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Abstract

Quantification of Life-stage Transition Behaviors in Harmful
Algae and their Implications for Pelagic and Benthic Distributions

Elizabeth D. Tobin

Chair of the Supervisory Committee:
Professor Daniel Griinbaum
School of Oceanography

Harmful algal blooms (HABs) occur when accumulations of algae or algal toxins have adverse
impacts on aquatic ecosystems, public health and/or coastal resources. Many of the behavioral
and physiological functional traits that regulate HAB dynamics remain poorly understood.
Improved understanding of these traits and innovative technologies to detect HAB cells in situ
are important for assessing future bloom scenarios and establishing appropriate HAB mitigation

and management strategies.

Many HAB-forming species exhibit a dual-stage life history, alternating between pelagic and
benthic life stages. Rates of transition between pelagic and benthic habitats can regulate cell
dispersal and contribute to the timing and severity of HABs. Yet, life stage transitions are among

the least understood aspects of HAB dynamics. The focus of this research was to characterize



and quantify behaviors of harmful motile marine algae during life-stage transitions and to assess

their influence on pelagic and benthic population distributions.

Two HAB species that commonly occur in the Salish Sea, the fish killing raphidophyte,
Heterosigma akashiwo, and the toxic dinoflagellate, Alexandrium catenella, were the focus of
these studies. A combination of field, laboratory and modeling methods were used to elucidate
the role of life-stage transitions in bloom dynamics. The primary objectives were to (1) examine
benthic emergence characteristics of naturally occurring cysts of A. catenella (Chapter 2); (2)
quantify strain-specific swimming characteristics during life stage transitions of H. akashiwo
(Chapters 3 & 4); (3) assess how specific behavioral and physiological traits regulate vertical
fluxes and population distributions of H. akashiwo (Chapters 3 & 4); and (4) develop a low cost,

field-deployable sensor to detect and characterize algal benthic emergence in situ (Chapter 5).

The research outcomes indicated that important algal physiological and behavioral traits,
including cell survivorship during transitions between life stages, internal regulation of benthic
emergence rates, transitional swimming behaviors and post-transition specific growth rates,
govern vertical distributions of some harmful algae and the timescales over which HABs form
and dissipate. These traits were shown to be largely species and strain dependent, resulting in
both species- and region-specific benthic emergence and growth strategies. Results demonstrate
that behavioral and physiological traits expressed during life-stage transitions play critical roles
in regulating distributions of harmful algal populations. Further, in situ detection and monitoring
of benthic emergence and other behavioral traits of harmful algae will improve mechanistic

understanding of HAB formation and enhance our capacity for successful bloom prediction.
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Chapter 1. Introduction

Harmful algal blooms (HABs) are diverse phenomena that occur when algae produce toxins or
accumulate to densities sufficient to be deleterious to other organisms, to damage aquatic
ecosystems, to pose risks to public health and/or to threaten aquatic resources [1-4]. HABs have
significant ecological and social impacts that affect nearly all coastal environments throughout
the US and worldwide [5]. Over the last several decades, HABs are reported to be increasing in
frequency, magnitude and intensity [4,6]. The reasons for this apparent increase, and more
generally the diverse environmental factors promoting and suppressing HABs, remain poorly
understood [7]. Enhancing our ability to manage and mitigate the impacts of HABs requires

improved understanding of the mechanisms underlying their occurrence and recurrence.

1. 1 Dual-stage Life Histories of Many Harmful Algae

Many HAB-forming algae exhibit a dual-stage life history in which they transition between a
pelagic vegetative stage and a benthic resting stage. The benthic resting stage is thought to
promote survival during environmental conditions that are unfavorable to growth, to provide
refuge from predation, and/or to facilitate long-range transport [8—13]. The benthic resting stage
has functions comparable to seed banks in terrestrial plants, with analogous consequences for

genetic diversity, fitness and evolution of algal populations [14—16].

Despite having potentially important impacts on HAB timing and severity, transitions between
pelagic and benthic stages are among the least studied aspects of bloom dynamics, and their
causes and consequences are therefore poorly understood. Rapid transition of pelagic vegetative
cells into the benthic resting stage may contribute to bloom termination. Benthic populations

may serve as reservoirs that initiate blooms by rapidly reseeding the water column with



vegetative cells when favorable conditions return [17—19]. Hence, transitions into and out of the

benthic resting stage may strongly affect the timing, location and magnitude of HABs [20-23].

HAB-forming species may exhibit sexual and/or asexual life history strategies in response to a
variety of biotic and abiotic signals, including nutrient limitation, changes in temperature and/or
salinity, turbulence, interactions with algicidal bacteria or endogenous regulation [24-30].
Asexual reproduction occurs by binary fission, often producing motile, vegetative cells in the
water column. Vegetative cells may enter a temporary benthic resting stage during adverse
environmental conditions, from which they revert back to the vegetative stage once conditions
again become favorable. Sexual reproduction occurs by the formation and fusion of gametes that
produce swimming zygotes, which eventually become dormant as long-term or “over wintering”

benthic cysts [31,32].

Transitions between pelagic and benthic habitats often involve significant vertical movements.
Vegetative pelagic cells are typically concentrated in the near-surface waters of the photic zone.
These cells cannot establish benthic populations until they descend to encounter the benthic
substrate. Similarly, benthic cells must ascend to near-surface waters for growth and subsequent
bloom development. The timing and rate of these depth changes can have significant impacts on
HAB dynamics. Horizontal currents vary in speed and direction over time and with depth. Algal
cells cannot swim against these currents and, therefore, can be quickly transported by lateral

advection between suitable and unsuitable habitats for survival and growth [8,21,33].



1.2 Motility in Harmful Algae

Many HAB-forming algae use active swimming in their pelagic phase to regulate depth and
locate growth favorable microenvironments [34—37]. Of the 34 HAB-forming species identified
along the U.S. West Coast, 25 are motile [38]. The majority of these motile algae use flagella to
propel themselves through the water. Flagella are arranged in various geometries with a variety
of beating mechanisms across algal taxa [39,40], resulting in unique swimming modes that can
provide potentially valuable diagnostic information for cell identification. Motile algal species
have a potential advantage over some non-swimming species because swimming enables cells to
regulate their vertical position, and locate nutrients (e.g. chemotaxis) and other resources

essential to growth (e.g. phototaxis) that vary across time and space [41,42].

Motile marine algae typically have the capacity to swim substantial vertical distances at speeds
up to hundreds of um s™! [43]. Maximum swimming speeds for many harmful flagellated species
have been reported between 100-500 um s! [34,36,44-46], providing the potential to cover tens
of meters per day. The ability of algal cells to migrate vertically great distances within a 24 hour
period has been well documented. Diel vertical migration is one example of this behavior
[47,48]. The prevalence of vigorous swimming in HAB-forming algae during the pelagic
vegetative stage suggests that behaviors expressed during pelagic-benthic transitions may
strongly regulate vertical fluxes. Hence, transitional behaviors could have significant but

currently unknown impacts on population-level distributions of HAB-forming species.



1.3 Variability in Behavioral and Physiological Traits

Behaviors expressed between pelagic and benthic life stage transitions can be both species- and
strain-dependent. For example, Alexandrium fundyense (within the Alexandrium tamarense
species complex) in the Gulf of Maine appears to have an internal mechanism, referred to as an
“endogenous clock”, that regulates emergence to a specific time of year irrespective of
environmental conditions [11,49]. Yet, cysts of the Alexandrium tamarense species complex
found in sediments in southern France [50] and Puget Sound, WA [51] do not appear to express
such a tightly controlled, synchronous emergence behavior. Within Alexandrium catenella,
strong variation in the timing and rate of benthic emergence has been reported among distinct
geographic strains [9,27,52]. Inter-strain variation in cell survivorship, and rates of benthic
resting cell formation and emergence have also been reported among strains of the harmful

raphidophyte, Heterosigma akashiwo [53,54].

Algal swimming can also vary among or within a species of the same genus. Significant
differences in maximum swimming speed were observed among three Alexandrium species: 474
um s for A. minutum, 406 um s for A. tamarense and 227 um s for A. ostenfeldii [45]. Similar
differences in maximum swimming speeds were observed among three strains of another toxic
dinoflagellate, Karenia brevis [46]. Strain dependent variation in gross swimming speeds of
Heterosigma: 4966 um s for strain CCMP452 and 88-119 um s™! for strain CCAP934-1, from

different geographic regions has also been reported [44].

Inter-strain variation in harmful algae has also been documented for several other biological

traits, including nutrient acquisition, growth rates, photosynthetic responses, salinity and



temperature tolerance and toxin production [45,52,54—57]. These examples highlight the
importance of characterizing and quantifying both inter- and intra-specific variability in harmful
algae to better understand diversity in fundamental biological traits and responses to

environmental conditions.

1.4 Examining Biophysical Interactions to Improve HAB Prediction

Algal swimming behaviors often interact with physical flows to influence cell concentrations and
distributions [58—64]. The small size of algal cells, transitions between pelagic-benthic habitats
and rapid hour-by-hour variation in mean flow provide significant challenges for following
populations of harmful algae in the field. An additional challenge is that harmful species only
represent a small fraction (~7%) of known phytoplankton [36]. In situ sensors and biophysical
models are emerging tools to detect disperse algal populations and study interactions between

cell-level behaviors and ambient flows that regulate population distributions [21,65,66]).

Vertical fluxes associated with life-stage transitions are rarely quantified. The only reported
example to have integrated transitional swimming to a biophysical model to examine HAB
formation is for the toxic dinoflagellate, Alexandrium fundyense, in the Gulf of Maine
[21,22,67]. This series of studies utilized a numerical circulation model of the Gulf of Maine
coupled with a population dynamics model for A. fundyense that included fundamental benthic-
pelagic transition parameters. These parameters included benthic cyst location and abundance
[20], an endogenously regulated benthic emergence factor (“endogenous clock™) [11,49], and a
mean algal up-swimming velocity determined from laboratory cultures [34]. The model hindcast

was successful in reproducing the timing and spatial extent of the 2005 A. fundyense bloom,



indicating that both life history and cell swimming parameters were important for generating a

realistic simulation of the 2005 bloom [22].

1.5 Background of Focal Algal Species and Study Region

The toxic dinoflagellate, Alexandrium catenella and the fish-killing raphidophyte, Heterosigma
akashiwo were the focal algal species of this research. Both HAB-forming species are commonly
observed in the estuarine waters of the Salish Sea and other temperate coastal waters worldwide.
The Salish Sea is an extensive fjord system that includes the Strait of Georgia (British Columbia,
CA) and Puget Sound (Washington, USA) with the Strait of Juan de Fuca being the main
connection to the Pacific Ocean. Puget Sound, the focal region of this research, is comprised of a
number of interconnected waterways and basins. It is a highly advective region where riverine
input, tidal currents and wind-driven currents interact in complex ways to influence circulation

[68], and hence, algal transport.

Alexandrium is one of the best studied taxa of harmful cyst-forming dinoflagellates because it is
the causative organism of Paralytic Shellfish Poisoning (PSP) [15]. The suite of potent
neurotoxins produced by Alexandrium, collectively known as saxitoxins, can accumulate in the
tissue of filter feeding shellfish to concentrations unsafe for consumption by other organismes,
including humans. PSP in the Salish Sea has been attributed to Alexandrium catenella and
Alexandrium tamarense [2,69-71] within the Alexandrium tamarense complex (Group 1)
[15,72,73]. The research presented herein refers to the focal Puget Sound species as A. catenella
because Alexandrium cysts and cells found in this region have previously been identified as such

[69,74,75], and for morphological reasons (e.g., plate structure and chain length) [76]. The dual-



stage life history of Alexandrium has been well studied. Benthic populations known as “cysts”
are considered to be the initiation sites of harmful Alexandrium blooms [20]. Surveys conducted
throughout Puget Sound over the last 9 years have identified three persistent, high density A.
catenella cyst beds, one in Quartermaster Harbor and the other in Bellingham Bay (Fig. 1.1)

[75].

Blooms of the raphidophyte, H. akashiwo, are associated with kills of wild and pen-reared fish in
temperate and subtropical waters worldwide [77-79]. H. akashiwo is known to have additional
harmful impacts on a wide range of marine organisms from bacteria to invertebrate larvae [80—
83]. The finfish aquaculture industry in the Salish Sea has been impacted by H. akashiwo since
the late 1970’s, resulting in millions of dollars in losses to fish [33]. H. akashiwo has also been
attributed to declining abundance of Fraser River sockeye salmon over the last two decades [77].
The mechanism with which H. akashiwo kills fish is still unresolved [78]. However, harmful
impacts most often occur during periods of persistent stratification when up-swimming
vegetative cells aggregate in low salinity surface waters, accumulating to high surface densities
[62,77,84,85]. H. akashiwo is also known to have a dual-stage life history, but research on the
role of benthic-pelagic life stage transitions on H. akashiwo bloom dynamics is limited and has
primarily focused on shallow (< 10 m) coastal embayments [10,86—88]. The role of H. akashiwo
benthic-pelagic life stage transitions in bloom dynamics in deeper estuarine environments, like

the Salish Sea, is poorly understood.



1.6 Study Aims and Chapter Overview

Collectively, the observations presented in the above sections provide strong evidence that
knowledge about how transitional movement behaviors influence algal survival, growth and
distributions is critical for improved understanding of HAB dynamics. They also highlight the
importance of quantifying both inter- and intra-specific transitional behaviors to improve
regional understanding of HAB formation and dissipation. Advancements in in Situ sensing
technologies to regionally detect and quantify real-world behaviors of harmful algae are
important for assessing future bloom scenarios and establishing appropriate mitigation and

management strategies.

This dissertation aims to deepen our understanding of how cell-level behaviors expressed during
pelagic and benthic life stage transitions influence HAB dynamics. The primary questions
motivating this research are: (1) How do transitional swimming behaviors influence vertical
fluxes? (2) What are the implications of these behaviors for population distributions? (3) How
can we enhance our understanding of cell-level behaviors in a way that helps to improve

interannual bloom prediction?

The overview of each thesis chapter is described as follows. In Chapter 2, sediments collected
from a known benthic cyst reservoir in Quartermaster Harbor, in Puget Sound were used to
assess the year-round germination potential and emergence rates of naturally occurring A.
catenella cysts. Chapters 3 and 4 utilize video-based motion analysis and laboratory techniques
to gain insight on the functional traits expressed by Heterosigma akashiwo during life stage

transitions. In Chapter 3, distinct vertical movement behaviors during pelagic-benthic transition



were identified and quantified, and a simple numerical water column model was used to assess
the potential consequences for benthic distributions. Chapter 4 provides quantitative assessment
of behavioral and physiological traits expressed by two geographically distinct strains of H.
akashiwo during emergence from the benthic resting stage and their potential influence on near-
surface cell accumulations. Lastly, Chapter 5 describes the development and validation of a
novel field-deployable sensor to detect benthic emergence rates and quantify cell-level

movement behaviors of planktonic organisms (with a focus on HAB-forming species) in situ.
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Figure 1.1 Alexandrium catenella cyst map for Puget Sound, WA. A survey conducted by the
Puget Sound Alexandrium Harmful Algal Blooms (PS-AHAB) research team shows cysts
abundances for winter 2011. High cysts concentrations occur in Quartermaster Harbor (South)

and Bellingham Bay (North). Map source: https://catalyst.uw.edu/workspace/banasn/14943/
135346.
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Chapter 2. Germination characteristics of Alexandrium catenella cysts from surface
sediments in Quartermaster Harbor, Puget Sound, Washington, USA.

Elizabeth D. Tobin and Rita A. Horner

School of Oceanography, University of Washington, Seattle WA. 98195-7940

“Reprinted from Harmful Algae, Vol. 10, Tobin, ED and Horner, RA., Germination
characteristics of Alexandrium catenella cysts from surface sediments in Quartermaster Harbor,

Puget Sound, WA, USA, 216-223 (2011), with permission from Elsevier.”

2.1 Abstract

The dinoflagellate Alexandrium catenella causes frequent outbreaks of paralytic shellfish toxins
(PSTs) in Puget Sound, Washington; however, little is known about its basic biology and
ecology. Most of what is known is inferred mainly from shellfish toxin records and recent work
on cyst distribution and germination potential. We report on a year-long study of cyst dormancy
and germination potential based on experiments using surface sediment collected from a shallow
embayment, Quartermaster Harbor, in Puget Sound. Cyst abundance in Quartermaster Harbor
was 1550-1750 cysts cm™ when sediment was collected in mid-October 2006. Germination
experiments set up monthly had germination occur in all months when cysts were provided with
adequate growth supporting conditions, in this case, temperature of 13°C and a 12 hour dark: 12
hour light period. Germination rates were highest in May and June when 100% germination
occurred within 2 days. Longer incubation periods observed for the first two months of the study
(November and December) may indicate a mandatory dormancy period of up to 5 months if the
majority of cysts were deposited in the sediments following a late summer bloom that apparently

occurred in Quartermaster Harbor in 2006 as indicated by Washington State Department of
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Health’s toxin records. The data provide no evidence of an endogenous clock restricting
germination to a specific annual timeframe for these shallow water cysts. This contrasts with the
presence of a circannual endogenous clock, for deep water cysts of A. fundyense in the Gulf of
Maine. The significance of these results is that germination of the A. catenella Puget Sound
population appears to be primarily regulated by physiological requirements, but once this
requirement is met cysts can germinate rapidly, often within 24 hours, when provided with

adequate environmental conditions.

2.2 Introduction

Paralytic shellfish poisoning (PSP), attributed to the dinoflagellate, Alexandrium catenella
(Kofoid and Swezy) Balech, has a long history in Puget Sound, Washington, causing frequent
closures of both commercial and recreational shellfish harvesting [1]. Outbreaks of paralytic
shellfish toxins (PSTs) in mollusks have been monitored by the Washington State Department of
Health (WDOH) since the 1950s as part of their Biotoxin Monitoring Program, but the biology
of A. catenella in Puget Sound is not well known. A. catenella has a two-stage life cycle with
asexual reproduction by binary fission producing motile, vegetative cells in the water column
and sexual reproduction resulting from fusion of gametes producing swimming planozygotes that
become dormant as non-motile cysts (hypnozygotes) in the sediment. Temporary cysts,
sometimes called pellicle or ecdysal cysts, may also be produced by vegetative cells when
environmental conditions are unfavorable, but revert to the motile stage when conditions again
become favorable. It is thought that cyst formation has contributed to the success of this
organism by allowing for an alternation between planktonic and benthic habitats in response to a

seasonally variable environment [2—4].
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Understanding the mechanisms underlying formation and germination of dinoflagellate cysts is
important because cysts are influential in bloom dynamics. Cysts that accumulate in the
sediments have the ability to germinate and produce blooms of both benign and harmful
dinoflagellate species. The transition into and out of the cyst phase can influence the timing and
location of blooms, yet this process remains poorly understood for many dinoflagellate species
even though these transitions determine when vegetative cells, and possibly toxins, are present in

the water column.

Alexandrium is one of the more well studied harmful cyst-forming dinoflagellates because of its
link to PSP [4-8], but germination characteristics of naturally occurring resting cysts of A.
catenella are not well understood, particularly in Puget Sound. It remains unclear what
mechanisms, endogenous or environmental, primarily regulate the timing and rate of
germination. Previous studies have reported a wide range of dormancy durations from one week
to several months for A. catenella from geographically distinct regions [4,6,8]. This range in
dormancy durations could represent variability among strains, or be a result of temporal
variation. Additionally, the presence of an annual endogenous clock, that may serve to regulate
germination to a specific time of year, may be dependent on the location of the benthic
population [9,10]. Such variability emphasizes the need to determine specific cyst dynamics for

geographically distinct populations.

A survey for A. catenella cysts in surface sediments in Puget Sound in early spring 2005 found

cysts at 20 of 32 sites sampled (Fig. 2.1) [11]. The highest cyst concentrations were found in
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Quartermaster Harbor (station 24, Fig. 2.1) in south central Puget Sound at >12,000 cysts cm™
and Sequim Bay (station 7, Fig. 2.1) along the Strait of Juan de Fuca at ca. 200 cyst cm™,
Preliminary germination studies found that A. catenella cysts collected from several sites in
Puget Sound, including Quartermaster Harbor, in March and incubated in April and May
germinated in 3-6 days. Light was required for germination and highest germination occurred at
a temperature near 14°C [12]. A later study from sediment samples collected in January 2006
found no germination in January and February, but did observe germination in March (Hoffer,
pers. comm.). In both studies, experiments were observed on days 3, 6, 8 and 10. These
preliminary experiments determined the best conditions (light and 13-14°C) to induce
germination of A. catenella cysts from natural sediment samples, and indicated that populations
within Puget Sound may be able to germinate more rapidly than documented strains from other
locations. A more in-depth study was necessary to identify year round germination potential and
timing of natural cyst populations in Puget Sound. Hence, the objectives of this study were to:
(1) identify how quickly germination occurs when conditions that support growth are restored;
(2) assess year round germination potential; and (3) determine whether germination of A.
catenella cysts is regulated primarily by external environmental conditions or endogenous

mechanisms.

2.3 Materials and Methods

Sampling site

Quartermaster Harbor (Fig. 2.1 inset) is a shallow, southward facing bay between Vashon and
Maury islands and connects over a shallow sill to the southern end of the Main Basin in south

Puget Sound, WA. There is a shallow inner bay with an average depth of 6 m connected on the
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eastern side to a slightly deeper outer bay with an average depth of 12 m. Our sampling site was

at station 54 near the northern end of the outer bay with a water depth of 15 m.

Sampling and experimental design

Surface sediment, predominately composed of silt and sand [11], was collected from
Quartermaster Harbor in mid-October 2006 using a van Veen grab sampler. The top 2-3 cm of
sediment were collected using a plastic scoop and distributed into 4 resealable plastic bags. The
sediment was put in an ice chest and kept cold and in the dark until return to the shore laboratory
where the sediment samples, still in the ice chest, were kept in the dark at 4°C until the
experiments were set up. The same bag of sediment was used to set up all monthly germination
experiments. A 10 mL sediment sample from the same sample bag was fixed with ca. 4%

formalin at the start of the time series experiment to determine original cyst abundance.

Experiments were started at the beginning of each month from November 2006 through
September 2007. Sediment in the bag was manually mixed prior to setting up each experiment.
Two drops, approximately 20 pl [13], of sediment and 4 mL of {/2-Si medium [14] were added
to each well of four replicate 12-well plates for a total of 48 individual wells. The well plates

were incubated at 13°C on a 12 hour dark: 12 hour light (20 uE/m?/s) cycle.

Each individual well was checked for motile, vegetative cells using a dissecting microscope at
25x magnification upon set up, then daily for the first week or until vegetative cells were
observed, and once a week thereafter. For each observation the presence or absence of vegetative

cells was recorded for each well. Beginning on the first day of observed germination and each
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week thereafter, a single well with germinated cells was preserved with ca. 1% formalin. One
mL of fresh f/2-Si medium was added to each well every 2-3 weeks, as needed, to replace loss
due to evaporation. Each monthly experiment was terminated only after germination had been

observed in all of the wells or after 15 weeks under incubation conditions.

Staining and counting of preserved samples

To determine original cyst abundance, cysts in the preserved 10 mL surface sediment sample
were counted using epifluorescence microscopy after staining with the fluorochrome primulin
[15]. The sediment sample was first sonicated and sieved, then stored in methanol for two days
to make the outer cell wall permeable to the stain. Prepared samples were then stained with 1 mL
primulin for approximately 1 hour. After staining, the final 5 mL volume was shaken to suspend
the sediment. Two 1 mL subsamples were counted in a Sedgwick-Rafter slide using a Zeiss
standard microscope equipped with epifluorescence condenser and a filter set comprised of an
excitation filter (BP 450-490), a chromatic beam splitter (FT 510) and a barrier filter (LP 520).
Cysts exhibited an intense green fluorescence under blue-light excitation. Cysts were counted at
160x magnification, and at the lowest possible dilution based on the amount of sediment. The

number of cysts cm™ sediment was calculated [16].

The number of cysts and vegetative cells were determined for the single well sample fixed on the
first day of observed germination for each month. Initial staining trials verified that germinated
cells stained with primulin alone could not be easily distinguished. Therefore, we added
Calcofluor White, a fluorochrome stain that binds to the thecal plates of dinoflagellate vegetative

cells as long as motility is inhibited [17], in addition to primulin. Our first two staining attempts
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on the preserved well samples for November and January combined the two stains. However, it
became apparent that the combined staining method would not work well for the detection of
vegetative cells, so we established and tested a method of simultaneously staining for vegetative
cells and cysts using only Calcofluor White. The use of the calcofluor stain has previously been
tested as an effective method for detection of resting cysts of Alexandrium spp. from natural

sediments [15].

For the Calcofluor White method, the 4 mL fixed well sample was transferred to a 10 mL
centrifuge tube and centrifuged for 15-20 min. The {/2-Si and formalin supernate was discarded,
and the remaining sediment was stained with 1 mL of a 10 pg mL! stock solution of Calcofluor
White. The sample was refrigerated for 24 hours, centrifuged, and the stain decanted. The
remaining sediment was resuspended in 2 mL deionized water. One mL of sample was put into a
Sedgwick-Rafter slide and examined with the epifluorescence microscope under UV excitation
at 160x magnification. Both the thecal plates of the vegetative cells and the cyst wall of A.
catenella were successfully stained, exhibiting bright blue fluorescence, thus making both cysts

and vegetative cells easily identifiable in a single sample (Fig. 2.2a, b).

2.4 Results

Staining Methods

Calcofluor White staining alone worked better for preserved samples recovered from the well
plates than staining with primulin when both cysts and motile cells were present. The primulin
method was effective only for cyst enumeration. When primulin was used alone or in

combination, very few vegetative cells were observed and many of those few appeared to be
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degraded. To test the effect of the primulin staining method on vegetative cells, we carried out
subsequent cell counts on a vegetative culture of A. catenella. When treated with the primulin
staining method cell concentrations determined from the same culture were approximately 2/3
less when treated with the primulin staining method than those not exposed to the primulin
staining method (data not shown here). Additionally, we observed that the primulin stain cannot
be used to accurately identify, and hence enumerate, vegetative Alexandrium cells since the stain

is not picked up by the thecal plates (Fig. 2.2¢).

Similar to previous findings [15], we observed that Calcoflour White binds to cyst walls.
Subsequent staining trials revealed that the use of Calcofluor White alone effectively stained the
cell walls of both cysts and vegetative cells a brilliant blue allowing us to clearly distinguish

between them (Fig. 2.2).

Cyst Germination

A. catenella cysts collected from Quartermaster Harbor in mid-October 2006 were able to
germinate in all months, November through September (Table 1). In some months germination
occurred quite rapidly, within 24 hrs of sediments containing cysts being restored to conditions
that support growth. Vegetative cells were not observed in any of the wells on initial set up of the

experiments, indicating that germination occurred only after exposure to incubation conditions.

Germination success was defined as the overall portion of wells with germination by the
termination of each experiment at 15 weeks. Germination success was nearly 100% for all

months except for the November and December experiments, which had overall germination of
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25% and 83%, respectively (Table 1). Incubation period was defined as the length of time after
wells were restored to growth supporting conditions until germination was observed. Incubation
period was only calculated for wells that had germination. Mean incubation period steadily
decreased from November (n = 73 days) to May (u = 1 day), as did the range (Fig. 2.3).The first
day of observed germination ranged from 21 days to < 24 hours during the 11 month study
(Table 1). Germination occurred more rapidly (< 24 hours) in late spring and into summer, April

— August, than in the winter months, November - February (Fig. 2.4).

We could not identify the exact number of cysts contained in each well since a sediment volume
of approximately 20 pl was added to each, so we estimated the rate of germination based on the
portion of the 48 replicate wells that contained vegetative cells on each day of observation. We
indicated 50% germination when 24 wells (1/2 of the 48 individual replicates) contained
vegetative cells and 95-100% germination when 46-48 wells contained vegetative cells (Table
1). The highest rates of germination occurred in May and June when germination was observed
in > 89% of the wells within 24 hours under incubation conditions (Fig. 2.4). The lowest rates of
germination occurred in November and December. In the November experiment, only 4% (2
wells) had germination occur after approximately 3 weeks under incubation conditions (Fig. 2.4).
No further germination was observed for the November experiment until week 10 (mid-January).
For the December experiment, only 11% of the individual wells had germination occur after
about 2 weeks under incubation conditions, while the majority (26 wells) did not have
germination until about weeks 5-6 (mid-January). Germination rates rapidly increased starting in

the January experiment when 50% germination was observed within one week and 100%
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germination was observed within 2 weeks (Table 2.1). All monthly experiments thereafter,

February — September, had nearly 100% germination within one week

Use of a Spearman’s rank correlation test showed a significant negative relationship between
overall germination success and mean incubation period for the well plates (rs = -0.635, P =<

0.001, N = 44),

Cell Counts

Cyst abundance was 1550 — 1750 cysts cm™ in the surface sediment in Quartermaster Harbor
when the sediment was collected in mid-October, 2006. Cell enumeration from the preserved
well samples revealed that not all of the cysts in each well germinated on the first day of
observed germination. Also, cyst abundance appeared to be highly variable between replicate
wells despite equal volumes of well-mixed sediment being added to each (Table 2.2).

Both vegetative cells and cysts were observed in the preserved well samples for nearly all

months except in November which was likely compromised by the primulin staining method.

Of the total number of cells counted in each preserved well sample, the fraction of vegetative
cells and the fraction of cysts were determined for each month (Table 2.2). November and
January cell counts were excluded because we believe use of the primulin staining method
destroyed, severely damaged, or made difficult to identify (see above) most of the germinated
cells so the true fraction could not be determined. Comparing the portion of each cell type
revealed an interesting seasonal pattern (Table 2.2, shaded values). From spring-early summer

(March-June)—when incubation periods were short and germination success was high—the
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majority of the total cells counted on the first day of observed germination were cysts (>60 %).
While from mid to late summer (July-September), and December, germinated cells made up a

larger fraction of the total cells counted (>60 %).

2.5 Discussion

The timing and rate of germination of benthic resting cysts can strongly regulate the location and
magnitude of harmful bloom events. In this study, we sought to identify the germination
characteristics of naturally occurring resting cysts of the PSP causative organism, Alexandrium
catenella!, in Quartermaster Harbor, WA. We found that germination can occur quite rapidly (<
24 hours). Our results provide no evidence indicating the presence of a synchronous endogenous
clock restricting germination to a specific seasonal window since cysts were able to germinate
nearly year round (November-September). Further, our results provide some preliminary
evidence that suggests cysts of A. catenella may need to fulfill a mandatory dormancy for several
months. Hence, cyst germination of A. catenella in Puget Sound is likely regulated primarily by

physiological requirements and secondarily by environmental conditions

Improved staining protocol
We established a modified protocol of staining with Calcoflour White for the detection and
enumeration of A. catenella cells from sediment samples. We found that our method of staining

with Calcofluor White was effective for simultaneous enumeration of cysts and vegetative cells

' A. catenella, A. tamarense and_A. fundyense maybe considered varieties of the same species, referred to as the
“tamarensis complex” [21,22]. A. tamarense has been described in the Pacific Northwest [23] as Protogonyaulax
tamarense, and A. fundyense has been found in the Gulf of Alaska [21]. However, we have chosen to claim A.
catenella here since the Alexandrium cysts and cells found in QMH have previously been identified as such [11,20].
Also, for morphological reasons (e.g., plate structure and chain length) our cell more closely resembles that of A.
catenella ([24]; previous observations).
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of A. catenella, while the more commonly used primulin staining protocol was effective only for
cyst enumeration. We observed many more vegetative cells when staining was done with
Calcofluor White alone. The few vegetative cells observed in the wells treated with the primulin
stain appeared to be degraded. Therefore, we believe that one of two steps: the addition of
methanol or sonication, in the primulin staining method caused damage to the vegetative cells.
Further, our method of staining with Calcofluor White is a more rapid alternative to primulin
staining, requiring approximately 24 hours to prepare and stain samples, as opposed to 48-72
hours for primulin. Use of this method is not specific to Alexandrium since the calcofluor stain
readily binds to cellulose, and therefore should be effective for detection and enumeration of

cysts and vegetative cells of other dinoflagellate taxa [17].

Germination potential

A. catenella cysts in the sediments of Quartermaster Harbor, WA, have the ability to germinate
within 24 hours after conditions that support growth are restored. In our studies, those conditions
were a temperature of 13°C and on a 12 hour dark: 12 hour light (20 pE/m?/s) period in April
through August. Our findings differ from the earlier observations of Hoffer et al. [12] which,
under similar incubation conditions, reported germination of A. catenella from 10 stations in
Puget Sound, WA (including Quartermaster Harbor) took 3 to 6 days in April and May.
Differences in the incubation period between our study and previous observations may be
explained by differences in the frequency of observations. While Hoffer et al. monitored for
vegetative cells only on days 3, 6, 8 and 10, the present study monitored for vegetative cells upon

initiation of the experiment and daily thereafter.
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In our study, germination occurred more rapidly in the spring and summer months relative to
winter months. A. catenella germination rates from the shallow waters of Quartermaster Harbor
were the highest in May and June and lowest in November and December. This result is the
opposite of what was observed for Alexandrium fundyense cysts from deep waters in the Gulf of
Maine where germination peaked in the winter months (November-February), and declined in
the spring/summer months [10]. Despite seasonal variation in incubation periods, A. catenella
cysts in Puget Sound appear to be able to germinate at any time during the year provided they
have fulfilled any dormancy requirement and are provided with the appropriate environmental

conditions.

We found that populations of A. catenella in Puget Sound can germinate more rapidly than
previously thought. Knowing the time to germination for geographically distinct populations is
especially important when seeking to accurately predict the timing and location of a subsequent
bloom event, and is critical for modeling efforts since ambient conditions that influence bloom
development and cell distribution (e.g., wind and tidal currents, mixing and nutrient

concentrations) can change rapidly over short time scales (hours to days).

Endogenous regulation of cyst germination

Dinoflagellate cyst germination is regulated by both internal and external environmental factors.
A mandatory dormancy period and the presence of a synchronous biological clock are two
endogenous factors that may regulate germination [18]. We used the data collected here to gain

insight on these two endogenous mechanisms for A. catenella in Quartermaster Harbor, WA.
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Mandatory Dormancy Period

Considerable variability in dormancy periods has been documented for distinct geographic
strains of A. catenella. It has been proposed that variation in cyst dormancy requirements among
geographic strains of the same dinoflagellate taxon can serve different ecological roles [19].
Longer dormancy requirements provide an effective overwintering strategy, while shorter
dormancy requirements allow for rapid transitions between the benthic and planktonic stages.
Such variability in dormancy period may also be a result of temporal variation, or location of the

benthic population [9].

Our results may indicate the presence of a longer-term dormancy (months) for Puget Sound A.
catenella cysts. We could not determine the absolute duration of this mandatory dormancy
period because it is not known exactly when the cysts were formed, and to the best of our
knowledge no phytoplankton samples were collected from Quartermaster Harbor in 2006.
However, shellfish toxicity levels can be used as a proxy for vegetative cell concentrations.
Earlier research [20] and more recent sampling in 2008 (SoundToxins phytoplankton monitoring
records and WDOH toxin records; F. Cox, pers. comm.), found that increases in PSTs in mussels
from Quartermaster Harbor paralleled increases in abundance of A. catenella in surface waters.
Therefore, we used PSP toxin records from Quartermaster Harbor in 2006 to establish a

proposed timeframe for A. catenella blooms and subsequent cyst deposition.

Washington State Department of Health’s Biotoxin Program reported two episodes of high PSTs
in Quartermaster Harbor from May — September, 2006 when toxin levels were reported weekly.

The first episode of molluscan toxicity began on June 6, and peaked at a concentration of 1619
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1g/100 g on June 13, after which PSTs declined to nearly undetectable by July 12. The second
episode appeared suddenly on August 16" with the highest levels of PSTs observed for the year
(2049 ng/100 g), and steadily declined thereafter. From this toxicity data, we can approximate
two bloom periods, early-mid June and early-mid August, in 2006 from which cysts were likely
deposited into the surface sediments in Quartermaster Harbor. These probable bloom periods are
consistent with previous research that reported two periods of high A. catenella abundances in
1981 in mid-June and September [20], and with more recent, 2008-2009, A. catenella cell
concentrations peaking in late summer months, August-October (SoundToxins phytoplankton

monitoring records).

Given these two estimated periods of cyst deposition in Quartermaster Harbor, it is possible that
local A. catenella populations may have a mandatory dormancy period of up to 5 months (see
Fig. 2.5). The longer mean incubation periods and much slower germination rates we observed in
the November and December germination experiments could indicate that the majority of cysts
were still in their dormancy period during those months. The additional episodes of germination
for the November and December experiments, as well as, the shortened mean incubation periods
and increased rates of germination starting in January may have marked the end of the
maturation period. If A. catenella populations from Quartermaster Harbor in fact have a
dormancy period on the order of 5 months, cysts that formed following the early summer bloom
(early-mid June) would have the potential to germinate around mid-November and cysts that
formed following the later summer bloom (early-mid August) would have the potential to

germinate around mid-January (Fig. 2.5).
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Although it is reasonable to assume we collected surface sediments containing cysts formed from
both blooms in 2006, we believe that a larger portion of the cysts collected were formed
following the late summer bloom. Higher levels of shellfish toxicity reported for late summer
suggest greater vegetative cell abundances, and hence, possible increased cyst deposition at that
time. Fewer cysts deposited from the early summer bloom could account for the lower rates of
germination observed in the November and December experiments. It is possible that the few
portion of wells with germination in the months of November (4%) and December (11%)
contained a few cysts deposited from the early summer bloom while the majority of germination,
which did not occur until mid-January, occurred from cysts deposited from the late summer

bloom.

It remains unclear exactly why overall germination success was lower for the November and
December germination experiments, although, it could be associated with the longer incubation
periods observed for those months. We found that cysts remaining under incubation conditions
for longer periods had significantly lower germination success. Perhaps conditions within the
well plates were not suitable for long term cell survival (cyst or vegetative cells) despite
replenishing wells with fresh medium. This outcome could be a result of fluctuations in salinity
due to medium evaporation from the small volume wells increasing cell mortality and decreasing

germination success of cysts still in their dormancy period.

Synchronous Endogenous Clock
The presence of a synchronous biological clock has been reported to restrict cyst germination to

a specific seasonal time frame irrespective of the environmental conditions [9]. We found no
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evidence of such an endogenous mechanism restricting germination to a specific seasonal
window for A. catenella cysts from Quartermaster Harbor, since cysts were able to germinate

year round (November-September).

The presence of a synchronous biological timing mechanism might best serve deep-water cyst
beds that are exposed to fairly constant conditions and lack variation in light and temperature
cues as was found for Gonyaulax tamarensis cysts collected from deep-water in the Gulf of
Maine [9]. Alexandrium fundyense cysts collected from several deep-water sites (138 and 150
m) in the Gulf of Maine were found to have a circannual biological clock with an average period
of 11 months [10]. In that study, cysts did not germinate in summer to fall even when provided
with favorable growth conditions. However, Quartermaster Harbor is a relatively shallow bay
with bottom waters that experience seasonal variation in environmental cues that can signal
germination (e.g., light, temperature). Thus, the presence of a synchronous biological clock as
described above may not be required for A. catenella cysts residing in a shallow location such as

Quartermaster Harbor.

Our results provide some preliminary evidence indicating A. catenella cysts from Quartermaster
Harbor have some form of endogenous control over germination apart from a period of
mandatory dormancy. Both cysts and vegetative cells were present in the preserved samples for
nearly all months, suggesting that either not all of the cysts were viable, or they did not have the
same rates of germination. It is likely that many of the cysts counted in the samples preserved on
the first day of observed germination were viable, and would have germinated given more time.

If true, this would indicate variability in endogenous regulation of germination. Such variability
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in emergence of A. catenella cysts has previously been reported and possibly reflects genetic

variation among individuals from the same population [3,19].

Further, our cell counts from the wells preserved on the first day of observed germination
revealed an interesting seasonal emergence pattern that could reflect more synchronous
germination in late summer and winter, then in spring/early summer. Cysts made up a larger
fraction of the total cells counted in the preserved well samples from March through June, while
vegetative cells made up the majority from July-September, and potentially into the winter
months. This observation appears to be consistent with recent bloom patterns reported for
Quartermaster Harbor where A. catenella vegetative cell concentrations peak in late summer

months, August-October (SoundToxins phytoplankton monitoring records).

Such seasonal emergence patterns may reflect cells operating under different germination
strategies. Individuals might operate under either “tight” or “loose” endogenous control with
tight endogenous control having germination patterns more reflective of a synchronous
biological clock, while loose endogenous control would allow for rapid inoculation of the water
column in response to favorable changes in environmental conditions. The presence of different
germination strategies could help to ensure survival of the population [3]. Future work is needed
to identify genotypic differences on isolated cysts to confirm the presence of different

germination physiology within the population.
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Ecological Implications

Puget Sound A. catenella populations have the potential to germinate year round, given
dormancy requirements and environmental conditions are met. We have found evidence
suggesting the presence of a longer-term mandatory dormancy of several months for A. catenella
cysts in Quartermaster Harbor. Hence, for long-term cysts, excystment appears to be primarily
regulated by physiological requirements (the details of which have not yet been identified), while
specific environmental cues, such as temperature, light, oxygen and cyst resuspension, appear to
be secondary in regulating excystment dynamics. Once physiological requirements are met and
bottom water conditions support germination, A. catenella cysts have the ability to rapidly reseed
the water column with vegetative cells. Such rapid germination rates observed in all months from
January through September may help to explain frequent high winter toxin levels in shellfish,
especially geoducks, and the necessity for harvest closures at times when motile cells are not
expected to be present and have not been looked for in the water column (WDOH toxin records,

F. Cox, pers. comm.).

We realize that our suggestions concerning endogenous regulation of germination are
speculative, but believe they provide a starting point for more rigorous studies on A. catenella
cyst germination in Puget Sound. As such, we view our results pertaining to mandatory
dormancy as preliminary and suggest that cysts from both shallow embayments such as
Quartermaster Harbor (depth < 30 m) and from deep water, such as the main basin (depth = 250

m) be isolated and subject to detailed germination experiments.
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Table 2.1 Summary of germination rates and overall germination success in replicate wells for
each monthly experiment.

Time to first day of Number of wells Germinatio
observed Time to 50% Time to 95-100% with germination n success
germination germination (days) germination (days) (N) (%)

November ~21 --- --- 11 25
December ~14 ~35-42 --- 38 83
January 5 7 ~14 48 100
February 4 4 7 47 98
March 2 2 4-7 48 100
April <1 2 3 48 100
May <1 <1 <1 48 100
June <1 <1 2 48 100
July <1 1-2 2 48 100
August <1 1 3 48 100
September 2 3 4 48 100

Table 2.2 Motile cell and cyst enumeration from the representative well sample preserved on the
first day vegetative cells were observed for each month of the time-series experiment.

Total cells Portion Portion
Day well fixed counted Vegetative  Cysts vegetative cysts Stain
November 21 24 0* 24 -—-- -—-- P &CW
December 14 130 127 3 0.98 0.02 CW
January 7 23 3% 20 -—-- - P &CW
February 4 81 42 39 0.52 0.48 CwW
March 2 71 20 51 0.28 0.72 CwW
April 1 126 22 104 0.17 0.83 CwW
May 1 91 31 60 0.34 0.66 CwW
June 1 122 46 76 0.38 0.62 CwW
July 2 111 99 12 0.89 0.11 CW
August 1 46 31 15 0.67 0.33 CW
September 2 3 3 0 1.00 0.00 CW

* Primulin staining method may have destroyed motile cells in the sample. P is primulin stained; CW is
Calcofluor White stained.
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Figure 2.1 Map of Puget Sound, WA including all 2005 cyst survey sites. Inset shows
Quartermaster Harbor from an intensive survey there in 2006 with our sampling site, station54.
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Figure 2.2 Stained A. catenella cells. Cells of A. catenella from the same incubated and
preserved sediment subsample stained with Calcoflour White: vegetative cell (A) and cyst (B),
and Primulin: vegetative cell (C).
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Figure 2.3 A. catenella cyst incubation period. The duration of the cyst incubation period
(days) for each month of the time-series experiment (November 2006 — Septermber 2007).
Center dot marks the mean incubation period for that month and error bars represent + 2 standard

deviations from the mean.
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Figure 2.4 Time to first observed germination. The line graph shows time to first observed
germination (days) for each month of the time-series experiment (November 2006 — Septermber
2007). The bar graph shows the portion of wells containing vegetative cells on the first day of
observed germination.
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Figure 2.5 A. catenella cyst germination timeline. The timeline shows the approximated 5
month mandatory dormancy for A. catenella cysts in Quartermaster Harbor, WA. The timeline
includes: suggested bloom periods and subsequent cyst deposition as indicated by PST records
for summer 2006 (grey triangles), time of sediment collection (black arrow) and earliest episodes
of germination (dotted arrows). The shaded bar graph shows time to 50% germination for each
month. * November did not reach 50% within 15 weeks under incubation conditions.
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Chapter 3. Pelagic-benthic transition of the harmful alga, Heterosigma akashiwo: Changes
in swimming and implications for benthic cell distributions.

Elizabeth D. Tobin, Daniel Griinbaum, and Rose Ann Cattolico

School of Oceanography, University of Washington, Seattle WA. 98195-7940

“Reprinted from Harmful Algae, Vol. 10, Tobin, ED., Griinbaum, D., Cattolico, RA., Pelagic-
benthic transition of the harmful alga, Heterosigma akashiwo: Changes in swimming and

implications for benthic cell distributions, 619-628 (2011), with permission from Elsevier.”

3.1 Abstract

Many harmful algal blooming (HAB) species transition between a vegetative, motile phase in the
water column and a dormant, non-motile resting phase in the sediments. These life history
transitions potentially regulate the timing, location and persistence of bloom events. Motility
promotes aggregation and influences vertical distributions in the water column. However, the
contribution of this behavior to benthic distributions of resting cells is currently unknown. We
used video-tracking techniques to test the hypothesis that algal cells use active down-swimming
during pelagic-benthic transition to favorably influence benthic distributions. In an experimental
water column, we monitored cell swimming trajectories of Heterosigma akashiwo for 14 days
after cells were signaled to enter the benthic resting stage. Using the statistical characteristics of
individual cell trajectories, we developed a video-based motion assay to assign each tracked
Heterosigma cell to one of three cell states known to occur during pelagic-benthic transition:
induced motile, transitional and resting. The primary swimming characteristic influencing
benthic distribution, net vertical velocity, was essentially the same for all three cell states. Hence,

we found no evidence that active down-swimming influences benthic distributions. Our data

47



suggest that benthic distributions of Heterosigma resting cells are similar to distributions of
slowly sedimenting passive particles. These observations suggest that Heterosigma benthic
resting cell distributions can be predicted by modeling the effects of cell sedimentation rates

combined with geophysical flow patterns.

3.1 Introduction

Many HAB-forming algae exhibit a dual-stage life history, transitioning between a pelagic
vegetative stage and a benthic resting stage. These transitions are among the least understood
aspects of HAB dynamics. The benthic stage is thought to promote survival during
environmental conditions that are unfavorable to growth, to provide refuge from predation,
and/or to facilitate long-range transport [1-6]. Rapid transition of pelagic vegetative cells into the
benthic resting stage can contribute to HAB termination, while benthic populations can serve as
reservoirs that initiate HABs by rapidly reseeding the water column with vegetative cells when
favorable conditions return [7,8]. Hence, transitions into and out of the benthic resting stage may

strongly affect the timing, location and magnitude of HABs [9,10].

Transitions between pelagic and benthic habitats often involve significant vertical movements.
Vegetative, pelagic cells are typically concentrated in near-surface waters. These cells cannot
establish benthic populations until they descend to encounter the benthic substrate, often a depth
change of tens of meters. The timing and rate of these depth changes are critical to survival of
these cells, because lateral advection in coastal environments can quickly move cells between
suitable (usually shallow) benthic habitats and unsuitable (usually deeper) locations. In deep

sediments, cells are less likely to experience bottom conditions, principally temperature and
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light, conducive to germination and subsequent transition to the vegetative stage. However, the
mechanisms that control depth during pelagic-benthic transition, and thus ultimately lead to

deposition in the sediments, are poorly understood.

HAB-forming algae commonly use active swimming in their pelagic phase to regulate depth and
locate favorable growth conditions [11,12]. Algal swimming often interacts with physical flows
to influence cell concentrations and distributions in the water column [13—17]. The prevalence of
swimming in HAB-forming algae, together with the apparent importance of resting cell
deposition in suitable substrates, suggests the hypothesis that algal cells use active swimming
during the pelagic-benthic transition to favorably influence benthic distributions. If so, motility
during benthic cyst formation could have important but currently unknown impacts on HAB

dynamics.

In this paper, we experimentally test this hypothesis using Heterosigma akashiwo as our focal
organism. Heterosigma is a harmful raphidophyte that forms dense surface blooms associated
with kills of wild and pen-reared fish in temperate and subtropical waters worldwide [18,19].
These blooms are often initiated in shallow coastal embayments, but may be advected to deeper
waters [3,20-23]. Heterosigma has an alternating pelagic-benthic life history [19,24]. Field
conditions that signal transition into the benthic resting phase are not well understood. Cell
aggregation has been reported to be a preliminary step in the formation of benthic resting cells
[24]. These benthic cells had poor survival at higher temperatures (= 15°C) in the light.
Additional laboratory-based studies have also shown that reduced temperature and dark

conditions induce formation and extend survival of benthic resting cells [25,26]. Transition out
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of the benthic stage is controlled largely by temperature, with 10°C the approximate lower limit
for emergence and >15°C required for successful proliferation [3,26-29]. Heterosigma exhibits
vigorous up-swimming behavior in its vegetative stage, and this swimming behavior has been

identified as an important mechanism in bloom formation [17,20,23,30,31].

Little is known about how Heterosigma’s swimming behaviors influence benthic distributions
following HAB termination. In one of the few published studies of Heterosigma benthic resting
cell formation, Han et al. [26] used microscopy to show that vegetative cells transitioning into
benthic resting cells express a distinct “transitional” stage of reduced motility. These transitional
cells are characterized by reduced swimming velocity and directionality (rotating in circles or
spinning in place) as flagellar movement is lost. Because the ultimate goal of that study was not
to characterize cell swimming behaviors, Han et al.’s observations did not establish how cell
movements progress from the up-swimming vegetative stage to the non-motile benthic stage, or
the consequences of those movements for benthic distributions. Bearon et al. [31] suggested that
the oscillatory movement of helical swimming algae like Heterosigma could provide useful
diagnostic information about the type and state of cells. The existence of a distinct transitional
phase identifiable by movement characteristics also suggests that movement-based assays have
the potential to identify cell state during pelagic-benthic transition on a cell-by-cell level.

To obtain quantitative information about individual Heterosigma cell movements during pelagic-
benthic transition, we used a video-based tracking technique to monitor cell swimming in an
experimental water column. Similar motion analysis techniques have been used to assess
movement behaviors, physiological state and health of algal cells [17,31-33]. We developed

statistical methods to classify each tracked cell into one of three physiological states based on
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fine scale horizontal movements, and then quantified net vertical movements associated with
each state. We then used state-specific vertical movement data to test the hypothesis that
Heterosigma cells actively influence their benthic distribution by shifting from up-swimming to
down-swimming prior to forming benthic resting cells. The specific goals of this study were: (1)
to develop a video-based motion assay to identify cell state using swimming characteristics
during pelagic-benthic transition, and to verify that assay with traditional microscope techniques;
(2) to determine whether Heterosigma exhibits distinct state-specific vertical movement
behaviors during transition; and (3) to assess the potential consequences of transitional behaviors

for benthic distributions of Heterosigma resting cells.

3.3 Materials and Procedure

Cell maintenance and resting cell induction

A Heterosigma akashiwo strain CCMP452 culture was maintained in 1 L reduced salinity (22%o)
artificial seawater O-3 medium [34] and grown to stationary phase (>2x10° cells mL!) at 20°C,
on a 12 hour dark:12 hour light (50 umol/m?*/s; LI-COR Inc. LI-250A, NE, USA) photoperiod
under continuous rotary agitation (60 rpm). This culture was used to inoculate eighteen 250 mL
experimental flasks, each containing 125 mL medium, to 2.5x10* cells mL™'. These sub-cultures
were maintained at 15°C on a 12 hour dark: 12 hour light (50 umol/m?/s) photoperiod for five
days prior to the start of the experiment. Concentrations of cell cultures were determined with a
ZBI Coulter Counter (Coulter Electronics, Inc. Hialeah, FL, USA) equipped with a 100pm
aperture. On the starting day of the experiment (Day 0), cell concentrations were approximately
6-8x10* cells mL™! in each flask. To induce Heterosigma cells to enter their benthic resting stage

on Day 0, the experimental flasks were placed in the dark at 10°C [26]. Because even short

51



exposures to very low light levels (<0.1 pmol/m?/s) inhibit resting cell formation [26] (Cattolico
unpublished data) each experimental flask was wrapped in foil prior to being stored in the
darkened environmental chamber. Preliminary experiments conducted to test the viability of
resting cells formed under our induction conditions showed up to 95% survival when these
resting cells were activated to return to the vegetative stage after 16 days by restoring light to

~50 umol/m?/s and temperature to 20°C (data not shown).

Experimental tank for cell observations

Cell movements were observed in a 190 mm x 140 mm x 60 mm experimental tank constructed
with 6 equally spaced replicate partitions (Fig. 3.1). Each partition was filled from the bottom
using a peristalitic pump. This method enabled the formation of a two-layer stratified water
column that suppressed fluid convection [17]. A halocline was established between a 100 mL
bottom layer that had a weakly stratified linear salinity gradient ranging from 30 psu at the base
to 26 psu at the top and a 50 mL top layer of modified O-3 medium at 22 psu (Fig. 3.1). The
salinity gradient was established with O3 medium (30 psu) diluted with fresh (de-ionized) water
to generate the specified salinity structure. Each observation day, 0.5mL of cell culture was taken
from two of the 250mL experimental flasks (one flask for partitions 1, 3 and 5, the other for
partitions 2, 4 and 6). These cells were added slowly to the top layer of each partition of the tank,
so that each top layer contained approximately 7-8x10? cells mL!. Prior to experiments, we used
fluorescein added to the top, lower salinity layer to verify that cell addition did not disturb the
stratified water column. All cell transfers were performed inside a dark environmental chamber
under red light (620-750 nm), to which Heterosigma cells do not respond (Lakeman and

Cattolico unpublished data; pers. obs.). The experimental tank was then covered with a light-
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tight box made of infrared (IR) transmitting acrylic, so that cells could be imaged while
excluding visible light. The filming experiments took place within a dark environmental
chamber, maintained at 10°C for the duration of the study. Cells were observed on Day 0 and
every other day for 14 days by capturing two minute video clips every 30 min for the first 2
hours and hourly for the next 6 hours. A total of 64 video clips from hours 0-5 were analyzed (8

clips for each of the 8 observation days).

Microscope analysis of cell states

Cells exposed to induction conditions were counted under bright field microscopy (400x) in a
Palmer-Maloney counting slide and classified into one of three states. To determine cell
concentrations, the entire chamber was counted. To classify the portion of cells in each state,
cells were counted in each field of view using the grid on the optical lens until > 100 cells were
counted. Cells were classified as “induced motile” if they expressed propulsive helical
swimming, irrespective of cell shape; as “transitional” if they appeared to have highly reduced
swimming capabilities (rotation, twitching or vibration), or had no movement and were
aspherical; and as “resting” if they had no movement and were spherical. Sphericity is a robust
morphological characteristic of Heterosigma cysts formed in culture [24-26]. Non-moving cells
that were not spherical were rarely observed. Cell counts were conducted on experimental flasks
before loading cells into the experimental tank on each observation day, and were used to
calculate the initial cell concentration in the 50 mL top layer at hour 0. To determine final cell
distributions (hour 8), the top and bottom layers in the experimental tank were sampled from 4 of
the 6 replicate partitions. The entire 50 mL top layer of the stratified water column was extracted

and gently mixed, and 10 mL were sub-sampled. A 10 mL sub-sample of the bottom layer was
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extracted from a fixed tube pre-positioned at the base of each partition. Cell concentrations for
the entire 100 mL bottom layer were also estimated by subtracting the final top layer cell
population from the cell population initially added. We placed sampled aliquots into light-
excluding test tubes for subsequent counting. Cell concentrations were determined by a ZBI

Coulter Counter and verified by light microscopy.

Video analysis of cell motility

Video sequences of cell movement were captured to a computer at 30 frames s™! using an IR
sensitive analog camera (Mintron Opitic Industry Co. #MTV-13V8HE) equipped with a Nikon
Nikkor 60 mm lens (aperture f/8) and a #8 extension tube. Cells were observed under dark field
illumination using two IR LED banks. The camera and light sources were mounted on a
computer-controlled motorized platform that moved horizontally across the tank, so lighting and
imaging were consistent for all partitions. A SmartRelay controller (6bit Inc., UT, USA) was
used to control camera position, filming duration, and lighting from a computer located outside
of the environmental chamber. The camera was positioned approximately 22 mm from the tank,
providing a field of view approximately 9 mm x 12 mm located entirely within the bottom layer
of each partition. Thus, only cells leaving the top layer by downward swimming or passive

sinking were imaged and analyzed (Fig. 3.2).

Video processing and path analysis
Pixel positions of the cells in each video clip were determined by video processing using a
modified version of the open source video editing package, Avidemux 2.4, to remove

background, equalize lighting, threshold frames and set particle size range to clearly resolve
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cells. Video was calibrated with a uniform grid of dots with 2.5 mm spacing. Pixel coordinates of
cells were converted into physical positions and assembled into 2D cell swimming trajectories
with Tracker3D, a MATLAB-based motion-analysis package to track organism movement
(Griinbaum unpubl.). High frequency noise was removed from cell trajectories using a short-
interval smoothing spline [31,35]. This spline had knot spacing of 30 frames (1 second), which
was short enough to resolve oscillations in cell trajectories. Overall direction was defined using a
long-interval spline with knot spacing of 225 frames (7.5 seconds) to follow the central axis of

each cell’s path. Analysis included only cell trajectories longer than 900 frames (30 seconds).

To characterize cell-specific swimming behaviors, splined trajectories were used to calculate five
swimming metrics. We defined the oscillatory component of swimming as the difference
between the long-interval and short-interval splines. To determine the mean oscillatory speed for
each trajectory, we took the time derivative of the oscillatory component to obtain the associated
velocities, calculated the roots of the sums of the squares (RSS) of those velocities to obtain
oscillatory speed, and finally averaged oscillatory speeds over the entire trajectory. We
calculated mean horizontal and mean vertical velocity for each trajectory by taking the time
derivative of the long-interval spline (i.e., the central axis) to obtain its instantaneous horizontal
and vertical velocity components, and then averaged the vertical velocity components over the
entire trajectory. Finally, we calculated gross swimming speed of each trajectory by taking the
RSS of the instantaneous velocity components in two dimensions. All mean path statistics were

weighted by path duration to avoid biasing in favor of shorter or longer paths.
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These swimming metrics, in association with the microscope-based classifications, were the
basis of our video-based classification of cell state. We used a Pearson’s correlation test to
determine whether video-based and microscope-base methods were statistically consistent in
establishing the proportion of the population in each state over the duration of the study. The

proportion data were normalized using an arcsin transformation.

3.4 Results

Trends in cell state and distribution

Cell concentrations within the sampling flasks at the outset of each filming experiment were
nearly identical when determined using the Coulter Counter and the Palmer-Maloney counting
chamber (Table 3.1). Both methods verified that modest cell loss occurred during the 14 day
experiment (Fig. 3.2a). On Day 0, 99% of the cells were in the induced motile state (Table 3.1).
Over successive days, a larger proportion of cells were identified as either transitional or non-
motile resting cells. By the end of the experiment (Day 14), 33% of cells were identified as

transitional and 54% as non-motile resting cells.

Microscope counts showed that cell concentrations within the experimental tank decreased in the
top layer and increased in the bottom layer over successive observation days, indicating that
more cells had net downward movement as the population transitioned into the benthic resting
phase (Fig. 3.2b, d). Cell concentrations from the sub-sampled (10 mL) bottom layer closely
matched concentrations calculated for the entire (100 mL) bottom layer, indicating that the sub-

sampled bottom layer counts were representative of the bottom layer population (Fig. 3.2¢c, d).
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Identification and verification of cell states from video-based observations

Pronounced changes in distributions of mean oscillatory speed were observed as the cell
population transitioned from predominantly motile cells (Day 0) to mostly non-motile resting
cells (Day 14). We used mean oscillatory speed to assign each trajectory to its appropriate cell
state!. Our assignments were based on the observed changes in mean oscillatory speed for cell
trajectories over successive observation days (Fig. 3.3), as well as detailed examination of
swimming characteristics of individual trajectories (Fig. 3.4). Mean oscillatory speeds were
mostly >9 um s™! on Day 0, while at the end of the study nearly all mean oscillatory speeds were
<9 um s’ (Fig. 3.3). Hence, we established 9 pm s™! as a lower limit for the oscillatory speed of
an induced motile cell. Though resting cells are non-motile, their oscillatory speed is non-zero
due to random fluctuations in the net downward trajectory from Brownian motion and/or
electronic noise during video acquisition. Therefore, we examined hundreds of individual
straight downward moving trajectories, indicative of non-motile sinking cells, and found that
none of the trajectories observed had mean oscillatory speeds > 4 um s! (Fig. 3.4c). We
consequently established 4 um s as an upper limit to the oscillatory speed of a non-motile,
resting cell (Fig. 3.3). Some straight downward trajectories, similar to those of resting cells, sank
at velocities > 10 um s Because this sinking velocity implies an unrealistically high density
(based on Stokes Flow; see Table 3.2) for a Heterosigma cell, these trajectories were almost
certainly created by extraneous particles present in the culture medium. We therefore excluded

such trajectories from our statistical analysis.

! Because our trajectories are two-dimensional projections of three-dimensional helical movements, our calculated
oscillatory speeds slightly underestimate three-dimensional speeds. Our assessment thresholds apply to our two-
dimensional projected movements. Corresponding thresholds for three-dimensional data are higher by a factor of
approximately 27.
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Over the 8 filming experiments, we analyzed a total of 19,307 cell trajectories (Table 3.2).
Figure 4 shows typical swimming trajectories for induced motile cells (more convoluted),
transitional cells (more regular but lower-amplitude oscillations) and resting cells (nearly straight

downward profiles) according to the criteria described above.

Population fraction assigned to each cell state was quantitatively consistent between our video-
based assay and microscope counts over successive days (Fig. 3.5a). Both methods were
significantly correlated in determining the population fractions assigned to each cell state (Fig.
3.5b). The induced motile cell fractions were strongly correlated (r = 0.78, P < 0.001), while the
transitional and resting cell fractions had slightly weaker associations (r = 0.54, P =0.001 and r =

0.40, P =0.02, respectively).

Comparison of swimming among cell states

We used the classification assignments based on oscillatory movement to compare the state-
specific values of net vertical velocity for each cell trajectory. Mean vertical velocities for each
observed state were relatively consistent over the duration of the experiment. As expected, nearly
the entire cell population observed in the bottom layer had net downward movement on all days
(Fig. 3.6a). The calculated vertical velocities were unimodal and tightly distributed around the
mean. Hence, only a very small fraction of the sampled population had net upward movement

(Fig. 3.6b).

State-specific swimming statistics averaged over the duration of the experiment showed that

induced motile cells had overall higher mean gross speeds (9 + 4.8 um s!) than transitional and
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resting cells (6 = 2.0 pm s and 5 £ 1.7 um s} respectively). However, all three states had

essentially equal mean downward vertical velocities (Table 3.2).

3.5 Discussion

Cell-level swimming plays a critical role in influencing distributions of algal populations, and
hence in HAB dynamics, by modulating cell interactions with physical transport mechanisms in
the water column [14,15,17,19,36]. In this study, we developed a video-based motion assay to
identify state-specific changes in swimming of the HAB-forming alga Heterosigma akashiwo
during transition from the vegetative pelagic phase to the dormant benthic phase. We used this
assay to assess the implications of swimming for benthic distributions. Our key finding is that,
while Heterosigma exhibits a succession of distinct swimming modes during pelagic-benthic
transition, none of these swimming modes have a strong influence on vertical movement rates.
Consequently, our observations suggest that benthic resting cell deposition in natural
environments where Heterosigma forms HABs can be predicted by modeling the combined

effects of Heterosigma sedimentation rates and geophysical flow patterns.

Motion-based assay of physiological state

The results reported here demonstrate that quantification of the oscillatory movement of a
helically swimming algal cell, as suggested by Bearon et al. [31], is a viable method of
identifying cell state (Fig. 3.4). Net movements of Heterosigma are predominantly vertical
[17,31]; the oscillatory deviations from these net movements are predominantly horizontal. Our

video-based assay uses quantitative analysis of these horizontal deviations to infer physiological
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state of individual tracked cells, which is a necessary step in comparing state-specific vertical

swimming behaviors.

We assessed the accuracy of our video-based motion assay by comparing its assignments of
population fraction in each physiological state to assignments made from traditional microscope-
based classification. The two methods were significantly correlated when assigning the
population to each cell state (Fig. 3.5b). The correlation was strongest for assignment of the
induced motile cell fraction of the population and slightly weaker for transitional and resting cell
assignments. The weaker association between video and microscope-based assignments of
transitional and resting cell fractions is likely due to differences in the resolution with which
each method detects fine scale movements. We expected that the resting cell fraction would
monotonically increase over time as the cell population was continuously exposed to conditions
that signal transition to the benthic resting stage. The results of the video-based assay were more
consistent with this expectation than those of the microscope-base assay. The observed decline in
the resting cell fraction after Day 8 (Fig. 3.5a, lower) reported from the microscope-based
analysis suggests misclassification. Hence, the video-based classification developed in this study

may be more accurate than traditional microscope-based classification.

Our video-based approach has some additional advantages over microscope-based methods of
detection and enumeration. Video analysis can be conducted more quickly and with less observer
training, and can be conducted in the field or even implemented as remote sensing. Another
advantage, and the one most crucial to the analysis of this study, is that our video-based assay

can classify cell states on a trajectory-by-trajectory basis. This cell-level association between
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state and movement is essential to understanding state-specific vertical fluxes at bloom
termination. To the best of our knowledge, there is no alternative method to video analysis for

simultaneously quantifying cell state and swimming velocity.

Swimming behaviors during pelagic-benthic transition

Our results showed that cells in all three states observed during the transition from motile,
vegetative cells to non-motile, resting cells had essentially the same mean downward velocities
of approximately 4 um s! (Table 3.2). Because swimming plays a key role in benthic-pelagic
transition, it is somewhat surprising that we did not observe active down-swimming during the
pelagic-benthic life-stage transition. Induced motile cells had mean downward velocity of 4 + 3.5
um s and mean gross speed of 9 + 4.8 um s™!. Vegetative cells of the same Heterosigma strain
observed under growth-supporting conditions were reported to have mean upward velocities
between 35-60 um s and mean gross speeds between 49-66 pm s [31]. The difference in gross
speeds indicates that induced motile cells have a highly reduced overall swimming capacity
compared to vegetative motile cells. The theoretical settling velocity of a Heterosigma-sized
spherical particle is 3.77 um s™! (based on Stokes flow, see Table 3.2) which closely matches the
mean downward vertical velocities of induced motile cells observed in this study. This result
suggests that, even with functional flagella, transitioning cells reached the bottom layer of the

tank by passive settling under gravity (Table 3.2).

Slow downward movement and convoluted swimming observed in induced motile cells indicate
that transitioning Heterosigma cells lose the orientation ability necessary for directional

swimming before losing flagellar propulsion. Loss of orientation is unexpected because it is
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unclear what, if any, benefits are gained from non-oriented swimming rather than immediate
cessation of flagellar activity. It may be there is no benefit to cells, but also little cost.
Alternatively, retention of partial flagellar function might allow for faster reversion to the
vegetative phase if environmental conditions improve. It is also possible that even undirected
swimming positively impacts nutrient uptake, bacterial feeding, or interactions with predators,

pathogens and substrate through mechanisms that are still unclear.

The ability of Heterosigma cells to enter the resting stage may represent a generalized response
to adverse physiological conditions. In addition to our study, prior observations have shown that
both nutrient and abiotic stresses can lead to benthic resting cell formation in Heterosigma
(Lakeman and Cattolico, pers. comm.; pers. obs.) [24,26]. Benthic resting cell formation could
act as a temporary refuge from adverse environmental conditions, wherein cells enter a form of
stasis mediated by reduced metabolic activity (Cattolico and Deodato, unpublished). Because no
single environmental cue strictly triggers the onset of this process, transitional behaviors are
likely to be similar in response to a variety of abruptly changing environmental conditions. If so,
our study provides highly detailed information concerning swimming behaviors as cells

transition between pelagic and benthic stages.

The results from this study provide evidence that Heterosigma cells reach the sediments through
passive sinking. However, we cannot rule out the possibility that cells use particle attachment or
aggregation as an additional means to facilitate rapid downward transport [24]. Heterosigma
cells often produce an external sticky polysaccharide calyx, which may serve to attach cells to

sinking particles or may promote cell aggregation, thus accelerating downward transport
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[19,26,37]. A preliminary experiment we conducted to determine whether the presence of
sinking particles (glass beads of various sizes) accelerated downward transport of transitioning
Heterosigma cells did not show an effect of these particles on Heterosigma cell transport (data
not shown). This result may suggest Heterosigma cells do not actively attach to sinking particles
to facilitate downward transport during life stage transition. However, it may also reflect artifacts
of laboratory conditions due to the type of particles or culture medium. The potential for

facilitated sinking using attachment warrants further investigation.

To the best of our knowledge, swimming behaviors of Heterosigma cells during pelagic-benthic
life stage transition have not been documented in the field. However, it is interesting to consider
how our observations might compare to behaviors expressed in their natural environment. For
example, different cell morphologies have been observed for Heterosigma cells during bloom
events [18,21]. It has been suggested that smaller, non-motile cells observed at bloom
termination in Puget Sound, WA could represent the resting or pre-resting stage for this
organism [21]. Observations of smaller, non-motile cells occurring in natural blooms provides
some evidence that cessation of flagellar activity occurs in the water column, resulting in

subsequent sedimentation to the benthos as we observed in our experiments.

Implications for benthic distributions

Cell behaviors expressed during pelagic-benthic life-stage transition in dynamic estuarine
systems could be of particular importance to bloom reoccurrences by influencing seeding
patterns of benthic resting cells. Heterosigma cells in the vegetative phase are notably vigorous

swimmers with upward speeds of up to 100 um s! [31], suggesting that they can potentially
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move vertically several meters per day. However, our results show Heterosigma cells lose their
directed swimming capacity early in transition, apparently before it can serve any significant role

in influencing benthic distributions.

Our observations raise important questions concerning Heterosigma life history. Why do
Heterosigma cells not use their considerable swimming capacity to facilitate rapid downward
transport during pelagic-benthic transition? What are the dominant mechanisms (in the absence
of swimming) by which transitioning cells are transported to the sediments? How frequently do

cells encounter benthic habitats suitable for survival and re-emergence?

For perspective on these questions, we developed an idealized numerical water column model to
identify the time scales that transitioning cells (initially at the surface, < 1m) require to make
contact with sediments at various depths under a range of ecologically relevant vertical mixing
rates (Fig 3.7). This model computes the distribution of cells over time and depth as a function of
vertical turbulent mixing, downward cell swimming velocity and depth. We used this model to
test two alternate behavioral responses: the observed sinking at 4 pm s™!, and hypothetical down-

swimming at 100 um s’

We estimated the influence of vertical mixing on Heterosigma cells due to turbulent transport
using eddy diffusivity, K (m%/s). Eddy diffusivity varies with depth due to boundary-layer effects
and interactions with obstacles such as sediments, biota and seabed topography [38—40].
However, for a rough order-of-magnitude estimate we approximated eddy diffusivity as being

constant throughout the water column, and varied that constant over a wide range to reflect
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Heterosigma’s coastal and estuarine environments (see x-axis of Fig. 3.7). We obtained these

varied rates of eddy diffusivity from published data [39,41,42].

Our estimates from the model output show that both depth and speed of net downward
movement strongly influence the rate of contact with the sediments (Fig. 3.7). Regardless of
Heterosigma’s downward movement behavior, and under all relevant turbulent mixing
conditions, the amount of time to contact the sediments increases strongly and consistently with
depth. This outcome is in agreement with the findings of Gaylord et al. who reported sinking
depth to be the primary factor influencing macroalgal spore dispersal, except during periods of

intense vertical mixing [38,39].

In estuarine environments Heterosigma cells are transported by horizontal advection over both
shallow and deep sediments. Survival depends on resting cells depositing in shallow sediments
that provide the necessary light and temperature conditions required for re-emergence [3,21,43].
Our model output shows hypothetical active down-swimming at 100 um s would likely have
only modest effects on contact with shallow sediments (< 60 m) under moderate or intense
turbulent mixing (> 4 m?s™'). On the other hand, active down-swimming could substantially
increase contact rates with deeper sediments relative to turbulent mixing (see Fig. 3.7). The rate
of transport suggested by our idealized model would be altered under more stratified conditions,
e.g., in the presence of a halocline or thermocline, that limits the mixed layer depth in which
cells would be entrained. Nonetheless, our model suggests (somewhat counter-intuitively) that

down-swimming might be disadvantageous under certain flow conditions (e.g., those dominated
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by vertical turbulent mixing) since active down-swimming increases the relative probability of

contacting deeper rather than shallower sediments.

The slow sedimentation that we observed in transitioning cells suggests that benthic distributions
of Heterosigma resting cells are ultimately controlled by physical processes, with vertical
transport dominated by turbulence and horizontal transport dominated by ambient currents. In
coastal and estuarine environments changes in mean flow associated with tidal cycles occur
frequently while cells are suspended in the water column. Rapid, hour-by-hour variation in speed
and direction of mean flow can cause increased variability in abundances and spatial extent of
benthic populations, and may partially explain the stochastic nature of Heterosigma blooms in

such regions [21,44].

In terms of HAB prediction, our observations of Heterosigma during transition suggest that
simple, physics-driven prediction schemes underlying distribution patterns of Heterosigma
resting cells are likely to be successful. Future benthic distributions are likely to mirror
distributions of slowly sedimenting particles released from current bloom termination sites.
Improving our ability to model the location and abundance of these benthic populations will

provide the basis for improved interannual bloom prediction.
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Table 3.1 Cell concentrations and fractions of the population in each state determined from the
experimental flasks used for cell loading on each observation day. Cell concentrations are
consistent between the ZBI Coulter Counter and the Palmer-Maloney (PM) counting chamber.

Day Induc(eoi )motile Trarz:/i:;onal Re(zz/toi)ng Coulter (cell/ml) (cel;ll>/llnl)
0 98.6 1.3 0.0 64365 71280
2 75.4 24.1 0.5 73790 62800
4 78.9 15.9 5.1 84720 78400
6 64.2 11.5 24.2 69870 60600
8 47.5 10.7 41.8 69730 70800
10 31.4 27.0 41.6 67380 62200
12 13.4 46.2 40.4 71460 75800
14 13.3 32.8 53.8 62520 65600

Table 3.2 Mean swimming statistics over the 8 days of observation for the three cell states (+ 2
SD). All swimming statistics were weighted by path length.

Induced Vegetative Settling
Motile Transitional Resting Motile! Velocity*
Mean Oscillatory Speed (um s') 14+6.1 7+2.1 4+0.9
Mean Gross Speed (pm s™) 9+438 620 5+£1.7 49-66
Mean Vertical Velocity (um s™) -4+£35 -4+£22 -4+1.38 35-60 3.77
Mean Horizontal Velocity (um s™) 5+4.1 2+ 1.7 1+0.6
N 5712 5161 8434 ’

! Swimming statistics for vegetative motile cells were obtained from Bearon et al. [31]. * Settling velocity
was calculated using Stokes flow: V; = % @gRZ. Where p, = 1.105 g cm™[45], pr =1.025¢ cm™ at

a salinity of 28 psu, R = 5 um, g = 1.376 x 107 at a salinity of 28 psu and temperature of 10°C.
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Figure 3.1 Schematic of the experimental filming tank. Experimental tank divided into 6
replicate partitions to which cells were added (left). Detail of the 2-layer water column in a
single partition showing expected initial and final cell distributions (right). Cells were added to
the top layer of each partition, using two of the experimental flasks at the start of each
observation day. At hour 0, cells are present only in the top layer. The 2-layer structure inhibits
mixing of water between layers, so all cells observed in the bottom layer entered by swimming

down or sinking out of the top layer.
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Figure 3.2 Cell concentrations within the experimental tank determined by microscopy on
successive days of observation. (a) Initial cell concentration (hour 0) added to the top layer. (b)
Final cell concentrations (hour 8) remaining in the top layer. (c) Final cell concentrations in the
bottom layer, estimated from the difference between initial and final cell concentrations in the top
layer. (d) Final cell concentrations sub-sampled from the bottom layer (hour 8).

73



Figure 3.3 Examples of scatter plots showing changes in distributions of mean oscillatory
speed in cell trajectories between the start and end dates of the experiment. Mean
oscillatory speeds were mostly >9 pm s (>0.009 mm s') on Day 0, when the majority of cells
were in the induced motile state (top). The majority of mean oscillatory speeds were <9 um s! by
the end of the 14 day study (bottom). 4 um s was established as the upper threshold to classify
“resting” cells. Paths falling between these thresholds were classified as “transitional” cells. For
example, on Day 6 (middle), both video classification and microscope counts showed all three
physiological states were present.
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Figure 3.4 Typical swimming profiles for the three cell states. Example trajectories (left
plots) and their associated oscillatory component of swimming (right plots) from the same 2
minute video clip captured on Day 8. Mean oscillatory speed of each distinct profile falls within
the selected thresholds used to assign trajectories to the appropriate cell state: (a) induced motile
cell, (b) transitional cell, (c¢) resting cell (see Fig. 3 for details).
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Figure 3.5 Proportion of cells observed in each state for the two enumerations methods.
Stacked bar graphs (a) show the population fraction of induced motile, transitional and resting
cell states from the bottom layer of the experimental water column for successive observation
days according to both enumeration methods used in the study, video-based motion analysis
(upper) and microscope-based counts (lower). Correlation plots show the association between the
two enumeration methods (b) for the fraction of induced motile cells (upper, r =0.783, P <
0.001, N = 32), transitional cells (middle, r = 0.543, P = 0.02, N = 32) and resting cells (lower, r
=0.403, P =0.001, N = 32). Correlation coefficients and P-values were calculated using
proportion data normalized by arcsin transformation.
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Figure 3.6 Line graphs of mean vertical velocities (a) among induced motile (dot-dash),
transitional (dash) and resting (solid) cells for each observation day. Error bars represent
standard error. Box plots show the spread of mean vertical velocities for induced motile (b) and
transitional cells (¢) over successive observation days. The box defines the lower (0.25) and
upper (0.75) quartiles and the middle line indicates the median. The whiskers show the range of
the 10 and 90 percentiles. The dotted lines separate net upward from net downward movement.
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Figure 3.7 Contour plots showing estimated median first contact times with the sediments
for (a) passively sinking and (b) hypothetical down-swimming transitional cells under a range of
relevant water column depths (m) and turbulent mixing conditions (eddy diffusivity, K). Contact
times are indicated by time (days) until 50% of the cells have encountered sediments at least
once (i.e., the median day of first contact with sediments). Each contour line from dark blue (< 1
day to reach the bottom) to dark red (30+ days to reach the bottom) represents a one day
increment.
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Chapter 4. Behavioral and physiological changes during benthic-pelagic transition in the
harmful alga, Heterosigma akashiwo: Potential for rapid bloom formation.

Elizabeth D. Tobin'*, Daniel Griinbaum', Johnathan Patterson? and Rose Ann Cattolico’

1 School of Oceanography, University of Washington, Seattle, Washington, United States of
America.
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“Reprinted from PLOS one, Vol. 8.10, Tobin, ED., Griinbaum, D., Patterson, J., Cattolico, RA.,
Behavioral and physiological changes during benthic-pelagic transition in the harmful alga,
Heterosigma akashiwo: Potential for rapid bloom formation, €76663 (2013), open-access online

publication.”

4.1 Abstract

Many species of harmful algae transition between a motile, vegetative stage in the water column
and a non-motile, resting stage in the sediments. Physiological and behavioral traits expressed
during benthic-pelagic transition potentially regulate the timing, location and persistence of
blooms. The roles of key physiological and behavioral traits involved in resting cell emergence
and bloom formation were examined in two geographically distinct strains of the harmful alga,
Heterosigma akashiwo. Physiological measures of cell viability, division and population growth,
and cell fatty acid content were made using flow cytometry and gas chromatography — mass
spectrometry techniques as cells transitioned between the benthic resting stage and the vegetative
pelagic stage. Video-based tracking was used to quantify cell-level swimming behaviors. Data
show increased temperature and light triggered rapid emergence from the resting stage and

initiated cell swimming. Algal strains varied in important physiological and behavioral traits,
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including survivorship during life-stage transitions, population growth rates and swimming
velocities. Collectively, these traits function as “population growth strategies” that can influence
bloom formation. Many resting cells regained the up-swimming capacity necessary to cross an
environmentally relevant halocline and the ability to aggregate in near-surface waters within
hours after vegetative growth supporting conditions were restored. Using a heuristic model, we
illustrate how strain-specific population growth strategies can govern the timescales over which
H. akashiwo blooms form. Our findings highlight the need for identification and quantification
of strain-specific physiological and behavioral traits to improve mechanistic understanding of

bloom formation and successful bloom prediction.

4.2 Introduction

Harmful algal blooms (HABs) occur when algal cells produce toxins or accumulate to densities
sufficient to be deleterious to other organisms, causing damage to aquatic ecosystems and/or
risks to public health [1-4]. Many behavioral and physiological functional traits that regulate
HAB dynamics remain poorly understood. Improved understanding of these traits to help

manage and mitigate HAB impacts is a current priority of basic and applied research [5].

Many HAB-forming species exhibit a dual-stage life history, in which they alternate between a
pelagic vegetative stage and a benthic resting stage (e.g., cysts, resting spores or temporary
resting cells). Transitions between these stages have potentially important impacts on bloom
dynamics. Rapid transition of pelagic cells into the benthic resting stage can contribute to HAB
termination [6,7]. Conversely, some HABs are thought to initiate when benthic cells return to the

vegetative state and rapidly repopulate the water column [8,9]. This process typically requires
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benthic cells to increase metabolic activity, to emerge from the sediments and ascend toward the
surface of the water column, and finally to undergo rapid cell division to form population
densities characteristic of blooms. Despite this potentially causal role in bloom dynamics, life

stage transitions are among the least understood aspects of HAB dynamics.

Cell transitions between benthic and pelagic environments often include depth changes that are
associated with changes in environmental characteristics (e.g., depth, temperature and light) and
may significantly influence diverse aspects of algal cell biology. One aspect involves cell
swimming behaviors. Many HAB-forming algal species are capable of rapid vertical migration
(e.g., tens of meters within 24 hours) [10—12]. Because resting cells occupy benthic habitats that
may not provide optimal conditions for cell division, vigorous swimming behaviors expressed
during benthic-pelagic transition may be critical to cell survival by regulating vertical fluxes to

the photic zone.

Cell physiology (e.g., metabolic processes and maintenance of energy reserves) represents
another aspect of algal cell biology influenced by benthic-pelagic life stage transitions. Presently,
little is known concerning the relationship between changing physiological cues and the
metabolic requirements for either cell survival during the benthic resting stage, or for active
swimming during benthic emergence. It is well established that polyunsaturated fatty acids
(PUFAs) are essential in maintaining cellular membrane integrity and function during adverse
changes in environmental conditions [13,14]. Neutral lipid reserves have been reported to

provide an important energy source that supports algal motility [15]. These diverse contributions
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to cellular processes suggest the hypothesis that fatty acid content and composition play a central

role in successful algal life stage transitions.

In this study, we examined physiological and behavioral traits thought to regulate benthic
emergence and surface bloom formation in the harmful raphidophyte, Heterosigma akashiwo
(Hada) Hada. Blooms of this alga have been associated with fatalities of wild and pen-reared fish
in temperate and sub-tropical waters [16,17]. Dense near-surface aggregations and rapid
population growth are considered key determinants of the ecological impacts of H. akashiwo
blooms [17-19]. H. akashiwo is capable of growing in salinities ranging from < 10 psu to 40 psu
[20,21]. Cells exhibit vigorous up-swimming behavior in the vegetative stage [22] and readily
swim across strong haloclines. In laboratory studies, Bearon et al. observed that H. akashiwo
cells were capable of crossing a 28 to 8 psu halocline with only a modest decrease in swimming
speeds [23]. Halocline-crossing behavior has been hypothesized to be an important mechanism
in bloom formation that promotes high-density surface aggregations [10,23,24]. Consistent with
this hypothesis, H. akashiwo blooms often initiate in shallow coastal regions or inland marine

waterways that are characterized by strong seasonal stratification [17,18,25-27].

H. akashiwo cell transition out of the benthic stage (“emergence”) is regulated largely by
temperature and light [28]. Environmental observations suggest that the approximate lower limit
for benthic emergence is 10°C, and that 15°C is required for rapid population growth
[1,16,25,28-30]. Division rates of vegetative H. akashiwo cells are regulated by environmental

conditions such as light, temperature, salinity and nutrient concentrations, and typically range
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from 0.2 — 1.0 divisions per day [21,31-34]. However, higher division rates (up to ~4.0 div day”

1) have been reported [16].

Interstrain variability in vegetative cells of H. akashiwo has been observed for a suite of
physiological and behavioral parameters (e.g., photosynthetic rates, salinity and temperature
tolerance, nitrogen sourcing, growth rates, toxin production and swimming speeds [22,33,34]),
suggesting that traits expressed during pelagic and benthic transitions may also be strain-specific.
Selection among traits is often associated with metabolic trade-offs that may lead to diversity in
survival strategies [35]. For this reason, we evaluated physiological and behavioral traits during
benthic-pelagic transitions in two H. akashiwo strains that are distinct geographically (west

Atlantic and east Pacific, repectively) and genetically (Black and Cattolico, unpublished data).

The specific goals of this study were: @) to quantify strain-specific rates of benthic emergence,
population growth and up-swimming in H. akashiwo; b) to gain insight into the roles of fatty
acid reserves in H. akashiwo benthic-pelagic transitions; and C) to integrate these traits into a
conceptual framework to assess their implications for timescales of H. akashiwo bloom
formation. To accomplish these goals, cell viability, cell division and population growth, fatty
acid content and cell-level swimming were characterized and quantified as key physiological and

behavioral traits in H. akashiwo resting cell emergence and bloom formation.
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4.3 Materials and Methods

Resting cell induction/activation

Heterosigma akashiwo cultures, strains CCMP 452 (Narragansett Bay, RI, USA, 1952) and
UWC 13.03 (Salish Sea, U.S.A/C.A, 2003), were maintained in 2.8 liter Fernbach flasks
containing 1.0 liter f/2 medium without silica (f/2-Si) [36]. Cultures were grown to stationary
phase (>2x10° cells mL") at 20°C, on a 12 hour light, 12 hour dark (50 pmol m? s™)
photoperiod with continuous rotary agitation (60 rpm). These cells were used to inoculate 250
mL experimental flasks at a density of 1x10* cells mL™!. Each flask contained 125 mL /2-Si
medium and were fitted with silicone sponge plugs (Bellco Glass, Vineland, NJ, USA.).
Triplicate sub-cultures for each strain were maintained at 15°C on a 16 hour light: 8 hour dark
(50 umol m s7') photoperiod. After 5 days at 15°C, cell concentrations within each

experimental flask were approximately 2-4x10* cells mL™.

To induce H. akashiwo cells to enter the benthic resting stage, the experimental flasks were
wrapped in aluminum foil and placed in the dark at 10°C for 18 days [28,37]. Resting cells were
then signaled to “activate” (i.e., exit stasis) by unwrapping the experimental flasks and exposing
them to a 16 hour light, 8 hour dark (20 pmol m s™!) photoperiod and temperature of 12°C.
These environmentally relevant activation conditions represent typical spring/summer bottom
water conditions of shallow embayments (< 20 m) within the Salish Sea (Department of
Ecology, Marine Water Quality Monitoring Program:
http://www.ecy.wa.gov/programs/eap/mar_wat/moorings.html). The experimental flasks were
unwrapped during hour 6 of the light period (L6) and, therefore, were exposed to 10 hours of

continuous light during the 1% photoperiod.
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Experimental filming tank

Cells were placed in 6 equally spaced replicate filming chambers within a 300 mm x 240 mm x
50 mm experimental tank to observe cell swimming behaviors. Each chamber contained a two-
layer stratified water column established using a peristaltic pump. A weak salinity gradient was
established within each layer to suppress fluid motion. The top layer consisted of 100 mL f/2-Si
medium diluted with double distilled fresh water to establish a salinity gradient of 17 to 15 psu,
and the bottom layer had 350 mL diluted f/2-Si medium to form a gradient of 35 to 30 psu (Fig.

4.1). The halocline formed between these two layers had a salinity jump of 13 psu.

On each observation day, 0.5-1 mL of the CCMP 452 resting cell culture and 2-4 mL of the
UWC 13.03 resting cell culture were subsampled from each of the 250 mL experimental flasks,
and cells of each strain were added to 3 replicate filming chambers. Using a syringe, the cells
were added slowly to the bottom of the tank through a fixed tube pre-positioned at the base of

each chamber, ensuring that each chamber received approximately 1x10* cells.

Cell sampling for physiological measurements

Cells were subsampled from experimental culturing flasks to determine cell state (vegetative vs.
resting), viability, population growth and neutral lipid content. Measurements on vegetative cells
(“vegetative control”) were taken on cells subsampled just prior to induction into the resting
stage (“day -18”). Resting cell measurements were taken after the 18 day induction period (“day
17). Subsequent measurements were taken on subsamples of activated cell cultures (“days 2-5)

to monitor cell state, viability and population growth. Subsamples were collected consistently at
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L6 of the 16 hour light: 8 hour dark photoperiod (Fig. 4.2). All measurements, except cell state,

were made with a BD Accuri C6 flow cytometer (BD Biosciences, San Jose, CA, USA).

Cell state was determined using bright field microscopy (Zeiss Axioskop 2 plus, Carl Zeiss
Microscopy, LLC, USA) under 400x magnification in a Palmer-Maloney counting chamber from
subsamples recovered from the experimental flasks. Cells were classified as “vegetative” if they
expressed propulsive helical swimming, irrespective of cell shape, or had no movement and were
aspherical. Cells were classified as “resting” if they had no movement and were spherical

[28,37].

Cell viability and population growth

Cell viability was measured using the live/dead SYTOX-Green stain (Invitrogen Molecular
Probes, Carlsbad, CA, USA). A 990 pL aliquot of subsampled cell culture was put into a 1.5 mL
black microcentrifuge tube (Lite Safe Micro-Tubes, Research Products International Corp.,
Mount Prospect, IL, USA) containing 10 pL 50 pM SYTOX-Green working solution prepared
by diluting 5 pL 5 mM SYTOX-Green solution with 495 pL {/2-Si medium. The microcentrifuge
tubes were inverted 4 times and incubated for 10 min at 20°C. Flow cytometric measurements
were made by adding 500 pL of the stained culture to a 5 mL glass test tube. Fluorescence of
unstained cells was measured concurrently for background subtraction and to determine the cell
concentration. Triplicate 500 uL samples were analyzed with the Accuri C6 flow cytometer. The
SYTOX-stained samples were excited at 488 nm and emission was detected at 533 nm (£30 nm).

Two wash cycles were run between sample types to eliminate cross-contamination.
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Cell densities were measured from subsamples recovered from the experimental culture flasks
and population density of viable cells was used to calculate specific growth rates (K) for each day
after cells were signaled to activate (days 2-5; Table 4.1). Counts were also conducted on cell
subsamples collected from each chamber of the experimental filming tank at the end of each 20-
hour observation period (Fig. 4.2). The entire 100 mL top layer was extracted from each
chamber, gently mixed, and a 10 mL aliquot was collected. A 10 mL aliquot of the bottom layer
was recovered from a fixed tube pre-positioned at the base of each chamber (Fig. 4.1). The
counts were used to determine the mean proportion of cells distributed within the bottom 10 mL
and within the entire 100 mL top layer of the water column based on total number of viable cells

added.

Cell division (DNA quantification)

DNA content of recently activated H. akashiwo cells was monitored in a separate experiment to
identify DNA synthesis as a precursor of cell division. Resting cell induction and activation was
completed for triplicate sub-cultures of both strains using the same protocols described above.
DNA content of H. akashiwo cells was measured immediately after resting cells were signaled to
activate, and every hour over a 20 hour period. The relative amount of DNA cell™! was
determined by sub-sampling 1 mL of cell culture from the experimental flasks and placing a 495
uL aliquot into a 1.5 mL black microcentrifuge tube containing 5 uL. of 50 uM Vybrant
DyeCycle Green Stain (Invitrogen Molecular Probes, Carlsbad, CA, USA) working solution. The
working solution was prepared by diluting 990 pL 5 mM Vybrant DyeCycle Green Stain with 10
uL £/2-Si. A 500 pL aliquot of cell culture was placed into an empty black microcentrifuge tube

to serve as an unstained control. The microcentrifuge tubes were inverted 4 times and incubated
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for 30 min. The stained and unstained cells were transferred into 5 mL glass tubes for flow
cytometric measurements. The Vybrant DyeCycle Green stained samples and unstained controls
were excited at 488 nm with emission detected at 533 nm (+30 nm) by the Accuri flow
cytometer. To determine the average DNA content per cell at each time point, the mean
background fluorescent signal (FL1-A) of unstained samples was subtracted from the mean
fluorescent signal of stained samples. The mean signal was standardized by dividing each value

by 1x10°.

Cell lipid and fatty acid content

Flow cytometric measurements of cell neutral lipid content were made by placing 990 puL
aliquots of subsampled cell culture into a 1.5 mL black microcentrifuge tube containing 10 pL
1.25 uM BODIPY 505/515 solution. The solution was prepared by first dissolving 10 mg
BODIPY 505/515 stock powder (Invitrogen Molecular Probes, Carlsbad, CA, USA) with 8.06
mL 99% DMSO to make a SmM BODIPY 505/515 working solution, and then 30 uL of the
5mM working solution was diluted with 10 pL /2-Si medium. The microcentrifuge tubes were
inverted 4 times and incubated for 30 min at 20°C. A 500 pL aliquot of cell culture was placed
into an empty black microcentrifuge tube to serve as an unstained control. Stained and unstained
cells were transferred into 5 mL glass tubes, and flow cytometric measurements were made in
the dark following the same protocol described above. The BODIPY 505/515 stained samples

and unstained controls were excited at 488 nm and emission was detected at 533 nm (+30 nm).

Fatty acid profiles for vegetative and resting cells were obtained in a separate experiment using a

GC-MS sub-microscale method [39]. Triplicate sub-cultures for CCMP 452 and UWC 13.03 H.
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akashiwo strains were grown to a concentration of ~1x10° cells mL™! and induced into the resting
stage as described above. Vegetative cells were sampled immediately prior to resting cell
induction. 100 mL samples were collected from each culture flask, placed into screw-threaded
clear glass centrifuge tubes (Fisher Scientific, Hampton, NH, USA), and centrifuged at 5000 rpm
for 20 minutes at 4°C in a Sorvall RC-5 superspeed refrigerated centrifuge (Fisher Scientific).
The cell pellets were resuspended with 250 pL f/2-Si medium, combined into a single 30 mL
centrifuge tube and immediately flash frozen in liquid nitrogen and stored at -80°C until
lyophilization. The triplicate samples were lyophilized using a Labconco Freezone 2.5
(Labconco, Kansas City, MO, USA) over a 48 hour period. Sample tubes were capped and stored

at -20 °C. The tubes were allowed to come to room temperature prior to analysis.

The cell pellets were processed and analyzed following the GC-MS sub-microscale protocol
[38]. Briefly, samples were standardized by adding a surrogate mixture with known
concentration of C11:0 and C17:0 triglycerides to each sample tube. Each sample was
transesterified using methanolic boron trifluoride, followed by a two-step phase separation (brine
and isooctane) to extract the fatty acids. The isoocatane layer was transferred to a sample tube
and an internal standard of deuterated aromatics was added (“Revised SV Standard”, Restek,
Bellefonte, PA, USA). The samples were immediately analyzed using a HP 5890 gas
chromatograph equipped with an HP 5971 A mass spectrometer (Agilent) and lipid quantification
was performed against a 27-component external standard (“NLEA Fame Mix”, Restek,

Bellefont, PA, USA). Two separate runs of this experiment were conducted.
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Video capture of cell swimming behaviors

Video observations of cell movements occurred immediately after the resting cells were exposed
to the activation conditions (day 1 at L6; filming hour 0) and continued for 5 consecutive days
(Fig. 4.2). Video sequences of cell movements were captured to a computer at 10 frames s™!
using a Logitech Quickcam Pro900 (infra-red (IR) filter and stock lens removed) that was in a
modified housing equipped with a Nikon Nikkor 60 mm lens (aperture f/8) and a #8 extension
tube. Cells were observed under dark field illumination using an IR (960 nM) LED bank. The
camera and light sources were mounted in a fixed orientation on a computer-controlled
motorized platform that moved horizontally and vertically across the tank, to ensure lighting and
imaging were consistent at all positions in all replicate filming chambers. The experimental
filming tank and automated camera system were located within a temperature- and light-
controlled environmental chamber. The environmental chamber was set to the activation
conditions described above. A SmartRelay controller (6bit Inc., UT, USA) was used to control
camera position, filming duration, and lighting from a computer located outside of the

environmental chamber.

Cell movement behaviors were observed at four vertical positions within each replicate chamber.
The camera was positioned approximately 100 mm from the tank, providing a field of view
(FOV) of approximately 9 mm x 12 mm. The bottom FOV extended upward 2 mm from the base
of the tank. The below-halocline FOV was centered about 100 mm above the base. The in-
halocline FOV was centered 200 mm above the base. The above-halocline FOV was centered 40
mm above the halocline (240 mm above the tank base). Video clips of 120 seconds duration

were captured for each FOV in each replicate chamber at 1 hour intervals over a 19 hour period
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(hour 0 — hour 19) on each day of observation. The data reported here represent 40 video clips

analyzed from the first two days of observation (day 1 and day 2).

Video processing and swimming path analysis

Pixel positions of the cells in each video clip were determined by video processing using a
modified version of the open source video editing package, Avidemux 2.4, to remove
background, equalize lighting, threshold frames and set the particle size range to clearly resolve
cells [37]. Video was calibrated using a uniform grid of dots with 2.5 mm spacing. Pixel
coordinates of cells were converted into physical units and assembled into 2D cell swimming
trajectories with Tracker3D, a MATLAB-based motion-analysis package to track organism
movement (Griinbaum, unpublished). High frequency noise was removed from cell trajectories
using a short-interval smoothing spline [22,39]. This spline had knot spacing of 15 frames (1.5
seconds), which was short enough to accurately resolve oscillations in cell trajectories [37].
Overall direction was defined using a long-interval spline with knot spacing of 150 frames (15
seconds) to follow the central axis of each cell’s path. Analysis included only cell trajectories

longer than 240 frames (24 seconds).

The splined trajectories were used to characterize cell swimming behaviors. Three swimming
metrics (mean vertical velocity, mean horizontal velocity and gross speed) were calculated, as
described by Tobin et al. [37]. Gross speed was defined as the total two-dimensional movement
along the central axis of a trajectory. Net vertical velocity was defined as the average velocity in
the vertical over the length of the trajectory. Mean path statistics were weighted by path duration

to avoid biasing in favor of shorter or longer paths.
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4.4 Results

Cell viability and population growth

Strain-specific differences in survivorship and resting cell activation rates were observed in the
experimental flasks as H. akashiwo cells transitioned between benthic and pelagic life-stages.
After the 18-day induction period, 99% of cells in both strains had entered the resting stage and
no motile cells were observed (Table 4.1). Survivorship during resting cell formation was higher
for CCMP 452 than for UWC 13.03. Mean cell concentrations within the experimental sampling
flasks decreased by 65% for CCMP 452 and 89% for UWC 13.03, and resting cell viabilities
were 94% and 51%, respectively. CCMP 452 cells had a faster rate of activation from the
resting stage. When cells were signaled to activate, 17% (CCMP 452) and 4% (UWC 13.03)
activated within 24 hours. However, an equal proportion (60%) of both cell populations activated

by the end of the study.

The two H. akashiwo strains displayed different rates of population growth within the
experimental flasks immediately following activation (Table 4.1). Within 24 hours, CCMP 452
had a positive population growth rate (0.85 div day™') while the UWC 13.03 population
continued to decline (-0.40 div day!). However, the UWC 13.03 culture had a sudden increase in
the population growth rate (1.74 div day™') after 72 hours under activation conditions (day 4).
Although the daily population growth rates differed between the two strains, the average
population growth rate over the 5 days under activation conditions was nearly equal for CCMP

452 (0.44 div day!) and UWC 13.03 (0.41 div day™) cells.
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Cell counts from the top layer and bottom 10 mL of each water column within the experimental
tank provided estimates of vertical cell distributions. The mean proportion of cells in the top
layer and bottom 10 mL at end of each observation 20-hour period was generally less than 100%
(Table 4.1). For three days of observation (days 1, 2 and 4) the mean proportions of cells in the
two layers was greater than 100% for CCMP 452, indicating that more cells were in the
chambers at the end of the observation period than had been initially added. This increase

suggested that cell division had occurred within the experimental tank.

Cell division

A Vybrant DyeCycle Green DNA assay provided evidence suggesting that recently activated
cells in the experimental flasks may be able to divide within a few hours after exposure to
activation conditions. Change in the fluorescent DNA signal cell! appeared to follow a circadian
rhythm, increasing and subsequently decreasing in strength for both H. akashiwo strains over the
first photoperiod under activation conditions. The lowest fluorescent signal was observed 4 hours
after resting cell activation was initiated. It then increased at least 2-fold during the transition
from the light to the dark period and declined again within the 20 hours of observation (Fig. 4.3).
This change in the DNA fluorescent signal cell”! indicated that DNA synthesis was occurring and
oscillation in DNA concentration cell supports the view that cells were dividing. While the
overall pattern of change in the fluorescent signal was similar for both strains, the relative
strength of the signal differed between strains (UWC 13.03 was nearly an order of magnitude

greater than observed for CCMP 452).
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Fatty acid and neutral lipid content

To examine lipid reserves in vegetative and resting life-stages, neutral lipid and total fatty acid
content in H. akashiwo cells within the experimental culture flasks were measured using the
fluorescent dye BODIPY 505/515 and GC-MS, respectively. Mean neutral lipid content cell’!
showed a greater than 2-fold decline as cells entered the resting stage. Both neutral lipid content
and cell motility were tightly associated with cell state for both strains of H. akashiwo (Fig. 4.4).
A Spearman’s rank correlation showed that both mean neutral lipid content cell! and population
motility had a significant, positive correlation with time under activation conditions (r = 0.676
and 0.824, respectively, N = 65, p = < 0.001), indicating that cell swimming capacity and lipid
synthesis are quickly and synchronously restored upon activation from the resting stage. GC—MS
analysis showed a significant change in total fatty acid cell! as both CCMP 452 and UWC 13.03
cells entered into the resting stage. Resting cells had significantly less total fatty acid cell than
vegetative cells (Student’s t-test: N = 3, p < 0.05). This result was observed for both strains in the
two independent experimental runs. Vegetative cells of UWC 13.03 had 137.1+30 pg cell! (run
1) and 376.1£106 pg cell! (run 2), and resting cells had 18.2+3 pg cell”! (run 1) and 23.4+4 pg
cell! (run 2). For CCMP 452, vegetative cells had 68.5+15 pg cell ! and 108.3+19 pg cell”!, and
resting cells had 35.4+12 pg cell! and 22.3+3 pg cell! for runs 1 and 2, respectively. These
values represent a decrease of 87% (run 1) and 94% (run 2) per cell for UWC 13.03, and 48%
(run 1) and 79% (run 2) for CCMP 452. Although, GC-MS analysis shows that UWC 13.03
vegetative cells have higher total fatty acid content than vegetative CCMP 452 cells, the UWC
13.03 cells lost significantly more fatty acid content during resting cell formation. As a result, the

resting cells of both strains had similar amounts of total fatty acid.
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To assess whether fatty acid composition shifts between vegetative and resting life-stages, total
fatty acid profiles of CCMP 452 and UWC 13.03 were compared. A broad distribution of fatty
acids from C12:0 to C 22:6 was observed (Fig. 4.5). In the vegetative stage, predominant fatty
acids included C14:0, C16:0, C16:1, C18:4/5 and C20:5. Shifts in fatty acid profiles of resting
cells were similar for both H. akashiwo strains. Resting cells showed either a decline or no
change in the relative proportion of most fatty acids types, including predominant vegetative
fatty acids C16:0, C16:1 and C18:4/5. However, a significant increase in PUFAs C20:5 and
(C22:6 was observed, indicating that the relative proportion of long-chain unsaturated fatty acids

increased in resting cells compared to vegetative cells (Fig. 4.5).

Cell swimming behaviors and vertical distributions

Video observations revealed that emergence from the resting stage occurred rapidly after resting
cells were signaled to activate. Within one hour, swimming cells of both strains were observed in
the in below-halocline and in-halocline FOVs. However, UWC 13.03 cells were observed above
the halocline 1-2 hours earlier than CCMP 452 cells, indicating that UWC 13.03 cells were able
to cross the halocline before CCMP 452 cells (Fig. 4.6, day 1). Decreasing (but non-zero)
swimming path counts within the bottom FOV over time indicated that newly emerged cells
continued to leave the bottom of the chamber and swam up into the water column throughout the

light period (Fig. 4.6).

Cell distributions within the experimental tank were similar on both days of video observation.
However, the flux of cells into the water column appeared to be higher on day 2 than on day 1

(Fig. 4.6, day 2 - shaded region). Microscope-based observations revealed that all resting cells
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within the experimental culture flasks did not activate at the same time, indicating previously-
emerged vegetative cells co-occurred with resting cells in the experimental culture flasks on days
2-5. Hence, cells added to the tank on day 2 included both life-stages, and the greater flux of
cells observed within the first two hours on day 2 could be accounted for by motile cells that had

emerged on the previous day.

To distinguish between these co-occurring cell types in our video observations, we classified cell
swimming trajectories as “newly emerged” or “previously emerged” based on the time period
over which the swimming paths were observed. All swimming paths observed on day 1 were
classified as “newly emerged”. On day 2, swimming paths observed in the water column during
the first two hours of observation were classified as “previously emerged”, and paths observed

during the rest of the filming period (hours 3-20) were classified as “newly emerged”.

Vertical velocity distributions were significantly different between the two cell classifications in
all FOVs except the in-halocline FOV for CCMP 452 (Two-sample Kolmogorvo-Smirnov test,

Table 4.2; Fig. 4.7). For both strains, previously emerged cells had faster net upward swimming
velocities (CCMP 452 = 19.3 pm/s, UWC 13.03 = 35.3 pm/s) compared to newly emerged cells

(CCMP 452 =7.4 um/s, UWC 13.03 = 11.4 pum/s).

Newly emerged UWC 13.03 cells generally exhibited faster swimming rates than newly emerged
CCMP 452 cells. The maximum gross speed observed for UWC 13.03 was 90 um s™' and the
maximum upward velocity was 87 um s!, more than two times greater than for CCMP 452 (45

um s and 36 um s, respectively). Comparisons of mean vertical velocities (Fig. 4.8) showed
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UWC 13.03 had significantly faster upward vertical velocities, 12.7 um s on day 1 and 15.2 um
s on day 2, than CCMP 452 (7.2 um s and 5.9 pm s’ respectively) prior to reaching the
halocline (Mann-Whitney U test). However, mean vertical velocities were not statistically
different between the two strains at the halocline, indicating that the presence of the halocline

reduced vertical velocities of UWC 13.03 cells.

Newly emerged H. akashiwo cells expressed different swimming behaviors in light vs. dark
periods. In both strains, net upward vertical velocities were observed in the light period, but in
the dark period net vertical velocities were generally near zero (Fig. 4.9). The proportion of
upward- and downward-directed swimming cells differed between the light and dark periods
(Chi-square test for comparison of proportions, test statistics: Table 4.3). In both CCMP 452 and
UWC 13.03, 60-70% of swimming cells in the water column had upward-directed swimming
during the light period, while the proportions of upward and downward swimmers were nearly

equal during the dark period (Fig. 4.9).

4.5 Discussion

Quantifying physiological and behavioral characteristics that influence algal cells’ rates of
benthic emergence and vertical fluxes to the upper water column is critical for understanding the
basic timescales over which H. akashiwo harmful algal blooms form. A key finding was that
cells of H. akashiwo can rapidly emerge from the benthic resting stage, regain the swimming
capacity necessary to cross environmentally relevant haloclines, and undergo cell division within
hours after growth supporting conditions are restored. We also observed pronounced strain-

specific variation in important physiological and behavioral traits, including survivorship during
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life-stage transitions and post-transition specific growth rates and swimming behaviors.
Collectively, these traits function as strain-specific “population growth strategies” that govern

timescales of potential H. akashiwo bloom formation.

Strain-specific variation in life-stage transitions and growth

Greater cell survivorship and activation rates suggest that CCMP 452 was more successful at
transitioning into and out of the benthic resting stage than UWC 13.03. UWC 13.03 had
significantly higher mortality during life stage transitions and exhibited a slower rate of
activation compared to CCMP 452. These results suggest that strains of H. akashiwo which are
more successful at transitioning between life stages (e.g., CCMP 452) could supply a higher
inoculum of vegetative cells into the water column, compared to strains with reduced

survivorship (e.g., UWC 13.03).

Population growth rates immediately after activation from the resting stage also differed between
the two strains. The CCMP 452 population density nearly doubled within 24 hours of exposure
to activation conditions, while UWC 13.03 showed an initial decline. Although daily population
growth rates differed between the two strains, their average population growth rates over the 5
days of observation were nearly equal. This outcome suggests that initial growth responses may
not be representative of long-term population growth. Our average population growth rate (0.40
div d'!) is consistent with long-term growth rates observed for vegetative cells of both H.

akashiwo strains under the environmental conditions tested in this study (E.T., unpublished data).

102



Two lines of evidence suggest that H. akashiwo cells were able to undergo cell division rapidly —
within 24 hours — after activation from the resting stage. First, flow cytometry cell counts from
the subsamples collected from both the experimental flasks and the video observation tank
showed that more CCMP 452 cells were present after 24 hours then were originally present (see
Table 4.1, day 1). Second, DNA analysis indicated that DNA synthesis — a precursor to cell
division — may have occurred in both strains of H. akashiwo. The approximately 2-fold increase
in the DNA signal per cell observed near the light/dark transition for both strains provides
preliminary evidence that a subset of the cell population was preparing to divide. Cell size is
often used in combination with DNA content to infer that cell division has taken place.
Unfortunately, since the sampled H. akashiwo cultures contained mixed life stages (both resting

and vegetative), the cell size data in our observations were not statistically informative.

We observed that DNA dye signal strength differed between strains. The DNA signal cell”! was
nearly an order of magnitude greater in UWC 13.03. The reason for this variance in the relative
signal strength is not presently known. Preliminary experiments suggest that distinct strains of H.
akashiwo may have dissimilar levels of mitochondrial DNA (Black and Cattolico, unpublished
data). Whether the total DNA complement also varies among strains is currently under
investigation. Alternatively, unidentified strain-specificity in fluorochrome uptake or variation in
the number of dead or dying cells within the cell cultures could have affected the relative

fluorescent intensities [40].

The cell cycle in vegetative H. akashiwo displays a circadian rhythm that is regulated by

photoperiod [31,41]. Satoh et al. reported that H. akashiwo (strain NIES 6) required a minimum
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6 hour light period for cell division to occur [41]. If this requirement applies across strains and
physiological states, then our experimental post-emergence conditions were suitable for rapid
onset of division. It is unclear why population growth lagged in UWC 13.03 despite the evidence
for DNA synthesis. A possible explanation is that recently activated cells advanced through S
phase but failed to complete cell division. This interpretation of weakened physiological
condition associated with life-stage transitions is consistent with our observations of higher

mortality in UWC 13.03.

Role of neutral lipids in life-stage transitions and motility

Neutral lipid and fatty acid content per cell in H. akashiwo changed with physiological state.
Both BODIPY 505/515 neutral lipid and GC-MS assays demonstrated that H. akashiwo resting
cells have significantly less total lipid content than vegetative cells. UWC 13.03 cells lost
significantly more fatty acid content during resting cell formation than CCMP 452.
Consequently, cells of both strains had a similar amount of total fatty acid (~20-30 pg cell™)
when they reached the resting state. It is possible this fatty acid content approximates a minimum

threshold required to ensure survival during and emergence from the resting stage.

We observed shifts in fatty acid composition between the two life-stages. In both strains, the
relative proportion of long-chain fatty acids was higher in resting cells compared to vegetative
cells, suggesting that H. akashiwo cells appeared to selectively retain some PUFAs over other
fatty acid types during resting cell formation. A significant change was particularly noted for
eicosapentaenoic acid (C20:5), a fatty acid found in unusually high amounts in H. akashiwo cells

[42]. This long chain fatty acid represented approximately 15 % of the total fatty acids in
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vegetative cells, increased to approximately 28 % of the total fatty acids in resting cells. Our
results are consistent with the hypothesis that fatty acid composition plays an integral role in
successful algal life stage transitions. PUFAs are particularly important for building
photosynthetic membranes [43] and are necessary for modification of cellular and organelle
membranes during changes in environmental conditions [14,44,45]. For example,
eicosapentaenoic acid has been hypothesized to contribute to the maintenance of “optimal
membrane fluidity... under low temperature or high hydropressure conditions” [46]. Retention of
PUFAs in H. akashiwo resting cells may represent a more generalized response to decreased
temperature that is often associated with the benthic environment, thus further promoting
survival while the alga is in a metabolically down-regulated state (Deodato and Cattolico,

unpublished data).

It is generally recognized that neutral lipids serve as energy stores available for maintaining
critical metabolic processes [14,47], suggesting they may be important energy sources for cell
motility. We found that both neutral lipid content and motility have a positive association with
activation from the resting stage. Consistent with our findings, close associations between lipid
content and cell motility have been reported in zoospores of the kelp, Pterygophora californica
[15] and in multiple strains of the dinoflagellate, Karenia brevis [48]. Although, we cannot
determine whether lipids are being catabolized to provide energy for swimming, our data do

indicate that endogenous lipid stores and motility are closely coupled in time.

Swimming behaviors during benthic-pelagic transition

Increased temperature (12°C) and light (20 pmol m s™!) triggered H. akashiwo resting cells to

transition out of the benthic stage and to regain motility. Our video observations revealed that
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cells of both strains began to swim up into the water column within an hour after these growth
supporting conditions were restored. Newly emerged UWC 13.03 cells exhibited significantly
faster mean upward swimming velocities prior to reaching the halocline than newly emerged
CCMP 452 cells. This observation is consistent with previous studies on H. akashiwo swimming
behaviors. Bearon et al. (2004) reported differences in gross swimming speeds for
geographically distinct strains of H. akashiwo: CCMP 452 (49—66 pm s-1) and CCAP 934-1
(88—119 um s-1). Helical swimming modes were different across five strains of H. akashiwo
based on 2D observations and 3D model simulations [49]. Such interstrain variations in H.
akashiwo swimming behaviors likely correspond to morphological and/or physiological

differences which have not yet been identified.

Newly emerged H. akashiwo cells quickly reacquired swimming capacity sufficient to cross an
environmentally relevant halocline (a 13 psu salinity jump). UWC 13.03 cells showed a
significant decrease in mean vertical velocity at the halocline, so that both strains had similar
mean vertical velocities within the halocline (see Fig. 4.8). However, UWC 13.03 cells were
nonetheless observed above the halocline 1-2 hours before CCMP 452 cells. This result indicates
that more vigorous upward swimming by UWC 13.03 cells prior to reaching the halocline
enabled them to transit the entire experimental water column more quickly than CCMP 452 cells.
Differences in time needed for cells of each H. akashiwo strain to reach near-surface layers could

be greatly magnified when emergence occurs at the greater depths typical of natural habitats.

Both H. akashiwo strains changed mean vertical velocity between the light and dark. In the light,

cells expressed faster, net upward velocities while net vertical velocities were near zero in the
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dark. These differences were a result of proportional shifts in swimming direction. More cells
swam upward in the light, while the number of upward and downward swimming cells was
nearly equal in the dark. Our findings are similar to that of Wada et al. (1985) who reported that
H. akashiwo (strain OHE-1) had more upward directed movement in the light than in the dark
[50]. Contrary to our findings, however, Wada et al. reported a distinct downward vertical
migration during the dark period, inferred from cell distributions within unstratified 15 mL tubes.
Our video observations, in stratified water columns that suppress water motion, did not indicate a

shift in vertical population distribution between light and dark periods.

Population growth strategies and timescales of H. akashiwo HAB formation

Our results show that H. akashiwo exhibits pronounced strain-specific variation in key
physiological and behavioral traits, including survivorship during life-stage transitions, specific
growth rates, and swimming behaviors. Collectively, these traits may function as “population
growth strategies” that potentially regulate timescales of H. akashiwo HAB formation. The
CCMP 452 strain exhibited enhanced survivorship coupled with higher rates of resting cell
activation and cell division. This “survive and divide” strategy may indicate that energy reserves
are used to enhance cell survival during the benthic resting stage and rapid onset of cell division.
The UWC 13.03 strain exhibited reduced survivorship and a lag in growth, but had significantly
faster upward swimming behavior following benthic emergence. This “swim-first” strategy may
indicate that energy reserves are used to fuel swimming, allowing newly emerged cells to
quickly reach near-surface waters to acquire energy via photosynthesis to divide.

To gain insight into how these population growth startegies could regulate timescales of bloom

formation, we generated a simple, heuristic model of H. akashiwo benthic emergence and near-
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surface bloom formation (Fig. 4.10). Strain-specific measurments were used to simulate the
“survive and divide” (CCMP 452) and “swim-first” (UWC 13.03) population growth strategies,
to explore how these strategies influence the rates of near-surface cell accumulations. Prior
vegetative populations of CCMP 452 and UWC 13.03 cells were at assumed densities of 5x10°
cells L' a typical H. akashiwo HAB density in the Salish Sea. Mortality rates observed during
resting cell formation were applied to calculate benthic population densities of viable resting
cells. Rates of resting cell activation were then applied over a 4 day period and each “cohort” of
cells was tracked as they emerged from the sediments. The transit time (based on the observed
mean vertical velocities; see Fig. 4.8) was calculated as cell cohorts swam upward into a 12 m
water column, and each cohort’s growth occurred according to the rates (k) measured in this
study (see Table 4.1). Additionally, we assumed that: 1) activated cells immediately and
synchronously swim to the surface; 2) the depth of the halocline is fixed; and, 3) cells are
retained within the surface layer once they cross the halocline. Mortality rates due to predation or
pathogens were neglected. Our simplified model is therefore an examination of population

growth potential that may not be realized under real-world conditions.

Under these assumptions, model results suggest that the size of the cell inoculum into the water
column — a function of benthic viable resting cell density and activation rate — most strongly
determines the timescales over which blooms can potentially form. The “survive and divide”
strategy of CCMP 452 facilitated a greater flux of cells into the water column, and subsequently
this strain increased in near-surface population density more rapidly than UWC 13.03 (Fig.
4.10). Based on our calculations for a 12 m water column, the “swim-first” strategy enabled the

UWC 13.03 cells to reach the surface layer in 22 hours, approximately half the time it took
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CCMP 452 cells (39 hours). However, near-surface accumulation of UWC 13.03 cells occurred
at a much slower rate than CCMP 452. He et al. (2008) used a biophysical numerical modeling
approach to reach a similar conclusion about the central role of cell inoculum size in bloom

dynamics of the harmful dinoflagellate, Alexandrium fundyense, in the Gulf of Maine [9].

While our findings clearly demonstrate that physiological and behavioral traits can regulate
bloom formation, environmental characteristics that were omitted from our simplified model can
also affect H. akashiwo HABs timescales. Algal swimming interacts with physical flows to
influence cell concentrations and distributions in the water column [23,39,51-55]. For example,
cells can be transported by horizontal advection from ambient currents that may vary in speed
and direction with depth. Vertical mixing of cells by turbulence also varies with depth, due to
boundary-layer effects and interactions with obstacles such as sediments, biota and seabed
topography [56—58]. Hence, horizontal and vertical transport processes also strongly affect the
time required for cells to migrate through the water column [37]. Biological controls such as
predation, competition and viral infection can further limit H. akashiwo cell abundance and

distribution [59-62].

Our findings suggest that distinct H. akashiwo strains utilize diverse population growth strategies
that potentially influence bloom dynamics. Such phenotypic diversity is widespread among many
species of algae and likely facilitates survival under a wide range of environmental conditions. It
is generally understood that algal strains under long-term culture may express traits that are a
result of selective pressures experienced under culture conditions [63]. Hence, our observations

may not reflect the precise pre-culture characteristics of the observed strains, and do not capture
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the full diversity of H. akashiwo in natural ecosystems. We believe that our data nonetheless
provides interesting ecological insights into how H. akashiwo strains may express alternate
responses to the same environmental signals. Our observations suggest that distinct strategies
utilized by H. akashiwo strains may reflect habitat-specific trade-offs between physiological
and/or behavioral traits. The diversity and potential adaptive value of population growth
strategies across geographically distinct strains of H. akashiwo are currently unknown but are an

important priority for future research.
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Table 4.1 Average measures of cell survival, life-stage transitions and population growth within
the experimental flasks, and cell distributions within the experimental filming tank.

Flask Tank
Stin  Day Rene Vible Comentaion kel atbodom intop
added (%) (%)
CCMP 452  -18 0% 99% 45,873
1 99% 94% 15,903 13,536 106% 60%
2 82% 75% 28,643 0.85 14,159 73% 50%
3 58% 96% 36,640 0.36 17,941 41% 36%
4 54% 94% 49,463 0.43 9,622 105% 22%
5 41% 92% 54,027 0.13 10,627 60% 38%
UwWC13.03 -18 0% 98% 18,513
1 99% 51% 1,957 8,165 28% 28%
2 95% 85% 1,487 -0.40 7,644 17% 25%
3 59% 93% 1,780 0.26 8,116 27% 24%
4 42% 91% 5,950 1.74 10,481 15% 6%
5 40% 88% 6,217 0.06 11,919 6% 10%

*Specific growth rates for algal cultures were calculated using the equation: kK = (logx (N1/No))/(ti-to).

Table 4.2 Test statistics based on a Two-sample Kolmogorvo-Smirnov test (o = 0.05) for
differences in median vertical velocities between “newly emerged” and “previously emerged”
cells.

N N
Previously Newly
Strain FOV* Z P-value Emerged Emerged
CCMP
452 Bottom 5.11 <.001 226 1403
Below
Halocline 3.57 <.001 24 526
In
Halocline 0.98 0.292 4 603
Above
Halocline 1.7 0.006 8 1312
UWC
13.03 Bottom 7.15  <.001 459 958
Below
Halocline 3.89 <.001 53 471
In
Halocline 3.53 <.001 56 1071
Above
Halocline 4.09 <.001 32 1346

* FOV = field of view.
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Table 4.3 Proportions of upward and downward directed swimming cells during the light and
dark periods for the two days of observation.

Day 1 Day 2

Photo Up Down Up Down
Strain Period N () () X P-value* N (%) (%) X P-value*
CCMP
452 Light 1446 69 31 497 60 40

Dark 746 56 44 36.5  <0.001 1155 44 56 322 <0.001
uwcC
13.03 Light 1095 69 31 992 73 27

Dark 773 44 56 118.0 <0.001 1013 46 54 147.8 <0.001

*Significant differences in swimming direction between the light and dark were determined using a Chi-
square Test for comparison of proportions (X?).
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Figure 4.1 Schematics of the stratified water column within each replicate filming chamber
of the experimental tank. Each chamber contained a two-layer water column separated by a 30-
17 psu salinity transition (halocline). The four vertical fields of view are represented by the
dashed boxes: bottom (BT), below the halocline (BH), in the halocline (IH) and above the
halocline (AH). Schematics of initial (hour 0) and final (hour 20) cell distributions are shown.
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Figure 4.2 A timeline showing the environmental conditions and sampling periods over the
duration of the study. The arrows indicate important sampling periods with an associated
description. Experimental culture flasks were kept either in the dark for 24 hours per day, or on a

16 hour light: 8 hour dark photoperiod, as indicated on the timeline. “L6” refers to hour 6 of the
light period.
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Figure 4.3 Mean DNA signal cell'! following restoration of “activation” conditions for both
H. akashiwo strains. Hour 0 indicates the signal expressed by resting cells just prior to exposure
to the growth supporting, activation conditions. The triplicate cell culture flasks were unwrapped
and exposed to activation conditions at L6 (see text and Fig. 2) of the 16 hour light: 8 hour dark
photoperiod. Range in sample size (cell #): 3,040 — 11,770 (UWC 13.03) and 5,626 — 14,918
(CCMP 452). Errors bars show the standard error around the mean.
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Figure 4.4 Changes in neutral lipid content cell”! and cell motility following exposure to
activation conditions. The scatter plot shows the association of average neutral lipid content
cell' (BODIPY 505/515 signal; black circles) and the proportion of motile cells (open circles)
with time under activation conditions (in days) for both H. akashiwo strains. A Spearman’s rank
correlation indicates that mean neutral lipid content (r = 0.676) and population motility (r =
0.824) both have significant, positive correlations with time under activation conditions (N = 65,
p =<0.001). Daily sample size (cell #): day 1 = 5358, day 2 =9,039, day 3 = 11,526, day 4 =
16,624, day 5 = 18,073, and day 6 = 9,480.
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Figure 4.5 Fatty acid profiles of vegetative and resting H. akashiwo cells. The bar graphs
show the average proportion (N = 3) of each fatty acid based on the total fatty acid content for
strains CCMP 452 (top) and UWC 13.03 (bottom), during vegetative (grey bars) and resting
(black bars) life-stages. Error bars represent the standard deviation around the mean.
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Figure 4.7 Vertical velocities observed for emerged H. akashiwo cells. Boxplots show the
range of vertical velocities for “newly emerged” cells (m) and “previously emerged” (o) cells in
each field of view for (A) CCMP 452 and (B) UWC 13.03. Asterisks indicate significantly
different (p-value < 0.05) vertical velocity distributions based on a Two-sample Kolmogorvo-
Smirnov test (see Table 2 for test statistics). Note the 2-fold difference in the y-axis scale
between the two algal strains.
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Figure 4.8 Mean vertical velocities of newly emerged H. akashiwo cells. The mean vertical
velocity is plotted at each field of view for day 1 (A) and day 2 (B) for UWC 13.03 (grey circles)
and CCMP 452 (black diamonds). Error bars show 95% confidence intervals. Asterisks indicate
statistically significant differences in median vertical velocity based on a Mann Whitney U test —
(A) BT: Z=-5.00, p<0.001, N =565, 1130 (UWC 13.03, CCMP 452), BH: Z=-4.12,p <
0.001, N =231, 414 (UWC 13.03, CCMP 452), IH: Z=-1.65, p=.100, N = 517, 296 (UWC
13.03, CCMP 452), AH: Z=-4.31, p <0.001, N =352, 1130 (UWC 13.03, CCMP 452), (B) BT:
Z=-3.70,p <0.001, N =879, 499 (UWC 13.03, CCMP 452), BH: Z=-3.67, p <0.001, N =
293, 136 (UWC 13.03, CCMP 452), IH: Z=-1.26,p=.206, N=610,311 (UWC 13.03, CCMP
452), AH: Z =-2.93, p=.003, N =823, 968 (UWC 13.03, CCMP 452).
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Figure 4.9 Light and dark comparisons of H. akashiwo mean vertical velocities. Mean
vertical velocities are plotted for light (open circle) and dark (black circle) photoperiods for
CCMP 452 (A) and UWC 13.03 (B) on day 1 (1) and day 2 (2) for each field of view. Error bars
show the standard error around the mean. See Table 3 statistics for the Chi-square Test for
comparison of proportions (X?).
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Figure 4.10 Heuristic model of H. akashiwo bloom formation (strains CCMP 452 and UWC
13.03). Observed values of cell viability and rates of resting cell activation, up-swimming and
cell division (see Table 1 and Fig. 8) were used to calculate benthic and vegetative population
densities (bubble plots) and their vertical distributions in the water column (X-axis) over time (Y-
axis). In the bubble plot, areas are proportional to population densities. The dashed arrows
indicate upward swimming of daily cell “cohorts” leading to aggregation above the halocline
(represented by the dot-dashed line at 9 m). Block arrows represent population growth of the

near-surface cell aggregates.
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Chapter 5. Novel optical remote sensing technology for early detection of Harmful Algal

Blooms

5.1 Introduction

Harmful Algal Blooms (HABs) are outbreaks of planktonic algae that produce toxins or
accumulate to densities sufficient to threaten public health, degrade aquatic ecosystems and/or
cause major economic losses. HABs already affect nearly all coastal environments and are
thought to be increasing worldwide in both frequency and severity [1,2]. Substantial progress has
been made towards understanding algal bloom dynamics, yet the ecological mechanisms causing
HABs remain poorly understood. New in situ methodologies for HAB cell detection and
quantification would enhance capabilities to study bloom dynamics and enable improved

prediction and management of HABs.

Early HAB detection via development of new, cost-effective technologies has been identified as
a critical priority for HAB research and management [1,3]. Presently, most HABs are detected
only after they reach an advanced stage, when they threaten to cause significant ecological
and/or economic damage. Over the last decade, a number of field-deployable instruments have
been developed for detection and monitoring of planktonic organisms (e.g., Underwater vision
profiler, TowCam [4,5]). Examples of instruments specifically targeting HAB-forming species
include the Environmental Sample Processor (ESP) and the Imaging FlowCytobot [6,7]. While
such instruments have made great advancements in the detection of harmful algal species in situ,

they are expensive, require skilled operators and are designed for intensive, localized sampling
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of algal cells in near-surface environments. Thus, the need for inexpensive remote sensors

capable of detecting and quantifying HAB cell populations remains unmet.

Detection and monitoring of pre-HAB cells within their natural environment require both
detailed and sustained observations. Optical sensors that are based on new, low-cost
microcomputers are potentially well suited for such long-term monitoring of widely dispersed
algal cell populations. A network of these low-cost sensors could be distributed throughout a

region to detect and quantify abundance and behaviors of harmful marine algae.

Another challenge to HAB detection and monitoring is that many HAB-forming species have
complex life cycles with large cell populations overwintering or temporarily residing in the
sediments [8—11]. Emergence of cells from these benthic populations likely initiates many HAB
events, while transition of pelagic cells into the benthic resting stage can contribute to HAB
termination (Fig. 5.1). Monitoring cells as they emerge from the benthos provides a promising
strategy for early detection of potentially harmful blooms. Distribution of optical sensors to
remotely detect, quantify and monitor cell emergence, coupled with geophysical circulation
models to predict cell transport, could provide the crucial early warning information needed for
improved HAB prediction. Monitoring emerging cells in combination with water column
properties (e.g., , temperature, nutrients, light) would further enhance the basic understanding of

the mechanisms promoting HABs under both present and future environmental conditions [12].

The required optical technology for this type of optical sensing network has never before been

developed for a field-deployable sensor, but is well developed for laboratory use. Laboratory
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methods have included novel video-based motion analysis methods to image and reconstruct
detailed swimming trajectories of many types of small motile marine organisms [13—15]. From
these cell-level swimming trajectories, fine-scale movement statistics can be calculated to
quantify microorganism responses and behavior within their environment [16—19]. Swimming

behavior can also serve as a diagnostic a tool for identification and/or physiological state [20].

Here, we report on the development of the first optical sensor designed to monitor in Situ benthic
emergence of small planktonic organisms (10 — 1000 um). The sensor, called the Imaging
Benthic Emergence Trap (IBET), integrates optical technology with a modified Plankton
Emergence Trap [21] to enumerate and characterize the behaviors of HAB-forming algae as they
emerge from shallow (< 30 m) benthic environments. Our primary goal was to develop, validate
and field-test a prototype of the IBET to determine its suitability for monitoring pre-HAB

populations and other field applications.

5.2 Methods and Procedures

Electrical/Optical/Mechanical

The IBET incorporates video imaging optimized for the detection of small planktonic organisms.
It features a high resolution 5 Mp digital monochrome camera board (LI-5M03, Leopard
Imaging Inc., Fremont, CA, USA) and an on-board 1GHz ARM microprocessor (BeagleBoard-
xM, BeagleBoard.org Foundation, Richardson, TX, USA). Illumination of planktonic organisms
is provided by a circular bank of 10 infrared (940 nm) light emitting diodes (TSAL6400, Vishay,
Malvern, PA, USA). In the IBET prototype, all electrical components are enclosed in a 191.8

mm X 91.7 mm x 84.6 mm waterproof housing, designed for submersion to 30 meters (Otterbox
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3500, Otter Products, LLC. USA). Electronics are powered by a 12V input, supplied by onboard
high capacity rechargeable AA batteries (MAHA POWEREX, Thompson Distributing, USA; Fig

5.2a).

Planktonic organisms are imaged within a circular chamber (“imaging chamber’) 50.8 mm in
diameter and 4 mm deep. The imaging chamber is made from 2" (ID), schedule 80 PVC tubing
with a back wall of mirrored acrylic. Opaque plastics were used to exclude external light from
the imaging chamber. The housing is modified to have a clear, 12.7 mm thick window onto
which the imaging chamber is sealed with a nitrile o-ring and fastened with a brace during
deployment (Fig. 5.2b). The camera’s focal plane is positioned in the center of the imaging
chamber and the effective imaging volume is approximately 0.160 mL (see Instrument
Calibration). The IR LED bank is distributed around the camera board, shining into the imaging
chamber through the clear window. The IR light is reflected off of the mirrored back wall.
Planktonic organisms within the camera’s focal plane scatter the reflected IR light, illuminating

them from behind in dark field.

A small reversible peristaltic pump, encased in a 152.4 mm x 63.5 mm PVC waterproof housing,
flushes out the imaging chamber and corer after deployment and periodically collects water
samples from the imaging chamber. The peristaltic pump is connected by tubing to the top of the
imaging chamber (Fig. 5.2b). When the pump is turned on in the reverse direction, water is
drawn out of the imaging chamber and is directed through one-way check valves into a clear
container with 10 um Nytex mesh-covered ventilation ports, allowing the imaged water sample

to be collected for later microscope validation (Fig 5.3). The Nytex mesh permits the flow of
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ambient seawater through the container while retaining the sampled microorganisms of > 10 pm

until instrument retrieval.

The imaging chamber is affixed to the top of a sediment corer so that upward swimming cells
emerging from the sediments are funneled into the chamber. A 10 um Nytex mesh filter is
connected via an input check valve near the base of the corer above the sediment water interface.
When the peristaltic pump is turned on in the forward direction, water is directed through one-
way check valves out of the top of the sediment corer section and is replaced by the inflow of
filtered ambient seawater (Fig. 5.3). This pumping design allows the sediment corer section to be
flushed; purging any seawater that was trapped during deployment and ensuring that only

microorganisms emerging from the sediments are observed in the imaging chamber.

The processor, camera, lights and peristaltic pump are controlled using a USB-based
microcontroller (Teensy 2.0; https://www.pjrc.com/teensy/). The microcontroller is programmed

using the open-source Arduino environment (http://arduino.cc/en/Main/Software) to control

power supply and pump direction. Parameter files on a USB flash drive connected to the
processor enable automatic video capture and system shutdown. These enable fully automated

operation and while conserving battery power during deployment.

Instrument Deployment
For convenience in deployment, IBET components are assembled within and secured to a
weighted wire crab pot. The crab pot, with additional weights, provides a sturdy frame so that the

IBET sits securely on the seafloor, is protected from suspended debris and is not moved by tidal
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currents. When fully assembled, the instrument package size is 610 mm x 610 mm x 330 mm
and weighs approximately 25 lbs. The compact size and manageable weight of the IBET makes

it easy for one or two people to deploy from a dock or small boat (Fig. 5.2¢).

Instrument operation

In a typical benthic deployment, the IBET is pre-programmed to flush out water trapped during
deployment, capture video data and collect a water sample from the imaging chamber at
specified time intervals. The IBET can run autonomously for up to 30 hours when 2 minute
video clips are collected every hour. Just prior to deployment, the instrument is turned on and the
following operations are executed by the Teensy controller: 1) the instrument sleeps for 20
minutes while the instrument package is deployed; 2) power is supplied to the pump, turning it
on in the forward direction for a 34 minute flush cycle to purge water trapped in the sediment
corer during deployment (the flush time is based on calculating the e-folding time for 95%
replacement! by 10 pum filtered sea water); 3) the pump is switched to the reverse direction for 3
minutes to clear air trapped in the imaging chamber and sample lines; 4) the instrument sleeps

for 5 minutes; and 5) the 60 minute filming loop begins.

The IBET is programmed to collect a single video clip and subsequent water sample from the
imaging chamber every hour. The filming loop repeats the following steps on a 60 minute
interval: 1) power is supplied to the processor and the IR LED bank; 2) a two minute video clip

is collected and stored on the USB flash drive; 3) the processor shuts itself down; 4) the power to

! The e-folding time is defined as the time it takes for concentration in a fixed volume to reduce 1/e its

—k()

b

original value by gradual replacement with a new solution. The e-folding time is defined as, ;—; =e

where k = exchange rate (~ 30 mL/min.), v = exchange volume (400 mL), at time, t = 1/ k-
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the processor and lights turns off; 5) the pump is turned on in the reverse direction for 2 minutes
to collect the water sample from the imaging chamber; and 6) the instrument sleeps for the

duration of the 60-minute cycle.

Video Analysis
Video data stored on the USB flash drive is processed using the specialized software package,
Frugal Ocean Science Image Daemon/Capture Analysis (FOSID/FOSICA), developed by

Wallingford Imaging Systems (http://www.wallingford-imaging-systems.com/). The FOSID

software runs on the on-board microprocessor to capture, loosely compress and store the raw
video. FOSID interfaces with the image sensor hardware to configure the video resolution,
region of interest (ROI) and frame rate, providing fully programmable and automated video
capture. The video analysis software (FOSICA) performs user-specified image processing on
previously captured video, including removal of the background, equalizing the lighting and
thresholding frames, to enhance detection of microorganisms. Individual microorganisms are
identified in the software as “particles”. The size range of the detected particles (in pixel area)

can be adjusted to clearly resolve microorganisms of interest.

Once particles of interested are identified, the pixel position of each individual is determined and
converted into physical units (in mm). Individual observations are assembled across successive
video frames into complete 2D movement trajectories using the motion analysis software,
Tracker 3D (Griinbaum, unpublished data). Statistical analysis can be performed on the observed
movement patterns to determine fine scale movements that can be used to assist in particle

classification and identify rates of benthic emergence [19,20].
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5.3 Instrument Validation

Calibration

To assess cell quantification by the IBET, we analyzed replicate samples of known cell
concentrations and cell size range of a laboratory culture of Alexandrium catenella, a harmful
dinoflagellate. A two-fold serial dilution, using seawater filtered through a Whatman GF/F Glass
Microfiber Filter (GE Whatman, Pittsburgh, PA, USA) to remove organisms > 0.7 pm, was
performed to obtain five concentrations (1x, 1/2x, 1/4x, 1/8x and 1/16x) of Alexandrium. The
average cell concentration for each dilution factor was determined by counting horizontal
transects in a Sedgwick-Rafter slide (a known area relative to the 1000 mm? of the entire
chamber), ensuring no less than 75 cells were counted. The cells were counted under transmitted
light at 120x magnification using a Zeiss standard microscope. Microscope-based cell counts
were done in triplicate. The count data were combined and treated as one sample from a Poisson

distribution to calculate the cell concentration and 95% confidence intervals [22].

Cell size range for the A. catenella culture was determined using a Zeiss Axiovert microscope
equipped with a digitizer pad and Microbiota software [23]. Five mL of cells were fixed with
0.5% gluteraldehyde and allowed to settle for 1 hour in a settling chamber. Cell lengths
(diameter) of 75 individual cells were measured within the settling chamber under transmitted

light and magnification of 200x.

Thirty second video clips of each known A. catenella cell concentration were collected in the
IBET imaging chamber. The video data were processed using the FOSICA analysis software,

yielding particle counts and particle dimensions for each frame in the video. Cell diameters (pum)
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determined by microscopy-based measurements were compared to the diameters of targeted
Alexandrium-sized particles (pixel area: 12 — 42; see Table 5.1) in the 1x concentration video
clip. Pixel units for each particle detected were converted to physical units based on the camera
sensor’s known pixel size of 2.2 pym and a magnification factor of 0.4. Microscope-based cell
measurements and Alexandrium-sized particles from video observations had similar physical size
ranges and median diameters (um) that were not significantly different (Mann-Whitney U-test:
U =27773, p = 0.114). Figure 5.4 shows A. catenella swimming trajectories generated from of

the calibration files, demonstrating that the cells were successfully targeted by optical size.

The instrument calibration shows that the median number of Alexandrium-sized particles (pixel
area: 12 — 42) observed by the IBET are strongly correlated with mean cell concentrations from
microscope-based counts (Pearsons Correlation, r = 0.992, df = 3, p <0.001; Fig. 5). Error bars
indicate 2.5% and 97.5% quantiles (middle 95%) of the number of Alexandrium size particles

detected in each video (vertical) and 95% confidence intervals for the microscopy-based mean
cell concentrations (horizontal). The equation V = N / ¢ was used to calculate the effective

imaging volume (V) of the IBET, where N is the average of the median number of video
particles for each video and C is the average of the mean cell concentrations. Using the above
equation, we calculated V as 0.160 mL with 95% confidence intervals of + 0.0115. Using the
calculated imaging volume (V), Figure 5.5 shows the relationship between N and C bounded by

the 95% confidence intervals.
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Field Deployments

The IBET was field tested off a floating dock in Quartermaster Harbor — an embayment in Puget
Sound, WA known to have annual A. catenella blooms seeded by a persistent A. catenella cyst
bed [24-26]. The instrument was fully functional down to the maximum testing depth of 15
meters. The IBET was pre-programmed to autonomously capture video data and collect water

samples on hourly intervals over a deployment duration of 30 hours.

Initial testing of the IBET was focused on determining if the instrument could detect A. catenella
and other HAB cells of interest in the plankton if they were present. To accomplish this, we
deployed the IBET at a time when we knew (based on plankton net tows) that HAB-forming
algae were present in the water column. The water column sampling protocol was modified to
eliminate the initial 34 minute sediment core flush cycle. The instrument package was deployed
to a depth of approximately 5 meters. Air trapped in the imaging chamber and sample lines was
first purged by the pump, then the 60 minute filming/sampling loop began. The instrument was
retrieved after a 28 hour sampling duration. The IBET was able to quantify and detect diverse
plankton, including two HAB-forming species — Alexandrium catenella and Akashiwo sanguinea
—in field sampling of natural seawater communities (Fig. 5.6 & 5.7). All plankton detected and
analyzed from the IBET video data were validated by microscopic observation of the water

samples collected from the sampling chamber.

Environmental data collected by the IBET showed a high abundance of particles in the whole
seawater sample in late summer. Figure 5.6 demonstrates how video data with high particle

abundances can be sorted by size class using FOSICA. As validated by the instrument
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calibration, particles can be categorized by optical size (pixel area) to target organisms of
interest. For example, we were able to detect and track the unique swimming behavior of the
chain-forming harmful alga, A. catenella, by excluding the smaller optical size fraction (pixel

area < 300) of detected particles (Fig. 5.6b).

Our field deployments also captured in situ data during the early onset of a late-summer bloom
of the HAB-forming dinoflagellate, Akashiwo sanguinea. Using this environmental data, we
demonstrated how the IBET, and the associated particle tracking software, can be used to detect
planktonic organisms in a whole seawater sample, target HAB-forming species of interest by
optical size/shape and monitor cell swimming characteristics (Fig. 5.7 and Table 5.1). To target
Akashiwo sanguinea cells in our video observations of natural seawater communities, optical
size was used to excluded particles that fell outside of typical cell size range of A. sanguinea
(approximately 40 to 150 pixel area) using the FOSICA software (Fig. 5.7 a, b). The pixel
coordinates for each A. sanguinea-sized particle were converted into physical coordinates using a
standard calibration grid of known dimensions. Particles were then tracked (using Tracker3D)
over consecutive frames to generate the cell swimming trajectories (Fig. 5.7¢, d). Each individual
swimming trajectory was fitted with two smoothing splines, short-interval and long-interval

splines, to eliminate noise and to distinguish directed movement from oscillatory motion.

Swimming statistics critical for distinguishing between passive vs. active particles and
identifying cell-level rates of transport to surface waters (e.g., gross speed, vertical and
horizontal velocities, oscillatory movement and frequency of directional changes) were

calculated from the smoothed swimming trajectories. Directed movements (e.g., vertical
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velocity) indicate upward and downward migration in the water column, while oscillatory
motion can provide diagnostic information for cell identification and/or physiological state
[13,19,20]. Examples of these swimming statistics are reported in Table 5.2 for the two HAB-
forming species detected by the IBET during field deployments. This is the first study to quantify
A. sanguinea cell-level swimming behaviors in situ. These swimming statistics indicate that A.
sanguinea cells are capable of greater swimming speeds (maximum speed = 231 pm s™') and
vertical velocities compared to single cells of A. catenella (maximum speed = 120 um s™).
Within A. catenella, the swimming statistics show that chain formation greatly enhances both
gross swimming speed (maximum speed = 241 pum s™') and oscillatory motion, yet vertical

velocities are slower when compared to single cells.

After we confirmed that the IBET was fully functional and capable of detecting HAB-forming
cells of interest, we made several deployments attempting to capture benthic emergence of A.
catenella. However, by the time the instrument was ready for benthic testing it was late in the
summer season (September/October). Benthic emergence of A. catenella is generally known to
occur in April through August in Quartermaster Harbor [27], and therefore, we believe that we
were not able to deploy the IBET in time to capture benthic emergence. Several deployments of
the IBET made in Quartermaster Harbor in late summer did not detect emerging cells of any

kind.

5.4 Discussion and Recommendations
There is strong evidence that cell-level swimming plays a crucial role in algal distributions and

bloom dynamics by regulating vertical fluxes and interactions with different water masses
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[16,28,29]. While a number of studies have examined swimming of cells in culture, swimming
behaviors in the field are rarely quantified, particularly those associated with benthic-pelagic life
stage transitions. Advancements in field-deployable sensors will greatly improve our ability to
detect and quantify real-world algal movement behaviors that regulate distributions of HABs and
other planktonic organisms. Optical sensors like the IBET provide a unique opportunity to
acquire new environmental information about fundamental ecological mechanisms that regulate

HAB occurrences.

From the preliminary behavioral data collected by the IBET, we can begin to gain some insights
on characteristic swimming behaviors among and within HAB species in their natural
environment. For example, we observed that A. sanguinea cells are capable of greater swimming
speeds and vertical velocities compared to single cells of A. catenella. Dinoflagellates often
exhibit a diel vertical migration behavior to acquire nutrients at depth [30,31]. The observed
greater vertical velocities of A. sanguinea suggests that this dinoflagellate species has the
potential to vertically migrate through the water column more rapidly than single cells of A.
catenella, which could provide a potential competitive advantage for resource acquisition. In our
in situ observations, A. catenella chain formation greatly enhanced both gross swimming speed
and oscillatory motion. This observation is in agreement with previous laboratory studies on
Alexandrium motility [32,33]. Interestingly, this increase in gross speed is not associated with an
increase in vertical movement rates. It has been suggested that chain formation helps
Alexandrium conserve energy needed for motility, improves navigation in water masses with
greater mixing, and may enhance retention within the euphotic zone [28]. Hence, our

observation suggests the hypothesis that rates of transport to sunlit surface waters may be driven
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by recent emergence of single cells, while chain formation may help Alexandrium cells maintain

their position within the photic zone.

Direct in situ measurements are needed to improve understanding of the role of benthic-pelagic
life stage transitions in algal population dynamics. Yet, few studies have successfully quantified
in situ rates of benthic emergence. Prior observations of benthic emergence rates have primarily
been limited to laboratory studies of samples transported from the field. A few in situ devices
have been designed to sample benthic emergence, trapping cells at the sediment-water interface
[e.g., 25-27]. However, those sampling devices are not automated, and hence, not capable of
collecting fine-scale temporal data, nor are they capable of characterizing in situ cell-level
behaviors. The IBET is the first instrument specifically designed to provide in situ detection,
quantification and behavioral monitoring of emerging meroplanktonic organisms. While we have
not been able to directly show IBET-detected algal emergence, we believe that the video data
collected from whole seawater samples provides compelling evidence that the instrument is
capable of detecting disperse HAB-forming cells at relatively low concentrations (the lowest
concentration observed was 2 cells per video observation, approximately 10 cells mL™') and

monitoring their abundance and behavior when present.

The IBET has been rigorously calibrated and field tested, validating the effective use of the
instrument for future HAB detection, monitoring and prediction efforts. The IBET calibration
protocols can be used to easily convert video particle observations to true cell concentrations and
sizes. While we have not yet had the opportunity to detect benthic emergence of HAB-forming

species with the IBET, initial field testing has demonstrated that the IBET can run autonomously
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for 30 hours on an hourly sampling interval and is effective at detecting and monitoring
behaviors of HAB-forming algae, as well as other microorganisms (e.g., benign algal species and
copepod naupli; data not shown), over extended deployments. Because the IBET is easily
programmable, it provides great flexibility in adjusting sampling frequency, and hence

deployment duration, to meet specific detection and monitoring needs.

The true innovation of the IBET is the compact size and low cost of production for a highly
capable optical sensor. Advancements in upcoming generations of the IBET and its
accompanying software will further improve its ease of use so that the sensor can be readily
deployed by other researchers and stakeholders (e.g., aquaculture managers) for more
comprehensive temporal and spatial monitoring. The low cost (approximately $1000 per sensor)
and ease of transport and deployment allows the IBET to be easily integrated into region-wide
remote sensing networks that will improve spatial and temporal scales of detection. A network of
optical sensors to remotely detect and monitor benthic emergence of algal cells throughout Puget
Sound, WA is currently being developed in the Griinbaum laboratory in collaboration with the
Northwest Association of Networked Ocean Observing Systems (NANOOS) and the Suquamish
Tribe’s Chief Kitsap Academy. This network will provide a unique tool for biologists, engaged

citizens, and stakeholders to gain crucial early warning information on HAB formation.

The IBET can provide quantitative information that is immediately useful to those concerned
with predicting and mitigating HAB impacts. For example, paralytic shellfish toxin testing
efforts in Puget Sound by the Washington State Department of Heath could be better targeted if

the timing, rates of emergence and subsequent transport of Alexandrium cell populations (the

143



causative organism) were available. When deployed with other marine environmental sensors
(e.g., CTD or ACDP), the IBET could provide new insights into the physical factors that regulate
benthic emergence and subsequent bloom formation. Quantitative data obtained by the IBET can
be directly incorporated into rapidly improving geophysical models to simulate cell transport in
coastal regions and provide more accurate biological data to inform biophysical modeling
efforts. New field-deployable technologies, such as the IBET, have the potential to significantly

improve HAB prediction and general understanding of plankton ecology.
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Table 5.1 Recommendations for FOSICA pixel area settings to target single cells of HAB-
forming species commonly observed in Puget Sound from IBET video data. Cell size data

obtained from Horner [37].

Motile HAB-forming

Approximate cell

Associated optical

Suggested particle area

cells of interest size range (um) length (pixels) range (pixels)
Heterosigma akashiwo 10-20 1.8-3.6 2.5-10.2
Alexandrium sp. 22 — 40 40-73 12.5-41.8
Akashiwo sanguinea 40 — 80 73 -14.5 41.8-165.1
Dinophysis sp. 38— 100 6.9-18.2 37.4—260.1

Table 5.2 Examples of in situ swimming statistics calculated for two HAB species detected
during field deployments in Quarter Master Harbor, WA. The numbers in parentheses are the
median values for each swimming statistic.

Gross Swimming

Vertical Velocity

Oscillatory Speed

HAB species Speed (um/s) (um/s) (um/s)
Akashiwo sanguinea | 5231 (58) -160 - 219 (35) 4-177(37)
Alexandrium sp.

Single cells 23 — 120 (74) -97 — 144 (24) 4-179 (39)

Chains 36 — 241 (138) -11-90 (39) 54— 173 (114)

149




[AD . ‘
Vegetatwe % % ] %
cells % %

Excystment
Encystment “Emergence”

. ‘ ‘ ¥ ¥¥ ‘ Benthic cells .
Sediment “CyStS”

Figure 5.1 Generalized schematic of the dual-stage life cycle of many harmful algae. Figure
modified from Han et al. 2002 [10]
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Figure 5.2 Photographs of the Imaging Benthic Emergence Trap (IBET). (A) The optical
and electrical components housed in a waterproof casing. (B) Side profile of the primary IBET
components assembled: pump, imaging chamber, camera housing and the corer. (C) The entire
IBET instrument package assembled and ready for a dock-based deployment.
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Figure 5.3 Illustration of the IBET’s pumping system to control instrument flushing and
sample collection.
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Y direction (mm)
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Figure 5.4 Trajectories of Alexandrium-sized particles over the duration of one 30s video clip
(1/4x culture dilution) used to calibrate the IBET. The oscillatory movement (deviation from the
central axis of the trajectory) observed for nearly all paths is a distinguishing feature of motile
algal cells.
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Figure 5.5. The IBET calibration plot. Video cell-sized particle counts (y — axis) and
microscope cell concentrations (x — axis) are significantly correlated (Pearson’s r = 0.992, df =3,
p <0.001). Error bars represent 95% confidence intervals for the cell concentrations (horizontal)
and the 2.5% and 97.5% quantiles of the video counts (vertical). The solid line (—) shows the
relationship between IBET video particle counts (N) and true cell concentrations (C) bounded by
95% confidence intervals, dotted lines (- - -).
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Figure 5.6 Sample field data collected by the IBET. (A) Example of the total abundance of
plankton-like particles detected by the IBET in a single video clip. (B) Larger particle size
fraction (300-1600 pixels) only. Plots on the left show best-fit ellipses for each organism tracked
over the duration of the video. Plots on the right show the frequency of optical size (in pixel
area). The red arrow (with video picture insert) points to the unique swimming pattern of a long
Alexandrium sp. chain.
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Figure 5.7 Example of data analysis steps from in situ video data collected by the IBET in
Quartermaster Harbor, WA. (A) Image of the raw video footage collected by the IBET. (B) A.
sanguinea cells targeted based on optical size. The inserted photo is of A. sanguinea cell
collected from the sampling chamber for video validation. (C) Pixel positions of each cell plotted
over the duration of the video clip. (D) Cell swimming trajectories are generated by converting
pixel positions to physical coordinates.
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Chapter 6. Summary and Conclusions

Quantifying biological and physical characteristics that influence algal cells’ survival, growth
and distributions is critical for understanding the fundamental ecological mechanisms that
regulate HAB dynamics. Biological characteristics involve algal cell behavior (e.g. swimming)
and physiology (e.g. life histories, metabolic processes, maintenance of energy reserves) which
interact with physical characteristics (e.g., ambient currents and turbulence) to determine the
location, magnitude and frequency of blooms [1,2]. Physiological traits expressed during life-
stage transitions directly influence algal survival and growth. While algal distributions are
largely determined by advection from ambient flows, cell-level swimming behaviors directly
influence vertical positioning, and hence, interactions with different water masses. This
dissertation has explored and quantified several key aspects of algal cell biology expressed
during benthic and pelagic life stage transitions with the goal of improving knowledge about the

mechanisms that regulate HABs in dynamic estuarine systems.

This research clearly demonstrated that quantification of behaviors expressed during pelagic and
benthic life stage transitions can improve understanding of regional HAB dynamics. For
example, the slow sedimentation rate observed for transitional Heterosigma cells in Chapter 3
verified that benthic distributions of Heterosigma are ultimately controlled by physical
processes, suggesting that benthic distributions could be predicted by modeling interactions
between cell sedimentation rates and geophysical flow patterns. Rapid variation in speed and
direction of mean flows within deeper estuarine environments could cause interannual variability
in benthic distributions, providing one explanation for the seemingly stochastic nature of

Heterosigma blooms in the Salish Sea [3,4].
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It remains uncertain if such a simple mechanism of passive transport to the benthos can be
applied to other HAB-forming species. However, it is unlikely for species with more complex
life cycles, such as dinoflagellates that account for approximately 75% of known HAB species
[1]. The sexually formed intermediate stage (“planozygote’) of many dinoflagellates, distinct in
morphology and swimming behavior, has been reported to remain motile in the water for days to
weeks before undergoing encystment [5,6]. Planozygote swimming behaviors therefore have the
potential to actively influence benthic distributions in ways that are currently not understood.
More research is needed to improve understanding of how transitional behaviors expressed by
different HAB species, particularly those with complex life cycles, influence distributions of

benthic populations.

Examination of benthic-pelagic transitions for A. catenella in Chapter 2 and Heterosigma in
Chapter 4 showed distinct species and strain-specific variation in fundamental biological traits
that have the potential to regulate the timing and location of HABs. The results from Chapter 2
indicated that Alexandrium populations may operate under different benthic emergence
(“germination”) strategies. Variations in germination rates were observed within the Puget Sound
A. catenella population and across geographically distinct Alexandrium populations. Similarly,
results from Chapter 4 suggested that regionally distinct strains of Heterosigma akashiwo may
operate under different population growth strategies during benthic-pelagic transition. Distinct
strategies utilized by Heterosigma were shown to have the potential to influence vertical fluxes

to surface waters, thereby governing the timescales over which Heterosigma blooms form.
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The presence of both inter- and intra-specific variation during algal life stage transitions, as
exhibited by both Alexandrium and Heterosigma, is likely to facilitate survival under a wide
range of environmental conditions [7]. Such phenotypic diversity is widespread among many
species of marine algae. Future consideration and quantification of variability in fundamental
biological traits, such as those expressed during algal life stage transitions, will enhance our
understanding of regional bloom dynamics and improve the biological accuracy of predictive

modeling efforts.

While laboratory experiments allow researchers to obtain controlled and detailed information
critical to understanding fundamental aspects of algal cell biology, it is often difficult to
accurately infer the results of laboratory findings within the context of the organism’s natural
environment. Hence, in situ environmental measurements of algal abundances, behaviors and
distributions are also needed to truly understand the ecological mechanisms that promote or
repress HABs. This type of field-based detection and monitoring of harmful algae will require
the development of inexpensive field-deployable sensors, such as the Imaging Benthic
Emergance Trap (IBET) described in Chapter 5, capable of collecting data on disperse
populations. Sensors to monitor algal abundance and behaviors in combination with molecular-
based techniques to accurate identify algal species and/or strains (e.g., Environmental

Sample Processor (ESP) [8] or genetic “fingerprinting” on collected water samples [Black and
Cattolico pers. comm.]) will provide powerful tools for improved HAB detection and

monitoring.
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Future efforts towards improved HAB prediction and effective management and mitigation
strategies will require interdisciplinary research initiatives and strong science-management
partnerships. Comprehensive scientific understanding of regional HAB dynamics and assessment
of future bloom scenarios will require integration of controlled laboratory experiments on algal
cell biology, new technologies for environmental detection and monitoring of algal cells, and
modeling approaches to simulate biophysical and trophic interactions. Sound science-based
management of HABs and their impacts will require implementation of cooperative partnerships
between scientific researchers, stakeholders (e.g., shellfish/fin-fish growers, managers, tribes)
and policy makers [9]. Such integrative and multidisciplinary approaches will help meet present

and future challenges in prediction and management of HABs.
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