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This thesis presents improvements to a method for measuring the production of
biogenic silica (bSiO,) by diatoms, a group of microscopic algae with siliceous cell walls
(frustules) that dominate the marine cycling of silicon (Si) and account for a significant
proportion of global marine primary productivity. Using the fluorescent dye PDMPO,
diatom bSiO; can be labeled as it is produced and then quantified using fluorometry to
determine community-wide bSiO, production. A distinct advantage of PDMPO over
more traditional tracers of bSiO, production is that the combination of measurements of
PDMPO by fluorometry and by fluorescence microscopy allows for the quantification of
cell (and thus taxa) specific bSiO, production within a mixed community. However, the
robustness of PDMPO as a quantitative tracer of diatom bSiO, production has not been
sufficiently investigated. To address this, experiments were conducted both in the lab,
and at two field locations where diatoms are known to be abundant, namely the
continental shelf off the west coast of Vancouver Island, and Saanich Inlet, a highly

productive fjord located on southern Vancouver Island.

Laboratory culture experiments demonstrated that concentrations of PDMPO
>500 nmol L™ reduced growth rate in the diatom Thalassiosira pseudonana, and affected
the Si:PDMPO ratio of incorporation. The relationship between SiO, and PDMPO
incorporation was significantly affected by diatom species, though this effect was small
(8%) when cells were lysed. From these experiments, a Si:PDMPO incorporation ratio of
4200 % 380:1 was determined, which predicted 30% more bSiO, production for PDMPO
incorporation than previous studies, and better agreed with bSiO, production rates
determined using established methods in Saanich Inlet. However, bSiO, production rates
were over-estimated by the PDMPO method when rates were less than 1 umol L™* d. In
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a few cases, this occurred when dinoflagellates were numerically dominant, but for the
majority of samples, dinoflagellates were low in abundance, and over-estimation by

PDMPO may be related to low dissolved Si(OH), concentration.

Protocols for quantifying PDMPO fluorescence by microscopy were optimized by
using a low numerical aperture microscope objective. Additionally, measurements of
fluorescence intensity were calibrated using a fluorescent microscope slide as a standard,
which served to correct for unevenness of illumination across the field of view. With
these protocol modifications, quantification of PDMPO by microscopy agreed with
PDMPO measured by fluorometry. When PDMPO was measured by microscopy in the
field, the contribution of diatom taxa to PDMPO fluorescence differed from their
contribution to cell numbers. In many cases this was due to large diatom taxa producing
more bSiO; per cell than smaller taxa. However, much of the difference between cell
numbers and PDMPO fluorescence was not explained by differences in cell size. This
suggests that the diatom taxa had different specific bSiO, production rates, which could
be estimated using PDMPO. This thesis highlights the strength of the PDMPO tracer for
understanding diatom community dynamics. The use of PDMPO should allow the
relationship between diatom community composition, growth and productivity to be

better illuminated in the oceans.
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Glossary of Terms

2P — Two photon. Two photon microscopy is an optical sectioning method that excites
and detects fluorescence by scanning a focused spot of light across the field of view.
Absolute fluorescence — When fluorescence intensity is quantified as a numerical value,
such that it can be compared with measurements from a separate sample.

Bqg — Becquerel. Unit of radioactivity. Equivalent to one radioactive decay per second.
Brightfield microscopy — When white light is transmitted through a sample and detected
through a microscope.

bSiO, — Particulate biogenic silica. In seawater, mostly from diatom frustules. A
component of total particulate SiO, in field samples, as particulate SiO, in marine waters
is composed of biogenic and lithogenic fractions.

Bulk — Used in this thesis to refer to a measurement of the whole community, when all
cells present in a sample are collected on a filter and then analyzed together.
Calibration image — Image of a calibration slide. An average image of 10 different
fields of view of a calibration slide.

Calibration slide — A fluorescent slide used as a standard to calibrate illumination
intensity and flat-field correct images of fluorescence for quantitative microscopy.
CCMP — National Center for Marine Algae and Microbiota strain.

Chl a — Chlorophyll a. Pigment central to photosynthesis in autotrophic organisms, and
often used as an indicator of autotrophic biomass.

Ci — Curie. Unit of radioactive activity. Equivalent to 3.7 x 10™° Bq.

CTD - Conductivity, temperature and depth sensor package. Used to profile
conductivity and temperature with depth through the water column, and may be equipped
with additional sensors such as for chlorophyll a fluorescence and irradiance.

DPM- Disintegration per minute. The number of decays of a radioactive substance (e.g.
%25j) that occur during one minute.

Emission — Light released from a fluorophore during fluorescence.

ESAW - Enriched seawater, artificial water. Artificial seawater medium for the culture
of diatoms. Recipe described in Berges et al. (2001).

Excitation — The absorbance of light by a fluorophore that causes the electrons in a
fluorophore to reach a higher energy level. When the fluorophore returns to its ground
state fluorescence is emitted.

FOV — Field of view. The area of a slide visible through the oculars, or captured as an
image by a camera using a microscope.

Flat-field correction — When fluorescence intensities measured from a sample image are
normalized to a calibration image. This corrects for unevenness in illumination (and
therefore fluorescence detected) across the field of view. The fluorescence intensity of
each pixel within the sample image is divided by the intensity of the pixel at the same
location within the field of view from the calibration image.

Frustule — SiO, cell wall of diatoms.

FSW — Filtered sea water. Filtered to remove particle larger than 0.7 pum.

GF — Glass fiber filter.

Incorporation — The process by which a constituent becomes part of a diatom cell.



Xix
iIPDMPO - PDMPO incorporated into cells, quantified by fluorescence microscopy.
Ksi — The half saturation constant for Si(OH)4. The concentration of Si(OH),4 at which
uptake rate is half the maximum rate.

Linear mixed effects model - A linear model that accounts for non-independence of
measurements by imposing a grouping structure between measurements. Follows the
same form as a linear model, except with multiple values for b (intercept), each
corresponding to a different group.

Linear model - Relationship between two parameters in the form y = mx + b.

Ln — Natural logarithm.

Mountant — Substance applied to a sample on a microscope slide which is subsequently
covered with a coverslip.

n — The number of replicate samples.

NA — Numerical aperture. A measure of the range of angles of light that can be captured
by a microscope objective lens.

NOjs - Nitrate. The dominant form of bioavailable nitrogen in high nutrient seawater. In
some cases, NOs™ values reported represent the total concentration of NO3™ and nitrite
(NOy) as these species were not distinguished during analysis in this thesis.

NO; - Nitrite. A form of bioavailable nitrogen in seawater.

Optical sectioning — Method for microscopic imaging in which images are captured
from precisely focused planes at regular intervals throughout the cell depth.

PC — Polycarbonate, a type of plastic.

PDMPO - 2-(4-pyridyl)-5-((4-(2-dimethylaminoethylaminocarbamoyl)methoxy)-
phenyl)oxazole. Also known as Lysosensor DND-160, a fluorescent dye manufactured
by Life Technologies.

Plane of focus — The region where generation and collection of fluorescence by a
microscope is maximal.

PP- Polyproylene, a type of plastic.

pPDMPO — PDMPO incorporated into particles. In this thesis, samples were filtered,
diatom frustules were digested, and the PDMPO concentration determined by
measurement on a fluorometer.

PO, — Orthophosphate. In this thesis, refers to dissolved inorganic phosphorus in the
form of PO, and HPO, which are the forms readily taken up by phytoplankton.
Primary productivity - Rate of organic carbon production by autotrophic organisms.
R — Language and environment for statistical analysis and graphics.

Relative fluorescence —The proportion of PDMPO fluorescence for different cells (or
species) determined within the same microscope slide.

S - Salinity.

SA - Surface area. In this thesis, it may refer to the surface area of a diatom cell, or the
total surface area of a taxonomic group within an assemblage.

SA:V — Surface area to volume ratio.

SD — Standard deviation.

SDV - Silicon deposition vesicle. The acidic vesicle where polymerization of SiO,
occurs within a diatom.

SE — Standard error. SD divided by the square root of n.

Si — The element silicon.

%03j _ A stable isotope of silicon, 3% of natural isotope abundance.
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%25j _ A radioactive isotope of silicon. Used as a tracer for measuring gross bSiO,
production rates.

SiO, — Silica. Abbreviation of SiO;-nH-,0O, the chemical form of silicon in diatom
frustules.

Si(OH), — Silicic acid. Dissolved form of Si which is most abundant in seawater and
taken up by diatom cells.

Si:PDMPO - The ratio of Si to PDMPO incorporated into a diatom frustule.

Stoke’s shift — The difference in wavelengths between excitation and emission spectra of
a fluorophore.

T- Temperature.

Uptake — Transport of a constituent across the cell membrane.

Vppomro — PDMPO incorporation for a genus normalized to its cumulative surface area,
and a proxy for specific SiO, production rate.

Widefield microscopy — Fluorescence microscopy that simultaneously illuminates and
detects the entire FOV.

A[SiO;] — The concentration of SiO, produced by diatoms since the addition of PDMPO.
1 - Growth rate. The number of cell divisions per day (units of d™).

p— bSiO, production rate. In units of pmol Si0, L™ d?

pneT — Net biogenic silica production rate. Determined as the difference between bSiO,
concentration between the start and end of a given period of time.

peross— Gross biogenic silica production rate. Determined using the tracer **Si.
prompo — Biogenic silica production rate determined using PDMPO.



Chapter 1. General Introduction

1.1. Introduction

Marine diatoms are microscopic phytoplankton which are responsible for ~40% of
marine primary productivity (Nelson et al. 1995). For my thesis, | have improved and
implemented a technique that uses a fluorescent tracer quantified by fluorometry and
microscopy to investigate diatom silica production. The following introduction begins
with a brief history of diatoms and microscopy, and continues with an overview of the
role of diatoms in the marine carbon and silicon cycles. This is followed by a discussion
of different approaches to quantify diatom productivity, and finally the focus and outline
of this thesis.

1.2. A Brief History of Diatoms and Microscopy

“In all the range of microscopic research there is confessedly nothing which offers more
seductive attraction than that department of botany which comprises the Diatomaceae”
-Johnston, in The Lens (1872)

Ever since their first observation in 1703 (Mr. C 1703), people have been fascinated by
diatoms. The beauty of their ornate geometric shapes has been appreciated since we first
had the power to see them. Although the anonymous country gentleman Mr. C was the
first to unambiguously describe and sketch diatom cells when he discovered them in a
ditch, the study of diatoms was limited by the resolution of microscopes at the time
(Round et al. 1990). Not until the 1800s were microscopes good enough to resolve

diatom structures beyond the outline of the cell (Bradbury and Turner 1967).

Once microscopy had advanced sufficiently to distinguish different species of diatoms,
research into aspects of diatom biology flourished. Many topics investigated during this
time are still actively studied today, though techniques have advanced. Light microscopy
allowed the classification of different diatom species based on morphology (Walker-
Arnott 1860; Bessey 1900), and the taxonomic relationships of diatom species are



currently still investigated, aided by modern phylogenetic techniques (Theriot 2010).
Early diatomists observed seasonal changes in diatom abundance, and commented on the
causes of such fluctuations (Donkin 1858). The factors controlling diatom abundance
and biomass are still explored, and have been greatly aided by the development of
computer models that account for environmental and biological factors (e.g. Collins et al.
2009). Inan 1889 publication, Kain used diatom species composition from sediments to
infer the paleo-environment in which they had grown. Diatoms are used in contemporary
studies as indicators of past nutrient availability and productivity, although using more
sophisticated techniques such as stable silicon (Si) isotope ratios (Hendry and Brzezinski
2014). Both the structure and synthesis of diatom frustules were investigated by early
diatomists (Durkee 1884; Cox 1885; Palmer and Keeley 1900), a research area that has
profited from further advancements in microscopy such as the capability to image
fluorescently labelled cellular structures (Hazelaar et al. 2005; Heredia et al. 2008;
Tesson and Hildebrand 2010a).

While advances in microscopy allowed for increased investigation of diatoms, diatoms
in turn facilitated advances in microscopy. Starting in the 1820s, microscopists used test
objects to determine the capabilities of their microscope configurations, a process that
was crucial to the development of microscopy (Schickore 2003). Due to their fine scale
geometric features, diatoms were preferred as test objects (Hogg 1869; Round et al.
1990), with Spitta (1920) even recommending several different diatom species, each
optimal for testing a different microscopic capability. Competition among gentleman
scholars ensued to describe more and more details of different diatom frustules (Round et
al. 1990). But despite much interest in their appearance, understanding of diatom biology
was limited in the 19" century. Debate about whether diatoms were plants or animals
continued into the 1850s, at which point they were generally agreed to be “plants”
(Round et al. 1990).

Today, we have a much better understanding of diatom biology, as well as the
significant role that diatoms play in marine and freshwater ecosystems and global

biogeochemical cycles. The magnitude of the importance of diatoms on a global scale
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likely could not have been imagined by the diatomists of two centuries ago, and advances

in microscopy continue to improve our understanding of the ecology and physiology of
diatoms. Yet the aesthetic fascination with diatoms remains timeless, as is evident in the
leading role that diatoms play in contemporary microscopic art (Nikon Instruments Inc.
2013).

1.3. Diatoms and the Carbon Cycle

Diatoms are autotrophic organisms which use energy from sunlight to convert carbon
dioxide (COy) into organic carbon. They play a large role in global carbon (C) cycling,
and are responsible for an estimated 20% of global primary productivity, a share larger
than that of all tropical rainforests (Nelson et al. 1995; Field et al. 1998). In the marine
environment, the biomass of primary producers at the bottom of a food web is the
dominant determinant of the biomass of higher trophic levels (Ware and Thomson 2005;
Chassot et al. 2010). Among the phytoplankton, diatoms tend to dominate in regions of
high primary productivity (Nelson et al. 1995), such as high nutrient upwelling and
coastal regions (Lalli and Parsons 1997). These are areas which also support productive
fisheries, and therefore diatom biomass is an important determinant of fisheries

productivity.

Diatoms also impact the global C cycle through their contribution to the biological C
pump, the process by which C is moved from the atmosphere and surface ocean to the
deep ocean by biologically produced particles. When diatoms grow, they fix CO, in the
surface ocean, and when they die, some fraction of this C sinks to the deep ocean. The
biological C pump is responsible for 75% of the 15% higher dissolved inorganic C
concentrations in the deep ocean relative to the surface (Riebesell et al., 2007; Sarmiento
and Gruber, 2006). As a result, the biological C pump is important for C sequestration
away from the atmosphere, as the deep ocean is the largest non-rock C reservoir on the
planet and C is stored there on time scales of ~1000 years (Emerson and Hedges 2008).
Carbon sequestration in the ocean is important for mitigating the increase in atmospheric

CO;, concentrations due to human activities that has occurred over the past ~200 years



(Falkowski 2000), and the oceans have already absorbed 30% of anthropogenic CO,
emissions (Le Quéré et al. 2015). Export of C via the biological pump has likely
occurred at a constant rate over the time scale of anthropogenic emissions, but if it were

to change in magnitude it could have substantial implications for carbon sequestration.

Atmospheric concentrations of CO, affect global climate, and it has been hypothesized
that past changes in phytoplankton, primarily diatom, productivity could be partially
responsible for glacial-interglacial climate transitions (Martin 1990; Tréguer 2002; de
Baar et al. 2005). Diatoms are thought to be particularly efficient at removing CO, from
the surface ocean, and are often responsible for the majority of new and export
production (Dugdale and Wilkerson 1998; Marchetti et al. 2010). This has been observed
even in regions where diatoms are low in abundance (Brzezinski et al. 1998; Dugdale and
Wilkerson 1998; Krause et al. 2009; Dugdale et al. 2011), although in some instances
they may contribute less to C export if they are efficiently grazed (Benitez-Nelson et al.
2007). Diatoms are effective at exporting carbon to the deep ocean because they often
sink rapidly which minimizes respiration of their carbon in the surface ocean. Large
diatoms sink especially fast (Kemp et al. 2000; Mosseri et al. 2008), as do those species
that form aggregates (Alldredge and Gotschalk 1989; Passow et al. 2003). Additionally,
when diatoms are grazed, their silica frustules serve as ballast for the fecal pellets
generated, enhancing carbon export to depth (Honjo et al. 2008). Since diatoms are
important for both the fixation of C into organic matter and the sequestration of C in deep
waters, determining the controls on the productivity of diatoms is important to our

understanding of the global carbon cycle and its response to anthropogenic perturbations.

1.4. Diatoms and the Silicon Cycle

Unlike other groups of phytoplankton, diatoms require silicon (Si). They take up Si in
the form of silicic acid (Si(OH)4, Del Amo and Brzezinski, 1999), which they use to build
frustules of non-crystalline hydrated opal, with the chemical form SiO, « nH,O (Krdger
2007; Armbrust 2009). Silicic acid uptake requires cellular energy (Azam et al. 1974)

and increases cell density requiring diatom cells to expend even more energy to resist



sinking out of the sunlit euphotic zone (Raven and Waite 2004). Therefore, the silica
(SiOy) cell wall must confer some selective advantage to compensate for these
physiological costs. However, there is still speculation about what this advantage might
be. Raven and Waite (2004) suggest many possible functions for the silica frustule such
as grazer protection, turgor resistance and buffering carbonic anhydrase activity. Diatom
frustules also affect light entering the cell; for example, they may focus light (De Stefano
et al. 2007) or reduce UV radiation reaching the cell (Ingalls et al. 2010). Although
producing a SiO; frustule requires energy, it requires less than the production of potential
alternatives such as polysaccharides or lignin (Martin-Jézéquel et al. 2000). Interestingly,
ancestral diatoms did not have SiO; frustules, and evolved to produce them at a time
when Si(OH), concentrations in seawater were much higher than today (Raven and Waite
2004).

Presently, Si(OH), concentrations are low in much of the surface ocean (Sarmiento and
Gruber 2006), and may limit the growth of diatoms. Silicon cycling in the ocean is
largely controlled by diatoms, and a single atom of Si will cycle through 25 different
diatom cells before it is buried at the sea floor (Tréguer and De La Rocha 2012).
Although diatom productivity may be limited directly by Si(OH), availability (Martin-
Jézéquel et al. 2000; Dugdale et al. 2011), the amount of Si per cell (the cellular Si
quota), is flexible and may vary with respect to other cellular constituents such as C and
nitrogen (N). It is possible for Si(OH), concentrations to limit SiO, formation but not
affect growth rate overall (Paasche 1973). Conversely, it is possible for low growth rates
to result in an increase in SiO; per cell (Claquin et al. 2002). The SiO, in a diatom cell is
located in the cell wall, and the amount of SiO, per cell is determined by the thickness of
the frustule and the cell’s surface area (SA). Therefore, SA is useful as a proxy for a
diatom cell’s SiO, content. The SiO, content of different diatom species can be
estimated by calculating their surface area based on their morphology (Brzezinski 1985).
In contrast, most other cellular constituents (e.g. C, nitrogen) are found within the cell,
and their amount per cell is more closely related to the cell volume. Therefore factors
that affect cell size and surface area to volume ratios (SA:V) will affect the quotas of Si

and intracellular elements differently.



Changes in cellular Si quota have significant consequences for the biological C pump.
Because SiO; is dense, an increase in the amount of SiO, per cell may increase particle
sinking rate and enhance carbon transport to the deep ocean (Annett et al. 2009;
Marchetti et al. 2010; Durkin et al. 2013). The Si requirement of diatoms also has
ecological consequences: if Si(OH), concentrations are low relative to other nutrients,
non-diatom phytoplankton may outcompete diatoms. In certain instances, this can cause
a shift towards the dominance of other phytoplankton such as those responsible for
harmful algal blooms (Laruelle et al. 2009) or towards coccolithophorids, which are less

efficient at sequestering C (Emerson and Hedges 2008).

1.5. Measuring Diatom Biomass and Productivity

Since diatoms are the dominant producers of particulate SiO, in the oceans, biogenic
Si0; (bSIO,, to distinguish from lithogenic SiO,) is often used as a proxy for diatom
biomass. In order to determine bSiO, concentrations, water samples are filtered to collect
diatom cells, then cells are digested to convert bSiO, to Si(OH), , which can be measured
using a colorimetric assay (Brzezinski and Nelson 1986). However, in order to quantify
fluxes, the rates of processes must be known, and therefore it is more useful to determine
a production rate than the standing stock. Normally production rates are measured using
live diatom experiments, for which a water sample is collected and incubated for an
amount of time in conditions that approximate the characteristics of the environment
from where the sample was collected. The simplest way to measure bSiO, production
rates is to determine bSiO, concentrations at the start and end of the incubation period,
and calculate the rate of increase of bSiO,. This method yields a net rate, as both bSiO,
production and dissolution will affect the accumulation of bSiO, over time. This
technique has been used previously in the field to determine net bSiO, production rates
(Pondaven et al. 2007; Adjou et al. 2011; Demarest et al. 2011); however, it suffers from
low sensitivity and requires long periods of incubation time and large volumes of water to

detect accurate rates of change.
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More sensitive methods for detecting of bSiO, production measure the incorporation of

tracers into bSiO,. Nelson and Goering (1977) first used this approach to measure bSiO,
production with the stable isotope **Si. They enriched their samples with *°Si-labelled
Si(OH),4 and measured the incorporation of this isotope which is heavier and far less
abundant (3% of naturally occurring Si) than 22Si (92% of naturally occurring Si, Nelson
and Goering 1977). The bSiO, production rate determined using this technique is closer
to a gross rate, as the dissolution rates of healthy diatom cells are low (Bidle and Azam
1999). Therefore, the probability of a diatom cell incorporating *°Si and this *SiO,
subsequently dissolving on the time scale of an incubation experiment (usually 1-2 days)

is small.

More recently, the radioisotope *2Si has been used as a tracer of bSiO, production. *3Si
is a radioactive isotope, and emits beta radiation as it decays. Low levels of this radiation
can be accurately detected, and as a result bSiO, production rates can be determined
when fewer atoms of S are incorporated than unlabeled or *Si. This technique was
first described by Brzezinski and Phillips (1997), and has been used in a number of field
studies (Blain et al. 1997; Brzezinski et al. 1998; Allen et al. 2005; Mosseri et al. 2008;
Krause et al. 2009, 2011, 2015; Marchetti et al. 2010; Dugdale et al. 2011; Fripiat et al.
2011). Although :Si was suggested as an ideal tracer in 1977 by Nelson and Goering,
there are several challenges in using this isotope. Due to its radioactivity, additional
restrictions apply to the use of 32Si, which may prevent its use in the field and on board
oceanographic research vessels. Additionally, 3Si is expensive relative to other tracers
used in productivity measurements. Furthermore, 3Si is not commercially available, and
must be produced within particle colliders and then refined. Consequently, the isotope is

difficult to acquire, and not readily available for use in research.

1.6. Higher Resolution Approaches

All of the methods described in the above section require filtration of sample water to
concentrate diatom cells. These methods yield a bSiO, production rate for the whole

bSiO, producing community (a bulk rate). While this is useful, bulk measurements do
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not provide information about the contribution of different taxa within the community to

the total bSiO, production rate. In order to better understand the controls on bSiO,
production, it would be useful to determine the roles of different diatom species within

the community.

Although all diatoms require Si for growth, there is a large amount of genetic and
physiological diversity within the group. The genomes of the first two diatom species to
be sequenced are as distant from one another as fish and mammals (Bowler et al. 2008).
Physiological parameters also vary; maximum growth rates between species differ by one
order of magnitude and the half saturation constant for Si(OH), , an important parameter
for determining susceptibility to Si(OH), limitation, varies by two orders of magnitude
(Sarthou et al. 2005). Differences in assemblage composition translate into differences in
the community uptake or production rates measured in the field (Blain et al. 1997, 2007).
Additionally, different diatom species have different nutrient uptake capabilities and
requirements, and Poulton et al. (2007) even found different diatoms within the same
assemblage to be limited by different nutrients. It is clear that diatom community

composition is an important determinant of the total productivity of the assemblage.

The composition of the diatom community also has consequences for the rest of the
ecosystem. As grazers are often size selective (Sunda and Hardison 2010), the size of
diatom species will affect their consumption and transfer of energy up the food chain.
Some diatom species form blooms that are harmful to other organisms, such as a few
Chaetoceros sp. that have spines that are damaging to fish gills (Albright et al. 1993).
Another genus, Pseudo-nitzschia sp., can produce the neurotoxin domoic acid, which is
harmful to marine mammals, birds and humans (Scholin et al. 2000). Assemblage
composition is also an important factor in C export, as different species are exported with
different efficiencies (Waite and Nodder 2001; Annett et al. 2009; Smetacek et al. 2012;
Twining et al. 2014). Together these factors determine the role of a diatom community

within an ecosystem.



Characteristics of diatom species are usually determined and compared through
unialgal culture experiments in a laboratory setting. While this is useful for investigating
many aspects of diatom physiology, other factors such as grazing and competition that

are not represented in culture experiments need to be considered.

In the field, the resolution of bulk methods can be increased by using different pore
sizes during filtration in order to separate cells based on their size. As cell size is a major
determinant of differences between species such as growth rate (Geider et al. 1986),
grazing pressure (Frost 1972), and sinking rate (Waite and Nodder 2001), this is useful
for making inferences about the community dynamics. However, the 2-3 size fractions
separated this way may still represent a suite of distinct species, limiting understanding of

community dynamics.

Within a sample, the abundance of different species can be determined using
microscopy. The combination of cell counts with measurements of cell surface area (SA)
and volume is useful for estimating the contribution of different species to community
biomass. As SA is correlated with bSiO; per cell (Brzezinski 1985), determining SA
together with cell counts can indicate the proportion of bSiO, present in each species;
however, this relationship does not always hold as bSiO; thickness may be affected by
other factors such as light, temperature, and nutrient concentrations (Martin-Jézéquel et
al. 2000). Therefore it would be preferable to measure bSiO, directly for individual cells.
Cell numbers from a seawater sample are also limited in that they indicate biomass and
not a production rate, and the species that are abundant are not necessarily those that are
contributing most to production.

1.7. Use of Microscopic Imaging to Quantify Biogenic Silica Production

In order to quantify bSiO, production per species, it is possible to combine the
microscopy and tracer approaches. As with some bulk methods, a tracer is added and
samples are incubated, but at the end of the incubation the incorporation of the tracer into

cells is determined by microscopy. If the incorporation of the tracer is known to be
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proportional to the incorporation of SiO, in the diatom cells, the tracer can be used as a

quantitative proxy for SiO, incorporation. This allows relative comparisons between
species or individuals within a mixed sample, and can be combined with bulk methods so
that rates of bSiO, production can be determined for different cells in a mixed

assemblage.

It is possible to use *Si as an indicator of cell specific bSiO, production, as beta
emissions from the radioactive decay of the isotope can be detected with photographic
emulsion. Shipe and Brzezinski (1999) described this method and used it to determine
relative amounts of SiO, incorporation in individual cells within a Rhizosolenia spp. mat.
However, this method is logistically challenging. As the decay product of *2Si is P,
which is a much stronger beta emitter, samples must be stored until any **P taken up has
decayed and **Si and **P are in secular equilibrium. This is necessary to ensure that all
beta emissions detected are from isotopes that were **Si at the time of incorporation.
Following this, samples must be exposed to photographic emulsion for several months in
order to detect enough beta emissions for labelled structures to be clearly visible (Shipe
and Brzezinski 1999). Due to these challenges, this technique has not been used in other

studies.

More commonly, fluorescent dyes have been used to label bSiO, as it is produced.
Unlike *?Si, the incorporation of a given fluorescent dye may or may not behave similarly
to SiO; incorporation, and may or may not be a quantitative tracer of bSiO, production.
Most dyes that are used share similar properties that make them useful for imaging SiO,
incorporation in diatoms: they enter cells quickly, they are non-toxic at the concentrations
used, and they accumulate in the acidic silica deposition vesicle (SDV), resulting in their

incorporation into SiO, as it is produced.

The first commonly used fluorescent dye for imaging SiO, deposition in diatoms was
rhodamine 123 (R123), which was used by Li et al. (1989) to visualize the cellular
location of SiO, production. The method was further developed by Brzezinski and

Conley (1994) who found that R123 incorporation was linearly related to SiO,
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incorporation, and thus R123 could be used to quantify SiO, incorporation. Rhodamine

123 and other rhodamine dyes continue to be used to visualize SiO, deposition (Vrieling
et al. 1999; Hildebrand et al. 2007; Wang et al. 2009; Kaluzhnaya and Likhoshway 2007;
Kucki and Fuhrmann-Lieker 2012). However, R123 has a low incorporation efficiency
of 17 million:1Si:R123 (Brzezinski and Conley 1994), making it difficult to image small
structures such as girdle bands. Rhodmaine 123 also stains mitochondria, so it is
necessary to remove cellular contents in order to visualize labelled SiO5, so the method
cannot be used with live cells (Brzezinski and Conley 1994).

Since 1989, many more fluorescent dyes that label SiO; in diatoms have been
synthesized, including a suite of oligopropylamine dyes (Annenkov et al. 2010) and a
fluorescent dye derived from silk worm cocoons (Kusurkar et al. 2013). However, the
most popular dyes for use in diatoms are Lysotracker yellow HCK-123 (HCK-123,
Desclés et al., 2008) and 2-(4-pyridyl)-5-((4-(2-
dimethylaminoethylaminocarbamoyl)methoxy)-phenyl)oxazole (PDMPO, Lysosensor
DND-160, Shimizu et al. 2001). Both dyes are available from Life Technologies (Life
Technologies Corporation 2013) and are marketed for their ability to label acidic cellular
compartments such as the diatom SDV. However, it is not known whether the dyes bind

to SiO, within the SDV, or if they are simply trapped in the frustule as it forms.

A key difference between HCK-123 and PDMPO is that both the excitation and
emission spectra of PDMPO are pH sensitive (Shimizu et al. 2001). Consequently, it is
important that the pH of a sample be controlled when the concentration of PDMPO is
determined by fluorometry, and appropriately matched to the standards used.
Additionally, for PDMPO quantification by microscopy, microscope slides can be
prepared with diatom cells within a buffered mountant that has a consistent pH.
Therefore, pH can be controlled so that PDMPO can be accurately quantified, but this

effect must be considered.

Both PDMPO and HCK-123 have been used in different SiO, producing organisms

such as radiolarians (Ogane et al. 2009), sponges (Schroder et al. 2004), and rhizaria
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(Nomura et al. 2014), but are more widely used in diatoms. Both dyes can be used to

visualize the location of SiO, deposition through time and/or in relation to other cellular
components (Hazelaar et al. 2005; Mock et al. 2008; Heredia et al. 2008; Vartanian et al.
2009; Tesson et al. 2009; Durkin et al. 2009; Tesson and Hildebrand 2010a; b, 2013).
They have also been used to assess the effect of different experimental treatments
(Znachor et al. 2011; Durkin et al. 2012, 2013; Hervé et al. 2012; Renzi et al. 2014), and
to distinguish between cells that are not physiologically active and those that are actively
depositing SiO, (Leblanc and Hutchins 2005; Groger et al. 2008; Richthammer et al.
2011). Hervé et al. (2012) demonstrated that HCK-123 is a quantitative tracer of SiO,
deposition, and Leblanc and Hutchins (2005) showed the same for PDMPO, but both
conclusions are based on experiments with only one species (HCK-123), or two species
and a field assemblage (PDMPO).

Although both HCK-123 and PDMPO have been used to visualize SiO, deposition in
diatoms, HCK-123 has been used only in unialgal culture experiments, and never in
mixed field assemblages. In contrast, PDMPO has been employed in several field studies
in order to investigate bSiO, production using fluorescence microscopy (Leblanc and
Hutchins 2005; Znachor et al. 2008, 2013; Znachor and Nedoma 2008; lluz et al. 2009;
Ichinomiya et al. 2010; Quéguiner et al. 2011; Durkin et al. 2012). PDMPO has also
been used to quantify SiO, incorporation at the community scale: in a bulk water sample
after filtering and digesting labelled diatom cells (Leblanc and Hutchins 2005; Saxton et
al. 2012; Leng et al. 2015). Leblanc and Hutchins (2005) determined an average ratio of
Si:PDMPO of 3230 £ 660:1 from their experiments, suggesting that measurements of
PDMPO incorporation can be directly converted to SiO, incorporation using that ratio.
Because PDMPO is more established as a tracer of bSiO, production in the field than
HCK-123, and because the relationship between SiO, and PDMPO incorporation has
been previously described for PDMPO, I chose to use PDMPO as a tracer of bSiO,
production for my thesis.
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1.8. Promise and Problems with the PDMPO Method

Application of the PDMPO method has the potential to increase our understanding of
diatom ecology in the field by providing high taxonomic resolution quantification of
bSiO, production. PDMPO can be used as tracer for determining whole community
bSiO, production analogous to *2Si, but more affordably and without radioactivity
restrictions. Additionally, PDMPO can be applied to quantify bSiO, production per cell
by microscopy in order to determine the relative contributions of different diatom species
within a mixed field assemblage. Although the method of using PDMPO to quantify
bSiO; production was published by Leblanc and Hutchins a decade ago, it has been
applied in only one study to investigate whole community bSiO; production (Saxton et al.
2012), and only a few times to look at species contributions by microscopy (Leblanc and
Hutchins 2005; Znachor et al. 2008, 2013; Znachor and Nedoma 2008; lluz et al. 2009;
Ichinomiya et al. 2010; Quéguiner et al. 2011; Durkin et al. 2012).

Despite the many potential advantages of the method, its lack of widespread
implementation probably reflects remaining uncertainties about the technique. As the
exact mechanism of PDMPQ’s incorporation into the frustule is unknown, it is possible
that the incorporation of SiO, and PDMPO may be decoupled under certain
environmental conditions. This could invalidate PDMPO as a quantitative tracer of SiO,
deposition and confound measurements of bSiO, production based on PDMPO, at least
under certain conditions. The mechanisms for uptake of Si(OH), and PDMPO into the
cell are different: Si(OH), uptake occurs actively (Azam et al. 1974), whereas PDMPO
diffuses freely into the cell (Life Technologies Corporation 2013) before selectively
accumulating in the acidic SDV (Shimizu et al. 2001). Once in the SDV, PDMPO may
bind SiO, directly or be trapped within the frustule as it forms. The process controlling
PDMPO incorporation has important implications for the tracer’s utility. If PDMPO
were known to directly bind to SiO, with a fixed ratio of incorporation, processes that
differentially affect PDMPO and SiO, incorporation into the SDV would not be expected
to affect the final relationship of Si:PDMPO within the frustule. Conversely, if PDMPO
is simply trapped as SiO, forms in the SDV, factors other than SiO, incorporation could

affect PDMPO incorporation, confounding its utility as a tracer.
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Even if the relationship between Si and PDMPO incorporation can be determined such
that fluorometric measurements of PDMPO can be converted to SiO, production rates,
another source of error may prevent reliable quantification of PDMPO by microscopy.
The SiO, structures of diatom frustules vary in thickness from 1 um (e.g. a Chaetoceros
sp. spine) to 100 um (e.g. a Coscinodiscus sp. frustule). This presents a challenge for
fluorescence microscopy, as the plane of focus for the most common widefield
microscope objectives used for visualizing diatom cells is less than 10 um. Thus for
thick cells, it is likely that some portion of the frustule bound PDMPO would be outside
the plane of focus for most microscope objectives. The extent to which this out of focus
fluorescence would be generated or collected by widefield fluorescence microscopy is
not presently known. If out of focus fluorescence was captured less effectively than
fluorescence from PDMPO within the plane of focus, this would cause under-estimation
of PDMPO incorporation, and therefore SiO, production, from thicker diatom species.
Consequently, comparisons of PDMPO fluorescence between different diatom taxa
would be confounded by their cell thickness. In order to ensure that measurements of
PDMPO fluorescence by microscopy reflect the amount of PDMPO incorporated, it is
necessary to test different microscope configurations, and compare PDMPO microscopy

to fluorometry to determine if PDMPO can be reliably quantified by microscopy.

Additionally, the performance of the PDMPO technique has not been well assessed in
the field. Leblanc and Hutchins (2005) compared bSiO, production rates determined by
%25j and PDMPO at one field site, but more comparisons are needed to build confidence
in the method.

1.9. Thesis Focus

In this thesis | address several of the uncertainties of the PDMPO technique, as well as

implement the method in the field to investigate diatom community dynamics.
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Chapter 2 of this thesis presents optimizations for the measurement of PDMPO

incorporation in bulk (using fluorometry) and for individual cells by microscopy. In
addition, the results of several laboratory experiments are presented that determine how
the relationship between SiO, and PDMPO incorporation is affected by a) initial PDMPO
concentration, b) diatom species and c) cell lysis. From these laboratory experiments |
also determined the relationship for conversion of PDMPO incorporation to SiO;
incorporation which | have used in subsequent field work. Additionally, | present the
results of tests that confirm that quantification of PDMPO by microscopy agrees with
quantification by fluorometry, and a comparison of PDMPO and **Si based bSiO,

production rates from monthly sampling in Saanich Inlet.

Chapter 3 presents results from two cruises to the west coast of Vancouver Island
(Canada) where I compared bSiO, production rates determined from incubations of
unlabelled, *2Si labelled, and PDMPO labelled samples in order to assess the performance
of the PDMPO method in the field. | also compared measurements of PDMPO by
microscopy and fluorometry, and determined the contribution of non-diatoms to PDMPO
fluorescence. In addition | examined the spatial and temporal distribution of diatom
biomass and bSiO; production, and combined cell count and PDMPO measurements by
microscopy to estimate the contribution of different diatom genera to cell numbers and
bSiO, production.

Chapter 4 presents a comparison between the contribution of diatom taxa to cell
numbers and to PDMPO fluorescence in Saanich Inlet. | also determined the
contributions of different diatom genera to bSiO, production throughout the different
seasons during two years. Additionally I examined the utility of PDMPO as an indicator
of specific bSiO, production rate, and whether this could predict shifts in assemblage

composition.

Chapter 5 presents the overall conclusions of this work and suggestions for further
optimizations of the PDMPO method. In addition, I discuss potential applications of the

technique to investigate diatom community dynamics.
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Chapter 2: Improving the Use of PDMPO as a Tracer of
Biosilicification in Marine Diatoms

2.1. Introduction

Diatoms are unicellular photoautotrophs that play important roles in marine ecology
and biogeochemical cycling. They are the foundation of many marine food webs, and
responsible for ~20% of global primary productivity (Nelson et al. 1995; Field et al.
1998). Diatoms often dominate export production and are significant contributors to the
biological carbon pump (Alldredge and Gotschalk 1989; Dugdale and Wilkerson 1998;
Kemp et al. 2006; Krause et al. 2009). Diatoms differ from other groups of
phytoplankton in that they require silicon (Si), which they take up in the form of silicic
acid (Si(OH)4, Del Amo and Brzezinski, 1999). Once inside the cell, Si(OH), is
polymerized within the silicon deposition vesicle (SDV) to form silica (SiO; ¢ nH;0,
Armbrust 2009, referred to hereafter as SiO,) that makes up the cell wall, or frustule,
composed of two parts. Each time a diatom cell divides it produces two new frustule
halves, with one half incorporated into each daughter cell. Therefore, because cell
division requires Si for frustule formation, SiO, incorporation rates (i.e. SiO, production
rates) can be used as index of diatom growth and biosilicification.

Silica production by diatoms in seawater can be measured using different methods.
The SiO; incorporation rate can be determined by quantifying the amount of biogenic
SiO; in seawater (referred to as bSiO, to distinguish from lithogenic SiO;) before and
after a period of incubation. This yields a net bSiO, production rate, as both production
and dissolution processes occur during the incubation time (Krause et al. 2010).
However, this method has low sensitivity, requiring large volumes of seawater and long
incubation periods for the accurate detection of changes in bSiO,. Diatom SiO;
production rates can also be quantified by measuring the incorporation of the radioactive
isotope 32Si (Brzezinski and Phillips 1997). The **Si method is much more sensitive than
measuring changes in bSiO, concentration; however, it is subject to time-consuming

regulatory restrictions that apply to radioactive substances. Measuring the incorporation
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rate of fluorescent dyes into bSiO, is another method for measuring SiO, production that

has been used recently (Leblanc and Hutchins 2005; Desclés et al. 2008; Znachor and
Nedoma 2008; Durkin et al. 2012). The fluorescent dye 2-(4-pyridyl)-5-((4-(2-
dimethylaminoethylaminocarbamoyl)methoxy)-phenyl)oxazole (PDMPO, Lysosensor
DND-160, Life Technologies) stains SiO as it polymerizes in the SDV of a diatom cell
(Shimizu et al. 2001). Like methods that use **Si, changes in PDMPO labelled SiO, can
be detected with greater sensitivity than changes in unlabelled SiO,, but PDMPO does
not have the restrictions associated with using radioisotopes, and is also more affordable
than %Si. Despite these advantages, few studies have used PDMPO as a method for

determining SiO; production rates.

The PDMPO method may not have been widely adopted because there is still
uncertainty regarding PDMPO’s robustness as a tracer of SiO, incorporation. Previous
work found a linear relationship between SiO, and PDMPO incorporation in diatoms
(Leblanc and Hutchins 2005) suggesting that it can be used as a quantitative tracer like
%25i. But unlike *Si, the mechanism of PDMPO incorporation into the frustule may
differ from the incorporation of SiO,. Uptake of Si(OH), at the concentrations found in
ocean surface waters is active via Si(OH), transporters (Martin-Jézéquel et al. 2000),
whereas PDMPO diffuses passively and rapidly into diatom cells (Life Technologies
Corporation 2013) where it accumulates within acidic organelles such as the SDV
(Shimizu et al. 2001). It is unknown whether PDMPO binds to molecules of SiO, within
the SDV, or is simply trapped within SiO, as the frustule polymerizes.

If the processes that control SiO, and PDMPO incorporation into the frustule are
different, the incorporation of SiO, and PDMPO could become decoupled, in which case
PDMPO would not be useful as a tracer of SiO, incorporation in diatoms. Decoupling of
SiO, and PDMPO incorporation could occur due to differential uptake of Si(OH),4 and
PDMPO into the cell, and consequently into the SDV. This could result from several
conditions, such as the extracellular PDMPO concentration, and the taxonomic
composition of the diatom assemblage present. Different extracellular concentrations of

PDMPO would be expected to change the concentration of PDMPO within the diatom
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cell without affecting Si(OH), uptake. Consequently, higher extracellular concentrations

of PDMPO would result in increased accumulation of PDMPO inside the cell, the SDV,

and the frustule, without a concomitant accumulation of SiO,.

Another factor that could affect the relationship between SiO, and PDMPO
incorporation is which diatom taxa are responsible for SiO, production within the
assemblage. Differences in Si metabolism between diatom species could affect Si(OH),4
uptake without an effect on PDMPO uptake. Silicon metabolism varies widely between
different diatoms; the half saturation constant for Si(OH)4 (Ks;), an indicator of the
affinity of Si(OH), transporters for Si(OH),, varies by more than an order of magnitude
between species (Sarthou et al. 2005). Diatom species could also have differential
PDMPO uptake unrelated to differences in Si metabolism. Not all PDMPO that enters
the diatom cell ends up in the SDV; some is stored within other parts of the cell and is
likely unrelated to Si metabolism. For example, larger diatom cells could have lower
cellular Si:PDMPO than small cells, as they would have a larger amount of PDMPO
stored within the cytoplasm or vacuole due to their larger volume (Leblanc and Hutchins
2005). However, Leblanc and Hutchins (2005) found that when cells were lysed (i.e.
internal contents removed) there were no differences in the ratio of Si:PDMPO
incorporation between the Chaetoceros sp., Thalassiosira sp., and a mixed assemblage
that they tested. They also suggested that a ratio of 3230 + 660:1 Si:PDMPO can be used
to convert measurements of PDMPO to SiO; incorporation. To further improve
confidence in PDMPO as a tracer of SiO, production, it is critical to test the effect of
extracellular PDMPO concentration, diatom species, and cell lysis on the Si:PDMPO
relationship of incorporation. In addition, the relationship of Si:PDMPO incorporation
must be investigated in more diatom species, to improve conversion of PDMPO

measurements to SiO, .

To date, only two studies have used PDMPO in the field to determine SiO, production
rates for the total diatom assemblage (Leblanc and Hutchins 2005; Saxton et al. 2012),
and only one compared these rates to those determined with 32Si (Leblanc and Hutchins

2005). Additional factors may affect measurements of PDMPO incorporation in field
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samples that are not present in laboratory cultures, such as fluorescence by non-diatom

cells. To ensure the reliability of the PDMPO method as a tracer of SiO, production in
natural assemblages, more comparisons of PDMPO and *2SiO, incorporation rates are
needed for natural diatom assemblages.

The incorporation of PDMPO into diatom frustules can be quantified by fluorometry.
For these measurements, the total amount of PDMPO incorporated into all diatom cells
filtered from a sample is determined using a fluorometer. This measurement reflects the
PDMPO incorporated by the entire assemblage of diatoms in the sample, but does not
distinguish between the contributions of different diatom taxa to the total. To determine
the fluorescence from individual cells and species, PDMPO fluorescence can be detected
by fluorescence microscopy. This would present a significant advantage over bulk
measurements, but previous work has not tested whether measurements of PDMPO using

microscopy agree with other methods for determining SiO, incorporation.

Diatom SiO, structures can be as thin as 1 pm (eg. a Chaetoceros sp. spine) or thicker
than 100 um (e.g. a Coscinodiscus sp. frustule), presenting a challenge for quantification
using widefield fluorescence microscopy. Microscope objectives have fixed depths of
focus (determined by the numerical aperture, NA, Figure 2.1), so PDMPO fluorescence
outside the plane of focus may not be captured. This would cause the fluorescence of
large or thick SiO; structures to be under-estimated, and confound the comparison of
fluorescence signals from diatom species of different sizes measured by microscopy.
Measurements made using microscope objectives with lower NAs have thicker planes of
focus, and are expected to capture fluorescence from a greater range of diatom sizes
(Figure 2.1A). But there is a trade-off between depth of focus and efficiency of light
capture: higher NAs detect more angles of emitted fluorescence but have a shorter depth
of focus (Figure 2.1B). As a result, different microscope objectives should be assessed to
determine the optimal balance between light capture and depth of focus when quantifying

PDMPO fluorescence in diatom cells.
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The limited depth of focus inherent in widefield fluorescence microscopy can be
overcome by using optical sectioning methods, such as two photon (2P) microscopy
(Figure 2.1C). A 2P microscope images fluorescence in precisely focused planes at
regular intervals throughout the depth of the cell. Therefore, the depth from which
fluorescence is detected by the microscope can be adjusted to ensure that fluorescence
from all labelled SiO, structures is captured. These measurements should be less affected
by differences in cell thickness between diatom species than measurements by widefield
microscopy, but they are more time consuming. Consequently, measuring PDMPO
fluorescence in diatom cells by widefield microscopy would be preferred, but
comparisons with 2P are needed to ensure that widefield measurements are not

confounded by differences in diatom thickness and morphology.
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Figure 2.1: Diagram showing fluorescence captured by different microscope
configurations. Black outline indicates a hypothetical diatom cell. Blue shading
indicates the regions where fluorescence is excited and also detected. Diagrams shown
for A) a widefield fluorescence microscope with low numerical objective, B) a widefield
fluorescence microscope with moderate numerical aperture objective, and C) an optical
sectioning method (2 photon microscopy). The specific configurations used in this study
are indicated in brackets.

Once a suitable microscope configuration for quantifying PDMPO fluorescence has
been determined, measurements of PDMPO fluorescence by microscopy and fluorometry
should be compared to validate measurements of PDMPO by microscopy. Previous

studies have quantified relative PDMPO fluorescence (i.e. the relative intensity of cells
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within the same slide, such as the percentage from different species; Quéguiner et al.

2011, Durkin et al. 2012) as well as absolute PDMPO fluorescence (i.e., a numerical
value for fluorescence intensity that can be compared between different samples, Znachor
and Nedoma 2008, 2009; Durkin et al. 2012; Znachor et al. 2013) by microscopy in field
assemblages. Even if different diatom species can be reliably quantified within the same
sample, comparisons between different samples could be confounded by other factors
such as minor differences in sample (slide) preparation, or storage time prior to analysis.
If the methods do agree, this would suggest that measurements of PDMPO fluorescence
by microscopy are reliable, and can be used to compare bSiO; production within and

between samples in the field.

The overall goal of this study is to improve the quantification of diatom SiO,

incorporation using the PDMPO tracer. The specific objectives addressed here are to:

1.  Determine how the relationship between SiO, and PDMPO bulk incorporation is
affected by
la. Extracellular PDMPO concentrations
1b. Different diatom species

1c. Lysis of diatom cells

2. Optimize the quantification of PDMPO using epifluorescence microscopy by
investigating:
2a. The effect of different microscope objectives
2b. Relative PDMPO fluorescence within the same microscope slide

2c. Absolute PDMPO fluorescence between different microscope slides

3. Test the improved method in a field scenario by comparing:
3a. SiO; incorporation rates measured using bulk PDMPO and *2Si methods
3b. The contribution of different diatom taxa to cell numbers and PDMPO

fluorescence microscopy
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2.2. Materials and Procedures

2.2.1. Relationship Between PDMPO and SiO; Incorporation

2.2.1.a Effect of Extracellular PDMPO Concentration

Thalassiosira pseudonana was obtained from the National Center for Marine Algae
and Microbiota (CCMP 1014), and maintained at 18°C in Enriched Seawater Atrtificial
Water (ESAW) media (Berges et al. 2001), under continuous irradiance of optimal
intensity (180 pmol photons m? s, see Appendix A). Cultures were grown in triplicate
and acclimated to growth conditions for ten generations prior to starting experiments.
The effect of different concentrations of PDMPO on the relationship between SiO, and
PDMPO incorporation in diatoms was determined by growing Thalassiosira pseudonana
with 0 (control), 100, 125, 250, 500, 750 and 1000 nmol L™ PDMPO for 24 hours.

Diatom cell numbers were determined using a Z series Coulter counter (Beckman
Coulter) and growth rates were calculated as the difference between the natural logarithm
of cell counts at the start and end of the 24 hour incubation with PDMPO. Therefore, a
growth rate of 0.69 d™ corresponds to one cell division per day. Samples (35 mL) for the
measurement of SiO, and particulate PDMPO (pPDMPO) concentration were filtered
onto 0.6 um polycarbonate (PC) filters. These samples were digested using the hot
NaOH method and the resulting Si(OH)4 concentration was determined using the
silicomolybdate assay with modified reagent blank (Brzezinski and Nelson 1986, 1989).
Incorporated pPDMPO was determined from an aliquot of the same digest with a TD-700
fluorometer (ammonium filter set: 310-390 nm excitation, 410-600 nm emission).
Sample PDMPO concentration was determined by comparing sample fluorescence with a
standard curve over the 0 — 250 nmol L™ range of PDMPO concentrations in the same
NaOH-HCI matrix as samples (R* = 0.998). Samples for the determination of initial
bSiO, concentration (at the time of PDMPO addition) were also collected and analyzed.
The concentration of SiO, present initially was subtracted from the concentration of SiO,
after 24 hours, to yield the amount of SiO, produced since the addition of PDMPO
(A[SiO]).
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Differences between treatments (different PDMPO concentrations) were determined

using ANOVA and Tukey HSD statistical tests in R with R studio (R Studio 2012; R
Core Team 2013).

2.2.1.b Effect of Diatom Species

To assess the effect of diatom species on the relationship between SiO, and PDMPO
incorporation, three temperate diatom species (Asterionellopsis glacialis, CCMP 139;
Skeletonema dohrnii, CCMP 785; and Chaetoceros contortus, CCMP 1578) were used in
addition to T. pseudonana (Table 2.1), and were grown using the same culture methods
as section 2.2.1a. Species were chosen to match the dominant taxa present in Saanich
Inlet, the location of marine tests of the method. Cultures were incubated for 48 hours
with 125 nmol L™ PDMPO, as this concentration was used previously to determine the
relationship between SiO, and PDMPO incorporation by Leblanc and Hutchins (2005)
and this concentration did not negatively affect diatom growth (see section 2.3.1a).
Samples for determining SiO, and pPDMPO concentration were collected at 12, 18, 24,
36, and 48 hours, during exponential growth. Samples for determining SiO,
concentrations were also collected immediately prior to PDMPO addition, and all SiO,
samples were collected and analyzed as described above (section 2.2.1a). As in section
2.2.1a, SiO, concentrations presented here are for SiO, produced since the time of
PDMPO addition, A[SiO]. Therefore, the slope of the line between pPDMPO and
A[SIO;] reflects the ratio of Si:PDMPO incorporated into the frustule during the

experiment.
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Table 2.1: Growth information of the diatom species used to determine the relationship between
PDMPO and A[SiO,]. Irradiances levels listed in the table are the optimal for growth (see
Appendix A for growth vs. irradiance curves).

Irradiance Growth Rate
(umol photons
Species Strain  m?s?) (day ™)
Mean SE n
Asterionellopsis glacialis CCMP 139 150 116 0.06 3
Chaetoceros contortus CCMP 1578 100 1.08 0.02 3
Skeletonema dohrnii CCMP 785 100 134 002 3
Thalassiosira pseudonana  CCMP 1014 180 1.79 001 4

For PDMPO measurements, duplicate samples were filtered and collected, with one
filter rinsed with filtered seawater (FSW) in order to keep cells intact, and the other one
immersed in 10% HCI for two minutes and then rinsed with deionized water to lyse cells
and remove intracellular contents (Leblanc and Hutchins 2005). Filters were dried at
56°C for several days and stored dry until further analysis. This storage method
preserves PDMPO fluorescence for at least one month while freezing samples has been
found to decrease fluorescence by 40 £ 3% (Mean = SE, Appendix B). Sample analysis
procedures differed from section 2.2.1a as protocols had been further optimized. The hot
NaOH digestion was found to decrease PDMPO fluorescence by 23 + 3% (Appendix C)
so pPDMPO samples were collected separately from SiO, samples and were instead
digested with 0.5M HF for 3 hours (McNair and Brzezinski pers. comm.). This yielded
pPDMPO concentrations 28 + 3% higher than those digested with NaOH (Appendix D).
Accordingly, sample fluorescence was compared to that of PDMPO standards from 0 —
100 nmol L™ prepared in the HF-boric acid matrix (R? = 0.997). Concentrations of
pPDMPO were determined using a Turner Trilogy Fluorometer (350/80 nm excitation
410 — 600 nm emission, crude oil module) which had better sensitivity than the Turner

TD-700 model under acidic conditions.
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2.2.1.c Effect of Diatom Cell Lysis

The effect of cell lysis on the relationship between SiO, and PDMPO incorporation
was determined for the culture experiments described in section 2.2.1b. The percentage

of pPDMPO lost due to rinsing with HCI was calculated as

%pPDMPO loss = [(pPDMPOgsy — pPPDMPOycy) / PPDMPOgsw] *100
Equation 1

where pPDMPOgsy and pPDMPOy represent the pPDMPO concentration measured for
paired samples rinsed with FSW and HCI respectively. Cell volumes were also
calculated for the different species according to the geometric formulas of Sun and Liu

(2003) to assess whether intracellular PDMPO loss correlated with diatom cell volume.

The relationship for conversion of pPPDMPO to A[SiO;] was determined for both lysed
and unlysed cells. The relationship between pPDMPO and A[SiO,] was modelled in R
with R Studio (R Studio 2012; R Core Team 2013; Appendix E).

2.2.2. Quantification of PDMPO Fluorescence by Microscopy

2.2.2.a Effect of Microscope Objective

To test whether microscope objective depth of focus (proportional to NA) affected
quantification of differently sized diatom species, an artificial mixed assemblage was
created (Figure 2.2). Two diatom species were chosen that represented different diatom
sizes: Coscinodiscus wailesii (CCMP 2513, ~100 pm thick) and Pseudo-nitzschia sp.
(isolated from Strait of Georgia, <10 um thick). These species were cultured separately
under continuous illumination of 100 pmol photons m? s with 125 nmol L™ PDMPO.
Due to the slow growth rate of C. wailesii, this species was cultured with PDMPO for 72
hours, to increase the proportion of PDMPO labelled cells. For Pseudo-nitzschia sp., a
24 hour incubation was sufficient to stain cells. At the end of both incubations, samples

were collected for measurements of PDMPO using fluorometry and microscopy.
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Figure 2.2: Experimental design for comparing PDMPO fluorescence measured using a
microscope and a fluorometer described in section 2.2.2a and b. Cultures of a thick diatom
(Coscinodiscus wailesii, ~100 pum thick, yellow) and a thin (Pseudo-nitzschia sp. <10 pm thick,
teal) were labeled with PDMPO, and samples removed for determination of PDMPO by
fluorometry. In addition, subsamples from each culture were mixed together in known
proportions and an aliquot placed on a microscope slide, for quantification of PDMPO by
microscopy.

Microscope slides were prepared with a mixture of both species. Homogenous
subsamples of each culture were mixed together in known proportions and filtered onto a
0.6 um PC filter. Cells were then freeze-transferred from the filter to a microscope slide
as described in Hewes and Holm-Hansen (1983) and as modified by Franck and
Brzezinski (pers. comm.). In short, a 15 pL droplet of deionized water was placed on a
new microscope slide, and the filter was placed face down so that diatom cells were
within the water droplet. The reverse of the slide was frozen, and the filter carefully
peeled off. This procedure transferred cells effectively for a wide range of diatom sizes
(Appendix F). Unlike the black filter protocol of Leblanc and Hutchins (2005),
chlorophyll a fluorescence was not well preserved with the freeze-transfer technique;

however, the freeze transfer method was preferred as freeze transferred cells could be
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readily observed using brightfield illumination. Slides were dried at ambient temperature

and then coverslipped using ProLong Gold mountant (Life Technologies Inc.). Slides

were stored frozen until analysis.

To determine whether widefield measurements of PDMPO fluorescence from diatom
cells of different thickness could be quantified reliably using widefield microscopy,
measurements of diatom cells by widefield microscopy were compared with 2P
measurements. A 2P microscope with 20x (0.95 NA) water immersion objective was
coupled with a pulsed laser excitation light source (coherent MIRA 900) at 780nm. This
excitation wavelength was chosen out of convenience, and because PDMPO has a high
absorption cross section in this range, causing efficient 2P excitation of PDMPO.
Although it is possible that a different wavelength would be superior for 2P PDMPO

excitation, imaging was not light limited under these conditions.

Diatom cells were located on the 2P microscope, and then a stack of images throughout
the cell depth was captured. Each image within a stack was 2 um apart, and the vertical
position of the first and last image was adjusted so that they were outside any part of the
cell and had no detectable fluorescence. This ensured that the entire cell depth was
captured. Images within the same stack were summed to generate a single image

representing all fluorescence captured throughout the depth of the cell.

Next, cells were imaged using an Olympus 1X-70 widefield microscope with 10x (0.25
NA) and 40x (0.6 NA) objectives. An X-cite 120 PC EXFO light source was used for
excitation, and DAPI excitation (377/50 nm) and custom emission (510/140 nm) filters
were used to capture PDMPO fluorescence. Images were captured using a 12-bit Retiga
QImaging camera connected to a computer with pManager for ImageJ software
(Edelstein et al. 2010; Rasband 2012).

Each time diatom cells were imaged, calibration images were also captured to correct
for differences in excitation light intensity and unevenness of illumination across the

FOV. A yellow fluorescent slide (1.5 mm thick, Chroma Technology Corp) was used for
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calibration. In a comparison with fluorescein solutions used by previous authors (Model

and Burkhardt 2001; Znachor and Nedoma 2008; the yellow Chroma slide corrected for
unevenness in illumination similarly (Appendix G) but was preferred for its higher
fluorescence intensity (~ 8 times) and the convenience of using a solid standard. Ten
fields of view (FOVSs) of the calibration slide were imaged to account for slight
differences in fluorescence within the slide. These 10 FOV’s were then averaged to

generate the calibration image (Figure 2.3A).

Then the same diatom cells that were imaged with the 2P microscope were located on
the widefield fluorescence microscope and imaged using both the 10x (0.25 NA) and 40x
(0.6 NA) objectives. Once a cell was located, focus was adjusted manually. Exposure
times were adjusted to be as long as possible without saturating pixels. Saturating pixels
occur when the fluorescence intensity equals or exceeds the maximum intensity
detectable by the camera (for a 12-bit camera, 4096). Over-saturated pixels have
intensities greater than this maximum, but are instead measured as the maximum value,
causing under-estimation of the actual fluorescence intensity. Exposure times were
adjusted so that the brightest pixels were near this limit, to maximize detection of faintly
labelled structures. Once the optimal exposure time had been determined, images were
captured (Figure 2.3B).

Images were then analyzed to measure fluorescence from each diatom particle. ImageJ
was used for all image analysis (Rasband 2010). First, the original image was normalized
by the calibration image: for each pixel within the original image, the intensity was
divided by the intensity of the pixel at the same location from the calibration image. This
corrects for unevenness of illumination at different locations within the FOV and
differences in excitation light intensity between different days of image collection (Figure
2.3C, Appendix G). Next, the background fluorescence was measured. Background
occurs due to stray light and camera noise during imaging, and was low for the images
collected (13 + 6 and 9 £ 5 with 10x and 40x objectives respectively) relative to the
detectable range (0-4096). Background was measured at five locations per FOV where

no diatom cells were found, and approximately at each corner and the center of the FOV
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(e.g. red boxes, Figure 2.3C). The average fluorescence per pixel for the five background

regions was then subtracted from the image (Figure 2.3D). Following this, the image was
duplicated to create a binary mask for particle analysis (Figure 2.3E). A binary mask was
created by manually adjusting the threshold for detection of fluorescence. This created
an image where fluorescent diatom cells were indicated in black and empty areas of the
FOV in white. Thresholds were set as low as possible while excluding fluorescence not
from diatom cells. If necessary, fluorescence was excluded if detected from mountant
imperfections, or pixels where the two species overlapped (shown in red, Figure 2.3E).
Next, automated particle analysis was conducted to measure the fluorescence of each
particle. By using the binary mask to determine which pixels contained cells, the
fluorescence of each cell in the calibrated, background subtracted image was measured.
A drawing of particles analyzed was automatically produced (Figure 2.3F) so that
fluorescence measurements could be assigned to each diatom cell. Finally, measured
fluorescence intensities were normalized (divided) by exposure times (Znachor and

Nedoma 2008) to account for differences in exposure time between images.

To determine whether the relative fluorescence for the two diatom species from 2P
microscopy agreed with widefield measurements, fluorescence for each diatom cell using
the 10x or 40x objective was divided by the fluorescence intensity of the same cell
measured on the 2P microscope. Pairing measurements of the same cell for the different
methods served to remove variability between individual cells to provide a more robust
comparison between methods. Fluorescence measurements for the two species were
compared in R (R Core Team 2013), and Wilcoxon rank sum test was used to determine
significance as variance between groups was unequal. To distinguish measurements of
PDMPO fluorescence by microscopy from those made by fluorometry, measurements by

microscopy have been designated iPDMPO.
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Figure 2.3: Example of images produced during fluorescence quantification from diatom cells by
microscopy. A) A calibration slide was imaged to correct for differences in excitation light
intensity between different times when slides were imaged and unevenness across the field of
view. B) An image of a sample with diatom cells was captured. C) The sample image intensities
were divided by the calibration image so that the intensity of each pixel in B was normalized by
the intensity of each pixel in the same location from A. Also, background was measured in
regions indicated by red boxes. D) Average background per pixel was subtracted from the entire
FOV. E) A binary image was created to identify all particles. Pixels overlapping between the
two species were manually excluded (red). F) A drawing of numbered particles was
automatically generated during particle analysis so that measured fluorescence intensities could
be matched to their respective particles. For example, one C. wailesii cell (C) and Pseudo-
nitzschia sp. chain (P) are indicated.
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2.2.2.b Testing Relative PDMPO Quantification

Measurements of PDMPO fluorescence obtained using microscopy and fluorometry
were compared to determine the degree of agreement between the two methods. For the
incubation experiment described previously (section 2.2.2a, Figure 2.2) samples for
determination of PDMPO incorporation were collected from the separate incubations of
C. wailesii and Pseudo-nitzschia sp. These samples were rinsed with HCI during
filtration, and pPDMPO concentrations determined as described above (section 2.2.1b).
Next, the same mixed microscope slide described above (section 2.2.2a) was imaged, but
in this case the entire slide was imaged and the total fluorescence per diatom species was
determined for each FOV. Then FOV’s were randomly assigned to 3 pseudo-replicates,
and the percentage fluorescence from each species averaged between pseudo-replicates.
For this comparison, fluorescence per species was quantified within the same slide, and
expressed as a proportion of the total (relative fluorescence). This approximates a field
scenario in which PDMPO would be used to determine the contribution of different taxa
to the SiO, production of the assemblage. Additionally, this test represents the most
conservative test of quantification of PDMPO microscopy, as factors that may confound
measurements between different slides (e.g. storage time, preparation conditions,
mountant thickness, etc.) would not affect these relative measurements within the same

slide.

2.2.2.c Testing Absolute PDMPO Quantification

In addition to relative PDMPO quantification within a microscope slide,
measurements of absolute PDMPO fluorescence (fluorescence intensities quantified from
different slides) measured by microscopy were compared to bulk measurements of
A[SiO3]. Incubation experiments described in section 2.2.1b were subsampled to prepare
microscope slides for analysis as described in section 2.2.2a, except that Immu-mount
mountant was used instead of ProLong Gold. Slides from each one of the triplicate
cultures at 12, 24 and 48 hours of incubation were analyzed for each of the four species.
Particle analysis was conducted as described in section 2.2.2a and PDMPO fluorescence

per mL was calculated as:
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Total AFOV 1
#Fovs ~ Afilt ~ Vfilt

IPDMPO =

Equation 2

where iPDMPO is the PDMPO fluorescence (mL™), Total is the sum of PDMPO
fluorescence measured in all FOVs, # FOVs is the total number of FOVs analyzed,
AFOV is the area of the FOV (mm?), Afilt is the area of the filter used to prepare the
slide (mm?, in this case 491 mm? for the 25 mm diameter filter) and V/filt is the volume of
culture filtered to prepare the slide (mL). Finally, iPDMPO was modelled as a function

of A[SiO,] incorporation as in section 2.2.1b.

2.2.3. Assessing the Performance of the PDMPO Technique in the Field

To test the PDMPO method with natural assemblages, measurements of SiO,
incorporation using PDMPO and *2Si were compared at a marine location.
Oceanographic cruises to Saanich Inlet (location 123.30 W, 48.36 N) on board the RV
Strickland were conducted once a month from February to December during 2013.
Seawater samples were collected with 12 L Go Flo bottles from the depth of the
chlorophyll a maximum determined with an in vivo fluorescence sensor attached to a
conductivity temperature depth CTD package, and kept cool and in the dark until return
to shore. Diatom cell numbers and iPDMPO results are presented here only for March
2013, the month of the spring bloom with highest SiO, incorporation rates. The results
from analysis of all Saanich Inlet microscope slides will be presented in Chapter 4 of this

thesis.

Triplicate incubation experiments were conducted for 24 hours in a flow-through
acrylic tank exposed to natural irradiance, supplied with water of surface seawater
temperature, and screened with blue photographic film (Lee Filters 202 Half C. T. Blue)
to simulate the intensity and wavelengths at the depth corresponding to 50% surface

incident irradiance. The depth of the chl a maximum was less than 10 m in all months



33
with one exception (May 2013 depth of 20 m, Table 4.1). The irradiance at the chl a max

varied considerably, and ranged from 2-100 % of surface PAR averaging 52%.

For pPDMPO concentration measurements, seawater samples (400 mL) were incubated
with 125 nmol L™* PDMPO in acid cleaned polycarbonate bottles for 24 hours. At the
end of the incubation period, samples were filtered onto 0.6 um PC filters, and filters
were rinsed with HCI, and stored dry as described in section 2.2.1b. Samples were
analyzed following digestion with HF and pPDMPO concentration determined as
described in section 2.2.1b. Then pPDMPO concentrations were converted to A[SiO;]
using the Si:PDMPO ratio determined from culture experiments in section (2.3.1c) and
also the ratio of 3230 + 660:1 Si:PDMPO from Leblanc and Hutchins (2005). As
incubations were conducted for 24 hours, the A[SiO;] calculated is equivalent to the daily

rate of bSiO, incorporation (denoted ppompo, Units of pmol Si0, L™ d™).

Separate incubations were also conducted using *2Si as a tracer of SiO, incorporation.
Samples (300 mL) were spiked with to a final activity of 22.2 kBq (0.01 uCi) *2Si(OH)s,
and after 24 hours samples were filtered onto 0.6 um PC filters. Next, filters were placed
on nylon discs, allowed to dry at room temperature, and covered with Mylar film. Upon
reaching secular equilibrium (~120 days), incorporation of *2Si was determined by gas-
flow proportional counting (Krause et al. 2011) with a multicounter system for low-level
beta radiation (Risg GM-25-5A, DTU Nutech). Incorporation rates were calculated from
%25j measurements as described in Brzezinski and Phillips (1997). Rates of bSiO,

production determined using *Si are denoted paross.

Subsamples from PDMPO incubation bottles were collected to prepare slides for
quantification of PDMPO by microscopy. Prior to filtration, cell density was assessed in
order to determine the optimal filtration volume for slide preparation (Franck and
Brzezinski pers. comm.). The optimal filtration volumes were such that cell density was
maximized, while overlap between cells was minimized. Filtered cells were transferred
to microscope slides by freeze transfer (section 2.2.2a). Samples were imaged using a

10x (0.25 NA) microscope objective and then the fluorescence intensity per cell was
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determined by particle analysis (section 2.2.2a). If cells of different taxa overlapped,

either the overlapping cells were excluded from the analysis, or the overlapping pixels
were manually excluded. In addition to PDMPO fluorescence images, brightfield images
were captured for each FOV to aid in species identification. Although 30 FOVs were
imaged per slide, not all were analyzed as fluorescence was reliably quantified from
fewer FOVs based on the following criteria. Fields of view were randomly selected for
analysis, and the cumulative average and standard deviation of total fluorescence per
diatom genus was calculated. Once the standard deviation was less than 15% of the
cumulative average, a genus was considered adequately quantified. More FOVs were
analyzed until the genera most important for PDMPO fluorescence (>10% of the total
diatom fluorescence) were adequately quantified in this manner. Then the percentage
contribution of the different genera to community PDMPO incorporation was calculated.

Samples were also collected for the enumeration and identification of phytoplankton.
These samples (125 mL) were preserved in amber glass bottles with acidic Lugol’s
lodine until analysis. In the laboratory, samples (50 mL) were settled for 24 hours in
settling chambers, and then counted on an inverted Olympus 1X-71 as per Utermahl
(1958).

2.3. Assessment
2.3.1. Relationship Between PDMPO and SiO; Incorporation

2.3.1.a Effect of Extracellular PDMPOQO Concentration

High concentrations of PDMPO (750 and 1000 nmol L) significantly reduced T.
pseudonana growth rates relative to the 0 nmol L™ control (Figure 2.4A, p <0.005 and p
<0.0001 respectively). The A[SiO,] was significantly lower in the 1000 nmol L™ and the
125 nmol L™ treatment than in the control (p <0.01, p <0.03 respectively), though overall
there did not seem to be a clear relationship of A[SiO;] with PDMPO concentration
(Figure 2.4B). In the 100, 125 and 250 nmol L™ treatments, A[SiO,] unexpectedly

appeared reduced relative to the control, although the growth rates of these treatments
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were not. It is unclear why these treatments could have reduced SiO, per cell during

these experiments, as all cultures were acclimated to conditions for ten generations prior
to the start of experiments. These treatments were started from the same initial culture
flask, and separately from the 750, 500 and 1000 nmol L™ treatments. Therefore, it is
possible that the apparent reduction in A[SiO-] for the 100 - 250 nmol L™ treatments
could be due to erroneous over-estimation of the initial concentration of SiO; in the

parent culture.

The concentration of pPPDMPO after 24 hours was higher in treatments with higher
extracellular PDMPO concentrations (Figure 2.4C). The pPDMPO concentration
increased with extracellular PDMPO concentration until 500 nmol L™. A plateau was
reached at 750 nmol L™, perhaps due to the decreased growth rates at this concentration
and at 1000 nmol L. When all treatments are included, an average of 3.9 + 0.5 % of the
PDMPO added was incorporated into cells, and when treatments with reduced growth
rate (750 and 1000 nmol L) were excluded 7.0 + 0.6% of PDMPO added was

incorporated.

When A[SiO;] was divided by pPDMPO to yield the ratio of Si:PDMPO of
incorporation during the 24 hour incubation, the ratio decreased when more PDMPO was
added (Figure 2.4D), driven by the increased incorporation of PDMPO at higher PDMPO

concentrations.
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Figure 2.4: Effect of extracellular PDMPO concentration on A) growth rate B) A[SiO;] C)
pPDMPO concentration and D) the Si:PDMPO ratio of incorporation in Thalassiosira
pseudonana cultures after a 24 hour experiment. Each symbol represents the mean of triplicate
cultures + 1 SE, except for n = 2 for the 125 nmol L™ treatment in panel C. If error bars are not
visible, they are smaller than the symbol.
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2.3.1.b Effect of Diatom Species

For all further experiments, PDMPO was added to a final concentration of 125 nmol
L™ PDMPO. During experiments with four different diatom species, pPDMPO
concentrations increased linearly with A[SiO,] throughout the 48 hour incubation (Figure
2.5, Figure 2.6). As a result, the data points with the lowest A[SiO,] and pPDMPO
concentrations correspond to 12 hours after the addition of PDMPO, and A[SiO,] and
pPDMPO concentrations increased throughout the experiments to the greatest values at
48 hours. When cells were not lysed, species had a significant effect on the relationship
between A[SiO,] and PDMPO concentration (p <0.0001). In all cases, the intercept of
the line of best fit between pPDMPO and A[SiO;] was not significant. Therefore, the
relationship between SiO, and PDMPO incorporation is presented as a ratio between Si
and PDMPO, calculated from the slope of best fit lines.

The ratio of Si:PDMPO incorporated into the frustule varied between the species
tested by 3.1x when cells remained intact (Table 2.2). The highest ratio was measured in
A. glacialis (4780 £ 380:1), while the other three species had much lower ratios that did
not differ significantly among them and averaged 1750 + 90:1. When all four species
were analyzed together, the resulting best fit yielded a ratio of 2260 + 190:1. When
species was included as a predictor of the relationship between pPDMPO and A[SiO5],
the R? of the model was 0.90. However, when species was not included, as would be the

case for a field assemblage of unknown composition, the R? decreased to 0.70.
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Figure 2.5: The concentration of pPPDMPO vs. A[SiO,]. When incubations were terminated,
cells on the filter were kept intact by rinsing cells with filtered sea water. Colours indicate the
different species tested. For each species the consecutive data points correspond to different
incubation times (12, 18, 24, 36 and 48 h), with the lowest and highest concentrations of
pPDMPO and A[SiO,] corresponding to 12 and 48 hours respectively. Lines of best fit are also
shown with the corresponding Si:PDMPO ratio, with the solid line showing the best fit for all
four species, the dashed line the fit for A. glacialis only, and the dotted line the fit for the
remaining three species. Ratios of Si:PDMPO corresponding to the slope of each line of fit are
indicated.
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Table 2.2: Ratios of Si:PDMPOQO calculated from lines of best fit for pPPDMPO concentration vs.

A[SiO;,] for four diatom species presented in Figure 2.5 and Figure 2.6. Unlysed (FSW rinsed)
and lysed (HCI rinsed) cells were analyzed separately for each species. R® values indicated are
for the line of best fit for individual species.

Si:PDMPO
Cells Species (mol:mol)
Mean  SE R®
Unlysed Asterionellopsis glacialis 4780 380 0.92
Skeletonema dohrnii 1640 140 0.91
Chaetoceros contortus 1940 150 0.92
Thalassiosira
pseudonana 1550 190 0.78
All 2260 190 0.7
Excluding A. glacialis 1750 90 0.89
Lysed  Asterionellopsis glacialis 4300 430 0.89
Skeletonema dohrnii 2850 480 0.71
Chaetoceros contortus 4780 580 0.83
Thalassiosira
pseudonana 2150 360 0.66
All 4200 380 0.69

2.3.1.c Effect of Diatom Cell Lysis

Loss of intracellular PDMPO from rinsing cells with HCI varied considerably between

species (Table 2.3). In A. glacialis, intracellular PDMPO loss was not significantly

different from zero, whereas in Chaetoceros contortus 53 + 9 % of the pPDMPO

measured was lost during rinsing with HCI.
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Table 2.3: Percentage of intracellular PDMPO loss for the four diatom species for which the
pPDMPO vs. A[SiO,] relationship was determined (Figure 2.5). Loss was calculated as the
difference in pPDMPO concentration between samples rinsed with FSW and samples rinsed with
HCI (PDMPO stored intracellularly) as a percentage of the FSW pPDMPO (intracellular
pPDMPO + pPDMPO in the frustule) for each pair of samples. Cell volumes are also listed for
comparison.

Il

Intracellular PDMPO Loss VSSme
Species (%) (um®)

Mean SE n
Asterionellopsis glacialis 11 11 3 3000
Chaetoceros contortus 53 9 3 1000
Skeletonema dohrnii 23 11 3 450
Thalassiosira pseudonana 32 5 4 30

When data from HCI lysed cells was modelled as for unlysed cells (section 2.3.1b)
diatom species had a significant effect on PDMPO incorporation (p <0.01, Figure 2.6).
When species was included as a predictor variable the model R? was 0.75, but decreased
to 0.67 when species was not included. The range in Si:PDMPO between species when
cells were lysed was less than when cells were unlysed (2.2x). Interestingly, the ratio of
Si:PDMPO did not differ between lysed and unlysed cells of A. glacialis (4300 + 430:1),
while the large proportion of intracellular PDMPO loss from C. contortus caused it to
have a higher Si:PDMPO ratio than A. glacialis (4780 + 580:1). The Si:PDMPO ratio of
T. pseudonana was significantly lower than both A. glacialis and C. contortus, while the
Si:PDMPO ratio of S. dohrnii did not differ significantly from any of the other species.
However, the low Si:PDMPO ratio of T. pseudonana seems to be largely due to two t =
48 measurements with high pPDMPO. The remaining two T. pseudonana t = 48
replicates were in line with the majority of data points from other species tested. When
the two data points with high pPDMPO were removed from the analysis, the Si:PDMPO
ratio of T. pseudonana increased, and no longer differed significantly from A. glacialis or
C. contortus. It is possible that cells in these samples were not lysed effectively, although

the pPDMPO concentrations measured are less than those from paired samples that were
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rinsed with FSW. Regardless, excluding these two outliers increased the Si:PDMPO

ratio calculated for the four species pooled together by less than 10%.

Although the effect of species was significant even when cells were lysed, species
explained only 8% of the variability in pPDMPO concentrations (R? = 0.75 when species
included as a predictor variable, R* = 0.67 when excluded), and was not a significant
predictor of the ratio when the two T. pseudonana outliers were excluded. This suggests
that were the taxonomic identity of diatom species unknown, a Si:PDMPO ratio of 4200
+ 320:1 could be used to convert pPDMPO measurements to A[SiO5].

Lysed Cells (HCI Rinse)

70O A. glacialis
O S. dohmii
O C. contortus
g0 T. pseudonana
(o
T
5 27
£
=
— 4
O
o
=
Q 34
o
o
2
14
0 - *=0.67

I
0 5 10 15 20 25
A[SiO,] (umol L)

Figure 2.6: The concentration of pPPDMPO vs. A[SiO,]. When incubations were terminated,
cells on the filter lysed rinsing cells with 10% HCI. Colours indicate the different species tested.
For each species the consecutive data points correspond to different incubation times (12, 18, 24,
36 and 48 h), with the lowest and highest concentrations of pPDMPO and A[SiO;] corresponding
to 12 and 48 hours respectively. The line of best fit for all four species pooled together is
indicated.
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2.3.2. Quantification of PDMPO Fluorescence by Microscopy

2.3.2.a Effect of Microscope Objective

When C. wailesii and Pseudo-nitzschia sp. fluorescence was quantified by microscopy,
the fluorescence of both species measured with the 40x objective was higher than that
measured with the 10x objective (Figure 2.7). The differences in absolute value of
fluorescence measurements between configurations (i.e. 2P, 10x and 40x) are due to
arbitrary differences in scaling, and do not impact comparisons between species. For 2P-
normalized 10x and 40x fluorescence data, variability was greater for Pseudo-nitzschia
sp. than for C. wailesii. This is likely due to the low absolute fluorescence of Pseudo-
nitzschia spp. relative to Coscinodiscus spp., necessitating shorter than optimal exposure
times for Pseudo-nitzschia spp. cells and consequently an increase in the noise associated
with Pseudo-nitzschia spp. measurements. High fluorescence Pseudo-nitzschia sp.
outliers were included, but their removal had little effect on the comparison between
species. As measurements of Pseudo-nitzschia sp. had higher variance than those of C.
wailesii, a Wilcoxon rank sum test was used to determine if the species differed
significantly. When 10x/2P measurements were compared, the species were not
significantly different (p = 0.4); however, fluorescence of C. wailesii was significantly
higher than Pseudo-nitzschia sp. for 40x/2P measurements (p <0.001).
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Figure 2.7: Boxplots of iPDMPO fluorescence per cell for C. wailesii (n = 23 cells) and Pseudo-
nitzschia sp. (n = 54 cells) measured by fluorescence microscopy using either an A) 10x
(0.25NA), or B) 40x (0.6NA) microscope objective then normalized to fluorescence of the same
cell measured by 2P. The median of each box is indicated by the thick black line and the top and
bottom of each box represents the first and third quartile respectively. Whiskers extend to 1.5x
the range between the first and third quartile.

2.3.2.b Testing Relative PDMPO Quantification

PDMPO fluorescence was higher in Pseudo-nitzschia sp. than C. wailesii at the
conclusion of the incubations, and accounted for 82 £ 4 % of the total PDMPO
incorporation by both species when measured by fluorometry and 78 + 12 when
measured by microscopy (Figure 2.8). The relative proportion of PDMPO incorporated
by each species measured by quantitative microscopy agreed well with results from
fluorometry, suggesting that PDMPO fluorescence can be quantified reliably for different

species within a mixed assemblage within the same slide.
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Figure 2.8: Percentage contribution of C. wailesii and Pseudo-nitzschia sp. to total PDMPO
fluorescence of both diatom species, when measured on a fluorometer (yellow bars, rinsed with
HCI) and with a microscope (blue bars). Error bars represent + 1SE.

2.3.2.c Testing Absolute PDMPO Quantification

Similarly to when PDMPO was quantified by fluorometry (section 2.3.1b, Figure 2.5,
2.6), iPDMPO increased with A[SiO;] in the four species tested (Figure 2.9). PDMPO
fluorescence measured by microscopy was strongly correlated with A[SiO,] (R? = 0.78),
suggesting that quantifying PDMPO fluorescence by microscopy is a reliable method for
measuring the concentration of PDMPO in diatom frustules. Both the slope and intercept
of the relationship between PDMPO and A[SiO;] were significant (p <0.05), and the

relationship was best described by

iPDMPO = 125,000 * A[Si02] — 212,000 Equation 3

where iPDMPO is the fluorescence measured by microscopy (arbitrary units), and
A[SIO7] is the concentration of SiO, less the concentration of SiO, when PDMPO was

added (umol L™). This relationship is dependent on several conditions: the concentration
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of PDMPO applied (125 nmol L™), the mountant used to prepare slides (Shandon Immu-

mount, pH 8.0), and the calibration slide used (Chroma yellow slide).

Microscopy
4 4O A glacialis
O S. dohmii
O C. contortus o©
O T. pseudonana O
3

y =125,000x -212,000
R?*=0.78

PDMPO Fluorescecnce (10°)

0 5 10 15 20 25
A[SIO,] (Mmol L)
Figure 2.9: The fluorescence of PDMPO determined by microscopy vs. A[SiO5] from
experiments with A. glacialis (red), S. dohrnii (blue), C. contortus (yellow) and T.
pseudonana (green) when fluorescence was quantified by microscopy from each

triplicate culture and 12, 24, and 48 hour time points. The line of best fit when all species
were pooled together is indicated.

2.3.3. Assessing the Performance of the PDMPO Technique in the Field

In all Saanich Inlet experiments, PDMPO incubations were conducted for 24 hours;
therefore, when pPDMPO measurements are converted to A[SiO>] this represents a daily
rate of SiO, production (peomeo). Generally, promeo and peross (determined using *2Si)
agreed well in Saanich Inlet (Figure 2.10). However, in August diatom cell counts were
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low (320,000 cells L), and ppompo Was 78 times higher than peross (data not shown).

Although no reason for this large discrepancy is apparent, this measurement is likely

erroneous and has been excluded from subsequent analyses.

The pPDMPO concentration was strongly correlated with pgross in the Saanich Inlet
samples (Figure 2.10A, R? = 0.78). When pPDMPO concentrations measured from lysed
cells were converted to A[SiO5] using a Si:PDMPO ratio of 4200 + 380:1 (this chapter,
section 2.3.1c) the slope of the fit of pppmpo VS. peross Was 0.77 (Figure 2.10B). When
the Leblanc and Hutchins (2005) ratio of 3230 + 660:1 was used to convert
measurements of PDMPO to A[SiO;], the slope of the line of best fit was 18% lower than
when a ratio of 4200 + 380:1 was used (Figure 2.10C). For both Si:PDMPO conversion
ratios, the slope of the line of best fit between pppmpo and peross Was less than 1,
suggesting that in both cases PDMPO under-estimated SiO, incorporation relative to Si.
However, when the lines of fit was forced through the origin the slopes increased for
both Si:PDMPO ratios, to 1.10 for a ratio of 4200 + 380:1, and to 0.85 for a ratio of 3230
+ 660:1. This suggests that pppvpo agreed better with pgross at high pppvpo. Therefore,
disagreements between pppmpo and peross Were mostly due to over-estimation of SiO,

incorporation rates by PDMPO when rates were low.

Three of the Saanich Inlet pPDMPO measurements appeared to be inflated relative to
paross (coloured points, Figure 2.10). In two instances (June and September), these
samples were collected when diatoms were very low in abundance (<5% of
phytoplankton >5 um), while dinoflagellates dominated (indicated in blue Figure 2.10).
In the third case, diatoms dominated the phytoplankton, but Si(OH), concentrations were

the lowest measured during the study period (9.4 pmol L™, yellow point, May).



47

124 'y -p18x+020
T, ] R2=0.78
5
£ o8
o ]
o . (I)
S 04 ®
- ]
s qad
0.0 3 A
5_ | LA RLRLI LR RLERLE LLELELLILEY L) LI |
1— y=0.77x + 0.84
4] R2=0.78
T J--y=1.10x
5> 1 R? = 0.38
82
TO
S5 7
e 18
BT 2
O_: i B-
5_ | L L L AL LN I LN L AL AL |
. ]—y=059%+06
=% 4] R2=0.78
o7 J-- y=0.85x
D 3] R?=0.38 .
E‘_"_Q ]
ow .
%_O 2_.
g€
Q35 ]
2 1]
0] c
| LA RLELNLERLELRLRS RALRE RN RARLRERELN LRRRERELE) |
0 1 2 3 4 5

Pross Mol SI0; L d)

Figure 2.10: A) pPDMPO concentration vs. pgross, B) prompo Calculated using a Si:PDMPO
ratio of 4200:1 (this chapter, section 2.3.1c) vs. peross and C) ppompo Calculated using a ratio of
3230:1 Si:PDMPO (Leblanc and Hutchins 2005) vs. pgross from monthly sampling in Saanich
Inlet from February to December 2013, (August 2013 excluded, see text). Solid lines indicate the
line of best fit, while dashed lines show the fit when forced through the origin. Data points
represent the mean of triplicate measurements and error bars + 1 SE. Data points indicated in
blue are for months when diatoms were low in abundance and dinoflagellates dominated the
phytoplankton assemblage, while the data point indicated in yellow indicates the sample collected
with the lowest Si(OH), concentration (May 2013, 9.4 pumol L™%).



48
During the March 2013 spring bloom, three diatom taxa made up the majority of

diatom cell numbers (Figure 2.11). Chaetoceros spp. was the most abundant genus
numerically, and represented 57% of diatom cells present. Thalassiosira spp. was the
next most abundant genus and accounted for 33% of diatom cells. However, the
contributions of these diatom genera to total diatom cell numbers were very different
from the contributions of these genera to iPDMPO. Chaetoceros spp. accounted for only
2 £1 % of community iPDMPO, indicating that its contribution to community SiO,
incorporation was minimal. Thalassiosira spp. was responsible for the majority of
PDMPO fluorescence (96 + 2 %), which corresponded to a pppowmpo 3.6 + 0.3 pmol L™ d™
from this genus alone. During this month samples the chlorophyll a maximum occurred
at a depth corresponding to 48% of surface irradiance, suggesting that incubation light
intensity (screened to 50%) would have matched ambient conditions (Table 4.1).
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Figure 2.11: Panels showing images of abundant diatom genera in Saanich Inlet captured using
brightfield (left column) and PDMPO fluorescence microscopy (right column). The percent
contribution of these diatom genera to total diatom cell numbers (left pie chart) and total PDMPO
fluorescence (iPDMPOQ, right pie chart) in Saanich Inlet during March 2013 are shown below the
images. Colours of each genus match between pie charts and microscope image frames. All
scale bars represent 25 um.
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2.4. Discussion

Throughout these experiments, PDMPO was useful as a tracer of SiO;
incorporation of marine diatoms. Particulate PDMPO concentration was strongly
correlated with the amount of new SiO, produced in laboratory cultures, and with SiO,
incorporation determined using *2Si in natural marine diatom assemblages. In addition,
PDMPO could be reliably quantified using widefield fluorescence microscopy. As a
result, total diatom community and taxa specific rates of SiO; incorporation can be
determined using the PDMPO tracer.

2.4.1. PDMPO as a Tracer of SiO; Incorporation in Marine Diatoms

The incorporation of PDMPO was strongly related to the incorporation of SiO, in both
laboratory cultures and natural marine diatom assemblages. However, PDMPO may be
toxic to diatoms at high concentrations. The reduction of diatom growth rates in T.
pseudonana at concentrations of >500 nmol L™ (Figure 2.4A) observed in this study was
an unexpected result, as the manufacturer of PDMPO recommends using 1000 nmol L™
(Life Technologies Corporation 2013) for this type of experiment. In fact, this
concentration has been used previously in several studies (Shimizu et al. 2001; Hazelaar
et al. 2005; Heredia et al. 2008; Vartanian et al. 2009). In the present study, a reduction
in growth rate was evident after 24 hours, in contrast to the results of Leblanc and
Hutchins (2005) that showed reduced growth at 500 and 1000 nmol L™ only after 96
hours of incubation. It is possible that some of this discrepancy may be due to
differences in susceptibility between diatom species, as Leblanc and Hutchins (2005)
assessed toxicity in a mixed natural assemblage, not in T. pseudonana. It is also possible
that the decrease in growth rate was easier to detect with the higher precision cell count
method used in this study (automated particle counting, average precision 3%) than by
Leblanc and Hutchins (2005, microscope counts). My results support the
recommendation of Leblanc and Hutchins (2005) that a PDMPO concentration of 125
nmol L™ should be used and that concentrations greater than 500 nmol L™ should be

avoided to prevent toxic effects on diatoms.
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The incorporation of PDMPO was strongly correlated with SiO, incorporation in

experimental cultures. However, this relationship did not have a fixed Si:PDMPO
stoichiometry. Rather, the Si:PDMPO of incorporation likely reflects the concentrations
of Si(OH), and PDMPO that reach the SDV. This has been suggested previously by
Durkin et al. (2013), and they found that different ambient Si(OH)4 concentrations
affected the relationship between PDMPO fluorescence and SiO, incorporation. Here,
the same effect was observed but when PDMPO concentrations were varied. As PDMPO
concentrations in the culture medium of T. pseudonana increased, the Si:PDMPO of
incorporation decreased (Figure 2.4D), in agreement with previous findings for the same
diatom using a similar fluorescent dye (HCK- 123, Hervé et al. 2012). Although the
mechanism of PDMPO’s incorporation into the SiO, frustule is unknown, this result is
consistent with what is known about the incorporation of PDMPO by diatom cells.
PDMPOQ diffuses rapidly across the cell membrane and into the SDV (Shimizu et al.
2001; Life Technologies Corporation 2013), and as a result the accumulation of PDMPO
within the SDV depends on its concentration gradient. In contrast, the incorporation of
Si0O, did not exhibit a trend with PDMPO concentration (Figure 2.4B), and as a result,
Si:PDMPO will vary depending on the extracellular PDMPO concentration. This
suggests that any factors that differentially affect PDMPO or Si(OH), uptake into the cell
may change the ratio of Si:PDMPO incorporated into the frustule, and could confound
the quantification of SiO; incorporation based on PDMPO measurements.

The diatom taxa present is one factor that differentially affects Si(OH), and PDMPO
uptake into diatom cells, and consequently may affect the Si:PDMPO ratio of
incorporation. Different diatom taxa vary in their ability to take up Si(OH),; the half
saturation constant for Si(OH), (Ksi) uptake varies by two orders of magnitude (Sarthou
et al. 2005), and maximum Si(OH), uptake rates vary by as much as five orders of
magnitude between diatom species (Martin-Jézéquel et al. 2000). These differences
between species would affect the rate of Si(OH), uptake into the cell, and the amount
present within the SDV. Therefore, the incorporation of SiO, in the frustule would be
expected to occur differently for individual diatom species. In contrast, PDMPO uptake

would be unaffected by taxonomic differences in Si(OH), uptake, and consequently the
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Si:PDMPO ratio would vary between taxa. Indeed, diatom species was a significant

predictor of the relationship between A[SiO;] and pPDMPO in diatom frustules, whether
or not cells were lysed to get rid of intracellular PDMPO (Figure 2.5, 2.6). However, the
species effect was small relative to the effect of A[SiO;], and explained only 20% and 8%
of the variability in the Si:PDMPO relationship when cells were intact (FSW rinse) or
lysed (HCI rinse), respectively. When cells were lysed, T. pseudonana had a
significantly lower ratio of Si:PDMPO than C. contortus and A. glacialis, but this largely
due to two high pPDMPO measurements from T. pseudonana. When these
measurements were excluded, the Si:PDMPO ratio was no longer significantly different
between the species. Therefore, it is possible that different diatom species have different
Si:PDMPO ratios when cells are lysed, but it is difficult to say for certain due to the
variability between replicates for this species. Even when the effect of species was
ignored, and species was not included as a predictor variable, the amount of pPDMPO
was strongly predicted by the amount of SiO, produced whether or not cells were lysed
(R?>0.65). This suggests that PDMPO remains a useful tracer of SiO; incorporation

even when the taxonomic composition of the diatom assemblage is unknown.

Interestingly, much of the difference between the diatom species tested when cells were
unlysed was due to A. glacialis. For this species, the ratio of Si:PDMPO incorporated
into the cell did not differ when cells were intact or lysed, suggesting that A. glacialis
stores little or no PDMPO intracellularly. This is in contrast to the other species tested, in
which pPDMPO concentrations decreased when cells were lysed. The disparity between
A. glacialis and the other species tested may reflect a phylogenetic difference, as A.
glacialis is an araphid pennate, while the other species are within the polar centric clade
(Theriot 2010). Perhaps these clades differ in some physiological respect, such as the
size or pH of the storage vacuole or SDV, which causes less accumulation of PDMPO
within A. glacialis cells. Leblanc and Hutchins (2005) also found differences in
intracellular PDMPO storage between the species that they tested, and suggested that this
was due to greater PDMPO storage within larger cells. However, the proportion of
PDMPO lost during cell lysis was not correlated with intracellular volume in the species

tested in the present study.
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When pPDMPO concentration was modelled as a function of A[SiO-], R? values
were similar between cells that were kept intact and cells that were lysed (R?= 0.70, and
0.67 respectively) when diatom species was not included as a predictor variable in the
model. However, when species was included as a predictor variable, R? values were
much higher for cells that remained intact (R? = 0.90 for intact cells, 0.75 for lysed cells).
This suggests that species has a much larger effect on pPDMPO measurements when
cells are intact (20% vs. 8%), but additionally implies that rinsing samples with HCI
increases variability. When cells were not lysed, only 10% of the variability in pPDMPO
measurements was not explained by species or A[SiO;], while when cells were lysed 25%
of the variability was unexplained. It is possible that not all of the PDMPO present in
diatom cells is removed during the HCI lysis protocol, and that inconsistencies in the
amount removed are responsible for this increased variability. Despite this, HCI rinsing
reduced the effect of diatom species on the relationship between A[SiO,] and PDMPO
incorporation. Therefore, | agree with the recommendation of Leblanc and Hutchins
(2005) that cells by lysed during filtration when determining A[SiO,] from pPDMPO

measurements.

From culture experiments in which diatoms were grown with 125 nmol L™ PDMPO,
A[SiO;] was best predicted for all species from pPDMPO measurements using a
Si:PDMPO ratio of 4200 + 380:1. This Si:PDMPO ratio is 30% higher than the ratio
reported by Leblanc and Hutchins (2005). Although there is considerable scatter in
measurements of pPDMPO from lysed cells (Figure 2.6), the notable outliers are above
the line of best fit and their exclusion increases the ratio further. It is possible that the
discrepancy between the Si:PDMPO ratios reflects a methodological difference. Leblanc
and Hutchins (2005) digested their samples with NaOH, while HF was used for digestion
for Si:PDMPO ratio experiments in the present study. Digestion with NaOH may
degrade PDMPO; however, this would decrease the ratio of Leblanc and Hutchins (2005)
further, and could not explain the observed differences. Diatom taxa are also unlikely to
explain the difference in ratios, as species from the two genera tested by Leblanc and

Hutchins (2005) were also tested in this study. It is possible that more efficient cell lysis
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could have increased the Si:PDMPO in my experiments relative to Leblanc and Hutchins

(2005); however, the same protocol was used. Differences in the conditions of culture
experiments could also have played a role in the difference in ratios. If Si(OH),
concentrations were limiting during the experiments described in Leblanc and Hutchins
(2005), SiO; incorporation could have been reduced relative to PDMPO incorporation,
resulting in a lower Si:PDMPO ratio. During my experiments, Si(OH), concentrations
were always >80 umol L™, much higher than would be expected to cause uptake
limitation (Sarthou et al. 2005). Additionally, cultures were in the exponential phase of
growth for the duration of my experiments, while Leblanc and Hutchins (2005) do not

specify growth of diatom cultures during their experiments.

Although PDMPO concentration and diatom species may affect the relationship
between SiO, and PDMPO incorporation, the good agreement (R? >0.65) between
pPDMPO concentration and A[SiO;] in culture experiments suggest that the effect of
these variables can be minimized. By controlling the concentration of extracellular
PDMPO added and lysing diatom cells, PDMPO can be used as a tracer of SiO;
production despite potential decoupling of its incorporation from SiO, into diatom

frustules.

2.4.2. Assessing Performance of PDMPO for Determining Total Diatom
Community SiO; Incorporation in Natural Assemblages

In laboratory diatom cultures, incorporation of PDMPO into the frustule was strongly
correlated with A[SiO,]. This was also true for samples collected from Saanich Inlet;
PDMPO incorporated into lysed cells was strongly correlated with pgross measured
using *°Si (R* = 0.78, Figure 2.10A)).

At high rates of peross (>1 pmol L™ d™), prompeo calculated using a Si:PDMPO ratio of
4200 + 380:1 agreed with pgross, While the Leblanc and Hutchins (2005) ratio predicted
less prompo.  HOwever, pppmpo Was over-estimated when calculated using either ratio

when pgross Was low. In two months when pppmpo Was substantially higher than pgross,
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dinoflagellates dominated the large phytoplankton (>5 um), and diatoms accounted for

less than 5% of large phytoplankton cell numbers (Figure 2.10, blue points). Previous
work has found that dinoflagellates may bind PDMPO extracellularly and add to the
PDMPO signal (Alvarado 2012). Because of this, Alvarado (2012) recommends rinsing
samples for the determination of pppmpo With antibiotics. However, Alvarado (2012) did
not test the HCI rinse protocol used for Saanich Inlet samples. Consequently it is
unknown how rinsing dinoflagellate bound PDMPO with HCI affects the pPDMPO
concentration measured. In cases when dinoflagellates dominate the phytoplankton
community (>95% of >5 um cells present), diatom productivity is unlikely to account for
a large share of phytoplankton productivity overall. Therefore rates of SiO,
incorporation are unlikely to be informative about phytoplankton dynamics in these
cases. However, it is important to assess the abundance of diatoms and dinoflagellates
when PDMPO measurements are conducted, to ensure that dinoflagellates do not

represent a source of error in measurements of pppmpo.

Even when samples from these two dinoflagellate-dominated months were excluded,
ppompo Was 13.1x higher than pcross in May 2013 (Figure 2.11, yellow). Diatoms were
the dominant group of phytoplankton at this time, and dinoflagellate binding of PDMPO
cannot explain the overestimation of pppmpo. May had the lowest Si(OH),4 concentration
(9.4 umol L™) during Saanich 2013 sampling, which might explain the mismatch
between rates of SiO- production determined using PDMPO and *2Si as tracers. If
Si(OH), concentrations were low enough to limit uptake, the rate of Si accumulation
within the SDV and the frustule could have been reduced relative to the rate of PDMPO
accumulation. This would alter the Si:PDMPO ratio of incorporation relative to culture
experiments, during which Si(OH). concentrations were always >80 pmol L™ and would
not be limiting. However, the highest Kg; previously reported for any of the genera that
are present in Saanich Inlet is 4.7 + 0.5 pmol L™ (Sarthou et al. 2005) suggesting that
concentrations of Si(OH)4 of 9.4 pmol L™ should close to saturating for Si(OH),
transporters. As a result, it is surprising that Si(OH), uptake when ambient
concentrations are 9.4 pmol L™ would be reduced enough to explain the 13.1x reduction
in Si:PDMPO. Previous work by Durkin et al. (2013) found decoupling between SiO,
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incorporation and measured PDMPO fluorescence when cultures were grown with 20

umol L™ and 80 pmol L™ Si(OH),. At these concentrations of Si(OH),, uptake by
transporters would be expected to be maximal. However, not all Si(OH), uptake occurs
via transporters; above 30 umol L™ uptake is dominated by passive diffusion
(Thamatrakoln and Hildebrand, 2008), and Si(OH), uptake may continue to increase
beyond this concentration. Therefore, it is possible that Si(OH), concentration may affect
the amount of SiO; incorporated and the Si:PDMPO ratio at concentrations above 10
umol L™ when transporter mediated uptake would be saturated. It is difficult to
determine if pppmpo Calculated for the remainder of the Saanich Inlet samples was
affected by Si(OH)4 concentrations (average 30 pmol L™) that were much lower than
during culture experiments. The remaining Saanich Inlet samples collected had Si(OH),
concentrations >20 pmol L™, and inflation of pPDMPO measurements is not apparent.
To ensure that PDMPO remains a robust tracer of SiO, incorporation regardless of
ambient Si(OH), concentration, further experimentation is needed. It is possible that the
effect of Si(OH), uptake limitation on the Si:PDMPO ratio could be modeled (Chapter 3,
Appendix H), and corrected for in future studies.

When the samples from the dinoflagellate dominated and low Si(OH). (<10 pmol L™)
months are excluded, agreement between pppmpo and peross improves (R? = 0.93, both
ratios). When the ratio of 4200 £ 380:1 was used to convert pPDMPO to pppmpo the slope
of the line of best was 0.93, while a ratio of 3230 + 660:1 yielded a slope of 0.72. This
indicates that a ratio of 4200 £ 380:1 yields better agreement between pppmpo and peross
than that of 3230 £+ 660:1, which underestimated the amount of SiO; incorporation by
28%.

At present, pppmpo May be inaccurate when diatoms are very rare and dinoflagellates
dominate the phytoplankton >5 um (>95% of cells), and also when Si(OH),
concentrations are less than 10 pmol L™ Further improvements to the use of PDMPO as
a tracer of SiO, incorporation should be investigated: in particular rinses to remove
PDMPO bound to dinoflagellates, and experiments to determine whether correcting

prompo Tor limitation of Si(OH)4 uptake are warranted. Excluding cases when diatoms
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are very rare and when Si(OH), uptake is limited, PDMPO is a robust tracer of SiO,

production natural diatom assemblages.

2.4.3. Quantification of PDMPO by Microscopy

A significant advantage of using PDMPO as a tracer of SiO; incorporation is that
PDMPO fluorescence can be imaged for individual diatom cells by fluorescence
microscopy. This allows SiO, production by different diatom taxa within the same mixed
assemblage to be quantified separately. This goes beyond cell numbers, the conventional
indicator of community composition, by detecting which cells are actively producing
Si0,, and indicating the amount produced.

Quantification of PDMPO by widefield fluorescence microscopy agreed with
measurements of SiO, incorporation, for the protocols used in this study. The procedure
used for quantifying PDMPO fluorescence differs from that used in previous studies.
First, excitation light must be calibrated. lllumination from excitation light sources is
variable with time, and a reduction in excitation light intensity will cause a corresponding
reduction in fluorescence emitted. It is important to control for this variability, as has
been done in several previous studies (Znachor and Nedoma 2008; Iluz et al. 2009;
Znachor et al. 2011, 2013), but not all (Durkin et al. 2012). Although the correction used
in previous studies accounts for differences in excitation light intensity with time, it does
not account for differences in light intensity spatially across the field of view. Even when
microscopes are properly aligned, illumination will be uneven across a FOV (Wolf et al.
2007). Therefore, it is necessary to perform a flat-field correction, and normalize the
fluorescence intensity of pixels within a sample image by the intensity of pixels at the

same location within the FOV of a reference image.

In addition to a different method for calibrating measured fluorescence intensities from
previous studies, different microscope configurations were tested. Microscope objective
lenses have different depths of field, indicated by the NA, and a lower NA objective will
have a larger depth of focus (Figure 2.1). As diatom SiO, structures vary widely in
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thickness, it is important that microscope objectives are chosen for PDMPO imaging that

capture fluorescence throughout the depth of the cell. Otherwise, measurements of thick
diatom species may be under-estimated, a concern that previous studies have raised
(Durkin et al. 2012; Hervé et al. 2012). Optical sectioning methods (such as 2P) may
overcome the limitation of a fixed depth of focus, because the depth of focus can be
increased to capture the entirety of a cell. However, image capture is more time
consuming using optical sectioning compared to widefield fluorescence, and widefield

microscopes are more widely available.

When measurements of two differently sized diatom species were imaged using high
and low NA objectives, measurements using the high NA objective differed between the
two species relative to PDMPO fluorescence determined by optical sectioning (Figure
2.7B). In contrast to expectations, PDMPO fluorescence from the larger cells was not
reduced with the higher NA and shorter depth of focus objective, but rather fluorescence
was over-estimated. It is possible that out of focus fluorescence was captured, and that
fluorescence closer to the detector was captured more effectively despite being above the
plane of focus. Focus for images was adjusted manually, so that both C. wailesii and
Pseudo-nitzschia spp. cells appeared to be in focus. Therefore, the plane of focus for
most images would likely be within ~10 um of the slide surface, as this is where flat
Pseudo-nitzschia spp. cells would be in focus. However, thicker C. wailesii cells would
protrude from the slide surface, closer to the detector. Perhaps this out of focus
fluorescence was somehow over-estimated due to its close proximity to the objective
lens. Regardless of the mechanism, the difference in 2P normalized fluorescence
between the species of different size demonstrate that high NA microscope objectives
should not be used to quantify PDMPO fluorescence between different diatom taxa. In
contrast, measurements of the two species agreed with optical sectioning measurements
when the low NA was used (Figure 2.7A). This suggests PDMPO fluorescence in diatom
cells quantified using widefield fluorescence microscopy reasonably approximates the
optical sectioning method provided that a low NA objective is used. The implications of
this finding for the results of previous studies is unclear, as to my knowledge, not a single

study quantifying PDMPO fluorescence microscopy specifies the NA of the microscope
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objective used. Objectives of 20x (Znachor et al. 2008, 2013; Znachor and Nedoma

2008) and 40x (Durkin et al. 2012) magnification have been used previously, with others
not specifying their magnification (lluz et al. 2009; Quéguiner et al. 2011). As
microscope objectives may confound measurements of PDMPO between species, it is
critical that objectives with low NA are used to quantify PDMPO, and that microscope

configurations are described in sufficient detail.

When variability in illumination intensity was controlled and a low NA objective was
used, measurements of iPDMPO agreed with pPDMPO fluorescence measured by
fluorometry and with measurements of A[SiO,] (Figures 2.8, 2.9). Relative iPDMPO
measurements (within the same slide) were not significantly different from fluorometric
measurements, suggesting that comparisons of fluorescence determined for different cells
within the same microscope slide reflect the amount of PDMPO incorporated (Figure
2.8). In samples from separate culture experiments, absolute PDMPO fluorescence
(fluorescence determined as a concentration, compared between slides) quantified by
microscopy was strongly correlated with A[SiO,] concentration (R? = 0.78, Figure 2.9).
The correlation between A[SiO;] and PDMPO measured by microscopy was stronger
than when PDMPO was measured by fluorometry (R? = 0.70 for intact cells, 0.67 for
lysed cells). Although this may suggest that PDMPO can be reliably quantified between
different microscope slides, | emphasize that the results presented here are for controlled
laboratory experiments. It is likely that comparisons between different slides prepared
from natural assemblages would be less reliable due to additional sources of variability
inherent in field work. For slides prepared from natural assemblages on the west coast of
Vancouver Island (Chapter 3 of this thesis), microscopic measurements of PDMPO did
not indicate SiO, incorporation as reliably as SiO, incorporation determined from
pPDMPO concentrations or *2Si incorporation. Therefore, measurements of PDMPO
fluorescence by microscopy should not be used alone to determine absolute rates of SiO,
incorporation, but rather in combination with another method that determines bulk

community SiO, incorporation rates.
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Using relative measurements of PDMPO obtained with microscopy it was possible to

determine the contributions of different diatom taxa to SiO, production during the 2013
spring bloom (Figure 2.11). In this case, the genus that was dominant numerically did
not dominate the SiO, incorporation of the entire diatom assemblage. This is in
agreement with the few previous comparisons of PDMPO fluorescence and cell numbers
for different diatom taxa within natural assemblages (Quéguiner et al. 2011; Durkin et al.
2012), but due to the low number of samples (4, including this chapter) it is unclear how
often this may be the case. An alternative explanation for the discrepancy between the
contribution of taxa to cell numbers and iPDMPO is that PDMPO incubation experiments
did not adequately simulate in situ conditions, and enhanced the growth of Thalassiosira
spp. relative to Chaetoceros spp. While it is difficult to simulate in situ conditions,
incubation experiments were conducted outdoors in natural light, bottles were shaded to
the same irradiance as the depth of collection, and the temperature of the incubation tank
was matched to in situ temperatures. Therefore, the observed discrepancy between cell
numbers and iPDMPO likely reflects a real difference in the composition of the diatom
community present and the diatom community actively silicifying. If taxa specific SiO,
incorporation consistently differs from cell numbers, the use of PDMPO as a tracer may

considerably alter interpretation of diatom community composition.

2.5. Recommendations and Implications of this work

Overall, PDMPO was a useful tracer of SiO; incorporation in marine diatoms. The
incorporation of PDMPO into diatom frustules was strongly correlated with the
incorporation of SiO, in laboratory cultures and natural assemblages of diatoms.
However, the relationship between SiO, and PDMPO incorporation did not have a fixed
stoichiometry and changed with extracellular PDMPO concentration. In addition,
concentrations of PDMPO >500 nmol L™ may reduce diatom growth. Therefore, |
recommend that PDMPO be added to a final concentration of 125 nmol L™ for use as a
tracer of SiO, incorporation in marine diatoms. When this concentration is used, the

amount of SiO, produced since the time of PDMPO addition can be calculated from the
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pPDMPO concentration measured in cells lysed with HCI (frustule only pPDMPQ) using

the Si:PDMPO ratio of 4200 + 380:1.

This ratio consistently predicted more pppmpo than the Leblanc and Hutchins (2005)
ratio, and better agreed with pgross measured in Saanich Inlet. Measurements of
pPDMPO were strongly correlated with pcross in @ marine location when pgross Was
high (>1 pmol L™ d) but pppomeo Sometimes over-estimated SiO, incorporation relative
to pcross When rates were low. In some cases, this was due to high dinoflagellate
abundance relative to diatoms (dinoflagellates >95%). In these cases, PDMPO should
not be used as a tracer of SiO, incorporation. In addition, PDMPO appeared to over-
estimate SiO, production when Si(OH)4 concentrations were below 10 pmol L™. The
extent of this effect is difficult to determine, and can only be assessed with further
experimentation. However, the strong correlation between pgross and peompo IN Marine
samples suggests that PDMPO remains a good tracer of SiO, incorporation when

concentrations of Si(OH), are above this 10 pmol L™ threshold.

As a useful tracer of SiO, incorporation, PDMPO presents advantages over other
methods used to determine total diatom SiO, incorporation. PDMPO is more affordable
and less controlled by regulation than *2Si, and is more sensitive for detecting increases in
SiO, than measurements of unlabelled diatom frustules. As a result, PDMPO should
allow more measurements of SiO, incorporation in the marine environment. This will
enable better understanding of the processes that drive diatom productivity and the links

between Si and carbon cycling in the ocean.

Not only can PDMPO be used to measure total diatom community SiO, production, but
it can also be used to determine cell specific SiO, incorporation. This is because PDMPO
can be reliably quantified by widefield fluorescence microscopy. In order to quantify
PDMPO by microscopy, | emphasize that calibration is necessary to account for
differences in excitation light intensity and also unevenness of illumination across the

FOV. In addition, low NA microscope objectives should be used to maximize the depth
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of focus captured, and avoid biased measurements between different species that may be

introduced by high NA objectives. When these recommendations are followed, PDMPO
fluorescence can quantified on a per cell basis by widefield microscopy.

By measuring PDMPO fluorescence per cell, the contribution of diatom taxa to
community SiO; incorporation can be determined, which may frequently differ from the
contribution of taxa to cell numbers. Cell numbers are most commonly used to assess the
contribution of diatom species to the community, and if the importance of taxa to cell
numbers consistently differs from the importance of taxa to PDMPO measurements, this
could considerably change understanding of diatom community dynamics. The PDMPO
tracer allows actively productive cells to be distinguished from inactive, and the most
significant taxa to diatom SiO, incorporation to be determined. This is important,
because diatom taxa vary in their ability to take up nutrients, the grazing pressure they
experience, and the efficiency at which they are exported to depth. Therefore the
taxonomic composition of the assemblage contributing to productivity has consequences
for its fate. By determining the contribution of different taxa to community production
rates, PDMPO has the potential to illuminate the relationship between cellular activity
and community scale productivity. This will enable better understanding of the role of

diatom community composition in elemental cycling within the ocean.
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Chapter 3: Illluminating Diatom Community Dynamics on the
West Coast of Vancouver Island

3.1. Introduction

The west coast of Vancouver Island has the highest annual average phytoplankton
biomass of the entire west coast of North America (Ware and Thomson 2005). Large
nutrient inputs to the continental shelf support the high phytoplankton biomass observed
in this region, which in turn supports highly productive fisheries. Typically, these
nutrients would be supplied from deeper waters being upwelled onto the shelf, a wind-
driven process that occurs along much of the west coast of North America in summer
(Hickey and Banas 2008). While this process does supply nutrients to the west coast of
Vancouver Island, upwelling in this region is weaker compared to areas further south
(Thomson 1981), and consequently plays less of a role in supporting the high
phytoplankton biomass observed. Rather the high nutrient concentrations result from a
large nutrient supply originating at the south of VVancouver Island due to strong tidal
mixing within the Strait of Juan de Fuca. The nutrients supplied by the Strait of Juan de
Fuca are roughly equivalent to the supply from upwelling across the whole of the
Vancouver Island and Washington continental shelves (Hickey and Banas 2008, Whitney
et al., 2005). This nutrient rich Strait of Juan de Fuca water is less saline than oceanic
waters, and flows out the strait at the surface of the ocean onto the shelf. Combined with
the wide continental shelf at the south of the island (Hickey and Banas 2008) these large

nutrient inputs contribute to the high phytoplankton biomass of this region.

Nelson et al. (1995) observed that diatoms often dominate phytoplankton communities
at times and locations of high productivity, and this is true off the coast of Vancouver
Island (Harris et al. 2009). However, diatoms are not well studied in this region. As
diatoms require silicic acid (Si(OH),4, Del Amo and Brzezinski, 1999) in order to produce
their silica (SiOy) frustules, measuring biogenic SiO, concentrations (bSiO,) and
production rates are a useful for examining the diatom component of the phytoplankton

communities in natural waters. Though previous work has determined diatom cell
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numbers (Harris et al. 2009) and the bSiO, content of sediment traps (Pena et al. 1999),

no studies have reported bSiO, concentrations or production in surface waters of this

region.

In order to better understand diatom community dynamics, the fluorescent dye PDMPO
(Lysosensor DND-160, Life Technologies) can be used to label newly produced bSiO,
(Shimizu et al. 2001). The incorporation of PDMPO into diatom cells is proportional to
Si0O; incorporation (Leblanc and Hutchins 2005, Chapter 2 of this thesis), which allows
PDMPO to be used as a quantitative tracer of bSiO, production. Although the use of
PDMPO to quantitatively label newly synthesized bSiO; in diatom cells has been known
for a decade (Leblanc and Hutchins 2005), few studies have used this method. This is
likely due to uncertainty regarding the technique, as only one study (Leblanc and
Hutchins 2005) has compared bSiO; production determined by PDMPO with established
methods (using the tracer *2Si) for measuring of bSiO, production in the field. To
increase confidence in the PDMPO method, more comparisons are needed with
established techniques for determining bSiO; production.

One advantage of the PDMPO technique over other methods is that PDMPO can be
quantified per cell by fluorescence microscopy (Znachor and Nedoma 2008; Durkin et al.
2012, Chapter 2) allowing the determination of bSiO, production per species in a mixed
diatom assemblage. In controlled laboratory experiments, measurements of PDMPO
fluorescence by microscopy were as reliable a tracer of SiO; incorporation in diatoms as
PDMPO measured by fluorometry (Chapter 2). However, it is currently unknown
whether this agreement between methods will hold for field samples, as additional
variability between samples (e.g. sample storage length, minor differences in sample

preparation) could affect microscopic measurements of PDMPO.

Prior to the development of the PDMPO method, cell numbers were conventionally
used as an indicator of the importance of different diatom species to the phytoplankton
community. However, diatom species vary by several orders of magnitude in size

(Sarthou et al. 2005), and bSiO, per cell is correlated with diatom surface area
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(Brzezinski 1985; Marchetti and Harrison 2007). As a result, two diatom cells could

contribute equally to cell numbers, but contain very different amounts of bSiO; if they
differed in size. Additionally, cell numbers are a measure of concentration, while in
many cases it would be useful to relate community composition to production rates.
Neither cell numbers nor bSiO, concentrations are rate measurements, whereas PDMPO
can indicate bSiO, production rates for different taxa within a mixed community. For the
few comparisons between cell numbers and PDMPO incorporation that exist, diatom
community composition determined by cell numbers was not the same as determined by
PDMPO (Quéguiner et al. 2011; Durkin et al. 2012, Chapter 2). However, together these
studies represent only four samples, so it is yet unknown whether cell numbers and
PDMPO fluorescence often yield different information about diatom community

dynamics.

The objectives of the present study are to:

1. Investigate the diatom community on the west coast of VVancouver Island by:
a. Determining the spatial distribution of diatoms and bSiO, production during
spring and late summer
b. Examining diatom community composition using cell numbers and PDMPO
microscopy

2. Assess the performance of the PDMPO method by:
a. Comparing bSiO; production rates determined using PDMPO with other
established methods
b. Determining the agreement between measurements of PDMPO fluorescence by
fluorometry and microscopy in natural assemblages

3.2. Methods

3.2.1. Study Area and Sampling

Sampling was conducted during two cruises aboard the CCGS John P. Tully in May
and September 2012 (Fisheries and Oceans Canada (DFO) cruises 2012-25 and 2012-59

respectively). Eight stations were sampled per cruise, generally with an on shelf and off
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shelf station paired perpendicular to the coast (Figure 3.1). Stations were considered to

be on shelf or off shelf if the bottom depth was less or more than 200 m, respectively.
All seawater samples were collected from the depth of the chlorophyll a (chl a)
maximum as determined from in situ fluorescence profiles determined with a Seabird
SBE911 conductivity, temperature and depth (CTD) profiler equipped with sensors for
chl a fluorescence and photosynthetically active radiation (PAR). Water samples were
collected in 10 L Niskin bottles as part of a rosette sampling system combined with the
CTD profiler. For the measurements of dissolved nutrient, chl a and bSiO;
concentrations, and for phytoplankton identification and counts, seawater was collected
into acid washed carboys and kept cool and in the dark until subsampling. For
determination of bSiO, production rates, acid cleaned polycarbonate incubation bottles
were filled with seawater directly from the Niskin bottles. Additional details of sample

collection can be found in Table 3.1.

[IMay

(O September

[0 May and
September

Figure 3.1: Map showing the locations of stations sampled in May and September of 2012
off the west coast of Vancouver Island. Squares indicate that stations were sampled in
May, circles indicate September stations, while both shapes indicate stations that were
sampled during both cruises.



Table 3.1: General sampling information and dissolved nutrient concentrations for stations sampled during May and September of 2012 (DFO
cruise numbers 2012-25 and 2012-59 respectively). All samples were collected from the depth of the chlorophyll maximum. The percentage
surface PAR at the depth of sampling is indicated when available. Stations are ordered from shallowest to deepest within each month.

Date Station Longitude Latitude Time Sample Bottom PAR [NOsT] [PO4'3] [Si(OH)4]
W N Depth  Depth (%) (umol LY (umol L™ (umol L™
(m) (m)

May 15 LCO1 125.27.73 48.40.44 9:22 5 95 49 9.33 1.03 16.85
May 15 LGO02 127.19.64 48.51.14 16:30 75 97 29 7.87 0.86 11.66
May 13 LBO06 125.15.80 48.32.12 11:26 20 115 3 1.34 0.41 2.51
May 17 CPE2 128.39.78 50.42.98 10:11 15 127 10 10.01 1.08 15.70
May 18 CS3B 129.26.99 50.59.97 15:48 115 218 - 451 0.63 10.04
May 17 JI22 129.17.33 50.39.73 15:08 8 1339 30 454 0.63 8.88
May 14 LB16 126.16.98 48.00.59 10:13 40 1778 2 477 0.70 8.59
May 14 LC12 126.39.93 48.14.99 16:34 42 2517 26 2.88 0.56 5.51
Sept 03 LCO1 125.27.73 48.40.44 1:59 8 97 17 9.13 0.93 10.76
Sept 05 LBP2 127.54.36 50.04.11 4:10 13 97 - 6.95 1.04 8.08
Sept 04 LG02 127.19.64 48.51.14 8:30 8 99 21 5.55 0.86 9.36
Sept 01 LBO06 125.15.80 48.32.12 9:30 10 115 28 2.00 0.38 4.06
Sept 06 CS3B 129.26.99 50.59.97 15:01 13 220 13 7.35 0.78 8.77
Sept 03 LG09 126.38.29 49.18.68 17:10 7 2060 - 1.17 0.25 2.22
Sept 04 LBP8 128.16.79 49.48.61 16:11 5 2074 62 0.24 0.24 2.10

Sept02 LC12 126.39.93 48.14.99 8:00 27 2522 10 3.94 0.68 3.09
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3.2.2. Nutrient Concentrations and Phytoplankton Biomass

Samples for measurement of dissolved nutrient concentrations (30 mL) were filtered
through combusted 0.7 um glass fiber (GF) filters and then were frozen until analysis.
Samples were analyzed after return to shore on an Astoria Autoanalyzer equipped with
nitrate and nitrite (hereafter referred to as NOs"), orthophosphate (PO,®), and silicic acid
(Si(OH)4) channels according to the methods described in Barwell-Clarke and Whitney
(1996). Filtration of nutrient samples with GF filters did not cause an increase in
measured in Si(OH), concentrations; however, frozen storage of these samples may cause

a reduction in Si(OH)4 concentrations by 15% (Chapter 4, section 4.2.2).

Samples for phytoplankton identification and enumeration (250 mL) were preserved
using acidic Lugol’s solution and stored in amber glass bottles. Samples were gently
mixed and then 50 mL subsamples were settled for 24 hours. Settled cells were counted
on an 1X-70 Olympus inverted microscope using a 40x objective (Utermdhl 1958). As
the focus of this study is diatom distribution and community composition, non-diatom
plankton cells were grouped into two size categories: cells smaller than 5 um, which were
small coccoid or flagellate cells, and cells larger than 5 um, which were dinoflagellate,
and flagellate cells. Diatom cells were identified to genus. For simplicity, Rhizosolenia
spp. and Proboscia spp. were counted together as were Neodenticula spp. and

Fragilariopsis spp. due to their similar morphologies.

Samples were also collected to determine chl a concentrations as an indicator of
phytoplankton biomass. For size fractionated chl a concentrations during the May cruise,
triplicate samples (500 mL) were filtered through 5 um polycarbonate (PC) filters, and
the filtrate through a 0.7 um GF filter to give two size fractions: >5 pum and 0.7-5 pum. In
September, samples (500 mL) were first filtered through a 20 um PC filter by gravity,
and then through stacked 5 pum and 2 um filters by low vacuum pressure, giving three
size fractions: >20 um, 5-20 um and 2-5 um. Additionally, total chl a concentrations
were determined by filtering directly through a 0.7 um GF filter. For consistency, results
for September will be described for size fractions as in May (i.e. >5 um and 0.7-5 pm),
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with the >5 um size fraction representing the sum of the September 20 pm and 5 um size

fractions and <5 pum size fraction calculated as the total >0.7 um concentration less the
>5 pum size fraction. Filters were placed in glass scintillation vials and frozen at -80°C
until return to shore. Pigments were extracted at -20°C using 90% acetone and chl a
concentrations determined using a calibrated Turner Designs 10-AU fluorometer using
the acidification method of Parsons et al. (1984).

Seawater samples for bSiO, concentration measurement (1- 2.2L) were collected in
triplicate, except at LCO1 and CPEZ2 in May when only duplicate samples were obtained.
Samples were filtered through 0.6 um PC filters which were folded in quarters, placed in
polypropylene (PP) centrifuge tubes, and frozen at -80°C until return to shore. At the
laboratory, filters were dried for one week at 56°C, and then stored in a dessicator until
measurement. To solubilize bSiO,, samples were digested with hot NaOH for 30 minutes
following the methods of Paasche (1973a) as modified by Brzezinski and Nelson (1989).
Then concentrations were measured using the silicomolybdic acid assay with a modified
reagent blank (Brzezinski and Nelson 1986, 1989) by determining absorbance at 810 nm
on a Beckman DU UV/Vis spectrophotometer.

3.2.3. Biogenic Silica Production Rates

Biogenic silica production rates (p in units of pmol SiO, L™ d™*) were determined using
independent incubations for three different measurements: PDMPO (pppmpo), Change in
bSiO, concentration (pner), and *2Si (peross, September only). All incubations were
conducted in an acrylic incubation tank supplied with flowing surface seawater and
shaded with mesh screening to 50% of surface irradiance. However, for the majority of
samples, irradiance at the depth of sampling was below 50%, and ranged from 2- 62%
(Table 1). Consequently, rates of bSiO, production are likely over-estimates of the in situ
rate at many stations, and represent potential bSiO, production. However, this should not
affect comparisons between the three different methods used to determine bSiO,
production rates.
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PDMPO-based bSiO, production rates (prompo) Were determined by spiking triplicate

samples (400 mL) with PDMPO (Lysosensor DND-160, Life Technologies) as described
in Leblanc and Hutchins (2005) and with modifications from Chapter 2. Samples were
incubated for 24 hours with 125 nmol L™* PDMPO, filtered onto 0.6 pm PC filters, and
lysed with HCI at the conclusion of filtration (Leblanc and Hutchins 2005, Chapter 2).
Samples were then frozen at -80°C in PP centrifuge tubes until return to shore where they
were dried at 56°C for one week then stored dry. Although freezing PDMPO samples at
-20°C may reduce PDMPO fluorescence, freezing samples at -80°C and then drying
samples does not significantly affect PDMPO fluorescence (Appendix B). The first
replicate of all May samples were analyzed after hot NaOH digestion; however,
subsequent work has found that this may reduce PDMPO fluorescence (Appendix C).
Other replicates were digested with 0.5 M HF for 48 hours, and digestions were stopped
by adding saturated boric acid (Appendix D). Though May replicate 1 PDMPO
concentrations may have been reduced, any reduction was small relative to the inherent
variability between replicates. No significant differences were detected between
replicate 1 and replicates 2 and 3; therefore, all replicates were included in the calculation
of the average prompo for each station. PDMPO fluorescence was measured on a Trilogy
fluorometer (350/80 nm excitation 410 — 600 nm emission, crude oil module). The
PDMPO concentration was determined by comparing fluorescence of samples to a
calibration curve of PDMPO standards prepared in the appropriate matrix (NaOH-HCI
for May replicate 1, HF and boric acid for all others). Standards were prepared with a
range of 0 — 100 nmol L™, and curves had low noise (R* > 0.995). The PDMPO
fluorescence measured from these samples represents PDMPO incorporated into particles
>0.6 um, and is thus denoted pPDMPO, to distinguish from PDMPO measurements by
microscopy. Measurements of pPPDMPO were then converted to the amount of SiO,
produced during the 24 hour incubation using the ratio 4200 + 380:1 (Chapter 2), to yield
a daily rate of bSiO, production based on PDMPO (pppmpo)-

The difference in bSiO, concentrations before and after incubation was also measured
from samples (2.2 L) incubated separately, to yield a net bSiO, production rate (pnet).

Unlabelled water samples were incubated for 48 hours and bSiO, concentrations were
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determined at the start and end of incubation as described above. The initial

concentration was subtracted from the final concentration divided by the incubation time
(in days) to get a daily rate. In September, replicates from stations LC01, LB06 and
LC12 were lost. Consequently, data from September LCO1 is from a single bottle,
September LB06 and LC12 from duplicates, while all others results presented are from

triplicate incubations.

Gross silica production rates (pcross) Were measured by incubation of samples (300
mL) spiked with high specific activity *Si(OH), (Brzezinski and Phillips 1997; Krause et
al. 2011a). Incubation bottles were spiked to a final activity of 22.2kBq (0.01 uCi) with
%25j and incubated for 24 hours. Following incubation, samples were filtered onto 0.6 pm
PC filters and rinsed with 0.6 um-filtered seawater to remove excess tracer not
incorporated into particles. Filters were dried at room temperature on nylon discs and,
once dry, covered with Mylar film. Upon reaching secular equilibrium (~120 days), 3Si
activity of the samples was measured using gas-flow proportional counting (Krause et al.,
2011) using a low-level beta multicounter system (Risg GM-25-5A, DTU Nutech).

Gross bSiO, production rates were calculated as in Brzezinski and Phillips (1997).
Unfortunately due to permitting restrictions on DFO ships these measurements were not

conducted in May therefore only data from September are presented.

3.2.4. Genus Specific bSiO; Production

PDMPO fluorescence per cell was determined by microscopy as described in Chapter
2. To distinguish PDMPO quantified in particles by fluorometry from PDMPO
quantified by microscopy, microscopic measurements of PDMPO fluorescence are
denoted iPDMPO.

Aliquots from PDMPO incubations were used to make microscope slides by filtering
samples then freeze transferring cells (Chapter 2). Diatom cell densities were assessed to
determine the optimal volume for filtration, and then a subsample from the PDMPO
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incubation was filtered onto a 0.6 um PC filter. This filter was placed on a 15 uL droplet

of deionized water on a microscope slide so that cells were within the droplet. Then the
reverse of the slide was frozen, the filter removed and the slide was allowed to dry. Then
slides were coverslipped using Pro-Long Gold mountant and stored frozen until analysis
(Leblanc and Hutchins 2005). Cells were imaged using an Olympus 1X-71 inverted
epifluorescence microscope using a 10x (0.25 NA) objective, DAPI excitation filter
(377/50nm), custom emission filter (500/140nm), and X-cite 120 PC (EXFO) light
source. Incident light was calibrated at the start of each imaging session using a yellow
fluorescent slide (Chroma Technology Corp, 1.5mm thick, Chapter 2). Thirty to 50
images of each slide were captured using both brightfield and PDMPO fluorescence
configurations with a 12-bit QImaging camera controlled by a computer with pManager
and ImageJ software (Edelstein et al. 2010; Rasband 2012). Three slides were analyzed

from each station, one from each replicate incubation bottle.

Images for iPDMPO quantification were randomly selected from the images captured.
Prior to quantification, the fluorescence intensity of each pixel within the sample image
was normalized to the intensity of the calibration image, and then the background
intensity was subtracted (Chapter 2). The fluorescence of each particle (detectable with
the PDMPO fluorescence configuration, diatom cells and others) was then determined
using Imagel’s particle analysis function (Chapter 2). These fluorescence values were
normalized by exposure time to correct for differences between images (Znachor and
Nedoma 2008).

Particles were identified using PDMPO fluorescence and brightfield images, and were
categorized as Si containing (diatoms and silicoflagellate cells) or non Si (all other
particles). The fluorescence of particles per mL was calculated using Equation 2 from
Chapter 2, and this was determined for Si containing particles as well for all particles
(non Si + Si containing). Measurements of fluorescence per mL for Si containing cells

were converted to a concentration of SiO, produced since the addition of PDMPO using
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the relationship determined from culture experiments (Chapter 2, section 2.3.2c, Equation

3):

iPDMPO + 212,000

AlSi0,] = 125,000

where A[SiO,] is the amount of SiO, produced since the time of PDMPO addition and
IPDMPO is the fluorescence of PDMPO measured by microscopy (per mL). As all
experiments were conducted for 24 hours, the A[SiO,] determined yields a daily rate of

bSiO, production.

The number of FOVs analyzed varied depending on the sample. Additional FOVs
were analyzed until the iPDMPO of the dominant diatom genera (>15 % of total diatom
IPDMPO, present in all three replicate slides) was adequately quantified. A genus was
considered adequately quantified when the standard deviation between replicate slides
was less than 15%. Fluorescence per genus was summed within each slide in order to

determine the percentage contribution of each genus to total iPDMPO.

Surface area (SA) was also determined for 8 key genera (Table 3.2). Cell dimensions
were measured from brightfield images of slides analyzed, and then SA was calculated

for different genera using the formulas of Sun and Liu (2003).

3.3. Results

3.3.1. Spatial and Seasonal Distribution of Nutrients, Phytoplankton, and
bSiO, Production

In general, phytoplankton cell numbers, chl a concentrations, and bSiO, concentrations
were higher in May than in September, and higher at on shelf than off shelf stations
(Figure 3.2). Similar seasonal or on/off shelf patterns were not observed for nutrient
concentrations (Table 3.1). Non-diatom cells <5 um were present in high numbers at
most times and places (Figure 3.2A, B), while non-diatom cells >5 um were found in
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higher numbers during September and at some off shelf stations in May. Diatoms were

most abundant in May and more abundant at on shelf than off shelf stations at this time.
However, there were some exceptions; during May off shelf station JI22 had high diatom
cell numbers, as did on shelf station LCO1 during September. Concentrations of >5 pm
chl a and bSiO, showed similar spatial and seasonal patterns to diatom cell numbers
(Figure 3.2C, D, E, F). In contrast, <5 um chl a concentrations were did not show a clear
on/off shelf trend during May (Figure 3.2C), but dominated (>50%) the chl a present in
September at all stations except LCO1 and LBO06 (Figure 3.2D). Overall, May off shelf
and September stations had a greater proportion of non-diatom cells, while May on shelf

stations had the highest diatom cell numbers, >5 pum chl a and bSiO, concentrations.

Silica production rates showed similar spatial and seasonal patterns to diatom cell
numbers, >5 um chl a and bSiO, concentrations: high in May at on shelf stations and
J122, low in September at all stations except LCO1 (Figure 3.3). Patterns in p were
similar regardless of the measurement method used, though in some cases pner rates were
lower than pgross Of prompo. Times and locations of high p coincided with high diatom

cell numbers and biomass (bSiO, concentrations).
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concentration (E, F) at stations sampled in May (A, C, E) and September (B, D, F). A, B) Cells

were grouped into three classes: non-diatom cells <5 pm, non-diatom cells >5 pm, and diatom

cells. C, D) Two size fractions of chl a were determined, smaller and larger than 5 pm. Stations
were considered “On Shelf” if bottom depth was shallower than 200 m, or “Off Shelf” if bottom
depth was >200 m. The bars for chl a and bSiO, concentrations represent the mean of triplicate

samples (except for bSiO, in LCO1 and CPE2 during May when n=2), with bSiO, error bars

representing one standard deviation around the mean.
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May (A, C) and September (B, D, E). For net measurements in September n = 1 for LC01, and n
=2 for LB16 and LC12, all others n = 3. For PDMPO samples, n = 4 for May LB06, LCO01 and

J122; n = 2 for September LBP8 and n = 3 for all others. For 325j n = 3 for all. Error bars

represent one standard deviation.
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3.3.2.Diatom Community Composition on the West Coast of Vancouver

Island

Eight groups of diatoms were responsible for the majority of iPDMPO measured
during the sampling period (Figure 3.4, Table 3.2). Different diatom genera dominated
iPDMPO at different stations with high p (>1 pmol SiO, L™ d!, Figure 3.5A, C, thick pie
outline). During May, iPDMPO at stations with high p were dominated by Chaetoceros
spp. in the south, and Skeletonema spp. in the north (Figure 3.5A). During September,
high bSiO, production rates occurred only at LCO1, and iPDMPO at this station was
dominated by Thalassiosira spp. At stations with low p (Figure 3.5A, C, thin pie
outlines) Chaetoceros spp. and Thalassiosira spp. were also important to iPDMPO, with
Thalassionema spp. and Neodenticula spp. contributing in addition. The contribution of
different species to iPDMPO was not consistent between high or low bSiO; production

stations; therefore, no assemblage type was indicative of high or low production.

Table 3.2: Cell sizes of common genera sampled. Cell dimensions were measured and surface
area and volume calculated using the geometric shapes described in Sun et al. (2003).

Genus Surface Area Volume
(um?) (um°)
Chaetoceros spp. 690 1,200
Skeletonema spp. 644 1,300
Thalassiosira spp. 2,200 7,100
Pseudo-nitzschia spp. 840 2,100
Thalassionema spp. 1,700 1,700
Rhizosolenia spp. 15,000 100,000
Fragilariopsis spp. 160 150

Coscinodiscus spp. 38,000 520,000
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Figure 3.4: PDMPO fluorescence images of main diatom genera observed during this study: A)
Coscinodiscus sp., B) Fragilariopsis sp., C) Thalassionema sp., D) Thalassiosira sp., E) Pseudo-
nitzschia sp., F) Rhizosolenia sp., G) Chaetoceros sp., and H) Skeletonema sp. Scale bars
represent 10 um in all panels. Images of PDMPO labelled bSiO, were captured by fluorescence
microscopy with the same microscope configuration for image analysis (see text), although
higher magnification objective lenses were used (40x (0.6 NA) for B, D, F, G, or 100x (1.35 NA)
for A, C, E, H).
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Figure 3.5: Relative contribution of diatom genera to total iPDMPO (A, C) and cell numbers (B,
D) during May (A, B) and September (C, D). Pie charts are located at the approximate latitude
and longitude of each station (see Figure 3.1 for exact locations). PDMPO labelled microscope
slides from LC12 in May were lost, so results from this station are not presented. Colours
indicate diatom genera. For simplicity, only a few genera (4 or less) are shown in each pie chart,
and represent the most important to PDMPO fluorescence or cell numbers. “Other Diatoms”
includes less important genera that were <10% of the total. In some cases, “Other Diatoms”
represents a suite of many different genera with low contribution to the total (e.g. September
LGO2 cell numbers, 10 genera with <10 %). Low bSiO, production stations (less than 1 umol
SiO, L™ d?) are indicated by thin pie outlines, while stations with higher bSiO, production are
indicated with thicker outlines.
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The composition of the diatom community from inferred cell numbers differed from

the contribution of genera to iPDMPO (Figure 3.5B, D). In some cases, genera had high
cell numbers, but contributed little to iPDMPO (e.g. Leptocylindrus spp. at LCO1 in May,
47% of diatom cells, 0% of iPDMPO). In other cases, genera that were major
contributors to iPDMPO had low cell numbers (e.g. Rhizosolenia spp. at LB06 during
September, 68% of iPDMPO and 9% of cell numbers). Overall, the contribution of a
given genus to cell numbers had little relationship to its contribution to iPDMPO (Figure
3.6).
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Figure 3.6: Relationship between the percentage contribution of diatom genera to PDMPO
fluorescence and to cell numbers. The dashed line indicates a 1:1 relationship and colours
indicate the different genera (Ct = Chaetoceros spp., Sk = Skeletonema spp., Ts = Thalassiosira
spp., Pn = Pseudo-nitzschia spp., Tn = Thalassionema spp., Cs = Coscinodiscus spp., NF =
Neodenticula spp. and Fragilariopsis spp., and RP = Rhizosolenia spp. and Proboscia spp.).

3.3.3. Assessing PDMPO as a Tracer of bSiO, Production

Spatial and seasonal patterns of pppmpo Were similar to pnet and peross (Figure 3.3).
Measurements of pppmpo Were correlated with pner, but with large uncertainties (Figure
3.7A). Inall but one case (May CPE2), prompo incorporation was equal to or greater than
pner. During September, p was only greater than 1 pmol L™ d™ at one station, LCO1
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(Figure 3.7B, LCO1 in red). Unfortunately, this limits the comparison between pppmpo

and pceross measurements. At LCO1, pppmpo and peross Were similar, and both were
higher than pyet. Consequently, when all September data was pooled, prompo and pcross
agreed well (y = 1.16x + 0.41, R* = 0.99, Figure 3.7B). However, when LCO01 was
excluded, ppompo Was 2x higher than pgross on average (Figure 3.7C). Overall, ppompo
was generally higher than pner and higher than peross When rates were low (<1 umol L™
d'l), but agreed with pgross when p was higher.
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Figure 3.7: A comparison of bSiO, production rates determined using PDMPO (pppmpo) With A)
net bSiO, production rates (pner) and B, C) gross bSiO, production rates (pgross). Inlay (C)
excludes LCO1 (red) shown in B. Station LG02 in September is indicated in yellow in (C), and
all error bars represent one standard deviation. Dashed lines indicate a 1:1 relationship.
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In many cases pppmpo rates were higher than pcross and pner. In order to

determine whether this could be due to PDMPO labelling of non-Si containing particles,
the contribution of these particles to iIPDMPO was assessed. During analysis of
microscope images, dinoflagellates and other non-Si particles were detected with the
PDMPO fluorescence configuration (Appendix 1). When the contribution of all detected
particles (those with and without Si) to iPDMPO was compared with iPDMPO from only
Si containing particles (diatoms and in rare occasions, silicoflagellates), the
measurements were strongly correlated (R? = 0.99, Figure 3.8A). The slope of the line of
best fit was 1.03, suggesting that including non-Si particles in iPDMPO measurements
increased fluorescence by only 3% overall. However, at one station (LG02 in September,
indicated in yellow Figure 3.8A) the majority of iPDMPO was from non-Si particles (99
+ 83 %), albeit with high variability between replicates. As the contribution of non-Si
particles to iPDMPO was low at most stations, non-Si particles are unlikely to cause

systemic inflation of pPDMPO measurements.

Next, the agreement between bSiO, production rates determined using pPDMPO and
absolute iPDMPO measurements was assessed. Measurements of bSiO; production by
the two methods were correlated (R* = 0.55). When both measurements were converted
to p using the relationships determined from culture experiments in Chapter 2, iPDMPO
determined rates generally agreed with pPDMPO rates, though with large uncertainties
(Figure 3.8B).
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Figure 3.8: A) iPDMPO for all particles vs. iPDMPO of diatom and silicoflagellate particles (Si
containing only) with Station LG02 shown in yellow. The solid line indicates the line of best fit.
B) prompo determined from measurements of PDMPO by microscopy vs. fluorometry using
relationships for conversion of PDMPO from Chapter 2. In panel B, microscopy values are
shown only for Si containing particles, with the dashed line representing a 1:1 relationship.
Microscope measurements from LG02 in May were not included, for all other stations n = 3 and
error bars represent 1 standard deviation.
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3.4. Discussion

3.4.1. Spatial and Seasonal Distribution of Nutrients, Phytoplankton, and
bSiO, Production

Average phytoplankton biomass off the west coast of Vancouver Island is the highest
of the west coast of North America (Ware and Thomson 2005). Previously, diatoms have
been observed to dominate high biomass and productivity patches in this area (Denman et
al. 1981; Harris et al. 2009). This is consistent with results presented here; at stations
with high phytoplankton biomass (as indicated by chl a), diatom cell numbers and bSiO,
concentrations were also high (Figure 3.2). At these stations the majority of chl a was
from cells > 5 pum in size, and microscopic observations indicated that these large cells
were almost exclusively diatoms when chl a concentrations were high. Overall, 76% of
chl a was >5 um, and therefore the majority of phytoplankton biomass sampled during

this study was diatoms.

Diatom biomass and production differed between the two cruises. During spring,
diatom biomass and production were higher than in the late summer (Figures 3.2, 3.3).
This is typical for temperate regions, where a spring phytoplankton bloom occurs when
light availability is high enough for net phytoplankton population growth (Lalli and
Parsons 1997). Satellite data shows that the highest spring 2012 chl a concentrations in
this region occurred from May 8th — May 15th, so sampling likely captured the peak of
the spring bloom (Costa et al. 2013). Following the spring bloom, phytoplankton
biomass is typically limited by nutrient availability, as nutrients are consumed during the
bloom and not replenished until fall or winter (Lalli and Parsons 1997) except by wind
mixing events. However, this is not the case for the west coast of VVancouver Island, as
coastal upwelling and the Strait of Juan de Fuca supply nutrients throughout the summer
(Hickey and Banas 2008; Crawford and Pefia 2013). During 2012, the upwelling season
did not end until October (Dewey et al. 2013), suggesting that upwelling likely supplied
additional nutrients during September, though nutrient concentrations were patchy at this
time (Table 3.1). Previous studies disagree regarding the seasonality of phytoplankton

biomass in this region. Harris (2009) found that phytoplankton biomass was highest
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during summer, and did not differ between April and October. However, samples from

Harris et al. (2009) were collected during a large Pacific decadal oscillation, and may not
reflect typical conditions. A peak in diatom biomass during spring is suggested by
sediment trap data (Pena et al. 1996, 1999), which show high bSiO; flux out of the
euphotic zone at the end of May, suggesting that diatom biomass in the surface waters

may have been high earlier in spring, similar to results presented here.

Although diatom biomass and productivity was lower at most stations in September
than in May, there was one major exception. Station LCO1 in September had the highest
chl a and bSiO, concentrations measured of any station during the study period,
suggesting a diatom bloom (Figure 3.2). The elevated diatom biomass at this station
could be due to the influence of the Juan de Fuca Eddy, an upwelling eddy that is
centered over Tully Canyon (MacFadyen et al. 2008; Crawford and Pefia 2013).
However, station LBO6 is closer to Tully Canyon, but did not have elevated chl a and
bSiO, concentrations at this time. Previous work suggests that phytoplankton biomass
may be elevated at the Juan de Fuca eddy margin, but remain low at the center
(MacFadyen et al. 2008). It is possible that LCO1 was at the eddy edge, leading to
elevated diatom biomass, while LB06 was too close to the eddy center for this to occur.
Nutrient concentrations at LCO1 were the highest of September stations (Table 3.1), but
concentrations at several stations remained above expected thresholds for uptake
limitation (Sarthou et al. 2005). Thus nutrient concentrations alone are unlikely to
explain the large biomass differences between September stations. Of all stations
sampled during September, 91% of the bSiO, production occurred at LCO1 (Figure 3.3E).
Consequently, diatom blooms with small spatial scales may play a large role in overall
production.

In addition to a seasonal pattern, diatom biomass and production also exhibited a
spatial pattern. During May, most on shelf stations had higher diatom biomass and
production than off shelf (Figure 3.2, 3.3). This was not observed in September, as

diatom biomass and production were low at all stations except LC01. Previous studies
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have found elevated chl a on the shelf (Mackas et al. 1980; Mackas and Yelland 1999;

Harris et al. 2009), as well as higher bSiO, sinking fluxes (Pena et al. 1999). No on/off
shelf pattern in nutrient concentration was observed in contrast to Mackas et al. (1980)
but in agreement with Harris et al. (2009) and Pefia et al. (1999). This suggests that
nutrient availability is not the driver of on/off shelf patterns in diatom biomass, and that
physical factors may play a more important role. Along the shelf, the buoyant Vancouver
Island Coastal Current flows northwards during summer (Crawford and Pefia 2013),
which may increase stratification on the shelf and increase light availability to
phytoplankton. This is supported by the results of Harris et al. (2009) which indicate that
mixed layers off the shelf were twice as deep as on the shelf, but was not clearly evident

from CTD data during 2012 sampling.

One factor that could play a role in explaining the observed differences in diatom
productivity is dissolved iron (Fe) concentrations. Availability of Fe is known to limit
phytoplankton productivity further offshore in the northeast subarctic Pacific (Martin and
Fitzwater 1998; Boyd et al., 2004). Previous work has also found that Fe availability
may limit phytoplankton productivity in the coastal upwelling region off the coast of
California (Hutchins and Bruland 1998); however, Fe was sufficient for phytoplankton
growth where the continental shelf is wide (Bruland et al., 2001). Off the coast of
Vancouver Island, Cullen et al. (2009) found that surface water Fe concentrations
decreased from a station at the shelf break to a station off the shelf. Yet even at the off
shelf station, Cullen et al. (2009) observed that macronutrients were depleted, suggesting
that Fe concentrations were not limiting to the phytoplankton present. Therefore, due to
the wide continental shelf and previous measurements of Fe concentration, it seems
unlikely that Fe limitation can explain the low phytoplankton biomass and moderate
macronutrient concentrations on the continental shelf during September. Limitation by
Fe could have had a role in the differences in diatom productivity between on and off
shelf stations, but this is impossible to determine without measurements of Fe
concentration or Fe stress within the phytoplankton present. Although no one mechanism
clearly explains the spatial pattern, diatom biomass and productivity is enhanced on the

continental shelf relative to off shelf regions.
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Overall, diatoms dominated phytoplankton biomass during this study. As sampling
was conducted only in spring and late summer, the contribution of diatoms to
phytoplankton biomass may differ somewhat for an entire annual cycle. However,
sampling captured the spring bloom, which is usually the time of highest phytoplankton
biomass in temperate regions. Therefore, diatoms are clearly an important component of
the phytoplankton in this region. On the west coast of North America, phytoplankton
biomass is a strong predictor of the biomass of higher trophic levels, such as fish yield
(Ware and Thomson 2005). Because much of the unusually high phytoplankton biomass
on the west coast VVancouver Island is due to diatoms, this group is also an important

contributor to the high fish yields in this area (Ware and Thomson 2005).

3.4.2. Diatom Community Composition

The composition of the diatom community is an important determinant of the function
of an assemblage. Assemblage characteristics such as susceptibility to nutrient
limitation, growth rates, and sinking rates vary based on the species present (Sarthou et
al. 2005; Waite et al. 2011). Yet the composition of diatom communities has not been
well studied on the west coast of Vancouver Island. During this study, Chaetoceros spp.,
Skeletonema spp., and Leptocylindrus spp. had the highest cell concentrations during
spring (Figure 3.5B), as observed previously by Harris et al. (2009). When cell numbers
from all stations were pooled, Chaetoceros spp. had the highest cell numbers (45%)

overall.

Previous studies in this region have noted which species are most important to cell
numbers (Mackas et al. 1980; Denman et al. 1981; Harris et al. 2009), but these may not
be the most important to productivity. For the few comparisons between cell counts and
PDMPO that exist (Quéguiner et al. 2011, Durkin et al. 2012, Chapter 2) cell numbers
did not indicate which species were most important to PDMPO fluorescence. In this
study, a consistent mismatch between the contribution of genera to cell numbers and

IPDMPO was observed (Figure 3.6). Several reasons could exist for this discrepancy. It
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is unlikely that the addition of PDMPO itself could have differentially affected diatom

growth rate; previous work suggests that the concentration used in this study (125 nmol
L) does not decrease growth rate in laboratory cultures and field assemblages (Chapter
2, Figure 2.4, Leblanc and Hutchins 2005). Additionally, the most common genera
present during sampling (Thalassiosira spp., Chaetoceros spp., and Skeletonema spp.)
were used previously in culture experiments to determine the relationship between SiO,
and PDMPO incorporation (Chapter 2) and grew exponentially throughout these
experiments in the presence of 125 nmol L™* PDMPO.

Results from Chapter 2 suggest that diatom species is a significant determinant of the
relationship between SiO, and PDMPO incorporation. These experiments suggested that
Thalassiosira pseudonana and Skeletonema dohrnii may have lower Si:PDMPO ratios
than Chaetoceros contortus, though there was much variability in the data (Chapter 2,
Figure 2.6). If Chaetoceros spp. did have a lower Si:PDMPO ratio than the other diatom
taxa present, this might explain some of the discrepancy between cell numbers and
iIPDMPO observed. However, the contribution of Chaetoceros spp. to iPDMPO was less
than its contribution to cell numbers in only 3 of 15 cases. This suggests that systemic
underestimation of Chaetoceros spp. bSiO, production by iPDMPO relative to other taxa
cannot explain the discrepancy between iPDMPO and cell numbers for this genus. Even
when Chaetoceros spp. contributed substantially less to iPDMPO than cell numbers at
station LCO1 in September, this could not be entirely explained by differences between
taxa in Si:PDMPO incorporation ratios. If the incorporation of Si:PDMPO is truly 2x
lower in Chaetoceros spp. than Thalassiosira spp., as may be suggested by results from
Chapter 2, this cannot account for the 7x less iPDMPO than cell numbers for
Chaetoceros spp. at LCO1 in September. While it is possible that species specific
differences in the relationship between SiO, and PDMPO incorporation may contribute to
some of the discrepancy between cell numbers and iPDMPO, this effect cannot entirely

explain the observed results.

The contribution of diatom taxa to iPDMPO may have differed from their contribution

to cell numbers because of mismatch between incubation and in situ conditions. For the
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majority of stations, shading incubation bottles to 50% of surface irradiance would have

resulted in greater light intensity than phytoplankton would have experienced in situ
(Table 3.1). This is somewhat complicated by mixing within the water column; in some
cases the chl a maximum was within the mixed layer and phytoplankton at this depth
would have experienced a different light intensity than if they had been stationary at the
depth of collection. As diatom cells likely experienced higher light intensities while
incubated with PDMPO than in situ, it is possible that some of the observed differences
between cell numbers and iPDMPO reflect a shift within incubation bottles towards
species that are favoured by increased irradiance. If this were the case, a shift towards
the same high light adapted taxon might be expected to occur between different stations,
but this was not observed. Though some taxa were generally over-represented in
iIPDMPO measurements relative to cell numbers (e.g. Skeletonema spp.), no genus
consistently dominated iPDMPO. While it is probable that increased light played a role
in the discrepancy between iPDMPO and cell numbers, it is unlikely to explain the

diversity of genera that contributed more to iPDMPO than to cell numbers.

Diatom species vary by several orders of magnitude in size (Sarthou et al. 2005), and
among the 8 genera important for bSiO, production during this study the largest genus
(Coscinodiscus spp.) had a SA 240 times that of the smallest genus (Fragilariopsis spp.,
Table 3.2). Consequently, if a cell of each genus were to divide once, a Coscinodiscus
spp. cell would be expected to produce 240 times more bSiO, than a cell of
Thalassionema spp. because bSiO; quotas per cell are correlated with cell SA (Brzezinski
1985; Marchetti and Harrison 2007). Therefore, larger cells could be expected to
contribute more to bSiO, production than to cell numbers. This is apparent at station
LCO1 in September, where Coscinodiscus spp. was 15% of bSiO, production but only
0.3% of diatom cells (Figure 3.5C, D). This proportion of bSiO, production translates
into 0.86 pmol L™ d* from Coscinodiscus spp. alone, greater than the total community
production from any other September station. This agrees with results from Durkin et al.
(2012) which found that large rare diatom cells were important for bSiO, production at
Ocean Station Papa. Therefore, large diatom species may play a significant role in

community bSiO, production despite low cell numbers.
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In addition to cell size, cell division rate is also an important determinant of bSiO,
production, as frustule production is closely linked to the cell cycle (Martin-Jézéquel et
al. 2000). When a diatom divides it produces a new frustule, with half becoming part of
each new daughter cell. Consequently, the majority of bSiO, production occurs during
cell division, and a genus that is not dividing will contribute little to bSiO, production.
This is evident at station LCO1 during May where Leptocylindrus spp. was 47% of
diatom cells but 0% bSiO; production (Figure 3.5A, B). This is surprising, as buoyancy
maintenance in diatoms requires energy (Waite et al. 2011), and cells without energy to

divide would likely also lack the energy to resist sinking.

In other cases, genera that were rare numerically were important contributors to bSiO,
production despite small cell sizes. At CPE2 in May, Chaetoceros spp. dominated cell
numbers, while Skeletonema spp. dominated bSiO, production (Figure 3.5A, B). This
discrepancy was not explained by differences in size, as the two genera had similar SAs
(Table 3.2). Therefore, Skeletonema spp. likely had a higher cell division rate leading to
higher bSiO, production by this genus.

Interestingly, bSiO, production of high productivity assemblages (> 1 umol Si L™ d™%)
was dominated by different genera at different stations (Figure 3.5). Chaetoceros spp.
dominated bSiO; production at southern stations on the shelf in May, and was responsible
for 34% of bSiO, production overall. Northern stations in May were dominated by
Skeletonema spp. (17% of bSiO, production overall), while Thalassiosira spp. dominated
bSiO; production at LC01 during September and was responsible for 25% overall. In
contrast, Chaetoceros spp. was much more dominant numerically (45% of total diatom
cells), while Skeletonema spp. and Thalassiosira spp. were rarer (12 and 13% of total
diatom cells respectively). Differences in species composition during May at high
productivity stations did not seem to be driven by differences in nutrient concentration,
which did not have an obvious spatial trend. However, at the southernmost Chaetoceros

spp. dominated stations (LB06 and LCO01) surface seawater was 1.7 °C warmer and 1.6
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psu fresher than stations where Skeletonema spp. dominated (CPE2 and JI22). During

May, Si(OH), concentrations were 1.8 £ 0.2x higher than nitrate concentrations, while at
LCO1 in September Si(OH), and nitrate concentrations were similar. Perhaps the lower
availability of Si(OH), relative to nitrate at this station contributed to dominance of
Thalassiosira spp. with respect to bSiO, production. As different genera dominated
bSiO, production at different high productivity stations, no genus indicated high bSiO,

production rates.

Both cell numbers and genus specific bSiO, production rates are useful to describe the
diatom community. Cell numbers represent the concentration of cells present, whereas
bSiO, production represents a rate. Both concentration and rate measurements are
important for understanding the role of the diatom community in the ecosystem. In order
to link community composition to inventory measurements (e.g. POC, chl a, and bSiO,
concentrations; particulate ratios) cell counts are not as useful as biomass measurements,
because of large variability between diatom species in cell size. But many measurements
of the diatom community are rates, for example uptake, productivity and export rates. In
these cases cell numbers are not useful, and species specific productivity rates are more
informative. It is possible to infer species specific bSiO, production rates using PDMPO,
which should insight into the relationship between community composition and

community wide fluxes.

3.4.3. PDMPO as a Tracer of bSiO, Production

PDMPO was a useful tracer of bSiO, production in this study. Spatial and seasonal
patterns of bSiO, production determined from PDMPO largely matched those determined
using net and gross methods. Silica production rates determined with PDMPO were
generally higher than net bSiO, production (Figure 3.7A). The net bSiO, method
production measures the difference in unlabelled bSiO, concentrations between two time
points. As both production and dissolution affect the amount of unlabelled bSiO,
measured after incubation, this yields a net rate. However, dissolution is unlikely to

affect tracer based measurements of bSiO, production (e.g. PDMPO, *2Si) during
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incubations conducted for only 24 hours. This is because dissolution rates in healthy

diatoms are low (Bidle and Azam 1999), and for a tracer to become incorporated into the
frustule a diatom must be producing bSiO,. While dissolution may be occurring, the
small amount of bSiO; that dissolves during the incubation will likely not be labelled.
The probability is low that a tracer could become incorporated into the frustule, and then
this labelled SiO, could subsequently dissolve during a 24 hour incubation. As a result,
tracer methods yield closer to a gross rate of bSiO, production. Therefore, PDMPO
likely represents a gross measurement of bSiO, production, and pppmpo IS €xpected to be

greater than pner.

When compared to pgross, prompo agreed at LCO1 where bSiO, production rates
determined by all methods was high (Figure 3.7B). However, at other stations in
September, bSiO, production rates were low (Figure 3.3D, E) and pPDMPO over-
estimated bSiO, production relative to *2Si by 37% on average, with much variability
between stations (Figure 3.4C). Overestimation of bSiO, production measured by
pPDMPO at rates below 1 pmol L™ d* has been observed previously in Saanich Inlet
(Chapter 2) and in some cases this occurred when dinoflagellates dominated the
phytoplankton. During this study, dinoflagellates were observed with the PDMPO
fluorescence microscope configuration (Appendix 1), suggesting that dinoflagellates may
incorporate PDMPO in some way, or alternatively have endogenous fluorescence in the
same spectrum. Previous work has suggested that dinoflagellate cells may bind PDMPO
extracellularly and contribute to measurements of pPDMPO (Alvarado 2012). However,
fluorescence of dinoflagellates observed appeared to be within the cell in the present
study (Appendix I). Overall, dinoflagellates contributed little to measurements of
iIPDMPO (Figure 3.8A). At station LGO02 in September, the contribution of non-diatoms
to fluorescence was higher, though it is unclear why this might be. Regardless, the high
iIPDMPO measured at LGO02 during September did not correlate with inflated ppompo
relative to peross (Figure 3.7B). Perhaps fluorescence associated with dinoflagellates
and non-diatom cells was removed similarly to intracellular diatom fluorescence by

rinsing with HCI during pPDMPO sample filtration. Therefore, dinoflagellates are
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unlikely to be the cause of over-estimation of bSiO, production rates by PDMPO during

September experiments.

Another factor that may increase PDMPO incorporation relative to bSiO, production is
decoupling between PDMPO and SiO; incorporation into the frustule. As the
relationship between PDMPO and SiO, incorporation into the frustule reflects their
respective concentrations within the silicon deposition vesicle (SDV, Durkin et al. 2013,
Chapter 2) factors that differentially affect PDMPO or SiO, accumulation within the
SDV will decouple their incorporation into the frustule. Low Si(OH)4 concentrations
may limit uptake of Si(OH),4 by diatom cells, reducing SiO, accumulation within the SDV
without a corresponding effect on PDMPO accumulation. It is likely that this caused an
overestimation of PDMPO incorporated into bSiO, during this study relative to culture
experiments (in which Si(OH), was always present at high concentrations, >80 pmol L™),
and could explain the greater bSiO, production measured by PDMPO compared to that
measured by **Si. There is some evidence for this in Saanich Inlet, where pppmeo Was
over-estimated relative to pcross in the only sample where Si(OH)4 concentrations were
less than 10 pmol L™. Silicic acid concentrations ranged from 2.10-10.76 umol L™
during the September cruise, and these concentrations are low enough to reduce Si(OH),4
uptake in some species (Sarthou et al. 2005). However, it may be possible to correct for
the effect of reduction in Si(OH), uptake assuming Michelis-Menten kinetics of Si(OH),
uptake. Such a correction could have the form:

[ Si(0H,)]
([ Si(0H,)] +4) Equation 4

pPDMPOc = pPDMPO X 4200 X

where pppmpoc 1S the rate of bSiO, production based on pPDMPO after correction,
pPDMPO is the concentration of PDMPO measured from HCI lysed samples, 4200 is the
ratio of Si:PDMPO from Chapter 2, [Si(OH)4] is the silicic acid concentration, and 4 was
chosen as an approximate Ks;j value as it is the average for diatoms (Sarthou et al. 2005).
When such a correction was applied to pPDMPO measurements from September samples

with Si(OH), concentrations below 10 umol L™, the agreement between ppompeoc With
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peross Was improved (R? = 0.67, y = 1.03x + 0.222). Therefore, it is probable that low

Si(OH), causes reduced accumulation of SiO; relative to PDMPO within the frustule, and
this effect needs to be considered when utilizing the PDMPO method to estimate bSiO,
production. However, this does not appear to affect bSiO, production rates >1 umol L™
d™, and further experimentation is needed to determine how to best account for the effect

Si(OH), concentration when calculating pppmpo.

Previous work has suggested that iPDMPO measurements may be as reliable for
quantifying bSiO, production as pPPDMPO (Chapter 2, Figure 2.9). This suggests that
measurements of community scale bSiO, production (net, gross and pPDMPO based)
could be replaced by iPDMPO measurements. During this study, iPDMPO
measurements agreed with pPDMPO measurements for determining bSiO; production
(Figure 3.8B). Accurate quantification of several of the dominant genera in this region
(Chaetoceros spp., Skeletonema spp., Thalassiosira spp., Pseudo-nitzschia spp. and
Coscinodiscus spp.) have been confirmed previously with the microscope configuration
used here (Chapter 2), which improves confidence in these measurements. This is
despite differences in the preparation of the microscope slides between studies- slides
from Chapter 2 were prepared using Immu-mount mountant whereas in this study they
were prepared with ProLong Gold. However, the relationship used to convert iPDMPO
to prompo IS specific to the microscope configuration, and intercalibration would be
necessary before this relationship could be more widely applied. Although microscopy
and fluorometry measurements of PDMPO generally agreed, this was with high
variability in measurements. This suggests absolute PDMPO fluorescence determined
from microscopy cannot be reliably converted to absolute bSiO; production rates, and
therefore this method should not be relied on as a substitute for pPDMPO measurements
or other measurements of bSiO, production rates. Therefore, relative contributions of
different diatom taxa to community bSiO, production can be determined by microscopy
and should be combined with community scale measurements of bSiO, production in

order to determine both the contribution of different genera and absolute rates.
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3.5. Conclusions
During this study, the majority of phytoplankton biomass was composed of diatoms.
Diatom biomass and productivity were generally higher during spring than late summer,
and higher on than off the continental shelf. Consequently, diatoms are key contributors
to the high phytoplankton biomass and may be responsible for the high fisheries yields in
this area.

The composition of the diatom community is an important determinant of the role of
the community within the ecosystem. Different diatom genera dominated bSiO,
production at different locations, and the importance of a genus to bSiO, production was
not correlated with its contribution to cell numbers. In order to link community scale
fluxes to assemblage composition, the composition of the productive assemblage must be
determined. This differs from the composition of the assemblage present, and can be
determined using PDMPO.

PDMPO was a useful tracer of bSiO, production and more closely approximates a
gross rather than net rate of production. The tracer was reliable when bSiO, production
rates were high (> 1 umol L™ d), but over-estimated production when rates were low.
This was not due to PDMPO staining of dinoflagellates, and was likely due to variability
in Si(OH), concentrations, though more work is needed to assess this effect. In this
study, measurements of PDMPO fluorescence by microscopy agreed with measurements
by fluorometry, but with large associated uncertainty. Therefore, measurements of
PDMPO by microscopy should be used in combination with other methods to determine
the productivity of different groups within the diatom community.
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Chapter 4: Highlighting Taxa Specific Production of Diatoms in
Saanich Inlet

4.1. Introduction

Diatoms are microscopic phytoplankton estimated to account for 32- 40% of marine
primary production (Nelson et al. 1995; Uitz et al. 2010). This large role in global
primary productivity makes them a key component of the global carbon cycle as well as
the foundation of many productive food webs. Because diatoms require Si(OH), to build
their hydrated biogenic silica (bSiO) frustules (Del Amo and Brzezinski 1999; Kroger
and Poulsen 2008), diatoms link the biogeochemical cycles of carbon and silicon in the

ocean.

Although diatoms share many traits and belong to the same taxonomic group, the
Stramenopiles, large differences can be found among species. Physiologically, diatoms
species can differ in their ability to take up nutrients. For example the half saturation
constant for Si(OH), (Ks;), a key determinant of Si(OH), uptake and limitation, varies by
over 2 orders of magnitude between species (Sarthou et al. 2005) and therefore it is
possible for different diatom species to be differentially limited within the same
community (Poulton et al. 2007). Such differences in nutrient physiology within
members of the diatom community affect the nutrient uptake kinetics of the community
as a whole (Blain et al. 1997; Mosseri et al. 2008). Community composition also affects
the export of carbon from the system, as species experience differences in grazing
pressure (Frost 1972; Sunda and Hardison 2010), as well as differ in the efficiency with
which they are exported from the euphotic zone to depth (Waite and Nodder 2001;
Annett et al. 2009; Smetacek et al. 2012). Thus, diatom community composition affects

the fluxes to the rest of the marine ecosystem.

In the past 15 years a new method has been developed for investigating diatom
community composition using the fluorescent dye 2-(4-pyridyl)-5-((4-(2-
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dimethylaminoethylaminocarbamoyl)methoxy)-phenyl)oxazole (PDMPQ). This dye

labels newly produced bSiO, (Shimizu et al. 2001), and the incorporation of PDMPO is
strongly correlated with bSiO, production (Leblanc and Hutchins 2005, Chapter 2).
Since relative amounts of PDMPO can be accurately quantified by fluorescence
microscopy (Chapter 2), this tracer allows bSiO, production for different diatom species
to be determined in a mixed assemblage. This determines a production rate, unlike the
most common assessment of diatom community composition, diatom cell numbers,
which yields a concentration. Previous work with PDMPO suggests that the composition
of the diatom community responsible for bSiO, production differs from the composition
determined from cell numbers (Quéguiner et al. 2011; Durkin et al. 2012, Chapter 2,
Chapter 3).

This difference between bSiO, production and cell numbers could be due to differences
between diatom taxa in the amount of bSiO, per cell, or differences in the rate of bSiO,
production per amount of bSiO, (specific bSiO; production rate). The amount of bSiO,
per cell is related to a cell’s size, and because bSiO, is found at the periphery of a cell it
is dependent on a cell’s surface area (Brzezinski 1985; Marchetti and Harrison 2007).
The results of Quéguiner et al. (2011) and Durkin et al. (2012) are consistent with
differences in bSiO, production between diatom taxa due to differences in cell size.
However, differences between taxa could also reflect differences in specific bSiO,
production rate. If specific bSiO, production rates did not vary between taxa, the
cumulative surface area of a taxon would likely explain most of the variability between
taxa in bSiO, production rate, making PDMPO measurements unnecessary. No previous
studies have used PDMPO to calculate specific bSiO, production rates for different
diatom taxa within a mixed assemblage. Therefore, further work is needed to determine
the roles that bSiO; cell quota and specific bSiO, production rate play in explaining taxa

specific bSiO, production.

Specific bSiO, production rates may also be useful as an indicator of growth rate. Only
bSiO, produced when PDMPO is present is fluorescently labelled by the tracer (Shimizu
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et al. 2001). This makes it possible to distinguish diatom cells actively depositing bSiO,

from those that are inactive, and PDMPO has been used for this purpose in previous
studies (Leblanc and Hutchins 2005; Ichinomiya et al. 2010). Znachor et al. (2013)
expand on this premise by suggesting that PDMPO fluorescence could be used as a proxy
for diatom growth rate when comparing PDMPO measured for cells of the same diatom
species. Technically, PDMPO measures a bSiO, production rate and when normalized to
some measure of bSiO; this yields a specific bSiO, production rate, which is not strictly
the same as growth rate (cell division rate). Specific bSiO, production rates are
equivalent to growth rate when conditions are constant (Maclntyre and Cullen 2005), but
constant environmental conditions are not possible in natural environments due to daily
cycles in light intensity. Additionally, the amount of SiO, per diatom cell is relatively
flexible, and generally diatom cells that grow slower deposit more SiO, before dividing
(Martin-Jézéquel et al. 2000). An increase in SiO; per cell has been demonstrated when
reductions in growth rate occur due to decreased temperature (Durbin 1977, Claquin et al.
2002), nitrogen limitation (Harrison et al. 1977, Claquin et al. 2002), phosphorous
limitation (Claquin et al, 2002), and iron limitation (Marchetti and Harrison 2007).
Concentrations of Si(OH), also affect the amount of SiO; per cell, with Si(OH),4
limitation resulting in a reduction in SiO, per cell (Harrison et al. 1977, Brzezinski et al.
1990) while excess Si(OH)4 may cause increased SiO, per cell in some cases (Durkin et
al. 2013). As a result, the many factors that affect the amount of SiO, per cell could
confound the relationship between bSiO, production (indicated by PDMPO

incorporation) and growth rate.

If PDMPO could indicate diatom growth rate for different taxa, it could be useful for
predicting shifts in diatom community composition, before a corresponding increase in
biomass. This would allow the precise timing of growth initiation to be determined,
which would enable changes in diatom community composition to be better linked to
their casual factors. However, Znachor et al. (2013) did not use PDMPO as an indicator
of growth rate between different diatom taxa, so it is not yet known whether PDMPO

would be useful for this application.
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In the present study, PDMPO was used to investigate diatom community composition

in Saanich Inlet. This inlet is a highly productive fjord (Takahashi et al. 1977; Timothy
and Soon 2001; Grundle et al. 2009), and is one of the best-studied basins in the global
ocean (Tunnicliffe et al. 2005). Diatoms are the dominant group of phytoplankton within
the inlet (Parsons et al. 1983; Grundle et al. 2009), and the community composition and
seasonal succession have been previously characterized using cell counts from surface
water samples (Takahashi et al. 1977; Hobson 1981, 1983; Parsons et al. 1983; Sancetta
and Calvert 1988; Grundle et al. 2009), sediment traps (Sancetta and Calvert 1988) and a
91 year sediment core record (McQuoid and Hobson 1997).

The aim of this study is to expand upon existing understanding of diatom community
dynamics within Saanich Inlet using the PDMPO method by determining (1) if the
contribution of different diatom genera to bSiO, production (based on PDMPO) can be
predicted by cell count or biomass data, (2) which genera are most important to bSiO,
production within the inlet, and (3) whether PDMPO can indicate shifts in diatom

assemblage composition.

4.2. Methods

4.2.1. Sample Collection

Samples were collected from UBC station (48.35500 N, 123.30300 W) in Saanich
Inlet from March 2012 to December 2013 aboard the RV Strickland. Samples were
collected monthly for most of this time period, except during fall and winter 2012/2013
(August 2012 to February 2013) when samples were collected every two months. A
Seabird 911 conductivity temperature depth profiler (CTD) equipped with chlorophyll a
(chl @) fluorescence and photosynthetically active radiation (PAR) sensors was used to
determine the depth of the chl a maximum. Samples were collected from the depth of the
chl a maximum which varied between 2- 20 m depth, and averaged 6.5 m during the
study period. Seawater was collected in 12 L Go-Flo bottles which were drained through

tubing into an acid washed carboy. This carboy was kept cool and in the dark until return
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to shore. Samples for all measurements described below were subsampled from this

carboy, which was continually mixed to homogenize its contents. The dates and depths

of sample collection are presented in Table 4.1.

4.2.2. Nutrient Concentrations

Macronutrient concentrations were determined by filtering seawater samples through
pre-combusted 0.7 um glass fiber filters (GF) using acid cleaned syringes and swinnex
holders. The filtrate (30 mL) was collected in acid cleaned polypropylene bottles which
were frozen at -20°C until analysis. Concentrations of nitrate and nitrite (NO3™ + NOy),
phosphate (PO,™), and silicic acid (Si(OH),) were determined using an Astoria 2 Nutrient
Autoanalyzer, according to the methods described in Barwell-Clarke and Whitney
(1996). During 2013, separate samples were collected for determination of Si(OH),
concentration. Unlike samples for other nutrients, these were pre-filtered using 0.6 pm
polycarbonate (PC) filters to avoid potential leaching of Si from GF filters. Additionally,
these samples were stored at 4°C until analysis, as freezing samples with high
concentrations of Si(OH)4 may cause polymerization (Barwell-Clarke and Whitney
1996). These separate Si(OH), samples had 15.0 + 4.3 % (mean £ SE, n = 10) higher
Si(OH), concentrations than those that were collected for analysis of other nutrients.
This suggests that leaching of Si from GF filters did not cause inflation of Si(OH),
measurements; however, Si(OH), concentrations presented here may underestimate
actual concentrations. This may have been due to loss of Si(OH), due to polymerization

of Si(OH), when samples were frozen or thawed.
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Table 4.1: Dates and depths of sample collection, with corresponding temperature (T), salinity (S) and nutrient nitrate (NO3"), orthophosphate
(PO,®) and silicic acid (Si(OH)4)) concentrations. The depths noted below corresponds to the depth of the chl a maximum from which all samples
were collected. Photosynthetically active radiation (PAR) is also indicated for the depth of sampling as a percentage of the surface irradiance.

Year Month  Day Depth T S PAR [NOs + [PO.7] [Si(OH)4]
(m) (’C) (psu) (%) NO,] (umol L) (umol L)
(umol L™

2012  March 14 5 7.2 29.4 75 25.8 2.1 21.8
2012 April 11 8 8.1 29.3 26 13.4 1.2 9.5
2012 May 9 15 8.2 29.4 9 12.4 1.3 12.9
2012 June 14 5 11.2 29.0 31 2.1 0.45 13.9
2012 July 11 7 12.6 28.1 40 0.15 0.25 9.9
2012  August 1 8 13.1 27.8 92 5.3 0.89 14.3
2012  October 10 7 12.3 28.9 38 0.42 0.59 11.6
2012  December 12 2 7.9 25.3 65 17.4 1.5 29.3
2013  February 13 5 8.4 29.5 70 23.1 2.3 31.2
2013  March 13 3 7.8 29.4 48 16.1 15 28.1
2013  April 17 8 8.5 29.3 4 19.5 - 33.3
2013  May 8 20 9.4 29.2 2 8.7 - 9.4
2013 June 13 7 12.0 28.0 100 2.2 - 12.5
2013 July 10 5 15.5 25.3 50 6.0 - 33.0
2013  August 1 4 16.8 28.0 35 0.44 - 19.4
2013  September 11 35 16.0 28.9 97 6.8 - 33.8
2013  October 9 35 11.8 28.5 80 13.3 - 23.2
2013  November 13 3 - - - 13.9 - 26.2

2013 December 9 5 8.8 28.5 34 20.6 - 35.0
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4.2.3. Phytoplankton and Diatom Biomass

Triplicate samples were collected for determination of phytoplankton biomass,
measured as chl a. Chlorophyll a concentrations were determined for the total
phytoplankton assemblage by filtering seawater (300- 500 mL) through 0.7 um GF
filters. Chlorophyll a concentrations were also determined for different size fractions,
and filtration procedures differed between 2012 and 2013. During both years, seawater
(300 — 500 mL) was first filtered through a 20 um PC filter by gravity. In 2012 this was
followed by low vacuum pressure (<5 psi) filtration through stacked 5 pum and 2 um PC
filters. In 2013, the 20 um filtrate was filtered through 5 um PC filters, and then 0.7 um
GF filters. For simplicity, size fractions are described as >5 um (20 pm + 5 pm chl a,
both years) and <5 um (>0.7 um less the >5 um fraction in 2012, or 5 um >chl a >0.7
pm in 2013). In April and May 2013 no GF samples were collected for chl a analysis, so
the <5 pum size fraction in these months represents phytoplankton biomass between 5 um
and 2 um in size. This may under-estimate phytoplankton biomass overall, as very small
cells between 2 um and 0.7 um would not have been collected. However, microscope
cell counts indicate that during both these months diatoms dominated cell numbers
(>75%), implying that the contribution of small phytoplankton cells (<2 um) to
phytoplankton biomass would have been minimal. Filters were stored in glass
scintillation vials, and frozen at -20°C until analysis. Pigments were extracted at -20°C
for 24 hours in 90% acetone, and then chl a concentrations were determined on a
calibrated Turner 10-AU fluorometer. Concentrations were corrected for phaeopigment

interference by acidification as described in Parsons et al. (1984).

Biogenic silica concentrations were also determined by filtering triplicate seawater
samples (1 L) through 0.6 um PC filters. Filters were folded, placed in polypropylene
centrifuge tubes, and dried at 56°C for several days. Samples were stored dry until
analysis. Then samples were digested to convert bSiO, to Si(OH), for
spectrophotometric analysis. Samples were digested for 30 minutes using the NaOH
digestion procedure of Paasche (1973a) as modified by Brzezinski and Nelson (1989).

Then concentrations of Si(OH), were measured using the silicomolybdic acid assay with
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a modified reagent blank (Brzezinski and Nelson 1986, 1989) at 810 nm using a

Beckman DU UV/Vis spectrophotometer.

4.2.4. Production Rates

Production rates of bSiO; (p, units of pmol SiO, L™ d™) and organic carbon (primary
production) were determined from incubation experiments. All incubations were
conducted in an acrylic tank outdoors exposed to ambient light conditions. The tank was
supplied with flowing seawater that matched the temperature of the sampling depth.
Samples were incubated in acid cleaned polycarbonate bottles. These bottles were
incubated in tubes shaded with blue photographic film (Lee Filters 202 Half C. T. Blue)
to simulate ~50% of ambient irradiance.

Primary production rates were determined by spiking seawater samples (1.2 L) with
approximately 10% (203 pmol L™ NaH*3CO3) of ambient DIC levels. These samples
were incubated for 4 hours, except in November and December 2013. For these 2
months, 24 hour incubations were conducted because incubations began late in the day
when light levels were low. Four hour incubation lengths were preferred, to minimize the
possibility of tracer depletion during experiments. Primary productivity rates measured
over 4 hours are expected to yield closer to a gross rate of primary production, while 24
hour incubation rates would tend towards a net measurement. Consequently, *C labelled
organic carbon may have been respired during 24 hour incubations during November and
December 2013, which could have reduced the primary productivity rate during these
months relative to the others sampled. Samples were filtered onto pre-combusted 0.7 um
GF filters and kept in the dark during filtration. Then filters were folded in half, placed
in polystyrene petri dishes, dried at 56°C for 5 days, and stored in a dessicator until
measurement of the isotopic composition and total carbon content at the UC Davis Stable
Isotope Facility using an elemental analyzer interfaced with an isotope ratio mass
spectrometer (EA-IRMS). Hourly primary production rates were calculated as described
in Hama et al. (1983). Hourly rates were converted to daily primary production rates by

multiplying by the fraction of daily insolation during the incubation time (Grundle et al.
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2009, Harris et al. 2009). Daily insolation profiles were retrieved from the School-Based

Weather Station Network University of Victoria Science Building insolation sensor (data
available at victoriaweather.ca). Dissolved inorganic carbon (DIC) concentrations used
in the calculation of primary productivity rates were estimated from measurements of
CTD temperature and salinity based on the relationship between density and DIC
determined for Saanich Inlet by Grundle (2007).

Biogenic silica production rates were determined using two methods. Beginning in
May 2012, bSiO, production was measured using PDMPO (pppmpo) as described in
Chapter 2. Triplicate samples (400 mL) were incubated with 125 nmol L* PDMPO
(Lysosensor DND-160, Life Technologies) for 24 hours. Then samples were filtered
onto 0.6 um PC filters. Once all seawater had passed through the filters, they were
coated with 10% HCI for 2 minutes to lyse cells (Leblanc and Hutchins 2005, Chapter 2),
and then rinsed thoroughly with deionized water. Filters were placed in polypropylene
centrifuge tubes, dried at 56°C for several days (Chapter 2, Appendix B) and stored dry
until analysis. Then the concentration of PDMPO incorporated into particles on the filter
(pPDMPOQ) was determined. First, samples were digested to solubilize pPDMPO in order
to measure it fluorometrically. Some replicates from May 2012 to August 2012 were
digested using hot NaOH, as for bSiO,. However, subsequent work (Appendix C) has
found that this may degrade PDMPO fluorescence, so HF (Appendix D) was used to
digest the remaining samples. For months where replicates were digested using both
methods, replicates were not significantly different, and therefore all replicates have been
included in the calculation of the average. Although digestion with NaOH likely caused
a reduction in pPDMPO measured during these cases, the variability between replicates
was high enough to mask any decrease. For HF digestions, HF (0.2 mL) was added to
the filter, allowed to digest for 48 hours, and then 4.8 mL of saturated boric acid was
added to bind remaining fluorine ions (Chapter 2). Then the dissolved PDMPO
concentrations were determined using a Turner Trilogy fluorometer (350/80 nm
excitation 410 — 600 nm emission, crude oil module). Dissolved PDMPO concentrations
were determined by comparing fluorescence measured from samples with the

fluorescence of PDMPO standards prepared in the appropriate matrix (NaOH-HCI for
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samples digested with NaOH, and HF-boric acid for samples digested with HF).

Standard curves were prepared for the PDMPO concentration range of 0 — 200 nmol L™
(R?>0.994). The incorporation of PDMPO during incubations was converted to SiO.
using a ratio of 4200 + 380:1 (Chapter 2). As all experiments were conducted for 24
hours, the amount of SiO, calculated is equivalent to pppmpo (Units of units of umol SiO,
LtdY).

Gross bSiO, production rates (peross) Were also determined during 2013 using *2Si.
Seawater (300 mL) was spiked with high specific activity **Si(OH)4 (Los Alamos
National Laboratory) to a final activity of 22.2 kBq (0.01 uCi). After 24 hours of
incubation, samples were filtered onto 0.6 um PC filters which were rinsed with filtered
sea water to remove unbound *’Si. Filters were then placed on nylon discs and dried at
room temperature. Once dry, filters were covered with Mylar film and stored dry until
secular equilibrium was reached (~120 days). Activity of *’Si was determined by gas-
flow proportional counting according to Krause et al. (2011a) using a low-level beta
multicounter system (Risg GM-25-5A, DTU Nutech). Gross bSiO, production rates were
then calculated as described in Brzezinski and Phillips (1997).

4.2.5. Community Composition

Diatom cells were identified using both brightfield and PDMPO fluorescence
microscopy. For phytoplankton cell counts, seawater (125 mL) was stored in amber glass
bottles and preserved using acidic Lugol’s solution. Bottles were gently mixed to
homogenize the contents and then a subsample (50 mL) was settled for 24 hours. Then
cells were counted on an 1X-70 Olympus inverted microscope using a 40x objective
(Utermohl 1958). As the focus of this study is diatoms, non-diatom cells were not
identified in detail and were grouped according to size. Non-diatom cells smaller than 5
pm in length were small coccoid and flagellate cells, while larger non diatom cells were
mostly dinoflagellates but also included some larger flagellate or coccoid cells. Diatom

cells were identified to genus.
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The contribution of different diatom genera to bSiO, production was determined by

measuring PDMPO fluorescence per cell by microscopy. To distinguish from
measurements of PDMPO by fluorometry, measurements of PDMPO by microscopy
have been denoted iPDMPO. Aliquots from triplicate PDMPO incubations were used to
prepare microscope slides as described in Chapter 2. First, the cell density of unlabelled
water was assessed by microscopy, and the optimal aliquot volume chosen. Next aliquots
were filtered onto 0.6 um PC filters, and filters were placed onto a microscope slide with
a 15 pL droplet of deionized water such that the cells on the surface of the filter were
within the droplet of water. Then the reverse of the microscope slide was frozen using
canned freeze spray, the filter peeled off, and the slide allowed to dry. Once slides had
dried, a drop of mountant (Pro-Long Gold for 2012 samples, Immu-mount for 2013
samples) and coverslip were placed on each slide. Slides were stored frozen.
Unfortunately, Immu-mount mountant is water based, so frozen slides developed ice
crystals, and an additional heating step was required to clear the mountant prior to

imaging.

Fluorescence of PDMPO stained diatom cells was imaged and quantified as described
in Chapter 2. An Olympus 1X-71 inverted microscope with DAPI excitation filter
(377/50 nm), custom emission filter (500/140 nm), and X-cite 120 PC (EXFO) light
source was used to image PDMPO fluorescence. Images for PDMPO analysis were
captured using a 10x (0.25 NA) objective, while images showing the morphology of the
dominant diatom genera were captured using higher magnification objective lenses (40x
(0.6 NA) or 100x (1.35 NA)). Images of brightfield and PDMPO fluorescence were
captured using a 12-bit Retiga QImaging camera coupled with a computer running
pMManager for ImageJ software (Edelstein et al. 2010; Rasband 2012). Prior to imaging
diatom cells, 10 FOVs of a calibration slide (Chroma Technologies yellow
autofluorescent slide, 1.5mm thick) were imaged (Chapter 2). Then 30-50 FOVs of
sample slides were imaged using both brightfield and PDMPO fluorescence illumination.
Focus for images were adjusted manually, and exposure times adjusted to be as long as

possible without saturating pixels (Chapter 2).
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Then images were analyzed. For each sample, FOVs were randomly selected from the

images captured for analysis. First, the fluorescence intensity of each pixel in the original
image was divided by the intensity of the pixel from the calibration image at the same
location within the FOV. Then background was measured and subtracted (Chapter 2).
Background measurements were low (160) relative to the range of the camera (0 — 4096).
Then automated particle analysis was conducted as described in Chapter 2. If cells of
different diatom genera overlapped, either the cells were excluded or the overlapping
pixels were manually excluded. Fluorescence intensity per cell was normalized by
exposure time to account for differences between images (Znachor and Nedoma 2008).
Cells were identified to genus using both brightfield and PDMPO fluorescence images.
For each sample, additional FOVs were analyzed until iPDMPO was adequately
quantified. Sample fluorescence was considered adequately quantified when the
coefficient of variation (standard deviation divided by the average) was <15% for diatom
genera that contributed >10% to iPDMPO. Then the iPDMPO measurements of all
diatom cells within a genus were summed up within a sample and the percentage
contribution of each genus to the total was determined. Measurements presented here
represent the average of triplicate sample slides. For slides prepared with Immu-mount,
an additional heating step was required to clear ice crystals from the mountant. Heating
has been found to degrade PDMPO fluorescence when PDMPO is not bound within
bSiO, (Appendix C), and it is possible that heating these slides may have reduced
PDMPO fluorescence within diatom cells. However, all results presented are from
relative measurements of different diatom genera within the same slide, and comparisons
between months are combined with pppmpo t0 account for differences between months
(see below). Even if this heating step caused a decrease in iPDMPO overall, this effect
would not be expected to differentially affect diatom genera and the results presented

here.

Surface area (SA) was also determined for the six most important diatom genera. Cell
dimensions were measured from brightfield images of diatom cells from slides prepared

above. The SA per cell for each genus was calculated using the geometric formulas of
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Sun and Liu (2003). The total SA for each genus was calculated as the SA per cell

multiplied by the cell concentration.

Specific bSiO, production rates (Vppmpo) Were also estimated for each genus based on
IPDMPO. This was calculated by normalizing the percentage contribution of a genus to
iPDMPO by its contribution to total diatom SA. Because bSiO, per cell is correlated
with SA per cell (Brzezinski 1985), normalizing bSiO, production per genus (iPDMPO,
Chapter 2) to total diatom SA for a given genus approximates a specific bSiO, production
rate. For genera that were very rare (< 3% of cells counted), cell numbers could not be
reliably quantified. Consequently iPDMPO normalized to the SA of genera with low cell
numbers were often extremely high, and likely inaccurate. Therefore, Vepmpo calculated

for very rare genera (<3% of cells counted) have been excluded.

In order to examine seasonality, samples were grouped together into three seasons:
spring (February to May), summer (June to August), and fall/winter (October to January).
For each month, the fraction of iPDMPO from different taxa was multiplied by the total
community bSiO, production rate (pppmpo) for that month to determine the bSiO,
production rate for each taxon within each month. The monthly contributions of a genus
to bSiO, production were summed for each season, and then divided by the total for all of
the months within the season to yield the proportion of bSiO, production measured

attributable to each genus.
4.3. Results

4.3.1. Biomass and Production in Saanich Inlet

The two years sampled differed in their seasonal patterns. During April and May 2012
a large spring bloom was detected (Figure 4.1) with high chl a and bSiO, concentrations.
Primary productivity rates were the highest measured during April 2012, though May
2012 rates were only moderate. Phytoplankton biomass was much lower in spring
(February — May) 2013 than 2012; and total spring chl a concentrations in 2012 were 6.3
+ 0.3 times higher than in 2013. The highest phytoplankton biomass during 2013
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occurred during fall/winter in November. Smaller peaks in phytoplankton biomass

occurred during summer of both years, and were associated with high primary production
and pppmpo during July 2012. Thus, peaks in phytoplankton biomass and production
occurred during all seasons. For August 2013 the calculation of pppmpo produced an
improbably high value (~100X pcross). Since diatom cell numbers and bSiO,
concentrations were low at that time, and few diatoms were observed labelled by
PDMPO via microscopy, then this measurement is likely erroneous and has been
excluded from the dataset.

Despite the strong differences between years, spring (February - May) had the highest
phytoplankton (chl a average of 11.6 + 1.3 ug L™) and diatom biomass (bSiO-, average
of 9.6 + 1.4 umol L™) overall. Spring also accounted for the majority of primary
production (average 24 +1.7 pmol C L™). Fall/winter (October-January) had the next
highest phytoplankton biomass (chl a 6.5 + 0.33 pg L™), while summer (June-September)
had the second highest primary production (11.0 + 0.4 pmol C L™).
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Figure 4.1: A) Chlorophyll a concentrations (bars) for the >5um (green) and <5um (yellow) size
fractions and primary production rates (circles and dashed lines) for all samples. B) Biogenic
silica concentrations (purple bars) and p (circles and lines) determined using either pPPDMPO
(filled circles) or *2Si (open circles) as a tracer. All measurements represent the average of
triplicate samples, with error bars representing + 1 standard deviation.

At all times the >5 um size fraction dominated chl a concentrations (Figure 4.1A).
Dinoflagellates contributed little to cell numbers during the study period (data not
shown), so the larger size fraction chl a generally represents diatom biomass. Only
during December 2012, June 2013, August 2013, and September 2013 did the <5 um size
fraction account for more than 40% of total chl a. As diatoms generally dominated
biomass and production during sampling, excluding non-diatom phytoplankton by using
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Si based methods to investigate biomass and production should still be informative about

the majority of phytoplankton biomass and productivity at this location.

On average, Thalassiosira spp. dominated bSiO, production (determined from the
combination of iPDMPO and pPDMPO measurements) over the entire study period
(Figure 4.2A), and was responsible for 32% of total bSiO, production. This differed
from cell numbers, in which Chaetoceros spp. accounted for 51% of the total number of
diatom cells and Thalassiosira spp. was only 16% (Figure 4.2B). However, the
contribution of different genera to cell numbers and bSiO; production differed depending
on the season. In spring, Thalassiosira spp. dominated bSiO, production (79%, Figure
4.2C), while accounting for only 38% of diatom cells (Figure 4.2D). Chaetoceros spp.,
Skeletonema spp., and Pseudo-nitzschia spp. were all abundant during spring (20, 23 and
15% of cells respectively), but were less important to bSiO, production (11%, 2% and
6% respectively). During summer, Chaetoceros spp. and Skeletonema spp. were both
important to bSiO, production (39% and 32% respectively, Figure 4.2E), though
Chaetoceros spp. was far more abundant than Skeletonema spp. during this time (73%
and 23% of cells respectively, Figure 4.2F). Fall/winter bSiO, production was dominated
by Ditylum spp. (29%, Figure 4.2G), although this genus accounted for only 6% of
diatom cells (Figure 4.2H). Thalassiosira spp. and Thalassionema spp. were rare at this
time (2% and 3% of cells respectively), but contributed relatively more to bSiO,
production (11% and 13% respectively). Chaetoceros spp. dominated cell numbers
during fall/winter (46%) but contributed less to bSiO, production (15%).
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Figure 4.2: The contribution of diatom genera to bSiO, production determined from combined
fluormetry and microscopy measurements of PDMPO (A, C, G, E) and cell numbers (B, D, H, F)
for the entire sampling period (A, B), during spring (C, D), summer (E, F), and fall/winter (G, H).
Colours indicate the six dominant diatom genera during the study period: Chaetoceros spp. (C),
Skeletonema spp. (S), Thalassiosira spp. (T), Pseudo-nitzschia spp. (P), Thalassionema spp. (TI),
and Ditylum spp. (D), while grey indicates other diatom species.

During the study period, six diatom genera (Chaetoceros spp., Skeletonema spp.,
Thalassiosira spp., Pseudo-nitzschia spp., Thalassionema spp., and Ditylum spp., Figure
4.3) dominated diatom cell numbers (94%), and iPDMPO (84%). To simplify
presentation of the results, diatoms other than the 6 dominant genera are categorized as
“other diatoms”. Other diatom species contributed more than 5% to the community total
bSiO; production in summer and fall/winter, and cell numbers in fall/winter (Figure 4.2).
For summer bSiO, production, other diatoms present were Asterionellopsis spp.,
Asteromphalus spp., Actinoptychus spp. and small centric genera. In the fall/winter other
diatom genera that contributed to bSiO, production included Asterionellopsis spp. and
Coscinodiscus spp., while cell numbers also included Rhizosolenia spp., Melosira spp.,
Bacillaria spp., Navicula spp., Eucampia spp., Cylindrotheca spp., and Thalassionema

spp. During each season, a different genus was the dominant contributor to bSiO,
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production, in contrast to cell numbers which were dominated by Chaetoceros spp. cells

except in spring.

Figure 4.3: Dominant diatom genera in Saanich Inlet labeled with PDMPO: A) Chaetoceros spp.,
B) Skeletonema spp., C) Thalassiosira spp. D) Pseudo-nitzschia spp., E) Thalassionema spp., and
F) Ditylum spp. All scale bars represent 25um. Images of PDMPO labelled bSiO, were captured
by fluorescence microscopy with the same microscope configuration for image analysis (see
text), although higher magnification objective lenses were used (40x (0.6 NA) for A, B, C, F; or
100x (1.35 NA) for D, E).
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4.3.2.Measurements of Diatom Community Composition

Contributions of the six dominant diatom genera to iPDMPO were compared with their
contributions to cell numbers and total diatom SA. The %iPDMPO fluorescence of a
genus was not correlated with its percentage contribution to diatom cell numbers (Figure
4.4A). The %iPDMPO fluorescence better matched %SA (Figure 4.4B), but only in
some cases. At certain times, one genus dominated the diatom assemblage, and
contributed similarly to iPDMPO, cell numbers and SA. For example, during May 2013
Pseudo-nitzschia spp. accounted for 98% of iPDMPO, 97% of diatom cells and 99% of
diatom SA (Figure 4.5). More frequently, the opposite was also true, meaning that when
a genus was unimportant to iPDMPQ, it was also rare and contributed little to total
diatom SA (e.g. Pseudo-nitzschia spp. in July 2012 contributed 0.1% of iPDMPO, 0.5%
of cells and 0.5% of diatom SA, Figure 4.6). Intermediate cases were less common, and
occurred when a genus was neither rare nor dominant, but its contribution to iPDMPO
and SA agreed (e.g. Ditylum spp. November 2013 was 71% of iPDMPO, 8% of diatom
cells and 75% of diatom SA, Figure 4.7).
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Figure 4.4: The percentage contribution of dominant diatom genera in Saanich inlet to iPDMPO
vs. A) cell numbers and B) total diatom surface area (SA). Dashed lines indicate 1:1 relationship,
and different genera are indicated by colour. The genera included are Chaetoceros spp. (C),
Skeletonema spp. (S), Thalassiosira spp. (T), Pseudo-nitzschia spp. (P), Thalassionema spp. (TI)
and Ditylum spp. (D).

However, in many cases the contribution of a genus to iPDMPO did not match its
contribution to SA, suggesting that specific bSiO, production rates differed between
genera. This was clear for Thalassiosira spp. during spring 2013 (Figure 4.5). During

March 2013, Thalassiosira spp. contributed more to iPDMPO than to abundance or SA
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(96%, 33% and 56% respectively). However, in the following month, April 2013,

Thalassiosira spp. cells were the most abundant (77%) and the largest contributor to SA
(90%), but accounted for only 0.1% of iPDMPO. Therefore, neither cell numbers nor
surface area consistently predicted the importance of a genus to iPDMPO fluorescence

and, by extension, bSiO, production.

Parameters of diatom community composition are presented for only select
months in Figure 4.5, 4.6, and 4.7, to showcase diatom blooms during each of the three
seasons (March 2013 in spring, July 2012 in summer and November 2013 in fall/winter).

Complete results are presented in Appendix J.
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Figure 4.5: The percentage contribution of diatom genera to A) cell numbers, B) iPDMPO, C)
total diatom surface area (SA), and D) Vppmpo (PDMPO normalized to SA) during spring 2013
Diatoms included are Chaetoceros spp. (C), Skeletonema spp. (S), Thalassiosira spp. (T),
Pseudo-nitzschia spp. (P), and other diatom species (O).
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Figure 4.6: The percentage contribution of diatom genera to A) cell numbers, B) iPDMPO, C)
diatom surface area (SA) and D) Vppmro (PDMPO normalized to SA) during summer 2012 in
Saanich Inlet. June Vppwmpeo Values are not reported as cell numbers of all diatom genera was too
low for Vppmpo t0 be accurately determined. Diatoms included are Chaetoceros spp. (C),
Skeletonema spp. (S), Thalassiosira spp. (T), Pseudo-nitzschia spp. (P), Thalassionema spp. (TI)
and other diatom species (O).
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Figure 4.7: The percentage contribution of diatom genera to A) cell numbers, B) iPDMPO, C)
diatom surface area (SA) and D) Vppmro (PDMPO normalized to SA) during fall/winter 2013 in
Saanich Inlet. Diatoms included are Chaetoceros spp. (C), Thalassiosira spp. (T), Pseudo-
nitzschia spp. (P), Ditylum spp. (D) and other diatom species (O).

4.3.3. Using PDMPO to Pinpoint Assemblage Transitions

As a proxy for specific bSiO; production rate, a genus’ contribution to iPDMPO was
normalized by its contribution to total diatom SA (Vepmpo). In some cases, a genus that
dominated Vppmpo in one month dominated cell numbers the following month. This was
most evident during spring 2013 (Figure 4.5). Cell numbers indicated that the
community was initially dominated by Skeletonema spp. in February, it shifted to a
Thalassiosira spp. and Chaetoceros spp. mixed community in March, to Thalassiosira
spp. in April, and a Pseudo-nitzschia spp. dominated community in May (Figure 4.5A).
However, community bSiO, production was already dominated by Thalassiosira spp. in
February (Figure 4.5B). This was followed by Chaetoceros spp. and Pseudo-nitzschia
spp. dominated bSiO, production in April and then Pseudo-nitzschia spp. exclusively in
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May. High Thalassiosira spp. Vepmpo during February and March preceded the high

Thalassiosira spp. cell numbers and SA observed during April. Likewise, Pseudo-
nitzschia spp. had the highest Vppmpo during April, which was followed by the almost
exclusively Pseudo-nitzschia spp. assemblage sampled during May. In these cases,
Vepwmpo indicated high specific bSiO, production rate of the genera that dominated the

community the subsequent month.

Although Vppmpo indicated the transitions between the dominant diatom species
present during spring 2013, it was not a consistent predictor during other times of the
year. For example, Skeletonema spp. and Thalassiosira spp. had higher Vppwmpo than
Chaetoceros spp. in July 2012, but Chaetoceros spp. continued to dominate diatom cell
numbers and SA in August 2012 (Figure 4.6). Of the 10 months when Vppmpo Was
measured in a month prior to measurements of cell numbers, the genus with the greatest
Vepmpo dominated cell numbers the following month in only 3 instances. Also, from a
total of 30 measurements, the percentage contribution of a genus to Vepwmpo Was within
20% of its contribution to cell numbers the following month in 16 cases. Although
Vpepwmpo predicted changes in cell numbers during spring 2013, it was not a consistent

indicator throughout the study period.

4.4. Discussion

4.4.1. Measurements of Diatom Community Composition

Previous work that investigated diatom community composition in Saanich Inlet has
used cell numbers as a metric for the contribution of different species to the
phytoplankton community (Hobson 1981, 1983; Parsons et al. 1983; Sancetta and Calvert
1988; McQuoid and Hobson 1997; Grundle et al. 2009). However, my results suggest
that numerically dominant diatom genera are not necessarily the most important in terms
of diatom production (Figure 4.4). Prior to the development of PDMPO as a tracer of
bSiO, production in diatoms (Shimizu et al. 2001; Leblanc and Hutchins 2005; Chapter

2), no convenient method existed to determine the contribution of individual diatom
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species to total diatom production. Because PDMPO incorporation is closely related to

SiO; incorporation in diatom frustules (Leblanc and Hutchins 2005, Chapter 2), the
contribution of a particular taxa to iPDMPO indicates its contribution to community

bSiO; production.

When the relative contribution of diatom genera to cell numbers was compared with
their contribution to iPDMPO, little relationship was evident (Figure 4.4A). Thisisin
agreement with findings from the few previous studies. Quéguenir et al. (2011) found
that Rhizosolenia spp. dominated iPDMPO while contributing far less to cell numbers
(18%). At Ocean Station Papa, Durkin et al. (2012) observed that Fragilariopsis spp. <5
pum had high cell numbers, but contributed little to iPDMPO. Similarly, cell numbers
were poorly correlated with iPDMPO for several samples from the west coast of

Vancouver Island (Chapter 3).

The methodology used to quantify iPDMPO in previous studies differed from that used
in this study and in Chapter 3. Quéguenir et al. (2011) do not describe their methods, so
it is not possible to determine how differences in methodology may affect comparison
with my results. Durkin et al. (2012) quantified iPDMPO using a 40x objective with
unspecified numerical aperture (NA), and did not calibrate excitation light intensity.
Numerical aperture and differences in excitation light intensity between images or across
the FOV may confound measurements of PDMPO (Chapter 2 and Appendix G), so it is
possible that the measurements of Durkin et al. (2012) may be confounded by these
effects. Therefore, the differences between cell numbers and iPDMPO measured in these
previous studies could reflect inaccurate measurements of iPDMPO between diatom
species, and not a true discrepancy between iPDMPO and cell numbers. In contrast,
reliable quantification of PDMPO fluorescence by microscopy has been confirmed with
the microscope configuration used in the present study, and was tested with several of the

diatom genera within Saanich Inlet (Chapter 2).
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Previous studies also differ in how the relative contribution of different species to

iPDMPO was calculated. Durkin et al. (2012) and Znachor et al. (2013) quantified the
average PDMPO fluorescence per cell, and then multiplied this value by the cell numbers
of the species or genus to get a relative contribution of the particular taxa to total PDMPO
fluorescence. If unlabelled cells were not included in the calculation of average PDMPO
per cell, this could result in over-estimation of PDMPO fluorescence per species. During
24 hour incubations, many cells will not deposit bSiO,. This fraction of inactive cells
may be >70% (Leblanc and Hutchins 2005, Figure 4.5 in this study for Thalassiosira spp.
in April). As Durkin et al. (2012) and Znachor et al. (2013) prepared microscope slides
by directly mounting black polycarbonate filters, it would not have been possible to
determine the fraction of unlabelled cells by brightfield illumination. This could result in
over-estimates of the average fluorescence for cells from a particular genus, and cause
over-estimation of the genus’ contribution to bSiO;, production. In the present study,
PDMPO fluorescence per genus was quantified within a FOV. Thus differences in cell
numbers and fluorescence intensity between species were not determined separately, but
both contribute to the total measured. As this method does not rely on determining a per
cell average fluorescence, there is no possibility of over-estimation of fluorescence due to
inactive diatom cells being erroneously excluded from an average measurement. As a
result, the discrepancy between cell numbers, SA, and iPDMPO observed here reflects a
real difference between the contributions of genera to each of these measurements.

Although Quéguenir et al. (2011) and Durkin et al. (2012) used different methods to
quantify iPDMPO, the discrepancy between cell numbers and iPDMPO that they
observed could be explained by differences in size between diatom species. Diatom cell
size can range by several orders of magnitude (Sarthou et al. 2005), and larger diatoms
with larger frustules result in more bSiO, per cell. Thus large cells would be expected to
contribute more to iPDMPO than small cells. In the Quéguenir et al. (2011) study, large
Rhizosolenia sp. cells were more important for bSiO, production than the other smaller
genera present. Likewise, Durkin et al. (2012) observed small cells of Fragilariopsis sp.
were very abundant, but accounted for little iPDMPO. Durkin et al. (2012) also observed

that large diatom cells low in abundance were important for bSiO, production, which was
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also evident at some sampling locations described in Chapter 3 of this thesis. To account

for differences between diatom cells measured in bSiO, quota, the contribution of genera
to iPDMPO was compared to their contribution to SA (Figure 4.4B). Since bSiO; is
found at the cell periphery, SA is correlated with bSiO; per cell (Brzezinski 1985;
Marchetti and Harrison 2007). Therefore the contribution of a genus to SA approximates
its share of community bSiO,. Although SA was correlated better with iPDMPO than
cell numbers, this correlation was not strong. Therefore the relationship between
IPDMPO and SA (indicated by iPDMPO:SA, Vppmpo) frequently differed between

diatom genera sampled, and confounded the relationship between iPDMPO and SA.

It is possible that the discrepancy between iPDMPO and SA observed is due to factors
affecting iPDMPO measurements, and does not reflect a true difference between bSiO,
production and SA. It is unlikely that the addition of PDMPO itself could be such a
factor, as PDMPO was added to a final concentration of 125 nmol L™, and PDMPO
toxicity has not been observed to occur at concentrations below 500 nmol L™ (Chapter 2,
Leblanc and Hutchins 2005).

Light intensity during incubations with PDMPO (50% surface irradiance) often did
not match in situ conditions which varied between 2 and 100% of surface irradiance
(Table 4.1). It is possible that this mismatch could explain some of the discrepancy
between iPDMPO, cell number and total diatom SA measurements, and this effect likely
varies between samples. During spring 2013 iPDMPO, cell numbers and SA strongly
disagreed in March and April (Figure 2.5). During March, Thalassiosira spp. dominated
iIPDMPO (95%) but accounted for only 33% of cell numbers. As the in situ irradiance at
the depth of sample collection was 48%, differences in irradiance cannot explain the
discrepancy observed in this case. In the following month (April 2013), Thalassiosira
spp. accounted for 77% of cells, but virtually no iPDMPO. This could have been due to
increased growth of other genera due to enhanced light during incubation (50%) relative
to in situ (4%). Yet the genus with the highest Vppwmpo at this time (Pseudo-nitzschia
spp.) dominated cell numbers following month, suggesting a real difference in growth

rates between genera in situ. While it is likely that differences in light intensity between
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incubations and in situ conditions played a role in the discrepancies observed between

iIPDMPO, cell numbers and SA, this effect is not sufficient to explain all of the

disagreement between these measurements.

Previous work suggests that diatom species may be a significant predictor of the
relationship between SiO, and PDMPO incorporation (Chapter 2). If this is the case,
IPDMPO measurements could be confounded by taxonomic differences. When cells
were kept intact, no significant differences in ratio were observed between Chaetoceros
spp., Thalassiosira spp., and Skeletonema spp. (Chapter 2, Table 2.2). However, it is
unlikely that cells remain intact during preparation of microscope slides as cells are
immersed in de-ionized water and then dried. When cells were lysed, Thalassiosira
pseudonana had a significantly lower Si:PDMPO ratio than Chaetoceros contortus, while
Skeletonema dohrnii was intermediate between them. If these ratios are more
representative of PDMPO incorporation as measured by iPDMPO, this taxonomic
difference could affect results as presented here. However, when genus specific ratios
were applied to iPDMPO measurements, correlations of iPDMPO with cell numbers and
SA did not change (R? = 0.32 for cell numbers, R? = 0.49 for SA). While taxonomic
differences in the ratio of Si:PDMPO incorporation would affect the contributions of taxa
to total assemblage bSiO, production, they do not change the discrepancy between
iIPDMPO, cell numbers and SA measurements presented here.

The discrepancy between the contribution of a species to iPDMPO and cell numbers or
SA likely reflects fundamental differences in these measurements. Cell numbers and
total diatom SA (or other indicators of biomass) indicate concentrations, while iPDMPO
indicates a rate. When relating assemblage composition to the characteristics of the
assemblage overall, it is important that these measurements are matched appropriately.
For example, measurements of particulate concentrations (e.g. chl a, bSiO;) should be
related to measurements of biomass (e.g. volume for chl a, SA for bSiO;). In contrast,
rate measurements (e.g. primary production, p) are more related to the composition of the

productive assemblage, which can be determined using PDMPO. Therefore, PDMPO
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measurements should provide insight into the relationship between diatom assemblage

composition and community wide fluxes.

4.4.2. Dynamics of Diatom Biomass and Production

Six diatom genera dominated diatom cell numbers and bSiO, production in Saanich
Inlet (Figure 4.3). The seasonal succession in cell numbers observed for these genera
(Figure 4.2) agreed with descriptions from previous studies that determined cell numbers
from seawater samples (Takahashi et al. 1977; Hobson 1981, 1983; Parsons et al. 1983;
Sancetta and Calvert 1988; Grundle et al. 2009), sediment traps (Sancetta and Calvert
1988), and a 91 year sediment core record (McQuoid and Hobson 1997). Numerically,
Chaetoceros spp. dominated overall within the Inlet, and in summer and fall/winter
(Figure 4.2B, F, H; Hobson 1981; Sancetta and Calvert 1988; McQuoid and Hobson
1997; Grundle et al. 2009). Only in spring did other genera dominate cell numbers,
primarily Thalassiosira spp. and Skeletonema spp. (Figure 4.2D, Hobson 1981, 1983;
Sancetta and Calvert 1988; McQuoid and Hobson 1997). However, the community
composition determined from cell numbers did not correspond to the composition of the
bSiO, producing community as inferred from iPDMPO (Figure 4.2). Although cell
numbers suggest a diatom community dominated by Chaetoceros spp.; Thalassiosira
spp., Skeletonema spp., and Ditylum spp. were each responsible for a similar or greater

share of bSiO, production during every season.

It is possible that taxonomic differences in the relationship between SiO, and PDMPO
incorporation could affect these results. As discussed above in section 4.4.2., different
diatom genera may have different ratios of Si:PDMPOQO incorporation (Chapter 2). Were
genus specific ratios of Si:PDMPO adopted for Thalassiosira spp., Skeletonema spp., and
Chaetoceros spp. (Chapter 2, Table 2.2) assuming that cells on microscope slides are
lysed, the balance of bSiO, production throughout an annual cycle shifts somewhat
between taxa. Adopting genera specific Si:PDMPO ratios decreases the proportion of
bSiO, production from Thalassiosira spp. in spring, but this genus still dominates (64%).
The share of bSiO, production from Chaetoceros spp. in spring increases to 21%. In
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summer, the share of bSiO, production due to Chaetoceros spp. increases to 49%, while

Skeletonema spp. decreases to 24% when genus specific Si:PDMPO ratios are applied.
During fall, adopting genus specific Si:PDMPO ratios causes little difference (6% or less)
in the contributions of different taxa. If genus specific ratios from Chapter 2 are applied,
Chaetoceros spp. dominates bSiO, production (29%) while the proportion from
Thalassiosira spp. decreases to 20% over an annual cycle within Saanich Inlet.
Consequently, the role of Thalassiosira spp. in annual bSiO; production could be over-
estimated in results presented in Figure 4.2 if the ratio determined for this genus with
high uncertainty in Chapter 2 is accurate. However, this genus would still dominate

bSiO, production during the spring bloom.

In order to determine the controls on diatom production throughout an annual cycle, it
is useful to combine cell count and iPDMPO measurements. Although cell numbers
indicated that Skeletonema spp. dominated cell numbers in early spring, iPDMPO
measurements suggest that this genus contributed little to bSiO, production at this time
(Figure 4.5). Therefore, Skeletonema spp. growth must have occurred even earlier in the
season (prior to February in 2013) in order to explain the cell numbers observed. Late
winter/early spring blooms of Skeletonema spp. have been observed in the nearby Strait
of Georgia (Hobson and McQuoid 1997), suggesting that this species is present early in

the annual succession, likely because it is a superior competitor when irradiance is low.

During February 2013, March 2013, and May 2012, Thalassiosira spp. dominated
community bSiO, production, inferred from iPDMPO. This agrees with the observations
of others (Hobson 1981, 1983; Sancetta and Calvert 1988; McQuoid and Hobson 1997)
which suggest that Thalassiosira spp. is a major component of the spring bloom,
presumably due to its high growth rate relative to other genera when nutrient
concentrations are high and light is sufficient. In both years, this was followed by low
diatom abundance and biomass during June. During July and August, Chaetoceros spp.
and Skeletonema spp. were the major contributors to cell numbers and bSiO, production,
as has been observed previously (Hobson, 1983; Sancetta and Calvert, 1988). When
summer nitrate concentrations were moderate (NO3 ~5 pmol L™ August 2012 and July
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2013) Skeletonema spp. tended to be more important to cell numbers and bSiO,

production, while Chaetoceros spp. dominated when nitrate levels were lower (NO3™ <0.5
umol L, July 2012, August 2013).

During fall and winter, Chaetoceros spp., Thalassionema spp., and Thalassiosira spp.
were present and contributed to bSiO, production. However, the largest contributor to
bSiO; production during fall was Ditylum spp. (Figure 2.4), which dominated bSiO,
production and diatom biomass in November 2013 (Figure 2.7). This is in agreement
with previous studies that have observed Ditylum spp. in the fall (Takahashi 1977,
McQuoid and Hobson 1997). As only one Ditylum spp. bloom was observed during the
present study it is not possible to determine how widespread blooms of this genus are. In
contrast to previous studies, no summer Ditylum spp. blooms were observed (Sancetta
and Calvert 1988, McQuoid and Hobson 1997). Although Rhizosolenia spp. was present
during fall 2013 as has been observed in previous work (Sancetta and Calvert 1988,
McQuoid and Hobson 1997) this genus never contributed significantly to bSiO,
production determined from PDMPO.

In this study, the composition of the productive assemblage was determined for bSiO,
production rates because this is possible using the PDMPO tracer. However, when
linking the diatom community to food webs or global biogeochemical cycles, carbon (C)
is usually the currency of choice, instead of Si. The contribution of a genus to primary
production may not be the same as its contribution to bSiO, production. While bSiO; is
at cell periphery and related to cell SA, C is found throughout the cell and more closely
related to cell volume (V, Brzezinski 1985; Marchetti and Harrison 2007). Therefore, a
large species (e.g. Ditylum spp.) with a low SA:V would be expected to have a lower
cellular Si:C, and contribute less to bSiO, production than primary production. The
contribution of a genus to bSiO, production could also differ from its contribution to
primary production if the incorporation of Si and C into the cell were decoupled. Cellular
bSiO, content may vary relative to C, and cellular Si:C may be affected by growth rate
and macronutrient availability (Martin-Jézéquel et al. 2000; Claquin et al. 2002;
Brzezinski et al. 2005; Marchetti and Harrison 2007; Durkin et al. 2013). But when
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nutrients are plentiful and growth rates are high, such decoupling is less likely. Nutrient

concentrations were low (NO3 + NO, <5 pmol L™, Table 4.1) in only four months
sampled, mostly during summer. Consequently, the contribution of summer genera to
bSiO; production may not match primary production if species within the community
were differentially NO3™ limited (Claquin et al. 2002). However, during most months
sampled during this study nutrient concentrations were high (NOs + NO, > 5 pmol L,
Table 4.1), and these high nutrient months accounted for most of the primary production
measured during this study (77 £ 5 %). Therefore, Si and C decoupling is less likely for
most of the production measured in this study, and the contributions of different species

to bSiO, production may generally reflect their contribution to primary production.

Measured primary production differed substantially between the two years (Figure 4.1).
However, much of this is likely due to the timing of sample collection rather than a real
difference between years. The majority of the difference observed between 2012 and
2013 was due to spring primary production, and satellite data suggests that this may be
due to mismatch between the timing of sample collection and the spring bloom. In the
nearby Strait of Georgia, satellite data suggests that chl a concentrations were highest
during April 2012 at the time of sample collection, while the highest chl a in 2013
occurred between March and April sampling (Costa et al. 2013; Allen et al. 2014).
Remote sensing data also suggests that the Strait of Georgia bloom in 2013 was two
weeks shorter (Costa et al. 2013; Gower 2014), so it is likely that there was also some
real difference in phytoplankton biomass between the years. Despite the lower than
expected phytoplankton biomass and primary production measured during spring 2013,
spring still accounted for more than half of the primary production measured over the
entire study period (53 + 4%). Thalassiosira spp. accounted for the majority of spring
bSiO, production (79%), and if the contribution of this genus to the primary production
of the whole assemblage matched its contribution to bSiO, production, Thalassiosira spp.

alone would account for 42% of primary production within Saanich Inlet.
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The seasonality of primary production measured in this study may not reflect a typical

cycle for this location; other studies have found that primary production rates are high in
summer, and may be more important than spring production to the annual total (Timothy
and Soon 2001; Grundle et al. 2009; Suchy 2014). Tidally driven inputs replenish
nutrients during summer, leading to higher phytoplankton biomass at this time than is
typical for many temperate marine locations (Takahashi et al. 1977; Gargett et al. 2003).
As these tidally driven nutrient inputs occur every two weeks, monthly sampling is
inadequate to resolve these events and any subsequent phytoplankton response. During
the present study, measurements during summer months were likely influenced by the
different tidal regimes that occurred during sampling. In July 2012, the highest summer
productivity rate was observed (Figure 4.1), likely because a spring tide had occurred one
week before (Fisheries and Oceans Canada, data available at http://tides.gc.ca/eng/data).
This likely caused resupply of nutrients which were subsequently consumed by
phytoplankton by the time of sample collection (Table 4.1) and contributed to the high
diatom biomass and productivity observed during this month. In contrast, August 2012
and July 2013 were sampled during spring tide, which could explain the higher nutrient
concentrations measured at this time. However, diatoms likely would not have had
enough time to respond to the increase in nutrients, which could explain why diatom
biomass was lower during these months than during July 2012. August 2013 sampling
took place 9 days after the spring tide, and nutrient concentrations at this time were
depleted. Although chl a concentrations were moderate at this time, productivity rates

were low, perhaps a result of nutrient exhaustion.

In a previous study, Timothy and Soon (2001) observed different seasonality in
primary production than in the present study. They found that primary production in
summer was higher than in spring and accounted for 60% of the annual total at the mouth
of the inlet and 40% at the head. Although they too sampled monthly, if this seasonality
is more representative of an average cycle in Saanich Inlet than observed in my study, the
role of Thalassiosira spp. in annual primary production would be less than estimated
above. If the contribution of different diatom taxa to primary production was the same as

their contribution to bSiO, production, and if summer accounted for 60% of primary
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production (Timothy and Soon, 2001), Thalassiosira spp. would still dominate annual

primary production (25%) but Chaetoceros spp. and Skeletonema spp. would contribute

only slightly less (23% and 19% respectively).

The composition of the community responsible for primary production has
consequences for its fate. Diatom species differ in their sinking rates, larger species sink
faster (Waite et al. 2011), and a higher proportion may sink to depth than smaller species
(Annett et al. 2009). In Saanich Inlet, the Thalassiosira spp. present in spring is larger on
average than the Chaetoceros spp. or Skeletonema spp. (2.3 and 5.7 times greater SA,
respectively). Additionally, zooplankton grazing affects these taxa differently. Sancetta
(1989) observed that fragmentation of diatom valves in Saanich Inlet sediments was
greater for late spring and summer Chaetoceros spp. and Skeletonema spp. than the
Thalassiosira spp. that occurred early in the spring. If more intact cells of Thalassiosira
spp. are exported to depth, less of the associated organic carbon may be respired before
reaching the sediments. Consequently, the 25 — 42% of primary production produced by
Thalassiosira spp. may be exported to depth more effectively than that from Chaetoceros
spp. and Skeletonema spp., and contribute more to carbon burial in the sediments. Fjords
such as Saanich Inlet are important to the global carbon cycle; they represent only 0.1%
of ocean surface area but account for 11% of marine carbon burial on the planet (Keil
2015). Therefore, seasonally occurring Thalassiosira spp. blooms may play a significant

role in global carbon cycling.

4.4.3. Using PDMPO to Indicate Diatom Assemblage Transitions

One of the most striking patterns in phytoplankton ecology is the rapid seasonal
accumulation of phytoplankton biomass during spring in temperate regions, which is
usually dominated by diatoms (Uitz et al. 2010). Sverdrup’s (1953) classic theory posits
that this occurs due to the alleviation of light limitation, allowing phytoplankton to
rapidly consume the nutrients that have accumulated over winter. Blooms are normally
detected by high concentrations of diatom biomass, but the initiation of growth that could

have caused the bloom would have occurred prior to this.
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By estimating Vppwmpo it is possible to detect an increase in diatom cellular activity
before a resulting increase in cell numbers. This does not strictly indicate growth rate;
Vppmpo IS an estimate of specific bSiO, production rate which can be equivalent to
growth rate when growth is balanced, and the proportions of cellular constituents (e.g. C,
Si) are constant (MaclIntyre and Cullen 2005). Balanced growth occurs when
phytoplankton are grown under constant conditions, which is not possible in the natural
environment because of daily variability in light. In the case of Vppmpo measurements,
changes in bSiO; per cell would confound their relationship with growth rate, as in these
cases the accumulation of bSiO, per genus would not reflect the rate of cell division.
How often this may be the case is unknown. However, Znachor et al. (2013) found a
strong correlation between PDMPO fluorescence per cell and growth rate in three diatom
species from a eutrophic reservoir. This suggests that PDMPO may be a useful proxy for

diatom growth rate even if environmental conditions are not constant.

Znachor et al. (2013) also found that the relationship between PDMPO fluorescence
and growth rate (determined from cell numbers) differed between the species tested, and
reflected differences in cell size. Here, Vppmpo Was calculated as a proxy for growth rate.
The calculation of Vppmpo differs from the calculation of Znachor et al. (2013) in that
iPDMPO for a genus was normalized to its SA, while Znachor et al. (2013) determined
fluorescence per cell by normalizing PDMPO to diatom cells that had chl a fluorescence.
Surface area may over-estimate the amount of living diatom biomass, as cells counted
may no longer be alive. This would result in under-estimation of the growth rate of
living diatom cells. In contrast, detecting only those cells with chl a should exclude non-
living cells, though it may be hard to identify diatom cells based on chl a fluorescence
alone as only the chloroplasts would be visible. This could cause living diatom cells not
labelled with PDMPO to be missed from measurements of the average PDMPO per cell
for a given genus, and growth rates over-estimated. An additional advantage of
normalizing PDMPO fluorescence by SA is that differences between genera in bSiO,

quota due to differences in size are accounted for, allowing comparisons between them.
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This does not account for differences in bSiO, thickness, which may vary. In laboratory

experiments, Durkin et al. (2013) found that differences in Si(OH), concentration caused
a 2.5 fold change in bSiO; per cell. However, differences in SA between genera are often
much larger than this. For the key diatom species within Saanich Inlet, the largest genus
(Ditylum spp.) had a SA 72 times greater than the smallest diatom (Skeletonema spp.).
Thus, differences between genera in SA are likely to account for much of the variability
in bSiO, quota. Therefore, normalizing total IPDMPO to the total SA for different
diatom taxa should be a reasonable proxy for specific bSiO, production rates, which may

be useful as an indicator of growth rate under certain conditions.

During spring 2013, increases in Vppmpo preceded a genus’ dominance of diatom cell
numbers (Figure 4.5). A close relationship between Vppmeo and cell numbers the
following month was not observed for other times of the year (Figure 4.6, 4.7). This may
be due to more transient changes in environmental conditions, for example tidally driven
nutrient inputs during summer (Gargett et al. 2003). Samples were collected only every
month, and would not capture increases in Vppmpo and cell numbers on time scales
shorter than this. As changes in Vppmpo 0Ccur on time scales of hours to days, monthly
sampling has inadequate temporal resolution to capture these processes. In addition, loss
processes are unlikely to be constant throughout an annual cycle. Zooplankton biomass
and grazing in Saanich Inlet are higher during summer than in spring (Suchy 2014,
Sancetta 1989), and consequently summer phytoplankton blooms may experience more
grazing pressure than spring blooms. Accumulation of cell numbers reflects net
population growth; therefore, an increase in intrinsic phytoplankton growth rate may not
result in accumulation if mortality exceeds growth. The lack of relationship between
Vepmpo and cell numbers except in spring 2013 does not necessarily mean that Vppmpo
was a poor indicator of growth rate, but rather that an increase in growth rate alone was
not sufficient to generate an increase in cell numbers that was detectable the following

month.
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During spring 2013, Vppmpo Was a useful indicator of diatom assemblage transitions.

Thalassiosira spp. dominated bSiO, production for the spring season overall, and had the
highest cell numbers and SA during April (Figure 4.5). However, Vepmpo Suggests that
Thalassiosira spp. had the highest specific bSiO, production rate earlier in the season, in
February and March. If the growth of Thalassiosira spp. increased due to increased light
availability in spring, the threshold of irradiance required for an increase in Thalassiosira
spp. differs when its dominance of cell numbers or Vppmpo are considered. In the week
prior to sampling in April, average insolation was 3.5 times higher than in February
(School Based Weather Station Network), suggesting that light required for Thalassiosira
spp. growth may be substantially less than previously thought. In this case, PDMPO was
useful to pinpoint the timing of Thalassiosira spp. growth initiation, which was prior to

the biomass accumulation observed.

PDMPO was useful as a tracer to indicate diatom bSiO, production rates, which could
not be predicted from cell numbers or biomass. As a proxy for specific bSiO, production
rate, Vepmpo should allow better understanding of the controls on diatom productivity.
For example, determining when the initiation of diatom growth leading to the spring
bloom occurs will allow more accurate determination of the factors (e.g. light intensity)
that caused it. This should be useful for model parameterization, which make predictions
about the spring bloom based on light intensity (e.g. Collins et al. 2009). Additionally,
bSiO, production rates derived using PDMPO as a proxy should be useful for
distinguishing the processes that lead to biomass accumulation. Both phytoplankton
intrinsic growth rates and mortality rates determine whether phytoplankton population
numbers and biomass increase. The relative importance of these processes to the
development of the spring bloom may not be as simple as described by Sverdrup (1953),
and is currently debated (Behrenfeld 2010; Fischer et al. 2014). As a sensitive method
for indicating diatom growth rate, PDMPO has the potential to illuminate the processes

that control diatom productivity in the global ocean.
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4.5. Conclusions
The PDMPO tracer shed new light on diatom community dynamics within Saanich

Inlet. The composition of the assemblage contributing to bSiO, production was
determined using PDMPO fluorescence microscopy, and could not be inferred from the
composition of cell numbers or biomass. By combining microscopic and fluorometric
measurements of PDMPO, it was possible to translate the proportion of bSiO, production
by a given genus to its absolute bSiO, production for the study period overall. In
addition, PDMPO was useful as an indicator of taxon specific bSiO, production rates,
and detected transitions in assemblage composition prior to their observation from cell
numbers during a spring bloom. This suggests that PDMPO has the potential to
substantially enhance investigation of the interplay between diatom community
composition, growth rates, and productivity. Consequently, the critical role that diatoms

fill in marine food webs and elemental cycling can be better understood.
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Chapter 5: General Conclusions

5.1. Summary of Major Findings

This thesis presents several optimizations for the use of PDMPO as a tracer of bSiO;
production in marine diatoms. Additionally, results of field work in two marine locations

using PDMPO to investigate diatom community dynamics are described.

5.1.1. Basis of PDMPO as a Tracer of bSiO, Production

The incorporation of PDMPO into diatom frustules did not have a fixed stoichiometric
relationship with SiO,. The Si:PDMPO relationship of incorporation was altered by
PDMPO concentration, suggesting that factors that differentially affected transport of
Si(OH)4 or PDMPO to the SDV determine the ratio of incorporation. The Si:PDMPO
incorporation relationship was significantly affected by diatom species, though this effect

was smaller when cells were lysed.

From laboratory cultures, a ratio of 4200 £ 380:1 best fit pPPDMPO concentrations as a
function of SiO, concentrations produced since the addition of PDMPO, when cells were
lysed during filtration and cells were grown in the presence of 125 nmol L™ PDMPO.
This relationship predicts 30% more SiO; incorporation from a given amount of PDMPO
incorporation than previous work (Leblanc and Hutchins 2005) and performed better in a
field comparison between bSiO, production determined by PDMPO and by *Si.
However, PDMPO over-estimated rates of bSiO, production when bSiO, production
rates were low (<1 pumol L™ d™). In a few cases, this may have been related to
dinoflagellate abundance as reported in previous work (Alvarado 2012), but more often
appeared due to differences in ambient Si(OH), concentration. Therefore, further
optimizations of the technique are necessary to ensure that PDMPO remains a robust
tracer of bSiO, production when diatoms dominate the phytoplankton assemblage and

when Si(OH),4 concentrations are below 10 umol L™.
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5.1.2. Quantification of PDMPO by Microscopy

Laboratory tests confirmed that quantification of PDMPO by microscopy agreed with
measurements of PDMPO by fluorometry, suggesting that both methods are useful for
determining bSiO, production in diatoms. However, microscope measurements of thick
diatom species were over-estimated for different sizes of diatoms when objective lenses
with high numerical apertures were used. When a low numerical aperture objective was
used to quantify PDMPO, these measurements agreed with fluorometric measurements.
This was true for both relative measurements of PDMPO fluorescence from different
species within the same slide, and for absolute measurements of PDMPO incorporated
per mL of diatom laboratory culture. Although microscope and fluorometric
measurements generally agreed between field samples, variability in microscope
measurements of PDMPO was large, suggesting that microscope measurements of
PDMPO should not be used to replace total diatom community measurements of bSiO,
production. Instead, microscope measurements of PDMPO fluorescence should be used
in combination with total community measurements of bSiO, production to determine

absolute bSiO, production rates for different taxa within mixed assemblages.

5.1.3. Using PDMPO to Investigate Diatom Community Dynamics in Marine

Environments

When the PDMPO method was employed in marine locations, it provided novel
information about diatom community dynamics. The contribution of different genera to
PDMPO florescence was not correlated with their contribution to cell numbers. In some
cases, a genus’ surface area was better correlated with PDMPO fluorescence, but this was
not consistent. As a result, the genera that were most dominant numerically were often
not the most important for bSiO, production. This reflects the differences between these
parameters, as cell numbers and surface area are concentrations whereas PDMPO
indicates a production rate. The PDMPO tracer was also useful for distinguishing
actively growing diatom cells from inactive cells. When normalized to a genus’ surface

area, PDMPO fluorescence was useful as a proxy for specific bSiO, production rate. In
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some cases this predicted shifts in composition within the diatom community, and better

indicated when assemblage transitions occurred.

5.2. Improving Measurements of bSiO, Production Based on PDMPO

5.2.1. The Effect of Si(OH)4 on the Si:PDMPO Ratio of Incorporation

One of the major questions raised by this work is how extracellular Si(OH)
concentrations affect the Si:PDMPO ratio of incorporation. In the laboratory, Si:PDMPO
was strongly dependent on extracellular PDMPO concentration, so it seems likely that
converse would also be true and that Si(OH), concentration would affect incorporation.
Previous work with laboratory cultures by Durkin et al. (2013) suggests that this may be
the case, and that increases in bSiO; per cell associated with high Si(OH), concentrations
(20 and 80 umol L) affect the Si:PDMPO ratio of incorporation.

In marine field tests pppmpo Was sometimes higher than pgross When pgross was less
than 1 umol L™ d™*. In many of these cases, Si(OH), concentrations were low enough
that they may have limited uptake by transporters. But in a few cases, Si(OH),4
concentrations were high enough to saturate transporters, but below the threshold
expected for a switch to uptake dominated by diffusion. It is possible that both
transporter limitation and uptake mode may reduce Si(OH), uptake into the cell, and
consequently incorporation rate of SiO; into the frustule. As Si(OH)4 concentration is
unlikely to affect PDMPO incorporation rates, reduced uptake of Si(OH), would cause an

enrichment of PDMPO in the frustule, leading to the over-estimation of pppmpo relative to

PGROSS-

In order to assess the effect of Si(OH), on PDMPQ’s performance as a tracer of bSiO;
production it is necessary to conduct further experiments with laboratory cultures.
Concentrations of Si(OH), in the range of 0-10 pmol L™ should be prioritized, as this is
when uptake limitation of Si(OH), would occur. In addition, concentrations above and

below the 30 pmol L™ switch between uptake modes (Thamatrakoln and Hildebrand
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2008) should be tested to assess if uptake mode has an effect. If Si(OH), affects the

Si:PDMPO relationship of incorporation it may be possible to include it as a parameter in
the relationship describing Si:PDMPO incorporation. Preliminary attempts to account for
differences in Si(OH),4 concentration yielded better agreement between pppmpo relative to
pcross (Appendix H) suggesting that PDMPO will remain useful as a tracer in low
Si(OH), conditions. However, more experimentation is necessary before applying a

correction for Si(OH),4 concentration to PDMPO measurements is warranted.

5.2.2. Optimizing Microscope Configurations for PDMPO Quantification

Diatom cells vary widely in size in morphology, which make it difficult to reliably
quantify PDMPO fluorescence from the variety of diatom cells present in a natural mixed
assemblage. Measurements of thicker species were over-estimated when a high
numerical aperture objective was used to quantify PDMPO fluorescence by widefield
microscopy. Optical sectioning imaging ensures that fluorescence from the entire depth
of a cell is captured, but is far more time consuming than widefield fluorescence imaging.
To compromise between time and measurement quality, a low numerical aperture
objective and widefield fluorescence microscope were used to quantify PDMPO in this
thesis. However, low numerical apertures objectives are inefficient at light collection

because they capture fewer angles of light.

It is possible that a superior microscope configuration could be designed to meet the
unusual challenges of quantifying PDMPQO within diatom cells. It may be possible to
minimize the trade-off between a long depth of focus (longer with low numerical aperture
objectives) and light capture (more light captured with high numerical apertures) by using
a collimated excitation light source. If excitation light reached the sample in a collimated
beam, rays of light within the beam would be parallel to one another, and not focused.
Consequently, this excitation would theoretically have an infinite depth of focus, and the
entire depth of the cell could be illuminated.
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Most widefield fluorescence microscopes are configured for epifluroescence: the

excitation and emission light pass through the same objective. This reduces the
excitation light that returns to the objective, as the majority of excitation light will pass
through the sample to the side opposite the objective lens. This is less important with
PDMPO than with other fluorophores, as it has a relatively large Stoke’s shift: the
excitation and emission wavelengths are dissimilar. Thus, it may be possible to screen
out excitation light from the fluorescence emitted from PDMPO even if a transmission
fluorescence microscope configuration was used. Were this possible, the excitation and
emission light would not pass through the same objective, instead excitation light would
pass through the sample to the detector. This could allow a collimated light source to be
used for excitation, while using a microscope objective to focus fluorescence emitted.
This configuration would have a limited depth of focus for the detection of fluorescence,
defined by the numerical aperture of the objective used to capture emitted fluorescence.
But unlike epifluorescence microscopes, excitation of fluorescence would not have a
limited depth of focus, and as a result measurements of PDMPO fluorescence using a
transmission configuration could be less affected by mismatch between depth of focus
and diatom cell size. This would improve quantification of PDMPO fluorescence in

diatoms by reducing effect of depth of focus on PDMPQO measurements by microscopy.

5.3. Application of PDMPO to Investigate Diatom Ecology

5.3.1. Inactive Diatoms in the Water Column

A consistent finding of this thesis is that rarely does the contribution of a diatom genus
to cell numbers indicate its contribution to bSiO; production. Even when surface area per
genus, a proxy for bSiO,, was compared with bSiO, production the contribution of a
genus was rarely similar to both. These discrepancies indicate that relative production
rates are poorly correlated with biomass within a community, and reflect differences in
specific production rates between genera. In some cases, the genus that dominated bSiO,
accounted for almost none of the bSiO, produced. This suggests that at some times the

majority of bSiO, present is in cells that are not producing bSiO..
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It is possible that diatoms not labelled by PDMPO were living, but did not produce

bSiO, during the incubation. Production of bSiO, is closely linked to the cell cycle; new
bSiO; is produced when a cell divides. If a genus divided only once every several days,
many of the cells would not be labelled with PDMPO during a 24 hour incubation, and
appear inactive despite producing organic matter. Alternatively, cells not labelled with
PDMPO may no longer be living. As bSiO, dissolution is generally slower than organic
matter respiration, empty frustules may be present after cells have died. However, these
empty frustules would be expected to sink rapidly, as bSiO, is dense and buoyancy
maintenance requires energy in diatoms (Waite et al. 2011). In spite of this, high
concentrations of inactive bSiO, have been previously documented in the water column.
For example, Brzezinski et al. (2008) estimate that greater than 65% of bSiO, present
during sampling in the Equatorial Pacific may have been detrital. This is in agreement
with results from this thesis, as in several cases, one genus accounted for a large share of
bSiO, (90%), but was less than 1% of bSiO, production at the depth of the chlorophyll
maximum. Therefore the rapid sinking rate of non-living diatoms and high
concentrations of detrital bSiO, in the water column present an apparent contradiction.

PDMPO may be able to shed light on this contradiction, as it labels newly produced
bSiO,. By conducting time series incubations with mixed natural assemblages, it would
be possible to assess the proportion of diatom cells that divided over different time
periods. This would allow slow growing and non-living diatoms to be distinguished. If
non-living diatom frustules remained in the surface water for longer than previously
expected (e.g. several days), this could allow time for dissolution of bSiO, and an

additional Si(OH), source to diatom cells.

In addition, determining the proportion of labelled cells could improve estimates of
maximum specific bSiO, production rates. Specific bSiO, production rates are calculated
by normalizing the bSiO, production determined for a community to the concentration of
bSiO, present. However, cells that do not deposit any bSiO, would contribute to bSiO,
measured and reduce the specific bSiO, production rate. Using PDMPO, it would be
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possible to determine the proportion of inactive cells, and exclude these from

measurements of specific bSiO, production rate. This would yield a rate for the active
diatom community, and be more representative of processes occurring in living diatoms

on a cellular scale.

5.3.2. Dynamics of Diatom Bloom Initiation

Determining the causes of accumulations of biomass and phytoplankton production is
one of the central goals of biological oceanography. Yet even the cause of the spring
bloom in the North Atlantic, one of the largest scale patterns in oceanography, is
currently debated (Fischer et al. 2014). In 1953, Sverdrup postulated the Critical Depth
Hypothesis which predicts that the spring bloom in the North Atlantic occurs annually
due to the shoaling of the mixed layer. Once the mixed layer is shallower than a
threshold light intensity required for phytoplankton growth (the critical depth)
phytoplankton biomass begins to accumulate and the bloom occurs. This suggests that
the bloom occurs due to an increase in phytoplankton growth rate, and is not dependant

on mortality rates.

In the 60 years since Sverdrup’s theory, other hypotheses have arisen to explain the
sudden occurrence of spring blooms (see Fischer et al. 2014 for a review). In contrast to
Sverdrup (1953) theory, Behrenfeld (2010) suggests that the spring bloom is not the
result of an increase in phytoplankton growth rate, but rather a decrease in mortality rate.
Behrenfeld (2010) makes the argument that the timing of biomass accumulation is not the
same as the timing of initiation of diatom growth. This is evident in results from Saanich
Inlet presented in this thesis, which found an increase in specific bSiO, production rates
determined using PDMPO prior to accumulation of bSiO; for the genera present during

the spring.

PDMPO allows bSiO, production rates to be quantified for individual diatom cells by
fluorescence microscopy. This yields a cellular production rate, independent of cell

numbers. Therefore, an increase in PDMPO fluorescence per cell during spring when the
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mixed layer shoals prior to the spring bloom would indicate an increase in diatom cellular

activity, and support Sverdrup’s (1953) theory regarding bloom formation. In contrast, if
the theory of Behrenfeld (2010) was correct, an increase in PDMPO incorporation per
cell would not precede the spring bloom. If a decrease in grazing rates caused the spring
diatom bloom, this would not affect the amount of PDMPO fluorescence per cell, simply
the number of cells present. Therefore PDMPO could be useful for distinguishing the
processes that lead to spring blooms in the North Atlantic, and the marine environment

overall.
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Appendix A: Growth vs. Irradiance Curves

A.l. Introduction

Light intensity is an important determinant of phytoplankton growth rates. To ensure
that cultures are growing optimally during experiments, the light intensity at which a
diatom strain grows at the greatest rate must be determined. The objective of this work
was to determine the irradiance at which growth rate is highest for the diatom species

used in experiments.

A.2. Methods

Diatom cultures were obtained from the National Center for Marine Algae and
Microbiota. Cultures were grown in enriched seawater, artificial water (ESAW) media
(Berges et al. 2001) at 18°C with continuous light. For each species, triplicate cultures
were grown at 10, 30, 50, 100, 150, 200, 250 and 300 umol photons m™ s and in vivo
chlorophyll a fluorescence monitored to indicate biomass. Cultures were maintained
semi-continuously in exponential growth. After ten generations of acclimation, growth
rates were determined as the change in the natural logarithm of in vivo chlorophyll a
fluorescence over time over the exponential phase of growth. Growth rate was
determined for each replicate for three successive transfers, and then averaged within a
replicate and between replicates to yield the average growth rate for the given light

intensity.
A.3. Results

Chaetoceros contortus, Coscinodiscus wailesii, and Skeletonema dohrnii had the
fastest growth rates when cultured at 100 umol photon m? s, while Asterionellopsis

glacialis grew faster at 150 pmol photon m?s™ (Figure A.1, Table A.1).
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Figure A.1: Growth vs. irradiance curves for A) A. glacialis, B) S. dohrnii, C) C. contortus, and
D) C. wailesii. All data points represent the mean of triplicate cultures, and error bars indicate

one standard deviation.

Table A.1: Characteristics of diatom cultures used for experiments.

Species Strain # Optimal Irradiance Maximum Growth
(CCMP) (umol Rate (day™)
photon m?s™) Mean StDev n
Asterionellops 139 150 0.94 0.06 3
is glacialis
Skeletonema 785 100 124 0.10 3
dohrnii
Chaetoceros 1578 100 095 0.03 3
contortus
Coscinodiscus 2513 100 0.53 0.13 3
wailesii
Thalassiosira 1014 200 193 0.04 3
pseudonana*

* T. pseudonana growth vs. irradiance measurements were conducted by Marcos

Lagunas
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A.4. Conclusion
Experimental cultures should be grown at 100 umol photon m? s irradiance for S.
dohrnii, C. contortus, and C. wailesii, while light intensities of 150 pmol photon m? s

and 200 pmol photon m™ s are preferable for A. glacialis and T. pseudonana

respectively.
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Appendix B: Storage of pPDMPO Samples

B.1. Introduction

It is not always possible to analyze field samples immediately, and it in many cases is
preferable to analyze samples at a convenient time after collection. However, samples
must be stored in such a way that the storage does not affect the signal to be measured.
Slides prepared for iPDMPO measurements may be stored frozen at -20°C without a
reduction in fluorescence (Leblanc and Hutchins 2005), and bSiO, samples are usually
stored dry prior to measurement (Brzezinski and Nelson 1989). Additionally samples on
the CCGS John P. Tully were stored by freezing at -80°C, and then dried upon return to
shore. It is not known how these different storage methods would affect pPPDMPO
samples. The objectives of these experiments are to compare PDMPO fluorescence
determined from fresh pPDMPO filters with samples that have been stored: 1) dry, or
frozen at -20°C and 2) stored frozen at -80°C and then dried.

B.2. Methods

T. pseudonana was incubated with 125 nmol L™ PDMPO for 24 hours. Then equal
volumes of culture were filtered onto nine 0.6 um PC filters. Three filters were digested
immediately using hot NaOH digestion and pPDMPO was determined using a Turner
TD-700 fluorometer as described in Chapter 2. The remaining six filters were split into
two treatments: three filters were frozen at -20°C and three were dried at 56°C for 5 days
and then stored dry. After one month of storage, the frozen and dried filters were

digested as for the samples that were not stored.

In a second test, samples were stored similarly to field samples collected from the west
coast of Vancouver Island. T. pseudonana was incubated with PDMPO as above, and
then split into six equal volumes and filtered. Three filters were digested immediately (as

above) and three were frozen at -80°C for one week, then dried at 56°C for five days and
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stored dry. After one month, the three stored filters were digested and pPDMPO

determined as above.

B.3. Results

Freezing samples at -20°C significantly reduced pPDMPO concentrations measured
by 40 + 3 % relative to freshly analyzed samples (Table B.1). Drying samples did not
significantly reduce pPDMPO measured.

Table B.1: pPDMPO concentrations determined from samples digested immediately
(Fresh), samples stored frozen at -20°C for one month (Frozen), and samples that were
stored dry for one month (Dried).

PPDMPO
Treatment (nmol L) p value*
Mean SE n
Fresh 20 0.7 3
Frozen (-20°C) 12 0.3 3 0.00016
Dried 23 0.5 3 0.013

*when compared to the ‘fresh’ treatment.

Freezing samples at -80°C and then drying samples did not significantly alter

pPDMPO measurements relative to fresh samples (Table B.2).

Table B.2: pPDMPO concentrations determined from samples digested and analyzed
immediately (Fresh) and samples frozen at -80°C for one week then dried and stored dry for one
month (Stored).

Sample pPDMPO
(nmol L™)
Mean SE n
Fresh 1.8 0.2 3
Frozen (-80°C) and 1.9 0.3 3
Dried

B.4. Conclusions

Drying pPDMPO samples preserves PDMPO fluorescence while freezing at -20°C may
degrade PDMPO fluorescence. Storing pPDMPO samples by freezing at -80°C and then
drying does not affect PDMPO fluorescence.
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Appendix C: Degradation of PDMPO During NaOH Digestion

C.1. Introduction

When Leblanc and Hutchins (2005) compared bSiO, digestion protocols for analysis of
pPDMPO samples, they found that NaOH digestion recovered less PDMPO than when
digesting filters with HF, but this difference was not significant. However, in an
experiment (Chapter 2, sections 2.2.1 and 2.3.1) where NaOH digestion was used for
pPDMPO sample analysis, not all PDMPO added was recovered (Figure C1).
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Figure C.1: PDMPO after 24 hours of incubation (dPDMPO + pPDMPO) vs. the concentration
of PDMPO added at the start of incubation. All data points represent the mean of triplicate
samples with error bars represent one standard deviation.

Instead, the total PDMPO measured after 24 hours (dissolved + particulate) was 27% less
on average (indicated by slope of Figure C.1) than the amount of PDMPO added. Itis
possible that heating of samples during NaOH digestion may be detrimental to PDMPO
fluorophores, and that degradation of PDMPO due to heating was responsible for this
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PDMPO loss. The objective of this work was to determine the effect of heat during the

NaOH digestion protocol on PDMPO fluorescence.

C.2. Methods

Fifteen 50 nmol L™* PDMPO solutions were prepared in 0.2 mol L™ NaOH. Ten of
these solutions were heated to 95°C in a water bath, as per the bSiO, digestion protocol
of Paasche (1973) as modified by Brzezinski and Nelson (1985). The remaining five
solutions were kept at room temperature in the dark. After 1 hour, 1 mL of 1 mol L™ HCI
was added to each sample. Then PDMPO concentration was measured on a Turner TD-
700 fluorometer as described in Chapter 2, section 2.2.1a.

C.3. Results

Heating pPDMPO samples to 95°C caused a decrease in PDMPO fluorescence of 23 +

3% relative to unheated samples.

Table C.1: Fluorescence of 50 nmol L™ PDMPO exposed to heat (95°C) or kept at room
temperature (No Heat).

PDMPO Fluorescence

Treatment
Mean SE n p value
95°C 157 7 10 0.00006
No Heat 205 8 5

C.4. Conclusion

Heating pPDMPO samples may degrade PDMPO and reduce fluorescence measured.

Alternate digestion procedures would be preferable.
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Appendix D: Solubilizing Frustule Bound PDMPO Using HF
D.1. Introduction

The NaOH digestion protocol caused degradation of PDMPO fluorescence, due heat
(Appendix C). Biogenic silica may also be digested using HF, and this procedure does
not require heat. The objective of this test is to compare NaOH and HF digestion

protocols for the determination of pPPDMPO concentration.

D.2. Methods

A dense culture of Asterionellopsis glacialis was cultured with 125 nmol L™ PDMPO
for 24 hours. Then samples of 15 mL, 30 mL and 45 mL were filtered onto 0.6 um filters
and rinsed with 10% HCI at the end of filtration (Chapter 2, section 2.2.1a). Six
replicates were filtered for each volume, 3 of which were digested with the NaOH
digestion method (Chapter 2, section 2.2.1a). The remaining 3 replicates were digested
by adding 0.2 mL of 0.5 mol L™ HF to each filter, and allowed to digest for 48 hours.
Then 4.8 mL saturated boric acid was added to bind the remaining fluorine ions.

PDMPO concentrations were determined for each sample using the Turner Trilogy

fluorometer (Chapter 2, section 2.2.1b).

D.3. Results

The HF digestion procedure resulted in more PDMPO measured (Figure D.1).
However, this difference was only significant when 45 mL of culture were filtered (p
<0.02), presumably because the PDMPO signal was lower when less volume was filtered,

and degradation not as sensitively detected.
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Figure D.1: The PDMPO concentration measured vs. the volume filtered for pPPDMPO samples
digested with either HF (open circles, dashed line) or NaOH (closed circles, solid line). All data
points represent the average of triplicate samples, and error bars represent one standard error.

When data for different volumes filtered was pooled for each treatment, the NaOH
treatment resulted in 28 + 3 % less pPDMPO measured (p <0.005, Table D.1).

Table D.1: pPDMPO concentrations (PDMPO incorporated per volume of culture) measured for
samples digested with either HF or NaOH.

Digestion pPDMPO
(nmol L™
Mean SE n
HF 13.2 0.3 9
NaOH 9.5 0.6 9

D.4. Conclusion

The HF procedure was superior to NaOH for analysis of pPDMPO samples.
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Appendix E: Modelling PDMPO Incorporation

E.1. Introduction

The effect of diatom species on the relationship between PDMPO and SiO,
incorporation was investigated in order to determine if PDMPO would be useful as a
tracer for diatom assemblages with variable taxonomic composition. Additionally, the
relationship between PDMPO and SiO, incorporation was determined so that
measurements of pPPDMPO could be converted to an amount of SiO; produced during

incubation with the tracer.

E.2. Methods

Experimental cultures and sample analysis are described in Chapter 2 (section 2.2.1b).
All modelling was conducted in R with R Studio (R Studio 2012; R Core Team 2013).
Measurements of A[SiO;] and pPDMPO incorporated are repeat measurements from the
same triplicate incubation bottles. Duplicate pPDMPO samples were collected at each
time point, one in which cells were kept intact by rinsing cells with filtered seawater
(FSW) and another in which cells were lysed by rinsing with 10% HCI. These two

datasets have been analyzed separately.

E.3. Results

To start, the relationship between pPDMPO and A[SiO;] was modelled in the most
complex scenario. Initially, mixed effects models were used, which account for the effect
of repeat measurements from the same incubation bottles through time. However, mixed
effects models were not significantly different from simpler linear models, so linear
models were preferred. In the most complex case, pPDMPO was modelled as a function
of A[SiO,], with each of the four diatom species best fit with its own slope and intercept
(Figures E.1land E.2). This was compared to a simpler model, in which each all species
had the same slope but different intercepts, but the fit of the simpler model was
significantly worse. For both FSW and HCI rinsed pPDMPO samples, species was a
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significant predictor variable in the model, and the slope of the pPPDMPO vs. A[SiO;]

best fit line differed significantly between the species. In all cases, the intercepts fit were
not significant; therefore, relationships between pPDMPO and A[SiO;] are presented as
Si:PDMPO ratios calculated from the slopes of best fit lines.
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Figure E.1: The concentration of pPPDMPO from intact diatom cells vs. A[SiO,] from culture
experiments described in section 2.3.1.b. The fit of individual species fit by the model are
indicated, as is the fit when species is not included as a predictor variable (black). When species
was included in the model as a predictor variable (coloured lines of best fit) the R? was 0.90.
When species was not included as a predictor variable in the model (black line) the R* was 0.70.
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Figure E.2: The concentration of pPDMPO from lysed diatom cells vs. A[SiO,] from culture
experiments described in section 2.3.1.b. The fit of individual species fit by the model are
indicated, as is the fit when species is not included as a predictor variable (black). When species
was included in the model as a predictor variable (coloured lines of best fit) the R? was 0.75.
When species was not included as a predictor variable in the model (black line) the R* was 0.67.

In results from lysed cells, Thalassiosira pseudonana had a significantly higher
Si:PDMPO ratio than Asterionellopsis glacialis and Chaetoceros contortus. However,
this appeared to be due to two data points with high pPDMPO concentrations (Figure E.3,
red circles). These two data points were from t = 48, while the other two replicates from
this time for this species were in line with the majority of points from the other species.

If pPPDMPO measured in these samples was erroneously over-estimated (perhaps due to
incomplete cell lysis), the slope of the best fit for T. pseudonana decreased, and no longer

differed significantly from the other species present.
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Figure E.3: The concentration of pPPDMPO from lysed diatom cells vs. A[SiO,] from culture
experiments described in section 2.3.1.b. Data is the same as shown as Figure E.2, but with
different fits indicated. Red circles indicate two T. pseudonana outliers, solid green fit is with
outliers included while dashed green line shows the fit with outliers excluded. As in Figure E.2,
the black line indicates the fit when species are not included as a model predictor.

Although species was a significant predictor in both models, pPDMPO concentration
was also modeled as a function of A[SiO;] without including species a predictor. When
species was not included as a predictor variable, model R? values decreased for both

intact and lysed cells (0.70 and 0.67 respectively).

When checking model fits using residual plots (Figure E.4), it is clear that there is not
equal variance across the range of pPPDMPO concentrations. At higher concentrations of
pPDMPO and A[SiO,] there was more variability between replicate measurements. This
was the case whether or not cells were lysed, and regardless of whether species was
included as a predictor variable. It would be possible to use a natural logarithm (Ln)
transformation on both pPDMPO and A[SiO;] measurements so that the model

assumptions of equal variance were met. However, a Ln transformation would reduce
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the effect of higher pPDMPO and A[SiO,] data points on the model, and increase the

effect of lower data points. As pPDMPO and A[SiO,] measurements at the high range
have a clearer signal of incorporation, these measurements are the most important for the
calculation of the relationship between pPDMPO and A[SiO,]. Consequently, a Ln

transformation was not used.
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Figure E.4: Plots of model residuals vs. fitted values for models with species included (A, B) or
not included (C, D) as a predictor variable for intact cells (A, C) and lysed cells (B, D). Fitted
values are the y value predicted by the model, while residuals are the difference between the
fitted values and the y values predicted from the model. Red lines indicate a residual of 0, i.e.
agreement between predicted and actual values.
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E.4.Conclusions

The relationship between PDMPO and SiO, incorporation was best fit when diatom
species were each fit with separate slopes and intercepts, regardless of whether or not
cells were lysed. However, species did not have a significant effect on the relationship
between PDMPO and SiO, incorporation for lysed cells when two high pPDMPO data
points from T. pseudonana were excluded. Although model residuals were not equal
across the range of pPDMPO values modelled, data was not transformed, in order to

better reflect the underlying biological processes.
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Appendix F: Cell Density of Slides Prepared by Freeze Transfer

F.1. Introduction

Previous work has prepared slides for PDMPO microscopy by filtering cells onto black
polycarbonate filters, then mounting the entire filter on a slide (Leblanc and Hutchins
2005, Znachor and Nedoma 2008). However, black filters obscure transmitted light;
consequently, cells on slides prepared using this method cannot be observed using light
microscopy (brightfield illumination). Another method for preparing slides of diatom
cells is freeze transfer. Preparation of slides by freeze transfer was originally described
by Hewes and Holm-Hansen (1983), and has been subsequently modified by Shipe and
Brzezinski (1999) and Franck and Brzezinski (pers. comm.). Slides prepared by freeze
transfer can be readily observed using brightfield illumination. This would be valuable
for PDMPO microscopy with field assemblages, as observation by brightfield
microscopy would aid species identification. However, if cells of different species were
not transferred equally, this procedure could bias relative measurements of PDMPO
fluorescence. In order to determine if slides prepared by freeze transfer are suitable for
PDMPO microscopy, it is necessary to assess whether cells are transferred effectively.
The objective of this experiment was to compare cell densities determined from slides

prepared by freeze transfer, with densities determined from non-transfer methods.

F.2. Methods

Three diatom species were chosen that differed in size: the large diatom C. wailesii
(cell length 100 pm), the smaller A. glacialis (cell length 25 um), and the intermediately
sized Odontella sp. (cell length 65 um). Each species was grown with 125 nmol L™
PDMPO and triplicate slides were prepared by freeze transfer as described in section
2.2.2a. For Odontella sp. and A. glacialis, slides were prepared by filtering the same
volume of culture onto black polycarbonate filters. These filters were placed on top of a
drop of immersion oil on a slide as described in Leblanc and Hutchins (2005). PDMPO
fluorescence per slide was then quantified for slides prepared by freeze transfer and black
filters as described in Chapter 2, section 2.2.2a. Cell densities of C. wailesii were too
low to reliably quantify PDMPO fluorescence per slide. Instead, the cell density of slides

prepared by freeze transfer was determined by counting cells using brightfield
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illumination. This was compared to cell densities determined counts using a Sedgewick

Rafter counting chamber.

F.3. Results

The freeze transfer had no significant effect on the PDMPO fluorescence measured
(Odontella sp. and A. glacialis) or cell densities measured (C. wailesii) for any of the

species tested (Table F.1, Figure F.1).

Table F.1: Cell densities (C. wailesii) and PDMPO fluorescence (A. glacialis and
Odontella sp.) determined for slides prepared by freeze transfer and by no transfer
methods.

Cell
Species Length Freeze Transfer ~ No Transfer
(Um) Mean SE Mean SE
Coscinodiscus wailessii* 100 432 50 402 20
Odontella sp. ° 65 2.14 050 2.08 0.29
Asterionellopsis 25
glacialis ° 91 31 79 07
*Values indicate cells L™ for freeze transfer and Sedgewick Rafter counts (No

Transfer)
% Values indicate PDMPO fluorescence per mL for slides prepared by freeze transfer and
by mounting black polycarbonate filters (No Transfer)
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Figure F.1: The ratio of no transfer to freeze transferred cell densities (C. wailesii) or
PDMPO fluorescence (Odontella sp. and A. glacialis) for the different species. The
dashed line indicates 1, and no difference between the two protocols. All bars represent
the mean of triplicate measurements, with error bars indicating one standard error.

F.4. Conclusion

Diatom cell densities on microscope slides prepared by freeze transfer did not differ
significantly from slides prepared by non-transfer methods. Therefore, measurements of
PDMPO fluorescence from microscope slides prepared by freeze transfer should not be

biased between different taxa due to poor transfer of cells.
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Appendix G: Comparing Calibrants for Fluorescence Microscopy
G.1. Introduction

Fluorescence measured by microscopy is dependent on the intensity of excitation light
reaching the sample. However, illumination intensity may vary with time as excitation
source bulbs gradually become fainter. Illumination intensity also varies across a field of
view. To reliably measure fluorescence, this variability in excitation light intensity must
be accounted for. Previous studies have used fluorescein solutions to calibrate excitation
light intensity (Model and Burkhardt 2001; Znachor and Nedoma 2008). Yet solid
autofluorescent slides are available, and would be a convenient alternative to preparing
new slides of solution each imaging session. However, solid standards have thicker
planes of fluorescence, and may perform differently than fluorescein solutions for
calibration. The objective of this test is to compare fluorescein solution with a yellow

fluorescent slide for flat-field correction.

G.2.Methods

A fluorescein solution was prepared by dissolving 0.28g Na-fluorescein in 100 mL 0.1
mol L™ NaHCOs. Previous studies have used higher concentrations of fluorescein
(Model and Burkhardt 2001; Znachor and Nedoma 2008); however, it was not possible to
prepare higher concentrations without many undissolved particles present. Therefore a
lower concentration was used, but even at this concentration the fluorescein solution had
much higher fluorescence intensity than PDMPO stained diatom cells. A fluorescein
calibration slide was prepared by pipetting 10 uL of the fluorescein solution onto a
coverslip, and placing another coverslip on top. A yellow fluorescent slide from Chroma
Technology Corp was compared to the fluorescein solution. Both the yellow slide and
fluorescein solution were imaged using the PDMPO microscope configuration (Chapter
2.2). Ten fields of view (FOVs) were imaged per slide at different locations, to minimize
the effect of variability within a slide. These ten images were averaged together for each
slide to generate the calibration image.
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Next, plots of fluorescence intensity across the field of view were generated. The

yellow slide had higher fluorescence than the fluorescein solution, so both calibration
images were normalized to the highest measured fluorescence value then multiplied by
255 (the maximum intensity for 8 bit images). This normalized for overall differences in

fluorescence intensity, to aid comparisons of relative intensity within a FOV.

Additionally, the slides were compared for their performance as calibrants for images
of diatom cells. A PDMPO stained pennate diatom was imaged at left, center, and right
positions within the FOV. The fluorescence of this cell was determined at each location

using calibration images from each slide, as described in Chapter 2, section 2.2.2a.

G.3. Results

The profiles of fluorescence across the FOV were similar between yellow Chroma and
fluorescein calibrants, but the yellow Chroma slide had higher intensity at the right edge
(Figure G.1).
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Figure G.1: The fluorescence intensity of calibration images of the fluorescein (A) and yellow
slide (B). Intensities have been normalized to the maximum from each slide. Colours and height
indicate the fluorescence intensity for each position within the FOV.

When the same PDMPO stained diatom cell was measured at different locations in the
FOV, normalizing images by the yellow Chroma slide produced more consistent

measurements of intensity than the fluorescein standard. The coefficient of variation was



177
less for measurements normalized by the yellow Chroma slide (12 %) than the

fluorescein slide (21 %).
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Figure G.2: PDMPO fluorescence measured for the same PDMPO stained pennate diatom cell at
different positions within the FOV. Diatom fluorescence intensity was calibrated using either a
fluorescein solution (black) or yellow slide (light grey).

G.4. Conclusions

The yellow Chroma and fluorescein calibrants had similar patterns of illumination
intensity, but varied in magnitude across the field of view. Despite these differences, the

yellow Chroma slide was superior for flat-field correction.
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Appendix H: Effect of [Si(OH),] on Si:PDMPO Incorporation
H.1.Introduction

The incorporation of PDMPO into SiO, does not have a fixed stoichiometric
relationship (Chapter 2). The ratio of Si:PDMPO incorporation likely reflects their ratio
within the silicon deposition vesicle (SDV). Therefore, factors that differentially affect
the transport of either PDMPO or Si to the SDV will likely affect the Si:PDMPO ratio of

incorporation.

Silicic acid concentrations are expected to have no effect on PDMPO transport to the
SDV, but may have a large effect on Si transport to the SDV. Low Si(OH),4
concentrations may limit its uptake into the cell, and would result in reduced
accumulation of Si within the SDV. This would cause a reduction in the Si:PDMPO ratio
of incorporation. Consequently, SiO, incorporation calculated from PDMPO
incorporation would be over-estimated under these conditions. The associated inflation
of pPDMPO would be larger at low Si(OH), concentrations as this would cause a greater
reduction in SiO, incorporation and a larger discrepancy between SiO, and PDMPO
incorporation. Paired measurements of pgross and pppompo from field sites indicate that
prpompo 1S higher than peross When rates are low (Chapter 2, 3). It is possible that the
poor agreement between measurement methods in these cases could be due to low
Si(OH),4 concentrations. The objective of this section is to assess the effect of Si(OH),

concentration on bSiO; production rates measured by PDMPO.

H.2. Methods

Data presented here have been presented previously in Chapters 2 and 3. In addition,
samples from April 2014 in Saanich Inlet are included. Instead of being collected from
the depth of the chl a maximum, samples were collected from depths corresponding to
100%, 50%, 15% and 1% surface irradiance. Triplicate samples were collected on at the
100% depth, for the remainder only single samples were collected. Incubations with

PDMPO and %:Si and sample analysis were conducted as for Chapter 2, section 2.2.3.
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In addition to comparing pepomeo With peross, PDMPO incorporation was also

compared to **Si disintegrations per minute (DPM). Measurements of DPMs indicate the
amount of *2Si incorporated into bSiO,, before correcting for the concentration of
Si(OH), (Brzezinski and Phillips 1997).

Two methods were used to calculate pppwvpo: a ratio of 4200 + 380:1 from Chapter 2
and Equation 4 presented in Chapter 3, section 3.4.3. Equation 3 attempts to account for
the effect of Si(OH), concentration on Si(OH), uptake and the Si:PDMPO ratio of
incorporation. This equation assumes SiO, incorporation depends on Si(OH), with a half
saturation constant of 4, the average for diatoms (Sarthou et al. 2005). Using this
equation, PDMPO incorporation is reduced based on the expected reduction in Si(OH),
uptake. Equation 4 has been applied to samples with Si(OH), concentrations below 10

pmol L™.

H.3. Results

The incorporation of pPPDMPO was generally correlated with ®Si DPMs except in two
cases (Figure H.1A). In August 2013 and April 2014 at the 15% light depth (red circles),
pPDMPO incorporation was much higher than expected from DPMs. These high
pPDMPO concentrations are likely erroneous. When these samples were excluded,
PDMPO incorporation was strongly correlated with DPMs (R? = 0.92).

When *2Si DPMs were converted to pGross, two samples with low ambient Si(OH),
concentrations were no longer in line with other samples (Figure H.1B, Si(OH)4 < 1 pmol
L™, purple circles). When a ratio of 4200 + 380:1 was used to convert pPDMPO
incorporation to pppmpo these samples remained out of alignment with others, and pppmpo
calculated for these samples was 20-46x higher than pgross (Figure H.1C, E). Samples
indicated in green circles are samples when dinoflagellates were >95% of phytoplankton
>5 um which may also cause inflation of pPDMPO measurements as discussed in
Chapter 2. When samples in red and green circles were excluded, the fit between pppmpro
and peross Was poor (R? = 0.17), but improved substantially when samples with Si(OH),
<1 pmol L™ were excluded (R? = 0.93).
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When pPDMPO was converted to pppmpo USing Equation 4 for samples with Si(OH),
less than 10 pmol L, the samples with Si(OH)4 <1 pmol L™ were much closer to the 1:1
line (Figure H.1D, F). When data points in red and green circles were excluded, prompo
calculated using Equation 4 was strongly correlated with pgross (Y = 1.04x + 0.3, R? =

0.95, Figure H.1F).
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Figure H.1: All PDMPO and paired *2Si measurements from natural field assemblages.
PDMPO incorporation vs. *Si disintegrations per minute (DPM, A), pPDMPO
concentration vs. pgross (B), and pppmpo VS. peross for peompo calculated using a ratio of
4200 + 380:1 from Chapter 2 (C, E), or using Equation 4 (D, F). Panels E and F present
the same data as C and D, but with different axis scaling. August 2013 and April 2014
15% samples with inexplicably high pPDMPO concentration are indicated in red circles.
Purple circles indicate April 100% and 15% samples when Si(OH), concentrations were
less than 1 umol L™. Green circles indicate June and September 2013, when
dinoflagellates made up >95% of the >5 um phytoplankton cell numbers. Colours of
data points indicate Si(OH), concentration with blue the highest (> 35 pmol L™) and red
the lowest (< 1 pmol L™). The dashed line indicates a 1:1 relationship. In all cases
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except April 2014, 50%, 15% and 1% data points indicate the mean of triplicate samples
with error bars indicating one standard deviation.

H.4. Conclusions

When Si(OH)4 concentrations were below 1 umol L™, pppmpo Was higher (>30x) than
pcross. It may be possible to correct for the effect of Si(OH)4 on pppmpo by
parameterizing pprpmeo as a function of Si(OH), concentration (e.g. Equation 4), but more

work is needed to assess this affect before such a correction can be recommended.
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Appendix I: PDMPO Fluorescence In Cells Without bSiO,
l.1. Introduction

When microscope slides were analyzed for iPDMPO incorporation into diatoms, non-
diatom cells were sometimes imaged by microscopy fluorescing in the same spectrum as
PDMPO. Alvarado (2012) found that PDMPO may bind to the exterior of dinoflagellate
cells, and contribute to pPDMPO measurements. It is unknown how these non-diatom
sources of fluorescence may affect PDMPO measurements using the protocols in this
thesis. The objective of this section is to investigate sources of fluorescence in the same

spectrum as PDMPO from taxa not known to produce SiOs.

[.2. Methods

Images presented here are from iPDMPO samples from the west coast of Vancouver

Island, described in Chapter 2.

[.3. Results

In some cases, non-diatom cells were observed to fluoresce in the same spectrum as
PDMPO (Figure 1.1). Non-diatom sources of fluorescence may be due to PDMPO
accumulation within cells, or due to another fluorophore (not PDMPO) that is found in
these cells. In some cases, non-diatom fluorescence was as bright as diatom fluorescence
(Figure I.1A, B, red circles), while in other cases non-diatom cells were not as bright as
diatom fluorescence (yellow circles, green circles). In contrast to the results of Alvarado
(2012), dinoflagellate fluorescence was located interior to the theca (Figure 1.1C, D).
Additionally, some non-diatom fluorescence was due to copepods, not dinoflagellates
(Figure I.1E, F).
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Figure 1.1: Brightfield (A, C, E) and PDMPO fluorescence (B, D, F) images of cells from the
west coast of Vancouver Island. A mixed assemblage of PDMPO stained diatoms and
dinoflagellates from LCO1 in September (A, B) with an unknown cell circled in red, and
dinoflagellate cells indicated in yellow and green. Ceratium sp. (C, D) and a copepod (E, F) from
station LGO02 in September.

|.4. Conclusions

Certain non-diatom cells may exhibit fluorescence in the same spectrum as PDMPO.
However, in this study, these cells generally contribute little to PDMPO fluorescence
when measured by microscopy (3%, Chapter 3, Figure 3.8A), and seem to affect pppmpo
only when diatoms are in very low abundance (<5% of cells >5 um, Chapter 2 and
Chapter 3).
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Appendix J: Diatom Community Composition in Saanich Inlet

Figure J.1:The percentage contribution of the six most important diatom genera in Saanich Inlet to A) cell numbers, B) iPDMPO, C) total diatom
SA, and D) Vepmpo. Select results were presented in Chapter 4, in Figures 4.5, 4.6 and 4.7.
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