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Abstract

The purpose of this study was to examine the sequence of changes in the gross 

morphology and toxicity of the raphidophyte alga Heterosigma akashiwo in the context 

of blooms of this species in the Strait of Georgia, British Columbia. Field work focused 

on this alga’s 1989 fish-killing bloom. That bloom was extensive, with discolouration of 

the water extending fi*om Jervis Inlet through Malaspina Strait into the Strait of Georgia, 

and south to Cypress Island in Washington State. Excystment events on Spanish Banks 

in Vancouver harbour preceded population development in the Strait of Georgia during 

July and August but toxicity was only noted in the last two days of August and through 

September. Fish kills occurred near Cypress Island, and in Jervis Inlet and the 

contiguous waters of Agamemnon channel. These locations represented the geographic 

extremes of the discoloured waters.

In Malaspina Strait and Jervis Inlet, information was collected on water column 

structure, macronutrient concentrations, and the distribution of algae and fish mortalities. 

Fish mortalities were coincident with the first sighting of waters discoloured with 

Heterosigma akashiwo in Agamemnon Channel and Jervis Inlet. The alga appeared to be 

transported to the areas by currents. Algal concentrations were higher at the Malaspina 

Strait end o f a transect into Jervis Inlet and during flood rather than ebb tides. The water 

column in Malaspina Strait and Jervis Inlet was stratified and both inorganic nitrogen and 

phosphorus in surfece waters were low enough to limit growth of H. akashiwo. Though 

this alga can migrate vertically to obtain nutrients at depth, there was no evidence of 

migration during this toxic event. Termination of the bloom was associated with a
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weakening of the water column stratification and the reappearance of non-limiting 

concentrations of nitrogen in the surfece waters.

Work in culture demonstrated that there was a sequence of reproducible changes 

in cell size and shape that improved uptake when nutrients were at the concentrations 

seen in the Strait at the start of the toxic blooro. These changes involved reduction in cell 

volume by a lactor of between 2- and 4-tbld and cells changing from rounded, almost 

football-shaped cells (oblate spheroids), to plate-like (prolate spheroids). Mathematical 

modeling suggests that the volume changes could improve nutrient uptake by a factor of 

21 to 38%. The changes in shape could improve nutrient uptake dynamics by a further 

7.5%. Depending on the nutrient history of the population, changes in cell shape could 

continue beyond the plate-like form with significant portions of the algal population 

developing surface protuberances when adequate nutrients and energy were available to 

the population. The elaboration of surface processes could further improve uptake 

dynamics. A numerical model to describe these shapes was not available so the degree of 

improvement could not be quantified.

As cells reach the end of their life cycle in culture, they revert to the oblate 

spheroid form and, if no new nutrients are added, will form resting cysts. However, cyst 

formation can also be triggered earlier in the life cycle by the addition of nutrients. This 

may benefit the species by ensuring that cells form cysts in shallow waters where spring 

temperatures are adequate to fecilitate excystment of cells.

In addition to changes in shape. Heterosigma akashiwo cells produce a toxic 

agent which can suppress growth of nutrient competitors and kill predators, or make the 

algae unpalatable. Production of those toxins begins and declines immediately prior to
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decline in population numbers. Toxic effects of the alga can be caused to disappear at 

any time by the addition of nutrients. Similar to the differentiation of cell shape, the level 

of toxicity expressed by the cells appears to be correlated with the nutrient history of the 

population. Cells grown in higher nutrient concentrations appear to be more toxic; 

however, the population need not have high numbers of cells with processes to be toxic.

Heterosigma akashiwo would appear to have adaptations which enhance its 

ability to compete and survive in the nutrient-limited waters of late summer. The 

adaptions include both changes in gross morphology of the cells and in the production of 

toxins which reduce the effects of competition and predation. Population growth and 

formation of concentrations of the alga capable of discolouring the water can be 

independent of the occurrence of toxicity. Lack of vertical migration and a protracted 

period of a stable, stratified water column with depleted nutrients appear to be critical to 

the genesis of toxicity in wild populations.
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1.0 Introduction

Toxic algal blooms have been in existence for a very long time, but the study of 

harmful algal blooms (HABs) is a relatively recent undertaking. Toxins which are found in 

these blooms are produced by such phylogenetically ancient groups as blue-green algae 

and bacteria (Cembella 1998, Doucette et al, 1998). Further, genera which are associated 

with toxin production, such as Alexandrium, are known in the fossil record (Wall 1980). 

Historically, the Christian bible records the occurrence of what is generally believed to be 

a toxic algal bloom in Exodus during the time of Moses (Exodus, Chapter 7 Verse 18-19) 

in the 13th century B.C. (Weeks 1998). An early record of the human synçtoms of 

exposure to algal toxins can be found in the 1794 diary of Captain George Vancouver 

(Quayle 1969). The linkage of algal blooms and toxicity, based on scientific evidence, 

occurred in the 1930s (Sommer et al. 1937, Sommer and Meyer 1937). Purificatron and 

characterization of a phytotoxin, saxitoxin, occured in the late 1950s and 60s (Schantz et 

al. 1957, 1966) and the first international conference on toxic algae occurred in 1975 

(LoCicero 1980).

Cembella (1998) best summed up the present state of our knowledge of toxic algal 

blooms at the 1996 NATO workshop when he stated “ For several decades, the scientific 

community working on HABs has attempted the transition fi’om a purely descriptive 

approach to HAB dynamics (magnitude, species composition, range extension etc.) to an 

interpretation of the causative processes and mechanisms underlying bloom initiation and 

development.... it is feir to state we remain fer j&om this goal.” Knowledge of bloom



causation requires an understanding of the alga's response to its natural environment, not 

sinq5ly a knowledge o f the tolerances of the cell’s physiology or its responses to static 

algal culture conditions. What is required is a knowledge of the cell’s responses to the 

kind of environmental dynamics it would experience in nature.

The problem can be stated in broad generalities as a need to define processes 

(progression of changes) and mechanisms (factors which enable the changes to occur). It 

is however, more difficult to formulate an approach that will provide an understanding of 

why toxic algal blooms develop firom the perspective of the cell. The difficulty arises, in 

part, because definition of the phenomenon is assumed to imply that toxicity is a result of 

the occurrence of a bloom. However, not all blooms contain toxin-producing organisms. 

The type of algal abundance under consideration herein is both a bloom and is toxic 

however, for most toxic species high nutrient conditions promoting algal growth are 

associated with the lowest level of toxin production (Cembella 1998, Bates 1998, Wright 

and Cembella 1998). Phrased in this 6shion it becomes clear that what is under study is a 

special subset of blooms. Their derivation involves a sequence of events that must first 

create a bloom then make it toxic. To understand the processes and mechanisms of bloom 

development we must therefore analyze blooms fi-om their initiation as a growing 

population of algal cells through to the development of toxicity.

Another problem in the study of toxic blooms has been incomplete documentation 

of environmental conditions that give rise to and support a toxic bloom. Because we 

cannot predict when or where a bloom will occur, studies of algal blooms are generally 

initiated once the bloom has formed and has developed toxicity. Thus, most o f our data on 

individual blooms does not include the period of bloom derivation, only its progression 

and demise. Vrith this limitation our best hope for understanding the development of toxic



blooms is to describe blooms from their beginning through to their demise in nature and 

then to examine the mechanism of toxin production in the controlled environment of the 

laboratory.

In British Columbia the largest algai-mediated fisheries losses are caused by a 

raphidophyte alga. Heterosigma akashiwo (Hada) Soumia (hereafter also referred to as 

Heterosigma). Most losses are experienced by the salmon fanning industry, though some 

are also believed to occur in the shellfish culture industries (Pers. Comm. Delia Becker, 

Cortez Island Shellfish Growers Co-operative, pers. comm.). The scale of the salmon 

farming loses is illustrated in Table I.

As described by Sraayda (1998) the vegetative Heterosigma cell that forms blooms 

is small and s%htly laterally compressed (10-25 pm long and 8-15 pm in breadth) varying 

in shape between spheroid to oblong. It has two flagella inserted in a shallow lateral 

grove: a rapid beating anterior fiagellum provides the motile force; an shorter rigid 

flagellum trails posteriorly. It can have between 4 and 95 small yellow to brown discoid 

chloroplasts and has no cell wall.

Heterosigma akashiwo taxonomy has been confused by its close 

resemblance to Olisthodiscus luteus which was first described from brackish waters(Carter 

1937). Some authors consider the strong flattening of O. luteus an adaptation to 

interstitial microhabitats and that pelagic blooms are caused by Heterosigma (Larsen and 

Moestrup 1989, Smayda 1998). Reviews of the taxomony of the species can be found



Table I. Major financial losses in British Columbia salmon farming caused by barmfal algal 

blooms between 1986 and 1997. (J.N.C. Whyte, pers. comm)

Year Estimated Loss 

($000,000)

Algal Species Responsible

1986 2.5 Heterosigma

1987 3.0 Chaetoceros sp.

1988 4.0 Heterosigma & 

Chaetoceros sp.

1989 4.0 Heterosigma

1990 4.0 Heterosigma

1991 1.5 Heterosigma

1997 10-20 Heterosigma



in Hulburt (1965), Loeblich and Fine (1977), Hara and Chihara (1987), Taylor (1992) and 

Throndsen (1996). Heterosigma akashiwo has also been known as: Entomosigma 

akashiwo Hada; Heterosigma inlandica (Hada) (Hada 1968); Heterosigma carterae 

(Taylor 1992) and Micro flagellate X (Gowen 1987). The designation of Heterosigma 

akashiwo made by Hara and Chihara in 1987 will be used throughout this document.

Some authors Heterosigma is considered to be one of the most representative of 

toxic flagellate bloom species (Khan et al. 1997). This species and associated fisheries 

losses are not limited to British Columbia. The species has been reported in the waters of 

New Zealand (Boustead et al. 1989,Taylor 1990), Australia (Smayda 1998), Thailand 

(Lirdwitayaprasit et al. 1996), Singapore (Taylor 1990), Taiwan (Shen and Chaing 1971), 

China (Tseng et al. 1993), Korea (Park 1991), Japan (Hara and Chaing 1987, Honjo 

1978), Kamchatka Islands (Konovalova 1995), British Columbia (Black 1991), 

Washington (Rensel et al. 1989), California (Lackey and Clendenning 1965), Peru (Rojas 

de Mendiola 1979), Chile (Taylor 1990), Florida (Tomas 1998),Massachussetts (Tomas 

1980), New York (Mahoney and McLaughlin 1977), Bermuda (Tomas 1980), Faroe 

Islands (ICES 1991, Larsen and Moestrup 1989), Ireland (ICES 1991), Scotland (Gowen 

1987), Norway(Throndsen 1969), Belgium (Conrad and Kufferath 1954, Honjo 1993), 

England (Careter 1937, Lackey and Lackey 1963), France (IFREMER 1994), Spain 

(Bravo et al. 1995), Portugal (IFREMER 1994, Sampayo and Moita 1984), The Adriatic 

Sea ( Marasovic and Pucher-Petkovic 1985), and Namibia (Smayda 1998). Most of these 

records are of the presence of Heterosigma akashiwo as algal blooms.

Blooms of this species along with fisheries losses are common in B.C. (Table I) 

and the literature is extensive, amounting to approximately 350 papers (Smayda 1998).



Even with such a large information base, prediction of the occurrence of toxic 

Heterosigma blooms is difficult (J.N.C. Whyte, Fisheries and Oceans Canada, pers. comm, 

and F.J.R Taylor, University of British Columbia, pers. comm.) and there is a lack of 

information on conditions both in nature and in culture which lead to the production of 

toxins.

The life cycle of Heterosigma akashiwo has two benthic resting stages : a non- 

motile resting stage agglutinated into plasmodial masses of large numbers encapsulated by 

mucilage (Tomas 1978b) and resting cysts (Imai et al. 1993). The cysts tolerate low 

sediment oxygen concentrations and high sulfide levels (Montani et al. 1995). They are 

capable of dark survival for at least eight months at 11 °C. Cysts attain their highest 

germination rates at temperatures above 14 °C. Vegetative cells range from spheroid to 

ovoid to oblong (Hara and Chihara 1987) with measured cellular division rates varying 

between .88 and 5 day ' (Langdon 1986, Honjo and Tabatta 1985). Vegetative cells can 

undergo diel vertical migration characterized by daytime ascent and nighttime descent 

(Hatano et al. 1983, Wada et al. 1985, 1987, Watanabe et al. 1988, MacKenzie 1991). 

Use of this feature to access nutrients below a pycnocline is aided by the ability of cells to 

swim through significant changes in temperature and salinity; cells can traverse changes of

6.5 °C and 5.7 ppt encountered in pycnoclines. The nutrient status of cells influences 

vertical migration. For example, nitrogen depleted cells cease vertical migration (Hatano 

et al. 1983, Takahashi and Fukazawa 1982, Takahashi and Dcawa 1987, Yamochi and Abe 

1984).



Studies of how blooms of this species terminate are inadequate. There have been 

studies on the possible role of predation and viruses in ending H. akashiwo blooms. These 

studies however, have been done without reference to the potential toxicity of the alga. 

The formation of cysts might also play a role in ending blooms. Though cysts have been 

described both in nature and in cultured populations little has been done to examine 

environmental signals which initiate cyst formation. The underlying and untested 

assumption is that the primary environmental signal for cyst formation is lack of nutrients.

Many of the blooms recorded in Table I occurred within or in waters adjacent to 

the Strait of Georgia (J.N.C. Whyte pers. comm.). The biological and physical 

oceanography of this water body has been the subject of numerous studies, which have 

been compiled in a number of reviews (Harrison et al. 1983, LeBlond 1983, Thomson 

1981, Waldichuck 1957). In summary, the strait can be viewed as a coastal basin with 

tributary inlets and restricted flow from the Pacific Ocean over shallow narrow sills at its 

northern and southern extremes. There are six well-developed inlets contiguous with the 

strait: In the southern part these are Saanich, Burrard, and Jervis Inlets, and Howe Sound; 

and in the northern part. Desolation and Pendrell Sounds, and Bute Inlet. These vary in 

the amount of runoff they receive but all are positive estuaries with seaward flow at the 

sur6ce and inflow at depth.

The structure and circulation of the southern part of the basin is strongly affected 

by the discharge of the Fraser River, particularly during the summer when it receives the



snow and glacier melt from the interior of British Columbia. The discharge from the 

Fraser can contribute up to 80% of the freshwater input to the strait. Most years the 

central body of the strait is strongly stratified with seasonal low concentrations of nitrate 

and phosphate, as well as the highest surfece water temperatures occurring during the 

summer. A frontal zone often forms in front of the river and some of the highest 

phytoplankton biomass and productivity in the strait are found there.

Currents in the strait are affected by mixed semidiurnal tides entering from the 

north and south (Thomson 1981). This results in a generally counter-clockwise circulation 

pattern with the strongest currents along the mainland shore. There is also a minor 

southern counter-clockwise gyre occupying most of the basin south of Texada Island.

Much of the impact of Georgia Strait blooms of Heterosigma akashiwo is 

witnessed by salmon fermers in the mouth of Jervis Inlet and Agamemnon Channel in the 

summer and early fell months (Black 1986, 1987,1988, 1990a, 1990b, 1991, 1994). This 

area is at the north-eastern edge of the southern gyre and near the southern end of Texada 

Island.

Little work has been done on the physical oceanography of this sub-area of the 

strait. Jervis Inlet extends 85 km inland, is deep (approximately 600 meters) and has a 

deep sill (280 meters) at its mouth. The mouth of the inlet starts at Malaspina Strait 

behind Texada Island and runs approximate^ 28 km east before the main body of the inlet 

turns north. The oceanography of the mouth of Jervis inlet is complicated by three



tributary waters that empty into it. On the north side, 18 km from the strait, is Hotham 

Sound a broad, unsilled basin 5 km wide at its mouth extending 15 km miles to the north. 

On the south side, 20 km from the strait, two water bodies empty into Jervis Inlet. From 

the southeast waters flowing over a very shallow (14 m) sill are from the Sechelt Inlet 

system. This system is composed of approximately 68 km of waterways which include 

Sechelt inlet (30 km) and two tributary inlets, Salmon (23 km long) and Narrows Inlet (15 

km long). Entering Jervis Inlet from the southwest are the waters of Aggamemnon 

Channel The channel’s southern terminus is in Malaspina Strait at the south end of 

Texada Island approximately 15 km south of the entrance to Jervis Inlet.

Lazier (1963) documented the structure and flow of waters in Jervis Inlet. The 

structure of the water column in the mouth of the inlet does not appear to be significantly 

affected by waters entering from any of these tributary systems. The Inlet has an estuarine 

circulation pattern with a thin surface layer of water moving to the strait driven by 

freshwater from land drainage and precipitation. As this low salinity surface layer flows 

seaward it entrains saltwater from below it causing a subsurfece inflow of waters. An 

estuarine circulation is caused and controlled by the amount of surface runoff. Because the 

surfece runoff in Jervis Inlet is relatively small, other fectors such as changes in 

meteorological and oceanographic conditions will produce flows that overwhelm the 

forces driving the estuarine circulation pattern.

Lazier’s data suggest that the estuarine circulation persists in Jervis Inlet from May 

to at least July. Between July and October, the strength of that circulation pattern
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decreases dramatically as the amount of freshwater entering the system decreases. Surfece 

salinities increase at all sampling stations up to the head of the inlet. However, of 

particular interest is that the low salinity surfece layer is deeper and lower in salt content at 

the head and mouth of the inlet than at mid-inlet. Further, the salinity at the mouth of the 

inlet is lower than that at the head of the inlet. This would appear to be the result of the 

low salinity plume from the Fraser River spreading over the surfece of the Strait of 

Georgia and entering the mouth of Jervis Inlet. Lazier (1963) hypothesizes that the waters 

leaving the inlet do so at depths below 50 m at this time of year.

His analysis suggests that during July, outflow of waters from Jervis Inlet occur 

below a surfece layer. This is because the cooler, low salinity of the glacier-fed waters of 

the inlet are denser than the warm, low density surfece waters of the strait. The depth of 

the summer outflow layer may be as much as 50 meters in July. By October the density of 

the surfece waters has risen sufficiently that there is a net outflow of surface water from 

Jervis Inlet.

As many of the toxic blooms of this species occur in the late summer ( Black 1987, 

1988, 90b, 91, and Rensel 1989) the relation of the physical and biological oceanography 

of the Strait o f Georgia to the occurrence of toxic algal blooms in the Jervis 

Inlet/Agamemnon Channel area is central to our understanding of the development of 

toxic Heterosigma akashhvo blooms in this area. To understand the linkage between the 

oceanography of the area that engenders the blooms and the development of toxicity 

which is so commonly witnessed by salmon formers we must understand, in the context of
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the environment in which a bloom develops, what benefits the individual ceils might 

derive. Our best hope for achieving this is to describe the occurrence of toxic blooms in 

their natural environment from their beginning to their demise, then to examine the 

mechanism of toxin production in the controlled environment of the laboratory. E.B. 

Wilson’s assertion that “The key to every biological problem must finally be sought in the 

cell” (Cembella 1998) does, for toxic blooms, clearly show where we will find the 

“keystone” knowledge for understanding this phenomenon.



12

2.0 Methods For Studies of Wild Populations

2.1 Sampling Stations

Location of areas sampled or discussed in the text are shown in Figure 1. 

Samples used to document temporal and spatial occurrences of Heterosigma akashiwo 

were obtained from fifteen sites along the coast of British Columbia during 1989 (Figure 

2). These samples were from several depths between 0 and 5 m and are used only to 

indicate presence or absence of H. akashiwo at certain times of the year (Table II).

The visual extent of discoloured waters associated with the September 1989 

bloom (Figure 3) was derived from two sources: observations from a low level (under 300 

m) aircraft reconnaissance of the lower Strait of Georgia flown September 9; and reports 

from salmon fermers in the United States for the period of September 7 to 15.

Samples for interpreting the progression of the bloom on the Sunshine Coast 

(August 28 to October 5) were taken from three sets of stations: five stations in a transect 

firom Malaspina Strait up Agamemnon Channel to Jervis Inlet (Figure 4) were sampled 

once at the beginning of the bloom and were used to determine whether or not there was a 

pattern in the changes in surfece concentration of H. akashiwo along the transect: two 

stations in Agamemnon Channel and Jervis Inlet, sampled daily, were used to determine 

temporal changes in algal concentrations (Figure 5); and, three stations in Malaspina 

Strait, Sechelt Inlet and Jervis Inlet were sampled four times (September 8, 12,19 and
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Figure I. Locations mentioned in the text.
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Figure 2. Location of sites used in the monthly sampling documented in data in Table H.
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Table II. Occurrence of Heterosigma akashiwo in 1989 plankton samples from the coast 
of British Columbia. (The designation 4/8 indicates that of 8 samples taken, 4 contained 
H. akashiwo)

SITE# APRIL MAY JUNE JULY AUG. SEPT. OCT,

Strait of Georgia
1 0/2 0/3 0/4 0/3 0/5
2 0/4 0/4 0/3 2/4 1/3 7/7 2/3
3 1/3 0/5 0/4 1/4 3/5 6/6 0/1
4 0/4 0/3 0/3 1/3 5/6 4/4 4/4
5 0/3 0/4 0/4 0/2 3/4 1/1 0/1
6 0/2 0/3 0/4 0/4 3/4 5/5 1/3
7 0/2 2/5 3/5 2/4 2/4
8 2/3 0/5 0/4
9 0/4 0/3 0/2 0/3 1/1 0/5
10 1/4 0/3 0/3 0/1 3/3 0/4
11 0/4 0/3 0/1 4/5 2/3
12 0/3 0/4 0/4 0/3 0/3 0/4 0/4

Total 4/32 0/40 0/40 6/30 26/42 27/43 9/25

Outside the Strait of Georgia
13 0/3 0/5 0/5 1/3 1/5 0/3
14 0/4 0/3 0/4 0/5 0/5 1/5 0/5
15 0/1 3/5 0/4

Total 0/4 0/6 0/9 0/10 1/8 4/15 0/12
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Figure 3. The spatial extent of discoloured waters associated with the bloom. Arrows 
indicate the aircraft's flight path. Shaded areas under the flight path indicate 
where the bloom was observed September 9, 1989. The shaded area extending 
from Point Roberts to Cypress Island shows is where salmon formers from the 
United States reported seeing the bloom between September 7 and September 
15, 1989.
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Figure 4. Locations used to determine the changing pattern of surfece concentrations of 
H. akashiwo in Malaspina Strait up Agamemnon Chaimel to Jervis Inlet.
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Figure 5. Locations in Agamemnon Channel and Jervis Inlet used to determine temporal 
changes in concentrations of Heterosigma akashiwo.
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October 5) and were used to determine the vertical distribution of H. akashiwo and the 

physical and chemical characteristics of the water column (Figure 6).

2.2 Phytoplankton Analysis

At each site Niskin sampling bottles were used to collect 500 ml of water 

which was preserved with 1% Lugo F s acid-iodine solution (Steedman 1978, Tregoubofif 

and Rose 1957). From each sample a subsample of 10 ml was settled for 6-12 hours and 

analysed by the Utermohl method (Steedman 1978, Utermohl 1958). The lesser of the 

entire contents of the settled column or 200 cells were enumerated.

2.3 Water Quality Analysis

A HydroLab Ltd., Surveyor II depth, temperature, salinity and oxygen meter 

was used to determine temperature, salinity and oxygen concentrations in the upper water 

column on September 7,8,12, 19 and October 5. Readings were initially take at 0, 3, 10, 

30 and 50 m. After establishing the depth of the pycnocline on September 7 and 8, a 

reading was thereafter taken from 15 meters rather than 50 meters. Phytoplankton samples 

were also taken at these depth.
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Figure 6. Locations in Agamemnon Channel, Jervis Inlet, and Sechelt Inlet used to 
determine vertical distribution of Heterosigma akashiwo and water column 
properties.
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Analytical methodologies described by McQuaker (1989) were used to 

determine concentrations of orthophosphate, ammonia, nitrite and nitrate.

Orthophosphate was determined by ascorbic acid reduction to create a blue colour whose 

colour intensity was then measured in a spectrophotometer at 885 nm. Ammonia 

concentrations were determined using the Berthelot reaction followed by colorimetry at 

630 nm. Nitrite analysis was performed using the diazontization technique followed by 

spectrophotometry at 520 nm. Nitrate analysis was performed by reducing all nitrate to 

nitrite then analyzing nitrate and correcting for pre-formed nitrate.

2.4 Fish Mortalities

During visits to sampling sites on September 7,8, 12, 19 and October 5 notes 

on penned fish behavior were made. After bloom termination formers were canvassed by 

phone to determine whether or not a pattern could be discerned fi'om the reported 

mortalities. They were asked when they first saw the bloom on their site, when they 

thought they first experienced losses, what portion of their stock was lost and did they 

notice any change in their fishes behaviour during the progression of the bloom. Not all 

formers were willing to discuss their losses but those that were provided an intriguing and 

generally consistent pattern.
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2.5 The 1996 Bloom

A bloom of H. akashiwo was seen July 27 1996 during a flight from Port Hardy on 

the northern end of Vancouver Island to Vancouver International Airport (Figure 7).

Four 100 ml samples of the water were obtained from a depth of 1 meter at the 

Department of Fisheries and Oceans dock in North Vancouver. One of the samples was 

preserved in 1% Lugol’s solution and the others were untreated to obtain live cells for 

later culture work. Cells in the fixed samples were enumerated using a model TA II 

Coulter Counter. Bioassays were carried out as in Black et ai. (1991). Filtered sea water 

for controls was obtained from the sea water system of the Department of Fisheries and 

Ocean’s laboratory in North Vancouver.

3.0 Results from Studies of Wild Populations

3.1 The Bloom of 1989

3.1.1 Seasonal and geographic distribution of Heterosigma akashiwo

This algal species is found throughout the waters of coastal British Columbia. 

H. akashiwo occurs both within and outside the Strait of Georgia mainly in August and 

September, though it does occur in some samples as early as April. It also appears to be a
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more frequent constituent of waters of the Strait o f Georgia and contiguous waterways 

than of the rest of the coastal waters.

Observation of the discoloured sur6ce waters of and contiguous to the Strait 

of Georgia, indicated that the 1989 bloom extended in a continuous band from off Point 

Roberts, across in front of Vancouver to Howe Sound (Figure 7). Discoloured water was 

also evident in Malaspina Strait, Agamemnon Channel, and Jervis Inlet on the east side of 

the Strait of Georgia and in the mouth of Saanich Inlet on the west side of the strait.

Puget Sound fish formers reported a streak of the bloom extending from the 

southern tip of Point Roberts to Cypress Island near the entrance to Puget Sound (Figure 

3). Mortalities of cultured salmon were reported at Cypress Island, and H. akashiwo was 

reported to have formed a monospecific bloom at that location.

3.1.2 Occurrence of Heterosigma akashiwo on the Sunshine Coast

In Agamemnon Channel there was a marked increase in abundance of H. 

akashiwo on August 30, 1998 (Figure 8) and cell concentrations was generally high over 

the next month varying between 100 and 10,000 cell/mL Three distinct increases were 

discernible starting August 30, September I, and September 15. Cell
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Figure 7. Spatial extent of discoloured waters associated with the 1996 bloom. The 
arrows represents the flight path of the plane. The area that had discoloured 
water associated with the Fraser River plume is shaded with horizontal bars. 
The discoloured waters associated with the bloom are stippled.
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Figure 8. Concentration of H. akashiwo ceils at 1 m depth in Agamemnon Channel (solid 
line) and Jervis Inlet (dashed line). Sampling locations are as shown in Figure 5.
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concentrations on ebb and flood tides were examined between September 4 and 27 (Figure 

9). Concentrations in flooding tidal waters were as high or higher than those on ebb tides 

on all days except Sept 6, 12, 13 and 25. Cell concentrations decreased approaching 

Jervis Inlet from Malaspina Strait on September 7 (Figure 101 In contrast to fluctuating 

concentrations in Agamemnon channel, cell concentrations in Jervis Inlet increased on 

September 7 and remained relatively constant until September 25, when concentrations in 

Agamemnon Channel started their final decline (Figure 8).

Vertical profiles of H. akashiwo concentrations show strong surface 

orientation at all stations during the blooms (Figure II). Gradually there is a decrease in 

surfece concentrations until October 5, when concentrations are low at all depths. Profiles 

of cell concentrations during the night of September 11 and the day of September 12 did 

not show any evidence of vertical migration of cells (Figure 12).

In 1989 phytoplankton sampling for this study stopped on October 5. A little 

over a week later, October 14, salmon forms at the confluence of Agamemnon Channel 

and Malaspina Strait reported surfoce waters to be again discoloured by algae. The bloom 

only lasted three or four days. While no quantification was available, samples taken by the 

farmers confirmed that it was another bloom of H. akashiwo.
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Figure 9. Concentration of H akashiwo at 1 m depth in Agamemnon Channel on the ebb 
(dashed line) and flood tide (solid line). Sampling locations are as shown on 
Figure 5.
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Figure 10. Concentrations of H. akashiwo in samples taken at 1 m depth in transect from 
Malaspina Strait, up Agamemnon Channel to Jervis Inlet on Sept. 7. Sampling 
locations are illustrated in Figure 4.
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Figure 11. Depth profile of H. akashhvo concentrations in: Malaspina Strait (top); Jervis 
Inlet (middle); and Sechelt Inlet (bottom).

Closed circles = September 7,
Open circles = September 8,
Asterisk = September 12,
Open triangles = September 19,
Closed triangles = October 5.
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Figure 12. September 11-12, day and night depth profiles o f H. akashhvo
concentrations in Jervis Inlet. Open circles represents samples taken 
during the night of September 11. Closed circles are samples from the 
day of September 12.
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3.1.3 Structure of the Water Column

The relative strength of stratification is illustrated in figure 13 and also in Tahle 

HI as buoyancy frequencies of waters at 30 m depth. Water columns (between the surface 

and 15 m) in Malaspina Strait, Jervis Inlet and Sechelt Inlet were strongly stratified on 

September 7, 8 and 12. Stratification weakened between September 19 and October 5. 

During September stratification was stronger in the waters of Malaspina Strait and Jervis 

Inlet. At the end of the bloom on October 5, the surfece waters of Jervis inlet were more 

strongly stratified than either the waters of Malaspina Strait or Sechelt Inlet. Over all in 

this period the decline in the strength of stratification was most pronounced in the waters 

of Malaspina Strait and Sechelt Inlet, and least in Jervis Inlet. Salinities (Figure 14) at all 

stations ranged from approximately 25 to 26 ppt on September 7-8 when blooms began. 

Surfece waters at the end of the bloom, October 5, were more saline (approximately 28 to

29.5 ppt).

Sea surfece temperatures at all locations were above 16 “C as blooms started 

(Figure 14). Jervis Inlet water was approximately one degree warmer than in those of 

Sechelt Inlet, and almost two degrees warmer than in those of Malaspina Strait. At the 

end of the bloom, surfece temperatures in Malaspina Strait had dropped to approximately 

12 “C, while those in Sechelt Inlet were approximately one degree warmer. Water 

tençeratures decresaed most rapidly in Jervis Inlet, and slowest in Sechelt Inlet.
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Figure 13. Depth profiles of water density in: Malaspina Strait (top); Jervis Inlet (middle); 
and Sechelt Inlet (bottom).

Closed circles = September 7,
Open circles = September 8,
Asterisk = September 12,
Open triangles = September 19,
Closed triangles = October 5.
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Table ni. Water column buoyancy

Buoyancy Fequency of Water '
Between 0 and 30 m (cm/sec * 10'*)

Malaspina S t Jervis Inlet Sechelt Inlet
September 6 2.862 3.053 2.443
September 7 2.788 3.110 2.312
September 11 2.730 3.157 2.304
September 18 1.980 2.477 2.159
October 4 1.500 2.122 1.291
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Figure 14. Salinity and temperature profiles of the water column during the bloom.
Malaspina Strait (top); Jervis Inlet (middle); and Sechelt Inlet (bottom).

Closed circles = September 7,
Open circles = September 8,
Asterisk = September 12,
Open triangles = September 19,
Closed triangles = October 5.
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3.1.4 Dissolved Inorganic Nitrogen (DIN)

Dissolved inorganic nitrogen is often separated into a new component (NOz'zNOsl 

and a recycled component (NH»"). Generally the new DEN component was less abundant 

than NHi* in Jervis and Sechelt Inlets at depths between the sea surfece and 50 m (Figure 

15). New nitrogen was undetectable in surface waters of all three water bodies on 

September 8 and the nutricline was between 1 and 3 m in Malaspina Strait. In contrast, 

the nutricline began at greater depth, between 3 and 30 m, in Jervis and Sechelt 

Inlets. Over the life of the bloom the position of the nutricline gradually shoaled such that 

by the end of the bloom significant levels of new N were found in tte  surfece waters of all 

tested areas.

In contrast, re-cycled NH** was generally much more abundant in Jervis and 

Sechelt Inlets but not in Mapaspina Strait (Figure 15). However, on September 12, 

concentrations of NHt’-N in all samples taken in the two inlets was low, ranging between 

0.005 and .0026 pM. Malaspina Strait values ranged between 0.01 and 0.03 pM at all 

depths and times. No pronounced nutricline was apparent for this nutrient.

3.1.5 Orthophospate Levels

The distribution of orthophosphate levels at all sites on September 8 demonstrate 

the presence of a marked nutricline. In Malaspina Strait the nutricline began at depths 

between 1 and 3 m, vfeereas in Jervis and Sechelt Inlets it began at 10 m (Figure 16).
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Figure 15. Depth profiles of the concentration of ammonia, and combined nitrite-nitrate 
in: Malaspina Strait (top); Jervis Inlet (middle); and Sechelt Inlet (bottom).

Closed circles = September 7,
Open circles = September 8,
Asterisk = September 12,
Open triangles = September 19,
Closed triangles = October 5.
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Lowest sur&ce values occurred on September 19 and in all three water bodies. These 

varied between .003 to .008 pM. Generally the depth and strength of this nutricline 

decreased through the bloom.

3.1.6 The Balance of Nitrogen and Phosphorus

Interpretation ofN:P ratios is complex. It requires not merely the N:P ratios in 

the water but some knowledge of the range of N:P ratios in the alga in question. Data 

from Lirdwitayaprasit et al. (1996) demonstrate the most extreme value (3.14) of the 

ratio of cellular N and P in //. akashiwo available in the literature. Based on that value, 

the surfece waters of Malaspina Strait on September 8 and 12 lack adequate N (Figure 

17). In contrast, deep waters on those dates and all depths on September 19 and October 

5 lack adequate P. Surfece waters of Jervis Inlet and Sechelt Inlet had sufficient N on 

September 8 but by September 12 it was reduced to insufficient levels. It then recovered 

to a surplus N status for the remainder of the bloom.

3.1.7 Oxygen Profiles

Oxygen saturation under conditions foimd in the inlet were generally between 9 

and 10 mg/L Concentrations in surfece waters were high at all stations (figure 18), 

varying between 9.8 and 13.5 mg. In deep waters, oxygen levels varied between 5.1 and

6.7 mg/1 with oxygen at 10 m (the depth of the bottom of fish cages in the area was 10-15 

m) varymg between 6.1 and 8.75 mg/L
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Figure 16. Depth profiles of the concentration of orthophosphate during the bloom in: 
Malaspina Strait (top); Jervis Inlet (middle); Sechelt Inlet (bottom).

Closed circles = September 7,
Open circles = September 8,
Asterisk =September 12,
Open triangles = September 19,
Closed triangles = October 5.
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Figure 17. Depth profiles of the ratio of molar concentrations of dissolved inorganic 
nitrogen (N) to orthophosphate (P) in: Malaspina Strait(top); Jervis 
Inlet(middle); and Sechelt Inlet (bottom).

Solid circles = September 7,
Open circles = September 8,
Asterisk = September 12,
Open triangles = September 19,
Closed triangles = October 5.

The dashed vertical line represents the extreme of N:P ratios in H. 
akashiwo found in the literature.
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Figure 18. Depth profiles o f oxygen concentrations during the bloom in: Malaspina Strait 
(top); Jervis Inlet (middle); and Sechelt Inlet (bottom).

Closed circles = September 7,
Open circles = September 8,
Asterisk = September 12,
Open triangles = September 19,
Closed Triangles = October 5.
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3.1.8 Observations on cultured salmon ids

Fish 6 rmers in Agamemnon Channel and Jervis Inlet first noticed a change in 

colour of the local waters on August 28. The first fish mortalities were observed 

September 1 with losses being noted for approximately two weeks thereafter at various 

6 rms in Secheh and Jervis Inlets.

Under normal operating conditions there is always some surfece activity of fish 

in cages, which can be heard and seen at a distance of lO’s of meters from the cage. Once 

the bloom entered the cage, surfece activity ceased. Cage-cultured fish also tend to rise to 

the surfece in anticipation of feeding when they detect activity on the floats supporting 

their cages. This occurred even in the presence of the red water. Farmers realizing that 

the bloom was densest near the surfece minimized such behavior by ceasing to feed the 

fish and staying off the floats as much as possible. Some attempted to harvest stock 

before significant mortalities occurred.

Mortalities were detected m two ways. Some formers had a net stretched tight 

across a stiff circular fi-ame placed on the bottom of the cage. This “mort-ring” was then 

occasionally brought to the surfece to determine if mortalities had occurred. Other 

formers sent divers down once or twice per week to visually estimate the level of 

mortalities.
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During the last week of the bloom and in spite o f continued discolouration of 

the water, a number of fermers reported seeing their fish swimming at the surfece of the 

cage throughout most of the daylight hours. The author observed the same phenomenon 

at sites in Agamemnon Channel. This occurred even when there was no activity on the 

cage systems. The fish did not appear to be in any distress despite the continuing presence 

of H. akashhvo in high densities.

The depth and perhaps the size of fish appeared to afiFect mortality rates 

experienced by the salmon fermers. Most sites had net cages that were 10 m deep. 

However, two sites in Agamemnon Channel had Chinook salmon of comparable size 

(approximately 1200 gm per fish) maintained in cages that were 10 m and 12 m deep. At 

one site two 12 m nets containing 1200 gm chinook had mortality rates of 73.8 and 75.7 

percent. Seven 10 m cages of the same sized fish had mortalities of 1.2, 1.1, 1.8. 1.5, 2.4,

2.1 and 1.6 percent. At a second site six 10 m deep cages had fish mortality rates of 64, 

21, 19, 35, 40, and 38 percent (mean of 36%) while in another six 12 m deep nets fish had 

mortalities of 2.1,2.4, 3.9,2.2, 1.9, and 1.1 percent (mean of 2.3%). These cages 

contained chinook salmon approximately 1200 gm in size. Two other deep cages at this 

site contained chinook broodstock generally greater than 7.0 kg in size. These two deep 

nets had fish with mortality rates of 6 .6 , and 5.8 percent. The size dependent mortality 

appeared to be confirmed at two other sites in Agamemnon ChanneL One fermer stated 

that most of his pens (number and depth not revealed) lost approximately 10% of the fish 

but broodstock pens lost 30%. Another fermer claimed 1+ year old fish suffered 30% 

mortality while 100% of brood stock was lost. Other fermers qualitative^ reported that
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large fish appeared to succumb more rapidly to the bloom. One ferm located near a sill in 

Agamemnon Channel had no apparent relationship between fish size and mortality rates.

3.2 Bloom of Juty 1996

The flight path of the airplane fi’om which the 1996 bloom was spotted, ran 

along the eastern coast of the Strait of Georgia, over Malaspina Strait across the mouth of 

Howe Sound into Vancouver. There were no clouds under the aircraft and no evidence of 

a bloom was seen in the northern portion of Georgia Strait or in Malaspina Strait. 

However, from the southern end of the Sunshine Coast across the mouth of Howe Sound 

and into Vancouver there was a broad band of brick red discolouration typical of a H. 

akashiwo bloom (a deep brown-red color) which grew more intense closer to shore 

(Figure 7). It was possible to see the seaward edge clearly. The northern extent of the 

bloom was in the clear waters of the Georgia Strait. As the extent of the bloom crossed 

the mouth of Howe Sound, the bloom appeared to overlay the light tan coloured plume 

waters of the Fraser River, and continue into the northern boundary of Vancouver 

Harbour. Observations fi’om the shore suggested the bloom extended along the shore of 

North Vancouver to within a couple of kilometers of the Lions Gate Bridge.

Water temperature at a depth of 1 m was 19 °C and salinity was 24 ppt. 

Examination of sea water samples by microscopy confirmed that vegetative K  akashiwo 

cells were alive and motile at the start of the bioassay. Within two hours all cells in the 

sample had formed resting stages. Another examination of cells sampled directly firom the



6 2

bloom determined these continued to be active vegetative cells. Counts of preserved cells 

gave concentrations o f432,100, 379,900, and 512,300 (mean of431,300) cells per ml.

Mollies {Pocelus mexicana) and rainbow trout {Oncorhynchus mykiss) were 

used as bioassay agents to test the cells for toxicity (Black et al. 1991). The mollies used 

in the control container were 1.123,0.646,0.597, 0.440 and 0.435 gm (mean of .649 gm) 

in size. The sizes of the fish in the treatment were 1.006, 0.888, 0.669,0.483, and 0.339 

gm (mean 0.677 gm). The rainbow trout control fish were 61.9, 59.7,51.8,51.1, and

48.3 gm (mean of 54.5 gm) in size while the rainbow trout in the treatment container were 

70.4, 65.4, 60.3, 57.0, and 45.2 gm (mean 59.7 gm) in size. None of the control or 

treatment fish died during the three hours of the bioassay. Wild fish of the species 

Gasterosteus aculeatus (three-spined stickleback) and Cymatogaster agregatta (shiner sea 

perch) were seen swimming in the surfece waters near the experimental containers during 

the bioassay

4.0 Discussion of the Dynamics of Wild Populations

Population growth and toxicity in an algal bloom are not necessarily linked 

phenomena. Population growth can be constrained by any one of a number of fectors 

including: light, temperature, predation, nutrients, hydrographic processes (turbulent 

mixing), and other fectors. It is therefore not surprising that populations of potentially 

toxic algal species reach maximum density without detectable toxicity. When growth is
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linked to toxicity, toxin ejqiression appears to be mediated by the nutritional condition of 

the alga.

Any linkage between changes in available nutrients and the expression of toxicity 

must include a time lag. Uptake of nutrients, their incorporation into structural 

components of the cell, and the cells subsequent division occur sequentially, each 

requiring some time for completion. Watanabe e/a/. 1982 showed that it can take as 

much as four days for H. akashiwo to sequester its cellular quota of nitrogen.

Transformation of nutrients into cellular components is not a continuous process. 

In species which use vertical migration as part of their life history strategy, such as H. 

akashiwo, protein and carbohydrate synthesis are temporally separated. Protein synthesis 

occurs during the night when the cell is at depth while carbohydrate synthesis occurs 

during the day in the light-rich surfece waters (Figueras and Fraga 1990, Figueras and 

Rios 1993, Watanabe et al. 1990).

Many algae, including H. akashiwo (Satoh and Fujii 1989, Takahashi and Hara 

1989), engage in synchronous division, which occurs during the dark period subsequent to 

nutrient uptake. As a result, numerical e:q)ression of the nutritional experience of cells 

necessarily has a lag of about 24 hours before it can be expressed as an increase in cell 

numbers. Confirmation of the lag phenomenon is presented by Watanabe et al. (1982) 

who noted that cell division continues for more than a day after minimum concentrations 

of nitrogen and phosphorus occur in the culture media.
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During the lag between nutrient uptake and numerical egression, flagellated ceUs 

can experience changes in water quality as their motility permits them to remain at the sea 

surfece in spite of the replacement of their natal waters by down or upwelling currents. 

Therefore to understand the role of nutrition to a toxic bloom in nature, the nutritional 

experience of the alga before the expression of toxicity must be understood.

4.1 Origins of the Seed Population

First mortalities of caged fish on the Sunshine Coast (Agamemnon Channel, Jervis 

and Secheft Inlets) occurred at or about the same time the abundance of H. akashhvo 

increased in that area. To understand the derivation of toxicity, it is necessary to examine 

the life of the cells prior to their arrival on the Sunshine Coast.

Yamochi (1984) showed the life cycle of H. akashhvo beginning in the winter with 

most of the cells dormant as resting stages in bottom sediments. In the spring, when 

waters warmed the sediments to 10 “C or more, the resting stages begin excyst and the 

newly-produced vegetative cells migrate to the sea surfece. Tomas (1980b), examining H. 

akashhvo in Narragansett Bay found that temperatures below 10 °C discouraged effective 

excystment. Yamochi (1984) showed that Japanese populations reached maximum  

excystment rates when sediment temperatures reached approximately 16 “C.
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In British Columbia, only shallow sediments are likely to reach these temperatures 

as most deep waters of the open coast and the Strait of Georgia never reach 10 °C (lOS 

1989, Waldichuck 1957). Even in shallow areas, the overlying waters heat the sediments 

to maximum excystment rates for only a short period each year. Coastal surface waters of 

the Pacific coast of British Columbia generally vary between 10 and 15 “C in July or 

August (108 1989). The exception to this is the surfece waters in the Strait of Georgia 

which are much warmer and can reach temperatures as high as 20 °C in the summer. 

Surfece temperatures of 10 °C are observed in surfece waters of the Strait in April or May, 

and temperatures of 16 “C are sometimes measured between June and August (IDS 1989).

The appearance of H. akashiwo in British Columbia waters generally conform to 

the pattern described by Yamochi (1984) where H. akashiwo was found in the water 

column as early as April (Table II). Haigh (1988) foimd H. akashiwo in the northern 

Strait of Georgia as early as March. However, in neither study was the species common 

or abundant at this time of year. In Narragansett Bay, populations start to increase in May 

when surfece waters are about 10 °C, and increase to maximum abundance in June when 

water temperatures are approximately 15 “C (Tomas 1980b).

At Spanish Banks in Vancouver Harbour, Taylor and Haigh (1993) showed that in 

1989,1990 and 1991, Heterosigma increased its abundance dramatically at the end of 

May or beginning of June, just after the surfece water temperature rose above 15 °C.

They also showed that subsequent to excystment in Vancouver Harbour, concentrations of
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H. akashiwo spread up the east side of the Strait of Georgia before spreading to the 

western side of the Strait.

Broad geographic sampling (Figure 2) indicated that H. akashiwo occurred in the 

Strait of Georgia in April 1989 (Table 11). The excystment documented by Taylor and 

Haigh (1993) in the same year occurred in June, and could not account for that April 

pulse. The data in Haigh (1988) suggest another possible source of H. akashiwo in the 

Strait of Georgia. In April of 1989 the only large concentration of this species in the 

northern Strait occurred northeast of Savory Island. This beaches of this island may be 

the source of an excystment event that was responsible the early record of H. akashiwo in 

the strait in 1989. Savory Island (Figure 1) has a shallow, wide and 7 km long, muddy 

beach would be well suited to act as a source bed for H. akashiwo.

However, it appears likely that the source of cells for the toxic bloom on the 

Sunshine Coast in September 1989 originated in the area of Vancouver Harbour. Sur&ce 

currents generally supply water to the area in front of Agamemnon Channel and Jervis 

Inlet from the waters off Vancouver Habour (Waldichuck 1957). The bloom first 

occurred in Agamemnon Channel to the south of Hardy Island and during less than one 

week, it appeared in Jervis Inlet to the north of the Island (Figure 3). Cell concentration 

decreased moving from the Strait of Georgia up Agamemnon Channel (Figure 4 & 5). 

Throughout the bloom event, flood tides in Agamemnon Channel tended to have higher 

cell concentrations than ebb tides (Figure 6). The bloom on the Sunshine Coast
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terminated in early October when concentrations of H. akashiwo declined in Vancouver 

Harbour (Taylor and Haigh 1993).

4.2 Population Growth and Maintenance.

Waldichuck (1957) described many of the features of the oceanography of the 

Strait of Georgia salient to a discussion of the environment in which the 1989 bloom of H. 

akashiwo developed. Surface waters of the Strait south of Texada Island are dominated 

by the Fraser River plume, which is a major source of nutrients and adds buoyancy to the 

water column in this part of the Strait. Stratification inhibits mixing and convection 

between surface waters and deeper, nutrient-rich waters. During the bloom on the 

Sunshine Coast, the distribution of H. akashiwo was heavily focused in the upper part of 

the top layer of water. Most of the algae were in the top three meters of the water column 

with the highest density of algae at the surface (Figure 11 ).

Before discussing population growth of this species in the Strait of Georgia, the 

nutrient resources of the Strait and the alga’s ability to access those nutrients needs to be 

addressed.

4.2.1 Nutrients
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Associated with the isolation of the surface waters is a gradual decline in nutrients 

as the summer progresses. Harrison et a l (1983), in reviewing data nutrient availability in 

the Strait of Georgia, showed that nitrate levels in the winter surface waters were similar 

to those found in the deep waters of the Strait (about 25 pM). For most of the rest of the 

year nitrogenous nutrients were above levels limiting to algal growth, except for a short 

period at the end of summer when nitrogen may be limiting.

Ammonium ion is the preferred source of nitrogen for most phytoplankton because 

it is the form of inorganic nitrogen which has the least energetic cost for take-up and 

assimilation. It is generated as a product of the protein catabolism by zooplankton and 

excreted in the surface waters.

At the onset of the bloom on the Sunshine Coast at the site of the surface station in 

Malaspina Strait (Figure 3), and presumably in the southern Strait of Georgia, 

concentrations of NH»* could limit population growth rates (Figure 15) with total 

dissolved inorganic nitrogen concentrations below 0.2 pM from a depth of 30 m to the 

sea surfece. Most mid-latitude neritic phytoplankton are growth limited when sources of 

inorganic nitrogen or phosphorus drop below 0.4 to 2.0 pM (Eppley et a l 1969) and 

Tomas (1979c) demonstrated that H. akashiwo had a K* (the half-saturation constant for 

nutrient uptake) for of 2 pM.

In contrast to the generation ofNH,^ NO3 is created by bacterial nitrification of 

NOz. For phytoplankton to use NO3' (here after used to indicate the combined



69

concentration ofNOz'and NOs") they fece not only slower uptake but also higher 

energetic costs. Tomas (1979) also demonstrated that the K, for NOj' for H. akashiwo 

was also approximately 2 pM. Thus both NHj” and NO3 may have limited the growth of 

this species (Figure 15) in the Strait of Georgia prior to the transport of the bloom to 

Agamemnon Channel and Jervis Inlet.

The bloom originated in waters in which NH4* concentrations were very low, and 

the dominant source of inorganic nitrogen was NO}', in contrast to Jervis and Sechelt 

Inlets in which the dominant supply of nitrogen was in the form of NH»* at the beginning 

of the bloom (Figure 15).

Changes in nutrient levels indicated that as the algae entered Jervis Inlet (Figure 

15), and moved from there into Sechelt Inlet (Figure 15), they initially drew down the 

concentration of NH»* (September 8 to 12) to levels comparable to those in Malaspina 

Strait. At the same time, with the supply of NH»* depleted, levels of NO}' continued to 

decline in the surfece waters of the Strait.

As the bloom progressed, the relative amounts ofNH»*and NO}' in Jervis and 

Sechelt Inlets again shifted to a dominance of NH»*. Concentrations of NO}' in surfece 

waters did not change but the concentration of NH»* in surfece waters increased (Figure 

15) to levels closer (between 0.5 and 1.0 pM) to the value of K*.
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The cause of the increase in NH4* between September 12 and 19' is problematic. 

The underlying waters were not responsible for the increased level of NH»". Neither 

orthophosphate nor NO3 levels evidenced large changes until October 5 (Figure 15 & 16). 

Thus, changes in NH," cannot be the result of upwelling events resupplying NH," from the 

underlying sediments in the inlets. A reduction in the uptake by phytoplankton is unlikely 

to be the cause because the bloom is largely H. akashiwo, the concentration of which did 

not decrease to reduce the demand on the supply of NH,'.

The most likely origin of the increased NH," was a sudden increase in the 

abimdance of the heterotroph community following a decline in that community caused by 

the advent of the Heterosigma bloom. This alga is known to produce bioactive 

substances that kill fish (Black et ai. 1990, Kahn et al. 1997) and suppresses growth of 

bacteria (Tomas 1980b). There is evidence that the toxic bloom entering the Sunshine 

Coast was producing bioactive compounds, in that the appearance of the bloom coincided 

with mass fish mortalities. The toxin also may have initially had an antibacterial effect on 

the heterotrophic bacterial community in the waters of the Sunshine Coast. Antibacterial 

activity of phytoplankton is well known for diatoms (Aubert et al. 1968, Aubert and 

Gambarrotta 1972, Cooper and Battat 1983, Duff and Bruce 1966, Gauthier 1980, 

Gauthier et al. 1978, Kogure et al 1979, Oda et al. 1992, Viso et al. 1987), and 

flagellated phytoplankton (Austin and Day 1990, Austin et al. 1992, Burkholder et al. 

1960, Cooper and Battat 1983, Viso et al. 1987). The combination of reduced bacterial 

activity plus the increased demand for ammonia by concentrations of Haterosigma would 

then account for the initial decline in ammonia concentration in the sur&ce waters.
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The antibacterial activity may have been transitory. When fish first experienced 

the bloom, few fish remained near the surface and any fish which did was in obvious 

distress, having difficulty in maintaining equilibrium and making only sporadic swimming 

efforts. In the latter half of the bloom, fish behavior returned to normal with fish 

swimming continuously at the surface without any obvious signs of distress. This would 

imply that the effectiveness of bioactive substances produced by Heterosigma had declined 

or disappeared later in the progression of the bloom event. If at the same time 

antimicrobial effect disappeared, new heterotrophic activity on organisms killed by 

Heterosigma would result in a sudden increase in production of ammonia. This would 

increase concentrations of ammonia until the Nitrosomas/Nitrobacter community and 

simular NO3 producing bacteria increased in abundance in response to the elevated 

availability of ammonia. The consequence of this shift would be a repeated, though less 

dramatic, reduction in the abundance of ammonia while the abundance of nitrate would 

increase.

The dynamics of NOs' would be further affected by changes in the effectiveness of 

stratification in isolating surface waters firom the waters under them. When NH4* 

concentrations declined, the primary source of any increase in NO3 in the surface waters 

would be firom diffusion and localized mixing of deeper water with surfece waters. As the 

pycnocline decreased in intensity after September 12 such mixing events were more likely 

to occur, and with increasing fi’equency. This would also have added NO3 to the surface 

waters.
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While nitrogen is generally presumed to be a limiting nutrient in marine waters, 

orthophosphate also appears to be growth limiting in the waters examined. Tomas (1979) 

demonstrated that orthophosphate became a growth limiting factor at concentrations 

below 1-2 pM. All water samples taken during this study had orthophosphate 

concentrations less than 1.0 pM. Samples from 30 m or deeper had concentrations 

between 0.5 and 1.0 pM, surface samples ranged from 0.0 to 0.25 pM.

Orthophosphate concentrations in the surfece waters of Malaspina Strait declined 

from September 8 to September 19, then rebounded by October 5, as the pycnocline 

broke down and nutrient-rich deep waters move towards the surfece. The same general 

pattern occurred in the waters of Jervis and Sechelt Inlets.

With both N and P in concentrations low enough to be growth limiting, it may be 

important to try to determine which controls growth. The relative amounts of nutrients 

are believed to have a role in both biotoxin production (Boyer et al. 1987) and the 

selection of the dominant toxic algal species (Smayda 1990).

The classic way of evaluating the relative abundance of nutrients is to compare the 

ratio of the cell quota of various nutrients in the phytoplankton to the ratio of those 

nutrients in the environment. The Redfield ratio in part describes the ratio of nitrogen and 

phosphorus found generally in particulate matter in oceanic waters as 16:1 (Goldman et a l 

1979). This is commonly used as the set point from which to evaluate the relative
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abundance of these nutrients. Those same authors suggest that values for phytoplankton 

from 10:1 to 20:1 should be considered to conform to this ratio. There is data on the 

chemical composition of phytoplankton in both productive and unproductive waters to 

support this approach (Goldman er a/, 1979, Strickland e/a/. 1969 and Rheeand 

Gothman 1981).

The rational for translating these cellular nutrient ratios into an indicator of 

aqueous N or P limitation does have some weaknesses. Goldman et al. (1979) point out 

that it can be deceptive to evaluate nutrient levels in natural systems based on this 

criterion. In natural systems phosphorus is being recycled much fester than nitrogen. This 

implies that at values much higher than 15:1 nitrogen would still be the limiting nutrient. 

Goldman et al. (1979) used nutrient ratios of 50:1 or greater to indicate phosphorus 

limitation and ratios of 15:1 or less to indicate nitrogen limitation.

A further weakness of this approach however is that the original Redfield ratio 

appears to be based on nutrients stored in healthy cells (exponential growth phase) 

(Goldman 1979). Such an assumption may have value for some phytoplankton species 

even under conditions of nutrient limitation. However, luxury consumption of nutrients 

by species which vertically migrate could confound such analyses. It becomes very 

difBcult to determine what is a cell with a balanced proportion of nutrients. Cells in 

exponential growth could easily have accumulated much higher levels of phosphate than 

are required for “balanced” nutrient reserves. Thus there is a potential bias in the opposite
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direction to that implicit in the analysis of nutrient composition based solefy on the 

Redfield ratio.

For these reasons, rather than using the value of less than 15:1 to represent a 

nitrogen-limited environment, it is perhaps best to determine the most extreme N:P ratio in 

growth-limited N starved cells. Thus, N:P ratios markedly below this level may be 

indicative of growth limitation by nitrogen.

A number of authors have presented data on the N:P ratio within nutrient-limited 

H. akashhvo. Watanabe et al. (1982) found a ratio of about 15.2:1, which is close to the 

Redfield ratio. Others have determined relatively higher amounts of phosphorus in 

nutrient-limited cells. Data presented in Lirdwhayaprash et al. (1996) suggests that the 

ratio may be as low as 3.15:1 in nutrient-limited cells.

Examination of nitrogen to phosphorus ratios in the waters of the study area 

suggest that nutrient imbalance in the Strait of Georgia where the bloom originated, 

were more extreme (with nitrogen limiting) than in Jervis and Sechelt Inlets, though the 

advent of the bloom in these areas caused a temporary move to similar conditions. The 

N:P ratios in the waters of the Strait of Georgia were at all times below 1:1 (Figure 17). 

At the start of the bloom on the Sunshine Coast the ratio was below 0.1:1 and remained so 

until after September 12. In contrast, ratios in the waters of Jervis and Sechelt Inlets 

were above 1:1 on September 8 and only dropped below 0.1:1 on September 12 and 

thereafter were in excess of 1:1.
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In summary, while both nitrogen and phosphorus could limit growth of this 

species, nitrogen appears to be the more likely limiting factor based on its low 

concentration and the low N:P ratios in near surfece waters. Further, toxic cells may 

affect ambient concentrations of nitrogen not only through consumption but also through 

negative effects of toxins on the bacterial component of the plankton community.

4.2.2 Vertical Migration

To survive and grow in a nutrient-depleted environment, phytoplankton have 

evolved strategies which either improve nutrient uptake rates at low concentrations, or 

permit access to new sources of nutrients. One strategy is evidenced in the seasonal shift 

in species composition. During the spring transition fi-om an unstratified to a stratified 

water column structure, there is also a shift fi’om large non-motile diatoms to flagellated 

cells. Many flagellate phytoplankton have the advantage of luxury consumption and 

storage of nutrients plus the ability to migrate between nutrient-rich but light-limited 

waters beneath the pycnocline where they can obtain scarce nutrients and the light-rich but 

nutrient-depleted surfece waters where they process stored nutrients into useable cellular 

products.

H. akashiwo can migrate vertically (Yamochi and Abe 1984, Watanabe et al. 1988, 

MacKenzie 1991) and accumulate nutrients at depth in the dark and return to the surfece 

to photosyntheticaUy utilize those nutrients during the day (Watanabe e/a/. 1988). The



76

question then is, can this species migrate all the way to the depth at which nutrients 

become available?

Hershberger et a i (1997) suggested that the presence of a layer of freshwater 

overlaying more saline waters triggered cessation of vertical migration. In June, when the 

resting stages oïH. akashiwo excyst, the Strait of Georgia is well-stratified and the Fraser 

River is approaching its maximum freshet (Harrison et ai 1983). The probability that 

Heterosigma would encounter a freshwater layer in the Strait of Georgia would seem 

greatest at this time. No data was available to comment on the relevance of this to the 

1989 toxic bloom however, it was not till almost September that the toxic bloom was 

noted. As the Strait is well populated and had fish farms operating all around its’ periphery 

at that time (B.C. Ministry of Fisheries, Pers. comm.), it is unlikely a toxic bloom would 

have gone unnoticed for several months. If  as will be discussed later, lack of nutrients is 

integral to the development of a toxic bloom it must be said that it does not seem likely 

that it was critical to the development of this bloom.

An alternate explanation might reside in the development of stratification of the 

water column during the summer months. By the beginning of September the freshet is 

almost finished and the out-fiow volume of the Fraser is nearing its winter low. Between 

June and September surfece water temperatures generally increase and the depth of the 

pycnocline gradually increases to approximately 10 m depth (Waldichuck 1957). Data in 

this study show that at the time of the bloom on the Sunshine Coast in 1989 the 

pycnocline depth was between 5 and 10 m deep.
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Laboratory studies have shown that Heterosigma akashhvo can migrate in the 

water column at speeds of up to approximately 1 m/hr (Gaines and Taylor 1989, Satoh 

and Fujii 1989, Takahashi and Hara 1989). As migration is linked to light conditions 

experienced by cells (Takahashi and Hara 1989) the maximum depth it can achieve is 

limited by the length of dark hours. If we generously allow that there may be 10 hours of 

darkness during which the cells have to migrate down to a maximum depth and return to 

the euphotic zone, at the extreme the cells would be able to migrate through 

approximately 5 m of depth. Toxic blooms of this species occur in the Seto Inland Sea of 

Japan where stratification is typically between 5 and 10 m (Watanabe et al. 1989).

There is however, reason to believe that the 5 m depth limit is not an absolute limit 

to migration by this species. Maximum migration depths as deep as 10 m have been 

documented by MacKenzie (1991) during a bloom of//, akashhvo in New Zealand. In 

that study, sunset was at 20:42 hr. and sunrise was at 05:10 hr. The migration to the 

surface took 6.5 hours between 04:00 hr. and 10:30 hr. Migration rates documented in the 

laboratory can not account for such distances being covered in such a limited time.

Micro-currents within the stratified layer can potentially augment migration rates. 

As the sun sets, warm surfece waters cool fester than the waters underlying them due to 

evaporation and back radiation. With decreased temperature and consequent increase in 

density the water sinks and creates convection currents which might increase the rate of 

descent of H. akashhvo through the water column.
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To create such a current, the difference between the temperature in the cooled 

surface and warmer underlying water must be great enough to overcome any density 

gradient engendered by differences in salinity between the surface and deeper waters. 

MacKenzie’s (1991) data suggest that salinity differences were no more than 0.6 ppt, 

which would only require a cooling of just over 3 ”C to overcome the effect of salinity on 

density. Unfortunately, coincident temperature data were not obtained in that study. 

However, it is noteworthy that their data show that the salinity gradient present during 

daylight hours all but disappears during the night, suggesting microcurrent mixing 

occurred.

If the rate of descent is augmented, the rate of ascent may also require an increase 

for the migration to be completed within a comparable period. During the dark period, 

H. akashiwo is known to accumulate fatty particles (Wada et al. 1985, Hara et al. 1985, 

Wadaera/. 1987) composed principally of triacylglycerol (Wada e/a/. 1987). These 

fatty particles are assimilated during daylight. The development of these neutral fats in 

the cell would reduce its density and, as other authors have commented (Wada et al. 

1985, 1987), can be expected to facilitate upward vertical migration.

Migration however, is not a constant feature of this species. Lack of vertical 

migration was apparent in the 1989 bloom (figure 12) and its lack has previously been 

reported in the literature. Nagasaki et al. (1996) noted that vertical migration ceases as
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cells become smaller and Aizdaicher (1993) found migration ceased before cells formed 

resting cysts.

Some mechanisms which result in cessation of migration have been documented. 

Experiments have also shown that continuous dark will disrupt the migration pattern 

resulting in an even distribution of the cells throughout the water column (Hatano et al. 

1983, Takahashi and Hara 1989). Takahashi and Hara (1989) demonstrated that light 

levels required for initiation of the migratory pattern are approximately the same as those 

required for cell division (i.e. minimum compensatory light levels).

At the very high cell concentrations seen in blooms associated with fish mortality, 

there is considerable opportunity for self-shading by cells. Secchi disc readings during a 

number of these blooms have been less than 1 m (Mackenzie 1991, Black et al. 1991) 

suggesting a light compensation depth of approximately 2 m. However as the majority of 

the ceUs in the bloom under discussion are concentrated in the top 3 m, it seems unlikely 

that cells are light limited.

The effect of nutrients on migration is equally dramatic. Hatano et al. (1983) 

demonstrated that before cessation of population growth in nitrogen-limited cultures 

Heterosigma akashiwo stopped migrating. They also demonstrated that the time to re­

initiation of migration depends on how long the cells had endured nutrient limitation.

Cells that were nitrogen limited for 10 days could recover vertical migration the same day 

new nutrients were supplied. Cells that had been starved for 28 days required one day and
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cells that had been starved for 42 days required 4 days to reinitiate vertical migration. For 

the entire 27 days of this study (Figure 15) and presumably for some period before that 

bloom cells from the Strait of Georgia were nitrogen starved. Nitrogen limitation is 

therefore the likely cause of suppression of migratory behaviour of the bloom organism 

when it was in the Jervis Inlet/Agamemnon Channel area.

4.2.3 Population Growth in the Strait of Georgia

H. akashiwo may have been present for as much as 5 months prior to the 

appearance of the toxic form on the Sunshine Coast in 1989. It was first observed in 

April when it occurred in three widely separated locations in the Strait of Georgia. In 

May and June, the alga was absent from samples despite the fact that data from Taylor and 

Haigh ( 1993) clearly demonstrated that there was a supply of further excysting cells to 

enhance the populations in the Strait of Georgia during that period.

Cells reappeared in samples during July, and occurred in more than half the 

samples in August and September, and approximately a third of the samples in October. 

The toxicity of the population became apparent in the last few days of August.

This seasonal bimodal occurrence of H. akashiwo is a common feature of other 

populations of this alga. For example Tomas (1980b) found that H. akashiwo had a 

bimodal annual distribution of abundance in Narragansett Bay for most years of 17
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years. The initial peak of abundance was in May-June and the other in September- 

October.

In Narragansett Bay however, the initial peak of H. akashhvo can also occur in 

April-May. Tonaas( 1980b) suggested that the initial peak in abundance is driven by timing 

of excystment when nitrogen levels in surfece waters are limiting and phosphate is in the 

range of 0.5-1.0 pm. No information was given on the depth of the pycnocline, though 

surfece water temperature increased from this time until August, which suggests that the 

stratification remained, and the pycnocline deepened over this period.

Tomas (1980b) however, had difficulty in explaining the reason for the summer 

decline in abundance of H. akashhvo. In contrast to the situation in British Columbia, the 

summer decline in abundance of H. akashiwo in Narragansett Bay occurred during a 

period of increasing nutrient abundance (nitrate levels during this period reached 

approximately 6  pM and phosphorus attained its yearly maximum of 2-3 pM.). This co­

occurred with declining abundance of herbivorous zooplankton and increasing abundance 

of diatoms. During the summer decline of H. akashhvo in the Strait of Georgia, nutrient 

levels in the surfece waters declined and the pycnocline became progressively deeper. The 

fell peak in abundance oîH. akashhvo may represent the net outcome of continual cell 

division and release from predation associated with the development of toxicity.

The bioactivity/toxicity of H. akashiwo is one of the broadest seen among 

phytoplankton. It has been shown in laboratory studies to be effective against a wide
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spectrum of bacteria, fungi, and invertebrate species which might either compete for 

nutrients in the nutrient-depleted surface waters or prey upon cells (Table IV). Field 

studies confirm many of these observations. The late summer (October-November) peak 

of H. akashiwo is associated with the decline of Skeletonema costatum cell numbers and 

the decline of zooplankton biomass in Narragansett Bay (Tomas 1980b, Pratt 1966). 

Other field studies have shown that there is an inverse relation between the abundance of 

tintinnid species (Jintimopsis tubulosoides and Favella sp.) and the abundance o f H. 

akashiwo (Verity and Stoecker 1982).

In addition, H. akashiwo has been shown to be responsible for the mortality of a 

broad spectrum of fish species in culture. The only bioassay work done on naturally 

occurring blooms has demonstrated that cell counts of 200,000  to 800,000 cells/ml will 

kill all fish in a bioassay in time between 40 and 200 minutes (Black et al. 1991). But not 

all blooms o f H. akashiwo are necessarily toxic as demonstrated by the bioassay work 

done in the 1996 bloom in Vancouver (Figure 7). There, cell concentrations in excess of

400,000 cells/ml failed to kill any fish in over 210 minutes.

4,3 Bloom Termination

There are potentially both exogenous and endogenous causes of bloom 

termination. Exogenous mechanisms include a shift in physical or chemical environments
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Table IV. Organisms against which Heterosigma akashiwo has demonstrated toxicity.

Species EfiFect Reference
Bacteria
- Undefined sp. Growth suppression Tomas 1980b
Fungus
- Aspergillus niger Growth suppression Nagarietal. 1990
Algae
- Skeletonema costatum Growth suppression Tomas 1980b, Pratt 1966 

Honjo 1986, Stuart 1972
- Chaetoceros sp. Growth suppression Honjo 1978
- Thalassiosira sp. Growth suppression Honjo 1978
Tlntinids
- Tintinnopsis tubulosoides Feeding suppression Verity and Stoecker 1982
- Favella sp Feeding suppression Verity and Stoecker 1982
Rotifers
- Brachionus plicatilis Feeding suppression Chotiyaputta and Hirayama 1978
Conenods
- Pseudodiaptomus marirtus Feeding suppression Uye and Takamatsu 

1998
- Arcatia omorii Feeding suppression Uye and Takamatsu 1998
- Acartia hudsonica Feeding suppression Tomas and Deason 1981
- Acartia tonsa Feeding suppression Tomas and Deason 1981
Crustacea
-jArtemia salina Mortality This Study
Bivalves
- ^fytilus edulis Feeding suppression Ward and Targett 1989
- Crassostrea gigas Feeding suppression Welling 1982
Fish
- Oncorhynchus nerka Mortality Yang et al. 1993
- Oncorhyncus tshawytscha Mortality Boustead et al. 1989, Black 1990, 

1991
- Oncorhyncus kisutch Mortality Black 1990, 1991
- Salma solar Mortality Black 1990, 1991
- Oncorhyncus my kiss Mortality Black et al. 1991
- Seriola quinqueradiata Mortality Khan et al. 1997, Honjo 1993
- Centropristis striata Mortality Khan etal. 1997
- CarUharus cantharus Mortality Kahn et al. 1997
- Pagrus major Mortality Kahn et al. 1997
- Pocelus mexicana Mortality This study
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beyond the tolerances of the alga or viral infection, and predation. In contrast, cellular 

senescence or encystment brought on by an internal cellular mechanism such as 

endogenous rhythms may be responsible for the termination of some blooms.

The bloom that was observed on the Sunshine Coast ended between 26 and 28 

September (Figure 8). Between September 19 and October 5, surface water temperatures 

dropped from around 14 to 12 °C in Malaspina Strait, and from approximately 15 to 12*C 

in Agamemnon Channel. These temperatures are well within the range at which natural 

populations of this species occur. Populations of motile vegetative cells have been found 

at temperatures as low as 3-4 °C in Narragansett Bay (Tomas 1980b) and Norwegian 

coastal waters (Throndsen 1969). Also significant growth is seen at temperatures above 

10 °C in culture (Tomas1978a) with optimal growth typically occurring at temperatures 

between 15 and 25 "C (Watanabe et al. 1982). Further, the subsequent re-occurrence of 

the species in bloom concentrations approximately two weeks later in the middle of 

October suggested that neither declining temperature nor light were the proximal cause of 

the bloom’s termination.

Viral infection (Nagasaki er a/. 1995, Itakura er a/. 1996b) and predation 

(Tomasl980b) have been responsible for the demise of some blooms. However, it is 

clear that these mechanisms are not universal or reliable predictors of bloom termination 

(Nagasaki et al. 1996, Tomas 1980b). In the case of the bloom on the Sunshine Coast, 

while no quantitative data were taken, surfece water samples taken throughout this study 

were almost continuously monospecific for H. akashiwo except prior to the occurrence of
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the bloom in Agamem non Channel. The few zooplankton seen at the end of the study did 

not occur until the collapse of the bloom was already well initiated. No direct comment 

can be made on the role of viruses in the termination of the 1989 bloom, yet it is difiBcult 

to see why a viral infection would appear and disappear from the parent population in the 

Strait o f Georgia within two weeks.

Among other causes for bloom termination are nutrient depletion and co-occurring 

cyst formation. H. akashiwo is known to produce cysts or resting stages (Imai et al.

1993, Tomas 1980b) at the end of its life cycle. Reviews of resting cyst formation in 

dinoflagellates (Dale 1983, Pfiester and Anderson 1987) and diatoms (McQuoid and 

Hobson 1996) consider lack of nutrients to be a primary environmental trigger for cyst 

(resting stage) formation.

From an evolutionary point of view, it would seem a reasonable strategy for a 

species to use encystment to escape periods of nutrient starvation. In a species like H. 

akashiwo, which requires a shallow area to successfully perform excystment (as discussed 

earlier), this would make particular sense if the resting or encysted cells were nearly 

neutrally buoyant, and could subsequently float to a littoral area where future light and 

nutrient conditions might prove fevorable to excystment and regrowth.

The resting stages of H. akashiwo however are negatively buoyant (Tomasl978b). 

As such, formation of resting stages would in most instances result in the cells sedimenting 

in deep waters where it would be unlikely that water temperatures would reach the critical
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level required for excystment. The explanation of bloom termination through the 

formation of H. akashiwo cysts due to a lack of nutrients also does not fit the pattern seen 

in recorded blooms. During the termination of natural blooms of H. akashiwo in 

Naragansett Bay (Tomasl980b), Nagasaki Bay (Nagasaki et al. 1996) and Hiroshima Bay 

(Itakura 1996a), nutrient levels were rising well above levels at which nutrients would be 

limiting. In this study, nutrient levels appeared to be adequate to support continued 

population growth while nutrient levels were increasing. In all these instances water 

temperatures were well above those which are associated with forced encystment.

Observation of the 1995 bloom in Vancouver Harbour suggests a possible 

explanation for bloom termination, which will be discussed further in a later section. In 

he confluence of marine and riverine waters, which presumably had some nutrients after 

their exit fi-om the mouth of the Fraser River, H. akashiwo cells appeared to be rapidly 

encysting. Cells went fi-om their vegetative form to fully formed resting cysts in a matter 

of an hour or two. Thus, I suggest that an increase in nutrient concentration after a period 

of nutrient starvation might trigger resting cysts formation. Such a mechanism would 

enhance the survival potential of encysted vegetative cells.

As seen earlier in this section, H. akashiwo is most abundant in the stratified and 

nutrient depleted surfece waters of late summer. Rivers emptying in to this environment 

are likely to result in a localized increase of nutrients in the sur&ce waters of the estuary. 

Under these conditions were Heterosigma to use the sudden increase in nutrients as an 

environmental trigger for encystment, it would have a 6 r greater chance of sedimenting
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out in an estuarine environment. Encystment in an estuary would increase the likelihood of 

the cysts being deposited in shallow environment. While much of the waters overlying 

deep waters in the Strait of Georgia are unlikely to experience temperatures that would 

encourage excystment, shallow areas such as those in river deltas are more likely to 

reliably reach optimal excystment temperatures.

Having examined the natural environment in which toxic and non-toxic blooms of 

Heterosigma akashiwo occur the test of our knowledge is to see if similar conditions 

(depletion and addition of nutrients) create the same effects on development of toxicity 

and encystment of cells in laboratory cultures.
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5.0 Methods for Studies of Cultured Populations

5.1 Culture Environment

Cultures were grown in sea water after it had been passed through a .45 pm 

Millipore ™ filter. Nutrients used were as published in Harrison et al. (1980). Cultures 

were conducted in 6-1 round bottom flasks and 6-1 plastic bags held in a rectangular 

chicken wire mesh fi’ame 40 cm wide by 3 cm deep by 45 cm high. The algae were 

illuminated with Cool-White fluorescent ™ bulbs supplying 2.5 * 10‘* quanta/sec/cm* as 

measured with a Biospherical Instrument Inc. Model QSL-100. Cultures were maintained 

at a constant temperature of 20 ± 1 “C on a 16/8 light/dark cycle.

5.2 Enumeration

Cell concentrations and sizes were determined using a Coulter TA II particle 

counter. In this machine, size measurement is based on the varying degree to which cells 

of different sizes obstruct electrolyte passing through an aperture. With a single electrode 

on each side of the aperture, the electrolyte acts as an electrical conduit and changes in 

resistance between the electrodes occur in proportion to the degree to which the cross 

sectional area of the aperture is reduced as the cells pass through it. The cyclonic flow of 

medium passing through the aperture tends to align particles with their longest dimension 

perpendicular to the aperture. In effect the measurement made is of total cross-sectional 

area obstructing the orifice and is less sensitive to changes in shape than to changes in
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total cross-sectional area. Each increase in size discussed in this study (small-medium and 

medium-large) represents a doubling of the cross sectional area of the cell.

Cell shape was determined by light microscopy. Under 500 to 1000 X 

magnification, using bright-held or phase-contrast illumination, over 100 cells were 

examined, enumerated and placed in each of 4 cell-shape categories or morphs. Cell shape 

was classified as smooth, bumpy, 1-2 protuberances or 2+ protuberances. These 

categories were defined as:

Smooth - cells whose surfaces lacked either bumps or protuberances. This 

category included both the classic bean-shaped vegetative cell and 

the spherical resting stage (Tomas 1978b).

Bumpy - cells which have surface protrusions which are shorter than they 

are wide at the base.

1-2 Protrusions - cells which have 1 or 2 surface protrusions whose length 

is greater than the width of the protrusion at its base.

2+ Protrusions - cells which have more than 2 surfece protrusions whose 

length is greater than the width of the protrusion at its base.
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5.3 Culture Manipulation

To determine if cell concentrations at stationary phase were nutrient limited or 

light limited by self shading, four 5-1 containers were inoculated with approximately 5*10*

cells. Cultures were then grown to stationary phase in sea water plus nutrients (Harrison 

et al. 1980). On day 16, while the cultures were in stationary phase, two of the four 

cultures were again fertilized as on day 0. All cultures were documented through a further 

12 days of growth. Changes in cell size were enumerated. Changes in cell shape were 

noted.

Three 5-1 cultures were used to document changes in cell shape and size under 

different conditions of light and agitation. All cultures were supplied with a gentle stream 

of filtered air and inoculated with 1.3* 10̂  cells. Two of the cultures were in round 

(spherical) 6-1 flasks. One of these cultures had the air stream flow over the surface of the 

culture (a culture without agitation), while the other had the air released near the bottom 

of the culture flask which rose as a continuous stream of bubbles to the culture’s surface 

(the agitated culture). These were used to determine the effect o f agitation on cultures. 

The third culture was contained in a clear plastic bag held laterally compressed in a 

rectangular wire basket. The bag culture was mounted upright and illuminated from the 

side so light penetrated the minimum amount of culture. The air supply was delivered 

above the surfece of the culture as in the unagitated culture. The effect of light on culture 

development was determined by comparing the round unagitated flask culture (24 cm
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diameter) with the culture in a rectangular, wire basket-mounted bag ( 3 cm thick). 

During sampling of the unagitated round flask cultures, length measurements were made 

by microscopy to determine mean cell length of each of the morphological forms of the 

species.

The effect of nutrient dose on size and shape differentiation was examined by 

sequential dosing triplicate cultures. Three 5 1 bag cultures were each inoculated with 

3.5*10^ cells and half the nutrient dosage recommended by Harrison et a/.(l980). In this 

and all subsequent cultures air was release above the surfece of the culture as before. The 

cell concentrations in the cultures were allowed to grow and then decline until cell 

concentrations were approximately the same concentration as that when cultures were 

originally inoculated. At that time the cultures were re-fertilized with the full dose of 

nutrients recommended by Harrison et a/. (1980) and the cultures were again allowed to 

grow until cell concentrations began to decline.

5.4 Bioassays

Trout and brine shrimp (Artemia salina) bioassays were done in cultures 

taken from round bottom flasks. Most molly bioassays were done in algal cultures from 

laterally compressed bags. The exception was the use of mollies in conjunction with trout 

bioassays. All cultures were allowed to cool to room temperature (18 °C) prior to 

beginning the bioassay.



92

The first bioassays used trout, brine shrimp and moUies that bad been maintained in 

room temperature sea water for at least 4 hours prior to bioassay. Brine shrimp were 

raised under incandescent lamps in 21 °C filtered sea water and were used within 48 hours 

of hatching to avoid any complications which might occur through the initiation of feeding 

by the shrimp. The complete brine shrimp bioassay methodology is in Vadnais (1995).

Trout bioassays were done to determine the effect of the addition of new nutrients 

on toxin expression. The inoculum of 1.47* 10® cells was put in each of three 5-1 bag 

cultures and grown until protuberant forms were common in cultures. All three cultures 

were then assayed for toxicity, and then one of the cultures was re-inoculated with 

nutrients. Four days later the re-inoculated culture and one of the other cultures were 

again assayed. Twenty-six days later the remaining culture which had not been re­

fertilized was assayed. Filtered sea water was used as a control medium in all bioassays.

When re-fertilization occurred the unused portion of the toxic culture used for the 

bioassay was divided into three new assay containers and diluted with filtered sea water by 

fectors of 10, 100 and 1000 respectively. Trout bioassays were performed on each of 

these dilutions. For subsequent molly bioassays, bag cultures of H. akashiwo were grown 

until all described cell forms were apparent in culture.
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The effect of culture volume on the assay was examined using 250, 350, and 500 

ml of culture placed in three 500 ml beakers. Two 1000 ml beakers received 750 ml and 

1000 ml of culture. A fourth 500 ml beaker received 250 ml of filtered sea water as a 

control for the bioassay. Five mollies of approximately the same size were place in each 

beaker and time to death was recorded for each fish. Death was defined by a lack of 

movement by the gill operculum and subsequent feilure to show any response when the 

fish were prodded with a glass rod.

To examine the effect of nutrient dose on toxicity, 5-1 bag cultmes were started in: 

filtered sea water; sea water plus half the nutrient dose recommended by Harrison et al. 

(1980); and, sea water plus the lull recommended dose of nutrients. The donor cultiu’e 

for the inoculum had declining cell concentrations suggesting that nutrients might be 

limiting cell growth. On day 8 one liter of the inoculiun (1.19* 10* cells) was placed in 

each of 3 new bags along with 4 liters of filtered sea water. Each bag was then given 

either none, half or a lull dose of the nutrients recommended by Harrison et al. ( 1980). 

Subsequently at day 12, 20 and 28, 500 ml beakers were filled firom each of the cultures 

and molly assays were done each using 10 fish. Due to a mishap only the bag with lull 

nutrient dose was available for assay on day 35. The controls for all assays were filtered 

sea water.
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6.0 Results From Studies of Cultured Populations

6.1 Cell size and shape

6.1.1 Light and nutrient limitation of culture growth

To determine whether culture growth was limited by nutrients or light, two of four 

identical cultures were supplied additional nutrients on day 16 during stationary phase of 

the culture cycle. Stationary phase was attained in all of the cultures by day 4. All four 

cultures attained concentrations of approximately 4-10* I O'* cells ml’’ (Figure 19). In 

cultures that were not re-fertilized, concentrations during the period day 4 to 16 (mean = 

5.56 * 10'*, sd = +- 1.49 * 10"* cell ml’’) and the period day 22 to 27 (mean = 6.58 * lO"*, 

sd = + - 1.71 * 10* cell ml’’) were not significantly difierent. In cultures which were re­

inoculation with nutrients, the average cell concentration prior (day 4 to 16) to re­

fertilization (mean = 5.69 * 10“*, sd = +-1.30 * 10* cell mf’) and fi’om day 22-27 after re­

fertilization (mean = 7.31 * 10*, sd = +- 2.23 * 10* cell ml’’) also did not differ 

significantly.

6.1.2 Differentiation of gross cell size and shape

The same cultures were used to determine if cell size was influenced by re­

fertilization. Cell size varied systematically throughout the culture cycle. All cultures 

showed the same pattern fi’om day 1 to 16 (Figure 20). Upon inoculation the proportion 

of large and medium cells increased as cell concentration increased. The proportion of the 

three cell sizes remained relatively constant fi’om day 4 to day 12 and
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Figure 19. EfiFect of nutrient addition on ceil concentration during stationary phase of 
population growth. The response of two replicate cultures (open and closed 
symbols) not re-inoculated with nutrients are represented in A.; The response 
of two replicate cultures that were re-inoculated on day 16 are shown in B.
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Figure 20. EËfect of nutrient addition on cell size during stationary phase of population 
growth. These are the cultures documented in Figure 19. Cultures not re­
inoculated with nutrients are shown in A. Cultures that were re-inoculated on 
day 16 are shown in culture B. Round symbols represent large cells, 
diamonds represent medium sized cells and triangles represent small cells. 
Each data point represents the mean of three samples from a culture. Each 
Line represents data from a single algal culture.
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then between day 12 and 14 there was an increase in the proportion of small cells. In the 

two cultures not re-fertilized (Figure 20A) the proportion of small cells in the culture 

continued to increase until day 23. Beyond day 23 the culture with stable cell 

concentrations had a constant proportion of small cells while the culture with decreasing 

cell concentrations experienced a general decline in the portion of small cells and an 

increase in the proportion of large cells. In contrast, in the two cultures which had been 

re-fertilized (Figure 208) there was a decline in the proportion of small cells after nutrients 

were added followed 3 or 5 days later by an increase in the proportion of small cells.

These changes mimic the changes in the proportions of each size class seen at the start of 

all cultures.

A previously unreported progressive change in the shape of H. akashiwo 

cells was noted during this experiment. The range of variation in cell shape is illustrated 

in figure 21 and Plate 1. Cultures derived fi’om samples of H. akashiwo collected in San 

Mateo Bay (Barkely Sound), Dixie Cove (between Hardy and Nelson Islands in the Strait 

of Georgia) and Narrows Inlet (in the Sechelt Inlet System) were examined. All were 

found to contain the full range of cell shapes. Vegetatively growing cells are variable in 

length (10 - 27 pm), breadth (7 -14 pm) and depth (14 - 4 pm). The shape of 

vegetatively dividing cells replete with nutrients and light (during exponential growth 

phase) is bean-shaped with a roughly circular cross-sectional profile and mid-lateral 

insertion of the flagella. The lateral insertion of the flagella remains constant for the 

vegetative cells throughout the culture cycle. As cultures age the shape of the cell
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Figure 21. Variation in gross external morphology of Heterosigma akashiwo cells 
seen in culture.
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Plate 1. Observed variation in gross cell morphology. The 10 pm scale bar applies 
to all photographs.
A -  traditional smooth form, B -  Cysts. C and D -  bumpy form.
E and F -  1-2 protuberances form, G and H -  2+ protuberances form.
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becomes more flattened and it may develop surficial bumps. Following the initial 

occunence of the bunqps, cells can develop protrusions usually on the trailing edge of the 

cell. As cultures continue to age the protrusions become larger and more numerous; 

Protrusions can then be found on the lateral, dorsal, and ventral surfeces of the cells, 

Chloroplasts, visible during the formation of the protuberances, remain in the body of the 

cell and do not ^pear to be part of the protrusions. With time, cellular pigmentation 

becomes more dense and chloroplasts can not be seen.

Protuberances were variable in length and diameter. The smallest protuberances 

detected were approximately 0.5 pm in diameter, and reached 3 jim in length. At this size 

light diffraction around the cell hampered precise measurement. The very small diameter 

protuberances were among the first to occur on cells. The majority of protuberances were 

2-4 pm in diameter and 3-6 pm in length. Small tubular protuberances with diameters less 

than the depth of the cell body, and a rounded distal tip (See the cell drawn in the upper 

right hand comer of figure 20 for an example of how a cell with both these types of 

protuberances might look.) were more common early in culture. Later another 

protuberance shape was noted. These protuberances were as deep in cross-section as the 

ceU, laterally compressed and exhibited angular rather than curved bending at some point 

along their length.

The two cultures which were re-fertilized (Figure 19B and 2GB) had a different 

pattern of change in s h ^  than those in cultures without re-fertilization (Figure 19A and
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20A) described on the previous page. At re-fertilization all cultures were dominated by 

laterally compressed, bean-shaped, bumpy cells. Upon addition of the nutrients the culture 

again became dominated by smooth bean-shaped cells almost circular in cross-section. In 

both re-tertilized cultures immediately after nutrients were added spherical resting cells 

appeared. Spherical resting stage cells are generally 16 -26 pm in diameter though, 

occasionally a second smaller (4 -12 pm) group of spherical cells was seen in culture. 

These resting cells did not appear in the two cultures that were not re-fertilized at this 

time. However the resting stages did occur much later in one of those populations when 

cell densities started to decline.

Changes in the cell’s swimming behavior occurred as the gross morphology of the 

cell changed. During the smooth phase the cells swam in a slow helical spiral through the 

medium with occasional changes in direction. When the cultures were dominated by 

laterally compressed cells (both those with and those without protuberances), the helical 

motion was more rapid and changes in direction were much more frequent and abrupt.

6 .U  Effects of agitation and light on growth and changes in ceil size and shape

The effects of agitation and light level can be seen in figures 22,23 and 24. In 

terms of population growth (figure 22) all treatments appear to reach stationary phase
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Figure 22. ESèct of light and agitation on cell population growth: spherical 

culture without agitation (A); spherical culture with agitation (B); laterally compressed 

culture without agitation (C)
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between day 12 and 26. The principal difference in the growth pattern of the three 

cultures is that the thin culture (bottom figure) declined at a rate that is markedly slower 

than those in either of the thicker round flask cultures. Carbon dioxide did not appear to 

be limiting in these cultures as the culture with air bubbled directly into the medium 

(Figure 22b) did not show additional growth over the other cultures (Figure 22a and c).

Differentiation of cell size (Figure 23) followed a common pattern. While the 

sequence is consistent, the timing and proportion of the population attained in each of the 

forms varies. In all three cultures there were sequential increases in the proportion of 

large, medium, and small cells. All cultures started with less than 5% of the population 

composed of large cells. Initially, the faction of large cells increased in all cultures. In 

the agitated and thin-bag cultures, that portion of the population became much larger than 

that seen in the control (un-agitated) culture. After the initial increase, the proportion of 

large cells in the control culture decreased firom around 11% to 0% on day 31, then 

increased to almost 30% by day 37. In the agitated culture the proportion of large cells 

increased to 40% then decreased after day 7 but maintained more than 11% large cells 

until day 37 (Figure 23b). In the thin-bag culture the percentage of large cells decreased 

from 40% on day 7 to less than 5% by day 16 and remained at this low level till day 26 

when it increased to approximately 18% by day 37 (Figure 23c). When cell 

concentrations began to decline in control and thin bag cultures, the percentage of large 

cells increased. This terminal increase in the proportion of large cells did not occur in the 

agitated culture though cell concentrations decreased.
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Figure 23. EflFect of light and agitation on cell size during culture: spherical culture 

without agitation (A); spherical culture with agitation (B); laterally 

compressed culture (C). Circles = large cells. Diamonds = medium cells. 

Triangles = small cells
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Cell shape also appeared to follow a basic pattern. After the culture was fertilized, 

smooth forms became more common until they constituted almost the entire cell 

population (Figure 24). The bumpy cells and cells with one or two protuberances( l-2s) 

increased in numbers about day 10. The number of cells with more than two 

protuberances (2+s) increased between day 15 and 20. After the peak in abundance of the 

protuberant forms, and before any decline in population size, the smooth forms increased 

again.

Table V demonstrates that the evolution of the various shapes during the cell cycle 

generally did not involve a significant change in cell length. The exception may be that 

spherical cells appear to be smaller than the 2+ protuberances cells. However for cells in 

progression from smooth to 2+ protuberances the changes observed in cell size appear to 

be primarily due to changes in cross-sectional area of the cells.

6.1.4 The effect of nutrient abundance on cell size and shape

Responses of H. akashiwo to varying levels of nutrient concentration are seen in 

figures 25 and 26. In response to half the nutrient dose suggested by Harrison et al. figure 

25a (days 0-20), cell concentrations underwent approximately a three-fold increase before 

the culture started to decline (day 10). This occurred with little change in cell size (day 0- 

20 in Figure 25b) or cell shape (day 0-20 in figure 26). In contrast, when the same 

cultures where given twice the concentration of nutrients (Figure 26, days 20-120)
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Figure 24. Effect of light and agitation on differentiation of ceil shape: spherical culture 
without agitation (A); spherical culture with agitation (B); laterally 
compressed culture (C). Circle = smooth. Bar = bumpy. Squares = l-2s. 
Triangles = 2+s
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Table V The relation between cell shape and length.

U4

Cell Length (^m)
Average Sd n

Spheres 16.62 2.35 23
Smooth 18.58 4.26 28
Bumpy 18.25 3.96 21
1-2 Protuberance 18.49 2.44 31
2+ Protuberances 24.42 4.68 8
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Figure 25. Changes in ceil concentration and size resulting from different levels of 

nutrient addition. During days 0 to 20 cultures were grown on half the 

concentration of nutrients recommended by Harrison et a/. (1980). The amount 

of nutrients added is doubled at re-fertilization (indicated by the dashed vertical 

line at day 20). Each line represents a different flat culture container. A - 

Numerical population growth. Lines connect mean values for each culture. B - 

Changes in cell size. Triangles = small cells. Diamonds = medium cells. Circles 

= large cells.
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showed dramatic changes in cell concentration, duration, size and shape. Cell 

concentrations increased close to 10 fold (Figure 25a). The growth cycle also lasted over 

100 days as opposed to the 20 days when cells were given half the nutrient concentrations 

on day 0. The initial supply of half the recommended nutrient supply (Harrison et al.

1980) only slightly modified the proportions of various cell sizes (Figure 25b days 0-20) 

and cell shapes (Figure 26, days 0-20). No clear pattern could be seen in these changes. 

When the larger supply of nutrients was supplied (day 20) clear and marked changes in the 

proportions of each cell size and shape were seen. Changes in cell size (Figure 25b) did 

not follow the pattern seen earlier (Figures 20 and 23). In figure 25b for a couple of days 

after re-fertilization (days 20 -  22) two of the three cultures had an increased abundance 

of large cells. Where an increase in the proportion of large cells was not detected it is 

impossible to say whether an increase in the proportion of large cells occurred in the 

period between the samples on days 20 and 22. Large cells did increase in relative 

abundance towards the end of the culture period. The most striking difference between 

the pattern in figures 20 and 23 and that seen in figure 25b was that where the abundance 

of small cells increased and medium sized cells decreased in figures 20 and 23, small cells 

decreased and medium cells increased in abundance in figure 25b.

The three fiat-bag unagitated cultures shown in Figure 26 did follow the same 

general pattern of changes in cell shape previously described for unagitated cultures 

(Figure 24a and 24c). Initially, smooth cells dominated the cultures. Then the proportion
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Figure 26. Changes in cell shape under different levels of nutrient addition. The amount 

of nutrients added (see Figure 25) is doubled at re-fertilization (indicated by 

the dashed vertical line). In Graph A - Circles = smooth cells and Bars = 

bumpy cells. In Graph B - Triangles = cells with 1 or 2 protuberances and 

Diamonds = cells with more than 2 protuberances. The there are three 

cultures represented in graphs A and B. The values from A and B for any one 

culture sum to a value of 1.0.
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of bumpy cells increased. This was followed by and increase in the proportion of cells 

with one or two protuberances which was in turn followed by an increase in the 

proportion of cells with more than two protuberances. After day 72 the proportion of 

cells with more than 2 protuberances declined. Shortly thereafter the abundance of cells 

with one or two protuberances declined. At this time the contribution of smooth cells to 

population numbers started to increase and continued to do so tül the end of the 

experiment. The pattern shown for the agitated culture in figure 24b is very similar 

through to the point at which the cells with more than 2 protuberances decline in 

abundance. The period after this does see some increase in the contribution of smooth 

cells to the population however, the contribution of cells with one or two protuberances 

does not decline as precipitously as it does in unagitated cultures.
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6.2 Toxicity

Initial bioassay work was carried out with brine shrimp (Artemia sal'md). While 

shrimp are useful in a laboratory setting (Vadnais 1995) most field observations have 

focused on fish. Figure 27 shows temporal variation in cell concentration (Figure 27a) 

and size (Figure 27b) in three 5-1 fiat-bag cultures. On day 43 a bioassay was done on 

each of the cultures exposing rainbow trout {Oncorhynchus my/dss) (Table VI) and brine 

shrimp to the cultures. At the end of 130 minutes all trout exposed to the cells were dead 

and all control trout were alive. Shrimp were not killed by exposure to the same algal 

culture. As an after-thought two mollies (Pocelns mexicana) were placed in a small 

amount (approximately 350 ml) of leftover culture B (Table VI). At the end of the 

bioassay on day 43, and after examining the trout and brine shrimp for mortalities, it was 

noted that the mollies had also expired.

Eight days later cells fi"om cultures with and without re-fertilization were again 

assayed using trout. The culture without re-fertilization (Table VI, Culture A) remained 

toxic, while the re-fertilized culture (Culture B) was not toxic. On day 69 culture C, 

which bad been re-fertilized with three times the standard dose of nutrients, was again 

bioassayed. No toxicity was detected.
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Figure 27. Population and size differentiation seen in cultures used to evaluate the effect 

of nutrients on toxin production (Table VI). Three 5-1 bag cultures were used. 

Long dashed lines represent culture A. This culture was not re-fertilized. 

Short dashed lines represent culture B. This culture was re-fertilized on day 

43. Solid lines represent culture C. This culture was re-fertilized on day 43 

with three times the amount of nutrient used in re-fertilization of culture B. 

Graph A - numerical population growth. Lines connect mean values of three 

samples from each culture. Graph B - changes in cell size. In graph B 

Triangles = small cells. Diamonds = medium cells. Circles = large cells. The 

vertical dashed line at day 43 represents the re-fertilization of cultures B and 

C. Arrows indicate when bioassays were performed.
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Table VI. Toxic eflfect of algae on trout in cultures with and without re-fertilization.
The cultures used are those represented in figures 27 and 28 . Culture A was 
not re-fertilized. Culture B was re-fertilized with a standard dose of nutrients 
while culture C received three times the standard dose of nutrients. The 
presence of a bar as an entry on the time to death column means the fish did 
not die during the bioassay. Time to death is measured in minutes and the 
weight is that of the fish in grams.

Day 43
Culture A Culture B Culture C Control
Time to Death Weight Time to Death Weight Time to Death Weight Time to Death Weight

70 7.3 50 9.4 75 7.9 - 6.9
95 11.1 96 6.3 80 12.1 - 9.9
120 8.2 100 8.7 115 13.3 . 10.3
125 7.5 125 13 120 9 . 11.8
130 12.3 125 11 130 10.4 - 124
108 1 9.28 99 1 9.68 104 10.54 10.26

2515 1 227 30.70 1 251 24 85 220 2.14

Day 51
Culture A Culture 8 Culture C Control
Time to Death Weight Time to Death Weight Time to Death Weight Time to Death Weight

65 6.7 5.2 - 4.3
68 8.4 - 7.9 6.8
92 7.5 - 10 . 6 8
120 4.4 - 10.4 _ 8.7
135 12.7 - 11.3 . 14.9
96 1 8.34 1 8.96 8.30

31.06 1 297 1 2.44 4.01

Day 69
Culture A Culture 8 Culture C Control
Time to Death Weight Time to Death Weight Time to Death Weight Time to Death Weight

- 23.6 - 27.4
- 31.1 - 221
- 16.3 . 123
- 6.9 . 8.1
- 5.7 . 7.4

1 1 17.12 15.48

1 1 1 10.44 8.88

Mmh
Stn. 0*v

M«an
Stn. Dev.

H aan
Stn. 0«v.
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Toxicity is not wholly dependent on cell concentrations. During bioassays on day 

43 cultures A, B and C were all toxic and had mean cell concentrations of 4.54(± 0.185), 

3.04(± 0.701) and 2.25(± 1.45) *10  ̂cells/ml (Figure 27a). On day 51 cultures A (toxic) 

and B (non-toxic) had mean cell concentrations of 3.97 (± 0.559) and 2.11 (± 0.042) *10̂  

cells/'ml. The cell concentration in culture C (non-toxic) on day 69 was 6.09(± 0.004)

* 10̂  cells/ml. While there were significant differences in algal concentrations between the 

cultures, the highest concentration was not toxic even though its cell concentration was 

almost three times that of the toxic culture with the lowest cell concentration.

Toxicity also does not appear to be directly dependent on the distribution of cell 

sizes in a culture. On day 43 the proportion of small, medium and large cells ( Figure 27b 

) in cultures A, B and C (toxic) were ..34/.53/.04, .68/.28/.01 and .38/.52/.01 respectively. 

On day 51 in cultures A (toxic) and B (non-toxic), for both cultures those values were 

.45/.50/.05. On day 69 the proportions in culture C (non-toxic) were .49/.50/.01. The 

ratios in the nontoxic cultures of day 69 and day 51 lay between the ratios for the toxic 

cultures.

Care must be taken when evaluating the relation between cell shape and toxicity of a 

culture. On day 43 the proportion of smooth, bumpy, 1-2 protuberances and 24- 

protuberances cells in toxic cultures A, B and C was .77/.23/.0/.0, .43/.33/.23/.01 and 

.50/.36/.13/.01 respectively. On day 51 in cultures A (toxic) and B (non-toxic) those 

values were .87/.13/.00/.00 and .34/.36/.21/.03. On day 69 the proportions in non-toxic 

culture C were .40/.26/.34/.00. To control for potential systematic changes in toxicity
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Figure 28. Shape differentiation in cultures used to evaluate the effect of nutrients on

toxin production (Table VII). Three 5 liter bag cultures were used. Graph A 

- The relative abundance of smooth (Circles) and bumpy cells (Bars). Graph 

B - The relative abundance of 1-2 protuberances cells (Triangles) and 2+ 

protuberances cells (Diamonds). Short dashed lines represent culture A. 

Long dashed lines represent culture B. Solid lines represent culture C. The 

vertical dashed line at day 43 represents the re-fertilization of cultures B and 

C. Arrows indicate when bioassays were performed.
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during the culture cycle only cultures at the same point in their differentiation of shape 

may be compared. In this experiment only the cultures on day 43 are appropriate and at 

that point there were no detectable differences in toxicity between the cultures (TableVI).

While the precise value for the proportion of each cell shape does not appear to be 

directly related to toxicity of the culture examined in another manner there does appear to 

be a relation between cell shape and toxicity. Toxicity appears to be present late in the 

progressive elaboration of cell shapes that occurs in a cultured population. In the case of 

culture C on day 69 the proportion of cells with lor 2 protuberances was 34%. This was 

the highest of any of the cultures when they were tested for toxicity. However, there the 

pattern of cell shape changes appeared to be in its early stages as no peak for the 

abundance of this cell type was reached nor was a minimum evidenced for the smooth or 

bumpy cells since the refertilization of the culture.

The question of the effect of culture dilution on toxicity became important during the 

trout bioassay work. Trout grow rapidly and no local supplier hatches trout throughout 

the year. As a consequence, the same size fish are only available for a short time each 

year. This can be seen in the difference in size between the fish used in the bioassays on 

day 43 and day 69. On day 43, fish samples had means between 9.5 and 10.5 g. By day 

69, the mean fish size had increased to 15.5 to 17.1 g. The larger fish required more 

culture medium to keep the fish fully immersed during the assay. The smaller fish could be 

assayed with as little as 1500 ml of algal culture but the larger fish required a mtnimnm of 

3000 ml Under those conditions and only being able to grow a maximum of three 5-1
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cultures at a time, either large volumes o f toxic material were required to run numerous 

simultaneous tests on the same-sized fish or smaller bioassay animals were required.

An attempt was made to determine whether the cultures could be diluted to allow a 

number of bioassays to be completed at the same time. The trout in the earlier bioassay 

were juvenile fish. Over the period of an experiment fish might triple in size. The available 

culture facilities could not produce adequate volumes of culture in individual containers to 

accommodate multiple assays of the larger fish. To allow for fish growth during the 

experiment it was thought that as much as a 10-fold dilution of the culture might be 

required to have adequate bioassay material. However, data in Table VII demonstrated 

that dilution of a culture by a factor of 10 or more resulted in a loss of detectable toxicity. 

For these reasons the decision was made to use mollies for the bioassay work. These fish 

are seldom larger than 2 g in size. They are also bred throughout the year and are readily 

available in a variety of sizes at any time.

The amount of medium required to conduct a bioassay using mollies was 

determined by conducting simultaneous bioassays on the same culture in 5 different 

volumes taken fi-om one container of algae. In table VHI the cell concentration in each of 

the five volumes of algae are recorded. Concentrations of cells in four of the volumes, 

250,375,750 and 1000 ml, were not significantly different. Though the concentration of 

algae in the 500 ml aliquot was higher than those in the other containers, mean time to 

death of mollies in the algal aliquots containers did not vary (Figure 29). One of the 

mollies in the 250 ml o f sea water used as a control died after 300 minutes (Figure 29).
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Table Vn. The effect of various dilutions of an algal culture on its toxicity to mollies. 
The presence of a in the table indicates that the fish survived the bioassay period. 
Time to death is measured in minutes, t he weight of the fish is in grams.

Dilution

Mean 
Stn. Oev.

Full Strength 1 / 1 0 1 / 1 0 0
Time to Death Weiqht Time to Death Weight Tune to Death Wëiqht

65 8.7 - 14.3 - 128
68 8.4 - 10.3 - 15.2
92 7.5 - 6.8 - 8.0
120 4.4 - 9.7 - 8.0
135 127 - 4 2 - 8.7
96 8.34 9.06 10.54

31.06 297 3.81 3.28

Dilution

Mean
Stn. Dav.

1 / 1 0 0 0 Control
Time to Death Weight Tune to Death Wfeight

- 16.9 - 14.9
- 4.1 - 4.3
- 4.5 - 6.8
- 7.1 - 5.2
- 5 2 - 8.7

7.56 7.98
5.35 4.22
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Table VUI. Volumes of media and concentrations of Heterosigma akashiwo cultures used 
in bioassays to determine the effect of assay volume on mean time to death 
illustrated in figure 29. Replicates 1 through 3 represent three separate 
enumerations of the concentration of cells at the start of the assay.

Volume Replicate 11 Replicate 2 1 Replicate 3 Mean Stnd. Oev.
1000 ml 38,954 28,354 47,054 38,121 9,378
750ml 34,254 27,854 35,254 32,454 4,015
500 ml 47,654 48,754 42,854 46,421 3,137
375 ml 34,354 20,754 36,154 30,421 8,420
250 ml 22,854 33,754 34,354 30,321 6,473
Grand Mean 35,548 8,525
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Figure 29. Mean time to death in containers of various sizes as documented in Table VIII.
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70%
60%
50% ••
40% "
30%
20%
10%  ■ ■

- o - 250 ml 

-B— 400 ml 

-A— 500 ml. 

- ^ 7 5 0  ml. 

-9— 1000 ml. 

 Control

120 180 240 300 360 420 480

Time (min.)

260 ml 375 mi 1 500 ml 750 ml 1 1000 ml.
Mean Time to Death 241 216 312 273 213
Standard Deviation 111 75 158 112 90
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The possibility that variations in fish size (weight) might afifect the mean time to 

death in the bioassays was investigated. In this experiment 39 fish were assayed in 1.01 of 

culture and a similar number were placed in the same volume of sea water. As no controls 

died even after 300 minutes it was decided to let the experiment continue until all 

experimental fish had expired. Over the approximately 500 minutes of this assay none of 

the control fish died. This assay involved maintaining the control fish in less water per fish 

than those reported in the controls for figure 29. It thus seems likely that the mortality 

reported in figure 29 after 300 minutes was the result of a single fish which had been 

damage during transfer between holding and experimental vessels or was otherwise 

compromised before the bioassay. Even so, to avoid potential problems with mortalities in 

controls, it was decided that in comparing toxicity only fish mortalities which occur in the 

first 4 hours(240 minutes) would be considered valid data.

There appears to be a trend of increasing time to death with increasing size of molly used 

in the bioassay. There is however considerable scatter around the trend line in figure 30. 

Regression analysis of the data yielded an F value of 2.26. The probability of the 

relationship existing between time to death and the size of the assay animal is considerably 

greater than 75% but less than 90% (Rolf and Sokal 1969). While the analysis does not 

demonstate a significant regression (a  = 95% ) caution suggested that sizes of fish 

used in comparison of bioassays be kept as similar as possible.
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Figure 30. Relation of molly size to time to death.
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Table DC. Regression statistics for the relationship between molly size and time to death 
illustrated in Figure 30

ANOVA
df SS MS F

Regression 1 -27297.1 -27297.1 -2.25598
Residual 38 459796.2 12099.9
Total 39 432499.1
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The final analysis was to determine the effect that nutrient dosage had on the 

toxicity of the alga and whether that toxicity varied during culture. The three levels of 

nutrient enrichment (sea water, sea water plus half the nutrient dose recommended by 

Harrison et al. 1990, and sea water plus the full recommended dose) of an algal culture 

resulted in a graduated response in population size, cell size and cell shape.

The numerical response of an algal population to three concentrations of nutrients 

is depicted in Figure 31. Cell concentrations in the parent culture were tracked fi’om day 0 

to day 8 to ensure the donor population was in decline. This suggests that the cells were 

close to exhausting their internal nutrient stores and were either encysting or dying. 

Addition of filtered sea water elicited a slight (approximately 2-fold) increase in cell 

concentration with the concentration again declining after day 19 (Figure 3 la). Addition 

of sea water plus half the nutrient dose recommended by Harrison et al. (1980) resulted in 

a larger increase in population size (approximately 9-foId) and concentrations again 

declined after day 19 (Figure 31b). The numerical response to the full recommended dose 

of nutrients was still stronger (Figure 31c). The population of algae increased 

approximately 10-fold and did not decline before the end of the experiment on day 35.
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Figure 31. Population development at three different levels of nutrient addition. The 
parent population was tracked till day 8 when it was split into three separate 
cultures. At that time water and nutrients were added to make up 5-1 cultures. 
Three counts of cell concentration were taken and a line connecting the mean 
value is plotted. A - only filtered sea water added; B - sea water and half the 
nutrient dose recommended by Harrison et al. (1980); C - sea water and the full 
dose of recommended nutrients. Arrows show when bioassays were preformed 
on each culture.
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The response in cell shape also increased with an increased supply of nutrients 

(Figure 32). In the parent culture between day 0 and day 8 small cells were increasing in 

abundance in the culture while medium cells declined. With the addition of sea water this 

trend was terminated by day 12 and the proportion of small and medium cells became 

more or less constant, at approximately 80 and 20 percent of the population respectively, 

till almost the end of the experiment. Large cells in the parent population increased only 

slightly between days 6 and 8. After addition of sea water the concentration of large cells 

fell and remained constant until day 35 when there was a slight increase in their number. 

Upon addition of sea water plus half of Harrison et al. ’s (1980) recommended dose of 

nutrient there was a more pronoimced response in cell size. After day 8 the proportion of 

small cells in the population increased to 90% on day 12 after which their contribution to 

the population decreased till day 31 when they were about 60% of the population.

Medium cells declined in abimdance to approximately 10% on day 12 after which they 

increased to around 35% on day 35. After addition of sea water the concentration of large 

cells fell and remained constant until day 35 when there was a slight increase in their 

number. With the addition of sea water plus the full recommended dose of nutrient 

changes in the proportion of cells mimicked those seen in the half nutrient dose vessel until 

day 12. Thereafter the declines and increases in the proportion of small and medium sized 

cells were again noted however, the degree to which these changes occurred was less 

pronounced and there was no increase in large cells towards the end of the experiment.
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Figure 32. Cell size differentiation at three levels of nutrient addition. The parent
population was tracked till day 8 when it was split into three separate cultures. 
At that time water and nutrients were added to make up 5-1 cultures. Circles = 
large cells. Diamonds = medium cells. Triangles = small cells. A - only filtered 
sea water added; B - sea water and half the nutrient dose recommended by 
Harrison et al. (1980); C - sea water and the full dose of recommended 
nutrients. Arrows show when bioassays were preformed on each culture.
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In addition to numbers and size of cells the proportion of various shapes of ceils 

also varies with nutrient dose (Figure 33). In the parent culture (day 0 to 8) the 

proportion of smooth cells declined, bumpy cells increased and both cells with 1-2 and 2+ 

protuberences remained unchanged. In the vessel with only sea water added (Figure 33a), 

the smooth cells declined to 0% by day 20 then rose to 7% of the population. Bumpy 

cells also dropped to 0% on day 20 before rising to 4% on day 35. In the same vessels the 

portion of 1-2 protrusions and 2+ protrusions all dropped to zero on day 20 then 

recovered to 3 and 1% of the population respectively. In the vessel with sea water plus 

half the recommended amount of nutrients (Figure 33b) bumpy cells and 1-2 protuberance 

cells rose to 26% and 13 % of the population on day 28. Cells with 2+ protuberances 

never rose above 2% percent of the population. In the container with sea water plus the 

full dose of recommended nutrients (Figure 33c) bumpy cells and 1-2 protuberance cells 

rose to 38% and 17 % of the population on day 20. Cells with 2+ protuberances never 

rose to 3% percent of the population.

Toxicity responded in relation to the amount of nutrients supplied. Cultures 

receiving more nutrients killed mollies more rapidly at the peak of measured toxicity (Day 

20) in each of the cultures. Toxicity in all cultures varied over the culture cycle. It was 

undetectable on day 12, by day 20 it peaked and at day 28 and, in culture c, day 35 it 

declined (Figure 34).
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Figure 33. Cell shape differentiation at three levels of nutrient addition. The parent
population was tracked till day 8 when it was split into three separate cultures. 
At that time water and nutrients were added to make up 5-1 cultures. Circles = 
smooth cells. Bars = bumpy cells. Triangles = cells with 1 or 2 protuberances. 
Diamonds = cells with more than 2 protuberances. A - only filtered sea water 
added; B - sea water and half the nutrient dose recommended by Harrison et al. 
(1990); C - sea water and the fuH dose of recommended nutrients. Arrows show 
when bioassays were preformed on each culture.
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Figure 34. Culture toxicity at three levels of nutrient addition. Top - only filtered sea 
water added; Middle - sea water and half the nutrient dose recommended by 
Harrison et al. (1980); Bottom -sea water and the full nutrient dose. Circles 
= controls. Squares = day 12, Crosses = day 20, Triangles = day 28, 
Diamonds = day 35.
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7.0 Discussion of Studies of Cultured Populations

7.1 Nutrient Uptake

The importance of ceil morphology generally, and in particular cell size and shape, 

has been central to many discussions of phytoplankton ecology. So pervasive is the topic 

of cell size that writing about phytoplankton ecology Chisholm (1992) stated 

plankton ecologists fall out into two groups: Those who delight in finding the patterns in 

nature that can be explained by size, and those who delight in finding exceptions to the 

size-dependent rules.”

Comparisons of size differences among species have focused on how those size 

differences affect the cell’s role in ecosystems (e.g. Chisholm 1992, Kiorboe 1993, 

Longhurst 1989, Warwick and Joint 1987). Research has demonstrated that, during 

summer months, differences in cell size of even a few pm may be significant in inter­

species competition (Chisholm 1992, Morel et al. 1991). For example, Pasciak and Gavis 

(1974) demonstrated for Cyclotella nana that a doubling of the cell size diameter fi’om 2 

to 4 pm was associated with a 6 fold increase in competitive ability to take up nitrate.

These comparisons between species often specifically examined the effect of size 

on the uptake of inorganic nitrogen in marine waters. Results of nitrate and ammonium 

uptake measurements taken in the field suggest larger plankton are more dependent on
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nitrate, and the smaller pico- and nanoplankton prefer ammonium (Probyn 1985, Owens et 

ai 1990).

Uptake and storage of those nitrogen species appear to differ in large and small 

cells. Larger plankton, with their greater cellular volume, have more room for vacuoles in 

which they can store inorganic nitrogen (Dortch 1982). This gives the larger cells not 

only a greater capacity to store nitrogen but also an enhanced ability to supply nitrogen to 

its metabolism over periods when inorganic nitrogen is absent or limited in the cell’s 

external environment. Consequently, large cells tend to dominate in environments with 

fluctuating nitrate levels.

At the other extreme, small cells are more limited in the volume available to store 

nitrogenous nutrients, therefore they specialize in rapid uptake and incorporation of 

nitrogen into the metabolism. This becomes an advantage for cells which utilize the 

ammonium that dominates in the surfece stratified waters of late summer when nutrient 

levels in surface waters are low and vary slowly. Ammonia is generally not stored in large 

quantities in phytoplankton cells (Stolte and Riegmen 1996). In addition it is subject to 

more leakage from the cell, as a portion of cytosolic ammonium de-ionizes into ammonia, 

which can then passively difilise down a concentration gradient across the cell membrane 

and back into the environment. Thus, unlike nitrate that once in a cell is trapped there and 

can be utilized over longer periods of time, ammonium molecules must be moved as 

rapidly as possible fi"om the environment and incorporated into non-difiusible metabolites. 

To prevent creation of a nutrient gradient encouraging leakage of ammonia out of the cell.
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the ammonium nitrogen must rapidly cross the plasmaiemma, move through the 

cytoplasm, across the chloroplast wall where it can be captured by the 

glutamine.'glutamate synthetase enzyme system and incorporated into amino acids. To 

make this transition time as short as possible it is necessary to keep the distances traveled 

as short as possible hence the advantage of having a smaller cell volume.

Heterosigma is small but not one of the smallest phytoplankters. The range of 

phytoplankton cell volume is from 1 to 10* (Stolte and Riegman 1996) with the lower 

limit for oxygenic phototrophes being 1 pm  ̂(Raven 1994) and the lower limit for 

eukaryotic cells being 2 pm  ̂(Courties et al. 1994). Given the variable morphology of 

Heterosigma, precise estimation of cell volume of this species is not possible, however, 

Cattolico (1978), and Thompson et al. (1991) approximated it to be between 4.9 *10  ̂and 

1.8 *10^pm \

Some authors have noted changes in the size of Heterosigma cells (Cattolico,

1978, Thompson et al. 1991, Langdon 1986, Kohata and Watanabe 1986). However, it is 

diflBcult to compare much of that work directly to this study. Some authors report cell 

volume based on measurements under a microscope and an assumption of constant cell 

shape. A few authors also conform to the approach taken herein and report shifts in 

volume across Coulter Counter channels. (A shift of one channel in a Coulter Counter 

represents a nominal doubling of cell volume.) Within the literature reporting size ranges 

based on measeurments with a microscope, there are considerable differences in volumes
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seen. Cattolico (1978) and Thonçson et al. (1991) suggest a size range in excess of 3- 

fold. That is significantly greater than the 1.5-fold increase noted by Langdon (1986). The 

Coulter Counter based work of Kohata and Watanabe (1986) suggests the range in 

volume spans three channels (a 4-fold shift in size) which is similar to the shift (small- 

medium, and medium-large) observed in this study (Figures 23 and 25). Shifts in the size 

of Heterosigma cells in natural populations, while not formally and quantitatively 

documented, have been seen by myself and by other individuals examining wild 

populations at fish ferms (L. Sams pers. comm.).

The significance of variation in cell size within a species has been discussed by a 

number of authors (Dor 1985, Grover 1989, Gavis 1976, Swift and Meunier 1976, 

Thompson et al. 1991). Interpretation of the adaptive significance of changes in cell size 

within a species however, can be difiBcult. Changes can be driven by either physical or 

biological variables. For example, volume changes can occur due to conservation of mass 

during cell division or changes can be initiated by changes in the cell’s external osmotic 

environment. Changes based on physical requirements alone are unlikely to be subject to 

natural selection. It is easy to imagine however, that changes under metabolic control 

could be selected for. To separate these types of factors, controlled experimental 

conditions are required that would be difiBcult to achieve under field conditions. 

Laboratory work has supplied some information in this area.
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While Coulter Counter data is useful in interpreting long-term gradual changes in 

cell numbers and sizes in an algal population, it is extremely difBcult to interpret changes 

in cell size as seen by the Coulter Coulter in samples separated by 48 hrs or less or the 

difference seen between two consecutive samples.. To illustrate this point consider the 

following possible model of growth and consequence data as it might be detected by a 

Coulter Counter (Figures 35 - 37). Events in each diagram represent potential cellular 

events that can occur in 48 hours following a cell’s exposure to a nutrient source. (A day 

and night for nutrient uptake; a day for metabolic incorporation of the nutrients into 

metabolic products; and, a night for cellular division).

Figure 35 is a generalized diagram that illustrates several features of Heterosigma 

cell growth. The cell’s potential growth is represented by the gray arrow. There are 

several size thresholds along this trajectory. One of these is for the formation of cysts. 

Below this size there are inadequate cellular reserves to form viable cysts. Similarly, there 

are minimum size thresholds for a cell to undergo single or multiple division(s) in a dark 

period. The precise cell sizes for these thresholds have not been quantified and the 

relation of the cell sizes to Coulter Counter cell size is hypothetical.

It is also important to note that these thresholds do not inçly an obligatory cell 

response. It seems likely that some assessment o f the cells external as well as its internal 

environment (cellular reserves) would be involved in the decision for cell division or cyst 

formation. For example if a cell achieved the threshold for encystment but nutrients were 

still very abundant some or all of the cells may opt for continued growth rather than
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Figure 35. A conceptual diagram of the dynamics and problems of Coulter Counter
detection of Heterosigma cell division. Cell sizes detectable by the Coulter 
Counter (small, medium and large) are shown as wide gray or white bands on 
the graph. Horizontal dashed lines indicate minimum threshold cell size for the 
formation of either cysts or cell division. The gray line with an arrow-head 
represents potential cellular growth.
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encystment. If, in contrast, the cell had experienced a period of declining nutrient 

availability and then experienced a pulse of nutrients the cells may opt for encystment. 

Similarly, a cell has the option for continued cell growth after the threshold for a single 

division is achieved. The key to exercising that option may hinge on whether the cell is in 

an environment of continuing nutrient abundance or on whether nutrient abundance has 

declined. In an environment of continuing nutrient abundance the cell might delay division 

to enable further accumulation of nutrient that would enable multiple division. Nutrients 

in the above are used as one possible trigger in the decisions to excyst or divide. There are 

others including light and temperature. Further, one or more of these and other 

environmental parameters might be involved in triggering these decisions. In spite of these 

limitations and uncertainties, the above model is useful to illustrate difBculties in 

discussion of cell sizes based only on Coulter Counter data.

In populations after nutrients are added it may not always be possible to detect a 

change that has occurred in the population. Figure 36a illustrates that cell growth may 

occur without detectable changes in the numbers in the population or the distribution of 

cell sizes shown by the Coulter Counter.

Even where numbers in a population decline over 48 hrs it would be difficult to 

understand the implications of changes in cell numbers and size. Figure 36b shows that 

nutrient addition may result in non-detectable cellular growth that is however, adequate to 

stimulate cyst formation. Consequent Coulter Counter readings would show a shift in cell 

size that might include a decline in small cells and increase in large cells. Without
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Figure 36. Effect of three levels of nutrient addition on Coulter Counter data. A.
Addition of nutrients adequate to cause undetectable cell growth but 
inadequate to cause cyst formation or cell division. B Addition of nutrients to 
cause undetectable cell growth but adequate for cyst formation. C Addition of 
enough nutrients to cause detectable cell growth, and cyst formation but 
inadequate to attain enough cell growth to allow cell division. The base 
diagram is as in Figure 35 with addition of the broad white arrow to represent 
growth realized as a result of the amoimt of nutrients accumulated, and the line 
of dots and dashes to represent generation of cysts.



Large Size

Medium Size

Large Size

Medium Size

Small Size

Small Size

Time

Time

158

B

Large Size

Medium Size

Small Size

Time



159

supplementary information (Is there a decline in cell concentration? What portion of the 

cells became cysts? ) it is impossible to determine if the shift in 36b represents growth to 

large cells some of which have divided to produce more small cells or if only formation of 

cysts was involved, or if both formation of large cells and cysts were involved. Figure 36c 

illustrates detectable cell growth and cyst formation that may appear in the readings as an 

increase in medium and large cells. Even with knowledge of a decline in cell 

concentrations the Coulter Counter Data in figure 36c could represent growth of cells to 

the medium and large sizes as well as it could represent growth only to medium sized cells 

and formation of cysts.

Even where the population numbers are increasing it is difficult to accurately 

evaluate what is occurring with cell size. For example, without some knowledge of the 

relative proportion of cells encysting the Coulter Coûter data fi"om two difterent levels of 

nutrient addition might look similar. In figure 37a just enough nutrients were added to 

permit the cells to just pass the threshold for a cell division. The resultant daughter cells 

would show up as small cells. In figure 37c enough nutrients were supplied to permit the 

cell to grow very large and divide more than once. This would also show up as a 

proliferation of small cells in the population. If the later scenario also resulted in an 

increased proportion of the cells turning to cysts the resultant Coulter Counter data in 

figures 37a and 37c might be indistinguishable.

While division of a cell results in the creation of smaller cells it need not result in 

the creation of small-sized cells as seen by the Coulter Counter. Figure 37b illustrates
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Figure 37 Eflfect of three higher levels of nutrient addition on Coulter Counter data. A.
Addition of nutrients adequate to cause cyst formation detectable and a single 
division into small daughter cells. B Addition of enough nutrients to cause cyst 
formation and a single division into medium sized daughter cells. C. Addition 
of enough nutrients to cause cyst formation and division of cells into daughter 
cells of a size adequate to immediately undergo another division into small 
cells. The base diagram is as in Figure 35 and 36 with addition of the curved 
dashed line indicating cell division and daughter cells the size of which depends 
on the size of the dividing parent cell.
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cells being given more than enough nutrient to attain a single division but not enough to 

attain multiple divisions. Consequent shifts in Coulter Counter data would show an 

increase in numbers of medium cells rather than small cells.

In spite of these severe limitations some information can be deduced from the cell- 

size changes seen in this study. Changes in the size of cultured H. akashiwo in this study 

do not appear to be entirely dependent on cell division (Figure 19 and 20). When re- 

fertilized cultures make a second increase in the proportion of small cells there was no 

increase in population size. The possiblity exists that these changes could be brought 

about by changes in the external osmotic environment associated with addition of nutrients 

to the culture. This seems unlikely as addition of the nutrients to sea water has little effect 

on osmolartity (Harrison el al. 1980), and if the changes in cell size were a passive 

response of the cells brought on by changes in the external osmotic environment 

associated with the addition of new nutrients, the changes would occur within minutes 

after exposure to a new osmotic regime. In Figures 20,23,25 and 32 the changes in cell 

sizes require days to complete and thus may be under biological control.

Some factors driving changes of cell size in wild and cultured populations have 

been documented. Studies outlined below suggest these changes are not a passive 

response to the external environment but may be the result of the metabolic activity of the 

ceO. For exançle increases in size follow active uptake of dissolved inorganic nitrogen 

(DIN). Thompson er a/. (1991) found that DIN, supplied to Heterosigma only in the form
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of ammonium, was responsible for increases in cell size and that neither changes in other 

HESW (Harrison et a i 1980) nutrients or light levels caused a comparable change in cell 

volume to those seen in this work. The authors concluded that while photon flux density 

had a minor effect, increases in cell size were primarily effected through transport of 

ammonium across the cell membrane. In this study cell expansion occurred when all 

ammonium was replaced by nitrate (this is the original HESW formulation of Harrison et 

ai 1980). Thus, it appears that uptake of nitrate as well as ammonium can initiate 

changes in cell size.

Light appears to have a major effect on cell size. In the two un-agitated cultures 

of Figure 23 (a and c) the same illumination was applied. The culture represented by 

Figure 23c is in a flat (3 cm thick) container. The culture represented by Figures 23a was 

in a thicker (24 cm) spherical container thus cells in this container would, on average, be 

exposed to lower light levels due to attenuation of the light passing a greater distance 

through the medium. The algae experiencing better light conditions (Figure 23c) showed 

an increase in cell size that was more pronounced (large-sized cells increased from almost 

0% to 40% of the population) than was evident in the spherical culture container (Figure 

23a where large-sized cells increased from almost 0% to approximately 11% of the 

population).

The cause of the difference in cell size response between this study and those of 

Thompson et a/. (1991) may have its origins in the chemical structure of nitrogen species
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being moved across the plasmalemma. Nitrate uptake is known to utilize energy to move 

the nutrient into the cell Nitrate uptake is mediated by membrane-bound molecules which 

require energy to move nitrate across the plasmalemma (Huppe et al. 1994, Farr et 

al. 1994). When nitrate is present it activates the oxidative pentose phosphate (OPP) 

pathway which can supply energy from starch reserves. In the presence of light, the OPP 

pathway is suppressed and the energy for nitrate uptake comes directly from 

photosynthesis (Huppe et al. 1994, Farr et a/. 1994). Ammonium uptake is also believed to 

require energy (Loban and Harrison 1994) and is associated with carrier molecules 

(Kleiner 1981). The source or sources of energy are not known. It is clear however, that 

the presence of ammonium does not stimulate activation of the OPP pathway (Huppe et 

al. 1994). Thus, with different mechanisms effecting delivery of energy for nitrogen 

uptake, it is not unreasonable to expect that the uptake dynamics of the two types of 

nitrogen sources (ammonium and nitrate) would differ.

The importance of nitrogen uptake to changes in cell size is that changes in 

cytosolic nitrogen may cause water to flow across the cell membrane to balance the 

change in osmotic pressure created by the uptake of DIN. These changes in cell size 

would not therefore, be passive responses to changes in the external environment but 

would be caused by changes in the internal cell environment, which in turn are generated 

by metabolic processes upon which natural selection can be effective.
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The lack of rigid silica or cellulose components in the cellular structure of 

Heterosigma cells pre-adapt it for changes in cell volume that may be of adaptive 

significance for its particular life history. Unlike diatoms and dinoflagellates. Heterosigma 

has no rigid external casing to the cell that might limit cellular expansion. Lacking a cell 

walk armor plates or other external rigid structures allows Heterosigma to more 

effectively accumulate internal DEN stores. This would be a particularly useful feature In a 

ceU, like Heterosigma, that may have limited time for nutrient uptake because of limitation 

on nitrogen uptake associated with diel vertical migration. In nitrogen uptake associated 

with diel vertical migration the cell has to migrate from surface waters to the nutricline and 

back to the surface in the dark. In the short summer nights this limits the time that the cell 

can spend at depth taking up nitrogen. A mechanism which prevents the build up of 

internal pressure caused by swelling of the cell against a rigid encasing structure would 

enhance uptake o f the nutrient by reducing pressure which might create a reverse osmotic 

pressure forcing free cytosolic ammonia from the cell.

In addition to changes in cell size, changes in shape can have an important effect 

on the ability to take up nutrients. In their seminal paper “Absorption of nutrients by 

aquatic plants” Munk and Riley (1952) examined the potential effect of changes in shape 

on nutrient uptake. They examined three generalized cell shapes: spheres, plate-like 

volumes (oblate spheroids) and long tubular or football like volumes (prolate spheroids). 

Of these a sphere is the least beneficial shape for nutrient uptake. For the same cell
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volume a plate-like shape was better and a long tubular shape was the best shape for 

nutrient up-take.

Gavis (1976) mathematically defined the environmental conditions under which 

shape could be expected to play an important role in the cell’s competitive ability for 

nutrients. He further explored the effect of cell shape on nutrient uptake using the Monod 

type Equation (1) to describe nutrient uptake kinetics (Table X).

V = VmC/(K+C) (1)

Choice of this mathematical description for nutrient uptake would not be 

appropriate for all algal species or for all environments. The description is based on the 

assumption that the nutrient in question is limiting and that the environmental levels of that 

nutrient are stable for extended periods. This description also implies that the effect of 

internal stores of the nutrient is negligible on V and K. These assumptions would be 

seriously violated most of the year (M , winter, spring, and much of summer) when 

nutrient levels are high. They would also be violated at the end of the summer as a 

shallow weak pycnocline is repeatedly formed and broken down by wind and other forces 

causing nutrient concentrations to fluctuate markedly. The assumption that internal 

nutrient stores have negligible effects on V and K is also likely to be violated in a nutrient 

replete environment. If cells did not have a way of limiting V they would accumulate 

nitrogen in the cytosol until the consequent uptake of water caused the cell to lyse.
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Table X. Definition of model parameters and values derived from the literature.

Parameter Definitions from Gavis (1976) and (measurement units)

V Rate of nutrient uptake (pmol/cell/br)

Vm Maximum rate of nutrient uptake (pmo I/cell/hr)

c Ambient concentration of nutrient in the environment (pM)

K Half saturation concentration (pM)

Co Concentration of nutrient at cell surface (pM)

P influence of diffusion transport on nutrient uptake rate (non-dimensional 
scaling factor)

R linear dimension characteristic of organism's semi-major axis or radius 
(cm)

A semi-minor axis length (cm)

a shape 6ctor (non-dimensional scaling factor)

D Dififiisivity of nutrient (cm* sec ')

Parameter Value Reference

VmfbrNH4^ 0.022 pmol cell ' hr ' Tomasl979

KforNH," 2.00 pM Tomasl979

D 1.5 X 10'̂  cm sec ' Pasciak and Gavis 1974
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The situation with toxic Heterosigma blooms may however, represent one instance 

where the application of this description is appropriate. Toxic Heterosigma blooms often 

occur in the late summer, at a time when ft-eshwater input to the ambient environment is 

at the yearly minimum. During this period warming of surface waters over a protracted 

period results in a deep pycnocline. Under these conditions Heterosigma would not be 

able to regularly access nutrients by vertical migration, the cell’s internal stores of 

nutrients would become depleted, and thus the cell’s nutrient uptake kinetics would be 

adequately described by the Monod equation.

Events at the plasmalemma / environment boundary define conditions under which 

cell shape can modify nutrient uptake rates. Where the rate of nutrient uptake (V) exceeds 

the rate of diftusion fi’om the ambient environment to the cell surface, nutrients in the area 

bordering the cell surface (Co) become depleted ( i.e. C > Co ), and nutrient uptake is 

limited by diffiision rate to the cell surface.

The Monod equation for diftusion-limited nutrient transport was reformulated by 

Gavis (1976, equation 2) as:

V = VmCo /(K+ Co), where Co < C (2)

Because both Vm and K are fixed physiological-based processes, Co is the only parameter 

which can be influenced by shape. Under these conditions Co is the effective
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concentration of the nutrient at the cell surfece. Gavis (1976, equation 3) developed a 

quadratic description of the dynamics of nutrient difiiision:

(Co/K)' + ( 1/P + 1 - C/K) ( Co/K) - (C/K) = 0 (3)

Pasciak and Gavis’ (1974) defined rules for application of this formula by 

examining two limiting cases for the value of 1/P. They noted that when 1/P is much 

larger than the absolute value of (l-C) then Co = PC. Thus as P decreases, cellular uptake 

of nutrients is more effective at reducing Co without any change in C. When 1,9 is much 

smaller than l-C then Co = C because the rate of uptake of nutrients is equal to or less 

than the rate at which the nutrient can difiiise fi'om the environment to the cell surface.

Within equation 3, P is a unk-less factor quantifying the influence of diffusion on 

nutrient uptake. P is defined as:

P = 14.4 7t R a D K / V „  (4)

Where K and Vm are physiological parameters, D is a physical constant, R describes the 

size of the cell and a  describes the shape of the cell. The mathematical descriptions of 

simple forms such as spheres, tubes and plate used to approximate cell shapes were 

derived by Gavis (1976) using the “uniformly accessible surfece” approximation wherein:

• for spheres a  = 1

• for prolate spheroids (tube-like shapes), a. =2 e/ln[(l + e)/(l - e)], ande = 1 

for purely tubular shapes
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# for oblate spheroids (plate-like shapes), a  = e / tan ' (e/V(l-e^)) = e/sin ' e, and 

e = I for purely plate shaped objects

In the cases of prolate and oblate spheroids e = ( 1 - â /R̂

The effect of changes in shape of an algal species on the uptake d)'natnics of a 

specified nutrient can be approximated using the above formulae. Ammonium has been 

chosen as the nutrient of interest because when Heterosigma blooms, that nutrient is the 

most abundant source of nitrogen, yet it is at the same time at concentrations that limit the 

alga’s growth.

Parameters used for these calculations in tables XI and XII are Usted in table X. 

Values for cell dimensions and environmental concentrations of ammonium are taken fi'om 

data reported earlier in this work (Section 6.1 and Figure 15).

Changes in cell shape have the greatest potential to impact nutrient uptake 

dynamics when nutrient uptake is limited by difiiision from the environment to the cell 

surfece. The potential for difiiision-limited nutrient uptake (DLU) can be evaluated from 

calculated values of the form describing parameter P. Pasciak and Gavis (1974) suggest 

values less than 2 represent the occurrence of DLU. As can be seen in table XU, values of 

P for the various shapes of Heterosigma are all an order of magnitude less than 2 for both
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ammonium and nitrate concentrations found during the advent of the bloom on the 

sunshine coast.

As noted earlier Heterosigma first necessarily undergoes changes in size associated 

with cell division associated with population growth then it changes cell shape (here we 

are referring to both the flattening of the cell and the development of protuberances.).

The reason for this may laie in a hierarchy of benefits to changing shape and size. Table 

XI demonstrates the effect on competitive ability (1/P) for ammonium of reducing 

Heterosigma cell volume without changing cell shape. That effect is marked. Reducing 

cell volume by half reduces P by 21%. A further reduction by half brings P down another 

17%. Thus in a nutrient-limited environment reduction of cell volume through cell 

division could significantly improve nutrient uptake.

Elaboration of cell shape provides further competitive advantage to the cell. The 

move fi'om a prolate sphere to an oblate sphere could reduce P a further 7.5%.

Presumably the elaboration of protuberances further improves the cell’s competitive 

ability. Mathematical description of this form is diflBcult because the number and sh^>e of 

the protuberances is variable (Plate 1).
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Table XI. The effect of a reduction in volume of a spherical Heterosigma cell on difiusion- 

limited nutrient uptake. A lower value of P indicates improved difiiision- 

limited nutrient uptake.

Pul volume 1/2 volume 1/4 volume
R (P)
Vtox(pmoteceir' hr’) 
K(pM)
D (cm sec’)
P

9
3.70E-07
2.00
0.000015
3.30E-01

7.15
3.70E-07
2.00
0.000015
2.62E-01

5.65
3.70E-07
2.00
0.000015
2.07E-01
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Table XU. The effect of changing Heierosigma akashiwo cell shape and motility on 

diffusion-limited nutrient uptake. A lower value of P indicates improved 

diffusion-limited nutrient uptake.

IFor NH/ Limitation IFor NO3 Limitation

Prolate Oblate Sphere Prolate Oblate Sphere
a
R (pm) 
a (pm) 
e
Vm« (pmole 
K (p M )
D (cm se c ’)
P _g4oiM no^

ce 3 .

0.85
9
7
0.629

.70E-07
2.08
0.000015

.92E-01

0.79
9
3.5
0.921
3.70E-07
2.08
0.000015
2.70E-01

1.00
9

3.70E-07
2.08
0.000015
3.43E-01

0.85 0.79 1.00
9 9 9
7 3.5
0.629 0.921
5.80E-07 5.80E-07 5.80E-07
2.23 2.23 2.23
0.000015 0.000015 0.000015
2.00E-01 1.85E-01 2.35E-01

u (pm sec ) 
p" (Motile)

145.000
4.19E-01

145.000
Û.88E-01

145.000
4.93E-01

145.000
2.87E-01

145.000
2.65E-01

145.000
3.37E-01
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Not all shape changes however, are adaptive to overcoming DLU. When 

Heterosigma moves towards the resting stage morphology or swells up into the smooth 

bean-shaped morphology in response to increased nutrients, the advantage for uptake of 

low concentration of nutrients is lost. The increase in P between prolate and spherical 

forms is approximately 17%. This is not surprising as resting stage cells should not 

require nutrients so a decreased ability to compete for DLU is not a competitive 

disadvantage to the cell during this stage of its life cycle. Similarly, if nutrients are 

abundant the shift to smooth cells is also not a competitive disadvatage.

Comparison of the ability of different species to compete tor nutrients based on the 

shape factor is difficult, because values of P has been calculated for few algal species. A 

starting point would be to examine Heterosigma relative to a number of non-motile cells. 

Prasciak and Gavis (1974) examined 8 species of diatoms for their nitrate competitive 

value using the above approach. Table Xllla is a subset of those data selected for a range 

of cell sizes and extreme values of P. Of the species they examined only Coscinodiscus 

lineatus is a wide spread oceanic species and only this species has a P value low enough to 

suggest that DLU might be a significant consideration in its life history. As can be seen in 

Tables XI and XU Heterosigma is within the cell size range of the species in table Xnia, 

but has a P value lower than any of the diatom species in table XUIa.
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Table Xm. Comparative values of P and P’ for motile and non-motile phytoplankton. (A) 

non-motile species from Pasciak and Gavis 1974. (B) Motile species from 

Prasciak and Gavis 1974, and from Gavis 1976.

(A) Non-motile Species

D. brightwelli N. closterium C. lineatus C. nana 3H
a
R (nm)
a
e
V (n m o lece ir’ h r ' 
K(nM)
D (cm s e c ')
P

1.00
75

1.25E-06
0.6
0.000015

1.00
15

1.30E-08
2.8
0.000015

1.00
25

9.00E-06
2.8
0.000015

1.00
2

7.40E-09
1.87
0.000015

(B) Motile species

G.splendens IP. minimum |D . tertiolecta |
a
R (nm) 
a  (nm) 
e
Vmax (nmole ce ir ' hr 
K(nM)
D (cm sec*')
P

1.00
20

4.00E-05
15
0.000015wsmsmm

1.00
10

4.50E-08
8.5
0.000015

1.00
4

1.07E-08
1.4
0.000015mssÊÊsm

Re=
P e=
u (n sec*') 
P '

0.008
5.33
2.00E+02mmsBsm

0.001
0.67
5.00E+01mmmm

0.0016
1.07
2.00E+02
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Motion of the ceU through the water increases the rate of transport of nutrient 

from the environment to the cell (effectively increasing the value of P). Pasciak and Gavis 

(1974) described the efiect of movement on nutrient uptake dynamics on DLU. In their 

model the shape factor P for a cell in motion at speed u, is designated as P’ and is defined

as:

P’ = P ( I+ (uR/2D) )  (5)

Estimates of the rates at which Heterosigma moves through the water are variable. 

The upper limit to the velocity of planktonic cells appears to be about 300 pm sec '

(Lewin 1962). Hatano et a i (1983) calculated Heterosigma’s rate of decent at 139 

pm sec' and Throndsen (1973) gave similar values of between 130 to 160 pm sec'. The 

lower extreme of estimated velocities for this alga is Hatano et al. ’s (1983) suggested rate 

of ascent of 10 pm sec*' which corresponds well to the estimate of Bauerfeind et al.

(1986) of 20 pm sec*'. These values however, are derived from estimates based on the 

rate of migration of a population in a water column. As has been mentioned earlier 

Heterosigma changes direction of its swimming motion abruptly and radically. In culture 

a subjective judgment of cell motility as seen through a microscope would suggest that the 

rate of movement of individual cells is fairly consistent throughout the culture cycle as 

well as within the diel cycle. The lower values probably represent a lack of a consistent
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net direction of movement rather than a 10-fold reduction in the speed at which the cells 

move through the water column.

Using a nominal value of 145 pm sec ' for the rate of movement of Heterosigma 

through the water it is possible to estimate the impact cell motility will have on DLU, and 

rank the effect of motility relative to the effects changes in size and shape might have on 

DLU. Using the values of 2Ru/v and 2Ru/D a multiplier can be selected and taken from 

the work of Gavis (1976) to estimate the effect of motility in reducing DLU. The value of 

2Ru/v for Heterosigma is 0.0026 and 2Ru/D is 1.74. Based on these values and Gavis’ 

1976 calculations the ratio of P’/P is approximately 1.2 or a 20% increase in P due to the 

movement of the cell. In other words movement through the water column reduces the 

impact of DLU about the same amount that reducing the cell volume by half does, and 

more than that achieved by a change in shape from a prolate to an oblate spheroid.

There is little published in the literature to allow comparison of the impact of 

motility on potential DLU among phytoplankton species. Pasciak and Gavis (1974) and 

Gavis (1976) calculated P’ for three species in the same size range as Heterosigma. Those 

species were; Gymnodinium splendens, Prorocentrum minimum and Dunaliella 

tertiolecta. Table XIHb is an abridged version of their data. The % increases in P attained 

by movement of the cells of each of these species are 177,118 and 124% respectively. 

Heterosigma is within this range however, where motility all but eliminates the potential
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for DLU (P’>2) in the dinoflageilate species, the P’ achieved by Heterosigma suggests 

that even with the effects of motility it is likely to experience DLU.

The discussion to this point has largely ignored the effect of the development of 

protuberances on DLU other than to state that P or P’ is likely increased by their 

appearance. The reason for this is a lack of appropriate mathematical models to describe 

the surfece areas of cell shapes having protuberences. Given the scale of the impact that 

motility, size and simple changes in cell shape have been shown to affect P, it would seem 

unlikely that the protuberances would have enough of an effect to eliminate the potential 

DLU.

Other questions about these protuberances however, can be addressed. The 

development of protuberances in this species is remarkable for its all but complete absence 

as a subject for publications on this species. Heterosigma is an extensively studied 

organism that is frequently used in laboratory studies. The literature on this species 

includes over 300 papers (Smayda 1998). Over 170 papers were examined in this study. 

They dealt with a wide variety of aspects of this species, yet only two scant references 

were made to any development of protuberances.
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It must be asked why such an obvious phenomenon has received so little notice in 

the literature. Most field samples are collected and preserved for subsequent examination. 

When preserved the plasmalamma of this species contracts around the numerous 

chloroplasts. All resemblance to the live specimen’s external morphology is lost, including 

any evidence of surface protrusions. For samples examined in the field, the published 

literature would not support a supposition that cells with protuberances were a 

Heterosigma species. Only Carter’s original 1937 description of the closely related 

species notes the occurrences of protuberances in samples taken directly fi’om the ocean. 

Generally the literatme does not identify these surface protuberances as characteristic of 

Heterosigma sp. If cells with protuberances were seen, it is likely they would be 

considered diagnostic of a separate species. If protuberant cells were seen in samples of 

wild populations, they might be observed in some but not all samples containing 

Heterosigma, further reinforcing the impression that these cells represent an aberrant form 

or separate species. As figures 25 and 26 (days 0-20) demonstrate, populations can 

complete a cycle of growth and decline with very few of the cells developing surface 

protuberances, and unless examined at magnifications in excess of 800X it would be easy 

to overlook this feature.

The study of cultured populations would be more likely to lead to recognition of 

the protuberant form as a form of Heterosigma. However, even this is unlikely to occur 

because most culture collections are propagated by keeping the culture in logarithmic 

growth. As figures 22, 24,25 and 26 show, the fi’equency of protuberant forms during 

this stage would be low and the person culturing the cells may well attribute any such
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forms to unstable aberrations in cell morphology which can occur in culture which have 

been re-propagated many times.

Interpretation of the adaptive significance of size and shape characteristics would 

be more difBcult if the two characteristics appeared to be linked. If protuberences only 

occurred on small cells it would be necessary to inquire if the changes in shape are 

adaptive or merely a consequence of aging and the cell’s loss of ability to maintain its 

shape. The changes in shape in Heterosigma however, do not appear to be linked to cell 

size. For example in figures 22 and 24 the proportion of protuberant forms in the 

population generally increased while the proportion of small cells in the population 

increased. In contrast in Figures 25 and 26 protuberant forms increased while the 

proportion of small cells decreased.

That these protuberant forms are not spontaneous morphological aberrations but 

are rather part of an adaptive repertoire of cell morphologies would seem to flow firom the 

observations: that they occur across a number of strains from widely separated locations; 

that they can be induced; that they are an intermediate rather than terminal form in the life 

cycle; and that the potential adaptive significance of the forms is in accord with 

environmental conditions in which the species are found to occur.

The development of surfece protuberances on Heterosigma is also not a strain or 

area specific phenomenon. Strains from the Strait of Georgia (Dixie Cove on Hardy
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Island), from Narrows Inlet (a small §ordic inlet which flows into Sechelt Inlet which in 

turn empties out through Jervis inlet into the Strait of Georgia), and from San Mateo Bay 

at the mouth of Barkely Sound on the west coast of Vancouver Island all develop the 

protuberances. Tomas (1978b) working with samples collected from Narragansett Bay on 

the west coast of the Atlantic Ocean also noted occasionally seeing protuberances in his 

cultures, as did Carter in her 1937 description of the species from a lagoon on the eastern 

shore of the Atlantic.

Protuberances appear to develop in cells with nutrient or energy reserves. The 

increase in protuberances only occurs after uptake of nutrients and expression of that 

uptake as an increase in cell size (Figures 22, 23, 25 and 26). The rise and fail in the 

proportion of protuberant forms occurs in most cultures prior to the decline of the cell 

population (Figure 22, 24, 25 and 26), presumably as a result of declining internal and 

external nutrient stores. The exception to this may occur in agitated cultures (Figure 22b 

and 24b). The reason for the exception is not clear.

At the other end of the growth cycle, decline of the abundance of protuberant 

forms precedes the decline of population numbers and a return to a preponderance of 

smooth forms(Figures 22 and 23, and figures 25 and 26, days 20-120). The re-occinrence 

of smooth forms in the population at the end of the growth cycle is characterized by the 

formation of spherical resting stages that show up in size class profiles as an increased 

proportion of large-sized cells. Formation of those resting stages is energetically costly
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and requires the presence of energy stores within the ceil (McQuoid and Hobson 1996, 

Von Stosch and Fecher 1979).

Further evidence that development of protuberances requires cellular energy 

reserves is the observation that the extent to which protuberances are expressed depends 

on the level of nutrient uptake (Figure 25, 26, 31 and 33) and can be enhanced in the 

presence of a fixed amount of nutrients by increased illumination (Figures 24a and 24c).

7.2 Toxicology

One of the features which excites interest in Heterosigma akashiwo is its toxicity 

to other marine organisms. This effect is due to a toxic agent, that is water home and of 

low molecular weight (Black et al. 1991, Stuart 1972, J.N.C. Whyte Pers. Comm.). 

Changes in cell shape that increase the transfer rate of the toxin to the environment will 

enhance the adaptive advantage the cell obtains by producing a toxin that can affect its 

external environment. Thus, we have a parallel to the nutrient uptake phenomenon 

discussed earlier, except it involves mass transfer out of the cell rather than into the cell.

To quantitatively model the potential effect cell shape may have on toxin transfer 

to the environment we need to know: the chemical formula of the toxin; whether the toxic 

agent is actively secreted fi-om the cell or passively leaks out; what fectors control the rate
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of toxin production; and what that rate is. Much of this information is unknown though 

some progress towards answering those questions was made in this study. Regardless of 

the answers to these questions, ceil shape will influence the cell’s ability to affect its 

environment through the use of a toxin because the rate of transfer to the environment will 

be influenced by the concentration of the toxin in the boundary layer around the cell. 

Further, the rate of transfer from that boundary layer to the surrounding environment will 

be increased by the shape and movement of the cell through the water colunm.

Two types of chemicals have been suggested as the basis for Heterosigmas 

toxicity. Yang et al. (1995) suggested that toxicity was derived from production of 

superoxide radicals, hydrogen peroxide and hydroxyl radicals. This was based on the 

observation that when added to cultures, the enzymes catalase and superoxide dismutase 

reduced toxicity. This suggestion is given some support by the previous discovery that 

the closely related Raphidophycean species, Chattonella marina and C. antiqua produce 

potentially toxic concentrations of superoxide (Tanaka et al. 1994 and Oda et al. 1992). 

The other suggested toxin is brevetoxin. In HPLC analysis, substances that co-elute with 

the brevetoxin components PbTx-2, PbTx-3, PbTx-4 and an oxidized form of PbTx-2 

have been detected in cultures isolated from a toxic Heterosigma bloom (Kahn et al. 

1997). Brevetoxins are usually found to be produced by the dinoflagellate Gymnodinium 

breve (Wright and Cembella 1998) though there have also been reports of these toxins 

being associated withother Rhaphidiophyte species including; Chattonella antiqua, C. 

marina and Fibrocapsa japonica (Ahmed et al. 1995, Kahn et al. 1996a, 1996b).



184

These suggestions however, are not supported by either the methodology used or 

by observations on blooms in nature. Superoxide occurs as a dissociation by-product of 

oxygen production and is a commonly used plant defense mechanism against pathogens. 

Yang el a l (1995) demonstrated the presence of superoxide radicals in toxic cultures and 

that the concentration of superoxide was dependent on cell concentrations. However they 

did not demonstrate that the trout mortalities were related to the concentrations of 

superoxides. A key component of their presumptive proof was that the addition of 

catalase and superoxide effectively reduced toxicity of the culture. What was not shown 

was that the reaction that reduced toxicity, used these substances as enzymes that lowered 

the energy requirements for thew reaction to occur rather than as substrates. Further, 

superoxide, hydrogen peroxide, and hydroxyl radicals damage cells, leaving easily detected 

tissue damage. Oda ei al. (1992), working with Chattonella marina noted that when 

yellowtail tuna were exposed, such damage was apparent in gill tissue, as did Onoue and 

Nozawa (1989) when red sea bream were killed by exposure to Chattonella sp. None of 

this gill damage was seen when fish died during a natural bloom of Heterosigma in B.C. 

(Black et al. 1991). Fish used by Yang et a/. (1995) were not examined for such damage 

though the discussion assumes its presence. Yang et al. (1995) and Kahn et al. (1997) 

both observed a violent behavioral reaction when fish were exposed to toxic Heterosigma 

yet this reaction was not apparent in fish exposed to either natural blooms or the toxic 

cultures reported in this study nor by others (Black et al. 1991).
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While the precise chemical formulation of the toxic agent remains uncertain 

progress has been made towards elucidating a number of other aspects, chief among these 

is some of the factors affecting toxin production.

Techniques for measuring toxicity are constrained by a lack of knowledge of the 

chemical formulation of the toxic agent or agents and by the size of algal culture that can 

be prepared. In this study, a fish bioassay was chosen because much of the concern about 

the occurrence of this alga in nature has focused on the effect this species has on cultured 

fish (Boustead et al. 1989, Black 1990, 1991, Honjo 1993, Khan et al. 1997). Salmonids 

were initially chosen because they were available and of concern to the mariculture 

industry (Boustead et al. 1989, Black 1990, 1991). Unfortunately, the volume of available 

algal cultures was limiting as the growth of salmonids over the course of an experiment 

required dilution of cultures to perform the bioassays and as demonstrated, dilution of the 

medium removes toxicity (Table VII). For these reasons bioassays were modified to use 

mollies {Pocila mexicana) instead of salmonids as the bioassay subject.

Time to death for mollies exposed to Heterosigma is sufficiently short to make 

them an adequate test animal. Depending on the size of the fish, mean time to death is 

likely to be approximately 2 to 6 hours (Figure 30). While not as rapid as the trout 

mortalities (50-135 minutes) (Table VI), it is adequate for assay purposes. Further, the 

bioassay can be performed with small aliquots o f culture material (Figure 29) thereby
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reducing the limitation set on experimental procedures by the volume of the culture 

vessels.

Toxicity appears to be initiated and terminated by nutrient conditions. Toxicity is 

not apparent during early growth of the algal culture and declines before senescence 

occurs (Figures 31 and 34). Peak toxicity is expressed during stationary phase but not 

during the exponential or senescence phases of the culture cycle (Figures 27, 29, 31 and 

34). Exponential phase of population growth indicates the likely presence of nutrients. 

Stationary phase may or may not indicate that nutrients are limiting cell division but 

nutrients can be assumed to be limiting when the population declines in the senescent 

phase of the culture cycle. In cultures in this study it appears that nutrients were not 

limiting during stationary phase. Light limitation caused by self-shading of the cells 

appears to determine the limit to population growth (figure 19). It is during this period 

and close to the decline in population size that toxicity is expressed suggesting that the 

maximum toxin production is in part a response to declining concentrations of nutrients. 

This seems to be supported by the observation that addition of Harrison et a/.’s (1980) 

nutrient broth caused the cessation of toxicity (Figure 27 and Table VI).

In Heterosigma the strength of the toxic reaction is dependent on the nutrient 

history of the cells rather than on the numerical abundance of cells. The rate of fiish 

mortality was related to the level of nutrients supplied to the culture (Figure 34). All 

cultures were toxic on day 20 in that experiment. However, on days 28 and 35 before
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cell concentrations declined in the culture supplied with the full concentration of nutrients 

recommended by Harrison et a l, toxicity declined.

In a closely related species changes in ceil shape appear to be linked to changes in 

toxicity. Heterosigma cell shape does not necessarily coincide with changes in toxicity 

however, the closely related species Chattonella marina also produces toxins, the timing 

of which correlates to changes in cell shape that would alter the rate of toxin transfer to 

the environment (Ahmed et a i 1995). These changes though, are not those that would be 

expected if cell shape was important in moving the toxins into the surrounding water 

body. As cells of C. marina change from spindle-shaped in exponential and early 

stationary phase, to more rounded cells in late stationary and senescence phases, toxicity 

develops. The spindle shape would be a more efiBcient shape for transfer of toxin to the 

environment. Yet during growth of the culture population when spindle cells are most 

abundant, toxin levels within the cell increase and levels in the media are below detection. 

Then, in late stationary phase and senescence the cells take on the less efficient rounded- 

shape for mass transfer to the environment, toxin levels in the environment increase and 

the toxin level of the cells remains constant.

In Heterosigma culture the protuberant forms, which would be more effective at 

moving a toxin into the environment, can be present to a greater or lesser degree when
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toxicity is expressed (Figure 27, 28 and Table VI, and. Figure 33 and 34, day 20). 

However, the maximum proportion of protuberant ceils appears to indicate the level of 

toxicity of a culture. In Figure 33a protuberant cells were absent from the culture when it 

was toxic (Figure 34a). As the maximum level of protuberant cells increased in the 

cultures (Figures 33a, 33b and 33c) the level of toxicity of those cultures also increased 

(Figures 34a, 34b and 34c). The increase in toxicity of the cultures coincides with an 

increase in the proportion of the cell population that has a shaped that is better suited for 

transfer of toxins to the environment.

The reason for increasing toxicity coinciding with increasing maximum frequency 

of protuberant forms expressed during a culture cycle is not clear. As toxicity is present in 

non-protuberant forms the increased toxicity could be due to either increased rate of 

transfer out of the cell associated with the change in shape of the cell or to increased 

production o f toxins within the cell. To differentiate between these options it would be 

necessary to bioassay a series of cultures at peak toxicity. Each of the cultures would have 

to be light-limited (achieve the same cell concentrations) while having received different 

concentrations of nutrient and as in Figure 33a none of those nutrient concentrations 

would be adequate to elicit the development of the protuberant forms. That experiment 

remains to be done.
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Evidence of the identity of the nutrient or nutrients controlling toxicity in natural 

populations is absent and unlikely to be identifiable in the context of a single study like this 

one. Most experimental studies manipulate specific nutrients in algal cultures to determine 

effects on toxin production. However there is also evidence that the proportion of the 

various nutrients available to the alga affects toxin production (Boyer et al. 1987, 

Johanson and Graneli 1998). As the nutritional range of phytoplanton involves both 

inorganic and organic nutrients the number of individual and combination of nutrients 

which might be involved is large. Not only is the number of nutrients and the number of 

their combinations daunting but, if total toxicity is to be explained it must be demonstrated 

in those studies that any identified toxins account fi)r the total toxicity seen in the 

bioassay. Then the nutritional triggers for production of each of the toxins must be 

isolated.

8.0 Conclusions

The record of the 1989 toxic Heterosigma akashmo bloom in the Strait of 

Georgia is the most complete of any harmful algal bloom. It covers the bloom cycle fi-om 

excystment of the algal population to bloom collapse and sets a good basis for interpreting 

the results of laboratory studies on the development of populations and toxicity of 

Heterosigma akashiwo.
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The 1989 bloom was derived from an excystment event that occurred on Spanish 

Banks in the Fraser River estuary. The cells algae then multiplied in the Strait of Georgia. 

The distribution of subsequent discolouration of waters occurred in a halo in front of the 

Fraser River plume. Cultured populations become light-limited at concentrations below 

those seen in the discoulored waters of the bloom suggesting that oceanographic 

concentrating mechanisms may be an important frictor producing the concentrations seen 

in the 1998 bloom. Currents then transported the toxic bloom into the area of the 

Sunshine Coast where fish mortalities occurred.

That toxicity is not necessarily directly related to concentration of cells. This was 

demonstrated in the laboratory studies and by the feet that the greater concentrations of 

Heterosigma in the 1996 bloom were non-toxic while the lower concetrations in the 1989 

bloom were toxic. It was shown that the level of toxicity during a bloom is dependent not 

only on the concentration of cells, but on the nutrient history of the cells. These studies 

also show that in wild and cultured populations H. akashiwo becomes less toxic during 

senescence.

Toxicity developed in waters extremely low in inorganic nitrogenous nutrients. In 

culture, nutrients are usually depleted prior to senescence of cells. Laboratory studies also 

indicated that toxicity in culture occurs immediately prior to cell senescence. In nature 

nutrients might normally be available to the algae through its diel migration to deeper
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waters. However, field uuca suggest that at this time of the bloom in 1989 the algae no 

longer migrated vertically.

For the first time it has been shown that H. akashiwo can alter its shape in a 

manner that may constitute an adaptation to increase both its ability to take up nutrients at 

low ambient concentrations, and to permit more rapid dispersion of an unknown toxic 

agent or agents fi-om the cell.

A sudden increase in the abundance of nutrients appears to cause formation of 

cysts in both populations which have access to nutrients (light-limited) and those with out 

nutrient access. This is unusual among phytoplankton which are generally thought to form 

cysts in response to deteriorating environmental fectors such as low ambient nutrient 

levels. For Heterosigma akashiwo however, formation of cysts in response to increasing 

nutrients may be adaptive. It may help the algae to encyst in estuarine waters and reside in 

the shallow muds of an estuary, which the following year are likely to experience 

temperatures high enough to stimulate excystment. If the species were to encyst due to a 

lack of nutrients, many of the negatively buoyant cells would settle in deep waters that are 

very unlikely to experience temperatures high enough to stimulate excystment.
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