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INTRODUCTION

The objectives of the First International Conference on Toxic Dinoflagellate
Blooms were �! to convene the worlds' foremost experts and researchers in
toxic dinoflagellate blooms, �! to share experiences and advances in the
related disciplines, and �! where possible, to identify areas of promising or
needed research. These proceedings are evidence of the realization of our
objectives.

Many deserving papers were not presented orally beacuse of time
limitations. However, they are printed here in the hope that this document will
thereby become the most comprehensive and useful possible reference on the
present status of work in the field.

Particular appreciation must be accorded to the members of the conference
committee for their cooperation and dedication to the success of this
conference, and to Dr. E. R. Pariser, Marine Advisory Services Office, MIT
Sea Grant Program; W. H. Weston, Professor Emeritus Harvard University.
and Dr. L. Loeblich, Biological Laboratories, Harvard University, for their
assistance in the scientific editing of manuscripts.

Dr. Ira Dyer
Director

Dr. J, P. Silvers
Director

MIT Sea Grant ProgramMassachusetts Science and
Technology Foundation

Vincent R. LoCicero

Conference Manager

Massachusetts Science and

Technology Foundation

The high quality of the accomplishments recorded here is a tribute to those
who persisted in this work in spite of limited financial support and little
scientific recognition Now that these toxic "red tides" can be shown to be an
increasingly severe public health menace around the world, it is obvious that ',,

~ increased support must be forthcoming to mount an intensified and expanded j
,; research effort to combat this problem. This was the clear plea arising from the

participants in the conference and from the scientific evidence they brought.
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Good morning. Ladies and Gentlemen. It is indeed a great pleasure for me to
welcome all of you to this first ]nternational Conference on Toxic
Dinoflagellate Blooms. My first task as the Conference Chairman is entirely
pleasurable; it rs to express on your behalf the deep appreciation and gratitude
to our hosts, the Massachusetts Science and Technology Foundation and the
Massachusetts institute of Technology Sea Grant Program for sponsoring and
arranging to hold this important conference in this great city of Boston. We are
also grateful to the various governmental and non-governmental organizations
who provided funds to cover the cost of' this conference.

Although a few local meetings or symposia dealing primarily with red tide
outbreaks in the Cuff states have been held earlier  Galveston, Texas, 1958, St.
Petersburg, Florida, 19b4; Sarasota, Florida, 1974,! this Conference to the best
of my knowledge, represents the first comprehensive interdisciplinary meeting
ever to be held on the subject of 'Toxic dinoflagellate blooms' and associated
phenomena, and brings together currently leading international experts in this
field. The major objectives of this Conference are to evaluate the state of the
art in this field, to identify gaps in our knowledge, to set forth requirements for
needed research, and to design effective control and management schemes
which will protect the public health, the environment, the fishery resources,
and the coastal economics from negative effects of such blooms. It is my
sincere hope that during the next couple of days and even after this conference,
both formal and informal discussions within such a large, highly qualified and
diversified a group will at least stimulate and clarify thinking about this
problem.

The association of toxic marine dinoflagellate blooms, particularly of the
genus Cymrrodirrircm and the genus Gorryaulax with 'red tide' and mass
mortality of marine animals is well documented and the overall impact of such
'red tide' outbreaks particularly in Florida and California in terms of economic
losses is common knowledge, Certain toxic dinoflagellates have also been
implicated with the accumulation of paralytic toxin in molluscan shellfish in
various parts of the world and the world-wide incidence of known paralytic
shellfish poisonings  PSP! to humans have been estimated to be in the vicinity
of 1600 cases, including 300 fatalities. In addition, several cases of mortality of
domestic animals, fish, birds and other marine animals have been directly
linked with PSP.

Although this Conference is intended to focus attention on the various
problems caused by blooms of toxic marine dinoflagellates, the agenda before
us is more oriented towards discussion of paralytic shellfish poison problems.
Several of the contributed papers deal with biology, chemistry, toxicology,
pharmacology and management of PSP and their mclusion in the program is
intentional for several very good reasons. First, there is evidence that paralytic
shellfish poisoning outbreaks are increasing in intensity and spreading to new
areas. Second, these outbreaks are world-wide in occurrence and an organized
international effort is needed to comprehend the complexities of this
phenomenon and to map out strategy for the protection of public health and
the fishery industry. Thirdly, the inter-disciplinary aspects of PSP problem



have never been discussed in a common forum, And finally, a severe PSP
outbreak in the autumn of 1972 along the New England coast which had had
no previous history of such toxic blooms has revived interest in toxic
dinoflagellate blooms in general and their hazards to public health and
fisheries in particular. The 1972 'red tide' outbreak along the New England
coast resulted in complete closure of the entire 3200 Km Massachusetts
coastline for harvesting shellfish and declaration of a public health emergency
by the State Governor. Besides 26 reported cases of poisoning, the shellfish '
industry suffered severe economic losses and the public confidence in the
safety of fishery products was momentarily shaken.

l was associated for a number of years with the PSP research program in
eastern Canada where this phenomenon is of regular occurrence during the
summer months, however, it is not my intention this morning to talk about
our PSP problem since most of this information is already available in the
published literature and adequately summarized in the Fisheries Research
Board of Canada Bulletin 177, an offprint of which is already in your hands.
Instead, l wish to confine my remarks to an overview of dinoflagellate blooms
as a biological phenomenon, without trying to steal the thunder from other
speakers who will be dealing with this aspect in a more specific way,

The occurrences of toxic dinoflagellate blooms in the sea, often leading to
the well known 'red water or red tide' conditions are not new. They have been
noticed, sometimes recorded, and generally ignored since biblical times. In
several regions of the world 'red tide' outbreaks have been responsible for
harmful effects on public health, large-scale fish mortalities and destruction of
other marine life, and have spelled disaster for coastal fishing, tourist and
recreational industries. These negative effects are not necessarily confined to
blooms of toxic dinoflagellates. Non-toxic dinoflagellate blooms are also
important in view of the fact that secondary effects of decomposition and
decay of such blooms may jeopardize the survival of many coastal marine
organisms. Wherever this happens, it results in a drastic change in the
ecological balance of the inshore coastal areas and it may take several years
before the affected marine communities are able to establish themselves in
those areas.

The spectacular growth of marine dinoflagellates resulting in 'red tide'
conditions is generally confined to coastal waters or to those regions of the sea
where active upwelling takes place. Sporadic occurrences and generally short
duration of such red water blooms have usually caught the scientific
community otf guard and have discouraged study of this phenomenon on a
systematic and continuing basis. Consequently, there are very few published
records where such blooms have been explained on the basis of environmental
factors prevailing prior to or during the bloom period. The events preceding a
red tide have generally been subjects of considerable speculations and vague
generalizations and despite several studies on growth requirements of red tide
dinoflagellates under laboratory and natura! conditions the question why a
dinoflagellate species grows 'wild' creating red tide conditions in the sea has
remained unanswered Extrapolations of laboratory results to explain natural



red tide occurrences have not been altogether satisfying,
There is little doubt that the abundance and seasonal distribution of marine

dinoflagellates are intimately related to temperature, salinity, light, nutrients
and current regimes in the sea. High temperature, high light intensity and a
relatively stable water column are some of the factors that stimulate their
growth in nature. however, the exact mechanism which permits the
development ot an extensive rnonospecific dinoflagellate bloom with virtual
exclusion ot other phytoplankton species is still very much an enigma and
requires further studies, 1 feel that for too long, study of the 'red tide'
phenomenon has been carried out in much too narrow, much too conservative
and parochial a manner. Ke have been looking at a limiting tactor rather than
concentrating on interaction of multiple factors which create conditions
conducive to a monospecific dinoflagellate bloom. We have tended
approach this problem as if the cause of headache was a lack of aspirin,

Some of you may not entirely agree with me, but I subscribe to the idea that
the development of a 'red tide' bloom should be looked upon as a process
comprising two main components,  I! initiation of a bloom, and �!
subsequent development and continuation of this bloom to the extent that it
becomes visible. There is sufficient evidence to support the fact that conditions
for initiating a bloom may not necessarily be the same required for
continuation of a bloom. initiation of a bloom appears to be largely a matter
of 'biological conditioning' of sea water which favours a more or less
exponential growth of a dinoflagellate species and involves largely biological
and chemical factors. The subsequent continuation of the bloom appears to be
largely influenced by physical factors like winds, tides, convergence,
divergence, temperature or salinity-induced stratification, Langmuir convec-
tion cells, stability of the water column etc. Positive phototactic behaviour of
many dinoflagellate species may also contribute towards this concentrating
mechanism,

Since red water blooms are essentially a coastal phenomenon, it has been
suggested that the growth of dinoflagellates to bloom proportions may be
dependent upon, or at least influenced by production processes characteristic
of coastal waters. Coastal waters exhibit a higher concentration and wider
variety of nutrients, trace metals, particulate and dissolved organic matter,
and other biologically active substances than those found in the open sea. This
enrichment is primarily due to drainage from land and/or due to local
upwelling and there is reasonable evidence to suggest that dinoflagellate
blooms are associated with 'biological conditioning' of inshore coastal waters
brought about by introduction of organic compounds of terrigenous origin.

I wish to expand on the role of land drainage in the development of
dinoflagellate blooms because the introduction through land drainage of
significant amounts of terzigenous organic matter which includes a number of
biologically active substances has in my opinion the most profound impact on
production processes in coastal waters. Although species specific diversity in
growth requirements is to be expected, a number of laboratory studies have
shown that marine dinoflagellates generally thrive best' under conditions of



low salinity and high organic enrichment, Both these conditions prevail in
coastal waters, particularly in areas of river discharge and,'or after a heavy
rain-fall. indeed sufficient indirect evidence is available to suggest that heavy
rain-fall or land drainage is a prerequisite to most, if not all dinoflagellate
blooms. A great bulk of terrigenous organic matter in coastal zone is
represented by humic substances which are efficient natural trace metal
chelators. My own work with such substances as well as recent published and
unpublished experimental data from several laboratories suggest that increased
production of planktonic algae in general, and of marine dinoflagellates in
particular is linked with aquatic humus present in coastal waters.

Another aspect of the influence of land drainage on red tide development is ',
related to the entry of pollutants in coastal waters. In some areas pollution has,-
been blamed for red tides and concern has been expressed that increasing '
pollution ot: inshore coastal waters may increase the frequency of occurrence '.
of red tide outbreaks, There is little doubt that waste discharges introduced
from land modify quantitatively as well as qualitatively the planktonic
population in coastal waters, Since dinoflagellate blooms correspond to high
organic loading in sea water, sewage outfall discharges introducing substantial
amounts of organic material could create conditions favourable to growth of
marine dinoflagellates and thus set the stage for the development of severe red
tide blooms of toxic dinoflagellates. Recent observations in Tokyo Bay, Japan
and Oslofjord in norway which are subject to considerable urban discharge
appear to suggest that the frequency of red tide outbreaks is on the increase.

Development of a dinoHagellate bloom can be looked upon both as a
product as well as a process of the general eutrophication of the coastal
ecosystem. The interaction of the various conservative and radical
environmental factors which brings about eutrophication should also be able
to explain how and why a 'red tide' bloom is generated. Recently modest
attempts have been made to understand the interplay of the various factors
involved by constructing ecological models. Working with models is an
excellent way of developing an appreciation of the whole system. The general
idea behind any ecological model is elucidation of complexities and
interactions of a system which would permit development of predictive
capability that could be applied to real life situations. Unfortunately, unlike
physical systems, the complexities in a biological system are magnified
several-fold due to the fact that there is an enormous variety of interactions
between chemical, physical and biological components of that system. Some
of these are either not identified properly, or are measured imprecisely, thus
making a biological model an elegant but entirely useless tool. Because the
degree ot sophistication required to develop predictive models has not been
developed by many of us biologists who have very little idea of what level of
detail or resolution is required in a predictive model, modelling in biological
systems appears to be more an intuitive art than a sober science. Those model
makers whc work in glorious isolation and are content with the 'black box'
philosophy are, in my opinion, wasting not only their time but also that of
others, 1 believe that a close integration between experimentalist. field



observer and the theoretician is an essential prerequisite for meaningful
predictive models applicable to 'red tide' phenomenon.

Finally, I would like to say that in present day context, research and
management are interdependent; research infor rnation is vital for development
of regulations, guideltnes, and general management policy, Research on
dinoflagellate blooms and associated phenomena is demanding of a variety of
drsciplines and this is quite evident from the full and varied agenda ahead of
us. During the next three days you will be exposed to a number of papers on
biological, ecological, chemical, toxicological and management aspects of
dinoflagellate blooms, Most of this work is relatively recent and has been
carried out against generally serious odds of insufficient or interrupted funding
and general lack of appreciation of this problem by administrators and the
public. I have over the years looked with concern, bewilderment and if I may
say so, with certain amount of dismay at the attitude of research
administrators with respect to research on red tide blooms, ln this country as
well as elsewhere the interest and involvement of various agencies in red tide
research has tended to follow the same sporadic and unpredictable frequency
as that of a 'red tide'. Both the federal and state agencies responsible for
funding have treated this problem as a 'political football' and have regarded
research as a convenient faucet to be turned off or on at will to suit their
purpose, This has resulted in irreparable damage to serious studies of this
phenorrenon on a systematic and continued basis especially when one realizes
that it takes 2-3 years to assemble a good team of researchers and another 4-5
years or more of diligent investigations to bring a study to a close. Despite
these odds considerable progress in our understanding of this pehnornenon and
its public health and economic implications has been made. There are obvious
gaps in our knowledge of certain aspects which must be filled in order that we
may develop a better scientific basis for our management programs. I am
confident that our discussions and deliberations during the course of this
conference will lead us to a fuller realization of the magnitude of the problems
associated with dinoflagellate blooms, as well as deficiencies in our approach
to these problems and possible remedies. It is my earnest hope that upon
termination of this Conference, we will be able to come out with a clear road
map which should help not only the individual scientist in assessing and
reorienting his research program, but also those who are involved in
formulating policies to safeguard public health and to prevent economic losses,
If this Conference succeeds in generating a better public understanding of the
facts associated with red tide phenomenon and is able to arouse interest and
awareness among various Federal and State officials, leaders of the Fishery
industry, Scientists, Engineers and the like, it should be regarded as a major
first step. I once again extertd a sincere welcome to you all and wish you every
success in your endeavors. Thank you!
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Since the beginnings of biological oceanography, studies of factors
controlling the blooming of phytoplankton have dominated the research
scene

Early in the research it became apparent that changes in population
abundance were a general phenomena of lakes and oceans, but the
interpretation of causes, with prediction as the goal, was complicated by the
interrelationship between physical and biochemical factors, Today the
appearance and disappearance of different species is still one of the principle
problems in phytoplankton ecology. It becomes more perplexing but no less
interesting when a single species of dinoflagellate blooms at the expense of all
obvious external growth factors.

Some ecologists believe that large concentrations of dinoflagellates are
"accumulations" of algae brought about by an interaction between behavior
and hydrography, Other ecologists feel that blooms occur because of complex
biochemical relationships with water chemistry. To the reader this might
signify a wide degree of polarization, in reality most ecologists feel that
"blooms"are explained by both theories. Models of blooms include inputs such
as hydrography, biochemistry, behavior, as we]l as the physical chemistry of
the water masses.

This section of the conference was composed of researchers actively engaged
in developing predictive models of plankton blooms and/or assessing the
influence of hydrographic and meteorological phenomena.

The specific subjects that were addressed are:
I! Common external contributory factors to blooms.
2j The roles of temperature, salinity and nutrients.
3! The implication of oceanographic factors such as vertical mixing,

advection and stability of the water column with the occurrence of blooms
4. The influence of meteorological, and physical conditions on blooms.
5! Industrial ~ human factors related to blooms.
6! Sequential relationships of meteorological, hydrographic or biological-

chemical conditions upon the cessation or limitation of bloom size.

Practically every paper in this session emphasizes some factor of physical
oceanography which can concentrate red tide organisms. Such features as
convergences, vertical mixing, convective cells and internal waves have been
implicated However, most speakers have been emphatic that concentrating
mechanisms alone cannot explain the bloom phenomena: All concentrating
mechanisms coupled directly or indirectly with enrichment is a necessity,

On the Atlantic coast those present when the 1972 outbreak occurred have
asked the question as to why was 1972 different from preceeding years. Two
things stand out, �! persistant wind conditions favorable for near shore
upwelling, �! Hurricane Carrie and the winds and rain associated with same.
Both of these events provided the mechanism for enrichment of the water
column at a time when growth conditions for Gortyaufax tarrrarensis were
favorable. On the Pacific coast of the United States the appearance of blooms



of Go»yaulux polyedra appears to be correlated with the intensity and
duration of upwelling along the coast, while on the west coast of Florida
vertical mixing and<or seasonal cooling correlate with the rate of change of
water temperature, An extensive record of past occurrences has allowed
Flor ida workers to develop a predictive model.

ln the geographical areas experiencing red tide problems external activities
such as dredging and the discharge of human and other wastes have'
aggravated the problem.

The question that continues to nag oceanographers is why any of the above
mentioned events lead to a unialgal patch of red tide organisms. This is where
behavior of the organism  vertical migration! becomes important, Researchers
on the Pacific Coast believe that daily migration provides a selective
advantage for the dinoflagellates, in that they can seek out nutrient rich water
at depth during the hours not favorable for photosynthesis. There is a]so
increasing evidence that the solo nature of species in patches is maintained by
the excretion of growth inhibitors of' other phytoplankton and, perhaps,
selective grazing.

The papers of the session emphasize the complexity of the problems. A
major part of this is the difficulty in studying the problem in the field. As one
participant put it, "Progress in this area of research is slow, but the fact is as
doctors we only get to see our red tide patients once or twice in several years." f
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ABSTRACT

Gonyaulax potyedru is frequently a dominant species in red tides off
Southern California. Scientific observations of the species composition of
blooms off La Jolla were begun in the 1920's and physiological measurements
have been carried out since the 1950's. The latter include studies of
bioluminescence and the periodicity of cel] division, vertical migration,
proximate chemical composition, and nitrogen assimilation.

Causative mechanisms of local red tides appear to differ from those off
Florida. Here nutrient enrichment via upweiling is more important than
freshwater runoff. The physical concentration of organisms into dense, visible
patches has been shown by Kamykowski  l4! to depend upon a daily vertical
migration through the thermocline.

As a first approximation the coastal surface waters off Southern California
may be regarded as oligotrophic with respect to ambient concentrations of
nutrients. At invervals these waters are enriched by the admixture of
nutrient-rich water from depth, This enrichment promotes phytoplankton
growth: either diatom or dinoflagellate blooms may result. The dinoflagellate
blooms are associated with steep, shallow thermoclines, a nutrient-depleted,
shallow mixed layer   c 10 m! but with nutrient-rich water below the shallow
thermocline and within the depth range of the diurnal vertical migration of the
dinoflagellates, We hypothesize that the vertical migration along with certain
idiosyncracies in their metabolism of nitrogen  notably a lack of circadian
periodicity and of arnrnonium-r'epression of the enzyme nitrate reductase!
provide an advantage for dinoflagellates over coastal diatorns when the above-
rnentioned physical conditions prevail.

Introduction

Gonyautar polyedra Stein is one of the most abundant phytoplankters in the
nearshore coastal waters of Southern California. Reid, et at. �4! found it to be
among the ten dominant species  when dominance was based upon biomass as
carbon! in about one-half of the samples studied for the period April through
September, 1967 from a station 1.4 km. from the beach off La Jolia. Its
abundance decreased progressively at stations 4.6 and 12.1 km offshore.
Between the inshore and offshore stations the water depth increased from 20 to
greater than 300 meters indicating the narrow continental shelf in this region.

The surface waters off Southern California alternate between oligotrophic
 ambient nitrate and chlorophyll concentrations less than 1 pg atom liter
and 1 pg liter 1, respectively! and more nearly eutrophic states. Surface nitrate
may reach 10-20 pg atom liter and phytoplankton chlorophyll up to 20 ~
liter 1 in diatom blooms or as much as several hundred pg liter 1 in
dinoflagellate red water blooms. There is little freshwater runoff from rivers in
this semiarid region. Rainfall is typically of the order 25 crn year 1 with a
winter maximum. Approximately 2 x 109 gallons day 1 of sewage flows into



the coastal waters, largely frcm the metropolitan areas of Los Angeles, Orange
County, and San Diego. But even nutrient additions trom sewage are expected
to be small compared with nutrients advected through Southern California
coastal waters by the California Current. I.>pwelling is characteristic of this
and other eastern boundary currents �0!, Increases in the standing stocks of
phytoplankton seem to be closely related to inputs of nutrients into the surface
waters via upwelling. Indeed Kofoid �6! early attributed a causal relationship
of G. po1yedra blooms to upwelling and more recent observations by
Clendenning �! and Holmes et at,,�3! confirm his suggestion.

Gonyautax potyedra has been the most characteristic organism in local red
water dinoflagellate blooms, as recorded by Allen �! in more than twenty
year s of observations of phytoplank ton collected off the Scripps Institution pier.
But other dinoflagellates may also be dominant in such blooms. Among these
are Prorocentrum rnicarrs �!, Cochlodiniurn sp. and Gymnodinitzrn sp. �3!,
Gymnodiniurn ftavrzrn �7, 29! and Ceratiurn spp.  C, furca and C. dens! �!.
These organisms and Gymnodiniurn splendens are also frequent components
of G. po/yedra blooms  ~3!.

The decline of local blooms has been related to water exchange, to grazing
by the holozoic dinoflagellates Potyt,rikos sp. �3!, Xoctifuca sp, and
Fragilidiurn heterotobunt �!, and to rotifers and holozoic ciliates, including
tintinnida. The latter are often abundant in such blooms. Their ingestion of G,
polyedra has been observed in red water samples examined in the laboratory.

Observations on local red water blooms predate the Scripps Institution of
Oceanography  established in 1912!. In addition to the early published work of
Kofoid �6! and Allen �! there is considerable unpublished local lore and
natural history. This information is valuable but difficult to attribute to its
source. Therefore the general oceanographic characteristics commonly
associated with G, polyedra blooms and blooms of other red water
dinoflagellates will be listed without complete attribution. Most of these
characteristics were included in Ryther's 1955 review �5! and in Holmes et al,
1967 �3!. Dense, visible red water blooms are associated with calm, warm
weather in the "upwelling season" of April-November when there is a steep,
shallow thermocline, The dominant dinoflagellates are vertically migrating
species, Red patches are often not apparent early in the day but appear
mid-morning, suggesting that either their upward migration or their
aggregation in the horizontal sense takes place in the morning. Patches are
restricted to inshore areas, usually within 5 km of the beach. Patches of red
water are most frequently observed in areas near submarine canyons  as off
the Scripps Institution! or south of headlands. The areal extent of the blooms
may be very great in the longshore direction. Clendenning �! reported a
more-or-less continuous bloom for over 200 km along Baja California
 Mexico! and Southern California  USA!. Physical concentration mechanisms
must be involved to achieve such high celt densities as are often observed since
the cellular content of nitrogen in blooms may exceed that initially available in
the water column �3!.
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Table I

Red water blooms noted by staff members of the Food Chain Research
Group in the period December 1966 to September 1974 off Southern
California.

CommentPlaceDate

Ceratium spp, Vertical
migration studied

Red patches

Seal Beach

Sorrento Slough

La Jolla

3 Sept. 67

15 Febr. 68

27 Mar. 68 G. polyedra, Prorocentrum
mi cans, Ce ratiu m syp,

17-20 May 68 La Jolla

26 Febr,-11 Mar. 69 La Jolla

Ceratium � spp.!, P. micans

G, poiyedrq, C, furca, C. fusus,
P, micans, Surface silicate
concentrations 9-13 pg atom
liter 1 in patches. Cell
conc. up to 1011 cells liter 1

La Jolla-San Diego P. micans

G. polyedra, Fragilidium
heterolobum, red patches
seen off SIO 9-18 Aug. 72

16 Sept. 74 El Segundo
 Los Angeles area!

Dense red water in three bands
1-2 km apart on 1-5 km
offshore. Bands par allel
to the coastline.

27 May 69

3 Sept. 70

22-28 Oct. 70

9 Dec. 70

22-27 Aug. 71

24 Apr, 72

8-28 Aug. 74

Newport Beach

La Jolla

La Jolla

San Diego Bay

La JoHa

La Jolta

Dense, bright-red patches

G. po1yedra

G. po1yedra, Peridinium spp.

Mesodinium rubrum, C. furca

Mixture of dinoflagellates



I4d water blooms have not been spectacular off La jolla since 1965-66, as
might be expected since the Food Chain Research Group set up for a major
study in 1967. Casual observations since then have indicated occasional minor
blooms here  Table 1! although more extensive blooms have taken place in the
period in the Los Angeles area, However, considerable information on the
composition and physiology of G. polyedra and other local bloom organisms,
partic'ularly Gymnodinium splendens, has developed from studies of
laboratory cultures and the Scripps institution's 70 rn3 volume 'Deep Tank".
Additional insight has accrued from a theoretical study of the role of
sernidiurnal internal tides in physically concentrating phytoplankton see
Kamykowski �4! and from the MESCAL cruises off Baja California ot- the
I!niversity ot Washington upwelling program  see Walsh et al. �8! !.

Role of Vertica/ Migration in iMutrient Assimilation

The vertical migration of G. polyedra and Cachonirra niei, a dinoflagellate
isolated by A. R, Loeblich, III from the Salton Sea, was studied in
the Scripps Institution "Deep Tank" by Eppley, et al, �!. A pump and hose
plumbed to a fluorometer were used to provide a continuous depth profile of
chlorophyll fluorescence at intervals over the day-night light cycle. The
chlorophyll fluorescense recordings served to indicate the depth of the
migrating dinoflagellate populations in the 10 meter depth of the tank.
Gonyaulax polyedra migrated downward at night and upward in the daytime,
reaching maximum surface concentrations in the afternoon. Nitrogen-starved
cells largely lost their ability to undergo the vertical migration. Cachonina niei
behaved similarly but continued its migrations even in N-depleted water. Rates
of migration were about 1 meter hour . The downward rate of migration of a
natural assemblage of Ceratium spp, was about 2 rn hr 1. Similar values were
reported in the laboratory study of Hand et al. in 1965 �0! and earlier by Hasle
in 1950 �2! for natural assemblages. lt seems quite likely that these organisms
may traverse a depth range of the order 10-15 meters over a 24 hour period.

The vertical migration of G. polyedra and other red water dinoflagellates
has clear survival value in reaching water depths where nutrients are available.
Holmes et al �3! found nitrate concentrations in a red water patch as follows:
surface 0,07, 7 meters 0.13, and 12 meters 7.68yg atom liter 1. Armstrong and
LaFond �! found similar high nutrient levels associated with the thermocline
in Southern California coastal waters. But this advantage would accrue only if
the dinoflagellates can assimilate nutrients at night. Since circadian periodicity
in nitrate, ammonium assimilation and in nitrate reductase activity was
demonstrated in natural assemblages of marine diatoms with maximum
activity about noon and minimal activity about midnight, this question is not
trivial. Experiments were carried out in August, 1974 with a natural red water
bloom dominated by G. polyedra  Table 2!. Circadian periodicity in
assimilation of nitrate is evident, as with the diatom crops, but the amplitude
of the variation from day to night was less �.5 to 3 fold, rather than 5-10 fold!.



Table 2.

Nitrate uptake
rate pmoles
1 i ter-1 hr-1

Nitrate reductase
activity pmoles VO2
formed liter 1 hr 1Cells liter ~Ti Hle

Midnight 2,52 x 106,
0.401.0S

2.77 x 106$Noon
0.622 96

Midnight 2.49 x 106

Noon 2.77 x 106

1.30.92

0.311,44

*Cell carbon and nitrogen contents were 3040 and 285 picog. cell
respectively. ChlorophyH a content was 13,8 picog. cell

$ Cell carbon and nitrogen contents were 2840 and 273 picog. cell
respectively. Chlorophyll a co~tent was 12,4 picog. cell 1.

This, along with the enhanced assimilation rates of N-starved cells on exposure
to autrients, suggests that the migrating dinoflagellates may indeed be able to
assimilate ample nutrients for sustained growth at night if they can reach
depths where nutrients are available. If they cannot, it is expected that the
ability of G, polyedra to migrate will be lost and the bloom will dissipate or
that the dinoflagellates wiH persist at greater depths where light and nutrients
are available.

It is interesting to note that the amplitude of the circadian periodicity in
chlorophyll fluorescence was also much less in dinoflageHates than was found
with diatom crops in Chesapeake Bay by Loftus and Seliger �9!.

Another physiological idiosyncracy of the dinoflagellates we have studied,
Peridinium triquetrum and G, polyedra, is the apparent lack of repression of
m tra te reductase by ammonium � 1!. In marine diatoms the enzyme disappears
rapidly from cells growing with ammonium ion present at concentrations
greater than about 1 ~g atom liter, even in the presence of nitrate. In these
dinoflagellates, however, i t appears that the enzyme is synthesized whenever
nitrate is present and persists even in its absence and when growth is at the
expense of ammonium. Further, natural red water samples of G. polyedra
have not shown the marked circadian periodicity in enzyme activity observed
with diatoms  Table 2!. This may provide additional survival advantage for

Circadian periodicty in nitrate uptake rate of GortyauJax po!yedra in
samples of a red water bloom The sample was maintained at 18oC on a
light-dark cycle  lights on 0600, off 2030; light intensity approx 0.03 cal cm
min 1!. 13-14 August, 1974.



vertically migrating dinoflagellates that encounter nitrate only in the descent
to nutrient-rich water at night in that their enzymatic machinery for nitrate
assimilation is already present and need not be synthesized af'resh each night,

Lof tus et al, �9!, working with Chesapeake Bay blooms, have found species
ditierences among dinoflagellates in the kinetic parameters for the
photosynthetic utilization of CO2. The high pH values t8.5 or so! observed in
daylight in dense red water patches here suggest that similar physiological
aclaptations may be expected in our local species,

The ability oi red water blooms to sustain themselves in waters with
depleted nutrients at the surface  except for silicate that is not apparently
assimilated hy dinoflagellates and was found at elevated levels at the surface in
red water blooms by Armstrong, et a1. �!, see Table 1, thus finds an
explanation. iVonmigrating phytoplankton in bloom proportions would lack
this advantage.

Diatom blooms off Southern California are also related to upwelling and
other nutrient inputs and might be expected if vertical water mixing is of
sufficient intensity to bring nutrients to the surface, Dinoflagellate blooms
might be more likely to develop if' the upwelling intensity were such that
nutrient enrichment di J not reach the surface but rather 5-10 m depth, with an
overlying steep, shallow thermocline. The dinoflagellates could then take
advantage of their vertical migration capacity,

Plr vsicrr I Concentratiorr Mechirrrr'sins and Vertical Migratiorr

Ryther �5!, I'orneroy et al �3!, Seliger et al �6!, Loftus et al �1!, and other
authors have pointed out that some mechanism of physically concentrating
dinoflagellates at the surface must operate in red water blooms to account for
the high cell densities observed. Nutrient concentrations available in the water
are insutficient. even in the entire water column from surface to bottom, to

account tor the nutrient content of the cells, Kamykowski �4! has shown by
mathematical analysis that semidiurnal internal tides will strongly concentrate
organisms that carr y out vertical migrations through the thermocline or other
density gradient if the waters above and below the discontinuity move with
different velocities  Figure 1!.

Karnykowski's model provides a particularly attractive hypothesis for
explaining the surface aggregations of dinoflagellates observed in local red
water blooms for several reasons. 1! It provides the several-fold concentration
factor needed, 2! lt predicts that the red water patches will occur in bands
oriented parallel to the shore  in September, l974 we observed three such
bands about 1-2 hifometers apart in Santa Monica Bayi 3} The model requires
both vertically migrating organisms and a strong, shallow discontinuity layer,
consistent with earlier observations, in order for organisms to aggregate. 4! The
niodel also explains why blooms would be restricted to shallow, inshore
waters and why we often observe deep rnaxirna  lS-40 m! in chlorophyll
}:luorescence profiles due to dinoflagellates, without surface bloom~, in the
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Ffgurel. Surface patterns of thermocline-crossing phytoplankton undergoing diurnal
vertical migrations. The surface patterns perpendicular to the shore  X-axis! are
sampled at 24 hr. intervals for 16 days The oblique lines connect the spatial
positions of the various initial sampling points along the wave length of the
sernidiurnal internal tide with the time of each simulated sample. A very strong
convergence occurs with vertically migrating phytoplankton effectively forming
one band per wave length near the trough by the 9th day, Simulated conditions:
internal wave amphtude 4,5 m centered at a mean thermocline depth of 10.5 m;
phytoplankton swimtning velocity 1.0 m hr above the thermocline, 0.5 m hr
below the therrnocline, on a 12-hr day: 12 hr night cycle. From Kamykowski �4!.

absence of steep, shallow thermoclines. In passing it may be noted that local
blooms may be of such density as to increase the surface temperature a degree
or more via light absorption and this serves to positively reinforce a steep,
shallow tbermocline.

Needs for Further Understanding

It is clear that the above arguments and hypotheses are useful toward
understanding red water blooms off Southern California. But from this
distance it is not clear to what extent, if any, they may apply to blooms of



C.yinnodinium bre«e oft Florida t27! or to blooms of other Gonyauiax species
in temperate waters such as I uget Sound or off New England, or for that
matter to blooms in lapanese i~land waters or in Southern California harbors
and shallow embayments, They may be most pertinent to coastal regions with
eastern boundary currents, as the Benguela  9!,

l'urtherrnore, many questions remain for the region in question. For
example. Gyntnoa'inu<rn sp1endens has not been recorded as a dominant
species in local blooms, although it is often present and may reach moderate
cell densities and form nearly unialgal chlorophyll maxima at 15-30 m depth
according tc Lasker �8! and Kiefer and I.asker �5!. Forward  8! has
investigated the phototactic responses of this species and reported that it is
positively phototactic'  only! and that the light sensitivity of the response
shows circadian periodicity with a maximum sensitivity in the first 4 hours of
the light period. A vertically migrating bloom of this species was studied in the
Gulf of California by Kiefer and Lasker �$!,

Also lacking is an explanation for the apparently downward directed
swimming at night observed by Kiefer and Lasker for G, spfendens, for G,
polyedra and C, niei in the deep tank and for Ceratium spp. in a natural bloom
otf Newport Beach California�15!. Is there a geotactic or a very light
sensitive negative phototaxis at night or is the apparently directed
swimming downward the result of accelerated sinking' Clearly this downward
swimming is equaHy as important to the hypothesis as the positive phototaxis,
The inoculum of dinoflagellates at the commencement of a bloom remains for
speculation but may play an important role in determining species dominance.
We need more information of which species form resting ~sts that settle to the
bottom and the conditions under which they release motile vegetative cells.

Importance of Dinof1agellates to the Food Web

First feeding anchovy larvae  Engrauiis mordrLr! have been supported in the
laboratory with Gyrnnodinium spfendens as the food organism. On shipboard
the larvae successfully fed only in water samples taken from the chlorophyll
maximum, observed at a few meters depth when the chlorophyll maximum
contained 20-400 food organisms per ml of minimum cell diameter 40 pm �8!.
ln March and April, 1974 the chlorophyll maxima observed in the nearshore
waters off Southern California were composed almost exclusively of G.
splendens and permitted successful larval feeding �8!. Juvenile
copepods also aggregate in such chlorophyll maximum zones at depth
according to Mullin and Brooks �2! and Anderson et aI. �! and require
relatively high concentrations of food particles for maximum rates of feeding.

Corresponding concentrations of the chain diatoms Chaetoceros sp. and
Thalassiosira sp., of the appropriate physical size, were not utilized by the
anchovy larvae �8!, although such diatoms provide adequate food for the
copepod Calanus helgofandicus �2!. It appears as if dinoflagellates 40 +m or
greater in diameter and present in concentrations of at least 2 x 10 liter may



play a special role in the early growth of the northern anchovy off Southern
Califc. rnia. The dinoflagellate species characteristic ot red water blooms meet
these requirements and their role in the food web of larval anchovy is under
active investigation.
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INTRODUCTION

Red tides develop in specific locations in response to the presence of
oceanographic conditions conducive to their growth. 13ue to the uniqueness of
each red tide, in terms of major species, location and time of year, no single set
of factors is expected to be responsible in each case.

Environmental conditions, apparently optimal for the proliferation of
Gortyaulax tamarerisis, were present in northern New England waters during
1972 and Ã74. Gonyaulax tarnarerisis can cause paralytic shellfish poisoning
and, although present in small numbers in previous years, never developed
into a serious health hazard prior to the red ticle outbreak in September 1972.
This paper describes the physical-chemical conditions and phytoplankton
populations characteristic of the Merrimack River coastal region, the
apparent point of origin of the recent red tide blooins. The specific events
which preceded and accompanied red tide blooms in New England in 1972 and
1974 are discussed and compared with those described from previous red tides.
The influence of proposed environmental modifications of the Merrimack
River coastal region on future red tides is also considered.

Description of Northern Massachusetts-New Ham pshire Coastal Zone

The coastal region from Rye, N. H. to Cape Ann, Mass.  Fig. 1! which my
students and 1 have been studying since Aogust, 1971, appears to be the site
of the initial development of the recent New England Red Tides. Since the
~ographic characteristics of this region are evidently suitable fo«he

Gr ~ studies have been supported by funds f rom the UNH Sea
4ytheon Program, NOAA Environmental Research lwboratory and

tbeM c~husetts Department of Natural Resources.



development of red tides, they are considered in detail in this section.The coastline of the region consists mostly of low, sandy barrier beacheswhich protect extensive Spartina marshes and estuarine areas. The coastalregion contains the Merrirnack River, the major river between Cape Cod andCape Elizabeth  Saco River!, More than 1.3 million persons live within the5010 square mile �3,000 krn2! Merrirnack River drainage basin �! whichcomprises eight percent of the entire drainage basin of the Gulf of Maine �!.The Merrirnack River dominates the physical, chemical and biological
characteristics of the surrounding coastal region.The magnitude of several adjacent rivers can be compared with theMerrirnack River on the basis of mean flow data from 1942, �4! which showed

SETTS

Figure t: Ivlap of Northern Massachusetts and New Hampshire Coastal Region, A. Rye, N.H.; B. Newburyport, Mass,, C. Anrtisquam. Mass,; D. Salem, Mass. Stations 2-E
occupied %973-74,



the l'iscataqua River with 491 sec-ft  8,3 x 10 1 ~m!, the lpswich River with
163 sec-ft t2.8 x 105 1/m!, and the Merrimack River at Lowell, 5910 sec-ft �00
x 10 1,'rn!, Average annual rainfall in the region is 43 inches �.09 m! �!
which is distributed rather uniformly over the entire year. River runoff
exhibits a definite seasonal cycle coinciding with the period of major snow
mel t during the spring  Table 1!.

Table 1

Water Discharge Data of Merrirnack River 6elow Concord River
at Lowell, Mass. in CFS  cubic ft. per second!

1970/7121945/461Date

Average discharge for 48 year period ending 1971 = 7055 CFS

1. FORD, W. L. 1947. Hydrography of the Western Atlantic. No. 3. The
distribution of the Merrimack River effluent into Ipswich Bay. Woods
Hole Oceanographic Institution Technical Report. 23 p.

2. ANON, 1971. Water Resources Data for Massachusetts, New Hampshire,
Rhode Island and Vermont. Part I. Surface Water Records. Part 2.
Water Quality Records. U. S. Dept. of the Interior. Geol. Survey. 401
PP.

Winds follow the same general patterns aselsewhere in the Gulf of Maine �4!
�5! mostly from the west, with considerable seasonal variation: in Fall and
Winter, mainly from north to west; in Spring, winds are variable and, during
the Summer, winds blow from the southwest and southeast quadrants,

Non-tidal currents tend to move the surface coastal waters in the region
counter-clockwise, to the southwest along the coast; bottom waters move
either to the southwest or toward the shore according to Bigelow �!, Day
�0!, and Graham �5!, Graham also noted that bottom water which

October

No vernber
December

january
February
March

April
May
june
July
August
September

4266

6047

10041

8856

7148

19200

9739

11869

8536

2695

4181

3093

4257

4969

4169

5235

9843

21700

16510

3511

1567

2109

2074



originated ir. the northern Gt<lt of Vidlne moved during the summer through
1»ilrey and Scantum Basin arid to«ard th» shore near the mouth of the
4lerrima< k Rive r.tN'ind can generate suitace currents up to 2 "o of wind velocity, and
coi sequen tly, non-tidal currents are stronger in the fall and winter because of
higher wind velocities >rom the northern quadrant. Currents are increased
during th<spring due to increased snow-melt runotf piling up along the
shoreline, 8,'mds tr<irn the southern quadrant, common in the late spring and
suinnier reduce and even reverse the slow-moving, counter-clockwise, surface
current along the <oust, The m<ist prominent feature of the water circulation
along the west»rn <oa. t ot the  ,tiIf ot Maine is upwelling �51.

h'lulligan and <I»l.<r,i 1 3i hav< recently reviewed the phytoplankton and
hydrographic c<ir diti<~ns ir th» r»gion   l able 2'l.

Table 2

Characteristics of   oastal 'Stations Located 1-3 Miles �.6- 4.8 kmsl
from Shore between Cape Ann, lVlass. and Rye, N. H.

i Mulligan and de Lara, 1974!

Salinity  o « ~i
T»rnperatl.lr»   C!
1?epth ot t't t ph<> tie zone  i n 1
C:hlorophyll u  mg rn- i3

4-Ni' ?3 nf. at 1
i'-PO~ mg at I

o.3 - 33.3

1 - 18. 1

5 - 70

0.3 - 15.5

0.00 - o.<'4l
0.0.0 - 1.175

dat,t fr<i:;i Clay tunpubiished!

Sa!inities m< i<tired trom August 1~71 to luly 1972 ranged from o.3 to 33.3
o o<i. High»it saliniti<s were reccrded in lanuary and February. Manohar-
Xlararaj and Heardsley �1! estimated that the Merrimack River contributed
<iv»r u0".<- <it the lr<sh water in Massachusetts Bay. lce-flows and low salinity
-or ta<e water Irotn th» XI»rrimack River were observed six miles otfshore and
<oui<] b» s»»n ttioving south<'astward around Cape Ann into Massachusetts
Bay tMuliigan. <inpublished!, Consequently, the surtace waters otf and to the
so<it I" of t h<' X l< rri mack River displayed the lowest s Jlini ties I?uring the
4priri !tii»» the < nt ir< <~'a ter column <itf Annisquarn had reduced salinites w hen
<omp,ir<d ivith»onditions present at coastal stations to the nor'th.

'leal  r t»nip»rat<ir<s ranged from 1-18.1 '6 over this period and were
sligt!tly lo«»r in th» north»rn portion of the region throughout the year. The
«coastal << aters t<i th» north of the Merrimack River  to a depth ot 20 meters!
«»r< g< n< rails well mixed, Therma I stratification cleveloped during the
<earn.< r m<inths and I ecame well established, especialty at the mouth oP the
Xi< rrima<.k River and in the waters to the south.



The depth of the euph<itic zone varied from 5 � 20 meters with the lowest
transparencies occ;irring during the spring and fall Silt contributed hy the
iiierrimack River was largely responsible for the rninirnal spring:ransparencies

Phosphate and nitrate profiles were obtained at five coastal stations from
October, 1973 - April, $974  Clay, unpublished!. The concentrations ranged
from 0.050 - 1.17$ pg at P-POq. 1 and 0.00 tn 9.64 yg at N-NO3 1. Although
the concentrations of both inorganic compounds were reduced in the spring�
nitrate values reached undetectable levels during plankton bl<~oms. 4'acarro
�8! has shown that N-NH~ is abundant in the North Atlantic and may be an
important source ot nitrogen during certain times «f the year with maximum
conWentrati<ins occurring in the summer.

Ch!orophyll a concentrations in the region reached a high of 15.5 mg m in
mid-April, 1972 in the surface waters s<iuth <if the MerrimacL. River Although
chlorophyll a concentrati<rns were especially high during the spring and fall.
some high v alues were also noted during the summer. increased concentrations
of chlor<iphyll <r in deep waters occurred simultaneously with a decline in
surtace pigment c<incentrations Highest <hlorophyll <r concentrations in May
t t0.0 my, rn t «vere present in bottom v:aters off the Vlerrimack River
F!uorimetr!c measurements of chl<>rophyll <s concentrati<ins ohtained by Wells
iunpuhlished! in the spring of lcr74 ranged from 0.4 � 9.o rng, m3, and showed
tliat the algal population reached maxi<num levels in th» inshore waters in
'.vlar<.h and at a later date at the. offsh<ire stations, From March to May, 1974
th» highest c<iiicentrati<ins ot «hlorophyll u v ere often found in the bottom
waters.

This coastal region from Rye. X,H. to Cape Ann, %lass. is especially
important as it has been identit',ed by Bigelow �! as orie of two major points of
origin t<ir the spring diatom bloom in the Gulf of Maine, Although some
discrepancies were noted, the phytoplankton population of the region showed
general agre<'ment with the earlier descriptions ot- Bigelow. Diatoms are the
rnaj<ir group ol phytoplankton throughout the entire year.

The spring bl.o<im occurred in April, l972 with Ch~etoceros debrtis, C.
cnrrtpressns and Tlt<r <tssiost'ra rrordertskio!<kii the dominant diatoms at 726, 265
and 59 cells ml. respectively. Highest concentrations occurred in the southern
porti<rn <it the region. Skeletorrerrra costatt<r>r was the major summer form
reaching a maximum concentration of more than 2000 cells tml in the surface
waters at Annisqua<n in late June, 197K, This organism cotnprised 92 "o of the
phytoplankton population at that time, Leptocytirr<frr<s <1<rrtrcris. L, rrririirrrr~rrr
and Ctiirti~r<dra f acctda were the dotninant fall organisms. Thatrrssro»errr~
rritzscttioides occurred throughout the year reaching a maximum population <~!
240 cells per rnl in October, 1971. Dinotlagellates generally were a minor part
ot the phytoplankton in the coastal region, Even at the height of the
September. i@72 red ttde bloom, the maximum coastal population
Gcrntrratilax t<rrrrarensrs observed in the water cclurnn was 132.5 cells, ml.
Freshwater torms <i<<ere frequently collected off the Merrirnack River and at



Aniiis<lii,ii» Tli< phd i<ililairkt<in p<ip<ilati<ini <~or< greatly redu<ed during the
<vint or,-in ri th~.l'I..x t<iplari'.-.',<in iurv<i s <sere <.,irr:«l <iut in th< i<gi<in in 1973 - lo,4 bv,
Heauregard I'armer and Vouloheras unpublishedi. purl er and Votdoheras
rep<irt<d zri unusu.il spring populati<in which ivas similar to that recorded:n
Maisachuse"..s Bav during the same peri<id by Parker and Nlulligan. i2o! and
Mulligan and A'essel I24!, C!r<r<it<icer<is soci<r <s �1t3 cells ml! was the major
di,it<im in the tirst portion of the bimodal spring bloom which occurred fr<irn
I'eb. 2tl to March '8, 1974. I'/r<r«' ic<rstis p<iirclietti was dominant at all stations
<in April 2o, f974. reaching a population maximum ot t900 cells ml. parker
<le-<ribes the l974 spring bloom in the Merrimac River c<iastal region as
devel<iping sequentially from the southwest t<i the northeast, supporting the
th<or< that thi» region i» an initial site of the spring bloom in the Gulf of
elaine. On the last date that the entire phytoplankton p<ipulation was
,<nalyzed, April 25, 1974, the concentration ot Sk<l<tnrre»rrr cost<rtuur had
reached 92 cells 'ml.

Rei iei<' nf Cicrr:ir<rr<1<rr trrrrrar<.»sis Red Ti<h>s iri Xortlrerrr Nci<' Eilrgl<rrr<3
There have been three major red tides in this region within recent years;

clam flats in northern New England were closed due to the presence of toxic .
levels of paralytic shellfish poison producing organisms in September, 1972
and in May and August of 1974. Although data on population distribution of
th< causative organisms are incomplete, the events which preceded each red
tide appear to follow a specific pattern.4<»ryar<I<ri: tarrrarerrsis was noted in small numbers in samples collected in
B<istun Harbor and north of Cape Ann during the summer ot' 1972 �2f. The
organism increased in population north of Cape Ann but continued at low
lev<ls t<i the south. Since both regions were subject to the same meteorological
conditi<ini*, evidently these meteorological conditions, although unique
tAugust, 1972 was one of the dryest on record since 18851 were not sufficient
t<i,icc<iunt tor the 1972 red tide, Mulligan �2! suggested that an upwelling
which was noted on August 9 at Annisquam was perhaps the necessary
ad<litiona! ingredient for the development of the red tide to the north of Cape
Ann.The 13 day period from August 20 - September 2, 1972 was relatively dry
and had an average air temperature 3,0 oC above norma. A heavy rainfall
�.8 inches; 9.7 crn! occurred on September 3. The clam flats in northern
Massach<rsetts were closed on September 14, 1972 white those in New
llampshire and Maine were closed on subsequent days due to a high level of
G<!rrir<ir< rri f<rr»arerrsis t<ixin in the clams.

' Meteorological records from L'. S. Heather Station Blue Hills Observatory,
Xlilton, Massachusetts.
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Bgufe 2: Chlorophy	 a concentration  mw/m3! in surface waters 1 mile from shore during
1972 Red Tide.

Chlorophyll <t transects through the region on August 12 and Scpteinber 17,
1972 showed a population maximum tirst in southern v'aters and later in
waters to the north, suggesting a northward movement of the population
 Fig. 2!. Lowest salinitv surface water was observed along the coast to the
north of the Merrimack River stati<in <in September 17, 1972.

Khen the G t<t»<ere»sis population was mostly in bottom water at
Annisquam on S»ptember 17, 1 o72, a p<issiblc indication ol nitrogen
limitation �1!, the population at Rye, Y,.H. app»ared in a healthy condi'tior<,
c<incentrated at the surface  Tabl» 3!. On this date, Rye surtace water had a
temperature of 15.0 C and a salinity ot 29.4 o,'oo, while Annisquam surface
water registered 15.5oC and 29.7 " oo. The highest proportion of G.
ta»>are»sis cysts v'as noted on this date in the surface waters at the mouth cif
the Merrimack River where the temperature was 15.8 C and the salinity 27-1
o;oo. Although I'rakash et al. �1! suggest low temperature as a causative
factor l'or cyst formation, some other factor s! must have been operating in
this instance, The temperature and salinity values registered north of Cape.
Ann were similar to those recorded to the South of Cape Ann where no
proliferation of G, tarr<arer<sis developed, Ske eto»ei>ia costatu»t was the
dominant organism in the surface waters along the coast throughout the per iod
of the red tide bloom

A phytoplankton and hydrographic study of the region north and south of
the Merrimack River was also conducted in 1973-74, Apparent upwellings
were noted in the spring throughout the region; the first portion of the spring
diatom bloom on March 28, 1974 occurred simultaneously with increased
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The May 1974 red tide is not without precedence since similar blooms occur
in European waters during the spring �1!,

In September 1972 and May 1974 red tide blooms occurred when the
water temperatures were 15 C and 9.5 oC and the salinities wer» 29,4 and
25.6 o/oo. During the August, 1974 red tide, salinity and temperature
conditions were probably similar to those in September 1972. These values
approximate those reported to accompany Bay of Fundy red tide blooms;
Gonyaulaz tamarensis dominates when the surface waters have a temperature
of 11.3 oC and a salinity of 31.9 /oo  Prakash, 1967!, Growth at all these
temperatures and salinities can occur under laboratory conditions but optimal
laboratory growth occurred at '15-19 C and 15-23 /oo �9!. However, clones
of this organism are likely present in nature which exhibit best growth over a
wide range of temperatures and salinities. Clonal differences of G. tamarensis
are being investigated in the laboratory of T. Smayda at the Narragansett
Marine Laboratory  pers. comm.!.

That salinity and temperature are not the factors which control the initiation
of the red tide blooms is clear from the fact that C. tarrrarertsis does not reach
bloom proportions each year, and even when it does bloom, the blooms are
geographically restricted in scale and do not occupy all regions where
apparently appropriate salinities and temperatures are present. Since the
region to the south of Cape Ann contained a seed population of G. tamrtrertsis,
was subject to the same warm, dry period, and supported blooms of
Skeletotrerrra coshrtum, the presence of these conditions is evidently not
sufficient to initiate red tide blooms.

The coastal region of the Gulf of Maine is characterized by frequent
upwetlings  !S!. Upwellings were shown by Mulligan �2! to occur prior to the
September 1972 red tide. Upwellings bring organic and inorganic
substances into the euphotic zone. The blooms of phytoplankton
which accompanied or preceded the red tide blooms also contributed a great
deal of dissolved and particulate organic rnatter. lgnatiades �9! showed that
Skeletortema costatwm,  the major organism in the summer plankton in the
region!, growing under field conditions in July, contributes 15,9-18.5% of its
organic production to the surrounding waters, Carlucci and Bowes �!
demonstrated that Skeletonema costutsrm released utilizable quantities of the
vitamins thiamin and biotin, These substances stimulate the growth of G.
tamarerrsis according to Prakash �9!.

Gonyarrlax polyedra, which causes red tides on the west coast of the United
States, has been shown by Walsh et al, �9! to increase in concentration in
newly upwelled water, and to be replaced by a typical diatom flora as the
upwelled water ages. The red tides in the vicinity of the Peru current are
stimulated by a reduction in upwelling intensity and replace the typical diatom
flora �8!.

Actual nutrient concentrations are seldom measured during red tide blooms,
and even when available, represent the differences between the amounts
supplied and the amounts removed and provide little information on



productivity Holmes et at. �7! state that the nitrogen
within the water column is not sufficient to support U. S. west

t d and suggested some vertical and horizontal concentration of the
coast red ts an s The nutnent data of Clay  unpublrshed! from the

ck River region, spring of 1974, show more rapid depletion of N-NO3
P PO, Although Clay showed N-NO3 concentrations were

4~ally at undetectable levels in late spring, Vacarro �S! indicated that'g NH4 concentrations in the surface waters of the North Atlantic are highestthe summer months, and may be an important source of nitrogen during
that period.Although upwelled water may provide an initial supply of nutrient-rich
water, subsequent and continuous enrichments are contributed by river wate'r.
For example, many of the 1.3 million persons within the Merrimack River

basin are serviced by sewage systems which deliver waste water to
the Qerrimack River. Periods of reduced rainfall, which preceded all three
red tides, result in river runoff water with higher concentrations of waste water
constituents. In addition, the reduced volumes of stream water reach highertemperatures during these warmer than average periods. Therdore, lenses of
nutrient-rich, warm river runoff are continuously contributed to the coastal

I waters from the estuaries,The coastal population of G. tarnarensis increased under conditions of
increased nutrients and increased stability of the heated, upwelled water.
Wyatt and Horwood �2! have postulated that increased vertical stability is an
unportant prerequisite for red tide development. Plesset and Winet �7! noted
that vertical stability is a requirement for bioconvection, a process that aids
bloom formation in flagellated algae.

Rainfall aids the movement of red tide organisms into the estuaries where
further development occurs. Rainfall also contains inorganic nitrogen which is
often the critical limiting factor to algal growth in coastal marine waters
according to Ryther and Dunstan �5!. As the rainfall moves over and through
'the soil, organic and inorganic substances are dissolved and delivered to the
potion of G. tarrtarertsis now situated within the estuaries. Both the
reduced salinities and increased temperature of the estuaries and the increased
ccecentrations of organic substances should stimulate growth of G, tatrrarerrsis
as observed in laboratory by Prakash �9! and Prakash and Rashid �0! and in
field studies with other Gonyardtax spp. by Conover,  8!.

It should be noted that when the red tide populations were developing along
the coast, they were not, numerically, the major constituent of the
phytoplankton. It was only when G. tarnarensis formed surface streaks or
moved mto the estuary that a near unialgal population developed. This
&l~nisrn probably is capable of physiological responses similar to those of G,
P4~r which KPPIey et al, �1! have shown to execute large �0 m!, diurnal
verttmt ndgrsalons under proper nutrient conditions. The migrations likely

rnor» rapid cell increases within the estuaries than would occur
. enttrdy hom cell division. Downward vertical migrations place the organisms



info the landward flowing salt wedges which ultimately deliver them to the
heads of the estuaries. These migrations help to explain the tremendous rise in
G, tarnarensis numbers relative to those of Sketetonerna costaturrI within the
estuaries, Red tide organisms have also been suggested to favor interfaces of
different water masses by Ryther �3!, Pomeroy et al. �8!, Lefevre and Grail
�0> and this mechanism may also assist in the further augmentation of the
estuarine populations.

The offshore red streaks or patches which were observed in mid-September,
1972 in the coastal waters from Cape Ann, Mass. to the isles of Shoals, N.H.
by Mulligan �2! were populations of G. tamat'ensts concentrated either �! in
situ, along the complicated upwelling boundary region �7, 34, 13! or �!
within water masses of river origm �6!. Ford �4! has described the formation
and movement of pools of Merrimack River water to 30 miles �8 km! from
shore. He also showed that a strong onshore wind of 2 days duration in
August had verticamy mixed offshore waters and crowded new estuarine
water along the shore  a red tide concentration ma~ism suggested by
Ryther �3!.

During typical mid-summer days at the seashore  in the absence of strong
winds associated with weather fronts! gentle breezes blow over the cooler
waters toward the land. Since the dinoflageLLate population, if present, would
be in surface waters at this time, they would be moved shoreward. At night,
when the winds blow offshore, the dinoflageLLates have migrated downward in !
the water column and are not influenced by the offshore water movement at ~
the surface.

lt appears that, of ail of the potential red tide causative factors examined,
only coastal upwellings which occur with regularity at Annisquam and to the
north of Cape Ann during the period optimal for growth of Gonyautax
tamarerrsis, were essential to the development of northern New England red
tides. Future red tide studies should examine the movement of water masses
during spring and summer. Also, changes in phytoplankton composition and
distribution within the water column must be carefully monitored to determine
estuarine and coastal concentration mechanisms.

Figure 3 attempts to summarize the conditions which led to the development
of the New England red tides. Since large concentrations of G. tamarensis
were not recorded prior to September 1972, but have appeared twice since
that time, the initial bloom could have sensitized the region for future red'
tides. Larger quantities of cysts of Gonyaulax tamarensis are now present in
the region as a consequence of the 1972 red tide. The reservoir of dormant cells
from the 1972 red tide should permit the delivery of a more concentrated initial
inoculum of G. tamarensis to the surface waters, thereby facilitating the 1974
and subsequent red tide blooms.

A Large nuclear power plant is proposed for the Merrimack River coastal
region which could have a profound effect on the frequency of future red tides.
Plans call for the outflow to be situated about 6 miles  9.6 kms! to the north of
the Merrirnack River at Seabrook, New Hampshire, 4000 feet �.2 km!



offshore of the largest, most productive, soft shelled-clam  Mya arenNria! flats
in New Hampshire. This proposed power plant will remove and reintroduce
into the environment 780,000 gallons �.9 x 106 liters! of sea water per minute
which will have been heated 22oC above the ambient sea water temperature.
The volume of water from this plant equals 1/4 of the average flow of the
Merrimack River, 3.5 times the average output of the Piscataqua River, and
more than 10 times the average output of the Ipswich River. This power plant
discharge will be continuous; will always be much hotter than that of the
Merrimack River; and during warm periods of the year will even exceed the
discharge volume of the Merrimack River.

The continually added hot bottom water will eventually surface and
intensify thermal stratification and since living organisms present in the intake
water will be cooked and killed, the discharge water will contain higher
concentrations of organic substances than are present in surrounding waters,
The discharge from the power plant will produce a continuous upwelling of
heated, nutrient rich water Because of the sensitivity of the region to red tide

Figure 3

Seqtience of Events Leading To The Development of
New England Red Tides

Coastal upwellinge bring cysts of G. temerensis into eupbotic zone;
provide nutrients for growth. Coastal water mass
moves north from Cape Ann in the late spring and
summer�.

Warm, dry pertodw provides stratified water «olurnn; causes increased
temperatures and increased concentrations of
nutrients in river water,

Rainfall ~increases movement of coastal populations of G.
tamareprsis into estuaries where growth and rnechan-
ical concentration of populations through vertical
migration occurs; delivers dissolved organic and
inorganic substances which promote growth of
G, tarrtarensis,

G. tarnarensi5 removed from water and concentrated
by filter feeding organisms.

New England red tide  paralytic shellfish
poisoning!

Rgggre 3l Sequence of events leading to development of New Kngland Red Tides.
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ABSTRACT

The major organism producing red tides in the San Pedro l3ay area is
Gonyaulax polyedra. Extracts from laboratory cultures are toxic to fish, but
assays on similar extracts from cells harvested from red tides show a very wide
range of toxicity.

Out studies on red tides are made for predictive purposes and in order to
establish the sequence of events leading to red tides in a highly developed
industrial-cornrnercial area. The blooms can follow certain weather conditions
which cause stirring of the shallow harbor and resuspension of organic detritus
from the sediments. There is also an apparent relationship between the
patterns of waste discharge and the appearance of red tide. Increased
discharge at the opening of the anchovy season is followed in some conditions
by a bloom in the outer harbor, Regular monitoring is carried out of coliform
bacteria and total plate count of marine microbes. Of particular interest are the
recent measurements of bacteriophages present in greater numbers than
anticipated and which are being investigated for their role in bacterial
breakdown and resultant mineralization processes. Controlled laboratory
cultures of dinofiagel/ates are used to test the influence of compounds from the
natural environment and of breakdown products from cultures of the marine
bacteria on patterns of growth and toxicity.

Dinoflagellates are normal components of the phytoplankton in southern
California inshore coastal waters throughout the year. Sporadic "blooms"
occur, however, which may produce locaIized patches or cover large areas
with muddy, reddish colored waters.

Conditions which may account for the sporadic blooms are beginning to be
delineated, so that prediction of blooms may be possible,

With minor exceptions, red tides are restricted by the longshore current to a
narrow band of inshore waters along the coast, or to headlands or
embayments, Thus, two of the three initial conditions postulated by Ryther �!
are present; one, the normal dinofiagellate population, and two, a reduced or
restricted circulation which prevents a reproducing population from
dispersing.

The third condition is a supply of nutrients, although in local waters
enriched by sewer outfalls nutrients are probably not a limiting factor. ln
certain coastal areas, bottom nutrients may be redistributed in surface waters
by upwelling, and extensive b]oorns may occur. Other possible sources of
nutrient input might include storm water runoff, but this does not seem to
coincide with blooms in local southern California waters.

Although sporadic blooms may occur throughout the year, the most
predictable and extensive episode is likely to be in late summer and early fall
The Los Angeles-Long Beach Harbor is a relatively shallow dredged basin with
low tidal flushing and low current velocities  less than 0,5 knots near the I os
Angeles entry! �>. The principal driving mechanism is wind, which is usually
southwesterly and light. The bottom sediments are mostly fine black silt,



contaminated with a high incidence of trace and heavy metals, chlorinated
hydrocarbons, microbial populations, and organic detritus �!.

Stirring of the harbor appears to be a fourth condition for blooms. In the
late summer and early fall thermal inversion such as can be found in fresh
water lakes may occur, Chilling of surface waters causes warmer bottom
waters to rise, resuspending bottom sediments and nutrients.

At various times throughout the year, the wind direction changes to the
northeast and strong, warm, gusty "Santa Ana" winds blow from the desert
areas. These cause stirring of the harbor and also may spread clouds of dust
over the waters. Red tide blooms may follow such winds within a week or two.

Another potential triggering mechanism may be warm water effluents from
cooling systems, such as are found at power plants and oil islands, or from
sewer and industry outfalls. Warm ponds or patches of water may provide a
rnicrocirculation, and may also stimulate reproductive cycles in the
phytoplankton.

The presence of the organisms, existing low circulation, adequate nutrients,
stirring mechanisms, and possibly warm temperature areas all appear to be
conditions conducive to local red tide blooms. But these conditions do not
provide an adequate explanation of the mechanisms involved in the bloom.

Various organisms have been associated with phytoplankton blooms in the
harbor. On several occasions a localized bright "green tide" patch was
observed which consisted of a euglenoid bloom. Other greenish and brownish
blooms occur occasionally, but the most pronounced and widespread red
blooms are caused by Gonyaulax po}yedra, Densities of these organisms may
range from less than one to 15,000 cells per ml.

Within the Los Angeles-Long Beach Harbor, several sites have been
identified as potential foci of red tide occurrence. These include the area
around Fish Harbor, Channel 2 in Long Beach, and near the mouth of the Los
Angeles River in the bay where the oil islands are located,

The Fish Harbor area has been studied extensively by our group, Harbors
Environmental Projects, It is sponsored by the USC Sea Grant program and by
the Allan Hancock Foundation, with funds from the Los Angeles Harbor
Department, the Army Corps of Engineers, the Tuna Research Foundation and
Pacific Lighting International. A pilot project was begun almost five years ago
to conduct biological baseline and monitoring studies in the area. This has
since been expanded to include microbiology, benthic organisms, phytoplank-
ton productivity, zooplankton, fish populations, invertebrate settling
potential, physical water quality, nutrient chemistry, hydrology, sediment
chemistry, biomass and bioassay.

Fish Harbor consists of two basins; outer Fish Harbor, which contains a
yacht anchorage, and Inner Fish Harbor around which the canneries are
located.

Wastes from the canneries and fishing boats were formerly dumped into Fish
Harbor, but some years ago the cannery discharges were relocated to the east,
in the vicinity of the Terminal Island primary treatment sewage outfall. The
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area is very shallow, since dumping of dredge spoil and land fill was permitted
in the area. Thus conditions of high biochemical oxygen demand  BOD! and
chemical oxygen demand  COD! are present �!,

Drogue and current meter studies �! show that the waste input is on the
north edge of a clockwise gyre, which under normal southwest winds, carries
the waste waters east toward the navy mole. The falling tide pulls the water
mass toward Angels Gate, and the incoming tide directs it back into Fish
Harbor or up the main channel. Thus poor mixing and dispersal result, but
normally the receiving waters have sufficient capacity to maintain required
water quality criteria of 5 ppm > at 1,000 feet from point of discharge. Under
Santa Ana  NE! wind conditions, waste tend to remain in the outfall area
rat.her than be dispersed and diluted in the gyre.

Oxygen depletion in these waters may lead to sulfide production by bacteria
and a "white tide" composed of a mixture of bacteria and colloidal sulfur may
result.

The normal seasonal wind and water changes, temperature changes and
nutrient input may cause localized blooms at any time of the year. However,
in the late summer and early fall, natural turnover may coincide with the
opening of the anchovy  wet fish! season in mid-September. This results in a
cannery waste discharge increase from about 2 MGD2 to about 10 MGD, and
has in the past reached as high as 25 MGD. ln 1974, however, the fishermen
were on strike and no anchovies were processed, but a severe red tide
occurred. lt appeared first in the Long Beach area and ultimately covered all
the adjacent inshore waters of both south and west coasts.

A sequence of events has been noted in the oxygen curves for the Fish
Harbor area. Shortly after the appearance of white tide, red tide begins to
appear in waters peripheral to the white tide. Dissolved oxygen  DO! drops
rapidly in the white tide area from 7-8 ppm to zero or near zero. White tide
then begins to disappear and red tide proliferates. Daylight oxygen readings
climb rapidly and readings may reach 14-16 ppm. At night, the phytoplankton
apparently utilize the oxygen, because oxygen is greatly reduced just before
dawn.

Red tides in the Los Angeles-Long Beach Harbor have been cited as being
involved in fish kills on several occasions. However, circumstances suggest
that these may be due to oxygen depletion rather than to toxicity of the
phytoplankton. Fish have been observed swimming through the red tide in the
early stages of a bloom with no apparent problem. As the bloom becomes
senescent and oxygen levels fall, fish in the bloom area appear at the surface
gasping, as though for oxygen. Chamberlain �! suggests that at the air-water
interface minute amounts of dissolved oxygen may be premnt. Chamberlain

pprn = parts per million

2 MGD = million gallons per day



transferred some apparently moribund fish to well oxygenated aquaria, and
they recovered, with normal swimming behavior,

Cells trom red tides in the harbor have been recovered during the past four
years and extrac:ted for toxins. Crude chloroform-methanol extracts were
added to tanks containing mosquito fish Gambusia affinis, at a concentration
of 0,5'7o. Extracts from blooms in the late summer of 3971 and 197Z showed
ample evidence of toxicity, but blooms from 19'73 and 1974 showed greatly
reduced toxicity. This suggests that the toxicity is induced by some external
factor which may be incorporated into the phytoplankton.

Regardless of whether the biological kills are due to oxygen depletion or
toxicity, they set the scene for another bacterial bloom. Mussels  Mytilus! on
pilings show gills clogged mechanically by the Gonyaulax cells; they smother
and fall to the bottom, where they decay. Given  pers. comm.! reported a
white, presumably bacterial film over much of the bottom, along with remains
of decaying organisms when he conducted a diver survey in Long Beach
following the red tide.

At times the bacterial-red tide cycle will not produce a bloom when it might
be expected. Seasonal wind or rain storms from the northwest or south and
peak high tides may cause sufficient mixing and dispersal to break the cycle.
Such storms may at the same time cause stirring, but if the water temperature
decreases as well, bacterial activity may decrease sufficiently to prevent bloom
conditions.

In normal bacterial cycles, ntass, sudden die-off rarely occurs. Rather,
mixed populations will move in the direction of dominance by one or several
species until nutrients are exhausted. Research is presently underway to
identify factors which might serve to cause a restricted cycle in the marine
bacteria. We have recently detected higher levels of bacteriophage activity in
the harbor than would normally be anticipated in marine waters, especially in
the Fish Harbor area. Plaque formation of up to 40 plaques per ml. have been
recorded in culture tests, whereas less than 1 per rnl would be expected in
coastal marine waters  C, Frey, pers. Comm.!.

ln attempting to correlate these observations with studies in the laboratory
we have been hindered by the absence of axenic cultures of the causative
organism Gonyaulax poiyedra. Paralled experiments have been carried out on
another dinoflagellate, Gyrnnodinr'um breve, which is responsible for the
ichthyotoxic red tides of the Gulf of Florida, We have these in pure culture,
bacteria free and in defined growth medium.

Earlier studies showed that when cultures of G, breve were made bacteria
free by the action of antibiotics and grown in a minimal experimental medium
 MEM! there was a delay time of up to 8 days before the cells entered a
logarithmic phase of growth. This delay was immediately eliminated if very
low  hormonal! levels of gibberellic acid were added to the medium  now
labelled MEG!,

During the past months we have extended these studies to investigate the
effect of adding naturally occurring marine bacteria to the axenic cultures



grown in Minimal  MEM! medium. When contamination by the bacteria is
permitte<t,the delay time oI the growth phase after the procedure of subculture
is reduced and the addition of gibberellic acid has little or no effect.

Thus we believe that the presence of natural bacteria provides an
environment probably by the release of some chemical compound at low level
which stimulates the division of the cells in culture. It is possible that some
such event occurs in nature as suggested by the bacterial bloom in Fish Harbor
running ahead of a red tide there. Thus the link between bacterial blooms and
red tide blooms appears to be consistent and probably significant.
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ABSTRACT

Although "red tide" blooms of the marine dinoflagellate, GonyauIax
tamarensis  recently reidentified as G. excauata! are common occurrences in
the waters of the Bay of Fundy and eastern Maine, until recently they were rare
in the western Gulf of Maine. During September, 1972 the first reported bloom
ot this toxic dinoflagellate occurred in the coastal waters from southern Maine
to Cape Ann, Vlassachusetts resulting in a widespread outbreak of paralytic
shellfish poisoning  PSP'I which eventuaHy contaminated shellfish as far south
as Cape Cod, Massachuset ts. Most severely affected were the blue mussel Myti-
lus edutis anci the soft-shelled clam Mya arenaria which attained observed I~SP
levels of 2,900 ~g/100g meat and 4,600 ~g/100g meat respectively in the
Hampton Harbor estuary, New Hampshire. The PSP levels remained above 80
until May, 1973 when the flats were reopened to harvesting, In late May - early
June, 1974 another smaller bloom occurred with PSP levels of 34S for M.
are@aria and 499 for M. edulis; the flats were closed for several weeks then
reopened. In late August, 1974 a third bloom similar to the 1972 one occurred;
by early September PSP levels of 550 for M. arertaria and 8400 for M. edulis
were recorded but fortunately by late October toxicity levels again dropped
below 80,

Extensive oceanographic data from studies conducted by Normandeau
Associates, Inc in New Hampshire coastal waters document the hydrographic
framework of each of these three blooms. Data on rainfall, runoff, water
temperature, salinity, nutrients, and currents suggest that coastal upwelling
played a key role in the development of these G. tamarertsis blooms. Beginning
with stratified coastal waters, local winds drive the warm, upper layer offshore
and as a compensatory flow the lower layer of cool, salty water is carried
shoreward along the bottom, This mechanism may concentrate the
dinoflagella tes in coastal waters where they have sufficient nutrients and light
as well as proper conditions of temperature and salinity to bloom. In
attempting to explain how the first bloom of this type occurred in these waters
in 1972, it is possible that a G, tamarensis bloom could have been pushed
across the Gulf of Maine from eastern Canada by northeast winds preceding
Hurricane Carrie, Offshore winds and subsequent upwelling then brought the
dinoflagellates into the coastal waters where the bloom ensued. The later
blooms in 1974 could have come from dormant cysts which were triggered by
upwel1 ing.

Ilail RC!DUCTION

Until recently major toxic dinoflagellate blooms in the Gulf of Maine were
confined to the waters of eastern Canada. In the Bay of Fundy to the north of
the Gulf, where the accumulation of paralytic toxin in molluscan shellfish
during the summer months is an annual phenomenon, high toxicities in
shellfish occur simultaneously with the appearance of large numbers of



dinotlagellates in the c oastal plankton. Occasionally. certain marine
dinoflagellates produce blooms that impart a reddish or yellowish-color to the
ocean but no such discoloration has ever been reported with the blooms in the
Bay of Fundy. Rot until lool was itshown that the marine dinotiagellate
Gortyau ax tarnarensis was the causative organism I l !. lts distribution
especially in ottshore waters is still poorly understood,

The first reported bloom of this toxic dinoflagetlate in the western Gulf of
Maine in thc coastal waters from southern Maine to Cape Ann, Massachusetts
occurred during September. 1972. This bloom resulted in a widespread
outbreakof paralytic shellfish poisoning  PSP! which eventually contaminated
the waters as far south as Cape Cod, Massachusetts. Most severely affected
were the blue mussel Mytitus eduhs and the soft-shelled clam Myu are»aria,
both remaining toxic until late April, 1973  Figure 1!. No further blooms
occurred until late May - early June, 1974 when a small outbreak was observed
in the waters from New Hampshire to Cape Ann. Fortunately it only lasted a
fev weeks. In late August, 1974 a third bloom occurred which resulted in PSP
levels as high or higher than those of 1972. Although this bloom was
widespread throughout the western Gulf of Maine, it only persisted for about 2
months and by late October most areas were again open for harvesting of M,
arertaria tFigure 1!. What triggered these blooms has been a subject of
considerable interest. Recent papers by Mulligan �! and Sasner, lkawa, and
Barrett �! have explored various factors which may have been responsible for
the 1972 bloom,

Throughout the period of these three toxic dinoflagellate blooms
Normandeau Associates, inc.  NAI! has been conducting extensive
hydrographic and biological studies in the western Gult of Maine and New
Hampshire coastal waters out to about 42 km �6 miles! otfshore. This study
program which is being tunded by Public Service Company of New Hampshire
was designecl to help evaluate the possible environmental effects of their
proposed nuclear power plant at Seabrook, N.H. by documenting the existing
year-round hydrographic characteristics of these waters with base-line
oceanographic data.

The purpose of this paper is: �! to examine in detail the hydrographic
framework of the two toxic dinoflagellate blooms which occurred in 1974, �!
to re-examine the circumstances surrounding the 1972 bloom, and t3! to
determine the reasons why no bloom occurred during 1973. Although many
difterent factors interact to help trigger such blooms, the extensive
hydrographic data collected in these waters by NAI since September, 1972
suggest that upwelling played a key role during each bloom and was absent
during August and September, 1973 when no bloom occurred,

STUDY AREA

The Gulf of Maine which forms the eastern coast of New England is a
roughly rectangular ernbayment stretching about 320 km west to east from
Cape Cod to Cape Sable, Nova Scotia and about 190 km north to south from



rges gank. The flow of water in the Gu]f is very strongly
fluence y ti es an

d b t'd and at most locations the tidal currents comprise the
ater part o t e oat f th total v ater movement. However, this tidal movement is
>erimpose on a mosed n a more general counterclockwise scheme of net non-tidal
-ulation which undergoes an annual cycle �!. The exchange of waters
ween the Gulf and the North Atlantic is restricted by George,- pang,
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The drift-bottle studies of Day �t and Bumpus and Lauzier �! show that
beginning in winter there is an indraft of water off of Cape Sable into the
eastern Gulf where the flow bifurcates northward into the Bay of Fundy and
west. ward along the coast of Maine. In the western Gulf the flow becomes
southward along the coast past Cape Ann and seaward out beyond Cape Cod.
By February several irregular eddies develop in the central portion of the Gulf
and water spills out into the Atlantic ac:ross Georges Bank. In the early spring
freshwater runoff is discharged from coastal estuaries, helping to set in motion
an eddy which rapidly clevelops into a huge counterclockwise gyre
encompassing the entire Gulf of Maine by the end of May, The less-saline
waters of the Bay of Fundy flow southward along the western coast of Nova
Scotia and join the westward fiow of this gyre, Drift-bottles released by NAI
along the New Hampshire coast in late spring, 1973, at the time of year when
the flow reaches its peak, were carried southeastward across the Gulf to Nova
Scotia in only 71 days. In the summer the pattern of the spring gyre persists but
its drift rate gradually decreases. By fall the southern side of the Gulf's
counter-clockwise flow breaks into a southerly drift across Georges Bank.

Circulation studies in the western Gulf of Maine by Graham �! and
drift-bottle releases by NAI out to 42 km offshore of New Hampshire show
that net non-tidal drift of near-surface water varies from about 1.8 � 5.5
km/day, and may reach 13 km day during favorable wind conditions.
Drift-bot ties released by NAI generally moved either southerly and
southeasterly off Cape Ann out of the study area or southwesterly toward
shore. During winter months drifters are sometimes carried northward
apparently by southwest winds and a small current eddy which develops off
Cape Ann. In contrast, the year-round pattern of bottom circulation
documented by NAI's releases of sea-bed drifters shows generally either a
strong southwestward component toward shore or a southward rnovernent off
Cape Ann, These near-bottom flows are much weaker than surface flows
 about 0,2 km/day!. These data show a general shoreward component of
saline near-bottom water which may be a flow compensating for the seaward
drift of near-surface freshened water from coastal estuaries  8!.

ln general the hydrography of the New Hampshire coastal waters  Figure 2!
is quite variable, with the fields of temperature, salinity, density, and
dissolved oxygen showing pronounced seasonal variations, Data from April,
1973 through April, 1974 taken at low water from a hydrographic station 2
km offshore show the pronounced thermal stratification which develops in late
May and persists through late September  Figure 3!. During the fall the water
column is nearly isothermal but as the winter progresses the surface waters
actually become colder than those at depth, Lowest salinities occur during the
spring when fresh-water runoff is greatest. Density values are somewhat
variable but show the same general cycle of stratification during the year.
Highest concentrations of dissolved oxygen occur during the spring when
photosynthesis is most pronounced, resulting in supersaturated conditions up
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to about 144'Io. Lowest concentrations, which result in about SO~2� saturation,
occur during the summer and early fall.

Currents are very dynamic throughout the water column with nearsurface
shearing and reverse flow at depth frequently present, About half of the time
on a year-round basis, weak reversing tides cause the water to flood to the
north artd ebb to the south roughly parallel to the shoreline, Northeast and



southwest winds which occur during storms scattered throughout the
remainder of the year generate their own water movement to the south and
north respectively, masking out these tidal flows, This variability is typical of
coastal waters where wind, tides, waves  surface and internal!, bottom
topography, river runoff, evaporation, precipitation, isolation, proximity to
land, and advection all affect the hyctrography to varying degrees in time and
space, In general, the various hydrographic features of these waters are
characteristic of temperate coastal areas  9!,
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METHODS OF STUDY

NAl's oceanographic study program of the New Hampshire coastal v aters has
included; �! continuous year-round monitoring of currents and water
terriperature from a number of moored offshore buoy systems out to 7.5 km
offshore, �! monitoring of local winds and tides, �! monthly plankton cruises
out to 42 km offshore, �! biweekly or monthly slack-water surveys, �!
periodic 13-hour anchor stations at offshore locations, �! release of more than
2,500 drift bottles and 2,250 sea-bed drifters, and �! a mid-summer thermal
infrared survey.

For each of the three toxic dinoflagellate blooms the fallowing data have
been compiled:1, 7'oxicity level - PSV level in pg1100g meat for M.edu!is and M, ureriaria

from Hampton Harbor estuary, IV,H,

2, Rainfall - approximate rainfall for eastern N.H. from NOAA daily
weather maps;

3. Runoff - U. S. Geological Survey discharge data from the Merrimack
River at Lowell, Mass,  Station 1-1000!;

4. Temperature - continuous data from NAI temperature monitors at
mooring 4  -5 8 m below MLW! or mooring 10  -4,8 m! or selected
hydrographic station data from surface, midv ater, and nearbottom
depths;

5. Salinity- from selected hydrographic station data for surface, midwater,
and near bottom depths; and

6. Nutrients - total nitrogen  comprising total nitrate and nitrite! and total
phosphorus  comprising total orthophosphate and suinmed organic
phosphate! from selected hydrographic station data.

For the time periods when current meter data were available, the daily
24-hour net-drift in nautical miles per day was calculated for both a nearshore
si.te about 2 km east of Hampton Beach, N.H. and for a deeperwater site about
7,3 km offshore  Figure 2!. For the former site, data from near-surface waters
were compiled from moorings 4 and 12; from mid-depth waters, moorings 3
and 10 were utilized. For the latter site, data from two depths at mooring 8
were used. Met-drift vectors were plotted sequentially as a function of time.

RKSVLTS

Bfoorri of May-Jurte, 1974
Beginning in May, 1973 when the Hampton Harbor estuary, iNew

Hampshire and Essex Estuary, Massachusetts were reopened to Shellfish
harvesting after having been closed by prolonged toxic effects of the 1972



blootrt, both the blue mussel, M. erfufis and the soft-shelled clam, M, arenaria
had PSV levels below 55  J'igure 1!, In Figure 4 where toxictty levels in shellfish
found in IIatrtpton Harbor, rainfall, runoff, water temperature from off
Hampton Beach, salinity and nutrients are plotted as a function of time,
several relationships are apparent. Rainfall was generally very small, but there
was substantial runoff from the Merrimack River, the single largest freshwater
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'nput to the western C ultof Maine �0!, During mid-May discharge reached
co0 m 'sec �3.300 ft3i'seci. but by carly June was back dov n to more typical3.

levels for this time of year. Although the data are limited, this freshv'ater input
to the coastal v'aters was manifested in the subsequent drop in surface salinity
 Om~ from 31,8 to 29.6 oroo  PFT! and somewhat smaller drops at mid-depth
l-9 m!, and near-bottom  -lg rn!, Likewise the nutrient data are limited but in
general total nitrogen remained quite low throughout the period; total
phosphorous started high �4 ggr l !, but by June 19 was down to 7pg/L.

Between May 20 a nd 29 the bloom was first observed a t Essex,
Massachusetts and shortly thereafter at Hampton Harbor. Because of their fast
rate of filtering, M. edutis picked up the largest amounts of the potent
endotoxin synthesized by G. turnureusis in the shortest time and by June 2 had
PSP levels of 499 yg toxin per 100g of shellfish meat  values greater than SO are
indicative of shellfish that are unsafe for human consumption by U.S. Public
Health Service Standards!, ln contrast M. urenuriu picked up the toxin more
slowly, only reaching a PSP level of 348 before the bloom dissipated. By June
17 VSP values for both organisms were again below 58.

Examination of the continuous temperature data from -4.S m depth at
mooring 10 �.8 km offshore; Figure 2! and the 24-hour net.-drift data from
selected offshore current meters  Figure 5! shows that coastal upwelling
occurred immediately prior to the bloom. That is, for about 7 days preceding
May 20, the near-surface waters at mooring 12 showed a persistent net north-
eastward dritt offshore, At mooring 10 slightly deeper in the water, a similar
pattern occurred, whereas offshore about 7 km at mooring 8, flows were
generally southwestward. During the same period the temperature monitor
showed a pronounced change in its daily variations; with a drop in the daily
maxima and a rise in the daily minima, the daily range became much smaller
 Figure 4!. These data appear to indicate upwelling. The warm surface layer
above the sharp seasonal thermocline was carried offshore by the wind-driven
northeastward flowing surface currents. A southwestward compensatory
counter-flow at depth carried colder, saltier water toward shore. This
upwelling mechanism could have transported the offshore waters, which
presumably were carrying encysted cells of G. tamarerisis down from the 8ay
of Fundy, into the coastal zone where increased light, freshened salinities,
nutrients, and water temperatures appear to have been favorable for a bloom
of toxic dinnflagellates. Additional upwelling in early June probably
reinforced the bloom, but fortunately the toxicity levels did not go any higher.
9 late June Hampton Harbor flats were again reopened to shellfish
harvesting. Although upwelling seemed to play a key role in triggering the
bloom, it was probably augmented by the high runoff and other peripheral
effects in mid i&ay.

Bloom of August-September, 1974

Toxicity levels remained below 58 until about mid August when another
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bloorrt began, Figure 6 shows how rapidly M. edulis picked up the toxin in the
Hampton Harbor estuary at.taining a level of 8,398 pg/100g meat on
September 3, 1974. At about the same time levels almost as high �,600! were
found in blue mussel samples from Rye Harbor, New Hampshire, At both
Hampton Harbor and Essex, Massachusetts M. arettaria took up the toxin
more slowly but did not reach levels this high or as high as those of 1972
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IFigure 1!, Rainfall was very low during this period and runoff was close to
record drought levels  about 25 m~ 'sec or 1,000 ft~ 'sec!. UVater temperature
arid saiinities were quite high until late in the month when another period of
coastal upwelling took place  Figure 7!. Starting August 17 the near-surface
net-cfrift at mooring 12 was again offshore toward the northeast, whereas

24 HR NE T DRIFT
NAUT I CAL Ml./DAY

MOORING 12  -1 5 rn!

I 5 10 15 20 25 31 5 10 15 20 25 30
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Figure7: Sequential 24-hour net4rift vectors for August and September. 1974 from
12 d 101 ted 2 km offshore and mooring g, 7.5 km offshore; N ~

, assume 0, 1 kts.no data, 1 ~ data incomptete and 5 speed data incomplete, assume, ts.



flov s at de th wpth were southwestward toward shore. This pattern persisted at
least until Au ugust 28 when the cur rent meter at mooring 12 began to
malfunction; it is thought that this pattern may have continued even longer
As the u wel inupwelling progressed into early September, the temperature pattern
shifted abru t!s i te abrupt!y to a lower daily maxima and a higher daily minima, indicating
a well-mixed thermal distribution  Figure 6!. It should be noted that at this
time all 6 of the NAI temperature monitors, which are located at various
distances and depths offshore, showed this same thermal pattern with a range
of temperatures around 15-16 C. This phenomenon occurred immediately
prior, and concurrent to, the toxic dinoflagel]ate bloom. Some rainfall and
heavy runoff �53 m /sec or 5400 ft~ 'sec! in early September helped lower the3

offshore salinities but this occurred well after the bloom was in progress.
Another period of upwelling in September again upset the typical temperature
pattern of a high daily maxima and!ow daily minima. As the warm stratified
surface water was carried offshore, deeper water upwelled with vertical mixing
taking place along the coast. From the limited nutrient data no apparent
changes in total nitrogen and total phosphorus were detected as the bloom
progressed. Fortunately the bloom did not persist and by late October PSP
toxicities of shellfish were again below 80, With this latter bloom it should be
noted that neither rainfall or runoff seemed to play a role in triggering the
event.

Bloom of August-Septerrtber, l972

Although available hydrographic data from this bloom period are not as
comprehensive as from later ones, similar patterns are evident. The bloom,
which was the first of its kind ever observed in these waters, apparently began
early in September. By September 10, bioassays of M. arenaria from Hampton
Harbor showed PSP levels of 970. The digging of' clams and harvesting of
shellfish was immediately banned in all or portions of the three afflicted states-
New Hampshire, Massachusetts and Maine. As much as 10 days prior to the
nearshore bloom, local fishermen reported several patches of colored water
offshore. On September 14 and 15 during the peak of this bloom, streaks of
visible reddish water several km long were observed from aircraft and boats
within 3-4 km of the New Hampshire and northern Massachusetts coastline
�!. Spectacular phosphorescence similar to that observed in eastern Canada
�! was also observed offshore during an NAI plankton cruise on September
13, 1972. As the bloom progressed the highest recorded PSP levels from
Hampton Harbor were 2,926 for M, edulis and 4,620 for M. arenaria.
Because these data are limited it is possible that much higher levels actually
occu rred

Figure 8 shows that rainfall was very low until September 3 when Hurricane
Carrie chopped nearly 10.2 cm � in ! of rain. August, 1972 was actually the
driest August recorded at Boston since 1883. Runoff was moderate in early
August then quite low in the middle of the month; in late August another



peak discharge occurred reaching f52 m3! sec �35IO ft3!sec! before tapert'ng off
to about average summer conditions �1!. Offshore salinities were slightly
below average for the summertime but rose sharply in late September along
with a small temperature drop which appeared to follow an upwelling event,
Although no current meter data are available, wind records from the NOAA
daily weather maps �2! show several days of northeast wtnd» during Hurricane
Carrie early in September. In attempting to explain why no previous blooms of
this type had occurred in these waters, we postulate that at this time there may
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have been a G. tarrtarertsis bloom occurring in the waters off eastern Maine.
These storm winds may have carried the water mass with the toxic organisms
southwestward across the Gulf. Thea with almost 10 days of persisterIt west to
southwest winds, upwel!ing of deep waters carried these organisms into the
Cape Ann area and concentrated them in the coastal waters. Unfortunately the
other data, such as pertain to nutriertts, are not comprehensive enough to
further document conditions favoring this phenomenon.
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Mulligan �t also suggested upwelling off Cape Ann as one of the factors
responsible for the bloom. In 'ddition, he felt that the drier-than-norma]
August weather may have promoted encystment and thus indirect expansion
of the resident dinoflagellate population. When G. tatrtarensrs found itself in
the coastal water, the bloom occurred, The winds and the heavy rainfall from
Hurricane Carrie may have increased the normal flushing rates of local
estuaries. thereby drawing greater volumes of coastal water, rich with G.
tarrtarensis into areas populated with M areuaria and M. eduh's. The bloom
may also have been augmented by dredging operations which were taking
place near Armis~am Massachusetts �!. With this unusual combination of
conditic ns plus the mixing of ocean water with runoff water which is normally
rich in inorganic and organic nutrients, the Gonyaulax population developed to
bloom proportions in the brackish, nutrient-rich water of the estuaries and
coastal areas. M. edulis toxicities from Hampton Harbor remained above SO
until %november 21, 1972 whereas M, arertaria was above this level until April
19, 1973  Figure 1!. The Al, arenaria in the Essex River to the south did not
drop below 80 until June Z5, 1973.

Mort-Bloom of August-Septerrtber, 7973

For two years out of the past three, toxic dinoflagellate blooms have
occurred in the late summer, ln hopes of gaining further insight into the
triggering mechanisms of such blooms, we examined the August-September.
1973 hydrographic data when no bloom was observed. Figure 9 shows that

h . ' d

below 58 for the entire period. Rainfall was sparse  about the same as during
August-September, 1972 with the exception of Hurricane Carrie!, whereas
runoff was very high in early August  about 365 m /sec or 12,900 ft /sec! but
tapered off to typical late summer levels. Temperature patterns showed
considerable daily variation with the suggestion of a small upwelling period
late in September. The high runoff depressed surface saliruties down to 30
o/oo early in August but they gradually rose again to 31.5 oooo by the end of
the summer. Total nitrogen was quite low but rose sharply during early
Septetnber; in contrast total phosphorus levels remained quite high from early
August through the rest of the period, Examination of 24-hour net-drift plots
in Figure 10 for current meters located comparably to the 1974 ones  Figures 2,
5, and 7! indicates no apparent period of offshore nearsurface flows and
landward bottom flows that could have triggered an upwelling period and
upset the pattern of coastal thermal stratification.

DISCUSSION

From these data it appears that the upwelling phenomenon, a natural feature
of the waters of the Jg~uttdy {13! where paralytic shellfish poisoning is a
common occurrence, may be a key factor in the development of the three G,



a' wrens< blooms in the western Gulf of Maine. Only recently has upwelling
t ese waters been clocumentecl �, $4, 15!. Upwelling is essentially an

»Ce 'ng mOtlOn in COaStal WaterS Of SOrrie minimum JuratiOrI and eXtent
her by water from subsurface layers is brought into the surface layer along
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the coast and is subsequently removed from the area of upwelling by
horizontal flow t16h Classically the phenomenon of upwelling has been
ascribed to divergence in the surface water layer. The resulting offshore Ekman
transport is generally associated with eastern boundary currents and with
equatorward winds. But upwelling is known to occur under other
circumstances and in other oceanographic regimes, �5!.

Bigelow �! roted shallow upwelling along the northwestern shores of
Massachusetts Bay during the summer in association with westerly and
southwesterly winds. This upwelling lowered surface temperatures by 4 C
down to about 12 C in July and 1OoC in August and caused an increase in
surface salinity, These observations were almost identical to those described
above from 1972-1974. Graham �! suggested that upwelling is the most
prominent feature of the coastal circulation of the western Gulf of Maine and
found it associated with shorewarcl drift along the bottom and surface drift
paralle] to the shore offshore. Longard and Banks �7! found that when
westerly winds were re-established at Sambro light vessel  Nova Scotia! after a
period of easterlies, upwelling occurred near the coast with a subsequent
decrease in surface water temperature at the light vessel. From oceanographic
data collected at the Boston light vessel from 1955 through 1972, Kangas and
Hufford �5! felt that localized upwelling occurs during most summers at the
light vessel station in Massachusetts Bay in association with predominately
westerly to southeasterly winds during the summer months.

Apparently these coastal waters first have to be well stratified before
upwelling can occur. The surface winds drive the upper, warm freshened layer
offshore and as a compensatory flow the deeper, cool salty water moves
shoreward near the bottom. Once the stratification is upset nearshore, winds
and waves help to mix the water column vertically. Under such conditions the
G. tamarensis cells can be transported landward from mid depth and
concentrated in the coastal region where they may encounter sufficient
nutrients and light to bloom. In the Bay of Fundy high temperature, high light
intensity and a relatively stable water column stimulate their growth �!. They
can flourish in low concentrations of nitrogen and phosphorus and shown by
the relatively large populations of dinoflagellates in temperate coastal waters
of eastern Canada during summer, when these nutrients are at their lowest
level, The largest populations seemed to occur with temperatures of about
10-12oC much like those off the New England coast

SUMMARY

During August and September, 1972 the first major toxic dinoflagellate
bloom of G, tarrtarertsfs ever observed in the western Gulf of Maine occurred.
It may have been first initiated by a period of northeast winds which could
have carried a "seed" population from eastern Maine and the Bay of Fundy
across the Gulf of Maine. Offshore winds then triggered a period of coastal
upwelling, drawing in and concentrating the dinoflageHates in the nearshore



waters off Cape Ann. A heavy rainfall and moderate runoff after a
late-summer peak discharge may have added additional nutrients to the
system. 1'erneeratrr, salinity, and nutrient data are not very comprehensive
but suggest tavorable conditions for the bloom. ln August and September,
1973 when no bloom occurred, no apparent coastal upwelling was observed,
Rainfall was sparse but runoft was very high in early August and then tapered
off to average late-summer levels. Teinperatures showed typical summer
thermal stratification: salinities were low then increased as the runoft effects
dissipated. Nutrient data showed moderate total phosphorus but low total
nitrogen until early September. During May and June, 1974 a small bloom
occurred in conjunction with a coastal upwelling period, low rainfall, high to
moderate runoff, fairly high salinities and total phosphorus, and low total
nitrogen levels This bloom may have been augmented by the presence of
residual cysts from the earlier bloom �!. The most recent bloom which
occurred in August and September, 1974 was coincidental to a period of
coastal upwelling with moderate rainfall, generally low runoff, high salinities,
and moderate nutrient. levels, Recent studies by MIT in Massachusetts Bay
during the spring of 1974 showed that nitrogen levels dropped as the bloom
progressed, suggesting that the system may be nitrogen limited. Variations in
total phosphor us seemed to have little effect  B. Pearce, personal
communication!

ln conclusion it appears from these data that coastal upwelling may have
played a key ro!e in the development of three toxic dinoflagellate blooms of G,
tamarensis in the waters of the western Gulf of Maine during 1972-1974.
Additional studies are needed to further document these findings and evaluate
the interrelationship of other hydrographic parameters such as rainfall, runoff,
temperature, salinity, and nutrients. Assuming that cysts of G. ta>rtarensis
have now been introduced into the coastal waters of Massachusetts, New
Hampshire. and Maine because of the 1972 bloom, it is possible that toxic
dinoflagellate blooms may continue to occur with some regularity during the
warmer months whenever offshore winds create local coastal upwelling.
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ABSTRACT

Reliable techniques for predicting red tide would have significant practical
value Toxic blooms of C.yrrtrtndrrttum breve Davis along the central west
coast of Florida not only place severe economic stress upon tourist-oriented
communities but also hold the potential for serious public health problems. A
strung empirical relationship has been discovered between patterns of surface
water temperature and later major eruptions of red tide in the Gulf of Mexico
near Tampa Bay. Predictive value of this technique lies in the ability to
complete by early April all computations suggestive of major red tide during
the next 12 months. Easily recognized indicator patterns of water temperatures
during the period 19 January - 2 April have preceded by varying time intervals
each and every one of the five occurrences of major red tide in the past 17 years
at Egrnont Key, Florida. Preliminary considerations strongly suggest
recurrence of a serious bloom of G. breve there in 1975,

The developed predictive relatt'onship is totally empirical and considered
highly local in its application. Cause-effect dependency is neither claimed nor
denied. This technique in no way conflicts with earlier causal models
considering environmental conditions that immediately precede toxic
dinollagellate blooms,

l NTROUUCTIGN

The term "red tide" is loosely applied to regions of biologically discolored
sea water often associated with signs of extreme toxicity. Khen conditions in
the sea are optimum for growth and/or aggregation of certain poisonous
microorganisms, dinoflagellates in particular, populations rapidly increase by
several orders of magnitude, Resulting concentrations of associated toxins then
reach levels that are hazarclous for marine life and for man.

Valuable planning use could be made of a dependable predictive technique
by municipalities concerned with sanitation and pollution control and
especially by public and private health agencies. l present here a method for
forecasting major red tides in Florida gulf waters, predicated for the first time
upon simple, standard oceanographic measurements.

The unarmored dinoflagellate, Gymrtodint'urn breve Davis, is the primary
causative agent of noxious red tides in waters of the Gulf of Mexico along the
central west coast of Florida �, 1, 8!, Fish kills commence as organism
concentrations rise above about 2.5xlO per liter and become massive with
higher counts that at times reach many millions per liter �1, l3!. The unsightly
and unsanitary, malodorous conditions produced by tons of dead fish at the
water's edge during such "blooms" place severe economic stress upon adjacent
tourist-oriented communities �!. More importantly, the potential for serious
human health problems has now become acutely apparent �!.

Many unsuccessful attempts have been made to relate onset of red tide to a
host of environmental parameters. No significant correlations were found  9!



between organism abundance and the more likely required chemical nutrients
for the 7-year period �954-19bl!. These workers did find thru multiple
curvilinear correlation that 61'".o ol monthly variabilitv of C. breve was
sgociateci with changes in salinity, temperature, onsh ore winds over 7 knots,

and abundance of organisms the previous month. Unfortunate!y, the complex
nature uf such multi-dimensional relationships renders them of very limited
predictive value.

Measured availability of recognized growth stimulants such as chelated iron
has been proposed as an indicator of predisposition to red tides in certain
regions off the Florida west coast �!, For example, a signiticant bloom would
be expected near Charlotte Harbor followtng any three-month delivery to that
area of at least 235,000 pounds of iron, measured well up the Peace River at
Arcadia. Concomitant requirements were optimum water temperatures of
I{j-27oC and the absence of disturbing high winds within 150 miles of the
harbor. These authors recognized the possible link between their "iron index"
and other environmental parameters such as rainfall and the associated
flushing into the sea of such vital chemicals as chelating agents.

WORKING HYPOTHESIS

Earlier workers generally have attempted to correlate onset of red tide with
measured quantities or concentrations of suspected chemical and physical
determinants. Blooms have been considered largely the result of random
causative perturbations, principally nutritive, in the environment. In contrast,
I envision red tide as essentially of kinetic origin with its appearance resulting
frotn periodic shifts in rates of a complex interplay of highly competitive
chemical and physical processes. It then reasonably follows that dinoflagellate
blooms might be highly relatable to first, and possibly second, differentials
with respect to time of chemical and physical parameters where correlations
have been found to be insignificant in terms of absolute values. For example,
rate of change of temperature would more likely be a governing influence on
red tide than actual measured degrees,

Additionally, patterns of change in environmental parameters are
considered to be equally important as rates of change. Thus, seasonal
variations in measured values of chemical and physical factors establish after a
time a pattern of change taken as average or normal for that particular region
of water. Progressions thru the ranges in values of the various parameters are
made at rates resulting from a complex combination of influences. Marine life
prospering over long periods of time in such an area would then be those
forms capable of accepting normal endemic variations in vital influences, both
as to patterns of change and rates of change.

Simply stated, my hypothesis is as follows: In regions where red tides
periodically occur, the probability of blooms reaching major proportions
would be higher when certain conditioning factors more closely follow
long-term average patterns and/or r'ates of change. Once requirements have
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been met for disposition towards red tide, the actual timing of the occurrence
would then depend upon short-range triggering influences such as nutrient
availability, competitor pressure, and/or optimum physical conditions.

Temperature was deliberately taken as the parameter of choice for testing
my hypothesis because of its fundamental role in the kinetics of chemical,
physical, and biological processes in general and its recognized influence upon
phytoplankton production in the sea �!. Blooms of G, breve have been
observed in Florida waters over a temperature range of 15-33 C, but these
organisms do not thrive at the temperature extremes nor when subjected to
abnormally high rates of cooling �0, 12, 13, 11!. No previous relationships
have been developed between onset of red tide and temperatures within this
range, which covers essentially the full seasonal variation along the Tampa
Bay region of Florida.

METHODS AND RESULTS

For many years, the U. S. Weather Bureau  Tampa, Florida! has monitored
surface sea temperatures off the U. S. Coast Guard Light Station at Egmont
Key in the Gulf of Mexico near the mouth of Tampa Bay. The principal data
base for this study was taken from their daily climatological records  Weather
Bureau Form 5371!, beginning with the year 1948. These data represent
average surface water temperatures taken by thermometer read to the nearest
degree Fahrenheit,Daily water  surface! temperatures for the arbitrarily selected period of 1948
thru 1970 were used to develop, the average annual cycle graphed as the
smooth lower curve in Fig. 1. The curve is not symmetrical, for the sea at
Egrnont Key cools far more rapidly in the fall then it heats in the spring.
Highest temperatures are normally realized in early August, with the low point
reached in mid-January,

Periods of maximum and minimum rates of temperature change during the
mean annual cycle are more clearly seen in the upper curve of Fig. 1. This rate
curve is a plot of coefficients of regression of 1948-1970 average daily
temperatures on time for 10-day periods culminating with each day of the
year. The average rate of temperature change is zero in mid-January and early
August, corresponding to minimum and maximum temperatures, respectively.
Maximum heating rate occurs about the first of May, and cooling occurs most
rapidly in early November. Periods of maximum rate appear as spring and fall
inflection points in the lower temperature curve. Note in particular that the sea
at Egmont Key heats many more days than it cools, i.e�210 versus 156 days.

Rate of Temperature Change

Intense blooms of G. breve appear strongly related to rate of temperature
change although rectilinearly unrelated to actual degress of temperature. AQ
12 months of the calendar year have been associated with Florida red tidii
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with varying trequen<.ies, The cyclic relationship on the left in Fjg, 2 was
L!h taint d by p! ri t ting tat, the number of involvements of each month of th c.
year wj'.h intense red tide in Florida waters during the period 1875-1960 �!,
against tbi. thc c<~r responding average sea temperature estimated for each
month trom the temperature curve ol Fig. 1. Approximate symmetry of the
cyclic plot about a mid-range value of approximately 75o F  Z4 C! irtdicates
rttinirnal «cpcndence ot incidence of major red tide upon temperature within
the rang» ot occurrence in Florida waters, i.e,, about 59-91" F �5-33o C!, Ort
the other hand, the sltad!ng of the points indicates that the cooling part of the
thermal cycle  August thru January! has seen far morc intense toxic episodes
than thc gr.neral pertoJ ot warming  February thru July!. This is in spite of the
fact that th! heating period is almost 40 percent longer than the cooling period.

Additionally, regression ilinear plot on the right in Fig. 2! of mont!sly red
tide incidence upon estimated rate of temperature change  from the upper
curve in Fjg. 1! shows a strikingly intense rtegative correlation connoting a
significant:e probabi]ity of less than 0 OOI.
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1!,iily te!nperztures at Egmont Key were superimposed upon the average
annual cycle flower curve of Fig. I! tn prnduce plots typified in Fig, 3 by
pat tcrrts I or 1970 and tor 1971, a year during which rnajnr red tide occurred at
Fgnuint Key, ln general, daily surface sea temperatures were found to deviate
much more widely from the average between the dates of maximum cooling
ance maxirnurn heating, i.e., lVovernber thru April. Furthermore, the
magnitudes ol such deviations seen in plots covering a number of years were
fountl to be rhythmical and highly associated on a time scale with occurrence
of majt!r red tide in the immedfate area of Egmont Key. The rhythm was found
to be particularly pronounced during an "indicator period" that is the time of
normal warming prior to reaching a sea temperature of 70 F �1.1 C!, i.e.,
19 January thru 2 April.

1 devised a modification of starIdard deviation, the "temperature departure
 TD!", to quantify variations in patterns of daily water temperatures from the
smooth lower curve of Fig. 1. Temperature departure measures magnitUde of
deviation trorn a normal temperature curve and does not differentiate between
directions of deviation, i.e., warmer or cooler The TD is given by the

formula, [  T-T I2,  N ll]1 2
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that of Subject Year! during Indicatnr Periods of 19 January � 2 April and the
Strong Empirical Relationship to Subsequent Occurrence of Major Red Tide in
the Area of Egrnont Key, Florida.



where T is the measured daily mean water temperature, Ta is the long-term
average temperature tor that day  taken trotn the smooth mean curve in Fig,
t! and N is the number of days in the indicator period �4, except for one
additional in leap years'. Values for TD generally were in the range 1,9-6,5 F
  l, 1-3.to t I, with zero indicating no deviation at all in temperature pattern
from that of the long-term average during the indicator period 19 January-
2 April.

Temperature data at Egmont Key were on!y complete enough to permit TD
calculations for indicator periods since 1957, seen as Curve A in Fig. 4. Curve
A is then a quantitative expression of the rhythm easily observed subjectively
in plots  such as those of Fig. 3! covering a wide span of years. There is a
suggestion in Curve A of a two-year cycle that often degrades to a four-year
pattern, Minima seen in the plot indicate relative close approaches to the
normal early warming pattern of sea temperatures. ln each such instance, a
major red tide erupted later that year  April to Apri!! involving Egmont Key.
Furthermore, no serious outbreaks occurred during years not showing minima
in the plot of temperature departures,

A plot of the form of Curve A does not permit correlation with major red
tide initiation during two consecutive years, However, each minimum in
Curve A is associated with a marked improvement in TD over the previous
year. The basic predictive plot then became that of Curve B in Fig. 4, which
considers a delta temperature departure   ATD!, i.e, TD for the previous year
minus the subject year. For example, Fig. 3 indicates a 5TD for 1971 of
3.73-1.88 = 1 85 F. A minimum value of 5TD that excluded only the peak
years coinciding with occurrence of major red tide was set at about 0.75 F
�.42o C!.

CONCLUSIONS AND D!SCUSSION

Although admittedly heavily burdened with assumptions, the plots of Fig. 2
strongly suggest a link between rates of change of water temperature and
support t not to be confused with initiation! of intense blooms of G. breve, the
cau.sative agent of Florida red tide.

Close approach to a normal  average! pattern of water temperature change
during the late winter months has been found highly indicative of impending
G, breve blooms of major proportions along the central west coast of Florida.
Evidencing the strength of this relationship was the occurrence of a major red
tide in the region of Egmont Key following each and every instance  total of 5!
in the past 17 years that temperature departures during the indicator periods
�9 january � 2 April! improved by at least 0,75" F in consecutive years.

Predictive value of this relationship is enhanced by an ability to complete by
2 April all calculations suggestive of major red tide during the next 12 months.
Even though major blooms started in one year have occasionally persisted into
the next, actual initiation of a major red tide in Florida waters has not been
reported during the January-thru-March indicator period. Also, major red
tides at Egmont Key are not known to have been initiated in successive years.



The demonstrated strong relationship between patterns of sea temperature
and subsequent major red tide is totally empirical, and cause-effect is neither
claimed nor denied. It may well be that this is only a temperature-handle on
some other causatively related parameter, such as movements ol water masses
or a complexity of meterological factors.

Calculattons strongly indicate  Fig.4j that it is highly unlikely for initiation
ot a major bloom of G. breve to occur again prior to April 1975 in the region of
Egmont Key, Florida On the other hand, the outlook might not be so
optimistic for later in 1975, The high temperature departure of 6,45oF �.59oC!
noted for 1974 would require a minimum of 5,71 F�.17 C! for 1975 so as
not to exceed for ATD the value of 0.75 F t0.42 C! that has been shown to
be highly indicative of impending major red tide. Unfortunately, deviations of
this magnitude from the normal pattern of water temperature have been noted
only twice in the past 18 years.

Since red tides are often highly localized, patterns of water temperature can
be taken as anticipatory signs of major blooms only within the geographical
limits for which the data are rep resenta tive. Correlation has been
demonstrated only for the immediate region of Egmont Key, Florida, and only
for tnajor blooms of G. breve, It remains to be tested whether similar signs can
be recognized in temperature patterns of other localities which will portend
major shifts in populations of these and/or other marine microorganisms.

FUTURE PLANS

Surface sea temperatures at Egmont Key will continue to be monitored to
test the predictive quality of the demonstrated association between patterns of
rising temperatures in the spring and subsequent occurrence of major red tide.

Applications of this general approach to prediction capability will be made
in other geographical areas affected by periodic blooms of toxic marine
microorganisms, especially those localities where historical temperature data
are already available. Temperature monitoring will be initiated in some areas,
especially along the gulf coast of central Florida, where early red tide
prediction would be of particular practical and/or scientific significance.

Temperature data will continue to be examined in terms of rates of change
immediately preceding, derring the course of, and in association with the
demise of major G. breve blooms. For example, note in Fig. 3 the lengthy
period of minimal temperature change  followed by a rapid rise! immediately
preceding major red tide at Egrnont Key in 1971. Thus, properly interpreted
temperature data may be of value in detecting imminence of a major bloom as
well as its long range prediction,

Utilization of remote sensing of sea temperatures from orbiting or stationary
satellites and/or high altitude aircraft would permit greater geographical
coverage. Such techniques should also provide insight into the direction and
rate of movement of surface isotherms and their effects upon temperature
patterns observed at a fixed monitoring station.



Water temperature was only the first parameter chosen to be examined in
terms of association between rates and '»r patterns ot change and ticcurrence
of major r«d tide The Mote Marini. Labiiratory has already commenced
application of this appr<iach to the mass ot' chemi al data that has been
gener~ted ov«r the past three years by a weekly ivat«r sampling program
conducted in collaboration with the L'niversity of 'South Florida.
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THE LIMITATIONS OF
PHYSICAI. MUDELS FOR RED TIDES

T. Kyatt, 'Ministry oF Agriculture, Fisheries and Food
Fisheries Laboratory, Lowestoft



INTItODVC TlON

Two types of <iceanographic processes have been used to,icciiunt f<ir the
occurrence of red tides on a purely physical basis. The»e ar« the circulation
patterns observed in shallow water, and in deep water above t.he pycn<icline.
an<1 the processes which lead to an increase in vertical stability in the water
column. These are not always distinct, and the tw<i tend
simultaneously in many oceanographic situations. But it i» useful t<i make the
distincti<in f<>r didactic purp<ises, and there are situatiions where one or <>tl>er is
relativ«ly weakly devel<iped. Routine synoptic surveys rarely provide
inl<irmatiiin <in small-scale physi<al features of the marine environinent since
sampling pr<igrams are generally to<i coarse in both space and time to reveal
th< m, < ven when the <ibservations necessary for their identitication an�
descripti<in .>r  made, Red tides and related phenomena are lor the most part
small-s< al< l«,itures of the sea when viewed against th» physical background,
howev< r dramatic they may sometimes appear to those <firectly involved. Any
att< mpt t<i «xplain red tides, anti m<ire broadly the distributions of plankt<in
p<ipulati<in» in limited sea areas, must take account of the advective and
dilfuiiv«pr<><«sses which such populations exp«rience as a r<~uit <if their
p4nktoni«xistence. In this paper, these processes are reviewed in an effort to
find <>ut how far they are useful, This is foll<iwed by some remark.s on those
particular features of red tides which d<i not seem t<i be explicable <in a purely
physiral basis, and for which strictly ~biological rnechanisrns must be
r< sp «nsible.

CONCENTRATING MECMANISMS
Tlt<'r>n<rlly i>icf«ced r»otiori
The static stability of a water column is usually defined by means of
the criterion of Hesselberg.

wh<'r<.' p is th< d«nsity and z the depth, and where $p indicates that adiabatic
temper,itur««hanges are «< c<iunted for. ln shallow depths  less than tXt rn!,
these can b» ignored, s<>

lt is assurne<j here that there is no change in salinity with depth, l.e. ds,'clz = 0.
A relationship which incorporates salinity explicity is given by Defant �!
Negative values of E indicating static instability are observed in all parts of the
Atlantic Ocean betv een 20 N and 50 S  ' Meteor' pre-war data!, and
particularl.y high negative values between 15 5 and 20 S. Defant suggests that
negative values of E can be maintained by evaporation at the surface leading to
the establishment of convection cells of the kind first described by Benard �!



A ~~. l.ernatic i iew of these is shown in Fig. 1. The diameter of the Benard cells
is t<>urid experimentally to be 3 to 4 times the thickness of the liquid layer, so
that it <organisms are accumulated by the upwelling currents of such cells.
concentrations cf organisms may be expected to Form bands at intervals of 6 to
8 times the depth oF the bottom, or of the thermocline, ln surface view, and in
the absence of advection, these bands will form a polygonal pattern, but in a
current the streamlines wi!l be helical and the bands will take the form of
sinuous streaks lying parallel to one another. Stcmmel �3! has summarized
the theory ot convection cells, and in a later paper �4! he gives ari account oi
the ettect such cells will have on passive particles with different sinking rates in
a nein-turbulent water column. Stommel defines regions of retention  R! as the
ratio ot the settling velocity {v! to an arbitrary stream Function i', These
regions t hen increase in size with decreasing values of R as shown in Fig, 1. The
intervening regions lose their quota of particles either by sinking through the
ther rnocline or by concentration into the regions of retention, The
introduction of turbulence will of course work against this concentrating
effect.

Figure I. Diagram of streamhnes in convection cells with boundaries of regions of
ietentieri for three valves of R. {from Stommel 1949!.

A system of this kind may be expected a priori to have a sorting effect on a
phytoplankton population consisting of cells of different sizes. Bands of large
cells, i.e. those with relatively rapid sinking rates, would be narrower than
those of small cells in both the vertical and horizontal planes, and in positively
buoyant cells, i.e, those with negative values of v, these relationships will be
reversed and the regions of retention will be centered on the down-welling
parts of the system. Motile positively phototactic cells would concentrate in
the dotted regions marked Q in Fig. 2, provided that the downwelling current
velocity was not greater than their own swimming speed. Neutrally buoyant
cells would not be segregated. The effect of such convection cells on the



ouplankton will follow the same principles. These possibilities are shown in
Fi an«ugg«t why it is that lanes of plank,ton observed at the surface are
tnuch n;ore frequently composed nf motile organisms like dinollagellates, or of
buoyant organisms like Tric!rodesrttit~m or Sargussurn, and the beautiful
fIoat-bearing molluscs and siphonophores of the pneustort.

Diagram of convection cetls over therrnocline and shoaling bottom. Regions
where organisrrrs accumulate are dotted. V = non-motile organisms with positive
s>nl rng velocity; Q = motile or buoyant organisms.

Figure 2,

W'IND INDUCED MOTION

A mixing pattern similar to that of thermal convection cells is formed under
the influence of wind, and is known as the Langmuir Circulation. FalIer �!
thinks this may be the "primary mechanism by which the thermocline in the
oceans is eroded during times of high wind". It is nearly always present, at
least when wind velocities exceed 3 m sec ~, and is sometimes indicated by
surface slicks which lie 14o to the right of the wind direction �!, and which
re-orientate in 20 to 40 minutes following a change of wind direction
 l5!. Fig. 3 shows the strearnlines in surface view, with . down-

lling and upwelling regions indicated by full and broken lines
ofrespectively. The dimension of these cells is of the same order as that o

thermal convectio~ cells in shallow water, or where a thermocline exists near
the surface; in deep water, however, it is related to the wind ve/ocity, and as
developed by Faller �! the distance between slicks L = Wind Velocity x 4.8.
Wind induced circulation patterns of this kind are not distinct f om the
convection cells already described as far as the plankton is concerned, and the
remarks made in regard to the latter apply here too,



fi!',ure 3. Surtace view of s!rea!nhnes vl cvnvection cells with lines of upwelling
<die< rgence! shnwn as hr<iken lines, and of downwelling Ic<invergence! as futt
lin<i.

Dary I 1 ! describes hJooms of Cyclotr!'chiu!!! !!!e!!r!er'i   = Mesod!'!tiu!n
rt!br!ir!!! in Wellington Harbour whose distributions seem to fulfill
expec tati<ins based on this type of mechanism, though in some cases the lanes
seem t«be too far apart in view of the depth of ~20 !r!, The patterns are
illustrated in Fig. 4 and are rnnre confused in the restricted entrance to the
harb«ur where tidal torces are amphfied.

l igure 4. Distribution of patches and lanes of Mesc dinrum rubrurn in Wellington Narbour,
New Zealand, Wind vectors are shovvn:
a! March 24, 1949: wind N.W. force 5-b.
b! March 23, 1949; wind S.S.E force 4-5.  after Bary 1953!.



urbulent medium is us!rally expressed in ter ms of Rr, the
I~jchardsi ~n nrr mba r

whe rc rttr gz rs thr vertical component ot water movement, and E is as
betorc. I;rrgr valcres of Ikj indicate that turbulence is suppressed, and would
further inclic etc that conditions were suitable for a generahzed concentration
<>f p lsjtivel~ phototactic organisms at the surface, not necessarily in streaks,
At sc>rTrc what lower, but. still relatively high values of Ri  induced, for
exar~iple, bv an increase in wind stress!. there w ould presumably be a tendency

gq neralized accumulation to trtrm into streaks, indicating the
estate f ishmc nt r!f r onvection cells. Such a change in the surface distribution
pattern ot pl,rnkton populations has in fact been observed following a number
of ocrtbreaks <>t red tide. One can also imagine a situation in which such a
series ol events occurs, and in which nutrient levels only become limiting after.
the forniatron ot th» streaks. The characteristic colour of the red tide might
then appear to be associated with an increasing wind, This again has been
obsc. rved. Unfortunately. data from which to calculate Richardscn numbers
are nuit often available

The rrbiquitous nature of convection cells suggests that they are an
important force governing the evolution of plankton populations. In
particular, it seems probable that the range of specific gravities which a species
can adopt must be constrained by the normal values of the Richardson number
experienced within its geographical distribution, If this range is genetically
cont ri>fled, then in the event of unusually high R; values, non-motile cells with
positive sinking rates will not be able to maintain themselves in the water
colurrrn. A mechanism of this kind could contribute further to the dominance
of a motile species in our earlier model �1!, Evolutionary trends in
phv t clpla nk ton populations which may depend on convection cells are also
likely to have both direct and indirect effects on organisms at higher trophic
levels. A good illustration is provided by Physatia and Vele0a, whose sails are
such that they move at a large angle to the wind. Woodcock �6! has suggested
that thi» asymmetry is designed to exploit concentrations of plankton at
divergences, and to avoid entrapment in convergences where they can become
entangled with Sargassum, One imagines that nektonic animals have also
learned to use convection cells, just as sea birds have the exactly analogous
convection cells of the lower atmosphere. Some additional remarks on the
evolutionary strategies of plankton in relation to turbulent processes are given
by Wyatt �9!.

moNTs

The fines representing downwelling and upwelling regions in fig. 2 are
examples of »ngularities or fronts, and on a larger scale are well-known
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tcattirts <it the genera] oceanic circu]ation, They are usual]y causec] by the
me< ting ot v ater masses ot different c]ensities, and this provides a further
mechanism .'or the concentration of p]ankton organisms, Une of the most
drzniatic descriptions of such a front is given by Beebe �!, who, during the
Arel tiros expedition, at a position 400 miles southwest of Panama,
encountered a greater concentration of organisms than he had ever seen
before. "A few scoops with a hand net wnuM collect a mass equal to a long
hau] through average ocean water, ... yet ten yards on either side of the central
line of foam, the water was a]most barren of life." This front was marked not
only by accumulations of plankton, but by large concentrations of tish,
 jolphins and birds, and was fo]]owed by Beebe for a hundred mi]es.
Anatogous features, much smaller in scale, are found where estuarine and
coastal waters meet, The circulation pattern observed at the interface between
an estuarine wedge and coastal water is shown in Fig. 5 a, and two excellent
examples of red tide outbreaks related to such wedges are illustrated in Fig. 5 b
and c.

Intermediate in scale between the singu]arities of oceanographers, and those
marking the offshore boundaries of estuaries, are those which mark the mixing
regions between different water types in shal]ow coasta] regions. A well

Figure S. a. Streamlines assuciated with estuarine wedge giving rise to convergent front.
b. Goto Nada Bay in Nagasaki Prefecture, Japan, showing Trichodesmium

distribution extending for 80 km along convergence  after Lizuta and lrie
�2!,

c. Ushant region, west coast of Brittany, showing similar distribution of
iVonfuca along a convergence  after Le Fevre and Grail, 16!.



known example is that found in the Sund between Sweden and L!enmar
where Ba'itic water «t salinity 7o! oo meets North Sea water ot salinity 3 " »i~.
The change in salinity is not continuous as mean charts sh»w but in tivo'jumps' t4!. The local circulati<in patterns at fronts of this kind are again, is in
Fig. 5 a, Similar fronts of a more transient nature might be set up tollowing
hurricanes.There is a further type of front in shelf seas. ln some areas a therrnoc!inc is
formed and in others it is not: formation depends on depth and tidal streain
speed. Where these two sorts of area are contiguous a front is formed. An
example in the Fnglish Channel has been described by l'ingree, Forster and
Morrisr>n  ]9!. Zooplankton in eight categories was concentrated on average
about 30 times in this example,

INTERNAL WAVES
Surface slicks are found associated with internal waves when the wind speed

is less than 3.5 m sec l �4t, and are situated above the rising part of the
thermocline, These slicks are generally visible as narrow lanes where the
ripples are damped, and are caused by concentrations of surface-active
materials. These substances are not retained in the slicks, but are drawn into
an oncoming slick. held there for a time, and then expelled trom the rear �!,
There i» no evidence of vertical water movement beneath these slicks sufficient
to entrain buoyant material, and it does not seem likely that internal waves
provide a direct mechanism through slick formation for the accumulation of
plankton in lanes, But intuitively it seems probable that plankton is
accumulated in shallow water by internal waves, where they are refracted and
ultimately break, in the same way that surface waves throw up lines of floating
debris on the beach. The bloom of Auiacodiscus kittoni recordedby flecking et
al. in 1927, fide Rounsefell and Nelson  ZO! might have initially been
concentrated in inshore waters at Copalis Bay by such a mechanism.

Some novel ideas concerning the ways in which plankton populations may
interact with internal waves have been investigated from a theoretical
standpoint by Kamykowski t13h He has considered these interactions for three
cases. f! passive phytoplankton, 2! motile phytoplankton which does not
migrate through the thermoclina, 3! motile phytoplankton which does migrate
through the thermocline. All three cases lead to the possibility of contagious
distributions of the phytoplankton, and to a sorting out of different species.
The integrating effect of this mechanism is very dramatic, and field tests of
Kamykowski's ideas might lead to some exciting results. Should such effects
prove to be actually taking place in the sea, they will interact with the sortirig
effects of convection cells and, depending on the relative wavelengths of the
two processes. either damping or amplification may be expected to occur.
Such a combination of processes might then account for the fact that the
spa< ing of lanes of Trichodesmiurrt and other red tide species often seems at
variance with that expected on the basis of convection cells alone. The
wavelengths of internal waves vary, from 70 m moving at 15 cm sec 1 �4! to
60 km moving at 250 cm sec  8!, so that the possibilities are almost limitless,



LIMITATIONS OF PHYSICAL MODELS

All these various mechanisms under certain circumstances seem able to
concentrate plankton intc lanes or streaks, both at the surface and below it.
An earlier review of some of them was given by Ryther Ql!. Their value in
explaining the occur rence of such streaks must depend on detailed quantitative
assessments ot the water movements involved. Few relevant measurements are
available. Sutcliffe et al. �5! give values for downwelling motion under slicks
in the Bermuda area which range from 2.7 to 5.3cm sec ~ at wind speeds of 6.4
to 13.0 knots, and Woodcock �7! reports a value of 5 cm sec ~ to a depth of
several metres under windrows of Sargassum. The complementary upweIIing
motion must have about the same magnitude. These values are rather higher
than the known swimming speeds of dinoflagellates, which do not exceed 1 cm
sec I �8, 10!, and point once again to the importance of calm conditions in red
tide czutbreaks. Only field work in which small-scale circulation patterns are
studied in conjunction with the detailed distribution of plankton, both
ho. izontally and vertically, can shed new light on these problems.

It is perhaps worth pointing out that although red tide is usually observed as
a surface phenomenon, the maximum concentrations of cells are not
necessarily found in the immediate surface layer. lizuka 4 Irie �2! have shown
the vertical distribution of cells in Omura Bay, japan during a
Gvmrrodiiziurrr bloom. The highest cell densities occurred about 5 rn below the
surface. A possible reason for this is discussed later.

Only one oi these physical mechanisms directly allows patchy, as opposed
to streat y, accumulations of plankton at or near the surface in offshore
waters, namely the establishme~t of high Richardson numbers. The various
ways in which this can occur are all frequently associated with red tides, as has
been emphasized before �8!. S treaks formed by convection cells might also be
expected to spread laterally and join one another when the forces maintaining
them decay. This would commonly lead to a patchy distribution in which
individual pDtches would be of relatively small areal extent, say tens of metres
in length; this is the typical pattern observed during Noctilrzca blooms in
temperate inshore regions, Such a situation would not necessarily be
associated with high Richardson numbers, but would be much more persistent
if it were. If very high concentrations of cells were present in the pre-existing
lanes, lateral spreading could then lead to a very extended patch diversified by
isolated regions ot clear water. If the red colour is due to nutrient limitation,
then a variety of ditferent colour changes can be imagined in conjunctio~ with
these procc.sses, depending on the flux rates of the nutrient in and between the
lanes.

I n s hallo w w a ter, all the mechanisms discussed can lead to patchy
distributions or at least to distributions which are not practically
distinguishabIe as streaky. Seliger et al. �2! give a model based on
convergence mechanisms which is used to account for the concentrations of
Pyrodittt'urrz baharrrerrse in Bahia Fosforescente, Puerto Rico. Karnykowski's



mi del niight possibly otter an equally satisfying explanation of this curious
phenomenon.

Final!y, attention is clrav'n to some aspects ot red tides which are not
expli able in terms of the physical niodels reviewed here. In Japan. a
distinctu>n is made between red tides which occur in July, the rainy season,
and thos< which occur in September, The former are surface phenomena found
either in inland seas or close inshore. and do not occur in years of low rainfall.
Thr latter are found at greater distances from the coast as well as inshore, and
seem to bc associated with anoxic bottom conditions. Different groups of
species are involved in the two cases. A similar distinction can be made on the
basis <if published information concerning red tides in Indian coastal waters.
Apart from the role which organic compounds inay have in these outbreaks
and which has puzzled japanese scientists for so long  oh it would appear that
the distinc tion made here must be related to successional events in the
phyt<iplanl ton ot regions concerned. Marine successions have been discussed
elsewhere t17, 30~, but briefly, though successional patterns are similar from
one year to the next, the details vary a great deal depending on the exact
history oi the water mass in question. Food chain dynamics as well as the
physiiilogicai preferences of individual species are important in this context. It
is here that we must Io<ik fair the reasons why the activities of one par ticular
species give rise t«a red tide, when there are several potential candidates,

Red tides eau~ed by herbivorous organisms like Noctitura and Mesociinium
seem to present a special problem in that they would appear to need to be
preceded by an algal bloom of red tide proportions. Yet algal and protozoan
red tides have never been reportecl in close conjunction, At Lowestoft, we are
attempting to simulate a system of this kind in such a way that a protozoan
bloom is produced, without the algal bloom which precedes it reaching densities
which we would judge to become visible. So far this has only been achieved by
choice of a grazing function, for the existence ot which evidence is at present
restricted. It may of course be that in these instances physical concentrating
mech~ni~ms on their own are sufficent to account for the densities of
organisms observed,

A third aspect of red tides has already been mentioned several times, This is
the question of motility, which forms an essential constituent of all three
models referred to �2, 31, 13!. Almost all red tides, except those caused by
Trichodesnti«ni, are composed of motile organisms, and when this is not so,
buoyancy seems to be a necessary attribute. Quantitative modelling of red
tides therefore requires more detailed information on the swimming speeds and
migratory habits of the organisms concerned.

In conclusion, it seems worth while to reiterate the fact that modelling
techniques have played a relatively minor part in studies of red tides and
related phenomena. Special explanations of them have often been suggested
which have tended to set them apart from the mainstrearns of plankton
research. Yet there does not appear to be any convincing reason why they
should be regarded in this way, as something tnore than an extreme product of



i leva no! raphic and ecological 1orces. For at least two reasons it seems desirable
tlat,u lurther etforts should be made to bring red t>de studies into the general
t r,inieworl ot theoretical marine ecology. ln the present context it should lead
to niore souridly based tield studies and to a bet ter understanding of the events
~which yive rise to red tides, This is particularly true now that modellers are
turning their attention to the turbulent processes which have been reviewed
here, Red tides may also have an important contribution to make to the
problem oi ecological stability, The situation they represent ts just that which
simulation studies seek to avoid, Persistent results of the kind which in nature
would lead to a remi tide usually result in the rnodeller tinkering about with his
oqu a t i on s!

REFERENCES

1. BABY, B. M., 1953, Sea-water discoloration by living organisms. N,Z. J
Sci. Technol., 34: 393-407.

2, BEEBE, W., 1926. The Arcturus Adventure.  Putnams, London!.

3. BENARD, H., 1901. Les tourbitlous cellulaires dans une nappe liquide
transportant de la chaleur par convection. en regime permanent. Ann
Chim. Phys,, 7, 23: 62-144.

4, DEFANT, A�1961. Physical Oceanography, Vok I.  Pergamon Press!.

EW1NG, G. C., 1950. Slicks, Surface films and internal waves. J. Mar,
Res., 9: 161-187.

6. FALLER, A. J., 1969. The generation of Langmuir circulations by the eddy
pressure of surface waves. Limno!. Oceanogr., 14: 504-513,

7. FALLER, A. j., and WOODCOCK, A. H., 1964. The spacing of
windrows of Sargassurrt in the ocean. J, Mar. Res., 22: 22-29.

8. FORRESTER, W, D., 1974, internal tides in the St. Lawrence Estuary. J.
Mar. Res,. 32: 55-66.

9. HANAOKA, T�et al., 1972, The cause of red tides in neritic waters. Fish.
Resource Conserv, Assoc., Fish. Res. Ser�23, pp.l-104.

10, HASLE, GRETTE R., 1950. Phototactic vertical migration in marine
dinoflagellates. Oikos, 2: 162-175.



11. HESSELBEJ<C;. Tb. �918!. Uber die Stabilitatsverhaltnisse bei
vertikalen Verschiebungen in der Atmosphar und im Meer. Ann. d.
Hydr. u. Mar. Meteor, pp. I18-129, 1918.

12. II7UKA, S., and IRIE, H,, 1969. Anoxic status of bottom waters and
occurrences of Gymnodfrtium red water in Omura Bay. Bull. Plankton
So. Japan, 26: 99-115.  In Japanese, English abstract!.

13, KAMYKOWSKI, D, 1974, Possible interactions between phytoplankton
and sernidiurnal tides. J. Mar. Res., 32: 67-89,

14. LA FOND, E. C., 1959, Sea surface features and interval waves in the sea.
Indian J. Me t. Geophys �10; 415-419,

15. LANGMUIR, I., 1938. Surface motion of water induced by wind, Science,
87: 119-123.

16. LE FEVRE, J., and GRALL, J. R., 1970. On the relationships of NoctiIuca
swarming off the western coast of Brittany with hydrological features
and plankton characteristics of the environment, J. exp. mar. Biol.
Ecol., 4: 287-306.

17. MARGALEF, R., 1962, Succession in marine populations. In: Advancing
Frontiers of Plant Sciences, Vol, 2  edited by R. Vira!, pp, 137-188.

18. PETFRS, N., 1929. Uber Orts-und Geisselbeiwegund bei marinen
Dinoflagellaten, Arch. Protistenk., 67: 291-321.

19, I'INt REE, R. D., FORSTER, G. R. and MORRISON, G. K�1974,
Turbulent convergent tidal fronts. J. mar. biol. Ass. U.K., 54: 469-479.

20. ROUNDSEFELL, G. A., and NELSON, W. R., 1966. Red tide research
summarized to 1964 including an annotated bibliography. U,S Fish,
Wildl. Serv., Sp. Sci. Rep. No. 535, 85 pp.

21. RYTHER, J. H., 1955. Ecology of autotrophic marine dinoflagellates with
reference to red water conditions. In- F. H, Johnson  editorL The
luminescence of biological systems  A.A.A.S., Washington, D,C.!, pp.
387-414.

22. SELIGER, H. H., CARPENTER, J. H., LOFTUS, M., BIGGLEY, W. H.,
and McELROY, W. D, 1971. Bioluminescence and phytoplankton in
Bahia Fosforescente, Puerto Rico. Limnol. Oceanogr., 16: 608-622,

23, STOMMEL, H �1947. A summary of the theory of convection cells. Ann.
N, Y. Acad. Sci., 48: 715-726.



STOWINILI . H .. I~4o Trajectories of small bodies sinking slowly through
convecti<in  elis. I. Mar. Res., 8 = 25-2o.

25. SUI'CLIFFE. W. H., TAYLOR, E. R., and MENZEL, D. N�19b3, Sea
surf ace chemistry a nd Lan gmui r ci rcul at ion. Deep-Sea Iles., 10
233-243.

2o, WOODCOCK. A. H�1944. a theory of surface water motion deduced
from the wind-induced motion of Pfrysalia. J. Mar. Res., 5: 196-205,

27. WOODCOCK, A. H,, 1950, Subsurface pelagic Sargassum. J, l4Iar. Res..
9: 77-92.

28. WYATT, T., 1973. A mechanism for the origirt of red tides, and some
notes on the ecology of dinoflagellates. I.C.E.S., C.M. 1973/L:12
 mimeo! .

29. WYATT, T., 1974. Red tides and algal strategies. In; Ecological Stability
 edited by M. 6, Usher and M. H. Williamson!. Chapman and Hall.

30. WYATT, T., 1975  in press!. Plants and animals in the Sea. In: The
ecology of the seas  edited by D. H. Cushing and J.J. Walsh!,

31. WYATT, T. and HORWOOD, J�1973. A model which generates red
tides. Nature, London, 244: 238-240.



FLORIDA DEPARTMENT OF NATURAL RESOURCES
RED TIDE RESEARCH PROGRAM>

Edwin A, Joyce, Jr.

Florida Department of Natural Resources
Bureau of Marine Science and Technology

Tallahassee. Florida

Beverly S. Roberts

Florida Department of Natural Resources
Bureau of Marine Science and Techno]ogy

Marine Resea rch Laborato ry
St Petersburg, Florida

�! Contribution No. 247, Florida Department of Natural Resources Marine
Research Laboratory



ABSTRACT

The first reported fish kill accompanied by discolored water off Florida's
west coast occurred in 1844. Since then. about 30 red tides have been reported,
hut research t<i define causative parameters was only activated in the early
1950's. Over the last 20 years, the Florida Department of Natural Resources
 FDNRJ has studied the following. 1! zone of outbreak of initiation, 2!
nutrition of the causative organism, Cymnodinium breve, 3! hydrologic and
meteorologic conditions and their importance in maintaining and transporting
motile populations, 4! effects on offshore patch reef biota, 5! G. breve ecology
in relation to shellfish toxicity, 6! taxonomy and ecology of associated
phytoplankton, and 7! predictive method~,

Current FI!NR research is concentrated on: 1! G. breve life cycle studies, 2!
examining the possibility of seed beds 16 to 64 km �0 to 40 miles! offshore, 3!
longevity of CB toxin in seawater and sediments, 4! susceptibility of various
marine animals to GB toxin s! in seawater or through the food-chain, 5! causes
of death in affected marine animals, 6! fisheries repopulation studies, 7! further
evaluation of land discharges in supporting red tides, and 8! developing
methods to remove and utilize floating dead fish. This research is designed to
aid in evaluating various predictive methods and to lessen economic impact. It
has also become apparent that an inf<irmation program is needed to educate
the public on this natural phenomenon,

INTRODUCTION

I ecords of fish kills associated with discolored water along Florida's west
coast exist from 1844, Since then, about 30 red tides have been documented
�!; however, it was not until the 1946-47 red tide that scientists determined the
eau se �!, Florida red tides are caused by blooms of an unarmored,
phot<isynthetic dinoflagellate, Gyn>rtodiniurn breve, This microscopic
organism produces a toxin which can kill fish and other marine animals. The
toxin can also accumulate in exposed filter-feeding shellfish which
then becom< toxic tor human consumption. In the United States, G.
breve red tides occur most frequently from the Anclote Keys to the Florida
Keys, but they have occurred infrequently in the Gulf off Texas �! and north
Florida �! as well as one incidence off the southeast coast of Florida �!.
During the 1946-47 outbreak off southwest Florida, the U. S. Fish and Wildlife
Service, University of Miami, and Woods Hole Oceanographic Institution
initiated scientitic studies to determine causal factors, Shortly thereafter, the
Florida Board of Conservation  now the Florida Department of Natural
Resources! became involved and since that time has actively been researching
C. breve blooms.



PAST RESEARCfl

The Florida Department ot. Natural Resources  FDNR! has performed or
supported r esearch in the following areas: G. breve morphology, nutrition of
G, bret e biological, chemical, and physical factors involved in red tides, and
predic tion. The original approach, under the direction of Robert M, ingle, past
Chief of FDNR'» Bureau of Marine Science and Technology, was to study
coastal areas before, rluring, and after red tides. This was the same approach
used by the U.S. Fish and Wildlife Service, Bureau of Commercial Fisheries
 now the National Marine Fisheries Service!.

G. breve Morphobgy

Since the description of G, breve by Davis �!. FDNR has supported further
studies of its morphology for easy, accurate identification. Wilson �!
described morphological features of motile and immotile forms of G. breve in
culture and was the first to suggest the possibility of a sexual cycle for this
species, Additionally, Steidinger, Davis. and Williams �! and Steidinger and
Williams  8! described three significant morphological differences from Davis'
or'iginal description.

Nutrition nf G. breve

The importance of chelators in making seaw'ater more suitable for G. breve
growth was first demonstrated by Wilson  9!. He attributed this to two
possible factors: chelators 1! reduce toxicity of heavy metals and 2! make trace
metals and minor nutrients more available to the organism, Following this,
studies were conducted to determine distribution and concentration of
naturally occurring chelators and trace metals in west coast Florida rivers and
their possible correlation with red tide outbreaks �0, 11!.

Gymnodiniunr breve is a unicellular planktonic alga and requires specific
nutrients and growth factors.. Two such requirements, phosphorus and
vitamin 812, were studied from a field and laboratory approach, At the time
of our initial studies, phosphates were a major concern and some researchers
suggested that excess discharge of phosphates might be a triggering
mechanism. However, extensive culture analyses by Wilson  9! produced
results which, when compared with field data, showed there were more than
sufficient quantities of phosphates in nearshore waters to support a bloom year
round and that increased phosphates merely supported a higher cell
population per volume of seawater. Stewart, Wahlquist, and Burket �2!
showed that over a seven-month period, inshore seawater samples collected
from Tampa Bay to Cape Romano contained sufficient vitamin B12 to support
a C. breve bloom; however, this species did not bloom during the sampling
period. These results indicate that although C. breve requires phosphates and
vitamin B12 for growth, sufficient quantities of each is not a triggering factor.



Hi,~l< @ical i,fn ii i ii!, uttif Pf>ysicaf Factors

Since I o55 EDGER sampling programs during red tide and non-red tide years
have helpeci establish the distribution of G. breve and associated
phytoplankton in the eastern Gulf and adiacent waters relative to basic
oceanographic parameters. Much of' this information is published �, 8, 13, 14,
I5, 16! anil all nf the raw data is on file. Gyrrinodiriiurrt breve is a coastal
species and under normal conditions is restricted by low salinities from
entering estuaries where shellfish are harvested. However, during droughts
which cause higher salinity regimes in bays, G. breve red tides once
transported inshore have a greater chance of survival and shellfish exposed to
the organism or the toxin in seawater can become toxic !17, 18!. Field data
indicate that shellfish toxicity disappears one to two months after a red tide has
terminated Steidinger �9! described the probable sequence of red tides.
 iynntodirtiur» breve blooms are initiated 16 to 64 km offshore. Then
favorable conditions, such as sufficient nutrients and growth factors and
optimal salinities and temperatures, support the bloom which is maintained
and concentrated by such physical mechanisms as winds, currents, and
c<invergence areas. This offshore bloom may also be transported to irtshore
waters. ln addition to transport, physical conditions may influence the
se verity of red t ide effects. For example. during the unusual 1971
spring-summer red tide �8!, some patch reef communities off Sarasota
sustained heavy mortalities which were due indirectly to a red tide apparently
confined to bottom water beneath a thermocline �0!.

PREDICTION

Prediction or early detection of red tides would obviously be of assistance in
forewarning public officials of potential public health hazards and needs for
tish remtival. Three methods have been suggested based on past research, Ingle
and co-workers �1! suggested aerial surveillance to determine locations of
discolored water and fish kills. Such information coupled with meteorological
and current predictions could be sufficient in approximating where dead fish,
irritation, and 'or fish kills could be expected over the next few days. A second
method is the iron index proposed by Ingle and Martin �2!. Reviewing 25
years data, they found that major red tides occur off the Charlotte Harbor area
when 235,000 pounds of iron are potentially delivered in Peace River discharge
over a three-month period, They did not specify iron as a triggering factor, but
considered it a measurable indicator of stimulatory factors in the water. A
third method suggested was regular monitoring programs to detect coastal
increases in Ci. breve populations �!. This method, based on actual cell
counts, could give a two- to four-week forewarning of possible fish kills.
However, cell counts alone cannot be used to determine duration or path of
the bloom.



CURRENT RESEARCH

Present research basically covers eight pro jects in three areas: biology of the
causative organism and zone of initiation, pathological and ecological effects
of C. breve, and prediction and amelioration of Rnrida red tides. Our goal,
then, is to determine why G. breve blooms occur, predict their path and
duration, and lessen the economic impact to affected Florida communities.

Biolngy nf G. bret e and brit«ttiott Zone

Electron microscopic studies of   . breve have begun and will be used to
clarify its taxonomic position, characterize different life stages and determine
the presence or absence of endosymbionts, Such studies may also assess why
culture specimens are apparently more fragile than field specimens. Electron
microscopy of cells exposed to different light qualities is planned as part of an
experiment currently being performed to test the use of fluorescent bulbs other
than cool white in culturing G. breve.

The major thrust biologically is to determine the life cycle of this
dinoflagellate, Research by IVall and Dale �3! confirms the existence of
benthic resting cysts for a variety of marine dinoflagellates, and von Stosch's
work �4! on dinoflagellate sexual cycles suggests that such cysts may be
benthic zygotes. Such stages may exist in the life cycle of G, breve Z5!,
therefore, we have initiated a program to determine the presence or absence of
benthic resting stages and, if they are fourtd to exist. map their distribution.
Pyle and Wallace �6! are examining the posstbility of a relationship between
the pr esence of underground marine springs and the location ot initial G. breve
blooms. Con t rac t ua 1 a rra ngements are bein g made to determine if
relationships do occur and em phasi» will be placed on possible locations of G.
breve resting or "seed" populations.

Patb<>formica! and Ecological Effects

Shelltish toxicity and aerosol irritation can occur even though no G, bre'e
cells are apparent in water samples  i 7, FDNR unpublished data!. Therefore,
tield samples were collected during and after the recent 1974 red tide. Mouse
bioassays are being completed to determine relative longevity of neurotoxicity
in inshore waters,

Also during the 1974 winter-spring red tide, necropsies of t3 species of
affected fishes were performed by FDNR pathologists �7!. Several abnormali-
ties, particularly hematological, were associated with C. breve � killed
tish, Consequently, laboratory and field studies are in progress to determine
causes of marine animal mortalities and the degree of susceptibility among
different animals. Standard pathological techniques will be performed as well
as electron microscopy of tissues of animals exposed to C. breve toxin in
nature and under laboratory conditions.



Reel tides m<~st certainly influence marine populations, but the overall
resu! ti an J consequences have not been evaluated. In years following red tides,
increased cate.hes of shrimp and crabs are frequently reported. These
observations suggest a beneficial influence of red tides by reducing predators.
Contrarily, isolated patch reef kills have been documented. Consequently, a
survey project to assess the effect of red tides on various vertebrate and
invertebrate populations is planned. Repopulation studies are extremely
important to such an endeavor and one such project continues today. In the
laboratory, we will evaluate the effect ol' G. breve toxin on various
developmental stages of fishes and invertebrates.

Predict iorr «rr </ A rrreliorat 'tnrr

ivlethods developed over the last several years should be pursued along with
new methods such as temperature patterns �8! and remote sensing, Coupled
with predicti<in i» amelioration of economic hard~hips imposed by red tides.
Whendead fish or p<itent<al fish kill areas are located and their direction of
m«vement determined, municipalities advised to expect dead fish could
rem«ve them quickly, A better solution would be to remove floating dead fish
h< t<ire they are beached, With this object in view, contractual funds have been
designat< d to design and build harvesting and processing equipment for dead
tish. 13}<igoslawski and co-workers �9! have developed oxidation techniques
to deactivate the toxin in contained seawater aquaria systems. Such
developments are important to the continued operation of commercial marine
aquataria and research laboratcrries using coastal or bay waters affected by red
tides.

CONCLUSlONS

Red tides are recurring. natural phenomena. As such, they have beer<
influencing west Florida shelf communities for decades. Isolated comrnuntties
which have been almost annihilated by red tide appear to re-establish
themselves in several years. Possibly, prevention of blooms could have serious
consequences on overall community interrelationships. Presently, control is
not feasible and would be very difficult. Once a red tide is established,
treatment and retreatrnent of any location would be necessary. However, if
methods of prevention or control were developed, we should seriously
consider whether or not to use them, We should first assess how and to what
extent G. breve blooms affect Gulf marine communities.

Undeniably, I'lorida red tides create hardships through loss of revenue from
such industries as tourism and sports fisheries. The economic impact can be
lessened by reducing or eliminating the undesirable results of red tides such as
floating or beached dead fish along our shorelines, Predicting when and where
problems may arise and being prepared to meet them will greatly ease
economic difficulties.



Another aspect tn consider is public health; red tides are a hea!th hazard
because people can suffer from respiratory irritation and mi'Idly toxic shellfish,
I'otentially, these problems can be solved through further research. Efficient
tish removal will he facilitated by early detection. Medical research is being
considered by the Florida Department of Health and Rehabilitative Services
and the National Institute of Environmental Health Services and could result in
treatments to reduce respiratory irritation during red tides.

Red tide will probably not be co~trolled, although theoretically, the greatest
chance of success tor control would arise during the initiation stage before the
red tide became so geographically extensive. Ol' course, this would be
dependent on localized sites of initiation which have not been verified, but it
emphasizes the need for basic biological studies of G. breve, Nevertheless,
F!orida red tides are a current problem and require immediate solutions.
Therefore, we must approach the prob]em of red tide practica!!y by promoting
an extensive public education program and eliminating those factors which
cause undesirable economic and public health difficu!ties.
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ABSTRACT

Visualsightings ot extensive red water phytoplankton blooms in the lower
Chesapeake Bay and its tributary rivers  lames, York, Rappahannock, and
1'otornac! were made from low-flying aircraft.

With respect to the 16 synoptic surveys covering the months of May 1973
through September 1974, extensive blooms were observed most frequently on
the Rappahannock �1i80!, followed by the Potomac �'7i48! and the York
�5i48! Rivers.

These observations clearly indicate that the occurrence of red water
phytoplankton blooms is not restricted to limited area~ within the estuarine
waters nor to seasonal spring and autumn pulses, but may potentially deve!pp
atany time when environmental conditions are favorable for the stimulation
of specific dinoflagellates.

! NTRODUCT!ON

ln an attempt to document sporadic reports ot red water phytoplankton
 dinof!age!late! blooms in the lower Chesapeake 6ay and its tributary rivers
 James, York, Rappahannock, and Potomac!, we have undertaken consistent
synoptic visua! surveillance from aircraft flying 152-200 meters above the
waters' surface.

The hypothesis that persistent phytoplankton blooms contribute significant-
ly to the periodic depletion of oxygen dissolved in the deeper estuarine waters
in the summer needs to be tested. !n order to develop a testable model on the
dynamics of phytoplankton bloom development and dissipation, consistent
observations on frequency of occurrence and duration are necessary. The data
reported herein are a first attempt at obtaining these essential data. Field
observations on meterology, hydrography, nutrients, chlorophyll a, primary
productivity and heterotrophic potential  Vmax, glucose! will be reported
elsewhere  P, L, Zubkoff and J. E. Warinner, in preparation!,

OBSER VAT1ONS

The areas observed are depicted in Figure I. The sub-divisions into reaches
are those reproduced from U.S, Coast and Geodetic Navigation charts �!:
James �-3!, York �-6!, Rappahannock �-11!, ! otomac �2-14! and Eastern
Shore �5-17!. Salinities ranged from !ess than 8 o/oo for the surface waters of
the upper reaches of the rivers to 28 o/oo for those near the mouth of
Chesapeake Bay. Water temperatures ranged from 4 C in February to 28 C in
August.

Although the extent of the phytoplankton blooms were quite variable, the
minimum areal dimension of a patch or streak was at least 100 meters in length
and usually 10 meters in width. The maximum dimensions inc!uded the entire



Prorocerrtrum rrrirrima and Peridiruurrr triquetrum
Cochlodirrium heterolobatum

Gymrrodirriurrr splerrderrs
Prorocerrtrurn rnirrima and Peridirriurn frr'quptrum

May 1973
September 1973
October 1973
May-June 1974

DISCUSSLON AND CONCLUSfON5

This particular surveillance is quite significant in identifying the �!
frequency, �! magnitude, and �! distribution of red water occurrence in the
lower Chesapeake Bay estuaries. ln addition, it bas permitted us to
hypothesize that at least 3 different conditions may contribute to the formation
oi dinrrtlagellate blooms after appreciable stabilization of the water column:

1. Red water torrnation in creeks and shallow waters after significant rainfall
i.e., Prorocentrrrnr mrnirrra, Peridinirrm triquetrurrr

2, Red water formation in the more saline bay waters at high temperature
 ! 24oC! followed by intrusion into the deep channel of the York River
i.e, Cochlodirririm lreterolobatrrrrr

3, Red water formation in the less saline waters of the deep cha~nel of the
York River, probably due to stratification and/or upwelling at the
interface of the salt water wedge with subsequent development and
migration of the bloom to the more saline waters,
i,e �Gyrrr rr odi rri rrm splerrderrs

Some of these conditions have been reported for other estuaries �,4!.

observed reaches of the Rappahannock River �-11!, a linear distance of 60
nautical miles, or the entire York River �-b!, a linear distance of 28 nautical
miles,

The trequency of red water occurrences is tabulated in Table 1; the
occurrence of red waters was most frequent in  he Rappahannock �,5!,
followed by the Potomac �.3! and the York �.3!, with fewer occurrences in
the James �.2! and the Eastern Shore �.1!.

On a calendar basis, the sightings for May of 1973 and 1974 were about the
same: 7 and 9, respectively; however, those for July and September of 1974
were greater than for the same months of 1973. On the whole, the number of
occurrences tor ]974 �7 of a possible 170! was twice that for 1973 �1 of a
possible 102I, Undoubtedly a contributing factor to the greater frequency of
occurrences in 1974 was the greater abundance of rainfall before stratification
of the water column occurred; in comparison, the rainfall during 1973 was
relatively sparse �!,

On selected occasions, the predominating species of dinoflagellates causing
the blooms in the York River have been identified;



Figure 1: Reaches of lower Chesapeake Bay and its tributary rivers synopticaHy surveye J
for red water blooms.
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In the lower York River, Mackiernan �! recognized the appearance of 118
separable species of dinoflagellates during a 14 month period, including 7
blooms of 5 dinoflagellates. Uuring the present study period, 4 of these same
organisms have appeared in bloom proportions. Unfortunately, the specific
number of observations has been too restrictive for deeper interpretation.

This survey indicates that the multitude of red waters that develop in the
lower Chesapeake Bay and its tributaries can be of massive proportions and
possibly of long duration, In addition, the great frequency of dinoflagellate
blooms in the Rappahannock, and possibly the lower reaches of the Potomac
and the York, may lead to the development of persistent and continuous
phytoplankton blooms throughout the year if the ecosystem is greatly
perturbed, either through nutrient enrichment and or other conditions leading
to vertical stabi]ity of the water column.

RECOMMENDATIONS

We recommend the coordinated aerial surveillance and field observations
for testing the hypothesized conditions leading to red water formation. Such
measurements shou]d include prior metero]ogical and hydrographic analysis,
nutrient balance, phytoplankton identification and enumeration, microbial
activity, and grazing pressure ! t is most likely that experimentation should be
concentrated for selected short periods of time  i,e., measurements at several
times daily for periods up to 2-3 weeks! rather than periodic measurements
with great spans of time between.
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ABS TRA C. I

Th  >mp<>rtance of din<>tlagellate blooms to the productivity of upwelling
>reas !s examined. The existing evidence suggests that, not only can
dinoflagellates maintain them~elves in turbulent ascending waters, but also,
that as bh>oms. in the fc>rrn of "red tides", these organisms contribute greatly
t<> the productivity and must be considered in models of upwelling ecosysterns.

INTI<OI7UCTION

Until rec ently upwelling regions have been considered as ecosystems where
diat«ms were the major component of the phytoplankton population, and the
presence «f dinoflagellate blooms or "red tides ', in these areas were considered
ai unusual phenomena, Probably the basis for this idea was that upwelling
studies were directed towards evaluating the production of an area, a positive
aspect: while the objective of red tides studies have been mainly to analyze a
negative effect, the toxicity effect of the organisms on the system.

The c>bject of this paper is to point out the high frequency of red water in the
upwelling regions and to emphasize the photosynthetic capacity of some of
t hc se bla>c>ms. 'The tact that on certain occasions the dinoflagellates "over
p<>pu!uter"' sea water and endanger other marine organisms in the area, is not
reas<>n ent>ugh t<> exclude them from the primary producer community.

I'RESEIVCE OF RED TIDES IN UPWELLING REGIONS

I>ast observations of high concentrations of photosynthetic dinoflagellates in
two upwel ling regions, Peru and Baja California, Blasco  I, 2j, in
press!. tc>gether with the abundant references found in previous literature
 Table I !, led me to consider the possibility that dinoflagellate blooms act as a
ncirmal compc>nent of the upwelling phytoplankton productivity, instead of an
abnormal one. The discrepancies between the above hypothesis and the
current knowledge on red tides are obviously apparent. The First difficulty
rtses when we combine the most accepted mechanisms for the origin of red
ttdes, i,e., increase in the water stab}lity, and the phenomena of upwelling;
regi<in <if rapidly ascending water. Dissipation of red tides have
been often related to an increase in the water motion, but no explicit
information is available on what is the minitItum value of the vertical mixing
coef'ficient for the development and survival of a dinoflagellate bloom. On the
other hand. it is well known that the intensity of the upwelling rather than
being constant, is variable in both time and space. Based on these two facts we
can suppose, that during certain periods of time, or in certain localities, the
vertical upwelling velocity will be enough to enrich an area with significant
amount of nutrients and at the same time, the hydrographic conditions will
still be such that a swimming, ability represents an advantage, al!owing motile
organisms to outcompete immotile organisms, see Wyatt and Horwood t16!.
The Baja California upwelling in March 19'll provided an exaxnple of this



situation �2!. Goiiyaulax poIyedra was the dominant species during the 20
dav cruise, although the vertical stability coefficient  E=]0 3- ~' ! was low,
between 0 and -5; however, during a few days when the vertical stability
coefficient dropped from -5 to -10, a diatom population did start to dominate
�7!. These results sugge't that very smal I difterences in the
chemical and physical parameters regulate the success of orte population or
another, but based on the actual information, such small differences are still
ditficult to identify, and more research in this direction should be done.

PRODUCTION OF THE OINOFLAGELLATE BLOOMS

Another problem appears when we try to reconcile the positive idea of
dinoflagellates as contributors to the primary production, and the negative
one, based on their association with red tides and mass mortality of marine
animals. The most general hypothesis attributes the mortality of the fish and
other marine fauna, to the liberation of high concentration of toxin by the
dinoflagellates or to lack of oxygen caused by the decay of these blooms. Both
conditions occur on]y when the organisms accumulate in high densities, due to
the migrational pattern of these organisms in a well defined and stratified mass
of water, It is unlikely that such conditions occur frequently in an upwelling
region, where an extreme high stability in the water column is a rare event.
Confirming this assumption, is the fact that while the reported cell
concentrations for red tides in closed environments, i.e�bays, estuaries, etc.,
are of the order of 5 x 10 cells 'rnl or higher; the maximum concentrat ions that

Table f,

Observations of Red Water in Upwelling Areas

E,ppley et a1.   l968!
Waish et a1, �974!
Gun ther �936!
Strickland et al. �969!
Guillen et al. �971!

Calitornia Coast
Baja California Coast
I'eruvian Coast
I 't r u v ia n Coast
I'eruvian Cc>an't

Gy>nriOdirriu rrr sp.
Gyrnnndim'urrt sp.

REGION

peruvian Coast
Benguela Current
South African Coast
Arabian Sea

Norwegian Coast
California Coast
California Coast

California Coast

California Coast

AUTHOR
Blasco �971!
Hart and Currie <1960!
Rrongersma an J Sanders �948!
Currie et aI. �973!
Braarud and Heimclal �970!
Turrey i]902!
Allen �941!

Holmes et a1. �967!
Glen Jenning i 1958!

ORGANISM
C.yinri Odiniu u»pIendeirs
PeividrtlJ u nil tris! uel rufu
Gonya«1ax spini fera
G<>nya«Iax poiyedra
Gy rod i >r iu m a ureo tu m
Gort yauiax polyedra
Prorocc'ntrurn n>icarts

GyrrinOdiriiurri Sp,
Pr orocentrurrr rrricarrs.
Gonya«1ax patyedra
Ceratium furca
C orrya«Iax polyedra



f iiav«ib«rve<f in <ipwt liing rey<»ns, is between 2 x ]0 and 1 x 10 ce]ls!rnh3

f < r tli< ~ani< reason ii <-an he als<i assumed  hat, if a t<ixin is released by these
<>rxanisms in ai »pwelling regi<in, it wil! be diffused at a higher rate, and the
<han«<if rea< hing a critira} level is lowAn<ither viev of the cause of death associated with red tide organisms is the
ingesti<in «t the organisms itself To date, only a few species of the extensive
group of din<~flagellate+, have been positively established as primary sources
<if t<'ixin and they ha ve been rarely reported in upwelling areas. An additional
p<iint is the  i vnnr<><finii<r» ~t!lrnd< u~ anti G<u<y<u<lax polyedrn, the organisms
niimeri ,illy <l<iminant in our <ibservati<ins, have been shown, in laboratory
< xp< rim< nts, t<i b» harmless when they are fed to a copepod population �8,19!.
l he infiirrnati<inon Ciottyatil<rx prifvedr~ is inconclusive since some authors
«lescrib» it as a t<ixic organism �0! while others describe it as a potential food
»iurce t21I.�n<e th» presence of "red tides" in upwelling areas is accepted, and that
th 's< bl<i<ims are not necessarily a danger for the marine life in those regions,
the question remains as to whether this high concentration of dinoflagellates
r< present real gr<iwth and new production, or are just the result of the
Inlgr lt i<in <if thyrse <irganisms int<i a given area. The mean assimilation index
}<ir the l3aia Cahf<irnia study, where Conyauiax polyedra was the major
«imp<in< nt <it the phyt<iplankton in terms of chlorophyll and C14
pr<~<lu< ti<in I t7i, was 4.3mg Cimg Chl a h 1: and in Peru, it was of the
order of 5.0 mg C,<mg Chl a h 1, in the stations where Gyrnrtodirrium
tif«<<tens was the most abundant organism, These values compare well with
th< average values of the phytoplankton assirnilatory capacity in the ocean
n<tt< d by l yther and Yentsch �2h and indicates an active growing population;
but as one would expect, they are lower than those obtained by Curl and Small
�3i t<ir laboratory cultures of diatoms at their optimum growth conditions.
An<ither piece of evidence that supports the idea of a net input of organic
matter in the system by these organisms, are the significant nitrate reductase
<<tivity, f0 t<t 17 ng-at NO2igg Chl+h, and the N nitrate assimilation
values, 0.241 to 0,402 gN rn 2 day 1, measured during the Baja California
cruis< . f3lasco and Packard�4!; Walsh et al., �2!.

C' ! N C. L US ION S

Alth<iugh dinoflagellates, as a class, are regarded as organistns with a lower
productivity capacity than diatorns, their migration ability and the different
physi<tlogical requirements enables them to exploit certain hydrographic
«condition». and as long as these conditions last, we can assume that a
din<if lagellate population is more productive than a diatom population.
Exampl» of these conditions occur when the vertical upwelling velocity is not
str<ing enough for the nutrient-rich deep water to reach the surface, or when
si ica is the itmiting nutrient in the upwelled water. If we c t th th t

in<~ agellates belong to the phytoplankton community of upwe}ling regions

t le



calculations of the overall production of these regions will increase, since it
will be based on the sum of the diatoms production and the dinoflagellates
production, i~stead of being based on the sum of different phases of diatoms
production, from a range ot maximum to a minimum, These two
phytoplankton phases make upwelling regions more efficient as an ecosystem
because it gives them the flexibility to exploit nutrient sources under a variety
of environment conditions, and for the same reason makes upwelling regions
easier to accept as ecosysterns.

The consequences of the suggested hypothesis concern mainly future
predictions of the potential food capacity of the upwe}ling regions, ft
demonstrates that both types of organisms must be considered, and their
different strategies to exploit the system, their different chemical composition
as well as their different predator-prey responses must be analyzed.

The idea that upwelling regions are systems where dinoflagellates and
diatoms are the main primary producers, amplifies previous assumptions, but
probably it is still a limited approach. Some observations of high
concentrations of green flagellates by Beers et ul., �5!; Margalef �6!  f973!,
and of' the photosynthetic ctliate Mesodhriurn rubrun~, in these areas, indicates
that upwelling systems can respond to the enrichment processes of the surface
water in a number of ways, and for a better understanding of the phenomena
all these possibilities should be included.
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I fi< liinite<i r,inge <il t<ipi<s pr< sent< d in this sect<<in ref'lects the scarcity of
s< i< nt<its <ngage<i in this ph,ise <it <lin<itlagell,it< rese,irch, which has suffeipci
f I <'rn t f1<' l i  k <it stipp<lr t « in t in <i i tv Sllort ci a sh programs initiated during
m,ij<u <iuthri,iks <if r< d tides in Fl<irida or when new localities were affected hy
th» s<iuthwar<J spreading iit shellfish pois<inirig have pr<iven to be too costly
,ind wasteful  iir the r<sults <ibtained. This policy of understandable political
expediency was basecl on the fallacy th,it p<iisnno us blooms are sporadtc events,
iVlat<ir hi<i< lms, espe  i Illy th<ise <it  i. &rein alt h<iugh sporadic, have been
<'i<   u r rlfig ril <ice <if t<'n i i rl l<l<lil i<in, I lie f tsh kills and r< s piratory trouble s caused
hy these fil<i«ms are n<iw distressing large p<ipulati<ins iif t<iurists and retired
citizens wh<i have recently settle<i al<ing the 44'est C<iast of Florida. The
paralyti  shellfish p<iis<i<iing due to C. «<t<r«11«known and feared by the
indians <if the L!S West C<iast, can hardly he considered a transitory
Iihen<irn< n<in; despite ups and downs, it is an ever-present hazard for
shellfish-«insumers and a thr<at t« the stability of the shellfish industry.
Shellfish p<iis<ining due to C. taniarertsis became a menace 20 years ago in
t ana<fa and has n<lw spread to Maine and Massachusetts and may continue
s<iu t hw i rcl

4l<.irlv, as was <.iin< luded at the I9b4 Red Tide Symposium, the problem
< ass«l liy p<i<s<in<ius dinof1;igellates requires c<iu trot<ed support and attention
hy l'ed< r,il .ind St.ite Agencies, This change in policy is favored by the
i<i<. r<'alsed i <'sp<insihility thrust up<!n the State Government by Federal cost
sh.<riny..ind by th» tiressure <if elect<>rates asking for accountability. The
«int<n<i<d supp<>rt by tlie Fl<irida State Department of Marine Resources
<if in-h<iuse, and cooperative programs with local Institutions and Universities
and the supp<irt by the  'ommonwealth of Massachusetts and by Federal and
privat< sp<ins<irs f<ir this conf'erence indicate that we can expect a wiser
appr<>ach tci the pr<iblem.

Much can be expected by a steady, concerted attack because remarkable
results have been obtained in the past 15 years by a few dedicated scientists
wh<i have pr<ifited well froin the few spurts of abundant funding and
p«rs< ver«d during the p< ri<ids <if penury. The various poisonous symptoms
have been tirmly attributed to the production of poison by dinoflagellates. The
culprits have been identified, they have been cultured and the cultures have
served t<i establish that the toxins of G. breve and other dinoflagellates are
pots<in<ius n<>t only to fishes but to numerous invertebrates  worms, corals,
etc,!, ~ffecting natural food chains and ecology; that other toxic
Bin<if lagellates  C. c<ttertefla and G. tamarertsis! da not harm, and are ingested
by, rlatns and oysters, which accumulate the poison in the hepatopancreas,
and t<i levels which cause paralysis and death in man and other vertebrates;
dose-ra~p<inse relationships and a mouse-bioassay were perfected; correlations
between numbers of dinoflagellates present in sea water and level of toxicity of
mo uses were established permitting monitoring of dinoflagellate populationsII

to forecast outbreaks of mollusc toxicity. It is precisely this basic information
developed previously which has allowed the regulatory agencies of th»



Commonwealth of Massachusetts to deal efficiently, without panic, with the
invasion uf their waters by G. tamarensis.

In accord with the times and the need of local agencies, the present emphasis
is to eliminate as much as possible the obnoxious effect of the blooms.
I orcasting, monito ring, and probable means of controlling blooms;
measures for safe use oF shellfish, detoxification and possibly antidotes, are
some of the pressing problems for which we have to gather more basic
knowledge to arrive a t economical and effective measures, Previous
knowledge has already been effectively applied and it has also served to define
many areas where more detailed information is needed.

The papers oF this section are a sample of this new trend, Modalities of
growth in biology are the basics and are obviously the essence of algal bloom
conditions ---species predominance and large primary productivity being
inherent characteristics of blooms. Indeed these might be the only similarities
between blooms of the poisonous Gyrttrtodinium and those of Gorryaulax ''
species. Large blooms of diatorns and other algae are normal events during the '
growing season and being essential to marine productivity have been under
intense scrutiny. More than a dozen parameters, and new ones are being
tested, were found to be involved in bloom production. Most importantly, it
was found that a different cotnbination of parameters is responsible for the
growth explosion of each specific organism, Likewise, it is most probable that
the conditions favoring blooms of each poisonous dinoflagellate wiII be
different and if so, each species may have special preferences, Yentsch, et al.,
found that G, tarnarertsis responded to some ecological variables differently
than other common phytoplankters and Skeletortema costaturrt which usually
precedes or accompanies some dinoflagellate blooms. Hopefully, these
idiosyncrasies of G. tarrtarensis may serve to pinpoint the factors leading to its
tetnporary predominance over the other denizens. It is also interesting that
NTA, a proposed substitute detergent, stimulates growth of G. tamarertsis but
in a narrow range of concentrations. With the same intent, the preferences of
G. catertella in cross gradients of light intensity, salinity, and temperature were
clefined by Norris and Chew. Iwasaki, who unfortunately could not contribute
to the Symposium, found interesting correlations between the in vitro
physiology of several dinoflagellates and the ecological conditions prevailing
when blooms of these species occurred in the Inland Sea of Japan. A detailed
analysis of the oceanographic conditions accompanying or leading to recurrent
blooms of several dinoflagellates in Chesapeake Bay was presented by Seliger,
ef al. Of par ticula r interest are their perceptive observations on the
participation of phototaxis, currents, windrows and water stratification in the
accumulation mechanisms leading to blooms.

An interesting exploration of the relationship between population growth
and toxicity of G. breve was reported by Wilson, et al. Eight large cultures,
initiated under identical conditions and seeded with a corrtmon inoculum,
showed three differertt patterns of population growth during the 5 month
observation of the cultures. In spite of these differences, the toxicity and the
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size of the accompanying bacterial Flora were directly proportional to the
levels of G. breve populations thus confirming the relationship toxicity:
number of dinoflagellates and indicating the probability of a meaningful
relationship between bacteria and dinoflagellate growth.

An analysis of the detailed studies on the ecology of G, breve, pursued for
many years by the Horida Marine Research Laboratory stimulated Steidinger
to postulate that cysts, sexual or asexual, and other periodical events of the life
cycle of G. breve may be responsible for bloom initiation, the most critical
phase for forecasting blooms, The brilliant research of W'all on dinoflagellate
cysts  reported in part at this Symposium! and the revealing studies of von
Stosch on dinoflagellate sexuality are the basis of her well-planned, long-range
program of research. If cysts are involved, studies on encystment, excystment
and'cyst sedimentation may give new important leads.

The Loeblichs attack another basic aspect, speciation and taxonomy of C.
tamarensis. This is not an excursion in, and resurrection of, a discipline
fashionable years ago, i.e,, giving the right name. They found that strains of
G. tamarensis which are apparently identical morphologically, differ
profoundly in their physiological attributes: i,e., some are toxic or non-toxic,
luminescent or not. This is the tip of a huge iceberg, the beginning of an
investigation on the inheritance of characters in dinoflagellates � a venture
whose significance is enhanced by the peculiar chromosomal structure of the
nucleus of the dinoflagellates and by the refinements of the modern research
tools, If these physiological differences can be recognized easily by subtle but
distinct morphological or biochemical characters, we could distinguish toxic
from non-toxic strains of G, tamarensis, an important step in accurate
forecasting, How does the biochemistry of these two strains differ7 It is often
mentioned that toxins may be a way to detoxify a metabolite dangerous for
the producer; others consider toxins a valuable means for survival and
competition. These questions can be approached by crossing toxic with
non-toxic strains and by producing rnutants, the classical tools for determining
the pathways of biosynthesis.

These are exciting possibilities for advances in knowledge and in practical
management offered by the papers presented. At a workshop, attended by the
authors of this section and interested scientists, a number of suggestions on
future research needs were formulated and are listed topically.

A culture collection of species and strains of poisonous dinoflagellates is
essential as a repository and reference for species identity and preservation of
physiological types. Cultures are essential to biologists for study leading to
characterization of their physiology, nutrition, biosynthesis of toxins, to
chemists for production of toxins; to ecologists and to toxicologists for effects
on various marine animals and to vertebrates. The culture collection should be
maintained on a permanent basis, and in duplicate for the most important
species; too many losses have happened to many of us in maintaining key,
unsubstitutable culturesl It may be part of a center devoted to maintaining
marine algae and protozoa or a separately supported activity of a laboratory
working on dinoflagellates.



Biology and life-history of the organisms

a! The need for detailed life cycle studies both in culture and in the field,
has been mentioned, If cysts or resistant stages are formed and accumulate in
sediments, our outlook on endemicity, locale and mode of initiation of blooms
has to be revised by detailed field work and may offer new means of control.
Some dinoflagellates are known also to have alternation of forms and
generations which may be seasonal.

b! lf cysts originate from a sexual union, the proposed studies on
inheritance, mentioned above, acquire even more practical importance: field
populations could be mixed and the presence of offspring endowed with new
physiological abilities would explain adaptation to and colortization of new
areas,

The identification of morphological and physiological species and varieties
becomes imperative to characterize the ecological versatility and the toxicity of
the population.

c! Variations in cell size during the exponential and other growth phases of
the bloom have been reported often. Some consider that predominance of
small cells in the population indicates presence of rapid cell division  i.e., a
developing bloom! but others believe that predominance of large cells in G
breve populations indicate rapid growth  Wilson, et al.!. The discrepancy may
simply mean that we should not generalize, each species behaves differently,
An indicator of increasing populations would be most useful to monitor
blooms,

d! Autecological studies have been reported here. They need expansion
and should be based on a rnultifactor design matrix and variable's levels
representative of natural conditions. Most important is the determination of
growth rates of the various poisonous dinoflagellates in nature and under
different environmental conditions. It is not an easy task, and we may have to
rely on approximations such as data acquired using large plastic bags in situ.
Lack of division rate data hampers serious effort to predication, i e.,
construction of models to assess the effects of grazing, physical accumulation,
phototaxis and diurnal migration on bloom development.

e! I hysical oceanographers need for their modeling data on motility rates
in vertical and lateral motions of dinoflagellates and need to know whether
downward movements in dinoflagellates are due to active swimming or
sinking.

Physi ofogical responses

Autecological studies directed at determining why an organism blooms  Le.,
it is so fit to its environtnental conditions as to out-compete and predominate!
rely heavily on detection of idiosyncrasies and speaaI or distinctive abilities in
regard to: a! light utilization  intensity, spectrum, photoperiod!, b! nutritional
needs  sources of inorganic and organic P and N!, c! needs for
microheterotrophy  growth factors!, macroheterotrophy  sources of energy



and building blocks!, and possibly tor phago trophy, d i trace metals needs and
tolerance  inf]uence of natural - from soil and muds - and artificial chelaturs on
trace meta]s availability!. Quantitative studies, particularly data on ugrta4.
rates of needed nutrients at concentration levels mimicking oceanic or neritic
conditions are esserttia] to find whether or not dominance over other species
depends upon an advantage in uptake rates. Equally revealing may be
experiments to detect syntrophisms or inhibition between species common in
the same environmental niches; a favorab]e preconditioning of the waters may
lead to blooms. Other proposed or observed relationships may be relevant, the
relationship of dinof ]age]]ates with bacteria and predation by protozoa and
crustacea.

Bio]uminescenre is an important attribute of dinoflagcllates and could be
exploited to monitor the seasonal fluctuations of endemic poisonous
dinof ]age]]ates. The sensitive photomultipliers used by biophysicists might be
adapted to rugged field use and could ser ve to evaluate the sire of
dtnof ]age]late population. Such instrumentation could be automated and used
in key locations to detect population increases and give a warning before the
threshold known to cause poisonous sheHfish is reached. Such monitoring
would eliminate costly frequent sampling of waters and cell counts and!'or
laborious pigment analysis,

The wea]th of suggestions received, attests that the new generation
appreciates relevance and pragmation as an inte]]ectua] cha]lenge and is ready
to rnatch the feats of Pasteur who wholehartedly accepted the challenge to cure
the diseases of the silkworm and the mishaps in cheese and wine making and,
in doing so, founded bacteriology and biochemistry,
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A EST R ACT

1 h~ p«pulation growth and toxicity of eight 12-liter cultures of the
dinoflagellate, Gvnvnii>intcni fire; e, were folhiwed ior five months. Although
each culture was in»<ulated with a volume ol G. breve culture calculated to
provide between 50,000 to 60,000 organisms per liter, counts made shortly
after inoculation varied from 3,000 to 9 000 per liter, During the First five
weeks, ZGO rnl samples were removed at 2 to 4-day intervals for population
estimates and bacterial enumeration. After the fifth week, 350 ml samples were
taken at 7-day interval» to perform toxicity assays with the mosquito fish
 Gattt fuchsia off'»is!. All experimental populations of G. breve increased
uniformly hy about three orders of magnitude and reached levels of five to
nine million cells per liter  an average growth rate  K! of approximately
0.3 'day! during the first five weeks, Afterwards, population levels differed
considerably between cultures. At five months, culture population levels were
frotn one-half to 24 million per liter. The eight cultures could be roughly
classified as three types according to timing of peak growths: I! early peak;�i
late peak, and �! multiple small peaks, The causes for these differences
between apparently replicate cultures are not known. The toxicity of the
cultures and bacterial population levels varied directly with G. breve
population levels, Electronic sizing of G. breve cells from populations of
different ages and growth phases were performed with a Coulter Counter.
Although there were shifts in the size distribution, these were not large and
could not be related to age but the ratio of large; small cell volumes was higher
in cultures with increasing population levels than in those with decrea.ing
levels,

1NTRODUCTION

Periodic mass kills of marine organisms, especially fish, in the Gulf of
Mexico a re ol ten associated with "blooms" o f the dinofla ge] late,
  I/tuttodinitln1 brpl e  8, 6, 22, 23, 20, 18, 19!,

The development of methods by Wilson and Collier �2} for culturing this
organism has stimulated considerable research related to its growth
requirements and toxin production under laboratory conditions. Ray and
Wilson �2> v orking with bacteria-free cultures, clearly demonstrated the
toxicity of G. breve to fish. McFarren et aL �0! and Eldred et al. �! associated
the occurrence of mild human illness, suggestive of paralytic shellfish
poisoning, with the consumption of oysters taken from Sarasota Bay, Florida,
during a "bloom" of G, breve. Extracts of the suspected batch of oysters were
toxic to mice and kittens. Furthermore, McFarren et al. �0!, Spikes et af. �6!
and Cummins et al. �! extracted materials from G, breve cultures that
were toxic to mice. Shellfish poisoning was induced in chicks by feeding them
oysters that had been exposed to G, breve cultures �3!.



The present work with G. breve was designed to determine the possible
relationships among age of culture, population density, and toxicity to fish.
Another purpose was to compare population development, toxicity, and toxin
stability in cultures of G. breve with another toxic dinotlagellate, ConyauIax
rrtorti ata, which occurs in the Gulf of Mexico.

The studies with G. breve parallel those conducted earlier with G. rttortilata
by Aldrich et a1.  ]! G. ntonitata has been associated with fish kills on the
east coast of Florida  9! and Offatts Bayou near Galveston �!. Gates
and Wilson in 1960 �! showed that unialgal cultures of this dino-
flagellate were toxic to fish ln addition to fish, G. rrtorti!ata is also toxic to
some invertebrates, including annelids, crustaceans and molluscs according
to Sievers �4j. On the other hand, all of these invertebrates, except the
annelid, Neartt!res succirtea, survived exposure to G, breve toxin.
MATERIALS AND lvIETHODS

Eight unialgal cultures of G. breve were grown in an artificial sea water
medium �!. These cultures with initial volumes of 12 liters were contained in
3.5 gal.ion Pyrex bottles. Each of the eight study cultures was inoculated with
an equal volume of a culture containing about 22 million G. breve per liter.
The inoculum was calculated to provide between 50,000 and 60,000 cells/l,
However, visual counts of intact G. breve made shortly after inoculation
varied from 3,000 to 9,000 cells/I. Each bottle contained a teflon-coated
magnetic stirring bar. The cultures were held at 25-'1 C and continuously
illuminated with standard cool white fluorescent light at approximately 750
foot-candles,

At various intervals �-7 days!, each culture was thoroughly stirred for five
minutes and a 200 ml sample was removed with a sterile pipette for population
estimates, bacteria enumeration and toxicity assays. These samples were
withdrawn in front of a laminar-flow sterile air device to prevent secondary
contamination, During the first five weeks, sampling was done at 2 to 4-day
intervals. After the fifth week, 350 ml samples were taken at 7-day intervals to
include toxicity assay with the mosquito fish, Gambusia affirtis. The volume
reducticn was similar for all cultures throughout the 5-tnonth period of this
study. Approxima tely six liters of culture remained in each bottle after the last
sample was taken.

During the first 17 days, population estimates were based on cell counts at
ZZX and 36X with a stereoscopic microscope of replicate 1.0, 0.1, 0.05, or 0,01
ml subsarnples, depending upon the population density. After this period,
population levels were determined with a Model B Coulter Counter. This
instrument was also used to determine the size-frequency distribution of the
dinoflagellate population in two of the cultures at each sampling, The bacterial
population was determined at each sampling with a haemocytometer and a
phase-contrast microscope at 450X, The counts obtained were probably on the
high side, since all particles that had the "appearance" of bacteria were
enumerated.



At each sampling, 200 ml of culture removed from each bottle was
immediatelv fr»zen  -]5" 'i and held for assaying at convenient times. On four
occasions, af ter about the 5th, 9th and 13th weeks and at the end of the study
t5 trlonths!, an adclitional 150 ml culture portion was removed from each
bottle and held ov~ might under illumination for toxicity tests. The intact cell
culture portions were tested along with the frozen materials for comparative
toxicity.

The toxicity ot each culture was assayed with Gairjbusia affinis <15 to 30
mm long!, which were held in a large outdoor tank of fresh water for several
weeks prior to the cornrnencement of toxicity tests, Approximately 72 hours
prior to each set of' toxicity tests, test fish were acclimated as follows.  I! held
ft>r 24 hours in water from fish storage tank to permit them to acclimate to
laboratorv temperature  approximately 25"C!; �! 2SWo artificial sea-water
medium  same as that used lor growing Ci, breve! for about 9 hours; �! 50"'e
artiticial medium for about 15 hours; �! 75'1o artificial medium for about 9
hours; and l5! JtM io artificial medium for 15 hours. Each sample was assayed
with {our fish, Each fish was held for a maximum of 24 hours in a small
finger-bowl �-I/2" diameter! containing 35 ml of the test culture, The test
material in the finger-bowl, which was loosely covered with a plastic petri dish
top, received no artifi~ ial aeration,

Four chronological sarnplings of the frozen cultures were assayed at one time
to mmimize the possible influence ot fish condition variability on the assays.
Furthermore, during each set of toxicity tests, 10 tish were assayed with a
"reference standard"  three parts of fresh medium per part of a frozen culture
which contained ca l.u x 107 G. breve! I ! to check the uniformity of the assay
fish. The mean death time of four test fish For seven individual standard tests

varied from 2.3 hours to 4.9 hours. This variability was probably due to
differences in fish sensitivity rather than loss of potency of the standard during
freezer storage. Tests conducted at approximately the beginning, mid-point
and at the end ot the study each had mean death times of 2.3 hours.

The toxicity ot' G. breve and G. rnortifara to mosquito fish was compared, A
frozen C. bre i culture containing about 19 mtffion cells per liter was diluted
to prep~re seven concentrations of culture that were calculated to be
equivalent to 2.0 x 102, 5.0 x 102, 1.0 x 10, 2.0 x 10, 5.0 x 1 P, 1.0 x 10, and
5.0 x l04 <rlls per ml. C rnorttlutrz cells were obtained by continuous
centrifugation �tr00 g with a flow rate of 70-100 mf/min! of approximately 100
liters of culture containing about one million organisms per liter �.12 x 10~
cells harvested!, These cultures grew in the same artificial medium that was
employed for G. breve. The C, monflata cells were homogenized by several
freezi ngs and thawings and 2 minutes in a Virtis blender at 45,000 rprn with 50
ml of artificial sea water. From this homogenate, six quantities were removed
and suspended in artificial sea water for the test. These quantities were
calculated to be quivalent to approximately 1.4 x 103, 2.8 x 10, 5.6 x 103. 1.1
x 10, 2,3 x 10 and 4.6 x 104 cells per ml. Ten fish were used to test each4 4

concentration and in the uninoculated artificial sea-water control medium. All



RESULTS

The eight cultures grew uniformly during the first five weeks. None
txhibited a cliscernible lag phase, During the first 15 days the mean daily
;rowth rate  K = 0.44 to 0.45! was more than twice the rate during the next 18
lays  K =0.18 to 0.20!  Fig, 1!. The overa11 growth rate of the cultures during
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test material in 3S ml amounts were held in a finger-bowl. During tests, fish
response was determined by visual observation and elapsed times noted at the
onset of equilibrium loss and at death, Death was defined as cessation of
npercular movement.

The mean daily growth rates  Ki of bacteria and G. breve were calculated
using the formula of Smayda �5!.
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the first five weeks  K=0.3! was faster than the rate during any comparable
period during the next four months. At the end of this five-week period, the
population levels were between 1 x 10~ and 1 x 107 cells/l.

During the last four months of the study, the population levels of the
cultures differed considerably. In one case, the population level decreased
rapidly and subsequently increased at a slow irregular rate. The level of
another culture continued to increase after the first five-week period at a
reduced rate for two months, then decreased rapidly. The rise and fall of the
population level of a third culture was cyclic with a period of approximately
four weeks, Based on the growth patterns during the last four months of the
study, the eight cultures could be roughly classified according to the time of
peak growth as follows: �! early peak  Fig, 2!; �! late peak  Fig, 3! and

ultiple small peaks  Fig. 4!.
The cultures grew to population levels that were between 12 and 38 million

cells/l at some time during the last four months of the study. Early peak
populations were characteristic of three cultures, The peak population levels of
these cultures were 19, 27 and 30 x 106 cells/l and they occurred after 8 to 9
weeks growth. The growth rate of these cultures after the first 15 days growth
declined more than 50%, The populations of the three cultures characterized
by late maximum peaks reached levels of 8 to 13 x 106 cells/I after five to
seven weeks, decreased for periods of one to five weeks and subsequently
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increased to levels of 22, 32 and 33 x 10~ cells'1 after 12 to 13 weeks of the
study. The tw«cullures with multiple peak population levels declined after the
initial five week gr«wths anil subsequently had three additional population
cycles with periods «f approximately four weeks. The rnaxirnum population
levels  f2.5 and 16.5 x 10'' cellsi'l! of these cultures were lower than the
maximum levels l>f the other six cultures, but both were at a level of ca. 106
ceilsil at the end <if the study. At the end of the 5-rrtonth study periocl,
culture population levels were from 0.5 to 24 x 10' cells/ I.

Observations of glowing cultures often led us to think that cultures in the
Iog-growth phase had a smaller average size than senescent cultures. Between
55% and b5 "ro of the culture populations were always within the 3200 to 64lM

size range. Changes in the culture population levels were accompanied by3.

similar changes within this range  Fig. 5!. The population levels of organisms
that were larger and smaller than this size range also changed on some
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Table 1

Comparison of the Toxicity of Intact and Lysed
G. breve Cultures at Various Population Levels to Garrtbusia affinis

G. breve

Population Level
Toxicity to Garr<busia

Mean Survival Time  Hours!

Cells/I x 106 Intact Cells~Lsed Cells

4.5 � >242.4 - 5.0 0.6-4 5

0.22 - 0.53

0.14 - 0.22

0,1 - 0.2

0,1- 0,11

2.5- lb.35.1 - IO.O

1.2 - 8.7

0.2 - 3.6

10.1 - 15.0

15.1 - 20.0

20.1 � 30.0

>30. 0 1.3 - 1.7

<iccasions. The relative changes in these cell sizes were ncit apparently re]ated
t<i the population levels ot the cultures, On the other hand, if the culture
P<~fiulation was increasing. the number of cells with a volume greater than
6400 g was higher than the number of cells with a volume less than 3200 ~3, If
the culture population was declining, the ratio of large-sized cells to small-sized
cells was usually less than 1.

The bacterial populations in the cultures all exhibited a lag phase during the
tirst three weeks c<f the study  Fig. 1!. Although the bacterial populations
in<..reased from an initial level of approximately 1 5 x 106 bacteria. ml to 6.7 x
f 0' bacteria /rnf, the rate of increase  K =0,1! was not comparable to that of G.
breve during this period. As the G. breve populations approached or passed
the I x 10 cells/I level and the growth rates decreased, bacterial growth rates
increased significantly. The bacteria growth rates at this time  K =0.40 to 0.5b!
were similar to the G, breve growth rates during the first 15 days of the study.
The bacterial populations continued to increase but at a slower rate until
population levels of approximately 1 to 3 x 10 bacteria/ml were reached after
approximate! y eight weeks. Subsequently, the bacterial popula tions, in
general, varied directly with the G. breve population levels.

Toxicity of G. breve cultures to fish was not detected in any of the tests of
the ten series of samples collected prior to the 31st day of the study, At this
time the cultures contained between 4 and 9 x 106 cells/L. Qn the 27th day of
the study and on the two prevtous sampling dates, the cultures contained
between 1 and 4 x 10 cells/1 One of the ten test fish died that was exposed to
one of the samples collected on the 27th day,



Aft»r th< cultures attained p<ipulatinn levels nf approximately f x IO7

<elis 'I, the t<ixi<ity was dire< ily relate<I to the G. breve pnpulatton level  Fig,
2, 3 an<I di Thi curves <if th» tish survival time approach being mirror images
<ii the   bre; i p<ipulation curves. On the other hand. cultures that had the
same p<ipulati<in levels at two different times were not always equally toxic.
On some <accasi»ms, a culture with an increasing population was more toxic
than the same culture which nn ~nother date had decltned to the same
p<ipulation level  Fig, 3, 7th and 12th week!. On other occasions, a culture was
more toxic during a populati<in decline than during a population increase  Fig
2, 5th a nd l 2t h weeks!.

Froz»n culture samples were consistently more toxic than their companion
intact cell samples  Table ] !. In addition, the toxicity nf the intact cell sample
was n<it as closely related to the culture population levels as was that of the
frozen samples, In general, the toxicity of frozen samples and intact cell
samples differed progressively less as the culture population levels increased,

Results of the experiment in which the toxicity of G. breve and G. rtaonilata
tn the mosquito fish v ere c<tmpared indicated that the toxicity per ce11 of G.
br»tie was three to four times that of G. rttortilata  Fig. 6!, The difference in
toxicity is greater if based on biomass. The celt volume of G. breve is
approximately <ine-half the cell volume of G, morttif<tf<r, On the other hand, the
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Fifture6. Survival <!f Catttfuisia affmis exposed to homogenized C. tt<onifaia cells and cell-
free C. breve culture material �, eight fish survived Z4 hours; 2. two fish
survived 24 hours!.
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bre< e test material was prepared by freezing and thawing the whole culture
and G. ruouifata cells were concentrated by centrifugation and resuspended in
fresh medium. This procedural difference may have caused the difference in

toxicity of the two organisms that was observed, at least, in part.

DI~CVSSIO~

The maximum growth rate of G. breve that was observed during the first 15
clays of the st u Jv was co mpar able to t ha t previously reported but the apparent
absence of a lag phase ot 4 to 8 days is unusual �1!, ln the earlier study, the
length of the lag phase was inversely related to inoculum size. We had noted  un-
published! that if the inoculum contained between 0,5 and I,Ox10 G. breve/I
and the volume employed was ca 10' of the medium volume to be inoculated,
the lag phase was not discernible if the enumeration interval was 24 hours. The
inoculurn volume used in this study was only 25.0 ml in 12 liters of medium.
Fogg �! stated that extracellular glycolate reduced or eliminated the lag phase
of some algae. Cultures of Chiorella rapidly established an equilibrium
between intra - and extracellular glycolate �1! and the lag phase
of this organism was eliminated by additions of 1 mg/I of glycolic acid.
The lag phase of cultures of Ditylum brightwelii was eliminated by the same
addition. The absence of a lag phase in our study may indicate a "carryover"
of an extracellular metabolite, On the other hand, this concentration of
glycolic, pa lmitic or stearic acid was acutely toxic to G. breve  unpubIishedt.

The presence of bacteria may not have contributed to the initial rapid
growth of the cultures, Bacteria-free cultures of G, breve that grew on an
artificial sea-water medium increased by ca. two orders of magnitude in ca. 25
days. This period probably includes a 4 to 8 day lag phase. The populations
remained at this maximum level for ca. 10 to 60 days, then gradually declined
within the next 30 days until they approached the inoculation level or died off
completely  Wilson 1966!. The bacterial growth in the eight cultures of the
present study was slow during the period of rapid G, breve growth. The
initiation of the maximum bacterial growth rate occurred after the period of
maximum G. breve growth and after the G. breve population levels exceeded I
x 10 cells'l. This feature suggests that, at least, the initial growth of the
bacteria depends on the growth of G, breve. The dominant bacterium of these
cultures was similar to the gram-negative bacillus that had been the dominant
bacterium in G. breve cultures previously studied by Ray artd Wilson in 1057
 l2l. fhe previous dominant bacterium grew much more in this medium if G.
breve was present.

The continued, but reduced, G. breve growth in the cultures after the first 15
days and the previously mentioned lack of continued or secondary growth of
bacteria-free cultures after they reached this approximate level suggests that
bacteria contributed to secondary growth This secondary growth continued
for only about four weeks in some cultures before a population decrease
occurred  Fig. 3! which was. in some cultures. followed by one or more



Jclctiticina1 increases. Th» maximum population levels of the cultures always
occurr< d at the c ncl or after this secondary growth phase. In addition,
bacteria- free C, bret e cultures did ncit grow as consistently initially, nor attain
population levels as high as those in cultures with bacteria �0!.

The tendency tor the G. breve population and bacterial population to
fluctuate together after the initial G. breve growth phase indicates that either
one was benet'icial to the other, detrimental to the other or that they were
mutually beneficial or detrimental. The longevity of this association in roost of
the cultures suggests a mutual benefit. This possibility is suggested by the
previciusly mentioned secondary growth ot G. breve and the initiation of the
rapid growth of bacteria during the first four to six weeks of the study.

The reason for the large ditference �,5 to 24 x 10~ cells/I! in the population
levels betvceen cultures at the end of the study is not known. It couldhave been
caused by the cyclic growth of: cultures with bacteria or differences in the
bacterial floras of the cultures. Another possible cause of population declines
may be a secondary bacterial or coccoid blue-green algae contamination. The
latter were not observed in the cultures of this study, but they subsisted on the
walls of our labciratory and they will grow in G, breve cultures that have
reached maximum population levels. If so, the population of the cultures
decl ines.

A question that i» frequently asked regarding G. breve is whether or not it
produces an exotoxin or endotoxin. Based on the experiments with frozen and
intact cells, the toxin seems to be an endo toxi~, Toxicity was directly related to
population level «nly if the culture was frozen. Also, the fact that trozen
material was consistently approximately 2 to 30 times more toxic  in time of
survival of test fish! indicate it is an endotoxin. On the other hand, the reduced
difference of toxicity of intact and lysed portions of a culture sample at high
population levels indicated extracellular toxin may be produced.

The size distribution portion of the study suggests that the ratio of large cells
  o 6400 u3! to small cells   >3200 u3! may depend on stage of growth of the
culture, lf the culture population was increasing, the ratio of large: small cells
was usually greater than 1.5. If the culture population was decreasing the ratio
was less than 1.0. Cultures that were at a maximum or minimum population
level had a rat io that was approximately 1.0 or higher, but less than 1.5. These
distribution patterns may have been influenced by the increase in cell debris
that apparently occurred in a declining population. This material increased the
counts of the lower size class. Despite this aspect, there were relatively more
larger cells in an increasing population.

A comparison of the toxicity of G. rrrorrrtata cult~res  Aldrich et a]., 1967t
and G. breve cultures showed considerable differences in toxicity development
and population levels. The uniformity of the relationship ot the toxicity and
population levels of G. breve cultures indicated that the toxin s! were either
unstable, reduced rapidly by bacteria or principally intracellular. The
maxirnurn toxicity of G. rrrorrilata cultures occurred at the time the population
level had decreased by 50'lo or more. This apparent lag in toxicity indicated

138



thai the toxin s! i~ere either stable, not reduced readily by bacteria, or possibly
also principally intracellular. The G. iuonilafa tests were conducted with live
cultures. Thus, the coincidence of the occurrences of maximum toxicity and
the decline in population levels may have been associated with cell lysis of the
population. The toxicity of cultures at both organisms was consistently higher
with lysed cell» than with intact cells  Tahle I j. A comparison of chemical
stability and or bacterial reduction cannot be made unless bacteria-tree,
cell-tree preparations at physiologically similar cultures are compared,

The per cell toxicity ot C, breve and C. rnonilvta may be similar. As
previously mentioned the apparent ditterence we observed  Fig, 6! may have
been caused bv difterent methods of preparing the test material, The toxicity of
C. inoitilat~ cultures increased, at least, two-fold after freezing and thawing as
tound by Gates and Wilson �!. Results of experiments conducted with frozen
and thawed culture materia! assayed with Cyprinodnn variagatus indicated
that the per cell toxicity of these two organisms was similar as found by Sievers
�4!. If so. based on biomass, G. bre-~e may be mare toxic.

The toxicity per cell of cultures of both organisms was apparently less
during the early growth phase than during a later phase, For example, cultures
that had increased from the original inoculum level to a level of 1 x 10 cells/16

were considerably less toxic than the same cultures which were at this
population level subsequently,
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ABSTRACT

Gonya~Iax catene1la, the causative organism of paralytic shellfish poisoning
on the Pacific coast of North America, has been grown in the laboratory in a
series of experiments to determine the effects of variations of physical
parameters and availability of both organic and inorganic nutrients on its
growth.

Experiments using cross-gradients of salinity, temperature, and light
intensity indicated that these parameters interact in their influence on growth,
Extremes of either salinity or temperature reduced the tolerance range for the
other factor, Tolerance ranges were shown to be 15 to at least 40 �0 salinity
and 8 to 23oC, Growth occurred for all light intensities tested, from 50 to 500
f.c. Optimal ranges for these parameters were 20-37"/oo, 13-17 C, and
150-350 f.c.

This species can utilize a variety of nitrogen sources, growing equally well
on nitrate and ammonium ions and urea at concentrations up to 100>g-at
N 'l. Inhibition was caused by high levels of the latter two but not of nitrate,
Asparagine supported good, but lesser growth, Glycine, serine and alanine
supported slight growth.

Lactate, acetate, and glycerol did not significantly affect growth, but glucose
reduced growth. None of these four carbon sources supported heterotrophic
growth,

INTRODUCTION

Paralytic shellfish toxicity is likely to occur during each year along the State
of Washington ocean coast and the Straits of Juan de Fuca, a shoreline of about
300 miles. Some of these beaches are affected almost annually; others have
outbreaks less frequently In addition to this portion of the coastline with
fairly high probability of outbreaks of shellfish toxicity there are perhaps a
thousand miles of shoreline in the labyrithine estuarine waters of the state. In
the northern portion of these waters, between Vancouver Island and the
mainland, shellfish toxicity is known to occur occasionally, In Puget Sound
proper, Ganyaulax cate@ella, the causative organism, is not uncommon in
summer at least as far south as Seattle, even though toxic shellfish have not
been reported from this region. Thus. either toxic shellfish have occurred or
the potential for an outbreak of shellfish toxicity exists in a high percentage of
the marine waters of the state.

Nevertheless, there have been only three human deaths attributed to
paralytic shellfish poisoning since the 1930's when the State Department of
Health started studying shellfish toxicity. This low figure is due largely to
regulations established in 1942 after those deaths occurred. The entire length of
the open ocean coast and much of the Strait of Juan de Fuca shoreline are
closed for the taking of shellfish other than razor clams between April 1 and
Cjctober 31 of each year. Razor clams are excluded from the regulation,



because they retain the toxin in the digestive gland which is usually not eaten.
ln other areas the Department of Health maintains a surveillance program of
certain commercial and sport shellfish areas.

The College of Fisheries at the University of Washington began its research
program on the ecology of paralytic shellfish toxicity in 1961, Phytoplankton
studies indicated that Gonyaufax catenelia was abundant prior to outbreaks of
shellfish toxicity and that no other dinoflagellate species was correlated with
the periods of toxic shellfish �,2!. Gonyaulax catenelfa is the chain-forming
dinoflagellate which has been shown by Sommer, et al. �! to be the cause of
the shellfish toxicity in California, Studies of the seasonal occurrence of
shellfish toxicity showed that on the Straits of Juan de Fuca there were two
periods each year when California mussels and Pacific oysters were toxic. A
period of minor peaks of toxicity occurred in early summer; the major peaks
occurred in late July to September. The abundance of G, cafene]1a in Sequim
Bay, Washington, was shown to be related to the surface water temperature,
decline in diatom abundance, and amount of sunshine �, 4!, Laboratory
studies with cultures of G. carenella showed that toxin content per cell varied
inversely with growth rate and declined with time following the end of the log
growth phase �!,

The response of shellFish to G. catenella was studied in both field and
laboratory. Field work revealed differences in rates of uptake an.d loss of toxin
among the four species of shellfish studied: butter clams, Saxidomus gigarrtexcs;
l.ittle-neck clams, Protothaca starrrirtea; bay mussels, Mytilusedulis; and

Figure 1. Gonyaulax catenella, culture Gc 71, isolated frozn Sequim Bay,
Washington �00x!,



Pacific ovsters, Crassostr ea gigas �!, ln laboratory investigations, Crassostrea
gigas, when fed G, catenelIu, reduced pumping rates at food concentrations as
low as 20 cells.'ml and stopped pumping at 220 cells/mI �.!

The fate of saxitoxin in the food chain was investigated by a sampling
program in areas along the Strait of Juan de Fuca where shellfish toxicity
occurs annually. Despite the fact that levels of shellfish toxicity in the area
were unusually low during the investigation, extracts of several species of
animals caused mouse death reactions typical of paralytic shellfish poison:
Hernigrapsus uudus. the purple shore crab; Littorinasitkanu, a periwinkle;
Pagurus sp., a hermit crab; and two species of snails, Thais Jameflosa and
Thais lima  =- T, emarginata~  b!.

CURRENT RESEARCH

Purpose

The major thrust of the more recent work has been a laboratory
investigation of the effect of several environmental factors on growth of G.
cateneIla in order to better understand the seasonal and geographic
distribution and abundance of this organism. The additional hope, of course,
is that a factor or a combination of factors might be identified which plays a
major role in controlling the growth rate and that such information would be
useful in the formulation of a procedure for prediction of toxic shellfish.
Culture experiments have been conducted to study the effects of the physical
parameters of temperature, light intensity, day length, and salinity, and
nutritional factors, both organic and inorganic.

Methods

Our culture work with G. catertella has been carried out for the most part in
125 ml Erlenmeyer flasks containing 50 ml. of culture medium. These cultures
have been grown in controlled environment chambers under conditions of
temperature and light intensity determined by the nature of the experiments.
Light was from cool white fluorescent tubes and was continuous in all
experiments after early work indicated that reduced day length  either 12 or 18
hours! caused a reduction in growth below that of cultures in 24 hrs. of light

The media used for maintenance of stock cultures were a soil extract
medium and an artificial seawater rnediurn, ASP7, modified by omission of
silicate. A second artificial seawater medium, ASP12, was tried several times
without success, Both of these media were formulated by Provasoli �!. The

2 The soil extract medium was composed of: 950 rnl. seawater  approx.
39 loo!, 50 ml, soil extract  supernatant of 1 kg. soil in 2I. water, autoclaved
1 hr. at 10 psi!, 0.2 g. NaNO3, 22.5 mg. Na2HPO4.7H20, and 1 mg.
Na2EDTA.



ASV7 mpdium was used for most of the experimental cultures and was
moditied as described later to fit the purpose of each experiment. In ear]y
studies of temperature and light tolerance, the soil extract medium was used,

Samples of experimental cultures were taken at frequent intervals and
counted with an inverted plankton counting microscope.

The stock cultures of C, catenella used in these experiments were derived
from three separate isolates made from Sequirn 6ay, V'ashington: Gv 64,
isolated by Dupuy in 1964, and Gc bS and Gc 71, isolated by Norns in 1968
and 1971, respective]y. Axenic cultures were obtained by treatment with
antibiotics, using the method described by Droop  8!.

Results

Crowth Responses to Varying Temperature, Light. and Salinity

Several experiments were carried out to determine the growth response to a
variety of combinations of different temperature, sa]inity and light intensity
values, To attain different salinity va]ues, the ASP7 medium was altered in one
of two ways. One was to make up the medium in a large volume without
NaC1 and divide it into smaller volumes to each of which was added sufficient
NaC1 to attain the required salinities, thus changing the concentration of none
of the ingredients except NaC]. The other was to make up a large volume
adjusteLI to high salinity by the addition of NaC1, and to dilute portions to the
sa]inities desired, thus changing the concentrations of all the ingredients. Three
series of cross-gradient experiments were carried out, each using an inoculurn
derived from a different isolate of C, ratertel/a.

The results of these experiments indicate a general agreement among the
three isolates with regard to the to]crab]e values and optima] values of these
parameters, They have been summarized in Table 1. In the course of these
experiments growth was found to occur at temperatures from S to 23 C, at
salinities from 15 ta 40o/oo, and at light intensities from 50 to 500 f.c. Higher
salinities and higher and lower light intensities were not tested. The optimal
values for these parameters were in the ranges of 13 to 17 C and 150 to 350 f,c
for all three isolates. Growth of two isolates was optimal in the salinity range
of 21-30o/oo while the third isolate grew best from 20-37 /oo, A possible
exp]anation of this difference in sa]inity optima could he in the fact that the
culture which grew optimally at higher salinities had been maintained for
several years in sea water from the open coast with sa]inity of 33 /oo, whereas
the other two isolates had been cultured in estuarine water with salinity
averaging around 30 /oo. All isolates were made from Sequim Bay in which
the salinity was abou t 32o/oo. Ano ther possible explanation for the
differences in the ranges of sa]inity optima could lie in the difference in the
methods used to adjust salinity.



Table 1,

Tolerance and Optijnum Ranges
for Temperature, Salinity, and Light intensity

Temperature
Tolerance range

Values tested

Optimum range
5 8 13 l4 l7 20 23 24 26 C

Salinity
Tolerance range

Values tested

Optimum range
15 17 21 25 29 31 35 37 40 o Joo

Cultures Gc 68 & Gc 71

Culture Gw 64

Light Intensity
Tolerance range

Values tested

Optimum range

50 100 150 200 350 500 f, c.

Culture experiments indicate that Gonyaulax catenella is a eurytherrnal,
euryhaline dinoflagellate which grows best in cool temperatures and reduced
light.

Table 2.

Response to Temperature and Salinity

23 oC17

d = died; ng = no growth
G = growth  cell numbers at least double the initial level!
10 day culture period

Extremes of either temperature or salinity reduce the tolerance range for the
other parameter.

40o,'oo d

35 .d
d

21 d
15 d

d d cl
d

d G ng
ng

ng

G G G ng
ng

G G G G d G G G Gd d G
ng

d



The effect of extremes of temperature on the tolerance range for salinity and
vice versa is shown in Table 2. At optimum salinity values, the organism can
tolerate a temperature variation of a least 12 C. degrees, but at the extreme
salinity of 40 !oo, the tolerable temperature variation is reduced to less than 9
C. degrees. Similarly, the wide range of salinities tolerable at optimal
temperatures, i.e., fram 15 to 40 !oo is reduced to a much narrower range of
salinity values at suboptimal temperatures. Variation in light intensity From
100 tn 350 f.c. had no significant effect on the tolerance ranges for temperature
or salinity. Light intensities less than 100 and greater than 350 f.c. were not
studied in cross-gradient experiments.

Growth in Resporrse to Nitrogen Sources

Table 3

Growth Rates in Nitrogen Sources
 Generation times in hours.!

7-14 day period  logarithmic gx'owth!, G C 71.

10 20 30 40 60 80 100 200 300 400 600 800 1000 1600 zg-at 5 '1

NO3 48

NH4 53

62 o8 71 65 61 6853 53

d d d46 ng-g ng-g

Urea 62 ng g ng853 56

d died
ng-g=no growth during 1st week, followed by growth

Growth rates are approximately equal at lower concentrations of NO3,
NH4, and urea. The latter t~ o are toxic at high concentrations.
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The experiments to determine the effect of several nitrogen sources on
growth of G. cutertetla were carried out in ASPIC medium from which NaNO3
was omitted, Various nitrogen compounds were added singly in the
concentrations shown in Table 3. Two isolates were tested in separate
experiments.

Although growth rates of the two isolates were not comparable, during the
first 10 or 15 days growth rates for each isolate were approximately equal in
NaNO3, NH4Cl, and urea at the following concentrations: NO3 from 10-40
pg-at Ni'l  up to 100pg-at N/l in another experiment!, and NH4 from 10 to 100
pg-at Ni'I and urea From 25 to 80 pg-at N/l. At 200-1600 pg-at NO3-N/l,
generation times were slightly longer. At higher concentrations of NH+4
�00-300 kg-at N 'l! and urea�00-600 pg-at N/1! cell counts declined initially
or at least did not double in the first week, but slow growth started thereafter.
At even higher concentrations  800 yg-at NHg-N,'l and 1600 yg-at urea-N/1!,
there was no reversal in the initial decline in cell counts and cultures died
rapidly  see Table 3l,



Final cell counts were proportional to nitrogen concentration in NO and3 n
H4 at concentrations up to 100>g-at N/l and in urea at concentrations up to

at least 60 >g-at N '1. Final yields equivalent to those attained at 300-1600
WIpg-at '~ 'l in nitrate medium were not attained in NH4 or urea media because

of their toxicity at those concentrations  see Table 4!,

Table 4.
Final Growth  cells! rnl I in Nitrogen Sources

 in excess of counts in controls!

lo 20 30 80 l00

Ncl3 ~50 2790 8380

200 300 @00 8X le00 ~yai N - I

2 .5oO 25 so0 29, led

780 259

V rea 78/ 43 70 2780

d =d|ed

Total growth in NOj, NH4, and urea is proportional to available nitrogen
at concentrations up to 60-1004lg-at N,!l .

Growth in Response to Added Carbon Sources

Glucose, sodium acetate, sodium lactate, and glycerol were added singly to
ASPIC medium to determine their effect on growth in both light and dark.
Concentrations from 1-20 mM v ere tested. Glucose reduced growth of both
isolates at 5-20 mM concentrations, Glucose at 1-3 mM concentrations and
acetate, lactate, and glycerol in concentrations from 1 to 20 rnM had no
significant effect on growth rate or total growth, Because glucose does not
occur in marine waters at the relatively high concentrations required to inhibit
growth, this finding is considered ecologically unimportant.

None of these 4 carbon compounds supported heterctrophic growth,
However, although the data are inconclusive, they suggest that cultures of G,
catertelfa die less rapidly in media containing added carbon sources than in
controls.
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Other nitrogen sources tested included: asparagine, which supported slow
growth at concentrations up to 3200 ~g-at N/1, at which concentration total
growth was about 25% of maximum growth on NO3; uric acid, glycine,
serine, alanine, and glutamic acid, all of which supported growth at lower
levels, ranging from S-18% of maximum growth on NO3; histidine and
hydroxyproline, both of which retarded growth below the level of the controls
without added nitrogen,

None of the 11 N sources mentioned above supported growth or permitted
prolonged maintenance of cell numbers in the dark,



CONCLUSIONS

Results of this experimental work indicate that G. cateneIla is a eurythermal,
euryhaline organism which is capable of growth in relatively low
concentrations of several nitrogen compounds.

The laboratory findings appear to be in agreement with field data. The
salinities along the Strait of Juan de Fuca are always within the range of
optimal salinity values determined by laboratory experiments  except for
temporary localized lenses of freshwater runoff!. Gonyau'Jax catenella was
found in the plankton only in the months when the water temperature
exceeded 8oC, which was shown ta be the lowest tolerable temperature in the
laboratory, The finding of a maximum growth rate even at low concentrations
of nitrate is compatible with field data which indicate a general low level of
NO3 �-10 ug-at Nil!f l occurs during months of higher C. catenella
populations. It may also help to explain the occurrence of G. catertella after the
decline of diatom pulses which may have reduced the available nitrogen to low
levels. Although growth in these experiments was better at light intensities
below 500, f.c., this does not appear consistent with the fact that natural
populations frequently occur in periods of bright sunshine. More definitive
work on the effect of light intensity is needed. The lowest generation times in
the laboratory have been in the range of 20-30 hours, i.e, approximately 1
division per day, a finding which is compatible with the rate of increase in
natural populations observed in Sequim Bay,

The knowledge that growth of G. catenelfa is not closely restricted by
physical parameters points out that the potential exists for occurrence of toxic
shellfish over a long season in widespread areas of our marine waters,
Information about tolerance and optimal values for temperature and salinity
could be useful in delineating areas and seasons of closure of beaches for the
taking of shellfish. However, closures based on these parameters alone would
cover a far longer season and wider area than toxicity hazards would warrant,

Obviously, within these broad seasonal and geographic limits for potential
growth of G. catenella, it would be highly desirable to be able to predict times
and places of high probability of its occurrence in sufficient numbers to cause
shellfish to become toxic. In order to do this, many additional physical and
biological factors controlling its growth, survival, and toxin production must
be considered, The fact that it can grow well on at least three nitrogen sources
may be such a factor to be considered. Preliminary experiments indicate that
concentrations of certain major inorganic nutrients and trace metals may also
influence growth. Before it will be possible to predict shellfish toxicity on this
basis, much additional work will be necessary to determine the significance of
these and other factors in controlling populations of G. caterMIla in natural
waters,



ACKNOWLEDGMENTS

This work was supported in part, between 1969-1972, by the U S. Public
Health Service, Vational Institute of Health, Grant number FD-00147.

REFERENCES

SRIBHIBHADH, A. 1963, Seasonal variations of shellfish toxicity in the
California mussel, Mytilus cafifornianus Conrad, and the Pacific oyster,
Crassostrea gigas  Thunberg!, along the Strait of Juan de Fuca and in
Willapa Bay. PhD. Thesis, Univ. Washington. Seattle, Washington.

2. HSU, B. C.-C, 1967, Study of paralytic shellfish toxicity causative
organism s! in the State of Washington. M.S. Thesis, Univ.
Washington, Seattle, Washington

3. SOMMER, H., W. F, WHEDON, C. A. KOFOID, and R. STOHLER.
1937. Relation of paralytic shellfish poison to certain plankton
organisms of genus Gonyauiax. A.M.A. Arch. Pathol., 24:537-559.

4, DUPUY, J. I.�1968 Isolation, culture and ecology of a source of paralytic
shellfish toxin in Sequim Bay, Washington. Ph. D. Thesis, Univ.
Washington, Seattle, Washington.

5, NEAL, R. A., 1967. Fluctuations in the levels of paralytic shellfish toxin in
four species of lamellibranch molluscs near Ketchikan, Alaska,
1963-1965. Ph. D. Thesis, Univ. Washington, Seattle, Washington.

6. MACDONALD, E.M. 1970. The occurrence of paralytic shellfish poison
in various species of shore animals along the Strait of Juan de Fuca in the
State of Washington. M.S, Thesis, Univ, Washington, Seattle,
Washington.

7. PROVASOLI, L, 1964. Growing marine seaweeds. In Proc. 4th
International Seaweed Symposium, Biarritz. September, 1961..

8. DROOP, M. R. 1967. Procedure for routine purification of algal cultures
with antibiotics. Brit. Phycol. Bull�3 �!: 295-297.



BASlC FACTORS 1NFLUENClNG RED TlDES>

Karen A. Steidinger
Florida IOepartrnent of Natural Resources

Marine Research Laboratory
St. Petersburg, Florida

~Contribution No. 246, Florida Department of Natural Resources Marine
Research Laboratory



ABSTRAC 1

Ecotogicallv, there are three aspects common to al! toxic red tides. First,
there is an increase in population size, called here initiation, Secondly, there is
suppor t, e,g., suitable salinity, temperature, nutrients and growth factors, and
tinallv, in man> red ticles, the maintenance and transport of blooms by
hydrologic and meteorologic forces. The first two aspects are often considered
inseparable. 1 lowever, with recent advances in dinoflagellate lite cycle work,
specifically, detection and description of sexual phases and viable benthic
cysts, the possibility of benthic seed populations and the factors influencing
their development should be primary research objectives. The locality of
initiation is also critical, For example, Gyrnnodirtiurn breve blooms are
initiated about 16 to 64 km off southwest Florida in 12 to 37 m, and it is
suggested that if a dormant stage exists, then seed populations or seed "beds"
possibly can be delineated within this zone. Present data indicate gradual
motile population increases, not sudden population "explosions" due to
increased ceH division rates. Once initial increases occur, specific chemical and
physical conditions are necessary to support these blooms. Lastly, as
evidenced by many dinoflagellate blooms, winds, currents, and organism
migrations are important transport and concentrating mechanisms.

INTRODUCTION

l oxic dinoflagellate blooms are common in coastal andior estuarine waters
around the world, particularly temperate and subtropical regions. Ecologi-
cally, there are at least three aspects common to such blooms. First, there is an
increase of initial motile populations above background levels, which in the
case of Cymnodinium breve bkoms, are not due to increased cell division
rates. Secondly, water conditions must be optimal for support of such blooms
either by land run-off, iupwelling, submarine spring discharge, preceding
biological conditioning, or possibly some other regulatory factor, The third
progressional aspect in this proposed general concept concerns the
maintenance and transport of blooms by rneteorologic and hydrologic forces.

lt is the first stage, initiation, that we think is critical to understanding red
tides, or for that matter, many coastal and estuarine dinoflagellate blooms.
This does not imply that subsequent stages are insignificant. On the contrary,
they are essential to whether or not red tide conditions are established, how
long they last, and what areas can be affected.

Data �,2! suggest that G. breve blooms annually in Gulf of Mexico coastal
waters   > 16 km offshore! and that probably 3/4 of these blooms terminate
offshore without developing into major outbreaks. Others are transported to
nearshore waters where they can become established and cause severe
economic distress�, 4!. Once in nearshore waters, the offshore blooms which
evidently seed nearshore blooms can continue  e.g. 1968! or subside  e.g,
1967L Occasionally, as in 1974, the nearshore blooms will subside but can be



reestablished sporadically by continuing offshore blooms of low to moderate
concentrations The point to be made here is that the zone of initiation and the
status of the original "seed" population offshore should be evaluated to
determine "triggering" t'actors. It is our contention that toxic dinoflagellate
blooms are lite cycle phenomena and to understand red tides, researchers need
to concentrate on alternation of cytological andi'or morphological generations
and the environmental parameters which influrnce these stages.

The recent investigations ot Dr. David Wall  Woods Hole Oceanographic
institution l and Dr. H. A. von Stosch  Phillips University, Marburg! on
dinoflagellate life stages lends credence to the speculation that pelagic, toxic
dinoflagellate blooms might originate from dormant stages and that these
stages might be associated with certain bottom sediments. This then brings up
the question, if benthic resting stages of certain dinoflagellates actually "seed"
coastal red tides, are there localized areas of accumulation, or what we could
call "seed beds"?

DISCUSSION

Sexuality and Restirig Stages

There are at least ten dinoflagellates known to have sexual and asexual
cycles involving cytological and/or morphological alternation of generations.
These include the armored species Cerati urn cornu turn, C. /torridum,
Glenodinium lubiniensiforme, Helgolandinium snbgfobosurn, and the
unarmored species A mphidinivrri carterae, Gyrrtnodinin m microadriaticum, G.
pseudopalustre, Noctiluca scintillans, Oxyrrhis marina, and Woloszynskia
apiculata.  S,6,7,8,9!. This list represents six marine and four freshwater spe-
cies. The marine species are hornothallic and either isogamous or anisogarnous,
The zygotes show a wide diversity ranging from resting cysts to motile cells
bearing a close resemblance to their vegetative haplont counterpart. Although
sexuality has been painstakingly described from laboratory experiments, the
actual stages in fusion, zygote formation, meiosis, etc., can easily be missed in
situ because of the time frame and the fact that very little cytological work has
been done with field specimens. All dinoflagellate species known to have
sexual cycles are haplontic with the exception of Noctiluca, which is diplontic.

The importance in discussing sexuality lies in the recent revelations that at
least several benthic resting cysts  freshwater species! are actually
hypnozygotes. and that sexual cycles could possibly account for seasonal
appearances of certain bloom organisms. 13raarud �0! speculated, "It would
not seem unreasonable to assume that the seasonal distribution pattern of the
meroplanktomc species may be influenced by a periodicity in sexual
reproduction which may vary from one species to another,'

Based on the work of Dr Wall and others �1} there are at least S9
dinoflagellate taxa �8 marine, 21 freshwater! with described resting cysts
isolated from sediments. Representatives have been documented for the
armored genera Cachonina, Ceratium, Diplotieltopsis, Diplopsalis, Ensiculi-



I r;rg~1;iI» tn Gonuau lux Helgoiundiniuin, Heterocapsa, I eridiniartr.
Py> o.ii>;inn', Pyrot~j>n~ us, Scnppsie flu. and the unarmored genera Gymno-
ii,.iin».'. Gvrorfi»iunr <.!, and 1V<>Ios vnsl;ia, The majority of these cysts are
t'~i< k-~a al led stages; however, there are several exceptions, including
  onyuu1a t tunlut ensls, which have th>n walls and no ornamentation �2!.
L3orrnancy is known for several freshwater species, a few marine species, and
is spr co lated tor the remainder of those species which produce benthic cysts
 8, t3, 14L This is an extremely important aspect of the life history which
needs verirication and experimentation to determine what exogenous and 'or
endogenous factors stimulate onset of or emergence from dormancy Of the
described cysts, at least ten represent bloom species including the toxic
Gonyaulav tarnarensis, G. polyedraand Pyrodinium buharrtense. Conyaulax
coterrella is said to produce cysts, but no descriptive work is published,

The hypothesis that such benthic cysts, whether they are 7ygotes or asexual
stages, represent dormant "seed" populations in coastal and estuarine
sediments is intriguing; however, two points should be stressed. First, not all
zygotes are nonmotile benthic cysts; they can vary from nonmotile to motile
pelagic stages. Secondly, benthic cysts have not been positively shown to
function as seed populations in marine ecosystems, although it has been
suggested by several researchers.

Zone of Initiation

Most toxic dinoflagellate blooms, e.g, Gonyu~lax turrrurerrsis, G. polyedra,
G. cutenefla, Pyrodirriam bahumense, and Gymrrodirtiarrt breve. are coastal in
origin �5, 16, 17, 18, 191, although some can become established in estuaries
depending on hydrologic conditions. These species ate characterized as neritic
based on frequency of occurrence and distribution. Depending on continental
shelf topography, neritic can mean 2 km to 160 km or more, and in the case of
broad, shallow shelves, it becomes important to pinpoint origin of blooms to
evaluate initiation versus support, particularly if initiation is "offshore".

Gynrnodiniurn breve red tides along Florida's west coast have been assumed
to originate close to shore near passes �!; however, monthly data from
1964-1965 along four transects up to 32 km and monthly data from 1965-1967
for transects up to 164 km indicate that C. breve blooms originate at greater
than 16 km and are associated with an initiation zone '16 to 64 km offshore in

depths of 12 to 37 m. Offshore blooms in these two instances had population
increases above background levels  < 1,000cells'liter! and involved counts up
to several hundred thousand per liter, which during 1067 were associated with
fish kills. Since motile G. breve are common to both inshore and offshore

coastal waters at low background levels throughout non-red tide years, a
sampling program to detect where initial population increases are occurring
should extend far offshore. Inshore sampling programs in bays and nearshore
waters would not give adequate forewarning of a red tide outbreak, whereas
extended programs could detect red tides in their early stages.
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Pragovich and Kel!y �0! concluded from their 1964-1965 data representing
stations out to 32 km, "...incidence ot G. breve was highest at the 27.8-km
 l5-mile! stations and least at the 9.3-krrl �-mile! stations," Summarizing
unpublished data representing 28 monthly collec tions of 504 live samples up to
75 km and 1b live samples over 8 months at 139 and 164 km off two widely
separated geographic points  Tampa Bay and Sanibel Island!, Steidinger �1!
showed that a 1967 red tide originated from blooms first detected lb to 37 km
off the Tampa Bay area with other samplirzg stations inshore and offshore of
this detection area having less than l00 G, brez~elliter. Gymrzodirri«»r breve
 <100/liter! was recorded only once at one of the two stations on the
outermost shelf �64 km at 73 mf and this isolated occurrence was coincident
with the 1967 red tide. These monthly data plus the fact that one station, 75
km offshore, was sampled biweekly rather than monthly, indicated that the
1967 red tide was not seeded from further offshore than the proposed zone of
initiation 16 to 64 km. Vata also suggest that initial blooms are localized,

Physical Factors

After initiation and support, currents can occasionally transport blooms
long distances. In November 1972, the first G, breve red tide along the
southeast Florida coast was attributed and documented to transport of bloom
concentrations from off Sanibel Island through the Florida Keys into the
Florida Straits and up the east coast via the Gulf Stream  Zl!. Data from a
Loop Current anomaly�2!, G. breve counts, and satellite imagery suggested
that an unusual current pattern set up in the lower eastern Gulf acted as an
initial transport mechanism. Since C, breve can be transported by oceanic
currents, this incidence has raised the question of whether or not C. breve is
recruited from the Caribbean through the Yucatan Straits. However, in 34
live, 5-gallon water samples over a two year period �9b7-1969! from 1Z
s tations in the Yuca tan Straits and open Gul f waters directly above the Straits,
Ms, J, Williams  FDNR, personal communication! clid not observe any motile
C, breve.

Although currents, including tides, can transport blooms, the receiving
waters must be suitable for survival. For example, data from two of the three
red tides that have established in Tampa Bay, Florida, indicate that the
normally low salinity barrier of the Tampa Bay System was nonexistent at
these times because of drought conditions. Salinities in upper bay reaches, e,g.
O}d Tampa Bay, during the summer of 1971 were as high as 31 "ioo when
normally salinites of 25oioo or less would be characteristic. In early months of
1974, the salini ties were normal, up to 25o/oo in OM Tampa Bay.
Consequently. high salinity conditions in 1971 allowed G, breve blooms, once
in the estuary, to penetrate and survive in upper reaches in Old Tampa Bay
while salinities in 1974 were at the lower limit for C. breve tolerance and
blooms never became established in that part of the bay system, although
blooms and fish kills were common in. higher salinity waters of the lower bay
reaches.



Gyir~nodinium breve during these two outbreaks originally gained access to
I ampa Bay via the ship channel and cell counts showed it to be progressively
moving up the bay, Once in Tampa Bay or the lower bays, e.g. Boca Ciega,
winds and tides were instrumental in transporting and dispersing blooms. The
importance of these mechanisms was obvious, On high tide in a back canal of
Boca Ciega Bay with gentle winds from the SSW, surface samples from a
distinctly discolored patch movirtg with the tide had 11 million G, breve/liter
and 18" below the surface only 370,000/liter. The patch was oriented
perpendicular to the wind direction, Five days later at the same time, same
station, and ~ ith similar wind conditions, G. breve was 21 million/liter at the
surface and lb.7 million.'liter about 15" below. On the turn of the tide, the
patch dissipated and counts at that station were 330,000/liter. It should be
stressed however, that normally in coastal or estuarine waters, although there
can be higher concentrations at the surface during daylight hours, fish-killing
concentrations in the hundreds of thousands usually exist throughout the
water column and mortality of fishes associated with bottom waters is
common.

CONCLUSIONS

Gymnodirlium breve red tides, start offshore. The status of the seed
population is not known, although there is a motile, planktonic population
throughout the year at less than 1,000 cells/liter. No detailed cytological work
has been attempted with this population, or even bloom populations, to
determine whether specimens are haploid or diploid. If there is even the
slightest possibility of toxic dinoflagellate blooms having their initiation from
benthic resting cysts which may be hypnozygotes, it would seem that this
avenue of research should have a high priority among phytoplankton
systematists and ecologists.

The possibility of benthic seed populations and even seed beds for at least
some Gonyauhu and Py rodin urn has a higher probability than for
Gyrrrnodirriurn breve, Again, however, no detailed cytological work has been
attempted to determine whether these naturally occurring Gonyaufax and
Pyrodinium cysts are zygotes. The only support for the possibility of G. breve
also having a benthic stage is: 1! freshwater Gymnodirtium and Woloszynskia
have such stages and 2! Kali and Dale �3! described three marine benthic
cysts, which on excystment produced a Gyrnnodiru'urn, a Gyrodirrium �!, and
another member of the Gymnodiniales. Natural cycles in toxic as well as
nontoxic dinoflagellate blooms should be clarified. This is an opportunity to
look at the sediment/water interface, its cornrnunity structure and regulating
mechanisms in depths to about 46 m. Many coastal phytoplankters are said to
be meroplanktoruc �4, 24, 25!, but evidence that the rneroplanktonic cycle
influences species succession, distribution, and abundance is minimal for open
coastal waters.



1he second aspect nt blooms, nutritive support, also needs careful scrutiny
because it is still not conclusive whether such planktonic populations are being
supported by preceding biological conditioning, upwelling, or enrichment
l rom land discharge, whether it be runoff from rivers �6! or
discharge from submarine springs. �7!. Plankton community metabolism in
situ is difficult to assess, but much progress has been made in culture on basic
growth requirements for individual species. Yet, httle is known concerning
community interactions. For example, what factors allow a single species, or
a species complex now that hybridization is a possibility, to dominate
plankton biomass to the exclusion of other plankters for long periods of time,
e.g. months71s it lack of natural predators, excretion of inhibitory substances,
or competitive exclusion7 Why, in other words, do we have monospecific
dinoflagellate blooms covering vast areas of open coastal waters7 I, for one,
envision such coastal blooms as having occurred sporadically for centuries and
consider them natural phenomena, an aspect of an ecosystem we do not fuHy
understand rather than an imbalance of nature.

Modeling such phenomena becomes a precarious task, because we
essentiaHy do not know the regulatory mechanisms, Models based solely on
nutrients or solely on hydrologic factors negate the interaction of the three
proposed aspects, namely initiation, nutritive support, and physical
maintenance and concentration, One such model stressed the importance of
water column vertical stability over horizontal convection mechanisms �8!.
It is difficult to separate these two aspects because the influence of winds,
vertical stability and organisms migrations are interrelated. Direction and
intensity of winds play an extremely important role in horizontal transport
and concentration of daytime, surface-concentrated G. breve blooms, either
by surface currents, tidal penetration of bays, or convection mechanisms �>.
This is not to say that vertical stability is not an influencing parameter in
dinoflagellate blooms. Rather, vertical stability is only one factor and should
be considered along with temperature, salinity, winds, currents, nutrients and
growth factors, tropism, light, metabolic requirements and efficiencies, life
cycles, cotnmunity interactions, etc. Red tides are an interdisciplinary problem
and require an interdisciplinary approach by biologists, chemists, physicists,
and geologists.
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ABSTRACT

th characteristics of axeruc and non-axenic cultures were
'various growmeasured in an attempt to decipher what might give Ciony«@lax tan<arensis a

selective a vantage over ol t' d ntage over other cornrnon marine phytoplankton species found
in the C.ulf of Maine, Characteristics found to be similar with Conyrrrilax and
other phytoplankters were: photosynthesis/ light relationships; temperature
preference; salinity tolerance; nitrate utilization; production of alkaline
phosphatase; and ammonium enhancement of dark carbon dioxide fixation
when nitrogen deficient. Several other growth characteristics were found to
differ markedly between Gorryaulax and other common rnartne phytop}an4-
ters. These include: stimulation of growth and photosynthesis by the chelator
NTA; subtrate assimilation; percentage of photosynthetic prodilct incor
porated into protein; and response to daylength regimes.

INTRODUCT JON

There are several general theories as to the cause of large abundances of red
tide organisms. The first is that physical forcing motions of water cause high
concentrations, i,e, accumulations; the second is that blooms occur as the
result of enrichment, proponents of the latter are further divided into those
supporting enrichment by al run-off b'! thermocline breakdown and ci
upwelling of nutrient-rich water.

There is ample evidence that both are important tact ors, That is,
appearance of bloom proportions cannot be explained without both
interpretations; yet one of the most startling features of the red tide blooms
observed by us is that the bloom is almost unialgal. This enigma has posed the
prime question of our research which simply is: How is Gnrryaulax tis»ter ensis
different from other phytoplankton? Specifically, are its requirements for
light, temperature, nutrients different from other phytoplankton?

Our approach has been one of laboratory and field experimentation, During
the years of 1972 and ]974 we were able to conduct experiments in the field on
these dinoflagellate blooms as well as measure hydrographic parameters
associated with the bloom. In the laboratory, we have isolated the organism in
unialgal and axenic cultures, and tested the role of external factors on growth
rate,

The data presented are a part of an ongoing study and as such are
incomplete.

Field Obsernatioris: September 1972

ln l972, G. tarrtarerLsis was present as early as mid-luly from the mouth of
the Merrimack River to Boston Harbor �!. Visibly red patches v ere seen by
fishermen and yachtsmen between September 4 to September 10 about 5 miles
northwest of Cape Ann and near the Isle of Shoals. Some ot these were



irlcntified as species of Cerat>um, Others were not identified. Also outbreaks of
the non toxic dinoflagellate Peridinium sp, were reported in near-shore waters.

In lpswich Bay we observed maximum numbers of G. tamarensis in water
samples on September 14. Chlorophyll values exceeded 30 mg'rn around
much of Cape Ann and concentrations in some patches were in excess of 100
mg ~ m3 with cell counts of 40 million cells per liter. Aircraft overfly and ship
observations placed the distribution of G, tamarertsis from Plum Island south
and around the entire Cape Ann area. The dimensions of the patches were
approximately 500 meters by 2 kilometers long oriented north-south.

Prior to t.he outbreak, maximum water temperatures of l8 C occurred at the
end of August. In early September a rapid decrease in water temperaure
occurred to 15 C. The water column was mixing vertically. This mixing
process was accentuated by Hurricane Carrie which struck the New England
coast with winds of 40 to SO mph on September 3, 1972. This brought three
inches of rainfall, The vertical mixing was enriching the water column with 3
pgAt!1 nitrogen  NO3! and 0.8pgAt  l phosphorus  PO4! until the bloom
occurred. Then both were depleted.

Tests for the physiological state of the cells were made on the organisms
over the time period prior, during and after the bloom. Assimilation
coefficients for carbon-fixation were 8.0 on September 8 and 3.5 on September
14 when the chlorophyll concentration was maximum. The cells were never
found to be phosphate-deficient as measured by the alkaline phosphatase test
�1!. The cells were found to be nitrogen-deficient only during the peak of the
bloom, i.e. September 14, and the bloom declined rapidly thereafter. Nitrogen
deficiency was measured by the ammonium enhancement of dark-fixation of
carbon dioxide �!.

Two additional enrichment sources were associated with patches of red tide
around Cape Ann. These were 1! an area where dredge materials were being
dumped, and 2! near a sewage outfall.

Field Observations: September 1974

On September 8 a red patch was noted some five mi]es off Monhegan Island;
the organism was identified as G. tamarensis. Our research vessel the R. V,
BICELOW encountered a patch some 600 x 1500 meters in size oriented
northwest-southeast three miles southwest of Pernqqii Point on September 9.
The patch was sampled vertically and horizontally. The water temperatures
within the patch were in excess of 15,5oC while to the seaward  the most
discrete edge of the patch! the temperatures were one-half to one degree lower.
Salinities were between 29.5 and 31.0 parts per thousand, with no apparent
pattern. The water column was isothermal, suggesting that it was completely
mixed, The patch contained G. tamarensis at 5.2 million cells per liter at the
surface, with chlorophylls at 45 mg>m3. Associated with the patch were the
copepods Calanus finnrnarchicus and Pseudocalanus mirrutus and small fish.
Birds, especially Petrels were observed to be feeding in the patch. In addition



to a red appearance, the patch appeared as a slick and contained debris and
foam. Chlorophyll contents in the waters surrounding the patch were quite
normal. about l,tr rng m and nutrient levels were norma! for the late3

summer, Data from a drifting drogue revealed that the patch studied was
moving in a southeasterly direction at speeds near one knot,

Physiological data show the cells were near-expended. Assimilation
coefficients for carbon-fixation were below one. The cells were presumed to be
nutrient-deficient  vs. nitrogen-deficient! in that the ammonium-enhancement
tests were negative and the assimilation coefficients low, A summary of field
observations appears in Table l.

Initiation af Gor yaulax tarrtarertsis Iaba ratory culture

Table l

Summary of Field Observations:
I o7'i 1974

September 14

Ca pe Ann, Wta ss,

ccptcmber 8 9 10

Bo ot hba1 Harbor. Me.

patches only

peak dates

Iocatinn ot observations

wide spread bloom
superimposed w i t h
patches

general description

data trom patrh 9-o Sta. 5 C VI
15.5

environmental conditions

water temperature   Ct
mixed water column
salinitv <o. oo,'

light
nutrients  Iig At. 1 l

NO3
ii O2
NH3
VO4
Si

data tr.irn o-14 dock.
175

yes
30.00

bright fu II sun

yes
30.e3

has y overcast

0.40
O. 0<
2 aeo
0. 70
7. 05

0.14
0. 15
0.44
024
o 37

biological condition s
ceH count  cells per I ter!

C. tamarertsrs �0pt
5. costaruiti �1r!

chlorophyll  mg rn3!
in patch
outside patch

assimi tat ion number
nitrogen-deticiency  Di D-I
phosphate-det iciency
maximum PSP  source. J. Hurst

clams 1Vlya  ug '100g tissue t
rnussels I� yrilus

5,2 x Ioo
82x 104

I 78 x Ioo
1 87x toe

45
< 2.O
< 1.0

1.0 no

eio- �0
310
3.5
30 yes

2.854  Vti'elis, 9-201
10,092  York, 9-211

1,733  Yortc. 9-3 
23.055  Monhegan. 9-9!

Dr. C. Martin isolated cells of G. tarrtarensis from the waters of the Gulf of

Maine in 1972 and succeeded in culturing these in the Gortyaulax medium of



Fogel and Hastings �!, These unialgal cultures were used to evaluate the
principal factors favoring growth, Our standard growth conditions are:
1$-18 C, light intensity of 10,000 lux and a 12/12 hour lightI'dark cycle,
Growth is reasonably good following a rather long lag phase. The first
doubling is some 6 to 8 days after inoculation which is in contrast to the
common 1 to 3 day lag phase for other phytoplankton species in culture.
Maximum growth is reached after 18 to 21 days, with chlorophyll levels
around 150 to 300 mg!m � notably not substantially in excess of the levels3

measured in nature during the outbreak situations, The growth rate is
commonly one doubling per three days,

Phofnsynthesisi'Light Relationships

The photosynthetic rate at different intensities was measured using neutral
density tilters which give intensities of 0, 400. 700, 2200, 4300, 5600, 7500, and
9500 lux, Photosynthetic carbon-14 fixation was measured over four-hour
periods at these intensities. Although maximum carbon fixed varied from
species to species, norma!ized photosynthesis/light intensity curves are shown
in Figure I, and it can be concluded that the photosynthetic response to light
intensity by G, tarrsarensis is similar to other species of marine phytoplankton.
To insure that this was no artifact of culturing, similar experiments were
conducted using natural populations collected from a bloom. These finding
agree with the culture experiments.

HO%HA LltID PIIOTOSYHTHSSIS lIOHT CURVSS

ISIAEOOAC 5 v SIAA
~ � II <t 2 SCtl IA

'I A*LASS lOS A 4

IOO

a SSS
4I
lJ
K

Figure I: blormalIZed phatOSyntheSiS llgfst  aS lux! curveS for variouS nOnmxerIiC cultueeS of
marine phytop!aSSkton SpeCies inCluding G. tamarensis  interrupteId line!,
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SaIi~iity

Salinity preference was tested using Goiryaulax medium with a salinity
range of 20 to 28 parts per thousand. Salinity was altered prior to enrichment.
Near equal tolerance to these salinities was observed, with change between
maximum and minimum growth over this range being about 20 percent. The
tolerance is common to many other marine phytoplankton species.

Temperature

Cultures grown in Gonyarr lax medium were held in water baths at
approximately 0-5, 10, 15-20, 19-24oC under 10,000 lux of constant
illumination  figure 2!. Below 5oC, cyst formation was observed, with no

GONYAULAX Chl320

~ l9-24 C
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0
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D A Y S
Rare 2: Growth curves tor C. tantarensis  non-axenic! in various water temperature

baths.



increase in chlorophyll over the 20-day growth period. Optimal growth was
achieved at IS-20" with highest division rates being a doubling per 3 days,
This optimal growth response at 15 to 20 C temperatures is common to many
species ance natural populations of phytoplankton �3!.

Initial stuk'es of nitrogen metabolism

The rate ot removal ot nitrate-nitrogen, nitrite-nitrogen and amrnonium-
nitrogen from the culture medium by G. tamarensis was monitored in unialgal
cultures. Growth requirements of G. tamarertsis could be satisfied by using
nitrate-nitrogen as a source. If consumption rates are used as an index of
nitrate redt1ction, then G, tarnarensis appears to grow as well as diatoms on
nitrate as the sole source. �!.

8'e are presently attempting to measure the affinity  half-saturation rate! of
G. tamarensis for different forms of nitrogen.

Axertic cultures

The initial nitrate consumption data were very erratic suggesting
interference by bacteria in these non-axenic cultures.

Axenic cultures were obtained as follows- Fifty ml. of G. tamarensis were
inoculated into 500 ml. of the Gortyaufax rnediurn. A 400 mg/1 penicillin and

28

22

18

E 16

16

0 O 100
T 60

0 0 2 I 6 8 10 12 H 16 18 20 22 26 26 28 50 52 s4
9 4 Y s

Figure 3: CompariSOn of grOwth Curves of non-axenic and axenic CultureS Of G. hvnarertSiS.
lrtoculum was not necessarily in log phase for either or bath cultures. Of note is
that the chlorophylls in the axenic cultures eventually are greater than in the
non-axenic cultures,
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200 mg 1 streptomycin sulfate mixture was added tor a 'contact time" of b
hours. Then an inoculum of this "antibiotic" sample was returned to fresh
Corryauiax medium. I'urity of axenic cultures was checked frequently in the
same medium with 1 gram per liter of bacto-peptone. Positive contamination
is indicated by increased turbidity in the test medium after 48-72 hours at
20"C. Of note is the extended lag phase with axenic cultures.  Figure 3!,

Role af micro-nutriertts, definition of basal medrum

The contents of the Fogel and Hastings Conyaulax medium differs from
most enriched seawater mixtures in the following ways: 1! a tremendously.
complex mixture of vitamins, 2! unusually high levels of chelators, EDTA and
NTA and 3! the addition of phosphate only in the organic form of sodium
glycerophosphate,  See Table Il!.

We tested the vitamin requirement of our unialgal cultures by set-ups of
total Gonyaulax medium minus one each of the 16 vitamins; no vitamins; and
total vitamins. Growth was monitored daily by chlorophylls. There was no
significant difference in the growth of the variables. We transferred the
no-vitamin and total-vitamin cultures for three months to counter the

argument that the cells might have had enough vitamin reserve to grow for
several generations before showing deficiency. Again we found no significant
difference, Vitamin additions do not appear to be essential for the culturing of
this isolate of G. tamarensis,

Our data are in contrast to the reports by Prakash and colleagues tl.at
vitamin 812, thiamin, and biotin were essential for his isolates of G, tamarensis
 8!, Two experimental limitations of both our work and Prakash's should be
mentioned. 1! Cultures were non-axenic and bacteria are known to produce
vitamins essential for growth and Z! the level of vitamins in the filtered
seawater used for the medium was not known.

Media commonly have chelators at a level of 10 mg I or less. The
Gonyaulax medium has a final concentration of 41.5 mg/1 of EDTA and 80
mg/1 of NTA  nitrilotriacetic acid, N CHZCOOH! 3l. As is well known, NTA
is a leading replacement candidate for phosphate in detergents, and is presently
in use as such in Canada and some other countries. The summaries of the

environmental acceptability of NTA �0! and �! indicate that NTA can
stimulate some algal species and not others. Doig and Martin �! show no
biostimulation by additions of NTA to Gymnodinium breve, the red tide
organism of the Florida coast. Our observations with G. tamarensis however
show definite biostimulation.

For these studies, we used both measurement of growth by chlorophyll and
mea.surement of photosynthesis by carbon-14. Experiments were performed
under standard growth condition but using the media revisions as noted

ln tests using cultures of G. tamarensis, growth can be achieved by
inoculating the organism into filtered seawater with no enrichment. Increased
growth is achieved with additions of low levels of NTA �0 ppm! while levels



Table II

C~onya~fax Medium  Fogel k Hastings, 197I!

Final Preparation  contents per liter!

750.0 m! fi! tered seawater

2.31 ml NTA mix  solution A!

6.0 ml Pll metal mix  solution 8!

0 1 ml vitamin mix !solution C!

243,0 ml deionizedrdistil!ed water

so!ution A: NTA mix so!ution B: Pll metal mix

g0.1$ rng NTA
231.29 rng KNQ3
70,07 rng Na2

gl ycerophospha te
	.45 rng EDTA
3,32rng FeC13 H20

30,0 mg EDTA
34.2 mg H3803
1,44 mg FeC13 6H20
4.92 mg MnSQ4-H2O
0.66 mg ZnSO4 7H2Q
0,014 mg CoSQ4 H2Q

�N NaQH added to about

pH 7.8 to dissolve NTA!

sol u t ion C . Vitamin mix

mg thiamine - HC!
mg pyridoxamine

2 HCl
mg riboflavin
mg Ca panthothenate
mg nicotinic acid
mg folic acid
mg biotin

mg 812
mg citrovorum f'acto

!eucovorin Ca 5H20
t Leder le�!

rng putrescine 2HC l
mg para-amino-

benzoic acid

rng choline
rng inositol
rng thymine
rng orotic acid
mg protogen

 DL thiotic or
DL !ipoic!

. 060

,010

.004

.030

,040

.0025

.OOOI

.00001

.0002

.I

,I
.I

.03

,033

I7!

concentrati na per liter in tin*i preparation � ~



of 50 ppm and above were found to be inhibitory to growth when added to
filtereci seawater. ln I.igure 4, the open bars represent the chlorophyll levels
initially, and the stippled bars represent chlorophylls after a period of 14 days-
Figure 5 compare» various other natural phytoplanktonwith C. tarttarertsis.
Note that no aciditional nitrogen or phosphorus was added to any of the
above.The apparent contradiction here of our various growth experiments where
in one, 50 ppm is toxic and yet in the Gonya«fax medium there is 80 pprrt NTA
and good growth is achieved, is likely due to the situation when NTA is
functioning as as che}ator. The amount of "added" chelator is misleading. lt
would be more reasonable that the biologically significant parameter would
be: a! the amount of chelator metal complex; b! the number of equivalents of
chelator in excess of complexed chelator metal; c r c! the number of equivalents

CHLOROPHYllS after 14 OATS
70

60

50

E 40

E 30

20

IO

CONTROL IOpprn NTA 50pprn NTA 200ppm NTA
Fiyrered Seoworer

Figure 4: Chloruphylls after 14 days uf growth when ncn-axenic G. t~n~areuscs is
inoculated into filtered seawater  control! as compared to filtered seawater plus
various concentrations of NTA. This suggests that a reasonable medium could be
merely tittered seawater plus 10 ppm YTA

1 77.
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Growth of G. tarnarensis and lack of growth of Thalassiosi ra sp. and
SkeJetonema costaturtt itt medium of merely filtered seawater plus 10 ppm NTA

Figure 5:

�3

of metal in excess of cvmplexed chelator metal, "Added" levels alsp Jp not
retlect the rapid photodegradaticn of NTA Fe to IDA fei3
Stolzberg. personal communication! �2!.

We have also observed stimulation of photosynthesis by
6etweert 1 to 200 pprn NTA and EDTA were added to u�,algal cult�
in Gonyaulax medium. Cultures were incubated with sodium
carbon-14 for four hours. Enhancement of the photosynthetic rate are shown
in Table III. It should be emphasized that we have fpund cpnsjderable
variability in the effectiveness of identical "added ampunts pf
dissimilar cultures of G, farrIarensis, likely reflecting the remainjng metal
content of the medium and the physiological state of the cells We dtd not get
stintulation of photosynthesis with any other species in culture nor wtth
natural populations where SkeIetortema c Ostatttrrt was the dominant species,
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Table Ill

Stimulation of Carbon Fixation

Gorryaulax tamarensis - 22 day old cultures - 10,000 lux illumination
average cpm control

 no additives!

75,175

75,174

75,174

percent increase
over control

Additives during
incubation

10 ppm NTA
40 pprn NTA

200 ppm NTA

average cpm

50,891

112,977

247,513

7

50

ZZ9

We then incubated G. tamarensis with trace levels of .iTA-C which was14

randomly labelled. The NTA-C was taken up by non-axenic cultures of G.14

tamarertsis at similar rates in both the light and the dark, We did not find
uptake in either light or dark with other species, also non-axenic. This led us to
suspect substrate assimilation  heterotrophy!, which is not uncommon with
dinoflagellates. We have measured similar uptake rates in light and dark with
trace levels of radioactive NTA, EDTA, glucose, and glycollic acid, all as C14
 Table IV! . F rac tionation of f ixed NTA-C resulted in recognizable
assimilation into the amino acids, simple sugars, and fatty acid fraction; the
protein fraction and the polysaccharide fraction.

Attempts to grow axenic cultures of G. tamarertsis in the dark on the sole
substrates of glucose, NTA, 1DA, glycine, EDTA, glycollic acid and acetate
were fruitless,

More pertinent to the environment is the testing of the naturally abundant
chelators such as humic substances, amino acids and algal excretion products,
also shown to enhance growth at low levels �!.

The irtfiuence of daylengtb on grouth

By altering our standard growth conditions in another way, we have been
comparing growth rates  as assessed by chlorophyll! of several common
marine phytoplankton species subjected to 8/16, 10/14, '12/12, 14/10 and 16/8
hours of light dark cycles, By way of comparison, diatoms such as
Phaeodactylum tricornutum and Skeletorrema costatum, the dominant species
of the coastal waters in the Gulf of Maine were used. Both Phaeodactylum and
Skeletonema have environmental requirements, i.e. temperature, salinity,
similar to G, ramarensis however the reaction of Phaeodactylum to daylength
is opposite  Figure 6!. Growth rate of Skeletortema as Phaeodactylum shown
in Figure 7 increases when the number of daylight hours is reduced. Growth
rate of C. tamarensis on the other hand hastens when the number of daylight
hours is increased. In the experiments we performed, the growth rate of G,
tamarensis supercedes the growth rate of Phaeodactyltzm at approximately a



Table lV

Carbon 14 assimilated by laboratory cultures
 cpm minus cpm of zero time!

as sodium bicarbonate - 10pCi/m] for 4 hours

Gon yar> lax tarnarensis

Light - 57,601
Dark- 1,426

Skeletonerna cosfafum

Light -165,389
Dark - 4,519

as NTA  carbon-14 randomly distributed on acetate groups!
S.3 yCi/ml for 4 hours

Gonyaulax famarensis

l ight - 46,508
Dark - 40,920

Skeletonerna costafum

Light -0
Dark -0

as glucose � .63 pCi/ml for 2 hours

Gonya ~lax tamarensis

Light - 25,847
Dark - 29,S19

as glycol lie acid - .5 pCi/ml for 2 hours

Gonyaulax famarensis

Ligh t � 37,138
Dark - 37,126
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14 10 hght clark regime. At latitude 45o such would be the case from
approximate!y April 30 through August l5  Figure 5!

One ohvitius limitation «f this experimental approach is that optimum
gr«wth conditions yielding optirnurn growth rates is essential for calculations
and predictions ol this type, In this case favorable conditions, however not
necessarily optimum, were employed.

Implications of studies of euvirottmeuta1 physiology to date

The observation of a single species bloom of phytoplankton character-
istically poses the question as to why one species alone is present when
"normal" populations are generally composed of many species.

It is tempting to rationalize in terms of the degree of enrichment for growth
� where otigotrophic conditions generally promote tnany species as opposed
to few species in eutrophic environments. Probably the most classic example of
single species of dominance due to nutrient enrichment is that in Great South
Bay �1!. Here one species, Xattnorhloris sp. overgre~ all others as the result
of nitrogen enrichment in the form ot urea derived from duck wastes washed
into the bay. The "normal" metnbers of the phytoplankton community
apparently could not use this nitrogen source for growth.

ln our research, we hope to isolate some factors ana]ogous to the Great
South Bay situation and nitrogen metabolism of the organism may be the
important area. However, much of our research at the moment is in progress,

Some factors we have found which singly can promote dominance by G,
tamarensis are, 1! the dependence of this organism on a chelator such as NTA,
2! the possibility of active heterotrophy and 3! the growth response to
daylength. It is interesting to note that our experiments demonstrate that
favorable situations for the above factor s do not promote "wildfire growth" or
anything close to it. What these factors do is to tttairttain a tolerable division
rate for this organism. This maintenance when placed against a background of
declining or poor growth for other species works to favor dominance. This
coupled wtih a physical means for concentration, i,e. convergences, etc. can
account for the accumulation of large numbers of this organism.

ACKNOWLEDGEMENTS

The authors wish to express their thankfulness to L. Pravasoli and Charles
S. Yentsch for advice and to B. Bass, J, C, Laird, C. Owen and L, Strube for
their assistance on the projects described.

This work was supported in part by the State of Maine Department of
Marine Resources and the Massachusetts Science and Technology Foundation,
and Atomic Energy Commission, contract number AT-�1-1
53S.

178



REFERENCES

COLE, E. J.. C. M. YENTSCH. C. S. YENTSCH, M. SALVAGGIO. Z975.
Some of the growth characteristics with respect to light, temperature,
and ni trate, of Gonyaulax tatrtarensis isolated from the Gul f o f
Maine, Euvjr. Letters  in press!.

DOIG, M. T., and D. MARTIN, 1975. A note concer~ing the
environmental acceptability of nitrilotriacetic acid  NTA!: The effect of
NTA on the growth of Gymnodiniurrt breve. Fnvjr. Letters  in press!.

FOGEI., M. and J. W. HASTINGS. 1971. A substrate binding molecule in
the Gnnyaulax biolurninescence reaction, Arch, Biochern, Bjophys,
142:310-321.

3.

HAMILTON, R. D. 1972. Nutrients and eutrophication: the limiting
nurtrient controversy. LjmnoL Oceanogr. Special Symposium G. D.
Lickens  Ed,! Vol 1: 217-188.

HANSON, S, and E. GILFILLA,J. 197'. Effects of polluted and non-
polluted sediments on the growth of Gonyaulax tarttarerjsis. Envjr.
Letters  in pr ess!.

MORRIS, I., C. M. YENTSCH and C. S. YENTSCH. 1971, The
physiological state with respect to nitrogen of phytoplankton from low-
nutrient subtropical water as measured by the effect of ammonium ion
on dark carbon dioxide fixation, LimrtoL Oceartagr. 16:8S9-868,

MULLIGAN, H. J. 1973. Probable causes for the 1972 red tide in the Cape
Ann region of the Gulf of Maine. 1. Fish. Res. Bd. Cartada 30:I36%1366.

RYTHER, ]. H, 1954, The ecology of phytoplankton blooms in Moriches
Bay and Great South Bay, Long Island, New York. BioL Bu/1. I&:
198-209,

United States Senate Staff Report,91st Congress, 2nd Session, 1970. U. S.
Government Printing Office, Washington, D,C. 1.-84,

10.

YENTSCH, C,S., C, M. YENTSCH, L. STRUBE and I. MORRIS. 1973
 May!. Influence of temperature on the photosynthetic efficiency in
natural populations of marine phytoplankton. Savannah River Project
Symposium on Thermal Pollution Proceedings.

PRAKASH, A�j. C. MEDCOF and A. D. TENNANT 1971. Paralytic
shellfish poisoning in Eastern Canada. Bull. 177, Fish Res. Bd. of
Canada, Ottawa.



12. Yl=.N I SCH, C, C. S. YENTSCH and J, PERI AS. ]972. Alkaline
pho~phatase «cti vity in the tropical marine blue-greem alga,
C>s<-iIlatortacrytltraea  Trichodesmium!. LintrtoL Oceattogr. 17 772-774.

YENTS  H, C,M�C. S. YENTSCH, C. OWF.N, and M, SAj.VAGC10.
1o74. Stimulation of growth and photosyntheses of a red tide
dinoflat,ellate with added nitril<>triacetic actd  NTA!, Envir Letters,
6:23 1-238.



DINOFLAGKLLATE ACCUMULATIONS

IN CHESAPEAKE 8AY

H H. Seliger and M. E. Loftus

McCollum-Pratt Institute and l3ept. of Biology
The Johns Hopkins University

Bal tirnore Md.
and

D. V. Subba Rao

Marine Ecology Laboratory
Bedford Institute of Oceanography

DARTMOUTH

Nova Scotia, CANADA



ABSTRACT

In the tributary estuaries of the Chesapeake Bay and in the central bay
proper between 80-90 percent of the phytoplankton primary productivity and
production is carried out by nannoplankton less than 10 microns in linear
dimension. Stabilities of the water column and turbidities are such that the

well-mixed surface waters encompass the entire euphotic zone. Superimposed
on this background which averages 10-20 micrograrns per liter of extractable
chlorophyll a is a seasonal procession of the larger, strongly phototactic
dinoflagellates Prorocentrum minimum, Gym>rodinium netsoni, G, spCendens
and Katodinium rotundatum in the upper bay and in addition Ceratium furca
in the lower bay. These dinoflagellates i~crease in concentration subsequent to
an initial cycle of nannoplankton production and rotifer and tintinnid
predation on the nannoplankton. There appears to be a correlation between the
conversion of dissolved inorganic nitrogen and phosphorus into organic forms
and the appearance of these species of dinoflagellates. The strong positive
phototaxis  which can overcome mixing forces! of these dinoflagellates gives
rise to disproportionate surface and near-surface concentrations in the water
column. This upward vector, also periodic with a diel frequency, can
occasionally phase with the two layer tidal exchange in the estuary and
produce a reduced down-bay horizontal displacement for the dinoflagellates
relative to the nannoplankton. This reduction in flushing rate is in effect an
accumulation mechanism. It operates in conjunction with the windrow
accumulation mechanism and the mechanism of differential horizontal
movement of water masses of different densities which have been shown to be
operative in tropical bioluminescent bays where the dinoflagellate Pyrodinium
bahamertse is the dominant phytoplankter. These accumulation mechanisms
result in elongated surface patches ranging in area from tens of hectares to
many hundreds of hectares. These surface patches have been observed to
contain chlorophyll a concentrations higher than 1000 micrograrns per liter.
The strong relative absorption of blue light by accessory pigments and
chlorophyll gives a brownish-red visible color to these patches. High bacterial
concentrations have been associated with many of these patches. Since the
bacteria possess no obvious accumulation mechanism it may be assumed that
they are stimulated to rapid growth within the dense dinoflagellate patches. It
is possible therefore that fish kills in the Chesapeake Bay, which have been
coincident with "mahogany tides", are initiated by the bacteria within the
patches The accumulation of a major biomass of floating dead fish within the
same windrows as the dinoflagellates produces an "explosion" in bacterial
population, an auto-catastrophic event

INTRODUCTION

A water mass may, by virtue of land run-off following a period of heavy
rainfall g3! or by virtue of coastal upwelling �!, be provided with sufficient
nutrients to support high growth rates of phytoplankton and their immediate



herbivores, This turnover of inorganic nitrogen and phosphorus into organic
nutrients appears to stimulate the growth of the larger, strongly positively
phototactic dinoflagellates. These dinoflagellates, under proper conditions of
insolation and wind vectors �8!, f orm dense, strongly light-absorbing,
discontinuous but sometimes extensive surface water patches which are called
blooms or red or brown or yellow tides, depending on the absorption by the
accessory photosynthetic pigments of the particular dinoflage11ate species.
Most dinoflagellate species exhibit positive phototaxis and can migrate at

speeds ca. 1 rn hr  8, 5!. Some of these, Gonyaulax poIyedra, Prorocentrurn
rnicans, Ceratiurn furca, Cachonina niei,  ibid.!, show a marked diurnal
migration, actively swimming downward at night as deep as 15 m. Others,
Gyrnnodinium breve, Nactiluca rni7iaris �8!, remain at the surface during the
night.

The combinations of positive photo taxis and
a! prevailing onshore winds  windrows!,
b! convergence lines of water masses of different densities,
c! wind-driven convection cells  Langmuir circulation! leading to surface

patches of organisms have been described by Ryther �8!.

Pomeroy et al, �7! have invoked weak convergences between wind-driven
convection cells to account for Amphidiniurn fusiforrne and Gymnodinium
splenrkns concentrations in Delaware Bay �952-1954!, and onshore winds for
Gytnnodinium sp, concentrations at Sapelo Island, Georgia. Conover �! has
proposed southerly sea breezes which reduced the water exchange in New
Haven Harbor to permit increased standing crops of Gonyauhu afn'cana �!.
Holmes et a1.  9! have proposed a diurnal migration of Gyrnnodiniurn spp.,
Cochlodinium spp., Prorocerrtrum rnicans and Gonyaulax poleydra in La Jolla
Bay in order to account for nutrient utilization within the entire euphotic zone,
This was later demonstrated more directly by Eppley �! and put forward as a
competitive advantage for dinoflagellates over non-motile species,

In the case of Pyrodiniurn baharnense in Bahra Fosforescente, Puerto Rico
�2!, the prevailing easterly winds recluce the effective exchange rate
of the positively phototactic dinoHagellates. The surrounding mangrove
swamps apparently furnish a specific organic nutrient requirement. In Oyster
Bay, Jamaica, West Indies, there is a unique case of positive phototaxis and
differential motion by wind-driven water layers of different salinities  Seliger
et al., �1!!which accounts for the accumulations of surface patches of P.
baharnense up to IO~ per liter �00 pg chl a per liter!.

In the present paper we describe the seasonal and spatial processions of
dinoflagellate accumulations in the Chesapeake Bay and propose a number of
accumulation and lateral migration mechanisms for the major dinoflagellates
Pr orocentrurn rrjinirnurn, Gyrnnodinium nelsoni, Katodiniurn rotundaturn and
Cerat<um furca. The relationship between bacterial growth and dinoflagellate
growth  Collier, �! ! is extended and a specific train of events is proposed to
explain massive fish kills triggered by non-toxic dinoflagellates.



EXPERIMENTAI.

The application of the in vino tluorescence technique  Lorenzen, �4!
Flemer, �j! to large scale areal surveys has been described in detail  Loftus et al,
�3!; Loftus and Seliger, �0!. Salinity measurements, nutrient analysis,
chlorophyll assays, and primary productivity measurements are referenced in
Seliger and Loftus �0!. Bacterial counts were made using Millipore Type total
bacteria plates.

There is some uncertainty in the species identification of some of the smaller
dinoflage]lates. We believe that the Prorocentrum sp. identified in the Rhode
River in 1970 and 1971 as triangulatum is really minimum; the Amphrdinium
sp. observed in 1970 and 1971 is really Katodinium roturtdatum.

A major portion ot our phytoplankton ecology program has been centered
in the northern Chesapeake Bay at the Rhode River, a small tributary estuary
on the western Chesapeake Bay S miles south of Annapolis on the Severn
River. A major concern of our research program has been to study the natural
phytoplankton community in a subestuary. We assume that the quantitative
relationships among nutrients and nutrient turnover, salinity, temperature,
turbidity, species selection and succession, predation and exchange with the
bay can be determined. From these quantitative relationships it follows that
specific parameters will emerge which can serve as diagnostic indicators of the
physiological state and of the previous history and permit the prognosis of the
stability of the phytoplankton community. These relationships should permit
the prediction of the direction of changes in the community in response to
proposed nutrient, sediment or heat loading.

The Rhode River is a special case of an estuary with two-layer flow; strong
vertical mixing  Bowden, �!! due to tidal currents and wind gives rise to
vertical and lateral homogeneity, The vertical salinity profiles show
monotonic increases from top to close-to-bottom of ca, O.l to 0.3%. with
increases in the bottom 0.5 - 1 m of 0.5 to 1%.

Because of the small volume of the tidal section of Rhode River, rainfall
produces relatively large excursions in the upper limit of the estuary. There is a
negligible "river section" associated with the Rhode River. The land runoff into
Rhode River consists of drainage directly into the tidal section of the
sub-estuary. Winds play an important part in maintaining the well-mixed
essentially isohaline character of this shallow subestuary. Under proper
conditions, a strong northwest wind will rapidly exchange the estuary section
of the Rhode River and its plankton populations with the bay.

The delivery of nutrients to the estuary sections of the Rhode River is the
result of tidal action  flushing of the rnarshes, remixing of soluble nutrients
from interstitial water, and resuspension of interstitial sediments! and
exchange with the Chesapeake Bay across the mouth of the river. However,
subsequent to heavy rains the transition zone is subject to major changes in
phytoplankton relative species compositions, coinciding with large increases in
standing crops of chlorophyll a.



Figure 1a Standing crops of total chlorophyll rr  unshaded! and the chlorophyll a contained
and lb: in a size fraction greater than 20'  darkened areas! for the time period 1969-1972

for a! Rhode River, and b! Chesapeake Bay, The blank area enclosed between the
solid lines and the darkened areas represents the nannoplankton.
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Figure 2: Chart of the Chesapeake Bay showing approximate locations and area1 extents of
surface water dinof age late concentrations exceeding 50 micrograms per liter of
extractable chlorophyll a. These da'ta represent our own direct observations and
are therefore representative but not a comp1ete summary, Key: A: G. neisorti,
August 1973; B: G. nelsoni, August 1974; C: G. rre/soni, August, 1.973; D: P,
rrtinirnum, June 1970; E: P. minimum, June 1971; F: mixed smaH dinoflagellates.
August 1973; G: mixed small dinoflagellates, August 1973; H, mixed small
dinoflage lates, August 1974; I: C, furca, August 1974; j: C. furca, April 1972; K:
C, furca, August 1973; L: C. fu rca, August 1973; hf: C. furca, October 1973; W =
G. neisarti, July 1972.



The mean stancling crops of total chlorophyll a in the Rhode River due west;, ita,ion 8 i4G in Fig, 2 and the adjacent Chesapeake Bay for the period 1969tH rough 19. 2 are shown by the solid lines in Fig, la! and b!. In these graphs the-i lid l ines have been drawn through the actual weekly data points. Each pointrepresents an average value of total chlorophyll a liter for a complete'.ransect. Several pc ints can be made:
1' except tor a trend toward high standing crops in summer and lowstanding crops in winter, there existed no apparent reproducibility of standin

san mgerr ps ot phytoplankton from one year to the next
Despite the averaging involved in the individual sampling transects theweekly measurements of standing crops showed large oscillations,

3' The sc lid black portions in the figures show the contributions to the totalchlorophyll a pigments in the surface waters, of dinoflagellates greater than 20
xi in cross sectional linear dimension, As can be seen, the major contribution tochlorophyll pigments is due to phytoplankton which pass through a 20~ xnesh
net <Seliger, i19!; Loftus et al,, �3!; VlcCarthy et al., �6!!.
Superimposed on the nannop!ankton populations in the Rhode River is a

seasonal procession of the larger, positively phototactic dinoflagellates. This
temporal sequence is shown in Table 1 for the 6 year period from 1969 through
1974, tor G. netsoni. Katodinium rotundatum, and P. minimum,
The locations and approximate areal extents in the Chesapeake Bay of

surface water dinoflagellate concentrations exceeding 50 micrograms per liter
of extractable chlorophyll a are shown in Fig. 2. The rneasurexnents reported
include those made on a series of Procon cruises of the Chesapeake Bay
institute cluring 1972-1974, P. minimum and G, rxelsoni were present in the
central bay as well as the subestuary, while C. furca was present only in the
high salinity waters of the southern bay. K. rotundaturn in not shown in Fig. 2;
we have only recently observed it in the southern bay.

During June, 1970, brown-colored surface patches of P. minimum were
observed initially  June 9, 1970! north of Station 854G  see Fig. 2! and within
the week extended into the South, Rhode and West Rivers with surface water
concentrations greater than 50 >g L 1, In subsequent surveys carried out
between 17-a> June 1970 extensive brownish-red patches were visible mainly in
the area betwee~ the mouth of the South River and Station 854G. On 25 June
1970 the dense visible patches were only of the order of tens of meters long and
up to 10 meters wide. The time sequences of Prorocentrurn concentrations and
extractable chlorophyll a for 1970 and 1971 are given in Table 2.

On 17, 19 and 25 June 1970 surface concentrations  ca, 10 cm depth! were
compared with concentrations averaged between the surface pand the de th of
disa arance of a Secchi disc in order to demonstrate the positive phototaxis
exhibited by Prorocerrtrum in the dense patches. The ratios of surface: average
concentration for tnese ys were
variable but significant phototactic accuxnulation.



Table 2

Surface Concentrations of P, minimum During l970, 1971

106 Cells/l eh! a

>g l
Date Day No. Location

1970

Bay Transect a!

II

9 June 160

17 June 168

I9 June I70
22 June 173
25 June 176

30-40

42

200

22

19

4

4-7

7-48

1.5

1

1971

Bay Transect
I

Mouth of South River to Station 854G.

Proracentrurn concentrations were low just north of the Bay Bridge  ca, 39o
in Fig. 2! and were high just south of the Bay Bridge, the change by almost an
order of magnitude occurring within 20-30 meters, This very sharp
north-south discontinuity appeared to be specific for Prorocentrum and was
not observed for other accumulations in this area  Loftus et al. �3!; see Fig. 2!.

Table 3 shows the results of productivity xneasurements made on surface
water captured samples of P. minimum incubated in sitrc and irradiated at light
saturation in a Lucite incubation tank. Surface water samples of P, minimum
were a!so isolated and brought into unialgal culture. The results of
productivity measurements with log phase laboratory cultures are also shown

2 June 153
9 June 160
II June 162

I 1 June 162
I I June 162
16 June Ib7
16 june 167
18 June ]b9
18 June 169
IS June 169
IS June 169

IS June 169

18 June 169

30 June 181

West River
Rhode River

Ray Transect
Rhode River

Bay Transect
5'. of Bay Bridge
S. ot Bay Bridge
1.5 Km S. of Bridge
Opposite Severn R
Station 854G
Bay Transect

4

11,2 20

67 37

27 13

43 17
13

13 84

3.3 8
1

I0]

116

62

3,3

I



Table 3

Carbon Uptake H14  Q-
3

Winkler Technique 02
Date

�3zy of Year! insitu

P/R

ggC/pg chl a-hr prgC/pg chl a-hr

1970

1971

10 a!

8 c!

LIGHT SATURATION
z

pgC/pg chl a-hr
P/R

l970

UNIALGAL CULTURE  ~! 800 Ft. c.

P/R Z

pgC/~g chl a-hr

Z

~gC/~g chl a-hr

  !Mean of 5 replicates Z = Assimilation Ratio pg />g chia-hr
 b! Mean of 6 repl>cates F/R = Photosynthesis to Respiration Ratio
 c! Brtrapolated value at zero time of incubation
 d! 10 cells L 1- 586~g L 1 chl a

17 June �68!
19 June �70!
22 June �73!
25 June �75!

9 June �60!
11 June �62!
11 June �62!
16 June �67!
18 June �69!

17 June �68!
19 June �70!
22 June �73!
25 June �7S!

5

4

12

4

12

4

13

13

10

5

4 6

7 b!
12

16

5

10



in Table 3. Assimilation ratios and P R  gross photosynthesis to respiration!
ratios were not significantly different for all cases.

This apparent annual appearance of Prorocenfrum patches during June did
noi occur in 1972 and 1974. However in 1973, subsequent to the 1972 Tropical
Storm Agnes, high concentrations of P. minimum were delivered to the Rhode
River as early as May.

There appears to be a relation between the appearance pf high
concentrations of dissolved organic phosphate  DOP! and the appearance of
P. minimum accumulations, These DOP levels disappeared at the temporal
peak of the accumulation �9!. The high DOP prior to the Prorocentmm
accUmulation could have originated from zooplankton excretion �5!. The
decrease during the accumulation was then due to assimilation of DOP by
Prorocerifrum. Similar observations were made by Martin �5! on P. redfieldii
in Narragansett Bay.

20

K

c 10

X LLJ Io I5 20 2S 30 35
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Figure 3: Temperature-Sahnity profile through the multidimensional niche surface for the
larger dinoflage!lates of the Chesapeake Bay, The abbreviations for the
dinoflagellate names are entered at the specific temperature~linity coordinates
observed during our surveys in 1970-1974. The entries for salinities greater than
25 /oo are based on observations in Sahara Fosforescente. a bioluminescent bay on
the southwest coast of Puerto Rico, Key: G�, Gymnodinium nelson ; Gs,
Gymnodinium splendens; Pm, Prorocentrum minimum; Cf, Ceratiunt furca; K,
Katodinium roturuhrtum.



Aside from specific nutrient requirements or predation pressure,
temperature and salinity are major factors in the selection of phytoplankton
species, Figure 3 represents a summary of our observations of temperature anct
salinity associated with dinoflagellate concentrations ! 5G ~g L ~ in the
Chesapeake Bay over the past S years. For the sake of completeness
coordinates for C. furca and i, spfenderrs for salinities greater than 25 lo for
Puerto Rico are also included. The two-dimensional partial profile of the T-S
niche characteristics is consistent with the seasonal procession shown in Table
l.

We have found strong circumstantial evidence that the Prorocentrurn
appearing in the upper bay  north of Station 854Gj are delivered by bottom

5
i i

ea [m]

200 30
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Figure 4; Vertical section along the spine of the Chesapeake Bay from the mouth of the bay
at 0 miles to Station 904N north of Annapolis and the Severn River, a distance of
225 Km. Data were obtained over the period November 28 to December S, 1972
during the Procon 7 cruise of the Chesapeake Bay Institute subsequent to
Tropical Storm Agnes. Upper diagram: Salinity profiles. Lower diagram:
chlorophyll a profiles by in vino fluorescence. The depths at which the
underwater downwelling light intensities were 1% of the surface values are
plotted as the dashed hne. The higher surface water concentrations of chlorophyll
a at Stations 854 and S18 correspond with'the Severn and Patuxent Rivers,
respectively.
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waters from the southern bay. This annual south-to-north migration beginsaround February in the bottom waters near the mouth of the bay and reachesthe Bay 6ridge area in late May � early June. At this point there is an upwellingphenomenon owing to a steep rise where, within the linear distance of l5 Kmthe bottom contours change fr om a mean depth of 30 m to a mean dept'h of 10m. A partial sequence of this migration is shown in Figures 4 through 7 obtainedon the Procon 7, 8 and 9 cruises of the Chesapeake Bay Institute, [n all fichu i esthe bottom contours of a vertical section through the spine ot the ChesapeakeBay extending from the bay mouth to a distance of 225 Km north are shown.The steep rise in bottom contour can be seen around ZIS Km from the mnuth
ot the bay  Station 854G to Station 904K!. In the upper diagrams are shown

av I rp3
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0 -30
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Figure 5: Vertica! section along the spine of the Chesapeake Bay from the mouth of the bay
at 0 miles to Station 904N, north of Annapolis and the Severn River. a distance of
225 Km. Data were obtained over the period February 5-lb, 1973 during the
Procon 8 cruise of the Chesapeake Bay Institute, Upper diagram; Salinity
profiles. Lower diagram: Chlorophyll a profiles by iri vivo fluorescence. 7he
depths at which the underwater downwelling light intensities were 1% nf the
surface values are plotted as the dashed line, In these protiles the malor
dinoflagellate concentrations are distinctly below the l% light kvel and below
the sharp pyncnocline which defines the upper mixed Iayer of the water column.



the mlinitv contours. Since the density is dominatecl by salinity the data also
represent the density lavering in the bay. In the lower diagrams are shown the

entrations of chlorophyll a obtained by in vivo Fluorescence. These
-e sofisocontnurs separate concentrations in steps of 548 L . Also shown in the

lower diagrams are the depths at which the surface water ambient light
intensities have been reduced to 1%. These points are connected by a
horizontal dashed line,

During the I racon 7 cruise, Nov, 28-Dec. 8, 1972 subsequent to Tropical
Storm Agnes  Fig, 4! the bay is seen to have essentially recovered
pattern. The higher surface water concentrations around Statjo�854
818I' represent the delivery of organisms From the Severn and th p t
Rivers, respectively. The sequence of dinoflagellate growth;n the �b
and the subsequertt growth in the bay as the result of Agnes can b see p.
1a and lb for 1'?72, The major pulse jn chlorophyll rz standing crop
River  Fig, 1a! immediately followed the storm  July! while In th
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~Is««: Vertical profiles of extractable chlorophyll a and grad a T for February 1S,
1973 at Station 707$. The major chlorophyll a peak, identified microscopicalIy as
P. minimum. appears below the high values of grad 0'
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Figure7: Vertical section along the spine of the Chesapeake Bay from the mouth of the
bay at 0 rTiiles to Station 904V, north of Annapolis and the Severn River, a
distance of 225 Km. Data were obtained in late April, 1973, during the Procon 9
cruise of the Chesapeake Bay Institute. Upper diagram: Salinity profiles. I.ower
diagram: Chlorophyll a profiles by iu viva fluorescence. The depths at which the
underwater dowriwelling light intensities were 1% of the surface values are
plotted as the dashed line, ln these profiles the maior dinof !age!late
concentrations are below the 1% light level and below the sharp pyncnocline
which defines the upper mixed layer of the water column

bay  Fig, lb! the peak was not reached until August when the high
concentrations of G, nelsorti in the Rhode River had been mainly dissipated.At this time the dinoflagellates were concentrated within and above the I %
light level.

This was not observed in February, 1973 during the Procon 8 cruise. In Fig, oit is seen that major distributions of chlorophyIl a  living phytoplankton! arehelot' the I'."0 ambient light intensity level, in bottom waters separated from
the upper mixed 4yer by a strong pyncnocline. These bottom concentrationshave been identified as P. minimum at concentrations up to 1,7x10 cells I
 ca.17~g I. chlorophyll a,!. Depth profiles of chlorophyll a concentrationsand the gradient of water density  grad crT ! are shown in Fig. 6 for Station



7074', near the bay mouth. The sharp pyncnocline is evident from the grad
crT values, The concentration of P. erirtirnum is below the upper mixed water
layer and mainly below the 1% light level  see Fig. 5!. The direction of
movement of the bottom waters is north. During this same period there were
no Prorocentrum in surface waters at Stations 804, 834 and 854. However on
February 15-16 during rough weather where turbulent mixing could disturb the
pyncnocline significant concentrations  ca. 10 L ! of P, minimum were
observed in the surface waters at Stations 707< and 724.

The general progression can be inferred from Fig. 7, obtained during the
Procon 9 cruise in late April, 1973. The concentrations around Station 707<,
near the mouth of the bay, have disappeared. The pyncnocline is quite
pronounced and the major dinoflagellate concentrations are below the upper
mixed layer and below the 1% light level,

In 1973 P, minimum formed very extensive surface patches and was a major
dinoflagellate in Rhode River during May, a month earlier than the 1970, 1971

CHLOROPHYLL o pcIL x IO

GRAD Im x!0

0.2 0.4 0.6 0.8 I.O
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Figure 8: Vertical profilesofextractablechlorophyll a and grad cr T forApri124, 1974at
Station 818P The major chlorophyll a peak, identified microscopically as P.
minirnurn, appears below the high vatues of grad O'T



sequences  see Table 1!. We attributed this to the extensj ve nut !ent d I onsi ve nutrient eji very oyTropical Storm Agnes in june, 1972 and its subsequent effects on djsso]ved
organic nutrients which extended through 1973 Loftus and Seltge

e iger, 12,The cruise schcdu]e of the Chesapeake Bay Institute in j974 djd
i not permitthe verification of the 1973 pattern. However we were able to make a

e o ma e a sequenceof observatjorts which are consistent with the proposed
migration of Pro rocerttrrt tt t.

a! 8 April 1974. Station 854: no P, mi»ir»urrt jn surface
concentrations of amino acids   ! 2@M! below 3 m depth
1 .o light intensity level,
b! 24 Apri] 1974, Station 818; Fig, 8 shows the depth prpft]es of gradgT

and ch]orophyl] a concentrations. Again the peak Proroce»tram concentra-
tions are below the upper mixed layer and below the 1~iv ]jght jntensjty ]eve]
 see Fig. 7!. Chlorophyll a concentrations below the pyncnocline were
identified as P. mirtirrturrt.
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Figure 9: North-south surface water transects of in vino fluorescence of chlorophyll a at a
depth of 1 m for C, furca on August 12, 1974. The dashed curve is the 1 m
transect during the morning �550-1050! in the region south of the Patuxent River
 Sta. 8 tg! . The solid curve is the same transect during the afternoon of the same
day �430-1730k Sjr!ce the transect extends over the entire accumulation area the
ratio of the integrated transects is a measure of the upward migration of the C.
furca.



c! 22 May � 25 May 1974, Bay Bridge: P mi»imu>n was present in surface
waters, Averaged 2-6 x 106l. 1 at the surface and 6-9 x 106L 1 at 4 m.
Pr<>roce»tru»> had not yet been;Icl!vered to the South or Rhode Rivers.

J> 3 lune 1974, Bay Bridge: P»i>.imar>r had dropped to 104L 1 at all
depths, It was not found at all in the South or Rhode Rivers.

e! 10 lune � 19 June 1974: No Proroce»trum patches observable north of
Station 554 by ir>;>ivo fluorescence. We have no explanation for this
disappearance.

An example of the vertical migration of dinoflagellates into surface waters
subsequent to sunrise and also of the extreme patchiness of dinoflagellate
accumulations in the Chesapeake Bay is shown in Fig, 9, In August 1974 a
dense accumulation ol G, furca extended for approximately 15 Km, south of
the Patuxent River  Station 818!. The lower dashed curve represents a 1 m
depth in vivo chlorophy]1 a fluorescence transect in the morning �850-1050!
on August 12, 1974 and the upper solid line curve is the same 1 m depth
fluorescence transect, returning in the afternoon �430-1730!. The ratio of the
means of the afternoon to morning transects is 3:1. In relation to
the general sampling protocols in the bay, Fig.9 illustrates that the lateral
extent of the patches  full width at half maximum! is around 1Km. It follows
therefore that station sampling or spot sampling can be subject to large errors
if they are not corroborated by coincident lateral transects as well as vertical
profiles of' ir> vivo fluorescence.

The center of gravity of the C. furca patches remained at the same relative
position in the bay over the next two days of chlorophyll a fluorescence
transects. Unfortunately ship scheduling did not permit any further
observations in this area.

A relationship between the depth of the upper mixed layer in the bay
 defined by the pyncnocline! and the euphotic zone  defined arbitrarily by the
1 0 level of ambient surface water light intensity! in areas where there are no
significant surface accumulations or patches of dinoflagellates is shown in Fig.
10, These data were obtained during the August cruise of the Chesapeake Bay
Institute as part of our program for measuring absolute scalar irradiance
spectra �!. In August there was an extremely significant correlation
 R2 = 0.94! between these two parameters. The numbers beside
each entry are the station numbers shown in Fig. 2. The data represent a major
section of the Chesapeake Bay, approximately 110 Km from the Potomac
River north to the Magothy River  Sta. 904! and cover the range of 1% light
intensity depths normally encountered in other years.

NS CUSSION

1. "Fil/ing" the aphotic Zone

The strong correlation between upper mixed layer depth and euphotic zone
depth has very interesting ecological ramifications. The particulate plant



pigments appear to account for the major absorption of light in the eutrophic
estuary. The presence of sediment scatterers  turbidity! increases the effective
geometrical path]ength for downwe]ling light, In fate August, fo]lowing aperiod af minimum rainfa]] and high inso]ation, the turbidity in the bay would
be at a minimum. The phytoplankton in the mixed upper layer would tend to
grow to fi]1 the avai]able "space". ]n this case growth has occurred to utilize"all" of the avai]ab]e light. This self-absorption limit for the standing crops of
phytop]ankton is dependent on nutrient availabi]ity and represents asteady-state which the system approaches according to the fol]owing
a rgurnents:

a! At ]ow nutrient ]eve]s  or turnover! the growth rate constant for the
phytop]an]eton will be ]ow, The herbivore population which follows the rate
of growth oF the phytoplankton wi]l adjust partially to this ]ow rate of growth
and the depth of the 1% light intensity will be greater than the depth of the
mixed ]aver.

b! As the nutrient ]eve]  or turnover! increases the phytoplankton growth
rate constant wi11 increase, stimulating an increase in predation rate. Thus
initially the Je]ivery of nutrients  including sediment! by run-off from the landwi]1 push the leve] of the 1% light intensity above the depth of the mixed layer.
Under these conditions the system is light-limited, as contrasted N;ith
nu trient-]imited. As predation increases, the roost efficient uti]ization of light is
approached  Fig. 10! i.e., the entire mixed upper layer, through which the
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Figure >0. Relation between tfte depth of the upper mixed layer in the Chesapeake Bay and the
depth of the euphotic zone  I% of ambient light intensity!, obtained during the
August cruise of the Chesapeake Bay !nstitute. The numbers associated with each
entry are the station numbers csee Fig. 2!



" "p ankton are transported by the energy delivered by sun and wind,
ava'l»le lig"t energy for photosynthesis. Under these conditions

nnc p
nho tot axis.

' ~vent"aliv the inorganic nutrient pool is utilized dissolved organic
n«rients are released and other species, presumably the positively phototactic
d»otlagellates, are selected for. The strong positive phototaxis originates in
response to other selection pressures and is specifically related to the
development of surface patches.

Diiirnul Vertical Migration

In the Chesapeake estuary there is a gradient in nutrient concentrations,
tiom the creeks to the rivers to the central bay and then south to the ocean.
Theretore in a two-layered system where the surface waters were moving
generally south and the bottom waters were moving generally north, there
% oui d be a maIor advantage accruing to any organism which could
periodically migrate into the upper surface waters and down into the bottom
ii aters. In proper phase with the tide such an orgarusrn by a periodic vertical
denigration could be subjected to a net lateral displacement, north or south or
zero. Since phytoplankton are photosynthetic it would be reasonable to
suppose a solar phase photoperiodic rhythm, a positive phototaxis  upward
vector I by day and a negative vector  geo- or chemi-taxis! 12 hours later. Only
organisms able to swim around 1 m hr 1, in order to take advantage within
reasonable times of the currents in the upper and lower water layers of the two
layer system, could be successful.

A diurnal migration has been reported for C. furca �!. This would
readily explain our observations relative to the temporal stability of the
C 6irca accumulation of Fig 9. ln this same paper, Eppiey et al. �! have
proposed "The combination of vertical migration and the ability to assimilate
nitrogenous nutrients in darkness appear to be the chief factors in provic4ng
the dinoflagellate bloom organisms with a competitive advantage over other
species.." presumably the non-motile plankton.

EW'e have already measured, for G. nelsoni in the Rhode River, a downward
night time migration into interstitial waters and an upward daytime migration
into surface waters  A. Place, private communication!.

The combination of diurnal upward and downward migration to

at take advantage at night of higher nutrient concentrations in interstitial
v aters or in bottom waters.

bi reduce the exchange rate of the dinoflagellates relative to the uniform]y
distributed nannoplankton in the water column can produce much higher G,
neLsoni populations than would be predicted on the basis of the average
soluble nutrient concentrations in the upper layer waters.



3. Bacterial Accn~u«fafinns

The excretion by G, r~~i~o»< ot organic exudates perm>ts the extremely rap>d
accompaniment. in these accumulations, of large bacterial populations.
Surface water samples ot viable G. uelsoni in the Rhode River and in
Chesapeake Bav have contained up to 10 -10 0 bacteria per liter in ]973. So
far as we have observed this has not resulted in any specit'ic hsh kills in the
Rhode River, although in the shallower sections ot the river the oxygen
demand is such that occasionally the water column goes anaerobic during the
night  R. Cory, personal communication!.

The bacteria are essentially non-motile. However their extremely small
gr neration times and the relatively high concentrations of organic exudates in
the high concentration surface patches of dinoflagellates permit a rapid growth
even in the short space c f b-8 hours. Collier �! has proposed that G. bret~e has
specitic bacterial strains associated with it, possibly in a symbiotic
relationship, although thi» is not necessary,

It is therefore !possible that in the Chesapeake Bay non-toxic dinoflagellate
accumulations may indirectly precipitate an autocatastrophic fish kill by the
tollowing sequence of events:

a! Formation of dense, relatively stable surface patches by the diurnal
migration rnechanisrn described above.

b! Alignment of patches into windrows or convergence lines by prevaihng
winds.

c! Rapid growth, in warm weather, of specific fish-pathogenic bacterial
populations to high concentrations within the surface patches. The bacteria
can use the organic exudates of the dinoflagellates �j as a food source.

d! At these high bacterial concentrations and at high temperatures juvenile
fish passing through the patch can ingest potentially fatal inocula of the
pa thogens

e! When these fish die and float to the surface  the upN ard vector of
flotation is equivalent to a constant positive phototaxis!, the physical forces
which produce the windrows will accumulate the dead fish in the dinoflagellate
patches.

f! This large biomass influx can produce a second "explosion" ot bacterial
populations, resulting in a positive feedback pathogenic system for killing Fish.

g! Eventually the oxygen demand rate due to the dead fish will exceed the
rate of supply ot oxygen by the phytoplankton as well as by exchange mixing
with adjacent oxygen-containing waters and a massive kill including bottom
organisms will ensue,

Prorocentrum Accwmulatiorrs in the Upper Chesapeake Bay

The circumstantial evidence indicates that the P, minimum accumulations
observed in the upper Chesapeake Bay in June have migrated northward in
bottom waters. The migration is over a distance of approximately 200 Krn in



huir roon;hs; a net movement of 1.7 Km day . The bottom waters appear to
he high in organic nutrients Therefore it P. ~ni»imum were partially
heterotrophic it could compensate for the very low rates of photosynthesis to
v-hich it must hc constrained in these bottom ~aters. All photoautotrophs
w hich become trapped below the pyncnocline die and sink to the bottom,

Thc upwelling ot Prorocentrum at the steep rise in bottom contour in the
neighhnrhc od of the Bay Bridge  north of 854C! and the ensuing
photosynthesis and phototaxis result in extensive surface patches in this
region. P. rnininiiiin, while positively phototactic, does not appear to exhibit a
nocturnal downward migration, since the patches appear to move southward
at the same net rate as the suitace waters �.b Km day 1!, The organisms are
delivered to the South and Rhode Rivers by the mechanism described by
Setiger and Loftus �0> in which there is transport ot near surface bay waters to
deeper l.iyers in the rivers, ln these cases there will be an increased net delivery
ot these dinoflagellates to the surface waters of the rivers, since the organisms
i»igrate to the surtace while the water in which they arrived sinks in the river
tc its appropriate density layer. This river accumulation mechanism and the
low exchange rate ot river waters with the bay combine to keep P. minimum in
the rivers for some time after the patches in the central bay have been
dissipated by exchange. Hov ever because they apparently lack the nocturnal
downward migration  or for some other unknown reason, P. minimum is
gradually lost from the rivers as the surface waters are exchanged with those of
the bay. The duration of P. minimum concentrations in the Rhode River is
qualitatively proportional to the density and duration of the surface patches
produced by the original upwelling phenomenon  see Table 1!.

5. Gyrnnodinium Accumulations

From our observations in the Severn, South, Rhode and West Rivers it
appears that G. nelsoni grows up to high concentrations in the shallow
portions of the river, maintains its lateral position and obtains nutrients by
virtue of the diurnal upward and downward migration described above. When
the solar rhythm passes out of phase with the tidal rhythm,G, nelsoni patches
are washed out into the bay, Once outside of the rivers the rhythms start to go
into phase again. The surface patches now appear in windrows or
convergences and remain relatively stable in geographical extent. This
reduction in exchange rate relative to the uniformly mixed nannoplankton, in
conjunction with the windrow and convergence accumulation mechanisms
serves to extend the duration of the G. neisoni in the central bay beyond that
predicted on the basis of dye studies of homogeneous water exchange.

6, Katodinium Accumulations

K, rotundatum appears to be the cold-weather counterpart of G. neLsoni  see
Table 1 and Fig. 3!. lt has been a consistent winter dinoflagellate in the Rhode



River during the past 5 years of observations, Peak concentrations can be
greater than 108 I. 1  ! 100 ug chlorophyll a I. !.

CONCLUSIONS

Dinoflagellate accumulation mechanisms in the Chesapeake Bay appear to
make use of the biological effects:

a! positive phototaxis
b! diurnal upward and nocturnal downward taxes
c! partial heterotrophy

and the physical effects:
dt wind-driven convection forming windrows or Langmuir convection cells
e! convergence of water masses of different densities
f i differential motion of surface and bottom waters in a two-layer estuarine

system

Prorocerttrattt rnigrates to the upper bay making use of f! and c!. After
upwelling, a! and d! form surface patches. It is delivered to the rivers by e! and
ah

Gymnodirtium originates in the river sections making use of b! and f! for
nutrients and to maintain its position in the river. When it loses its phase it is
washed out into the bay where again b! and f! act to delay the dissipation.

Ceratiurn also appears to maintain its relative position in the bay by virtue
of b! and fI.

It is possible that non-toxic dinoflagellate accumulations can serve as
nutrient sources for fish-pathogenic bacteria and thus precipitate a
self-regener ative massive fish kill.
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ABSTRACT

Using scanning electron microscopy, we compared the thecal morphology of
the New England red tide organism  isolate 426 from the 1972 red tide in
Massachusetts!, two isolates �73, 173a' identified as Gonya»lax tautarensis
from its type locality  Tarnar River Estuary region, England! and preserved
Gonyaulax acatertelta cells from the june 10, 1965 red tide in Malaspina Inlet,
B.C�Canada The tabulation ot the major body plates is identical in all our
specimens but differs from Lebour's original description of C. tamarensLs. Her
epithecal tabulation is a mirror image of the tabulation we observe and is
interpreted as erroneous. Gonya»lax acatenella is morphologically dis-
tinguishable, having pronounced and numerous flanges on the hypothecal
plates. All of the organisms have V-shaped nuclei. Isolate 173 is considered to
be the typical G. tamarensis. It is non-bioluminescent, non-toxic and has
ventral pore. Isolate 173a is bioluminescent and lacks a ventral pore. It is not
conspecific with isolate 173 and requires further study, The New England red
tide organism is bioluminescent, toxic and lacks a ventral pore. It is considered
to be Gonya»lax ercavata as circumscribed by Braarud when he described G.
tamarensis var. excavata and not as circumscribed by Balech to include a
small, tropical form with a ventral pore. I'yrodini»rn phoneus is considered to
be a Gortya»fax in view of its tabulation, toxicity and plastid appearance.

INTRODVCTION

Since 1972 there have been outbreaks of red tides and occurrences of
shellfish toxicity along the coast of New, England, The organism responsible
was identified by a biologist at the University of Massachusetts, Marine
Laboratory, Gloucester, Massachusetts {I! as Gonyau ax tamarensis Lebour,
1925. To our knowledge, no illustrations of the New England red tide
organism have been published.

We are studying the biology of the New Fngland red tide organism, Prior to
our physiological studies we decided to check the identification of our isolates.
Lebour �! originally described G. tamarensis from the Tamar River Estuary,
England and stated that it did not occur outside of the estuary. Her original
figures are reproduced in Figs. IA-D. Braarud {3!, observing Norwegian G,
tarnarensis in the light microscope, found differences in the epithecal
tabulation, occurrence of spines and cell shape {compare Figs. IA-D with
Ik-N!. For these reasons he established two new varieties: G. tamarertsis var.
excavata Braarud, 1945, {Figs. IK, L! a form occurring in both east Canadian
and Norwegian waters and G. tamarensis var, globosa Braarud, 1945, {Figs.
IM,N! a Norwegian form. These differences have not been adequately
documented as further examination of thecal tabulation of G. tamarensis type
specimens is not possible since the holotypes were not preserved. However,
two isolates {I 73, 173a! from the type locality identified as G. tarnarensis exist.
Before an accurate identification of our isolates could be made, we felt it
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Figure J: Figures Of hOlutypeS. A-D, GOnyau1ax tairrarenSiS fram Lebnur, 1925;
f'=J,Pyrvdinittrnphorteus from Wo!oszyriska and Conrad, 1939;K,L,G. tamarensis
var. excavata from Braarud, t945; M, 4, G, ta>nvrensis var. globose trom
Braarud, 1945. Note mirror image of epitfIecal pfates in C. See Table I for cell
dimensions.



n«esotery t<i <orriti,ir< tf«rri wit!; th« is<ilates tr<irn the type locality of C
trrn«sr< iraqi~, Add<tin<»<!!y, preserved material of Cur<yurt!ux arutenellq
V''h<d<in,»i<i V<~f<»d, lo3t,  F<gs. ZA-F.< was examined in view oi the remarks
<if 1'<'he<I<i<< a<><I K<if<»d �; as t<i <ts similarity to C. tan<arens>'s. Comparisons

ni <d» t<i published descriptions of Pyroij<'rririn< phoneus
14'<lf<isrynika,<r«3 C<inrad, io3o, an ] Cony<rr<lux e<cauutu  Braarucl! Balech
t<t7!, sin<« th<s< appear t<i be relat«d  Figs. 1E-J, 2 i-L!.

rhe N«w Englan<l red tide <irganism is highly t<ixic'  l! containing two
neur<itiix<ns ts, ni. 'I h< paralytic shelltish poison isolated from the scallop,
Pi rr<'>r yr<r>r<fis '5<~land<'r, 17Bti fr<irn the Bay of Fundy is not similar in charge
l<i saxit<ixin <7t. T<ixic mussels, IVIytiI<<s edulis Linne, 3 75S, from the northeast
c<iast <if Fngland near Holy Island contain two neurotoxins  8!. The minor
c<imp«n<nt res<mbled saxitoxin, The major component was dissimilar in
charge t<i saxit<ixin, however, it had similar neurobiological activity. lt
appears that the scallops and mussels had fed upon a dinoflagellate �, 9!
wh<»e major t<ixin was not saxitoxin but had two toxins similar to the New
England red tide organism �, b!. On the basis of these toxin and
m<irph<il<igical similarities, it is widely assumed that the pew England form is
identical to: ]! the Canadian Bay ot Fundy - Gulf of St. I.awrence organism
�0!  I.eb<iur in Medc<if et al. identified material from Head Harbor, Bay of
Fundy, N<w firunswi<-k, Canada as G. tunrurerrsis  ll! !, 2! the northeastern
England <irganistn  determined to be C. tarnurertsis  9! ! and 3! Norway G.
turrrure»si' �2!.

Bi<iluminexcence commonly accompanies outbreaks of toxic dinoflagellates
 9! but is <iften not documented.

The Eastern Canadian form was the most toxic of three Gortyar<!ax species
s'tud red �3!. Ballantine in Seaton �4! and Prakash  I 5! were unable to detect
any t<ixicity in the I lymouth isolate 173 of G. tarnarensis. A culture of G.
t<r rr<ur< irsis isolated from a "bloom" f1 x 10~ cells per liter! over the oyster beds
in the Tamar River in 1967 was found to be non-toxic to mice by Barrow in
Seat<in �4!.

ln view <if 1! the differences in published descriptions of organisms
determined tv be G. tanrurensis and 2! the occurrence of toxic and non-toxic
strains <if G. turrrurensis, it seems likely that more than one species is involved,
Balech  lo! elevated the varieties of' G. tamarensis described by Braarud �! to
the level of species, however, he did not reexamine the typical variety from the
type locality. It is the purpose of our paper 1! to examine the New England red
tide organism and establish its identity, 2! to present some observations on the
tw<i is<ilat<s fr»m the type locality of G. rurrrarensis, 3! to compare the
morphology of these organisms with G, acatenejta and 4! to suggest future
lines ot research that could further clarify the systematics of these and related
organisms.
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Figure 2: A-F. Holotype of Gonyaulax acateneI a from Whedon and Kofoid, 1936: note
nucleus in C, D; G-l, Figures of Gonyaulax excanata from Balech, 1971, Note
nucleus in G, H and ven raI pore on margin of first apical in 1. See Table I for
cel! drmertstons.



MATFRIALS AND MK'I HODS

Or gani si us

Strain 426 of the Yew England red tide organism was isolated by A. Loeblich
irom a sample of the 1972 red tide collected by Edward Gilfillan from
Lanesville Station, Gloucester, Massachusetts. Isolate 429 from the same
outbreak was isolated by C. Martin, Cloucester, Marine Station,
Massac..usetts and was made axenic by I.. Loeblich using penicillin G and
streptomycin sulfate. Plymouth isolates 173 and 173a previously identified as
Conyaulax ramarensis were obtained from J. C. Green, Marine Biological
Laboratory, Plymouth, England, Both of these isolates were obtained from the
e~tuari~e regions known as the Tamar River Estuary and were collected within
approximately three miles of each other. Isolate 173 was isolated by Irene
Adams from the Lynher River  position approximately 50 23 1/2'N, 4 13'W!
trom material collected June 24, 1957. !solate 173a was isolated by
Rosemary Jowett from the Estuary of the Tamar River at the mouth of the
Lynher River  position approximately 50 22 1/2' N, 4 16' W, close to Beggars
Island! from material collected May 3, 1967. All of these organisms are grown
in medium GPM �7!, at a light intensity of about 400 ft - candles. Isolates 426
and 429 are maintained at 12"C; isolates 173 and 173a are maintained at 21 C.
A preserved sample of phytoplankton from the June 10, 1965 Gorryaulax
aratenelia red tide in Malaspina Inlet, B.C., Canada �8! was obtained from
N, Bourne, Fisheries Research Board of Canada, Nanaimo B,C., Canada.
Gonyaulax polyedra Stein, 1878, isolate GP 52 was obtained from J. W.
Hastings, Harvard University, Cambridge, Massachusetts.

Scanning elertron microscopy

Cells from a 50 rnl culture were concentrated by gravity filtration using an
8g SCOP Millipore filter. When less than 3 ml of the cell suspension remained
on the filter about 20 ml of fixative at 25 C was added, consisting of 0.05M
cacodylic acid  pH 7!, 0,15 M sucrose and 4% glutaraldehyde, When nearly all
ot this solution had passed through the filter, the cells were washed three times
with the cacodylate buffer without glutaraldehyde, each wash containing a
decreased concentration of sucrose  O.i, 0.075 and 0.04 M!. Cells were rinsed
off the filter, transferred to a centrifuge tube, and dehydrated in an ethartol
series �5%, 50%, 75%, 95%, 100%, 100%!. The ethanol was serially
replaced by Freon 113 �5%, 50%, 80%, 100%, 100%, 100%!. The cells were
critical point dried in aluminum foil "boats" employing the Freon 13 procedure
{19! in an apparatus made available by Y. Zeevi, Harvard University. Dried
cells were coated �00 A.! with carbon and then with a gold-palladium
mixture. Scanning electron micrographs were taken on an AMR 1000 and a
JEOL JSM-35,



Light n<icrnscepv

Unfixed cells were measured at 400X. Nuclei were stained using the
acetocarrnine technique �0!.

Sio lurni nescettce

One liter cultures growing in a light-dark cycle �2hr.12hr! were examinecl in
the middle of the dark period after the investigators' eyes were dark adapted.
The cultures were agitated and observed. This procedure was repeated on a
subsequent day.

For a quantitative analysis of bioluminescence a photomultiplier photometer
was used �1!. One ml aliquots were removed from cultures grown on a
light-dark cycle �2hr: 12hr! and placed in vials. The aliquots were returned to
the light-dark cycle and left undisturbed for 20 hours until analysis, which was
in the eighth hour of the dark period. The vials were placed in the photometer
chamber with minimal agitation and 1.0 ml of 60 mM acetic acid was added.
The recorded response was calibrated against the emission of a standard
solution of hexadecane-1-C14 in a scintillation fiuid �2!. From these
measurements and cell counts, quanta emitted per cell were calculated.

RESULTS AND DISCUSSION

Cell size

Table I relates our cel! measurements to previously published values. The
isolates we have in culture cannot be distinguished on the basis of size. Most
cells were slightly longer than wide. There is a large variation in cell size  Table
1! in both exponentially growing and stationary phase cultures. Variation in
sire in exponentially growing cultures is due to small, recently divided cells
and larger cells which presumably will shortly divide, In stationary phase
cultures cells were seen attached side by side rather than the usual head to tail
arrangement of recently divided cells. These laterally attached pairs were
interpreted to be fusing garnetes, This interpretation may explain the size
variation in stationary phase cultures.

Scanning electron rtricroscopy

Scanning electron micrographs of isolates 426, 173, 173a and preserved G.
acatenella were compared. All specimens examined have a plate tabulation of
the major body plates similar to that first illustrated for G. acatenella �!,
However, the epithecal tabulation of all our specimens  Figs 3, II, 12, 18! is a
mirror image of the epithecal tabulation given in the original description of G,
tainarensis  Fig, 1C!. We conclude that the epitheca! illustration is erroneous,



Table l

Size of Gott! au]rid fear»rarensis and related species

5 iz e in g rrr
Length LVidthOrganism Sou.re

Conyarrlaz tarnarensis

G. tamarensrs

G. ph c rreus comb, nov. 32-3636-44

C. tamarensis var. exravata 35 - 53

C. tarnarensis var. giofrosa 25 � 45

C. tamarensis

C tarrrarensis

C. tarnarensis 15

C. tarnarerisis 13

C. ezcauata �

27.5-47.5 This paper
�6,8!

27.5-50.0

�8.6!

1Values not differentiated as to length or width.

ZFor each isolate 20 living cells from an exponentially growing culture were
measured. Values in parentheses are the means.
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New England Red Tide

Isola te 4292

plymouth

I so l ate 173

Plymouth

Isolate 173aZ

15-36

Irrrost commonly
23 � Z8!

30 � 401

28 - 381

24. 5 - 28 20 - 23.5

27.5-55.0 25.0-52.5 This paper
�7. 7! �5.9!

30.0-43.8 30.0-41.3 This paper
�6.6! �6,0!



The spines reported for C, tarttarertsis �! ancj for G. acateneIIa �! are in
reality flanges arising frotTt plate 6" and 1p margins <Figs, 10, 13, 15, 17, 19!,
Gonvaulax acateueIIa has severa! pronounced flanges parallel to but recessed
trotrt the plate sotures  Figs, 15, 19!.

3-7: New Fngland red tide organism. Figs. 3-6, Isolate 426. Fig. 7, Isolate 429. Fig. 3.
Scanning electron micrograph  SEMi of epitheca and apical pore, X2550 .Vote
that the tabulation is a mirror image to that in Fig. ]C Fig 4, SEM of verttral
surface, X1880. Fig. 5, SEW of upper sulcal area. Note that the first postcingular
is m the sulca! groove and that the trichocyst pores are frequently paired, X7220.
Fig. b, SEM of ventral surface. Note wrinkled pellicular laver visible between
separated epithecal plates, X1870. Fig. 7, Apicai view of acetocarmine stained
U-shaped nucleus with the arms pointing tovvard the ventral surtace.



ventral pore along the margin of plates 1' and 4' was detected on
spectmens of isolate 173 IFigs. 12, 13!. It was absent in specimens of 173a 426
and t ~ . acate»t ~ . acate»e!1a, The trichocyst pores on all our specimens were similar in
distribution and morphology, They were often paired  Figs. 5, Il, 14, 18!. The
apical pore was similar in all specimens  Figs. 3, 11, 12, 18!.

Figures 8-] 1:
Scanning electron micrographs of New England red tide isolate 426 Figs. S,P! and
l'lymouth isolate 173a IFigs. 10,11t. Fig. 8, View of hypotheca. Note the fianges
between 1 p and 6" and the sulcaI area, X2420. Fig. 0. Hypothecal view of cell with
damaged outer and exterior thecal membranes obscuring the tabulation. Note
large reniform-shaped opening in membranes revealing a portion of the posterior
su Ical plate: this may not be an artifact but the site of attachment of the posterior
daughter cell during chain formation, X2110, Fig. 10, Ventral view, Note absence
of ventral pore on margin of plate 1' and raised flange along margin of plate 6"
and sulcal region, XZ230. Fig. 11, Epithecal view. Note the apical pore and that
the tabulation is a mirror image to that in Fig. 1C, X2560
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Chai» fort»ati o»

Chains of individuals occur irt the English isolates Chains of two or,f our
cells were seen in strain 429. The cells are attached "head to tail" and not
"tail to tail" as figured earlier �5!, No antapical pore in the thecal layer was
present. Such an attachment pore has been described on Gorryatrlax cate»elk
Whedon and Kofoid, ]936, which forms chains many cells long �!. However.

figures 12-15:

Scanning electr<in rnicrographs ot t'}vrnouth isolate 173 f Figs. 12-14! and
Co>tyaiifrtx acatenefla  Fig. 15!. Fig. 12, View of epitheca and apical pore. Art ow
piiints to ventral pore between plates 1' and 4'. X1550. Fig. 13, View of ventral
surlace Arriiw points to ventral pore between plates I' and 4' Note flange visible
along riyht margin of sulca! groove, X1550. Fig. 14, View af ventral area. Note
Ilange nn k'ft sicfe of ventral area, X32SO. Fig. 15, Ventral view. Note ftanges c n
both sides uf ventral area as well as others along plate margins on hypntheca. No
ventral pore visible, X1350,
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Fig. 9, a specimen of isolate 426, shows a reniform-shaped opening in the
antapical membranes covering the thecal layer. We believe this area may be
the point of attachment to the apical pare of another cell; the apical pore  Fig.
3! and the reniform opening  Fig. 9! are similar in shape and orientation.

Nucleus

Figure 7 shows the U-shaped nucleus of isolate 429. The English and
American isolates and G. acafene11a have nuclei of similar morphology artd

Figures 16-lent
Scanning electron micrographs ot C o>rvuufax ucaterrclla. Fig, 16, Dorsal view of
older cell with intercalary growth evident. Note plate 3" shows intercalary
growth along two of its faces on the organism's left side, X1410. Fig. 17, Dorsal
viev of younger cell showing no intercalary growth along margins of plate 3".
Note hypothecal Hanges along plate margins, X]530 Fig 18, View of epitheca and
apical pore. X1390. Fig. 19, View of hypotheca, Note flanges along plate margins
especially near sulca1 region, X i 400.



position. The open end of the U is directed toward the sulcus. The U-shaped
nucleus is in the same plane as the cingular groove and not as figured earlier
�5!. These data are in contrast to the Figu~e of a Flattened sphere  Figs. 2C,D!
given originally lor G acatetrelia �!.
The appearance of the plastids, plate tabulation  Figs 1E-J! and toxicity of

Pyrodiniurrr photreus �3! are characters in common with isolate 426. For these
reasons we believe it is a species of Gorryaulax related to the G. acaterrella-G.
tamarensis group. The nucleus of P. yhonews was figured as a small sphere,
located slightly below the cingulum; it appears to be out of proportion for a
dinofiagellate cell. 4'e believe that P. photreus may possess a U-shaped
nucleus.

Temperature

The three cultures were tested at three temperatures; ll, 16 and 21 C,
Strains 173a and 429 grew well at all three temperatures with the shortest
generation time, 3 days, at 16 C. Strain 173 did not grow at 11 C and grew
hest at 16oC with a generation time oF 6. 5 days. Forms assumed by others to be
identical to G. tamarensis var, excavafa occur in tropical waters of about 27�
ZS"C and 35.5 - 35.9 o/oo salinity �6,26! and are therefore different from the
strains studied by us.

Bioluminescence

By visual observation isolates 429 and 173a are bioluminescent and isolate
173 is not.

These results were confirmed and quantified using a photomultiplier
photometer, The following values of biolurninescence expressed in quanta/cell
were obtained:3.1 x107 for Gonyaulax polyedra, 8.3x 10 for isolate 429 and
4.0 x 105 for isolate 173a, No bioluminescence was detected in isolate 173 at a
cell density of 3563 cells/ml and at the most sensitive settings of the instrument.
Under these conditions bioluminescence would have been detected if cells of
isolate 173 emitted as little as one ten thousandth the biolurninescence of C.
polyedra cells.

CONCL US1ONS

The obvious question to ask is: do isolates 173, 173a and 426 represent
previously described species or new Formsl

English isolates

Two isolates �73, 173a! both previously determined to be G. tamarerrsis
from its type locality region are distinguishable on the basis of presence or
absence of a ventral pore, temperature optima and bioluminescence. We Feel
they represent separate species. On the basis of a sketchy original description



g any physiological data �!, we cannot know whether $73 or ]73a
more closely iesembles the typical G, tamarensis, Morphologically isolate 173
is distinguishable from 173a by the presence of a ventral pore, Lebour �! co uld
have overlooked such a pore. In view of the absence of a history of paralytic
shellfishsh poisoning in the Tamar River Estuary �4! it is reasonable to assume
that thc form Lebour described was non-toxic, As toxicity has not be n
associated with isolate 173 we propose to emend the description of Gonyaatax
tainarensis to encompass the characters of isolate I73, Isolate 173 has been the
subject of several publications in which it was assumed to be G. tainarensis
thus making it a more suitable choice than 173a in our opinion. To determine
the identity of isolate 173a will require further studies, It would be most
interesting to know if isolate 173a is toxic.

American forms

All available evidence including bioluminescence, the presence of two toxin
tractions, and morphological similarities, suggests that the Eastern Canadian,
New England and northeastern English toxic Gonyaulax are identical.Braarud
�! included the Gulf of Maine-Bay of Fundy material in the circumscription of
Gonyanlax tamareiisis var. excavata. Isolate 426 conforms to the descriptiori
ot G. tarn are>isis v ar, excaua ta �!. I'or these reasons we believe
Braarud's variety represents the New England form, We do not consider it to
be conspecific with typical G, tarnarensis  here considered to be represented by
isolate 173! because it is toxic, bioluminescent, has a lower temperature
tolerance and lacks a ventral pore. G, tarnarensis var. excavata Braarud was
elevated to specific status �6!. We agree with this and consider the New
England form to be Gonyautax excavata; however we do not agree with
Balech's �6! circumscription of G. excavata for the following reasons. Balech's
illustrations  Figs 2G-L! and description do not conform to those of Braarud �!
 Figs. 1K,L!, Balech's specimens have the nucleus in the epitheca, possess a
ventral pore, are smaller in size  Table I! and come from high salinity, tropical
waters �7.3-2B.1 C; 35.6-35.9 o! oo �b!. A similar form called G, tamarensis
f, excavata was reported off Florida �7-28oC; 35.5 o/oo! �6!. We believe that
the specimens figured by Steidinger and Williams �6! and Balech �6! represent
an undescribed tropical species which is not conspecific with temperate G.
tamarensis var. excavata. We conclude that the Eastern Canadian, New
England and northeastern English toxic dinoflagellate is Gonyaulax excavata
 Braarud! Balech, 1971, as originally described by Braarud �! A similar
conclusion has been reached for the northeastern English toxic organism �4!.

I!ttestern Canadian form

G. acatertefla is readily distinguishable from G, tamarensis and G excavata
by the possession of numerous and pronounced flanges on the hypotheca  Figs.
15, 19! and chain lengths of 4-6 cells �8!, Isolates 173, 173a, 426, 429 have



not been observed to form chains of six cells. A major dinoflagellate toxin
dissimilar to saxitoxin has never been reported from Western Canadian
material although such a dissimilar toxin has been reported for Eastern
Canadian material and New England material �, 6!. The above morphological
and physiological differences lead us to the conclusion that G. acatenel]a is a
valid species easily distinguishable from G. excauata and G. tamarensis.

Belgian form

On the basis of the appearance of plastids, plate tabulation and toxicity we
propose to transfer Pyrodirtium phoneus to the genus Gonyaulax IGortyaulax
phoneus  Woloszynska and Conrad! comb. nov. basionyrn: Pyrodinium
phoneus Woloszynsk.a and Conrad, 1939, Bull, Mus. Roy. Hist. Nat, Belg. 15
�6!- 3-5, text-figs. I-12J. This form has been considered to be synonymous
with G. ta>uarensis var. excuvara �7!, however, we believe that the
description of G. phoneus comb. nov. is insufficient to draw a conclusion,
Future studies

Most of the isolates we have studied appear morphologically similar, but
they possess distinct physiological differences. We believe that further
investigations will reveal more morphological and physiological differences
between the isolates. Demonstration of genetic or mating barriers would aid in
defining species. Our observations on fusing cells and the recent detection of
genetic recombination in dinoflagellates �8! indicate that a genetic analysis
may be possible. The technique of DNA-DNA hybridization applied to these
isolates is perhaps more feasible and could be used to determine relatedness,
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ABSTRACT

Quantitative data for the species composition of dinoflagellate red tides
which l have observed during the last 25 years in southern California and
elsewhere are presented, One species is usually markedly more plentiful than
any other. Gonyaukrx polyedra and Prorocentrum micans have been the
dinoflagellates responsible for red water along the coast of southern
California. Near Madang, in New Guinea, l observed red tides of Conyaulax
polygramma, Pyrodinium babamense f. compress@ Bohrn, and the blue-green
alga Trichodesmium, and at Oyster Bay, Jamaica, red water caused by
Pyrodinium bahamense.

Red water typically is restricted in its distribution, both vertically and
laterally. Water collected within a red patch containing large numbers of
Prorocentrum was shown to have growth-promoting properties for this species
in culture, while water from outside this patch did not, The vitamin B
content of both samples by Euglena bioassay was identical, 0,02 rrgxg ml
and Prorocentrum cells from these water samples both contained 0.7 tnt
mg ~ dry weight, Sea water collected at a titne when there was no red tide
contained much smaller amounts of vitamin B12, as dM Prorocentrum
cultured in rnediurn made up with this sea water. Thus Prorocentncm may
accumulate this and perhaps other organic rnicronutrients in excess of
immediate requirements No evidence was obtained for toxicity of Gonyaulax
polyedra, either in red water or in culture.

INTRODUCTION

"Red tides" are spectacular phenomena when the sea turns the color of
tomato soup because of the presence of large numbers of organisms, often
dinoflagellates,containing orange or red pigment, When the species responsible
produces a toxin, aquatic animals may be killed. The longest series of
observations of red tides in the world is probably that at La Jolla, California.
Between 1924 and l94S, Allen �-$! documented 5 red tides there, two caused
by Prorocentrum micans in 1924 and 1933, and three caused by Gonyaulax
polyedra in 1938, 1942 and 1945, My observations of this interesting
phenomenon at La Jolla began in 1949 and continued until 1961. I have also
been privileged to see red tides in Oyster Bay, Jamaica and near Madang in
New Guinea, and, since 1967, in the vicinity of Santa Barbara, California.
After my departure from Scripps institution of Oceanography, others
continued observations of red tides there  9!,

QUANTITATIVE DATA WITH REGARD TO DATE, LOCATION AND
SPECIES COMPOSITION

Celt counts of the red tides which I have observed personally  Table I! show
clearly that only a single dinoflagellate is responsible for the discoloration of
the sea at any one time. The only exception to this generalization was in 1961.
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Red tides observed by the author
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The dominant organism was accompanied by a mixture of other
dinoflagellates, relatively few in number. It is remarkable that only two
dinoflagellates, Goriyaulax polyedra and Prorocentrum micaris, have been
responsible for every red tide I have seen off Southern California, yet the
nutritional requirements of photosynthetic dinoflagellates, as determined in
culture, appear to be similar, and no special features distinguish either
Goriyaulax potyedra or Prorocentrurri rriicarts, as far as we know. Indeed,
accompanying organisms are almost exclusively dinoflagellates  Table I!, in
California a mixture of Ceratium deris, C. furca, C. fuses, GyrrirIodi«'arri
splerideris and a number of species of Peridiriiurrt, which suggests that
conditions are generally favorable for the growth of dinoflagellates at times
when a red tide develops.

Although there have been exceptions  9!, red tides typically occur in the
summer in S. California, Prorocentrum red tides somewhat earlier than those
in which Gortyaulax is the dominant organism. In Oyster Bay, Jamaica, red
water persists during the entire year, and the organism responsible for the
discoloration of the water, and incidentally for brilliant displays of
bioluminescence, is Pyr odinium baharnerise- In New Guinea on Kranket Island
near Madang, large numbers of a similar Pyrodim'um bahamerise f. corrlpressa
Bohml were seen in October, 1969, during the "Alpha Helix" expedition to
New Guinea. The more open Bostrem Bay near by developed a deep orange
color at the same time, but here Gonyaulax polygrarrirna was responsible. In
the open sea off Madang�a third red tide was observed, due to large numbers
of Trichodesrriium sp. This organism is a red blue-green alga, not a
dinoflagellate. All the rect tides observed in California and in New Gumea
 Table I! occurred during the dry season, so run off from the land does not
seem to be an important factor in the development of a red tide.

In 1958, 1971 and 1974, red water appeared first in the southernmost part of
the California coast, as far south as Ensenada, Baja California in 1958, and
progressed northwestward up the coast over a period of several months.
Although water generally moves north along the Southern California coast, it
is not known whether the organisms or only the favorable conditions moved
northward. However, in La Jolla in 1952, plankton samples were collected
from Scripps pier every day. Samples for each week were combined and the
number of Proroceritrurn in these samples was counted after a red tide of
Prorocerttrurrt occurred in July  Fig. I!, The increase in the number of this
dinoflagellate between May 26 and July 10th could be accounted for by a
growth rate of 0.3 divisions day 1  broken line, Fig. 1!, in good
agreement with growth rates measured in culture. Thus it is not impossible
that the red tide developed by cell division of the local ProrocertirurrI
population.

The author is indebted to Dr. Enrique Balech for the identification of
the Pyrodiruurrt and Gonyauhx from New Guinea.
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Ftgure 1: The number of Prorocertrrurrt ttticutts in water samples collected from the pier at
Scripps Institution of Oceanography in May-July, 1952. Samples were coIIected
daily. One rnl samples for each day of a week were pooled and counted to givethe average number of cells for that week. Red water was observed on July 7-11,
1952. The dotted line is the calculated growth rate of 0.3 divisions day



The organsirns collected during red tides were motile and appeared to be in
good condition. The number of bacterial colonies growing on plates inoculated
with red water collected asept~caily by Donald I.ear at La !olla, 7/26/54, was
not higher than usual; less than 50 bacteria ml . During the last few days of-1

red water on several occasions in Santa Barbara, large numbers of resting
spores of Gonyaufax were observed.
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Table 11

Prorocerttrum trtirans, cells ml in surface water inside and outside red
water patches, La Jolla, California

Cells ml 1
Inside red patch

Cells rnl 1
Outside red patch

Date

7/10/52

7/11/52

7/21 /52

7/26/54

1350 240

4402456

BIOLOGlCAL PROPERTIES OF RED WATER

During the red tide of 1952, water samples from inside and outside a red
patch were tested for promotion of the growth of Prorocerttrum rrticans irt
culture. Both sea water samples were filter-sterilized and then added as a
supplement to mineral~ched aged sea water medium. Water coHected

1<ed water is usually restricted to discrete patches, the edges of which are so
distinct that it is possible to locate them even from a small boat. The same
organism is found outside as well as inside these patches but in much lower
numbers  Table III, On three occasions when samples were collected from
different depths in a red patch during the day, large numbers of the organism
responsible for the discoloration of the water were only found in the top few
meters  Fig, 2!. Dinoflagellates other than the most common species were
evenly distributed with depth, down to 10-15 m. In laboratory cultures,
Prorocentrunt mirarts and Gortyaulax polyedra are only weakly photatactic,
but there is evidence for their vertical migration in the sea �, 9!. Red patches
have been observed to disperse at night and reform in the mornirtg  9!,
possibly through phototaxis. However, the sharp horizontal boundaries
cannot be explained by phototaxis and may mark the separation of two
distinct water masses.
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Bgure2; The distribution of red tide organisms with depth: Gonyautax potyedra,
Ensenada, B.C. 6/18/58  X!; ProrocenMm mica~. La JoBa, Ca, 7/10/52 �!,
and 7/11/52   J. Accompanying dinoRagellates: on 7/10/52 Cerarium de"s. 100
ml, C. furca, 100 ml 1, Peridiniutrt sp, 100 ml, on 7/ll/52, C. d~, 10 ml-1.
C, furca, 10 ml, Peridt'mum sp, 10 tnl at all depths. Samples ~ere collected
during the day.

inside a red patch promoted the growth of the Prorocenrrurrt, while water from
outside this patch was only slightly growth-promoting  Table ill!, Boiling the
water samples abolished all activity.

Since dizoflagellates require an external source of vitamin B12, the
possibility that this vitamin was responsible for the growth-promoting activity
of water from the red patch was explored. Vitamin Byp was detected by
Et'galena bioassay in sea water from both inside and outside the red patch, but
both samples contained the same amount of vitamin 8~2, 0.02 ming rnl
Prorocerrtrurrr cells, removed by filtration from the two water samples, were
also similar with respect to their content of vitamin l3y2, O-7 nor g mg
weight or about 3 rr~g tn lW cells. This value was kindly corroborated by
independent assay carried out by Dr, David Hendlin of Merck and «
vitamin B~2 could be detected in the aged sea water collected bdore th««
tide, and very little in bacteria-free Prorocert trurrt ~i«~ grown '" m'+u



Table ill

Growth promotion of Prorocentrarn rnicans in culture by filterwterilized
sea water from inside and outside a red water patch, 7/10/52-

Basal medium: aged sea water supplemented with nitrate, 2 mM, phosphate,
0,2 mM, FeC13, 0.05 rnM, EDTA, 1 mg. l-1 and micronutrients  Amon's
A487!, Natural illumination, 20 C. lnoculum: 0.05 ml; medium: 5 ml,

5% sea

water from

outside

red patch
boiled

1 min.

4% soil 5% sea 5% sea
extract water from water from

inside red outside

patch red patch

Supplemen t: 0 5% sea

wa ter from
inside red

patch,
boiled
1 min

Yield, cells ml 1 0 19670 16000

THE QUESTION OF TOXlCITY

Since Gonyaulax catenella is known to produce saxitoxin �, 10, 11!, the
possibility that Gorryaulax polyedra might be toxic was examined, although
no mass mortality of any kind was observed during any of the red tides listed in
Table I, Samples � 1/2 or 2 liters! of the Gorryarrlax red tide in June and July,
1958, were transferred to Fernbach flasks in the laboratory at Saipps

made up using this sea water, 0,13 mug in 106 cells in one culture  assayed
3/31/53! and none in another  assayed 2/9/53!.

Considered together, these observations point to the existence of a
growth-promoting substance or substances, present in the red patch and
absent outside it. It is unlikely that inorganic macro- or micronutrients were
responsible for the growth promotion observed, since the assay rnediurn
contained P, N, Fe and rnicronutrients. Vitamin B12 does not seem a likely
candidate, since there was no difference with respect to this vitamin either in
water samples or cells from inside and outside a red patch. However the higher
vitamin 812 content of Prarocentrurn from the red tide, as compared with the
same species in culture, suggests that these cells can accumulate an excess of
this and perhaps also of other organic micronutrients. The accumulation of
growth factors in excess of immediate needs and the observed progression of
red water northward along the coast of California raise the possibility that the
initiation of a red tide may be distant, both in time and in space, from its
realization.



Institution of Oceanography, and aerated gently. Sea water collected durbanthe previous winter and laboratory cultures of Gonyaulax pofyedrp served a,controls. Two anchovies or two red crabs 2  Pleuroncodez y e<p'pcs!introduced into each flask, and the behavior and survival of these animalswere observed for several days, Neither the naturally occurring nor thecultured Gonyaulax pa yedra showed any evidence of toxicity under these
conditions.

The author wishes to acknowledge the collaboration of Carl Boyd in these
experiments.
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ABSTli ACT

The so-calleci ' phosphorescence" of the sea is due in very large measure to
the bioluminescence of dinoflagellates, which are virtually ubiquitous in the
oceans of the earth. Many of the red tide species of dinoflagellates are
luminous, but not all. This is also true for dinoflagellates generally; perhaps
one half are bioluminescent. Many dinoflagellates exhibit circadian  daily!
rhythmicity in bioluminescence demonstrated in both laboratory and field
studies. Many other physiological systems are subjected to circadian control, a
fact of significance with respect to dinoflagellate physiology in general. Light
emission by individual cells is typically exhibited as a brief  O. l sec! bright �0 7

to 1010photons!flash, which occurs upon mechanical stimulation, mediated by
a propagated cell membrane action potential, ln extracts subcellular particles
can be isolated which are capable of emitting a similar flash following a pH
jump from 8 to 5,7. It is postulated that the in vivo flash is the result of a
transient change in permeability to H' ions in the membrane of the luminescent
organelle or element.

INTRODUCTION
Awak'd before the rushing prow,
The mimic fires of ocean glow,

Those lightnings of the wave;
Wild sparkles crest the broken tides,
And flashing round, the vessel's sides

With elfish lustre lave;
While far behind, their livid light
To the dark billows of the night

A blooming splendour gave.1
Anyone who has gone swimming or boating at night in the ocean will have

seen the beautiful sparkling luminescence, the so-called phosphorescence of the
ocean which occurs after the water is disturbed. The true image of its
sometime brilliant and even spectacular appearance is difficult to capture, but
it has been well represented in poetry', prose, and painting, CoBecting
from red tides off Southern California, one sees the undulating luminescent
pattern left behind by fleeing fish, darting away as the boat approaches. World
War 11 aviators based on carriers in the South Pacific tell of the ease with
which they could relocate their ship after a mission: a luminescent wake is seen
for many miles behind a ship as a consequence of the persistent wake which
stimulates the luminescence of the cells. A submarine or a diver under water
may be equally easily located by the luminescent track. More poetic prose is
found in the record of the "Challenger" as she passed southeast of the Cape
Verde lslands2:

1Sir Walter Scott, Lord of the hles, i, 21 �815!.

2C.W. Thomson, Voyage of the Challenger, 2:85 �577!



On the night of th» 14th the sea was most gloriouslv ph q
p osp orescpnt to,idegree unrivalled in our experience. A fresh wind was blow n

s owing an every wavearid wavelet, as tar as one could see from the ship on all side t th
» es to t e istanthorizon flashed brightly as they broke while above the horiz ~n

nf ut visible i, 'hite light, As'tei rl of the ship, deep down
wa'ter. glowed a broad band of blue, emerald green light, from > hich came
st i i'a ming up, or floated to the surface, my r iads ot yellow sparl

i ilia

mingle<i and died out astern far away in our wake. Ahead of the shi
the old bluff bows of the "Challenger" went ploughing and churning througl
tile ~a. there was enough light to read the smalle~t print with ease, lt was as if
thi "Milky Way" as seen through a telescope, "scattered in millions likeglit.tering dust" had dropped down into the ocean, and we were sailing through
it.

For many years the origin and nature of the "phosphorescence" of the ocean
was debated �0!. Descartes thought that when a wave hits an obstacle, the
agitation imparted to the particles of salt caused them to separate from the
particles of water and to "generate sparks" similar to those emitted by flint.
Over the years, many other ideas and variations thereupon were put forward
including theories involving electricity, phosphorus and putrefaction.
Although many serious students were concerned with the question, including
Robert Boyle, J. J, D, de Mairan and Benjamin Franklin. it is significant that
none of the great rnicroscopists of the period recorded any interest or3

observations concerning the phenomenon. It was thus not until the late part iit
the eighteenth century that luminescence of the sea was definitely attributed to
living organisms, and even then dispute continued, both as to whether or not
all cases could be so explained, and how living organisms are capable of
emit ting light

The first definitive demonstration that dinoflagellates are luminous is
attributed to G A. i4'1ichaelis in 1830; the tact that the~e dinoflagellate» are
clearly responsible liar the sparkling luminescence of the sea can be credited t»
him and to C. G. Ehrenberg �0!.

ORt' A%I'%MS: LUMIRESCERCE AVD RED TIDES

Although it was suggested bv Kofoid  as quoted in Harvey ]9!,p. 1 4l that
all dinoflagellate species might be luminescent, this is definitely no  the case.
Sweeney �4f reported that only about one half of the species which she
isolated andi'or cultured in La Jolla were luminous. Similar proportions were
found in observations which included aciditionaI species t32>: �3f; t48>; al! of
these are summarizeclb> Schmitter  '36!, by Esaias �4L and by Tett and Kelly
Marcello Malpighi  ]628-j694!, Jan Swamrnerdarn�629-1682!, Antony van

Leeuwenhoek �632-1723!, Robert Hooke �635-1702!, and Nehemiah Grev'
�6]4-1712!.



�91. Fr<im this it can be seen that many dinof!age!!ate genera comprise both
!uminous and nor<-!urn<nous species. In the genus Peridinia<n there are many
luminous and only a few non-luminous species, while in Ceratium the
converse pertains. !n Gonyai<lax afl species which have been studied are
recorded as luminous, while in some genera  Gyro<i>niutn! there are no
reported lumir<ous spe<.ics. Xoctiluca ni!'iiaris includes both luminous and
r«m-luminous varieties �0!, although it might be that the two should be.
c!assifie<j as ddferent species.

Although several of the red tide organisms are also bio!uminescent, this .
ability is not associated with a!t red tide species. Along the southern part of the
U. S. West Coast, from Santa Barbara southward, Gonyau!ax po!yedra,
which is brightly luminescent, has been responsible for many of the red tides.
But Prorocentrurn rnicans, recorded by Sweeney �4! as non-luminescent, has
also bloomed. Farther north, Gonyaulax catenella, also a luminous species,
appears to be the one most frequently involved. On the East Coast in the Gulf
of Maine, another luminous Gonyaulax species, G. tatnarensis4 is invo!ved,
while along the west coast of Florida the non-luminous Gyrnnodiniurn breue is
the red tide species. The many apparent!y sympatric dinof !age!late species
which occur in the same regions must have physiological and!or nutritional
features which distinguish them with regard to their growth and behavior in
giving rise to red tide blooms, but these features have not yet been elucidated.
A!! in al!, however, there have been very few studies of the Fundamenta!
biological and physiological properties of dinof!age!!ates,

FUNCTION OF �!OLUMINESCENCE IN DINOFLAGELLATES

There is no generally accepted explanation for the role of bioluminescence in
dinoflagellates, The question is brought into focus by the fact that there are
closely related, inc! uding some presumably sympatric species, some possessing
and others lacking the ability to luminesce. A reasonable hypothesis is that the
sparkling luminescence of the water confers a selective advantage on the
population as a whole, and that selection towards a greater percentage of
!uminous members is not so strong once the luminescence of the water is above
a certain !eve!. A specific suggestion along these lines is the burglar alarm
hypothesis: the presence of a herbivore grazing on the dinoflagel!ates would be
revealed by their luminescence, thus giving an advantage to the predators of
the herbivore and thereby contributing to the survival of all the
dinof !age!!ates, luminous or not �!. However, Esaias and Curl �5! presented
experimental evidence showing that there was less grazing on more brightly
luminous members of a population of a given species, both being derived from
the same clone. Brighter and dimmer members were obtained by mixing
labeled populations obtained from diFferent times oF the day, or by inhibiting
the ability to luminescence of one part of a population,

4However, see the contribution by Loeblich and Loeblich in this volume.



IN VIVO LUMINESCENCE

Red tides of Gcirtyaztlax polyedra often involve the formation of distinct
patches, an accumulation of the organisms in high numbers - up to 106 or 107
cells per liter. This is perhaps one hundred times greater than the population
density in the water outside the patch, only a few meters away. At night in a
boat one may in fact be startled by the sudden increase in luminescence from
the wake as one crosses into such an area. Several field studies of
bioluminescence and dinoflagellate populations have been reported which deal
with various aspects of this matter, such as day-night and seasonal patterns of
luminescence, mapping, and dist ributrion of organisms as well as
accumulation mechanisms �7, 38, 39, 40, 41, 42, 4, 43, 32!.

The luminescence of the individual cell  Fig. 1! commonly occurs as a
discrete flash, which occurs upon stimulation and lasts only a fraction of a
second �1, 25!. Depending on species, between 107 and 10 0 quanta per10

cell are emitted per flash �, 39, 49!, ln G. poiyedra at 9 the half
decay time is about 50 msec  Fig. 1!. The temperature coefficient is about 20

tri
C tt>

C crt 100 200 300 100 200 300
Time  milliseconds!

Figure 1: Comparison of in z»vo and in vitro flashes from Gonyaulax tiotyedra at about
l0 C. Ordinate: Light intensity in arbitrary units, the two having been
normalized. Abscissa: time in milliseconds. The decay of light intensity is
accurately exponential in both cases, with first-order rate constants of 9,8 and 9.6
sec 1 respectively The in vivo flash was recorded from a culture placed in front
of a phototube, stimulated mechanically by tapping hghtly on the housing, The in
vitro flash was obtained by mixing, in the stopped-flow apparatus, scintillons
suspended in assay buffer  pH 8.2! from one syringe and 0.03 N acetic acid from a
second syringe. Rise times were also the same - about 40 msec to the peak.

239
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This figure illustrates the similanty between the coLor of light emitted by isolated
scintillons and by living Gonyautax ceHs. The spectra were obtained using a small
Bausch and Lomb monochromator with a second photomultiplier at the entrance
slit to monitor the intensity of the incident light. No corrections for phototube
sensitivity and monochromator efficiency have been made.

kcal, so that the half decay time isabout ZQ msec at ZO  g 8! The color of the
light is a deep blue, peaking at about 475 nrn  z 3Q! Fig 7!

Individual cells will give additional flashes upon repeated stimulation.
Extensive physiological studies with isolated individual cells have been carried
out by Eckert and colleagues  9, >1, 12! using,goctiluca miIiaris, the giant
naked dinoflage]late, They were able to stimulate electrically, to demonstrate
the existence of a conducted action potential which serves to trigger the
bioluminescent flash, and to show that the light comes from discrete and



microscopical]y resolvable spots, which they referred to as "rnicrosources". In
Qozyuu/pp an excellent experimental analysis of the sens>tivity of individual
cells tn mechanical stimulation, which is of course the natural mode for
triggering biolurninescence, has been provided in the paper of Christianson
and Sweeney �i.

Dinoflagellates also emit light even if they are not stimulated  Sweeney and
Hastings �71. lf a cell suspension is left undisturbed in front of a sensitive
photomultiplier, a record such as shown in Figure 3 is obtained. The closely
spaced vertical lines are due to flashing, which may result from cells bumping
intn one another or into the side of the tube. It is not due to =xternal
stimulation  bttilding vibrations, etc.!, hut it may be truly spontaneous. or
related to swimming and flagellar movement.

A second form of bioluminescence emission is also evident. A gradual rise
and fall of the baseline on the record results from a steady light emission or
glow, The cause for this is not yet known; quantitatively it represents only a
small fraction of the number of quanta which the cell is capable of emitting.

CIRCADIAN RH YTHMS OF LUMINESCENCE
t

The record of Figure 3 was made under constant conditions, the culture
being maintained all the while in the dark within the phototube housing at 23o.
The second glow peak recurred about 24 hours after the first. A similar rhythm
in flashing frequency can also be seen in the record,

Figure 3: The spontaneous biolurninescence of Ganyaulax po]yedra, measured from vial of
cells  approximately 10 cells ml ! kept in the phototube housing in the dark in
front of the phototube at 23, Ordinate light intensity, baseline was offset;
abscissa, time one division equals 20 min. Span of record, about 34 hours. The
smooth rise and fall is due to a steady glow, the peaks heing about 24 hours apart.
The vertical traces are due to flashing-
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Figure 4: Persistent circadian rhythm of stimulated luminescence of Cortyaulax. first under
24 hour light dark cycle  top! followed by conditions of constant light intensity
�00 foot candles! and constant temperature �1 C!. where the period was about
24 1/2 hours. Ordinate. total luminescence obtained upon mechanical
stimulation of an aliquot, Absassa, time.

The biology of the arcadian rhythm in Gortyatslax polyedra has been
extensively studied utijizing both the "glow" rhythm and the rhythm of
"stimulated" biolurninescertce, i.e the toal amount of light which can be
obtained from a culture by mechanically stimulating to exhaustion  Fig. 4!.



These studies �7, 26, 22! ave ser ed to establish and illustrate the ba
clock-like properties of circadian rhythms;

j�Persistertce: the rhythm continues for man d
unuer constantconditions with a period ~l~~e to but not exactly equal t 24

ua to nours  rjg. 4!2. Temperature compensation: the period or frequencyrequency is not greatlydifferent at different temperatures within the physio]pgjca]slo ogica range,Phase Iabiiity: 'the phase of the rhythm may be shifted under the influencof environment periodjcities, jl]ustrated jn Figure 4 for a chang I' hor a c angein jg tintensity,

In most attempts to dissec'[ and understand the mechanisms invp]ved jn
circadian rhythms it has been useful to distinguish the timing mech n~~ and
the controlled physiological processes: the clock and i[s hands. ]n GopypuI+z
and Probab]y other dinoflagellates there are a$Pects of the ce]l $ ph Qp]p
other than luminescence which are rhythmic, notably ce]l djyjsion �7!
photosynthesis �7, 28!. Any fundamental investigation of the physjolo~ a�d
biochemistry of dinoflagellates involved in red tides must be done wjth full
cognizance of these rhythmic aspects of the ce]].
The nature of the rhythmic mechanism itself has eluded descrjptjon even jn

most general terms. �9, 24!. Most investigators believe that circadian rhythms
are generated by a cellular biochemical system and that, thpugh the detaj]$
may vary from species to species, some fundamental mechanism is cornrnpn to
all. Two conceptual]y different approaches have emerged. One conceives of
the mechanism as a "tape" with discrete biochemical events occurring in a
strict sequence, In molecular terms this has been interpreted as sequentia] gene
expression: transcription of DNA proceeds, one gene at a time, at a controlled
rate, as described most explicitly in the chrorton model of Ehret and Trucco
�3!, Another approach conceives of the rhythmic mechanism as a
biochemical network with self-sustained oscj]]atjpns arising from feedback
within the biochemical system �5!. A recent model �4! proposes that these
oscj]]ations involve membranes where ion concentrations across membranes
and membrane ion transport channels function as a feedback system to
genet'ate self-sustained circadian oscillations in ion concentrations, which in
turn control the physiological rhythms.

Ihl VITRO LUMINESCENCE: THE pH TRIGGER

The biochemical basis for dinoflagellate bjo]uminescenoe is also dual in
nature. In parallel with the glow and the flash of the living ce]], extracts also
have two comparable emission modes. Extracts in buffer at pH 8 thus contain
two classes of elements. Let us consider first those responsible for a "g]ow".
]o]lowing high speed centrifugation, the solub]e supernatant contains an
enzyme  Gpnyaulax luciferase! and a substrate  Gomyumdaz luciferin! which
when mixed with oxygen at pH 6 to 6.6 will give rise to a long-lasting light



emission whose half decay time may typically be between 2 and 20 minutes.
l his reaction is somev hat unusual in its dependence on pH: it cuts off sharply
at pH i and is virtually zero above 7.5. The substrate also exhibits unusual
behavior as a function of pH. An estimation of its molecular weight by gel
filtration gives a value of about 100,000 even though the partially purtfied
luciterin, which is fully active in the assay at pH b.6, has a molecular weight of
about 500. The explanation is that there is a substrate binding protein which
binds the substrate tightly at pH 8 but not at b.b �6!. The pH activity profile is
thus attributable to the cc ncerted action of the two proteins. When the pH of
an extract is adjusted from 8 to 6,6, the luciferin, released from its binding
protem, reacts with luciferase, which is now active at this pH.

The sedtmented particulate matter from the extract referred to above
possesses the potential for bioluminescent flashing. The active particles are
referred to as scintillons �!, but earlier indication that they are associated with
guanine crystals �0, 8! has now been shown to be incorrect �8'. However, a
definitive identity of the subcellular structures involved is not yet available
�6! even though they can be purified by sucrose isodensity gradient
centrifugation.

The activity of scintillons can be evoked by a pH jump from 8 to 5.7; this
results in a flash which closely mimics the Hash of the living cell  Fig. 1!.
Although the molecular elements of scintillons are not lost by dilution or by
washing, treatment with high salt or with detergents results in the differential
removal of the luciferin-binding-protein or the luciferase respectively �1!,
Also, scinttllons which have been "discharged" by a pH jump can be
"recharged" by readjusting the pH to 8, adding purified  free! luciferin, and
allowing a time for it to be taken up by the scintillons. A second pH jump
results in a second flash very similar to the first �7!.

The model for in vivo luminescent flashing �1! thus envisions a poised state
in some particle or vesicle in which luciferase is localized adjacent to a
substrate carrier protein, both elements having highly asymetric pH profiles. A
membrane change which occurs as a consequence of stimulation results in a
transient pH change; substrate is released and each luciferase molecule is
charged with a single substrate molecule, the ensemble providing a flash
derived from the concerted reaction of many or all luciferases operating, in
effect, insynchrony, The duration and kinetics of the flash are detertnined by
and identical wi th the turnover time, i.e. a single catalytic cycle which, it should
be noted, is relatively long, The model explains how a luciferin-luciferase
reaction which in solution produces a glow can be integrated in a subceilular
fraction which then can be triggered to flash with rapid and specific kinetic
properties.
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Many estuarine and neritic dinotlagellates, tncludtng species that cause
red-tides. incorporate an encysted stage in their life cycles. These cysts are
morph<~logical!y distinctive and Jtffer from the planktonic flagellated stage.
They provide the taxonomist with a supplemental set of characters with which
to evaluate the classification of dinoflagellates. Initia'I results of theca-cyst
studies indtcate that important taxa such as Gonv~ulax Diesing 1866 are
genetically heterogeneous and therefore of limited systematic significance.
Species-complexes within Gortyaufax are more meaningful as genetic
groupings of closely related organisms and more effort should be devoted to
defining them and examining the life cycles of their constituent species in
connection wtth red-ttdes.

lM RODUCTIQN

Red-tide and toxicity phenomena that are associated with the dinoflagellates
are caused by the motile biflagellated stage in the life history and most of our
knowledge of this group, inclusive of its taxonomy, is derived from this stage
in the plank t«n, However, many dinoflagellates that produce red-tides,
including the toxic one», are coastal neritic species and their life cycles
incorporate an encysted stage. This encysted stage is not directly responsible
for the red-tide, nor are the cysts known to be toxic, but they play a significant
role in the total ecology of these neritic species by serving several important
functions, First, being non-motile, the cysts settle to the sediment substrate to
over-winter and thereby ensure repopulation of the same area where the
plankton bloom occurred. Second, the cysts become dormant and have a
ripening period before "germination"  excystment! and so they act as timing
devices that control the time of repopulation, Third, many cysts probably are
associated with reproduction of the dinoflagellate species and facilitate genetic
recombination although this is not well documented as yet. Fourth, because
encysted stages are dormant and resistant to damage and predation, they aid in
dispersal and migration of the species. Fifth, being encysted probably enables
the organism to survive in any one location over the relatively long time
periods of several months and perhaps even several years through conditions
that would destroy the corresponding motile state. Consequent!y, encysted
stages potentially contribute to red-tides by enabling the causative species to
repeatedly occur in the same local region year after year  even if the Flagellated
stage is temporarily absent in plankton for several months>, to re-appear at
approximately the same time of year, to invade previously unaffected areas by
cyst dispersal and may contribute to the intensity of initial stages of a bloom
dependent on whether the cysts are abundant in sediments or scarce in the
region,

Despite these seemingly important considerations, the encystment-
excystment cycle in dinoAage!lates has not been expressly studied in relation to



any specific red-tides or related instances of paralytic shellf' l
Details of the cyst cycle have been accumulated independ

en ent y ot reu-tideresearch however, and presumably they are applicable to this r bl d l
stimulate investigation of red-tide and toxic spec;es alo~ctes a ong simhar tines.Recently some advances have been made in understanding the

e genetic natureof dinoflagellate cysts and, in the field of systematics, ef forts have b
to identify cyst-producing species, determine their cyst mpr h lo
reassess some taxonomy of dinoflagellates from this relatively new v'i e y new viewpointThese are briefly discussed here,

Nature ar d ubiquity of dirtoflageBate cysts

Encysted dinoflagellatcs were discovered in the late 1600's in freshwater
species but whether they function asexually or sexually still is not known for
the majority of species. Recently, von Stosch �3, 14! clearly demonstrated the
cysts of Ceratiurrt co re ururrt  Ehrenberg! Claperede and
Gyrnnodittiutrt PseudoPalustre Schiller and Nfoloszynsfcia rtp<'cufptrt
Stosch are hypnozygotes lthick-waHed diploid sexual cysts! that develop from
relatively long-lived planozygotes  a flagellated diploid stage!
observations on freshwater species suggest rather pointedly that the more
numerous but morphologically comparable cysts of marine species likewise are
hypnozygotes but sexual processes have not been demonstrated in marine
rneroplanktonic species and it is necessary to refer ta them by the
non-committal terms "resting cysts" or "spores".

Efforts to identify the cysts of living species were inspired by the realization
that fossil dinoflagellates, which are very useful in petroleum exploration and
biostratigraphy, are themselves cysts �!. Detailed studies of marine cysts were
carried out using a method of cyst incubation to produce the motile stage in
culture from cysts that were isolated from marine and freshwater sediments
�1!, Cysts were identified in over 40 species included in the genera Gortyaulax
Diesing, Protoceratium Bergh, Pyrodiniurrt Plate, Pyrophacus Stein,
Peridinium Ehrenberg Dipfapsafis Bergh, Diplopsalopsis Meunier, Dipio-
pel opsis Pavillard, Scrippsiella Balech and Ensicuh'fera Balech'�,7,8,9,10,12!.
Other studies Q! demonstrated that cysts of Cortyaulax and Protoceratiurrt
are abundant on marine continental shelf and inshore sediments and reference
other work on this subject. Davey  loc. cit.! found cyst densities in the order
of 10 per gram dry weight of sediment in the region of southern South Africa
and comparable abundances of cysts apparently are common in many other
regions too.  These values are determined by palynological methods and do
not distinguish between viable and dead cysts, i.e. empty cyst cases are
included!.

The cyst walls of many marine and some freshwater species are compose of
a sporopollenin-like substance. Sporopollenin is an oxidative p ly~ of ~
otenoids and is a substance that has great stability and resistanc«o ~y f l-
Others, like the cyst walls of freshwater Ceratium hfrundfste>> a~ ~"u ~'



and more rarely the outer cyst wall is composed of calcite �2!. The
sporopollenin «yst wall may be single or double layered. Usually in bilayered
cysts the two layers are virtually inseparable, but occasionally inner and outer
layers enclose a pronounced cavity. All the sporopollenin cysts have a
germinal aper ture which is termed an archeopyle �! and they often develop
spines, ridges, granulation and other modes of ornamentation. The site and
shape of the archeopyle and the arrangement of ornamentation often follow a
pattern that is clearly similar to that of the tabulation or plate arrangement of
the corresponding motile thecate stage. Hence similar procedures can be used in
cyst descriptions and taxonomy. It should be noted that the term "cysts" is
used for a variety of non-thecate, non-flagellated dinoflagellate cells. Many of
these are the immediate products of thecal ecdysis and these "sporangial" cysts
undoubtedly are only of temporary durability, Other cysts are coated by a
mucilaginous compound  for example, Pyrophacus horologium Stein,
Gortyaulax tarnarensis Lebour! and appear to have minor amounts of
sporopollenin associated with cellulose in their walls and they may be
over-wintering cells, These "agglutinous" cysts are very poorly known.

Systerttatic issues

Cyst morphology within the dinoflagellates is diverse and as far as present
knowledge extends is species-specific, Cysts therefore represent a new set of
morphologic criteria to add to those already utilized in taxonomy. Often they
raise questions about the validity or usefulness of existing taxa and force
re-examination of criteria that were used to define these taxa many years ago
 most dinoflagellate species and genera were designated over 40 years ago and
have never been updated as new information accumulated!. The following is a
viewpoint that has developed as a result of theca-cyst studies. The remarks are
confined to the genus Gorryaufax Diesing 1866 emend. Kofoid �! because it is
most often implicated in red-tides and has toxic species.

1. Gonyauiax is a genetically/morphologically heterogenous taxon that
merely represents a wide range of dinoflagellates with general similarity
because they possess the same approximate number of thecal plates in the same
general  but not specific! pattern of arrangement, They have the general
plate-formular 3-4', 0-3a, 6", 6c, 6"', lp, 1'"' but at the same time, other
dinoflagellates with this formula are  or were! excluded from Gonyaulax,  for
example, Pyrodirtium Plate, Protoceratium Bergh!. It is arbitrary what
comprises a protistan genus, but probably most systematists would agree that
Gortyaulax is too broadly defined to have critical taxonomic value at this time.

2. Within the genus Gorryaulax there are groups of species  species
complexes! that are in ternally consis tent in sharing virtually identical
plate-patterns and other characteristics but at the same time differ from
"neighboring" groups. Kofoid �! originally listed six such groups but at least
one more  the G. tarnarerrsis-group! must be added and a revision of others
with respect to species content is desirable,



3. Within dinoflagellate species-complexes there are dinoflagellates that
produce contrasting types of spores  i.e. different spore morphotypes!
although they have remarkably sirrular if not identical flagellated stages �!.
This means that genetically different dinoflagellates  species, subspecies, races,
varieties etc.! sometimes are extremely difficult to identify by reference to the
thecate stage alone and yet these dinoflagellates may be physiologicaIIy and
ecologically distinct. The best known example of this phenomenon is the
Conyaulax spinifera complex, �, 7. 9! wherein the cysts are so distinctive that
using the methods employed in micropaleontology  where cysts are classified
without regard to any other stage!, they are referable to approximately six
different genera, There is every reason to believe such species complexes are
numerous among the dinoflagellates and it is very advisable that future efforts
are directed towards identifying these complexes, defining how and what
species are constituent to them and studying their cyst cycles.

Species coniplexes and the toxic dinof1agellates

Many of the toxic dinoflagellates belong to one species complex, namely, the
G tan~arertsis group. These are G. tamarensLs Lebour, G. catene11a Whedon
and Kofoid, G. acatertella Whedon and Kofoid, and C. rrtonilata Howell. It is
very characteristic that in the hypotheca of these species, the posterior sulcal
platelet contacts the fifth postcingular plate �"'!, and in general, their
tabulation is more similar to that of Pyrodirrium bahamense Plate  8! than it is
to that of Gonyaulax spinifera, the type species of Gorryaulax, It is thus
noteworthy that there is a recent report of toxicity in Pyrodiniurn in the South
Pacific. Gonyaulax polyedra, another toxic species, also may in reality
represent a small species complex Cyst studies show that there are at least
three rnorphotypes developed and G, polyedra possibly is "rnultispecific".
Thus the toxic dinoflagellates of the genus Gonyaulax are not randomly
distributed throughout its numerous species, but belong to just two
species-complexes out of seven or more of its complexes. Future work on the
taxonomy and life histories of species of Gonyaulax should help to provide
information that is relevant to a better understanding of the roles that
dinoflagellates play in red-tide and paralytic shellfish poisoning.
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ABSTRACT

The present report documents the occurrence of blooms of the toxic
dinoflagellate Gonyavlax rnortilara in the ottsh<~re c<>astal waters of Iexas at
Galveston. In 197l, the first C rrionilata bl<iom was sampled on August 25,
and counts of up to ],200.000 cells'liter were recorded. Lnusual numbers of
dead and moribund marine organisms were collected subsequently from the
beachfront. In 1972, a G. trtor<ilata bloom was first sampled on August 12 and
a peak cell count of 1,880,000 cells' liter was recorded on the following day,
coincident with the deposition of many dead and moribund marine organisms
on the beach. Cell counts then declined to 280,000 cells.'liter until August 1b,
at which time the deposition of organisms on the beach ceased.

The types and quantities of organisms noted during the 1971 and 1972
blooms were quite similar. They consisted of 29 species, inc 1udirtg
coelenterates, annelids, molluscs, crustaceans, echinoderrns and fishes, all of
which were either sessile, sedentary or weakly motile, suggesting that the more
mobile species were able to avoid the area of the bloom before accumulating
lethal amounts of t<~xin, The numerically dominant species were the snails,
Pofittirrs dt<pficata and Thais haerrtasront<t. the hermit crab Crib<i»art«s
t>ittatiis, and the brittle star Mirroph<ilis atra.

Despite extensive monitoring in late july and August of 1973, no C.
mortifata were noted in the offshore area of Galveston Island, It is suggested
that the absence of the red tides during these years is related to relatively low
salinities and temperatures in the Calveston Bay drainage area during the
month of August.

INTRODUCTION

Red tides due to blooms of Cortyaulox morti f<tla are a common phenomenon
in the insh<ire coastal waters of the Gulf of Mexico. Connell and Cross  I!
reported the occurrences of red waters in Offats Bayou, Galveston, Texas, and
identified the causative organism as an unidentified species of the
chain-forming dinoflagellate genus Gortyaufax, ln 1952, Howell examined a
red water sample from Offats Bayou. He identified �! this red tide-causing
dinoflagellate as Goriya«l<tx ittottifata, which he previously had found and
described in Eastern Florida waters. Subsequent researchers Gates and Wilson
�!; Marvin �!; Marvin and Proctor �!; Ray and Aldrich �! show that
inshore summer blooms of C rrtonilrtta are common in the Galveston orea,
Counts of up to 1,000 cells per ml from Of fats Bayou in 1955 were reported by
Gates and Wilson �!.

Williams and Ingle �! reported the first documented occurrence of summer
blooms of Gottyau/ax rrtorrif<rta in offshore coastal waters. This occurred in
1966 and the resulting red tide extended from Anna Maria Island to Cape
Romano, Florida. Fish kil!s were reported in conjunction with this bloom,



MATERIALS AND METHODS

Water samples were taken from the surface in a 2-1/2 gallon plastic bucket
and returned immediately to the laboratory. Samples were then thoroughly
agitated to ensure uniform distribution of phytoplankton, and two successive
2,5 ml subsamples were removed and examined at 20x under a dissecting
microscope. lf no G. rnonilata cells were observed, the sample was considered
negative. If G. rttonilata cells were present, five O.l ml aliquots were examined
as before and counts in cells per liter were thus extrapolated from the number
of cells contained in 0,5 rnl of water.

RESULTS AND CONCLUSIONS

On August 25, 1971, an offshore bloom of Gortyaalax monilata was first
recorded along the beachfront at Galveston, Texas. The bloom was observed
and sampled for three days  Table 1! and a maximum count of 1,200,000 G.
rttottilata cells per liter was obtained. Concurrent with this bloom, numerous
macroinvertebrates and bottom-dwelling fishes were collected dead and
moribund from the strand line of the beachfront. These are listed tn Table 2.
Next year �972! on the 11 of August. another bloom of G, rttoniiata was
detected in the offshore beachfront waters along Galveston Island, and on
August 12, a peak cell count of 1,M0,000 cells per liter  Table 1'I was obtained.
This is the highest naturally-occurring count of G. morrilata recorded based on
published records. At this time, many dead and moribund rnacroorganisms
began to wash up on the strand line of the beach, and these are recorded in
Table 2. Cell counts then declined to 280,000 cells/liter until August 16, at
which time the deposition of organisms on the beach ceased.

Water temperature and salinities recorded throughout the period of the
1972 bloom remained uniformly high  Table 1!. Unfortunately, these data
were not recorded during the 1971 red tide. ln the following year �973!, an
early water-monitoring program was initiated in late July in order tb record
the onset of the bloom; however, no G. morrilata were detected. The
procedure was repeated again in 1974, but no G. rnonilata were detected
either, In 1973, water temperatures were not taken, and salinities fluctuated
between 18 and 33 ppt. In 1974, temperatures varied from 26,7 to 30,4 C and
salinities from 22 to 33 ppt  Figure 1!.

Figure 1 shows the temporal relationship of G. rnoni7ara cell counts and
salinity values for the four years of observations of offshore red tides in
Galveston, Data from the Western Florida offshore G. tttortilata bloom as
recorded by Williams and Ingle �! are also included for comparison. In years
when offshore G. moniiata blooms were observed both in Florida and in
Texas, salinities were substantially above 32 ppt during the peak days of the
blooms. Temperatures during these periods were generally above 29 C. In
years in which no red tide occurred, salinities remained generally below 32 ppt
and temperatures generally below 29oC.

259



TABLE 1

COuntS  CellS,'Liter! Of GOnyaulaX martt'tata
at Stations along Galveston Beach �971-1972!

Temperature Salinity
C!   t!Count Liter I . catiiinTimeT3 at e

; 97!

Z70,000
I,ZOO OOO

o!s: St reel Vier
9 I st Street Vier

1200
2 OC

8-'5

1C,OOO 61st Street Pter1200

i '.ct Street Vier
East Laguun

negative
340, OOO

121�
1200

8.27

8-I I

8.' 2

8-13

33
33

33
33

5th St. eet Pier
East Beach I30 yds ot !

29
29

120 000
50, 000

I OOO
I I sto

8 ls

8-16

8.17

I Trtc!todesmitrrrt!
840.000 25th Street Pier 32

3. 000
7. 000

8-21 25th Street Pier
91st Street Pier

31
31

1000
1100

mass mortality noted
not recorded

1700
1800
I 800

0900
1500
1600
1700

Oooo
: 700
1800
180C

92 OOO
1100
1500

: 000
1100
' ZOO

1000
1600
1600

1000
'I 000
1200

1300

; 26,000
37 000
72O.OCtO

196, 000
1,880 Ooo
l,oo7 000
I, 773, 000

I, 367. 000
I,Z47,000

860 000
1,000

367,000
1 483,000

I oo. OOO

Z80, 000
100. ooo
33,000

ZOO.OOO
340. 000
310.0I30

133,000
70,000

230, 000

53rd Street Beach
olst Street mist pier
61st Street end pier

61st Street I ier
25t h Street F! agship pier
*1st Street Pier
91st Street Vier

'5tl' Street Pier
25th Street I ier
61st Street Vier
East Laguun

25th Street Vier
Fast Beach I30 yds off!
25th Street Pier

25t h Street I'ier
Last Beach I30 yds oft i
25th Street l ier

25th Street Vier
Zsih Street Pier
9lst Street Pier

91st Street Pier
25th Street Pier
QIst Street Vier

32
30
30

31.5
31
31

32
32
31
30

28
29
29

29
29
30

30. 5
30
29

31
31
31

33.5
33.5
33.5

33.5
33
34
34

34

34

32
32
31

32
32
32

32
32
32



Table 2

Moribund Macroorganisms Found on Galveston Beach
in Association vvlth Blooms of Gonyaulax monilata

A = Abundant

C = Common

R = Rare

19721971

Onuphis magna  C!
Nereis sp.  C!

Annelida

Onuphis magna  C!

Gobi esox punctulatus  R!

zex

Cnelenterata
Bu nod oso ma ca v em ata  C!

Mal lusca

Polinices dupI'rcata  A!
Thais haernastoma  A!
Terebra cinerea  C!
Anadara ovalis  R!
Anadara brasiliana  R!
Donax variabilis  C!
Spisula solidissima  R!

Arthropoda
Emerita benedicti  C!
Arenaeus cribarius  C!
CIibanarius vittatus  A!
Isocheles wurdemanni  C!
Hepatus epheliticus  R!
Porcellana sayana  R!
Callinectes sapidus  C!
Menippe rnercenaria  C!

Echinodermata

Micropholis atra  A!
Mellita quinquesperforata  C!
"Ho]othuroids"  C!

Chordata

Hy pleurochilus geminatus  C!
Bascanichthys scuticaris  C!

Bunodosorna cavernata  C!

Polinices dupIicata  A!
Thais haernastoma  A!
Terebra cinerea  C!
Oliva sayana  C!
Siphonaria pectin ata  R!
Crassostrea v irginica  C!

Emerita benedicti  C!
Aranaeus err barrus  C!
Clibanarius vittatus  A!
Petrolisthes arrnatus  R!
Callinectes similis  C!
Porcellana sayana  R!
Callinectes sapidus  C!
Menippe mercenaria  C!

Micropholis atra  A!
Mellita quinquesperforata  C!
"Holothuroids"  C!
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Figure l. Comparison of G. tnonilata blooms from Texas and Western Florida.
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The types of organisms washed ashore during the 1971 and 1972 blooms
were quite similar in type and quantity, Twenty-nine species of coelenterates,
annelids, molluscs, crustaceans, echinoderms and fishes were collected, and
the numerically dominant species both years were the snails, Polirtices
duplicatri and Thais haemastotna, the hermit crab ClibatTarius vittatus, and the
brittle star Micropholis atra, All organisms collected were either sessile,
sedentary or weakly motile, suggesting that the more mobile species were able
to avoid the area of the bloom before accumulating lethal amounts of toxin.
This is in contrast to the mortality data given by Williams and Ingle �! who
reported kills of relatively mobile fishes  " jacks, needlefish, whiting,
carangids, pinfish"! as well as relatively slow-moving invertebrates and bottom
fishes. This difference might possibly be explained by considering differences in
coastal morphology. The west Florida coast in the vicinity of the 1966 G.
rrtonilata bloom is relatively indented and provided with numerous barrier
islands, whereas the coast at Galveston is relatively straight with few barrier
islands, affording little opportunity for mobile fishes to be physically trapped
in channels or passes transected by toxic waters.
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The isolation, purification and structura! elucidation of the toxins produced
by dinoflagellate blooms has proven to be one of the most difticu!t problems to
so!ve for marine natural products chemists and biochemists, ln addition to
being concerned with changing or possible total loss of biologica! activity
through structural rearrangements during isolation, the investigator must
concern himself with the decomposition of bioactive metal or protein bound
molecular com plexes.

The complication that several active toxins in varying concentrations may
be present must also be considered. Certain organic compounds may have zero
toxic activity when isolated individually, but may be extremely toxic in the
presence of other organic constituents in the organisms. Therefore, synergistic
effects may comp!icate the problem even further.

Contaminants from both the marine environment and the laboratory are
always a problem in the isolation of extremely small quantities of biologically
active material. The cnntaminants may not only interfere with the isolation of
the active constituents, e,g. by co-chromatography with the active toxic
compounds. but the contaminants may also be biologically active themselves,
thus leading to incorrect structural assignments for the true bioactive
substances,

ln the papers presented in this session the investigators have dealt with
various aspects of a!l these problems and discussed their relative importance,
Severa! new results are reported concerning the iso}ation of new toxins from
various species of marine fauna and flora, structure-reactivity relationships,
and the presentation of a revised chemical structure for the dinoflagellate
toxin, saxitoxin.
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ABSTRACT

Certain species of Goriyaular produce deadly paralytic poisons that cause
shellfish to become toxic. G, cateriella is the predominant poisonous
dinoflagellate along the northwest Pacific coast of North America and G,
tgtriarerisis is the predominant poisonous dinoflagellate along the northeast
Atlantic coasts of North America and England. There are several species of
dinoflagellates found in various parts of the world that produce other poisons.
This paper describes the purification and properties of the paralytic poisons
produced by G. cateriella and C. tamarertsis and their interrelationship, The
poison produced by G. catertella in axenic culture has been purified, This
poison, known as saxitoxin, is a 3, 4, 6 trialkyl tetrahydropurine with a
molecular weight of 372 as the dihydrochloride salt, !t is a strong base; one
pKa is at 11.5 and another at 8.2. The poison produced in axenic culture is
identical to that found in the California sea mussel and the Alaska butter clam
and there is no evidence that G, catenella produces more than this one poison.
G, tamarertsis, however, produces at least two different poisons, The one
produced in smaller amount has been characterized as saxitoxin. The one
produced in larger amount appears to be a neutral substance and has not been
purified sufficiently for structural studies, lts physiological action appears
identical to that of saxitoxin. There has been some speculation that this poison
may convert to saxitoxin on aging in acid solution. Saxitoxin appears to be
produced by other species such as some blue-green algae. Also it is found in
some crabs in Japan, probably as a result of some organisms consumed by the
crabs. The origin of saxitoxin in the Alaska butter clam is still not definitely
known,

INTRODUCTION

Mar ine organisms produce many toxic substances. Halstead �! in a
compilation of the poisonous and venomous marine animals of the world has
listed hundreds of species in this category, Among these species are the marine
flagellates and in particular the dinoflagellates that produce many of the
poisonous substances man encounters through food poisoning as a result of
eating shellfish that have consumed the poisonous organisms,

The paralytic poisons, which are the subject of this paper, are produced by
certain species of Gonyaular. The important ones known to date are G,
catenella  lb', the predominant poisonous dinoflagellate along the northwest
Pacific coast of North America, and G, tamarertsis  9!, the predominant one
along the northeast coast of North America and the coasts of the countries
along the North Sea. Another poisonous species, G. acatertella �0!, has been
reported along the coast of British Columbia, Blooms of these organisms do
not occur commonly but when environmental conditions are right, and these
conditions are not well understood, the blooms often reach red tide
proportions of 20,000 organisms or more per ml. Such blooms cause

1lt is proposed by Loeblich and Loeblich  these proceedings! that this organism
be called G, ercavata.

zes



pla nl ton-consuming shellfish to become very poisonous resulting in a definite
public health hazard to people that eat the shellfish at the time these blooms
are present.

Symptoms of paralytic shellfish poisoning in people begin with a numbness
of the lips, tongue and finger tips that may be apparent within a few minutes.
after eating contaminated shellfish. This feeling is followed by numbness of the
arms, 1eg» and neck and by general muscular incoordination with respiratory
distress. As the illness progresses, respiratory distress becomes more marked
with death from respiratory paralysis within 2 to 24 hours depending on the
magnitude of the dose. If one survives 24 hours the prognosis is good and there
appears to be no fasting effects of the ordeal. From accidental cases of shellfish
poisoning in people, it is estimated that the amount of poison to cause sickness
and death is 3000 to 5000 mouse units or one-half to one milligram by oral
route. A mouse unit  MU! is defined as the amount that will kill a 20 gram
white mouse in 15 min.

NATURE OF THE PARALYTIC POISONS

The purification of the poison from California rnussels  Mytrvus
ca/if opia rr us! and Alaska but ter clams  Saridomas gigart terrs! was
accomplished by ion exchange chromatography on carboxylic acid resins,
followed by chromatography on acid washed alumina  ll!. By this procedure
a white hygroscopic product was obtained that had a potency of 5,5GO MU/mg
solids. The purified poison, saxitoxin, is a dibasic salt with a pKa at 8,2 and
another at 11.5, and is very soluble in water. Its molecular formula as a
hydrochloride salt is C1+17N.4 2 HCl  mol. wt. 372! �1!. It has no
ultraviolet absorption, gives positive Benedict-Behre and Jaffe tests, and is
completely detoxified by mild catalytic reduction with the uptake of 1 mol
hydrogen per mol of poison at atmospheric pressure �2!.

The poison was also isolated in pure form from axenic cultures of G,
cate+ella obtained through the courtesy of Dr. Luigi Provasoli, Haskins
Laboratory. This organism was cultured in sterile seawater for 17 days at
13 C. When the cell count reached about 30,000/ml, the cells were filtered
from the medium and lysed with cfilute HCl, pK 2-3, to remove the poison.
The poison from the extract of the cells was purified in exactly the same
manner that the poison was isolated from shellfish, A study of its chemical and
physical properties showed that it is identical to the poison from clams and
mussels t14!. Table 1 lists some of the properties of these poisons. A structure
was reported by Wong et al. �7! in 1971 However this structure has been
subjected to some criticism because it does not fit all properties of the toxin.
Recently in our work at the University of Wisconsin-Madison, we obtained a
crystalline derivative with p-bromobenzene sulfonic acid. The needle-like
crystals were formed with one mole of saxitoxin and two moles of
p-bromobenzene sulfonic acid. These crystals were subjected to crystallo-
graphic analyses at Iowa State University and the following structure of
saxitoxin was established.
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Table l

Comparison of Properties of Poison from Cultured
Gott va«f«x «<tc>i< lia Cells with Poison from Mussels and Clamsa

I roperty

8<oassay  IvIU mt'!b 5, 1005, 3005, 200

<! 30o + 128ot 
8oSpecific opt i< a I r<>t at i<>n

2: 11 5

4 8 x 1P-6

8.3, 11 5

4.9 x 10-6

8.3; 11.5

4. 9 x IP-6Di f fu sio n c<>ef fic i en t

Adsorpti<>n in ultra-
violet and visib!ec NoneNone None

26. 326.8 26.1

Iafle

Reduction with H2

aReproduced from Schantz, et al. �4!, courtesy American Chemical Society.

bA!l bioassay values are within experimental error of the value 5,500~
500 MUr'mg so!ids reported previously for clam and mussel poisons.

'Infrared a Jsorpt ion of G. crt errella poison was identical with that of clam and
mussel poisons �4!.
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N content  K}eldahl!

Sa!<agueh i

I3enedict-I3ehre

Ci r<t rene!la

Clam I'o<s<in Vfussel ['ois<>n Poison

Dihydro deriva- Dihydro deriva- Dihydro deriva-
tive, nontoxic tive, nontoxic tive, nontoxic



l his .trucfui~ .ippear! to be compatible with all known pro ert,, �I th
m lecul' I~etaih f the str«tu«are being presented   t publi<
near ititure t I~!.

Attempts at puritication of the paralytic poisons found;�-
on G. titmari-nsi» or that produced in axenic cultures of G
met with complete success. It appears that this organtsm
poisons. One occurring in relatively small amount t~ to >0,� i
su "«»«»«» "e separated «om the ~remainder of the p, i,on heraus,
bind~ to cation exchange resins such as Amherlite XE-j4 or C >-$p The
poison or poisons pass through the resin and appear to be neutral or very
weakly basic. Even on electrodialysis they are not pulled to the cathode Evans
�t Kao tt I and recently Narahashi et a!. �! have shown that the poisorl from
axenic cultures of G rarriarensis that passes through the cation exchange resins
has essentially the same physiological action as saxitoxin and inhibits
passage nf sodium tons into a nerve or muscle cell,

Recently in our laboratory, we have identified the basic component found in
the poison from scallops, that had fed on G. turrtarensis, to be saxitoxin �!.
The purification was accomplished by chromatography on the sodium form of
Arnberlite CG-50 followed by chromatography on the hydrogen form of
  C;-5p using O.I M acetic acid as the eluting solvent in much the same manner
as used for the purification of saxitoxin in past work. Instead of
chromatography on acid washed alumina, as used for the purification of
saxi toxin, we used chromatography on silicic actd with absolute ethanol as the
eluting solvent followed by chromatography on Sephadex LH-20 with
methanol as the solvent, The specific toxicity of the best fractions at this point
was 5150 MU per mg. Further chromatography did not increase the specific
toxicity which is well within the specific toxicity of saxitoxin, 5500 MU per mg
'- I0%. Thin layer chromatography in six different solvent systems showed the
prepraration to have identical Rf values with saxitoxin in each case �h

COMPARlSQN OF PARALYTIC POISONS FROM DIFFERENT SOURCES
Past work has definitely established that the poison produced by G.

cafertella is bound by the dark gland of the California sea mussel and can be
extracted with acid without a change in its chemical structure. Also there is no
evidence that C. catetrella produces more than the one poison. The fact that
the same poison is produced in axenic cultures of G. catenella indicates too
that the poison is a metabolic product of the organism itself and not due to
some symbiotic effect  I!. When we discovered that the poison produced by
cultures of G. catertella had the identical chemical structure as the poison from
Alaska butter clams, it gave support to the belief that its original source was in
C, cafertefla. The occurrence of the poison in the Alaska butter clam is difficult
to explain �3!. In 1948 to 1950 one of us in cooperative studies with the United
States Department of the Interior and the Alaska Experimental Commission
found that the occurrence of poisonous butter clams in Southeastern Alaska
was quite spotty. One clam bed might contain very poisonous clams while



e tenth mile away, and apparently washed by the same wateran<~the< e one'- en
b - < th' heavy tide flow between the islands, would contain nobecause <» t e cavy
p<ns<4n<~us c an>s.us clan>~, lf the poisonous organisms were evenly distributed in the
water, b«th be.ds should contajn Poisonous clams. Attempts to determine if G

t rtelIa was in the waters was very difficult because of the many organisms of
other species inh in the water, but occasionally an organism was found
answered the description of G. catertella. Mussels  Mytt'Ius egujis! in areas
where clams were toxic showed very little if any poison in the dark gland by
mouse assa y.ssay. Acid extracts of the gross plankton growth in the water collected
with nets showed no toxicity to mice. The butter clam retains the poison tn th
sip on or a year orhon for a year or more while the mussels excrete or destroy the poison in the
dark gland within a week or two. lt seemed reasonable therefore that as few as
l0 to 20 G. catertella cells per ml in the water, which would be difficult to
detect and count under the conditions, would account for the toxicity in the
clams if the poison accumulated over a period of several
Transplant ing poisonous clams into beds where the indigenous clams were not
poisonous resulted in a detectable loss within a year and gradual loss
thereafter. Transplanting nonpoisonous clams into beds where the indigenous
clams were poisonous resulted in the transplanted clams becoming equally
toxic within a few months �3!. Because the source of the poison in the clams is

definitely known, sources other than G. catenella should not be
<overlooked. Saxitoxin has been reported to be produced by a blue green alga,
Aphanizomenon f los-aquae �!, and has been found in crabs in Japan  8!
probably as a result of some poisonous organisms consumed by the crabs.

lt is well established that G. tarrtarertsis produces at least two poisons, the
minor one being identified as saxitoxin �!. Cultures of G. acaterrella supplied
by Dr. Prakash also produce at least two-poisons that have a physiological
action in mice similar to saxi toxin. This species has morphological
characteristics common to both G. catenel a and G. tarrtarertsis. The poison s!
pnoduced by G, tamarensis in axenic culture that passes through columns of
carboxylic acid exchange resins appears to be a neutral or very weakly basic
substance. This substance has not been highly purified and has not been
characterized sufficiently to know if it has a markedly different chemical
structure than saxitoxin. The fact that it has the same physiological action as
saxitoxin can be no indication of similarity of structure because tetrodotoxin,
an entirely different structure, has at least one property of saxitoxin, that of
inhibiting the passage of sodium ions into a nerve or muscle cell. Our
observations on the amount of basic substance in aged extracts containing
parison from scallops have led us to hold the possibility that the neutral or
weakly basic substance may convert to saxitoxin �I. Certain anune oxides,
common in marine organisms will convert to the free amine which is distinctly
basic.

Much is still be be learned about the structure of these poisons and modified
structures in relation to the physiological activity. Because they have an action
somewhat similar to some of our local anesthetics, they may become valuable



in medicine. The elucidation of the  hetnical structure of saxitoxin should helpjn the development ut a chemical assay and possibly an antidote to the poison,An antidote would be of great assistance to the medical profession for treating
poisoned persons and preventing death from shellfish poisoning.
This work was supported in part by U, S. Public Health Service Grant No.

IRO1 FD 00605-O2.
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An>IRACT

Tor>c clams, cubi!lected during the outbreaks of "red-tide" in September,
loiZ, and the summer of l974, were used in an attempt to isolate, purify, and
characterize the toxin s! responsible for the paralytic shellf'ish poisoning. The
method involved extraction of the hepatopancreas with water, and
chromatography of the concentrated extract on Amberlite IRC-50, CG-5p,
Sephadex G-25, C-15, and G-'lO. Preliminary results indicate the presence of at
least two different toxins, one of which does not behave like saxitoxin, The
marine dinoflagellate Gonyaulax tarrtarettsis which has been implicated with
1'Sl' along the Atlantic coast was cultured under well defined conditions, and
provided material for the comparison of the toxins from the cells and clams.
The meth<id of extraction and purification of the toxins from G. tarrtarertsis
and from clams will be discussed.

INTRODUCTION

I'aralytic shellfish poisoning  PSP! caused by the dinoflagellate Gonyaulax
tantarensis has been noticed in the Atlantic coast of Canada �! and the
Northern coast of New England. The occurrence was sporadic and in limited
scale. However, during September, 1972, there was a large outbreak of the
red-tide on the Massachusetts coast which had a damaging effect on the New
England seafood industry. As the result of the outbreak, 33 persons  three
rather seriously! were poisoned �!. A similar incident was reported during
May. 1068, off the Northeast coast of Britain, and the organism was also
identified as G, tarrtarensis  8!.

The nature of the poisoning is very similar to the west coast PSP which is
caused by G, catrrtella. ln fact, the toxicity test and the other government
control procedures are all based upon the knowledge of the west coast PSP,
~hose toxin  saxitoxin! was used as the standard. Although saxitoxin has been
a target of extensive pharmacological and chemical studies, the nature of the
toxtn of G. tamarertsis has not been clarified.

Sthantz  til reported that the toxin from scallops collected in the Bay of
f'undy was not adsorbed on the Na' f'orm of Amberlite IRC-50 as saxitoxin
Schantz speculated that the failure might be attributed either to the difference
of the nature of the toxin  eg. pKa! or the presence of the interfering substances
in the extract. The latter possibility was examined by the co-chromatography
with saxitoxin. The results rather indicated that the toxin from the scallop was
ditlerent from the saxitoxin. Later Schantz �! re-stated the result adding that
the toxin isolated from C, tarrtarertsis culture also resisted the isolation
method.

Evans  I! using Mytflus edulis infested in the 1968 outbreak in Britain tried
the same isolation method �!. He observed that about one-third of the toxin
was adsorbed on the Amberlite IRC-50 Na+ form and was purified like
saxitoxin, whereas the rest was only weakly bound to the resin. Further

z~e



purification of the major t<~xin resu]ted in a I�
oss o a out 95 percent of thet< in. He «po«ed that, pharmacologtcally

t e minor toxin rc~ernb]essaxitoxin, whi]e the Blajor toxin is s,'rn,.]ar to t t ~
otoxin, ut not identical,ln this paper. we report and discuss some of

e resu ts o our attempts topurify the toxin extracted from soft-she]] clatns ~y
v~ ar<rtarta cn ected durtn!,fro

MATERIALS A~0 METHODS:

parts of the toxic clams Mya arettari<t collected at the north shore of Capein September, 1972,  average toxicity 2,000 MU'100 g!: June, 19'74, average toxicity 200 MU~100 g!, and in September, 1974,  average toxicity2 QQQ MU/100 g! were used in this experiment.
For the extraction the hepatopancreas of the c]atns were dissected out andminced with CeIite. Various extraction media including dilute HCI and waterwere tried. About 80 percent of the tota] toxicity was easi]y extracted witheither ot the media. It was discovered very effective to precipitate inactivemost]y proteinaceous substances by adding equal volume of ethanol to the

vacuum concentrated extract.

Cu]ture of G. tarnarerrsis was achieved by Gui]]ard "F" medium �! at 10'-2oC under controlled f]uorescent fight. The seed cultures were obtained fromDr. P. Hargraves  Graduate School of Oceanography, U.R. I., Kingston! andDr. Chris Martin  Marine Station, University of Massachusetts, G]oucester,Mass.!. When the cell-number reached 36+- 2 million per liter, the organismswere isolated, ]yophilized and extracted with hot ethanol,

I/J
0

i/I  SKC x 10 i DKATH TiME RKCIPROCAL

Rkttre I: Dose-death time relation of partial!y purified G, t<tntarensis toxin.



Table 1

C.hromatography <>t T<»>c f:><tract from,11va «r< >iuri»
on Amherlite 1 RC-50 H~ '

TOTAl. EI LJATE pH
TOX I C. IT%'

i'<l l.,'!

S !l.VENT VO1 1 l hi!:
 Wll, >

ST A RTl NG

FXTRACT

FRAC,

55H2C!

' Bed volume 500 ml.

Assays were d<ine according to the USVHS method originally described by
Summer and Sc.hant' �!, Death-Timer Dose curve used in this work was

prepared using partially purified toxin from the above-mentioned clams  See
Fig. 1!.

R f.'SULTS

Several attempts to isolate the toxin by Schantz's procedure t5! using
Arnberl<te lRC.-50 Na' f<srm resulted in the elution of the major part of the
t<ixicity with retenti<in ot a part ol the toxicity on the column as described by
Schanti �! and Evans �!. It was also found that the part eluted with sodium
acct«tr butler was destroyed quickly due to the strong basicity of the eluate,
which resulted in loss ot a large portion of the toxicity in the process. It was
avoided by passing the extract «d}usted to pH 5.5 through a IRC-50 H~ form
«>lun>r> <>1 a large bed volume, A typical ex«rnple is shown in Table 1. The
toxin was r<iugh! y separated into two portions. The part eluted by washing the
<-olumr> with water was treated with 1RC-50 NH4 form prepared with a pH 5.0
amm<>nium a<etate buffer and washed with water. As shown in Table 2, the
maj<ir portion ol the toxicity was adsorbed on the column and later eluted with
0.5 M aceti< acid in the range of the eluate pH 4.9-2.7. In this process a good
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1120
H20
H20

4 H20
5 0 5MH !Ac

t> 0.5MHOAc
7 0.5M HQAc

t< 0 5M HOAc
4 0.5M f{OA<

10 0.5MHOA<

11 0.5M flOAc

500

200

200

200

450

400

400

400

300

150

230

20,000

i 700

No death

No death

1, 200

2,400

4,500

7, 200
2, 700

c<00

No death

7.2

5.0

3 9

3,4

3.0

2.8

2,S

2,8



Table 2

Chromatography of the Unadsorbed Toxic Fraction
on Arnberlite IRC-~ pi~ ~

SOLVENT VQLU~!E
 ML!

TOTAI. El.t IATF >I»
TOX! < l~

 ML! >
STARTING

SOLUTION
50

'Bed vo]ume 700 ml.

part of the residue was removed, and the fraction consisted mostly of
ammonium acetate salt. Rechromatography of the combined toxic fraction
was done on Amberlite CG-$0 H~ form  Table 3!. Elution with O.l M acetic
acid fractionated the toxin into two separate bands; out of the total 10,200
MU charged on the column, 3,200 MU were in the eluate pH range 4.$E.8 and

4.000 MU in the range 3.9-3.0. The latter fraction was further
rechromatographed on Amberlite CG-50 H' form column, in which the toxic
fraction appeared with an almost invisible residue.

In another attempt to fractionate the toxin, use of gel filtration
extensively investigated, Crude toxin  clam extract! was placed on a Sephadex
G-25 column which was then washed with water. Fractions of 2OO ml were
collected. Fig. 2 shows a typical example of the Sephadex G-25
chromatography. The toxic fractions were combined, concentrated i' ogcsro to

FRACT. I

2 3
4 5
b 7
8

9

10

11

12

13

14

15

16

17

H20
H2O
H2O
H2O
H20
H2O

0.5N AcOH

0.5N AcOH

0.5N AcOH

0 5N AcOH

0.5N AcOH

0.5N AcOH

0,5N AcOH

0.5N AcOH

0.5N AcOH

0,5N AcOH
0.5N AcOH

200

200

200

200

200

1,200
600

200

200

200

200

200

200

200

200

200

200

no death

no death

ca. 1000

ea. 1700

no death

no death
no death

1.000

1,400

1,400

1,300

1,200

1,000

1.200

1.200

1,000

700

4.o

4.8

4.8

4,9

5.0

6-7

5.0-5,2

4.4

3.?

3.7

3.7

3.5

3.3

3.0

2 ' 7

2.7



Table 3

Re-chromatography of the Unadsorbed Toxic Fractions
on Amberlite CG-50 Column

SOLVENT VOLUME TOTAL ELUATE pH
 ML! TOXICITY

 MU!

STARTING

SOI UTION 10,200

no death

H20 50

FRAG.

780

1,080

800

480

no death

2,040

952

680

400

about 15 ml volume. Out of 9,300 MU placed on the column 7,000 MU were
recovered. The combined toxic fraction was then placed on a Sephadex G-15
column, which was washed with water. The elution pattern of toxin from
Sephadex G-15 column is shown in Fig. 3. Total recovery of toxicity from
Sephadex G-1S column was 66 percent  charged 1250 MU, recovered 830 MU!.
Erratic results were obtained when large volume of toxin were placed on the
column, Repeated Sephadex G-15 chromatography did not result in an
increase in the purity of the toxins.

In oneattempt the toxic fractions from Sephadex G-1S chromatography were
placed an an Amberlite CG-50 H' form, which was washed with water,
followed by 0.125 M acetic acid. The elution pattern of toxic fractions from
Amberlite CG-50 H' form column is shown in Fig. 4. The total recovery was 85
percent  charged 5,300 MU, recovered 4,450 MU!. Apparently, at least three
toxins were separated on Amberlite column, one between pH 2.2-3.5, which
was not adsarbed on the column. The second  major! toxin was eluted between
pH 3.9-4.2 with 0 125 M acetic acid, and the third was eluted only with 0.1 M
HCl at a very low pH.

1-7 H2O
8 0.1NAcOH

9 0,1NAcOH

10 0.1NACOH

11 0.1NAcOH

12 0.1N AcOH

13 0.1NAcOH

14 0.1N AcOH

15 0.1NAcOH

16-18 0.1N AcOH

19 0.1N AcOH
20 0.1NAcOH

21 0,1N AcOH

22 0,1NAcOH
23 0.1NAcOH

1,400
175

175

175

175

175

175

175

175

500

170

170

170

170

170

7.1-7.8

54

5,2

4.9

4.5

4.5

4.7

4.8

4.6

4.6-4.4

3.9

3.3

3.1

3.0

2.8
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Figure 2: Elution pattern from a Sephadex G-25 Column. Charged 9300 MU; recovered
7000 MU.
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Figme3: Hution pattern from a Sephadex G-15 Colvrnn. Chapped 1Z50 MU; recovered
830 MU.



&traction of C. tarttarertsis toxin frorrt culture

Growth curve of C, tatttarertsis is shown in Fig. 5. The cells �2 x 10 ! were
collected by centrifugation and the residue �,8 g! was extracted with hot
ethanol. The ethanol extract was partitioned between equal volumes of
chk>roforrn and water  pH 5.0!. The aqueous layer was separated,
concentrated irt vacuo and lyophilize to l.23 g of residue. The toxicity of the
residue was 2.8 MU/mg. Attempts to purify the cell toxin by gel filtration
resulted in the loss of a large portion of the toxicity probably due to the
adsorption. Attempts to purify the toxin using a combinatiort of gel filtration
and ion exchange resin chromatography is in progress.

DlSCUSSION

Our experimental results of the study on the toxin extract from softshell
clams, Mya arettaria infested with C. tamartrrtsis are in good agreement with
the observations Schantz �! and Evans �! made previously on scallop, G.
tarnarettsis and Mytiftts edulis. However, it still does not warrant that the toxin
el uted unadsorbed and the toxin retained on the Amberlite IRC-$0 column are

ferent. Possible interaction with other molecules such as binding with
iteins can change the adsorbability of the toxin on the resin ln fact when the
ted t ox in was recharged on the identical resin column a small portion of the
in was again adsorbed on the column.
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The Unadsorbed toxin was adsorbed very well on the pH 5.0 buffered
ammonium form of the carboxylate resin. This behavior is similar to one
observed with tetrodotoxin  pKa 8,3!. It is also important to note that the
toxin was eluted at the eluate pH range of 4.9-2.7. In the rechromatography of
the toxic fractions resulted again in the elution of the major portion around
pH 3.9 with a smaller portion eluted at pH 4.5. Although we are very much
interested in the identity of the adsorbed and unadsorbcd toxi~, we have not
been able to draw a conclusion on the matter, and our major efforts are now
directed toward the removal of the minor contaminants  mostly ammonium
acetate! from the preparation.

Our attempts to purify the clam toxin by gel filtration met with some
success. It is, however, clear from the Fig, 2 that the toxin s! was eluted as a
single large band from Sephadex G-25 column. The combined toxic fraction
was found to have a toxicity of about 1.2 MU/mg. Using G-25, we were able
to separate salts from the toxin. It is conceivable that there are two toxins
which can be separated on Sephadex G-25  Fig. 2!. It was found that Sephadex
G-15 was a better medium, and rechromatography of the combined toxic
fraction from the Sephadex G-25 column gave at least two toxic fractions. It
was observed that the fractions between the toxic fractions always contain a
large quantity of yellowish proteinaceous material which was non-toxic to
mice, At the present time we believe that the loss of toxicity and poor recovery
from Sephadex G-15 co]urnn is due to the adsorption to the gel and
decomposition there. There was two-fold increase in toxicity at this stage.
Although our attempts to purify the toxin s! further by gel filtration on
Sephadex G-15 and G-10 alone were successful, when combined fractions
from G-15 chromatography were placed on an Arnberlite CG-50 H' form
column, the toxin s! can be fractionated into at least three toxic fractions  Fig.
4j, Again, it is open to question whether the fractionation is due to the
presence of a number of toxins or interaction with other molecules.
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The tartors alfecting the growth and development ot the unarmoured
dinoflagellate Gytnnodfrutrm breve have been of interest since G. breve was
nlentifie<l twenty-five years ago as thc organism responsible for mass
mortalities of marine organisms in west Florida coastal waters. The toxin s!
i ~ laborated when cultures of G, breve and bloom samples are acidified and
extracted with chloroform are considered. The material is an ichthyotoxin,
and hemolyti< activity has been demonstrated for one fraction. Elemental
analysis is also consistent with another property, viz�anticoagulation. The
properties of material isolated from culture or bloom appear to be identical.
I he puritication schemes and means of characterizing activity and
structure-reactivity are considered. The environment in which the toxin is
prodLJ< ed has been studied, and the rate of growth of G. breve as a function of
s.ihnltv has beerl compared with the rates of DNA and toxin production. The
pi»sibilitv of reducing the toxic activity has been considered and the physical
tlight. temperaturesi and biochemical experiments  action of enzymes! are
reviewecl. Finally. the possibility of limitation of G, breve by means of a
natur,illy-ot<urring biochemical agent and contemporary developments are
brietly summarized.

IN' RGI!VCTION

Catastrophic fish kills along the west coast of Florida have long been
assiiciated with the unarmored dinotlagellate Gyrrrrrodirtium breve Davis. It
appears that in addition to causing mortalities of marine animals, these
outbreaks have a significant economic effect, and that the air-born aerosols
from outbreaks also cau se respiratory discomfort in some persons, unless
minimum precautions are taken  remaining within an air-conditioned room or
car or using .i surgical mask, for example!.

There appear to be three major areas that deserve considerable attention:
pret ii tion..irneliiiration and control  or limitation or management!.

Considi.rable efforts have b een made to predict the occurrence of these
bhioms, and the trends that assist theb», . sis e predictive capabilities have been
reviewed by Rounsefell and Nelson �2!, Martin and Martin �4! d
Stc iJinger �5!. ar in, an

The piissibility of a similar causalitsa i y of outbreaks of Gortyaulaxroti rn ir an Gyrrtnodiniurrr breve has beeneen considered, for example, in termst t ro e ot chelate - and metal-chelate compounds.
Though predictabilit is a si nif

amelioration ol rtd tides in Florida c' y' g i icant goal, more needs to be done ab t th
i es in ori a coastal waters, Amelioration would cover

,i r ingc ot activities: removal and utilizat'u i ization of dead fish before they reac edieac es, assistance of persons who may be indirectly affected b s
primary or secondary aspect of the red tidc o e re ti e outbreak, and mitigation of the



Clearly, to be ab le to mitigate the eftects ot the toxin elaborated hyGym«oui«i«»t bretv, it is necessary to know much about the properties chemicaJ, physical, and physiological! of the toxin s!, and the present paperarizes the pertinent findings from our laboratories and others.pina[ly, the possibility of direct management of the organism ha» beenconsidered and deserves review inasmuch as understanding the role ofbio-control in nature or the absence of it may be a ke> point in controlling.limiting or managing a red tide outbreak,

TOXIN JSOI.ATIOIV

Toxic materials ha ve bee n isolated fro m cult u res of Gy»t»odi t«'«»~breve, From blooms of Gyrnnodiniutn breve, and from oysters taken fromblooms. The procedure used in our Jaboratories has been acidification to a pHof 4 followed by extraction with chloroform �2!. Sasner and co-workers �2,23! have extracted with ether, and Cummins and co-workers �, 3!, have usedethyl ether and a Jiquid extractor while Trieff and co-workers �7!, have a!soreported using ether for extraction. Martin and Chatterjee �2! noted thesimilarity of material isolated From bloom and from culture, and usingditferent techniques Alam and co-workers �! also noted the similarity ofmaterial isolated From the two sources.

TOXIN PURIHCATION

Typically the toxin s! have been purified by thin-layer and/or columnchromatography, using silica geJ �7, 12, 2! Trieff and co-workers �7!reported the interesting use of dry-column chromatography, using silica gel.Workers in our laboratories have used siJica-gel column chromatography,Followed by separation using other columns. Sephadex LH-20 was used withcholoroforrn as eluent �2! and a single toxic fraction was obtained that was anichthyotoxin, though it had no hemolytic activity. The fraction that is
associated with hemolytic activity apparently is removed only by elution withmethanol-chloroform �:2! from Sephadex LH-20 �9!; B, C. Abbott, persona!
comm. Finally, Doig �! used a series of columns to effect an enhanced toxicity cf. Table ]!.

ICHTHYOTOXICITY

Doig and Martin �! defirted a toxin unit as the amount of toxin in methanol
required to kill a 1.0-2.5 g fish  Poecilia sphenops, 4-6 cm! in 20+4 minutes
under standard conditions in �0 ml of fresh water, pH 7, 2 C .23oC . Controls withmethanol were run concurrently.
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I IEMOL YTIC ASSAY

A mber ot techniques have been u ed to
marine»«acti«agents and seem to fall into t~o groups  
amount of hemoglobin released follow,n�,n �b

cs i f hemol
o

EFFECT OF ENZYMES

The effect of various enzymes on the hemolytic activity «f chloroform
extracts of G. breve toxin was studied. The extracts were lyophilized and theresidue redissolved in methanol. Vials containing blood buff'er �,< ml; cf.!Padilla and Martin, �7! were warmed to 37o in a gyrorotatory bath, Enzyme
stock solution was added  O. I ml in blood buffer!, followed by methanol tO, I
ml! <>r rncthanolic solution of toxin  O.I ml!. The vials were incubated for I
h«ur at 37o in the shaker bath, then rabbit blood suspension in blood buffer
 i~ n!I! was added and the mixture incubated for an additiona! hour at 37".
Samples were counted electronically using a Coulter Counter Miidel B.
equipped with a C-IOOO channelyzer for enhanced sensitivity. The cell number
N was obtained for the threshold range �-20! for 0.5 ml sample. Typical data
are sum rnarized in Table 2. g-glucosidase is an enzyme that does not appear to
cause hernolysis, but it canoes appear to limit hemolytic activity of
G. breve toxin s!, For example in the presence of enzyme or methanol controlthe observed peak was at 7-8 threshold units and the relative value of N3 �
was 0.97-1 .05. In the presence of toxin, however, the peak was shifted t «7-Zo
threshold units, due to lysis and agglomeration. The number of red cells was
reduced about 87~n,

It would appear that an enzyme can function as an inhibitor of the activity
of this toxin. In order to define the eftectiveness of the enzyme and perhaps
gain an insight into the mode of action of the enzyme, we have chosen to
define a relative constant krel as the ratio of cell number in the presence «f

 eqn, Iikrel =Nt ' N

toxin  Nti and the cell number in the presence of toxin and enryrne  Nt+,.!. I 
the enzyme is without effect krel should be equal to unity and if the' hemolytjc
activi t y of the toxin is comPletely suPPressed by enzyme, krel should aPProach
but not equal zero. The inhibition parameter, I.P., is defined as before as heiny,
equa  to  I - krel!'krel  cf. Martin and Padilla �6!.

If the model developed before holds �6, 18!, a plot of enzyme concentration
as a function of inhibitor parameter should yield one of three diagnostic
relations depending upon the nature of the enzyme, toxin interaction �!
hyperbola concave downward, should be diagnostic ot the' reduct«in in
effective concentration of lysing agent; �! a linear relationship. should
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indicate the formation of an enzyme t�xin c,
- oxin compex t at interacts with recblood cells in competition with the toxin
o in an a curve concave upwardshr uld indicate the enzyme is behaving as a corning as a competitive ysing agent and is<lisplacrng the toxin lrom sites of attack on the ervth t ., S

e eryt rocvtes. 5evera enzymesexamined to date indicate the first pattern of beh, d ' d
o e avior, an some indicate atotal absence of interaction with toxin or red blood cells.The possibility of mitigation of the effects of toxins of   brer>r by enzymeaction is remote, but the action of enzymes will provide useiul informationconcerning the functional groups responsible for hernolytic activity and'orichth yotoxrc«y.

The role of hemolytic activity of the toxin in actual outbreaks has beenindicated by two observations. Kirn and co-workers �} reported that thesusceptibility of mullet blood to G. breve toxin is considerably greater thanthat of rabbit blood. Quick and Henderson �0! have presented evidence ofsevere hematological degradation by the 1973-1974 red tide in fishes,par'ticularly catfish, mullet, and sheephead. Their data suggest two different,though not exclusive mechanisms of death: neurointoxication and fatalhernopathy.

TOXIN CHARACTERIZATION

Structural features of the toxins are reviewed elsewhere by Padillaet af,, in these proceedings, and lit tie additional comment is required here. Thepresence of a carbonyl group was noted by Martin �2!, and Doig and Martin�! noted the existence of sulfated polysaccharide in the purified toxin that wasconsistent with observed anticoagulant properties. Available microanalyticaldata have indicated the presence of carbon, hydrogen, nitrogen, phosphorusand sulfur in toxins that have been purified in our laboratories,  cf. Table 3!,It appears that unique substances have not been isolated and purified fromGymrtodtrrirrrtr breve cultures, though the results obtained by various workersover the years have been fairly consistent. These appear to be due to the
components responsible for hemolytic versus those responsible for neurotoxic
properties. The material described by Martin and Chat terjee �2! did not exhibitanticholinestrase activity, nor did the material similarly isolated by Trieff and
co-workers �7!. On the other hand, the material isolated by Sasner
et aI. �4!, had a much higher nitrogen content and did exh ibitantichalonestrase activity,

The source of the toxin and the mode of formation are two points of interest.The forrrter has been indicated, though not as unequivocally as might be
wished- Martin and Chatterjee �2! concluded as others had previously that
the material was an endotoxin. Doig �! provided more quantitative
assessment of this point. Culture of G. breve  lo liters representing about 50
toxin units! was subjected to continuous flow centrifugation, and 40 toxin
units appeared in the pellet, 10 in the supernatant. When a similar 10 liters of
culture was acidified and stirred, then subjected to continuous flow



Table 3

Kl t  A y fP*'fidG~d'' eT t  !

Prese»t 4t jdy*Element
Trief f et al.,

�972l

67.95 70.92

9,94 10.10

0.50

0.20 l. 99

2.08

19.33 17.54

* cf . Doig �973!

Rate of toxin synthesis = 0.21 > 0.03 � 0,021 > 0.004 R'DNA
0.13 t 0.01 - 0.0362 - R pol

where R' DNA and R'poly refer to the rates o  DNA synthesis and
polysaccharide, respectively  ug/ 106 cells/day!, and the rates of toxin
synthesis are expressed as mg/106 cells/day.
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centrifugation, 100% of the toxic material was found in the centrifugate none
in the pellet. It appears that the toxin is present in the cytoplasmic fluid or that
it is released from particulate cell material during the lysing procedure,

The problem of two artifacts is recognized. First, some toxin was found in
the supernatant fluid during the first procedure, probably because of cell
rupture of the unarmored dinoflagellate. Second, it is possible that toxin is
associated with particulate cell material that is not sedimented under the
conditions of the experiment �2,500 x g!, The results do suggest, however,
that the material is a degradation product of the celt wall or the cytoplasmic
fluid,

Kim and Martin  g! have measured the effects of salinity on the synthesis
of DNA, acidic polysaccharide and ichthyotoxin of G. breve. The variation of
growth constant with salinity was similar to previous observations in field and
laboratory studies. The rate of toxin synthesis showed a linear decrease with
the rate of DNA or polysaccharide synthesis. Specifically,



ln contrast. no significant  lifferen -es am  unts «f r en   fvt  zffv active
«b»erved it a»ignificantly dittere t l . Theren a  nit e, Th 'suggest that the ni«des of synthe»is «f ichthyot«x n ! h

o «win zn  em ilvt«alfy wit vetr a teria! are different. The implications of these «bser t
ese «servant   ns werr «ns«4 redbv I,m �nd Martin  8!.

RED TIDE UM!TAT!ON OR CONTROL

The suggestion that red ticies might be limited «r ccntro	e !   n a l n  te !
basis must be made with considerable caution, As Martin t I 1 i note f the ~rrac
to be treated are vast, and were «hernical treatment t '~ be suggeste f, tile
prob!ems, economic and ecological, might be enorm ~u» and far rea  hing An
earlier assessment of the use of copper sulfate in controlling red t de near
F!orida has been reviewed by Rounsefell and Evans �l!, and the limitations
have been noted. Admittedly, capper sulfate might not be the chemica! of
choice, because, Martin and Olander �5! noted a stimulatory effect of this
element at low concentrations in laboratory cultures, and though the abilit v t  
extrapolate these resu!ts may be in question, the imp!ications give pause for
consideration.

The use of bio-control, «n the other hand. deserves consi Jerati  n, becau»e it
seems likely that such c«ntr«I may well be a factor in the disappearance   t red
tide on occasion, Two possibilities of bio-contro! exist: through predation «n j
through limitation of red tide organisms by bio-chemicals that are re!ease j as
secondary plant substances cf, Sieburth �5! by phytop!ankters, u»ua!!y
blue-green algae, It appears that the role nt both possibilities in the n. turaf red
tide spread and disappearance deserves consideration and re»«arch fur po»sib!c'
app!ication. 'The possibility of limitati«n by predat  rs was rai~d earlier by
Martin et a!, �3!, and the possibilitv of bio-contro!has been raised recent!y by
Kutt and Martin  9, 10!.

One such biochemical, provisionally called apnnin, has been is«lated from a
blue-green alga found in the red tide outbreak area. Kutt and Mzrtm f]0!
have found that this material is cytolytic toward G. breve cel!s. Th» properties
and structure of this materia! are under active investigation, and it appears
that the ro!e of such biochemica!s to natural outbreaks»hou! J be act vefy
investigated,
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Three t<ixi< tractiiini have b<xn i<parated fr<im a naturally occurring
r«l tid< i.impl«it  ivntnodnu'urn firri. < hy a «imbinati<in of column and thin
lay< r < hr<imat<>graphy. They app<.ir tii he reiativel> polar lipid compounds.
infrared. viiible, and ultraviolet spectr<iic<ipy suggest the toxins have aromatic
,ind <arhonyl gr<iupi. Alth<iugh Jiitin< t from undefined non-toxic phthalate-
hk« ,<irnp<iunds. <in the basis <il their p<itent ichthy<itoxicity, the infrared
%pe  'tf u m and nlaii %pe< tfosc<ipi< analysii show that the toxins have some
iimilarity t<i thii clasi <if « imp<iunds.

1NT it !DUCT1 ! N

1 he ii<ilitiiin an<i chemi<al < hara< terization of toxins derived from red tide
<irgan imiiu<h ai i. bre< e CanStitute a laboriauS and drawn-out prOCeSS, NOt
<inlv ii the itarting material available in limited quantities, but there is no
itandar<f <il purity" f<ir the fracti<ins being isolated. investigators must, in

moit <,iiei r< ly <in a p<itency assay to follow the fate of the active component
b< iny, t,<k< n thriiugh a puriticati<>n pr<i<edur<. Thus, progress in this field has
t<il}<iwe<1 th» divergent interest <if the two disciplines: chemistry and
phviuil<igv. and ai a r<iult. the chemical and structural properties of red tide
t<ixin i!, sp<< ifical'ly th<ise derived from the dinoflagellate, Gymrtodittiurri
breve, remain unr<'i<ilved   l 4!.

The present investigati<in is an ext<nsi«n of the studies initiated at the
1. lni versit y <if S<iuth Florida on the ph ysico-chemical properties af
 'yrnn<idmu<rn bret i ~ t<ixintsl  S-6l. We have used a simpler and more direct
m<'th<id of iiolation <if G breve toxin by the use of mixed organic solvents in
«injuncti<in with column and preparative thin layer chromatography  PTLC!.
lV» report here the separati<in <>f toxin fractions from C, breve and their
analyiii by a variety ol physico-chemical methods such as UV and IR
i fi«' l r<ii« ipv, ga>-h<f u id c hr<irn a togra phy, and mass spec t rometry. Sugges-
t i<ini r<'g trdlng the chemical nature of the toxic principles and their similarity
t<»iirne ally! phthalates are also presented.

1:XVKRlMENTAL PROCEDURES AND RESULTS

F.itrurtr<in urtd Preparative Th'tn Layer Chromatography [PTLCI

Sea water samples �0-60 liters! were collected during a recent red tide
<iutbreak  January-February, 1974, in the St. Petersburg area on the west coast
of Fl<iridai. The sea water samples, containing G. breve organisms, were
a< iditied t<i pfl 4 by addition of concentrated hydrochloric acid and the toxin
wa«'i< t r acted with 15 ml of chloroform/liter of sample. After mixing for 1S-20
min, the chlorof<irrn layer was removed, centrifuged, and evaporated under
va< uurn, The residue was redissolved in a small amount of chloroform under a
nitr<igen atmosphere. This chloroform solution  '4 1 ml! was passed through a



TabIe I

PREPARATlVE THIN LAYER CHROMATOGRAPHY OF
G. BREVE TOXlNS

Column Fraction ill

Rf at22 C

Col urnn Fraction I

FractionRf at 22oCFraction

0.3

0.65Illb0.03

0.80tlcIC
ID

0.06

0.10

Chloroform extracts were applied to preparative thin layer pbtes  E Ivlerck.
Silica gel 60, F-254, 2 ntm layers! using a Desaga Wide-Band Streaking Pipet
 Brinkmann, Inc.!. The plates were subjected to ascending chromatography at
room temperature for approximately 90 min. The separations were visualized
by UV light under dark.

silica gel coturnn �.5x40 cm! and eluted w;th chio
about 2 rnl 'min. The silica gel column was prepar+ as foll
gel '�00-200 mesh! was mixed with celite �,1 weight r t ~ !
chloroform-Inethanol �:I! mixture. The gel suspension was filter through amedium Porosity stntered glass funne~, cusp.nda in f~h hlmethanol solvent, and poured into the column tu form
column was etuted with chloroform, resulting in the se a
band This is called fraction lll. Since several diffused colored bands st>IIappeared in the column, which were not easily separated. they were elutedtogether with a chlnroform-methanol mixture �3;7!, The next fraction fraction Il! is the eluate between fraction III and I  the last fraction tn beeluted!. Fraction II was found to be non-ichthyotaxic and was nnl anal zed

was nn ana yzany further, Fractions I ancl III were further separated by I'TLC and tested fnrichthyotoxicity using the procedure described by Martin and Chatter!ee �LSpectrometric examinations were carried out on these subfractions. Theseparated fractions were concentrated under vacuum and kept in the cnI J
under nitrogen atmosphere until needed, LVe also retained an «liqunt of theoriginal red-tide sample which was carefully extracted in «n «II-glass system.
This crude toxin was later analyzed as will be discussed,
The solvents used in the PTLC separation of fraction I  Table I! werechloroform:methanol  98 2!. Fraction lp which remained close to the ongin.

was dark green in color, ichthyotoxic  weaker than IC! and had a tishy smell.
Fraction IB was light green in color but there was not enough material to testfor ichthyotnxicity. Fraction IC was the most toxic and had an orange-yellow



color. Fraction Ip was also toxic but less than IA and had an orange-brown
~olor, As mentioned above, fraction II from the column was not ichthyotoxic
and had a light green color and a strong dusty smell.

As shown in Table 1. fraction III from the column was further separated by
pTLC into three subfractions by using a toluene:ether:ethyl acetate;acetic acid
 g0 ]0:l0:0.2! solvent system. It was resolved into three distinct bands.
Fraction Illa was a greasy, green colored material while fraction IIIb was dark
green. The residue from fraciton IIIc was a light yellow, oily material. All these
subfractions were non-toxic. Since fraction Illc was suspected of containing
phthalates, either as con taminants from the laboratory or from the natural
source  sea water!, it was analyzed further along with the toxic tractions. As
will be discussed later, we also exainined the infrared and mass spectra of a
chloroform extract of tygon tubing, which was not ichthyotoxic.

Spectroscopic Analyses of Toxic Fractions

IJltraviolet, Visible and Infrared Spectrophotometry. The UV absorption
spectra in the range of 190-240 nm for fractions IA, Ig, and Ip are almost
identical but the peak shape was sharper and narrower for fraction Ip  Fig. Ia!.
There was no significant absorption in the visible range {600-500 nm! except a
slight absorption at 533 nm for fraction IA which as noted before had a dark
green color  Fig. 1b!. The instrument used in these measurements was a double

Alen!

Fig. 1. Ultraviolet and visible spectra of G. breve toxins. Abscissa; wave length
 nm!; Ordinate; absorbance. a! Left side UV absorption spectra, b! Right
side - visible absorption spectra. IA = toxic fraction IA, IC = toxic fraction
IC. ID = toxic fraction Ip.



am ~eckman Spectrophutometer  ACTA l[! with a 1,0 crn light path quartzcells Jink,e to a strip chart recorder  Esterline Angus!. The samples weredissolv d in methanol for these measurements.
The lh«~ spectrum of the toxic fractions was obtained with a Grating lR~pectrophotometer  Perl, in-Elmer, K>odeJ 337!. The toxic fractions weredi»oJ«d in chloroform and analyzed with 0. t mm light path NaCJ cells. Thespectra of the various fractions are shown in Fig. 2.

Freyency cm '!4000

t80 zoO
A y!

Fi, 2, I f ar d spectra of G, breve toxins ancf tygon tubing extract. Upper
frequency  cm !; lower abscissa: wave length Lu = rnicrons!;-1,

ordinate: absorb»ce, IA = toxic fraction IA, IC = toxic fraction IC, lD
toxic fraction ID, I[f = non-toxic fraction ll c  ex! = tygon tubing extract.



Gas-Liquid Chromatography

Analyses were performed with a Beckman GC-45 dual column gas
chromatograph. The results and conditions of analysis are summarized in
Table ll. Two peaks were obtained from the tygon extract, one of these peaks
had the saxne retention time as the single peaks obtained with crude toxin  glass
extracted! and non-toxic fraction IIIc. The purified toxin, fraction lc, had the
same retention time with the 1% SP 1000 column but somewhat lower
retention times with the other columns  Table II!, The purified toxic fraction Ic
may be completely different from the non-toxic fractions and some
phthalate-like compounds extracted from natural red-tide sample.

Table II

SUMMARY OF GAS-I.IQUID CHROMATOGRAPHY

Flame ionization Detector, Temp 300 C; NZ 30 psi; Air ~ 300 psi;
HZ 50 psi.

Columns: 6 ft x 2 mm t.D., glass, pre-packed  Supelco, Inc., Bet}efonte,
Pa.!.

DISCUSSION

The isolation and purification procedures of G. breve toxin seem to have
developed as a matter of choice by various investigators. As a result, there is
no standard procedure. A comparison between the various toxins is impossible
and it is not surprising that different results are obtained with these
preparations and that a degree of artifactuality may have been introduced.
This seems to be particularly true with samples derived from naturally
occurring red tides. Not only may similar compounds be extracted Eroxn a
mixed population of plankton, one xnay be inadvertently concentrating toxic
compounds, arising not froxn the red-tide organisxns but also from man-made
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0.8
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and tygon tubing
Solvent system:
A: crude toxin

B: purified toxic

Fig. 3. TLC analysis of crude G, breve toxin, fraction IC
extract. TLC plate: silica gel 60 F-254  K. Merck!.
toluene. ether ethyl acetate: acetic acid  80:10:100.2!.
 extracted in an all-glass system from red-tide sample!,
fraction IC, C: tygon tubing extract.

pollutants. This problem is no longer a remote one in view of the reported
wide occurrence of lipophilic organic compounds �!, tars and plastics  8!,
insecticides  9!, and phthalates �0!. The latter class of compounds are
particularly troublesome in view of their wide distribution in the environment
particularly in river effluents �1-13!.

In the course of the present investigation, we have attempted to simplify
procedures for the isolation of G. breve toxins as to reduce the possibility of
introducing artifacts such as the contamination ot the isolates with materials
extracted from plastics in the laboratory  e.g. tygon tubing! or the inadvertent
breakdown of the parent toxic principle.

First of all, the toxic material from G. breve is almost surely a lipid
compound. For this reason, we used the chloroform extraction which is widely
used for lipid isolation from biological samples. Although polar and nonpolar
compounds extracted by chloroform can be further separated by activated
silica gel column chromatography, we did not obtain a clear separation of the
various bands on the column. The bands were diffused and merged as the
elution continued.



Thin layer chromatography was d«ne on  A! a separate sample of crude
toxin which was extracted and separated under carefully controlled conditions
to assure that it never came into contact with any plastic tubing, etc.,  B!
fraction lC, and  C! material extracted from tygon tubing by overnight
exposure to chloroform, The results, shown in Fig. 3, indicate that the crude
toxin had a component with an Rf value of 0.7  in common with the tygon
tubing extract! in addition to material which remained at the origin. The
purified fraction lC on the other hand, did not migrate but remained at the
origin. The tygon extract was completely resolved into two components with
Rf values shown in Fig. 3. Thus, we tentatively conclude that alkyl-phthalates
were originally present in the red-tide sample and did not arise during the
extraction procedures in the laboratory.

The UV spectrum showed that all toxic fractions had strong absorptions
between 190-240 nm although peak shape became sharper and narrower for

C a"d lD, This suggests that all toxic fractions seem to have
substituted aromatic structures  Fig, la!, There was no significant absorption
in the visibl«range, except for a small absorption peak at 533 nm for fraction
lA which may be due to the dark green color  Fig. 1b!.

The strong and wide absorption in the 14-'1S u region in the IR spectrum
 Fig, 2! «iso indicates the possibility of aromatic ring structures in all toxic
fractions. Fraction IA had a peak at 3.0< which may show the presence of -OH
tor -NH! groups. This peak was not prevalent in fractions lc and ID, All the
fractions have a relatively strong absorption at S.S e which may indicate the
presence of carbonyl groups  -C 0!.

The three toxic fractions have a basically similar pattern irt their IR spectra
but this pattern is also similar to those of aliphatic phthalate compounds  l4!
which might have been extracted frotn plastic material  i.e tygon tubing!. We
have included an IR spectrum of this material  Tex! in the lower part of Fig. 2
together with the non-toxic fraction lllc. Note, however, that these spectra
have a strong absorption peak at 7.8-7.9>  arrows! which may indicate the
presence of .-C-0-C structure. Unlike the toxic fractions they show no
absorption at 3.0>, These results seem to agree with TLC analysis above.

Sasner et a  �! performed similar kinds of analyses and found that their
preparation had two peaks of absorption at 410 and 210 nm. They suggested
that the peak in the visible range was due to pigment contamination but did
not comment on the UV absorption. Their IR spectrum did not indicate the
presence of aromatic and conjugated double bond systems.

We alsn analyzed fraction IC and the tygon extract with a mass spectrometer
f Af'1, %
. with electron excitation! and obtained ion spectra similar to those
found with aliphatic phthalates, particularly, di-2-ethylhexyl phthalate as
reported by Sato et al. t]2!. The diagnostic fragments have rn/e values of 279,
tt7, and 149. They were present in fraction LC which in addition had
additional fragments in the range of l85-263. As noted by Hites �3!, however,
closely related phthalates will have additional fragments in this region, This
analysis suggests that  a! the toxic fraction we have isolated is similar to



dialkyl phthalate compounds or  b! the phthalates are contaminants offraction rC which are more readily volati iz~ during the mass s~trometricanalysis than the toxins themselves which may b higher molecular we httg er rno ecu ar weig tcompounds as suggested by Trieff et al, �!,
It should be noted that generally speaking phthalates do not show molecularion peaks in their mass spectra, If the parent G, breve toxin behaves similarly,the molecular weight determinations must be performed by alternate physical

methods. In view of the ubiquitous nature of plastics in the environment, it is
imperative to conduct investigations on the chemical nature of G. breve toxins
on laboratory grown cultures. The results of th» present investigation
emphasize this need.
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AH'i I RAC 'I

At least fii e toxins have bat n isolated from a crud» acidified ether extract of
un!.ilg,il < uftur< s of the iliriollax< tlat'  it/rrttT iifvuiziil fireve Davis. Iechniques
iil ciilumn. liqui<l anil thin layer ihrornatography  TLC> have been employed
t<ir th» is<ilat i<in and purification of these toxins, The toxins were monitored by
rnouche toxnity, 'brome of the t<ixins,ippear to have neuro-toxic effects. No
a~etylch«hnestt rase inhibitory propert«s have been detected in any of the
tiixins studied.

Th«m~ thoif of «<ilation of the toxins is a modification of Alam et al. �!.
Iht fractions wirt initially separated in the dark on a silicic acid column using
elutintt siilv«nts of 2;l v- v! benzene:e thyl acetate  B.Et, 1:1 viv! I3:E and
met haniil. Subsequently, 2-dirnensiiin,il TI.C. was perf ormed in the dark on the
pre vi»usly separated tract itins, the spot s being eluted with ether.
I'hysi<o-themi<al techniques of LlV, IR and mass spectrometry have been
utilized f<ir characterization.

T 1 t Rl 0.42-0.44 f, possesses hemotytic activity; T2  Hf 0.35! studied to the
greatest extent has a molecular weight of 72S and an empirical formula
C'4 1 ! so'NO f0, pi!ssessing unsaturation and a lactone ring. T3 Rf 0.24-0.30!
and 1'4  Rf 0 ln O.f9t have not been prepared in sufficient amounts to be
stuihe<f t urther: TS  Rf 0-0.08! is probably a complex mixture of toxins and is a
severe respiratiiry irritant.

I differences in the batches of crude toxin may account for differences in the
results of the present work as compared with that of Alan et al. �!. Ethanol
was found to degrade TS, producing multiple fractions of higher Rf's, the time
ol contact with ethanol affecting the results.

INTRC!I.! UC. TION

The dinciflagelfate C yrrtrtndiriitzm breve Davis  C. breve!. has caused
numenius fish-kills during the time of its blooms, called the "red-tide"
<i~c iiiring periodically along the west coast of Florida and the Gulf of Mexico,
 ' Iir eve ix also responsible for numerous cases of poisoning of humans who
ha ve eaten shell-fish contaminated with the dinoflagellate  'JO! and for
respiratory irritation of individuals who have inhaled the spray carrying the
organism during a "red-tide"  ll!. The dinoflagellate produces endotoxins,
shown by McFarren et af. {9!, Ray and Wilson  I3!, Halstead �!, Spikes et al.
�1k and Sievers �8! to be toxic to marine and laboratory animals. Various
workers lCurnmins et izl. �!, Martin and Chatterjee �!, Paster and Abbott
�2!. Trief f et izf. <22!. Sasner et al,  I6!, Spiegelstein et al. �9! and Alam et al,
�! I have reported the isolation and partial characterization of toxins s! from
G. hretir The physiologic or pharmacologic actions of the crude and partially
purified toxins s! have been reported by a number of workers [Sasner  IS!,
Sasner et izl. �6k Paster and Abbott �2!, Abbott and Paster  I!, and Spikes et
al. �0, 2]! l, lt is im orr ., l, t is important to note that most investigators report that their
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toxin s! was contaminated with carotenoid s! pigments, It is a]so significant
that no tv o v orkers have reported the tso]at>on of the same toxin from C
breve.

Studies on G. brpiie toxin s! have been going on for the past few years in our
]aboratory. We wish to report the present status of our work on G. breve
toxin s! and offer a partial explanation for the diversity of results among the
differen t laboratories.

EXPERIMENTAL

G. breve was cultured in modified NH-15 inedia by the method of Gates
and Wilson �! and extracted by the method of Spikes �0!. The ether extract
was evaporated to dryness in vacuo in a rotating evaporator and the residue
redissolved in a sma]1 volume of ether. Suspended particles were removed by
centrifugation and pouring off the supernatant which was evaporated to
dryness. The residue was dissolved in 3 rn] oF 2:1  v/v! benzeneiethy] acetate
 B: E!.

Coturrin Chromatography

The G. breve extract dissolved in 2:1  v/v!B:E. was placed on a column �.5
cm x 7.5 cin! prepared by packing with a silicic acid2 slurry in 2:1  v/v! 8:E.

Eluting solvents were 2:1  v/v! B.E �60 rnl, fractions 1-9!, followed by 1:1
 v/v! B: E 360 rn], fractions 10-18!, and finally with methanol �00 m], fractions
19-23!. ]n all, 23 fractions �0 ml each! were collected from co]umn
chromatography, After concentration of each fraction separately to 3-4 rn] irt
vacuo on a rotating evaporator, each fraction was spotted on a TLC plate and
its Rf va]ues determined on two solvent systems  see be]ow!. On the basis of
the Rf value, fractions were combined to give a total of 9 Fractions. A]] column
chromatography was carried out in darkness to avoid photochemical
transformation which was suspected.

Thin Layer Chromatography

G/ass plates �0 x 20 cm!, coated with silicic acid> �00 and 500 u thickness!
were used for qualitative and preparative work respectively. Plates were
activated for 45 minutes at 110 C just before use TLC was carried out in the
dark to avoid possible photochemica] change. The solvent systems used were

1. The unialgal starter culture was obtained from the culture collection of Dr.
W, B. Wilson, Moody College of Marine Sciences and Maritime
Resources, Texas A8cM University, Galveston, Texas F7550.

2. SilicAR 7GF, for TLC; Mallinckrodt Chemica] Works, St. Louis, Mo.
Silica ge] for TLC, D-5, Camag, ]nc., Wisconsin.



I, 2.1 vi'v! B: E and11'1:1 v/v! B: E. Location of the spots was performed by
using iodine vapor followed by spraying with 50% HZSO4 and heating for one
half hour at 110oC. In previous work, 1% KMn04 anb Dragendorff's reagent4

were also used. Two-dimensional TLC was employed For final separation of
the components using Solvent System Il, A sample chromatogram is included
in Figure 1, In preliminary experiments the components were located in the
manner described above, but for preparative work no location reagents were
used and the Rf values were used to locate the spots The spots were scraped
off, elute d with ether and evaporated to dryness in vacuo. The procedure was
repeated until optimal purificatio~ was achieved,

Monitoring of Toe~city

The particular component was dissolved in a known voltjme of ether. An
aliquot of this solution was taken to provide ZOO gg of material. To the ether
aliquot was added 1 drop of polysorbate-SO and the ether evaporated To the
residue, 1,0 ml of isotonic saline was added and the two-phase system shaken
u~til it was homogeneous. Then, the entire 1.0 ml was injected in a white Swiss
yale mouse weighing approximately 20 g. The mouse was examined for 72
hours and the symptoms observed. Death, pain or difficulty in respiration

figure 1, Two dimensional TLC of fraction 9 on silica gel coated plates �00!a thickness!
using 1:1 v~v! B: E solvent after iodination and charring with 50% HgSO4.
A = T5 + T5, 8 = T4; and C = T3,o 1'

4. Dragendorff's reagent type QSR-D, Quantum Industries, Fairfield, N.J.
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were noted. If there was any ambiguity, the experiment was repeated, If afraction had either an LDIOO of greater than 10 mg/kg or elicited no noticeable
discomfort. it was considered non-toxic.
Liquid Chromatography

Liquid chromatography was carried out on several fractions in an effort toeffect further purification. A Merck pre-packed silica column �10 mm length x
25 mm i.d.! and basic equipment for liquid chromatography5 were employed
using an LKB 4912A peristaltic pump and Research Specialties Co. fraction
collector with clrop counting unit. Two rnl samples were applied with ethanol
which was also the eluting solvent. Forty fractions � ml each! were collected.
Physiologic' and Physico-chemical Characterizations

Visible and UV spectra were recorded in methanol solutions on a
Perkin-Hmer Coleman 124 spectrophotometer, IR spectra were recorded in
carbon tetrachloride �.05 g/ml! on a Perkin-Elmer 337 grating IR
Spectrophotometer. A mass spectrum was recorded on toxin T2 using a CEC
21-1IOB double focusing instrument; the temperature was 3BO C and the
resolution 8000 M/5M. Elemental analysis was performed by Huffman
I aboratories,inc., Wheat Ridge, Colorado. Phosphorous wasdetermined by
the method of Mason et al,  8! and Bartlett 9!. The effect of crude toxin,
various fractions, and purified toxins on human blood serum cholinesterase
activity was determined by spectrophotometry~. Hemolytic activities of the
crude, purified toxins TI and T2 and various fractions were determined by the
method of Reich et al, �4!.

Degradative S tidies

Acid hydrolysis of toxin T2  9.0 mg! was carried out by reHuxing in 50 ml of
2N HCl in methanol at 70 C for 9 hours. After hydrolysis, the methanol was
removed by distillation and the hydrolysate partitioned between equal
volumes of water and ether. The ether layer was separated and evaporated to
clryness in vacuo. The residue was spotted on a TLC plate, developed in
solvent system II.

Degraaative studies to demonstrate the effect of ethanol, if any, on various
toxic fractions were also performed. Various contact times and temperatures
were utilized and details are gtven under the "Results" section.

5. From FM Laboratories lnc., 500 Executive Boulevard, Elmsford, N.Y.
10523

6. Sigma Technical Bulletin No. 420, Signa Chemical Co., St. Louis, Mo.
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RESULTS

LJ>rorrrrttngra!rhy rzrrd Profrerties of Various Frartior~s

Table 2: A comparison of Rf Values by TLC in
I:I {vr'v! B: E Solvent Starting from

Different Batches of Crude G. Breve Toxin.
Rf

Designation

Alarn er eJ. �!
0

0.04

0,08

Present Study
0

o.o6

Toxin Tg

0 V re
V o 0.20%0,16 - 0.19

0.24 -0.30

Toxin T4
'Toxin T3

0. 26

0.3S
Toxin T2

Toxin TI
0.42

G C
EJ
rir

X 0 1
o

0.500,50

0.63

0.70 - 0.740.75

0.850,81 -0.88

' This crude toxin was designated by Alarn et al, �! as toxin T3
Indicates that the band was not observed.

Indicates that the band was found non-toxic to mice  LDI00 g10m / .!
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Table I shows the results of Alam et al. �! descnbing the chromatographyarid properties o> the various fractions, Only fractions 7, t! and 9 were tound
toxic to mice. By repeated preparation TLC of fractions 7 and t!. Alam et aI, �!obtained purified toxins TI and T2, having Rf values of 0.42 and 0.3$
respectively. The presence of a third crude toxin was observed in traction 9.
In a recent study using two additional batches of crude C. bret e etherextract, by further 2-dimensional TLC of fractions 7 we separated Alam's T3

into two toxins with Rf's of 0.24-0,30  designated as T3! and D. I~, I9{designated as T4!, Another toxin {designated as Tg! was obtained mainlyfrom the methanol-eluted fraction of column chromatography. It consisted, on
24imensional TLC with solvent system II, of two spots, one with Rf O and
the other with Rf 0.044.08, This corresponds exactly with what Alam et aL {2!
had found, by starting with different batches. A comparison of the two studies
is presented in Table 2.



f!< Irr f<f ft i»i at<  if<r«»i Tt>Xiff T0

Alum < r af tZt purilie<l toxins I'q and T4 tdesignated previously as T3! by
«column chromat <graphy on silicic acid and eluting with 5~< methanol in
chl«r«form. It was f<!und contaminated with small amounts of pigment s! and
n<ft further character red,

A» n<ited in Tab!e 2, we observed t<ixin T5 to be a complex of two
components, one with Rf ~O T<i ! and the <<ther with Rf 0.06 T51!. This
mixture was injected tnt«mice and found t<fx<c, causing severe respiratory
distr«s. althoughit did n<>t cause death at the dosage empolyed. The mixture,
T5 was purified by liquid < hr<imat«graphy with ethanol as eluting solvent and
separated into fracti«ns Results were the same both in the presence of and
abs< nce <it Ifght. The forty tubes were combined into eight fractions,
<'vap<<Mt<'d   fr le<he st> at 50-o0"C and tested on TI.C with solvent system II.
Curi<fusly, the Rf's were altered t<t a marked extent compared with the original
arid were f<'<find t<< vary between 0.72 and 0.90, and all fractions were found
n<in-t<txi<

I <> xitr< ertain whether the liquid chromatographic process or the ethanol
<aus«' I the degrad.<tion and l<>ss of toxicity, Tg was eluted with ethanol,
<'v ip<tf il<'<I if  lt f ' f<! at s0-oOo . and rechromatographed on TLC with solvent
system II I lie Rf «I Tg, was altered fr<im 0 to 0.94, while that ofTg hanged
trrun 0.0e tu 0.8<. In a turtbcr experttnent the Tg wax eiuted with ether anet
evap<irated iff natu<i. The residue was dissolved in ethanol and immediately
sp«t t< d c n a TI.C plate. This time, four different fractions were observed with
Rf's of 0,3e, 0.46, O.S5, 0. 70. The results of these experiments are summarized
in Figure 2,

Phys 'ro-rff<arffic tl D ft < off Toxin T2,

S<~frie <if these data have already been reported I AIam et al, �! I. Toxin T2,
a white am<frphous powder, obtained by lyophilization of a benzene extract
after TI.C purification, was found by mass spectrometry to possess a
m«I<x ular ion with m e of 725. From the mass spectrometry the most probable
m<il«ular f«rmuia was found to be C41H~9NO10. The IR spectrum of T2 has
hand» al 3000 cm  shoulder, -C-H unsaturated! 2895 cm  -C-H saturated!,
l 740 < m I, and f710 cm I  carbonyl! and a strong absorption band between
1 I 20 cm I and I 025 cm I  -C-0-C-or tertiary arnine!. The absence of any band
in the region of 3700-3200 cm 1 indicates the absence of hydroxyl and primary
or secondary amino groups. A UV spectrum of T2 gives absorption maxima at
2tf0 nm teM $.0x10 !, 267 nm and 270 nm  eM 3,8xl0 !. Both the IR
spectrum and the fact that the toxin decolorizes potassium permanganate
indi< ate unsaturation.

The ether-soluble hydrolytic product of T2 gave a single spot �.67! in
s<flvent system ll and the IR spectrum had a strong absorption band at 3300
cm I I-OH or N-H} and weak absorption at 1750 cm 1  -C 0!. Qn the basis
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~R spect um the ether soluble hydl olyti product fla at lea t t
In a lac

DISCUSSlON

Table 2 prOVideS eVidenCe fOr the eXistenre of at least fiVe toxins froln the  ibreve. Depending an the batCheS uSed. there is Variability ln the amOunt rlf thtlifferent fractions. jn the present study no band was f<iund at O..i5. 4'e ftavno SatiSfaCtOry eXplanatiOn fOr the faCt that Alarti et <lf. l ! filund t<i«<n Tf t<be toxic whi]e in the present study toxin Tl was found nun-toxic. ln the stu<jlpf QIBITl pf af. Q!, rtO tOXiCity meaSurements ~ere made on to%in Tr

I

Ftgure2. Degradation studies of T5 with ethanol. A res<i when T, previously
separated by 2-dimensional TLC and elution with ether. faHo<N hy ro ysis

, h ' to 50 -60oC, and evaporation, is chrorrlatographed;with ethanol, neating to
ure -0.$4 C resofts0,04. S' 'l l B is T after using the above procedure; Rf . reso ~

a ter iS iSSO V ill ' ' hanOl and TLC teSuftsafter T~ is dissolved ill ether and evaporated. Solution in ethano
in the 4 fraction observed with Rf's 0.36, 0.46, 0.5S and 0.%-

11 '7



Pl~

I

e> j

Rgure 3. TLC of three different batches of crude G, btvUe toxin obtained at different times.
TLC utilized silica Iel coated plates �0gu! and 1:1 v/v! B 5 as solvent. Columns
2,3 batch 19,6 ~ batch 2g,9 batch 3.
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This batch-to-batch variation in the concentrations of the different
components was confirmed by performing TLC on three different batches of
crude G, breve the results of which clearly indicated that the components of
different batches differ markedly in both qualitative and quantitative aspects
 See Figure 3!.

The experiments showing the effects of ethanol on toxin T5  Figure 2! clearly
indicate that ethanol is both degrading and detoxifying the toxic material. The
Rf values in solvent system II of toxin Tg increase further, the longer the
exposure to ethanol and the higher the temperature. Thus, for a short exposure
at room temperature the Rf's are a continuum from 0.36 to 0.70, while for a
longer exposure at higher temperatures �0-60 C! the Rf's are 0.84 and 0.94.
The latter appear to be final decomposition products The fact that the Rf's are
increasing indicates that the decomposition is causing the original molecules to
become more non-polar. It is pertinent to point out that in earher work
tTrieff et al. �3! I,we noted that degradation and detoxification of a partially
purified G. breve toxin occurs in the solvent system CHC�, CH3OH, 6NNH3
 909.58.5! as well as in 0,1 N NaOH with heating.

Alam et at. �! have reported that our toxin T2 is similar to toxin T2 of
Spiegelstein er at, �9! as well as to substance II of Martin and Chatterjee �!
with regard to its lack of hernolytic activity. With regard to acetyl



cholinesterase inhibitory activity, it is different from toxin T2 of Spiegelstein et
a j. �9! but similar to substance II of Martin and Chatterjee, who also reported
the absence of anti-acetyl cholinesterase activity in their major toxin; however,
toxin T2 differs from substance II of Martin and Chatterjee �! in that it has no
phosphorous. The physicochemical parameters of our toxin T2 bear some
similarity to those of ciguatoxin as described by Scheuer et aL �7! in terms of
its IR and UV spectra, lack of phosphorus and a Dragendorff-positive
nitrogen. There is a possibility of some metabolic relationship between toxin
T2 and ciguatoxin �!.

CONCLUSIONS

At least five toxins have been isolated from a crude acictified ether extract of
G. breve using a modification of the method of Alam et aL �!, employing
column, thin layer, and liquid chromatography. Toxicity was monitored by
mouse bio-assay. Each of the toxins displayed neuro-toxic effects although no
inhibition of acetylcholinesterase activity was noted,

One of the toxins, T2, previously studied in detail by Alam et aL �! was not
isolated by us from two batches of crude toxin, and one of the toxins, T1,
isolated in the present study, was not found to be toxic, There was complete
agreement on the Rf's of the non-toxic fractions. Significant qualitative and
quantitative differences in the components of the batches of the crude toxin
and degradation that results from exposure of some components to polar
solvents such as ethanol or methanol may account for the observed
differences.
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<it tlia ga n<rs:inrr>Jr<<Jar<ra»ar if'arnrlv E vmra<i<frnar<]arr have been
s<is[ii <i .ai tiieiri fir<i<1<i< mt: <lan<it 1 <J'<llatrs lie< cntlv « lfi <it .'k air 'r<ic have
li« n sh< v< n t< he t< air< t i Erich an ] mr e, an<1 the efteiti a>}  ru<fe <'xtra<t< aif lhc
airganasm <in rn<alf<>sean. <rusta«'an, and amphrbrar< heart a<tivity anil <in
ma<us< intestine- «antra< ti<ins in<fr<at<if the pre senr «if < haalrna -irk< xuhitan<e s
E <'fls < t,'t < <etta'ir «' aint iin 0 4'"r ta t il a Eiailinr«hl< rial< «luiv il< ni ilrv ivt
l 'Eiiv.ir<f a t 7,"i'"«if tli<' < hail»ia r~ nain lip<<rafa 1 iri n.iti;ra,iri<f «<:ri rn.airili iri
tfira a iv.iii r «if<<Eifi «riip<iiin<fi 'TEi<.i< li,iva lie art pair<Era'al 1'v pra'1'Ir,ill'a<' li.lp<'r
.<iial tliiri E.av< r a hrairriataii;r <plied t,!n«it the a aim Era'll«ali l,«E a < n iili nt itic<1 ai
.ia rvlvla Eiaallfa< aifa tha' b vl~ <if hv<fiaifvwai la< .ia rvl« ia l<l .<fl<f < fiaillrir .Inif b<
< oniparria<n arith i Ere ivnth» ti< Eirri<lu< t  !na. «»npai<rn<f h,is Ei«< ri ihaiwn tii he
a li«line E~ i<altar< fhe thir<f i a raipar<rn<f, pr< s< nt rn iinallest arri<i<ant, is aft<i .i
< lia'illfl<' <'st< i pra '1' lblv als< a st<'rlfla <1 wit Ei i sm 111 ma i le< ula r w r ight <irganic
.i< i<f, Eiut h es n<it be«n <dent<lied. A<rylylcholine exhrbtte<f E 4,000 the activity
aif a<i tvl<hi Ern< in <fecreasrng both the .empfrtude ancf freituency <if beat <il
is<if.ita il ini <iga nra,'<1<'rca rrr rraa tera r«'r«err<a heart, an<f, as svith .i< et el< ha~line.
tli< .i< trvat> «><<E<f Era Eal<~ E r'f v ith a1vtaif<an C hailine  ! s<iffate exhibited
1 ..'.0 AW if la' aa tivltv <it I<a t	<hailrne a!n isailated .9< ra < i<arri<i Ea<'art
Aa rvlvla fairline .ils<i a.e<rvr<f .in in< ri ase rn fr« tua'nc v aif Ei at nf rrr "i<'Ii
a r<rsta< e iri heir t anil an in< rease intr< <Eu«na y and.tirapf itu<fe of a iintr i< trains <if
<sail.eta'al nlailisa' rial<'itin<' All tha'M' i.'fl«' ts «aul<l he reve re <1 by washrny,

1NT R !l! U   I EE ! 4

1 la< ga raar; .'Lrr.J~Jrr<!arri<<err rs rri<.lu<le<f in the f.imilv  'yrnn»<fina<<]ae T he
ann<aliis air giraffe is near the anter«ir en<f whereas in the genus ti qrtrrr<ia$rrrrrarrr
the gi rifle is la<< ate<I na.' li the' ie'fi't<'i' R<'d t i<les in 'the' Delaware Bay hav<' be'cn
attribute<1 tai Ar»Jilrrafrrrri<rer species �4t and high <onie'ntrati<ins have bean
r«paar te<E «i <fr~ iil«r wn<fs in suhti<fal areas tti.7!. 1 falstead �i in< lu<jes the
gerl<li rk ri< J i Jr r<lrrr ir rrl ln his list <it taixl«, jara<if lit ge flat ex. I n 1 ~57 Mcl autthlin a nd
E'raiv.<i<air t Esr repaarte'af that sufwrnate's lr<im cultures aaf 8 11<'fr'Iir arid
f Jr lyl ii< Jia i< ~ 'Jr Jr<< r<lrl '<v< re. 't aix i< t<i 1 lych

.1 i,arri riri' I~ i ta'iilfH'r,at<' 'lv,ita'I n'l,lrlrle'dinoflagellite' 1't wa~ <fe&rrlie<f tt<im
the   afie   aiaf,era a <il Massachusetts, lf.'S.A, hy Hulbert  <J!. Recently
1 fi<iilicrg,iriif '~a«irr i E rib<rase<1 that <elis <it 3 a reit<race were tcra<ic t<i fish and
tai nii< c '1 hr'y shaiwed t hat < rude <e ll ca<tracts ot the <irganism increase tensi<in
<]< veliipment in a,rusta<ean heart and mouse intesttne and inhibit molluscan
an<1 amph<br.en he'art a<.tivity and that pretreatment of rnolfus<.an heart with
Mytaalaara art<1 ai»phitiian heart with atr<iprne hl<icL. the ~nhibitory effects of the
extra< ls I b<&<' Eihyxaail<iga< a! tests indicate<f the presence of acetylcholine-like
iartaitan<e»n itic extra<t» of 8 rarrtara«' Pv'angersky and C>uillard  ZZ! have
re p<irte<f th,at an aietylch<iline anaf<ig may be present in the organism.

rhr, repair t summarizes the further «hemical and physiological studies which
h,ive recently been carried out on substances praduced by A r~rterue
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!<'g<if<tsrpi <iptd Cult<< rlfig

culture of A car < r<ic obtained from R. L. Guillaf f, Moods Hole
oceanographic Institution, Woods Hole, Massachusetls, was used in this
,t�dv. The organism was grown in 20 liter carboys in artihriaI sea water
mediz<zri at >4< 2oC under constant artificial illumination and aeration and the
cells harvested by centrifugation  Zl!.

CJtc<hrte Assays

Choline assays were carried out using a choIine-requiring mutant of the
mold Neurospora crassest  strain 485, Fungal Genetics Stock Center, Dartmouth
College, Hanover, New Hampshire! and Choline Assay Medium  Difco
laboratories. Detroit, Michigan! by the method of Horowitz and Beadle  8!.
samples were first hytfrolyzed with HCI to liberate tree choline  I0!. In the
assay N-meth ylethanolamine and N, N-dimethylethanolamine are equally
a< tive as choline on a molar basis, and intact choline esters show almost zero
to alrn«it tull acetylcholine activity, when compared nn an equimolar basis,
<fepencf< ng upon th» acyl group   I 0!.

Pbysiolo!ticaj Methods

Acetylcholine activity was measured using isolated Merr en<iri<t <riercenaria
heart according to the method of Florey �! and effects on t'n uioo crustacean
heart arid isolated mouse intestine measured by previously described methods
 I8!. Heart beats and intestinal contractions were measured using Grass
f=TO3C force displacement transducers and the signals were recorded on a
Grass Model 5 Polygraph.

Gas- L ignis C h rom a togra p by

Gas-liquid chromatography for volatile products resulting frotn the
hydrolysis of choline-containing compounds was carried out on a
Barber-Colman Mode] 5000 Gas Chromatograph equipped with a hydrogen
flame ionization detector. The column consisted of a 6 ft x 4 tnm  i,d.! glass
U-tube column packed with 100-120 mesh Porapack Q  Waters Associates,
Inc�clifford, Massachusetts!, Details for the hydrolysis of the satnples and
preparation of the volatile hydrolysis products for analysis as well as details of
the analytical procedure are given elsewhere �9.20!. The retention times o aof a
variety of short chain acids, alcohols, aldehydes, ketones, and Iactones using
this system have been recorded �9!.



Paper and Thin-Layer Chromatography

Whatman No. 1 paper and precoated silica gel  E. Merck! and alumina
 Macherey, Nagel! glass thin-layer plates  Brinkman Instruments, Westbury,
New York! were used. The choline compounds were detected by exposing the
paper or plates to iodine vapor or by spraying with Dragendorff's Reagent,
Silica gel plates were also sprayed with 50% sulfuric acid and charred, The
paper and thin-layer chromatographic properties of a number of choline
derivatives in a variety of solvent systems have been recorded �0!.

Isolation of Choline Compounds

The following procedure was developed for the isolation of the non-lipoidal
choline fraction from A. carteri cells �0!, One g samples of dry cells were
extracted first with 250 ml of 95% ethanol, centrifuged, then extracted with
250 ml of 90% ethanol and again centrifuged. The ethanol extracts were
combined and concentrated to dryness in vacua. The residue was suspended in
100 ml of water and extracted with 100 ml n-butanol. The resulting aqueous
phase, which contained the non-lipoidal choline compounds, was then
concentrated in vacuo to dryness. By means of preparative paper
chromatography using Whatrnan No, 1 paper and the solvent system
2-propanol: pyridine; water �:4:3 v/v!, three choline-containing compounds,
designated 1, 2, and 3, were separated from each other �0,20!.

CHEMICAL STUDIKS

Choline Content of A, carterae

Hydrolysis and assay of A. carterae whole cells showed that they contained
0.36O.41% choline chloride equivalents on a dry weight basis �0!. When thts
value was compared with values found in other algal divisions �0, 11!,
namely,   0.001-0.015% for blue-green algae, 0.01-0.12% for red algae,
< 0.001-0.07% for brown algae, 0.08% for a euglenid, and 0.002-0.18% for
green algae, it was seen that it was significantly higher. An investigation was
therefore undertaken to determine the nature of the choline compounds
present in the organism.

Nature of the Choline Compounds in A, carterae

Choline in eucaryotic cells occurs generally in the form of the lipid
phosphatidylcholine. However, by the procedure described in the previous
section it became apparent that approximately 75% of the choline present in
the cells was water-soluble and non-lipoidal in nature �0!. The non-lipoidal
choline-containing fraction was separated mto three choline-containing
compounds by preparative paper chromatography �0!. When the chroma-



tography was carried out in 2-propanol: pyridine: water �:4:3, v/v!, the
choline-containing fraction was resolved into a slowest moving, a f'aster
moving, and a fastest moving fraction, which were designated as Compounds
I, 2, and 3, respectively.

Identification of the Chotine Compounds

Compound I was further purified by a second preparative paper
chromatographic step and treatment with 95% ethanol to remove ethanol
insoluble impurities �0!. Compound 1 was extremely hygroscopic, lt gave a
positive hydroxylarnine test, indicating it to be an ester On hydrolysis it
yielded choline chloride and a volatile component which was identified as
acrylic acid by a gas-liquid chromatographic comparison with authentic
redistilled acrylic acid. This indicated that Compound 1 was acrylylcholine. A
comparison between Compound 1 and synthetic acrylylcholine in 14 paper
chromatographic and 8 thin-layer chromatographic systems indicated that the
two compounds were identical �0!. Both Compound 1 and acrylylcholine also
give the same bright orange color typical of choline esters when
chrornatograms were sprayed with Dragendorff's Reagent.
Compound 2, which occurred in the smallest amount of the three. was

purified further by a second paper chromatographic system �0!. It also gave a
posi ti ve hydroxylamine test and an orange Dragendorff color on
chromatograms, thus indicating that it too was an ester. Upon HCI hydrolysis
it yielded choline chloride and a volatile acidic product which had a retention
time on gas-liquid chromatography midway between that of acetic acid and
acrylic acid �9!, Propionic acid has a retention time near that of acrylic acid.
The retention t'ime of the volatile hydrolysis product of Compound 2 did not
correspond to any two or three carbon atom acid, alcohol, lactone, aldehyde,
or ketone tested �9!. At this point it can only be concluded that Compound 2
appears to be a choline ester with a low molecular weight acid.

Compound 3 was further purified by precipitation from an aqueous solution
by the addition of absolute ethanol and obtained as a crystalline precipitate
�0! . The material melted at 309-310oC in agreement with the reported melting
point of choline 0-sulfate and showed no melting point depression when
mixed with a sample of authentic choline O-sulfate, Both Compound 3 and
choline 0-sulfate gave identical ultraviolet spectra, showing a peak at 203 nm
with a shoulder at 256 nm. In 14 paper and 8 thin-layer chromatographic
systems Compound 3 and choline O-sulfate sh owed identical behavior �0!. It
was therefore established that Compound 3 was indeed choline G-sulfate.
PHYSIOLOGICAL S2UDIKS

Compound 1 was tested on isolated myogenic Mercenaria reercen Iris heajt,
neurogenic in vivo crustacean Carcitrus rnaenas ancl Cancer irroratus heartsand on isolated mouse intestine �0!. At a concentration of 2.2 x 10 g/mI it





specific for choline esters, It has been observed, however, that generally muchhigher concentrations of other esters are required to elicit a response
comparable to that given by acetylcholine �, 17, 24!.
Choline 0-sulfate when tested on isolated Mercenaria heart was found to

have about 1/20,000 the activity of acetylcholine  Fig. 1!. Choline
0-phosphate showed no activity at 10+ g/ml and therefore has about
1/100,000 or less the activity of acetylcholine.

DISCUSSION AND CONCLUSIONS

Although choline esters serve as neurotransrnitting substances at synaptic
junctions in higher animals, their role in dinoflagellate metabolism remainsobscure. Wangersky and Guillard �2! suggested that some analog of
acetylcholine may be released by A. carteri either as a waste product or as a
protective agent against zooplankton. For choline 0-sulfate a role as a sulfate
transport agent has been suggested since active transport mechanisms for the
compound have been demonstrated in fungi �! and plants �6!, and choline
0 sulfate was the only form of choline taken up by the bacterium
Laciobacillus pJantarum �2!. An osmoregulatory role for choline 0-sulfate
has also been suggested since it has been found that mangrove plants which
excrete 2 M NaCl at their leaf surfaces also excrete large amounts of choline
0-sulfate with the salt �!. Since choline 0-sulfate is zwitterionic, it could be
involved in the transport of excess ion pairs, such as Na+ and Cl, out of the
cell. Therefore, the role of choline 0-sulfate in the dinoflagellate may be as a
sulfate transport agent and osmoregulator.

Several unsaturated choline esters have been isolated from various marine
invertebrate sources. Thus acrylylcholine �3!, senecioylcholine   4, N-dimeth-
lacrylylcholine! �3, 25!, and urocanylcholine  murexine, 8 -imidazol-4-
ylacrylylcholine! �, 13, 25! have been found to occur in the secretions of
gastropods and it has been postulated that they act as toxins during the normal
hunting and feeding activities of these organisms. With the finding of
acrylylcholine and other choline esters in a dinoflagetlate several interesting
questions are raised. Are other choline compounds, such as senecioylcholine
and urocanylcholine, also produced by dinoflagellates and do these
compounds persist in the food chain and become incorporated into other
organisms7 An important question is also how widespread is the occurrence of
choline esters in dinoflagellates7 These compounds may contribute
significantly to the toxic effects of red tide blooms.
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7 his sess«in served to bring t<igether w«rkers interested tn thepharin.ic<il«gy»f dinoflagellale t<ixjns, not <inly t<i share technical details, but
t« i Jentify pr<iblems and exchange information conc erning progress in areas of
interest <iutside <if their respective specialities. The conference as a whole hasenabled specialists to be<urn< acquainted with problems which confront those
v'h<i must determine management p<ilicies during tcixic Jinoflagellate blooms,
F<iur rnaj<ir «. insiderati<ins formed tti< basis <if the session on pharmacolog.y.
I, 4atur« if the Tcixiris and Aspe ts <if T<ixin Release by Dinoflayellates

Results <it pharmac<il<igi<aI stu dies <it paralytic shellfish toxins are consistent
with tfi< «n< fusion th.it the prin<.<pal toxic c<imponent of the West Coast
sp<' ie+. C <inyai<f<t i « it<'n<'11<< is saxi'toxin  STX!; while the East Coas't
C«nv««krc  »rie <ir m<ir» species ci<isely related tci Gotiyai< az tarnarensis!
c<intatns a t<ixic prin<.iple in addition to STX, The toxic components of
 'yrnn<i<ftn«mt firet~r have n<it yet been well characterized by chemists
although the pharmac<ilogy is rapidly being elucidated. It was pointed out that
tlie fragility <if Cyrnn<<Jinii<rrt to some extent explains the tact that its toxin is
releas«l int<i the medium c<intaining the organism; while toxins of the
str<« turally ni<ire r<ibust G<inv<ii<fax species are not s<i released,

'lhe studies reported in this session give rise to further inquiries. It will be
necessary t<i identity chemically all the Conyai< lax toxins, especially the
"C onyaulax tantarensis toxin " GLEAM," The same holds for the Cyirinodiniurn
tox ins In addi t i<in, one must ask why t he active Gyrnitodirtit<m toxin is found
in culture me Via and in seawater in the absence of intact organisms, while the
Ci<inya«lai toxin is <inly found in association with the organisms or particulate
matter. It may well be that the Gonyaulax toxins are stable only when
ads<irbed on particulate matter.

II. I:.ffects <>I Toxins on Organisms

Ma t<ir clinical aspects of paralytic shellfish poisoning have been described in
detail in this session; Differences between effects producedby STX and rela ted,
uncharactenzed Conyat<laz toxin were reported. Clinical implications of toxic
symptoms,  both respiratory paralysis and cardiovascular disturbances! were
discussed. Fewer details were available concerning the action of the toxins on
l<iwer vertebrate animals and on marine invertebrates, including shellfish.
1'reliminary studies of the action of paralytic shellfish toxins on shellfish
showed thatfilter feeding diminished as toxin accumulated.

ln this category a number of interesting problems should be investigated:
9'o rk anal yzing the effects of Gartyaulax toxin on shellfish has only begun and
sh<iuld be vigorously pursued. The detailed mode of action of the
Cymnodirtium toxins on fish should be carefully worked out since these
animals perish in large numbers during blooms. Virtual}y no work has yet
been accomplished which throws light on the action of Gyrrtnodiitiurrt toxins
on marine invertebrates and such knowledge is needed.



Ill. 1<esistance to Toxins

Two aspects of physiological resistance to toxin action were discussed in thissession. In fish, toxin resistance is to some extent correlated with accumula tie nin these species of a toxin related closely in its mode of action tv STX. Th»resistance to STX found in a number of bivalve species is predictive of th»amount of toxin which the species can accumulate, and therefore, its potentialtoxicity to man. To the extent that a shellfish is sensitive to the toxin. it showssymptoms indicating intoxication, Some shellfish were shown to have evolvedbehavioral mechanisms which protect them from ingesting toxic organisms.The resistance to tetrodotoxin noted in lower vertebrates may be related tothe TTX and STX resistance characteristically observed in certain specializedexcitable membranes as well as in developing muscle fibers and in musclewhich has been denervated, This resistance to toxins i» not at all wellunderstood, but is clearly related to modification of physiological function,rather than protection against exposure to toxin. Understanding the general
mechanisms responsible for resistance may well shed light on how resistanceevolved in response to exposure to toxins. In shellfish. further understandingwill be required of toxic symptoms and the implication of these symptoms for
instance, it will be useful to recognize symptoms of poisoning in bivalves
under field conditions and to be able to estimate the extent of toxin
accumulation. Also resistance of bivalves tnay be linked not only to rate of
uptake of toxin, but to rate of detoxification after a bloom.

IV. Physiological and Molecular Bases of the Action of Dtnof4gellate
Toxi ns

Compelling evidence was presented that TTX, STX, and GTTX specifically
block the sodium channels of the excitable cell membrane. that is. they block
the generation of nerve impulses. In man, lower vertebrates, and in shellfish.
this is the mode of action. Within recent years, a component of nerve
membranes has been isolated which appears to be identical with the specific

F hbinding site of these toxins in the intact nerve, The mode of action o t e
Gvrrtrtodirrium toxins is less completely known, A hemolytic factor is involved
and there is also a neurotoxin.

With respect to the Gortyaulax toxins, it is clear that considerable progress
has been made in elucidating their actions, Continued studies along the lines
already undertaken should be pursued, not only because investigation of the
binding sites of these toxins contributes to knowledge of t ee molecular nature
of the sodium channel, the basis of all nerve impulses, but also because
knowledge of the conditions under which these toxins bind to nerve
membranes will give clues as to how to counteract them, ' heboth in the c inic a
conceivably in fisheries. There have been fewer fundamental studies of
Gymrrodiniurrt toxins compared to Gonyaulax, in part bec
toxins have not yet been chemically purified and charactermd at the
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m<ilecular level, In view of this fact the chemistry and pharmacology of
C.yrn»<><fii»«rn toxins need to be more intensively investigated,

It became clear during this conference that complete studies of the
pharmacol<igy of many dinof'lagellate toxins have been recently undertaken. It
will be welc<ime in future conferences to discuss more detailed information
from chemists and pharrnacologists concerning the Cyrr<nodirtium toxins, their
nature, and their action on man, lower vertebrates, and shellfish. It is hoped
that far more information will be available concerning Gonyaufaz species and
th» chemistry <if the now uncharacterized toxic constituent called GTTX. It is
ali«h<ip»d that studies will have been completed on lower vertebrates and
shellfish. I'articularly imp<irtant will be information relating on one hand to
m»< banisrns <>f t<ixin resistance, and <in the other, to the molecular basis of the
t<ixicity. These last considerations should be primary foci of attention at
succeeding conferences,
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ABSTI AC T

Outbreaks nt paralytic sht'llfish poisoning along the 1'acific coast of North
Ametica appear to be eau~ed by saxitoxin derived from  ~nnvauiai careiiellu
Saxitoxin causes paralysis in man and mammals by a specific and direct action
«n nerve and skeletal muscle, in which it prevents initiation and propagation
of action potentials, by blocking the sodium channels of the excitable cell
membrane. The probably caust. of death is the failure of the movements of
respiration. resulting from this peripheral paralys~s. There does not appear to
be any siy nit icant paralysis of the central nervous system, except in
experimental animals which have had saxitoxin administered directly into the
cerebrospinal fluid,Paralysis assticiated withblooms <if Ci. trtrrtarettsis appears to be caused by a
poison which resembles saxitoxin, though it is not identical. Large
amounts of this unknown poison were present in the mussels responsible for a
seriiius outbreak of poisoning along the North-East coast of Britain in '1968, lt
ciiuld not be purified by means of the ion-exchange techniques which work
efficiently with saxitoxin. It was partially purified by gel filtration, and found
tii lie pharmacologically similar to saxitoxin, It too caused death of
experiinental animals through a peripheral paralysis of the respiratory
mu~ les. There were, however, differences between this poison and saxitoxin
in the details of s<irne of their effects on test preparations.

IN1 ROD UCTION

paralytic shellfish poiscining is a well recognized clinical condition, Halstead
in loti& �! listed 85 separate outbreaks, between the years 1689 and 1962, with
a total estimate «1 over 959 victims and more than 222 deaths. A more recent
estimate by I'rakash et at. in 1971 �9! puts the world-wide total at about 1600
t ast. 1 h» signs and symptoms that victims present to a clinician have been
des< ribed in detail by Meyer et af. �6!, obeyer �5!, Seven �4!, Gemmill k
h1anderson  cih Mc<i!llum et af. �2! and by many others.

All the c finical accounts agree that the first symptom is a paraesthesia which
is variiiusly described as a tingling, prickling, stinging or burning sensation. It
» first felt by the patient in the oral and circumoral area and soon afterwards
appear»n the fingers and perhaps in the toes. This first symptom occurs
within 5 - 30 minutes after eating the poisonous bivalves. the speed of onset
being related to the ultimate severity of the intoxication. It is soon replaced by
a numbness spreading slowly from the mouth and the extremities eventually to
affect arms, !egs and neck. In this numbness, tactile and proprioceptive
sensibility is impaired or lost, but pain appreciation appears usually to be
retained. Other symptoms develop later, including dizzyness and a feeling of
lightness or floating. Ataxia, incoordination and muscular weakness in the
limb. and neck are then noticeable. Serious cases develop dysarthria or even
aphonia and respiration becomes impaired. The tendon reflexes are not usually



altered, except i< a consequence ot the gener
ner i t>e< muscii,}rlong as the victinis,ire conscious they are mentally alert and r.ition,il thoiighc'hoping son sati ons cause anxiety 1%'hen const, iciusn ss i. I . t t t  N lciusrless ls ost It i< pto i4 vbecause of respiratory inadequacy. and most authorities consider ile.ith to be

due to respiratory failure.

Symptoms of poisoning are not usually felt bv adults unless .it least '~
mouse units  rn.u.of poison~ approximatefy 360 mirrottrams ot saxitoxin!have been ingested. Serious case~ will have consumed 5.Ng - ZO cetic! m u, about 0.9 - 3,6 rng!, though some individuals have ingested even greaterquantities with minimal or even no effects �. I2l. Indivtcfual susieptit»lity tothe poison is so variable that one cannot yet give a reliable figure trir the
average human lethal dose,

Following the work of Sommer, Meyer and their colleagues, it has become
accepted that the outbreaks of paralytic shellfish poisoning in Calitornia and
other parts of the Pacific coast are caused by saxitoxin, acquired by the bivalves
as a result of feeding on blooms of the dinoflagellate Gottyaahaa catcnclla The
outbreaks on either side of the Atlantic seem to be correlated with blooms of a
different dinoflagellate, C. tatttarensis, according to Needler  l7!, Robinson
�0! and Prakash et al, �9!. Because there is evidence that this organism  or C.
excauata! produces a different poison, it is of interest to compare the clinical
descriptions of the signs and symptoms encountered in casa> from these two
main areas,

A study of clinicians' reports has failed to reveal any essential difference
between the neurological manifestations ot paralytic shellfish poisoning seen
on the Pacific coast and those seen on Atlantic coasts. The typical case historv
outlined above applies as accurately to outbreaks associated with   tamarensis
as it does to those which follow blooms of C. i annal!a. However there is one
non-neurological effect that seems to be ciinsistentty ififferent: during
outbreaks along the Pacific coast, nausea. vomiting and other gastro-intestinal
disturbance have rarely been reported, These effects are seen in quite a high
percentage of the Atlantic coast cases t21, Z6, 1, 12!

LA8ORATORY lNVESTK ATIONS

Following a major outbreak of paralytic shellfish poisoning in England at the
end of May 1968 �2! an attempt was made to extract saxitoxin from some of
the poisonous mussels, Mytilus edah's �!, lt was found that when a crude
extract was injected into mice, following the assay technique developed by
McFarren �3! from Sommer k Meyer �5! the dose-survival time curve was
significantly different from that obtained when pure saxitoxin was injected.

At about the same time it became clear that these mussels had acquired
their poison from a bloom of G. tamarerrsis  8, 20!, so this finding gave
support to an earlier suggestion by Schantt �2! that the poison of C,
tarriarertsis might be different from saxitoxin.

Attempts were then made to purify the crude extracts. The first attempt
made use of the ion-exchange technique used successfully by Schantz entzet aL �3!



Neuropharmrtco!ogical actions of saxitoxin and the G. tamarensrs poisons.

The material which formed 18% of the total mussel toxicity, and which
behaved like saxitoxin during the stages of purification, was pharma-
cologically indistinguishable from pure saxitoxin. It blocked the conduction of
nerve impulses in filaments from the rat cauda equina and in desheathed frog
sciatic nerve. In each case the degree of block was dose dependent, and equal
to the blocking effect of a comparable concentration of saxitoxin, expressed as
m.u. /1. Figure 1 shows an example of the compound action potential becoming
reduced by  a!: saxitoxin at 20 pg/l and  b!: the saxitoxin-like poison

CeA

Figure1, Compound action potentials recorded from a nerve, showing the effects of
shellfish toxins. Each photograph shows 4 recordings; top - control, second - after
3 min, in poison, third - after washing for 3 min. fourth - after washing far 15
min. The 3 photographs show the actiom of: {A! saxitoxin 20 kg l.,  B! minor
saxitoxin-like component from Mytilus edulis 100 m,u./l.,  C! major unknown
components 100 m,u, /l. Each trace has a 1m V calibration pulse on the left and
the timing pips at the bottom of the photographs show 1 mSec intervals.

in pur>fying saxitoxin. However, only 18%%uo of the total toxicity present in the
crude extract was recovered by means of their technique. About 45,o of the
toxicity ran off the column during the preliminary wash with buffer, having
failed to bind to the resin. It was later partially purified by gel filtration in
columns of Sephadex G,10 and G.25. All the rest of the original toxic material
was irrecoverably lost, and losses of the major toxic fraction were high
throughout the subsequent stages of purification. The specific toxicity of this
material was eventually raised to about 270 rn.u. /rng. Because at least 90% of
the impurity was found to be NaCl, it was decided that this was sufficiently
pure to be used in preliminary pharmacological tests. The other poison that
did bind to the resin was quite easily purified by following the preliminary
stages of the process for saxitoxin �3!, reaching about 1,550 rn.u./mg �!.
Pure saxitoxin assays at about 5,500 m.u. /mg.



at 100 m.u.<L At this concentration the poison washed out easily and theillustrations show the quick recovery of the action potentials after a few
minutes wash.

Saxitoxin, unlike tetrodotoxin, causes a progressive diminution in the
amplitude of the end-plate potential in frog sartorius muscle �,11! and the
saxitoxin-like material also had this effect.
Like saxitoxin, this minor component of the poisonous extract also had a

direct paralyzing action on skeletal muscle, preventing generation of an action
potential without any depolarizing effect on the resting potential. Err vitro this
paralysis was easily reversed by washing out the poison,
When saxitoxin is administered to an experimental animal by slow intra-

venous infusion, it does not affect the spinal cord reflexes until the dose has be-
corne sufficient to start blocking conduction in nerve fibers �!. In an anaesthe-
tized arumal saxitoxin brings about a progressing hypotension and diminishes
the respiratory movements. When a lethal dose is given, respiration becomes
paralyzed because of the peripheral action of the poison on nerve conduction
and muscle contraction, and death is directly due to this respiratory failure.
There is no central failure of respiration, the medullary respiratory centers
continuing to function for a time after tidal volume has fallen to zero �!. If the
animal is artificially ventilated before the terminal collapse, the heart continues
to beat and the animal may eliminate sufficient poison, after an hour or longer,
to be able to resume unaided respiration, Only if the saxitoxin is injected into
the cerebrospinal fluid in the lateral cerebral ventricles does it cause a direct
failure of the respiratory centers  laggard 8r. Evans, in the press!.

The saxitoxin-like material from the poisonous mussels has identical effects
on anaesthetized rabbits. When infused slowly intravenously, it brought about
a progressive hypotension and diminution of tidal volume. The phrenic nerve
continued to discharge impulses generated by the medullary respiratory
centers for a short time after the movements of respiration had ceased
altogether. Therefore, like saxitoxin, this material had no depressant effect on
the CNS when given intravenously, but brought about the effects through
its peripheral actions on nerve and muscle,

The major toxic component extracted from these poisonous mussels, artd
presumably clerived from G. tarrrarensis, was a different poison. As mentioned
above, it did not have the same chemical properties as saxitoxin and could not
be purified by means of the same techniques. It resembled saxitoxin in most,
but not all, of its pharmacological effects. Like saxitoxin, and the saxitoxin-like
component of the mussel extract, it blocked nerve conduction in mammalian
and frog nerves, Figure Ic illustrates an experiment in which this poison, in a
concentration of 100 m,u.r'1, reversibly depressed the compound action
potential. The extent of the block is similar to that produced by equivalent
concentrations of the other two poisons. When saxitoxin and the two poisons
derived from G, tamarerrsr's were bio-assayed on a desheathed frog nerve, at
concentrations containing equal numbers of m,u,/L the rates and extents of
depression of the compound action potential were indistinguishable. The



unknown poison also had a direct paralyzing action on skeletal muscle,
withi!ut dep<ilar ization c!f the resting potential, and the paralysis could be
reversed b! washing. Wht n givi n to anaesthetized rabbits bv silow intravenous
infusion it had siinilar eltnts to saxitoxin, causing the hypotension and
peripheral r< spiratory failure as des< ritied above, without any detectable effect
on the medullary respirat<!ry centers.
One test preparat«in clearly and crinsistently respcinded differently to this

unknown ptiison, When it was applied to the fr«g sartorius neurornuscular
junction this p»is<in always caused the end-plate potential to fail abruptly after
a latent period Recovery occurred after rather prolonged washout, when the
end-plate potential re-appeared suddently. In these respects the unknown
poison behave d more lik» tetrod<itnxin, the poison from puffer fish and newts,
than like s.ixitoxin Tetrodotoxin appears to cause these effects at th»
neuromum ular junction by blocking nerve conduction proximal to the motor
terminals. wheri as saxitoxin progressively acts on the terminals so as to reduce
transmitter relearnt �!.

Th» unknown poison was not tetrodotoxin, however, They were
distinguished iriirn each other by testing on the desheathed nerve of a Taricha
torosa nr wt, whi< h is known to be relatively immune to the nerve-blocking
actiiin ot th< t«trodntoxin l l0!. Conduction in the nerve of this species was
blocked liy pure saxitoxin, by the saxitoxin-like component, and by the major
unknown t. iimp<inent of the mussel extract, all in comparable concentrations.
Tetrodotoxtn did not block the action potential, confirming the findings of
Kao ttr Fuhrman   IO!. Another distinction from tetrodotoxin was the
observatiiin that none ot the mussel poisons lost toxicity when heated in acid
solution. l ike pure saxitoxin, they were stable at pH I, whereas tetrodotoxin
i» rapidly inactivated under these conditions �7!.

CONCl USIONS

The laboratory experiments described above confirm the suggestion made
by Schantz in 1960  Z2! that shellfish toxicity derived from G, tarnarertsis is not
due to the presence of saxitoxin, but to some other compound with similar
neuro pharrnac«logical effects. It is true that some material indistinguishable
frown saxitoxin was extracted from the rnussels responsible for the 1968
outbreak in Fngland, but it accounted for less than 20% of the total toxicity.
Most of the toxicity was due to another poison, chemically distinct from
saxitoxin, with similar though not identical pharmacological effects. One
cannot yet say whether this unknown poison causes the nausea, vomiting and
other gastro-intestinal effects that are commonly seen when paralytic shellfish
poisoning follows a bloom of G. tamarerrsis. It is equally possible for these
effects to be due to some other irritant produced by this organism but not by
C. catenelfa.

Kao in 19'  9! stressed that one of the dangers associated with blooms of G
catertel4 was due to the heat stability of saxitoxin. Cooking poisonous Pacific
coast shellfish lessens their toxicity only slightly. Both the poisons extracted



from the poisonous English mussels were found to be heat-stable at pH 1, butnevertheless there were unexplained and heavy losses af the major unknown
component throughout the stages of purification. It may therefore be lessstable, in general, than saxitoxin is. Various accounts nt outbreaks along
Atlantic coasts have suggested that the toxicity of these shellfish is lowered
considerably by cooking �8, 14, 12!. A reduction of toxicity by cooking has
been thought to explain the absence of fatalities during the 1968 outbreak in
England, when the raw mussels had very high levels af taxicity, Nevertheless,
many fatalities have occurred during other Atlantic coast outbreaks, and the
aver'all fatality rates are not noticeably different between the Pacific and
A tl antic areas.

When death occurs, it is almost certainly due to respiratory paralysis caused
by the action of these poisons on the respiratory muscles and their peripheral
motor innervation. The poisons seem unable to pass thraugh the bload-brain
barrier, so the respiratory centers in the CNS are not affected, Therefore,
administration of central stimulants and analeptics will not be beneficial,
All authorities agree that artificial ventilation is the measure most likely to

prevent death of a badly poisoned victim. However, it seems that very few
cases have been treated in this way, perhaps because in such grave cases the
respiration fails before skilled medical assistance can be abtained, Wider
public training in such 'first aid' measures as mouth-to-mauth artificial
ventilation might enable victims to be kept alive long enough ta receive
professional medical care.
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ABSTRAC I

In whole antrnals, saxitoxin causes a marked fall in the arterial blood
pressure which is frequentlv followed by a compensatory pressor response of
moderate deyree. The hypotensive action is due to a lowering of the peripheral
resistance and not to anv selective action of saxitoxin on the central vasomotor
rnechanisrn or on the heart, The peripheral action is due to a combination of
direct relaxant effect on the vascular smooth muscle at Iow doses, and of a
release of vasomotor tone in higher doses which blocked the adrenergic
vasoconstrictor nerves. The late compensatory pressor phase is due to released
c;ttecholamines ln clinical cases of' paralytic shellfish poisoning, the initial
hvpotensive phase is almost never seen, but the late pressor phase may be a
presenting sign.

INTRODUCTION

Saxitoxin, like tetrodotoxin, is among the most deadly poisons known, the
rninirnal lethal dose determined in mice being about 8 gg/kg body weight.
Assttn»ng homogeneous distribui.ion throughout body water, the lethal
concentration is Frobably about IDnM. Although the fundamental acticn of
saxitoxin is a highly selective blockage of an increase in sodium permeability in
many excitable membranes, interfering with the generation of action potentials
�l, there are important actions on the cardiovascttlar system in whole
animals.  For more references, see 1, 2 and 3!.

Site of hypotertsiue actiort

Except in very low doses  less than 'l pg 'kg intravenously!, the
cardiovascular actions of saxitoxin are manifested as a marked fall in the

arterial blood pressure  Fig. 1!. Although there was some old information

l00 ST X t.opg/kg
100 sec

Figure l. Effect of saxitoxtn  STX! on systemic arterial pressure. Cat, V, 3,8 tcg, The
systemic arterial pressure was originally 138/98mm Hg, visible at the left end of
the record. STX injection ts indicated by arrow. Note that the pressure began to
fall within 40 seconds, and reached its lowest at 62140 rnm Hg in 200 sec. Note
that the pressure returned to pretoxin level in about 8 mni., and was followed by
a phase of pressor response  from ref. lob
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i~hich suggested th,it the hypotension was due to some action of saxitoxin  a
ratl-.er an inipure extract of contaminated mussels and clams! an cent

an centray asoiliot ~'I cent'efs � oi' ret., see I ancl 2 I, recent expel irnerlts using head-b
oci os i liert usion tec hnique showed that the primary si te far the hypotensivt

actions could ni>t be in any central structures. Briefly, the experiment:
inv<ilved pertusing the head of one animal  the recipient. either a cat or a do l

or a ogw ith the blood from another animal lthe donor!, while the nervous
innervati<in from the recipient's head to its own body was left intact,
Application of saxitoxin to the recipient's head alone did not cause
hvfiotension in the recipient's body, but application of saxitoxin to the
recipient s body repniduced all the cardiovascular effects observed
saxitovin was introduced intravenously to single animals �!, Saxitoxin is
known not to have marked effects on the heart. The observations are:  a! the
contractile force ot the isolated myocardium is not affected until very high
concentrations are applied;  b! the cardiac rate is not significantly affected
when moderate vasodepression is present. These observations locate the
probable site of the hypatensive action peripheral to the heart, at either the
sympathetic nerves responsible for normal vasomotor tone, or at the vascular
smooth muscles responsible for peripheral resistance.

it,li i-liiiinsut of' !ieri}flu,riff uasocfi1atiou

To underst mrl the mechanism nf the hypotensive action, experiments using
a technique ot regional perfusion wa  necessary. In this technique, a vascular
bed with relativelv homogeneous pharmacological responses was isolated
trout the circulation ot the rest ot the body. In the cat and in the dog, the
vasculature ot skelet;il muscles was chosen; in the cat, a whole hind leg,
ipprrpriately prepared, was used ib, 10!, and in the dog, the gracilis muscle
was used i'8!. The ctrculatinn to the muscle bed was then provided via a
constant volume pump tram either the animal's own body, or from a separate
donor animal, Since the flaw into the perfused muscular bed is constant,
cliang s in the peripheral vascular resistance became manifested as changes in
the pressure required to perfuse the vasculature. As in the head-body
cross-perfusion studies, the nervous innervation between the perfused regions
and the rest of the body was lett intact.

When saxitaxin was injected intravenously into the body of an animal, the
systeinic arterial blood pressure fell rapidly, but. in the perfused region, the
imme Jiate response to the hypotension in the body was a rise in blood pressure
IFig. l. In other words, instead of a fall in peripheral resistance, there was
actually an increase in peripheral resistance in the perfused region, a
vasoconstriction. If the circulation to the perfused region was obtained from
the same anima, then this pressor response was followed by a depressor
response. If the circulation to the perfused region was supplied by a donor
animal whose blood was not poisoned by saxitoxin, then the pressor response
in the perfusion pressure remained, and only gradually subsided coincident
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figure 2. l:tte<1<|t i<<it<!!tn!Sl hi in a <r<iii-pertuiion experiment I! !n ir cat, d', 4. Kg,
re< ipii nt i.it. d' < o hy. On< hin ] Ieg iil the rn.tp<ent was perfused, with pump
.<iiiii,iiii e bs t I<<i'd I<i<i<i <f<!n«r 'Neural elements between recip!ent body and
p< rlus< il Ieg weri irit.!<t Itiihl line below bottom trare indicates period~ of
ele< trii a I it imul.it iiin iil lumbar sympathetic  hain, Stimulation caused
v.<i<r<onctriit<>r reiti<!nses in perfused leg as well as recipient biidy. STX was
giii ti iniii a brach!al vein iil the recipient. became dist<!buted thr iughout the
b<iili «I th» re< ipierit t ui  iiuld n<it gain a«..esi t<i the perfused Ieg.,emote that the
iviteniii preiiure in the r«ipient's biidy tell, while the perfusion pressure ot the
ri<ipient'i Ieg rii~ These changes indicate that one aspect of the hypotension
i.inniii lie at tributed t<i blockade of vai<!motor nerves, but is attributed to a direct
relaxant etti <t iit STh iin the vascular smooth muscle. The increase in the steady
peiluiii<n p«~iur< i.  fue tii reflex vasoconstriction in the perfused leg in response
t<i t lie ivii<'in!< hyp< tensi<!n. Si!me blockade of vasomotor nerves did occur, as
<n<f«at<d liv il e pr<igreiiively sma}ier vasoconstri t<!r responses elicited by
i I < trii a! iiimulat ion <if the lumbar sympathetic chain, The progressive fall of the
it<'Jdv p< rlu!i<in pre. iure is also consistent with a developing blockade of the
vai<irn<itiir n<rvei ttr<im ref JOI.
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The full hy p< tcnstic action of saxitoxin h ic xln, owcver. ls s Itt tlv more conhplexf ecause it is dose-dependent. The event~ des 'l 'L l 8 h
n s esci i x'c a icivr and the conclll!iorlreached are valid when dosci ot saxitoxin 1 ii i 1 toxin equi i ian I to 1 5 pg k,g werr useif>g'hc n the Jose was increased to above about t.c k ~ h ~
e a ou .. yy, g t e re~ponies in theperfused tnusc.ular vasculature were as tollows: 6: 1 ~ h h

ows: oincic ent wit t e systemichvpotension, there was a fall in the perfus on pfcr usion pressure in icatintt a ta inperipheial resistance, or a vasodilatory response A lat
a c r c c prrisor rcsponic.attributable to the direct action of saxitoxin on the vase'utature. w,is similar toin cases with I ow doses, The first depressor response w as duc toblockade of sympathetic vasomotor nerves which provided the not'mal

vasomotor tone. The proof for this conclusion is that vase@ onstrictorresponses in the muscular vasculature norma! lv elicited bs electrical stimulatictnof the sympathetic nerves were markedly reduced. or abolished, after suchsaxitoxin treatment. Therefore, a more complete picture of the hypotensiveaction of saxitoxin is that in low doses there is a direct vascQilatory action on
the vascular smooth muscle, and in high doses there is an additional release cif
vasomotor tone. Other evidence which permitted the conclusion of a directvasodilatory response is that the effect is present even after the' vascularsmooth muscle has been blocked completely with alpha- and beta-adrenergicblocking agents  phento!amine and propranolol! «nd with a cholinergicblocking agent  atropine!. By analogy with the lack of effect of low doses «ftetrodotoxin on the release of norepinephrine from the splenic nerve �t, it may
be assumed that low doses of saxitoxin which caused reflex vasoconstriction
did not interfere with release of norepinephrine.

Differences betu.cert the curdiovascalur ui tioris of su~ttcxi»i unif tetr<>roti! tiki
The biological actions of saxitoxin are very similar to those of tetriidotoxtn,

even though they are different chemically. A few minor clilferences betv een
the cardiovascular actions of these two toxins are present, ance may explain
some of the seemingly basic differences in the clinical symptomatiil~itcy in casts
of paralytic shellfish poisoning  due to saxitoxin! and of trtriidon tish
poisoning  due to tetrodotoxin! �0!. ln very low doses  lc»s than ! pg kgh
saxitoxin can produce rieuromuscular paralysis without appreciable hypoten-
sion �!. Kith tetrodotoxin, effects on these two systems are ~nsep~rable
occurring together, and in parallel degrees. with all doses. Saxitoxin is slightly
less potent than tetrodotoxin in its hypotensive effects, causing less cif a fall in
blood pressure, and the effect is shorter lasting. Saxitoxin has a greater
selectivity for adrenergic nerves than cholinergic nerves as compared with
tetrodotoxin. This selectivity is manifested by the more frequent occurrence of
nerveelicited vasodilatory response in the skeletal muscle vascular bed. a
response which is known to be mediated by some postganglionic cholinergic
syznpathetic nerves, Lastly, there is greater tendency, in the case of saxitoxin
hypotension, for a late phase of pressor response to appear. This late pressor
response is caused by catecholamine released either from the adrenal medulla



 >r l« , ll; lrrrr» rr< r<     n<lrng< I! '  !use h '> arneth >nrurr> i<.ut ' Bdrt'rl !l« t<>rny,
and pretreatment with reserpine all abolished this late pressc>r phase.

Pt!<nfl!le rple!'arrr e tn   l!rrr< al prrralytic shellfish poison!rig iir mari

A puss!blv <,}}nickel relevance <>f this last observatirin is that whereas, in cases
»f tetrud»n po!siining, hyp<>tendai<!n is an invariable part <>f the syrnptornato-
logy, in paralytic shellfish poisoning no case of hypotension has appeared in
the clinical literature �!, My guess is that in paralytic shellfish poisoning the
< >ncentrati<>n <if saxit<ixin rr! th» body water rs not very high, in part because>
  >I t h<' rie '<I I  >r,r bar >rpt r  >il I >I I t1 ' t < >x! rr t lr r  >ugh t h ' gals't f«mt 's t !f1 Jl tl ac. 't. T&lp
hyp<!tensiv< epis ide, theref ire may be rather fleeting, not detectable at the
time <>f medi< al at tent}<in. An the «intrary, the initial physical lfinding might
<incur during the c >mpens,! t<!ry pressor phase due t<i released catecholamines.
That this int rpretati in is plausible is supported by the finding in three patients
Bur in g t h» 19o8  rut break ul para l y tie shel l fish poisoning off the
N<rrthumberland C<!ast  Britain!. In all three victims, the blood pressure on
first admissiiin tu the h<~spital was slightly higher than it was two weeks later
'svlt<'rl rl'« >v<'f y l'I r I «« Ul'r«' I  O}

The dif ferences between the cardiovascular actions of saxitoxin and
tetr«d<it<ixrn may mls > be the exf!lanati rn for the enormous difference between
the m<irtality r.ites rn p<>ii<>ning' by the two toxins. In paralytic shellfish
poisoning. de.!th is relatively rare; in tetrodon poisoning, the mortality rate is
abnut 50%  see 2l.
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ABSTRACT

1he din«tlagellate Gyntrto<]ittr'urtr f>re; e which is the maj<ir «rganisnt ot th»
ichthyotoxic red tides in the Gulf of Mexico, is a naked dtnotlagellate which
generates the toxin metabolically, ln contrast to th» hardy .trm<ir»d
dinoflageHates related to paralytic shellt'ish toxin, the~e naked cells aie very
fragile. They are ruptured by passage through '.he gi]l processes of lish.
releasing t heir contents containing toxin which readily pas~e~ '.hr<iugh the' gill
surfaces with lethal effect i  the red tide c»ll density i! suf'ficientl> high. f-ish
whi< h swim into an area ot' red tide will < ontinue actively t<tr a while, then w Il
suddenly l<ise balance, gasping at the s<srface, and then will be passive «n !h<
bottom before a terminal struggle. Death occurs «ith no path«I«gic le»<ins.
Within the surt z<tn». thecells are similarly ruptured, ard the spray <an irritate
the mouths eyes, and noses of exp<ised humans.

Extracts «t the cells can be t<txic «n irtj»ction t«all vertebrates. Purification
of the extract has produced evidence of a hemolytic factor of high molecular
weight and a smaller neurntoxic fact<~r. At the membrane level, the neur «toxin
induces spontaneous bursts of discharge~ in nonmedullated nerve membranes.
At low concentrations, sp«ntaneous subthr«shold oscillatory variation ot: the
membrane pot< ntial can appear and may build up to give spikes in a way that
closely resemble the phenomena that arc observed v hen the membrane i»
placed in low Ca" solution. The effect <tf the neurotoxin in producing
spontaneous discharges in nonmedullated frog axon is count< racted by
tenfold increase of Ca++ in the bathing solution.

Tire Ac'tiou of T<uius Frotti tfte BI<iotas of C Utttrro<liirit<t!i Breve a revleu~

The red tides caused by bio«ms of Gy>rtrtodittitn» breve off the west
Florida coast are characterized by massive mortalities ot' fish. Their death is
best described in the words of Walker  IS!:

"On leaving Clear Water, November 20, I sailed south through Boca Ciega
Bay and encountered the first dead fish floating on the water near Bird Key, a
little southeast of Pass A'Trilla These were mullet, and as v'e progressed to the
south and east l began to encounter toadfish, eels, puff-fish and cow-fish, in
immense number~. 1 saw many fish in every stage of sickness, from the first
attack tc the end. All were affected in nearly the same manner, The fish,
apparently active and healthy, would be swimming along, when suddenly it
would turn on its sides and shoot up to the top of the water, gasping as though
out of the water, apparently unable to control its motions, often lying on its
side on the bottom f<>r ftve or ten minutes motionless, then suddenly shooting
hither and thither without aim or object, and finally ending the struggle on the
surface and t'loating off dead. Whole schools of mullet would suddenly stand
upright on their tails, spouting water and die in five minutes. Gars would run
for a long time with their snouts above the water, and then lie motionless, as if
dead, for ten or fifteen minutes. These generally lived an hour or more after
being attacked."



lt was not until sixty years later that Davis �! described the dinoflagellate
Gy>nnodinium breve as the major organism in such red tides. In contract to the
sturdy armored Gonyaulax dinoflagellates associated with paralytic sheHfish
poisoning, these Gymrrodinium cells are naked and fragile and
rupture at the s! ightest mechanical shock. This makes them difficult to culture
but probably explains how they leak their cytoplasm during passage through
the gill processes of fishes enabling the lipid-soluble neurotoxins to enter
probably across the gill membranes into the blood stream. If the red tide is
sufficiently dense, enough toxin can enter the fish to produce the syndrome
described above leading to death with no evidence of pathologic lesions.

The same fragility of the cells can produce discomfort to humans at the
shore line. Ingle  S! states that "odorless, colorless gases, irritating to the nose
and eyes commonly occur in conjunction with outbreaks of the red tide," He
quotes from Hardin Taylor �6! that;

"While on the beach I felt a slight tendency to sneeze and cough: shortly
afterwards my attention was called to the action of the dog which was sneezing
violently and seemed to be in acute asphyxiation. I carried him back and the
same thing happened again. I then noticed that my lungs were feeling sore and
that my breathing was labored in much the same manner as when I board ships
after fumigation, except that I noticed no odor..."

Ingle summarizes that the irritant effects are present only when red tide
occurs and even then do not appear unless wind driven waves with associated
vapor and droplets exist. The effects do not usually go far inland beyond open
beaches.

The identification of G. breve was followed by studies on sample of red
tide �!, and efforts were made to isolate and identify the toxic factors. A
suggestion made by Bein �! that bacteria of the Flavobacterium species
isolated from the red tide water produced the lethal factor appears not to
have been followed up because of the demonstration that axenic cultures of G.
breve �9! contained a potent toxin  9, 14!,

It is perhaps unfortunate that the extraction methods used to isolate,
concentrate and purify the toxic fractions have not been uniform  8, 3, 17, 12
13!, al though most have employed a preliminary phase separation followed by
column chromatography separatio~ and a final TLC step.

There is no doubt that even the crude toxin is lethal to all vertebrates if it
enters the blood stream at above a certain very low concentration. Below that
lethal threshold the effects are transitory, For example, in cats following
intravenous injection of toxin, there is a rapid reduction in heart rate,
accentuated respiration and muscle fibrillation which eventually die away.
Intense irritation of human mouth tissues has been experienced in our
laboratory when the dried powder of our extract Tl is transferred during
weighing procedures, and Steidinger et aJ. �5! have provided a detailed
account of the reactions by humans to exposure to the toxins. Similarly, mice
exhibit considerable facial discomfort as indicated by pawing of the mouth if
exposed to a weak spray of water which contains toxin.



Although tlie ma!ority <if studies have been made <in cult<<re extri<ts,
c<incentration <it t<ixi< fractions occur when pelecypods are maintaine<i in an
envir<inment containing C . 1>re 'e cells. The molluscan tissues are poisonous it
ted t<i chi< kens �0! and,ippear, under the correct c<inditinns, tn piodu<e,i
ciguateri like et tect <>n test vertebrates �>.

�ur method ot extracti<in has c<insisted essentially <it a phase separation
<vith a 2:1 chlor<iform niethanol niixture against water. The organic phase is
Iy <amphi ized, and the resultant crude p<iwder is run on a Sephadcx Lf I20 < nlumn
with 2:1 < hlor<>form methanol. Twn bi<ilngically active components co<ild he
separ.ited �3!. The first one labelled C T in tubes 8-12 �ml 1racti<ins!
exhibits neurntoxic and lethal actions on fish. The second active component.
tubes 38-63, exhibits hemolytic ettects in vitro using rabbit erythr<icytes but
shnws little or now neurotoxic activity. purification by several groups nt the
neurnt<>xic Iracti<>n nl the early tubes with higher m<>lecular weight
procluced different empirical f<irmulae  8, 3, 11!. We have proceeded only to
the stage <if purificati<>n with TLC to use two neurotoxic fracti<!ns labelled T 1
and T2. These tractinns are very toxic to vertebrates because even the cruder
fracti<in C'T is lethal to mice at 150 ngrg of animal. The mode nf action nf the
G, breve tnxin has been investigated by Sasner �2! who has presented reason-
able evidence that his fraction IV has a depolarizing post-synaptic action. His
main evidence was obtained from a frog nerve-muscle preparation. Exposure
of the junctional region produces fibrillation of the muscle followed by
blockage ot the j.unctinn as well as motor nerve and muscle if concentration of
the toxin <n high enough. The fibrillation effect can be blocked by curare,

We have made observations which offer another explanation. Our
experiments were very similar to those of Sasner, also using a frog sartorius
nerve muscle preparation. However, careful observation of the spontaneous
movements which occurred when low doses of toxin were added to the fluid
bathing region of the nerve muscle junction showed that the movements were
fasciculations and not fibrillations. It was clear that numbers of fibers
throughout the muscle were contracting synchronously. The effect could be
seen even on the mechanical records, and this suggests that individual motor
units are contracting as entire entities, If the various fibers of a motor unit fire
together, then the presynaptic endings must also be discharging simultan-
eously, In contemplating the implied firing of the motor nerve common to the
motor unit family nf fibers, we realized that a fifth a! ternative can be added to
Sasner's four possibilities �2, p. 160!: spontaneous spikes in the
nonrnedullated termination of' the motor nerve. Let us note the evidence;

1, 0.5 FTU/mi of our extract Tl, after TLC was used in frog sartorius
nerve-muscle studies.  Fish Toxic Unit, FTU, is defined in Spiegelstein et
a1., l973, as that amount of toxin per ml which just kills 3 test fish in 3
hours under standard conditions!.

2, At this concentration, spontaneous brief series of contractions occurred
 Fig, 1!, but there was no loss of response to nerve stimulation.
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Endplate potential» in Friig nerve-»artiirius muscle preparation soaked in toxin
traction TI at 4 TU m] in addition tn Z.5 x f0+ d tubocurarine to ehniinate
mechanical responses tii indirect stimulation. One evoked EPP is imp<M i.nce
per second  indicated by smal! circle over the response!. The remairunft EPPs are
spontaneous Calibration: 0.5 sec time»weep, with vertical rise of '7 rnV per
sweep.

Figure Z,

Continuation of Figure 2, end of fir»t burstFigure 3.

figure I. ~'Ie har<i<al resp<>n»<' <it fr<ig nerve-strtor<u
us preparaii«n n <re<i »timiilat<»<nte»ted on< e every five seconds bet«re and atter ad Jiti«n «f t«»ic. tract<un I l at 0 5f'Tf.' ml !»'«te that at this d <i »e there is nii loss <~t indirt» i re»p<>n»e and that the'»p«ntane«us ciantraction» are ot a fasr<cufar nature Calibratiiin»ee the barsah«ve  upper right! vertical bar ~ 10 gm. horitontaf bar lo sec
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1!ivt yr.rm vumrnarv ii  ipoirt,rrir rrui f:pp~ prriducod m troy, sartiirius
nrrvi-rnirirlr firvparatriin ih preach< v iil 4 FT l.t ml  i hrr"u' toxin fraction Tl
anil ? 5 x t0 o d tiihiicurarine N.rmphng made iif .5 sec sef,'ments all
through»rt ihr xpiintanr iius liursti i I the experiment ot Fry,

f igiure 4
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figure!r. l<vdr«fyirs iil avetvlr.huline  ACHr by cholinesterase in blood; the effect af
varririri r onr entr iiiiins ut tiixin up to 8~@ ml ril' fraction CiT tequivalent to 160
f-' ll ' ml ~ tiillowed hi addition «l' Eserine,



3. The rise nf tension in these spontaneous tetani could be blocked by curare,
4 No drop in the resting potential across the muscle membrane was

detectable.

5. There was no change in thc shape, amplitude or rate of the miniature
endplatc potentials  MEI'P!,
In thc presence of 4 FTU ml of extract Tl with 2.5 x 10 6w/v curare, the
mechanical responses were blocked, but trains of spontaneous end plate
potentials  EPI'! appear. These are seen in Fig. 2 recorded with intra-
cellular electrodes. The traces run successively upwards with 0,5 sec sweep
and 9 mv step~ per sweep. Facilitation can be seen in each burst and the
beginning o  depressioo later in the burst. The first burst shown lasted
more than 10 scc and thc cnd as shown in Fig, 3, After a period of silence
further bur~t~ occur  Fig, 3!.
An interval histogram  Fig. 4! shows that the impulses are not random. In
the first burst there is a 10 msec interval which later  second and third
histograrns! shifts to a 20 msec interval together with higher rnultiples,

7. In our neurotoxic extract, we find no anticholinesterase activity as
measur ed by the Jensen-Holm method �! even at 4000 times the
mechanical threshold  I'ig. 5!.

Wc believe that this evidence supports the proposition that at low
concentrations the extract TI produces bursts of spontaneous discharges in the
terminal nonmyelinated region o! the motor axon in a fashion similar to the
effect of bathing the nerve in low Ca" medium. This possibility was strongly
supported by the demonstration that when the Ca" in the Ringers solution was
increased ten fold  to 10mM! the excitation action of the low level of toxin was
irnrnediately blocked.

Finally, a comparable action of the extract T1 on squid axon has been
r!emonstrated with the measurement of membrane potential by an
intraceltular electrode, It is known that the natural accommodation factor of
saxons varies widely between specimens, and this is recognized in the response
to 4 TU ml toxin. And indeed a variety of responses was observed including a
single pulse followed by a damped oscillation, small subthreshold oscillations
which build up to a train of spikes and spike trains of constant interval which
trail off into damped oscillations  Fig, 6, 7, 8!. There were also instances of
very small sub-threshold oscillations of the membrane potential evoked by a
brief pulse which died away without initiating a train. Such depolarizations of
the membrane are very small and may be difficult to identify  Fig, 9!,
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Figuree<. Squ d ax<<nb,ith<d in t b<e; e t<ii<n,<t 4 l'lU ml. A varietv <it resp<inses is seen
<n t t.e n<'xt tour tig<ir< s showr, in Fig. 4 is an evoked a<:ti<in potential followed hy
subthrcsh<i'.<! r<nt;<ng ot the nienibrarie p<itentiak

Figure '. Squid ax<in: single impulse fo!!owed by very small subthreshold os<;illations
Ieadiny, t<i a train ui spikes. Toxin 4 FTlJi ink
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Figure 8..>qu.<l axon '.rain evokeri hv a sjngle pulse ending in membrane oscillation. Toxin
4 l'1 U rril.

Figure 9 Squid axon. Spike which induces smaJJ damped osciJJations only. Toxin 4
FTU inJ.
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ABSTRACT

Paralytic shelltish poisoning toxin can afl'ect marine invertebrates in
variety of ways, It appears that the roost striking effec.ts were caused by the
toxin effects on the animals nerves, ln Filter Feeding spec ies filtiation rates mav
be greatly depressed by PSP toxi~,

JNTRODUCTIQ Y,

One of the problems in describing the effects of paralytic shellfish poisoning
 PSJ'! toxin on marine invertebrates is that there is very little published work
that bears directly on the subject. Perhaps the hest way to approach the subject
is to consider the factors such as selective feeding, varying filtration rates and
susceptibility of nerves to PSP toxin which affect the toxicitv of filter-feeding
organisms exposed to a toxic dinoflagellate. The questions of which species of
i~vertebrates become toxic, as welt as which species of dinoflagellates are
toxic, is covered exhaustively in a number of recent reviews  9, 14, 15!.

EFFECTS OF SEI.ECTIVF. FEEDING

lt appears to be a general feature of PSP testing that different spec.ies of
animals exposed to roughly similar amounts of' dinoflagellates will frequently
accumulate quite different amounts of toxin, Once explanation for this is that
while some species may feed on toxic dinoflagellates, others may find them
unpalatable. Both of the above situations have been reported. For example,
Buley �! observed that the mussel Mytitis caIiforriircnus fed selectively on
dinoflagellates even when they only accounted for some 2% of the
phytoplanktonic community. Dupuy and Sparks �! repor t that the Pacific
oyster, Crassostrecr gigas, does not readily accept the dinoflagelJate Goriyaulax
a>ashirigtonensis as food. Other than these reports there appear to be no other
studies in the Jiterature. Selective feeding needs further research,

EFFECTS OF VARYING FJLTRATION RATES

Another possible source of the variations in toxicity between different
species of filter-feeding animals would be a difference in filtration rates for
specific species. Comparative data of this sort is difficult to find. One such set
of data is available for a population of mussels, Mytilus edulis, from Casco
Bay, Maine, and a population of soft shell clams, Mya arenaria from
Ogunquit. During July and August 1973 100 mg M. edutis from Casco Bay
filtered an average of 1875 ml/h; during this same period 100 rng M. areriaria
from Ogunquit filtered an average of 1100 ml/h  Gilfillan, unpublished data!.
Over this period mussels of comparable size filtered approximately 1.63 times
as much water as clams. If one assumes equal efficiencies of filtration, then
rnussels should gain toxin at 1.6 times the rate seen in clams. This being the



4

0

F 0 I ME ~ PDPIOP 4
550 Pst t 55
Fh,t R*t 5 EE 5 DDODht

0
 I 5 P55
1 ~

54I ~ M

'PS J Pd
0 5 55P

54 5 ~ 005 I 92 P1 I141 J JDJ

PJ
51 5
111
455JJIJ

I 'IO
POSIDS

5 5 P 1 5
5541ME 555555555 I 1

case, if the rates of toxin excretion are not markedly different For the two
species, mussels shouldbe about twice as toxic as clams of comparable size for
the same exposure. Qn the basis of data collected in I972 mussels appear to
detoxify more quickly than clams, yet during a rise in PSP level, mussels are
always very considerably more toxic than clams: usually by a factor closer to
IO than 2  John Hurst, Dept. Marine Resources, West Boothbay Harbor,
Maine, pers, comm.!, Certainly such a situation existed in Ogunquit in early
September of this year when M, erlrrlis were more than 6 times as toxic as lVl.
arerraria of comparable weight.  Figs, 1 and 2!.

EFFECTS OF SENSITIVITY OF NERVES TO PSP TOXIN

Investigations carried out by Twarog, et al. �6!, suggest that the relative
toxicities attained by a group oF filter-feeding mollusks may be more nearly a
result of diFfering sensitivities of each of the species' nerves to saxitoxin r'STX!
than anything else. Without exception, those species which Twarog, et al.
have shown to be more resistant to STX accumulate toxin to a greater extent in
any given area than those which are less resistant, The one exception is the case
of Mercenaria rrrercerraria, the quahog, whose nerves are considerably more
resistant to STX than those of Mya arerraria, the soft shell clam. In
Massachusetts during the 1972 bloom of Corryarrlax tarnarerrsisiquahogs from
Ipswich did not accumulate nearly as much toxin as did soft shell clams from
nearby areas. Whether this situation resulted from selective feeding by the
quahogs or from a patchy distribution of G, tamarerrsis can only be answered
b~further work.

The name Cortyaulax excavata has been suggested for this species but not
officially adopted.
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RECENT EXPERIMENTAL RESULTS

4'ork carried out with M, arena@'a and M. edulis from Ogunquit, Maine
during the September 1974 bloom of Gorjyau]ax tamarensis may shed some
light on the relation of the resistance of a species nerves to STX to the species'
physiology.
Mya arr naria, soft shell clams and Mytifus edulis, blue musse]s, were collected
from the Oqunquit River, Maine. Clams were collected on 4, 5, 19 September
and 9 October; mussels were collected on S September and 9 October.
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Table I

Temperatures al which filtration rates were determined
for animals from Ogunquit.

T  oC!Date

4-5 September 15.0
9 September 14.3
10 September 11.5

Filtration rates were determined for as wide a variety of sizes of animal as
possible on each date. Filtration rates were determined in ful] strength sea
water �0 o/oot using methods described in Gilfillan �!. Temperatures at
which the fi]tration rates were determined are shown in Table 1. PSP content
was determined for three size ranges within each species, The PSP assays were
carried out according to the methods described in Prakash, et aI, �4!. Results
of PSP assays For each size range are shown in Figures 1 and 2. Results are
shown in Figures 1 and 2 as plots of filtration rate against dry weight. Straight
lines shown on the plots are linear regressions of filtraiton rate on the cornrnon
logarithm of dry weight. In normal clams artd mussels this re]ation
approximates a straight line.

Points to note on Figure 1 are that on 4-5 September there appears to be verylit tie relation between filtration rate and dry weight, The regression is
non-significant  r= 0.1046, t = 0.6896!. It shou]d also be noted that on 4 - 5
September all animals filtered low volumes of water. Nine animals did notfilter at all; five of these were large animals weighing more than 1000 mg. Only
1 out of 50 animals filtered more than 400 m]/h. These are very ]ow fi]tration
rates for the time of year. In late August 1973 100 rng clams from Ogunquit
River filtered about b times as much as in September 1974. PSP content did not
appear to vary with size

On September 19 a highly significant regression  r=0.613, t=3,33! of
filtration rate on log dry weight was obtained. Control data from 1973 are
available only for small animals weighing about 100 mg. For animals of this
size filtration rates obtained on 19 September appeared normal. By 19
September PSP content had fallen to about 20% of the values observed on 4 - 5
September,

On 9 October a non-significant regression was obtained  r =0.361,
t =1,397!, Filtration rates observed for small anima]s �00 rng! are comparab]e
with those observed the previous fall �973! in October, These anima]s filteredless water on the whole than those collected on 19 September. The primary
reason for this is that by 9 October the water temperature had dropped to
11 .5oC  Table 1! and the clams were preparing to enter their winter period of
dormancy, What effect these physiological changes have on the relation
between fi]tration rate and dry weight is unknown. By 9 October the animals
were essentially clean of PSP.



Figure 2 shcws results c>btained with Mvtilus edrdis on 5 September and 9
October. On 5 September a non-significant regression of filtration rate on log
dry weight was obtained  r=0.265, t =-0.91!; larger animals  ! 600 mg! tended
to filter less water per unit dry weight than smaller animals.

Looking at the plot shown in Figure 2 it appears that tiltration approximates
a linear function ot log body weight up to a weight of about F00 mg. This trend
appears to be reflected in the distribution of PSP in these animals, Animals
weighing 600 mg or more tend to have abo~t half the PSP content of smaller
animals. Compared with control mussels from Casco Bay in September 1973
small mussels' �00 mg! f'iltration rate was reduced by ra. 50 .o,

On 9 October the PSP content of the mussels was < 58 and they appeared in
all respects healthy and normal. A highly significant regression of filtration
rate on log dry weight was obtained  r=0,783, t=4.18!. Smaller animals
filtered about the same amount of water as on 5 September, larger animals
  ! 600 mg! filtered more water than on 5 September, all this notwithstanding
that the temperature on 9 October was nearly 5 C cooler, Small �00 mgl
mussels were filtering at about the rate observed in Casco Bay, 17 October
1973.

Detailed comparison of these sets ot data is complicated by both the lack of
control data for all size ranges and by the over-riding influence of autumnal
cooling. However, it seems clear that both the clams and the mussels were
adversely affected by intoxication with I'Sl' toxin.

The clams appeared to be more severely affected at lower PSP levels than
the mussels. This is in keeping with the findings of Twarog, et al, �6! who
found that Mya arerraria nerves were completely blocked by a concentration
of STX tv o orders of magnitude lower than that which had no effect on
Mytilris edulis nerves.

On 4 � 5 September M. arerraria in the flats were observed to be very
sluggish and to behave as though they were partially paralyzed. Similarly
apparently paralyzed soft shell clams were reported from both Western Maine
and Massachusetts in 1972. Apparently no such paralysis of soft shell clams
has ever been reported from Eastern Maine and Atlantic Canada,  Prakash et
Q l. �4! ! .

Neither McFarren et al. �2!, Quayle �5!, nor Halstead  9j make any
mention of detrimental effects of PSP toxin on the affected animals. The only
reference in the literature to deleterious effects of PSP toxin appears to have
risen from the 196S bloom of G. tarnarensis off the coast of England �0, 1!.
Both morbidity and mortality of shellfish were associated with the 1968
bloom.

Figure 3 shows a plot of filtration rate v dry weight for Mya arenaria from
Black's Harbor, New Brunswick, These animals were collected on 25 July
1974; filtration rates were determined on 28 July 1974, On 25 July these
animals were assayed at 1400 yg PSP/100 g. shellfish meat, yet when their
filtration rates were determined they appeared healthy i. e. a significant
regression of filtration rate on log dry weight was obtained  r=0.693,



t =-2.88!. Ao control data for non-toxic clams from this location is available.
but tliese clams filtered much mere water per unit time than clams of
e quivalent weight and half the toxicity from Ogunquit, They did not appear
sluggish as did the Ogunquit clams having half the toxicity,
The above results pose a lot more questions than they answer. For exarnpl,

are Canadian Aiba arenaria more resistant to PSP because they have been
chronically exposed to it? These results clearly indicate that much Further
research is needed to clarify the relation between PSP and the physiology oF
filter feeding mnlluscs,
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The potent nerve poisons, tetrodotoxin  TTX! and saxitoxin  STX! have
been shown to be extremely powerful, specific blockers of the early inward
Na' current of action potentials in excitable membranes, Studies of the kinetics
of this blocking action by Hille �! and by Cuervo and Adelman �! have
revealed that it is a simple adsorption phenomenon, following the l.angmuir
adsorption isotherm, Other types of ionic conductance channels are not
affected, eg. the Ca"channels of' many invertebrate tissues �!, or are very little
affected, eg, the depolarizing channels of mechanosensory terminals �1, 12!,
chemosensory synaptic membranes �!, and the Na~ - conductance channel of
vertebrate cardiac action potentials �!. Most interesting is the observation
that Na' spikes in the animals that produce TTX, pufferfishes and certain
newts, are resistant to TTX but can be blocked by STX  9, 8, 5!,

The molecular basis for this resistance is not known, but might provide
important insight into the mechanism of action of TTX and of the channel
itself. Further interest is added by the observation that normally sensitive
Na-channels in mammalian muscle can become TTX and STX resistant as
ACh-sensitivity spreads across the surface of a denervated or damaged muscle
fiber �3, 6h This has been interpreted as a conversion of some channels from
sensitive to insensitive form,

Thus there are several questions posed by the known instances of TTX and
STX insensitivity that we felt were worth pursuing. For example, is the
resistance all-or-none, or graded for any given channel. If graded, can this
gradation be correlated with toxin concentrations in an animal's tissues, and is
this phylogenetically governed7 ls the resistance due to differences in toxin
binding, or in its effect on conductance through a given channel after binding7
Does TTX interfere competitively with STX binding7 Can the resistance be
attributed in any given instance to the appearance of a new kind of
conductance channel, eg, to Ca~ ~7. These and other questions were addressed,
at least in part, during a recent Alpha Helix Expedition to the Great Barrier
Reef, where TTX and STX resistance were examined in several species of
pufferfishes and their relatives  eg. porcupine fish, boxfish, triggerfish!. This
work has been reported in detail elsewhere �0, 2!. I3riefiy summarized, our
findings were as follows:

The action potentials of muscle fibers in the pufferfishes examined were
insensitive to 3 x 10 5 M TTX, the highest concentration tried. These action
potentials v ere found to be Na-dependent, with no apparent Ca+ ~
-component. On the other hand, TTX blocked spikes by 50% in three
unrelated control species at a concentration of 3 to 5 x 10 8 M. Pufferfish
relatives were less sensitive than were control fish, but nevertheless were
susceptible to the toxin. 50% blocking concentrations were in the range of 1 to
5 x 10 ~ M. The shellfish toxin, saxitoxin  STX!, which blocks electrical
activity in the same manner as TTX, was also tried. Pufferfish muscle fibers
were insensitive to STX, but other fishes showed action potential block at
approxima tely the same concentrations as with TTX. Pufferfish
supramedullary cells  SMC! had Na spikes which were not blocked by TTX or
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STX, in contrast to unrelated fish or the related triggerfish. Both pufferfish and
triggerfish SMCs showed prolonged Ca+ - dependent action potentials in the
absence of external Na~.

The variable degree of resistance ta TTX shows a phylogenetic dependence,
and reflects differences in the ability of the toxin to bind to a receptor site
rather than in the degree of TTX effectiveness following binding. The ability of
TTX at sufficient concentration to completely block aetio~ potentials in
pufferfish relatives indicates that there are not some sensitive channels, some
insensitive ones. The fact that adaptations imparting resistance to TTX also
provide immunity to STX indicates that the two toxins bind in similar fashion
to the same receptor, and are similarly atfected by charges in the membrane
environment,
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ABSTRACT

Nerves of Mytilus eduiis, L. and. an certain other bivalves are resistant to thblocking effects of saxitoxin  STX!, an ot e
, an active principle of paralytic sh llf' h

oxin  TTX!, a toxin derived from pufferfish. It ha b
shown that s ec eris . t as een

toxin a
p ies resistant to STX accumulate level f - ] ' hs o para ytic s ellfishoxin dangerous to man. Resistance to STX and TTX is a ro ert

individual nerve fib dibers, and is not due to a protective sheath around the fibers.
Sodium deficiency reduces and blocks the action potential, so the resistance
oes not depend on development of a non-sodium s ike-

mec anism.
spi e-generating

Physiological, biochemical, ecologica!, and behavioral problems with
respect to toxin resistance and accumulation will be discussed.

Saxitoxin  STX!; Mode of action and structural refationshi to t t d
 TTX! .

s ip o e ro oto~iri

Saxitoxin  STX!, a powerful neurotoxin, is a major constituent of paralytic
shellfish toxin. It was first isolated from the Pacific butter clam, Snxidornus
nuttalfi  Conrad! and later identified in Gonyaulax catenella by Schantz and
associates �6! G. tarnarensis contains STX, and in addition, an unidentified
toxin perhaps chemically related to STX  Evans, 7! Narahashi  personal
communication! has called this unidentified toxin Gonyariiax tarnarensis toxin
 GTTX!. The mode of action of STX and GTTX are similar to that of
tetrodotoxin  TTX!, the active principle of the toxin of pufferfish
 Sphaeroides! and the Ca!ifornia newt Taricha torosa: Both STX and TTX
block conduction of the nerve impulse by reversibly interfering with the early
voltage-dependent increase in sodium ion conductance which generates the
nerve action potential, �3!. Conduction block leads to paralysis. This
para lysis superficially resembles curare poisoning but is fundamentally
different since curare selectively blocks neurornuscular and synaptic
transmission and does not affect conduction in nerve fibres. STX and TTX do

not interfere with synaptic transmission.
The molecular structure of STX has been deduced by Won' and associates

�0!. Further information on the chemical structure of STX and GTTX is
presented in this symposium by Schantz.

Comparative studies of sensitivity ta STX and TTX in mollusc nerve.

In view of the fact that some molluscs are exposed to large amounts of
paralytic toxin and nevertheless survive, it was of interest to analyze the effects
of the toxin on their neuromuscular sys terns. It had been found previously that
TTX does not block the action potential in the anterior byssus retractor muscle
of Mytilus edulis  Linnaeus!; and it had been suggested that the
spike-generating mechanism in this muscle depends on increased conductance



to cilrium rather th.in sodium ions t lit, Siii sequent evi l n~ei iien eviirnie ittpporteu tr t~suggestion   19!

It was also cibserved that nerve fibered tn Afynlti ~ere restitartt to TTX lt
was therefore of interest to find that in contrast tii muscle the spike-generating
mechanism is dependent on sodium tons. The possibilttv that the neural sheath
may protect the nerve fibers was excluded in experiments which showesl that
"naked" nerve fibers, wtth neural sheath stripped off, are as insensitive to TTX
as normally sheathed fibers. Since the put terfish, which secretes and
accumulates TTX, has nerve fibers which are resistant to the toxin, it seemed
possible that TTX resistance irt JVlytilus nerve might be related to the ahilitv
Mytr'lus to feed on G. catene0a and Ci. tutrturrnsrs and to accumulate large
quantities of paralytic shellfish toxin, containing STX, which resembles TTX in
structure and mode of action. The sensitivity to STX was tested and indeed.
Mytilus nerve was resistant. Since Kao and Fuhrman �2! had fc und that the
pufferfish is selectively immune to TTX but sensitive to STX. tt was surprising
to find Mytilus resistant to both.

Presumably a bivalve mollusc would be exposed only to STX under normal
conditions. Does cross resistance to STX and TTX develop in molluscs. in
contrast to the pufferfish, on the basis of similar chemical structure of STX and
TTX7 Alternatively, is Mytilus resistant to z toxic principle very similar to
TTX which remain» unidentified in paralytic shellfish toxin that is, GTI X
 Narahashi and Evans in these proceedings!. ln order to answer some ot these
questions, fTX and STX sensitivity were compared in eight species of bivalve
molluscs. These data are discussed along with preliminary observations on
toxin accumulation and behavior in some ot these spec tes during the
September, ]972 outbreak of paralytic shellfish pi»soning in lvlassachusetts

A contparisoit af sensitivity fo STX and TTX in f ti alt e mi>llus~ ~

The marine species tested were Mytilus eifulis  Linnacust, the bay mussel or
edible mussel: Modiolus dernissus  Dillwynh the ribbed mussel; My~ arenartti
 Linnaeus!, the softshell clam, steamer; Merrenaria rriercenaria  Linnaeus!, the
quahog or cherrystone clam; Placopecten rrtagellarttcus  Gmelinf. the sea
scallop; Pectert irradiarrs  Lamarck!, the bay scallop, and Criissostreia vi rginicv
 Gme!in!, the edible oyster. These were collected either at Nahant or Woods
Hole, Massachusetts. The freshwater clam, Elliptio complanata  Lightfoot}
was obtained from the Connecticut Valley Supply House in Massachusetts.
The experimental method has been described elsewhere t]Hi.

Effects of STX arrd TTX ort conduction of the rtertie irnpul~e

Figure 1 shows records of compound action potentials in desheathed visceral
connectives of Nfytilus and Pbcopectert, two species highly resistant to STX.
After ten minutes in 10 g per ml STX, the action potential is normal. No
block was observed even after thirty minutes,
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Figure 1. The effect of STX on compound action potentials in nerves of resistant species.
Note that action potentials in 10 g per ml STX do not differ from the control,
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Figure 2 displays results obtained with the highly sensitive Crassostrea. The
actior  potential is almost completely blocked at 10, and fully blocked at 10
g per ml STX, Similar results were obtained with Hltptio,

The remaining species resisted full block by STX until concentrations of 10 ~
g per ml or more were applied. Fig, 3 shows records obtained with Mercetmria,
Pecten, and Mya, which are all considered relatively insensitive, although not
f'ully resistant to STX.

Sirrtilar experiments were performed with TTX.
In all cases, it is apparent that the blocking effect is reversed after washing

off STX or TTX.

Since it seemed possible that resistance in some species might be due to
limitation of TTX or STX diffusion by a protective covering around the nerve
fibers, all the experiments were done using nerve fibers from which the neural
sheath had been removed. In some experiments, resistance was studied before
and after removal of the neural sheath. No significant difference was noted.
Thus, resistance to TTX and STX is a property of the nerve fibers, not the
sheath.



Table l

Block of action potential by saxitoxin  STX!

10~ 1041O ~ 1O-'7 1O ~
 g/ml I

Species

My tilus edulis

Placopecten rrragellarticus

Mercerrarfa rrrercenarfa

Modiolus derrrissus

Pecten irrad arts

Mya arerraria

Crassostrea o rgirti ca

Hl t>ti o corrr plurrata

The species are listed in order of increasing sensitivtty to STX.
i = Full Block.

lf the action potential of the resistant species is not generated by an increase
in conductance to sodium ions, then resistance to TTX or STX could easily be
explained, since these substances specifically block the early sodium current
�3!. The desheathed nerves of all resistant and sensitive species were exposed
to sodium deficient and sodium free solutions, ln every case sodium deficiency
reduced and bltrcked the action potential within minutes.

Relative bloclcirrg poterrcies of STX and TTX.

Tables l and 2 indicate the concentrations of STX and TTX required fully to
block the compound action potential in various species. Resistance to STX
roughly parallel» TTX resistance, Myt lus and Pfacopectert are resistant to
both toxins, Crassostrea and Elliptio are highly sensitive. Among the species
relatively insensitive to STX, the correlation is less striking:

STX resistance, MercerIar a > Modiolas > Pecterr > Mya
TTX resistance, Mya» Modiolus > Mercerraria7> Pecten.
With respect to TTX, Mya should be classed as resistant and Pecten as

sensi tive.



Table 2

Block of action potential by tetrodatoxin  TTX!
Species

The species are listed in order of increasing sensitivity to TTX,
+ = Ful!Block.

Table 3

Whole Body Accumulation of Paralytic Shellfish Toxin
STX content

Location Jig pef
100 g

Maximum
S7X g
per m}

Spenes

10+
7 x 1O-5
7x 10 S

0

Afytilus ednlis
 edible mussel !

York Harbor, Me.
Merrirnack River es tuary
Essex, !v}ass.
Eastham. Mass.

10,092
7. 392
7,200

0 to "high"

Eastha m, Ma ss,Mercenarra mer cenaria
 Quahog, cherrystone c}am!

2 x 10"SEastham, Mass.Pecten irrad>ans
 bay sca}}op! 2. 040

2 x� ~
10<

6 x 10 5
35xlOS

York Harbor, Me,
" vterrimack River estuary
' ' Hampton Beach. N, H.
"Essex, Mass,

JV}ya a renaria
 steamer. htt!eneck clam! l. 726

9. 600
6,000
3,500

Eastharn, Mass.
Great Bay, N. H.

0
56

0
6x�7

Crassostrea uirginica
 oy stet'!

' Quarantine }eve}-. 80!tg per 100 g

' ' Many h4ya were "weak"; siphons were f}accid.

Mytilus edu!is

P1 aco pect err rnage11ani cus

Mya arenaria

Alodiotus dern t'ssus

Mercertarra rrtercenarta

Pecten irradians

Crassostrea virgittica

Eltiptio con!ptanata

10-8 10 7 10-6 1P-5
 g err!l!,



Effects of accumulation of paralytic shellfish toxin on the molluscs themselves,

During the Red Tide of September, 1972, along the Northeast coast of the
United States, some observations were recorded on the relationship between
whole body accumulation of paralytic shellfish toxin and behavioral
symptoms in the molluscs �!.

Table 3 summarizes the observations. The level of toxin is calculated as
rnicrograms of STX per 100 g of wet tissue  pg per 100 g!, on the basis of
measurements of mouse-toxicity of extracts of whole molluscs, It is probably
that toxins other than STX are being detected, causing an overestimate of STX.
The maximum concentrations of STX in the whole volume of soft parts are
calculated from the data, on the assumption that the toxin is uniformly
distributed throughout the body of the mollusc. This assumption is
convenient, but questionable. Since a single measurement  in Pecten! showed
that the concentration of toxin in muscle was about one-tenth of the whole
anima! concentration, it is probable that the actual concentration in muscle
and in nerve is less than the concentration in the whole organism.

Resistance to STX and TTX as related to paralytic shellfish poisoning.

Species shown in the present study to have STX and TTX-resistant spike
mechanisms have all been implicated in outbreaks of paralytic shellfish
poisoning in humans. Halstead  S! and Bourne �! indicated that species
implicated in mass outbreaks of paralytic shellfish poisoning involving
fatalities include M. edulis, Mya arenaria, and Placopecten rnagellanicus. Of
these, Mytilus and Placopecten are resistant to STX and TTX; Mya is
relatively insensitive to STX and resistant to TTX.!n contrast Crassostrea, an
edible species highly sensitive to both toxins, has never been implicated in
paralytic shellfish poisoning.

We suggested earlier �S! that species resistant to STX and TTX can
accumulate these toxins without harm while sensitive species cannot without
'themselves being poisoned  unless the toxin can be prevented from reaching the
nervous system in an active form!. This idea is supported by the field data,
which show that Mytilus accumulates the highest levels of toxin of all species
studied, yet shows no overtly abnormal symptoms whatsoever; whereas,
when samples of Mya showed levels of toxin about 2000 pg per 100 g, many
clams were obviously abnormal, with siphons flaccid. That the Mya were
indeed displaying paralytic symptoms due to STX is supported by
observations that the clams recovered within hours when restored to toxin-free
seawater. Rapid complete reversal would be expected after nerve block by
STX, but not if the clams suffered from a more general metabolic poison. In no
case did the amount of toxin accumulated by the sensitive Crassostrea exceed
5b pg per 100 g even though it was surely exposed to the Red Tide. It is
interesting that Mercenaria, although resistant, also did not accumulate toxin;
perhaps it escaped exposure to Gonyaulax,

3BB



Mechanisms of Resistance to STX arid TTX.

A. The physiological basis of resistance,

ln the species studied, resistance is not conferred by an impermeable neural
sheath, nor does it depend on abandoning a sodium mechanism for the
generation of the action potential. One mechanism could be specific resistance
of the sodium channel to the toxins. Kao and Fuhrrnan �2! found that the
pufterfish and the newt have swerves which are highly resistant to TTX but
sensitive to STX. In our observations, on the contrary, the resistance of several
species to TTX seems to parallel resistance to STX, There could be a
cross-resistance to the closely related rnolecules of STX and TTX in molluscs.
Resistance to GTTX, the third toxin, has not yet been studied, Further research
may reveal that the sodium channels of the nerves of resistant species are
associated with a substance or structure that impedes access and prevents
binding of the large toxin rnolecules. Alternatively, the molecular
characteristics of the channels may be specifically altered to preclude
interaction with STX or TTX.

This last question can best be approached by biochemical studies of the
site s! of attachment of the toxins to the nerve membrane. Methods for doing
so have recently been cteveloped. Isolation, from species sensitive to TTX and
STX, of protein and/or lipoprotein fractions of nerve membranes that
specifically bind these toxins has recently been described by Henderson and
Wang  9!; Benzer and Raftery, �, 3!; Barnola et al, �! and Henderson, et a1.
�0!. Also Benzer and Raftery �, 3!; have studied the susceptibility of the
TTX-binding component of garfish olfactory nerve membrane to a number of
enzymes. Their data suggest that there exists some phospholipid component,
as well as protein, in the specific binding site of TTX  and presumably STX! to
the sodium channels of garfish olfactory nerve.

ln some species toxins may be stored in such a way as to reduce the levels of
toxin in the circulation, thus protecting the nervous system from exposure.
Such a mechanism has been described by Price and Lee �4,1S! in Saxidomus,
where the toxin is sequestered in pigmented granules in the siphon, Norris and
Chew in this conference have cited another example of this mechanism, the
accumulation of toxin selectively in the digestive gland of the liest Coast razor
clam, The muscular tissues contain no toxin, and thus the clam is safe to eat
once cleaned of the digestive gland,

B. Genetic or acquired resistances

Possibly species which are periodically exposed to dinoflagellate blooms
have evolved mecharusms permitting them to exploit the toxic organisms as
food. It would be interesting to know if resistance to TI X and STX is acquired
on exposure to the toxins or is inherited. It seems likely that exposure to



din»flagellate blooms means exposure to STX, not TTX; many of the species
studied never encounter TTX in their natural habitat. However exposure to a
TTX-like substance is not ruled out, GTTX as reported by Narahashi in this
conference may be identical to the neurotoxin detected by Evans �! in
poisonous Myti4s. The neurotoxin described by Evans is not identical with
TTX, and blocks action potentials in Taricha torosa, a species resistant to TTX
but sensitive to STX. Isolation and identification of this substance may clarify
the problem. lt would be of interest to study Niytifus from an area which is
known tobe free of Red Tides, Unless the resistance is a genetic characteristic of
the species, one would expect to find many sensitive individuals. In a previous
study  I8! my associates and I found nu correlation between systematic
relationship and resistance to STX or TTX. Some sensitivity to TTX was noted
among individual Nfytifus from Maine in contrast to those from California and
Massachusetts, but no data were found in the literature on relative exposure to
Ra rid ..

Ecol<igiral and hehat inral far tors cnritrof1irtg accumulation of para1ytic toxin,

Among the sensitive species, ecological isolation, that is, lack of exposure to
these t«xins. would permit survival, Gorryaulax is found only in a marine
habitat. The fresh water species are very sensitive to STX and TTX. During
blooms the alga Aphariiromenoit f los-aquae, in fresh water habitats was found
by ]ackim 8r Gentile  l ]! to release a toxin similar to STX. However, we found
no rep»rts concerning whether or not fresh water molluscs die during these
algal blooms. and no toxicity data are available since these molluscs are not
considered edible.

Crassastrra in very sensitive to STX and TTX, and is surely exposed to
blooms of Gnrtyaufax. lt is probable that a behavioral response protects this
species. Crassostrra gigas has been shown by Dupuy k Sparks �! to cease
filtering when exposed to Goriyaulax. The oyster shuts its valves tightly
and d«es n»t resume filtering until the water is clear. However, after prolonged
exposure the oyster filters minimally. lf Mytitus and Crassostrea are both
exposed to the toxic dinof'lagellates, Myti4s accumulates more than four times
as inuch toxin as does Crassostrea, Protective behavioral responses tnay well
be  «und in other sensitive marine species.

Dunng th» 1972 Red Tide in Massachusetts, Mercenaria was never found to
accumulate tcixin, even in heavily infested areas  i,e. localities where high
t»xin I vels were found in Mytifus and Myaj, Since Mercenaria is resistant, it
could theoretically accumulate toxin without harm to itself. lt is possible that
Merce«aria is protected from exposure by its habitat, which is deeper than that
of Mya and'or by its feeding habits; unlike Mya and Pectert, it may not be a
surface teeder or it may reject detritus. This interesting problem deserves
further exploration.

An important observation was made during the 1972 Red Tide emphasizing
that not on! y habitat but behavior  feeding habits! determine toxin



accumulation; A number of species col'lected at a depth of 35 feet contained
ntore than 1000wg per 100 g toxin. Since Gonuaylux is not known to pene trite
to this depth, it seems possible that these species filtered detritus to which th»
toxin was absorbed. Deepwater species which do not filter detritus cnuld not
be exposed.

CONCLUSION

An investigation of resistance to STX and TTX in bivalve molluscs has
contributect to our understanding of accumulation of paralytic shellfish toxin
during Red Tides. Continued studies of the neurophysiology. ecology, and
behavior of molluscs and other marine organisms during exposure to Red Tide
should prove to be of considerable practical value and theoretical interest.
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ABSTRACT

Certain dinoflagellates produce highly toxi  substances. Conyat i<ra
cafenella produces saxitoxin  STX! and Gotiyau lax t~inurensis produc es
another toxin  GTTX!. The mechanism of action of these two toxins on nerve
membranes has been studied in c<imparisiin to that of tetrodotoxin  TTX!. All
of them exert the same effect on membrane ionic permeability.

These toxins block impulse conduction of squid giant axons at very low
concentrations without any effect on the resting membrane potential The
blockade is due to a specific inhibition of the mechanism whereby the nerve
rnernbrane undergoes a regenerative incrtase in permeability to sodium ions.
The effect is reversible upon washing with toxin-free medium. The toxins have
no effect when applied directly to the internal membrane surface, indicating
that the site of action is located on or near the external surface. TTX exists in
two cation forms and a zwitterion form, and the former is responsible for the
bloc k of sodium current.

Further electrophysiological analyses have unveiled several important
features of the blockade of sodium current by these toxins. They have a strong
affinity for the membrane sodium channel per se, and the number of sodium
channels as estimated from the TTX binding to the nerve membrane is
extremely small. These «nd several other characteristics of the action of TTX,
STX and GTTX give promise of using these toxins as important and powerful
ttiols for the study ot neurophysiology and neuropharmacotogy.

INTRODUCTlO5

Certain din of 1 agel1 a tes produce highly toxic substances. Go rty au lax
rateiii Iffy prod ucm saxitoxin  STX! and Gortyiaulax tarriarerisis produces
aniither tiixin  GTTX!. Since these Goriyaufax toxins are potent neuropoisons,
their mechanism ot action iin nerve membranes has been studied by means of a
variety of advanced electrophysiological techniques, These toxins exert almost
identical ac tiiins on nerve membranes a» tet rodo toxin  TTX!, the toxin isolated
fr«m the iivary and liver of pufferfish. Th» present paper gives an up-to-date
summa r y of t hese st udi es.

Ratu»ill» urtrt Mefhiids

The membrane is the site of nerve excitation. At rest. the nerve membrane is
permeable to potassium ions, but poorly permeable to sodium and other ions.
Since potassium concentration is much higher in the axoplasrn than in the
external rnediurn <serum!. and sodium and chloride concentrations are much
higher in the external medium than in the axoplasm, a potential difference is
established across the nerve membrane with the inside negative with respect to
th» outside, and the value approaches the potassium equilibrium potential
de tned by the Nernst equation. This potential is called the resting membrane
potential.



l4'h< n th. ni rve ii iontul iteil by a biief outssard currrnt
ill en'ihra Ile, t lie iiienlbr ,ini ! et m{ a. ilitv to saxluim ions inc rease in
re},t iierat ivi manner, io that the membranee ~ecoflies a most rxclusivetv
per»ieabl» to soditim ions Thui the membrane potential is changed toward th»
ectuitibrium potenti.il for sodium, torminft th» rising phase ot the ai.tion
potential, J he incre,tsed sodium permeability starti decreasing s ion anif the
pistassium pe rrneability starts increasing beyond the rest ing Irvrl thus
bringing the niernbrane pottntiaf back t» the orignial re~ting level 'lhese
chan/ 's irl men'ibf Jtle potential Btltl meiiibt' lne pernleabif itic'< LK sur iri a nlatter
of riiillliei onds.

Thui, in oriler t<i stucly the mechanism est action of a toxin on nrrve
excitahilitv, one will have to measure these permeabilitiei,ti affix ted b> the
toxin. the ionic permeabilitiei can bt meaiured as ionic conductan<rs bv a
method called vciltage clainp, Since conductance is given by the ratio
current potential, il we can measure the current carrted by a ipecitic ion and
the electromotive force for the ion, we should be «ble to estimate th» ionic
conductance, This can be accomplished by clamping the rnembrant potential
at various levels by using a feedback circuit, and by measuring the current
necessary t«hold the membrane potential at those levels. Since the time course
of sodium and ptitassium conductance «hangr s are different, each ionic current
can be identified and measured separately. Isolated preparations of squid and
lobster giant axons and frog skeletal muscle fibers were used as material,

Effects ori Resting Poterttiat. Action Poteritirr1 arid Ionic C.onifuctum is.

Since the effects of STX, GTTX and TTX on nerve membranes are the same,
the results of experiments will be discussed together. The resting potential is
not aff'ected by the taxins, while the action potential is drastically reduced in
amplitude  lS!. Thi» suggests that the sodium conductance increase tsodium
activation! responsible for the rising phase of the act ton potential is inhibited
by the toxins. Voltage clamp experiments have clearly demonstrated that this
is actually the case  see 10, 16, 14!. An example of such an experiment for TTX
is illustrated in Figure 1, While the peak transient sodium current is completely
suppressed bv TTX, the steady-state potassium current remains unaffected. lt
should be noted that the effect is exerted at very low concentrations, the
apparent dissociation constant of TTX in blocking the sodium current of squid
axons being estimated to be 3nM by Cuervo and Adelman �!.

Further experiments have been carried out to characterize the action of TTX
on the sodium channel, the cortceptual site in the nerve membrane where
sodium ions are transported during activity. TTX has no affinity for sodium
ions per se, but blocks the sodium channel regardless of the direction {outward
or inward! of ionic current or regardless of the kind of ions involved  9!. t
should be noted that not. only sodium but also lithium, potassium, rubidium
and cesium are transported through the sodium channel to varying etttents �!.





external application �3>, Simdar results are obtained with 'STX and C TTX �.
9!, Since TTX and STX are poorly solub 1 e in organic scil vents. they
presumably penetrate lipid membranes very p i 1 . Th .. h' poor y. us. t e site of act~on olthese toxtns should be located on or near the t 1 rf f he ex erna surface nf the nerve
membrane.

Active Form

TTX exists in two cation forms and a zwitterinn form with a pk» ot 8.8.
Therefore, a question arises as to which form is responsible for the sodium
conductance block. This problem can b» studied by comparing the blocking
potency at different pH values, The results of such experiments clear'ly indicate
that the cation forms are active �, 7, 17, 201.

OH

R OH, Tetrodatattltt
R H, Deaxytetrodotaxin

H~N

CH~OH

Totrodmtic acid

HP

N H CHgOH

Rttirre 2. Structures of tetrodotoxin, deoxytetrodotoxin arirf tetrodonic sad  tb!

Stnrcture-activity Relationship

The chemical structure of TTX is characterized by a guanidinium group,
hernilactal link and several hydroxy groups. The study of the structure-activity
relationship has encountered great difficulty due to possible contaminations of
derivative samples with TTX. TTX is so potent that a small contamination
with it to the extent that cannot be detected by an chemical or physical
means will significantly distort the potency measurement, For this reason, the
only reliable conclusions we have been able to draw is that deoxytetrodotoxin
and tetrodonic acid  Fig. 2! are totally ineffective in blocking the sodium



activation  8!. The chemical structure of deoxytetrodotoxin is different from
that of TTX in carbon 4 position; the hydroxy group of TTX is reduced to a
hydrogen to form deoxytetrodotoxin. It is remarkable that such a small change
in structure completely abolishes the physiological activity.

T' he structure of STX is considerably different from that of TTX, and
contains two guanidinium groups  see Wong, Oesterlin and Rapoport, Zl!,
The structure of GTTX has not been identified yet, but there is evidence that it
is different from that of TTX or STX  E. Schantz, personal communication!.
Thus it is of particular interest that these three toxins, which are chemically
different. exert the same physiological effect on nerve membranes, When the
structure of GTTX is completely identified, the common denominator of the
three toxins will be a useful parameter to identify the topography of the
receptor and sodium channel,

Binding to Nerve Membranes

It has been demonstrated that TTX and STX bind to the receptor in the nerve
membrane on a one-to-one stoichiometric basis �, 7!. Thus we should be able
to count the number of receptors from the study of binding. Our initial bioassay
experiments with the walking leg nerve of the lobster have resulted in 13
binding sites per square micron of the membrane as an upper limit �0!
Similar measurements have since been repeated by either bioassay or tritiated
TTX using various nerve preparations �, 4, 6, 8!, The values range from 3 per
square micron of membrane in the garfish olfactory nerve to 75 per square
micron in the rabbit vagus nerve. If we assume that one receptor controls or is
part of one sodium channel, then these numbers give the density of the sodium
channels in the membrane. TTX is now being used as a tool to isolate and
identify the sodium channel in vitro �2!.

CONCLUSION

Tetrodotoxin, saxitoxin and Gonyaulax tarnarensis toxin exert the same
effect on nerve membranes, They inhibit the rnechanisrn whereby the nerve
rnernbrane undergoes a conductance-increase to sodium upon stimulation,
thereby blocking nervous conduction. This effect is exerted at very low
concentrations  nanornolar! and only from outside of the membrane. The
toxin and receptor interact on a one-to-one stoichiometric basis. It should be
noted that these three toxins have different structures yet exhibit the same
physiological effect. These toxins are extremely useful probes to characterize
and identify the sodium channel in the nerve membrane.
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ABSTRACT

We have studied the binding of radioactively labelled saxitoxin to nerve
membranes and to receptors from those membranes which were solubilized by
detergents. The binding has two aspects; relatively few sites on the nerve are
saturated by very low �0 8 M! toxin concentrations  specific birtding! while
the nerve also continues to take up toxin in proportion to its bath
concentration, showing no saturation up to 10 M toxin concentrations
 non-specific binding!. The specific binding sites have the affinity and kinetic
constants for toxin binding reactions as would be predicted from the
physiological effects of the toxin  Henderson, Ritchie & Strichartz,  9,
ID!, so we conclude that specific binding corresponds to the physiological,
nerve blocking activity of saxitoxin..
Several agents strongly antagonize the specific binding. Among these are

polyvalent metal cations  La3'.K; = I mM; Ca2I:K; = 30 mM!, thallous ion
 K; = 20 mM! and H'  pKa ~ 5,7!, Like the toxin binding itself, all theseinhibi tory reactions are reversible. However, all the inhibitory agents are quite
toxic at their etfective concentrations. Preliminary experiments suggest that
specific binding of saxitoxin may be antagonized by thiamine  S mlvi!,
The binding of labelled saxitoxin to animal tissue is useful as a tool for

measuring the surface density of molecular structures responsible for electrical
excitability, For studying the changes in such sites during development and
under pathological conditions.

INTRODUCTION

Saxitoxin is a potent inhibitor of the electrical activity of nerves and
muscles. Action potentials in these tissues usually rely on an increase in the
permeability of the cell membrane to sodium ions, The currently accepted
paradigm states that this membrane permeability increase arises from the
opening of discrete sites, the so-called "sodium channels", which are sparsely
distributed in the nerve membrane. Saxitoxin  STX! and the analogous poison
tetrodotoxin  TTX! block action potentials by preventing the permeability
increase to sodium �2, I7, 21!. We examined the binding of radioactively
labelled STX and TTX to nerve membranes to determine just how these toxins
interacted with the membranes and their sodium channels. We also examined a
number of agents known to interact with sodium channels to see if they would
effect STX binding,

METHODS

Both S I X and TTX were labelled with tritium   H! by exposing them to
tritium gas during an electric discharge  9!. They were then purified by
high-voltage paper electrophoresis. The specific activities were usually about
I00 mc! mmole 300 toxin: this is equivalent to having about one tritium diatom



jn 300 toxin molecules. Birtding was trteasured in two systems:  a! intact nerves
and  b! receptors for toxin which had been liberated by solubilizing the
membranes with non-ionic detergents  S!. Nerves were removed from various

1ai> - rabb its. lobsters, an d garfish, but the resu]ts of binding studies
usually agreed, regardless of the source of nerve tissue. Solubilized receptors
come from the gartish olfactory nerve which has an exceedingly high ratio of
nerve cell membrane area to non-excitable cel1 membrane area �!. The details
of the experimental procedures are contained in the references  9, 10!. Previous
studies with Tl X had shown its binding behavior to be very similar to that of
STX �!, so in later experiments we used the toxins interchangeably.

In experiments where we wished to study competitive binding we compared
the toxin uptake by a control tissue to the uptake by tissue in the presence of
the potentially competitive agent. The results were corrected for non-saturable
toxin binding  see below! and expressed as the percentage of the toxin uptake
by the control sample, The resulting values are expressed as mean percentages
+ the standard error of the mean.

RESULTS

Radioactively labelled saxitoxin binds to nerves in two modes. One is a
binding which is first-order  one STX binds to one receptor!, has a very low
dissociation constant  KD~3 x 10 9 Molar, the toxin concentration at which

~ 10

C

X 5 !

CO

STX ccectwtratian  rtM!

Figure I. Uptake of tritium-labelled STX by rabbit vagus nerves as a function of STX
concentration. The solid line is a computer-fitted  least squares! sum of a
saturable, Langmuir binding term  short dashed line! and a non-saturable term
which is linear with concentration  broken line!.  Reprinted from Henderson, et
a!. 1973 with permission of the Journal of Physiology!.





Table Il summarizes the results from the competition studies. Agents which
block action potentials by binding in the sodium channels near the outside of
the nerve membrane were able to block STX uptake, Among these were

Table ll

Specific binding of toxins to nerves in the presence of neuro-active agents.
% Control bindingConcentration

3x10 ~M

Agent

57- 5

22 t tiThallous  Tl+1! 0.1 M

b0- 10

45 t2 tTTX!

23s 2 iSTX!

Li' 0.154 M

Ca2.

Ca2' O.SS M

80'- 7

103-5

98-4

50~g ml

10-3M

5x 10 7M

Vera trine

Lidocaine

Batrachotoxin

All studies done at pH 7.0, 20oC- except for the H'effect. The means are the
results of at least 6 experiments on each compound. Toxins at 3-4 nM.

half the saturable sites are bound with STX! and is inhibited by ! l00-fold
concentrations of non-radioactive saxitoxin or tetrodotoxin This i~ the
saturable, nr specific binding activity. The other mode of binding «an uptake
b they nerve which never saturates, even at toxin concentrations up to 10 ~ M,
and is not affected by high concentrations of unlabelled toxin. The sum ot
these two binding modes is shown in Fig. 1. The saturable uptake india ates that
the surface density of STX binding sites is ~ 1-50 'si2 in many non-myelinated
nerves. but this number may be several hundred'p2 in giant axons ut quid
 S trichartz, unpublished observa ti on!.

STX and TTX are bound only in the saturable mode by solubilized
receptors. The equilibrium binding parameters are like those in intact nerves
 Table l!, Using these receptors we were able to measure the rate at which STX
and TTX bound to the membrane specifically and to compare the rate
measurements with those from electrophysiological experiments, All the data
of this type are collected in Table 1, along with that from equilibrium uptake
studies to whole nerves. Table l shows clearly that the rate constants and
equilibrium clissociation constants which were measured in binding
experiments compare most favorably to the values derived from electro-
physiological experiments. This leaves little doubt that we were studying the
physiologicall y important binding and not some artifact.

Competition Ex peri rnert ts
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Figure 2, Artist's rendering of the sodium channel spanning a nerve membrane. The
receptor for saxi toxin and tetrodotoxin is the outer opening of the sodium channel
near or at the ion-selectivity filter  F! which includes a negatively charged group
of apparent pKa =5.6t 0.3. The voltage-dependent gates which modulate the flux
of ions during a nerve impulse  G! are located near the axoplasmic sid» of the
channel, and are near a hydrophobic milieu in the membrane which is the locus
of action of Inca! anesthetics and veratridine. Note that the STX receptor is a
rather rigid structure which maintains its conformation regardless of the
movement of the gates.



calcium and protons �6!, lithium, thallium �4! and trivalent metal cations.
Agents which affect sodium conductance at the inside of the nerve membrane,
such ds local anesthetics  lS, 20, 23! and veratridine, do not depress STX or
l TX binding. Th~s is consistent with the observation that TTX  and
presumably STX! act only from outside nerve membranes having no effect if
present within the cells �9!, Our results indicate that TTX and 5TX bind
directly to the outside of the sodium channels. We think that the quanidinium
portion of the toxin molecules sits in the opening of the channel and that the
numerous hydroxyl and amino groups on the toxins are important in the
formation of bonds between toxin and sodium channels. Kao and Nishiyama
�8! and Hille �3! have previously speculated about such an interaction, ln
this configuration the ionic bond between the positively charged quanidiniurn
moiety on the toxins and the negative site known to exist in the sodium
channel is also important �6!.

We present Fig, 2 as a very liberal visualization of our working hypothesis
about STX interaction with sodium channels.

All of the substances listed in Table 1I which antagonize toxin binding are
themselves toxic. Hence, unfortuantely, they are clinically useless. However,
we have some preliminary results from competition experiments with thiamine
 Vitamin B1! and thiamine antimetabolites which provide evidence for their
modulation of STX and TTX binding. Thiamine is released from nerves
Following stimulation �7, 5!, and by TTX exposure �6! and its
anti-metabolites have a pronounced effect on the shape of the nerve i npulse
�!. Our early results  Table II!!, while not conclusive, do indicate a possible
role for thiamine as a TTX and STX antidote

Table II!

Specific binding of STX to nerves in the presence of thiamine and pyrithiamine.
Number of

Thiamine - 5 mM 68t 8

Purithiamine - 5 mM 129 t 10
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A red tide caused by the toxic dinoflagellate Gyrrtnodiniurtt breve Uavts
occurred intermittently along the west coast of peninsular Florida from
October 1973 through June 1974. Distress behavior of fishes in the red tide area
was observed and 129 severely distressed or freshly dead specimens were
collected and subjected to immediate necroptic exatnination. The 16
consistently observed pathologies suggest that many fishes die in red tides
from chronic tissue damage rather than by previously recognized
neurointoxication, Some species seem to succumb to neurointoxication under
the same conditions that produce lethal hemopathy and histopathology in
others. The observed sign complexes are indicative of dehydration, hemolysis,
and interferences in the blood clotting mechanisms.

IXTRODUCTIOW

Substantial red tides caused by blooms of the unarmored dinoflagellate
Cviint<idiiiiurtt breve Davis occur periodically along the west coast of Florida
  I, 2. 3!. ln addition to causing toxicity in shellfish, C, breve red tides directly
kill large numbers of fish and some marine invertebrates, produce a highly
irritat ing aerosol in coastal areas, and can rarely cause contact dermatitis �, 5,
ti. 7. 8, 9!. As a result of these effects, such red tides have serious adverse
economic impact. particularly on the tourist industry, in addition to being a
public health problem,

Considerable scientific study has been made of C, breve red tides,
particularly since the discovery and description of the causative dinoflagellate
by Davis in t948. Farly laboratory studies indicated that fish were killed by a
neurotoxin as evidenced by speed of action, agonal behavior, and lack of other
patent signs or lesions �0, 11!. These observations were repeatedly confirmed
by numerous experimental exposures of fishes to natural and cultured C.
bret e, to cell-fr«e filtrates, and to extracted and fractionated toxins �1, 12, 13,
14. 15}. Consequently, G. breve red tides became accepted as a
ne u ro in t o x i< at i ve p hen im en on,

I!etailed studies iif toxins extracted from C, breve in recent years have
provi<le~l evidences of other biological activity, In addition to potent
neurotoxic a< tivity, ii«itro hemolytic activity was detected in crude
toxin extracts   t6, 17, 18, 19, 20, 21, 22, 23I and in a purified non-neurotoxic
traction { ! 5!. Hernolytic activity was considered mild until Kim, I inton, and
Martin �3! tested fish blood  mullet! in addition to the mammalian blood
tusuaily rabbit! utilized by other workers. They found the piscine blood to be
some 300 times more sensitive, They suggested that hemolytic activity could
b» a tactor in red tide fish kills.

l!otg and Martin �4! further discovered mild anticoagulant activity in toxin
extracted from a natural red tide. Trieff et ai. �5! isolated five toxins from C.
firet~e cultures, one of which was a heretofore unreported, severe respiratory



irritant upon either int.raperitoneal injectiof1 or inhalatnin. All tiic of ihiir
toxins hacl neurotoxlc actlv'Ity and one w,ls alsci hvrnolytic

Despite the findings ot: additional hiiilogical activities, thc neurotoiii
activity of G. brci e has still been generally considerecI tii be the only
consequential ichthyointoxicative mechanism. This assuniption w,is suppi'fted
by the few reports of premortal fish behavior in natur,il red tihs � 'c
which indicated. as laboratory studies had suggesteif. tli.it ile,it fi usu,illv i,inie
rapidly upon exposure to G, breve red tide.

Beginning in October 1973. we ciillected dead and ilying t«hei and iitlier
organisms from red tide areas and subjec teel them tii detailed f~athi logn,il
analyses to determine mechanisms o  d ea t h. I're I iminary resul t s is ere
presented by Quick and Henderson �8!. Further results and interpretatiiins are
presented herein. These studies are the first pathological exarninatiiins mad» <it
red tide exposed animals froni the field or laboratory since the discovery of th»
causative agent over 25 years ago. In fact, a few brief comments by Taylor  'o>
concerning darkened gills and slow blood clotting in dissected fishes seem to
represent the only prior published observation of organic changes caused by
red tide.

MFTHODS ANO MATKRlALS

Beginning in Octiiber 1973, a red tide develiiped offshore iif the west centr,il
cisast of Flcirida in the Culf of Mexico and moved shorev arif. After a short

absence. it reappeared in January ]974 and moved inshore aliing siime 270
linear km   t68 miles! of coastlin«and penetrated Boca   iega Hay, Sarasiita
Bay, Tampa Bay, and Charlotte Harbcir. Severe, widespread tish kill> resulted
along with respiratory irritation and toxic shellfish.

ln late October 1073, we began collecting distressed cir freshly deacf fishes
from the red tide areas, Collections were made with aid of SCLfBA, with nets,
andior by hand. Every effcirt was made t» oliserve any distress behavior,
Water samples were collected at or near fish sampling locations and analyzed
quantitatively for G. breve  cell counts! in addition to the usual hydrographic
parameters.

Specimens and samples were rushed without refrigeration back to iiur main
laboratory in St. Petersburg. Most analyses were begun within 45 minutes of
collection or death and none after more than 6 hours, Fishes were subjected to
a detailed necrnptic analysis. After initial observations and measurements
 color, slime, length, weight, etc.! blood samples were taken from one or more
of the sinuses or major veins just afferent to the heart. Blood was subjected to
standard hematological analyses including cell counts, clotting, and chemistry,
Careful necroptic dissection followed. Tissue samples were excised and fixed
for later histological technique processing and for preparation for electron
inicroscopy. Procedures are detailed in Quick and Henderson �8!.

Following the 1973-74 red tide, several others occurred from which
additional specimens were collected and examined, ln August 1974, a red tide



Jevelc<pe<j in Inc'   iu << e acneh If ff th T <d f3ay area and m«vecI sh<irewdrd, Many
iharki appeare ins r<re, dpcj h, Jppai ent lv driven a%cad <<f the advancing
cf<n«flagellate hI««m These ~barks, principally voung spinner dnd black tip
specie« f   orchctri Pti11< PN<tcul<!><rt tii s and C  <<rtl><t< i<s!, became progressively
lethargic and died. Several specitnen~ were netted in distress and subjected to
necropsy. As is usual with sharks, none floated after death and the mortality
w'af felat ively inc<bvi«u~

The fofl<~winft rn<inth. red tide appeared in nc<rth Florida near Vandma City
and movecf w«stwarcl f«r ~ v< ral we«ki, finally subsi<fing near I'ensacola,
FI«rtda Widesprea<I f<ih L.ills ««urred and irritating der<is<~Is were severe.
Several < tisL. <v li t !t>I« fr ur f«lfo««f <t v c re <,«llec ted in ri<',r<r nt<~rtis anc
nec r«psi< d

Sc< far, 1'ci I <ah< ~ «f t5 spec iei dncf genera representing 13 f.imilies. 8 c<rders,
ancj 2 < Id<sr~ h,<vc h< < n iuhlectcd t«detailc<I path<>I<tgical examination

RF.iUl I i

Analv~i are stilf in< oinpletr h<it initiaI firi<fings already indicate that G.
f<pc'<'c' reel i<<4' i< htf'lv« lnl<!«ic ll «lr< 1Tl 92y bi' subsfdntiaIIy different f'rom the
pr<~e<~~ prrv«<u~lv th«ught t«<~«ur

s'ixteen <clent<f<.<hie path«l«gie~ cxccur repeatedly in red tide exposed fishes
«nd ~m t« fm <f<ir directlv <ir indirectly, tc! C. breve toxins: 1! anoxic
prern<~rtal <I»tre~s b«hdv«<r 2t c yanemia and branchial cyanosis, 3! severe
achr<imic r«<rm«blast«i<i, <t moderate to severe normochromic normacytic
anemia ~i rnark~t hemal hvpervimc<sity, 6! increased whole blood clotting
time  LVft  I t, m< ipient and total. 7i increased packed cell volume  PCV!, 8!
inc'reasecf t«tat bio«d c<>unt <TED  ! oi inc.reased mean cell volume  MCV!, 10!
thr«rnh«c yi«pent i I I i I< <««c yt«fv n<a f2 i p! dsmd debris, 13! manifest
ply«rn I h«'n<<gl <<f<<n 18 < at»< nt <<r rc <juced recent feeding, 15!
«p4'n<>megally an<1 le '. ex«~i<v«h«patt<' vascular endotheliaI hemosiderin
dep«~<t«<n f .i< h <>f thew  path«l<>gic'i is dc'scribed in some detail in Quick and
$4.ncler««n i 'tti

 !t<mrv«t p.itf«<l«gi< i tencled t«vary s<imewhat from one individual
~f~«tnrn t< ihc t<«xt. parti<.ularly quantitatively. Since all cases were natura!
<'i!«!~<it<'~ w<' < .<i'«<f'<lv itttei the' I<'veI <>f toxin s! c'ac. h may have encountered
fr«<n ««t L<t«wlc<lge «t  w I'«'t'<' c<!ncentrdtions in the collection area at and
4.f«r< the tiriic «f < olio< t<«n. Unc w«ufo', theref«re, expect the effects on the
tithes t«<$<tt<r ~«inc wh.it fr«r» place t<~ place and time to time in different
« lie < t «<ni '«<nz< ditli rene<. i were win. h<tw ever, between specimens of the
~arne if<-< i<~ it< m tf<v s<rnc c«IIcw ti«n and presumably from the same school.
<< i<« t ll< +e <f1<i <v I<I<i JI < pr'< <f<al <I > h.id t h< same ra d tide e xposure history, we
i<<oat «<n< f<«t<" t I<at t fi<'c< <s i<>m<' vartati<in in individual response to G. breve
<ii « I<'i '«ftl if <r « 'n <lit i< <n~ I his var<.it i<<n may be due to individual genettc or
t>flv sl«l«gi< .il p«~lure>.



A mu< I" gr '.lt<'r <1 tv<'I sit'< <it <i,lt lio o u g <.11 t<' I i nice wai i<'< n liel w.c<-<i ifq'< <<'ithan hc I <ve< o i»8<v<du,>1~ <~f a vingt< ~pe< I '< I t. I I ~ ~ . h
n .«I t ie tv.i ip<v t<~ t<ir wht<hw<' h,id th< tn<ist <as< s, the stop<'«ni<tlh t i,K'I ",' - f < .i, f h 1, 1 - t1<v'l l r en u<r n ' ~ .1 nil t pe I uf vt I <ti

sh<iw<'<1 .>lot<~st   omlilt't<'lv opp<is<t<' <'<'sliiin es to a r r.l t <<le
int<i v i<-at i < ~n

CONC'L V',ilON!i

As w<' s ii<1 earlier, a< t<te, n<in <pe< << i sp<'  lt I<' rte<t«i<nt<~xl< ati<>n ls the r<!l<' In
lab«rat<iry studies ot Ci br< t'e t<ivin a<>d has been tnterre<l trorn linatt«' I fteld
observati<ins. The results otour stu<lies ot tiaturalty exp<ise<l ttshes. h<iwever
lead us to propose two additi<inal mechanisms of death in red tides: l t chron«
neuroint<ixicat ion and 2t chronic lethal hemopathy. Unlike the acute
neurotntoxicatton which seems t<i result tn death ot' any t<sh evpcised t<i
sufficient toxin. the two chr<inic int<ivtcati<ins se<rn to ha spec<ex spew.<t<c, the
ladyfish heing a good example of the former and mullet of the latter h1any
fishes show elements of b<ith,

In chr<inic nruroinfoxicati<in, exp<ised fishes seem to act almost n<irmaltv
during many hours or davs ot exposure t<i red tide A neur<imuscular crisis
then occurs causing extreme, unc<intr<illed, but s<imewhat co<ir<ftnat< J,
hyperactivity. Rapid swimming in large circles and leaping from the water ts
typical. This degenerates to an unc<iordinated vibrating and tumbling ansi
death ensues rapidly, usually <n 'l5 to 30 seconds after the beg<nntng <it the
agonal distress period. Terminal cardiac arrest was directly <ihserved tn small
transparent anchovic~  Artch<i<t rnttchefli!, At necr<ipsy, chronically neuro-
intoxic~ted fishes show little pathology aside from slight pr<v.ipate hem<ilysis
as evidenced by corpuscular ghosts, plasma debris, and patent hem<iglobfn-
emia, and frequent cerebrovascular congestion. The hemolysis is consistent
with that seen in cases of lactic acid buildup in the blood due to capture stress
and struggle �0k It is therefore likely that it results from the fatal agony rather
than directly from red tide effects. It may be significant that ladyfish and
anchovies seem to be exceptionally susceptible to lethal hemopathic acidosis
from capture stress under non red tide conditions,

Individual ftshes ot the same species seem to vary in their sensitivity to the
red tide toxins. Typically, in a large school under contmuous exposure,
individual fish randomly but suddenly enter the prernortal frenzy and expire.
The majority continue to act normally until each, in turn, is affected.

ln chronic hemopathic intoxication, exposed fishes seem to show a
progressive general hypoesthesia, particularly ocular hypoesthesia and
hypacusis, and hypokinesia. Balance and coordination do not seem to be
affected and once a fright response is elicited, it appears normal.

As before, premortal distress seems to overtake individual fish suddenly,
frequently following a fright response or other exertion, Unlike the previous
hyperactivity, fishes in terminal hemopathic distress undergo a slightly

4]7



hypoactive. anoxic behavior mimicking the surface breathing and gulping seen
in fishes immersed in oxygen deficient waters. I'rogressive weakening follows
and the fish begin to sink for short periods before swimming back to the
surface. These periods of sinking toward the bottom increase in length as the
time at the surface decreases. Swimming becomes increasingly encumbered as
coordination is lost and death comes uneventfully, Sometimes, there is a
moment of uncoordinated hyperactivity just premortal. Time from initiation
of tcrtninal distress to death was usually 1S to 30 minutes.

At necropsy, these fish typically showed most if not all of the Io pathologies
listed previously. The fish apparently ate little or nothing in their
h vpoest het it-hypokinet ic state.

fk«molyii~ also seems to occur chronically during this period of almost
asyrnptom,itic exposure to red tide, The finding of well developed norrnacytic
anemia with replacement norrnoblastosis is evidence of selective hemocather-
esis of some dur ation, The splenornegall y and pronounced hepatic
hemosiderosis, common results of such chronic hemoclasis, further support
t itis int t rpri t,it ion,

flowi ver, t in<lings of patent plasma hetnoglobin, plasma debris, and
<orpu~<ular ghosts are indicative «f an acute hemolytic crisis. The degree of
hemogliilunen»a, often approaching the corpuscular hemoglobin, far exceeds
that found in t axes of distress mediated lacticemia. It would seem that some
unusual rapid hernolysis occurs during terminal distress in addition to the tong
term prcz xisting chronic hemtilysis. The observation of the rapid darkening of
the gills of tishes upon laboratory exposure to G. breve  Doig, pers. comm.!
and of th» ears and teet of injected mice  Trieff, pers. comm,! may be a
manitestation of similar acute hemoglobinemia in these animals. The observed
cyanemia could have resulted from the hernoglobinemia except that it was
norm veriible in air

The markedly elevated hematocrit  VCV! is indicative of dehydration as is
the in~ reaied TIl  . f fyperviscosity would also be expected under these
conditions..ilthiiugh th» observed level greatly exceeds that seen in previous
cases of dehydration. The indicated level of hemoconcentration is much
greater than that resulting from periods of exercise � 1!. Teleosts can be quite
susr«ptihle ti dehydration due to their dependence on active transport
met hanisms in gill» to maintain their hypotonicity relative to sea water. Thus,
agents that disrupt this or associated physiological mechanisms can cause
rapid dehvdration. Our hypothesis of dehydration of teleosts by red tide is
furtli«r supptirted by the fact that elasmobranchs, normally nearly isotonic to
sea water, showed little or no increase in hematocrit, TBC, or viscosity,
Although there were nii direct indications of the duration of the
henna.ont ent rat ion, experience suggests that such a severely increased
vi~«>iity  whether or not due to dehydration! was sufficiently pronounced to
have been r.ipidly lethal by spontaneous capillary hemostasis. The hepatic
vasoronstri< t ion due to endothelial hemosiderosis would be expected to
a~»ravate this rnechanisrn.



The inarkedly increased incipient LA BCT and similarly ini.reased or intinitetotal tVBCT indicate severe disruption of the normal clot ting ntechanisms. Thefrequent findings of polymerized short fibrin fibers tsnft clot! suspended in the
serum suggest some cliffuse intravascular coagulation may be active. Thesefibers did not anastomose nor contract upon standing and, in most cases werenot adhesive to erythrocytes, This presence ol suspended fibrin fibers may act
svnergistically with the increased PCV to produce the observed hemalhyperviscosity. The thrombocytopenia is further evidence ol clottingabnormalities, The few thrombocytes present did seem to show normal
coagulative activity, however.

These proposed intoxicative mechanisms plus other observations including
pronounced cyanemia invite the question of what is the actual cause of death
in fishes that have hemopathic response tn red tide. At least four of the
conditions seem to be potentially lethal: dehydration, hernal hyperviscosity.
cyanemia, and hernocatheresis. Some clue may be provided by the anoxic
premortal behavior of affected f'ishes. It would be expected that replacement oferythrocytes by achromic normoblasts would greatly decrease the oxygen
transport capacity of the blood, The irreversible cyanemia is further evidence
of loss of availability of hemoglobin for oxygen transport. Any decrease in
blood flow due to hyperviscosity would further aggravate this situation. lt
may thus be that fish susceptible to red tide hernopathy succumb by histo! ogic
anoxia even though sufficient oxygen may be present in the surrounding
water. Such a mechanism also suggests a synergism with depressed sea water
oxygen concentrations. Several unusual fish kills associated with red tides,
such as those reported on offshore reefs by Smith �2! may have been
accentuated or caused by such a synergism,

This work. is still continuing with particular emphasis on clarifying some of
the processes and mechanisms hypothesized in the foregoing section and to
determine the significance of other conditions such as leucocytopenia and
cyanemia that remain unexplained. Further studies will be made through
laboratory exposures of selected marine animals to controlled, quantitated G.
breve cultures.

DIAGNOSTIC APPLICATIONS

One of the important and most difficult activities of tnarine environmental
biologists is the determination of cause in fish kills and other mortalities,
epizootics, and epiphytotics. The finding of an identifiable, unique sign
comp]ex in at least some species of fish commonly killed in G. breve red tides
provides a diagnostic tool of considerable value.

Heretofore, diagnosis of red tide has only been possible if a properly
collected, carefully transported, fresh, water sample was available for
analysis. Now, at least with some species of fish, such a diagnosis can be made
without water samples. Fortunately, the species that show the strongest
hemopathic signs are also those that die earliest and most commonly in G.
breve red tides.



Already, diagntisis ot red tide has been made by evaminati<in of fish in
several cases anJ later supported by water collections: in two mullet kills
thtiught t<i h.ive re»ulted  rom cull» and losses from nets of fishermen; in an
<ittshore kill »I grunts in which the' actual red tide was concealed below the
therrn~<cltne; an J in a shark kill in which l<iw oxygen had been suspected. In a
reverse situation where cusk eel» were th<iught to have been killed by G. &re< e
as confirmed by water sample», necr<iptic analysi» indicated anoxia to be the
primary cause of death, ln one surprising ca»e, freshwater goldf'ish showed a
part<rul;irly well Jeveloped red tide»ign c<implex. It appears from this and
<ither tvidente th,it the  i. ]<r<. t < t<ixins must h.ive been tran»I <irted as aerosols
t r<>f» the ilear l<y t<.'J tide rife< ted b,iy to the p<!oils c<iiltalning the
hyp< rsensitive t tsh. In another case, an extensive, r» is»i ye duck kill occurred in
,i r< cI ti<ly ire.<. An.ilvses sh<iwed mild re J tide herlE»pathy in the Jucks. Other
J.it.i, h<iwevir. did n<it indicate the red tide to he causative of the bird
rn»rt.ility and the hem<ipathic»yndrnrne was ju Jged nonlethal.
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1 w<> t<>>In~ h,i<:e lice n purrfic J fr<>rn <larnyx  .Sty<3 <fr<'rricr»ct w'ii<h h,t<{
lii'< i>riii' h<3.hid t»vI«furtny, the  ~i»IV>ritf~.c t<frrt<rr<.if<IS re<3 t t<3e Which atfe<t<<3
tf>L c<ntr,il N«v 1:nglan<3 c<iast in i< ptember ]472, The t<ii<ins were Lztracte<3
friim the <larns v ith cjtlule a<.i<3>c eth,ln<il an<3 isr>late<1 by chrornat<lgraphy <!Il
w< ak tet<3 <ati<in e~< h.lngc r<~in «>l<trnns .ind <in yel filtrati<>n resins. A nitn<ir
tc>i<In. piirili<d t<i,i liiit» n< v <it ' BC' nl<ittsc unit< pc.r my ts sh<>wn t<i be
tcfenti ,31 t<i saxtt<tt<cn in tts thiii-l,lyc r <hr<>rn,ttctg>rcphi< hettavi<ir. it~ <'<il >r
1<',3< 1 I<ins lvtt h v J I't<YUs   hrc >rn,lt t >gr,lph I< Np I .ly 1 e,tg' 'nf . an<5 Its  'lIf«' 'I l <tn
n»< «h iri,itiir tc>itn, pi!rifi«3 t<i .i t»>l< n< l >It ...t 10 tr><>us<' units li<'r riiy,
f>c fi 3<'c'<1 <lit feri fitly friim s.titt»xtrt .iii<3 tli<' min<ir t<>xtn <>n w<,th <,it i<'>n

c'i>< ti if'Igc' 1<'rifi < i>I uf1irls, thin I.i'V<'r < hI <'ni I't<igT lphy, in<3 Ifl ifs <<>I<if r<'a< ti<ifis
m >t ll 'V.tit<>its Nlir et V T<'a/<'nt+

1»c'1 H  		l<''1 1 !%

  !<ttl>rc,tks <>t p,lr,ilyli«heflf tsh p<>isc>fling  VSVI <>cour sp<ira<ficaliy af<>ng
flic' < ii,lsl~ iif «>>trl'trit s b<>1<3<'rtnl; <iri the is'<irth Atl.iriti< and 1'a< if i<. A<cans. C!n

tice 1.3> tt«  ii.i'! iit N<>ittt Afilc'11<.i, <>uttireaks irf 1'SP h.tve beert ass<i< iiit<<3
m it li lil»<>Itis iit I lie t<»< t«linc it litt'<'flat<'  r<>rt <rcatcltcl < rgfc ~ rfellcc,>a><it<i><tn t.> I X I,
,3 liiiwi rt iil nc.ur<>t<>i tn h,i< ti<<n Is»f,tt«<3 lr<im a>cent<- CultiireS <if  i. i <Cr< it< 1lcr
rHI .»3<1 tr<irii <" itr.« ts iit   alit<>rnt.t s<.i muSSelS Mtirtilr<S C'<3II'f<trrtr<C»t<S and
Al,c k.i 1 »ttc r<3,trfts 4<c<1<f< rrtrc~ gcgccrft<tcs �!. STX has heen purified to
it~ < itic .3< tie-It@ iit .'i .'KX! +.'>00 133<>usc ttnrts per frig and its chemical structure
<fc'tc" f tnlf92c'<3  ] OI  .!n the' Atl.intr< C..L>ast <if >">><rrth America, outbreaks <!f PSP

lii c I> .Iss<>< i.itc <3 with lil<iiims <it Ci<>rr Lrttcrlcra tctrrtctr<'rrsr's �3, Attempts to
ti<>3.3t< thc p<>ts<>n triirn <ult<cr<~ <if G t<3rrr<tre»Srs failed SinCe the bulk Ol the
tt>xtn Lw.ts ri<>t lic'l<3 liy w<,ik a< i<f < ati<ln ec>change resins used in the is<iiation of
.'ll X <';I At f<.»t tW<i t>t><i«<>flip<>un<la appear tn be present in er<lraCtS <if
~h< lit tsft «'ip»s«3 tii bl<»>itis iif  i fcfrtrtcrt'rrir's �! Fr<!nl e3<tracts <it inussels
9 3rri/Ici <' ]I< I> 'i 1 <1 <i t<>wit f f ~ 1< t i< if'is W<'1«' it>turne<i A in tn<>r t<i><iC traL t i iin,
l><<Tilt<'Ll 'I ii J sf>c'< it I< IL t ieltv i>t 1 ..>.>0 Ml.' frig was sh<twn i92i TL"A'mbl<' .iTX ifi
Iti l»»3<>3;I<,31 cttc'< is cfi<l llc'h.t'vt<>i <>n >Ac'Jk .I<i<I < atl<tn <'><< h in@<' rc'sin 3 h<
trial<if I'1 3' i'1 t !'i<' 't<i>< I< It'v L'<'.is iinl>>' we;iklv biiun<3 t< i th<' rett'n arid « i<<3<i n<it 1 L
sef>at it«l t f< I' ll lri< f 3;af<I< s,tfts wft I< ft w<'I <' pft's<'nt in large' .ini<><<fits. Repeate<3
i lircini ct<><',r,tf>f>l iin ><1>ttadc w tnipr<>v<<3 tlte t<>3<i< ity tci Z70 41l' my, R<«ritly
i >rill' >itic' t i >%11'I <4 aN f <'tii ii tc"<3 't< > t>L.' Jii 0"e<'n t in 'tc'n y<'a f <'il>3 L'%trent< t«>t s< a I! <ili
}ie1i,iti li.ific rc'.ti whl< h tEJ<f f>c'«>in<' t<><IL <luring ~ I  r r>l>it<crt'rf~li bt<><>m t3 I,
1 lic' 'tiilif 1 <i.cs l><it>' t Ii'll 't>i J sp« I't I< .i< tie>tl' <>f 5. 1>6 .<11 mg.,in<3 <in 'the b isis

it i bt > I 3; r<,31 .i< t IV Its',tn<f t hin l,tl L r < hr <>n>,3 1 <>y r.tphIL heha V I <>r. t h< t<>min
I>l<'i<i>t ii il .ii > 1

1<<'c Li tilt tii ic p<>rt h< ie <in thc 1>uritr<.tt»>n <it tW« t<>XI<. «<irnpunentS fr<im
L l.lf its <.%1>,>t rcr 'rr>11 ttrt wlii<h be<a313e t<>NIL during the 6 tccrtt<1rerfsrs bi<>urn that
«.«trr«l in 4 w 1-nylan<3 in i<pternber, ]47'r.



1 }le clams t Y<y<t Hrpii<iriui used ln thii study were l illect<d hy the State i!f
New Harnfishire Fish and  ..arne I'!epartinent and the I'.irker River Nati<inal
'IVildl<te Iie! tiye, 1 turn liland, Maxi ><'h iiet ti duriny, the heiyht  if the  i.
t<iru<ii <'osis r '< I tide t h 92 t <ic  urred,it  iny, th e   t'lit i il v  iv }'.n!,'Io n� i ii ist in
Septeniher, !o7 . The clams had sc irei <it ' Ak~-4.0'> uy,  it p<»ion tas ciTX!
per 100 g iit meat. The clan» were st ired whiile in the ! r iren st,iti and thawed
out juit prior tii processiny,.

T<i ti tt Ri<rassay

I he toxicity of aqueous solutions was determined by the IP injection of one
ml «f solution into mice weighing approximately 20 g. The death time in
minutes was converted to Mouse Units MU! using the tables of 5 immer  see
ref', 4!, where one MU is defined as the amount of toxin required to kill a 20 g
mouse in 15 minutes. Toxicity is expressed as MU: mg of the dry material.

E'x!racttnn attd Initial Pt<rificatioir of the T<ixiiis

The extracti in and preliminary steps in the purification of the t ixins were
carried <iut using the procedure described by Schantz, et aL  9!. with minor
modificati ins, Mih«le clams �3 kg! were thawed and shucked to yield 11 kg of
meat and juice. The meat and juice were ground together in a blender, mixed
with Cel! te, and the mixture extracted with 15% ethanol  pH 2-3!, The extract
was conc«ntiated itt t aciio on a rotary evap irat«r and th» concentrate heated
to 90 'C, c i«le<.l rapidly, and centrifuy,ed at 23,000 x y, tor 20 minutes, This
additiiinal heatiny, step resulted in the rem ival of a large amount »1' inactive
insoluble material with no loss of ~ctivity. The supernate wa» ad!usted to pH
5.5 vvith Na .!H and again rentriluyed. The supernate 111,2 1!, c«ntaininy, 78ti
g o1 solids and with an activity of 42 MU 'ml, was applied to an Amberlite
IRC-50 iMallinckr«dt Chemical Works, St. Louis, Missouri! column � i  IQO
crn! in the sodium l >rm  9!, 1 he supernate was applied until the activity in the
effluent r<ise to 20 MU,'ml. At this point the addition  if supernate was
stopped, and the column wai rinsed with distilled water until n<i appreciable
activity remained in the effluent. The column was then eluted with 1 M acetic
acid buffered to pH 4 with a saturated sc>dium acetate soluti«n. Thi» removed
the rrtaior toxic fracfio>t from the column. Elution with the pH 4 huffer was
continued until no more activity appeared in the etfluent. The column was
again rinsed with water and eluted with 0.5 M acetic acid, This removed the
minor toxic fraction from the column. The sodium form of the resin was then
regenerated and the remainder of the supernate applied and the major and
minor toxic fractions isolated by repeating the process.
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Pi<rifi utr<» l th Miri ir Tiki i

The min<ir t<ixic fraction was purified by two passages through an Amberlite
 . G-50 t200-400 m< sh! column <2 x 43 cm! in the hydr<igen torm according to
the procedure <it Schantz ct <rl.  9! for STX to yield the err<nor taxr'rt.

P»rifirafr'<!n of the Ma><ir Tozhr

The m.it<ir t<ixic friction was divided int<i f<iur equal batches �.4 1 each!
and each batch pr<i<.essed in the billowing manner. The fraction was
c<incintrated <in a r<itary evap<iratiir t<i about 200 rnl, the pH brought down to
5 witli «in<. hvdr«hl<iri< acid  about 5 mll, and the fraction taken
i<iinpl< ti ly t<i dryness. The resi<lue was dried further for 48 hours in a vacuum
if«iic< at<ir «intainirig < aliium chlori Je lumps, sodium hydroxide pellets, and
«in< sult<iri<,i<id in separate dishes. A pale yellow crystalline solid was
iiht iiniil which was extracted with 100 rnl ol cold ethan<il. The mixture was
< crit rilugeil .it 12.000 x g tor 20 minutes. The pellet remaining after pouring off
tlii iup<'mate w.is r<-extracted with 50 ml of c<ild ethanol and the mixture
,ig.iin i< ntrituge<l Th» «<pernates were combined, taken to dryness irr v<tct<o,
.in<i thi r< ii<fu< d<si«-ated fiir 24 hours, The residue was extracted with 30 ml
 lt «ii<1 etli,in«l,inil th«mixture centrifuged. The supernate was concentrated
iu '<i< i«i tii dryness,ind th» residue taken up in 10 ml of water to give the
<'tlr<nr<il i<ili<fil< nruj<u t«iir fr<rctr<irr �-5 g otsolids containing 20,000-25,000
tiit,il X'lt i'

lhi i tfian<il-«ilirhle matiir t<ixi< fracti<in was placed on a Bi<i-C el column
tirep.ire<l liv p<iiiring 400 g <if Bi<i- gael f'-2 t 200-400 mesh�>  Bio-Rad
1 .ib<ir,it<iri< s, Ri< hm<ind,   aliforniat as a slurry into a 4 x 104 crn column and
iv i~hlilg 'ivith ol iit dei<inire<l distilled water. The column was eluted with
<li i iniri<1 iv,iter .it a fl<iw rate of 1.4 ml per minute and fractions having a
t<ix}ii'Iv iit iivi'i s0 %1L' inl were p<iiiled and concentrated to give the trrafor
tiii iliI l' il'Ialil< .irii<iurlts ot toxicity appeared to bind to the column. This could
ii  < liit«l iiith 0 1 %1 a< ti< a< i<1

Tliiii 1.«<<i r L hr<urr<it<>gr<rt>lrv  TLLt

'l l   iv.is riin <in preciiated silica gel G plates  EM Reagent!, activated at 310'
  t< r 10 niinutes in the following solvent systems:  A! n-butano!:acetic
.ii ! <1 wat < i t 50.25:25 1, t 8! tert-buta nol:acetic acid:water �0:25:25!;  C!
et}ion<it 1 iridine: water. acetic acid �0:40:20:10!;  D! ethanol:water:acetic
,i< i<i   tOLi,40. 5!. All solutions f<ir TLC were made up to a toxicity of about
I 1 <H>0 <1 ' nil in water. The STX standard solution   mg ml! was prepared
tii m,i iamtile <it pure saxitoxin kindly supplied by Dr, E.j. Schantz. The
n'I It<il t<>xll'i Used f<ir Tl,  had an activity of 2,100 MU/mg or greater, and the
i»ini» tiixin used had !,383 MU'mg. Five ul of each toxin solution were
.ilil li«<l tii the filates. Sp<its were detected by spraying the plates with conc.
iufturIL 8< I<f and heating them at 130 C for 4-8 minutes.



lnorder t<i1»cate toxicity <in Tl   plate~ three 5 uI ~p<it«~I ra< h t< v«i »<'«
applied t<i a plate and the plate rvn in x<iix ent 0 until the Ir<~nt hail trav< le<I !<~
cn> from the <irigin The en'ire chr<i<nat<iyram from»nr <it t!ie ip<'t< iv <~
divided int<i ten 1 cm bands and each band w,<s ~<.rape<I <it'I th<' pl.ite «n<I
extracted with 2 ml <it water acidified t<~ pH 4 The extra<.ti »,ere <entrit<ige<l
and ]:2 dilutinns of the supernates injected int<i ntice. The < hr<iin,<t<igratn Iri'in
one of the c<impanion spots ivas sprayed with sulft<ri<. a«<i .i<id th,<t tl<i<n I' ll'
third spot sprayed with EV<'Iier Reagent.

RESULTS

Table I

Summary oF the ls<>Iation of the Toxins from Toxic Clams

Total Specific
Aieight Activity Act ivitv

 ML'!  MU my,!

Fraction

23 kgi@hole clatns

11 kgMeat & j vice

Supernate from second centrifugation O.o786 g 470,000

282 g 150,000

26 g 86.000

Major toxic fraction

Ethanol-s<ilvble major toxic fraction

1,400-
2,3IO34 mgMajor toxin

1 l.59 g 10b,000

736m g 140.000

Minor toxic fraction

192Minor toxin after one run on
Amberlite CC-50

1, 250-
2,SOOMinor toxin after 2nd run on

Arnberlite CG-50

A summary <if the weights and activities of the tracti»ns,it d<tterent stayeth <if
the is<ilatinn procedure i» shown in Tafile I. From 23 kg of «lam~ 1] ky, <it n>ett
and shell liqu<ir were obtaine<J atter ihuck.iny,. These yielde<l a t<ital <it 4A I <it
acid alcohn ic extract which had a total acitivity of 470 000 MI.!. Because <it the
limited size <if the Amberlite IRC-5O column, the concentrated supernate from
the extract had tn be applied in two runs. The greater part of the a<.tivitv was



i la

t i> ore l   lnlT  ,iv  ~ r  hn m.ii«xra ihv o> NT X an<I the C >i>mare»sis tnxins on silica ttef
.5, ti,    > iniiii.i«snlxent syitern»  <ee text!. I. 2, 3 indicate STX. major

'i 4 I I a > n 1 ir i i n «r < n x i n r <~  iis t i v et y P4te» w ere sprayed with sUlfuric a ci d a nd
i i .air ~l

eluteJ fr<>m th» Amberlite IR .-50 c»lumn with pH 4 acetate butler and >s
therefor>re r<ferred t<> as the >r>u>or  t>sic fraction, Acetic acid �.5 N$! eluted a
se« >n j t<ix>c frat t><in, whi<.h is referr<'d to as the iiiincir to<i<, r<tct>o<t.

The >»<t!or toi>r fr<>cti<»> �.44 MU 'mg! was purified to a level of 3.3
MU rng by a st ries of ethanol extract><>ns which removed the greater portion
iif tfN salts. 1 assage of the < t!><>i>nl-scil»f>le rnpfor tor>r frart>'on through a
13i<i- >< I <.ol<>mit y>eIJed the rn<ifii> tii<»> v'ith an activity of 1.400-2.3]0 %1U 'mg,
It was <>bserved that when purifieJ >T>aj<>r toxin wa» passed through a second
13><>g< I ciilumn. m<ist <if the activity remaine'd on the column. This could be
< luted fr<iir> th< column with 0.1 Wl .<c< t>c, ac/'d, but the resulting toxin did not
sh<>w any ir>cr< as< in p<it< ncy. The r<'m<>v,>I of salts from the toxin appears to
,<ft« t >ti beli iviiir iin 13iii   el i iilunins. That the set>arati<ir< is not strictly a gel
tiltr.iti<in pi<i«ss is indicated by the tact  hat the salts were eluted f'rom the
«ilu run 1-< t <ir< t lie t<>x >r>. 'I he bin ding <>f certain or ga nic groups to
1 oly.>< >! I tm>d< g< ls has hewn pr<'vk<>Usly reported �, 6!. The binding appears
iii hr,ifte< t< J hy th< i<ini< strength <il the medium.

1 he»iii«»  ~»> fr>«- «»> �1 5 Ml..! mg! was purified by iwo passages
 fir<»igh.in hnili<rlite  '  .'>0c<>l<irnn to give the minor t ixin with an activity

1 i~t> 2,t�0 111> i»g

 it 8 I X .>n<f th<  ;  «i»ur i ir~>, major and miniir ioxins in four different
s<>lvint ~vst<nis >s sh<>wn in I-ig. 1 Th» minor t<ixin and STX showed identical



DISCUSSION

The behavior of the 4, tvinvrensis toxin» on»odiurri Ainberlite co!Limn» and
TLC c!ear! y demonstrate that at lea»t t~ o chernica!ly distinL t toxm» are pre«nt
in froZen Stored Myu ari maria The n1inor toxin Wa» puritied to.t potencV of up
to 2,500 MU mg using the procedure of Schantz, i t ~I..  ~t for the i»olat ion ot
STX. Although the potency of tiur tninor tiixin wa» le»» than that ot pure STOL',
itS TLC properties and its CO reactions with variou»»pr.ty reagent»
corresponded exact!y with those, TX. In addition, its symptoms on miLe

Table 2

Color Reactions of STX an@the G. Turiiarensis Ma!or and Minor
Toxins with DIHitrent TLC Spray Reagents.'

M i hot'

't ox 1 n

Major
tt1xih

STXSpray

Orange

Purp!«

Orange Heft.

Purple Nett,

faffe  picric acid!

Benedict-Behre

�, S-dinitrobenzoic acid!

UVeber  ferricyanide-nitropru Pink I'inkPink-

Light
yellow
Neg.

Neg,Sakaguchi

Diacetyl- a -naphthol

Ninhydrin Yellow Neg. Ye! lov

' ChrOmatogramS were run in SOlvent A oh precoated»1!ira gPI g!a»» p!at< ~

Rf v a!Lie»,lrld g iee tile»1111i' b!LLP-bI,K k»p«l .1t tet' <pl avliig Lilith <Li!toro aL iLI
and heating.  !nLIer tht » tn1e Cnhi!itiOn» the rnator t«xih appr trrLI ti .Ln it trh<r
green spot. In solvent »y»tern» A, H, and C. the rriai«r toxin ihi»vrd a itihi h
less intei1»e vellow spot iLi»t I< !Lie the green»pot Lilith ilii «i}fLLric acid! ~prai

The color reactions givenby STX, and the m,itor,inLI ruth«r t«xini,lttef II t.'
in solvent system A and»praying with differi ht reagents .ire I»tr.l iv I'a!~le '
ln each case the colored spot corra sponded to the htain «iltiir«- ai h! p«iinve
Spot and in ea< h case the n1ihor toxin ahd ~I 1L g.Lvi the «irne Li loi

'8 ihen both the rnator «nd minor toxin» were ihromatiigraphrLI «1 «ilvrht H
and the chri~rnatOgrarhS scraped g% ih»PCtloh» tnd e LL h «x'tlof1 te~teL! ih tht0''mouse bioassay, it was found that trt both c;t~es the,«tivitv LoiniiL!ed Lvith the
»U!furic acid-pOsitive ahd '6'cher-+itive sp«t.



w»r< th««' of STX, nam»ly, nervousness, ataxia, convulsions, respiratory
<li'<t r< I< and p,ir<i lysis, lt therefore appears that the G. tarr.arr rising minor toxin
is i<I< nti< al with sax itoxin. These results confirm the recent findings of
  harar«ss<an, <t <ti. �i. who identified STX as the toxin present in ten year
<~ld < xtra<ts <r! s<all<>ps which had been exposed to G, turr<urerisl's.

f3«w< ver, as previously reported by Schantz, et a1., �! and Evans, �!, the
mai<irity o! the t<rxicity present in our extracts was also unbound or weakly
f«<un<I to «idium Arnberlite columns. At ter purification to a potency of 2,310
MLi mg th» major toxin was shown t«differ significantly I'rom STX or the
fT1ln«r t <rx}n in its Tl C behav i<< r and its color reactions with various spray
r<,i>;< nts. Its < lfects «n mi<e, h<iwever, were similar to those of STX and the
niin«r t«xrn.  Ihaz.<r«ssian, et <<I., i3! have speculated that STX may result
I i <rrn t h<' hr«ak<l<rw r< of a less basic m<<I»cule, perhaps an a mine oxide.
'lX'Ii< ih< r th< C furriur< risis major t<rxirl is such a c<impound remains to be seen.
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ABSTRACT

Standard resting potential, action potential and muscle mechanical activity
rneasurernents were made on preparations challenged with active materials
from several toxic microorganisms. Associated preparative work included
either mass cultivation or field collection of cells, harvesting, fractionation and
purification, and the bioassay of active extracts. Thus far, we have tested the
toxic effects of material from 3 marine dinoflagellates  Gyrtrnodirrium breve,
A mphidinium carterae and Gonyaulax tarnarensis! and one freshwater
blue-green alga  Aphanizomenort f los-aquaej. The latter was included because
of its chemical and physiological similarities when compared to saxitoxin from
Gortyaulax caterreVa.

The objective is to determine the site and mode of action of the marine
biotoxins at the cell and tissue level. Three general types of effects were
recorded: 1! The destruction of excitability by membrane depolarization
 crude G. breve toxin!. 2! The destruction of excitability with no
depolarization  characteristic of toxins from G. tamarerrsis and A. f los-aquae
that may involve blockage of specific ion conductance pathways, e.g.
saxitoxin and tetrodotoxin!. 3! The alteration of transmission between
excitable cells  A, carterae and G, breve fractions display motor end plate
effects and alter mechanical activity in cholinergic systems!.

INTRODUCTION

Toxic materials of biological origin attract attention from researchers
because of their specificity, potency, and potential utility as physiological or
pharmacological "tools" Since many microorganisms elaborate one or
sometimes several toxins, a comparative approach utilizing appropriate
extraction and testing procedures should point out meaningful similarities and
differences in the effect of the bioactive materials. It may be important a]so to
study the harmful effects on aquatic macroorganisrns such as shellfish and
crustaceans that may experience potent toxic concentrations during bloom
conditions, Some shellfish species are apparently not affected by several
dinoflagellate toxins, This may suggest that tnechanisrns for maintaining
electrogenic membrane systems differ in bivalves and vertebrates. Preliminary
investigations have revealed the involvement of neuro-muscular systems with
the general site of action of a wide variety of aquatic microorganisms toxins. It
is appropriate that their effects be studied at the membrane level on excitable
tissue where a more specific mode of action can be determined. Such an
approach has public health implications as well as providing potentially useful
compounds wi th which to challenge neuro-muscular preparations in the course
of studying their normal physiology. General reviews �, 5, 9, 17, 20! reveal
the paucity of information on the chemical and physiological characteristics of
compounds elaborated by marine organisms. Only tetrodotoxin, saxitoxin and
ciguatera � poisons have been studied in great detail. Investigations currently



underway at the University of New Hampshire have resulted in the
purification of several toxins and the determination of their physiological
effects. These studies have included the marine dinoflagellates Gyrnrrodirrium
breve, Amphidirriurn carterae, Gonyaulax tamarensis, and the freshwater
blue-green alga A phanizornenon f los-aquae,

ACCUMULATION OF TOXIC MATERIALS

Although it is important to prove the existance of a particular biotoxin in
nature, laboratory mass cultivation may provide much of the material for
physiological testing 'Ke have successfully cultured several thousand liters of
Gyrnrrodirriurn breve and Amphidirriunr carterae, two marine dinoflagellate
species. Both were grown under completely defined conditions  temperature
24 C; 14 hour daily light period; 500 foot-candles!. The medium
employed was the NH-15 described by Gates and VA'lson �, 25!, Axenic
cultures of both species contained potent activity when tested on whole
animals and isolated neuro-muscular preparations. Unialgal, but not bacteria
free, cultures were conveniently raised in either 2 liter quantities  G. breve! or
10-12 liter quantities  A. carterae!. Bacteriarized, but unialgal, cultivation
favored more rapid growth and therefore greater toxin yield. Growth curves
were constructed from cell counts made with a Model F Coulter Counter and
provided a regular check on the efficiency of our mass culture techniques �6,
23!. New batches were inoculated with high cell numbers to minimize an initial
lag phase of slow growth. Extraction of the active materials was done during
or shortly after the phase of maximum growth. G. breve cul tures reached peak
cell density in 14-16 days with counts of 19 x >06 cells/liter and had a
doubling time of approximately 2.5 days. A, carterae reached peak cell density
in 8-10 days with counts of 100 X 106 cells/liter.

For chemical and physiological comparisons, harvesting from natural
blooms can be important and must be done to establish the potency of
biotoxins in nature. During the 1971 G, breve red tide bloom in Tampa Bay,
Florida, approximately 100 liters of sea water were collected and processed.
These samples showed the presence of the same toxic material with the same
physiological properties as we had previously found in laboratory cultures of
this species �, '16!, The toxic blue-green alga Apharrizornerron flos-aquae has
been harvested from several New Hampshire lakes during bloom conditions
�.0 X 108 cells/liter! that caused water coloration and musty odor. We used
DeLaval separators at lakeside to spin the cells from hundreds of liters of
water/day. Cell residues were frozen until processed in the laboratory �, 19,
22!. Corryaulax tarnarensis toxins were accumulated from harvested shellfish
 Mya arenaria and Myti7us edulisj that were collected during the 1972 and
1974 red tides at Hampton, New Hampshire �8!.



EXTRACTION, PURIFICATION AND BIOASSAY

Gyrr> riodirti uiii fire-.ie

The remova! of C. br<or toxin from cultures or natural bloom samples was
done by acidifying the medium with HCI  pH 5,5! and extracting with ether
before evaporation to Jryness. An average dry weight of 5.4 t 0.4 mg was
obtained per 106 cells. The p<itency of the dried residue was 2-7 MU!mg.
I'urificati<in <if the t<ixin was effecteJ by extraction first with ethanol,
followeJ hy «hl<ir<iforrn. Chr<imatography of the ethanol and chloroform
s<i!uh!e fracti<in on a si/icic acid column resu!ted in the isolation nf a toxic
materia! that showed a single spot <in TLC and had a potency of 67 MU!mg
�6!.

Amtrf<idi iiiii<ii < art< rae arid <><in yauiu.r famarensis

Extracti<in, purification and bioassay data on these two toxic species are
presented e!sewhere in these proceedings. For information on A. carterae see
�1i. Hu«k!ey et <rl �o74 «<inference proceedings! have recently verified the
presen<e <it saxitoxin as one t<ixic c<imponent from G. r<tmareiisis as presented
by Ghazar<issian rf <tf.  8!.

A phunizomeiioii f los-uquac>

The thick algal suspensions obtained from centrifugation were acidified  pH
3.0!, heated to S0-90<iC, chilled and then centrifuged at 10,000 X g for 15
minutes to remove soliJs, This procedure was repeated 3 times to ensure
maximum yield. The combined supernatants were neutralized, dried and then
extracted 3 times with 95~m pthano! and dried again, The resulting residue was
diss<ilved in water, acidifieJ t<i pH 3 with HC! and extracted with chloroform
and Ihe aque<ius layer dried again. The residue was purified by high voltage
electr<iph<iresis, i<in-exchange column chromatography and thin layer
chromatography. The toxicity was increased from Z.5 to 745 MU!mg during
the purification pr<icedure. The material obtained is much less potent than
saxit<ixin, which has 5500 MU!mg �!.

PHYSIOI.OC ICAL TESTING

S riated, sm<ioth and cardiac muscle contractions or tension development
were recorded using Grass FT43C transducers or RCA 5734 electro-mechan-
ical transducers with signa!s displayed on a Model 5 Grass Polygraph or
Beckman RP Dynograph, Extracellular action potentials were recorded with
Ag-AgCI electrodes, Intracellular measurements employed 3 M KCI filled
gtass rnicr<icapillaries with a tip resistance between 10-20 MO and a low tip
potential. Action potentials from spontaneously active tissues  hearts! were
recorded with a "hanging microelectrode' �6!. All resting and activity



pot en t i > Is we re Jisplaved on a Tektronix 502A oscilloscope preceded by a
Veithley Model oOS electrometer. Appropriate Ringer solutions acted as a
vehicle tor th» various toxins used in these studies. Control solutions were
prepared by extracting uninoculated culture medium and suspending the
res i due in app r op riate sali ne solutions,

COMPARATIVE PHYS1OLOGICAL EFFECTS

~Vhen excitable systems are challenged with extracts or purified components
from toxic microorganisms, the ac'ute sensitivity of neuromuscular systems
and the potency of the active materials is evident. Table I lists the range of
eftects of several biotoxins and generally summarizes their mode of action and
site ot action in several physiological preparations. Three general types of
responses were recorded using standard nerve-muscle preparations.

I ! The first involves destruction of excitability by membrane depolarization.
This is characteristic of rather crude, unpurified extracts from the
dinotlagellates Cymrtodiriium breve and G. venePcum. The effects of skeletal
muscle using the former species was irreversible and was accompainied by
violent muscle fibrillations prior to blockage of electrical and mechanical
activity  IS, I6!. The latter species, however, showed effects that were
reversible and not accompanied by enhanced spontaneous activity prior to
blockage  ]!. End plate activity also differed between the two depolarizing
toxins. The apparent difference between the activity of the Gyrnnodiniunt
toxins may be explained by the discovery of several toxic components in G.
breve that mask the effects of the depolarizing fraction. Erythrocyte hemolysis
�2!, ciguatera-like activity  I2!, and anticholinesterase-like effects  I6! have
been described for purified fractions from this red tide causing species, ln
nature, it appears that the toxins from G, breve may produce massive fish
mortalities  fast acting neurotoxin! and also toxicity in resident shellfish  slow
acting ciguatera-like toxin!. This species, then, defies the general rule that
dinoflagellates producing one type of toxicity were different than those causing
the other. Dinoflagellates from the genus Gortyaulax appear to support this
generality in that they are only implicated with paralytic shellfish poisoning
 PSP-i,

Z! The second general type of response involves the destruction of the
conduction properties of excitable cells with no transmembrane depolariza-
tion, This is characteristic of the active materials from G. breve  Fraction IVa!,
Aphanizorrrerrori f los-aquoe, Gorryau ax caterrella  STX! and the minor toxin
from Cori yaulax tamarertsis  STX!. The latter two species evidently produce
identical toxins that specifically block Na ~ conductance pathways in
membrane systems  S!, Apharrizomertori jlos-aqurre causes the same kind of
effects as the Gonyauktx toxins. However, it is chemically different and may
block activity in Ca' ~ dependent membrane systems in addition �. 19!.
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3i The third general type of response involves the transmission propertiesbetween excitable cells, G. breve  Fraction IVa! and A~»@high»inurn cortegedirectlv affect end plate phenomena in cholinergic systems. For testing we haveemployed the neUrogenic and myogenic hearts of vertebrate and invertebrateanimals. Fraction IVa from G. breve slows the trog heart tn subsequentdiastolic arrest, This effect is blocked by Atropine. The neurogenic crustaceanheart responds by anincrease in frequency, irregular tension development and
systolic arrest. This effect is reduced or blocked by pyridine -2 aldoximemethiodide �-PAM! - a substance that reverses the ettects of orttanophosphate
insecticides and nerve gases that have anticholinesterase activity �2!.
A ntphidirtiu»t carterae is the source of two choline compounds  acrylylcholine
and choline O-SO4!, Their physiological effects are discussed by M. Ikawa
elsewhere in these proceedings �1!.
Table II provides more general information on the species under

consideration and source material from the literature.
CONCLUSIONS

As one might expect, the information on aquatic microorganisms' toxins
compiled to date has provided some answers but also stimulates more
questions. Biotoxins may be useful in determining the similarities and
differences in the normal functioning of electrogenic and neuro-transmitter
systems in a wide range of preparations. However, before toxins can be used as
biological tools their specific site and mode of action must be determined, The
increased frequency of microorganisms blooms, the establishment of
nutritional requirements and productive culture techniques and the increasing
interest in marine biology should accelerate the work accomplished in this
area.
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On November 6, 1974 a special PSP management committee met Following
the PSP management session, The purpose of the workshop was to review the
information presented durmg the session and discuss management problems
associated with toxic dinoflagellate blooms and to develop recommendations
towards their more effective control, The committee limited their discussion to
public health management problems, The following recommendations are
submitted in summary of the activities and papers of this session.

A. Communication Between Researchers and Administrators:

Research efforts directed at various aspects of toxic dinoflagellate blooms
are generally fragmented and short term. Historically, this problem has
commanded a low priority on the research dollar, ln order to more effectively
st ud y the toxic din of 1 agel1 ate bloom phenomenon, the Committee re-
commends that there be improved communications between the research
community and the program administrator, This could be achieved through
development ot research coordination committees to provide a forum where
researchers and administrators could discuss concerns and develop mutually
agreeable priorities. Such coordination could perhaps be more easily initiated
at government level.

B. Public Education;

Historically, the major public health problem associated with toxic
dinoflageltate blooms has been the consumption of toxic shellfish by
individuals who harvest for their own use, Management programs, on the
other hand, are normally directed towards controlling commercial harvesting
and distribution of toxic clams. The committee recommends that concerted
efforts be directed towards the development of public educational materials
aimed at increasing the public's general understanding of the health dangers
that can be associated with toxic dinoflagellate blooms. Such educational
materials shouM clearly differentiate algal blooms which present potential
health problems from those that do not, and differentiate foods that can be
potentially contaminated from those that are not. The Committee felt that the
media's use of general terms such as "red tides" and "shellfish" or sea food
lacks the necessary specificity to enable the consumer to properly determine
what type oF marine foods may or may not be implicated in PSP outbreaks.



C PSP Control Versus iVarket Standards;

Management programs are currently usrng the U S
e isSanitation Program's PSP guideline of 80 Pg'100g shel]fish meats as bot

acontrol standard to close shel]fish growing and harvesting area
as amarl et standard to embargo shellfish on the wholesale and retail markets jf

committee agrees that there is sound epidemiological and adninistrat.
m>ntstrat tvet j on s which makes the 80 hagi 1 00g meats a valid control standard .

]ess Is k nown about the 80 pgf 100g guideline trt its clpplrcatton as a
The   ommittee recommends that research efforts be directed

J ve]oping toxico]ogica! and epidemiological studies necessary to
va}idity of the use of this guideline as a market standard,

U. Other Environmental indicators:

Toxic dinoHagel]ate blooms can have a wide and varying effect
marine and coasta] biota. The biota affected can irtc]ude both primary algae
feeders, such as clams, as well as higher predators, such as ducks, The
Committee recommends that research efforts be directed at defining genera]
bio-envi ronrnental indicators that can be used to help identify the development
and presence of toxic dinof]age]]ate blooms. Such indicators are needed to
supplement present monitoring programs relying exc]usively on shel]fish
samp! ing, Once such indicators are developed, efforts are needed to
disseminate this information to governmental, research, and academic
personnel working along the coast]ines.
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ABSTRACT

On Septeznber 14, 1972 a toxic dinoflageliate bloom was identified in the
northern coastal waters off Massachusetts. The sudden, almost accidental
discovery of the first "red tide" in recorded Massachusetts history precipitated
a public health emergency in the state. Faced with a potentially lethal problem,
and with frustratingly limited information, the Massachusetts Department of
Public Health had to assume the worst � that contaminated product had
already reached the markets � and to gauge its response accordingly. An
intense consumer education campaign through the mass media was instituted
and a sweeping embargo placed on all shellfish products in order to minimize
aznbiguity. Harvesting area, market, and clinical surveillance programs,
developed and instituted within two days of the emergency's onset, began
producing data on which to base modifications of the initial assumption
Within a week, the danger had been pinpointed in softshell clazns and mussels,
and restrictions on other species of shellfish removed. Markets were cleared of
the suspect species and then reopened. Ultimately some 2gOO acres of
Massachusetts shellfish harvesting shoreline were found to be contaminated by
the marine dinoflageliate. Twenty-six cases of paralytic shellfish poisoning
were confirmed, two classified as severe, and no deaths.

During the latter part of September and early October 1972, the emergency
control effort was phased into a routine surveillance program. Prospective
control of PSP since the unanticipated and virtually unanticipatable outbreak
in 1972 has enabled the state to protect not only the consuzner, whose life and
health are of paramount concern, but also the seafood industry.
INTRODUCTION

Suddenly, and largely by accident, on Septeznber 14, 1972 the first "red tide"
in recorded Massachusetts history was identified in waters off the North
Shore. The events during the early days of the ensuing public health
emergency � particularly when contrasted to control of subsequent "red tides"
in Massachusetts waters � provide an object lesson in the problems and
principles involved in managing a distinct type of public health threat � one
that is sudden, unanticipated, and virtually unanticipatable.

ONSET OF THE EMERGENCY

The first evidence of a toxic dinoflagellate bloom appeared in the morning of
September 14, 1972 in two independent reports to the Departznent of Public
Health's Division of Environmental Health. A partol warden attached to the
U.S. Government Parker Wildlife Reservation at Plum Island  Figure 1!
reported that during the preceding 24 hours, 95 dead birds � seagulls and
black ducks � had been retrieved from the surface of the Merrimack River
estuary. Initially ascribed to aezial spraying oF pesticides, the bird deaths had



I. igurr I

UPNYAlJI. AX TAifARENSIS WSI! PARALYTIC SHELLFISH POISONINC
IN iIASSAC'fIUSEI TS

SFPTfifBER. f972

4 Poisonings.' site where cfarns purchased or eaten

/+/y Poisonings: source � harvesting areas



been traced by the time of the report to recent ingestion of clams, The second
report � from 12 miles south of Plum Island � came from a marine biologist
with the University of Massachusetts tnarine laboratory in Gloucester  Figure
1! who had observed a reddish-brown mass in the water, had identified a
one-celled dinoflagellate and then had distilled extracts from the algae
and injected them into two mice, killing the tnice within eight minutes.
The organism was identified tentatively as Gonyaulax tamarenst's.

On these grounds, under routine authority of the Department of Public
Health, the clam beds north of Boston Harbor � irom Gloucester to the New
Hampshire line � were closed to the harvesting of shellfish. The action was
taken at 2:00 on the afternoon of the 14th and was relayed to the appropriate
enforcement officials in Massachusetts and to shellfish officials in New
Hampshire and Maine. A meeting of state and federal health officials, chaired
by the Commissioner of Public Health at 10M the following morning,
assessed the magnitude of the problem and defined resources needed to combat
it. A quick literature search conducted on the everung of the 14th had yielded
two review articles �, 2!. Summarized at the outset of Friday morning' s
meeting, the articles suggested that the danger posed by the "red tide" was
potentially very great "~and also revealed that G. tamrtrertsis had been infesting
eastern Canadian waters regularly for the past ten years.

In view of Canada's experience, a telephone call was placed to the Director
of Inspections for the Canadian Department of Fisheries in Ottawa. In a
45-minute conference telephone call, he and the man directly responsible for
shellfish poisoning control provided essential information on the background,
the epidemiology, the biochemisty, and the practical public health
management of paralytic shellfish poisoning  PSPj. It was agreed during the
conversatiort that the Canadians wottld arrange to have several copies of their
control program manual �! flown to Boston that afternoon,

DATA UNCERTAIN: WORST CASE ASSUMPTION

With that background information on G. tarttarertsis and paralytic shellfish
poisoning, and knowing only:  a! that a problem of unknown magnitude
existed on the North Shore and  b! that it was Friday, traditionally the day of

+ hereafter, "the Department".

~~ Paralytic shellfish poison, acquired by shellfish from feeding on certain species
of marine dinoflagellates, is 50 times as potent as the paralytic poison curare.
About 30 minutes after eating contaminated shellfish, PSP victims experience
gastrointestinal distress, burning sensations, and, in severe cases, ataxia,
respiratory paralysis, and cardiovascular collapse. Death can occur within 12
to 24 hours. No antidote to the toxin is known; treatment is largely
symptomatic. Cooking of shellfish meat only partially reduces its toxicity. A
lethal dose of poison can be contained in as few as three fried clams �!.
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overall policy, through the formal promulgation of regulations.
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greatest seafood consumption in the state, an appropriate response had to be
framed. It was not known at this time whether toxic sheUfish had penetrated
the markets; the capacity to make such a determination quickly enough did
not exist. The information on which to base a decision was frustratingly
limited  Figure 2!. The assumption that was made at the time � and that has to
be made in such situations � was a "worst case" assumption. Not knowing for
certain whether there was market penetration but knowing that if there were it
could be extremely dangerous, there was no choice but to assume that there
was penetration and to take a protective stance toward the public health, On
the limited information available � largely because of the lethal potential of
the problem � it was necessary to take rather sweeping actions.
Emergency situations are characterized frequently by limitations not only i&I

knowledge and understanding of the problem, but also in the capacity of the'l
organizational structure to respond, Initially, the state apparatus in !
Massachusetts was ill-suited to emergency control of PSP. One immediate l
question was whether the Department possessed the authority to take the '

rnecessary actions. As the control program was mobilized, the Governor, at the
request of the Commissioner and Public Health Council; conferred emergency



powers on the Department by declaring a public health emergency on
September I5 and thus effectively removing any ambiguity from the state' s
authoritv to act.

EMERGENCY RECOURSE TO MASS PUBLIC EDUCATION

After making the assumption that certain shellfish products had reached
the retail level and were probably hazardous, it was necessary immediately to
stop the consumption of all shellfish. The method chcsen v as an extensive
public education campaign with the full aid nf the communications media. The
embargo decision was reached at noontime of Friday the 15th, and a press
conference was called for 2 90 that afternoon, Through the electronic and print
media, the public was advised of the emergency situation and instructed not to
purchase or consume any shellfish until further notice. As a result of that
broadside educational approach � initiated on Friday afternoon, the
traditional fish-eating day � shellfish consumption virtually ceased within a
very few hours' time. That result was critical, signal to averting a potential
epidemic.

Of the 26 confirmed cases of PSP reported in 1972  Figure 2!, only two�
both involving people who were isolated at a campsite and who privately
harvested some softshell clams � occurred after Friday, September 15 at the
time the embargo decision was reached. ln retrospect, judging from the toxin
levels subsequently found in shellfish harvesting areas along the North Shore
 Table I ! and on the estimate that one can expect about 20 per cent mortality
with PSP �I, the evidence strongly suggests that the successful public
education of 1972 may have prevented hundreds of paralytic shellfish
poisonings and a number of fatalities �, 5!. The final toII was 26 illnesses, two
classified as severe, and no deaths.

SWEEPING EMBARGO TO MINIMIZE AMBIGUITY

Having made the worst case assumption � that contaminated shellfish of
unknown quantities had penetrated both wholesale and retail markets � and
the determination that the first task was to prevent their consumption, the
Department began to encounter taxonomic problems,

Seafood taxonomy is complex. There is little agreement within the industry
itself on nomenclature, public discrimination among different species of
shellfish is limited, and the best informed consumer can find it difficult to
identify the original type of shellfish as it appears in a finished product <a fried
clam, for instance!, Since both data and time were in short supply, the only
sure way to prevent consumption of suspect shellfish was to forestall
consumption of all shellfish until the suspect product could be identified and
isolated. To insure consumer protection, the Department decided to institute a
total embargo, proscribing the harvesting and marketing  sale, importation,
and exportation! of all fresh and frozen shellfish and shellfish products at
wholesale and retail levels. Careful consideration was given the alternative of

452



I% C
C

C m> C

~ Lt
C w
V

Ill C Il
7

tO

Fv9 X
%J
E �w

pV
VItt
Itl

p
p Lt

p E

E

A L.

I7
p

P DG
00 g

C IL

C

E ttt
Lt

G

4I
Ilt

0 C Ill
IIC
C

a I Ill
IJ
I Ill
GL
III
E
Lt
Ill

C C
Itt

V C Ilt
L

C G

tt0C

0
Vl

CJ
Ill

LI

E

V tD

GO
C
2

0 0
Afh

ll

Lh
hatt

l0
0

E '=
CLt

p

VC

C C

Q
C
R E

8
p

OC

~~c0

E H.~E
7

ZeC G
C.E c

Nt

at C

p
E

c Q Q
K tt L
G tttt

IttCJ

! I5

Itt
IV

~ I

IgP tllV
G
K. 0

G Itt

LI

V I G G
C

! C

Lt
Z

.Z
R V'

Ot;C- 'g

E
V

Itt

III
CItt

Itt Lt%C

Ot
I COI LtItll
P CL

CIlt
nIttSt
E
z



calling a selective embargo instead, for example, allowing importation of
products known to be safe. But advocates of a complete embargo prevailed on
grounds that it offered the best chance during the worst of the crisis to
minimize ambiguity and confusion in consumers' minds and to facilitate
implementation of a control program, It was felt that control problems might
be greatly exacerbated if the denominator � the total amount of shellfish in
the Massachusetts seafood market � were allowed to increase during the
process of market analysis and cleansing. In order to simplify and expedite that
process, no new shellfish products were allowed to enter the market until after
all hazardous products had been removed from commercial channels.

As more and better data were accumulated, it became possible to begin
relaxing the sweeping embargo to accommodate mitigating factors. For
example, the importation ban could be lifted after three criteria could be
satisfied: wholesale and retail markets had to be free of contaminated product;
results of laboratory tests from the point of origin had to be available and a
means of verifying the safety of incoming stock had to be established, As soon
as these were met the ban was lifted.

HARVESTING AREA, MARKET AND CLINICAL SURVEILLANCE

At the same time the sweeping embargo was being imposed and publicized,
the groundwork was being laid to enable the Department to begin relaxing it as
quickly as possible. Data were needed to assess quickly and accurately the
initial assumption which had been the basis for the embargo decision. As of
September I4, Massachusetts had no established program monitoring shellfish
harvesting areas for evidence of G. tamarensis and no laboratory capacity to
bioassay for toxin in shellfish. Within the next two days, an intensive
monitoring program of all shellfish growing areas had been established, and
five laboratories had been equipped and were functioning. Based first on
microscopic examination of water samples, then, as soon as the necessary
laboratory capacity was established, on the preferred procedure � bioassays
of shellfish samples � the program sought to determine where and which
varieties of shellfish were affected. Ultimately, some 2,800 acres of
Massachusetts shellfish harvesting shoreline were found to be contaminated by
the marine dinoflagellate.

In addition to the harvesting area samples tested, bioassays were performed
on shellfish stock in markets, restaurants, and wholesale outlets. Clinical
surveillance was assigned to a team of four physicians, who conducted
epidemiologic investigations of all reported cases, including field studies where
appropriate.

By Sunday, September 17, it was clear that the danger was limited to
softshell clams and mussels � that no scallops, oysters, or hardshell clams
 quahogs! on the markets had been harvested from infested waters.

ln the Chesapeake Bay area, for example, there was, at the time,
shellfish contaminations unrelated to the red tide.
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Accordingly, the ban on sale of Cape scallops and hardshell clams was
released. Digging of all shellfish from all Massachusetts coastal waters
continued to be proscribed, awaiting complete market clearance. Enforcement
of harvesting bans was carried out by local shellfish wardens as well as state
Division of Natural Resources officers. Patrols were intensive, around the
clock, with officers and wardens on foot, in boats, cars, and searchlight
equipped helicopters for nocturnal surveillance,
Subsequent days brought improved data and further modifications of

certain restrictions based on new geographical, species-specific, or commercial
information. On the 22nd, the importation ban was relaxed to allow shellfish
except softshell clams and mussels from south of Massachusetts into the state;
as of the 25th, commercial harvesting, and as of the 28th, leisure digging of
hardshell clams in selected areas of the Southeastern Massachusetts coast were
permitted. But this gradual easing of restrictions was possible only after the
market had been cleansed, hazardous harvesting areas had been identified and
were well-patrolled, and the Department could be certain that remaining stock
was safe. The ban on importation, distribution, and marketing of softshell
clams and mussels was not lifted until October 18 when the toxin levels had
dropped sufficiently low that even a breach of the harvesting ban would
almost certainly not lead to a fatality. inexperience with "red tide" and lack of
complete confidence in the harvesting control efforts necessitated this
conservative posture in N72.

MARKET CLEARANCE

The early assumption of the existence of serious market penetration was
rapidly verified  Table l! and it was also learned that wholesalers and retailers
frequently mix separate lots of softsheH stock, obliterating evidence of the
point of origin. By Saturday, September 16, the control program was directed
at surveying the markets  wholesale and retail! for possibly-contaminated
shellfish � specifically, softshell- clams and rnussels. On September 18,
wholesale dealers were ordered to destroy, by burning or bum', aU fresh
softshell stock; to hold and mventory by date, source, and quantity, all fresh
and frozen shuck stock; and to hold all other frozen clam stock. Retail stores
and restaurants were ordered to destroy fresh softshell stock, and restaurants
were again reminded that they were forbidden to serve softsheH clams or any
dish with the word "clam" in its description.
Paradoxically, the decision to confiscate and destroy fresh sheHfish stock

was economically the least onerous alternative. A survey taken of the retail
and wholesale markets had revealed that the quantities of stock-on-hand,
fortuitously, were unusually small. The decision reduced to a trade-off for the
industry; the Department could either hold the markets closed and continue
the slow testing process, or it could call for the destruction of all fresh so&sheH
clams and mussels and then immediately open the markets. The second
alternative was the lesser of evils. Before the end of Septetnber, the
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Department was confident that no softshell stock remained in the marketplace
and was able, from that point on, to advise the public: "If you can buy it, you
can safely eat it,"

PHASING IN OF A PROSPECTIVE PROGRAM

With market clearance achieved, the acute phase of the emergency was
weathered and the strategy shifted to one more closely analogous to a
prospective program. Control of consumption was no longer necessary. The
Department was able to say with complete assurance that everything in the
markets was safe, and was able to stress that message in an attempt to assist
the industry. A broadside approach, during a sudden, acute episode, offends
the industry and does ripple over into sales of unaffected seafood. But
aggressive initial control is the only safe recourse when a lethal product may
have reached the marketplace, Resulting animosity may be an unfortunate but
unavoidable cost, In an unanticipated and acute public health emergency of
this type, it is impossible to protect the industry and the consumer
simultaneously. The first concern has to be the life and health of the consumer.

As the problem evolves from one of a first experience to a recurring one-
which PSP in Massachusetts has done since the first episode in 1972�
government can reduce the damage to the industry by instituting an effective
prospective control program. In the early days of the 1972 bloom, the state
had no organized system for collecting and analyzing data. But during the latter
part of September and early October, the emergency control effort was phased
gradually into a routine surveillance program. Based on the Canadian model
�!, tailored to Massachusetts needs �!, the program relies on well-defined
geographical areas �4 to 36 "key stations"!, monitored constantly, so that any
proliferation of G. tamarertsis can be detected, and the infested harvesting area
closed before a public health threat is posed. The use of predetermined
sampling areas permits systematic definition of the extent of a particular
bloom, and allows selective opening and closing of shellfish harvesting areas.
With an area's closing comes the implementation of a multifaceted program to
warn unintentional violators, including targeted news releases and helicopter
monitoring to supplement warning signs posted along the shore and patrolling
by shellfish wardens on foot and in boats.

The Massachusetts experience since the initial toxic dinoflagellate bloom in
1972 has tended to validate the efficacy of a prospective control program.
Table I shows that in 1973 G. tamarertsis contamination of shellfish rose to
marginally dangerous levels, and, in 1974, to very high levels, with some
contanunated product reaching wholesale and retail outlets in September of
1974. But through market surveillance, the Department was able to identify,
isolate and remove contaminated shellfish from commercial channels at the
wholesale level and prevent wide dissemination to retail outlets and
restaurants. The retail market penetration in 1974 was by clams imported from
the state of Maine and was limited to a single batch in one restaurant. No
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SP- ont minatecl shellfish harvested from !viassac} uset ts wat h
reached retail markets since the 1972 episode.

Table I illustrates clearly the importance of an integrated contro! program.
Surveillance of the harvesting areas is the first line of defense. It triggers
control measures in the event of any build-up of toxicity and helps to identify
unusual dangers, for example, the sea clam contamination discovered in 1974.
Market surveillance at the who!esa!e and retail levels serves to back-up
harvesting area surveillance and also to monitor shellfish harvested outside of
the state. PSP, of course, does not respect territorial boundaries; comp!ete
contro! is impossible without interstate communication and cooperation. A
great deal of the seafood consumed in Massachusetts is imported, much of it
from Maine, and,as Table I indicates, the peak wholesale and retail readings in
1974 were both taken from samples originating in Maine. Clinica! surveil!ance
comes into play only when there is evidence of market penetration.

Since the first experience with "red tide" in 1972, intensive surveillance,
yielding accurate and comprehensive data, has permitted the Departtnent to
confine its control efforts to harvesting beds and markets, avoiding the
consumption contr oI program directed at consumers that is so damaging to the
industry. Fortunate!y there has not been another Massachusetts case of
paralytic shellfish poisoning since September of 1972.

CONCLUSION

A sweeping embargo and consumer-oriented consumption contra] were
effective and necessary steps in the initial 1972 Massachusetts occurrence of
paralytic shellfish poisoing. Prospective harvesting area and market i
surveillance in subsequent years have satisfied the dual objective of consumer I
and industry protection.
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ABSTRACT

The development of United States public health control measures for
paralytic shellfish poison  PSP! had their beginnings in California.
Management plans have evolved slowly, as the exact cause of PSP eluded
scientists, until the fundamental work of H. Sommer and associates, in 1937,
associated toxic mussels with the occurrence of the dinoflagellate, Gonyaulax
catertetta, A standardized bioassay procedure for detection of PSP in shellfish
was successfully collaborated and adopted by the Association of Official
Analytical Chemists  AOAC! in 1958,

The present generally accepted quarantine level for PSP was based upon
Canadian epidemiological studies in the 1950's and put into practice in the
United States in 1958. The States of California, Washington, and Maine have
the longest history of operating PSP survei11ance programs, This paper
attempts to characterize these state PSP management plans to arrive at a
common guide for managing this problem. Admittedly, there are legal and
administrative shortcomings to the surveillance schemes that have been
developed; however, improvements await some key research developments
which will then provide state administrators newer management practices
which, hopefully, will be fiscally and administratively feasible, The area of
greatest need for management is a reliable and rapid forecasting technique
which detects the approach of toxic dinoflagellates

INTRODUCTION

The first recognired outbreak of paralytic shellfish poison to occur in the
United States was in 1903 at Timber Cove, California. However, an Eskimo
legend noted that 100 Aleut hunters died within two hours after consuming
mussels near Peril Way, Alaska in 1799 �!. Public health officials did not
become sufficiently concerned about PSP until 1927 when a series of explosive
outbreaks occurred in the vicinity of San Francisco involving 102 cases of
mussel poisoning resulting in six deaths. This outbreak led California public
health officials to issue a warning against the use of mussels during the summer
of each year, usually the months of July and August. At the national level, the
adequacy of shellfish sanitary control measures was being discussed.

NATIONAL SHKLLFISH SANITATION PROGRAM {NSSP!

From 1900 to 1925 health officials became increasingly concerned about the
rising incidence of shellfish associated typhoid fever outbreaks. Then, during
the winter of l924-25, a sensational typhoid fever outbreak occurred that
involved in excess of 500 persons who consumed oysters in Washington, l3,C.
Chicago, New York, and ten other cities �!. The shellfish industry, by this
time,.was without markets because of the adverse publicity and state health
an/conservation officers appealed to the U. S. Public Health Service for more
adequate controls, After an advisory committee report that considered many



possible so]utions, including a ban on raw shellfish consumption, the Surgeon
General decided the best way to assure the safety of shellfish was by a
cooperative program involving the health and conservation agencies in
shellfish-producing states. This cooperative program is now known as the
National Shellfish Sanitation Program  NSSP! and administered at the federal
level by the United States Food and Drug Administration, The early NSSP did
not recognize she]]fish marine biotoxins as a serious food control problem.
Today, as in the early years of the NSSP, the valor public health problem
associated with the consumption of raw she]lfish is the prevention and control
of she]lfish borne infectious diseases.

HISTORICAL DEVFLOPNIKNT OF PSP CONTROL IN THE UNITED
STATES

The earliest reported control program in North America designed to protect
the public from PSP was established by certain West Coast Indian tribes before
the arrival of Russian or European trappers. Sentries were posted on high
points along the beach to look for bio-luminescence which they believed
signa]ed the approach of a toxic red tide. Harvesting in affected areas would
then be prohibited.

Cali forni a

The earliest modern public health control of paralyt c shellfish poison in the
United States apparently began in Ca]ifornia. Mussels were quarantined in
1927, and in 1929 health officials recognized that clams could cause
intoxication �1!.

As Ca]ifornia gave more attention to the epiderniotogica] patterns of PSP
cases, the seasonal aspects became more apparent. Thus, in 1939, Californiaauthorities established a mussel quarantine order extending from May 1 to
October 31 of each year �!, They further recommended that the dark parts of
the clam should be discarded and the remaining portions thoroughly washed
before eating.

Washington State

The Washington State Health Department initiated a paralytic shel]hsh
poison surveillance program in 1932 and continued it until 1946�5! .
Presumably, the lack of any toxic she]]fish samples and human intoxications
indicated that there was no longer a need for the surveil]ance program after
1946.

Federal Activity

The first federal attempt to develop guidelines for the control of toxic
she]]fish was initiated at a 1943 conference sponsored by the United States Fish



and Wildlife Service. Before this conference, there was a general concern over
the problem which resulted in many discussions between health and fishery
agencies in Canada and the United States. The first mention of PSP control
measures in the NSSP was made in the September 1, 1943 draft of "A Manual
of Recommended Practice for the Sanitary Control of the Shellfish Industry,"
The section on PSP control was brief and was entitled "Examination of
Mussels and Clams for Presence of Poison". The requirement of this section
read:

"...A representative number of samples of rnussels and clams shaH be
collected from growing areas suspected of containing poisonous sheHfish
and shall be examined for the presence of poison before mussels and clams
intended for human consumption are taken from such growing areas..."

It was acknowledged that the problem was mainly confined to the Pacific
Coast and was attributed to the consumption of the toxic sea mussel,
My tiles californians.

Territory of Alaska

During World War II the demand for seafood products expanded
considerably, which prompted the development of a significant butter clam
 Saxidornus giganteus! industry in Southeastern Alaska. During the 1945-46
season the production of canned and frozen clams reached a peak of 260,000
pounds �6!. Lots from that season's production were examined by the Food
and Drug Administration  FDA! and found to be adulterated with paralytic
shellfish poison. The lots were seized and the butter clam industry was
devastated. Fisheries officials in the Territory of Alaska and the Fish and
Wildlife Service then worked for twelve years to develop an acceptable quality
control and area management program.

By 1950, the shellfish industry realized that new regulatory control
requirements for PSP in butter clams harvested from Alaskan waters would
prohibit further exploitation of that resource. The cost of a quality control
program necessary to assure that FDA tolerance limits would not be exceeded
plus the high risk of having to discard large portions of the packs proved to be
unsurmountable obstacles for the industry.

The outlook for the Alaska butter clam remains the same today and for that
reason Alaska does not now have any shellfish certified for interstate
shipment. The situation for the Alaskan razor clam, Siligna pat@la, is different
and the status of public health control for this species will be discussed later.

U. S. Public Health Seroice Conferences

In 1955 and 1957 the U. S. Public Health Service �3, 14! sponsored
conferences to further develop a standard bioassay procedure, determine the
rnaxnnum allowable concentrations of the shellfish toxin, and develop a



program for utilization of the Alaskan butter clam. These conferences
stimulated the development of the current recommended methods, procedures
and standards used for the control of PSP by the IVSSP. With the availability
of a purified source of the PSF reported by Dr. E.J. Schantz and associates, a
reliable and reproducible bioassay procedure using mice for the detection of
FSP was developed. A quarantine limit based upon Canadian epiderniologica!
investigations of 1945, 1954, and 1957 human poisonings substantiated the 400
mouse unit per 100 grams of edible shellfish, as suggested by Dr. Medcof in
1947. The 1958 NSSP National Workshop, with participation from the
Canadian Department of Fisheries, recommended acceptance of the 400 mouse
unit quarantine limit which was equivalent in Canadian laboratories to 64 yg.
of PSP per 100 grams of the edible portions of shellfish meats. Later
collaborative studies showed that the Conversion Factor  CF! more nearly
averages 0,2 for most strains of mice than the CF value of 0.16 used by the
Canadian laboratories, and the quarantine limit was rounded off to So~ g.
 i,e., 400 m.u. x 0.2=80 ug!.
The changes that have occurred since the 1946 edition of the NSSP Manual

of Operations have been the universal acceptance of the SO ~ g quarantine
limit and a good standard bioassay method which was finally adopted by
AQAC in 1959. These technical developments are the latest management
requirements that are specified by the NSSP �6!
Maine

Vp until 1958, the states on the East Coast had no routine PSP sampling
programs. After receiving reports of very high toxicity Levels in Canadian
shellfish and 33 nonfatal cases of paralytic shellfish poisoning in 1957 from
New Brunswick, the Maine Department of Sea and Shore Fisheries initiated a
FSP surveillance program. Their efforts were concentrated near the shellfish
waters adjoining the Canadian-United States border. Ln 1958, low levels of
PSP were found in samples of rnussels and clams taken from the area around
Quoddy Bar. Following this disclosure, routine monitoring of a limited
number of stations was conducted after May 1 and PSP results from the
Canadian Bay of Fundy stations were closely followed. Eventually, other key
stations were established and monitored on a routine basis during the
hazardous season.

It should also be noted that the Washington State Department of Health
reactivated their PSP surveillance program in the sprrng of 1957 after eleven
years of no activity. This was prompted by an outbreak involving
approximately 50 persons who ate oysters in British Columbia Washington
State now has a routine PSP closure between April 1 and October 31 of each
year for areas adjoining the Straits of Juan de Fuca and certain ocean beaches.
Razor clams are excluded from these closures.

This has been a brief historical review of the development of Uruted States
PSF public health controls. Thus, prior to 1972, only California, Washington,
and Maine had organized PSP surveillance programs while the Alaska butter
clam was the subject of intensive research work.



Current PSP Management Programs

Current management programs have evolved, with minor modifications,
into an overall operational pattern. These programs are based upon local
geographic, hydrographic, and meteorological data, as well as historic
information regarding occurrence of PSP and, in general, operate as follows:

1, Key she!!fish sampling stations are located
2. Seasonal sampling plans are developed
3. Most sensitive species are used as indicator, usually mussels
4. As PSP levels rise at key stations, satellite stations are established and

monitored

S. Areas exceeding quarantine !evels are closed to harvesting, posted, and
patro!led

6. Market samp!ing may be conducted as warranted, and affected shellfish
embargoed.

7. Public education measures are taken to alert recreational harvesters.
8. Areas are reopened to harvesting when PSP levels in shellfish meats fall

consistently below quarantine levels.

Visua! "red s! icks", dead ducks ar gulls, and "weakened shellfish" have more
recently been recognized on the East Coast as early warning indicators.
During extended periods of freedom from toxicity, surveillance tends to
decrease resu!ting in an increased health hazard when massive unexpected
blooms occur.

Su rveil/ance Activity

The three states that have had routine PSP surveillance programs generally
follow this pattern. The state contro! officials have selected key sampling
stations that are located on beaches of wide straits near open water or the
seaward side of inlets. These key stations provide the early warning sites which
detect the approach of dangerous levels of toxic dinoflagellates. In most
regions, a knowledge about the hydrography of the coastal waters was helpful
in the selection of these key sampling stations.

The type of shellfish sought for sampling at key stations is the mussel which
is known to accumulate PSP to the highest levels, but it also depletes the toxin
at a relatively rapid rate. !t is not always possible to find mussels at the desired
locations so other shellfish which are naturally abundant are used. Clams
would be the next most common species samples, with the oyster being the
least frequent species collected for PSP analysis. Another accepted practice is
to gather the shellfish nearest the lowest tide mark since most studies show a
significant difference between those on the upper beach areas from those near
the low tide mark.

A question that usually arises on sampling is how much variation in levels of
PSP exists among individual animals of the same species collected from the



same beach. Work by Magnusson and associates �! has shown, with five or
more animals grouped in a bioassay sample that the variation was within an
acceptable range, However, PSP levels have been known to vary by more thart
a factor of two in shellfish harvested from separate stations on the same beach.
The state control officials have generally arrived at seasonal sampling planswith the PSP levels peaking in the mon ths of July through October, when morefrequent and intensive surveiHance samples are collected. Unexpected peakshave been known to occur in late fall. During the expected toxic season,

routine biweekly samples are collected at the key sampling stations and if a
sample above 80 pg is detected, either more extensive and more frequentsampling is initiated or the area is closed Typically, California averages about150 samples per year, Washington about 175, and Maine, until 1972, about 50,
when the whole coast of Maine was closed because of PSP, Since 1972, Maine
and Massachusetts have conducted extensive sampling programs.

Analytical Support

lt is common practice for a state or county official to collect the sample andeither mail or directly transport the sample to a centralized state laboratory.
The AOAC standard bioassay is conducted using three mice. The estimatedpresent-day cost for collection and analysis at one of these centralized labs is$40.00 per sample, The results of these tests are usually available to stateshellfish control officials from one to five days after collection. If the resultsindicate levels requiring closures or warnings, the administrative action may
be immediate or as long as two days to effect. This time lag can be criticalwhen we know that toxic dinoflagellates can move and multiply rapidly in amatter of a few tidal cycles. The present management schemes require very
prompt responses, and in some instances, the time lag for decision making istoo long.

Administrative Actions

The administrative action taken by state officials once it has been
determined that an area is above quarantine level is to notify all commercial
harvesters. Phone contact is used to promptly notify those commercial
harvesters known to gather shellfish from the affected area, Recreationalharvesters are advised of the toxic shellfish by posting the area with placards,
by newspaper and radio broadcasts, and by posting notices in sport stores,
rnarinas, and public access Facilities  Figures 1 and 2!. ln spite of these
educational measures, the predominance of PSP poisonings have involved
persons gathering toxic shellfish from posted areas during the quarantine
periods, Effective and convincing communications to reach the recreationalshellfish harvesters have been the most difficult PSP management problem.



figure 1: PSP placard which is routinely posted along the California coast during the
annua! quarantine period,

To dispel many erroneous notions about mussel poisonings, the Manual for
the Control of Communicable Disease �!, published by the State of
Ca}ifornia, advises that the following points should be emphasized in public
educationaJ programs:

Paralytic shellfish poison is not a post-mortetn product,
2. Temporary exposure to the sun does not harm living mussels, nor does it

make them poisonous,
3. Mussels below the tide line are, if anything, more poisonous than those

above the water,



Figure 2 PSP placard, same as Figure l, in Spanish because oF many Spanish-speakingCalifornia natives who do not read Kngbsh.

4. Copper in the rocks. oil on the beaches, and stagnation or pollution of the
water are in no way connected with mussel poisoning,

5. Toxic mussels or hams cannot be distirtguished from normal ones without
laboratory tests, and

6. Discoloration of a piece of garlic or of a silver spoon in the pot are not
indicators for poisonous mussels.

{Of course, these points are applicable to other shellfish.! The publication
explains that the PSP phenomenon should be described as a natural food chairt



condition caused by toxic marine dlnoflagellates b lng consumed by shellfish
which are, in turn, eaten by man. This simple explanation should be
comprehensible to most people and help eliminate this type of food poisoning,

New PSP Efforts

More recently, Alaska has nearly completed a PSP management plan for the
commercial harvesting of razor clams  Silignas patu a! in the Kodiak - Cook
Inlet area. It is anticipated that the eviscerated razor clam will be certified in
accordance with the NSSP in the near future. This program has developed
after several years of cooperative study by the Food and Drug Administration
and Alaska State officials.

lt is also understood that Oregon and New Hampshire are developing PSP
surveillance programs which they expect to initiate in the near future. The
state of Massachusetts began its PSP surveillance program in 1972 after the
infamous PSF outbreak in September of that year. The previous speaker has
already described the action taken by Massachusetts after that unfortunate and
unprecenden ted episode.

Evaluation of PSP Management

One of the responsibilities of the Food and Drug Administration in the
cooperative NSSP is to evaluate the effectiveness of state shellfish sanitary
control programs. This responsibility also includes foreign countries that have
signed bilateral agreements on the terms that they will only export shellfish to
the United States in accordance with the provisions of the NSSP. F13A has such
an agreement with Canada, japan, and Korea, An agreement is now under
negotiation with Mexico Only Canada has a recogr0zed need for a PSP
surveillance program. Needless to say, the Canadians are tnanaging their PSP
program on an equivalent basis to the accepted standard of the NSSP.

The adequacy of state PSF surveillance programs has been overall generally
satisfactory in view of the resources committed, quarantine measures  Figure
3!, administrative actions taken, scientific knowledge, and the relatively rare
occurrence of shellfish poisonings. The quarantine limit of 80 pg still is
considered a sound limit and the AOAC bioassay procedure is a reliable
method, The toxins from both Gonyaulax cateneHa and G. tamarensLs have
been shown to have identical toxic effects on mice so the quarantine limit
applies for either dinonagellate I'IO!.

There are a few areas in which additional information would be decidedly
helpful and lead to more effective and efficient management of PSP control
programs. A simple field test to detect the presence of PSP is believed to have
promise. FDA has funded a research contract with the University of Alaska to
look into such a possible test. However, a inore important need is to discover a
reliable detectable precursor to the occurrence of the toxic dinoflagellates. If
such a precursor could be defined and effectively monitored, PSP management
schemes could be measureable improved.
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ABSTRACT

Paralytic shellfish poisoning occurs regular y il in three areas of Canada: the
lower Bay of t'unay regions o ova co iaF d f Nova Scotia and New Brunswick, the St.
Lawrence Region of Quebec and along the coast of British Columbia. On t e
East Coast 14 species of shellfish are potential public health risks and 8 West
Coast species accumulate sufficient toxin to e p a roblem. The ay o Fundy
shellfisn area c assi ica ion an' h l 'f t' d management system is outlined as are the
control rnechanisrns uti ize in ue ec anh I' d ' Q ebec and British Columbia. Reference is
made to the source of the poison, seasonal variations, selection of sampling
stations, effects of processing methods on toxicity, standards applied and
problems encountered in managing PSP,

INTRODUCTION

There is ample evidence in historical records to indicate a public health risk
from molluscan shellfish in both eastern and western Canada. Deaths and
illnesses frotn PSP had occurred in British Columbia in 1793 �4!, in the St.
Lawrence Region of Quebec in 1880 �3! and in the Fundy Region of New
Brunswick in 1889 �!.

Attention was focused on the East Coast problems in 1936 when 35 to 45
people became ill and two died in the Digby Neck area of Nova Scotia �!. The
public health significance of the problem was not well understood until
Summer and Meyer reported on Californian poisonings and bioassay
methodology in 193/, The methodology made it possible to evaluate the
potential scope of the problem and studies on both the east and west coasts of
Canada were published in 1939 <3, 10!. However, it took several fatalities in
British Columbia in 1942  ll! and a wartime interest in canning rnussels from
the Fundy Region before harvesting and processing controls were instituted, lt
required yet another outbreak in Nova Scotia and New Brunswick in 1945 �!
to gain fu!l support for research and management programs. A comprehensive
management scheme has been in operation in the Fundy Region since 1945;
I'SP control in one form or another has been in effect in British Columbia since
l942 and in Quebec since 1950.
The story of PSP in British Columbia to 1969 has been summarized byQuayle  ]1! and an excellent review of PSP in eastern Canada was publishedby l'rakash c'I af. in ]971. The following sections deal only with those aspectsot the problem relevant to understanding and operating management schemesand control regimes. PSP content is determined by mouse bio-assay and is

expressed in micrograms per 100 grams of wet weight of shellfish. For details
on terminology and methodology, the reader is referred to  9!,
Source of PSP in SheIIft'sh

Plankton studies in the Bay of Fundy indicated that the origin of PSP inshellfish was th» dinoflagellate Gonyaulax tamarensis 1 �!, It was shown that
l Loeblich and Loeblich  these proceedings! have indicated that the name of
this species should be changed to G. excavata.
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shellfish became toxic as soon as Gonyaulax appeared in the water, that peak
in the numbers of Gonyatriax were reflected by peaks in the poison content o
shellfish and that poison content declined when the dinoflagellate disappearec
from the surface water �!, A similar relationship between abundance of G.
tamarensis and toxicity in shellfish was found to exist in the St. Lawrence
Region of Quebec. Prakash et al.  9! provided conclusive proof by testingextracts of mass cultures of G. tarnarerrsis on mice and by demonstrating
through feeding experiments that rises in toxicity of clams were associated with
the number of cells consumed.
In British Columbia the causative organism was believed to be Gonyaulax

catenella, although it had not actually been recorded in coastal waters.
Prakash and Taylor  8! identified G. catenella as the causative organism in a
1965 PSP outbreak in Mataspina Inlet, B,C. In the latter case the waters in the
inlet were maroon-coloured.
Much publicity has been given to the red tide phenomenon and there has

been a tendency to link red tides and PSP in molluscan shellfish. It should be
noted that PSP occurs every year in east coast Canadian shellfish, and red
water blooms have never been related to rises in shellfish toxicity. The only
bloom linked with PSP outbreak or rise in toxicity in Canada was the
previously mentioned Malaspina incident.

Species Affected, Geographic Oistributiorr and Seasonal Variation

ln areas known to have produced toxic shellfish any filter feeding mollusc is
potentially dangerous as are some carniverous snails such as the rough whelk
 Buccinurn urrdatum!. On the East Coast six species of clams  Mya arerraria,
Spisula solidissima, Mercenaria mercenaria, Mesodisrna arctaturn, Ensis
directus and Arctica islandica! two of mussels  Mytilus edulis, Valsella
modiolus! five of whelks, moonshells and winkles  Buccinum undaturn, Colas
stimpsorri, Nephcnea decemcostota, t.unatia heros and Thais lapillus! and the
rims and gonads of scallops  Pfaco pecten rrragellarricus! have been found to be
toxic. PSP has been recorded on the West Coast in six species of clams
 Saxidom us giganterrs, VenerupLs japorrica, Protothaca starninea, Tresers
capax, Lucinorna annulata and Mya arenaria! two of rnussels  Mytilus edrclis,
M californiarrus! the. moon snail  Polynices Lewisi! cockles  Clinocardium
zrtrttalli! the body of the rock scallop  Hinnites multirugosrrs! and in oysters
 ,Crassostrea gigas!, However, based on reported cases of PSP, the most
hazardous shellfish on both coasts are clams and rnussels of various types
although whelks have caused poisonings in Quebec and oysters and cockles
have been implicated in British Columbian outbreaks �1, 9>,

In the Bay of Fundy, PSP generally peaks in July, August or September but
the peak may be as early as june or as late as October. Generally during the
winter and spring most shel}fish are at safe levels. The area affected on the
Nova Scotia side covers about 200 miles from Briar Island to Minas Ctulnnel.
On the New Brunswick side the danger zone extends about 100 miles just south
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of St, John to the Canada-U.S. boundary and includes Deer, Campobello and
Grarrd Manan l~!ands  Figure 1!.

There is no relationship between levels of toxicity in the Fundy and St.
Lawrence Regions. In the St. Lawrence the typical pattern of a July, August or
September peak is observed in many areas, but their year-to-year variations
are much more irregular than in the Fundy, and winter carry-over of relatively
high ]evels is not uncommon in many areas. The toxic area on the south side of
the St, Lawrence River includes the entire Gaspe Penninsula, some 300 miles,
from Trois-Pistoles to St. Orner in the Bay of Chaleur. On the north shore,
PSP has been found along the 300 mile coastline from the mouth of the
Saguenay Riv- r to Sheldrake, about opposite the tip of Anticosti Island  Figure
2!,

If British Columbia  Figure 3!, toxic shellfish are known to have occurred
along the whole coastline, although in any one year distribution of PSP tends
to be highly localized. PSP may peak at any time between May and November
and while butter clams may retain PSP in their siphons over winter, other
molluscan shellfish are poison-free during thts period.

Fffect of Processing and Standards Applied

The most common processing methods are shucking and canning. In the
case of scallops, only the adductor muscle, which is poison-free, is retained for
marketing so that commercial shucking eliminates all rtsk. Conversly for soft
shell clams, the only parts discarded during shucking  siphon cover and tips!
are nontoxic and this tends to increase the risk of poisoning. Trimming off the
siphons of butter clams and the digestive gland of whelks reduces but does not
eliminate the risk of poisoning. Ordinary cooking also reduces PSP content,
but since practically all recorded poisonings have been caused by cooked
shellfish, cooking can hardly be recommended as a safety measure.

With respect to canning it has been shown that poisonfree packs are
consistently obtained if the scores of raw shellfish are below 200~/100 g and
the pack is heat processed at 250 F for 4S minutes �, 1!.

The standard currently applied in Canada is 80 yg/100 g for raw shellfish
that are marketed shucked or in the shell, Digging under special permit for
canning purposes is permitted in areas where the scores are between 80 and 160
~ and the canned packs are tested before release for sale.

Selection of Sampling Stations

In any area where toxicity occurs the PSP content of the shellfish will be
highest, and show up earliest, at seaward locations in an inlet. In addition,
toxicities will be highest at the low tide level on a beach. Toxicities of
individual shellfish taken at the same time in the same location vary somewhat,
but composite samples of ten clams each give reasonably consistent results.



Figure 3, Map of the British Columbia coastline to show areas where outbreaks of P.S.P.
have occurred.  From Quayle �1!!.
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Table I

Bay of Fundy PSP Management Program

AREA
0 1 A SSI I.ICATION

SAMIiLING
PROGRAM

CLOSIil<E
R EQUIR EMENTS

Key Stations Twii.e monthly iNov I - May Ii
ieeekly for balance "I year

«li»ed it a single sanipte ex-
«eeds tt0 rig»

Monitored when Class II areas
are closed

Class I � xht llhsh rarely
lt ever triadic

Class I I � shellt ish tree
l.rom lrSP tor long periods
cacti vtuir

tlvsed it a single sample ex-
«ceds 80 rig»

weekly from June I to Nov t

closed il two consecutive
samples at the same location
ex«eed S0 px »

balance of year � any time two
consecutive counts at kcy
stations exceed tti0>g.

Class ill - shellfish
potentially dangerous
all year

weekly from June 1 to Nov open hir canning under permit.
cloxed to «anners il a single
sample ex«ceds Jo0pg

balance of year � weekly in
any area open to digging
under permit tor canning

«Iiised to «anners rt two i.on-
sccutixe samples at the same
location exceed Ib0 Jig

» Open to canners under permit when score exceeds 80pg, but is less than 160.
Closed to canners if one sample exceeds 160 pg,

Sampling locations for long-term monitoring should be chosen carefully and
marked in some way so that samplers may return to the same location each
time,

BaV af Fun' Management Program

St, Laurrence Region Management Regime

The Quebec program is not as well defined as in the Fundy and the areas
have not been fully classified. At present two areas are closed all year and
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All shellfish areas in the danger zone of the Fundy have been classified and
three locations, referred to as "key stations," have been selected. Experience
has shown that the key stations begin accumulating poison about a week
earlier than shellfish in other areas, The Bay of Fundy Management Program is
summarized in Table I.

Once an area has been closed it must be demonstrated to be consistently
below 80pg before reopening, For this purpose we require a minimum of two
samples, one week apart, accompanied by a clear reduction in levels at the key
station.



some 50 locations are sampled on a weekly, twice per month or monthly basis
depending on the potential danger as established in previous years. A single
sample from any area in excess of SO pg results in closure of the area tc all
harvesting except for canning. A score in excess of 1b0 pg closes an ar ea for all
purposes, Openings are based on three consecutive samples below the specified
limits.

British Columbia Management Program

The north coast of British Columbia from about the tip of Vancouver Island
to the Alaska border has been closed for the past 10 years to the harvesting of
mulluscan shellfish  except razor clams! because of PSP. In addition, a large
section of the west coast of Vancouver Island is closed. Because of the length of
coastline and the localized nature of PSP rises in shellfish, it was virtually
impossible to develop an effective sampling program, This was amply
demonstrated in 1972 when manila clams from Vancouver Island caused
several poisonings in the United States and nine in Canada, While we are still
striving to detect patterns and establish an effective area control program, we
have had to take special precautions to allow continuation of the commercial
fishery. Packers are required to notify the nearest Inspection Branch office of
intent to ship so that shipments may be sampled  sornetirnes en routeI and
subjected to a mouse screening test. Since the result is available in a matter of
hours, effective action can be taken where necessary to withhold
nonconforming shellfish from the tnarket.

Enforcement of Corttrols

The program is enforced by regulations under the Fisheries and Fish
Inspection Acts. The federal Department of the Environment and the
Department of Industry and Commerce in Quebec are responsible for
instituting and lifting closures, advising the public and industry, posting
warning notices, policing closures, and obtaining and extracting shellfish
samples.

All extracts are shipped by air to Health and Welfare Canada laboratories in
Ottawa, where one group of technicians carry out all bioassays and
recommend closures.or openings on the basis of the management plans.

Effectiveness and Problems of Control

Since control programs have been instituted there have been 236 illnesses
and 10 deaths from PSP in Canada. Quebec has accounted for 107 illnesses and
9 deaths; British Columbia 82 and 1, and in the Fundy Region 47 illnesses and
no deaths.

l,ess than 5,. of the illnesses and none of the deaths have been caused by
commercially produced shellfish. We have been much less successful in
protecting picnickers and local residents who dig for their own use. The most
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recent outbreak which occurred in Quebec this past summer is typical, There
were 44 illnesses and one death. Investigation showed that all shellfish were
taken from closed, posted areas and, in addition, affidavits have been obtained
from local residents who warned some of the sufferers that the shellfish were
dangerous, This is a familiar story to investigators. Despite their best efforts in
publicizing danger areas in newspapers and over television and radio, the
information is not reaching or impressing the individual who occasiogaUy goes
to the beach and digs his own shellfish.
The management methods described provide a short-range warning and we

very badly need better forecasting methods. Long-range forecasting for the
Funday Region was tried �! using meteorological and hydrographic data.However, these and other biological factors interacted with such complexity
that useful results were not obtained. Hopefully with increasing knowledge of
factors affecting the abundance of Gonyaulax, long-range predictions will be
possi ble.

This in itself will not solve the problem of the casual digger, and every
avenue for publicizing the problem during danger periods must be utilized to
the ful/est,
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ABSTRACT

A management program regarding shellfish harvesting areas was established
after the 1962 reported human illnesses associated with consumption of oysters
in the Sarasota Bay area of Florida, These shellfish had become toxic during
the penetration of Gyrnnodirtium breve into this estuary.

Shellfish, as defined in the Florida Administrative Code, includes oysters,
clams, mussels and scallops of edible species,

This management program includes a constant monitoring of shellfish
harvesting areas, a surveillance program and control guidelines.

There are ten permanent monitoring stations that are sampled at least
monthly, and more often if necessary. There are six additional monitoring
stations sampled in the event a "red tide" alert is published. Surveillance is
accomplished via reports from sports and commercial fishermen, county
health department personnel, marine patrolmen, research laboratory
personnel and private citizens. These people are informants regarding visible
water discoloration, fish and bird kills, At first evidence of a "red tide bloom",
or fish-bird kills, water samples are collected at sea, near shore and at the
passages or inlets into the estuaries. lf a "red tide" seems evident, an alert is
published while the bloom is well offshore, lf conditions, weather, tides, winds
etc., indicate the "bloom" may move inshore, all waters in the affected area are
closed to the harvesting of shellfish and shellfish meats are collected and
analyzed for toxin content.

lf routine shellfish meat analysis indicates any detectable level of toxin in
accordance with our present protocol, the area is immediately closed to the
harvesting of shellfish. The Florida Marine Patrol enforces this closure and
sampling frequency is intensified in the area. The public is informed via
newspaper, radio and television, and commercial shellfishermen are informed
by official letter. When water samples are negative for toxin, the affected area
is reopened For shellFish harvesting.

INTRODUCTION

i<ed tides or discolored waters have been documented throughout recorded
history in virtually all parts of the world, The major cause of Florida's red tides
was identified as G, breve by Dr. C. C, Davis �! during the 1946-47
occurrence of red tide off the Southwest Coast of Florida. Evidence associating
C. breve "red tides" with human illnesses was not accumulated until

December, 1962, when several persons became ill after eating oysters and
clams harvested from Sarasota Bay, Florida�!. Mr. E. F. McFarren analyzect
nine oyster sarnpies harvested from Sarasota and Lemon Bays for Ciguatera
poison due to the similarity of Ciguatera poison and the poison found in the
Sarasota-Lemon Bay oysters. These nine samples recorded poison ranging
from four to 30 mouse units. The method of determining Ciguatera-like
toxints! in shellfish presently utilized by the Florida Division of Health is
incorporated in the Laboratory Manual published by the American Public
Health Association  8!.
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FLORIDA RED TIDE ZONE

FIGURE 1

A management program for Florida's historical "red tide" zone  Figure 1!
was instituted in the summer of 1963. Since 1963, red tides of public health
significance have occurred in areas outside the historical zone. The lower East
Coast of Florida experienced a red tide during November, 1972 �! as reported
by Stan/ey I. Music et al. in a 1973 pub/ication. Several complaints of eye and
upper respiratory irritations were received. Shellfish, oysters and clams,
collected from Lake Worth and St, Lucie Inlet were positive for Ciguatera-like
toxin s!; however, these areas are perrztanently closed to shellfish harvesting.
The Northwest Coast  Panhandle! of Florida experienced a "red tide" bloom
the early part of September, 1974, necessitattng the closure of these waters for
shellfish harvesting, �!



The management of Florida's red tide by the Florida Division of Health is
<Jirect<'d toward "human health" rather than "resource health", The objective
has been to prevent harvesting of shellfish during red tide outbreaks; however,
this c<u cept is not without problems. The vast areas affected and public
disregard for warnings of danger make patrol of these areas very difficult, The
 human cases that occurred during the 1973 outbreak were associated with
shellfish harvested from areas that are permanently closed to shellfish
harvesting or areas that were officially closed during November, 1973 �!.

R < J//fine M on itori r<g

Oyster and/or clam samples are collected and analyzed from ten permanent
rn init<iring stations. Nine of these stations are located in the historical red tide
z<ine and one is located in the Apalachico/a Bay area, Samples are collected
m«nthly during the open harvest season, September through May. In the event
a "r<»J tide" alert is published, six additional stations are sampled, These six
a<J<liti<inal stations are located within the historical zone, It is felt that this
« intin >«us monitoring program is necessary in that toxin may occur in
shell ish in the presence ot undetectable or low numbers of G, breve due to the
ah<lit v «  th» sh»llfish t<i accumulate these organisms as reported by Ray and
A 1  lr i   i ~ 7!,

,Sur<T<'< Jl<'<ac<'

All stateand c«unty health department personnel, Florida Marine Patrol,
J <s»arch Lab<iratory personnel, private as well as Governmental, sports and
< ~rnm<rcial  ishermen and private citizens act as sources of information
r»gard ng visible water discoloration or fish-bird kills, At the first evidence of
a r»<l ti<1» hl««m <>r t'ish-bird kills, water samples are collected for G. breve
i J»nti i<at«~n-<»JI c<~unt, Sampling points are at sea, near inshore and at
passag»s <ir inlets int« the estuarine waters. If analyses of these waters indicate
a "r»d tide" is probable. an alert is published. This alert is published when the
hJ<1 !rn Is w<'ll « 'fshore. Tides, wind direction, temperature and rainfall are

c}osely m<init ired an<I water samples are analyzed daily. If weather conditions
in</icate that the bloom may move inshore, all waters in the affected area are
closed t<i the harvesting of shellfish and shellfish meats are collected and
analyzed for Ciguatera-like toxin s!.

C ! Ht r01

1 f routine analyses of shellfish meat indica te any detectable level of toxin per
100 grams of meat, the area is immediately closed to the harvesting of shellfish,
regardless of presence or absence of "red tide".



The Florida Marine Patrol enforces this closure and the sampling frequency
is intensified in the area, as well as waters contiguous to the affected area. The
public is informed of the closure via newspaper, radio, television and
word-of-mouth. Commercial shellfish harvesters-plant operators are informed
by official letter or hand-delivered notice.

The M arine Research and Technology Laboratory of the Florida
Department of Natural Resources continuously monitors the affected area foI
the presence of G, breve and the Mote Marine Laboratory also monitors
waters within the historical "red tide" zone. Data from the Mote Laboratory is
also made available to state agencies.

The closed area is normally reopened to shellfish harvesting when water
samples are negative for G. breve cells and two consecutive shellfish meat
samples are negative for Ciguatera-like toxin s!,

Approximately 600,000 acres of water are located within the historical red
tide zone which has been closed to the harvesting of shellfish since November,
1973, Approximate!y 280,000 acres of water were closed to shellfish harvesting
during the September, 1974, red tide occurrence in the Northwest section oF
Florida.

The control and management of Florida's sheIFish harvesting areas
regarding shellfish toxins is in compliance with the National Shellfish
Sanitation Program �! and has been so evaluated by the Federal agency
having responsibility in this program since its inception in 1963.
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AHSTRACT

The world's scientific literature provides virtually no discussion of
Gymrtodirtiurrt breve and related public health problemn, The recent 19'73-74
Gyrrtrtodirli~rrr breve red tide affecting the southwestern coast of Florida has
provided experience which highlights three definable areas of health hazard
posed by such red tide exposure, These include neurotoxic shellfish poisoning,
respiratory irritation and contact irritation. A fourth possible red tide-related
effect, namely hematologic pathology, has also been considered,

NEUROTOXIC SHELLFISH POISONING

The year I844 marks the earliest written documentation of a Florida Red
Tide  I!, However, it was not until 1880-81 that the poisonous nature of
shellfish collected during a red tide was noted �!, Excepting a report in the
1954 lay press �!, more than 80 years transpired without scientific discussion
of neurotoxic shellfish poisoning. The silence was broken in 1965 when
McFarren ct al �! provided the first substantial evidence supporting the
suspected relationship between C. breve red tides and human illness. They
reported five well-documented cases and 14 less well documented cases of
human neurotoxic shellfish poisoning. The described symptom complex
consisted primarily of numbness and tingling about the face, hands, and feet.
A standardized mouse bioassay system using shellfish extracts was developed
and a very limited at tempt to correlate symptoms with doses of ingested toxin
was made  Table I!.

On the basis of solubility properties and the observed reactions of cats and
mice fed or injected with the extract, these investigators concluded that this
toxin and ciguatera toxin were very similar. Subsequently, G. breve
neurotoxin has been described aa "ciguatera-like", lt is now clear that there are
some aspects of ciguatera toxin and intoxication that are quite unlike those of
G. breve. For instance, in ciguatera poisoning the neurotoxin is present and
assayable >n th» flesh of poisoned fish, Conversely, no fish or fish parts
exposed to or killed by a Florida red tide have had detectable levels of
neurotoxin when mouse bioassay studies have been perfortned �!. Secondly, a
striking skin eruption with generalized pruritis is common with ciguatera
into~ication. This has not been observed in C. breve neurotoxic shellfish
poisoning, And finally, the convalescent phase from ciguatera toxin may be as
long aa several months to years which is in marked contrast to the recovery
period observed in the syndrome described by McFarren or in more recently
observed cases described below,

ln addition to ciguatera poisoning, C. breve toxin effects have been
confused with those effects and the toxin produced by another dinoflagellate
genus, Cortyautax. Species of Gorsyrtstlax produce a toxin which is physically,
chemically and pharmacologically distinct from C. breve toxin and is
responsible for causing what is «ommonly called paralytic shellfish poisoning



Table 1

Correlation of Human Illness
With Toxicity to Mice1

rom; McFarren er aJ. �!.

 PSP!. PSP-causing Gonyaulax species are not found in Florida's coastal
waters. Furthermore, the Gymrrodirriurn toxin seems far less potent than the
Gonyaulaz toxin responsible for PSP, the latter having caused nearly two
thousand recorded human PSP cases with a 15 to Z0% mortality �, 7!.

1973-74 CASES OF NEUROTOXIC SHELLFISH POISONING

The 1973-74 Florida red tide was associated with three episodes of human
neurotoxic shellfish poisoning. A total of 11 people were exposed, of which six
developed symptomatology. The first episode occurred in November 1973
when two young boys, ages 10 and 12, consumed steamed Atlantic surf clams
 Spisula solidissma raverreh'! from the Gulf side of Siesta Key near Sarasota,
Florida. Shortly after their meal the boys began experiencing mild stomach
ache, headache and paresthesias which were described as feeling like "cold
rain". Both boys eventually developed unsteadiness on their feet and the
youngest boy's symptoms progressed to include convulsions, coma,
decerebrate posturing and finally respiratory arrest requiring mechanical
ventilatory assistance in an intensive care unit.

The second episode also occurrecl in November 1973 when steamed
southern quahog clams  Mercerraria carrrpecrrierrsis! which had been harvested
in Sarasota Bay were consumed by five people at a family meal. Three
individuals developed symptoms ranging from tingling toes in one irrdividual
to pronounced total body paresthesias, severe abdominal cramps, loss of
balance and a sensation of paralysis in arrother individual who was
hospitalized.

491



The third episode occurred in March l974 when four individuals consumed
well cooked southern quahog clams which had been harvested in estuarine
waters near Englewood, Florida, One individual developed a strange "plastic"
sensation in his face a few hours after the meal followed by severe crampy pain
in his abdomen and legs. His symptom complex was obscured by previous
consumption of a quantity of beer, smoking marijuana and the development of
hyperventilation syndrome, This person was also hospitalized.

All ll exposed individuals were interviewed and the three hospital records
were studied in detail. There was no clinical evidence of anticholinesterase
activity and no unusual cardiovascular effects were observed. Specifically,
bradycardias, arrhythmias and blood pressure abnormalities were not noted,
All recovered without residual effects.

After all three episodes, clams were either obtained from the lots used in
meal preparation or harvested at the original site of harvest and analyzed for
the presence of neurotoxin at the Rorida State Division of Health
La bora torie s,

Given the individuals' weight, number of shellfish consumed and shellfish
toxicity expressed in mouse units, one can roughly determine the dose of toxin
per kg of body weight as seen in Table 2. Cases A k B represent the two young

Table 2

Data Table

' tleterm>net by the Bureau of Laboratories, Floric4 State Division oF Health,
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boys, C,D, E, F and G are those people exposed at the family meals. H, 1.] and K
are those people exposed in the third episode described. These data suffer from
the following limitations:
1! The reported number of shellfish ingested came from recollection.
2! In some of the initial assays the number of clams comprising MO gms of

assayed flesh was not precisely determined,
3! For the first episode involving the young boys. since they had consumed

all of the clams they had collected, the only clams available for assay were
collected two days atter the poisoning episode at the original stte of the
boys' harvest,

However, accepting these criticisms and using an arbitrarily defined
graduation of neurologic response as seen in Table 3, it is possible to construct
a rough dose-response curve as illustrated in Figure l. In thir. Figure, wherever

Table 3.

Neurologic Responses
by

Increasing Severity

Figure I
DOSE-RESPONSE G, breve TOXIC SHELLFISH INGESTION
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a case is represented that case usually experienced all of the symptoms of lesser
severity listed bel<iw it. F<ir example, case C not only experienced a sensation
<if heing paralyred, fiut c<implained also <!f difficulty walking, muscle pain and
paresthesias. ' I'aralysis" is set in quotation marks because it is doubtful that
actual paralysis occurred, but instead that the person felt paralyzed, his
sensorv input having been impaired by the neurotoxin.

A pattern is clear if one excludes cases A and 8, Such an exclusion might be
justified by the following:
1 i The ingested dose calculation in this exposure is the weakest calculation of

alf since «larns prepared for the meal were not available for assay. The
calculati<in was based on assayed clams collected at the original harvest
si t <. t w<i days af ter the episode.

2i ln < cintrast to the <ither case, these two individuals ate only clams with no
side dishes appr<ixirnately ten hours after their previous meal. These
tac.tors may have served to enhance toxin absorption.
Them tw<i cases werc the <inly children involved in any of the episodes,
Th» implicated <loins in this episode were Gulf of Mexico species as
< ipp < ised t <i est u a ri n e spec ies,

As 1 <ir the h<iy wh<i n<iarly died, perhaps there was something unusual about
<inc <it 't h» cia tnt h» «in«ime<l or perhaps this represented an idiosyncratic
r<acti<in f»r this particular individual. It is possible that he had some hidden
pr<disp<is<ng fact<irs which, taken in combination with G. breve toxin,
triggerecl his severe !ite-threatening affliction.

Rf''SPIRATORY fRRITANT

The first written report <>I respiratory irritation associated with exposure to
a Fl<irida Red Tide was made in l917  8!, and subsequently confirmed by
<ithers �. o, �. t 1, 12!. It is postulated that when a C~. breve bloom comes
< i<is< t<i the sh<ire and is caught in a high energy surf situation, that the easily
d<siiltc'grated  i fir< tii <irganism» may h» aerosolized and swept through the
,<ir fiv tirevailing win<fs t<i the beach. Only one very limited scientific attempt
has lie< n made at charactertzati<in <!f the irritant �1!.

A uni<t«e ~t <if meteonilogic and hydrographic circumstances led to the
unusual prc'sc ncc' <if a  i hreve red tide off the southeastern coast of Florida in
th  fall <if ! 972. The rc'spiratory irritation was well described �2! and agrees
with the Io73-74 red tide experience. Literally thousands of people on or near
b<' t<'h areas have been «ffected. The irritant appears to be virtually odorless
and the at tack is <nitcated by paroxysmal coughing with tearing and rhinorrhea
tr<im irrttated eyes and nasal passages. Resolution occurs almost immediately
up«n leaving the beach area, entering an air conditioned enclosure or by
filtering the inhaled air through a surgical tnask or bandana. The clinical
reaction woulcf notappear to be an allergic phenomenon but is more like an
immediate contact chemic al irritation, No chronic or permanent disability has
been documented.



There has been virtually no basic research or controlled laboratory studies
directed at th~s problem. Galtsoff summed it up in 1948 by stating, "Of greatest
interest is, of course, the question of whether the poison that kills fish is
identical with the airborne substance causing coughing and other respiratory
ditficLtlties in humans. The public health aspects of the red water problem l'ully
justify an extensive investigation along these lines  Sl'" .It is ironic that we know
the least about that aspect of the Florida red tide problem which poses the
greatest public health hazard in terms of number of people affected.

CONTACT IRRITATION

There have been many anecdotal reports over the years of people suffering
from contract dermatitis or conjunctivitis following exposure to G, breve
affected waters, The skin irritation is real; however, there is considerable
variation from individual to individual. Most people have no symptoms at all
while the majoritv of those with symptoms describe a mild pruritis. No one has
been repor ted as having been seriously affected by a dermatitis. The severity of
the conjunctivitis can be striking and appears to be clearly related to the
intensity of the exposure. Swimmers, skin divers, surfers and people wading
and living along the beach have been questioned and no one describes any
permanent disabling or chronic effects,

I'OSSI BLE HEM ATOI OGIC ABNORMALITIES

Apparent coagulation abnormalities were noted in fish affected by Florida
red tide as early as 1917  8!, More recently there have been reports of
hernolytic activity prese~t in G. breve extracts �3, 14!. Others have attributed
an anticoagulant property to G breve toxin �S!, During the spring of 1974
marine pathologists at the Florida Department of Natural Resources Marine
Research Laboratory, while performing necropsies nn dead fish and ducks,
discovered hematologic abnormalities consistent with a chronic hemolytic
anemia and consumptive coagulopathy �6k

Recognizing the importance of these findings an assessment was made of the
possibility of a similar abnormality being present in human beings chronicaliy
exposed to the C. breve elements. Five individuals who had been significantly
exposed for prolonged periods of time to the red tide aerosol in I'inellas
County were bled. All of these people had normal complete blood counts,
reticulocyte counts, platelet counts, and coagulation studies, Furthermore, the
hospitalized victims of neurotoxic shellfish poisoning described above also had
normal complete blood counts.

SUMMARY

The public health problems associated with G. breve red tides are of no
small magnitude. Many known effects are very poorly understood and the
possibility of other heretofore undiscovered significant metabolic and
physiologic effects remains.



Gymriodinium breve red tides in Florida's coastal waters are apparently here
to stay, and represent a natural phenomenon which remains equally as
undisciplined as hurricanes and earthquakes. The posed public health
questions will remain and loom ever larger as Florida's human population
continues to increase along the southwestern coast. The technical wherewithal
to get at these problems is well developed. Is not now the time to ply our trade
and eliminate the unknown elements of G. breve toxin exposure7
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ABSTRACT

The bloom of the toxic dinoflagellate, Gymttodittium breve, which persisted
from 1973 to 1974 inflicted extensive economic losses on seven counttes on the
west coast of Florida. An approximate assessment of the damage can be made
by an evaluation of information from many diverse sources. The reports
published by Flor ida's Departments of Commerce, Business Regulation, and
Revenue contain pertinent data. The monthly statements "Trends of Business
of Florida Hotels and Motor Hotels", issued by Laventhol, Krekstein, Horwath
and Horwath, provide an excellent measure of the fkctuation in numbers of
tourists. Equally valuable are personal interviews with shore-based
businessmen, commercial fishermen, and members of Chambers of Commerce
of the cities involved. The authors' former publication �I has served as a
standard for comparison,

During the course of the 1973-1974 red tide, two factors, a shortage of
gasoline and increasingly high interest rates, played havoc with the economY
of the west coast and masked losses attributable to the red tide alone. The
east coast of Florida suffered from both the gasoline shortage and high interest
rates but NOT from the red tide and, to a limited degree, has served as a
control to give a better perspective to the assessment of the damage due solely
to the red tide on Florida's west coast,

The data collected so far indicate that the Florida red tide of 1973-1974
inflicted on the tourist industry alone a loss conservatively set at $15,000,000.
Complete data are not yet available on the losses the red tide imposed on
commercial fishing, real estate, and construction. Current information
indicates that these losses could equal if not exceed those suffered by the tourist
industry,

INTRODUCTION

Since 1971 the west coast of Florida has experienced two red tides. The
causative agent, Gymrtodiniuet breve, unlike some dinoflagellates, is only
rarely implicated in shellfish poisoning �!. Other direct effects are, however,
so unpleasant that people shun the beaches. The air becomes laden with toxic
particles which irritate the eyes and respiratory membranes and the shore
becomes covered with rotting fish. Indirect, and far more deleterious, effects
are experienced by the economies of the areas involved �!. Tourism decreases
sharply, boating and water sports practically cease, both commercial and
sports fishing come to a virtual standstill, real estate sales diminish, and
construction is hurt. In addition, the counties must pay the costs of beach
cleanup.



METHODS

To put a dollar value on these damages, data were collected from many
sources, including the publications of several departments of the state of
Florida �, 3, 4!, Reliable facts were received from a certified public accountant
firm which services the hotel/motel industry in Florida. Most informative have
been personal interviews with many in the affected areas - businessmen,
officials of local governments. and members of the Chambers of Cornrnerce.
Our recent publication dealing with 197] red tide �! has served as a basis for
comparison for the present. investigation of the 1973-]974 red tide's economic
effects The final estimate of damages, however, must await the publication of
annual statistics. The two red tides differed considerably both in the time and
extent of occurrence as well as in the kind and extent of damages to the
economy.

THE 1971 RED TIDE

The 1971 red tide was of moderate severity, short duration, and
widespread publicity. Progressing from south to north it successively struck
seven counties on the west coast of Florida in rather contained but overlapping
time frames, Those counties were Collier, Lee, Charlotte, Sarasota, Manatee,
Pinellas, and Hillsborough, lt started in early June, was completely over in
early August, but unfortunately, the media which gave it such intense and
extended coverage, neglected to publicize its termination and consequently
adverse economic effects continued for many weeks after it was over.

The 197> red tide cccurred during the summer months when the usual
hotel 'motel occupancy is 66% of capacity, when rates arel 50% less than in
winter, when many gift shops are closed or open fewer hours, and when the
whole economy is geared to a slower pace �!. We estimated that about 7000
units were vacant in the summer of '71 because of the Red Tide and this
resulted in a loss of approximately $6,000,000 for hotels and motels. The cost
of living quarters is only 33% of the average tourist's total outlay, according to
a 1970 survey by the Florida Department of Commerce�!. About two-thirds
is spent on all his other expenditures: food and drink in restaurants and in
retail stores, amusements, clothing and footwear, gas, pharmaceuticals, gifts,
tobacco, photo supplies, etc. Since the $6,000,000 loss to landlords represented
only one-third, the total loss to the tourist industry was about three times
56,000,000 or $18,000,000. In actuality we found it was $18,500,000. One
and one-half million dollars more were added in losses to the purveyors of
hotel r motel supplies and commercial fisheries �! and in the expense of beach
cleanup which brought the total costs of the 1971 Florida Red Tide to
$20,000,000.

THE 1973-1974 RED TIDE

The Red Tide of 1973-1974 on the west coast of Florida was almost
open-ended, breaking out sporadically and capriciously, widespread in time



and place. lt was first noticed on October 22, 1973, 8 - 10 miles offshore
between St, Petersburg and Longboat Key. The first shoreline involvement
was a massive fish kill at Boca Grande on October 29, 1973. Nearly a year later
in September of 1974 four fish kills occurred on the northwest Florida coast
between Panama City and Pensacola. While generally moderate, some
excessive counts of Gymnodintvrrt breve occurred in small patches.
Twenty-two million!liter were reported at Boca Ciega Canal near Redington
Beach on April 3. Warm Gulf waters were blamed for its continual
reappearance through the winter. In contrast to the red tide of 1971 this one
occurred predominantly in the winter months when tourism is normally at its
peak. Fortunately national publicity was minimal so the economic damage
wrought is due solely to its prolonged severity.

HEALTH PROBLEMS

Health problems attributable to the red tide toxins have been both more
frequent and more acute than in 1971. Complaints of nose and throat
irritations were cornrnon. The principal of the Anna Maria Elementary School
blamed higher absenteeism on allergic reactions to the red tide. Shellfish
poisoning from high concentrations of Gyrrrrtadinium breve in clams nearly
took the life of a ten-year-old Sarasota boy and hospitalized several others.
Dr. john McGarry, then Sarasota County Health Officer, speculated that the
prolonged exposure of shellfish to Gyrrtrtodiniurn breve might cause more
serious problems than previously thought possible. In contrast health
problems stemming from the '71 red tide were chiefly in the nuisance category.

CLEANUP COSTS

Cleanup costs will undoubtedly exceed those of 1971. From newspaper
reports we learned that in the city of St. Petersburg alone from February 18 to
March 18 as many as 150 men worked in 8-hour shifts to clean up the beaches.
On April lb a St. Petersburg official estimated the city had spent 5160,000 on
beach cleanup.

FISHING LOSSES

Both commercial and sports fishermen were seriously affected by this red
tide, Sportsfishing was off 50% at Indian Rocks Beach. Charter boat captains
in Clearwater reported on April 2 that their business was off 100'Fo.

The Clearwater harbormaster said on April 2 that cornrnercial fishing piers
were going unused. On the same day john's Pass Seafood Company reported
that. both wholesale and retail sales were hurt. In restaurants very few
customers ordered fish. Ironically all through this period fishing offshore was
excellent and the fish served in restaurants was as safe and delicious as ever.



CHANGES SINCE 1971

Not only did the two red tides differ markedly, but the west coast of Floridahad itself undergone considerable changes. Building had increased immenselybetween 1971 and 1974. The number of hotel/motel units was up 25%.Condominiums and shorebased apartments had rnushroomed. Constructionand the real estate business, both non-factors in the survey of the 1971 red tide,
will be major factors in this one.
MASKING FACTORS

New. elements threatened the economy. Rumors of an energy crisis which
started in the summer of 1973 erupted in a severe gasoline shortage in early
1974. Interest rates increased steeply and had a marked effect on the economy.
Neither of these figured in the 1971 red tide survey.

LOSSES TO THE TOURIST INDUSTRY

Thanks to monthly statements of hotel/motel trends �!, a preliminary and
very tentative assessment was made of the losses incurred by the tourist
industry during the three months, January, February, and March of this past
winter.

The gasoline shortage made itsgreatest impact on hotels and motels located in
central Florida and the northeastern and northwestern coasts of Florida,
according to the trends in business reports. Tourists normally arrive in these
areas by car while hotel/motel patrons of Florida's west coast and the Miami
Beach and Keys areas more often arrive by airplane �! . The gasoline shortage
evidently affected both equally. Both were «iso equally affected by high
interest rates and the resultant economic malaise, so the big difference in the
two areas in the winter of 1974 was the red tide, present only on the west
coast of Florida, When monthly hotel/motel occupancies were compared with
the prior year, both areas were down in January, -8% for Florida's west coast,
-9% for Miami Beach and the Keys. The west coast continued down in
monthly vacancies and stayed down almost on the same plateau, -7% for
February, -8% for March but the Miami Beach and Keys areas recovered to
-2% in February and t8% in March�!.

In early 1974 there were approximately 40,000 shore-based hotel/motel
units in the seven counties on the west coast of Florida. We conservatively
estimated that 5% or 2000 of these were vacant because of the Red Tide. The
average rate per day was $28 so the daily loss was 2000 times $28 or
$56,000/day which over a 90-day or 3-month period brought the loss to about
$5,000,000. Since the cost of lodging is about I/3 the total expenditure of the

$ hAQ QQQaverage tourist, the total loss to the tourist industry was three times $5,000,
or $15,000,000 for the 3-month period. This is only one part and perhaps a
minor part of the losses due to the 1973-1974 red tide on the west coast of
Florida.
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IDEAL FSTATF. AND CONSTRUCTION LOSSKS

From private interviews we learned that real estate losses will
unquestionably be very high. Many residents, recent retirees, have
experienced two Red Tides and are moving away from the west coast of
Florida. Initially they had chasen this area as their permanent homes but now
"want out" for reasons af health, discomfart, or lessened ability to rent where
extra income is needed. A salesman af condominiums in a large complex of
share-based apartments remarked that he had returned deposits to over 30%%uo
oi the buyers who had bought in the fall of 1973 and returned in February or
March nt 1974 to check on construction. When they encountered the noxious
fumes and d«aying fish of the red tide they concluded they had made a
mistake and demanded their money back. If the average condominium sells for
535,000- $40,000, every 100 nan-sales means there is 3 1/2 to 4 million dollars
worth of unsold rea! estate.

Along the beaches expansion has been vertical. Skyscrapers have made it
possible to make living units out nf space formerly occupied only by the gulls.
ln many areas there «re 100 or more units along every 1~2 mile of beach
irontage. Undoubtedly high interest rates are the major villain in losses to
    nstr  < ti  n and real estate but it the red tide is responsible for even 5% of
the unsold property, it could result in figures which would dwarf the tosses of
the tourist industry.

CONC' USION

Tb«xt< nsive l isses to the economy wrought by the red tide suggest that
money spent ir  red tide research wiII prove to be a very sound investment.
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ABSTRACT

Th» impact of a "red tide" i» not alway» restricted to the immediate area of
the <iutbreak. The New England red tide caused by Gorryarrlrxx tahar< risis in
September, 1972 is a case in point, The presence of this organism create d
hav<ir in the New England fishing industry. As a public health safety measure,
shellfish from New England waters, including soft clams, hard clams, mussels,
and bay srall<ips were removed from the market. But the halo effect of the
 iutbfe Jk hurt the seal<>od industry in other states, including New York,
Alth<iugh G tanrarertsr's did not bloom in New York waters, the publicity from
New England created buyer resistance in New York to hard clams and other
ihellfish. The halo effect touched almost all seafood as the buying public
<iver-rea<-ted. C <insumers avoided hard clams, both bay and sea scallops,
1<ibiteri, and finfish. The paper describes in detail the halo effect of red tide
<iutbr< aki, the economic implications to the seafood industry, and alleviating
pr<igrams eitablished by regulatory agencies.

I NT ROI ! OCT 1 ON

1'<i<I<1 i< arei" generated by botulism poisoning, pesticide residues, heavy
in< t.ili.,i<lditivei. and gross contarninants, frequently affect foods other than
th<»< d<r<~ tly «incerned. Nowhere is the scare phenomenon more prevalent
th.in in the seaf'<iod industry, particularly that segment which deals with
ihi lliiih. Stories linking shellfish and contaminated waters are sometimes
bl<iwn <iut <if proportion by rumors that are intensified by press headlines and
pr<ic him.rtr<ins isiued by people who overreact to the situation. ththen there is
genuine reai<in t<i be concerned about the safety and wholesomeness of a
ihelliiih pr<iduct, a "halo effect" often touches seafood items remotely
,»i<i< i.it«d with the pr<iduct in question. The 1<it72 red tide and the occurrence
<ii li.ir,ilyti< ihellfish p<iisoning tPSP! in New England and its affect on New
'i <» L i ilii lltiih indiiitry ii an ei«ellent illuitration of this.

NI:W I.N<;I.AND RED TIDE - zm2

Ab<iu t t he middle of September 1972, a bloom of the dinoflagell ate
  <ilr v<iir f<ri trrr irrcrrer«rs was reported in coastal waters from Maine to
M.iii,i< hurri t ti !iinre this organism has been implicated in PSP, officials in the
.itti < ted itatei fi.inned the harvest and sale of soft c!arns  Mya <trerr<tria!, hard
<, l,imi  M< r< rnrrriu rrrerrerrariah and mussels  Mytifus edulis!, shellfish found
to be carriers of the toxin, 8ay scallops  Aertuitxecterr irradiairs! were briefly
Iricluded in the ban but later were restored to the market. Connecticut and
New York, ai a prophylactic measure, halted the importation and sale of
shrllfiih from the affected states.

Thii red tide was unusual in several ways, It evidently began, and the
heaviest bloom was found, between Cape Ann, Mass., and rnid-coast Maine.
Traces of the bloom were found as far south as Chatham, Mass., on Cape



Cod.  Blooms of C. tamareasis and PSP usually occur in the coastal waters of
northern Maine and the Canadian Maritimes.!

The fortuitous collection of oceanographic and meteorologic data for
another purpose in 1972 led to conclusions about the causative factors of the
bloom. lt was believed to have resulted from; �! the upwelling of nutrients
which triggered the bloom �! dry August weather which allowed the resident
population to multiply in the upwelled water, and �! heavy rainfal'l with
resulting nutrient-laden runoff. The offshore populations of the dinofiagellate
then were moved by the upwelling water into the estuaries where they were
ingested by the clams and other shellfish.

Effect ou Neu> England Shellft'sheries

The National Shellfish Sanitation Program of the U,S. Public Health Service
requires that state agencies shall close shellfish grounds when the PSP toxin in
shellfish reaches 80 micrograms  pg! per 100 grams  g! of the edible portions of
raw shellfish meat. On September 19, 1972, clams gathered north of Cape
Ann, Mass., were found to contain up to 90tw>g per 100 g of meat.

The shellfish ban varied in length in the different New England states from
about 2 weeks in Maine to over a month in Massachusetts. During the time
that soft clam flats in Maine were closed, the diggers were forced to draw on
savings to support themselves. Later, the red tide was termed a disaster, which
made the diggers eligible for $47 per week unemployment insurance.  In
contrast, a good digger could earn about $27 to $36 per day harvesting soft
clams during the season. ! Dealers were forced to destroy stocks on hand and in
some instances this amounted to several thousand dollars worth of shellfish.

Although the ban was imposed on soft clams, mussels and hard clams,
public reaction to the situation caused consumers to avoid fish, lobsters
 Homarus america@us!, sea scallops  Placopectert mage lan~cus!, and northern
shrimp  Partdafus borealis!. None of these organisms has been linked with
PSP, Loss to the fisherman was estimated by the National Marine Fisheries
Service  NMFS! to be more than $1 million because of adverse publicity that
depressed the market, The Shellfish institute of North America  SINA!,
reported that news releases issued by the U. S. Food and Drug Administration.
 FDA! were not always properly quoted by the news media. For example,
species unaffected by the red tide v ere not included in published news articles
although they were named in the original release,

PSP Cases

The first evidence of PSP was the occurrence of dying gulls and other birds
on September 14. The cause of the deaths at first was thought to be pesticide
poisoning but PSP also was suspected. Symptomatology details of PSP were
irnrnediately distributed to area hospitals and the first human case was
reported that same day, The total number of humans suffering from PSP has
been estimated between 13 and 30; probably some victims were never
reported. There were no fatalities.



NEW YORK'S SHELLFISHERIES AND THE RED TIDE

In 1973, New York's commercial fishing industry landed 16,3S4 metric tons
of a variety of fresh fishery products worth $21.8 million at the dock. The
industry is geared to producing high-quality items for the retail and restaurant
trade. The shellfish portion of the industry produces slightly less than half the
volume but nearly 80 percent of the landed value of the total. About 50 percent
of the hard clams produced in the United States are harvested in New York' s
marine waters Thus, the entire seafood industry is particular!y sensitive to
factors that influence the market not only in the northeast region but, with
shellfish, also in the nation,

Reaction to the Nehru Errgland Red Tide

When the New England states banned the harvest and shipment of shellfish
because of the threat of PSP, New York quickly placed an embargo on the
shipment of shellfish from the affected states.  The State adheres to the
National Shellfish Sanitation Program,! The embargo was made under the
provision of Section 13-0309 of the N.Y. Environmental Conservation Law. In
addition, high level officials of the N.Y. State Departments of Environmental
Conservation and Health maintained frequent telephone communication with
their counterparts in Massachusetts to keep abreast of the situation.

Despite the fact that there was no evidence of a bloom of G, tamarensis or
PSP in N.Y. waters, public reaction to the news from New England was
marked by an avoidance of several fishery products, particularly hard clams.
A small survey of local businessmen who buy or sell seafood elicited the
following reactions:

1. Some lobster fishermen were unable to sell their catches.

2, Wholesalers of shellfish and finfish reported business decreases of 25
percent to 50 percent.

3, A restaurant supplier said that business in Long Island seafood restaurants
was off by up to 50 percent.

4. The wholesale price in Fulton Fish Market  the major wholesale outlet for
fishery products located in New York City! for clams From Long Island
and other unaffected areas was down about ZS percent,

These comments admittedly are quite subjective and when viewed in the
light of the data available, the true situation does not appear to have been that
bleak. Figure 1  data in Table 1! is a comparison of landings of hard clams
from New York waters for 1972 and 1973 with the 5-year average for
1967-1971. The landings for 1972 were uniformly higher than the average and
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suggest a banner year was in store for the industry. The sharp decline from the
landings in August to the landings for September is coincidental with the PSP
cases in New England. There usually is a decrease during this period which
reflects a reduction in effort as young people leave the fishery to return to
schools and colleges, However, the very sharp decline in that period in 1972
suggests that it was more than just the usual drop in effort and that probably
the PSP publicity contributed to a reduction in consumer demand and a
resulting drop in landings to satisfy the shrunken market.
The trend of the 1973 landings is the same as the S-year average but at a

generally lower rate, There had been some local reports and newspaper articles
in July and August that year about "red tides" in Long Island waters which
may account for the departure from the average landings during that period.
Investigations by the author and his staff revealed no blooms of toxic
dinoflagellates in the reported 1973 red tides.

Red Tides in Rem York Vaters

Phytoplankton studies by several investigators in New York waters failed to
find G. ta marensis in the tnarine flora. It is characterized as a co tdwater species
and probably it could not bloom in the local waters which at tnost reach 22 C
in Long Island Sound in August and higher in the bays and harbors where
shellfish are harvested. From time to time, red tides are reported in New York

Figure l. Monthly landings of hard clara meats from New York waters for
1967-1973 and the average for 1967-1971.
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waters. usually in the embayments of Long Island Sound, I have investigated
several of them which had achieved the characteristic color often clescribed as
"diluted tomato soup". One bloom, sampled on August 4, 1972, had a
well-mixed and diversified planktonic flora that included the following genera:

Diatorns Dinoffageflates

Th al'assi osi ra Gon yarr lax

Peri di n iu mChaetoceros

Navicula Ceratium

None of the organisms was found in concentrations greater than 1,000 cells
per liter and no G. tamarensis was found. Juvenile silversides  /Herridia
menidia! swam about in the bloom with no apparent ill effects and the
technician collecting the water samples irnrnersed his bare legs in the bloom
with no discomfort, Occasionally, large numbers of menhaden  Brevoortia
tyrranus! die off coincidentally with the blooms but analysis of the water
usually shows very low levels of dissolved oxygen  ca. 0,5 to 2.0 ppm! which
probably is the cause of the die-off.

IMPROVING THE INFORMATIONAL SYSTEIVI

The rumors and misinformation that were generated by the 1972 iVew
England red tide and PSP outbreak clearly demonstrated that an informational
system was needed to provide governmental agencies and the public with
factual, accurate, and up-to-date information. The regulatory agencies and the
shellfish industry cooperated closely in the information efforts.
Industry Efforts

Agency Efforts

The N. Y. State Department of Environmental Conservation has the
responsibility for protecting the consumer from unwholesome seafood products
and for assisting the seafood industry to produce the best products in sufficient
volume consistent with sound fishery conservation principles, After

The seafood industry moved quickly to provicle the best available
information to its members and to the new media. Special issues of informative
newsletters were mailed by SINA to its rnernbers. In addition, officers of the
organization met with Federal officials to exchange accurate information,
SINA also issued news releases but these were not always used, Full page
advertisements were taken out by industry in local newspapers to bring the
message directly to the public  Figure 2!.
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An Old-Fashioned Yankee Cusses:

The red tide
has given us a black eye
and weee darned mad!

Snowh Clam Products

Figure '. An industry-sponsored newspaper advertisement from the Long
Island Press  i4.Y.! issued to counter unfavorable publicity in the
1972 PSP outbreak.

We can teH you, unequivocally, that the algae invasion of
coastal New England waters, called the Red Tide, has nothing
to do vrith Snow's Clam Products.

Absolutely nothing.
But we' ve suffered because ofit. The sale of our

wholesome and nutritious products has been hurt. They have
even been removed from some grocery shelves by mistake.

V'e are not interested here in exanming who is
responsible or how the scare led to confusion between
fresh, frozen and canned products.

AVe are, however, justifiably irate.
None of our products come from coastal waters. They

are taken from deep sea fishing grounds, an area untouched
by and not expected to be affected by this problem.

All Snow's Clam Products belong back on the
grocer's shelf, and on yours too.

IfyOU have arly dOubtS in this matter, pleaSe
feel free to ask your grocer.

Hell be the first to reassure you.
Time; you.



determining that the 1972 PSP outbreak was not affecting local shellfish, theauthor prepared a news release that was issued by the Department under the
name of the Commissioner. It was widely used by local newspapers anct radiostations. The release explained the current situation and explained the safety of
locally-produced shellfish and the efforts of the Department to safeguard the
consumer. I also spoke directly with The Long bland Caterers and Restaurant
Association, providing them with factual information to use in their own
publicity releases. In addition, the Regional Office of the Department at Stony
Brook distributed a list of Department officials to be notified in emergency
situations affecting public health and safety in relation to shellfish. These
persons also serve as sources of information for the news media, the public,
and regulatory agencies in other states and in the Federal government.
Commurrications A/ert arrd Liaison System
In 1974, NMFS established the Communications Alert and Liaison System

 CALL! to provide a way for prompt sorting and dissemination of facts during
times when fishery products may be linked to a public health problem. CALL
features a Central Coordinator in Washington, 16 Relay Points that serve as
information focal points, and Field Contact Points. The Relay Points include
NMFS Regional Directors, representatives of FDA and the Environmental
Protection Agency, and executive officers of fishery trade and regional
associations.

The effectiveness of CALL was demonstrated in early June, and again in late
August, 1974, when PSP was detected in shellfish from New England coastal
waters. Reporting on the outbreaks, the Executive Director of the Atlantic
States Marine Fisheries Commission wrote to its members, "A new outbreak
of...paralytic shellfish poisoning along the New England coast is related in a
memorandum from the CALL Central Coordinator. The incident has been
reported to the news media, and in a commendable fashion...so that no ad-

fverse publicity has resulted. There was no need to counter any rising ti . G
bad, misinterpreted or misleading publicity".
CONCLUSION

It is doubtful that for the foreseeable future we shall be able to prevent,
alleviate, or control blooms of toxic dinoflageHates and outbreaks of PSP. The
best we can do is to leam to live with and work around these natura
phenomena. By using the best available systems for keeping informed about
the occurrence and distribution of the blooms and PSP, fishery managers can
greatly reduce the public health hazard. They can also avoid the "halo effect"
� the damage to those portions of the fishing industry not directly invo v in
the PSP outbreak � that results from uninformed and sometimes erroneous
unfavorable publicity about a red tide and PSP.

The 1972, New England red tide never was a direct tlmat in N.Y. waters.
The State acted promptly and effectively to prevent the importation of
shellfish from the affected areas. Thus, consumers can rest assured that the
CALL and shellfish sanitation system works.
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ABSTRACT

An extensive paralytic shellfish monitoring program was conducted on
Common Island, Hampton Harbor, New Hampshire during the 1972 New
England red tide. Iv addition, many shellfish sarvples from other locations and
various water depths were analyzed, cell counts from surface waters made,
avd other ecological observations voted. Field and laboratory depuration
studies showed a simultaneous decline in toxicity values. This information
represents baseline data for possible future red tide outbreaks.

Since New Hampshire dnes not have a commercial shellfishery and has not
had an ongoing PSI' monitoring program, the 1972 red tide presented a public
health ervergency avd problems unique to this state,

INTRODUCTION

More than 20 species of marine dinoflagellates have been implicated in
poisonings during or at tarred tide blooms �!. There are, apparently, two rvajor
ways in which these toxic cells affect other orgavisrvs higher in the food chain.
First, the release of toxins into the water during cell lysis after peak red tide
conditions andinr by cell secretion, produce massive fish mortality. Two
species from the Gulf of Mexico  Gyirinodiniurri breve avd Gonyaulax
mouilata! are well known examples �, b!. These also affect many invertebrate
species that occupy intermediate positions in the food chain  9!. Second, toxic
divoflagellates may exert effects through primary consumers called
"transvectors" that are not permanently affected themselves. If these
intermediary consumers ! bivalve molluscs! avd then ingested by animals still
higher in the food chain  birds, mammals!, paralytic shellfish poisoning  PSP!
may result. Two divoflagellates  Gortyaulax tamarensis and G. cater[ella! from
temperate waters are in this category �, 7! and are the source of a potent
material called saxitoxin �!. In addition, G, tamarevsis contains another
potent rvaterial that is currently being purified and tested in our laboratory
 see Huckley et <tl, ]o74 conference proceedings! at the University of New
Hampshire, Interest in this species avd its toxins has been recently stimulated
by the 1972 red tide bloorv that occurred in the coastal water's in the southern
Gulf of Maine, P'hile the presence of this species in this area is not rare, it had
not previously been reported as present iv red tide concentrations. In fact,
there are no reports to our knowledge of toxic shellfish in New Hampshire
privr to the late survmer of 1972.

FIELD AND LABORATORY OBSERVATIONS

During mid-September 1972, a red tide bloom occurred iv coastal New
Hampshire waters, The causative organism was identified at the University of
New Hampshire as Gonyaufax tarnarensis. The peak of the bloom conditions
occurred on 14 and 15 Septervber, when colored water masses were flushed in



and out of Hampton Harbor during the tidal cycles. Red water patches several
miles long were observed from aircraft and boats within 2 miles of the New
Hampshire and northern Massachusetts coastline. Smaller patches were noted
some 6 miles offshore at the Isle of Shoals. Interviews with local fishermen
revealed the presence of patches of colored water offshore as much as 10 days
prior to the onshore bloom, These reports, the presence of dead and dying
birds, and the nonfatal poisoning via shellfish of 2 New Hampshire clam
diggers were all subsequently related to the Gottyaulax tamarensis red tide.
Surface water samples during the bloom had cell counts between 7 X 1 P and
2.6 X 10 cells per liter. Counts decreased in about 2 days and the cells
disappeared from the surface waters sampled within 5-7 days. Microscopic
examination revealed an essentially unialgal population of G, tarnarertsis.
Concentrated, then homogenized cell samples injected intraperitoneally into
laboratory mice were extremely potent. Although relatively few bivalves
perished during or after the red tide, many soft-shelled clams  Mya! were
observed to be in a lethargic condition, i.e. insensitive to physical stimu!i,
Bivalves in this condition that were placed in a laboratory ruruung seawater
system recovered in 24 hours,

A total of 620 waterfowl, gulls and shorebirds representing 13 different
species were found dead at the Parker River National Wildlife Refuge at Plum
Island, Massachusetts Representative samples of gut contents from these birds
showed the presence of small filter-feeding bivalves such as Mytilus edulis
 blue rnussell, SiJiqua costata and Ensis directus  razor clams! in all cases
examined. Many other birds apparently perished after feeding on toxic
shel]fish, but were not recovered. Personnel of the Parker River Refuge
estimated that more than 1,600 Black Ducks died in this way. However, the
large bird kills were not reflected in the winter count conducted by the New
Hampshire Audubon Society  Arthur C. Borror, Pres. NHAS, personal
communication!.

BIOASSAY FOR PSP

The potency of dinoflagellate toxins is usually measured by challenging
mice, fish or other organisms with active extracts from molluscs or cell cultures
and determining survival time. The means of expressing and comparing
potency has relied on mouse units  MU!  i.e. the survival time of a specified
mouse strain in a given weight range! with doses given intraperitoneally. At
least 2 different interpretations of the mouse unit are currently being used. One
is used for the slow acting ciguatera-like toxin from Gymnadinircrn breve �,
11! and the other to evaluate the fast acting PSP from Gonyaulax cutenelia and
G. tamarettsis �0, 3!. The latter was employed in our studies of bivalve
toxicity along the New Hampshire and northern Massachusetts coastline
during recent red tides, The MU, in this case, is defined as the amount of PSP
that will kill a 20 gram mouse in 15 minutes. The strain of mouse used was the
B6Dl'1/J obtained from Jackson Laboratories, Bar Harbor, Maine, The
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method is based on comparing partially extracted field samples of bivalves
against a reference standard of pure saxitoxin  PSV! obtained from the L'.S.
1'ublic I health Service I ~.8!. The MU's measured are converted to micrograms
of poison per 1GO grams ot bivalve tissue. The safety level has been set at
80pg/l00 gms and scores above this value indicate that shellfish are potentially
hazardous for human consumption.

RED TIDE TOXIC!TY SCORES

The sites selected tor our monitoring program for the state nf New
Hampshire were Common island, Hatnpton, N,H. and for comparative
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Figure j. Toxicity Scores for Mya  o!, and Mytilus  x! collected at Common Island,
Hampton, N. H. 1972-73,  d! indicates Mya clearance under laboratory
coridit ions,
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Table I

Shettllsh 5amples front Hansptont, NH, Great Hay2. NH�
Ahead Ptusn lstarsst3, Mass.

Cammorr Name Score~g/100 grams tissueacies
Siliqrra costata

1Errsis direct rrs
1Madioirrs rrrodiolrrs
15trissuta solidissirrra
1 Arrtica islarrdrca
2Crassastrea virgirrica
2Crassostrea virgirrica
Placopecrirr rrlgel Jarric us

3Placotsectin rrrrtgellrsrricrrs
3Strissrrla solidissirna
3Arctr'ca ~l nskcrs
3t.unatia  Polirrrces! heros
>Modiolrrs modiolrrs

Ptacopect irr rnagellani cus
P!acopecti n rrragellarricus

Date

razor clam
razor clam
horse mussel
surf darn
black clam
oyster
oyster
scatloptedible muscle only!
scallop  viscera only!
surf dam
black ctarrr
moon snail
horse mttsaet
scallop  echbte rrturrde only!
scallop  viscera only!

9r 21/72
9/21/72
9/21/72
9/21/72
9/21/72
9/21/72
10/20/72
2/13/73
2/13/73
2/13/73
2/13/73
2/13/73
2/22/73
3/14/73
3/14/73

1727
735
359

2939
1010

c4o
48

1914
682
213

1329
40

1550
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purposes, the Parker River National Wild! ife Refuge at Plum island,
Massachusetts. The former was chosen because of its proximity and
abundance of shellfish that are not harvested by commercial or recreational
clam diggers. We chose to bioassay the Hampton bivalves more often than
would be necessary in a general monitoring program because we wanted a
significant amount of baseline information tor this area, � since the 1972 Red
Tide caused the first recorded outbreak of PSP in this state. Figure I shows the
scores obtained in our monitoring program conducted at the University of
New Hampshire. The peak values in mid-September approach some of the
highest recorded in northern Maine and the Canadian Maritime Provinces, but
represent only approximately one half ol the values obtained in some
Massachusetts samples where PSP scores of up to 9500 were recorded. Scores
from Mytilus edtrfis fell below the safe level toward the end of November I972,
but Mya arenaria values oscillated and were not "safe" until the end of April or
the first part of May 1973.

Bivalves from Parker River showed the same clearance rates as those from
Cornrnon Island, Mytihcs scores fell below 80>g'100 gm tissue in late
November 1972, while Mya values remained at ar above 15~g until
mid-Oecember 1972, when we stopped sampling at that site because of heavy
ice conditions. Mya specimens were collected at the peak of the red tide in
September 1972, and placed in clean-running seawater at the University of
New Hampshire's Jackson Estuarine Laboratory. This laboratory population
was checked periodically and was found to clear at a rate similar to Mya from
both sampling sites. In mid-December 1972, Mya scores from Cornrnon Island,
Parker River, and the laboratory were 2 to 3 times above the safe level
although all Mytiftts samples were below 80itg.

Table I shows representative scores from deep water  to 30M! bivalves taken
over several months. These values are similar to those obtained in Canada �!



following outbreaks of para]ytlc shellfish and shows that dip water fo~s
retain high toxin levels for prolonged periods of time. No samp]es of these
species were available from pre-red tide times for comparative purposes.
However, Mya and Myti]us samples collected prior to rnid-September 1972
showed no toxicity,

DISCUSSION

When compared to other coastal New England states affected by red tides,
New Hampshire is in the unique position of not permitting the commercial
digging of clams. The state maintains only a recreationa] shel]fishery whereby
some 12,000 licensees pay $4.50/yr. to dig soft-shelled clams  Mya areriaria!
on weekends and holidays. The standing crop of Mya has been estimated at
16,000 - 20,000 bushels in Hampton Harbor alone  other smaller areas not
included!, If one assumes a minimal value of $4,00!peck for My' then the
standing crop has an in-ground value in excess of $300,000. The N,H. Fish and
Game Department realizes a 5S0,000 to $60,000/year income from clam
licenses. If the average recreational c]am digger harvested no more than 1
bushels year, the dollar value would be $180,OO0 to $200,000 to the citizens of
New Hampshire.

The type of PSP associated with the dinoflagellate Goriyaulax tamarensis
has been routinely assayed in other coastal states because of the potentia]
hazard to human health. In September 1972, the first red tide in the southern
Gulf of Maine c]osed the clam Hats in New Hampshire for many months. In
June and again in September 1974, closure of clam flats was necessary because
of danger to humans, After 3 periods of unsafe bivalves over a 2 year span, the
Governor's Council appropriated $10,000 in September 1974 so that the N.H.
State Dept. of Public Health can establish a PSP monitoring program.
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ABSTRACT

f h llf h oisoning in New Brunswick, Canada inFollowin an epidemic o s e is poied b the U. S. Public Health Service to investigate1957, Maine was encouraged y t ef aral tic shellfish poisoning in Maine. Thethe possibility of the presence o para y icf 1958 indicated that Maine indeed had a probleminitial study in the summer o in ica
in portions of eastern as ing onW h t County adjacent to New Brunswick,
Canada. Maine deve ope a s e isd l d h llf h monitoring program for this area which
has worked quite we . easura e amll. M bl amounts of poison have been detected each
year, with shellfish closures necessary near ly every year. Coastwide
monitoring of shellfish after high scores have been found in this area as
demonstrate poten ia roud t t' l t ouble areas. Two coastal islands are permanent y
closed because of PSP.

The sudden rise of PSV in western Maine and Massachusetts in 1972 was not
predicted by this monitoring program and has necessitated an expanded
monitoring program,

I f<< TROD UCTIPN

Following the epidemic of shellfish poisoning in New Brunswick, Canada in
1957. Maine was requested by the U.S. Public Health Service to investigate the
probable presence of PSP in Maine's shellfish growing areas adjacent to
Canada. The initial study in 1958 indicated the presence of poisonous shellfish
in eastern Washington County, Following the study in 1958, Maine developed
a monitoring plan for eastern Washington County which is as follows: At six
sampling stations shellfish are collected and assayed every other week from
May 1 until the first rise in poison  June 15 t!, at which time sampling is
<»nducted weekly until the quarantine level is reached which requires the
<l«sing of the area. The weekly sampling continues until October 1 or such
tinir «s the area may be re-opened. From October 1 to May 1 four stations are
dimpled at monthly intervals. The winter samples may be regarded as
pr<ividing background information as scores have never exceeded 80 .

f'SP iri i@72

 until to72 this sampling scheme appeared to give early warning of any
p<iiiib}e rise of poison. We sampled the entire coast only when scores in
h,'aihingt<in County were high �Rh in Mya!. For example, in 1961, a year of
high t«x<city in eastern Maine, we detected poison along the entire Maine

ln all sampling stations except Monhegan and Matinicus Islands the
~«res were well below quarantine level. Monhegan and Matinicus Islands are
permanently closed to shellfishing because of PSP. These two islands are not
«<nsistently toxic but their remoteness and low shellfish resources make it

~ scores = mi«rograrn of poison per 100 grams shellfish meat.
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difficult to dequately determine tie periods of toxicity. ln 197Z, at the
'key" station, the highest score was 284 for Myaore Quodd Bar-Lub

u est 9. At Monhe island, which we regard as an early warning
stat'on for western Main<. a score of 291 in ~ogiolm was obtained on the

»y- o- p "o"s ~P<rience had indicated that the relatively low score
at M nhegan precluded the possibility of high scores in any other areas in
weste n Maine, so no other samples were collected. Our previous experience

dcly Bar would give an indication of what to expect
«M nhega " " s-much as the scores at Quoddy Bar decreased after
August 9 �7 on Aug st 13. 8l on August ZZ, 74 on September 1 70 on
September 8, 64 on September 17!, no additional sarnp]es were collected at
Monhegan. On September 15 1972, with the sudden rise in PSP in western
Maine, New Hampshire. and Massachusetts, it became apparent that we could
no longer dePen" on Quodcly Bar to predict Monhegan's scores, and thus
western Maine's scores.

On September 16, 1972, a sample of My<i us collected at Monhegan had a
score of 5,846. It is regrettable that we did not sample Monhegan between
August 9 and September 16 as in all probability we could have predicted the
rise of poison in western Maine which occurred at that time,

On September 15 the Mya samples collected between Portland and Kit tery
indicated a high level of poisort �,000-3,000 in Mya! and these shellfish areas
were closed.

On September 16 the remaining portion of the Maine coast was sampled
with sporadic areas testing above quarantine. Due to the undependability of
this quick sampling plan, the whole Maine coast was closed on September 17.
Extensive sampling following this closure enabled us to re-open the coast on
September 30, 1972, with the exception of areas west of Cape Elizabeth to the
New Hampshire line. Much of this area remained closed until SepteInber,
1973.

PSP itt I973

PSP scores in 1973 were low, and any scores above 80 ~/100 g could be
easily attributed to the rexnaining residual poison from 1972.

PSP in I974

ln 1.974 the first rise of poison was noted on May 30 between Cape Elizabeth
and the Mew Hampshire tine. Extensive sampling in Casco Bay north of
Portland found areas irt excess of quarantine necessitating the dosing of a
portion of this area. These two closures were rescinded in early july.

The Washington County area showed the expected annual rise of poison
early in August necessitating the closure of all shellfish growing areas east artd
north of Moose CoveTrescott artd the Canadian border. The scores in this
area were not high, never exceeding 300 in Mya. This cjosure was repealed on
October 11, 1974.



The second rise of poison in 1974 in western Maine was noted on August 24-
An apparent early warning station for western Maine, and in all probability
eastern Massachusetts as well, is Hampton, New Hampshire  Maine runs New
Hampshire samples!. The first rise of poison in Mytilus was noted on the
August 21st sample with a score of 268, up from less than 58 on August 11. By
August 25 the Mytilus scores were 1,489 and with a high of 8,398 on
September 4 the rise at Hampton, New Hampshire preceded any rise of poison
in Maine. This warning enabled Maine to adequately sample all of its growing
areas. The poison levels apparently progressed from west to east, with the
most easterly line at Schoodic Point-Winter Harbor on September 17. Poison
levels after this date decreased dramatically, permitting the re-opening of a11
shellfish areas east of Pine Point-Scarborough on October 12, 1974.
Quarantine scores in Mytilus only are noted in the remaining closed area.

Maine is anticipating investigating an expanded sampling program in late
April or early May of 197S, based on the 1974 experience The sampling plan
of eastern Maine will be extended to the entire coast.
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