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Abstract of the Dissertation

The effects of marine particle composition on phytoplankton coagulation efficiency
and the use of Th-234 as a proxy for particulate organic carbon flux

by

Jennifer Szlosek Chow

Doctor of Philosophy
in
Marine and Atmospheric Science
Stony Brook University
2012

This dissertation investigates two parameters important for estimating and predicting
organic matter export from the surface ocean: controls on the POC/234Th of marine
particles and the coagulation efficiency of algal cells. Specifically, the sources of variability
in POC/234Th and coagulation efficiency of Emiliania huxleyi are studied. The research
explores two methods commonly employed- the 234Th-proxy method for estimating POC
flux, and Couette flow device experiments for experimentally deriving coagulation
efficiency values.

Applications of 234Th /238U disequilibrium as a flux proxy for particulate organic carbon
(POC) in the oceans commonly rely on characterizing the POC/234Th in filterable particles
and using this as representative of the sinking flux. To better understand the relationship
between 234Th and POC, marine particles were collected in the northwestern
Mediterranean Sea (spring, 2003 and 2005). First, we evaluated the role of particle settling
velocity and chemical composition on POC/234Th of material collected by settling velocity

sediment traps. This study provides evidence that marine particle source (e.g.,
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phytoplankton aggregates, zooplankton fecal pellets, degraded biogenic material) has a
stronger influence on the POC/234Th than the particle size (vis-a-vis particle settling
velocity). We found no consistent trend in POC/234Th with settling velocity, contrary to the
canonical view of differential scaling of POC and 234Th with volume and surface area. The
source material of the slow and fast settling particles result in similarly low POC/234Th due
to carbon degradation of material in slow settling velocity classes and carbon assimilation
of material in fast settling velocity classes. Results revealed a factor of 3 drop in POC/234Th
from 313 to 1918 m due to a combination of POC losses (dissolution and degradation) and
234Th gains (continued scavenging of 234Th and disaggregation of fast settling particles with
depth).

Motivated by the variability in POC export estimates of the pumps versus the traps, we
investigated relationships and linkages between filterable particles and those collected in
sediment traps by comparing their POC/234Th ratios and compositions (organic and
radiochemical). Principal components analysis showed little overlap in composition
between filterable particles and sediment trap-collected material, despite similar (within a
factor of ~2) POC/234Th and POC flux estimates of the 1-70 um pump fraction and sediment
traps. The relative separation of particles according to freshness were: small pump fraction
(1-70 pm) > large pump fraction (>70 um) > time series and settling velocity sediment trap
fractions. The small pump fraction was enriched in indicators of fresh phytoplankton and
calcifying algae whereas traps contained biomarkers indicative of fecal pellets and
bacterially degraded organic matter. Indicators enriched in the large pump fraction
appeared to be consistent with algal material from diatoms and coccolithophores as well as
fecal pellets. The pigment composition data of the filterable particles indicated that lateral
advection and vertical mixing occurred as well as large short-term changes (5 d) in
POC/234Th (1.7-3x) at the base of the mixed later (~300 m). Coupled with significant short-
term variation in water column 234Th distributions, these results imply that a thorough
understanding of a given oceanic region is required to validate the use of 234Th as a proxy
for POC flux.

To experimentally assess the controls on and rates of phytoplankton aggregation, we
used Couette flow device experiments to derive coagulation efficiencies of Emiliania

huxleyi; to our knowledge, this has not been done previously. In chemostat experiments
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conducted in 2006 and 2007, E. huxleyi was grown at different growth rates and we
conducted replicate Couette flow coagulation experiments at multiple growth rates and
assessed the relationship of cell coagulation efficiency with cell growth rate and indicators
of cell stickiness. Analogs for cell stickiness that were characterized include the sugar
composition of high molecular weight dissolved material and the abundance of transparent
exopolymer particles (TEP). Coagulation efficiencies increased from 0.2 to 1 as cell growth
rates declined from ~0.6 to ~0.1 d-1. We observed a significant positive correlation
between growth rates of cells and total alkalinity and a negative correlation between
growth rates of cells, TEP/chlorophyll a, concentrations of detached coccoliths, and sugars
specific to coccolith formation (p<0.01). Experiment replication showed coagulation
efficiencies of cells at similar growth rates were enhanced by the presence of TEP on cell
surfaces and calcite coverage of the coccosphere. Based on our findings we propose that
the method by which TEP is included within an aggregate (e.g., TEP matrix embedding
cells, free TEP gluing cells together, or exopolymer coating on cells leading to cell-cell
contacts) could influence aggregate strength and its likelihood to sink intact beyond the
mixed layer.

This dissertation highlights the utility of organic matter composition and settling
velocity data of trap and filterable particles for evaluating a representative POC/?34Th and
assessing the accuracy of the 234Th proxy method for estimating POC flux. Results also
show that Couette flow coagulation experiments and algal exudate characterization help
increase our mechanistic understanding of the tie between cell environment and

physiology changes and phytoplankton aggregation and export dynamics.
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CHAPTER 1

Introduction

1. Methods for Estimating Marine Particle Flux and their Importance

Phytoplankton growth fuels the passage of atmospheric carbon dioxide into
particulate organic carbon (POC), of which, <1% will reach the ocean sediment where it
will be sequestered from the atmosphere for hundreds of thousands of years. One method
of marine particle production is the coagulation of colloids and particles by their collision
and subsequent sticking (McCave, 1984; Alldredge and Silver, 1988). Colloidal material
may originate from fibrillar exudates released from phytoplankton and bacteria. The
coagulation-aggregation process produces a large portion of the POC that is exported from
the surface ocean (Silver and Gowing, 1991). Scientists studying the ocean’s CO; absorption
are particularly concerned with quantifying the production of POC and the magnitude of
material exported below the upper ~100 m of the water column, where wind driven mixing
can release respired CO2 back into the atmosphere.

Methods for estimating the magnitude of exported POC include models based on
phytoplankton production such as primary and new production estimates, sediment trap
collection, and using radionuclides such as 234Th or 219Po as proxies. Each method has
issues that might affect the accuracy of the POC export estimates. Of these methods,
measurements of 234Th /238U disequilibrium and the POC/2?34Th ratio of sinking particulate
matter in the upper ocean have been used in large-scale oceanographic field programs to
estimate the downward flux of particulate organic carbon from the euphotic zone; this
method is popular due to the ease of the methodology and study programs (Benitez-Nelson
and Moore, 2006; Waples et al,, 2006). Therefore, studies that improve our understanding
of the limits of applying the 234Th proxy method are valuable.

Developing a quantitative understanding of the processes controlling the variability in
POC/234Th ratios of marine particles is thus essential for validating the use of 234Th to

estimate POC fluxes from the surface ocean. Also important for improving our



understanding of POC export is to unveil how efficiently particles coagulate and the
dependency of phytoplankton attachment on bloom conditions. This dissertation
investigates two parameters important for estimating and predicting POC export from the
surface ocean: POC/?34Th variability of marine particles and the coagulation efficiency of

algal cells.

2. The POC/%34Th ratio and the 234Th Approach for Estimating POC Flux

To improve carbon cycle models, it is necessary to estimate accurately the POC exported
from the surface ocean in different oceanographic settings and during different seasons.
Therefore, a time efficient and logistically practical method is valuable. An increasingly
common oceanographic practice uses thorium-234, a particle-reactive radionuclide
produced by dissolved 238U that acts as a tracer of particle export on short time scales of
days to months (ti/2 = 24.1 d), (Coale and Bruland, 1985). 234Th rapidly and readily adsorbs
to particles, resulting in a disequilibrium between 234Th and 238U (Bruland and Coale,
1986). This scavenging process leads to a deficit of 234Th that can be used to determine the
flux of thorium out of the upper ocean water column. As such 234Th is used as a proxy for
estimating the flux of a particular chemical class (e.g., POC), by assuming that the ratio of
fluxes (POC flux : 234Th flux) are proportional to the ratio (POC/?34Th) measured on sinking
particles (Buesseler et al., 1992)-this method is often referred to as the 234Th approach.

Concern over the variability in the 234Th-derived POC export values has led to organized
efforts by the scientific community to investigate assumptions of the 234Th approach and
the sources of variability in the POC/?34Th ratio. Underlying assumptions are: 1) losses of
234Th and POC from the surface occur due to vertical sinking over 1 dimension; 2) the
measured POC/234Th is representative of the majority of the export and is the ratio that
represents particles that sank over the timescale (and area) that created the 234Th deficit;
and 3) 234Th acts as an indiscriminant tracer of particles (adsorbing to all material
regardless of its composition). Research investigating these assumptions is important for
assessing the limitations of the 234Th approach and suggesting best practices for accurately

applying this valuable field method.



2.1. POC/%34Th versus Particle Size
2.1.1. Accepted Methods

Particulate material (>1 pum) collected by in situ pump filtration, sediment trap, or bottle
collection from a depth at the base of the mixed layer is sampled for POC/?34Th
measurements. Models predict a strong relationship between particle size and settling
velocity (Alldredge and Gotschalk, 1989) and early field studies have pointed to large, rare
particles providing a large contribution to the export (McCave, 1975; Fowler and Knauer,
1986). Therefore the practice of most researchers has been to use the POC/234Th ratio of
the large particles (>53 pm) filtered in situ to represent the POC export from the mixed
layer (Buesseler et al.,, 2006).

In general, the POC/234Th ratio increases with increasing particle size (Buesseler et al.,
1998; Charette and Moran, 1999; Burd et al,, 2000; Cochran et al., 2000, Buesseler et al.,,
2001; Benitez-Nelson et al,, 2001; Moran et al,, 2003; Speicher et al., 2006). The accepted
reasoning for this trend hinges on findings that POC and 234Th are each dependent on
different particle size parameters-POC contained within the particle, is proportional to
volume, while 234Th, adsorbed onto surface sites scales with particle surface area
(Buesseler et al,, 2006). A few exceptions to the trend of increasing POC/234Th and particle
size are: 1) constant or decreasing POC/234Th with increasing particle size observed for
particles that originate in oligotrophic regions with small phytoplankton cells and high
rates of nutrient recycling (Buesseler et al., 1995, 1998; Bacon et al., 1996; Brew et al,,
2009); and 2) constant POC/?34Th with size observed and theoretically shown to occur due
to aggregation and disaggregation of particles that are aggregates of cells or small primary
particles, and where the primary particles of the aggregates set the POC/234Th, regardless
of size (Buesseler et al., 2006; Waite and Hill, 2006; Speicher et al., 2006; Burd et al., 2007;
Brew et al,, 2009). Because POC flux estimates are linearly dependent on the magnitude of
the POC/234Th, variability of this ratio has a direct effect on POC flux estimates. Hence, the

choice of what particle size class to use in POC flux estimates is an important one.



2.1.2. Concerns with Accepted Methods

The large variability observed in pump and trap shallow water POC/?34Th has led many
to believe that the biological source of the primary particles (e.g., cells, fecal pellets, etc)
establishes the POC/234Th (Buesseler et al., 2006 and references therein). Some authors
have noted that using the POC/?34Th of intermediate and small size fractions (10-53 pm
and 1-10 um, respectively) yields an equivalent or larger POC flux estimate to that obtained
using the ratio of the large particles (Moran et al., 2003; Hung et al., 2010). Additionally,
studies have observed that the POC/?34Th of the small or intermediate size fraction is more
similar to that of sediment traps (0.5-2 umol OC dpm 234Th) than is the ratio in the large
size fraction (Hung et al., 2010; Hung and Gong, 2010; Lepore et al., 2009; Buesseler et al,,
2006; Waite and Hill, 2006). To ascertain what size fraction might best represent the
majority of the POC and 234Th flux, efforts have been made to look at the fractionation of
POC and 234Th among various particle size classes by determining their correlation with
one another (Smith et al., 2006; Speicher et al., 2006; Waite and Hill, 2006; Burd et al,,
2007; Brew et al,, 2009; Lepore et al., 2009). The results of these studies have found POC
and 234Th to correlate well for small to intermediate sized particles or equally well for all
size classes (Speicher et al.,, 2006; Brew et al., 2009; Lepore et al., 2009).

However, evidence still points to mass sedimentation and rapid flux of particles (Lee et
al,, 2009; Xue et al., 2009; McDonnell and Buesseler, 2010) and the potential importance of
the large or fast settling particles to the POC and 234Th flux (Trull et al., 2008; and this
work). New collection techniques are being employed that allow for the in situ separation
of particles by their settling velocity, thus breaking studies from their reliance on large
particles to represent sinking flux (Peterson et al.,, 2005; Gustafsson et al., 2006). By
studying the particle settling velocity distribution as material exits the euphotic zone,
relationships between POC/234Th and particle dynamics and properties (e.g., source,
alteration, size) can be discerned more accurately. Through such collection techniques the
utility of 234Th is expanded to include particle dynamics of material in the ocean interior.
Settling velocity separation techniques deployed simultaneously with time series sediment
traps allow 234Th to be used as a tracer of particle processes in the Twilight Zone, in which

the POC flux attenuates rapidly with depth due to heterotrophic and other processes. The
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POC/234Th potentially reveals whether processes such as disaggregation and 234Th release

as colloids, 234Th decay or additional 234Th scavenging, and particle exchange occur.

2.2. POC/%34Th and Collection Method
2.2.1. Accepted Methods

The 234Th approach is most commonly carried out using the large particle fraction
filtered by in situ pumps (Buesseler et al., 2006). This ratio is then applied to the water
column 234Th deficit estimated by measurements of 234Th activity on MnOz-impregnated
cartridges deployed on pumps or measured in small volume water samples. Alternatively,
the POC/234Th ratio from sediment traps may be applied to the water column 234Th deficit
(Schmidt et al., 2002). In general, a factor of 2 agreement between the 234Th-derived POC
fluxes and those directly measured in sediment traps is considered good (Buesseler et al.,
2006). Yet, significant lack of agreement between pump- and trap-derived POC export
commonly occurs (Cochran et al.,, 2009). Recent efforts (e.g. this study) have focused on
understanding POC/234Th variability and assessing what filterable size fraction might best

represent the sinking flux.

2.2.2. Concerns with Accepted Methods

Factors contributing to the lack of agreement in 234Th-based vs. trap-derived POC flux
estimates include physical advection, differences in material collected by bottles and pump
filtration, and hydrodynamic effects on sediment trap collection efficiency. For example,
studies have shown marked differences in POC measured on filtered bottle samples and
that collected on in situ pump filters due to DOC adsorption on filters (Moran et al., 1999)
or under-collection of motile zooplankton (Liu et al., 2005). Concerns over the 234Th
approach center on the potential temporal disconnection between the 234Th deficit,
representing export occurring over several weeks (see Cochran and Masqué, 2003 and
references therein), and the POC/234Th ratio of particles collected on a given sampling day,
which represent filterable particles in the water column on that day, but perhaps not
representative of particles leaving the surface ocean in the prior weeks (Buesseler et al,,
2006). And as mentioned earlier, concerns over what size particle is most representative of

the majority of the POC and 234Th flux has prompted some workers to measure up to 5
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particle size classes ranging from 1 to 100 pm in diameter (Speicher et al., 2006; Brew et
al,, 2009). An additional factor is the effect of advective processes on the 234Th deficit. Due
to the large contribution of the dissolved 234Th signal to the water column Th deficit,
advective processes can require application of non-steady-state models to the 234Th flux
(Savoye et al., 2006; Cochran et al., 2009).

The artifact most commonly ascribed to sediment trap-derived POC fluxes is under- or
over-collection of the flux by the trap. The reliability of the trap POC/234Th ratio is tied to
the ability of the trap to collect a sample that is indicative of all the export. Depending on
the geometry and aspect ratio of the trap opening, currents above ~ 12 cm s'! can wash
particles out of the trap mouth (Gust et al., 1996; Gardner, 2000; Fabrés et al,, 2002; Martin
et al., 2006). Other concerns pertain to loss of trapped POC due to collection of
heterotrophs or heterotrophic activity (e.g., swimmers, bacteria) (Peterson et al., 1993;
Passow et al., 2006); and abiotic dissolution (Wakeham et al., 1993; Antia, 2005).
Additionally, traps not only capture particles that sink from directly above, but also those
that are carried horizontally, potentially from long distances. However, awareness of these
issues has led to trap designs that exclude swimmers (Peterson et al., 1993) or float

neutrally buoyantly; Buesseler et al., 2000) to minimize artifacts.

2.3. POC/%34Th and Particle Composition

The source of the biological components of aggregates, the inclusion of inorganic matter,
and biological and physical modification of aggregates all interact and contribute to the
measured POC/234Th. In their review, Buesseler et al. (2006) included variations in
volume-to-surface area (V:SA) ratios and particle morphology, interactions between
dissolved Th and ligands such as acidic polysaccharides, increased Th scavenging, and
carbon degradation and assimilation, as leading factors causing POC/234Th variability.
Some of these influences are a direct outcome of ecosystem responses to seasonal changes
such as the cell size of the dominant phytoplankton species, progression of the
phytoplankton bloom (i.e., increase in Th ligands), heterotrophic consumption of
phytoplankton (e.g., bacteria, protozoa, zooplankton). Others are modifying processes of

the surface export that occur with depth and time. Depending on the residence time of



particles within the mixed layer, processes such as increased Th scavenging, carbon
degradation and assimilation, Th ligands, and disaggregation can all play a role.

Although attention has been given to V:SA effects on the POC/2?34Th of particles exiting
the mixed layer, there are few studies that relate particle source, composition and
chemistry to the POC/234Th ratio variability. A few recent studies have explained the
POC/234Th relationship with size and POC flux in terms of the contribution made by
phytoplankton and zooplankton species (Buesseler et al., 2008; Steinberg et al., 2008; Brew
et al., 2009; Maiti et al., 2010) and fecal pellets Rodriguez y Baena et al. (2006). Yet, a more
holistic approach to investigating the effect of biological, chemical, and physical changes on
the POC/234Th ratios, as reported in the present study, is crucial to investigating the
comparability of the pump and trap POC flux estimates and more fully understanding the

POC/234Th variability.

3. Phytoplankton Aggregation

Phytoplankton blooms followed by organic matter export are explicit in the general
model for the ocean biological pump (Chisholm, 2000; Falkowski et al., 2000). Organic
matter export is thought to occur due to zooplankton production of fecal pellets, and to
particle aggregation/sedimentation. The onset and magnitude of phytoplankton
sedimentation events in the upper ocean are dependent on the stages of phytoplankton
blooms as well as the phytoplankton functional groups present, such as diatoms or
coccolithophores (Stemmann et al., 2002; Jin et al., 2006). Export occurs because cells
collide, attach, and eventually form an aggregate that sinks. Cell or particle collisions are
dependent on the density of particles in the water (Jackson, 1990; Jackson and Lochmann,
1993; Jackson, 2005) and the physical forces that bring particles together (McCave, 1984).
In addition, stickiness and coagulation efficiency may vary with the physiological state of
the cells. Cells undergoing nutrient stress have been shown to create more transparent
exopolymer particles (TEP), and the increased concentration of TEP may lead to increased
coagulation efficiency. Furthermore the actual chemical composition of algal and bacterial
exudates and mucus is highly dependent on cell physiology, and environmental factors
such as nutrient availability (Decho, 1990; Arnosti, 1993; Myklestad, 1995; Aluwihare &
Repeta, 1999; Claquin et al., 2008).



Coagulation efficiency (the “stickiness” factor, a) is a term that represents the
probability that when particles collide they will adhere to one another (O’Melia and Tiller
1993); it is a complex function of physical and chemical factors. Values for the coagulation
efficiency (a) of phytoplankton can be derived experimentally (Kigrboe et al., 1990;
Drapeau et al., 1994; Hansen et al., 1995; Engel, 2000; Kahl et al.,, 2008), and is a parameter
used in aggregation models to interpret relative changes in carbon export over the
duration of a bloom (Jackson and Lochmann, 1993; Kahl et al., 2008; Karakas et al., 2009).
Despite modelers continuing to point out the potential influence of coagulation efficiency
on aggregation processes, values for a are substituted into model runs to determine the
effect on the model output with little scientific reasoning or understanding of how and why
coagulation efficiency varies (Jackson 1990; Hill 1992; Riebesell and Wolf-Gladrow 1992).

We are only starting to understand what physiological and environmental factors affect o.

3.1. Coagulation Studies-Methodology and Issues

The physical mechanisms that force particles together are dependent on particle size
(McCave, 1984; Jackson and Lochmann, 1993). The initial stages of aggregation, or
coagulation, are dominated by laminar shear bringing particles together (McCave, 1984;
Jackson and Lochmann, 1993). Coagulation studies have been performed using Couette
flow devices (van Duuren, 1968; Drapeau et al., 1994) or annular flumes (Kahl et al., 2008).
The principle of these experiments is to impart a known shear flow on the sample, causing
particle collisions, and to monitor the size spectra with time while observing exponential
decay of the particle density-a direct outcome of particles successfully attaching to one
another upon collision. From this, a can be estimated using Smoluchowski coagulation
kinetics (Birkner and Morgan, 1968; Camp and Stein, 1943; Dam and Drapeau, 1995;
Jackson, 1990; Jackson, 2005; Kigrboe et al., 1990).

The coagulation efficiency must be a number between 0 and 1, as is true for all
probability factors. However, in practice the coagulation efficiency estimated from
experimental data can be >1 or be < 0 due to underestimating the particle density (Engel,
2000) or preformed aggregates disaggregating. Such values are physically undefined, and
therefore the experiment in some way violated the conditions upon which the calculations

are predicated. Theoretical considerations for conducting experiments assume the volume
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of solid particles within the suspension is conserved and the equations applied are valid for
the initiation of aggregation, thus shear must dominate the physical interaction of particles
(Jackson and Lochmann, 1993).

Literature documenting use of Couette flow devices demonstrates numerous
experimental aberrations of this theoretical criterion. For example, some authors have
documented lack of volume conservation due to losses or gains in particle numbers
because, of 1) growth of the cells during the experiment (Dam and Drapeau, 1995) and 2)
loss of flocs from suspension to the Couette chamber surfaces (Kigrboe et al., 1990). In
addition, Coulter Counters do not detect TEP abundance or size quantitatively (Alldredge et
al,, 1993), and are limited to yielding the solid volume concentration of particles. Therefore,
special measures are needed to account for TEP interaction with cells during coagulation
(Engel, 2000).

The Smoluchowski coagulation equation is dependent on the initial suspension being
monodisperse (Birkner and Morgan, 1968; Camp and Stein, 1943; Jackson, 1990; Kigrboe
et al., 1990; Jackson, 2005). To comply with this requirement, monocultures are generally
used and represented as a Gaussian distribution (Kigrboe et al., 1990). Hence, a correction
factor needs to be applied to account for the spread in the size of the primary particles
(Kigrboe et al., 1990; Dam and Drapeau, 1995). Yet, cells rarely follow a Gaussian
distribution (Armstrong, 2003) and are rarely clean of cellular debris, leading to shifts in
cell peak shape and location along the particle size distribution (PSD). Such variability in
the cell PSD can lead to low signal : noise ratios due to the sensitivity of the coagulation
calculations on the PSD range used in particle enumeration. This is especially the case for
low shear levels that mimic open ocean conditions. Variations in the cell abundances at the
beginning of coagulation experiments have also been found to affect a due to the sensitivity
of the Smoluchowski coagulation equation (Kigrboe et al., 1990), further complicating
interpretations of the value of a on changes in the cells species or environmental
conditions.

To better understand environmental and physiological influences on coagulation,
experimental issues such as TEP abundance, cell numbers, and size distribution should be
controlled or monitored. One pressing ramification of the experimental errors associated

with this technique is the difficulty of achieving reproducible results: few experiments
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published have errors associated with their attachment probabilities or mention replicate

experiments.

3.2. Coagulation Studies-Effect of Phytoplankton Species and Physiology
Phytoplankton aggregation is generally observed to increase as cells senesce towards
the end of a bloom. It has been proposed that this is due to an increase in chemically
reactive exudates on cell surfaces and an increase in TEP, which increase particle reactivity
and densities (Passow and Alldredge, 1995; Engel, 2000). Additionally, authors have
observed that coagulation efficiency correlates with organic-matter glue constituents such
as TEP and dissolved carbohydrates (Alldredge et al.,, 1995; Dam and Drapeau, 1995;
Kigrboe and Hansen, 1993; Engel 2000; Kahl et al., 2008). Hence, the a of a single algal
species is likely to change with the growth stage and nutrient status of the cells.
Furthermore, aggregation that is promoted by algal stickiness can vary between species
depending on the chemical reactivity of the exudates and how they are associated with the
cell. Kigrboe and Hansen (1993) conducted a study comparing the coagulation efficiency of
six diatom species grown in batch cultures and found differences in the coagulation
efficiency between species. They inferred that the different chemical properties of
particulate mucus of an algal species led to different modes of sticking such as cell-cell and
cell-TEP. Dam and Drapeau (1995), Mopper et al. (1995), and Passow and Alldredge (1995)
documented cell-TEP sticking of diatoms grown in a natural assemblage of diatoms in a
mesocosm and showed that surface reactive carbohydrate concentrations, such as acidic
sugars and uronic acids, changed over the course of the phytoplankton bloom.
Phytoplankton species can influence particle coagulation due to differences in TEP
production (Engel, 2000; Kahl et al., 2008), cell morphology (Jackson and Lochmann,
1993), surface chemistry (Mopper et al.,, 1995; Passow et al.,, 2005), size, and density
(Jackson and Kigrboe, 2008). Missing from previously published coagulation studies is an
important functional group of phytoplankton, the coccolithophores. Coccolithophores
produce large blooms (Balch et al,, 2005) and calcite tests that affect aggregate and fecal
pellet settling rates (De La Rocha and Passow, 2007; Iversen and Ploug, 2010). Data and
model results have suggested a dominant role for CaCOsz in the export of organic matter

(Klaas and Archer, 2002; Jin et al., 2006). Acidic polysaccharide exudates produced by
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coccolithophores for laying down their calcite tests promote interactions with cations and
trace metals (De Jong et al., 1979; Borman et al., 1982; Kok et al., 1986; Langer et al., 2009).
Additionally, CaCO3 has shown high affinities for trace metals such as thorium (Chase et al,,
2002; Luo and Ku, 2004). Hence its deposition may be important for understanding
radionuclide and trace metal scavenging in the ocean water column.

Coccoliths and intact coccolithophores have long been observed in association with
mucus material at the continental slope (de Wilde et al.,, 1998; McCave et al.,, 2001) and in
sediment traps (Honjo, 1982; Cadée, 1985; Riemann, 1989). Yet, relatively little is known
about what controls coccolithophore aggregation and deposition (De La Rocha and Passow,
2007; Biermann and Engel, 2010). Recently, studies have documented the association of
coccolithophores with TEP and the formation of coccolithophore aggregates within
laboratory roller tanks and in the field (Engel et al., 2009a,b; Biermann and Engel, 2010;
Harlay et al., 2011). Calcified cells flocculate and form aggregates more readily because of
the presence of Ca?*, which is important for promoting cationic bridge formation of mucus
fibrils (Mopper et al,, 1995; Leppard, 1995; Decho, 1990) and dense aggregates (Kranck,
1973; Hamm, 2002; Engel et al., 2009b).

Studies with cells undergoing environmental perturbations, such as nutrient depletion,
permit investigators to qualitatively describe dependency of phytoplankton coagulation on
physiological and environmental parameters. These types of studies coupled with data
regarding the chemical composition of TEP precursors, such as dissolved sugars (Passow,
2002; Borchard et al., 2011), help inform our understanding of bloom dynamics and POC
export, and serve as a step towards unraveling the mechanisms that control coagulation of
marine particles that typify surface ocean environments (e.g., mixtures of phytoplankton

species, dust, terrestrial material, cellular debris, and heterotrophic organisms).

4. Dissertation Objectives and Organization

This dissertation investigates two parameters important for estimating and predicting
organic matter export from the surface ocean: controls on the POC/234Th of marine
particles and the coagulation efficiency of algal cells. Specifically, the sources of variability
in POC/234Th and coagulation efficiency of Emiliania huxleyi are studied. The research

explores two methods commonly employed- the 234Th-proxy method for estimating POC
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flux, and Couette flow device experiments for experimentally deriving coagulation
efficiency values. The objectives of this dissertation are to:
1. Study the variability of the POC/234Th ratio due to particle size, settling velocity,
composition, depth, and sample collection method.
2. Determine the coagulation efficiency for Emiliania huxleyi.
3. Study the affect of E. huxleyi cell physiology on coagulation.

Chapter 2 evaluates the role of particle settling velocity and chemical composition on
POC/234Th ratios of material collected by sediment trap in the northwest Mediterranean.
Separation of sinking particles by settling velocity at multiple depths within the water
column allows the affects of 234Th decay, POC degradation, and adsorption to inorganic
minerals on POC/234Th to be investigated.

Chapter 3 addresses the difference in POC/?34Th observed between particles collected
by sediment trap and in situ filtration in the northwest Mediterranean. Using the data
collected during the 2005 MedFlux field season, the effects of numerous biogeochemical
factors on POC/234Th are observed and summarized. This chapter discusses the influence of
particle chemical composition and source on the POC/?34Th first introduced in the previous
chapter.

Chapter 4 experimentally derives coagulation efficiency values for Emiliania huxleyi at
different growth rates for the first time. This chapter details best methods for utilizing
Couette flow devices in coagulation studies to promote reproducible experimental results.
Within this chapter, the influence of coccolith presence, TEP abundance, and dissolved
carbohydrate composition on coagulation efficiency of E. huxleyi was evaluated.

Chapter 5 summarizes major findings of this research and suggests future work.
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Abstract

In order to better understand the relationship between the natural radionuclide 234Th
and particulate organic carbon (POC), marine particles were collected in the northwestern
Mediterranean Sea (spring/summer, 2003 and 2005) by sediment traps that separated
them according to their in situ settling velocities. Particles also were collected in time-
series sediment traps. Particles settling at rates of >100 m d-! carried 50% and 60% of the
POC and 234Th fluxes, respectively, in both sampling years. The POC flux decreased with
depth for all particle settling velocity intervals, with the greatest decrease (factor of ~2.3)
in the slowly settling intervals (0.68-49 m d-1) over trap depths of 524-1918 m, likely due
to dissolution and decomposition of material. In contrast the flux of 234Th associated with
the slowly settling particles remained constant with depth, while 234Th fluxes on the
rapidly settling particles increased. Taking into account decay of 234Th on the settling
particles, the patterns of 234Th flux with depth suggest that either both slow and fast
settling particles scavenge additional 234Th during their descent or there is significant
exchange between the particle classes. The observed changes in POC and 234Th flux
produce a general decrease in POC/234Th of the settling particles with depth. There is no
consistent trend in POC/?34Th with settling velocity, such as might be expected from
surface area and volume considerations. Good correlations are observed between 234Th
and POC, lithogenic material and CaCOs for all settling velocity intervals. Pseudo-Kas
calculated for 234Th in the shallow traps (2005) are ranked as lithogenic material <opal
<calcium carbonate <organic carbon. Organic carbon contributes ~33% to the bulk Kg, and
for lithogenic material, opal and CaCOs3, the fraction is ~22% each. Decreases in POC/234Th
with depth are accompanied by increases in the ratio of 234Th to lithogenic material and
opal. No change in the relationship between 234Th and CaCO3 was evident with depth.
These patterns are consistent with loss of POC through decomposition, opal through

dissolution and additional scavenging of 234Th onto lithogenic material as the particles sink.

1. Introduction
Thorium-234, a particle-reactive radionuclide, is a useful tracer of particle export on

short time scales of days to months (ti/2 = 24.1 d) (Coale and Bruland, 1985). The
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disequilibrium between 234Th and its parent, 238U, results from rapid hydrolyzation of the
234Th atoms and their adsorption to surface sites of particles (Bruland and Coale, 1986).
This scavenging process leads to a deficit of 234Th relative to its parent 238U, which can be
used to determine the flux of thorium out of the upper ocean water column by the

following equation
Py, = }\’f(AU - ATh,mt)dZ (1)

where Pry is the overall flux of 234Th removed from the depths z; to zz by the flux of
particles. The 234Th decay constant is A (0.0288 d1), Ay is the activity of 238U, and A7 toc iS
the total activity of 234Th (Buesseler et al., 1992). The export flux of carbon Ppoc, through
depth z; can be calculated as (Buesseler et al., 1992):

POC
roc @)
234Thp

PPOC =

where POC/?34Th,, is the ratio of POC to 234Th on particles settling through depth z.
Measurements of 234Th /238U disequilibrium and the POC/234Th ratio of sinking particulate
matter in the upper ocean have been used increasingly in oceanographic field programs to
estimate the downward flux of particulate organic carbon (POC) from the euphotic zone
(see reviews by Cochran and Masqué, 2003; Buesseler et al,, 2006). Itis clear that the
POC/234Th ratio (hereafter referred as C/234Th) of marine particles can vary significantly in
space and time due to changes in biological productivity, particle export, particle size
distribution, and acid polysaccharide content of sinking particles. Developing a
quantitative understanding of the processes controlling the variability in C/234Th ratios of
marine particles is thus essential for validating the use of 234Th to estimate POC fluxes from
the surface ocean (Moran et al,, 2003; Buesseler et al., 2006).

The MedFlux program used indented rotating sphere (IRS) sediment traps to collect
particles separated by their in situ settling velocities. The traps were programmed such
that the carousel collected particles separated into 11 settling velocity intervals ranging
from ~0.7 to >980 m d! throughout the trap deployment (Peterson et al., 2005, 2009). The
IRS sediment traps in settling velocity (SV) mode were deployed along with IRS sediment
traps operated in a in time-series (TS) mode in 2003 and 2005 at the French JGOFS time-

series site, DYnamique des Flux Atmosphérique en MEDiterrannée (DYFAMED).
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Here we present C/234Th data for samples collected by sediment traps operated in TS
and SV sampling modes. Our goal is to assess sources of variability for the C/234Th in
different settling velocity intervals. Samples were collected from the bottom of the euphotic
zone during two spring phytoplankton bloom periods in 2003 and 2005, respectively. In
2005, additional traps were deployed at mid- and deep-water depths to evaluate the
variability in the C/234Th ratio with particle settling velocity, chemical composition, and

depth.

2. Methods
2.1. Sample Collection

MedFlux sampling occurred at the French JGOFS time-series site, DYFAMED (43°25'N,
7°52'E; water depth ~2300 m), located in the Ligurian Sea, northwest Mediterranean.
Further information on the region is included in the Preface of this volume (Lee et al,,
2009). Collection techniques included large volume in situ pumps, moored swimmer-
exclusion (IRS) sediment traps, and a large floating sediment trap, or NetTrap, used to

collect fresh, sinking particles below the euphotic zone (Peterson et al., 2009).

2.1.1. Sediment Traps

Time-series (TS) traps were deployed from 6 March to 6 May 2003 with cups collecting
over 5- to 6-day time intervals and from 4 March to 1 May 2005 with 5-day time intervals.
Particles with settling velocities from 0.68 to >980 m d-! were separated into 11 settling
velocity intervals (Table 2.1); the intervals were slightly different in 2003 and 2005.
Carousel rotation times were changed in 2005 to better resolve material flux shifts in the
faster settling velocities. Further details on the operation of the IRS traps in a settling
velocity mode have been given in Peterson et al. (2005). A single mooring was used in each
deployment period such that time-series and duplicate settling velocity traps were
deployed on the same array. Of the two SV traps (SV1 and SV2) deployed at 313 m in 2005,
SV1 was contaminated; consequently only data from SV2 will be discussed. The duplicate
SV traps at both 524 and 1918 m in 2005 operated successfully and allowed us to evaluate

reproducibility.
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The intended trap deployment depths were 200 m in 2003 and 2005 as well as 400 and
1800 m in 2005. Actual trap depths were 238 m in 2003 and 313, 524, and 1918 m in
2005. Deployment depths were corrected for the mooring wire angle by using information
provided by current meters mounted on each array. Mean current velocities at the shallow
traps were 4.5 cm s (238 m) and 12 cm s'! (313 m) in 2003 and 2005, respectively
(Cochran et al,, 2009).

TS and SV trap sampling tubes were split for chemical characterization using a McLane™
WSD splitter. One split was filtered on 0.4 um Nuclepore filters for determination of 234Th
and another was filtered onto Whatman GF/F filters for measurement of POC. Other splits
were taken for organic composition (Wakeham et al., 2009), ballast minerals (Lee et al,,
2009), and mass flux (Armstrong et al., 2009).

The length of the sediment trap deployments necessitated the use of poisons to prevent
bacterial decomposition of the captured samples. Sampling tubes were poisoned with
mercuric chloride by a small poison diffuser containing 0.5 g NaCl and 14 mg HgCl; as
described in Peterson et al.,, (2005). A recent study by Liu et al. (2006) has shown that the
use of HgCl; as a poison affects the total abundance of organic matter and the composition
of many classes of organic compounds by abiotic oxidation and dissolution. 234Th could be
desorbed from particles due to the increased ionic strength of the mercuric chloride brine.
However, 219Po was measured in the overlying water of each sampling tube in 2003 and
none was detected (Stewart et al., 2007a). We conclude on this basis that there was little

release of 234Th due to the trap poison.

2.2. Sample Analyses
2.2.1.234Th Activity

Non-destructive beta counting was used to measure 234Th activities of the particulate
fractions. Filter material was mounted for beta counting according to the methods of
Buesseler et al. (1998) and Cochran et al. (2000, 2009). The beta counting efficiency (0.41 +
~5%) was determined by evaporating an aliquot of 238U (with 234Th in equilibrium) onto
filters mounted in the same manner as the samples. Filters were counted over 2 half-lives
of 234Th (t1/2 = 24.1 days). Errors include the 10 counting error and appropriate calibration

errors.

27



2.2.2. Decay Correction of SV Trap 234Th Data

234Th activities must be corrected for decay from the time of measurement to that of
collection. For the time-series traps, this correction is straightforward because the
collection interval is small compared with the half-life of 234Th. In the case of the settling
velocity traps, the material collected for each settling velocity interval may have entered
the trap uniformly throughout the deployment or at anytime during the trap deployment.
For a sediment trap collecting particles over a long time interval relative to the half-life of
234Th, the standard method of decay correction, assuming a constant flux of 234Th during
the collection interval, is to calculate the effective time during the deployment to which the
activity must be corrected (Spencer et al. 1978). If t; is the start of the deployment and ¢; is
the recovery, the effective “mid-point” of the deployment for decay correction of 234Th
activities is t; + At, where

1- e_}"(tl_t])
)V(tz - t1) ]

1

At=7m[ 3)

Sample 234Th activities are generally measured some time after trap recovery, but can
readily be corrected for decay from measurement to trap recovery (tz). The appropriate
factor (F) by which activities at trap recovery should be multiplied for decay correction is
then

F =1/ (4)
where T = t;-t;. This correction was applied erroneously in Spencer et al. (1978) because
they corrected radionuclide activities at the time of trap recovery by a factor of 1/ e "
rather than the formulation in Eq. 4

For the shallow traps in 2003 and 2005, we have time-series records of the 234Th flux
that clearly show variation throughout the SV trap deployments (Figs. 2.1, 2.2). Thus an
alternate approach is to use the variation in 234Th flux with time as recorded in the TS traps

to calculate a correction factor (F) that can be applied to the SV trap samples. We
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determine F by applying a decay-weighted averaging procedure to the TS trap record:

dpm.
>
F = —E o (5)

i

where dpmi is the activity in TS cup 7 at the time of trap recovery, A is the decay constant for
234Th and A4t; is the time between recovery and the midpoint of TS cup i. This procedure
assumes that the temporal pattern of 234Th flux as recorded in the time-series trap was the
same for all the settling velocity fractions. If the 234Th flux is constant with time, Eq. 5
yields results identical to Eq. 4.

The two methods give decay correction factors that agree to within ~10%. The
correction factors assuming constant flux into the SV trap (Eq. 4) were 2.72 and 2.44 for
2003 and 2005, respectively. The correction factors calculated taking the TS temporal
variation of 234Th flux into account (Eq. 5) were 2.91 and 2.73 for 2003 and 2005,
respectively. Time-series traps deployed with the deep SV traps (524 m, 1918 m) in 2005
did not function, and, in correcting the deep trap 234Th data for decay, we have assumed
that the temporal variation in 234Th flux observed in the shallow trap applied at depth as
well. In fact, 234Th data from a TS trap deployed at 924 m in 2005 gave a decay-correction
factor (Eq. 5) of 2.52, in reasonably good agreement with that from the 313 m trap (F =
2.73). In reporting the SV trap 234Th data (Table 2.1) for 2003 and 2005, we use the decay-
correction factors derived from Eq. 5 applied to the shallow TS traps in each year. If
information is lacking on variations in 234Th flux coincident with the collection of particles
in SV traps, decay-correction factors for 234Th must be calculated using Eqns. 3 and 4.

We checked the validity of using Eq. 5 for decay correction by comparing the total 234Th
dpm captured in the SV trap to that of the TS traps at the same depths. In 2003 the time-
integrated decay-corrected 234Th fluxes in the SV traps were 36.7 x 103 dpm m2 and 45.9 x
103 dpm m-2 for SV1 and SV2, respectively (Table 2.1). For SV1 and SV2 these were factors
of ~0.7 and ~0.8, respectively, less than the time-integrated 234Th flux measured in the TS
trap (51.7 x 103 dpm m2). However, the SV traps also accumulated less total mass of
material than did the TS trap, by factors of ~0.8 and ~0.9 for SV1 and SV2, respectively.

Thus perhaps the differences in the integrated 234Th activity among the TS and SV traps
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may be due, in part, to variability in the fluxes entering duplicate traps at a single depth.
Offsets between the TS and SV traps at 313 m also were evident in 2005; the integrated
234Th and mass fluxes in the SV trap were 1.1 and 1.4 times, respectively, those of the TS
trap. We conclude that these differences are principally related to the ability of traps

operated in different modes at the same depth to capture comparable fluxes and particle

types.

2.2.3. POC Measurements

Prior to POC analyses, inorganic carbon was removed by fuming the samples with
concentrated HCl. Two replicate splits of the trap material collected in each sample tube for
both the TS and SV traps were designated for POC and total carbon (TC) measurements.
The trap splits were filtered onto combusted GF/F filters. POC and TC were measured on all
punches using a Carlo Erba model 1602 CNS analyzer. All carbon measurements were

blank-corrected and had an error of +5%.

3. Results
3.1.234Th and OC Fluxes in Shallow Time-Series Traps-2003 and 2005

During the first two weeks of the 2003 trap deployment, the OC flux was nearly 3 times
higher than the trap time-weighted average of 2.3 mmol m2 d-! (Fig. 2.1a; Table 2.1). The
maximum OC flux coincided with a period of high sea surface chlorophyll observed by
satellite (see Lee et al., 2009). OC flux then decreased, dropping an order of magnitude by
DOY 90. Mass flux generally followed OC flux patterns, with maximum values of ~1000 mg
m-2d1 (Leeetal., 2009). Correspondingly, 234Th flux followed the temporal trends of OC
flux (Fig. 2.1a).

Similar to 2003, 234Th and OC fluxes in the shallow trap in 2005 were highest at the
beginning of the trap deployment period (Fig. 2.2a). The time-weighted average OC flux
was 1.3 mmol m2 d-1. Mass flux peaked at ~900 mg m2 d-1, and again the pattern in the OC
flux with time mirrored that of mass flux. The range of 234Th flux values over the 55-day
deployment was comparable to that in 2003 (Fig. 2.2a; Table 2.1). The average 234Th flux
for the spring 2005 deployment was approximately equivalent to that in 2003 (~1200 dpm

m-2 d-1), whereas the average OC flux was a factor of 2 smaller.
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3.2. C/?34Th Ratios in Time-Series Traps

C/?34Th ratios did not vary significantly with time in 2003 (Fig. 2.1b). Values ranged
from 1.8 + 0.2 and 3.6 * 0.2 pmol dpm-! with a time-weighted average of 2.8 + 0.1 pmol
dpm-! (Table 2.1). Conversely, the C/234Th ratio of the 2005 313 m TS trap demonstrated a
marked change over the trap deployment. During the first half of the deployment (DOY 65-
90) there was little variation in the C/234Th, averaging 0.9 = 0.01 umol dpm-1; however,
after DOY 90 the C/?34Th steadily increased (Fig. 2.2b). Over the 55-d deployment the
C/?34Th ratios ranged from 0.8 + 0.02 to 4.1 + 0.4 umol dpm! and the time-weighted
average C/?34Th ratio for the entire deployment was 1.1 + 0.03 umol dpm-! (Table 2.1). The
mean TS trap C/234Th values in 2003 and 2005 were lower than prior trap-derived C/234Th
measurements made at the DYFAMED site (4.9 + 0.2 - 7.8 £ 0.3 umol dpm!; Schmidt et al,,
2002).

3.3. Fluxes in Settling Velocity Traps

The SV trap collects material for the settling velocity intervals throughout the duration
of the trap deployment. Calculation of an average flux in each settling velocity interval is
not possible because of uncertainty in the constancy of the flux with time. Different settling
velocity intervals were used in 2005 than in 2003 to increase the resolution of the faster
settling velocity intervals where fluxes were greatest in 2003, but this made it difficult to
compare directly the results from the two years. To facilitate the analysis of SV trap data
from both years and different depths we use a calculated parameter referred to as the time-
integrated flux density (FD; see Armstrong et al., 2009). Used in the sense of “probability
density”, the FD indicates the probability or frequency that part of the total trap flux fell at
arate a specified settling velocity interval. We define FD as the time-integrated flux (the
amount of a chemical constituent per square meter integrated over the trap deployment
period; e. g, mmol C m-2 or dpm 234#Th m2) for an individual SV sediment trap sampling
tube divided by the settling velocity interval (SVI;) for that sampling tube. The unit-less
quantity of the settling velocity interval (SVI;) is the log of the maximum settling velocity -

log of the minimum settling velocity (SVI; = 10g(SVmaxi)-10g(SVmin)) for each settling
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velocity interval, i. This normalized flux, FD, allows one to compare how the total flux is
distributed over the spectrum of settling velocities in different years from observing the
box heights as seen in Figs. 2.3 and 2.4. Furthermore, one may examine the total trap flux
between years by comparing the summed areas of all boxes, which represent the time-
integrated fluxes over the period of deployment. The OC and 234Th time-integrated fluxes
will henceforth be referred to as the OC; and 234Th; where i designates the settling velocity
interval and the units are the total mmol C m2 or total dpm 234Th m2 captured in that
settling velocity interval over the whole trap deployment (Table 2.1).

In 2003 and 2005, ~ 50% of the OC in the shallow traps (238 m and 313 m) settled at
rates = 100 m d-! (Figs. 2.3a,b). Similarly, a large portion of the 234Th settled at rates > 100
m d-! for both years. The >100 m d-! portion of the settling velocity spectrum had 57% and
69% of the 234Th in the 2003 SV1 and SV2 traps, respectively, and 59% of the 234Th in the
2005 shallow SV trap (Figs. 2.4a,b). The greatest proportion of OC and 234Th fell within the
settling velocity range of 196-490 m d-1. This settling velocity interval contained nearly
26% (SV1 only) and ~24% of the total OC for 2003 and 2005, respectively, and 30-40% of
the 234Th (Table 2.1). In 2003 and 2005, the OC FD loosely followed the mass FD trends
with settling velocity (Lee et al., 2009; Armstrong et al., 2009).

3.4. Variation of C/234Th with Settling Velocity in Shallow SV Traps-2003 and 2005
The C/234Th ratios of the shallow SV traps of 2003 and 2005, did not demonstrate a
discernable trend with settling velocity (Figs. 2.5a and b, respectively, Table 2.1). The
weighted average C/234Th in 2003 was 3.4 £ 0.1 for SV1 (Table 2.1). Ignoring the maximum
at 98-196 m d-! for 2003 SV1, the C/234Th ratios of individual settling velocity intervals
varied less than 30% in 2003 and in 2005. The weighted average C/234Th for 2005 (1.2 =
0.03 pmol dpm-1) agreed well with the time-weighted average for the TS trap deployed on
the same array (1.1 = 0.03 pmol dpm-1) and was a factor of ~3 less than the weighted
average values for 2003. In 2005, there was no single settling velocity interval that
demonstrated a clear peak in the C/234Th ratio as was seen in 2003 (Figs. 2.5a,b).

Moreover, the settling velocity intervals covering the range of 98-196 m d-! generally had
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lower C/2?34Th ratios in 2005, possibly indicating compositional differences between the

2003 and 2005 fast settling particles.

3.5. Variation of OC, 234Th and C/2?34Th in SV Traps with Depth (2005)

In 2005, 60% of the time-integrated OC flux (OC;) occurred in the fast settling velocity
intervals at 313, 524, and 1918 m (Fig. 2.6a). The probability that material will settle at
intermediate settling velocities drops sharply at velocities lower than 326-490 m d-! and
196-326 m d-! for the shallowest trap (Table 2.1). The total OC collected in each trap
decreased with depth (Table 2.1).

As with OC flux density, the 234Th flux densities were high at settling velocities of 196-
980 m d-1, and decreased within the intermediate settling velocity intervals. Conversely,
there was a slight increase in the 234Th FD within the slowest settling velocity intervals
(Fig. 2.6b). The time-integrated 234Th flux (434Th;) at 1918 m was higher (mean 104 x 103
dpm m-2) than those at 313 m and 524 m (both ~80 x 103dpm m-2), largely due to higher
234Th FDs in the faster settling velocity intervals at 1918 m relative to the other depths
(Table 2.1). The weighted average C/?34Th decreased with depth, with values of 1.2 + 0.03
pumol dpm-1, 0.96 = 0.02 pmol dpm-1, 0.47 £ 0.01 pumol dpm at 313, 524, and 1918 m,
respectively (Table 2.1; Fig. 2.6¢). Some overlap was evident in a few SV intervals at 313 m
and 524 m, while the C/234Th ratios at 1918 m were generally lower than those at the

shallower depths in all size classes (except the most rapidly settling; Fig. 2.6c).

4. Discussion
4.1. Controls on C/234Th Variation with Settling Velocity in Shallow Traps

There is no clear trend of C/234Th with settling velocity in the shallow traps in either
2003 or 2005 (Figs. 2.5a,b). The C/?34Th ratio might be expected to increase with
increasing settling velocity, if settling velocity increases with particle dimension and if POC
correlates with particle volume while 234Th correlates with surface area. However,
increases in C/2?34Th with settling velocity are not evident in the data (other than increases
from the 0.7-5.4 m d! to the 5.4-11 m d-! interval and from the 490-980 m d-! to the >980
m d-! interval, indicated by the arrows in Fig. 2.6¢). Instead, particle composition and type

are the dominant factors in controlling C/234Th in the shallow traps. Additional factors
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related to changes in C and 234Th as particles settle through the water column affect
C/?34Th in the deeper SV traps (see below). Organic compositional data show that the
slowly settling particles in 2003 were bacterially reworked material, while the rapidly
settling material consisted of fecal pellets and fresh and aggregated diatoms (Wakeham et
al,, 2009). These basic differences in particle type will affect the C/234Th ratio; fecal pellets
will have low ratios (Rodriguez y Baena et al., 2007), while fresh phytoplankton will tend to
have higher ratios. Indeed, Stewart et al. (2007b) noted a consistent variation in C/234Th
(as well as C/210Po) with particle type in the 2003 time-series trap at 238 m, with the ratios
varying in the sequence: fresh phytoplankton > degraded material > fecal pellets. In the
time-series trap, these variations are displayed with time as the bloom progresses. The SV
traps sort the particles into settling velocity intervals throughout the deployment, but to
the extent that fresh and degraded material and fecal pellets have different settling
velocities, the trends seen in the TS trap are preserved in the SV trap as the settling
particles are sorted into settling velocity intervals.

Organic compositional analyses of material from the 2005 traps are not complete, but
visual observations of the material suggest fewer diatoms and gelatinous zooplankton and
more crustacean zooplankton relative to 2003. These differences are consistent with lower

C/?34Th ratios in 2005 relative to 2003 (Fig. 2.5a,b).

4.2. Effect of Changes in OC with Depth on C/234Th of Settling Particles

Recent publications reviewing the use of 234Th as a POC export proxy have addressed a
number of possible sources for C/234Th variability (e.g., Cochran and Masqué, 2003; Moran
et al.,, 2003; Buesseler et al. 2006). These include preferential loss or uptake of POC,
degradation of the particles, decrease in the volume to surface area (V:SA) of sinking
particles, and preferential adsorption of 234Th by acidic polysaccharides (Buesseler et al.,
1995, 2006; Burd et al., 2000; Quigley et al., 2002; Moran et al., 2003; Passow et al., 2006;
Santschi et al.,, 2006). We are able to consider some of these possibilities using the 2005 SV
data at 313, 524, and 1918 m. To our knowledge, these data comprise the first record in the
literature of changes with depth in the chemical composition of particles separated

according to settling velocity.
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The time-integrated flux densities for OC (Fig. 2.6a) are similar for the shallow traps
(313 m and 524 m) at fast settling velocities (98-980 m d-1). Between 313 m and 524 m
there is relatively little change in flux of OC with depth in the rapid settling velocity
intervals (Fig. 2.6a). This may indicate that when material is settling at fast rates,
significant alteration of material by degradation does not occur over depths of ~200 m.
Between the 524 m and 1918 m traps, there is a 25-36% decrease in OC; for the four
settling velocity intervals in the range of 140-980 m d-! (Fig. 2.6a, Table 2.1). The %0C on
a mass basis decreases by a factor of ~1.6 from 524 to 1918 m for these settling velocity
intervals. Indeed, the decrease of bulk OC with depth observed in this study has been
documented previously in sediment traps from the DYFAMED site (Miquel et al., 1994).

OC decreases significantly within the four settling velocity intervals of 10.9-21.8 to 49-
98 m d-! progressively over the three trap depths (313, 524, and 1918 m; Fig. 2.6a, Table
2.1); the average change in OC; in these settling velocity intervals from 313 m to 524 m is ~
3 mmol C m?and from 524 to 1918 m is ~2 mmol C m2. The %O0C of the 10.9-98 m d-!
settling velocity intervals also decreased with depth by a factor of ~1.5 for both depth
intervals of 313-524 m and 524-1918 m. As stated previously, the limited number of
samples (duplicates at only two depths: 524 and 1918 m) does not allow confidence
intervals to be placed on the change in time-integrated OC flux with depth. However, it is
likely some of the OC decrease was due to dissolution of POC as a consequence of cell death
as material is exported and undergoes disaggregation and re-aggregation within the water
column (Lee et al., 2009). Goutx et al. (2007) also show significant loss of C from slowly
settling particles collected at the DYFAMED site in 2003.

The loss of OC from the settling particles is accompanied by a decrease in the C/234Th
ratio with depth (Fig. 2.6¢c). Processes of aggregation, disaggregation and fragmentation,
dissolution and degradation of sinking particles can partly explain the decreases in %0C
and C/234Th (Fig. 7A). Through the mesopelagic (or “Twilight Zone”) organic matter may
become the limiting factor in the aggregate matrix, maintaining the role of a glue such that
when the aggregate is saturated or reaches its carrying capacity (Passow, 2004; Hamm,
2003; De La Rocha and Passow, 2006), it is disrupted by the impinging force of shear
erosion resulting from the particle’s fall (Hill, 1998). This possible mechanism is consistent

with our observations from MedFlux as well as the “ballast hypothesis” (Armstrong et al.,
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2002; Klaas and Archer, 2002). A more extensive discussion of the mechanisms controlling
the relationship between OC and ballast minerals is found in this issue in Lee et al. (2009)
and Armstrong et al. (2009).

Mechanisms for the decrease in OC FD in slowly settling particles with depth include
incorporation into particles settling at faster rates and loss to the DOC and DIC pools by
dissolution or degradation (Fig. 2.7a). There also may be significant losses of POC from the
fast settling particles between the 524 m and 1918 m traps caused by disaggregation of the
material into smaller particles settling at lower rates. Admittedly, Fig. 2.7a is an
oversimplification of the many biotic and abiotic processes involved in altering the
absolute abundances of OC associated with sinking particles. However, collection of
particles separated by settling velocity is a critical first step in modeling the rates of

processes shown in Fig. 2.7a.

4.3. Effect of Changes in 234Th with Depth on C/234Th of Settling Particles

Unlike the decreases observed in OC FDs of the fast settling material (98-980 m d-1)
with depth, the 234Th FD is highest at 1918 m (Fig. 2.6b). At the slower settling velocities
(<98 m d1), there is no change in 234Th flux density with depth, also in contrast to the
pattern in OC (Fig. 2.6a,b). A simplified conceptual model of the processes affecting 234Th
in settling particles is shown in Fig. 2.7b. In addition to transformations among particle
settling velocity intervals (mediated by aggregation and disaggregation; 1 and £ in Fig.
2.7b) that affect both OC and 234Th, thorium is also subject to additional scavenging and
decay as particles settle.

The topic of 234Th decay on particles has received recent attention in the context of its
effect on the POC/234Th ratios of filterable particles used to calculate the POC export from
the surface (Cai et al., 2006). Cai et al. (2006) observe various trends in POC/234Th with size
in filterable particles that they attribute to 234Th decay. Our settling velocity data allow us
to assign times for transit of particles to depth and thus estimate directly the effect of decay
on the 234Th of the settling particles. Particles in the settling velocity intervals <49 m d-!
(0.7-5.44, 5.44-10.9, 10.9-21.8, and 21.8-49 m d-1) demonstrate no change in 234Th with
depth (Fig. 2.6b) These particles would take 28-1991 days to transit the distance between
the 524 and 1918 m traps and should show significant 234Th decay. The fact that the 234Th
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activity is constant with depth suggests that other processes must add 234Th to these
particle classes as they settle. Such processes include additional scavenging of 234Th (via
adsorption), the addition of material and associated 234Th from the more rapid settling
velocity intervals (disaggregation), and the incorporation of high molecular weight
dissolved organic material (>10 kDa) that is rich in acidic polysaccharides and associated
thorium (Quigley et al.,, 2002, 2006; Passow et al., 2006, Santschi et al., 2006; Fig. 7A, B).
Given the very large effect of decay on these slowly settling particles, the lack of change in
234Th activity with depth implies that disaggregation of large, rapidly settling particles (1
Fig. 2.7b) or additional scavenging of 234Th by the slowly settling particles (ki in Fig. 2.7b)
are important.

In contrast, little change due to decay would be expected for the rapidly settling
particles. Assuming a mean settling rate of ~600 m d-! for the fast settling velocities (196-
980 m d1), radioactive decay would cause reductions of less than 10% in the 234Th activity
between 524 and 1918 m, yet the time-integrated flux density of 234Th in the rapidly
settling particles increases by a factor of ~1.3 between 524 and 1918 m (Fig. 2.6b). If the
change is due entirely to scavenging of 234Th, the increase in the integrated flux of the
rapidly settling particles with depth (~23 x 103 dpm m) is equivalent to the removal of
~0.01 dpm 234Th I'? during the trap deployment, if the particles scavenge continuously over
the ~1400 m between the traps. This is a small fraction of the total 234Th present in the
deep water at the DYFAMED site (~2.7 dpm I'1; Cochran et al., 2009) and the scavenging
would not be apparent in water column profiles of 234Th.

Although advective transport of particles carrying 234Th from long distances into the
vicinity of deep traps is unlikely due to the prevailing currents at the DYFAMED site, it is
important also to consider this as a possible mechanism for increasing 234Th in material
caught in deep traps. The DYFAMED site is generally regarded as being uninfluenced by
coastal waters, and it has been suggested that the particle variability is predominantly
driven by local climate effects and phytoplankton growth in the surface waters because a
geostrophic front cuts off coastal inputs (Béthoux et al., 1998; Millot, 1999; Stemmann et
al,, 2002). Schroder et al. (2006) showed that infiltration of the deep eastern

Mediterranean water did not occur at the DYFAMED site in 2005. Lateral transport of a
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nepheloid layer would provide additional particle surfaces for 234Th adsorption, but such a
feature is uncommon at the DYFAMED site (Stemmann, 1998).

Despite this, the influence of lateral transport on Th profiles and fluxes at the DYFAMED
site may wax and wane depending on variations in the intensity of seasonal export events
(Cochran et al,, this issue). Also, a large “statistical funnel” (Siegel et al., 1990) influences
the deep traps, such that the effective lateral transport of particles to deep traps integrates
over a larger area than that of shallow sediment traps due to the greater amount of time it
would take particles to settle to 1918 m (Cochran et al,, this issue).

Data from another thorium isotope are needed to fully constrain even the relatively
simple model of coupled Th/particle dynamics shown in Fig. 2.7b. Cochran et al. (1993,
2000) and Murnane et al. (1996) used 228Th and 234Th applied to filterable particles in this
fashion. Indeed, Cai et al. (2006), have proposed that the comparison of the 234Th /228Th
ratio on large filterable particles collected by in situ pump relative to the ratio in the
dissolved phase can be used as to gauge the amount of time for particle aggregation.
Measurements of 228Th on the 2005 SV and water column samples are in progress. One
caveat in incorporating 228Th into the model of Fig. 2.7b is that its activity in solution
changes significantly with depth, following its parent 228Ra (Moore, 1969). Thus to fully

apply the model requires knowledge of 228Th in the dissolved phase.

4.4. Effects of Composition on POC and 234Th of Trapped Material

Additional compound class data will help elucidate the extent of degradation of organic
matter through the water column and its resultant contribution to the decrease in C/234Th
with depth. A good correlation between OC and 234Th in the settling velocity intervals,
coupled with the change in the relationship from the shallow- and mid-water traps (313,
524 m) to the deep-water trap (1918 m) in 2005 (Fig. 2.8a) suggest that both OC and 234Th
are affected by interactions among the settling velocity intervals as the particles settle (Fig.
2.7a,b).

234Th is also correlated to varying degrees with the major ballast mineral components of
the flux (lithogenic aluminosilicates, calcium carbonate, and opal; Fig. 2.8b-d). The
correlations with both lithogenic material and CaCOs3 are good, and there is little change in

the slope of the relationship between 234Th and CaCO3 with depth (Fig. 2.8c). Indeed, both
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total trap 234Th (dpm) and CaCO3 (mg) increase with depth; the percentage of the
contribution of CaCO3 to ballast minerals also increases with depth, largely as a result of
the relative loss of opal.

In contrast to the correlation between 234Th and CaCOs (Fig. 2.8c), the shallow and deep
traps fall into separate groups for the correlation of lithogenic material with 234Th (Fig.
2.8b). The total mg of lithogenic material settling into the deep traps is ~90% that reaching
the 524 m traps. This is equivalent to an increase in the specific activity of 234Th with
respect to lithogenic material (dpm giithogenic™') and suggests that this fraction is scavenging
additional 234Th with depth. Indeed, the larger role played by sinking lithogenic material in
scavenging Th has been emphasized by Luo and Ku (2004). The correlation of opal with
234Th is not as good as correlations of lithogenic material or CaCO3 with 234Th, consistent
with prior work that showed that opal was not a strong scavenger of Th (Chase etal., 2002;
Luo and Ku, 2004). In addition, the specific activity of 234Th with respect to opal (dpm gopal-
1) increases with depth, likely due to silica dissolution (Lee et al., 2009).

The slopes of Figures 2.8a-d can be used to calculate particle-water partition
coefficients (Kgs) for a pure end-member representing OC or ballast minerals such as
lithogenic material, CaCOs3 or opal. The particle-water partitioning coefficient or psuedo-Kq
is equal to the specific activity of thorium on the particle (dpm 234Th g;-! where i represents
OC or ballast mineral content) divided by the dissolved 234Th activity (dpm 234Th g-1 of
water) in the water through which the particles sink. Chase et al. (2002) also referred to
sediment trap-derived particle-water partitioning coefficients as ‘pseudo-K4’, but unlike the
derivation of Chase et al. (2002), we use measured dissolved 234Th activity instead of the
total 234Th activity. We determine the average water column dissolved 234Th activities using
trapezoidal integration of water column 234Th profiles obtained during the trap
deployment period (Cochran et al., 2009). The dissolved 234Th activity representative of 0-
524 m (2.3 dpm L-1) for the shallow traps was derived from two profiles of water column
234Th activities (March 9 and 13, 2005) and the dissolved 234Th activity representing the 0-
1918 m (2.4 dpm L-1) for the deep traps came from a single profile that extended to 1800 m
(March 13, 2005: Cochran et al.,, 2009). Via this calculation, we determine a pseudo-Kq

using the slopes of the correlation plots (Figs. 2.8a-d; Table 2.2).
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The pseudo-Kgs in the 313 and 524 m traps are ranked in the sequence lithogenic
material <opal <CaCO3 <OC (Table 2.2). For the 1918 m trap, the ranking is lithogenic
<CaCOsz<opal < OC. One must use caution when interpreting pseudo-Kgs from deep trap
data because the slope of the correlation of thorium with organic carbon and ballast
minerals may change as the composition of sinking particles changes due to degradation
and dissolution. For example, the increases in the deep trap pseudo-Kgs for OC and opal
(Table 2.2) most likely result from the decreases in OC and silica from the sinking particles.

Our values for the end-member pseudo-Kgs are generally within the range of those
reported elsewhere (Chase et al., 2002; Luo and Ku, 2004; Li, 2005). Luo and Ku (2004)
and Li (2005) used sediment trap data from open ocean sites, including the equatorial
Pacific and the Southern Ocean to determine pseudo-Kgs for 23°Th and found lithogenic
material to be a strong scavenger of Th, with values on the order of 108 g g-1. Our results
suggest that the pseudo-Kj for lithogenic material is most similar to opal in the shallow
traps and to CaCO3 in the deep trap (Table 2.2). The pseudo-Kj for lithogenic material at the
DYFAMED site is 2 orders-of-magnitude less, and that for opal approximately 10x greater
than the values derived by Chase et al. (2002), Luo and Ku (2004) and Li (2005). The
difference in Kgs for the lithogenic material at the DYFAMED site relative to the Equatorial
Pacific and Southern Ocean may be due to the fact that pulses of lithogenic material
followed intense dust deposition events in 2005 and are evident in high percentages of
lithogenic material in the fast settling velocity intervals (Lee et al., 2009). Because this
material settled at accelerated rates, 234Th may not have had time to attain sorption
equilibrium before reaching the traps. As well it may have had different surface area-to-
volume characteristics than lithogenic material at open ocean sites.

Chase et al. (2002) showed carbonate was at least as important as lithogenic material for
the adsorption of Th and our results support this conclusion. Chase etal. (2002) and Luo
and Ku (2004) assumed that the contribution of Th sorption onto organic matter played an
insignificant role in the bulk partition coefficient of Th. We observe the highest Th pseudo-
Kags for OC in the shallow and deep traps (45.4 x 10¢ and 86.3 x 109, respectively). This may
be due to the presence of acidic-rich polysaccharides that form organic coatings on
biogenic particles (Passow, 2002). Indeed, Quigley et al. (2002) found the Kq for 234Th to

colloidal organic matter with a high percent of acidic polysaccharides to be ~108. Li (2005)
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pointed out the importance of including the contribution of OC to the bulk K4 of Th and
found that it contributed 22 * 6%. Following the approach of Li (2005), we calculate that
OC contributes 33% to the bulk Ky of particles settling into the 313 and 524 m traps and
30% to the bulk Kj in the 1918 m trap (Table 2.2).

5. Conclusions

The use of sediment traps to collect particles separated by settling velocity permits
relationships among 234Th, organic carbon, and ballast minerals to be determined. Data
from sediment trap deployments in the northwest Mediterranean in spring, 2003 and 2005
show no clear trend in C/234Th ratios with settling velocity. Instead variation in C/234Th
appears to be more strongly influenced by composition of the material, type of particle, and
processes that affect OC and 234Th with depth such as remineralization and degradation of
OC and the continuous scavenging of 234Th onto sinking particles.

The preponderance of the 234Th flux is associated with rapidly sinking particles. Greater
than 60% of the 234Th was associated with particles that settled at rates greater than 100 m
d-l. In 2005, SV traps were deployed at several depths, and the total 234Th reaching the
deep trap (1918 m) was a factor of 1.3 greater than that reaching the trap at 524 m. The
largest increase in 234Th was observed for the fast settling velocities (196-980 m d-1). The
effect of radioactive decay on 234Th may be estimated because the settling velocities are
known. Such estimates predict very large decreases in 234Th for the slowly settling
particles and negligible change for the rapidly settling material. The contrast between
predictions and observations suggests either that 234Th continues to be scavenged as
particles settle, or there are significant interactions (aggregation, disaggregation) between
the fast and slowly setting particles. In contrast to the pattern seen in 234Th, organic carbon
decreases by a factor of ~2 through the water column, with the greatest decrease in the
slowly settling particles. These changes resulted in a ~3-fold drop in the C/234Th ratio with
depth.

Correlations between 234Th and OC, CaCOg3, lithogenic material and opal show varying
relationships with trap depth. Good correlations (R?>0.8) are evident between 234Th and
0C, CaCOsz and lithogenic material. The relationship between 234Th and CaCOs3 is similar at

all depths, largely because both the total 234Th (dpm) and the total CaCO3 (mg) increase
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proportionally the same with depth. The ratio of 234Th to lithogenic material increases in
the 1918 m trap relative to those at 313 m and 524 m, possibly due to additional
scavenging of 234Th onto this material as it sinks. Decreases in the slope of the OC-234Th
relationship and the opal-234Th relationship with depth are due to decomposition of the
organic material and dissolution of opal, respectively. Pseudo-Kgs calculated for the
shallow (313 m and 524 m) 2005 traps range from 5.5 x 106 for opal to 45.4 x 106 for
organic carbon. OC provides the greatest contribution to the calculated bulk Th Kq (~33%),
with lithogenic material, CaCO3 and opal each contributing ~22%. Pseudo-Kgs for the deep
trap material range from 5.9 x 10° for lithogenic material to 86.3 x 10° for OC, with OC
comprising the largest relative contribution (~30%) to the bulk Ky, followed by CaCOs3,
lithogenic material and opal at 20-26%.

Measuring the OC, 234Th, ballast minerals, and organic composition of particles
separated by settling velocity over multiple depths provides valuable information on the
effects of composition and particle dynamics on variations in OC, 234Th, and the C/234Th
ratio. With settling velocities and fluxes known, data on additional radionuclides (e.g. 228Th
and 210Po) can provide powerful constraints on the rates of transformations and

interactions among settling particles.
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Table 2.1. Fluxes and compositional data for settling velocity and time series sediment traps (2003 and 2005).

Year Date Depth Trap Settling Velocity class,i  Midpoint date Mass OC; % 0C Z4Th, C/*Th'
(m) ID (md") (gm?  (mmol m? (10* dpm m?) (vmol dpm™)
2003 6 March- 238 SV1 0.68-1.4 NA 1.32 14.8 12.9 337 + 021 441 = 029
6 May 1.4-2.7 " 1.37 10.7 9.5 290 + 0.18 367 + 023
2.7-5.4 " 1.19 11.8 12.0 271 + 0.18 436 + 0.30
5.4-11 " 0.93 7.4 9.5 166 + 0.16 448 + 045
11-22 " 0.66 5.6 10.1 145 + 0.15 386 + 040
22-49 " 0.98 7.2 8.8 168 + 0.09 428 + 024
49-98 " 1.05 6.2 7.1 192 + 0.16 321 £ 028
98-196 " 1.43 12.3 10.3 197 + 0.16 6.24 + 051
196-490 " 5.59 32.1 6.9 137 + 0.94 235 & 017
490-980 " 1.71 12.7 8.9 407 + 025 313 £ 020
>980 " 1.07 2.9 3.2 133 + 0.16 215 £ 026
Total 17.30 123.7 8.5 367 = 1.1 NA
Weighted Avg 3.37 * 012
238 Sv2 0.68-1.4 NA 1.04 10.7 12.3 285 + 027 374 £ 036
1.4-2.7 " 0.92 M M 189 + 022 M
2.7-5.4 " 0.63 43 8.2 142 + 0.18 303 + 039
5.4-11 " 0.72 43 7.2 213 + 019 202 + 019
11-22 " 0.68 5.2 9.2 164 + 0.18 319 £ 035
22-49 " 0.77 4.9 7.6 194 + 0.19 251 £ 025
49-98 " 1.35 M M 247 + 022 M
98-196 " 2.68 16.4 7.4 535 + 0.80 307 + 046
196-490 " 8.24 40.5 5.9 18.7 + 147 217 £ 018
490-980 " 1.92 13.3 8.3 756 + 036 176 + 0.09
>980 " 0.07 M M BD M
Total 19.02 99.58 - 459 * 1.8
238 TS NA 3/8/03 4.03 20.9 6.2 1144 + 097 182 + 0.16
" 3/13/03 4.13 29.6 8.6 858 + 0.78 346 + 032
" 3/18/03 4.55 22.1 5.8 1140 + 073 194 + 0.3
" 3/23/03 2.47 18.8 9.2 577 + 052 327 £ 030
" 3/28/03 1.06 5.0 5.7 298 + 033 168 + 0.19
" 4/3/03 0.83 5.7 8.3 181 + 0.14 318 £ 030
" 4/9/03 0.72 6.0 10.0 190 + 0.13 315 + 026
" 4/15/03 0.94 10.6 13.6 292 £ 012 364 + 020
" 4/21/03 0.96 9.8 12.3 310 £ 0.1 317 £ 015
" 4/27/03 0.49 6.4 15.7 184 + 0.8 350 + 019
" 5/3/03 0.92 7.7 10.1 301 £ 0.09 257 £ 010
Total 21.09 142.79 8.1 5.7 £ 1.6 NA
Weighted Avg 2.76 * 010
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Table 2.1. continued

Year Date Depth Settling Velocity class,i  Midpoint date Mass OC; i
(m) (md") (g m?) (mmol m?) (10° dpm m? (umol dpm™)

2005 4 March- 313 0.68-5.4 NA 4.88 15.8 4.1 154 + 054 1.02 + 0.04
28 April 5.4-11 " 1.15 5.3 5.5 334 + 036 1.59 + 0.18
11-22 " 1.20 7.5 7.5 338 + 034 2.22 + 023
22-49 " 1.28 5.6 5.3 394 + 035 1.42 + 0.13
49-98 " 1.47 8.6 7.0 524 + 037 1.64 + 012
98-140 " 1.64 5.8 43 460 + 0.38 1.26 + 0.1
140-196 " 2.16 6.7 3.7 555 + 043 1.21 + 0.10
196-326 " 4.43 12.9 35 124 + 061 1.04 + 0.05
326-490 " 4.15 10.2 29 1.0 + 054 0.93 + 0.05
490-980 " 3.42 14.2 5.0 107 + 0.50 1.32 + 0.07
>980 " 0.33 3.0 11.0 164 + 0.19 1.82 + 022

Total 26.10 95.5 4.4 772 % 1.4 A
Weighted Avg. 1.24 * 0.03
313 NA 3/6/05 4.53 10.9 29 125 + 0.39 0.87 + 0.03
" 3/11/05 4.34 10.9 3.0 113 + 0.32 0.97 + 0.03
" 3/16/05 1.64 3.9 2.8 4.4 + 021 0.88 + 0.05
" 3/21/05 2.10 7.2 4.1 74 + 023 0.96 + 0.04
" 3/26/05 2.08 6.2 3.6 6.6 + 020 0.94 + 0.03
" 3/31/05 4.40 10.3 2.8 125 + 0.23 0.82 + 0.02
" 4/5/05 1.73 6.8 4.7 4.5 + 0.13 1.52 + 0.05
" 4/10/05 0.41 27 7.8 1.2 + 0.06 2.25 + 0.13
" 4/15/05 1.35 7.6 6.7 23 + 0.08 3.23 + 0.13
" 4/20/05 0.73 5.7 9.3 1.5 + 0.06 3.85 + 017
" 4/25/05 0.13 1.5 13.4 0.4 + 0.03 4.06 + 0.36

Total 23.45 73.5 3.8 646 * 0.7 A
Weighted Avg. 1.14 * 0.03
524 0.68-5.4 NA 4.88 13.9 163 + 0.38 0.92 + 0.04
5.4-11 " 1.23 4.7 450 + 0.20 0.88 + 0.02
11-22 " 0.93 4.2 294 + 0.5 1.09 + 0.03
22-49 " 0.88 4.2 . 3.04 + 0.5 0.93 + 0.03
49-98 " 1.01 3.9 4.6 346 + 0.15 1.18 + 0.05
98-140 " 0.98 3.6 4.5 313 + 0.5 1.16 + 0.06
140-196 " 1.23 4.4 43 372 + 0.5 1.12 + 0.05
196-326 " 3.04 8.5 34 917 + 0.23 1.38 + 0.07
326-490 " 2.84 9.7 4.1 889 + 0.22 1.41 + 0.08
490-980 " 7.00 15.6 2.7 178 + 0.29 1.04 + 0.05
>980 " 1.86 4.6 3.0 49 + 0.16 0.85 + 0.03

Total " 25.88 77.2 3.6 780 % 0.72 A
Weighted Avg. 0.99 * 0.02
0.68-5.4 NA 5.13 141 3.3 166 + 0.33 1.48 + 0.10
5.4-11 " 0.62 4.0 7.7 222 + 0.1 1.02 + 0.03
11-22 " 1.06 3.2 3.6 373 + 0.16 0.83 + 0.03
22-49 " 1.30 4.2 3.9 523 + 0.18 0.84 + 0.03
49-98 " 1.89 5.1 3.2 690 + 021 1.1 + 0.05
98-140 " 1.76 5.1 35 515 + 0.24 1.00 + 0.05
140-196 " 2.66 71 3.2 644 + 024 0.73 + 0.03
196-326 " 4.29 9.4 2.6 112 + 031 0.80 + 0.03



Table 2.1. continued

Year Date Depth Settling Velocity class,i  Midpoint date OC; i
(m) (md") (mmol m?) (10° dpm m? (umol dpm™)
326-490 " 9.2 2.8 111 + 0.30 085 + 0.04
490-980 " 14.4 3.1 141 + 0.36 179 + 0.09
>980 " 4.1 6.6 278 + 017 085 + 0.02
Total 79.8 3.3 855 + 0.82 A
Weighted Avg. 093 % 0.02
924 m NA 3/6/05 6.73 4.0 85 + 0.30 079 + 0.03
" 3/11/05 4.82 3.0 6.2 + 024 077 + 0.03
" 3/16/05 5.02 2.8 84 + 022 060 + 0.02
" 3/21/05 5.03 3.2 8.1 + 0.21 062 + 0.02
" 3/26/05 6.38 3.0 99 + 020 065 + 0.02
" 3/31/05 3.28 1.3 102 + 020 032 + 0.01
" 4/5/05 5.61 2.7 79 = 0417 071  + 0.02
" 4/10/05 3.34 8.5 2.2 + 0.09 154 + 0.07
" 4/15/05 2.63 8.6 19 + 0.08 142 + 0.07
" 4/20/05 2.16 13.3 25 + 013 088 + 0.05
" 4/25/05 3.19 8.2 16 + 0.06 195 + 0.08
Total 48.2 3.3 672 =+ 0.62 A
Weighted Avg. 072 % 0.02
1918 0.68-5.4 NA 2.73 5.0 2.2 115 + 026 113 + 0.06
5.4-11 " 0.66 2.0 3.7 264 + 013 0.46 + 0.01
11-22 " 0.52 1.5 35 227 + 012 043 + 0.01
22-49 " 0.65 1.6 3.0 316 + 0.13 040 + 0.01
49-98 " 0.99 2.4 2.9 478 + 0.15 049 + 0.02
98-140 " 1.18 3.9 4.0 565 + 017 069 + 0.03
140-196 " 1.76 4.0 2.7 818 + 0.21 050 + 0.02
196-326 " 3.48 6.1 2.1 154 + 0.30 051 + 0.02
326-490 " 8.4 2.1 198 + 034 066 + 0.04
490-980 " 11.3 2.2 247 + 037 075 + 0.04
>980 " 4.0 4.7 350 + 0.16 044 = 0.01
Total 50.3 2.5 1016 * 0.76 A
Weighted Avg. 050 * 0.01
0.68-5.4 NA 3.09 6.9 2.7 172 + 032 138 + 0.15
5.4-11 " 1.05 3.1 3.6 559 + 0.19 045 + 0.01
11-22 " 0.59 1.8 3.6 312 + 0.14 045 + 0.01
22-49 " 0.79 2.3 35 371+ 0.16 040 + 0.01
49-98 " 1.32 3.9 35 699 + 0.19 035 + 0.01
98-140 " 1.93 2.7 1.7 9.08 + 0.21 030 + 0.01
140-196 " 2.50 4.1 2.0 118 + 025 056 + 0.02
196-326 " 4.47 7.3 1.9 181 + 029 061 + 0.03
326-490 " 3.43 5.6 2.0 123 + 027 058 + 0.03
490-980 " 4.80 7.8 2.0 174 + 032 056 + 0.02
>980 " 0.15 1.0 8.0 073 + 0.08 040 + 0.01
Total 46.5 2.3 106.0 * 0.77 NA
Weighted Avg. 044 + 0.01

NA, not applicable; M, missing sample; BD, below detection.



Table 2.2. Pseudo-Kys and trap component weight % for OC and ballast
minerals for 2005 SV sediment traps.

Depth (m) OC Lithogenic CaCO; Opal B;:k

313 and 524

Ks (10°g g™ 45.4 4.9 73 55 79

wt% 3.76 25.0 15.8  21.2

% contribution to bulk Kq 33 23 22 22
1918

Ky (10°g g™ 86.3 5.9 6.9 104 10.0

wt% 2.41 27.2 253 134

% contribution to bulk Ky 30 24 26 20
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Fig. 2.1. 2003 time-series sediment trap data (238 m): (a) 23*Th and OC fluxes and (b)
C/?34Th ratio (umol C dpm Th-1) ratios.
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Fig. 2.3. (a) and (b) histograms of flux density (FD—see text) for 2003 (238 m) and 2005 (313 m) in which the area of the
rectangles represent the time-integrated fluxes (OC: mmol m-2) and the heights of the box and mid-point plotted represent the
time-integrated flux densities of OC (OC: mmol m2 SVI-1). See text and Armstrong et al. (2009) for explanation of the
calculation of time-integrated flux densities.
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Fig. 2.4. (a) and (b) histograms of flux density (FD—see text) for 2003 (238 m) and 2005 (313 m) in which the area of the
rectangles represent the time-integrated fluxes (?34Th: dpm m) and the heights of the box and mid-point plotted represent
the time integrated flux densities of 234Th (234Th: dpm m2 SVI‘1). See text and Armstrong et al. (2009) for explanation of the

calculation of time-integrated flux densities.
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Fig. 2.5. (a) and (b) C/?34Th ratio values of SV trap samples for 2003 (238 m) and 2005 (313 m).
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Fig. 2.6. Settling velocity plots of OC, 234Th time-integrated flux densities and C/?34Th ratio
values for 2005: 313 m SV2, average of SV1 and SV2 at 524 m, and the average of SV1 and
SV2 at 1918 m. (a) Time-integrated flux densities (FD) OC with depth, (b) time-integrated
FD of 234Th with depth, and (c) the C/23*Th ratio with depth. Error bars represent the
standard deviation of the duplicate traps. Arrows represent settling velocity intervals
where there is an increase in C/?34Th with settling velocity.
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Fig. 2.7. (a) Schematic diagram of the transfers among DOC, POC, and DIC pools. Biotic and
abiotic losses of POC are represented in a simplified way by dissolution and degradation of
POC. The settling of material from one depth horizon to another results in a loss of POC
from each settling velocity grouping and is represented by Ssow and Sfst. Exchange between
the slow to fast settling pools is indicated by the rate constant 5 representing processes
such as aggregation and incorporation POC. Transfer in the opposite direction from fast to
slow settling particles might include processes of disaggregation and degradation and is
represented by the rate constant f.1. (b) Schematic diagram of the exchange of 234Th
between dissolved and particulate pools. 234Th activities of the dissolved (Adiss), slow
settling particles (Asow), and fast settling particles (4ss:) are represented by boxes. The
activity of the dissolved parent, 238U, is denoted by Ay and the radioactive decay from each
phase is represented by A. Ssiow and Syus: represent the loss of particulate thorium by vertical
settling. The first-order rate constants of adsorption of dissolved 234Th onto slow and fast
settling particles are k1 and kg, respectively. First-order rate constants for desorption from
the slow and fast settling pools are k-1 and k-2, respectively. Particle exchange is indicated
by rate constants f; for transfer of 234Th from slow to fast settling particles and f-1 for
transfer from fast to slow settling particles.
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Fig. 2.8. Correlations of 23*Th with particulate organic carbon and ballast minerals
components for shallow SV traps (313 and 524 m) and deep SV traps (1918 m) of 2005. (a)
OC vs. 234Th; (b) lithogenic particles vs. 234Th; (C) CaCOsz vs. 234Th, (D) opal as SiO2¢H20 vs.
234Th. Error bars represent one standard deviation. Best-fit lines for the shallow (313 and
524 m, solid line) and deep (1918 m, dashed line) trap data are shown with their
correlation coefficients, R2.
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CHAPTER 3

Comparison of particulate organic carbon, organic compounds, and 234Th in particles

sampled by in situ filtration and sediment traps in the northwest Mediterranean Sea

Abstract

Applications of 234Th /238U disequilibrium as a flux proxy for particulate organic carbon
(POC) in the oceans commonly rely on characterizing the POC/2?34Th ratio in filterable
particles and using this as representative of the sinking flux. To better understand the
relationships and linkages between filterable particles and those collected in sediment
traps, we have compared the POC/?34Th ratios and compositions (organic and
radiochemical) of particles filtered by in situ pumps into two size classes (1-70 um and >70
um) with material collected in sediment traps operated in time-series and settling velocity
modes. Principal components analysis of the compositional data revealed the pump- and
sediment trap-collected material to have nearly no overlap. Sediment trap-collected
material had strong chemical evidence of fecal pellets driving the flux to depth, with little
compositional variance with settling velocity. In contrast, pump-collected particulate
matter in the large fraction (LP; >70 pm) contained fresh diatoms and fecal pellets and in
the small fraction (SP; 1-70 um) exhibited a signal of fresh, algal-derived material
(coccoliths) down to depths of >600 m, beyond the mixed layer depth. The POC/234Th
ratios of the particles varied in the order LP >> SP 2 sediment trap. Application of 234Th as
a proxy for POC flux produced POC fluxes that bracketed the trap fluxes, but ranged over an
order of magnitude depending on whether the POC/234Th of the large or small particles
was used in the calculation. Significant short-term variation in the POC/234Th of the
filterable particles and in the 234Th deficit in the water column contributed to the range in
calculated POC fluxes. The lack of compositional linkages between the particle pools and
the possibility of significant short-term variation in water column 234Th distributions
implies that a thorough understanding of a given oceanic region is required to validate the

use of 234Th as a proxy for POC flux.
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1. Introduction

The “biological organic carbon pump” refers to particulate organic carbon (POC)
generation and export out of the surface mixed layer of the ocean. It provides for a
biologically mediated means of removal of atmospheric carbon dioxide into the deep ocean,
although only ~1% of the POC flux traverses the water column and is deposited in ocean
sediments (Wakeham and Lee, 1993). Knowing the quantity of organic carbon flux that
leaves the mixed layer and traverses the dark midwaters, or Twilight Zone, is necessary for
studies that investigate mechanistic controls on the magnitude of POC that reaches the
seafloor (Armstrong et al., 2001; Buesseler et al., 2007a; Lee et al., 2009a; Burd et al,,
2010). Numerous authors have summarized the evolution and evaluation of methods used
to quantify POC flux from the surface ocean (Emerson et al., 1997; Gardner, 1997, 2000;
Buesseler et al., 2006, 2007b). Collection of sinking particles in particle interceptors
(sediment traps) and measurement of POC collected for a given period of time is one way to
determine POC flux. Additionally, a conservative financial-, logistical-, and time-efficient
means of assessing POC flux is using the U-series radionuclide 234Th as a proxy, a method
that entails the determination of the disequilibrium between 234Th and its parent 238U in
the water column to ascertain the 234Th flux and multiplying this by the POC/2?34Th on
sinking particles. Commonly filterable particles in a large size class (e.g. >53 um) are taken
as representative of sinking particles. The relatively short half-life of 234Th (24.1 d) permits
it to be used as a tracer of flux on a timescale of months-comparable to the time scale of the
evolution of a phytoplankton bloom (Coale and Bruland, 1987, 1985; Buesseler et al,,
1992).

Both sediment traps and the 234Th proxy have their limitations when applied to
evaluating particle and POC fluxes. The possibility of biases associated with hydrodynamic
effects have been raised for traps, while the 234Th proxy may be subject to non-steady state
effects (Cochran et al,, 2009) and a temporal disconnection between the integration time of
the water column 234Th deficit and the filterable particle pool sampled by pumps (Cochran
and Masque, 2003; Cochran et al., 2009). In particular, the question of how well the
POC/234Th ratio in filterable particles corresponds to that in the sinking flux has been
addressed with increasing frequency for over a decade (Buesseler, 1998; Burd et al., 2000,

2007; Coppola et al., 2002; Moran et al., 2003; Buesseler et al., 2006 and references therein;
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Smith et al., 2006; Buesseler and Boyd, 2009; Hung and Gong, 2010). Comparisons between
in situ pump and sediment trap-derived POC/?34Th ratios and POC export fluxes have been
reviewed in Buesseler et al. (2006) and recently addressed in Hung and Gong (2010) and
Hung et al. (2010).

Reccurring topics include challenges to the prevailing notion that large, rare particles
(>500 um, McCave 1975) are the dominant source of flux to midwaters (Fowler and
Knauer, 1986; Altabet et al.,, 1991) and questions over the practice of using the pump-
collected large particulate fraction (>53, >63, or >70 pm) POC/234Th for POC flux estimates
(Bacon et al,, 1996; Moran et al. 2003; Hung and Gong 2010). Recent field programs have
shown that small-to-intermediate sized particulate fractions (1-10 pum and 10-53 pm) are
less variable than the largest particulate fraction (Buesseler et al., 2009; Hung and Gong,
2010) and these small-to-intermediate sized fractions carry the greatest portion of total
particulate POC and 234Th (Waite and Hill, 2006; Lepore et al., 2009; Hung and Gong, 2010;
Hung et al,, 2010).

Alternatively, characterizing settling particles by settling velocity is a powerful approach
to understanding controls on POC flux (Gardner, 1997; Armstrong et al., 2009). Particle
settling velocity directly relates to remineralization and degradation length scales and is
thus linked to the efficiency of the biological organic carbon pump in transporting carbon
through the Twilight Zone to the seafloor. Marine flocs, aggregates, and fecal pellets are
often fragile and hence determining their settling velocity in situ is optimal for realizing
accurate measurements. One such method employed in the field uses indented rotating
sphere carousel (IRSC) sediment traps that collect particles on a sphere-programmed to
rotate daily, dropping material into the lower column of the trap whilst the sample carousel
rotates a new sampling tube into position on a fixed schedule; as such, particles are
separated by settling velocity according to the rotation schedule of the carousel (Peterson
et al., 2005; Lee et al., 2009b).

The magnitude of the particulate OC/?34Th ratio results from a combination of chemical,
physical, and biological processes (Buesseler et al., 2006). Sinking particles, newly
produced at ocean surface, have a POC/234Th that is dependent on the abundance of POC
(i.e., food web dynamics), inorganic minerals, and acidic polysaccharides present (Quigley

et al.,, 2002; Luo and Ku, 2004; Buesseler et al.,, 2006). In their review of the impact of
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measured POC/?34Th on Th-derived POC flux estimates, Buesseler et al. (2006) illustrated
the ways in which particle size and biogeochemical processes would cause POC/234Th
ratios to increase (e.g., increased acidic polysaccharides and large volume to surface area
ratio of particles), decrease (e.g., increased 234Th bound on particles through small volume
to surface area of particles, carbon assimilation and degradation), and remain constant
(e.g., aggregation and disaggregation).

In a previous contribution (Szlosek et al., 2009), we presented measurements of POC,
234Th and POC/234Th in particles separated in situ according to settling velocity and
discussed relationships among these parameters. Here we compare the composition of
filterable particulate fractions collected with in situ pumps with sediment trap material in
an attempt to relate the filterable material to the sinking material. This approach allows us
to address the questions: 1) How comparable are these particle collection techniques? and
2) Which filterable fraction best represents the dominant fraction of the settling particle

flux?

2. Methods
2.1. Sample Collection
2.1.1. Sediment Traps

Sampling was carried out in 2005 as part of the MedFlux program at the French JGOFS
time-series DYFAMED site (43°25’N 7°52’E; water depth 2300 m) in the Mediterranean Sea,
~52 km from the Nice. Sediment trap moorings with IRSC sediment traps (Peterson et al,,
1993) were deployed at depths of 313, 524, and 1918 m in 2005 from 4 March to 28 April.
The IRSC traps were used to exclude macrozooplankton and other swimmers from the trap
cups (Peterson et al,, 1993). Two modes of particle collection were employed: time-series
(TS) and settling velocity (SV) modes. Peterson et al. (2005) provided a description of the
operation of the IRSC sediment trap in the settling velocity mode. Briefly the indented
sphere was programmed to collect particles and rotate once per day, dropping the particles
into the lower portion of the trap. The carousel rotated once per day, with the cups open
for varying lengths of time. The particles collected in each cup then represented the

different settling velocity classes.
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Simultaneously, traps were deployed at the same depth operated in a time-series mode
that collected the flux over 5 day periods for the 55 day deployment. Samples were taken
for mass, OC, 234Th activity, and organic biomarkers such as chloropigments and
fucoxanthin, lipids, and amino acids. Lee et al. (2009b) and Wakeham et al. (2009) describe
details regarding the sample splitting and organic chemical analyses. Deployment dates
and depths as well as settling velocity classes sampled are given in the Appendix (Table

3.A1).

2.1.2. In Situ Pumps

Filterable particles were sampled in situ by filtering a large volume of water (100-1000 ;
~ 4-8 1 min-! flow rate) with battery-powered Challenger pumps (Livingston and Cochran,
1987; Buesseler et al.,, 1992). The pumps were equipped with pre-filters segregating
particulate material into size classes of 1-70 pum, and > 70 pm. The pre-filter stack
arrangement was either a 142 or 293 mm diameter Teflon mesh (cut-off diameter 70 pm)
followed by a quartz microfiber filter (Whatman QM-A; nominal cut-off 1 um).

Following the QM-A filter were two manganese oxide-impregnated wound fiber filter
cartridges (Hytrex, nominal pore size 1 pm) in series for the adsorption of dissolved 234Th,
defined in this study as <1 pm. Final dissolved activities took into account the efficiency of
the 234Th scavenged onto the cartridges following the procedure described in Livingston
and Cochran (1987). Although Cai et al. (2006) have proposed that MnO; cartridges under
collect dissolved Th, prior work (summarized in Hung et al., 2008) and comparison of total
Th in small volume water samples and obtained with MnO3 cartridges used in pumps at the
DYFAMED site (Cochran et al,, 2009) showed good agreement between the methods. The
dissolved 234Th data were presented in Cochran et al. (2009). Additional small volume
samples for total 234Th activities (i.e., particulate + dissolved) were taken by CTD to bracket

the in situ pump casts (Cochran et al., 2009).

2.1.3. CTD Casts
CTD casts were made either shortly before or after in situ pump deployment in order to

characterize the hydrography of the water column at the time of the pump deployment.
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2.2. Sample Analyses
2.2.1.%34Th Analyses

The 234Th activities of the particulate pump fractions (>1 um) and sediment trap
samples were determined by non-destructive beta counting using Risg low background
beta counters (Buesseler et al,, 1998, 2001; Cochran et al., 2000). Material captured on the
Teflon mesh was rinsed onto 25 mm QM-A filters using filtered seawater, after which the
filters were dried at 65°C. The 1um pre-combusted QM-A filters were dried at 65°C and
subsampled with 21-mm punches. Particulate samples were mounted in plastic sample
cups and covered with plastic film and aluminum foil. The 1-70 pm samples were mounted
as a stack of 21-mm punches. Sediment trap splits were re-filtered onto 25 mm Nuclepore
filters with a 0.4 um nominal pore size and dried. Further details regarding the particulate
fraction subsampling and standardization of the geometry of the sample cups for beta
activity detection are provided in Cochran et al. (2009).

Samples were counted over several half-lives of 234Th and for a duration sufficient to
reduce counting errors to <5%. Counts taken after 5 half-lives had passed were used to
estimate the filter blank and contributions from long-lived beta emitters. Counting was
performed at Stony Brook University School of Marine and Atmospheric Sciences (SoMAS)
as well as JAEA-Marine Environmental Laboratories (MEL). The 234Th activities from the
pump samples and TS traps were corrected for decay to the time of collection. Samples
from the SV traps were corrected for decay by utilizing the time series flux information
from TS sediment traps deployed at each trap depth, as described in Szlosek et al. (2009).

Dissolved (<1 um) 234Th activities from the pump cartridges were determined by
detecting the 63.3 keV gamma emission using an intrinsic germanium gamma detector. The
manganese cartridges were dried and ashed in a muffle furnace (450°C). The ash was
placed in containers whose geometries had been standardized for the gamma detectors at
SoMAS and MEL. Further details regarding the standardization are provided in Cochran et
al. (2009). 234Th in the small volume (2 1) unfiltered water samples was co-precipitated
with MnO; and the precipitate was mounted for nondestructive beta counting, as described

in Cochran et al. (2009).

68



2.2.2. Chemical Analyses

Particulate samples from pump fractions and sediment trap splits were used for total
carbon (TC) and organic carbon (OC) analyses measured using a Carlo Erba model 1602
CNS analyzer. Splits of the sediment trap material were filtered onto GF/F 25 mm filters
and dried. Duplicate 7-mm punches were taken from these filters and fumed with air
saturated with HCI to eliminate CaCO3 before POC measurement (Hedges and Stern 1984).
The error for each carbon analysis was + 5% (or 2%).

Measurements of organic compounds commonly used as biomarkers of particle source
or transformation were made on sediment trap material splits and pump particle fractions.
Details regarding extraction and analysis of pigments-comprising chloropigments and
fucoxanthin-are given in Wakeham et al. (2009). Additionally, Wakeham et al. (2009)
documented the methods for measuring total hydrolysable amino acids, and Abramson et
al. (2010) discussed organic composition analysis of the pump-filtered particulate

fractions.

2.2.3. Statistical Analyses

Abramson et al. (2010) performed principal component analysis (PCA) of the 2005
pump and TS sediment trap compositional data. Here we reexamine the PCA of the 2005
trap and pump data by including POC concentration (umol 11 or mg g-1) and 234Th
concentration (dpm I'! or dpm g1) data. We also include the SV compositional data in our
PCA analyses. The relationships between samples are inferred by the patterns formed by
their sample site scores on a 2D plane consisting of one axis defined by principal
component 1 (PC 1) and a second axis defined by principal component 2 (PC 2).
Compositional variables (e.g., individual amino acid abundances) plot out positively or
negatively with increasing absolute magnitude that is scalable to the influence the variable
has on processes that explain the first and second orders of variation in samples. In
environmental biogeochemical studies the sample site scores often spread out according to
their source and degree of degradation along PC1 and PC2 (Goni et al., 2000; Sheridan et al,,
2002; Engel et al., 2009; Abramson et al,, 2010).
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3. Results
3.1. POC/%34Th Ratios of Pump and Trap-Collected Particles

The ratios of particulate organic carbon to 234Th, referred hereafter as C/Th ratios, were
determined in material collected by IRSC sediment traps in TS and SV modes (Table 3.1). In
addition, ratios were measured for material filtered in situ into 1-70 um and > 70 pum
fractions. We refer to these filtered fractions as small particles (SP) for the 1-70 pm fraction
and large particles (LP) for the > 70 um fractions (Table 3.1). As discussed in Szlosek et al.
(2009), the mass-weighted average C/Th for the TS and SV sediment trap samples are
comparable. The C/Th values in the SP fraction are within a factor of 2 of those from the
trap whereas the LP pump fraction C/Th are up to 10-20 times greater than the trap ratios
for the shallow and deep depths, respectively. The disparity in C/Th between particle
collection techniques is evident in Fig. 3.1a, b.

The response of the C/Th ratio to time-dependent inputs, such as dust and Chl-a
abundance, varied with particle collection method. The TS sediment trap C/Th values
followed the same pattern as the trap OC%. For the first 25 days of the 55 day trap
deployment the 313 m C/Th changed relatively little (mean 0.9 + 0.01 pmol dpm-1) and
subsequently increased to a maximum of 4.1 + 0.4 umol dpm-1. An increase in TS trap C/Th
occurred as surface Chl-a levels rose and atmospheric dust events occurred (Fig. 3.1a,b). In
contrast, LP and SP C/Th ratios were higher than those of the TS sediment trap material
sampled at the same time (Table 3.1). High C/Th in filterable particles correlated with high
fluorescence Chl-a seen in CTD casts taken within hours of the in situ pump casts
(Appendix Fig. 3.A1, Cochran et al.,, 2009). Upper water column CTD fluorescence Chl-a
values are nearly twice as large as satellite surface Chl-a data at the time of the pump casts
(~1 ugltonDOY 68 and 73; Lee et al,, 2009b). We also observed relatively high LP and SP
C/Th in samples taken 6 days after trap recovery (DOY 120) despite the rapid decrease in
satellite-detected Chl-a occurring after trap recovery (Fig. 3.1a, b).

The shallow (313 m) IRSC sediment traps in settling velocity mode had average C/Th
ratios of 1.2 + 0.03 umol dpm-! (see Appendix Table 3.A2) with little (~30%) variation
across the range of settling velocities. As noted by Szlosek et al. (2009), if one assumes that
large particles have greater settling velocities, there was no correlation in C/Th with the

volume: surface area of the SV fractions, (Table 3.A2).
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The C/Th ratios for in situ pump samples taken throughout the water column are given
in Table 3.2. In March, the C/Th ratios ranged from 1.6-20 pmol dpm- and 0.6-6 umol
dpm-! for the LP and SP fractions, respectively, with mean values (0-300 m) of 5.3 + 0.08
pumol dpm-1! for the LP fraction and 3.2 + 0.2 pmol dpm-! for the SP fraction. In April the
water column C/Th ratios varied from 8-47 pmol dpm-! and 2-16 pmol dpm-! for the LP
and SP pump fractions, respectively. Mean values in the upper water column (0-300 m)
were over 2 times greater than in March: 16 + 9 pmol dpm-! for the LP fraction and 8.8 +
2.2 ymol dpm-1! for the SP fraction. Greater errors in the C/Th estimates for the >70 um
fraction in 2005 arose from uncertainty in the LP 234Th activities that were generally
<0.002 dpm I

The C/Th of the filterable particles changed with depth at the DYFAMED site, as shown
also in studies elsewhere (Cochran et al., 2000; Buesseler et al., 2006; Cai et al., 2006). In
mid-March the SP and LP fraction C/Th were comparable below 100 m and both fractions
showed a maximum in the photic zone (Table 3.2). In late April, the values of the >70 pm
fraction were high (>10 pumol C dpm 234Th-1) throughout the water column and did not
show any clear trend with depth. Satellite sea-surface chlorophyll data indicated high
chlorophyll at the surface during this time period (see Stewart et al., 2007). As sea-surface
chlorophyll levels intensified, the C/Th of the >70 pm and 1-70 pm were closer in
magnitude and the peak values of C/Th shifted down through the water column as time

progressed.

3.2. Principal Component Analysis

We performed PCAs using the complete 2005 sediment trap and in situ pump data (Fig.
3.2a) and using trap data and the in situ pump data from depths 300 m and greater (Fig.
3.2b). The latter was done because a large proportion of pump samples (63%) were from
within the upper waters (0-300 m) and, with a deep chlorophyll maximum at ~25 m, we
found that the sample site scores were skewed in a way that exaggerated the differences
between SP, LP and trap samples when including these 0-300 m pump samples. The PCA
using all the data explained 40.4% of the variability, with PC1 and PC2 representing 22.5%
and 17.9% of the variability, respectively (Fig. 3.2a). For samples from 300 m and deeper,

the first two principal components accounted for ~43% of the total sample variability, with
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PC1 representing 23.6% and PC 2 representing 19.0% of the variability (Fig. 3.2b). SP and
LP samples plotted closer together in the = 300 m PCA than when the 0-300 m samples
were included (Fig 3.2a,b).

For both PCAs, PC1 seemed to indicate the degree of biogenic source and possibly extent
of degradation. Many of the details of the two PCAs were the same except that the
orientation of sample site scores and variable loadings were reversed. Regions of the PCA
can be designated as representing specific compositional types or biogenic source based on
the clustering of variable loadings for biomarkers that are representative of diatoms, fecal
pellets, etc. The PCA that included data from the upper 300 m (Fig. 3.2a) and was thus
skewed toward that depth region shows separation mainly along the PC1 axis.

On the negative portion of PC1, compositional types include fresh phytoplankton
characterized by Chl-a, glutamic acid (GLU), and aspartic acid (ASP) and most likely
dominated by calcium carbonate-bearing plankton such as coccolithophores (King, 1974;
Weiner and Erez, 1984). Also negative on PC1, but not far from the origin, is fucoxanthin
(“fuco”), a pigment indicative of the presence of diatoms. Other biomarkers of diatoms-the
amino acids glycine (GLY), serine (SER), and threonine (THR)-plot on the positive side of
PC1 (Swift and Wheeler, 1991; Ingalls et al.,, 2003). Both diatoms and prymnesiophyceae
(coccolithophores) are phytoplankton groups dominant in early spring blooms of the NW
Mediterranean (Gutiérrez-Rodriguez et al., 2010). Markers of bacterially reworked
material (e.g., the microbial product of chlorophyll alteration, pheophytin (“phytin”), and
the degradation product of ASP and GLU, {3-alanine (BALA)) plot negatively on PC1, but
close to the origin, possibly indicating bacterial degradation as the dominant alteration
process affecting aggregates containing coccolithophores.

Conversely, on the positive portion of PC1, there are variable loadings that represent
zooplankton-produced alteration products of chlorophyll, namely pheophorbide (“phide”)
and pyropheophorbide (“pyrophide”) that we interpret as indicative of fecal pellets (Currie,
1962; Mantoura and Llewellyn, 1983; Welschmeyer and Lorenzen, 1985). Of note, 234Th
plots near these loadings, suggesting that the presence of fecal pellets could have yielded a
relative enrichment of 234Th as has been reported elsewhere (Stewart and Fisher, 2003;
Rodriguez y Baena, et al., 2007).

For the PCA that excluded the filterable particle data from less than 300 m (Fig. 3.2b),
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the pump and sediment trap sample site scores weakly suggest the PC2 axis separates
samples according to depth with shallow material plotting more positively. However, it is
more difficult to distinguish the separation of samples along PC2 because the positive
portion of PC2 is less descriptive. The variable loadings there include biomarkers present
in much of marine and terrestrial organic matter: arginine (ARG), valine (VAL), tyrosine
(TYR), and phenylalanine (PHE). However, moving down PC2 the biomarkers shift from
those representing fresh algal material (POC, Chl-a, GLU, fuco, and THR) to zooplankton
and bacteria-produced chlorophyll degradation products (phide, pyrophide, phytin, y-
aminobutyric acid-GABA, and BALA).

When comparing the organic biomarker composition of TS and SV sediment trap
samples with pump samples we see a clear separation between the SP, LP, and sediment
trap material (Fig. 3.2a). The SP samples plot furthermost on the negative portion of the
PC1 axis and sediment trap material plots on the positive portion of PC1. The LP samples
lie between, and overlap, these two end-members. Not surprisingly, the SV and TS samples
plot on top of each other. To investigate if there are compositional differences in the fast
versus slowly settling particles, samples of different settling velocity classes are plotted in
different colors on the PCA figures (3.2a, b). We include all particles that settle at rates < 40
m d-1 as the slow settling class and particles settling at rates >49 to 979 m d-! as the fast
settling class. We observe a slight shift of the SV settling velocity classes, with faster settling
particles being closer to the origin and the slowly settling particles being more positive

along PC1 for trap depths of 313 and 524 m.

3.3. Water Column 234Th Deficits and Fluxes

The water column 234Th deficits calculated from the disequilibrium with its parent, 238U,
have been reported in Cochran et al. (2009). Deficits are determined from both pump and
small volume samples (Table 3.5; Cochran et al., 2009). Water column 234Th profiles based
on the data from pump casts are shown in Appendix Fig. 3.A1. In 2005, 234Th deficits did
not penetrate as deeply as previous years (2003; Stewart et al., 2007) and were limited to
the upper water column due to density stratification and the timing of the sampling during
the early stages of the bloom. Particulate 234Th activities (>1 um) within the water column

peak at the depths of the deep chlorophyll maximum (DCM, Cochran et al., 2009). In
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addition, density horizons observed below the DCM show marked 234Th deficits coincident
with fluorescence maxima (Cochran et al., 2009).

The 234Th deficits yielded a range of (steady state) 234Th fluxes from 630-2200 dpm m-2
d-1in March, 2005. The 234Th fluxes calculated from the water column deficits are a factor
of 1.2-1.8 greater than trap 234Th fluxes. Hence, by the end of April there was a slight
surplus of 234Th in the water column, yielding a “negative” flux (Cochran et al., 2009)

Thorium-234 data for the 2005 time series and sediment trap samples were discussed in
detail in Szlosek et al. (2009). The two traps moored together at 313 m one in each mode,
TS and SV mode, showed relatively good agreement, with overall 234Th fluxes of ~1200 and
~1400 dpm m d-1, respectively. The individual 5-day ?34Th fluxes during the TS trap
deployment ranged from 70-2500 dpm m-2 d-1.

3.4. Trap POC Fluxes

The time series sediment trap data reveal that OC fluxes were highest at the beginning of
the deployment in 2005, ~2 mmol C m2 d-! and decreased to 0.3 mmol C m2 d-1 by late
April with a weighted mean of ~ 1.3 mmol C m2 d-1 (Lee et al., 2009b; Szlosek et al., 2009).
Moreover, 50% of the total OC flux collected in the shallow traps fell at rates of 2100 m d-!
(Szlosek et al. 2009). As expected, the settling velocity class containing the largest
abundance of OC was 196-490 m d-! (Szlosek et al., 2009).

4. Discussion
4.1. Comparison of Biogeochemical Influences on Pump and Trap C/Th

Studies that observe similar C/Th ratios for pump and trap samples often conclude that
pump-derived C/Th can be used together with water column 234Th deficits to reliably
predict the settling POC flux (Buesseler et al., 2006). Recently, Hung and Gong (2010)
propose a more accurate POC flux estimate is obtained when using trap-derived C/Th
ratios with water column 234Th deficits. Despite these comparisons, compositional data
for pump and trap material is rarely obtained to confirm that the filterable particles are
representative of the sinking material. Biological, chemical, and physical processes act on
particles as they settle, and thus, compositional data enable an assessment of the dominant

processes affecting the C/Th ratio. Table 3.3 summarizes the C/Th values and
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compositional types of each fraction sampled in 2005. The compositional types listed in
Table 3.3 are derived from our interpretations of the cluster of variable loadings from the
PCAs (Fig. 3.2a, b). These data allow us to (1) test the implied assumption that similar C/Th
may indicate similarity between pump and trap caught material and (2) investigate the
effects of biogeochemical processes on the C/Th ratio, as proposed by Buesseler et al.
(2006).

The chemical composition data reveal significant differences between the filterable SP
fraction and the TS and SV sediment trap material despite the fact that the C/Th ratios are
within a factor of 2- agreement that is considered to be good by most workers (e.g.
Buesseler et al,, 2006; Fig. 3.2a, b, Table 3.1, 3.2, 3.A2). The composition of the SP fraction
is consistent with fresh algal material containing diatoms and coccolithophores in contrast
to the sediment trap material that plots near pigments indicative of fecal pellets
(zooplankton-altered chlorophyll degradation products, labelled as phide and pyrophide)
in the PCA (Fig. 3.2a). The similar C/Th ratios of traps and the SP fraction sampled by
pumps most likely arise from two distinct combinations of biogeochemical processes. First,
the low C/Th of the SP fraction may be a result of its dimensional quality of having a low
volume to surface area ratio (V:SA) such that there are proportionally more surface sites
onto which 234Th can adsorb (Cochran et al,, 2000; Buesseler et al.,, 2006). In contrast, the
low C/Th of the sediment trap material may reflect the high abundance of fecal pellets
captured in the traps, with preferential assimilation of carbon by zooplankton and
retention of Th within the pellet (Coale, 1990).

As noted by Szlosek et al. (2009), there is no trend in C/Th with settling velocity-
contradicting expectations of a scaling of C/Th with size (i.e., settling velocity; Alldredge
and Gotschalk, 1989). Speicher et al. (2006) document a similar finding in which C/Th
showed no relationship with particle size (1, 10, 20, 53, 70, 100 um) in the northwest
Mediterranean. One mechanism by which C/Th can be maintained over variable particle
sizes or settling velocities is through particle aggregation or disaggregation (Burd et al,,
2000; Buesseler et al., 2006; Waite and Hill, 2006; Burd et al., 2007). If the biological source
of the primary particles (e.g., cells, fecal pellets, etc) establishes the C/Th (Buesseler et al.,
2006 and references therein) in the upper water column, the C/Th of the settling particles

can be maintained despite aggregation or fragmentation (growing or shrinking of
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aggregate size) if the primary particles remain coherent. Thus, V:SA is no longer a
modulating factor for the C/Th. Two aggregation/disaggregation scenarios that would yield
similar C/Th ratios and chemical composition among SV classes are 1) fast settling particles
disaggregate to form slowly settling ones at depth or 2) a continuum of particles (slow to
fast, small to large) undergoes rapid exchange of material by aggregation and
disaggregation processes throughout the water column, gradually homogenizing their
chemical composition with depth. In fact, these ideas were first expressed by Lee et al.
(2009) in their review of the MedFlux composition data.

The PCA does not conclusively rule out either of the two aggregation/disaggregation
scenarios described above because the slow and fast settling velocity classes are chemically
similar to one another (Fig. 3.2a, b) at all depths (313, 524, 1918 m). However at 313 m,
site scores of slow and fast settling velocity classes plot over a large range of PC2 values
whereas at 524 and 1918 m the range of PC2 values covered by the slow and fast settling
velocity classes are similar-more condensed, and located more negatively on PC2
suggesting greater alteration of fresh algal material with depth (as indicated by the
biomarkers pyrophide, phytin, BALA, phide, GABA). In addition to the overall consolidation
of sample site scores for 524 and 1918 m, the spread of the site scores for slow and fast SV
classes are relatively equal for these depths. This is in contrast with the 313 m SV sediment
trap sample site scores, in which there is a greater spread in the slow SV class site scores
with the site score of a single slow SV class (0.68-5.4 m d-1) having negative PC2 values.
Fast SV classes of the 313 m trap, on the other hand, remained near the origin of PC2, in
proximity to the foci of fresh algal composition indicators fuco and MET (Fig. 3.2b). This
downshift in the spread of site scores along PC2 for 313 m compared to 524 and 1918 m is
consistent with particle exchange that homogenizes chemical composition occurring by the
time particles settle to the depths of these two deeper traps. Supporting this, Marty et al.
(2009) document lipid class and organic matter data in 2004 at the DYFAMED site that
suggest rapid and extensive exchange of the dissolved, suspended and sinking pools of
material by 200 m.

Despite our observations made from the PCA data, compositional variability between
slow and fast settling velocity classes is low and no sediment trap site scores cross over to

the negative side of PC1 where fresh algal indicators of diatoms and coccolithophores are
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present, for example. Accordingly, the second scenario cannot be ruled out: similar
chemical compositions of slow and fast settling particles may suggest that rapidly settling
material could have disaggregated into particles of slower settling velocities prior to trap
interception.

The activities of 234Th on the slow and fast settling particles provide clues to possible
interactions among the SV classes. Szlosek et al. (2009) observed that the 234Th flux
increased with depth in the rapidly settling particles but remained essentially constant in
the slow SV classes despite settling rates that would have permitted significant 234Th decay
in these particles. They suggested that 234Th could be supplied to the slowly settling
particles either by disaggregation at depth of rapidly sinking aggregates (with minimal
234Th decay during sinking) or by additional scavenging of 234Th onto the slowly settling
particles, sufficient to offset Th decay. Either mechanism would attenuate any decrease in
234Th among the SV classes and cause the C/Th ratio to remain the same or to decrease
during settling. Indeed the SV sediment trap data display decreases in C/Th with increasing
depth (Szlosek et al., 2009). Mass weighted C/Th at 313 m and 524 m were within 24% of
each other (1.27 £ 0.03 pmol dpm -1 and 0.967 * 0.02 umol dpm-1, respectively). At 1918 m,
ratios dropped to nearly half those at 524 m (0.47 + 0.01) (Szlosek et al., 2009). However,
there are additional, offsetting influences such as carbon assimilation, degradation, and
abiotic dissolution (Coale, 1990; Bacon et al., 1996; Rutgers van der Loeff et al., 2002; Liu et
al., 2009) that affect C on the settling particles and the particulate C/Th ratio. Thus we
examine the chemical composition data to attempt to resolve the factors causing the
decrease in C/Th from 313 m to 1918.

The PCA results show a marked difference in the 1918 m data in comparison with the
data of the shallower SV sediment traps: the orientation of the slow and fast settling
particle class site scores are reversed (Fig. 3.2b) compared with those at 313 and 524 m.
Site scores of the fast SV class plot solely around phide (the zooplankton-derived
degradation product) and indicators of diatoms and bacterially degraded algal material
(GLY, SER, and GABA), implying the presence of fecal pellets containing diatom material
and possibly bacterially reworked diatom aggregates. Thus, changes to both carbon

(assimilation and degradation) and 234Th (disaggregation of rapidly settling surface
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particles and 234Th adsorption at depth) combine to cause decreases in C/Th of trap

material with depth.

4.2. Temporal and Spatial Variability of Filterable Particles

A major issue in using the 234Th as a particle flux proxy is the difference in the time
frame and location represented by the 234Th deficit (dominated by the dissolved 234Th;
Cochran et al,, 2009) versus that of the POC and 234Th measured on filterable particles. In
this section, we focus on how the C/Th and chemical composition of the SP and LP pump
fractions helps us understand the timing of particle production and its horizontal and
vertical transport in the water column.

The C/Th in the LP fraction is commonly used to derive POC flux estimates based on the
premise that the larger fraction best represents the sinking particles (e.g. Bishop et al,,
1977, 1978 and others thereafter). To investigate how robust this assumption is, we used
compositional data to ascertain whether LP samples below the chlorophyll maximum (>25
m) correlated with their counterpart at the chlorophyll maximum (25 m) (e.g., whether
March LP samples below 25 m are correlated with March LP sample at 25 m; Table 3.4).
Overall there was little change in the chemical composition of the LP material below the
chlorophyll maximum. Correlation coefficients for 25 m pump samples with those taken at
depths from 50-1800 m ranged from 0.66-0.95 with an average of 0.8 + 0.1 (Table 3.4).
Exceptions to this trend were 100 and 150 m samples on March 13-14, as discussed below.
This comparison suggests that the LP fraction generated in the euphotic zone does indeed
sink. Furthermore, there is evidence that LP material sank rapidly, on the order of a few
days- the compound ratios of phytin : Chl-a and (“phide + pyrophide”) : Chl-a at 600 and
1800 m are fresher (i.e. lower) than at the chlorophyll maximum (Table 3.2). Additionally,
the C/Th ratios at 1800 m are higher than those observed at 600 m signifying little
degradation or assimilation of POC occurred between the time of particle production at the
surface and collection at depth.

In contrast, the 234Th deficit represents export occurring over a radioactive mean-life
(35 days; Cochran and Masqué, 2003; Cochran et al,, 2009) and it is reasonable to question
whether the LP fraction collected in a pump cast is representative of the flux that resulted

in the 234Th deficit. Over the 2 sampling times, 5 days apart, in March, the LP fraction C/Th
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exhibits a factor of 1.7 to 3 change at depths of 150-350 m-a depth range that might be
used to integrate the export of flux from the surface. Given this large variability in the C/Th
within a short time span (March 9-14), it is likely the LP C/Th ratio would vary equally as
much over the time span represented by the 234Th deficit-several weeks prior to the March
sampling days.

Additionally, advection may transport water and particles laterally or vertically and
imprint their signatures on the water column sampled. Markedly, our compositional data of
the LP fraction revealed a depth interval in which the source of the particles was
significantly different from that in the rest of the water column. As noted above, the
correlation coefficients for the LP fraction from March 9 at 100 and 150 m with that at 25
m were low (r? = 0.06 and 0.05, respectively). This low correlation may be due to the high
fucoxanthin content in these March 9 samples, unlike those taken on other sampling dates
in March. The difference in composition of the 100 and 150 m samples is not as apparent in
the C/Th ratio, which is within a factor of 0.7-1.6 with those at the same depths on the
March 13-14 sampling dates. However, the fuco: Chl-a ratio of the March 9 samples is 5-7
times greater than all other March LP pump fraction samples, indicative of diatoms. (Table
3.2). The placement of their site scores on the negative portion of PC1 in the PCA analysis
supports the hypothesis that these samples contain fresh diatom material instead of fecal
pellets containing diatom fragments (Fig. 3.2b, Table 3.2). Thus, filterable material
collected at 100 m within a time span of ~5 days at the DYFAMED site can show variation
in C/Th that may be caused by lateral advection of new production produced off-site.
Indeed, Flexas et al. (2002) and Roy-Barman et al. (2002) have suggested that lateral
advection can occur at DYFAMED.

Generally, SP C/Th ratios reported in the literature are lower than LP (e.g. Buesseler et
al., 2006), as was observed in the present study. When comparing the SP fraction to the LP
fraction, the expectation is for it to be less dense and sink more slowly due to its size
(Alldredge and Gotschalk, 1989). Its composition would either reflect this by being more
highly degraded (Wakeham and Lee, 1993), which in addition to its lower V:SA would yield
lower C/Th ratios (Buesseler et al., 2006). Alternatively, the SP fraction may have
disaggregated from the LP fraction resulting in a similar chemical composition and C/Th

ratio (Burd et al., 2007; Burd and Jackson, 2009). Waite and Hill (2006) proposed that
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during in situ pump filtration, cross-filter shear stresses in close proximity to the prefilter
may cause large, delicate floc-like aggregates, high in OC, to disaggregate. However, our
PCA shows distinct separation between the LP and SP fractions, such that large particle
break-up at during filtration by in situ pumps does not seem to be occurring (Fig. 3.2a).

Indeed, our composition data suggest that the LP and SP fractions are derived from
different pools of algal aggregates. Explanation for the observed separation on the PCA of
particles sampled by in situ pumps was presented by Abramson et al. (2010), who found
that the SP fraction (1-70 um) had a statistically significant enrichment of aspartic and
glutamic acids, reflecting calcifying organisms as its source. Conversely, the LP fraction
(>70 um) had greater abundances of organic compounds that are markers of diatoms (GLY;
SER; THR; fuco), in addition to the presence of aspartic and glutamic acids. Both the cluster
of LP site scores plotting close to the sediment trap samples and compound ratios in the LP
samples suggest the presence of zooplankton alteration products (Fig. 3.2a,b, Table 3.2;
Abramson et al., 2010). Therefore, the LP fraction appears to consist of algal material from
diatoms and coccolithophores as well as fecal pellets.

A surprising outcome of the chemical composition analysis on the pump SP fractions is
that in March 2005, a high chlorophyll signal persists to 1800 m (Abramson et al., 2010).
This material was not observed in the LP fraction or in the sediment traps. As seen from the
PCA (Fig. 3.2a), the SP samples collected during MedFlux 2005 separate from the LP
fraction, which is more similar to the material collected by the sediment traps (Fig. 3.2a).
As well, the C/Th ratio in the SP fraction sampled in March varies little with depth (2.8 *
1.2 umol dpm-1; Table 3.2). Both lines of evidence suggest that there was minimal bacterial
or zooplankton reworking of the SP fraction. For example, Abramson et al. (2010) pointed
out the phytin : Chl-a was <1 in March. Conversely, phytin : Chl-a were >1 for most LP and
sediment trap samples in March and April and for the SP fraction in April (Table 3.2). These
results are contrary to the prevailing notion that the organic matter in the SP fraction
below the euphotic zone must be highly degraded (Wakeham and Lee, 1993). According to
Stokes’ Law and field-determined decay constants for Chl-a, the chlorophyll in SP fraction
particles should degrade rapidly during settling, over a depth scale of 2.5-17 m below the

euphotic zone (Abramson et al., 2010).
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Abramson et al. (2010) suggested that the deep chlorophyll signal of the SP fraction
could be the result of rapidly sinking aggregates that fragmented, resulting in a background
of fresh algal material or that this fraction could could have been transported from the
surface by physical advection. It is possible that physical advection of small particles
contributed to the lack of variability C/Th with depth in March. In fact, there was an
anomalously high winter mixing period that lasted from January through spring of 2005
(Fontetal., 2007; Miquel et al., 2011). Such mixing could have allowed particles to be
distributed throughout the water column, facilitating the injection of fresh algal material
deep into the water column. Therefore, it appears that in episodic high-energy
environments the dissolved and small particulate pools of 234Th are greatly affected by

physical advection and can change on rapid timescales.

4.3. Comparison of 234Th- and Trap-Derived POC Fluxes

In previous sections, we have seen that the pump-collected particles and trap material at
the DYFAMED site in spring, 2005 are compositionally distinct. In particular, the SP fraction
comprises fresh phytoplankton material (with a relatively high surface area and low C/Th
ratio), while the LP fraction includes both fresh diatoms and zooplankton-altered material
(i.e fecal pellets). Fecal pellets dominate the sediment trap material, which has relatively
low C/Th ratios affected by physical interactions among the fast and slowly settling
particles and modifications to both the C (decreases) and 234Th (increases) of the particles
during settling that combine to produce lower C/Th ratios (Szlosek et al., 2009).

A common approach in applying the 234Th-POC flux proxy is to use the C/Th ratio of the
large filterable particles as the best approximation to that in the settling material:

Jeoc = (POC/?3*Th)Lp * Jn (1)
Table 3.5 summarizes the results of this approach applied to the pump casts in March-
April, 2005. The C/Th ratios of the LP fraction (3-5 umol dpm-1) are several times greater
than those of material caught in the traps (~1 umol dpm-1). The POC fluxes calculated
using Eq. 1 are ~4 times greater than those in the trap for the March 9 pump cast, but are
comparable for the March 13 cast, largely due to the factor of 4 decrease in the water

column 234Th deficit between March 9 and March 13 (Table 3.5). The SP C/Th ratios are
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generally more similar to the trap values, and the POC fluxes generated using them are
within a factor of 2 of the trap values (Table 3.5). For the April 29-30 pump cast, the LP
C/Th ratios are ~3 times those of the trapped material while the SP C/Th ratios are within
a factor of 2 (Table 3.5). However, the water column 234Th deficit is essentially zero within
the uncertainty at that time, making it not possible to calculate a meaningful POC flux from
the 234Th proxy.

Relatively better agreement between trap POC fluxes and those determined with the
234Th proxy using the small particle C/Th ratios has been noted by other workers (Moran et
al,, 2003; Hung and Gong, 2007; Savoye et al., 2008; Lepore et al., 2009; Hung and Gong,
2010). In the present case, we calculate POC fluxes from two water column 234Th profiles
taken 4 days apart that range from 4 times less to 4 times greater than the integrated trap
POC flux over the same time period, depending on the choice of C/Th in filterable particles
to represent the sinking flux (Table 3.5). Indeed, one may be “lucky” and hit the trap flux
precisely, as is the case using the LP C/Th and water column 234Th deficit on March 13
(Table 3.5).

A variety of factors must contribute to the lack of agreement in 234Th- vs trap-derived
POC flux estimates. Cochran et al. (2009) discussed in detail the non-steady-state nature of
the water column 234Th deficit (highlighted in Table 3.5), which is dominated by the
“dissolved” 234Th. Advection can act differentially on particles and dissolved solutes-
notably, the spatial integration for the latter is much greater than for the former. Even in
the case of particles, advective influences may act differently depending on particle class.
The sediment trap material sampled at DYFAMED in 2005 is dominated by rapidly settling
fecal pellets, whereas the filterable material, especially the small particle fraction, is likely
subject to greater advective influences. This is apparent in the presence of fresh
phytoplankton in the SP fraction throughout the water column in March, 2005, as noted
above.

Sediment trap material as well may be subject to collection biases, for example, that
might have arisen from the exceptional mixing at DYFAMED occurring from winter through
early spring, 2005 (See the Appendix for additional detail on the hydrography at the
DYFAMED site in 2005). Current meters at 250 and 425 m measured currents of 12.37 +
6.5 cm s'1 (range 0.5-27.1 cm s'1) and 14.17 + 7.0 cm s'! (range 0.7-28.9 cm s1) (Lee et al,,
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2009b). In their review of the 1988-2005 flux record at DYFAMED, Miquel et al. (2011)
noted that spring, 2005 had a maximum current of 34 cm s and 41.6% of the current
measurements made were above 12 cm s'1—the limit for acceptable collection efficiency
according to trap performance studies (Fabrés et al., 2002; Martin et al., 2006).
Furthermore, Miquel et al. (2011) argued that the flux estimates for 2005 must be used
with caution because of the likelihood of under-collection by sediment traps. As well,
chemical composition data show that the traps in spring, 2005 under-collected the SP
fraction. Abramson et al. (2010) estimated that the SP fraction typically represented only
1-10% of the trap material, despite the fact that the SP material was effectively transported
to depth in the water column. Could the high current velocities have caused the fresh
rapidly settling algal aggregates that are present in the deep SP fraction to have been
missed by the sediment traps?

In fact, past trap studies at DYFAMED seem to confirm this trend even without the
intensity in winter mixing observed in 2005. In spring of 2003 (MedFlux) and summer
season in 2004 (DYNAPROC 2), IRS and drifting sediment traps, respectively, collected
bacterial and zooplankton reworked material and noted the absence of fresh
phytoplankton material in all settling velocity classes (Marty et al.,, 2009; Wakeham et al.,
2009). In contrast, Alonso-Gonzalez et al. (2010) found that the slow SV classes (1-10 m d-
1) of an IRSC SV trap deployed at 260 m in the Atlantic south of the Canary Islands in June-
December 2005 contained the fresh algal biomarker, chlorophyll-a. The currents were
lower during that study (average 7 m s1), but the persistence of the fresh algal signal at
depth in the water column could not be determined as there were no sediment traps
deployed in the deep water column (Alonso-Gonzalez et al,, 2010).

It is also plausible that the relatively short filtration times (~2 h), fast settling rates of
fecal pellets, and diel migratory patterns of some zooplankton (Welschmeyer, 1982;
Lorenzen and Welschmeyer, 1983; Welschmeyer and Lorenzen, 1984) may have prevented
the filterable particles from accurately representing the contribution of fecal pellets to the
exported flux. Thus, C/Th of the SP and LP pump fractions might be elevated with respect
to the bulk of flux due to the absence of fecal pellets. This is especially true for the SP
fraction that had (phide + pyrophide): Chl-a ratios <<1. However, we note the (phide +

pyrophide) : Chl-a compound ratios of the upper 300 m LP fraction are similar to those for
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the trap at 313 m (6.4 £ 6.1 and 8.1 * 8.2, respectively; Table 3.2), suggesting that the
former most likely contained fecal pellets. Indeed, the LP fraction site scores may plot close
to those of the SV trap for this reason (Fig. 3.2a,b). Rodriguez y Baena et al. (2007) reported
C/Th for freshly collected fecal pellets from zooplankton at DYFAMED as 2.6, 10, and 13.4
umol C dpm-! Th for salps, euphausiids, and copepods, respectively. These relatively high
values suggest that the effect of carbon assimilation on C/Th may not be as dramatic as
suggested by Buesseler et al. (2006). Hence, the high and variable C/Th of the LP fraction in
March and April (Table 3.2) may have resulted from the presence of euphausiid and
copepod fecal pellets. Itis possible that in situ filtration missed rapidly settling fecal pellets
such as from salps (1000-3600 m d-1; Bruland and Silver, 1981; Morris et al., 1988) as well
as degraded fecal pellets (Yoon et al., 1996) and those ballasted by lithogenic material
(Fowler et al., 1987; Buat-Ménard et al., 1989; Miquel et al., 2011). Collecting such material

in the traps would have resulted in relatively lower C/Th ratios in trap material.

5. Summary and Conclusions

Selecting a POC/234Th ratio to use in conjunction with water column 234Th deficits is
critical to its application of 234Th as a proxy for POC flux in the oceans. In this study, we
have used organic chemical and radionuclide data for particles collected by in situ filtration
in two size classes, SP (1-70 pm) and LP (> 70 um), as well as those collected by sediment
traps (in both time-series and settling-velocity modes) to examine linkages among the
particles. The C/Th ratios of the SP fraction and sediment trap material are similar to each
other (0.5-2) and to values observed in previous studies (Buesseler et al., 2006; Waite and
Hill 2006; Lepore et al. 2009; Hung and Gong 2010; Hung et al. 2010), yet principal
components analysis (PCA) shows little overlap in chemical composition between these
two particulate pools. The SP fraction contains fresh algal biomarkers of coccolithophores
and diatoms and its C/Th is low relative to the LP fraction, likely due to the effect of low
V:SA. Moreover, the SP fraction exhibited a detectable Chl-a signal to depths of 1800 m in
March, 2005 due to the rapid sinking of fresh algal aggregates and physical advection of
surface material to the deep water column by anomalously strong winter-early spring
mixing (2005) in the NW Mediterranean. However, no fresh algal material was detected in

any of the trap fractions, and high currents at the mouth of the trap may have led to under-

84



collection of the fresh, small particles. Most trap samples contained biomarkers indicative
of fecal pellet and bacterially degraded material; carbon assimilation and degradation likely
led to the relatively low C/Th ratios in the trapped material. The lack of dependency of the
C/Th and composition data with settling velocity (Lee et al., 2009b; Szlosek et al., 2009)
suggested there was either extensive exchange of slow and fast settling particles prior to
trap collection or fast settling aggregates fragmented prior to trap interception. In
comparison, the pump LP fraction C/Th was high (range of 3-11 pmol dpm- at 300 m) and
variable (decreasing by a factor of ~2 in 5 d) and contained biomarkers of both fresh algal
material and fecal pellets. The C/Th ratios in the LP fraction are comparable to those
determined on fresh fecal pellets from zooplankton at the DYFAMED site (Rodriguez y
Baena et al., 2007).

There is a high correlation between the composition of the LP fraction in mid- and deep
waters with that at the chlorophyll maximum at ~25 m, suggesting that the LP-type
material was indeed sinking. Thus, both large and small particles filtered in situ as well as
material collected in traps represent components of the sinking flux, yet these particle
pools are compositionally distinct. With respect to application of the 234Th proxy for POC
flux, the C/Th in neither filterable fraction accurately represents that in trapped material.
In particular, the large short-term changes in both the C/Th of filterable particles and the
water column 234Th deficit make it difficult to apply the proxy with any confidence at the
DYFAMED site. A similar conclusion was reached by Stewart et al. (2007), who observed
offsets between Th- and Po-derived POC fluxes and sediment trap POC fluxes in samples
collected in the 2003 MedFlux expedition. In aggregate, our results suggest that facile
application of the 234Th proxy for POC flux is unwise and that considerable effort must be

expended to constrain its validity in any given oceanic region.
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Table 3.1. Pump and trap POC/***Th

POC/**Th (umol dpm'1)

Trap In situ Pump
Sample Depth weighted
Year ID (m) Date averages >70 ym 1-70 ym
4 March-
2005 SvV2 313 28 April 1.2 + 0.03 NA NA
TS ; “ 1.1 + 0.03 “ “
pump 300 9 March NA 5.0 * 03 204 £ 0.10
pump ; 14 March “ 3.0 + 02 067 £ 0.04
pump : 30 April “ 114 % 53 253 + 063
4 March-
SV1 524 28 April 099 + 0.02 NA NA
SvV2 : “ 093 + 0.02 “ “
pump 600 9 March NA 129 % 4.1 3.9 * 0.9
pump 500 14 March “ 6.1 + 0.7 2.8 + 04
pump “ 30 April “ 22 + 14 1.9 + 0.5
4 March-
TS 924 28 April  0.72 0.02 NA NA
pump 800 9 March NA 155 % 4.3 14 * 0.1
pump 900 14 March “ 6.7 + 1.1 2.9 + 0.7
SV1 1918 “ 050 + 0.011 NA NA
SvV2 : “ 044 + 0.009 “ “
pump 1800 9 March NA 4.7 * 0.8 1.9 * 0.4

NA- Not applicable

Table 3.1. POC/234Th ratios for pump filtered fractions and sediment trap mass weighted
averages.
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Table 3.2. POC/***Th and pigment compound ratios

>70 ym 1-70 ym
Depth fuco : phytin : (phide + fuco : phytin : (phide +
(m) POC/***Th Chl-a Chl-a pyro) : Chl-a POC/***Th Chl-a Chl-a pyro) : Chl-a
March 9 pumps, March 4-9 Traps:

2 48 + 05 0.0 7.7 9.4 34 + 03 0.03 0.05 0.08
25 74 + 06 4.1 201 19.8 41 + 03 0.03 0.04 0.06
60 73 + 07 0.0 254 12.9 33 + 02 0.03 0.03 0.09
100 29 + 03 28.2 0.6 1.3 29 + 02 0.03 0.06 0.10
150 28 + 02 20.4 0.3 1.1 28 + 02 0.03 0.07 0.07
200 33 + 02 NA NA NA 30 + 02 0.02 0.05 0.08
300 50 + 03 " " " 20 + 0.1 0.02 0.08 0.13

TS 313 0.00 0.87 3.40
350 25 + 0.1 NA NA NA 28 + 0.1 0.02 0.04 0.07
400 18 + 041 " " " 38 + 02 0.03 0.05 0.06
600 129 + 441 0.0 2.9 0.8 39 + 09 2.27 0.14 0.17
800 155 + 43 NA NA NA 14 + 041 1.64 0.03 0.21
TS 924 0.31 0.78 3.57
1200 190 + 8.1 NA NA NA 27 + 05 0.10 0.18 0.48
1500 49 + 08 " " " 21 + 04 0.09 0.31 0.62
1800 47 + 08 0.0 1.5 25 19 + 04 0.52 0.08 0.23
March 13-14 pumps, March 9-14 Traps:

5 199 + 6.5 1.0 1.1 1.9 59 + 06 0.03 0.03 0.01
25 82 + 09 5.0 27.5 9.8 36 + 03 0.02 0.02 0.01
50 38 + 04 4.8 3.3 5.5 43 + 05 0.03 0.04 0.03
75 43 + 04 0.0 3.0 5.6 39 + 04 0.03 0.04 0.01
100 39 + 02 NA NA NA 34 + 02 0.03 0.04 0.05
150 18 + 041 " " " 14 + 041 0.03 0.04 0.10
200 16 + 041 " " " 31 = 02 0.02 0.06 0.08
300 30 + 02 " " " 0.7 + 00 0.02 0.08 0.12

TS 313 0.34 0.94 2.81
350 25 + 0.1 NA NA NA 06 + 00 0.02 0.09 0.10
400 1.7 + 041 " " " 12 + 041 0.03 0.10 0.10
500 6.1 + 07 " " " 28 + 04 0.03 0.08 0.14
600 72 + 10 " " " 19 £ 03 0.17 0.07 0.22
800 37 + 04 0.0 25 1.1 25 + 04 0.36 0.04 0.15
900 6.7 + 1.1 NA NA NA 29 + 07 0.18 0.05 0.16
TS 924 0.32 0.79 3.71
continued

96



Table 3.2. continued

>70 ym 1-70 ym
fuco
: (phide +
Depth Chl-  phytin:  pyro): Chl- fuco : phytin : (phide +
(m) POC/***Th a Chl-a a POC/**Th Chl-a Chl-a pyro) : Chl-a
April 29-30 pumps, April 23-28 Traps:

0 46.85 + 60.13 NA NA NA 1466 + 210 1.40 0.91 0.07
25 1410 + 3.51 11.9 0.2 3.1 14.02 + 1.63 1.74 0.85 0.20
35 1459 + 273 10.0 0.6 9.7 1417 + 1.69 2.04 0.79 0.43
50 1166 =+ 1.77 29.7 0.5 9.3 8.11 + 1.18 2.31 0.74 0.68
75 11.01 £+ 1.63 21.3 23.3 21.0 16.38 + 9.26 4.01 3.86 1.47
100 1552 + 3.64 37.0 0.5 12.8 427 + 0.88 0.00 1.59 0.96
125 996 + 250 12.0 1.1 5.1 6.01 + 1.64 0.00 1.36 0.23
150 1392 + 6.34 22.3 1.8 5.4 550 + 1.92 0.00 0.56 0.49
200 11.02 + 270 11.3 0.8 29 213 + 0.58 0.00 1.46 1.05
300 1135 + 527 0.0 2.5 4.9 253 + 0.63 0.00 0.50 0.87

TS 313 0.00 0.42 3.56
500 2214 + 13.79 0.0 21 6.9 195 + 0.52 0.00 0.37 0.80
750 794 + 251 0.0 1.5 171 298 + 1.07 0.00 1.07 1.92
TS 924 0.00 1.33 4.25

NA - Not Available

Table 3.2. POC/%34Th and pigment compound ratios of pump fractions. POC/234Th and pigment compound ratios of TS similar
depths and time frames are provided for reference. Pigment compound ratios indicate source and extent of alteration of
chlorophyll-a. They include fucoxanthin : chlorophyll-a (fuco, diatom derived pigment), pheophytin : chlorophyll-a (phytin,
bacterial degradation product of chlorophyll), pheophorbide and pyropheophorbide : chlorophyll-a (phide + pyro,
zooplankton alteration products of chlorophyll).
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Table 3.3. Comparison of pump and trap POC/

234

Th and composition types

In situ Pump Time Series Settling Velocity
Small Particles Large Particles slow fast
Depth (m) C/Th composition C/Th composition C/Th  composition C/Th  composition C/Th  composition
bacterially
reworked marine and marine and
phytoplankton, terrestrial terrestrial
fresh algal fresh organic organic
300 - 350 0.6-2.8 material 2.5-11.4  coccolithophores 1.1 fecal pellets 1.33 matter 1.04 matter
bacterially marine and
reworked terrestrial
fresh algal phytoplankton, organic
500 - 600 1.9-3.9 material 6.1-221 fresh diatoms NA 1.10 matter 1.05 fecal pellets
bacterially
fresh algal reworked
800 - 900 14-29 material 3.7-15.5 phytoplankton 0.72  fecal pellets NA NA
bacterially
fresh algal reworked
1800 - 1900 1.9 material 4.7 phytoplankton NA 0.91  fecal pellets 0.56  fecal pellets

NA — Not Applicable
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Table 3.3. Depth profile of pump and trap POC/234Th ranges and compositional types.
Composiitonal types are based on the PCA where clustering of variable loadings for
biomarkers are used to infer biogenic source or alteration. For example, fresh algal
material are characterized by the presence of Chl-a that can be differentiated between the
functional groups of coccolithophores (GLU, glutamic acid; ASP, aspartic acid) and diatoms
(fuco, fucoxanthin; GLY, glycine; SER, serine; THR, threonine). Bacterially reworked
material is indicated by presence of pheophytin (phytin), B-alanine (BALA), and y-
aminobutyric acid (GABA). Fecal pellets are inferred from the presence of zooplankton-
produced alteration products of chlorophyll (phide, pheophorbide; pyrophide,
pyropheophorbide). Non-specific tracers of marine and terrestrial organic matter include
arginine (ARG), valine (VAL), tyrosine (TYR), and phenylalanine (PHE).

99



Table 3.4. LP fraction correlation
coefficients

Depth
Date (m) R?
Reference samples
3/9/05 25 -
3/13/05 " -
3/9/05 60 0.95
" 100 0.06
" 150 0.05
" 600 0.86
" 800 bd
" 1200 bd
" 1500 bd
" 1800 0.73
3/13-14/05 50 0.66
" 75 0.78
" 800 0.84
" 900 bd

bd - below detection.

Table 3.4. Correlation coefficients derived from comparison of amino acid and pigment
data of March LP fraction samples from > 25 m with that of the LP fraction at 25 m in

March.
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Table 3.5. Comparison of >**Th-derived and sediment trap C/Th and POC fluxes at 300 m

Water Column Sampling Sediment Traps
POC POC
Flux Flux POC
Samplin C/Th C/Th (>70 (1-70 Flux
Date g 24T deficit 24Th flux (>70 pm) (1-70 pm) pum) pum) Trap Date Trap C/Th (Trap)
techniqu (‘IO4 (mmolC  (mmol C (mmol C
e dpm/mz) (dpm m™ d'1) (umol/dpm)  (umol/dpm) m? d'1) m™ d'1) (Mumol/dpm) m? d'1)
Small
3/2/05 Volume 24+29 690 + 834 - - - - - - -
Small
3/8-9/05 Volume 93+14 2670 £ 402 - - - - 3/4-3/9/05 0.87 £0.03 2.18
In situ
3/9/05 Pump 7512 2160 £ 350 50x0.3 2.04£0.10 10.8 4.3 3/9-14/05  0.97 £ 0.03 2.30
Small
3/11/05  Volume 141117 4050 + 490 - - - - " " "
In situ
3/13/05 Pump 22+13 630 + 370 3.0+0.2 0.67 £ 0.04 1.9 0.4 " " "
Small
3/14/05  Volume 46+14 1320 £ 400 - - - - " " "
4/29- In situ 4/23-
30/05 Pump -41+17 -1180+4890 11.4+53 2.53+0.63 NC NC 28/05 4.06 + 0.36 0.30

NC - not calculated

Table 3.5. Summary of pump and trap-derived POC flux estimates March to April, 2005. Water column 234Th deficits and
fluxes are determined from both pump and small volume samples. C/Th ratios for each filterable particle class and TS
sediment trap samples are reported. Pump-derived POC flux estimates for each particle class are given.
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Fig. 3.1. Time Series sediment trap and in situ pump POC/?34Th ratios for DYFAMED, spring
2005, at (a) 313 m and (b) 924 m. Pump POC/?34Th are from 300 m in (a) and 800 and 900
m in (b). Dust events highlighted in dark grey. Satellite chlorophyll peak highlighted in light

grey.
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Figure. 3.2a. Principal components analysis of all the pump and sediment trap (SV and TS
modes) amino acid, pigment, POC, and 234Th data. Variable loadings are scaled up (10x) and
plotted on PC1 and PC2 axes with sample site scores.
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Figure. 3.2b. Principal components analysis of pump and sediment trap (SV and TS modes)
amino acid, pigment, POC, and 234Th data from samples at or below 300 m. Variable
loadings are scaled up (10x) and plotted on PC1 and PC2 axes with sample site scores.
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CHAPTER 4
The role of calcification and transparent exopolymer particles on the coagulation

efficiency of Emiliania huxleyi cells

Abstract

Experimental estimates of coagulation efficiency of Emiliania huxleyi cells were made
using Couette flow devices in 2006 and 2007. E. huxleyi was grown as part of a chemostat
study to understand biogeochemical processes of the cells at different growth rates. Novel
statistical techniques are introduced for the reduction of variability in coagulation
efficiency estimates from replicate coagulation experiments. E. huxleyi coagulation
efficiency increases from 0.20 to 1 as cell growth rates decline and nutrients become more
limited. To better understand the mechanisms that drive coccolithophore coagulation we
measured the abundance and size spectra of transparent exopolymer particles (TEP), sugar
composition of the total and colloidal organic matter pools, and estimated the detached
coccolith abundance of the cultures. We observed a correlation between growth rate of
cells and TEP : Chl-g, total alkalinity, and concentrations of detached coccoliths and sugars
specific to coccolith formation (p<0.01). Although cell growth rates and environmental
conditions were similar between years we observed ~30% higher coagulation efficiencies
for cells at low growth rates (0.03-0.12 d-1) in 2007 when there was a higher percentage of
fully calcified cells. The important role of coccolith presence on aggregation was supported
by the significant correlation of aggregate number with coccolith sugar and detached
coccolith abundances. Furthermore, we found that TEP coated cells were more likely to

form aggregates when interacting with other cells than with free, amorphous TEP.

1. Introduction
Although most (> 90%) organic matter produced in the surface ocean is remineralized
within the epipelagic zone (Eppley and Peterson, 1979; Martin et al., 1987), phytoplankton-

derived aggregates are a major source of transporting organic matter to the deep sea
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(Honjo, 1982; Fowler and Knauer, 1986). The onset and magnitude of phytoplankton
sedimentation events in the upper ocean are dependent on the stages of phytoplankton
blooms as well as the phytoplankton functional groups present (Stemmann et al., 2002; Jin
et al., 2006). Coccolithophores are an important group of phytoplankton that produce large
blooms (Balch et al,, 2005) and produce calcite tests that affect aggregate and fecal pellet
settling rates (De La Rocha and Passow, 2007; Iversen and Ploug, 2010). In the past decade
increasing attention has been given to the role of mineral ballast on the efficiency of carbon
export (Armstrong et al., 2001; Klaas and Archer, 2002; Jin et al., 2006; Passow and De La
Rocha, 2006). Data and model results have indicated the dominant role of CaCOs3 for
exporting organic matter (Klaas and Archer, 2002; Jin et al., 2006), yet relatively little is
known about what controls coccolithophore aggregation (De La Rocha and Passow, 2007;
Biermann and Engel, 2010).

Coagulation studies have been performed using Couette flow devices (van Duuren, 1968;
Drapeau et al., 1994) or annular flumes (Kahl et al.,, 2008) to impart a constant laminar
shear, which allows observation of the propensity of phytoplankton cells to attach to one
another. Such studies with cells undergoing environmental perturbations, such as nutrient
depletion, permit investigators to qualitatively describe dependency of phytoplankton
aggregate formation on physiological and environmental parameters. The ratio of total cell
collisions to those that result in cells attaching to one another is referred to as the
attachment probability, a, in the fields of physics, colloid chemistry, and engineering.
Within marine studies this term has also been referred to as coagulation efficiency
(Kigrboe et al.,, 1990), stickiness (Alldredge and Silver, 1988; Jackson, 1990; Kigrboe et al.,
1990; Engel, 2000), stickiness efficiency (Kahl et al., 2008), sticking coefficient (Logan et al.,
1995), sticking factor (Celenza, 1999), coalescence efficiency (McCave, 1984), collision
efficiency factor (Gibbs, 1983), and particle stability factor (Weilenmann et al., 1989).
Values for the coagulation efficiency of phytoplankton can be derived experimentally
(Kigrboe et al,, 1990; Drapeau et al., 1994; Hansen et al., 1995; Engel, 2000; Kahl et al,,
2008); this value has been used in aggregation models to interpret relative changes in
carbon export over the duration of a bloom (Jackson and Lochmann, 1993; Kahl et al,,

2008; Karakas et al., 2009).
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The rates at which particles aggregate and sink depend on the size and concentration of
the colliding particles. Jackson and Kigrboe (2008) used this dependence to describe the
maximum concentration of an algal bloom; they suggested that coagulation rate increases
with particle concentration squared and that particle loss due to aggregation will
eventually equal the algal growth rate and thus be an upper limit on cell concentration. For
a bloom, the maximum algal concentration is as a function of cell growth rate, turbulent
shear rate, particle coagulation efficiency, and algal diameter. In a study of diatoms, Kahl et
al. (2008) found that the stickiness coefficient, a, was dependent on the physiological state
of the cells, and that this could have a significant effect on the critical concentration of algal
cells, and in turn the subsequent export flux.

One of the physiological factors that appeared to promote phytoplankton aggregation is
the production of TEP by phytoplankton cells as they deplete nutrients (Logan et al., 1995;
Passow and Alldredge, 1995a; Engel, 2000; Passow, 2002). In fact, Passow et al. (1995)
found the ratio of TEP : cells was a crucial factor in determining when aggregation and
sedimentation of a diatom-dominated mesocosm bloom occurred. Coccoliths and intact
coccolithophores have long been observed in association with mucus material at the
continental slope (de Wilde et al., 1998; McCave et al., 2001) and in sediment traps (Honjo,
1982; Cadée, 1985; Riemann, 1989). Recently, studies have documented the association of
coccolithophores with TEP and the formation of coccolithophore aggregates within
laboratory roller tanks (Engel et al., 2009a,b; Biermann and Engel, 2010). However, the
conditions leading to the initial formation of the aggregates have not been reported.

The amount of mineral ballast, TEP size spectra, chemical composition of dissolved
organic matter (DOM) exudates from coccolithophores, and the abundance of free
coccoliths are all contributing factors to coccolithophore aggregation (De La Rocha and
Passow, 2007; Engel et al., 2009a,b; Biermann and Engel, 2010). Surface-active
polysaccharides such as acidic sugars and those containing uronic acids and sulfate-half
ester groups have been shown to correlate with coagulation efficiency and TEP (Mopper et
al,, 1995; Passow and Alldredge, 1995a). Of particular relevance to the coagulation of E.
huxleyi is the production of coccolith polysaccharides known to be important for deposition

of coccoliths to the coccosphere (de Jong et al.,, 1976, 1979). In fact, Engel et al. (2009a)
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proposed that these TEP precursors might catalyze aggregate formation of calcifying
coccolith cells at a rate faster than that observed for non-calcifying strains. Thus, a
motivation of our study was to investigate the affect exopolymer particle chemical
composition and abundance had on the coagulation efficiency and rate of aggregate
formation.

In addition to the abundance of TEP playing a role in coagulation efficiency of cells
(Logan et al.,, 1995), an important factor on aggregation may be the configuration of TEP
within an aggregate-i.e., cells colliding with cells, or cells colliding with TEP (Kigrboe and
Hansen, 1993; Logan et al,, 1995). The distinction of how cells become incorporated within
aggregates may influence the strength of the aggregate; aggregates are often observed to be
delicate and can disaggregate due to shear stress as they sink (Alldredge and Silver, 1988;
Hill, 1998). CaCOs3-ballasted aggregates have been shown to be small, dense, and robust (De
La Rocha and Passow, 2007; Engel et al., 2009b; Biermann and Engel, 2010; Iversen and
Ploug, 2010), and thus less likely to disaggregate. Here we report on coagulation studies
performed with Emiliania huxleyi, a cosmopolitan coccolithophore species, and the
relationship of coagulation to cell growth rate, TEP, and calcite ballast. We investigated the
processes that influence coagulation efficiency for E. huxleyi, describing the coagulation
efficiency of E. huxleyi using Couette flow devices as cells undergo nutrient depletion. We
aimed to garner a more complete understanding of the processes that yield
coccolithophore aggregates by characterizing TEP, the sugar composition of the colloidal

pool, and the abundance of coccoliths.

2. Methods
2.1. Phytoplankton Cultures

E. huxleyi, strains TQ26 (Codenet culture collection) and PML B92/11 (Plymouth culture
collection of marine algae), were used in coagulation experiments in 2006 and 2007,
respectively. Cells were grown in continuous culture as part of a larger coccolithophore
biogeochemistry study (for details, see Borchard et al., 2011). Coccolithophore cell
inoculates were >60% calcifying in 2006, and >99% calcifying in 2007, as determined by
microscopic observation (Koch, Borchard pers. comm). Additionally, 2007 PIC/POC ratios
of cells at the initial dilution rate (0.43£0.39, 0.3 d-1, day 10) were 2x that of 2006 (0.21,
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0.25 d'1, day 26). Chemostat cell abundances were maintained at ~105 cells ml-1. The 8.5-1
chemostat vessels were operated at 3 sequential dilution rates of 0.25, 0.10, and 0.05 d-! in
2006, and 2 sequential dilution rates of 0.30 and 0.10 d-! in duplicate in 2007, a constant
temperature of 15°C, a light: dark cycle of 16: 8 h, and constant aeration and stirring (20-
100 rotations min-1). Photon flux densities were 180 pmol photons m2 s1in 2006 and 300
umol photons m2 s1in 2007. The growth medium was enriched 0.2-um filtered North Sea
water sterilized using UV-light for 24 h. Trace metals and vitamins were added according to
f/2 medium (Guillard and Ryther, 1962), and nutrient were 50 pmol 11 NO3 and 3 pmol I-1
P0O4in 2006 and 30 umol I’ NO3z and 1 pmol 11 PO4 in 2007. During chemostat experiments
cells experienced P-limitation in both years. Yet, in 2007 P-limitation was more severe and
P cell quotas fell below a critical value at the lower growth rate (Borchard et al., 2011).
Specific growth rates were determined using total cell biovolume that was loss-corrected
using the dilution rate of the chemostat (Koch, 2007; Table 4.1). Cells reached steady state
prior to experiment days, except for day 10 and 22 in 2007. Culture material used for
coagulation efficiency experiments was collected from the overflow of the chemostats.
Growth rates do not match the targeted dilution rate and those reported in Table 4.1 are
the mean of daily growth rates for the days over which chemostat overflow was collected

for material used to conduct replicate coagulation efficiency experiments.

2.2. Chemical Analyses

Borchard et al. (2011) and Borchard and Engel (2012) describe detailed methods for
nutrients (phosphate, ammonia, nitrate, and nitrite), chlorophyll-g, total particulate carbon
(TPC), particulate organic and inorganic carbon (POC and PIC), and total alkalinity.
Combined carbohydrate (CCHO) samples were also collected for neutral and amino sugar
and sugar acid analysis by high-performance anion-exchange chromatography with pulse
amperometric detection (HPAEC-PAD) according to methods outlined in Engel and Handel
(2011). Samples were desalted by membrane desalination (1 kDa MWCO, Spetra Por) at
0°C for 6 h. The chromatographic system consisted of a Dionex 3000 lon Chromatography
System with a PAD and an AS50 autosampler. These methods permit the detection of the
neutral sugars (fucose (Fuc), rhamnose (Rha), arabinose (Ara), galactose (Gal), glucose

(GIc), mannose (Man), and xylose (Xyl)), amino sugars (galactosamine (GalN) and
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glucosamine (GlcN), and sugar acids (galacturonic acid (Gal-URA) and glucuronic acid (Glc-
URA)). Some sugars were quantified together due to co-elution: Ara+GalN, Man+Xyl, and
Gal-URA+GIc-URA. The detection limit for sugars was 10 nM (Engel and Handel, 2011). In
2006, neutral sugars were analyzed on samples that were filtered using 0.45 pm syringe
filters (GHP membrane, Acrodisk, Pall Corporation) prior to desalinazation (1 kDa cut off).
This high molecular weight dissolved fraction is <0.45 pm and >1 kDa. We refer to this
fraction as <0.45 um-HMW-dCCHO. In 2007, samples were unfiltered, 0.45 pm syringe-
filtered, and 1000 kDa ultrafiltered via centrifugation (1000 kDa MWCO, Macrosep™, Pall
Corporation) for neutral, amino, and acidic sugar composition prior to membrane dialysis.
We refer to the size fractions as total combined carbohydrates (tCCHO), <0.45 pm-HMW-
dCCHO, and <1000 kDa-HMW-dCCHO, respectively. Combined carbohydrate samples were
stored at -20°C prior to desalination, acid hydrolysis, and neutralization, and analysis

(Engel and Handel, 2011; Borchard and Engel, 2012).

2.3. Transparent Exopolymer Particle Analysis

Within 3 months of sample collection, TEP abundance was determined on triplicate
samples before and after coagulation using the Alcian blue colorimetric technique detailed
in Passow and Alldredge (1995b). Absorbance of TEP samples was calibrated to the
absorbance of known quantities of xanthan gum (Passow and Alldredge, 1995b). The
detection limit of TEP abundance was ~50 pg XG eq I-1. All colorimetric TEP samples were
corrected for the presence of Alcian blue stainable material on cell surfaces according to
methods of Engel et al,, 2004. In 2006, samples representing material before coagulation
were from the chemostat overflow, the same pool of material used to fill the Couette flow
devices. In 2007, samples representing material before coagulation came from the
chemostat on the day of sampling. In both years, samples representing the suspension after
coagulation were taken from material gently emptied from the annular space within the
Couette chambers at the conclusion of the experiment.

In 2007, TEP area and volume in the samples taken before and after coagulation were
also enumerated by microscopy as described in Engel (2009). In brief, duplicate slides
were prepared according to Passow and Alldredge (1994) and Logan et al. (1994) within 2

hours of sampling. Each filter mounted for microscopy was photographed with a Zeiss
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AxioCam MC5 at 200x magnification on a Zeiss AxioSkop plus 2 compound microscope.
AxioCam software was used to record 30-35 fields of view at 4000x999 pixels for each
filter. Each pixel represented 0.33 pm x 0.33 um. Images were split into separate colors,
showing 256 channels of gray. The red image yields the highest contrast. Its grayscale
threshold was adjusted manually to get the best coverage of all Alcian blue stained particles
and to avoid the inclusion of the background. TEP that was larger than 0.2 um? was
included and all particles on the edge of the photograph were removed from calculations.
Parameters estimated semi-automatically using NIH software Image] 1.42h include area,

perimeter, fit ellipse (major and minor axes) and circularity.

2.4. Coagulation Measurements
2.4.1. Coagulation Theory

Coagulation efficiency studies have employed Smoluchowski kinetics assuming the
experiment suspension is monodisperse, conserves volume, and that hydrodynamic effects
between particles can be ignored, i.e. the rectilinear model of coagulation (Camp and Stein,
1943; Birkner and Morgan, 1968; Kigrboe et al., 1990; Dam and Drapeau, 1995). When
considering a suspension of particles that are all the same size (monodisperse), such as
monocultures, coagulation does not occur via differential settling because the settling
velocity of all particles is equal. In this case, coagulation can be achieved and coagulation
efficiency estimated using a horizontal Couette flow device (Drapeau et al,, 1994). A
Couette flow device consists of a fixed inner cylinder and an outer rotating cylinder that
creates a two-dimensional flow that promotes coagulation (Donnelly, 1991). The mean
shear rate, G, of the laminar flow depends on the angular velocity and the inner and outer
radii (van Duuren, 1968). Cell size spectra were monitored over time to observe the
decrease in total particle concentration as cells formed larger particles.

The particle coagulation is the probability that when two particles collide they attach.
Birkner and Morgan (1968) expressed the initial stages of coagulation as a first order rate
equation when the suspension is monodisperse and volume conserving. Using this

approximation the aggregation model presented in Jackson (1990) becomes:
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where, C is the volume concentration of particles, a the efficiency factor or coagulation

efficiency, f is a rate constant or operator called the coagulation kernel, and d is the particle

diameter. The term, Bnal,t—@, is the coagulation rate and is assumed to accurately
describe the dominant particle-particle interactions throughout the coagulation
experiment.

Below we describe measurement methods used to collect the necessary particle
concentration, size spectra, and volume data, and then the detailed development of

mathematical methods for calculating coagulation efficiency based on this data.

2.4.2. Coagulation Experiments

Coagulation experiments were conducted using two Couette flow devices in parallel. We
refer to individual Couette flow devices as A, B, C, and D. The four Couette flow devices
were made following the design of Drapeau et al. (1994). The coagulation incubations were
carried out at the same time each day (3 h after the light cycle started) in semi-darkness at
15°C for 4 h. The same sample from the chemostat overflow was used to fill the Couette
chamber of each Couette flow device. All chemostat overflow samples were collected on
one day for each dilution rate in 2006, but in 2007, there were two experiment days for
each dilution rate. In order to collect ~3 1 of material, the length of time the overflow was
collected was dependent on the chemostat dilution rate and occurred over the 2-3 days
prior to the experiment day.

The Couette flow device was filled (~1.2 1) and rotated at a speed that created a mean
shear rate, G, of 0.86 s'1. This shear rate is in range of that typical for the ocean surface (10-
2t0 10 s'1) (Grant et al., 1962; Soloviev et al., 1988). Subsamples of ~ 20 ml were taken at
some or all of the following time points: t =1, 15, 30, 60, 90, 120, 150, 180, and 240
minutes, and kept cold and dark for up to 30 min prior to particle size enumeration using
an electronic particle size counter (Coulter Multisizer I1I, Beckman Coulter). The Coulter

Counter was outfitted with a 100 pm aperture to measure the particle concentration of
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discrete bins logarithmically sectioned within the range of 2 to 60 um equivalent spherical
diameter (ESD). Triplicate measurements were performed on 500-1000 pl subsamples at
each time point and averaged. If necessary, the sample was diluted with 0.2 pm (Minisart
2000, Sartorius) pre-filtered seawater to keep the coincidence of particles at the aperture <
5%. Cell growth was monitored in a parallel 1 1 bottled sample over the course of the
coagulation experiment; no detectable growth was observed over the 240 min coagulation
incubations.

Coulter Counter results were used to determine the total number concentration of
particles (# ml1), C, at each time point. Equation 1 tracks the temporal variance in the total
number of particles. Although the derivation of Eq. 1 is contingent on collisions between
monomers dominating the coagulation process, large particles sweep a larger volume of
space as they move. Hence, the influence of larger particles interacting with other particles

must be considered (Elimelech et al., 1995). Therefore the term chosen for the solid volume

fraction of particles, Vl,im‘tial, from Eq. 1 includes the volumes of all particles with an ESD
that ranged from the size of cells up to 60 pm, the large end of Coulter Counter detection
range.

Operationally we define C as the sum of the particles enumerated for discrete bins of the
size spectra by the Coulter Counter. In practice, however, C represents the sum of particles
for a portion of the full size spectra and we acknowledged this by recasting it as },C with

operationally defined upper and lower bounds on the summation. Eq. 1 becomes

d Z C’Z/Cl = — % Z Vl,initialdt
i=1 =1 .

(2)
The bounds on );Care i = 1 and o0 where i corresponds to bins representing particle
diameters. For this study, the bounds on };C are the cut-off value, xcu, and 60 pm.
Integrating Eq. 2 yields
= 8G
log, » Citft=—a—¢
; " (3)

o —
where 2_i—1 V Linitial of Eq. 2 isrenamed ®. The Coulter Counter reports the solid volume
fraction, or particle volume fraction, of all particles in units of pum3 ml-1. In all equations this

quantity must be unit-less and is transformed to ppm. The term on the left side of Eq. 3 is

estimated as the linear slope of >ic1 Cit plotted on a loge scale versus the time(s) of the
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respective experiment time point. Hereafter the left hand side of Eq. 3 is referred to as slope

. The simple expression of coagulation efficiency then becomes

_ slope - 7
8Go | (4)

This equation has the constant 8 in the denominator rather than 7.824, as in other

coagulation efficiency studies (Kigrboe et al., 1990; Dam and Drapeau, 1995; Engel, 2000;
Vieira et al., 2008). This results from using the rectilinear coagulation kernel for shear

(Pruppacher and Klett, 1980; Elimelech et al.,, 1995; see Appendix for explanation) that

— 1-3
8.-G-=-d — —3
reduces to 6 ! or 8-G-0.167d, (Kriest and Evans, 1999) instead of

— —3
8-G-0.163d) a5 reported in Kigrboe et al. (1990).

2.4.3. Calculation of Volume Concentration of Particles

Use of coagulation theory requires particle volume to be conserved over the course of a
coagulation experiment. Taking advantage of this theory ® used in Egs. 3 and 4 equals the
initial particle volume fraction, which in this experiment represents the solid volume
fraction of the subsample from the Couette flow device at the beginning of the coagulation
incubation. The material enumerated by the Coulter Counter is referred to as Coulter
Counter detectable particles (CCP). As done for }Cin Eq. 3, we estimated ® by summing
the CCP volume per milliliter (um3 ml-1) for particles in the largest Coulter Counter bin (60
um) down to those having a diameter equal to the smallest monomer, or cell. This lower
limit on particle size is designated by the size spectra cut-off value, or xc... The total volume
of solid particles per milliliter (um3 ml-1) was then converted to ppm by making the volume
conversion between units of cubic micrometers and milliliters then multiplying by 106
(Table 4.2).

One effect of TEP is to increase water particle concentration leading to higher collision
rates and potentially higher coagulation efficiencies (Kigrboe et al., 1994; Jackson, 1995).
The electronic particle detection does not detect TEP directly because of its gel-like
composition rendering it the same density of water. Because TEP is not accounted for
explicitly in @ a may be enhanced and >1 (Engel, 2000). Microscope samples can be used to

derive a @ that includes all Alcian blue stained material and thus account for TEP presence

117



(micro-®). However, micro-® will include TEP material coating solid particles such as cells.
Because the Coulter Counter particle enumeration already accounts for all solid particles
including Alcian blue stained cells it is necessary to subtract out Alcian stained blue cells
from the micro-®; this was accomplished as follows. First, the equivalent spherical volume
(ESV) of all particles, micro-® (ppm), was calculated using the area measurements (Engel,
2009). Second, the microscope “cell” volume concentration (i.e., Alcian blue stained cells),
cell-® (ppm), was determined as ESV with particles that satisfy the criterion of a circularity
value approximating a sphere (= 0.7) and feret diameter between 3 and 7 pm. Circularity is
calculated by relating the area and perimeter of a particle ranking its symmetry (0 to 1,
where 1 is a circle) with respect to that characteristic of a circle (perimeter? = 4n x area).
Lastly, the microscope cell-® was subtracted from micro-®. The remainder is the TEP-®
for the experiment. TEP-® includes amorphous TEP and TEP aggregates (Table 4.2). As
explained in Engel (2000), new estimates of the coagulation efficiency value, o', were made

taking into account the TEP-® by adding it to the Coulter Counter @ in Eq. 4 (Table 4.3).

2.4.4. Mathematical Methods for Calculating Coagulation Efficiency

Here we detail calculation steps and criteria used to estimate a values and illustrate
rubrics that can be used to address some common issues that arise when using Coulter
Counter data from Couette flow device coagulation incubations.

First, we use an a model proposed by Kigrboe et al. (1990) to account for the slight
variation in cell size of the monodisperse suspension, i.e. the normal distribution of the
monomers described by mean and variation, tmono and 6?mono, respectively. The equation
taken from Kigrboe et al. (1990) and used in numerous other studies (Drapeau et al., 1994;
Dam and Drapeau, 1995; Vieira et al,, 2008) is
_slope(&;ut) T exp(1.552/312)

8G¢ (5)

where avar and 5/0P€ are dependent on the xcu, S? is equal to variance in the size distribution

Ayar (xcut) =

of the cells, or 6Z2mono, and d1 is the mean diameter of the monomers, or WUmono- It should be
noted, Kigrboe et al. (1990) derived the exponential term in Eq. 5 by assuming the cell size
distribution was described equally well by a normal distribution or lognormal distribution.

Second, we established a methodology for estimating the lower and upper bound on the
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monomer diameters. Contrary to assumptions made in Eq. 5, the monomer (cell) peak does
not follow a Gaussian function. Coulter Counter particle size distributions (PSD) were fit to
a Gauss peak curve as part of the exploratory data analysis of this work. We observed the
Coulter Counter PSDs were narrower than the Gaussian model peaks and the right
shoulder of the cell peaks were slightly broader than the Gaussian counterpart (Appendix,
Fig. 4.A1). Moreover the equivalent spherical diameter where the monomer peak started
and ended was not consistent experiment to experiment. Thus, it was necessary to derive a
mathematically consistent method for setting the bounds on the monomer size range. To
do this we used a local method sensitivity analysis where the simple derivative of the
output, o, was evaluated for a given input value, x iteratively for x = 2.5 um to 4.5 pm,
comprised of 45 bins, where 2.5 and 4.5 um represent the lower bound on the cell
diameter. We determine a numerical value for the first derivative, a’(x), with the central
differences method: o’(x) = [a (x+AXx) — a (x-Ax)]/2Ax. The best estimate for xcu: that is
applied to our calculations of coagulation efficiency is referred to as x*.u.. We define x*cuc as
the smallest diameter of a monomer (cell), and is the diameter where the first derivative of
a was at a minimum (Appendix, Fig. 4.A2). We defined the largest diameter of a monomer
(cell) as the Coulter Counter bin located to the right of the monomer peak where the
integrated number concentration of cells-integrated from xcu: to largest cell diameter-are
equivalent for the Gaussian model for the monomer curve and Coulter Counter PSD. In
general, the largest cell diameter is approximately 7 um for all experiments.

Third, we accounted for the larger slope values that occurred on the right side of the
monomer peak (x > 31). Recall }.C, &, and dy are all dependent on the cut-off value, Xcut.
Using the Coulter Counter bins we stepped forward the cut-off as a value equal to or larger
than the diameter where the monomer peak occurs (Xcut >mono). We found coagulation
efficiencies to be highly dependent on Xcut. When xcu: used was between pmono and 7 pm, the
a varied over a factor of 10. Therefore the selection of a cut-off value can vastly affect the
reported a values. Furthermore, if Xcu: is not controlled for, then the comparison of a values
generated from replicate experiments or different cell media would mostly likely be
affected (Appendix, Fig. 4.A2). To account for the larger slope values, we report a as an
mean of all individual a(x) from x*.,: to ~7 um. The mean a for the monomer peak is then

referred to as Qcomplete:
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Ceomplete = [(W) iaa} -exp(1.552/312).

(6)
where N is the number of Coulter Counter bins between x*.,: and the end of the monomer
peak, ~7 pm.

Finally, we determined an o value that reflects the enhancement of particle volume
fraction, @, attributable to TEP-referred to as o’. We recalculate ocompiete as o after the

methods of Engel (2000) using ®rep as defined earlier:
¢
/

(0] let = lete * —————————
comprere CIPEE bt Prp (7)

2.5. Estimates of Detached Coccoliths

The suspension sampled from the overflow of the chemostat contains free coccoliths,
which can detach from the cell either before or after they are carried into the collection
vessel with the overflow. Determination of the lower bound on cell diameters (x*cut)
requires enumerating the abundance and size range of detached coccoliths. Coccolith
detachment was estimated from 3 methods: Coulter Counter PSD, image analysis of
microscope samples, and calculations based on Fritz and Balch (1996) (Appendix, Table
4.A1). The latter two methods most likely underestimate the detached coccoliths, therefore
values estimated from Coulter Counter data are reported (Table 4.4). However, values from
all methods are similar when normalized to values from experiment day 14 (see Appendix
for more description and comparison of methods). Emiliania huxleyi coccoliths have been
reported as having diameters of 2.5 to 3.0 um (van der Wal et al,, 1983). Fritz (1999) found
E. huxleyi coccolith total length and total width to be 2.99 + 0.29 pym and 2.40 * 0.26 um for
growth rate of 0.37 d'1 and 3.10 + 0.30 um and 2.50 * 0.25 um for growth rate of 0.20 d-1,
which are similar to growth rates used in 2007. Using the Coulter Counter, we enumerated
the coccoliths within the PSD by assuming that all particles with an equivalent spherical
diameter less than the cut-off value, x*.u, are coccoliths.

To compare the effect of the detached coccoliths on the coccosphere diameter we
estimated the number of layers of coccoliths on cells using a power law function from Fritz
and Balch (1996). In, 2007 we assumed that non-calcifying cells had a diameter of 2.7 pm
and each additional layer of coccoliths added 0.798 um (Balch et al., 1993) to the
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preexisting diameter. We calculated the surface area of coccospheres using the mean cell
diameter (d; from Eq. 6, Table 4.4) from the Coulter Counter PSD. The surface area per
coccolith was taken from Fritz and Balch (1996) and used to estimate the cumulative
number of coccoliths necessary for each layer. Fritz and Balch (1996) estimated the change

in coccosphere diameter for every added/lost plate as
Ad

_ —0.465
coccolith 0-195 >

: (8)
where Ad is the change in cell diameter for every coccolith detached and n is the number of
attached coccoliths or cumulative number of coccoliths per cell. The shift in coccosphere
diameter between growth rates is divided by the Ad/coccolith value for the respective n,
yielding an estimate of detached coccoliths per experimental growth rate. We also

calculated the ratio of detached to attached coccoliths per cell per growth rate (Table 4.4).

2.6. Statistical Analyses

A correlation matrix was used to evaluate the relationships between variables measured
for the 2007 coagulation experiment samples. The significance of correlation coefficients
was determined by student t-test (double tail) at p<0.05 and p<0.01 significance. In
addition, principal components analysis (PCA) was carried out using MATLAB to elucidate
data trends in multi-dimensional space. Prior to PCA, sample data was demeaned and
standardized. PCA represents each sample with a sample site score and each variable with
a different scale, a variable loading. The full PCA determines a set of sample site scores and
associated variable loadings for every component (number of components is equal to the
number of variables measured). We limit our PC comparisons to the first and second
principle components (PC1 and PC2), which represent ~80% of the total variability in the
samples. Compositional variables (e.g., total alkalinity, TEP: Chl-a) plot positively or
negatively with increasing absolute magnitude that is scalable to the influence the variable
had on processes that explain the first and second orders of variation in samples. In
environmental biogeochemical studies the sample site scores often spread out according to
their source and degree of degradation along PC1 and PC2 (Goni et al. 2000; Sheridan et al.
2002; Engel et al. 2009b; Abramson et al. 2010; Xue etal., 2011).
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3. Results
3.1. Chemostat Biogeochemistry

Biogeochemical results of the 2006 and 2007 chemostat studies are discussed in more
detail in Koch (2007) and Borchard et al. (2011), respectively. In 2006 and 2007, cell PIC
and POC quotas were primarily affected by growth rate. The amount of calcite per cell
increased under N- and P-depletion in 2006, and under P-depletion in 2007 (Koch, 2007;
Borchard et al., 2011). Phosphate was not detectable at any time (Table 4.1). There was a
decline in nitrate and nitrite in 2006 as growth rate decreased; however, in 2007 on
sampling day 22 ammonium and nitrite increased to concentrations near that on sampling
day 10, after which the ammonium and nitrite levels decreased to a minimum (Table 4.1).
In 2006, steady state of total cell biovolume was achieved prior to all experiment days. For
2007, cell biovolume reached steady state before sampling day 14 (Borchard etal., 2011).
We observed very low growth rates of cells on day 22 and the 2 days prior over which time
the overflow was collected. In 2007, the volume concentration of Coulter Counter
detectable particles (CCP) decreased at the low dilution rate whereas 2006 CCP showed
less of a difference with growth rate (Table 4.2).

For similar growth rates, the total alkalinity (TA) of 2006 experiments are ~250-700
umol kg1 seawater (SW) greater than 2007 values (Table 4.1). The difference in 2006 and
2007 TA was most likely due to the degree of calcification of the cells in the chemostat
inoculate since initial TA values were similar between years (2460 pmol kg1 SW and 2440
umol kg1 SW for 2006 and 2007, respectively) (Koch, 2007; Borchard et al., 2011). As
previously described, the batch culture used to seed the chemostats in 2006 was
approximately 60% calcifying whereas the initial culture used in 2007 was >99%
calcifying. Further discussion of E. huxleyi calcification in 2006 and 2007 chemostat
experiments are provided in Koch (2007) and Borchard et al. (2011), respectively. In 2006,
PIC/POC increased as the dilution rate and growth rate decreased; however, in 2007, it
dropped. Notably, initial PIC/POC was higher in 2007 and dropped by a factor of ~3
between duplicate sampling days 10 and 14 (Table 4.1) most likely due to initial build up of
coccolithophore biomass that occurred prior to day 12 (Borchard et al., 2011). After

sampling on day 14 the remainder of PIC/POC remained relatively unchanged (Table 4.1).
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In 2006, PIC/POC increased when transitioning from high to low growth rates. In the same
way, we observed differences in the coccolith detachment rate between years as cells
transitioned from high to low growth rates (see Results below).

Table 4.A2 reports the CCHO composition (% mol) and CCHO totals as concentrations
(umol I'1) for each size fraction (tCCHO, <0.45 pm-HMW-dCCHO, and <1000 kDa-HMW-
dCCHO) and sample source (chemostat and coagulation experiment replicates). In 2006,
only the <0.45 pm-HMW-dCCHO fraction was sampled and CCHO totals increased as the
cell growth decreased. In 2007, CCHO totals of each size fraction varied with growth rate;
yet, on average the concentration of CCHO totals increased for cells at lower growth rates
(Table 4.A2).

The 2006 CCHO totals (<0.45 pm-HMW fraction) were greater than CCHO totals for both
the HMW dissolved fractions in 2007 (<0.45 pm-HMW and <1000 kDa-HMW) (Table 4.A2).
Of the sugars separated in this study all but glucosamine and galactosamine are generally
found in coccolithophores (Fichtinger-Schepman et al., 1979) and referred to as
coccolithophore associated polysaccharides (CAP). The greater abundance of non-
calcifying coccolithophores in 2006 might have led to this difference. de Jong et al. (1979)
found non-calcifying coccolithophores to release more CAP into the cell medium than
calcifying coccolithophores. In 2006, the apparent changes in composition with decreasing
cell growth rate are a decrease in glucose and an increase in rhamnose, galactose, and
arabinose (Table 4.A2).In 2007, the HMW dissolved sugar composition switched between
dominance of glucose vs. uronic acids on the first vs. second experiment day of each
dilution rate; this difference in adjacent experiment days existed despite their having
similar growth rates (Table 4.A2).

In 2007, sugar samples from the chemostat and each coagulation experiment were
indistinguishable from one another for nearly each sample set (i.e., given experiment day
and size fraction). Q mode analysis-used to characterize relationship between samples-
revealed correlation coefficients of 0.69 to 0.99 (average 0.90) with the exception of <1000
kDa-HMW-dCCHO samples on experiment day 14 (R? of chemostat and coagulation
replicates one and two were 0.25 and 0.16). The lack of significant difference in sample
source suggests samples from the over flow were not significantly different from those

sampled from the chemostat on the experiment day. Additionally, this finding signifies that
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the coagulation of the material did not cause an appreciable difference in sugar
composition. Mass balance of sugars was not always achieved among the two HMW
dissolved pools: half of the <0.45 pm-HMW-dCCHO samples had smaller abundances than
the <1000 kDa-HMW-dCCHO abundances, contrary to expectation given the <0.45 pm
theoretically should include macromolecules >1000 kDa. Uncentrifuged material
unaccounted for in the Macrosep™ tubes would explain enhanced concentrations of the
<1000 kDa-HMW-dCCHO. For this reason, we focus on the trends in <1000 kDa-HMW-
dCCHO composition between experiment days and not absolute concentrations. PCA of the
2007 data revealed CCHO samples could be differentiated by dilution rate (PC1, 61.4%
variation explained) and abundance of Rha versus Ara+GalN, Man+Xyl, and GIcN (PC2,

18.7% variation explained)(Fig. 4.1).

3.2. TEP
3.2.1. Colorimetric TEP Concentrations

TEPcolor concentrations are expressed in xanthan gum equivalents per liter (ug XG eq 1'1)
and per cell (ug XG eq cell'') and range from ~130 to 1160 pg XG eq 1! (or ~0.3 to 2.2 pg XG
eq cell1) in 2006 (Table 4.2). In 2007, TEPcolor abundances were similar and ranged from 0
to ~830 pg XG eq I'! (or 0 to ~3.2 pg XG eq cell'!) (Table 4.2). In both years, TEPolor
abundance increased as the growth rate decreased (Table 4.2). Although dilution rates
were nearly equivalent, day 25 TEP concentrations were higher than on day 22. It is
possible that TEP production could have changed over short time scales such as the 3 days
over which the overflow material was collected. On a per cell basis 2007, day 22 TEPcolor
was ~25% lower for flocculated material than for material sampled prior to coagulation
incubations. The same trend occurred for 2006, day 40 TEPc.1or samples. Pre-coagulation
samples were taken from the chemostat on the sampling day (2007) or from the chemostat
overflow (2006). Differences in TEP abundance before and after coagulation experiments
for both years may be due to settling of flocs (either preformed or formed during
incubation) onto the inner cylinder of the Couette chamber. Another possible explanation
for 2007 samples is that material captured within the overflow vessel experienced
conditions slightly different than cells that remained in the stirred chemostats.

Temperature was dependent on ambient air of the cold room. Temperatures in the cold
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room were not as well controlled as that of the water jacket surrounding the chemostats.
We observed the coagulation experiment TEPc.1or was negligible and hence lower than
chemostat TEPo1or values (negative cell corrected TEPco1or values imply less than 100% of
cell surfaces were coated with TEP-like material at that time). On day 40 in 2006 and day
22 in 2007 the difference between chemostat and coagulation experiment TEPo1or was
significant to 1 SE (Table 4.2). However, on experiment day 25 TEPlor of the chemostat

and coagulation experiment were not statistically different.

3.2.2. Microscopic TEP Volume Concentration and Area

Total volume concentration of TEP (as ppm) was determined assuming particles had
spherical geometry (Engel, 2009). As seen for TEPolor, the TEPmicro also increases with
decreasing growth rate (Table 4.2). In 2007, the lower growth rate samples had a 5x
increase in the volume concentration of TEP and a 7x increase in the volume concentration
of flocs, i.e., particles larger than cells (Table 4.2). The volume concentration of Alcian blue
stained coccoliths increased by nearly a factor of ~3 between days 14 and 25 (Table 4.2).
Like TEPcolor concentrations, TEPmicro areas showed an increase between duplicate days 22
and day 25. Additionally, the volume concentration of Alcian blue stained cells increased on
the second experiment day of each dilution rate, similar to the pattern observed for uronic
acids mentioned above (Fig. 4.1, Table 4.A2). Most 2006 TEPmicro Samples were
photographed after being stored for one year; hence, the resolution of most images do not
yield consistent results for size fractions, such as Alcian blue stained coccoliths and

particles larger than cells, and they were not sampled for TEPmicro fractions.

3.2.3. TEP Size Spectra

The TEP volume concentration of size classes (1 um bins for diameters 0-35 pm, first bin
represents 0.4-1 um) determined by image analysis was plotted versus sampling day (Fig.
4.2). The abundance of cell-sized TEP increased on the second experiment day for each
dilution rate. Additionally, for experiments conducted with cells of relatively low growth
rates (duplicate days 22 and 25) we observed an increase in the number of particles larger

than cells, indicating there was more coagulation at low growth rates.
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3.3. Particle Coagulation Efficiency

Particle coagulation efficiencies (a) for the 2006 and 2007 experiments are given for avar
using a cut-off (Xcut ) of 2 pm (a(x=2pm)) and a Gaussian fit curve-derived cut off, x"cut (See
Appendix for methods used to determine x"cut ), using Eq. 5 (Table 4.3). We also determined
the term otcomplete by averaging the slope over the whole monomer peak, and adjusted
Qcomplete to give a’, which accounts for the contribution of TEP to the total particle
concentration (Table 4.3). There was no clear trend between avar and growth rate.
Additionally, replicates of avar were highly variable in comparison to dcomplete and o’
Appendix Figure 4.A3 depicts the difference in ovar and ccomplete- FOT Ocomplete and o, there
was an increase in coagulation efficiency as exponential growth rate decreased. This trend
has been reported for other phytoplankton species (Engel, 2000).

Coagulation efficiencies for 2006 ranged from 0.23 to 1.35 (complete) and 0.20 to 1.01
(a’) (Table 4.3).In 2007, acomplete (0.36 to 1.19) and o’ (0.32 to 1.15) values were within
range of those in 2006, although values were higher for similar exponential growth rates
(Table 4.3). Engel (2000) shows that accounting for enhancement of collisions due to the
TEP particle abundance (here termed o’) reduces the coagulation efficiency to less than or
close to 1, the theoretical upper limit for the attachment rate/collision rate (Alldredge and
McGillivary, 1991). Henceforward, we will use o’ as the coagulation efficiency in our data
analysis and discussion. When comparing o’ with exponential growth rate in both 2006 and
2007(Fig. 4.3), there appears to be a 2-phased relationship where o’ initially increases with
growth rate and consistent across replicate coagulation experiments, but then increases

significantly at low growth rates and replicate results are highly variable.

3.4. Coccolith Detachment with Growth Rate

In 2007 experiments, the number of detached coccoliths in the chemostat overflow prior
to aggregation ranged from 1 to 17 coccoliths per cell, increasing with decreasing growth
rate (see Appendix, Table 4.A1). The relative number of detached coccoliths per cell was
~1-2 (Table 4.4). The loss of coccoliths from coccospheres caused an observable reduction
in the mean diameter of the cells (Table 4.4). The observed shift in cell diameter was

greatest between days 14 and 22. Because of the relatively large decrease in the diameter
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of cells between day 14 and duplicate days 22 and 25, it is plausible that there was a

greater concentration of coccoliths in the overflow prior to day 22.

3.5. Coccolith Detachment with Shear

Motivated by the necessity to have a consistent method for deriving x*c.t and Qcomplete, We
quantified the flux of material from the right to left side of the cell peak while particles
underwent laminar shear flow (i.e., during the coagulation experiments). We focused on 3
fractions of the Coulter Counter PSD: <x* (coccoliths), small cells (x*cut <diameter <pmono),
and large cells (1mono <diameter <~7 pm). These size ranges showed the greatest amount of
variability during the 4 hour coagulation experiments. In 2007, we observed that coccolith-
like particles (diameter < x*c.t) comprised 1-13% of the total volume of solid particles
assuming spherical morphology (see Appendix, Fig. 4.A4). This quantity increased during
the coagulation experiments by factors of 1.2 + 0.09, 1.4 + 0.03, 1.9 £ 0.18, 3.1 £ 0.26 for
days 10, 14, 22, and 25, respectively. In addition, image analysis showed that the quantity
of Alcian blue stained particles that were smaller than cells (i.e., coccoliths) increased by
approximately (1-7) coccoliths cell-! by the end of the coagulation experiments (Appendix,
Table 4.A1). These data indicated coccoliths were lost from the cells while within the
Couette flow device. In 2006, however, the contribution of coccoliths to the total volume
changed by only a factor of 1.2 + 0.1, on average. The initial (pre-coagulation) volume
contribution of this particle class was lower than in 2007, and comprised 1-7% of the total
particle volume.

In conjunction with the increase of coccolith-like particles (diameter <x*..) there was a
drop in cells with diameters larger than the mean (pmono <diameter <~7 pm; see Appendix,
Fig. 4.A4). Consequently, the volume of cells with diameters smaller than pmono most likely
increased as the result of large cells shedding coccoliths shifting to the small cell portion of
the PSD (x*cut < diameter < pmono)- As confirmation of a shift in cell diameter, we saw the
magnitude of the 2007 awar and Slope increased with cell size for each experiment due to
higher loss rate of large cells relative to small cells (x*cu,: <diameter <~7 um). In 2006, the

increase in the magnitudes of ayar and Slope were less dramatic and were 1/8 that in 2007.
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3.6. Statistical Analyses Results
3.6.1. PCA Results

PC1 site scores show clear differences between the two high and two low growth rates
(Fig. 4.4a). Site scores for duplicate days 22 and 25 are not significantly different from each
other. Their negative site scores correspond to variable loadings (Fig. 4.4b) known to be
associated with aggregation. These include: all coccolith sugar fractions (CAP), total and
<1000 kDa-HMW-dCHHO of the acidic sugars (URA), total CCHO, Alcian blue stained cells,
coccoliths : cell, a, and circular and non-circular aggregates. Variable loadings that
correspond to high growth rate experiments (days 10 and 14) are growth rate, TA, and to a
lesser degree <0.45 um-HMW-dCCHO fraction of URA.

The underlying difference between the aggregation properties of samples from
duplicate days 22 and day 25 is clear from PC2 (Fig. 4.4c). It illustrates changes between
the duplicate experiment days at each growth rate shown by PC2 site scores alternating
between negative and positive. Likely causes for the differences between duplicate days 22
and 25 are best seen in the variable loadings (Fig. 4.4d). Day 25 is represented by positive
loadings for parameters that include: Alcian blue stained cells, circular aggregates, total
sugars; to a lesser extent total CAP, TEP : Chl-a, a; and nearly negligible, growth rate. Yet,
day 22 is represented by negative loadings. These include the parameters: <1000 kDa-
HMW-dURA, <0.45 pm-HMW-dURA, tURA, 0.45 um-HMW-dCAP, non-circular aggregates,
coccoliths : cell, and nearly negligible <1000 kDa-HMW-dCAP and total alkalinity (Fig.
4.4d).

3.6.2. Correlated Coefficients

The same suite of variables used for PCA analyses were also used to create a correlated
coefficient matrix (Table 4.A3). We observed no strong correlation between o’ and any one
of the 13 variables chosen, indicating all play some role in affecting the outcome of o’.
Because our study focused on the effects of physiological changes in E. huxleyi on its
coagulation efficiency, we determined which variables changed most with growth rate. We
found that growth rate correlated positively with TA, and negatively with detached

coccolith : cell and TEP : Chl-a (p<0.01). Growth rate was also negatively correlated with
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<1000 kDa-HMW-dCAP and tCAP (p<0.05). Next, we investigated whether TEP was
significantly related to any one particular sugar composition category. We found TEP : Chl-
a to be significantly correlated with <1000 kDa-HMW-dCAP (p<0.01) and total sugars

(p<0.05). There was no strong correlation between TEP : Chl-a and acidic sugars.

4. Discussion
4.1. Coagulation Efficiency as a Function of Growth Rate

Our study showed that coagulation efficiency of E. huxleyi increased as the cell growth
rate decreased. This pattern of an inverse relationship between coagulation efficiency and
growth rate has previously been shown for diatoms from batch, mesocosm, and field
cultures (Vieira et al., 2008; Kahl et al., 2008; and Engel, 2000; respectively). Table 4.A4
summarizes the coagulation efficiency from these diatom studies. In general, this study and
previous studies found coagulation efficiencies of ~0 to <0.2 when cells were nutrient
replete and in exponential phase, ~0.25 as cells reached stationary phase, and then a more
variable value close to 1 as the cells reached senescence. Although there is considerable
range in the absolute a values given in each of these studies, measurements using Couette
flow device or laminar shear experiments allow for the detection of physiologically driven
differences in the initiation of phytoplankton aggregation. At growth rates >0.1 d-1,
coagulation efficiencies of 2007 were ~75 % higher than those of 2006 (Table 4.3), while
variability between replicates was ~6.3 %. Both years showed an increase in coagulation
efficiency at 0.71 + 0.32, as growth rates decreased to ~0.1 d-! and lower (excluding 2007,
day 25 Couette flow device D; Table 4.3).

In addition to growth rate, cell physiology and environment affect cell aggregation (e.g.,
Myklestad, 1995; Obernosterer & Herndl, 1995; Penna et al., 1999; Staats et al., 2000). In
senescent cells, factors such as TEP abundance, cell mucus covering, and chemical
composition of mucus are time and environment dependent (Decho, 1990; Myklestad,
1995; Aluwihare and Repeta, 1999; Passow, 2002). Thus, at relatively high growth rates the
difference between 2006 and 2007 coagulation efficiencies may be due to biogeochemical
and physical properties of the cells. The variability in apparent coagulation efficiencies

between replicates and different experiment days at low growth rates are more likely due
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to variability in the chemical make up, abundance, and distribution of mucus material. Of

these factors, we will further explore the effects of calcification and TEP concentration.

4.2. Coagulation Efficiency as a Function of Cell Calcification

The proportion of calcifying to non-calcifying cells in culture inoculates played a role in
aggregate formation. In 2006, non-calcifying cells contributed ~28% to the total cell peak
particle volume at higher growth rates and~22% at lower growth rates. Since calcified cells
flocculate and form aggregates more readily than non-calcified cells (see discussion below),
the relatively low coagulation efficiencies observed in 2006 may be due to the lower extent
of calcification. Coulter Counter data in 2006 support this: two size fractions of particles
were found (2.9 pum and 4.5-5.7 pm). This combination might be explained by the presence
of a mixture of single non-calcifying cells and aggregated calcifying cells. Assuming this
hypothesis is correct, reducing the total ® by 40%-to represent the 60% of cells that are
calcifying-increases the coagulation efficiency to ~0.36.

Calcified cells flocculate and form aggregates more readily because of the presence of
Ca?*, which is important for promoting cationic bridge formation of mucus fibrils (Decho,
1990; Leppard, 1995; Mopper et al., 1995). Crystal morphology of E. huxleyi during normal
biomineralization is regulated by CAP, pH, and solution chemistry (de Jong et al., 1979; Kok
et al.,, 1986; Henriksen and Stipp. 2009). Of the CAP monomers detected, mannose and the
uronic acids are most prevalent within the CAP structure and relevant to its promotion of
cationic bridge formation. The CAP backbone consists of mannose (Kok et al., 1986) and
each CAP contains ~60 uronic acid groups that differentially bind Ca?* when compared
other cations (de Jong et al,, 1976; Borman et al., 1982). In 2007, mannose + xylose and the
uronic acids, galacturonic and glucuronic acid, on average make up 40 + 28% and 34 + 25%
of the <0.45 pm-HMW- and <1000 kDa-HMW dCCHO pools, respectively. Yet in 2006,
mannose + xylose and the uronic acids constitute less of the dissolved sugar composition,
16 + 2% (Table 4.A2). Unlike the % mannose and uronic acids, TEP abundances were
similar in 2006 and 2007 (Table 4.2). Likewise, Engel et al. (2009a) observed similar total
TEP abundances for calcifying and non-calcifying cultures prior to aggregation on roller
tables. However, after aggregation TEP abundances in aggregates of calcifying

coccolithophores were significantly higher than in aggregates of non-calcifying
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coccolithophores (Engel et al., 2009a). In our study, it is possible that the higher %
calcification and % mannose (+xylose) and uronic acids of 2007 material led to the
formation of gel fibrils and particles that yielded more sticking events per particle collision
and, hence, higher a’. We found coccoliths : cell to be highly correlated to <1000 kDa-HMW
CAP (R? = 0.88, p<0.1) possibly signifying the release of colloidal CAP with coccoliths from
cell surfaces that would promote aggregation. Engel et al. (2009a) observed calcifying cells
of E. huxleyi aggregated more rapidly in roller tanks than non-calcifying cells. Macroscopic
aggregates were observed within a few hours in calcifying cultures that were exponentially
growing, but only after >24-h in non-calcifying cultures (Engel et al., 2009a). Indeed,
supporting the findings of Engel et al. (2009a), we estimated a values for cells that were
fully calcified and still in exponential phase (2007, growth rate 0.6 d-1, day 10) that were

relatively large compared to other coagulation experiments (Table 4.A4).

4.3. Coagulation Efficiency as a Function of Nutrient Availability

Nutrient availability to E. huxleyi affects coagulation efficiency in part through its
influence on calcification rates and the ratio of detached/attached coccoliths (Linschooten
et al., 1991; Balch et al,, 1993; Fernandez et al., 1993; Fritz, 1999). Calcification rates and
coccolith abundances influence physical characteristics of coccolithophore aggregates such
as size, shape, excess density, and porosity (Engel et al., 2009b; Iversen and Ploug, 2010).
Cells experienced P-limitation in both 2006 and 2007 (Koch, 2007; Borchard et al., 2011;
Table 4.1); however in 2007, cells at the 0.1 d-! dilution rate had enhanced P-limitation
where P cell quotas fell below a critical value (Borchard et al., 2011). Previous work has
shown that coccoliths can tolerate phosphate limitation to a large extent (Paasche, 1998;
Riegman et al., 2000; Borchard et al.,, 2011). Phosphate limitation may enhance cellular POC
production (Riegman et al., 2000), but a decrease in cellular POC production (including
TEP) may be observed when the minimum cell quota for P is reached-case in point: cells in
2007 (Borchard et al., 2011). As a result of the dissimilarity in the extent of P-limitation of
cells in 2006 and 2007, we observed differences in cell diameters (cell POC-quota), density
(abundance of coccoliths), and TEP production.

In 2006, the steady increase in PIC/POC, the consequent decrease in total alkalinity, and

the initial increase in cell diameter, suggest cell calcification continued as the growth rate
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declined. An increase of cell calcium that is concomitant with cell P-limitation has been
observed before (Paasche, 1998; Riegmann et al.,, 2000). Miiller et al. (2008) hypothesized
that unlike light- and N-limited cells, P-limited cells could obtain the light energy necessary
for calcification by the elongation of their time spent in G1 phase of the cell cycle. They
found a rapid increase in cell calcite for exponential and late stationary phase cells, thus
supporting our finding that the P-limited cells of 2006 gave rise to enhanced cell
calcification rates. We calculated low detached/attached coccolith ratios that coincide with
increases in cell diameter reflecting coccolith accretion onto cell surfaces. Notably, there
was a significant difference in the cell diameters of 2006 day 34 and 2007 day 22; in 2006
on day 34, cell diameter was large due to increased coccolith coverage that led to higher
cell densities. On experiment day 40 (growth rate of 0.05 * 0.03), nitrogen decreased
slightly (~12%) from day 34 and the coccolith balance shifted from coccolith accretion
toward coccolith detachment. Studies have reported high abundance of detached coccoliths
at the stationary phase when cell growth rate declines and blooms come to an end (Balch et
al,, 1993; Paasche, 2002)-this phenomenon corresponds to satellite detection of blooms
(Balch et al,, 1993; Holligan et al., 1983, 1993). As a result, the cell diameter (and density)
decreases as observed for day 40. Between days 34 and 40, we also observed the TEP & :
Cell @ nearly doubled and coagulation efficiency increased by over a factor of 2 (Table 4.2).

In 2007, we propose P-limitation led to a greater amount of detached coccoliths relative
to those accreted onto the cell surface in 2006. P-limitation, in part, initially led to
enhanced calcification and enlarging of the cell diameter by greater POC-quotas within the
cell (Riegman et al., 2000; Borchard et al., 2011). The medium supply was not sufficient for
sustained buildup of PIC, as observed at the beginning of the chemostat experiment
(Borchard et al., 2011; Table 4.1). A transition occurred when cells reach the lower dilution
rate of 0.1 d-1: TA and cell diameter decreased and detached/attached coccoliths increased.
This is due to continued calcification that occurs when medium flow through and biomass
build up is reduced (Borchard et al., 2011). One exception to the cell diameter and
detached/attached coccolith ratio trend was day 25, when Coulter Counter data revealed
an increase in cell diameter and lowered magnitude of detached coccoliths per cell (Table
4.4). Prior to day 25 the DIN content of the medium increased to nearly equal that

measured at the beginning of the chemostat growth experiment (Table 4.1, day 10 and 22).
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Hence, between experiment days 22 and 25 the cells within the chemostat may have begun
to respond to the increase in DIN by increasing their growth rate (Table 4.1). The cells used
for coagulation efficiency experiments on day 25 were collected from the chemostat
overflow from day 23-25. We hypothesize the changes in the PSD occurred because of an
increase in coccolith coverage due to lowered detachment rate of coccoliths. Supporting
evidence is a drop in the estimated detached/attached coccolith ratio and stable PIC/POC
from day 22 to 25. The variation between the detached/attached ratio on days 22 and 25 is
likely to be a major factor in the variability observed in the coagulation efficiency of these
two experiment days (mean of 0.74 + 0.1 on day 22 and 1.15 on day 25).

Our study showed E. huxleyi regulated their calcification and coccolith accretion and
detachment rates dependent on the cell physiology, which instigated changes in the
coagulation efficiency. Fritz and Balch (1996) suggest E. huxleyi demonstrate a careful
balance between coccolith attachment and detachment to affect their settling velocity.
According to their estimates of coccolith coverage and cell density, plated cells would be
able to experience the changing nutrient availability of the mixed layer by settling through
100 m over 75 days, absent of the disruption of currents or turbulence. Whereas non-
calcified cells would reside within the euphotic zone for up to 1 year allowing for them to
potentially seed the water column for the next spring bloom (Fritz and Balch, 1996). Cells
with reduced layers of coccoliths and smaller coccospheres, often seen in the lag and
stationary phase cells of batch cultures (such as the 2006 inoculum), are most comparable
to cells observed at end of bloom within its center (Fritz and Balch, 1996). The ratio of
detached/attached coccoliths increases as you move from the bloom periphery towards the
center (Fernandez et al., 1993) where detached coccoliths accumulate and are visible by
satellite (Holligan et al. 1983, Balch et al,, 1996). Actively growing cells at early growth
stages are found concentrated along the bloom edge where detached coccoliths would be
diluted laterally and show little accumulation (Fritz and Balch, 1996). Our findings suggest
the conditions necessary for E. huxleyi aggregation and sedimentation, first, require older
portions of the bloom population to be either partly calcified or to have a large abundance
of Ca?* sourced by detached coccoliths; and, second, TEP coverage of cells and TEP size and

abundance to be extensive enough to carry the calcified cells such that they form large
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aggregates that could sink without their integrity being compromised due to the disruption

of shear eroding the sinking face of the aggregate.

4.4. Coagulation Efficiency as a Function of TEP Concentration

For E. huxleyi, our findings suggest cell-cell binding results in a higher yield of
attachments for a given number of collisions compared to cell-TEP binding. We
hypothesize a) the exopolymer coating on the cells were more chemically reactive (sticky)
than gel particles and b) upon collision, exopolymer coating on cells promote formation of
flocculant bridges, binding cells together to form robust flocs. The cell attachment
mechanism that dominates the early stages of aggregation (e.g., cell-cell binding or cell-TEP
binding) plays a crucial role in determining the density of aggregates, settling velocity, and
floc strength. Thus, insights on the relationship between bloom conditions and specific cell
attachment mechanism would abet our understanding of sedimentation events. Our study
suggests aggregation is not TEP-limited and rather coagulation is related to the presence of
CaCO3 and Alcian blue stainable material on the cell surface. If these additional parameters
are not accessed, then the export of carbon due to coccolithophore blooms may go
underestimated.

PCA results Fig. 4.4d for 2007 days 22 and 25 show the form of TEP inclusion within
aggregates (Alcian blue stained cells, circular vs. non-circular aggregates) was significantly
different (p<0.01). Yet, the difference in cell and TEP particle concentrations was not
(p>0.32). It is important to note the material identified as TEP using the standard methods
(Passow and Alldredge, 1994; Passow and Alldredge, 1995b) is more inclusive than its
nomenclature, "transparent exopolymer particles"”, suggests. Indeed, measured TEP can be
in the form of particles, “free” TEP, such as amorphous particles with at least one
dimension of >0.4 pm. It might also consist of “enclosed” TEP, such as aggregates
containing cells glued together by TEP or aggregates with a matrix dominated by TEP with
other particles embedded within (Passow and Alldredge, 1995a). Additionally, TEP
measurements include exopolymer fibrils, nanometers in dimension, forming web-like
microscopic features that coat filter surfaces (Kepkay, 2000; Verdugo et al., 2004; De Bodt
et al.,, 2010). Also included are polysaccharide (PS) mucus coatings on cells that are stained

by Alcian blue; such material is stained by Alcian blue, but not independent particles as
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defined by TEP (Passow and Alldrege, 1994; Passow and Alldredge, 1995b; Passow, 2002).
TEP measurements do not distinguish between CAP coated coccolithophores and true
independent particles of TEP. We classify CAP coated coccolithophores stained by Alcian
blue as Alcian blue cells (“AB cells”; Engel et al., 2004). AB cells were identified using the
circularity tool of Image] as described in the Methods. TEP accumulation on E. huxleyi cell
surfaces has been observed before (Engel et al., 2004; Harlay et al., 2010).

The variation observed in AB stained cells on day 22 and 25 may have resulted from
fewer cells being incorporated into aggregates on day 25. [t is possible that the separation
of variable loadings on PC2 may be due to greater number of non-circular aggregates
falling out of suspension towards the inner cylinder on day 25, though model predicted loss
rates would be low (Drapeau et al., 1994). We observed a light coating of E. huxleyi material
on the inner cylinder for both day 22 and day 25. We could not discern if the PC2 results
were representing a skewed sampling of the floc material because it was not possible to
collect this material from the Couette chambers quantitatively at the conclusion of the
coagulation incubations without disturbing the particle size spectra greatly.

Despite the possible sources of experimentally induced changes that could skew our
understanding of TEP association on days 22 and 25, the PCA findings suggest that a
greater abundance of AB stained cells existed on day 25, creating more circular aggregates.
In comparison to day 22, the increase in AB stained cells on day 25 could have resulted in
relative depression of HMW-dCAP from the sample medium. The accumulation of CAP
exudates on the coccosphere may have been facilitated by the slowed detachment rate of
coccoliths observed for days 23-25. Theory and studies suggest the chemical sticky nature
of TEP or CAP enhance coagulation. Indeed, the slope and the coagulation efficiency results
are higher on day 25 confirming that there was a greater loss of monomers during the

coagulation experiment (Table 4.3).

4.5. Implications for TEP Association on Aggregate Settling and Strength

The canonical view of TEP involvement in phytoplankton aggregation is that late in the
bloom when cells are reaching senescence TEP is abundant and cell aggregation begins
(Alldredge et al. 1993; Kigrboe and Hansen, 1993; Passow et al., 1994). Results from select

studies conflict with this prevailing model of TEP-facilitated aggregation. For example,
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there can be aggregation before cell senescence occurs (Hill, 1992; Kigrboe et al., 1994;
Dam and Drapeau, 1995; Passow and Alldredge, 1995a) or, conversely, there can be little
sedimentation despite high concentrations of TEP and cells (Pitcher et al., 1991; Kigrboe et
al,, 1998). Therefore, having chemically sticky TEP occurring late in the bloom when
nutrients are depleted (Smetacek and Pollehne, 1986; Hoagland et al., 1993; Passow, 2002)
is not a necessity or always sufficient for flocculation to occur (Passow and Alldredge,
1995a). Surface colloid and coagulation/flocculation theory suggest that weak flocs will
result from coagulation with little involvement of a coagulation aid (e.g., organic polymers)
much like flocs formed by charge patch flocculation, such as at the turbidity maximum of an
estuary (Edzwald et al., 1974; Somasundaran, 2006). Therefore, the capacity for the floc to
resist disaggregation as it settles through the surface ocean might be highly dependent on
the form of TEP involvement (free and enclosed TEP, or AB cells) with cells that developed
during the initial stages of aggregation. Mass sedimentation of phytoplankton is most likely
to occur once the theoretical critical concentration (Jackson and Kigrboe, 1998) of cells has
occurred and the magnitude of export is enhanced by initial low coagulation efficiencies
allowing for a buildup of biomass in the euphotic zone (Jackson and Lochmann, 1993).
Therefore shifts in TEP abundance, TEP association with cells, and TEP chemical
composition during a bloom has not only a controlling effect on the robustness of
aggregates, but on the magnitude of export as well.

We propose a model for the role of TEP on coagulation that encompasses the above
scenarios from past studies as well as data from this study by addressing concepts from
flocculation theory (Somasundaran, 2006) and carrying capacity organic matter (Passow
2004; Passow and De La Rocha, 2006). This model, represented in Fig. 4.5, relates the
organic matter glue abundance and arrangement to floc, or aggregate, formation
mechanisms and robustness. As such Fig. 4.5 represents a theoretical model of how TEP
arrangement within an aggregate can affect the sinking velocity and fate of the aggregate as
drag forces act on its sinking surface. For a given abundance of TEP, cell density, size, and
morphology the association of TEP is varied from dominating the aggregate material to
being limited to the cell surface (Fig. 4.5 a-c). Cells entrained in large amorphous clumps of
TEP (entrained TEP) can either have negligible sinking rates or be neutral or positively

buoyant (Fig. 4.5). Examples of such aggregates have been discussed in Kigrboe et al.
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(1998), Azetsu-Scott and Passow (2004), and Azetsu-Scott and Niven (2005). These follow
most closely the type of flocculation referred to as network flocculation (Somasundaran,
2006; Fig. 4.5a).

The commonly proposed configuration of TEP in phytoplankton aggregates is free TEP
binding together phytoplankton cells (Fig. 4.5b). Many phytoplankton aggregates depicted
in previous studies show these types of associations between TEP with cells and other
particle debris (Krank and Milligan, 1988; Azam and Long, 2001; Passow, 2002). These
aggregates have been described as delicate (Alldredge and Gotschalk, 1989; Alldredge et al.,
1990) and require in situ sampling by SCUBA divers. Such aggregates often originate from
diatom blooms and relate most closely to charge patch flocculation, which is similar in
strength to salt-induced flocculation. The strength of these aggregates lies between that of
aggregates created by charge neutralization and bridging flocculation (Somasundaran,
2006 and references therein). As these aggregates settle, shear acts on the downward
facing side of the aggregates resulting in deformation, erosion and possible breakup
initiated at the bottom aggregate surface (Hill, 1998).

Fig. 4.5c shows another configuration of TEP within a phytoplankton aggregate where
cells are coated with TEP forming tightly packed aggregates. In this instance, the surface
coating of TEP acts as a bridging flocculant that function like springs between particles
reaching beyond the repulsive barrier linking two or more particles together. Depending
on the chemical composition of the bridging flocculant, when flexible these polymers move
to accommodate pressures due to shear (e.g., up to 10-3 s at surface when binding
particles of 10 pm radius), thus, allowing for the particles to rearrange their configuration
leaving the aggregate intact (Somasundaran, 2006 and references therein). Examples of
bridging flocculation would include heavily ballasted aggregates typically small and
spherical in shape (Hamm, 2002; Passow and De La Rocha, 2006; Engel et al., 2009a;
Biermann and Engel, 2010; Iversen and Ploug, 2010). The later have been shown to achieve
greater settling velocity rates in rotating tanks (Engel et al., 20093, Biermann and Engel,
2010; Iversen and Ploug, 2010). Thus, cell-cell binding might yield small aggregates and
rapid sedimentation of cells without aggregate break up and resuspension at the density

gradient of the mixed layer.
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5. Conclusions

Coccolithophores have been shown to be an important species for carbon export (Honjo,
1982; Cadée, 1985; Riemann, 1989; de Wilde et al., 1998). This is the first study to show the
coagulation efficiency of a coccolithophore, Emiliania huxleyi. We found coagulation
efficiency to increase as cell growth rates decreased (i.e., as a bloom progresses). The
coagulation efficiencies were in range to those reported in previous studies for diatoms at
similar growth stages, despite different laminar shear flow levels used to cause cell
collisions.

We found coagulation efficiencies of replicate Couette coagulation experiments to be
reproducible when a systematic method was used to assess the cut-off between material
smaller than cells and everything larger. Additionally, there was variation in the rate at
which cells were lost to the formation of aggregates that was dependent on what the
numerical value assigned as the monomer diameter. Thus, reproducibility of the Couette
coagulation experiments increased when the change in particle abundance with time, or
slope, was averaged for the whole monomer peak.

The study revealed Couette coagulation at < 1 s'! caused coccoliths to be sheared from
the cell surface. Natural and shear induced loss of coccoliths only occurred for the 2007
experiments using a culture where >99% of the cells were calcifying. The interaction of
detached coccoliths in the coagulation of cells was negligible-coccolith abundances were
shown to increase during the coagulation experiment instead of decrease. Our findings
show that coagulation efficiency for cells at similar growth rates were enhanced by the
presence of CaCO3, which we hypothesize is due to Ca?*-a divalent cation shown to be
important for promoting chemical associations between CAP polymers as well as organic
polymers, in general (de Jong et al., 1979, 1976; Verdugo and Santschi, 2010).

Coagulation efficiency was found to be variable at low growth rates as seen in Kahl et al.
(2008) and we propose this was an effect of the type of interaction TEP had with cells,
either as free TEP or AB cells. The later yielded higher coagulation efficiencies and we
argue using examples from flocculation theory such aggregates would resist disaggregation
from shear better than aggregates formed by free TEP gluing cells together and settle at
rates faster than cells entrained within large matrices of TEP. Hence, including data on the

form of TEP and its association with cells and aggregates along transects of
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coccolithophore blooms (from the center to edge or old to new) would increase our ability

to predict when and if there will be mass sedimentation of the bloom material.
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Table 4.1. Biogeochemical properties of chemostat experiment day

Experiment Experiment Total Alkalinity at Cells
Year Growth Rate Day Total N Total P Chlorophyll-a PIC/POC 31.5 PSU x10°
(@™ (umol I (umol I (umol I (UM/uM) (umol kg™) #mi™

2006 025 + 0.02 26 0.84 + 0.20 0.00 n.s. 0.21 2128 + 83 4.59
0.05 £ 0.10 34 0.75 = 0.01 0.00 n.s. 0.53 1592 + 74 2.90

0.05 + 0.03 40 0.67 + 0.02 0.00 n.s. 0.63 1296 + 122 2.63

2007 0.63 + 0.03 10 0.74 0.00 0.022 + 0.000 043 + 0.39 1815 2.04
0.35 + 0.00 14 0.52 0.00 0.015 + 0.001 0.15 + 0.04 1424 2.86

0.03 + 0.00 22 0.70 0.00 0.010 + 0.001 0.17 = 0.11 1045 2.88

012 + 0.08 25 0.31 0.00 0.011 + 0.000 0.16 + 0.20 1095 3.12

n.s.- not sampled

Table 4.1. Biogeochemical properties of chemostat on experiment days including total N (nitrate, nitrite, and ammonia), total
P (phosphate), chlorophyll-a, PIC/POC, total alkalinity, and cell number per milliliter. Chlorophyll-a data was not determined
in 2006. Data from Koch (2007) and Borchard et al. (2011).
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Table 4.2. Results for 2006 and 2007 TEP (o1, TEPmicro, Coulter Counter particles (CCP) and TEP particle volume fractions (®)

Cell Corrected TEP TEP micro fractions
Vol. Conc. of
Sample TEPcoior TEPmicro P CCP  Total Vol. Conc. Vol. Conc. of AB stained Vol. Conc. of
ID TEPolor per cell o TEPmicro coccoliths cells aggregates
L (P XG
(Mg XGeql) eqgcell) (Ppm) (ppm) (ppm) (Ppm) (ppm) (ppm)
2006
day 26, 0.25 + 0.02
chemostat 130 + 580 0.29 n.s. 22.9 n.s. n.s. n.s. n.s.
A final 175 + 397 0.45 3.3 22.8 " " " "
B final 925 + 513 2.23 " 24.1 " " " "
C final 250 + 380 0.63 " 21.8 " " " "
day 34, 0.05+0.10
chemostat 856 + 373 2.14 n.s. 23.8 n.s. n.s. n.s. n.s.
A final 792 + 602 1.97 4.1 23.0 " " " "
C final 820 % 530 2.08 " 22.9 " " " "
day 40, 0.05 £ 0.03
chemostat 1161 % 500 2.79 n.s. 19.8 n.s. n.s. n.s. n.s.
A final 295 + 259 0.80 5.9 18.6 " " " "
C final 290 + 847 0.76 6.4 18.5 " " " "
2007
day 10, 0.63 £0.03
chemostat b.d. b.d. n.s. 26.2 n.s. n.s. n.s. n.s.
C final " " 0.19 = 0.08 254 0.22 + 0.08 0.002 % 0.0001 0.03 £ 0.00 0.15 £ 0.08
D final " " 0.28 = 0.00 29.8 032 £+ 0.01 0.002 %+ 0.0006 0.03 + 0.01 0.23 % 0.01
day 14, 0.35 £ 0.00
chemostat 126 * 115 0.44 n.s. 62.0 n.s. n.s. n.s. n.s.
C final b.d. b.d. 0.20 = 0.01 28.0 031 £+ 0.03 0.01 % 0.001 010 £ 0.04 0.12 % 0.02
D final " " 0.177 £+ 0.00 281 026 * 0.05 0.01 % 0.001 0.07 £ 0.05 0.11 £ 0.00
day 22, 0.03 £0.00
chemostat 556 + 197 1.93 n.s. 39.2 n.s. n.s. n.s. n.s.
C final 181 £ 167 0.63 073 = 014 214 078 + 016 0.01 % 0.005 0.03 %+ 0.01 0.64 0.12
D final 76 += 172 0.25 1.00 + 049 217 1.04 + 052 0.01 = 0.003 0.02 %+ 0.02 091 0.43

continued
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Table 4.2., 2007 continued

Cell Corrected TEP TEPmicro fractions
Vol. Conc. of
Sample TEPeoiwr  TEPmico-®@f CCP  Total Vol. Conc. Vol. Conc. of AB stained Vol. Conc. of
ID TEP¢oior per cell o TEPmicro coccoliths cells aggregates
L. (pgXG
(Mg XGeql) eqcel) (Ppm) (ppm) (ppm) (ppm) (ppm) (ppm)

day 25, 0.12 % 0.08

chemostat 717 + 324 2.30 n.s. 24.8 n.s. n.s. n.s. n.s.
C final 825 + 182 3.17 0.75 + 0.05 19.8 091 + 0.07 0.04 =+ 0.005 0.07 + 0.01 051 %= 0.04
D final 751 + 239 2.92 243 + 0.75 19.8 253 + 0.71 0.02 =+ 0.009 0.03 + 0.02 224 + 0.79

n.s. — not sampled

b.d. — below detection; negative corrected TEP and TEP per cell values indicate <100% of cells were coated with Alcian blue, no excess TEP was detected
2006 TEP & values are over estimates (~10x) due to calculating volumes assuming ellipsoid geometry instead of spherical geometry.

Table 4.2. Results for 2006 and 2007 transparent exopolymer particles (TEP) measurements of samples taken for
colorimetric (TEPcolor) and microscope (TEPmicro) techniques and Coulter Counter particles (CCP) particle volume fraction ().
Standard deviation of measurements in parentheses. TEPcoor, TEPcolor per cell, and TEP volume fraction (TEP-®) were
corrected for Alcian blue (AB) adsorption to cell surface (see Methods). TEP-® values from 2006 assumed particles had
ellipsoid geometry instead of standard method of assuming spherical geometry (after Engel, 2009). TEP-® values from 2007
assume spherical geometry of particles (methods after Engel, 2009). TEP-® uses microscope samples and excludes coccoliths
(<3 um) and cells (AB stained cells). Image analysis of TEPmicro Samples used to determine particle volume concentrations of

Alcian blue stained material of different sizes: coccoliths (diameter <3 um), cells (diameter 3-7 um), aggregates (diameter >7
um), and total sample.
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Table 4.3. Coagulation efficiency (a) values

a(x=2 um) (X cut) Ocomplete o
Couette
Experiment Growth Rate Experiment flow Kigrboe et Kigrboe et Kigrboe et Engel
Year (d™ Day device ID al., 1990 al., 1990 al., 1990 2000
2006 025 + 0.02 26 A 0.23 0.23 0.23 0.20
B 0.19 0.19 0.30 0.26
C 0.28 0.28 0.28 0.24
0.05 = 0.10 34 A 0.11 0.17 0.36 0.31
C 0.13 0.18 0.36 0.30
0.05 + 0.03 40 A 0.36 0.58 0.98 0.75
C 0.54 0.97 1.35 1.01
2007 063 + 0.03 10 C 0.13 0.14 0.42 0.41
D 0.17 0.17 0.40 0.40
0.35 + 0.00 14 C 0.11 0.24 0.59 0.58
D 0.18 0.36 0.55 0.55
0.03 + 0.00 22 C -0.45 0.24 0.84 0.81
D -0.65 0.24 0.70 0.67
0.12 £+ 0.08 25 C -0.81 0.08 1.19 1.15
D -0.99 0.09 0.36 0.32

Table 4.3. Coagulation efficiency (a) values calculated after methods of Kigrboe et al. (1990) and Engel (2000). avar
determined using Eq. 5 with cut-off values of 2 um and x*cut. Ocomplete 1S an average of a over the monomer peak calculated
using Eq. 6. o’ values take into account TEP-®.

153



Table 4.4. 2007 Cell diameters and detached coccolith estimates

Relative
No. of
Coulter detache detached
Couett Counter d /

e flow estimate coccolith attached
Growth Rate Experime device dcell d s per coccolith

d™ nt day ID (um) cell’ s
0.63 + 0.03 10 C 5.49 NA NA
D 5.49 NA NA

0.35 + 0.00 14 C 5.28 1.0 0.17
D 5.21 1.0 0.23

0.03 + 0.00 22 C 5.00 2.3 0.49
D 5.14 2.4 0.28

0.12 + 0.08 25 C 5.21 0.8 0.23
D 5.28 1.0 0.17

NA — Not Applicable

Table 4.4. Cell diameter (@) estimate is the diameter of the Coulter Counter cell peak at
time point when aggregation starts; relative number of detached coccoliths per cell, and
number of coccolith layers per cell and detached/attached ratio of coccoliths calculated
using methods of Fritz et al. (1996). Cells from experiment day 10 assumed to show little to
no loss of coccoliths prior to coagulation experiment. tDetached coccoliths normalized to
the number lost on experiment day 14 (mean, 7.2 coccoliths per cell). $Details of
calculations found in Appendix (Appendix Table 4.A1).
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2007 Coagulation Experiment Sugars PCaA
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loadings

10ECCHOD, chemostak
10 ECCHD, experiment
14 tCCHO, chemostat
14 tCCHO, experiment
22 LCCHO, chemostak
22 LCCHOD, experiment
25 tCCHO, chemostat
25 ICCHO, experiment
® 10dCCHO, chemostak
< 10dCCHO, experiment
® 14 dCCHO, chemostat
. 14 dCCHO, experiment
®  22dCCHO, chemostat
o 22dCCHO, experiment
25 dCCHO, chemostak
25 dCCHO, experiment

+ % + % + % ¢

PC 2 (18.7%)

PC 1 (61.4%)

Figure 4.1. Principal components analysis on the 2007 sugar composition data. Variable loadings is scaled up 5x and plotted
with sample site scores on the PC1 and PC2 axes. Experiment days are distinguished by color (blue, day 10; green, day 14; red,
day 22; magenta, day 25). Sample and size fractions are distinguished by symbol (*, chemostat tCCHO; +, coagulation
experiment tCCHO; filled circle, chemostat <0.45 pm-HMW-dCCHO; open circle, coagulation experiment <0.45 pm-HMW-
dCCHO).
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Figure 4.2. Variation in experiment day of 2007 TEPmicro volume concentration (pm3 ml-1 x
104) for each size class as equivalent spherical diameter (ESD) in 1 pm increments. TEP
volume concentration was determined assuming spherical geometry according to Engel,
2009.
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Figure 4.3. a vs. Growth Rate for 2006 and 2007 E. huxleyi chemostat coagulation
experiments. Coagulation efficiency represented as TEP corrected o complete, o’ (Eq. 7).
Open diamonds represent 2006 samples. Closed triangles represent 2007 samples. Error
bars indicate standard deviation of the exponential growth rates. In comparison with the
coagulation experiment performed on Couette flow device C on 2007, day 25 the
experiment performed on Couette flow device D had a low slope (~3x lower) and low R?
(0.78 versus 0.90) fit to the slope. Excluding this sample, a for both years appears have a 2-
phased trend where it increases with growth rate up to a point (~0.1 d1) and then
increases dramatically and replicate coagulation experiments are more variable.
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Figure 4.4a-b. 2007 principal components analysis of parameters related to aggregation:
(a) PC1 site scores and (b) PC1 variable loadings. Parameters include: total coccolith acidic
polylsaccharides (tCAP); <0.45 pum high molecular weight dissolved coccolith acidic
polysaccharides (<0.45 pm-HMW-dCAP); <1000 kDa high molecular weight dissolved
coccolith acidic polysaccharides (<1000 kDa-HMW-dCAP); growth rate; Alcian blue (AB)
stained cells; non-circular aggregates; circular aggregates; total combined carbohydrates
(tCCHO); total uronic acids (tURA); <0.45 pm high molecular weight dissolved uronic acids
(<0.45 pm-HMW-dURA); <1000 kDa high molecular weight dissolved uronic acids (<1000
kDa-HMW-dURA); TEP to chlorophyll-a ratio (TEP:Chl-a); detached coccoliths per cell
(Coccoliths:Cell); total alkalinity; and o.
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Figure 4.4c-d. 2007 principal components analysis of parameters related to aggregation:
(c) PC2 site scores;and (d) PC2 variable loadings. Parameters include: total coccolith acidic
polylsaccharides (tCAP); <0.45 pum high molecular weight dissolved coccolith acidic
polysaccharides (<0.45 pm-HMW-dCAP); <1000 kDa high molecular weight dissolved
coccolith acidic polysaccharides (<1000 kDa-HMW-dCAP); growth rate; Alcian blue (AB)
stained cells; non-circular aggregates; circular aggregates; total combined carbohydrates
(tCCHO); total uronic acids (tURA); <0.45 pm high molecular weight dissolved uronic acids
(<0.45 pm-HMW-dURA); <1000 kDa high molecular weight dissolved uronic acids (<1000
kDa-HMW-dURA); TEP to chlorophyll-a ratio (TEP:Chl-a); detached coccoliths per cell
(Coccoliths:Cell); total alkalinity; and o.
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Figure 4.5. Theoretical schematic showing TEP interaction with cells in flocs and resultant
effect on settling velocity for (a) largely consisting of TEP; (b) “enclosed” TEP and cells; and
(c) AB cells. The result of excess density of aggregates (p) with respect to water density
indicated with upwards (buoyant) or downwards (sinking) arrows. Magnitude of shear
indicated by size of the filled in carrot symbol. The effect of the shear acting on the
aggregate is illustrated at the bottom of each figure. Resultant effect of shear on settling
velocity (SV) of aggregate indicated with filled in arrows.
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CHAPTER 5

Conclusions

1. Summary and Implications of Major Findings

This dissertation investigates two parameters important for estimating and predicting
organic matter export from the surface ocean: controls on the POC/234Th of marine
particles and the coagulation efficiency of algal cells. Specifically, the sources of variability
in POC/234Th and coagulation efficiency of Emiliania huxleyi are studied. The research
explores two methods commonly employed- the 234Th-proxy method for estimating POC
flux, and Couette flow device experiments for experimentally deriving coagulation
efficiency values.

Chapter 2 investigates the sources of variability in the POC/234Th ratio of sinking
particles collected by sediment traps in the northwest Mediterranean Sea. The use of
sediment traps operating in time series and settling velocity modes provided unique
context for the observed POC/234Th ratios allowing associations to be made between
POC/234Th magnitude and marine particle source, biogeochemical processes, and particle
dynamics. Assuming a linear relationship between particle settling velocity and size
(Alldredge and Gotschalk, 1989), this study provides evidence that marine particle source
(e.g., phytoplankton aggregates, zooplankton fecal pellets, degraded biogenic material) has
a stronger influence on the POC/?34Th than the particle size, where POC/234Th ratio scales
with particle volume/surface area ratio (Buesseler et al., 2006). POC/234Th ratios of
particles separated into 11 settling velocity classes ranging from 0.7 to >980 m d-! were
within 30% of one another in spring of 2003 and 2005. Recent studies have documented
nearly constant POC/234Th for filtered particles of different particle sizes (Buesseler et al.,
2006; Waite and Hill, 2006; Speicher et al., 2006; Brew et al., 2009). As reasoning, these
studies cite models that show size invariant POC/234Th of phytoplankton aggregates as
they move up the particle size spectrum (Burd et al,, 2007). The results of this dissertation

suggest an alternative explanation for the lack of variability in POC/?34Th with particle
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settling velocity (i.e., size) observed in this study: the different sources of material in
slower and faster settling particles result in similarly low POC/?34Th due to more rapid
carbon degradation of material in slower settling velocity classes and more rapid carbon
assimilation of material in faster settling velocity classes. We observed that material from
slower settling particle classes (<98 m d-1) contained proportionally more indicators of
bacterially reworked material than the faster settling velocity classes and both contained
biomarkers indicative of zooplankton fecal pellets (Wakeham et al., 2009 and this study).
Additionally, the results of this dissertation suggest that with depth, disaggregation of
rapidly settling particles occurs and subsequently supplies material to the slower settling
particle pool, thus diminishing variability in POC/234Th with settling velocity.

In 2005, settling velocity traps were deployed at several depths. The mean POC/234Th
decreased over a factor of ~3 between 313 and 1918 m due to a factor of ~2 decrease in
mean POC and a ~1.3 increase in mean 234Th. A surprising outcome of the settling velocity
data with depth was to learn that 234Th of settling velocity classes <49 m d-! remained
constant from 313 to 1918 m and increased in the faster settling particles (98-980 m d-1)
between 524 to 1918 m. Unlike the conclusions of Cai et al. (2006), the decay of 234Th was
not detectable despite the 28-1991 days needed for particles settling at rates <49 m d-! to
transit the distance between 524 and 1918 m. Either 1) the decay was perfectly balanced
by additional scavenging of 234Th onto the slowly settling particle classes or 2) a portion of
the fast settling particles disaggregated, injecting 234Th into slowly settling particle class
material at depth. Continued scavenging of 234Th by the faster settling particles may also
have occurred. We observed an increase in 234Th with depth for the 5 settling velocity
classes ranging from 98 to 980 m d-1. Although DYFAMED has been considered an open
ocean site (Andersen and Prieur, 2000) an increase in lithogenics, opal (Lee et al., 2009)
and bulk mass (Martin et al., 2009) have been observed in deep water. Bulk mass of fast
settling particles within the deep trap were slightly lower than at 524 m; however, an
increase in the pseudo-Kgs of lithogenic material and opal for the deep trap may indicate
the possibility of adsorption of 234Th onto resuspended sediments. This could account for a
small portion of the increase in 234Th at 1918 m.

Chapter 3 results show large changes in the POC/234Th of filterable particles over short

timescales at DYFAMED in spring of 2005. Additionally, this study provides evidence that
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pumps and traps do not collect the same material despite similar magnitudes in POC/234Th.
Other studies have also observed large variability in the large particle fraction (>53, >70
um) POC/?34Th ratio when compared to bulk trap-collected POC/234Th ratios (Hung and
Gong, 2010 and references therein). Yet, the POC/?34Th of the large pump fraction has
traditionally been applied to the 234Th deficit to estimate POC flux (Bacon et al., 1996;
Buesseler et al., 2006). In part, this variability in pump-derived POC/?34Th ratios and POC
fluxes has prompted numerous 234Th flux programs over the past 13 years to measure the
POC/234Th of three or more size fractions (Moran et al., 2003; Smith et al., 2006; Speicher et
al., 2006; Waite and Hill, 2006; Burd et al., 2007; Brew et al., 2009; Lepore et al., 2009). And
recently a group of studies have recommended using the POC/234Th of small to
intermediate sized (e.g., 1-10 um, 10-53 um) filterable particles (Hung et al., 2010; Hung
and Gong, 2010; Hung et al,, 2012). In addition to the high variability of the large particle
fraction POC/234Th, this recommendation is motivated by the observed similarity in the
POC/234Th of the small to intermediate sized pump fractions and that of sediment traps
(Hung et al., 2010; Hung and Gong, 2010; Lepore et al., 2009; Buesseler et al., 2006; Waite
and Hill, 2006). Indeed, we observed good agreement (within a factor of 2, Buesseler et al.,
2006) of the 1-70 pm small particle (SP) fraction and trap ratios. However, the results of
this chapter refute the assumption that correlation between POC/?34Th of the SP fraction
and trap represents a correlation in the material collected by each method. The SP fraction
contained fresh algal biomarkers of coccolithophores and diatoms, whereas traps
contained biomarkers indicative of fecal pellets and bacterially degraded organic matter.
Abramson et al. (2010) reached the same conclusion using PCA analysis of organic matter
composition from the of the pump fractions and TS sediment trap material collected during
2003 and 2005 MedFlux spring field seasons.

The pigment composition of the filterable particles indicated lateral advection and
vertical mixing occurred as well as large short-term changes (5 d) in POC/?34Th (1.7-3x)
and 234Th deficits (2-7x) at 300 m. The compound ratio of the diatom pigment fucoxanthin
to Chl a was 5x higher at 100 and 150 m in March than all other pump fraction samples.
This may indicate lateral advection of diatom material to the site. A striking finding that
was also reported in Abramson et al. (2010) was the presence of Chl a in the SP fraction

deep below the euphotic zone (600-1800 m) in March indicating either disaggregation of
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rapidly settling fresh algal material or physical advection of small particles. An
anomalously strong winter-early spring mixing event occurred in the northwest
Mediterranean in 2005 (Marty and Chiavérini, 2010; Miquel et al., 2011) that may have
transported the fresh algal material to deep waters. Selecting a POC/?34Th that is
representative of the majority of sinking material that created the measured water column
234Th deficit may not be possible at all oceanic sites. Savoye et al. (2006) advised using a
non-steady-state 234Th flux model to account for water advection and mixing. Even further
complicating efforts to measure a representative POC/234Th are the short-term changes in
biological community structure (e.g., phytoplankton and zooplankton) that can occur
within the several week timeframe (Beninca et al., 2008) that the 234Th deficit is recording
particle flux (Cochran and Masqué, 2003). In conjunction with Cochran et al. (2009) and
Stewart et al. (2007), the results of this dissertation indicate the 234Th proxy method
cannot be applied with any confidence at the DYFAMED site. Our results suggest that facile
application of the 234Th proxy for POC flux is unwise and that considerable effort must be
expended to constrain its validity in any given oceanic region.

In Chapter 4, we used Couette flow devices to experimentally derive coagulation
efficiencies (o) of Emiliania huxleyi for the first time. In chemostat experiments conducted
in 2006 and 2007, E. huxleyi were grown at different growth rates and we assessed the
relationship of cell coagulation efficiency with cell growth rate and indicators of cell
stickiness. Analogs for cell stickiness that were characterized include the sugar
composition of high molecular weight dissolved material and the abundance of transparent
exopolymer particles (TEP). This study provides evidence that cells have higher a values at
lower growth rates. Our results indicate that conditions of high TEP abundance and cell
calcite coverage yield higher coagulation efficiencies of E. huxleyi. Based on our findings we
propose that the method by which TEP is included within an aggregate (e.g., TEP matrix
embedding cells, free TEP gluing cells together, or exopolymer coating on cells leading to
cell-cell contacts) could influence aggregate strength and its likelihood to sink intact
beyond the mixed layer.

For relatively high growth rates (>0.1 d-1) we estimated reproducible a values

(variability, £9%) that were in range of those reported in previous studies for diatoms at
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similar growth stages (o, 0-0.25). Yet, at low growth rates replicate coagulation
experiments yielded high a values that were variable (£24%). Kahl et al. (2008) also noted
greater variability of o for senescent diatom cells. Overall, 2007 coagulation efficiency
values were higher than those estimated at similar growth rates in 2006 most likely due to
a higher percentage of calcified cells in 2007 (>99% calcified in 2007 and ~60% calcified in
2006). Principal components analysis of parameters important to coagulation in 2007
showed PC1 to represent 54.1% of the variability in samples and was dominated by the
difference in cell growth rates, TEP : Chl a, and number of detached coccoliths per cell. PC2
(19.2% variability explained) is consistent with differences in characteristics of the cell
medium on the first and second experiment day at each dilution rate; these differences
could have contributed to higher a values on the second experiment day. The second
experiment day exhibited higher amounts of Alcian blue stained cells (AB cells), circular
aggregates, and total carbohydrates. This suggests a build up of exopolymeric material, and
E. huxleyi cell surfaces led to more successful rates of cell attachment upon collision.

This dissertation demonstrates that the type of interaction TEP has with cells may affect
coagulation efficiency, perhaps playing a role in the variability of o at low growth rates. AB-
stained exopolymeric material on E. huxleyi cell surfaces increases particle surface area and
contact sites (Alldredge and McGillivary, 1991) and acts as a bridging flocculant between
cells whose sticking would be enhanced when there is full coverage of Ca?*-bearing calcite
shells on coccospheres. Coccolith associated polysaccharides are known to preferentially
bind Ca?* over other divalent cations (de Jong et al., 1976; Borman et al., 1982) allowing
for polymer bridges to form (Decho, 1990; Leppard, 1995; Mopper et al., 1995). Organic
polymers acting as bridging flocculants have the capacity to deform like springs while
continuing to bind particles to each other (Somasundaran, 2006). The robustness
confirmed on these cell-cell type aggregates might allow for successful passage through the
mixed layer and more efficient sedimentation of algal bloom material. Indeed, in situ
observations of sinking aggregates in mid-waters (below the mixed layer, 100-500 m) were
found to have decreasing spherical shape (more ellipsoid) with increasing diameters and

increasing settling velocities (Pilskaln et al., 1998) possibly indicating the role of flexible
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exopolymer coatings on cell surfaces allowing for shear induced modification of aggregate
morphology without particle fragmentation (Fig. 4.5c).

In contrast, fragile flocs often consisting of diatoms and other organic debris typifies
cell-TEP type sticking (Fig. 4.5b) and would be sheared apart when sinking at similar rates
due to nonuniformity in aggregate composition yielding up sites within the TEP-cell bond
that cannot withstand surface shear stresses (Alldredge et al., 1990; Hill, 1998). Snapping
polymers within diatom aggregates have been observed when aggregates were exposed to
energy dissipation rates similar to that measured in the upper mixed layer and thermocline
waters under low wind conditions (10-2 cm? s-3; Alldredge et al., 1990). Export of
aggregates dominated by a matrix of TEP with cells or particles embedded (Fig. 4.5a)
would not be expected as these aggregates have been observed in the lab and field to be
neutrally or positively buoyant (Atezsu-Scott and Passow, 2004; Azetsu-Scott and Niven,
2005; Mari, 2008; Wurl and Holmes, 2008). Hence, this dissertation suggests that including
data on the form of TEP and its association with cells and aggregates along transects of
coccolithophore blooms (from the center to edge or old to new) would increase our ability

to predict when and if there will be mass sedimentation of the bloom material.

2. Recommendations and Directions for Future Research

Characterization of the organic chemical composition of filterable fractions and
sediment trap material proved to be an important discriminating factor in the comparison
of particle collection techniques (Abramson et al., 2010). The novel application of chemical
composition data to POC/?34Th variability studies was essential for evaluating a
representative POC/234Th for the 234Th approach. The analysis of organic composition is
necessary to determine the particle biogenic source and biogeochemical processes, which
this dissertation showed to be a controlling factor on POC/234Th. The findings of this
dissertation demonstrate the need for future 234Th flux programs to validate quantitative
comparisons of POC/234Th between pump-filtered size fractions and bulk material derived
from trap or filtered bottle material. Abramson et al. (2010) showed that organic
geochemical analysis of pump fractions following the detection of 234Th and subsampling
for POC is feasible. Other potential methods for assessing the comparability of the pump

fractions with sinking material are microscopic comparisons of pump and trap material
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(e.g., scanning electron microscope imaging; Hung et al., 2012) and flow cytometry of
material at the base of the photic zone or plankton and zooplankton tows to reveal
epipelagic community structure.

Results of this dissertation point out compelling issues for the application of the 234Th
proxy method for POC flux. Our findings stress the necessity to make extensive efforts to
evaluate the field site conditions to determine if the 234Th approach would yield accurate
estimates of POC export. Further recommendations follow directly from current
publications of best practices for the 234Th flux (Buesseler et al., 2006; Rutgers van der
Loeff etal.,, 2006) and sediment trap (Gardner, 1997; Gardner, 2000; Buesseler et al., 2007)
field programs. Non-steady state models of 234Th flux should be applied to water column
data, which requires repeatedly occupying field sites within 1-4 weeks (Savoye et al,,
2006). Deploying sediment traps at depths adjacent to pump casts will allow for
comparisons to be made between pump and trap material. Efforts should be made to follow
recommendations issued for prevention of trap inefficiencies and degradation of collected
material (Buesseler et al,, 2007; Hung et al,, 2012). Additionally, the oceanic site should be
characterized by all data available, for example: CTD casts for hydrography, satellite sea
surface temperature and chlorophyll, and current meters and Acoustic Doppler Current
Profilers above traps and within euphotic zone to assess horizontal and vertical mixing and
infer trap performance.

The DYFAMED site in the northwestern Mediterranean Sea was shown to be a
suboptimal location for the 234Th approach. In addition to the methods recommended here,
the feasibility of acquiring accurate estimates of the POC flux is contingent upon the
characteristics of the selected ocean region. Sites where traditional application of the large
particle POC/234Th to the water column 234Th deficit may not be feasible include: areas of
coastal upwelling and terrestrial inputs; equatorial upwelling systems; eddy systems (e.g.,
Hawaii Ocean Time-series Study site, Sargasso Sea, Canary Current); locations having
dynamic fronts (e.g., Patagonian Shelf); regions known to have acidic acid polysaccharides
that preferentially bind 234Th (e.g., Gulf of Mexico, Baltic Sea); and regions known for
having a dynamic succession of phytoplankton and zooplankton community structure
rendering the large fraction POC/?34Th highly variable (e.g., Mediterranean Sea). Some

sample sites might be more accommodating for the 234Th approach than others. The
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traditional use of the large pump fraction POC/?34Th might be limited to areas where
primary production is dominated by diatom blooms (large cells) in an open ocean setting
and the export can be generally described as one dimensional and vertical (e.g., high
latitudes-North Atlantic). Areas where the application of the POC/234Th from the small to
intermediate pump fractions might best be applied to the 234Th water column deficit are
oligotrophic regions where flux is dominated by small cells (Richards and Jackson, 2007;
Hung et al., 2012) and coccolithophore blooms where relatively low energy conditions
promote a coccolithophore bloom following a diatom bloom (North Atlantic-south of
Iceland, Southwest Pacific-south of New Zealand and the Tasman Sea). Using the POC/234Th
from sinking particles sampled by sediment trap might work equally well where small to
intermediate pump fractions are employed. In addition the trap POC/234Th might best
represent the POC/234Th ratio of flux where fecal pellets dominate the export (e.g.,
DYFAMED, Abramson et al., 2010).

The findings of this research highlight the importance of cell calcification, and TEP
abundance and quality (e.g., coccolith associated polysaccharides), on the coagulation
efficiency of Emiliania huxleyi. It would be interesting to test if these findings extend to in
situ observations of Emiliania huxleyi blooms. Sampling along a transect of an E. huxleyi
bloom, extending from the bloom center (low growth rate of cells, high detached coccolith:
attached coccolith ratio) to edge (cells in exponential stage of growth, lower cell densities)
would allow for the effects of coccolith detachment and coccolith coverage as well as cell
growth rate and exudate abundances and composition to be studied. Samples collected
along the transect could be used for Couette flow coagulation experiments performed on
board. These coagulation efficiencies could be related to TEP abundance, size spectra, and
coverage on cells, CCHO composition (including CAP) of the HMW dissolved pool, and
calcification of the cells. Additionally, revisiting the same bloom days later might allow
characterization of how lateral advection might cause changes in the density changes in
particles along the transect. Measurements along this transect might show how cell and
TEP density changes affect collision frequency and coagulation efficiency of cells.
Furthermore if there are clear trends in coagulation efficiency along the transect,
researchers might be motivated to mathematically relate coagulation efficiency to ocean

color. Armed with data from such a field program, one might be able to use ocean color to
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predict zones where cell coagulation, aggregation, and export are highly probable, then
validate these predictions with short-term sediment trap deployments. High temporal
resolution of coccolithophore bloom dynamics would be useful for such work. A possible
candidate would be the hyper-spectral satellite sensors on the Sentinel-5-Precursor
planned to launch in 2014 that would provide global coverage within 2 days yielding

resolution of weeks instead of monthly averages (Sadeghi et al,, 2012).
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Appendix A
Chapter 3

Hydrography at the DYFAMED site during the 2005 MedFlux expedition

Important water masses at the DYFAMED site during the MedFlux sampling include
Atlantic Water (AW; 0-200 m), Levantine Intermediate Water (LIW; 400-600 m) and
Western Mediterranean Deep Water (WMDW). In addition, the depth zone of 100-200 m is
often characterized by Modified Atlantic Water (MAW). The MAW is relatively warm (14-
15°C), but temperatures can be variable distinguished by its characteristic eastward motion
and susceptibility to physical mixing and air-sea interactions. At the Strait of Gibraltar, AW
starts with a salinity of ~36.5-37.5 PSU and as it moves eastward as MAW its salinity
increases (38.0-38.3 PSU; Millot, 1999; Smith et al. 2008). MAW is difficult to identify
especially during the long mixing periods of the winter (Dec -May) while in the Ligurian
subbasin adjacent to the westward flowing Northern Current (NC; Millot, 1999). The
distinction between water masses becomes muted due to strong northwesterly winds
advecting and mixing in water from the North Current (Béthoux et al. 1988, Millot, 1999).
This water mass is sometimes referred to as the Western Intermediate Water (WIW; Millot,
1999). We observe that the MAW transitioned to the WIW at 60 m for all sampling dates in
March (Fig. 3.A2). The underlying WIW originates around 60 m and persists to ~150 m on
9 March 2005 and to ~200 m on 13, 14 March (Fig. 3.A2a-c). In general the data show a
weak density gradient and thermocline within the depth range of 200-300 m (Fig. 3.A2a-c).

Underlying the zone of convergence for the MAW and WIW is the LIW, typically between
400-600 m. The LIW has a potential temperature of ~13.2°C and salinities 38.45-38.75 PSU.
All of the water masses within the upper 600 m can be homogenized due to violent mixing
resulting from wind induced density instability of the water column (Marty and Chiavérini,
2010). We see evidence of this on 13 - 14 March 2005 (Fig. 3.A2b, c). Below the salinity
maximum (~38.6 PSU), presumably the LIW core, we see a strong density gradient after
which temperature and salinity decrease (Fig. 3.A2). The WMDW, formed from the deep
convection of the AW and LIW, lies within the western basin centered at ~2000 m (Smith
et al. 2008, La Violette 1994).
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Table 3.A1. Sample collection dates and depths
Sample Collection

Year Method Date sampled Depths sampled (m)
2005 SV1 4 March-28 April 524, 1918
Sv2 " 313, 524, 924, 1918
TS “ 313,924
pump 9 March 2, 25, 60, 100, 150, 200, 300, 350, 400, 600, 800, 1200, 1500, 1800
pump 14 March 5, 25, 50, 75, 100, 150, 200, 300, 350, 400, 500, 600, 800, 900
pump 30 April 0, 25, 35, 50, 75, 100, 125, 150, 200, 300, 500, 750

Table 3.A1. Dates and depths sampled at DYFAMED spring 2005 by IRSC sediment trap (settling velocity and time series
mode) and in situ pumps.
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Table 3.A2. Settling Velocity sediment trap POC/>*Th and compound ratios

Settling Velocity (phide +
Depth class POC/?*Tht fuco: phytin: pyro):
(m) TrapID (md™) (umol dpm™) Chla Chla Chla
313 Sv2 0.68-5.4 1.02 * 0.04 0.00 4.09 6.2
5.4-11 1.59 * 0.18 1.15 0.95 8.1
11-22 2.22 * 0.23 1.17 0.89 7.2
22-49 1.42 * 0.13 1.10 0.88 8.7
49-98 1.64 * 0.12 0.87 0.79 7.7
98-140 1.26 * 0.11 0.74 0.65 5.9
140-196 1.21 * 0.10 1.13 0.87 9.0
196-326 1.04 * 0.05 0.95 0.80 6.7
326-490 0.93 * 0.05 1.05 1.05 8.1
490-980 1.32 * 0.07 1.08 0.96 8.0
>980 1.82 * 0.22 1.03 0.95 7.5
Weighted Avg 2.76 * 0.10 0.83 1.49 7.39
524 SV1 0.68-5.4 0.92 * 0.04 0.95 0.85 3.9
5.4-11 0.88 * 0.02 0.97 1.12 5.6
11-22 1.09 * 0.03 1.08 0.79 7.4
22-49 0.93 * 0.03 0.69 0.88 6.0
49-98 1.18 * 0.05 1.46 0.79 8.9
98-140 1.16 * 0.06 0.00 1.13 6.0
140-196 1.12 * 0.05 0.00 0.94 6.6
196-326 1.38 * 0.07 0.00 0.77 6.2
326-490 1.41 * 0.08 1.18 0.93 71
490-980 1.04 * 0.05 0.00 0.72 7.4
>980 0.85 * 0.03 1.12 1.03 6.0
Weighted Avg 099 +  0.02 0.55  0.85 6.30
SV2 0.68-5.4 1.48 + 0.10 1.03 0.05 2.6
5.4-11 1.02 + 0.03 0.00 9.12 4.8
11-22 0.83 + 0.03 1.00 0.28 4.1
22-49 0.84 + 0.03 1.24 0.98 8.6
49-98 1.11 + 0.05 1.28 1.21 8.7
98-140 1.00 + 0.05 1.09 0.79 4.4
140-196 0.73 + 0.03 1.28 0.61 4.6
196-326 0.80 * 0.03 1.23 0.91 5.3
326-490 0.85 * 0.04 0.00 0.84 7.4
490-980 1.79 * 0.09 1.48 1.08 9.4
>980 0.85 * 0.02 1.20 1.16 6.4
Weighted Avg 0.93 + 0.02 1.04 0.93 6.11
Continued
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Settling Velocity

(phide +

Depth class POC/?*Tht fuco: phytin: pyro):
(m) Trap ID (md™) (umol dpm™) Chla Chla Chla
1918  SV1 0.68-5.4 1.13 t 0.06 0.94 1.08 3.0

5.4-11 0.46 t 0.01 0.80 1.04 5.9
11-22 0.43 t 0.01 0.99 0.90 5.9
22-49 0.40 t 0.01 1.01 1.02 7.3
49-98 0.49 t 0.02 0.00 1.52 10.1
98-140 0.69 t 0.03 1.47 1.01 8.7
140-196 0.50 t 0.02 0.00 1.53 7.0
196-326 0.51 t 0.02 0.00 1.35 10.2
326-490 0.66 t 0.04 0.00 1.18 8.7
490-980 0.75 t 0.04 0.00 1.51 6.9
>980 0.44 + 0.01 0.97 1.06 7.6
Weighted Avg 0.50 * 0.01 0.29 1.29 7.50
Sv2 0.68-5.4 1.38 + 0.15 0.00 2.52 7.21
5.4-11 0.45 + 0.01 1.09 1.27 577
11-22 0.45 + 0.01 1.16 1.15 4.96
22-49 0.40 + 0.01 0.87 1.37 6.00
49-98 0.35 + 0.01 0.00 1.04 6.60
98-140 0.30 + 0.01 0.96 0.85 7.19
140-196 0.56 + 0.02 0.00 1.68 8.10
196-326 0.61 + 0.03 0.00 1.77 7.79
326-490 0.58 + 0.03 0.00 1.99 7.77
490-980 0.56 + 0.02 0.00 0.68 5.15
>980 0.40 + 0.01 0.97 1.26 7.62
Weighted Avg 044 = 0.01 0.19 1.50 6.89

Table 3.A2. Settling velocity sediment trap POC/234Th and pigment compound ratios.
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a

Fig. 3.A1. Depth profiles for chlorophyll-a (ug 1'') and total 234Th activity (dpm I-1) plotted
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Figure 3.A2. 6-S plots based on CTD cast data for sampling days at the time of sediment
trap deployment and retrieval: (a) 9 March, (b) 13 March, (c) 14 March.
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APPENDIX B

Chapter 4

Coagulation theory-coagulation kernel

The equation for the rectilinear version of the laminar shear coagulation kernel for
particles with i and j elemental particles having radii of r; and rj, respectively, is

4 [e
i 5\/;(” o) (4.A1)

where ¢ is the turbulence kinetic energy dissipation rate (m? s-3) and y is the kinematic
viscosity (m? s'1). The shear rate equals V(g/y). Rewriting Eq. 4.A1 in terms of mean shear
rate, G (s'1), and diameter (d) we have

_ A= /93
Bij = 3G(di/2 +d;/2) (4.A2)

where G is the laminar flow in the annular space between Couette Chamber cylinders and
is given by:
2 2) -1

G =Adrw -1y, (17 — 13 (4.A3)

where w is the angular velocity (s'1) and r1 and r2 are the inner and outer radii,
respectively (van Duuren, 1968).

For the case of a monodisperse system d; = d; = d1, the diameter of the elemental particle,
a cell Eq. 4.A2 reduces to

(4.A4)

Using Eq. 4.A4, the coagulation rate B11C 140 from Eq. 1 can be put in terms of the solid
volume fraction, > im1 Viinitial or & (ppm) and is expressed as

_ — 13— 8G (1 —3 — 8G | —
ﬁ1101<t — 0) = 8-G'6df'cl,im’tml = 7 <67Td? : Cl,im’tial) = ? (¢ ’ Cl»im”al). (4A5)

Estimates of detached coccoliths-comparison of methods
Coccolith detachment was estimated by 3 methods: Coulter Counter PSD, image analysis

of microscope samples, and calculations based on Fritz and Balch (1996) (Table 4.A1). The
number of free coccoliths in the experiment medium prior to aggregation ranges from ~1

210



to 17 coccoliths per cell, increasing with decreasing growth rate. The estimates vary
depending on the method used, however there is good agreement between estimates for
most replicate coagulation experiments (Table 4.A1). The difference in the free coccolith
per cell estimates may be explained by the different sources for these samples: Coulter
Counter estimates were estimated from PSD of medium used within Couette flow device at
a sampling time of 1 min (sampled from the chemostat overflow) and image analysis
estimates were determined from size analysis of alcian blue stained microscope samples,
which used medium collected at the end of the coagulation experiment.

In addition, the assumptions used to distinguish coccoliths in each technique may have
affected the accuracy of each method. The Coulter Counter method and image analysis
method likely put an upper and lower limit on the detached coccolith per cell values,
respectively. Particles <x*.,c were assumed to be coccoliths in the PSD. It is possible the
Coulter Counter method for enumerating free coccoliths might have included other cellular
debris. Image analysis samples were limited to tracking those particles (coccoliths, cells,
aggregates, etc) that were stained by Alcian blue dye. Thus, it is likely that the dramatic
difference in image analysis derived values for experiment day 14 were in part due to low
amounts of stainable exopolymer material coating particle surfaces.

In this study, cells were light and nutrient limited, stressors shown to increase coccolith
detachment rates (Fritz and Balch, 1996 and Fritz, 1999, respectively). Yet, calculated
detached estimates were on the low range of those reported elsewhere for Emiliania
huxleyi grown as continuous cultures at low growth rates (Fritz and Balch, 1996; Fritz,
1999). According to the Fritz (1999) study, at growth rates of 0.67 to 0.2 d-1, cells
experienced coccolith losses of 9 — 27 coccoliths cell-1. Additionally, Fritz and Balch (1996)
and Fritz (1999) found good agreement between calculated and measured detachment
rates. However, for this study, the calculated coccolith detachment per cell values were
lower than those measured by Coulter Counter (~1.25x lower) and image analysis samples
(~2.5x lower) (Table 4.A1).

The predominant difference between the procedures for assessing coccolith abundance
in this study versus that of Fritz and Balch (1996) and Fritz (1999) is the sampling
frequency and duration. Coccolith abundances were determined using material from the
over flow, not the within the chemostat vessel. Coccolith abundances estimated by Coulter
Counter and image analysis were determined on the experiment day only once after the
over flow collection period of 1.5 to 3 d (for 0.3 and 0.1 d-! dilution rates, respectively) had
ended. Whereas the study conducted by Fritz (1999) measured coccolith each day for 5-10
days at each growth rate and samples were taken from the continuous culture vessel. This
may indicate a requisite for accurate coccolith detachment rates for cells of different
growth rates is frequent sampling and sampling over a long durations of time, such that the
sampling duration minimizes the effect of changing detachment to dilution rate ratios.

We used the Coulter Counter-derived detached coccoliths per cell to determine the
relative difference between different experiment days (Table 4.4). Balch et al. (1993)
reported that cells lost coccoliths in “modes” respective of the cells current nutrient level
and the number of coccoliths layers covering the cell when the cell was actively dividing. It
is sufficient for the means of this study to note that the measured and calculated coccolith
losses per cell were similar in order of magnitude to one another (Table 4.A1) and within
range of those observed in other experiments (Fritz, 1999).
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Exploratory data analysis-Gauss model fitting of the PSD

In an attempt to robustly quantify the loss of monomers over the coagulation
incubations while representing the characteristic shape and magnitude of the cell peak
observed from the Coulter Counter PSD we chose to fit the monomer data to a Gaussian
distribution using the likelihood method. Moreover, according to coagulation theory the
decrement of total abundance of particles with time should be accompanied by the increase
in numbers of particle larger than monomers, starting with dimers, trimers and so forth.
Hence we fit double Gaussian curves to the data one centered at the ESD of the monomers
(cells) and one centered at the estimated ESD of the dimer (di+d;). Admittedly the time
resolution of the evolution of the PSD is not fine enough to capture all dimer formation;
however, if significant coagulation occurred an increase in dimers should be evident.

The maximum likelihood method is a statistical technique provides parameter estimates
with associated confidence intervals (Edwards, 1992; Hilborn and Mangel, 1997). As per
common practice, we employ the use of the logarithm of the likelihood, log(likelihood),
which facilitates the comparison of likelihood values that are themselves very small
numbers (Edwards, 1992). The maximum likelihood approach prescribes the use of a
parameter referred to as the maximum likelihood estimate that reveals the value for the
parameters with the most support from the data. As such, finding the maximum likelihood
estimate is equivalent to minimizing the negative log(likelihood). The equation used to
minimize the negative log(likelihood) is

n - 2
nllog(o) + %ZOQ(QW)] + Z %
- (4.A5)

where the terms within the sigma are based on a Gaussian error distribution between the
predicted values and the data. Y; represents the error function of the combined two
Gaussian peaks, that of the monomer and dimer curves, summing from the largest part of
the particle size distribution to a designated cut-off value on the left shoulder of the
monomer curve where it is lowest before going up again due to inclusion of cellular debris
such as coccoliths (see Fig. 4.A1). The cumulative sum is discretized bin-by-bin with bin
designations established by the Coulter Counter. The sum of the data points going from
right to left in the PSD are represented as m. The number of data points is n, representing
the number of bins used, and the standard deviation between the predicted double
Gaussian peaks and the actual data is o.

The maximum likelihood analysis was carried using a simulated annealing (SA)
algorithm that was a modification of the C program written by R.A. Armstrong for Collier et
al. (2012). The model was run for each time point of every experiment separately for
individual xc. values that varied between 2.5 and 4.5 pm (n = 8550; 17 experiments, 6 to 9
time points each, 45 different cut off values). To automate the algorithm runs, Bash and
Python scripts were written by W.C. Chow and implemented by J.S. Chow. Inputs for a
single experiment includes the Coulter Counter derived PSD (mean of 3 runs) for each time
point. The model metropolizes on the number concentration data for the Coulter Counter
designated bins one time point at a time. Pertinent input values for the SA model run are
the estimated lower and upper bounds on the integral probability for the monomer
Gaussian distribution and the dimer Gaussian distribution integrating from 60 pm to the
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cut-off value, henceforth referred to as M and Diot. Additional input parameters include
the model for the monomer Gaussian curve (mean mono, Standard deviation omono) and the
cut-off value, xcut. The SA method is used to find an acceptable solution in a relatively short
period of time optimizing for the parameters Mot, Dtot, llmono, and Omono. Output for each
experiment model run yields the sum of gathered statistics for each time point (optimal
Miot, Dtot, mono, and Gmono) as well as the cumulative sum of number concentration of
particles for the Gaussian model results of the monomer distribution. An output value for
the Gaussian cumulative sum is reported for each Coulter Counter designated bin from the
largest particle class (260 pm) to the lowest (< cut-off value, Xcut).

To get better estimates of parameter values numerous calls were made to the random
number generator and the SA model was run 10 times for each experiment. The application
of the SA algorithm required ~300 hours of computing time using 38 machines for the 17
number of coagulation experiments. The seed for the random number generator was set to
the current time of the system clock time for each run, thus ensuring a unique seed for each

model run. An a value was calculated for each experiment where 221 Cit of each time
point was used to estimate slope was the Gaussian cumulative sum from the model output.
Coagulation efficiency, a, was estimated for each of the 10 runs and then averaged. These
values were not significantly different than those obtained using the Coulter Counter PSD
data applying x"cut and Olcomplete (EQ. 6). Overall, the data analysis showed there is a very low
signal to noise ratio for the experiments performed here. Yet, the consistent trend in a
values with growth rate across experiment years and replicate coagulation experiments
suggest this method’s utility to look at broad changes in cell coagulation when cell
conditions are changed.
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Table 4.A1. Detached coccolith per cell estimates

No. of detached coccoliths per cell

Growth Rate Coulter Image
(d™ Day DeviceID Counter Analysis Calculated’
0.63 + 0.03 10 C NA NA NA
D NA NA NA
0.35 = 0.00 14 C 7.4 12101 5.6
D 7.0 1.7+0.6 7.3
0.03 = 0.00 22 C 16.8 53+£0.6 10.2
D 171 6.1+£0.8 9.0
0.12 = 0.08 25 C 5.9 44 +0A1 7.3
D 71 7.0+£4.9 5.6

NA — not applicable

Table 4.A1. Detached coccoliths per cell estimates determined using Coulter Counter and
Alcian blue stained microscope samples (Image Analysis). Detached coccolith volume is the
% of total particle volume of <x*.. particles determined using Coulter Counter data. Data
for microscope samples were evaluated by first using the circularity tool and particle sizing
to semi-automatically enumerate coccoliths and cells. Cells from experiment day 10
assumed to show little to no loss of coccoliths prior to coagulation experiment. tDay 14, 22,
and 25 change in diameter per coccolith was calculated as 0.048 pm and cumulative
coccoliths per cell was calculated as 32, except for day 22 Couette flow device C where it

was 0.39 um and 21 coccoliths.
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Table 4.A2. Sugar composition

Day Sample ID CCHO %Gal-URA+
(umol C 1) %Fuc %Rha %Ara+GalN %GIcN %Gal %Gilc %Man+Xyl Glc-URA
2006, <0.45 yum HMW-dCCHO
26 chemostat 15.46 6.26 (0.23) 6.31 (0.12) 141 (0.4) - 14.7 (1.0) 41.3 (1.8) 7.57 (0.55) 9.74 (3.15)
34 36.46 9.37 (0.16) 17.2 (0.1) 14.0 (0.1) - 21.5 (0.0) 214 (0.3) 8.03 (0.22) 850 (1.64)
40 47.15 991 (0.13) 216 (0.2) 16.2 (0.1) - 23.3 (0.4) 14.6 (0.4) 811 (0.27) 6.21 (1.06)
2007, tCCHO
10  chemostat 37.44 117 (0.01) 583 (0.14) 6.28 (0.02) 0.80 (0.03) 9.73 (0.09) 483 (0.4) 8.96 (0.04) 19.0 0.2)
C 14.38 261 (0.04) 389 (3.2 237 (0.01) - 6.37 (0.67) 11.8 (1.1) 5.04 (0.28) 329 (8.4)
D 10.29 225 (0.06) 399 (3.6) 293 (0.34) - 5.21 (0.44) 131 (0.5) 561 (0.16) 30.9 (8.0)
14 chemostat 44.92 099 (0.01) 1.75 (0.03) 574 (0.03) 0.35 (0.01) 445 (0.07) 713 (0.3) 3.17 (0.01) 122 0.2)
C 54.14 1.39 (0.01) 742 (0.01) 212 (0.00) - 540 (0.05) 817 (0.8) 1.05 (0.02) 0.97 (0.44)
D 26.91 110 (0.00) 0.67 (0.00) 2.19 (0.00) - 20.3 (0.0) 73.2 (0.0) 249 (0.00) 0.01 (0.00)
22 chemostat 94.08 144 (0.01) 527 (0.13) 735 (0.09) 056 (0.02) 6.56 (0.03) 549 (0.0) 134 (0.1) 10.5 0.2)
C 36.96 3.10 (0.15) 369 (0.3) 3.34 (0.23) - 6.40 (0.62) 239 (2.2) 129 (0.07) 251 (0.43)
D 32.34 3,51 (0.30) 40.1 (4.1) 2.91 (0.05) - 3,57 (0.03) 244 (0.1) 1.18 (0.09) 243 (0.91)
25  chemostat 91.99 135 (0.02) 456 (0.02) 7.87 (0.02) 0.57 (0.00) 586 (0.04) 544 (0.2) 13.9 (0.1) 11.5 0.2)
C 76.77 196 (0.01) 128 (0.2) 3.09 (0.06) - 482 (0.19) 728 (1.3) 254 (0.14) 2.03 (0.80)
2007, <0.45 um HMW-dCCHO
10  chemostat 9.97 266 (0.12) 582 (0.20) 16.1 (0.6) 1.81 (0.01) 113 (0.0) 23.0 (0.1) 20.0 (0.6) 19.2 (0.6)
C 6.01 3.05 (0.41) - 230 (0.34) - 476 (4.34) 104 (8.24) 275 (0.00) 76.7 (6.57)
D 4.66 213 (0.09) 862 (0.00) 1.09 (0.07) - 0.70 (0.00) 7.77 (2.10) 294 (1.61) 76.7 (40.6)
14 chemostat 7.41 249 (0.01) 1.85 (0.05) 22.0 (0.3) 124 (0.01) 7.82 (0.19) 294 (0.5) 17.6 (0.7) 17.5 (0.6)
C 12.23 5,79 (0.07) 6.27 (0.00) 9.22 (0.02) - 17.8 (0.2) 414 (1.3) 12.6 (0.1) 6.98 0.1)
D 3.64 268 (0.00) 0.88 (0.00) 7.63 (0.00) - 304 (0.0) 51.2 (0.0) 7.18 (0.00) 0.08 (0.00)
22 chemostat 26.28 294 (0.05) 6.37 (0.05) 19.7 (0.5) 110 (0.00) 822 (0.08) 153 (0.1) 24.7 (0.5) 21.7 (0.4)
C 13.48 5.06 (0.06) 20.7 (2.0) 8.19  (0.28) - 3.76 (0.28) 543 (0.04) 7.43 (0.45) 494 (2.3)
D 10.71 291 (0.08) 344 (1.2) 714  (0.12) - 10.2 (0.1) 6.53 (0.64) 492 (0.18) 33.9 (0.3)
continued
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Table 4.A2. 2007, <0.45 ym HMW-dCCHO, continued

Day Sample ID CCHO %Gal-URA+
(umol C M) %Fuc %Rha %Ara+GalN %GIcN %Gal %Gilc Y%Man+Xyl Glc-URA
25  chemostat 27.46 277 (0.07) 6.46 (0.22) 20.6 (0.1) 0.98 (0.03) 846 (0.10) 171 (0.4) 22.7 (0.2) 20.8 (1.4)
C 11.21 735 (0.23) 7.83 (0.06) 15.8 (0.4) - 15.6 (0.3) 23.7 (0.5) 19.3 (0.3) 10.5 0.1)
D 10.07 9.54 (0.00) 8.79 (0.00) 144 (0.0) - 355 (0.0) 24.5 (0.0) 7.24 (0.00) 0.02 (0.00)
2007, <1000 kDa HUW-dCCHO
10 C 7.25 279 (0.22) 234 (0.18) 6.97 (0.14) 293 (0.69) 7.04 (0.21) 351 (0.6) 33.0 (0.6) 9.89 (2.4)
D 15.98 - - 440 (0.24) 1.36 (0.01) 0.31 (0.04) - 289 (0.05) 1.79 (0.02) 89.2 (0.65)
14 C 9.24 233 (0.56) 250 (0.10) 6.76  (0.06) - 520 (0.15) 66.3 (0.3) 6.67 (0.00) 103 (1.1)
D 5.85 282 (0.00) 1.87 (0.00) 6.63 (0.000 218 (0.00) 12.8 (0.0) 64.6 (0.0) 5,50 (0.00) 3.55 (0.00)
22 C 35.05 172 (0.12) 298 (0.21) 893 (0.13) 0.27 (0.06) 13.7 (1.2) 61.9 (4.9) 8.83 (0.93) 1.71 (0.02)
D 21.89 164 (0.08) 16.7 (0.9) 243  (0.01) - 2.07 (0.03) 16.3 (0.1) 1.70 (0.11) 59.2 (2.8)
25 C 13.15 522 (0.54) 481 (0.38) 14.0 (0.5) - 15.3 (0.1) 39.6 (1.0) 211 (2.7) -
D 10.51 5.05 (0.00) 197 (0.00) 11.8 (0.0) 111 (0.00) 17.5 (0.0) 51.2 (0.0) 819 (0.00) 3.17  (0.00)

Table 4.A2. Composition of sugars (mol%) for each size fraction (total: tCCHO and colloidal: <0.45-HMW-dCCHO and <1000
kDA-HMW-dCCHO) for each growth rate in 2006 and 2007. Also shown are the sum of all sugar concentrations for each
sample (pmol I-1). Values are mean values and standard deviations (in parentheses) of two injections of each sample.
Combined carbohydrate samples include the following sugars: fucose (Fuc), rhamnose (Rha), arabinose (Ara)+galactosamine
(GalN) (quantified together due to coelution), glucosamine (GIcN), galactose (Gal), glucose (Glc), mannose (Man)+xylose (Xyl)
(quantified together due to co-elution), galacturonic acid (Gal-URA)+glucuronic acid (Glc-URA) (quantified together due to co-
elution in coagulation experiment samples). Samples for 2006 were limited to the dissolved fraction.
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Table 4.A3. 2007 correlated coefficients of chemical and physical data associated with coagulation

Alcian
Det. <1000kDa- <1000kDa- <0.45um- <0.45um- Blue
Growth Total liths: HMW- HMW- HMW- HMW- stained
Rate  Alkalinity cell TEP:Chl-a dURA dCAP dCAP dURA tCHHO cells
a -0.55 -0.55 0.30 0.53 0.35 0.36 0.48 -0.36 0.64 0.31
Total Alkalinity ~ 1.00 — - - — - - - - -
Det. liths : cell  -0.93 -0.93 - - - - - - - -
TEP:Chl-a -0.94 -0.97 0.88 - - - - - - -
<1000kDa-
HMW-dCAP 0.89 0.85 - - - - - -
<0.45um-HMW-
dCAP -0.51 -0.48 0.38 0.37 - - - - -
tCHHO  -0.62 -0.67 0.52 0.02 0.75 - - - -
tCAP 0.62 0.77 0.37 0.60 0.40 - - 0.32
tURA  -0.69 -0.68 0.57 0.68 0.58 -0.15 - -0.52
Alcian blue
stained cells 0.02 -0.02 -0.27 0.21 -0.52 -0.08 -0.12 -0.42 0.55 -
Circular
Aggregates  -0.36 -0.43 0.49 0.61 -0.28 0.69 -0.12 -0.38 0.67 0.34
Non-circular
Aggregates  -0.56 -0.58 0.59 0.26 0.09 -0.13 0.33 -0.39

Not significant: <0.78
Significant (p<0.05): 0.78-0.82 (in italics).
Highly Significant (p<0.01): >0.82 (in bold)

Table 4.A3. 2007 correlated coefficients of chemical and physical data associated with coagulation. Abbreviations for
variables: Det.- detached; Lith - coccoliths; <1000 kDa-HMW-d - <1000 kDa high molecular weight dissolved; CAP - colloidal
acidic polysaccharides; URA - uronic acids (galacturonic acid and glucuronic acid); t - total; AB - Alcian blue.
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Table 4.A4. Summary of a results
a Source
0-0.98 Kigrboe & Hansen (1993)
0.001-0.13 Drapeau et al. (1994)
0.01-0.6 Kigrboe et al. (1994)
8 x 10° Passow et al. (1994)
0.03-0.8 Dam & Drapeau (1995)

0-0.7 Hansen & Kigrboe (1997)
~0-0.4 Kigrboe et al. (1998)
<0.1-1 Engel (2000)

0.15-0.37  Vieira et al. (2008)
0.2-1.15  This study

Table 4.A4. Summary of a results from this and previous studies.
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Fig. 4.A1. Example of difference in raw (Coulter Counter enumerated) and Gauss (model results) particles size distribution.
For all experiments and time points we see the same trend: 1) raw PSD have higher abundances of particles left of the cell peak
(~5 um) indicating the presence of coccoliths (<3 pm); 2) steeper shoulders than the Gauss model results (Raw-Gauss is <0);
3) monomer peak is higher than predicted by Gauss model results (peak near 5 um); and the right shoulder of the raw PSD is
broader than the Gauss model results (broader dip on right of peak ~6-7 um and slight elevation above 0 from ~8 um to 15
pum).
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Figure 4.A3a. 2006 avar (light shade of color) and acomplete (dark shade of color) for
experiments at different growth rates.
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Figure 4.A3b. 2007 avar (light shade of color) and acomplete (dark shade of color) for
experiments at different growth rates.
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Figure 4.A4. 2007 % of total CCP volume comprised of particles smaller than monomers (coccoliths) for each coagulation
experiment.
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