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ABSTRACT

Occurrence and Distribution of Dinophysis spp. in Budd inlet, Washington during a
seasonal cycle from Winter to Fall of 2019: Possible Causative Environmental Factors

Naomi Estrada-Packer

Harmful algal blooms (HABS) are a major environmental problem. This study focused on
Dinophysis, a HAB genus of marine dinoflagellates capable of producing phycotoxins
responsible for diarrhetic shellfish poisoning (DSP) events. During a 10-month period
(Jan-Oct 2019), I monitored phytoplankton species composition and biomass, and
determined cell densities of various Dinophysis species (D. norvegica, D. acuminata, D.
fortii, D. rotundata, D. parva, and D. odiosa) at 2 stations with different oceanographic
conditions in Budd Inlet, one at the head and other at the mouth of the estuary. A
sampling method was developed to detect Dinophysis at low cell concentrations (> 2
cells/L). Samples were collected weekly (spring to summer) to monthly (fall and winter).
To determine the environmental factors explaining Dinophysis abundance, water quality
and physicochemical parameters were measured and data on meteorological conditions
were examined. In addition, DSP toxin data from Washington Department of Health was
obtained to determine if DSP toxin levels coincided with Dinophysis abundance. There
were significant changes in phytoplankton species composition over space and time.
Diatoms dominated in winter and dinoflagellates dominated in spring /summer.
Dinoflagellates were more abundant at the head of the estuary and diatoms at the mouth.
Dinophysis species were found in all but one sampling time with D. norvegica being the
most common species. The largest D. norvegica abundance occurred at both stations
during summer reaching densities of 23,857 cells/L at the estuary head and 3,590 cells/L
at the mouth. While the cell densities at the head were greater than the mouth, blooms
coincided over time suggesting widespread meteorological conditions may explain the
timing of blooms with local differences in stratification and nutrients determining
abundance. Chemical and physical parameters at both stations were significantly different
(p<0.05). At the head of the estuary, river discharge, surface water temperature, nitrate
and phosphate and nutrient ratios were strongly related to Dinophysis abundance
suggesting that Dinophysis benefits from stratified conditions and proximity to the river
nutrient source. DSP toxin levels were not significantly related to Dinophysis abundance.
Toxicity of Dinophysis may be species-specific where individual species could be more
toxic than others. The dominance of D. norvegica, a species with relatively low toxicity
may explain this apparent discrepancy.
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CHAPTER 1: INTRODUCTION

1.1: What are HABs?

Harmful Algal Blooms (HAB) are a global phenomenon impacting most marine
ecosystems particularly in coastal and estuarine regions (Lelong et al., 2012). High-
density blooms of phytoplankton—microscopic algae—yproduce biotoxins, also known as
phycotoxins, affecting aquatic life and ecosystems along with human health (Anderson et
al., 2012). There is a general scientific consensus that the number of toxic blooms,
resulting economic losses of shellfish industries, disruption of subsistence practices, and
the number of toxins and toxic species reported have all increased over the last few
decades (2012). In Washington, HAB’s have only been recently detected along the coast
and within Puget Sound. The quality of marine waters has become a particularly
important issue due to a large populace using aquatic resources involving shellfish
industries and tribal subsistence. There are various state and government organizations
extending great effort toward studying HABs. These agencies include: SoundToxins—
National Ocean and Atmospheric Administration (NOAA), Washington Department of
Health (WDOH), Olympic Region Harmful Algal Blooms (ORHAB), and Puget Sound
Marine Monitoring.

1.2: Significance

HABs toxins are concentrated by bivalves (e.g. blue mussels and other shellfish),
which filter feeders consume the toxic phytoplankton. Humans are affected by the toxins
when they consume the contaminated shellfish. Exposure to toxins over the USDA action
levels can cause health illnesses related to Diarrheic Shellfish Poisoning (DSP), Amnesic

Shellfish Poisoning (ASP), Paralytic Shellfish Poisoning (PSP), and Neurotoxin Shellfish



Poisoning (NSP) (Grattan et al. 2016). Most HAB related illnesses have similar
symptoms to gastrointestinal and neurological problems (Grattan et al., 2016). The
impacts of HABs not only affect humans but can also affect wildlife that consume
contaminated phytoplankton or shellfish causing similar yet more severe illness which
can lead to death (Anderson, Cembella, & Hallegraeff, 2012).
1.3: Humans as Cause and Victims of HABs

HAB occurrence is associated with a complex set of physical, chemical,
biological, hydrological, and meteorological conditions making it difficult to determine
the causative factors. However, severe HAB events in coastal and estuarine areas have
been related to anthropogenic activities (Lelong et al., 2012; Lehmann & Gobler, 2015).
Extensive HAB research has been conducted over the past decades, and several
anthropogenic mechanisms stimulating toxic bloom events have been identified. These
include: 1) natural dispersal of species by currents and storms; 2) dispersal through
human activities (such as ballast water discharge and shellfish translocation); 3) increased
aquaculture operations in coastal waters; 4) increased anthropogenic eutrophication and
climate change (Anderson et al., 2012; Lelong et al., 2012). HABs pose a major threat to
human health. Therefore, it is essential to predict the occurrence of toxic blooms, their
toxin production, and toxicity per cell in order to effectively continue to develop
proactive management of coastal resources and minimize humans and public health risks
(Anderson et al., 2012).

Anthropogenic inputs of excess nutrients of nitrogen, phosphorous, and
ammonium have all been determined to alter the nutrient ratios leading to negatively

affecting phytoplankton species composition and facilitating the onset and development



of toxic blooms (Davidson et al., 2016; Flynn, 2010; Pan, Bates, & Cembella, 1998). Due
to the scarcity of particular nutrients (i.e. silica) and nutrient loading of nitrogen and
phosphorous, phytoplankton have evolved to adapt to their surrounding waters. With
these anthropogenic environmental pressures, as phytoplankton—both dinoflagellates and
diatoms—evolved they have developed adaptations to outcompete other species for
nutrients and defenses against other phytoplankton predators and grazers (Rossini, 2016).
The production of toxins are an example of an adaptation technique to aid in survival of
waters with low water quality and an imbalance of nutrient availability (2016). Toxins
can aid in nutrient and prey acquisition by mixotrophic and autotrophic species of
phytoplankton, and also deter predation from other phytoplankton, zooplankton, bivalves,
and small fish (Smayda, 1997).
1.4: Concerns of Dinophysis in Washington State

Four HAB species have been reported in Puget Sound, Washington for more than
a century, including Dinophysis spp., Pseudo-nitzschia spp., Alexandrium catenella and
Heterosigma akashiwo, although Dinophysis bloom events have more recently been
found (Trainer et al. 2013). The first shellfish closure due to high concentrations of
Diarrheic shellfish toxins, including okadaic acid and dinophysistoxins, occurred in the
Puget Sound in 2011 (Trainer et al. 2013). Due to the increasing frequency of blooms in
the Puget Sound, especially Budd Inlet in South Sound near Olympia, concerns have
been raised about issues regarding the state of water quality and health of marine
organisms within the Puget Sound. Therefore, research scientists and state agencies are

taking great measures to monitor Dinophysis blooms on a frequent basis.



1.5: Local Research Efforts

Due to the potential threats to human and marine organismal health, research
organizations (those mentioned above) are routinely monitoring marine waters
throughout Washington. SoundToxins is a citizen-science monitoring program, managed
by Sea Grant—NOAA located in Puget Sound, WA. SoundToxins plays an integral role in
educating local tribal harvesters, commercial shellfish and fish farmers, and other
partnering state agencies about HABs and the importance of monitoring. SoundToxins
provides a cost-effective, enhanced monitoring program, and emergency response to
notify the possible onset and occurrences of HABs. The local community stakeholders
assist in the decision-making process, thereby enabling the proper harvest the seafood by
ultimately reducing the overall negative impacts to the economy sustained by fisheries in
the Puget Sound, human health, and marine organismal health (SoundToxins, 2018).

WDOH also plays a primary role in minimizing risk and exposure to DSP toxins
caused by Dinophysis spp. occurring throughout the Puget Sound. Sentinel mussels are
continuously monitored by WDOH and sampled for DSP toxins at several sites within
Puget Sound, including Budd Inlet. Collections of mussel tissue are sampled weekly to
bi-weekly for DSP toxins, including okadaic acid, dinophysistoxin-1, and
dinophysistoxin-2. The tissue samples are measured using a Liquid Chromatography-
Mass Spectrometry (LC-MS) to analyze the concentrations of toxins to detect if the levels
are above the regulatory limit for the public—each toxin has its own regulatory limit
dependent on how fast or slow the toxin is metabolized by the human body. For DSP
toxins, the regulatory limit for safe consumption is 16 micrograms per 100 grams

(Trainer et al. 2013; FDA, 2011).



1.6: My Research Efforts and Contribution

Furthermore, to address the current need for information on the factors that
explain the recurrence and growth of Dinophysis species in Budd Inlet, South Puget
Sound, I decided to pursue a thesis project to understand the environmental conditions
that contribute to Dinophysis blooms, production of Diarrheic Shellfish toxins (DST), and
toxicity profiles and DST levels in mussel tissue. This thesis is contributing to the limited
knowledge of Dinophysis blooms dynamics in relation to environmental conditions at
two locations in Puget Sound with previous Dinophysis presence.
1.7: Research Obijectives: Question-Hypothesis-Approach

My two research questions are:

1) What is the spatiotemporal distribution of Dinophysis between the estuary head

(near Deschutes River) and the mouth (near south sound basin) over the seasonal

cycle from winter to fall of 2019 in Budd Inlet?

2) What factors control the abundance of Dinophysis in Budd Inlet, South Puget

Sound, Washington?

| hypothesize the estuary head is environmentally different than the mouth. The
factors of primary activity (biomass), river discharge, stratification, surface water
temperatures, and nutrients (ammonium, nitrate, phosphate) will be the main contributors
to changing environmental conditions between the two stations. These differences may
showcase the particular environmental variables influencing Dinophysis activity in Budd
Inlet.

Several physicochemical factors control Dinophysis abundance during the

seasonal period shifting from spring to summer. These factors include: the rise in surface



water temperatures, an increase in radiation, the limitation of nutrients of phosphorous,
an excess of nitrogen, and an increase in ammonium levels. The Deschutes River
discharge and anthropogenic nutrient inputs of nitrogen and phosphorous from local
wastewater treatments plants and land runoff can greatly influence the composition of
nutrients over the seasonal cycle. Due to the nutrient loading of nitrogen, phosphorous
becomes the limiting factor of dinoflagellates growth during the summer months,
especially when concerning Dinophysis. The alterations of the Redfield ratios of
DSI:DIN and DIN:DIP can shift to support the cellular growth of diatoms during winter
to spring and dinoflagellates from summer to fall. Nutrient ratios are critical to cellular
growth and nutrient uptake, while water quality parameters of low salinity and high
surface water temperatures can also be significant factors positively influencing total
Dinophysis abundance.

To answer this question, this study will investigate phytoplankton species
composition and the dynamics between Dinophysis abundance, environmental conditions,
and toxin profiles (found in mussel tissue) over a 10-month monitoring period (winter to
fall) at two locations within Budd Inlet, Puget Sound—one station at the estuary head
(North Point Landing (NPL)) and the second station at the estuary mouth (Boston Harbor
Marina (BHM)). These sites were chosen because Budd Inlet has been known to have the
highest concentrations of DSP levels recorded in Washington State. In 2016, the DSP
toxin levels were recorded at 250 ug/100g of DSP toxins in blue mussel tissue
(unpublished data, WDOH, Jerry Borchert).

To date, Dinophysis species found in the Puget Sound include: D. acuminata, D.

fortii, D. norvegica, D. acuta, and D. caudata (Trainer et al., 2013). However, their



relative toxicities differ per cell for each species; D. fortii and D. acuminata are two
species that have been known to cause an increase in the levels of okadaic acid and
dinophysistoxins (Trainer et al. 2013). Therefore, this study will identify Dinophysis to
the species level. This will further provide baseline data on the interactions between
Dinophysis presence and particular environmental parameters that potentially influence
intensity, frequency, and toxicity of blooms in the Puget Sound.

Environmental parameters such as air temperature, rainfall, radiation, and wind
patterns will be recorded to understand the seasonality of blooms in relation to associated
environmental parameters. Biologically important water quality parameters such as
surface water temperatures, salinity (stratification), dissolved oxygen, biomass
(chlorophyli-a), and nutrient concentrations of ammonium, phosphorus, nitrogen, and
silica will be measured, along with calculation of nutrient ratios between DIN:DSI:DIP.
The nutrient ratios were computed to determine the changes in nutrient composition.
Variations of these ratios from the Redfield ratios can provide clues on when specific
nutrients are limiting for growth.

| will be analyzing the environmental data to understand if there are qualitative
and statistically significant relationships between Dinophysis abundance and all other
physicochemical, water quality parameter, and DSP toxin levels. Data analysis will be
conducted using time series, regression analysis, and independent t-test analysis to
identify potential environmental mechanisms influencing the spatiotemporal distribution
of Dinophysis species in Budd Inlet, and further understand Dinophysis dynamics to

detect future threats of DSP events in estuarine ecosystems.



CHAPTER 2: LITERATURE REVIEW
2.1: Overview of Biology & Ecology of the genus Dinophysis

The majority of harmful algal blooms (HABSs) are caused by toxin-
producing dinoflagellates that can be phototrophic, heterotrophic, and
mixotrophic, even though historically HAB species have been thought to be
strictly phototrophs (Anderson et al., 2012). The genus, Dinophysis (“Dino”
meaning “terrible” and “physis” mean “nature”), is characterized as an armored,
mixotrophic, toxin producing dinoflagellate. Dinophysis is a cosmopolitan genus
of dinoflagellates comprised of over 120 taxonomically identified species
(Reguera et al. 2012, 2014; Simoes et al. 2015). Certain species of the Dinophysis
genus have been recently discovered to produce intoxicating phycotoxins known
to have adverse effects on humans and wildlife. To date, only 12 species of
Dinophysis have been identified to synthesize harmful, lipophilic toxins called
okadaic acid (OA) and its congeners of Dinophysistoxin-1 (DTX-1) and
Dinophysistoxin-2 (DTX-2), collectively known as Diarrhetic Shellfish Poisoning

Toxins (DSTs) (Reguera et al., 2014; FAO, 2004) (Figure 1).



Name R1 R2 R3 R4 C-19* C-34*

Okadaic acid (OA) CH, H H H S S
Dinophysistoxin-1 DTX1 CH, CH, H H S R
Dinophysistoxin-2 DTX2 H H CH, H S R

* Relative stereochemistry. OA, X = H; Methyl okadaate, X = CH,; OA diol esters, X = C, to C, unsatured diols

Figure 1: Chemical structures of okadaic acid and its congeners of
dinophysistoxin-1 and dinophysistoxin-2 (DTX-1 and DTX-2) (Reguera et al.,
2014).

The toxic species of Dinophysis, include: D. fortii, D. acuminata, D.
norvegica, D. acuta, D. parva, D. caudata, D. infundbulium, D. miles, D.
sacculus, D.ovum, D. tripos, D. rotundata, and D. mitra (Reguera et al., 2014).
Only seven (D. acuminata, D. acuta, D. fortii, D. ovum, D. caudata, D. miles, and
D. sacculus) of these species have been associated with DSP outbreaks worldwide
(Reguera et al., 2012).

Dinophysis (Dinophysaceae) has been identified as the primary organism
to induce harmful algal outbreaks known as Diarrhetic Shellfish Poisoning (DSP)
events (Anderson et al., 2012; Reguera et al., 2012). Although OA, DTX-1, and
DTX-2 are the main contributors to DSP events, Dinophysis species can also co-
produce pectenotoxins (PTXs), known to be strictly regulated by the European
Union due to its reported intraperitoneal hepatotoxic effects on mice (Terao et al.,
1986; Reguera et al., 2012). However, PTXs have not been known to cause issues

in other regions of the world, except for Europe where their toxicity has been up



for debate (Reguera & Blanco, 2019). These okadates (OA, DTXs, and PTXs) are
secondary metabolites which are highly stable polyether compounds. Okadates
produced by toxic species of Dinophysis have recently presented increasingly
adverse effects on human health, a condition known as DSP.

Several studies have demonstrated DSTs are biological active compounds
that can promote the onset of various health disorders (Trainer et al., 2013;
Reguera et al., 2014). When DSTs are ingested by humans, various symptoms of
gastrointestinal illness can occur, such as nausea, diarrhea, vomiting, headache,
fever, and severe abdominal pain, with the onset of symptoms occurring within 30
minutes and reducing within a few days (FDA, 2011; Trainer et al. 2013). OA and
dinophysistoxins (DTX-1 and DTX-2) can inhibit protein phosphatases in
mammalian cells by its ability to bind to the receptor site (Cohen et al., 1990).
When consumption of high toxin levels happens, gastrointestinal symptoms occur
due to OA and DTXs triggering increase of phosphorylated proteins, theeby
resulting in hyperphosphorylation of the ion channels in the cells (Cohen et al.,
1990; Cordier et al., 2000; FDA, 2011; Uberhart et al., 2013). Although
gastrointestinal illnesses are most characteristic symptoms of intoxification, OA
and its analogues have been identified to emit tumor-promoting, mutagenic, and
immosuppressive effects, as shown in studies investigating toxicity on mice
(Fujiki & Suganuma, 1999; FAO, 2004. Furthermore, other studies have reported
that chronic exposure to DSTs, specifically OA and DTX-1, promotes
gastrointestinal cancers in humans (Van Egmond et al., 1993; Draisci et al., 1996;

Cordier et al., 2000; Manerio et al., 2008).
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2.2: Diarrhetic Shellfish Poisoning

Emergence of DSP occurrences associated with Dinophysis spp. have
increased in frequency and duration on a global scale, progressively posing
various consequences to marine ecosystems, public health, and economic losses to
local shellfish industries (Anderson et al., 2012; Reguera et al., 2012). Due to the
public health consequences, DSTs have been globally recognized and regulated
for the majority of coastal waters with recurring DSP events, however, the United
States does not regulate monitoring for DSTs nationwide. DSTs have been
routinely monitored in Europe and has a regulatory limit of 160 micrograms per
kilograms of DSTs (EC, 2004). Although the United States does regularly
monitor for DSTs, the U.S. Food and Drug Administration (FDA) established a
standard that all commercial shellfish products are “unsafe” when containing
more than 160 micrograms per kilograms of DSTs equivalents (includes the
combination of OA, DTX-1, DTX-2 and esterified constituents of OA, DTX-1
and DTX-2). Contaminated shellfish products that do not meet the regulatory
threshold are highly recommended to be removed immediately and to not be sold
on the public market (Miles et al., 2004; FDA, 2011; Reguera et al., 2012).

Once the DSTs are produced by Dinophysis and toxins can accumulate
intracellularly. The toxins are transferred up the food chain via grazing whereby
the toxin are consumed by secondary consumers, such as shellfish and other
planktivorous fish, that can highly concentrate the toxins over a period of time.
Once the bioaccumulation occurs, the affected secondary consumers are ingested

by higher trophic levels (e.g. marine mammals and humans), causing illnesses
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recognized as Diarrhetic Shellfish Poisoning (DSP). Most cases of DSP in
humans are caused by the consumption of toxin-laden and contaminated shellfish.
On small scale outbreaks, mussels are usually the culprit; however, other marine
organisms, such as Brown Crabs, have been connected to large scale outbreaks of
DSP (Reguera et al., 2014; Torgensen set al., 2005).

2.2.1: History and Global Distribution of DSP Events

The first clinical report to be associated with gastrointestinal symptoms
occurred in the Netherlands in 1961 after the consumption of commercially
harvested mussels, yet there was no causative agent found correlated with this
event (Korringa & Roskam, 1961). The second reported outbreak occurred along
the Chilean coast in 1970 where 100 people suffered major gastrointestinal
illnesses, yet it did not receive international public recognition until 1991
(Lembeye et al., 1993). More severe outbreaks were reported in Northern Japan
during 1976 and 1977, where DSP was officially and publicly known to have a
causative agent of Dinophysis species.

Before Dinophysis finally was recognized as responsible for DSP events,
Prorocentrum species were associated with the major outbreaks occurring during
the 1960s and 1970s because of their high cell abundance relative to other
dinoflagellate densities recorded. Dinophysis acuminata was recorded with
Prorocentrum; however, the investigators did not correlate the low cellular counts
with the DSP event. There have been various misdiagnoses reported in primary

literature correlating Prorocentrum, primarily the benthic species P. lima, as the
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causative agent for producing of OA and DTXs which has made the issue even
that much more complex (Kat, 1979).

DSP was not fully documented until the late 1970s, when several
outbreaks occurred inducing severe gastrointestinal disorders after the
consumption of mussels (Mytilus edulis) and scallops (Patinopecten yessoensis)
in Northeastern Japan (Reguera et al., 2014). Yasumoto was the first to isolate
two fat-souble toxins and tested the toxins on mice to investigate the toxicity
effects (Yasumoto et al., 1978; Yasumoto et al., 1979). Dinophysis fortii was the
causative agent for the outbreaks in Japan (Yasumoto et al., 1980). OA was first
isolated and reported in the sponge Halichondria okadai, then later described to
be the bioactive component attributed to cause DSP (Tachibana et al., 1981;
Murata et al., 1982).

After the new discovery of DSTs, Europe started to experience major DSP
outbreaks during the early 1980s. Spain was the first country to report a major
DSP outbreak. In 1981, more than 5,000 people in northeastern Spain were
affected by the consumption of contaminated Mediterranean mussels (Mytilus
galloprovincialis), with Dinophysis acuminata being the suspected culprit
(Campos et al., 1982). Another outbreak occurred in France during the summer
(June to July) of 1983: over 3300 consumers of contaminated mussels (Mytilus
edulis) were affected, D. acuminata was associated with the outbreak (Krogh et
al., 1985; Underdahl et al., 1985). The following year in 1984, more than 300
mussel consumers were affected from Sweden and Norway, where D. acuta and

D. norvegica were attributed to the DSP event.
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DSP cases with the causative agent of toxic Dinophysis spp. have become
a widespread phenomenon (Reguera et al., 2014). Over the past two decades, DSP
events have been reported to be an increasing threat to the coastal waters of Spain,
Norway, Northern Japan, Germany, Mexico, Argentina, Brazil, Greece, Italy, and
Africa (Caroppo et al., 2001; Koike et al., 2001; Klopper et al., 2003; Koukaras &
Nikolaidis 2004; Pizarro et al, 2009; Naustvoll et al., 2012; Harred & Campbell
2014; Reguera et al., 2014; Fabro et al., 2016; Danji-Rapkova et al., 2018;
Fernandez et al., 2019). More recently, however, DSP events have posed a public
health concern in the United States with toxin levels above the action limit, and
several cases of gastrointestinal disorders occurred in coastal regions where they
were once considered to be “DSP-free” (Reguera et al., 2014). The western
(Washington), eastern (New York), and southern coastal regions (Texas) have
been affected by increasing levels of DSTs (Swanson et al., 2010; Hattenrath-
Lehmann et al., 2013; Trainer et al., 2013).
2.2.2: DSP Events in the Puget Sound

The first reported clinical case of DSP in the United States occurred in
Sequim, Washington during early summer (June) of 2011. Three people became
ill after ingesting recreationally harvested shellfish (Trainer et al., 2013). Later
that summer, during July and August, there was another outbreak in the Pacific
Northwest, located in in the city of VVancouver, British Columbia, Canada,
wherein 62 consumers of Pacific coast mussels reported gastrointestinal
symptoms associated with DSP (Eberhart et al., 2013). Dinophysis has been

reported throughout the Washington State coastal waters for several decades, yet
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the events occurring in 2011 presented the initial cases of DSP to be a public
health hazard due to illness causally associated with high levels of DSTs.

Dinophysis has been a recurring problem along the west coast of the
United States. More recently, however, the Pacific Northwest has experienced an
increasing prevalence of Dinophysis blooms and increasing levels of DSTs. The
first shellfish closure occurred in the summer of 2012 at Ruby Beach located on
the Pacific coast of Washington State (Trainer et al. 2013). California mussels,
manila clams, varnish clams, and Pacific Oyster were all found with toxin levels
to be considerably above the regulatory action limit of 160 micrograms per 100
grams of mussel tissue (Trainer et al 2013 & Eberhart et al., 2013).

Since the first shellfish closure, Dinophysis has become an increasing
environmental threat to Washington coastal waters and has primarily gained
prevalence in the region of Puget Sound. Budd Inlet—located at the southern end
of the Puget Sound—is a “hotspot” for Dinophysis blooms, and reported DST
levels above the action level of 160 micrograms per kilograms of mussel tissue
have been historically reported (J. Borchert, personal communications, April 1,
2019). In 2013, WDOH reported the highest levels of DST toxins (250 mg/100g
in blue mussel tissue) in Budd Inlet, Washington. Two sites, Boston Harbor
Marina and North Point Landing, have been continuously sampled for DSTs by
WDOH since 2013 and sampled for harmful algal species off and on by
SoundToxins since the blooms started (J. Borchert & Vera Trainer, personal

Communication, March 15 & April 1, 2019).
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2.3: Trophic Dynamics and Diarrhetic Shellfish Toxins in Puget Sound

Due to the rarity in most marine and coastal environments, Dinophysis
spp. constitute a small percentage of the phytoplankton contributing to the base of
the food chain. However, toxic Dinophysis spp. can induce health problems in
humans when high levels of DSP toxins are synthesized intracellularly.
Bioaccumulation of the toxins can occur when they are transferred up the food
chain via passive filter-feeders and, to a lesser extent, by crabs (predators of lower
trophic levels); zooplankton, annelids, and other invertebrates can also uptake and
transmit OA and DTXs to other predators (e.g. gastropods, crustaceans, and
echinoderms) (Prego-Faraldo et al., 2013). However, bivalve filter-feeders are the
main consumers of the toxic cells located within the water-column. When they
feed continuously on toxic cells, the toxins can be highly concentrated within the
tissues (i.e. mussel tissue). The consumption of highly concentrated mollusks,
such as blue mussels, can act as the most common vector organism to transfer to
higher trophic levels, including human and to a lesser extent marine mammal (less

common), where the toxins can induce DSP episodes (Figure 2).
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Figure 2 (adapted from Prego-Faraldo et al., 2013): The transfer of OA and DTXs
through the food chain.

Most of the dissolved okadates can be readily accumulated in the tissues
of various shellfish species due to its highly lipophilic properties. The metabolic
processes of shellfish can, thereby, biotransform OA, DTX-1, and DTX-2 into
several different derivatives and fatty acid esters (FAO, 2004; Reguera et al.,
2014; Nielsen et al., 2016). Little is known about the retention and depuration
rates of okadates in bivalves. The metabolism of the toxins by shellfish is specific
and can take hours up to days; however, maturity and size of the mussels has not
been shown to have an effect on the uptake rate of the toxins (Fux et al., 2009;
Neilsen et al., 2016). For example, Nielsen et al. (2016) demonstrated Mytilus
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edulis has a depuration rate of about 4 days after toxin accumulation with a half-
life of 5-6 days and showed more than 66% net retention of toxins of OA and
DTX relative to the total amount of toxins ingested. They further observed that
medium-sized blue mussels reached the regulatory threshold by toxin exudation
of 75 cells per liter in laboratory conditions.

Since the major DSP outbreak in 2011 in Washington state, there have
been several DSP outbreaks attributed to high concentrations of okadates. Passive
samplers, such as sentinel blue mussels, are currently used by WDOH for
monitoring and evaluating DSP toxins for early warning of DSP outbreaks and
Dinophysis blooms at several sites within inland estuarine waters of Puget Sound
and the outer coastal regions. Liquid-mass chromatography mass spectrometer
(LC-MS/MS) allows each toxin to be fully characterized and identified to gather
information on the toxin profile of the shellfish tissue contents. Most DSP cases in
Puget Sound have been attributed to contaminated blue mussels (M. edulis) and
Pacific coast mussels (M. californianus) primarily concentrated with DTX-1 and
sometimes co-occurring with low levels of DTX-3 or OA (Trainer et al., 2013; J.
Borchert, personal communications, April 1, 2019). During the study between
2011-2012, DSP toxin profiles were very similar in oysters, clams, and mussels in
Puget Sound; mussels had the highest toxin content while clams and oysters had

more than 50% less toxins (Trainer et al., 2013).
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2.4: Ecophysiology of Dinophysis in Estuarine-Coastal Ecosystems

Over the years, Dinophysis has been determined to be a complex HAB
genus due to it recently being characterized as an obligate mixotrophic
dinoflagellate. It werent until 2006 that Park et al. (2006) was able to successfully
culture Dinophysis in the laboratory. Culturing was a challenge for researchers
due to the capability of Dinophysis species to functionally utilize two modes of
nutrition to maintain growth and survival: phototrophy (the use of light to uptake
inorganic nutrients) and phagotrophy (sequestration of particulate food or prey)
(Hattenrath-Lehmann et al., 2013; Reguera et al., 2013).

Dinophysis is one of the few toxic dinoflagellates that heavily rely on
ingesting and utilizing the chloroplasts of its prey, the marine ciliate Myrionecta
rubra whereby Dinophysis spp. project their peduncle (or a feeding tube) to suck
up the cytoplasm (Park et al., 2007; Wisecaver and Hackett, 2010; Kim et al.,
2012). This form of phagotrophy has also been characterized as “acquired
phototrophy,” where cells of Dinophysis are able to effectively use the
chloroplasts from phototrophic prey for their growth (Hansen, 1991; Hansson et
al., 2013). Other studies noticed Dinophysis does not strictly rely on its prey for
growth in nutrient-replete conditions; various species have illustrated they require
a continuous food uptake as well as increased photosynthetic activity for optimal
growth and cannot survive in totally dark conditions even with extra prey
available (Nielsen et al., 2013). If one of the modes of nutrition is limited (e.g.
prey source of M. rubrum or light availability), growth is minimal, photosynthetic

autotrophic activity is reduced, and Dinophysis can transition into starvation mode



allowing survival up to several months as long as there is minimal light (Kim et
al., 2008; Riisgard and Hansen, 2009; Nielsen et al., 2012).

The combination of both nutritional modes enables Dinophysis to use and
augment various sources of nutrients, supplement with photosynthesis when
nutrients are in limited supply, and employ more than one trophic level (Sanders
et al., 1990; Cloern & Dufford, 2005). Thus, mixotrophy provides a competitive
advantage compared to genera categorized solely as phototrophs or heterotrophs
(Bockstahler & Coats, 1993).

2.4.1: Eutrophication and Toxic Dinophysis

A primary factor for growth and survival of all phytoplankton is the
bioavailability of inorganic and organic nutrients. During the turn of the century,
increasing anthropogenic activities, such as land use changes, industrialization,
energy demands, human population growth, animal farming, aquaculture, and
agriculture production have transformed the majority of estuarine-coastal
ecosystems by inducing a global problem of nutrient pollution (Cloern, 2001,
Howarth et al., 2002). Furthermore, coastal development has caused nutrient
loading from sewage, agriculture waste, fertilizers, and inputs from the
atmosphere have significantly elevated the supply of nitrogen and phosphorus to
coastal and estuarine waters (Glibert & Burkholder, 2011; Larsson et al., 2017).
Human-induced nutrient loading promotes eutrophic conditions that can lead to
intense eutrophication which has been generally known to alter nutrient ratios
necessary for growth of phytoplankton and facilitating the onset of blooms

(Jickells, 1998; Cloern, 2001).
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During the last two decades, HABs have been increasing linked to
eutrophic conditions and nutrient loading of nitrogen and phosphorous (Smayda,
1997; Anderson et al., 2002; Trainer et al., 2003; Glibert et al., 2005; Hattenrath-
Lehmann et al., 2015). It has been generally known that the availability of
dissolved inorganic nitrogen in the form of ammonium (NH4+), nitrate (NO3-),
nitrite (NO2-) is the primary limiting nutrient to restricting the growth of
phytoplankton Ryther & Dunstan, 1971; Howarth & Marino, 2006). However,
studies have illustrated phosphorus (PO3-) can also be the limit nutrient in
particular aquatic environments, such as the Baltic Sea, eastern Mediterranean,
and Pearl River Estuary in China (Andersson et al., 1996; Yin et al., 2001; Krom
et al., 2004; Xu et al., 2008).

Most current estuarine-coastal waters have been observed to deviate from
the normal Redfield ratios of 16:10f nitrogen to phosphorus (Redfield, 1934;
1965; Harris, 1986; Larsson et al., 2017). This molar ratio is intended to clarify
which of the two nutrients are limiting for these phytoplankton communities
(Davidson et al., 2012). When the ratio is less than 16:1 nitrogen limitation is
inferred; on the other hand, ratios greater than 16:1 indicate there is a limitation of
phosphorous. The potential consequences of altering the ratio of nutrients and the
form of nutrients increasing the growth and occurrence of harmful algal species
are based on the nutrient ratio hypotheses in natural systems, thereby suggesting a
strong relationship between nutrient resource availability and the stoichiometry of

phytoplankters (Tilman, 1977; Officer & Ryther, 1980).



Overall, anthropogenic nutrient inputs have been strongly linked to
facilitating changes in the community structure and seasonality of phytoplankton
in estuarine-coastal ecosystems (Cloern, 2001; Larsson et al., 2017). Historically,
coastal increases of nitrogen and phosphorus in relation to the concentrations of
silicate—the critical inorganic nutrient for diatom frustule formation—has
prompted the shift in phytoplankton community structure from diatom to
dinoflagellate assemblages (Berg et al., 1997; 2003, Cloern, 2001; Gobler et al.,
2002; Glibert et al., 2001, 2004, 2005). The majority of eutrophic estuarine waters
are comprised of mixotrophic dinoflagellates (Glibert et al., 2005; Glibert &
Burkholder, 2011). There is supporting evidence suggesting levels of toxicity in
shellfish have increased due to toxic dinoflagellates assemblages constituting the
majority of the total phytoplankton populations in estuaries and coastal waters,
especially during the seasonal period from spring to autumn (Glibert et al., 2005;
Glibert & Burkholder, 2011; Davidson et al., 2012). The current nutrient loading
has been conducive to the selection of harmful species over non-toxic
phytoplankton (Hallengraeff, 1993; Anderson et al., 2002; Heisler et al., 2008;
Conley et al., 2009).

2.4.2: Theory of Ecological Role of DSTs

When nutrient composition deviates from normal Redfield ratios, it can
cause “stress” conditions to phytoplankton. Evolution of harmful algal species has
been proposed to be an adaptation to endure these nutrient-stressed conditions
characterized as nutrient-rich or nutrient over-enriched (Glibert & Burkholder,

2011; Davidson et al., 2012). Furthermore, studies have shown that HAB species
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have the functional capacity to combat nutrient stress by creating toxins
intracellularly to manage the physiologic responses to altering ambient nutrient
concentration in the water-column. They also have the capacity to form intense
blooms by excreting toxic metabolites intracellularly, consequently facilitating
their dominance in the phytoplankton community (Davidson et al., 2012). The
ability of toxic Dinophysis and other harmful algal species to produce toxins
might suggest their evolutionary selection to exhibit fundamental adaptive
responses to nutrient limitations and high frequency changes to the bioavailability
of nutrients over the past century (Graneli et al., 2008; Davidson et al., 2012).

Since Dinophysis is mixotrophic in nature, the DSP toxins potentially
allow the cells to physiologically control their nutritional intake of inorganic
nutrients and prey compared to that of other non-HAB phytoplankton. The
synthesis of okadates (OA and DTXSs) have shown to play ecological roles
between the relationship of the availability of prey source, nutrients, and light
emittance (Nielsen et al., 2013; Smith et al., 2018). Yet, the ecological role of
DSTs are widely unknown and currently intense topics in HAB research. There
are several potential evolutionary functions of these toxins that provide biological
advantages for Dinophysis in marine waters: including allelopathy, grazer
defense, food capture, and antibacterial deterrent (Nagai et al., 1990; Carlsson et
al., 1995; Gross, 2003, Graneli & Hansen, 2006).

Dinophysis polyether toxins--both OA and DT Xs--have been found to also
negatively affect prey, competitors, and grazers. DSP toxins act as a “stress

surveillance system” where they can serve as an early-warning protective
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mechanism communicating to other viable cells about stressors in the ambient
environment, such as low concentrations of inorganic nutrients or prey (Vardi et
al., 2006). When nutrients are minimal, the toxins released from “wounded” or
stressed Dinophysis cells could further minimize cellular death of nearby healthy
cells and aid in competing for those limited nutrient resources.

According to several studies, toxins exuded from Dinophysis have been
observed to exhibit allelopathic properties concerning the predator-prey
relationship between toxic Dinophysis spp. and M. rubra, resulting in elevated
DSP toxins from D. fortii blooms which induced changes in growth, behaviors,
and mobilization of M. rubra (Nagai et al., 2008; Nishitani e al., 2008; Nielsen et
al., 2013). Once exposed, M. rubra was found to form into clumps, and
individuals no longer possessed the ability to move in a normal rapid orientation;
rather, they hardly moved and Dinophysis was able to capture its prey with ease
(Nagai et al., 2008).

Graneli and Hansen (2006 suggest polyethers have a “hemolytic”
properties where interactions of the chemical constituents can lyse the cell
membranes of other competing and grazing phytoplankton. For example,
Dinophysis fortii has also demonstrated they can use these polyether lipids as a
defense mechanism to deter against other mixotrophic dinoflagellate grazer that
predate on Dinophysis. According to Neilsen et al. (2008), it takes approximately
1 umol/L of total concentrations of freely dissolved OA to inhibit 10% of the

growth of competitors (Nielsen et al., 2013).
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In addition, OA and DTXs have been shown to function as a bacterial
grazer. Bacteria tend to assimilate most of the new forms of dissolved organic
nitrogen (DON) and phosphorous (DOM) in estuarine waters. Dinophysis targets
bacteria in order to release the recycled and limiting nutrients (Glibert &
Burkholder, 2011).

All these factors suggest the toxins are not intended for any specific
organism, rather they merely negatively affect any organism seen as a competitor
or a threat to survival and growth. To date, these theories of DSTs have not been
fully investigated to prove whether or not polyether toxins exhibit allelochemical
effects to other marine plankton in ambient seawaters.

2.5: Ecophysiological Response of Dinophysis to Environmental Conditions

Toxic Dinophysis species are distributed throughout temperate, tropical,
subtropical, and boreal waters, yet each species and strain of each species has
demonstrated variances in toxin quotas (the intracellular synthesis of DSTs
intracellularly) in different coastal and estuarine environments. There is mounting
evidence from laboratory and field studies demonstrating populations of
Dinophysis species have shown strong contrasting levels of toxin production of
both OA and DTXs among the same species (Nagai et al., 2011; Trainer et al.,
2013; Hattenrath et al., 2015; Reguera & Blanco, 2019). Variability in strains and
species is due to the ability of members to produce more than one group of
okadates. For example, D. acuminata--the most studied species of the Dinophysis
genus--has been found along the majority of the North American coastline. D.

acuminata found on the east coast (New York, Massachusetts and Maryland) has
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been known to produce both OA and DTX-1. The southern coastal (Texas) strains
have only been known to excrete OA, while on the west coast (Washington state
and British Columbia in Canada), DTX-1 is primarily an isomer produced,
although OA and DTX-2 can also be present but rarely seen (Hackett et al., 2009;
Fux etal., 2011; Tong et al, 2011; Trainer et al., 2013; Hattenrath-Lehmann et al.,
2015; Tong et al., 2015a). These variances in toxin profiles suggest the responses
to environmental conditions are species-specific.

The advantage of the toxins means species of Dinophysis, including each
strain of species, can create their own “microenvironment” with DSP toxins
produced, whereby resulting in advantageous functional capability to compete
against their competitors (Glibert & Burkholder, 2011). By modulating their
intracellular environment, they can change the physical-chemical relationships by
altering the elemental composition of nitrogen and phosphorous. Thus, the
availability of the nutrients is dependent on the rates of adsorption and desorption
of these dissolved inorganic nutrients which can potentially interfere with the
physiology of the cell. Toxins allow Dinophysis to strategically mobilize and
recycle the nutrients to continue photosynthesizing, especially at high rates of
photosynthesis during blooms (Glibert & Burkholder, 2001).

Toxic species of Dinophysis are rare in natural waters usually with
concentrations of 1-100 cells/L, although Dinophysis populations can occur
greater than 1,000 cells/L and form large blooms (Trainer et al., 2013). Studies
have shown toxic Dinophysis species can produce these toxins at both low cell

abundances and during bloom events (Reguera et al., 2012; Reguera et al., 2014;
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Simoes et al. 2015). Toxin production leading to DSP events has been attributed
to various environmental dynamics encompassing physical, chemical, and
biological conditions. Several studies suggest toxin production and bloom
formation of each Dinophysis species is influenced by its ambient environmental
and hydrological conditions (Escalera et al., 2006; Jephson & Carlsson et al.,
2009; Seeyae et al., 2009; Gonzalez-Gil et al., 2010; Vanucci et al., 2010; Diaz et
al., 2013; Alvest-de-Souza et al., 2014; Valamis & Katikou, 2014; Velo-Suarez et
al., 2014; Hattenrath-Lehmann et al., 2015; Hattenrath-Lehmann & Gobler, 2015;
Tong et al., 2015b; Moita et al., 2016; Accroni et al., 2018; Ajani et al., 2018;
Basti et al., 2018; Danchecnko et al., 2019).

2.5.1: Response to Nutrients and Eutrophic Conditions

Although nitrogen and phosphorous can be found globally, these nutrients
are not distributed equally across marine waters (Seizinger et al., 2005; Bouwman
et al., 2009). There is evidence suggesting a connection between decreasing
inorganic nitrogen to phosphorus ratios and increasing total cellular abundance of
Dinophysis (Hattenrath-Lehmann & Gobler, 2015). Excess nitrogen and
limitations of phosphate have both shown strong relationships to high Dinophysis
abundances.

According to Anjani et al. (2016) both dissolved forms of phosphorus and
nitrogen—mnitrite and nitrate—were linked to increasing abundance of D. caudata
in two different sites. Several studies further emphasize the fact that Dinophysis
species have necessary physiological requirements of both nutrients and thus

growth can be elevated by both as well (Singh et al., 2014; Hattenrath-Lehmann
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et al., 2015; Anjani et al., 2016). As a result, several studies mention Dinophysis
growth by nutrients can be either stimulated directly to the individual or indirectly
to the prey due to its mixotrophic characteristics. However, it has been noted that
the immediate input of nutrients might have a lagging effect on the growth on
Dinophysis (Vale et al., 2003).

Another study has supporting evidence illustrating that both inorganic
(nitrate and ammonium) and organic (glutamine and sewage effluent) forms of
nitrogen can stimulate the growth rates of Dinophysis species, yet ammonium and
nitrate displayed the greatest effects on increasing density of Dinophysis
(Hattenrath-Lehmann et al., 2015). Another study displayed a similar link of
Dinophysis communities to ammonium enrichment (Seeyave et al., 2009).

Moreover, the San Francisco estuary inhabits another DSP producer, the
toxic dinoflagellate Prorocentrum minimum. Laboratory and field conclusions
displayed differing results, where in the laboratory maximum growth rates were
yielded from low nutrient ratios and field studies of blooms showed increasing
nutrient ratios of nitrogen-phosphorous (Glibert et al., 2012). On an alternate note,
there have been a few field studies that did not find any links between nutrient
concentrations and densities of Dinophysis (Delmas et al., 1992; Giacobbe et al.,
1995; Koukaras & Nikolaides, 2004).

Furthermore, nutrient loading has been highly correlated to production of
intracellular toxins and excretion of DSP toxins into the ambient seawaters
(Hattenrath-Lehmann et al., 2015). After a nutrient loading episode ensues,

Dinophysis cells can reach maximum growth in the exponential growth phase
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until nutrients become limiting. Then, in starvation “mode” during the beginning
to middle of the stationary phase, not only do growth rates decline but toxins are
rapidly excreted relative to the other growth phases (log, exponential, and decline)
(Nielsen et al., 2013; Basti et al., 2018; Smith et al., 2018). There is growing
evidence that the changes in nutrient regime have negatively impacted Dinophysis
physiology to induce toxin synthesis and increase the toxicity of OA and DTXs
from several Dinophysis populations, including D. acuminata, D. cuadata, and D.
fortii (Nielsen et al., 2013; Hattenrath-Lehmann & Gobler, 2015). To extend the
argument, other harmful dinoflagellates such as Alexandrium tamarense, a
saxitoxin producer, was able to increase toxin production three to four times more
in phosphorous limited environments (Graneli & Flynn, 2006).
2.5.2: Response to Hydrological Conditions and Other Environmental
Parameters

Most of the existing laboratory research demonstrate the difficulties in
understanding the effects of more than one environmental condition because it is
challenging to reproduce the dynamic relationships between Dinophysis and its
ambient natural environment. Field research has supported the notion that
environmental and hydrological variability of the coastal and estuarine systems
can negatively impact the biological physiology of harmful algal species,
including Dinophysis. These variabilities can have synergistic effects which
directly or indirectly influence the onset of toxin production and formation of

blooms (Wells et al., 2015).
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Most HABs have been attributed to be affected by climate change
inducing pressures of altering the intensity of light, warming of surface water
temperatures, increased thermal stratification, alteration of salinity, ocean
acidification (decreasing pH), and stormwater runoff nutrient input in estuaries
and coastal regions (Fu et al., 2012; Vlamis & Katikou, 2014; Wells et al.,

2015). Dinophysis has exhibited various levels of physiological plasticity
allowing them to respond well to environmental stress, where species can grow in
a vast range of light intensity, salinity, and temperature conditions (Tong et al.,
2015).

Temperature of the surface seawater is a critical factor found to regulate
the growth and physiology of toxin producing species of Dinophysis. For
example, Basti et al. (2018) explain that Dinophysis acuminata isolate from Japan
exhibited high plasticity in various surface water temperatures from 8 to 32 °C,
with the highest growth rates from 20 to 26 °C and highest total toxin production
rates at 20 to 23 °C. Field studies have consistently observed Dinophysis within
the 0 to 5 m depth in shallow brackish waters and mainly aggregated within the
first meter which is known to be the most stratified and warmer conditions
(Gonzalez-Gil et al., 2010; Reguera et al., 2014)

Dinophysis has been monitored in various stratified systems and,
according to Reguera et al. (2012), Dinophysis species are found to thrive well in
highly stratified conditions. Due to their morphology, they are able to use their
flagella to migrate in a vertical motion where their pattern of behavior is related to

the intensity of thermal stratification. Dinophysis have been observed in thin



layers in near or above the pycnocline (Jephson & Carlsson, 2009). Furthermore,
another mixotrophic, DSP producer Prorocentrum minimum, are found to thrive
well to short term salinity stress (Skarlato et al., 2018).

In addition, river runoff is a significant source of introduced dissolved
oxygen into estuarine zones. Eutrophic conditions could also decrease the oxygen
levels further (Anjani et al., 2016). Dinophysis success has been correlated with
low dissolved oxygen levels near river plumes and in eutrophic environments
(Trainer et al., 2013; Hattenrath-Lehmann et al., 2015).

According to Hattenrath-Lehmann et al. (2015), dramatic changes in wind
direction and patterns can influence the transportation of nutrients. During that
long-term study, the onset of Dinophysis blooms occurred two months after the
maximal wind differences were noticed. Low velocity winds from the south and
north have been associated with maximum counts of several Dinophysis species
in the Greek coastal waters (Vlamis & Katikou, 2014). Hydrological forcing
(advection) and intense upwelling with associated winds have also been known to
potentially induce growth of population, aid in transporting the bloom, or
spreading out the bloom (Anjani et al., 2016; Moita et al., 2016). However,
Gonzalez-Gil et al. (2010) recognized the dominance of Dinophysis during the
relaxation period of the upwelling-downwelling cycle.

Also, precipitation patterns have also been known to influence the
densities of Dinophysis and concentrations of toxins. According to Vale et al.

(2003), maximum DSP levels correlated with the lowest rainfall periods from
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June to September. While May and October presented relatively moderate levels
of DSPs; during the winter months DSP levels were very low.
2.6: Toxic Dinophysis in Budd Inlet

Budd Inlet is an estuary that has been known to exhibit very poor water
quality due to its historically known anthropogenic influences. Site A (head of
estuary) has been imposed upon the most from land use changes of dredging,
sewage treatment plants, and dam placement at the mouth of Deschutes River.
Capitol Lake is known for high nutrient loads as well as increasing percent of
dissolved oxygen, where levels of nitrogen are on average 0.5 mg/L during spring
to summer months (Roberts et al., 2015; McCarthy et al., 2018). However, Site B
(mouth of estuary) has not reported to have extensive impact by human activities
relative to the extent of Site A.

Several Dinophysis species, including D. acuminata, D. fortii, D.
norvegica, and D. rotundata have been found within the Puget Sound and have
been associated with the occurrence of Dinophysis blooms (Trainer et al., 2013).
To date, Trainer et al. (2013) and WDOH are the sole investigators of both
abundance and toxin analyses of Dinophysis spp. in Puget Sound. D. acuminata
constitute the majority of the species present in the study, while D. norvegica, D.
rotundata, and D. fortii constitute a significantly smaller portion of Dinophysis
species found within central and northern Puget Sound (Trainer et al., 2013).
2.7: Conclusion

Despite our heightened understanding of physicochemical factors

stimulating blooms, not all blooms are a direct result of anthropogenic influence
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and multiple factors could be at play. This generates many challenges to predict
these dynamic toxic outbreaks and blooms. Although DSP outbreaks and toxin-
producing species of Dinophysis have been recognized in Washington state for
almost a decade, there is limited knowledge and understanding of the drivers
initiating the formation of Dinophysis blooms and DSP outbreaks. This presents
various problematic issues with the management and strategies used to predict
Dinophysis abundance, blooms, and toxicity locally in the Puget Sound and
globally where toxic Dinophysis species are presenting a nuisance and posing a
threat to public health and local shellfish industries. Since DSP events pose a
threat to human health, a knowledge gap is presented regarding the environmental
mechanisms influencing the onset, development, and succession of Dinophysis
blooms and DSP outbreaks (Trainer et al., 2013; Hattenrath-Lehnman et al., 2015;
Ajani et al., 2016).

This study will document the pattern of selected water quality parameters
from winter to summer, in addition to the environmental conditions that may
determine Dinophysis species, blooms, DSP levels in mussel tissue, and
composition of phytoplankton assemblages at two sites in Budd Inlet (south puget

sound).
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CHAPTER 3: MATERIALS AND METHODS
3.1: Study Area and Monitoring Stations

Puget Sound is characterized by high biological productivity of diverse flora and
fauna. Southern Puget Sound is an important area for shellfish cultivation generating over
13 million pounds yearly of commercial and recreational harvest (Rau, 2015). In
addition, they are increasing commercial and recreational harvest rates of clams and
oysters.

Since 2015, Budd Inlet has been identified as a hotspot for Diarrhetic Shellfish
Poising (DSP) toxins by the Washington Department of Health (WDOH). WDOH has
placed sentinel mussels for continuous sampling of diarrheic shellfish toxins (DTX-1,
DTX-2, and okadaic acid) throughout the year at two locations—at the northern and
southern ends of the inlet. Sentinel mussels have been placed to monitor the DST toxins
because Budd Inlet has been known to have the highest recorded DSP toxin levels of 250
mg/100g in the U.S. and second highest worldwide (J. Borchert, personal
communications, April 1, 2019).

Regular phytoplankton monitoring was conducted at two stations within Budd
Inlet (47.0966° N, 122.9094° W; Fig. 3) located inland, at the southernmost end of the
Puget Sound in Washington state. Station 1 was located at north end (North Point
Landing, 47.0585 W, -122.905119 N) at the estuary head closest to the Deschutes River
and station 2 was at the southern end at mouth of the estuary closest to the south basin of
Puget Sound (Boston Harbor Marina, 47.1400 N, -122.9053 W). These stations were
selected because they represent different environmental conditions for phytoplankton

species diversity and growth. Budd Inlet has been reported to have more dynamic
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circulation relative to other bodies of water in Puget Sound (LOTT Waste Management
Partnership, 1998). This increase in mixing is caused by the flow of the Deschutes River,
the second largest river in the Puget Sound and large tidal amplitudes. Station 1 at the
head of the estuary is closest to the river input which, in theory, provides more nutrients
from the river drainage and density stratification due to high fluctuations in salinity.
Station 2 at the mouth is more representative of marine conditions where the salinity is

relatively uniform with depth representing low density stratification.

& Station 2—Boston Harbor Marina

Figure 3: Two monitoring stations within Budd Inlet, South Puget Sound, WA.
Although the placement of the Deschutes River dam has restricted the flow and
movement of water entering Budd Inlet, this human-induced restriction along with other

anthropogenic activities of dredging and nutrient-loading from local wastewater
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treatment plants and runoff into the river has the potential to provoke environmental
consequences to the biota within the local estuarine ecosystem (Ahmed et al., 2019).

The stations were located at the same area of placement as sentinel mussels for
DSP sampling by WDOH. In addition, there is a history of phytoplankton sampling
within Budd Inlet by The Evergreen State College collaborating with SoundToxins in
previous years providing evidence of overall dinoflagellate dominant community at the
estuary head while the mouth was primary a diatom dominant community (G. Chin-Leo,
personal communications, June 15, 2018).

3.2: Research Design: Field Sample Collection and Lab Processing

The study period was from January through October of 2019, which encompassed
the seasonal cycle from winter to fall. At both stations, the frequency of phytoplankton
and water sampling was monthly during winter and fall seasons and weekly during the
spring and summer seasons. Samples were collected to determine cell abundance and
species composition using two different methods.

To determine abundance, the method included quantitatively concentrating
surface waters. Dinophysis, the target species and sometimes dominant species were
counted. Due to the low abundance of Dinophysis spp., in winter, a large amount of
water was concentrated (~15-120 L) using a 20 um mesh phytoplankton net used as a
sieve. The concentrated phytoplankton were condensed further by using a 20 um mesh
sieve with the final concentration ~200-400 mL. Thus, the concentration factor could be
as high as 600 times the normal cell density. The water volume collected for
concentration was adjusted depending on the concentration of cells in natural waters.

During blooms, for example, 15 L were sufficient to produce a dense sample for counts.
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The sample for species composition was completed via a vertical tow near or during high
tide; three tows were completed each time to collect enough water for concentration. The
vertical tow allowed for collection of plankton throughout the water column. This was
important because some species migrate vertically or accumulate and density interfaces.
The concentrated phytoplankton was preserved with 2.5% Glutaraldehyde for storage and
possible subsequent Scanning Electron Microscope analysis.

Biological, physicochemical, and water quality parameters were also measured.
Surface seawater samples were collected for phytoplankton biomass (chlorophyll-a) and
nutrient (ammonium, nitrate, silicate, and phosphate) analysis. Measurements of
temperature, salinity, and dissolved oxygen where obtained in situ with a multi-parameter
sensor YSI-2030. Light transparency was measured with the Secchi disk. Coastal Salinity
Index (CSI) was also computed by subtracting the bottom salinity by the surface salinity.
This was used to estimate changes in density stratification.

3.3: Dinophysis Abundance, DSTs, and Environmental Analyses
3.3.1: Dinophysis Abundance and Species Composition

Concentrated phytoplankton samples (~200 mL) were examined with a gridded
Sedgewick Rafter counting chamber and observed on an Olympus BX63 microscope.
Three rows, at a minimum, were chosen randomly and enumerated for the majority of the
concentrated samples so there would be at least ~10 cells per row. The mean counts per
mL were then multiplied by the number of rows on the slide. Dinophysis cells was also
identified to the species level.

For phytoplankton species composition, relative abundance observations were

determined for each genus present. One drop of the species composition sample was
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placed on the microscope slide, and the relative abundance was calculated by determining
the percent of species of one genus relative to the total population. The classifications are
as follow: absent (no cells were found), rare (1 cell was found), common (2 cells were
found), and abundant (3 or more cells were found). Dinophysis species and most of the
common phytoplankton were confirmed via light microscopy and scanning electron
methods.

Diarrhetic Shellfish Poisoning (DSP) data was obtained from the WDOH Marine
Biotoxin Monitoring Program. Their sampling procedure is as follows: blue mussels
(Mytilus edulis) were collected bi-weekly on an annual basis at the estuary head and in
summer (May-Sept) at the estuary mouth. Sentinel mussels at these sites were initiated in
2015 and since then have been monitored continuously. WDOH monitors and analyses
the mussel tissue for DSP toxin profile of Okadaic acid, DTX-1, and DTX-2 using the
method of liquid chromatography-mass spectrometer (LC-MS).

3.3.2: Measurements of Environmental Parameters

Seawater samples were collected, frozen, and processed at the laboratory for
quantification of chlorophyll-a and inorganic nutrient concentrations. Triplicate
chlorophyll-a samples were filtered onto a glass fiber filter (Whatman GF/F) and stored
frozen below 0 °C. For processing, filters were extracted for 24 hours in 90% high grade
acetone, and filtrate from the chlorophyll-a samples were used for nutrient analysis and
stored in -10 °F freezer. The chlorophyll-a was measured with an10-AU Fluorometer
(Parsons et al., 1984).

Nutrient filtrates were analyzed for nitrogen, silicate, phosphate, and ammonium

using the standard methods. Nitrogen (nitrate and nitrite), phosphate, and silicate were
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quantified using standard microplate reader colorimetric methods, and the samples were
read by the Molecular Devices VersaMax (Ringuet et al., 2011). Ammonium samples
were analyzed with the orthophthaldialdehyde (OPA) method and read on Turner designs
10-AU (Trilogy) fluorometer (Holmes et al. 1999).

Other physical and meteorological data were obtained. Wind speed/direction, air
temperature, and average precipitation were results reported in Budd Inlet, Olympia by
the NOAA National Weather Service (archived). Deschutes River flow discharge was
also obtained from the U.S. Geological Survey. Solar radiation data was obtained from
the Scientific Computing Weather Station of The Evergreen State College. DSP
concentrations at both of the sample locations were provided by the Washington
Department of Health to determine if toxicity was related to abundance.

3.4: Statistical Analyses

To understand if the environmental parameters measured are related to
Dinophysis abundance, statistical analyses were performed via a simple linear regression,
where the abundance is the response variable while the environmental parameter is the
independent variable. Log transformations to the Dinophysis abundance data were
executed to meet the assumptions of normality to run the test. The best way to deal with
heteroscedastic and skewed results is by using a log transformation of the data
(Hattenrath-Lehmann et al., 2013).

In order to run regression, the data has to meet the assumption of linearity. To
meet this assumption, | performed sensitivity testing of the data at both the head and
mouth. The log transformation was used to reduce the skew of dependent and

independent variables because they are not necessarily linear in nature. | also ran the tests
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without the transformation and compared the results and found that the regression
analysis showed different significant outcomes related to abundance at the head of the
estuary, but not at the mouth. This may mean that the non-transformed data from the
estuary head was more skewed than the data obtained from the estuary mouth since the
larger density blooms occurred. Independent t-tests were run to determine if the
differences in biological, meteorological, and water quality parameters between the
estuary head and mouth.

In addition to the statistical analysis, qualitative analyses of Dinophysis densities
and environmental parameters were also performed. Time series graphs were analyzed to
assist in the evaluation of possible delays in environmental conditions, especially since
the statistical relationships potentially do not fully represent the lag time between the

response of Dinophysis to the environmental factors.
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CHAPTER 4: RESULTS
4.1: Phytoplankton Species Composition

Phytoplankton species composition varied over the study period. For simplicity, |
will refer to the mouth of the estuary as BHM (Station 1) and NPL (Station 2) as the
head. NPL exhibited high species richness of species, and a total of 75 species were
observed with diatoms dominating throughout the majority of the year, with the
exception of summer months when dinoflagellates dominated. NPL had lower species
richness with a total of 63 species. Both stations had a total 23 species of dinoflagellates,
and the remaining were diatom species. About 34.8% of the species observed were
dinoflagellates and 65.2% were diatoms. The estuary head also exhibited a similar
pattern: 32.9% of the species were dinoflagellates and 67.1% were diatoms. Although
species richness was similar at both stations, overall there was a greater relative
abundance of diatoms at BHM while more dinoflagellates were present at NPL. About
4% of the species were commonly found throughout the study, being detected greater
than 20 times at the estuary head, and 3% of common species were found at the estuary
mouth.

Diatoms dominated winter to late spring (January to early June) and
dinoflagellates dominated summer to fall (early June to October). There was a difference
in species composition between sites. NPL’s most abundant species was Ceratium fusus
and most common was Chaetoceros debilis. The most abundant species was C. debilis
and most common species was Skeletonema costatum at BHM. Several diatoms and
dinoflagellates were present but were considered rare because they were observed

infrequently at very low concentrations. Also, there were several HAB species found

41



throughout the study including: Pseudo-nitzschia spp., Alexandrium spp., Dinophysis
spp., Heterocapsa triquetra, and Protoceratrium reticulatum. Dinophysis spp. and
Pseudo-nitzschia spp. were the two dominant HAB species, often co-occuring throughout
the seasonal cycle at both stations. Other harmful but non-toxic algae, Ceratium fusus and
Akashiwo sanguinea, were found to co-occur with Alexandrium spp. (see Appendix A).
4.2: Spatiotemporal Differences

There were significant differences (p < 0.05, n = 55) between both stations in the
following parameters averaged over the study period, including: dissolved oxygen,
ammonium concentrations, silicate concentrations, transparency (Secchi depth), surface
water temperature at 1m depth, and coastal salinity index (Table 1). Nutrient ratios,
nitrate concentrations, phosphate concentrations, and salinity at 1m depth were not found
to be statistically significant.

Biomass levels were not significantly different between both sites (Table 1).
Biomass of phytoplankton as estimated from chlorophyll-a varied from 0.78 mg of
seawater/L seawater to 58.2 mg of seawater/L with maximal values on 9/7/19 at NPL
(Fig. 4). Chlorophyll-a ranged from 1.55 to 14.78 mg of seawater/L with highest

concentrations occurring on 7/2/19 at BHM (Fig. 5).
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Table 1: Differences in environmental parameters between the estuary head and estuary
mouth (significant p-values are boldfaced).

Mean Differences between estuary
head (NPL) and mouth (BHM)
Parameters P-value

Density 0.06
Chlorophyll-a (biomass) 0.47
Dissolved Oxygen (mg/L) 0.01
DIN:DIP 0.08
DSI:DIN 0.72
DSI:DIP 0.18
Ammonium (NH4+) 2.0e-6
Nitrate (NO3-) 0.31
Silicate (Si04-) 5.0e-4
Phosphate (PO4-) 0.16
Seechi Depth 1.6e-9
Surface Water
Temperature (1m depth) | 1.5e-39
Salinity (1m depth) 0.75
Coastal Salinity Index 0.04
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Figure 4: Time series of biomass (chlorophyll-a) levels throughout the annual seasonal
cycle at the estuary head (NPL) in Budd Inlet.
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Biomass Concentrations in Boston Harbor Marina, Budd Inlet
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Figure 5: Time series of biomass (chlorophyll-a) levels throughout the annual seasonal
cycle at the mouth of the estuary (BHM) in Budd Inlet.

Biomass was significantly related to nitrate (NOz") at both stations

(estuary head: p = 0.0004, r? = 0.36; estuary mouth: p = 0.002,r? = 0.37) and
phosphate (PO4) (p = 0.002,r? = 0.30) at the estuary head. To determine how changes
in nutrient composition might affect species composition, | computed the ratios of total
nitrogen to phosphorous and silica to nitrogen and determined if changes in these ratios
were related to biomass. Using simple linear regression, two nutrient ratios were
correlated to chlorophyll-a concentrations. Nutrient ratios of DIN:DIP are a significant
factor at both stations (NPL: p = 4.15x10°; r? = 0.46; BHM: p = 0.002,r? =
0.37) (Table 2). In addition, the ratios of DSI:DIN were found to be significant at both

stations (NPL: p = 6.1x1075,r2 = 0.44; BHM: p = 8x1073,r2 = 0.29) (Table 2).
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Table 2: Regression analysis between biomass and environmental parameters at the
estuary head (NPL) and mouth (BHM) in Budd Inlet (significant p-values are boldfaced).

Nitrate (NO3-)

R-squared

0.36

Environmental Parameters Statistics Estuary Head (NPL) | Estuary Mouth (BHM)
DIN:DIP R-squared 0.46 0.44
P-value 4.1 e-5 5.2 e-4

DSI:DIP R-squared 0.12 0.00|
P-value 0.07 0.89

DSI:DIN R-squared 0.44 0.29
P-value 6.1 e-5 8.4 e-3

Ammonium (NH4+) R-squared 0.08 0.13
P-value 0.12 0.25

0.38

P-value

4.5 e-4

18e-3

Phosphate (PO4-) R-squared 0.30 0.00
P-value 1.8e-3 1.00|
Silicate (Si04-) R-squared 0.05 0.00
P-value 0.21 0.87
Salinity (1m) R-squared 0.00 0.04
P-value 0.73 0.32
DO (mg/L) R-squared 0.00 0.32
P-value 0.81 3.6 e-3
Surface Water Temperature (1m depth) [R-squared 0.34 0.70
P-value 7.2e-4 3.6 e-7
Air Temperature (F) R-squared 0.12 0.34
P-value 0.06 2.8 e-3|

4.3: Dinophysis Species Diversity and Abundance

Dinophysis species were present throughout the study at both stations.
Dinophysis was not detected once in 34 weeks of sampling at the head of the estuary
station. At the estuary mouth, Dinophysis was observed in all the 31 weeks monitored.
Dinophysis was found to be both abundant and dominant during the peak densities in
summer months at both sites. During the blooms, Dinophysis was co-occurring with other
diatoms, primarily Thalassiosira spp. The relative abundance of Dinophysis was largely

considered rare and occasionally common during all other months during the spring,
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summer, and fall. Dinophysis typically co-occurred with another HAB diatom genus,
Pseudo-nitzschia.

D. norvegica was the most abundant Dinophysis species at both sites, reaching
densities of 23,857 cells/L at the estuary head and 3,590 cells/L at the estuary mouth on
6/6/19. Other species observed during the study included: D. acuminata, D. fortii, D.
rotundata, D. odiosa, and D. parva. Their abundances were much lower with the largest
densities of 1,933 cells/L of D. fortii (9/13/19), 542 cells/L of D. acuminata (10/2/19), 71
cells/L of D. odiosa (8/7/19), 30 cells/L of D. rotundata (8/31/19), and 50 cells of D.
parva (8/13/19) at the station near the head of the estuary. At the estuary mouth,
abundances of Dinophysis were considerably lower reaching densities of 115 cells/L for
D. acuminata (6/6/19), 67 cells/L of D. fortii (6/6/19), 84 cells/L of D. rotundata
(7/2/19), 318 cells/L of D. odiosa (7/18/19), and 1 cell/L of D. parva (9/7/19). For most
of the year, D. norvegica, D. acuminata, and D. fortii co-occurred at both sites.

4.4: Spatiotemporal Distribution of Dinophysis Species

Maximal densities of Dinophysis illustrated a similar correspondence at both of
the sites during the summer months (Fig. 6). Variations of abundance were considerably
noticeable at both sites from June to August. The major difference is that the
concentrations vary more widely at the head of the estuary showing the highest values of
Dinophysis abundance. Generally speaking, Dinophysis densities greater than 1,000
cells/L are considered blooms (Macknenzie, 2019). The majority of the Dinophysis
blooms occurred during the summer months at both sites but were also seen during the

fall months at the estuary head.
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There were at total of 13 bloom events at NPL and 6 events at estuary head
(BHM) (Fig. 6). There were distinct peaks in Dinophysis abundance in the summer
months from early June to late July at both stations. A total of four dense blooms
occurred at the estuary head on 6/6/19, 6/23/19, 7/11/19, and 7/24/19 (Fig. 3). At the
estuary mouth there were three peaks occurring on 6/6/19, 6/23/19, and 7/18/19. Maximal
values occurred at both locations on two occasions during the early summer (6/6/19 and
6/23/19). Dinophysis abundance ranged from 1 cell/L to 33,600 cells/L with highest
abundance on 6/27/19 at the head of the estuary. Also at the NPL station near the estuary
mouth, Dinophysis densities ranged from 1 cell/L to 3,705 cells/L with the highest
density occurring on 6/6/19. Dinophysis was the dominant species during the peak
blooms. The relative total of the entire Dinophysis species was considered abundant
during these summer months starting in June to August at both sites, although other

diatoms co-occurred but were relatively rare in abundance.
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Dinophysis Abundance in Budd Inlet, Puget Sound, WA
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Figure 6: Dinophysis abundance over the seasonal cycle from winter to fall of 2019 at the
estuary head (NPL) and mouth (BHM) in Budd Inlet, WA.
4.5: Influence of Environmental Conditions on the Distribution of Dinophysis
Regression and qualitative analyses were evaluated to determine whether there is
a relationship between biomass and Dinophysis densities. At the estuary head, Dinophysis
abundance was significantly related to biomass, but not at the mouth (p = 0.02,r? =
0.17) (Table 3). The biomass (chlorophyll-a concentrations) demonstrated two different
patterns in relation to the Dinophysis blooms. NPL biomass levels ranged from 2.6 to
11.3 mg/L of seawater during the summer bloom period (May to July). As the densities

of the blooms decreased, the chlorophyll-a concentrations increased, showing a positive
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relationship. BHM had a variable biomass from 3.9 to 13.9 mg/L of seawater during the
same duration, not demonstrating any particular pattern related to abundance.

The estuary head biomass was relatively low in the winter and spring. During the
summer, biomass increased as the Dinophysis bloom abundances decreased. There was a
considerable increase in chlorophyll-a concentrations during the late summer and early
fall. On the other hand, the estuary mouth presented an overall increase in biomass
throughout the four seasons. At NPL, the biomass decreased to 1.7 mg/L of seawater
during the biggest Dinophysis bloom on 6/6/19.

Table 3: Independent means t-test statistical analysis of Dinophysis abundance related to
biomass (chlorophyll-a) (significant p-values are boldfaced).

Dinophysis Density vs. Biomass (Chlorophyll-a)
Parameters | Statistics | Estuary Head (NPL) | Estuary Mouth (BHM)
Chlorophyll-a |R-squared 0.17 0.11
P-value 0.02 0.11

Linear regression was used to test if nutrients explained the timing and magnitude
of blooms. In addition to the importance of elemental composition for the stimulation of
Dinophysis blooms, it is also important to understand the composition of nutrient ratios.
Nutrient composition not just magnitude can affect phytoplankton growth. Investigating
these nutrient ratios characterizes their role in shaping phytoplankton assemblages,
specifically focusing on the dinoflagellate community with a dominance of HAB species
(i.e. Dinophysis spp.).

The Redfield-Belinksi ratio of 106:15:16:1 represents the total dissolved
inorganic nutrient composition of carbon to nitrogen to silica to phosphate
(DIC:DSI:DIN:DIP) available for phytoplankton utilization via the biogeochemical

cycling of nutrients (Choudhury & Bhadbury, 2015). | wanted to analyze the relationship
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between abundance and nutrient composition, therefore, | choose to analyze the
composition by evaluating the ratios. | computed the following nutrient ratios of
DIN:DIP, DSI:DIN, and DSI:DIP to examine if there are deviations from the standard
nutrient ratios to influence dinoflagellate assemblages, specifically focusing on
Dinophysis abundances.

For the total dissolved inorganic nitrogen, | included both ammonium and nitrate
concentrations but have omitted the analysis of nitrite because of the lack of equipment to
quantify the concentrations, which is usually a very small fraction of the total inorganic
in nature. Specifically, we are looking at deviation from nutrient ratios which is looking
at ratios at which cells are made.

| tested the relationship of abundance with nutrients, but the regressions don’t
capture that possible delay between nutrient changes to which the phytoplankton respond.
To examine the possible connection between the changes in one or the other that, |
analyzed how the nutrients varied around the time of the blooms via time series data to
see the correspondence of changes in the various parameters.

Dinophysis abundance at the head of the estuary was negatively related to
nitrate (p = 0.01,r? = 0.19) and positively related to phosphate (p = 0.0006,r? =
0.33) concentrations. Dinophysis abundance was not significantly related to ammonium
and silicate. At the mouth of the estuary, all four nutrients measured were not

significantly related to Dinophysis abundance (Table 4).
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Table 4: Simple linear regression analysis of Dinophysis abundance related to nutrients

(nitrate, ammonium, silicate, and phosphorous) at the estuary mouth (NPL) and head

(BHM) in Budd Inlet (significant p-values are boldfaced).
Dinophysis Density vs. Nutrients

Parameters Statistics | Estuary Head (NPL) | Estuary Mouth (BHM)

Ammonium (NH4+) |R-squared 0.06 0.01
P-value 0.19 0.66
Nitrate (NO3-) R-squared 0.19 0.11
P-value 0.01 0.13
Phosphate (PO4-) |R-squared 0.33 0.06
P-value 6.0 e-4 0.26
Silicate (Si04-) R-squared 0.01 0.03
P-value 0.63 0.44

The phosphate concentrations at the estuary head ranged from 0.8 to 4.6 uM and
1.1t0 5.7 uM at the estuary mouth (Fig. 7; Fig. 8) and levels were low throughout the
winter and considerably higher throughout the summer and fall. The time series shows
that the peak concentrations of phosphate overlap with the Dinophysis blooms in the
summer from June to the end of August (Fig. 9). The time series graphs for the estuary
head shows that during the peak blooms from June to September, the phosphate
concentrations were greater than in winter. Also, the estuary mouth shows phosphate
concentrations were low in the first half of the spring season, while the second half shows
a pulse of phosphate reaching maximal value of 5.7 uM on 5/15/19 (Fig. 10). Shortly
after the surge, there was a sharp decline of phosphate to 1.1 uM. A bloom of Dinophysis
followed two weeks after the steep decline in phosphate. During the peak blooms,
phosphate concentrations remained low until the blooms declined. After the blooms

ceased, the phosphate levels increased.
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Phosphate Concentration in North Point Landing, Budd Inlet
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Figure 7: Time series of phosphate levels over the seasonal cycle of winter to fall of 2019
at the estuary head (BHM) in Budd Inlet.
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Phosphate Concentration and Dinophysis Abundance in North Point Landing, Budd Inlet
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Figure 9: Time series of Dinophysis abundance versus phosphate levels at the estuary

head (NPL) in Budd Inlet.
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At the estuary head, nitrate concentrations were noticeably higher in the winter
and spring (Fig. 11). In summer, nitrate levels were low and increased in the fall. Before
the blooms occurred, nitrate levels were very high. During the bloom, the nitrate
concentrations decreased while Dinophysis abundances increased (Fig. 12). Also, the
mouth of the estuary shows a similar trend during the spring, summer bloom season, and
fall (Fig. 13). The peak of Dinophysis abundances occurred a few weeks after the

elevated levels of nitrate were present (Fig 14).

Nitrate Concentrations and Dinophysis Abundance in North Point Landing, Budd Inlet
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Figure 11: Time series of phosphate levels over the seasonal cycle of spring to fall of
2019 at the estuary head (NPL) in Budd Inlet.
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Nitrate Concentrations and Dinophysis Abundance in North Point Landing, Budd Inlet

30000 20.0
18.0
25000
16.0 5
o 3
5 140 §
T 20000 & —-Density of Dinophysis
- 5
2 120 § (cells/L)
£ g
e G -Average NO3- Conc
= —_
£ 15000 00 = M)
E S
2 80 5
G
§ 10000 g
o 60 2
4.0
5000
2.0
0 0.0

Mm e S N Wm MmN N T MmN
W N O 4 N m<T NN WY L ~D O
I I A - T A= R - |

199
205
213
219
225
233
243
250
256
266

Days of 2019 {Julian date stareting on January 13)

Figure 12: Time series of Dinophysis abundance versus nitrate levels at the estuary head
(NPL) in Budd Inlet.
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Figure 13: Time series of phosphate levels over the seasonal cycle of spring to fall of
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Nitrate Concentrations and Dinophysis Abundance in Boston Harbor Marina, Budd Inlet
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Figure 14: Time series of Dinophysis abundance versus nitrate levels at the estuary mouth

(BHM) in Budd Inlet.

In addition, Dinophysis abundance at NPL was significantly related to nutrient

ratios of dissolved inorganic nitrogen to dissolved inorganic phosphate (DIN:DIP)

(p = 0.014,r? = 0.19)and dissolved silica to dissolved inorganic phosphate (DSI:DIP)

(p = 0.01,r? = 0.19) (Table 5). On the other hand, the estuary mouth was not

significantly related to any of the nutrient ratios. The DIN ratios only consist of

ammonium and nitrate concentrations due to lack of equipment at this time to determine

nitrite levels. However, it is known that nitrite is a small fraction of the total

concentrations thus should have minor influence in the ratio.
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Table 5: Simple linear regression analysis of Dinophysis abundance related to nutrients
ratios at the estuary mouth (NPL) and head (BHM) in Budd Inlet.

Dinophysis Density vs. Redifeld Ratios
Parameters | Statistics | Estuary Head (NPL) | Estuary Mouth (BHM)
DIN:DIP R-squared 0.19 0.04
P-value 0.01 0.39
DSI:DIP R-squared 0.19 0.00
P-value 0.02 0.79
DSI:DIN R-squared 0.05 0.05
P-value 0.21 0.31

The nutrient ratio of DSI:DIP ranged from 0.4 to 21.4 with maximal values
occurring during the winter to spring at the estuary head (Fig. 15; Fig 16). The ratios
decreased in early June to August, the same periods when the peak blooms occurred (Fig.
17). Similar occurrences appeared at the mouth of the estuary: when Dinophysis densities
were low, DSI:DIP ratios were high (Fig. 18). However, when cell densities were high,
the ratios decreased. A large inversion peak occurred at the same time the largest bloom
occurred on 6/6/19. Overall, the nutrients ratios were higher and more variable at the

head of the estuary compared to the mouth.
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Nutrient Ratio of DSI:DIP in North Point Landing, Budd Inlet
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Figure 15: Time series of nutrient ratios of dissolved silica to dissolved inorganic

phosphate (DSI:DIP) over the seasonal cycle of spring to fall of 2019 at the estuary head

(NPL) in Budd Inlet.
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' ”Nutrient Ratio of Dissolved Silicate to Dissolved Inorganic Phosphate vs.
Dinophysis Abundance in North Point Landing, Budd Inlet
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Figure 17: Time series of Dinophysis abundance versus nutrient ratios of dissolved silica
to dissolved inorganic phosphate (DSI:DIP) at the estuary head (NPL) in Budd Inlet.
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Figure 18: Time series of Dinophysis abundance versus nutrient ratios of dissolved silica
to dissolved inorganic phosphate (DSI:DIP) at the estuary mouth (BHM) in Budd Inlet.
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Nutrient ratios of DIN:DIP ranged from 0.4 to 21.6 at the estuary head (Fig. 19).
Ratios were elevated during the winter to the end of spring. When the summer season
ensued, a sharp decline in DIN:DIP occurred on 6/1/19 and very low ratios of DIN:DIP
remained low thru the fall. Shortly after this decline of phosphate levels, the first bloom
followed on 6/6/19 (Fig. 20). In contrast, the mouth of the estuary showed a gradual
decline in the DIN:DIP ratios over spring to end of the summer (Fig. 21). Ratios

decreased when the blooms were present.
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Figure 19: Time series of nutrient ratios of dissolved inorganic nitrogen to dissolved
inorganic phosphate (DIN:DIP) over the seasonal cycle of spring to fall of 2019 at the
estuary head (NPL) in Budd Inlet.
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Nutrient Ratio of Dissolved Inorganic Nitrogen to Phosphate vs. Dinophysis Abundance in North Point Landing, Budd

Inlet
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Figure 20: Time series of Dinophysis abundance versus nutrient ratios of dissolved
inorganic nitrogen to dissolved inorganic phosphate (DIN:DIP) at the estuary head (NPL)
in Budd Inlet.
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Figure 21: Time series of nutrient ratios of dissolved inorganic nitrogen to dissolved
inorganic phosphate (DIN:DIP) over the seasonal cycle of spring to fall of 2019 at the
estuary mouth (BHM) in Budd Inlet.
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Nutrient Ratio of Dissolved Inorganic Nitrogen to Phosphate vs. Dinophysis Abundance in

Boston Harbor, Budd Inlet
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Figure 22: Time series of Dinophysis abundance versus nutrient ratios of dissolved
inorganic nitrogen to dissolved inorganic phosphate (DIN:DIP) at the estuary mouth
(BHM) in Budd Inlet.

Although the relationship between ammonium and Dinophysis abundance was not
statistically significant, both stations exhibited elevated levels of ammonium during the
spring before the Dinophysis blooms. Ammonium levels were substantially greater at the
head of the estuary relative to the mouth, reaching maximal levels of 12.0 uM (Fig. 23).
The estuary head time series showed moderate levels of ammonium in winter, then
increased throughout spring until beginning of summer (6/6/19). As summer progressed,
ammonium concentrations declined from 11.0 uM to 0.3 uM from 6/6/19 to 8/1/19. This
decline in ammonium concentrations during the summer months corresponded with the
high-density blooms of Dinophysis at both stations between 6/6/19 to 7/24/19 (Fig. 24).
The levels decrease in accordance with decreasing bloom activity until 8/1/19. In
comparison, ammonium concentrations were significantly lower at the estuary mouth

(Fig. 25). Spring showed a similar trend with highest levels of ammonium concentrations
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ranging from 1.1 uM to 4.4 uM during 3/17/19 to 5/23/19. Levels of ammonium
decreased after the first bloom on 6/1/19. The lowest ammonium concentrations occurred
on 8/1/19 directly after the last bloom of the summer season (Fig. 26).
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Figure 23: Time series of ammonium levels over the seasonal cycle of spring to fall of
2019 at the estuary head (BNPL) in Budd Inlet.
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Ammonium Concentartions vs. Dinophysis Abundance in North Point Landing, Budd Inlet
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Figure 24: Time series of Dinophysis abundance versus ammonium levels at the estuary
head (NPL) in Budd Inlet.
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Figure 25: Time series of ammonium levels over the seasonal cycle of spring to fall of
2019 at the estuary mouth (BHM) in Budd Inlet.
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Ammonoium Concentrations and Dinophysis Density
in Boston Harbor Marina, Budd Inlet
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Figure 26: Time series of Dinophysis abundance versus ammonium levels at the estuary

mouth (BHM) in Budd Inlet.

Each of the water quality and meteorological factors were measured and analyzed

in order to examine the how environmental conditions might influence Dinophysis

densities. Analyses of simple linear regressions and time series were performed. There

were statistically significant correlations (p < 0.05) between Dinophysis abundance and

changes in environmental conditions. At the head of the estuary, Dinophysis abundance

was significantly related to dissolved oxygen (r? = 0.19), surface water temperature at

1m depth (r? = 0.44), air temperature (r? = 0.32), river discharge (r? = 0.51), and

solar radiance (r? = 0.17) (Table 6; Table 7). River discharge and surface water

temperature were the largest contributors to Dinophysis abundance at NPL. In

comparison, the station at the estuary mouth was significantly (p < 0.05) related to

salinity (r? = 0.28), surface water temperature (1m depth) (r? = 0.18), air
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temperature (r? = 0.27), river discharge (r? = 0.31), wind speed (r? = 0.15), and solar
radiance r? = 0.19) (Table 6; Table 7). River discharge and salinity were the most

significant factors at BHM.

Table 6: Simple linear regression analysis of Dinophysis abundance related to
meteorological conditions at the estuary mouth (NPL) and head (BHM) in Budd Inlet.

Dinophysis Density vs. Meterological Conditions

Parameters Statistics | Estuary Head (NPL) | Estuary Mouth (BHM)

Air Temperature (F) R-squared 0.32 0.27
P-value 6.0e-4 4.0e-3

Rainfall (m) R-squared 0.04 0.06
P-value 0.25 0.19

River Discharge (m3/s) |R-squared 0.51 0.32
P-value 7.1e-6 1.0e-3

Wind Speed (m?/s) R-squared 0.03 0.15
P-value 0.37 0.04

Solar Irradiance (W/m?) |R-squared 0.17 0.19
P-value 0.02 0.02

Table 7: Simple linear regression analysis of Dinophysis abundance related to water
quality parameters at the estuary mouth (NPL) and head (BHM) in Budd Inlet (significant
p-values boldfaced).

Dinophysis Density vs. Water Quality Conditions

Parameters Statistics | Estuary Head (NPL) | Estuary Mouth (BHM)

Salinity (1m depth) R-squared 0.00 0.28
P-value 0.85 4.0e-3

Coastal Salinity Index R-squared 0.08 0.11
P-value 0.40 0.39

DO (mg/L) R-squared 0.12 0.00
P-value 0.05 0.79

Seechi Depth (m) R-squared 0.00 0.01
P-value 0.99 0.51

Surface Water Temperature (1m) |R-squared 0.44 0.18
P-value 3.0e5 0.02
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Dissolved oxygen was qualitatively analyzed via time series plots to understand if
the levels decreased during the Dinophysis blooms periods. Levels of dissolved oxygen
were highly variable throughout the seasonal cycle at the estuary head ranging from 3.60
to 10.2 mg/L (Fig. 27). High levels occurred during the winter, spring, and fall. In the
summer, when Dinophysis reached peak densities, dissolved oxygen levels greatly
decreased (Fig. 28). The second peak bloom shows dissolved oxygen made very sharp
declines, reaching low of 3.60 mg/L on 7/2/19. Dissolved oxygen levels at the estuary
mouth were relatively stable in contrast to the head, staying within the range of 6.25 to
9.99 mg/L (Fig. 29). The dissolved oxygen levels did show slight decline from 9.99 to

7.33 in when high Dinophysis abundances were present (Fig. 30).
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Figure 27: Time series of dissolved oxygen levels over the seasonal cycle of spring to fall
of 2019 at the estuary mouth (BHM) in Budd Inlet.
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Dissolved Oxygen and Dinophysis Density at North Point Landing, Budd Inlet
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Figure 28: Time series of Dinophysis abundance versus dissolved oxygen levels at the
estuary head (NPL) in Budd Inlet.
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Figure 29: Time series of dissolved oxygen levels over the seasonal cycle of spring to fall
of 2019 at the estuary mouth (BHM) in Budd Inlet.
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Dissolved Oxygen Levels in Boston Harbor Marina, Budd Inlet
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Figure 30: Time series of Dinophysis abundance versus dissolved oxygen levels at the
estuary mouth (BHM) in Budd Inlet.

Surface water and air temperatures were evaluated to determine whether warm
waters prevent mixing, allowing algae to growth densely. With lack of mixing, cells can
become concentrated locally in the waters. Air and surface water temperatures (1m
depth) followed the same trend of gradually increasing in temperature from the period of
winter to summer then a decline in fall at the head of the estuary (Fig. 31). The mouth of
the estuary showed similar appearances in temperatures from winter to spring, however
the surface water temperatures remained fairly stable in the fall (Fig. 32). Dinophysis
abundances coincide with the rising surface water temperatures at both stations (Fig. 33).
During the winter to spring, surface water temperature increased from 7.7°C to 13.6°C
between 3/7/19 and 6/1/19. The first two blooms occurred during surface water

temperatures of 13.3°C to 13.6°C. Second set of blooms happened when temperatures

increased ranging from 14.7°C to 15°C. On the other hand, a similar pattern was
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displayed at the mouth of the estuary. In a similar trend, the first peak bloom at the
estuary mouth coincided after the primary increase in surface water temperatures from
winter (2/20/19) to early June (6/1/19) ranging from 8°C to 14.2°C (Fig. 34). The other
two peak blooms corresponded with higher temperatures: second peak bloom at 13.6°C

and third peak blooms at 14.9°C.
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Figure 31: Time series of air and surface water temperatures over the seasonal cycle of
spring to fall of 2019 at the estuary head (NPL) in Budd Inlet.
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Surface Water and Air Temperature in Boston Harbor Marina, Budd Inlet
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Figure 32: Time series of air and surface water temperatures (1m depth) over the seasonal
cycle of spring to fall of 2019 at the estuary mouth (BHM) in Budd Inlet.

Surface Water Temperature and Dinophysis Abundance at North Point Landing, Budd Inlet
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Figure 33: Time series of Dinophysis abundance versus surface water temperatures (1m
depth) at the estuary head (NPL) in Budd Inlet.
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Surface Water Temperature and Dinophysis Density at Boston Harbor Marina, Budd Inlet
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Figure 34: Time series of Dinophysis abundance versus surface water temperatures (1m
depth) at the estuary mouth (BHM) in Budd Inlet.

River discharge plays a major role in the biogeochemical cycling of estuaries
which are critical in the circulation of the waters and provide nutrient loading of
inorganic compounds that are essential for instating blooms and shaping phytoplankton
community structure. In addition to the statistical analysis, time series represented the
form and magnitude of the Deschutes River discharge relative to Dinophysis abundance.
The placement of the river adjacent to NPL relative to BHM might be a major factor
explaining the larger density blooms at NPL.

River discharge presented high levels in the winter to mid-spring (1/13/19 to
4/18/19) ranging from 273 ft3/ sec to 662.7 ft3 /sec (Fig. 31). After 4/18/19, there was a
major decline in river outputs during the summer and fall (Fig. 35). Dinophysis
abundances at both stations coincide with low levels of river discharge from June to end

of August (Fig. 36; Fig 37).
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Deschutes River Discharge into Budd Inlet, WA
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Figure 35: Time series of the Deschutes River discharge into Budd Inlet during the
seasonal cycle of winter to fall of 2019.
Deschutes River Discharge and Dinophysis Abundance in North Point Landing, Budd Inlet
30000 700.0
600.0
25000
500.0
QZUOOU
%
E 400.0 g
& 15000 i
% 300.0 E ——Dinophysis
g 8 Density (cells/L)
c [=]
o + ——Discharge
o 10000 é average (ft"3/s)
200.0 1
g
5000 =
100.0
0 0.0

NN M NN T MmN O
NN M 9 ;B8R WO 0
B | E= = R -

05
213
219
225
233
243
250
256
266
275

=
S
®
o
S
G
=
N
=1
=

9 (Julian date starting on January 13)

Figure 36: Time series of Dinophysis abundance versus river discharge at the estuary

head (NPL) in Budd Inlet.
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Deschutes River Discharge and Dinophysis Abundance in Boston Harbor Marina, Budd Inlet
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Figure 37: Time series of Dinophysis abundance versus river discharge at the estuary
mouth (BHM) in Budd Inlet.

Wind can influence the phytoplankton activity by concentrating or diluting the
dispersal of phytoplankton; therefore, time series of wind speed with direction were
evaluated to determine if there is a relationship to Dinophysis abundance. Wind speed
and direction in Budd Inlet varied considerably throughout the study period (Fig. 38).
Shifts in wind direction from north to south, along with increases in wind speed overlap

with two major peaks densities of Dinophysis at both stations (Fig. 39; Fig 40).
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Figure 38: Time series of the wind speed and direction in Budd Inlet during the seasonal
cycle of winter to fall of 2019.

o
o
o~

250

266

12

10

[+)]
Average Wind Speed (m*2/second)

Average Wind Speed and Dinophysis Abundance at North Point Landing, Budd Inlet

m M M~ = W oNO
= N mn 0w~

[i=]
@

]
(4]

[=]
o
-

0 g N WL MmN N O 0T Mmoo
O " N N M < 10 W W WS 0O
R L I I T e = = R e

Sampling Days in 2019 (Julian date starting January 13)

a
a
—

[Ta}
o
o~

m
—
o~

a
bl
o~

wn
o~
~

]
o0
~

3
~

(=]
n
~

o
wn
~

w0
o
o~

wn
~
~

12

10

(=]
Average Wind SPeed (mA2/second)

——Direction

——Average Wind Speed
(m~2/second)

——Dinophysis Density (cells/L)
——Average Wind Speed (mA2/second)

Figure 39: Time series of Dinophysis abundance versus wind speed at the estuary head

(NPL) in Budd Inlet.
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Figure 40: Time series of Dinophysis abundance versus wind speed at the estuary mouth
(BHM) in Budd Inlet.

Solar radiation is one of the main factors for phytoplankton growth.
Phytoplankton are able to absorb light, in turn promoting warmer conditions in the
surface water as well as prompt algal blooms. Solar radiation was variable but gradually
increased during the winter to spring. Highest levels of solar radiation appeared during
5/23/19 to 6/23/19 ranging from 257.6 to 289.0 W/m? and between 7/18/19 to 8/13/19
ranging from 208.3 W/m? to 290.4 W/m? (Fig. 41). At the estuary head, the peak of
solar radiation corresponded during the two primary Dinophysis blooms events during
May to June corresponds; however, the other bloom events show correspondence with
the second phase in elevated total radiation emittance from July to August (Fig. 42).
Similarly, at the estuary mouth the two main peaks of Dinophysis blooms correlate with
increased levels of solar radiation in the first half of the summer along with the third peak

bloom in the second half (Fig. 43).
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Figure 41: Time series of solar radiation in Budd Inlet during the seasonal cycle of winter
to fall of 2019.
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Figure 42: Time series of Dinophysis abundance versus solar radiation at the estuary head

(NPL) in Budd Inlet.
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Average Solar Irradiance and Dinophysis Abdundance in Boston Harbor Marina, Budd Inlet
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Figure 43: Time series of Dinophysis abundance versus solar radiation at the estuary
mouth (BHM) in Budd Inlet.

Water transparency was measured via Secchi depth to understand the depth to
which the light penetrates the water. Light penetration is an important component to
phytoplankton growth because it is necessary for activities of photosynthesis. Water
transparency (Secchi depth at 1m) ranged from 1.8 m to 5.8 m at the estuary mouth.
While the head of the estuary ranged from 2.9 m to 5.6 m, water transparency was not
qualitatively nor statistically related to Dinophysis abundance.

Time series between Dinophysis abundance and rainfall were analyzed with
respect to the possible lag time between the input of the rain and the response time from
Dinophysis. Rainfall events are potential important contributors to inputs of dissolved
inorganic nutrients in the estuaries that can support phytoplankton growth and activity.
Rainfall showed maximal values in the winter (0.04 m) and fall (0.02 m) (Fig. 44). While
the early spring season exhibited moderate levels of rainfall reaching up to 0.42 in, lowest

levels of rainfall occurred during late spring into the end of the summer season. High
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levels of rainfall coincided with low densities of Dinophysis at both stations (Fig. 45). At
both the estuary head and mouth, blooms developed in the summer months after a period
of low precipitation. There was a peak of 0.13 inches of rainfall on 7/2/19 between the
two initial Dinophysis blooms and the remaining blooms at both stations. In addition,
rainfall also displayed potential influences on ammonium concentrations throughout the
seasonal cycle. At the estuary head, concentrations of ammonium remained at low levels
during the winter and considerably increased during the summer (Fig. 46). The estuary
mouth showed increasing levels of ammonium during the summer (Fig. 47). The
concentrations were considerably lower than the estuary head after the rainfall periods

occurred.

Rainfall in Budd Inlet, Puget Sound, WA

Preciptation (inches)

Julian Days in 2019

Figure 44: Time series of solar radiation in Budd Inlet during the seasonal cycle of winter
to fall in 20109.
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Average Precipitation and Dinophysis Abundance in North Point Landing, Budd Inlet

30000 0.25
25000 F
( 0.2
- I\
ES (1
8 / |
£ 20000 { _
E [ I
§ |1 015 £
=
2 [ I §
_% 15000 ‘I \ | | g —Dinophysis Density
g |1 [ g (cells/L)
£ [ [ &
[ [ 01 &
[ |\ 3 i
10000 | | I ——Average Precipitation
[ [ (inches)
[ ] " |
|‘ | | 0.05
5000 | ‘ | 5
| |
N
[ [ ( \
| \
\
0 |/ 0
m oMo oo oBoN
AR BO B8R

Sampling Days in 2019 {Julian date starting date on January 13)

Figure 45: Time series of Dinophysis abundance versus average rainfall at the estuary
head (NPL) in Budd Inlet.
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Figure 46: Time series of Dinophysis abundance versus average rainfall at the estuary
mouth (BHM) in Budd Inlet.
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Average Rainfall and Ammonium Concentrations in North Point Landing, Budd Inlet
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Figure 47: Time series of average rainfall and ammonium levels at the estuary head
(NPL) during the seasonal cycle of winter to fall in 2019.
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Figure 48: Time series of average rainfall and ammonium levels at the estuary mouth
(BHM) during the seasonal cycle of winter to fall in 2019.
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4.6 Shellfish Toxicity

A way to monitor for biotoxins is to measure diarrhetic shellfish poisoning
(DSP) toxins in mussel tissues. Mussels filter a tremendous amount of water, thus
concentrating the algal toxins. WDOH routinely collects mussels (sentinel mussels) and
analyzes their tissues for algal toxins. WDOH collected, processed, and analyzed blue
mussel tissue samples for okadaic acid, dinophysistoxin-1 (DTX-1), and dinophysistoxin-
2 (DTX-2) at both stations. Dinophysis enumeration was completed within +48 hours
(majority of samples) of the time the DSP toxin sampling was completed. This generates
data that allows the WDOH to manage the closures of shellfish beds for harvesting when
toxin levels pass given minimum concentrations. Total diarrhetic shellfish toxins were
statistically and quantitively analyzed.

While DSP toxins are generated by Dinophysis, its abundance and DSP in toxins
may not coincide in time. This is because the concentration of toxin by mussels occurs
over an unknown period of time. The same toxin level, for example, could be achieved by
filtering small concentrations of cells over a long period of time, or by consuming a large
concentration of cells over a short period of time. Furthermore, mussels can get rid of the
toxin following continued filtration (depuration) of non-toxic cells. If a Dinophysis
bloom occurs following depuration, there will not be a relationship between abundance
and toxins in mussels (Svensson, 2003). In the context of this study and an additional
complication is that the WDOH data was collected at much longer time intervals than the
abundance data. Given that WDOH provided the DSP data and in spite of these issues
described, I ran linear regression analysis to evaluate if there is a relationship between

Dinophysis abundance and DSP.
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There were 20 samples from January to the end of September at NPL with DSP
concentrations ranging from 0.50 to 9 ug/100g (Fig. 49). There were 11 samples
collected at BHM from mid-May to end of September with DSP concentrations ranging
from 0.24 to 1.16 ug/100g (Fig. 50). Three samples were taken around the time of
Dinophysis blooms. The highest DSP levels were located at NPL, occurring on March 20.
These high DSP levels occurred in the mid-spring before the summer bloom period.
During the bloom period, there was also another minor peak in the month of June
reaching a maximal DSP level of 3.52 xg/100g.

Levels of DSP toxins were very low over the seasons at both stations—not
reaching the USDA action level of 16 ng/100g. The majority of the DSP toxin present
was DTX-1, and minimal levels of okadaic acid were present throughout the study.
Dinophysis abundance and DSP toxin concentrations from WDOH (Table 8) were not
significantly related.

Diarrhetic Shellfish Poisoning (DSP) Levels in Budd Inlet, South Puget Sound, WA
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Figure 49: Time series of Dinophysis abundance versus the total DSP toxin levels at the
estuary head (NPL) during the seasonal cycle of winter to fall in 2019.
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Figure 50: Time series of Dinophysis abundance versus the total DSP toxin levels at the
estuary mouth (BHM) during the seasonal cycle of winter to fall in 2019.

Table 8: Regression analysis between Dinophysis abundance versus DSP toxins at the
estuary head and mouth in Budd Inlet (significant p-values are boldfaced).

Dinophysis Density vs. Diarrhetic Shellfish Toxin Levels

Parameters Statistics | Estuary Head (NPL) | Estuary Mouth (BHM)
Diarretic Shellfish Toxins |R-squared 0.00 0.02
P-value 0.83 0.83
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CHAPTER 5: DISCUSSION
5.1: Overview of Research Questions & Hypotheses

This is this the first study to characterize Dinophysis bloom activity with high
frequency sampling of biological and environmental parameters over a 10-month period
in Budd Inlet, Puget Sound, Washington. The high concentration method was developed
because Dinophysis was reported to be rare in this area particularly in winter. This
method was critical to determining the changes in the abundance and distribution over
space and time of six toxic Dinophysis species. My research questions were: What is the
spatiotemporal distribution of Dinophysis between the estuary head (near Deschutes
River) and the mouth (near south sound basin) over the seasonal cycle from winter to fall
of 2019 in Budd Inlet? What environmental factors control the abundance of Dinophysis
during the study period?

| hypothesize that the station near the head of the estuary would have greater
phytoplankton abundance relative to the mouth. The station adjacent to the Deschutes
river may be more heavily influenced by the river discharge which might support the
notion of elevated nutrient loading and high density stratification that promote an
increase dinoflagellate bloom activity.

The hypothesis also recognizes several meteorological and water quality factors
that were related to Dinophysis abundance and timing of blooms. Availability of nitrogen,
ammonium, and phosphorous were considered to be major factors controlling abundance
of Dinophysis or of its prey (Hattenrath-Lehmann et al., 2015; Gao et al, 2011).
Dinophysis cells are mixotrophic usually predating on Myrionecta rubra but can be

autotrophic when starved. River discharge was hypothesized to be another factor
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contributing to Dinophysis blooms because in addition to being a source of nutrients, the
freshwater contributes to creating a stratified water column, which tends to benefit
dinoflagellates (Sellner et al., 2011; Gentien et al., 2015).

Now, I will discuss how my findings provide answers to the research questions. In
this discussion, | will provide an overview of the phytoplankton species composition and
biomass. Then, I will discuss what | found regarding the distribution of Dinophysis both
spatially and temporally and the environmental factors that may explain these trends. In
closing, suggestions for future Dinophysis research are mentioned.

5.2: Phytoplankton Species Composition and Biomass

Diatom species dominated in winter and dinoflagellates species dominated in
spring to summer. This is consistent with the general concept of a shift from diatom to
dinoflagellates when transitioning from cooler to warmer seasons of the year in other
temperate estuaries similar to Budd Inlet. Although the species richness was similar at
both sites, each station species’ evenness varied with higher cell abundance of
dinoflagellates species at the head of the estuary. Dinoflagellate (including Dinophysis
spp.) domination occurs because they benefit from the stratified conditions that are more
common at the head of the estuary due to its proximity to the river (Mackenzie, 2018;
Mena et al., 2019).

Phytoplankton biomass as estimated by chlorophyll-a was only related to
Dinophysis abundance at the head of the estuary. This was most likely due to diatoms
which have more chlorophyll-a content per cell, are generally larger, and more abundant

at the mouth of the estuary.
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5.3: Spatiotemporal Distribution of Dinophysis spp.

The results show 4 out of 13 toxic species of Dinophysis are commonly found in
Budd Inlet, Puget Sound. Using a high concentration method, Dinophysis was detected
throughout the four seasons at both stations. In the winter, Dinophysis mainly comprised
D. norvegica, D. acuminata, and D. fortii, while the late spring throughout the summer
was dominated by D. norvegica. D. norvegica was the most common Dinophysis species
found at both locations in all but one week. The density of Dinophysis norvegica blooms
increased during the summer months. This indicates that summer has optimal conditions
for D. norvegica growth, allowing it to outcompete other species. When Dinophysis
bloomed, few other phytoplankton genera were observed. These results are consistent
with D. norvegica blooms on the Pacific Coast of Canada that reached cell densities
exceeding 5x10° cells/L (Hattenrath-Lehmann et al., 2013).

The densities of Dinophysis did not support my hypothesis because the
dominance of D. norvegica was unexpected and D. acuminata has been the most
prevalent species of Dinophysis in Puget Sound and United States, responsible for DSP
outbreaks (Trainer et al., 2013). Dinophysis norvegica has been associated with DSP
outbreaks but these are not as extensive as DSP events associated Dinophysis acuminata
blooms. To date, D. norvegica is not known to be a major contributor to DSP outbreaks
in cold-temperate waters and the DSP events it causes have been mild.

Dense cell abundances of D. norvegica were found at the estuary head relative to
the mouth. At the head, D. norvegica co-occurred more frequently with D. acuminata and

D. fortii. These two species have been known to produce diarrhetic shellfish toxins
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(DSTs) that cause extensive DSP outbreaks. Their abundance at the head may result from
hydrographic conditions of strong thermal water-column stratification during late spring
and early summer which seem to favor cell densities of Dinophysis (Delmas et al., 1992;
Reguera et al., 1995; Godhe et al., 2002; Hattenrath-Lehmann et al., 2015).

5.4 Dinophysis Abundances and Environmental Factors

In this study, several environmental factors were examined to understand the
bottom-up control of Dinophysis abundance. These included water quality and
meteorological variables.

The question of whether nutrient loading contributes to Dinophysis blooms has
not been addressed extensively in the literature because Dinophysis is mixotrophic.
Nutrients, however, can be important because they are needed by Dinophysis prey and
also by D. acuminata and D. fortii when starved. | considered the nutrients needed for
phytoplankton growth and computed various nutrient ratios to explore if variations in
nutrient composition are important (Kim et al., 2015; Tong et al., 2015). Simple linear
regressions and time series graphs were used to test for the relationship between
Dinophysis abundances and nutrients concentration and composition (ratios). During the
initiation of bloom observed in late spring to late summer, nitrate, phosphate, and
ammonium levels appeared to enhance the bloom. Prior to the blooms where Dinophysis
reached their maximal abundance, ammonium and phosphate were high. Other studies
have shown that groundwater which is enriched with nitrogen and benthic levels of
ammonium during the late spring to early summer may be contributors to Dinophysis

blooms (Steenhuis et al., 1985; Gobler et al., 2001; Young et al., 2013).
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The role of nutrient composition in determining phytoplankton occurrence and
distribution was examined by computing nutrient ratios (DIN:DIP, DIN:DSi, DSi:DIP)
and comparing them to the fixed Redfield Ratios, which represents the fixed ratio of
selected elements in phytoplankton cells. Deviations of the available nutrient ratios
relative to the needed Redfield Ratio can reveal the times when nutrient limitation can
affect occurrence and distribution of specific plankton species.

The nutrient ratios of DIN:DIP varied substantially and appeared to be related to
Dinophysis abundances at the head of the estuary (r> = 0.19). During the winter and early
spring, when the nutrient ratio of DIN:DIP was higher than the Redfield ratio of 16:1,
represents the proportion at which inorganic nitrogen is an excess and phosphorus is
limited. The ratios in the winter directly before the bloom activity were high at 20.4,
showing a significant deviation potentially indicating a period of increased phosphorous
limitation during mid-spring, while during late spring, ratios declined to 2.8 before the
onset of the first bloom in late spring. The shift from high to low proportions of DIN:DIP
occurring in late spring/early summer is indicative of nitrogen limitations for growth
(Danish EPA, 2011). The ratios remained low as the bloom progressed over the summer.
This data supported DIN:DIP ratios which deviated from the optimal ratios for
phytoplankton growth at the start of the Dinophysis blooms to the end of the study period.
This evidence supports the conclusion that Dinophysis norvegica blooms occur under
nitrogen-limited conditions. Thus, the low DIN:DIP ratios may be a result of high prey
and Dinophysis growth which used up the available inorganic nitrogen.

These data suggest a strong nitrogen demand at the onset of the largest bloom

(occurring on 6/6/19) while phosphorous limitations are also present. This is consistent
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with other findings of lower DIN:DIP ratios throughout all stages of a Dinophysis bloom
(Hattenrath et al., 2015). Excess nitrogen and limitation of phosphate have both shown
strong relationships to high Dinophysis abundances (Hattenrath-Lehmann & Gobler,
2015). Anthropogenic nitrogen inputs from fertilizer use and fossil fuel emissions to
estuarine and coastal systems has changed ecosystem functioning of (Galloway, 2004).
The eutrophic conditions due to anthropogenic pressures of nitrogen loading from river
runoff and wastewater treatment plant result in high nitrogen levels for sustaining
Dinophysis blooms such as those in Budd Inlet (Glibert & Burkholder, 2011; Hattenrath-
Lehmann & Gobler, 2015). Variable elemental composition from nutrient loading—such
as elevated nitrogen levels from effluent discharge—may induce a response factor from
cells exposed to rapidly changing environments. These high turnover responses may
suggest Dinophysis spp. exhibit a high degree of cellular plasticity to nutrient loading
(Falkowski, 2000). In turn, these nutrient loads can influence the prey populations,
therefore indirectly stimulating Dinophysis blooms (Gao et al., 2018).

Of several physicochemical parameters considered in this study, river flow
discharge was the most significant factor (r> = 0.51 at head; r> = 0.32 at mouth) related to
Dinophysis abundance at both stations. The time series graph also provided evidence of
the blooms closely coinciding with seasonal changes in the biogeochemical cycling of
nutrients in estuaries, which are in turn influenced by riverine inputs. The data provided
evidence to support the conclusion that river flow discharge is one of the main
contributing factors enhancing bloom activity in Budd Inlet. River inputs greatly
influence phytoplankton blooms because they enhance water-column stratification, and

provides a source of nutrients needed to sustain Dinophysis growth and/or their prey.
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This evidence supports the conclusion that levels of phosphate and nitrogen river
discharge into the estuary were elevated. Riverine runoff can produce large salinity
gradients where vertical stratification occurs as the marine waters from the ocean mix
with river water (Szymczycha et al., 2019).

Solar radiation, surface water temperatures (1m depth), and air temperature were
also noteworthy factors influencing Dinophysis populations at both stations. There was
significant variation in the water temperature throughout the study period ranging from
12.6 to 17.3°C at the head and 14.2 to 14.9 °C at the mouth. The head exhibited more
variation in water temperatures relative to the mouth. Dinophysis blooms occurred during
high intensity of solar radiation. When solar radiation decreased, the bloom activity
followed the same pattern. These trends are also consistent with other studies that
reported Dinophysis being associated with warmer waters (Caroppo, 2001; Hattenrath-
Lehmann et al., 2015).

The large accumulations of Dinophysis occurred during the summer months when
water was warm. Others have also showed that Dinophysis—and dinoflagellates in
general—aggregate at the surface of the water-column during warmer water conditions
and high light intensities from solar radiation (Nielsen et al., 2012). High productivity of
D. norvegica during increased radiation, water temperature, and air temperature
showcases possible characteristics of a highly adaptable species to spring-summer
changes within its environment (Basti et al., 2018).

Another contributing factor explaining the distribution of Dinophysis
species may involve variations in dissolved oxygen. Dissolved oxygen levels

were stable in the winter yet decreased as the seasons progressed into summer
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which suggests that temperature may influence these trends. Warmer waters may
be influencing this trend. Warmer conditions after the peak blooms occurred
during early summer displayed levels of dissolved oxygen which decreased from
8.32 mg/L to 3.92 mg/L.

Other studies have also shown Dinophysis to thrive in water saturated with
oxygen (Caroppo, 2001). High cell accumulations of Dinophysis occurring in
early summer showed a corresponding decrease in oxygen levels during the
cessation of blooms from 6/6/19 to 8/21/19. When surface waters are more stable
in the winter, dissolved oxygen concentrations are elevated. However, dissolved
oxygen decreases when due to increases in photosynthesis driven by heterotrophic
activities of grazing and decomposition. Dinoflagellate bloom activities can
decrease the oxygen to very low levels causing hypoxic conditions within the
water-column or can increase if in autotrophic mode. These conditions have been
closely correlated with blooms of Dinophysis spp. and Ceratium fusus (Pitcher &
Probyn, 2011).

Wind was another significant factor explaining Dinophysis abundance at the
mouth. During the three main peaks at BHM, wind speed ranged from 6.9 to 8.8 mph and
the wind direction varied from 230° to 240° indicating that Dinophysis blooms are
associated with southwesterly winds. The same evidence was found by Hattenrath-
Lehmann (2015), showing the same associations to SW winds over several years.
Dinophysis abundances may be influenced by the advection processes and relaxation of
upwelling related to winds. The speed and directionality may influence the growth,

dispersal, and spreading of the blooms (Anjani et al., 2016; Moita et al., 2016). This data
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supports the conclusion that winds are related to Dinophysis abundances. During another
long-term study, the onset of Dinophysis blooms occurred two months after the maximal
wind differences were noticed (Hattenrath-Lehmann et al., 2015). Low velocity winds
from the south and north have been associated with maximum counts of several
Dinophysis species in the Greek coastal waters (Vlamis & Katikou, 2014).

The DSP levels were not significantly related to Dinophysis abundance. At the
head, in spring high DSP levels were measured when cell abundances were low. In
summer, when Dinophysis abundance was highest, DSP levels did not increase. In late
summer variations in abundance appeared to be related to changes in DSP but the
relationship was weak. Possible reasons for the lack of a relationship include: toxicity of
toxins may be species-specific and cells may be stressed.

D. norvegica dominated during summer blooms when DSP levels were low.
These data are consistent with other studies showing D. norvegica is mildy toxic
compared to other highly toxic species, D. acuminata and D. fortii (Hattenrath et al.,
2015). D. acuminata and D. fortii exhibited were present but in low cell densities during
the winter and spring which may explain why there was an increased levels of DSP
toxins during the winter to spring period. The presence of highly toxic species of D.
acuminata and D. fortii may be a contributing factor to increased levels of toxins. Also,
the winter could have yielded conditions to increase the toxicity of D. acuminata and D.
fortii because these species have been linked to cellular stress from low nutrient and prey
concentrations (Alves-de-Souza et al., 2014).

As mentioned in the previous chapters, the comparison between DSP levels in

mussels and Dinophysis abundances is complex because mussels represent both
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concentration and depuration over an unknown period of time. Also, the DSP sampling
occurred at longer time frequency that of Dinophysis monitoring which could affect the
timing of concentration and depuration of the cells.

5.5: Suggestions for Future Research

More research on Dinophysis is needed to understand the dynamics between the
physiological processes of the cells and how they interact with the local environmental
conditions. Suggestions for the future would involve more intensive analysis of
spatiotemporal distribution by increasing the time resolution to capture all seasons over a
long-term (>2 years) period as well as focusing on toxicity of the cells by addressing the
relationships between DSP and Dinophysis abundances of individual species.

Other factors may potentially be stimulating and driving blooms in late spring to
summer. Organic nitrogen loading might also have an effect on the Dinophysis blooms
and toxicity; therefore, providing a more robust nutrient assay and ratio of nutrient
compositions by adding organic nitrogen and carbon to a study might give more insight
into other contributing nutrients. Also, the inclusion of nutrient molecular tracers in
experimental studies could showcase the physiological processes and preferences for
different forms of nutrients, organic versus inorganic.

Other work could also develop modeling and analysis of both bottom-up and top-
down controls. This study was limited in noting any top-down controls that could
potentially influence Dinophysis abundances. Addressing grazing from predators (i.e.
zooplankton, planktivorous fish) could affect the abundance, assemblage structure, and
species composition of phytoplankton in a local body of water. This study was limited in

addressing how Dinophysis blooms are related to its prey. Quantification of prey, such as
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Myrionecta rubra, would also be able to provide information about possible grazing
pressures.

Another limitation in this study corresponded with performing statistical analyses
on individual environmental factors by solely investigating if responses of Dinophysis
were related to environmental variables independently of each other. To understand the
interactions between various environmental parameters, deterministic modeling should be
applied. Modelling will assist in determining the dynamic relationship of Dinophysis
abundances and species-specific toxicity to various environmental parameters in order to
capture the complexity of the ecophysiological response of Dinophysis. There could be
several variables at play instead and using multiple linear regression and other modeling
tools, such as canonical correspondence analysis (CCA), can represent multiple variables

potentially stimulating the Dinophysis blooms (Smida et al., 2014; Tibirica et al., 2015).
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APPENDICES

Appendix A: Species Composition Supporting Data

LEGEND
Abbreviations Relative abduance and Community Structure
" Abundant
" Common
"t Rare
"X Present
"Diatom Dom" Diatom Dominant Community
"Mixed Assemblage" Mixed Assemblage of Diatoms & Dinoflagellates
"Dinoflagellate Dom" Dinoflagellate Dominant Community
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North Point Landing (estuary head)

Season Winter
Month January February
Sampling Dates 1/13/19 1/23/19 2[&[19 2/20/19
Assemblage (Diatom dom, Dinoflagellate dom, or Mixed) Mixed Diatom Dom Diatom Dom Diatem Dom
Dominant Genus or Species Thalassiosira rotula |Skeletonema costatum |Skeletonema costatum | Thalassiosira rotula
Dinophysis norvegica X+ X+ X+
Dinophysis fortii X+ X+ X+ X+
Dinophysis acuminata X+
Akashiwo sanguinea K+ X+
Pseudo-nitzschia spp. Kt X+ X+ X+
Chaetoceros decipens A+ K+ X+
Chaetoceros debills Kotk K+ X+ X+
Ditylum brightwellii X+ X+ X+ X+
Coscinodiscus cunvatulus Kottt X+ X+
Thalassiosira rotula X+ X+
Protoperidinium conicum K+ X+ X+
Asteromphalus heptactis X+
Thalassionema nitzschiodes X+ X+ X+ X+
Navicula spp. X+ X+ X+
Skeletonema costatum X+ Xt X+t
Ceratium fusus X+ X+
Oxyphysis oxytoxoides X+ X+
Pleurosigma spp. X+
Chaetoceros danicus Ky X+
Coscinodiscus centralis i
Thalassiosira punctigera X+
Gyrosigma sp. X+
Cylindrotheca closterium X+ X+
Asterionella formosa X+
Leptocylindrus danicus X+
Lauderia annulata X+
Bacterstatium sp. X+
Heterosigma _heterocapsa X+
Chaetoceros didymus Kot
Stephanopyxis palmeriana
Thalassiosira anguste-lineata
Asterionefla formosa X+
Dictoycha fibula X+
Eucampia zodiacus X+
Detonula pumila X+

Protopenidinium stenii

Chaetoceros similis

Corymbellus aurens

Thalassiosira pacifica/nordenskioeldii

Nitzschia acicularis

Protoperidinium leonis

Alexandrium catenalla

Scripsiella trochoidea

Protoperidinium c.f. brevipes

Leptocylindrus minimus

Actinoptychus senarius

Protoperidium excentricum

Chaetoceros teres

Polykrikos shwartzii

Odontella longicruis

Chaetoceros diadema

Rhizasolenia setigera

Protoperidinium oblongum

Pyrophaus horologinium

H‘emcagsa C.J. Mguew

Protoperidinium depressum

Melosira monolopsis

Licomarmpha spp.

Unk 1-highly scilaceous transparent, solitary or stacked (2+ cells)

Dinophysis rotundata

Fragilaria strigtula

Noctiluca scintillans

Thalassiosira eccentrica

Odontella aurita

Protoceratium reticulatum

Alexandrium c.f. tamarense

Dinophysis odiosa

Chaetoceros lorenzianus
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Season

Month March
Sampling Dates 3/6/19 3/13/19 3/20/19 3/27/19
Assemblage (Diatom dom, Dinoflagellate dom, or Mixed) Diatorn Dom Diatom Dom Diatom Dom Diatorn Dom

Dominant Genus or Seecies

Thalassiosira rotula

Thalassiosira rotula

Thalassiosira spp.

Chaetoceros debilis (bloom)

Dinophysis norvegica

Dinophysis fortii

Dinophysis acuminata

Akashiwo sanguinea

Pseudo-nitzschia spp.

Chaetoceros decipens

Chaetoceros debilis

W+

Ditylum brightwellii

Coscinodiscus cunatulus

Thalassiosira rotula

Proteperidinium conicum

Asteromphalus heptactis

K+

Thalassionema nitzschiodes

Navicula spp.

Skeletonema costatum

K+

K+

Ceratium fusus

Oxyphysis exytoxoides

Pleurosigma spp.

Chaetoceros danicus

X+

Coscinodiscus centralis

Thalassiosira punctigera

Gyrosigma sp.

Cylindrotheca closterium

X+

Asterionella formosa

Leptocylindrus danicus

Lauderia annulata

Bacte rstatium sp.

Heterosigma heterocapsa

Chaetoceros didymus

Stephanopyxis palmeriang

Thalassiosira anguste-lineata

Asterionella formosa

X+

Dictoycha fibula

Eucampia zodiacus

Detonula pumila

Protoperidinium stenii

Chaetoceros similis

Corymbellus aurens

Thalassiosira pacifica/nordenskioeldil

Nitzschia acicularis

X+

Protoperidinium leonis

Alexandrium catenalla

Scripsiella trochoidea

Protoperidinium c.f. brevipes

Leptocylindrus minimus

Actinoptychus senarius

Protoperidium excentricum

Chaetoceros teres

Polykrikos shwartzii

Odontella longicruis

Chaetoceros diadema

Rhizosolenia setigera

Protoperidinium oblongum

Pyrophaus horologinium

Heterocapsa c.f. triquetra

Protoperidinium depressum

Melosira monolopsis

Licomompha spp.

Unk 1-highly scilaceous transparent, solitary or stacked (2+ cells)

Dinophysis rotundata

Fragilaria striatula

Noctiluca scintillans

Thalassiosira eccentrica

Odontella aurita

Protoceratium reticulatum

Alexandrium c.f. tamarense

Dinophysis odiosa

Chaetoceros lorenzianus
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Season Spring
Month April
Sampling Dates 4/3/19 4/10/19 a/18/19 4/24/19
Assemblage (Diatom dom, Dinoflagellate dom, or Mixed) Diatom dom Diatom dom Diatom dom Diatom dom

Dominant Genus or SEecIes

Chaoetoceros debilis (bloom)

Chaetoceros debilis (bloom)

Chaetoceros debilis (bloom)|

Thalassiosira rotula

Dinophysis norvegica

Dinophysis fortii

Dinophysis acuminata

Akashiwo sanguineg

Pseudo-nitzschia spp.

Chaetoceros decipens

Chaetoceros debilis

Kot

Ko+

Aot

Ditylum brightwellii

Coscinodiscus cunvatulus

Thalassiosira rotula

Ko+

Xt

Kot

Kot

Protoperidinium conicum

Asteromphalus heptactis

Thalassionema nitzschiodes

Navicula spp.

Skeletonema costatum

Ceratium fusus

Oxyphysis oxytoxoides

Pleurosigma spp.

Chaetoceros danicus

Coscinodiscus centralis

Thalassiosira punctigera

gmﬂgma Sp.

Cylindrotheca closterium

Asterionella formosa

Leptocylindrus danicus

Lauderia annulata

Bacterstatium sp.

Heterosigma heterocapsa

Chaetoceros didymus

Stephanopyxs palmeriana

Xt

X+

Thalassiosira anguste-lineata

Asterionella formosa

Dictoycha fibula

Eucampia zodiacus

Detonula pumila

Protoperidinium stenii

Chaetoceros similis

Corymbeflus aurens

Thalassiosira pacifica/nordenskioeldii

Nitzschia aciculan's

Protoperidinium leonis

Alexandrium catenalla

Scripsiefla trochoidea

Protoperidinium c.f. brevipes

Leptocylindrus minimus

Actinoptychus senarius

Protoperidium excentricum

Chaetoceros teres

X+

Polykrikos shwartzii

Odontella longicruis

Chaetoceros diadema

Rhizosolenia setigera

Pratoperidinium oblongum

Pyrophaus horologinium

Heterocapsa c.f. triquetro

Pratoperidinium depressum

Melosira monolopsis

Licomarpha spp.

Unk 1-highly scilaceous transparent, solitary or stacked [2+ cells)

Dinophysis rotundata

Frogilaria striatula

Noctiluca scintillans

Thalassiosira eccentrica

Odontelia aurita

Protoceratium reticulatum

Alexandrium c.f. tamarense

Dinophysis odiosa

Chaetoceros lorenzianus
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Season

Month May
Sampling Dates 5/2/19 5/9/19 5/15/19 5/23/19
Assemblage (Diatom dom, Dinoflagellate dom, or Mixed) Diatom dom Diatom dom Diatom dam Mixed

Dominant Genus or SEEHES

Psuedo-nitzschia spp (blaom)

Psueda-nitzschia spp (bloam)

Rhizasolenia setigeta (bloom)

Dinophysis and Rhizolenia spp (blaom)

Dinophysis norvegica

X+

X+

X+

Dinophysis fortii

Dinophysis acuminata

Akashiwo sanguinea

Pseudo-nitzschia spp.

X+

Ko

X+

Chaetoceros decipens

Chaetoceros debilis

Ditylum brightwellii

Coscinodiscus curvatulus

Thalassiosira rotula

Protoperidinium conicum

Asteromphalus heptactis

Thalassionema nitzschiodes

Navicula spp.

Skeletonema costatum

Ceratium fusus

Oxyphysis oxytoxoides

Pleurosigma spp.

X+

Chaetoceros danicus

Coscinodiscus centralis

Thalassiosira punctigera

Gyrosigma sp.

Cylindrotheca closterium

Asterionella formosa

Leptocylindrus danicus

X+

X+

lLauderia annulata

Bacterstatium 5p.

Heterosigma heterocapsa

Chaetoceros didymus

Stephanopyxis palmeriana

X+

Thalassiosira anguste-lineata

Asterionella formosa

Dictoycha fibula

Eucampio zodiacus

Detonula pumila

Protoperidinium stenii

Chaetoceros similis

Corymbellus aurens

Thalassiosira pacifica/nordensiioeldii

Nitzschia acicularis

Protoperidinium leonis

Alexandrium catenalla

Scripsiella trochoidea

X+

Protoperidinium c.f. brevipes

Leptocylindrus minimus

Actinoptychus senarius

X

X+

Protoperidium excentricum

Chaetoceros teres

Polykrikos shwartzii

Odontella longicruis

Chaetoceros diadema

Rhizosolenia setigera

X+

X+

Protoperidinium oblongum

Pyrophaus horologinium

Heterocapsa c.f. triguetra

Protoperidinium depressum

Melosira monolopsis

Licomompha spp.

Unk 1-highly scilaceous transparent, solitary or stacked [2+ cells)

Dinophysis rotundata

Fragilaria stigtula

Noctiluca scintillans

Thalassiosira eccentrica

Odontella aurta

Protoceratium reticulatum

Alexandrium c.f. tamarense

Dinophysis odiosa

Chaetoceros lorenzianus
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Season

Month June
Sampling Dates 6/1/19 SIE!].Q ygllg yl?[lg
Assemblage (Diatom dom, Dinoflagellate dom, or Mixed) Diatom dom Dinoflagellate dom Dinoflagellate dom Dinoflagellate dom

Dominant Genus or Species

Psuedo-nitzschia spp (bloom)

Dinophysis norvegica (bloom)

Dinophysis norvegica (bloom)

Dinophysis norvegica (hloom)

Dinophysis norvegica

Mo+

Mo+

X+

Dinophysis fortii

X+

X+

Dinophysis acuminata

X+

Akashiwo sanguinea

X+

Pseudo-nitzschia spp.

X+

W+

o+

Chaetoceros decipens

Chaetoceros debiiis

Ditylum brightwellii

X+

Coscinodiscus cunvatulus

Thalassiosira rotula

Protoperidinium conicum

X+

Asteromphalus heptactis

Thalassionema nitzschiodes

Navicula spp.

Skeletonema costatum

Ceratium fusus

Oxyphysis oxytoxoides

Pleurosigma spp.

X+

Chaetoceros danicus

Coscinodiscus centralis

Thalassiosira punctigera

Gyrosigma sp.

Cylindrotheca closterium

Asterionelia formosa

Leptocylindrus danicus

Lauderia annulata

Bacterstatium sp.

Heterosigma heterocapsa

Chaetoceros didymus

Stephanopyxis paimeriana

Thalassiosira anguste-lineata

Asterionelia formosa

Dictoycha fibula

Eucampia zodigcus

Detonula pumila

Protoperidinium stenii

Chaetoceros similis

Corymbellus aurens

Thalassiosira pacifica/nordenskioeldil

Nitzschia acicularis

Protoperidinium leonis

X+

X+

Alexandrium catenaila

Scripsiella trochoidea

Protoperidinium c.f. brevipes

Leptocylindrus minimus

Actinoptychus senarius

Protoperidium excentricum

X+

X4+

Chaetoceros teres

Palykrikos shwartzii

Odontella longicruis

Chaetoceros diadema

Rhizosolenia setigera

Protoperidinium oblongum

Pyrophaus horologinium

Heterocapsa c.f. triguetra

Protoperidinium depressum

X+

Melosira monolopsis

Licomorpha spp.

Unk 1-highly scilaceous transparent, salitary or stacked {2+ cells)

Dinophysis rotundata

Fragilaria striatula

Noctiluca scintillans

Thalassiosira eccentrica

Odontella aurita

Protoceratium reticulatum

Alexandrium c.f. tamarense

Dinophysis odiosa

Chaetoceros lorenzianus
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Summer

Season
Month July
Sampling Dates y23f19 7/2/19 7/11/19 7/1y19

Assemblage (Diatom dom, Dinoflagellate dom, or Mixed)

Dinoflagellate dom

Dinoflagellate dom

Mixed assemblage

Dinoflagellate dom

Dominant Genus or Species

Dinephysis norvegica (bloom)

Ceratium fusus (bloom)

Ceratium & Thalassiosira

Ceratium fusus (bloam)

Dinophysis norvegica

Ko+

X+

X+

Dinophysis fortii

X+

Dinophysis acuminata

Akashiwo sanguinea

Pseudo-nitzschia spp.

Chaetoceros decipens

Chaetaceros debilis

Ditylum brightwellii

Coscinodiscus cunvatulus

Thalassiosira rotula

Protoperidinium conicum

Asteromphalus heptactis

Thalassionema nitzschiodes

Navicula spp.

Skeletonema costatum

Ceratium &SI}S

Oxyphysis oxytoxoides

Pleurosigma spp.

Chaetoceros danicus

Coscinodiscus centralis

Thalassiosira punctigera

X+

Gyrosigma sp.

Cylindrotheca closterium

Asterionella formosa

Leptocylindrus danicus

Lauderia annulata

Bacterstatium sp.

Heterosigma heterocapsa

Chaetoceros didymus

Stephanopyxis palmeriana

Thalassiosira anguste-lineata

Asterioneila formosa

Dictoycha fibula

Eucampia zodiacus

Detonula pumila

Protoperidinium stenii

Chaetoceros similis

Corymbellus aurens

Thalassiosira pacifica/nordenskioeldii

Nitzschia acicularis

Protoperidinium leonis

Alexandrium catenalla

Scripsiella trochoidea

X+

X+

Protoperidinium c.f. brevipes

Leptocylindrus minimus

Actinoptychus senarius

Protoperidium excentricum

Chaetoceros teres

Polykrikos shwartzii

Odontefla longicruis

Chaetoceros diadema

Rhizosolenia setigera

Protoperidinium oblongum

Pyrophaus horologinium

Heterocapsa c.f. triquetra

Protoperidinium depressum

Melosira monolopsis

X+

Licomorpha spp.

Unk 1-highly scilaceous transparent, solitary or stacked [2+ cells)

Dinophysis rotundata

Fragilaria striatula

Noctiluca scintillans

Thalassiosira eccentrica

Odontefla aurita

Protoceratium reticulatum

X+

Alexandrium c.f tomarense

Dinophysis odiosa

Chaetoceros lorenzianus
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Season

Month August
Sampling Dates 7/24/19 ylle §!7f19 le{lS

Assemblage (Diatom dom, Dinoflagellate dom, or Mixed) Dinoflagellate dom Dinoflagellate dom Dinoflagellate dom Dinoflagellate dom

Dominant Genus or Species Ceratium fusus (bloom) |Ceratium fusus (bloom Ceratium fusus (bloom) Ceratium fusus (bloom)

Dinophysis norvegica Ko+ X+ X+ K+

Dinophysis fortii X+ X+

Dinophysis acuminata X+

Akashiwo sanguinea X+ X+

Pseudo-nitzschia spp.

Chaetoceros decipens

Chaetoceros debilis K+ X+

Ditylum brightwellii X+ X+ K+

Coscinodiscus curvatulus

Thalassiosira rotula

Protoperidinium conicum X+ X+ X+

Asteromphalus heptactis X+

Thalassionema nitzschiodes

Navicula spp.

Skeletonema costatum X+ X+

Ceratium fusus Ko+ KA+ Kbk K+

Oxyphysis oxytoxoides

Pleurosigma spp. X+

Chaetoceros danicus

Coscinodiscus centralis X+ X+

Thalassiosira punctigera

Gyrosigma sp.

Cylindrotheca closterium

Asterionella formosa

Leptocylindrus danicus

Lauderia annulata

Bacte rstatium sp.

Heterosigma heterocapsa

Chaetoceros didymus

Stephanopyxis palmeriana

Thalassiosira anguste-lineata

Asterionella formosa

Dictoycha fibula

Eucampia zodiacus

Detonula pumila

Protoperidinium stenii

Chaetoceros similis X+

Corymbellus aurens

Thalassiosira pacifica/nordenskiceldii

Nitzschia acicularis

Protoperidinium leonis X+
Alexandrium catenalla
Scripsiella trochoidea X+

Protoperidinium c.f. brevipes

Leptocylindrus minimus

Actinoptychus senarius

Protoperidium excentricum

Chaetoceros teres

Polylaikos shwartzii

Odontelia longicruis

Chaetoceros diadema

Rhizosolenia setigera

Protoperidinium oblongum

Pyrophaus horologinium

Heterocapsa c.f. triquetra

Protoperidinium depressum

Melosira m lopsis

Licomorpha spp. X+ X+

Unk 1-highly scilaceous transparent, solitary or stacked {2+ cells)

Dinophysis rotundata

Fragilaria striatula

Noctiluca scintillans X+ X+ X+ X+
Thalassiosira eccentrica X X+ X+

Odontella aunta

Protoceratium reticulatum X+ X+ X+ X+
Alexandrium c.f. tamarense X+

Dinophysis odiosa X+

Chaetoceros lorenzianus
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Season

Month
Sampling Dates

8/21/19

8,"31[1_9

Assemblage (Diatormm dom, Dinoflagellate dom, or Mixed)

Dinoflagellate dom

Mixed assemblage

Dominant Genus or Seecies

Ceratium fusus (bloom)

Ceratium fusus

Dinophysis norvegica K+
Dinophysis fortii K+
Dinophysis acuminata

Akashiwo sanguinea

Pseudo-nitzschia spp.

Chaetoceros decipens

Chaetoceros debilis H++
Ditylum brightwellii

Coscinodiscus curvatulus

Thalassiosira rotula Ko+
Protoperidinium conicum X+ X+
Asteromphalus heptactis

Thalassionema nitzschiodes X+
Navicula spp.

Skeletonema costatum X+
Ceratium fusus XA+ KA+
Oxyphysis oxytoxoides

Pleurosigma spp. X+ X+

Chaetoceros danicus

Coscinodiscus centralis

Thalassiosira punctigera

[Gyrosigma sp.

|Cyvlindrotheca closterium

Asterionella formosa

Leptocylindrus danicus

Lauderia annulata

Bacterstatium sp.

Heterosigma heterocapsa

Chaetoceros didymus

|Stephanopyxis palmeriana

Thalassiosira anguste-lineata

Asterionella formosa

Dictoycha fibula

Eucampia zodiacus

Detonula pumila

Protoperidinium stenii

Chaetoceros similis

Corymbellus aurens

Thalassiosira pacifica/nordenskioeldii

Nitzschia aciculars

Protoperidinium leonis

X+

Alexandrium catenalla

Scripsiella trochoidea

Protoperidinium c.f. brevipes

Leptocylindrus minimus

Actinoptychus senarius

Protoperidium excentricum

X+

Chaetoceros teres

Polykrikos shwartzii

Odontella longicruis

Chaetoceros diadema

Rhizosolenia setigera

Protoperidinium oblongum

|Pyrophaus horologinium

Heterocapsa c.f. tiguetra

Protoperidinium depressum

Melosira monolopsis

Licomormpha spp.

Unk 1-highly scilaceous transparent, solitary or stacked (2+ cells)

Dinophysis rotundata

Fragilara striatula

Noctiluca scintillans

Thalassiosira eccentrica

Odontella aurita

Protoceratium reticulatum

X+

Alexandrium c.f. tamarense

Dinophysis odiosa

Chaetoceros lorenzianus

127




Season Fall
Month September October
Sampling Dates 9/7/19 9/13/19 9/23/19 10/2/19

Assemblage (Diatom dom, Dinoflagellate dom, or Mixed)

Dinoflagellate dom

Dinoflagellate do

m Dinoflagellate dom

Dinoflagellate dom

Dominant Genus or SEQCIQE

Akashiwe sanguinea(bloom)

Ceratium fusus

Ceratium fusus (bloom)

Ceratium fusus

Dinophysis norvegica

X+

X+

Dinophysis fortii

X+

X+

Dinophysis acuminata

Akashiwo sanguinea

Pseudo-nitzschia spp.

Chaetoceros decipens

Chaetoceros debilis

Ditylum brightwellii

Coscinodiscus curvatulus

Thalassiosira rotula

Protoperidinium conicum

Asteromphalus heptactis

Thalassionema nitzschiodes

Navicula spp.

Skeletonema costatum

Ceratium &5 us

Oxyphysis oxytoxoides

Pleurosigma spp.

Chaetoceros danicus

Coscinodiscus centralis

Thalassiosira punctigera

Emsigma Sp.

Cylindrotheca closterium

Asterionella formosa

Leptocylindrus danicus

Lauderia annulata

Bacterstatium Sp.

Heterosigma heterocapsa

Chaetaceros didymus

Stephanopyxis palmeriana

Thalassiosira anguste-lineata

Asterionella formosa

Dictoycha fibula

Eucampia zodiacus

Detonula pumila

Protoperidinium stenii

Chaetoceros similis

Conymbelius aurens

Thalassiosira pacifica/nordenskioeldii

Nitzschia acicularis

Protoperidinium leanis

Alexandrium catenalla

Scripsiella trochoidea

Protoperidinium c.f. brevipes

Leptocylindrus minimus

Actinoptychus senarius

M+

Protoperidium excentricum

Chaetoceros teres

Polylaikos shwartzii

Odontella longicruis

Chaetoceros diadema

Rhizosolenia setigera

Protoperidinium oblongum

Pyrophaus horologinium

Heterocapsa c.f. triquetra

Protoperidinium depressum

Melosira monolopsis

X+

Licomorpha spp.

Unk 1-highly scilaceous transparent, solitary or stacked (2+ cells)

Dinophysis rotundata

Fragilaria striatula

Noctiluca scintillans

Thalassiosira eccentrica

Odontella aurita

Protoceratium reticulatum

Alexandrium c.f. tamarense

Dinophysis odiosa

Chaetoceros lorenzianus
—————
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Boston Harbor Marin (estuary mouth)

Season Winter
Month January February
Sampling Dates 1/13/19 1/23/19 2_,!"9!'19

Assemblage (Diatom dom, Dinoflagellate dom, or miked)

Diatom Dom

Diatom Dom

Diatom Dom

DomhamGenusorSﬁles

Chaetoceros debilis

Chaetooeros dehilis

Skeletonema costatum

Drinophysis norvegico

Dinophysis forti

X+

Drinophysis acuminata

X+

Akashiwo sanguinea

Thalassiosira anguste-ineata

Chaetoceros dedpens

Chaetooeros debilis

X+

Ditylum brightwelli

Cosdnodiscus c. f. curvatulus

Thalassiosina rotula

FProtoperidinium conicum

Asterom, s heptactis

Thalassiomem a nitzschiode s

Nawvicula spp.

Skeletonema costatiim

Dictyocha fibula

Protocentrum micans

Chaetoceros danicus

Pseudo-nitzschia spp.

Thalassoisirg punctigera

Coscinodiscus centralis

Ceratium fusus

| Gyrosigma spp.

Dretonula pum ila

Oxyphysis oxytoxoides

Cylindrotheca dosterium

Chaetooeros lociniosus

 Pleurosigma sp.

X+

FProtoperidinium depressum

Leptocylindrus danics

X+

Chaetooeros sociaolis

X+

 Pleurosigma sp.

Licmorpha abbreviata

Nitzschio adoularis

Scaripsie i trochoidea

Ste Xis eriona

Choetoceros dﬂ[mus

Leptocylindrus minim us

Strigtello unipuncrata

Act chus senarius

Chaetoceros lorenzionus

Act chhurs ndens

Thalassiosina ecoentrica

Odontelo longicuris

Chaetoceros diodema

Ste) xis turris

Melosira monoliformis

Rhizosolenia setigera

Protoperidinium leonis

Protope ridinium excentricum

Frogilaria striatula

Gonyouwlax c.f. verior

Chaetooeros vanhe urdcoi

Alexandrium c f. tamarense

Thalassiosira peiioo

Chaetoceros c. f. teres

| Pyrophacus horologium

Thalassiosina nordenskioe ldil

Protope ridinium stenii

Alexandrium o. fundyense

Protocentrum grodle

Noctiluoa scintilions

Odontelio aurita

Chaetoceros similis

Alexandrium cantelio

Protoceratium reticulatum

Eucam pia zodiacus

Hemiowus haudcil

Protocentrum lima

[ Dinophysis parva

Dinophysis odiosa

D liosolen us

Em belius aurens

129



Season

Month
Sam Dates

March
3/27/19

4/3/19

April
4,!"1;3“1.9

Assemblage (Diatom dom, Dinoflagellate dom, or mixed)

Diatom Dom

Diatom Dom

Diatom Dom

DomhamGenusorSEles

Skeletonema costatum

Chaetoceros de bilis

Chaetoceros debilis (bloom)

Dinophysis norvegica

Dinophysis fortil

Dinophysis acuminata

Akashiwo sanguinea

Thalassiosira anguste-lineata

Chaetoceros dedpens

Chaetoceros debilis

Wt

W+t

Ditylum brightwelii

Cosdnodiscus ¢ f. curvatuius

Thalassiosira rotula

H+

Protoperidinium coniaum

Asterom, s heptactis

Thalassionema nitzschiodes

Navicula spp.

Skeletonema costatum

Dictyacha fibula

FProtocentrum micans

Chaetoceros danicus

X+

Pseudo-nitzschia spp.

Thalassoksira punctigera

Cosdnodiscus centralis

Ceratium fusus

| Gyrosigma spp.

Detonula pumila

X+

Oxyphysis oxytoxoides

Cylindrotheca dosterium

Chaetoceros ladniosus

 Pleurosigma sp.

Protoperidinium depressum

Leptocylindrus danicus

Chaetoceros socaolis

 Pleurosigma sp.

X++

Liemorpha abbreviata

*+

Nitzschio adcularis

Saripsiella trochoidea

Ste) s eriang

Chaetoceros didymus

Leptocylindrus minim us

Striatelio unipunctata

Acti chus senarius

Chaetoceros lorenzianus

Acti chus 'ndens

Thalassiosira ecoentrica

Odontella longicuris

Chaetoceros dindema

Ste| s turris

Melosira m ormis

Rhizosolenia setigera

Protoperidinium leonis

Protoperidinium excentricum

Frogilaria striatulg

Gonyaulax c f. verior

Chaetoceros vanhe urdkil

Alexandrium ¢ f. tamarense

Protoperidimium c.f. oblongum

Badiiaria pax iifera

Thalassiosira padfica

Chaetoceroscf. teres

Pyrophacus horologium

Thalassiosira nordenskioeldif

Protoperidinium stenif

Alexandrium of. fundyense

Protocentrum grodie

Noctiluca scintillans

Ohall o aurita

Chaetoceros similis

Alexandrium cantelio

FProtoceratium reticulotum

Eucom pia zodiacus

Hemioulus haudkil

FProtocentrum lima

| Dinophysis parva

Dinophysis odiosa

Dactyliosolen fragifissim us

Em bellus ourens
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Season

Spring

Month

Sam Dates

4/24/19

5/2/19

5/9/19

Assemblage (Diatom dom, Dinoflagellate dom, or mixed)
DomhantGenusorSﬁles

Diatom Dom

Diatom Dom

Diatom Dom

Chaetoceros debilis {bloomn )

Psuedo-nitzschia spp.

Pseudo-nitzschia spp.

Dinophysis norvegioo

XA+

Dinophysis fortii

Dinophysis acuminata

Akashiwe sanguinea

Thalassiosira anguste-lineata

XN+

Chaetoceros dedpens

N+

Choetoceros debilis

Ditylumn brightwe i

Cosdnodiscus ¢ f. curvatulus

Thalossiosire rotula

A+

Protoperidinium conicum

Asterom, 15 heptoctis

Thalassionema nitzschiod,

Navicula spp.

Skeletonema costatum

A+

Dictyocha fibula

Protocentrum micans

Chaetoceros danicus

Pseud:

spp
Thalassoisira punctigera

Cosdnodiscus centralis

Ceratium fusus

A+

G a

Detonula pumila

Ox) 'sis oxytoxoides

Cylindrotheca dosterium

Chaetoceros lodniosus

Pleurosigma sp.

Protoperidinium depressum

Leptocylindrus danicus

Choetoceros sodlis

Pleurosigma sp.

Liem orpha abbreviata

A+

Nitzschio adeularis

ch e

Leptocylindrus minimus

Striotella ata

Actinopty chus senarius

X+

Chaetoceros lorenzanus

Actinopty chus splendens

Thalassiosira ecoentrica

Odontelia longicuris

Chaetoceros diodema

Stephanopyxis turris

Chaetoceros vanheurdkil

Alexandrium c.f. tamarense

Protoperidimium c f. oblk ul

Badillaria paxilffera

Thalassiosira padfico

Chaetocerosc f. teres

5
Thalassiosire nordenskioe ldif

Pr ridinium stenil

Alexandrium o, fundyense

Protocentrum gradie

Noctiluen scintilions

Odontella aurita

Chaetoceros similis

Alexandrium cantei

Eucompia zodiocus

| Euaampia zodiacis
Hemiaulus haudkii

Protocentrum lima

Dinophysis parva

Dinophysis odiosa

Dactyliosolen us

Wenmbelicgurens
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Season

Month

May

Sampling Dates

5/15/19

5/23/19

6/1/19

Assemblage (Diatom dom, Dinoflagellate dom, or mixed)
DomhantGenusorSﬁles

Diatom Dom

Mixed

Diatom Dom

Rhvizosolenia setigera

ia setigera/Dinophysis norvegica

Pseudo-nitzsdhia spp.

Di sis norve,

X+

Ne+s

X+

Dinophysis fortii

Dinophysis acuminata

As

Akashiwo sanguinea

Thalassiosira anguste-lineata

Chaetoceros dedpens

Chaetoceros debilis

X++

Ditylumn brightwe i

Cosdnodiseus ¢ f. eurvatulus

Thalassiosira rotula

Protope comicum

A halus heptactls

Thalassionema nitzschiodes

Navicula spp.

Skeletonema costatum

X+

Dictyocha fibula

Protocentrum micans

Chaetoceros danicus

Pseudo-nitzschia spp.

Thalassoisira punctigera

Cosdnodiscus centrolis

As

Ceratium fusus

[Gyrosigma spp.

Detonula pumila

Oxyphysis oxytoxoides

Cylindrotheca dosterium

Chaetoceros lodniosus

Pleurosigma sp.

Protoperidinium depressum

b

Leptocylindrus danicus

Choetoceros sodlis

Pleurosigma sp.

X+

Liem orpha abbreviata

Nitzschio adcularis

Scripsielia trochoidea

riona

Chaetoceros didymus

Leptocylindrus minimus

Striotella ata

Adtinopty chus senarius

Nes+

X+

Chaoetoceros lorenzianus

Actinopty: Jend

Thalassiosira ecoentrica

Odontelia longicuris

Chaetoceros disdema

Stey XI5 turris

Melosira m formis

Rhizosolenia setigera

Protoperidinium leonis

Protoperidinium excentricurm

Fragilaria striatula

Gonyaulax c.f. verior

Choetoceros vanheurdcil

Alexandrium c.f. tamarense

Protoperidimium c f. oblongum

Badillaria era

| Badllario paxilifers
Thalassiosira pacfica

Chaetocerosc f. teres

| Py rophacus horologium

Thalassiosir ——

operidinium steni

Prot
Alexandrium of. fundyense

Protocentrum gradie

Noctiluea scntilians

Odontello aurita

Choetoceros similis

Alexandrium cantelio

Protoceratium reticulatum

Protocentrum lima

Dinophysis parva

Dinaphysis adiosa

Dactyliosolen fragilissimus

Leorymbelius gurens
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Season

Maonth

June

Sampling Dates

6/1/19

6/6/19

6/9/19

Assemblage (Diatom dom, Dinoflagellate dom, or miked)

Diatom Dom

Dinoflagellate dom

Diatom dom

DomhamGenusorSﬁles

Pseudo-nitzschio spp.

Dinophysis norvegioa (bloom )

Thalassiosira sp.

Dinophysis norvegioo

K+

Wi

e+

Dinophysis fortii

Dinophysis acuminata

e

Akashiwo sanguinea

Thalassiosira anguste-lineata

X+

Chaetoceros dedpens

Choetoceros debilis

Dityium brightwe i

e

e

X+

Coscinodiscus c.f. curvatulus

Thalassiosira rotuia

K+

Wi

Protoperidinium conicum

K+

X+

e+

Asteromphalus heptoctis

Thalassionema nitzschiodes

e

e

Navicula spp.

Skeletonema costatum

et

Dictyocha fibula

Frotooentrum mioans

Chaetooeros donicus

Pseudo-nitzschia spp.

M+

Thalassoisirg punctigera

M+

Coscinodiscus centraiis

Wt

Ceratium fusus

Gy rosigma spp.

Detonula pumila

Ox sis oxytoxoides

Cylindrotheca dosterium

Chaetoceros lodniosus

FPleurosigma sp.

Protope ridinium depressum

Leptocy lindrus danicus

Chaetoceros sodolis

Pleurosigma sp.

Licnorpha abbreviata

X+

| Nitzschia adoulars

Scripsielia trochoidea

Ste X5 eriana

Chaetoceros didymus

Leptocylindrus minimus

Strigtelia unipuncrata

Actinoptydhus senarius

Chaetooeros lorenzianus

Actinoptychus splendens

Thalossiosing ecoentriog

Odontelia longicuris

Chaetooeros dicdem a

Stephanopyxis turris

Melosira monoliformis

Rhizosolenio setigera

W

Protope ridinium leonis

Protope ridinium xoentricum

Fragilaria striatula

Gonyawax ¢ f. verior

Chaetoceros vanheurdcil

Alexandrium c f. tamaorense

Protope ridimium c f. oblongum

Badiliaria paxitifera

Thalassiosira podfioo

Chaetoceros c f. teres

W+

Pyrophacus horologium

Thalassiosirg nordenskioe ldi

Protope ridinium steni

Alexandrium of. fundyense

Protocentrum grode

Noctiluoo scintilans

Odontello aurita

Chaetooeros simiis

Alexandrium contelia

FProtoceratium reticulatum

Eucompio zodiccus

Hemiouwlus haudcil

Protocentrum lima

[Dinophysis parva

Dinophysis odiosa

Dactylosolen fragilissimus

|Corvmbeliusgurens
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Season

Month

Sampling Dates

6/16/19

7/2/19

7/11/19

Assemblage (Diatom dom, Dinoflagellate dom, or mixed)

Dinoflagellate dom

Mixed

Diatom dom

DomhamGenusorS&les

Dinophysis norveigoa (bloom)

Thalgssiosira spp.

Odontelio aurita

Dinophysis norvegion

)

K+

K+

Dinophysis fortil

K+

| Dinophy sis acuminata

¥+

¥+

Akashiwo sanguinea

o

Thalassiosira anguste-lineata

Chaetoceros decpens

Chaetoceros de bilis

Ditylumn brightwe i

K+

¥+

¥+

Cosdnodiscus c.f. curvatulus

Thalassiosira rotula

Protoperidinium conicum

Asteromphalus heptoctis

Thalossionema nitzschiodes

K+

Navicula

Skeletonema costatum

Dictyocha fibula

Protocentrum mioans

Chaetoceros danicus

Pseudo-nitzschia spp.

e

Thalassoisira punctigera

Cosdnodiscus centrolis

Ceratium fusus

Gyrosigma spp.

Dretonua pum ila

H

Ox sis oxytoxoides

Cylindrothecs dosterium

Chaetoceros locniosus

Pleurosigma sp.

Protoperidinium depressum

L eptocy lindrus danicus

i

Chaetoceros sodalis

Pleurosigma sp.

Licnorpha abbreviata

X+

Nitzschio adoularis

Xt

Scripsielio trochoidea

i

o+

Stey Xis erianag

Chaetoceros didymus

L eptocylindrus minimus

Striatelo unjpunctata

Actinoptychus senarius

Chaetoaeros lorenzianus

Act chus ndens

Thalossiosira ecoentrioo

Odontelo longicuris

Chaetoceros diodema

Stephanopyxis turris

Melosira monoliformis

Rhizosolenio setigera

Protoperidinium leonis

K+

Protoperidinium exoentricum

Xt

Mt

¥+

Fragilaria striatula

¥+

Gonyaulax c f. verior

M+

Chaetoceros vanheurdil

Alexondrium c f. tomarense

Protoperidimium c f. oblongum

Baciliaria era

Thalassiosira podfioa

Chaetocerosc f. teres

Pyrophacus horologium

Thalassiosina norde nskioeldil

Protoperidinium steni

e

¥+

Alexandrium of. fundyense

M+

Protocentrum gradle

M+

Noctiluen scintillons

X+

Odontelo aurita

Chaetoceraos similis

Alexandrium cantella

Protoceratium reticukstum

Eucompio zodiocus

Hemiouwlus haudii

Protocentrum lima

[Dinophysis parva

Dinophysis odiosa

Dactyliosolen frogilissinm us

LCorymbelius gurens
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—
Summer

Season
Month Taly
Sampiing Dates 7/18/19 7/24/19 8/1/19

Assemblage (Diatom dom, Dinoflagellate dom, or mixed)

Dinoflagellate dom

Dincflagellate dom

Diatom dom

Dominant Genus or Species

Ceratium fusus (bloom)

Protoceratrium reticulatum

Thalassiosira ecoentrioa (bloom)

Dinaphysis norvegica

i

Dinaphysis fortii

*+

Dinophysis acuminata

Akashiwe sanguinea

Thalassiosina anguste-lin

Chaetoceros dedpens

Chaetoceros debilis

Ditylum brightwe i

X+

Cosdnodiscus c.f. curvatuls

Thalassiosina rotula

Protoperidinium conicum

Asterom s heptactis

Thalassionema nitzschiodes

i

Nawvicula

Skeletonema costatum

M+

Hass

M+

Dictyocha fibula

Protocentrum micans

Chaetooeros danicus

Pseudo-nitzrschia spp.

Thalassoisira punctigera

Cosdnodiscus centralis

Ceratium fusus

Gyrosigma spp.

Detonula pumia

Oxyphysis oxy toxoides

Cylindrotheca dosterium

Chaetoceros lndniosus

 Pleurosigma sp.

Protoperidinium depressum

L eptocylindrus danicus

Chaetoceros sodalis

Pie 5P,

| Pleurosigm
Liomorpha abbreviata

Nitzschio adouloris

Saripsielio trochoidea

Stey Xis erigng

Chaetoceros didym us

L eptocylindrus minimus

Striatello unipunctata

Act, chis senarius

Chaetoceros lorenzionus

Acti chus ndens

Thalassiosira ecoentrica

Odontelia longicuris

Chaetoceros diodema

Stephanopyxis turris

Melosira monoliformis

Rhizosolenia setigera

Protoperidinium leonis

Protoperidinium exocentricum

Fragilaria striatula

Gonyaulax c.f. verior

Chaetooeros vanheurdcil

Alexandrium c.f. tamarense

Protoperidimium c f. oblongum

Bodillaria paxillifera

Thalassiosira pocdfica

Chaetoceros c. f. teres

Pyrophacus horologium

Thalassiosira nordenskioeldii

Protoperidinium stenif

Alexandrium of. fundyense

Protocentrum gradie

Noctiluca scintilions

Odontelio aurita

Chaetooeros similis

o+

Alexandrium cantelia

Protoceratium reticulotum

Eucam pia zodiacus

X+

Hemioulus haudkil

Protocentrum lima

Dinophysis parva

Dinophy sis odiosa

Dactyliosolen fragilissim us

LCenmbelius qurens
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Season

Month

August

Sam Dates

8/7/19

8/13/19

8/21/19

Assemblage {Diatom dom, Dinoflagellate dom, or mixed)

Mixed

Mixed

Mixed

DomhamGenusorS&les

Thalgssiosira sppy/Ce ratium fusus

Thalgssiosira sppy/Ceratium fusus

Thalgssiosira sppy/Ceratium fusus

D '5i5 Ve

Dinophysis fortii

*+

Dinophysis acurninata

A kashiwo sanguinea

Thalassiosira anguste-lineata

Chaetoceros dedpens

Chaetooeros de bilis

Ditylum brightwve i

Cosdnodiscus ¢ f. curvatulus

Thalassiosira rotuls

FProtoperidinium conicum

N+

Asterom s heptactis

N+

Thalassionema nitzschiodes

N+

Navicula spp.

At

Skeletonema costaturm

Dictyodha fibula

Protocentrum micans

Chaetoceros danicus

Pseudo-nitzschia spp.

Thalassoisira punctigera

*+

Cosdnodiscus centralis

Ceratium fusus

Fiaad

e+

XN+

G) a

Detonula pumila

XN+

*+

*+

Oxyphysis oxytoxoides

Cylindrotheaa dosterium

Chaetooeros lacniosus

 Pleurosigma sp.

Frotoperidinium depressum

Leptocylindrus danicus

Chaetooeros sodolis

Pleurosigma sp.

Licmorpha abbreviata

Nitzschio adcularis

Ae

Ae

Fiaad

e+

XN+

*+

e+

*+

*+

*+

XN+

Gonyaulax c f. verior

Chaetoceros vanheurckil

Alexandrium c.f. tamarense

Protoperidimium c f. oblongum

Bodilaric era

Thalbssiosira pacfica

Chaetoceroscf. teres

5

Thalassiosira nordenskioeldi

Frotoperidinium stenif

Alexandrium o. fundyense

FProtocentrum grodie

Noctiluca santifians

A

Odontella aurita

Ch similis

Alexandrium cantelio

Protoceratium reticulatum

*+

*+

*+

Eucampia zodiacus

Hemioulus haudkil

*+

| Protocentrum lima

[ Dinophy ss parva

Dinaphysis odiosa

Dactyliosolen us

onmbelisqurens
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Season

Fall

Month

ptember

ling Dates

8/31/19

9/7/19

9/13/19

Assemblage (Diatom dom, Dinoflagellate dom, or mixed)

Diatom dom

Diatom dom

Mixed

DomhamGenusorSEles

Thalassiosira spp (bloom)

Ak ashiwe sanguinea (bloom)

Ceratum fusus/Thalassiosira spp.

Di '5i5 norve:

Dinophysis fortil

K

Dinophysis acuminata

Akashiwo sanguinea

Thalassiosira anguste-fineata

Chaetoceros dedpens

Chaetoceros debilis

Ditylurn brightwelii

Cosdnodiseus ¢ f. curvatulus

Thalossiosira rotuwla

Protoperidinium oonicum

Asterom s heptactis

Thalgssionema nitzschiodes

Navicula spp.

Skeletonema costatum

Dictyocha fibula

Protocentrum micans

Chaetoceros danicus

Pseudo-nitzschic spp.

Thalassolsira punctigera

Xa+

Cosdnodiscus centralis

Ceratium fusus

|Gyrosigma spp.

Detonula pumila

X+

X+

O} sis oxytoxoides

Cylindrotheca dosterium

Chaetoceros ladniosus

[ Preurosigma sp.

Protoperidinium depressurm

Leptocylindrus danicus

Chaetoceros didy mus

Leptocylindrus minimus

W

X+

K+

Striatelo unipunctata

| Actinoptychus senarius

Chaetoceros lorenzianus

Acti chus ndens

Thalassiosira ecoentrica

Odontelo longicuris

Chaetoceros dindema

Stephanopyxis turris

Melosira m ormis

Rhizosolenia setigera

Protoperidinium leonis

W

Protoperidinium ricum

Fragilaria striatula

Gonyaulax c f. verior

Chaetoceros vanheurekil

Alexandrium c f. tomarense

Protoperidimium c f. oblongum

Badliario poxilifera

Thalassiosira padifioa

Chaetocerosc f. teres

5
Thalassiosira nordenskioeldii

Protoperidinium stenii

Alexandrium of. fundyense

Protocentrum gracie

Noctilvoo scintilions

Odontella aurita

Chaetoceros similis

X+

X+

Alexandrium cantelia

FProtoceratium reticulatum

Eucam pia zodiacus

Hemioulus haud i

Protocentrum lima

[Dinophysis parva

Dinophysis odiosa

ilfssirn s

Dactyliosolen fi

X+

| Corvmbeliys gurens

X
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Appendix B: Dinoflagellate Scanning Electron Microscopy Project

Sample Preparation of Athecate (Unarmored) Dinoflagellates for
Scanning Electron Microscopy

Dinoflagellates—microalgae—play an important role in the primary production of
marine ecosystems. There are three main groups of dinoflagellates: dinoflagellates that
produce thecal plates, those lacking thecal plates, and an intermediate group recently
identified as “thinned-walled” (Moestrup & Daugbjerg 2007). Athecate dinoflagellates
are those without thecal plates, whereby they do not produce cellulose in their vesicles—
the vesicles are completely empty (Orr et al. 2012). Thecate (armored) dinoflagellates
have been identified to belong to a primary phylogeny. However, athecate (or unarmored)
flagellates species have been known to be polyphyletic due to illustrating particular
characteristics of more than one order (e.g. members of Gymnodiniales) (Daugjerg et al.
2000 and Orr et al. 2012). Assessment of the biodiversity of dinoflagellates is critical to
evaluate species richness and provide accurate identification of these species, which are

challenging to identify due to the subtle morphological differences.

Under various environmental conditions, certain dinoflagellates (i.e. Akashiwo
sanguinea, Alexandrium catenalla, Azadinium spp.) are able to form harmful blooms with
the potential to produce high concentrations of toxins released in ambient waters
throughout coastal areas (Wang 2008; Anderson et al. 2012). These harmful algal blooms
cause various consequences to the overall health of the marine ecosystem, human health,
and can also impact the various aspects of the local economies (Anderson et al. 2012).

Several species of athecate flagellates produce toxins, yet are very challenging to identify
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due to being small in size and fragility in structural composition. Thereby, strict protocols

have to be ensued for the specimens to be observed.

Identification of athecate dinoflagellates is based on the morphological features. It
is dependent on its size and cellular shape, displacement of cingulum and correlated
sizing (width), sizing (length) of sulcal intrusion, presence or absence of apical groove,
presence of ventral pores, dorsal-ventral compression, and surface cellular structures (if
present) (Truby 1997; Bergholtz et al. 2005; Haifeng et al. 2013). The scanning electron
microscopy (SEM) is a primary method to observe the ultrastructure and explore the
biodiversity of athecate dinoflagellates. The primary advantages of SEM includes:
powerful magnification (maximum of 1,000,000x), high-resolution, and detection of fine
details of the both the outside and inside of cells. This is necessary to measure and
recognize features for species identification. The SEM enhances the topography of the
cellular surface and assists in accentuating fine-details and structures of the cell. The
SEM is a tool necessary to identify organisms to the species level, especially species that

do not show strict structural shapes, exhibit similarities in color, and small in size.

A proper application of the preparation method is necessary to observe the
ultrastructure of athecate dinoflagellates and obtain acceptable quality SEM micrographs.
Most studies involving athecate dinoflagellates followed the similar process of SEM
preparation involving: fixation, dehydration, critical point drying, and sputter coating
with gold onto the specimens (Botes et al. 2002; Jung et al. 2010; Gomez et al. 2016;
Haifeng et al. 2013). Dr. Chin-Leo’s SEM preparation method (G. Chin-Leo, personal
communication, December 1%, 2019) can be applicable for athecate dinoflagellates. The

process of fixation with 2.5% gluteraldehyde, dehydration with ethanol via a gradient

139



process critical point drying, and a sputter coating of argon worked for the species isolate
of Akashiwo sanguinea. Minute adjustments to the preparation method included: a longer
dehydration process of 15-20 minutes for each ethanol solution of 25, 50, 75, 90, and
100% (repeated 3 times). Longer duration assisted in drawing out the water more slowly.
Also, the chamber was filled and purged with CO- to remove ethanol about 15 times to
ensure the complete removal. This slow process of gradually removing the ethanol from
the cells and removing it with CO> allows the specimen to not distort the surface tension
of the cells. If the whole sample preparation process is not done properly you will acquire
cells that are distorted, damaged and considerable shrinkage of the cell can be found. The
preparation method used for the SEM project should be slightly altered to attain better

results of intact cells.

There are many factors influencing the sample preparation of specimens for the
SEM including: the fixation process, temperature and duration of fixation, pH, and
osmolarity (Murtey & Ramasamy 2016). The fixation process of the samples is the most
critical phase of the SEM preparation. According to Montanaro et al. (2016), the buffer
solution of preservation method is of great importance because the changes of pH and
osmolarity cannot be changed after the fixation step has occurred. The study further
explains the aldehydes in the fixation process, such as glutaraldehyde, should be applied
with a buffer to maintain a specific pH for the specimen to limit the structural changes
because seawater is known to have little buffering capacity (Montanaro et al. 2016).
Osmium tetroxide is known to be an agent for post-fixation because it ensures the outer
cellular membrane is preserved by acting as a buffer for the cells and enables stability of

cell structure in a short period of time (Kownacki et al. 2015).
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After the primary fixation of gluteraldehyde has occurred, post-fixation is
recommended with osmium tetroxide—a very toxic chemical—of 2% to 4% solution for
20 minutes to an hour (Botes et al. 2002; Jung et al. 2010; Gomez et al. 2016; Haifeng et
al. 2013). Gluteraldehyde act as a cross-linker for proteins, while osmium tetroxide is a
cross-linker for the lipids of the cells (Murtey and Ramasamy 2016). Other buffers that
are most widely used by research scientists are phosphate buffer and cacodyalte buffer.
These buffers have considerable issues including: 1) phosphate buffer creates a
precipitate that can damage delicate tissues or membranes of the cell, and 2) the
cacodyalte buffer can be extremely toxic posing health problems to humans and can
causes alteration to the cellular membrane and thus preservation of the cell (Dykstra &

Reuss, 2003).

Due to this high toxicity of most post-fixatives, | have found a study that reported
a different method of post-fixation that is non-toxic. This method has only been used for
delicate marine invertebrates, such as ctenophores (Montanaro et al. 2016), but the
application could potentially be applied to the athecate dinoflagellates due to similarities
of complex lipid structures (Murtey & Ramasamy 2016). Schliwa & Van Blerkom (1981)
first recommended the buffer and fixative formula known as the PHEM buffer. The
PHEM buffer consists of four components: PIPES (1,4-Piperazinediethanesulfonic acid),
HEPES (4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid), EGTA (Ethylene glycol-
bis(2-aminoethylether)-N, N, N', N'-tetraacetic acid) and MgCl, (Magnesium Chloride).
The PHEM buffer is particularly useful because it properly preserves the specimen with
minimal damage. The fixative formulation has been used for the stabilization of

cytoskeleton of eukaryotes (Schliwa & Van Blerkom 1981), for embryos of amoebae’s
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(Schieber et al. 2010), detecting and localizing proteins in single-cell organisms or
culture of cells (Griffith et al. 2008), and the preservation of fish gill tissue and deep-sea
mussels tissue (Monantaro et al. 2016). The PHEM method is excellent for maintaining
the lipid structures of the cells, thereby, also acting as an agent for maintaining osmolality
and pH (2016). Montanaro et al. (2016) recognized PHEM buffered gluteraldehyde
improved the quality of the specimen by enhancing the preservation of the outer cellular
membrane tissue resulting in high-quality SEM micrographs relative to the other buffers

used.

Athecate dinoflagellates are complex and challenging species to identify. Most
studies illustrate routine fixation of specimens using gluteraldehyde and osmium
tetroxide for SEM preparation protocol that can ensure specimens are well preserved to
produce high-quality micrographs. The key for producing the best specimen is to involve
a buffer technique. The buffer assists in the preservation of the sample due to the
maintaining the correct pH and osmolarity to keep the cells intact without damage or
shrinking. Although osmium tetroxide is widely used by researchers for preservation of
fragile and delicate cells and tissues, there is limited research and studies exploring non-
toxic SEM techniques. For future studies, the PHEM method would be a useful tool to try
with athecate dinoflagellates because it is formulated with several reagents that are not

harmful to the specimens or to human health.

142



Literature Cited

Anderson, D. M., Cembella, A. D., & Hallegraeff, G. M. (2012). Progress in
Understanding Harmful Algal Blooms: Paradigm Shifts and New Technologies
for Research, Monitoring, and Management. Annual Review of Marine Science,

4(1), 143-176. https://doi.org/10.1146/annurev-marine-120308-081121

Bergholtz, T., Daugbjerg, N., Moestrup, 0., & Fernandez-Tejedor, M. (2006). On the
Identity of Karlodinium Veneficum and Description of Karlodinium Armiger Sp.
Nov. (dinophyceae), Based on Light and Electron Microscopy, Nuclear-Encoded
Lsu Rdna, and Pigment Compositionl. Journal of Phycology, 42(1), 170-193.

https://doi.org/10.1111/j.1529-8817.2006.00172.x

Botes, L., Price, B., Waldron, M., & Pitcher, G. C. (2002). A simple and rapid scanning
electron microscope preparative technique for delicate “gymnodinioid”
dinoflagellates. Microscopy Research and Technique, 59(2), 128-130.

https://doi.org/10.1002/jemt.10184

Daugbjerg, N., Hansen, G., Larsen, J., & Mosetrup, O. (2000). Phylogeny of someof the
major genera of dinoflagellates based on ultrastructure and partial LSU rDNA
sequence data, including the erection of three new genera of unarmoured
dinoflagellates. Phycologia, 39(4), 302. https://doi.org/10.2216/i0031-8884-39-4-

302.1

Escobar-Morales, S., & Hernandez-Becerril, D. U. (2015). Free-living marine planktonic
unarmoured dinoflagellates from the Gulf of Mexico and the Mexican Pacific.

Botanica Marina, 58(1). https://doi.org/10.1515/bot-2014-0049

143



Gomez, F., Takayama, H., Moreira, D., & Lopez-Garcia, P. (2016). Unarmoured
dinoflagellates with a small hyposome: Torodinium and Lebouridinium gen. nov.
for Katodinium glaucum (Gymnodiniales, Dinophyceae). European Journal of

Phycology, 51(2), 226-241. https://doi.org/10.1080/09670262.2015.1126767

Griffith, J., Mari, M., De Maziére, A., & Reggiori, F. (2008). A cryosectioning procedure
for the ultrastructural analysis and the immunogold labelling of yeast
Saccharomyeces cerevisiae. Traffic (Copenhagen, Denmark), 9(7), 1060-1072.

https://doi.org/10.1111/j.1600-0854.2008.00753.x

Haifeng, G., Zhaohe, L., Xiaodong, Z., Bin, X., & Qi, F. (2013). Morphology,
ultrastructure and phylogeny of Takayama xiamenensis sp. nov. (Gymnodiniales,
Dinophyceae) from the East China Sea | Article Information | J-GLOBAL.

Phycologia, 52(3), 256-265.

Jung, S. W., Joo, H. M., Park, J. S., & Lee, J. H. (2010). Development of a rapid and
effective method for preparing delicate dinoflagellates for scanning electron
microscopy. Journal of Applied Phycology, 22(3), 313-317.

https://doi.org/10.1007/s10811-009-9461-6

Kownacki, A., Szarek-Gwiazda, E., & Woznicka, O. (2015). The importance of scanning
electron microscopy (SEM) in taxonomy and morphology of Chironomidae
(Diptera). European Journal of Environmental Sciences, 5(1).

https://doi.org/10.14712/23361964.2015.75

Moestrup, @. and N. Daugbjerg. 2007. On dinoflagellate phylogeny and classification. In:

(J. Brodies and J. Lewis, eds). Unraveling the algae, the past, present, and future

144


https://doi.org/10.14712/23361964.2015.75

of algal systematics. CRC Press, New York. pp. 215-230.

Murtey, M. D., & Ramasamy, P. (2016). Sample Preparations for Scanning Electron
Microscopy — Life Sciences. Modern Electron Microscopy in Physical and Life

Sciences. https://doi.org/10.5772/61720

Orr, R. J. S., Murray, S. A., Stliken, A., Rhodes, L., & Jakobsen, K. S. (2012). When
Naked Became Armored: An Eight-Gene Phylogeny Reveals Monophyletic
Origin of Theca in Dinoflagellates. PLoS ONE, 7(11).

https://doi.org/10.1371/journal.pone.0050004

Schieber, N. L., Nixon, S. J., Webb, R. I., Oorschot, V. M. J., & Parton, R. G. (2010).
Modern approaches for ultrastructural analysis of the zebrafish embryo. Methods

in Cell Biology, 96, 425-442. https://doi.org/10.1016/S0091-679X(10)96018-4

Schliwa, M., & van Blerkom, J. (1981). Structural interaction of cytoskeletal

components. The Journal of Cell Biology, 90(1), 222-235.

Truby, E. W. (1997). Preparation of single-celled marine dinoflagellates for electron
microscopy. Microscopy Research and Technique, 36(4), 337-340.
https://doi.org/10.1002/(SI1CI1)1097-0029(19970215)36:4<337::AlD-

JEMT11>3.0.CO;2-Q

Wang, D.-Z. (2008). Neurotoxins from Marine Dinoflagellates: A Brief Review. Marine

Drugs, 6(2), 349-371. https://doi.org/10.3390/md20080016

Wergin, W. P. (1993). Biological electron microscopy: Theory, Techniques, and

Troubleshooting by Michael J. Dykstra Plenum Press, New York (1992) ISBN 0-

145


https://doi.org/10.3390/md20080016

306-442779; 360 pages, illustrated, $49.50. Scanning, 15(4), 243-243.

https://doi.org/10.1002/sca.4950150411

146



