.1). Throughout April,
CCS was more frequently sampled (n = 5) than CS2 (n = 2) and J2 (n = 2). Hydrographic
conditions varied during spring at CCS, with sea surface temperature varying from 9.8°C
to 11.2°C and mixed layer depth (MLD) (determined as an increase of 0.01 kg m= from
the potential density at 10 m; Hopkins, pers. comms) shoaling from 51 m at the beginning
of April to 16 m by the end of the month. The shelf-break (CS2) showed slightly higher
temperatures than CCS with little variability between subsequent visits (11.4 — 11.8°C)
and a small decrease in MLD from 27 m to 24 m. The shallower J2 site had sea surface
temperatures between 9.8°C and 10.4°C and a slightly shallower MLD than CS2 (20-22
m; Table 3.1). Poulton et al., 2017b gives details of the seasonal variability in absolute

irradiance across the euphotic zone.
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Table 3.1 . Environmental conditions for calcification and coccolithophore cell experiments conducted in the Celtic Sea during April 2015.

Euphotic depth was determined during the cruise to be the depth of 1% photosynthetically active radiation (PAR). Not determined (ND).

Surface macronutrients

_ _ _ ) Si(OH)* _ Euphotic Mixed
Sampling sites Day in April SST (°C) NO? (UM) PO* (UM) NH* (uM)  N:P ratio layer
(M) depth (m)
depth (m)

CCS 4 9.8 6.0 0.5 2.8 <0.1 12 37 51
CCS 6 10 5.6 0.4 2.7 <0.< 14 37 47
CCs 11 10.3 3.8 0.3 2.6 0.1 13 32 22
CCs 15 11.1 14 0.2 2.6 0.1 7 28 25
CCs 20 10.8 2.0 0.2 2.4 0.2 10 28 24
CCs 25 11.2 0.4 0.1 2.2 0.2 4 35 16
CSs2 10 11.4 8.2 0.5 3.1 <0.1 16 48 27
CSs2 24 11.8 6.1 0.4 2.3 0.2 15 30 24
J2 14 9.8 4.2 0.4 35 0.1 11 ND 20
J2 27 10.4 0.6 0.1 2.9 0.4 6 ND 22
Mean 3.8 0.3 2.7 0.2 11 34 28
Min 0.4 0.1 2.2 <0.1 4 28 16
Max 8.2 0.5 3.5 0.4 16 48 51
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Surface nitrate (NOx) and phosphate decreased throughout April from 6 to 0.4 pmol kg?
and 0.5 to 0.1 umol kg2, respectively, at CCS (Table 3.1). Between each subsequent visit
to CCS, NOx declined, apart from between the 15th and 20th April (1.4 — 2.0 pmol kg?1),
which coincided with a slight drop in sea surface temperature (11.1 — 10.8°C) and likely
indicates a mixing event, though there was no noticeable change in MLD (25 — 24 m). At
J2, NOx was also drawn down between subsequent visits (4.2 — 0.6 pmol kg1), though
only to a limited degree at CS2 (8.2 — 6.1 pM). The same pattern was observed for
phosphate at J2 (0.4 — 0.1 pM) and CS2 (0.5 — 0.4 uM). Silicic acid remained relatively
high at all stations during spring, ranging from 3.5 to 2.2 umol kg, with an April average
of 2.7 (£ 0.4) umol kg*. At both CCS and CS2, ammonia concentrations increased from
less than 0.1 to ~0.2 umol kg™, but showed a larger increase at J2 from 0.1 to 0.4 ymol
kg* (Table 3.1).

Integrated euphotic zone chlorophyll-a ranged from 35.2 to 132.1 mg m2 in the Celtic Sea
during spring, with the highest values found at the CCS on 15th April and the lowest at the
shelf edge (CS2) on the 10th April (Table 3.2). At CCS, from 4th to 15th April, euphotic
zone integrated chlorophyll-a concentrations increased 3-fold, associated with a 4-fold
increase in primary production (Table 3.2). At CS2, euphotic zone integrated chlorophyll-a
increased from 35.2 to 59.8 mg m between visits and had a higher integrated PP (81.1-
155.1 mmol C m) (Table 2). J2 was the site of an Emiliania huxleyi bloom on 27th April,
however sampling on the 14th April found higher chlorophyll-a (121.4 and 45.2 mg m?,
respectively). Euphotic zone integrated PP was significantly higher during the E. huxleyi
bloom than on the 14th April (524.2 and 112.3 mg m2, respectively) (Table 2).

3.4.2 Coccolithophore abundances and species compaosition

Measurements of upper euphotic zone (60,40 and 20% PAR light depths) coccolithophore
cell abundances at CCS ranged from 7.6 to 91.0 cells mL?, with a positive trend observed
throughout April (Fig. 3.2b). Over the entire euphotic zone, average coccolithophore
abundance also continually increased throughout April (6.3 — 96.0 cells mL?) (Fig. 3.3).
The first visit to J2 on the 14th April showed high cell numbers (155.6 cells mL™t), which
had increased to 1986 cells mL* (E. huxleyi) cells 13 days later on the 27th April.

At CCS the coccolithophore community was dominated (>49% by abundance) by E.
huxleyi, with this dominance becoming more pronounced later in April (up to 76%) (Table
3). Increasing E. huxleyi dominance coincided with an increase in the relative abundance
of the coccolithophore Calciopappus caudatus. (5-26%) and a decline in “other” species
(34-2%) (Table 3), such as the larger coccolithophore Coronosphaera mediterranea (7-

<1%). This trend is also seen in Pielou’s evenness (J’) which declined from 0.7 to 0.4, as
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well as species richness (the number of different species present) which declined from 11
to 6, with lowest values observed on the 25th April. The shelf-edge site CS2 was also
dominated by E. huxleyi, however this site showed a lower abundance of C. caudatus.
(10-2%) and a higher abundance of other species (30-42%), which coincided with high
values of J' (0.5-0.6) and species richness (9-10). At J2, the community was almost
exclusively (99%) E. huxleyi, with J' and species richness both extremely low during both
visits to this site (0.1-0 and 2-1, respectively). Morphotype A of E. huxleyi (after Young et
al., 2003) dominated the J2 bloom and was the common morphotype throughout the
spring bloom in the CCS in April (see Supplementary Figure 3.1).

e

2a)

N .

o

Chl{mg m~)

- o ® ®

~

o 4

T
60

150
Zb) ® Coccolithopheres
m Calcite production

!

T
20

T
20
Calcite production (umol G m™ ™)

Coccolithophores (cells mL™")

0 o [ ] o
T T T

3.0
2c)

25+ T

20
A A

Cell - CF (pmol G cell 'd™)
@«

—
| 2
>

1

CCS 20/04
CCS 2604

CCS 04/04
CCS 06/04

CCS 11104 |
CCS 15i04 -
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photosynthetically active radiation) at the Central Celtic Sea (CCS). Error bars show + 1

standard deviation.
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Table 3.2: Euphotic zone integrated measurements of chlorophyll-a, primary production and calcite production.
* Calculated based on the assumption all coccolithophores were E. huxleyi and contained 0.34 pg chl-a cell-1
(Daniels et al., 2014)

Chlorophyll-a Primary and calcite production
_ _ 2-20um  Coccolithophore _ CP
Sampling Dayin Total Chla ) o PP (mmol Coccolithophore CP:PP
_ _ fraction contribution o (mmol _
sites April (mg m?) Cm?) contribution (%) ratio
(%) (%) C m?)
CCs 4 46.8 58 0.1 101.7 0.3 0.4 <0.01
CCs 6 57.8 53 0.1 54.4 0.7 0.4 0.01
CCs 11 102.6 67 0.2 137.3 0.3 0.5 <0.01
CCs 15 132.1 91 0.2 435.1 0.2 1.0 <0.01
CCs 20 105.2 73 0.5 220.6 0.3 0.7 <0.01
CCs 25 112.2 64 0.6 326.9 0.2 0.7 <0.01
Cs2 10 35.2 46 1.0 81.1 1.8 15 0.02
CS2 24 59.8 72 14 155.1 0.7 11 0.01
J2 14 121.4 67 1.0 112.3 8.6 10.6 0.09
J2 27 45.2 69 18.8 524.2 30.6 239.8 0.46
Mean 81.8 66 2.4 214.9 4.4 25.7 0.1
Min. 35.2 46 0.1 54.4 0.2 0.4 <0.01
Max. 132.1 91 18.8 524.2 30.6 239.8 0.46
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Discrete measurements of coccolithophore cell numbers within the Celtic Sea ranged from
3.4 (x0.1) to 150.5 (* 2.2) cells mL? (Fig. 3.3), with the abundance patterns showing
good agreement with average euphotic zone cell numbers (Table 3). Maximum cell
numbers at CCS were found below the 60% incidental irradiance depth at all sites, though
there was variability in the depth where this maximum occurred. For example, at CCS on

the 11th and 25th April maximum cell numbers appeared to coincide with the MLD (Fig.

3.3).
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3.4.3 Calcite production and Primary production

Rates of calcite production (CP) sampled at discrete depths within the euphotic zone
ranged from 0.7 to 81.3 pmol C m3d? at CCS and from 2.4 to 65.2 umol C m3d? at CS2
(Fig. 3.3). Vertical profiles of CP (Fig. 3.3) consistently showed minimum values at the
base of the euphotic zone and maximum rates in the upper euphotic zone (aside from a
maximum at 15 m at CCS on 20th April). There also appeared to be a declining trend in
CP with depth in association with decreasing irradiance, with this decline seen below the
MLD (Fig. 3.3). Euphotic zone integrated CP at CCS varied from 0.4 to 1 mmol C m2d?,
with a ratio of CP to PP consistently less than 0.01 (Table 3.2). At station J2, integrated
euphotic zone CP was consistently higher (14th April, 10.6 mmol C m2d?; 27th April,
239.8 mmol C m2d?) with CP: PP ratios of 0.09 and 0.46, respectively (Table 3.2).
Integrated CP showed a similar peak to integrated chlorophyll-a on the 15th April (Fig.
3.2b). Normalising CP to coccolithophore cell numbers, to give cell specific CP (Cell-CF;
Poulton et al., 2010; Table 3.3, Fig. 3.2c), showed high values in the CCS at the beginning
of April (2.0-2.5 pmol C cell’* d'!), which declined throughout April to reach a minimum of
~0.4 pmol C cell*d* on the 25th (Fig 3.2c¢).

Euphotic zone integrated primary production (PP) showed a similar temporal trend to
integrated chlorophyll-a and CP. Integrated PP at CCS ranged from 54.4 to 435.1 mmol C
m2d?, with the peak on the 15th April, the same date as the highest chlorophyll-a
biomass (Table 3.2). Overall, integrated PP was highest on the 27th April at the site of the
E. huxleyi bloom (J2; 524.2 mmol C m2d?), which was a five-fold increase from earlier
measurements on the 14th April (112.3 mmol C m2d1). In contrast to CCS and J2, CS2
had comparatively low integrated PP throughout April (81.1-155.1 mmol C m2d1).

3.4.4 Net growth rate comparison

Net coccolithophore growth experiments were conducted four times at CCS and once at
station J2 on the 27th April for 24 h from the 40% PAR depth. On the 11th April net growth
rates (NGR) were 0.31 d* (Table 3.4). On the 15th April coccolithophore NGRs were
negative (-0.15 d), and positive on both the 20" April (0.16 d*) and the 25" April (0.20 d-
1). During the E. huxleyi bloom at J2, coccolithophore NGRs were observed as 0.11 d*
(Table 3.4). At CCS, net growth rates of 0.04 d* were observed in early April, ~0.20 d* on
the 11th and 15th April and 0.06 d* at the end of April. At J2 a net growth rate of 0.20 d*
was observed between the 14 and 27 April. This calculation does not take into account

advective processes, which likely impacts coccolithophore populations.
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Table 3.3. Averaged euphotic zone and sampled coccolithophore abundance, relative % abundance of E. huxleyi, calcite production (CP)

and cell normalised calcification (Cell-CF) for all sites during DY029, Central Celtic Sea (CCS), shelf edge (CS2) and J2 (* represents

standard deviation).

Coccolithophore  Growth rate Relative Relative
Other species  Cell-CF (pmol
Sampling site Day in April abundance (cells between abundance of abundance of
(%) Ccell*d?)
mL™?) visits (d?) E. huxleyi (%) C. caudatus (%)

CCs 04-Apr 6.3 (x2) - 66 (+ 12) 5(3) 29 (+ 10) 1.7 (x0.7)
CCs 06-Apr 6.9 (+1.9) 0.04 (x0.02) 53 (£ 13) 13(x9) 34 (£ 5) 1.7 (x1.1)
CCs 11-Apr 23.9 (x10.4) 0.23 (x0.12) 49 (£ 10) 27 (x7) 24 (+ 6) 0.7 (x0.4)
CCs 15-Apr 50.9 (+20) 0.22 (+0.13) 54 (£11) 29 (£ 5) 17 (= 7) 0.8 (x 0.5)
CCs 20-Apr 66.4 (+ 12.3) 0.05 (x0.02) 68 (+7) 26 (+ 6) 6 (x2) 0.4(x0.2)
CCs 25-Apr 95.6 (+28.5) 0.07 (x0.02) 76 (£ 5) 21 (x5) 2(x1) 0.2(x0.2)
CS2 10-Apr 40.3 (+ 11.8) - 60 (+ 2) 10 (x 4) 30 (x4) 0.9 (x0.8)
Cs2 24-Apr 134.5 (£ 43.9) 0.09 (x0.04) 56 (+7) 2(x1) 42 (£ 8) 0.2(x0.2)

J2 14-Apr 155.6 () - 99 () 0 1(-) 3.4 (-)
J2 27-Apr 1986.1 (x42.5) 0.18 (x0.00) 100 (= 0) 0 0 3.0(x0.1)
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Fig 3.4. Cell numbers of Emiliania huxleyi (circle) and Calciopappus caudatus (squares)

from net growth incubation experiments.

Table 3.4. Coccolithophore net growth rates and changes in nitrate concentration (UM

d?) from incubation experiments. Not determined (ND). * nitrate determined from T24

incubation
Date in Apri Incubation Coccolithophores Growth rate (d° ANO3 (UM d?)
(cells mIt) D) (TO —T48/2)
B TO 19.2 (£ 0.8) - ND
T24 26.2 (£ 3.7) 0.31 (+0.05) ND
TO 53.5 (+ 12.1) - 0.59
o T24 46 (+ 17) -0.15 (+0.06)  (1.20 —0.02)
20 TO 71.9 (+ 17.4) - 115
T24 74.6 (£ 4.6) 0.04 (+0.01) (2.05-0.02)
»e TO 97.8 (+ 35.2) - 0.20
T24 118.9 (+ 29.7) 0.20 (+0.09)  (0.41-0.01)
7 TO 2175.9 (x 145.5) - 0.62
T24 2431.5(+193.8)  0.11(x0.01)  (0.65—0.03%)
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345 Growth and mortality rates from dilution experiments

Based on dilution experiments conducted during April all regression slopes were found to
be significantly different from zero (p < 0.02) (Fig. 3.5), apart from on the 4th April at CCS
and on the 9th April at CS2, with all other dilution experiments showing a good correlation
coefficient for the linear regression (R? 2 0.44) (Table 3.5). From all experiments, a
positive slope was only encountered at CCS on the 20th April (Fig. 3.5), whilst all others
were negative. Due to the negative growth rate also found on 20th April (-0.39 d?), and
the violation to the assumptions of the dilution technique (Landry et al., 1995; Landry and
Hassett, 1982), we will not comment on this result further. The lack of nutrient addition
within the experiments did not appear to negatively impact coccolithophore growth rates,
even during late April experiments (see Supplementary Fig. 3.2).
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Figure 3.5. Plots of the coccolithophore net growth rate (d*) versus dilution factor from
microzooplankton (63 pm) grazing experiments from the Central Celtic Sea, Shelf Edge
(CS2) and J2 during an E. huxleyi bloom.

Table 3.5. Intrinsic growth (k), grazing mortality (g) and net growth rates of
coccolithophores for dilution experiments conducted at CCS, CS2 and J2. * p <0.02 **
p<0.002

Date in Growth k (d® Grazingg (d®  Net growth

Site R2
April h D) rate (d?)

CCS 4 -0.21 0.10 0 0.02
CCS 11 0.86 0.51~ 0.35 0.44
CCS 15 0.36 0.60* -0.36 0.49
CCS 20 -0.39 0.74* 0 0.48
CCS 25 1.23 1.32%* -0.09 0.71
CS2 9 0.41 0.30 0.11 0.20

J2 27 0.29 0.23** 0.06 0.67

Intrinsic (gross) growth rates were variable during spring at CCS (0.0-1.2 d1) with an initial
increase on the 11th April (0.86 d?), declining on the 15th April (0.36 d*) and finally
peaking again on the 25th April (1.2 d1). Grazing rates of microzooplankton (<63 um; due
to mesh screening) showed a positive trend throughout spring at CCS, ranging from 0.1 to
1.3 d* (Table 3.5). The percentage of calcite production consumed in the Celtic Sea
ranged from 59 to >100%, with the lowest seen on the 11th April and the highest on the
15th April. Results were not statistically different (F-test) between E. huxleyi and total
coccolithophores for either intrinsic growth (p = 0.21) or mortality (p = 0.46) rates, likely
due to E. huxleyi dominating cell abundances (Table 3.3). The dilution experiment from
the 27th April at J2 (E. huxleyi bloom) displayed an intrinsic growth rate of 0.29 d* and a
grazing coefficient of 0.23 d* (Table 3.5), demonstrating high (79%) microzooplankton

grazing mortality during this coccolithophore bloom event.
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Table 3.6. Abundance and net growth rates of microzooplankton (ciliates and dinoflagellates) from dilution experiments conducted at CCS,
CS2 and J2. Not determined (ND).

Microzooplankton

Ciliates Dinoflagellates
Site Date Experiment time (TO)
Cells (L) Cells (LY) Growth rate (d) Cells (LY) Growth rate (d?)
TO 1060 (+320) 550 (+100)
04 April 1610(+335) -0.35(+0.32) 0.88(+0.59)
T24 750 (+640) 1330 (+860)
TO 470 (+230) 380 (+270)
11 April 850(+355) 0.04(+0.03) -0.34(+0.31)
T24 490 (+220) 270 (+160)
Ccs TO 300 (+110) 500 (+230)
15 April 800(+255) ND ND
T24 ND ND
TO 140 (+160) 140 (x0)
25 April 280(+160) 1.6(¢2.1) 1.7(x0.71)
T24 690 (+460) 770 (£320)
TO 60 (+80) 130 (+90)
CS2 09 April 190(+120) 1.58(+2.35) 1.35(1)
T24 290 (+190) 500 (+130)
TO 150 (+50) 310 (£30)
J2 27 April 460(+58) 0.9(+0.4) 0.95(+0.29)
T24 370 (¥110) 800 (+230)
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Microzooplankton abundances (dinoflagellates and ciliates) were determined for all TO
experiments (apart from 20 April) whilst T24 abundances were determined for all aside
from experiments conducted on 15 and 20 April (Table 3.6). Abundances of
microzooplankton at TO in the CCS declined from 1610 (+ 335) to 280 (+ 160) cells L-1
and were 190 (£ 120) and 460 (£ 58) cells L-1 at the shelf edge and station J2
respectively (Table 3.6). Ciliates and dinoflagellates represented on average 44 (+ 13)
and 56 (x 13)% of the total abundance in the dilution experiments. The growth rates of
ciliates in experiments varied between -0.35 and 1.60 d-1, showing higher values later in
April (Table 6). The same trend is observed for dinoflagellates, with growth rates between
-0.34t0 1.70 d-1.

3.5 Discussion

351 Coccolithophores during spring in the Celtic Sea

Coccolithophores were present at all of the sites sampled within the Celtic Sea during
spring. By assuming a chlorophyll-a content of 0.34 pg cell* (the average content for E.
huxleyi) (Daniels et al., 2014) coccolithophores generally displayed very low estimated
contributions to total chlorophyll-a (<2.4%) along with PP (£1.3%) (Table 3.2). The
exception to this pattern was station J2 (18.8% and 30.6% contribution to chlorophyll-a
and PP respectively), which was the site of an E. huxleyi bloom (i.e. cell numbers >1000
mL1) on April 27th, although this date also had low integrated chlorophyll-a (45.2 mg m2).
This may be due to the relatively low chlorophyll-a content of E. huxleyi cells (0.2-0.34 pg
cell'*; Daniels et al., 2014; Paasche, 2002). The cruise average PP contribution of
coccolithophores (4.1%) agrees well with the low contribution of coccolithophores to PP
reported for the north-west European shelf during June 2011 (<3%; Poulton et al., 2014)
and with estimates from other marine environments (see Poulton et al., 2007). This
highlights that the biogeochemical importance of coccolithophores during non-bloom
conditions does not relate to their organic carbon production (PP), but rather to their

inorganic carbon production (CP).

Integrated CP at CCS and CS2 (0.4-1.5 mmol C m? d) was similar to other Celtic sea
sites sampled in summer 2011 (0.7-1.2 mmol C m?2 d; Poulton et al., 2014) suggesting
similar spring to summer calcification rates. Aside from the coccolithophore bloom on the
27th April at J2, measured ratios of CP to PP (0.01-0.09; Table 2) were also similar to
other studies of coccolithophores during non-bloom conditions in shelf regions (0.01-0.11;
Poulton et al., 2013, 2014). Within the Iceland Basin in summer these ratios were higher

(0.10-0.14; Poulton et al., 2010) suggesting that in open ocean regions CP may represent
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a greater proportion of fixed carbon than during non-coccolithophore bloom conditions in
shelf regions. This is not the case during blooms, such as the one observed at J2 (ratio;
0.46), where CP often represents a significant proportion of fixed carbon (~30-40%;
Poulton et al., 2007, 2013). The cruise average integrated CP for April 2015 (1.9 + 3.3
mmol C m2d, excluding the J2 coccolithophore bloom) was similar to the cruise average
for a 2011 study around the NW European shelf in summer (2.6 mmol C m2d*; Poulton et
al., 2014), and slightly lower than in non-bloom conditions in the Iceland Basin (3.6 mmol
C m2d?). Our observed lower rate is likely due to the higher cell numbers (100-870 cells
mL™) observed in the Iceland Basin (Poulton et al., 2010) than in the Celtic Sea in spring
(6.3-134.5 cells mL™).

Integrated CP on the 27th April (240 mmol C m2d1) was much greater than observed in
other E. huxleyi blooms, such as the Iceland Basin (9.5 mmol C m2d?), Patagonian Shelf
(4 mmol C m2d?), or North Sea (11.5 mmol C m2d?) (Holligan et al., 1993; Maraiién and
Gonzalez, 1997; Poulton et al., 2013). The bloom observed by Poulton et al. (2013) on the
Patagonian shelf had lower CP despite high cell numbers (up to 2000 cells mL?) due to
dominance of the bloom by the low cellular calcite-containing morphotypes (morphotype
B/C) of E. huxleyi (Poulton et al., 2013), whereas morphotype A dominated in the Celtic
Sea in April 2015. The A morphotype of E. huxleyi has ~50% more coccolith calcite
relative to the B/C morphotype (Poulton et al., 2011, 2010), which may have led to the
higher CP observed. This is further supported from cell normalised calcification (cell-CF)
rates observed on the Patagonian shelf (0.07-0.65 pmol C cell* dt) (Poulton et al., 2013)
compared to J2 (3 + 1 pmol C cell* d1).

Our observations of coccolithophores during spring suggest at the CCS they occupied a
primary biogeochemical role in CP, with only small contributions to phytoplankton biomass
(chlorophyll-a) or PP. The CP of coccolithophore communities can be impacted by the
rate at which the populations grow, as well as the composition of the coccolithophore

community (Daniels et al., 2016).

3.5.2 Coccolithophore growth rates in the Celtic Sea

Net growth rates for coccolithophores based on cell abundances between subsequent site
visits during our study (0.04-0.25 d*) were very similar to net growth rates observed from
our 24-hour incubation experiments (0.04-0.31 d*) (Table 4). These results compare well
to incubation experiments previously conducted on the north-west European shelf (0.2-0.4
d?; Poulton et al., 2014), and net growth rates during a spring bloom in the North Atlantic
(0.05-0.13 d*!; Daniels et al., 2015). These studies, and our results, also support the
observation that coccolithophore populations begin to increase during the spring bloom
(Schiebel et al., 2011).
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Different species of coccolithophores have been observed to have different net growth
rates in culture (Daniels et al., 2014; Gibbs et al., 2013) and natural communities (Daniels
et al., 2015, 2016). The net growth rates calculated between site visits for the dominant
species in our study (E. huxleyi and C. caudatus) also differed, with ranges of -0.08 to
0.23 d* and 0.03 to 0.55 d*?, respectively. Not only the range, but also the timing of
maximum growth differed. The maximum net growth period observed for E. huxleyi was
between 6" - 11™ April (0.23 d!) and 11" — 15" (0.22d?), whereas for C. caudatus it was
4™ - 6™ April (0.55 d*). A possible explanation for this temporal separation may be that C.
caudatus is more adapted to the high nutrient-high mixing conditions observed at the
beginning of April, a similar high nutrient-low light environment to where it is found in the
Arctic Ocean (see Daniels et al., 2016). In contrast, E. huxleyi is better adapted to the low
nutrient-highly stratified (high light) conditions seen towards late April (Table 3.1), possibly
due to E. huxleyi’s ability to utilise different sources of nitrogen and a high affinity for
phosphate uptake via alkaline phosphatase (Benner and Passow, 2010; Paasche, 2002).
Species-specific growth rates during the incubation experiments were highly variable for
E. huxleyi (0.21 - 0.59 d) and C. caudatus (-0.79 - -2.29 d?) (Fig. 3.4). The only
noticeable trend being that E. huxleyi always showed positive growth, whilst C. caudatus
often displayed negative growth rates. It is also possible that C. caudatus responds
negatively to the artificial environment in incubation experiments, which may also explain

why it has yet to be maintained in laboratory culture.

Different species of coccolithophores contain different amounts of calcite, based on the
number of coccoliths, the calcite content of individual coccoliths and cell size (Daniels et
al., 2016; Young and Ziveri, 2000), and the rates of growth (Daniels et al., 2014; Sheward
et al., 2017). The amount of cellular calcite within an E. huxleyi cell is approximately 0.52
pmol (Poulton et al., 2010; Daniels et al., 2014), whereas for C. caudatus it is estimated at
~0.09 pmol cell* (Daniels et al., 2016). Hence, even when C. caudatus displayed a higher
growth rate than E. huxleyi it is unlikely to be the dominant calcifier due to its lower cellular
calcite quota and cell abundances than E. huxleyi (after Daniels et al., 2014). To
determine CP per species it is possible to multiply growth rate, species specific calcite
content and species specific abundances (Daniels et al., 2014, 2016). Aside from where
negative net growth rates were observed, C. caudatus showed a CPs, range of 0.05 to
0.27 pmol C mLd? whilst for E. huxleyi this range was 1.34 to 3.80 pmol C mL*d.
However, the decline observed in cell-CF throughout April is likely due to “other” species,
such as the larger, and more heavily calcified Coronosphaera mediterranea (~9 pmol C
cell’* estimated from cell calcite and number of coccoliths per cell; Young and Ziveri,
2000) becoming less abundant (7% contribution to coccolithophore abundance on 4" April

and <1% from 20™ April onwards).
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Rates of coccolithophore calcification can be impacted by many environmental variables,
for example within culture experiments E. huxleyi calcification has been shown to increase
with increasing nutrient and light stress (Paasche, 2002), particularly under phosphorus
limitation (Dyhrman et al., 2006). During nutrient replete conditions, E. huxleyi cells have a
single layer of coccoliths, whilst during nutrient depletion this is seen to increase to
multiple layers (Paasche, 2002; Gibbs et al., 2013). However, nitrate and phosphate
concentrations were low on 27th April (0.6 and 0.1 pM, respectively), possibly leading to
the high rates of calcification. E. huxleyi cells sampled from this bloom also displayed
multiple layers of coccoliths (see Supplementary Figure 3.1) and a coccolith: cell ratio
from SEM images was estimated as ~25 loose coccoliths cell, further supporting this
hypothesis. Detached coccolith:cell ratios have also been used to determine the ‘phase’
(early, intermediate or late) of coccolithophore blooms, with the ratio increasing over time
as the production of coccoliths exceeds rates of cellular division (Poulton et al., 2013).
The ratio from the J2 bloom (25 loose coccoliths cell!) suggests sampling activities
occurred during the intermediate phase, which appears to be the point of highest calcite
production (Poulton et al., 2013). Bloom stage is also likely to be influenced by changing
environmental variables, and thus we may have sampled during the time of peak calcite
production. This excess calcification is likely the reason for the high cell-CF values

observed at station J2.

Additional information about growth dynamics can be gained by comparing net and
potential gross growth rates. Intrinsic (gross) growth rates, measured from dilution
experiments displayed higher values (0.36-1.23 d?) (Table 5) which are close to reported
estimates for cultured species (0.6-2.8 d'; Paasche, 2002). By assuming a maximum
growth rate of E. huxleyi of 1.6 d*, based on cultures growing in optimum temperature,
light and nutrient conditions (Paasche, 2002) we can calculate a growth potential (U/Umax
*100) for the coccolithophores at CCS. The average growth efficiency was ~30% (range:
10-53%) throughout April at CCS, which is very similar to that reported for the Iceland
Basin in non-bloom (coccolithophore) conditions (~33%, range 15-54%; Poulton et al.,
2010). This suggests that other factors, such as grazers, may be regulating

coccolithophore populations in the Celtic Sea.

353 Top-down control of coccolithophore populations

Grazing on coccolithophores has previously been demonstrated in laboratory settings
(e.g. Hansen et al., 1996; Harvey et al., 2015) and bloom communities in the field (e.g.
Archer et al., 2001; Fileman et al., 2002; Holligan et al., 1993; Olson and Strom, 2002),
but rarely within non-coccolithophore bloom communities. Moreover, many of the open-

ocean mortality rates have been estimated using pigment markers (e.g. Fileman et al.,
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2002), flow cytometry (e.g. Archer et al., 2001), and size fractionated chlorophyll (e.g.
Olson and Strom, 2002) rather than by direct coccolithophore enumeration by microscopy.
In this study, microzooplankton grazing on coccolithophores ranged from 0.10 to 1.32 d*,
which represented a daily consumption of from 59 to >100% of daily calcite production.
These values are similar to the range observed from dilution experiments conducted at
coastal Atlantic sites for total phytoplankton (35.5 -100%) and the global average (65%) of
microzooplankton-mediated phytoplankton losses (Schmoker et al., 2013). This suggests
a strong top-down control in non-bloom conditions on coccolithophore populations.

Non-significant grazing rates based on the dilution regression was observed at CCS on
the 4th April, which was likely to be due to the low coccolithophore cell numbers (at To,
100%: 14 cells mL%; 20%: 4 cells mL™') encountered (see Supplementary Figure 3.2). We
therefore suggest that this experiment was not able to detect coccolithophore growth or
grazing dynamics due to low prey abundances. On the 25th April an “L” shaped curve was
seen, suggesting saturated feeding by microzooplankton (Calbet and Saiz, 2013) towards
the end of the spring bloom. A polynomial regression was a better fit to the data from 25"
April rather than a linear one (R? = 0.84 and 0.71 respectively), further supporting a
conclusion of a saturated grazer community. This result could also be caused due to
alleviation of nutrient limitation via dilution. Hence, the rates observed on this date may be
overestimated, though the low net growth rate calculated (-0.09d?) is lower than the net
growth rate incubation observed on this date (0.07d'), suggesting it may be due to

biological differences.

By removing predators over 63 pm in size we are potentially relieving microzooplankton
from (meso-zooplankton) grazer control, which would lead to a change in trophic
dynamics of the plankton community (Calbet and Saiz, 2013), and potential
overestimation of grazing rates in our experiments. A comparison of net growth rates
calculated from dilution experiments and net growth rates from incubation experiments
(without a pre-treatment of a 63 um filter) (Table 3.3,3. 5) shows some differences later in
April. These differences imply an increasing importance of complex trophic interactions as
the spring bloom progressed (see also Giering et al., 2018), as well as the potential to
overestimate grazing rates during late April. Indeed, the biomass of meso-zooplankton
(>63 - 500 um) increased from 1.2 to 1.8 g DW m from early to late April (Giering et al.,
2018), along with an increasing growth rate, and declining TO abundance of
microzooplankton during late April experiments (Table 6). The trophic positioning of
mesozooplankton based on biovolume spectra also displayed an increase from 2.4 — 4.3
from early to late April (Giering et al., 2018). Although it appears we did induce a trophic
cascade, and thus the estimates of grazing from the mid to end of April may be

overestimated. However, grazing rates on coccolithophores (1.32 d*), were still observed
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to be very high. Suggesting even if we corrected for these trophic interactions the grazing

rate is still substantial.

The contrast between constant positive accumulation of coccolithophores from
subsequent site visits at CCS (Table 3.3) and the negative rates observed in dilution
experiments (Table 3.5) brings into question the role of mesozooplankton for
coccolithophore populations. The observed negative rates from dilution experiments could
be due to the release of grazing pressure on microzooplankton seen and higher mortality
rates. However, it raises the possibility that the presence of mesozooplankton could lead
to net accumulation of coccolithophores via a trophic cascade (Calbet and Saiz, 2013).
Indeed, mesocosm experiments with copepods added displayed an increase in
autotrophic nanoflagellate communities (Pree et al., 2016b; Zdllner et al., 2009)
supporting this hypothesis. Although, with no mesozooplankton data from station J2 to
compare we can only speculate on this result. A greater understanding of trophic
dynamics within E. huxleyi blooms will allow us to test this hypothesis.

Cellular levels of calcite content (i.e. ‘calcification state’) of E. huxleyi cells has been
demonstrated to offer no additional protection against microzooplankton grazing in culture
experiments (Harvey et al., 2015). In fact, Harvey et al. (2015) observed ingestion rates
~20% higher for calcified E. huxleyi cells compared with non-calcified (‘naked’) cells,
although variability in ingestion rates was more strongly linked to the use of different
strains. The growth rate of the dinoflagellate prey was also shown to be reduced by
ingestion of calcified cells, and was hypothesised to be due to inhibition of food vacuole
digestion of the calcite (Harvey et al., 2015). These observations suggest that, particularly
for E. huxleyi, calcification does not directly provide protection against instantaneous
microzooplankton grazing rates, and rather slows the growth rate of the microzooplankton
and hence limits their population development (Harvey et al., 2015). During the J2 E.
huxleyi bloom, growth rates of microzooplankton (0.9 and 0.95 d* for ciliates and
dinoflagellates respectively) compared to CCS on a similar date (1.6 and 1.7 d*) (Table
3.6) provides limited support to the suggestion of negative effects of calcite ingestion on
microzooplankton grazers. However, these were not the lowest microzooplankton growth
rates observed in the Celtic Sea (Table 3.6), potentially suggesting that other factors (e.g.

prey quantity, environmental conditions) may be involved.

The dilution experiment conducted during the E. huxleyi bloom at J2 found that a high
proportion (~80%) of daily calcite production (0.29 d) was grazed (0.23 d?) (Table 3.5).
The grazing values from J2 in the Celtic Sea in April are higher than other studies during
coccolithophore blooms in the Bering Sea (y, 0.67 d%; g, 0.14 d*; Olson and Strom, 2002)
and the North Sea (y4, 0.69 d*; g, 0.36 d*; Archer et al., 2001), representing losses of 22

and 52% of daily growth, respectively. Both studies observed higher intrinsic growth rates,
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possibly suggesting these experiments were conducted in an earlier bloom stage to those
experienced at J2. Within the Bering Sea bloom, Olsen and Strom (2002) measured
growth and grazing rates using less than 10 um chlorophyll-a (62 + 21% of total
chlorophyll-a). This may have led to an underestimation of rates, particularly as E. huxleyi
blooms have been shown to contain significant chlorophyll-a contributions from
phytoplankton other than E. huxleyi (Poulton et al., 2013; this study). High grazing on E.
huxleyi has also been observed within the North Atlantic (u4, 0.38 d?, g, 0.74 d*; (Holligan
et al., 1993), suggesting during periods of E. huxleyi blooms microzooplankton can be
major agents of mortality. Although large (potentially dsDNA viruses) were detected, viral
mortality was not quantified in this E. huxleyi bloom. We believe viral mortality to be
similar in all dilutions given the size of the virus (~180nm; Bratbak et al., 1993) and filter

size used (0.2 pm).

Both ciliates and dinoflagellates have been observed to graze coccolithophores in culture
experiments (Evans and Wilson, 2008; Hansen et al., 1996; Harvey et al., 2015; Kolb and
Strom, 2013) suggesting both groups could be responsible for the coccolithophore
mortality seen within our study. During E. huxleyi blooms ciliates can be a major
component of microzooplankton communities (11-51% Strombidium ovale; (Archer et al.,
2001). However, heterotrophic dinoflagellates can also dominate the microzooplankton
biomass within E. huxleyi blooms (63% by Gymnodiniales; (Fileman et al., 2002).
Throughout an E. huxleyi bloom in the Bering Sea, a higher biomass of the large ciliate
Laboea and the dinoflagellates Protoperidinium and Gyrodinium were associated with
bloom stations (Olson and Strom, 2002). These studies suggest a possible role of
microzooplankton composition for E. huxleyi populations. A greater understanding of
microzooplankton community structure, and the impact of different predators on
coccolithophores will help us improve our understanding of coccolithophore bloom

dynamics.

We have presented here one of the first set of measurements of microzooplankton
grazing (63 pm) on coccolithophore populations based on actual cell counts rather than
pigment analysis in both coccolithophore bloom and non-bloom conditions. These results
indicate that microzooplankton significantly graze coccolithophore populations in shelf
seas and exert a strong top-down effect. The results also question whether calcification is
an effective grazer deterrent (e.g. Young, 1994; Monteiro et al., 2016), especially in E.
huxleyi and microzooplankton dominated communities. This study focused on a shelf sea
environment in spring, while better understanding of the impact of microzooplankton
grazers on coccolithophores requires more measurements from open ocean communities,
across seasonal and spatial gradients as well as a direct analysis of grazing rates on

coccolithophores by different types of predators.
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3.6 Conclusions

Low contributions (<2-3%) of coccolithophores towards autotrophic biomass (chlorophyll-
a) and primary production during spring in the Celtic Sea implies that coccolithophores
have only a minor role in ecosystem dynamics at this time of the year. Rather, the key role
for coccolithophores in shelf sea biogeochemistry and carbon cycling is through the
production of calcite. Growth rates of coccolithophores varied throughout spring,
concurrently with the dynamics of the phytoplankton spring bloom, with generally positive
growth rates, particularly for the cosmopolitan E. huxleyi. Grazing rates by
microzooplankton on coccolithophores were shown to be high (>60% daily calcite
production), suggesting a strong top-down control on coccolithophore populations. This
calcite will enter microzooplankton food vacuoles, with pH values during digestion of ~3-5
pH units to ensure the enzymes associated with protist digestion working optimally
(Gonzalez et al., 1993; Nagata and Kirchman, 1992). Much of the calcite produced in the
euphotic zone could therefore undergo rapid dissolution in microzooplankton food
vacuoles, with the resulting carbon respired or excreted. However, calcite could also
buffer the pH of the vacuoles and slow the digestion (dissolution) process (Harvey et al.,
2015). In this case, microzooplankton growth may be negatively impacted (Harvey et al.,
2015), and a portion of the ingested material may be excreted and exported to depth.
Clearly, a greater understanding of the pathways for the fate of coccolithophore calcite is
required to better understand coccolithophore biogeochemistry and their influence on

oceanic CO; fluxes.
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4.1 Abstract

The species Emiliania huxleyi is considered the most cosmopolitan and numerically
dominant coccolithophore in the modern ocean. This species is biogeochemically
important as it is able to form extensive blooms at temperate latitudes, contributes to the
production of the gas dimethylsulphide and enhances carbon export through the
production and deep-sea flux of calcium carbonate plates (‘coccoliths’). One hypothesis
for the evolution and function of these coccoliths is as protection against ingestion by
microzooplankton (<200 um) grazers. Here, we analyse data from 53 dilution experiments
from the coastal North Atlantic oceanic region, where grazing and growth rates for E.
huxleyi have been measured, and compare them to similar rates for other phytoplankton
groups within the same assemblage. The median of grazing to growth ratios for E. huxleyi
(0.63 + 0.47) was not significantly (Kolmogorov-Smirnov p value = 0.37) different from
nanoeukaryotes (0.89 £ 0.43) or picoeukaryotes (0.52 £ 0.32), but was significantly higher
than for Synechococcus spp. (0.33 + 0.33). This demonstrates that ~60% of
coccolithophore production was grazed by microzooplankton. The relative proportion of
E.huxleyi biomass to the phytoplankton community appeared to show no relationship with
community grazing rate. This data suggest that coccoliths do not provide E. huxleyi with
efficient protection against microzooplankton ingestion rates, and that they are grazed at
similar rates to other phytoplankton groups. This has significant implications for the
population dynamics of E. huxleyi, and possible bloom formation mechanisms, along with

the fate of grazed calcite within the upper euphotic layers of the ocean.

4.2 Introduction

Coccolithophores are single celled eukaryotic phytoplankton, which are unique in that they
produce an exoskeleton composed of calcium carbonate plates, known as coccoliths.
Coccolithophores play important roles in the marine carbon cycle through the production
and export of these coccoliths, with their formation altering the air-sea flux of CO. and
they may also act as ballast material for sinking organic matter (Bach et al., 2016; Klaas
and Archer, 2002).

One of the most prevalent coccolithophore species is Emiliania huxleyi, which is present
in almost all oceanic regions and is able to form extensive blooms in shelf regions. This
species can be responsible for up to 40% of carbon production (Poulton et al., 2007;
Mayers et al., 2018) and are strong producers of the osmolyte dimethylsulfoniopropionate
(DMSP), which cleaves to produce the gas dimethyl sulphide (DMS) the main natural

source of atmospheric sulphur (Malin et al., 1993).
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Despite their ecological importance, a clear evolutionary and ecological mechanism for
coccolith formation is still not yet fully resolved. Many theories have been suggested (see
Monteiro et al., 2016 for a recent review), including concentrating light, as an energy
‘dump’, buoyancy control, protection against viral and bacterial attack, and as a defence
mechanism against microzooplankton grazers. Microzooplankton are small grazers (20 -
200 pm) which are responsible for consuming an average of ~64% of primary production
in the oceans each day (Calbet and Landry, 2004; Schmoker et al., 2013). They primarily
consist of dinoflagellates and ciliates.

Within the laboratory, experimental data have shown no evidence that calcification in
E.huxleyi provides protection against ingestion by heterotrophic dinoflagellates (Harvey et
al., 2015; Strom et al., 2017). However, Harvey et al. (2015) showed that calcified
E.huxleyi could slow the growth rate of the predator, possibly due to the presence of a
calcite shell. Previously, there has been some evidence that during E. huxleyi blooms
there appears to be a depression in the overall community level grazing rates (measured
as chlorophyll-a rather than E. huxleyi cells) in the Bering and Celtic Seas (Fileman et al.,
2002; Olson and Strom, 2002). For field experiments, there is limited evidence that
E.huxleyi is selectively grazed on, with one experiment demonstrating this for the North
Atlantic (Holligan et al., 1993), and high grazing rates observed in non-bloom conditions

on the north-west European shelf (Mayers et al., 2018; Chapter 3).

Prey selectivity within plankton communities can be estimated using the Chesson-Manly
selection index (Manly, 1974; Chesson, 1978, 1983). This index measures if there is an
imbalance between the proportion of prey in the predator’s diet and the proportion of the
same prey within the environment. Selectivity within phytoplankton could be based on
factors such as prey size, motility, nutritional value or chemical cues (Verity, 1988; Muller
and Schlegel, 1999). This index has been used in marine planktonic communities to
investigate prey selectivity of copepods (Nejstgaard et al., 1997) and microzooplankton
(both ciliates and dinoflagellates) (Evans and Wilson, 2008; Loder et al., 2011). Other
measures of prey selectivity include Strauss’s linear index (Strauss, 1979), which
compares observed vs expected frequencies in the diet compared with environmental
proportions. This method has previously been applied to coral communities (Bonaldo and
Hay, 2014) but not to those of phytoplankton. However, we consider both methodologies

within this study to attempt to elucidate possible microzooplankton prey selectivity.

In this study, a meta-analysis was conducted of dilution experiments primarily performed
during mesocosm experiments in Bergen, Norway and from a cruise on the north-west
European Shelf (Celtic Sea) during spring 2015 (see Mayers et al., 2018; Chapter 3). The
main aim was to investigate whether there are statistically different grazing rates on

coccolithophores relative to other phytoplankton groups from the same community,
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including the similarly sized (2-20 um), but non calcified nano-eukaryotes (including
haptophytes, cryptophytes, chlorophytes). Secondly, the data were examined to observe if
there was a decline in predator growth rate with high E. huxleyi relative abundance in the
environment. These results provide information how microzooplankton may regulate
E.huxleyi population dynamics, the fate of coccolithophore calcium carbonate, and the
possible evolutionary role of calcification.

4.3 Materials and methods

The majority of the data used in this study (n = 48) are from experiments conducted with
mesocosms in 2016 and 2017, whilst a smaller sub-set (n = 5) are from experiments

conducted during a cruise to the UK Shelf Sea (Celtic Sea).

4.3.1 Mesocosm set-up

Mesocosm experiments were conducted at the Espegrend Marine Biological Field Station
in Raunefjorden near Bergen, Norway (60°22.1°N, 5°28.1°E). In 2016, 9 floating KOSMOS
(Kiel Off-Shore Mesocosms for future Ocean Simulations; Riebesell et al., 2013), 4 with
altered CO; concentrations, were set up and monitored for 50 days. In 2017, 12 bags
were filled from the surrounding fjord, with 4 experimental treatments (3 bags each).
These treatments were; replete inorganic nutrients (16 pM and 1 pM of nitrate and
phosphate added respectively), shaded (nutrients as in the replete bags but with a shaded
screen placed on day 10 of the experiment to reduce surface Photosynthetically Active
Radiation (PAR) to 1%), low phosphorus (same nitrate as replete bags and minor
phosphorus addition to a 60:1 N:P ratio), and ambient which had no nutrient manipulation.
Following nutrient additions to the relevant bags, all 12 bags were bubbled with ambient
air for two days before air pumps were removed. Experiments to estimate phytoplankton
growth and microzooplankton grazing rates were conducted every two days for 18 days in
both 2016 and 2017.

4.3.2 Dilution experiments

Phytoplankton growth and microzooplankton grazing rates were estimated using the
dilution method (Landry et al., 1995; Landry and Hassett, 1982). A slightly modified
version of this method was used, with only one low dilution level (20%) and an undiluted
treatment used (Morison and Menden-Deuer, 2017, 2015). Rates calculated using this
method are considered accurate but conservative compared with those using multiple
dilution levels and a linear regression, furthermore any nonlinear responses in grazing

rates have been shown to not bias the reliability of the rate estimates (Morison and
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Menden-Deuer, 2017). All dilution experiments conducted in 2016 and 2017 had the same

experimental set-up.

In 2016, experiments were conducted during days 19 to 31 of the experiment. Water was
collected using a depth integrated water sampler (IWS, HYDRO-BIOS, Kiel). During 2017,
water was collected from ~1 m depth using a 10 L Niskin bottle, and equal volumes of
water were pooled from the triplicate mesocosm bags. During both years, larger
mesozooplankton were removed from the collected seawater by screening all water
through 200 pum Nitex mesh into clean carboys. The collected water was then shaded with
black plastic and returned to shore. Mixing of the dilutions and partitioning into incubation
bottles occurred in a temperature-controlled room, set to ambient water temperature (£
1°C). Grazer-free diluent (FSW) was prepared by gravity-filtering whole seawater (WSW)
through a 0.45 pm inline filter (PALL Acropak™ Supor® membrane capsule) into a clean
carboy, to ensure passage of viruses. To the grazer-free diluent, WSW was added at a
proportion of 20%. The 20% dilution and 100% WSW treatments were prepared in single
carboys and then siphoned into triplicate 1.2 L Nalgene™ incubation bottles. To control for
nutrient limitation, additional triplicate bottles of 100% WSW were incubated with added
nutrients (10 uM nitrate and 1 uM phosphate to ensure replete conditions). The 1.2 L
incubation bottles were incubated for 24 h in an outdoor tank maintained at in-situ surface
temperatures through a flow-through system of ambient seawater. Bottles were allowed to
freely float around and the seawater inflow caused gentle agitation throughout the 24 h
period. A screen was used to mimic light conditions at ~1 m depth, this was verified using
a HOBO data logger (Onset).

Dilution experiments conducted on board the RRS Discovery within the Celtic Sea were
set up as described in Mayers et al. (2018; Chapter 3). Briefly, seawater samples were
collected from 5 to 10 m and filtered through a 63 pm mesh into 10 L clean carboys. We
made FSW by gravity filtering water through a 0.2 ym cartridge filter (PALL Acropak™
Supor® membrane capsule). Sequential dilutions were set up of 100, 70, 40 and 20%
WSW, samples were gently agitated prior to sampling to ensure they were well mixed. For
these experiments, nutrients were not added as nutrient levels remained replete through
most of the sampling period (see Mayers et al., 2018; Chapter 3). For each experiment,
twelve 3 L glass jars were filled with seawater dilutions (triplicates of each dilution) and
incubated for 24 h in a controlled temperature refrigeration container with artificial lighting
provided by LED panels (Powerpax, UK) and neutral density filters (Lee Filters™, UK) to

replicate the daily light regime at the collection depth.
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4.3.3 Chlorophyll-a and phytoplankton population counts

For the mesocosms, water for the measurement of chlorophyll-a concentration (150 mL)
was filtered under low vacuum pressure through Whatman GF/F filters (effective pore size
0.7 um) and then extracted in vials containing 6 mL of 95% ethanol, at room temperature
in the dark for 12 to 15 h. All chlorophyll readings were conducted on a Turner TD700
fluorometer (Jespersen and Christoffersen 1987, Graff and Rynearson, 2011). Ethanol
blanks were included, and all samples were corrected for phaeophytin using a drop of
10% hydrochloric acid and then reading the sample again.

For experiments conducted in the Celtic Sea, samples for chlorophyll-a concentration,
flow cytometry, and coccolithophore enumeration were taken at TO and after 24 hours
(T24). Water for chlorophyll-a (200-250 mL) was gently filtered onto Whatman GF/F
filtersand extracted in 6 to 10 mL 90% acetone (HPLC grade, Sigma-Aldrich, UK) at 4°C
for 18 to 24 h (Poulton et al., 2014). Chlorophyll readings were taken on a Turner Designs
Trilogy fluorometer using a non-acidification method and calibrated with a solid standard
and pure chlorophyll-a standard (Sigma-Aldrich, UK).

Samples for phytoplankton biomass via flow cytometry were treated differently between
mesocosm experiments in 2016 and 2017. In 2016, samples were enumerated using a
BD Accuri™ flow cytometer with a C6 auto-sampler, and data were analysed using the BD
Accuri™ C6 software. Water samples for each bottle at T24, and in triplicate from TO were
pre-filtered through a 45 pm mesh and run for 6 to 7 min at a low flow rate (35 pL mint).
Events that triggered the forward scatter threshold value were recorded. The sample
introduction probe was washed and samples agitated between each sample run. All
events with red autofluoresence (692 nm) above 3,000 (the background level of
fluorescent particles present in de-ionised water and sheath fluid) were considered
phytoplankton. Nanoeukaryotes (>2 um) and picoeukaryotes (<2 um) were determined
based on their forward scatter signal relative to 3 um calibration beads. Synechococcus
was defined as events that fell as picoeukaryotes but displayed orange fluorescence (585
nm). Emiliania huxleyi was determined as events that fell into nanuoeukaryotes but
displayed an elevated side scatter (SSC) due to the presence of calcium carbonate
coccoliths (Fig 4.1). Sphero™ rainbow calibration beads (3 ym, 8-peak) were run as daily

quality control.

In 2017, phytoplankton were enumerated on samples fixed in <1% glutaraldehyde (final
concentration). For each bottle at T24, and in triplicate from TO, 5 mL of sample was taken
and screened through a 40 pum mesh (to remove larger organisms and patrticles) into a
cryovial, and preserved in glutaraldehyde. Then, 250 pL of this preserved sample was

added to a 96-well plate and analysed on a Guava EasyCyte HT (Millipore) flow
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cytometer. Samples were differentiated into 4 groups; picoeukaryotes, nanoeukaryotes,
E.huxleyi, and Synechococcus based on forward and side scatter (for size, and
calcification), chlorophyll-a fluoresence and orange fluoresence for Synechococcus.
Example flow cytometry plots are shown in Fig 4.1.

For the research cruise, samples for flow cytometry were collected in clean 250 mL
polycarbonate bottles and analysed using a Becton-Dickinson FACSort instrument (Tarran
et al., 2006). Samples for coccolithophore enumeration were sampled as described in
Poulton et al. (2010) and Mayers et al. (2018; Chapter 3). Briefly, 250 mL of water from TO
and T24 of dilution experiments was gently filtered onto 0.8 um cellulose nitrate filters.
Permanent slides of the filters were prepared by mounting the filters using low viscosity
Norland Optical adhesive 074. Samples were analysed under cross-polarized light using
an Olympus BX51 (x1000 oil immersion). Either 300 individual cells, or 300 fields of view
(whichever was reached first) were counted, with a minimum of 50 fields of view. Cell
numbers were calculated based on the area of the filter examined, cells counted and
volume filtered. Full coccospheres (including E. huxleyi) were identified following the
taxonomy of Frada et al. (2010).
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Figure 4.1. Flow cytometry plot showing individual events against log forward scatter
and log red fluorescence (a), log forward scatter against log side scatter (b), and log

forward scatter against log orange fluorescence (c).

For studies conducted during mesocosm experiments, the apparent growth rates (k, d?)

were calculated using the equation:

k =1/t In(C;— Co) (Equation 1)

where t = incubation time in days, C:and C, are the final and initial concentrations of
chlorophyll-a or cell counts, respectively.
Grazing and growth rates were calculated as in Morison and Menden-Deuer (2017).

Grazing (g, d?) rates were calculated as:
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0 = (Ka — ka+n) / (1 = %) (Equation 2)

where, kq is the average growth rate in the diluted (20% WSW) treatment, and X is the
fraction of WSW, and ki is the growth rate in 100% WSW with added nutrients (i.e. the
growth rate in the absence of nutrient-limited mortality). Once grazing rates were
calculated, the intrinsic growth rate (J) is calculated with ki, the growth rate without

nutrients added (the estimated true net growth rate) as:
H=g+ki (Equation 3)

For Celtic Sea samples, growth rates were calculated as in equation 3. Changes in
coccolithophore cell numbers, measured by cross-polarized light microscopy (see Section

2.2) were used to calculate apparent growth rates, assuming:
1 Pt .
NGR =k —cg = 7 LN (%) (Equation 4)

where PO and Pt are the initial and final cell numbers, K is the intrinsic growth rate of
coccolithophores (Y-intercept), g is the coefficient of grazing mortality (the slope of the
linear regression) and c is the dilution factor (1, 0.7, 0.4, and 0.2) (Landry and Hassett,
1982; Landry et al., 1995). There was no significant difference of intrinsic growth or
grazing rates when using the two or four-point method (F-test = 0.93 and 0.99,
respectively).

43.4 Data processing and statistical analysis

Our data set consists of 530 rate measurements of different phytoplankton groups. Similar
to previous studies that compared a compilation of microzooplankton grazing rates
(Calbet and Landry, 2004; Schmoker et al., 2013), negative grazing rates were adjusted to
0.00 d* (n = 54) and negative growth rates to 0.01 d* (n = 48) to avoid dividing by
negative numbers and skewing the data towards zero. Grazing to growth rate ratios (g:|)
were calculated as a proxy for the fraction of production consumed for each phytoplankton
group. The g:u ratios were arctangent transformed, which reduces the impact of large
ratios on averages and makes the data more normally distributed (as in Calbet and
Landry, 2004). The arctangent medians and median absolute deviations were then
converted back to percent consumed using the tangent function. To test for differences
between growth and grazing rates, and in g:J ratios between different phytoplankton
groups, pairwise two-sided Kolmogorov-Smirnov tests were conducted using R (v. 3.3.2)
(R Core Team, 2015).

Although this paper has experiments conducted under a variety of different environmental

parameters and manipulations, using a like for like comparison where possible, | reduced
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the influence of potential biases due to environmental differences. Cell abundances from
flow cytometry and microscopy counts (for E. huxleyi on the shelf sea) were converted to
biomass using literature values for organic carbon (Tarran et al., 2006): for
Synechococcus (8.58 fmol C cell?), picoeukaryotes (36.67 fmol C cell) and
nanoeukaryotes (0.76 pmol C cell). A conversion factor for the organic component of
E.huxleyi was used (0.68 pmol C cell*) (Harvey et al., 2015), assuming microzooplankton
are not able to assimilate the inorganic carbon (calcite) fraction.

The Chesson-Manly selection index (Manly, 1974; Chesson, 1978, 1983) relates the
proportion of a food group grazed to the proportion of that food group in the environment
(community). It was calculated as:

al = ri /pi

= m (Equation 5)

Where ri is the relative abundance of food in the diet (determined as g:J ratio) and pi is
the relative abundance of food in the environment. The a is a function of the forage ratio
(ri / pi). Strauss’s Linear index (Li) is also a food selectivity index, however does not factor
in the rest of the community (Strauss, 1979), it is calculated as:

Li=ri—pi (Equation 6)

To test for significant differences between values of Chesson-Manly and Strauss-Linear

indices, two-sided Kolmogorov-Smirnov were calculated as above.

4.4 Results

44.1 Phytoplankton community grazing impact

Using chlorophyll-a as a measure of community-level change, microzooplankton grazing
rates ranged from 0.0 to 0.80 d?, whereas growth rates ranged from 0.01 to 0.82 d* (Fig
4.2a). Grazing rates were found to be higher than growth rates in only 15% of
experiments, and all the events occurred during the 2016 mesocosm experiment (except
for one result in 2017). Interestingly, there was no significant relationship between the
grazing rate derived from chlorophyll-a measurements and the proportion of E. huxleyi
biomass found in the population (R? = < 0.001; Fig 4.2b), suggesting that E. huxleyi
relative abundance does not negatively affect community level grazing rates. This lack of
a relationship is also observed between grazing rates on different phytoplankton groups

and proportion of E. huxleyi in the population (Supplementary Figure 4.1).
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4.4.2 Phytoplankton group specific growth and mortality rates

Growth and grazing rates on different phytoplankton groups were much more variable
than for chlorophyll-a (Fig 3a). Though there was a generally positive relationship between
growth and mortality rates for all the phytoplankton groups (linear equation, y = 0.04 +
0.67x, p < 0.001, n =192). The highest observed rates were generally seen for
nanoeukaryotes (>3 d?), E. huxleyi and picoeukaryotes (2-3 d). A large majority of paired
rate measurements (n = 159) cluster within the less than 1 d* range in the bottom left of
the plot (Fig. 4.3a).
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Figure 4.3: Growth and grazing rates (d*) from all mesocosm experiments (3a), dashed
line is the 1:1 line, dotted line is the linear regression between growth and grazing rates,
box plots of growth and mortality rates (d?) (3b), the red dots overlaid are samples from

the Celtic Sea, bold and italicised text represents median values. White points represent
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outliers of the data set. Average proportion of daily production consumed (%) of each
phytoplankton group (3c), error bars represent standard errors of the data set (n = 48 for
all phytoplankton groups). EHUX = E. huxleyi, NEUK = nanoeukaryote, PEUK =
picoeukaryote, SYN = Synechococcus spp and Chl A = chlorophyll a

Due to the large spread of observed rate measurements, we present these as box and
whisker plots of median and quartile ranges (Fig. 3b), with the overlaid red dots samples
from the cruise during spring in the Celtic Sea. The cruise data overlay generally quite
well with the observed mesocosm data, suggesting that mesocosms are representative of
growth and mortality dynamics occurring within the natural environment. The largest
median growth rates were observed for picoeukaryotes (0.54 d1), chlorophyll-a (0.46 d*)
and E. huxleyi (0.39 d1), whilst the lowest were for Synechococcus (0.23 d*) and
nanoeukaryotes (0.27 d?). In terms of grazing rates, the largest estimated means were for
nanoeukaryotes and E. huxleyi (0.3 d for both), closely followed by picoeukaryotes (0.25
d?). The lowest rates were again observed for Synechococcus (0.08 d1). Chlorophyll-a
growth and grazing rates were similar to those for the main phytoplankton groups (0.46 d*
and 0.17 d?).

Using a two-sided Kolmogorov-Smirnov (K-S) test, we tested for nonparametric
differences in the distributions of growth and grazing rates between different groups. For
growth rates, significant differences were only found between E. huxleyi and
Synechococcus (p = 0.01), and between picoeukaryotes and Synechococcus (p = 0.001).
For grazing rates, all groups displayed significant differences (p = <0.02), except for
between nano- and pico-eukaryotes (p = 0.1), and E. huxleyi and nanoeukaryotes (p =
0.85).

The average amount of production consumed (estimated from the average g:u ratios) was
highest for nanoeukaryotes (90 = 7%), followed by E. huxleyi (68 + 8%) (Fig 4.3c). The
lowest values were reported for Synechococcus (34 + 5%) and chlorophyll-a (42 + 4%),
with picoeukaryote consumption slightly higher (55 = 7%). By transforming g:p ratios into
their arctangent values we can reduce the impact of large ratios (Fig. 4.4). The median g:u
(x median absolute deviation) is highest for nanoeukaryotes (0.89 + 0.43), showing that
almost 100% of daily production is consumed by microzooplankton grazers on this
phytoplankton group. For E. huxleyi, the median ratio is slightly lower (0.63 £ 0.47), but
still suggests that ~60% of daily production is consumed. For picoeukaryotes, the median
ratio (0.52 + 0.32) suggests ~50% daily production is consumed. The lowest observed
median ratio (0.33 + 0.33) is for Synechococcus, closely followed by chlorophyll-a (0.39 £
0.19).
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A two-sided K-S test displayed significant differences for g:u ratios between E. huxleyi and
Synechococcus (p = 0.01), and E. huxleyi and chlorophyll-a (p = 0.005) (Table 4.1).
Nanoeukaryotes were significantly different (p = 0.02 - < 0.001) from all phytoplankton
groups except for E. huxleyi (p = 0.37). Picoeukaryotes were not significantly different
from Synechococcus spp. (p = 0.06). These results suggest that there is no statistically
significant difference in the proportion consumed between E. huxleyi and the similarly
sized nanoeukaryote or picoeukaryote populations, and that differences are mainly

between chlorophyll-a and Synechococcus spp.
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Figure 4.4. Box plots of arctangent g:J ratios of the different phytoplankton groups. Red
points are samples from the Celtic Sea. White points represent outliers of the data set.
Dashed lines labelled as 1.0 and 0.5 represent 100 and 50% of daily growth consumed
by grazers, respectively. Bold italicised values are median values converted back from

arctangent values using the tangent(x) function.
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Table 4.1: p-values from a two-sided Kolmogorov-Smirnov test of g:J ratios between different

phytoplankton groups. Bold values indicate significant differences (p < 0.05).

E. huxleyi NEUK PEUK SYN Chlorophyll-a
E. huxleyi - 0.37 0.37 0.01 0.005
NEUK - 0.02 <0.001 <0.001
PEUK - 0.16 0.06
SYN - 0.37
Chlorophyll-a -
4.4.3 Selective grazing

To gain a better understanding on whether a particular phytoplankton group is grazed

preferentially, we can use one of two indices: the Chesson-Manly (CM) or Strauss Linear

(Li) index. Both of these relate the proportion of a food group grazed, to the proportion of

that food group observed in the environment (community). The CM index assumes neutral

grazing is 1/n (Manly, 1974; Chesson, 1978, 1983), where n is the number of food groups

present (which in our case is 4), whilst the Li index assumes neutral grazing is equal to
zero (Strauss, 1979).

The median values for the different phytoplankton groups using the CM index are highest

for nanoeukaryotes (0.3), lowest for Synechococcus (0.13), and similar for E. huxleyi and

picoeukaryotes (0.25 and 0.24 respectively) (Fig. 4.5). These results suggest that

nanoeukaryotes are preferentially selected for, whilst Synechococcus is selected against

by microzooplankton grazers. For E. huxleyi and picoeukaryotes, Fig 4.5 suggests that the

grazing rates observed are density-dependent.

The difference between CM indices, using a two-sided K-S test, were only significant

between Synechococcus and all other phytoplankton groups (p = <0.01) (Table 4.2). The

overlaid points from the Celtic Sea cruise fall in the upper and lower ranges for

Synechococcus and nanoeukaryotes, respectively. The Li indices displayed a median

indicating neutral grazing for Synechococcus (-0.2), slightly selective grazing on

nanoeukaryotes (2.0), and slight grazing avoidance in E. huxleyi and picoeukaryotes (-1.3

and -1.8 respectively) (Figure 4.6). These results were significantly different between all

groups (K-S test, p < 0.05), aside from E. huxleyi and picoeukaryotes (K-S test, p = 0.83;
see Table 4.3).
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Figure 4.5. Box plots of the Chesson-Manly (C-M) index for preferential grazing. Dashed

vertical line is the 0.25 value, which is the line of “neutral grazing preference” (Manly,

1974). Red points are from the Celtic Sea cruise in 2015. White data points represent

outliers of the entire data set. Values in bold italics are the median values for each group

from mesocosm data

Table 4.2: p-values from a two-sided Kolmogorov-Smirnov test of Chesson-Manly index

values between different phytoplankton groups. Bold values indicate significant

differences (p < 0.05).

E. huxleyi NanoEUK PicoEUK Synechococcus
E. huxleyi - 0.08 0.82 0.01
NanoEUK - 0.05 <0.001
PicoEUK - 0.003
Synechococcus -
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Figure 4.6. Box plots of Strauss-Linear index for grazing selectivity. Dashed vertical line
is at 0, the value for netural grazing selection. Red points are from the Celtic Sea cruise
in 2015. White points represent outliers of the entire data set. Values in bold italics are

the median values for each group from mesocosm data.

Table 4.3: p-values from a two-sided Kolmogorov-Smirnov test of Strauss Linear index
values between different phytoplankton groups. Bold values indicate significant

differences (p < 0.05).

E. huxleyi  NanoEUK PicoEUK Synechococcus
E. huxleyi - <0.001 0.825 <0.001
NanoEUK - < 0.001 < 0.001
PicoEUK - < 0.001
Synechococcus -

109



Chapter 4:

4.5 Discussion

45.1 Grazing control of Emiliania huxleyi

There have been a variety of hypotheses put forth for the mechanisms that promoted the
evolution of coccolith formation (Young, 1994), with protection from predation being a
prominent suggestion (Monteiro et al., 2016). While this has been investigated in several
laboratory experiments, it has yet to be explored extensively in field populations. Given
that our data suggest that the presence of E. huxleyi does not significantly affect the ability
of microzooplankton to graze (Fig. 4.2b), and that microzooplankton do not preferentially
graze other similar sized-species over E. huxleyi (Fig. 4.5; Table 4.2), we suggest that
calcification in this coccolithophore species does not act as a mechanism to protect

against microzooplankton ingestion.

Previous field experiments have observed decreased grazing pressure within E. huxleyi
bloom areas, compared to regions outside of the bloom (Fileman et al., 2002; Olson and
Strom, 2002). In a previous mesocosm experiment, the grazing rate on chlorophyll-a was
much lower during the peak of E. huxleyi biomass (g = 0.18 — 0.23 d1), compared to
periods before this (0.37 — 0.45 d 1) (Nejstgaard et al., 1997). This was not observed
during E. huxleyi blooms within the North or Celtic sea (Archer et al., 2001; Mayers et al.,
2018) or within our meta-analysis (Fig. 4.2b). Rather, while we do not see many cases
where grazing rates are higher than growth rates (at a community level) it is observed that
grazing rates are not influenced by the proportion of the community that is E. huxleyi.

One possible explanation for this is that grazers are readily consuming E. huxleyi the
same as other small algae. In laboratory experiments, calcified E. huxleyi cells are readily
consumed (e.g., Hansen et al., 1996; Harvey et al., 2015; Strom et al., 2017), although
consequences to grazer fithess (reduced growth rates) have been observed (Harvey et
al., 2015). However, even during E. huxleyi blooms, calcified cells typically make up only
30 to 40% of the phytoplankton carbon biomass (Mayers et al., 2018; Poulton et al., 2007,
2013), whilst other nano-eukaroyte sized phytoplankton are also present (Holligan et al.,
1993; Malin et al., 1993; Poulton et al., 2013), suggesting there may be other prey
sources available. Hence, microzooplankton grazers may be preferentially consuming
similar-sized phytoplankton groups, such as nano- and picoeukaryotes, in bloom

conditions.

The linear regression of all phytoplankton group specific growth and mortality rates
showed the equation y = 0.04 + 0.67x, which is very similar to the equation from 788
paired rate estimates of phytoplankton growth and grazing across the global ocean

(y = -.041 + 0.67x; Calbet and Landry, 2004). This, along with the overlaid data points
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shown from field sites in the Celtic Sea suggest our data on different phytoplankton
groups are representative of natural populations, even though it was conducted in

mesocosm enclosures.

In marine phytoplankton, maximum gross growth rates tend to decline with increasing cell
volume (Edwards et al., 2012); a trend seen in our data with pico-eukaryotes showing the
highest intrinsic growth rates, followed by E. huxleyi and nano-eukaryotes. However, the
cyanobacteria Synechococcus displayed the lowest growth rates, despite having the
smallest cell size (< 1 um). Comparisons of the net (growth — mortality) growth rates
calculated from dilution experiments, and net growth rates calculated from TO
measurements between experiments showed the best agreement with E. huxleyi and
pico-eukaryotes (p = 0.84 and 0.43 respectively using a two-sided K-S test). In contrast,
nano-eukaryotes and Synechococcus were found to be significantly different (p = 0.01 and
0.04 respectively using a two sided K-S test). Hence, other mortality factors than
microzooplankton grazing may have affected the observed growth rates. In the 2017
mesocosm, nano-eukaryotes bloomed in six of the bags and a viral lysis-mediated crash
was observed (data not shown). This would have had the impact of lowering intrinsic
growth rates during those dates, but due to the filter size used to produce diluent (0.45
um), estimated grazing rates would be unaffected. The main grazers of Synechoccocus
may also be heterotrophic nanoflagellates (HNFs) (Caron et al., 1999), so the dynamics
measured in our data may be due to a different grazer population, especially given that
HNFs and ciliates can display different dynamics in dilution experiments (Agis et al.,
2007).

Similar to growth rates, microzooplankton grazing rates measured from dilution
experiments show a mild positive relationship (r = 0.27, p = <0.001) with cell size (Chen
and Liu, 2010). This fits with our data, with similar grazing rates between E. huxleyi and
nano-eukaryotes, followed by slightly lower rates for pico-eukaryotes and the lowest rates
for Synechococcus. In further support of these results, the C-M index showed there was a
slight selection for nano-eukaryotes and selection against Synechococcus sp., whilst
selection appeared neutral for E. huxleyi and pico-eukaryotes (Fig. 4.5). Active avoidance
by microzooplankton has been observed for Synechoccocus in previous field experiments
(Teixeira and Figueiras, 2009), which may have led to the lower results observed in our
data. Possible explanations for this are that a lower digestibility of Synechococcus spp,
particularly when compared to heterotrophic bacteria, or a limiting quantity of a particular
compound within these cyanobacteria (Caron et al., 1991). For this data set, it is
suggested that microzooplankton grazing was primarily driven by cell-size selectivity. This

has also been observed in microzooplankton feeding on calcified vs. non-calcified E.
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huxleyi, with higher grazing rates on calcified cells suggested to be due to their slightly

larger cell size (Hansen et al., 1996; Kolb and Strom, 2013).

Our datasets are only for the coccolithophore E. huxleyi, and within the coastal North
Atlantic oceanic region (Norway, NW European Shelf). Different coccolithophore species
display variable growth rates and calcification rates in mixed communities (Daniels et al.,
2016, 2015, 2014; Mayers et al., 2018), and it is likely there are also differences in grazing
rates (Mayers, pers obs.). Along with different species, consideration of growth and
grazing rates within different oceanic regions is also an important consideration, and these

are both particular areas for further study.

The significant differences observed between grazing rates based on chlorophyll-a and
nano-eukaryotes is surprising, given that they represented the dominant fraction of
chlorophyll-a (>58% of total was in the 3 — 10 um) within the 2017 experiments (data not
shown). As chlorophyll-a is a measure of the whole autotrophic plankton community it may
be that the reduced changes could be due to other components of the plankton
community we have not considered. Examples include autotrophic dinoflagellates, and
mixotrophic dinoflagellates and/or ciliates, which can possess chlorophyll-a (Stoecker et
al., 2017).

45.2 Biogeochemical implications

The rates presented in this study have implications for the flow of carbon through the
marine food web as well as in terms of understanding of E. huxleyi population dynamics.
The observed median g:u for E huxleyi (0.68) is very close to the global average of
microzooplankton-mediated phytoplankton losses (65 - 67%) (Calbet and Landry, 2004;
Schmoker et al., 2013). This suggests, when representing a microzooplankton grazing
loss term in coccolithophore biogeochemical or population models, it is suitable to use the
phytoplankton average mortality rate. However, it should be noted that the interquartile
ranges for coccolithophore microzooplankton-mediated mortality losses are quite large,

suggesting there may be other factors to take into consideration (e.g., viral mortality).

Our results suggest strong microzooplankton control on E. huxleyi populations, which
brings into question the role of trophic cascades in biomass accumulation and population
growth of E. huxleyi. Mesocosm experiments with added copepods have seen an increase
in autotrophic nano-flagellate biomass (Pree et al., 2016b; ZdlIner et al., 2009), which
could include E. huxleyi and implies that mesozooplankton may release E. huxleyi
populations from microzooplankton predation control (i.e. via a trophic cascade). Indeed,
such dynamics were inferred during spring at a shelf sea site (Mayers et al., 2018;

Chapter 3), where dilution experiments using <63 pum filtered water displayed high grazing
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rates whereas constant net accumulation of E. huxleyi was seen between subsequent site

visits over a monthly period.

The species E. huxleyi has a high level of genetic plasticity (Read et al., 2013), and
different grazing rates have been observed on different strains of E. huxleyi (both diploid
and haploid) in culture (Harvey et al., 2015; Kolb and Strom, 2013; Strom et al., 2017).
The osmolyte DMSP, which is produced by E. huxleyi, may also deter grazing and favour
the growth of low-producing DMSP strains (Archer et al., 2001). Conversely, it has also
been observed that the cleavage product of DMSP, dimethylsulphide (DMS) can attract
potential microzooplankton predators (Seymour, 2010). In laboratory studies, a link
between cellular DMSP-content and grazing pressure was not found for different E.
huxleyi strains (Harvey et al., 2015; Strom et al., 2017), however Strom et al. (2017) did
observe higher grazing rates on strains associated with high hydrogen peroxide content.
Clearly, there is a complex interaction between infochemicals, E. huxleyi strains and
grazers within the environment. More research should focus on disentangling these
interactions, and how they might influence the flow of material from prey to predators.

The fate of the calcite produced by E huxleyi and then grazed by microzooplankton is
currently a black box in terms of the marine carbon cycle. If we assume a global ocean
calcification rate of 1.6 Gt C yr?, then less than 40% is believed to be exported from the
upper ocean and only ~9% is believed to be preserved in the sediments (Berelson et al.,
2007; Balch, 2018). Whilst dissolution can occur below the lysocline, and in micro-zones
of bacteria oxidation, there is the possibility that dissolution of calcite can also occur in the
guts of microzooplankton. The gut pH of microzooplankton food vacuoles is assumed to
be ~ 3 to 5 pH units to ensure enzymes associated with protist digestion work optimally
(Gonzalez et al., 1993; Nagata and Kirchman, 1992). Therefore, the high
microzooplankton grazing on E huxleyi observed would lead to a high proportion of
produced calcite entering these food vacuoles with the strong possibility of its dissolution.
However, whether the calcite affects the pH and therefore the ability of microzooplankton
to digest food particles is currently unknown; this could affect the trophic transfer of
material through the lower levels of the marine food web. Further consideration of the fate
of this material is important for biogeochemical models of carbon fluxes in the oceans, as
a greater understanding of potential calcite dissolution will reduce the influence of calcite

as a ballasting material for marine particles.

453 Future work

The analysis of variations in growth and grazing rates on phytoplankton groups can
provide information on how the phytoplankton communities are impacted by E. huxleyi

abundance, however it does not provide details on the microzooplankton population
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response. By directly observing changes in microzooplankton growth rates and biomass
(e.g., through FlowCam) we can analyse if the proportion of E. huxleyi in the community
has a negative impact on their growth. An analysis of microzooplankton growth rates
during an E. huxleyi bloom (Mayers et al., 2018) showed slightly lower, but non-significant
values than at a non-E. huxleyi bloom site on the NW European Shelf (0.93 and 1.65 d*,
respectively), however this was linked to a possible trophic cascade effect rather than the
presence of calcite.

Another aspect of our data we can investigate further is the forward vs side scatter plots of
E huxleyi populations identified on the flow cytometer. Although there appears to be no
selection on E. huxleyi per se, there exists natural variability within the population in terms
of calcite content (Poulton et al., 2010, 2011). By analysing if there is a shift in the flow
cytometry ‘clouds’ over the course of a grazing experiment, we can examine if the degree

of cellular calcification has an impact on grazing rates.

The application of techniques to measure the pH change within the food vacuole of
microzooplankton would allow observation of whether calcified coccolithophores can lead
to a reduction in pH, and subsequent growth rate reduction, as implied in Harvey et al.,
2015. A pH sensitive dye was microinjected into the gut of the copepod Calanus
helgolandicus, and displayed that a slightly higher pH was observed when copepods were
feeding on E. huxleyi, the diatom Thalassiosira weissflogii and the dinoflagellate
Procentrum micans compared with other prey (Pond et al., 1995). This may not be
appropriate for microzooplankton, due to their small size, so perhaps the application of
fluorescent acidic probes (e.g. lysotracker-green), which have been applied to determine
feeding in nanoflagellate communities (Sintes and del Giorgio, 2010), could be utilised to

trace changes in pH over time when fed a diet of calcified cells.

4.6 Conclusion

This study has shown that grazing on the cosmopolitan coccolithophore E. huxleyi is not
significantly different from similar-sized, but non-calcified, phytoplankton groups (pico- and
nanoeukaryotes). | have also displayed evidence that higher proportions of E. huxleyi in
the community do not lead to reduced microzooplankton grazing pressure, through
negative impacts. However, in periods of exceptionally high (i.e. bloom) coccolithophore
concentrations this effect may be observed. Questions still exist regarding the ultimate
reason for coccolithophore calcification; however, we believe this study provides evidence
that in field populations of E. huxleyi, it is not a grazing deterrent, or effective protection
against microzooplankton-mediated mortality, supporting the lab results of Harvey et al.,

2015. The same may not be applicable to other coccolithophore species (e.g., Young et

114



Chapter 4:

al., 2009), though studies using similar direct measures of grazing rates on

coccolithophores do currently not exist to the best of our knowledge.
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Chapter 5. General Synthesis

The work presented in this thesis aimed to analyse cross-shelf and seasonal gradients in
coccolithophore populations, how populations during spring (April) may be controlled by
microzooplankton grazing, and finally whether or not calcification appears to play a
protective function against microzooplankton ingestion. The individual hypotheses were:

1. Arelationship between nutrients and irradiance and coccolithophore biogeography

will be observed across seasonal and spatial scales, within Shelf Sea
environments (Chapter 2).

2. Microzooplankton grazing exerts little control on coccolithophore communities due
to the protection conferred by calcification (Chapter 3).

3. Coccolithophores will display low growth rates during the spring bloom, as other
phytoplankton dominate the community (Chapter 3).

4. Coccolithophores, such as E. huxleyi, due to their possession of a coccosphere
are grazed at significantly lower rates by microzooplankton than similar-sized
phytoplankton groups (Chapter 4).

5. Greater proportions of E. huxleyi in the environment will cause a reduction in
community grazing rate, due to the negative impact of calcite on microzooplankton
growth rates (Chapter 4).

In this chapter, a summary of the three data chapters is presented, including an attempt to
appreciate rates of coccolithophore dissolution within microzooplankton food vacuoles, a
key gap in our understanding of the fate of coccolithophore organic and inorganic carbon
flow. Finally, the wider implications, limitations of this study and future directions are

discussed.

5.1 Summary

Chapter 2: Spatial and seasonal differences were observed in coccolithophore
populations across the north-west European shelf. Contrary to a recent analysis
conducted in the open-ocean of the Atlantic Ocean (Poulton et al., 2017a) no difference
was observed vertically, aside from during July at the Central Celtic Sea. The common
coccolithophore Emiliania huxleyi in summer showed highest proportions in areas where
intermittent nutrient supply was common (e.g. internal tidal mixing, riverine input),
suggesting this may be an important factor for its dominance during summer months,
when E. huxleyi shows its highest abundance (e.g., lglesias-Rodriguez et al., 2002; Tyrrell
and Merico, 2009; Widdicombe et al., 2010). The intermittent nutrient input into the
euphotic layer could be a mechanism leading to the success of this species and its bloom

formation. A redundancy analysis of the dataset showed the two main axes represent
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changes in cross-shelf parameters (RDA1), and changes across seasons (RDA2), with
different coccolithophore species displaying different scores with each of these. The major
variables, which altered across the shelf and seasons, were light and nutrients supporting
hypothesis 1, that light and nutrients are controlling coccolithophore biogeography across
the Celtic Sea shelf.

Chapter 3: During April, as the spring phytoplankton bloom developed, | observed an
increasing abundance of coccolithophores throughout the month. These results are
consistent with the previous field observations (Barber and Hiscock, 2006; Hopkins et al.,
2015), where coccolithophores begin to increase at the same time as other phytoplankton,
rather than there being a succession of species as proposed by Margalef (Margalef,
1997), thus rejecting hypothesis 3. The coccolithophore community became increasingly
dominated by E. huxleyi throughout April, representing almost 70% of coccolithophore
numbers by the end of the month.

It was also observed that microzooplankton exerted strong control over coccolithophore
populations, with grazing estimated to remove >59% of daily production during April.
Consistent with this is a recent modelling study of coccolithophore populations in the
Southern Ocean Great calcite belt (Nissen et al., 2018) which showed in population
models that top-down grazing pressure was an important factor representing
coccolithophore population dynamics within this region. | therefore reject hypothesis 2,
that microzooplankton grazing exerts little control over coccolithophore communities. |
also observed that during an April E. huxleyi bloom, there was a high rate of
microzooplankton grazing (~79% daily calcite production) as well as high rates of
calcification (6,000 pmol C m d1). The fate of the produced calcite is unclear, as the pH
of a food vacuole in microzooplankton is low (pH 3-5), so it may be that a large amount of

grazed coccolithophore calcite undergoes dissolution in the upper ocean layers.

Chapter 4: Finally, the relationship between E. huxleyi and microzooplankton grazers was
examined from a large dataset of dilution experiments to measure phytoplankton growth
and grazing rates (n = 48). | found no evidence that when proportions of E. huxleyi in the
community were high there was a negative impact on microzooplankton grazing rates,
due to a reduction in fitness of the grazer, as suggested in Harvey et al. (2015), and thus
reject hypothesis 5. | also show that there was no significant difference in grazing rates on
E. huxleyi or similar sized (0.2-20 um) phytoplankton such as nano- and picoeukaryotes,
therefore rejecting hypothesis 4. Using prey selection indexes, | find that ingestion rates
on E. huxleyi are likely related to its proportion in the community (i.e. are density-
dependent), rather than due to active avoidance and/or selection by microzooplankton
predators. This suggests that for E. huxleyi, calcification likely does not act as a direct

predator defence mechanism and may have another ecological role (e.g., protection
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against digestion; see Section 5.2.1). It remains to be seen if this hypothesis holds true for

other coccolithophore species.
5.2  Alternative measures of mortality and dissolution

521 Lipid biomarkers

Lipids are important components of the organic biomass of E. huxleyi, being major
constituents of the cell membrane, organelles within the cell (including chloroplasts), and
playing roles as essential signalling molecules (Vardi et al., 2009). Specific lipids have
been identified as biomarkers for viral infection in the E. huxleyi — EhV model (Hunter et
al., 2015), as well as for oxidative stress in diatoms (Collins et al., 2016). Using a lipid
dataset collected from E. huxleyi grazing experiments conducted with Oxyrrhis marina
(Harvey et al., 2015) | attempted to analyse relationships between grazers and calcified
and non-calcified E. huxleyi strains (see Figure 5.1).
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Figure 5.1. Non-metric Multi-Dimensional (hnMDS) plots of lipid profiles from E. huxleyi
and Oxyrrhis marina grazing experiments; a) includes all lipids (calcified strains = 624
and 607, naked strains = 374, 379), b) and c) are lipids defined as “E. huxleyi & O.
marina specific” respectively (see text). Grey circles represent calcified strains, red
circles are O. marina and green are non-calcified strains d) Venn diagram of lipids
identified in E. huxleyi strain 379 and O. marina and together. Raw data courtesy of
Elizabeth Harvey (Skidaway Institute for Oceanography at Univ. of Georgia, USA) and K
Mayers; all data analysis by K Mayers.
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In these results, there is a clear separation of E. huxleyi and O. marina in terms of lipid
profiles, and between different E. huxleyi strains when grown alone (monoculture) and
with O. marina (Pred+prey) (Fig. 5.1a). Interestingly, the differences in lipid profiles, as
represented by nMDS distance, when E. huxleyi is cultured with a grazer, relative to being
in monoculture alone is greater for naked strains (374 and 379) than for calcified strains
(624 and 607). This is also observed if O. marina lipids are averaged and removed from
the E. huxleyi samples to generate an “E. huxleyi specific” lipidome (Fig. 5.1b). If the
same is done, but all of the E. huxleyi (monoculture) lipids are averaged, and removed
from the samples containing O. marina, an assumed O. marina specific lipidome can be

generated (Fig 5.1c¢). The naked strains cluster closer together in this analysis as well.

A hypothesis | provide for this low variability in the calcified lipidomes is that the calcite
may play a role in protecting the organic cell from dissolution within the food vacuole of O.
marina. We must take into account several assumptions for this explanation. Firstly, it has
to be assumed that the ingested cells were not excreted, as ingestion rates were
measured by continuous cell counts, and these rates would have been altered if full cells
were also egested (Harvey et al., 2015). To satisfy this assumption, | made a rough
calculation of the proportion of E. huxleyi cells which would theoretically be grazed
throughout the experiment, using TO cell counts of predator and prey and the measured
ingestion rates (cell* predator?® d') over 48 hours (Harvey et al., 2015). For the non-
calcified strains, 90 — 135% of cells would be ingested, whereas for the calcified strains,
only 29% would be ingested for strain 607 but 107% for 624. Although, a low number of
strain 607 would therefore have been exposed to the food vacuole, the clustering on the
NMDS plot of both 607 and 624 (Fig 5.1b), with the latter being heavily ingested, supports

our conclusion that calcite protects the organic cell from dissolution.

Though little is known regarding the gut transit times of microzooplankton, estimates from
changes in chlorophyll auto-fluorescence in ciliates range from ~75 minutes to 5 hours
(Dolan and Simek, 1997; First et al., 2012). In O. marina feeding on the chlorophyte
Dunaliella sp., the digestion time was estimated to be of the order of 12 to 24 hours (Opik
and Flynn, 1989), and almost 5 hours particle* when feeding on Chlorella (Hammer et al.,
2001). The lipid experiments by Harvey et al. (2015) were carried out for 48 hours, so if
efficient digestion was occurring, | assume grazed E. huxleyi would have been sufficiently
digested. The low rate of change in the (ingested) calcified E. huxleyi lipidomes (see Fig.
5c¢) suggests many lipids are not being broken down or being altered in the same way as
in the naked populations. From Harvey et al. (2015) it is known that this is not due to
differences in ingestion rates (strains 607 and 624 showed the highest and lowest
ingestion rates respectively), however the growth rate of O. marina was significantly lower

when fed these strains, supporting the hypothesis that O. marina is unable to utilise the E.
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huxleyi organic lipids. The clustering of naked E. huxleyi strains in the presence of a
grazer may suggest O. marina is able to assimilate these lipids, which may be undergoing
trophic upgrading (enhancing the biochemical quality of prey lipids), which is observed in

this species when grown on the chlorophyte Dunaliella sp. (Klein Breteler et al., 1999).

Finally, | was interested to potentially identify a biomarker lipid for E. huxleyi grazed
(ingested) by O. marina within the dataset; | compared the lipids only identified in all
triplicate experiments between all four E. huxleyi strains and looked for lipids which were
only present when predator and prey were cultured together (Fig. 5.1d). Two potential
biomarkers were identified; the first is a triacylglycerol (TAG) (TAG 60:14) found in all four
strains only when exposed to a grazer. TAGs have previously been shown in
phytoplankton to be produced in response to stressors (including viral infection and
nutrient limitation) (Hunter et al., 2018; Malitsky et al., 2016). The other potential
biomarker is a phospholipid known as phosphatidylglycerol (PG) (PG 48:1), which is
observed in all triplicates for the three strains, and in duplicate for one strain (E. huxleyi
624).

The data set presented here also highlights how lipidomics can be used to investigate
predator-prey dynamics with microzooplankton grazers, and may provide new insights into
the fate of organic material being ingested by these predators. My preliminary analysis
only examined un-oxidised lipids, and it is likely oxidised lipids also play a role, especially
if stress-related TAGs were observed. Analysis of field data sets where E. huxleyi is
known to be present, and grazed upon, will help to confirm the applicability of our

biomarkers.

5.2.2 Gross and net calcification rates

The dilution experiment provides estimates of intrinsic growth (i.e. growth in the absence
of mortality) and grazing rates (Landry and Hassett, 1982), therefore the intrinsic growth
rates estimated during April (Chapter 2) can be used to calculate a theoretical calcite
production, and compared with the rates measured by **C-incorporation at the same time.
Differences in these rate measurements could indicate a decoupling of growth and
calcification, or dissolution during the experiment. It can also provide information on
whether rates observed are net (production and loss) or gross (production only) rate

measurements during these experiments.
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Figure 5.2. Calcite production (CP) measured during 24-hour incubation experiments,
and a theoretical CP calculated using intrinsic growth rates from parallel dilution

experiments. Error bars show standard errors (n = 3).

| estimated CP using the coccolithophore abundances at T24 of dilution experiments of
different coccolithophore species, assumed the same intrinsic growth rate estimated from
dilution experiments for all species, and used species-specific CP (Daniels et al., 2014,
2016, Young & Ziveri, 2000). In all cases, the calculated CP is lower than or similar to the
measured CP rate (Figure 5.2). For two of the dates (CS2 on 9" and CCS on 15" April),

the calculated CP rates appear to be large underestimates.

Hence, | suggest that CP measurements by the Micro-Diffusion Technique (Balch et al.,
2000; Mayers et al., 2018; Chapter 3) are likely to be gross uptake rates of 1“C into
inorganic carbon, rather than net; as it would be expected that our calculated rates would
be higher in all instances if this was the case. This also provides extra evidence that
calcification may protect the organic cell against dissolution by microzooplankton guts,
similar to the lipid profiles (Fig. 5.1) - if labelled **C-calcite underwent dissolution in the
food vacuole, then it would be released in a dissolved form (**CO;) via respiration or
excretion, resulting in this fraction being lost from our measurements of inorganic
particulate “C-uptake. Alternatively, it may suggest dissolution of calcite (coccoliths)
which is re-assimilated into particulate matter, or excretion of coccoliths in dinoflagellate
“mini-pellets” (Gowing and Silver, 1985), or excretion and incorporated into the lorica of
tintinnids (Winter et al., 1986). However, with each of these alternative processes, the
short-time frame (24 h) and small volumes (~ 75 mL) of the measurements makes these
unlikely or relatively rare occurrences as the abundance of microzooplankton would have

been low.
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Factors that likely influenced the calculations could include differing rates of intrinsic
growth for different species (Daniels et al., 2014, 2016). The earlier dates in April were
associated with more heavily calcified species of coccolithophore (see Chapters 2 and 3),
such as Coccolithus pelagicus and Coronasphaera mediterranea, which may have had a
greater impact on community calcification rates than calculated here. The volume used for
CP measurements (~75 mL) could also have underestimated grazing dynamics due to
possible bottle effects on grazers, providing another reason why | believe the rate
measurements were gross rather than net production. There is a difficulty in estimating
accurate rates for the larger species, as their abundances were not particularly high (low
statistical confidence in cell counts) and when diluted may be overlooked or missed. A
suggestion for future dilution experiments would be to sample a larger volume of water
(e.g. 1 L) to allow statistically significant quantification of intrinsic growth and mortality

rates of rarer coccolithophore species.

Exceptionally high calcite production (CP) was measured during the J2 E. huxleyi bloom
in April (6,000 pmol C m= d1, Chapter 2). By dividing CP by the number of cells (2,688
mL?) | calculated a cell-specific calcification rate of 2.2 pmol C cell* d* (after Poulton et
al., 2010), and correcting for day length and assuming calcification only in the light (~14
hours in April) gives a value of 0.16 pmol C cell* h'l. The type A overcalcified morphotype
observed within this bloom (see Chapter 3) has a coccolith calcite value of 0.046 pmol C
(i.e. a distal shield length 3.5 um, ks value of 0.04; following Poulton et al., 2011 and
Young & Ziveri, 2000), which equates to ~3.3 coccoliths cell* ht. This is well within
observed coccolith production rates in field (Poulton et al., 2010, 2013; Charalampopoulou
et al., 2016) and laboratory (Balch et al., 1996) studies, showing our observed rates are

physiologically possible.

Using the intrinsic growth rate, calculated from the dilution experiment conducted on this
date (0.29 d1), and a cell calcite of 0.92 pmol C cell’* (assuming 20 coccoliths cell* (see
SEM image in Chapter 3) and 0.046 pmol C coccolith?), as well as the cell abundances, |
calculate a calcite production of ~717 umol C m d%. This calculated rate is only ~12% of
the measured rate, suggesting that only a small proportion of the E. huxleyi population
was actively producing coccoliths to form a new coccosphere. The majority of the
population was therefore producing coccoliths that were not being used for new cell
formation (and likely forming multiple layers on the coccosphere; Gibbs et al., 2013;
Sheward et al., 2017). In low phosphorus conditions, E. huxleyi cells in culture have been
shown to pause in the G1 phase of the cell cycle, where they continue to calcifiy without

dividing (Muller et al., 2008), which is most likely occurring at this stage of the J2 bloom.

If ~80% of CP is being grazed by microzooplankton (Mayers et al., 2018, Chapter 3), this

means ~1,200 umol C m=d* of CP is not being grazed. As the amount of CP being
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grazed, is higher than the amount being actively produced by dividing cells, this means
that the grazers are consuming at least some of the non-dividing part of the community. In
this situation, of high losses and low new cell production, a rapid crash of the bloom
population is likely if the grazed material is completely removed (e.g. through dissolution)
from the environment. This loss of material through dissolution in microzooplankton
vacuoles would lead to respiration of the material and enhanced CO; fluxes from the
bloom community. Time-series measurements of CP rates and standing stocks of calcite
through the bloom, as well as microzooplankton grazing and carbonate chemistry data,
would be needed to examine further the fate of the non-dividing and dividing portions of

the bloom coccolithophore community (and its calcite).

5.3  Wider implications

Through cell counts at L4 (Widdicombe et al., 2010), the continuous plankton recorder in
the north Atlantic (Rivero-Calle et al., 2015), and as prymnesiophyte pigment markers in
Bermuda (Krumhardt et al., 2016), it has been suggested that coccolithophores are
increasing in abundance in these temperate regions. This is suggested to be due to
enhanced CO: benefiting coccolithophore growth rate. Compared to other phytoplankton
groups, coccolithophore photosynthesis is carbon-limited (Rost et al., 2003), and lab
experiments display a hyperbolic increase in coccolithophore growth rates with pCO.
(Rivero-Calle et al., 2015). Coccolithophores, particularly E. huxleyi, also appear to be
expanding their range polewards (Smyth et al., 2004; Winter et al., 2013), particularly in
the Arctic, where increasing E. huxleyi abundance is believed to be due to enhanced

intrusion of Atlantic water masses (Neukermans et al., 2018).

This enhancement of coccolithophores could increase or decrease air-sea CO- fluxes,
partly depending on how much calcite is exported to depth (Balch, 2018). However,
depending on the fate of calcite grazed by microzooplankton, this may also lead to
enhanced CO; being retained in the upper ocean due to the dissolution within food
vacuoles and subsequent respiration. This would reduce the calcite exported to depth,
and available to function as a ballast for marine particles (Klaas and Archer, 2002; Balch
et al., 2016). This would reduce the strength of the biological carbon pump. Along with
this, enhanced warming could lead to higher microzooplankton grazing rates (Caron and
Hutchins, 2013; Chen et al., 2012) in regions where coccolithophores are found. By
enhancing dissolution and retention of CO.in the upper water column, this results in more
CO; available for the ocean to atmosphere flux. A greater understanding of calcite fate is

therefore needed to resolve this question.
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This thesis raises questions regarding the evolution and ecological role of calcification
within coccolithophores. Support for a protective function comes from geological evidence,
with coccolithophores appearing at the same time as armoured dinoflagellates (~252 Ma)
(MacRae et al., 1996). In addition, once the calcification trait has evolved in
coccolithophores, it has almost always been subsequently retained, suggesting it provides
a constitutive benefit to the organism (Monteiro et al., 2016). There has been only one
known example of secondary loss of calcification in the Isochrysidaceae family (Bendif et
al., 2013). However, my data does not currently support a role in E. huxleyi as a defence
mechanism against microzooplankton grazers. More evidence is required to test the
theory that calcification acts as a population level defence, by indirectly impacting
microzooplankton by enhancing energy use needed to digest calcite (Harvey et al., 2015;
Monteiro et al., 2016), particularly in bloom scenarios when coccolithophore biomass is
highest. However, given that calcification is retained, even in non-bloom populations (i.e.
the majority of the year in temperate regions), this points to another evolutionary
adaptation. It is also unlikely, given the wide range of coccolithophore morphologies
observed (Young et al., 2003) that the function of coccoliths is the same across this entire
group of organisms, and indeed, modelling work provides evidence for differential roles
across biogeographical ranges (Monteiro et al., 2016). For instance enhanced light
uptake and protection against viral and bacterial attack are suggested as possible

mechanisms through ecosystem modelling.

54 Limitations and future directions

Examining coccolithophore populations from coastal regions to the shelf edge provide an
understanding of what variables could be driving population changes within these regions.
However, coccolithophores are also abundant off-shelf, including in bloom populations
and open-ocean regions. Further work should use cross-shelf, in combination with off-
shelf populations to provide details on possible connectivity between open ocean and
shelf populations, as well as how biogeography shifts with changing depth and light

environments.

My research has shown strong microzooplankton grazing on non-bloom coccolithophore
populations, and some evidence in E. huxleyi bloom populations, although only from one
experiment. This contrasts with previous work which has measured reduced grazing rates
within E. huxleyi bloom regions, compared to outside them (Fileman et al., 2002; Olson
and Strom, 2002). These differences may be due to the composition of microzooplankton
populations, or different stages of the bloom. It could also be due to the fact these studies
used chlorophyll-a and pigment biomarkers rather than direct enumeration of

coccolithophores through microscopy, which could lead to an underestimation of grazing
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rates as these markers are not coccolithophore specific (Mayers et al., 2018). An ideal
study would be able to track a developing bloom population from pre-bloom to the post-
bloom decline phase measuring coccolithophore growth and grazing rates, and how they
vary throughout the bloom cycle. This has been conducted in a mesocosm experiment
before, using cell counts (Nejstgaard et al., 1997), however experiments were conducted
approximately every five days, during which time phytoplankton and microzooplankton
communities can shift dramatically. The possible use of biomarkers for mortality
processes (e.g. viral glycosphinolipids (Hunter et al., 2015)) could also help to track
progression of other mortality processes.

A greater consideration of the direct effects of coccolithophore calcification on
microzooplankton populations is needed. In a similar manner to Harvey et al. (2015),
however, rather than using naked and calcified versions of the same coccolithophore
species, advantage could be taken of the wide range of currently cultured
coccolithophores. The experiments could use gradients in coccolithophore cell-size,
calcite content and even motility to observe how these traits impact ingestion rates, and
the growth rates of microzooplankton predators. Many grazing experiments on E. huxleyi
have also considered only heterotrophic dinoflagellates (Hansen et al., 1996; Harvey et
al., 2015; Strom et al., 2017), however ciliates are known to be significant contributors to
biomass during E. huxleyi blooms (Fileman et al., 2002; Olson and Strom, 2002),
suggesting they could be significant grazers of coccolithophores. To our knowledge, only
one study has used ciliates for E. huxleyi grazing experiments, and this was conducted

using only non-calcifying strains (Strom and Bright, 2009).

Finally, to gain a greater understanding of the fate of fixed carbon into calcite by
coccolithophores is an important gap in our understanding. In the past, *C uptake
experiments have been incorporated into dilution experiments (Gutiérrez-Rodriguez et al.,
2011; Latasa et al., 2005), to estimate carbon flow through different phytoplankton groups.
It could be possible to utilise the micro-diffusion technique (MDT) (Balch et al., 2000) to
measure uptake of organic and inorganic carbon in dilution experiments. As these
experiments measure net (i.e. production and loss) fixation, we can use the same
reduction in grazing rate with dilution to see how the loss of inorganic and organic carbon
changes, using the assumption that growth (and here, calcification) rate is unaffected by
dilution. Alongside this, larger volumes of filtered water would allow us to track growth and
mortality rates of different coccolithophore taxa through microscopic enumeration. One of
the major issues encountered when attempting to consider individual taxa (except E.
huxleyi) was a low abundance, particularly at the lowest dilutions. A larger volume would
allow us to consider species-specific growth and grazing rates, providing information on

the pathways of calcite production by different species.
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This thesis, and these experiments, provide a greater understanding of the role of
coccolithophores in ecological settings, as well as biogeochemical cycles. Examining how
coccolithophores, and coccolithophore population dynamics respond to future ocean
scenarios (e.g. warmer waters, enhanced stratification and a decreasing ocean pH (Bopp
et al., 2001; Gruber, 2011) will allow us to predict how these organisms may change into

the future.
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Chapter 6: Supplementary information

6.1 Supplementary data for Chapter 3

Supplementary Figure 3.1: Scanning electron microscopy image of E. huxleyi cells from

J2 on 27 April. Scale baris 1 um.
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Supplementary Figure 3.2: Plots of coccolithophore cell numbers (mL™?) from dilution experiments conducted at the
CCS, CS2 and J2 sites.
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none of which were significantly different from zero (R? = <0.01).
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6.3 Supplementary data for General Synthesis chapter

6.3.1 Lipid data methods

Culturing of E. huxleyi strains and grazing experiments were conducted as in Harvey et
al., 2015. Briefly, four strains of E. huxleyi, two calcified (607 and 624), and two non-
calcified (373, 379) were grown in 0.2-um filtered autoclaved seawater (FSW), enriched
with f/2 —Si media. The predatory dinoflagellate, O. marina (LB1974) was cultured in FSW
only, with Isochrysis galbana (CCMP1323) used to rear predators prior to experiments. All
cultures were maintained on a 12:12 light:dark cycle at 18°C, salinity of ~30 and light
intensity of 85 — 100 umol photon m2 s1. Cultures were not axenic. Phytoplankton
cultures were transferred every 7-10 days to maintain exponential growth. The grazer was

fed twice weekly with I. galbana at a concentration of 50,000 cells mL™.

Grazing experiments were conducted over 48 hours at a prey concentration of ~80,000
cells mLt (~1080 ng C mL™) and a predator concentration of 200 cells mL* (prey:predator
ratio of 400:1) in triplicate. Seawater, predator- and prey-only controls were also
measured. Organisms were first combined in 2 L cultures at the appropriate
concentrations, mixed gently and then triplicate aliquots were poured gently into 250 mL
clear polycarbonate bottles. Sample bottles were incubated on a plankton wheel (rotation
1 rpm) and maintained on a 12:12 light:dark cycle at 18°C with a light intensity of ~30 umol

photon m? s,

At T48, samples were removed from incubation, gently mixed, and 40-mL was filtered
onto combusted (450°C, 24h) glass fiber filters, which were immediately frozen in liquid

nitrogen and stored at -80°C until extraction.

Total lipid extracts were prepared using a modified Bligh & Dyer extraction (Bligh and
Dyer, 1959, Popendorf et al., 2013) with addition of an internal DNP-PE standard
(C16:0/C16:0 2,4-dinitrophenylphosphatidylethanolamine, Avanti Polar Lipids Inc). Filters
were placed into 12 mL glass centrifuge tubes and 0.8 mL phosphate buffered saline
(PBS; Fisher Scientific, pH 7.4), 2 mL methanol (Optima™ LC/MS Grade, Fisher
Scientific) and 1 mL dichloromethane (DCM; GC Resolv™ Fisher Scientific) were added
along with 20 L of DNP-PE standard (0.5 mgmL? in methanol). The tubes were capped
and vortexed for 5-10 seconds. Samples were placed into an ultrasonic water bath for 10
minutes to disrupt cells. A further 1 mL PBS and 1 mL DCM were added and spun in a
centrifuge at 1600 rpm for 5 minutes. The lower organic phase was transferred using a
combusted glass pipette into a 2 mL HPLC vial. Samples were capped with argon to limit
oxidation and sample degradation before being stored at -80°C prior to analysis, allowing

samples to be stable for up to several years (Popendorf et al., 2013).
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Lipid extracts were subjected to lipid analysis by reverse-phase high performance liquid
chromatography mass spectrometry (HPLC-MS) on an Exactive Plus Orbitrap mass
spectrometer (Thermo Scientific) connected to an Agilent 1200 chromatography system.
Chromatography and mass spectrometry conditions were as described by Hunter et al
2015. For analysis, 20 pL (from 2,000 pL total) of total lipid extract was injected into the
HPLC-MS. The R packages, xcms, CAMERA and LOBSTAHS were then used to identify
and annotate lipidome components from the MS data (Collins et al., 2016). The R
package IPO was used to optimise the settings for xcms, and a 2.5 ppm mass uncertainty
tolerance was used to generate database matches in LOBSTAHS. For this analysis, we
removed oxidised lipids (~30% total lipidome) from the results; we also excluded
compounds with an odd total number of acyl-carbon atoms, as nonacetogenic fatty acid
synthesis is confined to bacteria and archaea (Pearson, 2014). Where the assignment of
a compound was unclear (e.g. due to isomers), manual identification to the most likely

compound was carried out.

Data analysis and plotting was carried out in R (version 3.3.2) (R Core Team, 2015). Un-
oxidised lipids were normalised to each sample and a dissimilarity matrix was produced
using the vegan package. A non-metric multidimensional scaling analysis was used to
examine differences between predator and prey samples, and samples containing both
predator and prey. For “E. huxleyi / O. marina specific lipidomes” the average lipids of all
prey-only or predator only samples was subtracted from all other samples. To look for
biomarkers within the database we produced Venn diagrams using the R package
VennDiagram. We used a stringent cut-off that lipids had to be present in all triplicates

before plotting.
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