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Organic carbon sequestration is driven by the biological carbon pump (BCP), which transfers
organic-rich biomass and detritus to the deep ocean, storing carbon on climatically significant
timescales. The BCP exports 5 —11 Gt C yr globally into the interior ocean and 0.33 — 0.66 Gt C
yr'! reaches 2000 m depth. Understanding the functioning of the BCP, and the factors controlling
the magnitude and composition of particle flux to the deep ocean in the current climate system, is
crucial to detecting and predicting future changes. Records of deep ocean particle flux are usually
limited to a single mooring in one location. Uniquely, this study utilises four sediment traps
deployed below 2000 m in a mesoscale spatial array in the Iceland Basin (60 °N, 20 °W) from
November 2006 to June 2008. In this thesis, the effects of spatial variability and particle flux
composition on the magnitude of carbon sequestered in the deep ocean Iceland Basin will be
investigated and the observed spatial variability in the context of upper ocean biological and

physical processes will be explored.

In the first results chapter of this thesis, the flux of organic carbon to the deep ocean Iceland Basin
is quantified for the first time. The mean annual particulate organic carbon (POC) flux to 2000 m
in the Iceland Basin is 101.7 (+ 12.3) mmol m? yr, which is lower than the global average. The
data indicate considerable mesoscale spatial variability, evidenced by differences in POC flux
captured by the 4 sediment traps. Averaging POC fluxes over increasingly long temporal scales,
decreases the magnitude of the observed mesoscale spatial variability, particularly for time

scales > 1 month. The influence of localised spatial variability on observed POC fluxes should be
considered when investigating particle fluxes at given locations, or using individual traps, for less
than annual timescales. However, reassuringly, mesoscale spatial processes likely do not impact
deep ocean annual carbon budgets derived from long-term time-series, such as at sustained

observatories.



In the second results chapter of this thesis, | explore what controls spatial and intra-annual
variability in carbon sequestration to the deep ocean Iceland Basin. The particle source regions of
each sediment trap were estimated and used to explore how upper ocean biological spatial
variability relates to deep ocean particle flux. Increases in POC flux coincide with increased
biogenic silica fluxes and upper ocean diatom abundance, in line with previous literature,
suggesting diatoms are a major contributor to deep ocean particle flux. The role of eddies on deep
ocean particle flux is explored for periods with the greatest observed mesoscale variability. Four
of the five case studies were found to be associated with periods of high eddy kinetic energy in
the surface ocean above the trap location and increased biogenic silica fluxes suggesting deep

ocean carbon fluxes may be influenced by mesoscale eddies.

In the third results chapter, | confirm the hypothesis that there is a regular annual sedimentation
of Acantharian cysts to the deep ocean Iceland Basin in spring. Extremely high cyst fluxes were
sampled, which allowed for improved estimates of cyst sinking rates, and POC and Strontium cyst
content. Acantharian cysts can contribute significantly to the pre-spring bloom POC flux, and
dominate the annual particulate Strontium flux in the Iceland Basin, with fluxes up to 2.50 mmol
m2yrl. The role of celestite, rapid sedimentation and the viability of the Acantharian cysts in the
Iceland Basin is explored to further the current understanding of the cyst reproductive strategy, as

well as discussing the implications for deep ocean carbon sequestration and the Strontium cycle.

The composition of deep ocean particle flux, especially in terms of biomineral content and
plankton community, is key to furthering our understanding of the factors controlling carbon
sequestration in the deep ocean and can have important implications for other elemental cycles,
such as Strontium. Further work is needed to determine the exact role of mesoscale eddies on

deep ocean particle flux using data with greater spatial, temporal and vertical resolution.
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Chapter1 Introduction

1.1 The Carbon Cycle

The global carbon cycle consists of four major carbon reservoirs: the lithosphere, the
hydrosphere, the atmosphere and the biosphere. In the natural carbon cycle the largest reservoir,
the lithosphere, has the longest residence time of many millennia, whereas the three smaller
reservoirs have shorter residence times, from years to millennia (Ciais et al., 2013). Anthropogenic
activities, such as burning fossils fuels, have released a significant portion of the carbon stored in
the lithospheric reservoir perturbing the global carbon cycle away from steady state (Archer et al.,
2009; Ciais et al., 2013). The release of fossil fuel carbon dioxide (CO;) into the atmosphere is the
predominant cause of climate change (Denman et al., 2007) and has led to almost 1°C of global

warming (Millar et al., 2017).
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Figure 1.1 The global carbon cycle with the natural magnitude of carbon reservoirs and annual
fluxes in black and anthropogenic driven changes in red. Figure reproduced from

Ciais et al. (2013). Fluxes are in Pg C yr'* and stocks are in Pg C.

The atmospheric concentration of CO; has significantly increased above the natural interglacial

concentration of 280 parts per million (ppm) during the industrial era to 408.12 ppm (recorded on
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the 29'" September 2019; The Keeling Curve, 2019). The anthropogenic perturbations of the
global carbon sinks and fluxes are shown in Figure 1.1, reproduced from the 5
Intergovernmental Panel on Climate Change (IPCC) report in 2013. The schematic highlights the
importance of the oceanic dissolved inorganic carbon sink, which has stored 155 + 30 petagrams
(Pg) of anthropogenic carbon since 1750 (Ciais et al., 2013; Khatiwala et al., 2013; Le Quéré et al.,
2016; Sabine & Tanhua, 2010). A recent estimate reported that between 1994 and 2007 31 % of

anthropogenic CO, emissions have been absorbed by the oceanic sink (Gruber et al., 2019).

1.2 The Biological Carbon Pump

Atmospheric CO; is sequestered in the ocean via two main pumps, the solubility pump and the
biological carbon pump (BCP), the latter of which consists of the soft tissue pump and the
carbonate pump (Volk & Hoffert, 1985). The solubility pump is driven by the diffusion of CO, from
the atmosphere into the surface ocean down a concentration gradient. The magnitude of CO,
absorbed is determined by the saturation and temperature of the surface waters, with greater

CO; absorption in colder surface waters (Volk & Hoffert, 1985).

The BCP stores organic carbon, initially formed as plankton biomass in the upper ocean, in the
interior and deep ocean on timescales relevant to climate change. In an abiotic ocean, without
the BCP, atmospheric CO, concentrations would likely be 170 — 200 ppm higher (Kwon et al.,
2009; Parekh et al., 2006). The amount of carbon sequestered in the interior ocean via the BCP
has been estimated as 6 - 13 Pg C yr!(Laws et al., 2011; Siegel et al., 2014), whilst the solubility
pump absorbs 2.6 + 0.5 Pg C yr! from the atmosphere (Gruber & Sarmiento, 2002; Passow &
Carlson, 2012; Le Quéré et al., 2016; Reid et al., 2009). This means that minor perturbations in the

BCP may have climatically-relevant implications (Kwon et al., 2009; Palevsky & Nicholson, 2018).

The BCP is driven by the photosynthetic production of organic carbon as phytoplankton biomass,
which either remains within the euphotic zone or is exported to the interior ocean, usually via
sinking detritus and subsequently remineralised back to inorganic carbon. Exported organic
material supports the carbon demand of biota in the water column (Giering et al., 2014) and at
the seafloor, whilst contributing to carbon storage in the bathypelagic zone (> 1000 m; Billett et
al., 1983; Jahnke, 1996; Lampitt, 1985). The magnitude of carbon storage in the interior ocean is
controlled by the stock of particulate organic carbon (POC) exported out of the surface ocean and
the balance between sinking speed and remineralisation rate of the particles (Boyd & Trull, 2007;
Kwon et al., 2009; De La Rocha & Passow, 2007). The sinking rate of organic material has been
observed to increase with depth and is controlled by the characteristics of the particles (size,

shape, density etc.), the seawater temperature, and subsequent processing during transit through
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the water column (Alldredge & Gotschalk, 1989; Bach et al., 2012; Berelson, 2001; Fischer &
Karakas, 2009; Villa-Alfageme et al., 2016). This balance between sinking rate and
remineralisation determines the remineralisation depth (z*; Boyd & Trull, 2007; Lutz, 2002).
Modelling studies have indicated that a global shoaling of z* of 24 m can have considerable
impacts of atmospheric CO, concentrations with predicted increases of 10 — 27 ppm (Kwon et al.,

2009).

The predecessor to z*, and the most commonly used parameterisation of carbon flux attenuation
in the ocean, is Martin’s b (Boyd & Trull, 2007; Martin et al., 1987). Drifting sediment traps were
deployed at six stations in the Pacific Ocean during the VERTEX (Vertical Transport and Exchange)
study and the observed attenuation in carbon flux with depth was fitted to a normalised power
function using Equation 1.1 (Martin et al., 1987). In Equation 1.1, Fis the flux, Zy is the export
depth, z is the depth of the flux measurement in meters and b is the log-log slope. The average b
value from the VERTEX study was 0.858, which has been used in numerous subsequent studies
and models to parameterise the flux of carbon out of the euphotic zone to the deep ocean
(Berelson, 2001; Henson et al., 2012; Primeau, 2006; Sarmiento et al., 1993). b values between 0.6
and 2.0 have been calculated from upper ocean export measurements and deep ocean sediment
trap studies and there is considerable regional variability and temporal variability during an

annual cycle (Berelson, 2001; Francois et al., 2002; Primeau, 2006).

[Equation 1.1] F= Zo(ﬁ)b

1.2.1 Drivers of Carbon Flux

Carbon flux out of the euphotic zone is driven by several biological processes and is also mediated
by physical mechanisms (Boyd et al., 2019). The most well studied mechanism is the gravitational
sinking of organic material from the surface ocean, known as the biological gravitational pump
(BGP; Boyd et al., 2019; Buesseler et al., 2007). Other biological and physical mechanisms for
transferring organic carbon efficiently from the euphotic zone to the interior ocean have been less
well studied and are challenging to quantify due to a lack of high spatial, temporal and vertical
resolution sampling. A recent review article of particle injection pumps (PIPs; both biological and
physical) by Boyd et al. (2019) suggested that they may contribute up to 40 % of the total particle

export and likely sequester as much carbon as the BGP.

Zooplankton play an important role in carbon fluxes via three main mechanisms, with the role of
grazing and faecal pellet production discussed in more detail in Section 1.3.2.2. The mass
movement of zooplankton into the surface waters for feeding at night, and subsequent mass

descent into the mesopelagic zone during the day, is known as diel vertical migration, which is an
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important carbon export pathway known as active transport (Steinberg et al., 2000; Steinberg &
Landry, 2017). Active transport allows organic material to bypass remineralisation in the upper
ocean and transfers carbon and nutrients to depth. Zooplankton in the mesopelagic zone release
CO; via respiration, excrete dissolved organic carbon (DOC) and produce faecal pellets containing
POC (Steinberg & Landry, 2017). A recent modelling study found that active transport in the North
Atlantic contributes to 27 % of the organic carbon transported below the mixed layer by the BCP,
highlighting the importance of understanding zooplankton processing of organic material (Hansen
& Visser, 2016). The third zooplankton mediated process is the seasonal lipid pump, in which
overwintering zooplankton migrate to depth and transport lipid rich organic material below the
permanent thermocline, efficiently transferring organic carbon to the deep ocean. The seasonal
lipid pump is possibly of similar magnitude to carbon sequestration by the BGP (Jonasdottir et al.,

2015).

Microorganisms also act on the flux of organic material to transform labile dissolved organic

matter into recalcitrant dissolved organic matter that can be stored for millennia, termed the
microbial carbon pump (Jiao et al., 2010). The microbial carbon pump has been estimated to
sequester 0.2 Pg C yr! of recalcitrant DOC globally on timescales of more than 100 years

(Legendre et al., 2015).

Physical processes mediate the BCP and may increase the amount of organic carbon that reaches
in the interior ocean (Boyd et al., 2019). Physical processes that may act as PIPs are mesoscale
eddies, which can penetrate down to 2000 m (Klein & Lapeyre, 2009; Waite et al., 2016), and the
mixed layer pump, which may shorten the transit time of particles to the deep ocean via
detrainment (Dall’Olmo et al., 2016; McGillicuddy, 2016). The mixed layer pump at high latitudes
was found to contribute to > 100 % of the carbon supplied to the mesopelagic zone via fast
sinking particles and is thought to sustain mesopelagic biota prior to the spring bloom in the
Subpolar North Atlantic (Dall’Olmo et al., 2016; Gardner et al., 1995; Giering et al., 2016; Lacour et
al., 2019).

There have been several studies that explore the effect of mesoscale eddies on carbon export
down to 1000 m (Guidi et al., 2008; Omand et al., 2015; Stukel et al., 2018; Waite et al., 2016).
Waite et al. (2016) observed up to a sevenfold increase in carbon flux in eddy centres compared
to eddy flanks, termed the ‘wineglass effect’, in which sinking particles are concentrated in the
centre of an eddy. The wineglass effect may either promote loss processes by creating a ‘hotspot’
for remineralisation or may promote aggregation of particles and increase export rates (Waite et

al., 2016). Eddy subduction was also observed to export POC in the Subpolar North Atlantic during
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the spring bloom on submesoscales (1 - 10 km) down to 350 m and contributed to half of the

springtime flux of POC out of the surface ocean (Omand et al., 2015).

The North Atlantic ocean is a strong sink of atmospheric CO, with a pCO; uptake spatial range of 0
to -108 grams C m2yr! (Takahashi et al., 2009) and is an important area for anthropogenic CO,
absorption, via the solubility pump, as it is an area of deep water formation and an area of
efficient carbon storage via the biological carbon pump (Figure 1.2; Khatiwala et al., 2013; Sanders

et al., 2014; Takahashi et al., 2009; Volk & Hoffert, 1985).
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Figure 1.2 Water column inventories for 2010 in mol m of anthropogenic CO, reproduced from

Khatiwala et al. (2013).

1.2.2 Future Feedbacks on the Biological Carbon Pump

The BCP can have a global impact on the climate as shown by modern and palaeoceanographic
studies (Kwon et al., 2009; Martinez-Garcia et al., 2014). The drivers of the BCP have been
predicted to change under future climate conditions, such as decreases in PP, particularly in the
North Atlantic and the tropics, and decreases in export production (Bopp et al., 2001; Levy et al.,
2013; Moore et al., 2018). Moore et al. (2018) suggests that increasing greenhouse gas emissions
in the atmosphere could subdue marine biological production for a millennium. Biogeochemical
model studies have predicted that under future climate changes scenarios there is likely to be a
floristic shift in the phytoplankton community from larger phytoplankton groups, such as large
diatoms, to smaller phytoplankton groups, which may be less efficiently exported (Bopp et al.,
2005). On the other hand, several recent studies have observed small phytoplankton (< 20 um)
and small particles can be efficiently exported out of the euphotic zone, especially prior to the
spring bloom (Daniels et al., 2015; Giering et al., 2016), and may be able to reach the seafloor due

to high sinking rates (Leblanc et al., 2018).

The impact of ocean acidification on the BCP has been predicted to occur in decades rather than

centuries, for example by negatively impacting marine calcifiers (Orr et al., 2005). The ultimate
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effect of ocean acidification on the global BCP is uncertain, as the increased acidity of the ocean
may increase the bioavailability of iron which could stimulate productivity in high nutrient low
chlorophyll (HNLC) regions (Breitbarth et al., 2010; Hoffmann et al., 2012). A further complexity in
understanding how key phytoplankton types will adapt to climate change is that, under present
day conditions, coccolithophores may be carbon limited, whereas diatoms are likely already at

their maximal photosynthetic carbon fixation rates (Rost & Riebesell, 2013).

Predicting, identifying and understanding positive and negatives feedbacks on the BCP relies on a
mechanistic understanding and a baseline of carbon fluxes throughout the global ocean to allow
for changes in the future to be identified alongside spatial and temporal variability in the BCP
(Boyd et al., 2019; Henson, 2014). A large research effort over many decades has worked to
understand BCP export fluxes but, as highlighted by Passow and Carlson, (2012), changes in the
amount of carbon that sinks out of the mixed layer, known as export flux, cannot be assumed to
lead to changes in the amount of carbon that is stored below 1000 m, known as the sequestration

flux.

1.3 Particle Flux

Particle flux encapsulates all manner of sinking material out of the surface ocean and is the major
contributor to deep ocean carbon fluxes, often assumed to be dominated by large rare fast
sinking particles (Billett et al., 1983; Suess, 1980). The IPCC definition of the long-term
sequestration of carbon is ‘removal from the atmosphere for over 100 years’ (IPCC, 2007; Passow
& Carlson, 2012). This condition is usually met after carbon penetrates below 1000 m but
depending on the depth of the winter mixed layer this may vary with region (Lampitt et al.,
2008b; Palevsky & Doney, 2018; Passow & Carlson, 2012; Primeau, 2005). However, a modelling
study investigating carbon sequestration in the Southern Ocean found that 66 and 29 % of carbon
exported to 1000 and 2000 m in the model, respectively returned to the atmosphere within 100
years, suggesting that defining flux reaching 1000 m as the sequestration flux may be

overestimating carbon storage in the deep ocean (Robinson et al., 2014).

1.3.1 Sampling Methodologies

Particle fluxes are measured in the ocean using sediment traps to capture sinking material
(neutrally buoyant drifting traps and tethered traps of varying designs; Bourne et al., 2019;
Buesseler et al., 2000; Lampitt et al., 2008; Michaels et al., 1994; Sherman et al., 2011; Valdes and
Price, 2000), particle-reactive radionuclides such as 2*Th and 2!°Po (Buesseler, 1991; Buesseler et

al., 2006; Villa-Alfageme et al., 2014), 3H-3He age and apparent oxygen utilisation (Hahm & Kim,
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2008), marine snow catchers for in situ snapshots (Baker et al., 2017; Riley et al., 2012) and using
camera systems or optical sensors deployed on gliders and Lagrangian floats, which can capture
flux time-series (Bishop et al., 2016; Bourne et al., 2019; Briggs et al., 2011; Dall’Olmo & Mork,
2014, Estapa et al., 2019, 2017, 2013) or optical profilers, such as the Underwater Vision Profiler,

to estimate particle properties (Stemmann et al., 2008).

These approaches are regularly used in the upper ocean but aside from sediment traps, most are
unable to measure particle fluxes in the deep ocean, either due to methodological issues or
sensor/equipment limitations (McDonnell et al., 2015). Moored sediment traps are the only direct
method of measuring particle fluxes below 1000 m in the open ocean and will be discussed in
more detail in Section 1.3.1.1 (Honjo et al., 2008; McDonnell et al., 2015). One indirect
biogeochemical method that has been used to estimate the POC magnitude and global
distribution at the seafloor is the benthic oxygen flux estimated from apparent oxygen utilisation
measurements correlated with sedimentary organic carbon, CaCOs and accumulation rates

(Jahnke, 1996).

1.3.1.1 Sediment Traps
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Figure 1.3 a) A 21 cup MclLane sediment trap being deployed at the PAP Site. The inset shows the
honeycomb baffle at the opening of the sediment traps. Photographs were taken by
the author of this thesis. b) Sediment trap deployment locations in the North Atlantic
replotted from Honjo et al. (2008).
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Sediment traps were one of the first methods used to capture particles and remain the dominant
method for collecting sinking particle flux in the deep ocean (Figure 1.3; McDonnell et al., 2015;
Smetacek et al., 1978). Sediment traps provide an undisturbed, usually annual, time-series of
particle fluxes, most commonly in 14 day sampling intervals. Sediment traps are moored to the
seafloor and current meters and tilt meters are often deployed below the traps. Sediment traps
have been deployed throughout the water column at sustained observatories for decades to
attempt to collect a continuous time-series of deep ocean particle flux in a variety of locations,
such as in the Northeast Atlantic at the Porcupine Abyssal Plain Site (PAP Site; Frigstad et al.,
2015; Lampitt et al., 2010), in the Sargasso Sea at the Oceanic Flux Programme site and the
Bermuda Atlantic Time Series site (OFP and BATS; Conte et al., 2001; Conte & Weber, 2014), at
Station ALOHA near Hawaii as a part of the Hawaii Ocean Time-series programme (HOT; Karl et
al., 2011; Karl & Lukas, 1996), in the North Pacific at Ocean Station P (Wong et al., 1999) and at
Station M (Smith et al., 2018), in the West Antarctic Peninsula (Ducklow, 2008; Ducklow et al.,
2015) and in the Fram Strait in the Arctic (Bauerfeind et al., 2009; Lalande et al., 2016). However,
the spatial coverage of deep ocean sediment traps remains sparse and large swathes of the ocean

remain unsampled (Figure 1.3b; Honjo et al., 2008).

1.3.1.2 Sediment Trap Methodological Issues

Biases and artefacts during sediment trap sampling are often difficult to identify and may be
interpreted incorrectly as spatial or temporal variability (McDonnell et al., 2015). The two major
issues plaguing sediment trap measurements are hydrodynamic bias and swimmer
contamination. Hydrodynamic bias can lead to over- or undercollection of particles and the net
collection of material by the sediment traps is often referred to as trapping efficiency (Baker et al.,
1988; Buesseler et al., 2007; Butman, 2009; Gardner, 1980). Moored sediment traps in the deep
ocean (> 1000 m) generally experience fewer issues with undercollection, whereas moored
sediment traps deployed in the upper 1000 m do not provide reliable fluxes due to severe
undercollection issues attributed to high current speeds and tilt (Gardner, 2000, 1980; Honjo et
al., 1992). These issues in the upper ocean led to the development of neutrally buoyant
Lagrangian sediment traps, which aimed to reduce hydrodynamic biases and improve the trapping
efficiency (Baker et al., in review; Lampitt et al., 2008; Valdes & Price, 2000). Undercollection is
thought to be more common, especially for slow sinking particles, and at high current speeds,
generally assumed to be >12 cm s* (Baker et al., 1988), with the former likely being a minor
component of deep ocean particle flux (Baker et al., 2017; Buesseler et al., 2007). Sediment traps
are usually deployed with a honeycomb baffle (Figure 1.3a inset) which reduces turbulence within

the collection cone and should lead to improved trapping efficiency.
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Sediment traps are often contaminated with ‘swimmers’, which are animals that have actively
swum into the sediment trap sampling bottle, and are removed either by microscopic inspection
and hand-picking or by sieving, often through a 350 um mesh (JGOFS, 1994; Lee et al., 1988). The
JGOFS protocols recommend that each laboratory chooses a method and size distinction
appropriate to the sample type, although screened fluxes are generally consistently higher than
hand-picked fluxes (Buesseler et al., 2007; JGOFS, 1994). Sediment trap samples are usually
preserved with a poison, such as mercuric chloride or sodium azide, or a fixative, usually borax-
buffered formaldehyde, to prevent degradation, dissolution and to fix swimmers, which would
inflate the organic carbon measurements if not removed (Hedges et al., 1993; Lee et al., 1988;
Michaels et al., 1990). Sampled particle fluxes may also not accurately represent in situ fluxes if
sediment traps are colonised, for example by Ophiuroids (brittle stars), which are common near
continental margins or shallow topography, and may alter particulate composition and
magnitude, via consumption and egestion, before the sinking particles enter the sampling cup
(Lampitt et al., 2002). Reassuringly, deep ocean sediment traps generally have much lower
swimmer contamination compared to upper ocean traps, and the use of a honeycomb baffle, for
reducing turbulence, also reduces the likelihood of sediment trap sampling cups becoming
blocked by large swimmers (Figure 1.3a inset; Honjo & Manganini, 1993). Other sediment trap
designs were trialled, such as the ‘labyrinth of doom’ (Coale, 1990), which isolates swimmers from
the settled fluxes using a series of funnels, to attempt to reduce swimmers, but using a

preservative has remained the most commonly used methodology.

Preserving sediment trap samples also aids in preventing solubilisation of material from the
particulate phase into the dissolved phase, for samples that are stored for long time periods
(Antia, 2005; Bauerfeind & Bodungen, 2006; Knauer et al., 1984). Both major elements (such as C,
N) and minor/trace elements (such as Zn and Mn) are lost from the particulate phase (Knauer et
al., 1984). Formaldehyde is generally thought to be the superior preservative in terms of reducing
dissolution, however it also precludes the measure of dissolved organic carbon in the sediment
trap supernatant (Antia, 2005; Knauer et al., 1984). Zooplankton can also contribute to increased
dissolved elemental concentrations in the supernatant, particularly if brine is used in the sample
preservative, but is likely only to increase concentrations by ~ 2 % (Antia, 2005; Buesseler et al.,
2007). The combination of the preventative measures described above are undertaken to provide

the most representative record of deep ocean particle flux.

The collection efficiency of sediment traps has predominantly been quantified using radionuclide
disequilibria between #*Th and 238U, #'°Pb and #?°Ra, and 23°Th and 3!Pa (Buesseler et al., 2007)
and some studies have ‘corrected’ trap fluxes using this method (Guieu et al., 2005). The 2*Th

proxy has been used to measure the collection efficiency in upper ocean sediment traps
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(Buesseler, 1991; Gardner, 2000) but can be affected by non-steady state conditions and lateral
advection processes, although this proxy has the advantage of not being heavily affected by
swimmer contamination (Buesseler et al., 2007). 2!°Pb has been used less widely than the 23*Th
proxy as it can be affected by atmospheric deposition, and surface water changes in 2'°Pb are
minimal, making accurately quantifying the disequilibria difficult (Bacon et al., 1976; Buesseler et

al., 2007).

230Th and 3!Pa disequilibria has been most widely used as a proxy for deep ocean sediment traps
as their half-lives are much longer, i.e. several decades for 2°Th compared to 24.1 days for 2*Th
(Buesseler et al., 2007). However, 22°Th is scavenged similarly to **Th and can be applied as a
sediment trap calibration if measured for a full seasonal cycle (Buesseler et al., 2007). This
method has been applied to sediment traps throughout the global ocean in the studies by Yu et
al. (2001) and Scholten et al. (2001). The main findings were that sediment traps deployed
shallower than 1500 m significantly undercollect and no clear relationship between current
velocity and 2*°Th trapping efficiencies were observed. One of the biggest methodological issues is
that relatively large masses of material are needed to measure accurately *°Th and 23!Pa which
means the trapping efficiency can only be easily measured in regions with sustained fluxes

throughout the seasonal cycle.

1.3.2 Controls on Deep Ocean Particle Flux

The biological and physical drivers of the BCP were outlined in Section 1.2 but the drivers of deep
ocean flux are discussed in further detail in this section. The major controls on particle flux to the
deep ocean vary on a range of spatial and temporal scales. There is a general consensus in the
oceanographic community that the three dominant controls on deep ocean particle flux are net
PP in the upper ocean, community structure and ballasting by biominerals (Henson et al., 20123;
Lampitt & Antia, 1997). The rate of remineralisation, thought to be driven by temperature and
oxygen concentration is also crucial, is currently the focus of the COMICS project on mesopelagic
remineralisation (Henson et al., 2012a; Marsay et al., 2015; Sanders et al., 2016). In addition, the
role of mesoscale eddies on deep ocean particle flux may be an important area that is currently

understudied (Conte et al., 2003).

1.3.2.1 Primary Production

Several studies have observed relationships between net annual PP and organic carbon flux in the
deep ocean with Lampitt and Antia, (1997) concluding that, as PP increases towards 200 g C org
m2yr?, deep ocean carbon flux increases but once PP exceeds 200 g C org m? yr'! there appears

to be minimal effect on the magnitude of POC flux to the deep ocean. The relationship between
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PP and deep ocean carbon fluxes is not always significant, especially when using satellite data to
estimate PP, for example at the PAP-SO site (Lampitt et al., 2010). The relationships between flux
and net PP were improved by using algorithms including seasonal variation index, which is a
measure of the temporal variability of a time-series of either PP or flux, sea surface temperature

(SST) and by accounting for labile and refractory fractions of sinking particles (Lutz et al., 2007).

A negative correlation between net primary production (NPP) and the export ratio (ratio of export
production to NPP) has been observed in several locations (Cavan et al., 2015; Henson et al.,
2015; Laws & Maiti, 2019; Maiti et al., 2013; Le Moigne et al., 2016; Stange et al., 2017) and, in a
recent study, Laws and Maiti, (2019) demonstrate that the negative relationship can be explained
by the time lag between production and export of organic material out of the euphotic zone. By
averaging over timescales longer than the time lag between production and export it is possible
to derive meaningful export ratios (Laws & Maiti, 2019). In a biogeochemical model study, the
time lag between PP and export production in the North Atlantic was found to be between 20-30
days (Henson et al., 2015). A mesocosm study found lags between 2 and 15 days for the
sedimentation of organic matter and demonstrated the issue with shipboard sampling compared
to deep ocean flux measurements in Figure 1.4 (Stange et al., 2017), which can lead to export

ratio estimates greater than one (Le Moigne et al., 2015).
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Figure 1.4 lllustration of problems relating in situ export efficiency without consideration of the
time lag between production and sedimentation. Figure reproduced from Stange et

al. (2017).

A timelag between PP and export may occur at the start of the spring bloom as phytoplankton

biomass increases, whilst the zooplankton biomass growth is slower. This decoupling may be
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responsible for increased export efficiency at the start of the spring bloom (Franks, 2001; Henson
et al., 2015; Henson et al., 2019; Ward et al., 2014). Decoupling is an important factor in increased
carbon export efficiency, and subsequent deep ocean carbon fluxes, and may occur at the start of
the spring bloom, within an eddy, or in a system where PP outpaces zooplankton growth, which
highlights decoupling arises over a range of spatial and temporal scales (Brix et al., 2006; Henson
et al., 2019; Rii et al., 2008; Wassmann, 1997). The magnitude of NPP sets the upper limit of
possible fluxes of carbon to the deep ocean and the extent of decoupling, along with other

processes, may set the efficiency for how much of the NPP reaches the deep ocean.

1.3.2.2 Community Structure

Upper ocean community structure is widely accepted to be an important driver of carbon export
from the euphotic zone and the subsequent flux of carbon to the deep ocean (Agusti et al., 2015;
Boyd & Newton, 1999; Buesseler, 1998; Henson et al., 2012a; Lampitt et al., 2009). Diatoms have
been observed to contribute significantly to carbon export, particularly under nutrient stress,
which can lead to transparent exopolymer particle (TEP) production, and the subsequent
termination of a bloom (Agusti et al., 2015; Bauerfeind et al., 2009; Honjo et al., 1982; Kemp et
al., 2000; Lampitt, 1985; Martin et al., 2011; Passow et al., 1993; Waniek et al., 2005b).
Biogeochemical models often parameterise phytoplankton groups as diatom vs. non-diatom,
which highlights their widely accepted importance in the BCP (Anderson et al., 2015; Anderson,
2005; Gehlen et al., 2006; Yool et al., 2013). High latitude diatom blooms are often succeeded by
coccolithophore blooms (Holligan et al., 1993; Poulton et al., 2010), which can lead to the rapid
transit of coccoliths and associated organic material to depth (Knappertsbusch & Brummer, 1995).
Other planktonic organisms can contribute to the composition of deep ocean particle flux, such as
radiolaria, which can lead to large carbon fluxes reaching the deep ocean, via their mini-faecal
pellets (Lampitt et al., 2009) or foraminifera, which often dominate carbonate fluxes, although are
unlikely to ballast POC (De La Rocha & Passow, 2007; Schiebel, 2002; Schmidt et al., 2014).
Planktonic cysts have been sampled in sediment traps across the global ocean and can contribute
considerably to elemental fluxes, particularly POC, BSi and Strontium (Sr; Antia et al., 1993;

Belcher et al., 2018; Bernstein et al., 1987; Pospelova et al., 2018).

Zooplankton contribute to deep ocean carbon flux via fast sinking faecal pellets, which repackage
phytoplankton and detrital material, and can also mediate the magnitude and lability of flux to
depth, via grazing and fragmentation of the sinking POC flux (Belcher et al., 2016; Iversen &
Poulsen, 2007; Mayor et al., 2014; Steinberg & Landry, 2017). The size structure of the
zooplankton community may determine the export efficiency with mesozooplankton, such as krill

(Belcher et al., 2019) and salps (lversen et al., 2017), producing large fast sinking faecal pellets,
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whereas microzooplankton, such as copepods, may be responsible for fragmentation of
aggregates reducing the sinking rate of carbon rich particles (Belcher et al., 2016; Iversen &
Poulsen, 2007; Lampitt et al., 1990; Mayor et al., 2014). Zooplankton processing in the
mesopelagic zone may set the efficiency of the BCP and highlights that complex ecosystem

interactions may hold the key to the controls on deep ocean carbon storage (Cavan et al., 2017).

1.3.2.3 Ballasting

Ballast minerals have been observed to be closely correlated with organic carbon fluxes in the
surface ocean and in the bathypelagic zone (Armstrong et al., 2002; Francois et al., 2002; Iversen
& Ploug, 2010; Klaas & Archer, 2002; Pabortsava et al., 2017; Sanders et al., 2010) but several
studies have found no significant relationships between upper ocean carbon export and
biominerals (Lam & Bishop, 2007; Lee et al., 2009; Riley et al., 2012; Thomalla et al., 2008). Two
global studies concluded that CaCOs concentration does exhibit a relationship with deep ocean
POC flux, likely by increasing the transfer efficiency through the mesopelagic zone, but concluded
that upper ocean ecosystem structure is a stronger control on the fraction of export that reaches
the deep ocean (Henson et al., 2012a; Lam et al., 2011). Consensus on the role of biomineral
ballast on deep ocean POC flux has yet to be reached within the scientific community (Fischer &
Karakas, 2009; Francois et al., 2002; Iversen & Ploug, 2010; Klaas & Archer, 2002; Le Moigne et al.,
2013; Passow, 2004; Sanders et al., 2010; Thomalla et al., 2008) and it is difficult to determine
whether statistical relationships are a signal of co-occurrence during productive periods, or of a
mechanistic process, relating elevated POC fluxes with greater biomineral fluxes. Ballast models
are used to parameterise particle fluxes in biogeochemical models (Armstrong et al., 2002), for
example in the MEDUSA global biogeochemical model (Yool et al., 2013, 2011), which will impact
predictions of how the BCP may change under future climate change scenarios. The processes
controlling the flux of organic carbon and associated biominerals are clearly complex, and may be
hindered by the short temporal or small spatial scales of studies, with limited repeat sampling,
but a mechanistic understanding is critical for our future ability to model deep ocean carbon

storage.

1.3.2.4 Mesoscale Eddies

Deep ocean particle flux tends to increase as annual NPP increases (Lampitt & Antia, 1997) and PP
in the upper ocean is controlled by nutrient and light availability, which is often driven by large
and mesoscale physical processes (10 — 200 km), such as spring shoaling of the mixed layer and
eddies, respectively (Behrenfeld & Boss, 2014; Smith et al., 1996). Mesoscale eddies can have first
order effects on particles fluxes by funnelling particles to depth (Waite et al., 2016) and second

order effects by replenishing upper ocean nutrients, leading to increased PP, and subsequently
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increased carbon export. Model studies found eddies were responsible for 30 — 40 % of new PP in
a subtropical region but the importance of eddies in Subpolar regions is not well constrained
(Martin & Richards, 2001; Oschlies & Garcon, 1998). Recently formed eddies are thought to be
more likely to upwell or downwell, which may stimulate PP by injecting nutrients into the surface,
and may detrain phytoplankton leading to light limitation and reducing biomass, whereas mature
eddies are less likely to perturb the upper ocean (Harris & Boyd, 1998; McGillicuddy, 2016; Smith
et al., 1996).

The effect of eddies on particle flux was studied in the Sargasso Sea and observed that eddies of
1-2 months old stimulated PP, 3 month old eddies were associated with higher particle fluxes
down to 150 m and eddies > 4 months old showed little difference but may stimulate plankton
biomass (Figure 1.5; Buesseler et al., 2008; Sweeney et al., 2003). Mesoscale anticyclonic eddies
were studied in the Indian Ocean and Mediterranean Sea and were found to funnel particles from
the surface to 1000 m with particle concentrations up to seven times greater in the centre of the
eddies compared to the flanks (Waite et al., 2016). This may increase the depth to which particles
penetrate but also may become hotspots for remineralisation and zooplankton feeding (Waite et
al., 2016). Knowledge of whether flux via PIPs penetrates below the mesopelagic zone, and the
composition of injected and physically modified particles, is limited. The only observations of a
mesoscale eddy feature impacting sediment trap fluxes in the deep ocean to date are reported in
Conte et al. (2003) in the Sargasso Sea, which observed mass fluxes increasing by 2.5x and an
increase in the labile bioreactive components of particulate organic matter as an eddy passed

over the sampling location.
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Figure 1.5 Conceptual model reproduced from Sweeney et al. (2003) of mode-water or cyclonic
eddies on upper ocean biogeochemistry from studies in the Sargasso Sea. The
numbers represent different stages of the eddy effects on the upper ocean

biogeochemistry during an eddy life cycle.

The possibility of eddies penetrating to the ocean floor is significant for deep ocean particle flux as
it may lead to enhanced current speeds, greater lateral advection and increased resuspension of
sediment settled on the seafloor (Gardner et al., 2017; Klein & Lapeyre, 2009; Lampitt, 1985). This
issue may be further enhanced at sampling sites, near shallow topographic features, as current
speeds < 9 cm s can cause resuspension of disaggregated particles during the passage of a
mesoscale eddy in the North Atlantic (Auffret et al., 1994). If nepheloid layers are sampled in the
deep ocean it may lead to samples that are more degraded (Gardner et al., 2017) but possibly

larger in magnitude than if only the passively sinking flux was sampled (Lampitt et al., 2000).

1.3.3 Spatial Variability in Deep Ocean Particle Flux

Latitudinal variability in deep ocean particle flux sampled by sediment traps has been observed by
several studies. The largest organic carbon fluxes occur at subpolar and temperate latitudes,
however there is a strong sampling biases towards the Northern hemisphere (Honjo et al., 2008;
Lampitt & Antia, 1997; Waniek et al., 2005). Smaller scale spatial variability in deep ocean carbon
fluxes has only been investigated in one study to date in the Northeast Atlantic Ocean during the
Joint Global Ocean Flux Study (JGOFS). Sediment traps were deployed between 3100 and 3700 m
at 48 N, 19.5 W and 48 N, 21 W (i.e. a separation of ~ 100 km) for 17 months. Newton et al. (1994)

concluded that there was no significant spatial variability for an annual cycle, especially for the
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spring fluxes. However, the sediment trap at 19.5 W recorded a large autumn flux event, whereas
the sediment trap at 21 W did not, which was attributed to either collection efficiency issues or
genuine mesoscale variability (Honjo et al., 2000; Newton et al., 1994). Newton et al. (1994) called
for rigorous attention to the role of mesoscale variability on particle fluxes and regional carbon

budgets, but detailed studies in the deep ocean do not appear to have been undertaken and/or

published.

Mesoscale spatial variability in deep ocean particle fluxes may be due to sediment traps sampling
different regions of the upper ocean, which may not always be located directly above the
sediment trap (Siegel & Deuser, 1997). Statistical funnels show the probability of a sampled
particle originating from a location in the surface ocean, shown in Figure 1.6, with fast sinking
particles having a more localised source region. Mesoscale variability in deep ocean particle fluxes
may be driven by different particle source regions, advection caused by eddies and small scale
physical variability, or differences in localised biological processing, which can lead to
‘contamination’ of time-series sites that likely will be interpreted as temporal variability (McNeil
et al., 1999; Siegel & Deuser, 1997; Siegel et al., 1990). Further research is needed to determine
the magnitude, drivers and regional differences of mesoscale variability in deep ocean particle

fluxes and carbon sequestration.
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Figure 1.6 Modelled statistical funnels of sediment traps for a range of sinking speed and trap

depths. Figure reproduced from Siegel and Deuser, (1997). The isolines highlight the
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percentage of the particles that will have originated from within that area in the

surface ocean and the black circles indicate the mooring location.

1.4 Iceland Basin

The results in this thesis focus on the Iceland Basin (IB), situated in the Subpolar North Atlantic.
The IB is a dynamic region, with complex physical processes and topography, which have been

outlined below.

14.1 Physical Characteristics

A counter-clockwise circulation has been observed in the upper ocean IB, driven by a branch of
the North Atlantic Current (NAC), which feeds into the Subpolar Gyre in the Irminger Basin (Orvik
& Niiler, 2002; Pollard, 2004). The proportion of the NAC current that flows into the central IB,
rather than the Rockall Trough, is thought to be controlled by the North Atlantic Oscillation (NAO)
index. During a low NAO phase the Subpolar Gyre contracts and more of the NAC current flows
into the IB (Bower et al., 2002). The Subpolar Gyre has been observed to be declining in size and
strength since the early 1990’s meaning that the eastern gyre edge oscillates across the IB (Foukal
& Lozier, 2017; Hatun et al., 2017). Below 1500 m the circulation is similar, with an anti-clockwise
circulation in the IB which appears to be channelled by topography, with the fastest transport
near the topographic features and the slowest transport in the middle of the IB (Figure 1.7; Bower

et al., 2002; Yashayaev & Clarke, 2008).

The IB forms a deep (> 600 m) winter MLD due to convective cooling in the water column and
strong wind forcing, which triggers the onset of deep mixing in September/ October, and shoaling
of the mixed layer usually occurs in April (Gifford et al., 1995; Plueddemann et al., 1995;
Yashayaev & Clarke, 2008). The winter mixed layer replenishes nutrients in the upper ocean as it
shoals and the spring bloom is initiated once the mixed layer is shallower than the critical depth at
which phytoplankton growth begins to exceed losses (Brody & Lozier, 2015; Gifford et al., 1995;
Sverdrup, 1953).
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Figure 1.7 The Subpolar North Atlantic topography and intermediate and deep water masses that
form the lower limb of the Atlantic meridional overturning circulation. Figure
reproduced from Yashayaev and Clarke, (2008). The water mass acronyms are listed:
Iceland-Scotland Overflow Water (ISOW), Denmark Strait Overflow Water (DSOW),
Labrador Sea Water (LSW) and the Northeast Atlantic Deep Water (NEADW).

Cyclonic (counter-clockwise and usually upwelling) and anticyclonic (downwelling) eddies have
been observed in the IB (Harris et al., 1997; Marra et al., 1995). The NAC branch described by
Orvik and Niiler, (2002) was found to be heavily dominated by eddy structures with eddies
travelling west towards the Irminger Basin (Harris et al., 1997). A barotropic (depth-independent
mean flow) eddy, that reached the seafloor, was observed in the IB in 1991 and created a
nepheloid layer which extended from 2200 m to the seafloor (2400 m) rich in labile compounds,
suggesting resuspension of the previously settled spring bloom (Conte et al., 1995; Harris et al.,
1997). A barotropic anticyclonic eddy in the central IB was studied in detail in June 1996, with two
other similar eddies present during the sampling period, and were likely formed from a branch of
the NAC, suggesting such features are likely common in the IB (Martin et al., 1998). Iceland Basin
eddies range in size from 60 — 120 km, usually with a thickness of 1000 m and radial velocities up

to 50 cm s (Martin et al., 1998; Pidcock et al., 2013; Read & Pollard, 2001).

1.4.2 Biological Features

Research programmes in the 1980’s and 1990’s set out to investigate biological production and
processes in the IB: the Biogeochemical Ocean Flux Study (BOFS) in 1989 and 1991 (Harris & Boyd,
1998; Joint et al., 1993) and the Marine Light-Mixed Layers in 1991 (Marra et al., 1995) took place

18



Chapter 1

with the former complementary to JGOFS. In 2007 the Biophysical interactions in the Iceland
Basin (BIB) study also took place (Poulton et al., 2010) and in 2008 the North Atlantic Bloom
Experiment (NABO8) was undertaken (Briggs et al., 2011; Cetini¢ et al., 2015; Martin et al., 2011).
These findings were summarised these findings to characterise the biological cycle in the upper

ocean IB.

The timing and magnitude of the spring bloom in the subpolar North Atlantic is driven by the
winter MLD, with a shallower winter MLD leading to an earlier bloom of enhanced magnitude
(Henson et al., 2009). The spring bloom in the IB usually peaks during mid-late May (Chl a 2.5 ug L
1) and is often dominated by diatoms and/ or Phaeocystis sp. (Gifford et al., 1995; Marra et al.,
1995). Storms in spring may lead to strong mixing events, which can deepen the MLD down to 150

m, and lead to the termination of a bloom (as with Phaeocystis in 1991; Marra et al., 1995).

In spring 1991 in the IB, the role of zooplankton grazing was found to be minimal during the spring
bloom, with copepods peaking after the spring bloom, but were only consuming 1 % of daily
chlorophyll production and < 5 % of the phytoplankton standing stock (Batchelder et al., 1995;
Cowles & Fessenden, 1995; Gifford et al., 1995). Nanoplankton made a significant contribution to
the daily productivity prior to and after the spring bloom in 1991, with a similar observation made
pre-bloom in 2012 (Daniels et al., 2015a; Gifford et al., 1995; Joint et al., 1993). Microzooplankton
dominated during the declining bloom in 1991 and were found to consume 100 % of the daily
chlorophyll production, which may suggest a top-down control on the bloom (Gifford et al., 1995).
Conversely, during the 1989 BOFS sampling, it was unclear what limited the bloom as nitrate and
silicate remained abundant with minimal grazing pressure (Joint et al., 1993). The NABOS8 study
found that the spring bloom in the IB in 2008 likely terminated due to silicate stress, causing TEP
production and aggregation, and subsequent rapid sinking of diatom cells (Martin et al., 2011).
The IB is also a seasonal HNLC region with the iron replete conditions observed in the upper ocean

during summer in 2007 (Nielsddttir et al., 2009).

The IB water column is more stable between May and August with fewer strong mixing events
which, after re-stratification, were found to stimulate productivity and grazing (Marra et al.,
1995). The IB in summer 1991 was found to be more biologically active in mid-summer than
previously thought, with PP twice as high as expected, attributed to the cyclonic eddy the study
tracked (Harris et al., 1997). During the MLML study, microzooplankton grazing during August had
declined to 45 % of daily Chl a production (Gifford et al., 1995). The minimal grazing of PP by
mesozooplankton during MLML lead to the hypothesis that they must be consuming up to 100 %
of microzooplankton and/ or protist daily production to fulfil their nutritional demand (Cowles &

Fessenden, 1995).
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Coccolithophores are an important component of the phytoplankton community in the IB,
particularly in silicate-limited waters during summer (Poulton et al., 2010). Coccolithophores
produce coccoliths made of CaCO3; which may detach and remain in the mixed layer (Fernandez et
al., 1993). In late June in 1991 particulate inorganic carbon (PIC) concentrations were elevated
and coccolithophores contributed between 40 — 90 % to phytoplankton biomass but production
rates were low (Fernandez et al., 1993; Harris et al., 1997). Poulton et al. (2010) studied
coccolithophores in the IB in July and August 2007 post-bloom and found they contributed to ~ 10
— 20 % of Chl a, phytoplankton carbon and PP, whilst small flagellates (< 5 um) contributed > 60 %
of Chl a (Nielsdéttir et al., 2009; Poulton et al., 2010). This may indicate a seasonal succession of
phytoplankton community from diatoms to coccolithophores to flagellates. This may be
attributed to the development of a seasonal HNLC regime in summer due to iron limitation, in
which both diatoms and coccolithophores were found to be iron limited, and could lead to the
rapid sinking of diatoms in spring (Martin et al., 2011; Nielsdéttir et al., 2009). The development
of a HNLC regime may explain the termination of the bloom during 1991 when nitrate and silicate

were still abundant and grazing was minimal (Joint et al., 1993).

These studies provide insight into the seasonal transitions and dynamics of phytoplankton and
zooplankton populations in the IB and highlight the strong effect and importance of physical
processes but how these upper ocean processes relate to the magnitude and composition of

annual deep ocean particle flux in the IB is unknown.

1.5 Thesis Hypotheses and Aims

In this thesis three hypotheses will be tested:

1. The magnitude and seasonal cycle of deep ocean carbon sequestration in the Iceland
Basin will be similar to the North Atlantic averages that have previously been published.

2. Mesoscale variability in deep ocean carbon fluxes will be significant for short (weekly to
seasonal) timescales, but that on annual or multi-year timescales, mesoscale variability
will be negligible compared to seasonal variability.

3. The first spring-time incidence of rapid shoaling in the mixed layer allows Acantharia to
return to the upper ocean, from the interior ocean to the upper ocean, and changes in
upper ocean conditions may be a trigger for sedimentation, such as temperature, light or

chlorophyll concentration.

This thesis aims to:
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Quantify the magnitude of deep ocean carbon sequestration and other particle flux
components to the deep ocean Iceland Basin for an annual cycle for the first time. These
findings will be compared to other North Atlantic and global carbon sequestration
estimates and calculate the transfer efficiency of organic carbon to the deep ocean IB.
Utilise the unique mesoscale spatial array of the deep ocean sediment traps to explore
the magnitude of spatial variability and to explore the most effective methods for
identifying such variability in low spatial and temporal resolution data.

Identify the drivers of organic carbon flux to the deep ocean by exploring how upper
ocean processes (biological, e.g. community structure and physical, e.g. mesoscale eddies)
relate to the seasonal cycle and spatial variability in deep ocean particle flux.

Improve the current understanding on what triggers the sedimentation of Acantharian
cysts to the deep ocean Iceland Basin and to provide more accurate estimates of the

elemental content and sinking rates of Acantharian cysts in the Iceland Basin.
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Chapter2 Deep Ocean Carbon Storage in the Iceland
Basin and the Implications of Mesoscale Spatial

Variability

2.1 Introduction

It is estimated that globally the BCP exports 5 - 11 Gt C yr! into the interior ocean, with the North
Atlantic Ocean contributing 1.27 Gt C yr?, or 15 %, of global export (Henson et al., 2011; Sanders
et al,, 2014). Particles exported from the surface ocean are rapidly remineralised during transit
through the mesopelagic zone (100 — 1000 m depth) and the magnitude of organic carbon stored
in sediments is thought to be < 1 % of net PP (Antia et al., 2001; Lampitt & Antia, 1997). The
globally integrated POC flux to 2000 m depth has previously been estimated as 0.33 - 0.66 Gt C yr
! (Henson et al., 2012a; Honjo et al., 2008; Lampitt & Antia, 1997) with an estimated 0.1 Gt C yr!
reaching 2000 m depth in the Atlantic Ocean as a whole (Lampitt & Antia, 1997), and reduces to
0.04 Gt C yr'! when considering 2000 m in the North Atlantic Ocean (0 - 80 N; Henson et al., 2011).

Annual POC export in the Iceland Basin (IB) has been estimated as 0.0038 - 0.0084 Gt C yr! using a
satellite-based estimate and surface (< 10 m) O,/Ar measurements respectively (Henson et al.,
2012a; Quay et al., 2012). The magnitude of the POC flux to the bathypelagic IB has not been
directly measured, which precludes accurate estimates of carbon sequestration in the IB and to

the Subpolar North Atlantic as a whole.

The North Atlantic is likely an important region for deep ocean carbon sequestration (Takahashi et
al., 2002), in particular the Subpolar North Atlantic, as it is an area of deep water formation
meaning carbon may be transported via thermohaline circulation through the IB (Lozier et al.,
2019), but observations remain limited to either the surface ocean or localised regions of the
upper 1000 m (Briggs et al., 2011; Martin et al., 2011; Quay et al., 2012). Organic carbon that
reaches the deep ocean in this region may be sequestered for a minimum of a few hundred years,
as particulate or dissolved organic carbon, or may undergo remineralisation into inorganic carbon
(Barange et al., 2017; DeVries et al., 2012; Fontela et al., 2016; Lampitt & Antia, 1997; Sabine,
2004). A critical factor in the efficiency of carbon storage in the Subpolar North Atlantic is deep
winter mixing, as particles must sink below ~ 1500 m in the Irminger Basin to escape winter
ventilation back to the atmosphere (Palevsky & Nicholson, 2018; Yashayaev & Clarke, 2008). The
winter MLD in the IB is comparatively shallow compared to the Irminger Basin, usually less than

1000 m, potentially permitting less carbon to ventilate back to the upper ocean and therefore the
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IB may be an efficient carbon sink compared to the Irminger Basin (Martin et al., 1998). However,
the IB is likely to be a less efficient long-term carbon sink, due to a greater likelihood of carbon
being ventilated back to the atmosphere during deep winter mixing in the North Atlantic as the

mean maximum MLD is only 150 — 200 m (latitude 42.5 - 72.5 N; Cole et al., 2015).

Sediment traps are widely used to collect a continuous time-series of sinking particle flux in the
deep ocean (McDonnell et al., 2015). Interannual variability in sampled deep ocean carbon flux of
varying magnitudes has been observed in a diverse range of locations, from the Subarctic Pacific
to the Subtropical Atlantic (Conte et al., 2001; Deuser, 1986; Frigstad et al., 2015; Pabortsava et
al., 2017; Wong et al., 1999). Continuous time-series of deep ocean particle flux at sustained
observatories are crucial to quantify the magnitude and variability of particle flux components
accurately (Conte & Weber, 2014; Frigstad et al., 2015; Lampitt et al., 2010; Smith et al., 2018)
and a time-series of several decades is needed to identify temporal mechanisms driving particle
flux and subsequent carbon sequestration (Henson, 2014). Observatories, such as PAP, BATS and
Station M, collect long-term observations but the importance of spatial variability, particularly
from a mesoscale perspective, has rarely been explored. The spatial ‘footprint’, which is the area
of the surface ocean that is represented accurately by a single sustained observatory, is
dependent on the parameter of interest (Henson et al., 2016). Similarly, statistical funnels have
been estimated by tracking particles reaching the deep ocean backwards in time to assess their
possible source region. The resulting funnel depends on the assumed particle sinking speed, but
can extend several 100’s of km’s from the trap location (Nodder et al., 2016; Siegel & Deuser,
1997; Siegel et al., 1990). Statistical funnels estimate the particle source region in the surface
ocean but cannot assess whether the sampled particle fluxes may accurately represent a wider
spatial area. Our lack of understanding of mesoscale variability therefore compromises our ability
to interpret time-series of deep-ocean particle flux and hence mesoscale variability in the deep

ocean is assumed to be negligible (Newton et al., 1994).

The Joint Global Ocean Flux Study (JGOFS) included the North Atlantic Bloom Experiment (NABE),
in which 3 sediment traps were deployed in the deep ocean during 1989 and 1990 around 34 °N
(one sediment trap) and 48 °N (two traps spaced 112 km apart; Honjo & Manganini, 1993;
Newton et al., 1994). Comparisons were made between one trap array at 48 °N and the trap array
at 34 °N (Honjo & Manganini, 1993) and brief comparisons were made between the two trap
arrays near 48 N, which was the highest spatial resolution for deep ocean sediment trap coverage
before the IB deployments. Newton et al. (1994) concluded that there was no significant
mesoscale variability over the 100 km spatial scale in spring and differences in autumn fluxes
were either due to issues with collection efficiency or real spatial variability in deep ocean fluxes.

A mesopelagic study (POMME) that explored spatial variability in carbon export deployed four
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sediment trap moorings (400 and 1000 m) in pairs in the Northeast Atlantic. The study observed
an anticyclonic eddy influencing carbon export dynamics which was supported by Underwater
Video Profiler data (Guidi et al., 2007; Guieu et al., 2005). The study concluded that, in eddy-
dominated areas, export may be temporarily influenced down to 1000 m on scales < 100 km,
which will be missed by sediment trap deployments at a singular location (Guidi et al., 2007). The
magnitude of the spatial variability between the POMME sediment trap annual POC fluxes at 1000
m was 32 % which was deemed as not negligible (Guieu et al., 2005). Determining the origin of
variability at sustained observatories, whether temporal or local spatial variability, is a continuing
challenge, exacerbated by limited previous research into mesoscale variability in the deep ocean

(Henson, 2014).

The origin of observed mesoscale variability in particle flux, whether originating from the surface
ocean or arising during the transit of particles to the deep ocean, is important to consider. In the
surface ocean, physical processes such as mesoscale eddies (Martin et al., 2002; Oschlies &
Garcon, 1998) or frontal instabilities (Martin et al., 2001) are likely to shape the biological and
biogeochemical drivers of particle flux, such as plankton community structure (d’Ovidio et al.,
2010; Rodriguez et al., 2001) or the mixing of nutrients into surface waters (Woods, 1988) that
may alter the magnitude and composition of flux. In the mesopelagic zone, these physical
processes may lead to the subduction of particles from the mixed layer down to 1000 m,
depending on the local productivity and particle size spectrum in the upper ocean (Omand et al.,
2015; Stukel et al., 2017; Waite et al., 2016). Other sources of mesoscale variability in the
mesopelagic and bathypelagic zones could be due to lateral advection (Siegel et al., 2008) and
nepheloid layers (Gardner et al., 2018), which may alter the magnitude and composition of
sampled particle flux. Biological processes, such as zooplankton community structure may alter
the magnitude and composition of mesopelagic particle flux through the active transport of
organic carbon to depth (Steinberg et al., 2000), or by controlling the remineralisation of particles
via biotic fragmentation, with subsequent faecal pellet production (Steinberg et al., 2008).
Mesoscale variability arising from biological factors in the upper ocean, such as community
structure or zooplankton versus microbial remineralisation, may persist into the bathypelagic in
terms of flux composition and magnitude, whereas physical drivers that shunt particles to depth

are more likely to impact the magnitude rather than the composition of particle flux.

The magnitude of carbon flux to the deep ocean IB has not previously been measured. To quantify
accurately the magnitude and impact of mesoscale variability in deep ocean carbon sequestration
in the IB, this study utilises four sediment traps deployed below 2000 m in a mesoscale array,

spaced 71 km apart. | hypothesise that for short (weekly to seasonal) timescales, mesoscale
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variability in deep ocean carbon fluxes will be significant, but that on annual or multi-year

timescales, mesoscale variability will be negligible compared to seasonal variability.

2.2 Methods

Four Parflux Mark 78H-21 or Parflux Mark 78H-13 sediment traps were deployed in a mesoscale
array (71 km distance between traps) in the IB below 2000 m around the former Ocean Weather
Station India (OWSI, 60 °N 20 °W). The traps sampled from November 2006 to July 2007 and from
August 2007 to June 2008 (Table 2.1 and Figure 2.1). The water depth ranged between 2529 —
2856 m and the traps were deployed ~ 400 meters above bottom (mab), with trap depths ranging
between 2101 - 2441 m. The traps deployed in 2006 were consistently deeper (mean depth 2372
m) than the 2007 deployment (mean depth 2168 m). In this thesis, the deep ocean is defined as
below 2000 m and | will refer to flux below 2000 m for simplicity but potential differences due to
trap deployment depths are discussed in Section 2.3.1. The sediment traps have a cone-shaped

collector with an area of 0.5 m? and have either 21 or 13 collection cups (Table 2.1).

h'ﬁapNVV _ Iceland
64°N s Trap NE ‘ '
RBTrapC

4 -500

4 -1000

G2°N Womor g 5 T s gt
1500
©
= 1 -2000
5 eow
2500
58 N ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, .
‘ : -3500
56“N ....................
) 2 2 &4
' : 7 . i .
30°W 25°W 200W 15°W 10°W 5'W
Longitude

Figure 2.1 Bathymetric map of the Iceland Basin. The locations of the sediment traps deployed
below 2000 m are shown and labelled in regards to their position (North West (NW), North East
(NE), Centre (C) and South (S)). The colours for each trap remain consistent throughout this thesis.

The black line between Trap NE and C highlights the average distance between traps of 71 km.

26



Chapter 2

Four periods of flux were defined to highlight different regimes of flux collection: Period | (22"
Nov 2006 — 23™ May 2007), Period Il (24" May 2007 — 29'" July 2007) during which the traps had
been colonised by Ophiuroids (Table 2.2), Period Ill (26™ Aug 2007 — 18™ Nov 2007), which was
the beginning of deployment 2 and Period IV (19" Nov 2007 — 15 Jun 2008) in which fluxes were
extremely low, and hence were not included in the analysis presented in this Chapter (detailed

discussion in Section 2.3.1).

Table 2.1 Parflux sediment trap locations, deployment depth and distance from the seafloor in
meters above bottom. The availability of current meter data and number of collection cups is also

detailed. Cups sampled for 14 days unless specified otherwise.
*Traps began sampling on the 22" November 2006 and finished sampling on the 29" July 2007.
" Traps began sampling on the 26 August 2007 and finished sampling on the 15 June 2008.

" 13 cup sediment traps were deployed for periods longer than two weeks during winter to allow

high resolution sampling in autumn and spring and consequently finished sampling on the 18

May 2008.
Current Collection
Trap Latitude Longitude Depth (mab)
Meter Data Cups
NW (2006 —2007)©  60° 00.063 N 20°49.512W 2381 m (400) Yes 21
NE (2006 — 2007) * 59°38.97 N 18°46.838 W 2317 m (415) Yes 21
C (2006 - 2007) * 59°29.913 N 19°59.757W 2350 m (415) Yes 21
S (2006 — 2007) ° 58°51.968 N 20°24.169W 2441 m (415) Yes 21
Not
NW (2007 —2008) ™  59°59.89 N 20°51.52 W 2194 m (410) 21
recovered
. Not
NE (2007 — 2008) 59°39.62 N 18°50.36 W 2119 m (410) 21
recovered
C (2007 —2008) 59°30.32 N 20° 00.78 W 2101 m (426) Yes 13™
S (2007 —2008) 58°52.14N 20°22.05 W 2258 m (416) Yes 137
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Table 2.2 The number of Ophiuroids counted as swimmers (individuals per cup) and swimmer flux (individuals m?2 d?) in the sediment trap samples during April to July

2007 for each trap. A dash indicates that no Ophiuroids were collected. The traps were recovered in July 2007.

Date Trap NW Trap NE Trap C Trap S
Individuals per | Individuals |Individuals per | Individuals |Individuals per| Individuals |Individuals per| Individuals
cup m?d* cup m=2d? cup m=2d? cup m=2d?
25/04/07 1 0.14 - - - - - -
09/05/07 - - 2 0.29 1 0.14 1 0.14
23/05/07 21 3.0 7 1.0 14 2 10 1.43
06/06/07 27 3.86 30 4.29 6 0.86 42 6.0
20/06/07 523 74.71 164 23.43 166 23.71 157 22.43
04/07/07 618 88.29 232 33.14 105 15.0 255 36.43
18/07/07 159 22.71 226 32.29 199 28.43 196 28.0
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The sediment trap moorings were deployed with an Aanderaa RCM8 current meter below the
trap and sampled current speed and direction every hour (Table 2.1). For deployment 2, the
current speed data for Trap NW and Trap NE were not successfully recovered and for Trap C and
Trap S the minimum recorded current speed was 1.1 cm s, which appears to be a cut off point
for slower current speeds and was handled as an artefact in the dataset. To identify persistent
current speed features in the hourly current speed data, daily and weekly moving means were
calculated. To allow for comparable statistics between the two deployment periods, all current
speeds slower than 1.1 cm st in deployment 1 were replaced with a value of 1.1 cm s%. The
strength of the relationship between the mean current speed and the percentage of current
speeds > than 12 cm s (per 14 day sampling period) with mass flux was investigated using a
Spearman’s rank test to evaluate the hypothesis that fast current speeds lead to reduced

collection of fluxes by sediment traps.
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Figure 2.2 Satellite-derived chlorophyll a concentration (ug L?) in the Iceland Basin from 2006 to
2008. There is no data available for November to February due to the low sun angle. The particle
flux time-series in the following figures have been separated into three periods and are
highlighted in this figure. The grey shaded area is the period between deployments when particle

flux was not sampled.

Mixed layer depth for the period of 2006 — 2008 in the IB was estimated using Argo float profiles
as in Hosoda et al. (2010). Chlorophyll a (Chl a) concentration was extracted from MODIS satellite
archive at 8 day, 9 km resolution (https://oceandata.sci.gsfc.nasa.gov/MODIS-
Aqua/Mapped/Monthly/9km/chlor_a). The mean Chl a concentration for the IB, defined as
extending from 58.0 °N to 61.5 °N and 16.5 °W to 28.0 °W (as defined by the General Bathymetric

Chart of the Oceans, hosted by the National Geoscience Data Centre), was calculated for 2006 —
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2008 (Figure 2.2). The spatial ‘footprint’ of upper ocean export was estimated for the four
sediment trap locations and calculated as in Henson et al. (2016). The footprints are defined using
100 year sections of the historical control runs for eight Earth System Models. Pixels which have a
similar mean and variability for the carbon export time-series at the chosen site, i.e. the sediment
trap locations, are identified and those that are contiguous with the sediment trap locations are
retained. The footprints are identified separately for each of the 8 models; only pixels which are

identified in at least four of the eight models are retained to create the final footprint.

2.2.1 Sediment Trap Sample Analysis

Swimmers, defined as well-preserved animals that likely swam into the trap (Michaels et al.,
1990), were removed from sediment trap samples through picking at 75x magnification under a
microscope. Deployment 1 samples were picked by Corinne Pebody and deployment 2 samples
were picked by the author. During Period Il the sediment traps were colonised by Ophiuroids,
which were removed as swimmers and counted (Table 2.2 and Figure 2.3). Samples from spring
(2007 and 2008) had Acantharian cysts which were counted and separated as in Martin et al.
(2010) if > 400 cysts were present in one sample. Sediment trap samples were split into 8 aliquots

for analysis with mean relative standard deviation (RSD) < 5 % between split volumes.

For deployment 1 (2006 — 2007) 5 aliquots were filtered onto a cellulose nitrate filter (0.4 um
pore size), the material scraped into a pre-combusted glass jar, freeze-dried, weighed for dry
weight (DW) and subsequently crushed (Martin et al., 2010). DW, POC and particulate organic
nitrogen (PON) samples from deployment 1 were ran by P. Martin and reported in their thesis
(Martin, 2011). For deployment 2 (2007 — 2008) this was not possible for DW and POC/PON
analysis due to the very low quantities of material in 2008. Therefore for deployment 2 the DW
was determined by filtering one aliquot onto pre-weighed, pre-combusted 25 or 47 mm GF/Fs
(0.7 um Fisherbrand). The filters were rinsed with borate-buffered Milli-Q (0.25 g of Sodium
Tetraborate per 1 L of Milli-Q) and dried in a 40 °C oven. The filters were weighed using a
Sartorius microbalance (0.001 mg precision) to determine DW, which was used to calculate mass
flux using Equation 1. A is the collection area of the sediment traps (0.5 m?), d is the sampling
time in days and the 1/8™ aliquot DWs were normalised to calculate total DW of the sample.

Equation 2.1 Mass F —2d-
[Equation 2.1] ass Flux (mgm~=*d D

The freeze-dried material from deployment 1 was weighed (0.6 — 5 mg) into pre-combusted silver
capsules (Elemental Microanalysis, UK) and acidified with 2 mol L2 HCl at 70 °C on a hotplate
following the method of Nieuwenhuize et al. (1994). The silver capsules were pelleted and

POC/PON was measured on a Flash 1112 Elemental Analyser (Thermo Finnigan) at Plymouth
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Marine Laboratory. POC and PON were analysed in triplicates where possible with RSDs < 10 %.
Blanks (acidified empty silver capsules) contributed ~ 1 ug of C which is equivalent to < 10 %, and

usually ~ 1 %, to the total signal for C and N.

The DW filters for deployment 2 were used for POC/PON analysis. Filters were fumed for 24 hours
in a desiccator with concentrated hydrochloric acid (37 % HCI, analysis grade) following the

methodology of Hedges and Stern, (1984) to remove any calcite of biogenic or lithogenic origin.

Acantharian cyst POC/PON was measured separately. If there were > 100 cysts in a 1/8™ aliquot
then replicates of > 50 cysts were analysed for deployment 2. For deployment 1, cysts were rinsed
with Milli-Q as in Martin et al. (2010) and analysed for POC/PON as above. For deployment 2, the
samples were rinsed once with borate-buffered Milli-Q spiked with Strontium Chloride (SrCl;) to a
concentration of 80 mg L to prevent Strontium dissolution, which would affect estimates of the
elemental ratios (Beers & Stewart, 1970). Cysts were then transferred into pre-weighed pre-
combusted (550 °C) silver cups (Smooth Silver Capsules 5.5 x 3.5 mm or Smooth Silver Boats 4 x
11 mm, Elemental Microanalysis). The cysts were dried at 40 °C and were acidified using the

dropwise addition method (Nieuwenhuize et al., 1994).

For deployment 2, POC/PON was analysed at the Stable Isotope Facility, University of
Southampton on an Elementar Vario Isotope Select by the author with the assistance of Bastian
Hambach and Megan Wilding. The limit of detection for the instrument was 10 pg for Cand 1 pg

for N and the analytical precision was < 6.1 % for N and < 1.7 % for C.

The 25 mm and 47 mm pre-combusted GF/F blanks, rinsed with borate-buffered Milli-Q and
process blanks, had a mean blank value of 20.3 + 9.5 yg of Cand 127.3 £+ 121.8 ug of C
respectively; both were consistently below the detection limit for N. The mean blank C value was
subtracted from all samples but N data were not corrected as blanks were below the detection
limit and negligible. POC/PON fluxes were calculated similarly to Equation 1 but with C/N weight
(mg) in place of DW and converted to moles. Flux uncertainty was assumed as 5 % to encompass
splitting and weighing errors and has been propagated with analytical error (Section 2.2.1.1).
Mean uncertainty for mass flux estimates for both deployments was 5.3 % and for POC flux was

7.5 %.

Filtered supernatant from the sediment trap samples in deployment 2 was saved, along with a
record of the volume of supernatant in the sample bottles to allow sodium concentrations to be
corrected for evaporation that may have occurred during storage or the swimmer picking process
detailed further in Section 3.2.1.1. The supernatant was acidified with sub-boiled 3% HNOsand

the solution was analysed for sodium on a Thermo X Series ICP-MS at the University of

31



Chapter 2

Southampton by the author with the assistance of Dr. Matt Cooper. All deployment 1 analysis was
undertaken by Patrick Martin and all deployment 2 analysis was undertaken by the author of this

thesis (see Appendix F).

2.2.1.1 Uncertainty Equations

Analytical errors were propagated using standard equations throughout all calculations to
estimate each measurement’s uncertainty (U) using the standard deviation (o). Equation 2.2 was
used for to propagate errors for addition and subtraction and Equation 2.3 was used to propagate

the errors associated with multiplication and division.

[Equation 2.2] Uiy = ’a,? + 0y

[Equation 2.3] Urxy = (X X y) (%)2 + (%)2

2.2.2 Carbon Budget

The annual carbon fluxes to the deep ocean were calculated from end of November 2006 to the
end of November 2007 (Table 2.3). The bi-monthly POC flux time-series is reported in mmol m2d-
1 and this daily rate was interpolated into a daily time-series, which assumes that the sampled
POC fluxes were at a constant rate during the sampling period. The 28 day sampling gap was filled
using nearest neighbour interpolation. For deployment 2 it was clear during microscopic
inspection that some samples were not well preserved, as swimmers were visibly degraded. These
samples have been removed from the POC flux time-series and not included in calculations (only 1
out of 100 samples in Periods I-lll were removed). Antia et al. (2001) advised calculating annual
budgets over cycles of deep mixing, i.e. from winter to winter. Due to issues with sample
degradation this was not possible in this study but the annual cycle used began slightly before

winter and so should be fairly representative of a full mixing cycle.
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Figure 2.3 Zooplankton swimmer flux reported as individuals m?2 d%. The zooplankton type is shown for each 14 day sampling period. The black line indicates when the

traps were recovered and redeployed meaning no samples were collected for the first 3 weeks in August 2007. In summer 2007, before the traps were

recovered, there were high swimmer fluxes of echinoids (Ophiuroids) which have been reported separately in Table 2.2.
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Table 2.3 Annual POC flux below 2000 m in the IB (November 2006 — November 2007) and
transfer efficiency (Tes) calculated using carbon export estimates from Quay et al.

(2012) and Henson et al. (2012a). The propagated uncertainty is shown in brackets.

Trap POC Flux to 2000 m Tefr (%)
(mmol Cm?yr?) Quay C Export Henson C Export
(surface ocean) (100 m)

Trap NW 92.78 (+ 8.00) 3.3(+3.5) 7.4(x0.7)
Trap NE 119.12 (£ 7.97) 4.3 (£4.4) 9.5(x0.8)

Trap C 103.60 (+ 12.62) 3.7 (¢ 3.9) 8.3 (+1.1)

Trap S 91.20 (+ 6.69) 3.3 (+3.4) 7.3 (£ 0.6)

Mean 101.67 (£ 12.28) 3.6 (+3.8) 8.1(x1.1)

The transfer efficiency (Teg) is the ratio of POC that sank to 2000 m depth compared to the

magnitude of POC exported at 100 m (Francois et al., 2002; Henson et al., 2012a). The T of POC
to 2000 m was calculated as in Henson et al. (2012a) using POC export at 100 m (1254 + 53 mmol
m2 yr) estimated from satellite data. A second estimate was made using surface (< 10 m) carbon
export (2800 + 2700 mmol m2 yr?) budgets estimated from O,/Ar data by Quay et al. (2012) from

a basin wide time-series of underway samples in the Subpolar North Atlantic.

2.23 Quantifying Mesoscale Spatial Variability

One of the aims of this study was to utilise the unique spatial resolution of the deep ocean
sediment traps to determine whether mesoscale variability is a feature of deep ocean carbon
fluxes. The POC fluxes of the four sediment trap time-series were compiled to calculate the
internally standardised residual (the deviation from the mean POC flux normalised by the mean
standard deviation) for each trap, the percentage deviation from the mean POC flux and the
range for each sampling period as a percentage of the mean POC flux for Period I-Ill; these metrics
were used as diagnostics to observe and quantify mesoscale variability. The mean, standard
deviation, range, maximum and minimum for each diagnostic, and each trap, were calculated for
the residuals and percentage deviation, and for the range of the four traps (Table 2.4). The
internally standardised residuals are calculated by dividing the residuals by the standard deviation
and indicate the relative variability of each trap for each sampling period (Neter et al., 1996).
Standardised residuals that are greater than +2 standard deviations from the mean are defined as

outliers. In this study the standardised residuals are used to highlight periods with variability of
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greater magnitude than the standard deviation of the total POC flux time-series, which we ascribe

to mesoscale variability.

This study aims to identify the temporal scales (sampling period, monthly, seasonally and
annually) at which mesoscale variability influences deep ocean carbon fluxes. Exploring the
potential spatial variability in the data without the temporal component was not possible using
the diagnostics discussed above as at least two years of data would be required to define the
seasonal cycle and de-trend the time-series. To identify the presence and magnitude of possible
spatial variability for the different timescales we have defined a percentage-based relative
threshold limit that is not dataset specific and could be applied more widely in similar datasets to

allow for identification of spatial variability.

The relative threshold was determined by multiplying the mean POC flux of all four sediment
traps, at each time point, by the determined threshold. This allows the threshold to be
proportional to the amount of flux collected which changes considerably during the seasonal cycle
(Equation 2.4). The relative threshold is defined as 35 % based on a study on the mesoscale
variability of global satellite ocean colour which found that in regions with a strong seasonal cycle,
sub-monthly, small spatial scale variation (10 — 200 km) usually contributed to a third of the
observed variance and specifically for the IB, small spatial scale variance ranged between 30 and
40 % of total observed variation (Doney et al., 2003). This value is an estimate of the amount of
mesoscale variability in surface ocean colour and hence is an estimate of the amount of
mesoscale variability we expect to originate from the surface in terms of particle flux. Greater
variability is expected in the surface ocean, compared to carbon fluxes to the bathypelagic zone
(Antia et al., 2001; Lampitt & Antia, 1997). For a sampling period to be identified as exceeding the
expected variability the POC flux, including the full error bars, must plot beyond the 35 % relative
threshold.

For each time point:

[Equation 2.4] Threshold of Expected Variability = POC Flux;gyean X 0.35

2.2.4 Beam Transmission

Beam transmission (%) data from the RRS Discovery cruise D321 in the Iceland Basin in October
2006, when the first sediment trap deployments were carried out, was used to investigate the
presence of nepheloid layers in the Iceland Basin. Beam transmission was measured on 9 deep
CTD downcasts to avoid interference from bottle fires (Briggs et al., 2011), including three of the

sediment trap locations (Trap NW, C and S). The transmissometer was not calibrated on board
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and so the raw beam transmission data is presented to allow for the relative difference between

the mid-water and near seafloor particle loads to be compared.

23 Results
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Figure 2.4 a) Mass flux and b) POC flux to the bathypelagic zone in the Iceland Basin during 2006 -
2007. Each trap is plotted by colour with errors bars reporting the propagated
uncertainty. The mean flux is the thick grey line. Three flux regimes are highlighted.

The sampling gap with no data collection is shaded in grey.

There is a clear seasonal cycle in surface Chl a concentration (Figure 2.2) and in the rate of particle
flux to below 2000 m in the IB (Figure 2.4), as is expected in high latitude regions. Chl a
concentration increases in April, and two peaks are observed in late May and mid-summer. In

2006, the Chl a peak in May is greater than the second peak in June, whereas for 2007 and 2008
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the Chl a peak in June-July is greater than the initial peak in May. The Chl a concentration in 2007

and 2008 also remains elevated later into summer and autumn.

There is a peak in mass flux in May 2007 associated with the spring bloom, mass flux remains
elevated during the summer, although fluxes are lower in June and July compared to August and
September. A secondary peak in mass flux occurs during October associated with elevated
chlorophyll in the autumn (Figure 2.2 and 2.4a). Mass flux then decreases steadily from autumn.
These results fit well into the current understanding of deep ocean particle flux in the mid-high

latitude North Atlantic (Frigstad et al., 2015; Honjo & Manganini, 1993; Waniek et al., 2005b).

23.1 Sediment Trap Performance

Sediment traps are the most widely used method to measure sinking particle flux in the deep
ocean, however it is important to consider how well they performed during both deployments.
During Period Il, highlighted in Figure 2.4a, the sediment traps were colonised by Ophiuroids
(Table 2.2), which may have affected the amount of material collected. Figure 2.3 highlights that
the Ophiuroids were likely to have colonised the sediment traps in spring, and continued to grow
on the sediment traps until they were recovered. For the deployment 2 sediment traps there was

no further evidence that Ophiuroid colonisation occurred.

Mass and POC fluxes from January 2008 onwards are extremely low (Period IV, Figure 2.5 and
Appendix A), even during spring which is expected to have high fluxes associated with the peak in
Chl a concentration in Figure 2.2 (Lampitt, 1985). Examples in the literature of very low mass
fluxes have been attributed to the cup opening becoming blocked (Honjo & Manganini, 1993;
Wong et al., 1999), screens in the cup opening preventing collection (Conte et al., 2001) and real
interannual variability possibly enhanced by low trap efficiency (Antia et al., 2001; Kuss &
Kremling, 1999). Deep ocean sediment traps sometimes experience ‘deep ocean storms’ (Gardner
& Sullivan, 1981), which can cause strong tilting of the trap (up to 20°; Chiswell & Nodder, 2015)
and Honjo et al. (2008) highlights that data from these periods should be discarded.
Unfortunately, there is no information regarding the degree of sediment trap tilt available from
these sediment trap deployments and | suggest that in the future, all deep ocean sediment trap

deployments should have a tilt sensor.

The sediment traps functioned correctly during Period IV, supported by high recorded fluxes of
elongated Acantharian cysts in April and May in line with spring 2007 (Martin et al., 2010),
suggesting that the sediment traps performed well for heavily ballasted, fast-sinking particles.
However, samples from the end of November to mid-February 2008 in Traps NE, Cand S

contained visibly degraded swimmers (Figure 2.3) and had lower sodium concentrations
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(suggesting preservative washout) compared to Trap NW, which had well preserved swimmers

(Figure 2.6).

To determine whether the observations are representative of the true flux, the following
indicators of trap performance were assessed: current speed, swimmer preservation and
POC:PON ratios. The fluxes during Period IV are characterised by low mass, POC and PON fluxes, a
lower than expected POC:PON ratio in some samples but average or elevated percentages of POC

and PON of total flux (Figure 2.5).

In Period IV the percentages of POC and PON (3 — 29 % and 0.5 — 6 % respectively) to total flux are
not unrealistic but there is much greater variability of the percentages between the traps. The
POC:PON ratio from the beginning of the time-series to January 2008 is within the expected
range, whereas from January 2008 onwards there was a shift towards lower POC:PON ratios
compared to the rest of the time-series (Figure 2.5e). Low C:N ratios have been observed in upper
ocean sediment traps during low flux periods dominated by fresh biogenic matter of
heterotrophic origin (Hargrave et al., 1994). Hebbeln et al. (2000) observed low C:N ratios during a
low flux period, hypothesised to be due to remineralisation effects, which likely act differently
during a low flux period compared to during a bloom. Furthermore, the POC:PON ratio of samples
in Period IV shifted towards an average value of 6 or lower, compared to ratios between 7 -8 in
Periods I-lll. It should be noted that the elongated Acantharian cysts have a lower mean POC:PON
ratio of 5.0 + 1.0 compared to the mean POC:PON ratio for deployment 2, and so may contribute
to the lower ratios in April and May 2008, as cysts heavily dominated the flux compared to 2007.
Acantharia are heterotrophic organisms, which are often found to have lower POC:PON ratios

than autotrophs (Anderson, 1992; Hargrave et al., 1994).

To further assess sediment trap performance, the current speeds during Period IV (Figure 2.7 and
Figure 2.8) were compared to the previous year of current speed data (Table 2.5). The current
speeds during Period IV had larger means compared to the same period the year before (Trap C
2008, mean of 13.9 (+ 6.8) cm st and Trap S 2008, mean of 12.9 (+ 7.50) cm s) and there were
some instances of consistently high current speeds (> 12 cm s), especially in January and
February 2008 for Trap C and in January 2008 for Trap S (Figure 2.6 and 2.7). The mean depth of
the trap deployments were shallower for deployment 2 compared to deployment 1. As the traps
in deployment 2 were ~ 200 m shallower particle fluxes of a larger magnitude would be expected,

instead lower fluxes were observed.

Furthermore, whilst Trap C experienced highly variable current direction in January 2008, Trap S
observed an event of current speeds > 30 cm s! consistently flowing southwards (Figure 2.9),

which could be indicative of a benthic storm as described by (Gardner & Sullivan, 1981). This
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provides evidence that January 2008 was a highly dynamic period and not ideal conditions for
sediment trap sampling but does not fully explain all traps collecting extremely low fluxes
between January and June 2008, as even periods with continuously slow current speeds collected

very little particle flux.
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Figure 2.5 a) POC flux, b) PON flux, c) POC content of total mass flux (%), d) PON content of total
mass flux (%) and e) POC:PON molar ratio below 2000 m in the Iceland Basin for 2006
—2008. For figure e) the dashed line represents a POC:PON ratio of 6, which is usually
the minimum POC:PON ratio that is expected. Acantharian cysts tend to have a lower
POC:PON ratio. The ratio in April and May 2008 is expected to be below 6 as

Acantharian cysts were the major contributor to flux.

To investigate whether there was a relationship between current speeds and magnitude of
collected flux, a Spearman’s rank test was carried out on current speed data and mass flux for all
traps during both deployments. The resulting statistically significant correlation indicated an
inverse relationship between current speed and mass flux (of p = -0.370 with a p value of < 0.001
(n=108), Figure 2.10). The test was also carried out for the percentage current speeds > 12 cm st

which provided a similarly significant inverse relationship (p = -0.39 with a p value of <0.001,
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n=108). There were also no instances of mass fluxes > 100 mg m2 d* during periods of current
speeds > 15 cm s, The presence of cysts (each trap had samples with > 1000 cysts in April/ May
2008 with a maximum of 9265 cysts in Trap NW) provides evidence that the traps were collecting
very fast sinking particles (> 560 m d; Section 4.3.1). Fast current speeds > 12 - 15 cm s have
been shown in laboratory experiments to cause sediment traps to under-collect, which would
predominantly affect slower sinking particles (Baker et al., 1988; White, 1990). Therefore, it may
be possible that the traps under-collected slow sinking particles, or particles were resuspended
and washed out. This may suggest that during Period IV consistently faster current speeds,
particularly with more incidences of current speeds greater than 12 cm s, may have led to under-
collection, or resuspension, of slower sinking particles whilst the heavily ballasted Acantharian

cysts were collected efficiently by the sediment traps.

Fast current speeds could wash out preservative brine from the sample cups. This may have
occurred for three traps (NE, C and S) between November 2007 and February 2008, which had
visibly degraded swimmers. Furthermore, for deployment 2, traps NE, C and S had a considerably
lower sodium concentration in the trap supernatant, compared to the blank preservative
concentration, with most samples for Trap C and the 2008 samples from Trap S approaching

seawater sodium concentrations (Figure 2.6).

In December 2008 a period of continuously high current speeds occurred, with speeds up to 36.5
cm s, lasting for 2 - 4 weeks, which may explain the lower sodium concentrations but does not
explain samples from later in 2008 that sampled low fluxes. Poorly preserved sediment trap
samples are expected to be characterised by increased molar POC:PON ratios as organic nitrogen
is preferentially remineralised and the POC and PON content would be low indicating a greater
proportion of refractory material (Antia, 2005). However, POC makes up at least 3 % of total mass
flux in all IB sediment trap samples suggesting the material is not refractory. Also, it is unlikely
that the traps sampled resuspended material from benthic nepheloid layers, which usually

presents as a POC content < 1 % of total flux (Gardner et al., 2017).

Samples from Period IV (late November 2007 to June 2008) have very low fluxes, with greater
variability in POC/PON content and POC:PON ratio and likely under-collected sinking flux, except
for Acantharian cysts, which were sampled in great numbers and were well preserved. Therefore,
we have deemed the sediment trap results from Periods I,1l and Il reliable, whereas the results
from Period IV are unusual, and hence the Period IV fluxes were not used to calculate the annual
budget of carbon sequestered in the deep ocean IB or to explore the implications of mesoscale

variability.
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Figure 2.6 Sediment trap supernatant sodium concentration for Traps NW, NE, C and S. The
dashed line represents the trap preservative blank Na concentration of 19.2 g L. The

Na concentration of seawater is usually 10.5 g L.
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Table 2.4 The mean (+ standard deviation), range, maximum and minimum of the standardised residual and the percentage deviation from the mean for each individual

sediment trap and the range as a percentage of the mean for the Periods I-II.

Standardised Residual Deviation (% of mean) Range (% of mean)
Mean | Range | Max | Min Mean Range Max Min Mean Range Max Min
(£ std) (£ std) (£ std)
Trap NW | -0.19 3.8 1.7 | -21 -4.6 229.6 | 160.5 | -69.1 - - - -
(£1.0) (+53.6)
Trap NE 0.43 5.54 3.8 | -1.7 18.3 206.2 128.8 -77.4 - - - -
(£ 1.1) (+46.7)
Trap C 0.15 4.45 22 | -2.3 8.5 1534 88.6 -64.8 - - - -
(£1.1) (+ 47.5)
Trap S -0.38 2.3 09 |-14 -21.8 108.8 37.7 -71.1 - - - -
(+0.6) (+30.0)
All - - - - - - - - 107.8 188.0 225.3 374
(% 45.5)
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Figure 2.7 Current speed data from 2000 m at each sediment trap location - a) Trap NW, b) Trap NE, c) Trap Cand d) Trap S. The data from Trap NW and Trap NE were
not successfully recovered from deployment 2. The grey line is hourly data, the black line is a daily moving mean and the red line is a weekly moving mean.
The black dashed horizontal line highlights current speeds of 12 cm s above which sediment traps are often thought to under-collect (Baker et al., 1988;

Gardner, 1985).
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Figure 2.8 Current speed range from 2000 m at each sediment trap location - a) Trap NW, b) Trap NE, c¢) Trap Cand d) Trap S. The data from Trap NW and Trap NE were
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Figure 2.9 Current direction and speed (cm s?) for Trap C and Trap S from the IB. The arrows are
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Figure 2.10 Mass flux and 14 day mean current speed for all sediment trap data from 2006 — 2008

in the Iceland Basin.
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Table 2.5 A summary of current speed mean, maximum, interquartile range and percentage of the sampling time that currents were greater than 12 cm s for each trap

during the two deployments and for each period from January 1st to June 15th for 2007 and 2008 to allow for comparison. To allow the mean and maximum speeds to

be comparable all speeds < 1.1 cm st in deployment 1 have been converted to 1.1 cm s*. This may conflate the mean speeds slightly but will allow for representative

comparisons between the datasets. One standard deviation is reported in the brackets.

Trap Sampling period Mean current | Maximum current | Interquartile % deployment time
speed (cms?) speed (cms?) Range >12cms?

NW Nov 06 —Jul 07 10.40 (+ 7.03) 35.45 9.88 36.7

NE Nov 06 —Jul 07 9.39 (£ 5.37) 35.16 7.56 28.3

C Nov 06 —Jul 07 10.98 (£ 7.19) 36.91 10.17 39.3

S Nov 06 —Jul 07 9.87 (£ 6.12) 37.20 7.85 31.0

C Aug 07 — Jun 08 11.86 (+ 6.93) 38.59 8.72 45.7

S Aug 07 —Jun 08 11.18 (+ 6.54) 37.13 7.85 37.8

C Jan 07 —Jun 07 11.62 (+ 7.51) 36.91 10.46 43.0

S Jan 07 —Jun 07 10.44 (+ 6.59) 37.20 8.72 34.2

C Jan 08 —Jun 08 13.88 (+ 6.80) 38.59 7.56 57.8

S Jan 08 —Jun 08 12.89 (£ 7.50) 37.13 10.17 48.4
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Figure 2.11 a) Standardised residuals, b) the percentage deviation of the mean, c) the range as a percentage of the mean and d) POC flux of the sediment trap dataset for

Periods I-Ill. The dashed horizontal lines in a) highlight samples which deviate by more than two standard deviations, in b) the dashed line highlights samples

which are 100 % larger than the mean POC flux and in c) the line highlights sampling periods when the range is greater than 100 % of the mean POC flux.
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Figure 2.12 POC flux time-series (a,c,e) for all traps and the mean plotted for comparison with the
relative threshold of expected spatial variability overlain in plots b), d), f). Mesoscale
variability is investigated for different timescales — the sampling period (14 days) in
b), monthly timescales in d) and seasonal (3 months) in f). A trap time period is
considered to be exhibiting mesoscale variability if the flux and full error bars are
visible outside of the threshold and have been highlighed with stars coded by the

colour relating to the trap.

2.3.2 Carbon Sequestration in the Iceland Basin

The seasonal cycle of POC flux to 2000 m in the IB closely tracks the mass flux cycle (Figure 2.4).
There are some instances of greater spatial variability between the traps in POC flux which is not
observed in mass fluxes. The annual mean POC flux to 2000 m in the IB is 101.7 (+ 12.28) mmol C
m~2yr?, which is 16.3 % lower than the global average of 120 (+ 14.9) mmol C m2yr?, estimated by
Honjo et al. (2008), and 7.8 % greater than the Atlantic Ocean average of 94.3 mmol C m2yrtin

Lampitt and Antia, (1997). Variability between the traps is observed as annual POC fluxes ranged
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from 91.20 to 119.12 mmol C m2yr?, with the Trap S and Trap NE having the lowest and highest
flux, respectively. Tes was estimated using POC export estimates of 2.8 (+ 2.7) mol C m2yr? from
the basin wide surface (< 10 m) ocean samples collected in the Subpolar North Atlantic (Quay et al.,
2012) and 1.25 (+ 0.05) mol C m2yr'from 100 m depth estimated from as in Henson et al. (2012a).

The mean Teg from the surface ocean was 3.6 ( 3.8) % and from 100 m was 8.1 (+ 1.1) %.

233 Mesoscale Spatial Variability in the Deep Ocean Iceland Basin

Variability between the traps is apparent in Figure 2.4 for both mass and POC flux and there
appears to be a general trend of less spatial variability in winter and early spring, and greater
spatial variability in late spring, summer and autumn. If the percentage of POC content varies, it

can lead to periods of similar mass flux but variability in POC flux, such as in late December 2006.

To assess how each traps’ POC flux varies in relation to the mean POC flux, standardised residuals
were calculated to highlight periods of greater variability and outliers were identified by
standardised residuals greater than +2 (Figure 2.11 and Table 2.4). The standardised residuals of
the POC flux highlight that the periods that exhibit the largest mesoscale variability with values >
2 are December 2006, May 2007, August 2007 and October 2007 with the greatest variability
found during the spring bloom peak in May. The mean standardised residual for Trap S was -0.38
(+ 0.6), which was the lowest mean with the smallest standard deviation, whilst the mean
standardised residual for Trap NE was 0.43 (+ 1.1), which was the largest mean and the largest
standard deviation (Table 2.4). This shows that Trap S consistently sampled lower POC fluxes with
the smallest seasonally-driven differences in flux, whilst Trap NE consistently sampled greater
POC fluxes and exhibited the largest seasonally-driven differences in flux (Figure 2.11). These
observations are reinforced by the range, minimum and maximum of the standardised residuals in
Table 2.4, with the maximum standardised residual of 3.8 during the spring bloom-associated

peak in flux in Trap NE and the minimum residual of -2.3 during July 2007 for Trap C.

The standardised residuals are influenced by the magnitude of POC flux related to the seasonal
cycle, with greater residuals during periods of larger fluxes. When comparing the standardised
residuals with the percentage deviation of each sediment trap from the mean POC flux (Figure
2.11b), which normalises the deviation to the magnitude of flux, the variability between the traps
appears more pronounced for all sampling periods. The POC flux associated with the spring bloom
for Trap NW in April 2007 and for Trap NE in April and May 2007 have the greatest deviations of >
100 % greater than the mean (Figure 2.11b). The mean percentage deviation for each sediment

trap follows the same trend as the standardised residuals with a mean value of -21.8 (+ 30.0) %
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deviation for Trap S whilst Trap NE had a mean value of 18.3 (+ 46.7) % (Table 2.4). Trap NW had

the largest range of percentage deviation of 230 %.

A further way to investigate the relative differences between the traps for each sampling period
was to calculate the range of POC fluxes as a percentage of the mean (Figure 2.11c). The average
range in POC flux between the traps for one sampling period during the time-series was 107.8 (+
45.5) % of the mean, with a minimum range of 37.4 % and a maximum range of 225.3 % (Table
2.4). Similar to the percentage deviation, the range also highlights April 2007 as the sampling
period with the greatest variability, which is not detected in the standardised residuals due to the
small magnitude of the POC fluxes (Figure 2.11). The other period with the second greatest range
is December 2006 which is observed as a highly variable period in all plots due to Trap NW and C

sampling greater POC fluxes, whilst Trap NE and Trap S sampled similar lower POC fluxes.

The variability in POC flux was also investigated for different temporal periods — the sampling
period (14 days), monthly, seasonally and annually. Additionally, to investigate spatial variability
using a method that is transferrable to other datasets and regions, we defined a relative threshold
of expected variability originating from the surface ocean as 35 % of mean POC flux, as described
in Section 2.4, which is independent for each time point. The relative threshold has been overlain
on POC fluxes to highlight whether trap fluxes plot outside of the expected variability (Figure
2.12). Data points that plot beyond the thresholds (including full error bars) are considered as
exhibiting mesoscale variability beyond what might be expected from surface ocean chlorophyll
variability, and have been highlighted with a coloured star in the subplots b, d and f, for sample
period, monthly and seasonal timescales in Figure 2.12. The figure demonstrates that, when

averaging over longer time scales, the importance of mesoscale variability decreases.

Over timescales of individual sampling periods, 29 % of data points (n = 28) exhibited variability
beyond the threshold, and for monthly timescales 21 % of data points (n = 10) exhibited variability
greater than expected. However, no POC fluxes exceeded the threshold of expected variability on
seasonal timescales. This implies that considerable spatial variability was present in deep ocean
POC flux in the IB, but when evaluating the data over long temporal periods, the magnitude of the
spatial variability is lessened by the temporal averaging. For Periods I-Ill, using the threshold of
expected variability for the sampling period timescale, 29 % of instances of mesoscale variability
(n =28) were in spring, 18 % were in summer, 29 % in winter and 25 % in autumn (Figure 2.12).
These findings support the hypotheses that spatial mesoscale variability is important for deep
ocean POC fluxes on short temporal scales (monthly or less), whilst for longer temporal scales,

there is little effect of mesoscale variability.
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To support this conclusion further, the annual POC budget can also be considered. The annual
percentage deviation from the mean annual POC flux was -10.3 % for Trap S, -8.8 % for Trap NW,
1.9 % for Trap C and 17.2 % for Trap NE. Therefore the traps did not deviate more than 35 % from
the mean annual POC flux suggesting that, on annual timescales, mesoscale varibility in deep

ocean POC flux is relatively small.

2.4 Discussion

24.1 Sediment Trap Performance

The sediment traps were deployed in a spatial array to investigate the influence of passing
mesoscale features on deep ocean particle flux in the dynamic IB. Assessing sediment trap
performance and collection efficiency has continued to be a challenge, as it is not possible to
know the accurate in situ flux to the deep ocean (Antia et al., 1999; Scholten et al., 2001). There
were periods of fast current speeds throughout the time-series (Figure 2.7), which may have
affected collection efficiencies of the sediment traps but we assume that all traps have collected

efficiently, excluding Period IV.

During Period Il the sediment traps were colonised by Ophiuroids (Table 2.2), which are known to
affect the amount of material collected. The fluxes for Period Il may therefore be a lower limit of
true flux, although we are unable to quantify this (Lampitt et al., 2002). The scale of the Ophiuroid
colonisation compared to the study of Lampitt et al. (2002) at the PAP site was less; the most
heavily colonised Trap NW, collected 1349 specimens over 95 days, compared to 1589 specimens
collected over 70 days at the PAP site. The other three traps (NE, C and S) were less heavily
colonised, with an average of 604 specimens collected over 81 days. Trap C was the least
colonised trap, probably because it was furthest from topographic features such as the Reykjanes
Ridge and the Rockall Plateau. It is possible that any mesoscale variability observed during that
period may be at least partly due to Ophiuroids. The fluxes during Period Il are likely to be a lower
limit, but as fluxes were still of reasonable magnitude, we assume that the change to the overall

carbon budget and our conclusions is minimal.

24.2 How Much Carbon is Sequestered in the Deep Ocean Iceland Basin?

The annual mean POC flux to 2000 m in the IB is 101.7 (+ 12.3) mmol C m2yr®. This is 16.3 %
lower than the global average of 120 mmol C m2yr! estimated by Honjo et al. (2008), but 7.8 %
greater than the global average estimated by Lampitt and Antia, (1997) of 94.3 mmol C m2yr™.,

The IB estimate of annual mean POC flux to 2000 m is, however, 22 % lower than the Atlantic
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Ocean average estimated by Lampitt and Antia, (1997), and 12 % lower than the North Atlantic
average estimated by Henson et al. (2011) study which presented a reduced strength estimate of
the BCP. The annual flux at 3000 m observed at the PAP site (11° of latitude south of OWSI) was
180 mmol C m2yr?, which is considerably larger than our observations below 2000 m in the IB
(Lampitt et al., 2010). This suggests that deep ocean carbon fluxes estimated at the PAP site are

not analogous to fluxes in the IB.

The Te5 estimates from the four traps ranged between 7.3 and 9.5 % based on calculations of
export flux at 100 m (Henson et al., 2012a), and 3.3 — 4.3 % based on calculations of the export
estimate by Quay et al. (2012) from the surface ocean. The Teg estimated using satellite-derived
carbon export at 100 m depth are expected to be greater than the T4 estimates from the surface
ocean samples collected in the Subpolar North Atlantic as considerable remineralisation of flux
occurs in the euphotic zone. Our T estimates based on Henson et al. (2012a) are similar to the
Tesr estimated by Weber et al. (2016), while the lower T.g estimates are more similar to those by
Devries and Weber, (2017). Tes has been shown to be lower at high latitudes as more labile
material is exported from the surface ocean and readily remineralised (Francois et al., 2002;
Henson et al., 2012a). In contrast, other studies have found the opposite trend, with greater Teg at
high latitudes, such as Weber et al. (2016) who found ~ 20 % of exported POC will be sequestered
for > 100 years in the IB. This is the first estimate of the annual average T to the deep ocean IB,
using in situ carbon export data from the surface ocean and sediment trap data, with the
efficiency falling in the range of 1 - 10 %, consistent with previous studies (Francois et al., 2002;

Henson et al., 2012a).

The annual average Tef estimate presented in this study is integrated over many different
plankton community successions, which drive changes in flux magnitude and composition
throughout the seasonal cycle (Henson et al., 2012a; Lampitt et al., 2009; Wilks et al., 2017),
therefore there are likely to be periods where the POC flux Tes is higher and periods where is it
lower. An incidence of efficient transfer through the mesopelagic zone was observed during a
spring diatom bloom in May 2008, in the west of the IB (61 °N 27 °W), with 25 — 43 % of POC flux
at 100 m reaching 750 m (Martin et al., 2011). Unfortunately this efficient transfer coincided with
the unusual Period IV sediment trap data and so we are unable to discuss whether the observed
localised high Teg down to 750 m impacted the POC flux at 2000 m in the IB. If episodic pulses of
labile flux do penetrate below 2000 m annually it suggests that other periods of flux must have

very low Testo fall within our suggested range.

The IB represents 0.6 % of the spatial extent of the North Atlantic but only contributes 0.2 (+ 0.03)

% of the deep ocean organic carbon flux in the North Atlantic as less than one third of the IB is
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deeper than 2000 m. This budget is considered as a lower limit due to colonisation of the
sediment traps during Period Il, as discussed in Section 2.4.1. Due to the topography of the IB,
combined with fast current speeds, sediment traps may not be the most suitable instrumentation

to provide undisturbed, accurate, year-round estimates of carbon flux.

Interannual variability and the strong seasonal cycle at high latitudes are likely to affect the
annual budget of carbon storage. From the dataset in this study we were unable to obtain an
indication of the scale of interannual variability in particle flux in the deep ocean IB due to the
flagged data for Period IV. For carbon to be sequestered in the deep ocean on timescales
significant for climate change, particles must sink below the winter mixed layer depth to escape
re-ventilation the following year (Palevsky & Nicholson, 2018). During the winter of 2007, Argo
float profiles recorded a maximum MLD of 617 m. This is deeper than the mean North Atlantic
maximum MLD, which is usually between 150 and 200 m (latitude 42.5 - 72.5 N; Cole et al., 2015).
Compared to the Irminger Basin, which can experience maximum MLD > 1000 m (Pickart et al.,
2002; Vage et al., 2009), sinking particles may be more likely to remain below the winter
maximum MLD in the IB, but compared to the temperate North Atlantic, which has a much
shallower maximum MLD, the IB is likely to be less efficient at sequestering carbon in the deep

ocean on timescales significant for climate change.
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Figure 2.13 The estimated footprint of export for Trap NW (black), Trap NE (red), Trap C (green)
and Trap S (blue) calculated as in Henson et al. (2016). The footprints trace around
the Faroe Islands, which is an artefact due to an absence of model output, but in

reality the footprints would likely include the Faroe Islands.
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24.3 Does Spatial Mesoscale Variability Affect Deep Ocean Carbon Budgets?

2.4.3.1 Spatial Variability in Iceland Basin Upper Ocean Carbon Export

Spatial variability in deep ocean sediment traps is likely to originate from surface ocean spatial
variability of biogeochemical parameters, such as primary production. The surface ocean
biogeochemical properties of the IB appear to differ from the Irminger Basin Ocean Observatories
Initiative and the PAP sustained observatory biogeochemical footprints in Henson et al. (2016).
This suggests that the IB is a biogeochemically distinct region of the North Atlantic. The footprint
for upper ocean carbon export represented by the four trap locations is shown in Figure 2.13,
which, as expected, indicates that the IB is representative of the eastern Subpolar North Atlantic,
but due to the complex topography of the Rockall Plateau and Reykjanes Ridge (Figure 2.1) this
similarity of the footprints may not extend to the deep ocean IB. Furthermore, the four sediment
trap locations have extremely similar footprints as derived from a non-mesoscale resolving model
(Figure 2.13). As the biogeochemical footprints of the sediment traps derived from the model are
similar, this implies that mesoscale features, which are not resolved by the model, may be
responsible for the observed variability in POC flux. Alternatively, large scale processes that only
impact carbon fluxes below the surface ocean may play a role, such as the mixed layer pump
(Dall’Olmo et al., 2016; Giering et al., 2016; Lacour et al., 2019). The mixed layer pump transports
organic particles deeper into the mesopelagic zone if there is a period of ephemeral stratification,
followed by a deep mixing event, prior to sustained seasonal stratification that promotes the
beginning the of the spring bloom (Dall’Olmo et al., 2016). The mixed layer pump has been found
to contribute 4.58 mmol C m2 d to ocean interior in the Subpolar North Atlantic (Lacour et al.,
2019), which may sustain mesopelagic organisms before the pulse of organic material associated

with the spring bloom arrives.

2.4.3.2 Spatial Variability in Iceland Basin Deep Ocean Carbon Flux

This study aimed to quantify mesoscale variability in deep ocean carbon fluxes. Our finding that
spatial mesoscale variability is present at 2000 m depth in the IB suggests that, due to the usually
sparse measurements of sinking particle flux to the deep ocean, we cannot assume that local
spatial variability is minimal (Antia et al., 2001). Spatial mesoscale variability is most likely to have
originated from the surface ocean and persisted during the transit to the deep ocean, but other
processes such as lateral advection (Siegel et al., 2008) or resuspended material in nepheloid
layers (Gardner et al., 2018) cannot be ruled out as drivers of mesoscale variability in the deep
ocean. Beam transmission data collected during the IB cruise that deployed the sediment traps in

October 2006 indicates that nepheloid layers do not usually extend > 100 metres above the
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seafloor, especially at the three sediment trap locations (Figure 2.14). However, it is possible that
during high current speed events these nepheloid layers may extend further into the water

column and affect the composition of sampled material.

Annual integrated POC fluxes to the deep ocean appear not to be greatly affected by mesoscale
variability, but on timescales less than a year, spatial variability could make an important
contribution to POC flux time-series. This means that POC flux time-series from an individual site
may not solely represent seasonal variation, which thus complicates interpretation of seasonal

and interannual variability in single trap flux time-series.
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Figure 2.14 Beam transmission (%; uncalibrated) profiles in the Iceland Basin on the 16th and 17th
of October 2006 to show the upward extent of nepheloid layers from the seafloor.
Each profiles location is shown and the maximum water depth is shown. CTD profiles
were undertaken at three of the four sediment trap locations and are indicated in the

legend.

Our results highlight spring as the season with greater mesoscale variability, but mesoscale
variability is observed throughout the time-series with greater variability observed transiently in
all seasons. The mean range of the POC fluxes of the four sediment traps, for each sampling
period as a percentage of the mean, was 108 % (Figure 2.11c), which means that the mean range
is more than double the mean POC flux. Sediment trap errors are usually ~ 10 %, which means a
large percentage of the variability is not accounted for. When comparing this to the relative
threshold of expected variability, defined as 35 % of the mean POC flux and based on the

estimated amount of mesoscale variability originating from the surface (Doney et al., 2003), it

55



Chapter 2

appears that spatial variability increases as particle flux transits through the water column.
However, in contrast the POMME sediment trap study found that the mesoscale variability in
annual POC flux at 1000 m was 32 %, which was deemed as not negligible and suggests that
spatial variability may decrease with depth when considering longer timescales (Guieu et al.,
2005). Biological drivers of spatial variability in the deep ocean may be more prominent in spring
and summer due to the spring bloom, whilst physical drivers of variability, particularly eddies,
may be more likely to occur throughout the annual cycle and may make a greater relative
contribution in autumn and winter, which will be explored in Chapter 3. Mesoscale variability
becomes increasingly important for shorter averaging periods, which may have important
implications for analyses of the interannual variability of short-term processes, such as spring

bloom associated particle flux.

Sediment traps have a low temporal resolution, compared to other methods used for measuring
carbon flux, and this study has only four sampling locations, but compared to previous deep
ocean sediment trap studies, it provides the best mesoscale spatial coverage to date. To begin to
observe, identify and quantify mesoscale variability using the method presented in this study, a
minimum of four sediment trap locations is required to estimate the mean POC flux of the study

region and to evaluate how individual trap records deviate from the mean.

Sustained ocean observatories with sediment trap arrays usually sample at one location, with
sediment traps deployed at several depths, so as to quantify vertical changes in particle flux. Any
spatial variability in the magnitude and composition of particle flux over short (< seasonal) time-
scales may therefore be accidentally interpreted as interannual variation in seasonality (Henson,
2014). Such short-term spatial variability could be caused by processes such as lateral advection
(Siegel et al., 2016), mesoscale eddies (Buesseler et al., 2008; Waite et al., 2016) and, extending
above the seafloor, nepheloid layers (Gardner et al., 2017; McCave, 1975). Furthermore, if the
amount of mesoscale variability changes with depth, driven by different processes throughout the
water column (biological versus physical), the vertical flux profiles may also be impacted by such
processes. A sustained time-series of several decades is likely needed to detect trends in particle
flux, which means that instances of mesoscale variability altering fluxes or being interpreted as
interannual variability, may make trend detection more challenging and may hinder

understanding of long-term trends (Henson, 2014).

We conclude that annual budgets of carbon sequestration are not significantly impacted by
mesoscale variability in the deep ocean IB. The IB compared to many ocean regions is highly
dynamic with complex physical processes and topography and a strong seasonal cycle. In contrast,

many sustained observatories with long-term deep ocean particle flux time-series are in locations
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with less variable conditions, such as at the PAP-SO site (Lampitt et al., 2010). Sustained
observatories usually record deep ocean particle flux in one location and the estimates of carbon
storage are often assumed to be representative of a wide area. Over annual cycles the importance
of mesoscale variability on deep ocean carbon flux appears to be less crucial but for shorter
timescale studies spatial variability is important to consider as it may be mistaken for interannual
variability (Henson, 2014). It is therefore reassuring that, even in the dynamic IB, mesoscale
variability does not appear to play an important role in annual carbon flux estimates. However, in
line with our initial hypothesis, if deep ocean carbon flux data is being investigated on shorter
timescales, such as seasonally, the role of mesoscale spatial variability should be more thoroughly

considered when identifying temporal signals or trends in data.

2.5 Conclusion

The magnitude of deep ocean carbon storage in the Subpolar North Atlantic has not previously
been measured and particle flux studies often rely on sediment trap time-series from a single
location. This study has quantified the magnitude of POC flux to below 2000 m in the IB for the
first time and utilised the unique mesoscale coverage of the sediment traps to investigate
whether spatial variability impacts carbon budget measurements over varying timescales from 14
days to annually. The rate of POC flux to the deep ocean Iceland Basin was found to be similar to
the global ocean average estimate by Lampitt and Antia, (1997), but was 16 % lower than the
most recent estimated global ocean average (Honjo et al., 2008), and 12 % lower than the North
Atlantic Ocean average (Henson et al., 2011). Our estimates of Teg for the IB were found to be in

line with previously reported estimates for the North Atlantic.

We hypothesised that mesoscale variability will have an effect on deep ocean carbon flux but will
be less important as the timescale of averaging increases. This hypothesis was supported, with
mesoscale variability identified for all sampling periods, and instances of variability greater than
the expected variation observed for timescales less than one month. In contrast, for timescales
greater than 3 months, mesoscale variability is less important. Our results indicate that mesoscale
spatial variability in deep ocean fluxes may need to be more thoroughly considered. In particular,
mesoscale spatial variability at single location trap time-series from sustained observatories may
be interpreted as temporal signals or interannual variability on short timescales, which may
complicate long-term trend detection and interpretation. However, mesoscale variability does not
appear to play an important role in annual carbon budgets and so carbon storage estimates for

one-location time-series should be representative for that region.
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Chapter 3  Exploring the Biological and Physical Drivers
of Temporal and Spatial Variability in Deep Ocean

Particle Flux in the Iceland Basin

3.1 Introduction

The seasonal cycle of material sinking from the surface ocean to the deep ocean has been studied
for the past fifty years using sediment traps, with foundational studies observing a direct
relationship between upper ocean primary production (PP) and deep ocean carbon flux (Deuser et
al., 1981; Deuser & Ross, 1980). More recent studies of sustained time-series sediment trap
records have focused on identifying the major flux components and what controls the magnitude
of POC flux that reaches the bathypelagic zone (Conte & Weber, 2014; Lampitt et al., 2010;
Lampitt & Antia, 1997; Smith et al., 2017). Long-term time-series of carbon sequestration are
important for calculating global ocean carbon cycle budgets (Burd et al., 2010; Sabine, 2004),
understanding controls on the magnitude and composition of flux to the deep ocean (Burd et al.,
2010; Lampitt et al., 2010), to inform, and validate, biogeochemical models (Armstrong et al.,
2002; Gehlen et al., 2006; Kwon et al., 2009; Yool et al., 2013) and predict future changes to the

oceanic carbon cycle (Bopp et al., 2001; Kwon et al., 2009).

Moored deep ocean sediment traps are the main method for measuring deep ocean carbon fluxes
but difficulties in linking fluxes to upper ocean processes, such as PP, have prevented a
mechanistic understanding of the BCP processes in the euphotic and mesopelagic zones, which
hinders understanding of fluxes that penetrate to the deep ocean (Burd et al., 2010; Frigstad et
al., 2015). A direct coupling between upper ocean productivity and increased carbon fluxes below
3000 m at BATS was observed from PP shipboard measurements and mid-water sediment traps
(Asper et al., 1992) whereas, in contrast, a 1 — 2 month time lag was observed at BATS between
surface ocean plankton blooms measured by remote sensing and particle flux at 3000 m (Deuser
et al., 1990). Rapidly sinking fluxes to the deep ocean, often driven by spring bloom-associated
particle flux, are likely to originate from a localised region near to the sediment trap location
whereas, during lower productivity periods, particulate fluxes may be sinking more slowly, and
hence are likely to originate from further away from the trap location (Siegel & Deuser, 1997).
This is one example of how the temporal, spatial and depth resolution and frequency of

measurements, can lead to differing observations and explanations of key processes, which
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hinders a mechanistic understanding of the functioning of the BCP (Boyd et al., 2019; Lampitt et
al., 2010).

Particles that settle into deep ocean sediment traps will have undergone some degree of
horizontal advection during the transit from the upper ocean to the deep ocean (Siegel et al.,
2008). Deep ocean sediment trap source regions are often 100’s of kilometres away from the
sediment trap location but can be a localised area (Siegel et al., 2008). The magnitude of the
advection will depend on the bulk particle mean sinking speed, the local velocity fields, and the
depth of the trap (Siegel & Deuser, 1997). The origin of particles from the upper ocean has been
predicted in a variety of studies (Abell et al., 2013; Frigstad et al., 2015; Qiu et al., 2014; Siegel et
al., 2008; Siegel & Deuser, 1997; Waniek et al., 2000; Wekerle et al., 2018), based around the
principle of statistical funnels (Siegel & Deuser, 1997), which may also be termed sediment
catchment areas (Wekerle et al., 2018) or particle source regions (Siegel et al., 2008). The slower
the sinking speed and the deeper the trap is deployed the wider the catchment areas will be
(Siegel & Deuser, 1997; Waniek et al., 2000; Wekerle et al., 2018). Waniek et al. (2000) highlighted
that sinking particles likely traverse at a 1° angle relative to the surface ocean due to horizontal
advection of 10 — 20 m d! and average sinking speeds of 100 - 200 m d™. Predicting particle
source regions has allowed studies to draw links between sea ice origin and vertical particles
fluxes (Wekerle et al., 2018), and primary productivity and export in the Northeast Atlantic
(Frigstad et al., 2015). Observed ‘temporal’ variations of deep ocean particles fluxes can be an
artefact of changing sediment trap catchment areas sampling higher or lower productivity
patches of the upper ocean (Deuser et al., 1988). Siegel et al. (2008) highlighted that if surface
chlorophyll concentration has a similar spatial distribution to export, then using Chl a as a proxy
for export is feasible, however, if export is controlled by the zooplankton community structure,
then a more detailed knowledge of the Chl a concentrations of the source regions is not a useful
diagnostic for understanding the spatial distribution of export. Therefore, estimating particle
source regions to aid in the understanding of deep ocean fluxes may only be useful in a system
that is driven by biological bottom up controls rather a system dominated by a top down control,
or a system heavily influenced by physical processes such as particle injections pumps (PIP; Boyd

et al., 2019).

If the relationship between upper ocean processes and deep ocean flux is characterised by direct
coupling, then estimating the particle source regions will not aid in improving understanding of
upper ocean processes (Alldredge & Gotschalk, 1989; Qiu et al., 2014). It is likely that direct
coupling, and implied very fast sinking particles, are a transient temporal signal, likely associated
with the spring bloom. It is more likely that the bulk particle sinking speeds, and hence particle

source region size, vary throughout the annual cycle, as suggested by Fischer & Karakas, (2009).
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Previous work on statistical funnels and particle backtracking has focused on the Sargasso Sea, the
mid-latitudes and temperature regions or in seasonally ice-covered regions (Frigstad et al., 2015;
Siegel et al., 2008; Waniek et al., 2000; Wekerle et al., 2018). The importance of estimating the
particle source regions in a high latitude region with a strong seasonal cycle has not previously

been investigated.

Deuser et al. (1990) suggested that combining a mesoscale grid of moored sediment traps,
remote sensing data and shipboard measurements, would allow for an improved understanding
of spatial and temporal variability in fluxes recorded by sediment traps to understand the first
order links between upper ocean PP, export, and deep ocean fluxes. In this study, | utilised the
unique mesoscale array of the four sediment traps deployed in the deep ocean IB to explore in
detail whether biological or physical upper ocean processes may drive mesoscale spatial
variability in deep ocean particle flux. Understanding these changes may help to elucidate what

drives and controls how much carbon reaches the deep ocean for long term carbon sequestration.

3.2 Methods

3.2.1 Sediment Trap Sample Analysis

The sediment trap sample collection and pre-processing was described in Chapter 2, Section 2.2.
The sediment trap dry weight and POC/PON data from Chapter 2 was also used in this study but
only periods I-1ll were used to investigate the relationship between upper ocean processes and
deep ocean particle flux. The possible causes of the unusually low fluxes in Period IV were

discussed in Chapter 2. The mass and POC/PON fluxes were calculated as in Chapter 2.

Sediment trap particulate material was freeze-dried by Martin, (2010) for deployment 1, to
minimise the errors introduced by sample splitting and this procedure was followed for
deployment 2 samples. For deployment 2, 3 of 8 aliquots were filtered onto 0.4 um cellulose
nitrate filters. The material was gently scraped into a pre-combusted (550 °C) glass vial and
freeze-dried overnight. The freeze-dried material was gently crushed with a clean metal spatula to

homogenise the material.

3.2.1.1 Particulate Inorganic Carbon

Calcium (Ca), Sodium (Na), Barium (Ba) and Strontium (Sr) were measured in all three fractions of
the sediment trap samples from deployment 2 by the author — particulate material, filtered
sediment trap supernatant and Acantharian cysts. Acantharian cysts contributed negligibly to the

Ca content and so were not included in this study. The filtered sediment trap sample supernatant
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was diluted 250x with 0.475 M Nitric acid (HNOs) spiked with Indium, Rhenium and Beryllium to
track instrument drift of the Inductively Coupled Plasma Mass Spectrometer (ICP/MS) during each
sample run. Samples were run with multi-element standards detailed in Table B.1.1 with
measured Ca and Na concentrations all within the concentration range of the standards. The
samples were run on the Thermo X Series ICP-MS at the University of Southampton by the author

with the assistance of Dr Matt Cooper.

The Na and Ca concentrations in the sediment trap preservative blank were 0.83 + 0.013 mol L*
and 0.010 + 0.15 mol L respectively. Freeze-dried particulate material was weighed out (0.5 — 8.2
mg; mean of 5.0 mg). The author carried out a detailed inter-comparison between using an Acetic
acid digest (Martin et al., 2011) versus the more established method of using a 0.475 M Nitric acid
(HNOs) digest to investigate whether the different acid digests lead to varying Ca concentrations.
Samples from November 2006 — July 2007 were analysed by P. Martin using a 1.0 M Acetic acid
digest with the objective of targeting CaCOs of biogenic origin and to minimise the digestion of Ca
from lithogenic material (Martin et al., 2011). Triplicates of deployment 2 samples were acidified
separately with 10 ml of 0.475 M spiked HNOs (following the method of Daniels et al. 2012) and
1.0 M acetic acid (Martin et al., 2011) and left to digest overnight to allow for a comparison
between the different acid digests. The digests were then filtered through a 0.45 um syringe filter
(Fisher Scientific) to remove any particulates before being diluted by 250x . Procedural blanks,
sediment trap preservative blanks and reagent blanks were run alongside samples. Where
possible triplicates were run for each sample. Uncertainty was estimated by propagating the

analytical errors as in Section 2.2.1.1.

The digested samples in the methodology intercomparison agreed well and differences between
the calculated fluxes were negligible. At higher Ca fluxes the Acetic acid digest leached slightly
more Ca compared to the HNOs digest (Figure B.1.1). To validate comparisons between
deployment 1 and deployment 2 Ca and Na data, four particulate deployment 1 samples were
run, which covered a range of sample types, and agreed well for Ca flux, although the Ca
percentage content from one sample from deployment 1 varied from both the Acetic acid and

Nitric acid digests (Figure B.1.1).

Ca (mg) in each sample was multiplied by 2.5 (CaCOs:Ca ratio) to estimate the CaCOs content per
sample and CaCOs content was multiplied by 0.12 (C:CaCOs ratio) to estimate the PIC content,

assuming that all digested Ca originated from PIC and was of biogenic origin.
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3.2.1.2 Biogenic Silica

The particulate material and sediment trap supernatant was analysed for the biogenic silica (SiO;
BSi) content following the method of Salter et al. (2010), which builds on the foundations of
Brown et al. (2003), Mortlock & Froelich, (1989) and Strickland & Parsons, (1972). All samples
were run in triplicate where possible and the analytical uncertainty was propagated throughout to
determine the measurement error. Deployment 1 samples were run by Patrick Martin and

deployment 2 samples were ran by the author.

Freeze-dried particulate material collected by the sediment traps was weighed out (0.9 — 8.2 mg)
into the cap of a 15 ml polypropylene tube ensuring particulate material was inside the rim,
otherwise the cap was discarded. The caps were screwed on and inverted. Each sample was
digested in 5 ml of 0.2 M sodium hydroxide (NaOH) for 2 hours at 85 °C. Samples were cooled to
room temperature and neutralised with 10.6 ml of hydrochloric acid (HCI). Samples were
centrifuged at 3700 rpm for 15 minutes to ensure no particulate material entered the auto-
analyser. Samples were diluted 50x with a saline solution (40 g of NaCl in 1 L of Milli-Q). Samples
were capped and stored in a fridge overnight. The deployment 2 samples were shaken vigorously
the next day and analysed on a QuAAtro Autoanalyzer at the National Oceanography Centre,

Southampton with the assistance of Dr Ed Mawji.

The method was also adapted to measure the sediment trap supernatant to determine the extent
of the biogenic silica dissolution during the 10 year storage period (Antia, 2005; Bauerfeind &
Bodungen, 2006). The sediment trap supernatant was collected during filtering for mass and POC
fluxes on 0.7 um GF/F filters. Filtered sediment trap supernatant stored at 4 °C was removed from
the fridge and shaken well before removing 1 ml of supernatant to a 15 ml polypropylene tube.
The same methodology was followed without the centrifuging step. Supernatant samples were

diluted 30x, stored in the fridge overnight and analysed as described above.

Test samples were run to determine whether digesting the supernatant altered the BSi
concentration compared to undigested samples. The concentrations of the digested and
undigested supernatant samples were very similar with a mean RSD of 2.65 %. The major
difference between the resulting concentrations was that the digested supernatant triplicates
exhibited greater variability between the triplicates. Due to the minimal differences to the
concentration the supernatant samples were not digested. It should be noted that the tested
supernatant concentrations are at the upper end of the concentration ranges in Figure B.2.2.
Future studies are advised to undertake a more extensive comparison including a wider range of
supernatant concentrations. For this study the supernatant addition made very little difference to

the total BSi fluxes in Periods I-l1ll and so the methodology testing is sufficient for this purpose.
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Sediment trap supernatant was only measured from samples in which the particulate material
was also measured. Many Period IV samples did not have enough freeze-dried particulate
material to measure for all flux components and so BSi was not measured on very low samples in
Period IV. As reported in Bauerfeind & Bodungen, (2006) the fraction of BSi in the dissolved phase
increased as the sampled particulate BSi fluxes decreased, as shown in Figure 3.1. The sediment
trap supernatant concentrations were corrected for any evaporation that had taken place by
normalising the concentration of the recorded sample bottle volumes to 260 ml (21 sample bottle
type) or 290 ml (13 sample bottle type). The mass of SiO, in the sample bottle was calculated,
after removing the preservative blank SiO, concentration, and added to the BSi particulate mass

before calculating total BSi fluxes.

Table 3.1 A sediment trap supernatant methodology comparison of deployment 2 samples was
undertaken to determine whether digesting the supernatant was necessary. The
blank-corrected supernatant concentrations are compared along with the relative
standard deviation (RSD) between the triplicates. The Trap NW — 6 undigested

samples had one outlier value which increased the RSD.

BSi RSD (variability
Sample ID Collection Dates Procedure Concentration between
(mmol LY) replicates)
Trap NE - 2 09.09.07 — 22.09.2007 Digest 0.87 (+ 0.012) 1.4%
TrapS-2 09.09.07 —22.09.2007 Digest 0.79 (+ 0.044) 5.5%
TrapC-4 07.10.2007 - 20.10.2007 Digest 0.76 (+ 0.014) 1.8%
TrapNW -6 | 04.11.2007 —17.11.2007 Digest 0.74 (+ 0.032) 4.4 %
Trap NE - 2 09.09.07 — 22.09.2007 No digest 0.92 (+ 0.009) 0.93%
TrapS-2 09.09.07 — 22.09.2007 No digest 0.77 (£ 0.007) 0.96 %
TrapC-4 | 07.10.2007 —20.10.2007 | No digest | 0.77 (+ 0.006) 0.81%
TrapNW-6 | 04.11.2007 —17.11.2007 No digest 0.78 (+ 0.090) 12.0%

The samples were run with several reagent blanks, which had negligible Si concentrations and
were not corrected for. The samples were run with a standard concentration range of 1 — 130
umol L. Some samples, particularly the intercomparison samples between deployments 1 and 2
(see Appendix B, Figure B.2.1), exceeded the calibration range due to a very high silica content.
Certified reference materials (CRMs) of concentrations up to 164.9 umol L™ were producing

accurate results within 1 % deviation of the certified value, which validated the high silica content
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sample results that exceeded the calibration range (median concentration of above calibration
samples was 160.7 umol L'1). The CRMs used for Si were Reference Material for Nutrients in
Seawater (RMNS; The General Environmental Technos Co.) and had certified values between 14.2

—164.9 umol L (Table 3.2).
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Figure 3.1 Total biogenic silica (BSi) flux and the percentage of BSi in the supernatant fraction for
deployment 2 samples. The error bars show propagated analytical uncertainty. The
colour of the markers indicates which sediment trap collected the sample.

Table 3.2 Certified Reference Materials used to validate the measured Si concentration. The
measured and certified concentrations are represented along with the RSD and

number of measurements.

CRM Measured Si Certified Value RSD (%) Number of
(umol L) (umol LY measurements
CcD 14.267 14.269 0.013 7
c 38.898 39.434 1.360 9
BW 61.137 61.467 0.538 4
CB 111.888 111.850 0.034 5
Bz 163.790 164.900 0.673 4

3.2.1.3 Flux Calculations

Fluxes of the measured particulate components were calculated as shown in Equations 3.1 —3.4

and the analytical uncertainty was propagated through the calculations. The total mass of each
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component was divided by the molecular mass and normalised to the sampling area (A) and the

sampling period (d).

[Equation 3.1] POC Flux (mmol m=2d~1) = (Masspj/cé 12.01)
[Equation 3.2] PON Flux (mmolm=2d™1) = (Masst;Vd/ 14.01)

[Equation 3.3] CaCO; Flux (mmolm=2d™1) = W““Ca;f;z/ 100.09)
[Equation 3.4] Particulate BSi Flux (mmol m=2 d-1) = {asssi/ 60.08)

A/d

The percentage contribution of each flux component was calculated by converting fluxes to mg m
2d! and dividing by the total mass flux. The cumulative fluxes were summed over one annual
cycle from the 22" of November 2006 - 2007. The 28 day sampling gap during sediment trap
deployments was filled using nearest neighbour interpolation. The cumulative fluxes were
normalised for each trap by converting to a percentage of total annual flux for each flux
component as in Lampitt and Antia, (1997). Period IV samples are included in Figure 3.5 and Table
3.4 but any samples that were clearly degraded were not included in Figure 3.3 and for CaCOs; and

BSi there was often not enough material (NEM) to be measured as detailed in Table 3.4.

3.2.2 Particle Source Regions
3.2.2.1 Methodology

The particle source region of sampled particulate material in sediment traps is key to understand
completely the controls on particle flux (Siegel & Deuser, 1997). By predicting the particle source
regions the motion of horizontal currents that affect particle sinking trajectories, and the time lag
between particles sinking from the upper ocean to deep ocean sediment traps is accounted for,
similar to Waniek et al. (2000). The particle backtracking modelling and current backtracking
codes were written by Benoit Espinola but altered to run for the study location and temporal

period and run by the author.

The particle backtracking methodology used in this study tracks particles backwards spatially and
temporally from the sediment trap location and deployment depth. This means a particle
originates at the sediment trap and for each day the particle is tracked backwards in time and
space, which depends on the chosen average particle sinking speed and the magnitude of the

current velocity components, u and v (see Equation 3.5 and 3.6). In Equation 3.5 and 3.6 the
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xtrack and ytrack are the daily particle longitude and latitude, which creates the particles’
trajectory, starting at the sediment trap location and depth and terminating at the surface ocean.
For each daily timestep, the u and v components are multiplied by the number of seconds in a day
(8t), converted to degrees (dlon or dlat) and the daily displacement starting from time zero (t =
0) is calculated until the particle intercepts with the surface ocean. The depth of the trap and the

sinking speed used determines how many timesteps the particles are backtracked for.

[Equation 3.5] xtrack(t — 1) = lon(t) + (u(t) * 6t)/dlon
[Equation 3.6] ytrack(t — 1) = lat(t) + (v(t) = 6t)/dlat
[Equation 3.7] depth(t — 1) = depth(t) — Waye X 6t

For this study the average particle sinking speed (w,,,) was assumed to be 100 m d™. This speed
was chosen based on average sinking velocity measurements by Villa-Alfageme et al. (2016) in the
IB in 2010, in which sinking velocity ranged between 60 m d! between 50 — 70 m, and increased
to 110 m d! by 400 — 500 m depth. The sinking speed is also the same as the assumed speed used
by Waniek et al. (2000; 2005a) for the Northeast Atlantic Ocean. During deployment 1 Trap S was
deployed at 2441 m depth, which means each particle was traced backwards in time and space
for 24.41 days when assuming a sinking speed of 100 m d*. An example of these particle traces
for Trap S in April-June 2007 is shown in Figure 3.2. To test the sensitivity of the particle
backtracking method we also used sinking speeds of 50 m d* and 200 m d* as in Waniek et al.

(2000a; explored in Appendix C).

This study utilised current meter velocity from 15 m below the sediment traps and OSCAR surface
current velocity to provide the u and v components used to track the particles. OSCAR surface
mixed layer velocities are calculated using sea level anomalies (SLA) to estimate geostrophic
velocity and ocean vector winds to estimate Ekman transport
(http://www.esr.org/oscar_index.html). Current meter data was available for all traps from
deployment 1 but only available from Traps C and S during deployment 2. The ocean was
represented as a 2-box model with OSCAR surface currents representing 0 — 350 m and current
velocity data from the current meters 15 m below the sediment traps representing 350 — 2500 m.
The current velocity data was low pass filtered to remove the tidal signal, following the method of
Waniek et al. (2000a; Matlab function lowpass() with a wpass of 0.01, and an example of the
filtered result is shown in Appendix C.1). Monte Carlo simulations were run for sinking speeds of
50, 100 and 200 m d! for the 2-box model approach. A range of sinking speeds were used to test
the sensitivity of the method to the sinking speed and to determine how much the particle source

region changes depending on the sinking speed. Each daily particle track was traced 20 times and
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the u and v for each time point, location and depth was allowed to vary within 1 standard
deviation of the measured u and v components to determine the sensitivity of the method to the
velocity field and how variability in the u and v components affect the daily particle source region

location (detailed analysis in Appendix C.3).
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Figure 3.2 An example of the predicted particle source regions for Trap S April - June 2007
samples using a), c) OSCAR and current meter velocity and b), d) using Copernicus
reanalysis model velocity to demonstrate paths of the particle trajectories. a) and b)
show the daily particle tracks from the sediment trap to the surface ocean and c) and

d) show the daily particle source region location at the surface ocean.

For comparison the u and v components were downloaded from the Copernicus Marine
Environment Monitoring Service website (CMEMS; http://marine.copernicus.eu/services-
portfolio/) and extracted from GLOBAL-REANALYSIS-PHY-001-030-DAILY. The GLORYS12V1
product is a 1/12° eddy resolving reanalysis model which uses altimetry, satellite and temperature
and salinity profile data and the global forecasting CMEMS system to create a daily data product
with 50 depth levels. The depth-resolved model u and v components were used in place of the 2
box model and the particle source regions were predicted for sinking speeds of 100 m d* to allow
for a comparison between model and measured velocity components. An advantage of using the
model data is that there is mesoscale variability in current velocities in the interior and deep
ocean, whereas using current meter data provides no information on local mesoscale variability
(Qiu et al., 2014; Waniek et al., 2000). However, the model current speeds are less likely to

capture transient events affecting the magnitude of deep ocean current speed as demonstrated
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by Figure 3.3. No Monte Carlo simulations were run for the model products due to the high

computational demand of the high resolution model output files.
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Figure 3.3 Daily average current velocity from the sediment trap locations and deployment depths
between late April - June 2007 from Copernicus model velocity (black line) and

current meter velocity (red line).

3.23 Upper Ocean Parameters

3.2.3.1 Chlorophyll a Concentration

Remotely-sensed monthly Chl a concentration data mapped at 9 km resolution was downloaded
from https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/Mapped/ to investigate the relationship
between Chl a concentration and deep ocean particle fluxes. The Chl a concentration was
extracted from the monthly product using the minimum and maximum extents of the predicted
particle source region for each 14 day sampling period and the Chl a concentration was averaged
over the duration of the sampling period. The Chl a concentration data was also extracted directly
above the sediment traps for the sampling period and with a timelag equivalent to the particle
backtracking method for comparison. There was no Chl a concentration data available between
November and February due to the low sun angle at 60° N. Due to the IB having extensive cloud

cover throughout the year the 8 day Chl a concentration satellite data product could not be used.

3.2.3.2 Continuous Plankton Recorder Data

Continuous plankton recorder (CPR) data records the presence/absence of organisms and a semi-
guantitative estimate of abundance can be calculated. CPR data from the standard areas B5, B6,

C5 and C6 (Figure 3.4), from 2006 to 2008 were used to explore the abundance of diatoms,
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dinoflagellates, acantharia, foraminifera, radiolarians and copepods

(DOI:10.7.7487/2017.80.1.1044) and coccolithophores (D0I:10.7487/2019.226.1.1223). In this

study, the monthly normalised mean abundance was estimated by averaging the recorded

abundances for each month and normalising to the number of tows per month. The data for the

Subpolar North Atlantic was patchy and sporadic, and focused on three main areas, which | have

separated into Regions 1 — 3 (Table 3.3). The CPR data was collected outside of the IB, but the

samples in Region 2 and 3 do overlap with the maximum extents of the particle source regions for

Trap NE, Cand S.

Latitude

62°NI
60°N|
58°N.I

56°N.I

B6 B5

C6 C5

V

54°N

30°W

24°W 18°W 12°W 6°W
Longitude

Figure 3.4 Continuous plankton recorder survey standard areas B5, B6, C5 and C6 shown in

relation to the sediment trap locations. The grey box shows the outline of the Iceland

Basin as defined in this thesis.

Table 3.3 The minimum and maximum latitude and longitude of the IB and the continuous

plankton recorder Regions 1 - 3 defined in this study.

Minimum Maximum Minimum Maximum
Latitude Latitude Longitude Longitude
Iceland Basin 58 N 61.5N 28 W 16.5W
Region 1 58 N 64 N 35W 24W
Region 2 59N 64 N 20W 5W
Region 3 54N 57N 35W 5W

3.2.3.3 Sea Level Anomaly

Daily sea level anomaly (SLA; height and u and v components) data at 0.25° spatial resolution

derived from satellite altimetry were downloaded from
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ftp://ftp.aviso.altimetry.fr/global/delayed-time/grids/msla/. The SLA u and v components were
used to calculate the eddy kinetic energy (EKE) above the traps using Equation 3.8. A time-series
of the maximum EKE in a 1 degree box around the trap locations was also extracted and averaged

to find the maximum EKE in each two week sampling period, for each trap.
[Equation 3.8] EKE (cm?s72) = 0.5 x (u? + v?)
3.2.3.4 Mixed Layer Depth

Mixed layer depth could not be derived from Argo floats due to very limited spatial and temporal
coverage in the IB between 2006 — 2008. Daily mixed layer depth was downloaded from
Copernicus (http://marine.copernicus.eu/services-portfolio/) and extracted from GLOBAL-
REANALYSIS-PHY-001-030-DAILY. The mixed layer is defined by Copernicus by a density increase
relative to 10 m depth that corresponds to a temperature decrease of 0.2 °C of local surface

conditions (de Boyer Montégut et al., 2004).

3.2.3.5 AVISO Mesoscale Eddy Tracking Product

The AVISO mesoscale eddy trajectory atlas (Merged version 1.0) was downloaded from
(https://www.aviso.altimetry.fr/en/data/products/value-added-products/global-mesoscale-eddy-
trajectory-product.html) and used to explore links between spatial variability in deep ocean
particle flux and mesoscale upper ocean eddies. The eddy product is based on the work of
Chelton et al. (2011) and uses the Data Unification and Altimeter Combination System (DUACS)
daily delayed time gridded SLA product. Eddies are detected when reaching a diameter of 100 —
300 km and the localised minimum and maximum SLA is used to identify the characteristics of the
eddy. The computed eddy characteristics are amplitude (cm), eddy type (either cyclonic or anti-
cyclonic), number of days the eddy has been tracked, average geostrophic speed (cm s?), and the
radius (km), estimated using the maximum of the circular averaged geostrophic speed. Each
mesoscale eddy is assigned a track number and the latitude, longitude and associated time of

each eddy is included in the product.
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3.3 Results

3.3.1 Particle Fluxes

3.3.1.1 Temporal Variability
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Figure 3.5 Particle fluxes to below 2000 m in the IB (2006 - 2008). a) CaCOs flux (mmol m?d?) and
b) BSi flux (mmol m2 d?) with degraded samples removed. The mean flux is in grey,
Trap NW fluxes are in black, Trap NE fluxes in red, Trap C fluxes are in green and Trap
S fluxes are in blue, which remain the same throughout this chapter. The black
vertical lines represent the four flux periods outlined in Chapter 2. The greyed out
period is the gap in sampling whilst the sediment traps were recovered and

redeployed. The error bars show the propagated analytical uncertainty.
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There is a defined seasonal cycle in the particle flux reaching the bathypelagic IB, as previously
described in Chapter 2. Mass and POC fluxes are low in winter and early spring, followed by a
peak in flux in May associated with the spring-bloom, fluxes are elevated during summer and
increase again in autumn and early winter, with the sediment trap in the central IB reaching peak
mass and POC fluxes in October (Figure 2.4). In December 2007, the fluxes decrease to smaller
magnitudes which is sustained until June 2008, described as Period IV, due to these unusually low
fluxes as outlined in Chapter 2. This study aims to explore the drivers of deep ocean particle flux
and so focuses on the Period I-lll data of well-preserved samples, as the Period IV fluxes were
unusually low across all flux components, meaning drivers of these low fluxes would be

challenging to determine.

Figure 3.6 Photographs of sediment trap material from Trap S in September 2007 at 150x in a) and

b) magnification to show an example of the large foraminifera tests found in the
autumn samples and the fluffy brown detritus and faecal pellets on top of the tests

and photograph c) is at 75x magnification and has a similar composition to b).

The CaCOs fluxes track the mass and POC flux seasonal cycle with some instances of elevated POC
fluxes coinciding with increased CaCOjs fluxes. CaCOs is the major component of the deep ocean IB
particle flux with a mean percentage contribution of 58.5 % (range 20 - 90 %) by mass. The CaCOs3
flux increases with the arrival of the spring-bloom associated particle flux but the greatest
sustained CaCOs; fluxes were sampled in October and November 2007, particularly in Trap NE and
Trap C. All samples were inspected using light microscopy during swimmer removal and the
autumn 2007 samples were recorded as having many large foraminfera tests, as shown in Figure
3.6. The foraminifera tests were not observed to have organic material attached, although

material may have detached during sampling or storage.

The BSi fluxes to the deep ocean IB also follow a similar seasonal cycle, with the exception that BSi
makes a much greater contribution, up to 34.2 %, during the spring bloom, which coincides with

the largest POC fluxes, particularly in Trap NE. The BSi fluxes steadily decrease after the spring
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bloom associated peak to low fluxes in winter. Interestingly, in Period IV, there was essentially no
BSi flux, whereas there was very small amounts of POC and CaCOs flux. The peak in the Trap C
POC flux in November 2007 does coincide with another peak in BSi flux and CaCOs flux as

previously discussed.
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Table 3.4 Summary of particle fluxes and molar ratios to the deep ocean Iceland Basin between November 2006 and June 2008. Mass fluxes are reported in mg m2d*

and all other fluxes are reported as mmol m2 d . Samples 1 — 18 were analysed by P. Martin and first reported in his thesis (Martin, 2011). The BSi fluxes for

samples 19 — 39 is the total BSi flux, which is the sum of the supernatant and particulate fractions to account for the 10 year storage period. Some Period IV

samples did not have enough material to measure every component and is noted as NEM.

* Sediment traps were recovered early and hence only sampled for 11 of the programmed 14 days.

** Bottles sampled for more than 14 days, with a maximum sampling period of 42 days.

# |dentified as degraded samples as discussed in Chapter 2. Italic fluxes should be treated with caution.

Sample ID Date Mass Flux POC Flux PON Flux CaCOs Flux BSi Flux POC:PON PIC:POC BSi:POC
Trap NW - 1 22.11.2006 43.75 (+2.19) 0.27 (0.02) 0.034 (+0.002) 0.27 (+0.014) 0.07 (+0.004) 8.01 (+0.79) 1.00 (£0.08) 0.24 (0.02)
Trap NW - 2 06.12.2006 47.35 (+2.37) 0.26 (£0.02) 0.033 (+0.003) 0.28 (+0.015) 0.10 (+0.006) 8.06 (+1.11) 1.07 (20.12) 0.38 (£0.04)
Trap NW - 3 20.12.2006 47.17 (+2.36) 0.43 (£0.04) 0.066 (+0.007) 0.24 (£0.014) 0.09 (+0.005) 6.47 (+0.94) 0.56 (+0.07) 0.22 (+0.03)
Trap NW - 4 03.01.2007 39.60 (+1.98) 0.25 (£0.03) 0.031 (+0.005) 0.23 (+0.012) 0.09 (+0.005) 8.09 (+1.59) 0.93 (+0.12) 0.35 (£0.05)
Trap NW -5 17.01.2007 10.30 (£0.52) 0.10 (+0.01) 0.014 (+0.001) 0.06 (+0.003) 0.01 (+0.001) 6.76 (+0.91) 0.60 (+0.06) 0.14 (+0.01)
Trap NW -6 31.01.2007 18.55 (+0.93) 0.11 (£0.01) 0.013 (+0.001) 0.11 (+0.006) 0.03 (+0.003) 8.48 (+1.14) 0.97 (+0.10) 0.31 (£0.04)
Trap NW - 7 14.02.2007 7.60 (+0.38) 0.05 (+0.00) 0.007 (+0.001) 0.04 (+0.002) 0.01 (+0.001) 7.74 (£1.04) 0.86 (+0.09) 0.23 (£0.03)
Trap NW - 8 28.02.2007 4.04 (+0.20) 0.03 (+0.00) 0.004 (+0.000) 0.02 (+0.001) 0.01 (+0.00) 7.65 (+1.03) 0.82 (+0.09) 0.26 (+0.03)
Trap NW -9 14.03.2007 6.13 (+0.31) 0.04 (+0.00) 0.005 (+0.000) 0.04 (£0.002) 0.01 (+0.001) 7.93 (£0.79) 0.91 (+0.09) 0.27 (0.03)
Trap NW - 10 28.03.2007 27.78 (£1.39) 0.19 (£0.01) 0.026 (+0.003) 0.16 (+0.008) 0.06 (+0.004) 7.31(+0.93) 0.82 (+0.08) 0.32 (+0.03)
Trap NW - 11 11.04.2007 1.85 (+0.09) 0.02 (£0.00) 0.002 (+0.000) 0.01 (0.001) 0.00 (+0.000) 8.68 (+1.00) 0.56 (+0.05) 0.15 (£0.01)
Trap NW - 12 25.04.2007 5.97 (+0.03) 0.08 (+0.00) 0.012 (+0.001) 0.02 (0.001) 0.01 (+0.000) 6.51 (+0.63) 0.26 (+0.02) 0.09 (£0.01)
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Sample ID Date Mass Flux POC Flux PON Flux CaCOs Flux BSi Flux POC:PON PIC:POC BSi:POC
Trap NW - 13 09.05.2007 48.11 (+2.41) 0.27 (+0.02) 0.032 (+0.003) 0.30 (+0.016) 0.16 (+0.018) 8.26 (+0.91) 1.11 (+0.11) 0.59 (+0.08)
Trap NW - 14 23.05.2007 125.94 (+6.30) 0.56 (0.03) 0.075 (+0.004) 0.92 (+0.053) 0.28 (+0.031) 7.47 (+0.62) 1.64 (x0.13) 0.50 (+0.06)
Trap NW - 15 06.06.2007 19.55 (+0.98) 0.09 (£0.01) 0.011 (+0.001) 0.16 (+0.008) 0.01 (+0.001) 7.84 (£0.79) 1.83 (+0.16) 0.12 (+0.01)
Trap NW - 16 20.06.2007 24.73 (+1.24) 0.14 (0.01) 0.020 (+0.001) 0.15 (0.007) 0.07 (+0.004) 7.13 (0.51) 1.03 (20.07) 0.49 (£0.04)
Trap NW - 17 04.07.2007 74.63 (+3.73) 0.53 (£0.08) 0.076 (+0.013) 0.38 (+0.019) 0.27 (+0.022) 6.96 (+1.59) 0.73 (+0.12) 0.51 (+0.09)

Trap NW — 18* 18.07.2007 151.21 (+7.56) 0.81 (+0.08) 0.112 (+0.011) 0.91 (+0.049) 0.42 (+0.021) 7.24 (+1.01) 1.11 (+0.11) 0.51 (+0.06)
Trap NW - 19 26.08.2007 149.31 (+7.47) 0.56 (£0.03) 0.072 (+0.012) 0.93 (£0.048) 0.17 (+0.014) 7.77 (£1.38) 1.68 (£0.13) 0.30 (£0.03)
Trap NW - 20 09.09.2007 97.64 (+4.89) 0.41 (£0.02) 0.052 (+0.009) 0.61 (+0.036) 0.11 (+0.001) 7.81(+1.38) 1.50 (20.12) 0.28 (£0.02)
Trap NW - 21 23.09.2007 60.32 (+3.02) 0.23 (+0.01) 0.030 (+0.005) 0.41 (+0.022) 0.05 (+0.002) 7.47 (+1.32) 1.82 (+0.14) 0.24 (+0.02)
Trap NW - 22 07.10.2007 97.02 (4.88) 0.40 (£0.02) 0.054 (+0.009) 0.65 (0.034) 0.09 (+0.001) 7.47 (+1.34) 1.61 (x0.12) 0.23 (0.01)
Trap NW - 23 21.10.2007 62.05 (13.14) 0.26 (£0.01) 0.034 (+0.006) 0.43 (£0.022) 0.05 (+0.001) 7.68 (£1.36) 1.65 (+0.13) 0.21 (+0.01)
Trap NW - 24 04.11.2007 42.14 (£2.12) 0.18 (0.01) 0.026 (+0.004) 0.30 (0.017) 0.04 (+0.001) 6.99 (+1.26) 1.70 (20.14) 0.21 (0.01)
Trap NW - 25 18.11.2007 37.98 (+1.90) 0.17 (+0.01) 0.022 (+0.004) 0.25 (0.013) 0.04 (+0.001) 7.81 (+1.38) 1.46 (x0.11) 0.23 (+0.01)
Trap NW - 26 02.12.2007 16.34 (+0.82) 0.09 (+0.01) 0.011 (+0.002) 0.11 (+0.006) 0.02 (+0.001) 7.89 (+1.40) 1.20 (+0.09) 0.20 (+0.01)
Trap NW - 27 16.12.2007 30.07 (+1.51) 0.14 (+0.01) 0.019 (+0.003) 0.20 (+0.010) 0.03 (+0.001) 7.63 (+1.35) 1.39 (x0.11) 0.20 (£0.01)
Trap NW - 28 30.12.2007 3.93 (+0.20) 0.03 (+0.00) 0.003 (+0.001) 0.02 (+0.001) NEM 7.91 (+1.40) 0.79 (+0.06) NEM
Trap NW - 29 13.01.2008 7.44 (+0.37) 0.05 (+0.00) 0.008 (+0.001) 0.04 (£0.002) NEM 6.37 (+1.13) 0.81 (+0.06) NEM
Trap NW - 30 27.01.2008 7.73 (£0.39) 0.04 (+0.00) 0.006 (+0.001) 0.05 (0.002) 0.01 (+0.001) 7.15 (£1.27) 1.13 (£0.09) 0.20 (£0.03)
Trap NW - 31 10.02.2008 4.42 (+0.23) 0.03 (+0.00) 0.005 (+0.001) 0.03 (+0.001) 0.01 (+0.000) 6.88 (+1.22) 0.86 (+0.07) 0.19 (+0.02)
Trap NW - 32 24.02.2008 2.35(+0.12) 0.03 (+0.00) 0.005 (+0.001) NEM NEM 5.68 (+1.01) NEM NEM
Trap NW - 33 09.03.2008 1.72 (+0.14) 0.01 (+0.00) 0.002 (+0.000) NEM NEM 7.14 (£1.26) NEM NEM
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Sample ID Date Mass Flux POC Flux PON Flux CaCOs Flux BSi Flux POC:PON PIC:POC BSi:POC
Trap NW - 34 23.03.2008 1.28 (+0.07) 0.01 (+0.00) 0.002 (+0.000) NEM NEM 6.06 (+1.07) NEM NEM
Trap NW - 35 06.04.2008 1.83 (x0.09) 0.02 (£0.00) 0.003 (+0.000) 0.01 (+0.000) 0.00 (+0.000) 6.28 (+1.19) 0.52 (+0.04) 0.18 (0.03)
Trap NW - 36 20.04.2008 13.57 (+1.18) 0.10 (+0.01) 0.020 (+0.003) 0.10 (+0.005) 0.01 (x0.000) 5.19 (£0.92) 0.94 (x0.07) 0.06 (+0.01)
Trap NW - 37 04.05.2008 24.74 (+1.49) 0.10 (£0.01) 0.021 (+0.004) 0.21 (+0.011) 0.01 (+0.000) 4.88 (+0.86) 2.03 (+0.16) 0.06 (+0.00)
Trap NW - 38 18.05.2008 17.74 (+1.61) 0.04 (+0.00) 0.007 (+0.001) 0.14 (+0.007) 0.01 (+0.001) 5.82 (+1.03) 3.37 (+0.26) 0.34 (0.02)
Trap NW -39 01.06.2008 9.55 (x0.67) 0.02 (+0.00) 0.004 (+0.001) 0.05 (+0.003) 0.01 (+0.002) 5.77 (¥1.02) 2.10 (+0.16) 0.29 (+0.08)

Trap NE- 1 22.11.2006 62.06 (+3.10) 0.40 (£0.03) 0.048 (+0.004) 0.36 (0.018) 0.12 (+0.006) 8.19 (£0.90) 0.91 (+0.08) 0.30 (£0.03)

Trap NE-2 06.12.2006 33.76 (+1.69) 0.22 (+0.02) 0.026 (+0.003) 0.21 (+0.010) 0.05 (x0.003) 8.65 (x1.10) 0.94 (x0.09) 0.24 (+0.02)

Trap NE -3 20.12.2006 7.89 (£0.39) 0.07 (£0.02) 0.007 (+0.001) 0.05 (0.002) 0.01 (+0.001) 9.17 (+1.23) 0.71 (+0.07) 0.14 (0.01)

Trap NE - 4 03.01.2007 21.14 (+1.06) 0.14 (+0.01) 0.016 (+0.001) 0.14 (+0.007) 0.03 (+0.001) 8.70 (+1.01) 1.00 (£0.09) 0.20 (£0.02)

Trap NE-5 17.01.2007 5.51 (+0.28) 0.06 (+0.01) 0.007 (+0.001) 0.03 (£0.001) 0.00 (+0.000) 8.17 (+1.10) 0.48 (+0.05) 0.08 (0.01)

Trap NE-6 31.01.2007 8.87 (£0.44) 0.10 (£0.01) 0.012 (+0.001) 0.05 (+0.003) 0.01 (+0.000) 8.06 (+1.08) 0.52 (+0.05) 0.08 (£0.01)

Trap NE-7 14.02.2007 22.42 (¥1.12) 0.19 (+0.02) 0.027 (+0.003) 0.13 (+0.007) 0.02 (x0.001) 7.32 (x0.98) 0.67 (x0.07) 0.11 (+0.01)

Trap NE- 8 28.02.2007 18.72 (+0.94) 0.11 (+0.01) 0.013 (+0.001) 0.11 (+0.006) 0.03 (+0.004) 8.39 (+1.13) 0.98 (+0.10) 0.25 (+0.04)

Trap NE-9 14.03.2007 8.71 (+0.44) 0.06 (0.01) 0.007 (+0.001) 0.05 (+0.003) 0.01 (+0.001) 8.45 (+1.13) 0.93 (+0.10) 0.17 (0.02)
Trap NE - 10 28.03.2007 9.10 (+0.45) 0.05 (+0.00) 0.006 (+0.001) 0.06 (+0.003) 0.01 (+0.001) 7.54 (+1.01) 1.21 (+0.13) 0.18 (0.02)
Trap NE - 11 11.04.2007 29.67 (+1.48) 0.11 (0.01) 0.013 (+0.001) 0.20 (£0.010) 0.04 (+0.002) 8.88 (+1.14) 1.77 (20.16) 0.38 (£0.04)
Trap NE - 12 25.04.2007 23.54 (+¥1.18) 0.14 (+0.01) 0.019 (+0.001) 0.14 (+0.007) 0.03 (x0.002) 7.36 (x0.80) 0.97 (x0.09) 0.22 (+0.02)
Trap NE - 13 09.05.2007 173.19 (+8.66) 0.96 (+0.05) 0.121 (+0.006) 0.70 (+0.044) 0.99 (+0.056) 7.94 (£0.60) 0.73 (x0.06) 1.03 (+0.08)
Trap NE - 14 23.05.2007 268.80 (£13.44) 1.10 (+0.06) 0.133 (+0.007) 1.30 (+0.083) 1.22 (x0.073) 8.27 (+0.60) 1.18 (+0.10) 1.11 (+0.09)
Trap NE - 15 06.06.2007 72.46 (+3.62) 0.34 (+0.03) 0.044 (+0.004) 0.45 (+0.023) 0.20 (x0.012) 7.82 (x0.98) 1.32 (+0.12) 0.57 (+0.06)
Trap NE - 16 20.06.2007 44.57 (+2.23) 0.25 (0.01) 0.029 (+0.001) 0.31 (0.016) 0.08 (+0.004) 8.40 (+0.60) 1.25 (£0.09) 0.32 (0.02)

77



Chapter 3

Sample ID Date Mass Flux POC Flux PON Flux CaCOs Flux BSi Flux POC:PON PIC:POC BSi:POC
Trap NE- 17 04.07.2007 32.00 (+1.60) 0.20 (+0.01) 0.022 (+0.001) 0.21 (+0.011) 0.05 (+0.003) 8.91 (+0.73) 1.09 (+0.08) 0.27 (+0.02)
Trap NE - 18 18.07.2007 120.00 (+6.00) 0.66 (£0.04) 0.077 (+0.006) 0.68 (£0.034) 0.30 (+0.018) 8.59 (+0.81) 1.03 (£0.08) 0.46 (£0.04)
Trap NE - 19 26.08.2007 138.72 (6.95) 0.50 (+0.03) 0.064 (£0.011) 0.86 (+0.045) 0.17 (+0.002) 7.78 (+1.38) 1.72 (£0.13) 0.33(+0.02)
Trap NE - 20 09.09.2007 165.71 (+8.29) 0.64 (+0.04) 0.083 (+0.014) 1.03 (+0.053) 0.20 (+0.005) 7.68 (+1.36) 1.62 (+0.12) 0.31 (+0.02)
Trap NE - 21 23.09.2007 169.95 (+8.50) 0.46 (0.03) 0.057 (+0.010) 1.16 (+0.060) 0.16 (+0.002) 8.06 (+1.44) 2.55 (+0.20) 0.34 (0.02)
Trap NE - 22 07.10.2007 146.42 (+7.33) 0.55 (+0.03) 0.068 (+0.012) 0.94 (+0.051) 0.13 (+0.004) 8.09 (+1.46) 1.72 (+0.14) 0.25 (+0.02)
Trap NE - 23 21.10.2007 171.53 (+8.58) 0.62 (+0.04) 0.080 (+0.014) 1.16 (+0.060) 0.15 (+0.005) 7.76 (£1.39) 1.86 (20.14) 0.24 (0.02)
Trap NE - 24 04.11.2007 70.06 (£3.51) 0.25 (+0.01) 0.030 (£0.005) 0.46 (+0.030) 0.06 (+0.001) 8.20 (+1.48) 1.89 (+0.16) 0.26 (+0.01)
Trap NE - 25* 18.11.2007 56.25 (£2.82) 0.33 (+0.02) 0.042 (+0.007) 0.39 (0.020) 0.05 (+0.001) 7.80 (+1.38) 1.20 (+0.09) 0.15 (+0.01)
Trap NE - 26" 02.12.2007 13.48 (+0.68) 0.08 (+0.00) 0.011 (+0.002) 0.09 (£0.005) 0.02 (+0.000) 7.16 (+1.27) 1.10 (+0.08) 0.21 (+0.01)
Trap NE - 27# 16.12.2007 11.30 (+0.57) 0.06 (+0.00) 0.007 (+0.001) 0.07 (+0.004) 0.02 (+0.000) 7.76 (+1.37) 1.28 (+0.10) 0.28 (+0.02)
Trap NE - 28* 30.12.2007 9.99 (+0.51) 0.19 (+0.01) 0.023 (+0.004) 0.05 (0.003) 0.01 (+0.000) 8.12 (+1.44) 0.27 (+0.02) 0.05 (+0.00)
Trap NE - 29* 13.01.2008 3.40 (20.18) 0.03 (+0.00) 0.007 (+0.001) 0.01 (0.001) 0.01 (+0.000) 4.56 (+0.81) 0.41 (+0.03) 0.22 (+0.01)
Trap NE - 30* 27.01.2008 0.91 (+0.05) 0.01 (+0.00) 0.003 (+0.000) NEM NEM 3.58 (+0.63) NEM NEM
Trap NE - 31* 10.02.2008 0.78 (+0.04) 0.02 (+0.00) 0.003 (+0.001) NEM NEM 5.70 (+1.01) NEM NEM
Trap NE - 32 24.02.2008 2.33 (+0.12) 0.01 (+0.00) 0.001 (£0.000) NEM NEM 8.06 (+1.43) NEM NEM
Trap NE - 33 09.03.2008 3.63 (+0.19) 0.06 (+0.00) 0.010 (+0.002) NEM NEM 6.29 (+1.11) NEM NEM
Trap NE - 34 23.03.2008 1.41 (x0.15) 0.02 (+0.00) 0.004 (+0.001) NEM NEM 6.10 (+1.08) NEM NEM
Trap NE - 35 06.04.2008 2.34 (£0.12) 0.01 (+0.00) 0.002 (+0.000) NEM NEM 5.97 (£1.13) NEM NEM
Trap NE - 36 20.04.2008 7.02 (£0.59) 0.04 (+0.01) 0.009 (+0.001) NEM NEM 4.58 (+0.98) NEM NEM
Trap NE - 37 04.05.2008 9.94 (+0.50) 0.04 (+0.00) 0.007 (£0.001) 0.06 (+0.003) 0.01 (+0.000) 5.73 (¢+1.01) 1.43 (£0.11) 0.22 (+0.01)
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Sample ID Date Mass Flux POC Flux PON Flux CaCOs Flux BSi Flux POC:PON PIC:POC BSi:POC
Trap NE - 38* 18.05.2008 1.03 (£0.05) 0.01 (+0.00) 0.002 (+0.000) NEM 0.01 (+0.000) 5.90 (+1.04) NEM 0.64 (+0.04)
Trap NE - 39 01.06.2008 7.35 (+0.84) 0.04 (+0.00) 0.007 (+0.001) 0.07 (+0.003) 0.01 (+0.000) 5.91 (+1.05) 1.70 (x0.13) 0.21 (0.01)

TrapC-1 22.11.2006 58.14 (+2.91) 0.33 (£0.02) 0.043 (+0.004) 0.36 (£0.018) 0.11 (+0.009) 7.67 (+0.83) 1.10 (£0.09) 0.34 (0.04)

TrapC-2 06.12.2006 39.06 (+1.95) 0.23 (£0.02) 0.033 (+0.003) 0.25 (0.012) 0.07 (+0.003) 6.92 (+0.89) 1.07 (20.10) 0.29 (+0.03)

TrapC-3 20.12.2006 30.54 (+1.53) 0.55 (+0.06) 0.090 (+0.011) 0.16 (+0.013) 0.04 (x0.002) 6.07 (£1.01) 0.29 (x0.04) 0.07 (+0.01)

TrapC-4 03.01.2007 29.05 (+1.45) 0.19 (+0.02) 0.028 (+0.002) 0.18 (+0.009) 0.05 (+0.002) 6.86 (+0.72) 0.92 (+0.09) 0.24 (0.02)

TrapC-5 17.01.2007 19.45 (+0.97) 0.12 (0.01) 0.016 (+0.001) 0.12 (+0.006) 0.03 (+0.002) 7.70 (+0.81) 0.96 (+0.09) 0.26 (0.02)

TrapC-6 31.01.2007 17.43 (+0.87) 0.11 (+0.01) 0.014 (+0.001) 0.13 (+0.007) 0.03 (+0.002) 7.69 (+0.58) 1.18 (+x0.09) 0.31 (+0.02)

TrapC-7 14.02.2007 19.65 (+0.98) 0.11 (£0.02) 0.017 (+0.002) 0.12 (+0.06) 0.03 (+0.002) 6.81 (+1.41) 1.05 (£0.16) 0.28 (+0.05)

TrapC-8 28.02.2007 14.77 (x0.74) 0.17 (+0.02) 0.025 (+0.003) 0.09 (+0.004) 0.02 (x0.001) 6.63 (£0.89) 0.51 (x0.05) 0.13 (+0.01)

TrapC-9 14.03.2007 8.33 (+0.42) 0.07 (+0.01) 0.012 (+0.001) 0.05 (+0.002) 0.01 (+0.001) 6.32 (+0.85) 0.64 (+0.07) 0.15 (+0.02)

Trap C- 10 28.03.2007 3.59 (+0.18) 0.03 (£0.00) 0.004 (+0.000) 0.02 (0.001) 0.00 (+0.000) 6.50 (+0.87) 0.84 (+0.09) 0.16 (£0.02)

TrapC-11 11.04.2007 2.63 (£0.13) 0.02 (+0.00) 0.002 (+0.000) 0.02 (+0.001) 0.00 (x0.000) 9.70 (+1.26) 0.79 (x0.07) 0.20 (+0.02)

Trap C- 12 25.04.2007 7.18 (+0.36) 0.09 (£0.01) 0.013 (+0.001) 0.04 (£0.002) 0.01 (+0.001) 7.16 (£0.77) 0.39 (+0.03) 0.13 (0.01)

Trap C- 13 09.05.2007 50.47 (+2.52) 0.37 (£0.03) 0.040 (+0.008) 0.22 (+0.012) 0.27 (+0.013) 9.23 (+2.04) 0.59 (+0.06) 0.73 (£0.07)

TrapC-14 23.05.2007 197.29 (+9.86) 0.88 (£0.19) 0.111 (+0.029) 1.34 (£0.068) 0.51 (+0.047) 8.00 (+2.73) 1.51 (+0.34) 0.58 (+0.14)

Trap C- 15 06.06.2007 83.26 (+4.16) 0.30 (£0.10) 0.036 (+0.012) 0.57 (+0.031) 0.21 (+0.013) 8.34 (+3.81) 1.90 (0.62) 0.71 (0.23)

TrapC- 16 20.06.2007 82.60 (+4.13) 0.40 (+0.17) 0.048 (+0.020) 0.53 (+0.027) 0.25 (x0.016) 8.16 (+4.84) 1.35 (+0.58) 0.64 (+0.28)

Trap C- 17 04.07.2007 21.67 (+1.08) 0.11 (£0.02) 0.013 (+0.003) 0.15 (0.008) 0.03 (+0.002) 8.27 (£2.57) 1.36 (20.30) 0.28 (+0.06)

Trap C- 18 18.07.2007 46.78 (+2.34) 0.31 (£0.02) 0.037 (+0.002) 0.28 (+0.017) 0.11 (+0.007) 8.30 (+0.68) 0.93 (+0.08) 0.34 (0.03)

TrapC-19 26.08.2007 87.39 (+4.37) 0.28 (+0.02) 0.038 (+0.006) 0.53 (+0.005) 0.11 (+0.005) 7.42 (¥1.31) 1.88 (+0.11) 0.39 (+0.03)
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Sample ID Date Mass Flux POC Flux PON Flux CaCOs Flux BSi Flux POC:PON PIC:POC BSi:POC
Trap C—20% 09.09.2007 18.34 (+0.92) 0.15 (+0.01) 0.027 (+0.005) 0.10 (+0.002) NEM 5.54 (+0.98) 0.65 (+0.04) 0.18 (+0.01)
Trap C-21 23.09.2007 69.70 (+3.51) 0.13 (0.01) 0.016 (+0.003) 0.46 (+0.015) 0.07 (+0.005) 7.82 (+1.38) 3.58 (+0.24) 0.55 (+0.05)
Trap C-22 07.10.2007 268.05 (+13.43) 0.83 (+0.05) 0.110 (£0.018) 1.82 (£0.043) 0.25 (+0.012) 7.54 (+1.33) 2.20(0.14) 0.30 (+0.02)
Trap C—23** 21.10.2007 78.08 (+3.91) 0.58 (+0.03) 0.077 (+0.013) 0.25 (0.002) 0.06 (+0.003) 7.63 (+1.35) 0.43 (+0.02) 0.10 (£0.01)
Trap C - 24#** 18.11.2007 6.55 (+0.33) 0.04 (+0.00) 0.006 (+0.001) 0.01 (0.000) 0.01 (+0.000) 7.06 (+1.25) 0.32 (+0.02) 0.17 (+0.01)
Trap C— 25/** 30.12.2007 2.68 (+0.15) 0.02 (+0.00) 0.003 (+0.001) 0.00 (+0.000) 0.00 (+0.000) 7.43 (+1.32) 0.17 (+0.01) 0.15 (+0.01)
Trap C— 26** 10.02.2008 3.10 (+0.16) 0.01 (+0.00) 0.001 (+0.000) 0.01 (+0.000) 0.00 (+0.000) 8.69 (+1.54) 1.17 (20.07) 0.50 (£0.03)
Trap C-27 09.03.2008 5.00 (+0.25) 0.03 (+0.00) 0.004 (£0.001) 0.03 (+0.000) 0.00 (+0.000) 7.03 (+1.24) 0.99 (+0.06) 0.15 (+0.01)
Trap C- 28 23.03.2008 1.51 (x0.08) 0.02 (+0.00) 0.003 (+0.001) NEM NEM 6.44 (+1.14) NEM NEM
Trap C - 29* 06.04.2008 1.40 (0.07) 0.00 (+0.00) 0.000 (+0.000) NEM NEM 7.29 (+2.40) NEM NEM
Trap C-30 20.04.2008 1.37 (+0.07) 0.01 (+0.00) 0.002 (+0.000) NEM NEM 8.43 (+1.50) NEM NEM
Trap C-31 04.05.2008 0.93 (+0.06) 0.00 (+0.00) 0.001 (+0.000) NEM NEM 5.16 (+1.71) NEM NEM
TrapS-1 22.11.2006 12.94 (+0.65) 0.12 (+0.01) 0.017 (£0.002) 0.08 (+0.004) 0.02 (+0.001) 7.06 (+0.95) 0.66 (+0.07) 0.13 (+0.01)
TrapS-2 06.12.2006 22.90 (+1.15) 0.18 (+0.02) 0.023 (+0.002) 0.13 (+0.007) 0.04 (+0.002) 7.66 (+1.03) 0.71 (+0.08) 0.22 (+0.02)
Trap S-3 20.12.2006 16.09 (+0.80) 0.12 (0.01) 0.016 (+0.002) 0.10 (+0.005) 0.02 (+0.001) 7.70 (+1.03) 0.81 (+0.08) 0.19 (£0.02)
TrapS-4 03.01.2007 6.81 (£0.34) 0.11 (+0.01) 0.016 (+0.002) 0.03 (+0.002) 0.01 (+0.000) 7.05 (+0.95) 0.28 (+0.03) 0.06 (+0.01)
TrapS-5 17.01.2007 3.50 (+0.17) 0.04 (+0.00) 0.005 (+0.001) 0.02 (£0.001) 0.00 (+0.000) 6.84 (+0.92) 0.51 (+0.05) 0.12 (0.01)
TrapS-6 31.01.2007 2.51 (0.13) 0.02 (+0.00) 0.003 (£0.000) 0.01 (+0.001) 0.00 (+0.000) 7.29 (+0.98) 0.49 (+0.05) 0.13 (+0.01)
TrapS-7 14.02.2007 8.16 (+0.41) 0.06 (+0.01) 0.009 (+0.001) 0.05 (+0.003) 0.01 (+0.001) 7.35 (+0.99) 0.78 (+0.08) 0.17 (+0.02)
TrapS-8 28.02.2007 7.34 (+0.37) 0.05 (+0.00) 0.007 (+0.001) 0.04 (£0.002) 0.01 (+0.001) 7.82 (+1.05) 0.80 (+0.08) 0.18 (0.02)
TrapS-9 14.03.2007 4.16 (+0.21) 0.06 (+0.01) 0.009 (£0.001) 0.02 (+0.001) 0.00 (+0.000) 7.31(+0.98) 0.29 (+0.03) 0.08 (+0.01)
TrapS- 10 28.03.2007 3.15 (+0.16) 0.03 (£0.00) 0.004 (+0.000) 0.02 (£0.001) 0.00 (+0.000) 7.38 (£0.99) 0.65 (+0.07) 0.13 (0.01)
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Sample ID Date Mass Flux POC Flux PON Flux CaCOs Flux BSi Flux POC:PON PIC:POC BSi:POC
TrapS-11 11.04.2007 1.85 (+0.09) 0.04 (+0.00) 0.006 (£0.001) 0.00 (+0.000) 0.00 (+0.000) 6.88 (+0.90) 0.08 (+0.01) 0.02 (+0.00)
Trap S- 12 25.04.2007 5.99 (+0.30) 0.11 (0.01) 0.016 (+0.002) 0.02 (0.001) 0.01 (+0.001) 6.94 (+0.88) 0.23 (+0.02) 0.10 (£0.01)
TrapS-13 09.05.2007 47.36 (£2.37) 0.29 (+0.02) 0.032 (£0.003) 0.24 (+0.017) 0.19 (+0.012) 8.92 (+1.00) 0.84 (+0.09) 0.67 (+0.07)
TrapS- 14 23.05.2007 151.31 (+7.57) 0.71 (+0.05) 0.090 (+0.007) 0.79 (£0.041) 0.66 (+0.034) 7.90 (+0.86) 1.11 (20.10) 0.93 (£0.08)
Trap S - 15 06.06.2007 88.23 (+4.41) 0.38 (0.02) 0.050 (+0.003) 0.53 (£0.027) 0.28 (+0.019) 7.61 (+0.56) 1.38 (20.10) 0.74 (+0.06)
TrapS- 16 20.06.2007 24.57 (+1.23) 0.13 (+0.01) 0.016 (+0.001) 0.14 (+0.007) 0.07 (+0.005) 8.02 (+0.87) 1.11 (+0.09) 0.59 (+0.05)
TrapS-17 04.07.2007 74.74 (+3.74) 0.43 (£0.02) 0.050 (+0.003) 0.42 (0.021) 0.22 (+0.016) 8.60 (+0.61) 0.98 (+0.07) 0.51 (+0.05)
Trap S-18 18.07.2007 53.94 (£2.70) 0.61 (+0.07) 0.079 (£0.012) 0.30 (+0.015) 0.11 (+0.006) 7.67 (£1.42) 0.49 (+0.06) 0.19 (+0.02)
TrapS-19 26.08.2007 61.55 (+3.08) 0.28 (+0.02) 0.038 (+0.006) 0.40 (+0.008) 0.07 (+0.005) 7.44 (£1.32) 1.43 (+0.09) 0.25 (+0.02)
Trap S - 20 09.09.2007 80.43 (+4.02) 0.37 (£0.02) 0.052 (+0.009) 0.55 (0.047) 0.09 (+0.004) 6.96 (+1.23) 1.52 (+0.16) 0.24 (0.02)
TrapS-21 23.09.2007 71.56 (£3.58) 0.28 (+0.02) 0.040 (£0.007) 0.53 (+0.006) 0.06 (+0.021) 6.85 (+1.21) 1.92 (+0.11) 0.23 (+0.08)
Trap S-22 07.10.2007 111.52 (+5.58) 0.43 (£0.02) 0.063 (+0.011) 0.86 (£0.017) 0.07 (+0.005) 6.88 (+1.22) 1.99 (20.12) 0.15 (£0.01)
Trap S — 23** 21.10.2007 101.40 (+5.07) 0.42 (0.02) 0.057 (+0.010) 0.34 (+0.003) 0.09 (+0.003) 7.26 (£1.29) 0.81 (+0.05) 0.23 (£0.02)
Trap S - 24#** 18.11.2007 8.83 (1+0.48) NEM NEM NEM 0.01 (+0.000) 7.78 (+1.38) 0.32 (+0.02) 0.21 (+0.01)
Trap S - 25%** 30.12.2007 4.67 (+0.31) NEM NEM NEM 0.01 (+0.000) 7.29 (+1.29) 0.34 (+0.02) 0.54 (+0.04)
Trap S - 26%** 10.02.2008 0.81 (+0.04) NEM NEM NEM NEM NEM NEM NEM
Trap S - 27# 09.03.2008 0.63 (+0.06) NEM NEM NEM NEM NEM NEM NEM
Trap S - 28* 23.03.2008 1.06 (+0.05) NEM NEM NEM NEM NEM NEM NEM
TrapS-29 06.04.2008 0.63 (+0.07) NEM NEM NEM NEM NEM NEM NEM
TrapS-30 20.04.2008 5.76 (+0.39) 0.06 (+0.00) 0.012 (+0.002) NEM NEM 4.80 (+0.85) NEM NEM
TrapS-31 04.05.2008 9.19 (+0.46) 0.06 (+0.00) 0.014 (£0.002) NEM NEM 4.49 (+0.79) NEM NEM
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Figure 3.7 Cumulative sum of flux during an annual cycle (22" Nov 2006 — 2007) as a percentage
of the total flux for a) Mass, b) POC, c) CaCOs; and d) BSi. Flux periods I-Ill are
highlighted by the black vertical lines. The dashed black line highlights when 50 % of
the annual fluxes have accumulated. The fluxes during the 28 day gap in sampling

(grey box) between periods Il and Ill was filled using nearest neighbour interpolation.
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Figure 3.8 POC flux plotted against mass flux (black; left axis), PIC flux (red; right axis) and BSi flux
(blue; right axis). All flux components have a strong statistically significant linear

relationship with POC flux.
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Figure 3.9 Percentage composition of the dominant particle flux components. a) POC flux
percentage, b) PON flux percentage, c) CaCOs flux percentage, d) BSi flux percentage
and e) mean percentage of total flux of the four sediment traps for POC, PON, CaCOs
and BSi. The percentage of the mass of each components is calculated by dividing by
the total mass flux. The errorbars in d) show the standard deviation between the
percentage values. The black vertical lines indicate the four different flux periods and
the grey shading represents the period during the two deployments. Note the

different y axes. Errorbars are the propagated analytical uncertainty.

The cumulative fluxes during one annual cycle between 22" November 2006 - 2007 show that the
most rapid accumulation occurs during the spring-bloom associated flux sinking into the trap in
May, particularly for BSi flux (Figure 3.7). Fluxes continue to accumulate steadily through summer
with another increase in the rate of accumulation in September and October across all
components, although the rate of BSi accumulation is lower. This is supported by the strength of
the linear relationships between POC flux and the biomineral fluxes in Figure 3.8. Mass and PIC
fluxes had strong significant linear relationships with POC flux, whilst BSi flux has a moderate

significant linear relationship. For Traps NE and S, less than 10 % of the mass, CaCO3 and BSi flux is
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collected between the end of November in 2006 until May 2007 and less than 20 % for Traps NW
and C. A similar pattern is seen for POC flux, with less than 20 % of the flux accumulated between
November 2006 and April 2007 for Traps NE and S, and less than 30 % during the same time
period for Traps NW and C.

The percentage contribution of POC to total flux usually falls within 6 - 10 % and temporal
variability in the contribution of POC is evident from Figure 3.9. In winter and spring POC tends to
make a greater contribution to total flux with a mean of 10.1 % and fluxes ranging between 5 - 29
%, but as shown by the accumulation rates in Figure 3.7, as fluxes are low the relative
contribution to the annual POC flux is small. There appears to be greater spatial variability
between the traps in winter and spring, with some traps deviating with greater POC contributions
of > 10 %, particularly Trap S. The percentage contribution of POC flux in late spring, summer and
autumn, when mass fluxes were higher, was lower with a mean percentage contribution of 5.6 %,
and a range of 5 — 14 %. There was very little spatial variability in the flux elemental composition
between the traps, suggesting that the composition of the material collected was very similar
across the IB. The percentage contribution of PON total flux exhibits the same temporal pattern

and magnitude of spatial variability as the POC percentage contribution to total mass flux.

The CaCOs percentage contribution to total flux (Figure 3.9c) does not exhibit large temporal
variability. In winter and spring CaCO3; makes a mean contribution of 55.9 %, with a range of 20 -
73 % to the total mass flux. Trap S appears to have instances of lower CaCO; percentage
contribution, with one extreme value of only 20 % in mid-April 2007. Generally, the CaCO3
contribution is lower in the pre-spring bloom particle flux when the percentage contribution of
BSi increases (Figure 3.9d). In summer and autumn the percentage contribution of CaCOs is
slightly higher in some traps, with a mean contribution of 61.6 % and a range of 32 — 81 %. In
October and November 2007 Traps C and S had a sample with very low CaCOs percentage
compared to the other traps, 32 % compared to 68 % (Appendix A). This may be indicative of
poorly preserved samples as the buffered formaldehyde may have been washed out of the
sample cup and the CaCOs would have dissolved in the undersaturated deep ocean water, as can
be seen in some of the traps in Period IV in which there was not enough particulate material to

measure each component.

The percentage contribution of BSi to total flux follows an inverse temporal cycle to the CaCO3
percentage contribution, with generally low contributions throughout most of the annual cycle
and much higher contributions during the spring-bloom associated particle flux and summer. In
winter and early spring the BSi contributed 3 - 13 % of total flux, with a mean contribution of 8.6

%, whereas for spring-bloom associated particle flux the BSi contributed 13 - 34 % of total flux,
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with a mean contribution of 24.1 %. The BSi contribution decreases throughout summer to low
levels in autumn with a mean contribution of 5.8 %. Spatial variability between the traps was

greatest during late spring and summer and lowest during autumn for the BSi percentage

contribution.

The mean percentage composition of each of the components was calculated for the time-series.
This highlights that the POC content of the flux increases preceding the spring bloom associated

flux and that the spring bloom associated flux is higher in BSi content and has a lower CaCOs;

content.
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Figure 3.10 Molar ratios of particle flux components. a) POC:PON molar ratio, b) PIC:POC molar
ratio, c) BSi:POC ratio and d) mean molar ratios of the four sediment traps. The black
vertical lines indicate the four flux periods and the grey shaded area highlights the

sampling gap between deployments as described in Chapter 2.

The observed changes in flux composition are also evident in the PIC:POC and BSi:POC ratios with
the former being highest in the autumn and the latter being highest in the late spring and
summer. The POC:PON ratio exhibits spatial variability but is fairly constant for Periods I-lll,

ranging between 6 — 9.5, whereas for Period IV the ratio decreases steadily towards a low of ~ 4.5,

as discussed further in Chapter 2, Section 2.3.1.
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3.3.2 Particle Source Regions
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Figure 3.11 Predicted particle source regions for Trap a) NW, b) NE, c) C and d) S assuming that
the bulk particle sinking speed was 100 m d*. The particle source regions were
predicted using current meter velocity collected 15 m below the sediment traps and
OSCAR surface current velocity. The colour bar indicates the timing of when each
individual particle reached the surface ocean. The sediment trap locations are
highlighted by the coloured crosses and the squares indicate that for Trap C and Trap

S the particle source regions were also predicted for deployment 2.

To explore and understand the mesoscale variability in sediment trap fluxes in the IB | have
estimated where the particle source regions for each trap likely would have originated for each
day of the sampling time-series. Two differing approaches were used to backtrack the particles;
using current meter velocity and OSCAR surface current velocity (Figure 3.11 and 3.12) and using
Copernicus physical reanalysis model output (Figure 3.12). The advantages of using the model
output is greater depth resolution and no constraints due to deployment periods or data gaps,
such as at the beginning of the sampling period when backtracking is not possible without prior
current meter data. However, the model output likely underestimates the currents in the deep
ocean, particularly short temporal and small localised events (Figure 3.3), which leads to more

localised particle source regions (Figure 3.12).
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Method Validation
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Figure 3.12 Particle source regions of the deep ocean Iceland Basin for Periods I-1ll comparing the
current velocity data termed ‘Current Meter + OSCAR’ and the physical reanalysis
model output termed ‘Copernicus Model’. a) Trap NW, b) Trap NE, c) Trap C and d)
Trap S source regions with the traps highlighted by the coloured crosses. Only
deployment 1 was compared for Traps NW and NE as the current meter data was not
successfully recovered from deployment 2. The bathymetry of the Subpolar North

Atlantic is shown by the contours and depth is shown by the colour bar.

Validating the predicted particle source regions is challenging as the origin of individual particles,
and mean origin of all the particles in a deep ocean sediment trap sample is not known. The two
approaches of using current meter and OSCAR data and Copernicus model output are compared
in Figure 3.12 and Figure C.2.1. The particle source regions for the sediment traps are mostly
located in the central IB and the mean particle source regions for the different approaches, and
the different traps, all fall mostly within the IB, except for Trap NW and Trap NE particle source
region predicted using current meter and OSCAR velocities. The Trap NE and Trap S source
regions, in Figure 3.12, have similar spatial extents regardless of the approach, whereas the Trap
NW source regions have a more North-westerly extent when predicted using current meter and

OSCAR data and has a more South-easterly extent when using model data. Trap C particle source
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regions extend Northwards more frequently when using the current meter and OSCAR velocity
data compared to the model source regions. The mean distance between the sediment trap
locations and mean particle source locations was 69.8 km (43 - 114 km) for current meter and
OSCAR velocities and 53.3 km (27 - 92 km) for the model velocities (Figure C.3.1). This is also
demonstrated by the example particle traces in Figure 3.2. The mean particle source regions
extend to a similar radius (~ 100 km) from the sediment trap locations as in previous studies for a
bulk sinking speed of 100 m d* and trap depths between 2000 and 2500 m (Siegel & Deuser,
1997; Waniek et al., 2000).

The effects of small changes (random error between +/-1 standard deviation) in the u and v
velocity components from the current meter and OSCAR product, throughout the water column
were assessed using 20 Monte Carlo simulations. This is shown in Figure C.3.1 and highlights that
the particle source regions become slightly wider in extent with slower sinking speeds but the
difference in the particle source regions between the 20 simulations is minimal and does not

affect the interpretation of the results in this thesis.
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3.3.3 Linking Upper Ocean Processes with Deep Ocean Particle Flux

3.3.3.1 Biological Drivers
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Figure 3.13 Satellite chlorophyll a concentration extracted using a) particle source regions b) trap locations (without time lag), and c) trap locations (with time lag) for the

four sediment traps and d) POC flux. The three flux periods are highlighted and the sampling gap during sediment traps deployments is in grey.
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Figure 3.14 Remotely sensed monthly chlorophyll a concentration (mg m?3) in the Iceland Basin

between October 2006 - 2007. Note the log scale. The black circles refer to the

sediment trap locations. White indicates where cloud cover has obscured data

collection.
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Figure 3.15 Continuous Plankton Recorder (CPR) mean abundance normalised to the number of tows averaged for the areas encompassing the Iceland Basin (B5, B6, C5 and

C6). The CPR data originated from three areas within the four standards areas which we have labelled as a) Region 1, b) Region 2 and c) Region 3. The three

regions are highlighted in the map in d). For panels a) to c) the normalised mean abundance is shown for different plankton groups — diatoms (grey),

coccolithophores (dark green), dinoflagellates (pink), acantharia (black), foraminifera (blue), non-acantharian radiolarians (red) and copepods (green). The

square markers (diatoms, coccolithophores and dinoflagellates) indicate that the data is plotted on the right axes, whilst all other groups plot against the left

axes. Panel d) shows the location and timing (colour bar) of the CPR data (Table 3.3). The thick black box indicates the area defined as the IB. The four dashed

boxes show the minimum and maximum extents of the particle source regions for each trap (estimated used current meter and OSCAR velocity) and the

crosses show the locations of the trap — Trap NW (black), Trap NE (red), Trap C (green) and Trap S (blue).
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The Chl a concentration extracted at the sediment trap location showed a similar seasonal cycle
and magnitude for the four traps, with concentrations beginning to increase in April, peaking in
June and decreasing from July back down to ambient concentrations (Figure 3.13 and Figure
3.14). Trap NE had the highest Chl a concentrations up to 1 mg m which peaks after the largest
Trap NE POC flux. The time lag and trap location Chl a concentration is similar in magnitude but
the time lag concentration aligns with the source region Chl a concentration. However, the
sampling period Chl a concentration tracks the POC flux increase much more closely, which may
be an indication of rapid sinking of the particulate material to the deep ocean. This may suggest
that, during spring, a time lag between upper ocean processes and deep ocean particle flux is not
necessary to improve our mechanistic understanding of processes in high latitude regions with a
strong seasonal cycle, especially when the particle sinking time lag is less than the sediment trap

sampling period (Figure 3.13).

The Chl a concentration extracted using the minimum and maximum extent of the predicted
particle source regions for each sampling period shows similar patterns to the Chl a concentration
at the sediment trap location for winter and early spring, but the predicted particle source region
concentrations are much greater in June through to August for Traps NW, NE and C, whereas Trap
S concentrations remain similar to the above trap concentration throughout. Trap C particle
source region Chl a concentration peaks to 3.9 mg m?in June, with the associated particle flux

reaching the sediment trap in July.

The CPR data indicates that in 2007 diatoms in Regions 2 and 3 generally increase throughout
spring and summer and in Region 2 until October when the peak in abundance is reached. BSi
fluxes in the traps peaked during the spring bloom and steadily decreased towards winter
suggesting that peak abundance in the surface does not necessarily correlate with deep ocean BSi
fluxes, unless diatom abundances in the central IB are not well represented by Region 2 CPR data.
In Region 2 copepods increased in abundance following the spring bloom and then return to low
levels in summer. In Region 2, coccolithophores and foraminifera peak in summer which aligns

well with increases in CaCOs flux (Figure 3.5).

3.3.3.2 Physical Drivers

The IB is a physically dynamic region. According to SLA and EKE maps the most dynamic periods
during the sediment trap deployments were December 2007, January 2007, September — October
2007 and December 2007 — January 2008 (Figure 3.16 — 3.18). The central IB has eddy features
developing, traversing and dissipating continuously throughout the sampling period. Eddies with

the largest radii tended to be anticyclonic eddies, which traversed over the entire IB, whereas
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cyclonic eddies tended to be present towards the east of the basin, except for one strong eddy

feature in September-October 2007.

The upper ocean data presented in this results section will be used to explore five case studies

with instances of notable mesoscale variability to further understand how biological and physical

processes affect deep ocean carbon sequestration in the Iceland Basin.

October 2006

November 2006

December 2006

January 2007

60.5 B oz 60.5 02 60.5 0.2 605 0.2
60 60 = 60 ® 60| @
59.5 . 0o 595 h . 0 595 & 0 595 e ° 0
59 59 ° 59 ° 59 °
58.5 4 -0.2 58,5 -0.2 58,5 -0.2 585 -0.2
-21 -20 -19 -21 -20 -19 -21 -20 -19 -21 -20 -19
February 2007 March 2007 April 2007 May 2007
60.5 o2 60.5 0.2z 60.5 0.2 605 p 0.2
60 . 60 . 60 (] 60| ® 8 |
59.5 e °® 0 595 e ° 0 595 e ° 0 595 ‘e ® 0
59 . 59 ° 59 ° 59 .
@ 585 -0.2 58.5 -0.2 58,5 [#8 -0.2 585 -0.2 o,
© o
2 -21 -20 -19 =21 -20 -19 -21 -20 -19 =21 -20 -19 >
",:6 June 2007 July 2007 August 2007 September 2007 §
— 605 02 60.5 02 60.5 02 60.5 o 02
60| ® 60| ® 60| ® 50 [ @ TR
59.5 "I--. L 0 595 e ® 0 595 e © 0 595 e & | |
59 ™ 59 e 59 ™ 59 y :
58.5 -0.2 58.5 -0.2 58,5 -0.2 585 1 -0.2
-21 -20 -19 -21 -20 -19 -21 -20 -19 -21 -20 -19
October 2007 November 2007 December 2007 January 2008
0.2 60.5 0.2 605 0.2 605 0.2
60 60| ® 60| o (W
0 595 0 595 . 0 595 i 0
59 59 . 59 .
-0.2 58.5 -0.2 58.5 i -0.2 585 -0.2
-21 -20 -19 -21 -20 -19 -21 -20 -19 -21 -20 -19
Longitude

Figure 3.16 Mean monthly sea level anomaly from October 2006 to January 2008 for the area

surrounding the sediment traps (black dots).
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Figure 3.17 Eddy Kinetic Energy (EKE) calculated from u and v SLA components for October 2006 -
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Figure 3.18 Mesoscale eddies in the Iceland Basin during trap sampling. a) Average traversing

speed of the eddy (colour bar highlights each individual eddy with the colours
remaining consistent throughout the panels), b) eddy amplitude (cm), c) eddy radius
(km), d) map of the anticyclonic eddies and e) map of the cyclonic eddies. In all

panels the downward-facing arrows indicate anticyclonic eddies and the upward-
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facing arrows indicate cyclonic eddies. In d) and e) the sediment trap locations are

marked by the coloured circles.

3.4 Discussion

34.1 Seasonal Cycle of Particle Flux

The seasonal cycle of particle flux to the deep ocean IB exhibits a succession of flux composition
that is expected for high latitude regions. Winter fluxes are low and spring bloom-associated
fluxes are likely diatom driven, in keeping with previous observations (Martin et al., 2011).
Summer fluxes remain elevated and a second peak in fluxes is observed in autumn before
returning to low winter levels. CaCOs is the major component throughout the time-series,
whereas BSi fluxes are important during spring as also found in deep ocean sediment trap
observations from 54 N, 21 W (Waniek et al., 2005b). The period of the largest accumulation for
the four sediment traps was during spring, and for mass, POC and CaCOs fluxes steadily
accumulated from spring to winter. 50 % of the annual flux was collected between 145 and 185
Julian days for BSi fluxes and between 200 — 220 days for mass, POC and CaCOs; fluxes, much later
than the mean of 90 days at the PAP site (Lampitt & Antia, 1997) but were in line with deep ocean
fluxes at 54 N, 21 W, suggesting that observed differences, between the IB and the PAP Site are
latitudinally driven (Waniek et al., 2005b). The mesoscale spatial differences in the sediment trap
accumulation rates are negligible compared to the latitudinal differences shown by Lampitt and

Antia, (1997).

3.4.1.1 Drivers of Spring Fluxes to the Deep Ocean

The role of ballasting in driving particle fluxes has been studied heavily for the past few decades
(Armstrong et al., 2002; Ittekkot, 1993; Klaas & Archer, 2002; Lam & Bishop, 2007; Sanders et al.,
2010) but with confounding results. In the IB CaCOs is a major component throughout the time-
series and tracks the seasonal cycle of mass and POC fluxes. This makes it difficult to determine
whether the CaCOs is ballasting the particulate material that settles into the deep ocean sediment
trap samples, i.e. a causal relationship, or if the organisms associated with the sinking CaCOs are
sinking independently from the organic material, i.e. a non-causal relationship. The linear
relationship between POC and CaCOs fluxes was strong and significant in the deep ocean IB
(Figure 3.8) but is not definitive evidence for a mechanistic relationship (Francois et al., 2002;

Ragueneau et al., 2006).

A global analysis by Francois et al. (2002) found that export is transferred to the deep ocean more

efficiently in CaCOs; dominated regions, compared to BSi dominated regions on annual timescales
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but, as Ragueneau et al. (2006) highlights, averaging global and annual data can result in a loss of
important spatial and temporal context. Thomalla et al. (2008) highlighted that decoupling of
calcite and BSi from POC flux, due to remineralisation of POC, leads to the increase in biomineral

to organic carbon ratio with depth but does not indicate a mechanistic relationship.

From visual inspection of the autumn deployment 2 samples, a large proportion of the flux was
made up of empty foraminifera tests, particularly in autumn, which are unlikely to act as ballast
for organic material according to roller tank experiments (Schiebel, 2002; Schmidt et al., 2014),
and observations by Fischer & Karakas, (2009), in which foraminifera tests were not associated
with large organic sinking particles. Size-fractionated CaCOz; measurements could be undertaken
to separate out the foraminifera CaCOs; from the coccolithophore CaCOsto test whether this
changes the interpretation of CaCOs ballasting relationships. It is possible that there is a causal
relationship between coccolithophore CaCO; and POC flux magnitude, which is masked by

foraminifera CaCOs; dominating deep ocean CaCOs flux.

BSi fluxes may exhibit a mechanistic effect on POC fluxes, with the large spring bloom-associated
POC fluxes occurring at the same time as peak BSi fluxes. The statistically significant positive linear
relationship (R? 0.64) between POC and BSi found here is weaker due to BSi fluxes only increasing
in magnitude during spring. Diatoms are known to dominate the North Atlantic spring bloom after
re-stratification of the upper ocean (Daniels et al., 2015; Henson et al., 2009; Savidge et al., 1992)
and the termination of the bloom often leads to rapid export of marine snow, which has been
sampled in deep ocean sediment traps and has been observed to settle to the seafloor (Honjo et
al., 1982; Lampitt, 1985). A decoupling between PP and upper ocean remineralisation, by bacterial
and zooplankton communities, during the initial spring bloom has been considered as the
rationale for efficient export at the beginning of the spring bloom, whereas later in the seasonal
cycle, even when primary productivity is very high, deep ocean fluxes are not as great as the
spring bloom associated peak in flux (Briggs et al., 2011; Buesseler et al., 1998; Henson et al.,
2019; Lam et al., 2011). Decoupling would explain why elevated BSi fluxes are not always
associated with highly efficient export of POC to the deep ocean, except at the beginning of the

spring bloom.

Previous observations of decoupling and the role of BSi fit with the findings in this study of BSi
likely being a driver of POC fluxes to the deep ocean and supports the drifting sediment trap
measurements between 150 and 750 m during May 2008 to the North West of the IB (61 N, 26.5
W; Martin et al., 2011). The May 2008 Lagrangian study tracked a distinct patch of elevated
chlorophyll concentration. Glider Chl a data indicated that the bloom started on April 19t 2008. A

peak in diatom abundance between the 8" and 11*" of May was observed with an in situ Chl a
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concentration peak of almost 4 mg m3, whereas satellite Chl a concentration peaked at 2 mg m™
(Briggs et al., 2011; Martin et al., 2011). Molar POC:PON ratios from the drifting sediment traps in
2008 ranged between 4.4 and 6.7 (Martin et al., 2011), whilst deep ocean sediment trap material
in spring 2007, assuming a similar bloom and flux event occurs every spring, had POC:PON ratios
between ~ 8 — 9, indicating some degree of degradation during sinking. The POC percentage
contribution to mass flux ranged between 8 — 13 % in the mesopelagic zone in 2008 (Martin et al.,
2011), and 8 — 9 % during the peak deep ocean POC flux in May 2007 in this study. These findings
support the hypothesis of the rapid transit of material to the deep ocean bypassing
remineralisation in the mesopelagic zone. The mesopelagic zone rain ratio (PIC:POC) measured in
the upper ocean in 2008 was < 0.13 but in the deep ocean spring 2007 sediment trap samples
POC:PON ratios were always greater than 0.13 and usually up to 1 which highlights the lability of
the POC, the recalcitrant nature of CaCOs, and the chemical decoupling between the biomineral
and organic material as discussed by Thomalla et al. (2008). TEP fluxes were high from the 14" to

the 18" of May and coincided with the highest molar BSi:POC ratios (Martin et al., 2011).

The May 2008 Lagrangian study estimated mesopelagic sinking rates between 73 and 100 m d*!
(Briggs et al., 2011; Martin et al., 2011), whereas the results in this study suggested very rapid
sinking (within the 14 day sampling period i.e. faster than 180 m d!) during spring with upper
ocean Chl a concentrations following a similar pattern to deep ocean POC flux when no time lag is
used (Figure 3.12). However, this may be an artefact of the peak in Chl a concentration occurring
below 10 m depth in the water column, as shown by glider data from May 2008 in Briggs et al.
(2011). Extracting satellite chlorophyll data from the particle source region and using a time lag
based on a mean sinking speed of 100 m d did not improve statistical relationships between
upper ocean biological processes and deep ocean particle flux, either due to missing the early Chl
a concentration peak, using monthly Chl a data or due to a mean sinking speed of 100 m d*!
during the spring bloom underestimating the true sinking rate of particles (Fischer & Karakas,
2009). Differences between using shipboard upper ocean biological measurements and remote
sensing data, in relation to deep ocean particle flux, has been observed before in the Sargasso
Sea, with in situ measurements concluding that a rapid transit of particles to depth occurred
whilst a remote sensing study observed a 1-2 month time lag, although the studies did not
overlap in time (Asper et al., 1992; Deuser et al., 1990). Interestingly, Waniek et al. (2005b)
observed rapid transit of particles to the deep ocean sediment traps, with chlorophyll
concentrations and fluxes peaking within the same month, in the subtropical and temperature

regions in the Atlantic Ocean but not at 54 °N 21 °W.

The mean particle sinking rate is likely to change throughout the seasonal cycle coinciding with

changes in community structure and particle transformations (Fischer & Karakas, 2009). Without
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in situ measurements, the true timing and magnitude of the peak in Chl a concentration
associated with the spring bloom is difficult to discern. Particle source regions may not improve
our understanding of the links between upper ocean biological processes and deep ocean particle

flux without greater depth resolution measurements around the sampling site.

The cause of the termination of the bloom in the May 2008 Lagrangian study was thought to be
silica limitation, in line with previous studies (Martin et al., 2011). If the IB experiences silica
limitation annually it is surprising that there was elevated BSi fluxes penetrating below 2000 m
throughout summer in 2007 in this study, unless the BSi was sinking slowly and undergoing
dissolution at a slow rate (Giering et al., 2017). A study in the IB during late summer in 2007
concluded that the upper ocean becomes iron limited, impacting diatoms and coccolithophores,
and is a seasonal HNLC region. This may suggest that iron stress was also a driving factor behind
the termination of the diatom bloom (Nielsdéttir et al., 2009). It is unfortunate that the unusually
low Period IV deep ocean sediment trap fluxes occurred during spring 2008 as particle export
through the mesopelagic seems to have been very efficient (Teg 25 — 43 %; Martin et al., 2011). If
the data had been reliable, | could have ground-truthed further the idea that efficient transport
through the mesopelagic leads to large deep ocean POC fluxes (Lampitt, 1985), as well as

providing information on the composition of flux reaching the deep ocean.

3.4.2 Investigating Mesoscale Variability in Deep Ocean POC Flux

In Chapter 2 | utilised different statistical methods to extract instances of mesoscale variability in
the deep ocean POC flux time-series in the IB. To investigate the drivers of spatial variability in the
deep ocean | have identified the 5 periods of the greatest mesoscale spatial variability to explore

as case studies and outlined them in Table 3.5.

Table 3.5 A summary of five case studies with the greatest observed mesoscale spatial variability
during one sampling period of the deep ocean POC fluxes. For each case study the
sampling period, the deviating trap, the mode of variability and the statistical

indicators of mesoscale variability identified in Chapter 2 are detailed.

Sampling Traps Variability Variability Indicators Eddy Influenced
Period
Case 1| 20%™ Dec Trap Two trap fluxes  Standardised residual, Yes
2006 — 3™ NW elevated standard deviation,
Jan 2007 Trap C range, 35 % threshold
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Case2| 28" Mar Trap One trap flux Standard deviation, Yes
2007 — 11t NW elevated range, 35 % threshold
Apr 2007
Case 3 12" Apr  |Trap NE  One trap flux Standard deviation, No
2007 — 25 elevated range, 35 % threshold
Apr 2007
Case 4|9 May 2007 | Trap NE  One trap flux > Standardised residual, Yes
-23" May twice as large as standard deviation, 35 %
2007 other fluxes threshold
Case 5| 7' Oct 2007 | Trap C One trap flux Standardised residual, Yes
—21% Oct elevated 35 % threshold
2007

3.4.2.1 Case Study 1

Case study 1 took place between the 20" December 2006 and the 3™ of January 2007 and was
characterised by two sediment traps sampling elevated POC fluxes, whilst the other two sediment
traps sampled lower fluxes that agree well with the other winter samples. The elevated POC
fluxes in Traps NW and C were not found for the other particle flux components, i.e. mass, CaCOs3
and BSi flux. The POC and PON percentage contributions to total flux increased during this period,
the relative contribution doubling for Trap C compared to the previous and later samples, but the
CaCOs and BSi percentage contribution to total flux changed very little, with a slight increase in
the BSi percentage for Trap NW. The POC:PON ratio was much lower for Trap NW and C during
this event, decreasing from 8 - 7 to 6 - 6.5 suggesting the material reaching the sediment traps
was likely fresher and had not undergone significant remineralisation. Unfortunately there is no
Chl a concentration data available during this time due to the low sun angle in winter and there
were also limited CPR samples. During December and January very low abundances of

radiolarians, copepods, diatoms and dinoflagellates were found in the three defined CPR regions.

There was an anticyclonic eddy (yellow triangles in Figure 3.18) with a peak SLA of > 0.2 m over
Trap Cin late December 2006, with a peak average speed of > 30 cm s, and a radius of up to 60
km. The highest EKE observed in December and January of up 100 cm? 52 was associated with the
eddy observed over Trap C, as shown in Figure 3.16. Trap NW is in between high and low SLA
regions, whilst Trap C is below the highest SLA during December 2006 (Figure 3.16). It seems likely
that the increased particle fluxes in Traps NW and C were possibly driven by the mesoscale eddy

funnelling particles to depth as indicated by fresher, more organic carbon rich material reaching
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the deep ocean, with little changes to the biomineral content and small increases in mass flux.
This proposed funnelling of particles is likely to have greater BSi content due to lower BSi
dissolution rates below the euphotic zone (Van Cappellen et al., 2002) meaning less time for
dissolution to occur in the undersaturated surface waters. Transient winter diatom blooms in the
North Atlantic Subpolar gyre may be common and are likely driven by mixed-layer eddies which
seed the euphotic zone and the following blooms may contribute to winter carbon export (Lacour

et al., 2017).

Previous studies have found instances were eddies have increased particle flux within the
mesopelagic zone (Buesseler et al., 2008; Guidi et al., 2008; Guieu et al., 2005). A mode-water
eddy in the Sargasso Sea was found to have increased diatom biomass in its centre leading to
increased BSi fluxes (Buesseler et al., 2008) and a further study of nine eddy events in the
Sargasso Sea found that 1-2 month old eddies led to a large biological response, eddies ~ 3
months old had a large biological response and high thorium fluxes and eddies older than 3-4
months showed no clear response (Sweeney et al., 2003). In the POMME experiment,
mesopelagic sediment trap material under the influence of an anticyclonic eddy was found to be
enriched in CaCOs and have a lower lithogenic and BSi content with the highest POC export
observed in summer rather than spring (Guieu et al., 2005), suggesting the combination of eddy

properties and upper ocean community structure may affect how eddies alter particle fluxes.

The mesoscale eddy observed over the sediment traps during this case study was first detected by
the AVISO eddy tracking algorithm in mid-November and was sustained until early January,
suggesting the eddy was 1-2 months old when the increases in deep ocean particle flux were
observed. The particle fluxes arrived earlier in the eddies ‘life cycle’ than would be expected
based on the work of Sweeney et al. (2003) who showed that as eddies mature their associated
productivity and export characteristics change. However, the body of previous research on eddies
and the effect on particle flux has focused on the tropical, subtropical and temperate regions,
often in the mesopelagic zone, meaning it is challenging to extrapolate their findings to the deep
ocean high latitude regions with a strong seasonal cycle (Buesseler et al., 2008; Conte et al., 2003;

Honjo et al., 1999; Sweeney et al., 2003).

3.4.2.2 Case Study 2

Case study 2 is characterised by increased mass, POC, CaCOs and BSi fluxes from 28" March to
11 April 2007 in Trap NW, whilst other sediment trap fluxes remained low. During this sampling
period, Trap NW percentage contributions of different flux components did not change, except
for a small increase in the percentage of BSi flux. During April the Chl a concentration above the

trap location begins to increase with similar timing to previous pre-bloom observations in the
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Eastern IB in April 2012 (Daniels et al., 2015; Giering et al., 2016). In Region 2 CPR data, high
abundances of diatoms and copepods were observed during this period and Region 3 also had
high diatom abundances and a small peak in dinoflagellate abundance. The predicted particle
source region for Trap NW is not well represented by the CPR spatial coverage. A weak cyclonic
eddy was present in the IB during March and early April 2007 traversing near Trap C and S, whilst
a fast moving anticyclonic eddy was observed in April 2007 south of Trap NW. The largest EKE in
April 2007 was located at the fringes of the eddy south of Trap NW, which experienced increased

fluxes at this time.

Daniels et al. (2015) observed high diatom abundance in the Eastern IB in mid-late April in 2012,
dominated by Chaetoceros and later Psuedo-nitzschia, which were detrained out of the surface
waters during increased mixing. The pre-bloom period in the IB is thought to be characterised by
net growth and detrainment due to the upper ocean instabilities, similar to the changes in MLD
observed in our study in early April 2007 (Figure 3.19; Daniels et al., 2015; Giering et al., 2016).
Dall’Olmo et al. (2016) reported that the seasonal mixed layer pump can input between 23 to >
100 % of the carbon supplied by fast sinking particles into the mesopelagic zone in high latitude
regions, which may in turn supply the deep ocean with increased particle flux. A transient shoaling
and subsequent deepening of the MLD occurs in early April above all the traps in the IB (Figure
3.19). Trap NW had increased EKEs south of the trap, which aligns with the general particle source
region for Trap NW between March — May 2007 (Figure 3.11), and increased current speeds up to
a daily average of 30 cm s were recorded during this sampling period by the current meter below
the sediment trap (Figure 2.7). The drivers of this increased POC flux in Trap NW are likely to be
linked to the annual proliferation of diatoms at the start of the spring bloom (Daniels et al., 2015),
supported by an increase in the BSi percentage contribution to total flux and the anticyclonic
downwelling eddy driving high EKEs for the Trap NW particle source region, which may have led

to the subduction of diatoms to the deep ocean.
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Figure 3.19 Mixed Layer Depth at each sediment trap location. a) Trap NW, b) Trap NE, c) Trap C,
d) Trap S and e) Iceland Basin mean extracted from the Copernicus physical

reanalysis model.

3.4.2.3 Case Study 3

Case study 3 shows increased mass, POC and CaCOs fluxes in Trap NE between the 12t - 25t of
April 2007. Interestingly, Trap NE fluxes were associated with a lower POC and PON content and
an elevated CaCOs content, whilst BSi content remained similar to previous and later fluxes. The
POC:PON, PIC:POC and BSi:POC ratios were higher, similar to the other traps during that sampling
period for the POC:PON ratio. This suggests that although greater mass fluxes were sampled by
the sediment traps the sinking material in the IB was generally more degraded, including the

elevated fluxes in Trap NE.

Chl a concentrations were approaching 0.6 mg m= in April over Trap NE. The CPR data is the same
as for Case study 2 with high diatom abundances and elevated dinoflagellate abundances. The
cyclonic eddy observed near Trap NE throughout mid-late April 2007 (Figure 3.18) was ~ 2 months
old, which according to Sweeney et al. (2003), may be the beginning of when eddies become
efficient exporters of particulate material. In case study 2 the strong upper ocean eddy activity
appeared to influence the faster current speeds recorded in the deep ocean but for this study no
clear related signal was observed. The higher POC:PON ratio may suggest that sinking material is
undergoing greater remineralisation compared to case study 2 as the spring bloom is more
established and, similar to case study 2, eddy activity in the upper ocean may have influenced the
deep ocean particle flux, in terms of magnitude but not composition. Case study 2 and 3 highlight

that only tenuous links can be drawn between upper ocean physical processes and deep ocean
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particle fluxes and, as suggested by Boyd et al. (2019), a high resolution 4D sampling strategy is

needed to quantify the contribution of PIPs, such as eddy subduction.
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Figure 3.20 POC (red) and BSi (black) fluxes plotted against the maximum EKE (blue) of a 1 degree
box around each trap location. a) Trap NW, b) Trap NE, c) Trap Cand d) Trap S. The
five case studies are labelled 1-5 and highlighted by a grey background, or the
deviating traps were highlighted with a light green background. The grey box overlain
on top of the data indicates the period when the sediment traps were recovered and

redeployed.

3.4.2.4 Case Study 4

During case study 4 (9" — 23" May 2007) Trap NE mass, POC, CaCOs and BSi fluxes were twice as
large as the other three trap fluxes but all traps were elevated as the spring bloom-associated flux
was sampled by the sediment traps. The POC content is the lowest of the four traps, but with very
little spatial variability. The Trap NE CaCOs content is also the lowest and the BSi content is the
highest of the four sediment traps. It is worth noting that the BSi content is elevated for all four
traps during this period ranging between 22 - 34 % of the total flux. The POC:PON ratio of the Trap
NE fluxes is the lowest of the four traps (7.94 compared to 8.26 — 9.23) for that sampling period
suggesting the Trap NE particulate material was fresher. The BSi:POC ratio for Trap NE was very
high ~ 1, and considerably higher than the other traps, whereas the PIC:POC ratio is similar to the
other three traps. The Chl a concentration was increasing in May both at the trap location and in
the particle source region. The Trap NE particle source region extent was closest to Region 2, in

which May CPR data showed increased diatom abundances compared to April and a large relative
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jump in copepod abundances. A cyclonic eddy was present over Trap NE during May and June

2007 with a radius of up to > 60 km (Figure 3.18).

The elevated POC fluxes in this case study appear to be driven by the increased BSi:POC ratio,
likely driven by diatoms as observed in the deep mesopelagic in May 2008 by Martin et al. (2011),
and supported by other previous work in the deep ocean North Atlantic (Waniek et al., 2005b).
One interesting feature of this case study is that the magnitude of fluxes in Trap NE were much
greater but the percentage composition was very similar to the other traps, suggesting that either
the upper ocean composition of export or subsequent remineralisation were spatially
homogenous during this time in the IB. The greater magnitude in all fluxes in Trap NE compared
to the other traps may be due to the high EKEs observed over Trap NE in May 2007 compared to

the other three sediment traps as demonstrated by Figure 3.20.

3.4.2.5 Case Study5

Case study 5 is focused on the elevated Trap C fluxes between the 7™ and the 21° of October
2007. The Trap C mass, POC, CaCOs and BSi fluxes are elevated compared to the other trap fluxes
during that sampling period. The POC, PON, CaCOs and BSi percentage contributions to total flux,
and the ratios, are very similar to the other three traps, and to samples prior to and after the case
study sampling period. The PIC:POC ratios between late-September to November are elevated for
all traps, likely due to the substantial contribution of foraminifera tests in the sediment trap
samples (Figure 3.6). Chl a concentration was low in October and had returned to pre-spring
bloom levels. CPR samples from Region 2 observed the highest diatom abundances in October for
all of 2007 as well as an increase in foraminifera. Region 3 CPR data also showed smaller increases
in diatom, acantharia, foraminifera, dinoflagellate and copepod abundances. It is noteworthy that
instances of elevated diatom abundances do not always relate to increased fluxes, except in
spring likely due to a decoupling between phytoplankton and zooplankton biomass (Buesseler,
1998), as previously discussed in Section 3.4.2, although it is possible that the Region 2 and 3 CPR

data was not an accurate representation of the central IB.

Visual inspection of the all the samples during this period noted large brown very dense
particulate material and some gelatinous material but neither were easily identifiable. Increased
BSi fluxes could also be indicative of increased radiolarian or phaeodarian contributions to particle
flux, which has been found to make considerable contributions to interior and deep ocean particle

flux in other oceanic regions (lkenoue et al., 2019; Lampitt et al., 2009).

Preceding the sampling period there was a cyclonic eddy North West of Trap C traversing at

speeds up to 35 cm s, with eddy amplitudes approaching 20 cm and a radius up to 70 km. The

104



Chapter 3

eddy was tracked by the AVISO eddy tracking product from mid-August to early October 2007
(Figure 3.18) and the October 2007 map of SLA indicates that it was a dynamic period in the upper
ocean. There was a very high EKE to the west of Trap C (Figure 3.17), which aligns with the

predicted particle source regions in Figure 3.11 for Trap C in October 2007.

In summer, and likely autumn, the IB is a seasonal HNLC area due to silicate and iron limitation
(Martin et al., 2011; Nielsddttir et al., 2009). The large anticyclonic eddy in the IB in October 2007
may have replenished the upper ocean with nutrients from deeper waters (Martin & Richards,
2001) terminating the seasonal HNLC conditions (Lacour et al., 2017; Nielsdéttir et al., 2009). This
may have stimulated diatom production, if the silicate and iron limitation were remedied, which
may have contributed to increased flux to the deep ocean as a second order effect of the

mesoscale eddy.

3.5 Conclusion

This study has confirmed that diatoms drive the spring bloom and associated particle flux in the
IB, with the spring bloom associated flux being a key period of carbon sequestration in the deep
ocean. Determining the drivers of mesoscale variability in deep ocean POC flux relies on
knowledge of mean sinking speed, particle origin and flux composition, which means
oversimplified assumptions and lack of spatial data can hinder our understanding. This study
highlights that community structure is important in spring but that increased fluxes in autumn and
winter are more likely to be as a first-order result of mesoscale eddies, due to the injection of
particles to the interior ocean, or possibility as a second-order result of nutrient replenishment
and subsequent export. The injection of particles to the deep ocean seems to rely on the
combination of strong EKE near to the trap location, and/or particle source region, increased
diatom abundance and BSi fluxes to depth. Elevated EKEs may have increased seabed advection,
which could be posed as influencing the observed mesoscale spatial variability, but the increased
fluxes were often fresher rather than more refractory (Gardner et al., 2017). This study may have
observed evidence of the injection of particles to depth which seem to be associated with the
eddy flanks, rather than the highest EKEs, which means identifying such relationships
guantitatively is challenging. For case studies 1, 2 and 3 the high EKEs associated with the
anticyclonic eddies appear after the increased POC fluxes whereas for case studies 4 and 5
elevated EKEs are observed during the period of increased POC fluxes but there are not enough
observations in this study to draw conclusions confidently. For all of the five case studies of
mesoscale variability between the sediment traps increases in BSi flux were observed, similar to
observations in Conte et al. (2003), which seem to coincide with increased diatom abundance in

CPR data, but it is possible that the increased BSi fluxes could also be driven by radiolaria or
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phaeodaria. In summary, the traditional 1D approach to measure BCP processes is insufficient to
further our understanding of the biological and physical processes driving deep ocean particles
fluxes and a 4D sampling approach, that moves away from empirical relationships, and instead

work towards a mechanistic understanding of sinking flux, is overdue (Boyd et al., 2019; Burd et

al., 2010).

106



Chapter 4

Chapter4 Acantharian Cysts in the Iceland Basin: the
Role of Celestite and the Potential Triggers of Rapid

Sedimentation to the Deep Ocean

4.1 Introduction

The contribution Acantharian cysts make to deep ocean carbon sequestration was quantified in the
previous decade, with observed POC fluxes up to 0.43 mmol m d?, as a result of opportunistic
sampling of cysts in sediment traps (Belcher et al., 2018). Acantharia are micro-zooplankton protists,
of the radiolarian subphylum and are found ubiquitously throughout the global ocean (Antia et al.,
1993; Bernstein et al., 1987; Biard et al., 2016; Michaels, 1988; Michaels, 1991; Spindler & Beyer,
1990). Acantharia are the only marine organism with a skeleton made from celestite (SrSO,), the
densest known biomineral (Bernstein et al., 1987; Odum, 1951). The reproductive mechanism of
some Acantharia clades is via the formation of celestite-coated cysts, which sink rapidly to the
interior ocean (Decelle et al., 2013). The reproductive cycle of Acantharia is not well understood but
the sedimentation of cysts to the deep ocean has been shown to contribute to deep ocean carbon
flux and may affect the oceanic Strontium (Sr) cycle (Belcher et al., 2018; Bernstein et al., 1987;

Martin et al., 2010).

Acantharia are heterotrophic, feeding on bacteria, small plankton and zooplankton (Caron &
Swanberg, 1990; Swanberg & Caron, 1991), and some species host photosymbionts (Decelle et al.,
2012; Schewiakoff, 1926). Acantharia have been sampled throughout the upper ocean, with
photosymbiont-hosting Acantharia inhabiting the sunlit surface layers (usually < 50 m; Michaels,
1988), whilst non-symbiont cyst-forming Acantharia tend to reside deeper in the water column

(Antia et al., 1993; Bernstein et al., 1987; Schewiakoff, 1926).

Acantharian cysts have been opportunistically sampled in sediment traps in the bathypelagic zone (>
1000 m; Michaels, 1991; Michaels et al., 1995), allowing the contribution of Acantharian cysts to the
biological carbon pump to be quantified. Acantharian cysts were found to contribute up to 26 % of
particulate organic carbon (POC) flux during a bloom in the Southern Ocean (Belcher et al., 2018)
and 48 % of pre-bloom POC flux in the IB (Martin et al., 2010). Large fluxes of Acantharian cysts have
been sampled in the upper ocean in locations such as the Greenland Sea (fluxes up to 33 000 ind. m?

d?; Antia et al. 1993) and the Sargasso Sea (fluxes up to 12 676 ind. m2 d}; Michaels et al. 1995). In
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previous studies most Acantharian cysts had undergone complete dissolution by 1000 m (Antia et
al., 1993; Bernstein et al., 1987), with very few cysts sampled below that depth prior to the study by
Martin et al. (2010).

Acantharian cysts sink rapidly out of the upper ocean and undergo excystment, which is the release
of gametes, known as swarmers, at depth through pores, or through the celestite shell, due to
dissolution (Antia et al., 1993; Bernstein et al., 1999; Decelle et al., 2013). Swarmers likely form
juveniles at depth which ascend to the upper ocean, but the timing and mechanism driving
ascension is unclear, due to difficulties with sampling and culturing of these protists (Beers &

Stewart, 1970; Decelle et al., 2013; Decelle & Not, 2015; Schewiakoff, 1926).

The sedimentation of cysts sinking to the bathypelagic ocean in high latitude regions is thought to be
a regular annual event (Antia et al., 1993; Belcher et al., 2018; Martin et al., 2011). It has been
hypothesised that in high latitude regions the heterotrophic Acantharia undergo encystment, and
rapid sedimentation coincident with the spring bloom, to utilise the flux of organic matter to the
seafloor for the juveniles to feed on (Belcher et al., 2018; Decelle et al., 2013; Martin et al., 2010;
Spindler & Beyer, 1990). The mechanisms by which the juveniles survive for an entire annual cycle,
ascend from > 1500 m depth to the upper ocean and the exact trigger/ timing for encystment

remain unknown (Belcher et al., 2018).

Acantharia are important to the global oceanic Sr budget as they are the only marine organisms that
incorporates Sr as a major component (Bernstein et al., 1987). The oceanic Strontium cycle is of
interest as Strontium isotopes can be used as a chronostratigraphic tool and as an indicator of
continental weathering (Capo & Depaolo, 1990). Sr/Ca ratios in microfossils are also used to
reconstruct Cenozoic Sr/Ca ratios (Graham et al., 1982) and as a palaeotemperature indicator (Beck
et al., 1992; Stoll & Schrag, 1998; de Villiers, 1999). Sr is undersaturated in seawater, leading to the
rapid dissolution of celestite, which precludes preservation in seafloor sediments and samples (Antia
et al., 1993; Beers & Stewart, 1970; Schewiakoff, 1902). The influence of Acantharia on dissolved Sr
concentrations and Sr/Cl ratios has been observed globally, with celestite production, and
subsequent shallow dissolution of Acantharia, driving an upper ocean vertical Sr gradient that
increases with depth (Bernstein et al., 1987; De Deckker, 2004; de Villiers, 1999). Acantharian
skeletons can also co-precipitate Barium (Ba), forming BaSQ4, as well as other trace elements, which
may similarly affect the oceanic Barium and trace element cycles (Bernstein et al., 1992; Brass,

1980).
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This study presents the second year of a two year time-series of Acantharian cyst flux to the deep
ocean IB, which builds on the initial findings of Martin et al. (2010). Sampled particle fluxes were
very low during peak Acantharian cyst flux, and cyst fluxes were very large in two of the sediment
trap samples. This study presents improved estimates of POC:Sr ratios, and ‘in situ’ sinking rates, as
the cysts were less likely to have undergone significant dissolution compared to previously sampled
cysts. We utilise these findings to estimate the relative contribution of cysts to annual Sr flux to the
deep ocean, and discuss the implications of cyst POC flux to the deep ocean. This study also aims to
improve the understanding of the preferred environmental conditions of cyst-forming Acantharia,
discusses possible drivers of sedimentation, and advantages of encystment using data from this
study and from the literature. | hypothesise that the first spring-time incidence of rapid shoaling in
the mixed layer allows Acantharia, from the interior ocean to the upper ocean, and changes in upper
ocean conditions may be a trigger for sedimentation, such as temperature, light or chlorophyll
concentration. The role of celestite and rapid sedimentation as a successful reproductive strategy is

discussed.

4.2 Methods

4.2.1 Sample Analysis

4.2.1.1 Sample Preparation

The sediment trap samples from deployment 1 were analysed by Patrick Martin in Martin et al.
(2010). The sediment trap samples from deployment 2 were picked, processed and analysed by the
author. Acantharian cysts were observed in spring in IB sediment trap samples in 2007 and 2008.
Sediment trap metadata is outlined in Chapter 2, Section 2.2. Acantharian cysts were counted and
separated if > 400 cysts were present in one sample as in Martin et al. (2010). Acantharian cysts
were analysed for POC, particulate organic nitrogen (PON), Sr and Ba content. The Ba content of the
cyst samples were extremely low and were below the calibration range and hence were not included

in the study.

4.2.1.2 POC/PON Analysis

For deployment 1, cysts were rinsed with Milli-Q as in Martin et al. (2010) and analysed for
POC/PON. The silver capsules were pelleted and POC/PON was measured on a Flash 1112 Elemental

Analyser (Thermo Finnigan) based at Plymouth Marine Laboratory. POC and PON were analysed in
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triplicates where possible with RSDs < 10 %. Blanks (acidified empty silver capsules) contributed < 10

%, and usually ~ 1 %, to the total signal for C and N.

For sediment trap samples with > 100 cysts in a 1/8™ aliquot, replicate analysis of a minimum of 50
cysts was carried out for POC/PON analysis of cysts collected during deployment 2. For deployment
2, the samples were rinsed once with borate-buffered Milli-Q spiked with Strontium chloride to a
concentration of 0.91 mmol L™ to prevent Sr dissolution altering estimates of the true percentage of
Cand N in the cysts (Beers & Stewart, 1970; Brass, 1980). Cysts were then transferred into pre-
weighed pre-combusted (550 °C) silver cups (Smooth Silver Capsules 5.5 x 3.5 mm or Smooth Silver
Boats 4 x 11 mm, Elemental Microanalysis). The cysts were dried at 40 °C and were acidified using
the dropwise addition method (Nieuwenhuize et al., 1994). For deployment 2, the C/N samples were
measured by the author with the assistance of Bastian Hambach and Megan Wilding in running the
Elementar instrument at the SEAPORT stable isotope laboratory at the University of Southampton.
The limit of detection for the instrument was 10 pg for C and 1 pg for N and the analytical precision

was <6.1 % for Nand <1.7 % for C.

4.2.1.3 Strontium Analysis

Sr was measured in all three fractions of the sediment trap samples — cysts, particulate material and
supernatant for the cysts collected during deployment 2. The deployment 2 Sr was measured in the
filtered supernatant captured during filtration. This differs slightly from deployment 1 samples
analysed by Martin et al. (2010), where the supernatant was subsampled before microscopic
inspection, whereas we sampled post-inspection to account for any Sr dissolution caused during
microscopic inspection and to ensure that there was no particulate material in the supernatant.
There was no particulate Sr data available for deployment 1. The dissolved Sr was not corrected due
to NaCl addition to the trap preservative but the blank sediment trap preservative Sr concentration
(86.82 umol L) was subtracted from supernatant Sr concentrations from deployment 1 samples. For
deployment 1 the supernatant was diluted 250x with 3 % HNO; spiked with In, Re and Be (referred to
as spiked HNO3) to track instrument drift of the Thermo X Series ICP-MS (University of Southampton)
as per Martin et al. (2010).

The dissolved Sr supernatant concentration of deployment 2 samples were corrected for
evaporation that had occurred over the 10 year storage period and during sample preparation. The
volume of supernatant in the trap bottles was measured prior to splitting and normalised to 265 mls
for collection bottles used on 21-bottle sediment traps (Trap NW and NE), and 290 mls for collection

bottles used on 13-bottle sediment traps (Trap C and Trap S). Generally the corrected dissolved Sr
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concentrations (76 % of samples were corrected) were altered minimally with a mean percentage
difference in concentration of 18.0 + 12.0 % which equated to a mean concentration difference for
Srof 46.3 + 100.1 umol L. The large standard deviation of Sr for the mean percentage difference is
likely due to the elevated concentrations in the sediment trap supernatant of samples with
Acantharian cysts present. The evaporation correction is validated by the Sr concentrations being
brought in line with the trap blank preservative concentrations. Pre-correction, the Sr
concentrations on average were 23.0 + 26.4 % different from the trap preservative mean of 89.32 +
0.96 umol L}, whereas post-correction the Sr concentrations were only 5.7 + 4.1 % different from
the preservative concentrations which fall within the estimated uncertainty of the preservative blank

values.

The Acantharian cysts were counted out into clean (10 % HCl and 10 % HNOs overnight acid baths) 2
ml Eppendorfs and as much supernatant as possible was removed via pipette (< 50 pl remaining in
Eppendorf). The cysts were dried overnight in a 40 °C oven. Cysts were acidified with 1 ml of 3 %
spiked HNOs and left to digest overnight before being diluted 250x. Freeze-dried particulate material
was weighed out (0.5 — 8.2 mg) and acidified with 10 ml of 1 M Acetic acid and left to digest
overnight following the method in Martin et al. (2010). The digest was then filtered through a 0.45
pum syringe filter (Fisherbrand™) to remove any particulates before being diluted 100x with spiked
HNOs. Procedural blanks, sediment trap preservative blanks and spiked HNOs blanks were analysed
alongside samples. Where possible 3 replicates were analysed for each sample. Deployment 2
particulate material and Acantharian cysts were analysed for Strontium, Calcium and Barium by the
author with assistance from Dr Matt Cooper at the University of Southampton in operating the
Thermo X Series ICP MS. To calculate the total Sr flux, all fractions of Sr were analysed from the
sediment trap sample cups. Sr concentrations and Sr flux analytical errors were propagated to
estimate the uncertainty. For particulate concentrations and fluxes, errors were propagated with

5 % uncertainty to account for processing, splitting and weighing errors

4.2.2 Flux Calculations

POC and Sr fluxes were calculated as in Equation 4.1 and 4.2, respectively. In Equation 4.1 and 4.2, A
is the collection area of the sediment traps (0.5 m?), d is the sampling time in days. The POC per cyst
(Cystpoc; mg) and Sr per cyst (Cystsr; mg) was multiplied by the total number of cysts (Ncyst) and

divided by the molecular mass (mr).

[Equation 4.1] POC Flux (mmol m=2 d~') = (Cystpoc * Neyst/ mr)/A/d
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[Equation 4.2] Sr Flux (mmol m~% d™1) = (Cystgs, * Ngyse/ mr)/A/d

Analytical errors were propagated using standard uncertainty equations (Section 2.2.1.1) and mass

flux erros were assumed to be 5 % to account for splitting and weighing errors.

The mean integrated cyst flux per annual event was calculated by averaging the sediment trap cyst
flux per event (ind. m) and scaling up to the size of the IB (250 670 km?; 61.5 °N to 58 °N and
16.5 °W to 28 °W).

4.2.3 Strontium Budget

The annual Sr fluxes to the deep ocean were calculated from end of November 2006 to the end of
November 2007 for each sediment trap. The bi-monthly time-series of total Sr flux (supernatant,
particulate and cyst) and total Sr flux minus the cyst Sr contribution was interpolated into a daily
time-series and sampling gaps were filled using nearest neighbour interpolation as in Chapter 2.
There was no particulate Sr data available for deployment 1. To estimate the predicted Sr particulate
flux for deployment 1 we have used known Sr:Ca ratios for particulate material (de Villiers, 1999),

with further details and validation in Appendix D.

The percentage contribution of Acantharian cyst Sr to the total annual Sr budget was calculated
relative to the November 2006 — November 2007 budget, even for the cysts sampled in 2008, due to

the unusually low particulate fluxes from January 2008 (Period IV outlined in Chapter 2).

4.2.4 Sinking Rates

Cysts were separated from the samples that contained well-preserved cysts (Trap NW, 27" Apr —
10" May, n=20 and 11™" May — 24" May, n=100), and were photographed and sized for length and
width using Imagel. These well-preserved cysts, referred to as model cysts from hereon in, were
taken from the sample cups with the highest number of cysts as these cysts are likely to have
undergone minimal celestite dissolution. Therefore, the measured sinking rates in this study are
likely to be closer to in situ sinking rates measured for this cyst type. Cyst sinking rates were
measured by sinking cysts individually in a measuring cylinder (diameter 6 cm) filled with filtered
4000 m North Atlantic seawater maintained at 6 °C. The cyst sinking time (n = 104) was recorded
over a distance of 13.3 cm, after the cyst had initially sunk 15 cm, and was used to estimate the

sinking rate in m d’?, similarly to Martin et al. (2010).
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4.2.5 Acantharian Cyst Source Regions

The sinking tracks and predicted surface ocean location of the Acantharian cysts were estimated
using particle backtracking and model output (see Section 3.2.2). The particle backtracking modelling
and current backtracking codes were written by Benoit Espinola, altered for this study and run by
the author. The source regions were determined for the mean measured sinking rate of the
Acantharian cysts (760 m d!) and +/- one standard deviation (560 m d* and 960 m d!) using the
Copernicus physical reanalysis model u and v components as there was no current meter data
available in 2008 for Traps NW and NE. The effect of sinking speed on the source region is minimal
and is explored in more detail in Appendix C.2. The difference in the particle source regions using
current meter and OSCAR surface ocean velocities, as in Chapter 3 (Section 3.2.2), compared to the
model output is explored in Appendix C.2. Generally, the particle source regions using the model

output are more localised to the sediment trap location but show broadly similar locations.

Using the predicted particle source region should allow for a more precise comparison between cyst
fluxes and upper ocean parameters, such as sea surface temperature (SST), Chl a concentration,
photosynthetically active radiation (PAR) and mixed layer depth (MLD) by accounting for the timelag
from the upper to the deep ocean and the effect of current velocity on the sinking cysts. This

analysis aims to further our understanding of the triggers of Acantharian cyst sedimentation events.

Monthly Chl a, 8 day Chl a, 8 day SST and 8 day PAR 9 km mapped products were downloaded from
https://oceandata.sci.gsfc.nasa.gov/MODIS-Aqua/Mapped/ to investigate the influence of
chlorophyll concentration, temperature and light on the cyst sedimentation event timing. Mixed
layer depth could not be derived from Argo floats due to very limited spatial and temporal coverage
in the IB between 2006 — 2008. Daily mixed layer depth was downloaded from Copernicus
(http://marine.copernicus.eu/services-portfolio/) and extracted from GLOBAL-REANALYSIS-PHY-001-
030-DAILY. The GLORYS12V1 product is a 1/12° eddy resolving reanalysis model which uses
altimetry, satellite and temperature and salinity profile data and the global forecasting CMEMS
system to create a daily data product with 50 depth levels. The mixed layer is defined by a density
increase relative to 10 m depth, which corresponds to a temperature decrease of 0.2 °C, in local
surface conditions. The mean IB (61.5 °N to 58 °N and 16.5 °W to 28 °W) SST, Chl a (8 day and
monthly 9 km resolution), PAR and MLD was extracted and averaged for 2007 and 2008 to allow
comparison between localised particle source region conditions. Monthly chlorophyll was used for

particle source region time-series due to heavy cloud cover in the 8 day Chl a product.
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4.2.6 Acantharia Biomass

Continuous Plankton Recorder (CPR) data records the presence/absence of Acantharia and allows a
semi-quantitative estimate of Acantharian biomass to be calculated (Richardson et al., 2006). CPR
data from the standards areas B5, B6, C5 and C6, from 2006 to 2008 were used to explore
Acantharian abundance. The Continuous Plankton Recorder data was supplied by David Johns and
has a DOI:10.7487/2017.80.1.1044. The data from the Subpolar North Atlantic was patchy and
sporadic with a clear bias towards summer and autumn sampling as shown in Figure 3.14. The mean
normalised abundance of Acantharia was calculated by summing the abundances per month and

normalising to the number of tows per month.

4.3 Results

43.1 Acantharian Cyst Characteristics

Acantharian cysts were collected in spring sediment trap samples from below 2000 m in the IB in
2007 and 2008 supporting the hypothesis that a spring flux of Acantharian cysts to the bathypelagic
is an annual event (Martin et al., 2010; Figure 4.1). The elongated cysts observed in 2007 and 2008
had the same morphology and belong to the order Holacanthida (Decelle et al., 2013). The sediment
trap samples in spring 2008 predominantly consisted of Acantharian cysts with little other
particulate flux material (see Chapter 2, Section 2.3). Very low fluxes of particulate matter, combined
with the extremely high flux of cysts (Table 4.1), allowed the characteristics of Acantharian cysts to
be more precisely measured. Cysts were easily separated from low volumes of particulate material

and the celestite coating was less likely to have undergone serious dissolution (Figure 4.1c).

The model cysts collected in Trap NW during early-mid May 2008 ranged in length from 490 — 1050
pum, with a mean of 764 (+ 106) um, and ranged in width from 89 — 240 um with a mean of 175 (+
34) um (n = 120; Table 4.1). The sinking rates of the model cysts (n = 104) ranged between 191 -
1208 m d!, with a mean of 760 (+ 204) m d*. The size and sinking rate measurements of the cysts
from spring 2008 are comparable to measurements of cysts sampled in spring 2007 in Martin et al.
(2010). The mean sinking rate of the model cysts was faster than the 2007 cyst measurements in
Martin et al. (2010; 490 m d). This was expected due to the model cysts retaining more of the

celestite coating, which acts as efficient ballasting material.
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200 pm
e

Figure 4.1 Acantharian cysts sampled in the deep ocean Iceland Basin. a) Cysts sampled in 2007 with
celestite coating intact, b) cysts sampled in 2007 with the celestite coating shattered
and c) shows the 'model' cysts from 2008 with a well-preserved opaque celestite
coating. d) Scanning electron micrograph of an elongated Acantharia cyst sampled
during deployment 1. The spicules of the Acantharian appear to have folded over to
form the basic celestite structure. Figures a), b) and d) are reproduced from Martin et

al. (2010).

Table 4.1 A summary of the length, width and sinking rate of Acantharian cysts sampled in the

Iceland Basin in spring 2007 (Martin et al., 2010) and spring 2008.

Length (um) Width (um) Sinking Rate (m d?)
Spring 2007 Range 600 - 1000 100 -300 -
Martin et al. Mean (t stdev) - - 490 (+ 150)
(2010) Number of cysts n=29 n=29 n=29
Range 490 - 1050 89-240 191-1208
Spring 2008
Mean (+ stdev) 764 (+ 106) 175 (+ 34) 760 (+ 204)
This study
Number of cysts n=120 n=120 n=104
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Figure 4.2 a) POC content (ug) per cyst and b) Sr content (ug) per cyst and the number of cysts

sampled, c) POC content (ug) per cyst and Sr content (ug) per cyst and d) POC and PON

content (ug) per cyst with the colour bar showing POC:PON molar ratio. The black

circles highlight the 2007 data and the black diamonds highlight the 2008 data. The data

point highlighted by a black box in a), b) and c) was below the carbon calibration range

and so is likely an underestimate and was not included in the non-linear model for

estimating the regression coefficients. The grey-filled samples in a) and b) were

calculated from the average of the 2007 data and so were not included in the non-linear

model for estimating the regression coefficients to avoid biasing the model. The R? and

p value for the power relationships is detailed. Grey errorbars show propagated

uncertainty. In d) the coloured lines relate to the POC:PON molar ratios.

The POC, PON and Sr content per cyst can be used as a conversion factor when only cyst POC or Sr is

measured such as in Belcher et al. (2018) and Decelle et al. (2013). The POC, PON and Sr content per
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cyst is presented in Table 4.2, along with the values from the model cysts, which are likely to provide
a closer to in situ elemental content. The mean POC content per cyst was 0.85 (+ 0.23) ug whilst the
model cysts had a lower POC content per cyst of 0.65 (+ 0.02) ug. PON content per cyst follows a
similar trend but with smaller differences with a mean PON per cyst of 0.19 (+ 0.03) and the best-
preserved cyst PON content of 0.16 (+ 0.03) ug. These differences also affect the POC:PON molar
ratio, with a mean ratio of 5.26 (+ 0.85) and a ratio of 4.69 (+ 0.21) for the model cysts which implies
that the organic material in the model cysts are richer in PON compared to cysts that have

undergone some degree of dissolution.

Table 4.2 The mean cyst and model cyst estimates for the POC per cyst, PON per cyst, POC:PON
molar ratio, Sr per cyst and POC:Sr molar ratio for both 2007 and 2008 cysts (Martin et
al., 2010). n indicates the number of samples averaged to estimate the mean. The
model cysts were found in Trap NW in mid-May 2008. The weights and ratios are

reported with propagated analytical uncertainty.

POC per cyst PON per cyst POC:PON Sr per cyst POC:Sr
(ug) (ug) (molar) (ug) (molar)
Mean (+ stdev) 0.85 0.19 5.26 7.46 0.90
(£0.23) (£ 0.03) (£0.85) (£2.92) (£0.26)
n 20 15 15 21 20
Model cysts 0.65 0.16 4.69 434 1.10
(* uncertainty) (x0.02) (+0.03) (x0.21) (£ 0.10) (x0.05)

The POC and Sr content per cyst exhibits a weak power relationship with the number of cysts
present in a sample (Figure 4.2a and 4.2b), demonstrating better preservation of cysts when large
amounts are sampled. The relationship is similar for cysts sampled in spring 2007 and 2008 but cysts
sampled in 2008 have slightly lower amounts of POC and Sr per cyst. Sr content per cyst is greater
for samples with lower cyst numbers, which is an overestimate compared to the model Sr cyst
content, due to Sr dissolution leading to cysts being indistinguishable from other particulate
material. The number of cysts that had undergone complete dissolution of their celestite shell until
they are unidentifiable will be affected by the rate at which cysts settled into the sediment trap
sampling cup, the rate of dissolution of the celestite, and the number of cysts in total that settled
into the sampling cup. The effect of celestite dissolution is demonstrated by the cysts from the mid-
May cups in 2007 (grey filled data points in Figure 4.2a and b) that could not be separated from the
fluffy particle flux. The cyst and POC flux for mid-May samples were calculated from an average of

the Sr flux and cyst flux from the measured samples (Martin et al., 2010). By using model cyst
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content in Table 4.2 it appears the cyst number flux was underestimated by ~ 50 % and the cyst POC

flux was underestimated by ~ 20 %.

The highest cyst numbers were sampled in late April — early May 2008 in Trap NW, with 7176 and
9265 cysts collected, respectively. These high cyst fluxes led to the greatest dissolved Sr
concentrations in the sample supernatant of 850 + 10 pmol L™ and 830 + 5 umol L%, which is
approaching Sr saturation in seawater (910 pmol L}; Beers, 1970). The dissolved Sr acts as a buffer,
meaning the majority of the cysts were easily identified and separated, with an estimated 510 — 660

cysts per day sinking into the sediment trap.

4.3.2 Acantharian Cyst Fluxes
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Figure 4.3 a) Cyst flux (individuals m? d!) for spring 2007 and spring 2008 for Traps NW, NE, C and S,
b) cyst POC flux (umol m2 d?), c) cyst POC flux as a percentage of total POC flux and d) total Sr flux
(umol m2 dl). The error bars show propagated uncertainty. The black vertical lines highlight the four

flux Periods I-1V as outlined in Chapter 2.

The timing of Acantharian cysts settling into sediment trap samples below 2000 m in the IB was very
similar for both 2007 and 2008 with a small flux occurring in mid-April. The major sedimentation
event of the cysts into the traps occurs in late-April until mid-May (Figure 4.3). The spring flux of

Acantharia cysts to the bathypelagic IB appears to be an annual, regular and basin-wide phenomena.
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Table 4.3 Summary of Acantharian cyst fluxes from 2007, reported by Martin et al. (2010), and 2008, reported in this study. Total Sr flux is the sum of
supernatant and cyst fluxes for 2007 samples and is the sum of the supernatant, particulate and cyst fractions for 2008 samples. The
propagated analytical uncertainty is in brackets. Some samples were very small and were either below detection limit (BDL) or below

calibration range (BCR).

Trap ID Timing Date Cyst Flux Total Sr Flux (umol Cyst Sr Flux POC Cyst Flux PON Cyst Flux
(ind m2d?) m?d) (umol m2 d?) (umol m? d*) (umol m? d*)
2007 (Martin et al., 2010)

mid-Apr 18/04/2007 18 2.66 (£ 0.05) - 2.17 (£ 0.25) BDL
NW early-May 02/05/2007 577 37.66 (+ 1.60) 15.29 (£ 1.37) 37.50 (+ 4.17) 7.07 (£ 0.71)
mid-May 16/05/2007 235 24.31 (£ 0.57) 5.02 (£ 0.34) 21.67 (£ 4.17) 3.50 (£ 1.14)

mid-Apr 18/04/2007 20 2.60 (+ 0.05) - 1.58 (+0.17) BDL
NE early-May 02/05/2007 401 33.78 (£ 0.91) 8.33 (£ 0.57) 32.50 (+3.33) 6.21 (£ 0.64)
mid-May 16/05/2007 188 19.40 (+ 0.34) 2.28 (£ 0.11) 16.67 (£ 3.33) 2.86 (£ 0.71)

mid-Apr 18/04/2007 0 - - - -

C early-May 02/05/2007 210 17.23 (£ 0.23) 0.80 (+ 0.23) 14.17 (£ 1.67) 2.86 (£ 0.29)
mid-May 16/05/2007 149 15.41 (£ 0.23) 0.68 (£ 0.23) 13.33 (£ 2.50) 2.14 (£ 0.71)
mid-Apr 18/04/2007 2 - - - -

; early-May 02/05/2007 25 1.97 (£ 0.05) - 2.08 (£ 0.17) BDL
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mid-May 16/05/2007 14 1.40 ( 0.07) 0.03 (£ 0.01) 1.25 (+ 0.25) BDL
2008 (this study)
mid-Apr 13/04/2008 22 5.17 (+0.089) 0.001 BCR BCR
(1.3 x 10%)

NW late-Apr 27/04/2008 1025 71.65 (+ 0.66) 28.82 (£ 0.27) 63.62 (+ 0.99) 14.29 (+ 1.32)
mid-May 11/05/2008 1324 87.98 (+ 2.94) 37.64 (+0.21) 71.92 (+ 1.12) 15.34 (+ 1.42)
late-May 25/05/2008 166 16.63 (£ 0.88) 0.01 (+7.95x 10%) 9.75 (£ 0.26) 1.87 (£ 0.30)
mid-Apr 13/04/2008 14 0.82 (£ 0.12) 0.001 BCR BCR

(+1.12x 10°%)

NE late-Apr 27/04/2008 457 32.16 (+ 6.30) 8.63 (£ 0.90) 27.40 (+ 3.84) 5.46 (£ 0.51)
mid-May 11/05/2008 160 12.81 (£ 0.21) 0.04 (+ 0.01) 12.96 (+ 0.35) 2.69 (+ 0.30)
late-May 25/05/2008 2 0.20 (+ 0.04) - - -

C late-Apr 27/04/2008 156 5.40 (+ 0.09) 0.01 (+ 9.3 x10™) BCR BDL
late-Apr 27/04/2008 324 19.31 (£ 0.69) 0.21 (£ 0.03) 20.39 (£ 0.47) 4.16 (£ 0.38)

; mid-May 11/05/2008 194 12.84 (£ 0.52) 0.01 (+ 0.002) 16.81 (+ 0.45) 3.49 (+ 0.56)
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The cyst flux, reported as individuals m? d?, were similar in 2007 and 2008 for Trap NE and Trap
C, whereas Trap S fluxes were greater in 2008. Trap NW cyst fluxes were more than twice the
previous year’s greatest flux (577 ind m™ d) with the largest cyst flux of 1324 ind m? d™. This is
the highest recorded flux of cysts below 2000 m, and second highest below 1000 m, surpassed
only by fluxes observed in the Scotia Sea by Belcher et al. (2018; 1500 m, 2706 ind m2 d%;
discussed further in Section 4.4.1.2). The total number of individuals that settled into each trap
during the sedimentation event was estimated by calculating the cumulative sum of the daily
fluxes for the number of days cysts were sampled (Table 4.4), with the lowest in Trap S (2007)
with 572 ind. m? and the greatest number of estimated cysts during a sedimentation event was
35514 ind. m?2in Trap NW in 2008. The mean integrated flux of cysts per event was used to
estimate the mean number of cysts fluxing to the deep ocean IB, by multiplying by the Iceland
Basin area, which for spring 2007 was 1.6 x 10® individuals and in spring 2008 was 3.4 x 10*°
individuals, more than double the number for 2007. This may overestimate the number of cysts
fluxing to the deep ocean IB if the distribution of the cysts is heterogeneous but provides an idea

of the scale of the annual sedimentation event in the IB.

Table 4.4 Cysts per sedimentation event (ind m?) and the mean cyst flux per event integrated to
estimate the IB total number of individuals. The sedimentation event in 2007 lasted
for 42 days and the sedimentation event in 2008 lasted for 56 days, but in both cases

the majority of the cysts settled into the traps within a 28 day window.

Cysts (ind m™)

2007 2008

Trap NW 11620 35514
Trap NE 8526 8 868
Trap C 5026 2178
Trap S 574 7 250
Trap Mean 6437 13453

IB Total (ind.) 1.6 x 10%° 3.4x10%

The cyst POC flux closely tracks the number of cysts (Figure 4.3a and 4.3b), with greater numbers
of cysts leading to larger POC fluxes. The greatest cyst POC flux was observed during the large
sedimentation event in 2008 in Trap NW with a flux of ~ 70 umol m d! which contributed 70.3 %
of the total POC flux collected in the mid-May Trap NW sample. This is the largest recorded

percentage contribution of cyst POC to POC flux in the deep ocean to date (discussed further in
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Section 4.4.1.3) but is due to the extremely low fluxes sampled during the spring bloom in 2008.
This is further shown by all cyst POC fluxes in 2008 contributing a minimum of 8 % to the total
POC flux, whilst in 2007 during spring-bloom related particle flux, cyst POC flux contributed a
maximum of 10 % of the total POC flux. On annual timescales, the POC flux contribution by the
cysts is negligible with < 1 % of the annual POC flux originating from the Acantharian cysts in the

IB.

Similarly to the POC flux, the total Sr flux (Figure 4.3d) tracks the cyst flux. Sr is slightly elevated
during samples with greater particle flux (i.e. August — December 2007; Figure 4.3d) but the
magnitude of this is negligible compared to the amount of Sr reaching the deep ocean via the

sedimentation of the Acantharian cysts.

433 Strontium Fractionation in Sediment Trap Samples

The Sr originating from Acantharian celestite is predominantly in the dissolved fraction of the
sediment trap sample supernatant, except during periods of exceptionally high cyst flux (Figure
4.4). During high fluxes a larger proportion of the Sr is found in the cysts (up to 43 %) and a
smaller amount is found in the particulate fraction (up to 9.5 %), likely due to breakage of the
celestite shell, which can shatter easily if it is preserved well, as shown in Figure 4.1b. Measuring
the dissolved fraction when cyst fluxes are of low-moderate magnitude is an effective way to
estimate their contribution, but for large cyst fluxes the Sr fluxes will underestimate the

magnitude of the cyst flux.

4.3.4 Annual Strontium Budget

The annual Sr budget for the trap locations in the IB was estimated using particulate Ca flux
converted to Sr flux using literature Sr:Ca ratios (Appendix D), from November 2006 — November
2007, with and without the cyst contribution, to investigate and highlight the role of Acantharian
cysts in the Sr cycle in the Subpolar North Atlantic. A greater Sr cyst flux in the Northern sector of
the IB was observed, with the fluxes from Trap NW consistently greater than the other trap fluxes.
The estimated Sr fluxes in 2007 without cysts ranged between 0.28 to 0.46 mmol m™ yr?, whilst
total Sr fluxes including cysts, ranged from 0.34 to 1.36 mmol m2 yr. The Acantharian cysts
therefore contributed up to 70 % of the annual particulate Sr flux in the IB in 2007 during a 42 day
sedimentation event. The 2008 cyst flux contribution was compared relative to the annual Sr
budget for 2007 and was found to have greater Sr fluxes up to 2.50 + 0.06 mmol m2yr(see
Section 4.24), which contributed more than the largest annual Sr flux in 2007, with a relative

contribution to the 2007 Sr fluxes up to 184 % in a 56 day sedimentation event.
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4.3.5 Upper Ocean Environmental Conditions

The timing of the start of the Acantharian cyst sedimentation event to the deep ocean was very
similar for both 2007 and 2008 for all traps. The first incidence of cysts and elevated Sr levels were
sampled in early-mid April and the first sample with considerable cyst flux was mid-late April. The
trigger for encystment and sedimentation of Acantharian cysts is not well understood and is
hypothesised to be linked to increasing chlorophyll concentrations to allow swarmers to feed on
the spring bloom associated particle flux in the deep ocean (Decelle et al., 2013; Martin et al.,

2010).

| hypothesise that the first incidence of rapid shoaling in the mixed layer in spring allows
Acantharia to return to the upper ocean but they will likely remain below the shallower MLD.
Furthermore, | hypothesise that upper ocean environmental conditions, such as temperature,
light or chlorophyll concentration, are a trigger for sedimentation. To explore these hypotheses
the particle source regions of the Acantharian cysts were estimated based on the local current
velocities. The predicted particle source regions for Acantharian cysts sinking at a mean rate of
760 m d ! are shown in Figure 4.5 for each trap for 2007 and 2008. The particle source regions are
similar for both years due to the fast sinking rate but there are some observed differences driven
by local interannual variability. The source regions were also predicted using +/- 1 standard
deviation of the mean measured sinking rates, and confirms that the faster the sinking rate, the
smaller and more representative the particle source region is, and closer to the sediment trap
location (Appendix C). These particle source regions were then used to extract upper ocean

properties as shown in Figure 4.6.

The Chl a concentration in the source regions in 2007 is generally low throughout April and early-
mid May (< 0.5 mg m?3) for Trap NW and NE, whilst Trap C and Trap S had elevated Chl a
concentrations in May (up to 0.75 mg m’; Figure 4.6). In 2008, Chl a concentrations were also low
in April, but were elevated for Trap NW, C and S source regions, with concentrations up to 1.3 mg
m3. The Chl a concentrations may be underestimates as monthly output was used to compensate
for heavy cloud cover in the IB during spring. There does not appear to be any relationship in
terms of magnitude or timing between cyst fluxes and Chl a concentration as, for example, Trap
NW 2008 had the highest cyst fluxes and the highest Chl a concentration, whilst Trap C 2008 had
the second highest Chl a concentration but the lowest cyst fluxes of all the recorded

sedimentation events in 2007 and 2008.
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Figure 4.4 Sr total fluxes (umol m2 d) below 2000 m in the Iceland Basin in 2007 and 2008 for the four sediment traps a) NW, b) NE, c) C and d) S. The fractions in which

the Sr is found is shown by the stacked bars, with dissolved Sr shown by the black bar, particulate Srin grey and cyst-associated Sr in white. Deployment 1

and deployment 2 are separated by the thick black line. No particulate Sr data were available from deployment 1.
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Table 4.5 Annual and daily mean Sr fluxes, with and without cysts for 2007 for below 2000 m in

the IB for each sediment trap. The 2008 cyst flux was compared to the 2007 Sr budget without

cysts due to the unusually low fluxes sampled in period IV as discussed in previous chapters. The

percentage contribution the cysts made to the Sr flux is reported for 2007 and 2008. The

propagated analytical uncertainty is in brackets.

2007 2008
Without cyst flux With cyst flux Relative
to D1 Sr
budget
SrFlux | MeanSr | SrFlux | MeanSr | CystSr Cyst Sr | Mean Cyst | Cyst Sr as
(mmol m’ Flux (mmol m" Flux |asa % of Flux Sr Flux a % of Sr
2yrl) | (umol m2| Zyrl) | (umolm’ Sr (mmol m?2| (umol m? | budget
d) 2dY budget yrt) d*)
Trap 0.41 1.12 1.36 3.72 69.7 2.50 6.84(0.18) | 184.1
NW (0.02) (0.06) (0.05) (0.14) (13.5) (0.06) (9.9)
Trap | 0.46 1.26 1.29 3.53 64.3 0.64 |1.75(0.11) | 49.5 (3.4)
NE (0.02) (0.06) (0.03) (0.09) (10.6) (0.04)
Trap 0.32 0.89 0.81 2.23 60.2 0.08 0.22 9.9 (0.3)
C (0.01) (0.03) (0.02) | (0.06) (9.7) (0.003) (0.007)
Trap 0.28 0.76 0.34 0.94 18.7 0.45 1.22 (0.05) | 130.7
S (0.02) (0.07) (0.03) (0.07) (6.2) (0.02) (8.2)
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Figure 4.5 Acantharian cyst upper ocean source regions estimated using the mean measured
sinking velocity of 760 m d%. The crosses represent the sediment trap locations: Trap NW is black,
Trap NE is red, Trap Cis green and Trap S is blue. Panels a), c), e) and g) are the source regions for
the 2007 sedimentation event and panels b), d), f) and h) are the source regions for the 2008
sedimentation event. The marker colours represent the timing that the cysts reached the

sediment traps during the sedimentation event.
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Figure 4.6 Upper ocean environmental data for the Acantharian cyst estimated source regions.
Each panel shows satellite-derived chlorophyll a concentration (green), PAR (blue) and SST (red)
and MLD (black). The panels highlight the sedimentation events for 2007 for a) Trap NW, c) Trap
NE, e) Trap C and g) Trap S and for 2008 for b) Trap NW, d) Trap NE, f) Trap C and h) Trap S. Each
panel highlights the date the cysts would have left the upper ocean (assuming a sinking speed of
760 m d!) to generate the first occurrence of Acantharian cysts in a sediment trap sample (solid
black vertical line) and the date that the peak abundance of cysts would have sank out of the
upper ocean (dashed black vertical line). For panels where there is only one line the first
occurrence and peak in cyst flux coincide. This method assumes that the mid-point of the two
week sediment trap sampling period is the most representative date and assumes that all the
cysts would have taken 3 days to reach the deep ocean (760 m d’* mean sinking rate is equivalent

to 2.63 days to 2000 m).
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Figure 4.7 Upper ocean conditions in the Iceland Basin for 2007 and 2008. a) Mean chlorophyll a
(8 day light green, monthly dark green), SST (red), MLD (black) and PAR (blue) in the
IB for 2007 and 2008. The grey line highlights May 1°* which often coincided with the
peak cyst flux. b) and c) show the same parameters as a) but zoomed in for spring
2007 and spring 2008 during the Acantharian sedimentation events. The vertical lines
in b) and c) highlight the date that the first incidence of cysts would have sank out of
the upper ocean (solid line) and the date that the peak sampled cyst flux would have
sank out of the upper ocean (dashed line). The colours of the lines relate to the

sediment traps (Trap NW —red, Trap NE — black, Trap C —green, Trap S — blue).
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The SST of the particle source regions generally ranged between 8 — 9 °C, with transient mixing
events temporarily decreasing the temperature to 6 — 8 °C (Figure 4.6). There does not appear to
be any relationship between cyst flux magnitude and timing of the sedimentation event with SST.
Cyst-forming Acantharia are thought to inhabit mesopelagic waters and so may be affected by

temperature changes deeper in the water column.

Throughout April and May in both years PAR steadily increases from ~ 10 - 15 Einsteins m2 d* to >
30 Einsteins m2 d . One interesting feature in all panels in Figure 4.6 is that PAR has a step
change in early May, in both years, where the increasing trend pauses and either plateaus for up
to two weeks, or decreases slightly, before starting to increase steadily. This step change
coincides, in every instance, with the timing that the peak cyst flux sank out of the upper ocean,
which suggests that light levels could be a potential trigger for sedimentation. This possibility is

discussed further in Section 4.4.4.

The IB experiences deep winter mixed layers down to 600 m. Re-stratification of the water
column in spring usually begins in late March, with several shoaling and deepening transient
events until a final shoaling event in May. April is a dynamic period in the IB and it is possible that
these mixing events also play a role in repopulating the upper ocean with Acantharia and in
triggering the cyst sedimentation events, but due to the high variability it is difficult to find a
causal relationship to upper ocean conditions. Interestingly, for Traps NW and NE in both years,
and Trap Sin 2007, the first cyst occurrence (solid black line in Figure 4.6) coincides, or is just
before, the rapid shoaling event from 300 — 600 m to a mixed layer of ~ 100 m. The role of the

mixed layer as a trigger for encystment is discussed further in Section 4.4.4.

4.3.6 Acantharia Spatial Distribution

The Acantharian cyst fluxes exhibit interannual spatial variability which may aid in our
understanding of what drives sedimentation and their reproductive strategy. During the 2007
sedimentation event, Trap C collected a small cyst flux but very few cysts were sampled in 2008,
whilst Trap S had the opposite pattern. For Trap C there is very little difference in the predicted
source regions in 2007 and 2008, whereas for Trap S in 2007, the source region was
predominantly above the sediment trap, between Trap C and S, whilst in 2008, the cysts
originated from south of Trap S (Figure 4.5). The topography south of Trap S becomes increasingly
shallow which may support my hypothesis that the Acantharia cysts originate from ‘shallower’ (~
1000 m) waters but drift with the currents into the open ocean IB where they encyst and sink to

the deep ocean.
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Trap NE sampled very similar cyst fluxes for both years whereas Trap NW in 2008 sampled much
larger fluxes. The particle source regions were fairly localised near the sediment trap locations
due to the very fast sinking speeds of the Acantharian cysts (Appendix C.4). The estimated cyst
particle source region during spring for Trap NW using current meter data and OSCAR surface
velocity components had a bigger spatial range compared to Trap NE in 2007, extending as far as
22 W. Trap NW and Trap NE sampled cysts from opposite sides of the Iceland Basin in spring 2007
and hence it is possible that the larger fluxes sampled by Trap NW are driven by greater

Acantharian biomass in the Northwest IB.

4.3.7 Acantharia Abundance
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Figure 4.8 Mean monthly Acantharia abundance normalised to the number of CPR tows per
month for 2006 — 2008 in the Iceland Basin. The black line and markers are the
normalised mean abundance and the grey bars indicate the number of tows in area

B5, B6, C5 and C6.

The timing of the sedimentation event, starting in mid-April, leads to the expectation that
Acantharian abundance would be elevated in April and May. However, the normalised
Acantharian abundance from CPR data in Figure 4.8 records elevated abundances in summer and
autumn in 2006 and 2007, whereas in May 2007 a single tow recorded elevated Acantharia
normalised mean abundance of ~ 900 individuals per tow and a small increase in abundance in

late autumn and summer.

Acantharia are thought to reside between 0 — 300 m, with symbiont-hosting Acantharia thought
to reside in the surface layers, whilst non-symbiont, cyst-forming Acantharia can reside deeper in
the water column. This aligns with no clear signal of elevated Acantharian abundances in spring
from CPR which only samples the surface ocean (Figure 4.8). The spatial and temporal coverage of
the CPR data in the IB were very low during 2006 — 2008 with a bias towards summer and

autumn.
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4.4 Discussion

44.1 Acantharian Cyst Sedimentation Events

4.4.1.1 Cyst Morphology

This study builds on the previous findings of Martin et al. (2010) and confirms that the
sedimentation of Acantharian cysts down to the bathypelagic IB is a regular annual event. The
sedimentation begins in mid-April, just prior to the spring bloom, and is sustained until late May.
The Acantharian cysts sampled in 2007 and 2008 have the same morphology, originating from the
Order Holacanthida (Decelle et al., 2013). The sampled cysts were of a similar size for both years
(Table 4.1), which is considerably larger than the sizes of cysts sampled in previous studies in
other locations (Antia et al., 1993; Belcher et al., 2018; Spindler & Beyer, 1990). Elongated cysts,
from the order Holacanthida, have been sampled in the Southern Ocean, the South China Sea and
the Indian Ocean suggesting they are not exclusive to high latitude regions (Belcher et al., 2018;

Decelle et al., 2013; Spindler & Beyer, 1990).

The cysts sampled in this study appear to have been formed by the Acantharian spicules folding in
one direction, to form the basis of the celestite structure around the organic material, as shown
by the SEM image in Figure 4.1d reproduced from Martin et al. (2010). Some Acantharia eject
their spicules during encystment, whereas these elongated cysts appear to utilise their spicules,
which may be less energetically expensive, and the shape and amount of celestite would allow the

cyst to sink rapidly.

The cysts sampled in 2008 had a faster measured sinking speed of 760 m d* compared to 490 m d°
1in 2007 (Table 4.1). The Acantharian cyst sinking rates measured in this study are faster than
previous measurements, likely due to the larger cysts which may contain more celestite ballast. In
the Greenland Sea, the measured mean cyst sinking rate was 238 m d*?, whilst the estimated
sinking rate from integrated cyst flux losses between 100 and 300 m, was 100 - 150 m d! (Antia et
al., 1993). At 500 m depth in the Greenland Sea nearly all the cysts had disappeared which
suggests a two day sinking and/or dissolution timescale (Antia et al., 1993). The difference
between the measured and estimated sinking rates suggest that other processes must be
contributing to cyst loss with depth, such as grazing or advection, but excystment or dissolution
were thought to be more likely (Antia et al., 1993). The fast sinking rates measured in this study
suggest Acantharian cysts have a 2 - 3 day sinking time before reaching the deep ocean, similar to
the Greenland Sea cysts, which highlights that there must be a reproductive advantage to sinking

rapidly out of the surface ocean, which will be discussed more in Section 4.4.5.
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The sinking rate of the cysts is faster than most measurements of marine snow and phytodetritus
estimates, and falls within the range of measured sinking rates of large faecal pellets from
chaetognaths, pteropods and salps (Turner, 2002; range 27 - 2700 m d). Single plankton cells are
closer in size to the cysts, but the sinking rates are often much slower (e.g. diatoms < 50 m d*
(Eppley et al., 1967), foraminifera up to 583 m d! (Takahashi & Be, 1984), radiolarians up to 416
m d! (Takahashi & Honjo, 1983)). The streamlined shape and celestite incorporation indicate that
the cysts are designed to sink rapidly from the surface ocean to the seafloor. Further exploration
into the advantages of rapid sinking at the start of the spring bloom as a reproductive strategy is

detailed in Section 4.4.4.

4.4.1.2 Acantharian Cyst Strontium Content and Flux

Acantharian cysts of the same morphology were also observed by Martin et al. (2011) in May
2008 in the Western IB, over the Rekyjanes Ridge. The study sampled cysts using PELAGRA
Lagrangian sediment traps deployed between 160 - 730 m from early- to mid-May, with measured
Sr fluxes up to 553 umol m2 d. An estimation of the number of cysts fluxing to the deep ocean
based on the Sr fluxes, and the Sr content per cyst (Table 4.2), predicts cyst fluxes between 153 —
11 156 ind. m2d™. The highest sampled cyst flux in the deep ocean IB was 1324 ind. m?2 d?, which
suggests that either the cyst fluxes over the Rekyjanes Ridge are much greater than in the IB or
that the majority of cysts are grazed or undergo dissolution between 760 and 2000 m, either

before or during excystment.

The deep ocean cyst fluxes from this study and estimated upper ocean cyst fluxes from Martin et
al. (2011) are in line with previous studies that sampled cysts in the upper ocean (< 1000 m). For
example, in the Greenland Sea, Antia et al. (1993) sampled fluxes ranging between 349 — 33 000
ind. m2d, and in the Sargasso Sea Michaels et al. (1995) sampled fluxes at 150 m of 12 676 ind.
m2d?and Bernstein et al. (1992) sampled lower fluxes at 400 m of 1420 ind. m% dX. However, in
the deep ocean (> 1500 m), in the Greenland Sea, Antia et al. (1993) sampled fluxes at 2200 m of
only 15ind. m2d?, and in the Sargasso Sea, Bernstein et al. (1992) sampled fluxes at 1500 m of 8
ind. m2d. The observed cyst fluxes below 2000 m in the IB are the second largest recorded in
the bathypelagic with Belcher et al. (2018) observing cyst fluxes up to 2706 ind. m2 d* at 1500 m
in the Scotia Sea in December 2012. This highlights that the cyst fluxes sampled in Martin et al.
(2010), this study and in Belcher et al. (2018) are large in magnitude compared to previous studies

in the deep ocean.
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4.4.1.3 Acantharian Cyst POC Fluxes

Recent studies on the contribution of Acantharian cysts to deep ocean POC flux have highlighted
that the magnitude and spatial and temporal coverage of these events is unknown. The largest
POC flux in this study of 0.072 mmol m?% d* was observed in early May 2008 in the NW trap which
contributed 70 % to the total POC flux in the sample, due to the unusually low fluxes at that time.
In May 2007 cysts contributed up to 48 % of POC flux in pre-bloom sediment trap samples, with a
POC flux of 0.0375 mmol m?2 d! (Martin et al., 2010). Acantharian cysts sampled in the deep
ocean by Belcher et al. (2018) were much smaller than the cysts in this study. They exported more
POC to depth, with fluxes up to 0.43 mmol m?2d?, which was 26 % of the total POC flux. Previous
studies of Acantharian cysts in the upper ocean generally find cysts contribute < 5 % to total POC
flux, except at 100 m in the Greenland Sea in which cysts contributed 32 % of total POC flux (Antia
et al., 1993; Bernstein et al., 1992; Michaels et al., 1995). Belcher et al. (2018) estimated a POC
content of 1.9 pg of POC per cyst based on conversion factors (Antia et al., 1993; 0.33 pg of POC
per cyst and a C:volume conversion factor of 0.048 pg C um3) versus 0.65 pg of POC per model

cyst in this study (Table 4.2).

Acantharian cysts have a POC:PON ratio lower than the Redfield ratio of 6.6, likely due to them
being heterotrophic (Anderson, 1992; Hargrave et al., 1994). Cysts that have undergone greater
dissolution (indicated by lower cyst numbers and elevated Sr content per cyst; Figure 4.2a and c)
appear to have a slightly higher POC and PON content per cyst. This is counterintuitive as cysts
that have experienced dissolution may have leached organic material from the cyst into the

surrounding supernatant, and would be predicted to have a lower POC content per cyst.

Cysts were rinsed to remove any attached particulate material, however cysts that have
undergone celestite dissolution are visibly much stickier, with greater amounts of material
attached, compared to the model cysts. The deployment 1 cysts were rinsed 3x with deionised
water by Martin et al. (2010), whilst for deployment 2, | rinsed the cysts once with a SrCl,
buffered deionised water, to prevent celestite dissolution changing the elemental content of the
cysts and there was very little other particulate material in the deployment 2 samples. If the
rinses were unsuccessful in removing all the non-cyst particulate material for the dissolved cysts
this may explain the higher POC content per cyst, and the greater POC:PON ratio, whilst the
model cysts, with very little attached material, may be more representative of in situ cyst
elemental composition. The model cysts appear to have undergone very little degradation during
their fast transit from the surface ocean to the deep ocean, which may support the idea that they

are viable cysts.
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4.4.1.4 Strontium Flux

Acantharian cysts dominate the annual particulate Sr budget in the IB even though the cyst
sedimentation event lasts for < 2 months. The non-cyst particulate Sr flux contributes a small
amount to the annual total, as Sr is only a trace element in non-Acantharian plankton (Martin &
Knauer, 1973). The Sr fluxes in this study have a range of 0.001 — 37.64 pmol m d%. Sediment
trap Sr fluxes (dissolved Sr only) were measured by Decelle et al. (2013) in the subtropical North
and South Atlantic and in the Scotia Sea with fluxes ranging between 0.3 — 14 pmol m2 d. The Sr
fluxes in the IB are more than twice as large as the Decelle et al. (2013) Sr fluxes, highlighting the
important role of Acantharia cysts in the high latitude Sr budget, which will be discussed further in

Section 4.4.3.

4.4.2 Spatial and Depth Distribution

4.4.2.1 Acantharia Spatial Distribution

The location where Acantharia ascend to the upper ocean will be different to the predicted source
region of the sinking Acantharia cysts as the Acantharia will have drifted with the currents in the
upper ocean and knowledge of where they ascend from is crucial to furthering our understanding

of the reproductive strategy of the cysts.

The seminal paper on ‘Die Acantharia’ by Schewiakoff, (1926) highlighted the important role of
currents in the diffusion of Acantharia and has been supported by several studies summarised by
Bottazzi, (1978). However, the role of currents has rarely been discussed in the context of
Acantharian cyst sedimentation and the evolutionary advantage of this strategy. Reid, (1978)
studied dinoflagellate cysts in the upper ocean and seafloor sediments of the North Atlantic and
similarly hypothesised that the cysts’ sediment distribution may be beyond the centres of
production, implying movement by either currents, or sediment transport. Similarities between
dinoflagellate cyst distributions and current patterns in the North Atlantic were also noted by
Harland, (1983). This may support the hypothesis that Acantharia utilise the currents to increase
their spatial distribution but that the cysts are designed to sink over shallower topography, rather
than to the deep ocean but due to strong currents and complex topography in the IB, overshoot

areas of shallower topography, such as near the Rekyjanes ridge.

Previous studies that have sampled Acantharian cysts in the deep ocean are all relatively near to
shallow topographic features in which the water depth rapidly decreases, such as at station P2 in
the Scotia Sea (Belcher et al., 2018), in the Greenland Sea (Antia et al., 1993) and at BATS

(Bernstein et al., 1992). This could support the hypothesis that the cysts evolutionary strategy is
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to sink to water depths < 1500 m, to allow for shorter vertical transit to the upper ocean, but a
fraction of the population drift with currents into a more open ocean setting before
sedimentation. This hypothesis is supported by the Acantharian cyst fluxes up to 11 156 ind. m? d-
! found at 730 m by Martin et al. (2011) in early May 2008 in water depths of ~ 1400m, and near
to the crest of the Rekyjanes Ridge, which has water depths as shallow as 700 m. This hypothesis
is further supported by Antia et al. (1993) who suggested that cysts sinking in a coastal
environment allowed repopulation to occur when conditions were more favourable but that this
was unlikely to occur in the open ocean. Antia et al. (1993) suggested that if swarmers are
released into the winter mixed layer they could be mixed to the surface on an annual basis.
Acantharia may reside shallower in the water column after the shoaling of the deep winter mixed
layer in the Subpolar North Atlantic, when the upper ocean is more physically stable, and this may

explain the regular timing of the cyst sedimentation event after the shoaling of the MLD in the IB.

4.4.2.2 Acantharia Depth Distribution

The depth distribution of Acantharia is different for symbiont-hosting and cyst-forming Acantharia
as the latter do not require light to acquire energy (Decelle & Not, 2015). The depth distribution
of Acantharia is also likely to change on short timescales, i.e. daily to seasonal cycles (Bottazzi &
Andreoli, 1982), with Schewiakoff, (1926) observing that Acantharia live in the surface layers
during summer when the upper ocean is calm and sunny (Michaels, 1988) but descend to 100 -
200 m during winter, and that Acantharia are particularly sensitive to wave motion and changes in

specific gravity.

The cysts in this study are of the order Holocanthida, which are thought to be a more primitive
type of Acantharia compared to symbiont-hosting Acantharia, with fewer myonemes to control
buoyancy regulation (Febvre & Febvre-Chevalier, 2001; Schewiakoff, 1926) and hence are often
found below 400 m (Bottazzi, 1978). Previous literature found no cysts in the upper 50 m in a site
near Antarctica with most cysts found between 150 and 300 m (Spindler & Beyer, 1990). Cyst
observations from the East Greenland Sea found cysts at 100 and 300 m, with larger cysts (> 200
um) dominating at depth (Antia et al., 1993). Adult Acantharia of the order Holacanthida and
Chaunacanthida have been sampled thousands of meters deep in the water column with lipid
reserves and food vacuoles (Antia et al., 1993; Bernstein et al., 1987; Schewiakoff, 1926).
Acantharian gametes from cyst-forming clades have been sampled via 185 RNA data throughout
the mesopelagic and bathypelagic Atlantic Ocean (Decelle et al., 2013 and references within) and
juveniles have been sampled at high abundances between 500 and 900 m depth (Bottazzi &
Andreoli, 1982). These studies suggest that juvenile Acantharia may develop from gametes in the

lower mesopelagic and then ascend to undergo their annual reproductive cycle.
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4.4.3 Carbon Sequestration or Strontium Shunt?

Research into Acantharia in the past decade has been revived due to their potential for
contributing significantly to deep ocean carbon storage via the rapid sinking of their cysts in high
latitude regions (Belcher et al., 2018; Decelle et al., 2013; Martin et al., 2010). One important
consideration for whether this rapid flux of cysts contribute to deep ocean carbon storage, on
climate-relevant timescales, is the viability of the sinking cysts. If the cysts collected in the deep
ocean sediment traps are viable then within one annual cycle it is possible that the majority of the
cyst organic carbon that reached the deep ocean will ascend as Acantharian gametes or juveniles.
However, if the viable cysts have sunk too deep to repopulate the upper ocean successfully, as
suggested in Section 4.4.2, the cyst driven POC flux may contribute to long term carbon storage. If
the cysts are viable then cysts found in sediment trap samples should be handled similar to how
larvae are handled in sediment trap samples, i.e. removed as a ‘swimmer’ and not included in the

deep ocean carbon budget as it will lead to an inflated POC flux (Buesseler et al., 2007).

The process and depth of excystment is still not well understood. The amount of organic carbon
released, via swarmers, into the surrounding waters and what percentage of swarmers, and
associated carbon, will be unsuccessful in reproducing and hence will not ascend to the upper
ocean is unknown (Antia et al., 1993). Furthermore, if juvenile Acantharia feed to form lipid stores
and food vacuoles in the deep ocean (Schewiakoff, 1926), and later ascend they may be driving a
net loss of carbon in the deep ocean. The ascending Acantharia would therefore only temporarily

shunt POC to the deep ocean via cysts but on timescales of less than one year.

The influence of the sedimentation of Acantharian cysts on deep ocean POC flux might be
temporary but the cysts can contribute up to 70 % of the annual particulate Sr flux to the deep
ocean in a < 2 month period. The Sr fluxes measured during peak cyst flux in Trap NW in 2008 are
the largest recorded Acantharian cyst Sr fluxes in the deep ocean and it was double the greatest
Sr flux in Trap NW in 2007 and more than five times larger than the Sr fluxes in Decelle et al.
(2013) from the Scotia Sea at 2000 m. The celestite coating of the cysts will dissolve in the deep
ocean. The deep ocean is enriched by ~ 2 % in Sr compared to the upper ocean (Bernstein et al.,
1987; de Villiers, 1999) and has lower water temperatures, which may slow the rate of
dissolution, although the effect of increased pressure may counteract the concentration and
temperature differences but there is limited knowledge of biogenic celestite kinetics (Rushdi et
al., 2000). These conditions may be beneficial to the cysts’ reproductive cycle and is discussed

further in Section 4.4.5.

Celestite-coated cysts fluxing to the deep ocean rapidly shunt Sr to depth compared to mean

oceanic residence time for Sr of 2 — 5 million years (de Villiers, 1999). Surface ocean Sr

136



Chapter 4

concentration tends to be higher (by 1.5 %) at high latitudes and a Sr concentration profile at

60 °N 20 °W, had a minimum Sr concentration at 100 m and a maximum Sr concentration at 1700
m, with concentrations between 1330 and 2500 m elevated in Sr compared to the upper ocean de
Villiers, (1999). This profile minima coincides with the depth supposedly inhabited by Acantharia
in the upper ocean and the maxima coincides with the dissolution of cyst celestite at depth.
Modelled Sr fluxes to the deep ocean were estimated using vertical Sr profiles for the Pacific
Ocean and ranged between 0.05 to 6 mmol m2 yr (de Villiers, 1999), which is in line with
sediment trap fluxes at 400 m (0.012 to 6 mmol m2yr!) and 900 m (0.06 to 0.74 mmol m2yr?)in
the Pacific Ocean (Bernstein et al., 1987). | calculated the measured particulate, and particulate
plus cyst, Sr fluxes as annual fluxes for comparison. Annual fluxes of particulate Sr in the IB ranged
between 0.28 — 0.46 mmol m?2 yr'! and annual fluxes of particulate and cyst fluxes ranged
between 0.08 — 2.50 mmol m2 yr. The greatest cyst flux below 2000 m in the IB is comparable to
400 m sediment trap fluxes, whilst the particulate material fluxes sit within the expected values.
The flux of Sr out of the upper ocean by Acantharian skeletons was predicted by Brass (1980),
using three independent methods, as between 3 — 12 pmol m? d%. The total Sr fluxes during the
cyst sedimentation events ranged between 0.2 — 88 umol m2 d* further highlighting the

impressive magnitude of the Sr flux by the cyst sedimentation events.

Particulate Sr fluxes are usually driven by CaCOs fluxes as Sr is incorporated during CaCOs
biomineralisation (de Villiers, 1999). Calcite has a much lower Sr content (1.5 umol/mmol)
compared to aragonite (8.6 umol/mmol) but both of the Sr fluxes associated with CaCOs are
small, even when CaCO; dominates the particulate fraction, compared to the Sr fluxes driven by
the Acantharian cyst sedimentation. This Sr shunt to the deep ocean may have important
consequences for the global Sr cycle and palaeotemperature Sr/Ca proxies that aim to reconstruct
SST, particularly for Quaternary reconstructions with smaller changes in Sr/Ca ratios (Bernstein et

al., 1987; de Villiers, 1999).

444 Encystment and Sedimentation Timing

The regular timing and annual sedimentation of Acantharian cysts in the IB implies that there is an
evolutionary advantage to sinking rapidly to the deep ocean. The triggers for Acantharian
encystment and subsequent sedimentation are not well understood due to sampling often
occurring opportunistically and an inability to culture Acantharia for laboratory studies (Decelle &
Not, 2015). From the first study on the deep ocean sedimentation event in the IB, Martin et al.
(2010) hypothesised that the encystment and sedimentation timing coincides with the spring
bloom so that the swarmers can feed on the spring bloom associated flux post-excystment. A

similar cycle was observed in marine ciliate cysts with the peak fluxes coinciding with peak Chl a
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concentration (Reid, 1987). For freshwater ciliates, the peak abundance of cells occurred during
peak Chl a concentration, whilst the percentage of encystment had a negative linear relationship
with Chl a concentration (multiple regression analysis, r=-0.77; Muller & Wunsch, 1999). The cyst
flux from the 2007 - 2008 IB dataset and Chl a concentration in the surface ocean do not appear
to have any relationship with the timing of the cyst sedimentation in Figure 4.6. This is supported
by the observations of Belcher et al. (2018) with the greatest cyst fluxes during a year of
anomalously low Chl a concentration. This may be due, in this study, to the use of monthly Chl a
concentration satellite products, due to extensive cloud cover, which makes it difficult to explore

these results in greater temporal resolution.

| hypothesised that the unstable water column in late March and April may play a role in
repopulating the upper ocean with Acantharia; as the mixed layer shoals Acantharia may move to
reside shallower in the water column but likely remain below the MLD. The Acantharia may then
feed in the upper ocean before encystment and subsequent sedimentation being triggered by
environmental factors. It is challenging to discern the trigger for encystment as there is no
previous research on the timescale for Acantharia to complete encystment. For Traps NW and NE,
which had large cyst fluxes in both years, the timing of the first cysts sinking out of the upper
ocean coincides with the rapid shoaling event to an MLD of < 100 m. The physical processes
driving the shoaling of the MLD could trigger the sedimentation, in a similar way observed by
Michaels, (1988), in which Acantharia changed their buoyancy and sank to the bottom of a

laboratory chamber when experiencing a physical disturbance, such as gentle stirring.

The timing of the first cysts leaving the upper ocean coincided with a plateau or decrease in PAR
levels during early May. This could imply that light levels are a trigger for sedimentation, however
cyst-forming Acantharia are generally thought to reside below 50 m, where changes in the light

levels would be minimal (Decelle et al., 2013).

Acantharia in high latitude regions appear to have an annual temporal cycle in regions with high
seasonality, with annual cyst sedimentation events sometimes preceding spring phytoplankton
blooms (Bottazzi, 1978; Martin et al., 2010). However, for particularly cold high latitude regions,
such as the Greenland Sea, the Scotia Sea and the Weddell Sea, the cyst sedimentation events
appear to occur in summer (Antia et al., 1993; Belcher et al., 2018; Spindler & Beyer, 1990). In the
Scotia Sea and the Greenland Sea the cysts sediment after the spring bloom associated
chlorophyll peak, and after the peak POC flux, which may suggest different mechanisms triggering
cyst sedimentation events. Furthermore, Belcher et al. (2018) suggested that because the high

cyst flux in the Scotia Sea coincided with atypically low chlorophyll concentration, that the
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heterotrophic Acantharia outcompeted other plankton as they could feed on bacteria and

zooplankton.

445 Cyst-forming Acantharia Reproductive Cycle

The rapid sedimentation to the deep ocean of Acantharian cysts during the spring bloom was
proposed by Martin et al. (2010) as advantageous to escape predation and to feed on the spring
bloom associated particle flux. This hypothesis did not describe the possible mechanism by which
juvenile Acantharia would ascend ~ 2500 m to repopulate the upper ocean in early spring within
an annual cycle. Swarmers are < 5 um in size (Decelle et al., 2013) and Acantharia shed their
myonemes, which control buoyance regulation, during encystment (Febvre & Febvre-Chevalier,
2001) which makes it very unlikely that the swarmers ascend. However, juvenile or adult
Acantharia, with myonemes for buoyancy control, may be able to rise through the water column
but the fraction of the population that rises > 2000 m and reaches a hospitable upper ocean
environment is unknown. Several previous studies on Acantharian cysts have found that cysts
often do not reach the seafloor, with Antia et al. (1993) observing maximum cyst dissolution
between 500 and 1000 m, which has also been observed in previous studies in varying locations

(Bernstein et al., 1987; Spindler & Beyer, 1990).

The celestite cyst shell surrounding the swarmers may act as protection from predation, but |
hypothesise it could also act as a timer, with the celestite dissolving at a slower rate in the cold,
slightly Sr enriched, although still undersaturated, deep ocean. The celestite shell would
eventually rupture releasing the swarmers at depth but the timing/delay mechanism cannot be
predicted as the rate of the dissolution of biogenic celestite in the deep ocean is unknown.
Bernstein et al. (1987) suggested that Acantharian cysts appear to have a much greater Sr
concentration, and a smaller surface area than Acantharia skeletons, i.e. they may dissolve more
slowly, which may support the idea of the cyst coating acting as a timer (Bernstein et al., 1987,
Bishop et al., 1977). Furthermore, Antia et al. (1993) suggested for cysts sinking into the
mesopelagic zone that dissolution may primarily occur subsequent to excystment and death. The
celestite shell acting as a unique timing mechanism, as well as possible protection from predation,
may provide an explanation for the ecological benefit of the energetically expensive process of
incorporating celestite, which readily dissolves in seawater, as a major component of Acantharian
cysts (Decelle & Not, 2015). Cyst-forming Acantharia are thought to be more primitive than the
symbiont-hosting Acantharia (Schewiakoff, 1926), which may explain why symbiont-hosting
Acantharia have a celestite skeleton even though, since hosting photosymbionts, they no longer

undergo encystment.
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Whilst the proposed strategy of Acantharian swarmers being released at the seafloor to feed off
the spring bloom seems logical, previous studies of Acantharia have shown they are ‘generalist’
feeders, taking advantage of what is around them (Amaral-Zettler et al., 1997; Decelle & Not,
2015). Feeding studies found they mostly ate tintinnids, copepods, larvae, bacteria and a small
amount of phytoplankton (diatoms and dinoflagellates; Amaral-Zettler et al., 1997; Bernstein et
al., 1999; Decelle & Not, 2015; Swanberg & Caron, 1991). | cannot confidently conclude what the
reproductive advantage of rapid sinking is for the Acantharian cysts in the IB, but | suggest that
cysts that sink to shallower seafloors are more likely to repopulate the upper ocean within an

annual cycle.

4.5 Conclusion

In this study | have confirmed the hypothesis that there is a regular annual sedimentation of
Acantharian cysts to the deep ocean IB in spring. The high flux of cysts sampled in spring 2008
allowed improved estimates of ‘in situ’ sinking rate, POC cyst content and Sr cyst content. The
streamlined morphology, incorporation of celestite into the cysts and the fast sinking rates
highlight the cysts purpose is to sink rapidly out of the surface ocean. | hypothesise that the
benefit of a celestite coating may be to act as a timer as the celestite dissolves at the seafloor,
delaying the release of swarmers and the reproductive process and aiding the Acantharia in

repopulating the upper ocean during the next spring.

In this study, | aimed to explore the potential triggers of cyst sedimentation to attempt to better
understand the reproductive advantage of sinking rapidly in spring. | found no clear trends with
the timing of cysts leaving the upper ocean and changes in chlorophyll concentration, light or sea
surface temperature. However, the timing of the rapid shoaling of the mixed layer depth
coincided well, especially for the high cyst fluxes, with the first incidence of cysts sampled in the
sediment traps. This rapid shoaling of the MLD occurred at the same time in both years, as did the
start of the cyst sedimentation so further exploration would be needed to see if the timing co-

varies or if this is an artefact of a small number of data points to draw conclusions from.

The reproductive cycle of Acantharia is not well understood. In this study | suggest that cysts that
sink to shallower depths are more likely to repopulate the upper ocean in the following year. The
IB cysts may have originated from Acantharia that have drifted with the upper ocean currents
beyond the ideal locations for cyst sedimentation. This may mean that by sinking to a shallower
seafloor the cyst swarmers may form Acantharia at depth, which then may ascend with the
shoaling of the winter mixed layer and may regulate the annual timing of the cyst sedimentation

event beginning in April.
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Acantharian cysts have been reported to contribute significantly to deep ocean POC flux. In this
study, cysts contributed up to 70 % of POC flux, but this is likely an artefact of the extremely low
particle fluxes sampled in 2008. In 2007 Acantharian cysts contributed up to 48 % of the total POC
flux prior to the spring bloom fluxes. If the Acantharian cysts are considered to be viable, | suggest
that they should be treated as swimmers and removed from sediment trap samples, similarly to
larvae. Viable cysts may lead to the formation of Acantharia, which will ascend to the upper ocean
within an annual cycle, meaning minimal POC sequestration in the deep ocean, unless the cysts in
the deep ocean IB are unable to return to the upper ocean. The annual particulate Strontium flux
to the deep ocean is usually driven by fluxes of CaCOs, which incorporates Sr, but in this study |
found that the annual particulate Sr flux is dominated by the Acantharian cyst sedimentation
event and this study has reported the largest cyst Strontium flux to the deep ocean to date. The
Acantharian cyst Strontium shunt may have important consequences for the global Strontium
cycle and Sr/Ca palaeoceanographic proxies, which are based on the assumption that Sr has a

long residence time of 2-5 million years.
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Chapter 5 Synthesis

5.1 Summary

In this thesis | aimed to further our understanding of the magnitude and drivers of deep ocean
carbon sequestration by utilising the unique mesoscale spatial array of the four sediment traps

deployed below 2000 m in the Iceland Basin between November 2006 and June 2008.

5.1.1 Key Finding in the Area of Carbon Sequestration

In Chapter 2, the mean annual POC flux to below 2000 m in the Iceland Basin was found to be
similar to previous global and regional estimates (within +/- 16 %) with a similar transfer efficiency
between 100 m and 2000 m as other North Atlantic estimates (Henson et al., 2011; Honjo et al.,
2008; Lampitt & Antia, 1997). This suggests the Subpolar North Atlantic annual average carbon
flux is similar to the mid-latitude North Atlantic. However, | demonstrated in Chapter 3 that 50 %
of the annual flux arrived later in the annual cycle (summer) in the IB when compared to mid-
latitude sediment trap results from the North Atlantic (early spring; Lampitt & Antia, 1997). This
may suggest that, at higher latitudes, the spring bloom associated flux is not the only flux event
that contributes significantly during an annual cycle and in different regions of the North Atlantic

the timing and drivers of deep ocean carbon sequestration may vary.

5.1.2 Key Finding in the Area of Mesoscale Spatial Variability

Spatial variability in interior ocean carbon fluxes has rarely been studied (Guidi et al., 2008; Guieu
et al., 2005) and mesoscale spatial variability below 2000 m has been explored in only one
instance by Newton et al. (1994) in the North Atlantic centred around 48 °N and 20 °W between
3000 - 3700 m depth. The Newton et al. (1994) deep ocean carbon flux dataset originates from
the JGOFS programme, in which one time-series from the Netherlands remains unpublished
(Figure 5.1), and indicates that there are instances of mesoscale variability in summer and autumn
in the Northeast Atlantic. The findings from Newton et al. (1994) suggest that, during spring, the
sediment traps were unaffected by spatial variability on scales of 100 km, whereas during autumn
a large POC flux event sampled by Newton et al. (1994) at 19.5 W was not observed by Honjo and
Manganini, (1993) at 21 W for the same sampling period. Newton et al. (1994) concluded that the
‘missing’ autumn flux at 21 W was either due to issues with collection efficiency or genuine

mesoscale variability in the deep ocean and called for more rigorous attention to mesoscale
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variability in particle fluxes. The mesoscale variability in the JGOFS POC fluxes was much greater in
magnitude than the instances of mesoscale variability presented in this thesis. The Netherlands
JGOFS flux data varies greatly on short temporal timescales, which is usually missed by the 14 day
sampling period of deep ocean sediment traps. Since the JGOFS programme few studies have
researched the problem of the mesoscale variability of particle flux, particularly in the interior and
deep ocean, meaning that many deep ocean flux studies often assume mesoscale variability to be
negligible (Boyd & Newton, 1999). The gap in knowledge surrounding mesoscale variability in
deep ocean particle flux was a motivator for this thesis and | have shown that mesoscale

variability is not negligible on less than seasonal timescales.
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Figure 5.1 Mass flux, b) POC flux and c) PIC flux from three sediment traps deployed between
3000 and 3700 m depth around 48 °N and 20 °W in the North Atlantic Ocean in 1989
- 1990. The sediment traps were deployed as part of the JGOFS programme. The UK
traps were deployed at 47.8 °N and 19.5 °W at 3100 m (Newton et al., 1994), the USA
sediment traps were deployed at 48 °N and 21 °W at 3700 m between 1989 — 1990

(Honjo & Manganini, 1993), and the Netherlands sediment traps were deployed at 47
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°N and 20 °W in 1990. The deep ocean fluxes from the latter have not previously

been published.

Previously, the POMME study had four sediment trap moorings at 1000 m in the Northeast
Atlantic deployed in a mesoscale array, which found that the variability of annual POC flux was 32
%, which was deemed to be significant (Guieu et al., 2005). The observed variability in POC flux
between traps found by the POMME study is very similar to the 35 % threshold | defined to
identify mesoscale variability in Chapter 2, based on the mesoscale variability in the upper ocean
Iceland Basin of satellite ocean colour in Doney et al. (2003). There appears to be scientific
consensus amongst these studies that spatial variability of one third of the total magnitude of

fluxes for a mesoscale area (10 — 200 km) cannot be overlooked.

In Chapter 2 | concluded that mesoscale spatial variability in deep ocean carbon fluxes may be
important, particularly on shorter than seasonal timescales, and may affect the interpretation of
data at single location sediment traps at sustained observatories as a time-series i.e. ignoring
spatial variability. The case studies of mesoscale variability explored in Chapter 3 found that
increased POC fluxes coincided with increased BSi fluxes, likely diatom driven in spring, and often
coincided with mesoscale eddies traversing nearby or over the sediment trap locations. An
underwater vision profiler, used during the POMME study in the Northeast Atlantic to measure
sinking aggregates in the upper 1000 m, concluded that in areas of increased eddy activity, fluxes
may be temporarily influenced down to 1000 m on scales < 100 km (Guidi et al., 2007). The
findings in this study and previous studies suggest that when interpreting transient signals from
single sediment trap datasets, the presence of mesoscale eddies near to the trap location should
be considered in detail, as in Conte et al. (2003) for the BATS deep ocean sediment trap fluxes. If
sediment trap data is interpreted as a time-series, POC fluxes may be underestimated if there is
eddy activity surrounding the sediment trap that hasn’t influenced the sampled particle flux.
Conversely, the POC flux may be an overestimate if there is low eddy activity around the wider
trap location, but the sampled particle flux is influenced by a localised feature. That statement
assumes that eddies always lead to increased POC fluxes in the deep ocean, which is in line with
our findings from Chapter 3, but should be extrapolated to different temporal or regional settings

with caution.

The quantitative importance of transient mesoscale events to deep ocean POC flux was calculated
for each of these five case studies by combining the results from Chapter 2 and 3 (Table 5.1). The
smallest contribution of the additional POC flux (i.e. case study POC flux — baseline POC flux) in a
14 day sampling period to the annual POC flux was 0.99 % and the largest contribution was 7.6 %

during the spring bloom associated flux. The total contribution of mesoscale variability in deep
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ocean POC flux for one annual cycle was 7.4 % for Trap NW, 8.6 % for Trap NE and 11.1 % for Trap
C. Interestingly, none of the five instances of the greatest mesoscale variability were observed in
Trap S fluxes and Trap S also had the lowest annual POC flux of the four sediment traps. Single
location observations at sustained observatories may under or overestimate annual carbon
budgets for a localised region by up to 11 % depending on whether mesoscale events are sampled
or not. These findings support the idea that some instances of observed ‘interannual’ variability

may be an artefact of localised mesoscale variability.

Table 5.1 The contribution of the mesoscale variability case studies to the annual POC fluxes for
each sediment trap. The POC flux baseline was calculated by averaging the POC

fluxes from the sediment traps that did not exhibit increased fluxes.

Case |Sediment POC Flux Case Study Annual POC Contribution to
Study Trap Baseline POC Flux Flux Annual POC Flux

(mmol m2d?) (mmol m2d?) (mmol m?) (%)

1 NW 0.09 0.43 92.8 5.0

1 C 0.09 0.54 103.6 6.1

2 NW 0.03 0.19 92.8 24

3 NE 0.03 0.11 119.1 0.99

4 NE 0.31 0.96 119.1 7.6

5 C 0.46 0.83 103.6 5.0

5.1.3 Key Finding in the Area of Biological Drivers of POC Flux

The importance of community structure in terms of the biomineral content and planktonic
composition of deep ocean particle flux has been demonstrated in this thesis. In Chapter 3, the
link between increased BSi fluxes and increased POC fluxes were observed at several time periods
throughout the annual cycle, both during the spring bloom and during periods of greater
mesoscale variability, and is likely due to a greater contribution of diatoms to total flux. The role
of decoupling between primary production, carbon export and upper ocean remineralisation has
been explored in Chapter 3. Decoupling is known to occur during the early spring bloom, due to a
temporal offset between PP and remineralisation, and decoupling may occur within a mesoscale
eddy, due to a spatial decoupling occurring as particles are funnelled to depth and hence bypass
the most active remineralisation zone in the upper mesopelagic, leading to the efficient

sequestration of carbon in the deep ocean (Buesseler, 1998; Henson et al., 2019; Omand et al.,
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2015; Waite et al., 2016). Therefore, the role of decoupling may be a critical factor in explaining
the increased efficiency of POC fluxes to depth and may occur on a variety of spatial scales.
Decoupling could explain why elevated BSi fluxes are not always associated with increased
efficiency of POC export, except during periods of decoupling prior to the peak spring bloom and
within an eddy. The process and importance of spatial decoupling is an area that needs more
attention as it is not currently parameterised by biogeochemical models and hence they may
underestimate export flux and particle flux to the deep ocean during periods of decoupling

(Henson et al., 2019).

The annual sedimentation of Acantharian cysts prior to and during the spring bloom in the Iceland
Basin further supports the importance of community structure as a driver of particle flux
composition. My results show that deep ocean particle fluxes can be dominated by a
monospecific planktonic component. The Acantharian cyst sedimentation events in the IB do not
carry large magnitudes of POC to the deep ocean on timescales relevant to the climate system but
the celestite-ballasted cysts will contribute considerably to the mass flux. If the majority of
sampled Acantharian cysts are thought to be viable the cyst POC should not be included in deep
ocean POC fluxes and carbon budgets but should instead be treated as larval stages and removed
from the trap samples (Buesseler et al., 2007). The Acantharian cyst sedimentation event did
transport large amounts of Sr to the deep ocean which may have important implications for Sr/Ca
ratios used as a palaeotemperature proxy (de Villiers, 1999) and Sr should be considered as a non-
conservative element (Bernstein et al., 1992). Ultimately, the observed fluxes of Acantharian cysts
highlight the importance in understanding what components of the plankton community are
found in sediment trap samples. Chapter 4 demonstrates how our understanding of these fluxes
can change considerably by undertaking visual microscopy of samples as the Acantharian cysts in
the IB were identified by P. Martin due to their unusual shape and relatively large size for a

planktonic cyst.

5.2 Reflecting on Results

In this thesis | demonstrate the importance of considering biological and physical mechanismsin a
mesoscale spatial context whereas most studies can only report on a singular sediment trap
location. This is essential to develop an improved understanding of deep ocean carbon

sequestration.

Previous research by Siegel and Deuser, (1997) estimated the statistical funnel above deep ocean
sediment traps, which highlighted that understanding the temporal and spatial characteristics of

the current flows above deep ocean traps is key to interpreting the variability in sampled fluxes.
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Deuser et al. (1990) also suggested combining a mesoscale grid of moored sediment traps in the
deep ocean, along with remote sensing and shipboard measurements, to allow for improved
understanding of spatial and temporal variability in fluxes and could allow links with upper ocean
processes to be made. The results in this thesis are the first step towards quantifying and
understanding the drivers of mesoscale variability in deep ocean sediment trap fluxes. If increased
biological data from remote sensing and depth resolved shipboard measurements were available,
as suggested by Deuser et al. (1990), a more developed understanding of the links between upper
ocean export and mesoscale variability in deep ocean particle fluxes would likely have been
achieved, particularly in terms of whether the variability originates from the upper ocean or arises

during the transit of particles to the deep ocean.

The original aim of this study, and the rationale for the unique mesoscale spatial array of the
sediment traps in the deep ocean, was to provide an undisturbed time-series of deep ocean
particle flux in the IB. For example, if a mesoscale eddy (usually of the order of 100 km) did pass
over one or more of the sediment traps, due to the spatial array, a minimum of two sediment
traps would be affected, with the other two sediment traps collecting efficiently. This implicitly
assumed that sediment traps would undercollect particulate material if a mesoscale eddy passed
over them. In this thesis | have shown that mesoscale eddies passing over trap locations led to
increased POC fluxes under some circumstances. Conversely, a strong eddy feature from late
December 2007 to January 2008 may have led to the issues with the unusually low fluxes in 2008,
but this appeared to have affected every sediment trap to some extent, so the exact cause

remains unclear.

An unfortunate aspect of the study was the 2008 sediment trap samples that exhibited signs of
degradation and sampled unusually low fluxes. The NABO8 Lagrangian study of upper ocean
export within a diatom bloom in May 2008 in the West of the Iceland Basin carried out detailed
measurements on carbon export and mesopelagic flux using drifting sediment traps, 22*Th
radionuclide measurements and backscatter measurements from gliders (Briggs et al., 2011;
Martin et al., 2011). Examining the NABOS8 results alongside the deep ocean particle fluxes in the
IB would have been a unique opportunity to better understand the dynamics between primary
production, carbon export and remineralisation of organic carbon fluxes down to 750 m with the
fraction of flux that eventually reached the deep ocean (Briggs et al., 2011; Martin et al., 2011).
The T during the May 2008 upper ocean study was found to be very high down to 750 m (24 —
43 %) and it would have been a highly informative observation to determine if the localised high

Tesrimpacted the POC flux below 2000 m in the IB (Martin et al., 2011).
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The unusually low fluxes during Period IV (December 2007 to June 2008) highlight that, in the IB,
sediment traps may not be the most suitable instrumentation to provide undisturbed, accurate,
year-round estimates of carbon flux due to fast current speeds in the IB, which may lead to
undercollection of sinking material (Baker et al., 1988; Buesseler et al., 2007). There are very few
other methods for measuring particle flux signals in the deep ocean and no other methods for
capturing and analysing the biological components and chemical composition of particle flux in
the deep ocean. In Section 5.3.1 | outline possible sampling regimes to overcome some of these

issues and suggest an alternate location for repeating such an experiment.

May 2008

Latitude (Degrees N)
Chlorophyll a Concentration (mg m™3)

-28 -26 -24 -22 -20 -18 -16
Longitude (Degrees East)

Figure 5.2 Monthly chlorophyll a concentration for May 2008 in the Subpolar North Atlantic. The
black circles show the locations of the deep ocean sediment traps in the central
Iceland Basin and the red square indicates the location of the May 2008 study by

Martin et al. (2011) over the Rekyjanes Ridge. White pixels indicate cloud cover.

If the deep ocean particle fluxes in Period IV (December 2007 — June 2008) had been reliable, |
could of have tested the hypothesis that efficient transport through the mesopelagic, as observed
by Martin et al. (2011) in the Western Iceland Basin, would penetrate to the deep ocean leading
to elevated deep ocean POC fluxes (Lampitt, 1985). The comparison would have improved
understanding of the composition of flux reaching the deep ocean and how the composition of
flux is altered by remineralisation between the euphotic zone and the mesopelagic zone. If this
comparison had been possible the interpretation would have relied on the assumption that
particle flux in the Western Iceland Basin over the Rekyjanes ridge was comparable to the central
Iceland Basin. This may not have been justifiable as the Chl a concentration over the Rekyjanes
ridge in May 2008 is generally lower than in the central Iceland Basin (Figure 5.2) although the

sampling in the Western IB was carried out within a diatom bloom.
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53 Recommendations for Future Studies

5.3.1 Investigating Mesoscale Spatial Variability

The Iceland Basin was a challenging region to attempt to link upper ocean processes with deep

ocean particle flux for several reasons:

1. the complex topography and strong current velocity events in the deep water column
2. limited satellite chlorophyll a data due to the low angle of the sun in winter and high
cloud coverage throughout much of the year

3. limited CPR data, particularly for the years sampled by the sediment traps

The methods employed in this thesis of identifying periods of mesoscale variability and using
particle source regions to explore links between the upper ocean biological and physical processes
could be utilised at other time-series sites to investigate further the main drivers of deep ocean
carbon flux and subsequent carbon sequestration, even if there were not multiple sediment traps

deployed.

The sediment traps in this study were deployed in a unique mesoscale spatial array whilst
sediment trap deployments at sustained observatories are usually in a singular location.
Identifying mesoscale spatial variability at sustained observatories is not possible using the
methods in this study without a spatial array of sediment trap fluxes to average and compare.
However, | propose that long-term time-series sediment trap data could be interpolated into a
daily time-series (to account for variable timing of sampling periods in different years) and
averaged to create a multi-year climatology of POC flux. The threshold method, used in Chapter 2,
to identify transient changes in deep ocean POC flux by highlighting deviations of individual trap
POC fluxes of > 35 % of the mean POC flux, could be used to identify interannual deviations to
explore whether the variability is driven by mesoscale variability in the upper ocean or genuine
interannual variability. This method would assume that there was no trend in the baseline of
particle flux over the years used to calculate the mean climatology. Such a study could be carried
out at sustained observatories such as the PAP Site, which also has a wide range of upper ocean
data, including from sensors moored at 30 m, and generally lower current speeds in the deep
ocean (usually < 10 cm s’; Lampitt et al., 2001), and would allow a better understanding of the

processes in the euphotic zone related to deep ocean POC fluxes.

Sediment traps are the most widely used device to measure deep ocean particle fluxes, but as
discussed in Section 5.2, issues with collection efficiency, and limited temporal and spatial

resolution, can hinder the scientific community’s ability to develop a mechanistic understanding

149



Chapter 5

of what controls deep ocean particle flux. Optical devices have recently grown in popularity for
measuring particle properties, such as fluorescence and backscatter, in the upper 1000 m in the
ocean and can provide high resolution 3D and 4D coverage on scales not previously possible from
shipboard or sustained observatories (Dickey et al., 2006). However, many optical devices have a
limited maximum depth range, often between 600 — 1000 m, and hence are not suitable for
sampling in the deep ocean. The WETLABS ECO-BB-RTD backscatter sensor has a depth rating
down to 6000 m but rarely appears to have been used to measure backscatter in the deep ocean.
Backscatter is now routinely used to carry out analysis of particle ‘spikes’ to estimate POC

concentration and bulk sinking rates to estimate carbon flux (Briggs et al., 2011).

Backscatter has also been used in the deep ocean, with the instruments often termed
nephelometers, to quantify seawater turbidity throughout the water column (Eittreim et al.,
1976). Nephelometer studies have found that turbidity is closely linked to the biogenic rain of
particles (Eittreim et al., 1976) and have been used to quantify deep ocean turbidity increases
caused by benthic storms in the Northwest Atlantic (Gardner et al., 2017) and to explore how
global nepheloid layers relate to upper ocean dynamics (Gardner et al., 2018). However, these
studies can only provide information on the concentration of particulate matter and hence cannot
provide information on particle properties or the biological and chemical content of particulate

matter.

One possible interesting avenue for advancing the technology of deep ocean sediment trap
studies would be to deploy a backscatter sensor above a deep ocean sediment trap to collect
information on the relationship between particle spikes and POC flux in the deep ocean from the
sediment trap samples. A spatial array of backscatter sensors could be deployed around a
sediment trap location to further study the mesoscale spatial variability throughout an annual
cycle in the deep ocean particle flux. Backscatter sensors have been used on Bio Argo floats down
to 2000 m, but only results down to 1000 m have currently been published (Bellacicco et al., 2019;
Mignot et al., 2018), and at an OOl mooring using a wire walker down to ~ 4000 m but this data
has not yet been published. Autonomous underwater vehicles and gliders that can dive to 6000 m
have been deployed but the signal to noise ratio becomes problematic at low particle
concentrations, however they may still be useful during periods of elevated fluxes. An array of
wirewalkers with backscatter sensors could also be deployed in a spatial array around a sustained
observatory sediment trap mooring to increase the spatial, temporal and vertical resolution even
further. Furthermore, using sensor technology in the deep ocean will increase the temporal
resolution of particle flux measurements up to several orders of magnitude depending on the
length of deployment and the sampling rate. The resolution of deep ocean sediment trap data,

along with the lack of information in the 1000’s of meters between the euphotic zone and the
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deep ocean, and the limited spatial coverage, is a major factor hindering the progress of further

understanding what controls flux to the deep ocean and how it varies globally.

5.3.2 Improving Particle Source Region Estimations

For future studies attempting to predict sediment trap particle source regions using in situ data |
would suggest having an array of current meters deployed in a mesoscale array around the
sediment trap, and if feasible, at several depths throughout the water column. One of the issues
with using the singular locations of the current meter data from the sediment traps and the
simplistic 2 box model, is that it implicitly assumes that there is no mesoscale spatial variability in
deep ocean currents. There is a high possibility of mesoscale variability in deep ocean current
characteristics as suggested by observed links between upper ocean eddy kinetic energy and deep
ocean benthic storms (Gardner et al., 2017). Another way to improve the estimates of sediment
trap particle source regions may be to use in situ upper ocean current velocities rather than the

OSCAR derived current velocities between 0 — 350 m.

On reflection a more representative method of estimating sediment trap particle source regions
may be to use a varying sinking speed, rather than a fixed sinking speed of 100 m d?, as in this
thesis. For example, this study and previous studies have observed a rapid transit of particle flux
to the deep ocean in spring, suggesting a 20 — 30 day time lag does not correctly represent spring
particle flux (Asper et al., 1992; Deuser et al., 1990; Waniek et al., 2005b). However, assigning
varying magnitudes of bulk sinking speeds during an annual cycle is challenging at present due to
limited knowledge of how sinking speeds change with depth, time and particle flux composition

(Villa-Alfageme et al., 2016).

5.4 Future Work

5.4.1 Ballasting: Silica versus Calcite?

In Chapter 3 the role of biomineral ballasting as a driver of POC flux to the deep ocean was
explored. Increased BSi flux is correlated with the spring bloom related peak in POC flux and
increased POC fluxes in the mesoscale spatial variability case studies coinciding with increased
abundances of diatoms in the CPR data. The relationship between deep ocean POC flux and the
CaCo:s flux is strong and statistically significant but as to whether CaCOs is a driver of POC flux
remains uncertain as there are no instances were CaCOs alone coincides with elevated POC fluxes.
One possible area for future work would be to measure the size fractionated CaCOs in an attempt

to separate the foraminiferal CaCOs from the coccolithophore CaCOs throughout the annual cycle
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and the community structure controlling the CaCOs fluxes could be confirmed via scanning
electron microscopy. From visual inspection, as discussed in Chapter 3, foraminifera tests
appeared to have very little organic material associated with them whilst the coccolithophores
were too small to identify using light microscopy. Different regions of the ocean are often
classified as either a silica ocean or a calcite ocean but this is likely an oversimplification (Honjo et
al., 2008). A more in-depth understanding of the origin of the CaCOs; material reaching the deep
ocean may aid in understanding the role of ballasting and possible shifts in biomineral importance

throughout the annual cycle.

5.4.2 Acantharia Reproductive Strategy

Advancing understanding of the annual reproductive cycles of Acantharia is hindered by the lack
of experimental work as Acantharia have never been successfully cultured (Decelle & Not, 2015).
Furthermore, Acantharian cysts that sink to the deep ocean cannot be sampled in sufficient
quantities without preservation in sediment trap samples, which would affect the properties of
the cysts. An improved understanding of the dissolution kinetics of biogenic celestite under
differing temperature and pressure conditions may aid in our understanding of the length of time
that a cyst would remain intact in the deep ocean and whether the cyst organic coating protects
them from rapid dissolution (Bernstein et al., 1992; Dove & Czank, 1995). In Chapter 4 |
hypothesised that Acantharian cysts reproductive strategy was to sink to water depths < 1500 m
to allow juveniles to ascend to the surface within one annual cycle. Tracking surface currents back
in time for several months from the estimated Acantharian cyst upper ocean source regions may
allow for determination of where the cysts likely ascended from. This may help inform where the
majority of cysts sedimented, and if sedimentation occurs in shallower water depths, such as over
the Rekyjanes ridge, or whether they likely remained within, and ascended from, the open ocean
Iceland Basin. This will aid in confirming or rejecting the hypothesis | proposed in Chapter 4 that
the cyst-forming Acantharian reproductive strategy is more successful if cysts sink to a shallower

seafloor (< 2500 m) than in the central Iceland Basin.

5.5 Closing Statement

In this thesis | have reported on an annual cycle of deep ocean particle fluxes in the Iceland Basin.
Utilising the unique mesoscale spatial array of the deployed sediment traps allowed for mesoscale
variability in deep ocean fluxes to be identified, quantified and the drivers of the variability to be
explored. Whilst this study has been a step forward in the scientific community’s understanding of
mesoscale spatial variability deep ocean particles fluxes, this area of research will only be

significantly advanced with 4D sampling, which would have greater spatial, depth and temporal
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resolution (Boyd et al., 2019). High spatial and temporal resolution datasets to target key
processes specifically will hopefully provide information on whether processes, such as mesoscale
eddies, need to be parameterised in global biogeochemical models. The interaction of mesoscale
variability with ocean biogeochemistry and sinking particles may be necessary to represent fluxes
of carbon to the deep ocean accurately. Alternatively, on larger geographical scales processes

driving mesoscale variability may be negligible to global carbon sequestration in the deep ocean.
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Appendix A  Particle Flux Time Series

Particle fluxes and composition below 2000 m in the IB including the degraded samples (Table
3.4). In the results chapters the samples that were clearly degraded, mainly indicated by very
degraded swimmers, were removed from the interpretation as they do not represent accurately

the particle fluxes to the deep ocean Iceland Basin.
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Figure A.1.1 Particle fluxes to below 2000 m in the IB (2006 - 2008). a) Mass flux (mg m2d?), b)
mass flux (mg m2d?) with degraded samples removed, c) POC flux (mmol m2d?), d) POC flux
(mmol m?2 d!) with degraded samples removed, e) CaCOs flux (mmol m2 d?), f) CaCOs flux (mmol
m2 d!) with degraded samples removed, g) BSi flux (mmol m2d?), h) BSi flux (mmol m2 d?) with
degraded samples removed. The mean flux is in grey, Trap NW fluxes are in black, Trap NE fluxes

in red, Trap C fluxes are in green and Trap S fluxes are in blue. The black vertical lines represent
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the four flux periods outlined in Chapter 2. The greyed out period is the gap in sampling whilst the
sediment traps were recovered and redeployed. The error bars show the propagated analytical
uncertainty.
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Figure A.2.1 a) POC flux, b) PON Flux, c) POC content of total flux (%), d) PON content of total flux

(%) and e) POC:PON Molar Ratio below 2000 m in the IB for 2006 — 2008. For figure e) the dashed

line represents a POC:PON ratio of 6, which is usually the minimum POC:PON ratio that is

expected. Acantharian cysts tend to have a lower POC:PON ratio. The ratio in April and May 2008

is expected to be below 6 as cysts were the major contributor to flux.
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B.1

Biomineral Analysis

Calcite and Celestite Methodology

Appendix B

Table B.1.1 Multi-element standard concentration ranges for Na, Ca, Sr and Ba. The mean (+

standard deviation) of the measured concentrations for the three fractions are presented.

Underlined values indicate that the measurements have been utilised and data presented.

Element Minimum Maximum Mean measured concentration (ppm)
Concentration | Concentration Supernatant Particulates Cysts
(ppm) (ppm)
Na 0.5 200 64.0 (+ 21.2) 0.11 (£ 0.36) 1.54 (+ 1.59)
Ca 0.5 200 2.14 (£ 0.54) 5.05 (+ 1.58) 0.78 (+ 1.07)
Sr 0.01 2 0.06 (+ 0.09) 0.03 (+ 0.04) 0.39 (+0.59)
0.0002 0.02 0.0009
Ba 0.001 0.2
(£ 0.00009) (£0.01) (£ 0.0009)

Table B.1.2 Intercomparison samples used to validate particle flux analysis in this study with the

first deployment samples analysed by P. Martin.

Sample ID Sampling Period Type Comparison Parameters

Trap NW (42) - 1 22.11.2006 — 05.12.2006 Late autumn BSi
Trap NW (42) - 10 | 28.03.2007 —10.04.2007 Pre-bloom Ca/Sr, BSi

Trap C (43) -6 31.01.2007 — 13.02.2007 Late winter Ca/Sr, BSi

Trap C (43)- 10 28.03.2007 — 10.04.2007 Pre-bloom BSi

Trap C (43) - 18 18.07.2007 — 29.07.2007 Late summer BSi
Trap NE (44) - 14 | 23.05.2007 — 05.06.2007 Bloom Ca/Sr, BSi
Trap NE (44) - 15 | 06.06.2007 — 19.06.2007 Post-bloom BSi

Trap S (45) -2 06.12.2006 —19.12.2006 Early winter Ca/Sr, BSi

Trap S (45) - 14 23.05.2007 — 05.06.2007 Bloom BSi
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Figure B.1.1 Comparison of digest procedures for Calcium. a) CaCOs flux from the deployment 1

samples and analysis (which used an Acetic acid digest) compared with analysis of

deployment 1 samples using a Nitric acid digest and an Acetic acid digest. b) CaCO;

flux as a percentage of total mass flux for the deployment 1 samples, similar to a). c)

CaCoO:s flux estimates when using a Nitric acid versus an Acetic acid digest for the re-

analysed deployment 1 samples and for the deployment 2 samples. d) CaCOs flux as a

percentage of total mass flux for the deployment 1 and 2 samples, similarly to c). The

dashed black line represents the 1:1 line. The error bars show the propagated

analytical uncertainty.

Figure B.1.1 suggests that there is very little difference between using a 0.4 M Nitricacidora1 M

Acetic acid digest to measure Calcium. The Acetic acid digests, although originally picked as a

weaker digest to minimise the amount of Ca released from lithogenic sources, rather than

biogenic sources, appears to liberate slightly greater Ca than the Nitric acid digests. This small

discrepancy makes very little difference to the CaCOs; flux estimates. CaCOs as a percentage of

total flux is not statistically significant due to one of the four values deviating from the 1:1 line but
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all other deployment 1 comparisons have good agreement. All other statistical tests show good
agreement between the Acetic acid and Nitric acid digests. The Acetic acid digest appears to
liberate slightly more Calcium compared to the Nitric digests. The CaCOs percentage of total flux
comparison for the deployment 2 samples, which was a more extensive comparison (n=22), was

statistically significant with an R? value of 0.768 (Table B.1.3).

Table B.1.3 Linear model statistics for intercomparison samples for CaCOs3 analysis for both the
Nitric acid and Acetic acid digests and for BSi analysis. The comparison was carried out between

fluxes and percentage of total flux.

Parameter (digest type) R? (p value) Number of samples

CaCOs flux

L 1.0 (< 0.001) 4
(Nitric acid; deployment 1 samples)

CaCOs content

(% of total flux; Nitric acid deployment 0.6 (0.143) 4
1 samples)
CaCOs flux

1.0 (< 0.001) 4

(Acetic acid; deployment 1 samples)

CaCOs content

(% of total flux; Acetic acid; 0.75 (0.087) 4
deployment 1 samples)

CaCOs flux
(Nitric vs Acetic acid — deployment 2 1.0 (< 0.001) 4
analysis; deployment 1 samples)

CaCOs content

0 N o

(% of total flux; Nltrl(.: vs Acetic acid 0.77 (0.0811) 4

deployment 2 analysis, deployment 1
samples)

CaCOs Flux
(Nitric vs Acetic acid — deployment 2 0.996 (< 0.001) 22
samples)

CaCOs content

(% of total flux; Nitric vs Acetic acid — 0.768 (< 0.001) 22
deployment 2 samples)

BSi Flux
. . 0.997 (< 0.001) 9
(Sodium Hydroxide)
BSi content
0.973 (< 0.001) 9

(% of total flux)
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B.2 Biogenic Silica Methodology
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Figure B.2.1 Comparison of sediment trap samples analysed during deployment 1 (D1) with
analysis of deployment 2 (D2) samples. a) Comparison of BSi flux (mmol m2 d) and b)
comparison of BSi as a percentage (%) of total mass flux. The R? and p value of the very strong
statistically significant relationships are shown. The dashed black line is the 1:1 line and the
dotted grey lines are the 95 % confidence intervals. The grey error bars show the propagated

uncertainty.

Sediment trap samples from deployment 1 were re-run during deployment 2 analyses to validate
and compare the analysis. A range of samples were chosen to cover a range of flux types, as
detailed in Table B.1.2, including the highest BSi flux samples from the time-series. The
methodology used was very similar and results, which included any sediment weighing errors,
compared excellently. The BSi fluxes plotted very close to the 1:1 line and had a positive strong
statistically significant linear relationship (R? 0.997, p value < 0.001). The relationship between the
two sets of analyses for BSi as a percentage fraction of the total mass flux exhibited slightly more
variation around the 1:1 line but still had a positive strong statistically significant relationship (R?
0.973, p value < 0.001). This validates that the methods were consistent and that the time-series

values should not be affected by differences arising from methodology.
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supernatant BSi concentration (mmol L2). A strong significant positive power

relationship was observed with an R? of 0.84 and a p value of <0.0001. The

relationship indicates that BSi will dissolve up to excess concentrations of 0.96 mmol

L? greater than blank sediment trap preservative (mean concentration of 0.0152 +

0.0249 mmol L, n=9).

The sediment trap filtered supernatant BSi concentration increases with the total BSi flux until a

plateau at ~ 0.8 mmol L2, The supernatant BSi concentrations were corrected for the preservative

blank, which is made with deep ocean seawater and had a mean BSi concentration of 0.015 mmol

L. This falls in line with the BSi saturation state in seawater, which at low temperatures ranges

between 1 —1.2 mmol L (Bauerfeind & Bodungen, 2006). The BSi supernatant concentrations

were corrected for evaporation as described in Section 3.2.1.2 and the largest uncorrected

supernatant concentrations fell within 1 — 1.2 mmol L.
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Appendix C Particle Source Regions

C.1 Current Meter Velocity Processing

Lowpass Filtering (Wpass = 0.01 xx radians/sample)
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Figure C.1.1 An example of the lowpass filtered current speed data from the Trap C current meter
deployed below the sediment trap. The lowpass() function in MATLAB was used with a wpass of
0.01. The lowpass filter smooths the current speed timeseries, removing hourly and tidal

variability, as described by Waniek et al. (2000).
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C.2 Data versus Model Comparison

The particle source region methodology was discussed in detail in Chapter 3, Section 3.2.2.

64°N [ : e — 0
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1-1500
[0)
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1-3500
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28°W 24°W 20°W 16°W 12°W -4000
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Figure C.2.1 The mean predicted particle source region for each sediment trap using current
meter and OSCAR velocity (diamonds) and Copernicus model velocity (star). The crosses indicate
the sediment trap locations. The particle source regions were predicted for deployment 1 and 2
for Trap C and Trap S but only deployment 1 for Trap NW and Trap NE as the deployment 2

current meter data were not successfully recovered.

C.3 Monte Carlo Simulations

Monte Carlo simulations were run to test whether errors in u and v current meter velocity
components would cause the predicted particle source regions to show variability. The v and v
components were allowed to vary randomly within +/- one standard deviation. Figure C.3.1
highlights that, as expected, the slower the assumed sinking speed the wider the predicted
particle source regions extend. The particle source regions appear to have very similar shapes in
Figure C.3.1, suggesting that errors in the u and v components would not affect the interpretation
of the results in this thesis. The mean particle source regions for each sediment trap and sinking
speed are detailed in Table C.3.1, with the RSDs shown in brackets. The RSDs between the 20
Monte Carlo simulations are all less than 1 % further suggesting that the errors in u and v will be

negligible to the interpretation of the results in this thesis.
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Figure C.3.1 Predicted particle source regions for each sediment trap using mean sinking speeds of 50 m d!, 100 m d* and 200 m d™. 20 Monte Carlo simulations (shown

by the colour bar) were run to explore the errors introduced by +/- 1 standard deviation on the u and v components of the current meter velocity and OSCAR current

velocity.
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Table C.3.1 Mean latitude and longitude of each Monte Carlo simulation (+/- one standard

deviation) for each sediment trap particle source region with assumed mean sinking speeds of 50

md?, 100 m d* and 200 m d. The RSD of the mean latitude and longitude of the 20 Monte Carlo

simulations is shown in brackets.

Mean Mean Mean Mean Mean Mean
Trap
Latitude | Longitude | Latitude | Longitude | Latitude | Longitude
50 md? 100 md? 200 md?
59.8979 -24.4461 | 59.94878 | -22.8442 |60.03003 | -21.8919
Trap NW
(0.078) (0.32) (0.046) (0.17) (0.017) (0.12)
60.45659 | -18.6148 | 60.11732 | -18.7680 |59.87425| -18.8352
Trap NE
(0.08) (0.45) (0.032) (0.19) (0.024) (0.094)
59.36339 | -20.5896 | 59.64926 | -20.2729 |59.57977 | -20.1306
Trap C
(0.047) (0.24) (0.015) (0.15) (0.01) (0.063)
59.51092 | -18.7991 | 59.10916 | -19.6653 | 59.0013 | -20.0179
Trap S
(0.05) (0.21) (0.023) (0.13) (0.0087) (0.063)

C.4 Acantharian Cyst Source Regions

The Acantharia cyst source regions in the upper ocean were estimated using the particle

backtracking code described in Chapter 3.2.2 using the measured mean cyst sinking speed of 760

m d%. The mean measured sinking speed uncertainty was quantified by the standard deviation

which was +/- 200 m d%. To explore the sensitivity of the source regions to different sinking

speeds | ran the particle backtracking code for sinking speeds of 560 and 960 m d*. The estimated

source regions are shown in Figure C.4.1 and Figure C.4.3. As expected, the faster the sinking

speed the more localised the source region and the smaller the mean distance is from the

sediment trap location. The differing source regions make little difference to the conclusions

regarding the timing and triggers of the Acantharian cyst sedimentation event, as evidenced by

Figure C.4.2 and Figure C.4.4.
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Figure C.4.1 Acantharian cyst source regions estimated using the lower uncertainty estimate of

the measured sinking velocity of 560 m d%. The crosses represent the sediment trap locations:

black is Trap NW, red is Trap NE, green is Trap C and blue is Trap S. Panels a), c), ) and g) are the

source regions for the 2007 sedimentation event and panels b), d), f) and h) are the source

regions for the 2008 sedimentation event. The marker colours represent the timing that the cysts

reached the sediment traps during the sedimentation event.
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Figure C.4.2 Upper ocean environmental data for the Acantharian cyst predicted source regions

using a sinking speed of 560 m d. Each panel shows satellite-derived Chl a concentration, PAR

and SST and physical reanalysis model derivation of MLD. The panels highlight the sedimentation

events for 2007 for a) Trap NW, c) Trap NE, e) Trap C and g) Trap S and for 2008 for b) Trap NW, d)

Trap NE, f) Trap C and h) Trap S. Each panel highlights the upper ocean date of the first occurrence

of Acantharian cysts in a sediment trap sample with a solid black vertical line and the date that

the peak abundance of cysts would have been in the upper ocean by a dashed black vertical line.

For panels where there is only one line the first occurrence and peak in cyst flux coincide. This

method assumes that the mid-point of the two week sediment trap sampling period is the most

representative date and assumes that all the cysts would have taken 4 days to reach the deep

ocean (560 m d! sinking rate is equivalent to 3.57 days to 2000 m).
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Figure C.4.3 Acantharian cyst source regions estimated using the higher uncertainty estimate of
the measured sinking velocity of 960 m d*. The crosses represent the sediment trap locations:
black is Trap NW, red is Trap NE, green is Trap C and blue is Trap S. Panels a), c), e) and g) are the
source regions for the 2007 sedimentation event and panels b), d), f) and h) are the source
regions for the 2008 sedimentation event. The marker colours represent the timing that the cysts

reached the sediment traps during the sedimentation event.
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Figure C.4.4 Upper ocean environmental data for the Acantharian cyst predicted source regions

using a sinking speed of 960 m d. Each panel shows satellite-derived chl a concentration, PAR

and SST and physical reanalysis model derivation of MLD. The panels highlight the sedimentation

events for 2007 for a) Trap NW, c) Trap NE, e) Trap C and g) Trap S and for 2008 for b) Trap NW, d)

Trap NE, f) Trap C and h) Trap S. Each panel highlights the upper ocean date of the first occurrence

of Acantharian cysts in a sediment trap sample with a solid black vertical line and the date that

the peak abundance of cysts would have been in the upper ocean by a dashed black vertical line.

For panels where there is only one line the first occurrence and peak in cyst flux coincide. This

method assumes that the mid-point of the two week sediment trap sampling period is the most

representative date and assumes that all the cysts would have taken 2 days to reach the deep

ocean (960 m d! sinking rate is equivalent to 2.08 days to 2000 m).
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Appendix C
C.5 Variability in the Particle Source Regions

The main difference between the predicted source region for the Acantharian cysts using the
Copernicus model output compared to the current meter and OSCAR surface velocity data, for the
three sinking speeds, is that the source regions are more localised when using model output,
similar to the results from Chapter 3 and Appendix C.2. However, the broad location of the source
regions in relation to each trap agree well. The main traps that show different mean locations for

the source regions are Trap S 2008 for all sinking speeds, Trap C 2007 for 960 m d* and Trap C

2008 for 560 m d*.
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Figure C.5.1 Acantharian cyst source regions estimated using the lower uncertainty estimate of
the measured sinking velocity of 560 m d* using current meter and OSCAR surface velocities. The
crosses represent the sediment trap locations: black is Trap NW, red is Trap NE, green is Trap C
and blue is Trap S. Panels a), b), c), and e) are the source regions for the 2007 sedimentation
event and panels d) and f) are the source regions for the 2008 sedimentation event. There was no
current meter data for Trap NW and Trap NE in 2008. The marker colours represent the timing

that the cysts reached the sediment traps during the sedimentation event.
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Figure C.5.2 Acantharian cyst source regions estimated using the mean measured sinking velocity

of 760 m d? using current meter and OSCAR surface velocities. The crosses represent the

sediment trap locations: black is Trap NW, red is Trap NE, green is Trap C and blue is Trap S.

Panels a), b), c), and e) are the source regions for the 2007 sedimentation event and panels d) and

f) are the source regions for the 2008 sedimentation event. There was no current meter data for

Trap NW and Trap NE in 2008. The marker colours represent the timing that the cysts reached the

sediment traps during the sedimentation event.
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Figure C.5.3 Acantharian cyst source regions estimated using the higher uncertainty estimate of
the measured sinking velocity of 960 m d* using current meter and OSCAR surface velocities. The
crosses represent the sediment trap locations: black is Trap NW, red is Trap NE, green is Trap C
and blue is Trap S. Panels a), b), c), and e) are the source regions for the 2007 sedimentation
event and panels d) and f) are the source regions for the 2008 sedimentation event. There was no
current meter data for Trap NW and Trap NE in 2008. The marker colours represent the timing

that the cysts reached the sediment traps during the sedimentation event.
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Appendix D Particulate Strontium Flux

To calculate the Sr budget for the IB and the contribution that Acantharian cysts make to the
budget, the particulate and supernatant Sr flux data were required. As Sr was not measured in the
particulate fraction for deployment 1 we have modelled the Sr contribution based on the
measured CaCOs; particulate flux. The major contributions to CaCOs flux are calcite, which mainly
originates from organisms such as coccolithophores and foraminifera, and aragonite which is
mostly likely to originate from pteropod shells. As part of the swimmer picking procedure,
pteropod shells with intact body parts remaining are removed and counted as swimmers. In this
case, some broken and empty pteropod shells remain in the sample and will contribute to the
CaCoO:s flux and therefore the Sr flux. To model the particulate Sr flux we have used the Sr:Ca ratios
from Villiers (1999), with a Sr:Ca ratio of 1.5 umol/mmol for calcite and a Sr:Ca ratio of 8.6
umol/mmol for aragonite. The deployment 2 measured particulate Sr fluxes were used to validate
the assumptions for modelling the deployment 1 Sr flux.

b)
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& Aragonite g
o Calcite 90 %, Aragonite 10 % 7 18

16

7
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— -
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.
[=]

Maodelled Sr Flux (umol m™2d™")

0 0 5 10 15 20
Total Sr Flux (pmel m™ d™) Sr Particulate Flux (umel m™2d™)

Figure D.1.1 Measured a) total Sr flux and b) particulate Sr flux compared to the modelled Sr flux.
The modelled fluxes are estimated by multiplying the measured particulate Ca flux by 1.5
assuming all CaCOs flux consisted of calcite (black circles, Sr:Ca 1.5 umol/mmol; Villiers, 1999), by
8.6 assuming all CaCOs flux consisted of aragonite (red diamonds, Sr:Ca 8.6 umol/mmol; Villiers,
1999) or by assuming that 90 % of CaCOs flux is calcite and 10 % is aragonite (blue squares). The
solid black line is the 1:1 line and data points that plot below the dashed black line are from

samples that included Acantharian cysts and hence had elevated Sr fluxes.

Figure D.1.1 shows that assuming the CaCOs particulate flux only consists of calcite underpredicts
the amount of particulate Sr in the samples, whilst assuming the CaCOs flux is only made up of

aragonite clearly overpredicts the amount of Sr. A CaCOs flux composition of 90 % calcite and
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10 % aragonite models the amount of particulate Sr flux very closely with the modelled Sr fluxes
falling very close to the 1:1 line. For each trap the linear models have very strong significant linear

relationships approaching an R? of 1 (Table C.1.1).

Table D.1.1 Statistical measures, R? (p value) of the strength of linear models between measured
Sr fluxes and modelled Sr fluxes, with and without cysts, relating to Figure D.1. The total Sr flux
(umol m2d?) is the sum of the cyst Sr flux (unless stated as ‘without cysts’), supernatant Sr flux
and particulate Sr flux, except for deployment 1 samples in which particulate Sr was not
measured. The particulate Sr was measured for deployment 2 and compares very well to the
modelled particulate Sr, which assumes the CaCOs; particle flux consists of 90 % calcite and 10 %

aragonite.

Incl. cysts

Without cysts

Without cysts

Total vs modelled

Total vs modelled

Particulate vs

modelled
Trap NW 0.03 (0.33) 0.597 (< 0.001) 0.90 (< 0.001)
Trap NE 0(0.83) 0.86 (< 0.001) 1.0 (<0.001)
Trap C 0 (0.80) 0.89 (< 0.001) 0.99 (<0.001)
Trap S 0(0.97) 0.67 (< 0.001) 0.96 (<0.001)
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Appendix E Supplementary Work

The author of this thesis worked on two other research projects during the PhD study period

which were ineligible to be included in this thesis. The journal articles are outlined below.

Baker, C. A,, Henson, S. A,, Cavan, E. L., Giering, S. L. C., Yool, A,, Gehlen, M., Belcher, A., Riley, J.S.,
Smith, H. E. K., and R. Sanders. (2017). Slow Sinking Particulate Organic Carbon in the Atlantic
Ocean: magnitude, flux and potential controls. Global Biogeochemical Cycles, 31, 1-15.

https://doi.org/10.1002/2017GB005638.

This paper was based on initial research completed as part of the MSc Oceanography at the

University of Southampton.

Baker, C. A., M. L. Estapa, M. Iversen, R. Lampitt and K. Buesseler (submitted to Progress in
Oceanography, under review), Are all sediment traps created equal? An intercomparison study of

carbon export methodologies at the PAP-SO site.

This paper was based on initial research completed during a 3 month SPITFIRE DTP (NERC)
research placement at Woods Hole Oceanographic Institution during which time PhD candidature

was suspended.
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Appendix F

Deployment1
samples (72) were

picked by Corinne Record volume in bottle, pick out| Separate and count Acantharian cysts
Pebody and swimmers, measure pH and re- and store in an eppendorf
analysed by Patrick record volume

Martin. Deployment
2.samples (68) were Splitsample into 8 aliquots
picked and analysed

by Chelsey Baker.

l

Count, rinse and measure POC/PON
and Sr

1/8 1/8 1/8

+ +

it l

Filter, scrape material

— -

Sample archive Trace metal clean
into vial + freeze dry Filter and weigh for sample archive —
mass fluxes. Acidify stored in acid cleaned
. . and analyse filters for LDPE bottle
Weight out material and POC/PON
transfer supernatantto

measure Ca, Sr and BSi

Figure F.1 Sediment trap sample preparation and analysis flowchart.
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