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Phytoplankton are a sentinel class of organisms in the marine environment.

Through their photosynthetic activity in sunlit waters worldwide, phytoplankton

shape the health and productivity of marine ecosystems and impact the global

climate. In this work a range of ocean sensing technologies (via ships, surf zone

sampling, moorings, gliders, and satellites) are applied to investigate phytoplankton

bloom dynamics from event to regional and climate scales along the Oregon coastal

region, a productive eastern boundary upwelling regime.

Chapters 2 and 3 investigate patterns in, and mechanisms behind, Oregon

coastal harmful algal blooms (HABs). Chapter 2 presents the temporal and spa-

tial occurrence of HAB events in this region and investigates ecological conditions

associated with them. Elevated HAB activity was observed in 2009-2010 and co-

incided with anomalously warm ocean conditions, specifically a brief change in the

Pacific Decadal Oscillation (PDO) to a warm phase and a coincident El Niño event.

Through these analyses, key parameters came to the forefront as informative to

future monitoring efforts such as wind stress, a metric for when putative blooms



may move on/off shore, particulate dissolved domoic acid in surface waters, and the

abundance of Alexandrium spp. which appear to be strongly predictive of potential

saxitoxin contamination of shellfish.

Chapter 3 provides the first evidence of climatic regulation of domoic acid in

shellfish over the past 20 years in the Northern California Current regime. The

timing of elevated domoic acid and changes in plankton communities are found to

be strongly related to warm phases of the PDO and the Oceanic Niño Index, an

indicator of El Niño events. Based on these findings, a risk assessment model is

developed to forecast bloom events.

Chapter 4 explores patterns in the surface (horizontal) and depth (vertical)

distribution of phytoplankton based on the universal autotrophic pigment chl-a. Re-

sults were considered with respect to season (upwelling or downwelling) and region

(high chl-a nearshore to low chl-a offshore). Applications of glider-based primary

productivity models to evaluating satellite-based estimates of ocean primary pro-

ductivity are discussed. The research presented in this dissertation shows the power

of long-term ocean observations from a variety of vantage points to describe the pat-

terns and processes in the vast ocean that affect the tiniest of Earth’s photosynthetic

life.
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1. INTRODUCTION

Phytoplankton are unicellular, photosynthetic organisms that inhabit the sun-

lit surface layer of the world’s oceans. As the ocean’s primary producers they use

carbon dioxide, water, and energy from the sun to synthesize oxygen and organic

molecules (sugars). The energy biochemically captured by this process is trans-

ferred to other organisms through the marine food web, ultimately providing the

fuel necessary for cellular respiration to most organisms in the marine environment.

Considering that over 70% of the Earth’s surface is sunlit ocean inhabited by phy-

toplankton and one liter of water can have thousands to millions of phytoplankton

cells, the photosynthetic activity of these microbes extends beyond their role as the

base of the marine foodweb in their local ecosystem; phytoplankton are responsible

for up to half of global net primary productivity (Field et al., 1998). Marine ecosys-

tems, the global climate, and atmosphere are all affected to a significant degree by

phytoplankton photosynthesis. As microscopic organisms with global-scale impact,

phytoplankton are a quintessential example of strength in numbers.

Coastal zones, which include shallower seas along continental margins and

estuaries, represent 8-10% of the ocean’s surface yet are responsible for 20-30% of

global primary production and support an estimated 90% of fisheries (Agardy et al.,

2005; Pauly and Christensen, 1995). Eastern boundary upwelling regimes, such as

those found in the California, Peru-Humboldt, Canary and Benguela Currents, are

a relatively small yet particularly productive subset of these coastal zones. Oc-

cupying 0.3%-1% of the world oceans, these regions represent about 2% of global

ocean productivity and support 35% of fisheries (Carr, 2001; FAO, 2007). In these
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areas, sustained equatorward winds move alongshore of the coastal-ocean margin

inducing net offshore transport of water through Ekman transport (Cosmic, 1987).

This displacement of nearshore waters causes deep, cold, nutrient-rich waters to

move to the sunlit surface, creating conditions conducive to relatively high rates

of phytoplankton growth and productivity. Among the most productive regions in

the world, phytoplankton form the foundation of these plentiful, diverse ecosystems

that which numerous marine organisms, as well as humans and coastal economies,

depend.

Regional-scale efforts to establish baseline metrics of phytoplankton abun-

dance and distributions, as well as drivers of phytoplankton bloom dynamics, are

necessary to better constrain how they respond to natural and anthropogenic en-

vironmental change. In ecologically and economically sensitive coastal zones this

work is necessary to provide improved understanding of marine-related impacts on

regional food web processes and coastal ecosystem services, as well as the impact

of these zones on global climate. The work presented herein adds to this body of

research by investigating phytoplankton dynamics in the coastal waters of a classic

eastern boundary upwelling regime along the U.S. West Coast. Specifically, two

regionally and globally relevant ecological questions are addressed: 1) what are

the environmental factors governing the abundance of toxic phytoplankton and the

concentration of phycotoxins in the foodweb, with a specific focus on toxin concen-

trations in shellfish; 2) how are phytoplankton spatially distributed in the water

column of upwelling regimes along onshore and offshore gradients, and how does

this impact estimates of phytoplankton productivity?
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1.1. Oregon coastal harmful algal blooms

1.1.1 Background

Phytoplankton blooms are typically benign or beneficial in terms of their im-

pact on the aquatic environment, but a small subset of blooms termed harmful

algal blooms (HABs) can be deleterious. HAB events occur in coastal and freshwa-

ter ecosystems worldwide and are broadly categorized as either non-toxic or toxic.

Non-toxic HABs impact marine ecosystems through physical alteration of the ma-

rine environment or physical damage to organisms that cause mass mortality events

(Anderson and Garrison, 1997; Glibert et al., 2005). Toxic HAB events occur when

blooms of phytoplankton species that produce phycotoxins are introduced into the

marine foodweb (Anderson and Garrison, 1997; Van Dolah, 2000). This occurs

when toxigenic blooms are ingested in sufficient quantities by suspension feeders

such as bivalves or small fish. Subsequent biomagnification leads to increased toxin

concentration in organisms with each successive trophic level. The greatest toxin

concentrations can often be found in higher trophic level organisms such as marine

mammals, seabirds, and large fish and can result in mass mortality events in wildlife.

The toxins also pose a threat to human consumers of certain seafood and shellfish.

Depending on the type of toxin and amount ingested, humans may experience a

range of symptoms from mild (gastrointestinal distress) to extreme (memory loss,

death).

HAB events worldwide are increasing in frequency, persistence, and spatial

coverage (Anderson et al., 2008; Hallegraeff, 1993; Van Dolah, 2000). The delete-

rious nature of HAB activity is particularly apparent in highly productive coastal

zones as they tend to have greater human population density with a strong de-
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pendence on the nearby marine environment. These regions often have vibrant

commercial and recreational harvest of potentially toxic shellfish. HAB events are

costly to coastal economies that rely on marine ecosystem services, such as fisheries

and tourism (Hoagland and Scatasta, 2006). Most coastal regions affected by toxic

HABs have ongoing HAB-monitoring efforts to protect public health by reducing

incidences of sickness caused by ingestion of toxins. Due to the widespread ecosys-

tem and economic effects, HAB researchers work to characterize the frequency and

distribution of these events, search for causal mechanisms, and develop forecasting

systems to mitigate the impacts of HABs on economies and public health.

Chapters 2 and 3 investigate toxic HAB events in the Oregon coastal region.

In this region there are two potent neurotoxins of concern that are produced by

phytoplankton. Domoic acid (DA) is produced by some species of the diatom genus

Pseudo-nitzschia. DA mimics glutamate, a primary neurotransmitter in the verte-

brate brain, binding more readily to receptor sites than glutamate. This can lead

to neurological dysfunction, including seizures and memory loss. Saxitoxin (STX)

is produced by certain dinoflagellates, including some species of Alexandrium. Sax-

itoxin acts as a selective sodium channel blocker causing neurological dysfunction

that can lead to paralysis. When present in sufficient quantities in the water column,

both STX and DA accumulate in the marine food web. Human consumption of DA-

or STX-contaminated shellfish can lead to Amnesic Shellfish Poisoning (ASP), also

known as domoic acid poisoning (DAP), or Paralytic Shellfish Poisoning (PSP),

respectively (Picot et al., 2011). Symptoms of these illnesses range from gastroin-

testinal distress to neurological dysfunction such as memory loss and seizures (ASP)

or paralysis (PSP) and, in rare cases, death (Van Dolah, 2000). The overarching

goal of chapters 2 and 3 is to describe when and where these HAB events occur in the
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coastal upwelling zone off the U.S. West Coast state of Oregon and to understand

the mechanisms driving these ecologically and economically deleterious events.

1.1.2 Scope of research

DA and STX HAB events occur all along the U.S. West Coast, affecting several

types of wildlife (e.g. marine mammals, birds) and commercially-harvested organ-

isms (e.g. crabs, shellfish) Lewitus et al. (2012). In Oregon, the shellfish industry is

most heavily affected by DA and STX. HAB-induced restrictions imposed on com-

mercial and recreational shellfish harvesting are costly. In the first known estimate

for Oregon, Nosho et al. 1999 determined that full closures of razor clam fisheries in

1991 along the Washington and Oregon coasts resulted in a loss of $23-$28 million

in combined revenue to these states. Prior to 2007, HABs along the Oregon coast

had been understudied compared to California and Washington. In response to

this, a collaborative research program termed MOCHA, Monitoring Oregon Coastal

Harmful Algae, was funded by the National Oceanic and Atmospheric Administra-

tion as the first long-term project (5 years) to explore HAB events in this region.

The MOCHA project’s primary goals included collection of the scientific data nec-

essary to describe both HAB occurrence in Oregon and the ecological mechanisms

underlying the events, then to use these findings to inform future HAB monitoring.

The MOCHA project collected the first extensive time series database of the

Oregon coastal region’s biological, chemical, and physical variables in both the surf

zone and offshore habitat over a variety of sampling scales. Chapter 2 is a synthesis

of these data, providing the first synopsis of coast wide HAB occurrence and fre-

quency. This work also includes two more in-depth case studies of the largest toxic

HAB events observed during the MOCHA time frame focused on defining the en-
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vironmental conditions associated with HAB events in the study region. Chapter 3

further explores ecological mechanisms through investigation of controls on shellfish

DA at the climate-scale, a large time-space scale perspective relative to previous

research on DA regulation. Over 20 years of toxin monitoring in Oregon reveals

a robust, predictable association between DA in shellfish and climate-scale warm

ocean conditions, the first evidence for climatic regulation of shellfish DA toxicity.

1.2. Remote observations of phytoplankton via Slocum glider
and satellite

1.2.1 Background: Chlorophyll-a

Phytoplankton utilize an array of pigments to harvest energy from the sun to

fuel photosynthesis. Chlorophyll-a (chl-a) stands out as the one universal pigment

found in nearly all phytoplankton, making it a unique biomarker that serves as a

proxy of bulk phytoplankton abundance. Due to the key role phytoplankton play

in biogeochemical processes and the ability to measure chl-a or proxies therof rela-

tively easily with several different methods, chl-a concentration is likely the most fre-

quently measured biogeochemical parameter in oceanography (Jeffrey et al., 1997).

Three commonly applied methods of chl-a quantification include: extraction of chl-

a pigments from discrete water samples; in-water fluorometry; and satellite-based

approximation of surface chl-a derived from reflectance measurements. Extraction

techniques generally include filtration of a known volume of water onto a filter fol-

lowed by extraction of the pigment and quantification via absorbance or fluorescence

(Millie et al., 2011; Arar and Collins, 1997). These measures, sampled using water

collected from the surface or other depths of interest, reflect discrete measurements
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and a point in space/time in the water column. In-water fluorometers, in contrast,

provide much finer time- (seconds to minutes over periods of weeks to months) and

depth- (when vertically profiling,< 1 meter) resolved chl-a measurements. Fluorom-

eters emit blue light that induces excitation of chl-a molecules and then measure

the resulting emission of red light (fluorescence), a signal that is distinctive to chl-a.

Platforms for fluorometers are varied: from a Eulerian view of the surface collected

at a static mooring location or Lagrangian view afforded by drifters, to vertical and

horizontal surveys conducted by autonomous gliders (e.g. Schofield et al. (2007);

Eriksen et al. (2001)), bio-argo floats (Claustre et al., 2010), or even elephant seals

(Xing et al., 2012), among others. Earth-orbiting satellites equipped with visible

spectral radiometers are a another major source of chl-a estimates. These platforms

provide daily measures of chl-a for nearly the entire ocean, offering a consistent

(as clouds allow), synoptic-scale record of chl-a. Collectively these commonly used

tools provide a wealth of information on phytoplankton abundance and distribution

applied to a broad range of research questions worldwide.

There is a major caveat to this apparently ideal proxy: chl-a concentration is

commonly regarded as a measure of phytoplankton biomass without qualification

even though the relationship between various proxies of biomass is not constant

(Kruskopf and Flynn, 2005; Falkowski et al., 1985). Phytoplankton physiology

changes the chl-a to carbon (chl:C), ratio according to changes in phytoplankton

community composition and environmental conditions such as light (Kiefer, 1973;

Álvarez et al., 2016) and nutrient (Kruskopf and Flynn, 2005) status. A second, and

often related, consideration is that each instrument and protocol applied to quantify

chl-a concentration comes with its own set of assumptions and limitations, providing

another layer of uncertainty in chl-a concentration measurements. For example, a
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protective mechanism known as non-photochemical quenching (NPQ) that protects

phytoplankton cells from damage during high light conditions dampens fluorescence

signal per unit chl-a (Falkowski and Kiefer, 1985). This causes an apparent decrease

in chl:C during high light conditions (Sackmann et al., 2008). As another example,

the accuracy of standard satellite-based chl-a products is known to be reduced in

coastal regions (Werdell and Franz, 2007) because the measurement algorithms were

developed in comparatively clearer, optically simpler open ocean regions where con-

taminants to the chl-a signal such as dissolved organic matter are less significant.

These examples, among many others, demonstrate that each method quantifies chl-

a from a different perspective (in terms of both protocol and time-space scales),

hence carries their own differing sets of strengths, weaknesses, and assumptions. It

is important that these considerations are, at minimum, acknowledged or, at best,

constrained in applications seeking to constrain chl-a concentration as a proxy for

phytoplankton biomass and production. In sum, researchers must ask not only ques-

tions may be investigated with chl-a data (Chapter 4), but also consider based on

known sources of uncertainty what those data represent with respect to the actual

abundance of phytoplankton (Appendix A).

1.2.2 Scope of research

Marine biogeochemical research, in particular the global carbon cycle, as well

as ecosystem and resource management applications, depend on satellite chl-a prod-

ucts as a proxy for phytoplankton. Models that estimate the net primary productiv-

ity (NPP) of the world’s oceans require satellite-based estimates of phytoplankton

abundance (Carr et al., 2006), such as standard chl-a products (O’Reilly et al.,

2000). Satellite-derived chl-a represents the average chl-a concentration within the
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first optical depth (FOD), or first extinction depth of solar irradiance in the water

column. Empirical models are then used to extrapolate from surface chl-a to depth-

integrated chl-a within the euphotic depth, defined as the depth where sunlight is

1% of surface values. These models typically assume a constant power law relation-

ship between surface chl-a and euphotic-depth integrated chl-a (Morel and Berthon,

1989; Morel and Maritorena, 2001). The presence of subsurface chl-a maxima associ-

ated with density features, vertical migration of motile plankton, or other processes

that concentrate phytoplankton in discrete layers can violate the assumptions of a

well mixed-surface layer followed by a smooth decay in chl-a with depth. In these

instances satellites can miss a potentially significant fraction of chl-a and under-

estimate depth-integrated pigment concentrations. This is a known issue for NPP

models that rely on standard surface chl-a products to estimate depth-integrated

chl-a. Regional-scale evaluation of satellite chl-a proxies and modeled euphotic zone

chl-a content applied to ocean NPP models is key to improving global carbon budget

models.

In the last decade or so oceanography has added to its sampling toolbox an

array of autonomous, vertically-profiling platforms that cover larger temporal and

spatial scales than any previous in situ methods. These ubiquitous datasets collec-

tively represent the largest number of water column chl-a measurements in existence

(Lavigne et al., 2012). This provides a data-rich source of in situ ocean measures

within the full euphotic zone at time-space scales ideal for pairing with satellite

remote sensing data. In this dissertation, an 8 year dataset of bio-optical (chl-a,

backscatter) and physical (temperature, salinity) parameters collected by routine

Slocum glider deployments off the dynamic central Oregon coast were combined

with shipboard extracted and satellite chl-a observations. Appendix A thoroughly
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considers best practices for calibration of the gliders’ bio-optical instruments, with

an emphasis on necessary corrections for chl-a fluorometry. This provides the dataset

necessary for chapter 4 which compares in water and satellite chl-a proxies, then

tests a model of the surface chl-a to chltot relationship (Morel and Berthon, 1989)

that is utilized in a widely applied model of NPP (Behrenfeld and Falkowski, 1997b).

The glider dataset spans a productive, high chl-a upwelling regime along the Oregon

coast to a less productive, low chl-a offshore region nearly year round. This allows

the model to be tested relative to seasonal and physical variability in differing ocean

regimes. The findings are then extended to in-water NPP models for the coastal

Oregon waters of the productive California Current regime.
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2. MONITORING OREGON COASTAL HARMFUL
ALGAE: OBSERVATIONS AND IMPLICATIONS

FROM A HARMFUL ALGAL BLOOM
MONITORING PROJECT

2.1. Abstract

The accumulation of domoic acid (DA) and saxitoxins (STX), phycotoxins

produced by some species of Pseudo-nitzschia and Alexandrium, respectively, in

coastal food webs are a focus of research on the West Coast of the United States

due to the deleterious effects they have on coastal ecosystems and economies. Re-

sults are presented from the 2007-2012 Monitoring Oregon Coastal Harmful Algae

(MOCHA) project, the Oregon coasts first HAB monitoring and research program.

Both historical toxin databases and more detailed case-study observations of in-

dividual HAB events are compiled to provide the first detailed overview of HAB

occurrence in this region. These results are also presented in the context of inform-

ing future HAB monitoring in this and other upwelling regimes affected by STX

and DA. A 2009-2010 warming event was associated with the greatest HAB activity

during the MOCHA project, including anomalously high sea surface temperatures

and shellfish harvesting closures due to STX and DA in 2009 and 2010, respectively.

In regards to HAB monitoring, it is shown that (1) razor clams are a more sensi-

tive indicator of DA than mussels; (2) water column concentrations of particulate

domoic acid greater than 103 ng L-1 can be used as a threshold for early-warning

of shellfish DA toxicity and (3) approximately bi-weekly, or shorter, monitoring of

Alexandrium in the surf zone and/or offshore can provide advance notice of STX
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contamination of shellfish. Both of the latter two metrics gain added value when

coupled with daily wind stress, a proxy of downwelling/relaxation events, which

facilitate greater interaction between offshore blooms and shellfish.

2.2. Introduction

Globally, harmful algal blooms (HAB) are increasing in their frequency, per-

sistence, toxicity, and regional coverage (Anderson et al., 2008; Hallegraeff, 1993;

Van Dolah, 2000). Toxigenic HAB events along the West Coast of the United States

are no exception and have been a topic of extensive HAB research and monitoring

due to the threats they impose on coastal economies, ecosystems, and public health.

Two of the major phycotoxins of interest in this region are the water-soluble amino

acid domoic acid (DA), produced by some species of the diatom genus Pseudo-

nitzschia, and a suite of heterocyclic guanidines collectively called saxitoxins (STX)

that are produced by certain dinoflagellates, including some species of Alexandrium

(Horner et al., 1997; Horner, 2001; Van Dolah, 2000). Both STX and DA can accu-

mulate in the marine food web, potentially threatening living marine resources and

public health. Human consumption of DA- or STX-contaminated shellfish in suffi-

cient quantities can lead to Amnesic Shellfish Poisoning (ASP) or Paralytic Shellfish

Poisoning (PSP), respectively (Picot et al., 2011). Symptoms of these illnesses range

from gastrointestinal distress to neurological dysfunction and, in rare cases, death.

(Horner et al., 1997) note that it is evident from early records, local native customs

and the apparent ability of some native marine animals to distinguish toxic prey

items, that PSP has been present on the West Coast for hundreds of years, perhaps

longer. (Fryxell et al., 1997) found historical accounts of Pseudo-nitzschia on the



15

West Coast, including reports of Pseudo-nitzschia in Oregon as early as 1920. Glob-

ally, DA and ASP first became a public health concern in 1987 when an outbreak of

food-related illness, including three deaths, in Prince Edward Island, Canada were

traced to DA in mussels (Bates et al., 1989). On the West Coast of the United

States, the first recorded DA event occurred in 1991 when cormorant and pelican

deaths were traced to DA in diatoms (Buck et al., 1992). Subsequent research re-

vealed both DA in razor clams on the West Coast of the U.S (Drum et al., 1993)

and the production of DA by Pseudo-nitzschia strains isolated from Monterey Bay,

California and Coos Bay, Oregon (Garrison et al., 1992; Villac et al., 1993).

The Oregon coast, a key transition zone in West Coast oceanography, has

been understudied compared to other regions (Lewitus et al., 2012); although there

have been several Master’s theses on HAB species in Oregon (Cziesla, 1999; Hughes,

1997; Ohana-Richardson, 2007; Scott, 2007) and a West Coast summit on DA was

held at the Oregon Institute of Marine Biology (Wood et al., 1994). In 2007 a col-

laborative research program termed MOCHA, Monitoring Oregon Coastal Harmful

Algae, was the first long-term project (5 years) funded by the National Oceanic and

Atmospheric Administration to explore HAB events in this region. The MOCHA

project’s primary goals included collection of the scientific data necessary to de-

scribe both HAB occurrence in Oregon and the ecological mechanisms underlying

them and then to use these findings to inform future HAB monitoring.

Harvest restrictions for commercial and recreational harvest of razor clams are

costly to Oregons coastal economy. In the first known estimate for Oregon, (Nosho,

1999) determined that full closures in 1991 along the Washington and Oregon coasts

resulted in a loss of $23-28 million in revenue in combined revenue to these states.

Due to the popularity of these fisheries, the accumulation of phycotoxins in shellfish
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poses serious risks for both human health and local economies (Hoagland et al.,

2002; Hoagland and Scatasta, 2006; Picot et al., 2011). As a result, the Oregon

Department of Agriculture (ODA) has been routinely monitoring STX and DA

concentrations in shellfish since 1979 and 1994, respectively. When thresholds of 80

µg 100g-1 for STX or 20 ppm for DA are exceeded, shellfish harvesting is suspended.

Until the MOCHA project (2007-2012), the ODAs shellfish toxin data (Lewitus

et al., 2012) were the only time-series record of HAB events in Oregon, and few

data regarding the spatial or temporal variability of HAB forming species were

available.

High primary productivity along the Oregon coast occurs from late spring

through early fall when net northerly wind stress brings nutrient-rich waters to the

surface through Ekman transport. Variability in net northerly and southerly winds

occurs on the order of 3-10 days (Hickey and Banas, 2003), driving fluctuations

in surface currents and water properties. Phytoplankton blooms are initiated by

upwelling-favorable (northerly) winds and, as measured by in situ chlorophyll-a,

vary at similar scales (McKibben et al., 2012). Relaxation of these upwelling winds

can transport blooms to the shore (Shanks et al., 2014). Du and Peterson (2014)

have shown that the patterns of phytoplankton community structure during up-

welling season in coastal Oregon follow the classic paradigm of diatom dominance

in spring/summer during the early/mid upwelling season and dinoflagellate domi-

nance in autumn/late upwelling season, as the water column warms and stratifies.

The trends in species composition (e.g. which diatoms bloom in summer), however,

are unpredictable. Given that diatoms and dinoflagellates are favored under differ-

ent environmental conditions (Smayda and Trainer, 2010), STX-(dinoflagellate) and

DA-related (diatom) HAB events do not regularly co-occur. Prediction of specific
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HAB events is a goal for coastal managers, but is not currently possible due to

the high biophysical variability inherent in coastal upwelling regions (Shanks and

McCulloch, 2003). Even so, long-term (years to decades) HAB datasets can be used

to determine regions and seasons with the greatest probability of a HAB event;

HAB-specific parameters associated with shellfish tissues should be useful as early

warning proxies of future HAB events.

The 5-year MOCHA project collected the first extensive time series database

of the Oregon coasts biological, chemical, and physical variables in both the surf

zone and offshore habitat over a variety of sampling scales. HAB events are defined

here as DA or STX levels in coastal shellfish tissue that exceed the threshold values

that trigger a closure decision. In order to provide a comprehensive overview of HAB

occurrence in Oregon and to inform future HAB monitoring efforts the following are

presented: 1) a retrospective analysis of long-term (decades) historical shellfish toxin

levels; 2) synoptic, coastwide analysis of HAB events and phytoplankton counts

during the MOCHA project and 3) case studies of major HAB events that occurred

during the MOCHA project, including a combined view of shipboard, surf zone, and

environmental data.

2.3. Data & Methods

2.3.1 Surf zone monitoring

Coastal HAB monitoring was conducted via 1) monitoring of STX and DA

levels (1979-present and 1994-present, respectively) in tissue samples from mussels

and razor clams and 2) collection of surface water from the surf zone for phytoplank-

ton cell counts (2007-2012). For the former, the ODA collects shellfish at intertidal
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sites along the Oregon coast (Fig 2.1) every 2-4 weeks. Shellfish sampled include

predominantly mussels (Mytilus californianus, Mytilus edulis) and razor clams (Sili-

qua patula). Concentration of STX is measured using the standard mouse bioassay

method (AOAC, 1990) and DA concentrations are measured using high performance

liquid chromatography (HPLC) methods recommended by the Canadian Food In-

spection Agencys Shellfish Sanitation Program. Detection limits for STX and DA

are approximately 38 µg 100 g-1 and 1 part per million (ppm), respectively. Clo-

sure thresholds for STX and DA in shellfish tissue are 80 µg 100 g-1 and 20 ppm,

respectively.

The second type of coastal HAB monitoring, phytoplankton counts in the

surf zone, was conducted coastwide (Fig 2.1) from 2007-2012. These samples were

collected and analyzed by the Oregon Department of Fish and Wildlife (ODFW)

every 2-4 weeks for the MOCHA project. Water was collected in the surf zone using

a bucket and gently swirled to provide a well-mixed sample. The water was poured

into a 125 mL glass jar and fixed with 5 mL of 37% formaldehyde solution buffered

with sodium acetate for a final concentration of 1.5% formalin.

Surf zone data were separated into 3 latitudinal bins: north (45◦N-46.5◦N),

central (43◦N-45◦N), and south (42◦N-43◦N) (Fig 2.1). Bins partition the data ac-

cording to distinct hydrographic features: the Columbia River Plume in the north,

a retentive feature that is a source of freshwater (and buoyancy); Heceta Bank, a

retentive central coast shelf feature (Fig 2.1); and Cape Blanco, a region charac-

terized by a strong coastal jet that both transports water offshore north of Cape

0Method disseminated at the 1992 Washington Sea Grant Program, Workshop on Domoic Acid,
Seattle, WA
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Blanco (Fig 2.1; 43◦N) but causes also retention to the south between 42-43◦N

(Tweddle et al., 2010; Venegas et al., 2008). Binning of surf zone samples by region

also allows for comparison of data to offshore shipboard sampling.

2.3.2 Shipboard sampling

The central Oregon coast was routinely sampled aboard the R/V Elakha on

cruises of 8-12 hour duration from 2007-2012. Cruises covered either the Newport

Hydrographic (NH) line only (44.65◦N; Fig 2.1) year-round at bi-weekly to monthly

intervals, or surveyed six hydrographic lines including the NH-line (Fig 2.1) every

4-6 weeks between March and October. During the latter, up to 28 stations were

sampled between 44.2◦N to 45◦N at isobaths from 20-100 meters (m) deep. The

number of stations sampled per cruise and cruises per year varied according to

weather conditions and ship availability. Regional surveys also occurred once or

twice per year aboard larger research vessels. Data from four of these surveys are

included: an August 10-18, 2009 Pacific Coast Ocean Observing System (PaCOOS)

cruise aboard the R/V McArthur II; an August 29-September 10 Center for Coastal

Margin Observation (CMOP) cruise aboard the R/V New Horizon; a May 24-June 4

2010 PaCOOS cruise aboard the R/V Miller Freeman; and a May 21-May 26 CMOP

cruise aboard the R/V Wecoma. Broadly, these cruises covered on- and off-shelf

locations off the Oregon, California, and Washington coasts. Data include surface

water samples of total phytoplankton cell counts and community composition, as

well as coincident concentrations of particulate and dissolved DA (pDA and dDA,

respectively).
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2.3.3 Shipboard particulate and dissolved domoic acid

Several methods are available for measuring pDA and dDA, including high per-

formance liquid chromatography (HPLC) and various ELISA methods. During the

2003-2006 NOAA’s Oceans and Human Health (OHH) project between the Univer-

sity of Oregon and Oregon State University it was decided the indirect competitive

enzyme-linked assay kit (PNW-ELISA) already in use by Washington researchers

would be used for the MOCHA project. The similarity in methods ensured that

data between Oregon and Washington could be compared directly.

For particulate DA (pDA), 1 liter of seawater was filtered onto a 0.45 µm

47 mm diameter nitrocellulose membrane filter (Millipore HAWP04700), which was

folded and wrapped in foil. Dissolved DA (dDA) was measured by filtering seawater

through a 25 mm 0.45 /mum nitrocellulose membrane filter (Millipore HAWP02500)

into a cryovial. Filters and cryovials were frozen and stored at -80◦C for weeks up to

26 months prior to DA analysis. Both pDA and dDA in unknown samples were quan-

tified using an indirect competitive enzyme-linked assay (PNW-ELISA) developed

at the NOAA/Northwest Fisheries Science Center (Eberhart et al., 2012). Briefly,

pDA samples were prepared by placing a filter into a centrifuge tube containing

4 mL of deionized water. The filter was then ground using a metal spatula and

sonicated for 2 hours, with vortexing after every hour. Samples were then stored at

4◦C overnight to settle any filter paper. Samples for dDA required 10 fold dilution

in deionized-distilled water prior to analysis to eliminate sample matrix. Diluted

dDA or pDA samples were then distributed into a 96 well plate for ELISA analysis

(Eberhart et al., 2012). Note the differences in units for DA levels in coastal shell-

fish tissue discussed in section 2.3.1 (ppm) and shipboard pDA and dDA samples
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(ng L-1). These units were not converted to a common unit to emphasize the two

different DA data types and sources.

Cell counts of Pseudo-nitzschia that were collected in 2010 were linearly re-

gressed against coincident pDA and dDA for two time frames: all 2010 shipboard

data; and May 2010 only, when a DA event was observed. These data were log10

transformed and reduced to only non-zero values from on-shelf (0-200 meter depth)

locations between 42◦-46.5◦N. Count data were subdivided into four categories: total

Pseudo-nitzschiaas well as three size-delineated subclasses (see section 2.3.4).

2.3.4 Phytoplankton cell enumeration

For both shipboard and surf zone cell counts, preserved whole water samples

were concentrated prior to counting by chilling samples at 4C overnight and allowing

all plankton to settle in the 125 mL jars in which they were collected. Details are

described in White et al. (2014). Briefly, samples were concentrated 10 fold, settled

on a Palmer-Maloney slide, and then counted using a compound microscope at 200x

magnification (20x objective, 10x ocular). The limit of detection for this method is

<1000 cells L-1. All diatoms and dinoflagellates were identified to the genus level

using Tomas (1997). Counts of Pseudo-nitzschia spp. were further subdivided into

three categories based on size and morphology: wide (4-8 microns wide); medium

(2-4 microns wide); and thin (<2 microns wide). While these size categories are not

intended to substitute for species-level identification using cleaned material and/or

scanning electron microscopy, three species clusters can be attributed to the cat-

egories above: wide, P. australis, P. fraudulenta, P. heimii ; medium, P. pungens

and P. multiseries ; and thin, P. delicatissima and P. pseudo-delicatissima (Trainer

and Suddleson, 2005).
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2.3.5 Wind stress and seasonal upwelling

Seasonality in this region is defined by a productive spring/summer upwelling

season, with net movement of water offshore through Ekman transport. During

fall/winter a more turbulent downwelling season is defined by strong southerly (from

the south) wind stress and net movement of water towards the shore. Daily net

northerly and southerly wind stress was calculated from wind speed and direction

data from NOAA station NWP03 in Newport, OR (Fig 2.1) using the methods of

Large and Pond (1981).

The cumulative upwelling index (CUI) is a measure of wind stress energy

input into coastal waters during upwelling season. The annual CUI is calculated by

integrating the daily wind stress observed at Newport, Oregon from January 1st.

The first day of the year when integrated wind stress is negative defines day one of

both the CUI and upwelling season. The negative value of the CUI is a directional

indicator of northerly wind stress and offshore (westward) movement of water due

to Ekman transport. A shift to cumulative positive wind stress signifies the end

of the annual CUI and day one of downwelling season. Data were obtained from

http://damp.coas.oregonstate.edu/windstress/index.html.

2.3.6 Satellite sea surface temperature anomaly

Daily Level-3 (L3) 4-kilometer (km) Moderate Resolution Imaging Spectro-

radiometer (MODIS) nighttime SST (nSST) standard products (processing ver-

sion R2012.1) were downloaded for each year that had complete MODIS coverage

(20032012) from http://oceancolor.gsfc.nasa.gov/cms. Daily climatology was cal-

culated by composite-averaging imagery for each day of the year (day 1365) from

2003 to 2012, resulting in 365 images that describe the average nSST observed over
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a 9-year period. This daily climatology was then subtracted from the correspond-

ing daily L3 nSST product in 2009 and 2010 to yield a daily anomaly product. A

Hovmller map was then compiled by averaging 48 km (12 pixels), the approximate

average width of the continental shelf along the Oregon coast, due west of the coast

for each day of the year and each pixel of latitude from 42◦N to 46.5◦N. Season-

ally, satellite coverage is best and potential bias due to cloud cover is least during

upwelling season (McKibben et al., 2012).

2.4. Results

Retrospective shellfish toxin analysis

Coastwide, more mussels than razor clams are sampled for monitoring of STX and

DA. For all shellfish and toxin types, the north coast is the most and the south is

the least sampled (Table 2.1). Central coast mussel sampling is also relatively high.

Razor clams are sampled less frequently than mussels and the number of samples

collected decreases from north to south coast regions (Table 2.1).

Levels of STX are more pronounced in mussel versus razor clam tissue; de-

pending on the region, mussel tissue exceeded STX closure levels in 49-108 instances

whereas high STX was less frequently observed in razor clams with 0-115 closures

(Table 2.1). 107 of the 115 instances in the north were due to sustained high STX

values in razor clams during a single event that spanned late 1992-1994 (ODA un-

published data). Aside from this event, STX in mussels surpassed closure levels

8 times in the north. The maximum STX concentrations in mussels were 10-58%

greater than in razor clams (Table 2.1). Conversely, DA levels are higher in in razor

clam versus mussel tissue: coastwide, 5 mussel samples had DA levels above closure
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threshold while 27-107 razor clam samples surpassed threshold (Table 2.1). Maxi-

mum DA levels in razor clams were 10-42% higher than maximum DA in mussels

(Table 2.1).

Out of the 35-year record of STX levels in shellfish, 20 (57%), 7 (2%), and 14

(40%) of the years had at least one STX sample above closure threshold at north,

central, and south coast regions respectively (Table 2.1). In the 35-year record,

from June through November coastwide, 201 total mussel samples had STX levels

above closure and 11 in December through May (Fig 2.1 b-d). Out of the 22-year

record of DA levels in shellfish, 10 (50%), 6 (30%), and 6 (30%) of the years had

at least one DA sample above closure threshold at north, central, and south coast

regions respectively (Table 2.1). In the 22-year record, from April through Novem-

ber coastwide, 295 total razor clam samples had STX levels above closure and 42 in

December through March (Fig 2.1 b-d).

HAB events during MOCHA monitoring time frame

Between 2007 and 2012, STX levels in shellfish tissue samples annually ex-

ceeded the closure threshold of 80 µg 100 g-1 (Fig 2.2). Elevated STX was most

prevalent in 2008 (27/271, i.e. 27 of 271 total samples for the year were above clo-

sure threshold) and 2009 (37/390) with samples above closure level 6 and 7 months

out of each year, respectively (Fig 2.2 a). From a coastwide perspective, surf zone

concentrations of Alexandrium spp. corresponded to STX levels in shellfish (Fig

2.2a,b), although not at a statistically significant level (t-test, p > 0.05). In con-

trast, 6 samples of 163 total exceeded the DA closure threshold during just 4 months

of the 5-year study period (Fig 2.2 c), and changes in total Pseudo-nitzschia spp.

were not synchronous with DA (Fig 2.2 c,d).
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North coast Alexandrium counts (Fig 2.2 b) ranged from <1000 to 23,000

cells L-1 while central and south coast Alexandrium spp. had a lower range, from

<1000 to 3000 cells L-1 (Fig 2.2 b). Counts of Alexandrium were typically below

the limit of detection (Fig 2.2 b). In contrast, total Pseudo-nitzschia spp. showed

marked seasonality, with one to three separate count maxima of 105-106 cells L-1

occurring each year during upwelling season (Fig 2.2 d). Successional patterns of

the Pseudo-nitzschia subgroups varied considerably from year-to-year, showing no

consistent pattern; there was also no clear successional pattern when the time series

was separated by region (not shown).

Based on cell count maxima, toxin maxima, and closure frequency, the great-

est HAB activity during 2007-2012 occurred in 2009 and 2010 (Fig 2.2 ). During the

first event shellfish harvesting was closed from August through December of 2009

along the entire Oregon coast. Concentrations of Alexandrium spp. in the surf zone

(23,000 cells L-1, 8 August; Fig 2.2 b) and STX levels (948 g 100 g-1, 1 September;

Fig 2.2 a) both reached their highest levels observed during the study period. This

event also yielded the third-highest STX value observed since 1979. The second

HAB event occurred in mid-2010 when central Oregon coast shellfish harvesting

was closed due to elevated DA up to 55 ppm in shellfish tissue (Fig 2.2 c). This

was the only DA-related HAB event during the MOCHA study period. These two

events were selected for case studies to further elucidate the environmental forcing

of these HAB events.

2009-2010 Physical conditions

As indicated by the PDO and a strong El Niño event, the eastern Pacific Ocean

was anomalously warm from August 2009 through May 2010 (Fig 2.3 ). This basin-
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scale warming is also observed in local SST observations, which were warmer than

average from August 2009 through mid-June 2010 (Fig 2.3 a). Positive temperature

anomalies were greatest in August and September 2009, up to +4-5◦C, and persisted

through spring 2010 (Fig 2.3 a). Negative, or cool favorable, conditions returned in

June 2010.

The 2009 upwelling season began on 14 May 2009 (Fig 2.3 b; average is 29

April +/- 24 days) and ended on 12 October 2009. Five downwelling/relaxation

events occurred during this upwelling season (Fig 2.3 b). In 2010, upwelling season

was delayed, and began on 10 June, one standard deviation later than the mean

(30 April). During 2010, two extended upwelling phases in late July and August

2010 alternated with three major relaxation events (Fig 2.3 b). The 2010 upwelling

season was 54 days shorter than in 2009, but upwelling wind stress was stronger and

more persistent.

2009 STX Event

In 2009, STX concentrations in shellfish first surpassed the closure threshold

in late June, late July, and late October at north, central, and south coast regions,

respectively (Fig 2.4 a,b,c). North coast surf zone Alexandrium spp. counts reached

their maximum value for the year (23,000 cells L-1, 8 August; Fig 2.4 a) before the

maximum STX value (948 g 100 g-1, 1 September; Fig 2.4 a) for the region. Central

coast surf zone Alexandrium spp. counts remained low, reaching a maximum of 1,000

cells L-1 once each in May, July, and September (Fig 2.4 b). Offshore central coast

Alexandrium spp. counts increased from May through September 2009, reaching

a maximum of 47,000 cells L-1 (10 September, Fig 2.4 b). Surf zone STX in this

region surpassed closure levels in July through September, with a maximum of 532
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g 100 g-1 (15 September, Fig 2.4 b). South coast Alexandrium spp. surf zone counts

were low, reaching high values of 5,000 cells L-1 once in June and 1,000 cells L-1 in

August and September (Fig 2.4 c). South coast STX exceeded the closure threshold

in late October and early November, with a high of 757 g 100 g-1 (22 October, Fig

2.4 c). In August the ODA closed mussel harvesting over the full Oregon coast.

In September all bays and estuaries were closed to the harvest of scallops, oysters,

razor clams, and bay clams. Bay clam harvesting was reopened in mid-October,

mussels in late December, and razor clams in January of 2010.

Surf zone STX and Alexandrium spp. maxima at the north and central coasts

in August and September (Fig 2.4 a,b) coincided with regional-scale sampling efforts

during two 2009 cruises (10-18 August, Fig 2.5 a; 29 August 3 September and 9-10

September, Figs 2.5b,c). Shipboard sampling occurred during a downwelling phase

coincident with periods of high SST (August and September, Figs 2.3 c, 2.5 a-c).

During these sampling efforts, surface Alexandrium spp cell concentrations reached

maxima of 56,000 cells L-1 with the highest concentrations (up to 104 cells L-1) north

of roughly 45◦N (Fig 2.5 a,b) off the Oregon and Washington coasts.

2010 DA Event

From May through September 2010, Pseudo-nitzschia spp. was commonly

present coastwide in surf zone water samples at concentrations up to 105, and oc-

casionally up to 10 6, cells L-1 (Fig 2.6). Central coast DA levels in shellfish tissue

surpassed the closure threshold (20 ppm) from June through August, reaching a

maximum of 55 ppm (28 June). In central coast surf zone counts (Fig 2.6 b),

the wide, medium, and thin subclasses dominated (comprised >50%) the Pseudo-

nitzschia community 70%, 19%, and 10% of the time, respectively (n=67); coast-
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wide, the wide subclass was dominant prior to closures in June (Fig 2.2 d). From

June through late October 2010 the ODA closed razor clam harvesting from Cape

Meares to Bandon, OR (see Fig 2.1 for locations). By late August 2010, DA re-

turned to sub-closure levels; DA remained sub-closure in the north and south coasts

throughout 2010 (Fig 2.6 a,c).

Three day cruises (Fig 2.7 a,d) and two larger-scale cruises (Fig 2.7 b,e and

2.7 c,f) provided snapshots of the offshore spatial distribution of surface pDA and

dDA just prior to the DA-related shellfish harvesting closures in mid and late June

(Fig 2.6 b). In early May, surface pDA levels were mostly low ( 101 ng L-1, Fig 2.7 a)

with dDA being comparatively elevated (up to 102 ng L-1, Fig 2.7 d). The highest

pDA and dDA values were recorded south of 45◦N after mid-May 2010 (Fig 2.7

b,c,e,f), reaching maximum values of 40,400 ng L-1 and 10,300 ng L-1, respectively.

In May through June, central coast shipboard total Pseudo-nitzschia spp. counts

typically ranged from 104 to 105 cells L-1; 2010 shipboard counts surpassed 106 in

September four times, with 3,000,000 cells L-1 being the highest value (9 September).

In May 2010, the only month offshore pDA and dDA were greater than 103 ng L-1,

a significant relationship was seen between total Pseudo-nitzschia and the wide and

thin subclasses versus both pDA and dDA (Table 2). When all of the 2010 shipboard

data were considered, there were no significant relationships between total Pseudo-

nitzschia or any of the size subclasses and pDA or dDA (Table 2).
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2.5. Discussion

2.5.1 Retrospective analysis of STX and DA levels in shellfish

Historical shellfish toxin levels were analyzed with respect to two questions:

1) when and where are HAB events most likely to occur, i.e. what is the seasonal,

interannual, and regional variability in toxin sampling and concentrations; and 2)

are mussels versus razor clams better indicators of STX or DA events? The north

coast was both more heavily sampled and had the highest occurrence of DA and

STX events from year to year compared to other regions. This region is also where

the greatest commercial and recreational shellfish harvesting occurs. Even though

it is sampled less often, the south coast also had relatively frequent STX events

while the central coast had relatively few. Overall, STX events are most likely to

occur later in the year from June through November. The most DA events occur

from April through November, which encompasses all of upwelling season (generally

mid-April through mid-October). Due to the slow depuration rate of razor clams

(discussed below), when present DA is found during more months of the year that

STX as DA levels remain high for several months after an event has ended.

Levels of STX and DA differ over time in mussel versus shellfish tissues at

similar locations. Mussels are more heavily sampled coastwide than razor clams as

they are considered the sentinel indicator species for the Oregon coasts STX and

DA events due to their far greater abundances and less labor- and skill-intensive

harvesting methods. This assumption holds when analyzing mussel tissue for STX;

however, if only mussel tissue were sampled, most DA events would be missed

entirely due to the low DA levels in mussel tissue. Similarly, razor clams were

shown to be poor indicators of STX events relative to mussels, with STX levels in



30

razor clams rarely passing closure threshold levels.

Depuration of phycotoxins in shellfish can be modulated by a range of factors,

leading to variability in DA or STX observations according to shellfish species tested.

These factors include, but are not limited to: storage location of toxin in organism,

organisms response to toxin, environmental factors, and size or age of the shellfish

sampled (Mons et al., 1998; Van Egmond et al., 2004). In mussels, toxins accumulate

in the digestive glands and are rapidly depurated (Novaczek et al., 1992). Relative to

other shellfish, mussels accumulate STX faster than they other toxins (Mons et al.,

1998). Mussels eliminate STX, as well as other toxins, relatively quickly (Costa

et al., 2009; Mons et al., 1998). A study by Stewart et al. (1998) found bacterial

metabolization as a potential mechanism of further DA elimination in blue mussels.

Together these factors may explain the high STX, but much lower DA, values in

mussels. In contrast, razor clams accumulate DA into body tissues such as the foot

and mantle, slowing depuration rates (Wekell et al., 1994). Razor clams are among

the slowest at depurating DA compared to other shellfish (Blanco et al., 2002). This

combination of factors means that both intense blooms and low, persistent levels of

toxin-producing Pseudo-nitzschia in the water can induce high DA levels in razor

clams (Van Egmond et al., 2004). Due to these differences, and likely others as well,

razor clams and mussels record the same DA and STX events differently over time,

with mussels being more sensitive to STX events and razor clams to DA events.

2.5.2 2007-2012: HAB events during the MOCHA project

Coastal toxin and phytoplankton counts were combined to provide a synoptic

overview of HAB events during the MOCHA project (Fig 2.2 ). Following on these

findings, an event-scale analysis of the most significant STX and DA events during
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MOCHA was conducted (Figs 2.3-2.7). The MOCHA projects coastal and shipboard

HAB observations were combined with coincident proxies of wind and SST to yield

detailed view of HAB formation, offshore extent, and movement onshore. Using

these rich datasets, the following questions were investigated: 1) how informative

are HAB cell counts at the coast as a proxy of HAB events; 2) what was the

spatial extent of these HAB events offshore; 3) what can be learned regarding HAB

initiation and movement from pairing time series wind and SST proxies with HAB

observations?

2.5.3 2009 Case study: STX event

Phytoplankton of the genus Alexandrium are the only STX-producing di-

noflagellates known to occur regularly in the Oregon coastal regime. Like other

dinoflagellates, Alexandrium spp. tend to bloom during the late upwelling season

when waters warm in response to weakening of upwelling-favorable winds and strati-

fication of the water column (Du and Peterson, 2014). Previous work relating remote

sensing data with the ODA STX record has also shown that STX events occur most

frequently during upwelling events at the end of the summer off of Oregon (Tweddle

et al., 2010). Regular annual closures of shellfish harvests are recorded in Oregon due

to STX contamination; these closures vary in their spatial extent and persistence. In

2009 and 2010, a strong El Niño event occurred and the Pacific Decadal Oscillation

(PDO) shifted to positive, or warm, values. Local SST was anomalously warm, up

to +4-5◦C (Fig 2.3 a). A strong downwelling/relaxation event in early-mid Septem-

ber 2009 (Fig 2.3 b) and a peak in central coast STX levels in shellfish (Fig 2.4 b)

coincided with the highest SST values observed along the Oregon coast, including

the central coast, in 2009-2010 (Fig 2.3 a). This combination of events suggests
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onshore transport of warmer, and apparently HAB-rich, waters. Offshore counts for

the central coast became elevated throughout the summer and fall, peaking coinci-

dent with the regions highest STX levels in shellfish for 2009 (Fig 2.4 b). During

this warm phase in the fall of 2009, just as winds became downwelling-favorable and

the water column presumably became more stratified, intense dinoflagellate blooms

formed. In 2009, STX closures coincided with historical highs in Alexandrium cell

concentrations, as well as the first recorded occurrence of seabird mortality due to

the dinoflagellate Akashiwo sanguinea (Du et al., 2011; Phillips et al., 2011; White

et al., 2014) in this region. The STX closures were not limited to the Oregon coast.

Elevated STX levels up to 191 g L-1 were also recorded in Washington State in

September 2009 (A. Odell, Olympic Region HAB Monitoring program, personal

communication) and in California from mid-August through mid-October, with an

early September high of 916 g L-1 Anomalously high, latitudinally extensive SST

driven by large-scale climactic forcing are hypothesized to have promoted this STX

event (Fig 2.3 a). The optimal temperature for vegetative growth of Alexandrium

spp. ranges from to 15-20◦C, depending on the species and environment (Anderson,

1998; Laabir et al., 2011; Laanaia et al., 2013), hence warming may simply have

led to an increase in net growth rates. This is not to say that the complexities of

Alexandrium blooms in this dynamic coastal regime can be constrained by a single

forcing term. The coupling between physical forcing (e.g. circulation and transport,

water column stratification, temperature, salinity), behavior (e.g. migration), and

physiological adaptation to these conditions ultimately regulates cell abundance and

toxicity (Anderson, 1998). While these observations are limited, it appears as if the

combination of high temperatures, low winds (relaxation events), and water column

stratification promote regular Alexandrium blooms in this region towards the end
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of upwelling season. The 2009 warming event presumably amplified these effects,

leading to anomalously high SST and record high levels of both Alexandrium and

STX compared to the other years in the study period.

Cell counts of Alexandrium equal to and above 1,000 cells L-1 generally co-

incide with STX closures (Fig 2.2 a,b). This temporal coherence is largely driven

by samples collected in the northern region (Table 1, Figs 2.2 b, 4). In 2009, 92%

of the northern region STX samples that exceeded closure levels (n=24 of 26, Fig

2.4 a, circles) corresponded within a two week window to Alexandrium cell counts

at or above 1,000 cells L-1. In the central region, offshore Alexandrium counts ex-

ceeded 1,000 cells L-1 during all STX closures (July-September; Fig 2.4 b). Surf

zone counts, however, were consistently below this threshold, suggesting a lack of

onshore transport to the surf zone of Alexandrium from offshore waters. There

were only three closure-level STX samples in the south, and no cell count data were

available for comparison during these events. In all regions, particularly for offshore

data collected in the central region, there were instances when cell counts exceeded

a threshold of 1,000 cells L-1 and no STX events were detected within a 2-week

window (e.g. false positives).

While surf zone cell count thresholds in the north were an indicator of shellfish

toxicity in the region, this was not the case in the central or southern regions.

At the central coast, surf zone counts remained low while offshore counts, and

ultimately STX, continually increased. This lack of coherence between cell counts

and the absolute concentration of STX in shellfish tissue is not unexpected given

the variability in toxin accumulation and depuration rates in shellfish, inherent

patchiness of phytoplankton populations, and temporal and spatial offsets between

the collection of surf zone shellfish tissue and cell count samples. Despite these
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caveats, Alexandrium cell counts >1,000 cells L-1 are found to be effective predictors

of STX contamination of shellfish in the north. This strong relationship in the

north may be due to the combination of greater sampling frequency and/or greater

retention in the north (described below), which may have increased the probability

of capturing the short-lived blooms.

Along-shelf variability in local circulation patterns may also explain the re-

gional variability in both the 5-year (Fig 2.2 a,b) and 2009 STX records (Fig 2.4).

The highest Alexandrium concentrations observed in 2009 were on the shelf north of

45.5◦N (Fig 2.5), near the influence of the Columbia River. Under upwelling condi-

tions, the Columbia River normally acts as a strong barrier to cross-shelf transport

(Banas et al., 2009; Giddings et al., 2014). Conversely, during the transition to

downwelling favorable winds, the predominant flow of surface currents is northward

and onshore, pushing the Columbia River plume along the Washington coast and

bloom retention. Under these conditions, cells generated in local, productive hot

spots like Heceta Bank ( 44◦N; Fig 2.1) may be transported onshore. Heceta Bank

has been identified as a local incubator for phytoplankton growth due to the fact

that it is a region of high nutrient supply and retentive circulation (Hickey and Ba-

nas, 2003; Trainer et al., 2001). Giddings et al. (2014) have used a particle tracking

approach to show that particles produced in Heceta Bank would rapidly be trans-

ported north rapidly, with beachings occurring from the site of origin to north of

the Oregon border in less than two weeks. Our surf zone and offshore cell counts

are consistent with the hypothesis that Alexandrium concentrations during down-

welling/relaxation events are elevated at latitudes north of Heceta Bank. Additional

characterization of the seasonal patterns of phytoplankton community structure in

Heceta Bank is necessary to evaluate whether this region acts as an incubator for
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Alexandrium blooms at certain times of the year.

2.5.4 2010 Case Study: DA event

During the five-year MOCHA study, a single DA closure event was observed

in the summer of 2010. While this event was not particularly toxic or prolonged

relative to past DA events in the region, it was the only DA-related shellfish closure

after a four-year closure hiatus. It was also the only DA event captured by both on-

and offshore monitoring during MOCHA. This event coincided with the beginning

of a delayed upwelling season that immediately followed, and was likely delayed

by, a basin-scale warming event. Anomalously high SST and strong downwelling-

favorable winds persisted late into 2010, from winter 2009 into mid-2010. Reversal

to a cool phase conducive to cooler, upwelling favorable coincided with the beginning

of a delayed upwelling season in June 2010. Elevated pDA and dDA levels offshore

of the central and southern Oregon coast corresponded to closures at the central

coast three weeks later, after strong upwelling winds relaxed during early upwelling

season. The relaxation event, and subsequent onshore flow, would have allowed

interaction between the toxigenic bloom and shellfish in the surf zone.

Surf zone observations show that when shellfish DA became elevated in June,

the wide subclass frequently comprised the majority of the Pseudo-nitzschia commu-

nity in 2010, both before and after the closure event. Total Pseudo-nitzschia counts

were abundant throughout the upwelling season. As such, there is no predictive re-

lationship between DA in shellfish and total counts or subclasses of Pseudo-nitzschia

. This finding may reflect the same issues due to regional variability in sampling

frequency and hydrography discussed in 4.2.2 above for relating Alexandrium counts

to STX, as well as the fact that toxigenic species of Pseudo-nitzschia do not always
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produce DA (e.g. Lelong et al. (2012); Trainer et al. (2012)). It is also consistent

with other studies in the region that note that Pseudo-nitzschia abundance does

not always correspond to DA events (Giddings et al., 2014).

By restricting our analyses to May 2010 only, the only time pDA and dDA

values exceeded 103 ng L-1, hence spanned the broadest range (10-1 - 104 ng L-1),

significant positive relationships were found between pDA or dDA and both wide and

thin subclasses, as well as total Pseudo-nitzschia (Table 2). The wide cell type had

the most significant relationship with pDA and was present in more samples than

other classes. In May 2010, wide subclass abundances ranged 103 - 105 cells L-1 while

the thin and medium ranged 103 - 104 cells L-1. This morphotype also dominated

Pseudo-nitzschia community structure in the surf zone samples collected during the

early upwelling season, prior to the high DA levels in shellfish. These trends suggest

the wide subclass was potentially responsible for the May-June 2010 DA event and

shellfish closures, however the thin subclass and total Pseudo-nitzschia also had

significant relationships with pDA and dDA in offshore waters. In Washington

State, P. australis and P. pseudodelicatissima have been identified as the major

toxigenic problem species (Trainer and Suddleson, 2005). These species would be

expected to fall into the wide and thin morphologies assessed here and either, or

both, could have been responsible for the 2010 DA event although this would need

to be confirmed by more formal methods of species identification.

The co-occurrence of toxigenic and non-toxigenic Pseudo-nitzschia species

makes it impossible to determine the threat of shellfish contamination from to-

tal cell counts alone. For this reason, investigators have either identified cells to

the species level, grouped cells according to size and morphology, or directly mea-

sured pDA. Previous studies have found positive relationships between abundances
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of toxigenic species of Pseudo-nitzschia and water column DA (e.g. Bargu et al.

(2012); Busse et al. (2006); Trainer and Hickey (2002)) and determined the pres-

ence of particular toxigenic species of Pseudo-nitzschia to be a potentially robust

early indicator of coastal DA toxicity (Trainer et al., 2001). These studies identified

Pseudo-nitzschia to the species level, whereas this work instead tested the predictive

ability of morphologically-grouped Pseudo-nitzschia cells, a practice adopted from

resource management practices in Washington state (Trainer and Suddleson, 2005).

Nearly all pDA and dDA samples collected offshore during the 5 year study

period yielded values below 103 ng L-1. The only exception was in May 2010 when

pDA and dDA values both exceeded 103 ng L-1 (Fig 2.7). The possibility exists that

the overall very low trends in our pDA and dDA data may be due in part to DA

degradation during storage prior to sample analysis (Lane and Kudela, 2007). Even

so, it is notable from our observations is that during the 5-year monitoring period

the only high pDA and dDA values (>103 ng L-1) observed in shipboard data (May

2010) occurred three weeks before the only DA-related shellfish harvesting closure

in Oregon (June 2010). Based on these observations, an alert threshold value of

103 ng L-1 pDA is proposed as an early warning of shellfish toxicity in the Pacific

Northwest region.

2.5.5 Monitoring Implications

Concentrations of STX and DA in shellfish are currently the only information

used to guide management of shellfish harvests in Oregon. Ideally, resource man-

agers and recreational and commercial harvesters could use earlier warning of HAB

events to avoid human ingestion of contaminated shellfish or wastage of already-

harvested shellfish. Monitoring observations reveal regions and seasons with the
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greatest likelihood of HAB events, as well as potential event-scale early warning

metrics of HAB events.

North coast Alexandrium cell counts, where surf zone sampling efforts were

greatest, closely track STX levels in shellfish. Accordingly, approximately bi-weekly

cell counts are proposed as a low-cost, rapid, and effective means of early warning for

potential shellfish closures due to STX. The concentration of total Pseudo-nitzchia

cells and morphological subgroups were not correlated to either pDA, dDA, or con-

centrations of DA in shellfish tissue offshore or in the surf zone when the full dataset

was evaluated. Based on shipboard data from May 2010 and the timing of subse-

quent DA closures in the surf zone, screening the intertidal zone for pDA levels

exceeding a threshold of 103 ng L-1 during the upwelling season should provide early

warning of shellfish contamination.

The north and south coast regions are most likely to have STX events from

June through November. During the upwelling season DA events are most likely,

but DA may persist in razor clams throughout the year. The north coast, and to a

lesser extent the south coast, have the greatest occurrence of STX events. The south

coast is comparatively under-sampled for STX in mussels, potentially contributing

northern bias in these results. Relative to central or south coasts, the north coast

also has the greatest occurrence of DA events. The decrease in razor clam sampling

from north to south reflects their natural abundance along the coast. Over 90% of

the razor clam population and harvesting effort occurs in the northernmost 18 miles

of the Oregon coast (ODFW, 2000). South of this area, abundances are episodic

and unpredictable due to infrequent recruitment success.

Mussels are currently considered the sentinel indicator of STX and DA events,

but here mussels are shown to be a poor indicator of DA events. Razor clams



39

represent the bulk of the commercial and recreational shellfish harvesting revenue

in Oregon and also accumulate greater levels of DA that remain in edible parts of

the clam for longer amounts of time compared to mussels. As such, ideally, razor

clams instead of mussels should be considered sentinel indicators of DA events in

this region and sampling increased; however this is not logistically feasible. Razor

clams exist in numbers far lower than mussels and require greater skill and labor

to harvest than mussels, which reside much higher in the intertidal at much greater

and more consistent abundances. Nevertheless, knowledge that razor clams are more

sensitive to DA events is critical to any DA monitoring or management program and

evaluation of resulting data by researchers or managers.

The regional-scale survey cruises in 2009 and 2010 that fortuitously coincided

with the regions major HAB events at the time reveal snapshots of both the STX

and DA events and their regional-scale extent. The STX bloom spanned both

the Washington and Oregon coasts and the DA event spanned the Oregon and

California coasts. Due to the time and cost involved in oceanic data collection,

shipboard views of HAB events of this scale are rare; however, they remind us that

HAB events are often beyond the scope of data collection of most research projects,

which are usually limited to a specific area of a specific coastline. As mentioned

in previous work (Lewitus et al., 2012), these observations underscore the need for

more regional-scale HAB research efforts to explore the potential causes of these

events and how they move over time.

In this region and others, the inherent ecological and biogeochemical complex-

ity complicate prediction of specific HAB events. Nonetheless, this work has identi-

fied a number of terms related to HAB formation that can be utilized as precursors of

an increased likelihood of HAB events: cell counts of HAB-forming dinoflagellates,
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pDA, and downwelling/relaxation events that facilitate onshore transport of HAB

species or toxins detected offshore via ship or automated mooring. Additionally, co-

incident MOCHA research has found warm phases of the PDO to be a reliable proxy

of DA events (McKibben et al., 2017). All of these measurements should be included

in any STX- or DA-monitoring program aimed at early detection in the California

Current regime. In order to more completely grasp the dynamics of HAB ecology in

the region, further research into the following outstanding questions is warranted:

(1) progress needs to be made to understand the conditions under which Pseudo-

nitzschia become toxic and (2) identification the regions and conditions that foster

Alexandrium blooms (i.e. pelagic or benthic cyst beds). Addressing these concerns

will lead to more capable HAB monitoring programs in the region.
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TABLES

N Samples above
closure threshold

(% of total)

N mussel
samples

N razor clam
samples

Mussels Razor clams
Maximum

STX
(µg 100g-1)

Maximum
DA

(ppm)

Interannual
Closure

Frequency
(n years)

STX DA STX DA STX DA STX DA Mussels
Razor
Clams

Mussels
Razor
Clams

STX DA

North 1928 1117 959 894
108

(6%)
2

(0.2%)
115

(12%)
107

(12%)
3983 415 128 308

57%
(20)

45%
(10)

Central 3066 1650 340 427
49

(2%)
3

(0.25%)
2

(0.01%)
122

(29%)
3308 200 53 287

20%
(7)

27%
(6)

South 987 994 62 68
55

(6%)
0

(0%)
0

(0%)
27

(50%)
2520 43 13 120

40%
(14)

27%
(6)

TABLE 2.1: Statistical values for coastal shellfish toxin records.

Columns 1-2 represent the total number of mussel samples collected throughout
the entire saxitoxin (STX; 1958-2014) and domoic acid (DA; 1992-2014) coastal
shellfish toxin monitoring datasets. Columns 3-4 represent the same totals, except
for razor clams only. Columns 5-8 display the total number of samples collected that
surpassed the closure threshold values of 80µg 100g-1 for STX and 20ppm for DA.
Values in parenthesis are the percent of samples above closure threshold relative
to total samples collected (Columns 1-4). Columns 9-12 show the maximum toxin
value detected for STX and DA records, separated by shellfish species. Columns
13-14 show the interannual closure frequency, or total number of years in the STX
and DA records that had at least one sample above closure threshold (number in
parenthesis) relative to the total number of years in the record (35 for STX, 22 for
DA). All data are binned by region, with rows 1-3 corresponding with the north,
central, and south coastal regions (Fig 2.1 a).
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log10(Wide)
P. fraudulenta
P. australis

log10(Medium)
P. multiseries
P. pungens

log10(Thin)
P. pseudodelicatissima
P. delicatissima

log10(Total Pseudo-nitzschia)

n r2 p n r2 p n r2 p n r2 p
May 2010

log10(pDA) 28 0.65 <0.0001 11 0.25 0.12 18 0.46 0.0021 41 0.63 <0.0001
log10(dDA) 25 0.37 0.0013 10 0.16 0.24 15 0.46 0.0052 34 0.40 <0.0001

All of 2010
log10(pDA) 112 0.0094 0.31 73 0.0073 0.47 66 0.00006 0.85 153 0.014 0.15
log10(dDA) 64 0.00018 0.92 32 0.21 0.008 34 0.023 0.39 80 0.000001 0.99

TABLE 2.2: Shipboard Pseudo-nitzschia counts versus particulate and dissolved
domoic acid (pDA and dDA) values.

Cell counts are reported for total Pseudo-nitzschia , as well as for the wide, medium,
and thin size classes. P-values are reported to the 95% confidence interval. Bolded
rows are significant relationships.
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FIGURES

FIGURE 2.1: Area of study and monthly toxin maxima

a) Area of study, region to the right of solid black line is land (Oregon). Dashed line
shows the continental shelf break at the 200-meter isobath. Diamond symbols show
offshore locations sampled aboard research vessels. White diamonds highlight the
Newport Hydrographic (NH) line at 44.65◦N. Wind data were collected at Newport,
Oregon (star symbol). Circles on coast represent surf zone sampling locations for
shellfish DA and STX (white) or Alexandrium and Pseudo-nitzschia cell counts
(black). Surf zone data are binned into north (45◦N-46.5◦N), central (43◦N-45◦N),
and south (42◦N-43◦N) regions. Figure 1b-d show monthly STX (black squares,
right axis) and DA (white squares, left axis) values from shellfish for b) north, c)
central, and d) south coast locations defined in Figure 1 a. Only values above the 80
µg 100g-1 and 20 ppm harvesting closure thresholds for STX and DA, respectively,
are shown, i.e. y axes start at closure thresholds.
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FIGURE 2.2: Shellfish toxin levels and coastal cell counts for August 1, 2007 – July
31, 2012.

Shellfish toxin and cell count data from surf zone locations (Fig 2.1, circles) during
the Monitoring Oregon Coastal Harmful Algae (MOCHA) project, August 1, 2007
through July 31, 2012. a) and c) show the coastwide percentage of shellfish samples
collected each month that surpassed closure levels of 80 µg 100g-1 and 20 ppm for
saxitoxin and domoic acid, respectively. Maximum toxin value reached for each year
indicated by red numbers in parenthesis. b) Surf zone cell counts for Alexandrium
spp. at north (green circle) and central and south (blue diamond) regions. d) Surf
zone Pseudo-nitzschia spp. counts colored to show whether the wide (red diamond),
medium (green circle), or thin (blue square) subclass comprised >50% of the total
Pseudo-nitzschia community. Black circles are data collected prior to 2008, or counts
below detectable limits, that did not include distinction of subclasses.
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FIGURE 2.3: 2009-2010 Oregon coast physical conditions.

a) Coastwide sea surface temperature (SST) anomaly (MODIS nighttime SST) for
the Oregon (OR) coastline (42-46.5◦N). Dashed line shows latitude of the NH hydro-
graphic line (Fig 2.1). b) Positive (downwelling-favorable) and negative (upwelling-
favorable) wind stress conditions at Newport, Oregon. Right axis on panel (b)
and black lines represent the cumulative upwelling index (CUI), a measure of net-
upwelling favorable conditions. Consistently negative CUI indicates stronger, more
persistent upwelling and net transport of waters offshore. Values that remain steady
or become positive represent weakening or reversal in upwelling conditions. Dashed
vertical lines indicate the start dates of up- and downwelling seasons as determined
by the beginning and end of the CUI. Timing of the basin-scale warming event
highlighted by red bar at top. Arrows below x-axis correspond to peaks in toxin
levels in central coast shellfish (Figs 2.4 b and 2.6 b).
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FIGURE 2.4: Intertidal concentrations of saxitoxin in shellfish and Alexandrium
cells in 2009.

2009 concentrations of saxitoxin (STX) in intertidal, or surf zone, shellfish (circles,
right y-axis) and abundance of surf zone Alexandrium spp. (squares, left y-axis)
for a) north (45◦N-46.5◦N), b) central (43◦N-45◦N), and c) south (42◦N-43◦N) coast
sampling locations (Fig 2.1). Horizontal dashed line indicates the 80 µg 100 g-1

threshold for shellfish harvesting closure. Diamonds (panel b only) indicate central
coast offshore Alexandrium spp. obtained during research cruises. Grey shaded
regions show coincidence in time and space with offshore sampling efforts featured
in Fig 2.5. Warming event highlighted by black bar at the top. All y-axes are set
to the minimum and maximum cell count or STX values for 2009; below detectible
levels (BDL) is the minimum for STX levels (right axes).
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FIGURE 2.5: Surface Alexandrium spp. counts in August and September 2009

Total Alexandrium spp. counts at the surface (plots a-c) obtained during regional-
scale sampling cruises that coincided with the saxitoxin closure events in 2009 (see
grey vertical bars on Fig 2.4). The first cruise covered a) northern California to
Washington from August 10-18, 2009. The second cruise covered b) the central
Oregon coast north to Washington from August 29-September 3, 2009 and then
the c) central Oregon coast on September 9-10, 2009. Grey line is the 200-meter
isobath. Colors represent the total number of Alexandrium spp. (cells L-1); smaller
blue dots are indicative of counts below detectible levels (<1000 cells L-1). Color
axis is set to minimum (<1000 cells L-1) and maximum (56,000 cells L-1) for these
cruises.
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FIGURE 2.6: Intertidal concentrations of domoic acid in shellfish and Pseudo-
nitzschia cells in 2010.

2010 concentrations of domoic acid (DA) in intertidal, or surf zone, shellfish tissue
(circles, right y-axis) and surf zone Pseudo-nitzschia spp. abundance (squares, left
y-axis) for a) north (45◦N-46.5◦N), b) central (43◦N-45◦N), and c) south (42◦N-
43◦N) coast sampling locations (Fig 2.1). Horizontal grey line indicates the 20 ppm
threshold for shellfish harvesting closure. Diamonds (panel b only) indicate offshore
central coast Pseudo-nitzschia spp. counts obtained during research cruises. Grey
shaded regions show coincidence in time and space with offshore sampling efforts
featured in Fig 2.7. Warming event highlighted by black bar at the top. Y-axes are
set to the minimum and maximum cell count or DA values for 2010; below detectible
levels (BDL) is the minimum value for DA (right axes).
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FIGURE 2.7: Surface particulate and dissolved domoic acid concentrations in May
2010

Surface particulate (panels a-c) and dissolved (panels d-f) domoic acid (pDA and
dDA, respectively) concentrations obtained during sampling cruises just before the
coastwide domoic acid (DA) induced shellfish closures in 2010 (see grey bars on
Figure 2.6). Panels a) and d) include three separate day-long cruise efforts at the
central coast (May 5: NH-line only; May 6: 3 southern lines; May 7: 3 NH-line
and 2 northern lines; see diamonds on Fig 2.1 for station locations). Regional-scale
cruises span b, e) the central Oregon coast north to Washington from May 21-26,
2010, and c, f) northern California to Washington from May 24 - June 1, 2010.
Colors indicate the concentration of pDA or dDA at a particular sampling location;
smaller blue dots are indicative of DA below detectible levels. Color axis set to
minimum (below detectible levels, or BDL) and maximum values observed during
these cruises. Grey line is the 200-meter isobath.
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3. CLIMATIC REGULATION OF THE NEUROTOXIN
DOMOIC ACID

3.1. Abstract

Domoic acid is a potent neurotoxin produced by certain marine microalgae

that can accumulate in the foodweb, posing a health threat to human seafood con-

sumers and wildlife in coastal regions worldwide. Evidence of climatic regulation of

domoic acid in shellfish over the past 20 years in the Northern California Current

regime is shown. The timing of elevated domoic acid is strongly related to warm

phases of the Pacific Decadal Oscillation and the Oceanic Niño Index, an indicator

of El Niño events. Ocean conditions in the northeast Pacific that are associated with

warm phases of these indices, including changes in prevailing currents and advection

of anomalously warm water masses onto the continental shelf, are hypothesized to

contribute to increases in this toxin. We present an applied domoic acid risk assess-

ment model for the U.S. West Coast based on combined climatic and local variables.

Evidence of regional- to basin-scale controls on domoic acid has not previously been

presented. Our findings have implications in coastal zones worldwide that are af-

fected by this toxin and are particularly relevant given the increased frequency of

anomalously warm ocean conditions.

3.2. Introduction

The Pacific Decadal Oscillation (PDO) and El Niño Southern Oscillation

(ENSO) are recurring patterns of climate variability centered over the northeastern
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(NE) and equatorial Pacific, respectively, that fluctuate at scales of years (ENSO)

to decades (PDO) (McPhaden, 2002; Mantua, 2015). Distinct, yet also related,

these patterns can amplify or dampen each other through atmospheric teleconnec-

tion (McPhaden, 2002; Gershunov and Barnett, 1998). In the NE Pacific they

induce similar spatial patterns of sea surface temperature anomalies during positive

(warm) and negative (cool) phases (Mantua, 2002). Low-frequency physical vari-

ability attributed to the PDO and ENSO modulates large shifts in NE Pacific water

temperature, ocean currents, and foodweb dynamics that can persist for months to

years (Chavez et al., 2003; Mantua, 2015; Huyer et al., 2002). Shifts in NE Pacific

plankton communities occur as well (Hooff and Peterson, 2006; Fisher et al., 2015;

Batchelder et al., 2013; Yamada et al., 2015; Martinez et al., 2009; Du et al., 2015);

however, climate impacts on phytoplankton ecology in this region are relatively

underexplored, largely due to a lack of phytoplankton data at sufficient scales.

Decadal, regional-scale monitoring of domoic acid (DA) in shellfish can be

used to investigate climate-scale impacts on phytoplankton ecology. The neurotoxin

DA is produced by some species of the diatom genus Pseudo-nitzschia. It enters

marine foodwebs when suspension feeders such as shellfish, copepods, and anchovies

ingest toxic Pseudo-nitzschia cells. Consumption of these organisms by humans can

lead to a serious neurological disorder named Domoic Acid Poisoning (DAP), also

termed Amnesic Shellfish Poisoning. DAP symptoms range from gastrointestinal

disturbance to seizures, memory loss, or, rarely, death (Bates et al., 1998; Mos,

2001).

DA was first identified as a public health threat in 1987 (Wright et al., 1989).

Toxin-producing Pseudo-nitzschia spp. and DA have since been identified worldwide

with the greatest prevalence in, and most deleterious impacts on, productive eastern
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boundary upwelling systems (Trainer et al., 2012). Laboratory experiments have

found multiple factors that can up- or down-regulate cellular DA synthesis, but

there is no consensus regarding whether any one factor or combination of factors

lead to predictable DA production in situ (Lelong et al., 2012; Trainer et al., 2012).

DA regulation has primarily been investigated using field observations of discrete

bloom events and laboratory-based experiments (Lelong et al., 2012). With some

exceptions (e.g. Barron et al. (2010)) the majority of these studies are based on

temporally short or spatially small datasets relative to climate-scale indexes. To

protect public health, DA in shellfish has been monitored along the U.S. West

Coast since 1991 (Lewitus et al., 2012). These records are now long enough to

investigate DA regulation at the temporal-spatial scales associated with NE Pacific

climate events that have occurred in recent decades, such as El Niño events, PDO

transitions, and the 2013-2015 NE Pacific Warm anomaly (McCabe et al., 2016;

Bond et al., 2015).

Our research expands on observations of climate-scale regulation of plankton in

the Oregon (OR) coastal region of the NE Pacific (e.g. Batchelder et al. (2013); Ya-

mada et al. (2015); Fisher et al. (2015); Shanks et al. (2014)). The presence/absence

of unique copepod communities is strongly correlated with the PDO (Hooff and Pe-

terson, 2006; Peterson and Keister, 2003) and El Niño events (Fisher et al., 2015).

Copepods are a robust indicator of water mass transport to the continental shelf off

of OR and the strength of the Northern California Current (NCC) (Keister et al.,

2011; Batchelder et al., 2013; Bi et al., 2011), a strong seasonal current along the

U.S. West Coast. We investigate the relationship between low-frequency climate

signals and 20 years of DA levels in OR razor clams, then apply these findings to

test whether DA levels in Washington (WA) and California (CA) shellfish are also
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related to warm regimes.

3.3. Methods

3.3.1 Basin-scale indices of warm/cool ocean conditions

The Pacific Decadal Oscillation (PDO) is an index of climate variability in

the Pacific Ocean defined as the leading principal component of monthly sea sur-

face temperature (SST) variability poleward of 20◦N (data source: http://jisao.

washington.edu/pdo/PDO.latest). The Oceanic Niño Index (ONI) is a monthly-

scale proxy of the El Niño Southern Oscillation (ENSO). It is a 3-month running

mean of the SST anomaly in the Niño 3.4 region (5◦N-5◦S, 120◦-170◦W). An El Niño

(La Niña) is defined as occurring when 5 consecutive, 3-month running means of SST

anomaly values are >0.5◦C (<-0.5◦C) (data source: http://www.cpc.ncep.noaa.

gov/products/analysis\_monitoring/ensostuff/ensoyears.shtml). A thresh-

old of ± 1◦C separates moderate to strong El Niño (warm) events from weak ones.

Both indexes were acquired for 1991-2015.

3.3.2 Local (OR) domoic acid values and indices of warm ocean condi-
tions

DA levels in OR razor clams (Siliqua patula) have been monitored coastwide

by the OR Department of Agriculture every 2-4 weeks from 1992-2015 (McKibben

et al., 2015; Lewitus et al., 2012). These data were binned to coastwide monthly DA

maxima. The closure threshold for shellfish harvesting is DA in shellfish tissue ≥20

parts per million (ppm). Depuration of DA by razor clams can take months to a year

(Trainer et al., 2009; Adams et al., 2000; Wekell et al., 1994), complicating efforts
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to define discrete ”DA events.” To aid in deconvolving events, two metrics were

defined: 1) ”DA event onset,” or the beginning of an event, conservatively defined

as the first date that DA values surpassed 20 ppm with no prior incidences of DA

above 20 ppm in the previous 12 months; 2) ”annual DA maxima,” or the maximum

DA value above 20ppm reached each year. This captures DA events that can occur

during prolonged depuration and also describes when the most toxic values occur

each year. If a DA maximum occurred in January or February then decreased, it

was assumed to represent toxin depuration and omitted; if a peak (defined as at

least 3 months of an upward trend in monthly DA above 20ppm) occurred later

that year yet was less than this depuration-based maxima, it was assigned as the

annual maxima.

Two copepod community metrics were derived from roughly fortnightly zoo-

plankton sampling at 44.65◦N, 124.30◦W, 5 nautical miles (nm) offshore (west) of

Newport, OR, from 1996-2015: the annual date of the ‘biological spring transi-

tion’ and the monthly copepod species richness (CSR) anomaly. The former is

a seasonal proxy, the first day the copepod community transitioned from warm-

water (southern/offshore) species assemblages typical of winter to cold-water (north-

ern) summer assemblages (Peterson and Keister, 2003) each year as determined by

a two-tiered cluster analysis (McCune et al., 2002). This transition indexes the

date when a biological signal can be detected as increased production of phyto-

plankton, increased biomass of zooplankton, or change in species composition of

copepods associated with the change in coastal circulation patterns (data source:

http://www.cbr.washington.edu/status/trans). The second copepod metric,

the CSR anomaly, represents monthly anomalies in the number of copepod species

present over time. It was calculated by subtracting the average number of species
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present per month from the climatological average (1996-2015) for that month. More

species are indicative of warmer water masses.

Average alongshore current measurements for March-April were calculated

from acoustic doppler current profiler deployments at 44.65◦N, 124.31◦W, 10 nm

offshore of Newport or high-frequency radar current mapping observations from

shore (Yamada et al., 2015).

Central OR coast water temperature: SST data were collected 0.6 meters be-

low the surface by National Data Buoy Center mooring station 46050 near 44.65◦N,

124.53◦W, 20 nm offshore of Newport. A monthly SST anomaly index was calcu-

lated as the difference between monthly average SST and the 1992-2015 climatolog-

ical mean for each month. Annual mean water temperatures for December through

March were also obtained for Yaquina Bay, an estuary in Newport (Yamada et al.,

2015).

Seasonal upwelling: The OR coastal region is an eastern boundary upwelling

regime, with an annual upwelling season (April-October) characterized by net northerly

winds and offshore currents that lead to increased nutrients and phytoplankton

biomass. Downwelling season (November-March) is typified by net southerly winds,

onshore movement of water, and low biomass. The cumulative upwelling index

(CUI) describes the annual dates that these seasons begin, based on the cumula-

tive northerly wind stress observed at Newport each year (source: http://damp.

coas.oregonstate.edu/windstress/index.html; see McKibben et al. (2015) for

methods).
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3.3.3 Cross-correlation and regression analyses

Cross-correlation was conducted for 1996-2015 (MATLAB code at https:

//github.com/smmckib/crosscor); any gaps in sampling data were interpolated.

March PDO and ONI values were regressed against annual-scale physical and bio-

logical parameters. March was chosen because it is representative of the conditions

leading into upwelling season.

3.3.4 West Coast risk assessment

A risk-analysis model was developed for the West Coast to evaluate whether

parameters associated with elevated DA in OR also applied to elevated DA in WA

and CA shellfish, to the north and south of OR. Our goal was to develop a basic,

applied model that can be easily created and interpreted by both scientists and

non-scientists. We selected publicly available parameters and an additive method

to evaluate risk, allowing others to utilize the model without the need for specialized

datasets or statistical tools.

Model parameters: In WA, DA sampling of razor clams occurred every 2

(September-May) or 4 weeks (June-August) from 1991-2015 (source: WA Depart-

ment of Fish and Wildlife; http://wdfw.wa.gov/fishing/shellfish/razorclams/

domoic_levels.html). DA levels in CA shellfish from 2000-2015 were available as

weekly maxima detected at various sites (source: CA Dept of Public Health, Marine

Biotoxin Monitoring Reports, http://www.cdph.ca.gov/HealthInfo/environhealth/

water/Pages/Shellfishreports.aspx). If values were reported as a discrete range

they were converted to continuous values: 1 to <20ppm=10ppm; ≥20ppm=50ppm.

CA data included mussels (63%), razor clams (17%), oysters (14%), and other shell-

fish (6%, e.g. scallops). DA analyses were performed only when blooms of Pseudo-
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nitzschia were detected. Liquid chromatography with ultraviolet absorbance de-

tection was used to determine DA levels in WA (Quilliam et al., 1995) and CA

(Dhoot et al., 1992) shellfish tissue. DA data were binned into monthly maxima

and annual maxima (see above) over 8 latitude bins based on hydrography and sam-

pling frequency: southern CA (32◦N-34◦N); south central CA (34◦N-36◦N); central

CA (36◦N-39◦N); northern CA (39◦N-42◦N); southern OR (42◦N-44◦N); central OR

(44◦N-45◦N); northern OR (45◦N-46.3◦N); and WA (46.3◦N-48◦N).

Upwelling: Monthly average coastal upwelling indexes were obtained from

the Pacific Fisheries Environmental Laboratory (PFEL) for 32◦N-48◦N latitude.

These data are based on geostrophic winds derived from monthly mean surface at-

mospheric pressure fields (source: https://www.pfeg.noaa.gov/products/PFEL/

modeled/indices/upwelling/upwelling.html). Negative values represent the in-

tensity of large-scale, wind-induced coastal upwelling. Data were linearly interpo-

lated from provided increments of 3◦ latitude to 1◦.

SST anomaly: Daily SST values were obtained from the NOAA Environ-

mental Research Division’s Data Access Program for the West Coast (32◦N to

48◦N) from 1991-2015. The ”Daily Optimum Interpolation, Advanced Very High

Resolution Radiometer Only, Version 2, Final + Preliminary SST” product gen-

erated by the National Oceanographic and Atmospheric Administration (NOAA)

National Climatic Data Center and disseminated by the NOAA Environmental

Research Division’s Data Access Program http://coastwatch.pfeg.noaa.gov/

erddap/griddap/ncdcOisst2Agg.html is a blend of in situ and satellite SST ob-

servations combined on a 0.25◦ spatial grid (Banzon et al., 2016). Daily data were

binned to monthly average values, then a monthly climatology (based on 1991-2015

monthly averages) was subtracted from each month. The resulting monthly SST
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anomaly products were binned to a mean across 1◦ (north-south) by 0.5◦ (east-west,

the closest 2 pixels to the coast). This yielded a monthly SST anomaly metric along

the coast at 1◦ of latitude for 32◦N to 48◦N.

Risk assessment model: Positive PDO, ONI, and SST anomaly, and up-

welling conditions were assigned as proxies of DA risk. These data were compiled

for 1991-2015 between 32◦N to 48◦N at 1◦ increments. The PDO, ONI, and SST

anomaly data were first reduced to include only values >0 (warm). Each parameter

was then divided by its maximum value during 1991-2015, scaling all to a common

range (0 to 1). The maximum ONI value observed each winter was also determined.

If the value was ≥1 (moderate-strong El Niño), then the maximum was propagated

to each month of the following upwelling season. If upwelling conditions were present

(negative value), then the four scaled variables (PDO, ONI, SST anomaly, and the

maximum prior winter ONI) were summed to yield a monthly indicator of risk for

elevated DA.

Model evaluation: Risk values were compared to ”DA events,” defined for

model assessment as the annual DA maxima from each of the 8 latitudinal bins.

The annual maximum risk value and the risk value during the month the DA event

occurred were both regressed against the annual DA maxima for each bin. Model

predictions of the frequency of ”expected” DA events relative to the ”observed”

frequency were tallied. If risk values for any latitude were positive for 3 consecutive

months in any given year per bin, that year was expected to experience closure levels

of DA. Relationships between upwelling and DA events were quantified separately

from risk assessment: 1) the sum of the PDO+ONI in March of the corresponding

year was regressed against annual DA maxima; and 2) the number of annual maxima

occurring during upwelling season through one month following the season were
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tallied. The 2 southern CA bins were omitted as upwelling favorable conditions

span much, or all, of the year.

3.4. Results

Warm PDO phases occur between 1996-1998, 2002-2006, 2009-2010 and Jan-

uary 2014-15 (Fig 3.1A). The ONI and PDO are highly correlated with zero lag

(Table 3.1). Moderate to strong El Niño and La Niña events coincide with warm to

cool transitions of the PDO, respectively (Fig 3.1A). The local SST anomaly (Fig

3.1B) is highly correlated with PDO and ONI at zero lag, with a slightly stronger

relationship to the PDO (Table SI1).

In OR, six DA events occurred between 1996 and 2016 (Fig 3.1): 1996, 1998-

1999, 2001, 2002-2006, 2010, 2014-2015. All were preceded by or coincident with

positive PDO values and three were preceded by or coincident with positive ONI

values. The shift to a positive CSR anomaly (Fig 3.1C,D), lags warm shifts in the

physical indices (Fig 3.1A,B) by 0-9 months (Table SI1). During warm phases, the

annual spring biological transition date occurs average to later than average and

occurs earlier than average in cool phases (Fig 3.1D). DA maxima in 2003-2005

suggest events happened each year during the prolonged 2002-2006 event.

The onset of DA events and the annual DA maxima typically occur in asso-

ciation with upwelling season (Fig 3.1D,E). Event onset in 1996, 1998, 2010, and

2015 and annual DA maxima in 1996, 2001, 2010, and 2004-2006 occurred during

upwelling season. Event onset in 2002 and 2014 and annual maxima in 1998, 2002,

2014, and 2015 occurred near the end of, or the month after, upwelling season. The

2001 event was not associated with upwelling season; maxima in 1999 and 2006 were
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likely depuration.

At annual scales, nearly all physical and biological parameters were signif-

icantly, positively correlated with March PDO and ONI values: higher estuarine

water temperature; more positive CSR and SST anomalies; weaker southward along-

shore currents; later biological transition date; and a higher annual maximum DA

(Table SI2). Most parameters had a stronger statistical relationship with the PDO

than the ONI (Table SI2). Exceptions were CSR and DA values, which were about

equally related to the March PDO and March ONI. Maximum annual DA is also

significantly and positively correlated to these proxies of warm conditions, with the

exception of direction of alongshore currents (Table SI2).

The sum of the March PDO and ONI is a stronger predictor of warm bio-

logical and physical conditions than either index alone (Fig SI1, Table S2). The

exception is average alongshore currents, which were only significantly related to

the March PDO. For all regressions, the 5 highest annual DA values corresponded

to the warmest conditions (Fig SI1). The year 2002 consistently fell lower than

predicted by these regressions (Fig SI1); DA was the fifth highest on record, but

PDO and ONI conditions were cool to neutral in March. The 2002 DA maximum

occurred in October, largely coincident with an abrupt late-year shift in all indexes

to warm conditions during the onset of an El Niño event.

Risk model output and monthly DA values show latitudinal variability in DA,

event risk, and upwelling phenology in OR and WA (Fig 2) and CA (Fig SI2).

False positives range from 0% to 50% (Table SI3). The model did not predict the

high DA levels observed in 2001 in WA, northern and central OR (Fig 2), or in

2011 in southern California (Fig SI2). Regressions of annual maximum DA with

both model values (annual maximum and value during month of DA onset), as well
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as the March PDO+ONI value show significant, positive correlations (Table SI4).

Statistical outliers (2007 & 2011 in southern CA, 1992 in southern OR) were not

included in these regressions. Comparison of Fig 2 and Fig SI1 also show differential

expression of DA in routinely sampled OR and WA razor clams (Fig 2) compared

to event-based sampling of predominately mussels in CA (Fig SI1).

3.5. Discussion

Our observations indicate that OR DA events occur during warm ocean regimes

due to conditions that favor advection of anomalously warm water masses from

southern or offshore locations onto the continental shelf. In warm years, the fol-

lowing are seen: (1) the spring biological transition date, indicative of the seasonal

transition of the NCC to southward flow, is later; (2) alongshore currents tend to be

weaker in association with warm PDO values; (3) estuarine and offshore water tem-

peratures are elevated; (4) the copepod species richness anomaly is positive, showing

a planktonic regime shift to copepod species of a predominantly offshore/southern

origin; (5) DA levels in OR coast razor clams surpass closure threshold values.

A series of associations, from basin- to regional-scale, explain DA transport

and elevated levels in shellfish. The DA events along the OR coast are a result of

low frequency variability in climate-scale forcing modulated by local conditions (up-

welling season). The PDO and ONI indicate when the NE Pacific may experience

warm conditions, and local factors such as copepod community composition and off-

shore and estuarine water temperatures collectively describe whether warm water

masses and their endemic plankton communities have reached the nearshore zone of

the OR continental shelf waters. The phenology of upwelling season and the spring
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biological transition modulate when conditions are most favorable to phytoplankton

blooms and which plankton communities are present, respectively. Warm conditions

leading into upwelling season (PDO+ONI in March) are indicators of the annual

magnitude of DA toxicity and spring transition date. Seasonal termination of up-

welling winds in late-summer/autumn may coincide with the onset (2002, 2014) or

annual maxima (1998, 2015) of DA events. Shorter-term wind relaxation/reversal

events (weeks) transport toxic blooms to the intertidal zone where they are ingested

by shellfish (McKibben et al., 2015; Shanks et al., 2014) and may be responsible

for the annual DA maxima observed during warm-phase upwelling seasons. Two

categories of potential mechanisms behind these relationships in the context of our

observations and relevant literature are discussed below.

1) Changes in water masses, circulation during warm regimes

Evidence linking basin-scale physical changes in ocean circulation to plankton

is well-constrained in the OR coastal region. The planktonic copepod community

off the central OR coast is a robust indicator of PDO- and ONI-related shifts in the

source waters that feed the NCC (Hooff and Peterson, 2006; Peterson and Keister,

2003; Fisher et al., 2015). Negative (cool) PDO phases favor the influx of cooler

waters into the NCC from the north, delivering zooplankton assemblages to coastal

OR that are dominated by larger, lipid-rich subarctic copepods with lower species

richness. In contrast, positive (warm) PDO phases favor poleward transport and

onshore intrusion of subtropical oceanic waters (Keister et al., 2011), so smaller,

lipid-poor subtropical copepod communities with higher species richness are domi-

nant. Climate-scale warm ocean conditions are also conducive to the transport, and

successful recruitment, of planktonic European green crab larvae (Carcinus maenas)
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into OR estuaries. This invasive species is found in low numbers during cool regimes,

however, annual recruitment success is greatly increased when the PDO is positive,

SST is warmer, and the biological spring transition is later (Yamada et al., 2015).

Annual DA maxima in OR razor clams are significantly and positively correlated

with annual green crab recruitment strength in OR (Yamada et al., Table 2) from

1998-2014 (r2=0.49, p<0.002), suggesting similar conditions may lead to both crab

success and elevated DA in razor clams. For example, crab success was increased

by both onshore transport and nearshore retention of the larvae in OR estuaries

(Yamada et al., 2015). Assuming the presence of a toxigenic bloom, this would also

promote elevated DA in shellfish through bloom transport into, and prolonged re-

tention within, the intertidal and subtidal zones where phytoplankton are ingested

by the shellfish. In sum, warm water copepod communities, green crab recruitment

success, and DA in shellfish are all positively correlated with warm regimes. These

seemingly disparate factors share one thing in common: a dependence on organisms

that are meroplankton (crab larvae) or holoplankton, hence are indicators of water

mass transport during oscillations between warm and cool regimes.

2) Cellular-level drivers of DA production

There at least two potential hypotheses to connect physical conditions during

warm regimes, Pseudo-nitzschia communities, cellular DA production, and elevated

DA in OR razor clams: 1) warm water Pseudo-nitzschia assemblages that are more

likely to produce DA are advected into the region from offshore or southern waters

due to circulation changes during warm phases; 2) environmental conditions during

warm phases lead to up-regulation of DA synthesis in resident populations. These

need not be mutually exclusive explanations. The 2002 and 2014 DA events support
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the former hypothesis; they occurred during years with initially cool ocean condi-

tions that abruptly shifted to warm conditions as, or just after, the annual transition

from up- to downwelling season. In 2002, both elevated DA and warm conditions

persisted through 2006, along with the warm PDO. In 2014 the DA event began

coincident with the arrival of the NE Pacific Warm Anomaly on the OR coast. This

strongly positive temperature anomaly, the greatest observed in the region since the

1980s, was identified in the Gulf of Alaska during the winter of 2013-2014 (Bond

et al., 2015) and expanded to much of the NE Pacific by 2015. In mid 2014 the

warm anomaly was held offshore of OR by upwelling-favorable winds (Pierce et al.,

2016). Downwelling season initiated in mid September; winds reversed, the warm

waters moved shoreward, and central OR coast SST rose 8◦C over a period of just

31 hours (Pierce et al., 2016). This same month, the 2014 DA event began and the

SST and CSR anomalies became positive (Fig 3.1).

In contrast, the 1998 and 2010 DA events and CSR lagged strong, coincident

warm-to-cool transitions in the PDO and ONI (Fig 3.1). These events support the

hypothesis that up-regulation of DA, and/or enhanced growth of toxigenic Pseudo-

nitzschia, are favored during the transition from warm to cool-regimes, among oth-

ers. Warm ocean regimes potentially affect Pseudo-nitzschia species abundance and

toxicity in an array of ways, from cellular and metabolic processes that are sensi-

tive to elevated temperatures to larger-scale changes in phenology, water column

structure, and circulation patterns (Wells et al., 2015; Trainer et al., 2009). The

linkages between DA production and environmental factors such as macronutrients,

trace metals, temperature, and salinity are also complex and variable (Trainer et al.,

2012). It is likely the case that no one single environmental variable is a strong pre-

dictor of DA (Trainer et al., 2009), hence a mechanistic explanation behind cellular-
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level DA production and elevated DA in shellfish during warm ocean regimes is

outside the scope of this study given the data we have. Even so, our findings frame

future work investigating DA production by Pseudo-nitzschia in the context of con-

ditions associated with warm regimes. For example, monitoring changes in species

composition over time to investigate whether distinctive ”warm” Pseudo-nitzschia

assemblages indeed co-occur with copepod community shifts. More data are also

needed to evaluate how regional-scale controls (stratification, nutrients, etc.) change

during warm-ocean regimes and potentially increase in situ DA production.

3.5.1 Broad-scale implications

Positive climatic indexes and local SST anomaly, as well as upwelling condi-

tions, were found to be indicators of OR DA events; whether these indicators applied

to DA events along the broader NCC was subsequently tested using a risk assess-

ment model for the U.S. West Coast. False positives in the model were up to 50%

and as low as 0%. The higher values are due, at least in part, to the the long-term

depuration and resulting conservative definition of a ”DA event.” This potentially

skewed false positive calculations high. For example, false positives were greatest in

WA: in 2009 a peak in DA occurred, but it was below the 20ppm threshold and not

considered a ”DA event” for that year (Fig 3.3); and in 2007, DA levels increased

for the first several months but were sub-threshold. There were also annual max-

ima not detected by the model in 2001 from WA to central OR. In OR, this event

occurred in association with a short, positive shift in the PDO and CSR (Fig 3.1);

however, it was during the downwelling season, hence not detected by the model.

A maximum was also missed in southern California in 2011 (Fig 3.4). The ratio-

nale for this omission is unclear, but may be related to local-scale regulation of DA
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events (discussed below). Even with these exceptions, the model has a significant

success rate and absolute risk values were strongly correlated to measured monthly

and annual DA (Table 3.2).

3.5.2 Extreme warming events

When warm PDO conditions and El Niño events coincide their positive SST

anomalies are approximately additive (McPhaden, 2002); coincidence of El Niño

and warm PDO conditions typically yield the most classic signatures of an El Niño

event in North America (Mantua, 2002; Gershunov and Barnett, 1998; McCabe

and Dettinger, 1999). As such, concurrently positive PDO and ONI indices lead

to periods of more extreme warming in the NE Pacific relative to when one or the

other is positive. Our OR results support this, the summed March PDO+ONI value

was typically more significantly related to environmental indicators of warm ocean

conditions than either index alone; the greater the March PDO+ONI, the warmer

the conditions, and the greater the DA levels.

If basin-scale warming events regulate DA events in OR, it follows that DA

levels may be elevated by these events in nearby CA and WA as well. Our results

(Figs 3.3, 3.4; Tables 3.3-3.4) and previous work collectively indicate that extreme

warm phases (positive PDO concurrent with a strong to moderate El Niño) promote

DA events along the the West Coast that span 2-3 contiguous states. Since 1991,

5 extensive warming events have occurred: 1991-1992, 1997-1998, 2002-2003, 2009-

2010, and 2015-present. DA surpassed 20 ppm in shellfish in 2-3 contiguous states

during time frames associated with all of these warm phases: late 1991-1992 (WA,
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OR, and CA1); 1998-1999 (WA and OR); 2002-2003 (WA, OR, and CA); 2010

(OR and CA); and 2015 (WA, OR, and CA). The most latitudinally extensive DA

events initiated when the highest risk values occurred (values >1). The 1991, 1998,

and 2010 events were described as the most “exceptional and widespread” West

Coast occurrences of DA between 1991-2010 (Lewitus et al., 2012). In OR and WA

the 1991-1992, 1998-1999, and 2002-2003 events caused significant economic losses

(Adams et al., 2000; Anderson, 1995; Tweddle et al., 2010; Lewitus et al., 2012) due

to closures of razor clam and Dungeness crab (WA only) fisheries. In 2010 shellfish

closures occurred in OR and CA (Figs. 3.3, 3.4) and DA reached record highs in

CA mussels and lobster (Lewitus et al., 2012), and high DA was detected in coastal

waters from at least central CA north to central OR (McKibben et al., 2015). In

2015, extensive NE Pacific warming coincided with an unprecedented, record-setting

DA event from CA to WA (Du et al., 2016; McCabe et al., 2016).

Variability among DA events in WA, OR, and CA is also evident. Maximum

DA in CA mussel tissue is higher (610 ppm) than in OR or WA razor clams (295

ppm) (Lewitus et al., 2012) and DA has exceeded 20 ppm in CA shellfish and

other seafood species (sardines, anchovies) (Lewitus et al., 2012) nearly every year

since 2000. Documented cases of DA in marine birds and mammals predominantly

occur in CA (Lelong et al., 2012). These differences in CA relative to OR or WA

may be due to differing distributions of planktivorous shellfish and finfish affected

by DA, differing sampling methods and frequencies, and/or greater incidence of

toxigenic Pseudo-nitzschia. If the latter is indeed a factor, it suggests the potential

1Lewitus et al. show DA over 20ppm in late 1991, but these data were not available on the
California Department of Health’s website for this study.



70

for ‘seeding’ populations moving northward during warm ocean regimes. Several

retentive areas (e.g. Heceta Bank and the Juan de Fuca Eddy) are conducive to

phytoplankton bloom initiation, including toxigenic Pseudo-nitzschia (Trainer et al.,

2001; Pitcher et al., 2010; Trainer et al., 2010). Northward advection during warm

regimes may be a source of toxic blooms to these regions. Also, latitudinal variability

among the 3 states depends on a number of sub-climate-scale processes. This may

explain inaccuracies in the risk assessment model. For example, 2010 a DA event

did not occur in N. OR or WA, but did further to the south, yet the model was

positive for the entire region. The Columbia River Plume may have halted furher

northward advection of the toxigenic bloom (Banas et al., 2009). These processes

will be important to consider in future regional-scale model application.

3.5.3 Conclusions

We present evidence for climate-scale regulation of shellfish DA the NCC. Even

with the large potential for differences among WA, OR, and CA , our observations

reveal a common relationship: the warmer the ocean conditions, the more likely DA

is to surpass alert thresholds during upwelling season, and the more toxic and/or

more widespread a DA event has the potential to become. The risk parameters

presented in this work as indicative of elevated DA in shellfish (positive PDO, ONI,

and local SST anomaly values, and upwelling conditions) can be applied to future

examination of relationships between warm regimes and DA along the West Coast,

as well as other eastern boundary currents worldwide. If these warm ocean regimes

become more persistent due to global warming, as some hypothesize, West Coast

DA events may also increase in persistence and frequency.
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TABLES

r*

(lag, months)
Lag Range, in months

(range of r values)
n** Description

x = Pacific Decadal Oscillation (PDO)

y = Oceanic Niño
Index (ONI)

0.59
(0)

-4 to +3
(0.52-0.59)

231 ONI typically lags PDO by 0
months with a range of
-4 to +3 months
.

y = Sea Surface
Temperature (SST)
Anomaly

0.54
(0)

-1 to +1
(0.45-0.54)

231 SST anomaly typically lags
PDO by 0 months with a range
of -1 to +1 months
.

y = Copepod Species
Richness (CSR) Anomaly

0.48
(+4)

0 to +9
(0.39-0.48)

231 CSR typically lags PDO by 4
months with a range of
0 to 9 months
.

y = Monthly Maximum
Domoic Acid (DA)

0.38
(+6)

+2 to +10
(0.28-0.38)

.

231 DA typically lags PDO by
6 months with a range of
2 to 10 months

x = Oceanic Niño Index (ONI)

y = Sea Surface
Temperature (SST)
Anomaly

0.39
(0)

-3 to +5
(0.30-0.39)

231 SST anomaly typically lags
ONI by 0 months with a
range of -3 to +5 months
.

y = Copepod Species
Richness (CSR) Anomaly

0.54
(6)

+3 to +8
(0.45-0.54)

231 CSR typically lags ONI
by 6 months with a range
of 3 to 8 months
.

y = Monthly Maximum
Domoic Acid (DA)

0.45
(9)

+7 to +14
(0.35-0.45)

231 DA typically lags ONI
by 9 months with a range
of 7 to 14 months

TABLE 3.1: Cross-correlation results for monthly time series and Pacific Decadal
Oscillation (PDO) and Oceanic Niño Index (ONI).

Column 1 shows the maximum correlation value (rmax) and the corresponding lag in

months (in parentheses). Variables were also significantly related across a range of r;

this range (Column 2) spans rmax to rmax-1 and the associated lag is in parenthesis.

Column 3 shows the n values of the time series. Column 4 gives a brief description

of the results shown in each row.

*r is the cross correlation value

**n is the number of values in cross correlation analysis
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Summed March
PDO1+ONI2

March PDO March ONI
Maximum Annual

Domoic Acid (ppm)

Mean Yaquina Estuary Water
Temperature, Dec-March (oC)
n=17
.

0.81
(p<0.0001)

0.69
(p<0.0001)

0.63
(p<0.0001)

0.68
(p<0.0001)

Sea Surface Temperature
Anomaly, March (oC)
n=20
.

0.66
(p<0.0001)

0.67
(p<0.0001)

0.37
(p=0.0047)

0.27
(p=0.0196)

Copepod Species Richness
Anomaly, March
n=19
.

0.51
(p=0.0006)

0.43
(p=0.0022)

0.42
(p=0.0025)

0.23
(p=0.0379)

Mean Alongshore Currents,
March-April (cm s-1)
n=15
.

0.22
(p=0.0771)

0.29
(p=0.0376)

0.070
(p=0.3422)

0.22
(p=0.0758)

Annual Spring Biological
Transition Day (Year-day)
n=20
.

0.70
(p<0.0001)

0.65
(p<0.0001)

0.47
(p=0.0009)

0.53
(p=0.0003)

Maximum Annual Domoic
Acid in Razor Clams (ppm)
n=20
.

0.63
(p<0.0001)

0.50
(p=0.0005)

0.54
(p=0.0002)

n/a

TABLE 3.2: Annual linear regression results for March Pacific Decadal Oscillation
(PDO) and Oceanic Niño Index (ONI) values.

March PDO and ONI (x values, columns) versus physical and biological parameters
(y values, rows) reported as r squared values with the corresponding significance
level in parenthesis. All y values were measured near the central Oregon coast,
except for DA values in razor clams, which were measured coastwide. Bold values
are significant at a 95% confidence interval or better.

1Pacific Decadal Oscillation
2Oceanic Niño Index
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WA
N.
OR

C.
OR

S.
OR

N.
CA

C.
CA

S.
Cent
CA

S.
CA

”Actual” number of DA maxima captured1 10 8 8 8 5 6 6 10
”Expected” number of DA maxima2 19 19 20 20 12 13 13 13
Number ”Expected” during ”Undersampled” years3 0 3 8 10 7 3 5 2
Adjusted number of ”Expected” events4 19 16 12 10 5 10 8 11
Approximate number of false positives5 9 8 4 2 0 4 2 1
Percent false positives6 47% 50% 33% 30% 0% 40% 25% 9%

DA maxima occurring during a month with elevated
risk, i.e. warm, upwelling-favorable conditions 6 3 5 4 4 5 NaN NaN
DA maxima occuring during the 1 month following
upwelling season 1 2 1 3 1 0 NaN NaN
Total number of upwelling-associated annual DA maxima7 7 5 6 7 5 5 NaN NaN
Percent of DA maxima during warm
upwelling season conditions8 37% 31% 50% 70% 100% 50% NaN NaN

Total number of months with a sample 291 231 145 98 57 129 129 142
Total number possible months 300 300 300 300 192 192 192 192

TABLE 3.3: Evaluative metrics of domoic acid (DA) risk model performance.

Rows 1-6 report calculations for estimates of false positives for each bin of
DA data. Bins include Washington (WA); Northern, Central, and Southern
Oregon (N.,C., & S. OR, respectively, see Fig 3.3); and Northern, Central,
South-Central, and Southern California (N., C., S.C., & S. CA, respectively, see
Fig 3.4). Rows 7-10 report calculations for the percentage of annual maxima that
coincided with upwelling season. Upwelling-related values for S. and S.C. CA
were not calculated due to the nearly year-round upwelling season that occurs there.

1Number of annual DA maxima values exceeding 20 parts per million (ppm)
in bin
2Positive risk values for ≥3 consecutive months at any latitude in bin
3Number of ”Expected” years that were ”Undersampled,” i.e. had less than 6
months with at least one DA sample in the bin
4Number of ”Expected” years minus ”Undersampled” years
5”Actual” minus ”Expected” minus ”Undersampled” years
6Number of false positives divided by adjusted number of ”Expected” years x 100
7Sum of the number of annual DA maxima that occurred during elevated risk
(i.e. upwelling-favorable conditions) and those that occurred one month after
upwelling season terminated, i.e. during the annual transition from upwelling to
downwelling-favorable conditions.
8Sum of the total number of upwelling associated maxima divided by adjusted
number of ”Expected” years x 100
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x=log10(Annual DA Maximum)
States Included r2 (p value) N

y1=Model value coincident
with annual maximum

WA & OR 0.38 (p<0.0053) 19
CA 0.26 (p<0.012) 23
WA, OR & CA 0.28 (p<0.00027) 42

y2=Annual maximum
value of risk model

WA & OR 0.30 (p<0.0023) 28
CA 0.35 (p<0.0018) 25
WA, OR & CA 0.28 (p<0.000011 53

y3=March PDO1+ONI2
WA & OR 0.31 (p<0.0013) 30
CA 0.33 (p<0.0029) 25
WA, OR & CA 0.27 (p<0.000042) 55

TABLE 3.4: Linear regression results between annual metrics of domoic acid (DA)
events (y values, rows) and log10(annual maximum DA values) (x value).

Data reported by state groupings (column 2) according to r2 and p values (column
3) and number of data points (column 4). All values are significant at a 99%
confidence interval or better.

1Pacific Decadal Oscillation
2Oceanic Niño Index
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FIGURES
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FIGURE 3.1: Warm and cool ocean regimes, local sea surface temperature anomaly
and biological response.

(A) Pacific Decadal Oscillation (PDO, vertical bars) and Oceanic Niño Index (ONI,
black line) indices; strong (S) to moderate (M) El Niño (≥1) and La Niña (≤-1)
events are labeled. (B) Sea surface temperature anomaly 20 nautical miles (nm) off
central Oregon (OR). (C) The copepod species richness anomaly 5 nm off central
OR. (D) Monthly OR coast maximum domoic acid (DA) levels in razor clams (ver-
tical bars); horizontal black line is the 20 parts per million (ppm) closure threshold,
data below omitted. Black line (D) shows the spring biological transition date (right
y-axis). Black boxes (E) indicate the duration of upwelling season each year; timing
of annual DA maxima in relationship to upwelling in red. Grey shaded regions are
warm regimes based on the PDO. Onset of six major DA events shown by dashed
vertical lines. The September 2014 arrival of the NE Pacific Warm Anomaly (col-
loquially termed ”The Blob”) to the OR coastal region labeled on (B). ”X” symbol
indicates no data for that month (B-D).
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FIGURE 3.2: Climate indexes in March and Oregon coast parameters

Regressions of sum of the Pacific Decadal Oscillation (PDO) and Oceanic Nino
Index (ONI) for March (x-axis) and 5 Oregon (OR) coast parameters. (A) aver-
age water temperature in the Yaquina estuary during winter, (B) March sea surface
temperature anomaly 20 nautical miles offshore, (C) average alongshore currents for
March-April (more negative means stronger southward flow), (D) the spring biolog-
ical transition date, and (E) the annual maximum domoic acid (DA) concentration
in razor clams for the OR coast. Triangles indicate the 5 highest annual DA values
on record. The year 2002 is marked on each plot; this year saw the fifth highest DA
on record, but is associated with cooler ocean conditions than predicted by these
plots. Statistical results in Table 3.2.
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FIGURE 3.3: Domoic acid risk analysis for Oregon and Washington

Domoic acid (DA) risk analysis model output (yellow to red) and domoic acid (DA)
levels in Oregon (OR) and Washington (WA) razor clams (vertical bars) from 1992-
2015. Model values indicate increased risk of elevated DA based on proxies of
warm ocean parameters; model values are only calculated during upwelling season
when concentrations of phytoplankton are likely to be greatest each year. White
regions indicate elevated DA is least likely as the model equals zero and/or it is
downwelling season. From top to bottom, monthly maximum DA values (vertical
bars) are latitudinally-binned as follows: WA (46.3◦N-48◦N), northern OR (45◦N-
46.3◦N), central OR (44◦N-45◦N), and southern OR (42◦N-44◦N). Bar length is
proportional to the monthly maximum DA value. Color indicates DA ≥20 parts
per million (ppm, black lines), from 1 to <20ppm (grey lines), or not detected (grey
squares). An absence of points indicates no DA data available. Annual DA maxima
used in model evaluation are highlighted with yellow squares. Results of model
evaluation are shown in Table 3.3-3.4. See also Fig 3.4 for CA risk analysis.
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FIGURE 3.4: Domoic acid risk analysis for California

Domoic acid (DA) risk analysis model output (yellow to red) and domoic acid (DA)
levels in California (CA) shellfish (vertical bars) from 2000-2015. Model values in-
dicate increased risk of elevated DA based on proxies of warm ocean parameters;
model values are only calculated during upwelling season when concentrations of
phytoplankton are likely to be greatest each year. White regions indicate elevated
DA is least likely (the model equals zero and/or it is downwelling season). From top
to bottom, monthly maximum DA values (vertical bars) are latitudinally-binned
as follows: northern CA (39◦N-42◦N), central CA (36◦N-39◦N), southern CA (34N-
36N), and far southern CA (32◦N-34◦N). Bar length is proportional to the monthly
maximum DA value. Color indicates DA ≥ 20 parts per million (black lines), be-
tween 1 and <20ppm (grey lines), or not detected (grey squares). An absence of
points indicates no DA data available. Annual DA maxima used in model evalu-
ation are highlighted with yellow squares. Results of model evaluation are shown
in Tables 3.3-3.4. When comparing to Fig 3.3, risk analysis for Oregon (OR) and
Washington (WA), note the shorter x-axis here. Also CA DA levels are concentra-
tions from predominantly mussels. Sampling periods differ from OR and WA: in
CA samples are event-based, i.e. taken only when blooms of Pseudo-nitzschia are
observed.



80

Chapter 4:

Glider-based investigation of the relationship

between in situ surface, satellite, and euphotic

column-integrated chlorophyll-a in a coastal

regime

S. Morgaine McKibben1, Angelicque E. White1

1College of Earth, Ocean and Atmospheric Sciences, Oregon State University,

104 CEOAS Administration Building, Corvallis, OR 97331, USA



81

4. GLIDER-BASED INVESTIGATION OF THE
RELATIONSHIP BETWEEN IN SITU SURFACE,

SATELLITE, AND EUPHOTIC
DEPTH-INTEGRATED CHLOROPHYLL-A IN A

COASTAL REGIME

4.1. Introduction

Phytoplankton are a sentinel class of organisms in the marine environment.

As primary producers they draw carbon dioxide out of the atmosphere and convert

it into organic matter that sustains the marine food web, making them indicators of

both the biological productivity of that system and the amount of carbon it assim-

ilates over time. Chlorophyll-a (chl-a) concentration is a commonly applied proxy

of phytoplankton abundance, hence serves as a foundation for constraining ecosys-

tem and climatic processes. Ocean color sensors, such as the Moderate-resolution

Imaging Spectraradiometer aboard the spacecraft Aqua (MODIS-Aqua), measure

satellite chl-a (chl-asat) over nearly the full ocean domain on a daily basis. Primary

productivity (PP) models that quantify the ocean’s role in the global carbon cycle

rely on the synoptic coverage of phytoplankton abundance and distribution afforded

satellite-based sensors.

Daily, global-scale measures of chl-a are unprecedented relative to any other

sampling method, yet the coverage of chl-asat below the surface is limited. Each

pixel of chl-asat is a chl-a concentration value averaged across a 1 kilometer (km)

by 1 km cube that spans the surface downward to the first optical depth (FOD,

typically a few meters or less in coastal regions). Light levels in the water column are

sufficient for photosynthesis within the euphotic zone, which extends from the sunlit
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ocean surface to the euphotic depth (Zeu, depth where light has attenuated to 1%

of surface values)(Kirk, 1994). The euphotic zone extends below the FOD (Gordon

and McCluney, 1975; Morel and Berthon, 1989); photosynthesizing phytoplankton

below the FOD are not detected by remote sensing reflectance.

Depth-generalized, also called depth-integrated, oceanic PP models address

this shortfall with models that relate surface chl-a to total, depth-integrated chl-a

within the euphotic zone (chl-atot) (Behrenfeld and Falkowski, 1997a; Carr et al.,

2006). For example, the widely-applied Vertically Generalized Primary Productiv-

ity model (VGPM, Behrenfeld and Falkowski (1997b)) uses an empirically-derived

model developed by Morel and Berthon (1989) to determine Zeu and chl-atot from

chl-asat. This model was developed in open ocean waters using vertical profiles of

discrete shipboard chl-a concentrations. Years later the model was confirmed with

a new open ocean database of chl-a profiles that used updated, more accurate pig-

ment extraction methods (Uitz et al. (2006)). More recently, Frolov et al. (2012)

tested the relationship in a coastal upwelling regime based on both discrete vertical

profiles of chl-a concentration and continuous profiles collected via a fluorometer on

an autonomous underwater vehicle. They found that the premise behind the Morel

model, that chl-atot can be predicted from surface chl-a, held in a coastal upwelling

regime with surface chl-a values an order of magnitude higher than the regions the

model had been developed and previously tested in.

In this work, 8 years of routine Slocum glider surveys off the central Oregon

coast are applied to further investigate the relationship between surface chl-a and

chl-atot in this region and the implications for satellite-based PP estimates. This

dataset spans the high chl-a nearshore zone of a coastal upwelling regime to a low-

chl-a regime about 100 kilometers offshore and also experiences strong influence
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from freshwater input. These features afford the unique opportunity relative to

past work to test the Morel model in hydrographically distinct regions with respect

to seasonality and freshwater influence.

Oregon’s coastal waters reside in the northern portion of the California Cur-

rent and are characterized by seasonal upwelling interspersed with short-term, wind-

driven up- and downwelling events that lead to high frequency biological variability

on the order of days (McKibben et al., 2012; Henson and Thomas, 2007a,b). Annu-

ally up 70% of the coastal ocean domain in this region is obscured by cloud cover

(McKibben et al., 2012) limiting current satellite characterizations of chl-a in the

region to mesoscale patterns (10s to 100s of km) of surface variability at time scales

greater than 8 to 30 days (Venegas et al., 2008; Thomas et al., 2009). Influxes of

particulate-rich waters from the Columbia River Plume (CRP) in summer (Hickey

et al., 2005) and smaller coastal rivers in winter (Wetz et al., 2006), introduce high

concentrations of colored dissolved organic matter (CDOM) and particulate matter

into surface waters that reduce the accuracy of the globally-parameterized (O’Reilly

et al., 2000) chl-asat product (Siegel et al., 2005; Werdell and Franz, 2007; Bailey

and Werdell, 2006).

Regional development of methods to couple satellite and in situ data in ways

that maximize the descriptive power of each is one of the crucial next steps in

oceanographic research and is essential to more accurately quantifying how phyto-

plankton affect the carbon cycle and respond to climate change. Vertical profiles

collected by autonomous Slocum gliders complement chl-asat as they continuously,

irrespective of cloud cover, collect long-term (weeks to months) physical and biolog-

ical parameters in the upper 200 meters of the water column. This project applies

8 years of Slocum glider data, as well 11 years of discrete shipboard chl-a measure-
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ments, to evaluate chlsat in the region through the following research objectives: 1)

Assessment of the globally-parameterized chlsat product compared with in-situ met-

rics of chl-a obtained by gliders and research vessels; 2) Determination of whether a

predictive relationship oberved by Morel and Berthon (1989) between surface chl-a

and chl-atot holds in this region and 3) how the relationship varies according fresh-

water, seasonal (up- and down-welling seasons), and regional (nearshore to offshore)

influence; and 4) a first order assessment of the effects of the vertical generalization

inherent in the Morel and Berthon (1989) model to estimates of NPP relative to

vertically resolved estimates.

4.2. Methods

4.2.1 Slocum Gliders and Area of Study

Slocum gliders are autonomous underwater vehicles that utilize variable buoy-

ancy to sample waters in a vertical sawtooth pattern. Two Slocum gliders tran-

sected the Newport Hydrographic Line (NH line) off the central Oregon coast (Fig.

4.1) approximately every 1-6 weeks year round from 2006-2014 (data for 2008 were

not available for this study). The NH line begins 1 nautical mile (nm) offshore of

the central Oregon coast at 44.65◦W and extends due west across the continental

shelf, past the shelf break (200 meter isobath) to deeper offshore waters (Fig. 4.1).

Surface (horizontal) resolution of glider transects was roughly 100 to 800 meters

from the nearshore to offshore zones, respectively. Subsurface (vertical) resolution

was less than one meter. Surface resolution achieved and route traveled along the

NH-line were a function of the depth of the area being surveyed (shallower regions

had greater surface resolution) and interaction with strong ocean currents, which
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sometimes pulled the glider off course of the east-west NH-line transect (Fig. 4.1).

Gliders descended to a maximum depth of 200 meters (beyond the shelf-break only),

and deployments were roughly 1-3 weeks long.

4.2.2 Data sets

Glider data

Bio-optical parameters: Each glider was equipped with a WET Labs ECO

Puck Triplet that included the following sensors: chl-a fluorescence (excitation 470

nm/ emission 695 nm), CDOM fluorescence (excitation 370 nm/ emission 460 nm),

and scattering (660 nm); CDOM was not used for this study. For all 3 optical

sensors, the raw signal was processed with a 5 point median filter followed by a 7

point mean filter to reduce noise. Optical data that lacked coincident pressure or

pitch values were omitted, this typically occurred just prior to or immediately after

glider communication operations at the surface (i.e. not during dives).

A dark signal offset and scale factor were used to calibrate the raw optical

data (see also Appendix A). For each deployment and sensor, the minimum of the

“reduced” dataset (Appendix A) was defined as the dark offset and subtracted from

the raw data to zero the signal. Factory-provided scale factors were used to convert

the dark-corrected chl-a fluorescence values to chl-a concentration (mg m-3). For

dark-corrected scattering data, factory-provided scale factors with a revised centroid

angle of 124 degrees (Sullivan et al., 2012) were applied, yielding the total volume

scattering function (β(θ,λ)). The seawater VSF (βsw(θ,λ)) at a wavelength of 660 nm

according to Zhang et al. (2009) was subtracted from β(θ,λ), yielding the VSF due to

particles (βp(θ,λ)). βp(θ,λ) was converted to integrated particulate backscattering

(bbp) using equation 4.1 where χ=1.076 (Sullivan et al., 2012).
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bbp(θ, λ) = 2πχβp(θ, λ) (4.1)

Salinity: Conductivity, temperature, and pressure data were collected at 0.5

Hz. Conductivity and temperature data were cleaned by removing spikes. Salin-

ity was estimated from conductivity and temperature by applying a thermal lag

correction as described by Garau et al. (2011).

Gridding: All glider deployments were gridded to 0.5 kilometer (km, hori-

zontal) x 1 meter (vertical) bins. Each vertical slice of gridded data (1 km by the

depth of profile, in 1 meter bins) was considered an individual vertical profile with

a unique longitude, latitude, and time of collection determined from the surface bin

of each profile.

Profile Parameters: A set of parameters was calculated for each vertical

profile of glider data; parameters and methods are summarized in table 4.1. 1) The

glider-based surface proxy of chl-a (chl-aglider) is the surface bin of each profile of

glider chl-a, from 0 to 1 meter. 2) The depth of the chl-a max (Zchlmax) was the

depth where the chl-a value in each glider profile was greatest. 3) Fresh vs. salty

profiles: The Columbia River Plume is a known source of freshwater to the region

in the summer (Hickey et al., 2005), altering water column structure and optical

properties along the NH-line (Sald́ıas et al., 2016). In consideration of this, vertical

profiles were categorized as “fresh” or “salty” if any values in the upper 10 meters

were less than 32 PSU (i.e. fresh water was present) or greater than or equal to

32 PSU, respectively. 4) Euphotic depth-integrated chl-a (chltot) was derived from

chl-aglider according to Morel and Berthon (1989). 5) The euphotic depth (Zeu)

was calculated from a power law relationship described in Morel and Maritorena
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(2001) that is a function of chl-atot. 6) The first optical depth (Zfod) was calculated

from Zeu according to (Morel and Berthon, 1989) using equation 4.2. 7) A density

threshold of 0.03 kg m3 with a reference depth of 10 meters was applied to define

the the mixed layer depth for all profiles.

Zfod =
Zeu

4.6
(4.2)

NPQ correction: The dark-corrected scattering signal was divided by the

dark-corrected fluorescence signal (scattering:chl-a) for all gridded vertical profiles in

the glider dataset. Non-photochemical quenching (NPQ), a photoprotective mech-

anism that causes reduced chl-a fluorescence, will cause an increase in this relation-

ship during daylight hours that deepens with greater sunlight intensity and shoals

with less. Assuming phytoplankton cells are the dominant scattering medium, the

scattering:chl-a signal would be linearly related. An in-lab dilution series, conducted

with the ECO Puck in the glider platform as described in Cetinić et al. (2009), ex-

cept using a dark-adapted diatom monoculture, found significant linear relationship

between scattering:chl-a with a ratio of 0.85 (Appendix A). The value of this ratio

varies somewhat in situ due to the complexity of in water conditions (riverine partic-

ulates, differing phytoplankton communities, etc), but the relationship of increased

scattering:chl-a persists with daytime sunlight. As a result, when using in-water

fluorometers to measure chl-a, there is a daily pattern of reduced chl-a in the upper

water column from NPQ dampening of chl-a fluorescence (an example in Sackmann

et al. (2008)) which increases the scattering:chl ratio during daylight hours.

Based on this assumption, for each profile of scattering:chl-a the quenching

depth (Zquench) is defined as the first depth bin above the depth of Zchlmax where
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where the “baseline” scattering:chl-a value begins to increase. The “baseline” value

is defined as the scattering:chl-a value at Zchlmax, i.e. at this depth assumptions

include low to no quenching and that phytoplankton are the dominant scattering

particle. The chl-a value at Zquench is then propagated to the surface, yielding a

NPQ-corrected profile; however, if the mixed layer depth was less than Zchlmax,

then chl-a value at the MLD was propagated to the surface. This step conserved

subsurface chl-a features that occurred with riverine influence. This process was

repeated for all daytime chl-a profiles. See table 4.1 for summary.

Shipboard Chlorophyll-a

Routine in situ measurements of chl-a concentration were collected at the

ocean surface during approximately bi-weekly surveys of up to seven stations along

the NH-line (Fig. 4.1). Chl-a concentration in discrete surface water samples (chl-

aship) was determined through extracted fluorometric analysis (Arar and Collins,

1997). The approximately 2500 chl-a samples span 2002-2013 and were collected

year-round as weather permitted.

Satellite Data

Level-2 (L2) MODIS-Aqua standard chl-asat (OC3M, O’Reilly et al. (2000))

and kd490 (the diffuse attenuation coefficient at 490 nanometers) products were ac-

quired from the Ocean Biology Processing Group (http://oceancolor.gsfc.nasa.gov)

and processed to Level-3 (L3) gridded imagery at 1 km resolution for 2006-2014. L3

files remained in individual swaths, i.e. were not daily-averaged, to maintain specific

times of satellite over pass. See McKibben et al. (2012) for data masking (flagging)

criteria applied. Satellite-based FOD (in meters) was calculated using the formula:
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ZFODsat=1/kd490.

Satellite to In Situ Match-ups

L3 swath chl-asat pixels were matched within a +/− 0.5 km and +/− 3 hour

time window of each chl-aglider and chl-aship value. Chl-asat values 2 standard devi-

ations above or below the geometric mean were removed. This eliminated satellite

chl-a values on the order of 102mg L-1, a range not observed in this region via ship-

board measures of pigment concentration (e.g. Nechad et al. (2015) and chl-aship in

this study).

Seasonality

Seasonality in this region is defined by a productive spring/summer upwelling

season, with net northerly (towards the south) winds that induce movement of

water offshore through Ekman transport (Cosmic, 1987). During fall/winter a more

turbulent downwelling season is defined by strong southerly (towards the north)

wind stress and net movement of water towards the shore. Daily net northerly

and southerly wind stress was calculated from wind speed and direction data from

NOAA station NWP03 in Newport, Oregon (Fig 4.1) using the methods of Large &

Pond (1981). From these values, dates of seasonal transitions were determined by

the cumulative upwelling index (CUI), a measure of wind stress energy input into

coastal waters during upwelling season. The annual CUI is calculated by integrating

the cumulative wind stress each day from January 1st. The first day of the year

when integrated wind stress is negative (northerly) defines day one of both the CUI

and upwelling season. A shift to cumulative positive (southerly) wind stress signifies

the end of the annual CUI and day one of downwelling season. Data were obtained
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from http://damp.coas.oregonstate.edu/windstress/index.html.

Photosynthetically available radiation

A LI-COR pyranometer was used to measure global solar radiation-the combi-

nation of direct and diffuse solar radiation-in the 400 to 1100 nm range. Values were

taken every 10 minutes and expressed in watts per square meter (W m-2). The data

were multiplied by 2.15 according to Britton and Dodd (1976) to convert the global

solar radiation to surface photosynthetically active radiation (PAR, µmol m-2s-1) for

clear-sky irradiance.

4.2.3 Analyses of in situ and satellite data

Temporal and spatial coverage, seasonality:

All chl-aglider and ZFODsat values were plotted in time versus latitude space

to demonstrate the temporal and spatial coverage of the datasets; ZFODsat points

are also representative of the number of matchup instances between chlglider and

satellite overpasses. Wind stress, a measure of seasonality, was included to elucidate

seasonality in the variables.

Data Bins:

All data for regressions and probability distributions were binned according to

region (Fig. 4.1) and season. Strong currents can pull the glider from the idealized

NH-line trajectory (Fig. 4.1b). As a result, north-south bounds were set to 44.55◦N

and 44.75◦N; this range was chosen because it captures 90% of the glider dataset.

Points outside of this range were omitted. East-west bounds were determined ac-

cording to hydrography along the NH-line: nearshore (124.47◦W-124.03◦W), shelf-
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break (124.83◦W-124.47◦W), and offshore (125.2◦W-124.83◦W) regions (Fig. 4.1).

Regressions and probability distributions:

Chl-aglider was linearly regressed against chl-asat using least squares regression;

correlation coefficients, p-value, slope-intercept equation, and N values for each re-

gression were reported. Probability distributions were plotted for all 3 surface chl-a

datasets (chl-aglider, chl-aship, chlsat) to compare the dynamic ranges and biases of

the chl-a proxies. For all glider chl-a profiles, chl-atot was plotted versus chl-aglider,

with salty and fresh profiles evaluated separately. Points were colored according

to the corresponding profile’s ratio of Zchlmax:ZFOD, a proxy of the depth of the

chl-a max relative to the portion of the upper water column detected via satel-

lite. Correlation coefficients, p-value, slope-intercept equation, and N values for

each regression were reported. This was repeated for all glider chl-a profiles cate-

gorized as salty. All regressions and frequency distributions were binned by season

(upwelling/downwelling) and region (nearshore, shelf-break, offshore), with the ex-

ception of chl-asat versus chl-aship; not enough matchups were present for binning.

Instead a single regression was conducted for year round nearshore values, the region

best represented by the dataset.

Primary Productivity

A depth-resolved primary productivity model (Equation 4.3) developed by

Jacox et al. (2015) was applied to the glider dataset. This model is based on the

VGPM (Behrenfeld and Falkowski (1997b)), with vertically-generalizing factors re-

moved, and an empirical relationship between in-situ carbon fixation rates collected

in coastal California and derived in-situ PARz.
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PPz = 2.9 · chlz · dirr ·
PARz

PARz + 2.6
(4.3)

For each profile of glider chl-a, the variables needed to calculate primary pro-

ductivity at a given depth (PPz) are glider chl-a (chlz) and PAR (PARz) at that

depth, as well as the time in hours it took to complete the profile (defined as the

time of the final chl-a reading in a profile minus time of initial). For depth-resolved

PPz at depth z, chlz equals the chl-a value at that depth.

As there was no PAR sensor on the glider platform, solar irradiance values

from a nearby mooring (at hydrographic station NH-10, Fig 4.1) were converted to

surface PAR and used to derive water column PAR. Due to this constraint, only

glider profiles from the nearshore bin near the mooring were included; NH-10 is

nearly in the middle of this region. The mooring PAR value coincident in time

with the glider profile was defined as surface PAR and used to calculate PARz

for each depth bin, starting at the surface and proceeding downward according to

Equation 4.4). The diffuse attenuation coefficient, kz, at that depth (Equation 4.5)

is dependent on chltotz, the trapezoidally-integrated chl-a value from the surface to

depth z.

PARz = PARz−1 · e−k·z (4.4)

kz = 0.04 + 0.0088 · chltotz + 0.054 · chl0.67totz (4.5)

As a first order approximation of depth-averaged primary productivity to com-

pare to the vertically-resolved estimates, chlz and kz in equation 4.3 were set equal

to constant values. Chlz was set equal to mean glider chl-a from the surface to Zeu.

Kz was derived from the Beer Lambert Power Law as a function of Zeu (Table 4.1).
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Resulting PPz values for each profile were vertically-integrated using trapezoidal

integration. PPz, mooring-derived PAR, vertically-integrated PPz, chlz, ZFOD, and

Zeu for each profile were plotted together for comparison.

4.3. Results & Discussion

4.3.1 Satellite and glider data in space and time

Characterization of the spatial and temporal coverage of the chl-aglider and

ZFODsat provides an accounting of seasonal and regional trends, as well as gaps in

coverage among the datasets. Winds and chl-aglider show the seasonal relationship

between phytoplankton and the annual up- and downwelling seasons; chl-a is highest

during upwelling season in the nearshore and may extend to the offshore environment

during the peak of upwelling season (Fig. 4.2a). ZFODsat ranges from 0 to 23

meters, and is 15 meters or less 90% of the time (Fig. 4.2c). ZFODsat generally

increases with distance offshore and lower chl-a values. On average, glider coverage

is slightly greater during upwelling (62%) compared to downwelling (46%) season.

This is because rough ocean conditions due to strong winds (Fig. 4.2a) often limited

the opportunity for shipboard glider deployments during downwelling season. Also

satellite coverage is lowest during downwelling season when cloud cover is the most

persistent (McKibben et al., 2015). Annual mean spatial coverage of chl-asat is 30%

percent in the nearshore zone and declines in the offshore direction to about 15 to

20% beyond the shelf break (McKibben et al., 2015). Due to this relatively low

satellite coverage in the region and the somewhat stringent matchup criteria, just

3.9% and 2.9% of the surface glider chl-a values had coincident satellite data during

up- and down-welling seasons, respectively (Fig 4.2c).
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4.3.2 Comparison of surface chl-a proxies

Regression analysis and probability distributions of satellite and in situ chl-a

proxies describe relative differences in surface chl-a according to season and region.

Chlship is known to vary widely according to a number of factors including incident

irradiance, nutrient status, and community composition (Kruskopf and Flynn, 2005;

Roesler and Barnard, 2013) although, in the absence of other in situ metrics of chl-a

against which to compare chlsat and chlglider, it will be considered an approximation

of actual in-water chl-a in these analyses. There were 201 nearshore chlsat and chlship

matchups, with 162 and 39 during up- and downwelling seasons, respectively (Fig.

4.3). The significant fit of the nearshore chlsat and chlship values shows a bias towards

elevated chlsat at lower concentrations (below 1 mg m−3), although the datapoints

are relatively few in that range (Fig. 4.3). At higher values, the regression model is

closer to 1:1, but scatter in chlsat tends to be higher relative to chlship. Surface glider

values tended to be higher than chl-asat; scatter is greatest, and r2 values lower, in

the mid to nearshore zones (Fig. 4.4). The large bias in these observations is, at

least in part, due to the relationship between chl-asat and the scale factor used to

calibrate the chl-a fluorescence signal (Appendix A), plus biases that chlsat signal

exhibits (Fig. 4.3).

All surface chl-a proxies increased in maximum concentration and dynamic

range closer to shore. Surface chl-a is higher, and dynamic ranges are broader, during

upwelling season (Figs. 4.4 & 4.5). Chl-asat and chl-aglider are biased high, and chl-

asat exhibits a narrower dynamic range, in the offshore and shelf-break regions during

upwelling season. (Fig. 4.5 a,b). The broad dynamic ranges among the 3 different

proxies match well in the nearshore, with the exception of chl-asat values that extend
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an order of magnitude higher than other proxies. Chl-aship does not exceed 102 in

this region based on long term shipboard measurements (Fig. 4.5, Nechad et al.

(2015)), hence these values are assumed to be error in the satellite product caused

by saturated reflectance values due to nearby clouds, land, or sediment from the

Columbia River.

4.3.3 Surface chl-a and total euphotic depth integrated chl-a

The relationship between chl-atot and chl-aglider is significantly, positively cor-

related across all seasons, regimes, and in salty or fresh waters (Fig. 4.6 & 4.7).

Correlation is greatest in salty waters compared to fresh, and during downwelling

season compared to upwelling season. The fresh, upwelling season profiles have

the lowest correlation (greater scatter and lower r2) and least linear shape (Fig.

4.6a,b,c); all trend towards higher chltot due to profiles with elevated Zchlmax:Zfod

that have a chl-max that is greater than the FOD (indicated by color of points

on plot). This measure, when greater than 1, is an an approximation of profiles

with Zchlmax below Zfod, the depth detected by chl-asat. Figure 4.6a has the least

linear. The chl-atot and chl-aglider relationship these in freshwater influenced, off-

shore profiles (Fig. 4.6a) is similar to previously reported observations in vertically

stratified waters (Morel and Berthon, 1989; Uitz et al., 2006; Frolov et al., 2012).

During upwelling season the Columbia River Plume indeed causes strong vertical

stratification along the NH-line characterized by a fresh layer of riverine water that

thickens with distance from shore, and typically with elevated high features at its

base. (Sald́ıas et al., 2016). Relationships between chlglider and chltot for all salty

profiles and all downwelling, freshwater influenced profiles had the least scatter and

highest r2 values (Fig. 4.6d,e,f & 4.7). These observations are similar to previously



96

reported relationships in well-mixed waters (Uitz et al., 2006; Morel and Berthon,

1989). The original premise put forth by Morel and Berthon (1989)– that surface

is predictive of chl-atot– also holds true in the coastal upwelling to offshore region

surveyed in this study; however, the specific values likely vary. The next, and fi-

nal, step for this assessment will be comparison to the power law coefficients from

previous studies and statistical analyses of the relationships found in these waters

relative to previous results.

4.3.4 Primary productivity from glider

The initial results of glider-based PP are shown in Fig 4.8. The glider plat-

forms did not include PAR sensors, so irradiance data from a nearby mooring was

converted to PAR and attenuated from the surface down the water column under

the assumption that chl-a was the primary source of attenuation. Solar irradiance

showed expected patterns of rising and falling through the day, including random

variability due to cloud cover (Fig. 4.8a). These patterns in surface irradiance were

apparent in glider PP for both the depth-averaged (Fig. 4.8b,c) and depth-resolved

(Fig. 4.8b) models throughout the day. For depth-averaged PP, elevated PP values

often reached below the ZFOD and did not extend beyond Zeu. High chl-a values were

frequently found below the euphotic depth; it is not apparent whether this is due to

model error in determining Zeu, which can have estimated error of up to 33% (Lee

et al., 2007) populations of phytoplankton that have been mixed downward, out of

the euphotic zone. In contrast, depth-resolved PP values attenuated at a much shal-

lower depth, near ZFOD (not shown). The depth-dependent k value caused stronger

attenuation in the water column, resulting in the lower PP values for each profile

compared to the depth-averaged model (Fig. 4.8b). This first-order model will be
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further developed and applied to all glider profiles with available surface irradiance

data to validate these initial results and determine whether they apply across the

entire dataset.

Next steps: Submesoscale patterns in the horizontal (distance), sub-daily pro-

cesses in time, and biophysical variability in the water column with depth all affect

daily primary productivity, making the resolution offered by glider platforms a po-

tentially useful tool for quantifying carbon assimilation by phytoplankton. Future

development of accurate glider-based PP in this region will necessitate collection

of in situ metrics of carbon assimilation, measurements that do not exist in this

region in sufficient numbers to assess glider-based productivity, and ideally a the

glider platform would include a PAR sensor. As such, future work with this par-

ticular glider dataset will be applied as described above, as well as to assessing the

impact of averaging in space, time, and depth inherent in the standard satellite-

based VGPM model. Questions addressed will include, how does PP calculated

with singular, average metrics of daily chl-a and light compare to PP calculated

with an actual chl-a profile and chl-a dependent light field (Fig. 4.8 is an initial

example)? What are the potential impacts on daily PP measurements due to the

occurrence of subsurface chl-a maxima below zFOD and deviations in the surface

chl-a to chl-atot ratio that were observed in this study? Collectively, the first order

models presented here form a framework for future investigations of how NPP esti-

mates differ as a function of the different time/space scales inherent to glider and

satellite measurements.

A final, and not previously discussed application, will be a first approxima-

tion of winter PP. In this region nutrient inputs from coastal rivers, combined with

wind relaxation events, potentially lead to downwelling season pulses of productivity
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equivalent to 20% of upwelling season estimates (Wetz et al., 2006); however, down-

welling season brings intensified cloud cover that limits satellite coverage (McKibben

et al., 2012) and rough seas that limit in situ sampling efforts. Winter estimates of

PP will be compared relative to those seen in upwelling season.

4.3.5 Conclusions

Due to the diversity of marine ecosystems and optical properties across the

globe, regional-scale evaluation of standardized chl-asat algorithms against in situ

metrics is critical to better constraining phytoplankton abundance and distribution

by extension, the ecosystem and biogeochemical processes affected by these primary

producers. This is particularly true in relatively optically complex and produc-

tive, yet ecologically and economically sensitive, upwelling margins. In this work

measures of glider, ship, and satellite-based chl-a proxies in both the horizontal

(surface) and vertical (depth) were presented. Pigment-based extraction methods

used to quantify chl-a concentration in discrete water samples of known volume,

like those used for chl-aship, are acknowledged to vary widely with respect to phyto-

plankton carbon content (biomass). Until emerging methods that reduce the many

known sources of variability in chl-a and biomass content are further developed

and adapted for use on moorings and vertically profiling platforms, chl-a concentra-

tion remains primary metric against which other chl-a proxies are compared (e.g.

Roesler and Barnard (2013); Boss et al. (2008); Werdell and Franz (2007); Nechad

et al. (2015)), as was done in this study. Chl-asat trends towards higher values

than chl-aship, with values greater than 10−2 considered error. Surface chl-aglider is

strongly predictive of chl-atot. The relationship is weakest in freshwater influenced

profiles during upwelling season, presumably due to the influence of the Columbia
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River Plume on water column structure and constituents. The next steps for this

work include statistical evaluations of the surface to chl-atot relationships presented

here and estimation of their potential impact on satellite-based PP. In addition,

glider based PP will be expanded to investigate to what extent the high-resolution

vertical profiles afforded by gliders can impact PP calculations compared to time-

and depth-averaged models.
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Variable
Variable Name (unit), Abbrev. Units Method Descriptions

Depths:
Euphotic depth (m), glider Zeu m Morel, et al. 1989 (Table 2),  

 based on surface chl-a

Depth of chl-a maximum Zchl-a max m Depth at maximum chl-a  
value in the water column

First optical depth, Zfod sat m Zfodsat = 1/Kd490, derived 
satellite-based  from Beer Lambert power 

 law

First optical depth, Zfod m Zfod = Zeu/4.6  
glider-based (Morel, et al. 1989 )

Z-integrated chl-a:
Euphotic-depth integrated, Ctot mg m-2 Trapezoidally-integrated 
chl-a concentration glider chl-a profile from 

surface to Zeu 

Euphotic-depth integrated Ctot srf mg m-2 Ctot based on surface glider 
chl-a concentration chl-a only, Morel method

Surface proxies:
Glider surface chl-a (at 1 m) Chl-aglider mg m-3 Glider chl-a over in surface  

1-meter bin

MODIS chl-a concentration Chl-asat mg m-3 MODIS standard chl-a  
product, 1 km2 pixel

Shipboard chl-a Chl-aship mg m-3 Shipboard chl-a value
concentration

Diffuse attenuation coefficient:
Satellite-derived k Kd490 m-1 MODIS standard diffuse  

attenuation coefficient at  
490 nm product,  
1 km2 pixel

Depth, chl-a dependent k KZ m-1 Depth-dependent diffuse  
attenuation coefficient  
(Parsons 1985)

Average water column k Kavg m-1 Kavg =-log(0.01)/Zeu, 
derived from Beer Lambert  
Power Law

 
TABLE X.X: Caption here.

TABLE 4.1: Table of Parameters
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FIGURE 4.1: Area of Study

Figure 1a: Glider-satellite matchups (colored dots) along the Newport Hydrographic
(NH) line (grey, numbered circles) off the Oregon coast. Numbered circles are NH-
line stations, named according to nautical miles from the coast, where ship samples
were taken. Colors indicate bins according to hydrography: nearshore (red), shelf-
break (green), offshore (blue). Figure 1b: Study area location relative to Oregon
coast; study area (black outline) captures 9̃0% of the glider data collected. Grey
points on panel (b) indicate glider trajectory outside of study area that occurred
due to strong currents that carried the gliders away from the NH-line; these data
were omitted from the study. 200 meter isobath indicated by dashed line in both
panels. Star indicates Newport, Oregon.
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FIGURE 4.2: Temporal and spatial coverage

(A) Wind stress at Newport, Oregon. Downwelling seasons are shaded grey, up-
welling seasons are white. (B) Surface glider chlorophyll-a (chl-a) values and (C)
satellite-based first optical depth plotted in longitude (x axis) and time (y axis).
Panel C depicts the frequency in time and longitudinal space of coincident matchups
between glider and satellite data. Glider data for 2008 were not available for this
study.
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FIGURE 4.3: Satellite chl-a versus shipboard chl-a

Regression of satellite chl-a (chlsat) versus shipboard surface chl-a (chlship) year-
round for the nearshore region. Chlship samples were collected within +/- 0.5 kilo-
meters and +/- 3 hours of chlsat. Red lines indicate slope and dashed lines indicate
95% confidence interval.
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FIGURE 4.4: Glider and satellite chlorophyll-a match-ups

Comparison of 2006-2007 and 2009-2014 chlorophyll-a (chl-a) values in surface 1
meter bin of glider data (x axis) and satellite chl-a (y axis) that occurred within
+/- 0.5 kilometers and +/- 3 hours of the glider chl-a measurement. Panel rows
are upwelling (A-C) and downwelling (D-F) seasons. Panel columns are offshore (A,
D), shelf-break (B,E), and nearshore (C,F) bins as defined in figure 4.1. Red lines
indicate slope and dashed lines indicate 95% confidence interval.
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FIGURE 4.5: Probability distributions of glider, satellite, and shipboard
chlorophyll-a

Probability distributions of 2006-2007 and 2009-2014 chlorophyll-a (chl-a) values in
surface 1 meter bin of glider data (blue line), shipboard surface samples (green line),
and MODIS chl-a satellite match-ups (red line). Panel rows are matchups during
upwelling (A-C) and downwelling (D-F) seasons. Panel columns are offshore (A,
D), shelf-break (B,E), and nearshore (C,F) bins as defined in figure 4.1. Vertical
dashed line indicates zero, or chl-a values of 1. N values reported in the upper right
corner of each panel.
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FIGURE 4.6: Surface chlorophyll-a versus euphotic depth-integrated chlorophyll-a
in fresh waters

Relationship between glider surface chlorophyll-a (chl-a) and total euphotic-depth
chl-a when fresh (<=32 PSU) surface waters are present in the upper 5 meters. Only
night time data were used. Colorbar shows the depth of the chl-a max divided by the
depth of the first optical depth (FOD); yellower colors indicate a chl-a max deeper
than the FOD. Panel rows are matchups during upwelling (A-C) and downwelling
(D-F) seasons. Panel columns are offshore (A, D), shelf-break (B,E), and nearshore
(C,F) bins as defined in figure 4.1.
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FIGURE 4.7: Surface chlorophyll-a versus euphotic depth-integrated chlorophyll-a
in salty waters

Relationship between glider surface chlorophyll-a (chl-a) and total euphotic-depth
chl-a when salty (>32 PSU) surface waters are present in the upper 5 meters. Only
night time data were used. Colorbar shows the depth of the chl-a max divided by the
depth of the first optical depth (FOD); yellower colors indicate a chl-a max deeper
than the FOD. Panel rows are matchups during upwelling (A-C) and downwelling
(D-F) seasons. Panel columns are offshore (A, D), shelf-break (B,E), and nearshore
(C,F) bins as defined in figure 4.1.
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FIGURE 4.8: Glider primary productivity

(A) Modeled no-sky irradiance (black dashed line) and actual surface irradiance
measured at NH-10 (red line). (B) Log 10 normalized euphotic depth-integrated
primary productivity estimates based on vertical profiles in (C) for two methods: 1)
depth-averaged, i.e. euphotic-depth averaged chlorophyll-a (chl-a) is derived from
surface glider chl-a and a constant diffuse attenuation coefficient (k) is applied (red
line); and 2) depth-resolved, i.e. actual euphotic depth integrated chl-a and chl-
a dependent k, primary productivity (green line). (C) Depth-averaged primary
productivity. (D) Glider chl-a profiles. Black lines in C and D indicate first optical
depth (dashed) and euphotic depth (solid). All plots have a common x axis in time.
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5. CONCLUSIONS

Collectively, it was the goal of this dissertation to merge various in situ ocean

sensing technologies (via ships, surf zone sampling, moorings, gliders, and satellites)

to investigate phytoplankton bloom dynamics from event to regional and climate

scales along the Oregon coastal region. Chapters 2 and 3 investigated patterns

in, and mechanisms underlying, Oregon coastal harmful algal blooms. Chapter

4 explored patterns in the surface (horizontal) and depth (vertical) distribution

of phytoplankton based on the universal autotrophic pigment chlorophyl-a (chl-

a). Together these works contributed region-specific insights into research topics

of global significance. As coverage by autonomous platforms continues to expand,

studies of this type– those with a highly data-rich, regional bent that contribute to

globally relevant issues– are also expanding and enhancing oceanographic research

through improved constraints of biogeochemical processes and marine ecosystem

dynamics.

5.1. Harmful Algal Blooms in Oregon

Chapter 2 compiled decades of coastal shellfish monitoring observations and

thousands of discrete samples taken at sea and in the coastal intertidal zone to

present the first description of the temporal and spatial frequency of toxic HAB

events in this region. In addition, case studies based on high-resolution in-situ cov-

erage of two HAB events presented rare snapshots of the spatial extent of these

events from a shipboard perspective; both events stretched along the coastlines of



110

2-3 states. Shipboard and coastal observations were combined with high-frequency

measures of in-water (temperature) and atmospheric (wind stress) conditions and

synoptic satellite data to yield a description of harmful algal bloom (HAB) occur-

rence and associated environmental conditions. Elevated HAB activity was observed

in 2009-2010 and coincided with anomalously warm ocean conditions, specifically a

brief change in the Pacific Decadal Oscillation to a warm phase and a coincident El

Niño event. Through these analyses, key parameters came to the forefront as infor-

mative to future monitoring efforts such as wind stress, a metric for when putative

blooms may move on/off shore, particulate dissolved domoic acid in surface waters,

and the abundance of Alexandrium spp. which appear to be strongly predictive of

potential saxitoxin contamination of shellfish.

The observed association between warm ocean conditions in Chapter 2 was

quantitatively explored more in more detail in Chapter 3 by correlation of climate

indices to regional domoic acid concentrations in shellfish over a 20-year time frame.

Warm phases of the Pacific Decadal Oscillation and moderate to strong El Niño

events were found to be significant predictors of domoic acid levels in shellfish,

providing the first known evidence of a climate-scale control on this toxin. Via

analyses of copepod community composition and other plankton indices, we were

able to hypothesize that changes in ocean currents during warm phases of these

climate cycles promote movement of offshore and southern waters, and their endemic

plankton communities, into coastal zones. There they interact with sessile shellfish

and potentially enhance toxicity. A risk assessment model was developed for the

West Coast to demonstrate the practical application of these findings to forecasting

elevated levels of domoic acid in Oregon and Washington, and potentially California,

shellfish.
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Summary, next steps: Oregon, like many other coastal regions worldwide, is

negatively impacted by toxic harmful algal blooms that enter the food chain and

present a threat to public health, wildlife, and the coastal economy. Until the studies

contained herein (Chapters 2 and 3) and the other publications associated with the

5-year Monitoring Oregon Coastal Harmful Algae project (e.g. White et al. (2014);

Du et al. (2011); Tweddle et al. (2010); Du et al. (2016)), Oregon HAB events

were relatively underrepresented in the literature compared to nearby California

and Washington. Results from Chapter 2 described patterns of HAB frequency and

suggested improvements to HAB monitoring in this region. Chapter 3 provides the

first evidence of climate-scale regulation of domoic acid and initial steps towards

forecasting when domoic acid may be increased in shellfish.

Together these works build a strong foundation of data and findings for future

research efforts into causal factors behind domoic acid and saxitoxin events and also

raise many research questions applicable to this goal. Can particular patterns of

stratification, freshwater outflow, or temperature be linked to Alexandrium blooms?

Is there a linkage between dinoflaggellate cyst beds and HAB events in this region?

Future studies should also build on the forecasting applications presented in Chapter

3 to refine and test the predictive capacity of DA events in shellfish along the

West Coast. For example, do local-scale variables affect expression of the climatic

warming signal along various regions of the coastline and, by extension, occurrence

of DA events?

One particularly intriguing question raised by Chapter 3 is why are the Pseudo-

nitzschia that are associated with warm water masses more likely to be toxic? Are

the communities endemic to warm water from southern and offshore regions more

toxic prior to arrival in this region, or are they outcompeting other coastal phyto-
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plankton in low-nutrient warm waters during warm phases? These questions war-

rant continued long-term monitoring of the region and research efforts to investigate

these important questions. Further work based on these questions has the potential

to improve HAB prediction in this region, as well as others affected by these toxic

HABs.

5.2. Investigation of chl-a relationships in the vertical

Due to the diversity of marine ecosystems across the globe, efforts to mon-

itor change and model the carbon cycle cannot rely solely on global parameteri-

zations, but must also consider regional constraints, particularly in economically

and ecologically productive upwelling margins. Satellite ocean color sensors provide

unprecedented synoptic coverage relative to any other oceanographic sampling tech-

nique, but limitations include relatively coarse spatial resolution (kilometers, km)

for regional coastal applications, temporal resolution that is intermittently limited

by cloud cover, and the fact that a significant fraction of phytoplankton biomass

may be concentrated in subsurface features not captured via satellite reflectance.

Chapter 4 combined 8 years of satellite-based chl-a observations with Slocum

glider and shipboard proxies of chl-a to investigate unertainty inherent to satellite-

based measures of phytoplankton abundance. Building on the work of Morel (1988),

Uitz et al. (2006), (Frolov et al., 2012), and others we have used chl-a fluorometry

to investigate vertical and horizontal patterns of phytoplankton in terms of chl-a

in a coastal ocean regime. Chapter 4 demonstrated that the premise of predictive

relationships between surface chl-a and chl-atot, developed in the low chl-a open

ocean (Morel and Berthon, 1989), holds in a productive coastal upwelling regime,
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as found in (Frolov et al., 2012). Further, the quantitative values were found to

vary with season and hydrography with surface values being least predictive when

freshwater influence from the Columbia river plume is present during upwelling

season. Next steps include statistical assessment of the surface chl-a to chl-atot

relationships observed and how much this variability may affect satellite based PP

models. These PP models will further be to applied quantify the effects of the time

and depth averaging inherent to the satellite-based vertically-generalized VGPM

model.

Appendix A thoroughly considered best practices for bio-optical instrument

calibration and highlighted challenges faced with calibrating the Slocum glider

dataset due to instrumental limitations and regional and seasonal variability in

the data. Previously presented protocols to derive dark signal offsets for the sen-

sors, as well as correction methods for non-photochemical quenching of chl-a, were

found not applicable to this particular dataset and new ones were developed instead.

This section underscores the importance of evaluating which calibration and correc-

tion methods are most applicable to a particular dataset and routine calibration of

bio-optical sensors.

5.3. Final remarks

The advent and ongoing evolution of autonomous ocean monitoring technol-

ogy from sea and space are continually expanding our ability to monitor the ocean.

Vertically-profiling platforms yield phytoplankton abundance and physical parame-

ters beneath the waves, a realm previously only reached by relatively costly, brief vis-

its via ship; this is a transformative evolution in research technology which provides
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the sampling density of the ocean’s interior necessary to better constrain oceanic

biogeochemical processes. Applications of ocean observations from space continue

to be improved, and advanced instruments are being developed to better image the

ocean environment (e.g. PACE, GEO-CAPE). The best of two sampling worlds

has been achieved through combination of direct in situ samples by Environmental

Sample Processors (Scholin et al., 2006) and continuous environmental monitor-

ing. These robotic in-water platforms collect and analyze discrete water samples

in real time, showing promise for near real-time monitoring of HAB toxins along

the West Coast and in the Great Lakes, among other applications. Advancement is

also occurring through development of new approaches to existing datasets, such as

measuring carbon export with underwater gliders (Briggs et al., 2011). Efforts to

reduce the uncertainty in autonomously-collected chl-a measurements (Roesler and

Barnard, 2013; Slade et al., 2010) are working towards a more reliable chl-a proxy.

These, among numerous other examples, are both promising and timely given hu-

manity’s reliance on the sea and ever-growing population. Ongoing anthropogenic

global warming, and the vast uncertainty in environmental response that it brings,

add urgency to the need for continued development of ocean observing technolo-

gies that advance our understanding of oceanic processes and their response to a

changing world.
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A APPENDIX Retrospective calibration methods for 8
years of bio-optical data obtained via Slocum glider in
a hydrographically dynamic region

Bio-optical datasets collected over long periods of time (years) via autonomous

in-water platforms are becoming common in ocean waters worldwide, providing a

wealth of in situ oceanographic observations unmatched by other sampling meth-

ods. With any in-water instrumentation, careful calibration is necessary to ensure

a robust and accurate dataset. Considering the relative ubiquity of long-term de-

ployments of bio-optical sensors, there are few research documents with thorough

coverage of sensor calibration and characterization of sensor performance over long

time frames. In this work the methods developed for, and results of, retrospective

calibration of three WET Labs ECO Puck sensors mounted aboard two Slocum

gliders (named “Jane” and “Bob”) are presented.

The three WET Labs ECO Puck Triplet BB2FLSO sensors were used in rou-

tine glider surveys that followed an east-west transect line off of the central Oregon

coast from 2006 to 2014 (see Chapter 4.2.1 and Figure 4.1), reaching depths up

to 200 meters. Deployments occurred for 1-3 weeks at a time year-round, weather

permitting, and spanned hydrographically disparate regimes with strong seasonal-

ity. Each ECO Puck Triplet was equipped with chlorophyll-a (chl-a) fluorescence

(excitation 470 nm/ emission 695 nm), colored dissolved organic matter (CDOM)

fluorescence (excitation 370 nm/ emission 460 nm), and scattering (660 nm) sen-

sors. All three sensors follow a common blueprint of operation: light is emitted at

a certain wavelength, a response is induced, and the magnitude of the response is

received on a detector and recorded as photon counts. Calibration protocols apply
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two values to convert these raw signals into units of the constituent of interest: 1)

a baseline signal value, or dark signal offset, representative of the average counts

observed in the absence of the parameter of interest (necessary to “zero” the signal);

and 2) a scale factor to linearly convert the corrected signal into the desired units

following this generalized formula: Output [calibrated units] = (Raw signal [counts]

- dark offset [counts]) * scale factor [calibrated units * counts-1].

The primary goals of this work were to determine dark offset and scale factor

methods that were a best fit for this dataset and to characterize changes in the sen-

sors over the 8-year time frame. Additionally, an in-lab case study was conducted

to assess the uncertainty contributed to calibrated chl-a values by a photoprotec-

tive mechanism called nonphotochemical quenching (NPQ) on the chl-a fluorescence

signal. Results provide the correction and evaluation needed to correct the Slocum

glider dataset prior to the study conducted in Chapter 4.. Implications of these

findings to calibration of other long-term bio-optical missions are discussed as well.

A1 Baseline signal response and dark count correction

Zeroing the raw signal through subtraction of the dark offset is a necessary

first step in instrument calibration. Methods can be generalized into two categories:

the dark offset may be assessed outside of deployment (termed “in-lab” here for

simplicity) or during deployment of the glider platform (in situ). For the purposes

of this study, in-lab methods are broadly defined as those that include cleaning the

optical face, carefully applying opaque tape to the detectors to obscure entry or exit

of light, then collecting 1-2 minutes of data. The mean is the dark offset and the

standard deviation is the instrument resolution. In-lab methods differ according to:
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1) location of data collection (in a lab, on the deck of a ship, etc), 2) whether or not

the instrument is powered by the same source used during deployments (in this case

the batteries that power the glider platform) and 3) whether or not the instrument

is immersed in water.

The dark offset may also be determined using in situ methods, which extract a

dark offset value, unique to each deployment, from the raw data to individually dark-

correct all data points in the deployment. How the offset is defined separates the

methods. Identification of a clear water offset (CWO) location for each deployment

is one method; the CWO may be defined as the “clearest” average signal obtained at

a pre-determined deep water depth and location (Perry et al., 2008). This requires a

region that is consistently visited by successive deployments that is reliably lacking

the constituents of interest.

All available measures of the dark offset were compared for the 8-year time

frame, and the best method to dark-correct this dataset selected. Three in-lab dark

signal offset methods were assessed: factory (in water, removed from glider with

external power source) and with the instruments mounted in and powered by the

glider as described in Cetnic et al. 2009). For in-situ methods, we assessed whether

a CWO region was reliably present over time in our region of study and ultimately

developed a “deployment minimum” correction to dark-correct our data (described

below).

A1.1 Methods: Evaluation of four metrics of baseline signal

Clear water offset: Whether or a CWO assumption could be applied in the

area of study was assessed, i.e. whether a reliably clear region (or regions) existed in
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depth and latitude/longitude space for all deployments. Due to north-south variabil-

ity in bathymetry and glider path (Fig. 4.1), only data from 44.55 to 44.75◦N were

considered for this analysis (section 4.2.1) for consistency. For each deployment, the

“reduced” dataset (described below) was used to create probability distributions as

follows: a range, in counts, where the lowest signals in each deployment dataset

could be found was defined. This range began at the reduced dataset minimum

and ended at that minimum plus the factory-derived instrument resolution for each

sensor (∼1 count) multiplied by 3 (total range spanned approximately ∼3 counts).

Next, 100 values within that range were randomly selected and the depths and lon-

gitudes of these points were used to create the probability distributions. This was

done for each deployment to determine where clear water regions were statistically

most likely to occur for each sensor.

In-lab darks: Dark offsets performed by WET Labs were determined with

the ECO Pucks outside of the glider platform, submerged in water, and powered

by an external source. Offsets were also determined with the ECO Pucks mounted

inside, and powered by, the glider as described in Cetinic et al. 2009, which in-

cludes lowering the glider onto a custom chamber of water designed to submerge

the sensors while still mounted on the glider (Fig. 0.6). “On deck” dark counts were

conducted out of water on the deck of a research vessel. For all methods, dark tape

covered the sensors and the mean and standard deviation of 2 minutes of data were

recorded as the dark offset and instrument resolution, respectively.

Deployment baseline signal: To determine the baseline signal, or dark

offset, for each deployment, the filtered, raw dataset was reduced to exclude data
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points that had the greatest likelihood of instrument or light-induced noise (e.g.

power fluctuations during top/bottom of dives, light at or near the surface being

detected by the optics due to wave focusing or extreme pitch or roll of the glider,

etc.). Data points meeting the following criteria were omitted: daytime values (4am-

10pm local), pitch angles indicative of the top or bottom of a dive (pitch ¿=-0.5 or

¡=0.5 and pitch between -0.3 and 0.3), and depth values less than 10 meters. For

each deployment, the minimum of this reduced version of the deployment dataset

was defined as the baseline signal for correction.

A2 Dynamic signal response and scale factor conversions

The dynamic signal can be defined as a sensor’s response to a constituent of

interest. Scale factors are derived through linear regression of this signal (after dark

correction) against a standard solution at varying concentrations. The slope relat-

ing the counts to the constituent concentration is the scale factor. These values are

provided by the factory, or can be determined by the user. Discussion of which scale

factor methods were used is included in the results below, and the potential effects

of age, changes in calebration method, and nonphotochemical quenching activity of

a phytoplankton community on scale factors discussed.

A2.1 Methods

Changes over time: The dynamic response of the optical sensors can change

over long periods of time (years) due to the cumulative effects of the aging of compo-

nents (e.g., decreased LED output, yellowing epoxy on the optical face, or scratches

that reduce the signal return, etc.), among other possibilities. All scale factors de-
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termined during factory servising were compiled from the period of 2004 through

2012, and derived against consistent standards, providing a metric of change in the

instruments’ dynamic range over time.

In-lab nonphotochemical quenching effects on the scattering to chl-

a fluorescence relationship: In-lab dilution experiments were conducted to in-

vestigate how much variability in the scattering to chl-a fluorescence ratio may be

caused by NPQ (described below and in chapter 1.2.1). Dark-corrected scattering

and chl-a fluorescence counts were recorded during two dilution experiments: one

with a light-adapted, and the other with a dark-adapted, phytoplankton monocul-

ture of Thalassiosira weissflogii. Dilution series were conducted using a custom

calibration chamber as described in Cetinic et al. 2009. Two minutes of data were

collected for each dilution step to determine a mean value and standard deviation.

A3 Results and discussion

The power source utilized, whether the unit was immersed in water or not,

changes in the glider platform or ECO Pucks over time (due to aging, upgrades,

etc.), electromagnetic interference, and temperature or pressure at the time of data

collection all potentially affect the dark offset value, introducing uncertainty into

the final measurements (Boss et al., 2008; Cetinić et al., 2009; Twardowski et al.,

2007; Cullen and Davis, 2003; Sullivan et al., 2012). Based on this, all available

dark signal offsets were compared.

Routine monitoring of dark offsets during surveys that span years at a time is

ideal to detect unexpected changes which may occur due to changes in the sensors
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themselves or instrumentation and power configuration differences in the platform

that they are integrated with (Twardowski et al., 2007; Cetinić et al., 2009). For for

this retrospective study, there were relatively few “in-lab” offsets compared to the

very long dataset, so on situ methods were also explored as options to dark-correct

each deployment and assess instrument changes over time.

Baseline response: Seasonal patterns were similar for each sensor, but dis-

tributions of most statistically likely clear-water locations showed distinct differences

among sensors (Fig. 0.1). The clearest waters viewed by the CDOM fluorometer

were typically in the surface bins at nearly all latitudinal bins; at depth and more

offshore for chl-a fluorescence; and at midwater or depth and offshore for scattering.

Collectively, the clear water offset (CWO) assumption was found to not apply to

this region. While each sensor had locations in latitude and depth space that stood

out as statistically more likely to have near-zero values (Fig. 0.1), there was no

location guaranteed to provide a quality baseline offset all of the time for any of the

sensors.

After this assessment, and because the available in-lab dark offsets were too

limited in time to apply for correction purposes (Fig. 0.2 and 0.3), a “deployment

minimum” method was developed to correct all three sensors. Essentially, the dark

offset is the minimum of the raw signal after it has been filtered for instrument noise

(section 4.2.2). This process is done for each deployment. Plots of these minima

over time, along with all other available baseline metrics (Figs. 0.2 & 0.3) revealed

unexpected changes in the offsets over time that were not captured by the other

baseline metrics (Fig. 0.1), hence, they provided the best dark correction value.

The pattern of change among the three ECO Puck Triplets for both glider Bob and

Jane platforms were qualitatively similar, even in spite of a complete sensor rebuild
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of glider Bob’s ECO Puck in 2010. Differences across deployments can presumably

be attributed to changes in the instrumentation, specifically the ground state and

impedance of the instrument, and the environment; an example is if “clear” waters

were not encountered by a deployment. This occurred during very short, less than

5-day, deployments that remained primarily in the nearshore zone. The large peak

in dark offset values observed in glider Jane’s scattering meter in 2011 (Fig. 0.2)

is an example of one such transect. Peaks in the dark signal offsets are apparent

for the other sensors, although they are smaller in magnitude. Both gliders were

overhauled in 2010, coincident with marked shifts in the offsets and to more stable

values for the following 1-3 years, depending on the sensor.

Observed changes in dynamic response over time: Factory-derived scale

factors for “Jane” and “Bob” ECO Puck sensors show changes in dynamic response

(Figure 0.4 a,c,e), which includes changes due to calibration methods, hardware,

and presumably instrument age. Glider Bob’s ECO Puck was rebuilt in 2010, effec-

tively becoming a third ECO Puck this dataset. In September 2010 and July 2011,

WET Labs’ calibration protocol changed for the CDOM and chl-a fluorometers,

respectively. Only glider Jane’s scattering meter had two consecutive scale factors

with consistency in hardware and calibration; the trend of 10% per year for the

Jane’s scattering scale factors is comparable to previously noted values (Sullivan

et al., 2012) attributed to aging of the sensor. Figure 0.4b,d,f shows how changes

in the scale factors over time translate to changes in the values of the calibrated

constituent of interest. For example, a greater than two-fold increase in the scale

factor (Figure 0.4c), and subsequently the volume scattering function (Figure 0.4d),

for the Jane scattering meter in 2012 compared to 2004.
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Calibration method determination: For all three bio-optical sensors, the de-

ployment minimum method was deemed to be the ideal dark offset method since

the others do not correct for the large changes in the baseline signals over time.

Factory-provided scale factors were used to convert the dark-corrected signal to the

units of interest. This is because factory recommendations do not indicate a need

for calibrating the CDOM or scattering meters against in situ samples. Factory in-

structions do, however, suggest calibrating the chl-a fluorometer against coincident

in situ samples or in-lab phytoplankton communities that are considered repre-

sentative of the region surveyed. This was not possible for two reasons: 1) this

was a retrospective calibration effort and no in situ data were collected coincident

with glider deployments, and 2) the region these gliders observe spans a dynamic

nearshore coastal zone to a lower chlorophyll open-ocean regime with strong sea-

sonal variability and broad differences in community composition that, collectively,

would prove difficult to adequately characterize with grab samples.

Nonphotochemical quenching experiment: Physiological variability is a well-

known confounding factor in the assumed linear relationship between chl-a fluo-

rescence and chl-a concentration. An in-lab dilution experiment was conducted to

determine to what extent NPQ by light-adapted phytoplankton may affect the flu-

orescence signal. The slope of the scattering to chl-a fluorescence plot was 0.89 for

the dark-adapted culture and two times greater, 1.67, for the light-adapted culture

(Figure 0.5); this indicates that NPQ in similar phytoplankton communities and

light environments could reduce chl-a fluorescence signal by up to 1/2.
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A4 Conclusions

In this work calibration and correction methods, as well as instrumental change

over time, were assessed for bio-optical sensors deployed aboard two Slocum glider

platforms which surveyed a consistent region offshore of the central Oregon coast

for 8 years. Calibration methods in the literature were surveyed and considered or

tested with this dataset. “Best fit” methods were applied (e.g., factory scale factor)

or new methods developed (e.g., deployment minimum) when previously-described

protocols were found not applicable.

An unexpected pattern of change was observed in the dark offsets over time

and was likely due primarily to changes in the glider platform over time. Significant

change was also found in the sensor scale factors over time, although for both the

chl-a and CDOM fluorometers it was impossible to determine to what extent in-

strument age or differing sensor calibration methods could be responsible for those

differences. Collectively, these changes over time underscore the importance of rou-

tine, consistent assessments of scale factors and dark offsets for the lifetime of a

sensor. Through the considerations described in this work, the originally planned

calibration methods ended up being different than those ultimately applied. The

bio-optical dataset is more accurately calibrated as a result of this exercise.

The most broadly-applicable results of this work is that routine calibration

of bio-optical sensors–using consistent methods over time–is key to robust datasets;

however there is no ”one-size fits all” selection of calibration protocols that will ap-

ply to all long-term deployments of bio-optical sensors. Calibration methods should

be based on careful consideration of 1) region of interest and its inherent variabil-

ity (hydrographic, seasonal, biological) and how that variability may impact sensor



148

performance; 2) availability of coincident in-water or in-lab datasets for calibration;

3) planned application of the dataset; 4) change in sensor performance over time;

and 5) assumptions made in calibration methods, such as the assumed linear rela-

tionship between chl-a fluorescence and concentration inherent in chl-a fluorometer

calibration.
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FIGURES

Depths of Chl-a Fluorometer Minima (m)Depths of Scattering Minima (m)
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FIGURE 0.1: Probability distribution of lowest values in deployment

Does the ”clear water assumption” hold in this region, i.e., does a consistent depth
and offshore location reliably capture an accurate baseline signal? Probability distri-
butions for a clear water location in longitude (top panels) and depth (lower panels)
space for A) scattering, B) chlorophyll-a fluorescence, and C) CDOM fluorescence.
Blue and red indicate up- and down-welling seasons.
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A)

B)

C)

FIGURE 0.2: Trends in dark signal offsets for glider Jane over time

How do all available baseline signal metrics for glider Jane compare over time?
Dark signal offsets for A,C) chl-a fluorometer, B,D) scattering, and E,F) CDOM
fluorometer ECO Puck sensors aboard glider Jane over time. Dark offsets were
calculated using each deployment minimum (blue solid line), factory (blue dashed
line), and in-lab (black x symbols) methods. Note differences in y axes. Data for
2008 were unavailable for this study. Glider Jane was lost at sea in late 2013; no
data available for 2014.
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FIGURE 0.3: Trends in dark signal offsets for glider Bob over time

How do all available baseline signal metrics for glider Jane compare over time? Dark
signal offsets for A) chl-a fluorometer, B) scattering, and C) CDOM fluorometer
ECO Puck sensors aboard glider Bob over time. Glider Bob’s ECO Puck was
rebuilt in 2010 and was considered a new instrument, hence lines are not connected
between the points in early 2010. Dark offsets were calculated using each deployment
minimum (red solid line), factory (red dashed line), and in-lab (black x symbols)
methods. Note differences in y axes. Data for 2008 were unavailable for this study.
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FIGURE 0.4: Changes in dynamic response over time

How did sensor baseline response change over time? Panels A, C, E show factory-
derived scale factors for Jane (blue) and Bob (red) ECO Puck sensors. Glider Bob’s
ECO Puck was rebuilt in 2010 and was considered a new instrument, hence lines
are not connected between the 2004 and 2010 data points (A,C,E). All scale factor
values after 2004 are affected by method changes, except for scattering, see results
section for details. Panels B, D, F show how changes in the scale factors translate
to changes in values of the constituent of interest.
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FIGURE 0.5: Chlorophyll-a to scattering ratio for light and dark-adapted phyto-
plankton

How much might nonphotochemical quenching affect the scattering to chl-a ratio?
Dark-corrected scattering counts (y axis) versus dark correccted chlorophyll-a flu-
orescence counts (x axis) during dilution experiments with light- (green line) and
dark-adapted (blue line) phytoplankton monocultures of Thalassiosira weissflogii.
The slope for the light-adapted culture was twice the slope for the dark-adapted
culture.
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FIGURE 0.6: Setup for in-lab glider experiments

How much might nonphotochemical quenching affect the scattering to chl-a ratio?
Experimental setup for in-lab experiments to quantify the effects of nonphotochem-
ical quenching on the chl-a scale factor. Glider is placed on a custom-made dark
chamber to submerge the optical instruments in a controlled parcel of water. Phy-
toplankton dilutions were conducted as described in (Cetinić et al., 2009), methods
in Appendix A, and Fig. 0.5.




